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Abstract

The influence of probe laser chirp on hybrid femtosecond/picosecond
pure-rotational coherent anti-Stokes Raman scattering is studied theoretically
and experimentally. Experiments of N2 (hybrid fs/ps pure-rotational coherent
anti-Stokes Raman scattering) are carried out using an in-house built second
harmonic bandwidth compressor, results with different probe chirps of are
reported. The experimental spectra are fitted with and without considering
probe chirp. Including the chirp improves the fit to experimental spectra at all
probe delays. The effect of probe pulse chirp is evaluated through a quantitative
analysis of matching residuals.
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1 INTRODUCTION

Coherent anti-Stokes Raman scattering (CARS) is a pow-
erful nonintrusive diagnostic tool of combustion science.
This technique is widely used for temperature and species
determination because of its high precision and robust
applicability in harsh combustion environments.[1–4]
Limitations associated with traditional ns-CARS include
low repetition rate and interference from nonresonant
background signals. Recently, the development of fem-
tosecond (fs) CARS had made it possible to realize
kilohertz measurement rates without the complication
of a nonresonant background.[5–8] To overcome the low
spectral resolution offered by broadband fs lasers, a

hybrid combination of broadband excitation and picosec-
ond (ps) narrowband detection has been developed,
and the concept itself dates back to the early 1980s.[9, 10]
Hybrid fs/ps pure-rotational CARS (HRCARS) has
been successfully used for single-shot temperature and
species measurements even under highly sooting hostile
environments.[11–14] 1D and 2D imaging with HRCARS
for flame thermometry has also been reported.[15–17] The
theoretical modeling of HRCARS has been developed,
and the effects of pressure, probe pulse shape, and chirp
of pump/Stokes pulses were discussed.[12, 18–21]
In this paper, we report a HRCARS experiment of N2

under room temperature using different probe chirps.
Probe chirp effects on HRCARS are investigated by fitting
the experimental spectra with our model.
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FIGURE 1 (a) Energy level diagram for the hybrid femtosecond/picosecond pure-rotational coherent anti-Stokes Raman scattering. The
rotational levels are covered by the broadband femtosecond pulses (𝜔1 and 𝜔2) that performed as pump and Stokes laser. The Raman
coherence is probed by the picosecond laser (𝜔3) to generate the coherent anti-Stokes Raman scattering (CARS) spectra (𝜔4). (b) Theoretical
Raman signal of N2 under 300 K in the time domain. ps = picosecond [Colour figure can be viewed at wileyonlinelibrary.com]

2 THEORETICAL MODEL

The energy level diagram of HRCARS is presented in
Figure 1(a). To prepare the rotational coherence, a broad-
band fs laser is used to produce a pump (𝜔1) and a Stokes
(𝜔2) pulse that cover several rotational states. After a delay
T, the prepared coherence is probed by a ps narrowband
probe laser pulse (𝜔3).
The third order polarization is given by[22]:

P(3)Res(t,T) = ( i
ℏ
)3Eprobe(t)∫

∞

0
dt2[R(t2)E∗

2(t + T − t2)E1

(t + T − t2) exp[i(𝜔1 − 𝜔2)t2]].
(1)

The Raman response of N2 in the time domain is given
by[23]:

R(t) =
∑
v

∑
ΔJ=2

Iv,JJ′ (T) exp[(−iΩv,JJ′ − Γv,JJ′ )t]. (2)

Here, the summation is taken over populated vibrational
levels v and all the S-branch rotational transitions between
J and J′ (ΔJ = 2), which have the Raman wavenumber
Ωv,JJ′ . The Raman linewidth Γv,JJ′ caused by collisional
dephasing is negligible when the probe delay is smaller
than the collisional lifetime as is the case for these exper-
iments. Iv,JJ′ (T) are the corresponding Raman transition
strengths. Both Γv,JJ′ and Iv,JJ′ (T) can be calculated with
the constants recommended by Martinsson et al.[24] With
a Fourier transform from Equation 1, the CARS signal is
finally given by:

ICARS(𝜔,T) = |P(3)Res(𝜔,T)|2. (3)

The structure of N2 S-branch Raman transitions is shown
in Figure 1(b). The rotational Raman signal exhibits a peri-
odic structure in time caused by the molecular alignment
introduced by the fs pulse. The rephasing angular fre-
quency of each rotational state J is given byΩJ = (1∕2)J(J+

1)Ω1, where Ω1 = 4𝜋B0c is the fundamental rephasing
frequency.[25] The revival period of the molecular ensem-
ble is given by 𝜏 full = 2𝜋∕Ω1. For N2 (B0 = 1.998cm−1), as
shown in Figure 1(b), the period 𝜏 full is equal to 8.38 ps.
For S-branch pure-rotational Raman transitions, the

Raman wavenumber in Equation 2 is given by Ωv,JJ′ =
ΩJ+2 − ΩJ , and during a complete recurrence, the relative
phase accumulation is (4J + 6)𝜋 = 0 (modulo 2𝜋). At the
half recurrence, all transitions accumulate a relative phase
of (2J + 3)𝜋 = 𝜋 (modulo 2𝜋). But at the quarter recur-
rence, the accumulated relative phase (J + 3∕2)𝜋 is −𝜋∕2
and 𝜋∕2 (modulo 2𝜋) for odd J and even J, respectively.
There is a similar but reverse situation at 3∕4𝜏 full.[18] This
opposite phasing of odd and even J transitions results in a
destructive interference between them. Because N2 has a
2 : 1 in the ratio degeneracy factor for even and odd rota-
tional states, this interferencewill distort the spectra of odd
transitions. when the probe pulse is chirped.
We have added probe chirp factor to the model of

HRCARS and simulated the spectra at different probe
delays. A Gaussian probe pulse with linear chirp can be
written as[26]:

Eprobe(t) = A exp[−(2 ln 2)t2

t21
] exp[−i (2 ln 2)𝛼t

2

t21
− i𝜔0t],

(4)

t21 = t20 · (1 + 𝛼2), (5)

d𝜔
dt

= 2 · (2 ln 2)𝛼
t21

. (6)

The probe pulse envelope can affect the CARS signal, so
the real part of Equation 4 will be replaced by experi-
mentally determined E(t) in the following fitting of exper-
imental results. In the simulation of N2 CARS spectra, the
duration of Gaussian probe pulse t1 was set to 3 ps full
width at half maximum (FWHM). The chirp factor of the
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FIGURE 2 Simulation of N2 (hybrid fs/ps pure-rotational
coherent anti-Stokes Raman scattering) at T = 1∕4𝜏 f ull (10.5 ps) and
T = 11.4 ps [Colour figure can be viewed at wileyonlinelibrary.com]

probe pulse (d𝜔∕dt) was set to 0, 0.5, or 1 (cm−1∕ps). With
chirp 0.5 and 1 (cm−1∕ps), the pulse duration t1 is 4.7%
and 17.2% longer than the transform limited duration t0,
respectively.
From Equation 3, the simulated normalized HRCARS

spectra of N2 at quarter recurrence (𝜏 = 10.5 ps) and an
arbitrary probe delay (𝜏 = 11.4 ps) are shown in Figure 2.
Chirp effects and their variationwith the probe delay are

clearly visible. For T = 10.5 ps, the center frequency of the
transitions between odd rotational states is constant with
the change of probe chirp. But for the 11.5 ps probe delay,
the center frequency of the transitions has an obvious shift.
For these two probe delays, the amplitude ratio between
the smaller (odd J) and the larger (even J) peaks changes.

3 EXPERIMENTAL SETUP

These simulated effects caused by probe pulse chirp were
reproduced and verified in the experiments under dif-
ferent probe delays and chirp factors. A home built sec-
ond harmonic bandwidth compressor (SHBC) was used
to generate a ps pulse and change its chirp factor con-
tinuously. Several techniques may be used to create a
narrowband probe pulse for realizing this hybrid fs/ps
CARS setup.[12, 16, 23] To adjust the chirp of the probe pulse
continuously, a bandwidth compressor based on the con-
jugate chirp sum-frequency is selected. The diagram of our
HRCARS is shown in Figure 3.
The SHBC is based on the effect reported by Raoult

et al.[27] The design of the SHBC in this paper is the front
end of the usual “4f” design of a full stretcher, which is
selected because we can achieve a compact and econom-
ical stretcher setup with this method. Opposite tempo-
ral chirps are introduced to two fs pulses separately and
then eliminated by the sum-frequency generation process

between them. Our SHBC instrument is similar to the
device reported by Zhu et al.[28] Two cylindrical lenses
with focal length f were used to collimate the beams
diffracted by the grating. The lenses placed at L1 = f − d1
and L2 = f + d2 introduced positive and negative chirp
to the laser, respectively. When the detuning d1 and d2
were equal to each other, we produced two laser pulses
with precisely conjugate chirps. The sum frequency of
these two beams generated a narrowband ps laser. In
the experiment, the SHBC is built up with one reflec-
tive grating (1,200 grooves/mm, 1,000∼nm blaze at 36.8◦ ,
20RG1200—00093;1000-2, Newport). The focal length of
cylindrical lenses is 30 cm, and the displacement d1 and
d2 are about 5 cm. In our SHBC instrument, the ps probe
pulse can be generated at 1 kHz with 7 cm−1 bandwidth at
around 400 nm. Unfortunately, because of the aberration
caused by mirrors and lenses, it is hard to generate a com-
pletely chirp-free laser by sum-frequency generation. In
this SHBC instrument, by adjusting d1, the residual chirp
in the probe pulse can be changed continuously.
The probe delay was varied by adjusting a manual trans-

lation stage in the optical path of the probe laser. To fully
depict the spectra in the recurrence period, the increment
of the translation stage was set to 160 microns, which
was equivalent to around 1.067 ps (∼ 1∕8𝜏 full). The initial
probe delay was set to 5.20 ps to avoid contributions from
nonresonant signal around 0 ps. Two groups of N2 CARS
spectra were obtained under 300 K in the experiment. In
the first case, the probe pulse had a 3 ps (FWHM) with
∼1 cm−1/ps chirp, and for the second, they were 4.3 ps
(FWHM) and ∼1.3 cm−1/ps. The only difference between
these two groups was the detuning of the cylindrical lens
(d1). The two groups of spectra are presented in the upper
and lower level of Figure 4, separately. These two groups of
experimental data (black solid lines) had an obvious varia-
tionwith the change of probe delay. Also at the same probe
delay, the difference between the two groups was notable,
which was consistent with the simulation results from our
model.
We had further employed a least-squares optimization

algorithm to fit the experimental data. Themodifiedmodel
and the standard model (without chirp) were used to fit
these CARS spectra simultaneously. Before the fitting, the
CARS spectra of N2 were pretreated as reported.[12, 20] A
signal average was taken after every 100 shots, and I(t)
for probe pulses were measured by cross-correlation. Dur-
ing fitting, the probe delay was fixed to the measurement
value. Only a shift and stretch of the spectrum on the
wavenumber axis was allowed. The chirp factors of our
model were obtained from the fitting results of spectra
with the first probe delay (5.20 ps). For a fair comparison,
these chirp factors were fixed for all the other probe delays.
The CARS spectra can be properly fitted with themodified
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FIGURE 3 Schematic of hybrid fs/ps rotational coherent anti-Stokes Raman scattering with second harmonic bandwidth compressor
(SHBC) instrument. The translation stages are indicated by double arrows; cylindrical lens (CL); beam splitter (BS); have-wave plate (HWP).
In the SHBC part, the beams output from the stretcher have a higher angle than the input beams to avoid being blocked by the input mirrors.
CCD = charge-coupled device; BBO = Beta barium borate [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Comparison between fitting results of the modified model Equation 3 (with probe chirp) and the original model (without
chirp). Two groups of coherent anti-Stokes Raman scattering spectra of N2 (black solid lines) with different probe chirps are fitted. Fitting
results of the model (with and without chirp) are presented [Colour figure can be viewed at wileyonlinelibrary.com]
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model. At each probe delay, 100 frames ofCARS spectra are
acquired and fitted with the modified model. The average
relative error of temperature measurement at all the probe
delays of both cases is better than 5%. And the discussion
of the difference between the fitting with modified model
and standard model is presented in following section.

4 RESULTS AND DISCUSSION
The simulation results are shown in Figure 4with red solid
lines (fitting 1 with chirp) and blue solid lines (fitting 2
without chirp). The figure shows that at all probe delays
including the chirp had improved the fit. For the fitting
of every probe delay, the residuals with the chirped model
(red dash lines) are smaller than those with the original
model (blue dash lines). Along the wavenumber axis, the
residuals from the modified model fluctuated randomly.
However, the blue dash lines of the standard model show
a notable periodic structure.
To evaluate the effect of the probe chirps, the first group

of data was studied in detail. The absolute values of resid-
uals were summed along the wavenumber axis for each
probe delay. The summations of absolute residuals (SAR)
of spectra are presented in Figure 5. The SAR of our model
(red rings) are smaller than the SAR of the model with-
out chirp (blue squares) at any probe delay. The SAR of the
latter model have an apparent period structure. The min-
imum values of SAR without chirp appear at 1∕4 and 3∕4
recurrence period (6.27 and 10.53 ps etc.), which are still
larger than the SAR with chirp. The maximum values of
SAR without chirp appear at the half and full recurrence
period of N2 (8.40 and 12.60 ps etc.).
We have calculated the difference between spectra with

and without probe chirp. The summations of these dif-
ferences are plotted in Figure 5 with a black solid line.
In the calculation, we used the measured pulse shape I(t)

FIGURE 5 Summations of absolute residuals (SAR) from
𝜏 = 5.20 to 𝜏 = 21.20 ps [Colour figure can be viewed at
wileyonlinelibrary.com]

and chirp factor obtained from fitting. Although there is
a slight shift in the time axis and a small underestima-
tion at peak points, there is a nice uniformity between SAR
without chirp and theoretical difference. This consistency
confirms the validity of the influence of probe pulse chirp.
During the fitting process, the least-squares algorithm

minimizes the residuals with different fitting parameters.
So the inherent SAR of nonchirped spectra will cause a
larger fluctuation of fitting parameters. Considering the
application background, we fixed all other parameters and
only free the temperature to match the SAR of nonchirped
fitting. We compared the SAR of nonchirped spectra and
spectra under temperature bias, to quantitatively evaluate
the effect caused by probe pulse chirp. As presented in
Figure 5, there are four peak points and four valley points
within the probe delay ranges from 5.20 to 21.20 ps. For the
first group of data, an averaged 21 K temperature bias is
needed tomatch the valley values of nonchirped SAR. And
for the probe delays of peak values, spectra with 46 K tem-
perature bias is needed to match the SAR of nonchirped
spectra. The second group of data has similar results, the
temperature bias of valley and peak values are 25 and 57 K,
respectively. The SHBC device is prone to induce an unin-
tended chirp so hybird fs/ps CARS thermometry with a
SHBC should be conducted with additional caution.

5 CONCLUSIONS

A chirped probe pulse clearly affects the (HRCARS) spec-
tra in the frequency domain, it shifts and broadens the
spectrum in and changes the amplitude ratio between even
and odd transitions. This distortion is variable and more
significant at some probe delays (half and full recurrence
period after molecular alignment). At these probe delays,
taking the probe chirp into account is more important.
In combustion thermometry applications, species in the

measuring region are more complex than in this ideal
monomolecular experiment, so the effects on signals can
be complicated. The probe delay should be selected care-
fully to avoid any crosstalk between Raman responses of
multispecies. Pulse chirp effects strongly depend on pulse
delay, and it is possible to diminish this dependence for
specific delays. In this work, chirp effects are incorporated
into the model of HRCARS, and the effects of the probe
chirp are effectively modeled. This is of special impor-
tance for hybrid fs/ps CARS where the ps probe beam is
generated through SHBC due to being more susceptible
introduced linear chirp.
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