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Abstract

The vacuum ultraviolet fluorescence of Kr and Xe and its dependence

on gas pressure (10 Torr to 500 Torr) was studied under monochromatic

excitation in the vicinity of the first ( P.) and second ( P.) resonance

states. For excitation purposes, Synchrotron radiation from an electron

storage ring was used. The exciting light and the fluorescence light were

monochromatized at the same time by different monochromators.

Excitatation in the long wavelength tail of the P states directly results

in excited molecules (e.g. 2Kr + flu - Kr ). The radiative decay of these

molecules results in the first (Kr: 1250 X, Xe: 1500 X) and second (Kr:

1470 A, Xe: l70O A) continua. under resonant P excitation, molecule for-

mation via three body collisions (e.g. Kr *ZKr-«Kr_ * Kr) is established.

Kinetic model calculations indicate a population of 0 and ' •• mole-
u Lg

cular states by three body collisions. The characteriatic quantities, i*K

(lifetime x rate constant) are deduced for different collision processes.

Excitation of P. states results in P. emission and the continua. The

P i>mission contains molccular components. In Xe, it is strongly quenched

by collisional interaction between the P. state and a near lying atomic

p state. This is established by fluorescence excitation spectroscopy.



l. Introduction

The interest in the vacuum ul traviolet (VUV) f luorescence of gaseous rare gases

has growii rapidly since it was demonstratcd that these materials are well suited

for the development of tunable, high power VUV lasers (Köhler et al 1 9 7 2 , Rhodos

1974, Bradley 1975, Ual lace and Kenney-W.-il lace 1975) . Depending on the pressure

of the rare gas, the fluorescence spectra r.onsist of either (coll ision broadened)

atomic resonance lines or molecular emission bands. The molecular emission bands

are the candidates for laser appl icat ion.

In an intermediate pressure ränge (approximately 10 Torr to 500 Torr) different

fluorescence bands can be observed simultaneously (Leichner and Ericson 1974,

Leichner et al 1976) :

(l) The radiative dccay of the n s ( 3 / 2 ) and n s ' O / 2 ) states (n=5 for Kr and

n=6 for Xe).

( i i ) The radiative decay of v ib r a t i ona l l y cxcited (first continuuia) and vi-

brationally relaxed (second conLinnum) homonuclear molecules, R~ into the

repulsive ground state.

Additionally an emission band c.onnected with the 5d(3/2) state of Xe was observed

(ßrodmann et al 1976) . The emission connecLed w i t h the n s ' ( l / 2 ) states öf Xe.

seems to have also a molecular contribution (Brodmann et al . 1976).

In nearly all investigations of rare gas f luorescence, "broad band" excitation

has been used like high energy electrons (Leichner and Ericson 1974, Leichner

et al 1976), protons (Stewart et al 1970) ur discharges (Tanaka and Zel ikof f

1954, Tanaka 1955, Huffmann et al 1965, Wilkinson 1967). In these experiments

the collision kineticsleading to excimer formation and relaxation are severely

influenced by f r ee electrons and atomic or molecular ions. Time resolved spec-

troscopy has becn used for the investigation of the complicated kinetics (Leichner

and Ericson 1974, Leichner et al 1976) . The di f ferent processes that funnel highly

excited a L n m s or molecules into the lower radiating si.ites are not undcrstood

in deta i l .

The kinet ics in the neut ra l Systems (electrons and ions being absent) may be

very Import ant f ü r a be t t e r understanding of the relaxation processes. The neutral

Systems can be invest igated under opt ical rxc i t a t ion of well defined states

us ing a tunable l i g h t source in the VUV region. In a recent paper (Brodmann et

al 1976) i t was demonstrated for the f i r s t eine that Synchrotron radiat ion of

an e l ec t ron scorage ring is wel l suiLed for such experiments. Due to the lack

uf suitable conventional light sources, up to now, optical exc i t a t ion o£ rare

gas fluorescence was used only for Xe in a small number of experiments (Siek 1968,

Freeman et al 1971 , Atzmon et al 1974, Fink and Comes 1975) . It should he meii-

tioned that a breakthruugh has also been achieved using monochrumatized Synchro-

tron radiation for excitatiun purposes in the f i e ld of photoluminescence o£ rare

gas so l ids (see, e . g . , Brodmann et al 1974, Ackermann et al 1976) .

In this paper we want to rcport on photoexcited fluorescence of Kr and Xe in an

extended pressure ränge (10 Torr to 500 Torr). The states exc.ited se l rc t ive ly w i th

monochromatic light are the f i rs t resonance lines, ns(3/2) ( P , } , the second

resonance lines, n s ' ( l / 2 ) ] ( F . ) . (n=5 for Kr, n=6 for Xe) and molecular states

assuc ia ted w i th them.Though we use the iiötation of atomic states wc want to

point out that already at 10 Torr the influence of rare gas dimers on absorption

cannot be neglected (Castex 1974, Freeman et al 1974, Castex and Daraany 1 9 7 4 ) .

The pressure dependence of the in tensi ty of the d i f ferent fluorescence bands

enables UK to disentanjjle the processes involved in the collision k ine t i c s and

relaxation, provided an appropriate excited state is picked up by monochromatic

exci tat ion.

2. Experiment

The experiments were carried out in the new Synchrotron radiation laboratory at

the electron storage ring DORIS of the Deutsches Elektronen-Synchrotron DESY in

Hamburg.The laboratory has been described recently (Koch et a] 1976).The synchro-
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tron radiation with its intense and continuous spectral d i s t r i h u t i o n was dis-

persed hy a near normal incidence monochromator . The monochroniaL if. l i & h L was

focused into a LiF gas cell containing e i ther hi);h p u r i t y Kr (99.9997 2) or

high purity Xe (99.997 %) with a pressure between lü Torr and 500 Torr . The

special design of the gas cell describ^d by Brodmann et al ( 1 9 7 6 ) enabled us

tu measure simultaneously transmission and f luore.siumcü. The; leitet h of the gas

cell was l cm. The wavelength ränge of « x c i t i n g l i ^ h t was l i n i t e d by Lhe Lrans-

raission of the LiF gas cell to X • 1040 A. The band pass of exi-.i L mg l i j ; h L was

'»-3 A. At vcry low pressures, t l i is band pass is much l arger th;m Lhe w i d L h of

the absorption bands. At higher pressures (p > 10 Torr) the w i d t h s uf the ab-

sorption bands of Kr and Xe are comparable or even larger than the band pass

of the exciting l igh t .

The fluorescence light was ana lyzed w i t h a Seya Nair.ioka V'UV monochromator

atiached to the sample chambe r. The f luorescing par i of the gas c:e! l served ;is

entranne slit of the second monoi-.hromator thus g iv ing rise tti an upper lirait of

the resolut ion cf the second monoclirociatur ( lü t o 3(JA) . Thi s rcsol u L i o n w;is

s u f f i c i e n t to c lear ly separate ehe molecul ar f luorescence b a n d s . Al l E luo rc sc rnce

spectra are corrected for the characterist ics of Lhe p h o L o m u J L i p l i e r (EHR 54 l G) .

They are not corrected for the transmission of the a n a t y ^ i n g monochromatcr

because the transnission curve has only a snooLh and weak w a v ü l e n g t h dependencs

in Lhe ränge of interest .

All measuremenLs were carried out aL rooffl t e m p o r a l u r e . More exper imenta l de ta i l s

are given by Brodmann et al (1975) .

3. E x c i t a L J o n in Lhe v i c i n i t y o£ Ehe t i r s L re.sonauce l ine

3 .1 Fluorescence spectra for d i f f e r e n t pressures and d i f f e r e n t exc i ta t ion

wavelcngtha

In Figs. l - 4 the f luorescence spectra of ^aüeous Kr and Xc- are d isp l<iyed for

d i f f e r e n t pressures and exi: i ta t ion wave l e n ^ t l i ü . in Fig . l (Kr ) resonant exci-

tation. of the pressure broadenc-d Kr l i ; ; (3 /2 ) . ( P.) s ta te was chosen (1236 A -

10.02 eV) . The insert of Fig . l shows ^ t r^nsmi y s i o n cnrve of Kr in the nt'i j'.hbour-

hood of the f i r s t resonance line at a pressure of 10U Torr. It demonsLraLes that

the resonance line is cons iderably broadened at higher pressures. The. excitation

wavelength is indicated in the insert by an arrow. Fig. 2 (Xe) displays the ana-

3
Logous result of Xe (resonant exc i ta t ion of the Xe 6 s (3 /2 ) ( P ) s t a te , exc i ta t ion

wavelength 1470 A = 8.44 e V ) .

BoLli t h e Ar and Xe riirvc.s shnw the I s L conLini i i i (centered around 124(1 - 125ü A

(Kr) and 1470 - l 500 8 ( X e ) ) and the 2nd eont i nua (cente.rc-d arovind 1 4 / 0 S (Kr)

and 1700 S (Xe.)) . The pea'* Posi t ion at 1720 S given by RrodmanTi et al (1976) f ü r

the 2nd continuum of Xe was due to the lower resolut ion (—60A) obL. - i inable at that

tirae. The curves in F i g s . 1 - 4 are normalized tu the maxima of the Ist cont inua

for the f u l l o w i n ^ reason: :iL low pressures (p '„ 80 Tor r ) L o L a l a h s u r p t i u n is not

reanhed f o r the whole h arid w i d L h of üxc. i L i r i g l i ghL . There lo re i t i s d i f f i c u l L Lo

normal ize tiit curves Lo Lhe ahsorbed i n L u n n i L y öl e x c . i L i n ^ l i g h L . Normal i -/.-AI. ion

Lo Lhe absorhed i n L e n s i L y is noL ni^cessary i! o n l y r e l a t i v e i n t ensi L \I:K ot d iHeren t

f luorescence bands are discus:;ed.

The curves of F igs . l and 2 d e m o n s t r a t e a d ramat ic enham-ement of l h ^ 2nd eont inua

r e l a t i ve to the I s t con t inua w i L h inc reas ITI J ; p ressure . The absolut P i n t ens i t i e s

of the Ist con t inua decrease. They are no loiiger d e t u t - L a b l e at pressures .^1000 Torr

(not shown here) . In the pressure ränge covered by our exper iratnt .s we ;ire hard ly

3
able to discrimnate between the resonant emission uf the a tomir P. state of Kr

or Xe atoms (Leichner and Ericson !974, l ,eichner et al 1976) and the emis.-iion

of v i b r a t i o n a l l y exc i ted dimers of Kr or Xe ( I s t continua) due to the resolut ion

of 10 - 30 A of the ana lyz ing monochromator.

Figs . 3 and 4 shov the f l uo re scence curves of Kr and Xe at d i f f e r e n t pres.sures,

exc i t ed in the long wavelength t a i l s of the Kr 5s(3 /2) ( P ) and Xe fisO/2) (3p

absorp t ion bands. As exc i t a t i on w a v r l e n ^ t h s , 1250 *Ä (- 9.94 eV) für Kr and



1490 8 (= 8.33 eV) for Xe were ctiosen äs ;i comprora ise betwetm two requirements:

(i) The excitation wavelength should be far away f rom resonant exc i ta t ion

( a L legst raorc than kT) .

( i i ) The absorption should be largo enou^h to lead to d e t e c t a b l e 11 uoresr .enc-e.

Similar to Figs. l and 2, both continua show up under off-resonant exci t.it i on .

The relative change of the spectra is much less pronounced than for resonanL

excitation. The spectral posi t ions o t' the I s t continua are sh i f t ed t o Longe r

wavelenghts by about 10 S (Kr) and 20 X (Xe) , hecnusf i L h ü exc i t a t ion wavelength

has been shifted, too.

3.2 Pressure dependence of the fluorescence bands

As can be seen from Figs. l - 4, ehe role of Lhe selccted excitat ion wavelength

strongly manifests i tself in the pressure dependtnce of tho d i f f e r e n t bands.

We discuss the pressure dependence of the relative i nLens iL i e s of the d i f fe ren t

fluorescence bands for the samt reasons äs mentioned in seot ion 3 . 1 ,

In Fig. 5, the intensity ratios of the 2nd continuum and the I s t cimUmium (in-

cluding the non resolved resonant emission) of the Kr fluorescence are p lo t t ed

äs a funct ion of pressure, The inLens i t ies of the d i f f e ren t bands were obtained

by a deconvoiution of the measured c.urvcs and by In tegra t ion over the individual

contributions. The ratios are given both for resonant excitation of the Kr p

state (1236 A = 10.02 eV) and off-resonant excitation (1250 X = 9.94 eV) . The

correspondlng plots for Xc are shown in Fig. 6.
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A eompliitely different pressure dependence of the ratios of fluorescence inten-

- . . , 3
s 111 es for resonant and off-resonant excitation in the vicinity of the P. states

of Kr and Xc- is found. Excitation of Kr and Xe in the Ion;; wavelength tail of

the firsL resimance linn rcsults in an approximately linear inc.rease of the

ratin. Resonant exei tation results in a complicated presKure dependence. A Linear

pressure dependenc-i? is only reached at rather high pressures. The slope of the

linear part uf Lhe curve is different from the slope of the "off-resonant"

3.3 Discussion of the results under exciLation in the vicinity of the first

resonance line

3.3.1 Fluorescence mechanism

It is generally acr.epted that the Ist and 2nd continua of Kr ;md Xe are due to

the radiative decay of Lhe diatomic molecules Kr„ and Xe,. Apart l rein a shallow

van der Waals miniinum, the ground statcs of these molecules are repulsive. The

lowest excited states are bound KtaLes. The molecules in the lowest excited states

ar builL up from ns(3/2) ( P. j) a.tid S atoms. Potential curves of Xe have

been published by Mulliken (1970, 1974). In Fig. 7, potential curves of the Xe?

molecule are shown. The grotind state curve is taken from scattering experiments

of Farrar et al (1973). The potential curves of the excited statcs connected

with atomic 6s(3/2) states are taken from Mulliken (1974}- The repulsive po-

tential curves of this group which are dipole forbidden have not been drawn. The

sol id curve connected witli the 6s'O/2) atomic state stems from Castex and

Damany (1974). The broken potential curves shall indicate that repulsive äs well

äs attractive molecular sstaLes connected with higher atomic states exist. Follow-

ing Mulliken (197Ü, 1974), Lhe molecular states are classified wiLh Hund's coupling

case (r.) for large internuclear di stances and case (a) for small internuclear

distauces. In this notations the Ist continuum is due to the radiative decay of

the vibrationally excited l and 0 staLe.s to the cround state 0 . The 2nd c.on-
u u fc c



t inuum stems from the v i h r a t i o n a l l y relaxed ' } states which decay inco the
~u

'; p-round s ta te . The d i f f e r en t cont r ibut ions to the 2nd cont inuum of Xe could
'•g

be ident i f ied by l i fe time mcasurements (Keto et a l . 1 9 7 4 ) . A short component

(5 .5 TIS) was ascribed to ^ and a long component (96 ns) to £ . Recent tirae

resolved investigations of the f luorescence of gaseous Xe under opt ical excita-

t ion, however, yield radiative l i fe t iaes of Lhe ) stale of -i-50 \ (Haaks 1976)

The for tnat ion of Kr, and Xe, moleuules under n p L i ' c a l uxi: i L a L i u n i& diseussed in

connection with the pressure dependenre of the f l u o r e s c e n c e i n t e n s i L i e s .

3 . 3 . 2 Pressure de.pende.ncc under o t f - r ü s o n a n t e x c i t a t i o n

Ue want to present a simple k ine t ic model w h i c h enables us to expla in quant i ta-

t ively the measured pressure dependence of the ra t io of the f luorescence inten-

si t ies UTider uf f-resonant exe i tat LOH. The inodel i s Schema t ical ly i L lu s L r a t e d

in Fig. 8a.

The s tar t ing point is the foriaation of the rare gas molecu le , R„, by the absorp-

tion process i t s e l f .

110

I / i

The molenular Lype of absorp t ion in the long w a v e l e n g t h t a i l of the f i r s L rc-

sonancc Hncs of rare gases ha s beeil proved by measuring the pressurt1 dependence

of the. absorpciui i , l n ( l /I) which iü p ropor t iona l to the K q u a r t : nf gas pr t - ssure

(Brndinann 1976). This is in agreement w i t h r e s u l t s of Frc.enan ui a L ( 1 9 7 4 ) and

flaste-x and Daraany ( 1 9 7 4 ) . The R , ( 0 ) s t a te is a v i b r a t iona l l y e x i - t t e d s t a t e .

T L ei ther der.ay.s rad i ; iL ive ly w i t h a l i f e t i m e , ( I s t coi iL inuum) or undergoes

v ib ra t i una l relaxation via two body c o l l i s i u n s .

(2)
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The rate constant for th is process is K „ . The J , T states decay r a d i a t i v e L y
2 "u -u

into the repuls ive } ground s tate (2nd continuum) wi th the radiat ive life-

times T ( V ) and i ( £ )• Here these l i f e t imes are composed tu one single t ime,

(3)

Under steady staue ctiridi tions wc obtain trom Eqs. fl) to (3) the following

result:

Iv(2)
l (M

i (2) means the i n t e n s i t y of the second c o n t i n u u m , I ( l ) ineans the i n L e n s i L y

of Lhe I s t i - o n t i n u u m . (ß( S )) is the concent ra t ion of ;;round K L a t . t ' atoms w h i c h

i s p ropor t iona l to the ptessure, p . The rules of c h e m i c a l r e a c t i o n k inet . ics

have heen use.d. The terrr which describes the absorpL i o n , i H c a n c e l cd by

c.al i-.ul a t i n p the r a t i o of the interisities .

The l inear dependence of the ratio of f luorescence i n t e n s i t i e s on pressure

under o f f - r e s o n a n t exc i t a t i on is well es tabl ished by Lhe experimental r esu l t s

shcwn in Fi};s. 5 and 6. From the slope of the s t r a i g h t l i n e s in Figs. 5 and 6,

~ l 9 3
values for • K „ can he deduced . Ke obtain i -K„ = 6 • 10 cm for Kr and

U i. U Z

-19 3
5-2 " l ü cm f ü r Xe. These values are in good agreeuicnt w i L h an e s t ima te

-1 9 3
of Fink and Cotnes ( I 9 7 . r ) ) , r . , - K = 4 - 1 0 cm" for v i b r a t i o n a l r e l axa t ion of

Xe. , v ia two body col l i s i n i i s w i t h Kr a toms .

For the d e t e r m i n a t i u n of K, i t s c l f , the rac ia t ive l i f e t i m e T nf the 0 st.-ite
t- ü u

raus t Ije knowLi . For an es t imate of K we adopt thi- r a d i u L i v c 1 l i f e t i m e of tho

1-+ +
;u s t a te for L h t - 0 H t ä t e because these state.s niergsj one i n i o each other äs

a f u n c t i u n of i n t e rnuc Lear d i s t ance . K e H > et :i l . ( 1 9 7 4 ) have measured 5.5 LIK for



and K - 8.7 * 10 ' cm3/sec for Xe. K = 2 * 10 ' crn /sec given by Fink and

Comes (1975) is based on an assuraption of T = 20 ns, Our numerical results

are l isted in Table l .

3.3.3 Pressure dependence under resonant cxci ta t ion

We use the model öf Fig. 8b for the Interpretation of ehe pressure dependtnr.

of the fluorescence intensities under reaonant excitat ion of the !'. states.

The absorption and the radiative decay of the P. states is described by

K ( S — A> R*(3P.) (5)

", is the atomic absorption cross scction and i the radiat ive lifetime of the
" A

P. states. L is not identical wi tb the radiative l i fe t imc of an isolated
l A

* 3
R ( P . ) but increases drastically due to radiation seif tr.ipping at higher pres-

sures (Holstein 1 9 5 1 ) . It has been proved that the pressure dependtincr. of

ln(I /I) is linear under resonant excitation in contrast to the case of o f f -

resonant excitation (Brodmann 1976).

* o
Alternatively to the radiative decay of the R ( P ) atoms, molecules are formed

by three body collisions:

R ( S (6)

The rate constant for this process i s K . The three hody coll is ions result in

vibrationally excited 0 molecules.
u

According to Fig. 7, the 0 state is not the only candidate which can be reached

by three body collisions, We have to include the format ion of ' V + states which
"g

originate from the P atoruic states. The inclusion of these states into the

kinetic has been proposed by Fuurnier (1975)

R * ( 3 P ) (7)

The ' "l sLa tes cannut decay r;idiat ively into the gruund s täte ) (par i ty

fo rb idden) . 1t is aasumed that Lbe ' ) s ta tes decay via i n f r a r e d radia t ion

into the * T stäte s and 11ms d i rec t ly feed into the 2nd cont i nuum, Under
••u

l 3r+
steadv state condi t iun t he re f o r t ? t ho concent ra t ion of ' ! s ta tes is added

'•g
l 3r +

to the concentratio:! of ! states.

The radiative decay and the vibrational reTaxation of the ü s Lote arti de-

srribed by Eq. (l) and üq. (2). Tbt' r.idiativc decay of the vibcat ional ly

relaxed ) , Y states is given by Eq. (3).

Because we are not able to distinguish experiuientally hatwccn the resonant

emission oE the P .Ttoms (Eq. 5) and the Ist continuiim (Eq. I), u;- now cal-

culate the ratiu

(2)

IFfl).IF(R)

I _ ( R ) means th;? resonant f luorescence (t!q. .5). Tf WP takt? the va lues of t.-.'K_

f rom the resul ts undyr off-resonant excitation, in F.q. (8) only two parame-

ters are unknown, namely T - K and t - K ' . W i L h the expression given by Eq. (8)
A J A j

we can. fit the experimentnl results of t'ig. 5 and Fig. f i . The f ü l l , c.urved

l ines represent such f i L H . In this way, values for i -K. and ~ , - K ' c;m b*^' A 3 A 3

deduced. They are listed in Table 1.

The deduct ion of K., and K ' need.s rcl iable values for i , . We take the values
3 3 A

for the radiative l i f e t ime of the isola ted P Kr and Xe atoms given by

Matthias (1976) (Kr: 5.1 ns, Xe: 3.6 ns) . The inf luence of radiation self-

trapping is taken into account according to

g = 0 .205>
D



These t u r m u l a c have been given by Hols te in ( 1 9 5 1 ) . T nc-ans Lhe natural l i f t - . t i n i e ,

• t he wavelength of tlie resonance l ine. U i s the d iametor nf t he cyl i n d r i c a l
u

gas ce l l . Ue obta in T = 5 us for Kr and r = 3.5 i s for Xc . Tho r c ' s u l i i n g K

and K* values arc l i s t e d in Table I . The K ' values are iroughly t w i r i 1 t he K

3 ! . •+
valui is . Therefore, the l s ta tes must play a considerable rolc in tho f o r -

o

mat ion "f the moleculc-s.

- ,
w i s e pubLlshed d a t a . For Xe, K = 3.4 >• 10 cm /sec (our resu l t ) is b c t w i ^ c n

(Leichner et al. 1976). For K r , K = 8.3 " 10 cm /sec can bc dodnct id ; rorn

t.hü results of Leichner and Er icson ( 1 ^ 7 4 ) . This value Is s l i g h t l y s m a l i L - r L l i
_o o /

our rusul t (2 .2 » 10 cm / s e c ) .

3.3.4 Inf lucnce oE raetastable F.. aComs

3.3.4, l Of f -resnn;inL exe i tat ion

Exc i t a t ion in Llie long wavelengch t a i l ui L l i e r i r s t resonance l ine d i rec t ly "I rads

to thc formaLion of excited moleculi 's Kr. ;, Xe . In the decay model p roson t t -d in

co l l i s ions beCweet i a molecule in a h i g h v ib rd t i jna l s t a to and ai ;iton may lead

3 lto d i ssociat ion of tlie raolecule int i i a metas tab le P0 atom and ;i S ;itom.

The P atoms mav either lead to nuench ing or f t - e d bnck i;ao the rad ia t ive channr l s

f luores i ' cnce bands m n s L ^ive a c o n t r i b u t i o n tu tlie pressurc dcpündoncL- of the

rat io or f luorescence hands which r l e a r l y d i f f e r s from l i r . e a r i l y . The exper i raental

result dot:s not shou such dev ia t io i iK . l 'beroEore ti'.e i n f l u c n c i 1 o i" P., atoms seems

to be neglegible, iiowt;vi'r, it cannot l>e dec ided whether the ratf o! d issuciat ion

or the feed back is neg leg ib lc .

3 .3 .4 .2 Resonant exe i L a L i o n of P. s ta tes

In some papers (Turner !9 r )7 , boucique and Monier 1970, Timpson and Andc-rson

l
3

states to the netastablt F., s ta tes is repor ted . Fo rma t ion uf Kr and Xe d i mer s

3
then S ta r t s f r o m Lhe me ta s t ab l e long l ived P,, s tates.

We also t r ied to in t e rp re te the r e su l t s of Soc. 3.2 i nc lud ing the conversion

u h t a i n e d L

(äs a l i i n i t ing c^se) Lhe measured pre.-ssure dependence unde r re.sonant

3
exciLat ion 01 the P s tates cannoL be f i t t e d , induper .dent of the choice

of va lues for tlie rate cons tan ts .

channel descr ibed by E q . 6, we are ab le t o f i L l l ie i i i d U K i i r e n i o i i l s. IIou(;vt : r ,

i t i.s imposs ib le , t o f i t the p ressure diipende.iic-u under r f s o i i ü T i L «xt- i L a L i im

w i t h the [,-, '^-j value.s obta ined f rom t l iu pressurt ' dept ndei i i -u unde r of f -

resonant exe i tat ion, independeaL of Lhe cho ice of e i l l o L he r p a r ; i m e L t ; r H .

•j
The I,-,*K., values frciu a fit i n c l u d i n g P., s t a t c s are by a f a c L o r ot L wo

to three l arger t lian the values ohtained under o f f - r t s o n a n t exe i tat ion.



3,3.5 Influcnce of long radiat ive l i f e t i m e s on Lhe k i n c t i c models

The rate coef f ic icn t , K,, for two body collision deduced from our results

(See. 3.3.2) sensitively depends ori the numerical value of the radia t ive

* +
lifecime af vibrat ionally excited molecules, R~ (0 ) . R e c e n t d i rec t r r . easureme: iLH

of the radia t ive l i i e t imes (Haaks 1976) yield much larger values

(i(0 ) v I I us) Chan can he estimated from the results of Keto et al ( 1 9 7 4 ) .

The numerical values of the radiative l i fe t imes do not influence the kinctic

müdels themselves but may change the values of the rate constants d r a s t i c a l l y .

At the present time, we are not able to decide bctwccn the d i f f e r e n L values

for the r ad ia t ive l i f e t i m e . It may bc of interest in this context , LhaL Lhe

luminescence band of sol id Xe which is very s i m i l a r to ehe 2nd continuum of

the gas phase, has a component wi th a radiative l i f e n i m e in the jisec ränge

(Hahn et al 1976).

4. Extiitatioii in the vicinity of the seeimd resonance liqe

4. l Fluorestience spectra at d i f ferent pressures

Excitation of Kr and Xe in the vicinity of the P states in Lhe pressure

ränge covered by our experiments results in three emission bands: the I s t and

2nd continua and a fluorescence t-onnccted with the ns' ( 1 / 2 ) . { P.) states

(the " 'P , band").

Fig. 9 presents some fluorescence curves which have been obtained und er re-

soiianL excitation of the Kr S s ' O / Z J j ( P j ) state and the Se ( > s ' ( \ / 2 ) ] ( p ( )

state. It has been checked care fu l ly that the P band is not due to stray

light of the exciting light. The curves of Fig. 9 have been normalized to the

heights of the P. bands.

In both Systems, wi th increasing pressure the Is t and 2nd continua strongly

increase compared to tlie I' band. The P riuorescence itself decreases and

is no longer detectable for pressures ,'.1000 Torr (Kr ) and ->-100 Torr (Xe) .

The ratlos between the 2nd and I s t continua dav ia t« f rom the rat ios measured

under resonant exci tat ion of the P, states.

Therc is a remarkable di f ference between bo th sets of curves at' Fig. 9. R e l a t i v e

to tho I s t and 2nd continuum, the P band of Kr is much strtmger than thi?

l1. band ot Xc. Tn Kr undcr resonant exci tat ion of the P state, the P j band

plays a domin.i t ing rolc where.as it is weak in Xe.

.2 üxci ta t ion spectra of Lhe f l uort;sconcc band s

For Xe, thü relative inCensi t ies of the three fluorescence bands under P exci-

tation sens i t ive ly depend on the exact exc i ta t iun wavclcngth. Wi th in the sensi-

t ivi ty of our experimenL th is is not the case for Kr . The e f f e t - . L c:an be demon-

s t ra töd b e L L e r in exc i ta t ion spectra than in F luorescence spectra . Such

uieasurements are shovm in Fig. lOa (Kr ) and lOb ( X ä ) . They are compared wi th

the corresponding t r ansmisy ion curves of Kr and Xe in the v ic in i ty of P

oxc i tAt i on .

The maxima of Lhe excitat ion spectra of all the Kr f luorescence bands are

resonant w i t h the P transmission minimum (Fig. l O a ) . The maxima of the exci-

ta t ion spectra of Lhe I s t and 2nd continuum u l" Xe a l so coincide with the P

transmission min imum öl" Xe. The excitat ion specLrum of the Xe P. f luorescence

clearly has iLs maximum at the long waveleugth molecular tail of the l' ab-

sorption band. The s h i f t between the spectral posit ion of the t ransmiss ion

minimum (1296 A) and the maximum of the exc iLa t ion spectrum (1300 A) is c lear ly

larger than the accuracy of the experiment. The d i f fe rence in energy betwee.n



both extretiu ( '260 cm ) is comparable wir. h kT at roon tempera ture ( 200 cm ).

4.3 Discussion of the results

4.3.1 Origin ot the " P band"

Wi t hin tlie accuracy of the measuremeat^ of F i g . 9 , Lhe ' P ba:;ds öl" Kr jud Xe

are resonant with the e^ci ta t ion w a v e l e n ^ L h . The w i d t h of Lhe me.isured bands

is due Lo the ra ther puor reso I n L i t i n . T h o r e t o r e , a t i i r s t s i s j h t , the. P , band H
l

seem Lo be due to the r ad ia t ive dec:ay of cxc. i tod atoms ( resonanci 1 r.™ i K « i o n ) . AL

higher pressures m u l e c u l a r u f t c r . L s have to be t a k o n in to accoun t . As can be

seen frora F ig . 7 Lhere e x i s L s a mol c:cu1 ;ir s ta t t 1 0 w i t h n s h a l l n w m i n i m u m at

rather large mternuclear d i sLances . T h i s p o L e n L i a l curve i s ciinnecLed Lo Lhe

6 s 1 ( 1 / 2 ) state, and the existence uf tlie min iraun has heen proved hy CasLex and

llamany ( 1 9 7 4 ) for Xe. Trans i L i n u s t" nun L l i i s molei:u!ar 0 s L a t ü L n Lhe 0 gniund

sLaLe are d i pn l e a l loued. ßrodmann eL aL ( 1 9 7 6 ) ;;ave :;ome a räumen t s L h a L Lhe

m n l c c u l a r 0 ( 6 s 1 ) statt: is i n v u l v e d i n Lhe P. ba:id. AL h ighe r pre.ssures tiie

rmi lecules sliould c u n L r i b u t e cons iderably to the P band. The Stokes s h i f t of

Lhe molecular p a r L of Lhe P. band is expected to be small because the dept l i of

Lhe minimum of Lhe 0 s t aue is expected to be sma l l . Castex and Danianv ( 1 5 7 4 )
u

— l
give a value u L" M 000 cm for Xe. The Kr value is unknown.

Strikii iE evidence for the molecular type of P emission i s gi von by the exci-

L a L ion spectrum ui L h i s band ( X e ) . Fig. l Ob clear ly shows t hat the P . band can

be excited in the long wavelength, mol er .ular t a i l of tlii' 6s ' ( l /2 ) absorpL ion .

In ai-.alogy to Lhe resonanL eraission of P atoms and its overlap w i t h the I s t

coiiLinuuni we in te rpru te the P band äs resonant: omission wi th a molecular con-

t r i b u L i o n . The mo lecu l a r cou t r ibu t ion (0 -»0 ) im-re.asos wi th increasing p reysur

and may f ina l ly dominate.

r i
i L u o r e s c c n c e band but also to ehe I s t and 2nd cont inua . Üeexc i t a t ion of the

a toui ic i' s ta tes t l i e r e fo re c o n t a i n s t wo contr ibut ion s :

( i ) Radia t ive decay (see See. - ' . . 3 .1 )

( i i ) Decay processes which lead to a popula t ion. of E h e lowegt r ad ia t ive s tates

of Kr , Xe (resonance e m i s s i o n ) and t ho molecules Kr. . , Xe,? ( I s t and Znd

cont i n u a )

A d e L a i l e d k i n e L i i : modt i l f n r Lhi 1 p o p u l a L i o n n S Lhe f l uorcsf i n;; l e v e l s und er

ext: i L a L i on oT the second rosonanco l ines of Kr and Xc sooms to bo ioo c o m p l i c a L e d .

The d i f f e r e n L behav iour ot Kr and Xo riisplayed in Lhe f l uor^.scenco and t>xciL"; i -

t i u n spuctra leads to a q u a l i t a t i v e dcsc r ip t ion nf the r e l a x a t i o n proc^sses.

The T i r s L i.:ha:iiiel i s s t ra i j ' ,h t i o rwarc t . Thu Hei'.ond rhnnnel has also been considered

»* |
by L e i c h n e r and F.r icson ( 1 9 7 4 ) . Par t of t ho Kr.., rsay d i r e c t l y feed into the P.

feed intu the I s t and 2ud oon t inuum.

A d d i t i o n a l l y to those decay chärmel s, a col l is ion induced convers ion o f Kr

^ ' ( l / 2 ) f P T ) s tates into Kr 5 s ' ( l / 2 ) ( i' } states c anno t be e x c l u d u d . Rccause
1 1 o o

the P s t a te is a long lived meCas tab le s tate, its deexc i ta t ion L B expected to

take plat-.o v i a mol u c u l ar interac t ion feeding into the I s t and 2nd C D U t inuum.
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The Situation is d i f f e r en t in Xe. Besides ehe radiative decay of t he 6 s ' { I / 2 ) .

( P.) statcs and raoleculc formation we must take into account the role of the

6 p ( l / 2 ) state. The energetical distance between the 6 s ' ( l / 2 ) . state and the

6 p ( I / 2 ) . state is unly 84 cm (Moore 1949) . Therefore the 6 s ' ( l / 2 ) . state can

be depopulated eff ic ient ly by two body collisions and f > p ( \ / 2 ) statcs are Eorme.d.

The 6 p ( l / 2 ) states can decay rad ia t ive]y into 6s atomic states. The 6s atomic.

states give rise to the resonanc.e tmiss ion or fce.d into the. is t and 2nd continimm.

The interesting d i f f e r ence between Kr and Xe i K th i s t h i r d der.ay r.haiinel . In Xe,

the populat_ion of Lhe liiuest excited states is poss ib l e in ehe atomic Sys tem

whereas in Kr the mülecular System is essential foc the population of the lowest

excited states. In Kr, the 5 s ' ( l / 2 ) . ( P.) state is separated from the 5p s ta te

— l
by 5320 cm (Moore 1949) which is too large for collision induced t ransi t ions .

The experimental proof for the qua l i t a t ive model (Xe) is given by t V i n ü x r i l a t i o n

spectra of Fig. 10h. The ext:i talitm spi^cLrum of the P. band has n t K maximum aL

the long wavelength tail of the P a h H o r p L i u n . Tlie energeLical distance between

the maximum o£ the excitat ion spec t rum and the Xe 6 p { l / 2 ) state is -350 cm

This is s l igh t ly larger than kT at roum Lempcra ture (i,200 cm ). Collisions

obviously quench the P f luoresce in^e äs far äs the i n i t i a l l y excited s t a te

{aLumic or molecu la r ) is withi . i i kT beluw Ll i e 6p s ta te . In Kr , the average

k ine t i c energy of the atoms (at roora teraperature) is by far too low for the

corresponding process. Therefore in Kr the maximum of the exci tat ion spectrum

of the P band cninc.ides w i t h the t ransmission minimum of the P absorption.
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K V S

f \m ) (cm /sec) (cm /sec) (cm/scc.)

Kr 10 '° l.lxlü 37 2.2x10 3? 2.2x10 32

Xe 5.2x10 '9 8.7x10 '' 1.2x10 2. {
(a)

4.5x10 32 (c)

L _ .•„ D IIS

esCimated

(a) I .eichncr and Ericsoii ( 1 974)

(b) Freeman et al. ( 1 9 7 1 )

(r) Leiclmer eL al . ( 1 9 7 6 )

(Kr)
l i tcratnrc values

H L imaLtjd

* *
Rate constants iur Cwo body collisions, K?, (vibrational relaxaLiun u i" Kr.. , Xe? molecules) and three body

# K
col l is ions , K„ , (f ormation of Kr, and Xc„ niolet iules) deduced L'rom model calculat ions. For cocparison l i terature

values art- i n c l u d e d äs iar äs available.
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