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Observation of Mechanical Faraday Effect in Gaseous Media
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We report the experimental observation of the rotation of the linear polarization of light propagating in a
gas of fast-spinning molecules (molecular superrotors). In the observed effect, related to Fermi’s prediction
of “polarization drag” by a rotating medium, the vector of linear polarization tilts in the direction of
molecular rotation. We use an optical centrifuge to bring the molecules in a gas sample to ultrafast
unidirectional rotation and measure the polarization drag angles of the order of 10~ rad (with an
experimental uncertainty about 10~° rad) over the propagation distance of the order of I mm in a number of
gases under ambient conditions. We demonstrate an all-optical control of the drag magnitude and direction
and investigate the robustness of the mechanical Faraday effect with respect to molecular collisions.
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Light interaction with a moving medium intrigued and
inspired scientists for a long time [1-4], leading to the
creation of the relativity theory. As was demonstrated by
Fizeau [2], a moving medium can “drag” light and change
its propagation speed. Similarly, when linearly polarized
light is transmitted through a rotating dielectric, the
polarization plane is slightly rotated, a phenomenon
known as polarization drag (or “rotary photon drag”),
first studied by Fermi in 1923 [5]. Further studies [6—-8]
revealed that, in addition to relativistic effects [5], a
considerable contribution to the polarization drag comes
from the dispersion properties of the medium. Two
circularly polarized components of a linearly polarized
light experience opposite frequency shifts in the rotating
reference frame due to the so-called angular Doppler
effect [9]. Optical dispersion causes an accumulated phase
lag between them, thus leading to the rotation of the
polarization vector. The phenomenon is a mechanical
analog of the magnetic Faraday effect associated with
the rotation of the polarization plane of light traveling
through a medium subject to an external magnetic field
and is therefore referred to as “the mechanical Faraday
effect” [8,10].

Polarization drag in a rotating solid was first experi-
mentally observed by Jones in a glass sample that was spun
to the rotational frequency of up to 140 Hz [11]. That
experiment has been a significant tour de force, requiring
sensitivity to polarization rotation below 0.1 urad for
detecting the drag angles on the scale of just a few
microradians. A related effect was recently reported in
[12], where the drag effect was enhanced by many orders of
magnitude in a spinning ruby rod due to the resonant
interaction, resulting in the extremely slow group velocity
of the probe light.
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No observation of polarization drag in a gaseous medium
has been reported to date, despite the attention it has
received in theoretical works [8] and its potentially impor-
tant role in astrophysical applications [10]. In comparison
to solids, the much lower density of gases presents a major
challenge for studying this effect in the laboratory.
However, a recent proposal for observing the mechanical
Faraday effect in gases suggested using the fast unidirec-
tional rotation of individual molecules to compensate for
the low sample density [13].

Here, we report on the first experimental demonstration
of the mechanical Faraday effect in gases. We optically
bring molecules to the state of ultrafast rotation (the so-
called superrotor state, SR) by means of a laser tool known
as an optical centrifuge [14—17] and measure the induced
change in the polarization of a weak probe pulse following
the centrifuge excitation.

We observe polarization drag angles on the order of
0.2 mrad for a propagation distance of / < 1 mm in various
gases under ambient conditions (O,, N,, CO,, and ambient
air) when the maximum rotational frequency of molecules
reaches f,,; ~ 6 THz. These results are in good agreement
with the theoretical estimate [13] of the polarization drag
angle
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where c is the speed of light, n is the refractive index, and
the dispersion term —A(9n/0A) ~4 x 10~ for O, at
standard conditions and the probe wavelength A~
400 nm [18]. The relative fraction of the centrifuged
molecules Psz depends on multiple experimental param-
eters and is typically on the order of a few percent [19].
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FIG. 1.

Scheme of the experimental setup. Top: femtosecond pulses with the central wavelength of 792 nm (upper, red) and 398 nm

(lower, blue) are used for creating the centrifuge and the probe pulses, respectively. The pulses are shaped, delayed with respect to one
another, combined in a collinear geometry, and focused in a gas cell. Bottom: after passing through the gas sample, probe pulses are
filtered out from the centrifuge light and sent to the time-gated polarization analyzer, implemented with a boxcar integrator. PC, Pockels
cell; /2, zero-order half wave plate; P, polarizer; M, metallic mirror; DM, dichroic dielectric mirror; L, lens; BC, Berek compensator
(Newport 5540); WP, Wollaston prism (Thorlabs WP10-A); BD, balanced detector (Thorlabs PDB220A2). Alternatively, the probe
pulses may be sent to a Raman spectrometer to characterize the rotation of the centrifuged molecules.

Remarkably, the specific rotary power (i.e., drag angle per
sample density and propagation length) achieved in our
experiments is orders of magnitude higher than previously
observed in solids [11,12]. In contrast to the slow light
experiments [12], where polarization rotation was facili-
tated by extreme values of the dispersion factor near a
narrow optical resonance, here the effect is enhanced by the
high frequency of molecular rotation induced by the optical
centrifuge. The effect is shown to last on a nanosecond
timescale, extending well beyond the centrifuge pulse, until
tens of collisions finally cause the molecular superrotors to
spin down [20-22]. We also demonstrate optical control of
the polarization rotation angle by changing the rotational
frequency of the centrifuged molecules.

An optical centrifuge is a laser pulse whose linear
polarization rotates with accelerating rate [14,15]. Our
setup for producing the centrifuge has been described in
a recent review [23]. Briefly, we split the spectrum of
broadband laser pulses from a Ti:S amplifier (10 mJ, 35 fs,
repetition rate 1 KHz, central wavelength 792 nm) in two
equal parts using a Fourier pulse shaper. The two equal-
amplitude beams are frequency chirped with opposite
chirps and have opposite circular polarizations. When
combined together, interference of these laser fields results
in the rotation of the polarization vector with a frequency
growing linearly in time from O to 10 THz over the course
of about 100 ps. The centrifuge field interacts with
molecules via the induced electric dipole moment. If the
interaction potential is strong enough and the acceleration
of the centrifuge is not too high, the molecules are excited
to high rotational states [23].

The centrifuge pulses are focused in a cell filled with the
gas of interest at room temperature and variable pressure, as
schematically illustrated in Fig. 1. The focusing lens L with
a focal length of 10 cm provides the length of the
centrifuged region of about 1 mm and a peak intensity
of up to 5 x 10'> W/cm?. Measuring both the rotational
frequency of SRs and the polarization drag angle is
accomplished using short probe pulses (pulse lengths of
~3 ps) delayed with respect to the centrifuge. The probe
pulses are derived from the same laser system, spectrally
narrowed to the bandwidth of 0.3 nm and frequency
doubled to separate them more easily from the excita-
tion light.

For a given angular acceleration of the centrifuge (here,
0.3 rad/ps?), the rotational state of the centrifuged mole-
cules is determined by the time of their interaction with the
centrifuge field. We vary this time by making a “hole” in
the centrifuge pulse at a variable delay from its front edge
(see the illustration of a centrifuge pulse at the top of
Fig. 1), thus interrupting and effectively terminating the
molecular acceleration at any desired rotational frequency
[24,25]. We use coherent Raman spectroscopy to character-
ize molecular rotation, both in terms of its frequency and
sense. Coherent scattering of narrow band probe pulses
from aligned rotating O, molecules results in Raman
spectra with well-resolved peaks, corresponding to indi-
vidual rotational quantum states, as described in Sec. S1 of
the Supplemental Material [25]. The magnitude of the
Raman shift is translated to the rotational frequency,
whereas its sign indicates the sense of rotation with respect
to the circular probe polarization [26,27].
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Our method of detecting a small degree of polarization
rotation is based on an optical configuration depicted in
the dashed gray rectangle at the bottom of Fig. 1. A half
wave plate is used to align the probe polarization at 45°
with respect to the axes of a Wollaston prism. This
equalizes the intensity of light in both arms of a differ-
ential balanced detector, resulting in a zero signal. As
soon as the probe polarization undergoes rotation in the
sample medium, the balance shifts toward one of
the photodiodes yielding a signal, whose sign indicates
the direction of rotation. Calibration is achieved via the
rotation of the input polarization by a known amount
using the same half wave plate.

Because of the short lifetime of the molecular rotation
under ambient conditions (nanosecond timescale), we use
picosecond probe pulses (same pulses as in the Raman
scattering experiment, but linearly polarized) to measure
the polarization rotation angle at a given time delay. Signals
from the amplified balanced detectors are gated around the
arrival time of the probe pulses with a boxcar integrator. To
increase our detection sensitivity, we modulate the sense
of the centrifuge rotation between clockwise (CW) and
counterclockwise (CCW) by means of a Pockels cell and
amplified the polarization drag signal at the modulation
frequency of f,,q = 37 Hz using a lock-in amplifier (see
details in Sec. S2 of the Supplemental Material [25]).

Detection of the polarization drag in any media is
susceptible to the linear birefringence (LB), which may
be created in the sample due to its forced rotation. Similar to
the mechanical Faraday effect, LB also changes the polari-
zation axes and may completely overwhelm and mask the
more subtle drag effect. In the case of a gas sample, LB
stems from the anisotropic spatial distribution of the
molecular axes during the period of the laser-driven molecu-
lar rotation, known as molecular alignment [28-30]. When
produced by a short linearly polarized pulse, such an
anisotropy results in a refractive index difference for the
probe field polarized along and perpendicular to the align-
ment axis on the order of ny—ngx 1073 [31,32]. Linear
birefringence of this magnitude (hereafter referred to as
LB,,) would yield a half wave retardance for a probe
wavelength of 400 nm over a distance of 2 cm, completely
changing its polarization direction.

Because the polarization vector of an optical centrifuge
&1y (1) completes up to 500 full rotations, one could naively
expect that it induces no linear birefringence with a fixed
preferential anisotropy axis. Unfortunately, the nonadia-
batic front edge of the centrifuge acts similar to a short
pulse, creating a small degree of alignment and, corre-
spondingly, a nonzero LB, in the rotating ensemble. Being
the result of an optical interference between the two
centrifuge arms, the orientation of the linear polarization
of the front edge &.,(0) is changing randomly on a wide
range of timescales, introducing large unpredictable fluc-
tuations in the measured drag signal.

To eliminate this artifact, we insert in the path of the
centrifuge beam an additional half wave plate, mounted on
a motorized rotational stage (a box labeled with “0” in
Fig. 1), and rotate the wave plate continuously with the
frequency of f;,, ~ 10 rev/s. This half wave plate ran-
domizes the orientation of the polarization vector at the
front edge of the centrifuge, since it depends on the relative
angle between &, (0) and the instantaneous orientation of
the rotating axes of the plate at the arrival time of the pulse
[33]. Our numerical analysis, described in detail in Sec. S3
of the Supplemental Material [25], shows that the plate’s
rotation results in the oscillations of the drag signal around
its true value with the frequency 2f,/, and an amplitude
proportional to both LB, and the combined static bire-
fringence of all-optical elements. We minimize the latter by
means of a Berek compensator to improve the sensitivity of
the lock-in detection to the centrifuge modulation fre-
quency f,.q- Averaging the lock-in signal over the rotation
period of the half wave plate results in an almost complete
cancellation of the random error related to LB,.

Measuring the polarization drag in gases also suffers
from a systematic error related to the collision-induced
decay of the unidirectional molecular rotation and the
subsequent rotational energy transfer to heat. This leads
to the formation of refractive “density depression channels”
[21,22,34-36], capable of shifting the position of the probe
beam with respect to both the centrifuged molecules and
the photodetector. Given that the CW and CCW centrifuges
may create slightly different refractive channels (e.g., due
to the Pockels cell-induced movement of the centrifuge
beam), the effect will generate a nonzero response at the
modulation frequency f,,q, contaminating the polarization
drag signal. To cancel out this artifact, we perform every
measurement at two orthogonal polarizations of the probe
pulses. Mechanical Faraday rotation will either increase or
decrease the projection of the probe polarization on one of
the Wollaston axes, depending on whether their initial
relative angle is +45° or —45°. Hence, flipping the probe
polarization by 90° results in the sign reversal of the drag
signal. On the other hand, polarization-insensitive refrac-
tive effects remain constant and can therefore be eliminated
by calculating the half-difference of the results of the two
measurements.

The developed experimental procedure enables us to
detect the rotation-induced polarization drag in gases,
despite the significantly lower density of gaseous media
and a much shorter effective optical length, as compared to
previous experiments with rotating solids [11,12]. As
shown in Fig. 2, shortly after the end of the centrifuge
pulse we observe polarization drag angles on the order of
200 urad in oxygen, centrifuged to f,, ~6 THz, under
ambient conditions. Lowering the pressure by a factor of 2
results in a similar drop in the drag signal, as expected
from the linear scaling with the number density of the
superrotors [13].
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FIG.2. Experimentally measured decay of the polarization drag
signal for two rotational frequencies of oxygen superrotors and
two gas pressures. Cubic splines are drawn through the corre-
sponding data points for guiding the eye. A “broken” centrifuge
does not produce any molecular superrotors (see text for details).
Vertical error bars represent the standard error of the mean over
~10° laser pulses.

As superrotors collide, their rotational frequency
decreases, causing the observable polarization drag to
decay. At the higher frequency of 5.7 THz (solid blue
curve in Fig. 2), the characteristic (1/e) decay time of
~3 ns is consistent with what we have found in our earlier
work on the collision-induced rotational relaxation in the
gas of molecular superrotors [21]. Lowering the rotational
frequency to 3.1 THz (dashed red curve) results in a shorter
decay time of ~1 ns, as anticipated from the faster colli-
sional relaxation at lower levels of rotational excitation
[37,38]. Reducing the gas pressure from 1.0 to 0.5 atm
changes the decay constant from ~1 to ~2 ns due to the
increased time between collisions.

Note that the evolution of the rotational distribution of
centrifuged molecules in time is rather complex. At
relatively short delays of <0.5 ns after the centrifuge pulse,
it consists of both the slow and fast molecular rotors (for
details, see Sec. S1 of the Supplemental Material [25]),
whose collisional relaxation dynamics are very different
[20,22]. We therefore expect an equally complex behavior
of the polarization drag signal, especially at short delays,
exhibiting a nonexponential decay as well as a nonlinear
relation between the drag angles and the initial rotational
frequency or gas pressure, as indeed found in this Letter (cf.
signal magnitudes at 500 ps, 1 atm, and rotational frequen-
cies of 3.1 vs 5.7 THz).

To verify the rotational mechanism of the observed
mechanical Faraday effect, we modify the field of an
optical centrifuge to start its rotation at a relatively high
frequency of 2 THz. Because of such a fast start, this
broken centrifuge is incapable of adiabatically trapping
the molecules at the beginning of the pulse and spinning
them to high rotational states, despite carrying 82% of its
initial energy. Very low drag signals, measured at 0.5, 2.5,
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FIG. 3. Experimentally measured dependence of the polariza-
tion drag signal on the initial rotational frequency of oxygen
superrotors 2 ns after their release from an optical centrifuge (blue
dots, connected by the cubic spline to guide the eye). The red and
magenta dots correspond to the drag signal in ambient air 200 ps
and 2 ns after the centrifuge, respectively. Vertical error bars
represent the standard error of the mean over ~10° laser pulses.

and 5.5 ns, and shown by the dash-dotted black line in
Fig. 2, confirm the direct connection between the
mechanical Faraday effect and the unidirectional molecu-
lar rotation. The nonzero residual signal is likely due to
the small number of superrotors created by the broken
centrifuge.

A more detailed study of the mechanical Faraday effect
as a function of the frequency of unidirectional molecular
rotation is shown in Fig. 3. Measured in oxygen under the
pressure of 1 atm at a time delay of 2 ns after the centrifuge,
the polarization rotation angle grows from 0 to 130 prad
with the increase of rotational frequency. We attribute a
somewhat larger value at 5.7 THz than in Fig. 2 to the
higher capture efficiency of the centrifuge, which is hard to
reproduce from one experiment to the other. The super-
linear growth stems from the longer lifetime of faster
superrotors compared to the slower ones. Hence, higher
rotational frequencies increase both the density of mole-
cules remaining in unidirectional rotation (since faster
rotors are less susceptible to the collisional decay) and
the amount of polarization drag per molecule.

In summary, we report the first experimental observa-
tion of the mechanical Faraday effect (also known as
rotary polarization drag) in gaseous media. The effect,
previously observed only in rotating solids, became
accessible in a gas sample due to the high frequency of
molecular spinning (~6 THz) induced and controlled by
an optical centrifuge. Rotating oxygen molecules drag the
linear polarization of a weak probe light by an angle of up
to 180 urad in the direction of their rotation. Polarization
drag of comparable magnitude was also observed in
ambient air (see Fig. 3), as well as in N, and CO,
samples. The dependence of the observed centrifuge-
induced mechanical Faraday rotation on time and rota-
tional frequency is in good qualitative agreement with the
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theoretically expected behavior. The nonresonant nature
of the effect and its robustness with respect to collisions
means that it can be studied in other gases and under
various conditions. Producing an equivalent magneto-
optic Faraday effect in these gases would require an
immense magnetic field of ~507 [39].

The developed time-resolved polarimetry technique may
be useful in probing the dynamics of superrotors, such as
their gyroscopic stability followed by an explosive colli-
sional relaxation [20,22], as well as in the studies of
polarization rotation in chiral molecules and its relation to
their interaction with an optical centrifuge [40,41]. Here,
the revealed sensitivity of the apparent drag angle to
minute amounts of linear birefringence, inevitably induced
in gas samples by strong polarized laser pulses, must be
considered carefully. The demonstrated method of exami-
nation and cancellation of birefringence-related errors should
be useful in future experiments on light propagation in
gaseous media interacting with strong polarized optical
fields.
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