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Nonlinear magneto-optical rotation in rubidium vapor excited with blue light
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We present experimental and numerical studies of nonlinear magneto-optical rotation (NMOR) in rubidium
vapor excited with resonant light tuned to the 525, 2= 62pP, /2 absorption line (421 nm). Contrary to the
experiments performed to date on the strong D, or D, lines, in this case, the spontaneous decay of the excited state
6 %Py, may occur via multiple intermediate states, affecting the dynamics, magnitude, and other characteristics
of NMOR. Comparing the experimental results with the results of modeling based on Auzinsh et al. [Phys. Rev.
A 80, 053406 (2009)], we demonstrate that despite the complexity of the structure, NMOR can be adequately
described with a model, where only a single excited-state relaxation rate is used.
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I. INTRODUCTION

Nonlinear magneto-optical rotation (NMOR) is the light-
intensity-dependent rotation of polarization of linearly polar-
ized light during its propagation through a medium subject to
an external magnetic field. Over the years, the effect has been
extensively studied, both experimentally and theoretically [1].
The research has been driven by the desire for a comprehensive
understanding of the physical processes responsible for the
rotation of light polarization, as well as by fundamental and
practical applications of the effect. For example, a detailed
understanding of the generation, evolution, and detection of
quantum states in atoms, manifested at the macroscale as
NMOR, led to the development of techniques enabling the ma-
nipulation for these states (quantum-state engineering) [2-5]
and methods of their nondestructive measurement (quantum
nondemolition measurements) [6,7]. The effect has also
been used in investigations of the relaxation of ground-state
coherences in atomic vapor [8—11], resulting in refinement
of the techniques enabling the generation of long-lived
(260 s) ground-state coherences [12]. On a more practical
side, NMOR has found applications in atomic clocks [13],
optical magnetometers [14], narrow-band optical filters [15],
and laser-frequency locking systems [16]. An interesting
area of application of NMOR is fundamental research. For
example, the effect is used in the search for nonmagnetic
spin couplings [17-21], and is proposed for experiments
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focusing on the detection of constituents of dark matter or
energy [22].

To date, most of the NMOR studies and applications
utilized alkali vapors optically excited on the strong D,
or D, absorption lines (see, for example, Ref. [14], and
references therein). In such systems, good agreement between
theoretical predictions and experimental observations has been
demonstrated [3,23]. In this paper, we study NMOR under
different physical conditions, i.e., we explore the effect with
rubidium atoms excited to a higher-energy state (the 6 %P, 2
state). This results in more complex repopulation of the
ground-state levels; in addition to the direct repopulation of
the ground-state sublevels, the repopulation may occur via
several intermediate states (635, 2.4 2Dy /2,9 2p, s2,and 5 2p, /2)
(Fig. 1) [24]. This enables the analysis of the role of these
different relaxation channels in NMOR, while preserving other
important characteristics, such as ground-state relaxation time
and atomic density. Moreover, the smaller splitting of the
hyperfine levels of the 6%P;), states, relative to the 52P; ),
and 52P; /2 states, offers the possibility to investigate the role
of state splitting on the efficiency of generation and probing
of ground-state coherences [25].

A specific goal of this paper is a comparison of the exper-
imental results of the so-called blue NMOR, where excitation
and probing at the 525;/» — 6 2Py, absorption line is per-
formed using 421-nm light, with the results of theoretical cal-
culations based on the model developed in Ref. [25]. Our aim
is to verify if the real (complex but closed) system can be ade-
quately described with a single relaxation parameter responsi-
ble for ground-state repopulation as was assumed in the model.

©2015 American Physical Society
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FIG. 1. (Color online) Relevant energy states and transitions of
Rb atoms excited by resonant radiation at 421.6 nm. The solid line
indicates the excitation light, while the dashed lines indicate channels
of spontaneous emission.

In addition to the understanding of NMOR in a more com-
plex system, observation of the effect at the 525, — 62Py»
transition offers several interesting features. For example, due
to the low strength of the 52, 2= 62pP, /2 transition, the
excitation only weakly perturbs the atomic medium. Thus,
blue NMOR may be applied as a nondestructive probe of
laser cooled and trapped atoms, including quantum degenerate
gases. While it is possible to perform similar measurements
on stronger transitions (e.g., the D or D, lines) using weak or
detuned light, application of blue light facilitates separation of
the light from the cooling or trapping (near infrared) beams,
which increases precision of the state detection (optical readout
is not affected by scattered light). In another application, low
absorption of blue light in water provides an opportunity to
use this transition in remote underwater magnetometery.

This paper is organized as follows. In the next section,
we outline the theoretical approach developed in Ref. [25],
recalling the most important results of the analysis (see
Supplemental Material [26]). In Sec. III, we describe the
experimental apparatus used for detection of blue NMOR.
The experimental and theoretical results are presented and
discussed in Sec. IV and the conclusions are given in Sec. V.
Finally, the Appendix presents the derivation of the scaling
parameters that enables precise calculations of blue NMOR
signals and its direct comparison with experimental data.

II. THEORETICAL BACKGROUND

Nonlinear magneto-optical rotation can be considered as
a three-stage process, consisting of pumping, evolution, and
probing of quantum states of atoms, constituting a medium
interacting with light. In the model, light first pumps atoms,
modifying their optical properties and introducing anisotropy
to the medium. The axis of generated anisotropy is defined by
the light polarization. During the next stage, the light-modified
properties evolve. This evolution is caused by external fields,
resulting in precession of the anisotropy around the magnetic
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field. The precession is accompanied by processes intrinsic to
the system, which leads to relaxation of the atomic polarization
and hence the optical anisotropy of the medium. In the final
stage, modified properties of the medium affect propagation
of light, leading to the rotation of light polarization. Although
in real experiments these three stages typically occur simul-
taneously, here, without loss of generality, we consider them
independently (in the Supplemental Material [26] we derive
the formula for polarization rotation that combines all the
stages).

To describe the quantum evolution of a system, one may
utilize the density-matrix formalism. This approach allows
determination of a quantum state of atoms interacting with
light and external magnetic field, i.e., the situation that
we encounter in NMOR. While an explicit form of the
Liouville equation governing quantum evolution of the system
is provided in the Supplemental Material [26], here, we only
recall the most important elements of the derivation of the
equations for polarization rotation.

In our approach, the light-atom interaction is treated semi-
classically and is described by the electric-dipole Hamiltonian.
Optical excitation is accompanied by spontaneous emission,
covered in the Liouville equation by a spontaneous-emission
operator. Both processes (optical excitation and spontanous
emission) are responsible for optical pumping of the medium
and hence generation of its polarization. It should be stressed,
however, that despite the significant number of the intermedi-
ate states present in the system, in our model we only use a
single excited-state relaxation rate. This reduces the problem
to the simpler “two”-level system. The question of whether
this assumption is correct or is an oversimplification is one of
the main problems addressed with this work.

To conveniently describe optical pumping, one may use the
irreducible-tensor basis. This approach allows us to introduce
several simplifications into the theoretical description. In
particular, it can be shown that in the low-light-intensity
regime, absorption of a photon by an unpolarized atom may
only induce the three lowest polarization moments: population,
orientation, and alignment (see discussion in Supplemental
Material [26]). Moreover, if the light polarization direction
is aligned along the quantization axis, the only nonzero
atomic polarization generated during the pumping stage is
the alignment population distribution (0??), while the only
nonzero moment existing initially in the system, the p®?
moment (isotropic polarization), is modified [27].

During the next (evolution) stage, the only external interac-
tion present in the system arises from the magnetic field, i.e.,
the interaction Hamiltonian is exclusively given by the Zeeman
interaction, and the relaxation. The interaction, in its lowest
order, does not change the rank of the polarization moment, but
it can mix components of the same-rank moments. Thereby,
the polarization moments p*") can be generated in the system
during the evolution stage.

Rotation of light polarization occurring during the last,
probing, stage can be calculated using the macroscopic
polarization of the medium. This enables calculation of the
medium’s electric susceptibility and hence refractive indices
for two orthogonal circular polarizations of light responsible
for light-polarization rotation. In the considered case, the
only polarization moments contributing to the effect are the
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p@Y and p?~D polarization moments (see Supplemental
Material [26]). Since these moments are generated during
the first two stages, this shows the role of light (genera-
tion of the p®? polarization moment) and magnetic field
(introduction of p®*1) in NMOR.

It should be stressed that our model was developed under the
assumptions of low-light intensities and small magnetic fields.
The low-light intensity ensures the absence of such nonlinear
optical processes as alignment-to-orientation conversion [28],
which would result in deterioration of NMOR-signal ampli-
tude. The assumption of low magnetic field ensures that the
effect arises due to the ground-state coherences, i.e., is not
not caused by linear magneto-optical rotation or the so-called
Bennett-structure effect [29].

A specific question that needs to be addressed in the theoret-
ical considerations of NMOR is motion of atoms. As shown in
Ref. [25], the atomic motion should be treated differently when
atoms are contained in a buffer-gas-free uncoated vapor cell, a
buffer-gas-filled cell, or a paraffin-coated cell. The simplest
situation is in the first case, i.e., the scenario investigated
in this work, when the alkali-atom collisions are rare, and
the most important mechanism of ground-state relaxation are
collisions with the walls. The absence of velocity-class mixing
during the interrogation period ensures that detuning does not
change between pumping and probing, i.e., light generates and
probes atomic polarization at the same hyperfine transition.
Thereby, the signal from each velocity group can be calculated
independently and then summed over the velocity distribution
with weights given by the distribution. This allows calculation
of polarization rotation from the whole ensemble.

A formula for ensemble-averaged polarization rotation
derived based on this approach [Eq. (15) in the Supplemental
Material [26]] was used to calculate all theoretical signals
compared to the experimental data throughout this paper.

III. EXPERIMENTAL APPARATUS

A schematic of the experimental apparatus is shown in
Fig. 2. An Ar" laser (Coherent Innova-400), emitting 10 W
of continuous-wave (cw) green (514 nm) light, was used
to pump a titan-sapphire laser (Coherent 899 ring laser).
The laser-enabled generation of 550 mW of near-infrared
(IR) light (842 nm), which was then coupled into a single-
mode optical fiber and delivered to a different part of the
building, where the main experiment was performed. The
light coming out of the fiber was focused on a periodically
poled potassium titanyl phosphate (PP KTP) crystal. Nonlinear
properties of the crystal-enabled conversion of the IR light
(200 mW) into 0.2 mW of blue (421 nm) light in a single-pass
configuration [30]. The blue-light frequency was controlled
by tuning the titan-sapphire laser. This enabled tuning the blue
light in resonance with all transitions of the 5 2, pn—>6 2p, 2
line of both rubidium isotopes (*>Rb and 8’Rb) (see Fig. 3). For
the measurements of NMOR signal versus the light intensity,
the blue-light frequency was stabilized by referencing the titan-
sapphire laser to an optical cavity and was monitored with a
wavemeter (HighFinesse WS /7). An absorption-spectroscopy
setup, employing an independent reference cell containing
rubidium vapor heated to 70 °C, was used as an additional
reference for the measurements.
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Rubidium (natural abundance) vapor, being a magneto-
optically active medium, was contained in an evacuated
cylindrical (50 mm in diameter and 100 mm in length) glass
cell placed inside a four-layer cylindrical magnetic shield
made of mu-metal. The shield offered a passive attenuation
of external magnetic fields at a level better than 106 [31]. A set
of additional coils mounted inside the shield’s innermost layer
was used to compensate residual magnetic fields and to apply
a bias magnetic field along the light-propagation direction.
The bias field was generated with a 12-bit current-output card,
driving longitudinal magnetic-field coils, enabling generation
of up to 1-G field. The shield layers were thermally isolated
and the innermost layer was resistively heated, along with the
vapor cell within it, to about 90 °C, corresponding to a vapor
density of 2.4 x 10'? atoms/cm?® and a Doppler width of the
transition of about 600 MHz.

In front of the shield, the blue light was spectrally filtered
(the IR light was directed to the wavemeter by a dichroic
mirror) and it was linearly polarized with a high-quality
crystal polarizer. The laser-beam diameter was controlled
by an iris [32]. After the cell, the polarization of the light
was detected with a balanced polarimeter, consisting of a
Wollaston polarizer and two photodiodes. The photodiodes’
differential photocurrent divided by twice the sum of the
photocurrents provides a rotation angle ¢ of NMOR [¢ =
(I — 1)/ (21, + 21) for ¢ < 1]. The signal was stored with
a computer, which was also used to control the card generating
the current for the magnetic coils inside the magnetic shield.

IV. RESULTS AND DISCUSSION

Figure 4(a) shows a typical NMOR signal measured with
blue light. Similarly, as in NMOR observed at the D; line
[Fig. 4(b)], the signal is centered at zero magnetic field and
reveals a dispersive shape. For a given set of parameters, the
blue NMOR signal has an amplitude of 4 mrad and width
of 80 mG (width is defined as the magnetic-field difference
between maximum and minimum of the signal). While this
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FIG. 2. (Color online) Experimental apparatus. P is the polarizer,
WP denotes the Wollastone prism, A/2 is the half-wave plate, L is
the lens, DM denotes the dichroic mirror, I is the iris, FC stands for
the fiber coupler, PD is the photodiode, and PM and MM stand for
polarization-maintaining and multimode fiber, respectively.
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FIG. 3. Energy-level diagrams of the 5%S;,, — 62 Py, absorp-
tion line in 8Rb and 33Rb.

rotation was measured at roughly 85°C, five times larger
rotation was observed on the D line at 23 °C, corresponding to
nearly three orders of magnitude lower density of rubidium (in
both cases, the lasers were tuned to the same F, = 2 ground
state and they had identical intensities). This clearly shows
the difference in strength of magnetic-field-induced optical
anisotropy for these two absorption lines [33] and the ability
to use the blue NMOR as a weakly perturbing probe.

The capabilities of blue NMOR as a weakly perturbing
probe manifest fully when the widths of resonances observed
at the two transitions are compared; the NMOR resonance
observed at the D; line is nearly two times broader than
the one observed at the 53, =6 2p, /2 transition. This
difference originates from power broadening, which at the
D, line dominates the resonance width. The absence of power
broadening is confirmed with the independent measurements
of the width of the blue NMOR resonance versus area-average
light intensity (Fig. 5) [34]. The figure shows that the width
of the signal remains constant in the entire accessible range of
light intensities. The absence of power broadening confirms
the applicability of our theoretical model developed in a
low-light-intensity regime [35].

To further investigate the validity of the model, we simulate
the blue NMOR signals and compare them with the experi-
mental results. A correct description of the problem requires
determination of several experimental parameters: the Larmor
frequency 2r,, Doppler broadening I'p, Rabi frequency Qg,
and ground-state relaxation rate y. While determination of the
first two quantities is relatively straightforward based on the
temperature of the vapor, strength of the magnetic field, and
the excitation scheme, the estimation of the remaining two
parameters is more challenging.

In the considered case of an evacuated buffer-gas-free vapor
cell and absence of the power broadening, the ground-state
relaxation rate is exclusively determined by the time of flight of
atoms across the light beam. In the naive approach, one would
expect that the rate is equal to their mean transverse (to the
light-propagation direction) velocity of atoms over the mean
path across the light beam. However, as shown in Ref. [36],
the effect of transit of atoms of different velocity groups across
the light beam is more complex. For instance, the atoms that
spend more time within the light beam (atoms with smaller
transverse velocities) contribute more pronouncedly to the
NMOR signal, causing essential narrowing of the signal [36].
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To accommodate for this effect, we modified the naive formula
by introducing the parameter k,, so that the relaxation rate takes
the form

y =k —=—, (D

where a,, is the average path across the light beam, which
in the cylindrical geometry of the experiment is equal to the
beam radius r and v, = +/kgT /m is the average transverse
velocity, with T being the temperature, m denoting the mass of
the atom, and kp being the Boltzmann constant. For different
iris apertures, k,, was determined by fitting the Lorentz curve to
the experimental data (Fig. 5). The given-diameter value was
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FIG. 4. (Color online) Rotation of linearly polarized blue (a) and
IR (b) light tuned to the ¥Rb F, = 3 — F, transition of the 55, —
6%Py; line and the ¥Rb F, =3 — F, transition of the 575, —
52p /2 line, respectively. In both measurements, light intensities and
beam diameters were the same (1.9 mW /cm? and 1 mm, respectively),
while temperature of the cell was 85 °C for blue-light measurements
and 23 °C for IR measurements. The solid red curve superimposed
on the data shown in (a) is the theoretical curve calculated using
parameters extracted from the experiment (see text).
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kept constant for all light intensities and light tunings [37].
Table I shows values of k, for different iris apertures.

Another parameter that needs to be determined for the
calculation is the Rabi frequency. While the Rabi frequency
can be determined from the light intensity, the correct mod-
eling of NMOR requires incorporation of the effective Rabi
frequency. This originates from the fact that the light beam
does not have a top-hat intensity profile and atoms traversing
the beam experience different values of the Rabi frequency
across the light beam. Therefore, in order to correctly describe
the system, we introduce the parameter kg, accommodating
for the effect. This parameter effectively replaces a real beam
intensity profile with a top-hat profile, providing the Rabi
frequency in a form

Qr = kg P (2)
where d is the electric dipole matrix element and Ej is the
amplitude of the electric field of light, which can be calculated
from the light intensity 7 [/ = cEj/(87)]. The parameter kg
can be calculated by integrating the Rabi frequency over the
actual beam profile (see Appendix for more details) [38].

Table I presents the parameter k&!¢ calculated numerically
based on the beam profile and iris aperture and the parameter
ko arising from the fitting of the Lorentz curve to the
experimental data. As shown, the values of the parameters
depend on opening of the iris (and hence beam diameter), as

45

40}

35+

8]
(=
L o L

[
(=]
T

&)
D
—e—
<
Heel—
.
1
=
H|
H
L]

Width (mG)

—_
W
T

=

— Fit
$ ¢ F,=3-F, |
¥V F=2-F

n
T

§00 0.05 0.10 0.15 0.20 0.25
Average light intensity (mW/cm?)

FIG. 5. (Color online) Widths of blue NMOR resonances mea-
sured as a function of average light intensity for two transitions
[F, =3 — F, (black circles) and F, =2 — F, (red triangle)] of
the 5 251/2 — 6 2P1/2 line. The error bars of the F, =2 — F, points
are much larger than those in the F, =3 — F, case, as the former
signals are much smaller, i.e., with worse signal-to-noise ratio. The
solid black line is the constant value determined based on a weighted
average of the individual results and its uncertainties marked with the
shaded area are determined based on the propagation of uncertainties
in such an approach (uncertainty in the determination of the parameter
k,). Absence of the power broadening of the both resonances proves
the weakly perturbing character of the interaction. The signals were
measured at 85 °C with beam diameter of 6 mm.
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the aperture determines the profile of the beam. In particular,
with a fully open aperture (6 mm), atoms interact with a beam
of the Gaussian profile, while closing the aperture to 1 mm
changes the profile to nearly top-hat shape. Thereby, in the
first case, the actual beam profile strongly deviates from the
top-hat shape and the value of kg, is significantly larger than
one, while in the second case it is nearly one.

Determining &, and kg enables one to simulate the blue
NMOR signals. Figure 4(a) presents the experimental data
overlaid with results of theoretical calculations. The simu-
lated curve reproduces the features of the experimental data
including the signal’s shape, amplitude, and width. It should
be stressed that, aside from the parameter k,,, the agreement
between experimental results and theoretical simulations was
achieved for all parameters extrapolated directly from the
experiment.

To further check the theoretical model, we studied the
dependence of the NMOR signals on the light intensity. As
shown in Fig. 5, in the accessible intensity range the width
of blue NMOR signal is independent on the intensity. At
the same time, the nonlinear character of NMOR implies the
dependence of the amplitude of the signal on the intensity.
Figure 6 shows the amplitude of blue NMOR signal as a
function of the averaged light intensity measured at two
transitions of 3 Rb (Fg=3— F,and F, =2 — F,) (Fig. 3).
The presented data sets reveal different dependencies on the
average light intensity. The difference stems from different
dipole matrix elements associated with the transitions and is
well reproduced by our model.

Another step in the investigations of our theoretical model
was the analysis of the dependence of the NMOR signal
on beam diameter (Fig. 7). The data of Fig. 7 show the
amplitude and width of the measured signal versus the average
light intensity. The dependencies reveal some interesting
features. First is the difference in the slopes of the amplitude
dependence on the average light intensity for three iris
apertures [3.7(1) mrad(cmz/mW); 12.5(4) mrad(cm? /mW),
22(2) mrad(cm?/mW) for 1-, 3-, and 6-mm openings, re-
spectively]. This originates from the different ground-state
relaxation rate in the three cases [see Fig. 7(b)] and hence
different level of saturation of the transition. However, to
adequately reproduce the dependencies, one also needs to
take into account the different beam profiles, which enter
the saturation parameter via the parameters ko (Table I). It
is the combination of these two contributions that allows

TABLE 1. Parameters k,, and kq calculated and determined based
on the experimental data for different apertures of the iris situated in
front of the cell. Significantly larger discrepancy of the experimentally
determined and theoretically estimated parameter kg, for a 3-mm beam
diameter with respect to the other two cases originates from a probable
offset (0.5 mm) of the beam center with respect to the iris and a
small deviation (0.1 mm) of the actual beam diameter (0.1 mm).

d (mm) ky kgt ko™

1 0.17(1) 1.02 1.04(1)
3 0.23(2) 115 1.30(2)
6 0.42(7) 1.60 1.62(7)
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FIG. 6. (Color online) Amplitudes of NMOR signals measured
versus the average intensity of light tuned to different hyperfine
ground states of #Rb. The experimental data are in agreement with
theory (solid lines). The signals were measured at 85 °C with 6-mm
beam diameter. The shaded areas mark the uncertainty due to the
limited precision of kq-parameter determination.

one to theoretically reproduce the experimental data. The
second feature is the dependence of the width; although
independent of the light intensity, the width depends of the
iris opening [Fig. 7(b)]. Interestingly, the widths are not
in a straightforward relation with the diameter of the iris
opening. The experimentally determined widths for 3- and
6-mm openings are the same within the error bars [31(1) and
27(4) mG, respectively] and the width for the smallest opening
is roughly two times broader [68(5) mG]. As the blue NMOR
signals are not power broadened, this difference is not related
with the effect and it stems from the beam profile [39] but
also is a consequence of the different dynamics of the optical
pumping for distinct beam diameters [36]. Incorporation of
these two effects provides the agreement between experimental
data and theoretical modeling.

The final step in our studies of blue NMOR was the
investigation of the NMOR spectra. Figure 8 shows rotation
of polarization as a function of blue-light detuning. The signal
was measured at a magnetic field of 8§ mG and light intensity of
~0.1 mW/cmz. As discussed in Sec. 11, the absence of buffer
gas and paraffin coating of the walls results in the absence
of “communication” between atoms from different velocity
classes. Therefore, atoms from each of the velocity classes con-
tributes independently to the signal and the theoretical signal
may be simulated by simply summing the contributions from
atoms of different velocity groups. We apply this approach for
calculating NMOR spectra. An example of such simulations
is presented in Fig. 8(a) along with the experimental data. As
shown, the agreement of the simulations with the experimental
data is good. For example, the calculation and measurements
show that for a given magnetic field the strongest rotation
was observed at the F, =3 — F, transition of %Rb [40].
This rotation was roughly two times larger than the amplitude
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FIG. 7. (Color online) Amplitude (a) and width (b) of blue
NMOR signal measured versus average light intensity for three iris
apertures (i.e., for different beam diameters and profiles). All three
experimental data sets reveal good agreement (all R? > 0.95) with
the theory (solid lines). The signals were measured for the laser tuned
to the F, =3 — F, transition of ®Rb.

of the second largest peak observed at the F, =2 — F,
transition of 3’Rb. The rotation ratio at these two transitions is
roughly the same as the ratio of absorption at the transitions
even though there is a difference of % in the Landé factors
of ¥Rb and ¥ Rb, corresponding to different points in the
NMOR signals for the two tunings. Much weaker signals were
observed at the other transitions (the Fy =2 — F, transition
of #Rb, and the F, = 1 — F, transition of 8’Rb). In contrast
to the former case, however, the difference in NMOR-signal
amplitudes is much larger than the difference in the absorption
at the transitions. Moreover, the signs of the rotation at these
rotations are reversed with respect to the rotation observed at
the F, =3 — F, and F, =2 — F, transitions of 85Rb and
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FIG. 8. (Color online) (a) Measured and simulated NMOR spec-
tra recorded for a magnetic field of about 8 mG and light intensity of
0.1 mW/cm? and (b) rotation spectra measured for different magnetic
fields and same light intensity (0.1 mW/cm?). The signals were
obtained for light frequency scanned across all transitions of the
5 2S1/2 — 62P1/2 line.

87Rb, respectively. The opposite sign stems from the opposite
Landé factor of the two ground states.

Figure 8 also shows NMOR spectra for different magnetic
fields and same light intensity (0.1 mW /cm?). The data also
confirm the observation of Fig. 8, particularly the change of
the ratio between signals observed at ’Rb F, = 1 — F, and
BRbF, =2 — F,.

V. CONCLUSIONS

We presented results on nonlinear magneto-optical rotation
at the 52,2 — 6Py, line (421 nm) of both stable isotopes
of rubidium. In contrast to NMOR measured on the D; or
D, line, excited atoms in the considered case may decay
through several intermediate states. Generally, this modifies
the dynamics of repopulation pumping, potentially changing
the characteristics of NMOR signals and their dependencies
on various experimental parameters. With our results we
demonstrated that the theoretical description agrees with
experimental data, reproducing such characteristics of NMOR
signals as their amplitudes, widths, and spectral dependencies.
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This agreement was achieved with the model where only one
excited-state relaxation rate was used. This is an interesting
result as it was achieved in the system where only 15% of
atoms return directly to the ground state, while the remaining
85% reach the state via several intermediate states.

The agreement between the theory and NMOR experiment
with a buffer-gas-free uncoated vapor cell implies investigation
of the effect in systems with velocity group mixing, being
more sensitive to hyperfine splittings of the states. This can
be realized in a buffer-gas-filled or high-temperature paraffin-
coated cell. The investigations would further test the model
developed in Ref. [25].

Beyond the fundamental understanding of NMOR induced
by light coupling ground states with higher excited states, our
results demonstrate the potential of such an excitation scheme
for magnetometry. This would be particularly interesting in
remote underwater magnetometry, due to weak absorbtion of
blue light in water [41].
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APPENDIX: CALCULATING THE PARAMETER kg

To estimate the parameter kg, we consider a light beam of
a Gaussian intensity profile

22

I =1le -7, (AL)

where [ is the maximum intensity at the center of the beam
and o is the beam radius before the iris at which intensity
drops 1/ ¢? before the iris. When the beam reaches the iris, the
iris cuts part of the beam off, modifying its beam diameter and
intensity profile (Fig. 9). In such a case, the total light power
is then given by
Ra 2
P = 27r10/ r'e” o dr, (A2)
0

where R, is the radius of the iris aperture. Analogically, the
top-hat intensity profile used in our model is

P =I1n7R? (A3)
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where I; is the light intensity. In order to substitute the
real light-intensity profile [Eq. (A2)] with the same radius
and power top-hat intensity profile [Eq. (A3)], one needs to
introduce the normalization parameter k. This parameter can
be determined by

(A4)

It should be stressed that the parameter only depends on iris
diameter and is independent of the light power, thus, we keep
it constant for all light intensities of a given beam diameter.

The key experimental parameter that is required to calculate
kg 1s the beam radius before the iris o . From the measurements
of the beam profile, we determined the radius as 2 mm. This
value enabled us to calculate the parameters kg for all beam
diameters (see Table I).
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