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Chapter 1. INTRODUCTION

Spectroscopy is very useful to study the molecular structure
and dynamics. In recent years the investigation and development
of lasers changed conventional spectroscopy. The high intensity
and high spectral resolution of lasers have opened a new class of
spectroscopic techniques which allow investigation of the struc-
ture of atoms and molecules in much more detail. Information on
the molecular structure and on the interaction of molecules with
their surrounds can be derived in various ways from the absorp-
tion and emission spectra generated when electromagnetic radia-
tion interacts with matter.!l

Wavelength measurements of spectral lines allow the determi-
nation of energy levels of the molecular system. The intensity
is proportional to the transition probability which measures how
strongly the two levels of a molecular transition are coupled.
Since the transition probability depends on the wave functions of
both levels, intensity measurements are useful to verify the
spatial charge distribution of excited electrons. The natural
linewidth of a spectral line, which can be resolved by special
techniques, allows mean lifetimes of excited moleculér states to
be determined. Measurements of the Doppler width yield the
velocity distribution of the emitting or absorbing molecules and
with it the temperature of the sample. From pressure broadening
and pressure shifts of spectral lines, information about colli-
sion processes and interatomic potentials can be extracted. The
hyperfine structure of spectral lines yields information about

the interaction between the nuclei and the electron cloud and



allows nuclear magnetic dipole moments or electric quadrapole
moments to be determined.

These examples represent only a small selection of the many
possible ways by which spectroscopy provides tools to explore the
microworld of atoms and molecules. The amount of information
which can be extracted from spectrum depends essentially on the
attainable spectral resolution and on the detection sensitivity
that can be achieved.

The spectral resolution was in principle limited by the
Doppler width of lines in the conventional absorption and emis-
sion spectra, although the laser linewidth might have been much
smaller. The Doppler-free techniques allow fully to resolve the
spectrum. The basic principle of most Doppler-free techniques
relies on a proper selection of a subgroup of molecules with
velocity components v, in the direction of the incident monochro-
matic wave, which fall into a small interval sz around v,=0.
This selection can be achieved either by mechanical apertures
which select a collimated molecular beam, or selective saturation
within the velocity distribution of absorbing molecules caused by
strong pump, and a successive probing of this selective "hole
burning" by a monochromatic tunable probe wave. However, even if
all lines completely resolved by using the Doppler-free spectro-
scopic techniques, the unambiguous assignment of a large number
of lines in a band system with overlapping bands may be greatly
impeded when the level density is high or the perturbations cause
irregular shifts of the line positions. In such cases an opti-

cal-optical double resonance (OODR) techniques provides powerful

ways to study the excited molecules. These techniques yield



simplified spectra, since only transitions can be detected which
start either from a selected lower (v", J") level or an upper
(v', J') level labeled by a known pump transition (v', J') « (v",
J").

We have used the technique of the Doppler-free OODR polari-
zation spectroscopy to study excited states of Alkali metal
diatomic molecules. Alkali metal diatomic molecules have allowed
electronic transitions in visible region, and the dissociated
atoms have the radiative transition (such as the D, and D, lines)
also in the visible region. Hence, alkali metal diatomic mole-
cules are appropriate to study excited states, perturbation, and
the dissociation dynamics.

The energy levels and wave function of a rotating diatomic
molecule may be worked out by diagonalizing the energy matrices.

The angular momentum are defined as follows:

L — total electronic orbital angular momentum

S — total electronic spin angular momentum

J - total angular momentum (J=R+L+S)

N — total angular momentum excluding electronic spin (N=J-8)
R — rotational angular momentum.

The total electronic orbital and total electronic spin angular
momentum L and S makes the projections A and X along the inter-
nuclear axis (z), respectively. The total angular momentum J
makes the projection M along the laboratory-fixed Z axis and the
projection Q=A+Z along the internuclear axis (z). In Hund's
coupling case (a) and (b), the molecular electronic state can be

represented by

2S+1AQ. In the case (a), the L and S are strong-
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ly coupled to the internuclear axis, and in the case (b), the 8 is
weakly coupled (or uncoupled) to the internuclear axis. In this
representation, according as A = 0, 1, 2, 3, ees, the corre-
sponding molecular state is designated a X, II, A, ®, ++., state.

The basis functions for a rotating diatomic molecules may be
written as a product of an electronic orbital part |A>, an
electronic spin part |SZ>, a vibrational part |v>, and a rota-
tional part |JQM>:

|A>|SZ> | v> | IQM>, (1.1)
The Hamiltonian for a rotating diatomic molecule in the absence
of an extérnal field can be written as

H = Hy + H, + Hp, (1.2)
where H, is the electronic part, H, is the vibrational part, and

H,. is the rotational part. The rotational level energies and

r
wave function of the diatomic molecules can be obtained by solv-
ing the secular equation composed of the matrices for a H in
terms of the basis set |A>|SZ>|v>|JI0QM>.

The term energy Ev,J (in cm'l) for a singlet state (S=0) of
the diatomic molecule is simply expressed as

E, g = EQ + B,[J(J+1) - A%] - D,[J(J+1) - A2]2

v,Jd
+ Hy[J(3+1) - A28 + ..., (1.3)
where A is 0 for a 1xz* state, t1 for a In state, *2 for a 1A
state, ¢++; B, is the rotational constant, D,, is the centrifugal
distortion constant, and Eg is the energy of the vibrational
state v:
EQ = Tg + Gy, (1.4)

where T, is the minimum energy of the corresponding potential

energy curve, and G,, is the vibrational energy. By using Eq.
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(1.3), the molecular constants can be determined from observed
spectral lines.

In chapter 3, from the V-type OODR polarization spectrum,
the determination of the molecular constants and the RKR poten-
tial energy curve of the Nak Bl state will be discussed.
Remarkable line broadening were observed for transitions to
Blﬂ(v', J') level higher than the dissociation energy to
Na(3s2S; ,5) + K(4p?P;,p) atoms. This is identified as originat-
ing from the predissociation, and the mechanism will be studied.
From the 2-step OODR polarization spectrum, several 12+, 1H, and
1A states of the NaK molecule were observed in the energy re-
gions 33016~33674 cm~l  and 34449-34717 cm~!. The assignments
and the determination of the molecular constants of these highly
excited states will be discussed in chapter 4.

In chapter 5, the molecular constants and the RKR potential
curve of the 912; state of the Cs, molecule will be reported.
The V-type OODR polarization spectroscopy was used in order to
confirm the assignment. The perturbation and predissociation of
the Dlz; state was found. The predissociation of the Dlza state
will be studied from the Cs, molecular beam experiméﬁt by moni-
toring separately the molecular fluorescence and the D, or D;

atomic emission.
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Chapter 2. SPECTROSCOPIC METHOD
2.1 Doppler-free Polarization Spectroscopy

In this section a brief summary of the Doppler-free polari-
zation spectroscopy is described. A more detail description of
this technique and its theoretical background can be found in
Ref. 1~5. The output of a single mode dye laser is split into a
weak, linearly polarized probe beam and a stronger pump beam
which can be either circularly or linearly polarized. Both beams
travel in opposite directions through the sample cell placed
between t&o crossed polarizers. Assume the laser is tuned to a
transition (v', J') « (v", J") between a level (v", J") in a
ground state and a level (v', J') in a excited stafe. Each
rotational level with angular momentum J consists of (2J+1)
degenerate magnetic sublevels (J, M). If the pump beam is suffi-
ciently strong to saturate the transition (v', J') « (v", J"),
the lower M" sublevels will be partly depleted while the popula-
tion N(v', J', M') of the upper levels will be increased corre-
spondingly. The degree of saturation depends on the transition
probability A(J',M' « J",M") which generally differs for differ-
ent M values. This M-selective optical pumping process leads to
a partial orientation of the sample molecules. The molecular
gas, which had been isotropic without the pump, now becomes
optically birefringent and dichroic. If the probe beam and the
pump beam can be absorbed by the molecules which have same veloc-
ity component, the polarization of the probe beam passed through
the sample cell is being altered from a linear to slightly ellip-

tical polarization. Then, the transmission of the probe beam can

13



pass through the second polarizer, and a signal will be detected.
The important point is that this signal shows a Doppler-free line
profile, as can be seen from the following arguments:

When a monochromatic wave with frequency o and wave vector
k passes in +z direction through a gas of molecules with a ther-
mal velocity distribution N(v,), the wave experiences absorption

if w lies within the frequency range of a Doppler-broadened

absorption line centered at wg . However, out of all molecules
in the absorbing level (v", J"), only a small subgroup with
velocity components v, = (m—mo)/k can absorb the wave because

only those molecules are Doppler shifted into resonance with the
laser wave. Since the pump wave and the probe wave travel into
opposite direction, both waves will interact with different
velocity subgroups around v, = +(w-wg)/k or v, = -(w-wg)/k, re-
spectively, as long as Wy, but with the same subgroup of
molecules (with velocity components around v,=0) if w=0gq.

A more detail analysis yields the resultsl"s, that for a
circularly polarized pump beam, the probe intensity I(w) trans-

mitted through the second polarizer can be written as

1 1 1
I((D) = Io [E + 62 + b2 - —2 OLAQ I{? - —2 bLAx _]__:X_Z
1 1
+ (= LAa)? , 2.1
(e e (2.1)

where E is the extinction ratio of the completely crossed polar-
izers; 0 is the uncrossing angle, i. e., the angular deviation
from complete crossing; b is a constant term which takes into
account the nonnegligible birefringence of the sample cell win-

dows; L is the length of the absorption path; ¥ = (w-mq)/Y is the

14



normalized frequency detuning, where y is the homogeneous line-
width of the molecular transition; and Aa = a*(mo)—a"(wo) gives
the change of the absorption coefficient at the line center 07y
caused by the M-selective saturation, where a+(mo) and a'(mo) is
the absorption coefficient of a right and a left circularly
polarized component of the probe beam.

For a linearly polarized pump beam, of which polarization is
chosen to be 45° against the probe polarization, the probe inten-

sity transmitted through the second polarizer can be written as

- 1 1 1 %
2 2
I(w) = I + 64 + b¢ - — OLda -—bLéa———z
0 L& 2 1+ 2 1+y
1 1
+ (= )2 — ], (2.2)
4 1+ ]
where da = az(mo)—ax(mo) gives the change of the absorption

coefficient at the line center wg, where a®(wy) and a¥(wg) is
the absorption coefficient of a parallel and a perpendicular
linearly polarized component of the probe beam against to the
polarization of the pump beam. 1In this situation, it is best to
take the axis of quantization along the direction of the pump
polarization. In Eq. (2.1) and (2.2), the first three terms
represent background intensity, and the term of x/(1+x2) and
1/(1+x2) represents, respectively, dispersion shaped signal and
Lorentzian profile.

In order to estimate the relative intensity of the polariza-
tion signal, it is necessary to calculate the difference in
absorption coefficient Aa and da of the two components of the
probe beam. Assume the pump transition (J'=37) « (J"=J) and the

probe transition (J'=J2) « (J"=J) share a common lower level (v",
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J). For a circularly polarized pump beam, Ao is given by

Ao = Z ny [07(Jp,My « I,M) - 07(Jy, My « J,M)], (2.3)

where 0+(J2,M2 < J,M) and 07 (Jp,My « J,M) are, respectively, the
absorption cross sections for a right and left circularly polari-
zation, which are proportional to the squares of the transition
dipole moment. ny is the number density in the (J, M) level
pumped by a right circularly polarized pump beam, and it is given
by

No
2J+1

ny = (1 - 51829 ). (2.4)

where NO is the total equilibrium number density of the J level

in the absence of the pump beam, Ipp is the intensity factor of

the pump beam, and S is the saturation parameter of the cw laser;

S = hayy ( r 2 y~1 (2.5)
o(Jy1,M; « J,M) Yo Y1

where yp and y; are the homogeneous widths of lower and upper
levels, respectively.
'From Eg.(2.3)~(2.5), Ao can be written as

1 I
Ao = - > ag —gE-CC(JleJ,JzﬁJ). (2.6)

Here ag NOO(JZ « J) is the unsaturated absorption coefficient
for the probe transition. The numerical factor CC (subscript C
represents for a circularly polarized pump beam), which is called
polarization factor, can be calculated from a sum of the Clebsch-
Gordan coefficients over all the M levels.

For a linearly polarized pump beam, da is given by

da = Z ny [0%(Jp,My « J,M) - 0%(Jy,My « I, M)], (2.7)

16



where 0%(J,,My « J,M) and 0*(J,,M, « J,M) are, respectively, the
absorption cross sections for a parallel and a perpendicular to
the pump polarization. Proceeding as before, the difference in
absorption coefficients can be written as

1 I

The factor CL is the polarization factor for a linearly polarized
pump beam. Under the assumption that 76 is much larger than y;,
the calculated values of tC and ¢ are tabulated in Table I.

For the normal Doppler-free polarization signal, the both of
pump and probe beam come from the same laser, we have only tran-
sition with J;=J,, which correspond to the diagonal elements of
Table I. For large J values associated with molecules, the
polarization factors CC approach the limit 3/2 for AJ=x1 and O
for AJ=0, and the factors CL approach 3/10 for AJ=+1 and 6/5 for
AJ=0. These results show that only P lines (for AJ=-1) and R
lines (for AJ=+1) can be detected for a circularly polarized
pump beam, and Q lines (for AJ=0) are strongly detected than P
or R lines for a linearly polarized pump beam. It can be seen
that Q0 lines can be clearly distinguish from P and R lines from

the choice of pump polarization.

2.2 Doppler-free Optical-Optical Double Resonance Polarization

Spectroscopy

In this section a brief summary of the Doppler-free OODR

polarization spectroscopy,4

which is application of OODR tech-
nique to polarization spectroscopy, is described. A more detail

description of OODR techniques, often called three-level laser
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Table I. The J dependence of the polarization factor CC'L(thJ,

JZ(—J) .

CC(JleJ,JZPJ) (circularly polarized pump)

probe transition

R: J2=J+1 Q: Jp=J P: J2=J—1
pump
transition
3J 3 3
R: Jy=J+1 —_— - — - =
2(J+1) 2(J+1) 2
3 3 3
Q: Jy=J - — —_—
2(J+1) 2J(J+1) 2J
3 3 3(J+1)
P: J1=J—1 - —_— _ _—
2 2J 2J
CL(thJ,JZeJ) (linearly polarized pump)
probe transition
R: Jy=J+1 Q: Jy=J P: J,y=J-1
pump
transition )
3J(2J-1) 3(2J3-1) 3
P: J1=J+1 - — _—
10(J+1)(23+3) 10(J+1) 10
3(2J3-1) 3(23+3)(23-1) 3(23+3)
Q: Jq=J - —— - e
10(J+1) 10J3(J+1) - 10J
3 3(23+3 3(J+1)(23+3
R: J;=J-1 — _ 3(2d3) ( ) )
10 103 103(23-1)

18



spectroscopy of coupled transitions can be found in Ref. 6~8.

This method uses two independent lasers. Assume laser 1,
called the pump laser, is stabilized onto the center frequency of
a transition (vy, Jq) « (v, J). Due to selective M sublevel
pumping, molecules in these levels with velocity components
within a small interval v, = Oty/k are partly oriented (see
previous section). The linearly polarized beam of a second laser
2, called the probe laser, passes in the opposite direction
through the sample cell. When the probe laser is tuned through
the molecular absorption spectrum, the polarization is altered if
the frequency of the probe laser coincides with a center of the
Doppler profile of a transition (vy, Jp) « (v, J) or (vg, Jp) «
(vy, J1), which shares either the lower or the upper common level
with the pump transition, respectively. Then, the probe beam can
pass through the second polarizer, and a signal will be detected.
The important point is that these signals represent transitions
which start from a known level and which can be therefore as-
signed much easier, anticipating that the pump transition is
‘already known.

In order to confirm that the pump laser stays on the center
frequency of a selected transition, a small fraction of the pump
laser output is split of and is sent as a linearly polarized
"extra" probe beam through the sample cell, and the normal Dop-
pler-free polarization signal is monitored by using only pump
laser. From this signal, one can select any desired line and
stabilize the pump laser onto its center of the Doppler profile

of the pump transition. Thus, the OODR polarization signal can
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be obtained without either Doppler broadening or Doppler shift.

The various types of signals, which can be detected by the
OODR polarization spectroscopy, is shown in Fig. 1. Here a lower
and upper level of the pump transition are assumed to (v, J) and
(Vl, J1) level, respectively, and a upper level of the probe
transition to (v2, J2) level. The schemes of Fig. 1(a), (b), and
(c) show the three-level system cases. The type of Fig.l(a) is
called V-type double resonance, where the lower level (v, J) is
shared by the pump and probe transition. The type of Fig. 1(b)
is called A-type double resonance, the upper level (vq, J7) is
shared by the pump and probe transition, the induced fluorescence
(vy, J1) = (vo, Jp) can be observed. The type of Fig. 1l(c) is
the stepwise excitation. Only this transition among the OODR
transition can be used to study highly lying levels. The schemes
of Fig. 1(d) and (e) show the four-level system cases. In these
two cases, the pump and probe transition is not directly coupled,
but indirectly coupled by either a radiative transition [Fig.
1(d)] or non-radiative transition [Fig. 1(e)]. These different
types of the OODR transition can be distinguished by the form and
sign of the OODR polarization signals. -

For the V-type OODR transition, the polarization factor
CC'L(JlﬁJ,JZFJ) is given by the nondiagonal elements in Table I
(for J1%J,), and one can see that the sign of the signals is
different between P and R lines when a circularly polarized pump
beam tune to a P or R transition line. This allows to distin-
guish P lines from R lines and from Q lines.

For the A-type OODR transition and stepwise excitation, the

difference in absorption coefficient Aa (or 8a) is given by
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(Vi,J1) (v1,J1) (V1,d4)
pump (V2,J0) '
probe (Va,d2)
(v,J) (V J)

Fig.

1.

(Vo,d2)

(v,J)

(v,J)
(a) (c)

(V1,d1)
., (Vo) v
‘\‘ I (V2,d>)
M
(ViJe) w.d)

(Vesde)
(d) )

Different double resonance schemes for the OODR polari-

zation spectroscopy. (a)~(c) : three-level system; (d) and (e) :

four-level system. The broken line in (d) represents a radiative

transition, and the dotted line in (e) represents a non-radiative

transition.

21



11
Ao (or da) = > ag —BR LT (or L) (g,e3,3,03). (2.9)

The polarization factor CC'L(JIFJ,JzeJl) is tabulated in Table
II. Note that the factor CC'L(thJ,JZFJl) is described with Jq
which is the rotational quantum number of a common level shared
by the pump and probe transition. In case of the stepwise exci-
tation, the OODR technique is very useful to study highly lying
levels, which cannot accessible to direct one photon transition.
A modified OODR polarization technique, called "polarization
labeling"”, where the second laser is a broadband dye laser has
been used to study highly excited states.8710 From the results

in Ref. 8 and 9, Eq. (2.9) can be rewritten as

F
Aa (or da) = S(Aq,J1A,T)eS(A,,TreA;,T
( ) (23+1)(23,+1) (A1-91 )+8(A2, J2 A1 91)

.ot L) (3,63,3,37), (2.10)
where F is a factor independent on the angular momentum, and the
S(Al,JleA,J) factors, called H6nl-London factors, represent the
line strength for a pump and probe transitions. The H&6nl-London
factor S(Al,JleA,J) is tabulated in Table III. Eg. (2.10) is
useful for the assignment of the electronic states excited by
OODR stepwise excitation, because the information of‘A, which
represents the projection of the electronic orbital angular
momentum along the internuclear axis, is given by the S factors.
In the case of the NaK molecule, the assignment of the electronic
states which were observed by using the 2-step OODR polarization

spectroscopy will be discussed in Chapter 4.
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Table II. The J dependence of the polarization factor CC'L(thJ,

thJl).

ZC(JlﬁJ,thJl) (circularly polarized pump)

probe transition

R: J2=J1+1 Q: J2=J1 P: J2=J1—1
pump
transition
3 3 3(J;+1)
R: J=J;-1 — - - —
2 234 234
3 3 3
Q: J=J, T — - -
334 3 .3
P: J=Jy+1 - — — —
2(Jy+1) 2(J4+1) 2
CL(JlﬁJ,JzﬁJl) (linearly polarized pump)
probe transition
R: J2=Jl+1 Q: J2=J1 P: J2=J1-1
pump
transition
3 3(23,+3 3(Jy+1)(23,+3
R: Jy=J-1 — _ 3BN+3) (7,+1)(29,+3)
10 103, 1037 (2J4-1)
0: =3 3(239-1) 3(237+3)(234-1) 3(23,+3)
T 10(J;+1) 1034 (J1+1) 103,
374(2J4-1 3(234-1 3
P: J=Jq+1 1(235-1) _3(25-1) -~
10(J1+1)(2J1+3) 10(J1+l) 10
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Table III. HSnl-London factor S(Jl,Al « J,A) of a molecular

spectral line.

Al =A+l Al =A A1=A-‘1
Te g+l (J+A+2)(T+A+1) (J+A+1)(T-A+1) (J-A+2)(J~A+1)
1 4(J+1) J+1 4(J+1)
3. =3 (J+A+1)(IT-A)(2T+1) (2J+1)A2 (JI-A+1)(JF+A)Y(2T+1)
1 43(J+1) J(JI+1) 43(J+1)
(J-A-1)(JI-A) (I+A)(TF-A) (J+A-1)(JT+A)
J1=JI—1
4J J 4J
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Chapter 3. HIGH RESOLUTION LASER SPECTROSCOPY UP TO THE
DISSOCIATION LIMIT OF THE 23Na39k BlIT STATE, AND

PREDISSOCIATION NEAR THE DISSOCIATION LIMIT

The BlIT state of the alkali métal diatomic molecules is
correlated with separated atoms in the 281/2 and 2P3/2 states.
The Blﬂu state of homonuclear molecules has a potential barrief
caused by a repulsive long-range resonant dipole interaction.12
Chawla et al.13 determined the shape of the Na, BlHu state
potential barrier by measuring the rotation-vibration line ener-
gies and -linewidths of the quasibound levels using the technique
of modulated gain spectroscopy. Heinze et a1.14 determined the
K, Blﬂu state potential barrier. There is no resonant dipole
interaction in heteronuclear molecules, and the NakK BT state is
expected to dissociate to Na(3szsl/2) + K(4p2P3/2) atoms without
a potential hill near the dissociation limit. Barrow et al.l®
obtained the molecular constants of ;he BT state of v'=0-14 by
analyzing the laser induced dispersed fluorescence spectra de-
tected by a Fourier-transform spectfometer and the dye laser
excitation spectra. Katé et al.l® observed the BlIT - x1l3+
transition with the technique of the Doppler-free polarization
spectroscopy, and determined the molecular constants of the Bl
state of v'=0-~16,

In order to observe the high vibrational levels near the
dissociation limit and determine the 1bng—range potential energy
curve, the high resolution spectrum of the Bl - x1z+ transition
was measured by the Doppler-free OODR polarization spectroscopy.

The transition lines up to the v'=43 ievel, which was estimated
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to be 1.8 cm~! below the dissociation limit, were observed. The
molecular constants of the BLII state, and the RKR potential
energy curve were determined. Remarkable line broadenings were
observed for the transitions to the Bln(v', J') levels higher
than the dissociation energy to Na(3s281/2) + K(4p2P1/2) atoms.
This is identified as originating from the predissociation, and

the mechanism will be discussed in chapter 3.4.
3.1 Experimental

From the calculated Franck-Condon factors between a poten-
tial of the BlIl state extrapolated up to the dissociation limit
and the RKR potential of the xlz+ state,17 it can be seen that
the high vibrational levels near the dissociation limit of the
B1H state can be excited effectively from the X12+(v"=4) level.
However; the transition lines from v"=4 are overlapped with the
strong lines from v"=0 and 1. Using the technique of the Dop-
pler-free OODR polarization spectroscopy, the transitions from
the X12+(v"=4) level to high wvibrational levels close to the
dissociation limit of the BlIl state could be observed. The
excitation scheme is shown in Fig. 2. -

The experimental arrangement for a Doppler-free OODR polari-
zation spectroscopy is shown in Fig. 3. The outpqt of a single-
mode ring dye laser 1 (Coherent CR699-21, 1linewidth 500 kHz,
Kiton Red dye) was split into a circularly polarized strong pump
beam and a linearly polarized weak "extra" probe beam. Two beams
passed in opposite directions through a heat pipe. Only a small
fraction of the linearly polarized probe beam, which passes a

linear polarizer P1l, reaches a photomultiplier PM1 (Hamamatsu
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R636) after passing through a crossed linear polarizer P2. The
pump beam was modulated by a chopper (3kHz), and the output of
the normal Doppler~free polarization signal was detected by a
lock-in amplifier 1 (PAR model 128A). The pump beam is fixed to
a center of Doppler-free line of a known transition Blﬂ(v'=0,
J') - x12+(v"=4, J"). A linearly polarized probe beam (dye laser
2; Coherent CR699-29, linewidth 500 kHz, Rhodamine 6G dye, power
of 10 mW), which passes a linear polarizer Pl, is propagated in
the opposite direction to the pump beam through the heat pipe.
Then, the probe beam passes the crossed linear polarizer P2 and
reaches ; photomultiplier PM2 (Hamamatsu R712). The signal
output was detected by a lock-in amplifier 2 (EG&G model 5210).
By choosing the polarization of the pump beam, either Q lines or
P and R lines can be observed predominantly. In case of the
observing P and R lines, the pump beam was circularly polarized
with a A/4 Fresnel rhomb retarder (FR). In case of the observing
Q lines, the pump beam was linearly polarized at 45° against to
the polarization of the probe beam. When a large number of lines
are overlapped, the Doppler-free OODR polarization spectroscopy
is very useful to detect selectively a series of transitions from
a chosen level. Due to its high sensitivity, very weak absorp-
tion lines can be detected.

NaK vapor was produced by heating a 1:4 mixture of sodium
and potassium in a stainless steel heat pipe. The heat pipe oven
was operated at 550 K with Ar as buffer gas of 0.4 Torr. The
continuous scanning of the laser wavelength and data processing
were carried out by a microcomputer. The absolute wavenumbers of

the observed spectral lines were calibrated by the fluorescence
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excitation spectrum of iodine, and the fringe patterns of a
confocal etalon (FSR = 150 MHz) were used as a frequency marker.
The linewidth of the spectral line was sensitive to the vapor

pressure and the laser power.
3.2 Determination of the Molecular Constants of the Blﬂ State

The selection rules for a transition involving a change in
electronic, vibrational, and rotational state are18
AJ = 0, %1 (except J=0 & J=0) (3.1)
+ o - (eo f for AJ =0, e o fand f o £ for AJ = *1) (3.2)
g o u. (3.3)

In Hund's case (a) and (b),

AQ = 0, %1 (3.4)
As = 0. (3.5)
For a 11 - 1lz+ transition, the allowed transitions are three

branches, P, Q, and R. With a circularly polarized pump beam,
only P and R transitions are detected in the OODR polarization
spectrum, and the signs are different in P and R transitions.
Hence, the assignments are easy and can be accurate. A part of
the OODR polarization spectrum and the normal polariéation spec-
trum are shown in Fig; 4. In the normal polarization spectrum
[Fig. 4(C)], the intensities of the transitions from the X12+
(v"=0 and 1) levels were strong, but the transitions from the
X12+(v"=4, J"=17) level were not detected with appreciable inten-
sity. In the OODR polarization spectrum [Fig. 4(B)], the P and
R transitions from the selected Xx1Z*(v"= 4, J"=17) level were

observed predominantly, where the Blﬂ(v'=0, J'=18) - X12+(v"=4,

30



A NN _ A nN AN Ao
RA17)

B'TT(v’=32) = X'=*(v’=4,J"=17)

P(7)

17672 17673 _ 4 17674

Fig. 4. Top (A) is the fluorescence excitation spectrum of Iy
for calibration of the absolute wavenumber. The second (B) is a
part of the OODR-polarization spectrum, where the BIH(V'=O,
J'=18) - x}¥*(v"=4, J"=17) transition is used as the pump transi-
tion. Bottom (C) is the normal polarization spectrum and a part

of the assignments.
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J"=17) transition at 16476.1728 cm~! was chosen as the pump
transition by a circularly polarized pump beam. The extra lines
of weak intensity are the transitions from the pumped Blﬂ(v'=0,
J'=18) level and the collisionally depopulated X1Z* (v"=4, J")
levels. When the BlII(v'=0, J'=18) - x1z*(v"=4, J"=17) transi-
tion was chosen as the pump transition, the probe laser was
scanned from 17250 to 17755 cm'l. The Bln(v', J'=16 and 18) -
X12+(v"=4, J"=17) transitions up to the v"=43 level_could be
observed, and the observed lines are listed in Table IV.

The term energy EV,J is expressed in Eq. (1.3) and (1.4).
From the Eq. (1.3), the energy separation between the R(J) and
P(J) lines is given by

Ey g+1 - By, g-1 = (43+2)B, - 2(3%43+1)(43+2)D, + «++. (3.6)
For J=17, the higher order terms can be neglected, but the terms
up to D;, cannot be neglected.

At first, we have approximated the value of D, by

D, = T  Yy,(v +1/2)%, (3.7)
i=0'ouc’3

where the Dunham coefficients Y;, were determined for v'=0-16 in
Ref. 16. From a pair of P(17) and R(17) lines, which are listed
in Table IV, we calculated the values of B, and ES fbr v'=15-43.
The values for v'=15 and 16 were in good agreement with the

values reported in Ref. 16. The Eg and B,, values for v'=16-43
and the wvalues for v'=0-15 in Ref. 16 were taken together as
input data of least-squares fitting, which yielded the Dunham

coefficients Yij(i=0 and 1):19
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Table 1IV.

(v', J'=16 and 18) - x13*(v"=4, J"=17) transitions

the

Bl(v'=0, J'=18)

OODR polarization spectroscopy.

_ X12+(V"=4,

Pump beam is fixed to

Observed lines (in units of cm'l) of the 23Na39K Blﬂ

measured by

the

J"=17) transition at 16476.1728 cm~1l.

Probe transitions

v' BlM(v', 16) - x1Zt(4, 17) Bll(v', 18) - xlz=t(4, 17)
15 17262.1180 17265.6801
16 17298.1477 17301.5988
17 - a a

18 17365.5094 17368.7598
19 17396.5714 17399.7272
20 17426.0677 17429.1222
21 17454.0121 17456.9759
22 17480.4105 17483.2287
23 17505.7997 17508.4941
24 17529.2262 17531.8889
25 17551.4083 17553.9799
26 a a

27 17591.7914 17594.2435
28 17610.4232 17612.6948
29 17627.5589 17629.7409
30 17643.6550 17645.7304
31 17658.3327 17660.0983
32 17672.0339 17673.8876
33 17684.2674 17686.0351
34 17695.0490 17696.6299
35 17705.0780 17706.5818
36 17713.3327 17714.7392
37 17720.1784 17721.4058
38 17726.1100 17727.1912
39 17730.9772 17731.9473
40 17734.5880 17735.4286
41 17737.2491 17737.9418
42 17739.0423 17739.5765
43 17740.0896 17740.4112

8 Unlisted ones are strongly perturbed lines or weak and undetected

lines.
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Table V.

The values

Molecular constants E8 and B,, for v'=16-~43 of the
23Na39K Blﬂﬁstate. All values are in units of cm'l.
for v'=0~16 are given in Table I of Ref. 16.

v EQ 1028,
16 17861.1958 4.98702
17 —_ _—

18 17929.3469 4.67080
19 17960.7753 4.53557
20 17990.6638 4.39081
21 18018.9592 4.26133
22 18045.9211 4.05344
23 18071.7892 3.87687
24 18095.3378 3.83196
25 18117.8719 3.70233
26 e —
27 18158.7149 3.53340
28 18178.0436 3.27682
29 18195.5239 3.15032
30 18212.0298 2.99998
31 18227.9033 2.55977 a)
32 18241.2582 2.68909
33 18253.8189 2.57006
34 18265.3165 2.30795
35 18275.6352 2.20369
36 18284.2559 2.07180
37 18291.7836 1.82406
38 18298.2670 1.62404
39 18303.5555 1.47117
40 18307.6503 1.29771
41 18310.8655 1.09869 .
42 18313.2527 0.88530
43 18315.1014 0.59602

a) The anomalous value may be originating from the perturbation.
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Table VI. Dunham coefficients for the 23Na39K Blﬂ state.

All values are in units of cm‘l. The value of Ta, YiO(i=O to 4),

Yil(i=0 to 3), and Yiz(i=0 and 1) were fixed to the values derived

in Ref. 16.
Te 16992.7446 Yo1 7.23853x1072
Y00 ~-0.0430 Yy;  -1.17799x1073
Y10 71.4630 Yy,  -1.3502x107°
Y50 -1.15092 Y3,  -4.7933x1077
Y30 ~1.0613x1072 Y41 4.82977x1078
Y40— 9.9950x1074 Ys;  -6.88606x10710
Ysq ~1.42656x107° Yg1  -1.13984x10711
Yeo -8.67783x1077 Yo, 2.09534x10713
Y70 4.74996x10°8 Yo,  -2.89859x1077
Y50 -9.30786x10710 Y{,  -1.93901x1078
Y90 6.67343x10712 Y,y 6.45399x10710
Yq,  -7.75355x10°12
Yy, 9.91847x10713
Y5,  -3.46351x10714
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EQ - T, - By = by Yio(v + 1/2)%, (3.8)
i=0,"',9

- T vy (v o+ 1/2)1, (3.9)
i=0’ccc,7

where the values of T,, Y 5(1=0~4), and Yil(i=0~3) were fixed to
those in Ref. 16. From the Dunham coefficients Y;5 and Y;; ob-
tained above, the rotationless potential curve of the Bl state
is constructed up to the v'=43 level by the Rydberg-Klein-Rees
(RKR) method.lg'20 We noticed that the inner wall of the RKR
potential increases at v'240. We made a correction, and the
method is described in the next section. For the corrected RKR

potential curve, the values of ES, B and D,, are calculated by a

21

L
computational method described by Hutson. The obtained value
of D, was slightly different from the value of D, approximated by
Eq. (3.7). Hence, by using the new D, value, we have calculated
again the E3 and B,, values from a pair of P(17) and R(17) lines
in Table IV, and the results are listed in Table V. From the new
Eg and B,, values for v'=16-43 and those for v'=0-~15, we have

calculated the Dunham coefficients, and the results are listed in

Table VI.
3.3 Long-range potential of the BT state

From the Dunham coefficients Y;5 and Y;,, the rotationless
potential curve of the_Blﬂ state was constructed up to v'=43 by
the RKR method.20:21 rLet us denote the outer and inner turning
points of a vibrational level v as R, (v) and R_(v), respectively.
The inner wall of the calculated RKR potential bent over at v'z240
and the inner turning point R_(v') increased with v'. At v'=42

and 43, the inner wall increased abruptly. Such a nonphysical
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inner-wall behavior in the RKR inversion procedure was discussed
by Wells, Smith, and zare.23 They shdwed that the RKR procedure
was very sensitive to the errors in the B, values, but relatively
insensitive to the G,, values. The distance between the outer and
inner classical turning points of a vibrational level v, R, (v) -
R_(v), 1s given by the Klein action integral f, which is calcu-
lated from the G, values. We modified the inner-wall by a repul-
sive potential:24 V(R) = A/R12 + B, where R is the internuclear
distance. The constants A and B were determined by fitting to
the inner turning points of v' =30 to 34; A = 3.85547x102 cm~1A12
and B = ;i450.79 cm~1 for the RKR potential calculated from the
Dunham coefficients in Table VI. The outer turning points were
adjusted by adding the distance R,(v) - R_(v) to the extrapolated
inner turning points. The resulting RKR turning points are
listed in Table VII, and are shown in Fig. 5.

Many theoretical studies on the long-range interactions of
alkali metalsl2:25-28 54 the experimental studies by the crossed
beam technique29'3O have been reported. The long-range interac-

tion energy between Na(3s) and K(4p) atoms may be expressed a528

Ce Cg Ci0
v(r)int _ _ - - - .o, (3.10)
6 g8 r10

where Cg, Cg, and Ci1p are constants. These constants can be
determined by analyzing outer RKR turning points in the long-

31,32 According to the criterion proposed by LeRoy,31 the

range.
inverse-power expansion of interaction energy is valid for

R 2 2[(<r1,‘2>)1/2 + (<rB2>)1/2], where <rx2> is the expectation
value of the square of the radius of the outermost electrons on

atom X. For Na(3s) + K(4s), the value of 2[(<rNa2>)1/2 +
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Table VII. RKR-extrapolated potential of the 23Na39K Bl state.
R_ and R, are, respectively, inner and outer turning points of each

vibrational level v. Rg is the equilibrium internuclear distance.

v V(R)/cm™l  R_/A R,/A
, R. = 4.0134 A
-0.25 17.7507 3.8529 4.1489
0. 35.3995 3.8467 4.2103
1.00 104.5311 3.7402 4.3790
2.00 171.2929 3.6735 4.5105
3.00 235.6649 3.6229 4.6286
4.00 297.6453 3.5818 4.7402
5.00 357.2477 3.5470 4.8686
6.00 414.4992 3.5168 4.9556
7.00 469.4370 3.4903 5.0623
8.00 522.1065 3.4668 5.1696
9.00 572.5591 3.4457 5.2779
10.00 620.8503 3.4267 5.3879
11.00 667 .0383 3.4095 5.4997
12.00 711.1827 3.3940 5.6138
13.00 753.3433 3.3798 5.7305
14.00 793.5799 3.3669 5.8499
15.00 831.9514 3.3551 5.9723
16.00 868.5156 3.3443 6.0981
17.00 903.3294 3.3344 6.2273
18.00 936.4479 3.3252 6.3603
19.00 967.9254 3.3168 6.4974
20.00 997.8143 3.3091 6.6388
21.00 1026.1658 3.3019 6.7849
22.00 1053.0292 3.2953 6.9360
23.00 1078.4516 3.2892 7.0926
24.00 1102.4776 3.2836 7.2552
25.00 1125.1485 3.2785 7.4243
26.00 1146.5016 3.2739 7.6007
27.00 1166.5694 3.2699 7.7854
28.00 1185.3787 3.2663 7.9795.
29.00 1202.9500 3.2633 8.1846
30.00 1219.2966 3.2608 8.4026
31.00 1234.4244 3.2589 8.6361
32.00 1248.3322 3.2574 8.8885
33.00 1261.0122 3.2563 9.1642
34.00 1272.4524 3.2552 9.4689
35.00 1282.6387 3.2542 9.8107
36.00 1291.5601 3.2533 10.2008
37.00 1299.2149 3.2526 10.6542
38.00 1305.6190 3.2520 11.1919
39.00 1310.8181 3.2514 11.8416
40.00 1314.9014 3.2510 12.6368
41.00 1318.0209 3.2507 13.6009
42.00 1320.4140 3.2505 14.6841
43.00 1322.4316 3.2503 15.6318
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(<rK2>)1/2] is reported to be 10.8 A.® The vibrational energy G,,
is plotted against the [R+(v)]"6, and it is shown in Fig. 6. The
plot is linear in the limit of large R, (v) and the constant Cg is
determined to be 37.4x106 cm~ 146 from the slope. In the same
way, we can determine the constant CB from a plot of

Gy, - C6/[R+(v)]6 against [R+(v)]'8. However, an appreciable
deviation from the linear fit in Fig. 6 is observed only at
[R+(v)]'6 > 10"6 A‘6, where the inverse-power expansion of inter-
action energy becomes invalid. Hence, the interaction energy of
higher order than the CG/R6 term is expected to be small at R210
A and cannot be derived from the present data. Bussery and

28

Aubert-Frécon calculated the long-range coefficients by a

perturbation model, and obtained Cg = 35.7x10% cm~1A® ana Cg =

-0.51x108 cm'lAB. They neglected the effect of spin-orbit inter-

action (we shall discuss about this effect in the next section),

but these values are in fairly good agreement with our results.
For long-range potentials expressed as

C

V(R) = Dg - E% . (3.11)

where D, is the dissociation energy, LeRoy and Bern_stein23 de-

rived the relation

aG
_d_v\_l = Kn[De - Gv](n+2)/2n, (3.12)

l/n.

where K, is a constant proportional to C,~ For n=6, it can

be written as
(AG,)3/2 = (kg)3/2[D, - G,1, (3.13)

where AGv = G G The values of (AGV)3/2 are plotted

v+l v

against G,, for the observed high v levels of the Bl state in
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Fig. 7. The plot is linear and the dissociation energy is deter-
mined to be 1324.3+0.3 cm~ 1 from the extrapolation. The Birge-
Sponer plot,34 which is the plot of the AGV against v, is shown
in Fig. 8. Compared to the LeRoy-Bernstein plot [Fig. 7], there
is more flexibility in extrapolating the convergence limit. The
LeRoy-Bernstein plot is found to be more useful than the Birge-
Sponer plot when transitions close to the dissociation limit,
where the long-range potential can be expressed by Eq. (3.12),
are observed.

Ross et al.l” reported Dy of the x13* state to be 5274.9%0.5

-1

cm™ . D, of the BII state can also be obtained from the atomic

e
energy level difference AE[K(4p2P3/2) - K(4szsl/2)] = 13042.89
cm~! and the minimum electronic energy T, = 16992.7446 cm~1
reported in Ref. 16;

Do (BIT) = Dg(x1Z%) + AE[K(4p2P3/2) - K(4s25) /7)1 - Tg

= 1325.05 + 0.5 cm™~1,

This value and the one obtained by the LeRoy-Bernstein plot are
coincident within the experimental errors.

From the obtained dissociation energy, the highest observed
v'=43 level is estimated to be 1.8 cm~! below the dissociation

limit. Thus 99.86+0.02 % of the well depth of the BLII state is

covered by OODR polarization experiment.
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3.4 Predissociation near the Dissociation Limit of the B1H State

The spectral line shapes of the BIH(V'=29~43, J'=16) -
X12+(v"=4, J"=17) transitions are shown in Fig. 9. Similar
spectral lines with opposite sign were observed for the R lines.
A remarkable line broadening was observed for transitions to the
levels of v'233. The energy threshold of the broadening is
coincident with the dissociation limit to Na(3szsl/2) +
K(4p2P1/2) atoms, which is located 57.72 cm~1 below the one to
Na(3szsl/2) + K(4p2P3/2) atoms. Any irregular line shifts were
not observed for all the broadened lines. The v'-dependence of
the linewidths (FWHM) of the P(17) and R(17) lines are plotted in
Fig. 10. For the levels of v'<32, the linewidth is observed to
be about 200 MHz. However, the linewidth of v'=34 is found to be
3.4 GHz. This line broadening may originate from the predissoci-
ation, and the rate can be estimated from the linewidth to be
about 2:1010 -1 for v'=34. The linewidth decreases somewhat for
v'235, but is still broader than those for v'=<32.

In the Hund's case (a) representation there are four molecu-
lar states, !T*, 1, 3=*, and 30, correlated with the separated
atoms Na(3s) + K(4p). By neglecting the spin-orbit interaction,

Stevens et al.35

calculated the potential energy curves for all
these states up to R = 20 a, by the full-valence configuration
interaction computations. We added a - Clo/R10 term to the long-
range potential curve obtained by Bussery and Aubert-Frecon,28

and the C;y value was determined so as to fit with the potential

energies at R = 15 and 20 a, obtained by Stevens et a1.35 The

resulting potential curves are shown in Fig. 11(A).
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v=29
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34 35 36

\7\“"[\“‘/% &

Fig. 9. The observed line shapes of the BlII(v'=29-43, J'=16) -
X12+(v“=4, J"=17) transitions. The frequency scale is shown on
the top. Lines with % are accidentally overlapped lines, which

are not observed for the corresponding R lines.
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At long internuclear distances, the effect of the spin-orbit
interaction cannot be neglected, and the electronic states trans-
form into Hund's case (c) states. The BlH(Q=tl) state trans-
forms into the 1(a) state at long internuclear distances, and the
outer RKR turning points in the long-range determined above
compose the potential curve of the 1l(a) state. The energies and
eigenfunctions for a given value of R can be obtained by diago-
nalizing the energy matrix composed of long-range interaction and
spin-orbit interaction. The resulting energies are plotted in
Fig. 11(B). The spin-orbit interaction mixes the 1H(Q=i1),
3M(n=%1), and 3Z*(Q=t1) states, but the mixing of the 32+(Q=¢1)
state, which is correlated with the separated atoms Na(Bstl/z) +
K(4p2P1/2), is small for the 1(a) state [see Table VIII]. The
potential curve of the 1l(a) state does not cross with any curves
of the other states in the long-range [see Fig. 11(B)]. Hence,
the predissociation of the BIH(Q=i1) state to Na(Sstl/z) +
K(4p2P1/2) atoms through the interaction at long-range is expect-
ed to be negligibly small.

In order to cause an appreciable predissociation, a repul-
sive potential curve must either come very near to, or cross, the
Bl state curve. According to the computations by Stevens et
al.,35 the (2)32+ curve comes close to the BN curve on the
inner limb and crosses just above the dissociation limit. The
perturbation between the Bl and (2)32+ states can occur through
the spin-orbit interaction Hg,. The nonvanishing matrix elements
are36 <81H(V'J)|HSO|(2)3Z+(vN(=J and J*1)J)>. The rate of the
predissociation is approximately proportional to the product of

the Franck-Condon factor |<v'|v>|2 and the electronic-rotational
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Fig. 11. Potential energy curves of NaK corresponding asymptote
Na(3s) + K(4p). (A): Spin-orbit interaction is neglected. The
C1g values for 1H, 3H, lE*, and 3Z* states are, respectively,
-0.5, 4.3, 48, and -~18 cm~ 1410, (B): Spin-orbit interaction is
included. The numbers are the values of 1 in Hund's case (c)

notation, and a letter in ( ) is a symbol to distinguish each.
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Table VIII. Eigenfunctions of 1(a, b, and c) states correlated
with the separated atoms Na(3s) + K(4p), which are expressed as
a linear-combination of the Hund's case (a) wave functions:

C1|32+i1> + C2|1Hi1> + C3|3Htl>°

State R/A Energy/cm~1 Cq Co Cg
1(a) 10 -17.657 0.023 0.760 -0.650
10.5 -8.141 0.019 0.742 -0.670
11 ~1.371 0.016 0.731 -0.682
11.5 3.520 0.013 0.724 -0.689
12 7.105 0.011 0.720 -0.694
13 11.772 0.008 0.714 -0.700
14 14.469 0.006 0.712 -0.702
16 17.107 0.004 0.709 -0.705
18 18.190 0.002 0.708 -0.706
20 18.682 0.002 0.708 -0.706
1(b) 10 -45.203 0.383 0.594 0.708
10.5 -32.,089 0.475 0.583 0.660
11 -21.666 0.557 0.560 0.614
11.5 -13.314 0.623 0.533 0.572
12 -6.657 0.673 0.508 0.538
13 2.745 0.735 0.471 0.489
14 8.547 0.767 0.447 0.460
16 14.437 0.796 0.423 0.431
18 16.890 0.807 0.415 0.420
20 18.002 0.812 0.412 0.415
1(c) 10 -121.842 0.923 -0.265 -0.278
10.5 -97.139 0.880 -0.330 ~0.341
11 -80.463 0.831 -0.389 -0.399
11.5 -69.136 0.782 -0.437 -0.444
12 -61.319 0.740 -0.473 -0.478
13 -51.844 0.679 -0.518 ~-0.521
14 -46.750 0.641 -0.542 ~0.543
16 -42.047 0.605 -0.563 -0.563
18 -40.203 0.591 -0.571 ~0.571
20 -39.384 0.584 -0.574 -0.574
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factor |<BII(J)|Hg | (2)3E%(N(=J and J+1)J)>|2. From the varia-
tion of the linewidth with v' [see Fig. 10}, the (2)32+ potential
curve probably crosses the BlIl curve near the left turning point
of the Blﬂ(v'=34) level. For such a crossing, we can expect on
Franck-Condon considerations a very rapid rise of the predissoci-
ation just before the crossing and a gradual falling off at
higher v'. We conclude that the remarkable line broadenings at

v'233 occur through the predissociation to Na(3szsl/2) +
K(4p2P1/2) atoms, the predissociation is caused by a strong spin-
orbit interaction between the BLIT and (2)32+ states, and the

potential curves cross around the inner turning point of the

BI(v'=34) level.
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Chapter 4. DOPPLER-FREE OPTICAL-OPTICAL DOUBLE RESONANCE
POLARIZATION SPECTROSCOPY FOR HIGHLY EXCITED

STATES OF THE 23Na39K MOLECULE

Rydberg states of the homonuclear alkali metal diatomic
molecules Li210'37'38, Na29'39, and K24O'41 have been studied for
many years, but the Rydberg states or highly excited states of
the heteronuclear NaK molecule have not yet been reported.
Density of the electronic states is very high at the high energy
region and many transition lines can be overlapped. A Doppler-
free OODR polarization spectroscopy is a very useful technique
for studying the highly excited states. The spectrum is simpli-
fied, because transitions only from a chosen vibrational-
rotational level can be observed.

The highly excited states of the NaK molecule were observed
by using a technique of the Doppler-free OODR polarization spec-
troscopy. By choosing the BlIl state as an intermediate state,
the stepwise excitation allows to excite to the highly excited
1Z+, 1H, and 1A states. The scheme of the stepwise excitation
1A(v, J) e Blﬂ(v', J') « X12+(v"=0, J") is shown in Fig. 12.
Four 1E+, three 1H, and five 1A states were observed in the
energy regions 33016~33674 cm~! and 34449-34717 cm™l, and the
molecular constants were determined. In the observed OODR polar-
ization spectra, many lines are found to deviate from the extrap-
olated values. Several types of the perturbation between closely
lying electronic states were found. These results are reported

in this chapter.
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Fig. 12. A scheme of the OODR stepwise excitation to study highly

excited states.
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4.1 Experimental

The details and experimental arrangement of the OODR polari-
zation spectroscopy is described in Chapter 2 and 3.1. In case
of a stepwise excitation of the NaK molecule, the pump laser
(Coherent CR699-21, operated by Rhodamin 6G dye) is tuned to a
center of Doppler profile of a known transition Blﬂ(v', J') «
X12+(v"=0, J") and the wavenumber is fixed. The probe laser
(Coherent CR699-29, operated by Kiton Red or Rhodamine 6G dye) is
scanned through the spectral range of transitions to the highly
excited levels R(v, J) from the intermediate Bl (v', J') level.

When two transition lines are accidentally located within
the Doppler width of the pump transition, they are simultaneously
excited and two intermediate levels are populated. In such case,
another OODR spectrum was measured by changing the pump transi-
tion. For an example, if the P(J'+l) line is overlapped with the
other line, the R(J'-1) line is selected as the pump line. By
comparing the term values of the R(v, J') level obtained from the
P(J'+1) and R(J'-1) lines, we can confirm that the assignment of

the P(J'+1l) line.

4.2 Determination of the Molecular Constants of Highly Excited

States of the 23Na3%k Molecule
4.2.1 Assignment of the Observed Transition Lines

From the BLII state, 1Z+, 12', 1H, and 1A states can be
excited by an electric dipole transition. The electronic state
excited by the OODR stepwise excitation can be assigned from the

spectral patterns of the OODR polarization spectrum. From the
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selection rules for a electronic dipole transition [Eg. (3.1)~
(3.5)] and the relative intensities calculated by the HOnl-London
factor S(AjJ;«<AJ) [in Table III] and the polarization factor CC
(or L)(JleJ,thJl) [in Table II]. The allowed transitions at
large J are schematically shown in Fig. 13. When a circularly
polarized pump beam is tuned to a P or R line, P and R lines can
be detected as the Lorentian shaped lines of different signs for
the 13* « 111, 111 « 110, and A « I transitions. If the polari-
zation of the pump beam is elliptical, Q lines can also be de-
tected as a dispersed lines for the 1v- « 11 and A « 0 transi-
tions. On the other hand, when a linearly polarized pump beam,
of which polarization plane is chosen to be 45° against the probe
polarization, is tuned to a Q line, Q lines can be detected for
the 1z* « 1 and A « 1I'Itransitions, and weak P and R lines can
also be detected for the 13X~ « 1H, 1 - lﬂ; and 1A « I transi-
tions. Note that the Q line of the 1IT « lI1 transition can be
detected at only small J, because the intensity is proportional
to 1/J2 as we can see the HOinl-London factor. [Table III]

In the observed region, several 12*, 1H, and 1A states,
except 1y- state, could be observed and assigned. The observed
spectral lines, which are assigned as the g+ o 1H; 1 - lH, and
1A « M1 transitions are shown, respectively, in Fig. 14(a), (b)),
and (c). The upper traée (A) represents the OODR polarization
signals which were observed when the circularly polarized pump
beam was tuned to the B1H(v'=9, J'=30e) « X12+(v"=0, J"=31le)
transition [P(31) line]. The lower trace (B) represents the ones

which were observed when the linearly polarized pump beam was
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Fig. 13. Spectral patterns of the OODR polarization spectrum with
circularly.polarized pump beam tuned to P or R line (A), and
linearly polarized pump beam tuned to Q line (B). A dotted-
bréken line in (A) is for the dispersion shaped signal, and a

broken line in (B) is for the weak intensity signal.
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Fig. 14. A part of the OODR polarization signals. (a), (b), and
(c) are the 1y+ _ Blm, Im - B, and 1A - BN transition lines.
Upper trace (A): a circularly polarized pump beam was tuned to
the Bln(v'=9, J'=30e) -~ X12+(v"=0, J"=31le) transition; lower
trace (B): a linearly polarized pump beam was tuned to the Bl
(v'=9, J'=30f) - X12+(v“=0, J"=30e) transition. Lines with w

originated from other types of the OODR transitions.
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tuned to the Blﬂ(v'=9, J'=30f) « X12+(v“=0, J"=30e) transition
[Q(30) line].

A part of the OODR polarization spectrum which contains the
1A(v, J=29e, 30f, and 3le) « BlI(v'=9, J'=30e) and 1Z*(v, J=29e)
- Bln(v'=9, J'=30e) transitions is shown in Fig. 15. In this
case, the Blﬂ(v'=9, J'=30e) « x1lz+ (v"=0, J"=3le) transition was
chosen as the pump transition by a circularly polarized pump
beam. In addition to the lines of the sequential two photon
absorption, many extra lines are observed, as we can see in
Fig. 15. The extra lines in Fig. 15 are assigned as the transi-
tions toﬂthe levels of the BlIT and clZt states from the X12+(v",
J"=29e and 3le) levels populated by the radiative transitions
Blﬂ(v'=9, J'=30e) - X12+(v", J=29e and 3le). |[see Fig. 1(d)]
Since the molecular constants of the Nak x1=*, BlM and clz+
states are known,17'16'42 these extra lines can be easily as-
signed from the combination difference of the P(J+1) and R(J-1)
lines.

The energy region of 33016~33674 cm~! above the potential
minimum of the ground state could be studied when the Blﬂ(v'=9,
J'e/f) « X12+(v"=0, J"e) transitions (mainly J'=30-40) were
chosen as the pump transitions, and more than 400 rotational
levels of the highly excited states were observed. Among them,
215 levels were assigned to 1A states, 21 levels to In states,
and 106 levels to !Xt states. From the rotational constants By,
and the vibrational spacings AG,,, the observed lines were at-
tributed to three 12+, two 1M and three lA states. The molecu-
lar constants will be reported in the next section. The progres-

sion of the vibrational levels could be found in two lA states
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and three lZ* states. These states are notated as the FlA, GlA,
ls*, 1l3*, ana Jlz*.

The energy region of 34449-34717 cm~1

above the potential
minimum of the ground state could be studied when the B1H(v'=6,
J'e/f) « X12+(v"=0, J"e) transitions (J'=18, 20, and 22) were
chosen as the pump transitions, and 32 rotational levels were
assigned to two 1A states, one 1n state, and one ly+ state. The
progression of the vibrational levels could be found in only one
1A state. This state is notated as the KA state. The excited
states which were observed at only one vibrational level are
noted as’the R, (n=1-6) in order of the energy.

The assignment of J were easy because the intermediate level
of known J' were chosen by the pump laser. But the vibrational
numberings are difficult and the estimate will be discussed in

the next section.

4.2.2 Molecular Constants of Highly Excited State and the

Potential Energy Curve of the GlA state

The term energy is expressed by Eq. (1.3) and (1.4). From
the term energy of the observed transition lines, the molecular
constants Eg, B,, and D,, of the observed highly excited states
were determined by a least-squares-fitting procedure. The ob-
tained molecular constants of the 1A states and others are
listed, respectively, in Table IX and X. The vibrational quantum
number vg, vg, see, in Table IX and X represent the lowest ob-
served level of the F, G, +++, state, respectively. The energy
Eg of the assigned levels are schematically shown in Fig. 16 and

17.

61



Table IX. Molecular constants EOV, B, and D,, of the NaK F, G,

and KlA states. All values are in units of cm'l. N is the number

v

of rotational energy levels used to determine the constants. Jgip

and Jg., are the minimum and maximum rotational quantum number

used to determine the constants.

0 2 7
state v E 10“B,, 107D, N(J max)

v min-

FlA ve 32877.147  6.7452 — 2 (39, 41)
ve+l 32958.209  6.7750  2.0905 10 (29, 42)
ve+2 33039.174  6.7401  2.4856 9 (29, 42)
ve+3 33119.716  6.6976  2.2599 30 ( 2, 41)
ve+d 33200.233  6.6524  2.0065 11 (27, 43)

cla 11 32909.318 6.9904 — 3 (37, 41)
12 32997.827 6.8010 1.8663 7 (29, 41)
13 33084.295 6.7363 1.4801 8 (29, 42)
14 33169.183 6.6811 1.9249 6 (29, 41)

15 33252.134 6.6272 3.3997 14 (27, 41)

16  33335.759 6.2787 -5.3069(8) 6 (31, 41)

17  33411.516 6.4805 2.2898 4 (29, 41)

18  33488.808 6.4041 1.5432 4 (29, 41)

19  33565.825 6.2364 — 2 (39, 41)

K1A vi  34518.842 6.8369 1.3211 5 (17, 23)
v+l  34604.184 6.7906  0.8789 5 (17, 23)

v +2 34688.856 6.7491 — 2 (17, 19)

(a) The anomalous values may be originating from the perturbation.
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and D, of the NaK 1y+ 1q,

1A states. All values are in units of cm'l. N is the number of

Table X. Molecular constants EOV, By,

rotational energy levels used to determine the constants.

J and Jp,, are the minimum and maximum rotational quantum

min

number used to determine the constants.

0 2 7
state v EV, 10“B,, 107p,, N(J J

min- max)

Hlz* v, 32951.694 6.4095 1.5405 8 (29, 41)
vp+2  33123.350 6.3816 4.2940 41 ( 9, 48)

vh+t3 33206.686 6.2457 1.6150 8 (29, 43)

izt vi  33044.409 6.6032 3.2224 7 (29, 42)

vi+1l 33127.937  6.4000 -8.6281(3) 20 (17, 41)

Jlz+ vy 33161.873 6.4517 -4.3626(3) 6 (29, 41)
vj+2 33333.544 6.5550 1.1833 9 (31, 41)

Ry 1A v, 33108.476 6.4865 2.2990 9 (29, 41)
R, LTI v, 33143.131 6.5939 1.5362 8 (27, 41)
RyII vy  33281.128 6.5773 3.5670 8 (29, 41)

Ry1Z* v, 34510.430  6.3692 -8.8132(3) 5 (17, 23)
Rg 111 vs  34529.425  6.6621  3.6313 4 (17, 23)
RglA ve  34592.702  6.5642 — 2 (17, 19)

(a) The anomalous values may be originating from the perturbation.

63



ES /em™

34800 1
, K'A
Vh+ R61A
: —
34500+ Vh
- ]
33600 ven 2B
F ———
- Fa —
V¢t — R1 1A
— Vi
V¢ Vg ™
32800
(vg=11)

Fig. 16. The vibrational level energies (Es) of the observed 1A
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For the G!A state, the progression of the vibrational
levels could be found for vg to vg+8, where vg is the vibrational
gquantum number of the lowest observed level of the GlA state.
The assignment of the vibrational quantum number is possible if
the dispersed fluorescence is observed. However, we could not
observe the fluorescence spectra from the GlA state. The 1A
state cannot directly radiate to the lower alzt or x1z* state.
The fluorescence to the BlM state cannot be distinguished from
the fluorescence originated from the pump or probe transition.

Recently, Bautista et. al.43 reported a method todetermine
the vibrational gquantum numbers by a simple algebraic procedure.
By applying this method, we estimated as vg=10 or 11, and vg=20.
From the estimated v value and the molecular constants in Table
IX, we calculated the Dunham coefficients Yi,j(j=o and 1)16 for

the GlA state :

0 i

E;, - T, - 4B, = 2 Yin(v + 1/2) (4.1)
i

v e v i=0.1,2 0

B, = T  Yy(v+ 1/2)%, (4.2)
1=0,1,2

From the Dunham coefficients Y;5 and Y;; obtained above, the
potential energy curve of the GlA state was calculated by the
RKR method.zo'21 And then, we calculated the Frank-Condon fac-
tors of the GlA(v) - Blﬂ(v'=9) transitions. These procedures
were performed for several v values around the vg=10. From the
comparison between the calculated Frank-Condon factors and the
intensity pattern of the observed OODR signals, we have deter-
mined Vg to be 11. The resulting Dunham coefficients and the RKR

turning points for the GlA state are listed, respectively, in

Table XI and XII. The rotationless potential energy curve is
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Table XI. Dunham coefficients for the NakK GlA state. All value

given by cm~1.

-2
T, 31761.70 Yo1 7.62861x10
Y;o  110.209 Y;;  -6.56598x1074
Y50 -9.0764x1071
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Table XII. RKR potential energy curve of NakK GlA state. Rpin

and Ry, are turning points at the each vibrational value. R

X e

is the equilibrium internuclear distance.

v V(R)/cm’1 Rmin/A Rmax/A
Ry = 3.9095
-0.25 27.8029 3.8113 4.0159
0. 54.8307 3.7719 4.0637
1.00 163.2244 3.6801 4.1892
2.00 269.8029 3.6207 4.2827
3.00 374.5660 3.5746 4.3635
4.00 477.5139 3.5361 4.4371
5.00 578.6464 3.5027 4.5061
6.00 677.9637 3.4729 4.5721
7.00 775.4657 3.4459 4.6357
8.00 871.1524 3.4212 4.6977
9.00 965.0238 3.3983 4.7585
10.00 1057.0800 3.3768 4.8183
11.00 1147.3208 3.3566 4.8776
12.00 1235.7464 3.3375 4.9364
13.00 1322.3567 3.3192 4.9950
14.00 1407.1517 3.3018 5.0535
15.00 1490.1314 3.2850 5.1121
16.00 1571.2958 3.2689 5.1709
17.00 1650.6450 3.2531 5.2299
18.00 1728.1788 3.2378 5.2893
19.00 1803.8974 3.2229 5.3492
20.00 1877.8007 3.2084 5.4097
21.00 1949.8886 3.1941 5.4709
22.00 2020.1614 3.1800 5.5329
23.00 2088.6188 3.1661 5.5957
24.00 2155.2609 3.1524 5.6595
25.00 2220.0878 3.1388 5.7243 .
26.00 2283.0993 3.1252 5.7904
27.00 2344.2956 3.1116 5.8577
28.00 2403.6766 3.0980 5.9263
29.00 2461.2423 3.0844 5.9966
30.00 2516.9927 3.0707 6.0684
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shown in Fig. 18.

Starting from the intermediate Blﬂ'state, which dissociates
to the Na(3s) + K(4p) atoms, only the transitions involving the
K(4p) electron have appreciable transition probability to states
correlated with the atomic asymptote Na(3s) + K(ns) and Na(3s) +
K(nd). Similarly, transitions involving the Na(3s) electron can
lead to doubly excited states arising from the atomic asymptote
Na(np) + K(4p). The possible atomic asymptotes of the GlA state
are shown in Fig. 18. Stevens et. al.35 calculated the potential
curves for the three 1A states correlated with the Na(3s) +
K(3d), Na(3d) + K(4s), and Na(3p) + K(4p) atomic asymptote by the
full-valence configuration interaction computations. The molecu-
lar constants of the 1A states and the NaK' ion ground state
x2xt 44,45 are listed in Table XIII for comparison. The molecu-
lar constants of the calculated 1A state correlated with the
atomic asymptote Na(3s) + K(3d) and the ones of the GlA state
are similar. It suggests the GlA state may be correlated with
the Na(3s) + K(nd). From the similarity of the constants, we
assumed the GlA state correlated with the atomic asymptote
Na(3s) + K(5d). .

As we can see from the Fig. 18, it is expected the doubly
excited 1A state which is correlated with the atomic asymptote
Na(3p) + K(4p) exists near the GlA state. The strong electro-
static interaction between the Rydberg state and the doubly
excited configuration were found in the Li210 and Naz46 mole-
cules. It is expected the Nak cla state interacts with the 1A
state correlated with Na(3p) + K(4p), and the G1A state is a

mixture of the Rydberg state and a balence state.
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Table XI1I. The molecular constants of Nak lA states and Nak?t

w ) ‘and Dg values are in cm'l.

x23* jon ground state. Te, Og,

eXer

R, is the equilibrium internuclear distance in A.

state asymptote T

1A Na(3s)+K(3d4)2 23352 103.6 0.70 3.724 4076
1A Na(3s)+K(44) — — — — —
1A Na(3d)+K(4s)3 29905 72.8 0.30 4.178 4744

1A Na(3p)+K(4p)2 35492 50.6 — 5.034 266%

cla Na(3s)+K(5d)b 31762 110.2 0.91 3.909 3699

To We Rg /)
X235t Na(3s)+ K* € 35620 —_ — — 4597
d 34585 89.8 — 3.81 5632

a. Reference 35.
b. This work.

c. Reference 44.
d. Reference 45.

f. This state is metastably bound with respect to Na(3p)+K(4p).
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For the 1IT and 1A states, the difference of the term wvalues
of the R(v, J) levels excited by the circularly and linearly
polarized pump beam gives the A-type splitting AE [see Fig.
13],

AE = E, je - Ey gr = q,[3(J+1) - A?], (4.3)
where q,, is the A doubling constants. The A-type doubling
originates from the L-uncoupling interactionl® between suffi-
ciently distant two electronic states with AA = t1. Many rota-
tional levels were found to irregular and deviates from the
extrapolated values. It suggests the perturbations between
closely lying electronic states. The obtained A-type splittings
AE are found to be irregular in many parts. From the observed

unperturbed lines, we estimated the q,, of the F1A and GlA states,

Fl1A state : q 1.5 x 1079 cm'l,

v

GlA state : o 0.5 x 107° cm~1,

\'4

The highly excited states, involving the Rydberg states,
belong with respect to the angular momentum coupling to the
intermediate range between the two limiting Hunt's coupling case
(a) and (d).11 In case (a) the electronic orbital angular momen-
tum L is strongly coupled to the internuclear axis ané its pro-
jection quantum number A is well defined. In case (d) L is
completely decoupled from the axis of the rotating molecule and
combines with the angular momentum R of the molecular rotation to
form the resultant N=R+L. The relative small A-type splittings

indicate that A is still a fairly good quantum number and Hund's

case (a) coupling is a good approximation.

72



4.3 Perturbation between the highly excited states

From the analysis of the observed transition lines, many
rotational levels were found to irregular and deviates from the
extrapolated values. It suggests the perturbations between

closely lying electronic states. The selection rules for pertur-

bation between the electronic states arell
AJ = 0 (4.4)
+ o + and - © - (e o e and £ & f) (4.5)
As = 0, #*1 (4.6)
AA = 0, #1. (4.7)

If the perturbation occurs between two levels, the higher level
is displaced upward and the lower level downward by an equal
amount, and the smaller the separation between the levels the
larger are their shifts.

For the spectral range of the FlA(v=vf+3) - BIH(V'=9) and
H12+(v=vh+2) « BIII(v'=9) transitions, the OODR polarization
spectrum was observed. The intermediate B1H(v'=9, J'=1~60e and
several J'f) levels were chosen by the pump laser. By using the
OODR technique, only a pair of the mutual perturbing levels could
be observed. The observed line positions (in cm'l) for each
intermediate J'e levels are schematically shown in Fig. 19

(similar to Fortrat diagramll),

where the only Q lines of the
FlA(v=vf+3, Jf) « BlH(V'=9, Je) transition are the transitions
to f levels, and others are the ones to e levels. [see Fig.
13(Aa)] In addition to the expected transition lines to the
FlA(v=vf+3) and H12+(v=vh+2) levels, other transition lines,

which are represented by 00 and A in Fig. 19, could be observed
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only at the place the interaction occurs with H1Z* state. Here
we shall call these interacting states as "U" state (for lines
with 0O ) and "T" state (for lines with A ), respectively. There
are three regions of the irregular line positions, and these are
shown as (a), (b), and (c¢) in Fig. 19.

(a) is due to the perturbation between the FlA(v=vf+3) and
H12+(v=vh+2) states. The deviations from the expected values
were found only for e levels. The molecular constants of the
FlA(v=vf+3) state are determined from f levels and listed in
Table IX. The differences between the measured term values and
the vglues calculated from the molecular constants are shown in
Fig. 20. The largest energy shift of the FlA(v=vf+3) levels is
about 0.2 cm™l at J=34. From the direction and the magnitude of
the energy shifts, the rotational level of the FlA(v=vf+3) and
H12+(v=vh+2) state is expected to cross at Jc=34. However, as we
can see from the Eq. (4.7), the 1A state cannot directly inter-
act to 13* state. A possible state which perturbs with both a
1A and 1=t state is a Il state. Both of the 1A ~ 1II anda Il -
1y+ perturbation can be induced by L-uncoupling interaction;18
Hjyp, = - B(J,L_ + J_L,), (4.8)
where B = ﬁz/ZuRZ, n is the reduced mass. J is the total angular
momentum and L is the electronic orbital angular momentum. J, =

Jy % iJY and L, = L, #* iLy, where x and y denote the molecule-

fixed coordinates with the z axis coinciding the internuclear

axis. The nonbanishing matrix elements between the 1A(v, Je)
and 11T state, and between the lZ*(v, Je) and 111 state are given
by47
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<IA(v, Je/f)|Hgy| (v, Je/f)> = - 2m;[3(3+1)-211/2,  (4.9)
and

<IM(v, Je)|Hyp|1Zt (v, Je)> = - 2n,[3(3+1)11/2, (4.10)
where m; and 7, are constants. The energy shift of the f levels
of the FlA state could not be observed. It suggests the per-
turbing Il state is far away from the F!A and H1Z' states.
Therefore, the perturbation between the F1A and H1Z* 1levels
occurs through a combination of the L-uncoupling interactions be-
tween the 1A(v, Je) and 1H(v, Je) levels:
<IA(v, Je)|HJL|1H(v, Je)>, and between the lII(v, Je) and I1y+(v,
Je) le;els: <1H(v, Je)|HJL|12+(v, Je)>. In such an indirect
perturbation of the FlA(v=vf+3) levels with the H12+(v=vh+2)

levels, the 1 state distant from these two states acts as

"transfer" state for the 1A ~ 1x+ perturbation.48

(b) is due to the perturbation between the H12+(v=vh+2) and
U state. The largest energy shift of the H12+(v=vh+2) levels is
about 0.55 cm~! at J=28. From the direction and the magnitude of
the energy shifts, the rotational level of the HIZ(v=vh+2) and U
state is expected to cross at J_,=25. The electronic state of the
U band could not be identified because the only e levels can be
observed through the perturbation with 13+ state which has only e
levels.

(c) is due to the perturbation between the H12+(v=vh+2) and
T state. The observed line shapes of the Hlzt (v=vL+2, J=38~44e)
- Bln(v'=9, J'=J-1le) and T(v, J=38~44e) « BlH(V'=9, J'=J-1le)
transitions are shown in Fig. 21. As we can see in Fig. 21

(lower trace), the transition lines to perturbing T(v, J=39~42,

and 44e) levels are split into four lines. Similar splittings
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were found for the BT ~ &3z perturbation and identified as the
hyperfine splittings of the 3zt state induced by the Fermi con-
tact interaction between the nuclear moment of 23Na and an elec-

tron spin.16

It suggests the observed splitting of the per-
turbed lines may be the hyperfine splitting. At J=43, the tran-
sition line to the Hl1Z* state is split to two lines, and the
transition line to T state has more complicate structure. [see
Fig. 21] These line shapes suggests that another perturbing
state interacts to the H12+ and/or T state. In order to identify

the perturbing states, more extensive work are necessary on the

perturbed regions.
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Chapter. 5. DOPPLER-FREE HIGH RESOLUTION LASER SPECTROSCOPY OF

THE Cs, D!Z} STATE AND THE PREDISSOCIATION

I. INTRODUCTION

The absorption spectrum of Cs, has six distinct band systems
at 480, 580, 625, 720, 760, and 1000 nm.%49-31 Raab et al.? used
the technique of the OODR polarization spectroscopy to study the
580 nm system, and they observed only P and R lines but no Q
lines, which led to the assignment of the band to the DlEa - xlzg
transition. The lines to low v' levels of the DIZ; state are
overlapped with the lines of the Clnu - Xlza transition. By
selecting an appropriate wavenumber region with a monochromator
to detect a selected series of the Dlza(v') - xlza(v") transi-
tions, Yokoyama et al.®2 observed the excitation spectra and
determined the spectroscopic constants for v'=0~5. Collins et
al.®3 studied the photolysis of Cs, by the two-photon technique;
the time delay between the photodissociation and detection of the
products was varied to separate the collisional effects from the
primary dissociation process. They found that the DlZG state
predissociates selectively to the Cs(62P3/2) and Cs(6281/2)
atoms. Amiot et al.®? studied the Dlzﬁ - Xlza transition by
Fourier transform spectroscopy, Doppler-free polarization spec-
troscopy, and OODR polarization spectroscopy. They found an
unusual vibrational spacing. Line broadening was observed in the
Doppler-free polarization spectrum and was attributed to the
predissociation.4

However, more extensive studies are necessary in order to

understand the perturbations and the mechanism for predissocia-
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tion. The Doppler-free polarization spectrum of the Dlzﬁ(v', J')
- Xlza(v", J") transition up to v'=58 was measured, and the
assignments of the Dlz; - Xlza transitions were confirmed by the
V-type OODR polarization spectrum. From the observed spectrum,
the molecular constants of the Dlz; state were determined more
accurately. The Doppler-free excitation spectrum was measured by
using an experimental setup where a collimated Cs beam is crossed
at right angles by the laser beam. The v' and J' dependence of
the linewidths of the D12G(v', J') - Xlzg(v“, J") transition was
found by selectively measuring the atomic emission at 852.3 nm
(62P3/2 - 6281/2 : Dy line). Using these spectroscopic data, we

identify the perturbing states and predissociation mechanism.
5.1 Experimental

Two experimental methods were used in this work.

(a) The Doppler-free normal polarization spectroscopy was
mainly used for the observation of the Dlza(v', J') - Xlza(v",
J") transitions. The experimental details and arrangement is
described in Chapter 2. and 3.1. In this case, Cs, vapor was
produced by heating cesium metal (5g) in a stainless heat pipe
oven, which was operated at 550K. A part of the Doppler-free
polarization spectrum, which contains the rotational lines of the
Dlza(v'=27) - Xlza(v"=2) transition, is_shown in Fig. 22. The
linewidths of the unperturbed rotational lines were about 75 MHz,
and were very sensitive to the vapor pressure. When the assign-
ments are difficult due to the perturbation, the V-type OODR

polarization spectrum was measured and confirmed the assignments.
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Fig. 22. A part of the Doppler-free polarization spectrum of Cs,
near the band origin of the Dlza(v'=27, J+1l) - X125(V“=2, J)

transition. The assignments are shown below the spectrum.
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In this case, a circularly polarized pump beam was tuned to a
center of the Doppler profile of a known transition Clnu(v'=12,
J'=34) - Xlzﬁ(v"=9, J"=33), and the probe laser was scanned
through the spectral range of the DIZ;(V', J'=32 and 34) - XIZE
(v"=9, J"=33) transitions.

(b) The experimental set-up for Doppler-free excitation

spectroscopy55

is shown in Fig. 23. The cesium beam was generat-
ed by expanding the vapor from the oven through a 300 pm orifice
into a high vacuum chamber ( < 10'6 Torr). Cesium metal (2g) was
put in the oven cell, and heated to 400°C. The cesium beam was
collimaféd by a conical skimmer with inner diameter of 1 mm at 5
cm from the nozzle, and crossed at right angles by the laser
light. The cesium beam was trapped by a liquid-nitrogen trap
after the excitation region. The emission was collected using a
concave mirror and was detected by a red-sensitive photomultipli-
er (Hamamatsu R943-02) and a photon-counting system (Hamamatsu
C767). The beam contained mainly Cs atoms, a small amount of Cs,y
molecules, and a trace of higher clusters. From the rotational

and vibrational line spacings of the excitation spectrum, we
identified the spectral lines as originating from the Dlz; - Xlza
excitation of the Cs,; molecule. Contributions from the Cs atom
and the higher clusters were negligible in the present study.
The cesium beam was effusive with a rotational temperature of the
Cs, molecule estimated to be about 200 K from the intensity
distribution of the rotational lines. Two color filters (TOSHIBA
C50S and R62), which transmit from 610 to 690 nm (transmittance >

20 %), were used to detect the fluorescence from the DIES state

of the Cs, molecule, and appropriate interference filters to
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Fig. 23. The experimental setup for the Doppler-free excitation

spectroscopy.

S:

conical skimmer,

M: concave mirror, F: filter,

PM: photomultiplier, and PD: photodiode.

84



detect selectively the D2(62P3/2 - 6281/2) or D1(62P1/2 - 6281/2)
line emission from the photodissociated Cs atoms. Thus, we
measured separately the intensities of the Dlz; - xlzg molecular
fluorescence and the D, or D; atomic emission as a function of
the frequency of the tunable dye laser. We shall call these,
respectively, "an excitation spectrum monitored by the molecular
fluorescence," and "an excitation spectrum monitored by the D, or
D, atomic emission." The Doppler-free excitation spectrum in
Fig. 24 shows the rotational lines of the Dlza(v'=28) - xlzg
(v"=2) transition. The FWHM of the unperturbed lines of mostly

15 MHz was mainly due to the residual Doppler-width.

5.2 Determination of the Molecular Constants and Potential

Energy Curve of the 0125 State

The equilibrium internuclear distance of the Dlz; state 1is
much longer than that of the Xlza state (Fig. 25). Because of
the Franck-Condon principle,11 the transition to the low v' level
of the Dlz; state can be allowed only from high v" levels of the
Xlza state. Furthermore, the transitions to the low v' levels
are overlapped by lines of the Clﬂu - Xlza transition. Hence,
it was difficult to assign the Dlza(v', J') - Xlza(v",-J") tran-
sition for low v' in the spectrum obtained by normal polarization
spectroscopy. The transitions to the Dlzﬁ(v'=6) level was meas-
ured with the excitation spectrum by choosing the appropriate
wavenumber region through a monochromator to detect a selected

series of the Dlza(v') - XIZE (v") transitions.®? The transi-

tions to the Dlza(v'=7~58) levels were measured by Doppler-free
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Fig. 24. A part of the Doppler-free excitation spectrum of Cs,
beam near the D12$(v'=28, J=45) - xlza(v"=2, J=46) transition.
Upper trace (A) 1s the excitation spectrum monitored by the Dlzﬁ
- Xlza molecular fluorescence. Lower trace (B) is the excitation
spectrum monitored by the D, atomic emission. The atomic emis-

sion 1s about 5 times stronger than the molecular fluorescence.
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polarization spectroscopy. The molecular constants of the Xlza
state, which are accurate up to the dissociation limit, have been
reported.56 Using these molecular constants, the quantum numbers
v" and J" for each of a series of the P and R lines could be
easily assigned.

The term energies of 12+(v, J) levels are expressed in Eq.
(1.3) and (1.4). The wavenumber o(v'J', v"J") of the Dlza(v',
J') - XIZS (v", J") transition is given by .

o(v'J', v"Jg") = Egr g - Egn gn. (5.1)
The term energies Ev.,Jv of the Dlzﬁ(v':unassigned, J':assigned)
levels are calculated by Eq. (5.1) from the observed wavenumber
g(v'J', v"J") of the transitions and the term energies Egngn of
the assigned Xlza(v", J") levels. Molecular constants for the
Dlza(v'=6~58) levels were determined by the following procedures:
(i) Preliminary values of Ty and B, for each v were calculated by
a nonlinear least-squares fitting procedure57 for the levels with
J smaller than 30.
(ii) The values of Ty and B, obtained in these separate fittings
for v=6-58 and in Ref. 52 for v=0-5 were used as input data for

least-squares fittings, which yielded the Dunham coefficients Yij

(j=0 and 1):19

G, = X  Yiolv + 1/2)%, (5.2)
i=1,2,000

B, = b Yiq(v + 1/2)1. (5.3)

V. 120,1, 00 i1

(iii) From the Dunham coefficients Yijo and Y;; obtained above,

the rotationless potential curve of the Dlz; state was construct-
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ed up to v=58 by the RKR method. 20,21

(iV) For the RKR potential curve, the values of Gv' B D and

v’ v’

H,, for v=6-~58 were then calculated by the computational method
described by Hutson. 22

(V) With D,, and H,, fixed at these values, a nonlinear least-
squares fitting procedure50 for the levels with J<30 and v=6-58
was used to redetermine the values of Ty and B,,.

(Vi) with T, and BV fixed at these values, a nonlinear least-
squares fitting procedure50 for all the assigned rotational lines
of each v was used to redetermine the values of D,, and H,.

5029 assigned lines were used to determine the molecular
constants of the Dlzﬁ state. The results are listed in Table
XIV. Almost all line frequencies could be reproduced by these
constants with deviations of less than 0.01 cm~l. The standard
deviation for each v level is listed in Table XIV. The T, and By,
values of v=0-58 were used, respectively, to determine the Dunham
coefficients Y ;5 and Y;; by least-squares fitting. The results
are listed in Table XV. The values of D, and H,, are irregular
and are not appropriate for the Dunham expansion. From the
Dunham coefficients Yio and Y 4, the potential curve of the Dlz;
state was constructed by the RKR method. The results are shown

in Table XVI and are plotted in Fig. 25.
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Table XIV. The vibrational energy (TV), the rotational constant
(BV), and the centrifugal distortion constants (Dv and HV) for
each vibrational level of the nlz; state. 6E 1s the standard
deviation |EV,9bs - EV’SalI. All the values are in units of
cm™l. N is the number of transitions which were used to determine

the molecular constants.

v T, 1038, 10%p,  10%%H,  102%&E N
0  16708.9281 7.7507 4.756 -1.92 1.01 126
1 16728.6344 7.7023 4.788 -1.61 0.71 54
2 16748.1360 7.6548 4.823 -1.32 1.36 284
3 16767.4350 7.6083 4.857 -1.08 0.89 42
4  16786.5366 7.5627 4.880 -0.93 0.54 122
5  16805.4192 7.5179 4.881 -0.82 0.99 355
6  16824.1493 7.4783 4.999 0.46 0.40 30
7  16842.6481 7.4335 5.052 0.90 0.24 78
8  16860.9737 7.3901 5.090 1.23 0.13 58
9  16879.1207 7.3504 5.111 1.53 0.11 31

10  16897.0793 7.3019 5.109 1.64 0.17 96

11 16914.9148 7.2629 5.078 1.59 0.26 83

12 16932.5845 7.2262 5.019 1.48 0.31 60

13 16950.1233 7.1835 4.931 1.22 0.22 87

14  16967.5461 7.1440 4.815 0.93 0.12 22

15  16984.8653 7.1097 4.987 -2.55 0.19 75

16  17002.1049 7.0795 4.526 0.39 0.23 118

17  17019.2808 7.0486 4.365 0.23 0.25 107

18  17036.4099 7.0268 4.202 0.20 0.56 97

19  17053.5125 7.0009 4.045 0.29 0.16 27

20  17070.5936 6.9735 3.900 0.51 0.23 90

21 17087.6721 6.9511 3.774 0.87 0.15 57

22 17104.7393 6.9377 3.670 1.35 0.22 78

23 17121.7833 6.9224 3.592 1.92 0.56 91

24  17138.9109 6.9004 3.541 2.57 0.18 67

25  17155.9796 6.8740 3.519 3.27 0.21 106

26  17173.0459 6.8539 3.525 3.99 0.17 84

27  17190.0991 6.8432 3.558 4.70 0.38 121

28 17207.1373 6.8287 3.615 5.36 0.38 90

29  17224.1738 6.7987 3.692 5.93 0.19 68

30 17241.1668 6.7819 3.787 6.38 0.10 72

31 17258.1293 6.7609 3.893 6.64 0.22 37

32 17275.0321 6.7213 4.006 6.66 0.43 102

33 17291.9292 6.7281 4.120 6.36 0.14 84

34  17308.7414 6.6915 4.228 5.75 0.14 75

35  17325.4206 6.6549 4.326 4.78 0.34 40
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Table XIV. (Continued)
v Ty 1038, 109, 10154,  102%sE N
36 17342.3070 6.6222 4.409 3.43 0.85 75
37 17358.8184 6.6038 4.472 1.72 0.12 38
38 17375.2403 6.5553 4.512 -0.28 0.30 78
39 17391.8996 6.5666 4.528 -2.53 0.16 43
40 17408.2092 6.5127 4.522 -4.95 0.18 80
41 17424.1763 6.4819 -5.980 -7.48 0.44 76
42 17440.7890 6.4713 9.024 -10.11 0.27 108
43 17456.7905 6.4225 4.395 -12.76 0.20 105
44 17472.0103 6.4511 -9.235 -15.41 0.79 88
45 17488.8130 6.3623 4.266 -18.09 0.23 78
46 17504.4689 6.3229 -3.749 -20.79 0.39 91
47 17520.5948 6.3145 1.466 -23.38 0.65 71
48 17535.8881 6.2604 4.098 -25.77 0.15 83
49 17551.1546 6.2382 4.060 -27.81 0.70 90
50 17566.9549 6.2055 14.784 -29.23 0.61 86
51 17581.9293 6.1609 4.005 -29.63 0.27 98
52 17596.7910 6.1483 3.972 -28.50 0.63 90
53 17612.2826 6.0823 9.716 -20.50 0.25 85
54 17626.8711 6.0579 3.793 -17.87 0.19 76
55 17641.3258 6.0553 3.548 -4.80 0.32 62
56 17656.4898 5.9715 10.737 15.93 0.36 72
57 17670.6336 5.9473 2.287 40.49 0.20 81
58 17684.7012 5.9337 1.256 54.11 0.31 61
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Table XV. Dunham coefficients Yij for the Dlza state.a) All

values are in cm~1l.
i i ¥ i ¥y
1 0 19.9103 1 7.7820<10"3
2 0 -1.05117x10"1 2 -5.1690x10~3
3 0 2.37699x1073 3 5.8034.10"7
4 0 -4.43514.1074 4 4.8064x10"°
5 0 3.83326x107° 5 -1.601010"10
6 0 -1.46591x1076
7 0 2.86676x1078
8 0 -2.83418,10710
9 0 1.12767x1012

a)These values are useful for J<30.
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Table XVI.

The RKR potential energy curve of the Dlzﬁ state.

Ryin @nd Ry, are the turning points of each vibrational level.

R, is the equilibrium internuclear distance.

1

v Gy, /cm” Rpin/A Ryax/A v Gv/cm'1 Rnin/A Rpax/A
0 9.9314 5.5581 5.8781 31 559.1414 4.8031 7.5379
1 29.6373 5.4568 6.0134 32 576.0651 4.7924 7.5726
2 49,1443 5.3912 6.1128 33 592.9382 4.7819 7.6071
3 68.4536 5.3402 6.1976 34 609.7533 4.7714 7.6414
4 87.5643 5.2974 6.2738 35 626.5039 4.7610 7.6758
5 106.4753 5.2601 6.3443 36 643.1842 4.7507 7.7102
6 125.1865 5.2268 6.4106 37 659.7896 4.7405 7.7445
7 143.7005 5.1965 6.4737 38 676.3163 4.7305 7.7789
8 162.0222 5.1685 6.5342 39 692.7615 4.7206 7.8133
9 180.1595 5.1425 6.5924 40 709.1230 4.7108 7.8478
10 198.1231 5.1182 6.6487 41 725.3993 4.7013 7.8823
11 215.9262 5.0952 6.7032 42 741.5891 4.6919 7.9170
12 233.5837 5.0736 6.7561 43 757.6910 4.6828 7.9517
13 251.1123 5.0531 6.8074 44 773.7035 4.6739 7.9867
14 268.5291 5.0336 6.8573 45 789.6241 4.6653 8.0218
15 285.8520 5.0151 6.9057 46 805.4493 4.6570 8.0572
16 303.0980 4.9976 6.9528 47 821.1746 4.6489 8.0931
17 320.2836 4.9808 6.9985 48 836.7937 4.6411 8.1294
18 337.4239 4.9649 7.0430 49 852.2994 4.6336 8.1662
19 354.5320 4.9497 7.0862 50 867.6833 4.6263 8.2036
20 371.6193 4.9351 7.1283 51 882.9365 4.6193 8.2418
21 388.6946 4.9212 7.1692 52 898.0506 4.6126 8.2808
22 405.7644 4.9078 7.2092 53 913.0192 4.6062 8.3207
23 422.8331 4.8949 7.2482 54 927.8395 4.6002 8.3614
24 439.9021 4.8825 7.2864 55 942.5153 4.5948 8.4027
25 456.9712 4.8704 7.3239 56 957.0602 4.5900 B8.4445
26 474.0379 4.8586 7.3607 57 971.5018 4.5862 8.4863
27 491.0978 4.8472 7.3969 58 985.8872 4.5837 8.5273
28 508.1452 4.8359 7.4327
29 525.1734 4.8248 7.4681 Re = 5.7095 A
30 542.1748 4.8139 7.5031
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Fig. 25. The potential energy curves for Cs,. The curves of the
Dlza, Clﬂu, and Xlza states are calculated by the RKR method
from the molecular constants in this work, Ref. 4, and Ref. 56,
respectively. The curve of the (2)3Hu state is a Morse function
estimated in this work. The dotted line is the estimated diabat-
ic potential energy curve of the 032; state, which is expected to
cross the potential curve of another 323 state,55 which is bound

and separates into the Cs(52D3/2) and Cs(6281/2) atoms.
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5.3 Perturbation Between the Dlzﬁ and (2)3Hu States

-G, =T

The vibrational spacing AG,, = G v

- T

v for the

v+l v+l

9125 state was calculated from T, in Table XIV, and is plotted as
a function of v by open circles in Fig. 26. The fitted values of
AGV, which are calculated from Eq. (5.3) and the Dunham coeffi-
cients Y ;5 in Table XV, are shown by filled circles in Fig. 26.
AGV decreases linearly as v increases for v=0-12. AGv is almost
invariant for v=17-29, but large differences between AGv and the
fitted values are observed for v>35. The striking variation of
AGV with v was first found by Amiot et al.,54 but their detailed
values are slightly different from our results. They reported a’
large deviation from the fitted AG,, curve around v=12-19, but we
could not find such a deviation. The discrepancy may result from
a wrong assignment of v' or J'. In order to confirm our assign-
ments, the V-type OODR polarization spectrum was observed.
Starting from a selected lower level Xlza(v“=9, J"=33), the OODR
polarization signals for a vibrational progression to the upper
levels DIZG(V'=5~14, J'=32 and 34) were observed. A part of the
OODR polarization spectrum is shown in Fig. 27. A comparison of
the OODR polarization spectrum and the normal polarizaéion spec-
trum is shown in Fig. 28. Because transitions only from the
selected Xlzg(v", J") level are observable in the OODR polariza-
tion spectrum, the v' and J' quantum numbers of the Dlza(v', J')
- Xlzg(v", J") transition could be accurately assigned.

Usually, AGv decreases regularly as v increases because of
the anharmonicity. The observed change of AGv with v results

from a change in the gradient of the potential curve of the Dlza
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Fig. 26. Open circles (o) show the variation of vibrational
spacing AGV of the Dlz; state with v. Filled circles (®o) are
the fitted values of AGV, which are calculated from Eq. (5.4)

and the Dunham coefficients YiO in Table XV.

95



16571.4

16570.4 16554.0

ok

16536.5

16553.0

v'=12

16518.9

16535.5

16501.1 ¢m—1

16517.9

R{33)

»

16500.1 cm-1

Fig. 27. A part of the OODR polarization spectrum for the nlz;
(v'=10~14, J'=32 and 34) - Xlzs(v"=9, J"=33) transitions: P(33)
and R(33). The C1Hu(v'=12, J'=34) - Xlza(v"=9, J"=33) transition
is used as the pump transition. Rotational lines R(35) and P(31),
which are induced by a collisional energy transfer, are also
observed.
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Fig. 28. Top (A) is the fluorescence excitation spectrum of I,
for calibration of the absolute wavenumber. The second (B) is a
part of the OODR—polarization spectrum, where the CIHu(v'=12,

J'=34) - Xlzg(v“=9, J"=33) transition is used as the pump transi-

tion. Bottom (C) is the normal polarization spectrum and a part

of the assignments.
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state. No perturbations were found in the individual rotational
lines of the P and R branches for each vibronic trénsition.
However, large deviations of AGV from the fitted AGv curve were
observed for v larger than 35 (Fig. 26). Almost all rotational
levels of a vibrational state deviate uniformly from the regular
changes in a vibrational progression. Such a perturbation is
called a vibrational perturbation.11

Perturbations can occur only between levels of the same
total angular momentum J; the selection rule is AJ=0.11,18 phe
resulting shift of a level increases as the energy separation
between the perturbing levels decreases. The AG,, values for
v=35-58 are fluctuating; some are shifted upward and some down-
ward from the fitted values. If the perturbing state is a con-
tinuous state, such non-uniform energy shifts are not observed.
From this fact, we can conclude that the perturbing electronic
state is a bound state. The shift of all rotational levels of a
vibrational state can occur if the rotational constants of two
perturbing vibrational states are nearly equal; when the energy
separations between levels of the same J of the two perturbing
vibrational states are equal, the uniform shift of all rotational
levels of a vibrational state occurs. Hence, the equilibrium
internuclear distance of the perturbing state can be estimated to
be nearly equal (within #0.2 A) to the Dlz; state.

A possible perturbing state is the (2)31'1u state, which
asymptotically dissociates into the Cs(GZSl/z) and Cs(52D3/2)

atoms. 58

The perturbation between the Dlza and (2)3Hu states is
induced by the spin-orbit interaction (HSO). The nonvanishing

matrix elements between the three Hund's case (a) states 3HQ (Q
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=0, 1, and 2) and a 1Z* state are?”
dst(vr, J)IHSOl3HO(V, Je)> = § = Egy<v'|v>, (5.4)
where the symbol e refers to an e level of the A-type doubling.

The perturbed term energies are expressed as

PTE, = {E, + E; + [(E, - E;)2 + 48211/23/2,

PTE_ = (E, + E; - [(E, - Ej)2 + 4E211/2y/2, (5.5)
where E; and E, are the unperturbed energies of the Dlza(v', J)
and (2)3H0u(v, Je) levels, respectively. For a given pair of
interacting levels, the higher level is displaced upward and the
lower- level downward by an equal amount. For a given E, the
smaller the separation between the levels, the larger are their
shifts. From the direction of the energy shift of the Dlzﬁ(v')
level, we can estimate the location of the perturbing (2)3H0u(v
e) level. By analyzing a series of shifts of the observed vibra-
tional energies of the Dlza(v'=35~58) levels from the extrapolat-
ed values, the value of AGV = Gy41 - Gy for the (2)3Hu state
around Dlzﬁ(v'=40) is estimated to be 12 cm'l, and the value of
WgXe to be 0.033 cm™l.

Large shifts of the vibrational levels of Dlza(v') around
v'=35-58 suggest that the potential curve of the (2)3Hu state
crosses the potential curve of the D12$ state at about v'=40.
Since the level shifts are observed only for v'>32, the potential
minimum of the (2)3Hu state is predicted to lie above the poten-
tial minimum of the Dlz; state.

In order to reproduce the above factors, we estimate that
the potential curve of the (2)3Hu state is described by the

Morse potential
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V(R) = 17028 + 1500{1 - exp[-0.35886(R ~ 5.85)] }2, (5.6)

where V(R) is in units of cm'1 and the internuclear distance R is
in units of A. The vibrational level energies are given by;59
E, = 17028 + 14.0(v + 1/2) - 0.032667(v + 1/2)2. (5.7)

The unperturbed energy (Ev) of the Dlzﬁ(v, J=0) level, which can
be approximated by the fitted level energy, is calculated from
the Dunham coefficients in Table XV. The energies E; of the
Dlza(v=34-58) and (2)3Hu(v=21~53) vibronic states are shown in
Fig. 29. The difference between an observed level energy, which
is 1isted’as Ty, in Table XIV, and the unperturbed level energy
(Ey) is shown as AE (= T,, - E,) in Fig. 29. The observed shifts
(AE's) of the DIZ; vibronic states can be explained very well by
the location of the unperturbed Dlzﬁ and (2)3Hu vibronic states,
as can seen in Fig. 29. Eq. (5.6) should represent the potential

curve of the (2)2Il, state fairly well for V(R) < 17700 cm~l.
5.4. Predissociation of the Dlz; State

Line broadening was observed in the Doppler-free polariza-
tion spectrum, and was attributed to the predissociation.4 In
order to study the predissociation more directly, we measured
separately the excitation spectra monitored by the molecular
fluorescence and the excitation spectra monitored by the D, or D;
atomic emission. In order to eliminate collisional effects and
to obtain a Doppler-free high resolution spectrum, we used a
collimated cesium beam crossed at right angles with the laser
beam. The intensity of the excitation spectrum of the Dlzﬁ(v',
J') - Xlzg(v", J") transition monitored by the molecular fluores-

cence became very weak as v' increases. Conversely, only the
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Fig. 29. The unperturbed level energies (EV') of the DIZG(V',
J=0) state, as calculated from the Dunham coefficients in Table
XV. AE is the difference between the observed level energy, which
is listed as T, in Table XIV, and the unperturbed level energy
E,'. The unperturbed level energies (E;,) of the (2)3Hu(v, J=0)

state is calculated from Eq. (5.7). Strongly perturbing levels

(|AE|>0.1 cm'l) are connected by broken lines.
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excitation spectrum monitored by the molecular fluorescence could
be detected for v'<1l5. We could not detect any excitation spec-
trum monitored by the D; atomic emission for any v'. The ob-
served results show that (i) the predissociation of the DIZG
state occurs appreciably for v'>20, and the probability of pre-
dissociation increases with v'. (ii) all of the D12;(58>v'>20)
levels decompose selectively into two atoms Cs(62P3/2) and
Cs(62s) /7).

A significant change in the linewidth was observed for
v'>25. We measured the v' and J' dependence of the linewidth T.
An example of the change of the line shape with J' is shown in
Fig. 30. The linewidth increases with increase in J'. The 1line
broadening may be due to hyperfine splitting, but such structure
is not observed with our spectral resolution of 15 MH=z. The
predissociation ratio, which is proportional to the intensity
ratio of two excitation spectra monitored by the atomic emission
and monitored by the molecular fluorescence, is observed to
increase in parallel with the increase of the linewidth. Hence,
the hyperfine splitting is ignored. The observed linewidth can
be attributed to the lifetime broadening. The J' dependence of
I' was found to change significantly with v'. The observed
dependence of I' on J' for v'=28 and v'=46 is shown, respective-
ly, in Figs. 31 and 32. The linewidth I' is related to the
lifetime t of the level by

5.3:10"12  159,1079
F(cm'l) F(MHz).

T(s) = (5.8)

The lifetime Tt is related to the predissociation rate k. and the

p
radiative decay rate k, by
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D1Z.:(V’=46) - X1Z.5(V”:0)
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Fig. 30. The J-dependence of the spectral line shape of the
Dlzﬁ(v'=46, J+1) - Xlza(v"=0, J) transitions. These are the
excitation spectra monitored by the D, atomic emission. The
spectral resolution is 15 MHz, and the frequency scale is shown

on the top.
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T = 1/(kp + ki), ‘ (5.9)
The increase of the linewidth represents the increase of the pre-
dissociation rate. The lifetimes of the Dlza(v'=46, J'=30~70)
levels are calculated to be about 1 ns from the observed I' (Fig.
32) and Eq. (5.8). The radiative lifetime of the Dlz; state is
about 35 ns.60 Hence, the observed linewidth can be attributed
to the predissociation rate; the predissociation rates kp of the
plxzt(v'=46, 3'=30-70) levels are 107 s~1.

In the previous section, it is shown that the Dlza(v', J)
level is perturbed by the (2)3Hu(v, Je) level. The (2)3Hu state
is expected to be bound. Hence, the perturbation‘with the
(2)3Hu state does not lead directly to predissociation. The

most probable repulsive state, which leads to predissociation, is

the 032; state.®® However, there is no interaction between 1I*

and 33%* in the first order approximation.47 The perturbation
between the 3II and 3X* states occurs through L-uncoupling inter-
action. [Eq. (4.9)] The nonvanishing matrix elements between the
3HO(V, Je) and 3%* states are given by%7
<32 (N=33) |Hyy, | 3G(v, Je)> = [3(I+1)11/22y, (5.10)

where m is a constant. Therefore, the predissociatihn of the
DlZ; state occurs through a combination of the spin-orbit inter-
action between the Dlzﬁ(v', J) and 3Hou(v, Je) levels:

<12$(v', J)|HSO|3H0u(v, Je)>; and the L-uncoupling interac-
tion between the 3Hbu(V' Je) and 3ZG(N=JJ) levels:

<3H0u(v, Je)IHJL|3Z£(N=JJ)>. From these results, the potential

curve of the c323 state, which is repulsive and decomposes into

the Cs(62P3/2) and Cs(6281/2) atoms, is presumed to extend to the
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inner wall of the D12; state potential curve and to cross near
the Dlza(v'=40), where the crossing with the (2)3Hu state also
occurs.

As we can see in Fig. 31, the linewidth I', hence the pre-
dissociation rate, of the Dlza(v'=28) level increases proportion-
ally to J(J+1). This is in agreement with Eq. (5.11), which
shows that L-uncoupling induces the predissociation and the rate
is proportional to J(J+1). This tendency is observed for
v'=25~30. However, the J dependence of the linewidth I is found
to change drastically at higher v' (>35) levels. An example is
shown in Fig. 32. The linewidths I' increase significantly at
large J in the Dlza(v'=46) level. This J dependence may origi-
nate from a change in the energy spacing or the Franck-Condon
factors between the perturbing levels. More accurate molecular
constants for the (2)3Hu state are necessary for more detailed
analysis. Generally, the linewidth is observed to increase with
v'. This also indicates that the nlz; state is more predissocia-

tive at high v' values.
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APPENDIX. THE OBSERVED ENERGY LEVELS OF HIGHLY EXCITED

STATES OF THE 23Na39k MOLECULES

From the 2-step OODR polarization spectrum for the transi-
tions to the highly excited states of the NaK molecule, many
rotational levels of several 1Z+, 1H, and 1A states could be
observed and assigned (see Chapter 4). Here the transition ener-
gies of the transitions to highly excited levels from the pumped
B1H(v', J') levels and the term energies of the highly excited
levels are listed.

(1): The observed lines where the BlII(v'=9, J') « xlz+
(v"=0, J") transition was chosen as the pump transition are
listed in Table Al.

(2): The observed lines where the BlI(v'=6, J') « xlz*
(v"=0, J") transition was chosen as the pump transition are
listed in Table A2.

(3): For the perturbed region of the FlA(v=vf+3) and Hiz*
(v=vh+2) levels, the intermediate Blﬂ(v'=9, J'=1-60e and several
J'f) levels were chosen by the pump transition. In this case,
observed lines are listed in Table A3.

(4): The unexpected levels could be observed through the
perturbation with H1Z* (v=vLp+2) levels, and these levels are

listed in Table AA4.
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Table Al(a).

(v'=9,

Observed lines of the 23Na3%k FlA(v, J) « Blm

J') transitions.

The pump transition is fixed to one of

the B1H(V'=9, J') « X12+(v“=0, J") rotational transition lines.

inter- probe term
state mediate transition energy assignment
level energy
(v', J') (cm™1) (cm™1) (v, 3)
FlA 9, 40e  15320.0262  32982.1018  vg{P)3ge
15330.9534 32993.0290 41e
9, 30e 15396.1667 33016.7246 vetl, 29e
15400.3696 33020.9275 30f (a)
15404.3851 33024.9430 31le
9, 38e 15399.7886 33052.7820 vetl, 37e
15410.1321 33063.1255 39%e
9, 38f 15400.0705 33052.8594 vetl, 37f
15405.1007 33057.8896 38e
15410.4086 33063.1975 39f
9, 40e 15401.0489 33063.1245 ve+l, 39e
15406.4752 33068.5508 40f (a)
15411.9135 33073.9891 41e
9, 30e 15476.7978 33097.3557 vet2, 29e
15480.8013 33101.3592 30f (a)
15484.9675 33105.5254 . 3le
9, 30f 15476.7836 33097.3417 vet+2, 29f
15480.8154 33101.3735 30e
15484.9515 33105.5096 31f
9, 37e 15479.6910 33128.2418 vet2, 36e
15489.6978 33138.2486 38e
9, 38e 15480.1878 33133.1812 vet2, 37e
15490.4563 33143.4497 . 39%9e
9, 40e 15481.3732 33143.4488 vet2, 39%e
15492.1612 33154.2229 41e

114



(F1A)

9, 40f  15481.1485  33143.4285 vg+2, 39f
15486.4968  33148.7768 40e
15491.9429  33154.2368 41f

9, 4le  15481.6142  33148.7775 vg+2, 40e
15492.6581  33159.8214 42e

9, 30e  15556.9709  33177.5288 vg+3{C)20e
15560.9829  33181.5408 30€£
15565.0515  33185.6094 3le

9, 40e  15561.4024  33223.4780 v,+3(C)30e
15566.6121  33228.6877 40£
15572.1289  33234.2045 dle

9, 28e  15636.5535  33250.1396 vg+d, 27e
15640.2570  33253.8431 28f
15644.1051  33257.6912 29e

9, 30e  15637.1318  33257.6897 vg+4, 29e
15641.1114  33261.6693 30¢£
15645.2078  33265.7657 3le

9, 30f  15637.1323  33257.6904 vg+d, 20f
15641.1049  33261.6630 30e
15645.2141  33265.7722 31f

9, 32e 15637.7773 33265.7634 vg+d, 3le
15642.0305  33270.0166 32f
15646.3799  33274.3660 33e

9, 34e  15638.4918  33274.3636 ve+4, 33e
15642.9672  33278.8390 34f
15647.5706  33283.4424 35e

9, 36e  15639.2278  33283.4433 v.+4, 35e
15644.0207  33288.2362 36
15648.8858  33293.1013 37e

9, 38e  15640.1046  33293.0980 vg+4, 37e
15645.1409  33298.1343 38f
15650.2295  33303.2229 3%

9, 38f  15640.3376  33293.1265 vg+4, 37f
15645.3252  33298.1141 38e
15650.5028  33303.2917 39f

9, 40e  15641.1505  33303.2261 vg+4, 39e
15646.5394  33308.6150 40£
15651.8569  33313.9325 4le
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(F1A) 9, 40f

9, 4le

9, 42e

15641.0077
15646.2737
15651.6883

15641.3925
15652.3692

15641.9237
15653.1311

33303.2877
33308.5537
33313.9683

33308.5558
33309.5325

33313.9294
33325.1368

vetd,

vf+4,

vf+4,

390f
40e
41 f

40e
42e

4le
43e

(a) These Q lines are dispersion shaped signals.

(b) The lowest observed vibrational level vg is approximately 20.

(c) These FlA(v=vf+3) levels are listed in Table A3(a).
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Table Al(b).

(v'=9, J') transitions.

Observed lines of the 23Na3% GlA(v, J) « Blm

The pump transition is fixed to one of

the B1H(v'=9, J') « X12+(v"=0, J") rotational transition lines.

inter- probe term
state mediate transition energy assignment
level energy
(v', J") (cm~1) (cm™1) (v, J)
cla 9, 38e 15353.0219 33006.0153 11, 37e
15358.0204 33011.0138 38f (a)
15363.4839 33016.4773 39e
9, 40e 15354.3990 33016.4746 11, 39e
15359.8279 33021.9035 40f (a)
15365.3731 33027.4487 41le
9, 30e 15436.0269 33056.5848 12, 29e
15440.0795 33060.6374 30f (a)
15444.2800 33064.8379 3le
9, 38e 15439.8170 33092.8104 12, 37e
15450.2028 33103.1962 39e
9, 38f 15440.0167 33092.8088 12, 37f
15445.1520 33097.9441 38e
15450.4070 33103.1991 39f
9, 40e 15441.1216 33103.1972 12, 39e
15446.5067 33108.5823 40f (a)
15452.0456 33114.1212 dle
9, 40f 15446.3074 33108.5874 12, 40e
9, 30e 15521.9609 33142.5188 13, 29e
15525.9760 33146.5339 30f (a)
15530.1486 33150.7065 31le
9, 37e 15534.9845 33183.5353 13, 38e
9, 38e 15525.4512 33178.4446 13, 37e
15535.7584 33188.7518 39%e
9, 40e 15526.6802 33188.7558 13, 39e
15532.0187 33194.0943 40f (a)
15537.5135 33199.5891 4le
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(c1A)

9, 40f 15526.4673 33188.7473 13, 39f
15531.8238 33194.1038 40e
15537.2977 33199.5777 41f

9, 4le 15538.0376 33205.2009 13, 42e

9, 30e 15606.3387 33226.8966 14, 29%e
15610.3284 33230.8863 30f
15614.4471 33235.0050 3le

9, 38e 15609.4793 33262.4727 14, 37e
15619.6815 33272.6749 39%e

9, 40e 15610.6017 33272.6773 14, 39%e
15621.3197 33283.3953 4le

9, 40f 15610.3823 33272.6623 14, 39f
15615.6916 33277.9716 40e
15621.3197 33283.3872 41f

9, 30e 15688.7112 33309.2691 15, 29e
15692.6520 33313.2099 30f
15696.7221 33317.2800 3le

9, 30f 15688.7096 33309.2677 15, 29f
15692.6568 33313.2149 30e
15696.7208 33317.2789 31f

9, 32e 15689.2902 33317.2763 15, 3le
15697.8139 33325.8000 33e

9, 34e 15689.9210 33325.7981 15, 33e
15698.9597 33334.8368 35e

9, 36e 15690.6196 33334.8351 15, 35e
15700.1669 33344.3824 37e

9, 38e 15691.3864 33344.3798 15, 37e
15701.4361 33354.4295 3%

9, 40e 15692.3553 33354.4309 15, 39%e
15697.5767 33359.6523 40f
15702.9073 33364.9829 41e

9, 40f 15692.1578 33354.4378 15, 39f
15697.3624 33359.6424 40e
15702.7173 33364.9973 41f

9, 30e 15777 .7552 33398.3131 16, 3le
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(cla) 9, 32e 15770.3246 33398.3107 16, 3le
9, 34e 15779.5713 33415.4484 16, 35e
9, 36e 15780.6161 33424.8316 16, 37e
9, 38e 15771.8364 33424.8298 16, 37e

15776.5870 33429.5804 38f
15781.7531 33434.7465 39e

9, 39%e 15772.1883 33429.7236 16, 38e
15777.0899 33434.6252 39f
15782.3673 33439.9026 40e

9, 40e 15772.6717 33434.7473 16, 39%e
15777.7209 33439.7965 40f
15783.1063 33445.1819 41e

9, 40f 15772.3477 33434.6277 16, 39f
15777.6216 33439.9016 40e
15782.8299 33445.1099 41f

9, 4le 15772.7353 33439.8986 16, 40e
15777.9358 33445.0991 41f
15783.4068 33450.5701 42e

9, 42e 15773.1725 33445.1782 16, 4le
15778.5207 33450.5264 42f
15784.2402 33456.2459 43e

9, 30e 15847.1658 33467.7237 17, 29%e
15855.0178 33475.5757 3le

9, 40e 15849.9798 33512.0554 17, 39e
15855.0973 33517.1729 40f
15860.3548 33522.4304 41e

9, 30e 15923.5925 33544.1504 18, 29%e
15931.3753 33551.9332 3le

9, 40e 15926.,0052 33588.0808 18, 39e
15931.0761 33593.1517 40f
15936.3016 33598.3772 4le

9, 40e 16000.7870 33662.8626 19, 39e
33672.9655 4le

16010.8899

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a) These Q lines are dispersion shaped signals.
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Table Al(c). Observed lines for the 23Na39% 1x*, 1 ana

1A transitions.

The pump transition 1is fixed to one of the

BlII(v'=9, J') « x12*(v"=0, J") rotational transition lines.

inter- probe term
state mediate transition energy assignment
level energy
(v', 3") (em~1) (cm~1) (v, J)
lz* 9, 30e 15386.8038 33007.3617 v, . 29e
15394.5389 33015.0968 3le
9, 38e 15388.4837 33041.4771 v . 37e
15398.3805 33051.3739 39e
9, 40e 15389.2935 33051.3691 vy, , 39%e
15399.5013 33061.5769 4le
9, 30e  15558.1979  33178.7558 vp+2{C)29e
15565.8527 33186.4106 3le
9, 40e  15559.8475  33221.9231 vp+2{¢)39e
15569.9117 33231.9873 4le
9, 28e 15639.9047 33253.4908 v, +3, 27e
15647.1825 33260.7686 29e
9, 30e 15640.1825 33260.7657 vpL+3, 29e
15647.9608 33268.5187 3le
9, 30f 15644.0263 33264.5844 v +3, 30e
9, 32 15640.5293 33268.5154 v,+3, 3le
15648.7219 33276.7080 33e
9, 34e 15640.8344 33276.7062 vp+3, 33e
15649.4001 33285.2719 35e
9, 36e 15641.0578 33285.2733  vy+3, 35e
15649.9521 33294.1676 37e
9, 38e 15641.1762 33294.1696 v,+3, 37e
15650.4895 33303.4829 39e
9, 40e 15641.4077 33303.4833  vp+3, 3%

120



1lz+

9, 30e  15481.0344  33101.5923 vy , 29e
15489.0684  33109.6263 3le

9, 30f  15484.9871  33105.5452 vy , 30e
9, 37e  15483.4499  33132.0007 v; , 36e
15492.9867  33141.5375 38e

9, 38e  15483.9096  33136.9030 vy , 37e
15493.6409  33146.6343 3%e

9, 40e  15484.5558  33146.6314 vy , 3%
15495.0942  33157.1698 dle

9, 40f  15489.5657  33151.8457 vy , 40e
9, 4le  15484.6790  33151.8423  v; , 40e
15495.4453  33162.6086 42e

9, 30e  15563.6967  33184.2546 v;+1{d)20e
15571.7411  33192.2990 3le

9, 40e  15567.7349  33229.8105 v;+1{3)30e
15578.4063  33240.4819 dle

glz* 9, 30e  15597.7239  33218.2818 vy , 29e
15605.8230  33226.3809 3le

9, 38e  15600.4029  33253.3963 vy , 37e
15610.6010  33263.5944 39

9, 40e  15601.5173  33263.5929  vj , 3%
15612.1987  33274.2743 dle

9, 40f  15606.5733  33268.8533  v; , 40e
9, 30e  15768.7685  33389.3264  v4+2, 2%
15776.7628  33397.3207 3le

9, 32e  15769.3313  33397.3174 vy+2, 3le
15777.7626  33405.7487 33e

9, 36e  15770.0312  33414.2467 v4+2, 35e
9, 38e  15770.3285  33423.3219  v4+2, 37e
15779.93 33432.92 39%e

9, 3%  15770.5301  33428.0654 v4+2, 38e
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(J12+) 9, 40e 15770.8344 33432.9100 vj+2, 39%e
15780.8704 33442.9460 41e

9, 40f 15775.5850 33437.8650 vj+2, 40e
9, 4le 15770.7051 33437.8684 vj+2, 40e
9, 42e 15770.9360 33442.9417 vj+2, 41e
RllA 9, 30e 15543.9256 33164.4835 vy , 2%e
15551.7733 33172.3312 3le

9, 32e 15544.3473 33172.3334 vy , 3le
15552.7209 33180.7070 33e

9, 34e 15544.8316 33180.7034 vy , 33e
15553.7122 33189.5840 35e

9, 34f 15544.4864 33180.3628 vy , 33f
15549.2058 33185.0822 34e
15553.3451 33189.2215 35f

9, 36e 15545.3466 33189.5869 vy , 35e
15554.7551 33198.9707 37e

9, 38e 15545.9771 33198.9705 vy , 37e
15555.8597 33208.8532 - 39%e

9, 40e 15546.7779 33208.8535 vy , 39%e
15557.1574 33219.2330 41e

9, 40f 15551.6966 33213.9766 vy , 40e
R21II 9, 28e 15579.2424 33192.8285 vy., 27e
15586.7259 33200.3120 29e

9, 30e 15579.7503 33200.3082 vy , 29e
15587.7737 33208.3316 3le

9, 32e 15580.3447 33208.3308 vy , 3le
15588.8727 33216.8588 33e

9, 34e 15580.9888 33216.8606 vy , 33e
15590.0328 33225.9046 35e

9, 34f 15580.6951 33216.5715 vy , 33f
15589.6793 33225.5557 35f

9, 36e 15581.6857 33225.9013 vy , 35e
15591.2550 33235.4706 37e
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9, 38e  15582.4752  33235.4686 v, , 37e
15592.5624  33245.5558 39%e

9, 40e  15583.4816  33245.5572 v, , 3%
15594.0844  33256.1600 4le

Ryl 9, 30e  15717.4594  33338.0173  vg , 29e
15725.3958  33345.9537 3le

9, 30f  15717.4695  33338.0276 vy , 29f
15725.4096  33345.9677 31f

9, 32¢  15717.9662  33345.9523 vz , 3le
15726.3915  33354.3776 33e

9, 34e  15718.5028  33354.3799 vy , 33e
15727.4754  33363.3525 35e

9, 36e  15719.1395  33363.3550 vg , 35e
15728.6068  33372.8223 37e

9, 38e  15719.8331  33372.8265 vg , 37e
15729.8327  33382.8261 39%e

9, 40e  15720.7526  33382.8282  v3 , 3%
15731.1776  33393.2532 dle

9, 40f  15720.5407  33382.8207 vz , 39f
15730.9705  33393.2505 41f

(c) These H12+(v=vf+2) levels are listed in Table A3(b).

(d) These 112+(v=vi+1) levels are listed in Table A3(c).
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Table A2(a).

(v'=6, J') transitions.

Observed lines of the 23Na39% KlA(v, J) « Bl

The pump transition is fixed to one of

the B1H(V'=6, J') « X12+(v“=0, J") rotational transition lines.

inter- probe term
state mediate transition energy assignment
- level energy
(v', 3') (cm™1) (cm™1) (v, J)
k1A 6, 18e  17110.4020  34539.4784 v, (P)17e
17115.4562 34544.5326 19e
6, 18f 17112.8557 34541.9321 vk ., 18e
6, 20e 17110.4775 34544.5313 vk ., 19e ,
17112.9533 34547.0071 20f (a)
17116.0726 34550.1264 2le
6, 22e 17110.6014 34550.1350 VK . 2le
17116.7348 34556.2684 23e
6, 18e 17195.6087 34624.6851 vitl, 17e
17200.6288 34629.7052 19e
6, 18f 17198.0466 34627.1230 vitl, 18e
6, 20e 17195.6530 34629.7068 vit+l, 19e
17198.3631 34632.4169 20f (a)
17201.2132 34635.2670 2l1e
6, 22e 17195.7354 34635.2690 vigt+l, 2le
17198.7201 34638.2537 22f (a)
17201.8360 34641.3696 23e
6, 18e 17280.1620 34709.2384 vt2, 1l7e
17282.5956 34711.6720 18f (a)
17285.1563 34714.2327 19e

(a) These Q lines are dispersion shaped signals.

(b) Vi is the lowest observed vibrational level.
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Table A2(b).

Observed lines for the 23Na39% 1lx+,

1 ana

1A states. The pump transition is fixed to one of the
Bln(v'=6, J') « x12+(v"=0, J") rotational transition lines.
inter- probe term
state mediate transition energy assignment
level energy
(v', J3") (cm™1) (cm™1) (v, J)
R412+ 6, 18e 17100.9243 34530.0007 vg » 17e
17105.6834 34534.7598 19%e
6, 18f 17103.2408 34532.3172 V4 » 18e
- 6, 20e 17100.7061 34534.7599 vg ,» 19%e
17105.9886 34540.0424 2le
6, 22e 17100.5114 34540.0450 Vg , 2le
17106.3228 34545.8564 23e
R 111 6, 18e  17120.6353  34549.7117  vg , 17e
17125.5405 34554.6169 19e
6, 20e 17120.5629 34554.6167 v , 19%e
17126.0098 34560.0636 2le
6, 22e 17120.5292 34560.0628 vy , 2le
17126.4873 34566.0209 23e
RglA 6, 18e  17183.4491  34612.5255 vg , 17e
17188.3066 34617.3830 19e
6, 18f 17185.7898 34614.8662 Ve , 18f
6, 20e 17183.3336 34617.3874 Ve . 19e
17188.7802 34622.8340 2le
6, 22e 17183.3056 34622.8392 Ve . 2le
17186.2270 34625.7606 22f (a)
17189.2884 34628.8220 23e

(a) This Q line is dispersion shaped signals.
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Table A3(a). Observed lines of the 23Na39K FlA(v=vf+3, J) «

Blﬂ(v'=9, J') transitions. The pump transition is fixed to one

of the Blﬂ(v'=9, J') « X12+(v"=0, J") rotational transition lines.

inter- probe term assign-
mediate transition energy ment
level energy
(v', J') (cm~1) (cm~1) (J)
(FlA) 9, le 15554.4037 33119.8471 2e
9, 2e 15554.5679 33120.2491 3e
9, 3e 15554.7484 33120.7864 4e
9, 6be 15553.6351 33121.4601 5e
15555.3760 33123.2006 7e
9, 7e 15553.6043 33122.2627 6e
15555.6113 33124.2697 Be
9, 10e 15553.6009 33125.4766 9e
15556.4102 33128.2859 lle
9, 1lle 15553.6277 33126.8115 10e
15556.7061 33129.8899 12e
9, 1lde 15553.7964 33131.6290 13e
15555.6680 33133.5006 14f (a)
15557.6761 33135.5087 15e
9, 15e 15553.8815 33133.5038 l4e
15555.8826 33135.5049 15f (a)
15558.0281 33137.6504 16e .
9, 1l8e 15554.2282 33139.9231 17e
15556.6262 33142.3211 18f (a)
15559.1707 33144.8656 19e
9, 19e 15554.3679 33142.3267 18e
15556.9041 33144.8629 19f (a)
15559.5820 33147.5408 20e
9, 20e 15554.5297 33144.8673 19e
15557.1983 33147.5359 20f (a)
15560.0018 33150.3394 21e
9, 2le 15554.7053 33147.5402 20e
15557.5088 33150.3437 21f (a)
15560.4438 33153.2787 22e
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(F1A)

22e

23e

24e

25e

26e

27e

28e

29e

29f

30e

3le

32e

33e

33f

15554.8958
15557.8243
15560.9015

15555.1008
15558.1652
15561.3680

15555.3202
15558.5244
15561.8560

15555.5561
15558.8968
15562.3496

15555.8089
15559.2752
15562.8595

15556.0722
15559.6822
15563.4453

15556.3475
15560.0976
15563.9459

15556.6980
15560.5307
15564.4965

15556.6663
15560.5171
15564.5273

15556.9709
15560.9829
15565.0515

15557.2920
15561.4512
15565.6244

15557.6216
15561.9420
15566.1592

15557.9635
15562.4331

15558.0486
15566.9513

33150.3429
33153.2714
33156.3486

33153.2814
33156.3458
33159.5486

33156.3480
33159.5522
33162.8838

33159.5487
33161.8894
33166.3422

33162.8827
33166.3490
33169.9333

33166.3409
33169.9509
33173.7140

33169.9336
33173.6837
33177.5320

33173.7110
33177.5437
33181.5095

33173.6816
33177.5320
33181.5426

33177.5288
33181.5408
33185.6094

33181.5063
33185.6655
33189.8387

33185.6077
33189.9281
33194.1453

33189.8414
33194.3110

33189.9272
33198.8299
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2le
22f
23e

22e
23f
24e

23e
24f
25e

24e
25F
26e

25e
26f
27e

26e
27f
28e

27e
28f
29e

28e
29f
30e

28f
29e
30f

29e
30f
3le

30e
31f
32e

3le
32f
33e

32e
33f

32f
34f

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)

(a)



(FlA)

34e

34f

35e

36e

37e

38e

39e

40e

40f

4l1e

42e

42f

43e

43f

44e

44f

15558.2713
15562.9546
15567.7660

15558.4351
15563.1812
15567.6063

15563.4881
15568.3700

15564.0457
15569.0723

15559.8100
15564.6161
15569.7683

15560.2955
15565.2203
15570.4829

15560.7823
15565.8512
15571.2402

15561.4024
15566.6121
15572.1289

15561.1040
15566.4996
15571.8423

15572.5999

15562.2005
15573.4491

15567.8680
15573.4749

15562.7629

15562.6243
15568.3984
15574.1389

15563.3412
15575.1023

15563.2379
15569.1369
15575.0129

33194.1431
33198.8264
33203.6378

33194.3115
33199.0576
33203.4827

33203.4777
33208.3596

33208.2613
33213.2879

33208.3608
33213.1669
33218.3191

33213.2889
33218.2137
33223.4763

33218.3176
33223.3865
33228.7755

33223.4780
33228.6877
33234.2045

33223.3840
33228.7796
33234.1223

33239.7632

33234.2062
22245.4548

33239.7591
33245.3660

33239.7618

33239.6771
33245.4512
33251.1917

33245.4512
33257.2123

33245.3653
33251.2643
33257.1403
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33e
34f
35e

33f
34e
35f

35f
36e

36f
37e

36e
37f
38e

37e
38f
3%e

38e
39f
40e

39e
40f
41le
39f
40e
41f
42e

4le
43e

42e
43f

42e

42f

43e
44f

43e
45e

43f
44e
45¢f

(a)

(a)

(a)

(a)

(a)

(a)

(a)



(F1A) 9, 45e
9, 46e
9, 47e

9, 47f

9, 48f

9, 49e

9, 51f

15563.9282
15575.9528

15564.5416
15576.8173

15565.1729
15577.7083

15565.0997
15571.3726
15577.6361

15565.7533
15572.1493
15578.5607

15566.4979
15567.8465

15574.6462
15581.3998

33251.2627
33263.2873

33257.2129
33269.4886

33263.2852
33275.8206

33263.2162
33269.4891
33275.8169

33269.4209
33275.8169
33282.2283

33275.8182
33288.8105

33295.6102
33302.3638

44e
46e

45e
47e

46e
48e

46f
47e
48f

47f
48e
49f

48e
50f

51e
52f

(a) These Q lines are dispersed signals.
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Table A3(b). Observed lines of the 23Na39% H12+(v=vh+2, J) «

B1H(v'=9, J') transitions. The pump transition is fixed to one

of the Blﬂlv'=9, J'") e« X12+(v“=0, J") rotational transition lines.

inter- probe term assign-
mediate transition energy ment
level energy
(v', 3") (cm™1) (cm™1) (3)
(ulz*) 9, 2e 15558.1273  33123.8085 le
15558.7253 33124.4065 3e
9, 3e 15558.0087 33124.0467 2e
15558.8561 33124.8941 4e
9, 6e 15557.6838 33125.5088 5e
15559.2806 33127.1056 7e
9, 7e 15557.5835 33126.2419 6e
15559.4356 33128.0940 8e
9, 10e 15557.3369 33129.2126 9e
15559.9735 33131.8492 lle
9, 1lle 15557.2895 33130.4733 10e
15560.1628 33133.3466 12e
9, 1l4e 15557.1370 33134.9696 13e
15560.7826 33138.6152 15e
9, 15e 15557.0966 33136.7189 14e
15561.0071 33140.6294 l6e
9, 18e 15557.0655 33142.7604 17e
15561.7191 33147.4140 19%e
9, 19e 15557.0685 33145.0273 18e
15561.9667 33149.9255 20e
9, 20e 15557.0759 33147.4135 19e
15562.2152 33152.5528 21e
9, 2le 15557.0887 33149.9236 20e
15562.4548 33155.2897 22e
9, 22e 15557.1019 33152.5490 21e
15562.6889 33158.1360 23e
9, 22f 15559.8392 33155.2904 22e
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(Hlz*)

Y}
~

23e

24e

25e

26e

27e

28e

29e

29f

30e

3le

32e

33e

33f

34e

34f

35e

36e

37e

38e

39%e

15557.1067
15562.8974

15557.1086
15564.1966

15557.0857
15564.3613

15558.1507
15564.5883

15558.0825
15564.8591

15558.0744
15565.1694

15558.1142
15565.5008

15561.7376

15558.1979
15565.8527

15558.2958
15566.2458

15558.4219

15558.5800
15566.6458

15562.7839

15558.7882
15567.0921

15562.6455

15558.5338
15567.5011

15558.7534
15567.8905

15558.9403
15568.1893

15559.1112
15568.9306

15559.2040
15569.3407

33155.2873
33161.0780

33158.1364
33165.2244

33161.0786
33168.3539

33165.2245
33171.6621

33168.3512
33175.1278

33171.6605
33178.7555

33175.1272
33182.5135

33178.7529

33178.7558
33186.4106

33182.5101
33190.4601

33186.4080

33190.4579
33198.5237

33194.6625

33194.6653
33202.9692

33198.5219

33198.5234
33207.4929

33202.9689
33212.1060

33207.4911
33216.7401

33212.1046
33221.9240

33216.7393
33226.8760
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22e
24e

23e
25e

24e
26e

25e
27e

26e
28e

27e
29e

28e
30e

29e

29e
3le

30e
32e

3le

32e
34e

33e

33e
35e

34e

34e
36e

35e
37e

36e
38e

37e
39e

38e
40e



(ulzt)

40e

40f

41e

42e

43e

44e

45e

46e

47e

48e

49e

50e

51le

52e

53e

54e

55e

55€f

15559.8475
15569.9117

15564.5946

15559.7098
15570.0532

15559.9777
15570.5723
15570.5857

15560.2154
15570.9240

15560.4699
15560.4852
15571.4169

15560.5866
15571.8607

15560.8593
15572.5762

15561.0823
15573.0527

15561.5815
15573.5803

15561.8463
15574.1501

15562.1610
15574.8691

15562.5083
15575.1354

15563.0166
15575.7928

15563.0735
15576.3675

15563.5202
15577.0408

15563.8882
15577.7984

15570.7442

33221.9231
33231.9873

33226.8746

33226.8731
33237.2165

33231.9834
33242.5779
33242.5914

33237.2143
33247.9229

33242.5799
33242.5952
33253.5269

33247.9211
33259.1952

33253.5306
33265.2475

33259.1946
33271.1650

33265.2455
33277.2443

33271.1666
33283.4704

33277.2471
33289.9552

33283.4658
33296.0949

33289.9517
33302.7279

33296.0899
33309.3839

33302.7242
33316.2448

33309.3818
33323.2920

33316.2411

132

39e
4le

40e

40e
42e

41e
43e
43e

42e
44e

43e
43e
45e

44e
46e

45e
47e

46e
48e

47e
49e

48e
50e

49e
5le

50e
52e

51e
53e

52e
54e

53e
55e

54e
56e

55e



(Hlzt) 9, 56e
9, 57e
9, 58e
9, 59%e

9, 59f

9, 60e

15564.3534
15578.5577

15564.9061
15579.4186

15565.4663
15580.4596

15566.1290
15581.6255

15573.7313

15566.9910

33316.2408
33330.4451

33323.2886
33337.8011

33330.4418
33345.4351

33337.7982
33353.2947

33345.4341

33345.4313

55e
57e

56e
58e

57e
50e

58e
60e

59%e

50%e

(s) These lines are split into two lines.

originating from the perturbation.
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Table A3(c). Observed lines of the 23Na39K 112+(v=vi+1, J) «

Blﬂ(v'=9, J') transitions. The pump transition is fixed to one

of the B1H(v'=9, J') « X12+(v"=0, J") rotational transition lines.

inter- probe term assign-
mediate transition energy ment
level energy
(v', 3') (cm™1) (cm™1) (3)
(IlZ+) 9, 18e 15562.0221 33147.7170 17e
9, 19e 15562.0453 33150.0041 18e
9, 20e 15562.0862 33152.4238 19%e
9, 2le 15562.1352 33154.9701 20e
9, 22e 15562.2151 33157.6622 21e
9, 23e 15562.3054 33160.4860 22e
9, 24e 15562.4246 33163.4524 23e
9, 2be 15562.5339 33166.5265 24e
9, 26e 15562.7706 33169.8444 25e
9, 28e 15563.1781 33176.7642 27e
15570.6749 33184.2610 29e
9, 29%e 15563.4249 33180.4379 28e
9, 30e 15563.7026 33184.2605 29e
15571.7411 33192.2990 3le
9, 32e 15564.3094 33192.2955 31le
15572.9069 33200.8930 33e
9, 34e 15565.0220 33200.8938 33e
15574.1275 33209.9993 35e
9, 34f 15569.5528 33205.4292 34e
9, 36e 15565.7851 33210.0007 35e
15575.4529 33219.6685 37e
9, 38e 15566.6713 33219.6647 37e
15576.8165 33229.8099 39%e
9, 39%e 15567.1361 33224.6714 38e
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(rlz*)

40e

4le
42e
43e
44e
45e
46e

47e

15567.7349
15578.4063

15567.9531
15568.4749
15569.0076
15569.5512
15570.1036
15570.6791

15571.2656

33229.8105
33240.4819

33235.1164
33240.4806
33246.0065
33251.6612
33257.4381
33263.3504

33269.3779

39e
4le

40e
41e
42e
43e
44e
45e

46e
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Table Ad4(a). Observed lines of the 23NaagK U(v, J) « Blﬂ

(v'=9, J') transitions. The pump transition is fixed to one of

the Blﬂ(v'=9, J') « x12+(v"=0, J") rotational transition lines.

inter- probe term assign-
mediate transition energy ment
level energy
(v', J") (cm™1) (em™1) (J)
(U) 9, 18e 15560.2393 33145.9342 17e
15564.2795 33149.9744 19e
9, 19e 15559.9559 33147.9147 18e
15564.1939 33152.1527 20e
9, 20e 15559.6386 33149.9762 19e
15564.1270 33154.4646 21e
9, 2le 15559.3175 33152.1524 20e
15564.0822 33156.9171 22e
9, 22e 15559.0135 33154.4606 2le
15564.0653 33159.5124 23e
9, 22f 15561.4622 33156.9134 22e
9, 23e 15558.7366 33156.9172 22e
15564.1007 33162.2813 24e
9, 24e 15558.4873 33159.5151 23e
15563.0779 33164.1057 25e
9, 25e 15558.2857 33162.2783 24e
15563.1992 33167.1918 26e
9, 26e 15557.0354 33164.1092 25e
15563.2959 33170.3697 27e
9, 27e 15556.9229 33167.1916 26e
15563.3104 33173.5791 28e
9, 28e 15556.7806 33170.3667 27e
15563.4100 33176.9961 29e
9, 29%e 15556.5627 33173.5757 28e
15563.4749 33180.4879 30e
9, 29f 15559.9814 33176.9967 2%9%e
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(u) 9, 30e 15556.4364 33176.9943 29e
15563.5488 33184.1067 3le

9, 3le 15556.2731 33180.4874 30e
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Table A4(b). Observed lines of the 23Na3% T(v, J) « B

(v'=9, J') transitions. The pump transition is fixed to one of

the Blﬂlv'=9, J') « x12+(v"=0, J") rotational transition lines.

inter- probe term assign-
mediate transition enerqgy ment
level energy
(v', 3') (cm™1) (cm™1) (3)
(T) 9, 36e 15568.4750 33212.6906 37e
9, 37e 15568.4540 33217.0048 38e
9, 38e 15559.6976 33212.6910 37e
15568.5860 33221.5794 39e
9, 39%e 15559.4680 33217.0033 38e
15569.0167 33226.5520 40e
9, 40e 15559.5024 33221.5780 39%e
15569.6304 33221.7060 41e
9, 4le 15559.3863 33226.5496 40e
15569.8280 33236.9913 42e
9, 42e 15559.6991 33231.7048 41e
15570.3966 33242.4023 43e
9, 43e 15559.9886 33236.9875 42e
15571.1013 33248.1002 44e
9, 44e 15560.2937 33242.4037 43e
15571.6769 33253.7869 45e
9, 45e 15560.7650 33248.0995 44e
15572.3059 33259.6404 46e
9, 46e 15561.1171 33253.7884 45e
9, 47e 15561.5313 33259.6436 46e
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	 0001
	 0002
	 0003
	 0004
	 0005
	 0006
	 0007
	 0008
	 0009
	 0010
	 0011
	 0012
	 0013
	 0014
	 0015
	 0016
	 0017
	 0018
	 0019
	 0020
	 0021
	 0022
	 0023
	 0024
	 0025
	 0026
	 0027
	 0028
	 0029
	 0030
	 0031
	 0032
	 0033
	 0034
	 0035
	 0036
	 0037
	 0038
	 0039
	 0040
	 0042
	 0043
	 0044
	 0045
	 0046
	 0047
	 0048
	 0049
	 0050
	 0051
	 0052
	 0053
	 0054
	 0055
	 0056
	 0057
	 0058
	 0059
	 0060
	 0061
	 0062
	 0063
	 0064
	 0065
	 0067
	 0068
	 0069
	 0070
	 0071
	 0072
	 0073
	 0074
	 0075
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