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A bichirpedcoherent-controlscenariois introducedandimplementedin a modelstudyof coherent-controlof
the cis/transphotoisomerizationof the retinal chromophorein rhodopsin.The approachinvolves selective
photoexcitationof multiple vibrationally coherentwavepacketsby using two chirpedfemtosecondpulses.
Controloverproductyieldsat finite timeafterphotoexcitationof thesystemis achievedby externallychanging
therelativephasesof thephotoexcitationpulsesandconsequentlyaffectingtheinterferencephenomenabetween
individual wavepacketcomponents.Furthermore,a measureof decoherenceassociatedwith theunderlying
quantumreactiondynamicsis computed.Extensivecoherent-controlover transientpopulationsis predicted,
despitethe ultrafastdecoherencephenomenainducedby the vibronic activity, providing resultsof broad
theoreticalandexperimentalinterest.

I. Introduction

Understandingthe role of quantum coherencesin intra-
molecular relaxation processesof biological moleculesis a
subject of great interest.1,2 Reactionsin biomolecules(e.g.,
proteins) usually involve intramolecularprocesseswith re-
arrangementsof nuclearandelectronicdegreesof freedomat a
ªreactionsiteº,whereastheremainderof themolecularstructure
provides a regulatory environment (i.e., a ªbathº) for the
underlyingreactiondynamics.Quantummechanicalcoherences
can, therefore,play a crucial role in determiningthe overall
rateandefficiency of the reactionwheneverthe reactiontime
is comparableto, or shorterthan,thetimescalefor decoherence
inducedby the interactionswith the bath. In this paper,we
investigatethe effect of laser inducedcoherencesin the cis/
transphotoisomerizationreactionof the retinal chromophore
in rhodopsin,as modeledby an empirical Hamiltonian. We
introducea bichirpedcoherent-controlscenario,andwe com-
putationallydemonstratethepossibilityof coherentlycontrolling
the underlyingexcited-statereactiondynamics.

Chirped, or shaped,light pulses can efficiently transfer
populationbetweendifferent electronicstatesin polyatomic
systems.3- 8 Suchpopulationtransferinducesselectiveexcitation
of coherentwavepacketmotion with a strongdependenceon
the chirp sign. Negatively chirped pulsesinduce vibrational
coherencesthroughintrapulsepump- dumpprocesses,9 whereas
positivelychirpedpulsesdiscriminateagainstthe formationof
coherences,increasingtheexcited-electronicstatepopulation.3- 8

Thebichirpedcoherent-controlscenariointroducedin thispaper
exploits these capabilities of chirped femtosecondpulses.
However,contrary to achievingquantumcontrol of transient
populationsby changingthe pulsechirps,coherent-controlis
achievedby changingtherelativephasesof two linearlychirped
femtosecondpulses.

Coherent-controlexploitsthe coherencepropertiesof lasers
to encodeand manipulatequantummechanicalinterferences
betweenmultiplephotoexcitationpathwaysleadingto thesame
final state.10- 13 Thecontrolparametersfor manipulatinginter-

ferencesare the relative phasesof multiple photoexcitation
pulses.Severalcoherent-controlscenarioshavebeendemon-
stratedboth computationallyand experimentallyfor simple
reactionsin small molecules.10,11,13However,coherentlycon-
trolling intramoleculardynamicsin largemoleculeshasoften
beendeemedunrealisticdueto thedeleteriouseffectsof rapid
decoherence.14 In recentwork, we havecomputationallydem-
onstratedcoherent-controlof ultrafast excited-statereaction
dynamicsin a large polyatomicsystem.15,16 Coherent-control
was found to be feasible,even in the presenceof ultrafast
intrinsic decoherence,since in that systemthe excited-state
reactiontimewascomparableto theperiodof vibrationalmodes
responsiblefor inducingdecoherence.34

The time scalesfor decoherenceand reaction dynamics
observedin our previousstudiesareexpectedto becommonto
manyotherexcited-statereactions,sincetheexcited-electronic
statesresponsiblefor reactiondynamicsin polyatomicsystems
areusuallyextremelyshort-livedanddeterminereactiontimes
that arecomparableto the periodsof the dominantvibrations.
In this paper,we investigatethedecoherencetime scalefor the
excited-statephotoisomerizationin rhodopsinas modeledby
anempiricalHamiltonianandwe showthatcoherent-controlis
in fact feasiblesincethe200-fsreactiontime is comparableto
the decoherencetime.

Thecis/transphotoisomerizationreactionin rhodopsinis the
first step in vision and representsan extremelyefficient and
ultrafastphototransductionmechanismthat hasalreadyraised
significant interest in the field of bioelectronics17 (i.e., the
subfieldof molecularelectronicsthat investigatestheutility of
native as well as modified biological moleculesin electronic
or photonic devices). In addition to the obvious advance
associatedwith demonstratingcoherent-controlof suchreaction,
thebichirpedcoherent-controlscenarioalsoprovidesatechnique
for significantly improving our understandingof the role of
quantumcoherencesin intramolecularrelaxationprocessesof
polyatomicsystems.

The paperis organizedas follows. SectionII describesthe
system,thecomputationalapproachandtheimplementationof
the bichirped coherent-controlscenario.Section III presents
results for both coherent-controlas a function of the pulse
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relativephasesandfor a time-dependentdecoherencemeasure.
SectionIV summarizesandconcludes.

II. Methods

Thecis/transphotoisomerizationof theretinalchromophore
in rhodopsin,shownin Figure1, is completewith highefficiency
(� 67%) within 200 fs after photoexcitationof the system.1,2

The reactioninvolves torsionalmotion of the dihedralangle
about the C11- C12 bond (see Figure 1) through a diabatic
pathwaythat connectsthe excited-electronicstateof the 11-
cis-rhodopsinwith the ground-electronicstateof the all-trans
photoproduct.Thetwo electronicstatesarevibronicallycoupled,
primarily by the delocalizedstretchingmotion of the polyene
chainin theretinalchromophore.A microscopicdescriptionof
the underlyingintramolecularreactiondynamicsthusrequires
modelingboth nuclearand electronicrelaxationdynamicson
vibronically coupledpotentialenergysurfaces.

Previousstudies18,19 haveshownthat mostof the available
spectroscopicinformation on rhodopsincan be properly de-
scribedby simulating the underlying quantumdynamicsac-
cordingto anempiricaltwo-state25-modemodelHamiltonian
Hö ) HöM + HöB. Here, HöM is a two-statetwo-mode model
Hamiltonianthataccountsfor thecollectivetorsionalcoordinate
and its coupling to the delocalizedstretchingmode of the
polyenechain,whereasHöB is aharmonicansatz(i.e., theªbathº)
with frequenciesand excited-stategradientsparametrizedto
reproducethe experimentalresonanceRamanexcitationsof
rhodopsin.20 The HöM term is parametrizedto reproducethe
rhodopsinelectronicexcitationenergies,aswell asthe energy
storedandthespectroscopicenergyshift dueto theisomerization
of the retinyl chromophorein rhodopsin. In addition to
reproducingall of theseexperimentaldataby construction,the
modelHamiltonianproperlydescribestheisomerizationreaction
speed,efficiency (i.e., the quantumproduct yield) and the
femtosecondspectroscopicsignalsduring the first picosecond
of dynamicsascorrelatedto time-dependentpopulationsof the
modelpotentialenergysurfaces.In this paper,sucha modelis
implementedto explorethefeasibilityof coherentlycontrolling
thereactionefficiency.Specifically,we analyzethesensitivity
of thereactionefficiencyto changesin thecoherentproperties
of femtosecondpump pulses.Note, that we have cautiously
limited our coherent-controlstudy to the analysisof the very
samequantitiesfor which the model Hamiltonian has been
demonstratedto be useful.

The dynamics of the system is generatedby the total
HamiltonianHh(t) ) Hö + Vö(t), whereHö ) HöM + HöB andVö(t)
is the perturbationdueto the time-dependentlaser-field� (t)

whereíÃis the dipole operatorandj0ñandj1ñarethe ground-
andexcited-electronicstatesof rhodopsin,respectively.

The TDSCFapproach18,21- 23 is implementedby employing
a single-configurationHartreeansatz

where� is the isomerizationcoordinate,R is the delocalized

stretchingmodeof the polyenechainandx arethe remaining
23 resonanceRamanactivemodesincludedin themodel,è(t)
is anoverall phasefactor,andê ) 0, 1 labelstheground-and
excited-electronicstatesof rhodopsin,respectively.Substituting
the ansatzintroducedby eq 2 into the time-dependentSchroÈ-
dingerequation,weobtainthewell-knownself-consistentfield
equations18,21- 23

and

SincetheHamiltonianHöB is harmonic,� (x, t) canbedescribed
in termsof Gaussianwavepackets

where { xj(t), pj(t)} are classicalvibrational coordinatesand
momentathatevolveaccordingto theeffectivepotentialenergy
surfaceVeff(x) ) áøj Hh jøñ. Thesetrajectoriesarecomputedalong
with theclassicalactionS(t) by numericallyintegratingHamil-
ton's equationsaccordingto the Velocity- Verlet algorithm.24

Finally, eq4 is solvedself-consistentlywith eq3 by implement-
ing an exactquantumdynamicspropagationschemebasedon
thesplit-operatorFouriertransformmethod.25,26Foradiscussion
of thevalidity of theTDSCFmethodasimplementedhere,see
refs 18 and21- 23.

Thesystemis initially preparedin theground-electronicstate
and is photoexcitedwith two linearly chirped femtosecond
pulseswith a total electric field � (t)

whereõj arethe phasesof the two pulsesandc.c. denotesthe
complexconjugateof the precedingterms.The functionsFj,
introducedby eq 6, describeGaussianpulses

wherethe parameterstp and ôj, introducedby eq 7, describe
the temporalwidth and the linear chirp rates,respectively.35

Thetwo pulsecomponentsincludea negativelychirpedpulse,
responsiblefor creatingvibrationalcoherencesandapositively
chirpedcomponentthat discriminatesagainstthe formationof
coherences.Hence,in this bichirped femtosecondversionof
coherent-control,selectively excited-vibrational coherences
interfere with one another and such quantum mechanical
interferencephenomenaaffect thetime dependentreactantand
productpopulations.

We focusour studyon theanalysisof both theprobabilities
Pcis

(S1)(t) andPtrans
(S0) (t) of thesystemto be in thecis configuration

of theS1 excited-electronicstateandthetransconfigurationin
the ground-electronicstate,respectively.The populationsof
thesetwo statescanbe directly correlatedto transientsignals
in femtosecondpump- probeexperimentsatprobewavelengths
in the500and530- 580nmranges,respectively.2 It is, therefore,
expectedthattheresultspredictedby our calculationscouldbe
experimentallyverified by femtosecondlaserspectroscopy.

Figure 1. Photoisomerizationof retinal in rhodopsin.
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WecomputePcis
(S1)(t), asa functionof therelativepulsephase

parameterõ ) õ1 - õ2, as follows:

wherej¾t
(S1)ñ � j S1ñáS1j¾tñ is the S1 electroniccomponentof

the time-evolvedwave function j¾tñandhcis(� ) is a function
of thedihedralangle� abouttheC11- C12 bond,definedashcis-
(� ) ) 1 whenj� j e ð/2, and0 otherwise.Thetime-dependent
populationsPcis

(S0), Ptrans
(S1) , andPtrans

(S0) arecomputedanalogously.

We considerthe systeminitially preparedin the ground-
harmonicstatefor all nucleardegreesof freedom.Thefrequen-
cies introducedby eq 6 are ö 1 ) ö 2 ) 2ðc/ì with ì ) 500
nm. The parametersthat define the pump pulse temporal
profiles, introducedby eq 7, aretp ) 42 fs, ô1

2 ) 576 fs2, and
ô2

2 ) - 1156fs2. We focuson theweak-fieldlimit by selecting
themaximumfield strengthFmax ) 0.25MeV/cmfor bothpump
pulses.The net effect of the field is ratherweak due to the
brevityof thepulse: lessthan4%of thepopulationis transferred
from the ground-to the excited-electronicstate.Note that by
fixing the parametersthat define F1(t) and F2(t) one can
simultaneouslyexploreall possibleoutcomesthat result from
different valuesof the coherent-controlparameterõ ) õ1 -
õ2. Here,wedonotexploretheinfluenceof thefield strength,27

relative intensities,chirp rates,or pulsewidths. However,the
parametersthat define such quantitiesin the real bichirped
coherent-controlexperimentcouldbeoptimized,e.g.,according
to a closed-loopoptimal-controlscheme.12,28- 31

III. Results

Figure 2 comparesPtrans
(S0) (upper panel) and Pcis

(S1) (lower
panel)for variousdifferent valuesof the relativepulsephase
parameterõ.

Theseresultsshow evidenceof significant changesin the
dynamicsof cis/transphotoisomerizationin rhodopsinproduced
solelyby changesin therelativepulselaserparameterõ. Note
thatboththeexcited-andground-staterecurrencesarestrongly
modulatedby õ in termsof their timing, spreading,andrelative
intensities.The origin of suchrecurrencesis the refocusingof
excited-andground-statepopulationsbackto thecis andtrans
conformations,respectively,after the S1 populationbifurcates
ataconicalintersectionof therelevantpotentialenergysurfaces
(for an earlier discussionof photoisomerizationand internal
conversionat conicalintersections,seeref 32).Thebifurcation
event gives rise to both the first peak of Ptrans

(S0) and the first
minimum of Pcis

(S1), shown in Figure 2 at about 200 fs after
photoexcitationof the system.

Figure3 showscontourplots of trans-S0 (upperpanel)and
cis-S1 (lower panel) time-dependentpercentagepopulations,
definedas 100*Ptrans

(S0) (t)/Ptot and 100*Pcis
(S1)(t)/Ptot, respectively.

Here,Ptot is the total populationtransferredfrom the ground-
to the excited-electronicstateby the photoexcitationpulses.

Figure 3 showsthat coherentcontrol is feasiblesimply by
changingtherelativephasesof thephotoexcitationpulses.Note
thatthereactionefficiency(i.e., thetrans-S0 percentagepopula-
tion) canbe modulatedfrom morethan60% to lessthan30%
by changingthe coherentcontrol parameterõ.

Figure 2. Time-dependentprobabilityof thesystemto bein thetrans
configurationof theS0 electronicstate,Ptrans

(S0) (t) (upperpanel),andthe
cis configurationof the S1 electronicstate,Pcis

(S1)(t) (lower panel),for
relativepumppulsephasesõ ) 0, 3ð/2, ð/2, andð.

Pcis
(S1)(t) ) á¾ t

(S1)j hcis(� ) j¾ t
(S1)ñ (8)

Figure 3. Contourplots of trans-S0 (upperpanel)andcis-S1 (lower
panel)time-dependentpercentagepopulationsfor bichirpedcoherent
controlof rhodopsinasa functionof therelativephaseõ ) õ1 - õ2 of
the photoexcitationpulses.
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Theextentto which theseresultsaresignificantis associated
with theadventof intrinsicdecoherence,inducedby thecoupling
betweenthereactioncoordinate(i.e., thetorsionof thedihedral
angleabouttheC11- C12 bond)andthestretchingmodeof the
polyenechain.We estimatethedecoherencerate,accordingto
our previouswork,15 by computingthe time-dependentTr[F2-
(t)] whereF(t) is the reduceddensitymatrix associatedwith
the reaction coordinate.The calculation is performedfor a
harmonicstateinitially promotedto the S1 excited-electronic
state.Sincethe decoherencerate is expectedto increasewith
theconfigurationspacesize,suchaninitial conditionservesas
anapproximatelowerboundto thedecoherencerate.According
to suchpreparation,the systemis initially in a purestate,i.e.,
Tr[F2(0)] ) 1. However,astheisomerizationreactionproceeds,
the torsionalmotion of thedihedralanglebecomescoupledto
the motion of the remainingdegreesof freedomin the system
(i.e., thestretchingmodeof thepolyenechainandtheremaining
23 vibrationally active modes) and Tr[F2(t)] decaysat the
decoherencerate. Figure 4 (upper panel) shows the time-
evolutionof Tr[F2(t)] andthecomparisonwith theevolutionof
both Pcis

(S1) andPtrans
(S0) during the first 1.2 ps of dynamics.

Thelower panelof Figure4 showstheanalogousresultsfor
a two-statetwo-modemodelHamiltonianconstructedby turning
off thecouplingto theharmonicansatz.Thecomparisonof Tr-
[F2(t)] for the 25-modemodel (upperpanel)and the 2-mode
model (lower panel) suggeststhat the main contribution to
decoherenceis due to the couplingof the reactioncoordinate
to the stretchingmodeof the polyenechain.Note that during
the early time relaxation(t < 70 fs) most of the population
remainson thereactantsideof theinitially populatedelectronic

state(i.e., Pcis
(S1) � 1). However,Tr[F2] rapidly decaysdue to

the intrinsic decoherenceinducedby the vibronic activity and
reachesa plateauassoonasthereactionis completeat 200fs.

IV. Summary and Conclusions

We haveintroduceda bichirpedcoherent-controlscenario,
and we havecomputationallydemonstratedthe feasibility of
coherentlycontrollingthefemtosecondprimaryeventof vision
asmodeledby anempiricalHamiltonianthatproperlydescribes
the underlyingreactionspeedandefficiency. Consideringthe
longstandingresearchinterestin rhodopsinphotoisomerization,
we anticipateconsiderableexperimentalinterestin examining
this coherent-controlscenario.

We have shown that the coupling betweenthe reaction
coordinateandthestretchingmodeof thepolyenechainin the
retinal chromophoreinducesdecoherencewithin a time scale
comparableto thereactiontime.To ourknowledge,theseresults
andthosereportedearlier15 constitutethefirst explicit calcula-
tionsof thetime-dependentTr[F2] associatedwith excited-state
reactiondynamicsin polyatomicmolecules.Suchquantity is
the standardand most conventionalmeasureof decoherence.

We have shown that the predicted range of control is
extensivedespitetheultrafastintrinsicdecoherenceinducedby
thevibronic activity, providingresultsof broadtheoreticaland
experimentalinterest.
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