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Quantum control of coherent anti-Stokes Raman processes
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~Received 7 May 2001; published 2 April 2002!

Using femtosecond pulse-shaping techniques, we are able to control several useful parameters of coherent
anti-Stokes Raman spectroscopy~CARS!. By shaping both the pump and the Stokes pulses with an appropriate
spectral phase function, we eliminated the nonresonant CARS background. In addition, we designed pulses
which selectively excite one of two neighboring Raman levels, even when both are well within the excitation
spectrum. High-resolution CARS spectra were recorded in spite of the broad femtosecond pulse spectrum.
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Quantum coherent control consists of interfering differe
paths of a given system constructively to induce a desira
outcome, while interfering destructively paths leading
other outcomes. Several works have recently presented
herent control of light interaction with matter, using u
trashort pulses and some form of phase manipulation of
different frequency components of the pulse. Weineret al.
@1# have demonstrated mode-selective impulsive stimula
Raman scatter. Meshulachet al. @2# have demonstrated can
cellation of the two-photon absorption process, while D
dovich et al. @3# achieved enhancement of a resonant tw
photon absorption process. Adaptive shaping@4#, a
combination of a pulse-shaping apparatus and a closed f
back loop, has been used to compress pulses, to contro
branching ratio of chemical reactions@5# and for mode-
selective stimulated Raman scattering@6#.

In this work, we demonstrate quantum control of coher
anti-Stokes Raman spectroscopy~CARS!, the most com-
monly used nonlinear spectroscopic method. In CARS
pump and a Stokes beam, centered atvp and vs , and a
probe beam, centered atvpr , are focused together, genera
ing a signal at a frequencyvp2vs1vpr . The energy-level
diagram of this process is shown in Fig. 1~b!. Resonant en-
hancement of the process occurs when the energy differ
vp2vs coincides with a vibrational level of the medium. I
many cases, the pump beam is used also as the probe b
generating a signal at 2vp2vs. Coherent Raman process
have emerged as an important spectroscopic tool in the
few decades@7#, especially in the field of femtosecond time
resolved spectroscopy. For example, Leonhardtet al. @8#
measured the energy difference and the lifetimes of two~or
more! Raman levels by Fourier-decomposing the quant
beats of the CARS signal using femtosecond pulses. S
then, this method has been used extensively to analyze
energy-level diagram of complex molecules. CARS has
cently become a favorable method for nonlinear dep
resolved microscopy@9–11#. The femtosecond CARS
method, however, suffers from two major drawbacks:
strong nonresonant background signal@12# and lack of selec-
tivity between neighboring energy levels due to the la
bandwidth of the pulses. While the former problem can
reduced using a complex polarization arrangement of
three exciting beams@13#, the latter can be solved only b
coherent control methods.

In this paper, we demonstrate coherent control of
CARS process. We are able to measure Raman spectra w
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resolution of the order of 5 cm21 using shaped pulses with
bandwidth of about 120 cm21. We also demonstrate nearl
complete suppression of the nonresonant background sig
which is an unwanted noise term for most spectroscopic
microscopic applications. Finally, we achieve selective po
lation of only one of the two Raman levels of pyridine, bo
of which lie within the bandwidth of the excitation pulse
All these were obtained using very simple spectral ph
manipulations. Simple modeling was used to derive the
quired spectral phases, and the measured signals agree
with the model predictions.

In most femtosecond CARS experiments, only a sm
fraction of the population is excited to the vibrational leve
Hence, it is justified to use a perturbative approach to a
lyze this process. The nonlinear polarization driving t
CARS signal generated by a three-beam configuration ca
approximated by time-dependent perturbation theory as

FIG. 1. ~a! Outline of the experimental setup.~b! Energy-level
diagram of the CARS process.~c! Schematic diagram of the phas
function applied on the pump and Stokes beams.
©2002 The American Physical Society08-1



ORON, DUDOVICH, YELIN, AND SILBERBERG PHYSICAL REVIEW A65 043408
P(3)~ t !52
1

\3 (
mnl

mglm lnmnmmmg exp@2~ iv lg1G lg!t#E
2`

t

dt1E
2`

t1
dt2E

2`

t2
dt3

3ep~ t3!es* ~ t2!epr~ t1!exp@~ iv ln1G ln!t1#exp@~2 ivmn1Gmn!t2#exp@~ ivmg1Gmg!t3#, ~1!
n
-

a

i-
e
u
o

s
ay
el
an
v-
o
tl

ot

a
ne
s

br

hi
-

s
r

ist

e as
lev-

ex-

ig-
tor

s
out
d
kes

or

the
ase

els
t
is
ons
e
, we
nts
ho-
eam
and
di-
er-

an
i-

lter

is

ro-
l
ree

tion,
ce
the

co-
th

of
unc-

l

where um&, un&, and u l & are the intermediate levels,m i j are
the dipole moments, andv i j 5(Ei2Ej )/\. By assuming that
all intermediate levels are far from resonance, we can tra
form Eq. ~1! into the frequency domain, obtaining for non
resonant transitions@2#

Pnr
(3)~v!}E

0

`

dv1E
0

`

dVepr~v2V!

3es* ~v12V!ep~v1!, ~2!

whereas for a singly resonant Raman transition through
intermediate levelu i & at an energy of\vR and a bandwidth
G, we obtain

Pr
(3)~v!}E

0

`

dv1E
0

`

dVepr~v2V!

3
es* ~v12V!ep~v1!

~vR2V!1 iG
. ~3!

Most importantly, since the level lifetimes are in the p
cosecond range, the spectral content of femtosecond puls
much larger thanG. Phase-only pulse shaping, used in o
experiments, simply means multiplication of one or more
the electric fields in Eqs.~2! and ~3! by a phase function
exp@iF(v)#.

As is evident from Eq.~2!, the nonresonant signal i
maximized by transform-limited pulses at zero relative del
Being a convolution of three pulses, it decays when the r
tive delay is of the order of the pulse length. The reson
signal, however, exhibits two significantly different beha
iors. ~a! Since the resonant signal is strongly weighted
V'vR , the signal intensity does not decrease significan
upon application of spectral phase functionsFp(v) and
Fs(v) on the pump and Stokes pulses, respectively, if b
functions are slowly varying relative toG and

Fp~v!5Fs~v2vR!. ~4!

In the case of impulsive stimulation, i.e., when the Ram
band lies within the bandwidth of a single pulse, as in Wei
et al.’s @1# experiment, this is equivalent to applying a pha
function which is periodic invR . ~b! When the probe beam
is delayed, the resonant signal intensity decays at the vi
tional level lifetime rather than the pulse length.

Quantum beats occur when two resonant levels lie wit
the bandwidth of the probe pulse@8#. In this case, the popu
lation at each level decreases according to its own lifetim
but the relative phase between the two occupied level
periodic invR12vR2. Since the observed signal is a cohe
ent sum of the two excitations, a beating at this character
04340
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frequency will be observed. The beat amplitude can serv
a means to measure the relative occupations of the two
els.

In our experiments, the CARS process involves three
citing pulses: A Ti:sapphire mode locked laser~Spectra Phys-
ics Tsunami, 80 MHz repetition rate! at 810 nm~150 mW
average power! serving as the probe beam, and both the s
nal and the idler beams of an optical parametric oscilla
~Spectra Physics Opal, pumped by the Ti:sapphire laser! cen-
tered at about 1500 nm~40 mW average power! and 1760
nm ~10 mW average power!, serving as the pump and Stoke
beams, respectively. All beams have a bandwidth of ab
120 cm21, corresponding to 100 fs nearly transform-limite
pulses. The spectral phase of both the pump and Sto
pulses is controlled by Fourier-transform pulse shaping@1,2#
using a programmable liquid-crystal Spatial Light Modulat
~SLM! ~CRI SLM-128!, half of which is allocated for each
of the two beams. The shaper enables both correction of
dispersion in each beam and application of any desired ph
function. The spectral resolution is determined by the pix
of the SLM, about 5 cm21 for the pump beam and abou
3.5 cm21 for the Stokes beam. Note that this limitation
rather restrictive when attempting to impose phase functi
according to Eq.~4!, since the spectral resolutions of th
pump beam and the Stokes beam are different. Therefore
apply only rather simple phase functions in the experime
described below. This restriction could be relaxed using
lographic phase masks rather than a SLM. The probe b
remains transform-limited. The three beams are spatially
temporally overlapped in a collinear configuration using
chroic beamsplitters and two variable delay lines. The ov
lapped beams are then focused into the sample using
NA50.2 objective. The CARS signal, collected using a sim
lar numerical aperture lens, is filtered by a bandpass fi
and measured with a photomultiplier tube~PMT! and a
lock-in amplifier. An outline of the experimental setup
presented in Fig. 1~a!.

We first demonstrate coherent control of the CARS p
cess using the 992 cm21 line of benzene. The CARS signa
intensity as a function of the probe delay in the case of th
transform-limited pulses is shown in Fig. 2~a!. The sharp
peak around zero delay is due to the nonresonant interac
while the slowly decaying part is the resonant signal. Sin
the model calculates separately both the resonant and
nonresonant contributions, and only then sums them up
herently, we can infer from it that at zero relative delay bo
are almost equal in magnitude. We modulate the phase
both the pump and Stokes using rectangular step phase f
tionsFp/s(v)5p rect@(v2v0

p/s)/d#. In all experiments, we
fix v0

p , while scanningv0
s . This simple phase function is

schematically plotted in Fig. 1~c!. Note that this is a rea
8-2
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QUANTUM CONTROL OF COHERENT ANTI-STOKES . . . PHYSICAL REVIEW A 65 043408
function, merely inverting the sign of the electric field at
given energy range. The experimental results of such a s
using ad530 cm21 step width, are plotted in Fig. 2~b!,
along with the theoretical predictions of Eqs.~2! and~3!. The
CARS signal is greatly reduced when the energy spacin
the applied phase functionDE5\(v0

p2v0
s) does not corre-

spond to the excited vibrational level, and is reconstruc
whenDE5\vR . Using an optical spectrum analyzer~Ando
AQ-6315! to measure the exact locations of the impos
phase steps, it is possible to obtain a value of 9
65 cm21 for the Raman level energy. Note that since t
scan is taken at zero relative delay of the probe beam,
resonant peak lies within some nonresonant background
can be seen in Fig. 2~b!, at the peak of the Raman level, th
nonresonant background signal is reduced to a smaller
plitude than the resonant signal, in contrast with the nea
equal magnitude signals obtained at zero relative delay
transform-limited pulses. This is due to the fact that the s
over the different paths in Eq.~2! contains terms with an
opposite sign upon application of a phase step on the p
and Stokes pulses. As the phase steps widthd is increased
continuously from zero, the nonresonant signal amplitu
decreases. Since we are limited by the pulse shaper re
tion, we slightly decrease the relative phase of the steps f
p, and compare in Fig. 2~c! the CARS signal as a function o
the probe delay for 0.8p phase steps (d530 cm21) at the
peak of the resonant Raman signal in Fig. 2~b!, with the
transform-limited signal. As can be seen, while the nonre
nant signal has been reduced by an order of magnitude
tive to the transform-limited case, the resonant signal w
only reduced by about 30%. Thus, the generated pulse i
essence, a ‘‘dark pulse’’ for nonresonant transitions@2#.

Selectivity of Raman levels by coherent control can

FIG. 2. CARS signals from a benzene sample:~a! Intensity as a
function of the probe delay for transform-limited pulses~experi-
ment, solid line; model, dashed line!. ~b! Intensity as a function of
the energy difference between the pump and Stokes phase ste
zero probe delay~experiment, solid line; model, dashed line!. ~c!
Intensity as a function of the probe delay with pump and Sto
shaped to minimize the nonresonant signal while retaining the r
nant signal~solid line! compared with the transform-limited signa
of ~a! ~dotted line!.
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achieved in a manner similar to the reduction of the nonre
nant signal. We look at two Raman levels of pyridine,
988 cm21 and at 1028 cm21. Both levels have a similar
cross section and a bandwidth of about 2.2 cm21. The en-
ergy difference between these two levels has been meas
experimentally from the quantum beats between the two
els @8#. Such beats are shown in Fig. 3~a!. The only~limited!
control over the relative population of each level was
changing the energy difference between the central wa
lengths of the pump and Stokes pulses. In this case,
population of the 988 cm21 level is somewhat higher. In Fig
3~b!, we demonstrate the selective population of either of
two levels. We show again a scan of ad525 cm21 phase
step. In this case, the probe delay was set to 1 ps, in orde
eliminate the nonresonant background. The measured Ra
level energies of the two peaks are 98565 cm21 and 1027
65 cm21, respectively. By positioning the phase step
each of the two peaks of Fig. 3~b!, it is possible to populate
preferentially that level. This is verified by measuring t
quantum beat amplitude. In Fig. 3~c!, we fix the phase func-
tion on the 988 cm21 level. As can be seen, the quantu
beat amplitude is reduced by almost an order of magnit
as compared with the transform-limited signal, implying
nearly exclusive population of this Raman level, while t
decrease in the 988 cm21 level population relative to the
transform-limited case is only about 30%. Note also that
phase of the beats is inverted, indicating an inverted rela
phase of the level populations. Since this phase is both
and continuous in the step widthd, fixing the phase step
width at a somewhat lower value would have resulted
complete elimination of the 1028 cm21 level population.

s at

s
o-

FIG. 3. CARS signals from a pyridine sample:~a! Intensity as a
function of the probe delay for transform-limited pulses~experi-
ment, solid line; model, dashed line!. ~b! Intensity as a function of
the energy difference between the pump and Stokes phase step
ps probe delay~experiment, solid line; model, dashed line!. ~c!
Intensity as a function of the probe delay with pump and Sto
shaped to minimize the 1028 cm21 level population, while retain-
ing the 988 cm21 level population~solid line! compared with the
transform-limited signal of Fig. 3~a! ~dotted line!.
8-3
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We are not only able to selectively excite a given Ram
energy level, but also to obtain high spectral resolution of
Raman levels. This is demonstrated by comparing the Ra
spectra, as obtained by scans of ad515 cm21p phase step

FIG. 4. Comparison between three aromatic compounds~ben-
zene, solid line; toluene, dashed line; pyridine, dash-dotted line! of
the intensity as a function of the energy difference between
pump and Stokes phase steps at 0.5 ps probe delay.
n,
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on three different aromatic liquids: benzene (992 cm21),
toluene (1001 cm21), and pyridine~988 and 1028 cm21).
As can be seen in Fig. 4, the differences in the peak locat
are distinct, and are in agreement with the known values
these Raman levels. Note that a narrow phase step was
for high-resolution spectroscopy, whereas a wider one w
used to eliminate the nonresonant signal. These can be si
taneously achieved by using a more complex phase func
with narrow internal structure, stretched over a wider ba
~for example, a number of narrow phase steps!.

In summary, we have demonstrated how through the
plication of very simple phase functions on the excitati
pulses, near complete control of the CARS process can
achieved, enabling the selective population of a given Ram
level. By exploitation of the spectral phase correlations
the exciting pulses, we can achieve selectivity with a reso
tion smaller by almost an order of magnitude than the ex
tation pulses bandwidth.

The ability to selectively steer the CARS process throu
a given transition while eliminating the nonresonant ba
ground noise could most dramatically affect nonlinear CA
microscopy, where selective imaging of a sample with
weak Raman transition or at lower concentrations could
achieved.

Financial support by the Israel Science Foundation and
the German BMBF is gratefully acknowledged.
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