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a b s t r a c t

Isotopic and rotational structures of the (t0,t00) = (13,5), (14,5), (16,5) and (t0,t00) = (0,1)–(6,1) vibrational
bands of the E3

R
þ  A3

P0þ and E3R+ B3
R
þ
1 transitions in CdAr, respectively, as well as the

(t0 ,t00) = (21,9) of the E3
R
þ  A3

P0þ transition in CdKr were investigated using free-jet expansion beam
and laser excitation. An optical–optical double resonance process was employed from the X1

R
þ
0þ to the

E3R+ Rydberg via the A3
P0þ or B3

R
þ
1 intermediate electronic state. The structure of the bands with

resolved isotopic structure was analyzed including their rotational structure. Analysis and simulation
of the bands provided values for vibrational and rotational characteristics of the states. The analysis
extended our previous low-resolution studies performed for the E3

R
þ  A3

P0þ and E3R+ B3
R
þ
1

transitions.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years spectroscopy of low-lying Rydberg electronic
energy states of 12-group MRg (M = Zn, Cd, Hg, Rg = rare gas) van
der Waals (vdW) complexes gained considerable attention. Studies
of ZnAr [1], CdKr [2], CdAr [3,4], CdNe [5], HgAr [6–8], HgNe [6,9]
performed using an optical–optical double resonance (OODR) and
free-jet expansion methods allowed exploring a structure of the
E3R+ (n3S1)-state interatomic potentials (n = 6 and 7 6 n 6 10 for
Cd and Hg, respectively) in relatively large range of interatomic
separations R. To facilitate the excitation process, two intermedi-
ate, A3

P0þ (53P1) and B3
R
þ
1 (53P1), electronic energy states were

employed. The findings for CdAr and HgAr were supplemented
by those of Bennett and Breckenridge [10] who investigated the
E3R+ (63S1) state using method of laser vaporization in a free-jet
expansion beam being a source of the b3

G2 intermediate state.
Recently, the interest in molecular Rydberg electronic states has

been revived in the context of two- and three-step photo-associa-
tion processes in magneto-optical traps [11,12]. Knowledge on the
complex shape of the Rydberg-state interatomic potential allows
designing the photo-association schemes for molecules and makes
the cooling processes highly efficient [13].

In theoretical articles of Czuchaj and Stoll [14] and Czuchaj et al.
[15], authors reported on results of ab initio calculations of inter-
atomic potentials of CdRg vdW complexes. They obtained poten-
tials and spectroscopic parameters of the molecular ground and
several excited states including the 3

R
+ and 1

R
+ lowest Rydberg

states correlating with the 63S1 and 61S0 atomic asymptotes,
respectively. Czuchaj and co-workers have shown that their
E3R+-state potential of CdHe is entirely repulsive. However, for
the remaining CdNe, CdAr, CdKr and CdXe, while approaching
smaller R the E3R+-state potential should display a well defined en-
ergy barrier. Interestingly, the barrier transforms into increasingly
deep minimum at yet shorter R while going from Rg = Ne to Xe.

In recent articles on CdKr, CdAr and CdNe in their lowest Ryd-
berg E3R+ state [2,3,5], Koperski and Czajkowski corroborated the-
oretical results of [14,15]. Those low-resolution experiments were
based on the OODR method using two, A3

P0þ and B3
R
þ
1 intermedi-

ate states to explore the structure of the E3R+-state potential in
large interval of R. Earlier, in a similar way Onda et al. [6] and
Okunishi et al. [9] investigated HgNe and HgAr in their E3R+ elec-
tronic state correlating with the 73S1 Hg atomic asymptote.
According to [2,3,5], heavier the Rg atom the E3R+-state potential
becomes more strongly attractive with decreasing R (see e.g., Fig-
ures 1 and 2). Furthermore, the potential barrier becomes smaller
when going from Rg = Ne [5] through Ar [3] to Kr [2]. However, the
barrier converts gradually into an outer shallow minimum which
eventually vanishes at yet larger R. A similar conclusion, with re-
spect to the complex shape of the E3R+-state potential in HgNe
and HgAr, was drawn in [6–9], and it was based entirely on exper-
imental observations and simulations of the spectra. All of the
above indicated a real complexity of a seemingly simple nature
of the vdW bonding in the E3R+ Rydberg state. In fact, the inter-
atomic potential of a vdW diatom is very difficult to predict be-
cause of a labile balance between the repulsive overlap forces
and the multitude of attractive forces involved [16].

In our earlier studies of the E3R+-Rydberg state potential of
CdNe [5], CdAr [3] and CdKr [2], the excitation from the X1

R
þ
0þ
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(t = 0) occurred via one of the two intermediate states: A3
P0þ

using t00 = 0,1 (CdNe), t00 = 5 (CdAr) and t00 = 9 (CdKr) or B3
R
þ
1 using

t00 = 0,1 (CdNe), t00 = 0,1,2 (CdAr) and t00 = 1 (CdKr). As a result, well
defined bound bound and free bound spectra were observed.
Figures 1 and 2 show interatomic potentials of the E3R+ state in
CdAr and CdKr, respectively, resulting from ab initio calculations
of [14] (full circles) and [15] (empty circles). Vertical arrow repre-
sents the second of the two-step laser excitation process starting
from the X1

R
þ
0þ (t = 0) via the A3

P0þ (t00 = 5 in CdAr) or (t00 = 9 in
CdKr) to the t0 = 13, 14, 16 or t0 = 21 in the E3Rþin-state potential

well of CdAr or CdKr, respectively (for the sake of clarity we denote
E3Rþin or E3Rþout as the inner or outer well, respectively). The
E3R+(t0)-state excitation could also be performed via the B3

R
þ
1

(t00 = 0) to the t0 in the E3Rþout (as studied in [2] and [3]). The advan-
tage of such an exploration became evident: if one takes into ac-
count that the locations of the potential minima of the two
intermediates differ considerably [i.e., Re

00 (A3
P0þ ) < Re

00 (B3
R
þ
1 )]

[17], the probing of the E3R+ potential can be performed in much
detailed way over large interval of R.

This Letter accounts for further systematic studies of the CdAr
and CdKr vdW complexes in their E3R+ lowest Rydberg state. We
investigated isotopic and rotational structures of the
(t0,t00) = (13,5), (14,5), (16,5) and (t0,t00) = (21,9) bands of the
E3Rþin  A3

P0þ transition in CdAr and CdKr, respectively and
(t0,t00) = (0,1)–(6,1) bands of the E3Rþout  B3

R
þ
1 transition in CdAr

using free-jet expansion beam crossed with two counter-propagat-
ing laser beams. The structure of the bands with well defined iso-
topic structure was analyzed taking into account rotational
structure of the triplet triplet transition. As a result, simulation
of the bands performed using PGOPHER program [18] provided new
values for the the xe, xexe vibraional and Be, De rotational charac-
teristics of the upper and lower states. The analysis extends our
previous low-resolution studies [2,3].

2. Theoretical analysis

The t0  t00 = 5 and t0  t00 = 9 progressions of the
E3Rþin  A3

P0þ transition in CdAr and CdKr, respectively, extend
up to high t0 (i.e., t0 = 19 [2] and t0 = 23 [3], respectively). The
resulting large isotopic shift was easily resolved in the present
study. The vibrational, isotopic and rotational structures of one of
the pump transitions i.e., A3

P0þ (t00 = 5 or t00 = 9) X1
R
þ
0þ (t = 0)

in CdAr or CdKr, respectively, was thoroughly characterized in
high-resolution study [19]. The other transition i.e., B3

R
þ
1

(t00 = 1) X1
R
þ
0þ (t = 0) in CdAr, was studied with vibrational reso-

lution in [20]. Taking the above into account, the higher-resolution
spectroscopy of the (t0,t00) profiles using the probe transition i.e.,
E3Rþin(t

0) A3
P0þ (t00 = 5) and E3Rþout(t

0) B3
R
þ
1 (t00 = 1) in CdAr,
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Figure 1. Interatomic potentials of the A3
P0þ (53P1), B

3
R
þ
1 (53P1) intermediate and E3R+ (63S1) lowest Rydberg electronic states of CdAr resulting from ab initio calculation of

Czuchaj and Stoll [14] (full circles) and Czuchaj et al. [15] (empty circles) as well as two experimental results of [3] (thin dashed red line) and of this work (Morse function –
thick solid blue line and Lennard–Jones(12–6) – thick dash-dotted green line). A C6/R

6 (C6 = 2DeRe
6 = 6.74 797 � 106 cmÿ1 Å6 [17]) van der Waals branch was also drawn to

represent the long-range behavior of the E3Rþout well (thick solid black line). Vertical arrow represents the second (probe) laser excitation from t00 = 5 in the A3
P0þ state to

t0 = 16 in the E3Rþin potential well; insert presents details of the outer part of the E3R+-state potential; scheme on the right shows rotational structure of the 3
R

+ 3
P

electronic transition (not in scale, see text in Section 2 for details) (For the interpretation of coloured figure the reader is referred to the web version of this article.).
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Figure 2. Interatomic potentials of the A3
P0þ (53P1) intermediate and E3R+ (63S1)

lowest Rydberg electronic states of CdKr resulting from ab initio calculation of
Czuchaj and Stoll [14] (full circles) and Czuchaj et al. [15] (empty circles) as well as
two experimental results of [2] (thin dashed red line) and of this work (Morse
function – thick solid blue line and Lennard–Jones(12–6) – thick dash-dotted green
line). Vertical arrow represents the second (probe) laser excitation from the t00 = 9 in
the A3

P0þ state to the t0 = 21 in the E3Rþin potential well (For the interpretation of
coloured figure the reader is referred to the web version of this article.)
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as well as the E3Rþin(t
0) A3

P0þ (t00 = 9) in CdKr, appeared to be
feasible. In case of the transition via the B3

R
þ
1 state, due to the

small depth of the E3Rþout-state well, and small xe
0 and xe

0xe
0, low

t0 numbers were accessible.
Because the first E3Rþin  A3

P0þ studied transition takes place
between two triplet states, there are all P, Q and R rotational
branches present and they correspond to DJ = ÿ1, 0, +1, respec-
tively (J is the total angular momentum). A detailed analysis of
the rotational structure of the 3

R
+ 3

P transition was performed
in [21]. In the analysis, the upper and lower states were treated in
Hund’s-case-(b), and that between Hund’s-case-(c) and (a), respec-
tively. According to the analysis, rotational transitions in the
3
R

+ 3
P form a variety of rotational branches e.g., PP11,

QP12,
RQ32 etc. In the E3R+ Hund’s-case-(b) upper and A3

P0þ Hund’s-
case-(a) lower states, each rotational level N (J = N + S,
N + Sÿ1,...,|NÿS|, where S is a molecular spin) splits into three com-
ponents labeled F1, F2 and F3 depending on whether J = N + 1, N, or
Nÿ1, respectively [21] (see Figure 1). The branch-label double sub-
script designates which states (F1, F2, or F3) are involved (the upper
state is the first subscript and a superscript preceding the DJ des-
ignation which represents the value of DN). Since N and J can be
different by one depending on the states involved, it is possible
for N0 and N00 to vary by as much as three in the allowed transitions.
In Hund’s-case-(c) or -(a) (i.e., in the lower A3

P0þ ), J is the number
which dictates the energy spacing, while in case-(b) the spacing is
controlled by the N number.

The second studied E3Rþout  B3
R
þ
1 transition takes place be-

tween two Hund’s-case-(b) 3
R states, so there are all six P11, P22,

R11, R22,
RQ21 and PQ12 branches present. A detailed analysis of

the rotational structure of the 3
R

+ 3
R

+ transition was performed
in [21] and will not be repeated here.

Theabundancesof stable isotopespresent innatural Cd,Kr andAr
are [22]: 106Cd(1.25%), 108Cd(0.89%), 110Cd(12.49%), 111Cd(12.8%),
112Cd(24.13%), 113Cd(12.22%), 114Cd(28.73%), 116Cd(7.49%),
78Kr(0.35%), 80Kr(2.25%), 82Kr(11.6%), 83Kr(11.6%), 84Kr(57.0%),
86Kr(17.3%), 36Ar(0.337%), 38Ar(0.063%), 40Ar(99.6%). Tables 1 and 2
list all of theA1 + A2 isotopic combinations (whereA1 andA2 aremass
numbers) present in the A1CdA2Kr and A1CdA2Ar along with their
abundances and isotopic shifts (see Eq. (1)).

Figures 3 and 5 present details of the (t0,t00) = (13,5), (14,5), (16,5)
and (t0,t00) = (21,9) vibrational bands recorded using the E3Rþin 
A3

P0þ transition in CdAr andCdKr, respectivelywhile Figure 5 shows
the (t0,t00) = (0,1)–(6,1) bands recorded using the E3Rþout  B3

R
þ
1

transition. The total isotopic composition of the bands consists of
24 A1CdA2Ar and 48 A1CdA2Kr combinations grouped in 12 A1þA2CdAr
and in 16 A1þA2CdKr isotopologues, respectively. In the spectra shown
in Figures 3 and 5 only 4 (156CdAr, 154CdAr, 152CdAr, 150CdAr) and 9
(114Cd86Kr, 116Cd84Kr, 112Cd86Kr, 114Cd84Kr, 112Cd84Kr, 114Cd82Kr,
111Cd84Kr, 110Cd84Kr, 112Cd82Kr) were resolved due to their suffi-
ciently large abundances and spectral separation (the discussion be-
lowshows that someof the A1þA2CdArand A1þA2CdKr inFigures3and5,
respectively, overlap). In case of CdKr, due to a larger isotopic shift, it
was possible to resolve particular A1CdA2Krwhile in case of CdAr only
the A1þA2CdAr were resolved.

An expression for the Dmij isotopic shift in a given (t0,t00) band
(within an anharmonic oscillator approximation) is:

Dmijðt0; t00Þ ¼ ð1ÿ qijÞ½x0eðt0 þ 1=2Þ ÿx00eðt00 þ 1=2Þ� ÿ ð1ÿ q2
ijÞ

� ½x0ex0eðt0 þ 1=2Þ2 ÿx00ex00eðt00 þ 1=2Þ2�; ð1Þ

wherexe andxexe are vibrational frequencies and anharmonicities,
respectively, qij =

ffiffiffiffi

li

lj

q

; li and lj are reduced masses of i-th and j-th
isotopologues, respectively, and l ¼ m1m2

m1þm2
, where m1 and m2 are

masses of A1 and A2 isotopes, respectively. It is assumed that for dif-
ferent (m1 +m2)i, both (xe)i and (xexe)i scale with qij in a following
way: (xe)i = qij(xe)j and (xexe)i = q2

ij(xexe)j. In the simulation of the

experimental spectra of CdKr and CdAr, the starting values of xe
0,

xe
0xe
0, xe

00 and xe
00xe
00 were adopted from [2] (for E3R+), [19] and

[17] (for A3
P0þ ), and [20] (for B3

R
þ
1 ).

Despite rotational structure in the recorded spectra was not re-
solved, it was included in the analysis as it had a profound influ-
ence on the shape and intensity of the observed isotopic bands.
Generally, for a given t, the Bt rotational and Dv centrifugal
stretching constants are defined as follows (without terms higher
than linear in t): Bt = Be ÿ ae(t + 1/2)+. . . and Dv = De + be(t + 1/
2)+. . ., where ae and be are constants, and De and Be ¼ h

8p2clR2e
are

the centrifugal stretching and rotational constants, respectively,
all defined at R = Re. For the case of a harmonic oscillator, there is
a simple relationship, De ¼ 4B3e

x2
e
; for estimating the De Moreover, if

one assumes that the molecular potential of an electronic state is
represented by a Morse function [23], the ae can be obtained from
so-called Pekeris relation ae ¼ 6Be

xe
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xexeBe

p
ÿ BeÞ [24] while be can

be obtained using relationship be ¼ Deð8xexe
xe
ÿ 5ae

Be
ÿ a2exe

24B3e
Þ [25]. For

different isotopologues, the Bt, Be, ae, De and be depend on qij like
q2

ijBt, q
2
ijBe, q

3
ijae, q

4
ijDe and q5

ijbe, respectively [21].
In the simulations, also a hyperfine (HF) structure was ac-

counted for. The HF splitting results from a coupling between I,
the total nuclear spin of the molecule (I = I1 + I2), and J. Simulation
that included HF structure, resulted in significantly better experi-
ment-to-simulation agreement, and proved that the HF structure
has a substantial influence on the shape of the recorded bands
and cannot be ignored.

3. Experimental

The arrangement of the apparatus used in the OODR experi-
ment was similar to that used in experiments reported previously
[2,3,5]. The CdAr or CdKr molecules produced in a free-jet expan-
sion beam (carrier gas: Ar or Kr of Linde Gas, each of 99.999% pur-
ity) were irradiated with two laser pulses from two dye lasers

Table 1
A1CdA2Ar isotopologues formed by eight stable isotopes of A1Cd with atomic masses
mA1 in [amu]: m106 = 105.904, m108 = 107.904, m110 = 109.903, m111 = 110.904,
m112 = 111.903, m113 = 112.904, m114 = 113.903, m116 = 115.905 and three stable
isotopes of A2Ar with mA2 : m36 = 35.968, m38 = 37.966, m40 = 39.963; Ai – mass
numbers, Ii – nuclear spins, li – isotopologues reduced masses in [amu], ai –
isotopologues abundances in [%] and Dmij calculated isotopic shifts (in [cmÿ1]) with
respect to the frequency of the 114Cd40Ar in the (t0 ,t00) = (16,5) band of the
E3Rþin  A3

P0þ transition.

A1 A2 A1 + A2 I1 I2 li ai Dmij

106 36 142 0 0 26.849 0.0042 18.5568
108 36 144 0 0 26.976 0.0030 17.8023
106 38 0 0 27.946 0.0008 11.6240
110 36 146 0 0 27.099 0.0417 17.0555
108 38 0 0 28.083 0.0006 10.7000
106 40 0 0 29.014 1.2450 4.1695
111 36 147 1/2 0 27.159 0.0427 16.6846
112 36 148 0 0 27.219 0.0805 16.3170
110 38 0 0 28.216 0.0079 9.7904
108 40 0 0 29.162 0.8865 3.0970
113 36 149 1/2 0 27.278 0.0408 15.9505
111 38 1/2 0 28.282 0.0081 9.3404
114 36 150 0 0 27.336 0.0958 15.5873
112 38 0 0 28.346 0.0152 8.8953
110 40 0 0 29.306 12.4405 2.0446
113 38 151 1/2 0 28.410 0.0077 8.4528
111 40 1/2 0 29.377 12.7492 1.5252
116 36 152 0 0 27.449 0.0250 14.8671
114 38 0 0 28.473 0.0181 8.0151
112 40 0 0 29.447 24.0343 1.0123
113 40 153 1/2 0 29.515 12.1715 0.5029
116 38 154 0 0 28.596 0.0047 7.1498
114 40 0 0 29.583 28.6161 0.0000
116 40 156 0 0 29.717 7.4603 ÿ0.9924
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pumped simultaneously by the same Nd+:YAG laser (Powerlite
7010 of Continuum) with its second and third harmonics, respec-
tively. The first dye-laser pulse (pump), generated by a TDLIII
(Quantel) working with DCM in DMSO, was frequency doubled in
the range of 322.5–332.5 nm to excite a maximum number of mol-
ecules from the X1

R
þ
0þ (t = 0) to the A3

P0þ (t00 = 5) or B3
R
þ
1 (t00 = 1)

in CdAr as well as to the A3
P0þ (t00 = 9) in CdKr. The primarily ex-

cited molecules were irradiated with a second dye-laser pulse
(probe) in the range of 478.0–488.0 nm, generated by a Narrow-
Scan (Radiant Dyes Lasers and Accessories) working with Couma-
rine 480 in Methanol. The probe pulse excited molecules to the t0

levels in the E3R+ state. Taking into consideration that both dye la-
sers were pumped with a common Nd+:YAG laser, in order to en-
sure an efficient excitation, the delay between the pump and
probe pulses was set at approximately 30 ns using an optical line
made of several mirrors. Simple adding or removing of one (or

more) mirror resulted in increasing or decreasing the effective de-
lay by approximately 5 ns, respectively. The resulting laser induced
fluorescence (LIF) signal observed perpendicularly to the plane
containing the molecular and laser beams was recorded with two
oppositely positioned photomultiplier (PM) tubes: 9893QB/350

Table 2
A1CdA2Kr isotopologs formed by eight stable isotopes of A1Cd with atomic masses mA1

as in Table 1 and six stable isotopes of A2Kr with mA2 in [amu]: m78 = 77.920,
m80 = 79.916, m82 = 81.913, m83 = 82.914, m84 = 83.912, m86 = 85.911; Ai, Ii, li and ai
as in Table 1; and Dmij calculated isotopic shifts (in [cmÿ1]) with respect to the
frequency of the 114Cd84Kr in the (t0 ,t00) = (21,9) band of the E3Rþin  A3

P0þ transition.

A1 A2 A1 + A2 I1 I2 li ai Dmij

106 78 184 0 0 44.892 0.0044 17.1635
108 78 186 0 0 45.247 0.0032 15.8250
106 80 0 0 45.547 0.0286 14.6645
110 78 188 0 0 45.594 0.0443 14.4790
108 80 0 0 45.913 0.0203 13.2187
106 82 0 0 46.189 0.1449 12.1035
111 78 189 1/2 0 45.766 0.0454 13.8033
106 83 0 9/2 46.505 0.1438 10.8036
112 78 190 0 0 45.935 0.0857 13.1290
110 80 0 0 46.271 0.2855 11.7697
108 82 0 0 46.565 0.1032 10.5566
106 84 0 0 46.817 0.7123 9.4995
113 78 191 1/2 0 46.103 0.0434 12.4526
111 80 1/2 0 46.447 0.2926 11.0441
108 83 0 9/2 46.886 0.1024 9.2081
114 78 192 0 0 46.269 0.1020 11.7782
112 80 0 0 46.621 0.5516 10.3209
110 82 0 0 46.933 1.4480 9.0106
108 84 0 0 47.204 0.5072 7.8571
106 86 0 0 47.433 0.2160 6.8676
113 80 193 1/2 0 46.794 0.2793 9.5965
111 82 1/2 0 47.115 1.4839 8.2379
110 83 0 9/2 47.260 1.4364 7.6157
116 78 194 0 0 46.595 0.0266 10.4293
114 80 0 0 46.965 0.6568 8.8753
112 82 0 0 47.294 2.7974 7.4688
111 83 1/2 9/2 47.444 1.4720 6.8204
110 84 0 0 47.582 7.1177 6.2196
108 86 0 0 47.830 0.1538 5.1350
113 82 195 1/2 0 47.472 1.4167 6.6992
112 83 0 9/2 47.626 2.7750 6.0293
111 84 1/2 0 47.769 7.2943 5.4026
116 80 196 0 0 47.302 0.1712 7.4353
114 82 0 0 47.648 3.3307 5.9339
113 83 1/2 9/2 47.806 1.4053 5.2380
112 84 0 0 47.953 13.7510 4.5901
110 86 0 0 48.219 2.1581 3.4112
114 83 197 0 9/2 47.985 3.3040 4.4515
113 84 1/2 0 48.136 6.9638 3.7779
111 86 1/2 0 48.410 2.2117 2.5522
116 82 198 0 0 47.994 0.8683 4.4080
114 84 0 0 48.317 16.3724 2.9709
112 86 0 0 48.600 4.1694 1.6987
116 83 199 0 9/2 48.336 0.8614 2.8846
113 86 1/2 0 48.788 2.1115 0.8463
116 84 200 0 0 48.673 4.2683 1.3641
114 86 0 0 48.973 4.9643 0.0000
116 86 202 0 0 49.339 1.2942 ÿ1.6831
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Figure 3. The I. (t0 ,t00) = (13,5), II. (t0 ,t00) = (14,5) and III. (t0 ,t00) = (16,5) vibrational
bands of the E3Rþin (63S1) A3

P0þ (53P1) transition in CdAr (a) recorded using the
OODR method. (b) Simulation performed using PGOPHER program [18] with param-
eters shown in Table 3, Trot = 0.5 K, Jmax = 10 and combined Lorentzian
(Dlas = 0.1 cmÿ1) and Gaussian (DDopp = 0.1 cmÿ1) profiles. (c) All A1 + A2 isotopic
combinations that constitute the bands (compare with Table 1). (d) Fringes
recorded using a Fabry–Perot etalon (FSR = 0.2 cmÿ1) to monitor the tuning process
of the probe-laser frequency.
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(Electron Tubes) and R585 (Hamamatsu) for the LIF emitted after
the first- and second-step excitations, respectively. The second
PM was screened by an UV-absorbing filter from an intense radia-
tion occurring due to the excitation at the pump transition. After
averaging over 16 laser pulses, the signal was integrated over a
40-ns wide time window and stored in a computer. The wave-
lengths corresponding to the fundamental frequencies of both
dye-lasers were calibrated with 0.005-nm accuracy and 0.001-
nm resolution using a wavelength meter (WaveMaster of
Coherent). The absolute wavelength was calibrated using an

optogalvanic signal from a Ne-filled hollow cathode lamp (Laser-
und Plasmatechnik). The spectral line-widths of the pump and
probe dye-laser fundamental outputs were estimated to be approx-
imately 0.07 cmÿ1 and 0.03 cmÿ1 in a single laser shot, respec-
tively. Tuning of the probe laser was monitored throughout the
experiment (see Figures 3d and 5d).

4. Results and discussion

The t0-assignments in the E3
R
þ  A3

P0þ and E3R+ B3
R
þ
1 exci-

tation spectra of CdAr and CdKr were adopted from their low-res-
olution vibrational analyses reported in [2,3] and [20], respectively.
The assignment was based on simulations of bound bound and
free bound LIF excitation spectra. In the bound bound part,
the main criterion was a shape of the Franck–Condon envelope
of the t0  t00 progressions. In the free bound part, the t0-assign-
ments were corroborated using a projection of the B3

R
þ
1 -state t

00-
vibrational wave-function onto the E3R+-state potential barrier.

In this investigation, a large isotope shift recorded in the
E3Rþin  A3

P0þ transition, associated with high t0 excited with the
probe-laser pulse allowed analyzing a structure of the (t0,t00) bands
in CdAr and CdKr, including an influence of the rotational structure
and taking into account the HF structure due to nonzero I1 and I2
nuclear spins for several A1Cd, A2Kr and A2Ar isotopes.

4.1. Vibrational bands of the E3Rþin  A3
P0þ transition in CdAr

Traces (a) in Figure 3I–III show a structure of the (t0,t00) = (13,5),
(14,5) and (16,5) bands, respectively recorded using the
E3Rþin  A3

P0þ transition in CdAr. As stated in Section 2, only 4
(i.e., A1 + A2 = 150, 152, 154, 156) out of 12 A1þA2CdAr components
were recorded (compare with Table 1). In all transitions the bands
span over approx. 6 cmÿ1. As discussed in [3], the OODR method
requires considering a collisional redistribution of t00-levels popu-
lation, so after the 30 ns delay there is a probability that the
probe-laser excitation may start also from e.g., t00 – 1 and t00 + 1 lev-
els. The neighboring (16,4) and (16,6) so-called ‘ghost’ components
lie 27 cmÿ1 and 25 cmÿ1 apart from the (16,5) band, respectively,
and could not be recorded in the experiment, therefore the (16,5)
band can be treated as an isolated one. The same is applicable to
the (13,5) and (14,5) bands.

Simulation of the (13,5) (14,5) and (16,5) bands are shown in
traces (b) in Figure 3I–III, respectively along with all A1 + A2 iso-
topic combinations that constitute the vibrational components
(traces (c)). For the simulation, PGOPHER code [18] was applied.
PGOPHER assumes a Boltzmann rotational-levels population distri-
bution. However, it has to be taken into consideration that in a
free-jet expansion beam the rotational-level population distribu-
tion is governed by a non-Boltzmann function which ultimately
modifies the shapes of the rotational profiles, especially for
small J. The simulation procedure was mainly focused on the
reconstruction of the isotopic shift, as well as amplitudes and
shapes of isotopic components constituting the vibrational
bands.

In the simulation, the Dmij (Eq. (1)) was reconstructed with
assumption of the xe

0 = 107.1 cmÿ1, xe
0xe
0 = 2.1 cmÿ1,

xe
00 = 39.2 cmÿ1 and xe

00xe
00 = 1.2 cmÿ1 adopted from [3] and [17].

Next, to achieve best possible simulation-to-experiment agree-
ment, the xe

0 and xe
0xe
0 were adjusted to new values. The new

xe
0 and xe

0xe
0 were verified against a simulation of the whole

t0  t00 = 5 progression recorded using the E3Rþin  A3
P0þ transi-

tion reported in [3]. After that, subtle details of the bands were
reproduced employing parameters responsible for the rotational
structure. Using new xe

0, xe
0xe
0 and Re

0 as well as xe
00, xe

00xe
00 and

Re
00 of [17], the corresponding Be, De, ae and be, and consequently,

the Bt and Dv values were calculated (see Section 2). To properly
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Figure 4. (a) The (t0 ,t00) = (0,1)ÿ(6,1) vibrational bands of the E3Rþout (6
3S1) B3

R
þ
1

(53P1) transition in CdAr recorded using the OODR method. (b) Simulation
performed using PGOPHER program [18] with parameters shown in Table 3, Trot = 2 K,
Jmax = 25 and combined Lorentzian (Dlas = 0.1 cmÿ1) and Gaussian
(DDopp = 0.1 cmÿ1) profiles. The most long-wavelength feature in the spectrum
belongs to the E3Rþin  B3

R
þ
1 and represents the (t0 ,t00) = (17,1) band which is

satisfactorily reproduced in the simulation. Electronic transition moment was
assumed to be constant for the E3Rþout  B3

R
þ
1 and E3Rþin  B3

R
þ
1 transitions. The

onset of free bound transitions is drawn.
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Figure 5. (a) The (t0 ,t00) = (21,9) vibrational band of the E3Rþin (63S1) A3
P0þ (53P1)

transition in CdKr recorded using the OODR method. (b) Simulation performed
using PGOPHER program [18] with parameters shown in Table 3, Trot = 2 K, Jmax = 10
and combined Lorentzian (Dlas = 0.1 cmÿ1) and Gaussian (DDopp = 0.06 cmÿ1)
profiles. (c) All m1 +m2 mass-combination components that constitute the (21,9)
band (compare with Table 2). (d) Fringes recorded using a Fabry–Perot etalon
(FSR = 0.2 cmÿ1) to monitor the tuning process of the probe-laser frequency.
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reconstruct several features in the band i.e., splitting within the
A1 + A2 isotopic components with nonzero I1 or I2, it was necessary
to include HF structure. Finally, the simulated structure was convo-
luted with combined Lorentzian (Dlas) and Gaussian (DDopp) func-
tions (see Figure 3b) with FWHM corresponding to the
experimental values responsible for the bandwidth of the probe-la-
ser beam and a residual Doppler broadening associated with a
transversal divergence of the molecular beam. Molecular charac-
teristics obtained in the analysis are collected in Table 3 and com-
pared with those of previous studies.

4.2. Vibrational bands of the E3Rþout  B3Rþ1 transition in CdAr

As the outer potential well of the E3R+ state in CdAr is shallow,
it supports a relatively small number of t0. In this study almost all
bands, namely (t0,t00) = (0,1)–(6,1), were observed using the
E3Rþout  B3

R
þ
1 transition. The limitation was due to a proximity

of free bound transitions that appear in the spectrum above
20 867 cmÿ1 [3]. Figure 4a shows the bound bound part of the
spectrum revealing details of the recorded bands. Contrary to the
E3Rþin  A3

P0þ , in the E3Rþout  B3
R
þ
1 transition the isotopic struc-

ture was not resolved due to small values of t0, xe
0 and xe

0xe
0

(see Eq. (1)). To illustrate this, one may find the Dmij(t0 = 4, t00 = 1)
between the A1 + A2 = 150 and A1 + A2 = 156 isotopologues in the
E3Rþout  B3

R
þ
1 as to be equal 0.035 cmÿ1. To the contrary, the

Dmij(t0 = 16, t00 = 5) between the same isotopologs in the
E3Rþin  A3

P0þ transition is 3.037 cmÿ1. The simulations of all
vibrational bands of the spectrum, shown in Figure 4b, with partly
resolved rotational structure was performed using PGOPHER program
and due to a better resolution the new t0-assignments in the E3Rþout
 B3

R
þ
1 spectrum was concluded. The assignment differs by one

from that reported in [3] (t0new = t0old ÿ 1). Consequently, the
determined new values of De

0 (E3Rþout) and Re
0 (E3Rþout) differ from

those of [3]. The results of present study are collected in Table 3
and presented in insert of Figure 1 where they are compared with
those of earlier studies and ab initio calculations. It is evident that
below the dissociation energy results of this work are in agreement
with theoretical results of Refs. [14] and [15].

4.3. The (t0,t00) = (21,9) band of the E3Rþin  A3
P0þ transition in CdKr

Figure 5a shows the (t0,t00) = (21,9) band recorded using the
E3Rþin  A3

P0þ transition in CdKr. As mentioned in Section 2, only
9 out of 16 isotopologues were recorded (compare with Table 2).
The band spans over approximately 12 cmÿ1. Similarly as in case
of CdAr discussed above, the spectrum in Figure 5a does not con-
tain so-called ‘ghost’ components and therefore, may be treated
as an isolated one. The neighboring (21,8) and (21,10) lie
24.7 cmÿ1 and 23.5 cmÿ1 apart from the (21,9) band, respectively
and could not be detected in the experiment.

Simulation of the (21,9) band is shown in Figure 5b along with
all m1 +m2 isotopic components (Figure 5c). The simulation repro-
duces satisfactorily a shape of the (21,9) band. Similarly as for the
case of the E3Rþin  A3

P0þ spectrum in CdAr, the isotopic shift in
the band was reproduced with assumption of the xe

0 = 91.0 cmÿ1,
xe
0xe
0 = 1.25 cmÿ1, xe

00 = 37.0 cmÿ1 and xe
00xe
00 = 0.63 cmÿ1 values

adopted from [2] and [17]. Next, to achieve best possible simula-
tion-to-experiment agreement, the xe

0 and xe
0xe
0 as well as the

xe
00 and xe

00xe
00 had to be adjusted to new values (see Table 3)

which were verified in a simulation of the whole t0  t00 = 9 vibra-
tional progression recorded using the E3Rþin  A3

P0þ transition re-
ported in [2]. After that, subtle details of the (21,9) band were
reproduced using parameters responsible for the rotational struc-
ture. Using new xe

0, xe
0xe
0, xe

00 and xe
00xe
00 as well as the Re

00 of
[17], the corresponding Be, De, ae and be, and consequently Bt and
Dv values were calculated (see Section 2). To properly handle the
simulation of several features in the band, it was necessary to in-
clude the HF structure. Finally, the simulated structure was convo-
luted with combined Dlas and DDopp functions with FWHM
corresponding to the experimental values (see Figure 4b). Molecu-
lar characteristics obtained in the analysis are collected in Table 3
and compared with those of previous studies.

5. Conclusions

The E3R+, A3
P0þ and B3

R
þ
1 -state interatomic potentials of this

work (represented by a Morse function – thick solid blue line)

Table 3

Characteristics of the E3R+ (63S1), A
3
P0þ (53P1) and B3

R
þ
1 (53P1) states of the CdAr molecule as well as the E3R+ (63S1) and A3

P0þ (53P1) states of the CdKr molecule.

Designation CdAr CdKr

E3Rþin (63S1) E3Rþout (6
3S1) A3

P0þ (53P1) B3
R
þ
1 (53P1) E3Rþin (63S1) A3

P0þ (53P1)

xe 106.5 ± 0.3a

107.1 ± 2.0b; 105.4c
4.15 ± 0.05a

4.4 ± 0.2b
39.2 ± 0.2a

39.2e; 38.5f
11.3 ± 0.2a

11.8 ± 0.1j
90.97 ± 1.00a

91.0 ± 1.0i
36.95 ± 0.05a

37.1d; 37.0e

xexe 2.16 ± 0.02a

2.1 ± 0.1b; 2.19c
0.225 ± 0.005a

0.20 ± 0.01b
1.22 ± 0.02a

1.22e,f
0.56 ± 0.02a

0.57 ± 0.02j
1.374 ± 0.030a

1.25 ± 0.01i
0.615 ± 0.005a

0.63e; 0.65f

D0 1260.1 ± 14.2a

1257 ± 10b
17.10 ± 0.63a

22.0 ± 1.0b
295.6 ± 6.1a 51.49 ± 2.9a

54.0 ± 1.5j
1460.6 ± 1.1a

1620.0 ± 6.0i
536.7 ± 0.5a

523 ± 15k

De 1312.8 ± 14.2a

1309.5 ± 10.0b; 1266d;
872.9h

19.1 ± 0.63a

24.2 ± 1.0b

15.5h

314.9 ± 6.1a

323e; 325f; 304g;
321.6h

57.0 ± 2.9a

59.7 ± 1.5j;
48.5h

1505.7 ± 1.0a

1656.0 ± 3.0i;
1735.3h

555.0 ± 0.5a

541e; 513f

529g; 568.2h

Re 2.850 ± 0.005a,b

2.84c; 2.91h
7.63 ± 0.05a

5.60 ± 0.05b; 7.94h
3.51 ± 0.03a,e

3.45 ± 0.03f; 3.44h
5.07 ± 0.03a

5.01 ± 0.02j; 5.03h
2.99 ± 0.05a,i

2.91h
3.34 ± 0.03a,e

3.31h

Be 0.07016 ± 0.00246a

0.07104c
0.00979 ± 0.00013a 0.0463 ± 0.0008a

0.0481f
0.02216 ± 0.00026a 0.0385 ± 0.0013a 0.030856 ± 0.00055a

De (1.218 ± 0.128) � 10–7a (2.18 ± 1.00) � 10–7a (2.575 ± 0.135) � 10ÿ7a (3.41 ± 0.17) � 10–7a (2.758 ± 0.319) � 10–8a (8.610 ± 0.484) � 10–8a

a This work, De obtained from Morse-potential approximately (xe2/4xexe).
b Ref. [3].
c Ref. [10].
d Ref. [10], Morse-potential approximately.
e Ref. [17].
f Ref. [19].
g Ref. [19], Morse-potential approximately.
h Ref. [15], ab initio.
i Ref. [2].
j Ref. [20].
k Ref. [26].

T. Urbańczyk et al. / Chemical Physics Letters 503 (2011) 18–24 23



Author's personal copy

are plotted for CdAr and CdKr in Figures 1 and 2, respectively along
with those of our earlier investigations [2,3,17] and results of ab
initio calculations [14,15]. Additionally, the potentials of this
work were represented with a Lennard–Jones function:
L–J(R)12–6 = De[(Re/R)

12 ÿ 2(Re/R)
6] (thick dash-dotted green line),

and the long-range branch of the E3Rþout well in CdAr with a C6/R
6

function (thick solid black line). Potentials of this work (i.e., Morse
and L–J functions) are plotted only up to the energies correspond-
ing to the highest t0 recorded in the experiment. From the compar-
ison it is evident that for CdAr both, E3Rþin and A3

P0þ potentials of
this work agree with those of earlier experimental studies, how-
ever for CdKr the agreement is worse in case of the E3Rþin state. It
may be explained by the fact that here the well depth of the
E3Rþin-state is represented by a Morse function (De

0 =xe
02/4xe

0xe
0)

while in previous studies [2,3] the Rydberg potential (especially
for CdKr) showed a non-Morse behavior while approaching the po-
tential barrier. The comparison of the Morse with the L–J represen-
tations shows, that the latter are steeper in the short-range region
but approach the dissociation limits slower than the former, which
is evident especially However, for the E3Rþin wells in CdAr and CdKr.
However, for the E3Rþout well in CdAr a Morse representation does
not depart from a pure van der Waals branch obtained assuming
C6 = 2DeRe

6 [17]. As for the agreement between experimentally
determined and ab initio calculated potentials, it is better for the
A3

P0þ state in CdKr and somewhat worse for that in CdAr. In case
of the E3Rþin state, for CdAr the experimental potential is deeper
than those from ab initio calculations, while for CdKr is the oppo-
site. For the E3Rþout-state potential of CdAr, the comparison is pre-
sented in insert of Figure 1 and Table 3. It is necessary to point
out that the De

0 (E3Rþout) = 19.1 cmÿ1 determined in this study is
smaller than that of [3] (24.2 cmÿ1) and closer to the ab initio value
(15.5 cmÿ1) [15]. This is because of the correction to the t0-assign-
ment described in Section 4.2. Similar conclusion can be drawn
with respect to the Re

0 (E3Rþout) = 7.63 Å of this study that is closer
to the ab initio value (7.94 Å) than that of our previous work
(5.60 Å) [3]. Table 3 collects all molecular characteristics obtained
in this investigation compared with those of our earlier studies
[2,3,17,20,26] and results of others [10,19]. The vibrational and
rotational characteristics of the E3R+, A3

P0þ and B3
R
þ
1 states were

found in reasonable agreement with those of other experimental
studies. Especially, agreement with results of [10] for CdAr is
encouraging as characterization of the E3Rþin well was based there
on analysis of different electronic transition starting from the
b3
G2(5

3P2) state.
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