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2. Experiment

The measureraencs were carried out at ehe experimental s t;:Lion Super]umi a t

HASYLAB, Hamburg. The eiit ire set-up has been described previously (11,12).

Spectrally selected synchrotrun radiaiion with a band pass o i" ..ü nm was used

to excite ehe 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-

Lure of the exciting light (fwhm = 130 ps, repetition rate = l Milz) was ex-

ploited Co provide time resolved data. The lighL was detccted uith a CsTe

solar blind photomultiplier (Hamamatsu R 1460). The single photon counting

technique was used,

The detection of the oscillatory structures of the Ist continua of rare gas

molecules is difficult Cor the following reason. It requires direct X 0 ->• Ou

excitation of gruund state molecules in the red, molecular wings of the resonance

lines of the atorns. The equilibrium concentration , n of ground state molecules

is raughly proportional to the square of gas pre.ssure, p (l). In order to depo-

sit sufficient excitation energy in the gas to perform the experiment, p should
l 9

be high. Note, that for Xe. at roora temperature, n s; O.OO&xn at n = 2.7x10
- r D xe xe

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

brational population of the selectively excited molecules by vibranional relaxa-

tion and collisionally induced intersystem crossing 0 -+ l . Therefore, at high

p, the steady state spectral distribution of fluorescence is a superposition of

Emission nf various vibrational levels both of the 0 and the l state, and the
u u

oscillacory structures are smeared out. In fig. 2, we present a typical steady

state spectrum of Kr„ (p = 200 torr, escitatioTi wavelength \ 125 nm). It

i s in good agreement with previously reported results and contains emission from

high vibrational leuels (peak at 125 um) and from vibrationally relaxed mole-

cules (2nd contitiuum at 145 nm).

The prublem can be overcorae if the emission is detected only within a time

window, At, immediately following the excitation pulses (delay, -5t = 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, üt should

be of the order of the gas kinetic collision time. The insert in fig. 2 shows

a decay curve of the Ist continuum of Kr (p * 200 torr) excited with

^ = 125 nm. One clearly observes the fast 0 decay and a slow contribution

which is attributed to the l state. Fig. 2 also shows the spectral distri-

bution of fluorescence within t_he time winduw indicated in the insert. The

drastic differences between the steady state and the ĵ ime resolved spectrum

are obvious. The spectrum recorded with the t ime window (At = l ns) looks

like the Ist continuum measured at very low pressure conditions. In this

scale, the lang uavelength onset of the ist continuum with its oscillations

cannot be observed, because the intensity is less than l 2 of the shört 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 äs a compromise betueen contradictory requirements.



3. Results and Discussion

3. l DeCermi.Tiat.ian o£ the "lef t turning points"

Fig. 3 shows the lang wavelength ränge of time-resolved fluorcscence

spectra (At = 8 ns, <5t = 0 ns) of Kr? (0 ) in a scale strongly enhanced

compared with fig. 2. The excitation wavelengths for Ehe curves are given

in the figure and ränge between 124 nm and 126.5 nm. The spectra clearly

yield the main Eeatures of bound-free transitions at small internuclear

distances to a strongly repulsive state, namely the oscillations (IQ) and a

systematic shift of the onset with the excitation wavelength (4). Similar re-

sults were obtained for Xe (fig. 4) and Ar (fig. 5).

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, ^.Tp> °f the

verticaL transitionsat the left turning point (vertical transition energy

EtTD). The values were extracted from the measurements for each excitation

wavelength. However, we are mainly interested in *rTT> at the level of dis-
+ 3

sociatlon of the 0 state. Under pritnary resonant excitation of P atoms

(Xe: 147 nm, Kr: 123.6 nm, Ar: 106.6 nm) no oscillations are observed because

the temporal behaviour is governed hy the imprisonment lifetime of the atoms

and complicated collision processes (14). In order to extract X and E
L i.r Llc

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

äs a function of the respective excitation wavelengths. These plots were ex-
3

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

lected in table l.

Under particle excitation (electrons, a-particLes) of rare gases, near UV

bands uere observed by several authors, e.g., 220 nm and 270 nm for Xe (15),

220 nm (6) and 245 nm (7) for Kr , and 190 nm and 210 nm for Ar.

+• •+• +• . .
(5). These bands are often ascribed to 0 •+• X 0 and l -* X 0 transitions

« g ll g +

at the "left turning point", too. The literature results for the 0 state are

included in table l.

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 techniques used, the signal-to-

noise ratio is excellent and the sensitivity is by far high enough to reptro-

duce ehe literature results. The absence of the near UV bands under primary se-

lective photon excitation of 0 molecules leads to the conclusion, that these

fluorescence features are connected with the excitation process (ionizing

radiation) bui_ have nothing to do with transitionsat the "left turning point"

of the 0 and l states.

In the case of Xe„, 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 shifts towards

shorter wavelengths with increasing excitation wavelength indicating a larger

slope of the ground state compared with the excited scate around r . The
Lilr

weak continuum was attributed to the envelope of the osciLlatory bound-free

transition at "the left turning point". The asslgnment was supported by quan-

tum mechanical calculations of FC-factors. Ln our spectra, the oscillations

are clearly resolved.

Concerning Kr , in table l two literature values for 0 emission at "the

left turning point" of the same group are given (6,7). Schmoranzer et al used

e -excitation and observed different 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 Ar, can be

ruled out, too. Ue 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 l contains also theoretical results for \,_„ at the 0 dissociation '
LTP u

limit. A direct comparison is only possible in the case of Xe,, because Ermler

et al (17) calculated both the excited and the ground state. For Kr and Ar ,

Gadea et al (2) and Castex et al (3) calculated only the excited state. We

combined these results with the experimental ground states detennined by Fore-

man et al (18) to deduce the theoretical values for ^,TP- In order to demonstrate,

how sensitive the knowledge of the ground state influences A 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 ehe experimental t r a n s i t i u n energies at the " l e t t t u r n i n g point", the

internuclear d i s tance , r Tn, i t s e l f nan he deduced. However, i L is uecessary
LTP +

to know ehe p o t e n t i a l curvc of the ground s ta te . Whereas the 0 ground s ta tes

of rare gas raolecules are well knowti in the region of ehe van der Waals mini-

mum (1-3) , the da ta in ehe stroiigly repuls ive parc of the potent ia l curves

seem to be not äs well set t led äs ac large internuclear distances. We chnse

the potentials of Foreman et al (18) which - from ehe point of view of the ex-

perimental method uscd - should be the most reliable data at shorc internu-

clear distances. In the case of Xe„ which is discussed in more detail below,

we also used the potential of Farrar et al (19) to evaluate r . The numeri-

cal results are given in table I. Independent from the ground s tate potential

used, the experimental r is larger than the theoretical one {Xe ) indica-

ting that the binding energy given by Emtler et al ( 1 7 ) is too high. The oppu-

site is found for Kr. and Ar„.

More details concernine the 0 potential curves can be deduced from com-
a u e

puter simulations of our spectra (quantum rnechanical FC-calculations). A

precise knowledge of the spectral diatribution of the emission of vibratian-

ally relaxed 0 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 0 states from that of the l states. The evaluations are in
u u

progress now.

3.2 Some remarks concerning the 0 potential curve of Xe

In the case of Xe„, 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 O* state (D = 4446(7) cnT1), ui = 124.86(30) cra~' and
u e e

UJexe = 0.937(3) cm , xhey did not deduce a value of the equilibrium distance,

r , of the 0 state. Ccraibining our result for r uith the results of Lipson

et al (21), in the Morse-potential approximation we are ablc to deduce the

equilibrium distance, r , of the 0 state (and of course the Morse parameter,
e u

ß). 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 ß, The model potentials predict

a transition energy of the 2nd continuum differing from our experimental result

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

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

the 0 potential curve of Xe^.
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Table

Compilatian of fluorescence wavelengths, 1[TP (in n"i) ( and of internuclear

distances, r (in A), at the left turning point of rare gas dimer 0

states at the dissociation limit

w uu. »rt,

*,_„ (other experiments)
LTr

AT „,„ (calcuiated)

r m„ (this work)
LTP

FLTP 'theory^

Xe2

211

214 (14)

238 (17)

227 (17)*

>500 (17)**

2.63*

2.83**

2.58 (17)

Kr2

181

220 (6)

178 (7)

142 (2)*

2.27*

2.53 (2)

Ar2

160

190 (5)

130. 5 (3)*

1.99*

2.1 (3)

2.2 (20)

* combined with the experimental ground state of ref. (18)

** corabined with the experimental ground state of ref. (19)
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j?igure Captions

Fig. l An example for t he 0 cround statc and the 0 and l exe: i t cd
° e 8 u u

states of a rare gas dimer. Given are theoretical results for

Ar, [3,18J. The 0 -* 0 excitation is indicated by an arrow.
2 L J g u

The emission process at the "left turning point" is indicated,

too, together with a calculated fluorescence spectrum with its

oscillatory long wavelength onset.

Fig. 2 Fluorescence spectra of Kr (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 6t = 0). The spectra are normal

ized at 125 nm. The insert shows a decay curve of Kr„ fluorescence

(p = 200 torr, \ 125 nra). The time winduw for time-resolved
vr ex
spectra is indicated schematically.

•+• +
Fig. 3 Osci-llatory long-wavelength ränge of 0 -*- 0 time-resolved fluor-

escence of Kr, for different excitation wavelengths X . (Gas pres-

sure p = 100 torr; time window üt = 8 ns)

Fig. 4 Oscillatory long-wavelength ränge of 0<t ->• 0^ time-resolved fluores

cence of Xe„ for d i f f e r en t excitatio

p = 100 torr; time window fit = 4 ns)

cence of Xe„ for d i f f e r en t excitation wavelensths \ {Gas pressure
2 ex

Fig. 5 Oscillatory long-wavelength ränge of 0 -+ 0 time-resolved fluores-

cence of Ar., for different excitation wavelengths X . (Gas p r e s su re

p = 200 torr; time window At « 5 ns)

0

Fluorescence
intensity

2.5 3.0 3.5 6.0 US

Internuclear distance [ A 3
38382
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