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INTRODUCTION
In this deliverable we first present studies aiming at assessing CRS as a method for

identification of chemical compounds in gas phase and second on new strategies to obtain
efficient suppression of the nonresonant background.
Compared to the previous studies which have been performed always in the liquid
and solid phase and stimulated by the reviewers comments after the first years review
meeting one focus is now moved towards gas phase studies. Therefore we performed
systematic studies on CARS in the folded BOXCARS geometry in forward direction to
characterize the signal strength and to achieve realistic predictions of the CARS response of
relevant molecules (Section 2).
In the second part (Sections 3 and 4) we then introduce new setups for multiplex CRS,
developed by the project partners, which are both studying new ways to obtain background
suppression. One is using the concept of single-beam CARS with pulse shaping which
allows to extract the pure linear Raman spectra without any theoretical treatment. The
second setup introduces a new CRS modality, which we call Balanced Detection Raman
Induced Kerr Effect (BD-RIKE), that combines the advantages of CARS (absence of linear
background) with those of SRS (suppression of the non-resonant response, linear scaling
with concentration).
In the third part (Section 5) we move towards the final goal of the project (remote
atmospheric sensing) by developing a setup for backward SRS. In its final embodiment, this
system should use the filament-ignited atmospheric laser as a coherent backscatterer. Here
in a preliminary version we use two narrowband, synchronized counter-propagating
pulses.
Finally (section 6)

we introduce a new very promising process for standoff

spectroscopy in which an intense coherent backward signal is generated through a Ramantype four-wave-mixing process using forward propagating fields only. Phase matching for
this process is achieved through a plasma modulation of the refractive index.
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CARS SPECTROSCOPY IN THE GASPHASE: CHARACTERIZATION OF FORWARD

CARS OF N2
In an experiment of Coherent anti-Stokes Raman Spectroscopy in the time domain
three beams are sent separately to the sample; the pump and Stokes pulse, which present
the preparation step, and the probe pulse, which monitors the induced dynamics. The
bandwidth and centre wavelength of the pulses determine which type of wave packet
dynamics is excited. In our two-color CARS setup the central wavelengths of the coinciding
pump and Stokes pulse were set to match the energy difference between v=1 and v=0
vibrational levels of the N2 molecule corresponding to 2331 cm-1. The probe pulse, having
the same central wavelength as the pump, is delayed in time and probes the photoinduced
dynamics by generating the anti-Stokes signal. The spectral width of the pulses (125 cm-1)
allows for coherent excitation of the rotational states in the v=1 vibrational level.
The usual folded BOXCARS geometry, used in the present fs CARS setup, spatially
separates the signal from the incoming beams. The signal is spectrally resolved in a
spectrograph equipped with a sensitive CCD camera (Andor iDus). The delay between the
Stokes and pump pulses as well as between the probe and pump pulses are set by
computerized precision stages, Fig 1. The laser system is a fs Ti:Sapphire amplifier (Spitfire,
Spectra Physics) operating at 1kHz repetition rate which delivers 120 fs pulses at 790 nm. A
part of the fundamental radiation is used to pump optical parametric amplifier, TOPAS
(Light Conversion), equipped with a second harmonic generation unit (SH). Wavelengthtunable TOPAS emits signal and idler pulses in a broad spectral range of near IR radiation.
For the present CARS application, the signal beam of the tunable TOPAS unit is blocked
and the idler is sent to the SH unit whose output is then used for the Stokes beam at 970 nm.
The fundamental radiation at 790 nm is divided into two parts which serve as pump and
probe. The relative polarization between the beams is set by a λ/2 plate.

Fig. 1. Experimental setup for CARS experiments in N2 . Three input beams, 1, 2 and 3, are arranged
in a forward BOXCARS geometry. The second harmonic unit (SHG) of TOPAS converts idler pulses
to 970 nm, wavelength separator (WS) blocks 1400 nm signal pulses, dichroic mirror (DM) filters out
remaining after SHG idler radiation.
3
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The three beams are focused into nitrogen gas by a spherical mirror, f=500 mm, and
produce the signal beam around 670 nm. Maximal available pulse energies in the focus for
the pump, Stokes and probe beam are 64 μJ, 8 μJ and 30 μJ, respectively. The high sensitivity
of the detection system allows us to work with just a fraction of the maximal available
energies. This gives us an opportunity to install a pulse shaper in the path of one of the
beams and explore advantages of single-shot CARS or shaper-assisted CARS. In general,
probing the Raman response of other molecules than N2 can be easily achieved thanks to the
tunability of TOPAS.
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Fig. 2. a) CARS transient of N2 measured at 500 mbar pressure. b) The CARS signal as a function of
nitrogen pressure. The slope of the curve confirms square dependence of measured CARS signal on
concentration.

In order to explore the sensitivity of the setup, CARS measurements for different
nitrogen pressures were carried out. A cell equipped with fused silica windows was filled
with nitrogen at controllable pressures from 0 to 1000 mbar. In general CARS signal is
proportional to the squared modulus of the third-order nonlinear susceptibility which
implies that the signal scales quadratically with the density. However, this is valid only for
Doppler broadened non-overlapped transitions. In the case when pressure broadening
prevails the dependence trends to become linear. In reality this means that the slope of the
CARS signal strength vs. density ranges from 1.3 to 1.96 [1].
A transient taken at 500 mbar pressurewithin first few picoseconds following the
excitation is shown in Fig 2 a. In this time delay interval the shape of the signal is almost
identical in the whole investigated range of pressures while the strength of the signal is
strongly dependent on the pressure. The smallest pressure at which the signal was still
measurable for the maximal available power of laser beams was 11 mbar. If we define the
integral strength of the CARS signal as the area below the transient, the function of the
relative strengths vs. pressure gives a slope of 1.93 on the log – log scale in the pressure
range from 11 to 600 mbar, Fig 2 b. For higher pressures the slope deviates to lower values.
These measurements allow primary estimation of the sensitivity of the method and put the
lower limit of the detection at about 10 mbar. For the ideal gas at temperature of 18 C this
corresponds to the number density of 2.7 x 1017cm-3.
Generally, from the CARS measurement one can determine the concentration of the
given molecules either by considering the intensity of the CARS signal or the shape of the
4
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transient. Although we have confirmed the N2 scaling in the pressure interval 11-600 mbar,
extraction of the absolute concentration from the signal strength is not possible. The reason
is as follows: the generated rotational coherence evolves in time until it is probed by a timedelayed third beam; during the evolution the molecules undergo collisions which lead to
rotational energy transfer; this transfer leads to the exponential decay of the signal which is
proportional to N, i.e. CARS signal decays faster for higher pressures; the interplay between
the overall intensity of CARS which scales with N2 and the exponential decay, ∼exp(-N)
determines the maximum length of the transient that can be taken. We present a 1000 ps
long transient at 100 mbar in Fig 3.
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Fig. 3. CARS transient obtained at 100 mbar for the time delay from 0 to 1000 ps. Note the
logarithmic scale in the lowest panel.

The periodic structure of the transient is influenced by the rotational anharmonicity
constant α, so that the signal rephases at T=1/(2cα), 959 ps. [2] Partial rephasing occurs at
T/3 and 2T/3 time delays. Apart from the lowering of the signal with increasing pressure,
the shape of the transient is not very sensitive to the number density of the nitrogen
molecules.[3] Exception to this behavior are the time intervals where the signal is totally
diminished, i.e. around T/4, T/2 and 3T/4. Pressure-sensitive regions, if there is enough
signal could be used for pressure determination. The example is shown in Fig. 4 which
illustrates the change of transient patterns around T/4 delay for three N2 pressures. The
transients taken at three different pressures are normalized so that the peak at around 213
ps equals to 1. The pressure dependence after a “quiet” interval is clearly seen.
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Fig. 4. Pressure dependence of the CARS signal in the delay time interval 200-270 ps. The transients
are normalized to unity in the vicinity of 213 ps (for details see text).

CARS signal is generated in the focal plane of three overlapping input beams. In order
to determine probe volume the beam waist of each beam has been measured by the knifeedge method. By fitting the experimental data, a minimal beam waist, w0, was extracted.
The waist of the fundamental pump beam at 790 nm is 62.1 μm while the Stokes beam at
970 nm has much larger waist of 312.4 μm which is caused by the different beam quality
factors. Since CARS signal is present also in air, the knife-edge method is easily
implemented for measuring the actual beam waist of the signal itself. For this, the razor
blade was driven perpendicular to the propagation direction and the CARS intensity in the
phase-matched direction was measured. The knife-edge transmission for the CARS signal is
shown in the Fig. 5 a. The fitted value of the waist was found to be 64.0 μm. This value is
close to the waist of the pump and probe beam.
For the determination of the spatial extension in z-direction CARS signal from a thin
glass plate (microscope coverslip, 170 μm thickness) is monitored while the plate is moved
along the z direction in the vicinity of the focus. The signal as a function of z is depicted in
Fig 5 b which shows a distribution with a FWHM of 5 mm.
If we assume that the geometrical parameters that were actually measured in air at
atmospheric pressure hold for lower pressures of nitrogen in the cell, we can calculate the
effective volume from which our signal comes to be 0.056 micro liter. The smallest nitrogen
density at which we still can register the signal is 2.7 x 1017cm-3 so that the number of N2
molecules which contributes to this signal is 1.5 x 1013.
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Fig. 5.a) Transmission of CARS signal obtained by knife-edge method and fit. b) CARS signal from
the thin plate as a function of the position of the plate in the direction of propagation.
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SINGLE-BEAM-CARS WITH HETERODYNE DETECTION AND DQSI

In this section we present a scheme developed in our group to obtain the maximum content
of information on the Raman modes of the sample under study. The setup is shown in Fig.
6. It consists of no more than a broadband fs-oscillator, a pulse shaper, a microscope and a
detection unit. The broadband laser pulse acts as pump, Stokes and probe. As the CARSfield in a single-beam-setup is described as
∞

∞

(3)
E CARS (ω) ∝ N ⋅ ∫ E(ω − Ω) ⋅ χCARS
⋅ ∫ E(ω ') ⋅ E* (ω '− Ω)dω 'dΩ
0

0

the resonances described by χ(3) are washed out due to the broadband probing and are not
visible in the CARS spectrum as it is the case in ps- and Multiplex-CARS schemes.

Fig. 6. Single-beam-CARS setup with Ti:Sa fs-oscillator (Femtolaser Fusion Pro 800), pulse shaper
using a liquid-crystal spatial light modulator (SLM), microscope objectives (MO1, MO2) spectral filter
(F) and detection unit (Acton monochromator and Andor ICCD).

The idea behind the method presented here is to select a narrowband portion as probe that
reveals the conventional CARS spectrum. [4,5] Here the pulse shaper comes into play. This
approach is based on the selection of a narrow spectral region named En(ω) within the
excitation spectrum. The phase of the electric field in this narrowband region is constant but
differs from the phase of the rest of the excitation spectrum, called broadband spectrum
Eb(ω). The effect of these two spectral regions can be thought of as the superposition of two
electric fields. The total excitation field E(ω) can be written as (c.f. Fig. 7 a):

E (ω ) = En (ω ) + Eb (ω ) .
This results in two CARS fields interfering with each other (c.f. Fig. 7 b). The first one
ECARS,n(ω), probed by the narrowband portion, is a conventional multiplex-CARS field with
a low intensity due to the small energy content in the narrowband portion. The second one
ECARS,b(ω) is probed by the broadband portion, of much higher intensity but without any
7
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information on the Raman resonances. This strong broadband CARS field is however
coherent with the narrowband one and acts as a local oscillator on this. The signal on a
detector can be written as:
2

2

2

S(ω) ∝ E CARS,b (ω) + E CARS,n (ω) = E CARS,b (ω) + E CARS,n (ω) + 2 E CARS,b (ω)E CARS,n (ω) cos ϕ .
ϕ is the relative phase between E

CARS,n(ω)

and ECARS,b(ω) and the key to obtain the

narrowband CARS signal via

ECARS , n (ω ) =

1
4 E LO (ω )

[ S (ω )ϕ n = 0 − S (ω )ϕ n =π ]2 + [ S (ω )ϕ n =π / 2 − S (ω )ϕ n = −π / 2 ]2 .

This operation is known as double quadrature spectral interferometry (DQSI).[6,7] S(ω)ϕn is
the signal on the detector for a given phase ϕn of the narrowband excitation field En(ω).

Fig. 7. Simulation illustrating the scheme. a) excitation spectrum, split up in narrowband (grey) and
broadband portion (black). b) resulting CARS fields probed by the narrowband (grey, magnified by a
factor 100) and broadband portion (black). c) resulting CARS spectra. d) amplitude of the narrowband
CARS signal and its relative phase to the broadband portion, revealed by double quadrature spectral
interferometry (DQSI).

The CARS spectrum |ECARS,n(ω)| is in fact identical with conventional multiplex-CARS
spectra, which makes it accessible to a wealth of analysis methods that have been developed
in recent years. [8] This statement is corroborated by Fig. 8 where the maximum-entropymethod (MEM) has been applied to the spectrum obtained with this method.
The use of the broadband CARS field ECARS,b as a local oscillator allows however to go even
one step further and extract more information from the measurement than has been shown
so far.

8
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Fig. 8. Measurement on toluene. CARS spectrum extracted with DQSI (top), extracted imaginary part
with the maximum entropy method (middle) and reference measurement from our MCARS setup
(bottom).

The four measurements needed for the DQSI operation facilitate also to determine the initial
phase (for ϕn=0) between the narrowband CARS field ECARS,n(ω) and the local oscillator
ECARS,b(ω):

⎡ s(ω )ϕn =π 2 − s(ω )ϕn =−π 2 ⎤
⎥
⎣⎢ s(ω )ϕn =0 − s(ω )ϕn =π ⎦⎥ .

ϕ = arctan ⎢

A single calibration measurement in a nonresonant sample (i.e. glass) allows then for the
determination of amplitude and phase of the susceptibility χ(3) as shown in Fig. 9.

Fig. 9. a) measurement on toluene. b) measurement on glass.

9
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The amplitude of the measurement in glass gives the Raman excitation probability
∞

A(Ω) = ∫ E(ω ') ⋅ E* (ω '− Ω)dω '
0

of the setup which allows for the normalization of the amplitude of the CARS signal for
toluene. The determination of the phase in glass allows for the extraction of the phase-shift
of the CARS signal in toluene due to resonances. Therefore χ(3) can be determined in
amplitude and phase.

Fig. 10. a) Amplitude and phase of the nonlinear susceptibility of toluene. b) calculated imaginary part (grey) from
the data shown in a) and separately measured spontaneous Raman spectrum of toluene (black).

This is a full determination of χ(3) and therefore contains the information obtained with
(M)CARS (c.f. Fig. 5 a) as well as the one from spontaneous Raman measurements (c.f. Fig.
10 b). The strong nonresonant signal in single-beam-CARS experiments, that is often said to
be one of its major disadvantages, has in this case provided a local oscillator leading to the
highest possible content of information at all on the Raman levels of the sample.

10
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_ BALANCED-DETECTION RAMAN INDUCED KERR EFFECT SPECTROSCOPY

4

In this section we introduce balanced-detection (BD) Raman-induced Kerr effect (RIKE) as
a new powerful coherent Raman spectroscopy (CRS) technique, combining backgroundfree detection with the absence of non-resonant background (NRB) and linear dependence

on sample concentration. Until recently the most popular form of CRS has been CARS,
which has the important advantage of emitting a signal not overlapping with the
wavelengths of the input pump and Stokes fields, since the emitted signal has a frequency
ωAS = 2ωP – ωS different from those of pump (ωP) and Stokes (ωS) [9]. The two main
drawbacks of CARS are the presence of the NRB, which can distort and even overwhelm
the vibrational response, and the quadratic scaling with respect to the number of probed
molecules, which prevents the detection of the less abundant species. Both limitations have
been overcome by Stimulated Raman Scattering (SRS). SRS is a pump-probe technique,
detecting the stimulated Raman gain (SRG) of the Stokes or the stimulated Raman loss
(SRL) of the pump occurring when their frequency difference matches a Raman active
vibrational mode. SRS is therefore inherently free from NRB and in addition it scales
linearly with the concentration. On the other hand, SRS requires the detection of a weak
differential transmission signals (SRG or SRL) hidden in the large (and noisy) linear
background given by the Stokes (or the pump) light. Extraction of this signal requires the
use of sophisticated techniques, involving high-speed modulation and lock-in detection
[10], in order to overcome the laser fluctuations and to reach the shot-noise limit. A CRS
technique combining the advantages of CARS (resonant background-free signal) and SRS
(absence of NRB, linear scaling with the species concentration) would thus be highly
beneficial.
Here we introduce BD-RIKE as a novel CRS technique which shares the advantages
of SRS by at the same time suppressing the linear background signal and allowing for an
easier shot-noise limited detection. RIKE relies on the Raman-induced birefringence that
occurs when the pump-Stokes frequency detuning is in resonance with a given vibrational
transition [11], leading to a polarization state transformation of the Stokes/pump field. We
show how a properly chosen BD configuration, similar to that applied for electro-optical
sampling in the THz domain [12], is able to sensitively measure even a small polarization
rotation.
To appreciate the merits of BD-RIKE, let us briefly review the well-assessed CARS
and SRS techniques. For the case of CARS, the generated field at the anti-Stokes frequency is
2

3)
E CARS ∝ −iχ ( 3) E pu ES where Epu(ES) is the pump(Stokes) field and χ ( 3) = χ (R3) + χ (NR
, where

χ(R3) ∝ N is the complex resonant nonlinear susceptibility of the molecules under study,
proportional to their concentration N (number of oscillators in the focal volume), and

( 3)
χ NR

is the real non-resonant susceptibility term, generated both by the molecules under study
and by the surrounding medium. The detected CARS signal is then given by
11
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( )

2

3)
3)
3)
I CARS ∝ E CARS ∝ χ (R3) + χ (NR
= χ (R3) + χ (NR
+ 2χ (NR
Re χ (R3) . The last two terms account for the

NRB. When the concentrations of the target molecules are low, such terms can distort and
even overwhelm the resonant signal of interest. In addition, even in the case of low NRB
3)
( χ (NR
<< χ(R3) ), the CARS signal scales as N2, so that it fails to detect molecules at low
concentrations.
For

the

case

of

SRS,

on

the

other

hand,

the

signal

is

given

by:

2

ΔES ∝ −iχ ( 3) E pu ES and is hidden in the linear background given by the Stokes field ES.
The SRG can thus be calculated as:

ΔISRS = E S + ΔE S − E S ≅ 2 Re(E*SΔE S ) ∝ Im(χ ( 3) ) E pu E S = Im(χ (R3) )I pu IS
2

2

2

2

One can thus appreciate the following advantages of SRS with respect to CARS:
i) as the signal is proportional to the imaginary part of the nonlinear susceptibility, the
NRB, which is a real quantity, is effectively suppressed and does not contribute to the
SRS signal;
ii) the SRG/SRL signal is proportional to χ(3), so that it scales linearly with the sample
concentration, allowing the detection of less abundant species;
iii) the small nonlinear signal is multiplied by the large and phase-locked Stokes field ES
(self-heterodyning

configuration), allowing a large amplification of the SRS signal

(≈ESΔES) with respect to the CARS signal (≈ΔES2).
The main drawback of SRS lies in the fact that one needs to detect a signal sitting on top of a
2

very large background ( E S ). This problem is solved by the BD-RIKE approach.

Fig. 11: conceptual scheme for a BD-RIKE experiment. WPs: waveplates.

The conceptual scheme of the technique is illustrated in Fig. 11 and is similar to SRS. A first
waveplate (WP1) is used to control the pump polarization; it can be either a quarter-wave
plate (QWP) or a half-wave plate (HWP). Behind the sample, the linearly polarized Stokes is
spectrally selected and, after passing through a second waveplate (WP2), which can in turn
be a HWP or a QWP, is sent to a Wollaston prism that separates the beam into two equally
intense replicas with perpendicular polarizations. These beams are sent to a balanced
detector which measures the difference of their intensities, thus providing zero signal in the
absence of pump and effectively suppressing the Stokes light background. The use of either
a HWP or a QWP on the excitation beam and in detection gives rise to four different
12
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combinations. For the two possible excitation conditions the nonlinear polarization is given
by [13]:

( 3)
( 3)
)E pu ES
P (3) = (χ1122
+ χ1212
2

HWP on excitation

( 3)
( 3)
)E pu ES
P ( 3) = i(χ1122
− χ1212
2

QWP on excitation

( 3)
( 3)
and χ1212
are non-diagonal terms of the nonlinear susceptibility tensor,
where χ1122

including both resonant and non-resonant contributions. Since, due to the Kleinmann
symmetry [14]:

1 ( 3)
( 3)
( 3)
χ1122
χ1111NR
NR = χ1212 NR =
3
one can see that, for QWP-excitation, the non-resonant contribution to the third-order
nonlinear response vanishes.
The RIKE induced variation of the Stokes field is given by:

( 3)
( 3)
)E pu ES for HWP on excitation
ΔE S ∝ iP ( 3) = i(χ1122
+ χ1212
2

( 3)
( 3)
)E pu ES for QWP on excitation
ΔES ∝ iP ( 3) = −(χ1122
− χ1212
2

When using balanced detection it can be shown that the difference signal at the detector
output is given by

ΔI RIKE = 2 Re(E*SΔES ) for HWP on detection

(

)

ΔI RIKE = 2 Im E*SΔES for QWP on detection
According to the different excitation and detection configurations, four different BD-RIKE
signals can be obtained, as summarized in the following table:

Waveplate in
excitation
QWP

Waveplate in
detection
QWP

BD-RIKE Signal

QWP

HWP

HWP

QWP

( 3)
( 3)
( 3)
( 3)
ΔI RIKE ∝ Re χ1122
R + χ1212 R + χ1122 NR + χ1212 NR I pu IS

HWP

HWP

( 3)
( 3)
ΔI RIKE ∝ Im χ1122
R + χ1212 R I pu IS

[
∝ Re[χ

]
]I

( 3)
( 3)
ΔI RIKE ∝ Im χ1122
R − χ1212 R I pu IS

ΔI RIKE

[

( 3)
1122 R

[

( 3)
− χ1212
R

]

I

pu S

]

We are now in a position to compare BD-RIKE with the more established CARS and SRS
techniques:
i) BD-RIKE provides a background-free measurement by removing the linear Stokes
contribution and allowing the measurement of the nonlinear signal against a zero linear
background;
ii) due to the balanced detection configuration, it effectively cancels laser intensity noise on
the Stokes pulse, allowing straightforward achievement of shot-noise limited detection;
iii) similar to SRS it provides inherent heterodyne amplification of the nonlinear signal,
increasing its magnitude by many orders of magnitude;

13
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(3)

iv) the BD-RIKE signal is linearly proportional to χ , so that it scales linearly with the
sample concentration;
v) in three out of four configurations (QWP in excitation and QWP/HWP in detection,
HWP in excitation and HWP in detection) it suppresses the NRB, allowing the purely
resonant susceptibility to be measured;
vi) by properly choosing the excitation and detection conditions it allows, to the user’s
choice, to address either the real or the imaginary part of the nonlinear susceptibility.
The experimental setup for BD-RIKE is shown in Fig. 12. The laser source is a 40-MHz Erdoped fiber oscillator with two amplified branches (Toptica, FFS model), both delivering
nearly ≈70 fs long pulses at 1550 nm and 350 mW average power. One of the outputs is
coupled to a highly nonlinear fiber producing an octave- spanning supercontinuum (SC),
the long-wavelength part of which is tunable from 1700 to 2100 nm. Narrowband (10-15 cm1)

pump and Stokes pulses are generated by spectral compression of the 1550-nm pulse and

the SC in periodically poled lithium niobate crystals [15]. Pump and Stokes pulses are
combined by a dichroic beam splitter and focused on the sample. The pump beam is
acousto-optically modulated and the BD-RIKE signal is detected by a lock-in amplifier.
Note that any static birefringence induced by the sample does not affect the measurement,
which is only sensitive to the dynamic birefringence induced by the pump beam.
Furthermore, balanced detection inherently cancels the fluctuations of the Stokes beam,
allowing to reach shot-noise limited detection even at low modulation frequencies.

Fig. 12: experimental setup for BD-RIKE. AOM: acousto-optic modulator; DBS: dichroic beam splitter;
WP: waveplates; SPF: short-pass filter rejecting Pump photons; DL: delay line

According to the choice of the waveplates in excitation and detection, different
components of the nonlinear optical susceptibility tensor χ(3) can be selected. The most
favourable configuration was found to be an HWP in both excitation and detection, for
( 3) R
( 3) R
which the BD-RIKE signal is ∝ Im[χ1122
]. Figure 13(a) reports a BD-RIKE spectrum of
+ χ1212
acetone together with a fit using Lorentzian profiles, demonstrating undistorted Raman
lineshape and nearly complete absence of NRB. The inset shows the result of a dilution test
of acetone in water, indicating a linear dependence of BD-RIKE on sample concentration.
Figure 13(b) reports the BD-RIKE spectrum in acetone for the case of a QWP in excitation
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and HWP in detection, showing the characteristic dispersive lineshape of the real part of
nonlinear susceptibility.

(b)
(a)

Fig. 13: (a) BD-RIKE spectrum of acetone using a HWP in excitation and detection (points) and
corresponding fit (solid line); inset: dilution test of acetone in water (b) BD-RIKE spectrum of acetone
using a QWP in excitation and HWP in detection.

To demonstrate the advantage of our approach, we show in Fig. 14 comparison between
SRS and BD-RIKE images. As a sample we chose a blend of 3-μm polystyrene (PS) and 6-μm
polymethylmethacrylate (PMMA) beads and probed it at the 3060 cm-1 PS resonance with
≈10 mW pump power and low modulation frequency (40 kHz) .Thanks to the inherent
common-mode rejection of the laser intensity-noise offered by balanced detection BD-RIKE
images (Fig. 14(b)) show a significantly better quality compared to the SRS ones (Fig. 14(a)),
as confirmed by the intensity profiles along the dotted lines, shown in Fig. 14(c).
In conclusion we believe that BD-RIKE represents an important addition to the arsenal of
CRS techniques, combining background-free detection typical of CARS, with the absence of
NRB and linear concentration dependence typical of SRS. Moreover, since quickly
reconfigurable to address either the real or imaginary part of χ( 3 ) , it lends itself to obtain
quite sophisticated molecular responses, with enhanced chemical selectivity.

Fig. 14: SRS (a) and BD-RIKE (b) images of a blend of 3-μm polystyrene and 6-μm PMMA beads; (c)
horizontal cuts highlighting the superior signal to noise ratio of BD-RIKE.
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FOR

TRACING

ATMOSPHERIC GASES
Many applications in environmental science and security call for standoff chemical
identification of airborne pollutants by their signature molecular vibrations. Raman
LIDARs, relying on the observation of incoherent wide-angle scattering, are severely limited
in their practicability. Coherently-enhanced Raman scattering, such as CARS and SRS, open
the possibility of recording signals carried in a laser-like beam. Generation of a backward
phase-matched Raman signal is simple in the presence of reflective or diffuse objects
capable of bouncing the laser beam back. However, an observer who sends out a laser pulse
to interrogate an optically transparent atmosphere has to find an alternative way of
initiating a backward-propagating laser beam to solve the problem of phase-matching
and/or heterodyning. The recent experimental demonstration of a remotely pumped
atmospheric backward laser using O2 (λ=845 nm) [16] or N2 (λ=337 and 357 nm) [17] has
sparked proposals for coherent standoff Raman spectroscopies [18], exploiting the bright
and highly directional backward-propagating probe generated by the atmospheric laser.
Among coherent Raman spectroscopies, SRS offers the following important advantages: (i)
it is inherently phase-matched, thus allowing the implementation of a backward
propagating geometry which would be impossible, for instance, using CARS [18]; (ii) it is
free from the NRB due to the electronic contributions to the third-order nonlinear
susceptibility; (iii) it scales linearly with the number of probed molecular oscillators, thus
allowing the detection of relatively low-concentration specimens. It is worth reminding that
in an SRS process, in the weak signal and plane wave limits, one can write:

( )
∝ + Im(χ )I I L

ΔI p ∝ − Im χ(3) I p ISL
ΔIS

( 3)

p S

where Ip and IS are the pump and Stokes intensities respectively and L the interaction
length. One can thus measure either the SRG of the Stokes:

SRG =

ΔIS
∝ + Im χ ( 3) I p L
IS

( )

or the SRL of the pump:

SRL =

ΔI p
Ip

( )

∝ − Im χ ( 3) IS L

It is apparent that the pump and Stokes beams are fully interchangeable. It is thus more
convenient to measure the less intense beam and detect its variations either as SRG or as
SRL, and use the powerful beam to induce a large stimulated signal.
The conceptual scheme of a stand-off backward SRS experiment is shown in Fig. 15: it
requires the combination of the remotely pumped atmospheric laser (Stokes beam) with an
additional frequency-tunable laser beam sent in the forward direction (pump beam). When
the frequency difference between the pump and Stokes beams matches a Raman active
16
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vibrational transition of the molecule to be detected, then the backward propagating Stokes
experiences SRG, enabling sensitive molecular fingerprinting. For spectral resolution, both
pump and Stokes need to be narrowband. The N2 laser is already narrowband; we plan to
generate a tunable narrowband pump by spectral compression of femtosecond pulses
produced by a visible OPA (690-750 nm) pumped by the second harmonic of the Yb laser
initiating the atmospheric lasing.

Fig. 15: conceptual scheme of remote atmospheric sensing using backward SRS from an atmospheric
laser

Spectral compression is based on a second-harmonic-generation (SHG) process in the
presence of large group-delay-mismatch (GDM) between the fundamental frequency (FF)
and the second harmonic (SH) pulse, which results in a narrow SH bandwidth given
essentially by the inverse of GDM. The high efficiency of this process is explained by the
fact that SH photons are generated not only by direct SHG, but also by an intra-pulse sumfrequency generation between FF spectral components that are symmetric with respect to
the SHG phase-matching frequency, leading to an efficient energy transfer from the
broadband FF to the narrowband SH. In a SHG process in the presence of large GDM
between the interacting pulses, the FWHM bandwidth of the SH pulse ΔνSH is
approximately given by ΔνSH = 0.886 GDM , where GDM = δL , L being the crystal length
and δ = 1 v gFF − 1 v gSH the group velocity mismatch (GVM) between FF and SH pulses. To
achieve large spectral compression ratios one thus requires long crystals and large values of
δ . For the case of β-barium borate (BBO) and FF pulses around 700 nm, we have δ ≈300
fs/mm so that a crystal length of 1÷2 cm is sufficient for efficient generation of pulses with
bandwidth < 10 cm-1 [19].
As a preliminary step to the ambitious goal of stand-off coherent vibrational sensing based
on atmospheric lasing, we have demonstrated backward SRS in a gas cell using counterpropagating pump and Stokes pulses. The experimental configuration, shown in Fig. 16, is
based on an Yb:KGW laser (Pharos, Light Conversion) generating 400-µJ, 200-fs, 10-kHz
pulses at 1030 nm fundamental frequency (FF). The system drives a SH-pumped OPA
17
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producing 40-µJ pulses tunable between 600 and 700 nm. The OPA pulses are sent to a
spectral compressor generating UV pulses (300-350 nm) serving as the tunable Raman
pump. Using a 20-mm-thick BBO crystal, the GDM ranges from 5.5 ps at 700 nm to 8.2 ps at
600 nm, resulting in UV pulse linewidths below 10 cm-1. A fraction of the FF is frequency
tripled to generate a fixed wavelength Stokes pulse at 343 nm, emulating the atmospheric
N2 laser.

Fig. 16: setup of the proof-of-principle backward SRS experiment.

The generation of a narrowband third harmonic (TH) pulse requires special care. The idea is
to first generate a quite long SH pulse (≈1.8ps at 515 nm) in a first 20-mm long BBO crystal,
and then to combine such SH pulse in a second BBO crystal with the ≈200fs FF pulse (1030
nm) to produce a narrow-bandwidth TH pulse at 343 nm. This can be achieved with a Type
I interaction [FF(o) + SH(o) → TH(e)] in a 10-mm long BBO crystal, such length
corresponding to the pulse-splitting length between the SH and FF pulse. More precisely,
the faster FF pulse travels through the crystal by superimposing different temporal portions
of the slower (and longer) SH pulse. The two pulses remain overlapped for an effective
interaction distance Leff= 10.7 mm, which can be calculated as:

Leff =

τ SH
1 v gSH − 1 v gFF

where τSH is the SH pulsewidth, 1/vgSH and 1/vgFF are the group-delay per-unit-length of
SH and FF pulses, respectively. The TH pulse remains thus generated over an effective
interaction length Leff, and its duration can be estimated as the difference between the group
delay of the FF pulse and the group delay of the TH pulse itself:

τ TH =

Leff
v gTH

−

Leff
v gFF

The process is not particularly efficient and the temporal/spectral quality of the generated
narrow-bandwidth TH pulse depends quite strongly on the peak intensity of the interacting
FF and SH pulses. In a regime of small depletion, however, the TH pulses result to be
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transform-limited with nearly rectangular temporal shape, a spectral width of 10-20 cm-1,
and an energy level of few tens of μJs, comparable to what obtainable with atmospheric N2.
As explained above, such a low energy does not prevent these pulses to undergo a quite
strong SRG, which depends on the intensity of the more powerful pump pulses generated
from the OPA.
Pump and Stokes pulses are synchronized by a delay line and focused in a counterpropagating direction in a cell filled with gas of varying pressure. The pump pulse is
modulated at 375 Hz by a mechanical chopper. The transmitted Stokes pulse, selected by a
dichroic mirror, is sent to the photodetector and its SRG is measured by synchronous
detection with a lock-in amplifier. A fraction of the Stokes is sampled before the interaction
chamber to allow for differential detection, cancelling Stokes energy fluctuations and
increasing sensitivity. Figure 17(a) shows a backward SRG spectrum for methane at a
pressure of 5 bar around the ν1 band (symmetric CH stretching mode), acquired by tuning
the pump pulse frequency; it peaks around the expected 2915 cm-1 [20] and has a width
determined by the convolution between pump and Stokes spectra. The spectrum does not
show any distortion or contribution from NRB. Figure 17(b) shows the SRG signal as a
function of methane pressure, highlighting the linear concentration dependence that is
characteristic of SRS. It is possible to detect the SRG signal for pressures down to 40 mbar.
Finally the lower inset in Fig. 17(b) shows the SRG signal as a function of the delay between
the pump and Stokes pulses; due to backward propagation geometry, the SRG signal is
detected as long as pump and Stokes pulse overlap within the confocal parameter of the
beams; our results, giving a ≈20 ps FWHM of the SRG signal, are consistent with a confocal
parameter of 3 mm.

Fig. 17: (a) spectrum of the backward SRG signal of CH4 (dots) measured at pressure of 5 bar; solid line
is guide for the eye;; the actual FWHM is determined by the convolution of pump and Stokes spectra;
(b) backward SRG signal as function of pressure measured in CH4, displaying the expected linear
concentration dependence; in order to highlight the dependence at low pressures in the top inset the
signal is plotted in a log-log scale; lower inset displays the SRG signal for three different pressures
(indicated in the panel) plotted as a function of the delay between the pump and Stokes pulses.
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We then moved to detection of the SRS signal in air under atmospheric condition. Fig. 18(a)
shows the normalized SRG signal in forward interaction geometry, as a function of the
delay between pump and Stokes pulses; in this case the width of the curve gives the crosscorrelation of the pump and Stokes pulses in time (1÷2 ps in this case). Figure 18(b) shows
the SRG signal for N2 (νR = 2330 cm-1) and O2 (νR = 1555cm-1), demonstrating our ability to
detect them under atmospheric conditions.

(a)

(b)

Fig. 18: (a) forward SRG signal as a function of delay between the pump and Stokes pulses measured in
N2 in air under normal conditions in co-propagating geometry; the signal represents cross-correlation
between the pump and Stokes pulses; (b) backward SRG signal as a function of delay between the pump
and Stokes pulses measured in N2 and O2 in air under normal conditions in counter-propagating
geometry.

In order to increase the interaction length in a backward propagating geometry and more
closely approach the real remote sensing conditions, we used a different configuration,
shown in Fig. 19, in which the THG of the Yb laser was replaced by the THG of a
nanosecond cavity-dumped Nd:YAG laser, electronically synchronized with the Yb system.
Besides increasing the pulsewidth and thus the interaction length, this approach also allows
to significantly increase the energy of the THG pulse, up to 130 µJ with ≈5 ns duration.

Fig. 19: advanced setup for the backward SRS experiment.
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Given the higher shot-to shot stability of the Yb laser, we preferred to detect the SRL of the
tunable Raman pump. Figure 20 shows the spectral response of the SRL signal in Methane
at the pressure of 6 bar. The measured response represents a convolution of the spectral
width of Raman response of methane (of the order of 2 cm-1) and spectral width of the
Raman pump pulse. The absolute SRL signal (ΔI/I) is remarkably high, 2.1×10-3, which is
due to high Raman cross-section of Methane. This result reveals a requirement of high
picosecond pump pulse energy (in the order of several millijoules) in the case of remote
probing of diluted gasses, especially possessing low Raman cross-sections.
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Fig. 20: SRL spectrum of Methane at 6 bar measured using the setup shown in Fig. 19. Insets show
spectra of the pump and Stokes pulses measured with a spectrometer.

The obtained results allow us to evaluate the required parameters for a true stand-off
sensing based on backward SRS. The pulse duration of an atmospheric laser is 1-2 ns
(limited by the lifetime of the active medium), resulting in an increased interaction length of
15÷30 cm. The energy of the tunable Raman pump can be boosted by several orders of
magnitude using an optical parametric chirped pulse amplifier, allowing a corresponding
linear scaling of the SRG signal.
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coherent backscattering for stand-off

spectroscopy
Standoff detection of trace gases in the atmosphere is one of the greatest challenges in
modern science and technology. Recent discoveries and impressive technical progress in
ultrafast optics suggest new powerful tools for remote sensing. In particular, filamentation
of high-power ultrashort laser pulses in the atmosphere offers new approaches to standoff
detection at different altitudes and distant locations. The search for the strategies capable of
enhancing the return of the standoff detection signal is ongoing. Promising solutions to this
problem include standoff spectroscopy based on gain-swept superradiance through the
recently discovered lasing processes in the atmosphere, coherent Raman techniques, as well
as various combinations of laser and radar methods. The fundamental difficulty of coherent
signal generation in the backward direction through a nonlinear wave-mixing process is
due to phase matching, which expresses a universal physical principle of momentum
conservation.
Here we demonstrate the possibility of producing a strong backward signal through a fourwave mixing (FWM) process via Raman-excited molecular vibrational coherence. In this
process, two strong near-UV laser pulses (pump and Stokes) generate the coherence
between two vibrational molecular levels. A weak IR pulse then probes this coherence and
generates an IR signal in the backward direction. A local ionization of a gas by a
nanosecond pulse enables a remote control of the refraction, facilitating phase matching of
the considered FWM process.
Details of this work can be found in the following paper, recently published in Optics letters
and reported in the Appendix:
L. Yuan, K.E. Dorfman, A.M. Zheltikov, and M.O. Scully, "Plasma-assisted coherent backscattering
for standoff spectroscopy," Opt. Lett. 37, 987-989 (2012)

7_

CONCLUSION

In this deliverable:


we were able to collect time-resolved CARS transients of the prototype molecule N2 in
the gas phase;



we demonstrated a new CARS technique with heterodyne detection and double
quadrature spectral interferometry;



we introduced a new technique, called balanced detection Raman Induced Ker Effect
(BD-RIKE) which combines the advantages of CARS and SRS, allowing suppression of
the NRB, signal amplification and linear background suppression;



by combining tunable broadband pulse generation with the technique of nonlinear
spectral compression we demonstrate a prototype scheme for a highly selective
22
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coherent standoff sensing of air molecules and investigate the possibility of coupling it
to the recently demonstrated backward atmospheric lasing;


we show that an intense coherent backward signal can be generated through a Ramantype four-wave-mixing process using forward propagating fields only. Phase matching
for this process is achieved through a plasma modulation of the refractive index. This
process appears very promising for standoff spectroscopy.
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