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Laser-induced fluorescence study of collision-time asymmetry and speed-dependent effects
on the 4Cd 326.1-nm line perturbed by Xe
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Using a laser-induced fluorescence method detailed analysis of profiles df@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 numbd(s): 32.70.Jz, 33.76-w, 34.20—-b

[. INTRODUCTION The assumption of statistical independence of the Doppler
broadening from the pressure effects is justified only in the
Profiles of pressure-broadened spectral lines at low densease when the mass of the emitieg is much greater than
ties of perturbing atoms are usually assumed in the form of #ghat of the perturbemp: mg>mp. This means that for sys-
Lorentzian profile that is symmetric with respect to the po-tems corresponding to very small valuescof mp/mg, the
sition of the peak of the line. The full width at half maximum ratio of perturber and emitter masses, the emitters are essen-
(FWHM) of the line and its collisional shift are linearly de- tially stationary and all collisions are independent of the

pendent on the perturber density. The use of Lorentzian prasmitter velocityy ¢ so that either AVP or VP results, depend-
files to interpret experimental data is justified for isolateding on whether the finite duration time of collisions is, re-
lines if the collision duration can be neglectet-3], i.e.,  gpectively, taken into account or not.
when the impact approximation can be applied. In this ap- wjth increasing values of, the assumption of statistical
proximation the collisions are assumed to be effectively iningependence ceases to be valid, which means that the cor-
stantaneous. relation between pressure broadening and velocity contribu-
It was shown that if the finite duration of collision is taken tions to the line shape should be taken into account. Follow-
into account, then the first-order correction term to thejng Berman[11] and Wardet al. [12] this can be done by
Lorentzian profile has a dispersion fof2-10] and it gives  treating the collisional width, shift, and asymmetry param-
rise to the so-called “collision-time asymmetry,” which by eter of the pressure-broadening component of the line profile
now was measured only for a few spectral lines of a fewas parameters, depending on the speed of the emitter. The
elements perturbed by rare gadese, e.g.[3] and refer-  fy|| line shape, after performing the velocity average using
ences therein It should be emphasized that as was indicatedviaxwellian distribution, is then given either by a “speed-
first by Berman[11] and later by many authofd2-14, all  dependent Voigt profile”(SDVP) first derived by Berman
collisional parameters of the line profile, such as its width[11] for the pure impact case, i.e., when the collision dura-
shift and asymmetry are dependent on the emitter velocity.tion time is neglected or by a “speed-dependent asymmetric
The thermal motion of emitters leads to a well-known Voigt profile” (SDAVP) given by Harriset al. [15] for the
phenomenon of the Doppler-line broadening. In the casease when the finite duration of collisions is taken into ac-
when the velocity-changing collisions can be neglectedcount.
which means that the emitter motion can be treated as a free Apart from pressure broadening, the speed-dependent ef-
motion (see alsd14]) and the emitter velocity distribution is fects and, in particular, the speed dependence of the Lorent-
described by the Maxwellian distribution, the shape of thezian width may in some cases lead to the narrowing of the
Doppler-broadened line can be given in the form of a Gaussline as well. This effect, which was described by Berman
ian profile with the width dependent on the gas temperaturgll] and Wardet al. [12] and tested by several auth¢is—
and independent of the perturber density. 22], is manifested by the decrease with the increase of per-
In the traditional analysis of line shapes, one assumes thatirbing gas density of the Doppler width determined from
the Doppler broadening is statistically independent of presthe fits of theoretical profiles such as VP or AVP to experi-
sure broadening. In the impact limit, the combined influencemental profiles. Another feature of speed-dependent effects
of Doppler and pressure effects can be represented by then spectral lines is that they may give rise to an asymmetry
familiar Voigt profile (VP), which is a convolution of the of line shapes even in the case when the finite duration of
Lorentzian and Gaussian profiles. Beyond the impact limitcollisions may be neglected. Such an effect results from the
i.e., in the case when the finite duration of collisions is takerspeed dependence of pressure shift of the line as was experi-
into account, the resultant profile can be represented by thementally demonstrated by Farrast al. [23]. It must be em-
so-called asymmetric Voigt profilAVP), which is the con-  phasized that because of the similarity between contributions
volution of the Gaussian distribution with a sum of the from collision duration time and speed-dependent effects,
Lorentzian and dispersion profiles. extreme care is needed in any quantitative interpretation of
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asymmetry of pressure-broadened spectral line shapes. In the present paper, we report results of detailed studies
It must also be noted that aside from the narrowing causedf the shapes of the 326.1-t{Cd line perturbed by xenon
by speed-dependent effects, another type of collisional nagas that were performed using a laser-induced fluorescence
rowing may occur due to the velocity-changing collisions.technique. A good signal-to-noise ratio and negligible instru-
This phenomenon was originally described by Didlzé]  mental profile(that of a ring dye laser is about 1 MKz
who has shown that if the mean free path of the emitte€nable us to fit the line shapes in considerable detail and
between two successive collisions becomes smaller than tHgcord deviations from the ordinary Voigt profile that can be
wavelength of the radiation, then the Doppler width is appre8scribed to both the collision-time asymmetry and speed-
ciably reduced. This effect, which is similar in origin to the dependent effects. _
Mdssbauer effect, is known as Dicke narrowing. Two theo- 1he measured line shapes are then analyzed in terms of
retical models of the translational motion have been used t§¢ Speed-dependent asymmetric Voigt profile and the
describe the profiles of Dicke-narrowed spectral lines. ThesBréssure-broadening, shift, and asymmetry coefficients are
are the soft-collision model developed by Galagp] and determlned and 'compared'wnh those calcu]ated on the basis
hard-collision model given by Nelkin and GhatgR6]. In of some interaction _potentlals_ that are available for_Cd-X_e.
recent years, these two models served as starting points fgihe €ffects of velocity-changing collisions are also investi-
several researchers who developed theoretical approachesdgted using a model that describes both the speed-dependent
take into account the simultaneous influence of Dicke nar&ffects and collisional narrowing proces$83].
rowing, correlation between velocity changing and dephas-

ing collisions[27,28, and speed depe_n_dence of_collis_ional Il. EXPERIMENTAL SETUP
parameters[29-35, as well as collision duration time
[14,36,37 on the resultant line shape. To avoid the hyperfine and isotopic structure of the Cd

In a series of experiments in this laboratd®2,38—4Q0  326.1-nm line, the measurements were performed using the
the pressure broadening and shift of th"¥Cd 326.1-nm  !'“Cd isotope. The sidearm quartz cells containing cadmium
(51S,—5°%P;) intercombination line perturbed by He, Ne, were filled with xenon and cutoff from the vacuum system.
Ar, Kr, and Xe have been studied by means of classicalhe xenon pressure was varied between 5 and 368 Torr at
emission spectroscopy using a pressure-scanned Fabry-Peroom temperature. The cells were situated in the special mul-
interferometer. It should be noted that due to the weakness disection oven, enabling the independent temperature stabili-
the fluorescence signal and small transmission of the Fabryzation of the cell and its sidearm up to 1 K. During the
Perot interferometefits inherent featune such line-shape measurement, the temperature of the cell was kept constant
measurements were possible only for the perturbing gas preat 724 K, while the sidearm was kept at temperature of
sures less than 100 Torr at room temperature. 440 K.

Our earlier work[22] on the Cd-Xe system performed  The line shape of the cadmium 326.1-nm line was regis-
with a pressure-scanned Fabry-Perot interferom @&l in-  tered using a digital laser spectrometer described elsewhere
dicated that the simple Voigt function that is a convolution[43]. The intensity of the fluorescence signal as the laser
of Lorentzian and Gaussian components is inadequate bérequency was scanned across the line was measured by
cause the Doppler width obtained from the Voigt analysisa thermoelectrically cooled photomultiplier working in
was found to decrease markedly with increasing xenon preghe photon counting mode. An actively stabilized single-
sure. This result is a manifestation of the correlation betweefrequency Coherent 899-21 ring dye laser equipped with
the collision and Doppler broadening. We should emphasizean  intracavity frequency  doubler, operating on
however, that departures from the Voigt profile are difficult 4-(dicyanomethylene2-methyl-6¢4-dimethylaminostyryt
to observe by means of classical spectroscopic methods sindél-pyran dye, was pumped by an INNOVA-400 argon-ion
the effects are small, and even with high-resolution instrudaser. The ring laser provided single-mode UV output con-
ments such as FPI the instrumental profile is not negligibletinuously tunable for up to 60 GHz with line width about 1
In particular, our numerical simulations have shown that forMHz. Frequency calibration of the ring laser was performed
real FPI it is practically impossible to observe the collision-using its fundamentalred line directed to a confocal FPI
time asymmetry because this effect is totally obscured by thwith a free spectral range of 1.5 GHz and the 100-cm-long
periodic instrumental function of FPI. iodine cell operated at 35°C. The FPI transmission peaks

The above limitation as well as a small pressure rangand L, absorption spectrum were recorded simultaneously
(below 100 Tory and rather poorespecially for higher pres- with the fluorescence signal for frequency calibration. The
sures signal-to-noise ratio did not allow us in our previous laser UV beam incident on the cell was linearly polarized in
work to register and analyze the collision-time asymmetrythe vertical direction, and the collection optics arm, perpen-
for the Cd-Xe system. It should be noted, however, that irdicular to the laser beam direction, contained a linear polar-
our recent study41] on the influence of Kr on the 326.1-nm izer set at the “magic angle(rotated 54.7 from the verti-
H4cd line we were able to detect the collision-time asym-cal), so that the collection optics system was insensitive to
metry using a classical absorption spectroscopy method. Theffects due to anisotropy of fluorescer(see, e.g.[17,44)).
spectral resolution of the apparatus used in that study waBhoton counting was performed by an electronic system built
too low to perform any quantitative analysis of the role ofin the computer application for measurements and control
speed-dependent effects in the formation of resulting prostandard described elsewhdB8]. All of the data, fluores-
files. cence signal, laser UV output power, FPI transmission peaks,
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and |, absorption spectrum, were acquired with a PC com- To obtain the resulting line shape, Eg) should be av-

puter for further evaluation. eraged over the Maxwellian distributicfmnE(JE) of veloci-
ties of emitters with masmg. The averaged profile can be
1. LINE SHAPE written in the following form:

A. Speed-dependent asymmetric Voigt profile

As was mentioned in the Introduction, the shape of a '(V):f dBUEme(UE”(V’UE)- ®)
pressure-broadened line can be described by the sum of
Lorentzian and dispersion distributions. If emitters moveFollowing Harriset al. [15] (see alsd 14]) after performing

with velocity v, this profile can be written in the following the integration ovewg using the reduced emitter spegd

form: sz/va (where vaz\/ZkBT/mE is the most probable
~ ~ - - speed of the emitterT is the gas temperature, akg is
(3G = 1 [n(we)/2]+x(we)lv—ro(ve) —Alve)] Boltzmann’s constaithe resultant line shape that takes into
YR n [')’L(UE)/Z]Z""[;_ZO(JE)_A(JE)]Z ' account both the collision-time asymmetry and speed-

(1) dependent effects can be written in the form of the SDAVP:

where vy, (vg), A(vg), x(vg) denote the speed-dependent - 2 I
Lorentzian width(FWHM), shift, and collision-time asym- I'spave(¥) = Tf_m dxe " xj arctaf A(x)]
metry parameter, respectively, and Vo
Ba(X;«
~ kg +<X>A%|n[1+A2(X)]]. (6)
vo(ve) = vot Src 2
where

is the unperturbed wave numbTe(; of the emitted line modi- - ~
fied by the Doppler shift. Her& is the wave vector of the Ax) = 2= vo—(A)Bs(X;a) +xvp )
emitted radiation and is the speed of light. (7L Bw(X; )2

In the general case, the speed-dependent Lorentzian width . _ _
and shift can be evaluated from the following expressionHere, vp=voum_/C is proportional to the Doppler widthp

[1,2,14,1% (FWHM), i.e., 7p=7y5/(2yIn2). Functions By(x;a),
Bs(X; @), andB,(X; «) are defined by

n(ve) —Nf - f
5 +|A(UE)_E d*vepfm (Vetvep)vep . dpp M XV
Bw(X;a)= ———, ®
X{1—(Ujj(+2,—=) (v
XU+, =%)) angav.}- 3) A(X0m,)
Bs(x;a)= Ay 9
Here N is perturber densityp is the impact parameter and
fm (vp) is the Maxwellian distribution of velocitiesp of YOwn )
- LN E
perturbers with massi, connected with emitter velocityg Ba(X;a)= o (10

and the relative perturber-emitter velocif)gp by following

the relation5p=JE+5Ep. The product of time-evolution the reduced Lorentzian widttFWHM), reduced pressure

operators for the initial and final states averaged over angula&hift, and reduced collision-time asymmet@TA) param-

CoordinateS<Uii(t2vtl)Uf_fl(t21t1)>Ang.Av. is dependent on ©ter, respectlvely[_14,12,13. The quantities y, ), (A) and

vep andp. In a good approximationy(ve) can be evaluated (){} in the denomln_ators of Eq$8)—(10) are the Lorentzian

from the expression derived in our earlier pagdi@,14; width, pressure shift, and QTA parameter averaged over the
Maxwellian distributionme(v g) of the emitter velocities ¢

N N N + + o . . . .
X(UE):ZWNJ dstmeP(vE+vEP)vEPJ dppf g,  @nd they can be written in the following way:
0 —
><|m{l+<Uii(+oo,—oo)Uf_fl(—i—oo,—oo) <7L>:f dSJEme(JE)')’L(UE)l (11)
—Uii(to, =) U (tg, =) — Uji(+2,t0) -
_ A =Jd ve fn (VE)A(VE), (12
XUff1(+°°vt0)>Ang.Av.}- (4) (4) EimelTE £
Hereafter we use the first-order approximation in which _ 3~ -
cod x(ve)]=1 and sifix(ve) ]~ x(ve). <X>—J d*ve fn (vE) X(VE). 13
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It should be noted that in the limiting cases, the SDAVPtribute to the line shape if the mean free path becomes of the
profile, Eq. (6), becomes identical with functions used in order of the wavelength of the emitted light. This means that
traditional line-shape analysisee also Ref[14]). For in-  the role of the Dicke narrowing increase with the increase of
stance, the neglect of speed-dependent effects that is justifig@érturbing gas pressure in accordance with theoretical pre-
for small « values leads to the AVP simply by putting dictions of the soft{25] and hard-[26] collision model in
Bw(X; @) =Bs(X;a) =Ba(X;a)=1 in Egs.(6) and (7). On  which the velocity-changing and dephasing collisions are
the other hand, the neglect of the collision-time asymmetryreated as statistically independent events. Rautian and So-
leads to the SDVR11] simply by puttingx=0 in Eq.(6).  pelman[27] have indicated, however, that in many cases,
The neglect of both the above effects leads to the ordinarggrelation between velocity-changing and dephasing colli-
VP. sions should also be taken into account. Such a correlation

gives rise to profiles that in the presence of pressure shift are
B. Adiabatic approximation asymmetric as was experimentally confirmed by P& 33
r rovibrotional lines of HF perturbed by Ar. An important
ature of this correlation is that they can lead to the marked
reduction of the Dicke narrowing or even its complete elimi-
nation.

In order to adapt the above approach to the analysis og
experimental line shapes for Cd-Xe systems, the interatomi
potentials involving the Cd ground $5'S,) and the excited

3 ; i i i
(5s5p~Py) states must first be known. The interaction be In order to estimate the contribution of the Dicke narrow-

tween ground-state atoms Caf5S,) +Xe(5p®lS,) is de- . .
scribed by a single potential curve corresponding to the"9 to _the s_hape of the 3_26.1-nm Cd line perturbed by Xe, we
X10" molecular state. During the collision of the Cd atom used in this work a unified formula presented rece({i#y]

excited to the §5p 3P, state, two molecular states labeled aso" the basis of the approaches given by Ciurpid] and

A30" andB®1 are formed that are described by two different "€ [33]. That formula is unified in the sense that it de-

. . ; cribes the ordinary pressure broadening due to dephasing
Egﬁg:ﬁtgﬂgﬁnsét; f;]eli:;o?é%nalgg gzglg;fgsofhﬁ]setr?: r::%'%ollisions with the inclusion of the finite duration of those
.- -

I 30t wlnt 3, _yint  collisions, speed-dependent effects, and Dicke narrowing, as
tsrlglgs?fioc:sntrlbutlons from theh"0™-X"0" and B”1-X"0 well as correlation between dephasing and velocity-changing

In the adiabatic approximation for the Cd 326.1-nm IinecoII|S|ons. To simplify the calculations, we used the hard-

wurbed by Xe. th duct of ti Ui ¢ collision model of the Dicke narrowing given by Nelkin and
perturbed by €, the product of ime-evoiution operators aV'Ghatak[26:|. The unified formula given in Ref.37] takes
eraged over angular coordinates can be writtefilas22]

then a form called the correlated speed-dependent asymmet-
i -1 ric Nelkin-Ghatak profile(CSDANGP that represents an
(Uit t) Vs (2,1 ang v asymmetric version of the correlated speed-dependent
. 2 ) Nelkin-Ghatak profile derived by Pin&3].
=z &XH —ina-x(t2, 1) ]+ zexd —i7g-x(t2,ta)], The most important quantity in the hard-collision model is
the effective frequency of velocity-changing collisions which
(14 is inversely proportional to the diffusion coefficiebtfor the
) emitter surrounded by the perturbing gas. Unfortunately, for
Where377/_\;><(lt2 fl) and ZB—X(ltZ +’t1) are the phase shifts for cq.xe neither experimental nor theoretical dataDrare
the A*07-X"0" and B”1-X"0" transitions, respectively. ayajlable. Therefore the accurate analysis of the influence of

These functions are given by the following expression: the Dicke narrowing on the Cd 326.1-nm line perturbed by
10t Xe is not possible at present. Nevertheless, using the
_ ! CSDANGP formula with coefficients evaluated from simpli-
=—] AV 1 ; . T
7(tz,ty) ﬁftz (r(m)dr, (19 fied treatments of the diffusion in binary systefdg] for the

Cd-Xe interatomic potentials calculated by Czuchaj and Stoll
whereAV(r) denotes the difference of potential§A30*)  [42], we performed simulations of the profiles of the Xe-
—V(X*0") andV(B31)—V(X'0™"), respectively, and(r)  broadened 326.1-nm Cd line. The main conclusion of these

= \Jp?+vZp7 is the interatomic distance at time simulations is that for Cd-Xe, the extent of the Dicke nar-
It should be noted that the use of the semiclassical adid©Wing of the Doppler component of the 326.1-nm line for
batic approach and the straight-line approximation in the dethe highest Xe pressure used in the present experiment is
scription of the motion of colliding atoms applied in this Delow 4x107" cm™=. Moreover, it will be seen that we
work can lead to some errors in the evaluation of collisionaf@ve shown in the next section that no additional decrease of
width, shift, and asymmetry. However, for isolated lines ofth® Doppler width caused by the Dicke narrowing is ob-
neutral atoms of metals perturbed by heavy rare-gas atom$€Tved in our experiment. We can thus conclude that in our
i.e., for systems like Cd-Xe, it is usually sufficient to use the€@S€, Dicke narrowing makes a negligible contribution to the

adiabatic approach with straight-line trajectories3). Widfch and shape of the 326.1-n_m line. Therefo_re, in the fol-
lowing we perform the analysis of our experimental data

using the SDAVP formula, Eq6), in which Dicke narrow-

ing is neglected. We should also mentioned that for systems
As we mentioned in the Introduction, the Dicke narrow- like Ca perturbed by rare-gas atofii6—18 as well as for

ing resulting due to velocity-changing collisions may con-some spectral lines of Ne and Ar perturbed by [126,21],

C. Velocity-changing collisions
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the observed line shapes were successfully interpreted ir
terms of SDAVP or SDVP expressions. 40000 —
7 (a)
IV. DATA ANALYSIS = 80000 —

In order to examine the role of the collision-time asym- " 20000 —
metry and speed-dependent effects in the production of the 7

total line shape, we fitted the following profiles to our ex-
perimental data: ordinary Voigt profild,p(7), speed- 0
dependent Voigt profiléspy(7), asymmetric Voigt profile

Iavp(7), and speed-dependent asymmetric Voigt profile

Ispave(?). The best-fit procedure was performed using a
least-squares algorithm for nonlinear parameters due to Mar-

quardt [45]. Our numerical fit tolyp(v) as well as to

ISDVF({/) allowed three parameters to vary: the Gaussian
width yp, the Lorentzian widti{y, ), and the line shiffA).

For asymmetric profiles ayp(7) and Ispayd7), we also
fitted the asymmetry parametéry). The By(x;a) and
Bs(X; @) functions used in the SDVP and SDAVP were cal- 6.0
culated from Eqs(8) and (9), using for Cd-Xe interaction
the potentials recently reported by Czuchaj and $44l. In
the SDAVP theB,(x;«) function was taken to be equal to
one(see Sec. IVQE

Figure X1a shows an example of the shape of the T (e)
326.1-nm “Cd line perturbed by Xe at 203 Torr at room

temperature. The best-fit profiI%DAVF(;) is plotted as the

10000 —

D o(%)

solid line. In order to examine the quality of the fits we used I e B B B HA e o ey
the weighted differences of the intensities 4.0 08 06 -04 02 00 02 04 06 08 1.0
¥ 9, [em7]
~ lexpl?) = ltheod V) FIG. 1. (a) The shape of the Cd 326.1-nm line perturbed by Xe
(V)= \/7., ’ (16) at pressure 203 Torr: experimental points together with the best-fit
ltheor ) SDAVP (with Czuchaj and Stoll potential (full curve) and

weighted difference® () between experimental and the fittésl
Voigt profile (VP), (c) speed-dependent Voigt profil&DVP), (d)
asymmetric Voigt profile(AVP), and (e) speed-dependent asym-
metric Voigt profile(SDAVP), respectively.

between experimentalmeasured Iexpﬁ) and theoretical
(fitted) 1o ?) profiles. In Fig. 1b) we plotted these dif-
ferences for the case whép..(7) profile was given by the

ordinary Voigt profilel,p(v). We can see systematic depar- can lead to asymmetry of the profile. Therefore in our analy-
tures from zero in the line core as well as on line wings thaiksis described in following sections we use the AVP and
can be regarded as a manifestation of the line asymmetrsDAVP profiles only.

Figure Xc) shows the differences for the case whgR, ()

is given by the speed-dependent Voigt profig, 7). The A. Doppler broadening

systematic departures are still present on the line wings,
while in the line core the quality of the fit is better. For

lineo?) given by the asymmetric Voigt profiléayp(?)

Figure 2 shows the values of the Doppler width of the
326.1-nm Cd line perturbed by xenon determined from the
) . , . best fit of the AVP to experimental data, plotted against the
[.F'g‘ 1.(d)]’ an improvement of the fit was obtained only on pressure of Xe. As can be seen, the Doppler width is found to
line wings. Finally, Fig. 1e) shows the differences for the decrease markedly with increasing Xe pressure. This can be
case Wherl iheo(¥) is given by the speed-dependent asym-interpreted as a manifestation of the Doppler-collision corre-
metric Voigt profilel spave(7). As can be seen in this case, lation effects and it is in agreement with theoretical predic-
the values of the differences are spread uniformly about zerdions due to Bermafil1l] and Wardet al.[12] and with pre-
which confirms the goodness of the fit. We can thus concludeious experimental observationgl6,18,20—22 and our
that in the case of the Cd-Xe system, both the collision-timenumerical simulations.
asymmetry and speed-dependent effects have a noticeable In Fig. 2 we also plotted the values of the Doppler width
influence on the profile of the 326.1-nm line. vp determined from the best fit of the SDAVP to the experi-
In the following, we are going to focus our attention on mental data. It should be noted that evaluation of the SDAVP
the problem of how to distinguish these two effects that bothrequires the knowledge of the dependence of the emitter-
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Y, [10% cm]
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p [Torr] N [10 17 atom cm -3 ]

FIG. 2. Plots of the Doppler width of the 326.1-nm Cd line FIG. 3. Plots of the Lorentzian widtfy, ) of the 326.1-nm Cd
perturbed by xenon determined from the best fit of the Agpen  line determined from the best fit of the AVRpen circles and
circles and SDAVP[for van der Waalgtriangles and Czuchaj and  dashed linfand SDAVP[for van der Waalstriangles and dashed-
Stoll (filled circles potentialg to the experimental data, against the and-dotted linpand Czuchaj and Stoffilled circles and solid ling
pressure of Xe. Dashed line, theoretical Doppler width correspondpotentiald to the experimental data against the xenon denity
ing to the cell temperatur@24 K). Error bars indicate the value of Error bars indicate the value of the standard deviation. For the
the standard deviation. clarity of the figure, we plotted the error bars only for the SDAVP

(with Czuchaj and Stoll potentialFor two other fits the error val-
perturber interaction potentidf(r) on the interatomic dis- ues were of the same magnitude.
tancer. We performed the best-fit procedure for two cases:
in the first case we assumed this interaction in the form of
the van der Waals potential and in the second case we used
the numerical potentials calculated by Czuchaj and Stoll
[42]. In the first case, i.e., forAV(r)=—C4/r8 the
Bw(X; @) andBg(X;a) functions can be evaluated from the
analytical expressiofil2]

Buw(X;@)=Bg(X;a)=(1+a) %M(—0.3,1.5; ax?),
(17

whereM (a,b,z) is the confluent hypergeometric function. In
the second case these functions must be evaluated from Eq
(8) and(9). In our fits we have used in both caseg(X;«)
=1 (see Sec. VT

As can be seen for SDAVP there is practically no depen-
dence of the Doppler widthy, on the Xe pressure. The
average Doppler widths determined for SDAVP using the
van der Waals and Czuchaj-Stp#i2] potentials are found to
be 55.4(1.8x10 2 cm ! and 55.9(1.7x10 3 cm?, re-
spectively. These values agree very well with theoretical
Doppler width 55.4 10 2 cm ! corresponding to the cell .
temperaturel =724 K.

<A>[10° cm’]

-50
I I I I I I

B. Pressure broadening and shift 0 20 40 60 80 100 120

17 3
Figures 3 and 4 show the plots of the Lorentzian width N [10 17 atom em = ]

(1) and shift(A) determined from the best fit of AVP and  FG. 4. Plots of the shiftA) of the 326.1-nm Cd line deter-
SDAVP (with van der Waals and Czuchaj-Stp42] poten-  mined from the best fit of the AVP and SDAVP to the experimental
tials) to our experimental profiles against the density numbegata against the xenon denshy (Notations as in Fig. 3.

032511-6



LASER-INDUCED FLUORESCENCE STUDY B. .. PHYSICAL REVIEW A 62 032511

TABLE |. Comparison of experimental values of tj§e & (in units 10 2° cm™Y/atom cm %), and« (in
units 10 ?Yatom cm °) coefficients with those calculated for different interatomic potentials. For experi-
mental data the values of standard deviations are given.

Experimental values Bexpt Sexpt Kexpt
Brym et al. [23] (p<80 Torn 1.22319) —0.304(31)

This work AVP 1.2787) —0.333(2) —1.42(8)
This work SDAVP-vdW 1.256) —0.344(2) —1.16(7)
This work SDAVP-CS 1.25®) —0.348(2) —1.08(7)
Theoretical values Biheor Stheor Ktheor
van der Waals 1.127 —0.408 —-1.16
Morse 1.101 -0.221 -0.89
Czuchaj-Stoll[43] 1.330 —0.322 -1.15

N of xenon. As it is seen, the shift is toward the red, and botlcally using Eq.(10). However, numerical calculation of the
(7yL) and(A) are linearly dependent on the density. From theBa(x; «) function from Eq.(10) is much more time consum-
slopes of these linear dependencies, the pressure-broadening than calculations oB,,(x;«) and Bg(x;«) functions
B={v.)/IN and shifté=(A)/N coefficients were determined from Egs.(8) and(9), respectively.

and listed in Table I. They are marked “This work AvP,”  We investigated the influence of ti&(x; «) function on
“This work SDAVP-vdW,” and “This work SDAVP-CS,” the results obtained from the fit of the SDAVP to experimen-
respectively. tal profiles. To carry out this investigation, we used the

It is seen that our experimental values®fand 8 deter-  Ba(X;@) function evaluated from Eq(18); we have also
mined from these three fitting procedures are different aStudied the case when we can assume Bjgk;a)=1. In
though they are close to each other. The broadening coefff1€S€ two cases, we usé,(x;«) and Bg(x;«) given by
cients obtained by the speed-dependent analysis are onfyf: (17)- The values of the parameteys, (y.), (4), and
slightly lower (about 1% than those resulting from the X) obtained from both fits as well as the quality of these fits

asymmetric Voigt profile analysis. Unlike the broadening, Were the same for all analyzed line shapes. Therefore, in this

the pressure shift coefficients obtained by the speedVork all fits of the SDAVP(for both van der Waals and

dependent analysis are slightly highabout 4% than those ~ c2uchaj-Stoll [42] ~potential$ were done assuming

obtained for asymmetric Voigt profile. BA(X;@)=1. This means that in practice we can neglect the
speed dependence of the collision-time asymmetry in our
investigations.

C. Line asymmetry

Figure 5 shows the plot of the asymmetry paraméjer 0.000

determined from the best fit of AVP and SDAVRith van Q
der Waals and Czuchaj-StdW2] potential$ to our experi- Vv
mental profiles, against the density numbeérAs it is seen, -0.004 —
the asymmetry parameter is linearly dependent on the den
sity. From the slope of the best-fit straight line, the asymme-
try coefficientsk= y/N were determined and listed in Table
[. It is seen that our experimental values mofcoefficients
obtained by speed-dependent analysis for van der Waals an
Czuchaj-Stoll potentials are close each other, but they are
lower by about 20% than those resulting from the asymmet- -0.012 —
ric Voigt profile analysis.

It should be noted that thB,(X; «) function may be rep-
resented in an analytic form only in some cases, for instance
for inverse-power potentiald.3]. For the van der Waals po-
tential, this function is given by the following expression -
[13]:

-0.016 — N

-0.020
| | | | | |
Ba(X;a)=(14 a)%3M(0.3,1.5- ax?). (18) 0 20 2 60 80 100 120

N[10 17 atom cm -3 ]

In the general case, for instance, when potentials are given in
the numerical form, this function must be evaluated numeri- FIG. 5. Plots of the asymmetry parame(m) determined from

the best fit of AVP and SDAVP to the experimental data against the
xenon densityN. (Notations as in Fig. 3.
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V. RESULTS AND DISCUSSION [4,5] (see the Appendijx It should be noted, however, that

. Eqg. (4) is more convenient for numerical application, espe-
We. h_ave shown that the_ SDAVP, E@)’ gives a correct cially in the case of averaging over Maxwellian distribution
description of our experimental profiles of thé“Cd

. ; of velocities than other known expressidits7]. Therefore

326.1-nm line perturbed by xenon. This means that for theeoretical values of asymmetry coefficieatwere calcu-

Cd-Xe system the reliable experimental values of the Dopigted from Eqs(13) and (4) for the Czuchaj and Sto[42]

pler width can be obtained from the line-shape analysis pronymerical potential as well as for van der Waals and Morse

vided the speed-dependent effects are taken into accourdetentials with the same constants as those used in our pre-

Neglect of the speed dependence of the collisional width andious papef22] on the Cd-Xe system. As can be seen from

shift leads to some errors in determination of the pressurefable | good agreement between our experimental and theo-

broadening, shift, and asymmetry coefficients, which in theetical values of the asymmetry coefficientakes place for

case of the Cd-Xe system are estimated to be about 1%, 4%he Czuchaj-Stol[42] as well as for the van der Waals po-

and 20%, respectively. tential. The poor agreement is obtained, however, for the
The experimental values of pressure-broademngshift ~ Morse potential.

S, and asymmetry coefficients determined in the course of

the present work are listed in Table I. In a previous work VI. CONCLUSION

[23] from this laboratory, the8 and & coefficients for the h d a detailed vsis of . |
326.1-nm Cd line perturbed by Xe were determined using a /€ have presented a detailed analysis of our experimenta

classical spectroscopy technique, ie., by means of Brofiles of the 326.1-nm'™“Cd line perturbed by Xe that
pressure-scanned Fabry-Perot interferometer for the cell tenfl€arly establish the existence of the collision-time asymme-
peratureT=468 K. It seems that the value of the pressure-try n t_he near-wing region. W'th our increased experimental
broadening coefficient reported in RER2] that is equal to  Precision compared to previous resyl2], we have shown

1.319(27)x 10-2° cm™Y/atoms cm® can be affected by a that for the Cd-Xe system, the neglect of the speed depen-
' Wdence of the collisional width and shift may cause errors in

signal-to-noise ratio for higher perturber pressures as well a{1€ values of tr:je Dop_ple:jmfndth arr:d lc;oII|S|r(])n-t|me afymmg
strong numerical correlation between parameters representLy pa;]am(—;-]ter d ethermme d rdom t g INe-s faﬂe anlal.y.s's' on
ing collisional and Doppler widths in the fitting procedure.t e other hand, the speed dependence of the collision-time

Therefore we rejected the values of Lorentzian width anogisr?’;];g?etry and Dicke narrowing were found to play a mar-
shift corresponding to the highest xenon pressyre 102 : . . .
Torr) determined in Ref[22]. The recalculated values @f The comparison of pressure broadening, shift, and asym-

andé coefficients are listed in Table | where they are marked. etry coefficients determineq in this experim.ent Wit_h coe_f-
“Brym et al. [22] (p<80 Torp.” As it can be seen from icients calculated on the basis of the adiabatic semiclassical

Table | there is practically no change gfand 6 coefficients approach shows reasonablg agreement bgtween experimental
with the change of cell temperature frofi=468 K to T and theoretical values obtained for numerical potentials cal-

—724 K. This result is in agreement with Dieét al. [46] culated by Czuchaj and StdW2]; experimental and theoret-

who found the lack of the temperature dependence of th{aCal values differ by a few percent. A better agreement can-
ot be expected from adiabatic calculations. A poor

line-shape parameters for cadmium perturbed by helium ang reement between experimental and theoretical values was
argon in the temperature range between 503 K and 663 K. 9 P

In order to interpret our experimental data we calculate btained for the Morse potential. Moreover, we have shown

. . hat for Cd-Xe system an expression derived in R&f)] is
the theoretlcal values of pressure b_roaderymgnd Sh'ﬁ.é suitable to descr)i/be the collisir:)n-time asymmetry in the near-
coefficients from Eq(3) for different interaction potentials. . .
We performed the calculation for the Czuchaj and Ji#] wing region.
numerical potential as well as for two potentials derived
from experimental data, i.e., for van der Waals and Morse

potentials with the same constants as used in R&]. The The authors wish to express their gratitude to Professor E.
values of8 and § coefficients evaluated for these potentials czuchaj for making available numerical values of potentials.
are listed in Table | and marked as “Czuchaj-StetR], This work was supported by Grant No. 673/PO3/96(20

“van der Waals,” and “Morse,” respectively. As can be po3B 005 10 from the State Committee for Scientific Re-
seen from Table |, our experimental valuesdéndd are in - gearch.

reasonable agreement with theoretical ones calculated on the
basis of the Czuchaj—Std]ﬂZ] potentigl. . APPENDIX

The experimental values of collision-time asymmetry co-
efficientsx determined in the course of the present work are In the case when the difference of potentials can be writ-
listed in Table | where they are compared with theoreticalten in an inverse-power formaV(r)=AC,/r9, we can write
values. Our careful tests have shown that in the case of then the basis of Eqg13) and(4) that
van der Waals potential the values of the asymmetry param-

ACKNOWLEDGMENTS

eter calculated in the framework of the unified Franck- — NK, sgr{AC )f oot (Dep) |ACq| ¥a-1)
Condon treatmerit3,6] are very close to that obtained from X q S9N A %q VEPLLUER) g ep ’
formula(4) corresponding to the Anderson-Talman approach (A1)
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where f,(vep) is the Maxwellian distribution of relative and
perturber-emitter veIocitie§Ep and u=mgmp/(Mg+mp)
is the reduced mass for perturber-emitter system. The con-

stantK, can be evaluated from the following expression: +oo
quf dx X sin(x*~9). (AB)
+ o + oo o4 0
Kq= fo dz zzf_m dxlm{[l—e*'Zl Ing(x, )]
— @izt Ing(+%,%) .
X[1—e™* T, (A2) For the van der Waals potentiad € 6) we have
where
X2 dy 2
Ng(X2,X ):J — (A3) 3 X2(2x5+5)
Q21 2\q/2 —
x (1+y4)d Ng(X5,X1) = zarctarx,) + ———
1(1+Yy9) 6(X2.X1)= g NPT T
andx, y, andz are dimensionless variables. )
The expression for the constafy can be rewritten in the _ Earctamx )— X1(2x1+5) (A7)
form of the product of two integrals 8 1 8(x§+1)2 :
Kq=GqHq. (A4)
where Using Eq.(A4) and performing numerical integration, we
+oo obtain in this cas&g=2.717 71. This value differs from the
GqZJ dx[ng(+00,%) 37D 4 ng(x, —o0)¥@~1) value 2.63 given by Travingi5] who corrected a result of
- Anderson and Talmaj#]. On the other hand, oltg value is
—Ng(+o0, —o0)3@" D] (A5)  the same as that obtained earlier in Réi.
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