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Following state selective, pulsed synchrotron radiation excitation of Xez,
lxz. and Atz. in time-resolved fluorescence spectra oscillatory bound-free
structures of the first continua were observed. The low energy onsets are
assigned to 0; + X os’ transitions at the left turning point. Our results
rule out earlier assignments of fluorescence features to the left turning
point observed under e or a-particle excitations of Kr and Ar. The shift
of the oscillatory structures with excitation energy clearly supports our

assignment.

submitted to Chem. Phys. Letters

1. Introduction

During the last years, several theoretical and experimental investigations
of the electronic structure of Xez (), Krz (2) and Arz (3) were carried out.
Nevertheless, remarkable uncertainties concerning the potential curves even of
the lowest excited states, Ou' and Iu exist. Due to the large equilibrium dis-
tance of the van der Waals ground state, in photo absorption the excited states
are probed only at large internuclear distances (fig. 1). Fluorescence from the
minima of the Ou’ and lu states (the so-called 2nd continua) allows an estimate

of the binding energies.

A necessary and very helpful source of information for the determination of
the potential curves is the fluorescence from the inner part of the excited
state to the strongly repulsive ground state (emission at "the left turning
point", which is indicated in fig. 1). In the past, a few results were publish-
ed about this type of fluorescence (4 - 9), but the correct assignment of the

observed bands was controversy up to now.

In the present study, the fluorescence from the "left turning point" of the
Ou’ state of Xez, Krz, and Ar, was analysed in time-resolved experiments under
spectrally selective, pulsed excitation with synchrotron radiation. The charac-
teristic oscillatory structures of the bound-free transitions (10) were observed.
This enabled us to assign unambiguously the low energy onset of this type of flu-

orescence to transitions at "the left turning point".
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2. Experiment

The measurements were carried out at the experimental station Superlumi at
HASYLAB, Hamburg. The entire set-up has been described previously (11,12},
Spectrally selected synchrotron radiation with a band pass of .25 nm was used
to excite the gases in a LiF gas cell. The fluorescence was analysed by a
toroidal grating VUV monochromator with a band pass of 2nm. The pulsed struc-
ture of the exciting light (fwhm = 130 ps, repetition rate = 1 MHz) was ex-
ploited to provide time resclved data. The light was detected with a CsTe
solar blind photomultiplier (Hamamatsu R 1460). The single photon counting

technique was used.

The detection of the oscillatory structures of the lst continua of rare gas
+ +

g” Ou

excitation of ground state molecules in the red, melecular wings of the resonance

molecules is difficult for the following reason. It requires direct X O

lines of rhe atoms. The equilibrium concentration, of ground state molecules

n
D*
1s roughly proportional to the square of gas pressure, p (I). In arder to depo-

sit sufficient excitation emergy in the gas to perform the experiment, p should
%~ 0.00bx*n_ at n__ = 2.7X|0Ig
D xe xe

atoms/cm3 (1). On the other hand, at high p, collisions destroy the initial vi-

be high. Note, that for Xe, at room temperature, n

brational population of the selectively excited molecules by vibrational relaxa-
tion and collisionally induced intersystem crossing Ou+ - lu. Therefore, at high
p, the steady state spectral distribution of fluorescence is a superposition of
emission of various vibrational levels bath of the Ou+ and the lu state, and the
oscillatory structures are smeared out. In fig. 2, we present a typical steady
state spectrum of Kr, {p = 200 torr, excitation wavelength lex = 125 om). It

is in good agreement with previously reported results and contains emission from
high vibrational levels (peak at [25 nm) and from vibrationally relaxed mole-

cules (2nd continuum at 145 mm).

The problem can be overcome if the emission is detected only within a time
window, At, immediately following the excitation pulses (delay, &t = 0). It is
obvious, that synchrotron radiation excitation with its sharp excitation pulses
at a high repetition frequency is well suited to perform this type of time-re-
solved fluorescence spectra., In view of the problem under discussion, 4t should
be of the order of the gas kinetic collision time. The insert in fig. 2 shows
a decay curve of the lst continuum of Krz(p = 200 torr) excited with
X = 125 mm. One clearly observes the fast Ou+ decay and a slow contribution

ex
which is attributed to the 1u state. Fig. 2 also shows the spectral distri-

bution of fluorescence within the rime window indicared in the insert. The
drastic differences between the steady state and the time resolved spectrum
are obvious. The spectrum recorded with the time window (At = 1 ns) looks
like the lst continuum measured at very low pressure conditions. In this
scale, the long wavelength onset of the ist continuum with its oscillations
cannot be observed, because the intensity is less than 1 Z of the short wave-

length maximum.

For all the three rare gases, optimal parameters {(p,At) for each excitation
wavelength were determined in order to observe the oscillatory structures. The
parameters are given in the presentation of the results. They always have to

be regarded as a compromise between contradictory requirements.
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3. Results and Discussion

3.1 Determination of the "left turning points"

Fig. 3 shows the long wavelength range of time-resolved fluorescence
spectra (At = B ns, 4t =0 ns) of Kr2 (0u+) in a scale strongly enhanced
compared with fig. 2. The excitation wavelengths for the curves are given
in the figure and range between 124 nm and 126.5 nm. The spectra clearly
yield the main features of bound-free transitions at small internuclear
distances to a strongly repulsive state, namely the oscillations (10) and a
systematic shift of the onset with the excitation waﬁelength (4). Similar re-

sults were obtained for Xez {fig. 4) and Arz (fig. S).

According to the semi-classical treatment of bound-free transitions to a
strongly repulsive ground state (13), the wavelengths corresponding to 65 %

of the intensity of the lowest energy maxima are the wavelengths, A of the

LTP?
vertical transitiowsat the left turning point (vertical transition Lnergy
ELTP)' The values were extracted from the measurements for each excitation
wavelength., However, we are mainly interested in XLTP at the level of dis-
sociation of the 0;+ state, Under primary resonant excitation of 3P1 atoms
(Xe: 147 nm, Kr: 123.6 nm, Ar: 106.6 nm) no oscillations are observed because
the temporal behaviour is governed by the imprisonment lifetime of the atoms

and complicated collision processes (l14). In order to extract A and ELTP

LTP
. I3 3 +

at the dissociation limit of the 0u state, the values for ALTP were plotted

as a function of the respective excitation wavelengths. These plots were ex~

trapolated to the excitation wavelengths of the 3P1 atoms. The results are col-

lected in table 1.

Under particle excitation (electrons, a-particles} of rare gases, near UV
bands were observed by several authors, e.g., 220 nm and 270 nm for Xe2 (15),
220 nm (6} and 245 am (7) for Krz, and 19? nm and+2!0 om for Ar2+
(5). These bands are often ascribed to o, »%0 and 1u +X0 transitions
at the "left turning point"”, too. The literature results for the 0:> state are

included in table 1.

We tried to observe these near UV bands under photon excitation. Within
the sensitivity of the experiment, no evidence for these bands was found. We
would like to point out that due to the gating technigques used, the signal-to-
noise ratio is excellent and the sensitivity is by far high enough to repro-
duce the literature results. The absence of the near UV bands under primary se-—

. . . + .
lective photon excitation of Du molecules leads to the canclusion, that these

- -

fluorescence features are connected with the excitation process (ionizing
radiation) but have nothing to do with transitionsat the "left turning point”
of the OJ' and lu states.

In the case of Xez, our results confirm the earlier measurements of Dutuit
et al (4) who used an experimental technique similar to ours. The authors mea-
sured a very weak and fast decaying continuum near 200 nm which shifcs towards
shorter wavelengths with increasing excitation wavelength indicating a larger

slope of the ground state compared with the excited state around r The

LTP*
weak continuum was attributed to the envelope of the oscillatory bound-free
transition at "the left turning point". The assignment was supported by quan-—
tum mechanical calculations of FC-factors. In our spectra, the oscillations

are clearly resolved.

. . . + L
Concerning Kr,, in table } two literature values for 0u emission at "the

2’
left turning point” of the same group are given (6,7). Schmoranzer et al used
e  -excitation and observed differeat broad near UV features. The strongest

maximum was found at 220 nm and originally ascribed to the left turning point

(6). This assignment was revised recently (7) in view of our results (16).

The assignments of Lorents {5) concerning the near UV bands of Ar2 can be
ruled out, too, We are the first who observe the oscillatory bound-free struc-
ture and its direct correlation to the excitation wavelength. The case of Ar
is a drastical demonstration of the sensitivity of the set-up, because the ex-
citation wavelengths are within the cut-off region of the LiF windows of the
gas cell used which leads to a strong reduction of the excitation intensity

inside the gas cell,

Table | contains also theoretical results for ALTP at the Ou+ dissociation
limit, A direct comparison is only possible in the case of Xez, because Ermler
et al (17) calculated both the excited and the ground state. For Krz and Arz,
Gadea et al (2) and Castex et al (3) calculated only the excited state. We
combined these results with the experimental ground states determined by Fore-
man et al (18) to deduce the theoretical valses for ALTP' In order to demonstrate,
how sensitive the knowledge of the ground state influences ALTP for a given ex-
cited state, in the case of Xe, we additionally combined the excited state po-
tential curve (17) with different experimental ground state potential curves
(18,19). In no case, a satisfactory agreement between theory and experiment was

found.



From the experimental transitiun energies at the "left turning point", the

internuclear distance, itself can be deduced. However, 1L 1s uecessary

fLTP’ "
to know the potential curve of the ground state, Whereas the Og ground states
of rare gas molecules are well known in the region of the van der Waals mini-
mum (1-3), the data in the strongly repulsive part of the potential curves
seem to be not as well settled as at large internuclear distances. We chose
the potentials of Foreman et al (18) which - from the point of view of the ex-
perimental method used - should be the most reliable data at short internu-
clear distances. In the case of Xe2 which 1s discussed in more detail below,
we also used the potential of Farrar et al (19) to evaluate T Tp The numeri-
cal results are given in table |. Independent from the ground state potential

used, the experimental r is larger than the thecretical one (Xez) indica~

LTP
ting that the binding energy given by Ermler et al (17) is too high. The oppo-

site is found for Kr2 and Arz.

More details concerning the OJ- potential curves can be deduced from com-
puter simulations of our spectra (quantum mechanical FC-calculations). A
precise knowledge of the spectral distribution of rhe emission of vibration-
ally relaxed Ou* molecules will be an essential, additional ingredient in the
determination of the potential curves, Such measurements were carried out at
high gas pressures. The fast gating techniques were used to separate the 2nd
continuum of the Gu+ states from that of the 1u states. The evaluations are in

progress now.

3.2 Some remarks concerning the OJ' potential curve of Xe,

In the case of Xez, Lipson et al (21) recently reported on a laser induced
fluorescence study from which they could extract very precise values for the
well depth of the Ou+ state (De = 4446(7) cm_l), w; = 124.86(30) Cm_] and
wx,' =0.937(3) em™F, They did not deduce a value of the equilibrium distance,

+ . . .
Ta» of the 0, state. Combining our result for r with the results of Lipson

et al (21), in the Marse-potential approximationL:Z are able to deduce the
equilibrium distance, Tos of the O;F state (and of course the Morse parameter,
8). In doing so, two Morse potential curves are deduced, based upon the two
ground state curves (18,19). Both model potentials are not satisfactory. There-
fore we omit to give the values of r, and of B. The model potentials predict

a transition energy of the 2nd continuum differing from our experimental tesult
by ~ 2 %. Moreover, both do not reproduce satisfactorily the experimental re-

sults of Castex (1) for the outer part of the 0:- potential curve., It seems

-8 -

to us that the Morse-potential approximation is not well suited to describe

the 0 potential curve of Xe,.
u
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Figure Captions

Fig. |

Fig. 2

Fig. 3

Fig. &

Fig. 5

An example for the 0;' ground state and the OJ- and Iu excited
states of a rare gas dimer. Given are theoretical results for
Ar, [3,18}. The 0;- hd 0‘:~ excitation is indicated by an arrow.
The emission process at the "left turning point” is indicated,
too, together with a calculated fluorescence spectrum with its

oscillatory long wavelength onset.

Fluorescence spectra of Kr2 {(Kr pressure 200 torr, excitation
wavelength 125 nm). Curve 'a' is a steady-state (time-integrated)
spectrum. Curve'b is a time-resolved spectrum {time window At = Ins,
time delay to the excitation pulses &t = 0). The spectra are normal-

ized at 125 nm. The insert shows a decay curve of Kr, flucrescence

2
(p = 200 torr, Aex = 125 nm). The time window for time-resolved

spectra is indicated schematically.

. + + .
Oscillatory long-wavelength range of Ou > Og time-resolved fluor-
escence of Kr2 for different excitation wavelengths lcx. (Gas pres-

sure p = |00 torr; time window At = 8 ns)

Oscillatory long-wavelength range of 0;' + 0" time-resolved fluores-

2
p = 100 torr; time window At = 4 ns)

cence of Xe, for different excitation wavelengths Aex' {Gas pressure

- + + ’
Oscillatory long-wavelength range of Ou -+ Og time-resolved fluores—
cence of Ar, for different excitation wavelengths Aex' (Gas pressure

p = 200 torr; time window At = 5 ns)

Energy [eV]

12

1
i
O
c

!

n

{ |

49

25 30 35
Fluorescence

intensity

Fig. |

4.0

L5

Internuclear distance [A1

38382



[arb. units |

Fluorescence

[ rel. units ]

103 lntensnyl\

0 100 200 300
time (ns)

Fluorescence

120 130 120 150 160 170 180 190 Ly —
Wavelength  Lrm] 150 160 170 180 190 200
2838 Wavelength [ nm]

38350

Fig. 2
Fig. 3



[ rel units]

Fluorescence

180 190 200 210 220
Wavelength [nm]

38349

Fig. 4

Fluorescence [rel. units]

108.8 nm

Fig.

130 140 150 160 170
Wavelength  [nm]

5

38383



