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Dissection of dispersed off-resonant
femtosecond degenerate four-wave mixing
of O†2
G. Knopp,∗ P. P. Radi, Y. Sych and T. Gerber
Simultaneous time and frequency detection in off-resonant femtosecond degenerate four-wave mixing (fs-DFWM) experiments
displays spectral features that are covered in standard, nondispersed, frequency-integrated measurements. The application of
laser fields with finite bandwidths, narrower than or comparable to the rotational Raman bands, affects the observed coherent
signals. Information available from such experiments is split between the time and frequency domains and an improved
measurement necessitates a combined detection. Rotational recurrences of oxygen (O2 ), measured by dispersed fs-DFWM at
room temperature, exhibit spectral characteristics, using 800-nm laser pulses with ∼100 fs duration. Analysis of the detected
signals in both dimensions incorporating temporal and spectral trends can assist in the extraction and interpretation of
chemicophysical quantities from the experiment. The dispersed recurrent signals are in accordance with simulations. Copyright
c 2011 John Wiley & Sons, Ltd.
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Femtosecond (fs) four-wave mixing (FWM) spectroscopy has
become an important tool for studying molecular dynamics in
the gas phase.[1 – 9] The signals as a function of delay times between
the applied laser pulses contain information on the coherences
and the populations of quantum levels.[10] The detection at specific
phase-matching geometries, as well as the time ordering of the
applied laser pulses and their electric field polarization, selects
the type of FWM process that is observed. Experiments have
been carried out by using different techniques, e.g. coherent
Stokes Raman scattering (CSRS) and coherent anti-Stokes Raman
scattering (CARS),[7,11,12] degenerate four-wave mixing (DFWM),
transient gratings[13] (TG), photon echo[14] (PE), polarization
spectroscopy (PS)[2,15] and others.[16]
Because time-resolved FWM methods consist of the nonlinear
interaction of three different, arbitrarily delayed light pulses, the
signal generated in a medium depends on two delay times and
four possible center frequencies (three-in, one-out) spanning a
multidimensional variable space. For example, a time-resolved
FWM experiment is performed by scanning the excitation frequencies and observing the dispersed spectrum of the signal pulse. For
each delay time, a two-dimensional hypersurface of the multidimensional variable space is obtained. Such experiments are usually
denoted as ‘two-dimensional FWM spectroscopy’.[17 – 25] They
provide the capability to establish correlations between quantum
states within and between molecules if the number of experimentally controlled variables, such as frequencies of the interacting
light or delay times between any two pulses, is larger than one.[24]
Dispersion of the signal field in combination with a variable time
delay, e.g. yields the evolution of characteristic frequencies in the
detected spectrum.[18,19,26] In electronically resonant fs-DFWM,
different processes, such as CARS and CSRS, contribute at different
wavelengths to the signal and contain valuable information on the
specifically involved one-photon dipole transitions.[7] In contrast,
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the broadband excitation in electronically off-resonant fs-DFWM
renders two-photon inelastic rotational Raman transitions
possible and thus it is viewed as the time-domain analog of
frequency-resolved coherent rotational Raman spectroscopy.
In standard off-resonance time-resolved FWM, two distinct
density matrix time evolution pathways contribute to the signal.
The two pump pulse interactions can either occur on the bra
(pathway I) or on the ket (pathway II) side of the density matrix
(Fig. 1). Pathway I finally produces a population change of Raman
levels, whereas pathway II returns the system in its original population distribution. According to the excitation schemes, there are
several ways how spectral components of pump and probe pulses
can be arranged to produce a signal at a specific wavelength
λ. Both initial Stokes (Fig. 1 left column) and anti-Stokes (Fig. 1
right column) transitions can contribute to red- and blue-shifted
off-center wavelengths of the signal spectrum.[27] The probe pulse
spectrum is modified accordingly for ultrashort probe pulses that
exhibit a spectral width δ 1/2 exceeding the Raman transitions ν̃ R .
A narrowed bandwidth of the probe laser pulse acts selectively
on the process and dictates whether the optimal information
from the measurement is achieved in the time-, frequency- or
a combined detection domain.[19] For example, in ‘hybrid’ fs
pump–ps probe vibrational CARS experiments, the application
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Figure 1. Specific wavelength contributions to the fs-DFWM signal spectrum. According to the excitation schemes, two distinct density matrix time
evolution pathways (I + II) produce signal at Stokes (red) or anti-Stokes (blue) shifted wavelengths. In common notation, the dashed lines denote the
bra- and straight lines the ket-side interactions on the density matrix.

of a narrowband probe generates signals from each involved
Raman transition. The spectral width of the detected signals is
determined either by the line width of the Raman transition or by
the width of the probe, whichever is greater.[19]
In rotational electronically off-resonant fs-DFWM, the modulus
squared of the polarization yields beating patterns that correspond
to the sum and difference frequencies of individual Raman
transitions. The spectrum of the signal is typically not considered,
as it is believed that all information manifests in the evolution of the
measured polarization as a function of time delay. However, if the
finite bandwidth of the probe approaches the involved transitions,
spectral changes start to become apparent. We observe that, using
standard laser pulses of ∼100 fs duration, the rotational recurrence
signals from a gaseous O2 sample, measured by dispersed fsDFWM, significantly deviate from the probe pulse spectrum. The
information available from the experiment is split between the
time and frequency domains, and the combined detection displays
spectrally distinct contributions at the observed revival times that
are detuned from the central detection frequency.

Molecular interaction with light at regions of high intensity
induces a polarization that persists a long time after the initial
light interaction. In fs-DFWM, the temporal evolution of this
macroscopic polarization is governed by molecular rotations,
orientation and population of Raman levels in the probe
volume. A time-delayed (τ ) probe pulse interrogates the induced
polarization, and a signal field is generated that propagates in a
phase-matched direction which is determined by the k-vectors of
the interacting fields: ks = k1 − k2 + k3 .
In electronically off-resonance DFWM, it is convenient to
express the third-order polarization P(3) by the two-photon Raman
polarizabilities α [l]
ij (ω) of rank l = 0, 1, 2. For rotational Raman
transitions in O2 that contribute to the polarization, the induced
anisotropy (l = 2) is of relevance and J = ±2 has to be fulfilled.
The corresponding Raman shifts are ωR =  (ωi −ωj ). The induced
polarization can be described as[28]
P(3) (t, τ ) ∝ i



pij α [2]
R ε 3 (t) exp[−i[(ω 3 + ωR )t + ωR τ ]] + c.c.

ij

(1)

Method
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pij ∝ ρ ij

∞
−∞

ε1 (ω)ε ∗2 (ω − ωR )dω.

(2)

Hence, for stimulated Raman transitions to be excited by the
pump pulses, the Raman frequencies must be within the spectral
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Time-resolved FWM methods imply the coherent interaction of
three different light pulses with a medium to generate a signal
pulse. In this paper, we confine ourselves to the off-resonance
fs-DFWM technique with three parallel-polarized laser pulses
crossing in a sample using a standard BOXCARS configuration.
The angles are defined by placing apertures at the corners of a
square and directing the beams along the main diagonals. The
method is well known and therefore will be only briefly described.
Two beams arrive simultaneously at the sample and create
a spatial interference pattern with a fringe spacing defined by
the crossing angle and the wavelength of the incoming light.

where ε3 (t) = exp(−(a + ib)t2 ) is the temporal Gaussian envelop
2
and b
of the applied probe laser field with a = 2 ln(2)/tfwhm
accounting for a possible ‘chirp’. For the off-resonant case, the
transition amplitudes pij depend on the pump laser spectral shape
and the population differences ρ ij = ρ i − ρ j , with ρ i denoting
the population in state i[29] :
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bandwidth of the pulses. According to Eqns (1) and (2), the thirdorder polarization P(3) (t, τ ) appears as a Fourier transform of the
transition amplitudes having a bandwidth that is determined
by the convolution of the excitation pulses. A time-integrated
homodyne detection method measures the absolute square of
the induced polarization as function of the delay time.

2

(3)
S(τ ) = dt P(3) (t, τ )
Time-gated or dispersed detection methods measure either the
temporal structure (variable t) or, equivalently, the spectrum of
the polarization[30] :

2



2
Sdisp. (ω, τ ) ∝  dt P(3) (t, τ ) exp(−iωt) = P(3) (ω, τ )

(4)

In our experiments, the signal beam is dispersed in a monochromator and the spectral components are detected as function of the
wavelength λ. A simulation of S(λ, τ ) = 1/(2π cω2 )S(ω, τ ) is given
in Fig. 2 (top), in which the abscissa displays the delay and the
ordinate depicts the spectrum of the signal. The intensity scales
linearly from blue (low) to red (high) color.
With the rotational constant of oxygen B0 = 1.438 cm−1
and considering the zero nuclear spin of O2 which allows
only odd J quantum number states to be populated, the
‘first’ signal revival is observed at τ ∼ (8B0 c)−1 . The time
between two full recurrences relates to the phase factors of
the involved rotational wave functions when they advance
by multiples of 2π (full rotations). The simulation confirms
that rotational recurrences occur, the same as with integrated
measurements,[2,16,31] with a periodicity of τ rec ∼ 2.9 ps. In a
homodyne detection scheme, the fundamental rotational Raman
transitions at hc ν̃ R ∼
= ±hc[(4B − 6D)(J + 3/2) − 8D(J + 3/2)3 ]
−1
with ν̃ R = (2π c) ωR are not directly derived from a Fourier
transform of the time-domain signals. Owing to the quadratic
dependence on the polarization, the beating patterns in timeresolved off-resonant fs-DFWM correspond to absolute values
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Figure 2. Top: Simulation of a dispersed fs-DFWM signal S(λ, τ ) of O2 .
Bottom: Beat wavenumbers derived by calculating the power spectral
density in respect to the delay time τ . The ordinate displays the off-center
wavenumber position  = ν̃ − ν̃ 0 relative to the center wavenumber
ν̃ 0 = 1/λ0 [cm−1 ] of the signal ( < 0 red-shifted  > 0 blue-shifted). The
power spectrum contains the sum |ν̃ R + ν̃ R | and the difference |ν̃ R − ν̃ R |
wavenumbers of Raman transitions ν̃ R . Comparison to a one-sided Raman
spectrum calculation is given.

wileyonlinelibrary.com/journal/jrs

Figure 3. Simulation of dispersed broadband fs-DFWM signals of O2
with 150 fs fwhm-ac (autocorrelation) pump-laser pulses and with
100/200/300/400 fs fwhm-ac (a)–(d) probe pulse widths. For short, thus
spectrally broad probe pulses, all information is in the time domain (a),
whereas considering probe pulses of longer duration and respectively
narrower bandwidth, the information is split between the time and the
frequency domain (b)–(d).

of sums |ν̃ R + ν̃ R | and differences |ν̃ R − ν̃ R | of wavenumbers
or Raman frequencies respectively, considering Stokes and antiStokes Raman transitions.
Figure 2 (bottom) depicts the power spectral densities of the
simulated signal S(, ν̃) at each spectral component. The detection
wavelength λ has been transformed to wavenumber (energy)
differences  = ν̃ − ν̃ 0 [cm−1 ] relative to the center probe photon
wavenumber ν̃ 0 (= 12 500 cm−1 at λ0 = 800 nm). The power
spectrum of the simulation reflects two regions of peak positions.
Significant intensity related to the difference frequency components is mainly observed at wavenumbers below ∼80 cm−1 , while
wavenumbers above ∼80 cm−1 are attributed to sum frequency
contributions or Stokes–anti-Stokes beating pairs. The first peak
in the power spectrum occurs at 11.86 cm−1 corresponding to
energy differences between neighboring O2 Raman lines, the
second peak relates to differences between the next but one
Raman lines, and so forth. For comparison, a one-sided O2 Raman
spectrum calculation is depicted in Fig. 2 in which two transitions,
corresponding to ν̃ 13 at 8.626 cm−1 and ν̃ 35 at 20.126 cm−1 , are
indicated. The Raman band maximum is at ∼55 cm−1 .
Zooming onto the first two recurrences, Fig. 3 depicts four dispersed fs-DFWM signal simulations with a fixed pump pulse duration of 150 fs fwhm-ac (‘full width half maximum-autocorrelation’)
and for different probe pulse (assuming a Gaussian probe without
chirp b = 0) durations of 100, 200, 300 and 400 fs fwhm-ac in
the calculation. The simulation shows that for short, and therefore
spectrally broad, probe pulses, all information is in the time domain
(Fig. 3a), whereas considering probe pulses of longer duration and
respectively narrower bandwidth, the information is split between
the time and the frequency domain (Fig. 3b–d).
As generally expected, the spectral width of the observed
reviving signal is reduced with increasing probe pulse duration
(Fig. 3a and b). However, a further increase in the probe pulse
duration (to 300 fs (fwhm-ac) Fig. 3c) does not significantly reduce
the total spectral width of the dispersed revival. Instead, the
signal splits and starts to maximize at wavenumbers that are
detuned by approximately the sum wavenumber components. In
this intermediate regime, the temporal information, however, is
not yet completely blurred by the extended probe pulse duration.

c 2011 John Wiley & Sons, Ltd.
Copyright 

J. Raman Spectrosc. 2011, 42, 1848–1853

Dissection of dispersed off-resonant fs-DFWM of O2

Figure 4. Dispersed broadband fs-DFWM signal of O2 . The observed
rotational recurrences display spectral characteristics. The experimental
and derived beat wavenumbers are in agreement with the simulations in
Fig. 2.

Figure 3a and c (short and long probes) demonstrates that the
detection close to the center wavelength λ0 = 800 nm provides
temporal information that is comparable to the interrogation
with short probe pulses. However, the simulation shows that the
center-wavenumber signal eventually approaches zero intensity if
narrower bandwidth probe pulses are applied (Fig. 3d). In this case,
the measurement transforms to a spectrally resolved experiment,
with highest intensities at the frequency-shifted band maxima of
the involved Raman transitions.

Experimental Setup
Fs-DFWM signals were spectrally resolved (Acton f = 50 cm,
1200 lines/mm) and detected by a charge coupled device (CCD)
camera (1024 × 256 pixels, Princeton Instruments). The complete
spectrum was measured at each time delay with a resolution of
0.46 cm−1 /pixel. Light pulses with pulse energies up to 20 µJ from a
commercial fs-laser system (Clark-MXR CPA-1000) were used in the
fs-DFWM experiments. The center wavelength of the laser emission
is around 800 nm. The geometry of the BOXCARS arrangement
was realized by placing a mask with four 5-mm diameter holes
on a square of 25 mm lateral length in front of a f = 500 mm
lens focusing the incoming laser beams to one spot. Typical
properties of the near-infrared light pulses, characterized with
a compact second-harmonic FROG (frequency-resolved optical
gating) system (Grenouille UPM-8-20 with Video FROG software),
are ∼100 fs (fwhm) pulse width (∼155 fs fwhm-ac), a spectral
bandwidth of ∼11 nm and a time–bandwidth product of ∼0.52.

Results and Discussion
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separated Stokes–anti-Stokes beating pairs are absent, whereas
increased intensity in the difference frequency components is
observed at these spectral positions.
Figure 5a compares the spectra measured at τ = 0 and at
τ = 5.9 ps delay time. The nonresonant contribution at zero delay
is the product of the pump electric fields and the signal spectrum,
primarily reflecting the spectrum of the probe. At 5.9 ps delay, the
signal spectrum has changed and depicts a bimodal structure. A
comparison to a Raman spectrum calculation, including Stokes
and anti-Stokes transitions, is made in Fig. 5b.
Figure 6a displays the first two recurrences [S(λ, τ )] of O2 in
more detail. Due to their appearance in the two-dimensional
presentation, we refer to them as φ- and O-shaped revivals. The
φ-shaped form corresponds to quarter or three-quarter revivals,
whereas the O-shapes relate to half or full revivals. The experiment
presented in Fig. 6a is consistent with the simulations in Fig. 3,
considering a probe pulse width between 200 and 300 fs (fwhmac). With the assumption of transform-limited Gaussian light
pulses, this corresponds to our typical experimental conditions.
The calculated O- and φ-type spectral characteristics are well
observed in the dispersed measurement. In a perfect time-resolved
fs-DFWM experiment, all excited molecules recapture their initial
orientation at exact full revival times. Therefore, starting with an
isotropic sample yields isotropy again at the full revival times and
no phase-matched signal is expected to emerge at these delays.
For homonuclear diatomic molecules, the polarizability parallel
(α || ) to the molecular axis is more efficient than that perpendicular
to it (α ⊥ ) and the effective refraction index is increased for field
polarizations that are oriented parallel to the molecular axis and
decreased for a perpendicular orientation.
At the 5.8-ps O-shaped half revival time, the probed molecules
rotate from a perpendicular to a parallel orientation relative to the
electrical field vector of the laser pulses. As a consequence, the
induced refractive index decreases just before and increases right
after the exact revival time. However, due to the modulus squared
of the polarization, fs-DFWM is only sensitive to the amplitude of
the refraction index change and not to its sign. At 2.9 ps, the main

c 2011 John Wiley & Sons, Ltd.
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Dispersed fs-DFWM from a 100-mbar O2 sample was measured. The
result is displayed in Fig. 4 for delay times up to 40 ps. Comparison
with the simulation of Fig. 2 confirms the correct modeling of
S(λ, τ ) and S(, ν̃) by observing the expected sum and difference
wavenumbers in the power spectral density. According to Fig. 4,
essential intensity contributions can be observed at off-center
wavenumbers. While the sum frequency components of S(, ν̃)
are at maximum intensity at the center line  = 0 cm−1 , the
difference frequency components have their highest intensity
at off-center detection. At  ≥ ±120 cm−1 , the sum frequency
components are missing in the power spectrum, indicating that far

Figure 5. (a) Spectra measured at τ = 0 and at τ = 5.9 ps delay time. The
nonresonant contribution at zero delay primarily reflects the spectrum of
the probe. (b) At 5.9 ps delay, the spectrum of the signal has changed and
shows a bimodal structure. The dispersed signal is compared to a Raman
spectrum calculation including Stokes and anti-Stokes transitions.
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Figure 6. (a) Dispersed fs-DFWM measurement of the first φ- and O-shaped
quarter (at ∼2.9 ps) and a half revival (at ∼5.8 ps) of O2 . (b) Sections of
the quarter revival at five detection wavelengths. (c) Simulation of the
temperature dependence of the integrated signal for temperatures from
100 to 1000 K.
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peak of the φ-type quarter revival is due to an increase in refractive
index, whereas the two side peaks result from a decreased
refractive index. In an integrated one-dimensional experiment, this
leads to the triple peak signal characteristic of the quarter revival.
Elongated probe pulse durations confine the temporal resolution
in the experiment and mask the double or triple peaked signal
progression. In the dispersed two-dimensional measurement,
however, it becomes evident that smearing of the signal mainly
occurs at off-center frequencies, resulting in the observed O- and
φ-shaped structures. Close to λ0 , the temporal structure of the
signal is rather well preserved. Figure 6b displays cuts of the φtype revival at five different spectral positions from 801 to 809 nm.
Towards larger off-center detection, the revival structure blurs, and
finally at wavelength >809 nm ( > 123 cm−1 ) it displays only a
singly peaked structure. The width and position of the side peaks
are important for the accurate determination of temperatures
or spectroscopic constants from the integrated measurements.
The effect of the temperature is that it shifts the population of
the initial state distribution towards higher J quantum numbers,
yielding narrowed peak widths and a larger separation the
double and triple peak structures with increasing temperature.
The simulations in Fig. 6c show the change of the quarter revival
with temperature in nondispersed fs-DFWM, assuming a 200-fs
fwhm-ac probe pulse. Comparison with Fig. 6b shows that the
detection wavelength dependence on the signal differs from the
calculated temperature dependence. However, both effects affect
the appearance and position of the side peaks, and a consequent
temperature derivation may be blurred.
Interestingly, in a somehow counterintuitive way, the temporal
resolution of the experiment is still preserved in the center of
the spectrum within a spectral window that is smaller than the
spectrum of the nonresonant contribution (Fig. 5b). Within this
limited spectral range, a clear temporal structure of the revivals
is still observed due to the persistence of the sum frequency
components.
On closer inspection, it can be seen that the O- and φ-shaped
structures in Fig. 6a are skewed. In our opinion, this skewness
is caused by the slight phase distortions of the probe pulse. By
considering only quadratic phase distortions of the probe pulse
φ t = −bt2 (b = 0), an analytic expression of Eqn (4) is deducible

wileyonlinelibrary.com/journal/jrs

Figure 7. Top: n(t, τ ): Change of the refractive index as a function of time
and the time delay. Red color denotes an increase, while the blue indicates
a decrease from the average n0 (green). Bottom: Simulation of a dispersed
broadband fs-DFWM signal of O2 . The probe pulse is chirped to reproduce
the skewness of the signal in the experiment.

and the Fourier transformed polarization becomes (see Appendix)
P(3) ( , τ ) ∝ i


R

 τ
g
pR α [2]
R ε 3 ( ) exp −i
2

+ ωR τ



+ c.c. (5)

b
,
2(a2 + b2 )
which is linearly proportional to the frequency. A linear phase shift
in time does not affect the instantaneous frequency and leads to
a constant group delay. However, it is the effect of the frequencydependent group delay that induces an asymmetric response in
the time–frequency plane. For elucidation, the fs-DFWM signal
can be considered as probe pulse refraction, due to an induced
deviation of the average refractive index in the probe volume.
For small deviations, the time-dependent change of the refractive
index n(t, τ ) = n(t, τ ) − n0 is in essence linearly proportional to
the induced third-order polarization.[32]
with

= ω − ω3 − ωR and a group delay τ g =

n(t, τ ) ≈

P(3) (t, τ )
2ε0 n0 E3 (t)

(6)

A simulation of the refractive index as function of t and τ is plotted
in Fig. 7. Red color denotes the increase, while blue indicates the
decrease from the average n0 (green). Changes due to molecular
rotation appear whenever τ − t (with t = 0 as center of the
probe) corresponds to full-, half,- or any partial revival time Trev .
If the frequency of the probe pulse changes with time t, the
asymmetry or dispersion n(t, τ ) → n(ω, τ ) of the refractive index
during the probing time yields to an asymmetry of the observed
signal spectrum in dispersed fs-DFWM. The simulation in Fig. 6
(bottom) reflects the observed asymmetry of the measurement
(Fig. 6a) by incorporating a second-order phase distortion with
b∼
= 0.3a. Higher order terms have not been considered. From this
perspective, the dispersed DFWM method allows an ‘in situ’ pulse
characterization of the probe pulse during the measurement, as
it basically resembles a FROG analysis. A detailed analysis of the
molecular response as a function of specific phase distortions is
beyond the scope of this paper.

c 2011 John Wiley & Sons, Ltd.
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Conclusions

The Fourier-transformed polarization becomes

Dispersed fs-DFWM signals of O2 were measured and simulated.
The application of spectral pulse widths that are in the order of the
Raman transitions transfers the measurement to an intermediate
regime in which the information extractable from the signals is
split between the time and frequency domains. These conditions
are readily met for frequently used experimental conditions. While
the pump pulse excitation merely affects the relative amplitudes
of the involved rotational contributions, spectral positions and
line shapes are primarily determined by the finite bandwidth
of the probe pulse. Disregarding the benefit of an increased
spectral selectivity, the temporal structure of the transient signal
becomes indistinct by the application of a rather narrowband
probe pulse in a one-dimensional measurement. In contrast,
the broadband preparation in combination with the frequencyresolved multichannel acquisition partially enables a separation
of the frequency components of the induced polarization. A twodimensional time–frequency analysis of the dispersed recurring
signals of O2 , e.g. reveals an increase of signal strength at spectral
positions off the center wavelength of the probe. A Fourier
analysis at these spectral positions mainly yields the Raman
difference frequency components, while the sum frequency
contributions have disappeared. Close to the center detection
wavelength, however, no significant blurring of the transient
signal was found and the fastest temporal features corresponding
to Raman sum frequencies contribute to the time response of the
experiment. Viewing the time–frequency plane, the quarter- and
half-revivals of O2 display φ- and O-shaped forms in agreement
with the simulation, and the time evolution of the signal observed
considerably depends on the detection wavelength.

Appendix
Referring to Eqn (1), the time and delay time-dependent thirdorder polarization is

pR α R ε3 (t) exp [−i [(ω3 + ωR )t + ωR τ ]] + c.c. (A1)
P(3) (t, τ ) ∝ i
R

Considering a Gaussian probe pulse envelope and a quadratic
phase distortion b
ε3 (t) = εt exp[−at2 ] exp[−i(bt2 )]

(A2)

the polarization becomes



P(3) (t, τ ) ∝ i
pR α R εt exp −at2
R

exp[−i((ω 3 + ωR )t + bt2 )] exp [−iωR τ ] .

(A3)

Fourier transformation yields the polarization as a function of
frequency and delay time:
P(3) (ω, τ ) = F{P(3) (t, τ )}

(A4)
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pR α R εω exp [−iωR τ ]

R

exp −

With


(ω − ω3 − ωR )2
ib(ω − ω3 − ωR )
exp −
4a
2(a2 + b2 )

= ω − ω3 − ωR and τ g =

expression of Eqn (5):
P(3) ( , τ ) ∝ i


R

b
2(a2 + b2 )

 τ
g
pR α R ε3 ( ) exp −i
2

(A6)

, we derive the

+ ωR τ


(A7)
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The Fourier transformation of a linearly chirped Gaussian pulse
E(t) = Et exp[−at2 ] exp[−i(ω0 t + bt2 )] is

1
F{E(t)} = E(ω) = Eω exp −
(ω − ω0 )2
4(a − ib)

a
= Eω exp − 2
(ω − ω0 )2
4(a + b2 )

b
(A5)
exp −i 2
(ω − ω0 )2
4(a + b2 )

P(3) (ω, τ ) ∝ i
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