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SPECTROSCOPIC CHARACTERISATIONOF THE X0+, A0+ AND B1 MOLECULAR STATESOF THE CdXe VAN DER WAALS COMPLEX�J. Koperski, M. �ukomskiM. Smolu
howski Institute of Physi
s, Jagellonian UniversityReymonta 4, 30-059 Kraków, Polandufkopers�
yf-kr.edu.pllukomski�
astor.if.uj.edu.pland M. CzajkowskiDepartment of Physi
s, University of WindsorWindsor, Ontario, N9B 3P4, Canadam
zajko�server.uwindsor.
a(Re
eived June 11, 2002)An ex
itation spe
trum of the B1  X0+ transition in CdXe hasbeen re
orded in a supersoni
 beam 
rossed with a pulsed dye laser beam.A thorough analysis of the data yielded the bond strength D0e = (227:9�5:0) 
m�1, fundamental frequen
y !0e = (18:3 � 0:3) 
m�1, anharmoni
ity!0ex0e = 0:37 
m�1, and internu
lear equilibrium separation R0e = (4:26 �0:05)Å in the ex
ited B1(53P1) state of the mole
ule. Mole
ular spe
tro-s
opi
 
onstants of the X0+(51S0) ground state were also determined fromthe experimental data: D00e = (276:0� 5:0) 
m�1, !00e = (33:1� 0:6) 
m�1,!00ex00e = (0:99�0:02) 
m�1, and R00e = (4:21�0:05)Å. The ground-state re-sults were obtained from a dire
t observation of various �hot� bands in theB1 X0+ transition. A repeat of earlier work of Funk and Bre
kenridgeJ. Chem. Phys. 90, 2927 (1989), and Helmi et al., Chem. Phys. 209,53 (1996), relating to the A0+  X0+ transition yielded improved resultswhi
h were essential for the 
orre
t spe
tros
opi
 
hara
terisation of theA0+(53P1) state of the mole
ule.PACS numbers: 33.20.Lg, 33.20.Tp, 33.15.Fm� Presented at the Photons, Atoms and All That, PAAT 2002 Conferen
e, Cra
owPoland, May 31�June 1, 2002. (2283)



2284 J. Koperski, M. �ukomski, M. Czajkowski1. Introdu
tionAmong numerous arti
les on the formation and spe
tros
opi
 
hara
-terisation of CdRG (RG � Rare Gas) van der Waals (vdW) mole
uleswhi
h appeared over the last de
ade, there are only two reports relatedto the CdXe 
omplex studied in a free supersoni
 jet 
rossed with a laserbeam [1,2℄. An explanation for the pau
ity of studies on this mole
ule maybe that whilst lighter rare gases (He, Ne or Ar) used as 
arriers in the jetexpansion te
hniques are relatively inexpensive, the heavier ones (Kr, Xe)are very expensive, dramati
ally in
reasing experimental 
ost. The situa-tion is even worse for the CdXe 
omplex, whi
h 
an only be produ
ed (forexperimental reasons) in a 
ontinuous supersoni
 beam and with a relativelylarge 
onsumption of the 
arrier gas. Without a proper des
ription of theheaviest mole
ule our knowledge about these weakly bound 
omplexes isin
omplete and a reliable formulation of a general theoreti
al des
riptionof the whole CdRG family is di�
ult. Generally, all what is available onthe subje
t in the literature are early arti
les of Kvaran et al. [1℄, Funk andBre
kenridge [2℄, and re
ent paper of Helmi et al. [3℄ with an essentiallydi�erent experimental approa
h. Kvaran et al. [1℄ re
orded the vibrationalex
itation spe
trum of the A0+  X0+ transition (shown s
hemati
allyin Fig. 1) and using a Birge�Sponer (B�S) analysis dedu
ed spe
tros
opi

onstants related to the ex
ited A0+(53P1) state. No information was avail-able on the ground X0+(51S0) nor on the other ex
ited B1(53P1) state.Funk and Bre
kenridge [2℄ investigated two ex
ited states C1�1 and D1�+0
orrelated to the 51P1 Cd-atomi
 asymptote, and from the �a
tion spe
trum�for ex
itation of the D1�+0 state the ground-state disso
iation energy wasevaluated to be D000 = 176 � 5 
m�1. Helmi et al. [3℄ studied the tempera-ture dependen
e of the absorption pro�le of the Cd 326.1 nm line perturbedby Xe 
ollisions. The experiment was performed in a �uores
en
e 
ell andvalues of disso
iation energies of parti
ular mole
ular states were obtainedindire
tly, in a not 
onvin
ing way and are, therefore, suspe
t. It is expe
tedthat the B1 ex
ited state in the CdXe 
omplex should be possible to observeas it is in fa
t in the CdHe [4℄, CdNe [5, 6℄, CdAr [5, 7℄, and CdKr [5, 8, 9℄mole
ules. From our experien
e, the B1 X0+ transition is di�
ult to pro-du
e using experimental 
onditions, whi
h are suitable for the A0+  X0+absorption reported in Ref. [1℄ (i.e., 1% Xe admixture with Ar). A knowl-edge on the B1  X0+ transition is of great importan
e. Both A0+ andB1 mole
ular states asymptoti
ally 
onverge to the same 53P1 Cd-atomi
asymptote. Disso
iation energies (i.e., D00(A0+) and D00(B1)) 
ombinedwith the �00(v0 = 0 v00 = 0) and Eat energies (see Fig. 1) yield the groundstate disso
iation energy D000 . The value of the latter must be the same asvalues dedu
ed from both spe
tra separately. Therefore, we have a sensitive
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Fig. 1. Potential energy 
urves for CdXe mole
ule and transitions involved in theexperiment. All potentials are represented by Morse fun
tions. The A0+  X0+transition, �00 transitions as well as disso
iation energies and D0 disso
iation limitare depi
ted.tool for veri�
ation of the spe
tros
opi
 
onstants of both ex
ited states.These 
an be obtained independently from the ex
ited-state 
hara
teristi
son
e dire
t experimental information on the ground state is available [8℄. InRef. [8℄ a di�erent than in Ref. [1℄ value of D00e was predi
ted and eventuallyit generated the D0e(B1). However, all of this was based on semi-empiri
alspe
ulations with little experimental merit.In this report, we present for the �rst time results of experimental stud-ies on the B1  X0+ transition in CdXe 
omplex formed in a supersoni

ontinuous beams. We observed not only the ex
itation spe
trum mentionedabove, but we have also 
reated favourable 
onditions [10℄ for the formationof �hot� bands providing valuable information on the energy stru
ture of theCdXe ground state. Hen
e, we report the reliable spe
tros
opi
al 
hara
-terisation of the ground X0+ and ex
ited B1 states. Finally, we presenta 
orre
ted set of spe
tros
opi
 
onstants for the A0+ state showing therelationships between both ex
ited and ground states.



2286 J. Koperski, M. �ukomski, M. Czajkowski2. ExperimentalThe arrangement of apparatus and details of measurements were de-s
ribed previously [4, 7, 9℄. The experiment was performed independently intwo laboratories (in Windsor [4, 9℄ and in Kraków [7, 9℄) on similar exper-imental setups. Here, we present only these 
hara
teristi
s that di�er thetwo arrangements (in square bra
kets those related to the experiment inKraków). The Laser Indu
ed Fluores
en
e (LIF) was observed in an eva
-uated expansion 
hamber into whi
h the CdXe mole
ules, seeded in a gasmixture of 10% Xe in pure Ne (resear
h grade, Linde) [10% Xe in pureHe(Linde Gaz Polska)℄ were inje
ted through a nozzle of D = 150�m [115 �m℄in diameter. The nozzle was a part of a mole
ular beam sour
e made ofsolid molybdenum. The molybdenum was 
hosen in spite of the fa
t that itis very di�
ult to ma
hine be
ause it has superior qualities at high temper-atures. The surfa
e of molybdenum is in 
onta
t with metalli
 Cd or Zn athigh temperatures (� of 1000K) but is 
hemi
ally ina
tive. By 
omparison,a stainless steel sour
e begins to 
orrode soon after the oven rea
hes approx-imately 750K and the nozzle is severely damaged and eventually 
logged bythe metal sample, whereas the molybdenum sour
e keeps the nozzle 
learfor many hours and the sour
e 
an be re
harged many times.The CdXe mole
ules in the beam were irradiated with a se
ond harmoni
output (KDP-C doubling 
rystal) of an in-house-built [Sopra, 
ommer
ial℄dye laser utilising a 6.0 �10�4 M`�1 [8.7�10�4 M`�1℄ solution of DCM ina dimethyl sulphoxide [methanol℄. The dye laser was pumped with a se
ondharmoni
 output from the Nd:YAG laser. The dye laser and the 
rystalwere syn
hronously s
anned over the range from 3250Å to 3262Å and from3261Å to 3300Å in 
ase of the B1  X0+ and A0+  X0+ transitions,respe
tively. The wavelength 
alibration of the dye laser was frequentlyveri�ed against a Fizeau [WA 4500 Burleigh℄ wavemeter and the spe
trallinewidth of 1/3 
m�1 [1/4 
m�1℄ was determined by monitoring the funda-mental frequen
y of the dye laser output with a Fabry�Perot etalon.The resulting ex
itation spe
trum was re
orded at right angles to theplane 
ontaining the 
rossed mole
ular and laser beams and it was dete
tedusing a S
hlumberger EMR-541-N-03-14 [Ele
tron Tubes 9893QB/350℄ pho-tomultiplier tube (PMT) with a photo
athode whi
h has maximum sensitiv-ity in the UV and blue spe
tral regions. Additionally, in Windsor a narrow-band �lter with �� = 100Å FWHM 
entred at � = 3260Å was pla
ed infront of the PMT to reje
t stray light and hen
e to improve the signal-to-noise ratio. The PMT signal was re
orded with a Hewlett�Pa
kard transientdigitiser, model HP 54510 [Tektronix TDS-210℄ digitising s
ope and storedin a PC 
omputer.



Spe
tros
opi
 Chara
terisation of the X0+, A0+ . . . 2287The beam sour
e was operated at low pressure of about 10 torr insidethe 
hamber. The 
arrier gas ba
king pressure, P0, was maintained in therange of 6 to 7 atm, whi
h is lower than usual (e.g. [4℄). The reason forthis is that when observing the ex
itation spe
trum of the B1  X0+transition, we were aware of the fa
t that tra
es of the signal from the0+u (3�u) X0+g (1�+g ) transition of Cd2 [11℄ may appear as unwanted bandsin our spe
trum of CdXe. Hen
e, we kept the temperature low, below thethreshold of Cd2 spe
tral visibility. Similarly, we were very 
autious in notusing a high pressure of the 
arrier gas whi
h 
ould introdu
e unwantedbands of the B1  X0+ transition in the CdNe [6℄ [CdHe [4℄℄ mole
ule.Thus, we 
ould be 
ertain that the formation of CdNe [CdHe℄ and Cd2mole
ules is at low and insigni�
ant rate. We also took the extra pre
au-tion of running the experiment in the spe
tral region 
orresponding to theB1  X0+ transition in CdXe with pure Ne [He℄ as the 
arrier gas and,therefore, did not observe any signi�
ant signal whi
h may �
ontaminate�the CdXe spe
trum. In order to dete
t transitions from vibrational levelshigher than v00 = 0, we varied the X/D parameter from 15 to about 40 [from26 to 61℄. This 
aused a 
hange of the ex
itation distan
e X, measured fromthe nozzle to the fo
used laser beam region, from 2mm to 6mm [from 3mmto 7mm℄. Su
h 
hanges in the distan
e X permitted observations of the LIFin di�erent regions of the supersoni
 beam [10℄, 
orresponding to di�erent
onditions of temperature and an appropriate number of 
ollisions betweenCdXe mole
ule and the 
arrier gas atoms. As a result, we observed �hot�vibrational bands originating from v00 = 0; 1, 2, 3 in the B1 X0+ transi-tion. In order to re
ord a meaningful ex
itation spe
trum for the B1 state weneeded to average several laser-frequen
y s
ans of the 
orresponding spe
-tral region be
ause the signal was very weak. We 
onsidered it ne
essaryto repeat the ex
itation spe
trum of the A0+ X0+ transition in CdXereported earlier in Ref. [1℄ and this was done using a less expensive mixtureof the 
arrier gas, i.e., 1% Xe in pure Ne (Linde) [5% Xe in pure He (LindeGaz Polska)℄. In this experiment we had to use higher P0 ba
king pressure.For all experiments 
arried out, the me
hani
al and thermal stability of ourapparatus and the reprodu
ibility of the spe
tra were satisfa
tory.3. Results and dis
ussion3.1. Ex
itation spe
trum of the B1(53P1) X0+(51S0) transitionFig. 2(a) shows the ex
itation spe
trum of the B1  X0+ transitionin CdXe mole
ule re
orded using 10% Xe in Ne as a 
arrier gas. It shouldbe stressed that an almost identi
al spe
trum was re
orded using 10% Xein He. The spe
trum spans the wavelength region from � = 3254:5Å upto about � = 3262Å (i.e., to the Cd-atomi
 resonan
e transition), and it
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æFig. 2. Ex
itation spe
trum of the B1+  X0+ transition in CdXe. 10% Xe inpure Ne mixture used as a 
arrier gas. (a) Experimental tra
e, X = 6mm, P0 =7 atm. (b) Theoreti
al simulation of the spe
trum (F�C fa
tors). (
) Theoreti
alsimulation of the total experimental spe
trum, Lorentzian of 0.6 
m�1 (FWHM)was used for the laser 
onvolution fun
tion, and Morse fun
tions were assumed torepresent the ex
ited and the ground states. Tvib=70K. The same spe
trum wasobtained with 10% Xe in pure He mixture used as a 
arrier gas.shows two pronoun
ed vibrational bands together with a total of elevenbands of mu
h weaker intensity. All vibrational-band frequen
ies are listedin Table I. The spe
trum is an average of 8 
onse
utive s
ans be
ause in asingle s
an we observed the two strongest bands only. Be
ause of the poorsignal-to-noise ratio we were not able to re
ord a �uores
en
e spe
trum ofeither of these bands and, therefore, an identi�
ation of their v0-values basedon a Condon Internal Di�ra
tion (CID) pattern was not possible. We ob-tained the v0-assignment of re
orded bands by a 
areful simulation pro
edurebased on 
al
ulation of Fran
k�Condon (F�C) fa
tors. The result is shownin Fig. 2(b) in the form of verti
al bars. The height of the bars represents
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omponents of the B1 X0+ transition in CdXe mole
ule.[� and � are stated in air and va
uum, respe
tively℄v0  v00 � [Å℄ � [
m�1℄0 0 3256.69 30696.81 0 3254.82 30714.40 1 3259.99 30665.71 1 3258.13 30683.32 1 3256.34 30700.13 1 3254.63 30716.31 2 3261.22 30654.22 2 3259.43 30671.03 2 3257.72 30687.14 2 3256.09 30702.53 3 3260.60 30660.04 3 3258.97 30675.45 3 3257.41 30690.06 3 3255.94 30703.9an intensity of the 
orresponding transition, therefore, in the 
ase of �hot�bands they 
arry information about a vibrational temperature, Tvib, of themole
ule. We found that Tvib=70K is 
onsistent with the observed inten-sity ratios. Fig. 2(
) shows a simulation of the total spe
trum assuminga realisti
 ex
itation linewidth and pro�le. The estimated linewidth of theex
itation laser was less than 1
m�1, and a Lorentzian line pro�le was as-sumed. The simulation indi
ates some overlapping of 
losely lo
ated bandsand their possible deformation in shape and position of peak intensity. The
al
ulation of the F�C fa
tors was performed under the assumption thatboth (ground and ex
ited) potential energy 
urves of the CdXe mole
uleare represented by a Morse potential with parameters obtained in this in-vestigation (see Table IV). Therefore, the simulation pro
edure generatedan additional parameter (related to the Morse potential), i.e., a di�eren
ebetween the equilibrium internu
lear separations �Re = R0e(B1)�R00e of the
orresponding mole
ular states. From the best simulation we obtained thevalue of �Re = (0:05 � 0:01)Å. This relatively small value of �Re agreeswith our observed spe
trum 
hara
terised by a relatively high intensity of



2290 J. Koperski, M. �ukomski, M. Czajkowskithe v0 = 0  v00 = 0 transition and a rapid de
rease of the F�C fa
tors forhigher v0 levels. A spe
trum with similarly small �Re = 0:02Å and 
ompa-rable features, though more pronoun
ed than presented here, has previouslybeen reported [12, 13℄.3.2. The v00 = 0-progression of the B1 X0+ transition3.2.1. Birge�Sponer plotThe analysis of data from Table I leads to vibrational-energy 
ompo-nents, whi
h de�ne the various v00-progressions in the B1 X0+ transition.All 
omponents of the v00 = 0-progression 
an be dedu
ed from the spe
trumand Table I. The v0 = 0  v00 = 0 and v0 = 1  v00 = 0 
omponents havebeen obtained dire
tly from the experimental tra
es, while the next (i.e.v0 = 2  v00 = 0) and the following (i.e. v0 = 3; 4; 5; 6  v00 = 0) 
om-ponents have been extra
ted from the various �hot� bands observed in theexperiment. For example the v0 = 2 v00 = 0 
omponent has been derivedby taking the di�eren
e �Gv0 = �2(v0 = 2 v00 = 1)��1(v0 = 1 v00 = 1)and adding it to the pro
eeding frequen
y of the v0 = 1  v00 = 0 band.Next, the v0 = 3  v00 = 0 
omponent has been obtained by adding the�Gv0 = �3(v0 = 3  v00 = 1) � �2(v0 = 2  v00 = 1) to the frequen
y ofthe v0 = 2 v00 = 0 band, et
. Using the B�S analysis we obtained a lineardependen
e of the �Gv0+1=2 as a fun
tion of v0 + 1=2 (see Fig. 3(a)). Fromthe graph we obtained the fundamental frequen
y !00 = (18:0 � 0:2) 
m�1(short extrapolation), anharmoni
ity !00x00 = (0:37� 0:01) 
m�1 (slope), thevalue of v0D = 24:3 at the disso
iation limit (long extrapolation), and thedisso
iation energy D00 = (218:9 � 5:0) 
m�1. Using �00(B1) = 30696:8
m�1 as the frequen
y of v0 = 0  v00 = 0 transition from Table I,Eat(53P1) = 30656:0 
m�1 [14℄ as the energy of the atomi
 transition inCd, and the relationshipD000 +Eat(53P1) = �00(B1) +D00(B1) (1)we obtained a value of the ground-state disso
iation energy of CdXe mole
ule,D000 = (259:7�5:0) 
m�1 . Our result di�ers signi�
antly from those reportedin Refs. [2℄ and [3℄ (see Table IV below). We dis
uss these di�eren
es inSe
tion 3.5.3.2.2. LeRoy�Bernstein methodIt is well known that weakly bound vdW 
omplexes may frequently de-part from being represented by a simple Morse potential leading to a failure(or serious errors) when using only the B�S method in order to obtain spe
-tros
opi
 parameters from experimental data. This departure from a Morse
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Fig. 3. (a) Birge�Sponer plots for the: B1 (�lled 
ir
les), X0+ (�lled trian-gles), and A0+ (open 
ir
les) states of CdXe. (b) LeRoy�Bernstein plot for the:B1 (�lled 
ir
les), and A0+ (open 
ir
les) states of CdXe.representation is usually manifested by a signi�
ant error in evaluation ofthe disso
iation energy of the mole
ule. The long-range part of a Morse po-tential (R � Re) does not des
ribe properly the disso
iation energy of themole
ule. As a rule, the disso
iation energies (if di�erent from the �true�bond strength) are always larger than the value of De measured and eval-uated by means of the linear B�S method. Consequently, a Morse fun
tion
annot represent 
orre
tly dispersive (attra
tive) for
es near the disso
ia-tion limit. These for
es may provide a substantial 
ontribution to the totalbonding. The long-range behaviour of the B1-state PE 
urve 
an be approx-imated by an expression U 0B(R) = D0�PnCnR�n, where D0 is a disso
iationenergy of the B1 state (here, with respe
t to v00 = 0), Cn are 
onstants, andn are determined by the nature of the long range attra
tive intera
tion be-tween atomi
 partners in the 
omplex. In the 
ase of B1 state of the CdXewe 
an assume that an intera
tion of the primary importan
e is that ofan indu
ed dipole-indu
ed dipole type [6, 7, 9℄. It leads to n = 6 [15, 16℄.



2292 J. Koperski, M. �ukomski, M. CzajkowskiTherefore, we approximated the long-range part of the U 0B(R) potentialby the C6R�6 leading term and we employed a limiting LeRoy�Bernstein(LR�B) method [15℄ to analyse our results. A

ording to the LR�B theory,the vibrational �rst di�eren
es�G2n=n+2v0 = K2n=n+2n (D0 �Ev0) ; (2)where 
onstant Kn is de�ned as Kn = [~n� (1 + 1=n)℄=[�Cn� (1=2 + 1=n)℄,� is a redu
ed mass of CdXe, and � is a gamma fun
tion. Fig. 3(b) presentsthe LR�B (i.e., �G3=2v0 versus Ev0) plot for the B1 state. The plot determinesthe B1-state disso
iation limit (inter
ept with the Ev0 axis). The valueobtained is D0 = 30915 � 5 
m�1, and it is in a good agreement with ourB�S estimation. However, we stress that this should only be treated asa result whi
h is not in 
ontradi
tion to the B�S extrapolation. The smallnumber of 
ontributing vibrational levels makes the results of the analysisun
ertain [15℄.3.3. Spe
tros
opi
 
hara
terisation of the CdXe ground stateThe v00 = 0; 1, 2, 3 vibrational 
omponents of the X0+ state of the CdXemole
ule have been extra
ted from the experimentally found �hot� bandsin the B1  X0+ transition (see Table I) giving three �Gv00+1=2 values(i.e. �G1=2, �G3=2 and �G5=2). An additional two values of �Gv00+1=2(i.e. �G7=2, �G9=2) were 
al
ulated within an anharmoni
 os
illator ap-proximation to show the 
orrelation between the experimental and 
al
u-lated di�eren
es (
al
ulated values were based on !00e and !00ex00e obtainedfrom the experiment: !00e � 2!00ex00e(v00 + 1)). The plot of �Gv00+1=2 versusv00 + 1=2 is presented in Fig. 3(a) and shows an exa
t linear dependen
e.The plot de�nes well the ground-state fundamental frequen
y !000 and anhar-moni
ity !000x000, and the relationship !000=2!000x000 gives the quantum numberv00D for whi
h �G = 0. The area under the graph 
an be evaluated and ityields the disso
iation energy D000 = 259:7 
m�1. The obtained value 
oin-
ides exa
tly with that derived using the elementary summation expressedby Eq. (1) dis
ussed above. To our knowledge, this is the �rst time thatthe ground-state spe
tros
opi
al 
onstants of CdRG mole
ule have been ob-tained dire
tly from experimental data by means of the B�S method. Usuallythe ground-state spe
tros
opi
 
hara
terisation for this family of mole
ulesis derived indire
tly using Eq. (1) only, and employing additional assump-tions on either the fundamental frequen
y !00e or the anharmoni
ity !00ex00e[e.g. [2℄℄.
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terisation of the X0+, A0+ . . . 22933.4. Estimate of the R00e and Re(B1)The R00e ground-state equilibrium internu
lear separation was estimatedusing a method proposed by Liuti and Pirani [17℄, and Cambi et al. [18℄.They show that properties mainly responsible for the vdW for
es are thepolarisabilities � of the intera
ting atomi
 partners, whi
h therefore, alsodetermine the long-range dispersive attra
tion and should be related to themole
ular size. Using many examples they tested the validity of the simplerelationship D00e (1)D00e (2) = C 006 (1)C 006 (2) � �R00e(2)R00e(1)�6 ; (3)where the D00e (1) and D00e (2) are well-depths of mole
ule �1� and �2�, C006(1)and C006(2) stand for their vdW 
onstants, and R00e(1) and R00e(2) representbond lengths of the mole
ule �1� and �2�, respe
tively. To estimate the R00eof CdXe 
omplex we used three �referen
e� mole
ules with well known andestablished 
hara
teristi
s. Table II shows data used in the estimate. TheC 006 parameters were 
al
ulated using Slater�Kirkwood (S�K) formula [19℄and 
orre
ted version of this formula proposed in Ref. [18℄. A

ording tothe S�K formula C 006 (a; b) = 3=2 � �a�b=�p�a=Na +p�b=Nb�, where �aand �b are polarisabilities, and Na and Nb are numbers of ele
trons inthe outer shells of atoms �a� and �b�, respe
tively. The 
orre
tions pro-posed in Ref. [18℄ introdu
es so 
alled �e�e
tive ele
tron numbers�, Ne� ,TABLE IIEstimation of the R00e (CdXe) using method of Refs. [17℄ and [18℄.Referen
e D00e [
m�1℄ R00e [Å℄ C 006 [au℄(a) C 006 [au℄(a) R00e (1) [Å℄(a) R00e (2) [Å℄(a)mole
ule 
orre
tedHgNe 41.4(b) 3.89(b) 28.85 37.8 4.20 4.21HgAr 133.7(b) 3.99(b) 106.43 142.6 4.20 4.22CdAr 107.0(
) 4.31(
) 134.06 172.7 4.206 4.22R00e (average) 4.20�0.01 4.22�0.01CdXe 276.0 � 298.0 399.0 R00e (average)= 4:21� 0:05����������(a)This work(b)Ref. [29℄(
)Refs. [1, 2℄



2294 J. Koperski, M. �ukomski, M. Czajkowskide�ned as (Ne�=Next) = 1 + (1�Next=Nint)� (Nint=Ntot)2, where Nint andNext are numbers of total inner and outer ele
trons in parti
ular atom, andNtot = Nint+Next. The Ne� des
ribes a deviation of the e�e
tive number ofele
trons with respe
t to the overall outer ele
trons. Therefore, the Ne� mustbe 
al
ulated for the parti
ular atom and then it should repla
e the value ofNa or Nb in the S�K formula. Results of our 
al
ulation are summarised inTable II. We took the average value based on all �referen
e� mole
ules andtwo values of the C 006 parameters (i.e., with and without 
orre
tions for theNa and Nb values). As an average result for the ground-state equilibriuminternu
lear separation we obtained R00e = (4:21 � 0:05)Å. It 
an be seenfrom Table II that the 
orre
tion introdu
ed into the S�K formula makesthe C006 
oe�
ients larger by approximately 30% on average but this 
hangeis not re�e
ted in the �nal values for the R00e , whi
h di�er by a mere 0.2%.In Se
tion 3.1 we reported the di�eren
e �Re = R0e(B1) � R00e = (0:05 �0:01)Å as the result of simulation of the B1  X0+ ex
itation spe
trum.Using the �Re, we 
an estimate the absolute value for the equilibriuminternu
lear separation of CdXe mole
ule in its B1 state as R0e(B1) =(4:26�0:05)Å. The spe
tros
opi
 parameters, whi
h 
ontribute to the over-all 
hara
terisation of the X0+ and B1 states are shown in Table IV. Ourresult is very di�erent from that reported by Helmi et al. [3℄. For the B1 andX0+ states they reported D0e = (152� 15) 
m�1 and D00e = (192� 18) 
m�1,respe
tively. In order to 
on�rm that those results 
annot be 
orre
t we didthe following. We a

urately measured the �00(B1) energy and from Ref. [1℄we dedu
ed the �00(A0+) for the A0+ state (this value is 
onsistent with ourearlier estimate shown in Table IV). Both quantities 
an be 
ombined withthe result of Ref. [3℄ in the simple relationship�00(A0+) +D00(A0+) = �00(B1) +D00(B1) : (4)Substituting the values of �00 and D0e(B1) = 152 
m�1, for the D00(A0+)disso
iation energy we obtained a value of 1105 
m�1, 
f. 988 
m�1 fromRef. [3℄. Similarly, when D0e(A0+) = 988 
m�1 is used and the small 
orre
-tion of !0e=2 is introdu
ed (D00 = D0e�!0e=2), then D00(A0+) = 962 
m�1, and�nally, we arrive at D00(B1) = 9:3 
m�1 whi
h 
annot be 
orre
t. It is pos-sible to perform a similar test with respe
t to the value of the ground-statebond strength. The appropriate sums areEat(3P1) +D000 = �00(B1) +D00(B1) ; (5a)Eat(3P1) +D000 = �00(A0+) +D00(A0+) : (5b)Using results of Ref. [3℄ (with the appropriate small 
orre
tions for !0e=2 inthe B1 and A0+ states) and substituting into (5a) and (5b), we obtainedD000 = 184 
m�1 by substitutingD00(B1) = 143 
m�1, andD000 = 50:1 
m�1 by
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terisation of the X0+, A0+ . . . 2295substituting D00(A0+)= 962 
m�1. Again, we obtained two di�erent valuesfor the same mole
ular 
hara
teristi
. The results of the present study arealso in 
on�i
t with those of Bre
kenridge and his group (i.e., Kvaran et al.[1℄, and Funk and Bre
kenridge [2℄). Moreover, they do not 
orroborate theresult of Helmi et al. [3℄. Therefore, we de
ided to examine the A0+  X0+transition, repeating the experiment 
arried out in Ref. [1℄.3.5. Ex
itation spe
trum of the A0+  X0+ transitionEx
itation spe
trum of theA0+ X0+ transition was observed under dif-ferent 
onditions to those of the B1+ X0+ transition. We used a mixtureof Xe in pure Ne [He℄ but with a smaller fra
tion of Xe. Therefore, amu
hhigher total pressure of the 
arrier gas was used and, as a result several
omponents of CdNe [6℄ [CdHe [4℄℄ A0+ X0+ transition were seen in there
orded ex
itation spe
trum. The spe
trum is presented in Fig. 4(a).All re
orded v0-bands are listed in Table III. We a

epted the v0-assignmentof Ref. [1℄. As 
an be seen in Fig. 4(a) the isotope splitting inside the v0-bands was partially resolved and well reprodu
ed (e.g. for v0 = 19, see Fig. 5)by taking a

ount of the various isotopomers of CdXe. The B�S analysis ofthe spe
trum is shown in Fig. 3(a). It yielded values of !0e, !0ex0e, D0e andv0D. Simulation and graphi
al methods also provided the �00(A0+) energy.
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Fig. 4. Ex
itation spe
trum of the A0+  X0+ transition in CdXe. 1% Xe in pureNe mixture used as a 
arrier gas. (a) Experimental tra
e, (b) theoreti
al simulationof the spe
trum (F�C fa
tors). Morse fun
tions were assumed to represent theex
ited and ground states;CdNe bands depi
ted with asterisks. A similar spe
trum(although with slightly weaker v0  v00 = 0 
omponents and without the CdNebands) was obtained with 5% Xe in pure He mixture used as a 
arrier gas.
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omponents of the v0  v00 = 0 progression of the A0+  X0+transition in CdXe mole
ule.[� and � are stated in air and va
uum, respe
tively.℄v0  v00 = 0 � [Å℄ � [
m�1℄14 3294.6 30343.515 3290.9 30376.916 3287.6 30407.917 3284.2 30439.918 3282.0 30469.519 3277.9 30497.920 3275.0 30525.021 3272.2 30550.822 3269.6 30575.423 3267.1 30598.724 3264.8 30620.7�Hot� bands�v0  v00 = 1 � [Å℄ � [
m�1℄ �� [
m�1℄15 3294.3 30345.8 �� f�1(15 0)� �2(15 1)g = 31:116 3291.1 30376.0 �� f�1(16 0)� �2(16 1)g = 31:0�����������Hot� bands assigned with an aid of the simulation pro
edure assuming Morse represen-tations for the A0+ and X0+ energy states.A thorough simulation pro
edure based on the 
al
ulation of F�C fa
torsyielded a value for �Re=R0e(A0+)�R00e and 
on�rmed our earlier assumptionon the value of �00(A0+). The 
al
ulated F�C fa
tors are shown in Fig. 4(b).The result of the B�S analysis is summarized in Table IV and 
ompared withthat of Kvaran et al. [1℄. It shows that our new values for spe
tros
opi
 
on-stants are 
lose to those measured earlier, however when we employ Eq. (5b)and substitute values of Table IV we obtain D000=189.1 
m�1, whi
h is toosmall when 
ompared with the results dis
ussed above. Evidently, thereis a region in the spe
trum at the large v0 side (i.e., for R �R0e, nearthe disso
iation limit), whi
h does not obey the linear B�S approximation.
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Y
 ��

���� ���� ����
ODVHU�ZDYHOHQJWK��D�

�D�

�E�Fig. 5. (a) Partially resolved isotopi
 stru
ture of the A0+(v0 = 19) X0+ band,and (b) gross stru
ture of the v0 = 19 band and its isotopi
 stru
ture simulatedusing a Lorentzian laser 
onvolution fun
tion with spe
tral width 
orresponding to1.4 
m�1 and 0.15 
m�1 (FWHM), respe
tively.As stated above, the B�S method tends to de
rease the true values of thedisso
iation energy. In our 
ase the di�eren
e is about 6% with respe
t tothe result that we believe to be 
orre
t. In order to justify our reasoning,we applied the limiting LR�B method [15, 16℄ to the raw data of this studyand this yielded the graphi
al result presented in Fig. 3(b). As shown,the energy D0 at the disso
iation limit is the same as that obtained fromthe analysis of the B1  X0+ transition. We 
onsider this a plausible re-sult sin
e both A0+ and B1 ex
ited states are asymptoti
ally 
orrelated tothe same 53P1 Cd-atomi
 asymptote. For a more exa
t analysis, 
lose tothe disso
iation of the A0+-state, we employed a generalized Near Disso
ia-tion Expansion (NDE) method and used a GvNDE program of LeRoy [20℄.A detailed des
ription of this method will not be repeated here. However,it is ne
essary to state that the program for �tting vibrational energies tothe NDE allows to determine the long-range potential 
hara
teristi
s, evenwhen the 
lose-to-disso
iation limit vibrational transitions are not measuredin the experiment. The GvNDE program proved itself to be a useful toolsupplementing the B�S and the limiting LR�B methods [6, 7, 9, 21℄. As in-put parameters we used the measured Ev0 energies of the A0+ state, thevalue for the disso
iation limit D0 (as from the analysis of the B1  X0+
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tros
opi
 
onstants of the X0+, B1 and A0+ states of CdXe mole
ule.All 
onstants are stated in [
m�1℄ unless spe
i�ed otherwise.Designation X0+(51S0)(a) B1(53P1)(b) A0+(53P1)(
) A0+(53P1)(a)!0 32:1 � 0:3 18:0� 0:2 � 51:4 � 0:4!0x0 0:99 � 0:01 0:37 � 0:01 � 0:6� 0:01259:7 � 5:0 1170:8 � 10:0D0 176�5(d) 218.9�5.0 1171:6(e) 1101 � 10259:0(
) 1171 � 7:3(f)!e 33:1 � 0:6 18:3� 0:3 � 52:3 � 0:5; 50:7(g)!exe 0:99 � 0:01 0.37 � 0:60 � 0:01; 0:6(g)276� 5 227:9 � 5:0 1196 � 10 1127 � 11De 192� 18(h) 152� 15(h) 1197:5 � 8:9(f) 1086� 40(g)988 � 41(h)�R [Å℄ � +0:05 � 0:01 � �1:19 � 0:014:28(h) 4:41(h) � 3:02 � 0:05(i)Re [Å℄ 4:21 � 0:05(i) 4:26 � 0:05(i)�00 � 30696:8 � 1:0(a) � 29744:1 � 1:0Tvib [K℄ 70 70 � 30D0 � 30915 � 5 30915 � 5 �vD 16 24 59(f) 42C006�106 [
m�1Å6℄ 1:437(j); 1:922(k) � � �����������(a)From the �best �t� of simulated spe
tra and from B�S analysis;(b)From �hot� bands of the B1 X0+ transition with assumption of a Morse potential;(
)From LR�B analysis, Refs. [15, 16℄;(d)Ref. [2℄;(e)Eq. (5);(f)From GvNDE program, Ref. [20℄;(g)Ref. [1℄;(h)Ref. [3℄;(i)Cal
ulated using 
orrelation method and �Re from the �best �t� of the F�C fa
tors;(j)Cal
ulated using S�K formula, Ref. [19℄;(k)As in (j) but obtained with an aid of 
orre
tions proposed by Cambi et al. [18℄.Polarizablities �Cd=49.7 au and �Xe=27.3 au were taken from Ref. [30℄ and Ref. [31℄,respe
tively.
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terisation of the X0+, A0+ . . . 2299transition), and an estimate for the C 06(A0+) vdW 
onstant. We evaluatedthe latter in a semi-empiri
al way from the work of Gry
uk and 
oworkers
ited in Ref. [22℄, whi
h reports experimental results for �C6. A

ordingto these authors �C6 = C 06(B1) � C 006 = 150 au. We took our ground-stateC 006 
oe�
ient from Table II and, therefore, as an input value we tested theC 06(A0+) in the range from 540 au to 620 au. We obtained the best resultfor C 06(A0+) � 580 au (i.e., 2:9 � 106 
m�1Å6). The results of GvNDEanalysis are listed in Table IV. They are 
onsistent with the result of thelimited LR�B analysis. The disso
iation energies are about 6% larger thanthose obtained using the B�S method. It is easy to see that all the valuesare in good agreement and they yield the same value for the ground-statedisso
iation energy. 4. Con
lusionsTwo independent experiments have been performed to 
hara
terise forthe �rst time the B1 ex
ited and X0+ ground states as well as to 
orre
t
hara
terisation of the A0+ ex
ited state of CdXe mole
ule. Table IV 
olle
tsall results obtained from the analysis of the CdXe ex
itation spe
tra relatedto both mole
ular states 
orrelating to the 53P1 Cd-atomi
 asymptote. For
omparison, it lists also results reported in Refs. [1�3℄. The su

essful 
har-a
terisation of the CdXe ground state 
ompletes the des
ription of the CdRGfamily. Taking into 
onsideration the ground-state disso
iation energies ofall mole
ules within this family, we may arrive at interesting 
on
lusions asit was shown in Ref. [8℄. If we plot the D00e values for various CdRG 
om-plexes versus polarizabilities of the RG atomi
 partners we obtain a lineardependen
e with a well de�ned slope D00e/�RG as it is shown in Fig. 6.
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Fig. 6. Disso
iation energy, D00e , plotted versus RG polarizability, �RG.
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h a dependen
e has been observed previously [8, 21℄ and it may be ex-plained partially on the basis of a simple theoreti
al des
ription of the dis-persion intera
tion within a London�Drude model of vdW 
omplexes [8,23℄.We believe this empiri
al result expresses a general property of mole
uleswithin whi
h neutral atom�neutral atom intera
tion is in e�e
t only, and itmay be a useful tool for estimation of an unknown bond strengths withinother families of vdW 
omplexes of su
h a kind. We 
onsider this behaviourto be also true with respe
t to the ZnRG [21, 23℄ and HgRG [23, 25, 27℄families of vdW mole
ules. To support this statement, we refer to Fig. 6.It 
an be seen that the CdKr disso
iation energy, as reported in Refs. [1,5℄,shows a 
onsiderable departure from the linear dependen
e. We examinedthis dis
repan
y very 
arefully, repeating previous investigations using bet-ter experimental tools, and we were able to show [9℄ that the ground-statedisso
iation energy of the CdKr mole
ule was most probably erroneouslyevaluated in the past. Our 
orre
ted value of D00e (CdKr) is 
onsistent withthe value of 67.6 
m�1Å�3 de�ned by the slope of the graph in Fig. 6.A theory of dispersion-for
es [26℄ lead us to a 
on
lusion [8℄ (whi
h appearsto be 
orre
t for the 
ase of the CdRG and ZnRG mole
ules) that the R00eequilibrium internu
lear distan
e of the vdW 
omplexes is de
reasing slowlyas the RG atom be
omes heavier. However, this observation seems to failin the 
ase of the HgRG mole
ules [23℄. This may suggest that some more
ompli
ated me
hanisms of intera
tion are to be involved. Indeed there isa possibility of some ioni
 intera
tion of the outer ele
troni
 shells and thepositively 
harged atomi
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