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Coherent quantum control of multiphoton transitions by shaped ultrashort optical pulses

Doron Meshulach and Yaron Silberberg*
Department of Physics of Complex Systems, Weizmann Institute of Science, Rehovot 76100, Israel

~Received 1 October 1998!

Multiphoton transitions can be reached by many routes through a continuum of virtual levels. We show that
the transition probability of two-photon and multiphoton processes can be controlled by tailoring the shape of
an ultrashort excitation pulse, so that the many paths leading to the final state interfere to give a desired
probability amplitude. We analyze the effect of pulse shapes onN-photon absorption as well as on Raman
transitions. We show theoretically that certain tailoreddark pulsesdo not excite the system at all, while other
shaped pulses induce transitions as effectively as transform limited pulses, even when their peak amplitudes are
greatly reduced. These results are confirmed experimentally for two-photon transitions in atomic cesium.
@S1050-2947~99!00808-2#

PACS number~s!: 32.80.Qk, 32.80.Wr, 42.65.Re
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I. INTRODUCTION

In coherent quantum control, the goal is to steer a qu
tum system towards a desired final state through its inte
tion with light, while canceling out other possible paths lea
ing to undesirable outcomes@1,2#. This can be achieved
through quantum interference between the various traje
ries leading to the same final state. The underlying princ
in most schemes is to control quantum interactions by m
nipulating the coherence properties of the optical field.

While schemes of coherent control may involve exci
tions by continuous waves, many studies involved ultrash
optical pulses. For example, coherent control of molecu
systems with a sequence of short pulses could allow selec
manipulation of molecular structures@3#, including breaking
specific bonds and changing a reaction path. Most of th
schemes involve exciting the system with short pulse p
@4–9#, and control of the interactions is achieved by varyi
the time delay between the two pulses. Such control
pulse-pairs excitations was also demonstrated for var
one-photon@10,11# and two-photon transitions in two-leve
systems@12,13#.

With the recent progress in ultrafast optics, it is now po
sible to shape ultrashort signals with almost arbitrary tem
ral shapes@14,15#. These shaped signals are generated fr
laser pulses through manipulation of the spectral phases
amplitudes of the frequency components of these pul
With the ability to shape such pulses with high fidelity, e
citations should not be limited to pulse pairs or simple pu
sequences, and it is natural to ask, then, what degree of
trol can be achieved by exciting atoms and molecules
such complex-shaped pulses. As explained below, o
photon transitions with ultrashort pulses offer only very lim
ited control. However, we have recently shown@16# that it is
possible to control a nonresonant two-photon transition~i.e.,
a transition with no intermediate state! in a two-level system,
even to cancel it completely, by tailoring the spectral pha
and hence the shape of an ultrashort pulse. We predicted
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demonstrated experimentally the existence of so-calleddark
pulsesthat induce no net transitions. Furthermore, we de
onstrated that tailored long pulses can induce two-pho
transitions as effectively as transform-limited pulses with
same power spectrum and energy.

In this work, we show that coherent control through spe
tral phase manipulation of ultrashort pulses can be applie
any narrow transition line nonresonant multiphoton pr
cesses, including multiphoton absorption and Raman-t
processes, some of which are shown in Fig. 1. We appr
mate, using a simple theoretical model, the dependanc
these coherent processes on the shape and the spectral
of the excitation pulse, and present experimental results d
onstrating the effectiveness of this coherent control sche
To emphasize the role of coherence, we limit the discuss
here to ultrashort pulses that are shaped by phase-only s
tral filters. This ensures that the power spectrum and
energy of the shaped excitation pulse are left intact, unlike
coherent control schemes involving pulse-pair excitatio
where varying the delay between the pulses modifies t
power spectrum. Finally, we then compare our results w
the other limit of a very broad inhomogeneous absorpt
line, where two-photon and multiphoton transitions depe
on the intensity of the excitation pulse, and not on its pha

FIG. 1. Schematic energy-level diagrams of nonresonant m
photon processes.~a! Two-photon absorption, with a schematic re
resentation of the excitation spectrum.~b! Stimulated Raman tran
sition. ~c! Multiphoton absorption.
1287 ©1999 The American Physical Society
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II. THEORY

Consider the resonant interaction of a weak ultrash
pulse with a two-level atom. Letug& andu f & with energiesEg
and Ef be the ground and excited states, respectively.
electric field of the excitation pulse ise(t), which is assumed
to be much shorter than the lifetime of the excited sta
Assuming the atom is initially in the ground state, first-ord
time-dependent perturbation theory predicts for the am
tude of the excited state@17#

af~ t !5
m f g

i\ E
2`

t

e~ t1!exp~ iv0t1!dt1 , ~1!

with m f g the dipole moment matrix element andv05(Ef
2Eg)/\. For times after the end of the excitation pulse, t
integral is just the Fourier component of the optical field
resonance. The one-photon transition probability to the
cited state depends, therefore, only on the energy conte
the frequency component of the excitation pulse which
resonant with the transition. Neither the phases nor the
plitudes of all other spectral components of the pulse af
the transition probability.

If the pulse is not resonant with any one-photon transiti
it may still induce two-photon transitions. Second-ord
time-dependent perturbation theory leads to

af~ t !52
1

\2 (
n

m f nmngE
2`

t E
2`

t1
e~ t1!e~ t2!

3exp~ iv f nt1!exp~ ivngt2!dt2dt1 , ~2!

where v i j 5(Ei2Ej )/\, and the summation is performe
over all possible intermediate states of the unperturbed a
Most standard treatments of two-photon and multipho
transitions~see, for example, Ref.@18#! assume continuou
excitations, and the integration is performed explicitly. In t
case of a short pulse excitation, it is instructive to exam
first the summation over the intermediate levels. Since
assume they are all far from resonance, the contribution
all intermediate levels will add coherently only for a ve
short duration, hence we approximate

( m f nmngexp@ iEn~ t22t1!/\#

.H ^ f um2ug&, ut12t2u,v̄21

0, ut122t2u>v̄21,
~3!

where\v̄ is an appropriately weighted average energy, si
lar to the derivation of Bebb and Gold@19#. This form has
the advantage of limiting the role of the intermediate leve
which now merely define the lifetime of the virtual level
Using Eqs.~2! and ~3! we obtain foruaf u2 the two-photon
transition probability to the excited level following the puls
excitation

Pg˜ f
(22PH)5

1

\4U^ f um2ug&

v̄
U2U E

2`

`

e2~ t !exp~ iv0t !dtU2

. ~4!
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In a similar fashion, if all lower-order processes are nonre
nant as in Fig. 1~c!, the probability for anN-photon transition
to the excited level following the pulse excitation is propo
tional to the resonant Fourier component ofeN(t):

Pg˜ f
(N2PH);U E

2`

`

eN~ t !exp~ iv0t !dtU2

. ~5!

Obviously, the power spectrum ofeN(t) can be controlled by
modifying the power spectrum ofe(t). It is less obvious,
however, that the power spectrum ofeN(t) can also be con-
trolled by manipulations of the spectral phase of the excit
pulsee(t), affecting neither the power spectrum nor the e
ergy of the pulse. As we show below, it is possible to mod
the spectral phase of the exciting pulse, thereby to control
N-photon transition probability, even to cancel it complete
It is important to note that the above derivation is rath
crude, and several strong-field effects, such as ac Stark sh
are not included. Yet, the general form of these results,
in particular theeN(t) dependence, is expected to hold ev
in more complete analysis.

We shall first concentrate on two-photon transitions. A
suming that the excitation pulsee(t) is produced by a shor
pulse containing a band of frequencies around a central
quencyv l , thene2(t) can be decomposed into three ban
of frequencies, two around62v l and one near 0. Accord
ingly, a two-photon transition as predicted by Eq.~4! can
describe two-photon absorption„TPA, 2v l.v0 @Fig. 1~a!#,
as well as Raman transitionsv l@v0 @Fig. 1~b!#…. Note that
now, in contrast to a single-photon transition, all frequen
components of the pulse may contribute to the transition.
make this point more explicit, we rewrite the integral in E
~4! in the frequency domain for TPA:

S25U E
2`

`

e2~ t !exp~ iv0t !dtU2

5U E
2`

`

ẽ~v0/21V!ẽ~v0/22V!dVU2

5U E
2`

`

A~v0/21V!A~v0/22V!

3exp@ i $F~v0/21V!1F~v0/22V!%#dVU2

, ~6!

where ẽ(v)5A(v)exp@iF(v)# is the Fourier transform of
e(t), andA(v) andF(v) are the spectral amplitude and th
spectral phase, respectively. Note that sincee(t) is real,
ẽ(v)5 ẽ* (2v). Equation ~6! reflects the fact that two-
photon transitions occur for all pairs of photons with fr
quenciesv i and v j , with v i1v j5v0, and v i and v j lie
within the spectrum of the exciting pulse, as shown sc
matically in Fig. 1~a!. The two-photon transition probability
can therefore be controlled by tailoring the spectral phase
a single pulse.

It is easy to verify thatS2, and hence the two-photo
transition probability is maximized, for a given energy a
power spectrumA2(v), by the transform limited pulse, i.e.
the pulse having the minimum time duration@F(V)50#.



ru
n

s
io
e
is
ls
ve
n

e-
-
n

itie

he
n
ex

ie
ie
on
e

y
po
T
R
P
pa

t
A

ra
,

io

r
t

tio
d
a

se
-
t
te

s
e
th

om
er
rk

ull

du-

s in
le

-
pli-

en-
n be
to
y

ase
eri-

lse

se of
de-
xcit-

ple

a
nal

ns

of
lity

a

s-
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Consider a pulse with the same energy and power spect
but having anyantisymmetricspectral phase distributio
around the two-photon transition frequencyv0/2, i.e.,
F(v0/21V)52F(v0/22V). In this case, the phase term
in Eq. ~6! cancel each other, so that the two-photon transit
probability is independent of the spectral phase, and is id
tical with that of the transform limited pulse. However, th
antisymmetric spectral phase significantly affects the pu
shape. Essentially, the pulse can be spread in time into a
small amplitude signal without affecting the two-photo
transition probability~as long as it does not exceed the lif
time of the excited state!. This result is somewhat counterin
tuitive, as it might be expected that for a given energy a
power spectrum, shorter pulses with higher peak intens
improve two-photon excitations.

While antisymmetric phase distributions do not affect t
two-photon transition probability, other phase distributio
can be tailored to eliminate multiphoton transitions. The
istence of such pulses can be given a simple explanation@20#
by considering the power spectrum ofeN(t). This power
spectrum can be tailored to vanish at certain frequenc
leading to the elimination of transitions at those frequenc
Such dark pulses that induce no net multiphoton transiti
are the appropriate coherent superposition of optical frequ
cies that cancels TPA@16# and multiphoton absorption. The
are analogous to dark states, which are coherent super
tions of quantum states that do not absorb resonant light.
role of symmetry of the spectral phase was discussed in
@16#, where the effect of periodic spectral phases on T
was demonstrated. Here we investigate the effect of a
ticularly simple spectral phase, namely ap phase step, on
TPA and other multiphoton processes. We emphasize
role of coherence by considering also the limit of wide TP
resonances.

Consider, first, an initial sech-like pulse with a cent
frequencyv l that is tuned for anN-photon absorption, i.e.
v l5v0 /N. The pulse is now modified by ap spectral phase
step, shifted byd from the central frequencyv l , which is
introduced into the spectrum of the pulse. The excitat
spectrum is then

ẽ~v l1V!5sechS 1.76V

Dv DexpF i
p

2
sgn~V2d!G , ~7!

whereDv is the full width at half maximum~FWHM! band-
width of the power spectrum, and sgn(x)561, according to
the sign ofx. The spectral phase step modifies the tempo
shape of the pulse, producing double-humped pulses,
precise shapes of which depend ond. In Fig. 2 we present
the calculated values ofSN5u*2`

` eN(t)exp(iv0t)dtu2 for N
52,3,4 as a function of the normalized phase-step posi
d/Dv. It is clear that whenudu@Dv, the phase step shoul
have no effect on the interaction, and indeed all curves
proach the value obtained for the transform-limited pul
for large values of6d/Dv. Higher-order processes, how
ever, are sensitive to phase steps that are further out in
wings of the spectrum, and the sensitivity to the phase-s
locations scales withN. When d50, the phase structure i
antisymmetric, hence it should not affect TPA, but it do
affect higher-order processes. Interestingly, each of
curves vanishes exactly forN values ofd/Dv; these are dark
m,
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pulses that induce no net transitions. It is also obvious fr
the trend in Fig. 2 that ap phase step reduces high-ord
multiphoton transitions over a very wide band. Since da
pulses for anN-photon transition are characterized by a n
at the transition frequency in the power spectrum ofeN(t), it
is obvious that other dark pulses exist for other phase mo
lations.

Let us consider now the case of Raman transitions a
Fig. 1~b!. For Raman transitions to be excited by a sing
pulse, the Raman frequencyv0 must be within the band-
width of the pulse. This form of excitation is known as im
pulsive Raman scattering. In this case the transition am
tude is

E
2`

`

e2~ t !exp~ iv0t !dt5E
2`

`

ẽ~V!ẽ* ~V2v0!dV, ~8!

hence the Raman transition is excited by all pairs of frequ
cies which are separated by the Raman frequency. It ca
shown that their integrated contribution is proportional
*2`

` I (t)exp(iv0t)dt, which is simply the resonant frequenc
component of the intensityI (t). Again, a transform-limited
pulse gives the most effective excitation. Most spectral ph
perturbations will attenuate the Raman yield, however p
odic spectral phases with periodicityv0 will not. Such peri-
odic phase structures split an initial transform-limited pu
into a pulse sequence with a repetition rate ofv0/2p. Such a
pulse sequence can be used to narrow down the respon
the impulsive Raman excitation, i.e., to cancel all but a
sired transition. The effectiveness of pulse sequences e
ing vibrational levels was demonstrated by Weineret al.
@21#. Our analysis above shows that the same princi
should hold to any Raman-like transition.

Finally, it is instructive to consider the other limit of
very broad inhomogeneous absorption line. The TPF sig
is then proportional to a sum of many individual transitio

S25E
2`

`

g~v0!U E
2`

`

e2~ t !exp~ iv0t !dtU2

dv0 , ~9!

FIG. 2. Calculated results for coherent quantum control
N-photon absorption in a two-level system. Transition probabi
for excitation by a pulse with ap spectral phase step is shown as
function of the normalized step positiond/Dv. The transition prob-
abilities are normalized to the probability of excitation by a tran
form limited pulse.
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whereg(v) is the line-shape function. Assuming a wide lin
limit, we have

S25E
2`

` E
2`

` E
2`

`

e2~ t1!e* 2~ t2!exp@ iv0~ t12t2!#dt1dt2dv,

~10!

which can be shown to yield

S25E
2`

`

I 2~ t !dt. ~11!

Similarly, in this case for N-photon transitions, SN

5*2`
` I N(t)dt. These well-known results simply reflect th

fact that here TPA and multiphoton transitions depend on
intensity of the exciting pulses and not on their phase a
Eq. ~6!.

III. EXPERIMENTAL RESULTS

To demonstrate coherent control with this approach,
performed experiments with the 6S1/2-8S1/2 two-photon tran-
sitions of atomic cesium, at a wavelength of 411 nm, indu
by femtosecond pulses centered at 822 nm, as shown s
matically in Fig. 3. Each of the excited atoms decays sp
taneously to the ground level through the 7P level, so that
the two-photon transition can be directly monitored throu
the measurement of the two-photon fluorescence~TPF! sig-
nal at 460 nm.

The experimental system, shown in Fig. 4, was similar
that described in Ref.@16#. The setup was composed of
programmable 4-f pulse shaper@14#, a Cs gas cell, a photo
multiplier, and a lock-in amplifier. A mode-locked Ti:sap
phire laser produced 31 fs FWHM transform-limited sec2

FIG. 3. Schematic diagram of the energy levels of t
6S1/2-8S1/2 two-photon transition in atomic Cs. The two-photo
transition energy\v0 corresponds to 411 nm. The excited atom
spontaneously decay to the ground level through the 7P level, so
that the two-photon transitions can be directly observed through
measurement of the fluorescence signalvfl at ;460 nm. The 6S1/2

and the 8S1/2 levels are split into two hyperfine states, but only tw
transitions are allowed, one from each of the sublevels of
ground state to the corresponding excited state. In the experim
all signals were shorter than a few picoseconds, too short to obs
any dynamics between the two transitions corresponding to the
sublevels. We therefore considered the ground and excited stat
single states.
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intensity pulses, centered at 822 nm, measured at the ou
of the pulse shaper. The programmable 4-f pulse shaper was
composed of a pair of diffraction gratings with 120
lines/mm and a pair of achromat lenses with a 100 mm fo
length. The first lens and grating spatially map the comp
spectrum of the input pulse at the Fourier plane, wher
spatial filter was inserted. The second lens and grating r
semble the spectral components to form a modified tim
shaped pulse. A programmable one-dimensional liqu
crystal spatial light modulator~SLM! array~SLM-256, CRI!,
composed of computer-controlled 128 discrete elements,
placed at the Fourier plane of the shaper, and was used
dynamic filter for spectral phase manipulation of the puls
The width of each pixel is 97mm and the interpixel gap is
3 mm. The shaped output pulses were focused using a
with a 50 mm focal length into the Cs gas cell, and t
fluorescence signal at;460 nm was detected by the phot
multiplier ~1P28, Hamamatsu! and a lock-in amplifier.

FIG. 5. A p spectral phase step withd50 imposed upon the
spectral phase input pulses, and the power spectrum of the i
pulse.

e
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FIG. 4. Experimental arrangement for two-photon transitions
Cs gas. The programmable 4-f pulse shaper was composed of a p
of diffraction gratings with 1200 lines/mm, and a pair of achrom
lenses with a 100-mm focal length. A programmable on
dimensional SLM with 128 computer controlled discrete eleme
was placed at the Fourier plane of the shaper, and was used
dynamic filter for spectral phase manipulation of the pulses. T
shaped output pulses were focused using a lens with a 50 mm
length into the Cs gas cell. The fluorescence signal at;460 nm
was detected by the photomultiplier and the lock-in amplifier.
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We applied the appropriate voltages to the SLM to indu
a p spectral phase step in the spectrum, as shown in Fig
We then measured the TPF signal as a function of the
positiond. The experimental results are presented in Fig
together with the theoretical curve calculated from Eq.~6!.
As expected, we note a constant TPF signal for large va
of 6d/Dv. The TPF almost vanishes atd/Dv560.31, cor-
responding to dark pulses. The calculated temporal distr
tion of these dark pulses is shown in Fig. 6~inset!, together
with the transform-limited input pulse having the same e
ergy and power spectrum. In contrast with our earlier res
with periodic spectral phases, where the dark pulses w
composed of sequences of short pulses@16#, this dark pulse
is a single burst of optical field. Note that in Fig. 6 the TP
induced by the pulse with an antisymmetric spectral ph
distribution with d50 almost reproduced the TPF for
transform limited pulse, as predicted by Eq.~6!.

The results presented above were derived in the nar
line limit, where the absorption line is much narrower th
the excitation spectrum. To emphasize the role of the sp
tral phase, we considered also the other limit of a very br
inhomogeneous line, where we recall that the two-pho
transition probability is proportional toS25*2`

` I 2(t)dt. To
demonstrate this experimentally, we replaced the Cs gas
by a dye cell~Coumarin 6H in ethanol!. The maximum of
the absorption band is at 396 nm, and its FWHM
;60 nm. We tuned our laser to produce 50 fs FWH
transform-limited sech2 intensity pulses, centered at 814 n
with a FWHM of 14 nm, and measured the TPF signal a
function of d. The experimental results are presented in F
7, together with the theoretical curve. Note that the effec
the broad line is to cancel out the coherent feature atd50,
which characterizes the narrow line limit~Fig. 6!. These re-

FIG. 6. Experimental~circles! and calculated results~solid! for
two-photon transitions in Cs gas excited by a pulse with ap spec-
tral phase step, as a function of the normalized step positiond/Dv,
with Dv corresponding toDl523 nm. Calculated results wer
obtained assuming transform-limited 31 fs sech2 intensity input
pulses. Inset: calculated temporal intensity distribution of the d
pulse corresponding tod/Dv50.31 ~solid! and the transform-
limited input pulse having the same power spectrum~dashed!.
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sults can be explained in the time domain, noting that ap
spectral phase step gives rise to a double-humped pulse,
a symmetrical distribution ford50.

IV. CONCLUSIONS

In conclusion, we have shown that coherent quantum c
trol of two-photon and multiphoton transitions can be effe
tively accomplished by tailoring the shape of the exciti
ultrashort pulse. Since the pulse shape is controlled thro
phase manipulation of its spectrum, we investigated theor
cally the effect of a particularly simple spectral phase mo
lation, namely a phase step, on two-photon and multipho
absorption. We predicted the existence of dark pulses wh
induce no transitions; on the other hand, we show that cer
spectral phase modulation leads to long pulses that ind
two-photon transitions as effectively as transform-limit
pulses with the same energy and power spectrum. Th
principles hold for multiphoton absorption including oth
multiphoton processes such as Raman transitions. We d
onstrated experimentally these finding with two-photon a
sorption in cesium gas. Finally, to emphasize the role
coherence, we reported experiments with organic dye w
broad energy levels, in which these coherent features
absent. The basic principles presented here open a wide
area for theoretical and experimental work, as well as p
sible applications in nonlinear spectroscopy and in atom
and molecular physics.
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