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FOREWARD

During the period November 15, 1976 through November 14, 1979 we have

carridd out fundamental studies of the optical properties of dense alkali

vapors in the visible and near infrared region of the :ipectrum. The most

important result of this work has been our discovery of a new region of

infrared absorption between lu and 2 i in the saturated vapors of sodium,

potassium, rubidium and cesium. This new region of absorption appears to

be due to the transition 3E - 3r of the alkali dimer molecule, a transi-u g

tion which has never been identified before in alkali vapors but which is

responsible for the intense ultraviolet emission continuum of a hydrogen

discharge 1,;imp. Should the same emission continwim exist for the alkali

vapors, its We suspect from the results of our work on absorption, tite

alkali v: ors could serve as media for very efficient, tunabie excimer

lasers in the ,pectral region between lj and 211. A more pessimistic

interpret .i ion of the da.,ta is that the absorption is due to trlimers. If

so the prospects for laser action are less promising. Further work is

being done to unambiguously establish the nature of the newly discovered

absorption 1).nds.

;, *;, V a .'iIi
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REPORT OF PROGRESS

Alkali vapors have long been of interest because of the high efficiency

with which they convert electrical power into visible and near infrared

light. For example, high pressure sodium lamps are the most efficient

Industrial source of visible light now available. In spite of their utility

as sources of incoherent light, alkali vapors have proven to be somewhat

disappointing as laser media. While both alkali atoms and alkali diatomic

molecules have been made to lase, the efficiencies have been modest and

the spectral regions of lasing are already covered by more efficient and

convenient lasers.

The main goal of the work supported by Grant DAAG29-77-G-0015 has

been to investigate the potential of alkali vapors as laser media in a

spectral region lIj to 21 where high power tunable lasers do not yet exist.

For many years alkali vapors were presumed to be transparent in the

infrared region of the spectrum beyond about l where the strong A band

(XI E - AI Z ) terminates. More recently, small amounts of absorptiong u

have been discovered just beyond the edge of the A band. This absorption

has been assigned to the weak intercombination band (X E -+ a 3H ) and it isg u

particularly noticeable for the heavier alkali elements rubidium and

cesium for which L and S are rather poor quantum numbers.
2

Two years ago we discovered that all alkali vapors have a previously

unknown absorption band which extends well beyond the edge of the A band

and the intercombination bands. By examining the temperature dependence

of these ihsorption bands we have shown that a very planislble assignmentI3 3
of the new absorption is the transition (F - 3 ) between the lowestSu g

triplet sinia states of the alkali dimer molecule. The transition is very

Li
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important in a hydrogen discharge where it gives rise to the intense

ultraviolet continuum radiation which is often used as a light source in

spectroscopy. The absence of an analogous emission continuum in alkali vapors

has long been a puzzle. Should the newly discovered absorption bands indeed

turn out to be the 3E -+ 3E transition, this troublesome problem willu g

finally be laid to rest. A more detailed account of our first studies of

this new transition is contained in Appendix A.

In a recent theoretical paper, Konovalov and Jullenne 3 have shown that

the 3E - 3 transition would make an excellent excimer laser in the near
g u

infrared region of the spectrum. They estimate that stimulated emission
02

cross sections for the transition are as large as IA , a value which is

comparable to that for the well known rare-gns-halide excimer lasers.

While experimental and theoretical work on the significance of the

3Z -* 3T transition is encouraging, there arL, still unsuttled questions

about the nature of the absorption. For example, it seems certain2 that

trimers are responsible for some of the absorption and it is.conceivable

that trimers could account for the bands we have assigned to the transition

3 E + 3E . Should this prove to be true the outlook for laser actionu g

would be poor indeed because the trImer bands would represent a severe

parasitic loss mechanism. Further work is planned to unambiguously

identify the nature of the infrared absorption.

The ncw region of absorption was discovered accidentally while we

were investigating the properties of an interesting cross fluorescent emission

I band4 in thle infrared spectrum of the cesiumn molecule. A description of

this work, which is the first published example of cross fluorescent

emission bands in alkali dimer molecules, is contained in Appendix B.

'4
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Another interesting result of our work during the period of this grant

was the discovery of visible emission bands from potassium polyxenide

molecules.5 This peculiar molecule, KXen, with n = 1, 2, 3, 4 . . . , seems

to consist of a cluster ion K +Xe to which an electron is bound in an orbit. n

resembliug, that of the first excited atomic S sLtte. When the potassium

polyxenide molecule decays with the emission of intense gree fluorescence,

the ground-F;tate molecule dissociates. A more detailed description of the

work on poLtassium polyxenide molecules is contained in Appendix C.

I
I
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APPENDIX A

Vom.tMF 42, NuMHi, tO PIIYSI CA . R I " EW .E TTER S SMARcal 1979

New Infrared Absorption Bands of Alkali Vapors

N. D. Bhaskar, E. Zouboulis, T. McClelland, and W. flapper
Columbia Radiatim l.-oruater. Inepaiirnent of Ph , -sk.. Coluumhfa Ur',lers$v. XW ,te..- York Z1027

tUltive(I 26 Du.'ember 11178)

We hav', Identified two new infrnred absorption bantlk In ;.tnsmium vatpor. 't hi.n be-
tween 1.1 and I.6 j m Is attributed to the K. ( ' -'l tran~siltion, th ot j0 n mqa-
log of the intense vmission continuum of )I:.. The ab.sorptlon it wav'lS gths lt,-i t " than
1.6 pltt is probaibly due to trimers.

In this paper we report on a new region of ab- sorption does exist in the alkli vapors potassi-
sorption of infrared radiation by alkali-metal urn, rubidiunm, and cesium at ,..a. clengths at
vapors. Recently, Chertoprudt has reported least as long ;s 2.5 mi. llowo v, v, our observa-
that absorption exists in saturated potassium va- tions differ considerably from those of Cherto-
por at wavelengths well beyond the edge of the A prud' since \\e find at least two dtistinct absorp-
band (1.1 pm), and the absorption extends at least tion bands, a m ch smaller attenuation coeffl-

-as far as 2.5 pan. (thot'toprud' assigns this ab- Plent at low lempor it res, a comiplex dependence
P a~orptlon to the ilt,Ivet( ....|bmltmn tranllonH .'1 onl w;, veh nk, awl, a temjrttitv dependence

). Our recunt eperiments confirm that ab- which UUl h ouat Ii" assignment of
pto640 t 1979 The American Physatl Societ a

lT
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this absorption to the transitionc (X1>*>1 As inert buffer gas of argon, neon, or helium. At

we shall show I ,the most likely assigunienlt gas pressures above 300-Toriy neon andI artzon

of the shorter- avelength absorption (1.1 -1.6 jim) nre found to produce dense clouds of alkali-metal

i., the Lprevioui; uoisorvcd t ransit ion (",',- ,,') fill-,, We folund heoii to bt, free of this problem,
in the alkali (I!!, m olecule. This is the analog presumably because of the high kinematic vis-

of the powerful alt taviolet emnission continuum of cosity and boat conduictivity of the helium. Our

11, molecules. IiansitIimn whose apparent a))- mevasireniits 'if vaporii pressure I' and tempera-

sence in the (!,! i' fl 5In pctrum l 2 of alkali dimners lure TI for potassium were consistent to within

has long been .,iLI. The lunger-wavelength about I - with thle accepted empirical formula 4

absorption (1., -2 0 :ni) caniot be assigned to o 71-(43/T)
dimers, aIKI 1' i. is consistent with electronicloI' 78-(43T)()
absorption ban ii clusiers of three potassium The ('lauisius-Clapeyron equation (1) implies that

atomis or triv" L I Chca now absorptioll hands 1, flte Lit eit beat of vai)orizat ion of potassium, is

lie in a broah )>al re.-Ion which was previous- 20.3 kcaL. mole.
ly considered IIe tratisp trent and they add a The experimental procedure is as follows.
new and import. ielement to considerations of ](, T), the i ntensity of light of wavelength A trans-

alkali-metal v.io-rs for laser media or heat- mitted through the vapor at temperature 7' and

transfer mediai. 10 J,) flit, li aniijted i idensity at room tempera-

The experii: .': a zparatus used in our wvork tire T1, are nicaslretl, the latter measured at
is shown in F . I Fle I fictive length z (about the beginning and end of each run. For a vapor
20 cm) of a v. 1 , cilim :i euo i lheat -pipe, oven' is columnil of length .I fi.t tteuation coefficient
determined Oxa inc easured outside tempera- ( (X, I') is given by
ture profile t '. " i-Iqjh of thlt heat I~ljC. The J o 2
uncertainty in ;h.tv it 5 .The saturaited vapoer ,'). nl I)J~,T 2
pressure of th. il-:ali nictal is controlled with an llepresentative data for lno( .k T ) are plotted as a

fuoictioni of I r in 1'f, . Note that the data can
hie fitted very well with a stra-ight line in the tern-

REFER' h - pezalju.( i'etervil] vovored by our experiments.

I ~-~ST!P-iiRTThxv;, wey maly re~p riant o, by the empirical for-

a' 7L J"L ff;C0IBi PbS DETECTOR ml

IP -' __'SIG.L~ *o(A .7I0 ') --expl1 A(') -i'(A)RI' . (3)

LAM ~ ~ ~A Fyioimmry of our' exhK'rilliItal data is shown

CHOPPER MONOCHHOMATOR ciolit ( 7') an'!f (h,! ;wtiva tion energy h (,N) are

VA( GJb F IR 0 VACUUM PUMP plotted ais a funictiun) of v. ivelentiLh Ai for T 943'K.
I hli, toe ira ture ranlge i nvoilved in i ur oxper -

*-1.40 MICRONS inments flte potassiumf vapor consists predominant-
.2 -1.60 MICRONS ly of free I) tssiumll Itomis. liound idimners l\, al-

(b) E'42 .3Ci0.8311tcollmolt So CXiS. at ablt (1)( of thev monomer concentra-

161 ion at 94TH<. InI addit ion to the bound diniers,
* unbouind pairs of p)otassiumn atoms are p~resent at

-4 concentrations large enough to cause substantial

* iii)! icti absorption. Trimers and higher polymers
of pot.1 ssinil aire also important at thle relatively

~E'l589±.I2Icol~o~ehigh vapor pressures of our experiments. The
N attenoit ionl c'oefficient of thle potassium VaporIil Ihc:-In f' re consist of contributions from vari-

US - ou1s ciiste (iof )j potamssitun atomis, each of which
.95 10 0T K-i11 will i'i ht( a tr

FIG. 1. (a) LAw. 11, 1 i.io:l d ita l te :11.k.11 I "e h I.(" )1ea (4)
Lion of lofrar h- ft !: , v .luaeI jt:i'5' un) N:?I"I%

The straight I. ., I tl'l -id ird d11vi,tiunol 01 to III I. 4 A att(Iiolt ' ocfficieilt of thle v'apor'.

j sl~~4ope were (I.- I t' 1' . a'- i i ~': Iir ) i: the !)otenil e nergY of association

'I . 641
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2S. P ATOM5.

70 - I
10-1 T.\

.S60 a
E.55.2 ,col/mole.

Uj!I ABSORPTION
- n___ BANDI

1,- 120 r

.0 .2 '.4 '.6 1.B 2.0 1
WAE NGTH lgo 0sE 368k

FlU. 2. Activatktn *,rgh,' lt,)its :ind .attenut ion _4 . ... ... .,...
c'oefficenet tsoiid lin.)t, hr .aturait( po)tassium valpur ats iNTl RN'JCLtAR MtPaNA '' IA)
a function of wavel,nth. i rroi '. tinmate:s art' ttl~tnjned
from least-squares fit.s to .,xp(,rimcntui daita like that FIG. )1. Qtialitatlv,, skteh (,i th,, !,c, tronie ptential
in Fig. 1(bD. The c ir,,r , tm:,t~(,,, or thu ah~sr 1 pthtn curves of 1K, hasi(d ott tilt rccd,, a.,, latlons (itlcf. I;d
,,(efficient are also shown. Monochromator resolution for LI,. The assigonwoet of the new infrared band II is
is 50 A Ifull width cat lta/-malximnur). Bands I, El, and indicate,).
Ill are indicated at the bottom of the figure.

(I) and the, Piil--gas law we write

ln\ Ne ,VJ=lnP- In(R T)
of n potassium atoms into a configuration for bloto)-(lT-1 ()
which an electronic transition of wavelength is i~'~ R 0 J-( ?T 1 6
possible, and R is the gas constant. The factor where the latent internal energy of vaporization
b(A) includes oscillator strengths and phase-space is related to the latent heat ! by =1 -RTo
factors, and NK is the number density of potassi- = 18.4 kcal-nmole. P0 is a constant, N0 is Avaga-
tun atoms. In the caise of potassium dimers (4) dro's number, and T, = 943°K is a representative
can be written in the well known formt temperature wvhich characterizes the conditions

of our experiments. Thus, Eq. (4) can be written
a2l( , T)a= 2 r,.dk' 4)'2 ldr dL\VKz as

7'( , ) :-- (() expi - (,,z - ) U: TI.()
Comparing (7) with (3) we conclude that the activa-

where r* is the cldi~sical electron radius, c' is tion energy /EC¢) is equal to the sum of the assoct-
the speed of light, f is the oscillator strength of atlon energy V" and n factors o! the vaporization
the electronic transition, g is the statistical energy c,

~~~~~weight of the lower electronic potential curve, ()= .(8

and v =c,"A is the frequency of a photon which can La)fc .(8Iresonantly excite the molecule between two elec- For reference we have indicated the energies 2E
tronic states at an internuclear separation r.. = 36.8 and 3c = 55.2 kcaL'mole in Fig. 2.

Saturated potassium vaIpor consists predomi- Three distinct regions of absorption, designat-
nantly of free potassium atoms, and we maly ed as regions I, 11, and EiI, are indicated in Fig.

A therefore approximate the vapor pressure with 2. In band I (cx 1.1 pm1! the absorption coeffi-
I. the partial pressure of the free atoms. Using cient has values in excess of I cm 1 l and activa-

"4 642
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tion energi, -f - 25 kcal mole. Band I is the It is interesting to note that the activation ener-
red edge o'. il known A band, the strongest gy of hand III, 56 kcal mole, is very close to the
.absorptioi, ot' K. 4iiers. The associaltil iel. , of Va'Iorizaitionl of three potassium atoms
energy of- ' ' ; mole corresponds aplXi - 3 r( 5.2 kal mole, Thus, loosely hotind alkali
Inately to 1! . di t, en'-eii'y fir 1i1. tt im ci l- ' ;i a sIo.111t' 5-; r1' of Ilte ,asorption
KQg) groe,. - .tite molecule, The potential in lund 11. The "number density" c of oscillator
energy cur% lot K2 are shown in Fig. 3. electrons involved in the absorption band is re-

Band H (1 I . i- A'- 1.6 aim) is a new absorp- ialed to the strength, S. f adl., (if that band by
tion band wl.i, I. is cnsiderably weaker than the the well known formula c =S rr, c. For band III
A band and xk h! c h.s a considerably higher acti- (integrating from 1.6-2.0 pjm) we estimate e to
vation ener;,-, The activation energy of band 1n be about 5.6, 1012 c11 3. The total number den-
is of the ordri, of 40 kcal mole while the vapori- sity of valence electrons in the vapor is very
zatlon ener:y ", of two potassium atoms is 36.8 nearly eqtual to the potassium-atom number den-
kcal/mole. The difference, 3.2 kcal, mole, can sity N = 3 1 10'". The fraction of valence elec-
be interpreted as a repulsive interaction poten- trons involved in band III is therefore 1.91 10".
tial between a pair of ground-state K atoms on the This is a crude estimate of the ratio of trimers

potential rurve. Theoretical calculations' (associated with band III to monomers. Since
for IA, sugge.-t that the transition g. - ) the trimer association energy is comparable to
gives rise to o band to the red of the correspond- 1?t7 (see Fig. 2), the trimer number density is
ing A band. The band should have a satellite, related to the monomer number density by Ng,
correspondi.:.- to the distance of closest approach 1 "-- at;.V't 3 where a is a characteristic internucle-
of the potent i il curves (see Fig. 3) at a wave- ar separation for the cluster of thret potassium
length which is smewhat greater than twice the atoms, Using the estimates c =1.9' 10 "6 and N:
wavelength A the first resonance line of the free = 3 - 10' we find a to bte 7.8 A. In view of the
alkali atom (7665-7699 A for K). It is reason- known range of interatomic potentials between
able to ident ify the observed knee at 1.58 pm in alkali atoms this is an entirely reasonable value
Fig. 2 with the i prticted satellite, for the characteristic separation of potassium

The obserm-ed ni:,mitude of the attenuation co- atoms in a loosely bound trimer. We should also
efficient of 1..I I1 is also consistent with the val- point out that the closely analogous trimer H. is
ue expeeted !,, thie. transition ( )u- ' 2. Using known from theoretical calculations7 to have low-
Eq. (5), and ,.tit atn therein the following rea- lying electronic potential surfaces between which
sonable valu,, , 1, 3, r = 8 A, di, dr =5 X 1021 fully allowed electronic transitions are possible;
sec - e m " ', 3 - 10", and V=E(1.2 irm) - 2c for example, the , and z states of syn-
=37.5 -36. 8 : o 7 kcal mole, we find a2(1.2 pm, metry. Note that the shorter-wavelength trimer
943-K) =0.6 .:: . . num r in satisfactory agree- abisorptioin spectrum is completely masked by
ment with ti e :-.asured attenuation coefficient of the powerful dtimer absorption bands below 1.6
0.3 cm " fri ii, 1ig. 2. tan. We are therefore unable to draw any conclu-

In summary, ihe ob,,,rved wavelength, activa- sions about the l)opulation of trimers (perhaps the
tion energy, .tiworlption-coefficient magnitude, great majority)" with absorption bands below 1.6
and satellitt ,i a,.,nd 11 all support the assignment 111.
of this band t -;!( I ransition (;,- .. We have observed analogous absorption bands

Band I ( 1.6 ;.n,) is about a factor of 70 in rubidium and cesium vapors, and similar ex-
weaker than I 1 I1 ;itn it has a substantially per inecnts for sodium and lithium vapors are al-
higher activ.:: e n.rt. (1V 56 kcal'mole). If so underway. A nire extensive paper describ-
we attempt t, ,:ssign band I to a dimer transi- ing, our e~q)erimental results for all of the alkali
tion we mu:t ii-rpret the high activation energy, vapors is in preparation.
E(1.8 pm) =5 ci, l al. s a repulsive poten- This work was supported by the U. S. Army Re-
tial energy , :j.2 Leal aole. For example, search Office (Durham) under Contract No.
one might ti . ,. 'sg,,' band III to the Iransition D.A (;29-77-G-0015, with supplemental support
of electroni, t. 11 state to H._ 

. towever, by the .1oint Services Electronics Program (U. S.
the measurt, ,;udt, , t the absorption coeffi- Armiy, U. S. Navy, and U. S. Air Force) under

cdent in ban I l u :tl 300 times to) big to be Conti iot Ni. DAAG29-77-C-(019.
consistent u 'iif r :ib.,rption and any reason-
able values ' , .0,, . in ')\ .F!ul, I, i,f . \ . tI' it)., 216
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LASEI -I: XCITIl) CROSS FLUORESCENT EMISSION FROM CESIUM MOLECULES

N.D. 1II1ASKAR. F. /O(YBOULILIS. R. NOVAK and W. IIAIIPI:R
Columlbi,; I ,atioi fI. iratory. I)'partm 't f Ihysi',. (v oI, Unia I,'.,'f Vitv.
New , \ 'w \ , rk 10027, LSA

Reteid .; I cbiiaIy 1979

Wv rc 1 .t fie Ii ,! ol's.er a t ion of cross I'lorese i inlraFed emission li kil o In laser-c \cited alkali inolectle(% One ex-
ample.:a e\ 1\ obti¢lrcd band of -'2 between 1.50 ,id 1.63 p, is ditussed in sone detail. Tlhese new deca) nitdes allow
quantitaliu , e\1perincnital studies of towv-lyilg and pre\ ionusly unobscrved stales of gerade sy iniefry in alkali diiners.

In this pap e we report oti our receft observations

of a new type ofinfirared emission band from laser ex- CANNING
MONOCHROMATO 1cited alkali tiolecules. These bands are due to cross CH,-----R REFERENCE

fluorescent tr:msitions from the higher excited states L
of alkali dinir mtmolechles to lower lying and previously 16 APLIIR CRE

unobserved c.xcied sttes of gerado symmetry. To our - PbS DETECTOR

knowledge, this is the first observation of cross luores- t --- IR FILTER

cent decay ino,,dcs in alkali molecules. AT ION 0 is) t ) L
We were led to search for cross fluorescent emission L ASE R BE AM HPPCCLL

bands of alkali dimers by the following arguments. The
electronic pi lntial curves of alkali dimers are c'lscl\ I ist

correlated %kith the electronic states of free alkali 1,) r

atonms [11. The hiiher excited slates ofalkali aloms.01
for example. ihc -1'. 7S anl 51) sl:Ites of tile cesiuti 1 I

atorn, decay prtedo muantl. or entirely to lower lying 12.000 F 5 S6P312,11?'
excited statcs adml nt to thle ground state. The core- • .

sponding eCiksii0 lilies lie in the infrared region of the 8,000 40 q
2

spectrum at \%s,:elengths beyond l1. It is reasonable to
look for inflated molecular emission bands corlespond- u

ing to the itl,lted aolnic emission liles. and. as we %4 5
shall show bel,w. such bands do indeed exist. O R(Al

A sketch it otir apparatus is showt in fig. ] a. The 4.O00

cell is made (f ('Comig 1720 alumiinosilicate glass Inb-
ing of inner LIh1.1 w ter 21 inn. After (' kill g I he cell in a, Isig. I (a) Apparatus. 00 Stheinatic diagran of"the potential

irev invoted in intrared c,rs tltorescence of (', 1110o,-
culcs. ithe statCs tesignlaled by F and I. iay actlally be sever-

This work ma, t.ilpor ted by tile t.S. Army Research )lice :it illhdotenllIclt nimolelar Ntttl eand the ,mily possible quan-
(I)urham) unitr ( ;rant r)AA(;2--77-(;.0.O 5, with SUple- utti nIillelik ol these %lat" are indivaled. The ri.diation at

mental supprt I1,N tilt Joint 'v'rtices I'lesttonics Progra i 1.62 i correipoiid% to the distlaIe¢ of closest a proacht of the
(U.S. Army. t .S. N:i%\ iid I S. Air [orce) Ild..r ('Olltract( V' l m'st and I . I'lw lltraiatio at 1.505 . lay h ,e .iiociatt'd
l)AA(;29-77-('-l 19. 1\tth .1 dillellI tilial Nt.1e I or i ttili e llt I.

~ 1 . 555
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vacuiIn of 10- 1, lo'm at .00 'C for 10 1h, a little (99% LAER ONE 51451

purc) cesiuin is distilled into it before seal off. The cell
is seated inside : 1i anslp-arent oven and heated to
350*C. The beani of an argon-ion laser (Spectra- I
Physics model I ,5-03) is focused into the cell and one M
of the blue-green laser lines is selected for exciting the -
cesium vapor. The itiorescent radiation einitted at .LE e
right angles to the incident laser heam is focused on LtE 4;VeC

the entrance slit ( I min wide. 10 m1 high) of a spec- , I
trometer (GCA/Nll'herson 0.3 in scanning nonochro- A

inator). The incident laser beam is chopped at a fixed /r ,, / .l
frequency of 190 IIz. A suitable infrared tilter is used ",
to filter out the scattered laser light. It also serves to __.........

exclude the second order spectra from the diffraction 1 I. 5 . ,.65
grating. The dispersed fluorescent spectrum is detected WAELENGTH Ti,cr:n$'

with a dry-ice cooled PbS dete,-tor (IR Industries, Inc.). Fig. 2. Cross t'horescent infrared emission bands from laser-

The signal at the chopping frequency is detected with excited Cs2 uimolecules.

a lock-in amplifier, the output of which is fed into a
strip chart recorde|. near the bot to1 (if the X I , ground state )f Cs,.

There is considerable emission in the infrared be- The upper stale, which wve denote by 1: in accordance
yond I p. The infiated emission consists of: with traditional nomenclature II I, is poorly known

(a) A prominent A- X emission band extending and the 4880 A line may in fact populate several 131
from the cesium resonance I) line (-0.85 .) to 1.2 p closely spaced excited states. For clarity we have indi-

and showing features similar to those reported by cated a single state for E. il fig. lb. Since the ground-

Sorokin et al. [21 in a heat-pipe discharge. state symmetry is 0g the E-state symmetry must be 0.
(b) Several strung atomic emission lines are ob- or III. The F state is most likely produced iii a vibra-

served 7S112-6P 1 /2 (1.36,u) and 7S1/2 -6P 3/2 (1.47 p). tionally excited state from whence it can decay into
Typically, these lilies are much more intense than the various vibrationally excited or dissociative levels of a
molecular emission bands. final state which we denote by F. Again, the final state

(c) On the red wing of the 1.47 M, 7S-6P atomic may actually consist of several electronic potential

line we observe previously unreported infrared enis- curves, but for clarity we have drawn only one in fig.

sion. Some exanples of these new bands which extend I b. Front the known energies of the 4880 A exciting

from I.501A to 1.62 M are shown in fig. 2. The band photons and tlie band of infrared fluorescent photons

shape depends critically on the wavelength of the laser we know that the energies of the final vibrational or

exciting line, and the fluorescent intensity is propor- dissociative molecular levels lie about 600 cin-I below

tional to the intensity of the exciting light. The strong the 611, 6S dissociation limit. The actual potential curve

laser lines at 4880 A and 5145 A were used to generate of the final state F must lie lower by an amount equal

the spectra shownm in fig. 2, but analogous spectra to the kinetic energy of the final state molecule. Since

could be generated with the weaker laser lines. Studies the thermal energy kT in our experiments is typically

of the band shape and intensity as a function of cell on the order of 400 c.n-I and the ground-state disso-

temperature showed no evidence of significant colli- ciation energy 151 is umicertain by about 80 cm -I we

sional effects, and in fact none would be expected for cannot exclude the possibility that some of the final

the relatively low atonic number densities [Cs] state levels lie above the 6P. 6S dissociation limit and
f 1Ot5 cm - 3 and short excited-state lifetimes [31 r are continunn levels.

27 ns of the states involved in our work. The observed energies of the final-state levels strong-

The energetics of the excitation and fluorescence ly suggest that tie state (or states) F belongs to the
are shown in fig. Ib for 4880 A excitation. The 4880 6P, 6S manifold. Since the final state must have the
A absorption is known 141 to be due to molecules same inversion synmetry g as the ground state and

4, '556
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since the axial aiigiilar olniieitlim can differ by no able to expect anialogous infrared elission bands to ex-
more than two tills, the state F can only be 0'. I , or ist for other alkali dimers. One inplication of these

2. States of tis imile n I ' cal arise froi n tenis newly i'iered clise Ih iioiiesclnt decay Ides iS that

l1111 3 tit, I:. ar d 3 1, oflhe 6P, (iS manifold. There excited atoms may be produced by fluoresent decay
is no reason to e\i'cct total spin to be a very good into continuum levels of lower-lying states which dis-
quantum lnunihxi i t lie heav'% IImiolect l I ($, * and we Siciate it ii cxcited allild grotiiid slate atoins. (lioss fllo-
use the notati-n )I / . colpliing mainly as all cOlIVell- rescence can he as important as predissociation in lead-

lent bookkeet,!,d' It,', ing to c\ciwtd atimis tider collisihm-fie condlifiis.

We have beun ,iiahle to find any published infona- Since we have discovered that cross Iluorescent infra-

tion, theoreticdl I vx pc1 imeiital, oil the location of red emission hands exist for the C slate of Rb 2 , one
tie gerade staic o I t I (,P, ('S tIlaliilold of( C'. I ow- should certainly reevaluate tle earlier suggest ion that

ever, several ca16l1uiiis Ji'J exist for analogous states the excited atons produced subsequent to the decay

in U2. If the potential cut yes for Cs, are similar to the of the C state are solely due to predissociation [9J.
computed curvcs for L J,, both tie Ill and t can In summary, this paper reports on the first obsciva-
be expected io li;ie weakly attractive potential cuives lions of cross fluorescent decay modes for alkali dim-

of the type, skcr:c li i gii. I b which would he consis- ers. This est.lblishes the existence of an iinpoitant and
tent with our obsersatiin. previously ignored decay channel which should be con-

The pronouticcd undulatory structtire of the ends- sidered in future analysis of the kinetics of excited
sion bands in ti,. 2 is similar to the expected spectruin alkali diiets. Further studies of these new det:4y

for Condon inicin l diffiaction 17,i. The long wave- modes will help to elucidate the properties of low lying
length peak at I .i,2 would then be a satellite corte- and prevoiusly unobserved molecular states of gerade
sponding to a wim mum in the difference potential he- sy)lmetry.
tween states 1: sid F. [ Ie fact thal the infrared band
stops beyond I.(,2 p for both 4880 A and 5145 A exci-
tation even thoiiqei tie , verall band shapes are eyiv References

different supp, i, tt lie identiftication of 1.62 p as the IIl I. Stt,"copic data retative to diatiti ik-
wavelength of ;I I,ielite or head of heads. The iature cule, international table iti selected constants (Il'crgamn,
of the peak at 1.51)5 p is less clear. Although one New York, 1970).
might be tempted to assign the emission at 1.505 p to 121 P.P. Sirokin and J.R. I ikard. J. (thein. I'hys. 55 (197 1
emission frotti a irning point ini the potential F', tle 3810.

131 G. ianiigartiner. W. )eintrotler and M. Stock.,Z. I'Ii .ikfact that a peak at 1.05 p is also present for 5145 2321970) 462.
excitation argucs i -iinst stuch aI interpretatioi sice 141 R. (;upta, W. lapp'r, J. Wagner and F'. Wennin r. J. Chem.

(le would expc I difl'ienct t vibrational states aniid lictice th.y". 68 i 197M(1 799.

different turnm, pimts to be produced by difleret 151 1. Kusihi and MM. Ilessel. J. Mo. Spctry. 32 11968) 181.

excitation l \it.ecr possibility is that the peak at I 91611.0l,,on :,it l). K t ,,w (hen. t'hv' 2t it9771393;
1.505 jU is a set ots I ma tellite corresplionding to tie sale I).K. w.a Ion. ( ..A. ('teian- S. I ;uilrman anti A. tlal-arno.
or a different pai ,I ,tates F and F. A detailed assign- Chem. l'hy,. Ictters 5tI (1977) I HI.
ment of the nw inhltaed hands must await the aceu- 171 F.U. ('Condon. t'hys. Rev. 321927) 858;
mulation of mitt e ex lierimen tal data. RS. MullikeniJ. .hem. Phys. 55 11971) 309;

We have obss i \ cd \cry similar infrared emission ).J. I-hrlich and R.M. Osgod Jr.. Phys. Re,. Letters 41
(1978) 547.

bands in Rb 2 diimers, e\ciled into the C state by 4880 181 JAL Brom and IP. BroidaJ.Cein. riys. 61(1974)982.
A and 4765 A Imcs fi,,t the Ar* laser 18). It is reason- 191 1)1.. t0edman and R.N. Zare, ('hen. Phiys. 15 11976) 415.
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Visible Emission Bands of KXe. Polyatomic Exciplexes

'. Yauviki.' ) A. C. Tam, 0' S. M. Curry, ( ) and W. liapper
COdumble Ru'Iiati.op labor,, ,wy. iivsiweq Iepartmeod. Cldunhiij, l'uiverll,. Npu, York. Neu, York 1f027

(IRleved 2 Mtarch l)7H)

interi.. green emis,;ion banids are obhstrvtd when j|assiun, v:por i several amagats
of xen.,n is illuminntti wilh the 4oi;7-A line of a krypton-ion laser. The very pro-
nounrd di hl-n-hiev, of this gr-een bind on temperature :tild xinon density is cnsistent
with the behavior expected for KXe. excipiexes with it ranging from I to at least 4.

Radiative processes in dense rases have re- sion peak remains well defined over a broad
ceived considerabl, attention in the past few range oif temperature and xenon densities and it
years. One of the. motivations for the study of can be used as a reference of intensity for the
such systems has been the great success of ex- polyxenide band.
cimer lasers in producing efficient, high-power From data such as that shown in Fig. 1, sever-
visible and ultraviolet radiation. At sufficiently al important properties of the polyxenide band
high gas pressures, excited atons often react to can be recognized:
form bomd elect rnically excited states of rather (1) The polyxenide band narrows substantially
improbable molecules (noble-gas fluorides ' and at higher temperatures. The monoxenide band,
alkali-noble-gas conibinations2 ) which are dis- in contrast, broadens slightly with increasing
sociative in the giound electronic states. These temperature.
"exciplex" molectle, are often gool laser species (2) The polyxetide band broadens substantially
since the ground stttes self-destruct by dissocia- with increasing xenon density. The monoxenide
tion and do not accu lulate in sufficient numbers band width is comparatively much less affected
to reabsorb the iser light, by xenon density.

In this Letter we reporl on our observations of (3) The peak of the polyxenide band shifts sub-
an unusual class of polyatomic exciplexes, KXe, stantially toward longer wavelengths for decreas-
(58) molecules, %khich c'an be thought of as clus- ing temperature.
ter ions KXe.", ith 1: =1. 2, 3 .. , and a rather
extended valence le('trti in mi orbit which re-
sembles the first oxcoi .N AM t, (55M) of the potas-

sium atom.
We produce these, ,xciplex im levules by exc it-

ing a glass cell cdontaining saturated potassium

vapor in high-densitv xenon gas with the 4067-A
line of a krypton-inn la.-, r. This laser line,
which has a power ,of 140 iiW. excites the pres-
sure-broadened red wing of the (4044 4047)-A
second resonance lint, of potassium. The fluores-
cence from the cell is observed with a mono-
chromator. The entire visible region of the spec-
trum is dominated by an intense green emission
band. The most striking features of this band
are illustrated in Fig. 1. The band consists of
two parts, a well-defined symmetrical peak ren-
tered near 5220 A, which is known: to be an emis- FIG. 1. Fluore,;cence spectra of potassium mono-
sion band of potassitim monoxenide KXe(5,) xenidc :md polyxenide at various cell temperatures
-KXe(4S), and a broad assymetric emission band and xenon densities (given in amagats). At low xenon
between 5300 and 7000 A which we attribute to density (lower curves), the monoxenide component is

the sdominant. The small peaks observed near 4600 and
the supxrposed eilmi.s.ion lands of polyatomic cx- 5750 X for IXel - 0.9 amagat are due to alkali dimer
ciplexes: KXe,(5.')- KXe,(4S) with n = 2, 3, 4, fluorescence, since they are also observed in the ab-
We shall henceforth refer to these bands as the sence of xenon. At high xenon density, the relative In-
monoxenide and polvxenide bands, respectively. tensity of the red-shifted polyxcnide component be-

This system is particularly convenient for quan- comes progressively greater as the temperature is
titative study sine', the narrow monoxenide emis- reoluced.

Q) ;978 The American Physical Society 543
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The dependence of the 1olyxenide band on tern- lines in Fig. 2(b) are proportional to the energies
perature and xenon ,hinsity can be seen with par- E(A). We have inade plots similar to those of
ticular clarity by uing the nuonoxenide band as a Fig. 2 for xenon densities of 11.4, 8.4, 8.1, 6.6,
reference of intensity. We define the relative in- 6.4, 5.4, and 4.0 amagats. We find that the ener-
tensity S(A, [XeI, T) of the polyxenide band to the gies H(A) are independent of the xenon density to
monoxenide band by within our experimental accuracy of:' 5, , and

I( , Ixel, T)- al(;,iXeJi, 1) they can I)e well represented by the empirical
-EA, ' aJ(A o, [e, T) , (I) formula

I'( A) T).2 -1 65 4

where A, is the wa velength of the peak of the F(A) =2.125A - 10675, (4)

monoxenide band, and the constant a is defined by with P'A) in cm "n and A in the range of 5400-
IA {Xe, T) 6400 A.

, - for A - 5220 A. (2) Our measurements of xenon density are prob-AiXej0 ,, T)ably in error by ± 1d. because of the cell prepar-

Here (MjXeIo, T) is defined as the fluorescence ation procedure, which consists of freezing xenon
spectrum at low xenon densities, when only the at a known initial temperature, pressure, and
monoxenide spectrum is present. We have found volume into a small glass cell of known volume.
that the polyxenide .pectrum is negligible at IXel To within the uncertainties of the xenon-density
:t 0.9 amagat, and so we can take ( , iXeJo, T) as determination, the constants of proportionality
the fluorescence spectrum at XeJ - 0.9 ainagat. 11(A , IXoI) of Eq. (3) have a power-law depen-

The relative intensity S at a xenon density of dence on the xenon density,
8.4 amagats is shown in Fig. 2(a). The tempera- 110, iXe) = iXe' (;h ;A), (5)
ture dependence of the relative intensity was
found to be given by where the exponent n(A) - 1 depends strongly on

S(X,[Xe],T) .-t(, ,IXtl) ex4'I() k7. (3) waveleni'th and can be represented by the empiri-
cal formula

Some typical plots of lS(,A jXeI, T) versus I/ T
are shown in Fig. 2(h). The slopes of the straight idA) -1 =1.74X10-8.23 (6)

with A in angstroms.
Finally the line shape factor (,(,k). which is in-

-,*, dependent of temperature and xenson density over
the range of our experimental investigations,

' 0'C '- 3009C and 1 amagat - IXel *: 12 amea-
gats, is given by the empirical formula

(;(W) 1778.5 - 0.668A 4 6.28, lO'°X 2. (7)

In summary we have found that over a rather
large range temperature and xenon density the
polyxenide emission band is represented by the

,. formula

', ....... sO, IXeJ,T")

'.... ;(A )IXe )n( ) "
- expi E-(A ),"7"7'. (8)

,-- ,". . . .. The parameters, ETA), a(A), and G,(O) are plotted

in Fig. 3.
FIG. 2. (a) Spectra of the polyxenide component at n Because nothing is yet known about the poten-

xenon density of 8.4 anmagats, measured at various tial surfaces for polyxenide molecules we cannot

temperatures. The i'olyxenlde spectra are obtained by give a detailed theoretical analysis of the experi-
sAbtrwUng the monxenifle component from the orlg- mentaI data, llowever, we can assign a plausible
nal data and then normalizing to the amplitude of the
monomenide peak. (b) The logarithm of the polyxenide physical meaning to the empirically determined
compoment to shown plotted against the reciprocal of parameters of (8). We may assume that each

the absolute temperature for several different fluor- p)olyxenide species KXe, has a characteristicSeseence wavelengths. emission band, similar it) but broader than the

544
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of constant density rather than constant pressure)
released in the reaction

• KXe(5.) + (1i - I)Xe- KXe,(5,) I. (9)

WC May define a qu:ntily /;(A) by

MA I I.' I h i(A) - 1, (10)

and we shall call 1() the mean binding energy
per xenon atomn attached to the KXe(). This
nilvan indin! eineri1 y is only aplroxinma1tely equal
to the mean energy required to detach a xenon
atoni from the poJyatonic molecule (the two en-
orgies differ by a quantity of the order of /T).

FIG. 3. Experim, nt:dly determined empirical func- Figure "3 shows a plot of I;(A), which is of the
tionsn(A), E(A), and ;,A). The function B(A), repro- order of 100 (1 " per xenon, and it increases
senting the binding energy per xenon atom, and a slightly is more xenons are added. In our experi-
typical polyxenide line Ahape S() are also shown. ment, tile thermal energy k7 ~ 300 cn " , and so

any given Xe atom in the cluster has a probability
of only 0.1 to be moving fast enough to escape

monoxenide band, for integral values of n (n from the cluster.
= 2, 3, 4,...). The peaks of the emission bands The line-shape factor (A) is perhaps the most
of KXe, shift systematically to longer wave- remarkable property of the polyxenide band. The
lengths for increasing values of n. A large part function (,(,N) is proportional to a factor which
of the red shift is due to the binding energy of measures the tatistical weight of the configura-
Xe atoms to K(5M ). The polyxenide bands of Fig. tions of potassium polyxenide molecules which
2 therefore consist of tile superposed and unre- radiate at A, and a mean transition rate of the
solved emission bands of KXe,, KXe KXe,, configurations. Since the stLtistical weight fac-
etc. Collisional rates are very fast in the high tor decreases with increasing a, the rapid growth
density systems we are studying (two-body col- of (A) with increasing A must be due to an in-
lision rate is - 10' see, and three-body col- crease in the decay rate with A Indeed we expect
lision rate is 1 0' to 10" see" for a xenon den- a substantial increase in the radiative transition
sity of 1010 cm'). The radiative decay rate of rate with A , that is, with the number of attached
K(5S) is comparatively slow (2 1 10- sec" ). xenon atoms, because both the monoxenide and
Hence we expect to have thermal equilibrium polyxenide emission bands of Fig. I correlate
among the various species K(5S), KXe(5S), and with a highly forbidden electronic transition of
KXe,(5S) for n being 2, 3, .... Therefore we ex- the free atom K(55)-K(4S). Each additional xenon
pect the intensity of the emission band due to atom in KXe,(5S) will cause further mixing of the
KXe. to be propoirtional to iXel". Since there is electronic wave functions of the free potassium
substantial overlap of these bands the apparent atom, and the radiative transition will therefore
density dependence of the fluorescence of wave- become inc rea singly more allowed as more xe-
length A is iXe in) where n(A) is the measured nons are attached. The unprecedented promi-
noninteger exponent represented by the empirical nence of the green potassium polyxenide band is
formula (6). In this interpretation the exponent due to the fact that it originates from a forbidden
n(X) is the average number of xenon atoms at- electronic transition of the free potassium atom.
tached to a potassium atom when the fluorescent This seenis to be one of the main reasons that
wavelength is A. The values A, defined by n(Ap.) multiple-perturber effects are so much more
=p with p =2,3,4, etc., can be identified approxi- striking in the data presented in this paper than
mately as the peak wavelengths of the emission in the pressure-broadened resonance lines of the
bands of KXe 3 , KXe,, KXe 1 , etc. From Fig, 3 alkali atoms.4 Since the first excited 11 states of
we see thatAll = 5500, A I = 5900, and A. = 6400 A. free alkali atoms have fully allowed transition
The peak of the well-resolved monoxenide spec- rates to the ground state, they can only be weak-K trum occurs at A , = 5220 A. ened by multiple-perturber effects, while forbid-The energy 1-(,) can be thought of as the inter- den lines are strongly enhanced.

hal energy (not enthialpy because of our conditions The nature of these polyxenide exciplexes is



19

VoLUmn 41, NUMDEN 8 PHYSICAL REVIEWN' LETTERS 21 AUGUST 1978

sketch to indic:ate the dimensions of such a sys-

/ "I ". tcm is shown in Fig. 4.
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