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Abstract: Nonlinear pulse propagation inside highly nonlinear media requires accurate knowl-
edge on the temporal response function of the materials used particular in the case of liquids. Here
we study the impact of deuteration on the ultrafast dynamics of toluene and nitrobenzene via all
optical Kerr gating, showing substantially different electronic and molecular contributions, which
was quantified by fitting a multichannel decay model to the data points. Specifically we found
that deuteration imposes the time-integrated nonlinearities to reduce particular for toluene which
could be caused by both reduced electronic hyperpolarizabilities as well as weaker intermolecular
interactions. The results achieved reveal that deuterated organic solvents represent promising
materials for infrared photonics since they offer extended infrared transmission compared to their
non-deuterated counterparts while maintained strong nonlinear responses.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Tailoring the nonlinear interaction of light and matter inside optical fibers has enabled novel
devices such as light sources with customized properties [1,2] or sophisticated applications in,
e.g. telecommunications [3]. Many fiber devices used consist of silica materials, which can
show limited performance due to restricted transmission windows and an overall small nonlinear
refractive index (An) [4,5]. Non-silica based glass materials may represent interesting alternatives
[6-10], yet difficulties in fiber fabrication, high optical loss and undefined dispersion profiles have
prevented the wide-spread use of such materials for nonlinear photonics. An inherent drawback
of all-glass fibers is the solid nature of the materials involved, making it difficult to fine-tune fiber
properties after implementation, which can lead to severe consequences with regard to dispersion
tuning.

An innovative solution to the aforementioned issues mentioned are liquid-core fibers repre-
senting a new and promising class of hybrid fibers for nonlinear applications [11-14] due to
precise and real-time dispersion tuning opportunities [14] and substantially larger values of An
[15], with the latter originating from an electronic as well as molecular contributions. Recent
comprehensive studies aiming for characterizing the nonlinear properties of different solvents
were performed in unprecedented detail [16,17], providing a base for the photonics community
to explore entirely new nonlinear operation regimes arising from the unique non-instantaneous
nonlinear dynamics of liquids [18] . It is important to note that due to its outstanding properties
(e.g., high nonlinearity [19,20] and high damage threshold [21]) carbon disulfide (CS,) has been
established as the standard liquid for nonlinear experiments [22,23] while it is less applicable for
applications that require biocompatibility or mixing with polar solvents or dyes.
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Here, organic liquids represent promising alternatives while strong CH-overtone absorption
limits their operation domain to wavelength <1 pum. This limitation excludes a large set of
standard laser sources (e.g., Nd:YAG or Er:glass) from being employed in connection with
liquid-core fibers that include organic materials. This is of particular disadvantage in case of
benzene derivates, such as toluene, which exhibits high work-safe exposure limits (i.e., can be
treated as low-hazard liquid), or nitrobenzene, which possesses a similarly strong molecular
nonlinearity as CS; [16]. Recent experiments have shown that using the corresponding deuterated
counterparts imposes the absorption bands to substantially shift to longer wavelengths as a result
of the increasing effective mass of the respective molecular oscillator, considerably extending
transmission windows towards longer wavelengths [24]. Note that the optical loss of deuterated
nitrobenzene is below 1dB/cm for almost all wavelengths up to 2.1 um, while the non-deuterated
derivate exceeds this limit already at 1.3 gm. The impact of deuteration on the temporal nonlinear
dynamics of solvents, however, has not yet been investigated. In particular, it has not been
revealed if the various nonlinear processes observed in hydrogen-based liquids are still present
in their deuterated counterparts and whether the corresponding mathematical models used to
describe the temporal dynamics can still be applied.

In the present work, the impact of deuteration on the temporal nonlinear response of organic
solvents is addressed from the experimental perspective by measuring the ultrafast nonlinear
response function time-resolved using optical Kerr gating (OKG). By performing a series of
pump-probe measurements on two example solvents (toluene and nitrobenzene), we show that
deuteration modifies the temporal response considerably, while the well-established mathematical
models still apply. Fitting these models to the data shows that the instantaneous electronic part,
as well as an ultrafast component of An related to intermolecular interactions, are reduced for
deuterated compared to non-deuterated specimen.

2. Liquids used

Due to availability in high quantities and very high purity we choose toluene/toluene-D8 (99.5
mol% purity, 99.6 mol% purity) and nitrobenzene /nitrobenzene-D5 (99 mol% purity/99.5 mol%
purity) as example liquids. We also measure the nonlinear response of CS, (SigmaAldrich,
99.9 mol% purity), whose nonlinear properties are well documented in literature in order to
characterize the setup and verify its operation [19,22].

3. Experimental

The OKG setup operates in the pump-probe configuration (Fig. 1) as follows: ultrashort laser
pulses (pump pulses, 7,, = (60 = 5) fs (FWHM), Coherent Legend Elite, central wavelength
Apu = 800 nm) were focused into the respective liquid (1/ ¢?-radius Wpy = (27 + 1) um) in order to
induce the nonlinear refractive index modulation. The liquids themselves were located in quartz
glass cuvettes of thickness d = 1 mm (wall thickness: 1 mm). The pump pulse energy inside the
liquid amounted to E,, = (1800 + 20) nJ (Toluene) or E,, = (960 + 10) nJ (Nitrobenzene). A
second pulse was generated by an optical parametric amplifier seeded by a fraction of the pump
pulse (Coherent Opera Solo, 7, = (60 + 5) fs, 4, = 725 nm, w,, = (16 + 0.5) um, pulse energy
E,,<10nJ) and served as probe.

The small spectral distance between pump and probe pulse ensured that the group velocity
mismatch (GVM) of the two pulses is as small as possible within experimental circumstances
thus to avoid coherent effects in the signals. The GVM was estimated to amount to 41 fs/mm in
case of Nitrobenzene and 27 fs/mm for Toluene (group indices were taken from [25]). By using a
delay stage (Fig. 1) the two pulses could be mutually delayed between -2 ps (probe before pump)
and +5 ps. Both pulses were linearly polarized under a relative angle of 45°. After passing the
sample and an analyzer the probe pulse energy was measured using an Ophir PD10 detector
as a function of the delay time #p between pump and probe pulse. The transmission direction
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Fig. 1. Experimental setup of the ultrafast optical Kerr gate. Red: pump beam (7, = 60+5
fs, Apy = 800 nm, Ep, variable), yellow: probe beam (75, = 60 + 5 fs, 4y, = 725 nm,
Ep,<10nl), inset: cross section of the pump (red, wp, = 27 um) and the probe pulse (yellow,
Wwpr = 16 um) within the sample, with the arrows indicating the respective polarization
direction as well as the transmission direction of the analyzer (T.qjyzer, dashed line).

of the analyzer was perpendicular to the polarization of the incident probe, thus the nonlinear
polarization rotation of the probe beam served as gate signal to reveal the nonlinear dynamics of
the respective liquid.

4. Modeling

Assuming the laser pulses to be of Gaussian shape in both temporal and spatial domains the
transmission of the OKG is given by the convolution:

4+In2 —(2«/1[12,’#)2
e or
V7T

with R(zp) being the apparatus function of the OKG which is computed by (c.f. appendix):
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Here the sum was computed up to ke, = 10. An(tp) = 3, @mhom, rm(tp) is the time dependent
nonlinear refractive index, imposed by the pump pulse and being composed of four model terms
of which each represents a different physical phenomenon [16,22]: An instantaneous electronic
contribution representing the electronic (y®)) response of the index modification as well as three
other terms that describe the molecular processes. The molecular terms comprise collision and
diffusive reorientation of the molecules as well as a coherent motion of the molecules due to the
intermolecular potentials (libration) [22,26,27]. The latter was modeled to be inhomogeneously
broadened as different molecules experience different local environments, which is in accordance
to [22,28,29]. Each contribution consists of its individual strength (n2,,), temporal characteristics
(rm(tp)) and polarization dependency due to the field-induced index ellipsoid (a,,, details are
given in Table 1) [22,30]. For the two example solvents the central frequency and spectral width
of the libration were assumed to be wg = (11 +2) ps~! and o = (8 + 4) ps~! for Toluene and
wo = (7+3)and o = (5 +2) ps~! for Nitrobenzene, respectively [16].

Note that if the GVM is small only a broadening of the measured pulse compared to the real
pulse in a pump-probe experiment is obtained [31]. In case of Toluene and CS; this broadening
was below the uncertainty of the pulse duration and hence was neglected in the model. In case
of Nitrobenzene, however, this broadening caused an effective pulse length of 68 fs, which was
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Table 1. Temporal characteristics and polarization related factors of the different components of
the nonlinear response function (5: delta distribution, ®: Heaviside function, 6: mutual polarization
angle between pump and probe, wg: central libration frequency, o: spectral width of libration, 7,.f ;,:

rise and fall times, C;;: normalization factors (f::’ rm(t)dt = 1 for the individual components) [16,22].

Comp. Temporal model Polarization factor (6 = 7 /4)
Elec. re(t) = 26(1) @, = cos 6% + % sin@? = %
__t\ -
Coll. re(t) = Ce (1 —e Tre ) e e O(rf) a. =cos 6% + % sin§? = %
Libr. 1) = Cre 14 0(f) fooo S o w)dew a; =cos 6% — % sin§? = %
_ (u)—u)())2 _ (w+u)0)2
withg(w)=e 202 —e¢ 2072
2N W
Diff. rq(t) = Cy4 (1 —e Trd ) e 14 0() ag =cos 6% — % sin§? = %

included into the fitting procedure. Furthermore, no significant spectral broadening due to self-
or cross-phase modulation was observed for either the pump or the probe pulse.

The model (1) was fitted to the data points by minimizing their least square difference. The
strengths ny,, as well as the rise and fall times 7,7, served as fitting parameters and the values,
given in [16] as parameter initialization. Note that suppressing individual contributions in the
model (by manually setting their strength n, ,, to zero) did not lead to satisfying fitting results.
The accuracy of the determined parameters has been retrieved from the fitting procedure.

5. Validation of the model

In order to validate the model the cuvette was filled with CS, and the transmission of the OKG
was recorded as function of time for different pump pulse energies. Furthermore the transmission
was computed using Eq. (1) and the parameters given in [16,19,22] (summarized in Table 2.).
The measured (Fig. 2, dotted) and computed Fig. 2, lines) values agree very well, confirming the
validity of the OKG approach. Slight deviations between simulated and measured results, such as
the absence of the distinct trailing peak in the data points might be attributed to the uncertainty
of the parameters used (c.f. Table 1. in [19]).
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Fig. 2. CS; transmission of the optical Kerr gate at different pulse energies: Dots: measured
values, Solid lines: Computed transmission using the model parameters from [16,19,22] and
the model (1)



Research Article Vol. 27, No. 21/14 October 2019/ Optics Express 29495 |

Optics EXPRESS i N

Table 2. Model parameters used for computing the time dependent OKG transmission of CS, at
different pump pulse intensities. The values were taken from [16,19,22]

m 7 [psl] 7s [ps] wo [ps'] olps']

[1071? m?/W]
Electronic 1.5 - - - -
Collision 1.0 0.15 0.14 - -
Libration 7.6 - 0.45 - -
Diffusion 18 0.15 1.61 8.5 5

6. Results and discussion

The parameters obtained from the fit in case of the non-deuterated specimen agree with those
presented in [16] (Figs. 3(a) and 3(b), blue curves and Table 3). Using the deuterated specimen
the OKG transmission is reduced for both solvents, Toluene as well as Nitrobenzene at short
(tp = £100 fs) and intermediate (100 fs <tp<250 fs) delay times (Figs. 3(a) and 3(b), red curves).
The dominant contribution to the nonlinear refractive index on very short time scales is the
intramolecular instantaneous electronic response 1 ... Our measurements indicate that 1 ¢je¢
of the deuterated solvents is smaller compared to the corresponding non-deuterated specimen
(Toluene 5 %, Nitrobenzene 10 %, c.f. Figures 3(a) and 3(b), dotted lines, Table 3). This is in
qualitative agreement with previous experimental findings [32] and theoretical modeling [33]
and might be rationalized by the larger binding energy of the C-D compared to the C-H bond
[34], which imposes the electron ensemble to respond more harmonically.

Table 3. Fit parameters for the different components of the nonlinear response function for the
non-deuterated (N-D, the values from Ref. [16] in parentheses) and deuterated (D) versions of
toluene and nitrobenzene. Values of 7, and 7; in ps and values of n, in 1012 m2/W

Toluene Nitrobenzene
N-D D N-D D

Elec. ny 0.42+0.02 0.6) 0.40+0.02 0.6+0.05 0.6) 0.54+0.05
Coll. ny 0.15+0.02 0.12) 0.44+0.04 0.42+0.04 (0.35) 0.65+0.05

Tr 0.1(5) +0.1 (0.25) 0.5+0.15 0.1+0.05 0.2) <0.05

7y 0.1+0.05 0.2) 0.10+0.02 0.06+0.02 0.1) 0.3+0.1
Libr. ny 0.96+0.05 (1.2) 0.13+0.05 1.9+0.2 (L.7) 1.3+0.15

7y 0.36 £0.07 (0.35) 0.46 +£0.25 0.3(5)+0.1 0.4) 0.15+0.05
Diff. ny 2.8+0.2 3) 2.5+0.2 5.4+0.5 (5) 5.1+0.5

T 0.18+0.07 (0.25) 0.3+0.1 <0.1 0.1) <0.1

7y 2.2+0.5 2.1 2.3+0.5 3.4+0.5 3.5) 3.5+0.5

An =} np 4.3+0.3 3.5+0.3 8.3x0.8 7.6+0.8

The reduction of the OKG transmission for delay times between 100 fs <7p<250 fs is majorly
attributed to a change of the nonlinear refractive index contributions related to fast molecular
interactions, i.e. collision and libration.

The present fitting results indicate that deuteration increases the collisional contribution to
the nonlinear refractive index in case of toluene, but decreases it for nitrobenzene. The related
summed time constant (7, + 7¢) increases in both cases. The libration related component on the
other hand is reducing for both molecules after deuteration, with this effect being much stronger
for toluene (c.f. Figures 3(a) and 3(b) and Table 3).

The collisional contribution to the refractive index modification arises from variations of the
molecular polarizability induced by dipole interactions with neighboring molecules [22,35]. This
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Fig. 3. Temporal distribution of the transmission of the OKG for (a) toluene and (b)
nitrobenzene. The blue lines and dots refer to the non-deuterated liquids, the red to the
corresponding deuterated substance. The insets show the time response up to 4 ps. Circles:
measured data (circles), solid lines: fit to data points using Eq. (2) (parameters c.f. Table 3),
dotted lines: electronic component, dashed lines: collision component, dashed-dotted lines:
libration.

distortion might differ strongly between the investigated molecules due to their very different
structure. Hence, more theoretical investigations of both molecule systems are necessary in order
to explain the impact of collision more quantitatively. The increase of the time constant can be
rationalized by inertia related slower molecular motion of the heavier deuterated specimen.

The libration related change of the nonlinear refractive index originates from a coherent
rocking motion of aligned molecules. Dephasing e.g. due to collisions reduces this effect [22].

The time range of the collisonal interaction is comparable to that of the libration in case of
toluene (between O fs and 300 fs). Thus, the dephasing based reduction of the libration might
be very efficient in the presence of stronger collisions, particularly as only weak intermolecular
interactions (e.g. van-der-Waals bondings [36]) should be present in the toluene matrix.

For nitrobenzene on the other hand the collisional interaction happens before the libration and
thus the dephasing influence should be weaker. A possible reduction of the hydrogen bridging
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strength to the exposed NO; group after deuteration might reduce the libration effect additionally
[37].

An important issue that needs to be addressed is that the larger mass of deuterated molecules
might affect the libration frequency characterized by wy and o (c.f. Table 1). The relative
increase of the molecular mass due to deuteration amounts to 4 % for nitrobenzene and 8 % for
toluene which is insignificant as the reduction of wgy below 10 % would be expected if a harmonic
oscillator model would be assumed. Therefore the mass-induced impact is below the accuracy of
wp and o and thus it is not considered as significant mechanism for the change of the librational
contribution.

For both solvents, the diffusion related component of the nonlinear refractive index decreases
slightly whereas its rise and fall times are increasing (c.f. Table 3) in case of deuteration. Like
for the collision time, these changes are attributed to larger moment of inertia of the deuterated
compared to the non-deuterated specimen. As compared to other relaxation channels the diffusive
contribution only shows an insignificant differences between the original solvent signal and its
deuterated counterpart. Therefore the individual contribution of the diffusion is not shown in
Figs. 3(a) and 3(b) to retain the clarity of the figure.

Finally, it should be pointed out that a Raman related change of the nonlinear refracted index
was observed neither for Nitrobenzene nor for Toluene and also not for the deuterated specimen.
A higher temporal resolution of the OKG may be required to observe this effect.

The temporally integrated nonlinear refractive index variation of the deuterated compared to
the non-deuterated specimen is calculated by the sum of the n, values (c.f. Table 3). This is of
particular interest for fine-tuning the temporal response of nonlinear liquid-core devices in case
pulses with durations of > 1 ps are considered. It reduces about 10 % in the case of Nitrobenzene
(from Anyp = (8.3 £0.8) - 107" m?*/W to Anp = (7.6 = 0.8) - 10~'> m?*/W and about 25 % for
Toluene (from Anyp = (4.3 £0.3) - 107 m? /W to Anp = (3.5 £ 0.3) - 10712 m¥/W).

7. Conclusion

Precise knowledge on the temporal response function of the incorporated materials is essential to
understand nonlinear pulse propagation inside highly nonlinear media. Here we study the impact
of deuteration onto the ultrafast dynamics of the nonlinear refractive index via all optical Kerr
gating for two selected organic solvents, namely toluene and nitrobenzene. The resulting gate
transmission functions of the deuterated specimen show different temporal evolutions compared
to their non-deuterated counterparts, which was quantified by fitting the most recent mathematical
model including the various physical phenomena to the measurement data.

We found that deuterated benzene derivates, which enable operation at near-infrared wavelength
[24], overall show just slightly smaller nonlinearities than their non-deuterated counterparts (25 %
for toluene and 10 % for nitrobenzene). These reduction is attributed to both, smaller electronic
nonlinearities (i.e., smaller hyperpolarization) as well as weaker intermolecular interactions.

The results achieved are particularly relevant from the nonlinear device design perspective,
e.g. for fine-tuning the nonlinear responses in magnitude and time by mixing different liquids
[16]. For instance, tuning non-instantaneous effects can lead to nonlinear phase stabilization,
which enables a suppression of noise-driven (spontaneous) parametric effects in supercontinuum
generation in liquid-core fibers via controlling the strength of the delayed molecular nonlinearity
[18,38]. Simulations that include the precise form of the nonlinear response function are the
subject of a future publication.

Appendix: Transmission function of an optical Kerr gate

In the scope of the model it is assumed, that solely the pump pulse generates a nonlinear refractive
index modification. The intensity of the probe pulse is considered to be weak. Furthermore
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the sample medium is considered to be homogeneous. Hence the nonlinear refractive index is
modelled by:

An() = " awnamrn(t), (3)

with a,, being a factor related to the polarization ellipsoid, n,,, the strength and r,,(r) the time
de:Pendence of the component of the nonlinear refractive index. r,,(¢) was normalized such that
[ ra(hdt = 1.

The refractive index modification after travelling through the medium of thickness d caused by
the pump pulse leads to a spatially and temporally dependent phase delay of the probe pulse field
component parallel to the pump field compared to the perpendicular one. This phase difference
is described by:

2nd
Ag(t,r) = - (Ipu(t, 1) ® An(t)) 4)
pr

Hence the transmitted energy for one delay time 7p is given by:
+00 +00
Er(tp) = n/ / rli(r, t) (1 = cos (Ag(r, t — tp))) drdt
- Jo

oo [ [ _ 5)
=r /m /0 rliy(r, 1) ; a0 (Ap(r,t — dp))* drdt

Assuming Gaussian pulses in space and time the phase, the probe pulse intensity and the input
probe pulse energy are:

2 2
2nd 25 [ -4In24-
AB(t.r) = =—lopue "7 e P @ An(r)
Apr
2 2
2L —4m2-L- 6
Ln(r.t) = Iopre "7re 16

oo,
E;, = mwperrIO,pr’

with wp, ,, being the 1/ e2-radius, Tpu,pr the FWHM pulse duration, and /o - the peak intensity
of the pump and the probe pulse, respectively.

Defining the transmission as Toxg(tp) = E(tp)/E;, and inserting (6) in (5) yields (1)
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