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Anovel technique for studies of the dynamics of molecular
coherences has been developed. The concept is based on
prompt excitation using broadband femtosecond laser
pulses, whereupon a narrowband nanosecond laser pulse
probes the fast dynamics of the coherences. Detection of
the spectrally dispersed coherent signal using a streak
camera allows simultaneous spectrally and temporally
resolved studies of all excited coherences in a single-shot
acquisition. Here we demonstrate the high capacity and
versatility of this hybrid femtosecond/nanosecond
coherent anti-Stokes Raman scattering (CARS) technique
through some illustrative examples, all single-shot
measurements, namely time-resolved studies of
rotational Raman coherences in nitrogen and air,
dynamics of Stark effect on rotational lines, and beating
phenomena originating from close-lying rotational lines.

Detailed knowledge about molecular vibrations and rotations is crucial
for the understanding of chemical bonds and chemical reaction
dynamics. The time scales of molecular vibrations and rotations are
ultrashort, on the order of 100 fs and 100 ps, respectively, thus requiring
measurement techniques providing extremely high temporal
resolution. The advent of ultrashort lasers, ie. picosecond (ps) and
femtosecond (fs) lasers, together with advances in time-resolved
spectroscopy, have provided scientists with spectroscopic tools with the
capacity to study these fundamental molecular motions. Ultrafast
spectroscopy has, for example, enabled studies of transition-state
dynamics [1], coherent control of chemical reactions [2], accurate
determination of molecular constants [3], broadening of spectral lines
[4], and molecular alignment and orientation [5]. Exhaustive reviews of
ultrafast spectroscopy and femtochemistry can be found in e.g. [6, 7].
Besides exceptional temporal resolution, ultrashort lasers also
provide extremely high peak power and broad spectral coverage,
factors that have been pivotal in advancing the performance and
versatility of non-linear spectroscopic techniques in particular.
Coherent anti-Stokes Raman scattering (CARS) is a very powerful non-
linear technique for molecular detection that has benefited immensely

from these laser sources [8]. It is a four-wave mixing technique initiated
by two electrical fields, provided by two laser pulses, historically
referred to as the pump and Stokes pulses, creating a coherent
excitation of molecules. A third electrical field, provided by another laser
pulse (the probe pulse), is then interacting with the coherent state and
creates a fourth electrical field, called the anti-Stokes pulse or CARS
signal, which carries information about Raman resonances from the
molecules present in the probe volume.

The CARS technique has been established in a great variety of
different configurations, probing either rovibrational or pure rotational
Raman resonances, and it has been used for research within a large
number of scientific fields as well as industrial applications. Coherent
anti-Stokes Raman scattering techniques based on nanosecond (ns)
pulses have been continuously developed and applied since the 1970s
[8]. Nanosecond CARS offers excellent spectral resolution for molecular
detection, and thermometry based on nitrogen (N2) can be done with
relative accuracy and precision within a few percent [8]. The method,
however, suffers from interferences from non-resonant background
signals and molecular collisions, whose impact on the spectral shape is
difficult to predict since it is dependent on pressure, temperature, and
chemical composition. These limitations have motivated development
of CARS concepts based on ps and fs pulses, which allow exploitation of
the signal in the time domain.

Since lifetimes of the coherently excited states often are on the order
of hundreds of picoseconds, the short duration of ps laser pulses permits
time separation of the pump/Stokes and probe pulses. Furthermore,
the use of broadband ps pulses, created with a modeless dye laser,
together with a near-transform-limited ps pulse, allows broadband ps-
CARS with high spectral resolution [9]. Since non-resonant contribution
to the CARS signal is present only when all pulses temporally overlap, it
is hence possible to eliminate this interference using ps-CARS with a
delayed probe pulse [10-12]. Moreover, by varying the delay between
the pump/Stokes pulses and the probe pulse, it is possible to measure
the decay rate of the probed coherence. Such measurements allow
determination of Raman linewidths. Being of great importance for the
development of accurate spectroscopic models, Raman linewidths have
been the topic of a large number of studies; see e.g. [13-16].

Obviously, even higher temporal resolution can be obtained with fs
laser pulses, but the wide spectral bandwidths of fs pulses rule out the
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possibility to extract molecular information from the spectrally
dispersed signal; instead the molecular response has to be analyzed in
the time domain. Femtosecond CARS with time-resolved detection
allows not only elimination of nonresonant background, but also
measurements that are not affected by molecular collisions [17].

In order to take advantage of the high temporal resolution provided
by fs pulses, while also obtaining high spectral resolution, various
hybrid CARS techniques have been proposed. Pestov et al. [18]
developed a concept where fs pulses are used to drive the pump and
Stokes transitions, i.e. broadband preparation of the Raman coherences,
for which an optimally shaped time-delayed narrowband ps pulse
probes the coherences. This approach enables recording of spectrally
resolved CARS signal for different probe delays. Initial work on hybrid
fs/ps CARS techniques, focusing on biochemical sensing [19], have been
followed by extensive development of similar concepts optimized for
high-speed gas thermometry [20, 21].

Clearly, there are a number of time-resolved CARS concepts
available. However, time-resolved studies of Raman coherences are
generally carried out by a sequence of measurements with different
delays between the pump/Stokes pulses and the probe pulse, which is
time consuming and prevents studies under rapidly fluctuating
conditions, for which single-shot measurements are required. As an
example, a hybrid fs/ps CARS configuration, based on four spatially and
temporally separated probe beams, has been demonstrated for single-
shot measurements of coherence decay times [22]. Besides being
experimentally complex, the low number of probe measurements
makes the method less accurate in terms of sensing the shape of the
decay curves. Our research group has recently demonstrated an
approach for continues time-resolved detection of coherences using a
streak camera, where the coherences are generated in a hybrid ps/ns
rotational CARS (RCARS) arrangement, i.e. ps pulses for the pump and
Stokes transitions and a long (5 ns) pulse for probing [23]. Although
studies of the full temporal evolution of spectrally resolved Raman
coherences can be made on a single-shot basis, the relatively narrow
linewidth of the ps pulses allows only a limited number of coherences
(one or two for N2 and 02) to be probed within a single acquisition.

Thus, there is presently no technique that allows studies of the full
temporal and spectral evolution of Raman coherences on a single-shot
basis. In the present work we propose and demonstrate a new approach
that has this capability. This approach is based on prompt excitation of
Raman coherences using broadband fs laser pulses, after which a
narrowband single-mode ns laser pulse probes the coherences, ie.
hybrid fs/ns CARS. Detection of the spectrally dispersed signal using a
streak camera enables simultaneous spectrally and temporally resolved
measurements of all excited coherences in a single-shotacquisition. The
linewidth of the pump and Stokes pulse is 150 cm! (FWHM). Thus, the
effective spectral bandwidth of the coherent excitation is a convolution
between these two pulses, which implies an effective spectral coverage
of 210 cm! (FWHM). In this letter we demonstrate the exceptional
capacity and versatility through some illustrative examples, namely
time-resolved studies of rotational Raman coherences in nitrogen and
air, beating phenomena due to overlapping nitrogen and oxygen
rotational lines, and the dynamics of Stark effect on the rotational lines.

Figure 1a shows a schematic temporal diagram of fs/ns RCARS,
where the two overlapping Fourier-limited fs pulses, pump (w1) and
Stokes (w2), are positioned at the center of the ns probe pulse (w3).
Spatially the laser pulses overlap and the CARS signal, wcars, is created
obeying the phase-matching condition of wcars = w1 - w2 + ws. The
experimental setup is schematically outlined in Fig. 1b.
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Fig. 1 (a) Temporal diagram of fs/ns RCARS, and (b) schematic of the
experimental setup; VA: variable attenuator, M1-9: mirrors, DM1,2:
dichroic mirrors, BD1,2: beam dumps, L1-3: spherical lenses, FM1,2:
focusing mirrors, and DG: diffraction grating.

ATi:Sapphire laser system (Coherent, Hidra-50) was used to deliver
125-fslaser pulses at 800 nm with 10 Hz repetition rate. A beam splitter
divides the fs pulse into two of equal energy, providing w: and w2. A
variable attenuator was employed to lower the fs pulse energies from 2
m]J/pulse, at the output of the laser, to a specific value depending on the
application. A 10-Hz single-mode Nd:YAG laser (Quantel, Brilliant b)
delivered laser pulses with 5.5 ns duration full-width-half-maximum
(FWHM), a wavelength of 532 nm, and linewidth 0.005 cm! (FWHM),
providing probe pulses (w3) with an average pulse energy of 40 m] in
the probe volume.

The w1 pulse was directed into an optical delay line, after which it
was superimposed onto w3 and travelling parallel to w2 separated by 2
cm. All three pulses were focused with a spherical lens (L1, fi = 500 mm)
so that they overlapped temporally and spatially in a planar BOXCARS
phase-matching configuration inside a cell with optical access but
without windows [24]. The generated CARS signal (wcars) was
collimated by another spherical lens (L2, f2= 300 mm), separated from
w2 by a dichroic mirror, and focused onto the entrance slit of a 1-meter
Czerny-Turner spectrograph by a spherical lens (L3). The focal length of
L3 was 750 mm in all measurements except in the study of Stark effect,
reported towards the end of the letter, where it was 150 mm. The signal
was then dispersed by a holographic grating (2,400 grooves/mm) and
imaged onto the slit of the streak camera (Optronis, Optoscope). Single-
shot RCARS signals were recorded with a streak rate of 50 ps/mm,
resulting in 2D images with time and wavelength along the vertical and
horizontal axes, respectively. The dispersion was 0.12 cmr!/pixel, and
the spectral resolution was 2.8 cml. The temporal resolution,
determined by recording a purely nonresonant RCARS signal in argon
(Fig. 2b), was 22 ps. Synchronization between the laser pulses (w1, w2
and w3) and the streak camera was established using two pulse/delay
generators (SRS, DG535, and Coherent, SDG Elite), resulting in a
temporal jitter with a root-mean square-of 45 ps between the streak
camera and the CARS signal.

Figure 2a illustrates a simultaneous spectrally and temporally
resolved pure RCARS signal of Nz recorded in a single-shot acquisition.
The signal was obtained with a pulse energy of ~5 pJ for each of the fs
pulses. To compensate for the finite spectral bandwidth of w1 and w2, all
spectra were divided in the spectral domain by a nonresonant spectrum
recorded in argon; shown in Fig. 2b.
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Fig. 2 (a) Normalized spectrally and temporally resolved single-shot
RCARS signal of Nz at ambient conditions. (b) Rotational CARS signal of
argon recorded under the same condition, and averaged over 500 single
shots. The apparent line in the argon signal at ~60 cm? is due to
imperfections in the detection system.

The coherences deteriorate via collisional dephasing in a few
hundred picoseconds at ambient conditions. However, the applied
streak rate of the detector allowed capturing of ~1 ns dynamics of the
signal to make sure the entire signal is recorded despite temporal jitter.

The N2 coherences decay with a first-order exponential rate as
illustrated in the logarithmic plot for the S(4), S(8), and S(12) lines in Fig.
3a, together with the corresponding decay constant (1/e), T, obtained
from first-order polynomial fits. Time zero is chosen to be when CARS
signals are maximized due to temporal overlap of w1 and wz. At t = 27
ps, where the polynomial fits start, the nonresonant contribution of the
signal, indicated by the dash-dotted line, has decreased by two orders of
magnitude, while the resonant part of the signal has not experienced
any significant signal loss. The time extent during which the measured
signal is influenced by nonresonant contribution is set by the temporal
resolution of the instrument. Moreover, assuming optimized slit widths
for the spectrometer and streak camera, the spectral and temporal
resolutions are inversely related, since higher number of illuminated
grooves on the grating (higher spectral resolution), results in higher
temporal dispersion and hence lower time resolution, and vice versa
[25]. However, the setup allows easy adjustment of the temporal and
spectral resolutions, by the choice of the focal length of L3, based on the
specific application.

The Raman linewidth, T, is inversely proportional to the coherence
decay constant, 1, ie. I}=(2ncy) 1 [13], where c is the speed of light and
the subscript J designates the lower rotational state of the transition.
Using this expression, the Raman linewidths of the S-branch of N2 were
calculated from the measured decay rates for /= 2-13, both from single-
shot and averaged spectra. The results are depicted in Fig. 3b. The blue
empty circles are median values of the linewidths extracted from 500
recorded single-shots with 1-o0 error bars. The standard deviation
averaged over all lines is 0.012 cm1. The red squares are linewidths
evaluated from the averaged spectrum of the same 500 single shots.
Both results show good agreement with previously reported
experimental data (orange stars) [14]. Additionally, the comparison
with two well-established theoretical models; modified exponential gap
(MEG) [26] and energy corrected sudden (ECS) [27], substantiates the
validity of the method.

The ability of the technique to measure Raman linewidths
experimentally on a single-shot basis is a prodigious advantage in gas-
phase thermometry, which eradicates the limitations and uncertainties
set by the necessary pre-knowledge about the collider molecules and
their number densities in the probe volume. This advantage becomes
more prominent at higher pressures, where the effects of collisional
dephasing cannot be ignored even at very short delays [4].

0@ =12, 7=692ps (®)

- J=8, 7=60.8 ps ]
| \ J=4, 7=52.8ps 0,12-"
i
! % _+
5 _ 0.09] '%‘
@
5 £ %%
o =
o = 1
b= g 0.06 ®  This work, single shot
< _E . This work, averaged
T 0031 * Ref[14]
™ —-—— MEG
‘\ ............ ECS
ARARSARRSSSARON 0 : ,
0 50 100 150 0 5 10
Time (ps) J

Fig. 3 (a) Time resolved CARS signal of three N2 rotational lines, and (b)
extracted S-branch self-broadened N2 Raman linewidths from single
shots and averaged spectra of this work together with a previous
experimental study [14] and two theoretical models; MEG [26] and ECS
[27].

The impact of the method on accuracy and precision in gas-phase
thermometry is currently investigated and will be reported in a
forthcoming publication.

A spectrogram of RCARS signal recorded in room air is displayed in
Fig. 4a. Since air contains ~79% N2z and ~21% Oz, the spectrogram
contains temporally resolved spectral lines from both molecules. For
pairs of N2 and Oz lines that are not spectrally resolved, sinusoidal
oscillations, i.e. beats, are superimposed on the exponential decays, as
can be seen for the partially overlapping N2-S(12) and 02-S(17) lines
shown in Fig. 4b. The origin of the beat is optical heterodyning, i.e. two
optical signals of slightly different frequencies are mixed while entering
the detector pixels, which creates an output signal with an amplitude
modulation at the difference frequency. A fit of a function consisting of
three terms, two single-exponential functions, corresponding to the
individual decays of the two lines, and a cross-term containing the
sinusoidal beat, is indicated by the red line in Fig. 4b. The fitted curve
corresponds to a beat period of 27.73 £ 0.05 ps, corresponding to a line
separation of 1.201+0.002 cm'%, which is in excellent consistency with
the value calculated (1.196 cm!) based on the mostaccurate molecular
constants for Nz and Oz [28]. This result suggests that the method could
be useful for precise measurement of spectral line positions, and, hence,
more accurate molecular constants.
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Fig. 4 (a) Spectrogram of averaged rotational CARS signal recorded in
ambient air. Frequency beating is evident on several partially
overlapping N2/02 lines. The partially overlapping S(12) of N2and S(17)
of Oz, indicated by the arrow, is shown in (b) together with a fit.
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Fig. 5 Spectrogram recorded in N2 with 520 pJ fs-pulse energy. The low-
] rotational lines are influenced by Stark effect, which is more evident in
the time-integrated spectrum (red line), where the peaks indicated by
arrows are due to Stark splitting. A spectrum recorded with 45 pJ pulse
energy is shown for comparison (black line).

A setof measurements were carried out with varying pulse energies
of the fs laser to study the RCARS signal appearance, spectrally and
temporally, by the presence of high electrical fields. The spectral
resolution was optimized by using a lens (L3 in Fig. 1b) that matches the
f-number of the spectrometer. As mentioned previously, this implies
lower temporal resolution (85 ps). Figure 5 shows a spectrogram
recorded in N2 with 520 pJ fs laser pulse energy (pump and Stokes
energies added) at the probe volume. The most obvious change, while
increasing the fs-laser pulse energy, is that additional spectral lines
appear at low Raman shifts, as can be seen in the time-integrated
spectrum (red line). The time integration was performed over the final
tail of the signal in order to minimize influence from non-resonant
contribution. The additional lines, indicated by red arrows, are due to
Stark splitting [29]. For comparison; a spectrum recorded at 45 pJ, black
line in Fig. 5, does not exhibit additional spectral lines. It was found that
Stark effect is not observable for pulse energies below 100 pj, which
corresponds to a mean laser intensity of 1.0 TW/cm2 For most
experiments we used much lower fs pulse energies, 15 J, in order to
stay below the saturation level of the detection system. Hence, due to the
very strong CARS signals we foresee that the presented technique also
can be used for single-shot measurements at typical flame
temperatures. It should be noted that the dynamic range of the streak
camera is only 1000:1. However, since the decay evaluation can start
already after 27 ps for our case with fs excitation, a signal decay over one
order of magnitude is sufficient to establish the decay time constant.
Additionally, flatfield and linearity compensation for the streak camera
are crucial for achieving reliable quantitative data [30].

It is evident that the newly developed technique opens the door to
a multitude of fundamental molecular studies, previously not possible
to perform or requiring stable repeatable conditions allowing
conventional pump-probe concepts to be used. Equally important, our
results also suggest that diagnostics with RCARS in, for example reactive
flow applications, can be significantly improved, overcoming the major
hurdle due to limited knowledge of Raman linewidths. The method may
be particularly useful for studies of plasma discharge dynamics, where
the fast stochastic and non-repetitive events require high temporal
resolution and single-shot studies.
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