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On the role of coupling in mode selective excitation using ultrafast pulse
shaping in stimulated Raman spectroscopy

S. A. Malinovskaya, P. H. Bucksbaum, and P. R. Berman
Michigan Center for Theoretical Physics, FOCUS Center, and Department of Physics,
University of Michigan, Ann Arbor, Michigan 48109

(Received 3 May 2004; accepted 1 June 2004

The coherence of two coupled two-level systems, representing vibrational modes in a semiclassical
model, is calculated in weak and strong fields for various coupling schemes and for different relative
phases between initial state amplitudes. A relative phase equaptojects the system into a dark
state. The selective excitation of one of the two, two-level systems is studied as a function of
coupling strength and initial phases. 804 American Institute of Physics.
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I. INTRODUCTION ence, built by intensive pump pulse, determines the induced
polarization in a molecular medium and the amplitudes of

Investigations of coherent dynamics in multidimensionalRaman fields generated from this coherence using a probe

systems induced by ultrafast shaped pulses are being carrigidid. For a particular relative phase of the initially populated

out by a number of research group$.Special attention is states, a dark state is formed with zero eigenvalue of the

paid to the development of femtosecond laser techniques fanteraction Hamiltonian. It is known that for a quantum sys-

control over molecular motion in stimulated Ramantem in a dark state the prevention of decoherence may be

spectroscopy.>®%*in these works the selective Raman ex- achieved, e.g., Ref. 15. Molecules prepared in such a state

citations are achieved with femtosecond laser pulses witimay be useful for quantum computation and communication.

spectral or phase modulation. The goal is to prepare a spe-

cific quantum state to facilitate “unusual” structural changes|; gasic FORMALISM

or chemical reaction$?*213Another fundamental applica-

tion is related to the development of quantum memory for A semiclassical model is used to describe the interaction

information storagé? A composition of two-level systems, of an ultrafast laser pulse with a molecular medium using
e.g., vibrational normal modes within an ensemble of mo|_StimU|ated Raman Scattering. The model is represented sche-

ecules, driven by an optical field, may serve as a storagBatically in Fig. 1, where two, two-level systems describe
device of quantum information. two Raman active modes in a molecule. Levidlsand |3)

One of the important steps needed for efficient control oftre at zero relative energy, while levé®s and|4) have en-
molecular motion is an understanding of the factors that goverdiesi w, and# w,, respectively. Transition dipole moment
ern the System’s t|me evo'ution_ In th|s paper femtosecondnatrix elements Of the |eVe|s W|th a Vil’tua| intermediate sState
pulse shaping is discussed that allows for the selective exclb) are equal tou;, . Generally they may be different. We
tation of unreso'ved, Coup|ed Raman transitions. inVeStigate the effects in weak and Strong fields caused by

In Ref. 5, a comparative analysis of Raman spectra ofoupling between normal vibrational modes in a molecule
liquid methanol and a mixture of benzene and deuterate@nd by the relative phase of the amplitudes of the initially
benzene showed experimental evidence for the dependenB@pulated states. Transition matrix elements of the 3-4 two-
of the selective excitation on intramolecular coupling of nor-level system are assumed to be eque, = w4, and tran-
mal vibrational modes in a molecule. In this paper a Semi.Sition matrix elements of the 1-2 two-level SyStem Satisfy the
classical model is developed for the interaction of a shape@0Nditions w1,/ 3, = pop/wsp =r. The equations of mo-
ultrafast laser pulse with two coupled two-level systems, reption for the probability amplitudes of two coupled two-level
resenting coupled vibrational modes in a single moleculeSystems are
Specific questions about the mechanisms of interaction of an r2 r2 r r
external field with molecular media are addressed such as
how the coupling via an external field influences the control- a; r2 222 ¢ r 1
lability of selective excitation and how the result depends on d | a, B X 2
the coupling strength. We also investigate the ways of impIe1 dt| ag | — Xy r 1 1 as |’
menting a coupling mechanism for coherent control. Within a,
our model selective, high-level coherence can be achieved in r r 1 1——
two coupled two-level systems by a choice of the relative X
phase of the initially populated states. This phase influences (1)
the time evolution of complex probability amplitudes of awhere x is a time-dependent variable equal to
coherent superposition of states. The resultant state coheflus,|?/4%2A) 1(t), 1(t) is the pulse intensity envelope, and
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FIG. 1. Schematic picture of a model system consisting of two, two-level ' 0.5 1 115 '0)

systems having frequencies andw, . Initially, the lower levels are popu-
lated evenly. The transitions between four levels are driven by an offF|G. 2. (a) Intensity temporal profilé(t) for T=3,T,=3 [wgl]. (b) Fou-
resonant femtosecond pulse. rier transform ofi (t).

) _ (3) is presented showing significantly larger intensity at fre-
A is the detuning of the frequency of the pulse from thequencyw4 than atw,. In weak fields the solution of Eq)
frequency of the virtual statgb). Equation(1) has been g
obtained by adiabatic eliminating stdte) within the rotat-

ing wave approximation. The chosen form of the Hamil- . MapH3p (* | oatgt—i M4b,u§b~|

tonian allows for an adequate description of various coupling A= AR? o (De =i N (4),
schemes. Note that in our model the pulse intensity envelope . . (4)
[(t) is the same for all transitions. The specific form for the  MapMip [© Mo 1p~

— Twot 44 ¢
pulse shape is taken such that in the weak field regime the 22~ ' 4A72 _weradt=i 5rga (@),

pulse selectively excites transitions of predetermined fre-

quencies, while in strong fields the result depends on thé'S @ consequence, whet) is used in Eq(1), the solution
intensity of the fieldl,. The intensity envelopé(t) is de- in a perturbative limit leads to a weak excitation of coher-

fined as a real part of the Fourier transform of a function€Celp1d, and an efficient excitation of cohereriga,| with

f(w) specified as the magnitude proportional t{w,).

In strong fields the exact numerical solution of Ei)

f(w)=lo[e” ‘“"2—e‘(‘”“"4)2T2(1—e‘(“"“’z)sz)], (2)  shows that a choice of the field strength paramégepro-
vides control over excitations, resulting in maximum coher-

wherea, T, andT, are free parameters. ence for eithefps,| or |p15. These results are in agreement
The real part of the Fourier transform of the spectral,yit, those published in Ref. 16 for two uncoupled two-level
density(2) gives a temporal pulse function systems.
I(t)=loC[1—A/C cog wyt) ll. MODE COUPLING
T2 A numerical solution of the time-dependent Sairger
+B/C coa{ wz_Aw_f)tH’ equation(1) describing two coupled two-level systems was
T obtained withl(t) given by Eq.(3) and two values of,

B 1272 equal to3 and 1. The results reveal the importance of the
A=(v2T) e ' relative phase between the initial state amplitualeandas.
This relative phase could be established by optical pumping
into state|1) and using a Raman pulse to create {i¢
C=(vir ! 12472 —|3) state coherence. An equilibrium ensemble consists of
= 7) e , (3 ) . !
molecules with various relative phases of populated states
2=T24+T2, Aw=ws—w,. related to different vibrational modes. Following this state-
ment we calculated coherendgs,| and|ps, as an average
The temporal profile of the pulse function is shown in Fig. over relative phases between initially populated stiteand
2(a) for parameters corresponding to experimental data OIB). Forr=1, |p1J and|pz4 are shown in Fig. @ (bold
the molecular gas CQ° T=3,T;=3, andw,=1,0,=1.1,  dashed and bold solid lines, respectielgs a function of
where w; are in frequency units, an@, T, are in inverse the dimensionless intensity of the ultrafast laser pulse. Phase
frequency units. The chosen paramet&(3; give a pulse averaging is equivalent to calculatifygs, and|p;, as a sum
duration corresponding to an impulsive regime ofof two contributions resulting from two initial population
interaction® In Fig. 2(b) the Fourier transform () of Eq.  distributions: p1,=3,p33=0) and (p33=%,p1,=0). This ap-

B=(v27) ~1g= AW’ TA (1= T2/7%) ~t?/4r%
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FIG. 3. Intensity dependence of the coherences of two, two-level systemd;!G. 4. Coherence of the 1-2 and 3-4 two-level systems as a function of
|p14 is shown by dashed lines amgds,| by solid lines. In(a) bold curves initial relative phase between levely) and |3) for r=1 and equal initial
depict the case for=1 corresponding to two coupled two-level systems Populations of these level&) |y=2.625m, (b) 1,=0.57.

with equal coupling constants; thin curves depict coherences for two inde-

pendent two-level systems. The phase averaged solution gives much lower

values of coherences than that for zero phase and coupling) Ibold

curves show coherences for 1/2, and thin curves far=1. Weak coupling 1. As the result, population flows from the 1-2 to the 3-4

constants of the 1-2 system resul; in efficient population flow toward the 3-4yyo-level system, maximizing coherenm;4| .
system, strongly coupled to the field. For various values of intensity of the fielg the depen-
dence of|p;, and|ps, on the relative phase between ini-
tially populated stateld) and|3) has been considered. In Fig.
o _ . 48 the case forly=2.6257, r=1 is representedwhich
proach eliminates the role of the phase between |n|t|allygives almost equal values §p;, and |ps4 for the phase
populated states. Coherences as a function of the intensity %t/eraged solution For phases from zero ter, |psd/|p1
the field calculated in such a way are identical to those in. 1, and a vibrational mode having frequeney is excited
Fig. 3(@). Also shown in Fig. &) are values Oﬂ_934| and  gyronger in a molecule than that having frequeasy. For
|_p12| (represented _by thin SQ|Id and dashed lines, reSpeGshases fromm to 2, |psd/|p1d <1 indicating the reverse
tively), when there is no coupling between the two, two-levelpityre of the strength of excitation of vibrational modes.
systems[obtained formally by setting“=1, r=0 in Eq.  Figyre 4a) shows that using phase control of the initially
(1)]. From a comparison of the two sets of curves it is seefopyjated states allows one to enhance the coherence be-
that phase averaged solution for two coupled two-level sysgyeen desired vibrational levels in a molecule. The behavior
tems gives much lower values ofi; and|ps4| than that for ot |1/, is sensitive to the intensity of field. For ex-
uncoupled systems. In weak fields the coherepgg pre- ample, wherl ,=0.57 [which gives a phase averaged solu-
vails over|pig, which is in agreement with Eq4). The  {ion p12=0.163 and|ps=0.059 in Fig. 3a)], the phase
coherencép,,| increases faster than that for the case of tWOgependent calculation shows th§byl/|psd>1 for all
uncoupled two-level systems. In strong fie|gds,| and|ps| phases except fap= 1, see Fig. 4). The maximum value
oscillate synchronously. The_cohgredgaqj almost always ¢ coherence p"®=0.4 at ¢=7/4 is much higher than
is larger than[ps,| owing to its slightly smaller transition  that for the phase averaged solution. This result demonstrates
frequency. According to Fig. (&), in a molecule in weak  that in a molecular media with prepared relative phase be-
fields a vibration aw, is excited stronger than that ab,  yyeen initially populated states an abnormally high polariza-
regardless to the strength of coupling between two Vibragion may be induced through the interaction with intense
tional modes. Strong fields induce an efficient population,ge, pulse. When the initial relative phagds equal tor,
transfer between all four levels in a molecule having NONZerQoherencedp,,| and|psq are equal to zero. This is the case
mode coupling, causing excitation of both vibrations. Conseso; any external field. Populations of all states exhibit no
quently, the amplitude of the induced electric dipole momentime eyolution. This result indicates an existence of a dark
is modulated at both vibrational frequencies, giving rise tostate, as can be deduced directly from the Hamiltonian in Eq.

two Raman fields. o (1). For an arbitrary value, the necessary conditions for a
Numerical calculations show thaft) may result in sig- 45k state ar@,/n, =r2 and ¢p= .

nificant differences betwedp,,| and|p3, in a system with

different coupling constantg; which give different oscilla-

tor strength of the trqnsitiops. ch:%.the 'depender)ce pf IV. SUMMARY

|ps4 and|pyo on the intensity of the field is shown in Fig.

3(b) by bold solid and bold dashed lines, respectively. For ~ We presented a semiclassical model of the coherent con-
such coupling constants, the probability of population transtrol of excitation of Raman transitions in two coupled two-
fer between two-level systems is equal to 1/2, between statdsvel systems using a broadband shaped laser pulse. We ana-
|1) and|2) it is equal to 1/4, and between stat8sand|4) to  lyzed the effects caused by the coupling between four levels
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