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We investigate the electronic and rotational Raman optical nonlinearities as well as ionization of CO,,
which is one of the frequently-used molecules in nonlinear optics, using single-shot spatio-temporally-resolved
frequency-domain holography (FDH). As a reference, we also perform FDH measurements using N,O whose
optical nonlinearities have been studied with single-shot methods previously. Our FDH experiments show
that CO, exhibits overall smaller optical nonlinearities than N,O but has a higher ionization threshold.
Furthermore, the FDH results on the delayed rotational Raman response of the molecules are supported by

spectral broadening experiments in a gas cell. Our study shows that CO, is a highly-nonlinear molecule which
is comparable to N,O due to a combination of high Raman nonlinearities and high ionization threshold.

Single-shot spatio-temporally-resolved methods are useful and ro-
bust for measuring optical nonlinearities with femtosecond time reso-
lutions over hundreds of femtoseconds or picosecond time windows. A
few examples of such state-of-the-art single-shot methods are frequency
domain holography (FDH) [1,2], single-shot supercontinuum spectral
interferometry (SSSI) [3], and orthogonal-geometry time-resolved in-
terferometry [4]. In particular, the key to single-shot techniques like
FDH and SSSI is to use chirped probe pulses so that different wave-
lengths in the chirped probe correspond to different time delays be-
tween pump and probe. These techniques have been utilized to study
laser wakefields [5,6], laser-atomic-cluster interactions [1,2,7,8], clus-
ter/monomer ratios in supersonic gas jets [1,2], plasma dynamics in
gases [1,3,9], the nonlinear index of glass [1,3], nonlinear index and
Raman responses of atomic and molecular gases including the main
constituents of air [10-12], and plasma dynamics in thin flexible glass
under a strong laser field [13].

One of the key targets for nonlinear optics and time-resolved mea-
surements are aligned/rotating linear molecules under strong laser
fields [14] due to their important applications in nonlinear optics,
for instance, high-order harmonic generation (HHG) [15], laser fila-
mentation [16-20], and spectral broadening [21-24]. Although noble
gasses have been used frequently in the past for spectral broadening
of ultrashort laser pulses via self-phase modulation (SPM) [25-27],
linear molecular gases such as N, [22,24], N,O [22], and CO, [21,23]
have been used recently to enhance spectral broadening further via a
large contribution of the Raman effect to the nonlinear index. Since the
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rotational Raman effect is delayed with respect to the aligning pump
pulse, pulses with relatively long durations should be used for effective
spectral broadening. For instance, Beetar et al. have used an 80-cycle
laser pulse to produce supercontinua with more than two octaves in
a capillary filled with N,O gas and have generated a 1.6-cycle pulse
via post compression [22]. CO, has also widely been used for spectral
broadening previously [23,28] as well as for its rotational dynamics and
HHG [29-34]. Although the optical nonlinearities of N,O have been
studied via single-shot methods [10], CO, has not been investigated
using single-shot methods despite its potential high optical nonlinear-
ities with applications to various fields of high-intensity laser-matter
interactions.

In this Letter we use FDH in order to compare the optical nonlin-
earities of CO, and N,O including the instantaneous electronic and
rotational Raman responses, and ionization. In addition, we conduct
spectral broadening experiments in a gas cell and observe (1) more
spectral broadening for N,O compared with CO, at a given intensity
and (2) enhanced broadening with relatively long pulses due to de-
layed rotational Raman effect for both gases. This observation is in
good agreement with our FDH measurements. Our study reveals that
CO, is a highly-nonlinear molecule which is comparable to N,O due
to a combination of large Raman nonlinearities and high ionization
threshold.

In our FDH setup, the pump centered at 808 nm is 75 fs and the
reference and probe centered at 404 nm are chirped to 1.5 ps. The
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Fig. 1. (a) Experimental setup for FDH using the gas cell. (b) Example of measured spatio-temporal FDH profile of Ar using the gas cell with pump intensity of 2.1 x 10'® W/cm?.
(c) Linear fit of the measured phase vs. intensity to determine n, of Ar. (d) Experimental setup for FDH using the gas jet target. (e) Example of measured spatio-temporal FDH
profile of Ar using the gas target with pump intensity of 9.1 x 10'®> W/cm?. (f) Intensity scan of Ar using the gas target to determine the effective target length (L) of the gas

jet.

reference precedes the pump and the probe measures the nonlinear
phase created by the pump-induced optical Kerr effect and plasma.
The chirp in the reference/probe enables single-shot measurements by
mapping different wavelengths to different time delays. The pump en-
ergy is controlled by a combination of a half waveplate and a thin-film
polarizer and its polarization is controlled by another half waveplate.
Further details of our FDH setup can be found in Ref. [13]. Since gas
targets are not susceptible to damage in contrast to solid targets, we
use 1-kHz repetition rate and set the exposure time of a spectrometer
camera at 25 ms accumulating ~25 laser shots for each data set. We first
use a 36-cm long gas cell to confirm the nonlinear index of refraction of
Ar (4n = nyI(r,1), where n, is the nonlinear coefficient and I(r,?) is the
laser intensity). The pump is focused by a 25-cm focal length lens to
an Ar-filled gas cell at 1.3 bar and the focused pump spot size is 18 pm
(1/€? radius) with a corresponding Rayleigh range (zz) of 1.27 mm.
The probe/reference spot size is 64 pm with corresponding z of 3.2 cm,
allowing for complete capture of the pump induced phenomena. We
measure the spatio-temporal phase via the optical Kerr effect (nyI)
in Ar by varying the pump intensity from 1.3 x 10'% to 9.1 x 103
W/cm?. Then we take the average maximum phase from five FDH data
sets at each intensity and linearly fit them as a function of intensity
using A® = 2n,1 ZT”LG,-, where A® is the measured phase via cross-phase
modulation, 4 is the wavelength of the reference pulse, and L,; = nzy
is the effective interaction length for a tightly-focused Gaussian beam
in a long gas cell [Fig. 1(b) and (c)]. Using this method we are able to
extract n, of Ar to be 9.2 x 1072 ¢cm?/W at 1 bar, which is in good
agreement with previous studies [17,35-37]. Note that the maximum
input peak power used in the experiment (<0.5 GW) is smaller than
the critical power for self-focusing for Ar (~7 GW) [38] and thus laser
filamentation [39] does not occur.

However, molecules such as CO, and N,O can induce significant
propagation effects in a gas cell due to their highly-nonlinear Raman
effect, which can distort the extracted spatio-temporal phase measured
by FDH. Thus, to minimize propagation effects, we fabricate a gas jet
target with a small interaction length. To fabricate the target we laser

drill two holes with an average hole size of ~200 pm in a 1-mm inner
diameter glass tube. The cap of the glass tube is blocked by epoxy so
that the gas can flow only through the laser-drilled holes. The gas jet
target is put in a vacuum chamber and controlled via an x-y-z stage.
The target is fed with a backing pressure of 2.7 bar for both gases. In
FDH experiments using the gas jet, the focused pump spot size is 21 pm
(1/€? radius) and the probe/reference spot size is 81 pm. In order to
determine the effective interaction length for the gas jet, we perform
a calibration FDH experiment using Ar by varying the pump intensity
[Fig. 1(e) and (f)]. Using the measured n, = 9.2 x 1072 cm?/W value
via FDH with the 36-cm long gas cell and the assumption of a constant
gas jet density, we are able to determine the interaction length L,
of the gas jet to be about 0.8 mm, which is comparable to the inner
diameter of the glass tube.

For linear molecules the total nonlinear index of refraction is
the sum of the instantaneous electronic contribution 4n,,.(r,f) and
the rotational Raman contribution which is given by Ang,,..(r,1) =
/joo R(r,t — t)I(r,t")dt’, where R(r,t — t') is the rotational Raman
response and I(r,?') is the laser intensity profile. The Raman response
is due to molecular rotation induced by an aligning pump field and
is thus delayed compared with the pump pulse because of their rota-
tional inertia [14]. The electronic (4¢,,,.) and Raman (4¢y,,,.,) phase
contributions can be isolated by separately measuring the phases for
parallel pump-probe polarization (4¢;) and orthogonal pump-probe
polarization (4¢, ) (see Fig. 2) and then using the algebraic expressions
Adyee = 3(Ady + 24¢,)/5 and Aprpe, = 2(4d; — 34¢,)/5. We use
this procedure for CO, and N,O in the gas jet target, extracting the
spatio-temporal phase for both the electronic and rotational Raman
contributions. We take the average of 30 phase values per intensity
from the profiles of the instantaneous and rotational phases, for pump
intensities ranging from 1 x 10!3 to 6 x 10'® W/cm? for CO, and
from 1 x 103 to 4 x 10'3 W/cm? for N,0. We also take FDH data at
higher intensities to study ionization of both gases, which is discussed
later. Fig. 3 shows examples of measured instantaneous and delayed
Raman responses for CO, [Fig. 3(a) and (b)] and N,O [Fig. 3(e) and
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Fig. 2. Examples of FDH data using CO, for parallel pump-probe polarization (a) and orthogonal pump-probe polarization (b).
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Fig. 3. Examples of the spatio-temporal phase profiles for the (a) electronic and (b) rotational Raman contributions to the nonlinear index of refraction of CO, at a pump intensity
of 3.8 x 10> W/cm?. Linear fit of the average maximum phase as a function of intensity for the (c) electronic and (d) rotational Raman contributions for CO,. Examples of the
spatio-temporal phase profiles for the (e) electronic and (f) rotational contribution to the nonlinear index of refraction of N,O at a pump intensity of 4 x 10'> W/cm®. Linear fit
of the maximum phase as a function of intensity for the (g) electronic and (h) rotational Raman contributions for N,0.
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cm?/W for N,O [Fig. 2(g)].

Next, we extract Aa using perturbative density matrix model cal- where N is the gas number density, 7 is the reduced Plank’s constant,
culations for rotational Raman effects of molecules [10] and compar- n, is the linear refractive index, ¢ is the speed of light, I(#) is the

ing them to the isolated rotational phases measured via FDH. The laser intensity, ® = 4zcB(2j — 1) is the Raman angular frequency
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Fig. 4. (a) Result of fitting on-axis (r = 0) phase lineouts to extract the phase change due to plasma as a function of pump intensity. We start to see ionization effects near
7 x 10'® W/cm? for CO, and 5 x 10'® W/cm? for N,0. (b) Example of on-axis lineout with fit. (c) and (d) Examples of FDH data showing plasma effects at pump intensity of

1.1 x 10 W/cm? [(c) CO, and (d) N,O0.].
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Fig. 5. Spectral broadening in a long gas cell filled with 2-bars of (a) CO, and (b) N,O using 808-nm laser pulses at 75, 200, and 300 fs pulse durations. We observe more
spectral broadening with pulses whose durations are >200 fs, which is in good agreement with the delayed Raman peaks of CO, and N,O shown in Fig. 2 (b) and (f).

of the molecule, B is the rotational constant (0.41 cm~! for N,O
and 0.3902 cm™! for CO, [40]), and p; is the density matrix for the
unperturbed molecular system given by
o N 7hc‘gs,§l,:+1)
D;(2j+ 1)e B
pj= - “heBiG+1) @
> D;Q2i+ e kBT

where D; is the statistical weighting factor (1 for both N,0 and CO,),
kg is Boltzmann’s constant, and T is the ambient temperature. Here
we can ignore the damping/dephasing factor due to its long time scale
(tens of ps). Using linear fitting (see Fig. 2(d) for CO, and Fig. 2(h) for
N,0), we measure A to be 22.7 X 1072 cm? and 16.3 x 1072% cm? for
N,O and CO,, respectively. The measured 4da for N,O is in very good
agreement with previous work (~28 x 10725 cm?) [35,40].

We also investigate ionization of CO, and N, O via FDH using higher
pump intensities. We use perpendicular polarization between pump
and probe/reference because it is much easier to visualize the plasma-
induced negative phase with perpendicular polarization than with the
parallel case. After taking FDH data, we fit the on-axis (r = 0) phase
using the function: Cle_z(’_")z/ o+ Cy(1+erf[Cs(t —1)]) /2, where C,
C,, C;, 1, and ¢’ are the fitting parameters and erf represents the error
function [41]. Here the first Gaussian term accounts for the phase due
to the electronic and rotational Raman contributions and the second
term accounts for the phase due to plasma with a long recombination
time (~ps). Then we extract the average plasma-induced phase C, from
8 different spatio-temporal profiles and plot as a function of pump
intensity to compare ionization between CO, and N,O (Fig. 4). We start

to see ionization effects near 7 x 10'® W/cm? for CO, and 5 x 1013
W/cm? for N,0. The higher ionization threshold for CO, is in good
agreement with the fact that the ionization energy of CO, is higher
(13.78 eV) than that of N,O (12.89 eV). Since determination of the
ionization threshold depends on measurement sensitivity, we think that
the actual ionization thresholds may be smaller than those measured by
FDH.

Lastly, to corroborate the FDH experiments, we conduct measure-
ments of spectral broadening in a gas cell by varying the pulse duration
at a fixed nominal intensity. We use a 1-meter long gas cell filled with
CO, or N,O at 2 bar, and we focus the 808-nm pulse using a 75-cm
focal length lens with a spot size of 95 pm near the center of the gas
cell. We then vary the pulse duration using the laser pulse compressor.
To keep the same nominal intensity of 2 x 103 W/cm?, we adjust
the laser pulse energy using a thin-film polarizer and a half waveplate.
For spectrum measurements, we put a diffusive plate near the output
window of the gas cell and record the spectrum reflected off it using
a fiber spectrometer. As shown in Fig. 5, we observe more spectral
broadening for N,O compared with CO, at a given intensity due to
the larger Raman effect of N,0O as measured by FDH. In addition, we
see enhanced broadening with relatively long pulses (>200 fs), which
corresponds well to the delayed Raman peaks of CO, and N,O as
shown in Fig. 3. Although N,O exhibits more spectral broadening than
CO, at a given intensity, spectral broadening with CO, can be further
enhanced due to its higher ionization threshold. Since the nonlinear
index contribution from the rotational Raman effect is much larger
than that from the electronic effect (see Fig. 3), the Raman effect
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mainly contributes to the spectral broadening. In particular, spectral
red shifts are dominant because the Stokes Raman process should be the
main contributor due to more population in the ground state at room
temperature [22]. Moreover, since the shortest (75 fs) pulse duration in
our experiment is long enough to be affected by the dominant Raman
response and the peak intensity is small for the instantaneous electronic
response, we observe minimal spectral blue shifts caused by SPM.

In conclusion, we compare the nonlinear optical properties of CO,
and N,O including the instantaneous and rotational Raman contribu-
tions to the nonlinear index of refraction and ionization thresholds, as
well as spectral broadening. Our FDH measurements show that N,O is
more nonlinear than CO, but we find that the ionization threshold of
CO, is higher than that of N,O, potentially allowing for using higher
intensities in experiments without ionization. These results should con-
tribute to a fundamental understanding of high-intensity laser-matter
interactions using linear molecules such as CO,, which is one of the
frequently-used molecules in various fields of nonlinear optics. Further-
more, single-shot FDH can potentially be used for measuring molecular
vibrations if the pump pulse is very short [42,43]. In addition, it can
be used for other molecular gases such as N,, O,, and H, [10] and also
liquids and solids as long as the measured phase is not excessive.
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