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Collisional satellite lines with |�J| ≤ 58 have been identified in recent polarization spectroscopy
V-type optical–optical double resonance (OODR) excitation spectra of the Rb2 molecule [H. Salami
et al., Phys. Rev. A 80, 022515 (2009)]. Observation of these satellite lines clearly requires a transfer
of population from the rotational level directly excited by the pump laser to a neighboring level
in a collision of the molecule with an atomic perturber. However to be observed in polarization
spectroscopy, the collision must also partially preserve the angular momentum orientation, which
is at least somewhat surprising given the extremely large values of �J that were observed. In the
present work, we used the two-step OODR fluorescence and polarization spectroscopy techniques to
obtain quantitative information on the transfer of population and orientation in rotationally inelastic
collisions of the NaK molecules prepared in the 2(A)1�+(v′ = 16, J ′ = 30) rovibrational level with
argon and potassium perturbers. A rate equation model was used to study the intensities of these
satellite lines as a function of argon pressure and heat pipe oven temperature, in order to separate the
collisional effects of argon and potassium atoms. Using a fit of this rate equation model to the data, we
found that collisions of NaK molecules with potassium atoms are more likely to transfer population
and destroy orientation than collisions with argon atoms. Collisions with argon atoms show a strong
propensity for population transfer with �J = even. Conversely, collisions with potassium atoms
do not show this �J = even propensity, but do show a propensity for �J = positive compared to
�J = negative, for this particular initial state. The density matrix equations of motion have also
been solved numerically in order to test the approximations used in the rate equation model and to
calculate fluorescence and polarization spectroscopy line shapes. In addition, we have measured rate
coefficients for broadening of NaK 31� ← 2(A)1�+spectral lines due to collisions with argon and
potassium atoms. Additional broadening, due to velocity changes occurring in rotationally inelastic
collisions, has also been observed. © 2011 American Institute of Physics. [doi:10.1063/1.3575234]

I. INTRODUCTION

From an experimental point of view, alkali diatomic
molecules provide an ideal environment for basic quantum
mechanical studies, since transitions between electronic states
lie in the visible and near infrared, thereby allowing high-
resolution tunable lasers to be used for excitation. In addition,
alkali molecules are of intense current interest for cooling and
trapping studies and in the production of molecular Bose con-
densates. There is a need for basic spectroscopic data on alkali
molecules; such studies are usually carried out at much higher
temperatures and densities, and collisional satellite lines can
greatly expand spectral line datasets.1, 2 Collisional processes
are also responsible for the redistribution of population among
various energy levels and for the destruction of laser-induced
orientation and alignment. It is the object of the present work
to separately measure rate coefficients for the transfer of pop-
ulation and orientation in collisions of heteronuclear alkali
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molecules with atomic perturbers. Specifically, this work uses
fluorescence and polarization spectroscopy to investigate the
transfer of population and partial preservation of orientation
in rotationally inelastic collisions of NaK molecules with ei-
ther argon or potassium atom perturbers.

Measurements of rate coefficients for collisions between
alkali molecules and atomic partners in which population
is transferred from one rovibrational level to a neighboring
level, typically referred to as “vibrotationally inelastic colli-
sions,” have been carried out in a number of laboratories since
the pioneering work of Bergmann and Demtröder,3–5 Ottinger
et al.,6 and Ottinger and Poppe.7 Bergmann and Demtröder
investigated collisions of noble gas atoms with Na2 molecules
in the B1�u state and determined cross sections for rotation-
ally and vibrationally inelastic transitions, while Ottinger and
co-workers studied similar collisions in the Li2 B1�u sys-
tem. Later, Brunner et al.8 studied rotationally inelastic col-
lisions in the Na2 (A1�u

+)–Xe system, while Scott et al.9

measured rate constants for rotationally inelastic collisions
from levels of initial rotational angular momenta Ji = 8, 22,

and 42 to levels of final angular momenta Jf = Ji + �J for
Li2(A1�u

+) + Xe, Ar, and Ne. This latter study was ex-
panded to include both vibrationally as well as rotationally
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inelastic collisions,10–13 wherein an interesting propensity
rule �J = −4�v for the most probable collisional transi-
tions in this molecule was discovered. A theoretical interpre-
tation of these data was given by McCaffery.14 The rate coef-
ficients for Li2 (A1�u

+) + Li were measured using similar
techniques.15 In addition, rate coefficients for vibrationally
inelastic Li2 (A1�u

+)–noble gas collisions were determined
systematically for a wide range of initial vibrational levels us-
ing the same experimental setup,16, 17 and these were com-
pared to calculations using the Li2 (A1�u

+) + Ne ab ini-
tio potential energy surface of Ref. 18. Vibrotationally in-
elastic collisions have also been investigated in the ultracold
regime where they are expected to have significant effects on
cooling.19–22

Rotationally inelastic collisions have been observed in
polarization spectroscopy as far back as 1976 by Teets et al.23

Since polarization spectroscopy signals cannot be observed
without angular momentum orientation (or alignment), this
implies that at least some orientation (or alignment) can sur-
vive an inelastic collision. The loss of angular momentum ori-
entation of a molecule in a collision has most commonly been
studied by observing the polarization of fluorescence emit-
ted by excited molecules in the initial and final levels.24, 25

The relative MJ level orientation can be determined from
the ratio of circularly polarized light emitted by molecules
in the collisionally populated level compared to that emitted
by molecules in the directly populated level. Alexander and
Davis26 and Derouard27 developed detailed theoretical treat-
ments which were compared to the experimental results of
Refs. 24, 28, and 8. This work demonstrated that a propensity
exists for preserving θ = cos−1(Ĵ · ẑ) rather than for preserv-
ing MJ in the collision.

In recent years various novel techniques have been de-
veloped to probe the orientation of a molecule following
a collision. These include the observation of fluorescence
from crossed beams (one beam is the molecular sample un-
der investigation and the other is the collision partner),29, 30

polarization spectroscopy wherein the depolarization of the
molecule is probed after the collision by a pulsed laser,23, 31–39

and Zeeman quantum beat spectroscopy.40, 41 A comparison
between these latter two methods was made in Ref. 42 and
excellent agreement was found.

The current work was initially motivated by our recent
observation of rotationally inelastic collisions in Rb2 using
polarization spectroscopy with cw lasers in a heat pipe oven.1

In that work, a particular rovibrational level of the molecular
ground state 1(X)1�g

+(v′′, J ′′) was oriented by a circularly
polarized pump laser tuned to a specific transition 1(B)1�u(v′,
J ′) ← 1(X)1�g

+(v′′, J ′′), and then a linearly polarized probe
laser utilized that lower state orientation to map out vari-
ous 1(b)3�u(vb, J ′) ∼ 1(A)1�u

+(vA, J ′) levels as its fre-
quency was scanned across 1(b)3�u(vb, J ′) ∼ 1(A)1�u

+(vA,
J ′) ← 1(X)1�g

+(v′′, J ′′) transitions. A great number of
collisional lines 1(b)3�u(vb, J′ + �J) ∼ 1(A)1�u

+(vA, J ′

+ �J) ← 1(X)1�g
+(v′′, J ′′ + �J) were also observed in the

spectra, suggesting that not only population, but also orienta-
tion, was being transferred fairly efficiently from the labeled
state 1(X)1�g

+(v′′, J′′) to the neighboring states 1(X)1�g
+(v′′,

J ′′+�J) in the collision. What was particularly surprising

was the large amount of angular momentum that could be
transferred in the collision. Figure 1 shows an example where
the level Jinitial = 71 was tagged by the pump laser and colli-
sional lines associated with all even �J values down to Jfinal

= 13 (corresponding to |�J| = 58) were observed.1, 43 Despite
these very large changes of J, a measurable fraction of the ini-
tial MJ level orientation must be retained in the rotationally
inelastic collision.

In Ref. 1, it was not possible to separate the effects
of population and orientation transfer from each other.
Therefore, it is the aim of the current work to utilize the
techniques of polarization spectroscopy and laser-induced
fluorescence spectroscopy in order to separately determine
quantitative information on the rate coefficients for popu-
lation and orientation transfer in collisions between NaK
molecules and atomic collision partners, as well as to sepa-
rately determine the different effects of argon and potassium
atoms as the collision partner. A principal difference between
the present work and that reported in Refs. 1 and 23 is
that here we study collisions involving excited molecules
[2(A)1�+] rather than ground state molecules. Since the ex-
cited state lifetime is much shorter than the effective ground
state lifetime (determined by transit relaxation), we are not
able to observe such large values of �J (transitions involving
|�J| up to 12 were observed in the present work, and we
quantitatively studied transitions up to |�J| = 4). However,
by studying excited state collisions we could carry out laser-
induced fluorescence as well as polarization spectroscopy
measurements, and it is the combination of these techniques
that allows the effects of population and orientation transfer to
be examined separately. In addition, use of the heteronuclear
molecule NaK allowed us to observe transitions with |�J|
= odd, thereby exposing some interesting propensity rules.

This manuscript is organized as follows. In Sec. II, we
describe the experimental setup used in this work. Section III
provides a derivation of the polarization spectroscopy line-
shape function, and a description of the empirical rate equa-
tion model used in the analysis of our experimental data.
Section IV presents our results for the collisional rate coeffi-
cients for the rotationally inelastic collisions 2(A)1�+(v′, J′)
→ 2(A)1�+(v′, J′ + �J) and for the fraction of the initial
orientation that is lost in the collision. We also present re-
sults for the collisional broadening of the NaK 31�(v = 7, J
= 29) ↔ 2(A)1�+(v′ = 16, J′ = 30) transition by argon and
potassium perturbers, since this provides a good estimate of
collisional dephasing rates for this and similar transitions in
alkali molecules. Finally, Sec. V presents our conclusions.

II. EXPERIMENT

The experimental setup is shown in Fig. 2. A mixture
of sodium and potassium is contained in a six-arm cross-
type heat-pipe oven, along with argon buffer gas. The heat-
pipe oven can be operated in either the “heat-pipe” mode
or the “oven” mode. In the former,44 the temperature is
sufficient to produce an alkali atom vapor pressure that is
equal to the argon vapor pressure. In these circumstances, the
argon is excluded from the central heated zone of the oven.44

In the “oven” mode, the temperature is lower than that re-
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FIG. 1. Rb2 A1�u
+ ← X1�g

+ spectrum recorded using polarization spectroscopy showing collisional transfer of population and orientation with |�J| up to
58. The pump laser was tuned to the B1�u(v′ = 2, J′ = 70) ← X1�g

+(v′′ = 0, J′′ = 71) transition, creating orientation in the X1�g
+(v′′ = 0, J′′ = 71) level.

The probe laser was scanned over the various A1�u
+(v′, J′) ← X1�g

+(v′′ = 0, J′′) transitions. Signals could be identified for collisionally populated ground

state levels with 13 ≤ J
′′
final ≤ 87.

FIG. 2. Experimental setup. The white light and monochromator are used in measurements of atomic potassium density using the absorption equivalent width
technique.
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quired to produce an alkali vapor pressure equal to the argon
pressure, so the alkali and argon vapors mix in the central re-
gion. In either case, some fraction (typically less than 1%)
of the alkali atoms combine to form diatomic molecules K2,
NaK, and Na2.

We use the optical–optical double resonance
technique45–62 to study collisions of excited NaK molecules
with alkali and argon atoms. A Coherent 699–29 single-mode
cw tunable dye laser (the pump laser) using the dye LD700
produces 140–470 mW of power in the range 725–775 nm
(12 900–13 800 cm−1) when pumped with 3–5 W from
a Kr+ laser. The dye laser excites NaK molecules to the
2(A)1�+(v′ = 16, J ′ = 30) rovibrational level when tuned
to the 2(A)1�+(v′ = 16, J ′ = 30) ← 1(X)1�+(v′′ = 0, J ′′

= 29) transition. The 2(A)1�+(v′ = 16, J ′ = 30) level
directly excited by the pump laser, as well as neighboring
levels, 2(A)1�+(v′ = 16, J ′ = 30 + �J ), populated by
collisions, are then probed by a counterpropagating Coherent
899–29 single-mode Ti:Sapphire laser (the probe laser),
which is pumped by 10 W from an Ar+ ion laser. The
Ti:Sapphire laser produces 100–850 mW of power in the
800–920 nm wavelength range using the midwave optics set.
Because the narrow-band pump laser only excites molecules
in a specific velocity group, the OODR method is intrinsically
Doppler-free, and homogeneous linewidths can be resolved.

In the present work, we utilize both polarization spec-
troscopy and laser-induced fluorescence spectroscopy in this
OODR configuration. The pump laser beam is circularly
polarized by the Fresnel rhomb (see Fig. 2) and creates an
anisotropic distribution of population in the MJ sublevels
(net orientation) of both the 2(A)1�+(v′ = 16, J ′ = 30)
and 1(X)1�+(v′′ = 0, J ′′ = 29) levels. The probe laser fre-
quency is scanned across the direct 31�(v = 6 or 7, J = 29)
← 2(A)1�+(v′ = 16, J ′ = 30) transition, as well as
several collisional 31�(v = 6 or 7, J = 29 + �J )
← 2(A)1�+(v′ = 16, J ′ = 30 + �J ) transitions that
are observed as weaker satellite lines adjacent to the
direct line. In the fluorescence technique (see Fig. 3),
the direct and collisional lines are observed by mon-
itoring violet fluorescence back to the ground state,
31�(v = 6 or 7, J ) → 1(X)1�+(v′′, J ′′ = J ± 1), in the side
direction using a filtered, free-standing PMT (labeled “Violet
PMT” in Fig. 2) as the probe laser is scanned over the various
probe transitions. The PMT anode current is sent to a lock-in
amplifier (Stanford Research Systems model SR850), and
the pump laser is modulated by a mechanical chopper so that
phase-sensitive detection can be employed. Since a particular
set of probe laser transitions all correspond to neighboring
rotational transitions within the same vibrational band, whose
Franck–Condon factors are all approximately equal, it is a
good approximation to assume that the fluorescence signals
provide an accurate measure of the relative populations in the
directly excited 2(A)1�+(v′ = 16, J ′ = 30) and collisionally
populated 2(A)1�+(v′ = 16, J ′ = 30 + �J ) intermediate
state levels. (We have also verified that to within measure-
ment uncertainties the collisional to direct line fluorescence
intensity ratios are independent of probe laser power.) In the
polarization technique, the probe laser power is reduced to
∼1–2 mW. The probe beam is sent through a pair of linear
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FIG. 3. Energy level diagram for fluorescence experiment. The
frequency of the pump laser is fixed to line center of the A1�+
(v′ = 16, J ′ = 30) ← X1�+(v′′ = 0, J ′′ = 29) transition. The frequency
of the probe laser is scanned over the “direct” line 31�

(v = 6 or 7, J = 29) ← A1�+(v′ = 16, J ′ = 30) and over the “collisional”
lines 31� (v = 6 or 7, J = 29 + �J ) ← A1�+(v′ = 16, J ′ = 30 + �J ).
Excitation is detected by monitoring total violet 31� → X1�+ fluorescence.

polarizers, one located before and one after the heat pipe
oven, and then to a detector (labeled “Polarization PMT” in
Fig. 2). Again the PMT anode current is processed by
the lock-in amplifier and the lock-in output is digitized
and recorded on a computer. When the probe frequency
is off resonance, the second linear polarizer completely
blocks the probe beam from reaching the detector (as-
suming perfect polarizers). However, when the probe laser
frequency is tuned to a transition sharing either the upper
level, the lower level, or both levels with the pump laser
transition, then the net orientation of these levels causes
the probe laser polarization to acquire a slight ellipticity,
resulting in some transmission through the second po-
larizer. It is straightforward to show that the measured
polarization signals are proportional to the product of
the population in the initial level of the probe transmission
and the net orientation of that level (see Sec. III B). Thus
a comparison of the polarization and fluorescence signals
allows us to separate the effects of collisional transfer of
orientation from collisional transfer of population. Figure 4
shows an example of fluorescence and polarization spec-
troscopy signals recorded under identical circumstances
(except probe laser power).

The direct and collisional lines are recorded as func-
tions of both argon and potassium densities. This is accom-
plished by changing the buffer gas pressure (in order to vary
argon density) and heat pipe oven temperature (in order to
vary potassium density). The densities of other species in the
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FIG. 4. A comparison of fluorescence (lower trace) and polarization spectroscopy (upper trace) signals showing collisional lines corresponding to �J

= ±1,±2, ±3,±4. The direct lines (�J = 0) go far off scale in both traces.

vapor (Na, Na2, K2, and NaK) are much smaller than those of
argon and potassium and thus can, to a good approxima-
tion, be neglected in the analysis. In the present work, the
potassium partial pressure is calculated using the vapor pres-
sure formula of Nesmeyanov,63 adjusted as described in
Sec. IV, while the argon partial pressure is then determined
by subtracting the potassium partial pressure from the total
gas pressure measured in the heat pipe oven using a capaci-
tance manometer attached to the gas inlet. Densities are ob-
tained from pressures using the ideal gas law.

III. THEORY

In this section a description of the polarization spec-
troscopy lineshape function is given. This is followed by a
description of the empirical rate equation models used to de-
termine rate coefficients for collisional transfer of population
and orientation from measured ratios of collisional to direct
line intensities obtained in the fluorescence and polarization
spectroscopy experiments.

A. Polarization spectroscopy lineshapes

The technique of polarization spectroscopy was first
introduced in Ref. 64. This technique provides an extremely
sensitive means for measuring spectral line positions and is
described in detail in Ref. 65. In polarization spectroscopy,
as implemented in the current experiment, a circularly
polarized laser beam (the pump) is used to create a net
orientation (anisotropic distribution of MJ sublevels) in
particular rovibrational levels of molecules in the vapor.
The counterpropagating probe laser beam is sent through
a vertical linear polarizer, then through the vapor, and
finally through a crossed (horizontal) linear polarizer, before
reaching a detector. When tuned to a transition involving
one of the oriented levels, the polarization of the probe
laser beam acquires some degree of ellipticity and thus is
partially transmitted by the final linear polarizer. In order to
understand the polarization spectroscopy excitation spectra,

it is useful to discuss the derivation of the lineshape function.
For this, we follow the basic derivation of Ref. 65.

We begin by considering a linearly polarized laser beam,
propagating along the ẑ axis with its polarization axis defined
as x̂. Thus the electric field at z = 0 can be written as

Einitial = E0x̂e−iωt . (1)

We can break this up into equal components of left and right
circular polarization states by writing:

Einitial = E0√
2

{
1√
2

(x̂ + iŷ)e−iωt + 1√
2

(x̂ − iŷ)e−iωt

}
,

(2)
where (x̂ + iŷ) indicates the left circular polarized component
and (x̂ − iŷ) indicates the right circular polarized component.
As this beam passes through a vapor of length L and the two
windows of the oven, each of thickness d, that have different
absorption coefficients and refractive indices for left and right
circular polarized light, the two components of the beam will
be affected differently. We write out the refractive indices of
the windows and vapor as

n±
w = Re[n±

w] + iIm[n±
w] (3)

n±
v = Re[n±

v ] + iIm[n±
v ], (4)

where w indicates window, v indicates vapor, and + or
− refers to the response to left or right circular polarization,
respectively. The electric field after passing through the vapor
and windows is then given by

E= E0

2

{
(x̂+iŷ)exp

{
i

(
2dω

c
Re[n+

w]+ Lω

c
Re

[
n+

v

]−ωt

)}

× exp

{
−

(
2dω

c
Im[n+

w]+ Lω

c
Im

[
n+

v

])}

+ (x̂−iŷ) exp

{
i

(
2dω

c
Re

[
n−

w

]+ Lω

c
Re

[
n−

v

]−ωt

)}

× exp

{
−

(
2dω

c
Im

[
n−

w

]+ Lω

c
Im

[
n−

v

])}}
.

(5)
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We simplify the notation by using b± ≡ (2dω/c)
Re[n±

w], β± ≡ (2dω/c)Im[n±
w], n± ≡ (Lω/c)Re[n±

v ],
and α± ≡ (Lω/c)Im[n±

v ], and further simplify by set-
ting b ≡ (b+ + b−)/2, �b ≡ (b+ − b−)/2, β ≡ (β+

+ β−)/2, �β ≡ (β+ − β−)/2, n ≡ (n+ + n−)/2, �n

≡ (n+ − n−)/2, α ≡ (α+ + α−)/2, and �α ≡ (α+ − α−)/2
(these definitions are slightly different from those used in
Ref. 65). This allows us to write the x and y components of
the electric field as

Ex = E0

2
ei(b+n−ωt)e−(β+α){ei(�b+�n)e−(�β+�α)

+ e−i(�b+�n)e�β+�α}, (6)

Ey = E0i

2
ei(b+n−ωt)e−(β+α){ei(�b+�n)e−(�β+�α)

− e−i(�b+�n)e�β+�α}. (7)

We now allow this electric field to pass through a nearly
crossed polarizer, with its transmission axis y ′ oriented at a
very small angle θ with respect to the y axis, so the transmit-
ted electric field amplitude is the projection of the incident
electric field onto the transmission axis of the polarizer:

Et = E · ŷ ′ = −Exsinθ + Eycosθ. (8)

Using e±iθ = cosθ ± isinθ , we obtain

Et = i
E0

2
ei(b+n−ωt)e−(β+α){ei(�b+�n+θ )e−(�β+�α)

− e−i(�b+�n+θ )e�β+�α}. (9)

Now, the transmitted intensity is It = cε0|Et |2. Using
this, along with some familiar trigonometric identities, and
defining θ ′ ≡ θ + �b, we obtain

It = I0

2
e−2(β+α) {cosh(2�β)cosh(2�α)

+ sinh(2�β)sinh(2�α)

− cos(2�n)cos(2θ ′) + sin(2�n)sin(2θ ′)
}
. (10)

Assuming that the uncrossing angle θ and the differences in
left and right circular absorption coefficients and birefrin-
gences are all small quantities, we expand the trigonomet-
ric and hyperbolic functions and retain terms only through
second order;

It = I0

2
e−2(β+α){1 + 2(�β)2 + 2(�α)2 + 4�β�α

− 1 + 2�n2 + 2(θ ′)2 + 4�nθ ′}. (11)

In addition, because the polarizers are not perfect, a small
fraction I/I0 ≡ ξ of the intensity of the “wrong” polarization
E · x̂′ = Excosθ + Eysinθ is also transmitted to the detector.
Assuming ξ is also a small quantity and retaining terms only
through second order in small quantities just adds a back-
ground term 2ξ inside the curly brackets of Eq. (11). Thus
we arrive at the final equation for the transmitted intensity,

It = I0e
−2(β+α){ξ + (θ ′)2 + �β2 + 2�β�α + 2�nθ ′

+�α2 + �n2}. (12)

The probe laser beam only interacts with molecules in
the velocity group excited by the pump laser, so the probe
absorption profile will be Lorentzian in nature, and we can
write the vapor circular dichroism term as

�α(ω) = �α0

1 + x2
, with x ≡ ω0 − ω

�
/

2
, (13)

where �α0 is the circular dichroism at line-center (ω = ω0).
Because the absorption and refractive index are related by the
dispersion relation of Kronig and Kramers, we can write the
vapor circular birefringence in terms of the line-center dichro-
ism �α0:

�n(ω) = �α0x

1 + x2
. (14)

Using Eqs. (13) and (14) in Eq. (12), we arrive at the final
polarization spectroscopy lineshape function,

It = I0e
−2(β+α)

{
ξ + (θ ′)2 + �β2 + 2�β

�α0

1 + x2

+ 2θ ′ �α0x

1 + x2
+

(
�α0

1 + x2

)2

+
(

�α0x

1 + x2

)2
}
. (15)

We note that Eq. (15) is almost identical to Eq. (2.50) of Ref.
65, but corrects a couple of minor typographical errors in the
latter.

In Eq. (15), the leading terms ξ , (θ ′)2, and �β2 are back-
ground terms that are constant in laser frequency. As dis-
cussed in Ref. 65, the dispersion term can be minimized by
adjusting the analyzer crossing angle θ to cancel out the win-
dow birefringence �b (i.e., setting θ ′ = 0). Because the win-
dow terms are generally quite large compared to the vapor
terms, the Lorentzian squared and dispersion squared terms
will be small compared to the first order Lorentzian and dis-
persion terms. Thus the main contributor to the polarization
spectroscopy lineshape is the first order Lorentzian term in-
volving the difference in absorption by the vapor of the left
and right circularly polarized components of the probe beam,
multiplied by the window dichroism. Conversely, one can ad-
just the pressure on the oven windows to make �β ≈ 0 but
slightly uncross the polarizer axes. This results in dispersion
shaped lines proportional to θ ′.

In the present experiment θ is adjusted to make θ ′ = 0
so that the polarization spectroscopy lineshapes we observed
were mostly Lorentzian. The remaining background terms
ξ + �β2 in Eq. (15) are supressed by the use of phase-
sensitive detection. Because �α0 has opposite sign for P lines
(Jupper – Jlower = –1) and R lines (Jupper − Jlower = +1), these
two types of transitions can be easily distinguished in the
spectra, thus greatly simplifying the assignment of lines.

B. Empirical model to describe collisional population
and orientation transfer

In order to extract rate coefficients for collisional trans-
fer of population and orientation from our measured colli-
sional to direct line intensity ratios, we have developed a rate
equation model for the fluorescence and polarization spec-
troscopy experiments. We assume that the NaK molecule is
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prepared in an initial state [2(A)1�+(v′ = 16, J ′ = 30)] la-
beled state 1′ (note that we use single primes to designate
intermediate state levels in our OODR pump/probe scheme),
with an initial population and orientation created by the pump
laser. The molecule can then undergo collisions with either
argon or potassium atoms (we assume that these are the dom-
inant species in the vapor and neglect collisions with the
much less numerous sodium atoms and K2, NaK, and Na2

molecules), which transfer some of the population and some
of the initial orientation to a neighboring rovibrational level
[2(A)1�+(v′ = 16, J ′ = 30 + �J )] labeled state 2′. Subse-
quent collisions can transfer population from state 2′ back to
state 1′ (back transfer) or to any other neighboring or distant
level (collisional quenching). Collisions can also cause addi-
tional decay of orientation for molecules in state 2′.

We begin by considering a model for the fluorescence ra-
tios, which are only sensitive to population transfer. We write
a rate equation for the steady-state population in state 2′,

ṅ2′ =0=(
k�J

Ar nAr+k�J
K nK

)
n1′ −

(
k

Q
ArnAr+k

Q
KnK

)
n2′ −�n2′ ,

(16)
where nAr and nK are the argon and potassium number den-
sities, k�J

Ar and k�J
K are the rate coefficients for the transfer

of population from state 1′ to state 2′ in collisions with
argon and potassium atoms, respectively, and k

Q
Ar and k

Q
K are

the quenching rates, describing the loss of population from
state 2′ after the initial collision. � is the rate for radiative
decay from state 2′. In general, the collisional transfer rate
coefficients k�J

Ar and k�J
K will be different depending on

which neighboring rotational level is represented by state
2′, so we include the �J superscript. However, since the
quenching rates involve transitions to all neighboring and
distant levels, we assume they are approximately constant
with the rotational quantum number for state 2′ (in this work
we investigate collisions with |�J | ≤ 4, so we are assuming
that the total collisional quenching rates for the levels
2(A)1�+(v′ = 16, J ′ = 26 − 34) are approximately equal).
Similarly, we assume that the radiative rates of state 1′ and all
states 2′ under investigation are approximately equal. There-
fore, the ratio (I F

2′/I
F
1′ ) ≡ RF of violet 31�(v = 6 or 7, J )

→ 1(X)1�+(v′′, J ′′ = J ± 1) fluorescence (collisional/
direct) as the probe laser is scanned over transitions
coupled to the collisionally populated state 2′ [31�(v
= 6 or 7, J = 29 + �J ) ← 2(A)1�+(v′ = 16, J ′ = 30
+�J )] and the directly excited state 1′ [31�(v = 6 or 7, J

= 29) ← 2(A)1�+(v′ = 16, J ′ = 30)] is given to good
approximation by the ratio of populations n2′/n1′ obtained by
solving Eq. (16) in steady state,

RF ≡ I F
2′

I F
1′

= n2′

n1′
=

k�J
Ar

�
nAr + k�J

K

�
nK

1 + k
Q
Ar

�
nAr + k

Q
K

�
nK

. (17)

Equation (17) is used to model the ratios of collisional to di-
rect line fluorescence intensities for each �J .

For the polarization spectroscopy signals, we use the
fact that the dominant term in the polarization spectroscopy
lineshape function is the Lorentzian term proportional to the
difference in absorption of left and right circular polarized

− J − J +1
M

−J − 1 − J +2 J − 1 JJ − 2 J +1

R
JF ′−

R
JF 1+′−

L
JF ′−

L
JF 1+′−

R
JF 1−′

R
JF ′

L
JF 1−′

L
JF ′

M

− J +1− J J − 1 J

M

FIG. 5. Illustration of absorption of left and right circularly polarized light
giving rise to the polarization spectroscopy signal. Arrows labeled FL and
FR represent probe laser absorptions for left and right circularly polarized
light, respectively, and the F

L,R

M ′ represent absorption coefficients.

light by the vapor [i.e., the �β�α0 term in Eq. (15)]. Figure 5
is a schematic diagram showing the absorption of left
(�MJ = +1) and right (�MJ = −1) circularly polarized
light for transitions from different degenerate magnetic
sublevels of the intermediate level (state 1′ or state 2′) to
sublevels of the upper level in the probe transition [i.e.,
31�(v = 6 or 7, J = 29) ← 2(A)1�+(v′ = 16, J ′ = 30)
for the direct line and 31�(v = 6 or 7, J = 29 + �J )
← 2(A)1�+(v′ = 16, J ′ = 30 + �J ) for the collisional
lines in our experiment]. The intensities of the polarization
spectroscopy lines can be represented by

I ∝
∑

(Left absorptions) −
∑

(Right absorptions)

=
+J ′∑

M ′=−J ′
nM ′FL

M ′ −
+J ′∑

M ′=−J ′
nM ′FR

M ′

=
+J ′∑

M ′=−J ′
nM ′

(
FL

M ′ − FR
M ′

)
. (18)

Here the F
L,R
M ′ coefficients are proportional to the absorption

cross sections and thus represent the relative probability that
the molecule will absorb either left or right circular polar-
ized light, respectively, causing a transition from a specific
M ′ magnetic sublevel in the intermediate level to a specific
M magnetic sublevel in the upper level. These coefficients
are given by Spano66 for 1� → 1� and 1� → 1� transitions.
However, it should be noted that our F

L,R
M ′ coefficients are the

square of the F coefficients given in Ref. 66 divided by 2.
Evaluation of the difference (FL

M ′ − FR
M ′) results in a function

proportional to M ′,

FL
M ′ − FR

M ′ = f (J, J ′)M ′, (19)

where f (J, J ′) is a function that depends only on the rota-
tional quantum numbers of the upper and lower levels of the
probe transition and not on the M values of either state. The
f (J, J ′) values for 1� → 1� and 1� → 1� transitions are
given in Table I. Inserting Eq. (19) into Eq. (18), we obtain

I ∝ f (J, J ′)
+J ′∑

M ′=−J ′
M ′nM ′ . (20)

The average value of M ′ (the orientation of the in-
termediate level of the probe transition) is given by 〈M ′〉
= ∑+J ′

M ′=−J ′ M ′nM ′/
∑+J ′

M ′=−J ′ nM ′ . Thus the sum in Eq. (20)
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TABLE I. f (J, J ′) values for 1� → 1� and 1� → 1� transitions.

f (J, J ′)

1� → 1� 1� → 1�

R transitions J = J ′ + 1
1

(2J ′ + 1)

(J ′ + 2)

(J ′ + 1)(2J ′ + 1)

Q transitions J = J ′ 1

J ′(J ′ + 1)

P transitions J = J ′ − 1 − 1

(2J ′ + 1)
− (J ′ − 1)

J ′(2J ′ + 1)

is equal to the orientation multiplied by the total population
in that level,

I ∝ f (J, J ′)〈M ′〉
+J ′∑

M ′=−J ′
nM ′ . (21)

Assuming all other proportionality constants are the same
(this is an excellent approximation since the transition fre-
quencies, Franck–Condon factors, etc., are almost identical
for neighboring rotational lines of the same vibrational band),
we represent the ratio of the collisional (state 2′) to direct
(state 1′) line polarization spectroscopy signals as

RP ≡ I P
2′

I P
1′

= f (J ′
2−1, J ′

2)

f (J ′
1 − 1, J ′

1)

∑
M ′

2nM ′
2∑

M ′
1nM ′

1

= f (J ′
2 − 1, J ′

2)

f (J ′
1 − 1, J ′

1)

〈M ′
2〉n2′

〈M ′
1〉n1′

.

(22)

In this expression, we have used the fact that all probe
transitions used in this work are P transitions (Jupper

− Jlower = −1). Thus the ratio of collisional to direct line po-
larization signal strengths is essentially equal to the ratio of
orientations times populations.

We can write a rate equation similar to Eq. (16) for the
steady state orientation times population in state 2′,

d

dt
(〈M ′

2〉n2′ )=0=k
O,�J
Ar nAr〈M ′

1〉n1′ + k
O,�J
K nK〈M ′

1〉n1′

− gArnAr〈M ′
2〉n2′ −gKnK〈M ′

2〉n2′ −�〈M ′
2〉n2′ .

(23)

Here, k
O,�J
X is the rate coefficient for the transfer of popu-

lation and orientation from state 1′ to state 2′ in a collision
with species X, while gX is the rate coefficient for the total
decay of population or orientation from state 2′ in collisions
with species X. Solving Eq. (23) in steady state and combin-
ing with Eq. (22), we obtain

RP ≡ I P
2′

I P
1′

= f (J ′
2 − 1, J ′

2)

f (J ′
1 − 1, J ′

1)

〈M ′
2〉n2′

〈M ′
1〉n1′

= f (J ′
2 − 1, J ′

2)

f (J ′
1 − 1, J ′

1)

k
O,�J
Ar nAr + k

O,�J
K nK

� + gArnAr + gKnK
. (24)

Next we separate the effects of population and orientation
transfer by writing

k
O,�J
X = k�J

X

(
1 − f �J

X

)
, (25)

gX = k
Q
X + g′

X, (26)

where k�J
X and k

Q
X are the same population transfer and

quenching rate coefficients used in the fluorescence model,
the parameter f �J

X is the fraction of orientation lost in the
collision that transfers population from state 1′ to state 2′, and
the parameter g′

X is the rate coefficient for decay of orientation
in collisions that do not result in a change in J. Inserting into
Eq. (24) and rearranging, we arrive at the final expression for
the ratio of collisional to direct line intensities as measured in
the polarization spectroscopy experiment,

RP = f (J ′
2−1, J ′

2)

f (J ′
1 − 1, J ′

1)

k�J
Ar

�

(
1−f �J

Ar

)
nAr + k�J

K

�

(
1−f �J

K

)
nK

1 + k
Q
Ar + g′

Ar

�
nAr + k

Q
K + g′

K

�
nK

.

(27)

Preliminary fitting of the data showed that the f �J
X and

g′
X parameters were strongly correlated, especially for potas-

sium collisions where f �J
K is close to 1. Therefore, in fitting

the data, we fix the parameter g′
X at the value

g′
X = 1

2

(
f �J=−1

X k�J=−1
X + f �J=+1

X k�J=+1
X

)
. (28)

Thus we assume that the rate of decay of orientation in col-
lisions that do not result in a change of J is equal to the av-
erage of the rates of decay of orientation in collisions that
change J by plus or minus one unit. We do not believe this is
a serious limitation of the model since g′

X turns out to be much
smaller than k

Q
X (e.g., for the argon case where f �J

Ar differs
significantly from 1, g′

Ar ≈ 0 when it was allowed to vary in
the fit). We also note that Paterson et al.39 found elastic depo-
larization rates that were generally smaller than rotationally
inelastic population transfer rates for the OH(X2�) + Ar sys-
tem. Fixing g′

X at the value given by Eq. (28) allows us to fit
the polarization intensity ratios to determine the probabilities
for destruction of orientation (f �J

Ar and f �J
K ) for collisions

corresponding to each value of �Jwhile the population trans-
fer and quenching rate coefficients are determined primarily
from fitting the fluorescence data.

IV. RESULTS AND DISCUSSION

A. Collisional transfer of population and orientation

We measured collisional to direct line intensity ratios,
for �J = ±1,±2,±3, and ±4, using both fluorescence and
polarization spectroscopy at argon partial pressures between
0.1 and 7.7 Torr (argon densities between 1.5 × 1015 cm−3

and 1.4 × 1017 cm−3) and temperatures between 230 ◦C and
390 ◦C (potassium densities between 3.1 × 1014 cm−3 and
3.6 × 1016 cm−3). Some of the highest temperature data were
recorded in heat pipe mode (where we assume that the argon
pressure in the interaction region is zero). Tables 1 and 2 of
the supplementary materials67 provide lists of intensity ratios
RF and RP measured for each �J at each combination of ar-
gon and potassium densities. We note that because the spectral
line widths of collisional lines are larger than the widths of the
direct lines (see Sec. IV B), intensity ratios were determined,
in all cases, by comparing areas rather than peak heights of
the spectral lines.
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TABLE II. Parameters obtained from empirical global fit to the data, using � = 4.4 × 107 s−1.

Population transfer rate coefficients Probability of destruction of orientation

Argon Potassium Argon Potassium

�J k�J
Ar (10−11 cm3 s−1) k�J

K (10−10 cm3 s−1) f �J
Ar f �J

K

−4 8.4 ± 1.3 2.1 ± 0.5 0.67 ± 0.06 0.95 ± 0.04
−3 6.2 ± 1.0 2.6 ± 0.6 0.61 ± 0.09 0.88 ± 0.06
−2 19 ± 3 4.6 ± 1.1 0.42 ± 0.09 1.00 ± 0.18
−1 8.7 ± 1.4 6.2 ± 1.4 0.29 ± 0.12 0.98 ± 0.02
+1 6.9 ± 1.4 9.8 ± 1.9 0.28 ± 0.15 0.75 ± 0.08
+2 18 ± 3 8.8 ± 2.4 0.51 ± 0.09 0.85 ± 0.12
+3 4.5 ± 0.8 3.1 ± 0.8 0.37 ± 0.16 1.00 ± 0.11
+4 8.0 ± 1.3 1.8 ± 0.8 0.48 ± 0.10 1.00 ± 0.24

Quenching rate coefficients

Argon Potassium

k
Q
Ar (10−9 cm3 s-1) k

Q
K (10−8 cm3 s−1)

1.0 ± 0.2 1.5 ± 0.4

Because the quenching rate coefficients, k
Q
X, do not de-

pend on �J and are common to both the fluorescence and
polarization intensity expressions [Eqs. (17) and (27)], we
needed to fit all the data of both types and for all the
different �J values simultaneously. We also note that al-
though the polarization ratios depend on k

O,�J
X , while the flu-

orescence ratios depend on k�J
X , these parameters are con-

nected by Eq. (25) and the constraint that 0 ≤ f �J
X ≤ 1. Thus

we simultaneously fit the values of ratios RF and RP to
Eqs. (17) and (27), respectively, using the nonlinear mul-
tiple regression tool in Origin 7.5. The value of radiative
decay rate used in the fit, � = 4.4 × 107 s−1, was calcu-
lated using the experimental 2(A)1�+ potential of Ref. 68,
the experimental 1(X)1�+ potential of Ref. 69, and the the-
oretical transition dipole moment function of Ref. 70 in
Le Roy’s LEVEL 8.0 code.71 The 34 fitted parameters (k�J

Ar ,
k�J

K , f �J
Ar , and f �J

K for each of the eight �J values, and
the global parameters k

Q
Ar and k

Q
K), resulting from this fit are

given in Table II. Figures 6 and 7 show plots of the fluo-
rescence and polarization data, respectively, for �J = +2,
along with the results of the global fit. Plots for other values
of �J are given in the supplementary material.67 Figures 8
and 9, respectively, show plots of the collisional popula-
tion transfer rate coefficients, k�J

X , and the probabilities of
destruction of orientation in a collision, f �J

X , as functions
of �J .

B. Line-broadening measurements

Because the heat pipe oven operates at fairly high argon
and potassium vapor pressures, homogeneous linewidths are
dominated by collisional broadening (Doppler broadening is
suppressed by the use of the OODR technique). In the course
of our work, we observed the NaK 31�(v = 7, J = 29)
← 2(A)1�+(v′ = 16, J ′ = 30) transition lineshape at many
different temperatures and pressures as we studied the transfer
of population and orientation in J changing collisions. From
the data, we observed that the width of this “direct” line in-

creases with both argon and potassium densities. We expect
the total homogeneous linewidth, �total, to depend on the col-
lisional line broadening rates kBr

ArnAr and kBr
K nK, the natural ra-

diative rate �nat, and any power broadening, �power, that might
be present according to

�total = kBr
ArnAr + kBr

K nK + �nat + �power. (29)

Therefore, to determine the collisional broadening (dephas-
ing) rate coefficients we plotted the homogeneous linewidth
(full width at half maximum) versus argon density at each
temperature (each potassium density). These plots are linear,
as expected, (an example for nK = 5.1 × 1015 cm−3 is shown
in Fig. 10 and the rest of the data is presented in the online
supplementary materials67) and the slopes of the least-squares
straight line fits represent the argon impact regime collisional
line broadening rate coefficient, kBr

Ar. Values of kBr
Ar obtained

at five different potassium densities (1.8 × 1015 cm−3 ≤ nK

≤ 9.6 × 1015 cm−3) range from (6.6 ± 0.2) × 10−9 cm3 s−1

to (7.7 ± 0.1) × 10−9 cm3 s−1, with a weighted average of

kBr
Ar = (7.2 ± 0.1) × 10−9 cm3 s−1. (30)

The nAr = 0 intercepts of the plots of linewidth ver-
sus argon density represent the homogeneous broadening due
to effects other than argon collisions (i.e., primarily due to
potassium atom collisions). Thus the slope of a plot of these
intercepts, as well as the heat pipe mode (where argon is ex-
cluded from the center of the oven) line widths, versus potas-
sium density (see Fig. 11) yields the potassium broadening
rate coefficient

kBr
K = (4.5 ± 0.2) × 10−8 cm3 s−1. (31)

The intercept of Fig. 11, (3.2 ± 0.3) × 108 s−1, represents the
sum of the natural linewidth of the direct probe transition plus
any power broadening that may be present.

We also observe that the collisional lines in the spec-
tra are always substantially broader than the direct lines.
Broadening of this type has been observed previously in
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FIG. 6. Fluorescence data RF vs nAr for �J = +2, with the potassium density fixed at (a) nK = 4.1 × 1014 cm−3; (b) nK = 1.8 × 1015 cm−3; (c) nK
= 5.1 × 1015 cm−3; and (d) nK = 8.7 × 1015 cm−3; and as a function of nK for data obtained in the heat pipe mode (e).

rotationally inelastic collisions,31, 52, 72–76 and is due to the fact
that the collisional lines correspond to molecules that have
each undergone at least one rotationally inelastic collision
that also causes a change in the molecule’s velocity. Rotation-
ally inelastic collisions involve much smaller impact param-
eters than line broadening (dephasing) collisions, and there-
fore the former create additional inhomogeneous broadening

since these collisions can also change the z component of
the velocity of the molecule (which is initially selected to be
vz = 0 by the pump laser tuned to line center of the Doppler
broadened pump transition). The rotationally inelastic colli-
sional lines we observe are associated with molecules that
have necessarily undergone a single strong collision (the
probability that they have undergone more than one such
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FIG. 7. Polarization data RP vs nAr for �J = +2, with the potassium density fixed at (a) nK = 3.2 × 1014 cm−3; (b) nK = 1.8 × 1015 cm−3; (c) nK
= 5.1 × 1015 cm−3; and (d) nK = 8.7 × 1015 cm−3.

collision is less than 10%) which is also likely to change the
molecule’s velocity. Only a small fraction of molecules asso-
ciated with direct lines are likely to have undergone such a
velocity changing collision.

In a benchmark series of experiments, McCaffery and
co-workers72–76 have demonstrated how the lineshapes of the
collisional lines can be used to determine differential scatter-
ing cross sections, especially in cases where light molecules
undergo collisions with heavy perturber atoms. Here we
content ourselves with separating the effects of argon and
potassium collisions on such velocity changes by representing
the difference in linewidth of the direct line and the collisional
line (�w) as a sum of the additional broadening contributions
from rotationally inelastic velocity-changing collisions
with argon and potassium (�wAr and �wK, respectively),
weighted by the fractions of the total number of collisions in
which the collision partner is an argon or potassium atom,

�w = k�J
Ar nAr�wAr + k�J

K nK�wK

k�J
Ar nAr + k�J

K nK
. (32)

In this simple model, we assume the homogeneous broaden-
ing of the direct and collisional transitions is the same. This is
a good assumption since both transitions involve levels of the

same electronic states and vibrational levels, and rotational
levels differing by only one or a few units. Fitting �w versus
nAr and nK using Eq. (32) and the known values of k�J

Ar and
k�J

K we obtain values of �wAr and �wK corresponding to
velocity changes occurring in rotationally inelastic collisions
with argon and potassium perturbers and for each �J . These
values are shown in Fig. 12.

C. Assignment of uncertainties

The major sources of uncertainty in our measured popu-
lation transfer rate coefficients, probabilities for destruction of
orientation in rotationally inelastic collisions, and line broad-
ening rate coefficients are the uncertainties in the determina-
tion of the potassium and argon densities. The uncertainty in
the potassium density is particularly large because the heat
pipe oven is far from an ideal environment for determining
atomic densities. Certainly, the heat pipe oven environment is
not in thermal equilibrium. Standard alkali vapor cells provide
uniform densities and are therefore generally preferable for
collision studies, but they cannot be operated at the elevated
temperatures necessary to produce sufficiently high molecular
densities.
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In this work, we initially determined the potassium den-
sity from the Nesmeyanov vapor pressure formula. However,
in addition to the problems mentioned above, and although
we have multiple thermocouple sensors on the heat pipe, we
do not necessarily measure the highest temperature where the
liquid metal sits (which controls the actual vapor pressure),
and the Nesmeyanov formula itself may have a systematic er-
ror in the pressure range used in this work. Finally, the pres-
ence of sodium in the alkali mixture is likely to reduce the
potassium density in the vapor phase, according to the ba-
sic mechanism of Raoult’s law.77 This last effect would be
partially compensated by the presence of some sodium vapor
which is likely to act similarly to potassium in these colli-
sion processes. In order to obtain an independent check on the
potassium densities and to assign reasonable values to their
uncertainties, we carried out measurements of the potassium
D1 and D2 line (4S1/2 → 4P1/2 and 4S1/2 → 4P3/2 transitions,
respectively) absorption equivalent widths78 using the white
light and monochromator shown in Fig. 2 and of the D2 line
blue wing absorption coefficient using the cw dye laser, when
the oven was operated in both heat pipe mode and oven mode.
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of collisional lines) due to (a) argon collisions and (b) potassium collisions.

The latter method has been described in detail by Horvatic
et al.79 To determine the equivalent width, we calculated the
absorption coefficient as a function of detuning around the
D1 and D2 lines including the effects of Doppler broaden-
ing, collisional broadening due to potassium perturbers (us-
ing the self-broadening rates of Carrington et al.80), colli-
sional broadening due to argon perturbers when operating
in oven mode (using the argon broadening rates of Lwin
et al.81, 82), and hyperfine structure (using the hyperfine con-
stants reported in Ref. 83). Potassium densities were adjusted
until the calculated absorption equivalent widths matched the
experimental values. Potassium densities measured using the
equivalent width method were lower than those obtained from
the Nesmeyanov formula by amounts ranging from 3% to
33% with an average of 20.2%. We also determined potassium
densities by comparing the measured D2 line blue wing ab-
sorption coefficient at specific detunings with absorption co-
efficients calculated as described above and, in the case where
we operated the oven in heat-pipe mode (where the argon is
excluded from the central region), calculated using the effec-
tive C3 coefficient and more realistic lineshape provided by
Horvatic et al.79 Densities obtained by comparing measured
D2 line blue wing absorption obtained in heat pipe mode to
values calculated using the Carrington et al. self-broadening
rates were lower than those calculated from the Nesmeyanov
formula by 15%–25% (with an average of 20.6%). Simi-
larly densities obtained by comparing measured wing absorp-
tion obtained in oven mode to values calculated using the
Carrington et al. self-broadening rates and the Lwin et al. ar-
gon broadening rates were lower than those calculated from
the Nesmeyanov formula by 10%–28% (with an average of
19.9%). Finally, densities obtained by comparing measured
wing absorption obtained in heat pipe mode to values calcu-
lated using the effective C3 coefficient of Horvatic et al. were
lower than those calculated from the Nesmeyanov formula
by 23%–32% (with an average of 27.3%). Thus our mea-
surements and analysis indicate that the Nesmeyanov formula
systematically overestimates the potassium densities by an av-
erage of 22% in this situation where potassium and sodium
metals are heated together, in agreement with the basic pre-
diction of Raoult’s law. Therefore in our analysis, we used
potassium densities given by the Nesmeyanov formula, but
corrected downward by 22%, and we assign 30% uncertain-
ties to these corrected densities. These uncertainties, which
we believe to be quite conservative, are consistent with previ-
ous studies in our laboratory.84, 85 In addition, we do not con-
sider the neglect of the Na, K2, NaK, and Na2 densities to be a
serious limitation since the sodium atomic density is less than
10%, and the molecular densities are all less than 1%, of the
potassium density.

When operating in oven mode, we determine the ar-
gon partial pressure by subtracting the calculated potas-
sium partial pressure (obtained from the Nesmeyanov for-
mula with the correction discussed above) from the total
pressure measured in the heat pipe using the capacitance
manometer. The manometer has a precision of 0.1 Torr, and
as stated above we assign a 30% uncertainty to the potas-
sium density or pressure. Thus we calculate the fractional
uncertainty in the argon pressure (and density) using the
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formula,

�PAr

PAr
= 0.1Torr

PAr
+ 0.3

PK

PAr
. (33)

Here the first term on the right-hand side represents
the uncertainty due to the pressure gauge, and the sec-
ond term represents the fractional uncertainty contribution
from the potassium partial pressure.

The uncertainties in the potassium and argon densities are
incorporated into the dependent variable of the fitted empiri-
cal models for the fluorescence and polarization spectroscopy
intensity ratios using

�RF =
∣∣∣∣ dRF

dnAr

∣∣∣∣�nAr +
∣∣∣∣dRF

dnK

∣∣∣∣�nK. (34)

From Eq. (17), we obtain

|dRF/dnAr|
RF
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�
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Q
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and
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(36)

Preliminary estimates for the k�J
X and k

Q
X parameters were

used to evaluate these contributions to the uncertainties in RF.
The equations for the uncertainty contributions in the polar-
ization spectroscopy model are of a similar form; one needs
only to replace RF by RP, and k�J

X and k
Q
X by k

O,�J
X and

gX, respectively. These contributions are added to the statis-
tical uncertainties due to fluctuations in intensity to obtain
the total uncertainty in each intensity ratio used in the fit.
These total uncertainties in the RF and RP values are listed
in the supplementary material’s Tables 1 and 2.67

The weighted RF and RP values are fitted with expres-
sions (17) and (27) using the nonlinear multiple regression
tool of Origin 7.5.

Finally, the use of rate equation models [Eqs. (17)
and (27)] to analyze the collisional to direct line intensity
ratios in the fluorescence and polarization spectroscopy ex-
periments may also contribute to error in our results, since
rate equation models neglect laser-induced coherences. One
can show86 that the steady state density matrix equations
of motion reduce to rate equations when no level inter-
acts with more than one laser field (as, for example, in the
case where we probe the collisionally populated intermedi-
ate state levels). However, for the direct lines, where both
pump and probe lasers interact with the same intermedi-
ate state level, coherences can be important. Therefore, we
have developed a full density matrix treatment of the direct
line intensities, in both fluorescence and polarization spec-
troscopy, to examine these effects. Using this model, we have
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FIG. 13. M ′
J level population distribution in the intermediate 2(A)1�+(v′

= 16, J′ = 30) level calculated using the density matrix equations of mo-
tion for the NaK OODR transition 31�(v = 7, J = 29) ← 2(A)1�+(v′
= 16, J′ = 30) ← 1(X)1�+(v′′ = 0, J′′ = 29). (a) Pump laser power
100 mW, probe laser power 0 mW. Net orientation 〈M ′

J 〉 = 8.62. (b) Pump
laser power 100 mW, probe laser power 1 mW. Net orientation 〈M ′

J 〉
= 8.38. The conditions of case (b) are similar to those used in the present
experiment.

determined that a 1 mW probe laser with 1 mm beam ra-
dius at the cell (similar to the conditions used in this ex-
periment) changes the intermediate state population by less
than 6% and orientation by less than 3% compared to the
case with no probe laser (see Fig. 13).86 We believe this sets
an upper limit on the uncertainty introduced by using a rate
equation model in the analysis. A more complete description
of the density matrix equations of motion can be found in
Ref. 86. Analysis of the polarization lineshapes using the den-
sity matrix equations is ongoing.

V. CONCLUSIONS

Our data show that there is a strong propensity for colli-
sions of argon atoms with NaK molecules to change J by an
even number. This propensity has been observed previously
for collisions involving other heteronuclear molecules87–90

and is due to interference effects when the anisotropy of
the interaction potential energy surface for the atom-molecule
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collision is not very large.91, 92 In such a case, the molecule
can be considered to be “almost homonuclear.”91 For exam-
ple, Antonova et al.90 found a very strong �J = even propen-
sity in the almost homonuclear 6Li7Li molecule. As is well
known, homonuclear molecules in 1� states have a strict
�J = ±2,±4, etc., selection rule for collisional spectra due
to nuclear symmetry arguments. In contrast to the present re-
sults for NaK, and the earlier work on 6Li7Li,90 preliminary
work in our laboratory on collisions of NaCs molecules with
argon atoms shows no such propensity.93 This follows from
the argument that NaCs is “more heteronuclear” implying
that the anisotropies in the potential energy surface are more
significant. However, both McCurdy and Miller91 and
Maricq92 point out that the situation is more complicated than
this simple view, with calculations showing propensities for
�J = odd transitions for certain choices of the anisotropy
parameters (coefficients of the even and odd Legendre poly-
nomial terms used to describe the interaction potential).91

We also note that McCormack and McCaffery25 found a �J
= even propensity for the transfer of orientation (but not for
transfer of population) for collisions of He atoms with NaK
molecules in 1� states.

The propensity toward even-numbered changes in J is
not seen in collisions of NaK with potassium, although the
data do show that, in this case, positive �J is favored over
negative �J. An asymmetry with respect to the sign of �J

= odd transitions has been observed before in Refs. 3–7 for
collisions of homonuclear alkali molecules in 1�u levels with
noble gas atoms, where it was attributed to different atom–
molecule potential surfaces associated with the two lambda
doubling components. An asymmetry in positive versus neg-
ative �J collisions in the Li2 A1�u

+–noble gas system was
also shown in Ref. 28. In contrast, our analysis of collisions
involving NaK A1�+ molecules, where we separate the ef-
fects of argon and potassium collisions, shows an asymmetry
with respect to the sign of �J in the population transfer rate
coefficients for collisions with potassium atoms, but not for
collisions with argon atoms.

We have also observed that collisions of NaK molecules
with potassium atoms are more likely to transfer population
to neighboring rotational levels than collisions with argon
atoms (k�J

Ar < k�J
K for all �J ) and that the probability of

destroying orientation in such rotationally inelastic col-
lisions is also much larger for potassium than for argon
perturbers. According to our analysis, the fraction of the
initial orientation that is destroyed in a rotationally inelastic
collision with a potassium atom is characterized by f �J

K ∼ 1,
meaning that virtually all of the initial angular momentum
orientation is lost in a single rotationally inelastic collision.
In contrast, 0.28 < f �J

Ar < 0.67, indicating that rotationally
inelastic collisions with argon atoms tend to preserve a
substantial fraction of the initial orientation. [We note our
values of (1 − f �J

Ar ) are of about the same magnitude as
the equivalent σ 1/σ 0 parameters determined for rotationally
inelastic collisions of NaK(1�) molecules with helium atoms
by McCormack and McCaffery,25 who measured the circular
polarization and total intensity of fluorescence emitted by di-
rectly excited molecules and those in collisionally populated
levels.] Presumably a collision of a potassium atom with an

NaK molecule is more likely to affect either the magnitude,
J, or the direction, MJ , of the molecular angular momentum
than does a collision with an argon atom, due to the nonzero
angular momentum of the potassium atom’s loosely bound
outer valence electron.

We note that most of the fitted parameters in our rate
equation models are of the form k/�, which were converted
to rate coefficients using the value � = 4.4 × 107 s−1 for the
NaK 2(A)1�+(v′ = 16, J ′) level radiative rate. This value of
� was calculated using Le Roy’s LEVEL 8.0 code71 with the
2 (A)1 �+ potential of Ref. 68, the 1 (X)1 �+ potential of
Ref. 69, and the 2 (A)1 �+ ↔ 1 (X)1 �+ transition dipole
moment of Ref. 70. However, if an improved value for � is
found in the future, our results can easily be corrected to take
this into account.

Regarding the line broadening measurements, we see
that the rate coefficient for broadening of NaK transitions
by potassium perturbers is approximately six times larger
than that for argon. We believe this is due to the fact that
the potassium atom is much more polarizable than argon.
Our value for the broadening rate coefficient of the NaK
31� (v = 7, J = 29) ← 2 (A)1 �+(v′ = 16, J ′ = 30) line
due to collisions with argon is 2–8 times larger than values
for alkali resonance lines broadened by argon.81, 82 In ad-
dition, the broadening rate we have obtained for the NaK
31� (v = 7, J = 29) ← 2 (A)1 �+(v′ = 16, J ′ = 30) line
broadened by collisions with potassium atoms is also ∼6–8
times greater than those obtained previously by Kamke
et al.94 for broadening of the sodium resonance lines by
collisions with dissimilar alkali (rubidium and cesium)
atoms. We believe that these differences may be due to
the permanent dipole moment and larger polarizability of
the molecule. The broadening rates measured here are also
useful for solving the density matrix equations of motion,
since the line-broadening rate is equal to twice the collisional
dephasing rate needed in these calculations.

Finally, from the results of Fig. 12, we observe that the
velocity changes in rotationally inelastic collisions are larger
for argon than for potassium perturbers. We believe that this
is because the rate coefficient for argon J-changing collisions
is smaller than that for potassium, and therefore J-changing
collisions of NaK molecules with argon atoms must have
smaller impact parameters than J-changing collisions with
potassium. Thus the argon J-changing collision perturbs the
translational motion of the molecule more than a similar col-
lision with potassium. In the present work, we do not ob-
serve much increase in linewidth with increasing �J. This is
in contrast to McCaffery and co-workers72–76 who observed
a significant increase, with increasing �J, in the broaden-
ing due to velocity changes in Li2–Xe rotationally inelastic
collisions. McCaffery also observed significant differences
in the broadening of lines with positive versus negative �J,
whereas we see almost no difference for argon collisions
but some difference for potassium collisions (see Fig. 12).
We believe the difference between these observations can be
attributed to the different molecule/atom mass ratio in the
two experiments. The lineshape measurements of Kasahara
et al.31 on NaK G1�(v = 15, J = 29 + �J) ← B1�(v′ =
9, J′ = 30 + �J) transitions following rotationally inelastic



174301-16 Wolfe et al. J. Chem. Phys. 134, 174301 (2011)

collisions with argon were carried to larger �J than studied
here, and show a clear trend of increasing linewidth with in-
creasing �J (even in the region 1 ≤ |�J | ≤ 4 corresponding
to the present work). But as in the present work, they did not
observe much asymmetry with the sign of �J, and the magni-
tude of the broadening measured in Ref. 31 is also consistent
with the values reported here. A more detailed comparison is
not possible because the role of the argon versus potassium
atom collisions was not distinguished in Ref. 31. Last, we
note that the work of Kasahara et al.31 also presents a very
interesting study of linewidths associated with ground state
collisions, showing polarization spectroscopy linewidths out
to �J = 50.
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53A. Pashov, I. Jackowska, W. Jastrzębski, and P. Kowalczyk, Phys. Rev. A

58, 1048 (1998).
54S. Kasahara, C. Fujiwara, N. Okada, H. Katô, and M. Baba, J. Chem. Phys.

111, 8857 (1999).
55E. Laub, I. Mazsa, S. C. Webb, J. LaCivita, I. Prodan, Z. J. Jabbour, R. K.

Namiotka, and J. Huennekens, J. Mol. Spectrosc. 193, 376 (1999); Erratum,
J. Mol. Spectrosc. 221, 142 (2003).

56S. Kasahara, P. Kowalczyk, M. H. Kabir, M. Baba, and H. Katô, J. Chem.
Phys. 113, 6227 (2000).

57P. O’Keeffe, T. Ridley, K. P. Lawley, R. J. Donovan, H. H. Telle, D. C. S.
Beddows, and A. G. Urena, J. Chem. Phys. 113, 2182 (2000).

58S. Antonova, G. Lazarov, K. Urbanski, A. M. Lyyra, Li Li, G.-H. Jeung,
and W. C. Stwalley, J. Chem. Phys. 112, 7080 (2000).

59E. Kagi, N. Yamamoto, H. Fujiwara, M. Fukushima, and T. Ishiwata,
J. Mol. Spectrosc. 216, 48 (2002).

60N. Bouloufa, L. Cabaret, P. Luc, R. Vetter, and W. T. Luh, J. Chem. Phys.
121, 7237 (2004).

61M. Braune, H. Valipour, and D. Zimmermann, J. Mol. Spectrosc. 235, 84
(2006).

62J. Ye, H. F. Pang, and A. S.-C. Cheung, Chem. Phys. Lett. 442, 251 (2007).
63A. N. Nesmeyanov, Vapor Pressure of the Elements (Academic, New York,

1963).
64C. Wieman and T. W. Hänsch, Phys. Rev. Lett. 36, 1170 (1976).
65W. Demtröder, Laser Spectroscopy, Volume 2 Experimental Techniques, 4th

ed. (Springer-Verlag, Berlin, 2008).
66F. C. Spano, J. Chem. Phys. 114, 276 (2001).
67See supplementary material at http://dx.doi.org/10.1063/1.3575234 for

complete data tables and figures.
68A. J. Ross, R. M. Clements, and R. F. Barrow, J. Mol. Spectrosc. 127, 546

(1988).
69I. Russier-Antoine, A. J. Ross, M. Aubert-Frécon, F. Martin, and P. Crozet,

J. Phys. B 33, 2753 (2000).
70S. Magnier, M. Aubert-Frécon, and Ph. Millié, J. Mol. Spectrosc. 200, 96

(2000).

http://dx.doi.org/10.1103/PhysRevA.80.022515
http://dx.doi.org/10.1103/PhysRevA.83.032514
http://dx.doi.org/10.1007/BF01401025
http://dx.doi.org/10.1088/0022-3700/5/7/016
http://dx.doi.org/10.1088/0022-3700/5/11/015
http://dx.doi.org/10.1063/1.1673198
http://dx.doi.org/10.1016/0009-2614(71)80080-5
http://dx.doi.org/10.1063/1.438040
http://dx.doi.org/10.1063/1.446505
http://dx.doi.org/10.1103/PhysRevLett.60.282
http://dx.doi.org/10.1103/PhysRevLett.60.282
http://dx.doi.org/10.1103/PhysRevLett.60.1943
http://dx.doi.org/10.1063/1.456249
http://dx.doi.org/10.1021/jp001445c
http://dx.doi.org/10.1063/1.480107
http://dx.doi.org/10.1063/1.2951992
http://dx.doi.org/10.1063/1.470067
http://dx.doi.org/10.1063/1.470908
http://dx.doi.org/10.1063/1.470908
http://dx.doi.org/10.1063/1.461522
http://dx.doi.org/10.1103/PhysRevA.65.032710
http://dx.doi.org/10.1103/PhysRevA.70.032709
http://dx.doi.org/10.1103/PhysRevA.77.030704
http://dx.doi.org/10.1103/PhysRevA.80.012704
http://dx.doi.org/10.1103/PhysRevA.80.012704
http://dx.doi.org/10.1103/PhysRevLett.37.683
http://dx.doi.org/10.1016/0301-0104(79)80104-4
http://dx.doi.org/10.1016/0301-0104(80)80115-7
http://dx.doi.org/10.1063/1.444675
http://dx.doi.org/10.1016/0301-0104(84)85202-7
http://dx.doi.org/10.1088/0022-3700/13/21/012
http://dx.doi.org/10.1126/science.1062754
http://dx.doi.org/10.1063/1.1409351
http://dx.doi.org/10.1016/0009-2614(96)00894-9
http://dx.doi.org/10.1088/0953-4075/30/24/015
http://dx.doi.org/10.1063/1.1615515
http://dx.doi.org/10.1063/1.1691019
http://dx.doi.org/10.1063/1.1883646
http://dx.doi.org/10.1039/b703909c
http://dx.doi.org/10.1063/1.2829111
http://dx.doi.org/10.1063/1.2967861
http://dx.doi.org/10.1080/00268970500096293
http://dx.doi.org/10.1063/1.3061551
http://dx.doi.org/10.1021/jp905348c
http://dx.doi.org/10.1021/jp905348c
http://dx.doi.org/10.1063/1.1658190
http://dx.doi.org/10.1016/0030-4018(79)90104-4
http://dx.doi.org/10.1016/0030-4018(79)90104-4
http://dx.doi.org/10.1063/1.445192
http://dx.doi.org/10.1016/0022-2852(89)90175-6
http://dx.doi.org/10.1103/PhysRevLett.71.1152
http://dx.doi.org/10.1006/jmsp.1995.1112
http://dx.doi.org/10.1063/1.472215
http://dx.doi.org/10.1006/jmsp.1997.7325
http://dx.doi.org/10.1063/1.474474
http://dx.doi.org/10.1103/PhysRevA.58.1048
http://dx.doi.org/10.1063/1.480256
http://dx.doi.org/10.1006/jmsp.1998.7744
http://dx.doi.org/10.1016/S0022-2852(03)00152-8
http://dx.doi.org/10.1063/1.1308089
http://dx.doi.org/10.1063/1.1308089
http://dx.doi.org/10.1063/1.482031
http://dx.doi.org/10.1063/1.481335
http://dx.doi.org/10.1006/jmsp.2002.8676
http://dx.doi.org/10.1063/1.1786919
http://dx.doi.org/10.1016/j.jms.2005.10.006
http://dx.doi.org/10.1016/j.cplett.2007.06.019
http://dx.doi.org/10.1103/PhysRevLett.36.1170
http://dx.doi.org/10.1063/1.1328381
http://dx.doi.org/10.1063/1.3575234
http://dx.doi.org/10.1016/0022-2852(88)90142-7
http://dx.doi.org/10.1088/0953-4075/33/14/312
http://dx.doi.org/10.1006/jmsp.1999.8023


174301-17 Transfer of population and orientation J. Chem. Phys. 134, 174301 (2011)

71R. J. Le Roy, “LEVEL 8.0: A computer program for solving the
radial Schrodinger equation for bound and quasibound levels,” Uni-
versity of Waterloo Physics Research Report CP-663, 2007. See
http://leroy.uwaterloo.ca/programs/.

72A. J. McCaffery, K. L. Reid, and B. J. Whitaker, Phys. Rev. Lett. 61, 2085
(1988).

73K. L. Reid and A. J. McCaffery, J. Chem. Phys. 96, 5789 (1992).
74A. J. McCaffery, J. P. Richardson, R. J. Wilson, and M. J. Wynn, J. Phys. B

26, L705 (1993).
75T. L. D. Collins, A. J. McCaffery, J. P. Richardson, and M. J. Wynn, Phys.

Rev. Lett. 70, 3392 (1993).
76T. L. D. Collins, A. J. McCaffery, J. P. Richardson, R. J. Wilson, and M. J.

Wynn, J. Chem. Phys. 102, 4419 (1995).
77R. Chang, General Chemistry (McGraw-Hill Higher Education, New York,

2000), pp. 415–416.
78A. Corney, Atomic and Laser Spectroscopy (Clarendon, Oxford, 1977).
79V. Horvatic, M. Movre, R. Beuc, and C. Vadla, J. Phys. B 26, 3679

(1993).
80C. G. Carrington, D. N. Stacey, and J. Cooper, J. Phys. B 6, 417 (1973).
81N. Lwin, D. G. McCartan, and E. L. Lewis, Astrophys. J. 213, 599

(1977).
82E. L. Lewis, Phys. Rep. 58, 1 (1980).

83E. Arimondo, M. Inguscio, and P. Violino, Rev. Mod. Phys. 49, 31
(1977).

84Z. J. Jabbour, J. Sagle, R. K. Namiotka, and J. Huennekens, J. Quant. Spec.
Rad. Trans. 54, 767 (1995).

85J. Huennekens, “Collisional and radiative processes in sodium vapor,”
Ph.D. dissertation (University of Colorado, 1982) (unpublished).

86C. M. Wolfe, “Collisional transfer of population and orientation in NaK,”
Ph.D. dissertation (Lehigh University, 2010) (unpublished).

87P. Andresen, H. Joswig, H. Pauly, and R. Schinke, J. Chem. Phys. 77, 2204
(1982).

88A. V. Smith and A. W. Johnson, Chem. Phys. Lett. 93, 608 (1982).
89R. Fei, H. M. Lambert, T. Carrington, S. V. Filseth, C. M. Sadowski, and

C. H. Dugan, J. Chem. Phys. 100, 1190 (1994).
90S. Antonova, K. Urbanski, A. M. Lyyra, F. C. Spano, and L. Li, Chem.

Phys. Lett. 267, 158 (1997).
91C. W. McCurdy and W. H. Miller, J. Chem. Phys. 67, 463 (1977).
92M. M. Maricq, J. Chem. Phys. 103, 5999 (1995).
93S. Ashman, B. McGeehan, C. M. Wolfe, C. Faust, K. Richter, J. Jones, A.

P. Hickman, and J. Huennekens, “Experimental studies of the NaCs 53�0
and 1(a)3�+ states” (unpublished).

94B. Kamke, W. Kamke, K. Niemax, and A. Gallagher, Phys. Rev. A 28, 2254
(1983).

http://leroy.uwaterloo.ca/programs/
http://dx.doi.org/10.1103/PhysRevLett.61.2085
http://dx.doi.org/10.1063/1.462677
http://dx.doi.org/10.1088/0953-4075/26/20/004
http://dx.doi.org/10.1103/PhysRevLett.70.3392
http://dx.doi.org/10.1103/PhysRevLett.70.3392
http://dx.doi.org/10.1063/1.469491
http://dx.doi.org/10.1088/0953-4075/26/20/025
http://dx.doi.org/10.1088/0022-3700/6/3/009
http://dx.doi.org/10.1086/155191
http://dx.doi.org/10.1016/0370-1573(80)90056-3
http://dx.doi.org/10.1103/RevModPhys.49.31
http://dx.doi.org/10.1016/0022-4073(95)00115-2
http://dx.doi.org/10.1016/0022-4073(95)00115-2
http://dx.doi.org/10.1063/1.444027
http://dx.doi.org/10.1016/0009-2614(82)83739-1
http://dx.doi.org/10.1063/1.466649
http://dx.doi.org/10.1016/S0009-2614(97)00071-7
http://dx.doi.org/10.1016/S0009-2614(97)00071-7
http://dx.doi.org/10.1063/1.434890
http://dx.doi.org/10.1063/1.470428
http://dx.doi.org/10.1103/PhysRevA.28.2254

