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The dynamical complexity of the hydrogen-bonded water network can be investigated with intense
Terahertz (THz) spectroscopy, which can drive the liquid into the nonlinear response regime and probe
anharmonicity effects. Here we report single-color and polarization-dependent pump—probe experi-
ments at 12.3 THz on liquid water, exciting the librational mode. By comparing results obtained on a
static sample and a free-flowing water jet, we are able to disentangle the distinct contributions by
thermal, acoustic, and nonlinear optical effects. We show that the transient transmission by the static
water layer on a time scale of hundreds of microseconds can be described by thermal (slow) and
acoustic (temperature-dependent) effects. In addition, during pump probe overlap we observe an

Received 14th July 2021, anisotropic nonlinear optical response. This nonlinear signal is more prominent in the liquid jet than in

Accepted 16th September 2021 the static cell, where temperature and density perturbations are more pronounced. Our measurements
DOI: 10.1039/d1cp03207k confirm that the THz excitation resonates with the rotationally-damped motion of water molecules,

resulting in enhanced transient anisotropy. This model can be used to explain the non-linear response
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Introduction

Water is one of the most studied and least understood liquids."
While several anomalies in the thermodynamic, macroscopic
properties of liquid water are well documented,>™ on the
microscopic scale water is characterized by a dynamical, tetra-
hedral network of hydrogen bonded (HB) molecules rearranging
on the picosecond timescale.”™ Terahertz (THz) spectroscopy
represents a possible experimental approach to study the water
network dynamics. THz radiation is strongly absorbed'®™® by
the HB network modes®® and provides a sensitive tool to study
solute-solvent interactions."®>*

Intense THz can be used to perform nonlinear experiments
and unveil the transient couplings of the different HB
modes.”>* The first results detailing the nonlinear response
of water in the THz frequency range are recent,>”**?%%33> and the
molecular interpretation is still a matter of ongoing discussion.
Teypkin et al.*** performed a series of z-scan measurements at
~1 THz on liquid water and associated the third-order nonlinear
signal to cascaded second-order anharmonicity of the intra-
molecular O-H stretching modes. Based on their model, only
small variations of the nonlinear signal as a function of frequency
are predicted from 0.3 to 3.5 THz (see Fig. S7 in ref. 32). Also
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of water in the frequency range between about 1 and 20 THz.

Ghalgaoui et al.*® recently measured the nonlinear response of

liquid water at ~1 THz, but proposed a different explanation.
They suggested that, while a water molecule experiences fluctuating
electric fields of about 100 MV cm ™" in the bulk liquid at equili-
brium, the superposition of >0.25 MV cm ™" single-cycle external
fields at ~1 THz should separate and then accelerate an electron
from the parent ion, leading to the ionization of water.*®

In our previous study,”” we focused our investigation on the
frequency range of the librational mode. Experimentally, we
observed a large transient anisotropy of liquid water upon
librational excitation using single-color pump-probe experi-
ments at 12.3 THz. The third order response exclusively asso-
ciated to the transient birefringence, y,>, was found to exceed
previously reported values in the optical range**™* by several
orders of magnitude.>” Accompanying simulations could ratio-
nalize these experimental results, i.e., we derived an approxi-
mation of the experimental response by a simpler time evolving
variable that can be calculated using molecular dynamics (MD)
simulations.?” In the classical limit, the frequency-dependent
nonlinear response function of a sample, S(v), can be written as
S(v) = FT<<%COS 8(z)>), where 9(¢) is the time-dependent
angle between the direction of the applied electric field and

the molecular dipole, and <%cos 9(t)> indicates the average

derivative of 9(¢) in the unit volume. In other words, the
response of a sample depends crucially on the orientation
changes of each water dipole with respect to the external field.
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These changes are facilitated upon excitation of the librational
mode, which mainly involves a rotation of the water molecule
in the surrounding hydration cage. The linear response function
of liquid water was computed without external fields using MD
simulations of the AMOEBA14 water model,>” resulting in a
broad spectrum extending from about 0 to 35 THz and peaking
at ~17 THz (see Fig. 4 and Fig. S6 in ref. 27). We simulated the
nonlinear response of water by applying an additional electric
field. In this case, we found that the nonlinear signal yields a
large response at the pump frequency of 12.3 THz, while the
nonlinear response at 1 THz pumping is about 10x smaller.
Thus, we proposed that the pump excitation at 12.3 THz is in
resonance with the reorientation time scale of water dipoles in
their hydration cages, and that applying an external field at this
frequency might induce a large transient anisotropy in a homo-
geneous liquid phase.””

In our previous publication,” owing to a large dichroic
background, we were not able to dissect the different contributions
and quantify the total nonlinear response of liquid water. There-
fore, in the current paper we report new measurements at 12.3 THz
with long and tunable macropulses. Furthermore, we compare the
results obtained in a static cell with THz-pump THz-probe
measurements in a free-flowing jet. This allows us to separate
thermal, acoustic, and nonlinear responses. The deduced total
effective third-order response is ye® &~ 7.2 x 107 em® V2,
which to the best of our knowledge is the largest reported to
date for liquid water in the THz range.®*>3?3

7

Experimental

We performed pump-probe transmission experiments at
12.3 THz in pure water. We measured both a ~15 pm thick
water layer in a static cell with ~0.5 mm thick diamond
windows (Diamond Materials), as well as a water jet, free-
flowing from a nozzle, with a ~23 um thickness estimated
from the known absorption coefficient of liquid water'®™"® at
12.3 THz, the intensity transmitted by the sample at equili-
brium, and the Beer-Lambert law. The static diamond cell is
magnetically attached to a copper plate that is stabilized to
20 £ 0.05°C with a chiller. The water jet uses a recirculating
liquid with a total volume of about 0.5 L at room temperature
(21 £ 0.1 °C) for the duration of the experiment.

The FELBE free electron laser (FEL) was operated in con-
tinuous (CW) mode at 12.3 THz, emitting a total power of
approximately 10 W on the user table. The micropulses are
about 3 ps long (full width at half maximum, FWHM) and the
repetition rate is 13 MHz, i.e., there is a ~77 ns delay between two
consecutive micropulses. We used two synchronized choppers to
obtain the pump and probe macropulses. The probe is chopped at
53 Hz with a duty cycle of 50%. The probe macropulses (grey in
Fig. 1b) are ~9.4 ms long (“probe ON time”) and separated by
~9.4 ms (“probe OFF time”). The single micropulse probe fluence
is ¢pr ~ 1 pJ cm > We chop the pump synchronously at 53 Hz
with a duty cycle of 3%. The pump macropulses (green in Fig. 1b)
are 283 ps long (“pump ON time”) and separated by ~18.6 ms
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(“pump OFF time”). With the adjustable phase delay of the
chopper, we set the “pump ON time” in the middle of
the “probe ON time”. The pump micropulse fluence is set
to ¢py ~ 300 pJ cm 2, with a corresponding intensity of
Ipy ~ ¢pu/(3 ps) ~ 100 MW cm ™ and peak field amplitude
of** Epy =+2-Zy - Ipy ~0.27 MV em™!, with Z, ~ 376.7 Q
vacuum impedance.

The “ON times” of the pump (283 ps) and probe (9.4 ms)
macropulses are short enough to safely avoid water boiling during a
macropulse. Trivially, if boiling occurs we observe a large increase
of the transmission saturating the detector, because liquid water,
but not vapor, absorbs strongly at'>™"* 12.3 THz. The “OFF times”
of the pump (18.6 ms) and probe (9.4 ms) macropulses are
sufficiently long to ensure that the sample is equilibrated between
subsequent macropulses. In fact, the thermalization time of a
I ~ 6 um thick water cylinder (which is about one penetra-
tion depth'®™® at 12.3 THz) can be estimated as>>™® 1y, ~ I*/D
~ 300 ps, with D thermal diffusivity. Additional information
about thermal effects is given in the Discussion section.

A 90-degree off-axis parabolic mirror (PM) with 2” diameter
and 75 mm effective focal length focuses both pump and probe
beams into the sample. We set the linear polarization of the
probe beam to an angle 0 = 40° with respect to the linear
polarization of the pump beam. The pump is aligned on the
vertical direction (V). The spot sizes of probe (~400 pm, 1/¢”
diameter) and pump (~700 um) beams were measured with a
camera (Ophir Pyrocam IV). We used two additional PMs to
collimate and focus the THz radiation into the detector (Judson
J15D26-M204-S01M-60) and beam blockers to filter out the
pump scattering. We put an analyzer-polarizer (Infraspecs
P01, with polarization contrast better than 10*:1) in front of
the detector to select either the vertical (V) or horizontal (H)
components of the THz probe intensity transmitted by the
sample. In this way, we can measure the ‘“vertical” (ATy/Ty)
or “horizontal” pump-probe trace (ATy/Ty). With an acquisition
card (National Instruments PCle-5764), we detect the probe
transmitted by the sample for 1 ms (probe acquisition time, <,
in Fig. 1b) with a resolution of 1 ps, and performed these
measurements over a range of about 15 ps of pump-probe delay
around the micropulse overlap time, ¢ ~ 0 ps, at 0.5 ps intervals
of pump-probe delay. The noise level of the transient trans-
mission is estimated from repeated measurements to ca.
+0.5% (see, e.g., Fig. 1c and d).

About 1% pump scattering still reaches the detector, see
Fig. 2a and 3a. The scattering is a factor of five smaller than the
pump-probe signals as seen in Fig. 1-3. The pump scattering
was measured separately with the probe blocked, and removed
as an offset from the corresponding pump-probe trace. The rise
and decay times of the pump scatter, i.e., the approximate time
it takes for the pump macropulse to reach a plateau in the
acquisition time, amounts to few microseconds.

Based on our previous results,>” any pump frequency resonant
with the relaxation time scale of the reorientation of a water
molecule in its hydration cage should trigger an enhanced
anisotropy in the liquid. However, there are several technical
limitations. Firstly, we avoided frequency ranges with high water

This journal is © the Owner Societies 2022
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Fig. 1 Experimental setup and benchmark measurements. (a) Complete schematic diagram of the experimental setup. The FEL beam is split into the
pump and probe beams and routed to the sample with a 75 mm focal parabolic mirror (PM3). The intensity and polarization of the pump beam are
adjusted as needed, and a pair of parabolic mirrors with focal lengths of 75 mm (PM1) and 50 mm (PM2) reduces its size. In this way, the pump spot is
safely larger than the probe spot at the sample position. The probe is delayed with a mechanical stage, and two synchronized choppers are used to
control the duration of the pump and probe macropulses. (b) Zoomed in cartoon at the sample position. The pump (green) and probe (grey) macropulses
are obtained with synchronized choppers. The acquisition time of the probe, 1, is about 1 ms long with 1 ps steps. The pump—probe delay, t, spans few
picoseconds and refers to the pump—probe micropulse delay. We measured either water in a static cell or in a free-flowing jet, and collect the vertical (V)
or horizontal (H) components of the probe radiation. (c) The horizontal pump—probe trace measured from the static cell at 12.3 THz, averaged over the
pump macropulse length. It displays a positive bump at pulse overlap that is dominated by the birefringent term (¢), as established previously.?’ (d) The
vertical pump—probe trace from a static water layer, averaged over the pump macropulse. The negative signal at t ~ 0 is mostly affected by dichroism?’
(Aa). Please note that, for display purposes, we subtracted from the two traces in panels (c) and (d) the same, time-independent offset of —6.8%, which is

due to the average heating of the liquid in the static cell. This effect was observed before, as detailed in the ESI of ref. 27.

vapor absorption. Secondly, we selected the central output
frequency of the FEL to optimize the magnitude of the signal
at the detector. Thirdly, all the optical elements used must work
properly at the chosen frequency. Taking all three restrictions
into consideration, we selected a single-color pump-probe
frequency of 12.3 THz.

Results

In Fig. 1c and d we show the relative change of the transmitted
probe intensity (AT/T) averaged over the pump macropulse time
({r)) and as a function of the pump-probe delay (¢). As shown in
Fig. 1c and d), we detect a positive (negative) pump-probe
signal at pulse overlap (¢ ~ 0) when the analyzer is set to pass
the horizontal (vertical) component of the probe light, ATy((z),
t ~ 0)/Ty > 0 (ATy((1), t ~ 0)/Ty < 0). The signals are about
half the magnitude of the ones we reported before, see Fig. 2 in
ref. 27. We note that a quantitative comparison between the
experiments reported here, performed in Dresden, with the
previous ones from Nijmegen is difficult because of the different

This journal is © the Owner Societies 2022

electron accelerators used. The micropulse fluence was 3.1 mJ cm >

in ref. 27 and 300 pJ cm™> here, while the pump macropulse
duration was 8 us in ref. 27 and 283 ps here.

In ref. 27 we observed an anisotropic signal resulting from
dichroism and birefringence. In short, dichroism describes
how the transient absorption coefficient (Ax) varies with the
polarization direction of the radiation, and the birefringence (&)
accounts for the change in polarization orientation induced by
the anisotropic index of refraction. If the pump is vertically (V)
polarized, the birefringent term depends on the angle (6)
between the linear polarizations of the pump and probe beams,
while the dichroic term along V is unaffected. We found®’ that
the magnitude of the horizontal pump-probe signal is mostly
related to the birefringent term (see the inset in Fig. 1c here, or
Fig. 3c in ref. 27), while the dichroism dominates the vertical
pump-probe trace (see the inset in Fig. 1d here or Fig. 2a in ref.
27, which shows that ATy/Ty is weakly dependent on the probe
polarization angle). In order to address the origin of both the
transient dichroism as well as the increase of the signal during
the macropulse, we performed additional vertical pump-
probe measurements (ATy/Ty) in a static cell (Fig. 2) and in a

Phys. Chem. Chem. Phys., 2022, 24, 653-665 | 655
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Fig. 2 Pump-—probe results at 12.3 THz for water in a static cell. (a) The pump scatter shows the approximate times at which the pump is turned on (ton)
and off (tope). (b) Pump—probe signal as a function of the acquisition time, 7, at few significant pump—probe micropulse delays. The black line is obtained
by averaging the pump—probe signal away from pulse overlap, i.e., between t = +5 psand t = +7 ps or, equivalently, t = —5 psand t = —7 ps. The response
is dominated by thermal effects with a time constant 7y, ~ 300 ps. The signal at pump—probe overlap, red curve, is averaged between t = —1 ps and t = +1 ps.
(c) The different response at pulse overlap is estimated by the difference between the red and black curves in panel b. (d) The temperature change of the
water layer in the static cell induced by the pump pulses, as estimated from egn (1) and (2), is shown with the thick dashed black line. The simulation uses
a simple pump envelope (green). (e) The simulated variation of the transmission of the water sample induced solely by a temperature change (black
curve), and including also an acoustic component (red). (f) Simulated pump—probe signal (blue), estimated as the difference of the red and black curves in
panel e. (g) Color map of the calculated acoustic grating obtained at the spatial and temporal overlap of pump and probe pulses, together with surface

acoustic waves propagating outwards. (h) The thermal expansivity of liquid water, f(°T), depends strongly on temperature.

water jet (Fig. 3). The key advantage with respect to previous
experiments®” is that the probe macropulse is longer than the
pump, allowing investigation of extended dynamics.

The left column of Fig. 2 shows the results obtained from
water in a static cell. Fig. 2a displays the intensity of the pump
scatter (green) obtained by blocking the probe beam as a
function of the acquisition time (). As marked by the purple
bands and the black arrows, the pump macropulse is switched
on approximately at ton ~ 370 ps, and off at topr ~ 650 ps. The
black curve in Fig. 2b displays the relative change of the probe
transmission beyond pump-probe overlap. This is identical at
positive or negative delays (see Fig. 1d at ¢ = —6 ps and ¢ = +6 ps).
The black curve represents the responses both before
(t = —6 £ 1 ps) and after (¢t = +6 + 1 ps) the pump-probe
overlap, averaged within +1 ps, which are indistinguishable
within the measurement error. The black curve in Fig. 2b
decreases slowly after the pump is turned on (r > 7oy) and
reaches a value of about ATy/Ty ~ —15% when the pump

656 | Phys. Chem. Chem. Phys., 2022, 24, 653-665

macropulse is turned off (t ~ topg). After the pump is off
(t > 7orr), the signal slowly recovers with an exponential
process with a time constant 7y, ~ 300 ps.

The red curve in Fig. 2b displays the transient signal at
pump-probe overlap, ¢ = 0 & 1 ps. This curve decreases quickly
after the pump is turned on, and reaches a value of about
ATy/Ty ~ —23% just before the pump macropulse is turned off
(t < torr). When the pump is off (t ~ topr) the signal changes
abruptly, rising up to ca. ATy/Ty ~ —15% within few micro-
seconds. After the pump has been turned off (t > topg), the
signal slowly recovers with an exponential process with a time
constant tyg, ~ 300 ps, Le., with the same time constant as before.
The pump-probe signal can be estimated as the difference of the
transient responses (red minus black trace, Fig. 2b), and is shown
with the blue curve in Fig. 2c. This curve displays a slowly
increasing and negative transient signal during the pump macro-
pulse (ton < T < 7orr), Which keeps decreasing during the pump
macropulse, in agreement with previous observations.>”

This journal is © the Owner Societies 2022
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Fig. 3 Pump-—probe results at 12.3 THz for water in a free-flowing jet. (a) The pump is measured by blocking the probe pulse entirely. (b) Pump—probe
signal as a function of the acquisition time, z, at few significant pump—probe micropulse delays. The black line is obtained by averaging the pump—probe
signal away from pulse overlap, i.e., between t = +5 ps and t = +7 ps or, equivalently, t = —5 ps and t = —7 ps. The response is dominated by the time it
takes for the water to flow away, tjer ~ 35 ps. The signal at pump—probe overlap, red curve, is averaged between t = —1 ps and t = +1 ps. (c) The different
response at pulse overlap is estimated to the difference between the red and black curves in panel b. The orange curve is the tiny signal detected by
rotating the analyzer—polarizer to transmit the horizontal component of the probe radiation. (d) The temperature change of the water layer in the jet
induced by the pump pulses, and estimated from eqn (3) and (4), is shown with the thick dashed black line. The simulation uses a simple pump envelope
(green). (e) The simulated variation of the transmission of the water sample induced solely by a temperature change that is determined by the jet speed
(black curve), and including also acoustic (red curve, red arrow) and nonlinear optical (red curve, blue arrow) components. (f) Simulated pump—probe
signal (blue), estimated as the difference of the red and black curves in panel e. (g) Estimated residue of the acoustic grating obtained by adding up

patterns like the ones shown in Fig. 2g, but displaced in the vertical direction by the liquid flow, see the main text for details.

Since in a static cell the laser spot can induce a thermal
gradient in the liquid, we wanted to compare these results to
the ones obtained in a free flowing liquid jet. The left column
of Fig. 3 shows the experimental results obtained from a free-
flowing water jet. The pump-probe signal away from pulse
overlap (black in Fig. 3b) quickly drops when the pump is
turned on (t ~ 7oy) and, after a characteristic exponential
decay with a time constant tjec ~ 35 us, will equilibrate at a
negative value of ATy/Ty = —8 + 1% (ton < T < Topr)- A weak,
linear decrease of the transient transmission between about
T ~ 450 ps and T ~ 650 us might indicate an underlying,
additional slow process. After the pump is off (t ~ 7opg) the
signal recovers, rising almost all the way up to ATy/Ty ~ 0, with
a similarly fast rise time with a 7je ~ 35 ps constant.

The red curve in Fig. 3b displays the transient signal at
pump-probe overlap, t = 0 £ 1 ps, for the water jet. This curve
decreases quickly after the pump is turned on (t > 7on),

This journal is © the Owner Societies 2022

reaching a value of about ATy/Ty ~ —7.5% after approximately
35 us from the onset of the pump macropulse (t ~ tox + 35 ps
~ 400 ps). The signal then reverses sign, increasing with a rise
time of tjec ~ 35 us and reaching a plateau of ATy/Ty, = —1.1 £
0.5% at T ~ Tox + 100 us ~ 470 ps. When the pump is turned
off (v ~ topr) the signal at pulse overlap (red in Fig. 3b) changes
abruptly, dropping down to ATy/Ty = —8 + 1% within few
microseconds. After the pump is off (t > 7opgp), the signal
quickly recovers and approaches ATy/Ty ~ 0, again with a
characteristic time of ca. Tjee ~ 35 ps.

The difference between the red and the black curve (see
Fig. 3b) is displayed with the blue curve in Fig. 3c. This shows a
fast changing and complex transient during the pump macro-
pulse (ton < T < Torr), and a fast drop down to approximately
zero, within few microseconds, when the pump is off (t ~ topg)-
Initially, the pump-probe signal shown in blue in Fig. 3c is
negative and decreasing (toxn < T < Ton * 35 US) up to a

Phys. Chem. Chem. Phys., 2022, 24, 653-665 | 657
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minimum turning point of ATy/Ty ~ —5% at © ~ 400 ps. After
this, the signal increases and reaches a positive plateau of
ATy/Ty ~ +7% (ton + 100 ps ~ 470 pus < 7 < Topp). When the
pump is turned off (t ~ topg), the signal abruptly drops to zero
for 1 > topp.

For comparison, the orange curve in Fig. 3c displays the
horizontal pump-probe signal (ATy/Ty) obtained by rotating
the analyzer to transmit only the horizontal component of the
probe light, while leaving all the other experimental conditions
unaltered. Thus, we clearly observe an anisotropy in the polar-
ization of the signal also in the water jet, i.e., the orange and
blue curves in Fig. 3c are obviously different.

Finally, we would like to point out two important details.
First, the recovery times (tje, for the jet in Fig. 3, and 1y, for the
static cell in Fig. 2) are independent on the pump-probe delay.
We selected +6 ps for display purposes only, because the
pump-probe signal is centered around pulse overlap and
extends only for few picoseconds around it (see Fig. 1c and d).
Second, the time it takes for the signal to disappear when the
pump is turned off depends also on how ‘“sharp” the pump
macropulses are in time. Given the fact that the pump macro-
pulses are obtained with a mechanical chopper (Fig. 1a and b),
the rise and decay times of the pump macropulses amount to
few microseconds. See, for example, the purple bands at 7 = topr
in Fig. 2a and 3a.

Discussion

Often, pump-probe experiments are performed with tabletop
laser setups running at a repetition rate of few kilohertz. In
these conditions, both thermal®™® (ty, ~ 300 ps) as well as
acoustic®”®® (t,. ~ 0.3 ps as detailed in a paragraph below)
effects can typically be disregarded, because they are slower
than the optical nonlinear dynamics (~10 fs to ~10 ps), and
faster than the delay between subsequent pulses (see, e.g., the
Table 4.1.1. in ref. 61). In contrast, FELs are bright but they
typically operate at a repetition rate of tens of MHz, emitting
macropulses lasting several microseconds. In these experimental
conditions, thermal and acoustic effects can also be present,®>
together with nonlinear optical responses.®*

In spectroscopy, thermal effects originate from the fact that the
optical properties of a material can be temperature dependent.'®™*>
The timescale of a thermal response is restricted by the thermal
diffusivity (D = D(°T), which is temperature dependent) and the
sample geometry. For a thin cylinder of thickness [ the fastest
thermalization time constant is approximately equal to®>>® 7y,
PID. If we take a water cylinder with thickness given by the inverse of
the absorption coefficient (o4, at 12.3 THz at the temperature

1
owat (°T = 20 °C)
the thermalization time is 74,(°7T = 20 °C) ~ P(°T = 20 °C)/D(°T =
20 °C) ~ 300 ps. This timescale agrees very well with both the rise
and decay times of the transient transmission of the static cell, away
from pulse overlap (black curve in Fig. 2b). Thus, we suggest that
these processes are indicative of the macroscopic thermal response.

~

°T=20°C,we have /(°T =20 °C) = ~ 6 um, and
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In the following we provide semi-quantitative models in
order to reproduce the magnitude and the time scales of the
transient signals. The steady-state temperature increase,®*™’
A°T;, induced by the single i-th pump micropulse in a water
layer with thickness / depends on the micropulse fluence (¢py ),
possible interface effects limiting the amount of absorbed
radiation®” (percentage of energy dissipated by contact with a
surface, g, and/or radiation lost at interfaces due to indexes
mismatch, f(n(°T))), and the temperature-dependent specific
heat of water (Cp(°T)):

° ° q- $pu,
A°T; = 7)) L TPUL 1
Fe) - )
2 2
Ndja Znair nwat(o T) 2ndia
hi °T)) =
where f(n( )) Myir <nair + ndiu) Ndia Nyir + nwal(o T)

are the Fresnel coefficients®® describing the intensity transmitted
at the air-diamond and diamond-water interfaces. ngj, = 2.37
is the index of refraction of diamond, n,;, = 1, and nya (°T)
is the temperature-dependent index of refraction of liquid
10712 we perform a simple numerical simulation in steps
of 1/13 MHz ~ 77 ns, and assume that the energy of each single
pump micropulse is instantaneously converted into a tempera-
ture increase of water via eqn (1). As we are not in steady state,
this temperature gradient decays exponentially as a function
of time with the thermalization constant®>>® 1y, = I*/D(°T),

water.

with /(°T) = and oy, (°7T) temperature-dependent

1
O‘wal(o T)
absorption coefficient.'®** The black dashed curve in Fig. 2d
shows the transient temperature of the water layer during the

pump macropulse, estimated from eqn (2):

°T(1) = Z A°T; - e /™, )

that is obtained by summing up the contributions of all the
pump micropulses (7). All but one of the quantities needed to
calculate eqn (2) are taken from the literature (Cp(°T) and D(°T)
from ref. 69, nya(°T) and oy, (°7T) from ref. 10) or from the
experimental parameters reported in the Methods section
(ppu ~ 300 pJ cm ). While we fixed these values, we fitted
the percentage amount of heat dissipated to the diamond
windows (g). The precise calculation of these thermalization
processes is complex®® because the sample is not in thermo-
dynamic equilibrium, there are interactions between diamond and
water at their interface, and because the static cell is magnetically
attached to a copper plate that is, in turn, temperature-stabilized
with a chiller. Choosing the fitting parameter g = 40% yields the
best results. The simulated temperature change is shown as the
black line in Fig. 2d, on the right scale. From this temperature
profile and the Beer-Lambert law, we simulate the resulting
change of the liquid transmission at 12.3 THz, see the solid black
line in Fig. 2e. Thus, we are able to reproduce the size and the time
variation of the transient response by liquid water for ¢t = +6 ps
before and after the pump-probe overlap. When we compare the
black curve in Fig. 2b with the model, black curve in Fig. 2e, we
find good agreement for t > 700 ps. However, the experimentally
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detected fast change of the transient signal at pump-probe overlap
cannot be explained by thermalization.

Optoacoustic effects originate from the fact that the optical
properties of a medium can change as a result of density
variations,®> which can trigger the generation of acoustic
waves.”®”’® When radiation is strongly absorbed, as in the case
of Terahertz spectroscopy on liquid water,>*®® thermoacoustic
effects dominate. In first approximation, the absorption trig-
gers thermal expansion that, in turn, can induce a pressure
wave with associated mass displacement and density
perturbations.>®¢%63-67.71,76-83 The timescale of an acoustic phenom-
enon is determined by the speed of sound® (v ~ 1500 m s~ for
liquid water at 20 °C) and the sample geometry. The time it takes for
a surface acoustic wave (moving on the surface of the liquid water
sample, perpendicular to the optical table) to travel through the

400 pm
m ~0.3 HS. The

amplitude of a propagating acoustic wave is proportional to
the coefficient of thermal expansion,”” 8 = f(°T), which is strongly
dependent on temperature in liquid water (Fig. 2h). Thus, the
increase of the signal at pump-probe overlap during the pump
macropulse, and the abrupt drop when the pump is turned off, are
both consistent with an acoustic phenomenon (see the red curve in
Fig. 2b, and the blue curve in Fig. 2¢, between tox and togg).
When the pump and probe beams overlap in space and
time, their interference can induce a grating.®® This could
account for the experimental fact that the pump-probe signal
is present only at pulse overlap (¢ ~ 0 in Fig. 1-3). The spatial
period (A) of the interference pattern depends on the laser
wavelength (1), and the angle between the propagation directions

i
2sin (%)

paragraph 2.2.1 in ref. 85). In our case, considering the experi-
mental parameters, the period of the interference pattern at
pump probe pulse overlap is 4 ~ 180 pum, which can be
compared with the probe spot size of ~400 pm. The intensity
modulation of the interference pattern, which is the relative
variation between maxima and minima, can be estimated by the
ratio between the electric field amplitudes®® of probe and

probe spot size (~400 pm) is T, ~

of the pump and probe beams (), 4 = (see, eg.,

pump as 4 (Z)i ~ 23%. The transient gratings have different
\ ¢pu

78,79,85-88 67,78-82

relaxation timescales. An acoustic grating
strongly dependent on temperature (Fig. 2h), and decays
quickly, on a timescale of 7, ~ 0.3 pus. A thermal grating decays
on a much longer timescale,”®”® determined by g4, ~ 300 ps.
Considering the short laser pulses used here (FWHM ~ 3 ps)
and the ~77 ns delay between subsequent micropulses, the
contribution by the acoustic grating should be much larger than that
of a thermal grating.®> A simplistic cartoon of the acoustic grating
generated at the water surface is given in Fig. 2g, which is obtained
by taking two separate point sources of spherical waves®® within the
laser spot. This qualitative model includes both the interference
region at the spatial and temporal overlap of pump and probe
(indicated by the black circle, “Pump-probe interference”),

is
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as well as the propagation of acoustic waves on the surface,
away from the interference region.”®

In our previous study we found®” that all the pump-probe
signals from liquid water at 12.3 THz are proportional to the
pump intensity and are independent from the probe. This is
consistent with any process that requires two pump photons
and one probe photon, which includes the diffraction of a
pump photon from a transient grating. The pump photon
diffracted in the probe direction can either enhance or sup-
press the transmitted intensity, depending on the sign of the
coupling term (see, e.g., paragraph 7.4 and eqn (7.4.15) in
ref. 61). The amount of scattered light depends on the diffrac-
tion efficiency (17), which is proportional to the square of the
modulation of the index of refraction (y o An?®) induced in
the sample by the intensity pattern.”® In turn, the change in
the index of refraction is proportional to the density
variation (An oc Ap),”>”® and the acoustic density perturbation
scales linearly with the thermal expansion coefficient
(Ap oc B(°T)).*”""®®> Thus, the contribution from an acoustic
grating to the detected pump-probe signal from liquid water
should be proportional to®””® §*(°T). In order to obtain the red
curve in Fig. 2e, we take the change in temperature as given by
the black curve in Fig. 2e, and add a term bf*(°T), where b is a
fitting parameter. By fixing b = —1.5 x 10", it is possible to
qualitatively reproduce the experimentally observed trend and
the size of the pump-probe signal from liquid water in the
static cell at pump-probe overlap (¢ ~ 0). Compare the red
curves in Fig. 2b and e, and the blue curves in Fig. 2c and f.

We expect a different result in case of a free-flowing water
jet. In this case, the thermalization is restricted by the speed of
the jet, rather than by thermal diffusion. When the water has
travelled by about one full laser spot size, the temperature
within the probed volume is equilibrated at an average tem-
perature, which remains constant as long as the laser pump
macropulse is on. The water flow of the jet amounts to ca. 2.9 x
10®> mm?® s™'. The syringe tip used as nozzle has an initial
radius of 0.4 mm. The tip is squeezed with pliers to the shape of
a few micrometre thin slit, and was optimized with a trial-and-
error approach to obtain a flat profile. Here, we give a rough
over-estimate of the jet speed by assuming a perfectly round
nozzle. With this approximation, the time () it takes for the
jet to move one full probe spot size away (400 pm) is smaller

3 3 1

than 400 pm / (%) ~70 ps. Thus, we find
good agreement of the decay constant of the signal observed
at t > 1opp (see the black curve in Fig. 3b) with the travel time
of the jet, 7jec ~ 35 pus. We stress that the same time constant is
observed when the pump macropulse is off for both the black
and the red curves in Fig. 3b, and at T ~ 400 ps at pump-probe
overlap (red curve in Fig. 3b). We note that changing the flow
rate is expected to change ;... However, we found that changing
the speed strongly affects the shape, dimensions, and the
fluctuations of the jet. As the jet is only stable enough at a
flow speed close to 2.9 x 10° mm? s, in the current experi-
ments we could not reliably measure how 1. depends on the jet
velocity.
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We can now extend the thermal model developed above
(eqn (1) and (2)). The temperature increase triggered by a single
pump micropulse in the water jet is

Pru.i
AT, = g(n(°T)) - —oPUi__ 3
g(n( )) I'CP(OT) ( )
wat 2y : .
where g(n(°T)) = " nl( 7) (n +Z «1(°T)> , because there is

only an air-water interface. Please note that there is no energy
dissipated by contact to a temperature-stabilized diamond
surface, so the parameter g is absent in eqn (3). The temperature
profile expected for the jet is akin to eqn (2),

() =) AT e (@)

with the difference that the timescale is determined by the jet
speed, Tjee = 35 us. The black dashed curve in Fig. 3d is the
transient temperature of the water jet during the pump macro-
pulse, as calculated from eqn (3) and (4). The corresponding,
estimated change of the liquid transmission at 12.3 THz is
displayed by the solid black line in Fig. 3e. Thus, we conclude
that this thermal model is able to reproduce the size and the
trend of the transient transmission of the water jet away from
pump-probe overlap. Compare the experiment, black curve in
Fig. 3b, with the model, black curve in Fig. 3e. Please note that
in this simulation there are no fitting parameters.

We expect different acoustic effects in a free-flowing jet with
respect to water in a static cell. The interference of a pair of
pump and probe micropulses interacting with the liquid at
spatial and temporal overlap would result in patterned surface
acoustic waves as shown in the color map in Fig. 2g. However,
the following pulses will “write” a spatially shifted pattern,
2.9 x 10> mm? 57!

n(0.4 mm)2
0.44 um between two subsequent pairs of pump and probe
micropulses. When the liquid has moved by one spot size
(400 um, which approximately takes a time tje), we expect the
acoustic grating to be averaged or washed out. This is high-
lighted by the estimated residue in Fig. 3g, where we summed

400 pm
up ————

0.44 pm
each shifted by the spatial offset of 0.44 pm. The resulting
interference fringes at spatial and temporal overlap are shown
in Fig. 3g. Please note that the amplitude of the pattern in
Fig. 3g amounts to only 3% of the one shown in Fig. 2g. Thus, we
expect that the signal from an acoustic grating at pump-probe
overlap should only be present at the beginning of the pump
macropulse, at T ~ 7oy, when measuring the free-flowing jet. After
the water has travelled one spot size, the remaining pump-probe
signal cannot be attributed anymore to a diffraction grating, but
rather to a nonlinear optical signal as indicated in Fig. 3f.

By taking into account a combination of acoustic and non-
linear effects, it is possible to account for the trend and the
magnitude of the detected signal at pump-probe overlap in the
water jet, see Fig. 3. The model, red curve in Fig. 3e, includes
the same thermal component calculated previously without

since water has travelled a distance -77 ns ~

~ 909 patterns like the single one shown in Fig. 2g,
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fitting parameters (the black curve in Fig. 3e) and includes an
acoustic term b*(°T)(1 — s()), where b = —1.5 x 10 has the
same value used for the water in the static cell (Fig. 2). We
introduce the sigmoid function s(t) to qualitatively account for
the fact that the acoustic effects are present only close to
T ~ 7Tox and absent after the acoustic grating is washed out

. -1
T—TON—CTjet
d-Tiet
)

with ¢ being a fitting parameter describing the middle point of the
sigmoid (time at which the value of s(7) is half of the maximum
value), and d fitting parameter for the exponential slope, describing
how steep s(t) switches from maximum (1) to minimum (0). The
results of the simulation obtained from the fitting parameters ¢ = 2
and d = 0.5 are shown by the red curve in Fig. 3e and by the blue
curve in Fig. 3f. After the acoustic grating vanishes at t ~ 400 ps, the
pump-probe signal from the water jet becomes positive. We
propose that this is the nonlinear optical signal, as shown in
Fig. 3e and f. In our model, this signal is described by a transmis-
sion change defined by a quantity a-s(z), where s() is the function
described above and a = ATy/Ty = +7% is the magnitude of the
nonlinear optical signal measured experimentally between
about 7ox + 100 pus ~ 470 ps and 7opr, see Fig. 3c. Overall, we
find that a combination of acoustic and nonlinear optical
signals is sufficient to account for the magnitude and the
temporal evolution of the measured response by the liquid
water jet, as can be seen by comparing the red curves in
Fig. 3b and e, and the blue curves in Fig. 3c and f.

MD simulations suggest that optical phonon-like modes at
THz frequencies can couple water® to proteins in solution.*?%%
Elton and Fernandez-Serra®® indicated that optical modes in the
librational band of pure bulk water can propagate up to a
distance of 2 nm. Conti-Nibali et al.**°° suggested that optical
THz modes of a solvated protein spread to the hydration water,
indicating an efficient solute-solvent coupling at these THz
frequencies. The coupled protein-water acoustic modes were also
investigated in more detail by Heyden et al.°" These modes reveal
correlated protein-water vibrations that extend up to 1 nm from
the protein surface, which also depend on the specific chemistry
of the protein surface. We note that the acoustic mode that has
been emphasized in this work, and that is only relevant when the
static cell is used, is not in the THz range but at the much lower
frequency of 8.3 MHz. In fact, the frequency of the acoustic
mode associated to the grating can be estimated by the speed of
sound divided by the period of the interference pattern, ie.,
1500 m s~!

180 pm

Previously,”” we performed a full set of polarization-dependent
experiments, and we estimated a lower limit for the third-order
birefringence of bulk water, y,° ~ 1.3 x 10~"° em® V2, which is at
least three orders of magnitude larger than the refractive
response at VIS and NIR frequencies, see the first two rows of
Table 1. This birefringent signal was estimated from®” a trans-

(Fig. 3g). The sigmoid function is s(7) = (1 + e<

~ 8.3 MHz.

AT
mission change of -~ 1% (compare, e.g., the dark and light

blue curves in Fig. 2b of ref. 27) for I, = 900 MW cm ™. Please
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Table 1 Third-order response of bulk water (4% versus frequency.
Different techniques have been used: self-phase modulation (SPM),
z-scan, self-focusing (SF), Kerr, third-harmonic generation (THG), pump-
probe (Pp), polarization resolved pump—probe (pol-Pp). In the technique
column we indicated whether the liquid sample used is enclosed in a static
cell (static) or is flowing freely (jet). The response originating from the
refraction change along one direction is y,°, from the difference between
the refraction along two perpendicular directions is the birefringence, z,°.
The effective response, yei, is estimated from eqgn (5) and the following
parameters: lp, ~ 50 MW cm=2, ATIT ~ 17%, Nwat ~ 2 for ref. 33;
Ipy ~ 61 MW cm™2 AT/T ~ 2%, Ny ~ 2 for ref. 28; and fp, ~ 590 MW cm~2
(estimated as®* Ip, = F34,/(2Z0) with Zo vacuum impedance and peak field
Etz = 0.5 MV cm™Y, AT/T ~ 10% (rough estimate from the ~10% drop in
all optical constants reported at*> 7 ps pump—probe delay for 0.5 MV cm™3),
Nwat ~ 2 for ref. 35

Frequency Technique $* [em® V72 Ref.
Transient refraction along one axis, 7,
VIS, NIR  SPM, z-scan, SF, Kerr, THG y,* ~ 2.6 x 10°'® 36-53

Transient birefringence, y,*

12.3 THz pol-Pp, static ){83

1.3 x 10" 27

X

Effective total third-order response, ¢

12.3 THz pol-Pp, jet Yetf. & 7.2 x 107" This work
1 THz z-Scan, jet fei & 4.5 x 107** 32 and 33
1 THz z-Scan, static Yot A 4.4 x 107 28
1 THz Pp, jet Lo & 2.3 x 107 35

note that the single pump micropulse intensity used in ref. 27 is
9x times larger than the one used here. Given the fact that the
nonlinear signals are proportional to the pump intensity,>” we
expect a birefringent signal of ca. 1%/9-0.11% for the experi-
ments reported in the present study, which is below the noise
level of +£0.5%. Thus, here we are unable to detect the birefrin-
gent component of the nonlinear signal. However, even given
the lower pump intensity, the water jet reveals a large nonlinear
signal, A7T ~ +7% (Fig. 3c).

Different experimental techniques are sensitive to different
contributions to the total third-order response of a material.
For example, some works®*®™* report the third-order response
that depends only on the refraction change along one direction
(z.°), others the difference between the transient refraction
along two perpendicular directions,?” or birefringence, y,°. In
general, the third-order nonlinear THz signal of bulk water
stems from the transient changes of both refraction as well as
absorption.?® In our case, the nonlinear signal is given by the
difference between the red and black curves in Fig. 3b, as
shown in blue in Fig. 3c. In order to compare it with previous
results obtained with different experimental techniques, we
introduce an effective total third-order coefficient, y.¢’. A
pump-probe signal originates from two pump photons with
the same wavevector creating a population state.®>>%® The
probe interacts with this population state and a nonlinear
signal is generated in the probe direction. When a power
detector is used, the probe heterodynes the nonlinear
signal, and the intensity-dependent nonlinear transmission is

T* {Esig + Epr}zz |Esig‘2+‘Epr|2+2Re [EsigE]’;r}, where E,, and

Eg, are the electric fields of probe and nonlinear signal,
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respectively. Recalling that the signal is obtained by third-order
mixing®**%  (Ege ~ terr  EpuEpyEpr With Ep, pump field),
that the probe intensity transmitted by the sample at equili-
brium is T o |Ey|* and assuming Eg, < Ep, the relative
variation of the transmission in a pump-probe experiment is
AT T"—T
T T

use the relation between field amplitude and intensity of a

~ 27| Epu|*. To the first approximation, if we

1
monochromatic wave, / zicnso\E|2 with ¢ speed of light, n

index of refraction, and ¢, vacuum permittivity, we obtain

ATT ~ ﬁ et - e (5)
. AT .

For the water jet we measured —- ~ +7% (Fig. 3c), and by
using eqn (5) with Ip, = 100 MW ecm' > and'® 7 = nq = 1.55, we
estimate yeg? ~ 7.2 x 107*% em? V™2 at 12.3 THz. This value is
the largest reported to date for liquid water in the THz range
and, as outlined in Table 1, is roughly twice as large as the ones
reported by Teypkin et al.**** and Ghalgaoui et al.*® at ~1 THz.

The cascaded intramolecular anharmonicity model proposed
by Teypkin et al.>*>** neglected the librational contribution and
displays a weak frequency dependence (see, e.g., Fig. S7 in
ref. 3). Thus, this model seems unable to explain the larger
third-order response we found in liquid water at 12.3 THz. Let
us now consider the field-ionization scenario proposed by
Ghalgaoui et al.*® Since the ponderomotive energy is inversely
proportional to the frequency of the pump field,*® the effect
should be much smaller at 10 THz than at 1 THz. In fact, the
ponderomotive energy of an electron driven by an external field
with a field amplitude of 0.27 MV cm ™" at 12.3 THz should be
more than 1000x smaller than in ref. 35, i.e., we can exclude
field-induced water ionization here. Conversely, the transient
anisotropy model as introduced previously by us®>’ predicts a
smaller nonlinear response at 1 THz w.r.t. 12.3 THz and is, thus,
qualitatively in agreement with all of the experimental observations
reported to date.””?#32:333 The transient anisotropy should be
larger at 12.3 THz, which is closer to the time scale of the
reorientation relaxation as observed experimentally.

Conclusions

Previously, we reported®” a giant transient birefringence in liquid
water at 12.3 THz in a liquid cell. Here we report a comparison
between the result in a cell and a liquid jet using longer
macropulses, which allowed us to measure over longer time
scales. While we were able to reproduce our previous observa-
tions (Fig. 1), we also investigated the different contributions to
the transient change in the THz pump-probe response. Upon
comparison of the results obtained on a static water cell (Fig. 2)
with a free-flowing jet (Fig. 3) we suggest that the increase of the
signal during the macropulse could originate from an acoustic
phonon at 8.3 MHz. The anisotropic nonlinear signal observed
here in the water jet at 12.3 THz confirms that driving the
reorientation of hydrogen-bonded molecules induces a giant
response, and it could help rationalize all the available nonlinear
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experiments performed on water at THz frequencies.>”**3>333°
As the rotationally damped motion of HB molecules in the
librational band is resonantly driven at 12.3 THz, our results
might open the door to the manipulation of solvation dynamics
via strong fields, possibly also at interfaces. Considering that the
technique outlined here is sensitive to ion hydration,” we
suggest that it might also help to elucidate the dynamical proper-
ties of the hydration water of different anions and cations in
future investigations.”*
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