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Abstract

Vacuum ultraviolet absorption spectroscopy and fluorescence analysis
under selective optical excitation have been combined to deduce the
electronic structure of Clz. Between 73000 cn-| and 81000 cm-l five
bound electronic states could be analysed. Some of them are affected
by pronounced Rydberg-valence mixing. Especially the | '[; state
clearly yields a double well structure which results from an avoided
crossing between an ionic valence and a Rydberg state. The double well
structure is responsible for an irregular vibrational sequence between
73000 cu.l and 74500 cm-l which either prevented an analysis in earlier
investigation or lead to wrong assignments. The FC factors of | l[;
fluorescence with its bound-bound and bound-free contributions between
'\-73000:1::-l and 50000 cm-l are also severely affected by the double

well structure. The results are compared with the first ab initio cal-
culations of the electronic structure of C12. In general, excellent

agreement is found,



1. Introduction

Apart from the X ]X; ground state aund B 3TI(O]:), the eluctronic struc-
ture of the chlorine molecule is known only in fragments [1J . This is
especially true in the vacuum ultraviolet spectral range (VUV). Early
absorption studies in the VUV yielded a lot of vibrational structure
indicating the existence of bound excited states (2] . An unambiguous
classification into different progressions together with the extraction
of potential curves was not possible. Early VUV fluorescence studies
indicated a complex nature of the spectra [3] and enabled only a precise

determination of the ground state 4, 57.

This unsatisfactory situation is partly due to experimental difficulties
in VUV spectroscopy with aggressive gases. In view of this paper ancther
reason has to be mentioned. Peyerimhoff and Buencker recently showed that
strong Rydberg-valence configuralion mixing leads to many avoided cros-
sings of the potential curves and thus to double well potentials with
irregular vibrational progressions which cannot be analysed in a simple
way [67 .

The electronic structure of Cl2 received a great deal of attention
recently, Cl2 plays a significant role in rare gas momohalide laser
systems [ 7] and may even be an important laser molecule by its own [& 3.
These aspects stimulated ocur first investigations of the dynamics of ex-—
cited states [9, 10] as well as the first ab initio calculations of the
electronic structure of cl, C6] . Two recent high resolution spectrosco-
pic studies by Le Calvé et al. T11] and Douglas [123] improved our know—
ledge considerably. Rotational analysis enabled a safe determination of
the symmetry of several excited states. A [ew vibrational progressions
could be assigned. However, due ro the irregularities mentioned above,

a safe interpretation of several features was impossible even in the case
of Douglas' experiment [12] who used isotope clean chlorine 35(:12 .
Additional information on some dipole forbidden Rydberg states was obtained

from threshold electron impact experiments L1331 .

_[‘_

In this paper we present a high resolution absorption study between
73000 cm—l and 81000 crn_l combined with fluorescence analysis between
50000 t‘_m_l and 75000 cm_l. Tuvestigation of VUV fluorescence under
state selective excitation is very helpful for a safe interpretation

of several absorption [eatures which could not be assigned by Le Calvé
et al. C11] and Douglas C123 . It turns out that excitation spectra

of the integrated fluorescence differ markedly from absorption spectra.
Comparison of both is a key for a better understanding of the electronic
structure. We concentrate on the lowest dipole allowed excited state,

1 ]E; , and the effects introduced by its double well structure. Atten-
tion is also given to the 2 l[u state which dominates in absorption
between 74000 cm_l and 77000 cm_], and to the 2 IE; state with its
relatively steep potential well which is a result of an avoided

crossing (78000 cm_l - 80000 cm_l).

The nomenclature used throughout this paper is taken from ref. [61
In the tables, the assignments Lo the states listed in ref. C17 are

given whenever possible.
2. Experiment

The experiments were performed at the new synchrotron radiation labora-
tory HASYLAB at Hamburg [14] . Most of the fluorescence and medium reso-
lution absorption experiments were carried out with an experimental station
described in detail elsewhere [15]1 . Absorption was measured with a band
pass of 1.2 &. Fluorescence was excited with a band pass of 5 R and ana-
lysed with a VUV monochromator (band pass {5 ﬁ), The pressure of Cl2 in

a gas cell with LiF windows ranged between 0.5 torr and |0 torr. All meca-

surements were made at room temperature on natural ClZ'

When the gross features of the spectra were known we continued our in-
vestigation at the new high intensity beam line with its high £lux high
resolution VUV - 2m - normal incidence monochromator [16] and the new
experimental station SUPERLUML for VUV fluorescence studies under

synchrotron radiation excitation C173 . The band pass in absorption was



improved to 0.07 £. Fluorescence was excited with a band pass of

0.5 R and analysed with 5 % resolution. Gas pressure was lowered

to 0.1 torr. In view of the short radiative lifetimes of the states
under discussion [I0Y , this pressure practically ensures collision-
free case. Whereas the spectral distributien of exciting light was
taken into account to deduce the absorption cross-scction as a func-
tion of energy, the fluorescence spectra are not corrected for the
detector response function and the transmission characteristics of the
analysing monochromator. For the convolution of both characteristics
including different optical elements we expect a continuous decrease
in sensitivity with decreasing fluorescence wavelength, The estimated
curve is included below. The error in the high energy region may he

of the order of a factor of 2 ...3. Therefore, one should not compare
fluorescence intensities over a large wavelength interval. This is not

necessary within this paper.

3, Results and discussion

3.1 Some remarks on the electronic structure of C12

In fig. | we present potential curves of the Cl, molecule in order to
. . 1.+ .
facilitate the following discussion. The X 'L ground state with its

o ? 1T4 7' & configuration was taken from ref. [5), because this is -

ti the bgstuof our knowledge - the most accurate determination presently
available, From the manifold of repulsive or weakly bound states termi-
nating at Cl P,Uz 2 I/2 atoms, we included the well established
H(O ) state [18] and the | I1(1 ) state which is responsible for a

-1
broad absorption band centered around 32000 em ~ [191 .

The curves in the upper part of fig. 1 all stem from ref. [6] (ab initie
calculation, spin orbit splitting being neglected). The lowest bound
E Valence states are of ionic nature, terminating at Cl ( D) +
Cl(s)(a-ﬁj)’andat c1(s)+€1(sg] (n rrg»az). Their
equlllbrlum distances (2.7 - 3 R] are considerably larger than T, =
1.9879 & of cthe ground state. Around 2.1 £ and 2.4 g. tespectxvely,

they cross the lowest 15: Rydherg state (ﬂg > 4pm), Due to strong confi-

guration mixing, in the adiabatic limit, two double well states result,

_6..

+ + i 3
namely | IEu and 2 IZU . The inner well of 1 IZ: is very shallow,

. I+, .
whereas the inner well of 2 Eu is deep and considerably steeper
Lhan the ground state. The outer wells mainly veflect the shapes of

the ionic precursors,

The adiabatic 2 lHu state chtains its double well structure from an
avoided crossing of a ng)épo tvpe Rydberg state {terminating at

Cl( P ) + C1 ( D n AP})uand an ﬂg - cuz valence state terminating
at Cl ( D ) +Cl ( S ) The outer well, however, is outside the FC
region and thus does not influence the absorption spectra. Its inner
well turns out to cause the most prominent absorption features between
74000 cm-] and 77000 cm_], whereas the inner well of 2 IX: governs
absorption between 78000 X and 81000 R. For all of
these states we expect a strong change of the electronic transition

moment passing the internuclear distance of the avoided crossing

tegion which is supported by preliminary theoretical results [203]

To fig. 1, the nctation used by Peyerimhoff and Buenker has been taken.
In reality, however, an intermediate coupling between Hund's coupling
cases (a) and (c)} is more vealistic [21, 22] . In the text, whenever
necessary, the notation of case {a) is used.

3.2 Absorption belLween 73000 cm_] and 77000 cm-]

In fig. 2, the absorption cross—section (in arbitrary units) of natural
Cl2 is given between 73000 en” ! and 77000 em ', Tncluded are the posi-
tions of three vibrational progressions I,II and III which have been
identified by Douglas [12] and Le Calvé et al. [1(] for 35012. Excel-
lent agreement can be stated, We are able to identify additional members
of the progressions and clearly see the isotope shift between 3501 and
35013701. (37(:12 is not identified due to its small abundance in nitural
Clz). Numerical results are listed in table 1. The resolution of 0.07 &
is still not good enough for a rotational analysis. Therefore, we take
the position of the maxima of the envelopes as a measure for the transi-

tion energies.
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Between 73000 cm_] and 74300 cm_l the spectrum cannot at all be explained
by the three progressions alone. There exist several extra peaks. Around
74000 & they have a completely itregular sequence. The assignment given
in fig. 2 will be discussed below. It indicates the contributien of BSCL,.
The peaks left are mainly due to 35Cl37C1 (details in sec. 3.4). i
Consulting the ab initio calculations of Peyerimhoff and Buenker (67

for interpretation we note that only two optically allowed states, namely

1.+ | . s
the | Lu and the 2 Hu state exist in the energy range of interest
. | .+ . .
(fig., ). The | Zu state is expected to yield strong irregularities due

to its double well structure and thus cannot account for the most promi-
nent progression I which is nearly regular., We ascribe pregression I to
the 2 ]]u + X IZ; transition. This interpretation is supported by the
rotational analysis of the 0-0 transition by Douglas which yielded a

I - T structure [12] . From the energetic pusitions ol the five members
which are observed we deduce the vibrational quantum, me’ and the anhar-
monicity factor, given in table 1. The observed isotope splitting agrees

well with the values calculated from the reduced masses,

Our C12 VUV spectra are the first from which not only energetic positions
but also intensity information is obtained. So we are able to deduce the
internuclear discance of the minimum of the 2 lﬂu potential curve. With

the parameters given in ref. (5] (X 12;) and in table 1 (2 Illu) the FC
factors were calculated and fitted to experiment. Optimal agreemen: was
obtained with r = 1.9 R which is slightly smaller than the groundstate
value and thus explains why the bands under discussion are blue shaded.

In the calculation, r-independent transition moments were assumed which

is reasonable in view of the fact that we are not in a region of an avoided

crossing.

In table | we also compare our results with the calculations of Peyerimhoff
an? Buenker €6] . The calculated energy difference between the minima cf

+ 1 Cors
X Eg and 2 Hu agrees within less than | 7 with the measured energy of

the 0-0 transition.

. o |
In ref, [63, the vibrational quantum of 2 Hu was not calculated,
However, the mclecular data of the convergence limit, Clz*(zﬂg), which
belongs to the 2 lﬂu Rydberg stale are given. vy of C12+(Zﬂg) agrees

well with our weasured value.

For an assignment of progressions 1T and ILI, the only candidates

are the O; and Iu compouents of the jg + 4po 23Eu state which has also
been calculated [63 . Tts potential curve is practically parallel to the
one of 2 lHu but lower in energy (fig. 1). The caluulated energetical
difference of the minima of X I5* and 2 Btu (70600 cmvl) is considerably
lower than the energy of the 0-0 transitions of both progressions. Our
assignment is in qualitative agreement with the threshold electron im~
pact excitation experiment of Jureta et al. (13] who found no excitakion

between 68500 e} and 72300 cm_], but strong signals zbove 72500 cm_l

3,1

due to the 4pU 1u manifold,

3.3 LY and VUV fluorescence of Clz

The {iuorescence features of Cl2 in the UV and VUV spectral range depend
strongly on the energy of exciting lignt. State selective excitation is
indispensable in understanding the spectra, Details will be discussed in
a forthcoming paper [23] . Here we give a few examples of fluorescence
and excitation spectra which turned out to be the key for the analysis
of irregular absorption features belew 74500 cm-] 1 IZ: progressinn

in fig. 2).

Fig. 3 shows two fluorescence spectra of 0.5 torr Cl2 obtaina? with
slightly different excitation energies (upper curve 73440 cm lower
curve 73560 cm_l, fwnm v 25 cm_l). Both excitation energics are marked
in fig. 2 and iu the fluorescence spectra themselves. Fluorescence ex-
tends from resomance emission down to v 50000 cm_l(additional weak lower
energy features (23] being neglected). Duc Lo the very short lifetime of
n 3 ns Found recently £10]1 , fluorescence stems from a dipole allowed
transition. The only candidate for allowed tramsitions in this energy
I..+ |

b3

ot e
range is | lE;, especially its outer well. The | +« X Zg differen-

tial potential shows that Lhe low energy range of fluorescence (" 50000

cm_I ~ 35000 cm_]) is dominated by outer well bound-free tramsitiocns [231
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In this enerpy range, a close similarity between both spectra of fig. 3
is found., Above %5000 cm_l the vibrational structure of the ground state
is identified. The FC tactors for bound-bound transitiens in this energy
yield a peculiar behaviour, namely a systematic sequence of weak and
strong transitions (v" » 6. Details will be given in ref. {231 ). The
pesitions of v' » v"” transitions included in fig. 3 are calculated with

w_ and w x_of the ground sLate given in ref. 0.
& e e

Drastic differences between hoth spectra are found in the region of
0 #v" #6, In the upper curve strong cmission is found here. Emission
is weak in the lower curve. It turns out that this different behavior

reflects a different nature of the emitting state, one being more concen-

+
-

trated in the inner well, the other one more in the outer well of | BEp

Of great importance for an understanding of the absorption features in

the spectralrange under discussion are excitation spectra of the spectrally
integrated fluorescence. One example is shown in fig. 4 {resolution 0.5 ﬁ,
pressure 0.5 torr). Its overall shape differs markedly frum the absorption
curve which is included for compariscn. Low energy geaks which are weak

in absorption are strongly enhanced in the excitation spectrumige can
identify nearly all of the red shaded %-% type transitions of Cl2 which
have been analyses by Le Calvé et al. [11] and by Douglas Li2] in this
energy range (bars in fig. 4). Of course, our spectrum contains many

35..37
additional peaks due to $ere.

The most prominent progression in absorption, 2 lHue X IX;, is practi-
cally absent in the excitation spectrum. Obviously, 2 "Il does not decay
rediatively but pre-dissociates via potential curve crossing with repul-
sive states correlated to ground state atoms. This explains its diffuse

nature found in abserption [12] .

In the energy range of fig. 4, pre-dissociation can be excluded only for
the outer well ) lE:, because the crossing take place at shorter inter-
nuclear distances £61 . Taking in mind the symmetry analysis [11,123,

this immediately made us to assign the low energy [eatures of the exci-

| .+ 1+ o
tation spectrum to direct outer well | fu « X Eg transitions.

In the inmner Well region, Lhe probability for pre-dissociation is a
sensitive functien net only of FC [(actors but also of the details of
Lhe coupling which is adequate Lo characterise the states, For inner
well 1 ll: and the excited states of progressions T1 and ITI, pre-
dissociation cannot be totally allowed, because rotational analysis
was possible [11,12] . However, pre-dissociation may coutribute to
the decay. From excitation spectrum we conclude that it exceeds fluo-
rescence in the case of progressions II and LIT, but is of minor im—
portance for inner well 1 iZ:. In the next section it will be showm
that the excitation spectrum can be explained nearly quantitatively
lz+ 1.+

by 1 g X L transition. In other words, it is a measure for the
i

+ : .
1 Lu partial absorption cross-section.

3.4 Coutribution of | 1[: « X li; transitions to absorption and

excitation spectra

+

In order to estimate the contribution of the 1 Izu state to ahsorption
and excitation spectra, the FC [actors were calculated., The measured
ground state potential curve [5] was approximated by a Hulburt-Hirsch-
telder potential L24] . This seems to be justified because no high
vibrational levels, where the usual model potentials are no good

approximations [5], are involved.

For the excited state none of the usual model potentials could be used
due to the double well structure. The potential given by Peyerimhoff
and Buenker [6] was approximated by an analytical expression which is
essentially a superposition of a Morse potential (v inner well) and a
combination of a Coulombic and a modified Morse potential (v outer well)
with weighting factors which are a function of internuclear distance,
The weighting functions look complicated because a continuous medelling
of the potential hump between the inner and the outer well was to be

achieved. Details are given in table 2.

For both potentials, Schriidinger's equation was solved following the
mathematical procedure described in ref. [253 ., In fig. 5, the vibrational
levels and some selected eigenfunctions of ! IX: are shown. As expected,
the vibrational spacing gets irregular in the energy range of the double

well. Below the inner well, the wavefunctions are restricted to the outer
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well region (see, e.g., v' = 35). In the energy region of the inner
well, closely spaced in energy, stales exist which are either restricted
more to tane inner well (e.g. v' = 37) or more to the outer well (v' = 38).
The molecule can tunnel from the inmer well to the ocuter well and vice

versa. All calculations were carried out only for the 3SCI2 isotope.

For a comparison with experiment, the calculation of FC factors must
include the r-dependence of the electronic transition moment. We expect
4 pronounced change at the position of the hump, because here the nature
of the excited state changes from covalent to ionic type. In fig. 6 we
show the transition moment used in our calculation. It is based on pre-

liminary results of Peyerimuoff and Buenker (207 .

In fig. &, the calculated FC factors are included as bars. Cood agreement

. 35 . . .
with the C12 structures 1n the excitation spectra concerning (i) the

energetic positions and (ii) intensities was obtained after a systematic

variation of the parameters of the upper state potential. There are a few

exceptions. AL 7276D,6 n:mkI and 72811.3% Crn_1 Douglas identifies two
35 . -

Cl2 - bands. The model yields only one transition at 72701 cm I. A
similar situation nolds for the Tegion of 74000 cm-] where Douglas iden-

1

tifies three 53 bands at 73911 cm |, 73972 cm | and 75021 em !, where-

as the medel yields two bands at 73922 cm-] und 74054 cm-l. However,

the assignment of Douglas' -5 bands to the | ]F: state of 35Cl2 is not
unequivocal. In fig. 4, those structures are marked which afe characte=
rised by Douglas as "strong” or " medium”. Besides them "weak" structures
exist for ')Cl;‘_I which must be partly due to an additional state pertur-
bing the | IZ; state. Perhaps it is the 0: component of a 32; state below

1.+

the | , State, terminating al C1+(3Pg) + CL_(]Sg) £2] . This state was

not calculated by Peyerimhoif and Buencker and could therefore not be in-

cluded in fig. |. Moreover, there is a slight disagreement between le Calve

et al. [11] and Douglas [12] . Le Calvé et al. only report on a transition
. -1
at 72761 cm =~ where Douglas finds the two transitions mentioned above.
-1 . . . .
Around 74Q00 cm =~ Le Calvé et al, did not give a definite analysis of all

transition due to the complexity of the spectra.

In a few cases our model yields vibrational levels where Douglas did not
find a band. These are always regions where strong absorption of progress-—
ions I, II, or IIT is found making impossible the analysis of compara-

tively weak I-L structures.

In fig. 5 we contrast the original potential curve of ref. C&3

and our improuved potential, The deviations are small. The position
of the inner minimum was shilted by less than 0.1 ) energy
agrees within 2 - 3 % with the calculation., The assignment ol ab-
sorption structures to the | i;: state of 35Clz glven in fig. 2

is based on the improved poteniial curve. The remaining peaks in

the excitaiton spectrum as well as in absorption are ascribed to the
1 IF: state of the other isotopes and to the "wecak" L-I structures

mentioned above.

Outr improved | lﬁl potential is not only supported by the agreement
between ¥C factours and the f{luorescence excitation spectrum, but also
by the fluorescence spectra themselves. It predicts exactly the dif-
ferent behavior of the specira shown in fig. 3. The wavefunction of

the emitting state of the upper curve is mainly concentrated to the
inner well leading to strong emission to O = v" = b of the ground state.
The wavefunction of the other emitting state is mainly localised in

the cuter well, Comsequently, emission to O = v" = 6 is weak. Explicit
FC facter calculalions For flucrescence [23) are iu agreement with the

fluorescence curves.

TFrom the model we expecl that all  ¥-2  bands are red shaded with one
exception. The v' = 37 state localised in the inner well should be blue
shaded, Indeed, the envelope of the corresponding absorption band is
the only one among the Z-I bands in this energy range which is blue
shaded. Douglas also found only one blue shaded
band in this energy range [12] . In lLis table 5, it is positioned at
73341 cm_]. At this energy we don't see a band in agreement with

Le Calvé et al [11] . On the other hand, Donglas docs not mention

the blue shaded band found at 7344] cm_l which is the strongest feature
in this cnergy region, We suppose that there is a printing error in
Douglas’ paper. Iln fig. 4 we omiLted a bar at 73341 cm-l and placed it
to 73441 em . Le Calvd eL al. [11] report un strong blue shaded ab-
sorption around 73440 cm_] but were not able to perform a rotational

analysis due to saturation effeets.
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The double well structure seems to cause a peculiar behavior of the
.15 . : .

= " ted 1in

isotovpe effect. Whereas v' = 37 of L12 is mainly concentrate

3 1 -
the inner well region, its 3)C137CI cuuuLerpart is an outer well statc.

. : 33

On the other hand, v' = 38 of Cl seems to have a strong inner

=3 i icted to the
well contribution, whereas v' = 38 of Cl2 is more testricte .
outer well. This behavior, however, needs further careful experiments

on isotope clean Cl,

The absolute numbering of the vibrational levels is based on the depth
of the outer well calculated by Peyerimhoff and Buenker C6] . It must
be correct within | % because it predicts accurately the energetic
position of bound free fluorescence features [23] ., The error in the

absolute numbering is estimated to be at most * 2.

In table 3 we have summarised numerical results for the 1 IZ: state,

It must be emphazised that W and WX, is only valid for v' <35 where

the influence of the inner well can be neglected. In the measured spectra,
however, even in this energy range Lhe sequence of vibrational levels

is not really regular. This was already found by Le Calvé et al. [1t] and
Douglas [12) . The nature of the perturbiung state is not known. Perhaps

3..
+ . r .
it is the 0u component of the already mentioned b state

Before leaving this section we want to point out an interesting phenomenon,
Both the envelope of the FC factors and of the excitation spectrum in Fig.

, -1 -1
yield an oscillatory behavior with maxima around 73450 cm , 73%60cm ,

74450 <:m-l and 75200 cm_l. The first maxima correspond to the emergetic
position of states mainly concentrated in the inner well and may thus be
a rough measure of the vibrational guantum of the diabatic Rydberp state
T+ 4pT IZ; (we ~o 500 .., 600 cm_])4 The positions of the higher maxima
o% the envelope would nicely fit into the vibrational progression of the
diabatic precursor. It seems as if the envelope were some kind of 'memory '

of the adiagbatic states to the diabatic parent states.

4

3.5 Correct ordering of 1 ]L: and lﬁu

+
The ab initio calculations (6] yielded a crossing of 1 IE and

2 F in the region of the inner wells, the minimum of 2 Hu being

., 1o+ : .
lower than the minimum of | Su (see fig. 1). It was admitted that
this finding was not conclusive due to the limited accuracy of the

calculations. In fig. 5, for comparison, we have included the

2 H potential curve as extracted from our measurements., We now see

that the minimum of the Il state is slightly above the winimum of the
L state.

3.6 Absorption between 77000 cm | and 81000 cm™’

Fig. 7 displays the absorption cross-section of Clz in this energy

range. It is governed by a strong progression. With increasing energy
we clearly see the isotope splitting. The rotational envelope gets
also more and more pronounced. Numerical results are listed in table 4.

The energetic positions of the hands correspond to the maxima in

absorption,

. . - + + . :
The progression is ascribed to 2 lZu +~ X qu. The 2 ]i: state is the

2
only candidate in this energy range with such a large vibrational
spacing. The calculated Lnergetxc difference between both potential

curves invclved (78250 cm f63 ) is in excellent agreement with the

measured energy of 0-0 transition {78135 cm l). The vibrational quantum

estimated from the ab initio potential curve [6] is in good agreement
with measurement, The vibrational progression is not regular, the dif-

ference between v' = 0 and v' = | being too small.

It was not tried to calculate the position of the minimum of the 2 Z
potential curve as was done in the case of 2 H for the following reason.
1

+
For 2 Eu the intensities are extremely sen51t1ve to the actual r-depen-

fas ot . . .

dence of the transition moment, because the 2 Zu minimum 1S a result
of an avoided ctossing and thus covers the region where the tramsition
moment may change drastically. The value of T, = 2.1 % given in table 4

is an estimate based on the experimentally deduced position of the hump
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Besides the 2 ]ZI progression many additicnal absorption features

are found, Part of them can be identificé as hot bands (fig. 7).
However, there exists an acditional progressiun which is indicated

in fig. 7, too. Tt scems to be split into twe components. Lf tuis split-
ting were due to the {sotope effect, the 0-0 transition would be con-
siderably lower in energy and outside the range discussed here (arnund
“ 75000 cm—]). 75000 em”! is approximately the region of the bottom
of 2 3Eu (sec table |)., We may speculate that Lhe O: component of

2 3ITu extracts oscillator strength from the 2 IZ: state when vibra-
tional levels nearly coincide leading to a resurrection of 2 3]u

(U;) in this energy range. Interaction of both states could also

: - " I+ :
account for the irrvegularities of che 2 Lu progression.

4, Comparison with former results

In the compilation of data on diatomic molecules of Huber aud Herzberg €13,
only states "M'", "N", "0" and "P" are listed for the energy rangc covered
by our experiment. The vibrational progression of "P" which was measured

by Lee and Walsh 2] and Iczkowski et al. [267 is obviously identical
1_+
- = - 'g.
The lmproved values for ER and w X, are not far from those piven in ref. I.

with progression 1 which was assigned in this paper to 2 ]Eu - X

The value for Te is wew. A rotational constant could be extracted hy

Douglas {12] only for v' = 0, The higher members are ditfusc,

The vibrational progression “M" [2] is identical witn progression III

with one important exception., Lee and Walsh (23] positioned the 0-0 tran-
P - -1 . . .

sition to 72891 cm  which can be ruled out detfinitely in view of the

results of [11,12] and of this paper.

The only information on the 0-0 transitions of states "N" and "0" [1]
stems from the emission work of Douglas and Hoy [53 who identified

I' = 28 and 20 and J' = 14 and 10 rotational levels as emicting sLates,
the electronic nature and vibrational quantum being unknown. In the
emission work [4,5], only P and R branches were found. Therefore the
unknown state must be a % state., Obviously, the "0~0 transition of N"
(73363.3 cm-l) is the head of the red shaded band weasurcd by Douglas
at 73363.3 cn ' [12) . In this paper it is identified as v' = 36 of

+
the 1 IE state,
u

The situation is not so clear with state "0'", Near to the band head
at 74018.5 cmvl givea in ref., [1] Deugias has Found Lhe head of a
red shaded band at 7202] Lmil which is stronpiy purturbec so that
the rotatianal constants ceuld be determined vnly poorly, Huber

and herzberg [IJ calculated (he bandhead energy at 74018.5 cn”?

from the energies of J' = 28 (74167.90 ecm ) and J' = 20 (74095.78 cm ')
with che rotational constant given in ref. [5]. Obviously the strong
perturbation of the rotaticnal levels is respensible for the difference
belween 74018.5 cm_] and 74021 cm-]. Qur model assigns the band under

. . . [
discussion to v' = 40 or 41 of the | Zu state.

5. Concluding Remarks

Cl2 is one of the few homonuclear diatomic molecules which exist under
normal conditions in nature. Nevertheless, in spite of many experimental
efforts, this small molecule could keep secret its electronic structure
in the ViV range fer a long time. The rdason is quile obvious now. Strong
coufiguration mixing of valence and Rydberg states leads to pronounced

irregularities in the optical spectra.

Many of these irregular feutures could be disentangled in the present
work. The basis for this step forward was twofold. Lt was (i) the combi-
nation of absorption and fluorescence spectruscopy, and (i1) the interpiay
between experiment and theory. Without the ab ianitio calculations of
Peyerimhoff and Buenker [6] the analysis of the spectra would have been

considerably more difficult,

Nevertheless, several features in the optical spectra remain unclear. It

is highly desirable tu perform ab initio calculations of the triplet states
with the same standard as was done with the singlet states. Moreover,
spin-orbit coupling etc. should be treated explicitly. A first attempt has
been made by Jaffe {27] who calculated (among the excited states) only tie
ionic valence states including spin-orbit effects. These states are mainly
responsible [or the fluorescence (and lasiog) properties of Clz. We suppose
Lhat they are alsno very important for elementary reactions ol rare gas

atoms (R) with excited CL: molecules. It was already shcwn that reactions
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of the type R + Cl;" RCl*+ Cl are efficient mechanisms for a pro-
duction of the important rare pas monohalide laser molecules [97].
But the ionic states alone are not suificient for an understanding

of intramolecular dynamics in Clz.

In the near future we hope to continue our work on isotope clean
35c12 at considerably better resolution. The range of excitaticn
energy will be extended to the LiF cut-off. With these improved
experimental conditions it will be possible to attack the open

questions.
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Figure captions

Fig. !

Fig, 2

Fig. 3

Fig. 4

Fig. 5

Potential curves of Cl2 {not complete). Lower part: experimental
curves, refs. given in text. Upper part: ab initio calculationms

of ref. [6] . Dotted curves: diabatic potentials.

Absorption cross section of Cl2 as a function of photon energy
{AA = 0.07 ﬂ, p = 0.1 torr). The progressions are discussed in

the text. The arrows indicate the excitation energies for the

+

fluorescence spectra of fig. 3 (v' = 37 and 38, resp., of | lEu)

Note: The strong peak at v' = 38 which shows up in the spectrum
¥,

is tne 0-D transition of progression TTT. v' = 38 of | ’zu is

hidden in the absorption background.

Two typical fluorescence spectra of Clz. Excitation energies

are indicated in the figure by arrows. The vibrational quanta

of the final state (X 12;) are indicated in the upper part
(correct scale for the upper curve). The dashed curve is a rough

estimate of the sensivity functionm of the analysing system.

Excitation spectrum of the integrated fluorescence of C12
{lower curve, &) = 0.5 x). Strong and medium red shaded bands
(ref. [121 ) are indicated by the lines above the curve.

* see text

Bars below the excitation spectrum: results of model calcula-
tions {sec. 3.4). For comparison, an absorption spectrum is
included (upper curve,Al = 0.07 )

IX: potential curve extracted from
fluorescence excitation spectra and the ab initio calculation of

Comparison between the ]

ref. (6] (dashed line). Included ave typical wavefunctions

(v' = 35, 37, 38) of 1 12: and the vibrational levels. The 2 lﬂu
potential curve as derived from our absorption measurements is
included. The energy scale has its zero point at the bottom

of the ground state.
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Table 1: Experimental data for progressions T, II, III and comparison with theory, whenever possible,

-1

Energies in cm

, interuuclear distances in X.

progression 1 1T I1I
. L1 I+ + 1_+
assignment 271, <X Mm muuﬁo:v « X e mu:AH:V « x_mm
- wunH WLOH uwnkunH wwnH wuﬂw wun~w~nw uwnH wwnu umnwuwnw
2 2 2 2 2 2
v' eyt a) b) b) a) b) b) a) b) b)
0-0 74441,2 74443 742842 74283 7353t.7 75532
1-0 75063 75065 74928.04 74928 74898 74150,0 74148
2-0 75687 75690 75671 75562.88 75358 75539 74764.2 74758 74740
3-0 76296 76270 76182 76152 75366 75364 75340
4-Q 76897 |
b) )
v, 634 653 620
b)
WX 4 4.5 2.5
b
no ) 1.91 “ 1.90 1,90
c)
LN 1.94 1,94
ag 90 74300 70600
2 +.c) _ . _
X umﬁnhmv v, = 6203 r, = 1.92
notation in e P missing va

a) from ref. {127 ;

e) ref, [13 H

=0

he model

used in t

+
g

The r-dependence of the groundstate wavefunction for v''

(2
-
>
¥
+ o
2!
~T
™
W
o .
J
2o
= ]
g9 § g
=] o
e o
e o
O -
- =
- v
o »
v 3 -
] o 20
o -
2] @ w
|2 Y Rl

6

Fi

b) this work;

f) restricrions see sec. 4.

fig. 2.

the same as in
the baseline is not coastant

is
1

and 80000 cm

]

Absorption of Cl2 at higher energies. The progressions

are discussed in text, The scale

Between 79000 cm

due to fluctuatiouns in the electron beam of the storage ring.

c) from ref. [6] ;

d) energetic distance between poLential curve minima;




Table 2: Analytical expression for the potential curves used in the
model calculations of sec. 3.4 and values of the different
parameters.

1 4 -x.2 - -
x ') e = o (e s ode ™ amn) o x = 28 (o)
o
. -1

parameters De = 20277 cm ; 8= 1.989; r, = 1.988 %; ¢ = 0.2126;
b =1.2121
Vr) = Vl(r] £ (x) + Vz(r) Ez(r) + E with

v, (r) =D (L - e Blr-T )y2
I+ Vo) = By - B g (1ee T (rT 2
lfu ,(r} = E| T -e I}—EO—C
R,25
el &1 B -1
o= e R
|
25 25
exp{(g) ’}- (%)
: 2 2
exp (D) - &P -
f= ————
2
r. 25 r, 25
exp[(ﬁ) [ ®
. . -1,
parameters De = 20598 om ; 5 = 2.192; r, = 1.852 b
= - -1 -1 -
Eo = 73428 cm E, = 108104 cm C =2410.ycm ];
2 o= 116645 cm 'yt = 3.228 85 x = 0.6 + 238184
| Inrt
a =0.5238; R =2.021 %

Table 3: Comparison between the results of our model calculation and
results of abscrption studies {only 35(112). The calculations
were made for J'= 30 (v maximum of the rotaticnal distribution
of the ground state at room temperature), Experimental results
are mainly band head energies. Differences between both values
are below the general accuracy of the caleulation (v + 0.5 %).

v' energy/ cm_l energy/cm‘]
(model) a}

28 * 2 71575 71 749.5

29 803 984.1

30 72030 72 162.7

31 255 370.2

32 479 581.9

33 701 72 760.6 and 72 811.3

(see sec. 3.4)
34 922 976.7
35 7313% 73 191.8
36 352 363.3
37 460 341 h){see also sec.3.4)
38 564 561 (weak)
39 764 754.2
40 934 911
41 74054 74 021 and 73 972
(see sec. 3.4)

42 210 stroug [l absorption overlaps;
74 230 b)

43 385 334

44 551 475

45 714 615

a6 881 strong Il absorption overlaps;
74 749 b)

47 75052 75 080 (weak)

48 220 224 (weak)

49 193 390 )

for v' <35 w = 243‘:?0 cm~l; weE, T 0.33 em

a) from ref. [12)(only red snaded bands characterized as strong or medium

unless otherwise specified).

b) from the excitation spectrum, peak energies vr shoulders, this work.




Table 4: Experimental data for progression between 77000 and 81500 cm

. . -1
Energies in cm .

. | 1
progression 2 E: « X E; not yet assigned
vy 35012 Beadla 35c12 B3
-0 78135 77450 773%0 ?
a-a) 79103 | 79076 78020 77990 ?
(2 -0) BOOBO | BOO4S 78662 78607 7
3 -0) BOBE1 | BOB2B 79313 2 79225 7
w, 1040 1016 79519 &)

w. X 42 39 79833 79735 7

e e

9, b) 1000 80330 27 o275 ¥
£ b) 78250 * 800

{o-c}

b)
t, 2.1 2 [

1.+
a) most probably hot bands of 2 Lu « X I

b) from ref. [6] .

energy (10%cm™)

to CI2R)+C1%0)
J— cuziahc&‘(z% 4s)
R
toCl*{igh+cr(’s)

1 2
internuclear distance (R)

34825

Figure 1|
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fluorescence intensity (arb. units)
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