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Structuring light in multiple degrees of freedom has become a powerful approach to create complex states of light for
fundamental studies and applications. Here, we investigate the light field of an ultrafast laser beam with a wavelength-

dependent polarization state, which we term a spectral vector beam. We present a simple technique to generate and tune

such structured beams and demonstrate their spectroscopic capabilities. By measuring only the polarization state using

fast photodetectors, it is possible to track pulse-to-pulse changes in the frequency spectrum caused by, e.g., narrowband
transmission or absorption. In our experiments, we reach readout rates of around 6 MHz, which is limited by our techni-
cal ability to modulate the spectrum and can in principle reach GHz readout rates. In simulations we extend the spectral
range to more than 1000 nm by using a supercontinuum light source, thereby paving the way to various applications

requiring high-speed spectroscopic measurements.
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1. INTRODUCTION

Spectroscopic techniques are among the most important experi-
mental optical methods, with applications ranging from physics
and chemistry to material science and biology [1]. In optical spec-
troscopy, the change of the frequency spectrum of light due to an
interaction with matter allows one to draw conclusions about the
properties of a sample. In many cases, the progress in spectroscopic
methods was initiated by the emergence of novel states of light
interacting with the object under investigation [2].

Over the last decades, various ways have been conceived to
structure light in complex manners, which have involved different
degrees of freedom, such as the temporal [3] and spatial domain
[4]. By correlating different properties, the complexity has fur-
ther been increased, e.g., by combining time and polarization
[5,6], or time and space [7,8]. In the temporal domain, a popular
approach to structure light is to shape laser pulses by modulating
the frequency spectrum using diffractive elements and spatial light
modulators [3]. In the spatial domain, spatial light modulators or
similar devices addressing the transverse amplitude of light have
been used directly to generate light with a complex transverse
structure through amplitude and phase modulation [9]. In both
the spatial and temporal domains, the control and understanding
over the spatio-temporal shape of light have enabled novel fun-
damental studies and a myriad of applications. Linking time and
polarization brought up new technological opportunities that have
been used, for example, in molecular optics [6] and polarimetric
measurements [10,11]. Linking frequency and polarization has
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been used in sensing methods such as spectropolarimetry [12] and
spectroscopic ellipsometry [13], e.g., to analyze material proper-
ties in astronomy or thin-films. In a more general setting, linking
frequency and polarization has also been used to realize wavemeters
[14,15].

Among these ways to increase the complexity of the light field,
one particularly interesting example is the so-called spatial vec-
tor beam. It features a varying transverse spatial amplitude and a
varying polarization vector across the beam extent [16-18]. Not
only fundamental studies [19,20] and various applications in
classical [16,17] and quantum optics [4] of such beams have been
of interest, but also analogies between the two domains [21-23]. A
recent study shows that strong correlations between the transverse
position and polarization in spatial vector beams can be used for
high-speed kinematic sensing [24]. There, an object that is moving
through the beam in the transverse direction changes the overall
polarization of the beam so that simple polarization measurements
can be used to track the motion of the object with high speed.

Here, we extend these ideas to the spectral domain and gen-
erate states of light that possess a different polarization state for
every wavelength. In analogy to the spatial domain, we term these
states spectral vector beams (SVBs). We demonstrate that a sim-
ple modulation of a femtosecond laser pulse in the time domain
using a birefringent crystal enables a controlled and flexible way
to generate different polarization patterns across the frequency
bandwidth of the light field. We further show that this correla-

tion can be exploited in spectroscopic measurements using only
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Fig. 1. Conceptual idea. A train of spectral vector pulses propagates
through a sample, which could have different absorbing characteristics
from pulse to pulse, such as a narrowband transmission (P1), a narrow-
band absorption (P2), or a long-pass filter (P3). Subsequently, the linear
polarization components of the pulses are analyzed using a beam splitter
(BS), polarizing beam splitters (PBS), a half-wave plate (HWP), and
photodetectors to reconstruct the perturbation of the spectrum. The
polarization pattern over wavelength is denoted beneath the spectrum.

polarization measurements, which are generally simpler to meas-
ure than the quantities often measured when performing more
conventional spectroscopy. Using fast photodiodes, we can track
spectral modulations with readout rates of up to 6 MHz, which,
in the current experiment, is mainly limited by the speed of our
frequency modulation scheme. In general, the presented method
can track pulse-to-pulse variations in the frequency spectrum, such
that high-speed spectroscopic measurements with GHz readout
rates are feasible with current technologies. The general concept
is sketched in Fig. 1. Finally, we outline how the spectral measure-
ment range can be extended using coherent supercontinuum light
sources, which will allow spectroscopy over the whole NIR or IR
spectrum.

2. METHOD

To obtain a polarization state that continuously changes over the
frequency spectrum, a light field is required to have a varying rela-
tive phase along the frequency spectrum between two orthogonal
polarization components. A simple way to realize a continuous
phase shift in the frequency domain is to modulate the field in the
temporal domain. Here, a time shift 7 of the light field translates
into a linear phase shift in the frequency domain. Hence, coher-
ently superimposing two orthogonally polarized pulses with a time
delay T gives rise to the wanted correlation between polarization
and frequency (i.e.,an SVB).

Here, we discuss, without a loss of generality, SVBs for which
a linear polarization changes its polarization angle across the fre-
quency range. To generate such beams, two electric fields with an
identical envelope E(¢) are coherently superimposed. The two
fields are circularly polarized, one being right-handed and the other
left-handed, and delayed by T with respect to each other. Using the

Jones vector formalism, we can write
= 1 1
E(t)z(_l.>E(t)+(l.>E(t+r). 1)

By taking the Fourier transform and using the shift theorem, the
signal is transposed into the frequency domain:

E) = (_1 l.) FIE@]+ (}) FTFIEO] Q)
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Thus, the two orthogonal terms of Eq. (1) have a linear phase shift
of wt leading to a rotating linear polarization over frequency, as
illustrated in Fig. 1. With an appropriate temporal delay, it is pos-
sible to obtain an SVB for which the polarization rotates precisely
once over the spectrum. In that case, each linear polarization angle
corresponds to one frequency, such that a simple polarization mea-
surement allows conclusions to be drawn about spectral changes
without ambiguities. When averaging the signal over time and
frequency, the light has a low degree of polarization. For long time
delays and nearly no temporal overlap between the two trailing
components, the degree of polarization further decreases until it is
seemingly unpolarized. We note that the features of SVBs might
thus also be interesting from a fundamental point of view. For
example, they can be used to investigate analogies between clas-
sical and quantum optics [21-23] and to study geometric phases
discussed in a similar context in other domains [25,26].

3. RESULTS
A. Generating Spectral Vector Beams

In the experiment, we use a pulsed Ti:Sapphire laser with a pulse
duration of around 220 fs and an 80 MHz repetition rate centered
around a wavelength of 808 nm. The pulse is diagonally polarized
with respect to the optical axis of a birefringent BaB,O4 (BBO)
crystal. The crystal has different group indices for the horizontally
and vertically polarized components Az, = —0.12. Therefore,
propagation through the BBO crystal delays the vertically polar-
ized part. A combination of wave plates is then used to convert the
wavelength-dependent polarization change to other polarization
bases. A sketch of the experimental setup is shown in Fig. 2.

In the first set of experiments, we demonstrate the generation
of different SVBs by performing a spectrally resolved polarization
tomography using polarization optics and a spectrometer. Here,
we use a 2 mm thick crystal to achieve a time delay of roughly
the pulse length (v 2220 f), which results in a 277 phase ramp
over the spectrum of the pulse. The different polarization com-
ponents of the spectrum are measured with our spectrometer and
are used to deduce the polarization states for each wavelength.
When superposing two circularly polarized trailing pulses, as
described in Eq. (2), a linear polarization that rotates over the
spectrum is generated, as shown in Fig. 3(a). SVBs with different
polarization patterns can be generated by using different waveplate

A2 BBO WP1 WP2 PBS BS PD
Bl I SNENEY
?PD Reference
Spectral Spectrum
Generation Manipulation| | Measurement

Fig. 2.  Sketch of the experimental setup. SVBs are generated using a
diagonally polarized pulse whose vertical polarized component is delayed
by propagating through a birefringent crystal, such as a BaB,O4 (BBO)
crystal. A quarter- or half-wave plate (WP1) is used in the generation
process to realize different spectral polarization patterns. The spectral
components of the pulse are manipulated to replicate different absorp-
tion patterns of a sample to simulate spectroscopic measurements. The
experimental realizations of these spectral manipulations are displayed in
Figs. 4 and 5. Then, a combination of a wave plate (WP2), a polarizing
beam splitter (PBS), and photodiodes (PD) are used to project the polari-
zation state into different polarization bases. A measurement using an
additional beam splitter (BS) and a spectrometer is used for reference and
comparison.
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(c) different linear and circular polarization states. The legend denotes H, V, D, A, L, R for horizontal, vertical, diagonal, antidiagonal, and left- and right-
hand circular polarizations, respectively. The spectra are generated by using a half-wave plate, the BBO crystal and additionally either (a) a quarter-wave
plate, (b) a half-wave plate, or (c) no wave plate after the BBO crystal (WP1 in Fig. 2). The fast axis of the (a) quarter-wave plate or (b) half-wave plate was
adjusted to have an angle of 45° or 22.5° to the vertical polarization axis, respectively.

orientations, which is shown in Figs. 3(b) and 3(c). As described
earlier, when averaged over the complete temporal and frequency
structure, these beams have a low overall degree of polarization
(p). Experimentally, we obtain values p ~0.25 for the beams
presented in Fig. 3. The obtained pattern can be further tuned,
e.g., by using crystals of different thicknesses, thereby changing the
delay between the two parts of the pulse and the slope of the rota-
tion angle (see Supplement 1). When using SVBs for sensing, this
tuning can be used to increase the spectral resolution at the cost of
possible ambiguities over the wavelength range. Additionally, the
obtained polarization patterns can be spectrally shifted by adding
a relative phase between the two superposed parts of the pulse,
e.g., through aslight tilt of the birefringent crystal (see Supplement
1).

B. Spectroscopic Measurements

To perform spectroscopic measurements, we use SVBs as described
by Eq. (2) and shown in Fig. 3(a). We note that we chose an SVB
with only linear polarizations for convenience and technical advan-
tages. The method would work similarly in other polarization
bases. We track different spectral manipulations by measuring the
change of polarization with only the photodetectors, from which
the Stokes parameters are readily obtained (see Supplement 1). At
first, the system is calibrated by measuring the Stokes parameters
S1 and S, across the whole wavelength range for the unperturbed
spectrum with a spectrometer. Then, the crystal width, pulse
width, and the phase used in the theoretical simulations is adjusted
to match the theoretically predicted spectrum with the experi-
mental one. From the optimized simulations, we can deduce the
polarization state over the wavelength. The rotation angle 6 of the
polarization ellipse is given by

1 S
0= 7 arctan <S—2> , (3)

1

and relates §; and S,. Knowing the exact relation between 6 and
the wavelength allows one to deduce the wavelength by comparing
the measured rotation angle with the simulated predictions. We
note that for an ideal preparation of this state, the circular polari-
zation components summed up in Sz always add up to zero. In
experiments, imperfect optical elements might lead to a nonzero
S5 value (see Supplement 1). However, they are not considered
in the analysis since they do not contribute to the determination
of the rotation angle. The polarization measurements are done

using silicon photodetectors with a bandwidth of 350 MHz and
50 ps rise times. In general, the simultaneous projections onto two
linear polarization bases are necessary to obtain the required Stokes
parameters in a single shot measurement, as shown in Fig. 1. In
our experiment, we perform the projections onto the two bases
consecutively by adjusting a half-wave plate in the measurement
setup shown in Fig. 2 accordingly.

To demonstrate the broad range of applicabilities of this
method, three different spectral manipulations are simulated:
narrowband transmission (P1), narrowband absorption (P2),
and a fast varying long-pass filter (P3). These three different mea-
surement scenarios are sketched in Fig. 1. In every approach, the
frequency spectrum of the SVB is manipulated by placing the
corresponding absorbing masks into the spectral Fourier plane of
the beam obtained using the experimental settings depicted on the
leftin Figs. 4 and 5.

First, we show a polarization measurement tracking the change
of the center wavelength of a narrowband transmission. A 210 pm
broad slit is placed into the spectral Fourier plane of the pulse, as
shown in Fig. 4(a). The movable slit generates a transmission band-
width of 0.76 nm (FWHM) in the frequency domain, which is on
the verge of the resolution of the reference spectrometer specified
as 0.7 nm. Different positions of the slit correspond to different
center wavelengths of the bandpass filter with invariable band-
width. Only the polarization components within the transmission
bandwidth appear in the subsequent polarization measurements
shown in Fig. 4(b). By comparing the measured rotation angle with
the simulated predictions based on the calibration spectrum, the
center wavelength of the filter is inferred, as shown in Fig. 4(c). The
transmission measurements were obtained by averaging up to 80
pulses and have a standard deviation of 0.30 nm averaged over all
reconstructed wavelengths. The mean deviation between the refer-
ence wavelengths and the inferred center wavelengths is 0.20 nm.
The errors are mainly caused by pulse-to-pulse intensity fluctua-
tions of our fs laser. Averaging over several pulses can thus greatly
increase the precision at the cost of speed. The narrowband filtering
causes a significant increase of Ap =0.67 to p =0.94+£0.15
averaged over all measurements. We note that the knowledge of
p could also be used to deduce the bandwidth of the filter (see
Supplement 1).

In the second set of measurements, a movable wire is placed in
the spectral Fourier plane, replicating an absorption line shifting
across a wavelength band, as shown in Fig. 4(d). Again, this modu-
lation (i.e., its center wavelength) is tracked through measuring the
polarization of the remaining light using Stokes parameters. From
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Spectroscopic measurements using SVBs. (a) Spectral manipulation setup to realize the transmission of a narrow wavelength band, in which

a slit is moved through the spectral Fourier plane of the light field. (b) Measured Stokes parameters and the corresponding rotation angle 6 derived from
the photodetector measurements are plotted over the reference wavelength measured with the spectrometer. (c) Center wavelength of the bandpass filter is
inferred from the characterization of the polarization and compared to the reference wavelength. (d) Setup to realize a narrowband wavelength absorption of
the spectrum, implemented by placing a wire in the spectral Fourier plane. () Measured Stokes parameters and 6 as a function of the reference wavelength.
(f) Inferred center wavelengths of the narrowband absorption corresponding to the expected values. All errors are obtained by taking the standard deviation
of multiple consecutive measurements with the same settings. (a) and (d) BS, Beam splitter.
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High-speed tracking of frequency modulations. (a) Spectral manipulation setup for high-speed measurements. A chopper wheel blade is placed

in the Fourier plane of a 4 f* system composed of diffraction gratings and two 20X microscope objectives. (b) Stokes parameter measurement tracks the
change in polarization, which can be correlated to the absorbed wavelength components. Modulations down to 166.5 ns are resolved within the bounds of

the errors.

these values, we deduce the center wavelength of the absorption
line. The wire has a diameter of 0.26 mm, mimicking a tunable
absorption band with a bandwidth of 1.17 nm in the frequency
domain. The absorption is tracked with an averaged standard
deviation of 1.84 nm (max. 800 pulses per wavelength), while the
mean deviation between the expected wavelength and inferred
center wavelengths is 0.34 nm. The larger errors compared to
the transmission measurements are caused by the more complex
behavior of 6. An additional ambiguity and errors at the extrema
of the function, as shown in Fig. 4(e), reduce the precision of the

measurement. Finally, the narrowband absorption changes
the overall p only slightly by maximally Ap=0.07, which
shows another challenge in tracking these small changes in the
polarization state.

In the final set of experiments, we show the high-speed capa-
bilities of this technique using the setup shown in Fig. 5(a). Here,
a chopper wheel blade is placed in the spectral Fourier plane of
a 4 f system composed of two 20X microscope objectives. The
mask resembles a time-varying long-pass filter resulting in a con-
stant increase of p and a constant decrease of the overall intensity.
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Changes in the spectrum down to 166.5 ns (6 MHz) are resolved
within the bounds of the errors. The errors could be significantly
reduced with a more stable movable block and a more stable light
source. In our implementation, the measuring speed is mainly
limited by the speed of our frequency modulation scheme (i.e., a
speed of 25.6 m/s with which the chopper wheel passes through
the spectrum). Nevertheless, this demonstration shows the poten-
tial to measure changes in wavelength with high-speed readout
rates, which in principle is only limited by the repetition rate of
the laser and the rise time of the electronics. Thus, spectroscopic
measurements with GHz readout rates seem accessible when using

SVBs.

4. DISCUSSION

One constraint of the current experimental demonstration is the
limited spectroscopic range when using ultrashort laser pulses.
However, since the presented method in principle works with
any pulse shape, broadband applications could use coherent
supercontinuum light sources [27]. Simulations using a stand-
ard supercontinuum light field suggest the possibility to cover
wavelengths from 1000 to 2300 nm (—40 dB bandwidth, see the
methods section). Here, the spectrum is polarized and superim-
posed with its orthogonally polarized and delayed counterpart.
A delay of 5.5 fs generates one full 7 rotation of the polarization
across the frequency spectrum (see Supplement 1). With a similar
performance as the presented measurements, a resolution of 43 nm
seems feasible. The simulated results are shown and discussed in
more detail in Supplement 1. Since most materials have a signifi-
cant birefringence dispersion over such broad wavelength ranges,
simply using a birefringent crystal to generate an SVB will result
in a complex spectral polarization pattern. Alternatively, using an
unbalanced interferometer to generate two orthogonally polarized
supercontinuum fields with a slight delay would lead to similarly
simple polarization patterns.

5. CONCLUSION

In summary, we demonstrate a simple method to generate spec-
tral vector beams (i.e., light that has a strong correlation between
its polarization and wavelength components). Benefiting from
this direct correlation, we show that high-speed spectroscopy
(e.g., tracking a narrow line absorption or transmission) can be
done using only polarization measurements. Because such mea-
surements can be performed with fast photodetectors, the method
can track changes of the frequency spectrum with readout rates that
are only limited by the repetition rate of the laser and the response
time of the detectors (i.e., in the GHz regime). We further outline
away to overcome the limited wavelength range of our light source
and describe that a similar method could be applied for broadband
spectroscopic sensing using a supercontinuum source.

Besides the experimental implementation of a supercontin-
uum SVB, it will be interesting to investigate the importance of
the degree of coherence [28] and the suitability of broadband
incoherent light sources such as LEDs in a similar setting in the
future. Thereby, the effect of spectral coherence and low energy
densities on SVBs and the presented high-speed spectroscopic
method can be investigated. Additionally, it will be important to
study extensions of the presented approach to enable the tracking
of more complex modulations of the spectrum (e.g., through
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generating more complex polarization patterns and implement-
ing more advanced signal processing schemes). Moreover, by
using a frequency-varying polarization control a time-varying
polarization state can be generated that could be useful for ultra-
fast polarization-gating schemes. Finally, we anticipate that the
benefits of the simple generation of SVBs, as well as the spectro-
scopic method demonstrated here, will stimulate further research
into the complex structuring of light, harnessing the spectral and
polarization degree of freedom of light.
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