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Selective photochemistry via adiabatic passage: An extension of stimulated Raman adiabatic
passage for degenerate final states
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In this paper we extend the existing theory of stimulated Raman adiabatic pdSsé®P) 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.
[S1050-294{@8)03804-9

PACS numbg(s): 33.80.Be, 42.50.Vk

I. INTRODUCTION done connecting these approaches with recent work on Sti-

RAP and its variants. The emphasis has so far been on dem-

There has recently been considerable interest in applyingnstrating that the counterintuitive pulse sequence used in

adiabatic passage excitation to three-level systems. It haStiRAP represents the solution to an optimal control prob-

been found that one may use a “counterintuitively” orderedlem, a question addressed by Band and MagBgsind re-
pair of overlapping light pulsegi.e., with Stokes pulse pre- Solved by Malinovsky and Tann¢8]. The goal of this work

ceding pump pulseto access a trapped eigenstate of thelS Somewhat different: We ask whether one may use a

dressed Hamiltonian. This eigenstate has a node in the ime]S_URAP—Ilke process to achieve selective population transfer

mediate level, so when excitation is complete all populatiod” & m‘]f_lt"devﬁl system. " e ad i
is transferred to the target state with no loss to the interme- Ve find that it is possible to take advantage of the sym-

diate statd1]. A sizable body of theoretical literature on the mefries of mulilevel systems 1o selethely excite specific

subject now exist§1-9|, and experiment§10—12 have pathways. We treat the case of a pair O.f dggeneratg target

confirmed the validity of the approach. states, a}nd show that while a counterintuitive excitation
scheme in a four-level system cannot produce relative popu-

Slnqe Its dllscovery, therg have been a number of PaP€l3tions in the two states that differ from those obtained in
extending StiRAP to multilevel systems. Shore and co

‘conventional two-photon excitation, it is possible to use cou-
workers[2], and later Tannof3], developed methods for ,jing 15 4 fifth state to change the population ratio and, in
population transfer in systems consisting of initial and finalgaytain circumstances, even achieve 100% population trans-
states that are coupled by an arbitrarily long chain of inter{gr tg a single state of the degenerate pair regardless of the
mediate states. It is found in both cases that complete popyeglative transition dipole moments for excitation of those
lation transfer is possible in such a system, provided that thetates from the ground state. We conclude with an examina-
chain includes an odd number of states. Oreg and co-workekfon of how one might apply the scheme described to a mo-
[4] have found it is possible to use a StiRAP-like excitationlecular system.
process in a four-level chain, suggesting that the technique is
not limited to chains with an odd number of levels, but as yet
there have been no more general studies of chains with an Il. THREE-LEVEL SYSTEMS
even number of levels. In a somewhat different vein, Coul-
ston and Bergmanfi] have studied the case of four- and
five-level “branched” systems, in which at least one state is We begin by examining a sample three-level system, the
coupled to three or more other statés., the states cannot ladder configuration shown in Fig. 1. The system consists of
be described by a single chainAnd Bergmann and co- a ground state, an intermediate state, and a final state in
workers[6,11] recently demonstrated that it is possible towhich we wish to maximize the population. These matter
transfer population through specific pathways of a moreeigenstates are coupled by the effects of two electric fields;
complicated branched state structure. the field that is resonant with the transition from the ground

Our goal in this work is to examine StiRAP-like excita- to the intermediate state will be referred to as the pump field,
tion processes in the context of photoselectivity, i.e., controbnd the field that is resonant with the intermediate-to-
of product selectivity in a chemical reaction. The selectivefinalstate transition will be labeled the Stokes field, in anal-
excitation of a single state has been studied extensively ingy with Raman processes. The Hamiltonian for such a sys-
other contextd13], but to date there has been little work tem is then

A. Eigenstates of the ladder system
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2w, —Qp(exgiopt]+c.c) 0
H=3| —Qu(exdimpt]+c.c) 2w, —Q4exdiog]+c.c) |, (2.1
0 —Q4(exdiog]+c.c) 2w3
|

where (), and ()5 are the time-dependent Rabi frequencies 0 BQ YO
umé&;i(t) of the pump and Stokes fields, respectivedy,is the H=_1[ go o 0 23
energy of thaéth matter eigenstate, and atomic units are used T2 ' 2.3
throughout. After changing to the interaction representation, yQ 0 0
employing the rotating wave approximation, and specializing
to the case of resonant pulses, we ob{&h The eigenstates of this Hamiltonian are displayed in Table I;

they are identical in form to those for the ladder system, with
states|1) and |2) interchanged. For th® system,|s,) re-
mains unpopulated regardless of the excitation scheme, as

0
p
Q.. 2.2 the eigenvector has no component on the ground state. The
0

T
Il
|
NI

interesting feature dffs,) is that the yield in a matter eigen-
state varies inversely with its transition dipole moment; the
state with the weaker coupling to the ground state is the more

. . . . heavily populated of the two. Whilks,) is inaccessible in

The eigenstates for this system are displayed in Table hyis ovstem its existence suggests there may be eigenstates

The now-familiar forr1m of's;) rrtlﬁkheshpossitl)(le the Icounteriné in more complicated systems that are accessible via counter-
tuitive excitation scheme in which the Stokes pulse precedegy e excitation and that offer opportunities for selective
the pump pulse. In this arrangement, all population 'n't'a”yphotochemistry

in the ground state projects ints,) (Q,<(), and at the
final time all population in[s,) projects onto[3) (Q,

0o Q
Q, 0
0o 0

S

>(),). This excitation process has been found to be rela- IIl. FOUR-LEVEL BRANCHED SYSTEM

tively insensitive to the pulse area, and therefore offers near- A. Eigenstates of the four-level system

perfect population transfer {8) without the same level of . .

experimental precision demanded by the usemopulses . We turn our attention to the four-level system shown in

[14], Flg. 2 .VYIth the.gogl of finding a.useful analog to the coun-
terintuitive excitation scheme discussed for the three-level
systems in Sec. Il. The four-level system consists of a

B. Eigenstates of theV system ground state, an intermediate state, and a pair of degenerate

product states coupled to the intermediate level by transition
dipole moments with different values. This system has been
GEfudied by Bergmann and co-workd#s]|, but they did not

. pecifically address the case where there are degenerate
excited states2) and|3), and a ground statg). The 12 product states. We do so here because, in addition to being

and 1-3 transitions have different transition dipole mo- yo implest case to treat analytically, selective excitation of
ments, and thus different Rabi frequencies; however, because

they are degenerate, they are excited by the same resonant
pulse. Therefore, without loss of generality we may write theSe
Rabi frequencies for the two transitions g8 and () such

that 8%+ y?=1 (see Ref[5]). Following the same steps that
led to Eq.(2.2 we may write the Hamiltonian in the form | 1

Before moving on to analyze the properties of four-level
systems it is interesting to discuss a second three-level sy
tem, depicted in Fig. 1, which consists of two degenerat

TABLE I. Eigensystems for the three-level systems described in
c. Il

Ladder configuration

Eigenvalues Eigenvectors

13> [o2) No (9, OLHOL00/(N)

2
|S2> 0 (Qs:orﬂp)/NQ
i 3 s3) Ny (0, VT OZ09/(VINg)
> > >
|2> Q NQ:\Qp‘i’QS
b L V configuration

11> 1> |s1) Q (—Q,80,y0)/(vV2Q)

2
A B |s2) 0 (0yQ,— BQ)IQ
(%) (B) |s3) -0 (Q,6Q,yQ)/(v2Q)

FIG. 1. (a) The three-level ladder configuration described in the
text. (b) The three-leveV configuration described in the text.
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13> 14> TABLE II. Eigensystem for the discrete four-level system de-
scribed in Sec. IIl.
Label Eigenvalues Eigenvectors
ra) 0 B v 1 1
[—(N—ﬁ-l-N—y QS,O,N—B Qp, N_y Qp]/Nl
Ir2) 0 B v 1 1
[—(N—B—N—y Qs,o,N—B Q.- N, Qp]/Nz
r —_.J0oz? 2
FIG. 2. The four-level system described in the text. It % {9, = VQp+ 05, 805, ¥} (V2Ng)
a single state of a degenerate pair represents the most chdie) —No {0, VOI+ 05,895, 7O} (VZNg)
lenging form of control of final-state population. 2
Performing the same manipulations that were employed — , , , ,
in Sec. Il we may write the Hamiltonian for the four-level No=VOQ3+02, N=Q5+p20%, N,=J07++202
system as Q Q
Nl=x/2\/1+B“/ :, N2=\/2\/1—'8y .
0 Q 0 0 NgN, NgN,,
o _1 Qp 0 BQs ¥ 3.0)
2o pBao, o 0 ' _ .
[ro)={sin ¢1], —sin ¢,],— (cog ¢,]—cog 1) }/N,.
0 2 0 O (3.3

The eigenstates of this Hamiltonian are displayed in Table The notation introduced here is convenient, because if one
Il. States|rs) and|r,) are the exact analogs to the states ofexcites the system with a pair of pulses in the counterintui-
the three-level system that lead to intuitive excitation. Thetive configuration bothp, and ¢, go from 0 to#/2. During
two degenerate statgd?7], however, are analogous to a excitation,|r;) begins as a vector on tf& axis and rotates
single eigenstate in the three-level system, in that they haveiato the XY plane, wherealr,) begins and ends in théY
node in the intermediate state. We will explore the behavioplane and has no component along Fhaxis at short times.

of these states in the remainder of this section. Thus, all of the ground-state population is initially|in ); in
As written, |r;) and|r,) have a somewhat obscure form. the absence of nonadiabatic coupling this initial condition

We may simplify the notation by writing leads, after excitation (lim_o sin¢i]=limqg__o sin¢,]

3 _ _ =1), to equal populations in the matter stat8s and |4).
[r1)={—(cog ¢1]+cod ¢,]),0,sif ¢1],sir b2 ]}/N1, However, |r,) and |r,) are degenerate, and nonadiabatic

coupling between them must be taken into account.

[r2)={—(cod ¢1]—coq ¢,]),0,sifl $1], —siN $]}/Ny,

N, =v2(1+ cog é]cod ¢2])1/27 - B. Nonadiabatic effects.
If the eigenstates of a system are given|gy and have

energy €;, the wave function¥) for the system may be

N,=v2(1—cog ¢;]cog ¢,])*?, 3.2 written as

where
|9k) (3.9

t
W)= a exp{—if drgy
k — o0
cog ¢ ]:'B—QS si ¢ ]:L
! JQIZJJF[;ZQ? ! 1/9;4-[3295, whereg, = €,—i{gi|gx), with |g,) denoting the time deriva-

tive of |g,). The coefficientse, then obey the equation
and cofig,] and sifig,] are defined similarly withy replac-  [5:16]

ing B. t

We now ma_ke on.e further notational change in the_ inter- = _2 ;{0 §i)ex if dr(g—g)|. (3.5
ests of convenience: Instead of representng and|r,) in i#k —
a vector composed of the bare matter eigenstates _ . _ _
{12),|2),|3),|4}, we use a vector of the forkfd),|4),|1)}, drop- If |ex— €i|>(0i/Qi), the system will evolve adiabatically.

ping the unnecessary std®. This reordering of the basis We are therefore justified in neglecting the possibility of
states allows us to represent the branching ratio bety@en nonadiabatic coupling tfr3) and|r,), as these states have
and|4) as the projection of the vector describing the systennonzero eigenvalue$:;) and|r,) are degenerate, however,
into theXY plane of a three-dimensional space. The resultangand we must take their coupling into account.

vectors are The relevant quantities for the present case are

|r1)={sin ¢1]1,siM ¢,], — (cog 1]+ cog 1) }/N, Ke=(ralra)=—(ralry)
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TABLE lll. Absolute and relative yields for simulations of a
four-level system.

B? Absolute yield Relative yield
3(3)+ (4[4 (3[3)

((3[3)+(4]4)) EEEEm)
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 FIG. 3. Time evolution of the eigenvectofs;) and|r,) for
0.001 000 00 0.999 844 09 0.001 000 00 B2=»? (solid) and 82=0.1, >=0.9 (dotted. The eigenvectors in-

scribe arcs on the surface of a unit sphere; see text for details.

mula, but rather is contained in the form of the time deriva-
tives ¢, and ¢,. Since¢; and ¢, are determined solely by
the relative magnitudes of the two fields, any scheme in
which ¢4, and ¢, go from 0 to#/2 will give the same yield
for a given 8 and v. Figure 3 shows graphically the path
taken by the eigenvectors as they evolve; for the case where
y=B, |r,) is fixed with respect to time ar{d,) traces an arc
When Eq.(3.6) is combined with Eq(3.5 we obtain the qlong the 45° line in the fir_s'g quadra‘r‘]t of t[?éypy)lane. At all
coupled differential equations tlmes the vgctortu} de_scrlblng the “velocity” of the|_r1>
eigenstate is perpendicular to,), and (r,|r,)=(r|r,)

(b5 Sin p51c0g 11— by Sin 11009 ,1)
- 2(1—cog ¢, 7 cod ¢,19) 7 !

(rqlry)=(rolry)=0,

ri=e;—i(ryr)=0; ry=e,—i(rylr,)=0. (3.6

= —Keap, =0. This is the geometric consequence of the observation
that if B=1y, k.=0.
a,=—Keay. (3.7 The situation is more interesting wh@¥ y, as shown in

Fig. 3. In this case thér,) vector evolves, beginning at an
When the Stokes pulse precedes the pump pulse the initigingle y = arctafg/y] in the fourth quadrant of tha4 plane,
conditions for Eq(3.7) are swinging out of the plane and then returningyat 45°. The

projection of|r,) in the 34 plane begins and ends at a 45°

a,(t=0)=1, angle in the first quadrant, but deviates from the 45° path at
intermediate times. In this cas@,|r,)=(r,|r,)#0 and it is
ap(t=0)=0. (38  clear that the value ok; is determined by the change in

geometry rather than the change in tiper se Furtherk is
linear in ¢4 and ¢,, so while altering the envelope of the
field may causdr,) and|r,) to oscillate, there will be no
change in the net population transfer at the final time. Thus,
vhile the nature of the nonadiabatic population transfer be-
ween|r,) and|r,) is by no means obvious, the geometric
representation of the process does shed some light on the

) stability of population transfer with respect to changes in the
C. Numerical results field

One trivial case presents itself immediately: gf= »?
=1, thenk,=0 and there is no population transfer between
[r1) and|r,). Thus, in this case, at the final time the popu-
lations of the matter eigenstat¢® and |4) are equal. For
more general cases we must examine the results of simul
tions.

We look first at how the relative populations|B) and|4) The four-level system studied here seems to offer no
vary with the transition dipole moment. The results of a sedmethod with which to target either degenerate state in coun-
ries of simulations using identical pulse parameters but varyterintuitive excitation; the ratio of populations in each of the
ing B8 and y are shown in Table lll. As can be anticipated target states is dependent solely on transition dipole mo-
from the forms ofr,) and|r,), the total yield in the product ments and is beyond experimental control. In the next sec-
states is found to be near unity for the pulse parameters ention, however, we will show that the addition of coupling to
ployed, and is independent of the individual transition dipolea fifth state by a third laser changes the situation dramatically
moments8 andy. We note that, to within the accuracy of the and creates intriguing new possibilities for selective photo-
simulation, the relative population il8) is always exactly chemistry.
the square of the relative transition dipole momgat This
is possible only through a superposition|of) and|r,), and
it is clear that nonadiabatic coupling acts to provide exactly
the same ratio of population as the transition dipole moments
do in intuitive excitation. Further simulatiorf48] show that Given that variation of the existing laser fielflg, and()
this is true regardless of pulse area or overlap. seems to have no effect on the relative populations in the

The origin of this effect lies in the form df.. The time  degenerate target states, it is natural to consider using a third
derivative of the field does not appear explicitly in the for- pulse to extend the system via coupling to a fifth state. Ac-

IV. FIVE-LEVEL BRANCHED SYSTEM

A. Eigenstates of the five-level system
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15> such degeneracy exists and the adiabatic approximation will
Ybe hold. The null eigenvector is given by

Bre2y

13> 14> Iro)={—(Bo¥s— ¥685) Q2s.0,— 62y . B0l N,

4.2

BsQq YsQ where N, = Q7+ (Bsyp— vsBp)°Q3. Note that while(,
does not appear explicitly in the eigenvector, the third field
must be present for the duration of both the pump and Stokes
fields for the eigenstate to exist. Physically, this means it
must either be a long pulse overlapping both fields or a con-
tinuous wave field.

For our purposes, namely, selective population of a de-

FIG. 4. The five-level system described in the text. generate statgr ) represents a potentially useful eigenstate.
First, it has nodes if2) and|5), indicating that in counterin-

cordingly, we now consider the consequences of adding fpitive excitation 100% of the population will be transf_erred _
third laser, referred to as the “branch” laser, which couplest0 the degenerate target states. Seconq, the branching ratio
the degenerate target states to a fifth level as shown in Fig. 26tween those states is determined entirely by the coupling
The only restriction on the choice {8) is that the frequency 0 [5), W,h'Ch may be chosen arbitrarily fro.m almost any 9f
of the branch transition must not be resonant with either thé€ available states of the system. And, finally, the relative
pump or the Stokes transitions. We use the s@ing nota- popula_t|0ns of thg degene_rz_;tte states are reversed with respect
tion to treat the branch transition as we do the Stokes trari®  their respective transition strengths for tf8),|4)}

11>

sition, and write the Hamiltonian in the form —[5) transitions. _ _ _
To illustrate the implications of this observation, consider
0o Q, 0 0 0 a case in which5) is chosen such that tH&)— |5) transi-
tion is symmetry forbidden. In this limit{3,=0 andy,=1,
Qo 0 Bl ¥l 0 so that the eigenstate becomes
H=— % 0 Bsﬂs 0 0 ﬁbe
0 ‘ySQs 0 0 'beb |r0>:{BsQS1O-_ Qp,0,0}/Nb (4-3)

0 0 Bl ml 0 (4. and 100% of the population is transferred|3. Thus, if a

convenient branch state exists in the system it is possible to
achieve near-perfect control over both relative and absolute

The eigenvalues of Eq4.1) are displayed in Table IV; the LPopuIations of a pair of degenerate states.

eigenvectors are cumbersome in form, and we do not tabu- a6 is 4 less useful limit that we will also consider. The

late them here. It is sufficient to note that in the linfil, . " : -0 (ie i
. L orm of Eq. (4.2) implies that if (B,ys— =0 (i.e., if
—0 only the null eigenvector has a nonzero projection in the = By) tﬂe(re i)s a %ode in the gtr)gtsmdy%[tggze dnfﬂ} will

ground state; thus, as in the three- and four-level cases, on gmain unpopulated even in counterintuitive excitation. In

the null _eiger_lvector will be populated by an excitationthe next section we will show that both this limit and that
scheme in which the Stokes pulse precedes the pump pulsgy e, iy Eq. (4.3 may be explained with reference to the
The forms of the eigenvalues make it apparent that w ymmetry of the system

should expect behavior that is significantly different from

that observed in the four-level system. Population transfer in

the four-level system is dominated by nonadiabatic coupling B. Symmetry of the Hamiltonian

between a pair of degenerate dressed eigenstates; here, nocjearly, there is an important difference in the nature of
population transfer in the four- and five-level systems de-

TABLE IV. Eigenvalues of a five-level systemNy  scribed here. Under counterintuitive excitation population
:\/sz+ﬂsz+ﬂbz. transfer in the four-level system is dominated by two zero-
energy eigenvectors, one of which is directly populated on

2 2 2 2102 excitation and the other of which is populated via nonadia-

(- NGk N HOGHIYGH = 2remOm+ BI0SI 0212 batic coupling. The five-level systempcopntains only one null

eigenvector, which may or may not be populated on excita-

= \/N‘2°t_ NG 405 7+ 920G BB 10310212 tion from the ground state depending on the nature of the
0 fifth state.

The origin of this change in behavior lies in the symmetry
of the Hamiltonian. To illustrate the symmetry we refer to
the special case where all nonzero elements of the Hamil-
tonian are equal, a situation that is not possible for the dura-
(\/Ntzot+ VNG HOZH[ V29— 2y vom BB JOB 0D 2V tion of the excitation process but that may be achieved at
intermediate times. For the Hamiltonian given in E§.1)
this means setting=y, Q,=Q,/v2, and writing

(\/ N2~ VNG~ 4O2H [+ 1 2yem( et BB 10202212
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0 1 00 13> 4>
G (1011 s
210 1 0 O ' 2>
0 1 0 O

In this limit we may use elementary linear algebra to obtain
the symmetry of the matrix19]. The Hamiltonian given
above is invariant under the exchange of stgtgs|3), and

|4); we may think of this as a threefold symmetry around an
“axis” defined by |2). Ignoring the relative phases of the

components of the eigenstates, we may say [thatcorre- 1>
sponds to a threefold symmetry abd@j, and|r,) corre-
sponds to a twofold symmetry about an axis containing states
|1) and|2). The hypothetical axes discussed here are signifi-
cant not simply with respect to the exchange of states but
also for the presence of nodes in the matter eigenstates along
those axes in the dressed eigenstates.
Let us apply these ideas to the case of the five-level sys-
tem, and take the limit in which pump and Stokes parameters
are treated as above, ang=1, B,=0, andQ,=Q,. This
yields the equation (b)
15>
01 0 0 O
1 01 10
H:—% 0 1 00O (4.5 14>
01 0 0 1
0O 0 0 1 0 2>
The existence of the fifth state breaks the symmetry, leaving
the Hamiltonian invariant only for the exchange of stdigs 1>
and|3), a twofold symmetry. This gives rise to a single null H
eigenvector with nodes in stat{®, |4), and|5). Taking the c ]
opposite limit, such thay,= By, Qp=Q,/v2, the equation 2")
becomes (©) 1
01 0 0 O FIG. 5. Schematic diagrams showing the symmetry of the sys-
tems; open circles represent matter eigenstates possessing nonzero
QO 10110 components of the dressed eigenvector, while states that are nodes
H=——-P]l 0 1 0 0 1 (4.6) are designated by solid circlei®) The four-level systenfthreefold
2 010 0 1 symmetry; (b) the five-level system in the limit where th@&)
—|5) transition is forbidden(c) the five-level system in the limit
0 01 10 where By vs— ¥p8s) =0.

Now the twofold axis of symmetry lies in statfl, [2), and  term y,,. The absolute yield varies as expected, staying near
5), and the resultant dressed eigenstate includes a node onity except in the limit whereg8s— 3,. The procedure is
the ground state that makes counterintuitive population trangobust in that the yield does not vary significantly from unity
fer to the target states impossible. The role of the fifth state igntil |,3§—,3§|<1%' indicating that this limitation on the
therefore to break the symmetry of the four-level systemmethod is unlikely to be important except in the most patho-
eliminating one null eigenvector and shifting the axis of|ogical of cases.
symmetry. The symmetries of all three systems are depicted
schematically in Fig. 5. The qualitative argument presented
here is not intended to provide detailed insight into the na-
ture of the process, but rather to raise the possibility that When evaluating the applicability of the methods de-
there might be an underlying group theory for such branchedcribed here, it is useful to review what is known for the case
systems which is similar to the SNJ group theory used to of StiRAP in three-level systems. Despite the successful ex-
evaluate ladder systen20]. perimental implementation of StiRAP in atonjit1,12 and

The results of a series of simulations are given in Tablesnolecular[10] systems, many questions remain concerning
V and VI. As we would expect from the form df ), the  the applicability of adiabatic passage excitation in physically
relative yield in staté3) is determined by the 4:5 coupling realistic systems. One issue is whether adiabatic passage is

C. Practical considerations
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TABLE V. Parameters for calculations for four- and five-level systems. The 8irtger equation was
numerically integrated using a Lanczos propagator in an atomic basis.

System
E,=0 E,=10cm*? E;,=110cm? Es=155cm*
Field
Pulse tmax (NS FWHM (ns) o (cm™h Qmax (TH2)2
Pump 6 12 100 0.4,4
Stokes -6 12 10 0.4,4
Branch 0 oP 45 0,4

&The first number pertains to simulations in the four-level system, the second to the five-level system.
®The branch field was taken to be time independent.

possible in cases where the laser field may couple additionghe eigenstatér,) [Eq. (4.2)] of the five-level system re-
states to the system, destroying the symmetry necessary toains an eigenstate even in the presence of a decaying
maintain the counterintuitively accessed eigenstate. Whiléranch state, as in a Hamiltonian of the form

such couplings may lead to some lessening of population

transfer, it has been shown that one may maintain an ex- 0 Qp 0 0 0

tremely high yield even in_the presence of coupling to dis- Q, 0 BQs  vsQs 0

crete state§s]. Numerical simulations suggest that the same

=_1
is true for at least some cases involving coupling to the con- H=-z| 0 B 0 0 Aoy
tinuum, though the situation is much more complicdt&sl. 0 vQy 0 0 Ypdp
Obviously r_esearc_h_ers must choose exc_it_ation pathw_a)_/s care- 0 0 By wQp T
fully to avoid additional resonant transitions and minimize 4.7

such couplings, but a high level of population transfer is

possible even in the presence of such processes. We theref ¢ litativelv similar behavi ith
Another concern is the possibility of decay from the states e (herefore expect qualitalively simifar behavior with re-

involved in the process. Such decay could result from eithe?tpetCt tofdtﬁca%/', SlIJCh i{hat (;nther the t;ntermedlate or branch
radiative or radiationless transitions to states not included i arc> O the Tive-Ievel system may be resonances or con-
the calculation, or from losses to continuum states. The que inua, prowde_d th_e laser flelds_are s_uff|C|entIy Intense to

tion of whether adiabatic passage is possible in systems i orce near-adiabatic behavior. Simulations suggest the same

cluding resonant or even continuum states has been the sug.lrue for the target states of the five-level system, but that

ject of much debate in the literatuf@1—24], and it is known work is still in progresg 28].

that the criteria for adiabaticity break down in the presence Thg next logical quest|on'|s how one may cqnstruct four-
of decayq 16]. However, if the Rabi frequencies for the tran- and five-level systems of this type within physical systems.

sition are sufficiently large relative to the rate of decay,We must first identify two degenerate target states corre-

nonadiabatic effects are minimal and near-perfect populatio pondmg to the deswe_d chemical products, then find an in-
transfer remains possible. Thus, given sufficiently intens ermediate state that will couple them to the ground state and

fields, a close approximation to adiabatic passage is possib?eb.ranCh state with the desired tran5|t|on dipole mpments. It
in three-level systems. IS important to remember that the relative energies of the

These problems are not yet firmly resolved even for threeStates are irrelevant to adiabatic passage. For resonant pulses,

level systems, however, and a detailed treatment incorporaw;]a f[(r)]rm tﬁf Ll ttHam!Itomatn tm EgA.1) IIES fmdepepdené .Of
ing four- and five-level systems as well would be even morg/nether the m"_" er eigenstate enefgy E; for anyi andj

demanding. We wish to note that just as the stag given in the system; for nonresonant pulses, the _dlfferenc_e is
in Table | remains an eigenvector of the three-level systen‘?urely in the sign of the phase. The symmetries described

: Lo - above depend not on the energy, which is implicitly con-
even in the presence of a decaying intermediate $1f tained in the choice of laser frequency, but on the morphol-

TABLE VI. Results from calculations on a five-level system, ogy of the system deriving from the transition dipole mo-

with B2=?=05. ments. o o
Psm s With these general principles in mind, we now examine in

¥2 Absolute yield in|3) and|4)  Relative yield in|3) detail how one might apply this control technique to a real
molecular system. For purposes of discussion, we choose
1.000 000 1.000 000 1.000 000 HNCO, a molecule that has been studied extensively in the
0.750 000 0.750 000 0.750 000 context of control of formation of photochemical products
0.600 000 0.999 997 0.600 000 [25-27. The system is known to photodissociate on excita-
0.550 000 0.999 981 0.550 000 tion above~240 nm, and Crim and co-worke25,26 have
0.510 000 0.994 144 0.510 000 shown that two pathways become available at these ener-
0.505 000 0.771 684 0.505 000 gies: HNCGO-H+NCO and HN+CO, both shown sche-
0.500 000 3.%10°8 0.500 000 matically in Fig. 6. These researchers have further discov-

ered that while cleavage of the NC bond is heavily favored
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H-NCO HN-CO the N-H stretch makes its overtones directly accessible from
|3> [4> the ground state. _ _
( kI This problem may be overcome with the use of a fifth
\Y A .
AN AN state, coupled to the degenerate target states with a branch
NN -1 laser, as shown in Fig. 6. Based on the form of the null
3 \ 30,000cm . . . . . .
35.000 _14 \\ Qb\‘ eigenvector in Eq(4.2), if we desire to enhance the yield in
Sooem AN the C-N cleavage pathwafproduced by dissociation from
Qg C s state|4)) we must choose a fifth state that couples preferen-
tially to the state leading to the N-H cleavage pathv@y
12> (3vq) The choice of the fifth state is also dictated by the energetics
1 of the other states of the system; the branch laser must not be
0,000cm Qp resonant with any significant transition from the ground
' 1> state, nor should it be resonant for any transition from the
HNCO intermediate statg2). |5) should therefore lie at least

5000 cm! above the energy of stat@), so that the|3)
—|5) transition has sufficiently low energy to avoid cou-
ng |2) to the excited electronic state.

There is at present very limited information on the vibra-

FIG. 6. The HNCO system described in the text.

. o L li
for single-photon excitation at 225 nm, the situation changeg

for resonantly enhanced two-photon excitation. If two Iaser%onal states of HNCO at the energies cited above. Most
are tuned so that the3 state(corresponding to three quanta . . . L
states in the energy range of interest are inaccessible from

in the N-H stretch serves as a resonant intermediate state

N-H cleavage becomes the favored pathway for photodissc;f—he ground state by Raman transiticf25], though thew,

ciation progression is strong enough that it has been populated by

It is known that the mechanism for N-H bond cleavage atdiréct absorption from the ground state as high as the 4
that energy involves the decay of a resonant state with 8vertone, which lies roughly 13 200 crhabove the ground
lifetime on the order of 2 pE26]. It is not known if a similar ~ State. The 4; overtone is, like the 8, state, known to have
state exists for C-N cleavage, but for purposes of discussioft Strong overlap with the region of the excited state of inter-
we will assume that this is the case. We may now view theest.
molecule as a four-level system consisting of a ground state, The 4v; overtone is only~3000 cm* above the 3,
an intermediate state, and a pair of degenerate target statég)) state, and a laser that couples it to the target states
the latter may not be strictly degenerate, but if the density ofherefore opens an undesirable route of excitation f{@m
states is large compared to the width of the resonance or thehe fifth overtone, however, may serve our purpose; it
bandwidth of the pulses the behavior should be qualitativelyshould be sufficiently high in energy, and should have the
similar to that of the degenerate case. The fact that the targeme favorable overlaps with the N-H dissociative channel
states are narrow resonances complicates the situation, buta@s the 3; overtone. The 5, state has never been observed,
discussed above StiRAP-like processes should still be posraving too small a transition moment coupling with the
sible [15,16. There has also been some experimental worlground state; the issue here, however, is its transition
on subpicosecond StiRAP-like excitati¢f2] that implies  strength with the excited state, and the trend of transition
that the relevant time scale is experimentally accessiblestrengths in the third and fourth overtones suggests it should
Within this context, the four-level system may be viewed asbe sufficient for our purposes.
having a Hamiltonian of the form given in E@.1). While we do not have the detailed knowledge of energies

Let us assume that we wish to selectively cleave the N-Hor coupling strengths necessary to carry out a calculation of
bond at this energy using a process which will maximize thehe expected enhancement of yield of the product, this ex-
absolute yield in this channel. While a single-photon excita-ample should serve to illustrate the factors involved in con-
tion will provide better than 80% relative yield in the structing a controlled dissociation pathway of the desired
H+NCO channel26], the 7 pulse necessary for complete form. In this case, the staté® and|5) are part of the same
population transfer is experimentally less robust than grogression, an@ve assumghave qualitatively similar rela-
StiRAP-like two-photon process. The two-photon schemdive transition dipole moments; use of the technique outlined
described in Sec. Ill here provides only a 20% relative yieldhere thus represents a reversal of the qualitative trend be-
in the desired channel, so while complete population transfelonging to that family of states. This represents a powerful
to the degenerate states is possible in the strong-field limiform of control, allowing researchers to selectively populate
the relative yield is not very good. Choosing a different in-a given statdecauset is accessed via an unfavorable tran-
termediate level is awkward in this case, as the 225-nm resition in conventional excitation.
gion lies ~5000 cm* above the origin of the excited elec-  After completion of the work described in this paper we
tronic state. An intermediate level that is less thanbecame aware of some striking similarities between the
5000 cm* above the ground state, then, will lead to a situ-theory presented here and the simulations of photoexcitation
ation in which the Stokes laser has sufficient energy toof the sodium dimer carried out by Shapiro, Chen, and
couple the ground state to states in the low-energy tail of th@rumer [29]. These investigators couple a set of three dis-
excited electronic manifold. Thei3 level represents a good crete states to the continuum, and monitor dissociation along
intermediate state because it liesl0 000 cm® above the two isoenergetic paths in the continuum: NaNa(3s)
ground vibrational state, and the highly anharmonic nature oft Na(3p) and Na(3) + Na(3d). Where the configuration of
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interesting feature of the sodium case is the fact that the
target states are dissociative, leading to a decay term that
prevents truly adiabatic passage. The results of simulations
such as those included in Fig. 7 indicate that adiabatic

passage-based control is still possible in the presence of dis-
sociative states. However, their existence affects the process
in complicated ways and we defer discussion of such effects
for future work where they may be treated in greater detalil.

V. CONCLUSIONS

In this paper, we have extended existing work on coun-
terintuitively ordered two-pulse laser-induced population
transfer to systems with multiple target states. We have

FIG. 7. Results of simulations of the sodium dimer, based on thdound that while the simplest possible four-level system may
model of Shapiro, Chen, and Brumer. Solid: Yield in the Nd(3 Nnot be selectively populated by two counterintuitively or-
channel. Dashed: Yield in the Na¢} channel. The relative transi- dered pulses, the addition of a third field coupling the target
tion dipole moments are given h§2<1%, y2>99%; B2=69%,  state to a fifth state breaks the symmetry of the four-level
y2=31%, whereB and y correspond to couplings with theddand  system and makes selective excitation possible. Selectivity is
3p channels, respectively. based on the coupling strength of the fifth level to the degen-
erate target states, and the fifth level must be chosen to have
gppropriate properties for the desired effect. The challenge in
this form of control is therefore not in the determination of
an optimal electric fielgper se but rather in the construction

a future pape|{28],_ we have included the results_ of ONe of 5 photoselective pathway from the available states of the
sample calculation in this work. The results of the S|mulat|onSystem

are shown in Fig. 7, where the yield in each channel is plot-
ted as a function of the detuning of the branch laser. One
expects that in the limit of large detuning, the system will
behave as a four-level system, while when the transition is
near resonance it behaves as a five-level system. The results This research was supported by a grant from the National
shown in Fig. 7 are consistent with this view. The mostScience FoundatiofNo. CHE 92160738

0.0
-200.0 -100.0 0.0 100.0 200.0
Aem™)

the results are consistent with the predictions of our theory
While the details of the calculation will be the subject of

ACKNOWLEDGMENT

[1] U. Gaubatz, P. Rudecki, S. Schiemann, and K. Bergmann, J12] B. Broers, H. B. van Linden van den Heuvell, and L. D. Noor-

Chem. Phys92, 5363(1990. dam, Phys. Rev. Let69, 2062(1992.

[2] B. W. Shore, K. Bergmann, J. Oreg, and S. Rosenwaks, Phy$13] For reviews, see W. S. Warren, H. Rabitz, and M. Dahleh,
Rev. A44, 7442(199). Science259, 1581(1993; S. A. Rice, Adv. Chem. Phy401,

[3] V. S. Malinovsky and D. J. Tannor, Phys. Rev.58, 4929 213(1997
(1997. '

[4] J. Oreg, K. Bergmann, B. W. Shore, and S. Rosenwaks, Phy£.14] t/l D. Is_evetnson and dS' dS(.AKa(r;dntr'odl’ilctlonYtokN](?gggear
Rev. A 45, 4888(1992). aser Spectroscop®nd ed.(Academic, New York,

[5] G. W. Coulston and K. Bergmann, J. Chem. P38, 3467 [15] T. Nakajima and P. Lambropolous, Z. Phys3B, 17 (1996.

(1992. [16] M. N. Kobrak and S. A. Rice, Phys. Rev. 3V, 1158(1998.

[6] B. W. Shore, J. Martin, M. P. Fewell, and K. Bergmann, Phys.[17] These states are identical to those givefSh but we express
Rev. A52, 566 (1995; J. Martin, B. W. Shore, and K. Berg- them using a different linear combination of the eigenvectors
mann,ibid. 52, 583(1995. to emphasize symmetries brought about by the degeneracy of

[7] For a review, see K. Bergmann and B. W. Shdvialecular the final states.

Dynamics and Spectroscopy by Stimulated Emission Pumping18] M. N. Kobrak and S. A. Ricgunpublisheg
edited by H. C. Dai and R. W. FielWorld Scientific, Sin-  [19] F. A. Cotton,Chemical Applications of Group Theqrgrd ed.
gapore, 199b (Wiley and Sons, New York, 1990

[8] Y. B. Band and O. Magnes, J. Chem. Ph§81, 7528(1994). [20] F. T. Hioe and J. H. Eberly, Phys. Rev. LetfZ, 838 (1981).

[9] Y. B. Band, Phys. Rev. A0, 584(1994; Y. B. Band and O. [21] T. Nakajima, M. Elk, J. Zhang, and P. Lambropolous, Phys.
Magnes,ibid. 50, 5046 (1994. Rev.50, 913(1994).

[10] T. Halfmann and K. Bergmann, J. Chem. Ph¢€4 7068 [22] B. Dai and P. Lambropolous, Phys. Rev.34, 5205(1987.
(1996; S. Schiemann, A. Kuhn, S. Steuerwald, and K. Berg-[23] C. E. Carroll and F. T. Hioe, Phys. Rev. LeiB, 3523(1992);
mann, Phys. Rev. Let?1, 3637(1993; 69, 2062(1992. C. E. Carroll and F. T. Hioe, Phys. Lett. 209, 145(1995.

[11] J. Martin, B. W. Shore, and K. Bergmann, Phys. Revs4  [24] N. V. Vitanov and S. Stenholm, Phys. Rev.58, 741(1997.
1556(1996. [25] S. S. Brown, R. B. Metz, H. L. Berghout, and F. F. Crim, J.



2894 MARK N. KOBRAK AND STUART A. RICE 57

Chem. Phys105 6293(1996; S. S. Brown, C. M. Cheatum, Chem. Phys105 8111(1996.
D. A. Fitzwater and F. F. Crimipid. 105 10 911(1996. [28] M. N. Kobrak and S. A. Ricéunpublishegl

[26] S. S. Brown, Doctoral thesigUniversity of Wisconsin at [29] M. Shapiro, Z. Chen, and P. Brumer, Chem. P37, 325
Madison, Wisconsin, 1996 (1997.

[27] M. Zyrianov, Th. Droz-Georget, A. Sanov, and H. Reisler, J.



