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Time-resolved multimode heterodyne detection
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Unveiling and controlling the time evolution of the momen-
tum and position of low energy excitations such as phonons,
magnons, and electronic excitation is the key to attain coher-
ently driven new functionalities of materials. Here we report
the implementation of femtosecond time- and frequency-
resolved multimode heterodyne detection and show that it
allows for independent measurement of the time evolution
of the position and momentum of the atoms in coherent
vibrational states in a-quartz. The time dependence of
the probe field quadratures reveals that their amplitude
is maximally changed when the atoms have maximum
momentum, while their phase encodes a different informa-
tion and evolves proportionally to the instantaneous atomic
positon. We stress that this methodology, providing the
mean to map both momentum and position in one optical
observable, may be of relevance for both quantum infor-
mation technologies and time-domain studies on complex
materials. © 2020 Optical Society of America
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The Raman response of materials and molecules is commonly
measured in time domain through pump and probe (P&P)
experiments relying on impulsive stimulated Raman scattering
(ISRS). The most commonly employed scheme, dubbed one-
dimensional P&DP, uses two ultrashort light pulses: the first pulse
(pump) excites the system, while the second (probe), impinging
on the sample at a controllable time delay, measures the time
evolution of the non-equilibrium state. The measurement
of the Raman response in P&P experiments relies on the fact
that impulsive photo-excitation (i.e., the interaction with light
pulses on a timescale shorter than the period of the excitation
in the material) triggers coherent non-equilibrium states of
low energy excitations, such as phonons [1,2], magnons [3],
or electronic excitations [4—6], whose time evolution can be
subsequently characterized by the ultrashort probe pulse. It
should be noted that the majority of the experiments studying
spectrally resolved P&P response must tolerate a high intensity
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probe, comprising sufficiently high intensity in each spectral
component[7,8].

ISRS has been historically introduced and discussed treating
only the high intensity limit where both the coherent vibrational
state in matter, which is often dubbed coherent phonon, and the
interacting electric field are described in a classical formalism
[9-11]. However, more recently, ISRS processes have emerged
as a powerful tool for quantum information, and it has been
shown that ISRS can be at play even with relatively weak pulses
and be used to store/retrieve single photons in/from the elastic
field of materials [12,13] as well as frequency convert single
photons through nonlinear processes that can occur in probe
pulses containing only a few photons [14,15]. In this context, a
growing interest in studying coherent non-equilibrium Raman
dynamics with low intensity pulses is emerging.

Optical heterodyne detection (OHD) is a linear interferen-
tial method commonly used in equilibrium and time domain
optical measurements to reveal weak light beams. In OHD, a
weak signal is amplified by the interference with a strong local
oscillator (LO). The phase-locked LO acts as an amplifier and
enables the direct measurement of the amplitude and phase of
the signal with improved sensitivity and high signal-to-noise
ratio [16-25].

In this Letter, we report the first study of non-equilibrium
coherent vibrational response in «-quartz by means of P&P
studies combined with pulse shaping and spectrally selective
optical heterodyne measurements of the few photon probe light
pulses. The setup developed (sketched in Fig. 1) combines fem-
tosecond spectroscopy, interferometric balanced heterodyne
detection, and pulse shaping, which allow us to measure the
time evolution of the quadrature (amplitude and phase) of each
weak probe spectral component (100s photons) driven by a
coherent vibrational response. We stress that with the proposed
methodology, the time and frequency resolution are determined
independently respectively by the P&P duration at the sample
and the frequency resolution of the pulse shaper. Disentangling
the time and wavelength dependence of the spectral phase and
amplitude, with a time resolution higher than the vibrational
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Fig. 1.  Experimental details. (a) Layout of the optical setup

employed for time-resolved multimode heterodyne detection. It
consists of a pump—probe experiment where the signal field out of the
sample is amplified and referenced with a local oscillator shaped in its
spectral content. (b) Two-beam diffraction-based pulse shaper using a
2D phase-only spatial light modulator.

cycle, allows us to distinguish between two qualitatively dif-
ferent effects of the coherent phonon response in «-quartz.
This provides unique insight into the coherent evolution of
the atomic position, which is not attainable in standard P&P
measurements. In detail, the amplitude measurements reveal
that the intra-pulse spectral density is dynamically redistributed
due to light—phonon energy exchanges, which are mediated
by the time evolution of the momentum of the atoms. On the
contrary, the phase is sensitive to a linear modulation of the
refractive properties of the material, which are proportional to
the atom displacement. This could be indicative of changes in
the inductive response due to the renormalization of high energy
oscillators associated with the electronic gap. Importantly,
the dynamics of the spectral phase yields a robust observable
even in measurements with probe pulses with few photons.
This indicates that the method proposed can both provide new
physical insight into the coherent evolution of the vibrational
states and improve the detection of coherent responses with
respect to standard intensity-based measurements. By providing
access to these unique features, this time-resolved multimode
heterodyne detection scheme may be advantageous for a broad
class of non-equilibrium experiments, from condensed matter
to molecular physics.

The experiment combines ultrafast pump—probe spectros-
copy and multimode heterodyne detection of the probe field.
The layoutof the optical setup is shown in Fig. 1(a) (polarization
control and focusing elements are not shown). P&DP pulses are
produced by a commercial 200 kHz pulsed laser + optical para-
metric amplifier (OPA) system (Pharos + Orpheus-F, Light
Conversion). The signal from the OPA used as the probe and
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heterodyning field in the interferometer has a duration <50 fs
and a tunable wavelength in the range of 650-950 nm. The
idler is used as the pump and has a duration <100 fs and wave-
length in the near-infrared range. The experiments reported
are performed with a probe (pump) wavelength of 745 nm
(1656 nm). P&P both lie in the sample transparency range
and have the same polarization. The weak probe signal field
interferes in a Mach—Zehnder scheme together with a more
intense and phase-locked LO field, which acts as the amplifier
and phase reference. The outputs of the 50:50 beam splitter are
acquired pulse by pulse with a differential detector subtracting
the response from two photodiodes. The difference between
the two photo-voltages (heterodyne trace) is measured with a
low noise charge amplifier and then digitized. It can be shown
that the mean value of the differential current (I) as a function
of the LO phase maps the mean phase-resolved quadrature of
the probe field (X), which is the representative observable of the
complex electric field.

Indeed, by denoting with z, the amplitude of the single-
mode LO of frequency v, with ¢L© its tunable phase and with
oy = |y [e’? the complex amplitude of each probe mode, the
heterodyne current reads

(1) =24V |2/ (X (0 — $-°))

_ 10 . LO
= f dv' |z (e P 4 ake )

=2/dﬂmm%kmww—¢%. (1)

In order to achieve frequency resolution, we select a narrow
spectral band in the LO (approximated by a delta function,
zy = 2y6y,,/), which defines the heterodyne amplification of
probe frequency v. Thus, the measured observable for each
frequency modeis

(1), =2|a, ||z, |cos(¢y, _¢‘1;0)' (2)

The data recorded as a function of the relative phase between
LO and signal consist of a sinusoidal oscillation at frequency
v [Fig. 2(a)]. The oscillation amplitude is proportional to the
signal field amplitude, scaled by the LO field.

In the experiment, the LO narrow spectral band is selected
by a diffraction based pulse shaper [26-28] [Fig. 1(b)], which
allows for independent control of the amplitude and phase
of each spectral component of the LO and the probe. The
horizontally dispersed spectral components are focused on a
two-dimensional liquid crystal-spatial light modulator (LC-
SLM) (Santec SLM-100) that consists of a multipixel array
of nematic crystals used to generate programmable blazed
diffraction gratings. The programmable vertical position and
the depth of the grating for all spectral components are used to
control, respectively, the spectral phase and the amplitude of the
diffracted beam. In particular, as depicted in Fig. 1(b), applying
a blazed pattern only to specific horizontal positions results in a
narrowband diffracted LO.

In the experiment reported here, the pulse shaper is used to
narrow the LO to the width of a single mode, with a tunable
central frequency and resolution of 0.1 THz. As illustrated in
Fig. 1(b), the probe is also shaped. The choice of common optics
between LO and probe improves the interferometer stability,
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and the capability of the LC-SLM to modulate the phase of
each spectral component can be exploited to correct the probe
temporal compression and its chirp. The reconstruction of
the quadrature on the entire spectral range is performed by
scanning the LO across the different frequency components.
For each selected mode, we measure the heterodyne oscillation
trace [Eq. (2), Fig. 2(a)], and by scanning the LO frequencies,
we obtain the spectral map in Fig. 2(b). For each component,
we proceed to fit its amplitude and phase. Taking into account
that the employed LO has the same spectral shape as the probe,
i.e., z, X ,, we can renormalize the heterodyne oscillation
amplitude and get the probe amplitude spectrum. By squar-
ing it, we can obtain the intensity of each spectral component
(I = |e|?) in Fig. 2(c). In order to perform a quantitative esti-
mation, we record the intensity of the signal and LO beams
with a power meter. We employ a 402 THz (745 nm) beam and
20 THz bandwidth. The probe has 5 f] per pulse (104 photons).
The LO is three orders of magnitude more intense: 5 pJ, 107
photons. The single modes are obtained with a 0.25 THz band-
width filter, and for the central LO mode, we have 0.12 pJ, 10°
photons. All this considered, acquiring 2000 pulse repetitions
for each LO phase pointand sampling the quadrature oscillation
with 0.25 rad steps, we can reconstruct the mean value inten-
sity spectrum with a few hundreds of photons per mode. We
estimate an uncertainty of 3 photons at the spectrum peak
and £1 on the tails by calculating the standard deviation on the
results of 10 independent acquisitions.

We apply multimode heterodyne detection in the time
domain to address the coherent evolution of lattice vibrations
in non-absorbing media by studying how the probe—phonon
interaction is mapped into the spectral modifications (ampli-
tude and phase) of each probe frequency component [Fig. 3(a)].
Transparent media (as a-quartz) represent benchmark systems
for this study, since no electronic transitions are dipole allowed
within the pump or probe bandwidth, and the probe-matter
interaction can be treated as an effective photon—phonon
coupling [9-11,15-17].

Amplitude modulation ¥

Quadrature

f
\ 1Y) iC 300 {8 A 1 _30

-0.25 0.00 025 0.50 0.75 1.00 1.25
1) Phase delay (bl) Pump-Probe qelgy [ps]

= - .
i \h ‘| 7.5
5.0 g
25 ©
00 £
‘ | —~in -
-5.0 <
l -7.5
3 -10.0

~025 0.00 0.25 050 075 1.0
(a2) - Phaseidelay (b2) Pump-Probe delay [ps]

m

— 415
N

Phase modulation

x
£ 410
> 405
<

$ 400

Quadrature

>
o 395
Q

= 390

15—
‘\t\ 12 7 1100
Al 0.9 %
50 A \/ O\ W bog o £
Ay
£ % 3
S o £
E 40 o
P —— Ampl. mod. (low energy side) g'
50 Ampl. mod. (high energy side) [20
\ AVA VS LV
-100 —f— Phase mod.
-0.25 0.00 0.25 0.50 0.75 1.00 1.25 —20
(c) Pump-Probe delay [ps]
Fig. 3. Time-resolved vibrational dynamics. (a) Sketch of non-

equilibrium amplitude (al) and phase (a2) quadrature modulations.
(b) Spectral maps of coherent phonon oscillations in quartz for ampli-
tude (b1) and phase (b2). (c) The amplitude response has opposite
behavior on the two sides of the spectrum, while the phase response is
the same across the spectrum and is shifted by 77 /2 (see dashed vertical
guide). The error bars (107) indicate that the phase detection grants a
better signal-to-noise ratio with respect to amplitude measurements.
Fourier transform analysis of the time traces (insert) shows the detected
phonons’ frequencies.

The energy transfer in photon—phonon interaction is medi-
ated by non-resonant ISRS [9,15-17], which is an intrinsic
multimode process occurring whenever an ultrashort pulse
(with a bandwidth greater than the excited phonon frequency
2) propagates in a Raman-active medium. All optical modes
in the optical pulse with an energy difference corresponding to
h 2 can interact and create (Stokes Raman process) or annihilate
(anti-Stokes) a phonon.

The coherent vibrational states are excited via ISRS by the
intense pump pulse (fluence 10 mJ/cm?). The time-dependent
modulations of the spectral amplitude and phase of the weak
probe (50 pJ/cm?) are presented in Fig. 3(b). The latter are
obtained by separately fitting the pumped and equilibrium
heterodyne current with a sinusoidal function for combination
of delay and frequency, and then we evaluate the differential
amplitude and phase from the fitted parameters. We use a chop-
per blade on the pump beam to simultaneously reference the
fluctuations in the equilibrium response, and in this way, we can
observe spectral variations with a sensitivity of two photons per
pulse, and a phase stability of 2 mrad (standard deviation).

We observe an oscillation in time of the response of both
amplitude and phase at the frequency of the excited phonon
modes. Interestingly, the amplitude and phase responses are out
of phase and reveal two different responses, representative of two
typologies of interaction, ruled by the coherent phonon phase
[15]. In particular, as highlighted in Fig. 3(c), the amplitude
is modulated with opposite signs on the two sides of the probe
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spectral bandwidth. This is a general feature of ISRS [2,9,15]
and indicates a dynamical spectral weight redistribution within
the probe bandwidth. If the probe interacts with the coherent
vibrational state at a time when the atoms have the maximum
momentum, the Stokes process dominates and high frequency
photons are down-converted. On the contrary, when the probe
impinges on the sample when the atoms are coherently moving
with minimum momentum, a partial quench of the atomic
motion can be triggered and the probe—phonon interaction is
dominated by the anti-Stokes process, i.e., low frequency pho-
tons are up-converted, and an effective energy transfer between
the elastic field and the probe occurs. Conversely, the time
dependence of the phase of the spectral components exhibits
a uniform behavior across the probe spectrum, and it is /2
shifted with respect to the amplitude oscillation. This indicates
that the phase response results from the linear modulation of
the sample refractive properties. The real part of the refractive
index is dependent on the lattice displacements, and the time
domain response of the phase is ruled by the coherently evolv-
ing atom position. This is consistent with a change in a high
energy optical property (such as the gap) that is proportional
to the instantaneous atomic position and that would result
in a uniform change in the inductive response at frequencies
smaller than the optical gap. This intriguing scenario should be
confirmed in future studies of the time-dependent high energy
absorption.

Quantitatively, the experiment is performed with a few hun-
dreds of photons in the probe bandwidth selected by the LO,
and the intensity modulations range from one to 10 photons.
We highlight that the time-domain response of the phase gives
a significantly better signal-to-noise ratio than the amplitude.
This can be understood by considering that the pump-induced
amplitude modulation is due to a small fraction of scattered
photons, while the phase modulation is the result of a process
that involves the entire probe beam. This suggests that in the
low probe photon number, phase modulation is a more suitable
observable compared with amplitude or intensity dynamics.

In this Letter, we present time-resolved multimode hetero-
dyne detection and measure non-equilibrium dynamics
associated with a coherent vibrational response in a prototypical
sample («¢-quartz) in the probe low photon number regime.

As a perspective, the fact that quantitatively we work with
a few hundreds of photons per frequency mode means we can
access the shot noise regime, where the probe photon statistics is
dominated by quantum fluctuations, which overcome the clas-
sical instabilities (which scale linearly on the order of 0.1-1% for
our laser source). Reaching the shot noise limited regime enables
to perform full quantum state reconstruction of the optical field
and to merge the analysis of statistical degrees of freedom of light
with ultrafast non-equilibrium processes [29]. In particular,
ISRS is an intrinsically multimode process that imparts correla-
tion among the different spectral components coupled through
the phonon modes [30] and could represent a new platform
to build and manipulate multimode entanglement within the
bandwidth in optical pulses [31].
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