
PHYSICAL REVIEW A APRIL 1998VOLUME 57, NUMBER 4
Selective photochemistry via adiabatic passage: An extension of stimulated Raman adiabatic
passage for degenerate final states

Mark N. Kobrak and Stuart A. Rice
The Department of Chemistry and the James Franck Institute, The University of Chicago, Chicago, Illinois 60637

~Received 24 September 1997!

In this paper we extend the existing theory of stimulated Raman adiabatic passage~StiRAP! in three-level
systems to examine the nature of selective photoexcitation using counterintuitively ordered pulses. Our goal is
to develop a version of StiRAP that permits control of product selectivity in a chemical reaction. We analyze
the case of selective excitation to one state in a pair of degenerate target states in a four-level system, and find
that one cannot control the ratio of the populations in the two states in a resonant two-photon process.
However, the extension of the system to include a fifth state and a third laser field makes selective excitation
to one of the degenerate states possible. It is found that, subject to reasonable restrictions, one may accomplish
complete population transfer to a single target state of a degenerate pair of states in a five-level system.
@S1050-2947~98!03804-9#

PACS number~s!: 33.80.Be, 42.50.Vk
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I. INTRODUCTION

There has recently been considerable interest in appl
adiabatic passage excitation to three-level systems. It
been found that one may use a ‘‘counterintuitively’’ order
pair of overlapping light pulses~i.e., with Stokes pulse pre
ceding pump pulse! to access a trapped eigenstate of
dressed Hamiltonian. This eigenstate has a node in the in
mediate level, so when excitation is complete all populat
is transferred to the target state with no loss to the inter
diate state@1#. A sizable body of theoretical literature on th
subject now exists@1–9#, and experiments@10–12# have
confirmed the validity of the approach.

Since its discovery, there have been a number of pa
extending StiRAP to multilevel systems. Shore and
workers @2#, and later Tannor@3#, developed methods fo
population transfer in systems consisting of initial and fin
states that are coupled by an arbitrarily long chain of int
mediate states. It is found in both cases that complete po
lation transfer is possible in such a system, provided that
chain includes an odd number of states. Oreg and co-wor
@4# have found it is possible to use a StiRAP-like excitati
process in a four-level chain, suggesting that the techniqu
not limited to chains with an odd number of levels, but as
there have been no more general studies of chains with
even number of levels. In a somewhat different vein, Co
ston and Bergmann@5# have studied the case of four- an
five-level ‘‘branched’’ systems, in which at least one state
coupled to three or more other states~i.e., the states canno
be described by a single chain!. And Bergmann and co
workers @6,11# recently demonstrated that it is possible
transfer population through specific pathways of a m
complicated branched state structure.

Our goal in this work is to examine StiRAP-like excita
tion processes in the context of photoselectivity, i.e., con
of product selectivity in a chemical reaction. The select
excitation of a single state has been studied extensivel
other contexts@13#, but to date there has been little wo
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done connecting these approaches with recent work on
RAP and its variants. The emphasis has so far been on d
onstrating that the counterintuitive pulse sequence use
StiRAP represents the solution to an optimal control pro
lem, a question addressed by Band and Magnes@8# and re-
solved by Malinovsky and Tannor@3#. The goal of this work
is somewhat different: We ask whether one may use
StiRAP-like process to achieve selective population trans
in a multilevel system.

We find that it is possible to take advantage of the sy
metries of multilevel systems to selectively excite spec
pathways. We treat the case of a pair of degenerate ta
states, and show that while a counterintuitive excitat
scheme in a four-level system cannot produce relative po
lations in the two states that differ from those obtained
conventional two-photon excitation, it is possible to use co
pling to a fifth state to change the population ratio and,
certain circumstances, even achieve 100% population tr
fer to a single state of the degenerate pair regardless of
relative transition dipole moments for excitation of tho
states from the ground state. We conclude with an exam
tion of how one might apply the scheme described to a m
lecular system.

II. THREE-LEVEL SYSTEMS

A. Eigenstates of the ladder system

We begin by examining a sample three-level system,
ladder configuration shown in Fig. 1. The system consists
a ground state, an intermediate state, and a final stat
which we wish to maximize the population. These mat
eigenstates are coupled by the effects of two electric fie
the field that is resonant with the transition from the grou
to the intermediate state will be referred to as the pump fie
and the field that is resonant with the intermediate-
finalstate transition will be labeled the Stokes field, in an
ogy with Raman processes. The Hamiltonian for such a s
tem is then
2885 © 1998 The American Physical Society
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H5 1
2 S 2vp 2Vp~exp@ ivpt#1c.c.! 0

2Vp~exp@ ivpt#1c.c.! 2v2 2Vs~exp@ ivst#1c.c.!

0 2Vs~exp@ ivst#1c.c.! 2v3

D , ~2.1!
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whereVp and Vs are the time-dependent Rabi frequenc
mj i(t) of the pump and Stokes fields, respectively,v i is the
energy of thei th matter eigenstate, and atomic units are u
throughout. After changing to the interaction representat
employing the rotating wave approximation, and specializ
to the case of resonant pulses, we obtain@5#

H52 1
2 S 0 Vp 0

Vp 0 Vs

0 Vs 0
D . ~2.2!

The eigenstates for this system are displayed in Tab
The now-familiar form ofus2& makes possible the counterin
tuitive excitation scheme in which the Stokes pulse prece
the pump pulse. In this arrangement, all population initia
in the ground state projects intous2& (Vp!Vs), and at the
final time all population in us2& projects onto u3& (Vp
@Vs). This excitation process has been found to be re
tively insensitive to the pulse area, and therefore offers n
perfect population transfer tou3& without the same level o
experimental precision demanded by the use ofp pulses
@14#,

B. Eigenstates of theV system

Before moving on to analyze the properties of four-lev
systems it is interesting to discuss a second three-level
tem, depicted in Fig. 1, which consists of two degener
excited statesu2& and u3&, and a ground stateu1&. The 1→2
and 1→3 transitions have different transition dipole m
ments, and thus different Rabi frequencies; however, bec
they are degenerate, they are excited by the same reso
pulse. Therefore, without loss of generality we may write
Rabi frequencies for the two transitions asbV andgV such
thatb21g251 ~see Ref.@5#!. Following the same steps tha
led to Eq.~2.2! we may write the Hamiltonian in the form

FIG. 1. ~a! The three-level ladder configuration described in t
text. ~b! The three-levelV configuration described in the text.
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H52 1
2 S 0 bV gV

bV 0 0

gV 0 0
D . ~2.3!

The eigenstates of this Hamiltonian are displayed in Tabl
they are identical in form to those for the ladder system, w
statesu1& and u2& interchanged. For theV system,us2& re-
mains unpopulated regardless of the excitation scheme
the eigenvector has no component on the ground state.
interesting feature ofus2& is that the yield in a matter eigen
state varies inversely with its transition dipole moment; t
state with the weaker coupling to the ground state is the m
heavily populated of the two. Whileus2& is inaccessible in
this system, its existence suggests there may be eigens
in more complicated systems that are accessible via coun
intuitive excitation and that offer opportunities for selecti
photochemistry.

III. FOUR-LEVEL BRANCHED SYSTEM

A. Eigenstates of the four-level system

We turn our attention to the four-level system shown
Fig. 2 with the goal of finding a useful analog to the cou
terintuitive excitation scheme discussed for the three-le
systems in Sec. II. The four-level system consists o
ground state, an intermediate state, and a pair of degen
product states coupled to the intermediate level by transi
dipole moments with different values. This system has b
studied by Bergmann and co-workers@5#, but they did not
specifically address the case where there are degen
product states. We do so here because, in addition to b
the simplest case to treat analytically, selective excitation

TABLE I. Eigensystems for the three-level systems described
Sec. II.

Ladder configuration
Label Eigenvalues Eigenvectors

us1& NV

2

(Vp ,2AVp
21Vs

2,Vs)/(&NV)

us2& 0 (Vs,0,Vp)/NV

us3& 2NV

2

(Vp ,AVp
21Vs

2,Vs)/(&NV)

NV5AVp
21Vs

2

V configuration
us1& V

2

(2V,bV,gV)/(&V)

us2& 0 (0,gV,2bV)/V
us3& 2V

2

(V,bV,gV)/(&V)
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a single state of a degenerate pair represents the most
lenging form of control of final-state population.

Performing the same manipulations that were emplo
in Sec. II we may write the Hamiltonian for the four-lev
system as

H52 1
2 S 0 Vp 0 0

Vp 0 bVs gVs

0 bVs 0 0

0 gVs 0 0

D . ~3.1!

The eigenstates of this Hamiltonian are displayed in Ta
II. Statesur 3& and ur 4& are the exact analogs to the states
the three-level system that lead to intuitive excitation. T
two degenerate states@17#, however, are analogous to
single eigenstate in the three-level system, in that they ha
node in the intermediate state. We will explore the behav
of these states in the remainder of this section.

As written, ur 1& and ur 2& have a somewhat obscure form
We may simplify the notation by writing

ur 1&5$2~cos@f1#1cos@f2# !,0,sin@f1#,sin@f2#%/N1 ,

ur 2&5$2~cos@f1#2cos@f2# !,0,sin@f1#,2sin@f2#%/N2 ,

N15&~11cos@f1#cos@f2# !1/2,

N25&~12cos@f1#cos@f2# !1/2, ~3.2!

where

cos@f1#5
bVs

AVp
21b2Vs

2
, sin@f1#5

Vp

AVp
21b2Vs

2
,

and cos@f2# and sin@f2# are defined similarly withg replac-
ing b.

We now make one further notational change in the int
ests of convenience: Instead of representingur 1& and ur 2& in
a vector composed of the bare matter eigensta
$u1&,u2&,u3&,u4&%, we use a vector of the form$u3&,u4&,u1&%, drop-
ping the unnecessary stateu2&. This reordering of the basi
states allows us to represent the branching ratio betweeu3&
and u4& as the projection of the vector describing the syst
into theXY plane of a three-dimensional space. The result
vectors are

ur 1&5$sin@f1#,sin@f2#,2~cos@f1#1cos@f2# !%/N1 ,

FIG. 2. The four-level system described in the text.
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ur 2&5$sin@f1#,2sin@f2#,2~cos@f1#2cos@f2# !%/N2 .
~3.3!

The notation introduced here is convenient, because if
excites the system with a pair of pulses in the counterin
tive configuration bothf1 andf2 go from 0 top/2. During
excitation,ur 1& begins as a vector on theZ axis and rotates
into theXY plane, whereasur 2& begins and ends in theXY
plane and has no component along theZ axis at short times.
Thus, all of the ground-state population is initially inur 1&; in
the absence of nonadiabatic coupling this initial conditi
leads, after excitation (limVs→0 sin@f1#5limVs→0 sin@f2#

51), to equal populations in the matter statesu3& and u4&.
However, ur 1& and ur 2& are degenerate, and nonadiaba
coupling between them must be taken into account.

B. Nonadiabatic effects

If the eigenstates of a system are given byugi& and have
energy e i , the wave functionuC& for the system may be
written as

uC&5(
k

ak expF2 i E
2`

t

dtgkG ugk&, ~3.4!

wheregk5ek2 i ^gkuġk&, with uġk& denoting the time deriva-
tive of ugk&. The coefficientsak then obey the equation
@5,16#

ȧk52(
iÞk

a i^gkuġi&expF i E
2`

t

dt~gk2gi !G . ~3.5!

If uek2e i u@^gkuġi&, the system will evolve adiabatically
We are therefore justified in neglecting the possibility
nonadiabatic coupling tour 3& and ur 4&, as these states hav
nonzero eigenvalues.ur 1& and ur 2& are degenerate, howeve
and we must take their coupling into account.

The relevant quantities for the present case are

kc5^r 1u ṙ 2&52^r 2u ṙ 1&

TABLE II. Eigensystem for the discrete four-level system d
scribed in Sec. III.

Label Eigenvalues Eigenvectors

ur 1& 0 H2S b

Nb
1

g

Ng
DVs,0,

1

Nb
Vp ,

1

Ng
VpJ /N1

ur 2& 0 H2S b

Nb
2

g

Ng
DVs,0,

1

Nb
Vp ,2

1

Ng
VpJ /N2

ur 3& NV

2
$Vp ,2AVp

21Vs
2,bVs ,gVs%/~&NV!

ur 4& 2NV

2
$Vp ,AVp

21Vs
2,bVs ,gVs%/~&NV!

NV5AVp
21Vs

2, Nb5AVp
21b2Vs

2, Ng5AVp
21g2Vs

2

N15&A11
bgVs

2

NbNg
, N25&A12

bgVs
2

NbNg
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5
~ḟ2 sin@f2#cos@f1#2ḟ1 sin@f1#cos@f2# !

2~12cos@f1#2 cos@f2#2!1/2 ,

^r 1u ṙ 1&5^r 2u ṙ 2&50,

r 15e12 i ^r 1u ṙ 1&50; r 25e22 i ^r 2u ṙ 2&50. ~3.6!

When Eq.~3.6! is combined with Eq.~3.5! we obtain the
coupled differential equations

ȧ152kca2 ,

ȧ252kca1 . ~3.7!

When the Stokes pulse precedes the pump pulse the in
conditions for Eq.~3.7! are

a1~ t50!51,

a2~ t50!50. ~3.8!

One trivial case presents itself immediately: Ifb25g2

5 1
2 , thenkc50 and there is no population transfer betwe

ur 1& and ur 2&. Thus, in this case, at the final time the pop
lations of the matter eigenstatesu3& and u4& are equal. For
more general cases we must examine the results of sim
tions.

C. Numerical results

We look first at how the relative populations inu3& andu4&
vary with the transition dipole moment. The results of a
ries of simulations using identical pulse parameters but va
ing b and g are shown in Table III. As can be anticipate
from the forms ofur 1& andur 2&, the total yield in the produc
states is found to be near unity for the pulse parameters
ployed, and is independent of the individual transition dip
momentsb andg. We note that, to within the accuracy of th
simulation, the relative population inu3& is always exactly
the square of the relative transition dipole momentb2. This
is possible only through a superposition ofur 1& andur 2&, and
it is clear that nonadiabatic coupling acts to provide exac
the same ratio of population as the transition dipole mome
do in intuitive excitation. Further simulations@18# show that
this is true regardless of pulse area or overlap.

The origin of this effect lies in the form ofkc . The time
derivative of the field does not appear explicitly in the fo

TABLE III. Absolute and relative yields for simulations of
four-level system.

b2 Absolute yield Relative yield

(^3u3&1^4u4&) ^3u3&
(^3u3&1^4u4&)

0.500 000 00 0.999 844 09 0.500 000 00
0.490 000 00 0.999 844 09 0.490 000 00
0.400 000 00 0.999 844 09 0.400 000 00
0.100 000 00 0.999 844 09 0.100 000 00
0.010 000 00 0.999 844 09 0.010 000 00
0.001 000 00 0.999 844 09 0.001 000 00
ial
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mula, but rather is contained in the form of the time deriv
tives ḟ1 andḟ2 . Sincef1 andf2 are determined solely by
the relative magnitudes of the two fields, any scheme
which f1 andf2 go from 0 top/2 will give the same yield
for a given b and g. Figure 3 shows graphically the pat
taken by the eigenvectors as they evolve; for the case w
g5b, ur 2& is fixed with respect to time andur 1& traces an arc
along the 45° line in the first quadrant of the34 plane. At all
times the vectoru ṙ 1& describing the ‘‘velocity’’ of theur 1&
eigenstate is perpendicular tour 2&, and ^r 2u ṙ 1&5^r 1u ṙ 2&
50. This is the geometric consequence of the observa
that if b5g, kc50.

The situation is more interesting whenbÞg, as shown in
Fig. 3. In this case theur 2& vector evolves, beginning at a
anglex5arctan@b/g# in the fourth quadrant of the34 plane,
swinging out of the plane and then returning atx545°. The
projection of ur 1& in the 34 plane begins and ends at a 45
angle in the first quadrant, but deviates from the 45° path
intermediate times. In this case,^r 2u ṙ 1&5^r 1u ṙ 2&Þ0 and it is
clear that the value ofkc is determined by the change i
geometry rather than the change in timeper se. Further,kc is
linear in ḟ1 and ḟ2 , so while altering the envelope of th
field may causeur 1& and ur 2& to oscillate, there will be no
change in the net population transfer at the final time. Th
while the nature of the nonadiabatic population transfer
tween ur 2& and ur 1& is by no means obvious, the geometr
representation of the process does shed some light on
stability of population transfer with respect to changes in
field.

The four-level system studied here seems to offer
method with which to target either degenerate state in co
terintuitive excitation; the ratio of populations in each of t
target states is dependent solely on transition dipole m
ments and is beyond experimental control. In the next s
tion, however, we will show that the addition of coupling
a fifth state by a third laser changes the situation dramatic
and creates intriguing new possibilities for selective pho
chemistry.

IV. FIVE-LEVEL BRANCHED SYSTEM

A. Eigenstates of the five-level system

Given that variation of the existing laser fieldsVp andVs
seems to have no effect on the relative populations in
degenerate target states, it is natural to consider using a
pulse to extend the system via coupling to a fifth state. A

FIG. 3. Time evolution of the eigenvectorsur 1& and ur 2& for
b25g2 ~solid! andb250.1,g250.9 ~dotted!. The eigenvectors in-
scribe arcs on the surface of a unit sphere; see text for details
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cordingly, we now consider the consequences of addin
third laser, referred to as the ‘‘branch’’ laser, which coup
the degenerate target states to a fifth level as shown in Fi
The only restriction on the choice ofu5& is that the frequency
of the branch transition must not be resonant with either
pump or the Stokes transitions. We use the sameb, g nota-
tion to treat the branch transition as we do the Stokes t
sition, and write the Hamiltonian in the form

H52 1
2S 0 Vp 0 0 0

Vp 0 bsVs gsVs 0

0 bsVs 0 0 bbVb

0 gsVs 0 0 gbVb

0 0 bbVb gbVb 0

D .

~4.1!

The eigenvalues of Eq.~4.1! are displayed in Table IV; the
eigenvectors are cumbersome in form, and we do not ta
late them here. It is sufficient to note that in the limitVp
→0 only the null eigenvector has a nonzero projection in
ground state; thus, as in the three- and four-level cases,
the null eigenvector will be populated by an excitati
scheme in which the Stokes pulse precedes the pump p

The forms of the eigenvalues make it apparent that
should expect behavior that is significantly different fro
that observed in the four-level system. Population transfe
the four-level system is dominated by nonadiabatic coup
between a pair of degenerate dressed eigenstates; her

FIG. 4. The five-level system described in the text.

TABLE IV. Eigenvalues of a five-level system.Ntot

5AVp
21Vs

21Vb
2.

„2ANtot
2 1ANtot

4 24$Vp
21@gs

21gb
222gsgb~gsgb1bsbb!#Vs

2%Vb
2
…/2&

„2ANtot
2 2ANtot

4 24$Vp
21@gs

21gb
222gsgb~gsgb1bsbb!#Vs

2%Vb
2
…/2&

0

„

ANtot
2 2ANtot

4 24$Vp
21@gs

21gb
222gsgb~gsgb1bsbb!#Vs

2%Vb
2
…/2&

„

ANtot
2 1ANtot

4 24$Vp
21@gs

21gb
222gsgb~gsgb1bsbb!#Vs

2%Vb
2
…/2&
a
s
4.

e

n-

u-

e
ly

se.
e

in
g
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such degeneracy exists and the adiabatic approximation
hold. The null eigenvector is given by

ur 0&5$2~bbgs2gbbs!Vs,0,2gbVp ,bbVp,0%/Nb ,
~4.2!

where Nb5AVp
21(bsgb2gsbb)2Vs

2. Note that whileVb

does not appear explicitly in the eigenvector, the third fie
must be present for the duration of both the pump and Sto
fields for the eigenstate to exist. Physically, this means
must either be a long pulse overlapping both fields or a c
tinuous wave field.

For our purposes, namely, selective population of a
generate state,ur 0& represents a potentially useful eigensta
First, it has nodes inu2& and u5&, indicating that in counterin-
tuitive excitation 100% of the population will be transferre
to the degenerate target states. Second, the branching
between those states is determined entirely by the coup
to u5&, which may be chosen arbitrarily from almost any
the available states of the system. And, finally, the relat
populations of the degenerate states are reversed with re
to their respective transition strengths for the$u3&,u4&%
→u5& transitions.

To illustrate the implications of this observation, consid
a case in whichu5& is chosen such that theu3&→u5& transi-
tion is symmetry forbidden. In this limit,bb50 andgb51,
so that the eigenstate becomes

ur 0&5$bsVs,0,2Vp,0,0%/Nb ~4.3!

and 100% of the population is transferred tou3&. Thus, if a
convenient branch state exists in the system it is possibl
achieve near-perfect control over both relative and abso
populations of a pair of degenerate states.

There is a less useful limit that we will also consider. T
form of Eq. ~4.2! implies that if (bbgs2gbbs)50 ~i.e., if
bs5bb!, there is a node in the ground state andur 0& will
remain unpopulated even in counterintuitive excitation.
the next section we will show that both this limit and th
given in Eq. ~4.3! may be explained with reference to th
symmetry of the system.

B. Symmetry of the Hamiltonian

Clearly, there is an important difference in the nature
population transfer in the four- and five-level systems d
scribed here. Under counterintuitive excitation populati
transfer in the four-level system is dominated by two ze
energy eigenvectors, one of which is directly populated
excitation and the other of which is populated via nonad
batic coupling. The five-level system contains only one n
eigenvector, which may or may not be populated on exc
tion from the ground state depending on the nature of
fifth state.

The origin of this change in behavior lies in the symme
of the Hamiltonian. To illustrate the symmetry we refer
the special case where all nonzero elements of the Ha
tonian are equal, a situation that is not possible for the du
tion of the excitation process but that may be achieved
intermediate times. For the Hamiltonian given in Eq.~3.1!
this means settingb5g, Vs5Vp /&, and writing
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H52
Vp

2 S 0 1 0 0

1 0 1 1

0 1 0 0

0 1 0 0

D . ~4.4!

In this limit we may use elementary linear algebra to obt
the symmetry of the matrix@19#. The Hamiltonian given
above is invariant under the exchange of statesu1&, u3&, and
u4&; we may think of this as a threefold symmetry around
‘‘axis’’ defined by u2&. Ignoring the relative phases of th
components of the eigenstates, we may say thatur 1& corre-
sponds to a threefold symmetry aboutu2&, and ur 2& corre-
sponds to a twofold symmetry about an axis containing st
u1& and u2&. The hypothetical axes discussed here are sign
cant not simply with respect to the exchange of states
also for the presence of nodes in the matter eigenstates a
those axes in the dressed eigenstates.

Let us apply these ideas to the case of the five-level s
tem, and take the limit in which pump and Stokes parame
are treated as above, andgb51, bb50, andVb5Vp . This
yields the equation

H52
Vp

2 S 0 1 0 0 0

1 0 1 1 0

0 1 0 0 0

0 1 0 0 1

0 0 0 1 0

D . ~4.5!

The existence of the fifth state breaks the symmetry, leav
the Hamiltonian invariant only for the exchange of statesu1&
and u3&, a twofold symmetry. This gives rise to a single nu
eigenvector with nodes in statesu2&, u4&, and u5&. Taking the
opposite limit, such thatgb5bb , Vb5Vp /&, the equation
becomes

H52
Vp

2 S 0 1 0 0 0

1 0 1 1 0

0 1 0 0 1

0 1 0 0 1

0 0 1 1 0

D . ~4.6!

Now the twofold axis of symmetry lies in statesu1&, u2&, and
u5&, and the resultant dressed eigenstate includes a nod
the ground state that makes counterintuitive population tra
fer to the target states impossible. The role of the fifth stat
therefore to break the symmetry of the four-level syste
eliminating one null eigenvector and shifting the axis
symmetry. The symmetries of all three systems are depi
schematically in Fig. 5. The qualitative argument presen
here is not intended to provide detailed insight into the
ture of the process, but rather to raise the possibility t
there might be an underlying group theory for such branc
systems which is similar to the SU(N) group theory used to
evaluate ladder systems@20#.

The results of a series of simulations are given in Tab
V and VI. As we would expect from the form ofur 0&, the
relative yield in stateu3& is determined by the 4→5 coupling
n
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termgb . The absolute yield varies as expected, staying n
unity except in the limit wherebs→bb . The procedure is
robust in that the yield does not vary significantly from un
until ubs

22bb
2u,1%, indicating that this limitation on the

method is unlikely to be important except in the most path
logical of cases.

C. Practical considerations

When evaluating the applicability of the methods d
scribed here, it is useful to review what is known for the ca
of StiRAP in three-level systems. Despite the successful
perimental implementation of StiRAP in atomic@11,12# and
molecular@10# systems, many questions remain concern
the applicability of adiabatic passage excitation in physica
realistic systems. One issue is whether adiabatic passa

FIG. 5. Schematic diagrams showing the symmetry of the s
tems; open circles represent matter eigenstates possessing no
components of the dressed eigenvector, while states that are n
are designated by solid circles.~a! The four-level system~threefold
symmetry!; ~b! the five-level system in the limit where theu3&
→u5& transition is forbidden;~c! the five-level system in the limit
where (bbgs2gbbs)50.
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TABLE V. Parameters for calculations for four- and five-level systems. The Schro¨dinger equation was
numerically integrated using a Lanczos propagator in an atomic basis.

System
E150 E2510 cm21 E3,45110 cm21 E55155 cm21

Field
Pulse tmax ~ns! FWHM ~ns! v (cm21) Vmax ~THz!a

Pump 6 12 100 0.4,4
Stokes 26 12 10 0.4,4
Branch 0 `b 45 0,4

aThe first number pertains to simulations in the four-level system, the second to the five-level system
bThe branch field was taken to be time independent.
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possible in cases where the laser field may couple additi
states to the system, destroying the symmetry necessa
maintain the counterintuitively accessed eigenstate. W
such couplings may lead to some lessening of popula
transfer, it has been shown that one may maintain an
tremely high yield even in the presence of coupling to d
crete states@5#. Numerical simulations suggest that the sa
is true for at least some cases involving coupling to the c
tinuum, though the situation is much more complicated@15#.
Obviously researchers must choose excitation pathways c
fully to avoid additional resonant transitions and minimi
such couplings, but a high level of population transfer
possible even in the presence of such processes.

Another concern is the possibility of decay from the sta
involved in the process. Such decay could result from eit
radiative or radiationless transitions to states not include
the calculation, or from losses to continuum states. The q
tion of whether adiabatic passage is possible in systems
cluding resonant or even continuum states has been the
ject of much debate in the literature@21–24#, and it is known
that the criteria for adiabaticity break down in the presen
of decays@16#. However, if the Rabi frequencies for the tra
sition are sufficiently large relative to the rate of deca
nonadiabatic effects are minimal and near-perfect popula
transfer remains possible. Thus, given sufficiently inte
fields, a close approximation to adiabatic passage is pos
in three-level systems.

These problems are not yet firmly resolved even for thr
level systems, however, and a detailed treatment incorpo
ing four- and five-level systems as well would be even m
demanding. We wish to note that just as the stateus2& given
in Table I remains an eigenvector of the three-level sys
even in the presence of a decaying intermediate state@16#,

TABLE VI. Results from calculations on a five-level system
with bs

25gs
250.5.

gb
2 Absolute yield inu3& and u4& Relative yield inu3&

1.000 000 1.000 000 1.000 000
0.750 000 0.750 000 0.750 000
0.600 000 0.999 997 0.600 000
0.550 000 0.999 981 0.550 000
0.510 000 0.994 144 0.510 000
0.505 000 0.771 684 0.505 000
0.500 000 3.931028 0.500 000
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the eigenstateur 0& @Eq. ~4.2!# of the five-level system re-
mains an eigenstate even in the presence of a deca
branch state, as in a Hamiltonian of the form

H52 1
2S 0 Vp 0 0 0

Vp 0 bsVs gsVs 0

0 bsVs 0 0 bbVb

0 gsVs 0 0 gbVb

0 0 bbVb gbVb iG

D .

~4.7!

We therefore expect qualitatively similar behavior with r
spect to decay, such that either the intermediate or bra
states of the five-level system may be resonances or
tinua, provided the laser fields are sufficiently intense
force near-adiabatic behavior. Simulations suggest the s
is true for the target states of the five-level system, but t
work is still in progress@28#.

The next logical question is how one may construct fo
and five-level systems of this type within physical system
We must first identify two degenerate target states co
sponding to the desired chemical products, then find an
termediate state that will couple them to the ground state
a branch state with the desired transition dipole moments
is important to remember that the relative energies of
states are irrelevant to adiabatic passage. For resonant pu
the form of the Hamiltonian in Eq.~4.1! is independent of
whether the matter eigenstate energyEi.Ej for any i and j
in the system; for nonresonant pulses, the difference
purely in the sign of the phase. The symmetries descri
above depend not on the energy, which is implicitly co
tained in the choice of laser frequency, but on the morph
ogy of the system deriving from the transition dipole m
ments.

With these general principles in mind, we now examine
detail how one might apply this control technique to a re
molecular system. For purposes of discussion, we cho
HNCO, a molecule that has been studied extensively in
context of control of formation of photochemical produc
@25–27#. The system is known to photodissociate on exci
tion above;240 nm, and Crim and co-workers@25,26# have
shown that two pathways become available at these e
gies: HNCO→H1NCO and HN1CO, both shown sche
matically in Fig. 6. These researchers have further disc
ered that while cleavage of the NC bond is heavily favor
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for single-photon excitation at 225 nm, the situation chan
for resonantly enhanced two-photon excitation. If two las
are tuned so that the 3n1 state~corresponding to three quan
in the N-H stretch! serves as a resonant intermediate sta
N-H cleavage becomes the favored pathway for photodis
ciation.

It is known that the mechanism for N-H bond cleavage
that energy involves the decay of a resonant state wit
lifetime on the order of 2 ps@26#. It is not known if a similar
state exists for C-N cleavage, but for purposes of discus
we will assume that this is the case. We may now view
molecule as a four-level system consisting of a ground st
an intermediate state, and a pair of degenerate target st
the latter may not be strictly degenerate, but if the density
states is large compared to the width of the resonance o
bandwidth of the pulses the behavior should be qualitativ
similar to that of the degenerate case. The fact that the ta
states are narrow resonances complicates the situation, b
discussed above StiRAP-like processes should still be
sible @15,16#. There has also been some experimental w
on subpicosecond StiRAP-like excitation@12# that implies
that the relevant time scale is experimentally accessi
Within this context, the four-level system may be viewed
having a Hamiltonian of the form given in Eq.~3.1!.

Let us assume that we wish to selectively cleave the N
bond at this energy using a process which will maximize
absolute yield in this channel. While a single-photon exc
tion will provide better than 80% relative yield in th
H1NCO channel@26#, the p pulse necessary for comple
population transfer is experimentally less robust than
StiRAP-like two-photon process. The two-photon sche
described in Sec. III here provides only a 20% relative yi
in the desired channel, so while complete population tran
to the degenerate states is possible in the strong-field li
the relative yield is not very good. Choosing a different
termediate level is awkward in this case, as the 225-nm
gion lies;5000 cm21 above the origin of the excited elec
tronic state. An intermediate level that is less th
5000 cm21 above the ground state, then, will lead to a si
ation in which the Stokes laser has sufficient energy
couple the ground state to states in the low-energy tail of
excited electronic manifold. The 3n1 level represents a goo
intermediate state because it lies;10 000 cm21 above the
ground vibrational state, and the highly anharmonic natur

FIG. 6. The HNCO system described in the text.
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the N-H stretch makes its overtones directly accessible fr
the ground state.

This problem may be overcome with the use of a fi
state, coupled to the degenerate target states with a br
laser, as shown in Fig. 6. Based on the form of the n
eigenvector in Eq.~4.2!, if we desire to enhance the yield i
the C-N cleavage pathway~produced by dissociation from
stateu4&! we must choose a fifth state that couples prefer
tially to the state leading to the N-H cleavage pathwayu3&.
The choice of the fifth state is also dictated by the energe
of the other states of the system; the branch laser must no
resonant with any significant transition from the grou
state, nor should it be resonant for any transition from
intermediate stateu2&. u5& should therefore lie at leas
5000 cm21 above the energy of stateu2&, so that theu3&
→u5& transition has sufficiently low energy to avoid co
pling u2& to the excited electronic state.

There is at present very limited information on the vibr
tional states of HNCO at the energies cited above. M
states in the energy range of interest are inaccessible f
the ground state by Raman transitions@26#, though then1

progression is strong enough that it has been populated
direct absorption from the ground state as high as then1

overtone, which lies roughly 13 200 cm21 above the ground
state. The 4n1 overtone is, like the 3n1 state, known to have
a strong overlap with the region of the excited state of int
est.

The 4n1 overtone is only;3000 cm21 above the 3n1

~u2&! state, and a laser that couples it to the target sta
therefore opens an undesirable route of excitation fromu2&.
The fifth overtone, however, may serve our purpose;
should be sufficiently high in energy, and should have
same favorable overlaps with the N-H dissociative chan
as the 3n1 overtone. The 5n1 state has never been observe
having too small a transition moment coupling with th
ground state; the issue here, however, is its transi
strength with the excited state, and the trend of transit
strengths in the third and fourth overtones suggests it sho
be sufficient for our purposes.

While we do not have the detailed knowledge of energ
or coupling strengths necessary to carry out a calculation
the expected enhancement of yield of the product, this
ample should serve to illustrate the factors involved in co
structing a controlled dissociation pathway of the desi
form. In this case, the statesu2& and u5& are part of the same
progression, and~we assume! have qualitatively similar rela-
tive transition dipole moments; use of the technique outlin
here thus represents a reversal of the qualitative trend
longing to that family of states. This represents a power
form of control, allowing researchers to selectively popula
a given statebecauseit is accessed via an unfavorable tra
sition in conventional excitation.

After completion of the work described in this paper w
became aware of some striking similarities between
theory presented here and the simulations of photoexcita
of the sodium dimer carried out by Shapiro, Chen, a
Brumer @29#. These investigators couple a set of three d
crete states to the continuum, and monitor dissociation al
two isoenergetic paths in the continuum: Na2→Na(3s)
1Na(3p) and Na(3s)1Na(3d). Where the configuration o
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the electric fields matches that of the scheme reported h
the results are consistent with the predictions of our theo

While the details of the calculation will be the subject
a future paper@28#, we have included the results of on
sample calculation in this work. The results of the simulat
are shown in Fig. 7, where the yield in each channel is p
ted as a function of the detuning of the branch laser. O
expects that in the limit of large detuning, the system w
behave as a four-level system, while when the transition
near resonance it behaves as a five-level system. The re
shown in Fig. 7 are consistent with this view. The mo

FIG. 7. Results of simulations of the sodium dimer, based on
model of Shapiro, Chen, and Brumer. Solid: Yield in the Na(3d)
channel. Dashed: Yield in the Na(3p) channel. The relative transi
tion dipole moments are given bybs

2,1%, gs
2.99%; bb

2569%,
gb

2531%, whereb andg correspond to couplings with the 3d and
3p channels, respectively.
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interesting feature of the sodium case is the fact that
target states are dissociative, leading to a decay term
prevents truly adiabatic passage. The results of simulat
such as those included in Fig. 7 indicate that adiaba
passage-based control is still possible in the presence of
sociative states. However, their existence affects the pro
in complicated ways and we defer discussion of such effe
for future work where they may be treated in greater det

V. CONCLUSIONS

In this paper, we have extended existing work on cou
terintuitively ordered two-pulse laser-induced populati
transfer to systems with multiple target states. We ha
found that while the simplest possible four-level system m
not be selectively populated by two counterintuitively o
dered pulses, the addition of a third field coupling the tar
state to a fifth state breaks the symmetry of the four-le
system and makes selective excitation possible. Selectivi
based on the coupling strength of the fifth level to the deg
erate target states, and the fifth level must be chosen to h
appropriate properties for the desired effect. The challeng
this form of control is therefore not in the determination
an optimal electric fieldper se, but rather in the construction
of a photoselective pathway from the available states of
system.
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