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Frequency-domain spectroscopy requires long pulses, whereas time-domain spectroscopy requires
short pulses. This Letter demonstrates both theoretically and experimentally that simultaneous detection
in frequency and time generates well-resolved spectra using intermediate-length pulses. In the case of
coherent Raman spectroscopy, typical femtosecond pulses lie between the time and frequency domains.
To demonstrate this method, a high-resolution Raman spectrum of nitrobenzene is obtained from 60 fs
pulses. Phase control, pulse shaping, or pulses of widely differing duration are not required.
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Many new and emerging spectroscopies produce vibra-
tional coherences and then detect them through coher-
ent Raman scattering. Examples include 2D vibrational
spectroscopies [1–4], surface-selective, sum-frequency
spectroscopies [5,6], Raman-detected, time-resolved pho-
tochemistry [7], Raman near-field microscopy [8], tip-
enhanced Raman [9,10], vibrationally resolved optical
tomography [11] and CARS microscopy [12,13]. Often
coherent Raman spectra are measured in the frequency
domain by scattering from a nanosecond or longer pulse
with a well-defined frequency. However, moving to femto-
second pulses offers many potential advantages: (i) The
nonresonant electronic background, which is strong, but
instantaneous, can be discriminated from the vibrational
coherences, which are weaker, but longer lived. (ii) The
signal size is increased by the high peak intensity of short
pulses. (iii) The number of interfering coherence pathways
is reduced when the pulses have a definite time ordering.
(iv) The time-resolution can be increased until it is limited
by the intrinsic physics of the sample, rather than by the
instrument. (v) Vibrations over a broad spectral region can
be excited simultaneously.

However, femtosecond coherent Raman falls in a gap
between standard time-domain and frequency-domain
spectroscopies. To fully resolve vibrational linewidths in
a frequency-domain measurement requires a pulse band-
width of less than a few wave numbers and therefore a
duration of 10 ps or longer. Important vibrations have
frequencies as high as 3300 cm�1 and therefore periods
as short as 10 fs. In time-domain (impulsive) Raman
[14,15], pulses of only a few fs are needed to fully resolve
such oscillations.

This problem with femtosecond coherent Raman is just
one example of a problem that affects all spectros-
copies: Spectra can be taken in the time domain using
pulses longer than the inverse of the finest feature in the
spectrum, and spectra can be taken in the time domain
using pulses shorter than the inverse of the highest fre-
quency in the spectrum, but there is a significant gap
between these two limits. A general method for taking

spectra with intermediate pulse lengths has not been estab-
lished. In this Letter, we demonstrate a general solution to
this problem through combined time and frequency detec-
tion (TFD). The experimental feasibility and robustness of
this method are demonstrated by recovering a fully re-
solved CARS spectrum from nitrobenzene using 60 fs
pulses.

A number of approaches have been proposed to incor-
porate ultrafast pulses into coherent Raman measurements.
Most of these methods either limit the pulses to picosecond
durations [2,9,13] or combine a picosecond-long pulse (or
pulse train) with a femtosecond pulse [4,5,7,16–21]. Many
of these methods also require careful manipulation of the
pulse phases [11,17–21] or relatively difficult heterodyne
detection [11,13,21]. All of these methods achieve ade-
quate spectral resolution. However, they also increase the
experimental complexity substantially and still miss some
of the advantages of femtosecond pulses listed above.

Bordenyuk and Benderskii recently measured TFD data
in a surface-sum-generation experiment and directly mod-
eled the vibrational response of water at a CaF2 interface
[6]. However, they did not discuss the general problem of
inverting TFD data to a high-resolution Raman spectrum as
we do here.

In a frequency-domain experiment, one measures the
susceptibility �̂�!�, or one of its components, Im�̂�!� or
j�̂�!�j. In a time-domain experiment, one measures the
inverse Fourier transform of this susceptibility, the Raman
response-function ��t� (also called the free-induction de-
cay). In a coherent Raman experiment, the vibrations are
first excited by some sequence of pulses that varies with the
specific experiment. These excitation pulses create an ef-
fective force F�t; �0=!0� on the vibration at time t. Here
�0=!0 represents one or more variables within the excita-
tion sequence. These excitation variables can be in either
the time or frequency domain. The various time- versus
frequency-domain approaches to exciting the vibrational
coherence [3] should be distinguished from the time- ver-
sus frequency-domain methods of detecting the coherence
that are discussed here.
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After the coherence is prepared, a probe pulse with
electric field Epr�t� scatters from the vibrational coherence
to produce anti-Stokes (or Stokes) light of intensity STF. In
a TFD experiment, the anti-Stokes light is both dispersed in
frequency ! and measured as a function of time delay �
between the final excitation pulse and the probe pulse,
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The first major point of this Letter is that Eq. (1) can be
exactly inverted to recover �̂�!�. In other words, data
collected as a function of both time and frequency have
complete information on the spectrum. A specific sequence
of Fourier manipulations to accomplish the inversion is
detailed in the supplemental material [22]. This inversion
gives both the amplitude and the phase of the Raman
spectrum, even without heterodyne detection. This result
is the formal solution of the problem of taking spectra with
pulses whose length is between the limits of simple time-
or frequency-domain methods.

The remainder of the Letter looks at whether the recov-
ery of spectra from TFD data is practical and robust under
realistic experimental conditions. In addition to an explicit
recovery of the Raman spectrum of nitrobenzene, we also
examine where the essential information resides within the
TFD data and discuss which elements of the spectrum will
be more or less susceptible to experimental noise.

In our experiments, stimulated Raman generated the
vibrational coherence. Thus,

 F�t; �0� � EL�t�ES�t� �
0�; (2)

where EL and ES are the Laser and Stokes electric fields,
respectively. The Laser and Stokes pulses were centered at
520 and 555 nm, respectively, and excited vibrations
within an approximately 500 cm�1 wide band centered at
1200 cm�1. The probe pulse was centered at 800 nm. All
pulses were approximately 60 fs long. More detail is given
in the supplemental material [22].

The anti-Stokes beam was spatially separated from the
other beams and was dispersed in a CCD-based spectrome-
ter. The detection frequency ! formed the frequency axis.
The delay between Laser and Stokes �0 was adjusted to
maximize the signal and then was left unchanged. The time
delay of the probe pulse relative to the other pulses � was
varied to form the time axis.

In the TFD approach, either control or measurement of
the pulse phases is beneficial, but not essential. To dem-
onstrate this fact, the current experiments are performed
without any phase control after the amplifier. The pulses
have both chirp and higher order phase distortions at the
sample [22].

Figure 1 shows TFD data from nitrobenzene. Near � �
0, the nonresonant background creates an intense signal. At

later times (above the black curve), the signal is only due to
the resonant scattering from the vibrational coherences.
Four major Raman bands lie within the excitation region
[Fig. 3(a)]. Interference between the scattering from each
of these bands leads to a complex pattern of beating
throughout the resonant portion of the data. Because of
the femtosecond time resolution, the resonant signal can be
cleanly separated from the nonresonant signal, even though
the peak nonresonant signal is 30 times stronger than the
peak resonant signal.

Figure 2 shows that one-dimensional information alone
is insufficient to recover the Raman spectrum. If the TFD
data are integrated over all time, the result is dominated by
the nonresonant signal [Fig. 2(a), dashed]. If the nonreso-
nant signal is removed by cutting off the short-time data
[22], the time-integrated resonant spectrum is broader than
the pulse spectrum [Fig. 2(a), dot-dashed], showing that
there are multiple lines in the spectrum. However, these
lines are completely unresolved [Fig. 2(a), solid].

Figure 2(b) (total) shows the TFD data integrated over
frequency. This curve replicates a time-resolved CARS
experiment without frequency selection of the anti-
Stokes light. A sense of the extra information available in
the TFD data can be gained by looking at several cuts at
specific frequencies. The many different oscillations that
overlap in the frequency-integrated experiment are sepa-
rated in the TFD data.

A more intuitive picture of the data results from Fourier
transforming STF��;!� along the time axis to yield a
frequency-frequency representation SFF��!;!�. Before
this transform is made, we cut off the nonresonant signal
below the black curve in Fig. 1 [22]. The nitrobenzene data
in this frequency-frequency representation are shown in
Fig. 3(b).

 

FIG. 1 (color online). Time- and frequency-detected (TFD)
coherent anti-Stokes scattering data from nitrobenzene. The
natural log of the signal intensity, ln STF��;!�, is plotted out-
of-plane. The black curve, T�!� � 350 fs [22], is used to cut off
the nonresonant signal at short times. The signal intensity below
this curve is divided by 50.
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The TFD data in the frequency-frequency representation
consist of a series of bands that are narrow along �!, but
broad in !. The peaks of these bands along the new
frequency variable �! indicate the splittings, �i � �j,
between lines in the Raman spectrum. The widths along
the �! axis are determined by the natural linewidths of the
Raman bands, allowing the frequency splittings to be
determined with high accuracy. The Raman line shapes
are accurately determined by fitting the peaks along this
dimension, or equivalently by fitting the time decays in the
time-frequency representation.

The peaks are located along the ! axis at the (weighted)
average of the frequencies of the bands involved in the
splitting. Along this dimension, the width is determined by
the frequency width of the probe spectrum. This width is
too broad to provide accurate frequency information.
However, the position along ! does indicate the approxi-
mate position of the frequency splitting within the spec-
trum. This information is sufficient to remove the
ambiguities that can arise in trying to reconstruct a spec-
trum from a list of frequency splittings alone.

To model the TFD data, we use Eq. (1) and represent the
Raman susceptibility by

 ��t� �
Xn
i�1

Ai sin��it�e
�t=T2i ; (3)

where the line amplitudes, frequencies, and dephasing
times (linewidths) are given by Ai, �i, and T2i, respectively.
The coherence decays are represented by exponentials in
the time domain, or equivalently, the Raman lines are
represented by Lorentzians in the frequency domain. The
line shape is fully determined by the TFD data. An ex-
ponential model was used because visual inspection of the
data shows that it would fit the data well [Fig. 2(b)]. The
light pulses are modeled as bandwidth limited, flat-phase
Gaussians with intensity FWHM of 56 fs for the Laser and
Stokes and 50 fs for the probe.

The model of the TFD signal in the frequency-frequency
representation [Fig. 3(c)] reproduces the important features
of the data. It yields the Raman spectrum in Fig. 3(d),
which can be compared to the spontaneous Raman spec-
trum in Fig. 3(a).

By comparing the frequency-frequency data [Fig. 3(b)]
to the spectrum recovered from the model [Fig. 3(d)], it is
easy to see where the information needed to reconstruct the
spectrum comes from. There are six frequency splittings
among the four major Raman bands. Each peak along the
�! axis in the TFD data is easily assigned to one of these
splittings. These peaks only indicate the magnitude of the
splitting, not its sign. As a result, one peak by itself (e.g., e:
�4 � �3) does not indicate which of the bands is to the high
frequency side of the other band. However, other splittings
from each of the bands to a third band (e.g., a: �4 � �1 and
b: �3 � �1) provide a unique ordering.

From the preceding discussion, we see that the TFD
approach yields accurate values for line shapes, linewidths,
and frequency separations. These values derive from
clearly observable features of the data, and so the recovery
of the Raman spectrum from TFD data will be accurate and
robust. In particular, these values are not highly sensitive to
the detailed structure of the light pulses.

The absolute frequencies have a greater error than the
frequency splittings. The absolute frequency scale is mea-
sured from the shift between the probe spectrum and the
anti-Stokes peak along the broad ! dimension. In Fig. 3,
the frequency axis has been shifted slightly to match the
known Raman spectrum. If this shift needs to be deter-

 

FIG. 2 (color online). One-dimensional subsets of the full TFD
data. (a) Dashed: integrated over all time. Solid: integrated after
cutting off the nonresonant signal at short time (�24). Dash-
dotted: Spectrum of the probe pulse. (b) Solid: integrated over all
frequencies (total, black). Slices in time at specific frequencies
(integrated over�50 cm�1): 1000 cm�1 (a, red), 1200 cm�1 (b,
blue) and 1350 cm�1 (c, green).

 

FIG. 3 (color online). Raman data from nitrobenzene.
(a) Spontaneous Raman spectrum. Natural log of the TFD
experimental (b) and theoretical (c) data in the frequency-
frequency representation, ln SFF��!; ��. Signals below the line
at 70 cm�1 have been divided by 10. Labeled lines (a–f)
indicate the peaks corresponding to frequency splittings in the
Raman spectrum (see d). (d) Raman spectrum, Im �̂�!�, recov-
ered from the model.

PRL 97, 267401 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2006

267401-3



mined independently, a standard with a known Raman line
can be added to the sample.

As in any coherent Raman spectroscopy, the amplitudes
of the lines are a product of the spontaneous Raman cross
section and the excitation intensity. In Fig. 3(d), the �1 line
is near the edge of the excitation band and as a result, it is
smaller than in the spontaneous Raman spectrum.

Careful control or measurement of the pulse phases was
not used here and is not essential to TFD spectroscopy.
However, it does offer potential improvements. With phase
information on the pulses, it should be possible to recover
the phase of the Raman spectrum, in addition to the mag-
nitude that was recovered here. Phase information on the
Raman spectrum would allow resolution of dynamics
faster than the vibrational dephasing times [7].

The frequency resolution of the recovered Raman spec-
trum is formally determined by the inverse of the time
range of the TFD data. However, this range is easily
adjusted to match the range over which signal is detectable.
If the signal is strong enough to measure coherence decays
over a few lifetimes, the frequency resolution is determined
only by the natural Raman linewidths, not by instrumental
factors.

In summary, the simultaneous collection of data in time
and frequency is an effective method of performing spec-
troscopy with pulse durations that lie between the limiting
cases of time-domain and frequency-domain spectroscopy.
In the case of coherent Raman, recovery of the spectrum
from TFD data is not highly sensitive to experimental noise
or to imperfections in pulse properties. The frequency
resolution is limited only by the natural linewidths
(1–10 cm�1), even when using 60 fs pulses, which have
a bandwidth of >300 cm�1.
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