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Using a laser-induced fluorescence method a detailed analysis of profiles
of the 1*Cd 326.1 nm line perturbed by neon and helium was performed
which revealed deviations from the ordinary Voigt profile. These deviations
are shown to be consistent with fits of experimental profiles to an asymmetric
Voigt profile. Coefficients of the pressure broadening, shift and collision-time
asymmetry are determined and compared with those calculated in the adia-
batic approximation for different interaction potentials.

PACS numbers: 32.70.-n, 33.70.—w, 34.20.-b

1. Introduction

Extensive studies on noble-gas-induced broadening and shift of atomic spec-
tral lines have revealed different behaviour of heavy, i.e. high-polarizability noble
gases such as Ar, Kr and Xe and the light gases such as He and Ne character-
ized by small value of polarizability £ [1, 2]. For high-polarizability noble gases
the main features of the broadening and shift phenomena can be, in principle,
explained in terms of a van der Waals potential. These gases always produce a
red shift of the line and the asymmetry of the line shape — if it appears — 1s
such that the intensity in the long-wavelength side of the line is higher than that
in the short-wavelength one (red asymmetry). Contrary to that the effects pro-
duced on spectral lines by low-polarizability perturbing gases are not so clearly
defined. Helium, for instance, was considered for many years as a gas producing a
blue shift and symmetric profiles of spectral lines [1, 2]. Nevertheless, Lewis and
his co-workers have found that in the case of the calcium 422.7 nm line helium
produces a red shift and a blue asymmetry of the profile [3—5]. Recently, however,

(23)



24 A. Buelskr et al.

Romalis et al. [6] have observed both the blue asymmetry and the blue shift of the
resonance doublet of rubidium perturbed by the *He and ®He isotopes. Much more
obscure behaviour was observed by many researchers for neon used in the role of
perturbing gas. Chen and Takeo long time ago [1] have emphasized that the shift
produced by neon 1s usually very small and may be directed either towards blue or
towards red. A puzzling behaviour of neon was also observed for Rydberg spectral
lines associated with two-photon transitions in sodium [7]. It is generally believed
that the case of broadening and shift induced by Ne-atoms must be treated with
extreme caution. This is due to the fact that both theoretical and experimental
values of the electron-scattering length L for neon reported in various papers differ
markedly from each other. It is important to note that all existing in literature
values of L (both calculated theoretically and determined experimentally) for the
Ne-atom are positive (L > 0) although rather small. The consequence of this is
that according to the Fermi—Omont theory [8, 9] for perturbers with L > 0 op-
tical lines involving Rydberg or quasi-Rydberg states should be shifted towards
blue. Contrary to that, in some cases, e.g. for two quasi-Rydberg spectral lines
of argon involving 4d-states perturbed by neon, a red shift was observed [10]. On
the other hand, for non-Rydberg lines the neon-induced shift can be either toward
blue as for instance in the case of 82P5/,—7251/5 (655 nm) and 82P;/»—73%5) /5
(671.4 nm) spectral lines of thallium [11] or towards red as in the case of the
751/2—6P3;5 (535.0 nm) green line [12, 13] and the 7.5;/,—6P; /5 (377.68 nm) res-
onance line [13, 14] of thallium.

In earlier work in this laboratory [15-17] high-resolution studies of pressure
broadening, shift and asymmetry of the cadmium intercombination line 326.1 nm
(51S5—53Py) perturbed by Xe [15], Kr [16] and Ar [17] were reported. They were
performed using a laser-induced fluorescence (LIF) method. A good signal-to-noise
ratio and negligible instrumental profile enabled us to fit the experimental line
shapes to theoretical ones in considerable detail and determine in very good ac-
curacy the values of pressure broadening, shift and asymmetry parameters. For
all these three high-polarizability noble gases (Ar, Kr, Xe) and also for high po-
larizability molecular gases such as No and CH4 we have found a red shift and
red asymmetry of the 326.1 nm Cd line confirming thus a general feature of these
perturbers already observed in earlier experiments on radiating atoms other than
cadmium (cf. [1, 2, 18]).

In this paper we report results of precise measurements of the profiles of
the 326.1 nm Cd line perturbed by low-polarizability noble gases (He and Ne).
Using the LIF method we performed very careful analysis of the influence of He
and Ne on the broadening and shift of this line. Since the neon-induced shift
was found to be very small we focused particular attraction on the accuracy of
the shift measurements. In the case of perturbation by helium we encountered
severe difficulties caused by the helium permeation through the walls of quartz
fluorescence cells. It is one of the purposes of this paper to present details of
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our experimental procedure which enabled us to carry out measurements on the
Cd—He system in such a way that helium diffusion through quartz does not lead
to noticeable errors.

The present paper is aimed toward the completion of investigations of no-
ble-gas-induced broadening and shift effects on the Cd intercombination line.
Together with the promising progress in the theoretical “ab initio” calculations
of the Cd-noble-gas-atom interaction potentials [19] and recent experiments on
Cd-noble-gas excimers created in supersonic expansion [20] this should lead to a
better understanding of these effects.

2. Experiment

The experimental apparatus and methods of analysis were similar to those
described in previous papers from this laboratory [15-17, 21]. The measurements
of the shape of the Cd 326.1 nm line perturbed either by neon or by helium
were performed by means of the laser-induced fluorescence (LIF) technique using
the “Cd isotope which enabled us to avoid the hyperfine and isotopic effects
as well as to neglect the role of line-mixing asymmetry. The cadmium fluores-
cence was registered with a digital laser spectrometer [21] which consisted of an
actively stabilized single-frequency Coherent CR 899-21 ring dye laser equipped
with intracavity frequency doubler operating on DCM dye pumped by Coherent
Innova 400-15 argon-ion laser. To obtain the profile of the pressure broadened
line, the doubled frequency of the ring laser was scanned up to 60 GHz while the
fluorescence was monitored at a fixed wavelength 326.1 nm. The intensity of the
fluorescence signal was measured at a right angle to the laser beam with an EMI
6256 A photomultiplier working in the photon counting mode and thermoelectri-
cally cooled to minimize the dark current. Photon counting was performed by an
electronic system built in the CAMAC Standard [22]. The frequency-doubled ring
laser beam incident on the fluorescence cell was linearly polarized in the vertical
direction and the collection optics arm, perpendicular to the ring laser beam di-
rection contained a linear polarizer set at the “magic angle” (rotated 54.7° from
the vertical), so that the collection optics system was insensitive to effects due
to anisotropy of fluorescence (see e.g. [3, 23]). All the data, fluorescence signal,
frequency-doubled ring laser output power, and the data needed for frequency
calibration such as the transition peaks of a confocal Fabry—Perot interferometer
(FPI) with a free-spectral range of 1.5 GHz as well as the absorption spectrum
of Is-molecules in the 100 cm long iodine absorption cell operated at the temper-
ature 35°C were acquired with a PC computer for further evaluation. Frequency
calibration of the ring laser was performed using its fundamental (not doubled)
line which was directed to an FPI and Is-cell.
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3. Line-shape analysis

It has been well established both theoretically [24-26] and experimentally
[3-5] that for systems with small values o of the ratio of perturber and emitter
masses &« = My /me the correlation between the Doppler and collisional broadening
can be neglected. In the case of Cd—He and Cd—Ne systems these ratios are equal
to 0.035 and 0.18, respectively. This means that both for Cd-He and Cd—Ne the
Doppler broadening can be treated as a phenomenon statistically independent of
collisional effects. The shape In(¥) of the Doppler broadened line can then be
described by a Gaussian distribution

_ if“;exp [_41“2 57 2], (1)

where Ty is the unperturbed wave number, vp is the Doppler (FWHM) width
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with kg being Boltzmann’s constant, and 7" — the temperature.

The line shape caused by collisions of the emitting atoms with perturbers
depends on whether the radiation emitted during a collision time is taken into ac-
count or not. In the so-called impact limit when this radiation is neglected which
is equivalent to the assumption that the duration of each collision is negligibly
short compared with the time between collisions, the collisional line shape can be
described by a Lorentzian profile. The resulting line shape usually called the Voigt
profile (VP) caused by the Doppler and collision effect treated as two statistically
independent phenomena can then be presented in the form of a convolution of
the Lorentzian and Gaussian distributions. If, however, the finite duration of col-
lisions is taken into account, then — in the first approximation — the collisional
line shape I¢(7) can be presented as a sum of the Lorentzian and dispersion pro-
files [27-30]:

o) = QDI b= 2) 3)

(V== A+ (1./2)?
where 71, A, and x denote the Lorentzian (FWHM) width, pressure shift and
collision-time asymmetry parameter, respectively. The resulting line shape Tavp (V)

can then be written as a convolution

IAVP(;) = Ic(;) ® Ip (;) (4)
Following Lewis and his co-workers [3-5] such a convolution is referred to as the
“asymmetric Voigt profile” (AVP). In the impact limit i.e. when the duration of
collisions is assumed to be negligibly small, the asymmetry factor vanishes (xy = 0)
and the AVP becomes identical to the VP. In the present work we have fitted both
the AVP and VP profiles to our experimental shapes of the 326.1 nm line perturbed
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by He and Ne. The best fit procedure was performed using a least-squares algo-
rithm for nonlinear parameters given by Marquardt [31]. Our numerical fit to the
VP profile allowed three parameters to vary: the Doppler width vp, the Lorentzian
width ~1, and the line shift A. For the AVP profile we also fitted the asymmetry
parameter Y. The best fit procedure performed for various pressures of the per-
turbing gas enabled us to determine dependences of the line shape parameters on
the density number N of perturbers.

4. Measurements involving neon

The measurements of the shape of the 326.1 nm Cd line perturbed by neon
were carried out using the M*Cd isotope which was placed in a fluorescence cell
made of quartz. The cell which was cylindrical in shape, 11.0 cm long and 3.0 cm
in diameter has a sidearm 16.0 cm long and 1.0 ¢m in diameter. The 14Cd iso-
tope was redistilled under vacuum and distilled into the sidearm of the cell which
had previously been baked many times in a flame; then at a room temperature
the cell was filled with neon whose pressure could vary between 5 and 442 Torr.
The sidearm was situated in a special multisection oven enabling the indepen-
dent temperature stabilization of the cell and its sidearm up to 1 K. During the
measurements the sidearm temperature which determined the cadmium vapour
pressure in the cell was maintained constant at 440 K, while the cell temperature
was kept at 724 K.

Figure 1a shows an example of the shape of the 326.1 nm 14Cd line perturbed
by Ne at pressure of 292 Torr (at room temperature). The circles are experimental
points, while the solid line represents the best fit to the asymmetric Voigt profile
(AVP). We have also attempted to fit our data to the ordinary Voigt profile (VP).
In order to examine the quality of the fits we used the so-called weighted residuals
of the intensities defined by

Da (rl;) — Iexp(V)u(;I)theor(V) ’ (5)
where Iowp (V) denotes measured intensity at wave number ¥, Iineor(V) is the theo-
retical (fitted) intensity assumed to be given either in the form of the AVP or VP
profiles, and u(?¥) is the uncertainty of the measured signal. In Fig. 1b we plotted
these residuals (DYF (7)) for the case when Iipeor(V) was given by the VP profile,
i.e. when the influence of the finite duration of collisions is neglected and no asym-

metry of the profile is expected. We can see systematic departures of D, (V) from
zero in the line core (¥ = Tp) as well as on line wings which can be regarded as a
manifestation of the line asymmetry.

Figure lc shows the residuals (DAVP(7)) for the case when Iipeor (V) is given
by the AVP. In contrast to Fig. 1b, in this case the values of the residuals are
spread uniformly about zero which confirms the good quality of the fit. We can thus
conclude that in the case of Cd—Ne the asymmetry caused by the finite collision
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Fig. 1. The shape of the Cd 326.1 nm line perturbed by neon at pressure 292 Torr:
(a) experimental points together with the best-fit AVP (full curve), (b) and (c) weighted
residuals Do (v) between experimental and fitted VP and AVP profiles, respectively,
(d) differences R(V).

time has a noticeable influence on the shape of the 326.1 nm line. This conclusion
is particularly well illustrated in Fig. 1d, where the differences

R, (v) = DY () — DY () (6)

of the residuals shown in Fig. 1b and c are plotted as a function of ¥ — vy. As it is
seen, R, (V) function has a typical dispersion form corresponding to the dispersion
correction to the Lorentzian profile in accordance with Eq. (3) and with theoretical
expectations [2-5, 27-29].

Figure 2 shows the values of the Doppler width yp of the 326.1 nm Cd line
plotted as a function of the neon pressure. The full circles are the experimental
points of vp determined from the best fit of experimental profiles to the AVP pro-
file. As can be seen, there is practically no dependence of the Gaussian width on the
neon pressure. The average Gaussian width is found to be 75 = 55(2)x 1073 em~1.
This means that yp can be really identical with the Doppler width, whose theo-
retical value (Eq. (2) for the cell temperature 724 K is equal to 55.4 x 1073 em~1.
According to Berman [32] and Ward et al. [24] the lack of the dependence of the
experimentally determined values of yp from the AVP (or VP) fits on the perturb-
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Fig. 2. Plot of the Doppler width vp of the 326.1 nm Cd line perturbed by neon against
the pressure of Ne. The widths yp are determined from the best fit of the AVP to the
experimental data. Dashed line — Doppler width calculated from the cell temperature

(724 K). Error bars indicate the value of the standard uncertainty.

ing gas pressure can be treated as an evidence that the correlation between the
Doppler and collisional broadening does not play any role.

Figure 3 shows the plots of the Lorentzian width 71, and shift A determined
from the best fit of Tavp (V) to our experimental profiles against the density number
N of neon. As it is seen the shift is toward the red (minus sign) and both 41, and A
are linearly dependent on the density. From the slopes of these linear dependencies

the pressure broadening 5 = 1,/ N and shift § = A/N coefficients were determined
and listed in Table I.

120 —

A,y [10° em™]

-40

0 20 40 60 80 100 120 140

N[10"7 atom cm 3]
Fig. 3. Plot of the Lorentzian width ~1, and shift A of the 326.1 nm Cd line determined
from the best fit of the AVP to the experimental data against the neon density N. Error

bars indicate the value of the standard uncertainty.
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TABLE 1

Comparison of experimental values of the 3, § (in units
1072° cm ™" /at. cm~?) and & (in units 1072* /at. cm™?)
coefficients for Cd—Ne system with those calculated for
different interatomic potentials. For experimental data
the values of standard uncertainty are given.

Experimental values Bexp Bexp Kexp
This work 0.715(4) | —0.090(5) | 0.17(7)
Bielski et al. [22] 0.70(2) | -0.13(2) -
Calculated values Bealc becale Kealc
Czuchaj—Stoll [19] 0.750 -0.142 -0.025
Morse 0.734 —0.063 0.06
Lennard—Jones (SC) 0.783 0.048 0.07
van der Waals (H-F) 0.828 -0.301 -0.59
van der Waals (CA) 0.644 -0.234 -0.20

Figure 4 shows the plot of the asymmetry parameter x determined from
the best fit of Tayp(¥) to our experimental profiles, against the density number
N. As it 1s seen, the asymmetry parameter is linearly dependent on the density.
From the slope of the best fit straight line the asymmetry coefficient k = x/N was
determined (Table T).
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Fig. 4. Plot of the asymmetry parameter x determined from the best fit of AVP to
the experimental data against the neon density N. Error bars indicate the value of the

standard uncertainty.

It should be emphasized that while the neon-induced shift of the 326.1 nm
Cd line is towards red (A < 0), the collision-time asymmetry coefficients for Cd—Ne
are positive (x > 0). This means that — as is clearly seen in Fig. 1l¢ — the blue
wing of this line has a higher intensity than the red one (“blue asymmetry”).
Such a behaviour is in contrast to high-polarizability noble gases (Ar, Kr, Xe)
which produce the red shift and the red asymmetry (x < 0) of the Cd 326.1 nm
line [15-18].

The experimental values of pressure broadening £, shift é and asymmetry &
coefficients determined in the course of the present work are listed in Table I. In a
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previous work [22] the 2 and é coefficients for the 326.1 nm ''*Cd line perturbed
by Ne were determined using a classical spectroscopy technique, i.e. by means of a
pressure scanned Fabry—Perot interferometer for the cell temperature 7' = 468 K.
These values are listed in Table T where they are marked “Bielski et al. [22]”.

As can be seen from Table I, there is a good agreement between the values
of 3 and 6 coefficients determined from different experiments performed for differ-
ent temperatures. Qur two independent experiments show that for the 326.1 nm
Cd line perturbed by Ne the line shape parameters are independent of the tem-
perature. This result is in agreement with our LIF [15-17] and interferometric
[33-35] measurements and those performed by Dietz et al. [36], showing that for
Cd—Xe, Cd-Kr and Cd—Ar systems no temperature dependencies of the line shape
parameters were found.

5. Measurements involving helium
5.1. Helium permeation through quartz

In a set of preliminary LIF measurements of the shape of the 326.1 nm Cd
line perturbed by helium, we observed a specific effect which did not occur in the
case of perturbation by neon and remaining noble gases [15-17]. The essence of
this effect is illustrated in Fig. 5, which shows the values of the Lorentzian width
v, of the helium-perturbed 326.1 nm Cd line determined from the fits to AVP
profile of the experimental data obtained for the same fluorescence cell but at
different time. All the data shown in Fig. 5 were obtained for the cell with the
initial pressure of helium equal to 405 Torr. This is the pressure measured at room
temperature at which the cell was filled with helium. Then the cell was situated
in the oven and heated until the cell temperature was stabilized. After the cell
temperature was stabilized within £1 K at 724 K we began the first measurement
of the profile which lasted about 110 minutes. In Fig. 5 the numbers on the abscissa
represent the time which passed since the beginning of the first measurement in
minutes. As it is seen from Fig. 5, the Lorentzian widths v1, determined in three
subsequent measurements done at the same fluorescence cell decrease with the
time passed since the first measurement. The value of 71, determined at the second
measurement which began immediately after the first one was completed was found
to be 2.5% smaller than that in the first experiment. The same 2.5% decrease in
v, was found in the third measurement which was completed about 330 minutes
after the first one began.

Figure 6 shows the long-term changes of 1, for the fluorescence cell filled
at room temperature with 350 Torr of helium and then situated in the oven and
heated to temperature 724 K. Here the numbers on the abscissa (in hours) repre-
sent the time which passed since the beginning of heating; the heating time was
equal to 12 h. The points shown in Fig. 6 represent the experimental values of 7,
determined in five measurements performed after 12, 14, 30, 50, and 360 h. The
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Fig. 5. Plot of the Lorentzian width +1, of the helium-perturbed 326.1 nm Cd line
determined from the best fits to AVP profile of the experimental data obtained for the
same fluorescence cell but at different time. The numbers on the abscissa represent the
time which passed since the beginning of the first measurement.

Fig. 6. The long-term changes of 41, for the fluorescence cell filled at room temperature
with 350 Torr of helium and then heated to temperature 724 K. The numbers on the
abscissa represent the time which passed since the beginning of heating.

Fig. 7. The values of the Lorentzian width 41, determined for temperature 439 K from
subsequent measurements of the shape of the 326.1 nm Cd line perturbed by 230 Torr of
helium. The numbers on the abscissa represent the time which passed since the beginning

of the first measurement.

solid line shown in Fig. 6 is the best fit of these five experimental points to an
experimentally decreasing function. The extrapolated value 71(40) =0.14 cm~! cor-
responding to the beginning of cell heating agrees with the value v, = 0.137 cm ™!
recalculated for the helium pressure 350 Torr using the value of the pressure broad-
ening coefficient # = 1.22 x 10720 ¢m~!/atom ¢m ™3 for Cd-He determined by
means of classical spectroscopy methods using a Fabry—Perot interferometer [37].

These and other tests performed during the course of this study have led
us to the conclusion that the only cause of the decrease in the Lorentzian width
1, with time is the decrease in the helium density number N in the fluorescence
cell due to the helium diffusion through the walls of quartz cell. The phenomenon
of diffusion also known as permeation of helium through various glasses was dis-
covered long time ago and corresponding permeation rates have been determined
through different types of glasses, including quartz [38, 26]. It was established that
these rates strongly depend on temperature. Using the temperature dependences
described by Altemose [38] we can estimate that reduction of the quartz cell tem-
perature from 724 K to 450 K decreases the helium permeation rate through the
quartz walls by a factor of ten.

It is thus evident that in order to obtain reliable line shape parameters for
Cd—He the helium permeation should be minimized and this can be achieved if
the cell temperature is sufficiently low. The choice of cell temperature becomes
then a result of compromise between the intensity of the signal and the helium
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permeation through quartz walls. We found that the temperature 439 K fulfils the
conditions of such a compromise and Fig. 7 shows the values of the Lorentzian
width ~1, determined for this temperature from subsequent measurements of the
shape of the 326.1 nm Cd line perturbed by 230 Torr of helium. Like in Fig. 5
here the point zero in the timescale (in minutes) denotes the beginning of the first
measurement. As can be seen, there is no systematic decrease in v, with time. We
can thus conclude that for the cell temperature 439 K the errors in determination
the line shape parameters due to the helium permeation through the quartz walls
of cell are smaller than the statistical scatter of experimental data. All the results
described below were obtained for the cell temperature 439 K.

5.2. Line shape parameters for Cd—He

Figure 8a shows an example of an experimental shape of the 326.1 nm Cd
line perturbed by helium (at pressure 132 Torr at room temperature). The points
represent the values of intensity measured at the cell temperature 439 K. The full
line in Fig. 8a is the best fit of the data to the AVP. We have also fitted our data
to the ordinary VP, but this fit is not shown in Fig. 8a. In Fig. 8b and ¢ we have
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Fig. 8. The shape of the Cd 326.1 nm line perturbed by helium at pressure 132 Torr:
(a) experimental points together with the best-fit AVP (full curve), (b) and (c) weighted

residuals Do (v) between experimental and fitted VP and AVP profiles, respectively,
(d) differences R(V).
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plotted the weighted residuals DY (¥) and DAVP(7), for the VP and AVP profiles,
respectively, determined from Eq. (5).

As both residuals look very similar, in Fig. 8d we plotted the difference
R,(V) = DAVP(D) — DYP(V). We can see systematic departures from zero in the
line core as well as on line wings which can be regarded as a manifestation of the
line asymmetry. We can thus conclude that in the case of the Cd—He system the
collision-time asymmetry has a noticeable influence on the profile of the 326.1 nm
line. Like for Cd—Ne also for Cd—He we found the higher intensity in blue wing of
this line, in contrast to the heavy perturber case [15—17] where the higher intensity
in red wing was observed.

Figure 9 shows the values of the Doppler width yp of the 326.1 nm Cd
line perturbed by helium at 439 K determined from the best fit of the AVP to the
experimental data, plotted against the pressure of He. As can be seen, there is prac-
tically no dependence of the Doppler width yp on the helium pressure. It confirms
the statistical independence between the pressure and Doppler broadening for the
Cd—He system. The average Doppler width is found to be 43.5(2.8) x 1073 cm~*.
This value agrees very well with theoretical Doppler width 43.1 x 1073 ecm™! cor-
responding to the cell temperature 7' = 439 K.

p [Torr]

Fig. 9. Plot of the Doppler width yp of the 326.1 nm Cd line perturbed by helium
against the pressure of He. The widths yp are determined from the best fit of the
AVP to the experimental data. Dashed line — Doppler width calculated from the cell

temperature (439 K). Error bars indicate the value of the standard uncertainty.

Figure 10 shows the plots of the Lorentzian width 1, determined from the
best fit of Iavp(¥) to our experimental profiles against the helium density number
N. It should be noted that each experimental point represents the mean value of a
few measurements performed for a given pressure. The solid straight line represents
the best fit of linear relation between 1, and N. As can be seen, the experimental
points were measured with high precision (small values of standard uncertainties)
but show systematic departures from fitted straight line relation. From the slope of
this linear relation the pressure broadening 3 = 41,/ N coefficient was determined
and listed in Table I. The value of the pressure broadening coefficient obtained
from the best fit procedure 3 = (1.08340.016) x 1072° cm~!/atom ecm =3 is lower
than the value frrp = (1.22 4 0.03) x 1072° em~!/atom ¢cm~3 resulting from
interferometric measurements performed in similar temperature (7' = 468 K) [37].
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Fig. 10. Plot of the Lorentzian width ~1, of the 326.1 nm Cd line determined from the
best fit of the AVP to the experimental data against the helium density N. Error bars

indicate the value of the standard uncertainty.

In order to explain this discrepancy we have determined the value of pressure
broadening coefficient once again taking into account only the experimental points
corresponding to perturber pressures p < 100 Torr because this pressure range was
the subject of FPI measurements [37]. The value of pressure broadening coefficient
obtained in this way 8* = (1.155 4 0.034) x 1072 cm~!/atom ¢cm~3 is in good
agreement with fgrpp value. A detailed analysis of 71, values presented in Fig. 10
shows that for some helium pressures we obtained diminished values of Lorentzian
width. As was shown above for the cell temperature 439 K, we can neglect the
diffusion of helium during the measurements, so the diminished ~1, values may be
due to helium leakage during the cut-off of the cell from the vacuum stand taking
place through the very hot connection point.
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Fig. 11. Plot of the shift A of the 326.1 nm Cd line determined from the best fit of
the AVP to the experimental data against the helium density N. Error bars indicate the

value of the standard uncertainty.

Figure 11 shows the plots of the line shift A determined from the best fit
of Tavp(V) to our experimental profiles against the density number N of helium.
As it 1s seen, the line shift 1s towards the red and is linearly dependent on the
helium density. From the slope of this linear relation the pressure shift é = A/N
coefficient was determined and listed in Table I. Similarly as for the line width
we determined the 8 coefficient twice. First, using all experimental points, and
second, taking into account only the experimental points corresponding to helium
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pressures p < 100 Torr. As can be seen from Table I, these two values are very
close.

In Fig. 12 we plotted the values of asymmetry parameters y determined
from the best fit of Tayp(¥) to our experimental profiles as the function of density
number N of helium. From the slopes of the linear fit including, first, all and then
only p < 100 Torr experimental points we determined two values of asymmetry
coefficients k = x/N and listed them in Table II. As it is seen, these two x values
differ by a factor about 3. It should be noted that for Cd—He system, like for Cd—Ne
we observe the positive sign of asymmetry coefficient (x > 0) while the line shift
is towards the red (6 < 0). The analogous case was observed by the Lewis group
for 422.7 nm Ca line perturbed by He [3-5]. The positive & values were also found
by Romalis et al. [6] for the rubidium D; and Ds lines perturbed by 3He and *He,
but in their case the line shift was towards the blue (§ > 0). Keeping in mind the
possible errors of perturber concentration, especially for higher helium pressures
we can thus conclude that more reliable are the values of pressure coefficients
corresponding to p < 100 Torr pressure range, listed in second row of Table II.

] 20 40 60 80 100 120 140

N 10" atom cm?]
Fig. 12. Plot of the asymmetry parameter xy determined from the best fit of AVP to
the experimental data against the helium density N. Error bars indicate the value of

the standard uncertainty.

TABLE 11
Experimental values of the 2, 6§ (in units
1072° cm™' /at. cm ™) and & (in units 1072* /at. cm™?)
for Cd—He system. Numbers in parentheses are the values
of standard uncertainty. Details in the text.

Fitted profile I} 1 K
AVP 1.083(16) | —0.027(5) | 0.20(18)
AVP (p < 100 Torr) | 1.155(34) | —0.031(9) | 0.62(34)

The experimental values of pressure broadening /3, shift § and asymmetry &
coefficients (corresponding to p < 100 Torr pressure range) determined for Cd-He
are listed in Table IIT together with § and é coefficients determined from our
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TABLE III

Comparison of experimental values of the £, & (in units
1072° cm ™' /at. em~?) and & (in units 1072 /at. cm™?) co-
efficients for Cd—He system (determined for helium pressure
p < 100 Torr) with those calculated for different interatomic
potentials. For experimental data the values of standard un-
certainty are given.

Experimental values Bexp Bexp Kexp
This work 1.155(34) | —0.031(9) | 0.62(34)
Bielski et al. [22] 1.22(3) 0.02(2) -
Dietz et al. [35] 1.16(8) | -0.051(23) -
Evdokimov et al. [36] | 3.10(28) 0.20(2) -
Calculated values Bealc becale Kealc
Czuchaj—Stoll [19] 1.094 0.059 0.083
Morse 0.726 —0.286 —-0.07
van der Waals (H-F) 0.853 -0.310 -0.14
van der Waals (CA) 0.664 -0.241 -0.01

earlier [37] interferometric measurements as well as the with the values obtained
by Dietz et al. [30] and Evdokimov et al. [39].

As it can be seen from Table III, the values of pressure broadening 8 and
shift ¢ coefficients obtained in the course of the present work are in good agreement
with the values obtained from both the interferometric [37] and Dietz et al. [36]
measurements. The negative value of pressure shift coefficient obtained in the
present work agrees with the value measured by Dietz et al. [36]. Our earlier
interferometric measurements showed practically no line shift for Cd—He system.
However, within the standard uncertainty all the above ¢ values agree with each
other. Our experimental data also confirm the observation made by Dietz that
for Cd—He system the line shape parameters are independent of temperature. On
the other hand, our experimental values for G and é coefficients disagree with the
values given by Evdokimov et al. [39].

6. Conclusion

In the present work we have shown that the asymmetric Voigt profile gives
a correct description of our experimental profiles of the ''*Cd 326.1 nm line per-
turbed by neon and by helium.

In order to interpret our experimental data we calculated the theoretical val-
ues of pressure broadening £ and shift ¢ coefficients on the basis of the adiabatic
phase-shift theory with straight-line trajectories using Eq. (3) from Ref. [15]. Our
calculations were performed for the Czuchaj and Stoll [19] numerical potential as
well as for an empirical potential derived from experimental data in the form of



38 A. Buelskr et al.

the Morse potential with the spectroscopic constants determined recently by Ko-
perski and Czajkowski [20]. We also calculated the values of 8 and § assuming
the interaction potential in the van der Waals form, using the values of Cs force
constants calculated in the Coulomb approximation (CA) and using Hartree-Fock
(H-F) wave functions. The values of # and é coefficients evaluated for these po-
tentials are listed in Table I for Cd—Ne and Table IIT for Cd-He and marked as
“Czuchaj—Stoll [19])”, “Morse”, “van der Waals (CA)” and “van der Waals (H-F)”,
respectively.

As can be seen from Tables I and III, there is generally poor agreement be-
tween the experimental and theoretical values both for 8 and é coefficients. For
Cd—He our experimental value of pressure broadening g coefficient is in quantita-
tive agreement with theoretical value calculated for Czuchaj—Stoll [19] potential,
but for the line shift this potential gives rise to opposite sign. For Cd-Ne exper-
imental values of 8 and é are close to theoretical values obtained for the Morse
potential.

In Tables I and III we also listed the value of asymmetry coefficient x cal-
culated for all of the above potentials using Eq. (10) from Ref. [15]. For Cd-He
the only qualitative agreement between experimental and calculated values of &
coefficients is for the Czuchaj—Stoll [19] potential, while the other potentials give
rise to opposite (negative) value of & coefficient.

The comparison of pressure broadening, shift and asymmetry coefficients
determined in this experiment with coefficients calculated on the basis of the adi-
abatic semiclassical approach shows poor agreement between experimental and
calculated values obtained for numerical potentials calculated by Czuchaj and
Stoll [19] as well as for empirical potentials of the Morse and Lennard-Jones form
derived from experimental data.

The opposite signs of pressure shift and asymmetry coefficients indicate that
the interaction potential cannot be assumed to have the van der Waals form since
in this case negative sign is predicted by the theory both for the shift and asym-
metry.

We can thus conclude that new calculations of the interatomic potentials for
Cd—Ne and Cd—He system are necessary to explain the experimental data on the
broadening, shift and asymmetry of the Cd intercombinational line shape.
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