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Abstract. We report measurements and a theoretical explanation of the cusp-shaped satellite bands in
the blue wing of the cesium D2 resonance line which have been observed for the first time. The bands are
identified as 1°%MT,4(2,,1,, 0/,05) + a*X}(1,,07) transitions where the upper state dissociates into the
6°Ps /246 23, /2 atomic asymptote. The experiment has been performed using a standard absorption setup,
computer controlled data acquisition and computer data processing. We have shown that the peculiar shape
of the 1%1,(0f) — a®X;f (1.) difference-potential curve is solely responsible for the spectrum containing
the cusp-shaped satellite bands. The appearance of these satellite bands has been discussed and explained
relating the theory of satellite bands to the catastrophe theory. The shape of the line wing and of the
satellite bands have been calculated using the Fourier transform technique. To ensure a more stringent
comparison between the experimental and the theoretical spectrum, we have analyzed and compared the
derivatives of the measured and the calculated satellite band shape. On the contrary to the customary
direct comparison between the measured and the calculated absorption coefficient, the derivative clearly
shows all differences and resemblances between satellite band profiles. The degree of coincidence of the
experimentally observed and the theoretically calculated satellite band shape can be used as an ultimate
check on the assessment of the quality of potential-energy curves involved in the formation of satellite
bands.

PACS. 33.70.Jg Line and band widths, shapes, and shifts — 33.80.Gj Diffuse spectra; predissociation,
photodissociation — 34.20.Cf Interatomic potentials and forces

1 Introduction

The visible and the near-infrared spectra of the cesium
dimer have been extensively studied for many years by
means of classical and laser spectroscopy. This is espe-
cially true for the bound-bound cesium dimer spectrum
where several lowest singlet states of the Css molecule are
known with high accuracy (3 (E) X" state [1], 2 (D) 1XF
state [2,3], 2 (C) I, state [4], 1 (B) I, state [5], 17,
state [1], 1 (A) ‘27 state [6], 1 (X) X state [7], 212,
and 3'Xf states [8]). Because of the experimental diffi-
culties in the investigations of the bound-free and free-
free transitions, triplet states have less frequently been
studied. However, in the case of transitions involving the
lowest triplet states (1%, 1°ITy, and 2°IT,) and the 1
(a) 3XF ground state, two continuous features have been
reported over the last two decades: a satellite band cor-
responding to the 131, «1(a) 3X" transition [9-11] and
a structured continuum corresponding to the 2T, <1(a)
355 transition [12]. The 231, «1(a) 3% triplet-triplet
transition has recently been studied under high resolution
in a molecular beam [13-15].

The satellite bands in the far-blue wing of the
cesium Dy resonance line at 817, 827, and 835 nm were
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observed for the first time more than sixty years ago [16],
but were discussed much later by Kusch and Hessel [17].
They interpreted these bands as resulting from predis-
sociation to the repulsive states that dissociate to the
62P1/2;3/2 + 6281/2 levels. Later research on the shape
of the cesium first resonance lines opened up other pos-
sibilities for the explanation of these satellite bands. For
example, in references [18-20] the quantitative explana-
tion of the near-wing satellite bands and asymmetry of
the alkali first resonance lines was based on the fact that
the satellite bands are a consequence of the local ex-
trema in the relevant potential-energy curves. Movre and
Pichler [19,20] showed that the recoupling of angular mo-
menta at large interatomic distances generates local ex-
trema owing to the avoided crossings in the complex
manifold of potential-energy curves emerging from the
281/2 + 2P1/2 and 281/2 + 2P3/2 asymptotic levels. Ac-
cording to the quasistatic theory of line shape [21], the lo-
cal extrema in the relevant difference-potential curves are
directly responsible for the appearance of satellite bands.
The calculation of the line-wing shape based on this theory
generates the singularity (classical satellite [22]) in the line
wing at the position corresponding to the extremum in the
difference potential curve. However, using the unified
Franck-Condon (UFC) theory of the satellite band shape
[23] and the known atomic interaction constants, the
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position and the shape of the near-wing cesium satel-
lite bands can be very accurately reproduced [24,25]. The
spectral line satellites caused by the local extrema of the
difference-potential curves are usually designated rainbow
satellite bands [29], because of the analogy to the expla-
nation and formation of rainbows [30].

The tentative origin of cesium and potassium far-wing
satellite bands was discussed by Pichler et al. (Csg case)
[9] and by Beuc et al. (K2 case) [26]. In the potassium
case, it was shown that the interplay of the resonance, the
van der Waals and the exchange interactions caused the
appearance of the local maxima in the initially repulsive
24, 14, 0, and 0; potential curves, resulting in the for-
mation of the potassium far-wing triplet-satellite band at
721.4 nm and a shoulder at 748.5 nm. Thus, the spectro-
scopic identification and interpretation of satellite bands
depend on a direct comparison between the experimental
spectrum and the spectrum calculated from a chosen set of
the potential-energy curves. Consequently, the calculation
of the satellite band shape is a very sensitive test for the
accuracy of the (usually ab initio calculated) potential-
energy curves involved.

In spite of the large amount of work performed dur-
ing the last two decades there still remains a lot to be
done in Csy spectroscopy, especially for the lowest triplet
states. The achievement of the Bose-Einstein condensa-
tion (BEC), for example, depends critically on the ground-
state scattering length [27,28]. In order to achieve a stable
BEC in an assembly of atoms, the scattering length, char-
acterizing the scattering of a pair of atoms at ultralow col-
lision energies, must be positive and large. The magnitude
and sign of the scattering length are extremely sensitive
to details of the interatomic potentials involved in the col-
lision event. The traditional procedure for the experimen-
tal determination of these potential-energy curves, or the
procedure for testing the quality of the existing potential-
energy curves is based on the comparison between the ex-
periment and the shape of the line wing calculated within
quasistatic theory. This procedure can supply data on the
positions of local extrema, but not details of the difference-
potential curve.

The purpose of this paper is to point out the exis-
tence of the cusp satellite bands using a more sensitive
approach to the analysis and comparison of the measured
and the calculated line-wing shape. Contrary to the rain-
bow satellite bands [29] caused by the local maximum in
the difference-potential curve, the origin of the cusp satel-
lite bands discussed here is different, and therefore should
be distinguished from the rainbow satellites. The calcu-
lation of the line wing and the satellite shape has been
performed using the Fourier transform technique and ab
initio calculated cesium dimer potential-energy curves [31,
32]. The line wing and the satellite-shape analysis is based
on a comparison of the derivatives of the measured and
the calculated satellite band shape. We explain the origin
and the shape of all satellite bands (the rainbow as well
as the cusp-shaped) observed in the far-blue wing of the
self-broadened cesium D5 resonance line.
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Fig. 1. The experimental setup for the measurements of the
absorption coefficient.

This paper is organized as follows. Experimental de-
tails are described in Section 2. The observation and inter-
pretation of the satellite bands are presented in Section 3.
Section 4 contains the Fourier transform approach to the
theoretical treatment of the atomic line shape. The role of
the shape of the difference-potential curve for the deter-
mination of the shape of the corresponding satellite band
is discussed in Section 5. Finally, conclusions are given in
Section 6.

2 Experimental details

The experimental apparatus is shown in Figure 1. A
T-shaped cell containing cesium liquid in the side arm was
made of Pyrex glass. The cell was heated in a two-chamber
oven having two independent heaters. The temperature of
the bath (T}, lower compartment) and the temperature of
the cell (T¢, upper compartment) were measured by ther-
mocouples and kept constant to £0.1 K during the mea-
surement by active stabilization of the heating current.
Note that the accurate stabilization and measurement of
the bath temperature is of great importance because this
temperature determines the vapor pressure and thus the
atomic density in the upper part of the absorption cell.
The atomic densities were calculated using the well-known
relation for the vapor pressure-temperature curve [33]:

4041
loglop =11.0531 — T—b —1.35 IOgIOTb,

(1)

where the pressure is given in Torr’s and the tempera-
ture in degrees Kelvin. The atomic density (in m~—3) was
determined from the ideal gas law:

N =9.66 x 1042 .

7 2)

We estimated the maximum variation of the cesium atom
density in each run to be less than 1% of the nominal value.
The accuracy in the determination of the nominal cesium
pressure and atomic density is given by the accuracy of the
measured vapor pressure-temperature curve and is about
+15% [33].
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Fig. 2. The Cs D> line wing in the region from 815 nm to
845 nm for three temperature settings: 1 — T, = 647 K, Ty, =
625 K, N = (9.741.5)x 102 m™%;2—T. = 638 K, T}, = 615 K,
N=(79+12) x102 m™3 3 -T. = 627 K, T}, = 595 K,
N = (5.14£0.7) x 10*> m~>. (a) The absorption line-wing shapes
for the three indicated temperature settings presented on a
relative scale. (b) The corresponding first derivatives of the
absorption line wing. The spectrum labeled “1” is used for
further analysis.

The cell with the cesium vapor was irradiated by the
continuous light from a halogen lamp. The light pass-
ing the absorption cell was analyzed using a monochro-
mator with a resolution between 0.1 and 0.01 nm. The
dispersed light was detected by a red-sensitive photo-
multiplier (EMI 9558QB). The signal was fed into a
lock-in amplifier, digitized by an A/D converter and
stored in a personal computer for further processing.
The spectral range of interest, between 815 nm and
845 nm, was measured with a monochromator resolu-
tion of about 0.1 nm and a recording density of 200
points/nm. The absolute calibration of the wavelength
scale, the monochromator resolution and the spectral dis-
persion were determined using a cesium low-pressure spec-
tral lamp. The exact wavelength of all major spectral
features (“a”, “b”, “c”, but also each “d;” - see also
Fig. 3b), as well as their relative spectral position in
each scan are reproducible within £2 points (£0.01 nm).
The far-blue wing of the cesium D5 absorption line was
measured at three different settings of the bath and
the cell temperatures. Five independent subsequent scans
were taken at each combination of the bath and the
cell temperatures. Every absorption profile presented in

Table 1. The assignment of the observed satellite bands in the
far-blue wing of the Cs D3 line. The classical satellite labeled ¢
is not discernible in the experimental spectrum, most probably
because of its position in the very strong resonance line wing.

Label Transition Location (nm) Band origin

a 241, 817 local maximum
b 15+-14,0, 827 local maximum
¢ 0f«1, 835 local maximum
d2  0)«1, 838 cusp satellite (type IT)
' 0f+1y 842 local maximum
di  0)«1, 843 cusp satellite (type I)
c” O;N—lu 848 local minimum

Figure 2a (labeled 1, 2 or 3) is the average of these five
scans, exactly overlapped resulting in an absorption pro-
file with significantly reduced statistical noise.

3 Results

The observed satellite bands are assigned according to the
discussion given by Pichler et al. [9]. In Table 1 we sum-
marize the positions and the origin of all satellites ob-
served in the blue wing of the cesium Do absorption line
(Acentre=852.1 nm). We note that in the blue wing of the
cesium D; resonance line (Acentre=894.4 nm) there exists
one additional far-wing rainbow satellite at 875 nm [9].
The origin of this satellite band is similar to the origin of
the rainbow-satellite bands of the Dy absorption line and,
for the sake of simplicity, will not be discussed here.

3.1 Observation

The line-wing shape was evaluated on the basis of
the Beer-Lambert law and the results are presented in
Figure 2a in the form of the reduced absorption coeffi-
cient. Since we were interested only in the shape of the
reduced absorption coefficient in the region of satellite
bands, and not in its absolute value, all three absorp-
tion profiles in Figure 2a are shown on a relative scale.
Each spectrum shows four well-developed satellite bands.
In the far line-wing region there is a group of three dis-
tinct satellite bands (“a”, “b”, “c”), and in the near-wing
a weak structure (labeled “d”) is discernible. The satellite
bands are resting on a background caused by the long-
wavelength tail of the BII,,~ X 'X} molecular band [17]
and possibly by the short-wavelength tail of the A X"
— X2 molecular band [34], as discussed below. How-
ever, the discrete molecular spectral lines belonging to the
B-X and, possibly, to the A-X molecular bands, cannot be
resolved using our present monochromator.

Three outermost satellites, “a” at 817 nm , “b” at
827 nm, and “c” at 835 nm, have the same characteristic
shape with an exponential falloff beyond the satellite peak
(towards shorter wavelengths). This strongly suggests that
each of these bands is caused by a local maximum in the
corresponding difference-potential curve [23,9]. Careful in-
spection of the “d” satellite band region (from 838 nm to
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842 nm) shows that it is more pronounced at higher tem-
perature. Unfortunately, this satellite band is sitting on a
very strong and steeply rising resonance line wing. As a
consequence, such a weak and diffuse structure is hardly
discernible from the strong line wing even at the highest
cell temperature. In order to obtain a better insight into
the details of the spectrum, and to make a more sensitive
comparison with the calculated spectrum, we performed a
numerical differentiation of each experimental absorption
spectrum. The corresponding numerically differentiated
profiles are shown in Figure 2b. The differentiation en-
hances the features of the absorption profile, revealing the
rainbow satellite as a sharp peak [25], giving ezactly the
position of the local extremum in the difference-potential-
energy curve (see Fig. 3 and Tab. 1). The molecular back-
ground mentioned before now appears as a reproducible
spiky structure extending over the observed satellite re-
gion. This background structure is visible only in the pre-
sentation dk/dX\ ws. A); in the presentation k ws. AX
these intensity variations are by far too small to be visible.
The contrast between the satellite peaks and the molec-
ular background changes with temperature. At higher T,
the background structure is much weaker compared with
the peak satellite intensity. This background cannot be a
simple residual noise because (a) each trace represents a
statistical average of five exactly overlapped experimen-
tal scans and (b) the majority of the spiky oscillations
are reproducibly present in all three spectra (labeled 1,
2, and 3). This is a strong indication that they could be
caused by the residual intensity of the discrete molecular
lines belonging to the long-wavelength tail of the Csg B-X
band, and possibly to the short-wavelength tail of the Cs,
A-X band. The spectrum recorded at the highest T}, and
T. (labeled “17) is least influenced by these background
oscillations, and we used that spectrum for further analy-
sis and comparison with our satellite-shape calculations.

and the maxima in the rel-
evant difference-potential
energy curves.

dk/dA (arb. units)

3.2 Interpretation

In order to get satisfactory agreement between the mea-
sured and calculated shape and the position of the satel-
lite band, it is necessary to have a reliable set of cor-
responding potential-energy curves and transition-dipole
moments generating the observed spectrum. In this work
we used the Css potential-energy curves calculated by
Spiess and Meyer [31,32] to obtain the corresponding
difference-potential curves and the transition-dipole mo-
ment needed for the simulation of the measured spectrum.

Figure 3 shows a comparison of the relevant difference-
potential curves and the spectrum labeled “1” in Figure 2b
(see also Tab. 1). There is an unambiguous one-to-one cor-
respondence between the most pronounced satellite bands
“a”, “b” and “c” at 817 nm, 827 nm, and 835 nm, respec-
tively, and the local extrema in the difference potentials
24, 1,4 (both at an interatomic distance of about 14 a.u.),
and 0/ (at an interatomic distance of about 22 a.u.)
emerging from the 62P3/2 + 6281/2 asymptote [9]. The
shape and position of these three isolated satellites can
be reproduced using the data on the related difference-
potential curves and the appropriate theoretical approach
(see, e.g., [24] and [25]). On the other hand, the origin of
the merged satellite bands at 838-842 nm is not so obvious.
The peak labeled “0,” may be definitely associated with
the local maximum of the 1 3Hg(0;)—a 35+(1,,) difference-
potential curve at about 14 a.u. (it is interesting to note
that this potential-energy curve gives rise to the pure long-
range cesium molecule in the far long-range region, as dis-
cussed in [35]). In addition, the second local maximum
in the 1°I1,(0,}) — a®%,F (1,,) difference-potential curve at
about 14 a.u. contributes to this region, too. However,
the bands labeled “d;” cannot be related to any local
extremum in any of the potentials. We will show that
their appearance and shape are related to the interference
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effect occurring between pairs of Condon points belonging
to the 1°1T4(0; ) — aY;F(1,) difference-potential curve.

In order to make the identification of these satellite
bands more transparent and to enable one to make a
clearer comparison between the measured and the calcu-
lated satellite band shape, in Figure 4 we show only the
difference-potential curve 1°IT,(0/) — a®%;F(1,) and the
enlarged part of Figure 3b. The difference-potential curve
is smoothly continued beyond 27 a.u. towards R — oo us-
ing the correct asymptotic dependence (the dipole-dipole
resonant and van der Waals interactions). This potential
curve is further used in the calculations of the power spec-
trum (the line wing and the satellite shape) belonging to
this potential.

4 Theoretical treatment

Following the approach described in detail by Holstein
[36] and Sobel’'man [21], the time-dependent phase of a
classical oscillator can be expressed as

f(E,bw,t) =

S| =

/ (AV}, (R (B, b)) — hw)dt'.  (3)

Here w is the oscillator frequency in the absence of col-
lisions, AV%; is the corresponding difference-potential
curve, R is the interatomic distance, F is the kinetic en-
ergy of the colliding particles, and b is the impact parame-
ter. In this description the atomic oscillator is assumed to
be only adiabatically perturbed during the collision event.

The power spectrum of a classical atomic oscillator is
given by

z

/ (b D(t)dt, (4)

2

C(E,bw) = 5—

where C is the Fourier transform of the phase of the classi-
cal oscillator given by equation (3). D(t) is the correspond-

dk/d) (arb. units)

wing, (b), in the region from
11825 cm ™! to 12025 cm 1.

ing electronic transition dipole moment. The reduced ab-
sorption coefficient is given by

Wrw) =22 (leEs o) )

where the brackets (..)p, denote the averaging

over collision energies and the summation over
impact parameters at a temperature 7. In or-
der to simplify the calculation of the reduced

absorption coefficient and still secure a qualitatively
correct spectrum, we used the constant radial-velocity
approximation

v (E,b) = [% (E —V (Rg) — ER—I%Q)]Q, (6)

where V is the initial (ground-state) electronic potential
and Ry is a fixed internuclear distance from the range of
internuclear separations where extrema in the difference-
potential curve appear.

Using the constant radial-velocity approximation, the
classical motion of colliding particles in the vicinity of Ry
can be described by the expression

R(E,b,t) = Ro + v:(E, b)(t — to), (7)

where Ry = R(tg).

The summation over the impact parameter b and the
collision energy E in equation (5) can be reduced to the
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Fig. 5. The contribution from the a®Y (1,) — 1 *II4(0])
difference-potential curve to the total absorption coefficient in
the blue wing of the Cs D2 resonance line.

single integration after integration by parts [37]:

97\ 2 3 Vi(Ro)
<|C(E,b,w)|2>Av =2 (%) (KT)? R e KT
x/e*% IC(E,b=0,w)]*dE. (8)
0

The factor |C(E,b= 0,w)|2 represents the power spec-
trum for the impact parameter b = 0, which is the con-
sequence of the constant radial-velocity approximation.
Figure 5 shows the results of this calculation, the spectrum
generated solely by the 131, (0F) — a2} (1,,) difference-
potential, at a temperature corresponding to our experi-
mental conditions. The theoretical spectrum in Figure 5
shows that the calculation predicts three kinds of satellite
bands. First, the Fourier transform approach generates
a correct, well-known shape of the (“rainbow”) satellite
bands caused by local extrema in the difference-potential
curve. The features labeled with c, ¢, and ¢’ correspond to
the local extrema in the 1%1,(0}) —a®%,f(1,,) difference-
potential curve at about 22 a.u., 17 a.u., and 14 a.u.,
respectively. As noted before, the shape of these satel-
lites can be alternatively calculated using the standard
approach to the calculation of the one-perturber satellite
band [24]. However, in this case, each of these bands must
be calculated separately, using the points around each
local extremum in the 13T,(0}) — a®2} (1,) difference-
potential-energy curve. On the contrary, the use of the
Fourier transform technique has a very important advan-
tage that it generates the complete line-wing shape simul-
taneously, taking into account all points of the difference-
potential curve involved. The second kind of satellite
band, labeled d;, is an example of a nonclassical satel-
lite caused by an interplay of three Condon points (see
Fig. 4). The third type of satellite band, labeled da, is
also a nonclassical satellite band caused by a part of the
difference-potential curve dominated by four (two real and
two complex) stationary points.

In Figure 6 we show the derivatives of the mea-
sured (Figs. 2b and 4b) and the calculated (Fig. 5)

0,02

(a) theory

dk/d) (arb. units)

0,02
002 |

(b) experiment

dk/dj (arb. units)

-0,02 1 1 [l ] 1
832,5 835,0 8375 840,0 8425

Wavelength (nm)

Fig. 6. The comparison of the calculated (a) and measured (b)
first derivatives of the satellite band shapes caused solely by the
a’Sf(1u) — 1 °M,(0;) difference-potential curve. The dotted
line at 837.5 nm denotes the assumed band shape generated
only by this difference-potential curve after subtraction of the

0, satellite band.

satellite shapes. Comparing these spectra, we have to
take into account that the experimental spectrum orig-
inates from the superposition of several transitions
(1%M4(24,14,01,0,) + a®3f(1,,0,), see Fig. 3a), in-
cluding the contributions from the long-wavelength tail of
the cesium dimer B-X band, and possibly from the short-
wavelength tail of the Csy A-X band. All these contribu-
tions (except 1%I1,(0,) + a3} (1,,0;)) are monotonic
in the spectral region between 11850 and 12000 cm ™!,
and can be subtracted simply as a straight line in the
dk/dX vs. A presentation. The peak corresponding to the
satellite caused by the 1°I1,(0;) — a®%;f(1,) difference-
potential curve is clearly marked, and the approximate
background belonging solely to the 131, (0F) — a 32 (1.,)
difference-potential curve is indicated by a dotted line.
Consequently, the experimental absorption profile given
in Figure 6b is caused only by the 1%1,(0}) — a3 (1,,)
difference-potential curve.

5 Discussion

The shape of the investigated satellite bands is deci-
sively dependent on the shape of the complete difference-
potential curve, and only partially on the corresponding
transition dipole moment. The case of rainbow-satellite
bands has often been studied during the last two decades
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(see, e.g., the recent review [29]), and will not be partic-
ularly discussed here. However, to the best of our knowl-
edge, the cusp-shaped satellite bands (spectral features
labeled d; and ds in our spectra) have been observed and
explained here for the first time. Their appearance and
shape can be explained using catastrophe theory [38,39].
The presented observation of the far-wing cesium satel-
lites is a rare example of an optical transition where four
closely related Condon points determine the shape of the
corresponding spectrum.

Inspection of the spectra in Figures 5 and 6 shows that
the calculation predicts and the experiment reveals three
kinds of satellite bands. The first kind are the so-called
rainbow satellite bands labeled with c, ¢/, and ¢”. They
can be understood in the framework of the uniform Airy
theory of satellite bands [29]. These spectral features are
dominated by the influence of transitions generated by two
close stationary points in the vicinity of an extremum in
the difference-potential curve. On the other hand, the case
where two stationary points dominate the transition has
been known for a long time in the theory of catastrophes
as the fold catastrophe case [39], and the related Fourier
integral used here for the calculation of the satellite shape
(Eq. (4)) belongs to the class of canonical integrals in-
vestigated within that theory. In this case, the canonical
integral can be approximated by a linear combination of
Airy functions [38,40], and the catastrophe manifold can
be uniformly mapped to a parabola. Consequently, the
shape of any rainbow one-perturber satellite can be alter-
natively explained and calculated using the results of the
fold catastrophe theory.

The second spectral feature labeled d; is the first
example of a nonclassical satellite band caused by an
interplay of three Condon points in the region about
11850 cm™!. The three Condon points, labeled 1, 2, and
3, interfere pairwise, so that pairs of points (1, 2) and
(2, 3) experience only destructive interference with a
negligible spectral contribution [41]. However, two outer
Condon points (1 and 3) interfere constructively, which re-
sults in a sharp cusp-shaped satellite labeled d;. The cusp
position in the spectrum corresponds to the range of tran-
sition energies where the difference in phase of the atomic
oscillator at two outer Condon points tends to zero:

f(R1) — f(Rs) = 0. 9)
This spectral feature, caused by three real stationary
points, can be linked to the catastrophe of higher order
(cusp catastrophe, Ref. [42]). The corresponding catas-
trophe manifold can be uniformly mapped to a cubic
parabola and, in this case, the canonical integral corre-
sponds to the Pearcy integral [42]. The shape of this satel-
lite band can be explained only using the results of the
cusp catastrophe theory. The prediction of such a type of
satellite rainbow was given by Beuc et al. [43].

The third spectral feature, labeled ds, is perhaps the
most intriguing one. It is an additional example of a non-
classical satellite band caused by a part of the difference-
potential curve in the vicinity of 11925 cm™!, dominated
by four stationary points — two real and two complex. This

region of the 1°1,(0}) — a2} (1,) difference-potential
curve belongs to the catastrophe manifold that can be
uniformly mapped to a biquadratic function. The spectral
position of the cusp labeled d; corresponds to the range
of transition energies (see Fig. 4) where the phase differ-
ence between the real Condon point R,; and the pair of
complex Condon points (R.1, Re2) tends to zero:

f(er) - f(Rcl;c2) ~ 0.

As in the preceding case, the shape of such a satellite can
be explained only using the results of the catastrophe of
the next (higher) order (swallow-tail catastrophe [39]).

Taking into account that the comparison of the deriva-
tives of the absorption coefficient (Fig. 6) is very sensitive
to the shape of satellite bands, the general resemblance of
the derivatives of the measured and the calculated satel-
lites is satisfactory. The calculated spectrum reveals prac-
tically all features of the measured satellite bands: the
rainbow satellite band ¢ at 835 nm, the second rainbow
satellite band ¢’ at about 842 nm, the first type of the
cusp-satellite d; at about 843 nm, and the second type
of the cusp-satellite ds at about 838 nm. The swing of
the dk/dA around the zero-line in the range 836 nm and
842 nm is similar in both the calculated and the exper-
imental spectrum. The position and shape of the mea-
sured and the calculated rainbow satellites ¢ and ¢’, and
the cusp-satellite d; almost coincide. However, the mea-
sured higher-order cusp-satellite ds, compared with the
calculated one, shows the most significant difference: the
intensity of the calculated satellite is stronger than the
intensity of the measured one. The existing discrepancy
can, perhaps, be partially attributed to the discrepancy of
the finest details of the calculated and the real difference-
potential-energy curve. In addition, a more elaborate the-
oretical treatment might reveal the importance of the free-
bound a 3%} (1,) — 1 %I, (0}) transitions which have not
been taken into account in the present analysis. The ex-
istence of bound states in the 31, (U (*P3/3)) potential-
energy curve of alkali dimers is discussed in [44], espe-
cially for K3 and Rby molecules. This can also lead to the
smearing of the calculated satellite band shape.

In principle, the satellite bands can experience smear-
ing also as a consequence of nonadiabaticity of the
potential-energy curves involved in the transition. The
difference-potential curve a 32 (1) — 1 °IT,(0] ) (Fig. 4)
has this unique double-minimum shape because of the
strong avoided crossing of the 0f('X}(*Py/;)) and
the 0 (*II;(*Ps/2)) potential-energy curves. In principle,
there is a certain amount of probability that during the
collision event the atoms may change the current state
and jump from one 0; adiabatic potential curve to an-
other one. This can also lead to the smearing of the mea-
sured satellite band shape. The measure of the validity
of the adiabatic approach is the Massey parameter [45]:
in the range of internuclear separations where the Massey
parameter is large (>>1) the system is well described by
the adiabatic potential curves. This criterion is generally
satisfied for heavier alkali molecules and specifically in
the present particular case of Cse molecule. As the cause
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of additional smearing of the satellite bands, the nona-
diabatic effects (the nonradiative transitions in the re-
gion of avoided crossing of the 0F ('Y (*Py/3)) and the

0 (*I,(* P /2)) potential-energy curves), can be ruled out
in the Csg case.

6 Conclusion

We have performed absorption measurements of the far-
wing satellites of the cesium Do resonance line and com-
pared the results with the satellite band shape calcu-
lated using the Fourier transform technique and a set of
high-quality Cs, potential-energy curves. The analysis of
the experimental and theoretical satellite shapes reveals
the presence of the rainbow and nonclassical cusp-shaped
satellite bands. We have provided the assignment and ex-
planation of the rainbow and cusp-shaped satellite bands.
Although the origin of rainbow satellite bands was for the
first time discussed almost twenty years ago, cusp-shaped
satellite bands have been observed and explained here for
the first time. Comparison of the experimental and the cal-
culated satellite shapes shows good agreement, and owing
to the high quality of the available set of the potential-
energy curves, even fine details of the satellite bands can
be reproduced. The nonclassical cusp-shaped satellites are
discussed in terms of catastrophe theories. We have shown
that the appearance and the shape of these satellite bands
are a consequence of catastrophes of higher order (cusp
and swallow-tail catastrophe).

We are grateful to Prof. W. Meyer for allowing us the use of
his calculated cesium potential-energy curves prior to publi-
cation of his data. This research was supported by the grant
JF107/NIST/Veza of the USA-Croatia Joint Fund for Cooper-
ation in Science and Technology and by the Ministry of Science
and Technology of the Republic of Croatia.
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