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Laser-induced population transfer in multistate systems: A comparative study
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We examine similarities and differences in three schemes that are capable of producing complete pop-
ulation transfer in multistate systems: generalized n. pulses, adiabatic passage by pulse chirping, and
counterintuitive pulses or stimulated Raman adiabatic passage. We use the picture of adiabatic follow-
ing through avoided crossings of instantaneous eigenvalues to exhibit the essential differences between
the latter two procedures.

PACS number(s): 32.80.Bx, 33.80.Be, 42.50.Hz

I. INTRODUCTION

For many purposes it is desirable to produce samples
of atoms or molecules whose population resides almost
entirely in a particular excited state. For complete popu-
lation transfer, from the initially populated state into this
desired final state, the excitation must be coherent, i.e., it
must be described by the Schrodinger equation rather
than by rate equations [I]. Within this category there ex-
ist a variety of schemes that can, in principle, produce
complete population inversion of a two-state system or,
more generally, produce complete population transfer in
a multistate system. The present paper offers comments
on the differences and similarities of several of these
schemes.

II. TWO-STATE POPULATION TRANSFER

The problem is simplest when only two nondegenerate
levels (quantum states} are involved. Two well-known
procedures can, in principle, produce complete popula-
tion transfer in an ensemble of two-state atoms or mole-
cules.

A. m pulse

The first procedure makes use of the Rabi population
oscillations that characterize coherent excitation [I]. By
employing nearly monochromatic light tuned to the reso-
nance (Bohr) frequency of two levels one can induce com-
plete but momentary population inversion. The radiation
frequency remains constant during the pulse, and the
pulse envelope may have any convenient time depen-
dence. One adjusts the laser intensity and pulse duration
so that the time integral of the Rabi frequency (the pulse
area) has the value rr (or any odd-integer multiple of m)

[2]. A longer pulse, with area 2n, will return the popula-
tion to the initial state.

A single m. pulse can, in principle, produce complete
population transfer between two states. In turn, a succes-
sion of separate ~ pulses, with different carrier frequen-
cies, can produce a sequence of population transfers and
thereby move population eventually into any desired

state. With such a multiple-step scheme the population
resides in a succession of intermediate states, each of
which may undergo spontaneous emission with conse-
quent loss of transfer efficiency.

Alternatively, one may expose the atom to the simul-
taneous influence of two or more pulses, each tuned to an
appropriate Bohr frequency, so that the atom undergoes
multilevel Rabi oscillations. By suitably controlling the
relative intensity and duration of the concurrent pulses
one may produce complete population transfer between
specified states (e.g., Cook-Shore pulses [3]).

A m-pulse procedure will induce complete population
transfer between any two levels that couple via a one-
photon transition. The population transfer can also
proceed by multiphoton transitions (two-photon ones in
the case of three states}. Such a transition requires that
single-photon steps be detuned from resonance. A multi-
photon transition moment is inversely proportional to the
product of one or more detunings, and so it is typically
much smaller than a single-photon transition moment.
Therefore a multiphoton m pulse will require higher in-
tensity than will a single-photon ~ pulse.

The main disadvantage of the m-pulse method and its
multistate generalizations is the requirement for resonant
light (needed for complete population transfer) and the
need to control very precisely the pulse area. The pres-
ence of Doppler shifts diminishes the achievable popula-
tion transfer unless the intensity is so large that the Rabi
frequency greatly exceeds the Doppler bandwidth. The
presence of magnetic sublevel degeneracy introduces fur-
ther difficulties: in an ensemble of dipole moments the
pulse area can be ~ for only one of the transition mo-
ments.

B. Adiabatic passage

An alternative mechanism for population transfer be-
tween two states is based on sweeping the pulse frequency
through a resonance [4,5]. If the sweep (chirp) is
sufticiently slow, then it is possible to produce complete
population transfer between the two states that are con-
nected by the resonance. The mechanism is often ex-
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plained by plotting the two dressed-atom eigenvalues (i.e.,
the energies of the atom and fields together, including the
radiative interaction) as a function of the carrier frequen-

cy co(t) of the radiation pulse [4]. In the absence of radia-
tive interaction, these curves differ by the detuning be-
tween Bohr frequency and carrier frequency. Thus for
the simple case of a linear chirp the curves are two
straight lines. These lines, often termed diabatic curves,
cross when co(t) equals the Bohr frequency. The radiative
interaction causes the curve crossing to become an avoid-
ed crossing; the resulting curves are termed adiabatic.

To understand adiabatic passage with the aid of such a
diagram, one considers an initial situation in which the
frequency is far from resonance, so that it is possible to
identify unambiguously the initially populated state with
one of the dressed states (i.e., an eigenstate of the full
Hamiltonian for the atom together with its interaction
with radiation). If the frequency can be swept sufficiently
slowly, then population will remain in this dressed state
and at the conclusion of the chirp the state will again be
unambiguously identifiable as the excited state. In this
way slow passage through the region of avoided crossing
will induce population transfer (sometimes termed a
Landau-Zener transition).

A scheme based on adiabatic passage has the advan-
tage that it is insensitive to pulse area (and to pulse
shape) and to the precise location of the resonance. Thus
it is useful for producing population transfer in an ensem-
ble of atoms that have different Doppler shifts and
different dipole moments. In principle, if the chirp is
sufficiently slow, the entire ensemble can undergo com-
plete population transfer.

The difFiculty with two-state adiabatic passage arises
from the need to employ a slow chirp and hence a long
pulse, and from the requirement that the frequency
should sweep a range that is large compared with the
peak Rabi frequency. The requirement for slow popula-
tion transfer often conflicts with the need to move popu-
lation more rapidly than spontaneous emission depletes
population.

Like the ~-pulse procedure, the adiabatic-passage
scheme has possibilities for extension to multiphoton
transitions, thereby enabling population transfer between
two levels that have no allowed single-photon transition
moment. However, the weakness of the multiphoton
transition requires that the chirp rate be appropriately
slower than for a single-photon transition.

III. THREE-STATE SYSTEMS

Both these techniques, the ~ pulse (with constant fre-

quency) and the adiabatic passage (with swept frequency),
require pulsed coherent excitation, but they proceed in

very different ways. Each permits generalization to mul-

tiphoton transitions or to multistep excitation. The mul-

tistep schemes suffer the same disadvantages of the two-

state schemes.
By considering three (or more) states, however, a third

procedure becomes possible. It too is based on pulsed
coherent excitation, by resonant light, but the pulses are
applied in a "counterintuitive" sequence [5]. That is, the

second-step excitation pulse is applied before the first-
step pulse.

As an example of a typical situation, we consider an
ensemble of nondegenerate three-state molecules. We as-
sume that the states 1, 2, and 3 are connected in a chain
1-2-3 by electric dipole transitions, and that the popula-
tion initially resides entirely in state 1, which we take to
be the state having lowest energy. For definiteness we
take state 2 to have the highest energy, so that the excita-
tion is analogous to a Raman process: the pump transi-
tion links states 1 and 2, while the Stokes transition links
states 2 and 3. An "intuitive" pulse sequence would ap-

ply the pump pulse prior to applying the Stokes pulse.

Stimulated Raman adiabatic passage

In the third scheme [5,6], typically accomplished with
resonant pump and Stokes pulses, the carrier frequencies
are kept constant and only the pulse amplitude varies.
The pulses are applied to the atom in the "counterintui-
tive" order: first the Stokes transition (coupling the unpo-
pulated states 2 and 3) and then the pump transition (cou-
pling the initial state I with state 2). This method, stimu-
lated Raman adiabatic passage (STIRAP), has been
demonstrated [7] to produce complete population
transfer between states 1 and 3, without ever placing ap-
preciable population into state 2.

This method requires that the temporal pulse area be
much larger than n(typica. lly the area should be larger
than around 3n.), but it does not require careful control
over pulse area, and so it is applicable to atoms or mole-
cules with magnetic sublevels. This insensitivity to pulse
area makes possible efficient use of laser beams whose in-

tensity exhibits a Gaussian spatial variation. STIRAP
does not require single-photon resonance, although it
works most efficiently when both pulses maintain such
tuning. However, successful population transfer does re-
quire that the two frequencies maintain the condition of
two-photon resonance.

IV. QUESTIONS

In view of the success of STIRAP, it is natural to ask
whether STIRAP can be considered as a kind of chirp-
induced adiabatic passage. The immediate answer is no:
adiabatic passage requires a frequency chirp, whereas
STIRAP, as hitherto developed, requires constant fre-

quency. Undaunted, one might wonder whether the
needed counterintuitive pulse sequence might, in some

way, be provided by a frequency chirp of a single pulse,
such that the carrier frequency passes successively
through Stokes and then pump resonance frequencies (in

the sequence that is used for STIRAP). To answer this
question, we proceed as follows.

V. FORMULATION

Let the laser P, with time varying frequency co&(t), con-
nect states I and 2. Let the laser S, with frequency ws(t),
connect states 2 and 3. We permit, but do not require,
two distinct frequency variations. Upon introducing the
traditional rotating-wave approximation (RWA) together
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with suitable choices of phases we can write the first two

diagonal elements of the three-state RWA Hamiltonian

as

RW„(t)=+ficop(t) (E—3
E—, ), iriW3~(t) =0 . (1)

It is always possible to add a constant to all diagonal ele-

ments of the Hamiltonian, thereby defining a convenient
zero-point of energy. Here we choose to make the middle
element 8'zz zero. The remaining element is, for a ladder
configuration [E3)E3, see Fig. 1(a)],

(a)
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(b)

fiW33(t) = ficos—(t) (Ei—E3 )—, (2a)
FIG. 1. (a) Ladder configuration and (b) A configuration.

while for a A configuration [E3 & E3, see Fig. 1(b)] it is

RW33(t) =+leos(t) (E3 —E3)—. (2b)

We shall proceed by assuming that the time depen-
dence of these matrix elements comes, as shown here ex-
plicitly, by controlled variation of the carrier frequencies.
It is also possible to vary the Bohr frequencies, say by
causing the atoms to experience a varying static Stark
effect. (We comment below on dynamic Stark shifts. ) If
there are two lasers, then we have two separate functions
of time. Otherwise we have just one frequency. The
complete RWA Hamiltonian includes nonzero elements

iIWiz(t)=iI[W3, (r)]', RWQ3(t}=A'[W3$(r}]' . (3)

Let us regard an arbitrary pulse sequence by considering
the instantaneous eigenvalues of the RWA Hamiltonian
W(t). These can be regarded as the three diagonal ele-
inents of W(t), modified by repulsion at (avoided) cross-
ings. The extent of the repulsion increases as the instan-
taneous Rabi frequency increases. We therefore require a
plot of three curves versus frequency. We then follow a
path, starting with 8'» initially, and proceeding through
avoided crossings until we find the final state. If the
chirp is slow, then the population follows the avoided
crossing, resulting in population transfer. If the chirp is
fast, then no population transfer occurs at the crossing.

The present challenge, to produce population transfer
from state 1 to state 3, can evidently be met in two ways.

(i) Indirect. Obviously, we can proceed in two separate
steps: first a single-photon resonance crossing that moves
population from state 1 to state 2 (the pump transition),
and then a second crossing (the Stokes transition) that
moves population from state 2 to state 3. Because state 2
is a necessary intermediary in this scheme, and is there-
fore populated, this excitation procedure is evidently not
equivalent to STIRAP. This method of pulsed excitation
is sometimes termed "intuitive, " in contrast to the "coun-
terintuitive" pulse sequence of STIRAP.

The general scheme of this process, viewed as a succes-
sion of curve crossings, must be topologically equivalent
to the representation in Fig. 2(a). Under the assumption
that with increasing time the frequency variation goes
from left to right, the pump frequency sweeps through
resonance from below whereas the Stokes frequency
sweeps through resonance from above. The (avoided)
crossing of states 1 and 3 does not affect this scheme; it is
only necessary that we adjust the separate crossings of 1-
2 and 2-3. In principle this can be accomplished with a

single laser that sweeps across the two resonances.
(ii} Direct. Alternatively, we can proceed to transfer

population directly between state 1 and state 3 by a single
crossing of W&& with 8'z&. The diagram of diabatic
curves must have the topological form of Fig. 2(b) (again
reading from left to right). The diagram is drawn for a
case in which only the Stokes frequency changes, by
sweeping through the two-photon resonance. It is imma-
terial whether curve 1 moves or crosses curve 2, so long
as the 1-3 crossing takes place prior to any 1-2 crossing.
Similarly, it is immaterial whether E3 lies above E~ (a
ladder, as shown) or below E3 (a A configuration).

It should be noted that this direct adiabatic process re-
quires two separate pulse frequencies when it is applied to
a Raman type pair of transitions (a A configuration): it is
not possible to sweep through two-photon resonance with
a single frequency. To see this constraint most clearly it
is useful to redefine the phases such that the first two di-

agonal elements of the RWA Hamiltonian become

AW„(t) =0, i3iW~3(t) =(E~—E, )
—%co(t) . (4)

The remaining element is, for a A configuration
(E3 & Ez), the constant value

flW33(t)=(E3 Ez) (Sa)

From the constancy of this matrix element we recognize
that it is not possible to produce a 1-3 curve crossing in
the A configuration by means of frequency chirp with a
single laser, unless the states 1 and 3 are degenerate.
(Pulses may then be distinguished by their polarization. )

The restriction against a single laser does not apply to

1 2
2

(b)

FIG. 2. (a) Frequency variation of RWA detunings needed to
produce indirect population transfer 1-2-3. (b) Frequency varia-

tion of RWA detunings needed to produce direct population
transfer 1-3. Population follows shaded path if excitation is adi-

abatic.
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a ladder excitation, for which E, &E, &E,. In that case
the RWA Hamiltonian has the element

A'W33(t) =(E3 E—
t }—2irito(t} . (5b)

We see that it is possible to produce a curve crossing in
the ladder configuration by sweeping a single laser
through a two-photon resonance.

This indirect scheme places no population into state 2.
It therefore accomplishes just what STIRAP does. How-
ever, the transfer is by means of a two-photon resonance,
in which some combination of pump or Stokes frequency
sweeps through resonance with the 1-3 transition. Popu-
lation will be excluded from state 2 only if the pump and
Stokes pulses are not resonant (at least during the popula-
tion transfer) with their respective transitions. We must
chirp the combined pump and Stokes frequencies
through the two-photon resonance. The chirp must be
slow compared with the two-photon transition rate. This
rate is much smaller than a resonant single-photon transi-
tion rate, and so the chirp must be correspondingly
slower. This is a disadvantage of any process that relies
on a two-photon transition.

jef ( ~ ~321 —
I ~21 ~ )~~22

This effective detuning, involving the difference of two
pulse intensities, acts to produce adiabatic passage in ex-
actly the same way as does the conventional frequency
chirp of a true two-state system. However, this chirp in-
volves fixed laser frequencies and variable (Stark shifted)
Bohr frequencies.

VII. CONCLUSION

Population transfer by frequency chirped adiabatic
passage can move population directly between states 1

and 3, bypassing the intermediate state 2. However, the
desire for minimal population in the intermediate state
requires a two-photon transition in which this state is far
from resonance. This condition means that the two-
photon Rabi frequency will be weak. In contrast, the
STIRAP process modulates the amplitudes alone (rather
than the carrier frequencies) of two fields. It can use car-
rier frequencies that are on resonance, and so it can
proceed rapidly.

VI. STIRAP AS A CHIRP ACKNOWLEDGMENTS

Although STIRAP cannot be produced by chirping a
pulse carrier frequency, there is a sense in which the
two-photon adiabatic passage of nonresonant STIRAP
can be considered as a chirp [8]:the process accompanies
a detuning between a fixed laser frequency and a chang-
ing dressed-state eigenvalue (i.e., a dynamic Stark shift).
To see this we adiabatically eliminate state 2 from the
three-state sequence. The resulting effective two-state
Hamiltonian has a detuning which is [8]
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