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Population and coherence control by three-pulse four-wave mixing
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Control of coherence and population transfer between the ground and excited states is reported using
three-pulse four-wave mixing. The inherent vibrational dynamics of the system are utilized in
timing the pulse sequence that controls the excitation process. A slight alteration in the pulse
sequence timing causes a change in the observed signal from coherent vibration in the ground state
to coherent vibration in the excited state. This control is demonstrated experimentally for molecular
iodine. The theoretical basis for these experiments is discussed in terms of the density matrix for a
multilevel system. ©1999 American Institute of Physics.@S0021-9606~99!03233-X#
e

th
u

m
b
n
e

ctr
ld
th
s

u-
u

nc
ee

th
le
s

si
a-
a

nc

t of
Co-

tive
the
con-
nt
-

sing
ted
sfer

ed
rt
th
ls.
nd-
and
hin
is

v-

a-

els
igh
-

ix
ited
opu-
nd

.

A

ma
The probability of exciting a molecular system from th
ground,ug&, to the excited state,ue&, by applying an electric
field E is written quantum mechanically as

Peg5u^eum–Eug&u25^eum–Eug&^gum–E* ue&, ~1!

wherem is the transition dipole moment that couples bo
states. Population inversion is not usually achieved beca
of the competition between the rates of absorption and sti
lated emission. Control of the population transfer can
achieved if the two electric fields involved in the transitio
probability in Eq.~1! are different and are correlated in tim
or in phase. The three-pulse four-wave mixing~FWM! tech-
nique allows one to combine three nonphase-locked ele
fields in a phase-matching geometry. The first two fie
cause the population transfer and the third field probes
system. The specific timing between the pulses can be u
to control the values of diagonal~population! and off-
diagonal ~vibrational coherence! matrix elements after the
interaction with the first two electric fields. In this Comm
nication, we briefly describe the three-pulse FWM techniq
and demonstrate on molecular iodine that pulse seque
can be designed to control the transition probability betw
two electronic states of a molecule.

It has long been recognized that in order to optimize
transfer of population between two states sophisticated e
tric fields are required.1–4 One can create such electric field
by a combination of phase and amplitude masks,5–7 or one
can combine phase-locked laser pulses to achieve the de
field. Schereret al.8 showed that when two phase-locked l
ser pulses were combined in phase the excited state dyn
ics of molecular iodine could be observed as fluoresce
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enhancement; however, when they were combined ou
phase, the signal is observed as fluorescence depletion.
herent control of chemical reactions depends on the rela
phase of two different laser pulses that interact with
sample. The relative phase of the pulses can be used to
trol the population transfer from the ground to two differe
excited states.9–11 A different approach to controlling popu
lation transfer12 and enhancing reaction yields13,14 uses
chirped laser pulses. Recent experiments in our group u
chirped femtosecond three-pulse FWM have demonstra
that laser chirp can be used to control coherence tran
between the ground and excited states of I2 .15

The theoretical foundation for three-pulse FWM is bas
on the time evolution of the density matrix in Hilbe
space.16 Formulas are derived for a multilevel system wi
ground and excited electronic states with vibrational leve
Ultrafast transform-limited pulses are assumed with a ba
width that exceeds the vibrational spacing in the ground
excited states. Electric field interactions are treated wit
the perturbation limit. A more detailed description of th
theory will be published elsewhere.17,18 Initially, the density
matrix, r (0), contains the populations of the vibrational le
els of the ground state withSrgg

(0)51, while the population
of each vibrational level in the excited state is taken asree

(0)

50. Here, the indexg corresponds to the ground state vibr
tional quantum number,n9, and the indexe corresponds to
the excited state vibrational quantum numbern8. In our cal-
culation, we assume that the ground state vibrational lev
are equally populated. This assumption is justified for a h
temperature Boltzmann distribution. Different initial vibra
tional population distributions yield similar results.15,17After
the first interaction with the electric field, the density matr
evolves into a coherence between the ground and exc
states where all the diagonal terms are zero and no net p
lation transfer has occurred. The interaction with a seco
electric field completes the population transfer@Eq. ~1!#
without electronic coherence between theug& and ue& states.
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il:
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In general, an odd number of interactions with the elec
fields will produce a coherence state, which is also a tim
dependent polarization of the molecules. An even numbe
interactions will produce a population state that is charac
ized by the population of the vibrational levels in each el
tronic state~the diagonal terms! and the vibrational coher
ence within each electronic state~the off-diagonal terms in
the diagonal blocks!.

The changes in the density matrix after each interac
with an electric field involve different processes that can
followed using double-sided Feynman diagrams.16,19For fur-
ther information about these diagrams and their applicati
to four-wave mixing processes, the reader is referred to R
16, 17, and 19–21. A wavy arrow symbolizes each elec
field interaction and time progresses from the bottom to
top. The arrows pointing towards~away from! the center
represent the photon annihilation~creation! operator; absorp-

FIG. 1. Pulse sequence and double-sided Feynman diagrams correspo
to the three-pulse FWM measurements. The diagrams show the observ
of ~a! excited state dynamics and~b! ground state dynamics. In this puls
sequence, the first two electric fields are separated in time bytab . The third
beam is scanned in time with time delayt. The diagrams on the left corre
spond to the virtual echo signal in the directionks5ka2kb1kc ; the dia-
grams on the right correspond to the echo signal in the directionks

52ka1kb1kc . In our experimental setup, we detect signal only in t
ka2kb1kc direction.
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tion or emission of a photon requires two electric field inte
actions. The diagrams in Fig. 1~a! show absorption of a pho
ton and transfer of population to the excited state, while
diagrams in Fig. 1~b! show that the population remains in th
ground state. The third pulse forms a polarization wh
emits radiation in the phase-matching directionks5ka2kb

1kc or ks52ka1kb1kc. The density matrix of the system
depends on the sum of all the processes described by the
diagrams in Fig. 1. For calculating the density matrix~popu-
lation and coherence! after two pulses, all diagrams must b
used. Because we detect in theka2kb1kc direction, only
the virtual echo processes are needed for calculating
emitted light after the third pulse. Furthermore, by prop
selection oftab , the time delay between the first two electr
fields, we obtain a signal predominately from the excited
the ground state~i.e., VEchoe or VEchog!.

The density matrix elements after two electric field i
teractions contain a dependence ontab and this paramete
can be used to control the transition probability from t
ground to the excited state. After the second pulse is app
the population transfer between the ground and excited st
is given by

(
e

ree
(2)2(

g
rgg

(2)

} cosS vetab

2 D cosS vgtab

2 D cos~vtab2~ka2kb!r !, ~2!

where vg and ve are the vibrational frequencies of th
ground and excited states, respectively,v is the laser carrier
frequency, andr is the spatial coordinate in the sample. Aft
the third pulse is applied at timetab1t, the signal is a sum
of two contributions, one from molecules that remained
the ground state following two interactions with the elect
fields,

Sg} (
g,g8

gÞg8

ur̃gg
(2)2 r̃g8g

(2) u2

}~11cos~vetab!!~11cos~vgt!!, ~3a!

and the other from molecules in the excited state,

Se} (
e,e8

eÞe8

ur̃ee
(2)1 r̃ee8

(2) u2

}~11cos~vgtab!!~11cos~vet!!, ~3b!

where r̃ (2) indicates only the terms ofr (2) that satisfy the
phase-matching conditionka2kb1kc. The matrix elements
rg8g

(2) and ree8
(2) describe the vibrational coherence in th

ground and the excited states, respectively. Note that the
nal amplitude depends on both the population and cohere
elements as seen in Eqs.~3!. If we definete52p/ve ~and
tg52p/vg!, at a time delaytab5te(n11/2), the signal for
the ground state goes to zero. Whentab5ten, the signal for
the ground state reaches a maximum. Similarlytab5tg(n
11/2) andtab5tgn correspond to the minimum and max
mum signals from the excited state, respectively. Maxim
control can be achieved for values oftab that maximize one
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contribution and, at the same time, minimize the other. Th
values can always be found providedvgÞve . The definition
of a single vibrational frequency for each electronic state
applicable for a four-level system with two vibrational leve
in each state. Extension of these formulas beyond four le
would require the introduction of anharmonicity. The fou
level model used here successfully predicts the observed
perimental results~vide infra!.

The experimental setup used to carry out the meas
ments has been described elsewhere.21 Briefly, transform-
limited pulses with a 60 fs temporal width@full width at half
maximum~FWHM!# and with the central wavelength at 62
nm were used in these measurements. The laser beam
split and the three beams were combined in the forward
geometry. The energy per pulse for each beam was;20mJ.
The pulses were focused into a quartz cell containing n
iodine vapor at 140 °C. The three-pulse FWM signal w
collected by a spectrometer with a very broad spectral ac
tance~16 nm!. Spectrally dispersed three-pulse FWM me
surements will be published elsewhere.15

The two transients shown in Fig. 2 were collected co
secutively under identical conditions. The only differen
between them was the time delay (tab) between the first two
pulses. Based on the theory, various multiples of the gro
or excited state vibrational periods can be used to ach
control over the population transfer.17 We have tried a num-
ber of combinations with great success. We have chose

use 460 fs (32te) and 614 fs (2te) which correspond to times
when the ground state population is at a minimum an
maximum, respectively. The transients are the result of
scans containing 200 different time delays between the
ond and third pulses~t!.

For experiments withtab50 fs, a setup that is also
known as a transient grating, the transients~not shown here!
contain both ground and excited state vibration
dynamics.17,21,22Figure 2~a! shows the three-pulse FWM sig
nal obtained withtab5460610 fs. The transient shows vi
brational oscillations with a period of 307 fs correspondi
to dynamics in the B3Po1u state involving vibrational levels
v856 – 11. The power fast Fourier transform~FFT! of the
transient is shown in Fig. 2~c! ~black line!. The most promi-
nent peak is centered at 107.760.2 cm21 and corresponds to
the excited state dynamics. A small peak centered at 2
60.2 cm21 is the second harmonic of the excited state sig
and is not a contribution from the ground state. The sm
peak centered at 10.860.5 cm21 corresponds to the rota
tional dephasing dynamics.21

Figure 2~b! shows the three-pulse FWM signal obtain
for tab5614610 fs. The transient shows vibrational oscill
tions with a period of 160 fs corresponding to dynamics
the X 1S01g state involving vibrational levelsv953, 4. The
power FFT of the transient is shown in Fig. 2~c! ~gray line!.
The most prominent peak is centered at 208.360.1 cm21 and
corresponds to ground state vibrational dynamics. A sma
peak centered at 107.160.1 cm21 corresponds to a mino
contribution from the excited state which is expected for t
value oftab @see Eqs.~3!#. The small peak centered at 15
60.4 cm21 corresponds to the rotational dephasing dyna
ics. The rotational constants for the ground and excited st
e
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differ by a factor of 1.34;23,24 the ratio of the observed fre
quencies due to rotations is 1.4760.11.

The experimental data presented here show that the
delay between the first two pulses in a three-pulse FW
experiment can be used to control the population tran
between ground and excited states. We have used this t
nique in order to study the vibrational dephasing in t
ground and excited states of iodine as a function of temp
ture and pressure. By changingtab we were able to obtain
both separate values from the same setup.25 The ability to
transfer populations between different states is the chief te
of the pump-dump control theory of Rice and Tannor.26,27

With three-pulse FWM we have shown that this control c
be achieved with great efficiency. This technique can be u

FIG. 2. Experimental demonstration of population control using three-pu
FWM. ~a! Transient showing excited state vibrational dynamics with a
riod of 307 fs.~b! Transient showing ground state vibrational dynamics w
a period of 160 fs. Note that these transients have been displaced vert
by 1 tick mark.~c! Power FFT corresponding to each transient. For the F
of the first transient~black line!, the most prominent peak is centered
107.760.2 cm21 corresponding to the vibrational dynamics of iodine in th
excited state. The small peak centered at 218.260.2 cm21 is the second
harmonic of the excited state vibrational frequency. The peak centere
10.860.5 cm21 corresponds to the rotational motion of the ground state.
the FFT of the second transient~gray line!, the most prominent peak is
centered at 208.360.1 cm21 corresponding to the vibrational dynamics o
iodine in the ground state. There is a small peak centered at 1
60.1 cm21 indicating some contribution from the excited state. The pe
centered at 15.960.4 cm21 corresponds to the rotational motion. Note th
the data in the range of 0 – 30 cm21 are magnified 15 times.
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ful to study ultrafast dynamics involved in chemical rea
tions where one may want to follow processes that occu
the excited or the ground state exclusively.

Experimental control using multiple laser pulse exci
tion has been explored by a number of groups.1 While some
of these experiments have been carried out without ph
locked pulses or phase-matching conditions,28–30 the most
striking control over the excitation process is observed
phase-matched or phase-locked setups. Schereret al. mea-
sured this effect by observing a change in the total fluor
cence of I2.

8 Warren and Zewail used collinear phase-lock
pulses to observe photon echos in I2.

31 Pshenichnikovet al.
used a phase-locked FWM arrangement where the vir
echo and conventional echo processes interfere cons
tively or destructively.32 Time-delayed pulses can be com
bined to achieve population inversion by adiaba
passage.33,34 From Eq.~2!, one can see that the populatio
transfer is modulated by an electronic term with control p
rametervtab and a spatial condition (ka2kb)r . The ampli-
tude is further governed by the vibrational motion of bo
electronic states with control parametersvetab and vgtab .
Our measurements use the vibrational time scale, whic
independent of phase locking, to achieve the control.

In summary, we have demonstrated that pulse seque
can be found for three-pulse FWM experiments to optim
population and coherence transfer between two electr
states. In particular, we showed that the ground state po
lation, after the first two pulses, could be controlled usin
time that depends on the period of the excited state vib
tional dynamics. We showed that fortab5460 fs only ex-
cited state dynamics are observed, while fortab5614 fs pri-
marily ground state dynamics are observed. We plan
expand these types of experiments to systems where it
be possible to control the outcome of chemical reactions

This article is dedicated to Professor Kent R. Wilso
His contributions to laser control of chemical reactions ha
energized and inspired a large number of researchers.
research was partially funded by a grant from the Natio
Science Foundation~CHE-9812584!. One of the authors
~M.D.! is a Lucille and David Packard Science and Engine
ing fellow, a Camille Dreyfus Teacher-Scholar, and an A
fred P. Sloan fellow. The authors want to thank Profes
Shaul Mukamel for insightful comments. One author~E.J.B.!
was supported by a National Science Foundation Grad
Fellowship.
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