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W e rep or t on very pre cise measurements of t he absorption pro Ùle of
the 326.1 nm resonance line of cadmium broadened by interactions w ith
the ground state C d atoms under thermal equilib riu m. T he exp erimental

red wing proÙles, corrected for the Bolt zmann factor at di˜erent temp era-
tures, are analysed in terms of the long- range p otential parameters includ in g
disp ersi on and resonant interactions. The resonant interaction energy con-
stant C 3 is calculated to be 2: 3 1 È 10 2 eV ¡A 3 and the van der W aals con-

stant C 6 for di˜erence p otentials betw een the ground state X 0+ and the
excited states B 0+ and A 1 of C d2 derived exp erimentally are found to b e
( 182 :6 Ï 8) eV ¡A 6 and (28 9 Ï 4 ) eV ¡A 6 , respectively . T he former is determined

for the Ùrst time and the latter is considerab ly corrected in comparison to
earlier determination . T he van der W aals constant C 6 for the ground state
of C d2 is discussed and estimated to b e C = ( 247 Ï 40) eV ¡A 6 .

PAC S numb ers: 33.70. {w , 34.20. {b, 32.70.{n

1. I n t rod uct io n

The long-range intera cti ons between neutra l atom s or m olecules play an
im porta nt ro le in a vari ety of physi cal situa ti ons, theref ore they have been studi ed
for a long ti m e [1].
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The interest in accurate determ inati on of intera to m ic potenti als at large sep-
arati ons for vari ous ato m pai rs has recentl y been enhanced because the kno wl edge
of these data is necessary for interpreta ti on of many new phenom ena associated
wi th col l isions of cold ato m s in the atom s tra ps as well as for stabi l i ty predi cti on
of such tra ps.

In the case of van der W aals dim ers l ike Cd2 a kno wl edge of the long-range
porti on of intera cti on potenti als can be uti l ized for deri vi ng these potenti als at
smal ler separati ons when used an inversion pro cedure for f ar wi ngs of the spectra l
l ine bro adened by intera cti on wi th a col l ision partner. In our earl ier paper [2]
we have shown tha t such a m etho d gives the intera to m ic potenti als of a qui te
good qual ity over a wi de range of separati ons for both electroni c states invol ved.
Ho wever, since i t is based on the intensi ty inform ati on the accuracy of Ùnal resul ts
depends cri ti cal ly on a preci sion of the l ine proÙle measurements on the absolute
intensi ty scale.

The present paper is devoted to determ inati on of van der W aals consta nts
for Cd2 in the lowest exci ted states A and B correl ated wi th the asym pto te
Cd(5 3P 1 )+Cd(5 1S 0 ). So far, there have appeared onl y a few papers deal ing wi th
spectroscopy of intera tom ic intera cti ons for Cd2 . In parti cular, the pro Ùle of the
self-broadened Cd(5 3P 1 { 5 ) nm l ine in absorpti on has been inv esti -
gated in our paper [3] incl udi ng estim ates of the main parameters for a di ˜erence
potenti al between the ground state 0 and the exci ted state 1 of Cd . The
sim i lar study has been underta ken in [4], however, the preci sion of absolute inten-
sity measurements achi eved in tha t paper was not enough hi gh in order to im pro ve
the earl ier results, parti cul arly tho se concerni ng the long-range behavi our of the
potenti als inv olv ed.

On the other hand, the 0 tra nsi ti on in Cd has been expl ored
in the molecular beam spectroscopy exp eriments [5, 6] yi elding the vi bra ti onal
frequency and the anharm onic correcti on for the electroni c states and
as well as the di ˜erence between the equi l ibri um positi ons in these states.
Al tho ugh such data give rel iable inf orm ati on about the wells region, they, unf or-
tuna tel y, are insu£ cient for determ ini ng potenti al curves at large separati ons.

It should be noted tha t intera cti on potenti als f or a num ber of electro nic
states of the Cd di m er have also been derived theo reti cal ly wi th di ˜erent metho ds
[7{ 9]. The best agreement wi th experim ent show the predi cti ons based on partl y
semi-empi rica l calcul ati ons developed by Czuchaj et al . [7 ], however, they do not
cover the long-range region of intera to mic distances.

Al tho ugh long-rangeintera to m ic forces, being a wel l -deÙned theoreti cal prob-
lem [10], have been intensi vely studi ed in the past [11] and the qui te accurate
num erical results for dispersion coe£ cients, in parti cul ar for the di pole{ dipole one
( ), are now avai lable for a vari ety of sim ple species [11, 12], thi s is not a case
for Cd and other m any- electron ato m s. The di£ cul ty is tha t preci se calcul ati ons
of these coe£ cients requi re the kno wl edge of the l ine streng ths and frequenci es for



Long-range In teract ions for the A 3 1u and B 3 0 +
u

States . . . 827

di po le tra nsiti ons between a given state and al l the other states (incl udi ng tho se
in conti nuum ) [13] or, al terna ti vel y, the dyna m ic dipole polari zabi l i ty at the im ag-
inary frequency for both intera cti ng ato ms [14, 15]. These characteri stics for Cd2

are not avai labl e at present either vi a purel y quantum theo ry or in semi-empiri cal
appro ach.

Thi s situa ti on m oti vated us to carry out new very preci se m easurem ents
of the proÙle of the Cd 326.1 nm l ine wi th the pri m ary aim to determ ine the
long-range section of the potenti al energy curves for the above-m entio ned m olec-
ul ar states. Som e data have recentl y been bri eÛy reported [16] and Ùnal resul ts
based on more com prehensi ve l ine shape analysis are presented in thi s paper.

2 . Ex p er im ent

The absorpti on proÙle of the 5 3 P (326.1 nm ) resonance l ine of
cadm ium was m easured wi th a 6 m eter conca ve grati ng Rowl and spectro meter.
Thi s instrum ent, described in deta i ls elsewhere [17], has recentl y been careful ly
rea ligned achi eving, in a Ùrst order spectrum at about 320 nm , a l imit resoluti on
of 0.2 cm being appro pri ate for inv estigati on of even very near wi ngs of l ine.

A super-qui et xenon lam p (Ha m amatsu L2273) was used as a background
source. A high stabi l ity of thi s lam p enabl ed us to use a single beam conÙgura ti on
for absorpti on measurement whi le the second channel was uti l ized for a preci se
wa vel ength scal ing wi th a spectrum of the low pressure Cd lam p.

In order to decrease the intensi ty of a parasiti c scattered l ight inside a spec-
tro m eter, the l ight beam from the lam p was Ùltered wi th a vi sible cut- o˜ Ùlter. In
thi s way the scattered l ight level was reduced to 0.5 percent of the conti nuum at
about 326 nm . Thi s residual e˜ect was careful ly measured and i t was accounted
for in the computer program whi ch analysed the spectra l data .

A pure cadm ium vapour conta ined in a sealed quartz (supra sil ) cell of 5 cm
length was placed insi de a 60 cm long oven closed wi th quartz wi ndows. Addi -
ti onal insul ati ng cover and careful ly adj usted operati ng condi ti ons for the heati ng
system assured a fai rl y uni form tem perature over the cell volum e. W e have work ed
wi th a satura ted v apour, theref ore the great pains were taken to contro l and accu-
rate m easure the cell tem perature determ ining a vapour pressure. Thi s was done
wi th Pt{ PtR h therm ocoupl es cal ibrated by the Sta te Burea u of Standards wi th
accuracy of 0.4 K at the highest tem peratures.

The m easured quanti ty was the absorpti on coe£ ci ent of the vapour as a
functi on of a f requency di ˜erence , where is a frequency of the l ine
center includi ng a coll isional shi ft. It was tested tha t in our case the frequency
exactl y corresponds to the center frequency of the emission l ine from the Cd lam p
used (see Fi g. 1).

W ith a vi ew to the m ain goal of the present work we have concentra ted on
a preci se determ inati on of the absolute absorpti on coe£ cient (i n cm )

ln Cd (1)
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Fig. 1. Comparison of the transmission proÙle ( ¯ ) f rom the sample cell at low [C d]

w ith the emission proÙle ( £ ) of the reference C d lamp.

where [Cd] is the vapour num ber density and d denotes the opti cal path length.
The m ost importa nt wa s the red wi ng of the 326.1 nm Cd l ine for Â ¡ up to about
500 cm À 1 . T o obta in the l ine proÙle over such a range the m easurem ents were
carri ed out at several vapour densiti es between 6 : 0 7 È 1 0 cm K) and

cm K).
The values of [Cd] were calculated from the vapour pressure chosen f rom

exp erimenta l data recom m ended by Nesmeyanov [18] as the m ost rel iable ones
for l iqui d cadm ium in the consi dered range of temperatures. W e ha ve f ound tha t
tho se data for in to rr can be Ùtted by the fol lowing functi on:

log (2)

wi th , and .

The experim ental pro Ùle of the self-bro adened Cd 326.1 nm l ine resulti ng
from several m easurements at di ˜erent Cd densiti es is presented in Fi g. 2. A sig-
ni Ùcant asym metry of thi s pro Ùle pro ves tha t the resonant long-range intera cti on
is here very weak in compari son wi th the dispersion intera cti ons. However, for
accurate analysis, parti cul arl y in the near red wi ng, the contri buti on arising f rom
the resonant intera cti on is expected to have som e m eani ng.
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Fig. 2. The proÙle of the self-broadened Cd (51
S 0 À

3
P 1 ) 326.1 nm line presented

as the absolute absorption coe£cient k ¡ f rom several measurements at di˜erent

numb er densities of Cd (in cm 3 ). Open circles: : È
1 5 ; closed circles: : È

16 ;

open diamonds: : È
1 7 ; closed diamonds: : È

17 .

Fig. 3. Red w ing of the Cd 326.1 nm line in a logarith mic scale from several scans at

various vapour densities (op en and closed symb ols).
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Fi gure 3 shows an exampl e of the red wi ng proÙle from several exp erimenta l
runs at vapour densiti es appro pri ate for observati on of thi s wi ng over a wi de
frequency range. Let us note tha t thi s spectrum is very l ike to tho se observed for
the red wi ng of the 326.1 nm l ine perturb ed by heavy rare gases(see e.g. [4]) and
for other van der Waals system s such as meta l I Ib{ rare gas di atom ics. In parti cul ar,
at the frequency Â ¡ of about 10 cm À 1 in Fi g. 3 a slight shoulder appears whi ch on
the analogy of simi lar spectra l features occurri ng for the above-m enti oned system s
m ay be interpreted as a ra inbow satel li te [19] associated wi th the existence of a
very shallow m inimum (of several cm À 1 ) of the potenti al di ˜erence functi on, here
Â V 0 = V (B 3 , at long intera to mic distances. The observati on of
thi s satel l ite pro vi des importa nt and qui te new inform ati on about a long-range
behavi our of the potenti al energy curve of the state of Cd . As i t is seen thi s
state plays a cruci al ro le in form atio n of the near red wi ng of the Cd 326.1 nm
l ine contra ry to an existi ng opinion tha t the state contri butes to onl y the blue
wi ng of thi s l ine. On the other hand, i t is ra ther wel l establ ished tha t the potenti al
di ˜erence is a m onoto ni c functi on of and i t gives
ri se to the red wi ng pro Ùle over a who le spectra l range includi ng a very far wi ng.

The l ine shape analysis in term s of the intera cti on potenti als parameters is
based on the quasimolecul ar trea tm ent of the opti cal col l ision [19]. W e use the
wel l -known (see e.g. [2] and ref erences therei n) classical appro xi mati on of thi s
theo ry yi elding the so-called quasistati c pro Ùle, whi ch holds in the wi ngs of l ine
except for such regions where satel l i te bands appear. The metho d is especia lly
sim ple in the case of not very far wi ngs pro duced duri ng opti cal col l ision at long
di stances, where the intera cti on potenti al curves can bedescribed by the m onoto nic
functi on of the inverse power form

(3)

In such a case the quasista ti c one-perturb er line wi ng proÙle, speciÙed for the
absorpti on dipole-al lowed tra nsiti on in the absorb er{ perturb er di atom ic
system , or the cross-section for such an e˜ect (i n cm ) is given by

exp (4)

Here cm, where and are the electro n charge
and mass and is the l ight speed; is the oscil lato r strength of the unp erturb ed
tra nsiti on, is the perturb er density , and are the stati stical weights of
the exci ted m olecular and parent ato mic state and is a di ˜erence of the

coe£ cients in the upp er and lower electro nic states involv ed. The Bol tzm ann
facto r exp describes the popul ati on of the ground state as a
functi on of related to the di ˜erence potenti al by m eans of the classical
Franck{ Co ndon pri nci ple as fol lows:

(5)
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Equa ti on (4) al lows us to determ ine, from the exp erim ental l ine wi ng proÙle,
the coe£ cient Â C n and the index n in the potenti al form ula (3) i f the Bol tzm ann
facto r as a functi on of Â ¡ over the relevant spectra l range is kno wn. In the near
red wi ng thi s functi on is very close to be equal to 1 and Eq. (4) can be then
sim pl iÙed to

n n
s (6)

wi th n ¨ e n
=n and . The above equati on

in a doubl e-logari thm ic scale represents a stra ight l ine wi th a slope equal to . In
parti cul ar, for a van der W aals ( ) intera cti on and thi s case is kno wn
as a Kuhn proÙle whi ch usually is uti l i zed for determ inati on of coe£ ci ents.

T o return to Fi g. 3, i t is seen tha t the red wi ng of the 326.1 nm Cd l ine can
be interpreted in the frame of such a m odel over a wi de range of the frequency

excludi ng vi cini ty of the weak satel l i te band. Ho wever, before any analysis
i t is necessary to have a spectrum free of the Bol tzm ann facto r whi ch can be
determ ined from the tem perature dependence of thi s spectrum . In the case of
the 326.1 nm Cd l ine thi s probl em wa s studi ed in R ef. [20] where, in parti cul ar,
the functi on in the red wi ng was deri ved. Using tha t result (presented in
Fi g. 4) the Bol tzm ann factor functi ons at sui ta ble tem peratures were calcul ated
and experim enta l pro Ùles determ ined in the present wo rk were divi ded by them .

The pro Ùles free of the Bol tzm ann facto r were analysed in term s of the
long-range potenti al param eters incl udi ng van der W aals and resonant intera c-
ti ons. W e have observed the inÛuence of the latter as a slight increase in the slope
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coe£ cient above 1.5. In order to account for thi s e˜ect quanti ta ti vely, a kno wl -
edge of a resonance intera cti on constant C 3 i s needed. Unf ortuna tel y, there are no
exp erimenta l resul ts f or thi s constant, theref ore we have it calcul ated empl oyi ng
the li tera ture data on the oscil lato r strength for the 53 P 1 À 5 1 S 0 tra nsiti on in Cd.

As i t is well kno wn, the resonant intera cti on potenti al has the f ol lowing form :

V ( R ) = (7)

wi th and for the and 0 states, respecti vely, and .
Thus, the quasista ti c proÙle ari sing from the resonant intera cti on, accordi ng to
Eq. (6) is

(8)

where cm . Hence, for the
considered case, ta ki ng [21] and cm [22] we obta in

eV ¡A and cm .
It is notewo rthy tha t is equal to 2 for both the molecular states
and , therefore al tho ugh the intera cti on energy on the red wi ng is twi ce

as large as on the bl ue wi ng, the resonance pro Ùle is sym m etri cal .
Fi nal ly, the experim enta l absorpti on coe£ cient deÙned by Eq. (1) in the

red wi ng of l ine, when corrected f or the Bol tzm ann factor, was considered as
norm al ized to the Cd vapour density the quasista ti c pro Ùle given by

(9)

wi th presented above. Thi s functi on could be Ùtted wi th accuracy of 0.1%
to the experim enta l proÙles in two regions of : between 3{ 6 cm and for

cm yi elding the coe£ cient whi ch was the only Ùtti ng parameter.
The exemplary results of such an operati on are presented in Fi gs. 5 and 6.

The form er demonstra tes also an inÛuence of the Bol tzm ann factor on the spec-
trum . Let us note tha t the second com ponent of Eq. (9), in the case considered, onl y
a bi t changes the general shape of the Ùtted proÙles whi ch in a doubl e-logari thm ic
scale remain the stra ight l ines, however, thei r slopes are slightl y greater tha n .
It is parti cularly vi sibl e in the near wi ng, where the e˜ecti ve slope param eter
reaches a value of about { 1.54.

As menti oned previ ousl y, the near red wi ng proÙle is produced duri ng the
tra nsiti ons to both the exci ted states and so, ignori ng a col l isional
coupl ing between these states at long di stances, the coe£ ci ent is

(10)

whi le, in the far wi ng onl y the state is involv ed, thus

(11)

where .
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Fig. 5. T he far red w ing of the C d 326.1 nm line. ( £ ) the direct experimental data;

( ¯ ) the same data corrected for a Boltzmann factor using V ( Â ¡ ) f rom Fig. 4. T he

continuous line is a Ùt of the function given by Eq. (9).

Fig. 6. T he near red w ing of the C d 326.1 nm line for two separated scans at [C d] =

6. 07È 10 cm : T he continuous line is a Ùt of the function given by Eq. (9).
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4. R esul t s an d d iscu ssio n

The m ean values for coe£ cients A 6 from several experim enta l l ine wi ng pro-
Ùles are found to be A

(1 )

6
= ( 4 2 2 Ï 1 : 5 ) È 1 0 À 3 8 cm and

cm , yi elding the van der Waals constants:
) eV ¡A and eV ¡A . The error bounds of the van

der W aals constants resul t di rectl y from the uncerta inti es in the mean val -
ues whi ch are due to scatteri ng data obta ined from di˜erent m easurements. As
m enti oned, for a given experim ental proÙle the uncerta inty of the coe£ cient
wa s the rm s error of the Ùt am ounti ng to not m ore tha n 0.1%. In addi ti on to the
presented uncerta inti es the may be a˜ected by system ati c errors due to pos-
sible devi ati ons from a real values of the oscil lator streng th and the Cd num ber
densiti es, whi ch determ ine the scale factor for the intensi ty of the spectrum . In
thi s paper we have chosen the best avai lable inform ati on concerni ng these data
but Ùnal results can be easily revi sited i f any better data app ear.

It should be noted tha t the essential ro le for accurate determ inati on of van
der W aals constants from line shape analysis pl ays an interpreta ti on of the spec-
trum in term s of the long-range intera cti on forces. In the present paper we ac-
counted for the di spersion and resonance intera cti ons, however, our exp erimenta l
spectra over a lm ost the sam e frequency regions can be Ùtted by a pure Kuhn pro-
Ùle, ignori ng the component in Eq. (9), as i t has been done in Refs. [3, 4]. In
such a case for and one obta ins, respecti vely, 466 and 316.6
tha t yi elds the van der W aals constants (in eV ¡A ) and

. It is seen tha t these results di ˜er very m uch from the values correcte d
for resonance intera cti on al tho ugh the neglecti ng of thi s intera cti on might seem to
be justi Ùed.

Onl y on a very l im i ted scope our results can be com pared wi th other data .
The coe£ cient is derived here for the Ùrst ti m e and only the has been
considered previ ously. In parti cular, has been estimated to be 168 eV ¡A in
our earl ier paper [3] and tha t resul t was adopted in R ef. [4]. Our present determ i-
nati on devi ates considerabl y from the previ ous result, however, the perform ance
of the m easurem ents as well as the procedure of the data analysis have been im -
pro ved signiÙcantl y since then, so we believe tha t the present resul t is m uch cl oser
to the real one.

In order to obta in constants for the exci ted states and we need to
kno w thi s consta nt for the ground state. At present i t can be only estimated using
som e approxi mate form ulae. We have chosen the Slater{ Ki rkwo od (SK) [23] and
the London (L) [24] form ul ae whi ch, as i t was shown by T ang et al . [11] and by
other autho rs (e.g. [25, 26]), give the upp er and lower bounds to the constant.
In the case of the homonuclear di ato mics, for in a.u. , these form ul ae can be
wri tten as fol lows:

SK (12)
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C 6 ( L ) =
3
4

˜ (13)

Here is the stati c dipole polari zabi li t y, is the e˜ecti ve numb er of electrons
givi ng ri se to the dispersion dipole{ dipole intera cti on or, m ore exactl y, the num -
ber sati sfyi ng the oscil lato r streng th sum rul e, and is the e˜ecti ve tra nsi ti on
energy estim ati ng the sum over al l tra nsiti ons .

The num ber for Cd has been obta ined from the empiri cal f orm ula
deri ved in R ef. [27] (Eq. (6)), whi ch gives 3 7569, and 0 25061 we
have accepted after Ref. [28]. Regardi ng the dipole polari zabi li t y for Cd in the
ground state, the data avai labl e are scattered wi thi n the l imi ts about (40{ 50)
([ 28{ 30] and references therei n). Values close to the lower l imi t have been obta ined
from m easurements of the stati c polari zabi l it y whi le the hi gher values | f rom
an extra polati on of the dyna mic polari zabi l i ty curve to . There exi st
also theo reti cal results from self-consistent Ùeld (SCF) calculati ons, however they
are not enough accurate [30].

W e calcul ated (SK) and (L) for , accordi ng to Mi l ler and
Bederson [29], and for obta ined by Goebel and Hohm [28] f rom
m easurements of the frequency dependence of the refracti ve index of cadm ium
vapour. The results are collected in Table. Assum ing tha t Eqs. (12) and (13) sti l l
give the upp er and lower bounds for i t seems tha t a mean value of (SK) and

(L) estim ates reasonably the real va lue of . The probl em concerns, however,
a value of the dipole polari zabi l i ty whi ch needs to be establ ished m ore preci sely in
future studi es.

T ABLE

T enta ti vely we estim ate g eV ¡A f or the ground state whi ch
yi elds eV ¡A and eV ¡A for the exci ted states

and , respectivel y. W e emphasisetha t uncerta inty of thi s determ inati on
is due to uncerta inty of the van der W aals consta nt for the ground state of Cd .

Thi s work was partl y supp orted by a grant No. 5 P03 064 21 from the State
Co mm ittee for Scienti Ùc Research.
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