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Laserpulse guided ultrafast electrontransfer (ET) is studiedtheoreticallyfor different types of
donoracceptorsystemsThe pulseinitiates an optical transitionfrom the electronicground state
into an excitedstateand controlsthe ET. The computationsoncentrateon systemswhere(a) the
excitedstate(donoy is coupledto an acceptorevel andwhere(b) the ET proceedsasan internal
conversiorfrom the excitedstateto the groundstate.For both exampleghe manifold of vibrational
coordinateds mappedon a single reactioncoordinatecoupledto a dissipativereservoirof further
coordinatesUtilizing the methodsof dissipativequantumdynamicscombinedwith the optimal
control (OC) schemejt is demonstratedhat control fields really exist which drive the ET in the
requiredmanner Variouspropertiesof the OC algorithmarediscussedvhenappliedto dissipative
dynamicsand a schemeis proposedto avoid pinning in a local extremum. © 2002 American

Institute of Physics. [DOI: 10.1063/1.1481856

I. INTRODUCTION

The proposalof laserpulsecontrol of moleculardynam-
ics datesbackto the middle of the eightiesandhasits origin
in moreor lesscompletelytheoreticalconsiderationsi com-
prehensiveoverview on all attemptsdiscussedso far has
beengivenrecentlyin Ref. 1. Originally suggestedsseveral
differentapproachetike the pioneeringTannor Kosloff, and
Rice schemé@ or the coherentcontrol schemeof Brumerand
Shapiro® thetheoryof laserpulsecontrolhasbeenputinto a
universalframeby Rabitzin suggestinghe so-calledoptimal
control (OC) theory*® The OC theoryis basedon a certain
functionalwhich extremumhasto be found. Oncethis extre-
mum has beencalculated,the shapeis known of the laser
pulse which drives the systemin the desiredmanner The
functionalconsistsof the expectatiorvalue of the observable
one wantsto maximize,e.qg., the populationof a particular
state,and a constraintwhich restrictsthe pulseenepgy to a
finite value. Originally, the OC theory hasbeenformulated
for gas-phasaystemswhich dynamicsare governedby the
time-dependenSchralinger equatiorf*®> A formulation for
mixed statescould be alreadyachievedn Ref. 6. The exten-
sion to reducedstatedynamicsof an openquantumsystem
hasbeengivenin Ref. 7, andrecentlyin Ref. 8 by extending
the efficient iteration schemeof Refs.9 and 10.

Meanwhile, experimentson femtosecondlaserpulse
control of moleculardynamicsbecamea subjectof active
physicochemicaresearch*~% Most of the work has been
concentratean the centralidea of controlling chemicalre-
actionsresultingin a destructionor formation of a selected
chemical bond. And indeed, a number of promising ex-
amplesalreadyexistsevenin the condenseghase'® While
direct strategiesto achievethe control goal have beenap-
plied in an earlier stateof this researcH, it was an experi-
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mental breakthroughto use highly flexible optical pulse-
shapingsystemscombinedwith self-learningalgorithmsas
suggestedn Ref. 16.

Although this type of approachfound a widespreacdex-
perimentalapplication,the use of self-learningalgorithmin
theorywould remainon a preliminarylevel. This is because
of the enormousamountof computationatime necessaryor
carrying out the multitude of dynamicpropagationsConse-
quently it is muchmore appropriateto apply the OC theory
whenevera control experimenthas to be simulated. This
conclusionleadsto the problem of different experimental
andtheoreticalconstraintanfluencingthe searchfor the op-
timal laserpulse.Therefore,the task for the theoryis two-
fold. It hasto solvethe controltaskandit hasto proveif the
obtainedpulsereally fits the constraintspresentin the par
ticular experiment.On the one-handside one cantry to in-
clude into the simulationsthe experimentalconditionslike
the laserfield spatialprofilel” or the limited spectralwidth
of the experimentalpulses.Or alternatively one can solve
the control taskwithout any experimentatonstraintand, af-
terwards,askto what extentthe pulsecanberealizedin the
experiment?®

In the presentpaperwe will follow the latter strategyin
searchingfor a solution of the control task by meansof the
OCtheory In doingsowe expectto geta generaimpression
on the way the control of our particular molecularsystem
becomespossible.In which mannerone hasto discussthe
realizationin an experiments explainedin Ref. 18 andwill
not be repeatedhere. The concretetype of dynamics,in
which control shouldbe studiedin thefollowing is relatedto
ultrafastelectrontransfer (ET) reactionsin donoracceptor
(DA) systemsThereis a certainamountof theoreticalitera-
ture on the externalfield control of ET.2*~® Thesestudies,

© 2002 American Institute of Physics
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FIG. 1. PESof the studiedmodel systemsET modell: a donoracceptor
systemtypical for photoinducedET. ET-modelll: a systemshowingET in
the inverted regime after photoinducedchage separationinto an excited
state.The electronictransfercoupling (nonadiabaticoupling andthe opti-
cal transitionare indicatedby horizontaland vertical arrows,respectively

however do not deal with photoinducedET reactionsbut
with a type of externalfield control characterizedoy the
actionof a high-frequencyelectricfield which modulateghe
enegetic distancebetweenthe donorandthe acceptorevel.
In contrast,the following studiesare aimedto demonstrate
the control of ET reactionsby fields in the optical region.
Theenegy level schemesve havein mind areshownin Fig.
1. A ground-statepotential-enagy surface(PES is coupled
to an excitedstatePESby an optical excitation.This excited
statePESmay coupleto a further (acceptoy PES(modell)
or via aninternalconversiorprocesdo the groundstatePES
(modelll). In any casethe coupling lets the electronmove
away from the initially populatedstate.To control this mo-
tion by meansof the exciting pulse,the couplingto the final
statePES shouldbe strongenoughto introducea sufficient
large level mixing. This indicatesthatthe reactionshouldbe
beyondthe nonadiabatidype of ET and shouldbe ultrafast,
i.e., in the subpicosecontime domain.

A preliminarydiscussiorof laserpulsecontrolof ET has
beenalreadygiven in Ref. 26. Here we generalizethe dis-
cussionto includevibrationalenepy dissipation A common
approachto do this is to accountfor the coupling of the
active (reaction coordinatedo a reservoirof passivevibra-
tional coordinategseee.g.,Refs.27-29 andthevariouscon-
tributionsin Ref. 30). In this mannerone includesfrictional
effectsactingon thereactioncoordinateandthe ET hasto be
describedn the frameworkof dissipativequantumdynamics
(densitymatrix theory?®3%34),

As a potentialcandidatefor realizinglaserpulsecontrol
of ET, we mentionherethe perylenemoleculeattachedo the
surfaceof the semiconductofiO,. For this systemheteroge-
neousET (into the semiconductgrwhich proceedsn a 100
fs time scalehasbeenobserved™*¢ and can be well simu-
latedin modelswhich will be usedhere,to03'~% Although
we havesucha systemin mind, the presentstudiesconcen-
trate on the modelsgivenin Fig. 1. The discussionof more
involved models, including the continuum of PES, which
refer to the bandstatesof the semiconductqris underwork.

Il. ULTRAFAST ELECTRON TRANSFER DYNAMICS
A. The electron transfer model

A commonmodelfor the descriptionof ultrafastphoto-
inducedET is given by a setof electroniclevels which are
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defined versus a small set of vibrational (reaction
coordinate$® The schemeof PESwhich will be of interest
in the following are shownin Fig. 1. Often it sufficesto
considera single vibrational coordinateor two coordinates.
But in anycaseto accounfor enegy dissipationranddephas-
ing, a couplingto passivevibrational coordinatesforming a
thermalreservoirbecomesecessaryThe respectiveHamil-
tonian Hg (describing the active system S of electron-
vibrational degreesof freedon) includesthe molecularpart
H o @andthe couplingto the externalfield Hg(t). The first
contributionwill be written as

Hmo|=a2b (SapHat (1= 8420)Vap) | @a)(@p- (1)

Forthe PESschemd of Fig. 1 the electronicquantumnum-
ber a comprisesthe ground-statecontributiona=g aswell
asthe donorandacceptora=D,A. The couplingmatrix el-
ementsV,, only concernthe donorandthe acceptarin con-
trast,a is reducedto the ground-stateontributiona=g and
the single excited state contributiona=e for schemell of
Fig. 1, andthe couplingV, is responsiblefor internal con-
version.All vibrational HamiltonianH , are written with di-
mensionleswibrational coordinatesQ={Q;}

hw;
Ha=Tuo U+ 2 Q= Q™% 2

The minima and the mutual displacementsf the respective
PEsaredenotedby UYL andQ®, respectivelyAny single
coordinateQ; can be expressedy harmonicoscillator op-
eratorsC; and C;" accordingto Q;=C;+C;" . Respective
vibrationaleigenfunctions of the HamiltonianH , read| xam)
where M denotesthe set of vibrational quantumnumbers.
Consequentlythe complete electron-vibrationalstatesare
givenby | xam)|¢a). For modell we alsointroducethe adia-
batic states|#,) which diagonalizethe electron-vibrational
statesof the donoracceptorsystem

[#ha) = 24 Ad(@M)|xXam)| @2). 3

The externalfield partof the systemHamiltonianH g is given
by

He(t)=—E(t) ix. (4
The dipole operatorreads
[L:dag|¢a><¢g|+h-c-u (5

wherethe quantumnumbera of thetransitiondipole moment
refersto D (modell) or to e (modelll). In any cased,g is

takento be independenbn the Q; (Condonapproximatioi.

Thefield is assumedo be linearly polarizedbut remainsfree
otherwise.

The modelis completedby a coupling of the setQ of
active coordinates to remaining passive Vvibrational
coordinates?*° Thesecoordinatesare denotedby Z={Z}
andactasadissipativereservoir Theymaybelongto the ET
systemcompletelyor to a surroundingsolvent. The respec-
tive coupling Hamiltonian if expandedwith respectto the
electronicstatesreadsHs_r= =5 )Wap(Q,Z) | pa){¢p|. For
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the following it sufficesto considerthe diagonalcontribu-
tions only. Furthermorewe assumehatW,(Q,Z) factorizes
into a systemand a reservoirpart. Therefore,Hg g reads
similar to the multiple factorizedansatz of dissipativequan-
tum dynamics(see,e.g.,Ref. 29)

HszZEa: Ka®s. (6)
The part
’Ca:Ka(Q)|€Da><‘Pa|a (7)

is exclusively definedin the state spaceof active system
states,and

<I>a<2)=ﬁ2§ ke(a)Z, (8)

is definedin the reservoirstatespace.For the presentpur
posest sufficesto takean expressiorinearizedwith respect
to thereservoircoordinates.

B. Reduced density matrix description of electron
transfer

Since laserpulse control of ET reactionswill be de-
scribed in the framework of dissipative quantum
dynamicé®3+3 onehasto definethe reduceddensityopera-
tor

Mancal, Kleinekathofer, and May

p(t) =tre{W(t)}. (9)

This quantity is obtainedfrom the completenonequilibrium
statisticaloperatoMV(t) via atraceoperationrestrictedto the
reservoirstates.The time evolution of the reduceddensity
operatoris governedby arespectiveime evolutionsuperop-
eratorwhich actsaccordingto

p(t)=U(t,to;E)p(to), (10

where its E-dependenceéhas been separatelyindicated to
showthatthe electricfield strengthhasbeenincorporatedn
the densityoperatorequation.

Changingto the electronvibrationalstaterepresentation,
the densitymatrix follows accordingto

PaM,bN(t)=<XaM|<‘Pa|E’(t)|QDb>|XbN>- (11

As explainedn moredetailin AppendixA the densitymatrix
obeysthe following equation-of-motion:

J i
EpaM,bN(t): — ®am,bNPam,bN(t) — 7 gK: (Vac{xam| xcx) Pek .on(t) = Ven{ Xer | Xon) Pamex (1))

- <XaM|<‘Pa|IDIA)(t)|<Pb>|XbN> + I%E(t)g; (dac<XaM|XcK>PcK,bN(t) - dcb(Xck|XbN>PaMcK(t))-

Here,the action of the vibrationalHamiltonianH, hasbeen
translatedto the presenceof electron-vibrationalenegies
Eaw=hw,y (transitionfrequenciesare denotedas wy pn)-

Thoseterms which describethe transferbetweendifferent
electronic levels (proportional to V,, and d,,) cover
Franck-Condonoverlapintegrals.A detailedexpressiorfor

the dissipativepart (electron-vibrationamatrix elementsof

Dp, whereD denoteghe dissipativesuperoperatoris given
in AppendixA. When calculatingthesematrix elementsan
additional difficulty arises.It is causedby the fact that the
states| ¢,)|xam) do not represeneigenstates of the related
molecularHamiltonian(modell); as well theydo not depend
on the appliedfield (modell andll). Thereforea direct cal-

culationof the dissipativepartbecomesmpossiblesincethe
substructureof the dissipativesuperoperatoD containsthe
time-evolutionoperatordJ ((t,t; E) formedby the complete

systemHamiltonianH g. First, let us accountfor the electric
field-strengthdependenceof Ug. Fortunately it could be
shownin Ref. 40 thatthe resultinglaserpulsemodulationof

vibrational lifetimes and dephasingatesonly becomesre-
dominantat areally high field strength For thoseusedin the

12

following, we can neglectthe effect. Oncethe field depen-
denceof Ug hasbeenremoved,it remainsthe problemto
formulate (for modell) the actionof Ug in the diabaticrep-
resentation.This is achievedin changingto the adiabatic
statesEq. (3), which diagonalizeUs. In this mannerwe do
not involve the so-calleddiabatic damping approximation
(wherethe dependencef the dissipationrateson the donor
acceptorcoupling is neglectedl since under certain condi-

tionsit may leadto completelywrong results*#2

lll. OPTIMAL CONTROL SCHEME FOR DISSIPATIVE
MOLECULAR DYNAMICS

For the presentpurposest sufficesto choosethe tradi-
tional formulation of a control task, i.e., to find the laser
pulsewhich completelydrivesthe systemfrom aninitial into
a final stateat a certaintime t;.* The only deviation from
this standardschemes the consideratiorof an opensystem
whereenegy dissipationand dephasingmay counteracthe
control field.

As it is well known OC theoryis basedon the introduc-
tion of a particularfunctionalof the laserfield. Its extremum
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definesthe so-calledoptimal pulse which solvesthe control
task.In the presentcaseof the control of dissipativedynam-
ics it is givenag

11t
J(tf;E)=0(tf;E)—§f AN (DEX(). (13)
to
The expectatiorvalueof the observablespecifiedoy the tar-

get operatorO at time t; reads(note the restriction of the
traceformulato the active systemstatespace:

O(ty) =trs{Op(ty)}.

The secondterm on the right-handside of Eq. (13) guaran-
teesan upperlimitation of thefield intensity (To let the field
smoothlyswitch on and off the penaltyfactor \ (t) hasbeen
takenastime-dependerft)

The extremumof the control functional Eq. (13) is ob-
tainedin settingthe functionalderivativewith respecto the
field strengthequalto zero.Sucha calculationhasbeendem-
onstratecelsewheré& andresultsin the following functional
equationin which the solutiondetermineghe optimal pulse:

19

E(t)= G

(19

The so-called(vectoria) control kernelreads

K (t )= tro{ OU(ty 1) (.Ul E)plto) ).
(16

It is obtainedby propagatindirst the reduceddensityopera-
tor (underthe presencef the externalfield) from the initial
time ty up to an intermediatetime t<t;. Then,it becomes
necessanto calculatea commutatordefinedvia the dipole
operator Afterwards, the resulthasto be propagatedrom t
to thefinal time t; wherethe operatorO acts.

To solve Eq. (15) a certainiteration procedurehasto be
applied.We will usethe schemesuggestedn Ref. 8 where
anauxiliary densityoperatoro is introducedwhich hasto be
propagatedback in time. Accordingly the control kernel is
rewrittenas

K(ty GE) = 5 (L) (2 p(GE) L an

wherethe operatorat the left part of the traceis given as

o(t:E)=Ut; ,t;E)O. (18

It comprisesareversepropagatiorfrom thefinal time t; back
to the intermediatetime t startingwith O att=t;. Note that
thetime propagatiorsuperoperatai{ basicallydeviatesrom
thatintroducedin Eq. (10) (seeAppendixB andthe discus-
sionin Ref. 26). The separat@ropagatiorat o andp leadsto
afastconvegingiterationprocedureébasedon nonlinearden-
sity matrix equation They follow if the direct appearance
of the control field E via the field term is removedin the
equationgfor p ando. Sucha replacemenbecomesossible
in using Eq. (15 and the expression(17) for the control
kernel (for more detailscompareRef. 26).
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TABLE |. Parametersf the single-modeversionof the ET modelsA-1 and
A-2 introducedin Sec.Il A. The transferintegralsamongthe three PES

responsibleor the ET havebeentakenasVpg=Va=0.03 eV, andVp,
=0. The transitiondipol momentdp hasbeensetequalto 12 D.

m A-DUP-UP A2 UP-UP hoyy Qm
g 0 0 0.1eVv 0

D 2eV 2ev 0.1eV 3.2
A 1.85eV 1.891eV 0.l1eV 7.0

IV. DISCUSSION OF DIFFERENT CONTROL
SCENARIOS

The numericalcomputationspresentecbelow try to at-
tain the following two goals. First, the applicability of the
OC algorithmfor the caseof dissipativedynamicsshouldbe
discussedn detail. Secondthe ideaof laserpulsecontrol of
ET reactionsshouldbeillustratedfor differenttypesof trans-
fer reactionsproceedingn differenttypesof systems.

The two ET modelschosenfor our studieshave been
alreadyintroducedin Sec.ll A. The respectivesystempa-
rametersaregivenin Tablesl andll. The ET modell which
representshe simplestversionof a donoracceptorsystem
showing photoinducedultrafast ET*® has beenspecifiedby
two differentsetsof parametersmodell-1 with vibrational
levels of the donor and the acceptorin a complete off-
resonanfposition,and model -2 with theselevelsin nearly
resonaniposition. The ET modelll refersto the S;— S in-
ternal conversionprocessobservedn the photoinducedly-
namics of betaine-30(the parametersare taken from Ref.
46). Notethatfor all setsof parametersandevenin the case
of room temperatureconditions,the equilibrium population
of the vibrationallevels giving the initial stateis almostex-
clusively restrictedto the vibrational ground state.To have
somereferencecasesat hand,we startthe discussionn ne-
glecting dissipations Afterwards, details of the influenceof
dissipationon ET laserpulsecontrol are discussed.

A. Absence of dissipation (ET Model 1)

While neglectingthe influenceof athermalenvironment,
we canexaminesomegeneralfeaturesof laserpulsecontrol
of ET. In particularwe will concentraten the controllability
of the ET in dependencef the control pulse length. It is
obviousthat ET spontaneouslproceedshetweenthe donor
andthe acceptorof the type-l modelsif an (initial) electron-
vibrational statehasbeenpreparedn the donor PES (prob-
ably after laserexcitation. And it dependson the degreeof
dissipationif the electronremainsat the acceptorafter the
ET took placeor if it movesdifferenttimes back and forth
betweerthe donorandthe acceptorin bothcaseshe ET can

TABLE II. Parametersf the single-modeversionof the ET modelB intro-
ducedin Sec.ll A. The transferintegralsamongthe three PESresponsible
for the ET have beentakenas Vg,=Ve,=0.31 eV. The transition dipol
momentd,y hasbeensetequalto 5.3 D.

m UI('I?)_U(QO) fiwyip Q(m)
g 0 0.223eV 0
D 1.305eV 0.223eV —2.483
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FIG. 2. Laserpulsecontrol of ET for
model | in the absenceof dissipation
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| part2, target state:|@a)| xa1)). The
optimal pulse is shown for control
taskswhich differ with respecto their
tamget time t;. Panel a: t;=200 fs,
panelb: t;=400 fs, panelc: t;=600
fs, panel d: t;=800 fs. The conver
gencybehaviorof the OC algorithmis
shownin panele.

0 200 400
Time [fs]
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be controlledby a particularshapingof the initial electron-
vibrational wave packet.For weak dissipationa continuous
formation of the electron-vibrationalwave packetthrough
the Franck-Condonwindow of the optical transitionwould
control the ET. And in any casethe targettime t; at which
the electronshouldarrive at the target statemustbe compa-
rableor longerthanthe time tg1 the electronneedsto reach
the acceptorwithout an externalfield influence.If t{>tgr
andif dissipationis weak enoughor completelyabsentthe
laser pulse may act within different cycles of the electron
motion betweenthe donorandthe acceptor

Figure 2 demonstratethat for t;>tz; the OC yield can
be increasedf the numberof the forth and back motion of
theelectron,i.e.,if t; is increasedNote, thatthefirst excited
vibrational state |pa)| xa1) at the acceptorPES has been
takenasthe target state.Besidesthe structureof the optimal
pulse,Fig. 2 alsoshowstheyield of the laserpulsecontrolin
dependencen the numberof iteration stepswithin the OC
algorithm. Here and in the following yield (control effi-
ciency is givenby O(t;), Eq. (14), i.e., the degreeto which
the control taskhasbeensolved.The OC algorithmleadsto
afastconvegencyinto regionswheremorethan90% of the
final value of O(t;) havebeenrealized.This behaviormay
indicatethat the choseniterative proceduredrives the solu-
tion of the optimizationprobleminto alocal minimum.If the
“surrounding’ of the local minimum is reachedhe conver
gencybecomesveak.Furthermoreywe emphasizéhe strong
dependencef the controlyield on detailsof the controltask,
herein particularon the chosertargettime. A similar depen-
denceon the tamget statecould alsobe observedwithin other
control tasks(seee.g., Ref. 18). This indicatesthat, besides
the specificity of the molecularsystems also details of the
control task can strongly affect the completenesdy which
the taskmay be solvedby OC theory We considerthis asan
additionalhint for the propertyof the takeniterationscheme
to fastreacha local minimum (Sec.1V D presentsa further
discussiomon this problemn).

Number of iterations

B. Inclusion of vibrational relaxation (ET Model I)

In the presensectionwe will studytheway the presence
of athermalenvironmentmay influencethe laserpulsecon-
trol of thoseET reactiongdiscussedn the precedingsection.
Therefore,ET model | and the target state |¢)|xa1) are
consideredBut dueto the actionof the thermalenvironment
all electron-vibrationalstatesare characterizedoy a finite
lifetime. In particular the target state may decayinto the
acceptorvibrational ground state. To get an impressionon
the influenceof dissipationon the controllability of the ET
reactionthe couplingstrengthj.e., the magnitudeof the bath
spectraldensityJ(w) (seeAppendixA) will be varied.

Beforegiving a detailedanalysisof the control task,we

O(ty)

N l I
) 0.005 0.01
17T, [1/8s]

FIG. 3. ET control efficiency for model -2 in dependencen the inverse
lifetime of thetargetvibronic state(systemparametersiccordingto Tablel).
Curvesfor differentvaluesof the penaltyfactor\, Eq. (13) aredrawn.Filled
squaresa=1, filled circles:A=1/5, andfilled diamonds:A =1/20.For com-
parisonthe efficiencyis shownwhich is achievedin applying the optimal
pulsevalid for the absencef dissipation(opencircles. (\ in units of cn?
V2s).



J. Chem.

Phys., Vol. 117, No. 2, 8 July 2002

[ | . | .
00 0.005 0.01 0.015 |

1/T1[14s]

o(ty)

0_0 L | . ) .

| | | .
0 50 100 150 200 250 300
Number of iterations

FIG. 4. ET controlefficiencyfor modell-1 in dependencen the numberof
iteration stepstakento solve the OC equationgsystemparametersccord-
ing to Tablel). Curvesfor differentinverselifetimes of the vibronic target
state are shown. Filled diamonds:1/7s=0, empty triangles: 1/7,=1.45
x 10 3/fs, filled circles: 1/rs=2.9x 10 3/fs, empty squares:1/r,=7.25
%10 3/fs, filled triangles: 1/7s=1.01xX 10 %/fs, and empty circles: 1/r,
=1.45x 10" ?/fs. Insert: Final control yield asa function of the target state
inversevibrational lifetime.

try to characterizehe generaimportanceof laserpulsecon-
trol at the presenceof dissipation.Usually the counterpro-
ductiveinfluenceof dissipation's emphasizedvhile trying to
control moleculardynamics.Figure 3 put this into a more
guantitativeframe. There we have drawn the control effi-
ciency O(ts) versusthe strengthof dissipationrepresented
by an increasingdecayrate of the target state (decreasing
vibrationallifetime 7,4 of thefirst excitedvibrationalstateat
the acceptoy. To distinguish betweendifferent laserpulse
intensities, the penalty factor A has been varied, too. All
thesecurveshave to be comparedwith a curve which is
obtainedwithout applyingthe OC theory at the presenceof
dissipation.What hasbeenonly doneto get this reference
curveis to takethe pulsewhich solvesthe OC theoryin the
absencef dissipationandto calculatethe control efficiency

0.8
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O(ts) while increasingdissipation As canbe seenfrom Fig.
3, the applicationof the OC theoryat the presenceof dissi-
pationmay drasticallyincreasethe control efficiency in par
ticular for anintermediaténfluenceof vibrationalrelaxation
and the largestappliedlaserpulseintensities.If a generali-
zationto othertypesof molecularsystemsanight be possible,
the promisingresultcanbe statedthatlaserpulsecontrol for
condensedphase situations would really make senseal-
thoughthe given control task cannotbe solvedcompletely

To getmoreinsightinto the convegencybehaviorof the
OC algorithm,we proceedasin Fig. 2 andshowin Fig. 4 the
controlyield O(t;) in its dependencen the numberof itera-
tion steps.And, indeed,the dissipationlesaseshowsthe
samerapid convegencyasit could be alreadyobservedin
Fig. 2. In contrast,the presenceof dissipationresultsin a
somewhaslower convegencywhich behavesinpredictably
and even nonmonotonouslyAnd, more iteration stepsbe-
comenecessaryBut in any case morethan90% of thefinal
yield is achievedwithin about50 iteration steps(exceptthe
curvewith a seconahresholdat aboutl170 steps. According
to our observationsthis seemgo be a universalpropertyof
the usediteration procedure againindicating that the solu-
tion of the OC problemmay be lockedin a local minimum.

Any computationmentionedso far leavesa correspond-
ing optimal laserfield. Thoserelatedto the calculationsof
Fig. 3 havebeendisplayedin Fig. 5. In the absenceof dis-
sipation an almost 100% population of the tamet stateis
achieved.The laser field extendsover the whole interval
(to,ts) havingenoughtime to adjustthe wave-packemotion
over the exited PESin orderto populatethe desiredtarget
stateat the giventime. If dissipationstartsto act,we observe
a concentrationof the control field to larger times and a
changeof somefeaturesThelatter behavioris causedy the
reducedwave-packetnotion whenincreasinghe strengthof
dissipation.

Thetime evolutionof the electronicandvibrationalstate
populationsrelatedto the laser pulsesgiven in Fig. 5 are
shownin Fig. 6. If dissipationis absentone observesa pe-
riodic motion of the populationbetweenthe donor and ac-

04

-0.4
-0.8

e o
)

o
» o

FIG. 5. Laser pulse control of ET for the model I-2
(systemparametersccordingto Table ). The optimal
pulseis shownfor control taskswhich differ with re-
spectto thelifetime of the tametstate.Panela: isolated
system panelb: smalldissipationandpanelc: medium

0.8 1 | ) | L |

E(t) [10A8 V/em]

e
)

dissipation.

0.4

04
-0.8 ) | L ] . ]
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Time [fs]
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ceptorlevel. After two periodsof this motionanalmostcom-
plete population is achieved of the excited state PES,
exhibiting at somepoints nearly 100% populationof the do-

nor excitedlevel, but only about80% populationof the de-
sired acceptorstate.From the correspondingpart of Fig. 6

displayingvibrationalpopulationswe seethatwithin the tar

get electronicstate,the whole populationis alreadyconcen-
trated on the target vibronic level. Finally, we notice the
actionof the pulsenearthe end of the controlinterval which

removesthe part of the wave packettrappedin the donor
level and achievesthe complete population of the tamet
state. This is a behavior characteristicfor the completely
coherentmotion of the system.Speciallyshapedvave pack-
ets are iteratively improvedwhile they move coherentlyon

the excited PES.

In Figs. 6(b) and6(c), the populationsare shownfor an
increasingstrengthof dissipation.Due to the loss of coher
ence,the algorithm cannotrely on iterative improvementof
the wave packet.Instead,the action of the laserpulse con-
centratego latertimesto avoidthe depopulatiorof thetarget
level. In the caseof mediumdissipation[Fig. 6(b)] the ex-
cited donorlevel is populatedfirst aroundt=200fs. And in
contrastto the dissipationlesscase where population has
beendirectly transferredinto the tamget vibronic level, now
population is also transferredinto two levels positioned
above the tamget level (here the first excited vibrational
level). Accordingto the vibrational relaxationthesehigher
lying levelsarelater depopulatednto the target stateandin
this way they contributeto its population.

We may also note that the populationof the targetlevel
still preservesomeoscillatoryfeaturesrom the dissipation-
lesscase However thesetracesof the coherentdlynamicsare
lost if dissipationis further increasedandthe OC algorithm
avoidsearlier excitationscompletely The whole population
is transferredinto the tamet state during the last 200 fs.
Looking at the vibronic populations,it can be again con-

cludedthata substantiaportion of the target statepopulation
comesfrom the decayof higherlying vibrationallevels. So
our generalobservationis, that the OC algorithm finds an
alternative route to solve the control problem when the
strengthof dissipationincreasesDueto this fact the optimal
field computedfor the absenceof dissipation,althoughhav-
ing higherpulseeneny, fails to guidethe dissipativedynam-
ics (cf. Fig. 3).

It is of someinterestto comparethe result of the OC
calculationswith the dynamicsfree of any externalcontrol
following an ultra-shortlaserpulseexcitation(compareFig.
7 with Fig. 6). We immediatelynotice significantdifferences
in the dynamicsof the dissipationlessasealreadyfoundin
Ref. 26. Due to the lack of dissipation,ET proceedscoher
ently with comparativelylow population of the acceptor
level, wheremainly higherexcitedvibronic levelsare popu-
lated[Fig. 7(a), right]. The populationof the target vibronic
stateis negligible.With increasingdissipationthe dynamics
in both casesdbecomeanore similar for the electronicpopu-
lations. The vibronic populations however show still signs
of the coherentmotionin the control case,in contrastto the
casewithout a controlfield. The maximumpopulationof the
taget level achievedaroundthe middle of the studiedtime
window (about 25%) is smaller than that achievedif the
laserpulsecontrolhasbeencarriedout (morethan35%). For
higher coupling strengthsto the environmentthe results
without a control field and in the presenceof sucha field
becomealmostidentical,exceptfor the shift to latertimesin
the caseexternal-fieldcontrol. A shortlaserpulsepopulating
the tamget statein the shortestpossibletime is closeto the
optimumfor this particularcase.

C. Interplay of vibrational relaxation and internal
conversion (ET Model Il)

In this final sectionwe will considerET control using
modelll which representsa minimal modelfor the internal
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conversionprocessobservedin betaine-30In the language
of donor-acceptorET the chage motion describedn model
Il correspond$o ET in the invertedregion.Thefinal stateof
this ET would be the vibrationalgroundstatein the Sy-state
PES.However to demonstrateahe possibleET control we
choseasatametstatethethird excitedvibrationalstatein the
S;-state PES, i.e., |@e)| xes). This state has beentaken to
havea target somewhasimilar to that of the foregoingsec-
tion, andit would allow to discusdaserpulsestabilizationof
an excitedstateagainstinternal conversion.

Again we startwith a discussiorof the convegencebe-
havior of the OC algorithm what is displayedin Fig. 8. In
comparisorwith ET modell, Fig. 4, the convegenceseems

0.004  0.006

1/ T1[14s]

0.002 0.008 -

Number of iterations

FIG. 8. ET control efficiencyfor modelll in dependencen the numberof

iterationsnecessaryo solvethe OC equationgsystemparametersccording
to Tablell). Curvesfor differentinverselifetimes of the targetvibronic state
are shown. Filled diamonds:1/7,=0, empty triangles: 1.45 “/fs, filled

circles: 7.25x107%/fs, empty square: 1.45%/fs, filled triangles:
2.9x 107 3/fs, andempty circles: 7.25x 10~ %/fs. Insert: control yield versus
the inverselifetime of the first excitedvibrationallevel.

to be ratherfast, and alreadythe initial guessfor the laser
pulseusedto initialize the iterative OC algorithm (a simple
Gaussian-shapepulse reachesa good result (seeFig. 9).
On the otherhand,the optimalfield obtainedwhentheitera-
tion has beenfinished differs substantiallyfrom the initial
guessand exhibits a rather complicatedtime dependence.
This is dueto the nonadiabaticoupling betweerthe ground
andthe excited state. Apparently the OC algorithmtries to
compensat¢he fast oscillationscausedy this coupling (see
theinitial partof the electronicpopulationsgivenin Fig. 8).
We canalsoobservethattheseoscillationsalmostdisappear
at later times. Since theseoscillationshave a small ampli-
tude,their compensatiomnly resultsin a smallimprovement
of the control efficiency comparedo the efficiencyachieved
with theinitial guessfor the laserpulse.Noting the insertin
Fig. 8 we can statethat a similar reductionof the control
efficiency is obtainedas for ET modell. And the optimal
pulse shows a very similar tendencywith an increasing
strengthof dissipationto concentratest later times and to
populatethe target statevia a depopulationof levels posi-
tioned abovethe tamgetlevel.

The laserguideddynamicsobtainedfrom the OC theory
hasalsobeencomparedwith the dynamicsfollowing aftera
short excitation with a Gaussian-shapegulse with pulse
width 7,=20 fs, and positioned at the corresponding
Franck-Condonwindow. (This pulsehasalso beenusedas
the guessfield to startthe OC algorithm) The calculation
demonstratethatthe applicationof the OC theoryleadsto a
significant enhancemenof the yield comparedto that ob-
tained by the 20 fs excitation. And, the calculationsalso
prove that the laserguideddynamicsexhibits a ratherorga-
nized motion of the populationamongthe electroniclevels
which is in contrastto the motion one gets after the short
excitation?®
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D. Acceleration of the OC algorithm convergency

As demonstratedn Fig. 4 the iteration algorithm for
solving the OC theory may exhibit a fast convegenceto a
certainvalue of O(t;) whereit remainsfor a comparatively
high numberof iterationsteps.Later, a fastconvegencyfol-
lows to a somewhatlarger value of O(t;). This behavior
indicatesthatthe OC algorithmhasonly found a local extre-
mum. We shortly explainhow to circumventsucha pinning
in a local extremum,andin this manner how to accelerate
the iteration procedure.

The idea hereis to randomly add somefluctuationsto
the controlfield during the iterative solutionof the OC prob-
lem. Sucha procedureshouldcheckwhetheror not a local

0.35

0.3

0.25

ofty)

0.2

0.15

? L X .

! !
150 200
Number of iterations

1$o 300
FIG. 10. Convegencybehaviorof the OC algorithm extendedby random
fluctuations.Model I-1 with 1/7,=2.9x 10°/fs. Fluctuationsare appliedfor
10 successivaterationsbeginningat the 3rd one (full line, dashedine) as
well asthe 15th one (dot-dashedine) to inducethe transitionto the higher
optimum, and beginningfrom the 35th one, the 80th one (dashedine), the
100thone (dot-dasheflaswell asthe 125th(full line) to checkthe stability
of the extremum.For comparisonthe resultis plottedwhich follows if any
additional contributionto the approximateversionof the optimal pulseis
neglectedfull line with filled circles.

optimumis occupiedThe easiestvay to introducesuchfluc-

tuationswhich perturbthe OC algorithmis first to generatea

Gaussiarpulseof randomduration,intensity frequencyand
positionin time, andsecond}o addthis pulseto the obtained
iterative versionof the optimal pulse.

The resultsof our computationsfor ET model I-1 are
summarizedn Fig. 10. The fluctuationof the approximate
versionof the optimal pulse hasbeenintroducedwithin 10
successivdteration steps starting from the third iteration
(full anddashedinesin Fig. 10) andthe 30thiteration(dot—
dashedine in Fig. 4), respectivelyAs it is obviousthe pro-
ceduremovesthe solutionof the OC problemawayfrom the
local extremum,andin all casesthe speedof convegency
hasbeensignificantlyenhancediscomparedo the ordinary
iterative computations.Furthermore,the value for O(t¢)
reachedafter about 150 iterationsis even higher than that
obtainedafter 300 iterationsfollowing the standardway. If
further fluctuationsare appliedfor later iterationsa tempo-
rary decreasef the OC efficiency appearshut after a few
iterations the result continuesto convege to the original
value. This showsthe stability of the extremum,which then
can be more likely the global one. But the behaviorof the
standardOC algorithmin this caseindicatesthatit alsocon-
vergesto a global extremum.This indicatesthat the results
presentedn the foregoing sectionsremain valid, possibly
with a somewhatlarge value of O(t;). We believethat the
introduction of random fluctuation into the ordinary OC
schemecan be usedin generalto enhancehe convegency
andto checkthe stability of the reachedextremum.Respec-
tive work to designa generalschemes underway.

V. CONCLUSIONS

The presentpaperhasbeenaimedto give a consistent
theoreticaformulationof the optimal control problemin the
presencenf excitationenepgy dissipationaswell asdephas-
ing andto apply this to differenttypesof ultrafastET reac-
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tions. Basedon the optimal control equationsvalid for the
reduceddensityoperatorof the systemandan auxiliary den-
sity operatordescribingbackpropagatiorin time, the behav-
ior of the iterative algorithm usedto solve the control task
could be analyzed.lt has beendemonstratedhat a laser

pulse controllability is possibleof ET reactions(underthe
influenceof a dissipativeenvironmenkt The yield computed
for all considerectontrol taskswould be large enoughfor a

successfubxperimentalerification.

Although the control efficiency decreasesith an in-
crease of the system-environmentoupling it has been
shownthat laserpulse control may partially act againstthe
counterproductiveinfluence of dissipation. This indicates
that laserpulse control of ET reactions(and other types of
ultrafast phenomengis really a promising attempteven if
carriedout at condensegbhaseconditions.For suchtypesof
control tasksit would be really desirableto havea criterion
at handwhich offers an upperlimit for the control yield one
can achieveat a given strengthof dissipation.Respective
investigationsarein progress.
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APPENDIX A: REDUCED DENSITY OPERATOR
EQUATIONS

A formal solution of the density operatorequationhas
beengiven in Eq. (10) by introducing the time-evolution
superoperatoif. The concretetype of equationrelatedto ¢/
shouldbe taken herein the standardform of the so-called
Markovian QuantumMasterEquation(seee.g., Ref. 29)

J . . - . A -
1 P(O= =1 Lnaip(t) =1 Le(1) p(1) = Dp(1). (A1)
The L, and Lg are the Liouville superoperatorgorre-
spondingto the commutatomwith H,,,, Eq. (1) andHg, Eq.
(4), respectivelyAll effects following from the couplingto
the environmentare comprisedin the action of the dissipa-

tive superoperatéf*’
— Dﬁ: a ; (’CaAa13+ E’A;’Ca_ AafBICa_ ICaE)A;),
(A2)
with

A= Eb fo d7Cap(TIUmol( 7) ’CbUrTwl( 7). (A3)
We again remind on two approximationsinvolved in the
given form of the dissipativesuperoperatorfirst the influ-
enceof the externalfield hasbeenneglected?® andthe den-
sity operatorequationhas beenreducedto the Markovian
type (a discussionof non-Markovianeffects in relation to
fs-laserpulseexcitationhasbeengivenin Ref. 48).
Thereservoircorrelationfunctionsappearingn Eq. (A3)
readsCp(t) = U2 X trg{ReU s ®Ur®y}. It is given asa
trace with respectto the reservoirstatespaceand refersto
the thermal equilibrium describedby the reservoirequilib-
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rium statisticaloperatorﬁeq. Providingthereservoirdegrees
of freedomas uncoupledharmonicoscillatorsthe reservoir
correlationfunction takesthe form C,,(t) = fdwexp(—iwt)
X(1+n())(Jap(w) —Jap(—w)), where n(w) denotes the
Bose-Einstein distribution and the quantities J ()
=2 ke(a)kg(b) 6(w—w,) representhe spectraldensitiesof
the reservoirnormal modes(see,e.g., Ref. 29).

To obtainthe electron-vibrationaktaterepresentatiomf
the density operatornecessaryor establishinggq. (12), we
will proceedstepwise.First we introduce a representation
with respectto the electronic states ¢,, where p.p(t)
={@a|p(t)|@p) is just an operatorin the vibrational state
space We do not give the completeequation-of-motiorbut
restrictourselvego the dissipativepart

<‘Pa|IDﬁA)(t) | (Pb> = ; (Ka<‘Pa|Aa| ‘Pc>bcb(t)

+I’3ac(t)<‘Pc|Ag | ‘Pb>Kb
_<‘Pa|Ab| <Pc>;)cb(t)Kb
Kalaac(tx(Pt:|A;r | ‘Pb>)-

This expressiorhasto be usedto write down the electron-
vibrational representatiorof the density operatorequations
asgivenin Eq. (12). Here,we only demonstratdnow to get

therespectiveadissipativecontributionsn usingEqg. (A4) the

electron-vibrationatepresentatiomeads

(Ad)

<XaM |<‘Pa|DFA)(t)|‘Pb>|XbN>

_a( _
=2 (KaM,aMAaaMl‘Cﬁch,bN(t)

C MN

— (b)* — _ (b) -
+KononA by omPam,em () = KononA gy cwPem,on(t)

(a)*

—Kam aMAbN CNPaM en(t),

(A5)
where the K,y .y stand for the vibrational matrix
elements {xam|Kalxan), and we introduced Aa,\,I bN
=(xaml{®al Aclep) xpn) asthe electron-vibrationamatrix
elementof the A-operatorsEq. (A3)

While the calculationof Aa,\,I pN IS possiblein a direct
way for ET modelll, onehasto change‘or ET modell to the
adiabaticrepresentationf the donoracceptorstates.There-
fore we takethe adiabaticstatematrix elementsf the time-
dependentC-operatoras appearingn Eq. (A3)

(WalUmol( 1) KU ol T [ th5) =€ 10a8™(3f | KCp| i),

wherethe o, 5 denotetransitionfrequenciesamongadiabatic
levels. Insertingthis into Eq. (A3) givesthe correctexpres-
sionfor the diabaticstatematrix elementsof the A-operator

aM BNT 5 2 E Ced( —wap)A
><(%|’Cd|‘r’fﬂ>
1
=3 2 2 (1+n(0)Jed( @pa)
d ap

—Jea(@ap)) An(aM) AL (DN)(t,| Kol ).

(A6)

aM)A%(bN)

(A7)



646 J. Chem. Phys., Vol. 117, No. 2, 8 July 2002

The remainingmatrix elementcan be expressedy diabatic
statematrix elements

(Whal Kl ) = 25 AL (AK)AG(AL) K g1 - (A8)

Oncethe HamiltonianEq. (1) referringto the ET modell has
beendiagonalizedthe adiabaticenepgies and expansionco-
efficients can be usedto computethe completedissipative
part of the densitymatrix equations.

APPENDIX B: BACKWARD PROPAGATION

It hasbeendiscussedn detailin Ref. 26 how to obtaina
density operator equation which realizes the backward
propagationintroducedin Eg. (18). As a resultone obtains

%&(t)z — i Lo (1) =i LE(1) (1) + D& (1), (B1)

with the dissipativepart
Da(t)=2, (A Kao(t)+ () Kaha— AL o(HK,
a

—Kao()Ag), (B2)

which is essentiallydifferent from D, Eq. (A2). First, we
give the expansionwith respectto the electronicstates

<§Da|Da'(t) | (Pb>: Ec: (<§Da|AcJ:r | ‘Pc>Kca'cb(t)

+ a'ac(t)Kc<(PC|AC| (Pb>
—<<pa|Ag|‘Pc>(}cb(t)Kb

_Kaa'ac(t)<‘Pc|Aa|(Pb>)- (B3)

If confrontedwith Eq. (A4), one notesdifferencesbetween
dissipationin the courseof forward and backwardpropaga-
tion which not only resultsfrom hermitianconjugationsin
analogyto the changefrom Eq. (A4) to Eg. (A5) we getfrom
Eq. (B3) the completediabaticelectron-vibrationatepresen-
tation of the action of the dissipativesuperoperatofor the
backwardpropagation.

<XaM|<<Pa|50'(t)|€Db>|XbN>

_ _ . _
=> _2_ (KCM,CNACTﬁfaMUcN,bN(t)
C MN

_ _, (o0 _
+KcM,cNACEbN0aM,cM(t)
_ (b)* —
— KononA gy am@em,bn(t)
_ (@ o
_KaM,aMACﬁ’bNUaM,cN(t))- (B4)

The various matrix elementsof the A-operatorshaveto be
calculatedas explainedin the foregoingsection.
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