
Vol . 102 (2002) ACT A PHY SIC A POLON IC A A No . 6

T he C 1 Ï + St ate of K L i St ud ie d
by P ola ri satio n L ab ellin g Sp ectros copy

Tech n iqu e

A . Gr ocho l a a , P. Ko wal czyk a , W. Ja st rz ² bsk i b,

P. Cr ozet c and A .J. R ossc

a Inst it ut e of Experi ment al Physics, W arsaw Uni versi ty

Hoâa 69, 00-681 Warsaw, Poland
b Insti tute of Physi cs, Pol ish Aca dem y of Sciences

al . Lotni k§w 32/ 46, 02-668 W arsaw, Poland
c La borato i re de Spectrom Çetri e Ioni que et Mo lÇeculai re

Uni versi tÇe Lyo n I et CN RS (UMR 5579), Bâti ment Al fred Ka stl er
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Th e polari satio n lab ell ing spectroscop y metho d is applied to st udy the
C

1 Ï +
ê X

1 Ï + band system of the K Li molecule . Rotational ly resolved po-
larisati on spectra are observed in the spectral range of 17150{ 20350 cmÀ 1 .
A set of Dunham coe£cients describ es the C 1 Ï + state to 95% of its potential

w ell depth , and the p otential curve is constructed by the Rydb erg{K l ein{Rees
pro cedure. T he molecular parameters deduced from this w ork are compared
w ith theoretical calcula tion s.

PAC S numb ers: 33.20.K f, 33.15. {e, 34.20.C f

1. I n t rod uct io n

Mi xed alkal i di mers are of ten considered as the proto typ es of hetero nucl ear
di ato mics. Due to thei r simpl eelectro nic conÙgura ti on accurate quantum mechan-
ical calcul ati ons are feasible (see e.g. [1{ 3] and references therei n), whi le the m ain
absorpti on bands conveni entl y positi oned in the vi sible region m ake them also ac-
cessible to laser spectroscopy exp eriments [4]. The KLi m olecule is one of the least
kno wn hetero nucl ear alkal i di mers. The pri nci pal di£ cul ty in experim enta l studi es
of thi s m olecul e is tha t the strong band system s of K 2 and Li 2 cover much of the
vi sibl e spectrum , thus pro hibi ti ng isolati on of the KLi spectroscopic features.
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Some years ago, we devel oped in W arsaw a dual -tem perature heat pipe oven
speciÙcal ly designed to opti m ise the producti on of m ixed alka li vapours [5] and us-
ing thi s source, we engaged in a series of spectroscopic investigati ons of KLi . Our
wo rk began wi th the hi gh resoluti on study of the B 1Î ê X 1Ï + band system by
D oppl er-f ree polari sati on spectro scopy m etho d, in whi ch we obta ined highl y pre-
ci se m olecular constants for the lowest vi brati onal levels of both electroni c states
inv olved [6{ 8]. The characteri sati on of the ground X 1Ï + state has been com -
pl eted up to the dissociati on l im i t in a la ter Fouri er tra nsform spectro scopy exper-
im ent [9]. For further studi es of exci ted electroni c states of KLi we ha ve employed
the polari sati on labell ing spectroscopy techni que. The adv anta ge of thi s metho d
l ies in considerable simpl iÙcati on of m olecular spectra, as the observed tra nsi ti ons
are l imi ted only to these ori ginati ng from a f ew vi brati onal levels \ label led" in
the ground state. The outcom e of our wo rk wa s a com plete characteri sati on of the
B 1Î state, observati on of the lower part of the C 1Ï + state (up to the vi bra ti onal
level v = 1 9 ) and a tho rough analysis of the intera cti on between the B and C

states [10, 11].
Thi s paper focuses on our new analysis of the C 1Ï + state. The present

exp eriment has evolved, and wi th i ts im pro ved sensiti vi ty , we have extended the
range of levels observed in the KLi m olecule. Extendi ng the spectrum to higher
frequency has al lowed us to observe vi brati onal levels of the C state up to v = 3 6 ,
thus nearly doubl ing the am ount of inform atio n about the shape of i ts potenti al
curve and trebl ing the numb er of spectra l l ines used in the analysis. The molecular
constants of the C 1Ï + state reported in thi s paper describe 95% of i ts potenti al
wel l depth.

In the fol lowing sections we present the detai ls of the exp erimenta l metho d
and the results of the m easurements.

2. E x per i m ent a l d et ai ls

T o study the C 1Ï +
ê X 1Ï + system , we empl oyedthe V - typ eopti cal { opti cal

doubl e resonance polarisati on labell ing spectro scopy techni que wi th two indepen-
dent pum p and pro be lasers. In our version of the m etho d the pro be laser had
a Ùxed f requency and exci ted a few assigned m olecul ar tra nsiti ons, wherea s the
pum p laser was tuned over an inv estigated spectrum .

The pum p laser was a pul sed dye laser (Lum onics HD 500 pum ped by a XeCl
excim er laser EX5 00) del iveri ng pul sesof 2 mJ energy, 8 ns dura ti on and 0.1 cm À 1

spectra l wi dth. W i th Co um ari nes 540A, 503 and 480 as laser dyes, we covered the
spectra l range of 17150{ 20350 cm À 1 . The absolute calibra ti on of the wa ve num ber
scale wa s achi eved by recordi ng the opto galvanic signal from argon- and neon-Ùlled
hol low catho de lamps. The l ineari ty of the laser scan was addi ti onal ly contro l led
wi th a Ùxed-length Fabry{ PÇerot interf erometer pro vi di ng frequency mark ers sep-
arated by 1 cm À 1 . The accuracy in determ inati on of absolute wave num bers of
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m olecular l ines was better tha n 0.1 cm À 1 (thi s is roughl y twi ce the D oppl er wi dth
of KLi molecules produced in the heat pipe source).

The weaker, hom e bui l t probe dye laser (Li ttm an- t yp e design [12], spectra l
wi dth about 1 cm À 1 , pum ped synchro nously by the same excimer laser), was op-
erated wi th a Rhodamine 6G/ 110 mixture, and was set at a Ùxed wa velength
resonant wi th a few rovi bronic tra nsiti ons in the B 1Î ê X 1Ï + system of KLi ,
kno wn f rom our previ ous high resoluti on studi es [7, 8], thus labell ing selected
ro vi brati onal levels in the ground state. For perm anent contro l of the probe laser
frequency duri ng the m easurements, we have chosen eight Ùxed wavel engths coin-
ci ding wi th strong opto galvanic l ines of argon. Tabl e I presents a summary of al l
the identi Ùed labell ing tra nsiti ons induced by the pro be laser, whi ch gave ri se to
the polari sati on spectra.

The KLi m olecules were prepared in a dua l- tem perature heat pipe oven
in the presence of 4 to rr of hel ium as a bu˜er gas. In short, the oven consists
of two conven ti onal heat pipes worki ng on pota ssium , separated by a zone where
m etal l ic l i thi um is heated independentl y. At properly chosen wo rki ng tem peratures
(i n thi s exp eriment about 5 0 0 £ C in the centre and 2 8 0 £ C outsi de), pota ssium
vapour penetra tes the centra l zone and mixeswi th l i thi um vapour, givi ng favoura ble
condi ti ons for form ati on of KLi .

The co-propagati ng pum p and probe laser beams intersected in the centra l
part of the oven at an angle of about 10 m rad givi ng an intera cti on length of
c a : 1 0 cm. The pum p beam coul d be polari sed either circul arl y or linearl y; af ter
passing the KLi vapour i t was rem oved by a beam stopper. Cro ssedpolarisers were
pl aced in the path of the probe beam on either side of the heat pi pe. At frequenci es
correspondi ng to tra nsiti ons induced by the pum p beam whi ch happen to ori gi -
nate f rom the same levels as the probe tra nsiti ons, the probe beam wa s subjected
to opti cal anisotro py generated in the m olecular sampl e by the polari sed pum p
beam . At these frequenci es, the probe l ight changed i ts ori gina l polari sati on and
passed parti al ly thro ugh the second polariser. Theref ore the inf orm atio n about
the exci ta ti on spectrum of KLi was conta ined in the tra nsmitted intensi ty of the
pro be l ight. It f ollows from the general pri nci ples of polari sati on spectroscopy tha t
for a circul arl y polari sed pum p beam , only tra nsi ti ons ori ginati ng f rom the levels
labelled vi a P or R l ines show up in the polarisati on spectra, whereas in case of a
l inearl y polari sed pum p beam , the spectra are dom inated by tra nsiti ons labelled
vi a Q l ines [13]. These rul es led to addi ti onal simpl iÙcati on of the observed spectra.
For obvi ous reasons, in the appl ied detecti on m etho d i t was cruci al to equip the
heat pipe oven wi th wi ndows of parti cul arl y low bi refri ngence. W e used indi vi d-
ual ly selected fused sil ica wi ndows who se residual bi refri ngence wa s addi ti onal ly
compensated by gentl e squeezing of the wi ndows wi th adjusta ble screws. W i th the
cro ssed polari sers and the pum p beam o˜, an exti ncti on of the pro be beam better
tha n 1 0 À 7 was obta ined.
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T ABLE I

Transitions in the B
1Î ê X

1Ï + band system of 3 9 K 7Li excited
by the prob e (lab ell i ng ) laser stabilise d on atomic A r I lines.

Prob e laser line Lab elled transition B ( v 0 ; J 0 ) ê X ( v 00 ; J 00 )

565.91 nm (1, J
0 ) { (0, J

00

) [ J
00

= 2À ; J
0

J
00

(2, 43) { (0, 43)

(2, 44) { (0, 44)

(2, 47) { (0, 46)

(3, 53) { (0, 54)

(3, 56) { (0, 56)

568.19 nm (1, 30) { (0, 31)

(1, 31) { (0, 32)

(1, 32) { (0, 33)

(1, 39) { (0, 38)

(1, 40) { (0, 39)

(1, 41) { (0, 40)

(2, 50) { (0, 51)

568.99 nm (1, 36) { (0, 37)

(5, 40) { (2, 39)

(1, 40) { (0, 40)

(1, 41) { (0, 41)

(2, 57) { (0, 57)

577.21 nm (0,5) { (1, 6)

(0,9) { (1, 9)

(0, 15) { (1, 14)

580.21 nm (0, 38) { (1, 39)

(0, 42) { (1, 42)

(0, 43) { (1, 43)

583.43 nm (2, 19) { (3, 20)

(2, 23) { (3, 23)

(3, 50) { (3, 49)

(0, 60) { (1, 60)

(0, 65) { (1, 64)

588.26 nm (0, 45) { (2, 46)

591.21 nm (0, 15) { (3, 14)

(2, 27) { (4, 28)

(0, 64) { (2, 64)
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The residual part of the probe beam tra nsmi tted thro ugh the second polari ser
wa s di rected to a 0.3 m m onochromator centred at the pro be wa velength and onto
the photo catho de (S-20 spectra l response) of a photo m ul ti pli er tub e connected to
the boxcar averager (Sta nf ord Research Systems, SR250). The polari sati on spectra
were stored in a computer, whi ch also recorded the ref erence opto galvanic spectra
to gether wi th the frequency m arkers of the eta lon. W i th these input data the wa ve
num ber of each l ine was m easured wi th an absolute accuracy better tha n 0.1 cm À 1 .
The sam e com puter was used simul ta neously to tri gger the excimer laser and to
contro l the tuni ng of the pum p dye laser.

3 . R esul t s an d an al ys i s

Fi gure 1 shows a part of the observed spectrum representati ve for the region,
where the C 1Ï +

ê X 1Ï + band system was not overl apped by other spectra l fea-
tures of KLi . The analysis of the C À X system was rather stra ightf orw ard in cases
when onl y a few v 0 -progressions were present in a given polari sati on spectrum .
The assigned l ines pro vi ded then prel iminary m olecular constants of the C state

Fig. 1. A p ortion of the polarisati on spectrum of K Li observed w ith linearl y p o-

larised pump laser beam. T he assigned progressions (a){(c) corresp ond to transition s

C 1Ï +
ê X 1 Ï + f rom the ground state levels (a) v 00 ; J 00 , (b) v 00 ; J 00 ,

(c) v
00

; J
00 , lab elled by the prob e laser stabili sed on the A rI line at

Ñ : ¡A .



734 A. Grochola et al .

whi ch al lowed subsequent identi Ùcati on of more com plex spectra . Fi nal ly, around
900 tra nsiti ons were assigned to the C À X system (the line positi ons are avai lable
from the autho rs upon request). The observed long vi brati onal pro gressions arise
from a large di ˜erence in equi l ibri um distance between the two states, exceed-
ing 20%. The absolute vi bra ti onal num bering in the C state has been establ ished
unam biguously in our previ ous exp erim ent [10], ta ki ng advanta ge of the isotope
e˜ect in 39 K7 Li and 41K 7Li molecules.

The measured l ine positi ons were Ùtted to the well -known expansion

v = T 0 ( v 0 ; J 0) À T 00 v ; J (1)

wi th

T v ; J T v = J J : (2)

As coe£ cients f or the lowest levels of the ground state are known preci sely from the
previ ous high resoluti on experim ents [7, 8], they were trea ted as Ùxed constants in
the Ùts. D uri ng the progress of our analysis m any determ inati ons of the coe£ cients
have been m ade for varyi ng am ounts of m olecular l ines and di ˜erent numb ers of
D unha m coe£ cients. The series expansion in Eq. (2) was trunca ted by ascertaining
the degree of the polynom ial for whi ch the coe£ cient of the highest term had
a standard error lower tha n 10% of i ts value. The Ùnal , best-Ùt values of the
constants, usi ng the largest body of the data (863 l ines) are l isted in T able I I.

T ABLE I I
Ï
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Fig. 2. Range of rovibrati onal levels of the C
1 Ï + state covered in the Ùnal Ùt: solid

circles | present measurements, open circles | deperturb ed levels ( v
0

= 1 Ë 3) f rom

our previous high resolution exp eriment [7].

The root mean square (rm s) error of the Ùt was 0.08 cm À 1 , whi ch is about the
exp erimenta l uncerta inty . For each constant a to tal of at least six Ùgures is given,
as thi s numb er is requi red to repro duce the m easured tra nsi ti ons. Fi gure 2 the data
Ùeld used in the Ùnal Ùt whi ch deÙnes the range of appl icabi l i t y of the reported
constants. As can be seen, our D unham coe£ cients describe the C 1Ï + state f rom
v 0 = 1 to v .

Once the coe£ cients in the Dunha m expansion have been determ ined, we
appl ied the Rydb erg{ Kl ein{ R ees(R KR ) m etho d to obta in the rota ti onl esspoten-
ti al energy curve of the C 1Ï + state. T able I II l i sts som e vi bra ti onal energy levels
and the correspondi ng classical turni ng points. It is worth noti ng tha t the D unham
constants suggest tha t there is a smal l but signiÙcant coupl ing between rota ti onal
and vi bra ti onal energy in thi s rather l ight m olecule, shown by the non-negl igibl e
value of the zero-point energy correcti on term , Y0 0 , deÙned as [14]

Y 0 0
Y 0 1 Y 2 0 Y 1 1 Y 1 0

Y 0 1

Y 2
1 1 Y 2

1 0

Y 3
0 1

(3)

(here am ounti ng to 0.081 cm 1 ). No te tha t Y 0 0 i s incl uded in the vi bra ti onal
energies of Tabl e I II. The size of thi s term reÛects in thi s instance the small
vi bra ti onal anharm onicit y of the C 1Ï + state close to i ts potenti al m inimum . The
constant Y2 0 i s m ore tha n 8 ti m es smal ler tha n in the electroni c ground state.



736 A. Grochola et al .

TABLE I I I

Rotationle ss RK R potential for the C
1 Ï + state of K Li. T he

Ùrst line refers to the bottom of the potential curve ; R is the
equili bri um distance.

v V [ cmÀ 1 ] R m i n [¡A ] R m a x [ ¡A]

17501.320 4.1917

0 559.068 3.9798 4.4237

1 674.136 3.8373 4.6068

2 788.786 3.7449 4.7399

3 902.945 3.6733 4.8526

4 18016.540 3.6137 4.9537

6 241.752 3.5170 5.1352

8 463.859 3.4391 5.3005

10 682.306 3.3737 5.4566

12 896.546 3.3172 5.6079

14 19106.035 3.2676 5.7570

16 310.226 3: 223 6 5.9062

18 508.566 3.1842 6.0573

20 700.494 3.1489 6.2120

22 885.434 3.1171 6.3722

24 20062.793 3.0885 6.5396

26 231.957 3.0628 6.7163

28 3 92 :2 8 7 3.0397 6.9048

30 543.113 3.0190 7.1080

32 683.733 3.0005 7.3299

34 813.408 2.9840 7.5754

35 873.898 2.9763 7.7091

36 931.356 2.9689 7.8515

The C 1Ï + state is correlated wi th separated ato ms K(4 2S 1 2 Li 2P 1 2 )
and its di ssociati on energy can be obta ined from the separati on of ato m ic asym p-
to tes Li 2P 1 2 Li 2S 1 2 E : cm 1 [15]) and dissociati on energy
of the ground state (D X 1Ï + : cm 1 [9]), using a standard relati on

D C 1Ï + D X 1Ï + E T C 1Ï + : (4)

Thi s yi elds the value of 3618.8 cm 1 . Thus the Dunha m coe£ cients l isted in
T able I I I describe nearl y 95% of the C state potenti al wel l depth. Cl earl y, the low
vi bra ti onal anharm oni cit y characteri sing the botto m of the C state well is qui ckly
lost, as avoided crossings occur between diabati c states of the sam e sym m etry at
an increasing internucl ear distance.
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TABLE IV

C omparison of the experimental and theoretical molec-
ular constants of the C

1 Ï + state in K Li. A ll values are
in cm À 1 , except for R e in ¡A .

C onstant Exp eriment (this w ork) T heory [16]

T e 17501. 239 17647

! e 115. 41 114. 27

B e 0.161374 0.16494

D e 3618.8 3477

R e 4.192 4.128

It is interesti ng to compare the exp erimenta l ly obta ined param eters of the
C state wi th the results of m ost recent theoreti cal calcul ati ons [16] (see T able IV).
It can be seen tha t the ab ini tio trea tm ent pl aces the botto m of the C 1Ï + state
by som e 150 cm À 1 to o high, and slightl y underesti m ates the values of ! , R ,
and D , but the discrepanci es do not exceed 4% of the exp erimenta l values. Thi s
i l lustra tes the perform ance of modern quantum chemistry in predi cti ng pro perti es
of yet unobserved m olecular states in diato m ic molecules.

A. G., P.K. and W .J. grateful ly acknowl edge Ùnanci al supp ort f rom the State
Co mm ittee for Scienti Ùc Research (grant No . 2 P03B 063 23). Thi s col laborati on
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