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Counterintuitive multiphoton pulse sequences in molecular isomerization.
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We use a 28-level system consisting of the vibrational bend states of the HCN/HNC system as a
model system for the investigation of population transfer across the isomerization barrier using
counterintuitively ordered multiphotoiMP) laser pulses. This ni+n)-STIRAP (stimulated
Raman-adiabatic passagarangement witlm pump- andn Stokes-photons is found to be capable

of driving HCN—HNC transition states selectively and in a robust manner, despite the presence of
near-degenerate parallel processes of different photonicities. Employing Gaussian pulses with
widths of 80 ps, the process of highest photonicity we demonstraté+i§)-STIRAP, and we
investigate systematically the robustness against variations in pulse amplitudes and frequencies for
all parallel processes witm=2 and 3, andh=1-6. We discuss the conditions under which
selective population transfer is obtained. We also compare (itHl)-STIRAP using overtone
transitions to drive the same state-specific processes and conclude that the few-step sequential
MP-STIRAP isomerization is a feasible alternative to the sequefitial)-STIRAP based method
proposed by Kurkal and Ridd. Phys. Chem. B05 6488(2001)]. © 2003 American Institute of
Physics. [DOI: 10.1063/1.1545773

I. INTRODUCTION tant for the success of laboratory methods generating laser
o _ fields by self-learning feedback techniqaes.

Isomerization, hydrogen transfer, and other unimolecular  Chemically less intuitive strategies may be invoked to
reactions proceeding on the electronic ground state potentightain robust methods for reaction control. Population trans-
sqrface may be mducedl and driven by infrared laser .pulse%r by stimulated Raman adiabatic passé§EIRAP) (Refs.
with the proszpect of active laser contfoln the most sim- 3 8—12 is a particularly robust scheme. In this technique a
plistic modelf such reactions are represented by two local~cqynterintuitive” sequence of pulses is employed, in which
ized states, the reactant state, and the product state, separajgd dump-laser, in this context generally referred to as
by a barrier and connected by a delocalized state in the bagygyes-laser, precedes the pump laser. If population transfer
rier region, i.e., a transition state. In the language of quantuny,oceeds adiabatically, the intermediate level remains un-
optics this case is represented by a three-level sys&8) 5 jated, and a transfer efficiency of 100% may be
in A-configuration, and thus_ potentially t.he arsenal of .mem'achieved over an extended region of pulse parameter space.
ods _developed for populatlon_ transfer in TLE_Ref. 3 is In an application to a model chemical reaction, the STIRAP
applicable to the control of unimolecular reacgons. scheme was used by Oheaal 3 to control the intramolecu-

In particular, pqu—QUmmPD) strategie$ myolvmg lar hydrogen transfer in a three-level asymmetric double-well
two reso nantr-pulses, which transfer the system first to the potential. They show that in such a model complete “isomer-
delocalized apex state of the and then on to the product ization,” i.e., population transfer from one local minimum

state, closely mimic collisional chemistry with its reaction . . . o
. } . o state to the other, is possible using a counterintuitive pulse
through the transition state: they atehemically “intui- sequence

tive.” However, stringent conditions with respect to reso- : .
. . Obviously models using TLSs can only demonstrate the
nance frequencies and pulse areas must be met in order to

achieve efficient population transfet.Considering velocity principleg of laser control of chemical reactiops, t.)Ut cannot
and orientational distributions of the target particles anaquantltatw(.aly' reprod.uce the processes occurring in real sys-
natural temporal and spatial variations in the laser pulses, th Té Rez_a;lrl]stlc rea;:tlv(tje sd)//\ste'z[mstare rr:ulrﬂ—glevetzl SgSte”?S
lack of robustness with respect to the pulse parameters c 9 Wi N an extendeai-structure. In order to describe
lead to difficulties in the experimental implementation of state specifiéssomerization, the initial and final states of the

such m-pulse methods. Robust mechanisms are also impor-rLS are each replaced by a specific level out of large sets of

vibrational or vibrotational reagent and product levels, and
similarly a set of delocalized levels above the barrier may

dDeceased. Imrich Vizel died in a car accident, age 31, while conducting have to replace the single apex level. Furthermore, intricate
the research reported here. This paper is dedicated to his memory. ) ’

YAuthor to whom correspondence should be addressed. Electronic maiﬁouplmg rela_tlons including various overtone- and through-
werner.jakubetz@univie.ac.at barrier couplings as well as couplings to background states
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will modify the structure of these systems, turning them intorealistic molecular systems seem to have been carried
fairly complex networks dominated by /&like backbone.  out???*For small photonicitiesn andn a number of general

In order to implement PD and STIRAP techniques inproperties of such processes in model few-level systems have
such situations, generalizations of these techniques to NLSseen derived>?? usually invoking effective MP Hamilto-
are required. In principle, a generalization of the PD scheme@ians. Thus in the ideal limit the existence of an adiabatically
is straightforward and may involve series of sequential pumpvolving two-color Floquet statg connecting initial state
and dump pulses or multiphototMP) pump and dump and target statéa “connected state) is an important re-
pulses in place of single-photon ones, or even sequences giiirement for the success of the method. Typically this trans-
such MP pulses. The former scenario has been pioneered far state will acquire contributions from intermediate states,
particular by Manz and co-workefs; who have simulated  the latter hence no longer being true spectator states. It has
laser induced isomerization and proton transfer in one dialso been shown that in contrast to simple STIRAP, correc-
mensional(1D) N-level model systems by series of simple tions to the rotating wave approximatioRWA) are substan-
IR pulses. During the pump stage, the molecule is intermetja| in MP-STIRAP and may alter the qualitative picture of
diately prepared in different excited vibrational states in thgpe procesé!
reactant wellen routefrom the initial reactant state up to a The application of MP-STIRAP to more extended real-
delocalized state. Similarly, during the dump stage the molistic molecular systems poses several challenges. In particu-
ecule is prepared in different product stagesroutefrom the |5, long anharmonic progressions may be expected to limit
delocalized state down to a final target product state. Sepe frequency ranges accessible to individual+(n) pro-
quences of MP pump and dump pulses have also been usgdsses. Irregularities and degeneracies in the anharmonic
to drive the prototype isomerization HCNHNC st%te- progressions will arise both from the more complex shapes
specifically using a three-dimension@D) Hamiltonian: of three-dimensional potentials and from the interaction be-

The extension of the STIRAP to more complex cases hagyeen the reactant and product ladder states. Very high-lying
two aspects. The f!rst one is the introduction of add't'onalstates may passively participate via the dynamical Stark
levels into the basic TLS. Coulston and Bergmdninave i they induce. Coupling to a fairly dense manifold of
Worked out the _cond|_t|_ons under WhICh STIRAP transfgr " hackground states may perturb the STIRAP transitions. Fur-
mains efficient if additional levels in various Conf,'gurat'on_sthermore, the focus of MP-STIRAP should be on driving
are coupled to the TLS. The second aspect, the IntrOdUCtIOHansitions with fairly high photonicities—or otherwise the

of multistep cases, may be based on concepts similar to tho?‘ﬁethod would not provide a competitive alternative (fo
used in PD strategies. Thus Kurkal and Rfoecently pro- 1+1)-STIRAP strategies

posed thg_u_se of aequencef simple cc_msecutwe STlRAP Another interesting point is the total process duration.
steps. Utilizing stretch-overtone transitions, they S|mulated]_he adiabaticity critericir 22 in effect requires the pulse
HCN—HNC isomerization from ground state to ground state : . .

. . .~ area, conveniently expressed in multiplesmfto be large,
proceeding on a time scale of nanoseconds. Alternat|velyénd the pulse shape to change slowly. For NLSs and MP
several multipulse extensions of the STIRAP scheme have . ' A

P rocesses the literal pulse area must be replaced by a gener-

been proposed for population transfer in extended NLSs. Ialized pulse aresGPA) 22 and the two may differ greatly

one of these methods the total ordering of all individual sub-, ical value. | " f h subtleties thi
pulses is counterintuitivel, 8 Alternatively, the counterintui- ' "UMericaivalue. irespective of such subtieties this comes

tive pulse ordering is only partially maintained; all even- down to the condition that the individual pulses should be

numbered pulses in the sequence precede all the puls@"g' et short_pulses may be desirab_le in many situations.
corresponding to odd transitioh® This latter scheme, de- ! 1US self-learning adaptive pulse-shaping, which would ben-
noted “alternating STIRAP,” is restricted to sequentially efit from robugt mechanisms, for practlca_l reasons is limited
coupled systems with an odd number of levels. Finally o the lower picosecond ran§é.The question then is if and'
third scheme denoted “straddling STIRAP” was proposed'oW far away the MP-STIRAP can be pushed from the adia-
for arbitrary sequentially coupled NLSs and involves a counPatic limit, towards shorter pulséSand how this would af-
terintuitive sequence of partially overlapping Stokes and€Ct its robustness. _ _
pump pulses, straddled by pulses on resonance with all inter- I @ Series of papers we explore these points on the basis
mediate transition& All these methods ushi—1 overlap-  Of simulations for model NLSs with realistic molecular pa-
ping pulses foN levels, which may make the experimental fameters based on three-dimensioi@&) wave functions. In
realization less attractive in molecular systems with a highe present part | we show the feasibility of MP population
density of vibrational states. transfer across a barrier by counterintuitively ordered pulses
Interesting possibilities exist for extending conventionalin extended A-NLSs. In particular, we demonstrate
STIRAP to situations in which the pump and Stokes interac{m+n)-STIRAP,m=2-4,n=1-6, across the barrier of the
tions involve MP transitions®?1=23|n this case, the usual HCN—HNC isomerization reaction, proceeding along the
(1+1)-STIRAP schemgone pump photon and one Stokes manifolds of the HCN- and HNC-bend vibrations. In the
photon is modified to a MP-STIRAP, more precisely to an adiabatic limit, which in view of the many possible antago-
(m+n)-STIRAP scheme i pump photons anah Stokes  nistic perturbations in the present system we place at GPAs
photong. The suitability of this technique for the infrared around and in excess of 180 the corresponding pulse
excitation of vibrational levels had been pointed out in Ref.widths are about 50 ps and longer; as our standard example
18, but few explicit theoretical studies of MP STIRAP in we use pulsewidths of 80 ps. The important question of ro-
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bustness is addressed by mapping out the frequency and arr T y — . .
plitude ranges leading to near-complete state-specific isomer- Ao-(a) A~ T N
ization, and the performance of MP-STIRAP is compared to
that of (1+1)-STIRAP. These results are discussed in view of
the complications associated with near-degeneracies anc
overlapping resonances along the anharmonic progressionse
and we attempt to relate the results to analytical solutionss | .
concerning the robustndsd??® of standard STIRAP in a
TLS. 0 : ‘ . . . . L
In follow-up paperg® we will provide a detailed analysis N P
of the properties, mechanisms and population dynamics of time
individual (m+n)-STIRAP processes, also in conjunction
with the use of this technique with much shorter pulses. We (b)
will also address additional complications stemming from ™S~
P3

A
phase-sensitive behavior associated both with a possible ——
ho
/ /6P3
8y
P2 s
P2

Stokes pulse pump pulse

@
P

lope

se enve

fortuitous commensurability of the pump- and Stokes-
frequencies and with the coupling to background states in
systems with a higher density of vibrational states. Such L T

selected combinations ofi andn. f

)'ia)s
The rest of the present paper is organized as follows: In
Sec. Il we describe the computational models and techniques hao,
f P1

hio
P

complications may prevent the free choice of the photonici- R2

ties and may restrict the applicability o n)-STIRAP to

energy

used in our simulations. Section Ill will be devoted to an
analysis of the specific properties of the extendedystem — A,
formed by the vibrational bend states of the HCN/HNC sys-
tem. In Sec. IV we present the results for#R)- and (3
+n)-STIRAP processes across the HGIRINC isomeriza- reaction path

tion barrier over extended ranges of pulse amplitudes, fre- L Sehemati oot i el ordered oul _
quencies and duratons, and discuss the issue of robustneEE | SeheTe epe=eeLe ol e el e puse P
We also give a brief account M+ 6)'STIRAP’ which is the The pulse configuration used throughout this paper. The pumy- §nd
transition of highest overall photonicity we have treated. Fi-stokes- 6-)pulses have equal Gaussian envelope functions with peak am-

nally, a summary and our conclusions are in Sec. V. plitude A, and widthW; the Stokes pulse precedes the pump pulse by the
time delay W. (b) A (2+3) STIRAP process leading from the initial reagent

(R) stateR1 to the target productR) stateP1 via the intermediate reagent
stateR2, the apex statéd and the intermediate product state8 andP2.

1. COMPUTATIONAL DETAILS For pump frequencyw, and Stokes frequencys the figure shows the
intermediate-level detunind,, the overall detuning\,, and the rung de-

We consider the interaction of a nonrotating orientedtUningsé: for i=R2, P2, andP3.
molecule in its electronic ground state, specified by the mo-

lecular HamiltonianA, and the dipole moment operatg; . | irs. A ted ab Il oul dtob
with a laser pulse. The excitation of vibrational modes by a@n puiSe pairs. As noted above, all pulses are assumed 1o be

laser field is described within the semiclassical dipole appolanzed in a plane parallel to the CN axis, and the overall

proximation. The molecule interacting with the laser field isﬁeld £(t) is then given by
represented by the time-dependent Hamiltonian, E)=T(t,tp)Agp Siwpt+ ¢p)

A
s
A

+F(1,t) Ags SiN et + @g). 2

The subscriptg and s denote, respectively, the individual

The laser pulse is specified by the field strength veE(d). pump- and Stokes-pulses with central frequencigsand
We assume the field to be linearly polarized in a plane pares, initial phasesp, and ¢, and peak amplitude&, , and
allel to the molecular axis. In our simulations for the HCN/ Ags. The Gaussian envelope function
HNC system this axis is the C—N bond, fixed along the _ e e \2p9.2
x-axis of a space-fixed coordinate system. Usifig) Ftt=expl= (=t "2y 3
=|E(t)|, the interaction term in Eq(1) takes the form with k standing for eithep ors, specifies a pulse centered at
&) time t,., with width parametery, corresponding to a pulse
width W= (8 In 2)"2y, (full width at half heigh.

In order to mimic laboratory conditions that are as

The pulse setup and the most important pulse charactesimple as possible, we constrain the pump- and Stokes-
istics are schematically depicted in Fig. 1. Throughout thepulses to have equal envelopes, i.e., in eanh ()-STIRAP
investigations presented in this paper we use simple Gauspulse pair, both pulses have equal widt,= W;=W, and

H=Ho— wE(). (1)

A. Pulses

Downloaded 25 Feb 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 118, No. 16, 22 April 2003 Multiphonon pulse sequences. | 7369

equal amplitudesAg,=Aos=Aq. The pulse delayAt=t, Sets ofJ=0 andJ=1 vibrational eigenstates éf, have
—ts is kept fixed atAt=—W, resulting in counterintuitive been obtained by Bowmaet al3' The states below the
ordering. This configuration is the one shown in Fig@)1lt  jsomerization barrier are strongly98%) localized in either
has been analyzed f@l+1)-STIRAP in a TLS, and it has the HCN or the HNC well of the potential energy surface
been shown that the particular pulse delay chosen above {®ES. These state ), with eigenvalues;, can be charac-
an optimal choice in a certain sers€. However, in the terized by triples of quantum numbers,(v,,vs) corre-
present NLS these pulses, which have equal literal pulse agponding to the normal modes of the isomers, i.e., C—H or
eas, are not matched with respect to their GPAs, and thg—H stretch,H—C—N or H—N—Cbend, and C—N stretch.
weaker of the two transitions will determine the degree ofHigher levels above the barrier may still be localized on one
adiabaticity of the total setup. Although the above constraintgf the two isomers, but delocalized states with various de-
give rise to a considerable reduction of the available paramgrees of delocalization become increasingly important with
eter space, they do not severely limit the possibility to devisncreasing energy.
pulse pairs yielding complete or near-complete population  puyre bend states of HCN and HNC, with quantum num-
transfer. This behavior indicates the relative robustness of thgers (0y ,,0), are spread out along the minimum energy path
STIRAP transfer mechanism. for isomerization on both sides of the barrier, and extend also
At “initial time” t;=ts—1.873N; and “final time” t;  into the energy regime above the barrier. They provide the
=t,+1.878V, the amplitude functions have numerically most efficient sequentially coupled ladders for reaching and
died out for all practical purposes, so that the field is effeccrossing the barrié? and are a natural choice for MP strate-
tively “off” outside the interval[t;, t¢]. This means that in gies of isomerization. In particular, in a rotation-free model
our specific setup a MP-STIRAP process with individual of jsomerization thel=K =0 states (@;,,0), which havey,
pulsewidthsW can be assigned a total duratiog=t;—t;  even, give rise to an extende§l-NLS suitable for MP-
=3.79N. For W=80 ps as used in the examples in Sec. IV,STIRAP transfer by pulses polarized along the CN axis.
this corresponds td,,=300 ps. Without loss of generality The energy level diagram of the 28 lowest states of this
the time scale is chosen such that 0, and the phases in  type (cumulative for both isomeysis shown in Fig. 2. We
Eq. (2) is set to zero. We also usgs=0 throughout, since useu, to number the levels of this 28-level syst¢a8-LS),
the investigation of phase-sensitive behavior is beyond thgabeling the HCN(reagent states byRv, and the HNC
scope of this paper. The results discussed here are indeed ngtoduci states byPv,, henceR0 to R26 andP0 to P26 for
or only very weakly phase-dependent—although phasethe levels included. HoweveR24 and P24 exist only as
sensitive behavior does appear for commensurate values géro-order states. As will be discussed in Sec. IIl, they inter-
wp andws.*® In Sec. IV Awe will briefly return to this point.  act to form a pair of completely delocalized states at the apex
Figure Xb) illustrates the energy and frequency relationsof the extended\-system formed by the two bend progres-
for a pulse pair acting on states in an extendedsions. In energetic ordering, these two otherwise equivalent
A-configuration. Here and in the following we will identify apex states are denotdd andA2.
“reagent” states(HCN states in the HCN-HNC isomeriza- This 28-LS forms the basis set employed to obtain the
tion) by the labelRi, wherei represents a number in a suit- results presented in Sec. IV. It contains all the states which
able numbering scheme, “producttHNC) states analo- are absolutely essential to describe the MP-dynamics for
gously byPi, and the apex state of the extendeebystem pulses in the frequency range of the bend transitions, being
by A (we will later have to deal with multiple apex states, ejther directly involved in the transitions or contributing no-
which we will number asAi). The figure indicates various ticeably through their dynamical Stark shifts. It neglects
detunings playing important roles in the MP-STIRAP pro-weakly coupled or far off-resonant stai@ackground statés
cesses associated with pump frequeagyand Stokes fre-  and high-lying states well above the barrier. The influence of
quencyws; the intermediate-level detuniny (the detuning  these neglected states is explored elsewftere.
of the pump pulse from its MP zero-order resonandtee
overall detuningA, [the detuning from therG+n)-photon
zero-qrder resonan]:ean_d the rung detuning§ measuring ¢. Time-dependent Schro ™ dinger equation
the mismatch between intermediate rungs of the anharmomgnd pulse optimization
ladder of molecular levels and the harmonic MP ladder. In
casew, andws are chosen to equal the zero-order resonance  Using the ingredients introduced in Secs. Il A and II B,
frequencieswg, and wys We haveA;=A,=0, and the rung the time-dependent Schiimger equation describing the evo-
level detuningss, assume the valuesy; . lution of the time-dependent system wave functiéh under
the action of the laser field can be integrated. The computa-
tional techniques have been presented in Ref. 32. In the en-
B. Molecular Hamiltonian, vibrational energy levels, ergy representatiorf¥') is expanded in a finite basis set of
and dipole matrix bound eigenstatés) of Hy,

As in previous model investigations of HGAHNC N
isomerizatioh®3® we use 3D vibrational wave functiotts Ty=> ci(t)]i). (4)
and dipole moment functiofsderived fromab initio calcu- =t
lations, from which we also determine the dipole matrix el-The Schrdinger equation can then be written in algebraic
ementsyj; = (i|uyj). form as
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HNC (P) delocalized HCN (R) it would have been reached from the ground state in
predecessor-MP-STIRAP steps.
—R26 o e o .
16000 | _ i The objective of state-specific isomerization is to arrive,
PO A2 at timest>t,y,, at a statéW¥) localized at the product isomer,
- 1 which is as close as possible to a specified target eigenstate
14000 |- ree | —R2 ] |Pv,). Our examples addressn¢-1) to (m+6) STIRAP
P20 =— |
S -y processes, so that the target states are the HNC levels from
— P8—r R20— 4 R22 successively down tB12.
12000 b — P — 71— R16— _ V\ge h_ave succe_ssfully qptimized MP-STIRAP gglse
P —t pairs® using constrained optimal control algorithi&"
P12 — — R16 1 However, the rich structure of the probability landscape, with
<_ 10000 | i multiple local maxima and flat and extended plateaus, may
g Q= — R14 lead to a strong dependence of the predicted “optimum”
> Pg — 1 both on the initial conditions and on details of the algorithm.
@ 8000 PG —— — R12 i Furthermore, since in the present investigation we are
g strongly interested in characterizing the robustness of the
S Pg = — R10 ] method, we require information on the dynamics across ex-
5 6000 - P2 — . tended ranges of parameter space. To this end we obtain
3 " - R8 results on multidimensional grids of pulse parameters and
= == 1 study the corresponding topographical maps.
4000 | —R6 .
| Ill. PROPERTIES OF THE EXTENDED A-SYSTEM
— R4 OF BEND STATES
2000 . 7 In order to interpret the dynamics of the transitions and
to appreciate some notable differences to simple model sys-
28-LS tems it is useful to discuss the main features of the 28-LS
o —RO0 = - . .
J=0(0,v,,0) bend states shown in Fig. 2, which also forms the basis set for our cal-

culations. The lowest 12=0 bend states of each isomer,
i.e., the state€0,0,0 to (0,22,0, labeled, respectivel\R0 to
FIG. 2. Level diagram of the 28-LS formed by the=0 vibrational bend  R22 andPO to P22, which are below the vibrationally adia-

eigenstates (0,,0) of the HCN/HNC system. The states are labeled as, _.. .
reactant(HCN) statesRv, or product(HNC) statesv, except for the two batic bamer(althoth the Uppermost of them are above the

delocalized combination statesl and A2 at the apex of the extended b_are pOtenFial barriex, are strongly localized in their respec-
A-system, which are formed from the zero order states (4,0 and  tive potential wells. These states form two anharmonic pro-

HNC(0,24,0. The bare classical barrier height at 16 389 ¢nis indicated gressions determined by the properties of the two potential

by a dashed line. The equally spaced thin lines connected by arrows sho : : : —
the zero-order energetics of tli8+5)-STIRAP process leading from the Wells’ with different fundamental frequencies (1419 cm

71 .
initial stateR18, HCN (0,18,0, to the target stat®14, HNC (0,14,0, via  10f HCN versus 920 cm™ for HNC), and different anhar-

the apex staté\2. monic distortions. Due to a shoulder in the HNC well of the
PES®! the statesR16 to R22 show irregularities in their
spacings.
ifie=He, 5 SPashd

Both bend progressions extend into the range above the
wherec is the vector of expansion coefficientgt), and the barrier, where they interact more strongly with other states.
matrix elements of the Hamiltonian matrkk are The two highest states showR26 andP26, have dominant
=8 — Al ©) leading coptributions from bend states, but they do also have
ij = &1 T Mj ' some admixtures of other zero-order states. They are weakly
We do not invoke RWA, since it has been shown that thisdelocalized, and they are both distinctly detuned from a
approximation may fail to correctly describe important dy-regular anharmonic ladder.
namical features of MP-STIRA®. The most important feature in the above-barrier range is
Assuming the system to be initially in one of the reagentthe strong interaction between the pair of near-degenerate
eigenstatesRu,), the set of coupled differential equations zero-order bend staté®,24,0 of HCN and HNC. The zero-
(5) is propagated from=0 to t=t,,; using Runge—Kutta or order states combine to form a pair of completely delocalized
predictor—corrector techniques. Because of the nonstiff nastates denotedl andA2 with an energy gap of 71 ci.
ture of the equations it is no problem to converge these inThese combination states have similar coupling elements to
tegrations even though they run over many thousands of oghe neighboring levels on both sides of the bend ladders and
tical cycles. In our examples we assume that the initial statboth of them are thus part of both bend progressions. They
is one of the stateR16, R18, or R20, which connect to the form a doubled or split apex of the extend&etonfiguration
apex state A1l or A2), respectively, by a 4-, 3-, or 2-photon modeling isomerization and represent the transition state of
pump transition. We do not consider the preparation of thehe HCN—HNC isomerization.
excited initial state, but we note that in a complete sequential The energetic properties of the 28-LS shown in Fig. 2
MP-STIRAP isomerization scenarmla Kurkal and Rice®  have important consequences for the population transfer in
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TABLE I. Zero-order frequencies and maximum ladder rung detunings for some pump and Stokes transitions
involving the delocalized states1 or A2 as apex f\) states.

A=Al A=A2

Transition Type wo? B’ ® Smat
R18—A 3-photon pump 1112.61 56.12 1088.80 102.04
A—P22 1-photon Stokes 741.14 669.72
A—P20 2-photon Stokes 737.17 3.97 701.45 31.73
A—P18 3-photon Stokes 737.04 4.10 713.23 43.51
A—P16 4-photon Stokes 743.62 19.74 725.76 56.04
A—P14 5-photon Stokes 754.40 52.08 740.11 80.64
A—P12 6-photon Stokes 769.41 103.16 757.51 132.84

3Zero-order resonance frequency in thn
PMaximum ladder rung detuning in cm.

this system. First, because both delocalized states may act applicable for feasibility studies in a general qualitative
the apex of theA-configuration, isomerization may involve sense; it cannot be predictive in terms of direct experimental
competing and parallel interfering pathways. Second, due teerification.
the resulting energy shifts iAl andA2 relative to the zero-
order bend states, additional irregularities are introduced intgQ MP-STIRAP POPULATION TRANSFER ACROSS
the anharmomc_pro_gressmns, yv_hlch lead to remarkably (_:I_os HE HONoHNC ISOMERIZATION BARRIER
near-degeneracies in the transition frequencies for transitions
of different photonicities. Third, the irregular spacings also  In this section we give an overview of the
give rise to sizable rung detunings in the individual MP tran-(m+n)-STIRAP processes across the HGIMINC isomer-
sitions to and from the apex states. ization barrier, witbm=2 and 3 andh=1-6. We investigate
These points are illustrated by the zero-order frequenciethe feasibility of state-selective population transfer and the
wo and the maximum ladder rung detuningjg, for the (3 robustness of the method in a system characterized by the
+n)-STIRAP processes, which are collected in Table I. Forpresence of several near-degenerate and competing transi-
an individual MP pump or Stokes transitiofi,,,, is defined  tions. As a brief summary it can be stated beforehand that
as Sma=max|d;|, i=all intermediate runds Because of state-specific MP-STIRAP population transfer across the
the smaller values ob,,, for all listed laddersA2 is ex-  isomerization barrier can be readily achieved, and despite the
pected to be the preferred intermediate state for the MPpronounced near-degeneracies in the Stokes frequencies for
STIRAP processes. On the other hand, no near-degeneraciges: 1—4, all the individual transitions up tm=6 can be
occur in the Stokes transitions from stakd, whereas we driven selectively. Our main objective now is to characterize
notice pronounced near-degeneracies in the zero-order frehe robustness of the method with respect to variations in the
quencies for the 1- through 4-PTs froA2 to HNC bend essential pulse characteristics: the intengftgld strength
states. Indeed, the near-degeneracy between the 2- and 3-Rifl the pump and Stokes frequencies.
is so close, that the frequency distribution of any pulse  For this investigation we have adjusted the pulse width
shorter than about 100 ps will tend to couple these transisuch that under the constraint of equal pump- and Stokes-
tions. The splittings between the 1-photon- and each of thgulse envelopes and with “typical” values of the amplitude
2-, 3-, and 4-photon Stokes transitions are somewhat largess discussed below, the system is well in the adiabatic do-
but this still means that pulses with widths in the lower psmain, so that a substantial degree of robustness is also guar-
range may fail to be state-selective. Competing parallel proanteed. For the present system, this is achieved by ascertain-
cesses and the formation of superposition states must be eixg that the corresponding GPAs approach or exceedr100
pected to occur in any isomerization strategy involving psAs already noted above, this condition is met if the pulse
pulses in (n+1)- to (m+4)-processes, which might affect width is chosen a&/=80 ps. For STIRAP in simple TLS,
the feasibility or at least the robustness of MP-STIRAP.  without considering issues of robustness GPAs as small as
In effect the 28-LS represents an extended and distorte8—4+ would suffice for adiabatic behavidt.
version of the 4- and 5-LSs investigated by Coulston and Data for selected STIRAP pulse pairs that transfer popu-
Bergmannt® In particular, the doubling of the apex state and|ation via the apex statd2 are collected in Table II. Under
the extension of the ladders above the apex are explicitlyhe same conditions pulses involving transitions throAdh
considered in Ref. 10, and conditions for the maintenance ofthich are generally less efficient, have areas that are about
efficient adiabatic transfer are derived. Our results will illus-30% smaller. Note the GPAs do not scale linearly with the
trate whether these conditions are met for MP-STIRAP transtiteral areas under the envelopes or with (sometimes not
fer in a system with realistic molecular parameters, far beeven approximately
yond the realm of analytical analysis. Yet it should be
remembered that notwithstanding its realistic traits andlits
initio background, due to the approximations included in the  State-selective population transfer im{n)-STIRAP
construction of the Hamiltonian our 28-LS iswodelsystem can be accomplished over remarkably extended ranges of

A. Frequency variation
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TABLE Il. Generalized pulse areas for selected resonant multigiedses’  For the various individual transitions, these values translate

into the GPAs given in Table Il. The results for the lower of

Generalized ) . _
Transition States  Ag/a.u. arealr the two field strengths are shown in FigaB Here the most
o coAr 00017 ppe dominant feature is the extended contiguous frequency range
-photon pump . - : _ ~ - P :
3-photon pump RIGSA2 000255 11 in Wh!Ch near complet§{2~l—_1) transfer is achieved. How
2-photon Stokes A2P2  0.0017 217 ever, in view of our objective to bridge as many quanta as
0.00255 292 possible, the results far>1 are of greater interest. Indeed
3-photon Stoke’s A2—P18  0.0017 234 there are sizable ranges of robustness fo(2i€2)-, (2+3)-,
Aohoton Sto U %-%%215;5 ii and (2+4)-transitions, and eve(2+5)-STIRAP proceeds in
-photon Stokes - : a fairly robust manner.
0.00255 260 - .
5-photon Stokes A2—P14  0.0017 86 The qualitative aspects of successful state-specific MP-
0.00255 168 STIRAP transfer can be related to the web of lines superim-
6-photon Stokes A2—P12  0.0017 20 posed on the intensity plot, which represent various zero-
Lohoton first overt R16 A2 8-88??5 Zg detuning situations. The two vertical lines indicate the zero-
-pnoton Tirst overtone pum . : .
P pump 0012 300 order frequencies for the 2-photon pump transition&dat
’ -1 ~1
1-photon second overtone pumpR16—A2 0.00255 8 _1048 Cm_) and to A2 (at 1085 cm~) an_d hence zero
0.012 40 intermediate-level detuning; along these lines we hAye
1-photon third overtone Stokes A2—P16  0.0017 7 =0. The full lines denote zero overall detuning for the (2
0.012 54 R~ " o
+n)- . = -
1-photon fourth overtone Stokes A2— P14 0.00255 3 n) processes indicated. The Condltlm 0 is md_epen
0.012 18 dent of the apex state, and for then{n)-process is met

along a straight line with slope/m.

Pump frequencies below 1060 cmi ! haveA; consid-
erably larger for the transition through the apex sts2ethan
for transition throughA1, and we may expect that population

pump- and Stokes-frequencies. In order to provide a comprdransfer will mainly involve the latter state. The correspond-
hensive picture of the set of processes belonging to a fixetd zero order Stokes frequencies are well separétéd
pump-photonicitym, it is necessary to map oub,—ws Table ), and so it is not surprising that the zones of near-
ranges of about 100200 cnm'. This means that only a complete population transfer are also well separated and can
coarse frequency grid can be used to obtain representatioff@m sizable contiguous regions of robustness. As anticipated
of the probability landscapes. Figures 3 and 4 show sucfom the rung level detunings of the various MP transitions
coarse-grained product-state resolved intensity plots with & Table I, this mechanism is more efficient for=1 and 2
frequency resolution of 5 cht. The different target states than for the transitions of higher photonicity. Although some
are identified by the number of Stokes photomy,(and  (2+3)- and (2+4)-population transfer througAl does oc-
shaded areas identify frequency combinations giving rise t¢ur at the lower field strength, these transitions predomi-
near-complete state specific population transseaded cells nantly proceed throughA2, as does (2 5)-STIRAP. But in
denote population transfer exceeding 75% addition non-  the range where transfer througi2 is expected to be pref-
shaded, but labeled cells indicate population transfer ograble, i.e., fow,>1065 cm*, the degeneracies among the
50%—75%. various (2+n)-transitions are pronounced, the individual

Before commenting on the results it should be pointedorocesses of different photonicity compete and do no longer
out that the final populations are not strictly phase-occur in well-separated frequency domains. While state-
independent. Weak sensitivity of the results on the phages specific transfer to any of the product states under consider-
and ¢, may arise whenever a pulse pair prepares a superp@tion occurs readily, the frequency ranges supporting any of
sition state. In general such phase effects give rise to varighose transitions disintegrate into several disjoint parts, inter-
tions of <5% in the level populations. Hence they do not spersed with ranges of stability of different transitions. As a
lead to any notable changes in the intensity maps and canhole, these individual ranges form a compact, but intricate
safely be neglected. However, from this discussion we mugpattern that appears to be difficult to predict or analyze.
exclude a stripe of frequency combinations along the dashed Nevertheless it can be stated that these individual ranges
line tagged 3:2, where the pump- and Stokes-frequencies ag@w a propensity for approximate zero overall detuning. This
commensurate with ratio 3:2. In this stripe the MP-STIRAPIs not meant to imply that tuning both pulses @ero-ordey
results can display massive phase sensitivity. This situatioresonance is the optimum strategy for MP-STIRAP. In fact
will be considered elsewhefé.The results included, for the maxima(centers of plateaus and ridges the two-color
completeness, in the present figures are those for the arbim+ n)-photon resonance are detuned from their zero-order
trary special cas@,= ¢s=0. This is also the choice made values(which is expected in view of the dynamical Stark
for the remaining range, where, as said, the results do nathifts). However, the extent of the observed shift differs
significantly depend on the specific values of the phases. widely for the various transitions and individual zones of

Figure 3 shows results for (2n)-STIRAP processes for stability. The overall detuning may reach amazing values;
two values of the pulse amplitudé,=0.0017 a.u., corre- red shifts of 60 cm! and more are observed for tk2+1)-
sponding to a laser peak intensity of about 100 GWé&m transition, difficult to explain by dynamical Stark shifts
andA,=0.0030 a.u., corresponding to about 300 GWém alone.

#Determined from the number of Rabi cycles and rounded to integers.
PPrepares a superposition state.
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FIG. 3. Coarse-grained final-state resolved intensity plot for (2-STIRAP processes. The frequency resolution is 5 tnAll pulses haveW=_80 ps. (a)
Ap=0.0017 a.u.ib) A;=0.0030 a.u(these values of, correspond to GPAs given in Tablg.IA numbern in a cell denotes a dominant {2n) population
transfer with>50% final population of the target state. Shaded cells indicate near-complete population transfef#ttinal population in the target state.
Full lines superimposed on the plot represent the zero-overall detuning contljtie@ for the transition indicated by the tag. Vertical broken lines denote the
zero intermediate-level detuning conditidn= 0 for transitions through the apex sta#é or A2 as indicated by the tag. The gray broken line tagged “3:2”
represents the commensurability condition 2= 3w .

In fact two contributions to these displacements can be  While the overall detuning can be sizable in some re-
discerned. The small shift observed notably for the transigions, the pattern of the intensity plot as a whole is still
tions not strongly affected by degeneracy problems, e.g., fogoverned by the zero-overall detuning conditions. Individual
(2+5) and(2+6), which is reminiscent of the resonance de-zones of robustness tend to be extended in the direction
fects and Bloch—Siegert shifts of one-colof-pulse along or parallel to their zero-overall detuning lines, indicat-
resonance¥ is linked to the dynamical Stark shifts. On the ing liberal variation of the intermediate-level detuning and
other hand, the very strong detuning f@r-1)-STIRAP must  much less variability of the overall detuning.
be seen as aapparentshift related to the competition with At the higher field strength, illustrated in Fig(l3, the
near-degenerate parallel processes of different photonicityelative importance of the transitions with higher photonici-
For blueshifted frequencies the competing higher-order tranties is increased. The contribution of tli2+1)-process is
sitions affect and quench th@+1)-process, while ifooth  becoming less prominent, while the importance of the MP
frequencies are redshifted, only tf#et+-1) transition can pro-  Stokes transitions of higher photonicity is considerably am-
ceed, since then all other transitions are far too strongly deplified, and extended ranges of robustness appear fof2the
tuned. It is this asymmetric quenching that pushes the center5)- and (2+6)-transitions. This behavior can be related to
of the stability range far towards the red. We will readdresghe fact that increasing the field strength has two antagonistic
this point in Sec. Il B. effects. On the one hand, the GPAs are increased, thus in
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FIG. 4. Coarse-grained final-state resolved intensity plot for (3-STIRAP processesa) A;=0.00255 a.u.{b) A;=0.0032 a.u. All other details are as in
Fig. 3.

principle shifting the conditions further towards the adiabaticspecific population transfer is apparent in Figa)3 This
limit. This effect becomes most strongly apparent for thecompact zone appears thinned out in Figh)3Overall, the
weakest MP-transitions, i.e., the processes with high Stokesatensity plot at higher field strength appears more extended,
photonicities, in particular if proceeding througkl. The but less compact than the one at lower field strength.
larger GPAs also admit increased intermediate-level From Fig. 4 it is seen that the (3n)-STIRAP processes
detuning®? This gives rise to the appearance of regions ofshow the same qualitative behavior as their-+(8-
efficient state-specific population transfer in the peripheratounterparts, although the individual zones of stability are
parts of the frequency range mapped out in Fig. 3. smaller. Due to the higher pump photonicity, higher field
Conversely stronger fields also produce increased coustrengths are required to obtain sufficiently large GPAs. The
pling between individual transitions and enhances the formaintensity plots in Figs. @) and 4b) have been obtained for
tion of superposition states in regions that lead to stateA;=0.00255 and 0.0032 a.u. At these field strengths, the
selectivity for the lower field. This coupling is most strongly high-photonicity transition$3-+5)- and(3+6)-STIRAP pro-
felt in the area around the closely spaced zero-order transéeed without problems.
tion frequencies for the processes through For the lower In additional runs we found that the almost thermoneu-
field, for which Stokes coupling is still weak, a fairly com- tral (4+6)-STIRAP proces®16— P12 can be driven at still
pact “tiling” of the w,—ws plane with regions of state- slightly higher values ofA,, in the range 0.0033-0.0045
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(b)

level populations
level populations

00 N.S .. _3, 3 oo 5 2
0 2x10 4x10 0 0 2x10° ax10° 0 2x10° 4x10°
peak amplitude / a.u. peak amplitude / a.u.

FIG. 5. Field strength dependence ofifB)-STIRAP processes with 80 ps FIG. 6. Field strength dependence of 48)-STIRAP processes. The
pulses at various fixed,—w; frequency combinations. The panels show @,—ws values in the six panels aré) 1135-740cm’, (b) 1085-
cases giving rise to complete state-specific population transfer as indicate@90 cni *, (c) 1135—735 cri?, (d) 1120—745 cri?, (¢) 1115-755 cm?,
Full bold lines show the variation of the transfer probability for these nomi- (f) 1145—805 cm?. All other details are as in Fig. 5.

nal transitions. Dashed lines represent competing parallel processes. The

wp—wg values in the six panels aré) 1100-740 cm?!, (b) 1045-

695 cni't, (¢) 1075-730 cm?, (d) 1065—740 cm?, (e) 1105-765 cm?, .
®) 1095_7(7; ol @ ( and 6 we show the field strengthe., A;) dependence for a

number of selected frequency combinations. All these fre-
quency pairs correspond to population maxima for the indi-

a.u., when the GPA of the Stokes-pulse becomes larg¢idual processes as identified in Figs. 3 and 4.
enough to match the adiabaticity condition. A comparison of the individual panels shows that the

In a qualitative way, the features of robustness followinginterval from about 0.0015 to 0.0045 a.u., corresponding to
from the analytical analysis of STIRAfRefs. 8—12, 26can  laser peak intensities of about 80—700 GW¢ncan be
be redetected in the present results. In particular this corfonsidered a “characteristic range” of field strengths for MP-
cerns the relation between intermediate-level detuning an8TIRAP in the present system. The low-field threshold of
adiabaticity:? which leads to the “growth” of the intensity Population transfer relates to the breakdown of the adiabatic
plots with the field strength. A8, and hence the GPA, and transfer mechanism due to decreasing GPAs, while at the
along with it the adiabaticity parameter are increased, th&igh field side extensive coupling of the near-degenerate
adiabaticity condition is fulfilled for increasingly highdr;.  transitions sets in, which destroys the selectivity of popula-
This qualitative agreement indicates that in some sense Mpion transfer. Irrespective of differences in the detdds
STIRAP in a NLS effectively behaves like STIRAP in a mos) all transitions have two common features; the rise and
TLS. fall of the transfer probabilities are very steep, so that for the
following discussion to a first approximation the curves can
be considered rectangular. The width of these rectangles is
roughly as wide as, or wider than the gap from zero ampli-

Next we investigate the question how the transfer effi-tude to the rising edge. If the pulse amplitude is adjusted at a
ciency for a fixedw,—ws-pair varies with the pulse ampli- valueA, near the upper edge of the stability range, full trans-
tude. In view of the orientational disorder of the molecules infer occurs over=50% of the amplitude range from zero to
the gas-phase, robustness with respect to the field strengthAs, corresponding, in terms of projection angles, to the
particularly relevant for gas-phase isomerization, since imange of 0 to about 60°. Hence up to 25% of a randomly
any geometrical field-molecule configuration only the pro-oriented sample would be isomerized by such a MP-STIRAP
jection of the field vector onto the axis is effective. In Figs. 5pulse pair.

B. Pulse amplitude

Downloaded 25 Feb 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



7376 J. Chem. Phys., Vol. 118, No. 16, 22 April 2003 I. Vrabel and W. Jakubetz

In principle one should expect to see distinct trends in " T

" 10} e Fey a2
the Ag-dependence of the transition probabilities connected (@) ( ,\). () o 342y
) ! ) on (zero-order) 1 o I\
to the fact that the pulse amplitude is closely linked to the 08 resonance viaa2; ! r BTN ey
pulse area, the GPA, and the adiabaticity parameter. For ex- 4| P e ] L@ T -

ample, the thresholds of the curves in Figs. 5 and 6 should I Y B
reflect the breakdown of the adiabaticity assumption. This v P
low-field threshold behavior, and deviations from it have re-
cently been studied in detail for STIRARef. 26 and MP-
STIRAP (Ref. 29 in simple systems. We should not expect
to observe the exponential behavior of adiabatic break-
dowrt” in unperturbed form for the present, much more com-
plicated situation. However, the signature of this behavior is
still showing up in steep rise of the transfer probabilities.
Invoking the adiabaticity criteria in a qualitative way, one
should expect the thresholds for the8)-processes to be
higher than the ones for the {)-processes, which is in-
deed observed. Furthermore, in view of the data in Table Il
the thresholds within the (2n)-and (3+n)-sequences
should appear in the ord€2-PT, 3-P71<4-PT<5-PT<6-PT.

The examples in Figs. 5 and 6 only partially recover this
ordering. The expected trends are obscured mainly due tc
two reasons. First, the examples shown reflect arbitrary
choices for the frequencies. They are not directly comparable
with each other, because the values\gfand A, are differ- I
ent for the various cases, and the amount of this detuning 0.0

level populations

L 1.z5"

2x10° 4x10° 0 2x10° 4x10°

0
affects the onset and degree of adiabaticity. Second, the pulse amplitude / a.u.
degeneracy-related competition between the Stokes transi-

tions delays some of the thresholds. FIG. 7. Field strength dependence oft{8)-STIRAP processes through the

. apex stateA2 at the corresponding zero-order resonance frequencies. All
We now come back to the detuning of the actuiad ( ther details are as in Fig. 5. g g

+n)-photon resonances from their zero-order values. In
Figs. 7 and 8 we show the transfer efficiencies for the (3
+n)-STIRAP processes as functions &f at the zero-order
frequencies. It is clear that in most cases MP-STIRAP is no&
effective on zero-order resonance; indeed for the lower tran-"
sitions including (3+ 1) it is not even a good initial guess. It So far we have demonstrated that in the 28-LS modeling
is also clear that such deviations could be expected in viewhe HCN—HNC isomerization MP-STIRAP is feasible and

of the dynamical Stark shifts induced by the pulses. On théairly robust, can cope with the difficulties associated with
other hand, the intrinsic robustness of STIRAP with respecfiear-degenerate MP-transitions, and can accommodate fairly
to variations in the pulse parameters may mask these shift§igh photonicities. The straight-forward = state specific
So it remains to be verified if there are other origins for thelSOmerization to any of the 6 upper target levels contrasts
observed effects. Figure 7 summarizes processes involvingith the results achievable with pump—dump methods using

pathways through the apex staA@. It is seen that for the m-pulses or multiples-pulses. The close near-degeneracy

lower transitions degenerate parallel transitions in som etweent tr;leA2—>I|32(t)_ andA2—>Pt1523 g?_ns'téog g?rqtl;]enmehsth

cases proceed at the zero-order resonance frequenmes.does not aflow se'ective resonant 2-=1 an rough the
. . - : intermediate leveR2. Although vibrational wave packet for-

their competitors. This picture may at first suggest that a__.. =, . . .

o . mation is usually associated with fs pulses, these two transi-

strong contribution to the observed resonance defects is re-

lated to th d ies in th ; Vet Fi ijons are strongly coupled even with 80 ps pulses, so that
ated 1o the near-degeneracies in the system. Yet FIg. pyqonant single- and multiple-pulses inevitably prepare su-

makes clear that the shift is' also present for the p""th"v‘"‘yﬁerposition states. With exactly the same pulse envelopes, by
through the apex stat@1, which are not at all affected by gy pioiting the intrinsic robustness against variationshin

degeneracies or competing parallel processes. Finally Wge MP-STIRAP method has no problem to drive these tran-
have also verified that the shift is not caused by a possiblgitions selectively.

coupling between the two apex states. In Fitg) &e have It now remains to be seen whether MP-STIRAP is com-
included the curve for the on-resonance transfer probabilit;petitive with simple (1+1)-STIRAP along overtone
for (3+1)-STIRAP throughA1l resulting upon the complete sequence® In order to investigate how efficient and robust
removal of the staté\2 from the basis. Although the pres- across-the-barrier multiquantum transitions can be driven
ence ofA2 is seen to have a small effect, there is still nowith (1+1)-overtone-STIRAP, we have looked at its perfor-
sizable population transfer on zero-order resonance. mance for the two specific processe20— P16 andR18

Comparison of MP-STIRAP with other techniques
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FIG. 8. Field strength dependence ofi8)-STIRAP processes through the pulse amplitude / a.u.

apex stateAl at the corresponding zero-order resonance frequencies. The

dotted line in panela) shows the(3+1) population which results upon FIG. 9. Field strength dependence @f+1)-overtone STIRAP processes

removal of the stat&2 from the basis set. All other details are as in Fig. 5. through the apex sta®2. (a) The (2+4)-quantum transfeR20— P16 at the
zero-order resonance frequencieh) The (3+5)-quantum transfer
R18—P14. The full line is at the zero-order resonance frequencies, the bro-

ken line is for a pump detuning of 2.0 cm ! and a Stokes detuning of
—P14. These results are to be compared Wik4)- and  —16cnit.

(3+5)-STIRAP, respectively.

The data in Table Il shows that pulses driving overtone
transitions with the same field strength and width as MPHowever, (1+1)-overtone-STIRAP is far less robust than
pulses have far smaller GPAs, and this difference is quickhMP-STIRAP with respect to frequency detuning. Ay
amplified as the number of quanta in the transition increases=0.0017 a.u. there are only two small frequency ranges
Therefore much larger field strengther pulse widthg leading to more than 75% transfer efficiency: an elliptic area
would be required to reach the adiabatic domain. On the&entered at the zero-order frequency for transition through
other hand, there are no competing and near-degenerate p&2 permitting detunings A;=*=1.3cm! and A,
allel processes, so that the system effectively behaves as-a0.5 cmi't, and an even smaller one centered at the zero-
TLS. In this sense it provides perfect conditions for STIRAP,order frequency for transition throughl. An intensity plot
and for adiabatic behavior it requires smaller GPAs than thevith the scale and resolution of Fig. 3 would appear entirely
MP-STIRAP processes. void.

Indeed both(1+1)-overtone-STIRAP processes can be For the (3+5)-quantum transitionP18— R14, (1+1)-
driven, although with quite different demands on the fieldSTIRAP represents no useful alternative to MP-STIRAP at
strength and with different degrees of robustness. For thall. As shown in Fig. %) the former requires far too high
(2+4)-quantum transitionP20—R16, (1+1)-STIRAP is field strengths, and even at the unlikely peak intensity of
found to have both advantages and disadvantages compar8dW cm ! (A,=0.012 a.u.) the frequencies need to be very
to its MP cousin. It shows a very pronounced stability with precisely tuned in order to obtain complete population trans-
respect to variations in the field strength, and even at veryer. This sensitivity also becomes apparent from the pro-
high field strengths does not couple to any other transition.nounced shifts of the effective field strength thresholds upon

The plot of the transfer efficiencies against pulse ampliweak detuning. In Fig. @) the full-line curve represents the
tude in Fig. 9a) demonstrates this robustne@sote that case on zero-order resonance, while the dashed curve with
state-specific transfer proceeds almost up to the Keldysthe massively delayed threshold is for a weakly detuned fre-
limit of ionization for molecular systems 0£<0.0024 quency pair(pump detuning—2.0 cm !, Stokes detuning
a.u.?838 ysed as upper end of the plot interval in Fig. 9 —1.6 cm1). Contrary to the case on-resonance the latter
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eventually leads te=100% population transfer. In general, This is not the case in the present situation, which involves
(1+1)-overtone-STIRAP quickly becomes less competitivecompeting transitions ddifferent photonicities. GPAs, adia-
in comparison with MP-STIRAP as the multiquantum char-baticity parameters, and resonance detunings for transitions

acter of the transition driven increases. of different photonicities scale differently with field strength,
and so it is possible to effectively separate competing indi-
D. Additional comments vidual (m+n)-photon processes by simply varying and

Ay. No maodification of the standard STIRAP setup is re-

The (m+n)-STIRAP processes investigated above allyireq, except for the necessity to tune to suitable ranges of
concern higher-lying levels of our 28-LS, and the Iowestpu|se amplitudes and frequencies.

states in this basis are often not required for obtaining con- |, 4 qualitative and “overall’ way, the known behavior

verged results for these transitions. Indeed we found that thgs sTIRAP in TLSs with respect to pulse areas or GPAs and
8 lowest HCN and the 4 lowest HNC states are never apprépermediate-level detuning& 1226 also governs MP-

ciably populated in any of the processes at any of the condigTirap. zero-order resonance frequencies are not usually
tions studied in Sec. IV A, and that the bulk of the results Calpe right choice. The condition of zero overall detuning pro-

be recovered using a 16-LS obtained from our 28-LS byiges 5 first guess, but dynamic Stark shifts resultant from a
discarding the 12 states mentioned above. Nevertheless thqtgqe number of levels and competition between individual
are cases where it is essential to include the lower states ip,nsitions must be taken into account, so that the individual
order to obtain converged results, even if these states fail tPanges of robust state-specific transfer have to be located
become populated at any time. These states then act onfyiore painstakingly, possibly by trial-and-error. Also, the

through the additional Stark shifts they impose on the SySgyateqy to enforce the approach to the adiabatic regime by
tem, a mechanism that is most clearly manifest in the deforl‘ncreasing the field strength fails if applied in an uncon-

mation of the curves representing the adiabatic instantaneoyg,|jeq way. Eventually stronger fields couple the various

two-color Floquet state®. , , competing transitions, thus giving rise to the preparation of
Despite using 3D wave functions, our results in eﬁeCtsuperposition states.

are for a 1D(bend-coordinate onjymodel of isomerization. At face value, our simulations amount to a 1D study of

It remains to be seen how they carry over to a full 3D treatycn_, HNC isomerization. Alternatively the 28-LS, or even

ment, or termed differently, how the presence of backgroung, e so the related 16-LS described in Sec. IV D, can be

stgtes Woul_d affect the_outcome. In the context of STlRAPViewed as models for the study of population transfer in
this question was first addressed by Coulston an

ci’nany-level extended -systems, which incorporate essential

0 . . .
Bergmanri,” and Rice and co-workers have investigated thefproperties of realistic molecular system. They differ from
problem both for the s_eqéjenUaI STIRAP-based control of, a1 minimal models, which they augment, in several re-
HCN—HNC isomerizatiof® and for an extended 3-pulse spects, namely the extension of thesystem in all direc-

9,40 H
STIRAP modef®“?In all cases it was concluded that the tions, the doubling of the apex state, and the presence of

influence of background states should be weak. On the Oth_%ﬁstortions in the anharmonic progressions giving rise to

hand, it has been shown that background states CanAgign'%'verlapping resonances of different photonicities. All these
cantly modify control fields for the HCN/HNC systeth?

_ > properties are likely to also be features of realistic molecular
Elsewhere the question of background state participation idystems beyond the special case of the HCN/HNC system.
MP-STIRAP will be considered in detdif:we note that the

i g o ' g The 16-LS represents a minimal model system with such
effect varies from being negligible to being dominant. realistic features.

Summing up, we have verified by numerical simulations
V. SUMMARY AND CONCLUSIONS that in a NLS of moderate complexity modeling molecular
Using a model 28-LS comprising tde=0 bend states of isomerization, MP-STIRAP is a suitable method for obtain-

the HCN/HNC system, we have shown that isomerizatioﬂng robust and efficient state-to-state population transfer

can be achieved with a MP extension of the STIRAP tech2¢T95S @ barrier, even in case of the presence of competing,
nique. More specificall, we have simulatednn)- near-degenerate transitions. Extended stretches of vibrational

STIRAP transfer. withn=2 and 3. andh=1 to 6. as well as Progressions can be traversed in a single step. It should be

(4+6)-STIRAP, all proceeding from an excited HCN bend possible to implement a few-step sequential MP-STIRAP
state across tk;e barrier to an excited HNC bend state based control scheme of isomerization reactions in analogy

The most notable feature of the 28-LS is the near-t0 the STIRAP-based method of Kurkal and Rice.

degeneracy of several of the Stokes transitions. Nevertheless
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