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Coherent population transfer among quantum states
of atoms and molecules

K. Bergmann, H. Theuer, and B. W. Shore*

Fachbereich Physik der Universität Kaiserslautern, 67653 Kaiserslautern, Germany

The authors discuss the technique of stimulated Raman adiabatic passage (STIRAP), a method of
using partially overlapping pulses (from pump and Stokes lasers) to produce complete population
transfer between two quantum states of an atom or molecule. The procedure relies on the initial
creation of a coherence (a population-trapping state) with subsequent adiabatic evolution. The
authors present the basic theory, with some extensions, and then describe examples of experimental
utilization. They note some applications of the technique not only to preparation of selected states for
reaction studies, but also to quantum optics and atom optics. [S0034-6861(98)00803-4]
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I. INTRODUCTION

The notion of transitions between individual discrete
quantum states is central to the study of time-evolving
quantum systems. For example, chemical reactions in
the bulk are the result of a thermal average over many
distinct state-to-state transitions. Although the thermal
averaging blurs the characteristic features of the dynam-
ics, these individual processes need to be resolved if one
is to understand the reaction rate. Therefore there has
long been interest in finding techniques with which to
control the transfer of population between specified
quantum states.

This article describes a recently developed technique
that permits precise control of population transfer (for a
review, see Bergmann and Shore, 1995). The scheme,
which relies upon at least two coherent pulses of light,
allows complete transfer of population between two
suitable quantum states. As we shall point out, the use
of two lasers coupling three states, rather than a single
laser coupling two states, offers many advantages: the
excitation efficiency can be made relatively insensitive to
many of the experimental details of the pulses. In addi-
tion, with the three-state system, one can produce exci-
tation between states of the same parity, for which
single-photon transitions are forbidden for electric-
dipole radiation, or between magnetic sublevels.

In simplest form, the scheme involves a three-state,
two-photon Raman process, in which an interaction with
a pump pulse P links the initial state u1& with an inter-
mediate state u2&, which in turn interacts via a Stokes
pulse S with a final, target, state u3&. Figure 1 illustrates
the connections. Typically state u1& might be a rotational
level in the vibrational ground state of a molecule, and
state u3& might be a highly excited vibrational state. Al-
10033)/1003(23)/$19.60 © 1998 The American Physical Society



1004 Bergmann, Theuer, and Shore: Coherent population transfer among quantum states
ternatively, these could be metastable atomic states
whose lifetimes are long compared with the length of a
laser pulse.

The initial and final states must be long lived, whereas
the intermediate state will undergo spontaneous emis-
sion not only to states u1& and u3&, but also to other
states. The objective is to transfer all of the population
from state u1& into state u3&, losing none by spontaneous
emission from state u2&.

At first glance, the possibility of radiative decay from
the intermediate level to states other than the desired
final state seems to be detrimental to the implementa-
tion of an efficient transfer to a single quantum state.
However, as we shall see, the STIRAP process to be
discussed has the remarkable property of placing almost
no population into the intermediate state u2&, and thus it
is insensitive to any possible decay from that state.

Coupling is strongest when the individual laser fre-
quencies are tuned to their respective resonance fre-
quencies, but such one-photon frequencies are not
needed; it is only necessary that the combination of
pump and Stokes frequencies be resonant with the two-
photon Raman transition.

The remarkable properties of this scheme have al-
ready had applications in such diverse areas as chemical-
reaction dynamics (Dittmann et al., 1992), laser-induced
cooling (Kulin et al., 1997a), atom optics (Weitz, Young,
and Chu, 1994), and cavity quantum electrodynamics
(Parkins et al., 1993; Walser, Cirac, and Zoller, 1996).

In the following, we shall first discuss some basic as-
pects of the interaction of radiation with a two-state sys-
tem, to stress the importance of coherence. We shall
then move on to discuss three-state and multistate prob-
lems. We provide, in the Appendices, further details of
the theoretical extension of the original STIRAP pro-
cess and of experimental studies in a variety of atomic
and molecular systems.

II. SOME PROPERTIES OF TWO-STATE SYSTEMS

Given the task of transferring population from a ther-
mally occupied quantum state to an empty one, we may

FIG. 1. Three-level excitation scheme. The initially populated
state u1& and the final state u3& are coupled by the Stokes laser
S and the pump laser P via an intermediate state u2&. This
latter state may decay by spontaneous emission to other levels.
The detuning of the pump and Stokes laser frequencies from
the transition frequency to the intermediate state are DP and
DS , respectively.
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choose one of many processes. Collisional interactions
of various kinds (with neutral or charged particles) can
serve the purpose. However, these processes are either
inefficient or lack selectivity, i.e., more than one final
state is populated. The most obvious choice for state-
selective excitation is the absorption of one or several
photons which together match the energy difference be-
tween the quantum states. The resulting population de-
pends critically upon the coherence characteristics of the
light. Differences in coherence cause differences in the
excitation dynamics and, in turn, require different equa-
tions to describe time evolution (Shore 1990, Chap. 2).
To illustrate the range of differences, Fig. 2 presents ex-
amples of excitation histories of population for three
kinds of radiative excitation.

(a) Incoherent excitation. To quantify excitation in-
volving incoherent light one uses differential equations
for excitation probabilities (rate equations; Shore, 1990,
Sec. 2.2). Assuming that the atoms are in the lower of
two states (the ground state) at time t50, and that
stimulated emission dominates spontaneous emission,
one finds the excitation probability (of being in the up-
per state) at time t to be

Pex~ t !5 1
2 $12exp@2aF~ t !#%, (1)

where a is the absorption coefficient. The pulse fluence
F(t) (energy per unit area) is the integral of the time-
varying intensity I(t) (power per unit area) over the
pulse duration,

F~ t !5E
2`

t
I~ t8!dt8. (2)

This expression for population transfer approaches,
monotonically in time, the saturation value of 0.5 for
long times. Such behavior is shown as the heavy line of
Fig. 2. As can be seen, the population transfer to the
excited state levels off (saturates) at 50%.

(b) Coherent excitation. By contrast, quantitative dis-
cussions of coherent excitation start from a time-
dependent Schrödinger equation (for probability

FIG. 2. Evolution of the population of the upper level in a
two-level system, driven by a coherent radiation field (thin
line), by an incoherent radiation field (heavy line), and by an
adiabatic passage process (dashed line).
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amplitudes)1 with an appropriate interaction Hamil-
tonian (Shore, 1990, Sec. 2.7). The basic equation is

d

dt
C~ t !52

i

\
H~ t !C~ t !, (3)

where C(t) is a vector of time-dependent probability
amplitudes C1(t), . . . ,Cn(t), . . . , whose absolute
squares provide the probability Pn(t)5uCn(t)u2 of find-
ing the system at time t in state un&. The time evolution
of these functions is dictated by the Hamiltonian matrix
H(t). Typically we assume that all population resides
initially in state 1, and we require the excitation prob-
ability Pex(t)[PN(t) of finding the system much later in
a specified target state N .

For radiative transitions the excitation is induced by
an electric field acting upon a transition dipole moment.
One idealizes the radiation as a nearly monochromatic
field, of frequency v , having magnitude E(t)cos(vt),
with E(t) either constant (for cw radiation) or a slowly
varying envelope (for pulsed excitation). With incoher-
ent radiation the key quantifier of radiation is the instan-
taneous intensity I(t)5uE(t)u2ce0 /2 (in SI units). For
coherent radiation the key parameter is the Rabi fre-
quency (basically the interaction energy converted to
frequency),

V~ t !5
mE~ t !

\
, (4)

where E(t) is the envelope of the electric-field amplitude
at the location of the atom or molecule and m is the
component of the transition dipole moment along the
electric field. For resonant radiation acting on a two-
state system the excitation probability (for N52) is

Pex~ t !5@sin 1
2 A~ t !#25 1

2 @11cos A~ t !# , (5)

where A(t) is the pulse area up to time t ,

A~ t !5E
2`

t
V~ t8!dt8. (6)

This population undergoes sinusoidal variation, alter-
nately reaching 100% and 0%. The frequency of these
oscillations is the Rabi frequency. In particular, the ex-
citation probability reaches a maximum value whenever
A(t)5(2n11)p (a multiple p pulse). The thin line of
Fig. 2 shows the behavior of a two-state system when
exposed to coherent radiation (again tuned to the reso-
nance frequency). When averaged over many Rabi
cycles the population is again shared equally by the two
states.

Although we do not explicitly indicate this, the tran-
sition dipole moment m depends on the quantum num-
bers of the states involved. In particular, the interaction

1It is important to recognize that, whereas incoherent rate
equations apply to degenerate energy levels, possibly compris-
ing several states, the Schrödinger equation applies to nonde-
generate quantum states.
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strength depends upon the component of the dipole mo-
ment along the electric-field vector, as expressed by a
dependence upon the magnetic quantum number m . For
degenerate magnetic sublevels, the observed excitation
is an average over possible atomic orientations, each
with a different Rabi frequency (and hence a different
pulse area). Because the electric-field strength varies
over the cross section of the laser beam, different atom
trajectories experience further variation of the excita-
tion probability. As a result of these variations of pulse
area in typical experimental conditions, the p-pulse
technique, which requires a precise value of the pulse
area, will be the method of choice only for some specific
problems.

(c) Adiabatic transfer. In order to achieve more effi-
cient and uniform excitation probabilities than those just
described, one can utilize coherent pulses whose fre-
quency sweeps slowly across the resonance (adiabatic
passage), or one can employ other variants of adiabatic
change, to be described below. With such schemes one
can obtain efficient and selective population transfer of
the sort shown as a dashed line in Fig. 2. Applications of
these techniques to three-state (or multistate) systems
pose a more challenging task.

III. PROCESSES IN A THREE-STATE SYSTEM

A. Stimulated emission pumping

The importance of illuminating with coherent radia-
tion (i.e., the advantage of laser light compared with
narrow-bandwidth thermal radiation) becomes even
more evident as one considers excitation involving more
than two energy states. A popular successful method for
the transfer of population in a three-level system is the
technique of stimulated emission pumping (SEP)
(Hamilton, Kinsey, and Field, 1986). Because coherence
properties of the radiation are not relevant in this case,
the excitation can be treated in the framework of rate
equations (Bergmann and Shore, 1995).2 With SEP the
pump laser (see Fig. 1) acts first, followed, after some
time delay, by the dump (or Stokes) laser. If the laser
intensities are sufficiently high to saturate the respective
transitions, then 50% of the population of level u1& is
found in level u2& at the end of the pump interaction (as
shown for the two-state system in Fig. 2). If the Stokes
laser is also strong enough, the population of level u2& is
subsequently dumped into level u3&. Therefore typically
half of the population remains in the ground level, a
quarter of the population is transferred to level u3&,
while another quarter will reach other levels by sponta-
neous radiative decay. Because SEP is relatively easy to
implement, it has enjoyed widespread application to
problems in collision dynamics and spectroscopy (Dai

2In particular, the radiative transitions may occur between
degenerate levels, rather than simply between nondegenerate
quantum states.
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and Field, 1994). The lack of high selectivity is the main
limitation of the SEP technique in some applications.

B. The eigenstates of coherently coupled systems

An interesting and far-reaching alternative to the SEP
scheme, one which exploits the coherence of the radia-
tion fields to achieve complete population transfer, will
now be discussed. Rather than exposing the atom or
molecule to the pump laser first and then to the Stokes
laser, one reverses the ordering of the pulse sequence:
the system first interacts with the Stokes laser and then
with the pump laser (and there must be an appropriate
overlap between the two). What seems counterintuitive
at first glance becomes the natural choice when the con-
sequences of coherence are considered. Initially, the
Stokes laser couples the two empty states, and thus it
does not change the population of state u1& . However,
this does not mean that the Stokes laser has no effect. In
fact, this laser creates a coherent superposition of the
two initially unpopulated states u2& and u3&. When this
coherent superposition state is subsequently coupled to
the populated state u1& by the pump laser, a ‘‘trapped
state’’ is formed—a state from which the pump laser
cannot transfer population to the radiatively decaying
intermediate state. Rather, the population is directly
channeled into state u3&, as the discussion and the equa-
tion below reveal. [The properties of trapped states have
recently been reviewed by Arimondo (1996)].

For the simplest implementation of STIRAP, the
Hamiltonian, which describes the coupling of the three
states (nondegenerate levels) by two coherent radiation
fields within the rotating wave approximation (RWA;
Shore, 1990, Sec. 13.7), reads

H~ t !5
\

2F 0 VP~ t ! 0

VP~ t ! 2DP VS~ t !

0 VS~ t ! 2~DP2DS!
G . (7)

The coupling strength between the states is determined
by the pulsed Rabi frequencies VS(t) and VP(t), while
the detuning from the intermediate state or from the
two-photon resonance appears as the elements on the
diagonal: \DP5(E22E1)2\vP is the detuning (en-
ergy) of the pump laser from resonance with the u2&-u1&
transition and \DS5(E22E3)2\vS is the detuning of
the Stokes laser from the u2&-u3& transition. Although
the presence of these single-photon detunings does not
prevent population transfer, it is essential that the two-
photon resonance condition DP5DS apply (for a discus-
sion of the two-photon linewidth in this situation, see
Romanenko and Yatsenko, 1997).

The actions of the coherent radiation fields are in-
cluded in the Hamiltonian of Eq. (7), but spontaneous
radiative decay is not. Because one is interested in pro-
ducing transitions between states u1& and u3& that have
much longer lifetimes than the pulse duration, only de-
cay of u2& needs to be considered. When using the
Schrödinger equation to describe time evolution, we can
account for some decay processes by making the
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
excited-state energy a complex number: the imaginary
part is the decay rate into states other than the states u1&
and u3&. A more complete description, allowing for de-
cays into u1& and u3&, requires a more elaborate and rig-
orous treatment based on the density-matrix formalism
(see Shore, 1990, Sec. 6.4). Radiative decay is important
because it serves as a leak responsible for loss of popu-
lation from the three-state system. Population lost by
spontaneous emission reaches states that one wishes
would remain unpopulated.

The rotating wave approximation neglects terms in
the Schrödinger equation that oscillate in time with
sums and differences of the two carrier frequencies. This
approximation is well justified for the examples dis-
cussed in this article. The relevant frequency compo-
nents are not tuned far off resonance with the respective
one-photon transition and (in a three-state system) each
of the two lasers interacts with only one pair of states.
The latter requirement demands that the separation in
energy of the initial and final state be large compared to
either the laser bandwidth or the Rabi frequency
(whichever is larger) unless the interaction of the pump
and Stokes laser is restricted to one pair of states by
optical selection rules (see Appendices A and C2). The
former requirement is well satisfied for continuous
single-frequency lasers and for pulsed lasers, provided
the pulse length is not too short. The large spectral
bandwidth of laser pulses in the femtosecond regime
may invalidate the RWA.

In the following, we discuss the dynamics of coherent
excitation in the basis of time-dependent eigenstates of
the RWA Hamiltonian of Eq. (7). It is straightforward
to verify that the following linear combinations of the
bare states u1&, u2&, and u3& are eigenstates of the instan-
taneous RWA Hamiltonian of Eq. (7):

ua1&5sin Q sinFu1&1cos Fu2&1cos Q sin Fu3&,

ua0&5cos Qu1&2sin Qu3&,

ua2&5sin Q cos Fu1&2sin Fu2&1cos Q cos Fu3&, (8)

where the (time-varying) mixing angle Q is defined by
the relationship

tan Q5
VP~ t !

VS~ t !
. (9)

The angle F is a known function of the Rabi frequencies
and detunings and is of no relevance to the subsequent
discussion (Fewell, Shore, and Bergmann, 1997). The
eigenstates given by Eq. (8) are valid for the case of
two-photon resonance (for a discussion of the more gen-
eral case, see Fewell et al., 1997). When combined with
the related photon numbers in the two radiation fields,
these states are called the ‘‘dressed states’’ of the
matter-field system. Although we do not keep track of
the photon numbers, we use this name here as well. The
(time-dependent) dressed-state eigenvalues are

v15DP1ADP
2 1VP

2 1VS
2 , v050,

v25DP2ADP
2 1VP

2 1VS
2 . (10)
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C. The transfer process

The objective is to control the state vector uc&,
thereby controlling the distribution of population among
the three states. At very early times, uc& will be identical
to u1&. At very late times, we require that uc& be parallel
to u3& . We wish to avoid even transient placement of
population into u2&, which will radiatively decay to other
states that are not connected by the coherent radiation
fields.

Equations (8) and (10) are the basis of the subsequent
discussion of the transfer process. The eigenstates ua1&
and ua2& are represented by a linear combination of all
three bare states. They include, in particular, a compo-
nent of the bare state u2&, which is the leaky state. We
therefore wish to avoid population in either of these two
dressed states, whether produced directly or by nonadia-
batic coupling during the process.

The state ua0& is, at all times, free of any contribution
from the leaky state u2&, and thus it will be the appro-
priate vehicle for transferring population from state u1&
to state u3& without populating state u2&. Equations (8)
and (9) reveal how this can be done. The mixing angle Q
can be experimentally controlled through the ratio of
the Rabi frequencies, Eq. (9). Specifically, if the Stokes
laser precedes the pump laser, as shown in Fig. 3, we
identify three distinctly different intervals I, II, and III.
In region I, only the Stokes laser is present; the Rabi
frequency due to the pump laser is zero, i.e., the mixing
angle is zero. Therefore, as the atoms or molecules are
exposed to the Stokes laser (only), the state ua0& is iden-
tical to state u1& as well as to the state vector uc&. Thus,
in region I, three vectors are aligned: the vector repre-
senting the bare state u1&, the vector ua0& of the strongly
coupled system, and the state vector uc& (see Fig. 4). In
the interval II the Stokes laser Rabi frequency is
smoothly reduced while the pump laser Rabi frequency
increases to its maximum value, changing the mixing
angle smoothly from 0° to 90°. As shown in Fig. 4, the
vector ua0& is rotated into a position parallel to the bare
state u3& in a plane perpendicular to the bare state u2&.
Therefore, during this motion, the vector never acquires
a component of the leaky state u2&. The crucial question,
discussed in the next section, is whether or not the cou-
pling of the states by the radiation fields is strong
enough that the flow of population (or the state vector
uc&) follows the motion of the vector ua0& adiabatically.

We can also understand the evolution of the system
by looking at the dressed-state eigenvalues [see Fig.
3(c)]. Consider the case of resonant tuning of both lasers
to their respective transition frequency. At very early
times, when both Rabi frequencies are zero, all three
eigenvalues are degenerate. As we shall see, this condi-
tion is not harmful to the transfer process. During inter-
val I, the Stokes laser couples states u2& and u3& while
state u1& is not involved in the interaction. At this time,
therefore, the splitting of the eigenvalues is due to the
coupling of states u2& and u3& alone. The eigenvalue that
remains unchanged is associated with ua0& (which is
identical to state u1& at this early time). The vector ua0&
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
still remains in its original position (Fig. 4), but the de-
generacy with the eigenvalues of states ua1& and ua2& is
lifted. During interval II, the splitting of the eigenvalues
v1,v2, and v0 is largest, i.e. the coupling is strongest
and both radiation fields contribute to it, as the vector
moves from its position parallel to state u1& into the po-
sition parallel to state u3&. This motion results in com-
plete population transfer if the state vector uc& evolves
adiabatically. If the coupling is insufficient (i.e., if the
Rabi frequencies are too small), the motion of the state
vector uc& will lag behind the motion of the dressed
states; it will precess around uao&. It is qualitatively ob-
vious that the state vector then acquires a component
along ua1& or ua2& (by nonadiabatic coupling). This im-
plies that some population reaches the leaky state u2&
and that the transfer process will be incomplete. The
relevance of nonadiabatic coupling among the dressed
states due to the explicit time dependence of the Hamil-
tonian needs to be carefully evaluated. This will be done
in Sec. V.

Based on the discussion above, it should now be ob-
vious that the method of coherent population transfer
combines features of the process of stimulated Raman
scattering and adiabatic passage, which justifies the ac-
ronym STIRAP.

FIG. 3. Time evolution of (a) the Rabi frequencies of the
pump and Stokes laser (see Fig. 1); (b) the mixing angle [see
Eq. (9)]; (c) the dressed-state eigenvalues [see Eq. (10)]; and
(d) the population of the initial level (starting at unity) and the
final level (reaching unity).
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IV. EXPERIMENTAL DEMONSTRATION
FOR A THREE-LEVEL SYSTEM

Before we expand further on the theoretical analysis
(Sec. V), we first discuss experimental data that exem-
plify basic features of the coherent population transfer
process by delayed pulses. When continuous lasers are
used in combination with atomic or molecular beams, it
is straightforward to expose the molecules to a delayed
sequence of interactions simply by spatially displacing
the axes of the laser beams (see Fig. 5). When pulsed
lasers are used, the axes of the laser beams need to co-
incide but the pulses must be delayed in time.

A. Experimental arrangement

The metastable states of neon (Ne* ) provide a con-
venient system for the study of basic properties of co-
herent population transfer (see Fig. 6). The electronic
configuration 2p53s leads to two metastable levels, 3P0
and 3P2, which are connected by one-photon dipole
transitions to other levels in the 2p53p configuration,
with resonance wavelength near 600 nm, as shown in the
figure. The 2p53p(3P1) level was chosen to provide the
intermediate state for the transfer process. This state, as
well as other states of the 2p53p configuration, radia-
tively couples to the 1P1 or 3P1 levels of the 2p53s
configuration. Subsequent decay to the ground state of
the atom leads to the emission of a vacuum-ultraviolet
(vuv) photon (wavelength 74 nm), which can be de-
tected easily by a channeltron detector with little, if any,
background signal. In fact, this vuv radiation is used not

FIG. 4. Graphic representation of the Hilbert space for the
three-level system in the basis of the bare states (u1&, u2&, and
u3&) and in the basis of the dressed states ua0&, ua1&, and ua2&.
When the Stokes laser is much stronger than the pump laser
(phase I, see Fig. 3), the state vectors u1& and ua0& are aligned
parallel to each other. Since the population is initially in state
u1&, the state vector is also aligned parallel to u1&. At later
times, the components of the state vector along the three
dressed or bare states give the population in these states.
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only to detect emission from the intermediate level 3P1
but also to monitor the population of the metastable
states by laser-induced fluorescence.

In our experiments, a beam of Ne* atoms emerges
from a discharge source (see Fig. 7) into a vacuum. A
preparation laser depletes the population of one of the
metastable levels by optical pumping. Excitation of the
3P2 level (for instance, to the 3D2 level) results in emis-
sion to the short-lived levels of the 2p53s configuration
followed by decay to the ground state.

After passing through a collimating slit, the atoms
(those in the 3P0 state together with those in the elec-
tronic ground state, which are of no further relevance in
this context) travel through the STIRAP zone, deter-
mined by the Stokes and the pump laser, with their axes
suitably displaced. In the region where these laser beams
spatially overlap, the population of the 3P0 state is

FIG. 5. Schematics of the STIRAP setup for population trans-
fer for particles in a molecular beam. When continuous laser
radiation is used, the STIRAP sequences (Stokes before
pump) is implemented by spatially shifting the axes of the S
and P lasers relative to each other. When pulsed lasers are
used, the STIRAP sequence is implemented by appropriate
time delay of the pulses.

FIG. 6. Levels and transition wavelength for the Ne atom,
relevant for some of the work presented here.
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transferred to the other metastable level (3P2), with or
without magnetic sublevel selectivity (see Appendix A).
If the efficiency of the transfer process is less than unity,
some transient population will reside in the intermediate
level and fluorescence (emission of a vuv photon with an
energy of 16.7 eV) will be observed at the detector D1.
Downstream from the transfer zone, a probe laser ex-
cites atoms in the 3P2 level. Again, it is the vuv radia-
tion that is monitored by a channeltron detector (D2).
The total flux of metastable atoms can also be detected
further downstream by a third channeltron (D3) posi-
tioned on the axis of the atomic beam.

B. Population transfer and the dark resonance

Fluorescence measurements like that shown in Fig. 8
provide evidence for population transfer. Figure 8(a)
shows laser-induced fluorescence as a function of pump
laser frequency. This signal, monitored by detector D2,
is proportional to the population of the 3P2 level (state
u3&). Figure 8(b) shows the fluorescence from the inter-
mediate level as the pump laser frequency is tuned,
while the Stokes laser frequency, tuned slightly off reso-
nance, remains unchanged.

The signal presented in Fig. 8(a) shows a broad fea-
ture, widened by strong saturation to exceed the natural
linewidth (or the residual Doppler width) by an order of
magnitude. As soon as the pump laser transfers some
population into the intermediate state u2&, a known frac-
tion of it will reach state u3& by radiative decay. At a
specific detuning of the pump laser frequency, the two-
photon resonance condition is met and coherent popu-
lation transfer occurs. When this happens, very little (if

FIG. 7. Schematics of the experimental arrangements for the
Ne* experiments. The beam of metastable atoms emerges
from a discharge source. If needed, the population of one of
the metastable levels is eliminated by optical pumping (prepa-
ration laser). After collimation, the atomic beam reaches the
ultrahigh vacuum region, and crosses the STIRAP transfer
zone as well as the detection region. The fluorescence from the
intermediate level in the transfer zone and the population in
the final level, detected by the probe-laser-induced fluores-
cence, are monitored through the cascade vuv fluorescence
(see Fig. 6). Channeltrons (D1 and D2) are positioned atop the
crossings of the laser beams and the atomic beam to detect the
vuv photons.
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any) transient population will reside in level two and the
fluorescence from the intermediate level (monitored by
detector D1) disappears, as shown in Fig. 8(b). Thus ef-
ficient population transfer is accompanied by a pro-
nounced dark resonance. In fact, residual fluorescence at
the center of the dark resonance has been observed as
low as 0.5% as compared to the fluorescence with the
Stokes laser off (Theuer and Bergmann, 1998), despite
the fact that the interaction time with the pump laser
exceeds the radiative lifetime by more than a factor of
20.

C. The STIRAP signature

To prove that the population transfer occurs through
the STIRAP mechanism, one must measure the transfer
efficiency T as the overlap D between the laser beams is
varied while all other parameters, such as laser frequen-
cies and intensities, remain unchanged. Figure 9 shows
an example of such variation in T . When the axis of the
Stokes laser is shifted far upstream by more than the
beam diameter, so that there is no overlap with the
pump laser beam profile, the Stokes laser does not par-
ticipate in the transfer process, since at no time do pho-
tons from both lasers simultaneously interact with the
atom. The pump laser excites atoms from state u1& to the
intermediate state from which they radiatively decay. A
known fraction of the transient population of the inter-
mediate state reaches state u3& (the rest falls back to
state u1& and is again excited or is lost via the cascade
transition to the ground state of the atom). Therefore
the transfer efficiency is known relative to the signal
when only the pump laser acts on the population in state
u1&.

FIG. 8. Population transfer (upper panel), as well as related
dark resonance (lower panel) as detected by the channeltron
above the crossing of the molecular beam with the probe laser
as well as the pump and Stokes laser, respectively. For further
details, see text.
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As the axes of the Stokes and pump laser move closer
together, the transfer efficiency increases dramatically
and reaches (within the experimental uncertainty) the
value of unity. When the axes of the two lasers coincide,
the transfer efficiency is only of the order of 25%. Es-
sentially no transfer is observed when the Stokes laser
axis is moved farther downstream of the pump laser
beam axis (see Sec. V). The experimental data are in
very good agreement with the results from a numerical
simulation study (solid line in Fig. 9). The latter results
reveal that a transfer efficiency even closer to unity can
be achieved when the power of the pump and Stokes
laser is further increased. It is also obvious that the
transfer efficiency reaches a plateau near the optimum
delay. This is an indication of the robustness of the
transfer process. In fact, the variation of the transfer
efficiency with the delay of the interaction of the two
lasers, shown in Fig. 9, is a characteristic signature of the
STIRAP process.

V. ADIABATIC FOLLOWING

A. Condition for adiabatic following

As was pointed out in Sec. III, insufficient coupling by
the coherent radiation fields may prevent the state vec-
tor uc& from adiabatically following the evolution of the
trapped state ua0& (see Fig. 4), and loss of population
due to nonadiabatic transfer to the states ua1& and ua2&
may occur. The condition for adiabatic following can be
derived from general considerations in quantum me-
chanics which need to be invoked whenever the Hamil-
tonian is explicitly time dependent. The Hamiltonian
matrix element for nonadiabatic coupling between state
ua0& , which carries the population and evolves in time,
and either one of the states ua1& or ua2& is given by
^a6uȧ0& (Messiah, 1961). Nonadiabatic coupling is small

FIG. 9. Population transfer from the 3P0 state to the 3P2 state
(see Fig. 6), induced by a continuous laser, as a function of the
overlap between the Stokes and the pump lasers (shown on
top).
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if this matrix element is small compared to the field-
induced splitting uv62v0u of the energies of these
states, i.e.,

u^a1uȧ0&u!uv62v0u. (11)

Using Eqs. (10) to express the coupling strengths in Eq.
(11), we find ^a1uȧo&52Q̇ sin F, and therefore the
adiabaticity constraint, with sin F51, reads

uQ̇u!uv62v0u. (12)

Using Eq. (9) it is easy to show that Eq. (12) can be
written in the form (Kuklinski et al., 1989)

UV̇PVS2VPV̇S

VP
2 1VS

2 U!uv62v0u. (13)

We may consider Eq. (13) to be a ‘‘local’’ adiabaticity
criterion, because, for a given shape of the laser pulses,
both sides can be evaluated at any time t . Nonadiabatic
coupling of the state ua0& to the states ua1& or ua2& is
small if the condition imposed by Eq. (13) is satisfied
throughout the interaction.

When the laser pulses have a smooth shape, a conve-
nient ‘‘global’’ adiabaticity criterion may be derived
from Eq. (12) by taking a time average of the left-hand

side, ^Q̇av&5p/2Dt , where Dt is the period during
which the pulses overlap. This should not exceed the
value of the right-hand side, uv62v0u5Veff , where
Veff5AVP

2 1VS
2 is the rms Rabi frequency. This proce-

dure leads to the condition

VeffDt.10, (14)

where the numerical value of 10 on the right-hand side
was obtained from experience and numerical simulation
studies.

B. Optimum pulse delay

It has been shown (Gaubatz et al., 1990) that for a
Gaussian-beam pulse shape the lowest losses from nona-
diabatic coupling to the ua1& or ua2& states are achieved
when the delay equals the laser pulse width. Here we
discuss qualitatively the reasons behind that finding.

The objective of the delayed-pulse scheme is to maxi-
mize the projection of the vector representing the bare
state u1& onto the state ua0&. For overlapping pulses we

have Q̇50, i.e., Eq. (12) would be trivially fulfilled.
However, state u1& has nonvanishing components along
all three states, ua1& , ua2&, and ua0&, [see Eq. (8)]. Only
the projection on ua0& can be used for efficient popula-
tion transfer, because population of the other states may
be lost through radiative decay. Indeed, all of the popu-
lation in ua1& or ua2& will be lost if the radiative lifetime
is short compared to Dt . Furthermore, at the end of the
interaction, only a fraction of the population in ua0& will
be found in state u3&, i.e., u^3ua0&u is less than unity. Thus
for zero delay the transfer efficiency from state u1& to
state u3& is limited to about 25%, as confirmed by the
result shown in Fig. 9.
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For large delay u^1ua0&u approaches unity because VS
@VP at early times. However, if the delay is too large,
the maximum rate of change of the mixing angle Q oc-
curs when Veff has fallen below its maximum value, i.e.,
when the radiative coupling (or the Rabi splitting of the
levels) is relatively weak. Therefore the condition im-
posed by Eq. (12) may be poorly fulfilled and nonadia-
batic transfer to the other dressed states may lead to a
substantial loss of population. For optimum delay, the
mixing angle should reach an angle of p/4 when Veff
reaches its maximum value.

C. Considerations for pulsed lasers

When pulsed laser radiation is involved, it is more
convenient to square both sides of Eq. (14) and obtain
the constraint

Veff
2 Dt.

100
Dt

. (15)

The left-hand side of this equation is proportional to the
pulse energy. For an atomic or molecular state with a
typical radiative lifetime of the intermediate state u2& of
the order of 100 ns, and a laser pulse width of 5 ns (typi-
cal for Nd-YAG lasers), Eq. (15) is satisfied for pulse
energies of the order of 0.1 to 1 mJ.

The equations given above are valid for coherent ra-
diation with transform-limited bandwidth, i.e., with neg-
ligible phase fluctuations during the interaction period.3

When the bandwidth Dn of the laser is small compared
to Dt21 (for cw lasers we have typically Dn51MHz and
Dt5100 ns), neglect of phase fluctuations is well justi-
fied. Pulsed lasers, however, have inferior coherence
properties. A careful study of the effect of phase fluc-
tuations on the transfer efficiency (Kuhn et al., 1992)
shows that Eq. (15) needs to be modified and should
read

Veff
2 Dt.

100
Dt F11S DvL

DvTL
D 2GG , (16)

where the last term in the bracket is the ratio of the
actual laser bandwidth (DvL) to the transform-limited
bandwidth for the given pulse length (DvTL). The fac-
tor G depends on the spectral profile (e.g., Gaussian or
Lorentzian) and is of the order of unity. In the time
domain, phase fluctuations correspond to changes of the
frequency. Therefore phase fluctuations of the pump
and Stokes radiation, which are usually uncorrelated,
lead to a time-dependent detuning from the two-photon
resonance. Deviation from the two-photon resonance is
detrimental to the formation of the trapped state, and
losses due to nonadiabatic coupling will occur. For lasers
that are not designed to yield close to transform-limited
pulses, the ratio of the bandwidth in Eq. (16) often ex-

3The theory of Fourier transforms places an upper bound
DvTL51/t on the bandwidth of a pulse whose duration is t .
Any fluctuations increase the bandwidth above this minimum
value.
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ceeds 30. When such lasers are used, typically a pulse
energy exceeding 1 J would be needed to satisfy Eq.
(16).

With reference to Eq. (15) or (16) we also note that, if
a pulse energy of 1 mJ is adequate for adiabatic evolu-
tion during the transfer process when nanosecond pulses
with transform-limited bandwidth are used, then a pulse
energy of 1 J would be required to implement the pro-
cess with laser pulses of picosecond duration. Therefore
nanosecond lasers with (nearly) transform-limited band-
width and a pulse energy of the order of 1 mJ are well
adapted to implement the STIRAP process successfully.
When lasers with ultrashort pulses are used, the rate of
change of the mixing angle is too fast to guarantee adia-
batic evolution at pulse energies that are typically avail-
able in the laboratory. However, coherent population
transfer in an atomic system with tightly focused pico-
second lasers has been demonstrated (Broers, van Lin-
den van den Heuvell, and Noordam, 1992).

VI. MISCELLANEOUS

A. History of the problem and current activities

The process of coherent population transfer is closely
connected to the formation of the trapped states [Eq.
(8)]. Such states lead to dark resonances when the fre-
quency of one laser is tuned to the two-photon reso-
nance in a three-state system coupled by two radiation
fields. Dark resonances were first observed and ex-
plained in 1976 (Arimondo and Orriols, 1976; Alzetta,
Gozzini, Moi, and Orriols, 1976), but it was not until
much later that they became more than a curious spec-
troscopic feature in experimental and theoretical work
(see Arimondo, 1996).

The possibility that efficient population transfer might
be induced by suitably delayed pulses was first recog-
nized by Oreg, Hioe, and Eberly (1984) in theoretical
work. Despite further theoretical analysis by Hioe
(Hioe, 1983; Hioe and Eberly, 1984) this finding was es-
sentially overlooked in the literature during the first
years thereafter. In the attempt to find methods for ef-
ficient excitation of molecules to high vibrational states,
the phenomenon was rediscovered in Kaiserslautern
(Gaubatz et al., 1988, 1990) while Hioe and Carrol had
continued to examine the problem (Carroll and Hioe,
1987, 1989, 1990; Hioe and Carroll, 1988). The method
was then quickly developed and applied to collision dy-
namics experiments (Dittmann et al., 1992; Külz et al.,
1995). Among the interesting examples of analytic stud-
ies of adiabaticity in the STIRAP problem, we mention
the recent work of Stenholm and collaborators (Laine
and Stenholm, 1996; Vitanov and Stenholm, 1996). The
work of Marte and Zoller (Marte, Zoller, and Hall,
1991) alerted scientists working in quantum optics and
atom optics to the potential of this scheme, and the
number of new experiments, suggested or executed,
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grew rapidly.4 Theoretical and experimental work
quickly went beyond the study of the basic properties
and features of the three-state system (see the Appendi-
ces). Most of the work has been done with continuous
lasers, but experiments with pulsed lasers have also been
reported (see, for example, Sec. VI.B).

B. Relation to other coherent phenomena

It should be noted that the formation of a trapped
state has application to a variety of phenomena induced
by coherent radiation, such as electromagnetically in-
duced transparency Harris, Field, and Imamoglu, 1990;
Boller, Imamoglu, and Harris, 1991; Harris, 1993, 1997;
Kasapi et al., 1995), induced refractive index changes
(Scully, 1991; Fleischhauer et al., 1992; Harris, 1994),
and lasing without inversion (Scully, Zhu, and Gavri-
elides, 1989; Scully and Fleischhauer, 1994; Lukin et al.,
1996; Padmabandu et al., 1996).

It is instructive to comment briefly on the relation of
the STIRAP process to phenomena such as electromag-
netically induced transparency. For example, in the
work of Harris and co-workers (Boller et al., 1991; Har-
ris, 1997), it was shown that a strongly absorbing vapor
can be made transparent for the pump laser radiation,
when a concurrent Stokes laser is sent through the va-
por, if the coupling scheme is of the type shown in Fig. 1.
As it turned out, if the Stokes laser is not sent into the
vapor slightly ahead of the pump laser, the envelope of
the latter lags behind the former as the pulses propagate
through the medium.

The sequence of delayed pulse interactions is consid-
ered to be ‘‘counterintuitive’’ by those using it for popu-
lation transfer (see Shore, 1995). This is an appropriate
choice since a method for population transfer already
widely and successfully used prior to the advent of STI-
RAP is the stimulated emission pumping technique
mentioned in Sec. III. A (Dai and Field, 1994). For this
method the sequence of interactions is ‘‘intuitive’’ since
some of the population of state u1& is first transferred to
the intermediate state before interaction with the Stokes
laser stimulates some of that population to the final
state.

Harris maintains (Harris, 1997) that the sequence of
interactions in which the Stokes laser pulse precedes the
pump laser pulse (by a time less than the pulse width) is
the ‘‘intuitive’’ one. From the perspective of laser-
induced transparency this is indeed correct. The Stokes
laser, which couples unpopulated states, is initially not
absorbed. However, the strong coherent interaction
leads to a dynamic Stark splitting of the levels. Interfer-
ence of the transition amplitudes from state u1& to these
two components (of what was initially the bare state u2&
but becomes a coherent superposition of states u2& and
u3& when the Stokes pulse acts) results in a cancellation

4Kasevich and Chu, 1991; Broers et al., 1992; Parkins et al.,
1993; Pillet et al., 1993; Goldner et al., 1994a, 1994b; Lawall
et al., 1996; Walser et al., 1996; Kulin et al., 1997a, 1997b.
Rev. Mod. Phys., Vol. 70, No. 3, July 1998
of the absorption for those frequencies that were origi-
nally in resonance with the transition from state u1& to
state u2&. Obviously, the Stokes laser pulse ‘‘clears the
way’’ for the pump laser pulse and therefore must lead
the latter through the vapor.

An example is shown in Fig. 10. For this experiment a
strong Stokes pulse is applied at the appropriate reso-
nance frequency of the bare atom. The interaction of
this field with the atom produces a pair of ‘‘dressed’’
states whose energies are separated by the Rabi fre-
quency. This energy separation (the Autler-Townes
splitting; Shore, 1990, Sec. 10.4) is revealed when a weak
probe pulse scans the frequency of a transition linked to
either of the dressed states.

In STIRAP, it is exactly this same mechanism that
prevents the pump laser from putting population into
the intermediate state when the Stokes laser creates a
large enough dynamic Stark splitting to eliminate the
absorption of photons from the pump laser pulse. In the
context of coherent population transfer, usually low-
density vapor (such as is typical for molecular beams) is
used and one is not concerned about propagation phe-
nomena.

In summary, whether the delayed sequence of inter-
actions typical for the STIRAP process is ‘‘intuitive’’ or
‘‘counterintuitive’’ depends on the perspective deter-
mined by the process under study.

C. Some remarks about ladder systems

In the preceding sections, we discussed the delayed
interaction of two pulses with states in the lambda-type

FIG. 10. The Autler-Townes splitting: (a) Experimental dem-
onstration of the Autler-Townes splitting, induced by a strong
Stokes radiation field (55 mW in a beam with FWHM of 0.5
mm) and probed by a weak pump laser. From this splitting, the
Rabi frequency can be determined precisely. (b) Results of a
numerical simulation of the splitting. As a consequence of in-
terference of the transition amplitude to the two Autler-
Townes components, the intensity goes to zero in the middle
between the peaks.
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configuration (see Fig. 1). All the discussion remains
true for a ladder system (Shore et al., 1991), wherein the
final-state energy lies higher than that of the intermedi-
ate state (see Fig. 11). Indeed, transfer to high-lying
electronic states of atoms has been successfully demon-
strated (Broers et al., 1992; Lindinger, Verbeek, and
Rubahn, 1997; Süptitz, Duncan, and Gould, 1997). The
transfer process needs to be completed, however, on a
time scale short compared to the lifetime of the final
state. Since Rydberg levels of atoms have lifetimes that
are often of the order of ms or even longer, it is straight-
forward to implement the transfer process with pulsed
radiation sources.

As discussed by Shore et al. (1992) and demonstrated
by Noordam et al. (Broers et al., 1992), ladder systems
offer an alternative way of implementing the delayed
sequence of interactions. The latter authors use a short
pulse laser that carries enough bandwidth to be chirped
across the transition frequency of both the u1&-u2& and
the u2&-u3& pairs of states. When the frequency chirp is
imposed such that states u2& and u3& are radiatively
coupled somewhat earlier than states u1& and u2&, effi-
cient population transfer, with very little population
ever residing in state u2&, can be demonstrated.

Several generalizations of the three-state (lambda or
ladder) systems have been considered or demonstrated
(see also Appendix C). Efficient population transfer is
possible from the first to the last state in an N-state
system, coupled by N21 radiation fields (Shore et al.,
1991; Oreg et al., 1992), if the Stokes interaction with the
pairs uN&-uN21&, uN22&-uN23&, . . . , u3&-u2& be-
gins earlier than the pump interaction with the pairs
u1&-u2&, u3&-u4&, . . . , uN22&-uN21&. Each of the
Stokes interactions may coincide in time, as may the
pump interactions. There is little if any transient popu-
lation into states u2& , u4&, . . . , while some transient
population is found in states u3&, u5&, . . . . If the coher-
ence in the system is not disturbed during the interac-
tion, either by collisions or radiative decay, then all of
the population reaches the final state.

Several authors have described multilevel excitation
schemes that supplement the pump and Stokes pulses
with longer interactions (Smit, 1992; Hioe and Carroll,
1996). Based on numerical results using local optimiza-
tion theory, (Malinovsky and Tannor, 1997) have very

FIG. 11. A three-level ladder system and a multilevel chain of
N levels connected by N21 lasers.
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recently suggested that the efficiency of population
transfer in N-state systems, N.3, can be increased if the
(Stokes) interaction is first between states uN& and uN
21&, followed by the (pump) interaction between states
u1& and u2&, and during both of these interactions there
is an interaction that couples the other states. With such
a scheme there can be very little transient population
not only in states u2& ,u4&, . . . ,uN 2 1& but also in states
u3&, u5&, . . . ,uN 2 2&. Therefore the process will be
more robust against radiative decay of these intermedi-
ate states. It would be interesting to verify these findings
experimentally. Such experiments are in preparation in
Kaiserslautern.

For completeness we mention the Raman chirped
adiabatic passage (RCAP) method as a different ladder-
climbing technique (Chelkowski and Gibson, 1995);
Chelkowski and Bandrauk, 1997; Guerin, 1997). Imple-
mentation of the RCAP technique requires a coherent
short laser pulse with sufficient bandwidth to cover the
change in transition frequency between the lowermost
and the uppermost pairs of states. If the chirp is con-
ducted such that the frequency sweeps initially across
the u1&–u2& transition, and finally across the
uN21&–uN& transition then population is driven from
state u1& to state uN& in a sequence of adiabatic passage
processes between adjacent states, from the lower to the
upper state.

VII. SUMMARY

We have sketched the theory underlying the STIRAP
process, whereby pairs of partially overlapping pulses
produce complete population transfer. The procedure is
remarkable for its relative insensitivity to details of the
pulses (e.g., precise shape of the pulse envelope or pulse
fluence). In the Appendices we have noted the connec-
tion between the STIRAP mechanism and various co-
herence effects in pulse propagation, and we have also
noted some applications in quantum optics and atom
optics.

Like any two-photon or Raman process, the method
allows excitation transfer between states for which a
single-photon transition is forbidden (e.g., by parity). In
particular, it can be used to transfer population between
fine-structure levels or magnetic sublevels. Whereas the
main text of this article discusses the essential, basic
principles of STIRAP, the Appendices present further
examples and extensions.

In Appendix A, we present more details of examples
in which the simple theory of three-state STIRAP has
been extended to treat multiple levels.

In Appendix B, we discuss a variety of experimental
implementations of the STIRAP scheme, to atoms, di-
atomic molecules, and triatomic molecules. It should be
noted that, although studies of coherent excitation rely
almost entirely upon the collisionless environment of an
atomic or molecular beam, the STIRAP process has also
been demonstrated using a vapor cell (Kuhn, Steuer-
wald, and Bergmann, 1998).
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In Appendix C, we discuss ways in which the STIRAP
process, used to transfer population between magnetic
sublevels, can be used to impart transverse momentum
to an atomic beam, thereby inducing beam deflection.
The robustness of the STIRAP mechanism is particu-
larly useful for such applications, as can be seen in the
coherence properties of the prepared state.

In Appendix D, we comment on an area of applica-
tion for STIRAP which is currently being explored,
whereby a continuum (ionization or dissociation) serves
as the intermediary for the Raman process.
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APPENDIX A: COHERENT POPULATION TRANSFER
IN MULTILEVEL SYSTEMS

1. Setting up multilevel systems

In the main text we have considered the radiative in-
teraction of delayed pulses with a system of three iso-
lated (and nondegenerate) states. Although this is justi-
fied in some cases, the multilevel nature of the energy-
level structure needs to be taken into account in most
other cases. Level splitting (due to fine structure, hyper-
fine interaction, Zeeman splitting, or a high level density
in a polyatomic molecule) may invalidate the assump-
tion that the lasers interact with only one pair of levels.
As we shall see, the consequences of nearby degenerate
states in the final state (only one of which will be in
exact two-photon resonance with the initial state) may
be particularly important and possibly detrimental.

The Ne* atom has proven very convenient for the
study of coherent population transfer in multilevel sys-
tems, since a magnetic field may be used to remove the
degeneracy of the magnetic sublevels in the intermedi-
ate and final levels. Furthermore, optical selection rules
can be invoked to control the number of levels that par-
ticipate in the process, as shown in Fig. 12. The quanti-
zation axis is set by the direction of a uniform magnetic
field B. When the direction of linear polarization of both
the pump and the Stokes laser is chosen parallel to B,
the selection rule Dm50 applies, and only three states
with m50, one each in the initial, intermediate, and fi-
nal level, are coupled by the radiation. When the Stokes
or pump laser polarization is perpendicular to B while
the other laser remains polarized parallel to it, four or
five levels, respectively, are involved in the process [see
Fig. 12(b) and 12(c)]. When neither the Stokes laser nor
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the pump laser polarization is parallel or perpendicular
to the direction of the B field all nine sublevels are
coupled [Fig. 12(d)].

2. Experimental results

For further reference, Fig. 13 shows the population
transfer when only three states are coupled. The fre-
quency of the Stokes laser is varied in steps while the
frequency of the pump laser is tuned across the reso-
nance. The data shown in Fig. 8(a) are equivalent to one
trace of those given in Fig. 13. The broad feature results
from population transfer to the final state by spontane-
ous emission induced by the pump laser, while the nar-
row feature is related to coherent population transfer.
When the Stokes laser is, for instance, tuned about 200
MHz off resonance, the STIRAP transfer occurs when
the pump laser is also tuned off resonance by about 200
MHz. Thus the narrow spikes track the two-photon
resonance. A high transfer efficiency is observed for de-
tuning as large as 300 MHz off the resonance with the
intermediate level. The transfer efficiency at two-photon
resonance does not change within the range of detuning
shown in the figure. However, the width of the two-
photon resonance increases as the frequencies are tuned
close to the one-photon resonance.

FIG. 12. Various linkages in a three-level system with Zeeman
splitting of the sublevels. The coupling scheme is controlled by
the polarization of the pump and Stokes laser radiation with
respect to the magnetic field B.
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Rotation of the Stokes and pump laser polarization to
angles other than 0° or 90° (resulting in the coupling of
all sublevels) leads to dramatically different results (see
Fig. 14). The line that tracks the two-photon resonance
is again apparent. Along this line, the condition for adia-
batic evolution given by Eqs. (12), (13), or (14) is ful-
filled. Nevertheless, three notches in the ridge are appar-
ent where transfer fails. A more detailed discussion of
these observations can be found in Martin, Shore, and
Bergmann (1996). In the next section we analyze the
problems that may occur for coherent population trans-
fer in multilevel systems using a specific example.

FIG. 13. Coherent population transfer from the 3P0 to the 3P2
level of Ne* for a three-level system [see Fig. 12(a)] as a func-
tion of the Stokes and pump laser detuning DS and DP . The
‘‘STIRAP ridge’’ along the line, for which the two-photon
resonance DS5DP is maintained, is clearly seen.

FIG. 14. Coherent population transfer from the 3P0 to the 3P2
level for Ne* for a multilevel system [see Fig. 12(d)] as a func-
tion of the Stokes and pump laser detuning DS and DP . The
‘‘STIRAP ridge’’ along the line, for which the two-photon
resonance DS5DP is maintained, is clearly visible. Along this
line, the condition displayed by 14 is fulfilled. Nevertheless,
there are notches in the ridge where transfer fails. In these
regions, crossings of dressed-state eigenvalues may block the
path for adiabatic transfer.
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3. A specific case: Dependence of the transfer efficiency
on magnetic-field strength

Figure 15 shows the variation of the transfer efficiency
for a combination of polarizations which lead to the cou-
pling of five states. The Stokes laser frequency is held
fixed, tuned to resonance with one of the intermediate
states, while the pump laser frequency is tuned across
the one- and two-photon resonance and the magnetic
field is changed in increments. For uBu50, when the m
sublevels in the intermediate and final states are degen-
erate, a high transfer efficiency is observed. Transfer oc-
curs to both of the degenerate magnetic sublevels m5
11 and m521. When the magnetic-field strength is in-
creased to about 3 G, coherent population transfer does
not occur. However, as the field strength increases far-
ther, a high transfer efficiency is recovered, which now
occurs to either m521 or m511, depending on which
sublevel is in two-photon resonance. (It is interesting to
note that Fig. 15 also demonstrates the possibility of ori-
enting the atomic angular momentum, simply by tuning
the frequency of a laser to the respective two-photon
resonance.)

The reason for the success of population transfer at
zero and large magnetic fields but its failure at some
intermediate values can be understood by considering
the evolution of the energies of dressed eigenstates, as
shown in Fig. 16. With five bare states coupled by the
coherent radiation fields we also have five dressed eigen-
states. The variation of their eigenvalues with time is
shown in the figure. For uBu50, the pattern appears
similar to the one for only three states. Since the fre-
quencies are tuned to the one-photon and two-photon
resonances with the degenerate intermediate and final
states, respectively, the five eigenvalues are degenerate
at early and at late times [Fig. 16(a)]. As in the case of
three states [Fig. 3(c)], we have a zero-energy eigen-
value at all times, i.e., we have an adiabatic path that
connects the zero-energy dressed-state eigenvalue at
early times when the pump laser is not yet turned on
(and which relates to the bare state u1& which carries the

FIG. 15. Coherent population transfer from the 3P0 to the 3P2
level of Ne* for a linkage scheme shown in Fig. 12(c) (five-
level system), as a function of the magnetic field which deter-
mines the magnetic sublevel splitting. Efficient transfer is pos-
sible for zero and large magnetic fields. Transfer fails for small
B fields because the adiabatic transfer path is blocked.
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population initally) and the zero-energy eigenvalue at
late times, when the Stokes laser has been turned off
(and which is related to the bare state u3&, supposed to
receive all the population at later times). Thus coherent
population transfer is possible, as verified in the experi-
ment (Fig. 15).

When the B field is not zero, Zeeman splitting re-
moves the m-sublevel degeneracy. Two-photon reso-
nance is established between the initial state and only
one of the final states. As a consequence, the dressed-
state eigenvalues are no longer degenerate at early and
late times. (We have assumed that the Zeeman splitting
in the intermediate and final states is the same and that
the laser frequencies are in resonance with one of the
intermediate states.) Therefore, at early times, we have
a triple degeneracy, which is lifted as soon as the Rabi
frequency of the Stokes laser is nonzero, and a double
degeneracy of states, separated from the former ones by
the detuning from the two-photon resonance, i.e., by the
Zeeman splitting. The triplet is associated with the three
bare states that are resonantly coupled by the radiation
field, while the doublet is associated with the other two.
These latter states also show a Rabi splitting, and, since
at early times their energy is separated from that of the
other three states, a crossing of the states occurs, pro-
vided the Rabi frequency exceeds the Zeeman detuning.

FIG. 16. Variation of the dressed-state eigenvalues with time
and for various magnetic fields. The splitting of the doubly or
triply degenerate states at t50 gives the Zeeman splitting of
the magnetic sublevels in the final level. The circles mark the
crossing of dressed-state eigenvalues, which determines
whether the adiabatic transfer path is blocked or not.
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Further analysis shows that a coupling between states,
related to the energy levels that cross, is induced by the
pump laser. When the splitting is small (because the
magnetic field is small), this crossing occurs before the
pump laser is turned on, and the system, which initially
evolves along the zero-energy path, passes (diabatically)
through this crossing. At intermediate times, however,
the pump laser induces interactions between the states
and forces the energy of the transfer path to deviate
from zero. At later times, the transfer path does not
connect to the state with zero energy when the Stokes
laser is turned off, as needed for successful completion
of the transfer. Therefore the adiabatic transfer path is
blocked and coherent population transfer is not possible
[Fig. 16(b)].

With increasing magnetic-field strength, leading to
larger Zeeman splitting, the curve crossing with the
zero-energy path occurs later, after the pump laser is
turned on [Fig. 16(c)]. Since the pump laser couples the
related dressed states, an avoided crossing develops. Al-
though a transient deviation from zero energy is ob-
served (meaning that some atoms will transiently reside
in one of the intermediate states and may be lost by
radiative decay), the transfer path connects to the zero-
energy eigenvalue as the Stokes laser is turned off.
Population transfer is again possible. At even larger
Zeeman splitting, the avoided crossing is barely visible
and a (nearly) zero-energy transfer path is again estab-
lished [Fig. 16(d)]. In this latter case, the Zeeman split-
ting in the intermediate and final states is larger than the
Rabi frequency. Therefore the relevant bare states can
again be considered as a (nearly) isolated three-state
system.

Interaction of the states and the related crossing of
their eigenvalues, as discussed above, is also responsible
for the failure of the transfer at certain detunings from
the intermediate resonance, shown in Fig. 14. The notch
in the center of the STIRAP ridge is a consequence of a
temporary deviation of the adiabatic transfer path from
zero energy [similar to the situation shown in Fig. 16(c)],
which otherwise connects to the appropriate states at
early and late times. The other two notches are due to
the blocking of the adiabatic transfer path [similar to the
situation shown on Fig. 16(b)].

It is important to note that the failure of the transfer
at small magnetic fields can be cured, for instance, by
tuning the laser frequencies somewhat off the resonance
with any one of the intermediate states [see Fig. 17(a),
to be contrasted with the on-resonance case shown in
Fig. 15]. Figure 17(b) shows an example from Martin
et al. (1996) in which population transfer is possible for
small Rabi frequencies but failure due to the blocking of
the adiabatic path occurs at higher laser power. The ef-
ficiency and robustness of population transfer in a three-
state system increases with increasing Rabi frequency.
This is obviously no longer true, at least not in general,
in a multilevel system.

In summary, coherent population transfer in multi-
level systems depends on the availability of an adiabatic
path that connects the initial and final states with only a
small deviation from the zero eigenvalue at intermediate
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times when both laser fields are nonzero. Whether this is
possible or not depends on the level structure and cou-
pling scheme. In most cases, an analysis like the one
shown in Fig. 16 is needed in order to understand the
details of the transfer process and to make an appropri-
ate choice of Rabi frequencies and detunings in order to
control the crossing of dressed-state eigenvalues.

APPENDIX B: SOME RESULTS FOR PULSED
LASER EXCITATION

1. General remarks

A particularly interesting application of the STIRAP
process is the selective excitation of molecules to high-
lying vibrational levels. In fact, the attempt to achieve
this goal was the initial motivation for the development
of this scheme (Gaubatz et al., 1990). Most molecules
have their first accessible electronic state at energies ex-
ceeding 3 eV. Therefore radiation in the ultraviolet
spectral region is required to couple, for instance, the
vibrational ground level to a high vibrational level in a

FIG. 17. Coherent population transfer from the 3P0 to the 3P2
level of Ne* . The results shown in (a) refer to the same linkage
pattern as in Fig. 15, except for detuning DS5200 MHz of the
laser frequencies from resonance with the intermediate level.
This detuning prevents the detrimental crossing of dressed-
state eigenvalues (see Fig. 16) and a blocking of the adiabatic
transfer path does not occur (Martin et al., 1996, Fig. 15). In
(b) we see an example of decreasing efficiency of population
transfer with increasing Rabi frequency. The magnetic-field
strength here is 7.5 G [Martin et al., 1996, Fig. 20(b)].
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Raman-type linkage. Since the relevant transition dipole
moments are typically smaller than for atoms, the adia-
baticity requirement [Eq. (15)] cannot be satisfied with
radiation from cw lasers. Pulsed sources need to be used.
Pulsed lasers have, however, inferior coherence proper-
ties, and so the consequences of Eq. (16) must be con-
sidered. Numerical evaluation of Eq. (16) for laser
pulses with energies of the order of mJ, pulse lengths of
the order of a few ns, and electronic lifetimes of the
intermediate state of the order of 100 ns shows that
nearly transform-limited radiation is needed to guaran-
tee adiabatic evolution during the transfer process
(Kuhn et al., 1992). Large deviation from a transform-
limited bandwidth is indicative of strong phase fluctua-
tions or a large frequency chirp, which are detrimental
to the process of coherent population transfer. To gen-
erate suitable radiation, one typically starts from single-
mode cw radiation, which is then pulse amplified and
subsequently frequency doubled or mixed as needed
(Schiemann et al., 1993). In the following we discuss
briefly some results obtained for the NO and the SO2
molecules. The former serve as an example of complica-
tions that may possibly arise because of the hyperfine
interaction, while the latter are an example of
STIRAP for a polyatomic molecule.

2. The NO molecule

The relevant energy-level structure for the NO mol-
ecule is shown in Fig. 18. The molecule has a 2P1/2 elec-
tronic ground state, and lambda-doubling (Herzberg,
1950) is observed. Only levels with different parity are
radiatively coupled. What seems to be a three-state sys-
tem see (Fig. 18) is actually a system of 18 states. Be-
cause 14N16O has a nuclear spin of I51, each of the
three levels has a total angular momentum of F51/2 and
3/2 and, in turn, magnetic quantum number umFu51/2
and 3/2. Such hyperfine splitting could be detrimental to
efficient population transfer (as discussed in Sec. A for
the case of Zeeman splitting), because coupling may also
occur to states which are not in two-photon resonance.
However, for linear polarization, and when EP is paral-
lel to ES , the 18-state system decomposes into two in-

FIG. 18. The relevant energy-level scheme for coherent popu-
lation transfer in the NO molecule with the linear polarization
of the pump and Stokes laser radiation, polarized parallel to
each other. With hyperfine levels included, a total of 18 states
are coupled. The numbers 1/2 and 3/2 give the mF quantum
numbers, unless specified otherwise.
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dependent three-state systems (F53/2 and mF513/2 or
23/2) and two six-state systems for mF511/2 and
21/2. The hyperfine splitting of the intermediate level
(the electronic A state) is 15 MHz (Feller et al., 1993)
and cannot be resolved with pulsed lasers of a few ns
duration, while the splitting of the initial and final levels
is 214 MHz (Miller and Feller, 1994). This latter splitting
is large enough to be fully resolved in this experiment
(see Fig. 19), so the complexity of the level system is
further reduced. Depending on the exact value of the
frequency, difference of the pump and Stokes laser
transfer between the states with mF51/2 may occur be-
tween the F51/2 levels in parallel with transfer between
the F53/2 levels, or from F51/2 (3/2) to F53/2 (1/2).
Because the hyperfine splitting is just large enough to
exceed the transform-limited linewidth of the laser,
there is always only a single final quantum state that is in
two-photon resonance with the initial state. In this case,
the crossing of dressed-state eigenvalues, which could be
detrimental, does not occur (Kuhn et al., 1998).

Numerical modeling results, exhibiting a clear
‘‘STIRAP signature,’’ are shown in Fig. 20(a). The plots
show the transfer efficiency (white: large transfer effi-
ciency; dark: no transfer) as a function of the pulse delay
and the Rabi frequency, for the special case when VP
and VS have equal maximum value. When the delay is
negative (Stokes before pump), the plateau region,
where the transfer is insensitive to small changes of the
delay (see also Fig. 9), is clearly developed. The plateau
broadens as the Rabi frequency is increased. For over-
lapping pulses (zero delay) Rabi oscillations occur.
Whether transfer to the final state is possible or not de-
pends on the exact value of the pulse area (see Sec. II)
of the laser pulses. Therefore the transfer efficiency var-

FIG. 19. Laser-induced fluorescence as the pump laser is tuned
across the resonance with the level in the A state. The hyper-
fine splitting of 214 MHz in the ground state is resolved. The
difference in width between the smaller and larger peak (17
MHz) is related to the hyperfine splitting of the upper state.
This figure also confirms that the bandwidth of the laser does
not exceed 130 MHz.
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ies between zero and unity as the Rabi frequency
changes. When the delay is positive (the pump pulse
precedes the Stokes pulse) and large, the pump laser
induces Rabi oscillations between levels u1& and u2&. For
a pump pulse area AP5(2n11)p , all population re-
sides in level u2& at the end of the pump pulse and Rabi
cycling of the population between states u2&, driven by
the Stokes lasers, begins. Since, for the special case
shown in Fig. 20, the pulse areas of both lasers are equal,
all population will be found in state u3& at the end of the
Stokes laser pulse, independent of the pulse delay.
When the delay is positive but the laser pulses overlap,
the transfer efficiency to level u3& does depend on the
time delay.

Since the pulse energy of pulsed lasers fluctuates, of-
ten as much as 10%, the average transfer efficiency can
be obtained from data such as those shown in Fig. 20(a)
by averaging over the appropriate range of Rabi fre-
quencies. It is obvious that these fluctuations do not af-
fect the transfer efficiency in the region of the plateau

FIG. 20. Efficiency of coherent population transfer (numerical
results for NO) as a function of the Rabi frequency and time
delay. The Rabi frequencies related to the pump and Stokes
laser are equal. Black areas (upper two panels) indicate effi-
cient transfer; white areas are those where transfer fails. The
large plateau shows where the transfer efficiency is insensitive
to small variations of the time delay and the Rabi frequencies.
Results averaged over a large number of pulses are shown (a)
with no pulse-to-pulse fluctuations of the energy per pulse and
(b) with Gaussian-distributed fluctuations with a standard de-
viation of up to D(V2)5531018 s22 (units) around a mean
value of V252031018 s22, see dashed line in Fig. 20(a). The
left and right lower panels show the transfer efficiency T ex-
plicitly for V252031018 s22 for DV50 and 531018 s22, re-
spectively. The latter reveals the characteristic variation of T
with the delay (the STIRAP signature) for pulsed lasers. 10%
fluctuations (Gaussian-distributed).
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(negative delay), but the transfer efficiency for zero or
positive delay depends on the actual value of the mean
Rabi frequency as well as on the extent of the fluctua-
tions [as measured by the standard deviation D(V2)
from the mean value ^V2&]. The transfer efficiency after
such an averaging is shown in Fig. 20(b). The data of
Fig. 20(b) refer to ^V2&52031018 s22, as marked by the
white line in Fig. 20(a). The transfer efficiency T shown
in Fig. 20(b) for D(V2)52031018 s22 is identical to the
one along the dashed line in Fig. 20(a). That variation of
T with the delay is also shown explicitly in Fig. 20(c). As
the standard deviation increases from 0 to 5 31018 s22,
the oscillatory dependence of T on the delay is damped.
The transfer efficiency for D(V2)5531018 s22 is shown
explicitly in Fig. 20(d). This plot reveals the STIRAP
signature of the transfer with pulsed lasers, as clearly
observed by Schiemann et al. (1993) and Halfmann and
Bergmann (1996).

Finally, the transfer efficiency as a function of the de-
tuning of both lasers is shown in Fig. 21(a) (equivalent
to Fig. 13 for transfer with a cw laser). High transfer is
observed along the two-photon resonance, the broaden-
ing of which near the one-photon resonance is obvious.
When the pump laser frequency is on one-photon reso-

FIG. 21. Coherent population transfer and dark resonance for
the NO molecule as a function of the pump and Stokes laser
detuning. Population of the final level (equivalent to the result
for Ne* ; see Fig. 12) is shown in (a) while the fluorescence
from the intermediate level is shown in (b). Dark areas are
those where a large signal is observed.
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nance but the Stokes laser frequency is not, the former
laser excites molecules to the intermediate state and
some population reaches the final level by spontaneous
emission. Figure 21(b) shows the fluorescence from the
intermediate level, which is strong only for DP'0. The
dark resonance for DP'DS'0 is also clearly visible.

3. The SO2 molecule

The adiabatic following condition, Eq. (16), imposes a
lower limit on the pulse energy required for efficient
population transfer by the STIRAP process. The enor-
mously increased density of levels in a polyatomic mol-
ecule, as compared to an atom or a diatomic molecule,
typically results in a substantially smaller line strength of
a particular transition. With adequate power, and when
the density of levels in the final state is not too high,
efficient transfer in a polyatomic molecule is possible.
Figure 22 shows transfer from the (J ,K)5(3,3) level of
the vibrational ground state (0,0,0) to the same rota-
tional levels of a high overtone (9,1,0). Without the
Stokes laser, some population reaches the final state by
fluorescence from the intermediate level. The lower
trace of Fig. 22(b) shows the probe laser-induced fluo-
rescence from the final level, which needed to be multi-
plied by 10 in order to be seen on this scale. When the
Stokes laser is on and appropriately timed, the popula-
tion in the final level increases by more than two orders
of magnitude. A transfer efficiency of nearly 100% has
also been demonstrated in this case (Halfmann and
Bergmann, 1996).

FIG. 22. Coherent population transfer in the SO2 molecule.
The level diagram is also shown. The lower trace, with the
Stokes laser turned off, has been multiplied by a factor of 10.
In this case, the fluorescence reaches the final level by sponta-
neous emission from the intermediate one. When the Stokes
laser is on (and the conditions for efficient transfer are met),
the population of the final level increases by more than two
orders of magnitude.
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APPENDIX C: COHERENT MOMENTUM TRANSFER

1. Deflection by spontaneous emission forces

The process of coherent population transfer is also
associated with the exchange of momenta between the
radiation fields and the atom. Momentum transfer is a
key process in atom optics, for instance, for the design of
matter-wave mirrors and beam splitters. Because the
STIRAP process eliminates spontaneous emission, it
also holds promise for dissipation-free momentum trans-
fer (Marte et al., 1991).

To set the stage for our discussion, we show in Fig. 23
the deflection of a highly collimated Ne* beam by the
spontaneous emission force. The frequency of the laser,
which crosses the atomic beam at a right angle, is tuned
to resonance with the closed-cycle 640-nm transition
3P2↔3D3 (see Fig. 6). A photon that is absorbed trans-
fers not only its energy to the atom but also its momen-
tum. The subsequent spontaneous emission of photons
results in a recoil that is randomly distributed. The mean
momentum transfer due to the recoil after N cycles of
absorption and emission is zero, while the atom has ac-
cumulated a momentum of N\k in the direction of
laser-beam propagation. The rate of absorption—
emission cycles is limited by the spontaneous emission
rate. In the limit of strong saturation, the number N of
absorbed photons is given by N5Dt/tr , where Dt is the
interaction time with the laser and tr is the radiative

FIG. 23. Deflection of a metastable Ne* beam by the sponta-
neous emission force. Excitation occurs on the closed cycle
3P2↔3D3 transition. The narrow, tall peak gives the profile of
the undeflected beam, marked here by the 22Ne isotope, which
is not excited. With increasing laser power (3, 6, 10, 15, 18, and
30 mW from back to front), the maximum of the broad peak
moves farther away from the undeflected beam. The solid line
on the base plane shows the predicted position of the mean
deflection.
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lifetime. The dissipative nature of the emission process
leads to a wide distribution of deflection angles.

Figure 23 gives examples. The intensity profile of a
highly collimated atomic beam is recorded with a chan-
neltron detector behind a 10-mm slit, which moves per-
pendicular to the atomic-beam axis. The narrow peak
marks the position of the undeflected beam. It is related
to the 22Ne isotope, which does not participate in the
absorption-emission cycles. The 20Ne atoms in the 3P2
state are deflected. The mean deflection angle as well as
the width of the distribution increases with increasing
power. The dissipative nature of this process inhibits the
deflection of the majority of the atoms to a very narrow
range of angles. It furthermore does not allow preserva-
tion of any coherence that may have been created in the
matter wave. Momentum transfer induced by a STIRAP
process overcomes these limitations.

2. Multiphoton coherent momentum transfer

In the following, we discuss momentum transfer via
coherent population transfer within the 3P2 magnetic
sublevels induced by circularly polarized radiation, the
frequency of which is tuned into resonance with the 3D2
level. As shown in Fig. 24, two s1 photons and two s2

photons couple the m522 and the m512 states.
When the laser beams of different polarization propa-
gate in opposite directions, the momentum transfers due
to the absorption process (s1 light) and the stimulated
emission process (s2 light) are in the same direction.5

We now consider the question of whether it is possible
to have a STIRAP process involving not only two but
four photons (Shore et al., 1991). A requirement is the
existence of a dressed eigenstate with a zero-energy ei-
genvalue throughout the interaction (Hioe and Carroll,
1988). The Hamiltonian of this five-state system reads

H~ t !5
\

2
•F 0 V12 0 0 0

V21 2D12 V238 0 0

0 V382 2D138 V3828 0

0 0 V2838 2D128 V283

0 0 0 V328 2D13

G .

(C1)

A solution of the eigenvalue equation

H~ t !C50 (C2)

exists if the determinant vanishes at all times,

det H~ t !50. (C3)

The determinant of Eq. (C3) can be rewritten in the
form

5Discussing the process in terms of absorption and stimulated
emission is illustrative but may be misleading. In the context of
STIRAP, the stimulated process does not transfer population
that resides in the intermediate level to the third level. Rather,
the transfer occurs through a multiphoton process directly
from the initially populated state.
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det H~ t !52D13det H4~ t !2V283
2 det H3~ t !, (C4)

where det Hn is an n-dimensional minor of the full
Hamiltonian matrix. Inspection of Eq. (C4) allows the
identification of the condition for the formation of a
state with zero-energy eigenvalue. The second determi-
nant, det H3(t), relates to the three-level system
(m522, m50, and m521 in the 2P2 and 3D2 lev-
els, respectively). It is known from the previous discus-
sion that a state with zero-energy eigenvalue exists if the
laser frequencies are in two-photon resonance with the
m522 and m50 states. This is in fact guaranteed, since
the photons of different polarization are derived from
the same laser beam, provided the laser beams cross the
atomic beam at a right angle to eliminate Doppler shift.
Such a shift would be different for the two beams of
different polarization. We need not evaluate the first de-
terminant, provided that four-photon resonance is also
established. If D1,3850, we also have D1,550, and there
exists a dressed eigenstate with zero eigenvalue, i.e., an
adiabatic transfer path. Numerical modeling of the evo-
lution of the population in the various levels, shown in
Fig. 25, confirms this conclusion. The transient popula-
tion of the states m521 and m511 in the 3D2 level is
negligibly small. It is not surprising that as much as 30%
of the population resides in the level m50 (3P2) at
intermediate times. Since this level is metastable and
there are no processes that interrupt the coherent evo-
lution, all of this population is eventually transferred to
the state m512(3P2).

3. Deflection of an atomic beam by coherent
momentum transfer

An experimental setup to demonstrate coherent
transfer without changing the quantum state of the atom

FIG. 24. The coupling scheme (a) and schematics of the setup
(b) for coherent population transfer from the m52 sublevel to
the m522 sublevel of the 3P2 level.
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is shown in Fig. 26. After the transfer of the atoms from
the m522 to the m512 state (involving four pho-
tons), they are transferred back to the m522 state (in-
volving again four photons). A total momentum of 8\k
can be transferred (in the same direction) if the spatial
separation of the laser beams, their polarization, and the
direction of propagation are appropriately arranged.
The setup of Fig. 26 involves a polarizing beam splitter,
a quarter wave plate, and two cat’s-eye arrangements
(these combine a focusing lens in front of a mirror and
act to return parallel beams of light as parallel but offset
beams). The overlap of the laser beams is controlled by
the (smaller) cat’s eye shown in the lower right corner,
while the distance between the two transfer zones is con-
trolled by the (larger) cat’s eye shown in the upper left
corner.

There is no need to prepare the atoms in the m5
22 sublevel by a separate laser before they reach the

FIG. 25. Evolution of the population in the various sublevels
(see Fig. 24), calculated for a laser intensity of 86 W/cm2, cor-
responding to a Rabi frequency of 43109 rad/s.

FIG. 26. View of the arrangement of optical elements used to
set up a dual deflection zone, based on the coupling scheme
shown in Fig. 24, derived from a single laser beam.
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transfer zones. Since the atoms are initially exposed to
the s2 radiation, the population of all levels other than
m522 is depleted by optical pumping before they
reach the region where the two laser beams overlap.

The profile of the atomic beam, detected by a chan-
neltron behind a 10-mm slit 82 cm downstream from the
transfer zone, is shown in Fig. 27. The 22Ne atoms do
not interact with the radiation field. They are detected
on the atomic-beam axis. The width of the peak is de-
termined by the geometric collimation of the atomic
beam. All of the 20Ne atoms are deflected. As shown in
Fig. 27, the profile of the deflected beam is fully sepa-
rated from the primary beam. The width of the deflected
beam is broader, since the coherent momentum transfer
perpendicular to the atomic beam axis is precisely 8\k ,
but the momentum distribution parallel to the atomic-
beam axis is determined by the velocity distribution of
the atoms. A time-of-flight analysis of the deflected peak
would show a peak, the width of which is similar to that
of the undeflected 22Ne atoms, with a position that
changes with the flight time (i.e., with the velocity par-
allel to the beam axis).

Comparison of the area of the deflected and unde-
flected beams allows the calibration of the efficiency of
the transfer. The natural abundance of the 22Ne isotope
is 9.5%. Assuming uniform population of the m sublev-
els of the 3P2 level, 20% of the atoms in that state are in
the m512 state. Due to the optical pumping process,
this state received an additional 4.1% of the population.
Therefore the ratio of the areas of the deflected and
undeflected beam should be g52.02:1 for a transfer ef-
ficiency of unity. A background count rate of about 100
s21 (indicated by the thin line in Fig. 27) needs to be
subtracted from the signals. It results from the emission
of vuv photons from the nozzle. This radiation is dif-
fracted by the 25-mm collimating slit. The zero-order
maximum of the diffracted light has a width of 2.8 mm at
the plane of the detector and contributes to a back-
ground signal that is nearly constant over the relevant
area shown. After correction for this background signal,

FIG. 27. Deflection of a beam of 20Ne atoms by coherent mo-
mentum transfer. The narrow, undeflected beam profile is that
for the undeflected 22Ne isotope. The profile of the deflected
beam is broader than that of the undeflected one because of
the finite width of the longitudinal velocity distribution of the
atoms in the beam.
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the ratio of peak areas is g5(1.5460.06):1, which cor-
responds to a reflectivity of a single transfer zone of
(7663)%. Increasing the power density from 0.31
W/cm 2 to 6.2 W/cm2 would yield a reflectivity exceeding
99% (see also Fig. 25). Although some energy due to
photon recoil is added to the particle, this mirror can be
used in an atom-optics experiment (e.g., in an atom in-
terferometer) because coherence is preserved.

APPENDIX D: CONTINUUM TRANSFER

After successful implementation of efficient popula-
tion transfer mediated by coupling of the initial and final
states to a discrete intermediate state with a finite life-
time (the decay of which does not affect the transfer), it
is an interesting question whether or not the coupling
may also be mediated via a continuum (see Fig. 28).

For some time it has been known that coherent effects
can be important for interactions that proceed through
an autoionizing state (i.e., a bound state embedded in a
continuum) (Knight, 1984, 1990; Dai and Lambropoulos,
1987).

The processes discussed in the previous sections in-
volve intermediate states whose lifetimes were of the
order of 10 to 100 ns, while the interaction times with
the lasers spanned a similar range from 5 to 200 ns.
When an electron is excited to an unstructured ioniza-
tion continuum (a ‘‘flat’’ continuum with no narrow
structure related to autoionizing levels) with an energy
in excess of 1 meV, it departs from the vicinity of the
core in less than 10215 s. The question whether this situ-
ation is prohibitive to coherent population transfer or
not has attracted considerable theoretical interest.6

6Among those who have studied this problem are Carroll and
Hioe (1992), Nakajima et al., (1994), van Enk, Zhang, and
Lambropoulos (1995), Nakajima and Lambropoulos (1996),
Yatsenko et al. (1997), Vitanov and Stenholm (1997), Hioe
and Carroll (1997), Paspalakis, Protopapas, and Knight (1997).

FIG. 28. The coupling scheme for population transfer via
STIRAP, from an initial state u1&, through a continuum of
intermediate states, to a final state u3&, showing final-state
photoionization loss channel due to pump pulse.
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In brief, Carroll and Hioe (1992) found that, for a
suitably structured continuum, it would be possible to
have STIRAP produce efficient population transfer via a
continuum. They approximated the continuum by artifi-
cially discretizing it, but they considered the limit where
the level spacing approaches zero. Although this seems a
reasonable approach at first glance, such a continuum
has coherence properties [e.g., recurrences in the case of
wave-packet formation (Eberly, Yeh, and Bowden,
1982; Yeh, Bowden, and Eberly, 1982)], which are ab-
sent in a structureless continuum.

Subsequently it was found that the main limitation of
continuum STIRAP was the Stark shift of the bound
levels due to interaction with the continuum (Nakajima
and Lambropoulos, 1996). Such shifts can be compen-
sated either by a third ‘‘control’’ laser (Yatsenko et al.,
1997) or by using chirped pulses (Paspalakis et al., 1997)
in order to maintain the two-photon resonance, a pre-
requisite to the formation of a trapped state. Some de-
tuning off the two-photon resonance may also help to
offset the detrimental effect of the Stark shift (Hioe and
Carroll, 1997; Yatsenko et al., 1997).

Another, more obvious, limitation is the fact that the
pump laser may remove the population that has been
transferred to the final level by ionization (see Fig. 28).
Judicious choice may reduce the detrimental effect of
this incoherent loss channel, but it cannot be eliminated
altogether. Experiments to test continuum STIRAP are
presently under way in Kaiserslautern (Halfmann et al.,
1998).
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