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Intraduction

The electronic structure of halogen molecules has attracted considerable
interest these 1last few years both from a theoretical and experimental
point of view. Halogens play a significant role in rare gas monohalide la-
ser systems and may even be important laser molecules by theitr own (1,2,3).

But in spite of a large number of experimental studies, the interpretaticn
of absorption spectra and UV fluorescence is by far not corpletely clear.

It appears that complex absorption spectra require high resolution and also
isotopic molecules for an unambiguous identification of mclecular systems.
Moreover, even in the case of recent experiments with laser excitation, both
in the presence or in the absence of a buffer gas, the assignement of some

UV molecular fluorescences remains speculative.

The interpretation is complicated by multiple difficulties partly due to

the complexity of upper states reached by excitation, partly due to the mul-
t1P11C1ty of the posslble lower states (23 electronic states correlating

with %/2 ZP/;, 3/2" P}/Z and P't/’ 1./2.at0m5]{4] .Additional difficulties
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result from the Jifferent typesof fluorescence expected. As it has been
shown in varicus publications after the first interpretation of the I,
structured continuum by Mulliken (5), characteristic features for transi-
tions between ion-pair potential and valence states are expected when the
difference potential displays a minimm (6,7). In that case the structured
fluorescence spectrum exhibits large undulations resulting from a quantum

interference effect with a strong peak at the long wavelength limit.

Finally it should be noted that the unsatisfactory situation was increased
by an insufficient knowledge of potential curves. The recent ab-initio
calculations of Peyerimhoff and Buenker (8) are the first which take into
account the Rydberg states, but they don't include spin-orbit effect. In
contrast, if this interaction is taken into account by Jaffe (9}, his un-

published calculations concern only the ionic valence states.

Among halogens, Clz, object of only fragmentary and centroversial studies
(10,11) was perhaps the less known, until 1979. In close connection with the
first ab-initio calculations of excited potertial curve (8),we have under-
rulen a cetailed study o; €1, n the VIV regisn Lom01n1ng absorption mea-
surements between 1040 A (LiF cutoff) and 1500 A vi:th fluorescence measu-
rements- between 1300 and 4000 A under selective excitation,

Following absorption studies (12,13,14), the results presented here are
focused on an analysis of structured fluorescence bands observed when pure
Cl, is excited between 1200 and 1400 A (Fig.(1)}. This spectral range ap-
pears particularly interesting since it corresponds to an avoided Crossing
region between Rydberg and Valence states, as revealed both by the theore-
tical calculation of Peyerimhoff (8) and by the high resolution absorption
spectroscopy (12,13,14).

The simplified diagram of the calculated adiabatic potential curves {Fig.2)
In the energy region investigated by us, makes evident the difficulties of
analysis for either absorption or fluorescence. Between 7 eV and 10 eV, C
excited electronic states consist of a closely spaced manifold of distinct
bound states with different electronic configuration.

- Rydbern states bound by 2-3 eV have their minimum near the value
Re = 1.99 A of the X Zg ground state.
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Fig. ' - a) Microwave discharge of pure C1, (from G. Kihnberger's thesis,
Hamburg (1979)) - b) Flyorescence spectrum cOrresponding to an excitation
wavelength Mgy = 1353 A. The intensity decrease below 1800 A is due to the
transmission characteristics.

- Ionic states exhibit an attractive 1/R interaction for large R with
wide and deep minima around 2.7 - 2.9 A.

At shorter distances, the mmerous ionic states which lie below the first
Rydberg states, lead to series of avoided.crossing between states of same
symmetTy and hence to double minimum potential wells. Furthermore, due to
the change in character from ionic to Rydberg type in excited states, dras
tic variations in electronic transition noments zre « .pected at internucle-
ar distances corresponding to the crassing region (15,16). The subsequent
perturbations give rise to strong irregularities in spectra, irregularities
in vibrational spacing, rotational structures and also intensities. Final-
1y, mixing of singlet and triplet excited states by spin-orbit interaction
introduces additional complications (9).
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Fig. 2. Simplified Cl, pot:ntial energy diagram from ab initio calcula-

tions (8). X 12;. 13 Mo, and 1 1ﬁu are experimental curves (see ref.4)



Experimental arrangement and fluorescence observation

After preliminary investigations with synchrotron radiation at LURE ORSAY
(3,17), the experiments have been carried out in the synchrotron radiation
Laboratory Hasylab (Hamburg) with two beam lines. On the Higity line, flu-
orescencs measurements, resolvad or integrated in time, have been done at
medium resolution. The exciting wayelength is tuned with a first mono-
chromator between 1050 A and 2090 A (band pass 2-5 A). The fluorescence
light is analyzed between 1050 A and 4000 A by a second monochromator in-
tegrated with the sample chamber (band pass u 13 A) {18). For fixed com-
binations of excitation and fluorescence wavelengths, decay times were
measured by making use of the pulse structure of synchrotron radiation.
Matheson high purity Cl, was used.

In second series of experiments, our investigation was continued at the
new high intensity beam line fitted with a VUV 2 m normal incidence mono-
chromator. The band pass in absorption was improved to 0.07 A. Fluores-

1

cence was excited with a band pass of 0.3 A and analysed with 5 A resolu-

tion {19). oy ==
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Fig. 3. Two typical fluorescence spectra obtained with the Superlumi line
(19) for two different excitation energies (arrows).
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Fig. 4. Time resolved fluores-
cence signals.

When exciting Cl, arownd 1350 A (Fig. 1.b),
at low pressure conditions where relaxation
and zollisioral mixing of states can be ne-
glected, the ﬂuorescegce spectrun analysed
between 1350 and 3100 A shows structured
and complex features. The strongest bands,
as shown by Fig. 3, exgend from rescnance
emission down to 1990 A. At lower energy,
numerous weaker bands, mostly with a diffir
S€ aspect, seem to present some analogy
with series of hands (Fig. 1.a), impreci-
sely assigned, which have been observed
previously in discharges (20,21).

The graup of lgands obserged in discharge
between 2140 A and 2600 A was attributed
to the N 4 + °N, transitions
of oty
Te = 37 816 cm ~ {for Ty } by Wieland et
al (20). The weak band system in the region
4 o

2365 - 2239 A was assigned by Khanna to
transitions from a gerade upper states with

=61 290 cm” down to 311 4 state
(Te = 17658 Lm ) 2y wh11e the 2580 A
correspond to HZg - 3H2u transition
from the lowest ion-pair state (22).

In contrast with discharge experiments,
the fluorescence bands observed in the
present work, for selective excitation of
pure L1l,, may be steadily assigned to
transitions from "ungerade’" upper states
to "gerade" lower states. This assignement
is confirmed by the temporal behaviour of
the pure Cl, fluorescence characterized by
a promptonset which clearly demonstrates
that the upper emitting states are reached
by primary excitation (Fig. 4). No time



delay is observed ruling out scme vibrational relaxation, collisional reac-
tion or cascade effect from the initially "u' excited states to any hypothe-

tical'g'emitting state.

Furthermore, as already discussed in a previous paper (17), it is interes-
ting to recall that a strong enhancement of emission around 2580 A is ob-
served whan Ar (or Xr) is added ta Clz excited at 1350 :—‘,\5 while the other
fluorescence bands are quenched. In that case; the 2580A time resolved signal
which has a typical cascade behaviour (Fig. 4), is ascribed to the

M, > 3H2u "laser transition” whith a measured radiative lifetime of 16 ns

8
for the upper state.

A different and shorter lifetime, 8 ns, was obtained for the "u" upper sta-
Q
te responsible for the emission around 2550 A in pure Cl,, while 3 ns and
Q a
5.5 ns were measured respectively for the 1990 A and 2200 A emissions.

Further consideration may help to characterize the "u" upper states respon-
. o o
sible for fluorescence bands observed between 1400 A and 3100 A
(1) Comparison between absorption and excitatiocn spectra

{11 Examination of the characteristic features due to bound free

transiticns.
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Fig. 5. Absorption spectnum of pure C1, at medium resolution (0,5 A).

Comparison betwesn absorption and excitation spectra.

In the region 1330 - 1560 :\, three progressions of the absorption spectrum
(Fig. 5) are assigned to transitions from the ground state towards Rydberg
states 1, sﬂcﬁ and Sllu' The identiPcation of these different systems,
the mumbering of vibraticnal i=vels and the determination of molecular pa-
rameters (T, w,, w, X,) are supported both by the recent absorption ana-
lysis at high resolution of natural and isotopic Clz (12, 13, 14), and by
our quantitative investigation which may be combined with calculation of
FC factors for bound - bound transitions (14). The ‘experimental electronic
terms (T ) are consistent w1th the theoretical Ldlculatlon . an excellent
agreement is obtained for the tu state (Te = 74 408 cm ) but higher
values are deduced for the triplet states {Te = 74 237 cm_1 (noﬁ) and
Te = 73 501 cm’ ' 3(niu} ).

Between 1360 and 1400 :\, a crowded regicn is more difficult to analyse. It
corsists mainly of red shaded bands arising from transitions between

x o7 (v"=0) o *he iznic part of the lowest 12:‘ state dissociating
in c1* ('pg) + €17 ('sg).

When comparing the high resolution excitation spectra of the total fluo-
rescence with absorption spectra, significant difference is observed.
The most promment progressmn of absorption ( o+ 12 4] and the fainter
progression C Ta * 1 ) are practically absent suggestmg strong pre-

dissociation [probably by the lu component of the repulsive 32 & state).

In that case, the possible emitting states, reached selectively between
1200 and 1500 A would be limited to the 0 spin orbit components of only

three states : 1[;, S'Tu and 321; , this 1dbt state being not yet calcula-
tad hy Peverisheff, but bsing =ipecteu in this ragion.

Examination of the characteristic features due to bound-free transitions

Bound-free spectra display characteristic features which can be used to

obtain information on the potential curves, as illustrated by different

examples (rare gas halides (23, 24), -are gas excimers (25), metal dimers
,26), halogen melecules (5,27), treated in literature. Recent papers

[6,1) give a clear insight into the different approaches used for analy-



sing such spectra either by trial and error method through quantum mechan:-
cal calculations or by a semi-classical treatment.
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Fig. 6. Potential curvesused for simulating bound-free emissions from a
vibrational level with E , energv. Difference potentials ]:‘"(Rg3 are indica-
ted for different transitions 1zu*—»1z§ ,3nu_.]):§ L3, — Ng

Before starting with computation, it appears useful to use first the semi-
classical approach with the stationary phase approximation as a guide for
understanding and predicting the :ntensity distribucion of the bouwnd-free
spectrum,

Following the semi-classical treatment introduced by Mulliken to interpret
the structured spectrum of I, (Mc Lennan bands}, two possibilities for
transitions into the continuum have to be considered, depending on the
shape of the difference potential curve E" (R) defined by

E"(R) = Bv' - U(R) ~ U Q)

- 10 -

The classical application of the FC principle predicts that the emission
from a vibrational level of enmergy Ev' terminates on the dashed curve EY(R),
Fig.(6), which is the locus of points where kinetic energy is conserved
(points of stationary phase).
For a monotonic difference potential (a sirgle point of stationary phase)the
seni classical model ﬁredicts structures reflecting the node of the upper
vibrational wavefimction.
For an extremm in the difference potential (two points of stationmary phase)
three classical transitions are sxpected to give intensity maxima, the
right and left tuming points andaiso the transition to the Mulliken's
difference potential extremm. Furthermore the contributions to the aver-
lap integral from the two points can add constructively or destructively.
In that case, the spectrum displays a characteristic rodulated interferen-
ce pattern with the appearance of broad cscillations which envelop fine

structures (Fig. 7).
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Fig. 7. Interference structures calculated (a) forlzz——o 125 transi-

tions. The energy value- (E,r) of the upper levels (v') are choosed in ac-
cordunce with Ey excitation energies of the experimental spectra (b).
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The semi classical treatment of the integrals detailed in several papers
(6,24) clearly demonstrates the origin of the interference effect. It is
shown that the narrow oscillations depend on the location of E"(R) relative
to the repulsive wall of the lower potential, while the broad oscillations
depend on the shape of E"(R). The spacing between the kth broad oscilla-
tion and the classical longwavelength limit v, can be used - to-estimate some
moleculat parameters of the upper state (Te’ We» v'). For a harmonic upper
curve and a totally flat lower state, the following relation has been de-

rived by Golde (24) where E,v is the vibrational energy.

2/3
v =Y, . {.371_1') (k_%)ZIS ‘“’eZ/S E\,'1/‘3

Simulation of spectra

The goal of our computation is a quantitative description of fluorescence
spectra with positions ratker than intensities. Therefore it was not tried
to optimize the potential functions, nor to take into account the variation
of transition moments. Furthermore the effects of rotational energy and

subsequent averaging were not introduced in our calculation. Franck-Condon

z was calculated with mmerical solution of the

overlap integral <v'| g">
radial Schrodinger equation for the wavefunctions and numerical integration

of the integral.

The X'z+ ground state was approximated by a Hulburt-Hirschfelder poten-
tial (28):

- _ R-R
V(R) = De {Q-e x)2 te X e 2x (1+bx) } where x = 28(1—0]
o

with the following parameters De = 20277 cm'l, B =1.989, R = 1.988 A,

€ = 0.2126 and b = 1.2121,

The theoretical repulsive lower states dissociating in 2P + 2p atoms (8)
were estimated by the form Aexp{-aR). The adiabatic upper states, with a
double well resulting of an avoided crossing, are more difficult to fit.

On the grounds of our preceding work (14) a complex function was proposed
for the 'I, state dissociating in et (‘o) + c1'('sg) while for other ion-

_]Z_

pair states Morse functions have been used.

First we have examined the group of bands between 1400 and 2000.It is clear
that the behavior of the fluorescence reflects the specific nature of the
emitting 11?“‘* state which, in the adiabatic limit, is described by a dou-
ble well ::ructure. From our absorption analysis, corroborated by bound-
bound F.C. calculation, we were able to assign the discrete features at
high energy ta bound-bound transitions between the Tt: inner well

(Rxdberg type) towards the low vibrational levels of the X ]E; ground

state.

Around 2000 R the broad bands are associated with bound-free transitions
from the outer well (ionic type) to the contimmm ground state. Explained

by an extrems in the difference potential, the position of the long wave-
length peak (1990 A} is independent of the excitation energy E,, while suc-—

1/3

cessive spacing between broad maxima depends on E, ° ", in agreement with

the semiclassical treatment recalled above. Fine structures, spaced by
o o

15 - 20 A, are ohserved beneath the 1390 A band 'Fig. 7i.

To describe the double well structure of the Til: adiabatic state we used
a complex analytical expression resulting from the combination of Morse
and Coulombic potentials. This function has been defined in our preceding
paper {14) with an adjustment of parameters such that a good agreement is
achieved between high resolution absorption and excitation spectra, bound-
bound calculations of F.C. factors and the semi-classical description of
fluorescence spectra. It was found that our improved potential (Te=65659cm'1)
for the ionic part) was in good agreement with the I * ab initio curve
(Fig. 2).
Moreover the present quantum mechanical bound-free calculations canstitutes
an additional check of the potential curve in particular at large inter-
nuclear distances. Thus, the bound-free calculations, for two different
excitation energy (v' = 34 and v' = 63) reproduce well the experimental
spectra with a good agreement for the broad oscillations as well as for
the fine structures, confirming the reliability of our 1Zu* curve
(Fig. () ).
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o
The assignement of bands between 2000 and 3100 A is more speculative.

In looking for the unknown upper potgntial, we supposed first that the
group of bands cbserved around 2600 A (Fig.T) might be associatedwith the
difference potential 31 at X 12 +, With the following paraneters for
"1, D, = 40 000 en”!, R, - 3.0 A,

be 7 300 Cm_], 2= 0.764 X , we calculated bound-free Franck-Condon fac-

the Morse curve, Te = 5: 900 cm

tors for v' = 68 (E' = 73816 cn ') The simulated spectTum Teproduces

well (Figs 8) the successive bands observed experimengally between 2200

and 2600 A, with a fine structure interval (A\u35-30 A) in agreement with
a

the experimental spacing in the 2550 A region.

However, according -to the experimental results published for Br, and

I, about the respective positions of the 3H0u+ and1snog+ states, the tem
value used for our simulation seems about 4000 cm = toe low compared to the
known 3nog+ experinental value Ty = 57816 cn ' (20).

o +05 x](fws
[
N L\/\
2400

¢ by

ml\f\hj\ N\A
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3 3
Fig. 8. Interference structures calculated for "I+ + Hog+ (a) and

v s s * transitions (b). The upper ion-pair state is approximated
by a Morse function with parameters defined in the text.
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Ina sccond step we investigated which contribution would result from
Snou "[0 * transitions with the 3]1 uF state defined Gz.bove Tczy charac-
terize the lcwer “n g+ repulsive curve, g1550c1atlng in Pg/2 P3/2 atoms,
we used the Peyerimhoff's curve for the “I_ state, assuming a simple expo-
nential fit of the form A exp(<aR) with A = 44.96 x 10% e’
a = 3.48 3. 1

and

For the same excitation energy (v' = 68, Ev' = 73816 cmh])oseries of bands
were computed giving a long wavelength peak limit at 2800 A (Fig. 8a). This
result is bynfar very different from the expsrimental spectrum which shows,
beyond 2800 A, a single broad band at 3050 A (Fig.1). The most likely
reason of this discrepancy seems to be due to the small term value of the

3110u4 state. Just before this meeting, we became aware of the

recent work of Ishiwata et al (29) which Seems to give an 3-“;““ to
our questions. Following a 3 photon excitation of pure Cl, (via B H0u+
state), it is shown that the spectrum, originating from the v’ o level
of an pper o, state {most probably ~ 1'[ + disscciating in (1 ( P, } +

Cl (]3 1), consists of two types of tr.;ms;tlons between 2700 A and 2200 A.

The d;:.;rote part (around 2350) is dttorlhuted t.o oz 1Eg §round state,
while a broad band system around 2590 Ais assigned ' to of - Hog+ repul -
sive state. This result makes clear that we have to take into account both-
contributions in our simulation.” With-new bound-free calculations, we plan,
for a near future, to examine the solution proposed by Ishiwata (29)

(Te = 59927 am~1). We shall also investigate the possibility that the iso-
lated diffuse band at 3050 A results from a transition between the double
well 1:u state towards the 1E§ repulsive state dissociating in 2P1/2 + ZP]/Z

atoms.

Conclusion.

Following a quantitafive investigation of absorption spectra of Clz, the
present paper gives an analysis of fluorescence bands of CL, between 1400 A
and 3100 A in order to obtain additional information about upper states.
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o
Series of broad bands, in the region 1900-2000 A, are interpreted in terms
of quantum interference associated with bound-free transitions from the ou-
ter well (ionic type) of the 1):“*

ground state. Bound-free calculation corroborates this assignement and

upper state towards the continuum of the

verifies the reliability of the double well 12u+ votential curve proposed
in our precedent article. It appears that only slight modifications of the
ab initio patential calculated by Peyerimhoff were necessary to reach op-
timal agreement between experimentai and simulated spectra.

Origin of the other fluorescence bands observed between 2000 snd 3100 Z. is

more speculative. In view of our simulated spectra and the recent work of
' Ishiwata et al (29), the bands between 2000 and 2600 .Z might be attributed
to M (Te = 59927 cn™ 1) » S”Qg* and i+ o+
the isolated band ai 3050 A might be assigned to 12‘.u+ > ‘234- repulsive

state dissociating in 2p1/2 + P1/2 atoms. Additional work is necessary

I + transitions, whereas

to make more canclusive statements on their origin.
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