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Abst rac t

Vacuum u l t r av io l e t abkorption spectrosropy and f luorescence analysis

under selective o p t i m a l e x m t a i i o n have been uombined to deduce the

electronic s t ruc tu re of Cl , Between 730OO cm and 81000 cm f ive

bound electronic states could be analysed. Some of them are a f f e c t e d

by pronounced Rydberg-valence mix ing . E s p e c i a l l y the l I state

c lear ly yields a double wel l structure which results from an avoided

crossing between an ionic valence and a Rydborg state. The double well

structure is respunslble for an irregulär vlbrational sequence between

73OOO cm and 74500 cm which either prevented an analysis in earlier

Investlgation or lead to wrong assignmenls. The FC factors of l T.

f luorescence wi th its bound-bound and bound-f ree contributions between

"-73000cm and 50OOO cm are also sever«ly a f fec ted by the double

well s t ructure . The results are compared w i th the f i r s t ab init io cal-

culations of the electronic structure o£ Cl . In general, excellent

agreement is found.



l . Introduction

Apart from the X F ground state and ü Tl(0 ), t he tlectronic struc-

ture of the chLorine molecule i s known only in fragments [lH . Tliis is

especially true in the vacuum ultraviolet spectral ränge (Vl!V). Early

absorption studies in the VUV yielded a lot of vibratiunal structure

indicating the existente of bound excited states C2] . An unambiguous

classification into different progressions together with the extraction

of potential curves was not possible. Early VUV fluorescence studies

indicated a coraplex nature of the spectra C3] and enabled only a precise

Determination of the ground state C4, 5l .

This unsatisfactory Situation is partly due to experimental difficulties

in VUV spectroscopy with aggressive gases. In view of this paper another

reason has to be mentioned. Peyerimhoff and Buencker reccntly showed that

strong Rydberg-valence configurauion mixing leads to many avoidcd cros-

sings of the potential curves and thus to double well potentials with

irregulär vibrational progressions uhich cannot be analysed in a simple

way L" 6] .

The electronic structure of Cl~ received a great deal of aLtentioii

recently, Cl. plays a significant role in rare gas monohalide läser

Systems C 73 and may even be an Import an t laser molecule by its own LS 3 .

These aspects stimulated uur first investigations of the dynamics of e.x-

cited states C9, 10] äs well äs the first ab initio calculations of the

electronic structure uf Cl. C&H . Two recent high resolution spectrosco-

pic studies by Le Calvfe et al. ClÜ and Douglas CI23 improved our know-

ledge considerably. Rutational analysis enabled a safe determination of

the sytnmetry of several excited states. A few vibrational progressions

could be assigned. However, due to the irregularities mentioned above,

a sa£e Interpretation of several features was impossible even in the cass
•J C

of Douglas' experiment Cl2] who used isotope clean chlorine Cl .

Additional Information on some dipole forbidden Rydberg states was obtained

from threshold electron impact experiments C133 .

In this paper we present a high resolution absorption study between

73000 cm and 81000 cm combiaed wi th fluorescenc.e analysis between

50000 cm and 75000 cm . Tnves t iga t i cm of VUV fluorescence under

state selective excitation is very h e l p f u l for a safe In terpre ta t ion

of several absorpt ion fea tu res which c.uuld not be assigned by Le Calve

et al. L ~ l Q and Douglas O23 . ft turns out Lhat excitation spectra

of the integrated f luoreaneuce d i f f e r marked ly from absorption spectra.

Comparison of both is a kcy for a better understanding of the electronic

structure. We concentrate on the lowest dipole allowed excited s ta te ,

l I , and the e f f e c t s introdu^ed by its double well strur.ture. Atten-
u l .

Lion is also given to the 2 F. state which dominates in absorption

betwe^n 74000 cm and 77000 cm , ;md to the 2 T, state u i th its

re la t ively steep potential well which is a result of an avoided

crossing (78000 cm~ ' - 80000 cm }.

The nomenclature uscd Lhroughout th is paper is taken f rom re f . £63 •

In the tables, ehe assignmeiits to the states l i s ted in r e f . C l l a r e

given whenever possible.

l. Experiment

The experiments were performed at the new Synchrotron radiation labora-

tory HASYLAB at Hamburg DO . Most of the f luoresc.ence and medium reso-

lution absorption experiments were carried out with an experimental Station

described in detail elsewhere 0^3 . Absorption was measured with a band

pass uf 1.2 &, Fluorescence was excited with a band pass of 5 Ä and ana-

lysed with a VUV monochromator (hand pass 15 S). The pressure of Cl^ in

a gas cell with LiF windows ranged between 0.5 torr and 10 turr. All mea-

surements wert made at room temperature on natural Cl.,.

When the gross features of Lhe spectra were known we continued our in-

vestigation at the new high intensi ty beam line wi tb its high f lux h i g b

resolution VUV - 2m - normal incidence monochromator Clo3 and the new

experimental Station SUPERLUMI for VUV fluorescence studies under

Synchrotron radia t ion exc i t a t ion Cl73 . The band pass in absorpt ion was



improved to 0.07 X. Fluorestence was excited with a band pass of

0.5 51 and analysed with 5 A resolution. Gas pressure was lowered

to 0.1 torr. In view of Lhe short radiative lifetimes of the states

under discussion ClO"1 , this pressure practically ensures collision-

free case. Whereas the spectra) distribution of exciting iLglit was

taken into account to deduce the absorption cross-section äs a fnnc-

tion of energy, the fluorescer.ee spectra are not corrected for the

detector response function and the transmi s.sioti characteristics of the

analysing monochromator. For the convolution of bnth characteristics

including different optical elements we expect a continucus decrease

in sensitivity with decreasing fluorescence wavelength. The estimated

curve is included below. The error in the high energy region raay 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 Cl

In fig. l we present potential curves of the Cl, molecule in order to

facilitate the following discussicm. The X T. ground state. with Us
0 t f rt

O ir 7T C confieurat ion was taken from ref . C5j , because this is -
g u g u

to the best of our knowledge - the most accurate determination present ly

available. From the manifo ld of repulsive or weakly bound states termi-
? 2

nating at Cl P-,, or P ,„ atoms, we included the well established
- . -i l *• l
11(0 ) state D3U and the l H(l ) state which is responsible for a

btoad absorpcion band centered around 32OOO cm LI9J ,

The curves in the upper part of f ig . l all stem frotn ref . E6Ü (ab ini t io

calculation, spin orbit Splitting being neglected). The lowest bound

S* valence states are of ionic nature, terminating at Cl ( D ) •*•

Cl"(]S >(o -*Cu), and at ClVs ) + C1"('Sg' ttru ^g '" °U2)- Their

equilibrium distances ( 2 . 7 - 3 S) are considerably larger than r^ =

1.9879 8 of the ground state. Around 2.1 X and 2.4 5, respectively,

they cross the lowest ' Z* Rydberg s taLe (n '-*- 4pTr) . Due to strong confi-

guraticn mixing, in the adiabat-ic liraii-, LWO double well states result,

namely l Z and "L , The inner well of l L is very shallow,
11 1T '

\s the i n n e r w e l l of 2 Z is deep and C O H S I dt1, r ab l v s teeper
u r t-

L hau Lhe groinid s tat '.'.. The out er wells mainly ref l ec t the shapes of

the ionic precursors,

The adiabatic 2 u s ta te ob t a in s its double well s t ruc ture from an

avoided crossing of. a TT >4po t y p e Rydberg state ( terminat ing at
2 * 2 ^ 2

Cl( P ) *• Cl ( D , 4 p ) ) and a -i TT -+ o valence s t a L e terminating

at Cl ( D ) + Cl ( S }. The outer we l l , however, is outside the FC
K g

region and thus does not inf luence Lhe absorption spectra. Its inner

well Lurns out tu f-.-iuse Lhe meist prominent absorption f eatures between

74000 cm and 77000 cm , whereas the inner well of 2 T governs

a h s u r p t i o n between 78000 X and 81000 X. Für all of

these s ta tes we expect a strong change of the electronic transition

raoment passing the internuclear d i sLance of the avoided crossing

region which is supported by prel iminary theoretical resul ts

Tn fig. l, the nctation used by Peyerimhoff and ßuenker has been taken.

In reality, however, an intermediate coupling between Hund's coupling

cases (a) and (c) is raore realistic L"21, 22U . In the text, whenever

necessary, the notation of case (a) is used.

3.2 Absorption beiween 73000 cm and 77000 cm

In fig. 2, the absorption cross-section (in arbitrary units) of natural
— l — \^ is given between 73000 cm and 77000 cm . Included are the posi-

tions of three vibrational progressions 1,11 and III uhich have been

identified by Douglas Ü2D and I,e Calve et al. tllD for Cl Excel-

lent Agreement can be stated. We are able to identify additional members
TS

of the progressions and clearly see the isotope shift between Cl and

Cl .Cl. ( Cl„ is not identified due to its small abundance in natural

C1~J- Numerical results are listed in table 1. The resolution of 0,07 8

is still not good enough for a rotational analysis. Therefore, we take

the position of the maxima of the envelopes aa a measure for the transi-

tion energies.



Between 73000 cm and 74500 cm the spectrum cannot at all be explained

by the thr.ee progressions alone. There exist several extra peaks. Around

74000 A they have a completely i r regulär sequence. The ass ignment given

35
in f ig. 2 will be uiscussed below. It indicates the contribution of " " C i . 3 .

The peaks l e fL are maiu ly due to Cl Cl (de t a i l s in sec. 3 . 4 ) .

Consulting the ab in i t io calculations of Peyerimhoff and Bueuker C6D

for Interpretat ion we note that on ly twu op t i ca l l y allowed states, namely

the l I and the 'l n s ta te exi st in the enorgy ränge of interest

( f i g . I ) . The l S «tä te is expected to yield strong irregularities due

to its double well s tructure and thus cannot account for the most promi-

nent progression I which is ncarly regulär. We ascribe progression I to

the 2 H «- X I transition. This Interpretation is supported by the

rotational analysis of the 0-0 transition by Douglas which yielded a

H - I structure 023 . From the energetic pus i t ious of the f ive members

which are observed we deduce the v i b r a t i o n a l qnantum, ^ , and the anhar-i > e>

monicity factor, given in t;ible 1. The observed isotope Splitting agrees

well with the values calculated from the reduced masses.

üur Cl VUV spectra are the first from which not only energetic positions

but also intcnsity Information is obtained. So we ace able to deduce the

internuclear distance of the minimum of the 2 '| notential curve. With
u

the pararaeters given in ref. C5H (X ~L+) and in Lable l (2 11 ) the FC

factors were calculated and E i t t ed to experiment. Optimal agreement was

obtained with r = 1 .90 A which is s l i g t i t l y smaller thau Lhe gruundsta te

value and thus explaitis why the bands under discussion are blue shaded.

In the calculation, r-independent t ransi t ion momenLs were assumed w h i c h

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

Crossing.

In table l we also compare our results wi th the calculations of Peyerimhoff

and Euenker C63 . The calculated energy differei ic ;e between the tninima cf

X Z and 2 H agrees w i t h i n less than l % with the measured energy of

the 0-0 transition.

In ref. C6j , the vibrat iunal quantum of 2 II was not ca lcu la ted .

However, the molecu la r dat;i of the converge.nce l imi t , Cl ( H ), which
l +• 2 8

belongs to thü 2 n Rydberg s t a L e üre g iven. DJ of Cl, ( II } agrees

well wi th our sw;iaured value.

For an assignmcnt of p togress ions TT and 111, the only candid;ites

are the 0 and l components of the n -» Apo 2 H state which h;is also
u u f g u

been calculated Cbü . Tts potential curve is practically para l le l to the

one of 2 U but lower in energy ( f ig . I ) . The calculated energetical
u 1 + 3 - l

difference of the minima of X T and 2 I. (70600 cm ) is considerably
g u

lower than the energy of the 0-0 transitions of buth progressions. Our

assignment in in qual i tat ive agreement wi th the. th reshuld electron im-

pact excitation experiraent of JureLa et al. 03] who found no excitaLion
-l -l "l

between 68500 cm and 72500 cm , but strong Signals übove 72500 cm

due t o the 4po" ' l man i£o ld .

The t iuorescence fea tures of Cl in the UV and VUV spectral ränge depend

stror.gly un the energy of exc i t ing l i gilt. State selective exci ta t ion is

indispensable in u n d e r s t a n d i n g Lhe spectra. De ta i l s wi l l be discussed in

a fo r th f .uming paper [23Ü . Kere we give a few exaniples of f luorescence

and exc i t a t ion spectra which turned out to be the key for the analysis
- 1 1 +

of i rregulär absorp t iun f e a t u r e s below 74500 cm (.1 Zy progression

i n f i g . 2 ) .

Fig. 3 shows two f luorescence spectra of 0.5 torr Cl obtained with

s l igh t ly d i f f e r e n t exc i t a t ion energies (upper curve 73440 cm , lower

curve 73560 cm" , fw'rnn x 25 cm ). Both exc i t a t i on energies are marked

in f i g . 2 ;md in the fluorescence spei-.tra themselves. Fluorescence ex-

tends from resonance emission down to ">- 50000 cm ( add i t i ona l weak lower

energy features C23H beiiig neglected). Due. to tiie very stiort l i f e t ime of

^ 3 ns found recently ClOl , f luorescence stems f r o m a dipole allowed

t r a n s i t i o n - The only candidate for allowed tratisitions in this energy

ränge is l 's*, especially its outer we l l . The l I* -*-*• X L d i f f e r e n -

tial pctential shows that the low energy ränge of fluorescence ("•> 50000

cm"' - 55000 cm"1) is dominated by outer well bound-free t r ans i t -Lons C23Ü
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ITI th is energy ränge, a i: lose s i m i l a r i t y between both specCra of Hg . J

is found . Abuve liiOOÜ cm the v ibra t ional s L r u c t u r e of the ground s C a t e

is iden t i f i ed . The FC t , - ic :Lurs for bound-bound t r ä n s t t i n n s in t h i s energy

yield a peculiar behaviour, name ly a systematic sequence of weak anri

s t roiig transitions (v" > 6, Detai ls w i l l be given in r e f . £23] ). The
'X*

poeitions of v' •> v" transitions included in fig. 3 are calculated with

u and (u x of the ground state given in ref. D 3 .

Drastic differences between hoth spectra are fcund in the region of

0 * v" * 6. In the upper curve strong emission Ls 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 outc-r well of l I .u

Of great importance for an understanding of the absorption fea tures in

the spectralrange under discussion are excitation spectra of the spectral ly

integrated f luorescenue. One example is shown in f i g . 4 (resolution 0.5 A,

pressure 0.5 torr) . Its overall shape d i f f e r s markedly f r u m the absorption

curve vhich is included f a r [-.omparison. Low energy pe.aks which are weak

in absorption are strongly enhanced in the excitation spectrum.We can

ident i fy nearly all of the red shaded ?.-?, type t ransLt ions of Cl„ which

have been analyses by Le Calve et al. D l ] and by Douglas L12] in this

energy rang?, (bars in f ig . 4). Of course, our spectrum contains many
35 37

additional peaks due to Cl Cl.

The most prominent progresaion in absorption, 2 II +- X I , is practi-
1 ^

cally absent in the exci tat ion spectrum. Obviously, 2 II does not decay

radiatively but pre-dissociates via potential curve ccossing with repul-

sive states correlated to ground state atoms. This explains its d i f f u s e

nature found in absorption D2D .

In the energy ränge of fig. 4, pre-dissociation can be excluded only for

the outer well l £+, because the crossing take place at shorter inter-

nuclear distances C63 . Taking in mind the symmetry analysis Dl,123 ,

this inmediately made us to assign the low energy features of the exci-
I + l +

tation spectrum to direct outer well l T. •*• X L transitions.

In the inner w e l l r eg ion , Lhe p rnbab i i i t y for pre-dissociat ion is a

sensit ive f u n c t i o n not o n l y of FC fac iors but also of Lhe d e t a i l s of

Lhe coupl i n g whi ch i s a d e q u a L e L D c h a r a c t e r i s e tlie sLa t e s . For inner

we 1 1 l l and the exc iL td s ta t es 01 oroertssi imy Tl and III , pre-U r o r

dissociation cannut be totally alluwed, because rotational analysis

was possible fll,123 . However, pre-dissociation may cüntribute to

the decay. Frum excitation specLrum we conclude th.it it exceeds fluo-

resi:eni;e in Lhe case of progressions II and III, but is of minor im-

portance for inner well l X , In the next ^ection it will be shown
^ u

that the excitation spectrum can be explained nearly qu.inti tat ively

by l T. •*- X I transition. In other words, it is a measure for the
l + u 8

l I partial absorption cross-section.

l + l +
3.4 Contribution of l £ <- X 7. transitions to absorption and

u g

excitation spectra

In order to est imaLe the con t r ibu t ion of the l £ state to absorption

and exc i t a t ion a p c c t r a , the FC factors were calculated. The measured

grourid s ta te potent ial curve Q5 ] was approximated by a Hulburt-Hirsch-

f e ider po ten t i a l C243 . T h i s seems to be j u s t i f i e d because no high

vibrational levels , whcrc the usual model potentials are no good

approsimat ions C5j , are involved.

For the excited state none of tlie usual model potentials could be used

due to the double well structure. The potential given by Peyerimhoff

and Buenker C&3 was appruximated by an analytical expression which is

essentially a superpositioii ot a Morse potential (̂  inner well) acid a

combination of a Coulombic. and a modified Morse potential (\r well)

with weighting factors which are a funr.tion of internuclear distance.

The weighting functions look complicated because a continuous modelling

of the potential hump between the inner and the outer well was to be

achieved. Details are given in table 2.

For buth potentials, Schrödinger's equatiun was solved following the

Toathematical procedure described in ref. LT25ZJ . In fig. 5, the vibrational

levels and some selected eigenfunctions of l T. are shown. As expected,

the vibration.i] spacing gets irregulär in the energy ränge uf the double

well. Below the inner well, the wavefunctions are restricted to the out er



well region (see, e . g . , v ' = 35). In the energy region of the inner

well, closely spaced in energy, s taLes exist which are ei ther restricted

more to the inner wel l (e.g. v ' = 37) or mure to the outer well ( v * = 38).

The molecule can tuimel froro the inner wel l tu the outer w e l l and vice

versa. All calculat ions wäre r.arried out un ly for the Cl isotope.

For a comparison wi th Experiment, the ca lcu la t ion of FC f a c t o r s must

include the r-dependence of the elec.tronic t rans i t ion moment. We expect

a. pronounced change at the posi t iun of the hump, because here the nature

of the excited state changes f rom cnvaLent to ionic type. In f i g . 6 we

show the transit ion moment used in our calculation, It is based an pre-

liminary resul ts of Peyer imhof f and Buenker

In fig. 4, the calculated FC fac tors are included äs bars. Cood agreement

with the Cl structures in the excitation spectra concerning (i) the

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

Variation uf the parameiers of the apper s ta te po ten t ia l . There are a leu

exceptions. AL 72760 .6 cm and 7 2 8 1 1 . 3 cm Douglas i d e n t i f i e s t wo

Cl., - bands. The model y ie lds only one t ransi t ion aL 72701 cm . A

similar S i t u a t i o n hold s for the region of 74000 cm whe-re Douglas iden-
_ l _ i _ i

t i f iea threc J>L bands at 7 3 9 1 1 cm , 73972 cm and 74021 cm , where-

as the raodel yields two bands at 73922 cm and 74054 cm . »cwever,

the assignment of Douglas1 7.-T bands to the l T. state of Cl„ is not
u 2

unequivocal. In f i g . 4 , those s t ruc tures are marked which are charac-.Le-

rised by Douglas äs "strong" or " medium". Besides them "weak" struc tures

exist for " Cl i w h i c h must be pa r t ly due to all add i t iona l state per tur -

b i n g the l E^ state. Perhaps it is the 0 compoiient ;>£ a Z s tate be low

the ! T state, terminat ing aL Cl+( P ) + C l ~ ( ' s ) ttl . This state was
u K g

not calculated by Peyer imhoff and Buencker and c-.emld t he re fo re not be in-

cluded in f i g . l . Moreover, there is a s l ight disagreement between T.e Ca lv

et al . [l O and Douglas T I 2 3 . Le Calve et al . only reporL nn a t ransi t ior

at 72761 cm where Douglas f inds the. two transitions -pnt ioned abnvc .

Aruund 74000 cm Le Calve et al. did aot give a def in i te analysis of all

transition due to the complexity of the spectra.

In a few cases our model yields vibrational levels where Douglas did n u L

f i n d a band. These are always regiuns where strong ab.iorption of progress-

uins I, II, or III is found makiiig impossible the ana lys i s of compara-

tively weak T-L a t ruc tu res .

In f i g . 5 we eontrast the original po ten t ia l curve of r e f . C63

and our improved po ten t ia l . The d e v i a t i o n s are s m a l l . The p o s i t i o n

of t h ü inner m i n i m i m was s h i i t e d by less than 0 .1 A, I ts energy

agrees w i l h i n 2 - 'i \h t l i e c a l c u l a t i o n . The ass ignratnL üf ab-

so rp t iun s t ructures Lu t l ie l L statt ; of " Cl . given in f i g . 2

is bascd on the inproved p o L e i - . t i a l nurve . The remaining neaks in

the exci ta i ton spectrum äs wel l äs in A b s o r p t i o n artf ascribed to the

l I state of the other isotopes and to the "weak" i;-I s t ructures
u

mentioned above.

Our improved l f, potent ia l i s not only supported by the agreement

between FC f ac t u r.s and tlie f luorescence exe i tat ion spect rum, but also

by the f iuurescence .spectra tliemselves. It predicts exactly the dif-

terent behav ior i)t" the spectra shown in f i g . 3. The wavefunct ion of

the emit t ing s tate of the upper curve is mainly concentrated to the

inner well leading to strong CTnission to 0 - v" - f> of the grouiid s t a t e ,

The wavefunct ion of the pther emitting state is main ly localiscd in

the o u t e r we l l , Consequent ly , emis s ion to 0 - v" - 6 is weak . E x p l i t i t

t'C fac tor c a l c u l a t i o n s f j r f luorescence C23] are in agreement wi th the

f luo re sceucB curvus .

From Lhe model WL>. [•xpei-.t Lha t a l l t-'i. bands are red shaded wi th one

excep t ion . Thu v ' = 37 state loca l i s i ' d in the inner wel l siiuuld be b lue

shaded. Indeed, the envelope of the corresponding absorption h.-uid i s

Lhe only one among the «-t ba:ids in this energy ränge which i s blue

shaded, Douglas also [uund on ly one blue shaded

band in this energy ränge [ 1 2 Ü . In his table 3, i t is posi tioned at

73341 cm . At t h i K energy we d o n ' L see a band i n agreement w i th

Le Calve eL al L ~ l l D . On the other hand, Doug las eines not mention

the b lue shaded band found at 7344] cm uhich is the s t rongest Lea ture

in L h i s energy region. We suppose that there is a p r i n t i n g t-rror in

Douglas ' paper. In f i g . 4 we orai tLed a bar at 73341 cm and placed it

to 73441 cm . Le Calve et al. C l lD report un strong blue shaded ab-

sorption around 73440 cm but were not ahle to perfora a rotational

ana lys i s due to Saturat ion e f f e c t s .
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The double well s t ructure seems to causc a puculiar behavior of the

Isotope e f f e c t . Whereas v' = 37 ui" Cl is mainly concentrated in

the inner wel l region, its Cl Cl counterpar t is an outer well s täte .

On thc other hand, v ' = 38 ot Cl" Cl seems tu Iiave a strong inner
35

well contribution, whereas v = 38 of Cl is more restr icLed to the

outer well . This behavior, however, needs fur ther careful experiments

on isotope clean Cl .

The absolute numbering of the vibrational levels is based un the depth

of the outer well calculated by Peyerimhoff and Buenker C63 . It must

be correct within l £ because it predicts accurately the energetic

Position of bound free f L u u r e s c e n c e features L7231 . The error in the

absolute numbering is est imated LO be at most ± 2.

In table 3 we have summaristid numerical resulta for the l 'iT state.u

It must be emphazised that oj and u x is only valid for v 1 < 35 where

the influence of the inner well can be neglected. In the. measured spectra,

however, even in this encrgy ränge the sequence of vibrational levels

is not really regulär. This was already found by Le Calve et al. D Q and

Douglas Cl2] . The nature of the perturbing state is not known. Perhaps

it is the 0 comoonent of the already mentioned T. state.
u * * u

Befüre leaving this section we want to point out an interesting phenomenon.

Both the envelope of the t'C factors and of the excitation spect-rum in l'ig. 4

yield an oscillatory behavior with maxiina around 73450 cm , 73960cm ,

74̂ *50 cm and 75200 cm . The first manima correspond to the energetic

Position of states mainly concentrated in the inner well and may thus be

a rough measure of the vibrational quantum of the diabatic Rydberg state

TT •* 'ipir I (u % 500 ... 600 cm ). The positions of the higher maxima

of the envelope would nicely fit into the vibrational progression of the

diabatic precursor. It seems äs if the envelope were some kind of 'memory'

of the adiabaEic states to the diabatic parent states.

- 14 -

3.5 Correct ordering ot l 1 and H
0 u u

The ab in i t io ca lcu la t ions C6J yie lded a t-.rassing ui l E and

2 fl in the region of the inner uel ls , the minitnum of 2 II being

lower Lhan the minimum of l T (sce f i g . 1). It was admitted that
u

this ficiding way not concluaive due to the limited accuracy of the

calculations. In f ig . 5, for comparison, we have included the

2 II potent ia l curve äs extractcd from our measutements. We now seeu

that the minimum of the Fi state is slightly above the minimum of tlie

Z state.

^1 — l
3.6 Absorption between 77000 cm and 81000 cm

Fig. 7 displays the absorption crnss-section of Cl,, in this energy

ränge. It is governed by a strong progression. With increasing energy

we clearly see the isotope Splitting. The rotational envelope gets

also more and more prcnounced. Numerical results ate listed in table 4.

The energetic positions of the hands correspond to the maxima in

absorption,

The progression is ascribed LO Z I * X E . The 2 l state is the
u g u

only candidate in this energy ränge with such a large vibrational

spacing. The calculated energetic difference hetween hoth potential

curves invclved (78250 cm C63 ) is in excellent agreement with the

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

estimated from the ab initio potential curve Cö] is in good agreeraent

with measurement. The vibrational progression is not regulär, the dif-

ference between v' = 0 and v' - l being too small.

It was not tried to calculate the position of the minimum of the 2 £

potential curve äs was done in the case of 2 n for the following reason.

For 2 T. the intensities are extremely sensitive to the actual r-depen-

dence of the transition moment, because the 2 E minimura is a result

of an avoided crossing and thus covers the region where the transition

moment may change drastically. The value of r = 2.1 A given in table 4

is an estimate based on the experimentally deduced position of the hump

of l V.
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Besides the ü S prcgress ion many a d d i t i o n a ] absorpLion features

are f o u n d , Part of them can be i d e n t i f i e d äs hat bands ( t ' i g . 7).

Howcver, there exiscs an a r . d i t i o n a l progres.iiun w h i r h is int i icated

in E ig. 7, Luo . 1t seras L 0 be spli t niLo L wo coeipor.ents. If tu i s spl i L -

ting were due L o t ho i so Lupe e r f e c i , i.hr. 0-0 t ransi tion would be con-

siderably lower in energy and outside L he ränge discussed here (arnund

r" 75000 cm ). 7';000 cm is a p p r o x i m a t e l y the region of Lhe bnttoiii

of 2 T (see t ab le l ) . We may speculate tliat Lhe 0 component of
3 | + u

2 IT extracts osc i l la tor strength f rom the 2 Z s ta t t whun vibra-
u

tional levels near ly coincide leadinc to a resur rec t ion of 2 H
+ u

(0 ) in t h i s energy ränge. Interaction öl hoth s t a t e s could also

account for the irregulari t ies of ehe 2 i progression. .

4. Comparison with former results

In the compilation of data an t l iatomic raolecules of Hutier and Herzberg CH

unly states "M", "N", "0" and "P" are l is ted for Lhe entrx.y ränge covered

by our experiment. The u i b r a t i o n a l progress iun öl "P" vhich was measured

by Lee acid W a l s h C23 and I c z k o w s k i eL al. \l2bU is obvious ly identical

wi th progression l uhich was asaiiiied in t.his paper to 2 H * X T
u g

The iinpruved va lues for ^ acd :^^c are not far f r o m those ^iven in r e f . l

The value lor r is new. A r o L a t i o n a l constant could be extraeted by

Douglas C I 2 J only for v 1 = 0. The higher members are d i f f u s e .

The uibrat ional progression "M" C23 is ident ica l w i L h progrossion III

w i t h one Important exteption. Lee and W a L s h C23 posi t ioned the 0-0 tran-

sition to 72891 cm whic t i can be ruled out d e i i n i t e l y in view of the

results of L " l l , l 2 j and of this oaper .

The only i n f o r m a L i n n on the 0-0 transit ions of states "N" and "0" TU]

stems from the emission work of Douglas and Hoy C r O w h o ident i f ied

J - 28 and 20 and J' = 14 and 10 ro tac iona l levels äs emi t t i ng S L . ' I L K K

the electronic nature and vibrational quantura bcing unknown. In the

eraission work C^,") D , only P and P, branches were found. Tbere fore the

unknown s tate must be a F. s taLe . Obviously, the "0-0 transit ior of N"

(73363.3 cm ) is the head of the red shaded band measured by Douglas

aL 733h3.3 cm Cl23 . In this uaper it is i d e i i t i f i e d äs v ' = 36 of

Lhe l T. state.

The Si tuat ion iä nut so c l e a r w i th s t a t o "0". Near tu the band head
— l

at 74018.'; cm g ivea in r e f . ["13 Doug ias h a u i u u n d Lhe head of a

the rota t iona l t-or.st ;ir. l : - , < .:uki he dr t i - r iu i ned i.mly ;n>orl y . Huber

and herzberg C l j ca lcü la t(?d i h t : bandhead energy at 74018 .5 cm

f r o m the energies of J 1 = 28 ( 7 4 1 6 7 . 9 0 ciif1) and J ' = 20 (74095.78 cm ' )

w i t l i the rotat ional conSLan t givrn in r e t . C^ l . Ubviously the strong

per turba t ion of the ro t a t i ona l levüls is responsible for the d i f f e r e n c e

heLween 74018.5 cm anc 74021 cm . Our model assigns the band under

aiscuss ion to v 1 = 40 or i l of the l L. s ta te .

3 . Conclud ing Rmnarks

Cl _ i s one nf l he f uw hi in iünuklear diatomic Diolecules which exis t under

normal condi t ions in nntnre . N e v e r t h e l e s s , in spite of many experimenLal

e f f o r t s , th is stnall m o l e c u l e could kcep secret ics e lec t ronic s t ruc tu re

in the V l" V ränge fc r a long t IBIC . The rcason i s q u i Le obvious now. Strong

coi:l"iguratioa mixing oi valence and Rydbt - rg statr.a t ü j i d « ; tu pronounced

i r r e g u l a t i t i e b in tht opt ical spectra .

Many öl" t liest irregulär f e a t u r e s could be d i sen tang led in the present

work. The basis f ü r L h L s step fo rward was t w o f o l d . 1t was (i) the. i:oiiibi-

nat ion of a b s o r p t i o n and t luoresc.eiu'e s p e L L r i i H C O p y , and ( i i ) the i n t e rp i ay

between exper iment and theory . Ji L h u u L L h e ab in i t i o calculations n l

Peyer imhoff and Buenker CfeD the ana lys i s nf t sie spec.Lra would have been

cor.siderably Kiore d i f f i c u l t .

Never theless , several fea tures in the optical spectra reuiain unclear. It

i a h i g h l y d e s i r a b l e tu p e r f o r m ab i n i t i o calculat ions of the t r ip le t s t a t e s

w i L h the samt! S t a n d a r d äs was dcme w i th Lhe singlet states. Moreover,

spin-orbit coupling e tc . should be t reated c x p l i c i t l y . A f i r s t at tempt has

been made by J a f f e C27] who calculated (among the exci ted states) only Lhe

ionic valeuce sLatfcs ine lud ing sp in-orb i t e f f e c t s . These states are main ly

r e s p u i i s i b L e f o r Lhe f luorescence (aud las iag) proper t ies uf Cl . We suppose

LbaL they are a l so vcry i m p i i r L a n L l o r e l emeu ta ry reactions of rare gas

aLoms (R) w i t h fxc i t ed i'A,. niolecules. I L was already shcwn thaL react ions



- 17 -

t *
of the type R + t"^7~" Kt:l 4 Cl are efficient mechanisms for a pro-

duction of the important rare ,̂as raonuhalide laser molecuLes C93 .

But the ionic states alone are not surficient Eor an understanding

of intramoLecular dynamics in Cl-,.

In the near future we liope tu coutinue our work on isotope clean

Cl at considerably better resoluLiun. The ränge of excitation

energy will he extended to the LiF cut-off. Wich these improved

experimental cunditions it will be possible to atLack t.he open

questions.
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Figure captions

Fig. l Potential curves of Cl- (not complete). Lower part: experimental

curves, r e f s . given in tex t . Upper pa r t : ab init iü calculations

oi ref , [6^ . Dotted curves: diabatic pütentials.

Fig. 2 Absorpt ion cross section of Cl? äs a funct ion of photcn energy

(iA = 0.07 S, p = 0 . l t o r r ) . The progressions are discussed in

the text. The arrows indicate the excitation energies for the

fluorescence spectra of f ig . 3 (v1 = 37 and 38, resp . , of l Z )

No te : The streng peak at v' = 38 uhich shows up in the spectrum

is the 0-0 t ransi t ion of progression T I T . v ' - 38 of l E is

hidden in the absorption background.

Fig. 3 Two typical fluorescence spectra of Cl„ , Exci ta t ion energies

are indicated in the f i g u r e by arrows. The vibrat ional quanta

of the f ina l s ta te (X E ) are indicated in Lhe upper part
o

(currect scale for rht> upper curve). The dasht'd c-.urve is a rough

est iroatb: of the sensivity f u n c t i o n of the analysing system.

Fi&. 4 Exc i ta t ion spectrum of the integrated fluorescence of Cl

(lower curve, A^ = 0.5 A) . Streng and medium red shaded bands

( r e f . D Ü 3 ) are indicated by the. L ines above the curve.

* see text

Bars below the exci ta t_ ion spectrum: results of raodel calcula-

tions (sec. 3 .4 ) . For comparison, an absorpt ion spectrum i s

included (upper c u r v e , A X = 0.07 A)

Fig. 3 Comparison between the l I potential curve extracted f rom

fluorescence exci tat ion spectra and tlie ab in i t io calculat ion of

ref. C63 (dashed line). Included are typical wavefunctions

(v' = 35, 37, 38) elf l L+ and the vibralional levels. The 2 ^u

potent ia l curve äs de.rived from our absorp t ion measurements is

included. The energy scale has its zero point at the bottom

of tlie ground state.
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F i g - 6 Transition moment of l I - X T. used in the model

calculation of sec. 3.4.

The r-dependence of the groundstate wave func t ion for v '

is g iven , too.

Fig. 7 Absorpt ion of Cl„ at higher energies, The progressions

= 0

are discussed in tcxt , The scale is the same äs in f i g . 2.

Becween 790ÜO cm and 800ÜÜ cm the baseline is not constam

due tu Eluc t -ua t io t i s in Lhe (i lectrun bcara o t- th« storage ring.

CO GO K



Table 2: Analytical exptession £or the potential curves used in the

model calculations of sec. 3.4 and values of the d i f f e r en t

Parameters.

X 1 ! 4

Parameters

i 'r

Parameters

V(r) = V + Cx3e 2s(l+bx)} ; x =

V(r) = V, (r) f,(r) + V.,(r)

V,(r) - D„ (l -

V2(r> -E, -- + C

with

- E - C

, ,R.25
)- (-)

, r . 2 5 , , r , 25

. 25 r, 25

= 73428 cm"1; E, - 108104 cm~' ; C -2410.

.-. i; x = 0.6 +•
0. '38184
— -= -

Inr

a - 0.5238; R = 2.021 X

Table 3: Comparison hetween the results of our model calculation and

results of absorption studies (only Cl,). The calculations

were made for J*= 30 (l/ maximum of the rotational distribution

of the Kroul11^ state a t room temper.Tture) . Experimental. results

are mainly band head energies. Differences betwecn buth values

are below the general accuracy of tht calculation (̂  + 0.5 %).

v '

28 ± 2

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

, -1energy/cm
(model)

71575

803

72030

255

479

701

922

73139

352

460

564

764

934

74054

210

385

551

714

881

75052

220

393

, -1energy/cm
a)

71 749 .5

984.1

72 1 6 2 . 7

370.2

581.9

72 760.6 and 72 81 1 .3
(see sec . 3.4)

9 7 6 . 7

73 191.8

363.3

341 (st^e also sec. 3. 4)

561 (weak)

7 5 4 . 2

91 1

74 021 and 73 972
(sue sec . 3.4)

strotig u abso rp t iun overlaps;
74 230 b)

334

475

615

strong II absorptlon over laps ;
74 749 b)

75 080 (weak)

224 (weak)

390 b)

for v1 < 35: u) = 243+? cm"'; u x ".. 0.33 cm~ '''• e - 1 0 e e 'v

a) from ref. C'2j(only red s'naded bands characterized äs wtrong or mediun

unlcss otherwise specified}.

b) from the excitaLion spectrum, pe;ik energies ur shoulders, this wark.



Table 4: Experiments! data for progression between 77000 and 81500 cm

Energies in cm .

progtession

v' +. v"

(0 - 0)

(i - o)

(2 - 0)

(3 - 0)

W K
e e

b)
u !
e

E b)

b>
o

u * "g

35ci2

78135

79103

80080

80881

1040

35ci37ci

79076

80045

80828

1016

1000

78250 ± 800

% 2A i

1

not yet assigned

35 35 37
J:)ci2 "cr'ci

77450 77390 ?

78020 77990 ?

78662 78607 ?

79313 ? 79225 ?

79519 a)

79833 79735 ?

80330 a) 80275 a)

a) most probably hot bands of 2

b) from ref . C&3 •
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