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1. I n t rod uct io n

At low densiti es of pertur bing atom s, the core and near wi ngs of col l isional ly
bro adened and shi fted isolated spectra l l ine can be described by a Lorentzi an pro-
Ùle [1, 2]. Such a l ine pro Ùle is justi Ùed only in the so-called impact appro xi mati on
in whi ch the dura ti on of each col lision is assumed negl igibly short com pared wi th
the ti m e between col l isions. Mo re deta i led theo reti cal trea tm ent showed, however,
tha t the incl usion of the Ùnite dura ti on of col l isions m odi Ùesthe Lorentzi an pro-
Ùle, the Ùrst-order correcti on being the addi ti on of a di spersion com ponent to the
Lo rentzi an distri buti on. Thus the resul ti ng l ine shape becom es asym metri c and
thi s typ e of asymm etry is usual ly ref erred to as col l ision- ti me asymm etry [3{ 13].

Spectra l l ine shapes are also determ ined by therm al moti on of the emi tti ng
(or absorbi ng) ato m whi ch al ters the shape of the l ine thro ugh the D oppl er ẽ ect,
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but i t also determ ines the relati ve emi tter{ perturb er vel ocit y di stri buti on, and
thro ugh tha t the col l isional broadening. Thi s m eans tha t in general case these
e˜ects are not stati stical ly independent and in the l ine shape analysis we should,
in pri nci ple, ta ke into account a correla ti on between the Doppl er and col l isional
bro adening, keeping in mind tha t the coll ision parameters of the l ine pro Ùles such
as thei r Lorentzi an wi dth and shift are dependent on the emi tter velocity .

Berm an [14] and W ard et al . [15] have shown tha t the correl ati on between
D oppl er and col l isional broadening depends on the rati o of perturb er and emi tter
m asses ˜ = m P =m E and can be neglected onl y in the case when the emi tter
m ass m E i s much greater tha n tha t m P of the perturb er, i .e. for system s wi th
very smal l values of ˜ . For such systems and in the im pact l im i t when the col l ision
dura ti on is assumed to be negligibl y short the resulti ng l ine shape can be described
by the wel l -known Voigt proÙle (VP) whi ch is a convo lutio n of Lorentzi an and
Gaussian pro Ùles. If , however, for systems wi th smal l ˜ -values the Ùnite dura ti on
of col l ision is ta ken into account then in the Ùrst appro xi matio n the l ine shape
can be described by the asym m etri c Voigt pro Ùle (AVP), i .e. a convo luti on of
the Gaussian proÙle wi th a proÙle represented by the sum of the Lorentzi an and
di spersion pro Ùles [2, 14, 16].

On the other hand, for system s consisti ng of heavy perturb ers and l ight
emi tters col l ision correl ati on e˜ects become increasing ly apparent wi th increas-
ing value of ˜ . To include these e˜ects in the impact l imi t the Lorentzi an proÙle
wi th speed-dependent wi dth (FW HM) ÛL ( v E ) and shi ft Â ( vE ) m ust be avera ged
correctl y over emi tter velociti es (v E ) using the Ma xwel lian distri buti on. Fol low-
ing Berm an [14] such veloci ty-a veraged im pact pro Ùle wi ll be ref erred to as the
speed-dependent Voigt pro Ùle (SD VP). Beyond the im pact lim i t the di spersion-sha-
ped correcti on to the Lorentzi an com ponent should be ta ken into account whi ch
m ust simi larl y be avera ged over vel ociti es and f ol lowing Harri s et al . [16] proÙles
obta ined in such a way wi l l be referred to as the speed-dependent asym metri c Voigt
pro Ùles (SD AVP). In thi s case apart f rom the col l ision- ti m e asymm etry mentio ned
above another cause of l ine shape asym metry occurs due to the correl ati on be-
tween contri buti ons to the intensi ty di stri buti on com ing from the therm al m oti on
and col l isions.

In our system ati c study [17{ 20] of coll isional e˜ects on the 1 1 4 Cd 326.1 nm
(5 1S 0 { 5 3P 1 ) interco mbi nati on l ine perturb ed by noble gasesperf orm ed by m eans of
laser-induced Ûuorescence (LIF) techni que, parti cular attenti on was paid in order
to disti nguish between these two e˜ects whi ch both can lead to asym metry of the
pro Ùle. The choice of the 1 1 4 Cd isoto pe enabled us to avoid the hyp erÙne and
isoto pic structure of the Cd 326.1 nm l ine as wel l as to neglect l ine m ixing e˜ects.
For the Cd{ noble gas system s the rati o of perturb er and emi tter masses˜ changes
between 0.035 for Cd{ He and 1.15 f or Cd{ Xe whi ch made possible the overal l
study of correl ati on e˜ects. A good signal -to -noiserati o and negl igible instrum ental
pro Ùle enabl ed us to Ùt the l ine shapes in consi derabl e deta i l and record devi ati ons
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from the ordi nary Voigt proÙle. In the case of the Cd{ Xe ( ˜ = 1 : 1 5 ) and Cd{ Kr
( ˜ = 0 : 7 4 ) system s we found both the asymm etry of the 326.1 nm l ine shape
caused by col l ision ti me asymm etry and tha t due to correl ati on between D oppl er
and col l isional broadeni ng. In the case of perturba ti on by argon ( ˜ = 0 :3 5 ), neon
( ˜ = 0 : 1 8 ), and hel ium ( ˜ = 0 : 0 3 5 ) the inÛuence of the correl ati on e˜ect on the
resul ti ng l ine shape was not observed.

The valuesof col lision- ti measym m etry coe£ cients determ ined in Refs. [17{ 20]
were interpreted in the fram ework of Anderso n and Talm an [3] and Szudy and
Bayl is [5, 6] theo ries. It should be emphasized tha t these tw o trea tm ents are ful ly
adi abati c in nature so tha t they ignore coupl ing between di ˜erent m olecular states
and thus ignore non-adiabati c e˜ects caused by col l ision- induced tra nsiti ons be-
tween these states. Such non-adiabati c processesare usual ly very im porta nt in the
near-wi ng region where the coll ision- ti me asym metry may app ear [10, 11].

In our earl ier paper [13] we have devel oped a semiclassical m etho d whi ch
perm i ts the incl usion of the non-adiabati c e˜ects in calcul ati ons of both the col l i -
sion- ti me asym metry coe£ cient and the pressure bro adening and shift coe£ cients.
Any calcul ati ons of these coe£ cients requi re the use of potenti al curves describing
the intera cti on between the radi ati ng and perturbi ng ato ms. For Cd{ noble gas sys-
tem s such potenti al curves were Ùrst calcul ated by Czucha j and Stol l [21] wi thi n a
pseudopotenti al self-consistent Ùeld/ conÙgurati on intera cti on m etho d (SCF/ CI).
One of us [22] has recentl y perform ed tests of the qual i ty of these potenti al curves
by comparing results of his calculati ons of the pressure broadening and shift
coe£ cients of the 1 1 4 Cd 326.1 nm l ine perturb ed by noble gases based on the
cl ose-coupl ing (CC) m etho d. The general concl usion drawn in paper [22] was tha t
the CC pressure broadeni ng and shi ft coe£ cients are in fa irl y good agreement
wi th experi menta l data (except the shift for Cd{ He). The calcul ati ons perform ed
in paper [22] were done in the fram ework of the quantum -mechanica l im pact ap-
pro xi mati on so tha t the coll ision- ti me asym metry has not been considered. The
m ain purp ose of the present paper is to calcul ate the col l ision- ti me asymm etry
coe£ cient for the 1 1 4 Cd 326.1 nm l ine perturb ed by nobl e gases using the semi-
cl assical metho d developed by Ci ury ¤o et a l. [13]. In our present calculati on we have
used l ike in paper [22] the potenti al curves calcul ated by Czucha j and Sto l l [21]
as well as a new version of potenti al curves for Cd{ noble gas ato m system s re-
ported recentl y by Czuchaj et al . [23]. Since these new potenti al curves were not
empl oyed in [22] in the present paper we also report results of the new CC cal-
cul ati ons of the pressure broadening and shi ft coe£ cients based on new results of
Czucha j et al . [23].

2 . L in e sh ap e par am et er s

The coll isional com ponent of the l ine proÙle I C ( e¡ ) can be presented as a sum
of the Lorentzi an and dispersion proÙles [2, 5]:
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I C ( e¡ ) = I
( 0 )

C

±
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( e¡ À e¡ 0 À Â ) 2 + ( ÛL =2) 2
: (1)

Here ÛL , Â , and â denote the Lorentzi an wi dth (FW HM), pressure shift, and
col lision- ti me asym metry param eter, respecti vely, I

( 0 )

C is the intensi ty in the l ine
peak and e¡ 0 i s the unp erturb ed wa ve num ber of the emi tted l ine.

The Lo rentzi an wi dth À L and shift Â can be evaluated from the fol lowi ng
expression [1, 11, 12]:
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Here N i s the perturb er density , £ i s the im pact parameter, f ( v) i s the Ma xwel l ian
di stri buti on of the relati ve vel ociti es v of the col l idi ng ato m s and S ii (£; v ) and
S ˜ ( £; v ) are the matri x elements of the scatteri ng operato r bS = bU ( À 1 ; + 1 ) for
the ini ti al and Ùnal states of the radi ati ng ato m expressed as functi ons of £ and v .
Here bU ( t 2 ; t 1 ) denotes the ti me evoluti on operato r and the sym bol h . . . i A ng : A v :

m eans the average over angular coordi nates. The col l ision- ti me asym m etry pa-
ram eter can be evaluated from the expression derived in R ef. [13]:
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The angular average f U ii ( t 2 ; t 1 ) U À 1

˜
( t 2 ; t 1 ) g A ng A v i s given by the fol lowi ng

equati on [24, 25]:
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W e trea t the col l ision between emi tter and perturb er semi-classical ly, us-
ing the stra ight l ine tra jectory appro xi mati on. We assume tha t the emitter is
Ùxed in the orig in of the col l isional reference fram e whi le the perturb er m oves
on the stra ight l ine tra jectory wi th the constant vel ocit y v and im pact parame-
ter £ . The distance R at ti m e t between emi tter and perturb er is thus given by
R =

p
£ 2 + v 2 t 2 .

In order to describe the coll ision pro cess, we fol low Baranger [11] and use
two di ˜erent reference f ram es:
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1) Ùxed col lisional fram e O X c Y c Z c wi th the quanti zati on axi s O Z c perpen-
di cular to the col l ision plane and O Y c axi s di rected along the impact param eter £ ,

2) molecular frame O X m Y m Z m , ro ta ti ng around O Z c axi s, wi th the quan-
ti zati on axi s O Z m di rected along the R vecto r and O Y m axi s di rected along O Z c

axi s of the col l isional frame (see Fi g. 1). Such a choice of the O Z m axi s is due to
the axi al symm etry of the intera cti on potenti al V ( R ) .

Fig. 1. T w o reference frames used to describ e the colli sion pro cess. Details in the text.

The Ham i l tonia n of the Cd{ noble gas system m ay be wri tten as

bH = bH 0 + bV ( R ) ; (5)

where bH 0 = bH E + bH SO i s the Ham i lto ni an of the emi tter{ perturb er system for
R ! 1 and bH E i s the sum of Ha mi l to nians of the unperturb ed Cd and noble gas
ato m s incl udi ng electrostati c intera cti on in the Cd and rare gas (R g) ato m s, H SO

i s the spin{ orbi t intera cti on in the Cd ato m.
As the col l ision is a ti m e-dependent pro cess one shoul d solve the ti me-

-dependent Schr�odinger equati on

iñh
@j ˆ

( s)

k
( t ) i

@t
= bH j ˆ

( s)

k
( t ) i : (6)

The state j ˆ
( s)

k
( t ) i in the Schr�odi nger representa ti on can be rel ated to state in the

intera cti on representa ti on j ˆ
( i )
k

( t ) i by the relati on

j ˆ
( s )

k
( t ) i = exp

±
À

i bH 0 t

ñh

²
j ˆ

( i )
( t ) i : (7)

The state in the intera cti on representa ti on fulÙls the fol lowing equati on:
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Hereafter we use the intera cti on representati on onl y and f or simpl icity we om i t the
upp er index (i ).

The state vecto r j ˆ ( t ) i m ay be expressed as a series

j ˆ ( t ) i =
X

a ( t ) j n i ; (9)

wi th the ini ti al condi ti on a ( À1 ) = £ .
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Ca lcul ati ons of the l ine shape parameters given by form ulae (2) and (3) re-
qui re the values of the m atri x elements of the evoluti on operato r bU in the intera c-
ti on representa ti on. These elements can be expressed in term s of a n k ( t ) coe£ cients
of Eq. (9). The ti me evoluti on of the j ˆ k ( t ) i state m ay be described by the f orm ula

j ˆ k ( t ) i = bU ( t; À1 ) j ˆ k ( À1 ) i : (10)

Com paring Eq. (9) and (10) and usi ng ini ti al condi ti ons we get
X

n

a n k ( t ) j n i = bU (t; À1 )
X

n

a n k ( À1 ) j n i = bU ( t; À1 ) j k i ; (11)

and subsequentl y
X

n

h r j n i a n k ( t ) = h r j bU ( t; À1 ) j k i : (12)

Fi na l ly, we obta in for the a ( t ) coe£ cient the fol lowi ng form ula:

a ( t ) = h r j bU ( t; À1 ) j k i ; (13)

whi ch represent the relati on between a ( t ) and the m atri x elements of evoluti on
operato r bU .

From Eqs. (8) and (9) we can obta in the well -known relati on

iñh _a ( t ) =
X

h r j V j n i exp

ç
i

ñh
( E À E )t

Ñ

a ( t ) ; (14)

whi ch gives us the values of a ( t ) coe£ cients and then the requi red evoluti on
operato r bU matri x elements needed for the l ine shape calculati ons.

In order to adapt the above appro ach to the analysis of experim enta l l ine
shapes for the Cd{ nobl e gas system s, the intera to mic potenti als invol ving the Cd
ground (5 s S ) and the exci ted (5 s5 p P ) sta tes must Ùrst be kno wn. The
intera cti on between the ground state ato m s Cd( 5 s S ) + noble gas atom ( S )
is described by a sing lepotenti al curve corresp ondi ng to the X 0 m olecular state.
D uri ng the col l ision of the Cd ato m exci ted to the 5 s5 p P state two molecular
states labelled as A 0 and B 1 are form ed whi ch are described by tw o di ˜erent
potenti al curves. The bro adening and shift of the Cd 326.1 nm interco mbina ti on
l ine (5 s 5 p P À 5 s S ) is thus the result of contri buti ons from the A 0 À X 0
and B 1 À X 0 tra nsiti ons.

D uri ng the col lision process the change of the emi tter{ perturb er di stance
causes the change of electro stati c and spin{ orbi t intera cti on as wel l as rota ti onal
energy ñh _¢ of the considered quasi-m olecul e. The relati ons between the above en-
erg ies are rela ted wi th appro pri ate Hund ' s cases. Ma snou-Seeuws and McCa rro l l
[26] careful ly considered vali di t y condi ti ons for di ˜erent Hund' s cases. Fol lowi ng
the estim ati on presented in an earl ier paper [27] we can make an assumpti on tha t
for Cd{ noble gas ato m col l isions Hund' s case C is val id thro ughout the col l ision.

In thi s case the intera cti on m atri x V is diagonal in the j ¨ i representa ti on,
where ¨ i s the absolute value of the pro jection of the to ta l m omentum on the
internucl ear axi s of the Cd{ nobl e gas ato m system .
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In the calcul ati ons of matri x elements of evoluti on operato r U for 1 1 4 Cd
isoto pe we can neglect non-adiabati c e˜ects due to tra nsiti on between the levels
of the Ùne structure. It is due to the fact tha t distances between adj acent levels
of the Ùne structure are relati vel y large [28]: W (5 3P 1 ) À W (5 3P 0 ) = 5 4 2 : 1 1 3 cm À 1

and W (5 3P 1 ) À W (5 3P 2 ) = À 1 1 7 0 : 8 6 6 cm À 1 , and tha t the quenchi ng cro ss-section
of the 5 3P 1 state is very small [29, 30]. Theref ore in calcul ati ons of the S matri x
elements these non-adiabati c e˜ects were om i tted. However, we have incl uded the
non-adiabati c e˜ects due to the rota ti on of the m olecular axi s. In such a case the
set of Eqs. (7) leads to four equati ons. One equati on is for the 5 1S 0 state, wi th the
a 0

0 ( t ) coe£ cient, and three equati ons for the 5 3P 1 state wi th the a À 1 ( t ) ; a 0 ( t ) and
a +1 ( t ) for m k = À 1 ; 0 ; +1 , respectively. The element of the intera cti on m atri x is
given by

h k j V j s i = h j k m k j V j j s m s i = h j m k j V j j m s i : (15)

The intera cti on matri x (see e.g. [31, 32]) is herm i ti an and ful Ùls the fol lowi ng
condi ti ons:

h j k m k j V j j m i = ( À 1 ) +
h j À m j V j j À m i

Ê ; (16)

h j m j V j j m i 6= 0 for m À m = 0 ; Ï 2 ; Ï 4 ; . . . (17)

The relati on between the elements of the intera cti on matri x V given in col-
l isional j j m i and rota ti ng m olecul ar j ¨ i reference frames is given by elements of
the reduced rota ti on m atri x d (see e.g. [33]):

h j m j V j j m i = ( À 1 ) À eÀ ( À )

È d
À À

¤

2
d

¤

2
h ¨ j V j ¨ i ; (18)

where the matri x elements given in the molecular fram e j ¨ i :

h ¨ j V j ¨ i =

V for 5 1S 0 ( ¨ = 0 );

V for 5 3P 1 ( ¨ = 0 ) ;

V for 5 3P 1 (¨ = 1 ) :

(19)

The non-zero elements of the intera cti on m atri x given in the col l isional fram e j j m i

are

for 5 1S 0 : h 0 0 j V j 0 0 i = V ; f or 5 3P 1 : h 1 0 j V j 1 0 i = V ;

h 1 1 j V j 1 1 i = h 1 À 1 j V j 1 À 1 i = ( V + V ) = V1 ;

h 1 1 j V j 1 À 1 i = h 1 À 1 j V j 1 1 i
Ê = ( V À V ) eÀ = f eÀ : (20)

Fi nal ly the f orm ula (14) leads to the set of the f ollowing equati ons:

iñh _a 0

0 0 ( t ) = a 0

0 0 ( t ) V ; iñh _a 0 0 ( t ) = a 0 0 ( t ) V ;
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iñh _a À 1 ;m i
( t ) = a À 1 ;m i

( t ) V 1 + a +1 ;m i
( t ) f e+ 2i¢ ;

iñh _a +1 ; m i
( t ) = a

À 1 ( t ) f eÀ 2i + a +1 ( t ) V1 : (21)

It is seen tha t for 5 1S 0 state we have one equati on wi th a 0

0 0 ( t ) coe£ cient
and for the 5 3P 1 state we have one separated equati on wi th a 0 0 ( t ) coe£ cient and
two sets of two coupl ed equati ons wi th a À 1 ( t ) and a +1 ( t ) coe£ cients (where
m = 1 ; +1 ). The above set of equati ons does not have an analyti c soluti on and
m ay be solved onl y in the num erical way.

It shoul d be noted tha t calculati on of the col lisional l ine wi dth ÛL and shift
Â given by form ula (2) requi res the values of S = U (+ ; ) matri x elements,
whi ch can be obta ined as the asym pto ti c soluti on of Eqs. (21) f or t = + .

Formul a (2) can be thus wri tten in a form

Û L

2
+ iÂ = 2 ¤ N d3 f ( ) v

+ 1

0

d££

1 (S À 1 À 1 + S 0 0 + S +1 +1 ) S 0 À 1
0 0 : (22)

For the col l ision- ti me l ine asym metry situa ti on is more com pl icated. Fol low-
ing the above pro cedure from Eq. (3) we obta in for the asym metry factor â the
fol lowi ng form ula:

â = 2 ¤ N Im d3
E f ( E ) v E

+ 1

0

d££

+ 1

À1

dt 0 1 + ( S À 1 À 1 + S 0 0 + S +1 +1 ) S 0

0 0

À 1

[ U À 1 À 1 ( t 0 ; ) + U 0 0 ( t 0 ; ) + U +1 +1 ( t 0 ; ) ] U 0

0 0

À 1
( t 0 ; )

[ U
À 1 À 1 (+ ; t 0 ) + U 0 0 (+ ; t 0 ) + U +1 +1 (+ ; t 0 )] U 0

0 0

À 1
(+ ; t 0 ) : (23)

The values of elements of the m atri ces U (t 0 ; ) , etc. are given in deta il in
App endix A.

It is seen tha t in order to calcul ate â we need to kno w the v alues of matri x
elements f or each ti me t 0 and then to perform integ rati on over t 0 . Thi s causes tha t
such calcul ati ons are ti m e- and m emory- consuming.

2.1. Adi abat ic appro ximat ion

In the adiabati c appro xi matio n we assume tha t we have one quanti zati on
axi s di rected along the internucl ear axi s of the Cd{ noble gas ato m system . It
corresponds to the assumpti on tha t the only non-zero elements are

j m V j m = ¨ V ¨ :

In such a case Eqs. (14) m ay be wri tten in the form of f our non-coupl ed
equati ons
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iñh _a 0

0 ; 0
( t ) = a 0

0 ;0
( t ) V X ; iñh _a 0 ;0 ( t ) = a 0 ; 0 ( t ) V A ;

iñh _a
À 1 ; À 1 ( t ) = a

À 1 ; À 1 ( t ) V B ; iñh _a +1 ;+1 ( t ) = a +1 +1 ( t ) V : (24)

Thus we have three separated equati ons for the 3P 1 state. Solvi ng them we
get the S matri x elements, and f rom Eq. (2) we get the form ulae for the line wi dth
Û and shift Â :

Û = Û ( À ) + Û ( À ) ; (25)

Â = Â ( À ) + Â ( À ) : (26)

Here Û ( À ) and Â ( À ) denote the l ine wi dth and shift corresp ondi ng to the
A 3 0 + X 1 0 + (or B 3 1 X 1 0 + ) tra nsiti on in Cd{ noble gas ato m quasi-m olecule
whi ch can be wri tten in the f orm

Û ( À ) = 4 N ¤ v

1

0

d££ [ 1 cos( ² ( À ) )] ; (27)

Â ( À ) = 2 N ¤ v

1

0

d££ sin ( ² ( À ) ) ; (28)

where the index i corresp onds either to the A 3 0 + or B 3 1 state. It is seen tha t
Eqs. (27) and (28) are identi cal to the Li ndholm {F oley [1] form ulae for the
A 3 0 + X 1 0 + and B 3 1 X 1 0 + tra nsiti ons.

The phase shift ² ( À ) i s given by

² ( À ) =
1

ñh

1

À1

[ V ( t ) V ( t )] dt: (29)

In an analogous way we can obta in the form ula f or the line asym metry â

calculated in adi abati c appro xi ma ti on

â = â ( À ) + â ( À ) ; (30)

where â ( À ) and â ( À ) are the line asym metry param eters corresp ondi ng to
A 3 0 + X 1 0 + and B 3 1 X 1 0 + tra nsiti ons calculated from Eq. (3).

Using the form ul ae presented above we have calcul ated the theoreti cal val -
ues of pressure bro adening Ù = Û =N , shif t £ = Â =N and asym metry coe£ cients
ç = â=N and l isted them in T ables I{ I II, respectivel y. Our calcul ati ons were per-
form ed for the Czucha j and Stol l [21] and Czucha j et al. [23] potenti als both in
semiclassical adiabati c (SA) and semiclassical non-adi abati c (SNA) appro ach in-
cl uding the e˜ects due to the rota ti on of the m olecular axi s. In the case of the
Czucha j et al . [23] potenti al the potenti a l curves were extended (except for Cd{ He
system ) wi th van der W aals potenti al . For detai ls see App endi x B. In order to
m ake a comprehensi ve com parison for the Ù and £ coe£ cients in T ables I and I I
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T ABLE I

T he values of the pressure broadening Ù coe£cients of the 326. 1 nm 114 C d
line (in units 10

À 2 0 cm À 1
= atom cm À 3 ) calculated in semiclassica l adia-

batic, semiclass ical non-adiabati c and quantum- mechanical close-coupli ng
approach together w ith experimental values. N umb ers in parentheses are

the values of standard uncertainty (temp erature T = 72 4 K for X e, K r,
A r, N e, and T = 43 9 K for H e).

Perturb er C zuchaj and Stoll [21] C zuchaj et al. [23] Exp erimental

SA SNA C C [22] SA SNA CC

X e 1. 330 1. 352 1.466 1.076 1.082 1.183 1.257 (0.006)

K r 1. 182 1. 214 1.371 0.996 0.973 0.857 1.147 (0.011)

A r 1. 334 1. 347 1.453 0.864 0.854 0.682 1.060 (0.006)

N e 0. 750 0. 753 0.806 0.761 0.767 0.879 0.715 (0.004)

H e 1. 091 1. 091 1.263 0.521 0.859 0.995 1.155 (0.034)

TABLE I I

T he values of the pressure shif t coe£cients (in units 20 cm atom cm )
calcula ted in semiclassica l adiabati c, semiclassi cal non- adiaba tic, and quantum-
- mechanical close-coupl ing approach together w ith experimental values. N umb ers
in parentheses are the values of standard uncertainty (temp erature K for

X e, K r, A r, N e, and K for H e).

Perturb er C zuchaj and Stoll [21] C zuchaj et al. [23] Exp erimental

SA SNA CC [22] SA SNA C C

X e {0. 322 {0. 328 {0. 325 {0. 252 {0. 266 {0. 341 {0. 348 (0.002)

K r {0. 181 {0. 195 {0. 245 0.189 0.181 {0. 032 {0. 338 (0.005)

A r {0. 358 {0. 371 {0. 499 {0. 120 {0. 127 {0. 123 {0. 387 (0.004)

N e {0. 142 {0. 143 {0. 071 0.221 0.220 0.220 {0. 090 (0.005)

H e 0.067 0.067 0.234 {0. 313 {0. 316 0.109 {0. 031 (0.009)

we also included the values resulti ng from the quantum close-coupl ing (CC) cal-
cul ati ons for the Czuchaj and Stol l [21] potenti als presented in paper [22]. T ables I
and I I also conta in results of new CC calcul ati ons of and coe£ cients per-
form ed duri ng the course of the present inv estigati on on the basis of new potenti al
curves reported by Czucha j et al . [23]. For the asym metry coe£ cients ( ) the
cl ose-coupl ing calcul ati ons are pl anned in the nearest future. In T abl es I{ I I I we
also present experim enta l values of above coe£ cients determ ined in previ ous work
in thi s laborato ry [17{ 20].

As can be seen f rom T ables I{ I I I the inclusi on of the rota ti on of the ato m ic
axi s in the semiclassical trea tm ent does not lead to the im pro vement of the agree-
m ent between calcul ated and experim ental values in com parison to wha t resul ts
from the purel y adiabati c calcul ati ons.
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T ABLE I II

T he values of the asymmetry coe£cients ç (in units
10

À 21
=atom cmÀ 3 ) calculated in semiclassi cal adiabatic

and semiclassi cal non- adiabati c approach together w ith
experimental values. N umb ers in parentheses are the val-

ues of standard uncertainty (temp erature T = 724 K for
X e, K r, A r, N e, and T = 439 K for H e).

Perturb er C zuchaj and C zuchaj Exp erimental

Stoll [21] et al. [23]

SA SNA SA SNA

X e {1. 15 {1. 21 {1. 07 {1. 07 {1. 08 (0. 07)

K r {0. 99 {1. 06 {0. 16 {0. 15 {1. 00 (0. 07)

A r {0. 85 {0. 88 {0. 16 {0. 14 {0. 30 (0. 05)

N e {0. 03 {0. 02 0.15 0.15 {0. 17 (0. 07)

H e 0.09 0.10 {0. 15 {0. 11 0. 62 (0. 34)

The genera l concl usion whi ch can be dra wn from data l isted in T ables I and
I I is tha t f or Cd{ Xe in the quantum close-coupl ing trea tm ent the new potenti al
curves of Czucha j et al . [23] repro duce better the experim enta l data of Ù and £

tha n tho se employi ng the Czucha j and Stol l [21] potenti als. Contra ry to tha t in
the semiclassical appro ach the Czucha j and Sto l l [21] potenti als seem to give bet-
ter agreem ent. As i t is seen from T able I I I the asymm etry param eter f or Cd{ Xe
calculated semiclassical ly on the basis of these new potenti als yi elds values whi ch
are in better agreem ent wi th exp eriment tha n tho se based on the potenti als re-
ported by Czucha j and Stol l [21]. On the other hand, however, for Cd{ Kr, Cd{ Ar,
and Cd{ Ne the Czucha j { Stol l potenti als seem to repro duce the experim enta l data
m uch better tha n the new potenti als by Czucha j et al . [23]. For Cd{ He reasonable
agreem ent is obta ined onl y for the broadening coe£ cient both in the semiclassical
and quantum CC case.

The autho rs wi sh to express thei r grati tude to Pro fessor J. Szudy for valuable
help in the preparati on of the manuscript and to Pro fessor E. Czucha j for m aki ng
avai lable the values of num erical potenti als.

Thi s wo rk was supported by a grant No . 5 PO3 B 066 20 (354/ PO3/ 2001/ 20)
from the Sta te Com mittee for Scienti Ùc R esearch.

The expl icit values of the m atri x elements appearing in Eqs. (22) and (23)
represented in term s of expansion coe£ cients a ( t ) are given by the form ulae
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S m i ;m i
= U m i ;m i

(+ 1 ; À1 ) = a m i ;m (+ 1 ) ; (A1 )

U (t; À1 ) = a ( t ) ; (A2 )

U (+ 1 ; t ) = a (+ 1 ) a ( t ) : (A3 )

Using relati on U (+ 1 ; t ) = U (+ 1 ; À1 ) U ( t; À1 ) one can show tha t

U (+ 1 ; t ) = a (+ 1 )a ( t ) À

a (+ 1 )a ( t )

a ( t ) a ( t )

È 1 À

a (t ) a ( t )

a (t ) a ( t )
; (A4 )

U (+ 1 ; t ) = a (+ 1 ) a ( t ) À

a (+ 1 ) a ( t )

a ( t )a ( t )

È 1 À

a (t ) a ( t )

a (t ) a ( t )
: (A5 )

It should be noted tha t in some cases we can use an approxi mate form ula e for
U (+ 1 ; t ) and U (+ 1 ; t ) m atri x elements [33]. If we neglect the o˜- di ago-
nal a elements the two above equati ons can be presented in a form sim -
i lar to Eq. (A3 ): U (+ 1 ; t ) = a (+ 1 ) a ( t ) and U (+ 1 ; t ) =

a (+ 1 ) a ( t ) . Such appro ach in l ine asymm etry calcul ati ons is less ti me-
and memory- consum ing but on the other hand is of less accuracy.

The l ine shape param eters Û; Â , and â are in pri nci ple dependent on the
values of the intera cti on potenti als in the enti re region of intera cti on distances R .
Onl y for the inverse-power V ( R ) = À C R potenti als these param eters can be
evaluated analyti cal ly. For other (m ore real istic) intera cti on potenti als num erical
m etho ds must be used.

For num erical potenti als there are two crucia l points. The values of the in-
tera cti on potenti als shoul d be tabul ated in wi de range of intera to mic distances R ,
wi th relati vely low increment of R (whi ch is unf ortuna tel y ti me-consum ing). The
accuracy of calculati ons resul ti ng from the appl ied potenti al model and num erical
aspects should be hi gh enough, especial ly f or the large R -values.

In order to justi fy the above requi rem ents we perf orm ed appro pri ate num er-
ical tests described in detai l in [34]. W ef ound tha t the di ˜erence of the intera cti on
potenti als in the ini ti al (i ) and Ùnal (f ) sta tes Â V (R ) = V ( R ) À V (R ) (l ike in
Eq. (29)) shoul d be kno wn wi th accuracy not worse tha n 0.01 cm . Thi s m eans
tha t a single potenti al curve shoul d be calculated wi th 0.005 cm accuracy. For
the l ine shift calculati on a cruci al ro le is played by the accuracy of potenti al val -
ues in the range of large R -values. It wa s shown [34] tha t for the l ine shift the
contri buti on com ing from R larger tha n 20 a.u. m ay exceed 20% of i ts to ta l value.
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If the intera cti on potenti als do not m eet these requi rem ents calcul ati ons of the
l ine shape parameters may lead to enti rely wro ng resul ts. Such probl ems occur for
Cd{ rare gas potenti als calcul ated recentl y by Czucha j et al . [23]. As an exampl e
in T able IV we present the values of thei r last ta bul ated points of the B 3 1 Cd{ Ar
potenti al curve. As i t can be seen the last non-zero value equal to { 0.4 cm À 1 oc-
curs f or R = 2 5 a.u. and the next point is the zero value for R = 5 0 a.u. Thus the
fol lowi ng questi on ari ses: W hat are the values of the intera cti on potenti al located
between the v alue { 0.4 cm À 1 for R = 2 5 a.u. as calcul ated by Czucha j et al . [23]
and its asym pto ti c zero value assumed for R = 5 0 a.u. T o answer thi s questi on we
considered four cases.

T ABLE IV
T he values of the B

3 1 C d{A r [23] potential
curve for R Ñ 20 a.u.

R [ a: u : cm

20.0 {1. 0

21.0 {0. 8

22.0 {0. 6

23.0 {0. 5

24.0 {0. 4

25.0 {0. 4

50.0 0.0

: For R < 2 5 a.u. we used the values A 3 0 + ; B 3 1 , and X 1 0 + potenti al
curves calcul ated by Czucha j et al . [23]. For 2 5 a:u: < R < 5 0 a.u. the intera cti on
potenti als were interp olated usi ng a parabol ic interp olati on.

: For R < 2 5 a.u. we used as in case I the values com puted by
Czucha j et al . [23] but for R > 2 5 a.u. we extended the potenti al curves assuming
the van der W aals f orm V (R ) = C 6 R À 6 wi th C 6 consta nts determ ined by Ùtti ng
to the Czucha j et al . [23] potenti al at the last non-zero point, i .e. at R = 2 5 a.u.

: W e extended the Czucha j et al . [23] potenti al wi th van der Waals
potenti al starti ng from R = 2 1 a.u.

Fi nal ly, in we extended the potenti al curves perform ing least
squares Ùtti ng of the van der W aals potenti al to the six last non-zero points on
each curve.

In Tabl e V we have l isted the values of Ù; £ , and ç coe£ cients calcul ated in
casesI{ IV. It is seen tha t the values of the Ù coe£ ci ent calcul ated for three (I I{ IV)
di ˜erent ways of extendi ng the potenti al curves wi th the van der Waals potenti al
are cl ose to each other but the values of the shift coe£ cient £ di ˜er m ore signi f-
icantl y. It is seen tha t there is no unambiguous cri teri on whi ch way of extensi on
is pro per and guarantee rel iable results of Ù; £ , and ç coe£ cients calcul ati ons. It
seems tha t the requi rement concerni ng the Â V ( R ) < 0 : 0 1 cm À 1 accuracy cannot
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be ful Ùlled now due to the l im itati ons of the physi cal m odel appl ied in the potenti al
calculati ons as wel l as com puta ti onal abi l i ti es (m emory- and ti m e-consuming). It
should be also noted tha t for larger intera to m ic R distances the calculated values
of potenti als may be at random and the requi red accuracy is not sure.

T ABLE V
The comparison of pressure broadening Ù ,
shift £ , and asymmetry ç coe£cients cal-

culated for C d{A r system using C zuchaj et
al. [23] potential curves assuming \di ˜erent

ways" of reaching the asymptotic zero value.

Case Ù £ ç

I 2.538 {2. 351 {3. 89

II 0.884 {0. 342 {0. 29

II I 0.854 {0. 097 {0. 14

IV 0.857 {0. 155 {0. 16

T ABLE VI

T he values of C 6 force constants of the van
der W aals extension potentials (in units
10 7 cm À 1 [ a 0 ]6 ) obtained from the Ùtting

pro cedure. R | connection point.

1 0+ 3 0+ 3 1 a u

C d{N e 2.23 0.78 1.90 22

Cd{A r 5.50 4.23 6.82 22

Cd{K r 1.26 6.17 9.35 27

C d{X e 14.4 18.6 16.0 28

T aki ng al l the above into account in both adiabati c and non-adiabati c calcu-
lati ons of the Ù , £, and ç coe£ ci ents for Czucha j et al. [23] potenti als we decided
to perform the potenti al curves extensi on by Ùtti ng the van der W aals potenti al to
the six last non-zero points on each curve. The ori ginal potenti al curve and the van
der W aals potenti al curve were then connected in the point R of thei r cl osest
appro ach. Thi s pro cedure wa s not necessary in the case of the Cd{ He system where
for al l potenti al curves there wa s not a large gap between last non-zero point and
appro pri ate zero point. In T able VI we present the values of C force consta nts
of the van der W aals extensi on potenti als obta ined from the least squares best-Ùt
pro cedure, together wi th the v alues of connecti on points R .
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