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SHORT DESCRIPTION:
In a first characterization and modeling of CARS spectra of explosives we were able
to collect broadband Multiplex-CARS spectra of nine different compounds relevant for the
detection of explosives in future. All of them showed characteristic signatures within a
spectral range between 500 and 3100 cm-1 that proves CARS to be an excellent method for
this purpose. We also present two systems for multiplex CARS spectroscopy, both using
spectral compression. The first system relies on photonic crystal fibers. The second system,
featuring non-resonant background suppression, uses a laser system very similar to the one
under development for CARS detection in the CROSS TRAP project.
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INTRODUCTION
In this deliverable we first present some preliminary studies aiming at assessing

CARS as a method for identification of explosives and biochemical threats. We then
introduce two setups for multiplex CARS, developed by the project partners, both using the
concept of spectral compression.
Although several studies have been performed on explosives and biological agents by
means of spontaneous Raman spectroscopy only very few examples exist in the literature
for CARS. In addition, due to the intricate interference of resonant signal and non-resonant
background in the CARS process spontaneous Raman spectra cannot be easily translated
into CARS spectra. Therefore a preliminary study of a variety of chemicals had to be
performed first which will be used later, together with the numerical analysis developed in
T2.2, to achieve realistic predictions of the CARS response of relevant molecules.
The first multiplex CARS apparatus, developed by Moscow State University, relies on
the use of an unamplified 70-fs, 340-mW Cr: forsterite laser output and photonic crystal
fibers optimized for the generation of wavelength-tunable Stokes field and spectral
compression of the probe pulse, respectively. The system is used for vibrational
spectroscopy of synthetic diamond films.
The second system, developed by Politecnico di Milano, uses a driving laser very
similar to the one under development by Menlo Systems and Bilkent University in the
framework of the CROSS TRAP project. It employs a time-delayed three-beam CARS
configuration, with pump, Stokes and probe all generated starting from an amplified
Ytterbium laser. By delaying the probe pulse, it enables efficient suppression of the nonresonant background.

2

FP7-ICT-2009-C Project No. 244068 CROSSTRAP

2_

Deliverable D2.1

MULTIPLEX CARS-MICROSPECTROSCOPY: EXPERIMENT AND THEORY
Using an already available CARS microscope which allows for detecting the whole
-1

fingerprint region as well as local groups up to 3500 cm CARS multiplex measurements of
precursors of the most prominent chemicals of TNT, DNT, RDX have been collected for a
first characterization. Special attention has been given to NO vibrations since these
2

vibrational signatures are known to be very characteristic and a large fraction of energetic
materials contains these groups.
The Multiplex-CARS (MCARS) scheme and the experimental setup for the CARS
microspectroscopy is shown in Fig. 1. A narrowband pulse provides the Pump ωp and
Probe ωp’ pulse (Fig 1 a) with the designated frequency ωp whereas a broadband
supercontinuum acts as Stokes with the center frequency ωs. All vibrational modes of the
sample molecules within the interval ΩR=ωp -ωs are excited simultaneously and can be
detected blue shifted to the initial beams as ωCARS. A detailed sketch of the experimental
setup is given in Fig 1 b).

a)

b)
Fig. 1. a) Multiplex-CARS process with interacting laser pulses pump, Stokes, probe and CARS with
the designated frequencies ωp, ωS, ωp’ ωCARS. b) Experimental setup with Ti:Sa fs-oszillator,
photonic crystal fiber (PCF), spectral filters (F1, F2, F3) and detection unit (Andor Newton CCD).

The two laser pulses necessary for the MCARS process are converted from the initial
laser light of a Ti:Sapphire-oscillator (Coherent Mira 900, 1.0 W, 220 fs) by using a
narrowband filter (F1 in Fig 1 b) and a photonic crystal fibre (PCF). Since fs-laser pulses
with an average power of about 100 mW are sufficient for fibre operation, an amplifier
system normally used for white light generation is not necessary in the case of
microspectroscopy. The two beams are overlaid in time and space at the filter position (F2)
and finally focussed onto the sample with a microscope objective (MO1). The CARS signal
is spectrally separated from the initial laser light (F3) and detected with a CCD camera
(Andor Newton) equipped with a spectrograph (Princeton Instruments). The photonic
crystal fibre had to be specifically optimized for the MCARS setup in order to provide a
stable and broadband white light continuum of several hundred nm when pumped by an
3
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initially narrowband laser pulse. In addition the different optical components had to be
carefully selected because of the significant dispersion in optical materials, leading to a
spectrally and spatially chirped Stokes pulse and therefore only to a partial interaction of
the Stokes spectrum with the pump and probe excitation. This problem could be solved by
choosing a special type of PCF which shows anomalous dispersion when pumped with fspulses at 785 nm (Type NL-PM-750, crystal fibers). The blue part of the light passes the core
faster than the red one and the amount of negative “chirp” is easily selected by the length of
the fibre. With an optimal length the negative pre-chirped fibre continuum is compressed
by the positive dispersion that always occurs in dispersive media like beam splitters,
reflection coatings and in particular in microscope objectives. This concept is also illustrated
in Fig 2.

Fig. 2. a) Concept of passive pulse compression with negative chirped fiber continuum. Positive
dispersion from the microscope objective compensates the fiber dispersion and results in maximum
temporal overlap between pump and Stokes.

This procedure of passive pulse compression is very effective as illustrated in Fig 3.
Fig 3 a) shows the fibre-spectrum above 790 nm that in principle takes part at the generation
of the nonlinear Raman process. The most intensive part of the Stokes continuum could be
compressed to less than 20 fs at the focus of the microscope objective as illustrated by the
intensity-autocorrelation in Fig 3 b).

Fig. 3. a) Spectrum of the fiber continuum used for the MCARS process. Frequencies below 790 nm
were cut off in order to avoid superposition with the CARS signals. b) Autocorrelation measured in
focus volume shows a pulse duration of less than 20 fs.
4
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An MCARS spectra obtained from this setup provides now spectral information
ranging from the fingerprint region up to more than 3000 cm-1 where the unsaturated CH
stretching vibrations from aromatic compounds can be found in vibrational spectroscopy.
However, the MCARS data do not provide the same information as those obtained from the
corresponding spontaneous Raman experiments due to the coherent interference between
the resonant (imaginary part) and the nonresonant term (real part or nonresonant
background) of the third order susceptibility (χ3), see Fig. 4 a). The third order susceptibility
χ3 itself is a complex quantity and only the imaginary part represents the signal obtained
from spontaneous Raman spectroscopy (see also the simulation shown in Fig 4 b). As a
consequence, MCARS raw data come up with falsified intensities, besides red shifted signal
positions and weak signals located at the “blue side” of strong vibrational resonances are
nearly extinguished by destructive interferences.

a)

b)
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Fig. 4. a) The third order susceptibility χ3 relevant for CARS consists of a resonant and a nonresonant
contribution. The detected intensity represents the squared modulus of the electrical field that cannot
be detected directly. As a consequence, interference terms led to falsified signal intensities. Only the
imaginary part of the complex quantity χ3 can be compared with the classical Raman spectra. b) These
effects are illustrated in a simulation: MCARS-raw data (upper line), Imaginary part (Im) and real
part (Re).

The computer assisted reconstruction of the “real” Raman spectra based on MCARS
raw data and phase retrieval algorithms has been successfully achieved by imaginary part
extraction. This additional step is often neglected in basic applications of MCARS
microscopy but becomes very important in case of imaging application of unknown
samples. In the case of explosive detection it helps to increase the signal to background ratio
of weak signals and to improve the selectivity and sensitivity for almost similar species. The
reconstructed Raman spectra presented in this work were calculated by using a recently
developed fitting algorithm that has been successfully implemented in our software. The
mode of operation is shown in Fig 5. The upper part shows the MCARS raw spectrum from
PET, a transparent polymer with multiple vibrational modes over the whole spectral region
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(black line). The nonresonant background can be either measured separately or, as shown in
this case, estimated by a polynomial term of higher order (red line). Based on these two data
sets, iterative application of Taylor series expansion and fast Fourier transformation (FFT)
combined with filter criterions for baseline subtraction finally led to an estimated Raman
spectrum (Fig 5, lower part).
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Fig. 5. upper part: measured MCARS spectrum from Polyethyleneterephtalate (PET, black line) and
polynomial estimation of the onresonant background (red line). Lower part: The extracted Raman
information demonstrates how the signal intensities have been falsified in the raw data).

_ CARS-SPECTRA OF EXPLOSIVES

3

An explosion can be basically considered as a very fast decomposition of a material
accompanied by thermal energy transferred on the reaction products. The amount of
volume expansion is finally responsible for the explosive effect. Concerning explosive
agents we have chosen two different major classes of chemical species. The oldest type of
explosive media such as black powder known from the 13th century is a heterogenic mixture
of an organic compound and an oxidizing agent undergoing a fast redox-reaction.
Nowadays numerous mixtures, so called propellant agents, use nitrates and chlorates as the
most common oxidizers. Application ranges from fireworks up to solid fuel rockets.
Although the speed of decomposition is limited due to the heterogenic structure of the
reactants, these mixtures are easy to prepare and dangerous when encapsulated in solid
housings. The second type of explosives is represented by chemical compounds, where the
molecule itself can decompose in gaseous products. Oxygen is mostly provided by the
nitro-groups (NO2) that have a covalent bondage to the rest of the molecule. In the present
study, we focussed our work on a characteristic selection of chemicals listed in Fig 6.
Besides Fig 6 a) where we selected urotropine and nitrated derivatives from Toluene that
6
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can act as precursors for the well known 2,4,6-Dinitrotoluene (TNT), we choose four
inorganic oxidizers (Fig 6 b) that can be used for propellant agents discussed above. All of
the derivatives were bought from Sigma Aldrich and are not explosive in its pure state.

Fig. 6. a) Precursor molecules of RDX such as urotropine and NO2-functionalized toluenes known
from TNT production. b) Most common inorganic oxidizers for propellant agents.

The MCARS raw data of the organic compounds listened in Fig 6 a) can be seen in Fig
7 a). Besides the urotorpine used for the synthesis of RDX with prominent C-H stretching
vibrational modes around 3000 cm-1 the nitro aromatic compounds show up specific
spectral information. The aromatic C=C stretching vibration at 1400 cm-1 is the strongest
signal in the MCARS raw data. Nevertheless, the saturated and unsaturated CH stretching
vibrations show up clearly at 2900 and 3100 cm-1. Last but not least, the signature of the anti
symmetric stretching vibration vas (NO2) of the nitro groups is present in all of the three raw
spectra around 1550 cm-1 and acts perfectly as a marker for the explosive potential of these
chemicals. The corresponding reconstructed Raman spectra obtained by the method
described earlier are shown in Fig 7 b). Besides the baseline correction, small signals in the
fingerprint region are pronounced more clearly and are not overlaid by the background
signal anymore. However, the most important information about the presence of NO2groups can also be obtained from the raw data as well.

7
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Fig.7. a) MCARS raw data of the molecules presented in Fig. 6 b). b) The corresponding Raman
spectra obtained from imaginary part extraction of the MCARS raw data.

The MCARS raw data of the inorganic oxidizers listened in Fig 6 b) can be seen in Fig
8 a) accordingly. Without any C-H vibrational modes, the spectral information is reduced to
the fingerprint region. However, the Raman shift around 1000 cm-1 between nitrates and
chlorates is different. Additionally, the ammoniumnitrate also shows a broad NH4-signal
contribution beyond 3000 cm-1. For this common explosive normally used with 5% of fuel
oil “ANFO”, this spectral feature might be very important for a reliable identification. The
extracted Raman data shown in Fig 8 b) do not provide any additional information. In spite
of the success of the phase retrieval it has to be mentioned that the algorithm do not
automatically provide the whole information obtained from spontaneous Raman
experiments, but it helps to compare the measured spectra with spectral databases which
are already established for many chemical components.
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Fig. 8. a) MCARS raw data of the molecules presented in Fig. 6 b). b) The corresponding Raman spectra
obtained from imaginary part extraction of the MCARS raw data.

In order to test the significance of the foregoing results a small amount of a common
chemical explosive, the so called cellulose-nitrate or nitrocellulose, was synthesized in the
chemical lab and compared with the non dangerous counterpart, the native cellulose. The
reaction procedure is illustrated in figure 9. This type of explosive has a remarkable feature
since the product of the reaction shown below has the same appearance as the initial
product when prepared carefully. Every type of cellulose such as cotton in clothing, or
sheets of paper can be used as supporting material what makes this compound suitable for
a hidden transport e.g. in the form of a T-shirt.

Fig. 9. a) Synthesis of nitro-cellulose

The spectral results are shown in figure 10. The MCARS raw data is again shown on
the left in Fig. 10 a). The upper panel shows the native cellulose, the lower panel shows the
sample after the treatment illustrated in Fig. 9. Additional vibrational stretching modes
from the NO2-functionalisation directly show the dangerous difference between the two
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substances, not distinguishable by eye or by touch. The extracted Raman information is
shown on the right side as Fig 10 b) accordingly.
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Fig. 10. a) MCARS raw data of native cellulose and cellulose-nitrate. b) The corresponding Raman
spectra obtained from imaginary part extraction of the MCARS raw data.

_ COMPACT MCARS SYSTEM BASED ON FIBER SPECTRAL COMPRESSION

4

In this section we describe a compact MCARS apparatus, developed by Moscow State
University, relying on the use of an unamplified 70-fs, 340-mW Cr: forsterite laser output
and PCFs optimized for the generation of wavelength-tunable Stokes field and spectral
compression of the pump pulse, respectively. This CARS system is based on a specifically
designed long-cavity Cr: forsterite laser oscillator [8]. With a 10-W pump provided by an

Cr:F

Yb fiber laser

T= 12%

Isolator
λ/2
BS

PCF
F2
IR Spectrometer

F1

DM

DF

Delay

Fig. 11. Diagram of the experimental setup: Cr: F, Cr: forsterite crystal; BS, beam splitter; PCF1,
PCF2, photonic-crystal fibers; F1, F2, filters; DM, dichroic mirror; DF, diamond film. The PCF-based
scheme of spectral narrowing is shown in the inset.
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ytterbium fiber laser, the Cr: forsterite oscillator delivered 70-fs, 340-mW light pulses with a
central wavelength of 1.25 μm at a repetition rate of 18 MHz. A beam splitter (BS in Fig. 11)
was used to divide the Cr: forsterite laser output into two beams. The first beam was
launched into a first PCF (PCF1) for the generation of frequency-tunable Stokes field
through soliton self-frequency shift. CARS with a PCF-based soliton frequency shifter as a
Stokes source has been earlier demonstrated by Keiding et al. [9] and Sidorov-Biryukov et al.
[10]. By varying the power of laser pulses launched into the PCF, we were able to tune the
soliton PCF output within the range of wavelengths from 1.35 to 1.75 μm (Fig. 12a). The
smoothly tunable wavelength-shifted soliton output of the PCF was characterized by means
of cross-correlation frequency-resolved optical gating (XFROG), implemented in our
experiments by mixing the PCF output with reference pulses from the Cr: forsterite laser.
Typical XFROG traces of a frequency-shifted PCF1 output measured in experiments with
different input peak powers are presented on one map in Fig. 12a, with the pulse width of
PCF output varying within the range of 55 - 65 fs for different output wavelengths. As can
be seen from these XFROG traces, the PCF1 output is nearly transform-limited, owing to the
soliton regime of wavelength shift, which helps to avoid unwanted oscillations in CARS
spectra due to the interference of resonant and non-resonant parts of the nonlinear signal.
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Fig. 12. (a) A map showing XFROG traces of the frequency-tunable PCF1 output. Traces with
different central wavelengths and different delay times were measured in experiments with different
input peak powers. (b) Spectra of the output of the photonic crystal fiber (PCF2) used for the spectral
narrowing of Cr: forsterite laser pulses measured as a function of the average power of input light
pulses.

The second beam was intended to provide the pump and probe fields for the CARS
process. To improve the spectral resolution and to enhance nonresonant-background
suppression in CARS spectra, we used a second PCF (PCF2), which was adjusted to narrow
the spectrum of laser pulses through self-phase modulation process [11-13]. For efficient
spectral compression, the light pulses were negatively prechirped with a prism pair, which
stretched the pulses to approximately 700 fs, before they were launched into the PCF. Selfphase modulation in a medium with a positive nonlinear refractive index tends to red-shift
the leading edge of the pulse and blue-shift its trailing edge. For a pulse with an initial
negative chirp, such a temporally nonuniform spectral shifting transfers the energy from the
11
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wings of the field spectrum toward its central part, thus narrowing the spectrum. Fig 12b
displays the spectra of the PCF output measured as a function of the input average power of
light pulses. Spectral compression ratios of 3.5 - 4.0 provided an adequate level of spectral
resolution in our CARS measurements with the output of the PCF spectral compressor used
as a source of pump and probe fields in CARS. While the spectral compression improves
the spectral resolution and helps to suppress the nonresonant background in CARS spectra,
a strong chirp of pump and probe pulses should be avoided, as it induces unwanted
oscillations due to the interference of resonant and nonresonant parts of the nonlinear
signal. In our experiments, the PCF2 output had a small negative linear chirp C ≈ – 0.03 ps2,
which was too low to cause any noticeable oscillations in CARS spectra.
CARS spectra of CVD diamond films were measured by scanning the frequency
difference ω1 − ω2 of the pump and Stokes fields around the frequency Ωp/(2πc) ≈ 1332 cm−1
of this zone-center optical phonon. A typical spectrum of spontaneous Raman scattering of
a CVD film is presented in inset 1 to Fig. 13. In Fig. 13, we present typical spectra of the
CARS signal generated in the synthetic diamond film by pump, Stokes, and probe beams
focused into a spot size of about 5 μm with different Stokes central wavelengths (the Stokes
spectra are shown in inset 2 to Fig. 13). The maximum CARS signal is detected when the
Stokes wavelengths is set at 1500 nm, corresponding to the resonant excitation of the 1332cm−1 optical phonon. The CARS spectra presented in Fig. 13 display characteristic
asymmetry, indicating the interference of resonant and non-resonant parts of the third-

3.0
2.5

1. 0

1

0. 8
0. 6

Spectral intensity (arb. units)

3.5

Spectral intensity (arb. uni ts)

Spectral intensity (arb. units)

order nonlinear susceptibility.

0. 4
0. 2
0. 0
13 1 0

13 2 0

1 33 0

134 0

135 0

Raman shift (cm-1)

2.0
1.5

3

1.0

1

2

5

6

0.6
0.4
0.2
0.0
1450

1500

155 0

16 00

1 650

Wavelength (nm)

1

4

0.5
0.0
1000

4

0.8

2

1.0

3

2

5
1200

1400

6

1600

1800

-1

(ω1-ω2)/2πc (cm )
Fig. 13. Spectra of the CARS signal from the synthetic diamond film measured with a soliton PCF
output used as the Stokes field. The spectrum of spontaneous Raman scattering for the synthetic
diamond film is shown in inset 1. Inset 2 displays the spectra of the soliton PCF1 output 1 - 6 used to
measure the respective CARS spectra 1 - 6. Experimental spectra are shown by open circles. The solid
lines show the theoretical fits for CARS spectra with the respective Stokes spectra as shown by the
solid lines in inset 2 assuming a Lorentzian profile of the phonon line with Ωp/(2πc) = 1332 cm-1,
Γp/(2πc) = 2 cm-1, and χ r(3) χ nr(3) = 17.
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The CARS signal was fitted by the superposition of a non-resonant background and a
resonant signal with susceptibility is assumed to have a Lorentzian spectral profile,
−1

χ (3) = χ nr(3) + χ r(3) Γ p 2 ⋅ ⎡⎣Ω p − (ω1 − ω2 ) + i Γ p 2 ⎤⎦
,
where χ nr(3 ) is the nonresonant part of χ (3 ) , χ r(3 ) is the amplitude of its resonant part, and Γp
is the phonon linewidth. Then, setting Γp/(2πc) = 2 cm−1 and Ωp/(2πc) ≈ 1332 cm−1, as
dictated by spontaneous Raman spectra for the studied synthetic diamond films (inset 1 to
Fig. 13), and using χ r(3) χ nr(3 ) as the only fitting parameter, we find that the best fit for the
experimental CARS spectra (shown by the solid lines in Fig. 13 for different Stokes spectra,
as shown in inset 2) is achieved with χ r(3) χ nr(3 ) = 17 ± 2.

_ BACKGROUND-FREE MCARS WITH SPECTRAL COMPRESSION

5

In this section we describe the work by Politecnico di Milano on the development of a
multiplex, background-free MCARS system, to be interfaced to the laser system currently
under development by Bilkent University and Menlo Systems. The CARS setup is meant to
combine several characteristics: i) excitation source provided by a single laser system,
without any cumbersome and costly synchronization units between different lasers or
cavities, ii) multiplex CARS operation, so as to obtain parallel detection and monitoring of
several vibrational bands, iii) high CARS signal levels, iv) non-resonant background (NRB)
suppression, for straightforward interpretation of the vibrational spectra.
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Fig. 14. Mechanisms for generation of the signal (a) and non-resonant background (b) in multiplex
CARS. Schematic of: (c) three-colour CARS with zero probe delay; (d) three-colour CARS with
delayed probe; e) three-colour CARS with delayed and exponentially decaying probe.
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For efficient NRB suppression we chose the time-delayed three-colour CARS
configuration, the principle of which is shown in Fig. 14. The three-colour regime is
depicted in Fig. 14(a): combination of a pump pulse (frequency ωp) and a Stokes pulse
(frequency ωS) coherently populates a vibrational level in the ground state of the molecule,
and a probe pulse (which has a different frequency ωp’ with respect to the pump),
synchronized with pump and Stokes, is scattered off this molecular vibration to generate
the CARS signal at the anti-Stokes frequency ωaS = ωp-ωS+ωp’. If the Stokes pulse is
broadband, then many vibrational frequencies are excited simultaneously and one obtains a
multiplex CARS spectrum. When the pump, Stokes and probe pulse are temporally
overlapped (see Fig. 14(c)), the NRB is also excited, according to the four-wave-mixing
scheme depicted in Fig. 14(b): absorption of one pump and one probe photon, and emission
of one Stokes and one anti-Stokes photon. Since the NRB is a non-resonant effect, requiring
temporal overlap of pump, Stokes and probe, it can be completely suppressed by
temporally delaying the probe with respect to the pump-Stokes pair (see Fig. 14(d)) [14].
Note that the delay of the Stokes pulse should be smaller than or comparable to the
dephasing time T2 of the ground state vibrational coherence created by pump and Stokes
pulses. Under this respect, the optimum temporal shape of the probe pulse is displayed in
Fig. 14(e): it features a sharp rise, allowing minimization of the temporal overlap with pump
and Stokes even at short delays, and an exponential decay with a time constant matching T2.
The experimental apparatus for multiplex background-free CARS is sketched in Fig.
15. It starts with an amplified Yb:KYW laser (femtoREGEN™, HighQLaser) producing 1040nm, 350-fs pulses with an average power up to 8 W and repetition rate selectable between
300 kHz and 1 MHz. A few hundreds mW are used to produce, after second harmonic
generation in a 10 -mm-long lithium triborate crystal, up to 50 mW of green light at 520 nm
to be used as a Raman pump. The largest fraction of the available power (3 Watts at 1 MHz),
corresponding to a pulse energy of about 3 µJ, is focused in a 4-mm-thick YAG plate to
produce a white light continuum (WLC) spanning approximately two octaves. YAG allows
to generate a rather stable WLC even with the relatively long pulsewidths provided by our
laser [15]. The 520-630 nm WLC spectral portion is used as a broadband Stokes beam. In
combination with the Raman pump at 520 nm it makes possible the excitation of all
vibrational modes up to 3300 cm-1. In the spectral range of interest the average power of the
Stokes beam is nearly 1 mW. A third portion of the available power is used to produce a
narrowband probe beam at 1040 nm. Spectral narrowing is passively achieved by means of
a properly designed etalon with a finesse of 15 and a free-spectral-range of 2.6 THz,
resulting in an overall spectral resolution of ≈9 cm-1. A computer-controlled delay-line sets
the timing of the probe pulse with respect to the pump/Stokes pair. It is worth noting – see
inset in Fig. 16 – that the typical pulse temporal profile given by the etalon, consisting of a
sharp rise followed by an exponential tail, is very much suited to our time-delayed CARS
configuration (see Fig. 14(e)): on one hand the sharp rise, since it gives minimum temporal
overlap with the pump and Stokes pulses, allows for an efficient suppression of the NRB; on
14
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the other hand the exponential tail very well matches the typical dephasing profile of the
populated vibrational level, thus maximizing the interaction with the sample. The detection
apparatus consists of a conventional spectrograph with 1024 pixels and a maximum
acquisition speed of 1 kHz.

Fig. 15. Schematic of the experimental setup used for the time-delayed three-pulse CARS. WP: halfwave plate; BS: beam splitter; OMA: optical multichannel analyzer.

Figure 16 reports the normalized spectra of pump, Stokes, and probe pulses. The Stokes
beam is purposely spectrally filtered above 630 nm in order not to superimpose with the
spectral region where the CARS signal is expected to occur, namely between 1040 nm (for
zero frequency detuning) and 775 nm (for 3300 cm-1 detuning). The probe spectrum is better
resolved in the inset: it exhibits the expected Lorentzian shape, with a FWHM of 1.5 nm (i.e.
13.8 cm-1, limited by the spectrometer resolution), without any side lobe given by adjacent
resonances of the etalon.

3000 cm-1

Fig. 16. Spectra of pump (black) Stokes (blue) and probe (red) pulses. The inset shows a zoom of the
probe spectrum, exhibiting the typical lorentzian shape given by the etalon, with a FWHM of 1.5 nm.
In the time domain the lorentzian shape translates into an exponentially decaying field that is very
much suited for efficient time-delayed three-colours CARS (see comments in the text).
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Figure 17 reports the spectra of several solvents in the 2400-3200 cm-1 region, as
acquired in a simplified two-colour CARS configuration, using 520-nm pump and
broadband Stokes, with the probe beam absent. Even if qualitatively in agreement with the
corresponding Raman spectra, they are affected by two main problems: a rather poor
spectral resolution, due to the ≈50 cm-1 spectral width of the pump beam, and the
asymmetrical dispersive shape of the main peaks, which is due to the coherent
superposition with a strong non-resonant background.

Fig. 17. Two-colour CARS spectra of several solvents. The characteristic lineshape deformation due to
the non-resonant background is apparent.

Figure 18 shows a sequence of three-colours CARS spectra of methanol for different delays
between the probe pulse and the pump/Stokes pair. A delay of 330 fs, roughly
corresponding to the pump pulse duration, is sufficient to make the shape of the two main
resonances much more symmetrical and to shift their maxima to the 2830 and 2945 cm-1

Fig. 18. Time-delayed three-colour CARS spectra of methanol for different values of the probe pulse
delay.
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values that are expected from the spontaneous Raman spectra of the sample. The signal
penalty encountered upon increasing the delay does not exceed a factor of 4 if the average
power of the probe beam is kept comparable to that of the pump, i.e. 10 mW at 1 MHz
repetition rate. On the other hand, the spectral resolution is considerably increased as a
consequence of the narrower spectrum of the probe beam: this is well highlighted in Fig. 19,
where the spectra of the solvents of Fig. 17 are again reported when acquired in a threecolour configuration. The rather congested spectrum of isopropynol is now perfectly
resolved.
Taking into account that the average optical power associated with the spectra of Fig.
19 is around 10 nW (the two-colour CARS signal can be easily detected by naked eye) and
that the signal-to-noise-ratio amounts to more than 1000 with 10 ms integration time, it is
reasonable to foresee that a dedicated and faster detection system could easily acquire those
spectra with extremely high SNR with shorter acquisition times.

Fig. 19. Time-delayed three-colour CARS spectra of different solvents, showing non-resonant
background suppression.

To assess the sensitivity of our system, Fig. 20 reports the spectrum of a 6.25-%diluted solution of methanol in water. Even at such a strong dilution factor the spectral
features of methanol are clearly resolved with respect to the huge water resonance. By
software analysis the water response could even be subtracted, allowing for full chemical
identification of the sample. This example shows how the broadband capability can be
successful in the identification of molecular compounds with more or less congested
spectral features even within environments giving strong non-resonant and also resonant
contribution.
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Fig. 20. Time-delayed three-colour CARS spectra of a mixture of 6.25% methanol in water.
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CONCLUSION

In this deliverable:


we were able to collect the MCARS broadband spectra of nine different compounds
relevant for the detection of explosives in future. All of them showed characteristic
signatures within a spectral range between 500 and 3100 cm-1 that proves MCARS to be
an excellent method for this purpose. The fingerprint region can be considered as the
most important area concerning inorganic compounds whereas the area around 1500
wavenumbers as well as at 3000 cm-1 have been determined to be the most important
spectral regions for organic molecules. The signal structure at 1550 cm-1 is specific for
toluene functionalized with NO2-groups and can be considered as an excellent marker
for standoff detection with Raman and CARS spectroscopy. Our results have been
compared with reconstructed Raman spectra calculated by using a recent phase
retrieval algorithm. It could be shown that specific information about NO2 can also be
detected based on MCARS raw data. The characteristic spectral regions offer a high
potential for further investigations with the so called SAM-CARS approach, where the
information of broadband Multiplex detection can be combined with single channel
detection [5].



we demonstrated a compact CARS apparatus relying on the use of an unamplified 70fs, 340-mW Cr: forsterite laser output and photonic-crystal fibers optimized for the
generation of a wavelength-tunable Stokes field and of a spectrally compressed pump
field. The system has been applied to CARS metrology of optical phonons in synthetic
diamond.
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we developed a multiplex CARS apparatus based on an amplified Yb-laser for
broadband, fast and background-free detection and recognition of chemicals in the
liquid phase. When applied to solvents, the CARS system showed sub-10 cm-1 spectral
resolution over a range of hundreds of wavenumbers with high signal-to-noise-ratio
and extreme fidelity to the corresponding Raman spectra. The adopted scheme is
suitable to be applied with the Yb-based laser sources developed by BILKENT and
MENLO within the project.

The next crucial step is moving to the gas phase and to stand-off detection of chemicals. The
lower concentration of scatterers and the difficulty of having efficient backward-generated
CARS in air are likely to provide here a severe trade-off between multiplex capability and
sensitivity. This problem could be overcome in a new version of the system, where the
broadband Stokes field generated by white-light-continuum in a YAG plate is replaced by a
widely tunable narrowband Stokes field synthesized by spectral compression. The amount
of compression should be also defined. The investigation carried out on explosives by UHEI
gives indication that a spectral resolution of the order of 10 cm-1 should be enough for rather
complex molecules.
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