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ABSTRACT

The diagnostic potential of femtosecond (fs) rotational coherent Raman scattering (RCRS) in the time domain is initially in-
vestigated. While RCRS concepts in the spectral domain obtain species selectivity and temperature sensitivity by resolving the
spectral shape, mainly reflecting the Boltzmann-distributed, rotational populations of the Raman-active molecules present, the
current time-domain fs-RCRS technique resolves the temporal shape of rotational revival signatures, which are influenced both
by the population distributions and centrifugal distortion. Experiments in air and pure nitrogen are reported revealing tempera-
ture sensitivity in the recorded fs-RCRS temporal scans. A theoretical model can predict experimental data with good agreement
for temporal scans recorded in air at room temperature and pure nitrogen at 293, 400, and 580K. Theoretical results show that
a dual-probe configuration could provide temperature sensitivity that increases with increasing temperature, that is, directly
opposite to the temperature dependence of the sensitivity in spectrally resolved RCRS, which is essentially flat beyond 1500K.
This result suggests that time-domain fs-RCRS could be a useful tool for single-shot thermometry in reactive flow environments,
potentially providing improved sensitivity at high temperatures compared to spectral-domain RCRS techniques. Another major
benefit with the time-domain fs-RCRS technique is that it only requires a single fs laser source.

1 | Introduction it offers high temporal resolution [1]. In this paper, we present

the initial investigation of a fully fs-based rotational coherent

Femtosecond (fs) lasers, an effective optical tool for investigat-
ing molecular dynamics, facilitate substantial advancements in
reactive flow diagnostics, particularly in achieving sensitive and
accurate temperature measurements. Currently, optical tem-
perature diagnostics include Rayleigh scattering, absorption,
fluorescence, spontaneous Raman scattering, laser-induced
grating spectroscopy (LIGS), and coherent anti-Stokes Raman
scattering (CARS). CARS is considered the gold standard be-
cause it has high accuracy, the sample volume is very small, and

Raman scattering (RCRS) concept and explore its potential di-
agnostic capability. Two-color fs CARS, using only laser pulses
of fs duration, was first applied to rovibrational Q-branch transi-
tions of H, in 1999 and 2years later to the Q-branch of N, at at-
mospheric pressure for a partially premixed methane/air flame
by Lang et al. and Beaud et al. [2, 3]. In these studies, the rovi-
brational Raman coherences were excited using ~100 fs pulses
from a Ti:Sapphire regenerative amplifier and an optical para-
metric amplifier (OPA). The transform-limited fs pulses, having
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broad spectral bandwidth, provided dual-broadband (DBB)
excitation by the pump and Stokes laser pulses, together with
broadband probing. The broadband probe pulse disallows signal
detection with spectral resolution, but it enables very high tem-
poral resolution. Time-resolved CARS signals were recorded by
temporally scanning the probe pulse. Fitting a time-dependent
model with temperature as the fitting parameter revealed the
strong potential for thermometry [4]. In 2006, Lucht et al. [5]
presented a similar technique, using similar laser sources. In
this experiment, the fs probe pulse was temporally scanned to
record time-resolved CARS signals while intentionally limiting
the scan to a few picoseconds (ps) to avoid the impact of col-
lisional dephasing. A detailed time-dependent model was fit to
the experimental data to infer temperature. Lucht et al. empha-
sized that the measurement mainly represents the dephasing
rate of the vibrational coherences, a rate that is controlled by the
temperature-dependent frequency spread of the Raman transi-
tions. At elevated temperatures, polarization beating (see also
[1]) adds oscillatory components to the decay due to dephasing.
More recently, Song et al. [6] reported a similar fully fs-based
vibrational CARS measurement in nitrogen, and they proposed
a simplified, phenomenological, and computationally efficient
model for the dephasing rate.

Further work on CARS thermometry using ultrashort pulses
has been reviewed by Roy et al. [1] and by Stauffer et al. [7]. In
addition to the fully fs-based, time-domain work already cited,
ultrashort-pulse CARS thermometry has been performed in the
spectral domain. In order to acquire spectra that are amenable to
modelling, it is necessary to apply a longer probe pulse, provid-
ing a bandwidth that is narrow enough to offer adequate spec-
tral resolution. Therefore, both ps and nanosecond (ns) probe
pulses have been employed for narrowband probing [8-10]. An
early example of such an approach relied upon imposing chirp
on the probe pulse [1, 11-15], meaning that the various colors
of the probe pulse encode temporal information into the spec-
trum. The duration of the chirped probe pulse was typically 2 ps.
Other alternatives are to use a separate ps laser pulse for prob-
ing, which is synchronized and “locked” to the fs source [16]
or to apply second harmonic bandwidth compression to one of
the fs pulses [17], generating a narrow-bandwidth, ~5-ps probe
pulse. It is also possible to use a narrowband filter such as an air-
spaced etalon or similar approaches [17-21] to acquire a shaped
ps pulse for the probe.

When fs pulses are used for the pump and Stokes beams, Raman
coherences appear impulsively, with the excited transition dipole
moments oscillating in phase at time zero. Since the coherences
associated with each transition oscillate at different frequencies,
they will slide out of phase with each other over time. However,
thanks to the periodic nature of the quantized transition fre-
quencies, the initial dephasing will be followed by rephasing,
bringing all coherences back into phase. Such a cycle of dephas-
ing-rephasing is called a revival or recurrence period, and its
duration is called the revival time, which is unique for each
molecular species. For small molecules, that is, diatomics and
triatomics, the revival periods associated with pure rotational
Raman coherences are on the time scale of 1 to 50 ps, while vi-
brational Raman revivals are about three orders of magnitude
faster. A probe pulse naturally senses these revivals, but in order
to temporally resolve them, a probe pulse with a duration shorter

than the revival period is required. A fs laser pulse is sufficiently
short to resolve rotational revivals, while vibrational revivals
typically cannot be fully resolved. Moreover, the relatively large
anharmonicity in the Q-branch limits collective rephasing of the
corresponding dipole transitions. However, the revivals from
pure rotational Raman coherences are easily resolvable with fs
pulses. The present work explores rotational revivals exhibited
in time-domain RCRS utilizing fs probe pulses for this reason.

Revivals were first theoretically described in 1976 by Lin et al.
[22]. In 1996, Felker [23] described in detail how the time reso-
lution of rotational revivals could be used for detailed studies of
molecular dynamics. As an example, Lang et al. [24] reported
the use of time-resolved fs CRS for the determination of rota-
tional constants, molecular anharmonicities, collisional line
shifts, and thermometry for C,H,, CO,, N,, and H,. More re-
cently, Rosenberg et al. [25] provided a detailed explanation of
revivals and their use in molecular alignment studies.

In this paper, we explore the diagnostic potential of time-
domain fs-RCRS, which relies on both Stokes and anti-Stokes
signals generated via pure RCRS. All three of the required fs
pulses are derived from the same laser source and remain at the
fundamental laser wavelength (800 nm). Temporal scans of pure
nitrogen are recorded at 293,400, and 580K, and the experimen-
tal data agree well with predictions by a theoretical model. It
is found that the shape of the feature in the vicinity of the half
period of the first revival is strongly temperature dependent and,
therefore, potentially useful for thermometry. Experimental and
modelling results show that temperature can be inferred by
taking the ratio between the signal intensities at two different
temporal positions in the vicinity of the first half-revival feature.
The temperature sensitivity of the ratio is found to increase with
increasing temperature. It should be noted that this trend for the
temperature sensitivity is opposite to the trend in spectrally re-
solved rotational CARS, for which the sensitivity decreases with
increasing temperature.

2 | Results and Discussion
2.1 | Species Selectivity

Non-resonant interaction between molecules and fs laser pulses
via the 3rd order susceptibility (y**)) can induce rotational dipole
moment transitions that oscillate in phase at time zero. These
transitions are induced via a two-photon stimulated Raman
process, driven by pump (w;) and Stokes (w,) fields, and have
frequencies of w,=w,+87cB,, excluding the centrifugal distor-
tion effect. Here, B is the rotational constant, c is the speed of
light, J is the quantum number of the total angular momentum
J=0,1, 2, ..., and w,=127cB. Naturally, o, should be within the
bandwidth of the interacting laser fields. These fields can be pro-
vided colinearly within a single laser beam or from two crossing
beams. Since w —w, scales harmonically with J, the dipole radi-
ation patterns in the ensemble of molecules are superimposed
constructively at certain times, with a purely imaginary oscillat-
ing term of 2isin(w t) for each transition. This coherent superpo-
sition creates a confined and periodic wavepacket with a revival
period time of T, =1/(2Bc). The fact that B is molecular spe-
cific allows for measurements with high species selectivity [26].
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The coherences within the wavepacket are subject to dephas-
ing via molecular collisions, limiting their lifetimes. Probing
the wavepacket by a third field (w,) generates a macroscopic
3rd order polarization. For diatomic molecules, the resulting
signal is influenced both by S-branch (J—J+2) and O-branch
(J+2—J) transitions, as well as a non-resonant contribution
related to distortion of the electron cloud. Details of the molecu-
lar Raman response function and signal generation used in this
work can be found elsewhere [27]. Details of the experimental
setup are discussed in Figure S1. Figure 1a depicts the theoret-
ically calculated RCRS molecular response function of N, (red
solid curve) and O, (dashed blue curve) at room temperature
and atmospheric pressure. For N, and O,, the revival periods
are T, ,=8.38 ps and T,,,=11.58 ps, respectively, for which the
apparent peaks in Figure 1a, occurring at each 1/4 T, are re-
ferred to as “fractional revivals” [28].

Nitrogen as a diatomic molecule has two distinct isomers with
symmetric (even |J>) and anti-symmetric (odd |J>) nuclear-spin
states, with respective degeneracies of 6 and 3. At odd multiples
of 1/4 T, the wavepackets of the two isomers have opposite
phases and hence superimpose destructively, causing the in-
tensity alternation as shown in Figure la. On the other hand,
the wavepackets of these two isomers interfere constructively
at even multiples of 1/4 T, . An interesting feature apparent in

Figure 1ais that the overall phases of the revivals at half and full
revivals have opposite phases [26, 27].

For O,, each rotational state corresponds to a single nuclear-spin
state; thus, there are no degeneracies to consider, and conse-
quently, only symmetric (odd |J>) rotational states are allowed
for parity conservation. This leads to quarter revivals having
the same amplitude as half and full revivals. Similar to N,, the
overall phase of the O, revivals is opposite in every half revival
period.
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FIGURE 1 | (a) Theoretically calculated RCRS molecular response
of N, (red solid curve) and O, (dashed blue curve), in which T corre-
sponds to T,

red curve) and theoretical calculation (dashed black curve) at room tem-

(b) Experimentally recorded fs-RCRS signal of air (solid

perature and atmospheric pressure.

Figure 1b shows the experimentally recorded (solid red curve)
and theoretically calculated (dashed black curve) fs-RCRS sig-
nals from air at room temperature and atmospheric pressure.
The experimental data in Figure 1b are obtained by scanning
the probe pulse continuously up to 20ps with a step size of
~70fs. As apparent from the figure, the revival structures of
N, and O, are clearly distinct most of the time, allowing ob-
servation of one species without interference from the other.
In cases where other molecules may be present, it would be
necessary to investigate potential signal interferences for the
added species.

Figure 2 shows fs-RCRS signals of N, at room temperature and
atmospheric pressure with the 40-fs laser system, exhibiting
peaksat1/2 T, 1T, and 3/2 T, . The signals are obtained
by separately scanning the probe pulse around the revivals with
an average step size of approximately 7 fs for the highest possible
temporal resolution. Experimentally recorded (solid red curve)
and theoretical calculations (dashed black curve) correlate well,
indicating the absence of any strong-field effects [9, 29]. Strong-
field effects induced by high-energy pump-Stokes pulses can in-
duce a non-thermal population distribution, which will change
the diagonal elements of the density matrix, and consequently
change the total degree of alignment [30, 31]. A detailed theo-
retical and experimental study of this effect is out of the scope
of this paper but will be discussed in an upcoming publication
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FIGURE 2 | Experimentally recorded (solid red curve) and theoreti-
cal calculations (dashed black curve) of fs-RCRS signals of N, showing
peaksat(@)1/2T._,(b)1T._,and(c)3/2T,

rev’ rev’ rev’

where T, =8.32ps s the
rotational revival period of N,.
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by our group. During the current measurements, we maintained
the laser pulse energies low in order to avoid strong-field effects.

2.2 | Temperature Sensitivity

The double-peak revival structures in time-domain fs-RCRS sig-
nals are sensitive to temperature, and the reason for this is two-
fold. Firstly, temperature variations directly affect the number
of thermally populated rotational states. Much like the princi-
ple of a mode-lock laser, the inclusion of more rotational tran-
sitions results in temporally narrower rotational revival peaks.
This effect is a direct result of the Fourier theorem; including
higher orders of the Fourier series leads to a higher-resolution
transform. The second reason for the temperature sensitivity of
rotational revivals is the centrifugal distortion effect. For high
energy states with large J numbers, the molecular bond length
is stretched, resulting in an increase of the angular momentum
and consequently a decrease in the rotational energies. This is
evident from the rotational energies, F}, of the unperturbed rota-
tional Hamiltonian, for which F;=BJ(J+1)—DJ?(J +1)?, where
D designates the centrifugal distortion constant. The impact of
centrifugal distortion increases with increasing temperature
since higher energy states become thermally populated with in-
creasing temperature. Thus, for higher temperatures, the wave-
packet will contain transition dipoles with frequencies that are
slightly different from the perfectly periodic frequencies given
by the rigid-rotor approximation (the first term in the expression
for F;), which will impose a slight phase mismatch. This delay
in higher rotational transition components is analogous to the
chirping of the ultrashort laser pulses. The chirping effect due to
centrifugal distortion is observable on the right side of the reviv-
als at elevated temperatures. The temperature sensitivity of the
shapes of the rotational revivals is thus due to the combination
of the temporal narrowing and chirping effects. It is also worth
noting that the dephasing rate of the RCRS signal is affected not
only by molecular collisions but also by the centrifugal distor-
tion effect.

For the purpose of modelling revivals, especially the contribu-
tion of centrifugal distortion, it would be important to measure
the spectrum of the laser pulses (which may change over time)
and use it to account for excitation and interaction efficiencies.
Such measurements will be considered in future work.

To further understand the effect of temperature on the revival
structure, experiments were performed in pure N, at different
temperatures and normal atmospheric pressure using the 40-
fs laser output. Figure 3 depicts experimentally recorded (solid
red curve) and theoretical calculations (dashed black curve) of
fs-RCRS signals in the vicinity of the first half revival at 293,
400, and 580K. The experimental data and theoretical calcula-
tions show good agreement. The curves are normalized inde-
pendently, using the second peak as the reference. As can be
seen from the figure, the relative intensities of the peaks change
with temperature mainly due to the centrifugal distortion ef-
fect. Additionally, the peak structures become narrower with
increasing temperature, in line with the narrowing effect dis-
cussed previously. Although temperature sensitivity is exhib-
ited in the shape of all revival features, probing an early revival
feature, such as the one here at 4.2ps, is beneficial as it avoids
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FIGURE 3 | Experimentally recorded (solid red curve) and theoreti-
cal calculations (dashed black curve) of fs-RCRS signals of N, depicting
peaks at 1/2 T, at (a) 293K, (b) 400K, and (c) 580K. The peaks are
normalized independently. The 40-fs system was used to obtain these
results.

influence from collisional dephasing, which is more prominent
at elevated pressures.

Figure 4 illustrates experimentally recorded (solid curves) and
theoretical calculations (dashed black curve) of fs-RCRS signals
at the first full revival of N, at 293 and 760 K. The pulse duration
at the probe volume was 215fs. This indicates the potential of
the technique, even at longer pulse widths, making it valuable
for industrial applications, where shorter pulses may induce sig-
nificant chirp due to the system configurations. However, as the
duration of a transform-limited pulse increases, its bandwidth
consequently decreases. Hence, the smaller bandwidth of the
215-fs pulses, compared to the 40-fs pulses (used for the results
shown in Figure 3), restricts its ability to access higher rotational
transitions. This limitation results in fewer rotational transi-
tions being involved in the process, even at high temperatures,
thereby diminishing the influence of both the centrifugal dis-
tortion and the narrowing effect. Narrower spectral bandwidth
yields data with lower temporal resolution and less sensitivity to
temperature variation for these longer pulses. Even though, as is
evident by comparing the results shown in Figures 3 and 4, the
40-fs pulses provide significantly higher temperature sensitivity
than the 215-fs pulses, both pulse durations constitute prompt
excitation and thereby have no influence from non-resonant sig-
nal contributions (only present at time zero) with minimal im-
pact from collisional dephasing. Moreover, since the signal is not
spectrally dispersed in fs-RCRS, the technique has the potential
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FIGURE 4 | Experimentally recorded (solid curves) and theoretical
calculations (dashed black curve) of fs-RCRS signals of N, at two differ-
ent temperatures using 215-fs laser pulses, shown at 1 T,.,.

to be developed into a tool for one- or two-dimensional tempera-
ture measurements.

2.2.1 | Towards Single-Shot Thermometry

To harness the temperature sensitivity within a rotational re-
vival for single-shot thermometry, a theoretical investigation
was performed. Figure 5a shows theoretically calculated fs-
RCRS signals of N, in the vicinity of 1/2 T, at 300K (blue solid
curve) and 2000K (red dashed-dotted curve). As shown, the
shape of the revival feature changes significantly with tempera-
ture. It is therefore potentially useful to probe this revival fea-
ture at two different temporal positions using two probe pulses
with a suitable time delay between them. The ratio of the cor-
responding signals can be strongly temperature dependent and
constitute the basis for thermometry in turbulent environments.
In our calculations, depicted in Figure 5b, the probe times are
chosen to be 4.14ps (for signal, S;) and 4.28 ps (for signal, S,).
The temporal location of S, is chosen because the revival signa-
ture maintains its strongest peak at this point throughout the en-
tire temperature range (300-2300K). The peak at S, can thus be
used as a reference intensity in the numerator of the ratio (S,/S,).
Relative to S,, the intensity of all points in the first peak changes
as a function of temperature. Nonetheless, the temporal posi-
tion of S, (4.14ps) was chosen taking into account the decrease
in overall RCRS signal intensity with increasing temperature.
Being in the denominator of the ratio, having a sufficient signal-
to-noise ratio (SNR) at S, is crucial. However, as the excitation
pulses are generated by the same laser, shot-to-shot variations in
pulse energy would not significantly influence the signal ratio.
Based on these temporal positions for S, and S,, the signal in-
tensity ratio S,/S; is calculated for the temperature range 300
to 2300K, with a step size of 50K, and the result is shown in
Figure 5b. As shown, the temperature sensitivity increases with
increasing temperature. Hence, this approach has the potential
to overcome loss of sensitivity at higher temperatures that oc-
curs in the more traditional spectral approach.

Experimental measurements were performed to demonstrate
the viability of this ratio method for single-shot thermometry

2 Si S, ——T=300K
| @ . _
D : --+--T=2000K
£ i
£ l
< i
s i
D it
< i
Q Y g
E T T
— 36 38 4 42 44 46 4.8
15 Time/ps P
(b)
~ 10 B ooo
)
(DN 5 I ° °°°°o°°
0 cooo?ooooooo | | ) |
0 500 1000 1500 2000 2500
Temperature/K

FIGURES5 | (a)Theoretically calculated fs-RCRS signals of N, show-
ing the peak at 1/2 T, at temperatures of 300K (blue solid curve) and
2000K (red dashed-dotted curve). The dashed black vertical lines indi-
cate time delays at which the signals are sampled to calculate their ratio
function in (b); S, and S, are the integrated signals calculated at probe
times of 6, =4.14 ps and 6t, =4.28 ps, respectively. The result shows sig-
nificant temperature sensitivity of the S,/S, function as the function of

temperature, which increases with increasing temperature.

measurements. Single-shot measurements were performed
using the two 40-fs probe pulses with different polarizations
(+63° and —63°), creating two corresponding signals with or-
thogonal polarizations. A polarizing beamsplitter was used
to separate the two signals before they were detected by the
camera. Measurements were made in pure N, at atmospheric
pressure and five different temperatures that comprised 200
single-shot signals for each temperature, conducted using
both Probes 1 and 2. The ratio of the signals generated by
the two probes provides the temperature sensitivity of the
technique. The experimental ratio is fitted with the theoret-
ical ratio curve to provide the corresponding experimental
temperature. Figure 6 shows a comparison of experimental
temperature data obtained using the dual probe technique
with thermocouple measurements. Although the thermo-
couple measurements were taken at 295, 369, 508, 645, and
747K, numerical analysis shows greater promise at higher
temperatures.

Considering measurement precision, the laser pulse for the
excitation and the two probes originate from the same source,
such that the shot-to-shot fluctuations in the signal due to the
variation in laser pulse energy cancel out in the ratio. However,
unlike hybrid fs/ps or fs/ns CARS techniques, where multiple
rotational revivals are captured by a relatively long probe pulse,
fs-RCRS probes only a fraction of a single revival. This results
in a somewhat lower SNR upon detection. To compensate for
this and achieve higher signal intensities, laser pulse energies
are typically increased. However, as several studies have shown
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FIGURE 6 | Temperature measured using the dual probe fs-RCRS
technique in pure N, at atmospheric pressure and five different tem-
peratures, compared with thermocouple measurements for validation.
Each data point at a particular temperature represents the mean of 200
single-shot measurements, with error bars indicating +1 standard devi-
ation. The black solid line is provided for reference, indicating where the
experimental and thermocouple temperatures would be equal.

TABLE 1 | Accuracy and precision of temperature measurements
using dual probe fs-RCRS measurements in pure N, at atmospheric
pressure and five different temperatures.

Temperatures 295K 369K 508K 645K 747K

Accuracy (%) 2.4 8.8 5.4 11.8 0.9
Precision (%) 5.9 4.2 4.1 4.8 10.4

(see, e.g., [32]), moderately high excitation pulse energies can
induce a permanent degree of molecular alignment above the
isotropic value. This permanent alignment appears as a constant
positive background in the temporal domain of the molecular
response shown in Figure 1a and can distort the shape of reviv-
als in homodyne detection. Specifically, it affects the relative in-
tensity of the double peaks in Figure 5a and alters the ratio of S;
to S,. To minimize this effect, laser pulse energies were kept low.
This results in a low SNR, with the ratio being highly sensitive
to background noise, which increases measurement uncertainty
and thereby reduces temperature precision. Additionally, when
using polarization suppression to separate the signals generated
by the two probes, the signal is further reduced due to the probes
not being aligned with the parallel polarizations of the pump and
Stokes beams. Figure 6 indicates that the precision deteriorates
with increasing temperature, which is attributed to the decreas-
ing SNR with increasing temperature. Even though pulse-to-
pulse laser intensity fluctuations in principle do not affect the
ratio between the two fs-RCRS signals, shot noise and camera
pixel noise are present, and since the signal intensity decreases
with increasing temperature, the SNR decreases with increasing
temperature. The most effective way to avoid SNR issues is by
increasing the energy of the excitation pulses while accounting
for molecular alignment effects in theoretical simulations.

The accuracy of the temperature measurements is also affected
by the SNR. Additionally, the extinction ratio of the polarizer
used on the detection side was insufficient, resulting in leakage
of intensity between the two signals on the camera. Although we
measured the leaked signal and compensated for it in the mea-
surements, the leakage was averaged rather than captured in the
same single-shot measurements as the signal. This discrepancy
contributed to errors in the signal intensity ratio, resulting in
additional errors. Measurement accuracy and precision in the
current measurements are given in Table 1. An alternative strat-
egy facilitating the separation of the two signals, thereby miti-
gating the abovementioned polarization issues, would be to have
a small separation between the two probe beams in the sample
volume [16, 33].

3 | Conclusion

In this work, fs-RCRS signals were generated in N, and air at am-
bient conditions utilizing a single laser source. This was achieved
by inducing Raman coherences by fs pulses, namely, pump and
Stokes, and probing these by another fs pulse. The signal was de-
tected using a CCD camera, that is, the signal was not spectrally
dispersed, providing a temporally resolved signal. The measure-
ments undertaken in air provide clear indications of the species-
selective nature of the time-domain fs-RCRS signals. The N, and
O, revival peaks were well separated, indicating the capability
of this approach for obtaining relative species concentrations in
multi-species reactive flow environments such as flames. We
also demonstrated the temperature sensitivity of the fs-RCRS sig-
nal in N, at ambient pressure. In order to avoid signal averaging
effects in reactive flows, a single-shot thermometry technique
using a two-probe approach was proposed. Theoretical results
revealed the potential of this technique even for higher tempera-
tures, overcoming the inherent limitation of spectrally resolved
rotational CARS for thermometry at higher temperatures.
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