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All-optical processing in coherent nonlinear spectroscopy
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In spectroscopy, the fingerprint of a substance is usually comprised of a sequence of spectral lines with
characteristic frequencies and strengths. Identification of substances often involves postprocessing, where the
measured spectrum is compared with tabulated fingerprint spectra. Here we suggest a scheme for nonlinear
spectroscopy, where, through coherent control of the nonlinear process, the information from the entire spec-
trum can be practically collected into a single coherent entity. We apply this for all-optical analysis of coherent
Raman spectra and demonstrate enhanced detection and effective background suppression using coherent
processing.
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Optical spectroscopy typically requires post-processing ofmatching the natural linewidjhare used, exciting only Ra-
the measured spectrum, where by correlation with knowmman levels in resonance with their energy differeribg
tabulated spectra the various measured lines are attributed When narrow-band pump and probe beams and a broadband
known substances. In incoherent spectroscopy, this is th8tokes beam are used, multiple Raman levels are excited,
only way to differentiate between contributions of variousand the measured CARS spectrum resembles the spontane-
substances. This often requires detailed knowledge of lineus Raman spectrum, reflecting all transitions within the ex-
shapes and relative intensities and in many cases requiregation bandwidth(*multiplex CARS”) [5].
more experimental data. In contrast, coherent spectroscopy Recently, we applied coherent control to perform single-
does not have to be limited to post-processing, due to thpulse multiplex CARS6], where all three photons driving
ability to induce interference between quantum paths involvthe CARS process are provided by the same ultrashort pulse.
ing several intermediate states. In the following we focus orin that work, all vibrational levels were excited impulsively
application of this principle to coherent nonlinear Ramanby the main ultrashort pulse, while a single narrow spectral
spectroscopy. band around a frequency,, was split off the broadband

Coherent Raman processes have recently attracted consiekcitation pulse for use as probe by shifting its polarization
erable interest, in particular due to their potential for chemi-into the orthogonal axis. The resulting CARS signal induced
cally sensitive microscopy of untreated biological specimerby this probe is therefore composed of several spectral com-
[1-3]. Still, despite the coherent nature of the process, th@onents, each associated with a particular vibrational fre-
common wisdom of analysis of these spectra remained urguency(Qg and centered aby, + g, respectively. The instan-
changed, practically neglecting the coherence properties dghneous nonresonant background was eliminated by
the signal. Here we exploit this coherence, taking advantagmtroducing am phase shift at the center of the probe spectral
of the ability to induce interference between contributionsband, eliminating the temporal overlap with the broadband
from several vibrational levels. Rather than considering gump.
single vibrational level at a time, we practically group a In this work we show that a more complex and carefully
number of levels, which serve as a much better spectroscopiesigned probe pulse can facilitate all-optical processing of
fingerprint, into a single entity. It should be noted that suchthe entire vibrational spectrum. We construct a probe pulse
grouping of lines has been applied to linear absorption spe@ontaining contributions from several narrow spectral bands
troscopy using a tailored amplitude-modulated ultrashortvith controllable intensities and phases, as schematically il-
pulse[4]. However, the ability to exploit interference in the lustrated in Fig. {a). The presence of several spectrally
case of a nonlinear process significantly increases the advaseparated probe frequencies leads to strong interference ef-
tages of grouping. Groups of background lines can be pradects in the CARS spectrum, as shown in Figb)1l This
tically eliminated from the Raman spectrum by destructiveinterference pattern can be used in two ways to improve
interference, while groups of signal lines are enhanced byletectibility in coherent Raman spectroscopy. When attempt-
constructive interference. This concept can be realized exng to detect a given substance, coherent addition of the con-
perimentally by phase-and-polarization coherent control, eitributions from several vibrational levels can be performed,
ther in an open-loop or in an adaptive manner, of single-generating a total signal which is significantly larger than the
pulse coherent anti-Stokes Raman spectros¢ORS). linear sum of the separate contributions. When attempting to

In CARS—the most commonly used scheme for coherentliminate a resonant background it is possible to interfere
Raman spectroscopy—two photons with frequencigs destructively the contributions from several levels, resulting
(“pump”) and wg (“Stokes™ excite a vibrational level at an in a significant decrease of the background intensity.
energyfi(w,—wy). A probe photon atwy, interacts with the We begin by characterizing the CARS signal driven by an
excited level to emit a signal photon at a frequergy-ws  €lectric field whose complex spectral amplitudesis). For
+wp,. Typically, two narrow-band beangpicosecond pulses, a singly resonant Raman transition through an intermediate
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pulse Ic> through intermediate levels at energie®? with bandwidths
I'" and relative strengthg;,
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whereR(x) denotes a rect function.

Assuming now that all linewidthE" and the probe band-
sample width A are significantly smaller than the pulse bandwidth,
A(Q) can be taken out of the integral of E&), which can
then be approximated as a double sum over all resonant Ra-

, L ) man levels and probe bands:
FIG. 1. Graphic description of the multiple-probe CARS process

?n_d the experimental sgtu(ca)_ Schematic description of the exci- P§/3)(‘”) ~ E ngf|cj|e|¢j 5(wj + QE— w), (4)
ation pulse, blocked at its high-frequenghort-wavelengthend, in

the polarization-shifted spectral bands serving as probe in the

CARS process, and the resulting signé) Schematic description ~ where xg¢=Knxy, A QR) and Ky, is an order-unity coeffi-

of the interference in the CARS spectrum when several Ramagient evaluated from both the level linewidth and the probe
bands are excited and probed by correspondingly chosen narropyandwidth according to Eq¢2) and(3) [8]. As can be seen
spectrum probe bandg) Schematic description of the experimen- in Eq. (4), there is symmetry between the vibrational levels
tal setup. The CARS signal at higher frequencies, blocked in theynd the narrow probe bands. Interference between contribu-
incoming pulse, is passed through a polarizer aligned along thgons from several vibrational levels appears when the energy
probe pulse polarization and measured by a spectrograph a”ds%paration of the probe spectral bands equals the energy

polarizer

Incoming
pulse

cooled CCD. separation of the Raman levels, as shown schematically in
Fig. 1(b).

level |i) at an energy ofiQlz and a bandwidtH™ we obtain We first demonstrate utilization of this interference pattern

[7 in CARS of several simple molecules in the liquid phase.

" (0-Q) Our experimental system consists of a mode-locked Ti:sap-
(3) r €lw — phire laser emitting 20-fs pulses at 80 MHz, a pulse shaper
P (@) OCX“"’“L dQ(QR—Q)HFA'm(Q)’ @ [9], and a spectrograph, as shown in Figc)1The pulse
shaper is used both to apply the desired phase and polariza-
whereA|m(Q):fgdwef(w—ﬂ)em(w) is the second-order po- tion [10] to each frequency component of the pulse and to
larization driving molecular vibrations and#lm denote the block the higher frequencies overlapping the CARS signal
electric field polarizations. [6,11]. The sample is illuminated by pulses with a total band-
Following Ref.[6] we consider the resonant CARS pro- width of 75 nm, equivalent to a span of about 1100 tand
cess where the molecular vibration is excited by a broadbandn energy of about 0.1 nJ. After passage through the sample,
pulse polarized along the axis and probed by a pulse po- the excitation pulse is filtered out, and the CARS signal po-
larized along the axis. We now derive an expression for the larized parallel to the probe is measured. This system is suit-
CARS signal under two conditions: the first is that there is ncable for CARS spectroscopy in the range of about
temporal overlap between thepolarized pump and the 300-900 crit, typical of carbon-halogen bond stretching.
y-polarized probg(i.e., the resonang,,,, term can be ne- The lower limit stems from the technical requirement to filter
glected and the nonresonant response vanishad the sec- out the excitation pulse, and the upper limit is due to the total
ond is thatA, is negligible. In practice, the conditions of the bandwidth of the excitation pulse. The spectral resolution is
former can be achieved by phase control of the probe comabout 0.5 nm, corresponding to about 8¢ém
ponent[6] and the latter by shifting only a small portion of  We first perform CARS of 1,2-dichloroethane, having
the pulse energy or a narrow spectral band to the probe pdhree Raman levels in the measurable energy range. A CARS

larization. spectrum obtained using a single narrow-band probeaat
In this case the nonlinear polarization driving the corresponding too=782 nm, is shown in Fig.(2) (follow-
y-polarized CARS signal can be approximated as ing the method of Ref[{6]). The signals from the three Ra-
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FIG. 2. CARS spectra from 1,2-dichloroethane. The insets de-
note the spectral masks used, where the excitation spectrum is FIG. 3. An adaptive optimization of the signal at 765 nm from
shown in black and the polarization shifted probe bands are show#.2-dichloropropanga) The signal at 765 nm during the five itera-
in gray. In practice, each of these probe bands has a width of 1.2 nifPns of the optimization procedure. The signal increases by about a
and a phase flip at its center, as defined in @y. The background factor of 3 from the peak of the first iteratigosing a single probe
due to birefringence of the objective lens has been subtracted frofaand to that of the fifth iteration(using five probe bands, all in
all the following spectra(a) CARS spectrum using a single probe phase with each other(b) The measured CARS spectrum at the
band(at 782 nn), showing three peaks corresponding to the Ramarfnd of the first iteration(c) The measured CARS spectrum at the
levels at 298 crmt (A), 652 cmit (B), and 750 crit (C). (b) CARS  end of the fifth iteration.
spectrum using a pulse with three probe bacats782, 804, and
811 nm, all in phase and fully polarized designed to induce con-
structive interference between the contributions of the three level
to the peak at 764 nm. Note that the peaks at 739 and 744 n

contain only a contribution from the probe band at 782 nm and ar and reduce its intensity by 20% by shifting less energy to the

therefore almost unchanged relative(&. (¢) CARS spectrum us- o . .
ing a pulse with three probe bands designed to induce des’[ructiv%izthOgonaI polarization. The resulting CARS spectrum is

interference at 764 nm between the contributions of the three Ievel§ ?vgndln Ftlg-dZC)i Tht? pe:a}l: a}t 764 nmfltshcotr#pletlely Thml\ll- t
(in this case an additionat phase shift was applied to the probe nated due to destructive interierénce or the three Jeve's. Note

band at 804 nm, inverting its overall phase, and the SLM was set t&hat other peaks in the CARS spectrum, where interference

: effects are not present, remain the same as in K. Zhis
t 0.35 plat I t ferred t S P i
act as @ plate, so less energy is transferred to the destructive interference is highly specific to the level struc-

Consider now the case where 1,2-dichloroethane is a sol-
gent in which we want to detect a low-concentration solute
hich has a Raman level overlapping one of the solvent
evels. In this case we invert the phase of the probe kand

polarization. ture of 1,2-dichloroethane. Any substance with a different
man levels with energies dl,=298 cm!, Qz=652 cm’,  line strength ratio of the three probed levels would thus gen-
and Q=750 cm* are marked a#\, B, andC, respectively. erate a finite CARS signal at this spectral location.

The observed intensity ratios, reflecting;; for each level, Exact knowledge of the Raman level structure of the
are 4.5:9:1, respectively. probed medium is often missing. This does not, however,

Consider first the case when we want to detect 1,2limitthe applicability of our method due to the availability of
dichloroethane more efficiently. To do so we shift two moreadaptive techniquefl?]. In an adaptive search, we seek a
spectral bandssg and w¢ to the probe polarization, so that pulse shape which maximizes some goal function. The mea-
wptQp=wg+Qg=wc+c. In this case the CARS signals surement result is fed back into the computer which, using a
from all three levels spectrally overlap at the spectral locasearch algorithm, decides on the next measurement. The goal
tion of the A peak of Fig. 2a). When all probe bands are in function we choose is to maximize the total signal at 765 nm
phase, constructive interference of all three contributions i§rom a sample of 1,2-dichloropropane. Following the heuris-
achieved, as seen in Figit8. The observed ratio of the total tics of a coherent addition of a number of separate bands, we
A peak to theB peak is 2.6, significantly higher than the 1.6 choose a greedy optimization algorithm. In each iteration we
ratio expected from an incoherent summation. It is still loweradd a single new probe band, keeping fixed all probe bands
than the theoretical value for a coherent sum, 4.2, only due tffom previous iterations. The new spectral location is chosen
the pixellization of the pulse shaper, which does not allow ugo maximize the goal function, as long as it is spectrally
to completely overlap the three contributions spectrally. Theseparated from previous locations. The measured signal dur-
constructive interference significantly increases the deing five iterations is shown in Fig.(8). The measured CARS
tectibility of weak Raman levels due to heterodyning with spectrum at the end of the first iterati@ire., standard mul-
stronger ones. Moreover, the detection process does not réplex CARS) is given in Fig. 3b). The measured CARS
quire measurement of the entire CARS spectrum. Note thapectrum after five iterations is shown in Figc8 Here, the
the two other peaks3 and C are nearly unchanged, since pulse contains five separate probe bands, corresponding to
they are only due to the probe band@t. The slight de- vibrational energies of 285, 352, 419, 623, and 741 ol
crease in their intensity is due to the somewhat smaller peak8 cni't), which indeed correspond to the five strongest Ra-
intensity of the pump pulse due to the additional probeman levels of 1,2-dichloropropane in the measured energy
bands. region.
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Our experiment shows how coherent analysis of the Rathe combination of adaptive pulse shaping with CARS has
man spectrum can be performed using shaped ultrashobeen recently suggested as a means to detect airborne con-
pulses. The shaped pulse acts in an analogous manner tazsminants such as bacterial spof&4]. It can also be applied
matched filter in frequency domain, by use of which infor-to significantly improve the signal to background ratio in
mation on the correlation of the measured Raman spectrulRaman optical biopsy, where small changes in ratios of
with a given spectrum can be obtained. In particular, thisshemical constituents within a cell are probed by changes in
method enables rejection not only of the nonresonant backhe relative strengths of Raman lingks]. We believe this
ground, but also of the resonant background, due to an oveggyncept of utilizing the coherence properties of the Raman
lapping Raman level of the probed substance and the Sukgnal will have a significant impact on CARS microspec-

rounding medium, a problem which has no solution to dateyoscopy as well as on other coherent nonlinear spectroscopy
Using current-day laser systems this technique can be used é‘bplications.

perform vibrational spectroscopy in the entire fingerprint
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