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The results of a study of Cs2 fluorescence excited by different blue lines of
the Ar+ 1aser are reported. Special attention was paid to the analysis of
the narrow fluorescence band at 522 nm. Approximate assignments of the
fluorescence transitions were obtained. The origin of the observed fluores-
cence is discussed and a rough reconstruction of a fragment of the Ε'(3) 1 Πu
upper-state potential curve is presented and found to be nearly parallel to
the corresponding portion of the ground-state Χ1Σ+g potential curve.

PACS numbers: 33.20.Kf

1. Introduction

With atomic mass of 132.9 a.u. caesium forms the heaviest stable alkali di-
atomic; a loosely bound molecule which under typical experimental conditions in a
vacuum cell has several populated vibrational levels and most probable rotational
quantum number J exceeding 150. The observed spectra are thus very dense and
not easy to interpret. Various experimental techniques, including high resolution
methods, were used to obtain spectroscopic information about the Cs2 molecule.
A review of this subject and of the results is given in a work of Amiot, Demtroder
and Vidal [1]. Up to now, the structure of several lower lying electronic states
has been determined and potential energy curves (or their fragments) found by
using RKR and IPA approaches ([1] and references therein). Among these states
the ground-state Χ1Σ+g is known with great accuracy up to the dissociation limit
[2-4].

*This work was carried out under the Research Project CPBP 0112.
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Most recent studies concern the states, belonging to the group of Ε states,
excited with blue-green light. Two of those, namely Ε(3) 1 Σ,± and Ε'(3) 1 1Iu (the
1atter being the highest lying among the known and identified Cs 2 states), have
been investigated and partially determined in [1, 5-7]. The use of high resolution
Fourier transform spectroscopy and of a number of Ar+ laser lines for excitation
allowed the determination of the potential energy curve of the  Ε(3) 1 Σu+ state up to
vibrational level υ' = 20 [5, 6]. With the same technique Amiot [7] determined the
bottom portion of the Ε'(3) 1

Π
u potential energy curve up to υ' = 6. Amiot did not

extend the analysis to the higher lying levels (with υ' > 6) of the Ε'(3) 1 Πu state
because of scarce data and of the influence of perturbing states which presumably
play a significant role in this spectral region.

A broad absorption band centred at 480 nm has been observed by several au-
thors [8-11]. In the red-wavelength end of this band a narrow satellite at 522.3 nrn
can be seen. Tellinghuisen and Moeller [12] interpreted the 480 nm band, including
the satellite, on the basis of computational simulation of absorption spectra by  as-
suming the existence of an (unknown at that time) single excited-state such that
the difference potential (excited-state minus ground-state) reaches a minimum of
19140 cm-1 at some internuclear distance R. This minimum, of depth equal to
the inverse of the satellite central wavelength, was assumed to be the origin of the
satellite band.

The narrow band at 522 nm can also be recognized in the fluorescence spec-
tra registered by Kato and Yoshihara [13]. Bieniak, Głódź and Jastrzębski [14]
studied the fluorescence and the excitation spectra in the vicinity of the 522 nm
region with a broad-band pulsed dye laser tunable in the range 457.2-488.0 nm.
The following characteristics of the fluorescence spectra were found:

• position of the band maximum at λ1I 522 nm is nearly independent of
the exciting light wavelength within the range studied, and the width of the
band (FWHM) is ca. 4 nm.

• on the red side of the band (λfl > 522 nm) fluorescence is very weak for all
exciting wavelengths;

• on the blue side of the spectrum (k11 < 522 nm) another fluorescence struc-
ture builds up, which develops significantly with lessening energy of excita-
tion photons to finally exceed the intensity of the 522 nm band simultane-
ously moving away from the λ11 = 522 nm band center.

These low resolution spectral investigations have been accompanied by other
stages of the study aimed at elucidating the origin and the properties of the 522 nm
band and its vicinity. The time dependence of the fluorescence decay was analyzed
following excitation with Ν2 laser-pumped pulsed dye laser in [15] and following
excitation by a mode-locked Ar+ laser in [17]. -

The present paper reports investigations of the fluorescence spectra recorded
at an increased resolution; which stemmed both from narrower laser bandwidth
(0.2 cm-1 for a single line Ar+ laser against 10 cm -1 for the pulsed dye laser in [14])
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and from better resolving power of the monochromator used (0.3 cm-1 against
25 cm-1 in [14]). The use of an Ar+ laser implied however that the excitation
wavelengths were restricted to the lines available with this laser. The analysis of
the fluorescence progressions was performed. It supplied an estimate of the energy
of excited levels and an approximate assignment of fluorescence transitions. A
fragment of the potential energy curve of the electronic state responsible for the
fluorescence observed in the region 510-524 nm is approximately reconstructed.

2. Experimental

The experimental setup is presented in Fig. 1. Caesium vapour contained in
a stainless steel crossed heat-pipe oven was excited by a light beam from the cw
multimode Ar+ laser (2030, Spectra Physics). The laser was consecutively tuned
to the lines at 476.5, 472.7, 465.8 and 457.9 nm delivering 2.0, 0.2, 0.5 and 0.9
W respectively. The oven was filled with 5 g of metallic caesium and with 4.4-6
Torr of argon as a buffer gas, and was operated at temperature of 325-340°C. The
number densities at this temperature are < 10 15 cm 3 for dimers and < 10 17 cm-3

for atoms.

The emerging fluorescence was observed at right anghe to the incident laser
beam with the help of a tuned Czerny-Turner 1 m monochromator (Interactive
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Technology) whose slit was opened to give spectral resolution from 0.1 to 0.7 Å,
depending on the portion of the spectrum registered. Fluorescence photons were
registered with the C31034 RCA photomultiplier with GaAs:Cs-O photocathode,
cooled down to -20°C. While the monochromator was scanned through the spec-
tral region of interest, the single photon signal, converted into an analogue voltage
with Elscint RM-N-1 ratemeter was registered with Χ-Τ recorder. Prior to mea -
surements the monochromator was calibrated with neon spectral lines assuring
absolute accuracy of wavelength estimation of not worse than 1 Å(ca. 4 cm -1 ).
Recorded spectra were digitized for further analysis.

3. Results

Fluorescence spectra excited with 476.5, 472.7, 465.8 and 457.9 nm Ar+ laser
lines were registered. The observed wavelengths ranged from the anti-Stokes bands
to the long-wavelength end of the 522 nm band except for the vicinity of the laser
line. The anti-Stokes lines were used as a source of additional information only
and for this 'reason were not analyzed numerically. Typical spectral resolution was
0.2-0.7 Å, depending on measurement conditions, but some selected fragments of
the spectum were also measured with better resolution, of 0.1 Å. The measure-'
rents showed, that the 522 nm band, which was unresolved in [14], has a rich
spectral stucture. In Figs. 2 and 3 fragments of the fluorescence spectra, in the
vicinity of the 522 nm band, and excited by different laser lines are shown. Because
excitation of Cs2 with the 457.9 nm laser line is reported here for the first time
in the literature, the remaining part of the fluorescence spectrum for that laser
wavelength is also shown in Fig. 4. The essential characteristics of the recorded
spectra will now be described and will be followed by a discussion of the numerical
processing of the data and of the results.

3.1. Description of spectra

3.1.1. Spectrum excited with the 457.9 nm line
In the Stokes spectrum (see Fig. 4 and Fig. 2(a) bands closest to the ex-

citation wavelength are separated by about 41 cm -1 , which corresponds to dis-
tances between the lowest vibrational levels of the ground-state Χ1Σ+g the most
probable rotational quantum number J" = 150, namely: T(υ" = 1, J" = 150)-
T(υ" = 0, J" = 150) = 41.3 cm -1 , where T(v, J) denotes the term value. In the
region 463.9-518 nm one progression with irregular line intensities dominates, in
some fragments of the spectum every second line is missing. On the red side of
the spectum a very strong 522 nm band can be seen which is accompanied by a
much weaker but still distinct 519 nm band.

In the anti-Stokes spectrum there are 14 quite regular bands (with barely
resolved stucture) which gradually weaken towards shorter wavelengths. The first
three of these bands are by far the most intense. The number of the observed
anti-Stokes bands indicates, that the absorption from up to 14 lowest vibrational
levels of the Χ1Σ+g state takes place. Consequently the spacings between the first
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Stokes bands should amount to T(υ" = 15, J" = 150) — T(v" = 14, J" = 150)
38.8 cm-1 .

The separations between the strongest Stokes lines show however, that the
absorption takes place from the lowest vibrational levels (up to υ" = 4). Several
weak series with distances of about 38.5 cm -1 between the first Stokes lines can
also be seen. This leads to the conclusion that with the 457.9 nm excitation the
strongest fluorescence progressions are related to absorption from the lowest (υ" =
0 4) vibrational levels while the weaker ones, to absorption from higher levels
(up to υ" = 14).

3.1.2. Spectrum excited with the 465.8 nm line

The pattern of Stokes spectum is quite complicated because apparently more
than one strong progression is excited with this laser line. The intensity of the lines
varies very slowly in the region between the laser line and λfl = 521.7 nm, and
then grows rapidly developing the strong 522 nm band (see Fig. 2b and Fig. 3).

. The latter consists of more then 10 distinct progressions.
The anti-Stokes spectum reveals 9 bands with gradually decreasing intensity-

indicating that absorption takes place from the lowest 9 vibrational levels.

3.1.3. Spectrum excited with the 472.7 nm line
The Stokesspectrum excited with the 472.7 nm line is very complex. The first

Stokes bands are accompanied by strong satellites related toΡandRbranches of
the fluorescence progressions following R and Ρ excitation respectively. This points
to significant contribution of the P, R transitions to the whole fluorescence. Except
for the first Stokes bands the pattern of the spectum becomes very irregular. Two
strong bands of comparable intensity are seen at 519 nm and at 522 nm (Fig. 2c). -

In the anti-Stokes region 7 bands are observed, but only the first is strong,
which indicates that the strongest absorption may occur from the υ"=0 and 1
levels.

3.1.4. Spectrum excited with the 476.5 nm line

In the Stokes spectrum there is one dominant progression of very irregular
intensity which is accompanied by many weaker series. Of the two bands formerly
observed in the spectrum excited by the 472.7 nm line, the one at. 522 nm is still
distinct but much weaker than the band at 515 nm which is displaced from 519
nm for 472.7 nm excitation.

The anti-Stokes spectum reveals 11 gradually weakening bands. The longest
progressions in the spectrum excited by this wavelength have been identified and
assigned by Amiot [7] as originating in Ε'(3) 1Πu → X1 Σ+g transition. By com-
paring the data of Amiot with our spectum we were able to establish that the
strongest progression is connected with transition (υ' = 13, J' = 160) →(υ",
J" = 160), with υ" = 0 being the initial level from which excitation takes place.

3.2. Analysis of the spectra

The aim of our study was to determine the origin of the band observed at
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522 nm and of the spectrum in its vicinity. The fluorescence consists of a su-
perposition of progressions of lines originating from transitions from the initially
populated upper levels (υ', J') down to the various ground-state levels (υ", J"), in
accordance with the rotational selection ules and Franck-Condon factors. Each
progression consists of lines corresponding to fluorescence connecting one excited
rovibrational level (υ', J') with sequence of ground-state levels:

with

Analysis carried out on this basis allowed, within the estimated uncertainty
limits, to reach an assignment of the ground-state level from which the excitation
originates and of the energy of the upper-state for each identified progression.

3.2.1. Computational procedure and results
The position of each recognizable spectral line and some additional infor-

mation such as intensity were recorded. The measured line positions were then
converted to wavenumbers. Further data analysis was adapted to the overall ac-
curacy of the wavenumber determination and to the spectral resolution, both being
relatively low when compared to measurements in Ref. [7]. For fitting some dis-
tinct progressions of lines with regular distances were selected from the variety of
lines excited by a single laser wavelength. The analysis of the experimental data
was carried out by the computer program (including a least squares minimizing
procedure) using precisely determined Dunham coefficients for the ground elec-
tonic state [3] and taking the energies of the ground-state levels (υ", J") states
to be given by the Dunham expansion in (v"+1/2) and J"(J"+1). The adjustable
parameters were υi and J" with (J"1 J"1) denoting the lower level of the tran-
sition corresponding to the first observed line in the progression. Another fitted
parameter was the term value T' of the excited-state level. The formula used in
the computation was of the form:

with

where E(i)obs, Ε (i)compdenote wavenumbers of the i-th observed computed line of the
progression, Ε(i)compbeing computed with the known molecular coefficients and the
fitted T', υ"1 , J"1 values and the summation runs over all lines belonging to it
(i = 1, 2, 3 ...), T" denotes the term value of the ground-state level.

With the known wavenumber of the laser line  Ε( l ) and the fitted υ, J'
values, the ground-state level pumped by the laser (υ"0 , J"0) can be found from
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with J"0-J"1=0, ±2 depending on,the branch.
Owing to spectral resolution of the experiment, it was not possible to reach

a unique assignment with the procedure described by Eqs. (2) and (3) and for this
reason the final assignment was decided on the basis of additional criteria such as
inspection of anti-Stokes bands. Alternatively a mean value of the most probable
parameter values was taken with uncertainty limits extending from the maximum
to the minimum value. Tables I and II present for each progression the derived
assignments v"0,J"0 of the lower levels from which the excitation takes place. Also
the range of v" included in the analysis of a given progression and the excited level
term value T' are presented. The estimated uncertainty is given for all values. For
some well determined progressions, the assignment of the branch type (P, Q or
R) appeared to be reliable. In more questionable cases the type is not given.

Ι In Table I the strong progressions which develop in the region of the first
Stokes bands are compiled. Each progression was followed down to the end of
recorded spectrum (for some spectra) or to the . range where resolution and/or
Franck-Condon effects prevented further recognition of the series.

The content of this table can be compared with that of Table I of [7] where
precise identification of several transitions observed on excitation with Ar+ laser
lines ranging from 501.7 nm to 465.8 nm is given. A satisfactory agreement with
[7] for the same exciting laser lines is found, in that the progressions analyzed in
Ref. [7] can be recognised in Table I. For the 476.5 nm laser line the progressions
found by Amiot were re-identified and traced down in the recorded spectra and
therefore the exact values taken from [7] are given in that part of Table I. The
numbering of the progressions (the first column of the table) is a remnant of the
data analysis stage and is for reference purposes only. The lower case letters denote
progressions found in the analysis of the spectra recorded at higher resolution but
constrained to only a few (< 10) Stokes bands. The capital letters denote the
series found in the spectra recorded with a slightly lower resolution but covering
the spectral range from the laser line up to the green bands. In some cases it can
be seen for given laser line that the corresponding lower and upper case letters
denote the same progressions, e.g. the series a/A, b/B, c/C for 472.7 nm line or
a/A, b/B for 465.8 nm line. The reliability of the assignments can be checked to
some extent by comparison of the relevant parameter values. For other cases no
simple correspondence exists and it is also possible that different series may be
seen in each subgroup.

Further analysis was aimed at revealing the origin of the observed strong
green fluorescence. For this purpose the progressions constituting a significant part
of the 522 nm fluorescence band and of its vicinity were identified and assigned.
Table II summarizes the results. The series are denoted by lower case letters for
reference purpose only, there is no intentional correlation with data of Table I.

It is to be noted that the series compiled in Table I and Table II were iden-
tified independently. Due to the complexity of the spectra. it was not possible to
trace the single progression through the whole spectral range with any confidence.
Only for the 476.5 nm laser line we were able to follow the consecutive lines for
the series taken from [7] with reasonable reliability up to the green spectral re-
gion. The results presented in Table II are less tustworthy than these in Table I
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because (i) the identified progressions were shorter and (ii) the displacements of
the studied lines from the laser line were greater, leading to larger uncertainties
on extrapolation and thus in the derived assignments.

3.2.2. The upper state for green fluorescence

It follows from the results given in Table II that the absorption, which leads
to fluorescence observed in the green spectral region, i.e. in the 522 nm band and
in its vicinity, originates in the few lowest vibrational levels of the ground-state
Χ 1 Σ+g and fluorescence transitions terminate on highly excited levels of that state
(v" in the range ca. 50-90 depending on the laser wavelength). The term values
T' show that the upper (excited-state) levels populated in the act of absorption
are situated in an energy region above the known part of the Ε'(3) 1Πu potential
(see Figs.5 and 6). For both excited-states Ε and E' the equilibrium internuclear
distances are greater than in the ground-state X1Σ+g . Even if a priori identifi-
cation of the upper state active in the analyzed fluorescence is avoided it seems
reasonable to assume that the same is tue for this state. Within a simplifled ap-
proach of the classical Franck-Condon principle one can thus infer that excitation
leads to the vicinity of the classical turning point on the repulsive branch of the
excited-state potential curve, and the strong green fluorescence occurs between the
turning points on the attractive branches of both excited- and ground-state poten-
tial energy curves. We assume that the strongest emission line (corresponding to
maximum of the overlap integral) in the green part of each progression connects the
outer turning points of both potentials [16]. From the analysis of progression the
vibrational level on which the strongest line terminates can be determined. With
the known ground-state potential curve [1, 3] the internuclear distance Rn of the
outer turning point related to this level was evaluated. To reconstruct the shape of
the excited-state (rotationless) potential curve, the observed wavenumbers of the
strongest lines were corrected for the contribution from molecular rotation. Rota-
tional energy of the ground-state level can be computed with the known molecular
constants. In order to correct the term value T' it was assumed that rotational
energy of the upper level can be approximated using the molecular constants for
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the known part of Ε'(3) 1 Πu state found in Ref. [7]. This simplifying assumption
has only a minor effect on the accuracy of our analysis since rotational constants ,
show rather weak changes for the known excited electronic states of Cs2.

As a result of the procedure applied to progressions shown in Table II as well
as to those excited by 476.5 nm and shown in Table I, the points approximating
outer turning points of the upper state potential were obtained. These points
approximate the shape of potential curve of the state responsible for the observed
fluorescence. The reconstructed fragment of the potential is shown in Fig. 5. The
uncertainty of the experimental points depends on (i) assignment accuracy of ν"0
and (ii) accuracy of determination of the strongest line in the series as owing to
overlap of several progressions it is possible to mistake a superposition of some
neighbouring lines as the single strongest line. The resulting typical errors are
depicted in Fig. 6 for two experimental points.

4. Discussion

It follows from the analysis of the results of [7] that the strong bands observed
at 515-519 nm in the spectra excited by 472.7 and 476.5 nm laser lines belongs
to the Ε'(3) 1 Πu —> Χ1Σ+g transition. At least this is evident for fluorescence pro
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gressions observed both in this work (see Fig. 2(c, d)) and in Amiot's experiment.
Many progressions observed by Amiot were identified in our spectra. The analysis
of the series excited by the 476.5 nm laser line (see Table I) with the procedure
discussed here lead to the points marked by full circles in Fig. 5. Other depicted
points correspond to the series compiled in Table II and relate to the portion of
the excited-state potential responsible for formation of the 522 nm band.

All points, determined with the help of the procedure described in the pre-
ceding section, seem to be spread along the same line (see Fig. 5). The accuracy
of the applied method does not allow for determination of the exact shape of the
potential energy curve of the upper state. The plotted dotted line serves only as
a visual guide symbolizing such potential. It constitutes, however, a rather nat-
ural extension of the Ε'(3) 1 Πu state potential. Thus in view: of presented data
it seems unnecessary to postulate the existence of any other excited-state (apart
from Ε'(3) 1 Πu) in order to explain the origin of the 522 nm band and its strong
side band. The only difference between both bands is that the 522 nm band origi-
nates in the higher lying levels of the E' state than the accompanying fluorescence,
namely in the energy region where the potential curve of the E' state becomes al-
most parallel to the ground-state potential. One can also infer that the absorption
of the exciting light leading to the 522 nm band occurs in the higher lying levels
of the ground-state. In fact the resulting decrease of intensity of the 522 nm band
with the increasing wavelength of the exciting laser was observed in the experi-
ment. It is to be noted that the results of this work confirm some of our earlier
conjectures on the origin of the observed fluorescence bands [14].

In [12] the authors have established the energy difference between the rele-
vant regions of the postulated excited-state and the ground-state potentials to be

19140 cm-1 . Our results show that the segments of the potential curves of both
states which are active in creating the 522 nm band are almost parallel to each
other and separated by Ca. 19220 cm -1 (see Fig. 5 where the dashed curve rep-
resents a portion of the ground-state potential shifted upwards by 19220 cm -1 ).
The discrepancy between both numbers can. be explained as follows. In [13] the
"effective" potential averaged over thermal distribution of rotational states was
determined, in contrast with the present results in which the experimental points
and the curves of Fig. 5 follow the "rotationless" potential curves. The difference
is well fitted by the energy correction evaluated for mean rotational number of the
levels relevant for the analysis.

The manifestations of perturbations reported in Ref. [7] and indirectly through
lifetime measurements in Ref. [17] indicate that in more precise analysis the in-
volvement of another electronic state or states has to be accounted for. In Ref. [17]
decay of Cs 2 fluorescence excited at 476.5 nm and observed at several wavelengths
in green spectral region was found to consist of three exponential components with
lifetimes τ1 = 29 ns, τ2 = 4.5 ns and τ3 < 1 ns respectively. The fluorescence was
interpreted as originating from the Ε'(3)1Πu state perturbed by the bound (3) 3 Pu
state and the repulsive (3) 3 Σu state.

Further study using the higher time- and/or spectral-resolution technique
could shed more light on the role of perturbing states in this spectral region.
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