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Abstract: The solvation properties of liquid water originate from the transient network of
hydrogen-bonded molecules. In order to probe the coupling between the different modes of this
network, nonlinear terahertz (THz) spectroscopy techniques are required. Ideally, these techniques
should use a minimal volume and capitalize on sensitive field-resolved detection. Here we performed
open aperture z-scan transmission experiments on static liquid cells, and detect the THz fields with
electro-optical techniques. We show that it is possible to quantify the nonlinear response of liquid
water at ~1 THz even when large signals originate from the sample holder windows.
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1. Introduction

Liquid water strongly absorbs terahertz (THz) radiation [1–9]. Intermolecular interactions
determine the unique properties of water [10,11] and can assist biochemical reactions [12,13]. In the low
frequency range water displays an overlap of different intermolecular hydrogen bond and Debye-like
modes [4,5]. Recent ab initio calculations described infrared (IR) and Raman spectra [14] and separated
the intramolecular and intermolecular modes [15]. In order to disentangle the distinct modes, nonlinear
techniques are required. This is especially challenging in the THz range due to lack of brilliant
sources [4]. To this aim, a variety of nonlinear laser techniques have been used [16–24].

The Hamm group developed a 2D spectroscopic tool that combines two pulses in the visible
(Raman excitation) with a THz beam [16,17] and suggested that the intermolecular translational
band of water could be characterized by a quasi-inhomogeneous broadening with a correlation time
of 370 fs [18]. THz-optical Kerr (TOK) spectroscopy combines an intense THz pump pulse with
a weaker optical beam that probes the THz-induced birefringence. In this way, Zalden et al. [19]
estimated that the nonlinear molecular alignment of a water dipole can be described with the parameter
B(2)

m = −2.5× 10−14 cm
V2 , which is on the same order of magnitude of the electronic effect detected by

optical-optical Kerr [20,21] experiments (see, e.g., Table 1 in [19]). With TOK, Elgabarty et al. [22,25]
recently found indication of a ~0.5 ps long dynamical coupling between rotational and translational
intermolecular water modes at low-frequency.

Given the sequence of optical and THz fields, all these nonlinear techniques are sensitive only to
modes that are strongly active both in Raman as well as in the far infrared. Thus, a complementary
approach is to perform nonlinear experiments employing exclusively THz fields. We previously
performed THz-THz Kerr experiments at 12.3 THz with the librational mode of water and found that
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the THz-induced birefringence is about three orders of magnitude larger than in TOK experiments [24].
Tcypkin et al. [23] reported the nonlinear transmission of almost single-cycle pulses centered at 0.75 THz
by a liquid water jet. They performed typical z scan measurements [26], whereby the sample is moved
through the beam focus and the intensity transmission is measured with a power detector, both with
an open as well as with a partially closed aperture [27,28]. This experimental approach is restricted to
the large sample volume required to run a recirculating liquid jet, which to our knowledge needs at
least hundreds of milliliters of liquid sample [29]. However, this prevents applications to expensive
solutes that are not available in large quantities. In addition, it is preferable to use field-sensitive rather
than intensity detectors because of their superior dynamic range [29–31].

In order to overcome these two bottlenecks, here we report nonlinear transmission measurements
of ~1 THz pulses by small volumes of liquid enclosed in a static cell with diamond windows.
By comparing field- and intensity-resolved z scan experiments, we were able to correctly quantify the
nonlinear response of bulk water even in the presence of a large nonlinear signal caused by the empty
sample holder.

2. Materials and Methods

We performed experiments at the THz source TeraFERMI [32], located at the free electron laser
FERMI at the Elettra synchrotron (Trieste, Italy). The source emitted almost single-cycle pulsed THz
fields centered at ~1 THz and at a repetition rate of 50 Hz. The liquid is enclosed in a static cell with
0.5 mm thick diamond windows and a clear aperture of ~25 mm. The pure liquid water thickness is
set to ca. 100 or 50 µm with Kapton spacers. The temperature of the sample holder is stabilized to
20 ± 0.05 °C with a recirculating chiller.

The diffusion limited thermalization time of the sample is approximately t ≈ r2

D with D diffusivity
and r radius of a sphere of volume equal to the sample volume [33,34]. Considering D = 1.4× 10−7m2/s
for liquid water and the sample volume, we estimate the thermalization time of the irradiated water
to t ≈ 0.3 − 1.7 s. The repetition rate of the source is 50 Hz (0.02 s), thus up to 15 − 85 pulses can
cumulatively heat up the water sample. Assuming that all the THz power is instantaneously converted
into heat, we estimate the temperature increase of the liquid water sample to within +0.02 ◦C and
+0.04 ◦C. This temperature increase is lower than the noise level of the recirculating chiller that sets
the temperature of the static cell to 20± 0.05 ◦C. For this reason, thermal effects can be disregarded.

The THz radiation is detected with an intensity detector (silicon bolometer) or via field-sensitive
electro-optical sampling (EOS). EOS is performed with a 100 µm thick ZnTe crystal. From the optical
coefficients [35], the THz spot sizes measured with a camera (Ophir PyrocamIIIHR), and accounting for
the reflection losses of the windows, we estimate the maximum THz electric field to be E0 = 215 kV/cm
at the focal position inside the diamond cell.

As sketched in Figure 1, we performed z scan experiments on both the empty as well as the filled cell,
and with either intensity (bolometer) or field (EOS) detectors. TeraFERMI is focused with a 4” diameter
off-axis parabolic mirror (OAPM) down to a spot size with full-width at half maximum (FWHM) of
~1.1 mm. The sample position is controlled with a mechanical stage. When the sample holder is placed
at the focal position (z = 0), the peak power (P) reaches the largest value P = 100% = 61.4 MW/cm2.
At z = 0, both the empty as well as the water-filled cell display nonlinear transmission (sketched in red
in Figure 1a). When the sample is moved away from the focus to z > 22 mm, P decreases below 17%
(<10 MW/cm2, Figure 1b) and approaches the regime of linear transmission. In Figure 1b we show the
THz spot size characterized with a THz camera replacing the sample, at the sample position. We note
that in this case there is no sample displaying a nonlinear response.
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value (z>20 mm). Two detecting apparatuses are alternatively used to measure the field (electro-

optical sampling, EOS) or its intensity (silicon bolometer). b) THz beam properties measured with a 

camera placed at the sample position. The green squares indicate the full-width at half maximum 

(FWHM) of the THz spot size measured as a function of the position of the z stage. The solid green 

line is a guide to the eye. The THz spot is ca. 1.1 mm at the focus z=0. In this position, the peak power 

is maximum and amounts to P=100%=61.4 MW/cm2. Moving away from the focus, P decreases for 

increasing THz spot area. 
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Figure 1. (a) Sketch of the experimental setup. The terahertz source is TeraFERMI at the FERMI
free-electron laser at the Elettra synchrotron. The beam path of the THz radiation is shown in green
and routed with two off-axis parabolic mirror (OAPM). The sample holder is moved through the
THz focus with a computer-controlled stage. The nonlinear transmission (red) reaches a maximum
at the THz focal position (z = 0). When the static cell is empty, the nonlinear response can originate
from the diamond windows (black). When the liquid holder is filled with water (blue), the nonlinear
response can also originate from the liquid layer. Away from the focus, the transmission approaches
the linear value (z > 20 mm). Two detecting apparatuses are alternatively used to measure the field
(electro-optical sampling, EOS) or its intensity (silicon bolometer). (b) THz beam properties measured
with a camera placed at the sample position. The green squares indicate the full-width at half maximum
(FWHM) of the THz spot size measured as a function of the position of the z stage. The solid green line
is a guide to the eye. The THz spot is ca. 1.1 mm at the focus z = 0. In this position, the peak power is
maximum and amounts to P = 100% = 61.4 MW/cm2. Moving away from the focus, P decreases for
increasing THz spot area.

We characterized previously the optical properties of the diamond windows of the sample
holder with linear, tabletop terahertz time-domain spectroscopy (THz-TDS). The details of this linear
spectroscopy technique are reported elsewhere [36]. The diamond windows display a small absorption
in the THz range (orange diamonds, Figure 2a). The frequency-dependent absorption coefficient α(ω)

can be fitted to [37] the Drude model as shown in Figure 2b and Equation (1):

α(ω) =
eNcγ

2µ

ε0nc(ω2 + γ2)
(1)

where e is the electric charge, Nc is the concentration of free charge carriers, γ is the scattering rate, µ is
the carriers mobility, ε0 is the free space permittivity, n is the index of refraction, and c is the speed
of light. From the fit we estimate Nc ≈ 1.13× 10−14cm−3, which corresponds to ca. 6 free carriers in
10 billion carbon atoms of a diamond window. Even for such low carrier doping the THz transmission
of a crystal can display a nonlinear response, and the THz absorption can drop by 80% [37].

3. Results and Discussion

In Figure 2c we show open aperture z scan measurements, where the bolometer detects the THz
intensity (I) transmitted by the empty (I0, black in Figure 2c) and water-filled cell (Iwat, blue in Figure 2c).
In order to compare the different transmission values of filled and empty cell, the intensity is in each
case normalized to the corresponding value of the transmission at low peak power, I(z = 22 mm).
The absolute value of the transmission by the filled cell is different than the transmission by the empty
cell, because liquid water strongly absorbs THz radiation [33]. Thus, we plot the relative transmission

values in Figure 2c: I0(z)
I0(z=22 mm)

for the empty cell, and Iwat(z)
Iwat(z=22 mm)

for the water-filled static sample
holder. The transmission at z = 22 mm is the furthest point from the focus given the range of the
mechanical stage, the peak power is reduced to the lowest possible value of ca. 10 MW/cm2, and the
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transmission approaches the linear regime. Given the restricted beam time available, we were not able
to acquire more data while keeping the same signal-to-noise. For this reason, the z scan measurements
in, e.g., Figure 2c display a limited number of discrete points.
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Figure 2. (a) Absorption coefficient of a single diamond window of the empty sample holder measured
with linear THz time-domain spectroscopy. (b) The absorption can be fitted to a Drude peak with few
free carriers, corresponding to less than one carrier per billion carbons. (c) Z scan measurements of
the THz intensity transmitted by the empty diamond cell (black), and of the liquid cell filled with a
100-micron thick water layer (blue). The error bars are the standard error of the mean calculated from
300 measurements. The squares and circles are the experimental results, the solid lines are guides to
the eye. (d) The nonlinear intensity transmission of the water layer is estimated as the difference of the
intensity transmissions of filled and empty cell (dI). The solid red line is a Gaussian fit. The experiments
reported in Panels c–d are performed with an intensity detector (bolometer).

As shown in Figure 2c, and expected for nonlinear transmission, the detected THz intensity varies
as a function of the position of the z stage and is maximum around the focal point (z = 0). If the
nonlinear response would be restricted to the diamond windows, we expect for the empty cell the
nonlinear response of the two windows. In case of the water-filled cell, the THz intensity at the second
diamond window is decreased by ca. 90% [33], therefore, the THz nonlinear response by the second
diamond window can be neglected only when the liquid cell is filled. If water would not contribute
to the nonlinearity, then the nonlinear response by the filled cell should be approximately half of the
nonlinear response of the empty cell (one vs. two windows). However, by inspecting Figure 2c we

note that the transmission of the water-filled cell increases by ca. 4% ( Iwat(z=0)
Iwat(z=22 mm)

∼ 1.04), while the

transmission by the empty sample holder increases by ~5% ( I0(z=0)
I0(z=22 mm)

∼ 1.05). This suggests that
both the front diamond window as well as liquid water display nonlinear transmission when the cell is
filled. In order to estimate the nonlinear THz intensity transmission by water (Equation (2)), we plot

dI(z) = 2×
Iwat(z)

Iwat(z = 22 mm)
−

I0(z)
I0(z = 22 mm)

(2)
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in Figure 2d. The factor two, roughly accounts for the fact that two diamond windows contribute to
the nonlinear transmission of the empty sample holder, while only one diamond window contributes
to the water-filled cell nonlinear transmission. The amplitude of dI at the THz focus can be estimated
to 1.026 ± 0.008 with a Gaussian function (solid red line in Figure 2d).

When the electromagnetic power (P) increases up to the nonlinear response regime, the absorption
coefficient of a material can be written as Equation (3) [27]:

α(P) = α+ αNL
× P, (3)

where α is the linear absorption term, and αNL quantifies the nonlinear contribution that increases
with P. When the sign of αNL is negative, the absorption decreases and the nonlinear response can
be described as saturable absorption or bleaching. Open aperture z scan intensity measurements are
insensitive to the nonlinear refraction [26], and can quantify the nonlinear absorption term (Equation (4))
as in [27]:

αNL
≈ (1− dI(0))

α

P× (1− e−αL)
, (4)

where L is the sample thickness. From the value dI(0) = 1.026 ± 0.008 obtained from Figure 2d, the THz
peak power P = 61.4 MW/cm2, the sample thickness, and the equilibrium absorption coefficient of
water [33] (α = 197.4 cm−1 at 1 THz), we obtain αNL

wat = −87 ± 27 cm/GW. Within the error bars,
this value agrees with αNL

wat ≈ −78 cm/GW estimated from Figure 2a of [23]. To achieve the first
approximation, in the data analysis we assumed that the nonlinear transmissions of both the two
diamond windows of the empty cell, as well as of the empty and filled cell, are additive. Following
these assumptions, we estimated a nonlinear absorption for liquid water that agrees with previous
results. This good agreement confirms the validity of the approximations used.

In the next step, we want to investigate the nonlinear response of the index of refraction
(Equation (5)). In the simplest case:

n(P) = n + nNL
× P, (5)

where n is the linear refraction term, and nNL (also called n2 or Kerr term) quantifies the nonlinear
contribution. Open aperture z scan measurements performed with an intensity detector (e.g., bolometer,
Figure 2), are sensitive to absorption variations, but not to nNL. The nonlinear refractive index is
typically measured by comparing open and partially closed aperture z scan experiments, both measured
with an intensity detector. Here we suggest that a field-sensitive detector should be able to probe
simultaneously both the changes in the extinction coefficient as well as in the index of refraction,
possibly with better resolution. In order to prove this assumption, we performed additional open
aperture z scan measurements on the empty and the water-filled diamond cell, and detected the
transmitted THz peak field with EOS. Time resolved THz experiments or “pump scans” are routinely
performed at the peak position of the THz field, and allow estimating the overall size of the signal
and the dynamics [38]. Contrarily to intensity measurements with, e.g., a bolometer, the amplitude
of the THz peak is affected not only by the change in absorption, but also by the change of the index
of refraction of the sample, which can delay the pulse in time [38]. For this reason, by comparing
the results of z scan measurements performed with bolometer and field-sensitive techniques, in the
following we estimate the nonlinear absorption and the nonlinear refraction.

In Figure 3a we show the full THz fields transmitted by the empty cell (black) and by the
diamond cell filled with a 50 µm thick water layer (blue). The peak THz field transmitted by the
water-filled (empty) sample holder is marked with Ewat (E0). In Figure 3b we show open aperture z
scan measurements, where the balanced EOS detection measures the peak amplitude of the THz field
(E) transmitted by the empty (E0, black in Figure 3b) and water-filled cell (Ewat, blue in Figure 3b).
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Figure 3. (a) We used a 100 µm ZnTe crystal to detect the THz field transmitted by the empty cell holder
(black), and by the sample holder filled with a 50-micron thick layer of pure water (blue). The peak THz
field transmitted by the empty (water-filled) cell is marked with E0 (Ewat). (b) Z scan measurements
of the peak field transmission of the empty diamond cell (black), and of the liquid cell filled with a
50-micron thick water layer (blue). The error bars are indicated and correspond to the standard error
of the mean calculated from 100 measurements. Solid circles and squares represent the experimental
results. Solid lines are guides to the eye. (c) The nonlinear field transmission of the water layer is
estimated to the difference of the field transmissions of filled and empty cells (dE). The red solid line is
a Gaussian fit. The experiments in Panels b–c are performed with a field detector (EOS).

In order to compare the electric field transmitted by the filled and empty cell, the field is in each
case normalized to the value of the transmission at low THz power, E(z = 22 mm). As shown in
Figure 3b and expected for nonlinear transmission, the detected THz peak field varies as a function of
the position of the z stage. However, in these field-sensitive experiments the maximum signal is not
found at z = 0. This originates from a small drift of the THz spot size imaged at the detection crystal,
which was checked with the THz camera and is unchanged for empty and filled cell. This systematic
error can be present only when detecting the field amplitude and not the area-integrated signal
(e.g., bolometer, Figure 2). This can be removed by comparing the two z scan experiments. In order to
quantify the nonlinear field transmission by the water layer (Equation (6)), we use the same approach
outlined above for the intensity transmission (Figure 2d). The quantity:

dE(z) = 2×
Ewat(z)

Ewat(z = 22 mm)
−

E0(z)
E0(z = 22 mm)

(6)

is shown in Figure 3c. The amplitude of dE at the THz focus can be estimated to 1.018 ± 0.005 with a
Gaussian function (solid red line in Figure 3c). We chose a slightly different spacer for EOS z scans
(50 µm, Figure 3) with respect to the intensity measurements (100 µm, Figure 2). As expected, for the
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thinner spacer the THz response is “sharper”: the nonlinear water signal is evident over a narrower
range around z = 0 when the thinner spacer is used (compare Figure 3c with Figure 2d).

Routine z scan measurements are obtained either with an open or a partially closed aperture
in front of the detector [23]. Often, z scan experiments measure only the transmitted intensity with,
e.g., a bolometer or a diode, and not the field transmittance [26–28]. An open aperture intensity z
scan allows to quantify only the nonlinear absorption (αNL) [26], while a partially closed aperture
intensity z scan is sensitive both to the nonlinear absorption as well as the nonlinear refraction [26].
The nonlinear refractive index (nNL) can be estimated by comparing two intensity-sensitive z scans,
obtained either with open or partially closed aperture [26]. Here we propose to replace the closed
aperture intensity z scan, with an open aperture field z scan. The transmitted field measured with,
e.g., EOS detection, must depend on the nonlinear absorption and, through the change of the spot size
induced by the Kerr lensing, also on the nonlinear refraction. The advantage of field-sensitive z scan
is the superior dynamic range, which can exceed 60 dbm as we demonstrated recently for THz-TDS
based on an amplified laser [29].

The nonlinear refractive index can be estimated as shown in Equation (7) [23]:

nNL = ∆T
α

P× (1− e−αL)

λ

1.8× (1− S)0.25 , (7)

where ∆T is the modulation of a z scan estimated as the difference between minimum and maximum
transmission, λ is the radiation wavelength, and S is the linear transmission of the aperture.
This equation is strictly valid only when comparing intensity-resolved z scan experiments with different
apertures, but we use it in the following to estimate tentatively the nonlinear refraction by comparing
intensity- and field-resolved measurements. To first approximation we assume S = 0. For simplicity,
we assume that the refraction-induced transmission change ∆T (Equation (8)) corresponds to the
difference between the nonlinear transmission detected with a field detector (which depends on
both αNL as well as nNL [38]) and the nonlinear transmission acquired with an intensity detector
(which depends only on αNL [27]):

∆T ≈ (dE(0))
2
− dI(0) − 1 = 0.0094± 0.0038, (8)

where the first term is squared to account for the relation between field and intensity. Thus, the nonlinear
refraction of pure liquid water at ~1 THz corresponds to nNL

wat = (6.5± 2.6) × 10−10cm2/W. Within the
error bars, this value agrees again with the value nNL

wat ≈ 7× 10−10cm2/W reported by Tcypkin et al. [23]
for a water jet. This additional benchmark confirms that while some of the above approximations
are crude, they provide correct estimation of the magnitude of both amplitude as well as phase
nonlinearities displayed by liquid water at ~1 THz.

In the data analysis we neglected the contribution of multiple reflections coming from the cell
windows. We note that when we measured the THz peak field (Figure 3), the reflections originating
from the layer between the diamond windows are delayed. This can be estimated to twice the layer
thickness divided by the speed of light, resulting in a delay of ca. 0.5 ps. As the near-infrared pulse
used for the electro-optical sampling detection is shorter than 0.1 ps [32], the ~0.5 ps delay moves the
reflected field outside the detection window. However, when we measured the THz intensity with
a power detector (Figure 2), the THz beams originating from multiple reflections are fully detected.
The most intense THz pulse, with intensity P0, is the one transmitted at every interface. The first and
most intense reflected beam originates from two reflections at the air-diamond interface when the
empty cell is measured. We estimate the intensity of the first reflection with Fresnel coefficients as:

P1 ≈

[(
ndia − nair

ndia + nair

)
×

(
ndia − nair

ndia + nair

)]2

× P0 ≈ 7× 10−3
× P0 (9)
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where ndia ≈ 1.8 (nair ≈ 1) is the index of refraction of the diamond window (air) at ca. 1 THz, and the
second power accounts for the relation between field amplitude and intensity. The intensity of the
second reflected beam, which originates from four reflections at the air-diamond interface, is even
smaller (P2 ≈ 4× 10−5

× P0). Equation (9) indicates that by neglecting the first multiple reflection we
induce a systematic error of less than 1%. We previously estimated the nonlinear absorption of liquid
water to αNL

wat = −87 ± 27 cm/GW and the nonlinear refraction to nNL
wat = (6.5± 2.6) × 10−10cm2/W.

Both terms have statistical errors within 30% and 40%. Thus, we can neglect the < 1% systematic error
induced by the multiple reflections. Finally, we note that when the cell is filled, liquid water strongly
absorbs THz radiation [33] and the effect of multiple reflections is further reduced.

The ab initio molecular dynamics (MD) calculations with static (DC) fields by Cassone et al. [14]
suggest that the absorption at ~1 THz by liquid water should decrease for increasing DC field strengths.
This could be consistent with the experimental observation that the nonlinear absorption coefficient of
water is negative (αNL

wat = −87± 27 cm/GW), i.e., water is more transparent and absorbs less radiation
for increasing field strength. However, it is important to note that the THz source used here is not
DC [39,40], but emits almost single-cycle pulses centered at ~1 THz. New experiments and theory are
needed to clarify the origin of both the absorptive (αNL

wat) as well as the refractive (nNL
wat) nonlinearities

detected here in bulk liquid water. We speculate that these large anisotropies might stem from the local
asymmetry in the strength of the hydrogen bonds [25] and/or be rooted in the resonant enhancement
of molecular reorientations [24].

In conclusion, we have shown that the full nonlinear THz transmission properties of liquid water
can be deduced from measurements performed in a static cell with windows. Field-resolved detection
allows estimation of both the real as well as the imaginary nonlinear optical coefficients, even when
only open aperture z-scan transmission measurements are performed. Given the small sample volume
required, this technique can be readily applied to assess the transient solvation dynamics even of
complex solutes in aqueous environments, and could be useful to other research fields. Extensions
of this novel experimental approach could also help to clarify the recent, puzzling, and mounting
evidence of temporally delayed THz responses by liquid water [24,41–43].
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