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Electronic structure of the CdKr lowest Rydberg state determined from laser-excitation spectra
using supersonic beam and double optical resonance methods
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The lowestE 32*(6 3S;) Rydberg state of the CdKr van der Waals complex was investigated using
supersonic-expansion beam and the optical-optical double-resonance methods. Well-defined vibrational levels
AZ0",_o(%) andB *1;,_,(3*) were used as intermediate states being excited fronXthe'(XS*) ground
state. Two types of bound-bound excitation spectra ofBf&*— A 30" and E 32*—B 31 transitions were
observed and recorded. The analyses of the spectra suggest an existence of two, well-defined minima in the
E 3Z*-state potential-energ§PE) curve: an inner PE welE; with D)(E;)=1656 cmi* and an outer welE,
with D(E,)=27 cni?, separated from each other by a positive-energy barrier. Combination of bound-bound
spectra excited from different intermediate states enabled probing & #g-state potential in a relatively
large range of internuclear separatioRsand hence it led to a complete determination of spectroscopical
parameters of th& 3% *-state PE curve. The height of the barrier and its approximate location were also
determined. The experimental results of this investigation coincide well with the resalbsioitio calculation
of Czuchaj and co-workerg&Chem. Phys.248 1 (1999; Theor. Chem. Acc.105 219 (200D)].
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I. INTRODUCTION resonance(OODR) method using two intermediate states

30*(3 31 (35+
In recent papers by Czuchaj and Stdl] and Czuchagt A 30 +( 1I) and B *1( E ) tlo gxp|>lo|re th? strucltur(T of the
al. [2,3], the authors report on results alb initio calculation E “X"-state PE curve in relatively large interval valuesrof

— Earlier, in a similar way Okunishi and co-worke,7] in-
on CdRG and HgRARG=rare gas atomvan der Waals vestigated the HgNe and HgAr complexes in ft& mo-

(vdW) -complexes. They obtained potential-ener¢yE) lecular state which asymptotically correlates with théSy

gurves and speciroscopic parameters of ”;e molecular groungy atomic level. Though their experimental results were ob-
and several excited states includifig” and'X", the lowest ;i prior to theab initio calculation of Czuchaj and his

Rly dberg states asymptotically cor_relating with thig; and co-workers, nevertheless they also show a very good agree-
n S [Cd (n>§),Hg (n??)] atomlc- asymptotgs, TeSPEC- ment with the latter. For the heavier RG atomms., Ar, K,
tively. Theoretical predictions regarding the excited-state pozpq X8, according to Refg1-3], the interatomic PE curves
tentials are in great demand among the members of the comp ey 1o become strongly attractive with decreasing value
munity of experimental spectroscopy. Czuchaj and cout R The strength of the bonding increases rapidly while
Workgrs[l—_fﬂ] seem to fuIﬂII_these demands with respect togoing from Ar, through Kr, to Xe. This effect is strongly
the diatomic clusters mentioned above. They have clearly, nhorted by the experimental results of earlier studies per-
shown that theigb initio calculated Rydberg-state PE CUIVeS tqmeq in this laboratory8]. Furthermore, according to the
of CdHe and HgHe are entirely repulsive. However, in casey, initio results the potential barrier becomes smaller when
of CdNe and HgNe complexes the curves should displayqing in a sequence of molecules frdvhAr, through MKr,
well-defined energy barrie(as they call them humpswhile to MXe (M=Cd or Hg. However, the heights of the barrier

approaching smaller internuclear separation vaResiter- decreases and converts gradually into an outer shallow mini-

estingly, these barrier; transform into shallow r.ninima.at Yelhum which eventually vanishes, reaching the dissociation
shorter values oR, while the whole PE curve lies entirely . o yet larger values oR. A similar conclusion, with

above the dissociation limit correlating with the atomic aS-respect to the shape of tHE*(7 3S,)-state PE curve in
ymptotes. The success of thb initio reSl.JltS becom‘?s quite HgAr, was drawn for the first time by Duvat al.[9,10], and
e"'de’.‘t if a total agreement of theo_r etical _pred|ct|_ons W'thit was based entirely on experimental observations and simu-
IexE)henmental Iasztar-spectroscggnﬂnd|gg§§]A|s rg\(/avntlone?. lations of the spectra. All of the above studies reveal a real
“? the i\;elryv\rlec:frg 3%%?2? o)n R dbe ran at r|\</ rcokrinp sgeﬁomplexity of the seemingly simple nature of the vdW bond-
1€l lowes Sy Ry €rg state, roperski a ing, especially that of the excited states. The PE curve of a
Czajkowsk|[5_,6] corrobora.ted qualitatively, and to great ex- vdW diatom is in fact very difficult to predict because of a
tent quantitatively, theoretical results of .Re[f$,2]: The ex-  |apile balance between the repulsive overlap forces and the
periments were based on the optical-optical do“ble'multitude of attractive forces involved1,12
This paper reports additional results of our systematic
studies which were undertaken recently in this laboratory on
*Email address: ufkopers@cyf-kr.edu.pl the CdRG complexes in their lowest Rydberg states. The first
"Email address: mczajko@uwindsor.ca two papers were related to the CdNg and CdAr[6] com-
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FIG. 1. Potential-energy curve of ttie3=*(6 3S;) lowest Ryd-
berg electronic state of CdKr resulting fraab initio calculation of
Czuchaj and Stol[1] (full circles). Wide arrows represent a range FIG. 2. (a Excitation spectrum of the (Ey),
of laser excitation from theA %07,_, and B 1,.-; intermediate A%0?,_J[ X 07_] transition recorded using the optical-optical
states to the/’ levels in the inner(E,y) and outer(E, see inset  youple-resonance methog) Calculated Franck-Condon factors
wells, respectively. for the (Ey),» <A %0;,_, progression with an assumption that both

potentials are represented with Morse functions. Molecular con-
plexes, while in this paper we report on the investigation ofstants(used hergare those determined in this stu¢fable II).
the CdKr moleculg(using the OODR approaglexcited to

the +E 33+ staEe via two +d|fferent lntermed|ate states: garnej laser(YG661-10, Quantgl The dye-laser output was

A 20}, X 10,5l or B®1,_[«X'0,,_]. As a result, frequency doubled(range 3258 A-3273 Ato excite a
well-defined bound-bound and bound-free spectra were obtmaximum number of the CdKr molecules from tKe'0}_,
served. Figure 1 presents the PE curve of Bh&E™ state in ground to theA 30:,,:9 or B 31,,_, intermediate levels. The
CdKr resulting fromab initio calculation of Czuchaj and primarily excited molecules were irradiated with a second
Stoll (full circles) [1]. The wide arrow on the left-hand side pise from an in-house-built nitrogen-laser pumped dye laser
indicates a range of the laser excitation to théevels in the (range 4790 A—5130 A The second pulse excites the mol-
inner £, well (for the sake of clarity we denote, andE; as  g¢yles to thes' levels in theE 35+ state. A delay between the
the inner and outer wells of the sarBe’>" electronic state, two dye-laser pulses was varied between 20 ns and 50 ns to
respectively. 1t leads to an excitation spectrum originating ensure an efficient excitation in the process. The laser-
from the A °0,,_, level. An inset in Fig. 1 shows the long- induced fluorescence signal was observed perpendicular to
range part of théE 3=*-state PE curve revealing certain de- the plane containing the molecular and laser beams and was
tails, i.e., the potential barrier and outBs well that may  detected with a Hamamatsu R2496 photomultiplier tube
accommodate/ levels which, if excited from th@ 31,.-;  (PMT) shielded from an intense first-step excitation radiation
level, may lead to a separate excitation spectrum. The advalyy an UV-absorbing filter. The molecular-beam source was
tage of such an exploration is evident: if we take into accounbperated at a temperature 920 K which corresponds to the
that the locations of the PE minima of the two intermediatessaturated Cd vapor pressure of 160 dr5]. Further details
differ considerablyfi.e., Ri(A %0*) <R!(B %1) [8,13,14, the  on supersonic beam experiments can be found else-
probing of the Rydberg-state potential can be performed in avhere[16].
more detailed way over a large intervalRf Different meth-

ods of analysis of the recorded spectra were employed in

order to obtain a reliable characterization of two bound re- lll. RESULTS AND DISCUSSION

gions of theE 3=*-state potential-energy curve. It has to be A Excitation spectrum of the (E,), «—A 30%,_, transition
noted at this point that th& 33 *state (Hund’s case pis ! V=
degenerated with respect to the valuestf1,0 (Hund’s
case ¢ as shown in Refq.1,2,10Q.

Figure 2a) shows the excitation spectrum recorded at the
(Epy <A 30:,,:9 transition. A total of 24 vibrational compo-
nents in the range 4780 A-5140 A were observed. As we
shall see below, a further analysis will justify oarpriori
assumption that the’ =23 component, i.e., the apparent blue

The arrangement of the apparatus used in the OODR esedge of the spectrum, is not yet a dissociation limit of the
periments was reported previou$,6]. In the present paper molecule in theE 33* state. The limitation originates rather
we describe only the most important and relevant modificaas a result of the Franck-Cond@RC) principle in the exci-
tions which were employed in the recent studies. The CdKtation. The component of the longest wavelength observed
molecules produced in a supersonic-expansion beamier-  was tentatively assigned to thé=0«v"=9 transition. The
gas mixture of 20% Kr in He, Praxair Canada hnheaere  assignment was confirmed in further analysis and simulation
irradiated with two successive laser pulses. The first pulsef the spectrum. The choice of th&¢=9 level as the inter-
was generated with an in-house-built dye laser pumped witihediate was motivated by a large FC factor for the initial
a second-harmonic output of N&YAG (yttrium aluminum A 30],_s« X '0;_, transition [13], and hence it ensured a

Il. EXPERIMENT
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high production yield of CdKr in the chosen level. The prob-  TABLE I. The wavelengths in aif\,;+0.05 A) and frequencies
ing radiation (second laser pulseexcited the (E;),,  in vacuo (mact0.2 cn?) of the (Ey), —A °0;,_4 transition in
levels which decayed to thé\ %0%(53P;), B 31(5°3%P,;), CdKr.

a307(5°%Py), b32(5°%P,), c31(53%P), and d307(53P,)

lower electronic states emitting detectable fluorescence. A v Nair (R) Wac (cm™)
large 1pzzrt of the bound-_free de_cays to the repulsive part of 0 5126.50 19 501.0
the X “0" state(after the first-excitation procesgroduced an
UV radiation which had to be prevented from entering the L 5103.45 19.589.1
PMT (see Sec. )l As seen in Fig. @), the spectrum is 2 5081.30 19 674.5
affected by a broad, noiselike, background observed mostly 3 5060.55 19 755.2
between the/ =11 andv’' =19 components. It seems that the 4 5049.00 19 835.7
inelastic collisions of the molecules in tlﬁe30:,,:9 level with 5 5020.15 19 914.2
He carrier-gas atoms may cause a significant population of 6 5001.00 19 990.4
neighboringyv” levels and consequently lead to the observed 7 4983.00 20 062.6
phenomenon. Indeed, a closer inspection of the components g 4965.30 20 134.1
profll_es suggest also a high rotatlonal_te_mperat_ure in the ex- 9 4948.20 20 203.7
pansion beam. The phenomenon of similar collisionally pro- 10 4931.70 20 271.3
duced “ghosts” vibrational components and their relation to : :
the parameters of expansion of the beam has been studied in 11 4916.50 20 334.0
detail and discussed elsewhgfg17,1§. In our present ex- 12 4902.25 20 393.1
periment, a total of 28 vibrational components were recorded 13 4888.40 20 451.0
and examined to determine tle3>*-state potential param- 14 4874.70 20 508.3
eters. Some additional components were observed by prob- 15 4862.50 20 560.0
ing the_El yvell from the B 31,.-, level as presented in a 16 4849.60 20 610.1
dlbscussgn |tr)1 St('ac. I:I C. All Wav;elengt?stagq fr_le_qll)JIenlues of 17 4839.00 20 657.0
observed vibrational components are listed in Table I. 18 4829 10 20 703.0
o . 19 4818.00 20 749.0
B. Characterization of the E; potential-energy well 20 4808.20 20 791.0
1. The depth of the E potential-energy well 21 4799.25 20 830.0
We began our analysis of the spectrum shown in FHig) 2 22 4791.40 20 865.0
with an assumption that it represents tt®), <A °0;,_, 23 4784.00 20 897.1
progression and its first component at 512636€orresponds 24 4777.18 20 927.3
to the 0—9 transition. Applying the Birge-Sponé€BS) [19] 25 4770.76 20 955.8
method to the results collected in Table | we obtained a plot 26 4765.18 20 980.3

[AG(v' +1/2) againstv’] shown in Fig. 3. A so-called 27 4759.80 21 003.P

“short” extrapolation of the linear part of the plot is consid- _ — _ _

ered a safe and reliable way to obtain the values of fundaf\/alues corresponding to wbrgtlonal banq_s observed in the excita-

mental frequencywy=90.0 cnt) and anharmonicity w{x; Esn spectrum OLtth.éEg“'l; B d(}."”zl transition. A

=1.25 cm?) by means of the BS methof@0]. Within the requencles gotained By a_ ing an incrementaof,, g,
. . - ; . =152.3 cm? to the frequencies of the observed baridee Sec.

validity of this method the following approximations are al- Il C1 and Fig. 4

lowed and usedu(x|= weXy, we = w|+ w(X,. Based on these o

evaluations the dissociation energy of the molecule in the o ) ) .

E 35+ state of the inner well was found with a vali, limit _Ddiss=21 12'7 cmY) is shoyvn in the inset of Fig. 3. The

=1620 cnil. Second, a “long” extrapolation towards the DissiS related directly to th®,(E,) [21]:

AG=0 yielded a limiting value of a vibrational quantum / N _

number 1,=36. The linearity of the BS plot has been Do(E1) = Daiss ™ voo, @

strengthened to some extent by several vibrational compawhere vy is a frequency of the 8-9 transition from the

nents recorded in the excitation spectrum of tt8), A 30" state to theE; well. Using vge=19 501.0 crii* (Table

B 31,,-, transition(open circles in the linear plot of Fig. 1), Eq. (1) yields D{(E;)=1627.0 cri, which coincides

3, and see also the discussion of Sec. )l Therefore, the well with the result of the BS analysis. This additional

applicability and reliability of the BS method for the data processing of our results by means of the LRB method

analysis have been also strengthened. Besides the BS analyas performed for a simple reason: to test reliability of

sis, a LeRoy-BernsteilLRB) method[21,22 was applied. our experimental data. It seems reasonable to assume that

The method and criteria of its applicability in particular casesboth methods when applied, as in this case, to similar

of MRG vdW moleculegM=metal atoms of the 12th group Morse’s potentials involved in the spectrum producing

of the periodic table of the elemeiptare presented in detail transitions (with adequate number of vibrational

elsewherg16]. A result of the LRB analysig¢a dissociation components—as required by the applicability rijabey
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FIG. 3. Birge-Sponer plot of the’ progression recorded in the
(El)v,HAg'OZ,,:g (full circles) and (E;),,—B 31,.-; transitions 30856
(open circles Insert shows LeRoy-Bernstein plot for tig inner
well of the E 3%+ state. Extrapolation of the points closest to the — Yy 5°P4 (30656,
dissociation limit determine a value of theys For both plots . = E
frequencies listed in Table | were used. K Dg'(A0%)- G¢'=247.3
30456 A v"'=9 (Gé'=275.7) ..................
should reproduce the same molecular parameters within a
reasonablgand tolerablg interval of deviations. Devia- 30256 -
tions or small differences in numerical estimations may be | v..)\
due to slight differences in interactions assumed in the  3p056 . : . ; i
application of the methods. The results seem to justify our 2 3 4 5 6 7 8 9 10
reasoning as being evidently true in this case. R (A)
2. Simulation of the excitation spectrum ofE,), A *0,- FIG. 4. Potential-energy curves of tfe 32" Rydberg state
transition (solid line, this work as well as twoA 30" (solid line, [13]) and

those for the intermediaté 30* state [13] were used to of Czuchaj and Stoll1] (open circlegfor the Rydberg state are also

: X . S .
simulate the excitation spectrum of tHE,), — A 302//:9 presented. Construction details of the potential barrier ir&i&

state are show(the range ofJ, as well asv’ =27 is illustrated with

transition. It was assumed that both states are described l%yhorizontal bax Values of various energy differencés cni ) and

Morse potentials. This assumptlo.n is justified by the fact thaFnternuclear separationgn A) that are discussed in the text are
in the present paper, as well as in Rgf3], the BS method  epjcteq.

shows a strong linear dependencyAds vs v in a region of

v/ andv/’, thus contributing to the spectrum simulated in the bl tisfact Al th lecul " b-
discussion presented here. The “best fit” was obtained using 2>onavly: satistactory. € molecular parameters o
frequency of the ©-0 transition with vpy=19 776.7 cr ined as a result of this study are summarized in Table II.
Voo Was evaluated by adding to the observggla term value
Go(v¥'=9)=275.7 cm?, which is an amount of energy com-

pensating the difference between the vibrational levels of the Eyistence of a potential barrier and its experimental proof
initial electronic state. Figure 4 illustrates clearly rationality seem to be an important question in view of the resultatof
of this procedure. Several trials with othey, values were jnitio calculations[1,2]. We approached the problem by es-
not successful. T_herefore, we accep_ted. the original assUMBPmating the depth of theE; well using our experimental
tion of the/ assignment. The best fit yielded also a differ- resyits as well as the appropriate atomic values generally
ence of the equilibrium internuclear separatichR.  accepted in atomic spectrosco@B). First, we evaluated the
=R4(A %0")-R}(E;)=0.35+0.05A. It is worthwhile to men- D{(Ey) by employing the atomi¢23] and molecular13]
tion that a theoretical\R{' value (AR{'=0.40 A [1]) coin-  gata as well as different methods of analysis. UsiggE,
cides very well with the obtained result. This indicates that_ p 39+) and values of the 30*-state potential parameters
the minimum of theE; well is shifted towards shorter values o .alculated vibrational tery(v) [24]

of Rwith respect to theé 20*-state PE curve. Sind&.(A 0%) ’

is well known and accepted 3], therefore our result for the , , o

equilibrium internuclear separation in PE wé&l is R}(E;) Go(v") = wov" — wXv", 2
=2.99+0.05 A (note again thaR."(E;)=2.91A according

to Ref.[1]). In Fig. Zb) a simulated spectrum is shown and and for v'=9 obtainedGy(v'=9)=275.7 cmi*. Employing
compared with the experimental results. The comparison igtomic data of Ref[23], we arrived at

3. Potential barrier in the E3S* state
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TABLE Il. Potential parameters of CdKr in th¥ 0%, B 31, A 30*, C 11 andE 32" (inner well, E;)
molecular states. All in ciit unless stated otherwise. NadR,=R.-RY..

X otz A 20*(3I0) B 31(3=%) C 11(10) E 3=* (inner well)

wo 17.6 36.3 9.1° 58.0% 90.0+1.6
we 18.12 37.¢ 9.3 58.9" 91.0+1.6
15.8 36.1° 9.7 48.8'
OXe 0.5¢% 0.63 0.2¢% 0.85" 1.25+0.0f
Do 155.6% 523.0° 104.6' 1060.6 1620.0+6.6
1627.0+8.6
De 165.G' 541.¢' 112.6 1090.6¢ 1656.0+3.6
134.¢' 535.0' 109.2 843.0' 1837
112.¢
ARy(A) 0.9 -0.57 1.1658 0.35+0.0%
0.3¢
Re(A) 427 3.34 497 310 2.99+0.0%
4.4%' 3.3¢ 4.7¢ 314 2.91°
4.97
Y00 30 287.8 30 706.? 42 787.6 19776.7+2.b
U 18 29 23 35 36°
42"
Dyiss 30 811.6 30 811.6 43 847.8 2112.7+6.0
Co(cm™ A®) 1.2x 10° 1.5x 10° 1.7x 108 2.45x 10°
*Referencq13].
bReference[14].

“This work, BS plot.

dAb initio calculation, Ref[1].

®This work, Eq.(1).

"This work, simulation of théE;), —A 30:,,=9 spectrum.
9This work, vgg=vog+ Go(v'=9) [see Eq(2)].

Mhis work, LRB analysis.

Avg= 1,46 3S) - vy(53P;)=20828.0 criit.  (3)  may approachwith its long-range brangha top of the bar-
rier separating the inner well from another, e.g., outer well

From the relationship E, as shown in Fig. 1see the insgtand also in Fig. 4. In the
o s ) latter case such an energaydiffer from theestimated one
Avg+ Dg(A *0%) = Go(v" =9) = wpe+ Dy(E1),  (4)  As seen from the numerical evaluations above, the estimated

o 3 dissociation energy differs considerably from that obtained
wherevge andDy(A “07) were taken from Table | and from  from the BS and/or LRB plots. The difference amounts from
Ref. [13], respectively, weestimateddissociation energy 45 cnl to 51 cnit above the atomic Q6 33)) asymptote.
Do(Epesin=1574.3+10.0 cm. As it has been already \we assigned this difference to the existence of a positive
mentioned, using BS plotFig. 3 we obtainedDy(E1)ss  barrier as predicted in Reffl,2]. There is however a second
=1620.0+6.0 cm" while from LRB analysis[an inset in  way (which should be explored for the sake of the reliability
Fig. 3 and Eq.(1)] a value ofDgss leads toDy(E))ire  of the estimation methgdto define and ultimately to esti-
=1627.0+8.0 cm. mate the numerical value of the barrier. For example,(By.

It has to be stressed th&@ty(E)esim is Obtained on the describes the dissociation limit at the atomic asymptote as
basis of well-accepted atomic and molecular data, and weéhe Av,. The same energy difference can be expressed using
havealso silently assumethat the dissociation limit of the experimentally evaluated molecular parametéys, = vyq
E, PE well coincides with the 8S; atomic asymptote. We —[D}(A 30%)—Gy(v"=9)]+D{(E1)gs=20 873.7 crt. Obvi-
expect that in this particular case the estimated energy shoulslsly, A7,.> Av,, therefore, we defined),=A7,—Av, as
be the same as that obtained from molecular spectra. On thge height of the barrier in thE 33" state.U, is measured
other hand, the BS as well as LRB methods lead to values dfom the 63S, atomic asymptotésee Fig. 4 and numeri-
Dy(Ey) as an energy defined from the=0 vibrational level  cally U,=45+10 cm™. In the following section we shall dis-
up to the dissociation limit. It totally disregards a configura-cuss an excitation spectrum originated from the oiler,
tion or a shape of th& 3 *-state PE curve whicmay ap- B 31) intermediate state. Its interpretation leads to a height of
pearas a smooth molecular-to-atomic-asymptote curvé or the barrier as 40 cd<U,<45 cni’. On the other hand,
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TABLE Ill. The wavelengths in aifA,4;#0.05 A) and frequen-
(Erdyazr B3 ey ciesin vacuo (ryact0.2 cni?) of the (E,), < B 1,-; transition in
CdKr.
V=87654 32
A T I I A B I | , 1
v Nair A) Pyac (€M)
N @)
0 A I(b.) 0 4792.80 20 858.9
5 ]\ 4T85 aisT 4189 4791 4793 1 4791.95 20 862.6
5 26 25 24 23 22 21 20 19 18-1 2 4791.15 20 866.0
5 I ! ! ! 3 4790.45 20 869.0
4 4789.85 20 871.6
5 4789.35 20 873.9
(a) 6 4788.90 20 875.9
M TN e
4770 4790 4810 4830 4850 4870 o
probe laser wavelength (A) parameters. A spectrum shown in Figapspans a spectral

o range of approximately=100 A (4770 A—4870 A and it
FIG. 5. (3 Excitation spectum of theE, —B *Ly-1 ends at the blue side with a distinctive structured “head” that
BZJEleo_vrzfgo:]r;‘;‘cs'et'%”etﬁgga'gﬁg Sbyecrzﬁﬁqnioﬁfsi;?:Ogg;‘cjg"rog_'cal appears to be wider than the rest of the spectral components
' P g (see inset in Fig. b The spectrum can be explained with the

sions: (E;),, < B 31,,-; and (E,), —B %1,.-; (see also insgt (b) . -
Franck-Condon factors calculated for the te/gprogressions based help of PE curves drawn in Fig. 4. Due to the restriction of

on an assumption that all potentials are represented with Mors'€ FC principle, the highest vibrational level observed in the

functions using constants determined in this studiables 1I  E1 well is that with»’=23. It can be seeas suggested in
and V). Fig. 4) that when the excitation process starts frBm1,_,,

the feasibility of excitation of higher levels in thg, well

the ab initio calculations[1,2] yield a considerably smaller May increase and ultimately a level as highvas27 can be
positive value of the barrier withtU"~9 cnr™. Conse- excited. When the probe-laser frequency reaches the limiting
quently, based on our study we may draw a conclusion thatalue and excites the vibronic level wittf =27 in the E;
an existence of the positive barrier in the PE curve of thévell, it also enters simultaneously into the region of a bound-
E 33" state has beequalitatively confirmed. free excitation. This phenomenon has been also previously
observed in the analogous CdNe and CdAr spef3té].
Indeed, the shape of the wide band, divided by a very sharp
) ] ) dip betweens/’ =26 andv' =27, shows distinctly what can be

In %rd+er to gain more information about the structure Ofjnerpreted as the Condon internal diffraction pattern in ex-
the E "X"-state PE curve we also probed the excited stat@jation, |t is commonly understood as a projection of a vi-

; 3 , , 3
using theB 1v_’;1 as an intermediate. JhE"’ ‘_ﬁf 10”:1f brational wave function of the”=1 level onto a repulsive
excitation provides an opportunity to observe different €3 a1t of theE %S *-state PE curve in the region of tiig well.

: 3g+ . . .
tures in thek °>"-state poten_tlal otherwise not poss_|ble |t results as a spectral trace of a continuum with characteris-
detect in the former exploration. Indeed, the large Internuy, . dulatory nodal structurg4—7]. However, the probe-
clear equilibrium separation (B 31)=4.97 A[14] makes y ' ’ P

. laser frequency can also excite the densely spaced vibrational

theB *L-state PE curve fIaF and long ranging as it is seen MNevels in the E, outer well. These two effects contribute
Fig. 4 represented by full circles. The FC overlap of Enél eventually to a final shape of the observed band. In the

. . 3 + .
and theo_retlcally predlcteﬁ 2" [1,2 states prow_ded an analysis of the spectrum, this new structure was indeed iden-
opportunity for an explora_tlor_1 of the Rydberg state in aW'dertified as series of vibrational bandsee Table Il for their
range ofR values. An excitation spectrum from tige31,,_,

: - o frequenciep belonging to the outer well theoretically pre-
is shown in Fig. Ba). Observed vibrational bands result from . Fi h he BS pl hile the |
the (E,),, —B 31, transition and all of them can also be dicted. Figure 6 shows the BS plot, while the inset presents a

) L ] At result of the LRB analysis. Both procedures lead to nearly
assigned to the vibrational bands of th€), <A 0,g  the same value db}(E,)-dissociation energy and yield a set
transition shown in Fig. @). The assignment can be per- of spectroscopical parameters for tBewell (see Table V.
formed by adding to each of the, ,,—; frequencies recorded sing these parameters and those of Table II, we were able
at the (Ep,«B?3l,., transiton a difference of i simulate both(E,),, — B 31,.-; and the(E,),, — B 31,.-;
Av(p,_s8,.)=152.3 cm' as shown in Fig. 4 and in a foot- excitation spectra. The result of the simulation is shown in
note of Table |. Therefore, probing of the3S* state via the  Fig. 5b). In the simulation, Morse representations were as-
B 31 state yields four additional vibrational bands which be-sumed for bothintermediate and Rydberg statgmtentials
long to theE; inner well. Those additional frequenciésee  as it is well justified for all PE curves presented in this work.
Table l) improved the accuracy of the BS and LRB analysesThe simulation seems to represent all the experimental spec-
(see Fig. 3 and, hence, the accuracy of the final moleculartral traces in a satisfactory way.

C. Excitation spectrum of the E,, «—B 31,,-; transition
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FIG. 6. Birge-Sponer plot of the’ progression of theE,),,
B 31,,-, transition. Inset shows LeRoy-Bernstein plot for the
outer well of theE 3+ state. For both plots frequencies listed in

Table Il were used.

20890

D. Comparison with results of ab initio calculations

The simulation procedure described in Sec. Ill C1 gener
ated the value oR.(E,)=5.90+0.05 A for the location of the

PHYSICAL REVIEW A 69, 042509(2004)

and is indicated by open circlg¢&]. The experimental depth
of the E, well, D/(E,;)=27 cnT?, is comparable with the re-
sult of Ref. [1] which yields D."(E;)=32.4 cm?, but the
value of R}(E,) shows a striking difference with respect to
the theoretical valu®R,"(E,)=7.4 A [1]. Indeed, it is rather
difficult to imagine (in our opinion vibrational transitions
(obeying the FC principle with adequate transition probabili-
ties) launched from thé 31,,.-,, to v’ levels of theE, well at
this particular shape of PE curve with the vaIueRﬂ‘(Ez)

as calculated. Obviously, the location of tBg PE well may
have an influence on the position of the barrier in Eh&>*
state. An estimation of this work locates the barrierRgt
~4.63 A which should be compared with theoretidf
=5.03 A[1].

E. Remarks on theE 3=* Rydberg-state potential

The PE curve of the Rydbei 3=+ state shown in Fig. 4
was constructed using two Morse representations following
the construction method suggested in H&{. and in some
recent studies reported from this laborat¢gy6]. We also
employed all experimental parameters of teandE, po-
tential wells presented in Tables Il and IV of this paper. The

minimum equilibrium separation within the outer PE well. In 44 pje-well potential suggestion seems to be a rational rep-
Fig. 4 this result is compared with that of Czuchaj and Stollyesentation of th& 33+ state. It means that at long distance,

TABLE V. Potential parameters of CdKr in tHe 3=* molecu-
lar state(outer well,E,). All in cm™ unless stated otherwise. Note

AR=R-R;.
E 33" (outer wel)?
w} 3.9+0.1%
wl 4.1+0.18
wlx, 0.170+0.008
Dy 22.4+2.0
25.0+2.0
D, 25.0+2.6
27.0+2.6
32.4
AR, (R) -1.10+0.08
-2.3¢
R (A) 5.90+0.08
7.4¢
Vour 20858.9+2.0
20868.0+2.0
vh 11.5'
15°
Dljiss 20884.0+2.6°
20893.0+2.0
Cq (e AS) 11.3x 0%°

*This work, BS plot.

PThis work, LRB analysis.

“Ab initio calculation, Ref[1].

“This work simulation of theE,),, B 31,,-; spectrum.
®This work, defined fronB 31,-.

"This work, defined fronB 31—

e.g., atR>4.60 A, a weakly bound vdW complex is formed
as a result of a dispersion interaction between the5C8,)

and Kr atomgsee discussion in Ref16)). It is reasonable to
assume that thestorbital of a Rydberg electron extends out
as far as it is able to initiate a repulsion of the electronic
cloud which hinders the approach of Kr atom at a distance
that eventually leads to an equilibrium R{=5.90 A and a
barrier at a distance of approximateR,=5.6 A. On the
other hand the reports of authors on HgAr molecule in its
Rydberg statg4,7,9,1Q are consistent with explanation re-
garding the origin of the inner PE well. They assumed that it
should be attributed to the attraction between the Hg-Ar
ionic core (presumably acharge-charge-induced dipole in-
teraction and the 8 electron mostly outside the Ar atom. A
general similarity between the ground-state CdKr studied
here and the case of HgAr molecule may lead to some specu-
lations about a similarity of interaction in the excited states.
As an example, to some extent justifying such speculations,
we summarizedTable V) the main molecular parameters of
two types of vdW molecules: CdNe, CdAr, CdKr, and HgNe
as well as HgAr in their lowest Rydberg states. The first three
molecules have been investigated in our laboratdryg],
while the last two have been reported elsewhéer&,9,10.

The regularities in numerical behavior of the molecular pa-
rameters of these two families of molecules seem to be strik-
ing, but we are convinced that this is all we can say at this
point and that no more speculations should and can be al-
lowed, nor drawn at the present level of our knowledge about
the CdKr cluster. We do not have unfortunately any stronger
arguments at this time but we tend to believe that the attrac-
tion within the E; well in CdKr molecule may indeed corre-
spond to that of a Cd-Krionic core system with the 6
electron mostly outside the Kr atom as suggested for HgAr.
Therefore, the interatomic potential of the Rydberg state, if
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TABLE V. Potential parameters of CdNe, CdAr and Cdir=6) as well as HgNe and HgAmM=7)
molecules in theéE 3=*(n 2S,)) electronic energy states. Nog, inner well, andE,, outer well.

CdRG HgRG

CdNe CdAr CdKr HgNe HgAr
Designa-
tion = E, E; E, E, E, = E, E; E,
we (cm™)  56.6 107.1 4.4 91.0 4.1 61.6 112.0 4.3
weXe (1) 8.8 2.1 0.20 9.6 0.17 9.6 2.01 0.17
De (cm™) 91.0 1309.5 24.2 1656.0 27.0 98.8 1460.0 38.0
Ep, (cm™Y) 1321 48.0 40.0 153.0 22.0
R (A) 3.21 2.85 5.6 2.99 5.90 3.10 2.81 6.95

*This work and Refs|5,6].
bReference$4,7,9,1q.

expressed analytically, should be divided, as is suggested simulations of the bound-bound spectra proved that the PE
Ref. [4], into two parts: one partE;) which represents the curve of theE 33" state has a double-well structure. Charac-
ionic-core charge-charge-induced dipole attraction and a seteristics of both potential wells have been determined and
ond part(E,) which originates from the dispersive forces of compared with results aib initio calculations[1,2]. A rea-

the outer 6s electron of Cd and 4lectron shell of Kr. A sonable overall agreement of the experimental results and
position of the potential barrier should be related to the mostheoretical predictions is evident. Following the discussion

outer maximum of the $Rydberg orbital wave function. on the HgAr complex in itS=* Rydberg stat¢4,7,9,1Q and
due to its general resemblance to BES* state in CdKr

V. CONCLUSIONS molecule studied here, a shape of the Rydberg-state PE curve
' was explained on the basis of two types of interaction: long-
Excitation spectra of thE, « A 30:”:9, E,«B?3l,_,and fangevan der Waa[$orming+a weak bondand shprt ranged.
E,« B 31,._, transitions in CdKr van der Waals molecule of the ionic charactefCd-Kr") as charge-charge-induced di-

were recorded using an optical-optical double-resonancRol€e attraction which manifests itself by a relatively strong

method. TheE 33* lowest Rydber39 state was reached via POnd-

two different intermediate states, 0" and B 31, primarily

excited from the groun& 10" state. By choosing an excita- ACKNOWLEDGMENTS
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