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U si ng a laser -indu ced Ûuorescence met hod a detailed analysis of pro Ùles
of the 11 4 Cd 326.1 nm line p ertur b ed by neon and helium w as perf ormed
w hich revealed deviatio ns from the ordinary Voigt proÙle. T hese deviation s

are show n to b e consistent w ith Ùts of exp erimental proÙles to an asymmetric
V oigt proÙle. Coe£cients of the pressure broadening , shif t and collisi on-ti me
asymmetry are determined and compared w ith those calculated in the adia-
batic approximation for di˜erent interaction potentials.
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1. I n t rod uct io n

Extensi ve studi es on nobl e-gas-induced bro adening and shi ft of atom ic spec-
tra l lines have revealed di ˜erent behavi our of heavy, i .e. hi gh-polar izabil i t y noble
gases such as Ar, Kr and Xe and the l ight gases such as He and Ne character-
ized by smal l value of polarizabi l it y ¿ [ 1 ; 2 ] . For high-polarizabi l it y noble gases
the main features of the broadening and shi ft phenomena can be, in pri nci pl e,
expl ained in term s of a van der W aals potenti al . These gases always pro duce a
red shi ft of the l ine and the asym metry of the l ine shape | i f i t appears | is
such tha t the intensi ty in the long-wavelength side of the l ine is higher tha n tha t
in the short- wa velength one (red asym m etry). Co ntra ry to tha t the e˜ects pro-
duced on spectra l lines by low-polar izabilit y perturbi ng gases are not so clearl y
deÙned. Hel ium , f or insta nce, was considered for many years as a gas pro duci ng a
blue shi ft and sym metri c proÙles of spectra l lines [1, 2]. Neverthel ess, Lewi s and
hi s co-wo rkers have found tha t in the case of the calcium 422.7 nm l ine hel ium
pro duces a red shift and a blue asymmet ry of the proÙle [3{ 5]. Recentl y, however,
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R omali s et al . [6] have observed both the blue asymmet ry and the blue shif t of the
resonance doubl et of rubi dium perturb ed by the 4 He and 3 He isoto pes. Much m ore
obscure behavi our was observed by m any researchers for neon used in the ro le of
perturbi ng gas. Chen and T akeo long ti m e ago [1] have emphasized tha t the shift
pro duced by neon is usual ly very smal l and may be di rected ei ther to wards blue or
to wards red. A puzzl ing behavi our of neon was also observed for R ydb erg spectra l
l ines associated wi th two -photon tra nsiti ons in sodi um [7]. It is general ly believed
tha t the case of bro adening and shift induced by Ne-ato ms m ust be trea ted wi th
extrem e cauti on. Thi s is due to the fact tha t both theoreti cal and exp erimenta l
values of the electron-scatteri ng length L for neon reported in various papers di ˜er
m arkedl y f rom each other. It is importa nt to note tha t al l exi sting in l i tera ture
values of L (b oth calcul ated theoreti cally and determ ined exp erimenta l ly) for the
Ne-ato m are positi ve (L > 0 ) al tho ugh rather smal l . The consequence of thi s is
tha t accordi ng to the Ferm i{ Om ont theo ry [8, 9] for perturb ers wi th L > 0 op-
ti cal l ines involvi ng R ydb erg or quasi-R ydb erg states shoul d be shifted to wards
bl ue. Contra ry to tha t, in som e cases, e.g. for two quasi-Rydb erg spectra l l ines
of argon involving 4 d -sta tes perturb ed by neon, a red shift was observed [10]. On
the other hand, for non-R ydb erg l ines the neon- induced shift can be either to ward
bl ue as for instance in the case of 8 2P 3 = 2 À 7 2S 1 = 2 (655 nm ) and 8 2P 1 = 2 À 7 2S 1 = 2

(671.4 nm ) spectra l l ines of tha ll ium [11] or to wards red as in the case of the
7 S 1 = 2 À 6 P 3 = 2 (535.0 nm ) green l ine [12, 13] and the 7 S 1 = 2 À 6 P 1 = 2 (377.68 nm ) res-
onance l ine [13, 14] of tha l l ium .

In earl ier work in thi s laborato ry [15{ 17] hi gh-resoluti on studi es of pressure
bro adening, shift and asym m etry of the cadm ium interco mbi natio n l ine 326.1 nm
(5 1S 0 À 5 3P 1 ) perturb ed by Xe [15], Kr [16] and Ar [17] were reported. They were
perform ed usi ng a laser-induced Ûuorescence (LIF) metho d. A good signal -to -noise
rati o and negligibl e instrum enta l proÙle enabled us to Ùt the experim ental l ine
shapes to theoreti cal ones in considerabl e deta i l and determ ine in very good ac-
cura cy the values of pressure broadening, shift and asym m etry param eters. For
al l these three high-polarizabi li ty nobl e gases (Ar, Kr, Xe) and also f or high po-
lari zabi l it y m olecular gases such as N2 and CH 4 we have found a red shi ft and
red asym m etry of the 326.1 nm Cd l ine conÙrming thus a general feature of these
perturb ers al ready observed in earl ier exp eriments on radiati ng ato m s other tha n
cadm ium (cf . [1, 2, 18]).

In thi s paper we report results of preci se measurements of the pro Ùles of
the 326.1 nm Cd l ine perturb ed by low- polari zabi l it y noble gases (He and Ne).
Using the LIF metho d we perform ed very caref ul analysis of the inÛuence of He
and Ne on the broadening and shift of thi s l ine. Since the neon- induced shift
wa s found to be very smal l we f ocused parti cul ar attra cti on on the accuracy of
the shift m easurements. In the case of perturba ti on by helium we encountered
severe di£ culti es caused by the hel ium permeati on thro ugh the wal ls of quartz
Ûuorescence cells. It is one of the purp oses of thi s paper to present detai ls of
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our experim ental procedure whi ch enabled us to carry out m easurem ents on the
Cd{ He system in such a way tha t hel ium di˜usi on thro ugh quartz does not lead
to noti ceable errors.

The present paper is aimed to ward the compl eti on of investigati ons of no-
bl e-gas-induced broadening and shift e˜ects on the Cd interco m binatio n line.
T ogether wi th the prom ising progress in the theo reti cal \ ab ini ti o" calcul ati ons
of the Cd{ nobl e-gas-atom intera cti on potenti als [19] and recent experim ents on
Cd{ noble-gas excim ers created in supersoni c expansion [20] thi s should lead to a
better understa nding of these e˜ects.

2 . Ex p er im ent

The exp erimenta l apparatus and m ethods of analysis were sim i lar to tho se
described in previ ous papers from thi s laborato ry [15{ 17, 21]. The m easurem ents
of the shape of the Cd 326.1 nm l ine perturb ed either by neon or by hel ium
were perform ed by m eans of the laser-induced Ûuorescence (LIF) techni que using
the 1 1 4 Cd isoto pe whi ch enabl ed us to avoid the hyp erÙne and isoto pic e˜ects
as well as to neglect the ro le of l ine-m ixi ng asym metry . The cadm ium Ûuores-
cence wa s registered wi th a di gita l laser spectro meter [21] whi ch consi sted of an
acti vel y stabi l ized single-frequency Coherent CR 899-21 ri ng dye laser equipp ed
wi th intra cavi ty frequency doubl er operati ng on D CM dye pum ped by Coherent
Inno v a 400-15 argon- ion laser. T o obta in the proÙle of the pressure broadened
l ine, the doubl ed frequency of the ri ng laser was scanned up to 60 GHz whi le the
Ûuorescence was m oni to red at a Ùxed wa vel ength 326.1 nm . The intensi ty of the
Ûuorescence signal was m easured at a ri ght angle to the laser beam wi th an EMI
6256A photom ulti pl ier worki ng in the photo n counti ng m ode and therm oelectri -
cal ly cooled to m inimi ze the dark current. Photo n counti ng wa s perf orm ed by an
electronic system bui lt in the CAMAC Standard [22]. The frequency- doubl ed ring
laser beam inci dent on the Ûuorescence cell wa s l inearly polarized in the verti cal
di recti on and the col lection opti cs arm , perpendicul ar to the ri ng laser beam di-
recti on conta ined a l inear polari zer set at the \ m agic angle" (ro ta ted 54.7£ f rom
the verti cal ), so tha t the col lection opti cs system was insensiti ve to e˜ects due
to anisotro py of Ûuorescence (see e.g. [3, 23]). Al l the data , Ûuorescence signal ,
frequency- doubl ed ring laser output power, and the data needed for frequency
cal ibra ti on such as the tra nsiti on peaks of a conf ocal Fabry{ Perot interf erometer
(FPI) wi th a free-spectra l range of 1.5 GHz as wel l as the absorpti on spectrum
of I2 -m olecules in the 100 cm long iodi ne absorpti on cell operated at the tem per-
ature 3 5 £ C were acqui red wi th a PC computer for f urther evaluati on. Frequency
cal ibra ti on of the ri ng laser wa s perform ed usi ng i ts funda menta l (no t doubl ed)
l ine whi ch was di rected to an FPI and I2 -cell.
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3 . L ine-shap e an alys is

It has been well establ ished both theo reti cal ly [24{ 26] and exp erim ental ly
[3{ 5] tha t for system s wi th smal l values ˜ of the rati o of perturb er and emi tter
m asses˜ = m p =m e the correl ati on between the Doppl er and col l isional broadening
can be neglected. In the case of Cd{ He and Cd{ Ne system s these rati os are equal
to 0.035 and 0.18, respecti vel y. Thi s means tha t both for Cd{ He and Cd{ Ne the
D oppl er broadening can be trea ted as a phenomenon stati stically independent of
col lisional e˜ects. The shape I D ( e¡ ) of the D oppl er broadened l ine can then be
described by a Gaussian distri buti on
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wi th k B being Bol tzm ann' s constant, and T | the tem perature.
The l ine shape caused by coll isions of the emi tti ng ato ms wi th perturb ers

depends on whether the radiati on emi tted duri ng a col l ision ti me is ta ken into ac-
count or not. In the so-cal led impact limi t when thi s radiati on is neglected whi ch
is equivalent to the assumpti on tha t the dura ti on of each col l ision is negl igibly
short com pared wi th the ti m e between col l isions, the col li sional l ine shape can be
described by a Lorentzi an pro Ùle. The resul ti ng l ine shape usual ly cal led the Voigt
pro Ùle (VP) caused by the D oppl er and col l ision e˜ect trea ted as two stati stical ly
independent phenomena can then be presented in the form of a convoluti on of
the Lorentzi an and Gaussian distri buti ons. If , however, the Ùnite dura ti on of col-
l isions is ta ken into account, then | in the Ùrst appro xi matio n | the c o l l i sio n al

l ine shape I C ( e¡ ) can be presented as a sum of the Lorentzi an and dispersion pro-
Ùles [27{ 30]:

I C ( e¡ ) =
( ÛL =2) + â ( e¡ À e¡ 0 À Â )

( e¡ À e¡ 0 À Â ) 2 + ( ÛL =2) 2
; (3)

where ÛL , Â , and â denote the Lorentzi an (FW HM) wi dth, pressure shif t and
col lision- ti measym m etry param eter, respect ively. The resul ti ng l ine shape I A V P ( e¡ )

can then be wri tten as a convolutio n

I A V P ( e¡ ) = I C ( e¡ ) ¨ I D ( e¡ ) : (4)

Fol lowi ng Lewi s and hi s co-workers [3{ 5] such a convolutio n is ref erred to as the
\ asym m etri c Voigt pro Ùle" (A VP). In the im pact l im it i .e. when the dura ti on of
col lisions is assumed to be negl igibly smal l, the asym metry factor vanishes(â = 0 )
and the AVP becomes identi cal to the VP . In the present work we have Ùtted both
the AVP and VP proÙlesto our exp erimenta l shapes of the 326.1 nm line perturb ed
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by He and Ne. The best Ùt procedure wa s perform ed usi ng a least-squares algo-
ri thm for nonl inear param eters given by Ma rqua rdt [31]. Our num erical Ùt to the
VP pro Ùle al lowed three param eters to vary: the D oppler wi dth ÛD , the Lo rentzi an
wi dth ÛL and the l ine shif t Â . For the AVP pro Ùle we also Ùtted the asymm etry
parameter â . The best Ùt pro cedure perform ed f or vari ous pressures of the per-
turbi ng gas enabled us to determ ine dependences of the l ine shape param eters on
the density numb er N of perturb ers.

4. Meas ur em ents inv ol vin g neon

The m easurements of the shape of the 326.1 nm Cd l ine perturb ed by neon
were carri ed out using the 1 1 4 Cd isoto pe whi ch was pl aced in a Ûuorescence cell
m ade of quartz. The cell whi ch was cyl indri cal in shape, 11.0 cm long and 3.0 cm
in diam eter has a sidearm 16.0 cm long and 1.0 cm in diam eter. The 1 1 4 Cd iso-
to pe was redisti l led under vacuum and disti l led into the sidearm of the cell whi ch
had previ ousl y been baked many ti m es in a Ûame; then at a room tem perature
the cell was Ùlled wi th neon who se pressure coul d vary between 5 and 442 Torr.
The sidearm wa s situa ted in a special mul ti section oven enabl ing the indepen-
dent tem perature stabi lizati on of the cell and its sidearm up to 1 K. Duri ng the
m easurements the sidearm tem perature whi ch determ ined the cadm ium vapour
pressure in the cell was mainta ined constant at 440 K, whi le the cell tem perature
wa s kept at 724 K.

Fi gure 1a shows an exampl eof the shape of the 326.1 nm 1 1 4 Cd l ine perturb ed
by Ne at pressure of 292 T orr (a t room tem perature). The circl es are exp erimenta l
points, whi le the solid l ine represents the best Ùt to the asym metri c Voigt proÙle
(A VP). W e have also attem pted to Ùt our data to the ordi nary Voigt proÙle (VP).
In order to examine the qual i ty of the Ùts we used the so-cal led weighted residuals
of the intensi ti es deÙned by

D ¥ ( e¡ ) =
I exp ( e¡ ) À I t he or ( e¡ )

u ( e¡ )
; (5)

where I exp ( e¡ ) denotes measured intensi ty at wa ve numb er e¡ ; I the or ( e¡ ) i s the theo -
reti cal (Ùtted) intensi ty assumed to be given ei ther in the form of the AVP or VP
pro Ùles, and u ( e¡ ) i s the uncerta inty of the m easured signal . In Fi g. 1b we plotted
these residuals (D V P

¥ ( e¡ )) for the case when I the or ( e¡ ) was given by the VP proÙle,
i .e. when the inÛuence of the Ùnite durati on of col l isions is neglected and no asym -
m etry of the proÙle is exp ected. W e can see system ati c departures of D ¥ ( e¡ ) f rom
zero in the l ine core ( e¡ ¤ e¡ 0 ) as wel l as on l ine wi ngs whi ch can be regarded as a
m ani f estati on of the l ine asym metry .

Fi gure 1c shows the residuals (D A V P
¥ ( e¡ )) for the case when I the or ( e¡ ) i s given

by the AVP. In contra st to Fi g. 1b, in thi s case the values of the residuals are
spread uni form ly about zero whi ch conÙrms the good qual i ty of the Ùt. W ecan thus
conclude tha t in the case of Cd{ Ne the asym m etry caused by the Ùnite col l ision
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Fig. 1. T he shape of the C d 326.1 nm line perturb ed by neon at pressure 292 Torr:

(a) experimental points together w ith the best- Ùt AV P (full curve), (b) and (c) w eighted

residual s D ¥ ( e¡ ) betw een exp erimental and Ùtted V P and AV P proÙles, resp ectively ,

(d) di˜erences R (e¡ ) .

ti m e has a noti ceable inÛuence on the shape of the 326.1 nm l ine. Thi s concl usion
is parti cularl y wel l il lustra ted in Fi g. 1d, where the di ˜erences

R ¥ e¡ D
¥

e¡ D
¥

e¡ (6)

of the residuals shown in Fi g. 1b and c are plotted as a functi on of e¡ e¡ . As i t is
seen, R ¥ e¡ functi on has a typi cal di spersion form corresp ondi ng to the di spersion
correcti on to the Lorentzi an proÙle in accorda nce wi th Eq. (3) and wi th theoreti cal
exp ectati ons [2{ 5, 27{ 29].

Fi gure 2 shows the values of the Doppl er wi dth Û of the 326.1 nm Cd l ine
pl otted as a functi on of the neon pressure. The ful l circl es are the exp erimenta l
points of Û determ ined from the best Ùt of experim ental proÙles to the AVP pro-
Ùle. As can be seen, there is practi cal ly no dependence of the Gaussian wi dth on the
neon pressure. The avera geGaussian wi dth is found to be Û 55 2 10 cm .
Thi s means tha t Û can be real ly identi cal wi th the D oppl er wi dth, whose theo -
reti cal value (Eq. (2) for the cell tem perature 724 K is equal to : cm .
Accordi ng to Berm an [32] and Ward et al . [24] the lack of the dependence of the
exp erimenta l ly determ ined values of Û from the AVP (or VP) Ùts on the perturb-
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Fig. 2. Plot of the Doppler w idth ÛD of the 326. 1 nm C d line perturb ed by neon against

the pressure of N e. T he w idths ÛD are determined from the best Ùt of the A V P to the

experimental data. Dashed line | Doppler w idth calculated from the cell temp erature

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

ing gas pressure can be trea ted as an evi dence tha t the correl ati on between the
D oppl er and col l isional broadening does not pl ay any ro le.

Fi gure 3 shows the plots of the Lorentzi an wi dth ÛL and shif t Â determ ined
from the best Ùt of I A V P ( e¡ ) to our experim ental pro Ùles against the density num ber
N of neon. As i t is seen the shi ft is to ward the red (m inus sign) and both ÛL and Â

are l inearl y dependent on the density . From the slopes of these l inear dependencies
the pressure broadening Ù = ÛL =N and shi ft £ = Â =N coe£ cients were determ ined
and l isted in T able I.

Fig. 3. Plot of the Lorent zian w idth ÛL and shif t Â of the 326. 1 nm C d line determined

from the best Ùt of the AV P to the experimental data against the neon density N . Error

bars indicate the value of the standard uncertainty .
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T ABLE I

C omparison of experimental values of the Ù ; £ (in units
1 0

À 2 0 cm À 1
=at : cmÀ 3 ) and ç (in units 10

À 21 at cm
coe£cients for C d{N e system w ith those calcula ted for
di˜erent interatomic p otentials. For experimental data

the values of standard uncertainty are given.

Exp erimental values

T his w ork 0.715(4) {0. 090(5) 0.17(7)

Bielski et al. [22] 0. 70(2) {0. 13(2) {

C alculated values

C zucha j {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 W aals ( H {F) 0.828 {0. 301 {0. 59

van der W aals (C A ) 0.644 {0. 234 {0. 20

Fi gure 4 shows the plot of the asymm etry parameter determ ined f rom
the best Ùt of to our experim ental proÙles, against the density num ber

. As i t is seen, the asym m etry param eter is l inearly dependent on the density .
From the slope of the best Ùt stra ight l ine the asym metry coe£ ci ent was
determ ined (T able I).

Fig. 4. Plot of the asymmetry parameter determined from the best Ùt of AV P to

the exp erimental data against the neon density . Error bars indic ate the value of the

standard uncertainty .

It should be emphasized tha t whi le the neon- induced shift of the 326.1 nm
Cd l ine is towards red ( ), the col l ision- ti me asymm etry coe£ cients for Cd{ Ne
are positi ve ( ). Thi s m eans tha t | as is clearly seen in Fi g. 1c | the blue
wi ng of thi s l ine has a higher intensi ty tha n the red one (\ blue asym metry" ).
Such a behavi our is in contra st to high-polarizabi li ty noble gases (Ar, Kr, Xe)
whi ch pro duce the red shift and the red asym metry ( ) of the Cd 326.1 nm
l ine [15{ 18].

The experim ental values of pressure broadening , shift and asym m etry
coe£ cients determ ined in the course of the present work are l isted in T able I. In a
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previ ous work [22] the Ù and £ coe£ cients for the 326.1 nm 1 1 4 Cd l ine perturb ed
by Ne were determ ined using a cl assical spectroscopy techni que, i .e. by means of a
pressure scanned Fabry{ Perot interf erometer for the cell tem perature T = 4 6 8 K.
These values are l isted in T able I where they are marked \ Bi elski et al . [22]" .

As can be seen from T able I, there is a good agreement between the values
of Ù and £ coe£ cients determ ined from di ˜erent exp eriments perf orm ed for di ˜er-
ent temperatures. Our two indep endent exp eriments show tha t for the 326.1 nm
Cd l ine perturb ed by Ne the l ine shape parameters are independent of the tem -
perature. Thi s resul t is in agreement wi th our LIF [15{ 17] and interf erom etri c
[33{ 35] m easurem ents and tho se perf orm ed by Dietz et al. [36], showi ng tha t for
Cd{ Xe, Cd{ Kr and Cd{ Ar systems no tem perature dependenci es of the line shape
parameters were found.

5. Meas ur em ents inv o lvi ng hel ium

5. 1. H elium permeati on t hrough quar t z

In a set of prel im inary LIF m easurem ents of the shape of the 326.1 nm Cd
l ine perturb ed by hel ium , we observed a speciÙc e˜ect whi ch did not occur in the
case of perturba ti on by neon and rem aini ng nobl e gases [15{ 17]. The essence of
thi s e˜ect is i l lustra ted in Fi g. 5, whi ch shows the values of the Lorentzi an wi dth
ÛL of the helium -perturb ed 326.1 nm Cd l ine determ ined from the Ùts to AVP
pro Ùle of the exp erimenta l data obta ined for the same Ûuorescence cell but at
di ˜erent ti m e. Al l the data shown in Fi g. 5 were obta ined for the cell wi th the
ini ti al pressure of hel ium equal to 405 T orr. Thi s is the pressure measured at room
tem perature at whi ch the cell was Ùlled wi th hel ium . Then the cell wa s situa ted
in the oven and heated unti l the cell tem perature wa s stabi l ized. Af ter the cell
tem perature was stabi l ized wi thi n Ï 1 K at 724 K we began the Ùrst m easurem ent
of the pro Ùle whi ch lasted about 110 minutes. In Fi g. 5 the numb ers on the abscissa
represent the ti m e whi ch passed since the beginni ng of the Ùrst m easurement in
m inutes. As i t is seen f rom Fi g. 5, the Lorentzi an wi dths ÛL determ ined in three
subsequent measurements done at the sam e Ûuorescence cell decrease wi th the
ti m epassed since the Ùrst m easurement. The value of ÛL determ ined at the second
m easurement whi ch began imm ediatel y af ter the Ùrst one was compl eted was found
to be 2 : 5 % smal ler tha n tha t in the Ùrst exp eriment. The same 2 : 5 % decrease in
ÛL wa s found in the thi rd m easurem ent whi ch was compl eted about 330 minutes
after the Ùrst one began.

Fi gure 6 shows the long-term changes of ÛL for the Ûuorescence cell Ùlled
at room tem perature wi th 350 T orr of hel ium and then situa ted in the oven and
heated to tem perature 724 K. Here the num bers on the abscissa (i n hours) repre-
sent the ti m e whi ch passed since the beginni ng of heati ng; the heati ng ti m e was
equal to 12 h. The points shown in Fi g. 6 represent the experim enta l values of ÛL

determ ined in Ùve measurements perform ed after 12, 14, 30, 50, and 360 h. The
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Fig. 5. Plot of the Lorentzian w idth ÛL of the helium- perturb ed 326. 1 nm Cd line

determined from the b est Ùts to AV P proÙle of the experimental data obtained for the

same Ûuorescence cell but at di˜erent time. T he numb ers on the abscissa represent the

time w hich passed since the beginni ng of the Ùrst measurement.

Fig. 6. T he long- term changes of ÛL for the Ûuorescence cell Ùlled at ro om temp erature

w ith 350 Torr of helium and then heated to temp erature 724 K . T he numb ers on the

abscissa represent the time w hich passed since the beginni ng of heating.

Fig. 7. T he values of the Lorentzian w idth ÛL determined for temp erature 439 K from

subsequent measurements of the shape of the 326. 1 nm C d line p erturb ed by 230 Torr of

helium. T he numb ers on the abscissa represent the time which passed since the beginnin g

of the Ùrst measurement.

sol id line shown in Fi g. 6 is the best Ùt of these Ùve experim enta l points to an
exp erimenta l ly decreasing functi on. The extra polated value Û

( 0 )

L = 0:14 cm À 1 cor-
respondi ng to the beginni ng of cell heati ng agrees wi th the value ÛL = 0:137 cm À 1

recalculated for the helium pressure 350 T orr using the v alue of the pressure bro ad-
ening coe£ cient Ù = 1 : 2 2 È 1 0 À 2 0 cm À 1=ato m cm À 3 for Cd{ He determ ined by
m eans of cl assical spectroscopy m etho ds usi ng a Fabry{ Perot interf erometer [37].

These and other tests perform ed duri ng the course of thi s study have led
us to the concl usion tha t the only cause of the decrease in the Lorentzi an wi dth
ÛL wi th ti m e is the decrease in the hel ium density numb er N in the Ûuorescence
cell due to the helium di˜usi on thro ugh the wal ls of quartz cell . The phenomenon
of di ˜usi on also kno wn as permeation of hel ium thro ugh vari ous glasses was di s-
covered long ti m e ago and correspondi ng perm eati on rates have been determ ined
thro ugh di ˜erent typ es of glasses,incl udi ng quartz [38, 26]. It wa s establ ished tha t
these rates strongly depend on tem perature. Using the temperature dependences
described by Al tem ose [38] we can estimate tha t reducti on of the quartz cell tem -
perature from 724 K to 450 K decreases the hel ium permeati on rate thro ugh the
quartz wal ls by a factor of ten.

It is thus evident tha t in order to obta in rel iabl e l ine shape param eters for
Cd{ He the hel ium perm eati on should be m inimi zed and thi s can be achi eved i f
the cell tem perature is su£ ci entl y low. The choice of cell tem perature becomes
then a result of com prom ise between the intensi ty of the signal and the hel ium
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perm eati on thro ugh quartz wa lls. W e found tha t the temperature 439 K f ulÙls the
condi ti ons of such a com promise and Fi g. 7 shows the values of the Lo rentzi an
wi dth ÛL determ ined for thi s tem perature from subsequent m easurements of the
shape of the 326.1 nm Cd l ine perturb ed by 230 T orr of hel ium . Li ke in Fi g. 5
here the point zero in the ti mescale (i n m inutes) denotes the beginni ng of the Ùrst
m easurement. As can be seen, there is no system ati c decrease in ÛL wi th ti me. W e
can thus conclude tha t for the cell tem perature 439 K the errors in determ inati on
the l ine shape param eters due to the hel ium perm eati on thro ugh the quartz wa l ls
of cell are smal ler tha n the stati sti cal scatter of experim ental data . Al l the resul ts
described below were obta ined for the cell tem perature 439 K.

5.2. Li ne shape paramet ers for Cd{H e

Fi gure 8a shows an exam ple of an experim enta l shape of the 326.1 nm Cd
l ine perturb ed by hel ium (at pressure 132 T orr at room tem perature). The points
represent the values of intensi ty m easured at the cell tem perature 439 K. The ful l
l ine in Fi g. 8a is the best Ùt of the data to the AVP . W e have also Ùtted our data
to the ordi nary VP , but thi s Ùt is not shown in Fi g. 8a. In Fi g. 8b and c we have

Fig. 8. The shape of the C d 326. 1 nm line perturb ed by helium at pressure 132 Torr:

(a) experimental points together w ith the best- Ùt AV P (full curve), (b) and (c) w eighted

residual s D ¥ ( e¡ ) betw een exp erimental and Ùtted V P and AV P proÙles, resp ectively ,

(d) di˜erences R (e¡ .
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pl otted the wei ghted residuals D V P
¥

( e¡ ) and D A V P
¥

( e¡ ), for the VP and AVP proÙles,
respect ively, determ ined from Eq. (5).

As both residua ls look very sim i lar, in Fi g. 8d we plotted the di ˜erence
R ¥ ( e¡ ) = D A V P

¥ ( e¡ ) { D V P
¥ ( e¡ ). W e can see system ati c departures from zero in the

l ine core as wel l as on l ine wi ngs whi ch can be regarded as a m ani festati on of the
l ine asymm etry . W e can thus conclude tha t in the case of the Cd{ He system the
col lision- ti me asym metry has a noti ceable inÛuence on the proÙle of the 326.1 nm
l ine. Li ke for Cd{ Ne also f or Cd{ He we found the higher intensi ty in blue wi ng of
thi s l ine, in contra st to the heavy perturb er case [15{ 17] where the higher intensi ty
in red wi ng was observed.

Fi gure 9 shows the v alues of the D oppl er wi dth ÛD of the 326.1 nm Cd
l ine perturb ed by hel ium at 439 K determ ined from the best Ùt of the AVP to the
exp erimenta l data , pl otted against the pressure of He. As can be seen, there is pra c-
ti cal ly no dependence of the D oppl er wi dth ÛD on the hel ium pressure. It conÙrm s
the stati stical independence between the pressure and Doppl er broadening for the
Cd{ He system . The average Doppl er wi dth is f ound to be 4 3 : 5 (2 : 8) È 1 0 À 3 cm À 1 .
Thi s value agrees very wel l wi th theo reti cal D oppl er wi dth 4 3 : 1 È 1 0 À 3 cm À 1 cor-
respondi ng to the cell tem perature T = 4 3 9 K.

Fig. 9. Plot of the Doppler width ÛD of the 326.1 nm Cd line p erturb ed by helium

against the pressure of H e. T he w idths ÛD are determined from the best Ùt of the

A V P to the experimental data. Dashed line | Doppler w idth calculated from the cell

temp erature (439 K ). Error bars indica te the value of the standard uncertainty .

Fi gure 10 shows the pl ots of the Lo rentzi an wi dth ÛL determ ined from the
best Ùt of I A V P ( e¡ ) to our exp erimenta l pro Ùles against the hel ium density num ber
N . It should be noted tha t each experim enta l point represents the mean value of a
few m easurem ents perform ed for a given pressure. The sol id stra ight l ine represents
the best Ùt of l inear relati on between ÛL and N . As can be seen, the exp erimenta l
points were m easured wi th high preci sion (sm all values of standa rd uncerta inti es)
but show system ati c departures from Ùtted stra ight l ine relati on. From the slope of
thi s l inear relati on the pressure broadening Ù = Û L =N coe£ ci ent was determ ined
and l isted in Tabl e I. The value of the pressure bro adening coe£ cient obta ined
from the best Ùt pro cedure Ù = (1 : 0 8 3 Ï 0 : 01 6 ) È 1 0 À 2 0 cm À 1 =ato m cm À 3 i s lower
tha n the value ÙI FP = ( 1:22 Ï 0:03) È 10À 20 cm À 1=ato m cm À 3 resul ti ng f rom
interf erom etri c measurements perform ed in sim i lar tem perature (T = 4 6 8 K) [37].
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Fig. 10. Plot of the Lorentzian w idth ÛL of the 326.1 nm Cd line determined from the

b est Ùt of the AV P to the experimental data against the helium density N . Error bars

indica te the value of the standard uncertainty .

In order to expl ain thi s discrepancy we have determ ined the value of pressure
bro adening coe£ cient once again ta ki ng into account onl y the experi menta l points
correspondi ng to perturb er pressures p < 1 0 0 Torr because thi s pressure range was
the subject of FPI m easurements [37]. The value of pressure bro adening coe£ cient
obta ined in thi s way Ù Ê = (1 : 1 5 5 Ï 0 : 0 3 4 ) È 1 0 À 2 0 cm À 1=ato m cmÀ 3 i s in good
agreem ent wi th ÙIFP value. A deta i led analysis of ÛL values presented in Fi g. 10
shows tha t for som e hel ium pressures we obta ined di minished values of Lo rentzi an
wi dth. As was shown above for the cell tem perature 439 K, we can neglect the
di ˜usi on of helium duri ng the measurements, so the di minished ÛL values m ay be
due to hel ium leakage duri ng the cut- o˜ of the cell from the vacuum stand ta ki ng
pl ace thro ugh the very hot connecti on point.

Fig. 11. Plot of the shif t Â of the 326. 1 nm C d line determined from the best Ùt of

the AV P to the experimental data against the helium density N . Error bars indica te the

value of the standard uncertainty .

Fi gure 11 shows the plots of the line shift Â determ ined from the best Ùt
of I A V P ( e¡ ) to our exp erim ental pro Ùles against the density num ber N of helium .
As i t is seen, the l ine shift is to wards the red and is linearl y dependent on the
hel ium density . From the slope of thi s l inear relati on the pressure shi ft £ = Â =N

coe£ cient was determ ined and l isted in T able I. Sim i larl y as for the l ine wi dth
we determ ined the £ coe£ cient twi ce. Fi rst, using al l exp erimenta l points, and
second, ta ki ng into account only the experim ental points corresp ondi ng to hel ium
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pressures p < 1 0 0 T orr. As can be seen from T able I, these tw o values are very
cl ose.

In Fi g. 12 we plotted the values of asym metry parameters â determ ined
from the best Ùt of I A V P ( e¡ ) to our experim enta l proÙles as the functi on of density
num ber N of helium . From the slopes of the l inear Ùt incl udi ng, Ùrst, al l and then
onl y p < 1 0 0 T orr experim ental points we determ ined two values of asymm etry
coe£ cients ç = â=N and l isted them in Tabl e I I. As i t is seen, these two ç values
di ˜er by a factor about 3. It shoul d benoted tha t for Cd{ He system , l ike for Cd{ Ne
we observe the positi ve sign of asym metry coe£ cient (ç > 0 ) whi le the l ine shift
is to wards the red (£ < 0 ). The analogous case wa s observed by the Lewi s group
for 422.7 nm Ca l ine perturb ed by He [3{ 5]. The positi ve ç values were also found
by Rom al is et al . [6] for the rubi dium D 1 and D 2 l ines perturb ed by 3 He and 4 He,
but in thei r case the l ine shift wa s to wards the blue (£ > 0 ). Keepi ng in m ind the
possible errors of perturb er concentra ti on, especial ly for hi gher hel ium pressures
we can thus conclude tha t more rel iable are the values of pressure coe£ cients
correspondi ng to p < 1 0 0 T orr pressure range, listed in second row of T abl e I I.

Fig. 12. Plot of the asymmetry parameter â determined from the b est Ùt of A V P to

the experimental data against the helium density N . Error bars indica te the value of

the standard uncertainty .

T ABLE II

Exp erimental values of the Ù ; £ (in units
10

À 20 cm À at cm ) and (in units 21 at cm )
for Cd{H e system. Numb ers in parentheses are the values

of standard uncertainty . Details in the text.

Fitted proÙle

AV P 1.083(16) {0. 027(5) 0.20(18)

AV P ( Torr) 1.155(34) {0. 031(9) 0.62(34)

The experim ental values of pressure broadening Ù , shift £ and asym m etry ç

coe£ cients (co rrespondi ng to p < 1 0 0 Torr pressure range) determ ined for Cd{ He
are l isted in T abl e I I I to gether wi th Ù and £ coe£ ci ents determ ined f rom our
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T ABLE II I

C omparison of experimental values of the Ù ; £ (in units
10

À 20 cm À 1
=at : cm À 3 ) and ç (in units 10

21 at cm ) co-
e£cients for Cd{H e system (determined for helium pressure

Torr) with those calculated for di˜erent interatomic

potentials. For experimental data the values of standard un-
certainty are given.

Exp erimental values

T his w ork 1.155(34) 0.62(34)

Bielsk i et al. [22] 1. 22(3) 0.02(2) {

Dietz et al. [35] 1. 16(8) {0. 051(23) {

Evdokimo v et al. [36] 3. 10(28) 0.20(2) {

C alculated values

C zuchaj {Stoll [19] 1.094 0.059 0.083

Morse 0.726 {0. 286 {0. 07

van der W aals (H {F) 0.853 {0. 310 {0. 14

van der W aals (C A) 0.664 {0. 241 {0. 01

earl ier [37] interf erom etri c m easurem ents as well as the wi th the values obta ined
by D ietz et al . [30] and Evdo ki m ov et al . [39].

As i t can be seen from Tabl e I II, the values of pressure bro adening and
shi ft coe£ cients obta ined in the course of the present wo rk are in good agreement
wi th the values obta ined from both the interf erom etri c [37] and D ietz et al . [36]
m easurements. The negati ve value of pressure shift coe£ cient obta ined in the
present work agrees wi th the value m easured by Dietz et al . [36]. Our earl ier
interf erom etri c m easurements showed practi cal ly no l ine shift f or Cd{ He system .
Ho wever, wi thi n the standard uncerta inty al l the above values agree wi th each
other. Our experim enta l data also conÙrm the observati on m ade by D ietz tha t
for Cd{ He system the l ine shape param eters are independent of tem perature. On
the other hand, our experim ental values for and coe£ cients di sagree wi th the
values given by Evdo ki mov et a l. [39].

In the present work we have shown tha t the asymm etri c Voigt proÙle gives
a correct descripti on of our experim enta l proÙles of the Cd 326.1 nm l ine per-
turb ed by neon and by helium .

In order to interpret our experim enta l data we calcul ated the theo reti cal val -
ues of pressure bro adening and shift coe£ cients on the basis of the adiabati c
phase-shift theo ry wi th stra ight- l ine tra jectories using Eq. (3) from R ef. [15]. Our
calculati ons were perform ed for the Czucha j and Stol l [19] num erical potenti al as
wel l as for an empiri cal potenti al deri ved from experim ental data in the form of
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the Mo rse potenti al wi th the spectro scopic constants determ ined recentl y by Ko-
perski and Czajkowski [20]. W e also calculated the values of Ù and £ assuming
the intera cti on potenti al in the van der W aals f orm , using the values of C 6 force
constants calcul ated in the Coulomb appro xi mati on (CA) and using Ha rtree{ Fock
(H{ F) wa ve f uncti ons. The values of Ù and £ coe£ cients evaluated for these po-
tenti als are l isted in Tabl e I for Cd{ Ne and T abl e I I I for Cd{ He and marked as
\ Czucha j { Sto ll [19]" , \ Mo rse" , \ van der Waals (CA)" and \ van der W aals (H{ F)" ,
respect ively.

As can be seen f rom T ables I and II I, there is general ly poor agreem ent be-
tween the experi menta l and theo reti cal values both for Ù and £ coe£ cients. For
Cd{ He our experim enta l value of pressure broadening Ù coe£ ci ent is in quanti ta -
ti ve agreement wi th theoreti cal va lue calcul ated for Czucha j { Stoll [19] potenti a l,
but for the l ine shi ft thi s potenti al gives ri se to opposite sign. For Cd{ Ne exper-
im enta l values of Ù and £ are cl ose to theoreti cal values obta ined for the Mo rse
potenti al.

In T ables I and I I I we also l isted the value of asym metry coe£ cient ç cal-
cul ated for al l of the above potenti als using Eq. (10) from R ef. [15]. For Cd{ He
the onl y qual i ta ti ve agreement between experim ental and calcul ated values of ç

coe£ cients is for the Czucha j { Sto l l [19] potenti al , whi le the other potenti als give
ri se to opposite (negati ve) value of ç coe£ cient.

The com parison of pressure bro adening, shift and asym metry coe£ cients
determ ined in thi s experi ment wi th coe£ cients calcul ated on the basis of the adi -
abati c semiclassical appro ach shows poor agreement between experim enta l and
calculated values obta ined for num erical potenti a ls calcul ated by Czucha j and
Sto l l [19] as well as for empiri cal potenti als of the Mo rse and Lenna rd{ Jones f orm
deri ved from experim enta l data .

The opp osite signs of pressure shift and asym m etry coe£ cients indi cate tha t
the intera cti on potenti al cannot be assumed to have the van der W aals f orm since
in thi s case negati ve sign is predi cted by the theo ry both for the shift and asym -
m etry .

W e can thus concl ude tha t new calculati ons of the intera to m ic potenti als for
Cd{ Ne and Cd{ He system are necessary to expl ain the exp erimenta l data on the
bro adening, shift and asymm etry of the Cd interco m binatio nal l ine shape.
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