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Spectroscopic investigation of the double-minimum 21Su
¿ state of the potassium dimer
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The double-minimum 21Su
1 state was investigated in39K2 and 39K41K molecules by analyzing spectra of

the 21Su
1←X 1Sg

1 band system, simplified by polarization labeling. A wide range of rovibrational levels
21<v<97, 18<J<159 was observed. By using the inverted perturbation approach to construct the exotic
potential-energy curve, an accurate, isotopically consistent description of the 21Su

1 state has been obtained.

PACS number~s!: 33.20.Kf, 33.15.2e
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I. INTRODUCTION

Excited electronic states of diatomic alkali-metal mo
ecules often display exotic potential curves which res
from avoided crossings between diabatic Rydberg and co
lent potentials at short internuclear distances and also
pair potentials at large distances. Such states are subjec
much interest and curiosity since experimental observa
of them can provide sensitive tests of methods and mo
used in theoretical calculations. Well known examples
the double-minimum~DM! 2 1Su

1 states of homonuclear Li2,
Na2, and K2 dimers, first predicted theoretically nearly tw
decades ago@1,2#. For lithium and sodium dimers, the pre
dictions have been largely confirmed in subsequent exp
ments@3–8#. The experimental information about the 21Su

1

state in K2 is rather scarce. In the sole spectroscopic inve
gation @9#, only 21 ~of more than 150 expected! vibrational
levels were studied at rotational resolution, all of them si
ated above the internal potential barrier. With the best th
retical calculations available at that time being only of qua
tative accuracy@10# and giving no definite hint about th
lowest energy levels missing in observation, this did not s
fice to assign absolute vibrational numbering to the 21Su

1

state and thus the constructed potential-energy curve
only of tentative character.

In this paper, we discuss our recent experiment in wh
the 21Su

1 state of potassium dimer has been reinvestiga
by means of polarization labeling spectroscopy on
2 1Su

1←X 1Sg
1 band system. 763 rovibrational levels in th

DM state of 39K2 spanningv8521– 97 were measured wit
resolution better than 0.1 cm21. Due to unfavorable Franck
Condon factors, we did not directly observe transitions t
minating on the lowest vibrational levels, belonging to t
separate inner and outer potential wells. However, using
inverted perturbation approach~IPA! to our experimental
data and aided by the high-quality calculations of Magn
@11,12#, we have successfully obtained a rotationless pot
tial curve of the 21Su

1 state which reproduces the observ
energy levels with a standard deviation of 0.07 cm21. The
absolute vibrational numbering of the levels has been es
lished by observation of spectrum of the39K41K isotopomer.

II. EXPERIMENT

The experimental method and setup have been descr
previously@13# and only the essential features will be sum
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marized here. Potassium dimers~natural isotopic composi-
tion! were formed in a heatpipe oven at 590 K with a bac
ground pressure of 4 Torr helium. The pump and probe la
beams were copropagated through the center of the oven
the probe laser, we employed one of the fixed freque
lasers~He-Ne,l5632.8 nm and Kr1, l5647.1 nm, 30–50
mW power! which excite a few molecular transitions in th
B 1Pu←X 1Sg

1 system of potassium dimers, thus labelin
the involved rovibrational levels in the ground electron
state~see Table I!. The probe beam had to pass two cross
polarizers placed in front of and behind the oven, to be,
principle, totally extinguished. The pump laser~pulsed dye
laser and XeCl excimer laser system, 2 mJ pulse energy
cm21 spectral width! was tuned across the investigated ba
system, in the spectral range 21 000–23 200 cm21. The laser
wavelength was calibrated against both the optogalva
spectrum of argon and the transmission fringes of a Fab
Pérot interferometer 0.5 cm long, to absolute accuracy be
than 0.1 cm21. At resonance with any molecular transitio
the strong polarized pump beam produced optical anisotr
in the lower and upper molecular levels involved. Whene
lower levels for both the pump and probe transitions co
cided, the probe light changed its original polarization a
passed partially through the second polarizer. Therefore,
information about the excitation spectrum of the molecu
was contained in the transmitted intensity of the probe lig

III. RESULTS AND ANALYSIS

Throughout the observed spectrum, several vibronicv8
progressions belonging to the 21Su

1←X 1Sg
1 system were

observed. Small vibrational spacing in the upper state m
the initial assignment of lines rather confusing~see Fig. 1!.
However, making use of the preliminary molecular consta
of the 21Su

1 state@9#, we were able to identify progression
involving the lowest rotational levels observed. Then, gra
ally proceeding towards higherJ8 levels, we assigned a tota
of 763 transitions in the main isotopic form39K2 spanning 73
vibrational levels of the DM state withJ8 ranging between
18 and 159. Moreover, 491 lines from the heads of 18 ban
studied at 0.04 cm21 resolution in the previous molecular
beam experiment@9#, were added to the analysis. Figure
shows the data field (v8,J8) taken into account@14#.

The wave numbers of the identified lines were describ
by the relation
©2000 The American Physical Society09-1



e
er
a

s

-

th

o
il

nt

erg-
ion
in-
a

as

ap-
s to
ted
rm
is

ch-
e-

o-
ls
a

ical

ra-
f
r-
his
ed,

on
a-
the

tal
to
in

rib-
e

en

ner-

due
lls.

ze
s

of
en

s.

W. JASTRZEBSKIet al. PHYSICAL REVIEW A 62 042509
ñ5T8~v8,J8!2T9~v9,J9!, ~1!

whereT8(v8,J8) and T9(v9,J9) are the term values of th
excited and of the lower states, respectively. Since the t
values of the groundX 1Sg

1 state have been accurately me
sured by Rosset al. @15# covering all the levels labeled in
our experiment, we added the known valuesT9(v9,J9) to
our measured line positionsñ and obtained the term value
T8(v8,J8) of the 21Su

1 state according to Eq.~1! @14#. The
experimental errors of Rosset al. are about an order of mag
nitude smaller than those of our measurements, hence
additional errors are introduced into the analysis of
2 1Su

1 state.
In the case of electronic states with double-minimum p

tentials, the traditional methods of description clearly fa
since energies of rovibrational levels cannot be represe

FIG. 1. A portion of the polarization spectrum of K2 obtained
with a He-Ne laser as the probe laser and a circularly polari
pump beam. The assigned vibrational progression correspond
the transition 21Su

1←X 1Sg
1 from thev956, J95111 level labeled

in the ground state. Two rotationalP and R lines are marked for
easier reading of the spectrum.

TABLE I. Observed transitions in theB 1Pu←X 1Sg
1 band sys-

tem of K2 excited by the He-Ne and Kr1 lasers used as probe laser
The asterisks indicate excitation of both39K2 and 39K41K; other-
wise only 39K2 was excited.

Laser line
Excited transition
(v8,J8)←(v9,J9)

He-Ne, 632.8 nm (6,18)← (0,19)
~15 798.0 cm21! (7,82) ← (0,83)

(8,73) ← (1,73)
(9,55) ← (2,55)

(12,70) ← (4,70)
(13,46) ← (5,47)

(16,137) ← (5,137)
(16,112) ← (6,111)

Kr1, 647.1 nm (2,82)← (0,83)*
~15 449.6 cm21! (2,95) ← (0,94)*

(4,159) ← (0,158)
(9,103) ← (5,104)
(10,92) ← (6,93)
(11,91) ← (7,90)
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by a Dunham expansion and the semiclassical Rydb
Klein-Rees technique is no longer applicable for construct
of the potential. The alternative way is to represent the
vestigated state exclusively by its potential curve built by
fully quantum-mechanical variational procedure, known
the inverted perturbation approach~IPA; for a review, see
@16#!. In this method, one starts with some estimated
proximate potential curve and iteratively seeks correction
it until the quantum-mechanical eigenenergies calcula
from the improved curve agree with the spectroscopic te
values within the experimental uncertainty. The method
not subject to limitations imposed by semiclassical te
niques and, in principle, can provide a potential of any d
sired shape.

In our realization of the IPA algorithm@17#, we used a
cubic spline function for construction of the molecular p
tential. This function is flexible enough to handle potentia
with multiple minima. A serious problem was to generate
reasonable initial potential-energy curve of the DM 21Su

1

state. Fortunately, reliableab initio calculations by Magnier
@11,12# have been available. We tried to adopt the theoret
potential by shifting it slightly in energy~by 6200 cm21! to
match approximately the positions of the observed vib
tional levels. However, asDGv values for various pairs o
levels in the 21Su

1 state are rather similar and not very cha
acteristic, no optimum match could have been found t
way. Therefore, several initial potentials have been assum
each of them imposing a different vibrational numbering
the observed levels. Starting from them as first approxim
tions, several potential curves have been generated by
IPA method, every curve reproducing well the experimen
term values. But only one of these curves allowed us
predict correctly positions of more than 50 spectral lines
two v8 progressions, recorded in the experiment and att
uted to the39K41K isotopomer. This unique potential of th
DM 2 1Su

1 state in K2 is given in Table II in a grid of 60
equidistant points. To interpolate it to any point betwe
2.38 and 15 Å, the natural cubic spline@18# should be used.
The quantum-mechanical energy eigenvalues of the ge
ated potential reproduce all measured term values forv8
521– 97,J856 – 159 within a standard error of 0.07 cm21.
The potential may be somewhat rough around its minima
to the lack of observed levels in the inner and outer we

d
to

FIG. 2. Distribution of the data used in the present analysis
the 21Su

1 state in K2. Full triangles, present measurements; op
circles, data from Ref.@9#.
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Therefore, there is considerable interest in trying to loc
experimentally the lowest vibrational levels of the 21Su

1

state in order to improve the knowledge of the bottom of t
state.

In the case of double-minimum states which origina
from an avoided curve crossing of two diabatic potenti
energy curves, it is always advisable to check whether
investigated state can indeed be described within the a
batic approximation implicitly assumed in the IPA metho
A general criterion is provided by the adiabaticity parame
g introduced by Dressler@19#, g5Hel /hn, where the elec-

FIG. 3. The generated potential curve of the double-minim
2 1Su

1 state~solid line! compared with Magnier’s calculation@12#
~pluses!.

TABLE II. The rotationless IPA potential-energy curve of th
2 1Su

1 state in K2. The positions of the inner and outer minima a
of the top of the potential barrier areRmin

in 54.91 Å, Emin
in

522 019.9 cm21; Rmin
out 57.43 Å, Emin

out 521 726.5 cm21; Rmax

55.56 Å, Emax522 081.8 cm21.

R ~Å! U ~cm21! R ~Å! U ~cm21! R ~Å! U ~cm21!

2.3800 55 360.7376 6.6580 21 852.6084 10.9359 23 889.6
2.5939 42 292.8277 6.8719 21 796.6172 11.1498 24 061.6
2.8078 33 417.5725 7.0858 21 754.5625 11.3637 24 230.8
3.0217 29 496.5500 7.2997 21 730.6959 11.5776 24 391.4
3.2356 26 878.4292 7.5136 21 727.8818 11.7915 24 537.2
3.4495 25 167.8862 7.7275 21 746.2570 12.0054 24 671.8
3.6634 23 991.2843 7.9414 21 789.0650 12.2193 24 800.0
3.8773 23 174.9265 8.1553 21 861.6102 12.4332 24 916.7
4.0912 22 632.2352 8.3692 21 957.6424 12.6471 25 016.4
4.3051 22 298.5116 8.5831 22 066.1754 12.8610 25 099.3
4.5190 22 117.2686 8.7969 22 187.5409 13.0749 25 167.6
4.7329 22 037.5519 9.0108 22 326.2755 13.2888 25 222.7
4.9468 22 020.5780 9.2247 22 480.0663 13.5027 25 266.1
5.1607 22 043.8114 9.4386 22 644.2574 13.7166 25 300.2
5.3746 22 072.8560 9.6525 22 815.8869 13.9305 25 326.9
5.5885 22 081.4900 9.8664 22 992.6135 14.1444 25 347.5
5.8024 22 065.9834 10.0803 23 172.3010 14.3583 25 363.2
6.0163 22 028.8626 10.2942 23 353.6057 14.5722 25 374.9
6.2302 21 976.8811 10.5081 23 535.2215 14.7861 25 383.9
6.4441 21 916.1578 10.7220 23 714.5125 15.0000 25 391.0
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tronic matrix elementHel between the diabatic states givin
rise to a double-minimum state is compared with the vib
tional frequencyn in the upper one of the resulting two adia
batic states. The parameter distinguishes between the d
tic (g!1) and adiabatic (g@1) limits. With g'12.1 for the
pair of 21Su

1 and 31Su
1 states in K2 the latter case is evi-

dently approached, thus validating the use of the I
method. The bottom of the 31Su

1 state potential is placed
about 23 673 cm21 @13#, close to the upper boundary of th
energy region sampled in the present experiment. No tra
of the 21Su

1;3 1Su
1 perturbation have been detected in t

observed spectra, probably due to negligible overlap of
brational wave functions belonging to both states. For
same reason also theC 1Pu state withTe'22 968 cm21 @20#
apparently does not perturb the double-minimum state t
measurable extent. As a result, all of the observed spe
lines in the 21Su

1←X 1Sg
1 system were used in our analys

of the 21Su
1 state.

In Fig. 3, the constructed double-minimum potential
compared in the range 3.7–10.6 Å with the theoretical cu
furnished by Magnier@12# ~points outside this range ar
listed in Table II only in order to ensure proper bounda
conditions for solving the Schro¨dinger equation!. The dis-
crepancy between the experimental and theoretical poten
never exceeds 75 cm21, thus proving the high quality of
Magnier’s calculation. It must be noted that the experimen
term values of the 21Su

1 state can be reproduced with
reasonable accuracy by a set of Dunham-like coefficie
which are listed in Table III. We have to stress that they ha
no direct physical meaning and the applicability of them
strictly limited to the range ofv8 andJ8 quantum numbers
used for their definition. However, we find them more han
for predicting rovibrational energies than by numerica
solving the Schro¨dinger equation with the potential o
Table II.
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TABLE III. Dunham-type coefficients representing term valu
for the 21Su

1 state in39K2 with the rms deviation 0.09 cm21. All
values are given in cm21. The coefficients are meaningful only fo
v8529– 91,J856 – 159.

Constant Value Constant Value

Y00 21 965.31 Y01 0.025 296 7
Y10 20.884 74 1014 Y11 20.751 9
Y20 0.648 934 1016 Y21 0.538 95
1012 Y30 20.952 101 8 1018 Y31 20.319 36
1014 Y40 0.867 425 2 1017 Y02 20.305 0
1016 Y50 20.445 162 10110 Y12 0.630 7
1019 Y60 0.960 26 10112 Y03 20.126 3

64
38
23
30
73
76
81
09
26
74
04
91
53
90
05
78
21
04
19
14
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