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Abstract 
 

 We describe a two-laser experiment using optical-optical double resonance fluorescence 

and Autler-Townes splittings to determine the NaK ( )113 1 X +Π → Σ , ( )12 A +Σ  absolute 

transition dipole moment functions.  Resolved 1 13 A +Π → Σ  and 1 13 X +Π → Σ  fluorescence was 

recorded with the frequencies of a Titanium-Sapphire laser (L1) and a ring dye laser (L2) fixed 

to excite particular ( ) ( ) ( )1 1 13 19, 11, , 11, , 1,J f A J J e X J J e+ +′ ′ ′′ ′′ ′Π = = ← Σ = = ← Σ = ±v v v  

double resonance transitions.  The coefficients of a trial transition dipole moment function 

( ) ( ) ( )2

1 2

4

0 ...eq eqR
e

R
R RR a a aµ = + + +  were adjusted to match the relative intensities of resolved 

spectral lines terminating on the lower ( )1 ,11,A e+ ′Σ v  and ( )1 ,11,X e+ ′′Σ v  levels.  These data 

provide a relative measure of the functions ( )e Rµ  over a broad range of R.  Next, L2 was tuned 

to either the ( ) ( )1 13 19,11, 10,11,f A e+Π ← Σ  or ( ) ( )1 13 19,11, 9,11,f A e+Π ← Σ  transition and                              
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focused to an intensity large enough to split the levels via the Autler-Townes (AT) effect.  L1 

was scanned over the ( ) ( )1 110,11, 1,10,A e X e+ +Σ ← Σ  or ( ) ( )1 19,11, 0,12,A e X e+ +Σ ← Σ  

transition to probe the AT lineshape, which was fit using density matrix equations to yield an 

absolute value for ( ) ( ) ( )i k
ik vib e vibR R R dRµ ψ µ ψ= ∫  where i and k represent the upper and lower 

levels, respectively, of the coupling laser (L2) transition.  Finally, the values of ikµ  were used to 

place the relative ( )e Rµ  functions obtained with resolved fluorescence onto an absolute scale.  

We compare our experimental transition dipole moment functions to the theoretical work of 

Magnier et al. [1]. 

 

I. Introduction 

One-photon absorption spectra of transitions between two electronic states of alkali diatomic 

molecules are exceedingly complex due to both the small vibrational and rotational constants and 

the fact that a large number of rovibrational levels in the electronic ground state are thermally 

populated at the temperatures used (generally 300-400°C in the case of NaK).  The intricacy of 

the absorption spectra can be avoided with the use of optical-optical double resonance (OODR) 

spectroscopy [2-8].  A pump laser is first used to excite a specific rovibrational transition from a 

thermally populated level in the electronic ground state to a level in an intermediate electronic 

state.  A second laser, labeled the probe, is then used to excite the molecules in the initially 

excited intermediate state to a rovibrational level in a higher excited electronic state.  

Fluorescence from this upper level can be used to monitor the absorption of the probe laser 

photons.  In other cases, fluorescence from nearby collisionally populated levels of the same or 

another electronic state, fluorescence from atomic levels populated through predissociation or 

collisional energy-transfer processes, ionization signals produced by collisions or 
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photoionization involving molecules in the upper level, or a change in the state of polarization of 

the transmitted probe laser beam can be used to monitor the OODR transition.  The spectra 

produced by these methods are much simpler to analyze when compared to one-photon 

absorption spectra.  This is due to the fact that the starting point for the laser transitions is a 

single rovibrational level in the ground state, as compared to hundreds of thermally populated 

rovibrational levels.  If narrow-band lasers are used, the OODR spectra are also Doppler-free. 

 If the fluorescence from the upper excited state level is resolved with a monochromator, 

the specific transitions from the upper level to each rovibrational level in lower electronic states 

can be measured.  The relative intensities of these peaks, when corrected for detection system 

efficiencies, can be fit to provide a relative electronic transition dipole moment function ( )e Rµ .  

These results can be used to test theoretical calculations [1,9], albeit only in terms of the relative 

dependence of ( )e Rµ  on R.  To also test the magnitude of ( )e Rµ , a measurement of the 

absolute transition dipole moment between two states must be made.  Recently, it has been 

shown that this type of measurement can be made in molecular systems by utilizing the Autler-

Townes effect [10-15]. 

 It has been shown [10-24] that the Autler-Townes effect can be used in three- and four-

level systems to measure absolute values of transition dipole matrix elements between 

rovibrational levels in homonuclear diatomic molecules and to make possible all-optical control 

of molecular angular momentum alignment.  In the present work, we used a three-level scheme 

to measure the absolute transition dipole matrix elements between specific levels of the 13 Π  and 

( )12 A +Σ  electronic states of NaK.  These results were then used to place the relative 31Π → 

( )12 A +Σ  and 31Π → ( )11 X +Σ  transition dipole moment functions obtained from calibrated 
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fluorescence onto an absolute scale.  In the present case, the transition dipole moment functions 

vary rapidly with internuclear separation.  In addition, the dipole matrix elements are not large, 

even in the most favorable cases.  Thus only a few transition matrix elements can be measured 

with the AT splitting method.  However, the combination of AT splitting with calibrated 

fluorescence allows a complete mapping of the transition dipole moment functions over fairly 

broad ranges of R. 

 

II. Experiment 

a) Experimental Setup – OODR Resolved Fluorescence 

The experimental setup is shown in Figure 1, and is similar to the one described in Laub et. al 

[25].  The sodium-potassium mixture is contained in a six-arm cross-type heat-pipe oven, 

maintained at a temperature in the range 332-365°C and containing argon as a buffer gas 

( 0.15 1.5P = −  Torr).  A single-mode Ti:Sapphire laser (Coherent model 899-29), labeled L1 in 

Fig. 1, is pumped by a 10W argon ion laser and produces 300 - 700 mW in the wavelength range 

730 - 850 nm.  It is used as the pump laser in the OODR pumping scheme to excite a specific 

( ) ( )1 1, 11, , 1,A J e X J e+ +′ ′′Σ = ← Σ ±v v  transition (see Fig. 2a).  A single-mode ring dye laser 

(Coherent model 699-29), labeled L2, is pumped by a 4W krypton ion laser and produces ~ 200 - 

500 mW of tunable power in the wavelength range 725 - 775 nm using LD700 dye.  L2 serves as 

the probe laser, and is tuned to the ( ) ( )1 13 19,11, ,11,f A e+ ′Π ← Σ v  transition.  The two lasers 

counterpropagate through the heat-pipe oven, producing Doppler-free excitation lines.  

The pump laser frequency is set to line-center of a specific 

( ) ( )1 1, 11, , 1,A J e J J eX+ +Σ ← Σ′ ′ ′′ ′′ ′= ±=v v  transition by monitoring the total 1 1A X+ +Σ → Σ  

fluorescence from the heat-pipe with only the pump laser entering the oven.  The red 
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fluorescence emitted at right angles to the laser propagation direction is detected with a free-

standing photomultiplier tube (Hamamatsu R406) outfitted with a 700-1000nm interference filter 

(“Total Red PMT” in Fig. 1).  The probe laser is scanned over the 

( ) ( )1 13 19,11, ,11,f A e+ ′Π ← Σ v  transition, and it’s frequency is set by monitoring the total  

1 13 X +Π → Σ  fluorescence using a second freestanding PMT (Hamamatsu R928) outfitted with a 

set of three interference filters chosen to pass light in the 353-462nm range.  This “Total Violet 

PMT” collects fluorescence on the opposite side of the heat-pipe oven from the Total Red PMT, 

as shown in Fig. 1.   

 The removal of a mirror from the fluorescence path to the Total Red PMT allows for 

resolved ( ) ( )1 13 19,11, ,11,Xf e+Π → Σ ′′v  and ( ) ( )1 13 19,11, ,11,Af e+ ′Π → Σ v  fluorescence 

scans to be taken with a 0.33m monochromator outfitted with a Hamamatsu R1387 PMT.  These 

scans were recorded with both laser frequencies fixed to the line-centers of their respective 

transitions.  Lasers L1 and L2 were chopped at different frequencies f1 and f2 using a dual 

frequency chopper (Stanford Research Systems model SR540) and signals were processed by a 

digital lock-in amplifier (SR850) locked to the sum frequency f1 + f2.  This was necessary in 

order to distinguish the ( )1 13 (19,11, ) ,11,f A e+ ′Π → Σ v  fluorescence from the single-laser (L1 or 

L2) induced background light in the same frequency range.  Recorded signals from the Total 

Violet PMT were used to correct relative resolved peak intensities for small frequency and power 

fluctuations associated with either laser. 

 A second removable mirror on the Total Violet PMT side of the heat pipe (not shown in 

Fig. 1) was used to send light from a calibrated tungsten-halogen white light source through the 

heat pipe and into the monochromator, allowing for calibration of the relative wavelength-

dependent response of the detection system [26].  The polarization dependence of the detection 
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system (for light linearly polarized either parallel or perpendicular to the grating grooves) was 

determined by fitting a linear polarizer to the monochromator entrance slit in different 

orientations and taking additional white light scans.  The polarization of the resolved lines was 

also measured with the same linear polarizer.  These results were used to correct the measured 

fluorescence line intensities.  Finally, white light scans recorded when the oven was hot allowed 

us to correct the fluorescence line intensities for attenuation due to the relatively small (except at 

the potassium resonance lines) absorption of fluorescence photons by the alkali vapor in the 

fluorescence arms of the heat pipe.  

 

b)  Experimental Setup – AT Splitting 

The experimental setup for probing the AT splitting lineshapes is essentially the same as 

for the OODR fluorescence measurements, with just a few exceptions.  The Ti:Sapphire laser 

(L1, now called the probe laser) and dye laser (L2, now called the coupling laser) frequencies 

were set to line center of their respective transitions as described above.  Three lenses were 

inserted into each beam path to focus the probe and coupling laser beam radii to 120-135µm and 

330-345µm, respectively.  The smaller spot size of the probe beam was chosen so that the 

electric field of the coupling laser could be considered to be spatially uniform over the probe 

region.  The probe laser passed through a set of neutral density filters (Schott glass NG-3, 4, and 

9) to attenuate the power to 1mW<  in order to minimize power broadening.  The coupling laser 

power was maintained between 240-430mW to maximize the splitting of the fluorescence lines 

due to the Autler-Townes effect.  The electric field of the coupling laser was measured using a 

power meter and razor blades mounted to an x-y translator as described in Ref. [27].  Great care 

was taken to insure the proper spatial overlap of the beam profiles at the center of the oven.  
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With the coupling laser fixed to the ( ) ( )1 13 19,11, ,11,f A e+ ′Π ← Σ v  transition, the probe laser 

was scanned over the ( ) ( )1 1, 11, 1, ,A J e X J e+ +′ ′ ′′ ′Σ = ← ±Σv v  transition, and the total violet 

fluorescence was recorded (see Fig. 2b).  The probe laser frequency dependence of this signal 

maps out the Autler-Townes lineshape (see Ref. [15]). 

 

III. Resolved Fluorescence 

Figures 3 and 4 show examples of the recorded ( ) ( )1 13 19,11, ,11,A ef + ′Π → Σ v  and 

( ) ( )1 13 19,11, ,11,Xf e+Π → Σ ′′v  fluorescence spectra, respectively.  It can be seen that the 

( ) ( )1 13 19,11, ,11,Xf e+Π → Σ ′′v  fluorescence, which occurs in the violet part of the spectrum, is 

quite clean and is recorded with excellent signal-to-noise even for the weak lines.  However, the 

red ( ) ( )1 13 19,11, ,11,A ef + ′Π → Σ v  fluorescence appears in a very congested part of the 

spectrum, where both lasers pump a number of 1 1A X+ +Σ ← Σ  transitions of NaK and K2 leading 

to strong 1 1A X+ +Σ → Σ  fluorescence bands in addition to the NaK 1 13 A +Π → Σ  fluorescence of 

interest.  Even with modulation of both lasers and lock-in detection at the sum frequency f1 + f2, 

the spectrum is still quite congested and noisy.  However, we could pump the ( )13 19,11, fΠ  

level using different pump/probe excitation paths, and in each case it was possible to pick out 

several NaK 1 13 A +Π → Σ  fluorescence lines since they are separated by the known 1A +Σ  state 

vibrational and rotational intervals and since extraneous lines would not appear in all of the 

spectra obtained with different excitation schemes.  In Fig. 3, one such spectrum is shown.  NaK 

1 13 A +Π → Σ  fluorescence lines are marked by vertical arrows.  The horizontal arrow marks the 

region where potassium resonance line absorption drastically reduces the transmission of the 
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vapor.  Nonetheless, relative intensities of eleven different ( ) ( )1 13 19,11, ,11,A ef + ′Π → Σ v  

transitions [including the ( ) ( )1 13 19,11, 10,11,f A e+Π → Σ  and ( ) ( )1 13 19,11, 9,11,f A e+Π → Σ  

transitions that serve as the absolute AT splitting calibration lines] were successfully recorded.  

With the white light measurements of the relative detection system efficiency vs. wavelength, all 

of the ( ) ( )1 13 19,11, ,11,A ef + ′Π → Σ v  and ( ) ( )1 13 19,11, ,11,Xf e+Π → Σ ′′v  fluorescence line 

intensities could be put on the same relative intensity scale.   

 Theoretically, since all observed fluorescence transitions are 1Π → 1Σ+ Q lines, the 

relative intensities of the peaks in the resolved NaK ( ) ( )1 13 19,11, ,11,A ef + ′Π → Σ v  and 

( ) ( )1 13 19,11, ,11,Xf e+Π → Σ ′′v  fluorescence scans are given by [28] 

24
fluor ik ikI ν µ∝ , (1)  

where i and k represent the upper and lower levels of the transition, respectively, and the 

transition dipole matrix element ikµ  is ( ) ( ) ( )i k
ik vib e vibR R R dRµ ψ µ ψ= ∫ .  For the electronic 

transition dipole moment function ( )e Rµ , a polynomial of the form 

( )
2

1 20

4

...eq eq
e

R R
R a a a

R R
µ    

= + + +   
   

 (2)  

with fitting parameters 0a , 1a , 2a … was used to fit the calculated intensities to the experimental 

intensities.  Here, Req = 4.4587Å is the equilibrium internuclear separation of the 13 Π  state.  We 

used the computer program LEVEL 8.0 [29], to calculate the matrix elements of the terms 

( )n

eqR R  for the measured transitions between the ( )13 19,11, fΠ  level and the various 

( )1 ,11,A e+ ′Σ v  and ( )1 ,11,X e+ ′′Σ v levels.  In these calculations, the experimental potentials of  
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Laub et al. [25], Ross et al. [30], and Russier-Antoine et al. [31] were used for the 13 Π , 1A +Σ , 

and 1X +Σ  states, respectively. 

 To determine the best values for the constants ia  for the 113 A +Π → Σ  and 113 X +Π → Σ  

transition dipole moment functions, we used the non-linear fitting tool in Origin 7.5 to fit the 

experimentally measured intensities from the resolved fluorescence spectra.  The experimental 

data were assigned a statistical weighting; i.e., each transition peak was assigned the same 

percent error.  To determine the best fit, Origin minimizes the reduced chi-squared.  The number 

of fitting parameters was varied, and the best fit was taken to be the one with the lowest reduced 

chi-squared.  With too many parameters, the reduced chi-squared increases, and the errors in the 

parameters of the highest order terms also become larger than the parameters themselves.  The 

best fit of the ( ) ( )1 13 19,11, ,11,A ef + ′Π → Σ v  spectra included two terms ( 0a  and 1a ), while 

four terms ( 1a , 2a , 3a , and 4a ) yielded the best fit to the ( ) ( )1 13 19,11, ,11,Xf e+Π → Σ ′′v  

spectra.  The 0a  term was excluded from the 1 13 X +Π → Σ  transition dipole moment function, 

since this function is expected to go to zero at large R.  This is due to the fact that while the 

molecular transition is allowed, the atomic transition Na(3S) + K(3D) → Na(3S) + K(4S) is 

dipole forbidden (as R →∞ ).  Note that, as in the work of Laub et al. [25], this fitting of relative 

intensities provides only relative transition dipole moment functions.   

 

IV.  Autler-Townes Splitting - Theory and Analysis 

 We model the present cascade-style Autler-Townes experiment as a closed five-level 

system, as shown in Fig. 5.  Levels 1, 3 and 5 are the initial, intermediate, and final states of the 
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two-laser OODR pump scheme.  The strong coupling laser L2 is fixed to line center of the 3 → 5 

transition, and the strength of the coupling is described by the Rabi frequency  

( ) ( ) ( )1 135 2 ,
1 1

35 23
3 19,11, | 11,|L e A Lf AE R Eeµ µ +

+
Π→ Σ

Ω ′Π= = Σ= =v , ,      (3)  

where 2LE  is the electric field of the coupling laser.  The weak probe laser L1 is scanned over 

the 1 → 3 transition, and the relevant Rabi frequency is 13Ω .  Levels 2 and 6 represent all other 

NaK rovibrational levels that can be populated by radiative decay from levels 3 and 5.  

Specifically, level 6 consists of all 1A +Σ  and other electronic state rovibrational levels, except 

level 3 and levels of the 1X +Σ  ground state, that are radiatively coupled to level 5.  Level 2 

consists of all 1X +Σ  levels except level 1. 

To simulate the AT lineshape, we must solve the density matrix equations of motion 

including both the effects of the rovibrational magnetic sublevels (MJ) and the motion of the 

molecules along the laser propagation direction (Doppler shifts) and transverse to the laser 

propagation direction (transit relaxation).  Transit relaxation must be included here because the 

transit rate is comparable to the radiative decay rates.  The density matrix equations can be 

written as [23, 32] 

( ) relaxation termsnm nk km nk km
k

i H Hρ ρ ρ= − − +∑�
=

 (4) 

where nmρ  is a density matrix element.  Diagonal terms iiρ  represent the level populations, 

while off-diagonal elements ijρ  describe coherences.  Relaxation terms include collisional and 

radiative transfer of population, transit relaxation, and collisional decoherence (line broadening).  

The Hij are the matrix elements of the Hamiltonian, which is given by  
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( ) ( )

21 31 51 61

13 35

2 2 3 3 5 5 6 6

3 1 1 3 5 3 3 5 .
2 2

ω ω ω ω= + + +

Ω Ω+ + + +

H = = = =

= =
 (5) 

Because levels 1 and 3 and levels 3 and 5 are coupled by lasers, the 1-3 and 3-5 off-diagonal 

terms are not zero.  We can write the individual terms of the Hamiltonian matrix: 
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22 21

33 31

55 51

66 61

13
13 31

35
35 53

0

2

,
2

H

H

H
H
H
H

H

HH

ω
ω
ω
ω

=
=
=
=
=

Ω= =

Ω= =

=
=
=
=

=

=

 (6) 

 where ( )1 1i iE Eω = − =  is the angular frequency associated with the energy gap between level i 

and level 1.  Since we use cw lasers in our experiment, we can assume that the populations of all 

levels are constant in time; 0iiρ =� .   

 In our model, we assume that levels 3, 5, and 6 decay by spontaneous emission and 

transit relaxation, while levels 1 and 2 only decay by transit relaxation.  We assume that levels 3 

and 6 decay only to levels 1 and 2, while level 5 decays to 1, 2, 3, and 6.  This assumption 

regarding level 6 is valid since level 6 consists primarily of rovibrational levels of the 1A +Σ  and 

1B Π  states, which radiate either not at all or only weakly to level 3.  We can write the density 

matrix equation of motion for the population in sublevel 3, MJ = M as 
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( ) ( )

( ) ( )

1
,

33 3 33 555 ,3
1

13 35
13 31 53 35

0

.
2 2

MM MM M M
t M M

MM MM
MM MM MM MMi i

α α
α

α
ρ ρ ρ

ρ ρ ρ ρ

+ +
+

=−
= = − Γ +Γ + Γ

Ω Ω− − − −

∑�

          (7) 

In this expression, iΓ , ,i jΓ , and tΓ  represent the total spontaneous decay rate out of level i, the 

decay rate from level i to level j, and the transit relaxation rate, respectively.   The last two terms 

on the right hand side represent the coupling of level 1, M to 3, M and level 3, M to 5, M due to 

the interaction of the molecules with lasers L1 and L2, respectively.  Since both lasers are 

linearly polarized, we only create coherences between levels with the same magnetic quantum 

number M.   Spontaneous emission couples higher and lower state sublevels of different M 

according to the dipole selection rule ∆M = 0, ±1.  However, if we invoke an approximation 

introduced by Spano [23] that the populations in three neighboring M levels are approximately 

equal (this approximation is valid for systems with strong pumping), then we can write 

 ( ) ( )

1 1
,

, ,
1 1

M M MM MM
ii ii ii iji M jM i M jM

α α
α α

α α
ρ ρ ρ+ +

+ +
=− =−
Γ ≈ Γ = Γ∑ ∑ ,          (8) 

and Eq. (7) becomes 

   ( ) ( ) ( )13 35
33 3 33 53 55 13 31 53 350 .

2 2

MM MM
MM MM MM MM MM MM MM

t
i iρ ρ ρ ρ ρ ρ ρΩ Ω= = − Γ +Γ +Γ − − − −�      (9) 

In a similar manner, and again invoking Eq. (8), we can write the density matrix equations for 

the other diagonal elements as follows [33]: 

( )6 66 56 5566 0MM MM MM
tρ ρ ρ= = − Γ +Γ +Γ�         (10) 

( ) ( )55 5 55 3
35

5 530
2

MM
MM MM MM MM

t
iρ ρ ρ ρΩ= = − Γ +Γ − −�         (11) 

 ( )22 22 22 32 33 52 55 62 660MM MM MM MM MM MM
t eρ ρ ρ ρ ρ ρ= = −Γ − +Γ +Γ +Γ�         (12) 
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and  

 

( ) ( )

( ) [ ] [ ] [ ]

( )

13
11 11 31 33 51 55 61 66 31 13

22 22 31 33 51 55 61 66

13
31 13

11 0
2

  
2

MM
MM MM MM MM MM MM MM

t e

MM MM MM MM MM
t e t t t

MM

M

MM MM

M i

i

ρ ρ ρ ρ ρ ρ ρ

ρ ρ ρ ρ ρ

ρ ρ

ρ ΩΓ − +Γ Γ Γ −

Γ − + Γ +Γ Γ +Γ Γ

= = − + + −

= + +

Ω −

+ Γ

−

�

     (13) 

where we have defined the equilibrium populations in levels 1, M and 2, M to be 11
MM

eρ  and 22
MM

eρ , 

respectively, and used the conservation equation  

11 22 1MM MM MM
ii e e

i
gρ ρ ρ= + =∑             (14) 

 (here g is the number of different M levels pumped by the laser).  Thus, transit relaxation tends 

to restore the populations in levels 1, M and 2, M to their equilibrium values.   

Driving terms associated with external laser fields are represented by off-diagonal density 

matrix elements ijρ .  The density matrix equations for the time development of these off-

diagonal elements also follow from Eq. (4).  Following Spano [23] we can write the electric field 

of a linearly polarized laser beam as 

( )1
2 ˆ ˆL Li t i t

L L LE E e E eω ωε ε ∗− = + 
G

,           (15) 

where Lω  is the frequency of the laser in question and ε̂  is the polarization unit vector. In this 

experiment, the laser frequencies are either exactly on, or very near to resonance in all cases.  

Therefore, one term in Eq. (15) will lead to density matrix elements that are slowly varying while 

the other will create terms oscillating at frequencies of 2 Lω∼ .  The rotating wave approximation 

consists of neglecting the rapidly oscillating off-diagonal terms (at frequencies such as 

2 53Lω ω+ ) compared to the nearly resonant terms (such as 2 53Lω ω− ).  This approximation 
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allows us to write the off-diagonal density matrix element ijρ   in terms of a slowly varying 

quantity ijσ : 

( )L L zi k t
ij ije

ωρ σ − −= v               (16) 

where ( )L Lkω − zv  is the Doppler shifted laser frequency in the rest frame of the molecule, 

( ) ˆL Lk c zω=
K

 is the laser wavevector, and zv  is the component of the molecular velocity along 

the laser L1 propagation direction.  Note that for counterpropagating lasers, as used in this 

experiment, 2Lk  is negative.   

Invoking the rotating wave approximation, the equation for 13
MMρ�  is [23,33]: 

 
( ) ( ) ( )13

31 1 1 31 13 31 33 11

3 31 5
35

1 1

2

,
2

MM
MM MM MM MM MM

L L z t

MM
MM MM

ii k

ii

ρ ω ρ δ ρ ρ ρ

ω ρ ρ

Ω= − − = − +Γ + −

Ω− −

�

=
=

v
      (17) 

which can be rewritten in the form 

 ( ) ( )31 13 31 33
13 35

11 510
2 2

MM MM
MM MM MM MM

t
i ii δ ρ ρ ρ ρΩ Ω= − ∆ + +Γ + − − .       (18) 

Similarly, the equations for 53
MMρ�  and 51

MMρ�  yield  

 ( ) ( )13
53 35

35
53 51 33 550

2 2

MM MM
MM MM MM MM

t
i ii δ ρ ρ ρ ρΩ Ω

 = − ∆ − +Γ + − −         (19) 

and  

 ( ) ( )53 31 15 51 53 31
13 350 ,
2 2

MM MM
MM MM MM

t
i ii δ ρ ρ ρΩ Ω

 = − ∆ + ∆ − +Γ + −         (20) 

respectively.  In these expressions, the velocity dependent detunings of lasers L1 and L2 are 

defined by 31 31 1 1L L zkω ω∆ ≡ − + v  and 53 53 2 2L L zkω ω∆ ≡ − + v , and 1
2

c
ij i j ijδ γ = Γ +Γ +    is the 
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decay rate of the coherence between levels i and j.  Here c
ijγ  is the collisional rate of decay of the 

coherence between levels, or the collisional line broadening rate (half-width at half maximum in 

angular frequency units).  The off-diagonal density matrix elements are complex, and obey 

( )*ij jiρ ρ= . 

 Equations (18) – (20) and their complex conjugates, combined with Eqs. (9) – (12) [note 

that Eq. (13) is not independent of (9) – (12)], plus the conservation equation (14), form a set of 

eleven coupled equations for the eleven density matrix elements 11
MMρ , 22

MMρ , 33
MMρ , 55

MMρ , 66
MMρ , 

13
MMρ , 31

MMρ , 15
MMρ , 51

MMρ , 35
MMρ , and 53

MMρ .  In the experiment, we fix the coupling laser L2 to line 

center of the 3 → 5 transition, and scan the probe laser L1 over the 1 → 3 transition while 

monitoring 31Π(19, 11, f) → X1Σ+ violet fluorescence (5 → 1, 2 fluorescence).  Thus the 

measured signal is proportional to the total level 5 population, 55
MM

M
ρ∑ .  Although the Spano 

approximation [Eq. (8)] uncouples the equations for each different M value, the sets of equations 

for different M are not identical because the Rabi frequencies are M dependent.  Specifically, we 

find  

( )

( ) ( )

( )

, ,

, ; ,

, ; , ,

MM
ij e L

e L

ij

i M R j M E

F i M j M i R j E

F i M j M

µ

µ

Ω =

=

≡ Ω

=

=            (21) 

where ( ), ; ,F i M j M  is Spano’s transition dipole moment orientation factor.  Spano [23] gives 

formulas for the ( ), ; ,F i M j M  which depend on the type of electronic transition (e.g. 1Π ↔ 1Σ+ 
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or  1Σ+  ↔ 1Σ+), whether the rotational quantum number changes by −1, 0 or +1 (P, Q or R 

transition), and on the M value.   

 We used a computer code that is a modified version of a program written by Kirova [34] 

in collaboration with Spano to model a three-laser experiment in Na2.  The user inputs the 

measured electric fields and beam radii of the lasers L1 and L2, the Rabi frequencies 13Ω  and 

35Ω , and the collisional dephasing rates 13
cγ , 15

cγ , and 35
cγ .  For known electric field strengths, 

31Γ  and 53Γ  are not independent of 13Ω  and 35Ω  since both only depend on the dipole matrix 

elements.  The calculations are not very sensitive to the various other radiative rates, which are 

all known fairly well from theory.  The transit relaxation rate tΓ  was calculated using Eq. (8) in 

Sagle et al. [35].  In the experiment, the probe laser frequency is scanned.  Therefore, the 

program loops over the Maxwell-Boltzmann distribution of velocities, vz, calculates 55
MMρ  for 

each value of M, and reports 55 55
MM

M
ρ ρ≡∑  for each detuning of the probe laser L1.  The output 

is the predicted Autler-Townes lineshape (see Fig. 6). 

 The predicted A-T lineshape displays two peaks, in general agreement with experiment.  

The splitting between the peaks is mostly determined by the Rabi frequency 35Ω  of the coupling 

laser L2 which causes levels 3 and 5 to each split into two levels (Autler-Townes splitting).  

Ideally, the probe laser L1 should be sufficiently weak that the lineshape is independent of 13Ω .  

However, signal-to-noise issues required us to use L1 laser intensities such that the fitting was 

not entirely independent of 13Ω .  We calculated 13Ω  from the weighted average of the L1 electric 

field over the interaction region and the transition dipole matrix element obtained from LEVEL 

[29] using the theoretical transition dipole moment function of Magnier et al. [1].  The 
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collisional dephasing (line-broadening) rates 13
cγ , 15

cγ , and 35
cγ  are found to strongly affect the 

widths of the peaks and the line wings, but to have relatively little effect on the splitting.  Thus 

we varied 35Ω  until the splitting of the calculated lineshape agreed with experiment, and then we 

adjusted the collisional dephasing rates to improve the agreement with the overall lineshape.  

Tests showed that varying 13Ω  by ± 25% results in ± 6-7% shifts of the fitted values of 35Ω , 

while variation of 13
cγ , 15

cγ , and 35
cγ  by ± 50% typically affect 35Ω  at the 6% level or less.   

Finally, the transition dipole matrix element for the 3 ↔ 5 transition could be obtained 

from the measured electric field (weighted average over the interaction region = 0.94 of the peak 

field) and the fitted Rabi frequency of the coupling laser: 

35 2
35

LEµΩ =
=

.           (22) 

From Eq. (22) it can be seen that the Rabi frequency (and therefore the splitting between the two 

peaks of the lineshape) should vary with the square root of the coupling laser intensity.  This is 

shown in Fig. 7.  Using the measured electric field of the coupling laser and the best fitted values 

of the Rabi frequencies for the 31Π(19, 11, f) ← A1Σ+(10, 11, e) and 31Π(19, 11, f) ← A1Σ+(9, 11, 

e) transitions, we obtained ( ) ( )1 13 19,11, 10,11,f A e
µ +Π ← Σ

= (1.51 ± 0.15) Debye and ( ) ( )1 13 19,11, 9,11,f A e
µ +Π ← Σ

 = 

(0.90 ± 0.09) Debye. 

 

V. Results and Discussion 

 Several NaK ( ) ( )1 13 19,11, ,11,A ef + ′Π → Σ v  and ( ) ( )1 13 19,11, ,11,Xf e+Π → Σ ′′v  

resolved fluorescence scans were recorded and calibrated as described in Sec. III.  The white 

light calibration of the relative detection system efficiency versus wavelength allowed us to put 
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all fluorescence line intensities on the same relative scale.  The relative 1 13 A +Π → Σ  and 

1 13 X +Π → Σ  transition dipole moment functions, ( )1 1,3
relative
e A

Rµ +Π→ Σ
 and ( )1 1,3

relative
e X

Rµ +Π→ Σ
, were 

modeled according to Eq. (2) and theoretical line intensities were calculated using Eq. (1).  The 

parameters ia  were adjusted to give the best agreement with the measured 

( ) ( )1 13 19,11, ,11,A ef + ′Π → Σ v  and ( ) ( )1 13 19,11, ,11,Xf e+Π → Σ ′′v  line intensities.  As stated 

above, a two parameter fit ( 0a  and 1a ) gave the best fit for the ( ) ( )1 13 19,11, ,11,A ef + ′Π → Σ v  

fluorescence while a four parameter fit ( 1a , 2a , 3a  and 4a ) yielded the best fit for the violet 

( ) ( )1 13 19,11, ,11,Xf e+Π → Σ ′′v  fluorescence.  A comparison between the experimental and 

fitted intensities is shown in Figs. 8 and 9 for the 1 13 A +Π → Σ  and 1 13 X +Π → Σ  fluorescence, 

respectively.  Since the measured intensities are relative rather than absolute, the units of 

( )1 1,3
relative
e A

Rµ +Π→ Σ
 and ( )1 1,3

relative
e X

Rµ +Π→ Σ
 are still arbitrary at this point. 

 We define a normalization factor N to scale the relative ( )relative
e Rµ  functions, and put 

them on an absolute scale.  The AT splitting experiment yielded absolute transition dipole matrix 

elements, ( ) ( )1 13 19,11, 10,11,f A e
µ +Π ← Σ

 and ( ) ( )1 13 19,11, 9,11,f A e
µ +Π ← Σ

, for two specific transitions 31Π(19, 11, 

f) ← A1Σ+(10, 11, e) and 31Π(19, 11, f) ← A1Σ+(9, 11, e), respectively.   We used the program 

LEVEL 8.0 [29] to calculate the transition dipole matrix elements ( ) ( )1 13 19,11, 10,11,f A e
µ +Π ← Σ

 and 

( ) ( )1 13 19,11, 9,11,f A e
µ +Π ← Σ

 using the relative electronic transition dipole moment function 

( )1 1,3
relative
e A

Rµ +Π→ Σ
 obtained from resolved fluorescence.  Comparison of these results with the 

absolute transition dipole matrix elements from the AT splitting experiment then yielded two 

independent normalization factors that agreed to within 4%.  We used the average of the two 
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values and obtained the following expressions for the absolute transition dipole moment 

functions: 

( )1 1

2

,3
11.05 5.55 eqabsolute

e A

R
R

R
µ +Π→ Σ

= −
 
 
 

 (23)  

and 

( )1 1

2 4 6 8

,3
11.04 123. .24 6 3.80 8eq eq eq eqabsolute

e X

R R R R
R

R R R R
µ +Π→ Σ

       
− + −       

       
= , (24) 

where the transition dipole moment is given in Debye.  We believe the absolute magnitudes of 

these functions are accurate to ~15–25%, based on a 5% uncertainty in the determination of the 

electric field, a 10% uncertainty in determination of the Rabi frequency from the AT splitting 

lineshapes, and a 10–15% uncertainty in the relative line intensities, especially in the 

1 13 A +Π → Σ  fluorescence band, which necessarily had to serve as the calibration point in the 

present experiment.  The relative R dependences of these functions are probably accurate to ~5-

10% within each band. 

Our best-fit transition dipole moment functions ( )1 1,3
absolute
e A

Rµ +Π→ Σ
 and ( )1 1,3

absolute
e X

Rµ +Π→ Σ
 are 

plotted in Figs. 10 and 11, respectively, where they are compared to the recent theoretical 

calculations of Magnier et al. [1] and the much earlier calculations of Ratcliff et al. [9].  Figure 

10 also shows the relative 1 13 X +Π → Σ  transition dipole moment function obtained by Laub et 

al. [25] using calibrated fluorescence alone.  It can be seen that the most recent theoretical 

calculations of Magnier et al. are in excellent agreement with the current experimental results, 

with regard to both the absolute magnitude and the functional dependence of the transition dipole 

moment functions. 
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For the 1 1(19,11,3 ) ( ,11, )f A e+ ′Π → Σ v  transition, it would be beneficial to be able to 

record fluorescence to higher v’s of the A state, in order to extend the fitted transition dipole 

moment function to larger R.  Unfortunately, the detection efficiency of the current experimental 

setup drops quickly in the relevant wavelength range and interference from extraneous 

fluorescence signals prevented us from extending the measurements into this region.   

 

VI. Conclusions 

We have demonstrated that a combination of resolved fluorescence scans with Autler-

Townes splitting measurements can be used to determine molecular transition dipole moment 

functions over broad ranges of internuclear separation R.  The particular value of combining the 

two techniques can be seen in the present case where the transition dipole matrix elements are 

generally small and the electronic transition dipole moment function is strongly dependent on R.  

In this case, the AT splitting method can only be used to determine the absolute transition dipole 

matrix elements for a few of the strongest transitions, whereas the resolved fluorescence 

technique allows determination of many transition dipole matrix elements, including those for 

much weaker transitions, but only on a relative scale.  The combination of the two techniques 

allows all matrix elements to be measured absolutely, and consequently theoretical transition 

dipole moment functions can be tested on an absolute basis. 
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Figure Captions 

 
 

Fig. 1: Experimental setup used in the present experiment. L, F, and ND represent lens, 

interference filter, and neutral density filter, respectively.  Bold arrows depict the laser 

beam paths, while the double dotted lines depict fluorescence paths. 

 

Fig. 2: (a) Pumping scheme for measuring resolved ( ) ( )1 13 19,11, ,11,f A e+ ′Π → Σ v  and 

( ) ( )1 13 19,11, ,11,f X e+ ′′Π → Σ v  fluorescence transitions.  (b) Pumping scheme for 

probing the AT splitting lineshape.  Total 1 13 X +Π → Σ  fluorescence is detected with a 

freestanding PMT with short-pass filters.  An actual AT splitting scan (insert) shows the 

AT lineshape probed in this work. 

 

Fig. 3:  Resolved NaK ( )13 19,11, fΠ  → ( )1 ,11,eA +Σ ′v  red fluorescence obtained using the 

pumping scheme ( )13 19,11, fΠ  ← ( )1 10,11,eA +Σ  ← ( )1 1,12,eX +Σ .  Vertical arrows 

indicate lines of the ( )13 19,11, fΠ  → ( )1 ,11,A e+Σ ′v  series of interest, while other 

unmarked lines are parts of other sequences that are coincidentally excited.  The 

horizontal arrow shows the range of the potassium resonance lines.  Very low 

transmission through the vapor in this range results in unreliable molecular line 

intensities that are not used in the analysis. 
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Fig. 4: Resolved NaK ( )13 19,11, fΠ  → ( )1 ,11,eX + ′′Σ v  violet fluorescence obtained using the 

pumping scheme ( )13 19,11, fΠ  ← ( )1 10,11,eA +Σ  ← ( )1 1,10,eX +Σ .  Inset: expanded 

view of the range 4200-4600 Å.   

 

Fig. 5: AT splitting pumping scheme.  Levels 1 , 3 , and 5  are the initial, intermediate, and 

final states of the two-laser OODR pump scheme.  Level 6  corresponds to all possible 

levels, other than level 3  and levels of the ground state 1X +Σ , that can be reached by 

radiative decay from the 13 Π  state.  Level 2  corresponds to all rovibrational levels in 

the ground state other than level 1 . 

 

Fig. 6: AT lineshape for the (a) ( ) ( )113 19,11, 10,11,Af e+Π ← Σ  and (b) 

( ) ( )113 19,11, 9,11,f A e+Π ← Σ  transitions.  Thin solid lines represent calculated 

lineshapes using 35Ω  = 1.596 × 109 s−1 (254 MHz), 13Ω  = 2.213 × 108 s−1 (35.22 MHz), 

13
cγ  = 1.00 × 108 s−1, 15

cγ  = 0.75 × 108 s−1, and 35
cγ  = 0.50 × 108 s−1 in part (a), and 35Ω  = 

8.796 × 108 s−1 (140 MHz), 13Ω  = 3.221 × 108 s−1 (51.26 MHz), 13
cγ  = 1.20 × 108 s−1, 15

cγ  

= 0.60 × 108 s−1, and 35
cγ  = 0.20 × 108 s−1 in part (b).  For the calculations of the AT 

lineshape, the transit relaxation rate 6 13.3 10  st
−Γ = ×  was used, and the total radiative 

decay rates out of levels 3, 6, and 5 were taken to be 7 1
3 6 4.51 10  s−Γ = Γ = ×  and 

7 1
5 3.72 10  s−Γ = × . 
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Fig. 7: a) Power dependence of the measured splitting due to the Autler-Townes effect in the 

( )13 19,12,eΠ  
L2
←  ( )1 10,11,eA +Σ  

L1
←  ( )1 1,10,X e+Σ  double resonance transition, and   

b) representative scans.  It can be seen that the measured splittings scale linearly with the 

electric field (Power1/2) of the coupling laser L2.    

 

Fig. 8: Experimental and calculated intensities for 1 1(19,11,3 ) ( ,11, )f A e+ ′Π → Σ v  transitions.  

Transitions to lower ′=v v  = 13, 14, and 15, marked by a horizontal arrow, are unable to be 

used in the analysis, since light at these particular wavelengths experiences near-zero 

transmission through the vapor due to potassium resonance line absorption.  

 

Fig. 9: Experimental and fitted intensities for 1 1(19,11,3 ) ( ,11, )f X e+ ′′Π → Σ v  transitions.  

lower ′′=v v .  Inset: intensities magnified by factor of 20.   

 

Fig. 10:  Solid line: the absolute experimental NaK 1 13 A +Π → Σ  transition dipole moment 

function versus internuclear separation obtained in the present work 

[ ( ) ( )1 1

2

,3
11.05 5.55absolute

eqe A
R R Rµ +Π→ Σ

= −  Debye].  Dashed line: theoretical transition dipole 

moment function from Ref. [1].  Dotted line: theoretical transition dipole moment 

function from Ref. [9]. 

 

Fig. 11: Thick solid line: the absolute experimental NaK 1 13 X +Π → Σ  transition dipole moment 

function versus internuclear separation obtained in the present work 
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[ ( ) ( ) ( ) ( ) ( )1 1

2 4 6 8

,3
11.043.40 12.26 3.88absolute

eq eq eq eqe X
R R R R R R R R Rµ +Π→ Σ

= − + −  

Debye].  Dashed line: theoretical transition dipole moment function from Ref. [1].  

Dotted line: theoretical transition dipole moment function from Ref. [9].  Thin solid line: 

relative transition dipole moment function from Ref. [25], normalized to theory at R = 

4.76 Å. 
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Fig. 10 
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Fig. 11 
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