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We present the results of an experimental as well as theoretical study of nonlinear magneto-optical
resonances in diatomic potassium molecules in the electronic ground state with large values of the
angular momentum quantum number J ∼100. At zero magnetic field, the absorption transitions
are suppressed because of population trapping in the ground state due to Zeeman coherences be-
tween magnetic sublevels of this state along with depopulation pumping. The destruction of such
coherences in an external magnetic field was used to study the resonances in this work.

K2 molecules were formed in a glass cell filled with potassium metal at a temperature above
150oC. The cell was placed in an oven and was located in a homogeneous magnetic field B, which
was scanned from zero to 0.7 T. Q-type and R-type transitions were excited with a tunable, single-
mode diode laser at a wavelength of 661 nm. Well pronounced nonlinear Hanle effect signals were
observed in the intensities of the linearly polarized components of the laser-induced fluorescence
(LIF) detected in the direction parallel to the B-field with polarization vectors parallel (Ipar) and
perpendicular (Iper) to the polarization vector of the exciting laser radiation, which was orthogonal
to B.

The intensities of the LIF components were detected for different experimental parameters, such
as laser power density and vapor temperature, in order to compare them with numerical simulations
that were based on the optical Bloch equations for the density matrix. We report good agreement
of our measurements with numerical simulations. Narrow, subnatural line width dark resonances in
Iper(B) were detected and explained.

PACS numbers: 33.57.+c,33.80.Be

I. INTRODUCTION

Magneto-optical effects in atom-laser interactions are
due to the excitation of a coherent superposition of the
atomic or molecular energy levels with the laser radia-
tion. Light synchronizes the phases of the wave func-
tions of these coherently excited atomic levels. If these
states happen to be degenerate Zeeman magnetic sub-
levels MJ of the angular momentum state with angu-
lar momentum quantum number J , then the application
of an external magnetic field B can split the Zeeman
MJ sublevels, removing the degeneracy, and, as a result,
destroying the Zeeman coherences of the magnetic sub-
levels, or, in other words, destroying the phase synchro-
nization of the respective wave functions. These changes
of atomic properties due to the destruction of coherences
lead to magneto-optical resonances. The first observation
of such a magneto-optical resonance in the excited state
of Hg atoms was made in 1924 by Wilhelm Hanle [1],
and now is known as the Hanle effect. Accordingly, one
speaks of observing resonances in the Hanle configuration
when the magneto-optical resonances appear in a fluores-
cence signal detected along the magnetic field direction
as a function of the applied magnetic field B at linearly
polarized excitation with the polarization E vector per-
pendicular to B.

If the intensity of light is strong enough, atomic co-
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herences can be created not only in the excited state of
an atom, but also in the ground state through nonlinear
absorption by applying the optical pumping technique
pioneered by Alfred Kastler. These studies led to the
Nobel Prize in physics in 1966 being awarded to Alfred
Kastler ”for the discovery and development of optical
methods for studying Hertzian resonances in atoms” [2].
If these effects are studied in the Hanle configuration,
then often these are classified as ground-state Hanle ef-
fect. The ground-state Hanle effect in atoms was first
observed in [3] (see [4] for a review).

Magneto-optical effects turned out to be such a rich
phenomenon, that nowadays they are still actively stud-
ied (see, for example, the review papers [5, 6]). These
studies have generated many interesting applications for
opto-electronics [7], medicine [8] and precise measure-
ment techniques. For example, one of the most sensitive
methods of magnetometry is based on exploiting nonlin-
ear magneto-optical effects in an atomic vapor [9].

Magneto-optical effects have very many manifesta-
tions, such as dark and bright resonances [10–13], co-
herent population trapping [14], electromagnetically in-
duced transparency [15] and electromagnetically induced
absorption [16]. The phenomenon of the slow light is
closely related to these effects as well [17].

The majority of studies of magneto-optical effects in
gases are carried out in atomic media. Nevertheless,
small molecules, such as diatomic molecules, offer new
perspectives on these effects because of their large an-
gular momentum quantum numbers, which reach values
on the order of 100, and because of their very small
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magnetic moments, which very often are on the order
of 10−5 Bohr magnetons. These unique properties are
unreachable with atoms, and thus might open up the
prospect of new applications [18]. Indeed, such systems
provide a path to a classical treatment, allow application
to molecular species that represent an open system of op-
tical pumping due to numerous transitions to v′′i others
than v′′0 levels, and might be useful for measuring mag-
netic fields over a wide range of B. Some issues have to
be clarified for such “pure” systems with negligible HFS
splitting, such as the possibility of observing a bright res-
onance in R-transitions (J ′ − J ′′ = 1) that, in principle,
should be enhanced by larger values of J [19].

To our knowledge, the first mention of an increase in
the intensity of the laser-induced fluorescence (LIF) of
diatomic molecules when a magnetic field (B ≥ 1 T) was
applied was reported in [20] and [21] for the I2 molecule.
An increase in the LIF intensity of up to 30% was ob-
served under strong Ar+ or Kr+ laser excitation of about
1-10 W/cm2 at different orientations of the E-vector of
linearly polarized light. The authors did not attribute
the result to the ground-state Hanle effect, because it
was observed also at E parallel to B. The first direct ex-
perimental studies of the ground-state Hanle signal were
reported in [22] for the diatomic molecules K2 and Na2

in their X1Σ+
g electronic ground states with large angu-

lar momenta J ′′ = 73 and 99, respectively. Changes of
the degree of LIF polarization with increasing B perpen-
dicular to E have been observed in conditions of non-
linear Q-type excitation (J ′ − J ′′ = 0) with a fixed fre-
quency multimode laser that accidentally excited a par-
ticular B1Π (v′, J ′) rovibronic level in these systems.
Under such conditions, the so-called, ground-state ”op-
tical pumping”, first observed in [23] for Na2, leads to
a diminished degree of LIF polarization at B = 0. In
particular, in [22] for the K2 molecule, LIF was excited
by the 632.8 nm line of a multimode He-Ne laser with a
power density of about 1 W/cm2; the nonlinear ground-
state Hanle effect manifested itself as an increase in the
degree of LIF polarization of about 5% as the magnetic
field B was increased up to 0.8 T. At larger B values
LIF polarization diminished because of the excited B1Π
state Hanle effect. Later on, somewhat narrower ground-
state Hanle signals within B up to 0.1 T were detected
in [24] for the X0+

g , J = 52 state of the Te2 molecule,

with Landé factor g ∼ 10−4.

The nonlinear Hanle signals in diatomic molecules ob-
served in [22, 24] (see also [18, 25] for a review), were
analyzed using the classical treatment developed for the
asymptotic limit J → ∞, by Ducloy [26] in terms of
the balance equations for the classical probability den-
sity, accounting for the precession of classical angular
momentum J in the magnetic field. The connection of
such an approach to Zeeman coherences has been dis-
cussed in [27]. As was experimentally observed in [24]
and explained in [28], the degree of polarization at R,
P -excitation (when J ′ − J ′′ equals +1 or −1, respec-
tively) may exceed the classical limit of 1/7 as a result
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FIG. 1. Excitation and observation scheme for the transitions
used in this study: (a) Q-type transition with ∆J = J ′ −
J ′′ = 0 and excitation frequency 15111.270 cm−1; (b) R-type
transition with ∆J = J ′ − J ′′ = +1 and excitation frequency
15111.940 cm−1. In the latter case, P-type transitions were
used for observations.

of the ground-state Hanle effect. To explain these re-
sults, a model was developed [29] applying an expansion
of the density matrix via polarization (multipole) mo-
ments (see [18] for a review), which made it possible to
interpret the additional narrow structure observed in the
vicinity of B=0 of a nonlinear Hanle signal [22, 30] as
a manifestation, via a fourth-rank moment, of the sixth-
rank polarization moment of the ground state J � 1 [31].
A comparison of the quantum mechanical and classical
treatments of the nonlinear Hanle signals based on the
balance equations is given in [18, 32].

The motivation of the present study is to revisit
the nonlinear ground state Hanle effect of a diatomic
molecule with J ∼ 100 and to study in detail the pe-
culiarities observed in earlier works [18, 22, 24, 25]. We
intended to achieve a well controlled excitation by using
the narrow line of a single-mode, scanned, diode laser and
to examine the nonlinear magneto-optical resonances un-
der various excitation power densities and relaxation con-
ditions, as well as to apply the detailed theoretical treat-
ment proposed in [19, 33, 34]. Such a treatment already
has been applied successfully to atoms; it included aver-
aging over the Doppler profile and allowed reproducing
magneto-optical signals with experimental accuracy at
different laser frequency detuning (see, for instance, [35]
and references therein).

II. EXPERIMENT

K2 molecules were formed in an 8 cm long custom-
made glass cell with a side-arm, which contained natural
mixture of potassium isotopes. The cell had a diameter
of 16 mm and the windows on both ends were flat and
parallel. The cell was partly blackened from the outside
to reduce reflections. It was connected by a dry valve
to a vacuum system in order to pump away impurities
that diffused from the walls of the cell. The cell was
placed in an oven that was located between the poles of
an electromagnet, which were separated by a 5 cm gap.
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The oven was made from non-magnetic materials and
contained two separately powered heating elements. The
temperature of the side-arm varied from 150◦C to about
180◦C. The temperature in the cell was maintained about
30◦C higher to avoid metal deposition on the walls of the
cell.

The Q-type and R-type X1Σ+
g → B1Πu transitions

(see Fig. 1) in the K2 molecule were excited with a tun-
able, single-mode, external-cavity, cw diode laser with a
Mitsubishi ML101J27 laser diode. Its temperature and
current were stabilized by Thorlabs controllers. The las-
ing wavelength was about 661 nm. The laser beam passed
through a Glan-Thompson prism to ensure a high degree
of linear polarization. The spectral width of the laser
line was about 10 MHz. The laser beam diameter was
about 1 mm (obtained from the FWHM of the intensity
distribution); its cross-sectional area was measured by a
Thorlabs BP 104-VIS beam profiler. The maximal laser
power at the entrance of the cell was about 30 mW. The
laser frequency was monitored with a HighFinesse WS-7
wavemeter with an relative accuracy of about 10 MHz.
The B1Πu →X1Σ+

g LIF spectra were investigated with
an ISF-125 high resolution Fourier transform spectrom-
eter Bruker Optik GmbH in order to select the proper
excitations from the point of view of LIF intensity and
spectral purity. In order to achieve sufficient spectral pu-
rity it was necessary to detune the laser frequency from
the resonance by about +200 MHz.

The experimental geometry is shown in Fig. 2, which
depicts the relative orientation of the laser beam, the po-
larization vector of the laser light Eexc, the magnetic field
B, and the observation direction. To observe the fluores-
cence in the direction along the magnetic field, a mirror
was attached to one of the poles of the electromagnet.

The LIF from a 1.5 cm long region of the cell was col-
lected by a two-lens system and imaged onto the input
slit of a DFS-12 double monochromator with an inverse
dispersion of 0.5 nm/mm. The LIF intensity at the tran-
sition selected by the monochromator was detected by
a Hamamatsu photomultiplier module via an Electron
Tubes CT2 time counter. The electromagnet, powered
by two Agilent N5770A DC power supplies connected in
parallel, was used to produce a homogeneous magnetic
field B up to 0.7 T. The magnetic field was calibrated
by a digital teslameter with an accuracy of 5 · 10−4 T.
A switchable sheet polarizer was inserted in front of the
slit to measure the LIF intensity that was polarized ei-
ther parallel (I par ) or orthogonal (I per ) to the exciting
laser polarization vector E in the Hanle configuration (see
Fig. 2).

The fluorescence was recorded while the magnetic field
was scanned, in discrete steps, from 0 to 0.7 Tesla in one
direction. At each step, the signal was collected during
2 seconds. Thus, a typical scan lasted 40 seconds, in-
cluding the time necessary for the establishment of the
constant magnetic field. Usually, from 40 to 80 scans
were performed and averaged. The dependences of the
LIF intensities (I par and I per) on the magnetic field were
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FIG. 2. Experimental geometry. The relative orientation of
the laser beam (exc), its polarization vector Eexc, magnetic
field vector B, and observation direction (obs) are shown.

detected separately and then normalized to the I par value
at B = 0. The degree of polarization was calculated as
P = (Ipar − Iper)/(Ipar + Iper), accounting for different
losses in the detection system for each component of the
LIF polarization.

III. THEORETICAL MODEL

A theoretical model had been developed previously in
order to describe bright and dark resonances of atomic
alkali metals in vapor cells [35–37], and a detailed de-
scription of this theoretical model can be found in these
references. We give a brief summary of the model here
for convenience and emphasize the changes made in or-
der to treat diatomic molecules. The model describes
the internal molecular dynamics by an atomic density
matrix ρ, which also depends parametrically on the clas-
sical coordinates of the molecular center of mass. The
time evolution of the density matrix ρ follows the optical
Bloch equations (OBEs) [38]:

i~
∂ρ

∂t
=
[
Ĥ, ρ

]
+ i~R̂ρ. (1)

The Hamiltonian Ĥ is assumed to be in the form Ĥ =
Ĥ0+ĤB+V̂ . Here, Ĥ0 describes the unperturbed molec-
ular energy structure, ĤB describes the molecule’s inter-

action with the static magnetic field, and V̂ = −d̂ ·E(t)
is the dipole interaction operator that describes the in-
teraction between the molecule and the exciting radia-
tion. The relaxation operator R̂ includes the sponta-
neous emission rate, which equals the spontaneous decay
rate of the excited state Γ, and the combined transit and
collision relaxation rate γ, which can be estimated from
the exciting laser’s beam diameter, the temperature and
density of the gas in the cell, as well as the effective cross-
section of the collisions; more details on this evaluation
are given in the next section.
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Describing the exciting radiation classically as an oscil-
lating electrical field and taking into account the classi-
cal motion of the atoms and the resulting Doppler shifts,
the rotating wave approximation [39] results in stochas-
tic differential equations when applied to the OBEs. Ac-
counting for the fact that the experimentally observed
light intensity is averaged over time intervals that are
large compared to the characteristic time of the phase
fluctuations, it is possible to average over the stochas-
tic differential equations following the method described
in [36] and references therein.

By eliminating the density matrix elements that cor-
respond to the optical coherences, the rate equations for
the Zeeman coherences are obtained:

∂ρgigj
∂t

=
(
Ξgiem + Ξ∗ekgj

) ∑
ek,em

(
dgiek1

)∗
d
emgj
1 ρekem

−
∑
ek,gm

[
Ξ∗ekgj

(
dgiek1

)∗
dekgm1 ρgmgj

+ Ξgiek
(
dgmek1

)∗
d
ekgj
1 ρgigm

]
− iωgigjρgigj

+ α
∑
ei,ej

Γeiejgigjρeiej − γρgigj + λδ
(
gi, gj

)
(2)

and

∂ρeiej
∂t

=
(
Ξ∗eigm + Ξgkej

) ∑
gk,gm

deigk1

(
d
gmej
1

)∗
ρgkgm

−
∑
gk,em

[
Ξgkejd

eigk
1

(
dgkem1

)∗
ρemej

+ Ξ∗eigkd
emgk
1

(
d
gkej
1

)∗
ρeiem

]
− iωeiejρeiej − Γρeiej . (3)

In these equations ρgigj and ρeiej are the density matrix
elements for the ground and excited states, respectively.
Quantities Ξgiej and Ξ∗eigj describe the coupling between
the ground and excited states induced by the laser field;
they depend on the Rabi frequency (ΩR), which is dis-
cussed in the next section, as well as on the spontaneous
decay rate of the excited state (Γ), the exciting laser’s
linewidth (∆ω) and the actual frequency detuning be-
tween particular transition of two magnetic sublevels and
the excitation frequency:

Ξij =
Ω2
R

Γ+γ+∆ω
2 + ı̇

(
ω̄ − kω̄v + ωgiej

) . (4)

The complex part in the denominator of (4) includes
the laser detuning from the exact optical transition fre-
quency (ω̄), the Doppler shift (kω̄v), and the Zeeman
effect (ωgiej ).

The dipole transition matrix elements d
eigj
1 between

the ground state i and the excited state j can be calcu-
lated according to angular momentum theory in general
and the Wigner-Eckart theorem in particular [40]. The
energy splittings between the magnetic sublevels of either

the ground or the excited state are denoted by ωij ; within
the scope of the present research the shifts are assumed
to be caused by the linear Zeeman effect. We assume
our transition to be open (i.e., not all of the molecules
from the excited state decay to the initial ground state),
and the recurrence is described by the coefficient α; Γ

eiej
gigj

describes the coherence transfer via spontaneous transi-
tions from the excited to the ground state. Re-population
of the ground state due to non-optical processes, such
as unpolarized molecules in which coherence of magnetic
sublevels has not been created flying into the interaction
region or molecules loosing their coherence due to colli-
sions, occurs with rate λ. We assumed that the molecular
equilibrium density outside the interaction region is nor-
malized to unity, and so λ = γ.

The experiments are assumed to take place under sta-
tionary excitation conditions, so ∂ρgigj/∂t = ∂ρeiej/∂t =
0. Thus, one can reduce the differential equations
(2) + (3) to a system of linear algebraic equations, which,
when solved, yields the density matrices for the molecular
ground and excited states. The linear algebraic system
can be solved analytically for small rotational angular
momentum J values, but the complexity of the prob-
lem increases rapidly when the angular momentum is in-
creased: the number of equations in the linear system is
proportional to (2J + 1)2. Thus, for the J values dis-
cussed in the present study, the system (2) + (3) can be
solved only numerically for particular excitation condi-
tions as the number of equations in the system is on the
order of 105. If the linear algebraic system is written in
matrix form Ax = b one needs to diagonalize the ma-
trix of coefficients A in order to solve the linear system.
The fact that most of the elements in the matrix of co-
efficients are equal to zero is employed to optimize the
process of diagonalization and thus the use of computa-
tional resources. A set of routines (UMFPACK) based
on the Unsymmetric MultiFrontal method [41] is used to
perform decomposition of the sparse matrix of the linear
system into a product of a lower and an upper triangular
matrix (LU factorization).

Once the density matrices are known, one obtains the
observed fluorescence intensity as follows:

If (ẽ) = Ĩ0
∑

gi,ei,ej

d(ob)∗
giej d

(ob)
eigiρeiej , (5)

where Ĩ0 is a constant of proportionality. Two orthogo-
nal polarization components (see Fig. 2) are calculated.
To describe the influence of the Doppler effect, the flu-
orescence is summed over the different atomic velocity
groups. For the averaging over the frequency, the step
size is chosen to be smaller than the natural linewidth of
the transition. Figure 3 illustrates the calculated LIF
signals of one of polarization components obtained in
this way using parameters which were typical for the
experiment performed. The following parameters were
used for the K2 molecule: the spontaneous decay time
Γ−1 = 12 · 10−9 s [22] for the B1Πu state, the Landé
factor of the excited state gJ′ = 1/J ′(J ′ + 1) [42]; the
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FIG. 3. Simulation of the parallel polarization component
of the LIF intensity versus the magnetic field for K2 Q-type
excitation X1Σ+

g →B1Πu with J ′ = J ′′ = 99, at ΩR=27 MHz
for different relaxation rates γ.

Landé factor of the ground state was obtained in [43] as
gJ′′ = (1.01±0.04) ·10−5. It can be seen that the present
theoretical model predicts well pronounced dark reso-
nances in the K2 molecule. The analysis demonstrated
that the bright resonances should not been observed for
such an open system.

IV. RESULTS AND DISCUSSION

The measured dependences on the magnetic field of
the LIF intensities and the degree of polarization for a
Q-type excitation are presented in Figs. 4–6 for differ-
ent combinations of potassium vapor densities and laser
power densities. This set of data is complemented by
an example of the R-type excitation presented in Fig. 7.
The figures show stacked plots of the intensities I par(B)
and I per(B) and of the degree of polarization P (B). The
intensities are given in relative units, and the value of
I par at B = 0 is normalized to unity. The scattered dots
represent the experimental data, while the solid lines rep-
resent calculations based on Eqs.(2) – (5).

The laser power density and the number density of the
potassium atoms NK are given in each figure. The num-
ber density NK2

of the K2 molecules is by about two
orders of magnitudes less than NK . The density of the
potassium atoms and molecules is calculated from the
temperature of the metal vapor according to [44]. The
values of the Rabi frequency ΩR and of the ground-state
relaxation rate γ can be roughly estimated from experi-
mental parameters. The Rabi frequency is proportional
to the excitation probability of the transition and the
laser field amplitude E [45]:

ΩR ∝ |E| ∝
√
I. (6)

A simple way to estimate the coefficient of proportional-

ity in (6) is by calculating the saturation laser power den-
sity Isat at which the Rabi frequency becomes equal to
the rate of spontaneous emission (assuming that γ � Γ)
as is shown in [46].

The ground-state relaxation rate γ can be described by
a sum of the collision-induced relaxation rate γcol and the
transit relaxation rate γtran, which is caused by molecules
escaping laser beam region and “fresh” molecules flying
into it:

γ = γcol + γtran = σcolNK〈v〉+
〈v〉
dL

, (7)

where dL is the laser beam diameter, 〈v〉 is the mean
thermal velocity and σcol is the K2(X1Σ+

g )+K inelastic
collision cross section.

Figure 4 shows the LIF signal for Q-type excitation
with the temperature in the side-arm of the cell held as
low as reasonably possible in order to reduce the collision-
induced relaxation. The manifestation of the nonlinear
ground-state Hanle effect, or dark resonance, is read-
ily visible with a contrast of about 0.18 in I par(B) as
predicted by calculations (solid line) at γ = 0.03 MHz
which agrees well with its estimate by (7) (see also Fig-
ure 3). The I per dependence on B is more complicated.
It shows a dark resonance that is noticeably narrower
than in I par(B) with a smooth decline at B > 0.1 T. Such
I par(B) and I per(B) dependences yield the polarization
degree P (B) as shown in the lowest graph in Fig. 4. Note
that the degree of polarization P at B = 0 is about 0.37,
which is markedly smaller than the limit at weak excita-
tion, close to 1/2 [18]. A peculiarity in the form of a peak
at P (0) can be distinguished (see inset). Such additional
structure in P (B) was discovered in [22] and analysed
in [31]. The narrow “dark” resonance in I per(B) was not
revealed in [22] since only the resonances in P (B) were
studied.

In order to test how the detuning could affect the sig-
nal, we calculated numerically the LIF dependence on
magnetic field for an excitation without any detuning
from the resonance frequency. The results are shown in
Fig. 4 by dotted lines. As can be seen, such detuning does
not significantly affect the shapes of the magneto-optical
resonances.

Figure 5 shows the resonance signals at Q-type excita-
tion at the same laser power density as in Fig. 4 but at
higher temperature in the side-arm. Compared to the sit-
uation in Fig. 4, the contrast of the resonance in I par(B)
is smaller and the degree of polarization at B = 0 in-
creases up to P (0) = 0.42. It can be seen that the reso-
nance becomes broader, which is caused by the increase of
γ due to the growth of γcol with NK (see expression (7)).
When increasing the temperature from 150◦C to 180◦C,
the value of NK increases by about 5 times (see Fig-
ures 4, 5), and the collisional process becomes dominant
since γ increases from 0.03 to 0.08 MHz, which signifi-
cantly exceeds the transit relaxation rate. The change in
the shape of the dark resonance is most pronounced in
the I per(B) signal.
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FIG. 4. Experimental (scattered dots) LIF intensities Ipar,
Iper and degree of polarization P versus the magnetic field
observed in K2 for Q-type excitation with a side-arm tem-
perature of about 150◦C. The solid lines are the result of
simulations at ΩR=27 MHz and γ=0.03 MHz, and with a 200
MHz detuning of the excitation frequency from the resonance.
The dotted lines are calculated for the same parameters, but
without the laser frequency detuning.

We also studied how the resonance shape varies as a
function of laser power density. Figure 6 shows the LIF
intensities and degree of polarization for Q-type excita-
tion at a laser power density that was about 360 times
weaker than in Figs. 4–5. Under these conditions the
contrast of the resonance in I par(B) and I per(B) was
markedly diminished, while the degree of polarization at
B = 0 approached its maximum value at weak excitation
close to 1/2.

Figure 7 shows the LIF intensities and degree of po-
larization for R-type excitation. The structure in the
curves was similar to the structure observed for Q-type
excitation, which indicates that the same mechanism was
mainly responsible for the structure in both types of ex-
citation.

The results presented above show that our theoretical
model describes reasonably well a wide range of experi-
mental data using only two fitting parameters: ΩR and
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FIG. 5. Experimental (scattered dots) LIF intensities Ipar,
Iper and degree of polarization P versus magnetic field ob-
served in K2 for Q-type excitation with a side-arm tempera-
ture of about 180◦C. The solid lines are the results of a sim-
ulation at ΩR=27 MHz and γ=0.08 MHz, with a 200 MHz
detuning of the excitation frequency from the resonance.

γ. It could therefore be expected that the best fit by our
model can provide estimates of relaxation and molecule-
light interaction parameters that correspond to the real
experimental conditions. As the shapes of magneto-
optical resonances are very sensitive to these parameters,
the model can be used as a tool for estimating numeri-
cally the relaxation constant γ and the Rabi frequency
ΩR. However, when we increased the laser power den-
sity by a factor of 360, we expected to obtain a Rabi
frequency ΩR that was larger by a factor of 19, see (6).
Instead, the best fit corresponded to an increase in the
Rabi frequency of only a factor of 3. The reason for
this discrepancy could be that for very high laser pow-
ers, the effective power density is smaller than expected
because of the influence of the wings of the laser beam
profile, which has a roughly Gaussian distribution. The
saturation intensity [40, 46] calculated for these transi-
tions was approximately 0.003 W/cm2. The actual laser
power density used in the experiment was between 0.003
and 1.1 W/cm2. The diameter of the laser beam in our
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FIG. 6. Experimental (scattered dots) LIF intensities Ipar,
Iper and degree of polarization P versus magnetic field ob-
served in K2 for Q-type excitation at reduced laser power
density (the temperature in the side-arm was about 180◦C).
The solid lines are the result of a simulation at ΩR=10 MHz
and γ=0.09 MHz, with a 200 MHz detuning of the excitation
frequency from the resonance.

experiment was defined as the full width at half max-
imum of the laser beam intensity distribution, and the
laser power density was defined as the total laser power
divided by the cross-sectional area of the laser beam, as
calculated with this beam diameter. At high laser power
densities the transition is already saturated in the most
of the area that is defined as the laser beam cross section.
However, the wings of the laser beam profile are not sat-
urated and their contribution becomes larger relative to
the saturated center. Therefore, the signal is being gen-
erated by a large region whose actual laser power density
is much lower than the defined total laser power density
of the beam. This interpretation is supported by Fig. 8,
which shows that the LIF signal continues to increase
almost linearly even though at such laser power density
at the central part of the beam the transition is already
fully saturated.

It is worth discussing in more detail the unexpected
narrowing of the nonlinear ground state magnetic reso-
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FIG. 7. Experimental (scattered dots) LIF intensities Ipar,
Iper and degree of polarization P versus magnetic field ob-
served in K2 for R-type excitation with a side-arm tempera-
ture of about 185◦C. The solid lines are the result of a simu-
lation at ΩR=27 MHz and γ=0.09 MHz, with a detuning of
the excitation frequency 170 MHz from the resonance.

nances in the B -dependences of the orthogonally polar-
ized LIF intensity I per when compared to the correspond-
ing dependences of the parallel polarized LIF component
I par. Such an effect is theoretically predicted, under cer-
tain conditions, by simulations using the present model
and was experimentally confirmed (see Figs. 4 and 5).
Indeed, the half width B1/2 of the growing part (dark
resonance) of the I per(B) was about B1/2 ∼ 0.05 T
in Fig. 4, which was much smaller than the respective
half width in the I par(B) of about 0.2 T. Interestingly
enough, if the growing part of the narrow dark reso-
nances in I per(B) in Fig. 4 and Fig. 5 is approximated
roughly by a Lorentz-type dependence, when the respec-
tive Larmor frequency ωgigj (B1/2) = ωL of the preces-
sion of the ground-state magnetic moments is connected
with the ground-state relaxation rate as γ = |gi − gj |ωL,
then the respective coherence between Zeeman sublevels
of J ′′ is close to |gi − gj | = 4. This corresponds to
magnetic-field-induced relaxation of the polarization mo-
ments ρκq , which are the coefficients of expansion of the
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FIG. 8. Measured relative intensities versus laser power at
the entrance of the cell. The experimental parameters are the
same as in Fig. 5. The solid lines are shown to guide the eye.

density matrix ρgigj (2) over the irreducible tensor op-
erators (called polarization operators) with rank κ = 4
(see, for instance, [18, 40] and references therein). Such
a polarization moment is called a hexadecapole moment,
and its manifestation in LIF is, as a rule, masked by
a second-rank κ = 2 quadrupole polarization moment,
or alignment. The latter should produce roughly a two
times broader B -dependence, with B1/2 corresponding
to γ = 2ωL. For essentially non-linear conditions, as
in Fig. 4 and Fig. 5, the B -dependence of the LIF is
expected to be power broadened, and such broadening
should be much more pronounced in the I par(B) deter-
mined by the second-rank polarization moment (align-
ment) than for the I per(B) predominantly determined by
the fourth rank κ = 4 (or higher ranks κ > 4, see [18]).
This suggests an explanation for the differences between
the half widths of I par(B) and I per(B) presented in Fig. 4
and Fig. 5.

V. CONCLUSION

Nonlinear magneto-optical resonances (or nonlinear
Hanle signals) have been studied for systems with large

angular momentum (J ∼100) in K2 molecules. Dark
resonances have been theoretically predicted and exper-
imentally detected in the LIF intensities I(B) under lin-
early polarized excitation. Bright resonances were nei-
ther detected nor predicted by the theoretical model for
such a system. The dependence on temperature and laser
power density was observed and described by a theoret-
ical model that is based on the optical Bloch equations.
The model included averaging over the Doppler profile,
the splitting of the magnetic sublevels in an external mag-
netic field, and the coherence properties of the radiation
field.

The observed and calculated Hanle resonance in the
component of the LIF intensity I per(B) that was po-
larized orthogonally to E was markedly narrower than
would have been expected from the relaxation rate γ.
This allowed us to explain the narrow maximum previ-
ously observed in the degree of LIF polarization in earlier
works [18, 22, 31].

It was demonstrated that it is possible to describe non-
linear magneto-optical resonances in systems with large
angular momenta over a wide range of experimental con-
ditions with the theoretical model developed in [36]. As a
result, theoretical modeling can serve as a tool for future
investigations of systems with large angular momenta
and for the development of practical applications based
on them.
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