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STIRAP (stimulated Raman adiabatic passagas proven to be an efficient and robust technique for
transferring population in a three-level system without populating the intermediate state. Here we show that the
counterintuitive pulse sequence in STIRAP, in which the Stokes pulse precedes the pump, emerges automati-
cally from a variant of optimal control theory we have previously called “local” optimization. Since local
optimization is a well-defined, automated computational procedure, this opens the door to automated compu-
tation of generalized STIRAP schemes in arbitrarily complicdddvel coupling situations. If the coupling is
sequential, a simple qualitative extension of STIRAP emerges: the Stokes pulse precedes the pump as in the
three-level system. But, in addition, spanning both the Stokes and pump pulses are pulses corresponding to the
transitions between thBl—2 intermediate states with intensities about an order of magnitude greater than
those of the Stokes and pump pulses. This scheme is amazingly robust, leading to almost 100% population
transfer with significantly less population transfer to tthe 2 intermediate states than in previously proposed
extensions of STIRAH.S1050-294{®@7)07611-1

PACS numbd(s): 33.80.Be, 42.50.Hz

I. INTRODUCTION Quite independent of the STIRAP literature, there has
been a growing literature in recent years on the use of shaped
In recent years, the design of laser pulse sequences mptical pulse sequences to control atomic and molecular dy-
achieve efficient and robust population transfer betweemamics for various purpos¢25-3§. These applications in-
quantum states has been the subject of many theoretical agtide laser heatind33] and cooling of moleculeg34],
experimental studie§l—24]. This problem is relevant to preparation of specific electronic, vibrational or rotation
many applications, including spectroscopy, collision dynam_States, and control of the products of_chemical reactions
ics, and optical control of chemical reactions. A considerabld25,27,30,31 One of the main computational tools brought
number of studies have been devoted to the process of stimﬁﬂ bear in these studies is optimal control the¢CT)
lated Raman adiabatic passa@TIRAP) in three-level[1— 27,28,31,37. The closest application of optimal contrql to
7] and multilevel[11-19. systems. Recently, the STIRAP systems of the .STIRAP type was a stL_de of the design of
theory has been generalized to the case in which the inte ptical pulse pairs to control the population transfer of three-

mediate state is autoionizirf@1] or is described by a con- evel atoms in a mediurf@7]. However, the connection be-
. y tween STIRAP and the OCT literature has been elusive and
tinuum of levels[22,23.

The STIRAP process provides the possibility of effectiveﬁ;](qpallllcgoﬁreorrﬁfvteo g:gr\]/ eug;ifczss?az]miﬁ?sa?slsrr%frgg_op
population transfer usiqg relatively simple experimental set’ticularly surprising:(1) Adiabatic passage is generally ener-
ups. At the same time, it demonstrates a remarkedlater- — getically expensive relative to a Rabi pulse sequence,
intuitive mechanism at work, in which the pump pulse, driv- typically employing integrated pulse areas many times
ing the transition between the initially populated lejdgland

intermediate leve|2) comesafter the Stokes pulse, which 12>

drives the transition between the initially unpopulated levels
|2) and|3) (Fig. 1). This ordering of pulses is both efficient
and robust in achieving complete population transfer from
state|1) to |3), while maintaining the population of staj®)

at almost zero.

The properties of the STIRAP mechanism in a three-level
system have been explored extensively, both numerically
and analytically. For the most part the analytical studies have
been performed in the adiabatic linpit,4,9], although nona- 11>
diabatic effects in population transfer in three-level systems g5 1 The three-leveh system. Level1) is coupled to level
have been considered fii]. Complete analytic results have |2, which in turn is coupled to leveB). There is assumed to be a
been obtained only for specific pulse shap2$]. Several  two-photon resonance between levéls and |3), although there
extensions td\-level systems have been propod4é@,16—  may not be a one-photon resonance with lé2elLevels|1) and|2)
19], however, none to date appears to be definitive. For are coupled by a field with amplitude,; levels|2) and|3) are
review of the literature related to coherent population transeoupled by a field with amplitud€),. A is the detuning of the
fer in atomic and molecular systems, §ed]. intermediate level2).

13>
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The penalty on the energy of the field that is routinely usedhe specific features of the amplitude function have a great
in OCT calculations discriminates against pulses with largedeal of flexibility.
integrated area%2) The robustness of the STIRAP solution,  The goal of this paper is, first of all, to show that there is
which is perhaps its principle advantage, is difficult to quan-indeed a rigorous relationship between local optimization
tify. Without robustness being incorporated explicitly into methods and STIRAP in the limit of three-level systems and
the objective functional in OCT there is no reason to expectong times. Once this relationship is established, a great
STIRAP-type solutions to emerge from an OCT calculation.many things become possible. Since local optimization is a
A second class of techniques that have been developed fdlexible method and can be applied to arbitrarily complicated
control of atomic and molecular dynamics, in parallel tosituations, e.g., to multilevel systems, to systems with detun-
OCT, is called “local optimization”[33—3§, or tracking ing and radiative decay, and for times shorter than those
[38]. In these methods, at every instant in time the controrequired for the adiabatic limit, this raises the possibility of
field is chosen to achieve a monotonic increase in the desirefthding numerical solutions of the STIRAP type for all these
objective. Typically in these methods two conditions aresituations. Several extensions of STIRAPNdevel systems
used at each time step, one to determine the phase of the fididve been proposed recenfl$2,16—19. Generally, these
and one to determine the amplitude. In contrast with OCT extended STIRAP schemes employ a sdtlefl pulses, one
which incorporates information on later time dynamicspulse for each of the transition frequencies between the
through forward-backward iteration, these methods use onlgoupled states. In one proposal, the envelopes progress in
information on the current state of the system and the yieldseverse order from the last to the first transitidaf]. In a
are in principle lower than in OCT. However, there are sev-second proposal the envelopes are grouped into two overlap-
eral attractive features to the local metho@B. Since the ping sets, with the even transitions coming before the odd
increase in yield is monotonic these fields are often amenablgansitions[12]. Here we find a third strategy in which the
to immediate interpretatior{2) Since these methods use in- Stokes pulse, resonant with the transitibN—1)—|N)
formation on the current state of the system only, they couldomes before the pump pulse, resonant with the transition
in principle be adapted for laboratory implementatid®) |1)—|2); the envelopes for all the other transition frequen-
Because these methods differ so radically from OCT, theyies are about an order of magnitude more intense than either
may identify different classes of solutions from OCT. Al- the Stokes or the pump pulses and spath the pump and
though not necessarily optimal, these solutions may be aphe Stokes pulse.
pealing because of other properties, e.g., their robustness. In Sec. Il, we present the basic description of the control
In recent studies, we showed how a local optimizationscheme by applying it to population transfer in a three-level
scheme could be used to lock population on an intermediateystem. The role of detuning and decay is also explored. In
level or levels, while increasing the energy in another part oSec. 1ll, we analyze control of the population transfer in
the systen{33-34. Specifically, we showed that the phase four- and five-level systems. In Sec. IV we abstract the key
of the field could be used to lock the population in a mani-features of the pulse sequences found in Sec. lll and apply
fold of excited levels while the sign of the amplitude could them to a nine-level system. Section V is a conclusion.
be used to achieve ground-state vibrational heating. Further
reflection on these studies suggests some parallels with the Il. THREE-LEVEL SYSTEM
STIRAP mechanism(1) the locking of population on the )
intermediate level is the analog of avoiding population trans- Consider the interaction of a three-levelsystem with a
fer to level |2) in STIRAP; (2) the monotonic increase in PUMPE(t) and a Stoke&(t) laser pulse:
energy in the ground vibrational manifold is identical, in the E=E,(t)cosw t+ Eq(t)coso(t) 1)
case of only two participating vibrational levels in the P L S
ground state, to the monotonic transfer of population fromwhereE,(t) andE(t) are the envelopes of the pulses. In the
level |1) to |3) in STIRAP; (3) the role of the phase is crucial interaction representation and the rotating-wave approxima-
in the local scheme, as it is in STIRARY) in both schemes tion, the Schrdinger equation takes the form

a,(t) 0 1Qp(t)expli Awyt} 0 a,(t)
ay(t) | =| iQp(t)exp{—iAwpyt} 0 iQg(t)exp—iAwyt} | | ax(t) |, 2
as(t) 0 iQg(t)exp(iAwyst) 0 as(t)
|
wherea,, a,, andas are the probability amplitudes of the the Schrdinger equation in the following form:
states [1), [2), and [3), Qu(t)=wuEp(t)/22 and _ _
Q(t) = uo3E4(1)/2% are the pump and Stokes Rabi frequen- a(t) 0 19(1) 0 a(t)
cies, respectively, and w,;= wp— wz; AN A w3= ws— o3 a(t) | =| 1Qp(t) iA iQg(t) || ax(t) |, (3
are the detunings of the laser frequencigs; from the tran- as(t) 0 Q) 0 as(t)

sition frequenciesv,; »3.
In the assumption of a Raman resonance, one can rewrii@hereA = A w,,= A wys.
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Our goal, as in STIRAP, is to find envelopes of the pumpWe note that this condition is satisfied if we chod$g and
and Stokes pulses that lead to complete and robust popul&, as
tion transfer from statgl) to the final staté3), while keeping

the population of the intermediate sta® as small as pos- Qp=—Qq(t)Im{az(t)ay(t)}, (6)
sible. Here we propose to do this using our earlier local
optimization schem¢36], modified to suit the three-level Q=Qp(t)Im{aj (t)ay(t)}, (7)

configuration. Our strategy is first to find a condition on the

phase of the laser fields that keeps the population on |8vel The magnitude of)(t) is an arbitrary envelope function
locked and then to find conditions on the amplitude of thethat may be chosen on physical grounds to satisfy reasonable
laser fields that lead to monotonic increase in the populatiogonditions of switching on and off. The sign &fy(t), how-

in level |3). If the population in leve|2) is locked at a small ever, is crucial: the choice of sign is used to satisfy the con-
value and if complete population transfer from ley®l to  dition that
level |3) is achieved then the procedure has achieved the

same objective as in STIRAP. In fact, as we shall now see, dla,(t)|?
for the particular case of a three-level system the STIRAP B TES ®
solution emerges automatically.

Using the Schrdinger equation, Eq(3), we can develop d|as(t)|?

. . . . . . 3
expressions for the time derivative of the populations in each ——>0. 9
of the three levels: dt
dlay(t)[2 At first glance this looks like two conditions that must be

—ar - 2 Reay (t)a (t)}=—2Q,(t)Im{a (t)ay(t)}, satisfied with only one unknowif); note, however, that if

|a,(t)|? is locked then the decrease|m (t)|? guarantees the
increase inay(t)|2. This observation generalizes b lev-

dlay(t)|? . * els: if the population in theN—2 intermediate levels is
dt =2 Rea; (Da()}==2[Qp(Im{a; (Hay()} locked a decrease itha,(t)|?> guarantees a decrease in
. |an(t)|2. For the calculations shown below, the envelope of
+Qq(t)Im{as (t)ag(t)}], the locking pulses was chosen as
dlas(t)|? : Qo
———=2Rdaj (t)as(t)}=—2Q4t)Im{aj (t)a,(t)}. =0
T gaz(t)as(t)} s(thim{az (t)ax(t)} Qo(t) cosR(i—1y)" (10
4

) o N where ), is an overall amplitude factor artg is the delay
LOCklng pOpUlatlon n |eve|2) amounts to the condition that time of the |ocking pu|ses relative to the seed pmsee

) below). We arbitrarily chose4=6 for both the pump and
dlay(t)| o (5  Stokes pulses, just to get a smooth shape for both the begin-

dt ning and end of the pulses.
1.0 y v T ——— v
08 F (a) 4
Sos} !
=
F
e 04} T . .
2 FIG. 2. Population transfer in the three-level
02 b | A system using a sequence of two optical pulses
) with local optimization(see text. (a) The popu-
lation of |1) (solid line) and|3) vs time (dashed
0(?13 | ' ' ' line). (b) Population of the intermediate levi)
§ * vs time. (c) The sequence of two optical pulses
g (b) , found using the local optimization method. Note
§. 0.005 - ' T that the counterintuitive sequence of Stokes pulse
2 (dashed lingfollowed by pump pulsésolid line)
0.000 v emerges automatically in the method.
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One of the characteristic features of the local optimization In Fig. 3, the final-state population is plotted as a function
method is the need for a “seed” pulse that puts at least somef time delay between pulses and as a function of effective
small amount of population on all intermediate states thaRabi frequency,y[ Q> +[QF™, where Q7™ and Q'™
will be used in the transfer process. The need for such a seefte maximum values of the field amplitudes of the pump and
population can be seen from Ed$) and (7), which shows  Stokes pulses. It is seen that beyond a critical value of field
that to get nonzero fields from the algorithm the amplitudesntensity and time delay, the solutions are robust with respect
a;(t) must be nonzero. To prepare this seed population wéo change in parameters. This behavior is a well-known fea-
use two pulses, which are resonant with the transitionsyre of the STIRAP mechanism.
|1)+|2) and|2)«|3), respectively. For all the simulations The effect of decay of the intermediate ley&l may be
shown below the following functional form was used for the explored by adding the term ya,(t) into the right-hand

envelope of the seed pulses: side of the second equation of E@). The result is illus-
trated in Fig. 4. It is seen that complete population transfer is
Qcoi= AoSiN W_t (12) still _achieved_ except fqr the part of the population that was in
27 the intermediate level immediately after the seed pulse. Note

. . . again the counterintuitive order of the pulses.
The amplitudeA, controls the amount of the intermediate ¢ 5 interesting to consider the effect of detuning from the

level population prepared during the seed and is typicallyyiermediate level2) while maintaining the two-photon reso-
much smaller thamp. The dimensionless pulse duratie  nance condition between levely and[2). It may be seen
was taken to be 2 in all simulations. __ from Eq. (4) that the detuningA does not enter into the
Figure 2 displays the time evolution of the population in agqations for the population changes although it does enter
th_ree-level system. All parameters are normalized by thgnig the equations of motion, E¢3). Thus, in the rotating
width of the seed pulsgEq. (11)]. During the seed pulse, frame the solutions are identical with and without detuning,
population is exchanged freely between the states. At the eng,t after transforming back to the original representation the
of the seed period the locking pulses are applied. Note thgq|ytions are significantly different. The envelopes for the
monotonic transfer of population from levidh to [3) in Fig.  pyises with detuning are now oscillatory and quite compli-

2(a). The locking of the population in the intermediate level cated, as compared with the smooth envelopes for the reso-
|2) at a value of around 1% is shown in Figbh2 The enve- [ 4nt intermediate case.

lopes of the pulsed), and{), that emerge from this pro-
cedure are shown in Fig.(®. Note the counterintuitive or-
dering of Stokes pulse before pump pulse, characteristic of
STIRAP, emerging automatically in this calculation. To un-
derstand this, note that the first factor in E¢®). and (7),
Qy(t), is identical for both pulses; the second factor is dif- In the interaction representation and the rotating-wave ap-
ferent, however, and turns on faster in Eg).than in Eq.(6), proximation, the Schidinger equation for a system o

IIl. CONTROL OF POPULATION TRANSFER
IN FOUR- AND FIVE-LEVEL SYSTEM

since level|1) is populated at=0 and level3) is not. states with sequential coupling takes the form
0 i1Q4(1) 0 0 0 0 0

ay(t) Q1) Ay Q) 0 0 0 0 ay(t)

‘?‘ZE:; 0 0,1 iA, iQ4t) O 0 0 3-253

a a

aj(t) 0 0 04t iAg  iQD) 0 0 aj(t)

aty | =] o 0 0 Q41 A, 0 0 agty |+ 12

a_N—lt(t) 0 0 0 0 0 - QA iQy_4(D) aN—lt(U
() 0 0 0 0 0 - iQy 4t 0 ()
|

wher.er(t)(j =1,2,...N—-1) are the Rabi frgquencies of Q,=—Qq(t)ag(t)Im{as (t)ay(t)Hay(t),
the first, second, andl—1 transitions, respectively, antj;
are the detunings of the corresponding transitions. 0,= gt Im{al (Hagt)}, (13)

For the sake of simplicity we will address the resonant
case; we therefore sét;=0 for all j. We again seek the
condition to lock the population on the intermediate levels Q3=—Q(t)Im{az (Hay(t)}.
while transferring population from the initial to the final
level. For a four-level system these conditions are For a five-level system we add one more equation:
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2 y7=0.5. The population ofl) (solid line) and |3) (dashed ling
3 * total population(long-dashed ling (b) Population of the interme-
3 04 b ] diate level|2) vs time.(c) The sequence of two optical pulses found
_2 using the local optimization method. Note that the counterintuitive
i= * sequence of Stokes pulgdashed ling followed by pump pulse
oz | i (solid line) again emerges automatically in the method.
*
N STIRAP) and we show below that it is an efficient and robust
0.0 . L ! L extension of STIRAP to generid-level systems.
0.30 0.35 0.40 0.45 0.50 0.55

pulse delay
IV. THE STRADDLING STIRAP SEQUENCE

FIG. 3. () Population in leve|3) as a function of the effective
Rabi frequency,Qe=\/Q§+sz. (b) Population in level|3) as a
function of the delay between the Stokes and pump pulses.

Stimulated by the simple, general form of the pulse se-
quences that emerged in the calculations described in the
previous section, we conjecture that the S-STIRAP strategy
is robust and that the seed pulse and local optimization con-
dition can be abandoned. For ahlevel system one simply
applies the counterintuitive Stokes pump pulse sequence for
utgelN— 1)—|N) and|1)—|2) transitions, respectively, and
section, Eq/(10) a_;et of mtensg pulsgs corresponding to all intermediate tran-
' ’ sition frequencies with envelopes that span both the Stokes

The results of the simulations for population transfer inand ump pulses. Fiaure 7 shows that this Scheme is SUCCess-
the four- and five-level systems are shown in Figs. 5 and Fig% pump p -9

. ; 0 ;
6, respectively. Three and four seed pulses were used, r ul in transferring about 99% of the population from ley®l

spectively, with the shapes and durations of the pulses chqg level|9) in a nine-level system. At intermediate times, the

sen in the same way as in the three-level system,(E). argest amount of population to any intermediate level is less

0 : . ;
Qualitatively, the evolution of the population in the four- and than 3%. We emphasize that in these calculations there are

five-level systems is similar to that in the three-level system.neither control conditions nor seed pulses: the simple general

there is monotonic transfer of population from the initial to pattern of the previous section, which we call S-STIRAP,

the final statg¢Figs. 5a) and &a)] with almost no population ¥vas l'“llsed cvj\gtlhom alny attempt Et optimization. The envelope
in the intermediate levelfFigs. 5b) and Gb)]. Again, the or all straddling pulses was taken as
counterintuitive sequence of the pulses emerges for both

these casefFigs. 5c), 5(d) and Figs. &), 6(d)]. However, Q.(t)= -
there is an interesting new twist, in that the resonant frequen- ' cosH(t—tg)
cies connecting the intermediate levels among themselves

now appear, with envelopes that straddle both the Stokes and An alternative generalized STIRAP scheme has been pro-
the pump pulse, and with intensities significantly higher tharposed recently by Oreet al. In that scheme, the steps in the
that of either the Stokes or pump pulses. We will refer to thispopulation transfer proce$s)—|2)---—|N) are alternately
general pattern as a ‘“straddling” STIRAP sequen@  classified as either odd or even, i.e., thi¢—|2) transition

Q,=00(t)az(t)Im{az (t)ay(t)}/as(t), (14

where Q(t) is an overall amplitude factor for the control
pulses which may be chosen the same way as in previo

(15
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1.0
08 |
g 2
= 06
= L
Boal
= 0.2 [ FIG. 5. Population transfer in a four-level, se-
L quentially coupled system, using local optimiza-
0.0 tion. (a) The population of1) (solid ling) and|4)
5 0.003 - (dashed ling vs time. (b) The population of the
= 0002 | intermediate level{2) (solid line) and|3) (dashed
E- 0.001 F line) vs ti.me.(c) The seqlljepce.of optical pulses
= i found using the local optimization method. Note
0.000 g
that the counterintuitive sequence of Stokes pulse
100 | (dot-dashed linefollowed by pump pulsdsolid
< line) again emerges automatically. However, now
G 50 F there is a third pulse, resonant with t/#&—|3)
transition, which envelopes both these other
pulses, and is about 10 times more intensk.
0 Expanded trace of the Stokes and pump pulses.
J On this scale, the seed pulsetatl is visible
(see text

10
time

is odd, the|2)—|3) transition is even, thg3)—|4) transi-  ternating STIRAP(A-STIRAP) strategy works quite well;
tion is odd, etc. The envelopes of all odd transitions ard-ig. 8 shows that it is successful in transferring about 99% of
superimposed, and delayed relative to the envelopes for alhe population from leve|l) to level |9) in the nine-level
even transitions; clearly, this is a natural generalization oBystem. However, note that the largest population in the in-
the Stokes pump sequence in a three-level system. This dlermediate levels rises to almost 30% in the A-STIRAP se-

1.0
5 0.8
'g 0.6
B
8‘ 04 FIG. 6. Population transfer in a five-level, se-
_ 0.2 quentially coupled system, using local optimiza-
tion. (a) The population of1) (solid ling) and|5)
g 0.0 (dashed ling vs time. (b) The population of the
2 0002 intermediate levels|2) (long-dashed ling |3)
= (dot-dashed ling and |4) (dashed ling vs time.
1y (c) The sequence of optical pulses found using
s 0.000 the local optimization method. The counterintui-
i tive sequence of Stokes pulsgashed ling fol-
100 lowed by pump pulsésolid line) again emerges
:“. automatically. However, now there are two addi-
G 50 tional pulses, resonant with thg2)—|3) and
|3)—|4) transition, which envelope the Stokes
0 and pump pulses, and are about 10 times more
10 intense.(d) Expanded trace of the Stokes and
“ pump pulses. Again, the seed pulsetatl is
o visible.
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1.0 Y - -
08 (a) T . . .
FIG. 7. Population transfer in a nine-level
E 06 F | system with sequential coupling, using a strad-
" dling, or S-STIRAP pulse sequence. The proper-
'i ties of the S-STIRAP pulse sequence were ab-
3 04 | ] stracted from the local optimization of the four-
and five-level systems(l) the Stokes precedes
0.2 . the pump pulse(2) pulses corresponding to tran-
sitions between all intermediate states straddle
0.0 y v v both the Stokes and pump pulse, and are given
about 10 times the intensity of the latter. Note
= that there is no longer any seed pulse or attempt
.§ 0.02 (b) i at local optimization.(a) The population of|1)
.-g (solid line) and|9) (dashed lingvs time.(b) The
2 0.01 | i population of the intermediate leveld) (solid
=9 line) and|8) (dot-dashed ling which receive the
most population at intermediate times. Note that
0.00 v v 7 ; the population never exceeds 3% in any of the
50 ~ . intermediate stategc) The sequence of optical
- / \ pulses in the S-STIRAP scheme. The intense
= /' ‘\ (© straddling pulse actually consists of a superposi-
a »Br / \ . tion of 6 pulses with frequencies resonant with
' \ the intermediate transitions.
0 1 o o PR N
0 5 10 15 20
time

guence, as compared with 3% in the S-STIRAP sequence. IRor example, a recent paper by those authors dealt exclu-
addition, the original A-STIRAP scheme works only when sively with the four-level system, and found that detuning
the number of leveldN is odd; modifications must be made from resonance with th¢2)—|3) transition was essential
for each different even value & on a case-by-case basis. [14]. To our knowledge, no general extension to higher val-

1-0 M T —— L] /d-v-' - T v
| T, |
08 I s (@) i FIG. 8. Population transfer in a nine-level
g [ i ] system with sequential coupling, using the A-
g 06 | | 1 STIRAP (alternating STIRAP scheme of Ref.
= | 1 [12]. (a) The population of1) (solid line) and|9)
g- 04 F | - (dashed ling vs time. (b) The population of the
= | intermediate level$3) (solid line) and|7) (dot-
02} i dashed ling which receive the most population
at intermediate times. Note that the population in
[ j{ ] these intermediate states approaches 30%, ten
0.0 T ' v times more than in the S-STIRAP schenie)
03 1 The sequence of optical pulses in the A-STIRAP
g 1 (b) 1 scheme. In the A-STIRAP sequence the pulses
o2} 4 corresponding to all odd transitions
= (11)—12),...,/]7)—|8)) are given overlapping
%‘ envelopes and delayed relative to the pulses cor-
&01F i responding to all even transitions
(12)—13),.../N=1)—|N)). Thus, each of the
0.0 T v v envelopes in the figure is in fact 4 superimposed
50 + - pulses.
- (©
> st -
a
0 1 L P
0 5 15 20
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ues of everN has been proposed. This underscores a signifimagnitude less population on the intermediate states than in
cant advantage of the S-STIRAP sequence, which worka recently proposed alternating STIRAPA-STIRAP)

equally well for odd or evei. scheme. Moreover, the S-STIRAP scheme works equally
well for odd or evenN, whereas the A-STIRAP works, in
V. CONCLUSIONS general, for oddN only. Thus, it seems that the S-STIRAP

) ) ) method is a promising candidate for a general and robust

‘We have established a rigorous connection betweegytension of STIRAP to sequentially couplétlevel sys-
stimulated Raman adiabatic pass&8€IRAP) and local op-  {ems.
timization of the time-dependent Schiinger equation for 3 We anticipate that there may be different generalizations
coupled levels. This is the first rigorous bridge between thegyt sTIRAP that apply in more complicated situations. For
tools_ being used in the groyving literature of contro_l Fheoryexample, in anN-level system with non-nearest-neighbor
applied to quantum mechanical systems and the efficient ancyplings, or with radiative decay, detuning, or nonadiabatic
robust STIRAP scheme. Since the local optimization techeygution, qualitatively different extensions of STIRAP may
nique is straightforward to implement for arbitrarily compli- 551y To find these alternative generalizations, if they exist,
catedN-level systemgwith radiative decay, detuning, non- ine same general methodology as used in this paper may be
nearest-neighbor couplings, nonadiabati_c evolyt@mre now followed, i.e., (1) apply the local optimization method to
has an automated method for computing robust STIRAPgptain a numerical solution to the problef®) test the ro-
type pulse sequences for arbitrary systems. We demonstratgfisiness of the local optimization solution with respect to
this capability on a three-level system with radiative decayyggerate changes in the pulse characterist®)sbstract the
and on a four- and five-level system. The pulse sequencegjient features of the local optimization pulse sequence and
that emerge show the pump pulse is delayed relative to thgse these features to design pulse sequeteamvo aban-

Stokes pulse, but in addition, there are pulses correspondingyning any connection with the original optimization proce-
to transitions between the—2 intermediate states, with en- g re.

velopes that span both the Stokes and pump pulse and are

about an order of magnitude more intense. We call this a

“straddling” STIRAP (or S-STIRAB pulse sequence. Since ACKNOWLEDGMENTS
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