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We demonstrate a new approach to Four Wave Mixing spectroscopy involving simultaneous measure-
ments at time and frequency domains, where spectral selectivity is achieved by phase matching filtering,
and the time resolution is obtained within a single ultra-short pulse. We analyze the Four Wave Mixing
signal, and show that our method is capable for discrimination between different spectroscopic pathways
of vibrational coherences modulating the scattered signal.
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1. Introduction

Spectrally and temporally resolved measurements are consid-
ered to be complementary, and the choice of one or the other is
usually based on practical considerations such as the signal to
noise ratio of a specific experiment. Coherent spectroscopy with
ultra-short pulses enables direct observation of specific transitions,
as well as real time tracking of intramolecular pathways of coher-
ence or energy redistribution. The inherently broad bandwidth of
ultra-short pulses provides an opportunity for simultaneous exci-
tation of multiple degrees of freedom and for measurement of their
interactions [1], as in multidimensional NMR [2,3].

In a typical time resolved Four Wave Mixing (FWM) experi-
ment, the molecular dynamics is being probed by three laser
pulses, where the first two are used to excite a vibrational/rota-
tional wavepacket via a stimulated Raman type process, and a
third, time delayed pulse, stimulates coherent emission of the
FWM signal in the phase matching direction [4]. With the extre-
mely broad bandwidth of ultra-short pulses, the classification of
such experiments to CARS (Coherent Anti-Stokes Raman Scatter-
ing), CSRS (Coherent Stokes Raman Scattering) or DFWM (Degen-
erate Four Wave Mixing) might be misleading and therefore we
will use the generic term Four Wave Mixing. Combined time and
frequency domain measurements of coherent molecular dynamics
were demonstrated to simplify the interpretation of the retrieved
data. Heid et al. [5] reported on spectrally dispersed femtosecond
ll rights reserved.
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time-resolved CARS for the investigation of the electronic ground-
state vibrational dynamics of complex molecules in solution. They
showed that the two-dimensional mapping allows for interpreta-
tion of the complex signal produced by molecules with a large
number of molecular vibrations. Prince et al. [6] suggested a vari-
ant of time-resolved CARS that allows for multiplex detection of
Raman active modes on the ground and excited electronic states.
More recently, Nath et al. [7,8] showed that for CARS, simulta-
neous detection in the time and frequency domains provides infor-
mation even when the pulse durations and spectral widths do not
allow either full temporal or full spectral resolution. Moreover,
these authors have shown that from the combined Time-Fre-
quency Domain (TFD) measurements one can derive the full
(amplitude and phase) information for the third order susceptibil-
ity vð3Þ. Similar results were recently demonstrated by Konorov
et al. [9] and Xu et al. [10] who have shown that an arrangement
similar to XFROG [11] is useful for the full characterization of the
third order susceptibility from TFD data.

In this work we demonstrate how the full TFD information can
be derived with only a small number of laser pulses. We show that
measurements in the TFD domain facilitate the deciphering of the
observed temporal dynamics, and enable us to fully identify funda-
mental and beat modes observed in the spectrum.

The structure of the paper is as follows: we first discuss ‘stan-
dard’ TFD measurement of chloroform where the probe delay is
mechanically scanned, and for each delay the full spectrum of
the signal is measured. We provide a detailed analysis of the coher-
ent pathways (Feynman diagrams) leading to the generation of the
signal, and show how the TFD information is useful for the charac-
terization of the observed data. Next we introduce a new very
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Fig. 1. (a) Spectrally and temporally resolved FWM signal from neat chloroform (CHCl3). (b) Horizontal line by line Fourier Transform of part (a) depicting the power
spectrum at each Raman frequency (the intensity is given on log scale). D is detuning from the laser center frequency in cm�1.
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rapid approach to the observation of the TFD. The new method is a
combination of our previously demonstrated single-shot CARS
measurement [12] and a newly introduced Phase Matched Filter-
ing (PMF). We conclude the paper with a discussion of the advan-
tages and limitations of this new approach.
Table 1
The two leading processes contributing to the third order polarization in non-
resonant time delayed FWM in 3D folded boxcars configuration. The left column
depicts the double-sided Feynman diagrams while the right column sketches the
corresponding energy level diagram. The solid and dashed lines symbolize the ‘‘ket”
and the ‘‘bra” side transitions, respectively.
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2. Combined time frequency measurements

Consider a time resolved FWM experiment in the now stan-
dard three-dimensional folded boxcars phase matching geometry
[13], carried out on neat liquid chloroform. The three input pulses
(pump, dump and probe) are derived from the same regenerative-
ly amplified laser (60 fs, 800 nm central frequency, �1 mJ per
pulse, 1 kHz repetition rate). The generated FWM signal is spec-
trally dispersed in a spectrometer before being detected on a
CCD. The first two pulses create a ground state coherent superpo-
sition of vibrational states, which scatters a time delayed probe
pulse, generating the FWM signal. Fig. 1a depicts a spectrogram
of such measurements: for each delay of the probe pulse (hori-
zontal axis) the FWM signal is spectrally resolved on the spec-
trometer (vertical axis). In this spectrogram, the vertical axis is
calibrated in terms of the frequency detuning of the detected sig-
nal from the laser center frequency (around 800 nm). The hori-
zontal axis is the probe delay mechanically scanned over the
range of 500–2500 fs with a 20 fs step size. The measurement
was intentionally started at s ¼ 500 fs to avoid the very strong
coherence peak.

Fig. 1b is a composite horizontal line by line Fourier Transform
of the data in Fig. 1a. Thus, the horizontal axis is now converted to
the frequency domain, showing the spectral contents (vertical axis)
of the generated FWM signal at each frequency (horizontal axis). In
Fig. 1b, several prominent features are observed around 104, 261,
300, 365 and 625 cm�1. These are fundamental vibrational modes
as well as beat frequencies between them. There is an additional
feature around 500 cm�1, which may originate from higher modes,
but is not fully analyzed at this point. As noted above, these mea-
surements of low frequency Raman modes are similar and comple-
mentary to the measurements by Nath et al. [8] and Urbanek et al.
[14].

Fig. 1b reveals differences between the detuning dependence of
signals at different Raman frequencies. As an example, the signal at
625 cm�1 is centered around zero detuning from the laser fre-
quency, while the signal at 104 cm�1 appears to be split, peaking
around ±310 cm�1. This additional information, not available in
either the time or frequency domains alone, is useful for the char-
acterization of the observed modes, as is discussed theoretically in
the next section. However, already at this point it should be noted
that the acquisition of a signal of the type depicted in Fig. 1 takes a
long time, as the delay needs to be scanned mechanically, and for
each delay, the spectrum is acquired with proper signal averaging.
Long measurement times may pose a problem for molecules which
are not stable against photobleaching, and in particular in cases of
resonant excitation. Thus, a significant advantage will be added
when the full signal can be captured on a much faster time scale,
as is discussed below.

3. Theoretical background

In this section we consider Time Resolved FWM (TRFWM) in
which all input pulses are derived from the same ultra-short laser
and have the same spectral properties. All Raman type two photon
transitions are derived from the spectral components included
within the bandwidth of the pulses. The observed signal is pro-
duced when the probe pulse is scattered by the third order polar-
ization induced in the medium by the first two pulses.

Perturbation theory provides a formal description for this non-
linear polarization:

Pð3ÞðtÞ ¼ Wð0ÞðtÞ
D ���l̂ Wð3ÞðtÞ

��� E
þ Wð1ÞðtÞ
D ���l̂ Wð2ÞðtÞ

��� E
þ c:c: ð1Þ

Here Pð3ÞðtÞ is the third order polarization, WðnÞðtÞ is wavefunc-
tion representing the state of the molecule after interaction with
n fields, and l̂ is the transition dipole operator (assumed, for sim-
plicity, to be the same for all transitions).

As is well established, there are many coherent pathways lead-
ing to the third order susceptibility, involving the same input fre-
quencies, but differing in their time ordering. These pathways are
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conveniently represented by double-sided Feynman diagrams [15].
For the configuration of a non-resonant TRFWM in a three-dimen-
sional boxcars configuration, there are two dominant diagrams,
which are given in Table 1 (we have verified that the non-RWA
terms do not have a significant effect on the final result).

For this theoretical consideration, and for simplicity, the input la-
ser fields are assumed to be transform limited pulses described by:

EnðtÞ ¼ enðtÞe�ixnt þ c:c: ¼ 1ffiffiffiffiffiffiffi
2p
p

Z 1

�1
dxSnðxÞe�ixt þ c:c:

Here EnðtÞ is the electric field of the pulse, enðtÞ is the pulse
envelope, xn is its carrier frequency, SnðxÞ is the spectral ampli-
tude of the nth pulse (here the same for all pulses).

To lowest order of perturbation the expressions for the third or-
der polarization for each of the diagrams (A,B) are given by:

Pð3ÞA ðt; sÞ ¼ i
X

g

j sh jâg gj ij2

2pD2�h3 e3ðtÞe�i½ðx3þXg ÞtþXgs�R1;2ðXgÞ þ c:c:; ð2Þ

Pð3ÞB ðt; sÞ ¼ �i
X

g

j sh jâg gj ij2

2pD2�h3 e3ðtÞe�i½ðx3�Xg Þt�Xgs�R�2;1ðXgÞ þ c:c: ð3Þ

Here s represents the probe delay, D is the nominal detuning of
the laser frequency from the nearest electronic transition, the in-
dex g accounts for all allowed vibrational transitions, each with fre-
quency Xg and polarizability âg . Note, that for a set of input pulses,
the bandwidth available for excitation at of frequency X is given by
a combination of the frequency components derived from the in-
put pulses:

Rm;nðXÞ ¼
Z 1

�1
dxSmðxÞS�nðx�XÞ:

In a recent paper [16] we have analyzed in detail the generation of
a Time Resolved Four Wave Mixing signal, and have shown that un-
less the FWM signal is linearized, only combination frequencies are
observed and the fundamental vibrational frequencies are not present
in the signal. We have further shown that the presence of slow rota-
tional excitation in the system gives rise to in-situ heterodyne detec-
tion, thus linearizing the signal. When a slow rotational contribution
is added, the total polarization of the medium can be written as

Pð3ÞTotðt; sÞ ¼ Pð3ÞrotðtÞ þ
X

g

½Pð3ÞA ðt;Xg ; sÞ þ Pð3ÞB ðt;Xg ; sÞ�:

Because of its slow response, the rotational polarization is inde-
pendent of the probe delay. The spectral properties of the field pro-
duced by each one of the components of the polarization may be
obtained by its direct transform from the time to the frequency
domain.

Pð3ÞrotðxÞ / S3ðxÞ
Pð3ÞA ðx;Xg ; sÞ / S3ðx�XgÞe�iXgs þ c:c:

Pð3ÞB ðx;Xg ; sÞ / S3ðxþXgÞeiXgs þ c:c:

ð4Þ

The detected quantity is the intensity of the emitted signal, and
thus proportional to the modulus square of the total polarization.

Iðx; sÞ / jPð3ÞTotðx; sÞj
2

¼ jPð3Þrotðx; sÞj
2 þ

X
g;g0
fPð3ÞA ðx;Xg ; sÞ½Pð3ÞA ðx;Xg0 ; sÞ��

þ Pð3ÞB ðx;Xg ; sÞ½Pð3ÞB ðx;Xg0 ; sÞ��g þ
X

g

fPð3ÞA ðx;Xg ; sÞ

� ½Pð3Þrotðx; sÞ�
� þ Pð3ÞB ðx;Xg ; sÞ½Pð3Þrotðx; sÞ�

�g

þ
X
g;g0
fPð3ÞA ðx;Xg ; sÞ½Pð3ÞB ðx;Xg0 ; sÞ�� þ Pð3ÞB ðx;Xg ; sÞ

� ½Pð3ÞA ðx;Xg0 ; sÞ��g þ c:c: ð5Þ
The first term in Eq. (5), as well as those cases of the second
term where g ¼ g0 do not show any intensity oscillations as a func-
tion of probe delay.

The second term of Eq. (5) contains terms where g–g0. Such
terms then take a form:

I2ðx; sÞ /
X
g–g0
fS3ðx�XgÞS�3ðx�Xg0 Þe�i½Xg�Xg0 �s

þ S3ðxþXgÞS�3ðxþXg0 Þei½Xg�Xg0 �sg þ c:c:

This expression shows oscillations at ðXg �Xg0 Þ, the difference
between vibrational modes, and the amplitude of the oscillations
depends on the optical detection frequency x.

For a pair of states with energies Xg and Xg0 this combination
frequency oscillation will have its maximal amplitude at the max-
imum of spectral overlap of the two fields: S3ðx�XgÞS�3ðx�Xg0 Þ
and S3ðxþXgÞS�3ðxþXg0 Þ. For pulses of a symmetric Gaussian
spectrum, these maxima occur at x ¼ x3 �

XgþXg0

2 .
The third term in Eq. (5) is a result of interference between

vibrational and ‘‘slow” rotational contributions to the nonlinear
polarization, and therefore shows intensity oscillations at the fun-
damental molecular vibrational frequencies:

I3ðx; sÞ /
X

g

fS3ðx�XgÞS�3ðxÞe�iXgs þ S3ðxþXgÞS�3ðxÞeiXgsg

þ c:c:

Along the lines of the previous analysis, the amplitude of the
intensity oscillations at Xg would be maximized at x ¼ x3 � Xg

2 ,
the best spectral overlap between the two contributions.

The fourth term of Eq. (5) indicates interference between two
different coherence pathways. Since the contributions of these
coherence pathways are symmetric around the carrier frequency,
the spectral overlap is maximized around zero detuning. In addi-
tion, the interference of the two pathways gives rise to sums of fun-
damental frequencies, including doubled fundamental frequencies.

I4ðx; sÞ /
X
g–g0
fS3ðx�XgÞS�3ðxþXg0 Þe�i½XgþX0g �s

þ S3ðxþXgÞS�3ðx�Xg0 Þei½XgþXg0 �sg þ c:c:

To summarize this brief theoretical analysis, in TRFWM in the
degenerate case one expects to find the following:

1. Oscillations at the fundamental mode frequencies are most
observable at detection frequency detuned (to the blue or to
the red) from the carrier by half of a vibrational quantum.

2. Oscillations at difference of fundamental vibrational modes fre-
quencies are maximal at detection frequency that is detuned
from the carrier by the average of the fundamental modes.

3. Oscillations at sums and doubles of the fundamental vibrational
frequencies are maximal at the vicinity of zero detuning from
the carrier frequency.
4. Phase matching filtering (PMF)

The measurement of a full spectrogram requires a long time,
which may be a problem for some molecules. We now present a
way to obtain the two-dimensional spectrally resolved information
rapidly and without mechanical scanning of delay lines.

We use the forward propagating three-dimensional (boxcars)
geometry [13,17] where the three input beams constitute the three
edges of a square pyramid, and the generated signal completes the
fourth edge on the other side of the interaction region (Fig. 2a).
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Fig. 2. (a) The 3D-boxcars configuration, with the Stokes beam deviation angle d. (b) Central frequency of phase matching filtered FWM signal as function of d measured (open
circles) and calculated (line).
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Recently we have reported the use of collimated (unfocused)
beams in this FWM arrangement for single shot time resolved
measurements [12], where the different arrival times of the pulses
to different points in the beams’ intersection region map the time
delays between the pulses. Direct imaging of the signal emerging
from each point in the intersection resulted in a picture of several
picoseconds of vibrational motion captured by a single ultra-short
laser pulse. By tuning the angle of one of the beams away from a
symmetric square pyramid we are able to tune the FWM phase
matching frequency, thus tuning the observed generated frequency
within the wide spectrum available from the ultra-short pulses.
The implemented technique is conceptually akin to the well known
pulse characterization method of GRENOUILLE [18], that employs
strict phase matching for spectral resolution of nonlinear signals.

The coherent generation of a FWM signal fulfills two criteria:
conservation of energy

xs ¼ x1 �x2 þx3; ð6Þ

and conservation of momentum or phase matching:

½x1k̂1nðx1Þ �x2k̂2nðx2Þ þx3k̂3nðx3Þ�=c ¼ xsk̂snðxsÞ=c: ð7Þ

Here xi, and k̂i represent the frequency and direction of propa-
gation for each of the beams and nðxÞ is the refractive index of the
medium. For transparent media one may assume for simplicity a
refractive index that is constant over the entire relevant spectral
range.

Traditionally the beams are focused into the interaction region,
such that each beam contains a range of propagation directions.
This virtually relaxes the phase matching constraints such that
all energetically allowed combinations of frequency components
contribute to the signal. Assuming a Gaussian spectral shape for

the incident pulses of the form: SðxÞ ¼ ee�
ðx�x0 Þ

2

r2 we obtain the
spectral contents of the generated signal in the case of focused
beams:

EsðxsÞ ¼
Z 1

�1

Z 1

�1
dx1dXSðx1ÞS�ðx2 ¼ x1 �XÞSðx3 ¼ xs �XÞ

¼ pe3r2ffiffiffi
3
p e

ðxs�x0 Þ
2

ðr
ffiffi
3
p
Þ2 : ð8Þ

Here EsðxsÞ is the amplitude of the generated field at a frequency
xs, e the amplitude of the laser pulse, r is the pulse’s bandwidth and
x0 is its carrier frequency. Because various input frequencies com-
bine to generate the nonlinear signal, the bandwidth of the gener-
ated signal is larger (by a factor of

ffiffiffi
3
p

) than that of the input pulses.
The geometrical arrangement of our experiment (Fig. 2a) in-

volves unfocused, collimated beams for which the propagation
direction is very well defined [12]. The intersection of the colli-
mated beams is spatially long (several cm), and thus it defines
strict phase matching constrains on the interaction between the
spectral components of the pulses (for recent detailed discussions
of this subject, see Romanov et al. [19], Belabes et al. [20] and Nau-
mov et al. [21]). We use this Phase Matching Filtering for spectrally
resolving the FWM signal.

Fig. 2a sketches the 3D folded boxcars geometry where the
propagation of the Stokes (k2) beam is detuned by an angle d from
the symmetric (square) configuration.

The unit propagation vectors of each one of the beams are de-
fined as follows:

~k1 ¼
cos h

sin h

0

0
B@

1
CA; ~k2 ¼

cos u
0

sin u

0
B@

1
CA; ~k3 ¼

cos h

� sin h

0

0
B@

1
CA: ð9Þ

where 2h is the angle between pump and probe beams (k1 and
k3), and u ¼ hþ d.

For convenience, define X and f:

X � x1 �x2

f � xs �x1
ð10Þ

Using Eq. (6) x3 ¼ xs �X.
Substituting Eq. (10) into Eq. (7) we obtain an equation for f:

½xs � f�k̂1 � ½xs � f�X�k̂2 þ ½xs �X�k̂3 ¼ xsk̂s: ð11Þ

For pulses which are not ‘‘too short” ðr	 x0Þ we use the rela-
tion X	 xs and expand in a power series of X. To first order we
derive a solution for f

f ¼ aðh; dÞXþ bðh; dÞxs: ð12Þ

where the coefficients aðh; dÞ and bðh; dÞ depend only on the
geometry of the experiment.

a¼�cosd�2cosð2hÞþcosð2hþdÞ
�2þcosdþcosð2hþdÞ � 4sin2 h

cosd�2cosð2hÞþcosð2hþdÞ ;

b¼4coshðcosðhþdÞ�coshÞ
�2þcosdþcosð2hþdÞ :

ð13Þ

By superposing all the allowed combinations of spectral compo-
nents of the input pulses we calculate EPMðxs; h; dÞ which is the
phase-matched FWM signal field amplitude for a particular choice
of angels between the incident beams:

EPMðxs; h; dÞ ¼
Z 1

�1
dXSðxs � fÞS�ðxs � f�XÞSðxs �XÞ: ð14Þ

For the same Gaussian input pulses the phase-matched FWM
spectrum may be represented as:

EPMðxs; h; dÞ / e
�4 ln 2ðxs�xc Þ2

ðDxÞ2 : ð15Þ

Here xc is the central frequency of the emitted field and Dx is
its Full Width at Half Maximum.
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Naturally, both the central frequency and the bandwidth de-
pend on the geometry:

xcðh; dÞ ¼ 2
½a2 � að1þ bÞ þ 1þ b�

2þ 2a2 þ 4bþ 3b2 � 2að1þ 2bÞ
x0

Dxsðh; dÞ ¼ 2r
ffiffiffiffiffiffiffiffiffiffiffi
log 2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1þ aþ a2Þ

ð2þ 2a2 þ 4bþ 3b2Þ � að2þ 4bÞ

s ð16Þ

where the coefficients a and b are given by Eq. (13). The second
square root in the expression for Dxs provides a ‘‘narrowing factor”,
defining the ratio between the bandwidth of the incident pulse and
the bandwidth of the generated FWM.

For square boxcars configuration d ¼ 0, we obtain:
xcðh; 0Þ ¼ x0 and Dxsðh;0Þ ¼ 2r

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
logð2Þ

p
=
ffiffiffi
3
p

. As could be ex-
pected for this symmetric configuration, the central frequency of
the emitted signal coincides with the carrier frequency of the laser,
but the bandwidth is narrower than that of the laser pulse by a fac-
tor of

ffiffiffi
3
p

, and thus by a factor of 3 narrower than that of the signal
generated by focused beams (see Eq. (8) above).

For small deviations of the Stokes beam from the square box-
cars geometry (d	 h), Eq. (16) reduces to

xcðh; dÞ ’ x0

 
1� 4

3
d cot h

!
; ð17Þ

Eq. (15) shows that for small deviations, the detuning of the
Phase Matching Filter from the laser frequency is linear with the
angular deviation of the Stokes beam. This derived analytical result
is plotted as a solid line in Fig. 2b. The simple dependence provides
a convenient means for spectral scanning of the frequency of the
phase-matched FWM signal.

So far, the derivation was performed for well collimated beams.
However, divergence of the beams will modify the experimental
results. For simplicity, we calculate the effect of the divergence
of the Stokes beam (the one that is being changed) on the band-
width of the phase matching filter. The divergence of the other
beams may be included in a similar manner.

The spectral intensity of the generated signal is given by

hIðxs; hÞi ¼ j
1

2adiv

Z adiv

�adiv

EPMðxs; h; dÞddj2:

Here hIðxs; hÞi is the intensity of the signal at frequency xs inte-
grated over the divergence angle adiv , and EPMðxs; h; dÞ is given by
Eq. (14). In other words, we average over all directions within
the divergence angle. The calculation was performed numerically
for a range of divergence angles. Fig. 3 depicts the ratio of the cal-
0 1 2 3 4

1

1.5

2

2.5

3

α
div

 [mrad]

Δω
/Δ

ω
co

l

Fig. 3. Numerically calculated bandwidth (in units of FWHM of collimated case) of
a signal for various of beams’ divergence angles.
culated bandwidth to the bandwidth of the theoretically derived
limit for perfectly collimated beams (Eq. (15)). For our experimen-
tal conditions, 4 mrad diverging (converging) beams will exploit
the entire available bandwidth, which is equivalent to the fully fo-
cused case ð3DxcolÞ, as would result from Eq. (8). The experimen-
tally used divergence was much smaller.
5. Measurements with the combined PMF and single shot
methods

In what follows we combine the PMF with the single shot meth-
od for measuring spectrally AND temporally resolved FWM in chlo-
roform. The experimental conditions are as follows: the cross
section of the collimated incident beams is 7 mm, the angle be-
tween pump and probe beams is 140 mrad (�8�), and the beam
divergence angle was measured to be 0.3 mrad. Neat spectroscopic
grade chloroform was used as purchased from Sigma–Aldrich. The
sample was placed in a 25 mm long spectroscopic cell. The laser
pulses are derived from Spectra-Physics Oscillator (Tsunami) and
amplified in a Spectra-Physics Chirped pulse amplifier (Spitfire).
The pulses are 60 fs long, centered at 800 nm, and the total energy
at the entrance to the cell is �0.5 mJ. The FWM beam is imaged on
an ISG-1394-S CMOS camera.

To ensure that every image is indeed produced by single laser
pulse, the repetition rate of the laser was reduced to 10 Hz, and
the exposure of the camera is set to 40 ms. The angular tuning of
the Stokes beam is achieved by fine angular rotation of the last
folding mirror before the cell, and is measured as a displacement
of this beam on a target located several meters away. The spectral
calibration of each set of experiments is performed by measuring
the spectrum of the coherence spike (signal generated at the coin-
cidence of all three pulses) with JY TRIAX 180 monochromator cou-
pled to the CCD camera.

The spectral narrowing was measured to be �8% smaller than
what would be expected for collimated beams, which is compati-
ble with the measured divergence angle of 0.3 mrad (Fig. 3).

To ascertain that the beam divergence, due to diffraction or self
focusing, was insignificant, we observed the actual beam diver-
gence upon exit from the cell on a screen 10 m away, and also com-
pared the spectral width of the beams before and after the cell.
Both the spatial and spectral properties of the beams were unaf-
fected by their propagation through the cell.

By tuning the angle d we obtain a series of time resolved images,
each measured within a single laser shot. An example of such an
image is shown in (Fig. 4a) for the angle d ¼ 0;Dc ¼ 0, the retrieved
temporal profile is shown at the inset of the panel. Measurements
like the one depicted in Fig. 4a are repeated for a range of angles,
each such temporal profile is Fourier Transformed, to produce a
line in the two-dimensional map (Fig. 4b) of the power spectrum
(vertical axis) of the FWM signal (in the Supplementary Material
we provide a series of data collected from 40 measurements taken
at different angles d, shown as a movie for the signal dependence
on the angle of the stokes pulse. Each picture in the movie is used
to extract the time resolved profile such as the inset to Fig. 4a,
which in turn is Fourier transformed to give a line in the two-
dimensional map).

The data included in Figs. 1b and 4b are in principle equivalent;
the spectral and temporal resolutions are parameters of choice,
determined by the spectrometer resolution on the one hand, and
the number of measured angles on the other. The experimental
simplicity of the Single-Shot PMF measuring method offers signif-
icant advantages: once calibrated, a spectrometer is not used and
critical alignment is not required to conduct the measurement,
the experiment involves broad unfocused beams crossing in the
sample. Moreover, since there are no mechanical scans of time
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Table 2
The fundamental vibrational frequencies of chloroform.

Vibration Character Energy(cm�1)

m1 C-H s stretch 3021
m2 CCl3 s stretch 680
m3 CCl3 s deform 365
m4 C-H d bend 1220
m5 CCl3 d stretch 774
m6 CCl3 d deform 261
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delays, and since the entire measurement may be derived within a
single ultrafast pulse per spectral point, a full measurement may be
performed with very few laser pulses – a crucial requirement for
molecules undergoing rapid photobleaching as is the case for many
molecules of biological interest [22].

Consider the spectrogram shown in Fig. 4b:
There are several distinct spectral features at: 104, 261, 300,

365, 520, 625 and 730 cm�1. The bandwidth of our pulses does
not allow the observations of features at higher frequencies.
Fig. 5 depicts, for several of these features, vertical cuts in
Figs. 1b and 4b, showing the intensity distribution at a given Ra-
man frequency XR as a function of the detuning Dc from the laser
center frequency. In Fig. 5, the spectral profiles are given for both
measurement methods, those obtained by acquiring a full
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spectrum at a given delay (Fig. 1b), and by the newly introduced
method of Single-Shot PMF (Fig. 4b).

The known fundamental mode frequencies of chloroform are gi-
ven in Table 2.

The results obtained by both methods are similar, and will be
discussed together. The spectral profile for both Xs ¼ 104 cm�1

and Xs ¼ 365 cm�1 show double maxima, peaking at DðxÞ ¼
�310 cm�1½’ ð261þ 365Þ=2� and DðxÞ ¼ �183 cm�1 ½’ 365=2�,
respectively. The spectral profile of the Xs ¼ 261 cm�1 line should
have shown a double maximum at DðxÞ ¼ �130 cm�1½’ 261=2�,
but these are unresolved due to the convolution with the
400 cm�1 pulse. The peaks at 522 cm�1 (=261 � 2), 730 cm�1

(=365 � 2) and 626 cm�1 (=261 + 365) are centered at DðxÞ ¼ 0
as theoretically predicted for interference between contributions
of two spectroscopic pathways. The fact that the double peak lines
are asymmetric in their intensity is not yet fully understood and
requires further study.

6. Conclusions

In conclusion, we have discussed in detail the advantages of-
fered by the combined Time-Frequency Domain FWM. We demon-
strated that while the basic spectral information (i.e. the measured
frequencies) may be derived from simple time resolved measure-
ments, the combined TFD measurements characterize the individ-
ual lines and identifies them as either fundamental modes or beat
frequencies between such modes. We further showed that in time
resolved FWM spectral data is essential to attribute particular lines
to the proper Feynman diagram, as well as for identification of the
beat frequencies stemming from the interferences of various spec-
troscopic pathways. We have introduced and demonstrated a new
approach to TRFWM, where the entire time domain signal is cap-
tured within a single pulse. By taking advantage of the unique geo-
metrical arrangement, we use Phase Matching Filtering, where the
collimated beams impose well defined phase matching conditions
on the intersecting beams, such that only a narrow-frequency sec-
tion of the spectrally broad pulses is being phase matched, and
therefore it is only this relatively narrow frequency range that con-
tributes to the FWM signal. We demonstrated the method experi-
mentally, and performed detailed comparison to data obtained by
the traditional approach. The Single-Shot PMF method offers sig-
nificant advantages, being fast and efficient in terms of the number
of laser pulses used for the entire measurement, and experimen-
tally simple. Because of its inherent speed, the new method has a
promising potential for the characterization of short lived optically
unstable molecules.

Experiments are under way with more complex molecules, and
for the implementation of the method for studying transient ex-
cited electronic states.
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