REVIEWS OF MODERN PHYSICS, VOLUME 89, JANUARY-MARCH 2017

Stimulated Raman adiabatic passage in physics,
chemistry, and beyond

Nikolay V. Vitanov

Faculty of Physics, St Kliment Ohridski University of Sofia,
James Bourchier 5 blvd, 1164 Sofia, Bulgaria

Andon A. Rangelov

Faculty of Physics, St Kliment Ohridski University of Sofia,
James Bourchier 5 blvd, 1164 Sofia, Bulgaria

Bruce W. Shore
618 Escondido Circle, Livermore, California 94550, USA

Klaas Bergmann

Fachbereich Physik und Forschungszentrum OPTIMAS, Technische Universitat Kaiserslautern,
Germany

(published 8 March 2017)

The technique of stimulated Raman adiabatic passage (STIRAP), which allows efficient and selective
population transfer between quantum states without suffering loss due to spontaneous emission, was
introduced in 1990 by Gaubatz et al.. Since then STIRAP has emerged as an enabling methodology
with widespread successful applications in many fields of physics, chemistry, and beyond. This article
reviews the many applications of STIRAP emphasizing the developments since 2001, the time when
the last major review on the topic was written (Vitanov, Fleischhauer et al.). A brief introduction into
the theory of STIRAP and the early applications for population transfer within three-level systems is
followed by the discussion of several extensions to multilevel systems, including multistate chains
and tripod systems. The main emphasis is on the wide range of applications in atomic and molecular
physics (including atom optics, cavity quantum electrodynamics, formation of ultracold molecules,
etc.), quantum information (including single- and two-qubit gates, entangled-state preparation, etc.),
solid-state physics (including processes in doped crystals, nitrogen-vacancy centers, superconducting
circuits, semiconductor quantum dots and wells), and even some applications in classical physics
(including waveguide optics, polarization optics, frequency conversion, etc.). Promising new
prospects for STIRAP are also presented (including processes in optomechanics, precision experi-
ments, detection of parity violation in molecules, spectroscopy of core-nonpenetrating Rydberg
states, population transfer with x-ray pulses, etc.).
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25 L INTRODUCTION
25
25 Stimulated Raman adiabatic passage (STIRAP) originated
25 as a technique for efficiently transferring population between
25 two discrete quantum states by coupling them with two
26  radiation fields via an intermediate state, which is usually a
27 radiatively decaying state. A great variety of techniques exist
27 for producing such transfer, each with its own advantages
and disadvantages (Shore, 1990, 2013). Population transfer by
28 STIRAP is notable because of the following:
28 (1) It is immune against loss through spontaneous
29 emission from the intermediate state, despite the
29 fact that radiative coupling may last much longer
30 than the radiative lifetime.
30 (i1) It is robust against small variations of experimental
30 conditions, such as laser intensity, pulse timing, and
32 pulse shape.
32 Because of these features STIRAP, initially developed for
32 and applied to the excitation of molecular vibrations, has
34 subsequently found widespread use, within the last 25 years,
34 not only in atomic and molecular physics and chemistry, but
34 also to a variety of other fields of science and engineering.
34 The concept of STIRAP was first fully presented, with
35 experimental data and the basic underlying theory by Gaubatz
35 et al. (1990). That work followed the earlier presentation
35 of some preliminary data by Gaubatz et al. (1988) and the
36 discussion of an essential aspect, the condition for adiabatic
;; evolution, by Kuklinski et al. (1989). The acronym STIRAP
was coined because the process was first studied in the A
39 . . c . .. .
39 linkage (see Fig. 1), which is reminiscent of a stimulated
39 Raman process. Nowadays, the acronym is used for any
40  transfer process that exhibits the features defining STIRAP.
40 An early comparison with other methods for population
41 transfer was presented by He ef al. (1990). A summary of
43 some features of STIRAP was given by Bergmann and Shore
43 (1995); its counterintuitive aspects were discussed in detail by
43 Shore (1995). A presentation with a tutorial approach can be
43 found in Bergmann, Theuer, and Shore (1998), and a review
44 by Vitanov, Halfmann e al. (2001) primarily addressed the
45 chemistry community. The progress during the decade after
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the presentation of the concept was thoroughly reviewed by
Vitanov, Fleischhauer et al. (2001). A detailed discussion of
the theory appeared in Shore (2008) and Chapter 14 of Shore
(2011). Selected aspects of STIRAP were reviewed by Rice
and Zhao (2000), Shapiro and Brumer (2003), and Kral,
Thanopulos, and Shapiro (2007). The individual concepts
(most notably adiabatic following, population trapping, torque
equations, and Autler-Townes splitting) that combine to create
and interpret the STIRAP procedure have earlier origins, as
discussed by Shore (2013). A brief discussion of what
motivated STIRAP and how it was found is given in
Sec. IA of Vitanov, Fleischhauer et al. (2001) as well as in
Sec. I of Bergmann, Vitanov, and Shore (2015).

Section II summarizes the basic features of STIRAP.
Section III describes the features of STIRAP that are relevant
for the three-state quantum systems, which were of interest for
the first researchers. They remain relevant for contemporary
applications. Sections IV and V describe extensions of the
basic concepts to include multistate systems, with discussions
of both theoretical aspects and experimental results in atomic
and molecular physics. Sections VI-VIII mainly emphasize
developments from the years after the review of Vitanov,
Fleischhauer et al. (2001). Section VI discusses the applica-
tion of STIRAP to quantum information processing, Sec. VII
looks at STIRAP processes in solid-state environments, and
Sec. VIII discusses STIRAP-inspired processes in classical
systems. Plans for promising new applications of STIRAP are
discussed in Sec. IX. Finally, the Appendix shows a list of
STIRAP-related acronyms.

II. STIRAP BASICS
A. Three-state linkages

In its simplest version (Gaubatz et al, 1990) STIRAP
allows, in principle, the complete transfer of population along
a three-state chain 1-2-3, from an initially populated quantum
state 1 to a target quantum state 3, induced by two coherent-
radiation fields that couple the intermediate state 2 to states 1
and 3, labeled the P (pump) or S (Stokes) laser, respectively.
Figure 1 shows the linkage pattern of radiative interactions
that are relevant to STIRAP.

FIG. 1. (a) The A linkage pattern showing P-field and S-field
linkages, the single-photon detuning A = Ap, and the two-
photon detuning 6 = Ap — Ag. (b) The ladder linkage pattern
showing the two-photon detuning 6 = Ap + Ag. For STIRAP it
is necessary that 6 = 0. The relative ordering of energies E, and
E; does not matter when using the customary rotating-wave
approximation (RWA).
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In coherent atomic excitation, the internal dynamics of
the atom is described by the time-dependent Schrodinger
equation,

L d
i (1) = H(W (1), (1)

where H(7) is the Hamiltonian matrix for the system and its
interaction with the pulsed fields. For three discrete states
the state vector U(¢) is a three-component column vector
with probability amplitudes C,(¢) as elements ¥(7) = C(z) =
[C (1), Cy(1), C5(1)]T. Treatment of the dynamics of STIRAP
is traditionally done within the rotating-wave approximation
(RWA) (Rabi, Ramsey, and Schwinger, 1954; Shore, 1990),
for which the RWA Hamiltonian matrix is typically written as'

For the traditional application of STIRAP to atomic and
molecular excitation the Rabi frequencies Qp(t) and Qg(7) are
evaluated from the interaction energy —d - E(7) proportional
to the projections of dipole-transition moments d,,, for the
n <> m transition onto the electric field at the center of mass
E (7). In RWA the carrier frequencies wp and wy are factored
from the P and S electric fields Ep(#) and Eg(7), respectively,
leaving slowly varying amplitudes Ep(#) and E(¢). The two
Rabi frequencies are then evaluated as

Qp(1) = =dip&p(t)/h,  Qs(1) = —dn&s(t)/h, (3)
where di, and d,; are components of the dipole-transition
moments along their respective electric-field vectors.

In both of the linkage patterns of Fig. 1 the excited
states can undergo spontaneous emission to lower-lying states.
Those emission processes that lead to levels outside the three-
state system lead to an undesirable probability loss, usually
described by adding an imaginary term to the appropriate
diagonal element of the Hamiltonian. Spontaneous emission
processes back to state 1 or 3 are incoherent and thus are also
undesirable.

The individual state energies E, appear in these equations
only indirectly, as constituents of detunings of carrier frequen-
cies wp and wg from transition frequencies,

flAp = Ez - El - flwp, hAS = E2 - E3 - flCl)S. (4)
The two-photon detuning & appearing in the RWA
Hamiltonian (2) is either the sum (for the ladder linkage)
or the difference (for the A linkage) of the laser detunings Ap
and Ag. STIRAP requires 6§ = 0. For the A linkage, which we
take as the standard, this means that the two single-photon
detunings are equal, A = Ap = Ag.

'"With the RWA comes the use of rotating coordinate vectors y,, in
the underlying Hilbert space (Shore, 2013).
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B. Eigenenergies and eigenstates

On two-photon resonance (6 = 0), one of the eigenvalues of
the Hamiltonian of Eq. (2) vanishes, ¢, = 0. The correspond-
ing eigenstate (or adiabatic state) of the Hamiltonian reads
(Gaubatz et al., 1990

Py (1) = cos I(1)y — sin (1), (5)

where y; (k=1, 2, 3) are the wave functions of the
unperturbed states of the A system, and the mixing angle
9(¢) is given by

tan §(1) = Qp(1)/Qs(1). (6)

This is the so-called “coherent population trapping” (CPT)
state (Lamb, 1952; Gray, Whitley, and Stroud, 1978; Dalton
and Knight, 1982a, 982b) or “dark” state (Arimondo and
Orriols, 1976; Gaubatz et al., 1990; Arimondo, 1996), which
does not include a component of state 2. It is therefore
immune against loss of population from the three-state system
through spontaneous emission from state 2. In order to have,
prior to the transfer process, ®((#) coincide with y (the state
that carries the population), 9 = 0 is needed, which demands
Qp(1)/Qg(t) = 0. The transfer process is completed when
®y () coincides with 3, requiring 9 = z/2, which demands
Qq(1)/Qp(t) = 0. Therefore, the so-called counterintuitive
ordering of Qp(r) and Qg(f) is needed, with the system
exposed to Qg, coupling the initially unpopulated states, prior
to Qp. A suitable overlap is, however, necessary to guarantee
adiabatic evolution (see Sec. IL.LE), i.e., smooth flow of the
population from state 1 to state 3, without putting transient
population into state 2.

The other two adiabatic states of the Hamiltonian (2) are

P (1) =y sin (1) sin (1) + y, cos (1)
+ w3 cos (1) sin (1), (7a)

O_(1) =y sin (1) cos p(t) — y, sin (1)
+ w3 cos (1) cos (1), (7b)

where the second mixing angle ¢(¢) is defined by

QH’HS([)
ol (89)

Qs (1) = 1/ @ (1) + Qs(1)*. (8b)

The adiabatic energies corresponding to these eigenstates [the
eigenvalues of the Hamiltonian (2)] are fe, (f) and he_(1),
where (for 6 = 0)

tan 2¢(1) =

*The addition of a constant value to the diagonal elements of the
Hamiltonian, as was done by Gaubatz et al. (1990), will shift all the
adiabatic energies accordingly (Shore, 2013); only with the con-
vention used in Eq. (2), reckoning all excitation energies from state 1,
does the dark state have zero as its eigenvalue.
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FIG. 2. Example of STIRAP induced by Gaussian pulses of
equal peak value Q, and single-photon resonance Ap = Ag = 0:
(a) time dependences of the P and S Rabi frequencies Qp(7) and
Qq(1); (b) adiabatic eigenfrequencies e_(7), &y(t), and e, (7);
(c) mixing angle 9(7); and (d) populations P,(t) (n =1, 2, 3).
Dotted vertical lines separate the five phases of STIRAP
discussed in this section. Adapted from Vitanov, Fleischhauer
et al., 2001.

£ () = 3{A £ /A + Qi (1)?]. )

The three eigenvalues ¢((7) and £ (¢) are shown, for A = 0, in
Fig. 2(b). When Q,, = Qp = Qg = 0, i.e., at very early and
very late times, the three eigenvalues are degenerate (and
zero). When either of the Rabi frequencies is nonzero, the
degeneracy of the eigenvalues e, (7) is lifted [Autler-Townes
splitting, see Autler and Townes (1955) and Cohen-Tannoudji
(1996)] but the eigenvalue &,(7) stays zero. At very early time
€o(1) is related to state 1, and at very late times it is related to
state 3.

Having a zero eigenvalue for the Hamiltonian (2) requires
maintaining the two-photon resonance condition § =0
throughout the transfer process. Any deviation from this
condition will inevitably populate state 2 (Fewell, Shore,
and Bergmann, 1997), with ensuing losses.

C. STIRAP process step by step

For STIRAP, a time interval is needed where initially
|Qq(#)| > 0 while Qp(f) = 0 [or |Qg(¢)| > |Qp(7)|], meaning
9 =0, and at the end |Qp(z)| >0 while Qg(t) =0 [or
|Qq(1)| < |Qp(2)|], meaning || = z/2. At some intermediate
time, the two Rabi frequencies will have equal magnitudes
|Qp| = |€g|. Moreover, the variation of the Rabi frequencies
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must be smooth, to assure adiabatic evolution (Sec. ILE).
The single-photon detuning A = Ap = Ag remains constant
during the interaction. In most cases STIRAP works best
for A =0.

A main benefit of STIRAP, and its most surprising feature,
is the elimination of spontaneous decay from state 2 during the
transfer process, despite the fact that the laser fields are tuned
to resonance (or near resonance) with the transitions to state 2,
and that the duration of the radiative interaction may well
exceed the radiative lifetime by several orders of magnitude.
The lossless transfer occurs because, by design, the state
vector W(r) is aligned at all times with the dark state ®(z).

Figure 2 shows characteristics of a representative STIRAP
process. The time dependence of the Rabi frequencies can be
imposed either by suitably delayed laser pulses interacting
with particles that do not change their position significantly
during the pulse duration or, for particles in a beam, by
spatially suitably displaced continuous-wave (cw) fields of the
P and S lasers. There is a smooth population transfer from
state 1 to state 3, with negligible population in state 2 at any
time. This figure is the basis of our introductory discussion of
the basic features of STIRAP.

The mechanism of STIRAP can be understood (Vitanov,
Fleischhauer er al, 2001; Shore, 2011) by dividing the
interaction into five stages, delineated by dashed vertical
lines in Fig. 2 and distinguished by the ratio of the P and S
fields.

Stage 1: S-induced Autler-Townes phase.—Only the S
pulse is present linking states 2 and 3, causing Autler-Townes
splitting (Autler and Townes, 1955) of the related adiabatic
energy levels (9). The population in state 1 is unchanged. The
state vector coincides with the dark eigenvector ¥(t) = ®y(7)
and is equal to .

Stage 2: S-induced CPT phase.—The § pulse is strong,
while the P pulse has just arrived and is much weaker than the
S pulse. The state vector W(t) = () deviates only slightly
from the basis vector y;. The P field does not induce
transitions to state 2 because this process is suppressed by
the same mechanism that leads to electromagnetically induced
transparency (EIT) (Sec. ILI): destructive interference causes
cancellation of the transition rate from the ground state to the
two Autler-Townes states produced from states 2 and 3 by the
strong S field.

Stage 3: Adiabatic passage phase—Both fields are strong,
with S decreasing and P increasing. Consequently, the mixing
angle increases from 0 toward z/2, and the state vector
V(1) = Dy() departs from y, toward —y 3, while remaining
in a linear combination of y; and 3, thereby leaving state 2
unpopulated.

Stage 4: P-induced CPT phase.—The state vector ¥(r) =
Oy (1) is almost aligned with —y53. The population is now
almost completely deposited in state 3. The weak S pulse does
not induce transitions to state 2 because the strong P field
couples states 1 and 2. The related Autler-Townes splitting
protects the population in state 3, just like the S laser protected
the population of state 1 in stage 2.

Stage 5: P-induced Autler-Townes phase.—The S pulse is
gone and the P-induced Autler-Townes splitting gradually
reduces to zero. The state vector U(r) = @ (¢) is equal to —y3.
STIRAP is completed.
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D. Typical signatures of STIRAP

Regardless of the medium in which it is implemented,
STIRAP has characteristic signatures that distinguish it
from other coherent population transfer techniques. Here
we present two examples of such signatures, as seen in
experiments of a beam of metastable Ne* atoms crossing
two spatially displaced but overlapped laser beams (P
and §) at right angles (Theuer and Bergmann, 1998).
Figure 3 shows the relevant energy levels of Ne* (top)
and a schematic view of the experimental setup (bottom).
STIRAP transfers population from the initially populated
state 3P, (state 1) to a Zeeman sublevel of the target level
3P, (state 3) via a sublevel of 3P, (state 2). The populations
are measured by detecting light-induced fluorescence from
states 2 and 3.

Figure 4 shows typical STIRAP signatures in the final
populations P, and P; plotted vs the P detuning Ap for fixed
S detuning Ag (x200 MHz). The broad feature centered
around Ap = 0 is descriptive of single-photon excitation of
state 2, followed by spontaneous emission into state 3. Upon
this background there is a narrow feature of each curve, a peak
in (a) and a dip in (b), centered around Ap = Ay, the condition
for two-photon resonance. When this resonance condition is
fulfilled there is a strong increase of population transfer to
state 3, and a consequent suppression of population P, in the
intermediate state. Both the peak in P5 and the dip in P, are
necessary signatures that must be present to validate a claim of
STIRAP.

Energy [1030m‘1] Ne*
A 3
P1

3p
180 = ap,

=)

145 —

140 —

pinhole

Ne*-source

STIRAP preparation

FIG. 3. Top: Energy levels of Ne* used in the experiment by
Theuer and Bergmann (1998). Bottom: Schematic of the exper-
imental setup of crossed molecular and laser beams, showing
the discharge source, a collimating aperture, the P and S laser
beams, and channeltron photon detectors D1 and D2. Adapted
from Bergmann, Theuer, and Shore, 1998.
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x103 [cts/s]

x103 [cts/s]

Ap [MHz]

FIG. 4. Final populations vs P-field detuning Ap in the Ne*
experiment. (a) Target state population P;. (b) Intermediate
excited-state population P,. The peak in P; and the dip in P,
are typical (and mandatory) signatures of STIRAP. Adapted from
Martin, Shore, and Bergmann, 1996.

Figure 5 shows another typical signature of STIRAP: the
population of state 3 plotted versus the pulse delay shown
as spatial displacements of the S and P laser beams. In this
experiment, the pulse durations were comparable to the
lifetime of the middle state 2. Therefore, if state 2 is populated
during the process then its population decays to other
states and is irreversibly lost. Data to the left of the vertical
dashed line correspond to the STIRAP pulse sequence. High

100

80

60

40

Transfer Efficiency [%]

20

1000 500 0 -500
Spatial Shift Pump/Stokes Laser [pum]

FIG.5. Population of the target state 3 vs the pulse delay in
Ne* experiments. The large population efficiency on the left
side of the vertical line is a signature of STIRAP. Adapted
from Bergmann, Theuer, and Shore, 1998.
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population transfer efficiency results for a range of spatial
shifts. Data to the right of the dashed line correspond to the
intuitive pulse sequence, when state 2 is populated. Radiative
decays from this state take population outside the three-states
system, and very little population reaches state 3.

E. Adiabatic evolution

Maintaining the alignment of the state vector with the dark
state (i.e., adiabatic following) is a defining feature of the
STIRAP process. This alignment requires suitably slow
(adiabatic) variation of the mixing angle. The conditions
for adiabatic evolution have been described in detail
(Kuklinski et al., 1989; Gaubatz et al., 1990; Kuhn et al.,
1992; Bergmann, Theuer, and Shore, 1998; Vitanov,
Fleischhauer et al., 2001; Shore, 2013; Bergmann, Vitanov,
and Shore, 2015). Adiabatic evolution is required to prevent
(nonadiabatic) coupling between the adiabatic states. To this
end, the rate of change of the mixing angle must be small
compared with the difference of the adiabatic eigenvalues
(Messiah, 1962). Hence the timing of the P and S pulses must
be designed such that the splitting of the eigenvalues is
maximal when the rate of change of the mixing angle is
largest, Fig. 2(c). Next we list the conditions for adiabatic
evolution with emphasis on three different aspects.

1. Local adiabatic conditions

The condition for adiabatic evolution during STIRAP was
derived by Kuklinski ef al. (1989) and reads

Q) [0 = 2= O] g

This condition quantifies the smoothness required for the
pulses: the relationship must hold at any time during the
transfer process (hence a “local” condition). When the adiabatic
condition is fulfilled, the completeness of STIRAP is insensi-
tive to small variations of the laser intensity, the duration, and
the delay of the pulses as well as to variations in the transition
dipole moments.

2. Global adiabatic conditions

A useful “global” condition is derived by integrating
Eq. (10) over the interaction duration. The integral of the
rms Rabi frequency is the rms pulse area

A:/_“’gm(t)dz:/_“,/QP(r)ugs(t)Zdt, (11)

and because the integral over 19(t) produces the value z/2, the
inequality (10) reduces to

A> /2. (12)

Because the temporal pulse areas are proportional to the peak
Rabi frequency Q. and the pulse duration 7 (assuming, for
simplicity, these are the same for both pulses), A « Q.7
Eq. (12) demands that the intensities and the pulse durations
must be large enough. We can write Eq. (12) as
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QmaxT > Amin’ (13)

where A,;, is some minimum pulse area, dependent on the
pulse shape and the required population transfer efficiency.
The majority of STIRAP users have been satisfied with 95%
efficiency (but see Sec. VI). Usually, pulse areas of A,;, = 37
have sufficed to provide efficient population transfer.

Obviously, the global condition (12) is simpler to evaluate
(and less restrictive) than the local condition (10). For smooth
pulses the global condition (12) usually also guarantees the
fulfilment of the local condition. The global adiabatic con-
dition is directly applicable to STIRAP with cw lasers in the
crossed-beam geometry because cw lasers have very good
coherence properties.

For pulsed radiation with transform-limited bandwidth the
adiabatic condition (13) is more conveniently written as

szaxT > Arznin/T' (14)

The term on the left-hand side is proportional to the pulse
energy. Equation (14) shows that the required energy per
pulse increases linearly with the inverse of the pulse duration:
with A, = 10 we require Q2,7 > 100/T. For T < 1 ps the
resulting laser intensity or pulse energy will most likely be
sufficiently high to trigger alternative detrimental couplings
in atoms or molecules, such as multiphoton ionization.
Furthermore, the RWA, essential for the derivation of these
equations, may no longer be valid. The appendixes of
Bergmann and Shore (1995) and Bergmann, Vitanov, and
Shore (2015) offer guidelines for how to estimate the required
laser intensity for efficient population transfer between rovi-
brational levels of a diatomic molecule.

3. Consequences of phase fluctuations

Ideally, the bandwidths of the radiation fields are transform
limited, i.e., the fields do not suffer from any phase fluctua-
tions. The relative phase between the two fields does not
matter as long as it is constant during the transfer. In a real
experiment, phase fluctuations cannot be entirely eliminated.
A suitable measure of their extent is the ratio of the measured
bandwidth Aw and the transform-limited bandwidth Awqy,
which is determined not only by the pulse width but also by
the pulse shape. A detailed analysis (Kuhn et al., 1992) of the
consequences of Aw > Awrp leads to the more restrictive
adiabatic condition

QmaxT > -Amin \/ 1+ (Aa)/AwTL)z' (15)

This formula quantifies the expectation that the detrimental
consequences of a bandwidth in excess of the transform limit
can be reduced by increasing the Rabi frequencies; it offers an
estimate for the intensity increase needed to compensate for
phase fluctuations. However, phase fluctuations may be fast
and thus the local condition (10) may be violated even when
the global condition (15) is satisfied.

Yatsenko, Shore et al. (1998), Yatsenko, Romanenko et al.
(2002), and Romanenko and Yatsenko (2005) examined the
consequences of a stochastic component of the fields upon
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STIRAP. Yatsenko, Shore, and Bergmann (2014) showed that
rapid phase fluctuations recognizable as excess spectral
density in the wings of the spectral profile are detrimental.
Because such fluctuations are usually uncorrelated for the
P and S lasers they result in detrimental deviation from two-
photon resonance and induce nonadiabatic coupling between
the dark state and the two bright states. Such fluctuations
typically accompany the laser stabilization procedures that
produce nearly monochromatic light on top of a Lorentz-
profile pedestal of much broader bandwidth, which may carry
only a few percent of the total power. Yatsenko, Shore, and
Bergmann (2014) found that the effects of these two noise
components differ qualitatively from those produced by the
fluctuations that have hitherto been considered (for example,
phase diffusion). Figure 6 shows the laser spectral density
assumed in this work and the population transfer efficiency.
Their results indicate that there is an optimum value for the
peak Rabi frequency, and that the effect of fluctuations,
although small, cannot be eliminated by increasing the laser
intensity.

These observations underline the fact that efforts are needed
to reduce the bandwidth of the radiation fields to very near
the transform limit. However, even when all “technical”
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FIG. 6. (a) Spectral line shape analysis typical of stabilized
diode lasers. (b) The STIRAP efficiency loss vs the maximum
Rabi frequency accounting for broadband noise (), nonadiaba-
ticity (A), and both (N + A). From Yatsenko, Shore, and
Bergmann, 2014.
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frequency fluctuations are eliminated there remains a non-
reducible bandwidth, the basic Schawlow-Townes limit
(Schawlow and Townes, 1958) to the laser bandwidth,
determined by spontaneous emission.

4. Consequences for degenerate levels

Because the adiabatic condition requires large pulse areas,
STIRAP can be accomplished between degenerate states if
adiabaticity is assured for the weakest radiative transition
allowed by the optical selection rules. Figure 7 gives an
example for population transfer by nanosecond laser pulses in
the electronic ground state of '“N'®O molecules (Schiemann
et al., 1993; Kuhn, Steuerwald, and Bergmann, 1998), from
the rovibrational state X2H1/2(v =0,J=1/2) to X2H1/2
(v=6,J =1/2) via the intermediate state A>X(v =0,
J = 1/2). Because '*N'60 has a nuclear spin of / = 1 each
of the three levels is split into two sublevels with F = 1/2 and
F = 3/2. The hyperfine splitting of the intermediate level is
15 MHz and cannot be resolved with few-ns laser pulses.
Therefore, STIRAP operates here in a system of 16 magnetic
sublevels. For linearly polarized light, and parallel pump and
Stokes polarizations, four independent systems are identified:
two three-level A systems with F =3/2, My =3/2 or
M = =3/2, and two five-level systems involving sublevels
|M | = 1/2. However, because the hyperfine splittings of the
initial and final levels are large enough (214 MHz) to be
resolved experimentally, the latter reduce to three-level
systems which include, depending on the tuning of the P
and S lasers, one of the levels for either the F = 3/2 or F =
1/2 in the initial or final state. For STIRAP transfer to occur
along all parallel paths it is necessary to satisfy the adiabatic
condition on the weakest transitions, which in this example are
|F=3/2,Mp=41/2) <> |F' =3/2, M}, = £1/2) that are
weaker than the other transitions with M = +3/2 by a factor
of 3 due to the corresponding Clebsch-Gordan coefficients.
Because there was sufficient laser power to satisfy the
adiabatic condition for STIRAP, highly efficient population
transfer has been achieved, despite the complexity of the
system; see Fig. 7 (bottom).

Similarly, when the adiabatic condition is satisfied for
particles in an atomic or molecular beam which cross the
spatial wings of the P and S laser beams, then efficient transfer
will also happen for all those particles crossing the laser beams
closer to their center.

F. Optimum pulse delay

The pulse delay 7z between the S and P pulses affects the
efficiency of STIRAP through (i) the adiabatic condition, and
(i) the completeness of the projection of the state vector ¥(¢)
onto the dark state ®((7) at the initial and final times #; and #;.
The optimum delay is determined by the following arguments.

Coincident pulses: In this case, and for identical pulse
shapes, the mixing angle & is constant; then the nonadiabatic
coupling vanishes (8 =0) and the evolution is perfectly
adiabatic. However, the state vector W(#) is not initially
aligned with the dark state ®y(z), but instead V() =
[®(t;) + ®_(1;)]/V/2, and a similar relation applies at the
end time #;. The interference between different evolution paths
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FIG.7. STIRAP in "“N'°0 molecules. Top: Hyperfine structure
of the rovibrational states X*I1; ,(v=0,J =1/2), X*II; ;,(v=6,
J=1/2) and A’Z(v =0,J =1/2), and linkage patterns for
linearly polarized pump and Stokes fields. The numbers on
the arrows indicate the relative coupling strengths of the tran-
sitions. Adapted from Bergmann, Theuer, and Shore, 1998.
Bottom: Population transfer efficiency vs pulse delay. Adapted
from Schiemann et al., 1993.

@y (1) and P_(r) from state 1 to state 3 leads to oscillations in
the final population P; of state 3 (Vitanov and Stenholm,
1997a), instead of complete population transfer.

Small delay, very large overlap: For small delay, the
overlap is large and the mixing angle 9(7) is nearly constant

during most of the overlap 9(¢) ~ 8y; hence 9(r) ~0 and
adiabaticity is good there. However, due to the small delay,
9(¢) rises too quickly from O to about 9, before the overlap,
and then again from about 9, to z/2 after the overlap. These

rapid rises generate large nonadiabatic couplings &(t) at early
and late times, which cause nonadiabatic transitions from the
dark state to the other two adiabatic states. These two
nonadiabatic zones lead again to interference and oscillations
in P 3.

Large delay, very small overlap: The initial state vector is
U(1;) = ®y(1;). Because for most of the time only one pulse is
present, the mixing angle 9(¢) stays nearly constant for most
of the excitation: 9(¢) = 0 early and 9(7) =~ =/2 late. However,
9(r) rises from O to z/2 during the very short period when
the pulses overlap, thereby generating a large nonadiabatic
coupling &(¢), which ruins the population transfer.

Optimum delay: For maximal adiabaticity, the mixing angle
9(¢) must change slowly and smoothly in time, so that the
nonadiabatic coupling 8(t) remains small. The optimal value
of 7 depends on the pulse shapes: for Gaussian pulses, the
optimum delay is slightly larger than the pulse width 7o, 2 T
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(Vitanov and Stenholm, 1997a). In any case, the Autler-
Townes splitting of the eigenvalues should be maximal when

9(1) is largest.
G. Dependence on velocity

The Doppler shift may contribute to the detuning A from
single-photon resonance, which has little effect on STIRAP,
but the detuning 6 from two-photon resonance is critical. What
matters for the Doppler shift is the component v, of the
particle velocity v along the laser propagation vector k (where
|k| = k = 2z/2). The effective detuning, i.e., the sum of static
laser detuning A and Doppler shift kv, is Agg = A + kvy.
For the A linkage the velocity-dependent detuning from the
two-photon resonance reads S = Agr p — Agpy s, hence

|Oett| = [Ap — Ag + (kp — kg)vi]. (16)

Therefore, for copropagating laser beams (kpkg > 0) and null
two-photon detuning (Ap = Ag),

|0ett| = [kp — kglvy. (17)

Thus for kp = kg (i.e., Ap = Ag), O does not depend on
velocity. Then STIRAP transfers population for the entire
ensemble of particles, independent of their velocity. When
kp # kg, the fraction of the velocity distribution that is
addressed by STIRAP depends on the two-photon linewidth
(Sec. III.A.2), which increases with increasing laser intensity.
Thus, even for kp # kg (provided |kp — k| < kp) the entire
velocity distribution can be addressed if the laser intensity is
sufficiently high.

When the laser beams are counterpropagating (kpkg < 0)
we have, for Ap = Ay, the relationship

|Bete| = ([kp| =+ [ks])|vil, (18)
and an ensuing enhanced sensitivity of d.¢ to velocity. In this
case, according to Eq. (16), it depends on Ap — Ag which
velocity group will experience the resonance condition
0o = 0. Thus, by appropriate choice of Ap and Ag the
experimenter can restrict the STIRAP transfer to particles
within a small range of a given velocity component v, (Raizen
et al., 2014); see also Sec. IX.F. For STIRAP transfer with
a ladder linkage, the roles are interchanged: the velocity
dependence of . is reduced for counterpropagating P and
S beams.

H. Limitations to the success of STIRAP

It was already implied in the previous discussion of the
adiabatic conditions that STIRAP will not work when (i) the
actual bandwidths of the radiation fields exceed the transform-
limited bandwidths by much, because the excess bandwidth
signals the presence of detrimental phase fluctuations; or
(ii) the pulse duration is too short (e.g., in the femtosecond
regime), because then the pulse energy required to allow
adiabatic evolution will be so high that the dynamics may be
dominated by competing processes, such as multiphoton
excitation or ionization.
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In the simple linkage patterns discussed hitherto, only
three quantum states have direct involvement in the
STIRAP process. However, atoms, molecules, and other
quantum systems have many other discrete states as well as
states from photoionization and photodissociation energy
continua. If the three-state idealization needed for STIRAP
is to be satisfactory, none of these states can be linked by
near-resonant transitions to any of the STIRAP states
(Unanyan, Guérin et al., 2000). However, these additional
states are not without influence: they are responsible for
induced dipole moments, proportional to field intensities.
Specifically, they alter the diagonal elements of the
Hamiltonian, producing intensity-dependent (dynamic)
Stark shifts. Because the P and S fields vary differently
with time the related Stark shifts may cause a detrimental
time-varying deviation from two-photon resonance
(Nakajima et al., 1994; Yatsenko, Shore er al., 1999;
Rickes et al.,, 2000; Yatsenko, Vitanov et al., 2002;
Rangelov et al., 2005). We now mention a few conse-
quences of the dynamic Stark shift (see also Sec. IILF).

(i) When the P and S fields are tuned to resonance (A = 0)
or near resonance (JA| < |Q,.<]) and the global adiabatic
condition is fulfilled we usually have |Q .| > |Agux|- The
detrimental consequences of Stark shifts are negligible as long
as |Qmax| < |En - Em"

(ii) When |E,, — E,,| < |Qax| the dynamics can no longer
be treated as that of a three-state system. All nearby levels
need to be included in the evaluation of adiabatic eigen-
states, with the consequence that avoided crossings of
adiabatic-state energies may occur and the adiabatic pas-
sage path from state 1 to state 3 may be blocked (Martin,
Shore, and Bergmann, 1995). This is particularly relevant
for molecules with a high density of energy levels. Model
calculations that aim to test the suitability of STIRAP for
population transfer will not yield reliable results unless
they include all states that may radiatively couple to the
initial and final states (including one-photon or multi-
photon coupling paths as well as off-resonance inter-
actions); see Sec. IV.B.2.

(iii) The off-resonant Stark shifts are severely detrimental
when one or both of the P and S couplings occurs via a
multiphoton process. It is tempting to consider reaching
levels in the first electronic states of a molecule such as H,
by two-photon excitation [because radiation sources with
suitable coherence properties are not yet available in the
vacuum-ultraviolet (VUV) region] for populating, e.g.,
vibrational level v > 1 of the electronic ground state.
However, as explained in Sec. IIL.F, for such coupling the
two-photon Rabi frequency is, like the Stark shift, propor-
tional to the laser intensity and thus the Stark shift and the
Rabi frequency are of the same order of magnitude. Then
STIRAP is very likely to fail (Guérin et al., 1998; Yatsenko,
Guérin et al., 1998).

I. Comparison with electromagnetically induced transparency

A phenomenon that was independently discovered and
developed at the same time as STIRAP is EIT (Harris, Field,
and Imamoglu, 1990; Boller, Imamoglu, and Harris, 1991;
Harris, 1997; Fleischhauer, Imamoglu, and Marangos, 2005).
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The physics of EIT and STIRAP share some common features
and exhibit distinct differences. Both schemes exploit the
consequences of interference of optically driven probability
amplitudes for transitions between states of a quantum system
but they address different areas of optical science. While EIT
is mainly seen as a phenomenon associated with the propa-
gation of radiation fields in high-density media, STIRAP is
mainly applied in a low-density environment with the aim to
precisely control or modify the population distribution over
the quantum states.

In EIT, we consider the three-state system of Fig. 1, as in
STIRAP. The strong laser field S creates a coherent super-
position of states 2 and 3 observable as an Autler-Townes
doublet in a spectroscopic measurement. The transition
amplitude of the transition driven by the (much weaker) P
laser is the sum of the two transition amplitudes to the Autler-
Townes components. Because the latter are 180° out of phase,
and (when the frequencies are tuned to resonance with the
respective bare state transition) have equal amplitudes, the
transition amplitude of the P transition vanishes.

EIT allows the propagation of a radiation field through
optically thick media. When alone, the radiation of the P
field is strongly absorbed. However, when the S field is
present the quantum coherence induced by that field renders
the otherwise optically thick medium transparent for the P
laser. In a typical EIT experiment both fields are simulta-
neously applied and drive the quantum system. At the same
time that system acts back on the fields so that, after
propagating some distance, the rapidly varying components
of the envelopes of the fields are modified to match each
other (Harris, 1993).

While in EIT it is the S laser that leads to the cancellation
of the transition amplitude for the P laser, this is true in
STIRAP only during the initial stage of the transfer
process. In the final stage of the process, the role of the
S and P lasers are interchanged. In both cases the dark state
of Eq. (5) plays an important role. In EIT the ratio of the
Rabi frequency Qp/Qg is constant or its variation is small.
Therefore a (nearly) stationary dark state is created. In
STIRAP it is essential that the dark state evolves in time
because the ratio Qp/Qg changes during the process from
zero to infinity. In both cases the process is robust against
small variations of field intensities. The robustness relies in
part on the observation that the phases of the cooperating
laser fields do not matter for EIT or STIRAP to be
successful as long as they are constant during the particle-
field interaction period.

Stage 2 of STIRAP (see Fig. 2 and Sec. II1.C) resembles
EIT because, due to the presence of an already strong S
laser, the photons from the P laser do not induce transitions
to the intermediate state 2. In stage 4 of STIRAP, the P laser
takes the role of the S laser. The EIT and STIRAP cooperate
for “stopping” light, i.e., for transferring the properties
of a light pulse to a medium for storage and read out.
EIT and STIRAP also underlie the physics of “slow light”
(Hau et al., 1999; Fleischhauer and Lukin, 2000; Vitanov,
Fleischhauer er al., 2001; Fleischhauer, Imamoglu, and
Marangos, 2005; Zimmer et al., 2008), in which the strong
field alters the refractive index and hence the group velocity
of the weak field.
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III. FURTHER ASPECTS OF THREE-STATE STIRAP

This section scrutinizes the basic properties, requirements,
and restrictions for STIRAP.

A. One- and two-photon linewidths

A characterizing feature of STIRAP is the variation of the
one- and two-photon linewidths with the detunings Ap and
Ag. Variation of either carrier frequency, while keeping the
other fixed, will change the two-photon detuning §, thereby
producing the two-photon profile P5(5). Variation of both
the P and S frequencies, while maintaining the two-photon
resonance condition, will produce the single-photon profile
P3(A). The dependences of the transfer efficiency on 6 and A
are different. STIRAP is very sensitive to the two-photon
detuning 6 (cf. Fig. 8) because the formation of the dark state
() requires two-photon resonance. On the other hand, the
formation of the dark state ®(#) is not prevented by the
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Quax = 10/T, 15/T, 20/T, and 25/T for Gaussian pulses with
delay 7 = 1.27. Bottom: STIRAP efficiency vs the P and §
detunings Ap and Ag in an experiment with Ne*. Adapted from
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single-photon detuning A and therefore STIRAP does not
depend on A in the adiabatic limit, hence the much broader
profiles versus A in Fig. 8.

Figure 8 (bottom) shows data from experiments on Ne*
atoms by Martin, Shore, and Bergmann (1996). One sees here
broad resonance structures as a function of the single-photon
detuning Ap on which are superposed narrow resonances
when Ag = Ap, i.e., when 6 = 0.

1. Linewidth for single-photon detuning

Careful examination of adiabatic conditions reveals the
scaling law of the full width at half maximum (FWHM) A, ),
of the single-photon line profile P3(A): A;/, Q2 (Vitanov
and Stenholm, 1997d). This quadratic dependence is indeed
observed in Fig. 8 (top). Because the peak Rabi frequency
Q. 18 proportional to the electric-field amplitude, A/, is
proportional to the peak laser intensity.

2. Linewidth for two-photon detuning

The effect of nonzero two-photon detuning 6 was studied
by Danileiko, Romanenko, and Yatsenko (1994) in the
absence of population decay, by Romanenko and Yatsenko
(1997) in the presence of strong population loss from state 2,
and by Grigoryan and Pashayan (2001) for large single-
photon detuning. For 6 # 0, the eigenstates and the eigenval-
ues of the Hamiltonian are no longer given by Egs. (5), (7),
and (9), and there is no null eigenvalue and no dark eigenstate
(Fewell, Shore, and Bergmann, 1997). Danileiko,
Romanenko, and Yatsenko (1994) found that for 6 # O the
adiabatic evolution leads to a complete population return to
the initial state 1, and the only mechanism by which
population can reach state 3 is in a mixed diabatic-adiabatic
manner: by a nonadiabatic transition between the adiabatic
states through an avoided level crossing, which emerges for
small 6. Figure 9 illustrates such a narrow avoided crossing.
For large o, the separation of adiabatic eigenvalues becomes
larger, thereby blocking the diabatic-adiabatic path 1 — 3.
Danileiko, Romanenko, and Yatsenko (1994) derived an
analytic expression for the two-photon linewidth by using
the Landau-Zener-Stiickelberg-Majorana formula (Landau,
1932; Majorana, 1932; Stiickelberg, 1932; Zener, 1932) to
evaluate the nonadiabatic transitions at the crossing.

An alternative approach to estimating the two-photon
linewidth makes use of the adiabatic condition (Vitanov,
Halfmann e al., 2001) and treats terms, which emerge in
the resonant adiabatic basis [Eqs. (5) and (7)] due to 6 # 0,
as perturbation. These terms induce additional couplings
between the adiabatic states that cause nonadiabatic transi-
tions. Considerable population transfer 1 — 3 can occur if
these nonadiabatic couplings are suppressed, which leads to
the estimate &, /, o €y, (Vitanov, Fleischhauer et al., 2001).
Hence the two-photon linewidth is proportional to the square
root of the peak intensity.

In conclusion, STIRAP is much less sensitive to the one-
photon detuning than to the two-photon detuning. These
features are seen in Fig. 8 (top) where, as the peak Rabi
frequency Q.. increases, the high-efficiency region increases
linearly versus 6 and quadratically versus A. Although we
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FIG.9. Time evolution of the eigenvalues and the populations in
a three-state system with nonzero two-photon detuning 6. The
path from state 1 to state 3 passes through an avoided crossing.
Adapted from Vitanov, Fleischhauer et al., 2001.

show only the P3 = 0.5 contour lines, similar scaling laws are
observed for any other value, e.g., P; = 0.9.

3. Asymmetric line shapes

The two-photon resonance between states 1 and 3 is usually
assumed to be a mandatory condition for STIRAP. This is
certainly correct when the peak Rabi frequencies are nearly
equal. However, it has been shown theoretically (Mgller et al.,
2007; Boradjiev and Vitanov, 2010a) and experimentally
(Sgrensen et al., 2006; Dupont-Nivet et al., 2015) that when
the P and S couplings differ significantly, the population
transfer profile becomes asymmetric with respect to the two-
photon resonance 6 = 0.

Such situations often emerge in applications of STIRAP
where the two interactions have different origins. A prominent
example is vacuum STIRAP (Sec. V.C) wherein the S laser is
replaced by the vacuum field in a cavity. Another example is
when the two fields are derived from different radiation
sources, as in many applications of STIRAP, such as a
laser or a microwave generator (Dupont-Nivet et al., 2015).
Similar conclusions hold for equal peak Rabi frequencies
but different pulse widths. Figure 10 (top) shows asymmetric
excitation profiles shifted from two-photon resonance.
Because off-resonance population transfer takes place via
an avoided crossing of adiabatic energies (and ensuing
inevitable transient population of state 2), in the presence
of loss (dashed curve) the off-resonance part of the lossless
excitation profile (solid curve) is eroded, thereby producing a
triangular excitation profile. Figure 10 (bottom) shows an
asymmetric STIRAP profile in an experiment with trapped
calcium ions.
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FIG. 10. Top: Numerical simulation of STIRAP efficiency vs
the two-photon detuning for equal (dotted) and unequal (by a
factor of 3) P and S peak Rabi frequencies. In the absence of
population loss, the asymmetry just shifts the two-photon profile
from resonance (solid). The irreversible population from state 2
with rate I' = 5/T erodes the off-resonance part and produces
a triangular-shaped profile (dashed). Gaussian pulse shapes are
assumed of width 7. Bottom: STIRAP efficiency vs two-photon
detuning in the “°Ca* experiment. The magnitudes of the two
fields differ by a factor of 2.5. From Sgrensen et al., 2006.

B. Bright STIRAP

The two opposite pulse sequences (SP and PS) lead to
strikingly different results with regard to the single-photon
detuning Ap. The counterintuitive sequence SP induces
complete population transfer to state 3 via the dark state
®y(t) of Eq. (5) regardless of Ap. On the contrary, the
population redistribution caused by the intuitive sequence
PS strongly depends on Ap. In this latter case—for the
intuitive pulse order PS—there are three distinct regimes.

Single-photon resonance: On single-photon resonance
(A =0), we have ¢ = /4 [see Eq. (8a)], and hence both
adiabatic states ®_(f) and ®_(r) are initially populated.
The interference between the two different paths from state
1 to state 3 [via @, (7) and ®_(7)] leads to generalized Rabi
oscillations in the final population of state 3 (He ef al., 1990;
Shore, 1990; Shore, Bergmann, and Oreg, 1992; Vitanov and
Stenholm, 1997a),

P, = sin’*1A, Py =cos’ A, (19)
with A given by Eq. (11).

Single-photon detuning: Bright STIRAP.—For nonzero A,
but with the P and S fields still on two-photon resonance,
adiabatic evolution may produce complete population transfer
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1 — 3 for the intuitive pulse ordering (Vitanov and Stenholm,
1997a). Indeed, for A # 0, we have ¢; = ¢, = 0, and hence
the adiabatic state ®_(r) provides an adiabatic connection

between states 1 and 3, w12°<1>_(t)1°>°y/3.

This population transfer scenario is named bright STIRAP
(b-STIRAP) (Klein, Beil, and Halfmann, 2007). However,
here state 2 receives a significant transient population P, () =
sin? () [cf. Eq. (7b)], and hence b-STIRAP can produce
efficient population transfer only if the lifetime of state 2 is
long compared to the pulse duration.

Large single-photon detuning: When the detuning A is
very large (JA| > Qp, Qg), then the middle state 2 can be
eliminated adiabatically (Oreg, Hioe, and Eberly, 1984;
Gaubatz et al., 1990; Shore et al., 1992; Vitanov and
Stenholm, 1997d; Shore, 2011, 2013). An effective two-state
model results with the effective coupling and detuning
given as

Qq(r) = - 2021,
Bl = 250 (20)

For temporally delayed pulses, regardless of the order, the
detuning Ay (7) crosses resonance at the instant #, when
Qp(tg) = Qg(ty). In the adiabatic limit, this level crossing
leads to complete population transfer for both pulse orderings,
because the sequence reversal leads to an unimportant change
of sign in Ay (7).

These observations are illustrated in Fig. 11, which
shows the population of state 3 versus the delay and the
peak Rabi frequency of the two pulses. On resonance,
a large plateau of high population transfer probability
occurs for counterintuitively ordered pulses (z > 0), while
oscillations occur for the intuitive pulse ordering (z < 0) in
the lossless case (I' = 0). The oscillations disappear when
irreversible population loss is present (I' > 0). Off single-
photon resonance, robust population transfer occurs for
both pulse orderings in the absence of losses. However,
with irreversible population loss only the STIRAP island
survives. This is because the dark state is not affected by
the lossy middle state 2, whereas b-STIRAP contains a
sizable component of this state.

Curiously, in the lossless case the final population of state 1
is the same for either pulse orderings, i.e., it is a symmetric
function of the pulse delay (Vitanov, 1999).

C. Fractional STIRAP

As discussed, the counterintuitive pulse ordering in STIRAP
ensures the complete population transfer 1 — 3. It was recog-
nized soon after the discovery of STIRAP that when the ratio of
the two Rabi frequencies remains fixed, then so too does the
mixing angle, and the state vector will be frozen in a coherent
superposition of states 1 and 3 (Marte, Zoller, and Hall, 1991).
With complex-valued Rabi frequencies that satisfy

0—&[ Qp(t) t—>_+<;o
Qq(1)

¢/ tan ©, (21)
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FIG. 11. Numerically simulated contour plots of population
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and the peak Rabi frequency Q... Solid, dashed, and dotted
contours show the P; = 0.9, 0.5, and 0.1 values, respectively. We
assumed resonant Gaussian pulses of equal magnitude Q.. and
width 7. Left frames: no loss, I' = 0. Right frames: population
loss from state 2 with rate I' = 3/7. Top frames: single-photon
resonance A = 0. Bottom frames: A = 10/T.

where ® = 9(+4o00), the superposition reads
U =y, cos® — e sin O. (22)

Thereby, instead of STIRAP, we have fractional (or partial)
STIRAP, in which only a controlled fraction of the population

—+0co

is transferred to state 3. In particular, if Qp(f)/Qg(r) — 1,
meaning ® = /4, then an equally weighted superposition of
states 1 and 3 will be created, ¥ = (y; — w3)/V/2, a process
termed half-STIRAP. As in STIRAP, state 2 remains unpopu-
lated in the adiabatic limit. Instead of suddenly interrupting
the evolution of the P and S pulses, we can let them vanish
simultaneously, in a smooth fashion (Vitanov, Suominen, and
Shore, 1999), as in Fig. 12.

Transfer of population from a single quantum state into a
predetermined coherent superposition of states is a more
demanding task than transfer to a single quantum state.
The price to pay is some loss of robustness: the relative
intensity on the trailing slopes of the pulses needs to be
controlled.

D. Control of nonadiabatic losses: Ultrahigh fidelity

In the early applications of STIRAP, its efficiency was
barely scrutinized because an accuracy of over 90% sufficed
for most purposes. However, because of its robustness to
decoherence STIRAP was quickly recognized as a promising
control tool for quantum information processing. The latter
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FIG. 12. Time dependences of (a) the P and S Rabi frequencies
and (b) the populations in fractional STIRAP. As in STIRAP, the
S pulse arrives before the P pulse, but here the two pulses vanish
simultaneously while maintaining a fixed ratio. Consequently,
instead of complete population transfer 1 — 3, a coherent super-
position of states 1 and 3 is created. Adapted from Vitanov,
Suominen, and Shore, 1999.

demands very high fidelity, with admissible errors usually
below 10~*. Such small errors are difficult to achieve with
STIRAP as it approaches unit efficiency only asymptotically
when the pulse areas increase. Moreover, very large laser
intensities may breach various assumptions: other states will
be coupled to the three states of STIRAP, and multiphoton
ionization or dissociation may be appreciable. Various sce-
narios have been considered for reducing the nonadiabatic
coupling and hence achieving ultrahigh efficiency of STIRAP.
The following discussion describes some of these.

1. Nonadiabatic transitions

The behavior of STIRAP away from the adiabatic limit was
discussed by Fleischhauer and Manka (1996), Vitanov and
Stenholm (1997¢), Kobrak and Rice (1998a), and Sun and
Metcalf (2014). In particular, it was found that for smooth
pulses of infinite area, the nonadiabatic error vanishes
exponentially with the pulse area (Elk, 1995). This behavior
is similar to the one predicted for two-level systems (Dykhne,
1962; Davis and Pechukas, 1976). For Gaussian pulses,
however, this is not the case and there is a power-law
dependence (Laine and Stenholm, 1996; Vitanov and
Stenholm, 1996; Drese and Holthaus, 1998).

2. Pulse shaping

One approach to reducing the nonadiabatic transitions
in STIRAP is based on an approach that uses the Dykhne-
Davis-Pechukas (DDP) method (Dykhne, 1962; Davis and
Pechukas, 1976) for estimation of the transition probability in
a two-state system. The DDP method relies on the so-called
transition points defined as the (complex) zeros of the
quasienergy €(t) = \/Q(t)? + A(¢)% The transition probabil-

ity is given by a sum over contour integrals in the complex
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plane from the origin to these transition points. Guérin
et al. (2002) and Lacour, Guérin, and Jauslin (2008)
noticed that the two-state transition probability is mini-
mized if the quasienergy does not have transition points,
e.g., if e(t) = const.

Vasilev, Kuhn, and Vitanov (2009) used the DDP approach
to optimize STIRAP by using the reduction of STIRAP to
effective two-state systems on exact resonance and for large
one-photon detuning. In either case, the DDP-optimized
pulse shapes must satisfy Qp()> + Qg(#)*> = const, i.e., the
eigenvalues remain constant; see Eq. (9). For pulses of finite
duration (as contrasted with Gaussians), this condition can be
fulfilled exactly by the shapes shown by the dashed curves in
Fig. 13 (top). The solid curves in the same figure show more
realistic pulse shapes, for which this condition is fulfilled
only during the pulse overlap, which is when the dynamics
occur. An example is shown in the lower frame of Fig. 13.
Here the Gaussian pulse shapes fail to reduce the population
transfer error below the benchmark value 10~* until the pulse
areas become very large. By contrast, the DDP-optimized
shapes bring the error below this value for much smaller pulse
areas. Baksic, Ribeiro, and Clerk (2016) further optimized
this approach. Chen and Muga (2012) proposed another
optimization of the P and S pulse shapes using invariant-
based inverse engineering. Du ef al. (2016) experimentally
realized such a pulse-shape-optimized STIRAP with a large

—_
(=]

o
%

o
N

<
»

o
o

Rabi Frequencies (in units ()

5
=}

-3 -2 -1 0 1 2 3
Time (in units 7))

0.01

Population Transfer Error

1074
1076+ P P
0 10 20 30 40 50 60

Peak Rabi Frequency (in units 1/7")

FIG. 13. DDP-optimized STIRAP by Vasilev, Kuhn, and
Vitanov (2009). Top: pulse shapes. Dotted curves: Gaussian
pulses, dashed curves (fully overlapping with the solid
curve in the pulse overlap region): Qp(7) = Q.. sin[zf()/2]
and  Qq(7) = Quacos[zf(2)/2], solid curves: Qp(f) =
9(0)Quax sin[zf (1) /2] and Qs(1) = g(1)Quax cos[zf(1)/2], with
f() =1/(1 + e */T) and g(r) = e~(/>7)°. Bottom: Population
transfer error in STIRAP for the pulse shapes in the top frame.
Adapted from Vasilev, Kuhn, and Vitanov, 2009.
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middle-state detuning with 3’Rb atoms in a magneto-optical
trap. Finally, Dridi et al. (2009) proposed to use both pulse
shaping and detuning chirping in such a way that all three
adiabatic energies of the A system were parallel; they called
this “parallel STIRAP”” This approach, however, places
considerable population in the middle state 2.

The trade-off of these pulse-shaping versions of
STIRAP is clear: adiabaticity is improved at the expense
of pulse shaping. Such procedures lose a key advantage of
STIRAP—independence of the pulse shapes. Therefore,
the experimental feasibility of these proposals depends on
the availability of pulse-shaping techniques for the par-
ticular implementation.

3. Shortcuts to adiabaticity

An alternative approach to reducing nonadiabatic losses
uses an additional field, applied on the transition 1 <> 3 to
form a loop linkage (a triangle or A, rather than a A) of the
three states (Unanyan et al., 1997). They termed this approach
“control of diabatic losses.” However, it turned out that the

amplitude of this additional field must be equal to 29() (up to
a phase factor), i.e., for given P and S fields, it must have a
specific time dependence and a pulse area of z. These
constraints render the procedure impractical: If it is possible
to apply a resonant z pulse to the 1-3 transition, then this pulse
will produce the desired population transfer without the need
of the S and P pulses. Moreover, the additional field creates a
closed interaction loop, which makes population transfer
sensitive to the phases of the fields.

Similar proposals in two- and three-state systems were
made by Demirplak and Rice (2003, 2005, 2008) with the
name “assisted adiabatic passage by counterdiabatic field,”
by Berry (2009) who used the term “transitionless quantum
driving,” and by Chen et al. (2010) who named it “shortcut to
adiabaticity.”

4. Composite STIRAP

A rather different approach to optimization of STIRAP,
which uses neither pulse shaping nor additional transitions,
was proposed by Torosov and Vitanov (2013). It uses the idea
of composite pulses—a coherent control technique, which is
widely used in nuclear magnetic resonance (Levitt and
Freeman, 1979; Freeman, Kempsell, and Levitt, 1980;
Levitt, 1986; Freeman, 1997). A composite pulse is a
sequence of pulses with well-defined relative phases, which
are used as free control parameters to shape up the excitation
profile in a desired manner. In fact, similar ideas have been
used in polarization optics much earlier (Destriau and
Prouteau, 1949; West and Makas, 1949; Pancharatnam,
1955a, 1955b, 1955¢c; Harris, Ammann, and Chang, 1964;
Mclntyre and Harris, 1968).

Recently, composite pulses were successfully used in
quantum optics (Haffner, Roos, and Blatt, 2008; Timoney
et al., 2008; Ivanov and Vitanov, 2011; Torosov and Vitanov,
2011). Torosov, Guérin, and Vitanov (2011) proposed to
combine this technique with adiabatic passage, composite
adiabatic passage (CAP), which was demonstrated experi-
mentally by Schraft er al. (2013).
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FIG. 14. Composite STIRAP. Top: The population is trans-
ferred from state 1 to 3 via a sequence of three SP pulse pairs
with appropriate relative phases. When there is one-photon
resonance (A = 0), the ordering of the two pulse constituents is
reversed from pair to pair, while for nonzero A the ordering is
the same for all pulse pairs. Bottom: Final population P5 vs the
pulse delay and the peak Rabi frequency for a single resonant
STIRAP (left) and a sequence of five resonant pulse pairs
(right) with sine-squared shapes of duration 7' and phases
(¢ dsx) given by (0.47/5)(x.87/5)(37/5.37/5)(8x/5.7)
(47/5,0). From Torosov and Vitanov, 2013.

Nearly all work on composite pulses concerns two-state
systems. Torosov and Vitanov (2013) extended these ideas to
STIRAP. Figure 14 (top) illustrates how composite STIRAP
operates. The single pair of § and P pulses (SP) is replaced
by a sequence of such pairs. Figure 14 (bottom) compares the
efficiency for STIRAP (left) and composite STIRAP (right).
The ultrahigh efficiency region is expanded from a very
small area in STIRAP to a large plateau in composite
STIRAP, thereby making STIRAP suitable for high-fidelity
quantum information processing. This technique requires
only an accurate phase control, which is possible in many
experiments.

E. Effects of decoherence

A quantum system is always surrounded by an environment
that is a source of decoherence. Here we review the detri-
mental effects of various types of decoherence on STIRAP.
STIRAP is robust against some causes of decoherence, e.g.,
irreversible population loss from the middle state 2 and
spontaneous emission within the system. It is more sensitive
to others, such as dephasing.
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1. Transition time

The consequences of decoherence are closely related to the
transition time Tgprap in STIRAP. Boradjiev and Vitanov
(2010b) defined the transition time as the time it takes for the
population P5 to rise from € to 1 — e. For Gaussian pulses this
definition leads to

T2 1—¢€
Tstirap = 7111 .

- (23)

This time is to be distinguished from the inferaction time,
which 1S Tiperaction = 2T + 7, where T is the pulse width
and 7 is the pulse delay and from the overlap duration.
Equation (23) reveals a remarkable feature: the transition time
is inversely proportional to the pulse delay—the longer the
delay the shorter the transition time. Of course, the pulse delay
must stay within the limits discussed in Sec. ILF.

2. Irreversible population loss

Because the evolution of the quantum system is never
perfectly adiabatic and some transient population does visit
the middle state 2, a strong decay from this state may cause
population loss. The effects of irreversible population decay
from state 2 to states outside the system have been studied
by several authors (Glushko and Kryzhanovsky, 1992;
Fleischhauer and Manka, 1996; Vitanov and Stenholm,
1997¢). The most convenient way to model such loss is to
add a negative imaginary term —iI"/2 in the Hamiltonian of
Eq. (2): A - A —iI'/2. For small and medium decay rates I'
the loss of transfer efficiency is dominated by decay of
population that visits state 2 due to imperfect adiabaticity.
For large I', quantum overdamping (Shore and Vitanov, 2006)
occurs, decoupling the entire system from the driving fields.
These two mechanisms lead to a different dependence of the
transfer efficiency on I': exponential at small I" and poly-
nomial at large I'. Like the one-photon detuning linewidth
Ay, the loss “linewidth” Iy », at which P drops to 1/2, is
proportional to the squared peak Rabi frequency: I'y /» o Q2
(Vitanov and Stenholm, 1997c).

3. Dephasing

The treatment of dephasing, or phase relaxation, requires
solution of the more complicated Liouville equation for the
density matrix (Shore, 1990),

in L o(t) = [H(0). (1] = iD(1), (24)

where the dissipator D(7) reads

r13013(1)
r23p2s(t) |- (25)
Y32032(1) 0

0 Y12P12(2)

D(#) = h| y21p2 (1) 0
r31p31 ()
Here y,,, =v,, are dephasing rates of the coherences

P (1) = (wulp(t)lw,), where p(z) is the density operator.
Dephasing affects STIRAP by destroying the coherence
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between states 1 and 3 and thus leads to depopulation of the
dark state.

Ivanov, Vitanov, and Bergmann (2004) derived the adia-
batic solution of the Liouville equation in the limit of strong
dephasing,

o _1_1,-
pi=pn =33,

P33 =3 +3eT, (26)
with = (3/4) [, sin?29(t)dr. For Gaussian pulses, we
have n = 3T?/4x, i.e., n is proportional to the transition time
Tstirap [see Eq. (23)]. Interesting conclusions follow from
Eq. (26). For any value of y3, the final populations of states 1
and 2 are equal. Moreover, the dephasing losses depend
inversely on the pulse delay 7z Finally, the solution is
independent of the peak Rabi frequencies, hence increasing
them does not reduce the loss of efficiency.

In other studies of the detrimental effects of dephasing,
Demirplak and Rice (2002) numerically explored STIRAP in
liquid solutions by assuming that the three-state system is
coupled to a classical bath. Shi and Geva (2003) assumed a
quantum bath and performed numerical simulations using a
quantum master equation.

4. Spontaneous emission

The consequence of spontaneous emission within the A
system, from state 2 to states 1 and 3, was studied by Band and
Julienne (1991b, 1992) and Ivanov, Vitanov, and Bergmann
(2005). The description of this process requires equations for
the density matrix (Kuhn et al., 1992; Breuer and Petruccione,
2002; Scala et al., 2010). Ivanov, Vitanov, and Bergmann
(2005) used adiabatic elimination of weakly coupled density
matrix elements in the Liouville equation, from which an
analytic approximation was derived. For small-to-moderate
decay rates STIRAP is not significantly affected by sponta-
neous emission because the middle state is unpopulated. For
strong decay rates STIRAP degenerates into incoherent
optical pumping. Scala er al. (2011) studied this problem
by using an effective Hamiltonian derived from a microscopic
model. They found that at zero environment temperature,
the system-environment interaction acts as a pump toward
the dark state. Consequently, higher efficiency than in the
phenomenological model (Ivanov, Vitanov, and Bergmann,
2005) was obtained.

F. Stimulated Hyper-Raman STIRAP

Access to high-lying electronic states of atoms or molecules
requires ultraviolet or VUV radiation, and it is tempting to
consider using a multiphoton transition for this interaction.
For two-photon transitions, evaluation of the hyper-Raman
interaction requires the frequency-dependent polarizability
tensor a(w), whose matrix elements between states m and
n (m, n =1, 2, 3) involve the product of two dipole-moment
components summed over all possible intermediate states
(including continua) (Yatsenko, Guérin et al., 1998). The
interaction energy associated with the polarizability involves
the product of two electric-field amplitudes, leading to two-
photon Rabi frequencies, which are proportional to the
intensities of the corresponding fields. In addition, there occur
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dynamic Stark shifts that shift the diagonal Hamiltonian
elements by HY@*(¢) = a[S,p(t) + S,s(t)]. These shifts are
proportional to the intensities too. It is these inevitable
dynamic Stark shifts that diminish the usefulness of popula-
tion transfer by stimulated hyper-Raman adiabatic passage
(STIHRAP) (Guérin and Jauslin, 1998; Guérin et al., 1998,
1999; Yatsenko, Guérin et al., 1998): the customary approach
to improving adiabaticity by increasing the field intensities
does not help because this introduces Stark-shift-induced two-
photon detuning detrimental to the desired formation of the
dark state. Nevertheless, it was possible to achieve population
transfer by a combination of adiabatic and diabatic evolution
(Bohmer et al., 2001), as in the technique of Stark-chirped
rapid adiabatic passage (SCRAP) (Rickes et al., 2000;
Yatsenko, Vitanov et al., 2002; Rangelov et al., 2005), albeit
with population in state 2.

G. Piecewise adiabatic passage

Shapiro et al. (2007) proposed a technique, named piece-
wise adiabatic passage (PAP), that produces STIRAP-like
population transfer by trains of a large number of S and P
pulses. The amplitudes of the P pulses gradually increase,
while those of the S pulses gradually decrease, thereby
forming global envelopes reminiscent of the P and S pulses
in STIRAP; see Fig. 15. The interesting aspect of PAP is that
the individual pulses can be shorter than the durations allowed
by the adiabatic condition in STIRAP, which makes it possible
to implement this STIRAP-like process with ultrashort pulses.
A similar concept was demonstrated experimentally in rubid-
ium atoms by Zhdanovich er al. (2008), who produced a
two-state level-crossing transition, in which both the field
amplitude and the detuning chirp change in steps. This chirped
PAP was also used to create superpositions of states in
potassium atoms (Zhdanovich et al., 2009). However,
attempts to implement the PAP scheme in a molecule have
hitherto failed (Bitter, Shapiro, and Milner, 2012). A recent
proposal (Shore et al., 2016) suggests an implementation of a
PAP analog in polarization optics; see Sec. VIILB.

Rangelov and Vitanov (2012) proposed a related technique
for producing complete population transfer from state 1 to
state 3 by a train of N coincident PS pulse pairs, in which the
maximum population in the middle state 2 is sin?(z/4N). In
the limit of N > 1, it reduces to PAP, while for small N, it is
similar to generalized 7 pulses. Vaitkus and Greentree (2013)

(Ln)

Pulse Amplitudes
Pulse Amplitudes

Time

FIG. 15. Sequences of coincident (left) and noncoincident
(right) S and P pulse pairs used to produce piecewise adiabatic
passage (PAP). Adapted from Shapiro et al., 2007.
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proposed a similar scheme, with a stepwise change of the
fields, named “digital adiabatic passage” (DAP).

IV. STIRAP-LIKE PROCESSES BEYOND THREE STATES
A. Multistate chains

STIRAP was implemented successfully in the chainwise-
linked system of N states, in which each state is connected
only to its two neighbors: 1 <> 2 <> 3 <> --- <> N. Figure 16
presents an example of such a chain in a bent linkage pattern,
which is found in manipulation of internal atomic dynamics,
in atom optics (Sec. V.B), and other applications. Ladderlike
excitation is of considerable interest for producing dissocia-
tion or photoionization.

Adiabatic population transfer along a multistate chain by
time-dependent fields has been studied in detail and various
STIRAP-like or STIRAP-inspired processes have been pro-
posed and demonstrated in experiments. Here we present the
basic features of chain STIRAP and describe a few important
applications.

The RWA Hamiltonian of a multistate chain reads

0 Q, 0 - 0 0
Qp 28y Q3 0
Ao a0 0
H=1 @)
0 - 28y Quyow
L 0 0 0 - Qyy 0

where the detunings are on the diagonal, and the Rabi
frequencies Q; , between states j and k are the off-diagonal
elements. The condition for a two-photon resonance in
STIRAP is replaced by the condition for a (N — 1)-photon
resonance between the first and last states of the chain, as
evident from the zeros in the first and last diagonal elements.
The intermediate states may, in general, be nonresonant.
When all transitions are resonant, such multistate chains
behave differently for odd and even numbers of states.

1. Resonantly driven chains

A necessary condition for STIRAP-like population transfer
in multistate chains is the existence of an eigenstate of the
Hamiltonian, which connects the initial state 1 to the final state
N of the chain. For an odd number of states (N = 2n + 1),
such a multilevel adiabatic passage (AP) state exists when all
the lasers are on resonance with their corresponding transi-
tions. It still exists if the even-numbered states in the chain are
detuned from resonance by the same detuning (Marte, Zoller,
and Hall, 1991; Shore et al., 1991; Smith, 1992): Asz =0
(j=0,1,2,...,n) and Ayy = A (k=1,2,...,n). Then the
Hamiltonian of Eq. (27) has a zero eigenvalue. The corre-
sponding eigenstate ®,p is a time-dependent coherent super-
position of only the odd-numbered states in the chain (1, 3, ...,
2n 4+ 1). In a bent linkage as in Fig. 16, this state contains only
the lower states, with no contribution from the upper states,
which makes it similar to the dark state in the A system.
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FIG. 16. Left: Linkage pattern for N-state chain STIRAP. Right:
Effective set of parallel A systems after diagonalization of the
subsystem of middle states. Multistate STIRAP is optimized
by tuning to a dressed middle state. Adapted from Vitanov,
Fleischhauer et al., 2001.

For example, in a five-state chain the zero-eigenvalue
eigenvector of Eq. (27) is a superposition of states 1, 3,
and 5 only (Morris and Shore, 1983; Hioe and Carroll, 1988;
Marte, Zoller, and Hall, 1991; Shore et al., 1991; Smith,
1992),

Pap(t) = [Qp3(1)Qu5(1) w1 — Qi 2(1)Q45(1) w3
+ Q1 2(1)Q34(Dwrs| /N (1), (28)

where N (f) is a normalization factor. If states 2 and 4 are
fluorescent then ®,p (1) is a dark state, trapping population in
states 1, 3, and 5.

A natural system for applying multistate STIRAP is the
chain formed by the Zeeman sublevels of two degenerate
levels. Let the angular momentum be J for the lower level and
J or J —1 for the upper level, and take the two sequential
pulses to be polarized with opposite right (67) and left (67)
circular polarizations, as shown in Fig. 17. The Rabi frequen-
cies Q,(f) and €3 4(7) follow the time dependence f, (f) of
the o pulse, while the Rabi frequencies Q, ;(7) and Q, 5(r)
follow the time dependence f_(7) of the o~ pulse. The relative
amplitudes of the Rabi frequencies are determined by
Clebsch-Gordan coefficients (Shore, 1990). For example,
for two levels with angular momenta J g=J.= 2, as shown
in Fig. 17 (top), the AP state reads

Bty — VI VIO (s V3L (P
AP - N([) .

(29)

If the system is prepared initially in the M, = —J ground
sublevel, then a STIRAP-like transfer to the M, = +J
sublevel can be achieved by applying the ¢~ pulse (S) before
the o+ pulse (P), because then the AP state has the asymptotic

behavior y/lt_:th)Ap(t)t_iooy/N, with N = 5. The excited
sublevels 2 and 4 remain unpopulated, even transiently, if
the process is adiabatic. However, the intermediate ground
state 3 acquires some transient population, as seen in Fig. 17.
In this particular example this does not lead to population loss
because state 3 is not a lossy state.

Multistate STIRAP in such angular-momentum chains
has been demonstrated experimentally and used extensively
(Pillet et al., 1993; Goldner et al., 1994a, 1994b; Valentin, Yu,
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FIG. 17. Top: Letter-M linkage pattern for five-state STIRAP
between the magnetic sublevels of two degenerate levels, ground
and excited, with angular momenta J, = J, = 2. The transitions
are driven by a pair of laser pulses with right (1) and left (67)
polarizations. Adapted from Vitanov, Fleischhauer er al., 2001.
Bottom: Pulse shapes and populations for five-state STIRAP
between the magnetic sublevels (indicated by numbers) in the
top panel.

and Pillet, 1994; Featonby et al., 1996, 1998; Theuer and
Bergmann, 1998; Godun et al., 1999; Webb et al., 1999) in the
context of atom optics; see Sec. V.B.

The chains with an even number of states behave very
differently than the ones with an odd number of states. For
N =2n, we have detH = (-1)"Q7,Q3, - Q}_, y # 0, and
hence H(#) does not have a zero eigenvalue. More importantly,
H(#) does not possess an AP state between the end states of the
chain, 1 and N. Hence a STIRAP-like population transfer is
impossible. Instead, the populations experience generalized
Rabi oscillations (Band and Julienne, 1991a; Oreg et al.,
1992; Vitanov, 1998).

2. The off-resonance case

When the intermediate states in a chain are off resonance,
while the two end states are still on (N — 1)-photon resonance,
chains with odd and even numbers of states behave similarly
(Vitanov, 1998). There is neither zero eigenvalue nor dark
state of the Hamiltonian of Eq. (27), but an AP state ®,p(?)
may exist. It was shown (Vitanov, 1998) that the condition for
the existence of an AP state is DEN-2DEN-1) 5 (), where
DUK) is the determinant of the matrix obtained by keeping the
rows and columns from jth to kth in H. For pulse-shaped
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FIG. 18. Numerically calculated transfer efficiency for chain
STIRAP with N = 4 states vs the two middle-state detunings A,
and Aj;. The P and S pulse shapes are Gaussian, with peak Rabi
frequency €, pulse width 7', and delay = = 7, while the Rabi
frequency of the pulse coupling the middle states 2 and 3 is
constant and equal to 3Q,. Left frame: Q; = 20/T; right frame:
Qo = 160/T. The solid curves show the dressed-state resonan-
ces, i.e., the energies of the dressed middle states. Adapted from
Vitanov, Shore, and Bergmann, 1998.

couplings and nonzero detunings, this condition reduces
to AyAy_; > 0.

For N =4, an AP state exists only when the middle
detunings have the same sign A,A; > 0. When A,A; <0,
or one of them is zero, there is no AP state. For N = 5, an AP
state exists if (44,45 — QF ;) (4434, — Q3 ) > Oatearly and
late times. Thus if all detunings are nonzero, an AP state exists
if AyA; > 0.If A, =0, an AP state exists for A;A, < 0. If
A, =0, an AP state exists for AyA; < 0. If A; =0, an AP
state exists irrespective of the values of A, and A,, which
agrees with the result in Sec. IV.A.1. If A, = A4, =0, an AP
state exists irrespective of Aj.

Figure 18 shows adiabatic population transfer in a four-state
system versus the detunings from the two intermediate states 2
and 3. High transfer efficiency is achieved only if AyA; > 0
(first and third quadrants), while almost no transfer is possible
for AyA; <0 (second and fourth quadrants). As the pulse
areas increase (from left to right frame), the high transfer
efficiency regions in the first and third quadrants grow too.

We note that for nonzero middle detunings, the AP state
has, in general, nonzero components from all states involved,
including the lossy excited states. Hence in the lossy regime
complete population transfer is impossible.

Recently, Kamsap et al. (2013) proposed to use off-resonant
four-state STIRAP-like population transfer between the two
fine structure components of the metastable D state in
alkaline-earth-metal ions. A suitable spatial arrangement of
the three laser fields makes it possible to exactly cancel the
first-order Doppler shift.

3. Straddle STIRAP

The problem of the nonzero middle-state populations can
be alleviated by using “straddle STIRAP” (Malinovsky and
Tannor, 1997). In straddle STIRAP, all couplings between the
middle states of the chain are at all times much larger than the
couplings for the first and last transitions—the P and S fields.
Figure 19 demonstrates the operation of straddle STIRAP in a
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FIG. 19. Straddle STIRAP in a chain with five states. Top: Shapes
of the P, S, and middle (M) pulses. All middle-state detunings
are zero. Middle: Weak middle couplings 93’3 = Qg.4 = 0.29Qy.
Bottom: Strong middle couplings QI ; = QF , = 20 Here Q is
the peak value of the P and S fields.

five-state chain. Increasing the middle couplings reduces the
populations of the middle states. This approach was exper-
imentally demonstrated by Danzl er al. (2010).

4. Optimization of multistate STIRAP: Dressed-state picture

A dressed-state approach of Vitanov, Shore, and Bergmann
(1998) provides a particularly intuitive picture of STIRAP in
multistate chains. The N — 2 coupled middle states can be
considered as a field-dressed subsystem, which can be
diagonalized, thereby replacing the bare states with dressed
states; see Fig. 16. The chain linkage is therefore replaced by
two levels (the initial and final levels) both coupled to a set of
closely spaced dressed states. The properties of this dressed
subsystem can be controlled by the parameters of the dressing
pulses (intensities and frequencies). By tuning the P and S
lasers to one of the dressed eigenstates ®;, the complex
multistate dynamics is reduced to an effective A system
v, < P, < ywy, thereby facilitating efficient STIRAP-like
transfer.

This dressed-state approach provides further insight into
straddle STIRAP. Indeed, if the dressing middle fields are
strong, then the splittings between the dressed energies are
large. Hence these states are far off resonance and receive little
population.

The dressed picture also reveals the difference between odd
and even numbers of states on resonance. For odd integer N,
one of the dressed states (the one with the zero eigenvalue) is
always on resonance with the P and S lasers. For even-integer
N, the P and S lasers are tuned in the middle between two
adjacent dressed energies and the ensuing interference
between the different adiabatic paths leads to Rabi-like
oscillations. Hence staying on resonance is the best choice
for odd integer N, while the only possibility to achieve
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adiabatic population transfer for even integer N is to choose
appropriate nonzero middle-state detunings.

5. Multiple intermediate states

The system of Fig. 16 (right), in which the middle state 2 is
replaced by a set of states, is interesting not only in the
context of the preceding discussion but in its own right. The
presence of such states may open multiple transition paths
1 — 3, the interference between which may ruin the pop-
ulation transfer. Coulston and Bergmann (1992) were the
first to consider this problem: they assumed two intermediate
states and equal couplings Qp(f) to state 1 and equal
couplings Qg(#) to state 3. Vitanov and Stenholm (1999)
studied the general case of N intermediate states and
arbitrary couplings. They found that the dark state remains
a zero-eigenvalue eigenstate of the Hamiltonian only when
the ratio Qp;(7)/Qs(7) between the couplings from each
intermediate state k to 1 and 3 does not depend on k. Then the
multi-A system behaves almost as a single A system and
STIRAP-like transfer 1 — 3 is possible, with almost no
transient population in any intermediate state. When this
condition is not fulfilled there is no dark state but there may
exist, for specific conditions on the single-photon detuning,
an AP state (albeit with contributions from the intermediate
states). It is most appropriate to tune the P and S lasers either
just below or just above all intermediate states because then
an adiabatic link 1 — 3 always exists, the transfer is more
robust, and the transient middle-state populations can easily
be suppressed.

B. Nearly degenerate states

In real physical systems, such as atoms and molecules, there
are multiple states in the vicinity of the three states of the A
system. These states may be present due to fine and hyperfine
structures, Zeeman sublevels, or closely spaced rovibrational
levels in molecules. They may interfere and impede, or even
inhibit, STIRAP.

In a system of multiple states, the adiabatic energies may
exhibit a very complicated pattern when plotted as a function
of time. The main hindrance to STIRAP is the emergence of
narrow avoided crossings between the dark-state energy and
its nearest neighbors, which may block the adiabatic path from
state 1 to state 3. Next we review the problems that emerge in
two common situations: STIRAP between magnetic sublevels
and STIRAP in a dense web of states.

1. STIRAP between magnetic sublevels

A detailed theoretical and experimental study of STIRAP
between magnetic sublevels was carried out by Martin, Shore,
and Bergmann (1995), Shore et al. (1995), and Martin, Shore,
and Bergmann (1996) in Ne* atoms. That work demonstrated
many of the problems also present in polyatomic molecules
with their high density of energy levels, when the S and/or P
lasers may couple several levels. The level scheme in this
experiment, shown in Fig. 20 (top), involves the magnetic
sublevels of J =0, 1, and 2 levels, and thus there are 9
sublevels in total. The population is initially in sublevel J = 0,
M = 0. A uniform magnetic field B is used to remove the
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Zeeman degeneracy and to set the quantization axis. The
optical selection rules allow one to select the sublevels
participating in the dynamics by an appropriate choice of
the laser polarizations with respect to the direction of B. Three
special cases are shown in Fig. 20. When the P and S fields are
linearly polarized along B, the selection rule AM = 0 applies.
Then only the three M = 0 sublevels are coupled by the laser
fields; cf. Fig. 20(a): we have an ideal three-state A linkage.
When the P polarization is parallel and the S polarization
perpendicular to B, four states are coupled; cf. Fig. 20(b).
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FIG. 20. (a)—(c) Linkage patterns between the magnetic sub-

levels of the levels 3Py, >Py, and *P, in Ne* for various choices
of P and § polarizations with respect to the direction of the
magnetic field B. Adapted from Bergmann, Theuer, and Shore,
1998. (d), (e) Population transfer efficiency in Ne* vs the
detuning of the P laser field for a set of values of the magnetic
field B and the polarization choice of panel (c). The S laser
frequency is held fixed on resonance in (d) and off resonance by
200 MHz in (e). The inset in (d) shows the narrow avoided
crossing appearing in the eigenenergies for moderate magnetic
fields, which blocks the adiabatic path between the initial and
target states. A, is the Zeeman splitting. Adapted from Martin,
Shore, and Bergmann, 1996.
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Conversely, when the S polarization is parallel and the P
polarization perpendicular to B, five states are coupled;
cf. Fig. 20(c). Finally, in the general case of arbitrary polar-
izations, all nine magnetic sublevels are coupled.

Figure 20 shows implementation of STIRAP in this
system as a function of the P detuning Ap and the magnetic
field B. In Fig. 20(d), the S detuning is set to zero with
respect to the transition frequency of the degenerate (B = 0)
3P, < 3P, transition, while the P detuning is scanned
across the resonance. For weak B, a single peak in the
target state population is observed near Ap = 0, because the
M = +1 and —1 sublevels are too close to be resolved. For
strong B, the Zeeman splitting increases and a symmetric
two-peaked structure emerges, indicating population transfer
to M = +1 or —1 sublevels. A dramatic drop of efficiency
occurs at moderate values of B, identified by Martin, Shore,
and Bergmann (1996) as due to the emergence of a narrow
avoided crossing [Fig. 20(d), inset] in the adiabatic energy
diagram, which blocks the adiabatic path between the initial
and final states. This connectivity obstacle can be removed
by detuning the S laser from resonance, as evident in
Fig. 20(e).

Figure 21 reveals another possible problem in the imple-
mentation of STIRAP. It shows an example in which efficient
population transfer takes place for small Rabi frequencies but
fails at higher laser power. This is contrary to the adiabatic
condition in STIRAP, which prescribes to increase the Rabi
frequencies. The reason for the breakdown is again the
blocking of the adiabatic path as in Fig. 20, a problem that
can be cured, again, by detuning the lasers off their single-
photon resonances.

To conclude, the success of STIRAP in nearly degenerate
systems depends on the existence of an adiabatic path that
connects the initial and final states. Although in most cases
careful analysis of the possible emergence of narrow avoided
crossings blocking the adiabatic path is necessary, in general
one-photon resonances should be avoided (but the two-photon
resonance is still needed).

Finally, we point out that some other aspects of the
influence of multiple nearly degenerate final states in
STIRAP have been explored theoretically (Band and
Magnes, 1994; Kobrak and Rice, 1998b).
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FIG. 21. Population transfer in Ne* vs P detuning and laser

power for the polarization choice of Fig. 20(c). From Martin,
Shore, and Bergmann, 1996.
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FIG. 22. The 450 lowest J =0 states of the HCN-HNC
system used by Jakubetz (2012) for studying STIRAP-like
population transfer. The horizontal grouping represents a
coarse-grained partitioning according to the localization of
the states: group A collects levels in the HCN well, group B
collects those in the HNC well, and group C are high-lying
states. From Jakubetz, 2012.

2. STIRAP in a dense web of molecular states

Jakubetz (2012) carried out a systematic numerical inves-
tigation of the effects of additional “background” states. Using
the double-well potential of the molecular HCN/HNC system,
the level structure of which is shown in Fig. 22, he used an
extensive parameter space of S and P pulses and hierarchies of
(3 + N)-state systems ranging in complexity from the basic
three-state STIRAP (N = 0) up to a dense web of linkages
N = 446 drawn from the lowest J =0, K = 0 vibrational
levels of Bowman et al. (1993).3 This study showed that for
pulse lengths of a few picoseconds the robustness of STIRAP
disappeared as soon as the additional background couplings
exceeded about one-tenth of the two basic STIRAP couplings,
an effect attributed, in part, to the multitude of single-photon
and multiphoton transitions that contribute to the elaborate
linkage pattern. Similar studies were presented by Demirplak
and Rice (2002, 2006) who used a much smaller set of states
and were therefore led to conclude that STIRAP may be
possible for such a system.

C. Tripod STIRAP

The four-state system in which three of the states are
linked, by three separate fields, to a single state, has become
a popular system in quantum physics. The linkage pattern

*The simulation, intended to model general properties of a
complex web of linkages, used vibrational dipole moments, treating
rotational motion as sublevel averages in a rate-equation manner that
ignored the prohibition on rotational 0 <> O transitions for electro-
magnetic radiation.
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may appear as the letter Y (two of the levels have higher
energy), an inverted Y (two ground states), or a tripod (three
ground states and a single excited state). In any of these, one
may consider a three-state main chain, from which the fourth
state forms a branch. The effects of branches upon a main
chain were discussed for steady fields [Chap. 21 of Shore
(1990)] and pulsed excitation (Kobrak and Rice, 1998a,
1998b, 1998c; Unanyan, Fleischhauer ef al., 1998) including
a method for suppression of unwanted branches (Genov and
Vitanov, 2013).

In the tripod extension of STIRAP, proposed by Unanyan,
Fleischhauer et al. (1998) and Unanyan, Shore, and Bergmann
(1999), the three-state A linkage gains an additional state 4,
coupled to the intermediate state 2 by a third, control laser C
with Rabi frequency Q(¢); cf. Fig. 23. The crucial difference
from the A linkage is that the tripod system has two, rather
than one, zero-energy dark states. The latter were found
already by Coulston and Bergmann (1992). In fact, the
existence of two dark states in such a system follows from
the Morris-Shore decomposition (Morris and Shore, 1983).
This degeneracy has important consequences as will be
explained later. Adiabatic evolution leads to a coherent
superposition of states, rather than to a single state. This
superposition can be controlled by the ordering of the pulses,
the time delay between them, and the control pulse strength
(Unanyan, Fleischhauer er al., 1998; Unanyan, Shore, and
Bergmann, 1999).

1. Tripod linkage

For simplicity, we consider only the case of exact single-
photon resonance. With the states ordered as in Fig. 23 the
RWA Hamiltonian of the tripod system reads

0 Q) 0 0
n|Q() 0 Qg(r) Qc(r)
=71 Qi) 0 0 (30)
0 Q) 0 0

It has two nonzero eigenvalues &g (1) = —ep, (1) =
(h/2)grms(t)’ where Qrms(l‘) = \/QP(t)2 + ng(l‘)2 + QC(I)Z,
and two zero omes &p (t) = &p,(t) = 0. The corresponding
eigenstates (Unanyan, Fleischhauer et al., 1998) fall into two

@ 2 (b) B
¢ sinx
o b
1 4 3 "B
FIG. 23. (a) The tripod linkage augments the P and S fields of

the 1 <> 2 <> 3 A linkage of STIRAP by an additional state 4
coupled to the middle state 2 by a control pulse C. (b) The
transformed tripod system in the adiabatic basis has two bright
states By and B, unconnected with two degenerate dark states D,
and D,, one of which is initially populated. In the adiabatic limit
all couplings can be neglected except the one between the two
dark states.
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classes: two degenerate null-eigenvalue dark states that have
no component of state 2,

$p, =y cosy —wssinycosd —yysinysing,  (3la)
&), = y3sing — w4 cos ¢, (31b)
with the two time-dependent mixing angles
ang() = ——220 g = 2 5
Q(1)> + Qc(1)? Qg (1)

and two bright states (with components of state 2), whose
explicit form is unimportant here. For Q(7) = 0 the mixing
angle y(7) reduces to the mixing angle 9(7) used in STIRAP.
Then the second mixing angle is zero ¢(7) =0, and state
®p, (t) reduces to the usual dark state. The two degenerate
dark states form a decoherence-free qubit, a useful tool for
quantum information processing (Sec. VI).

2. Tripod adiabatic evolution

Because the two bright states have energies +(7/2) Q. (1),
the nonadiabatic transitions between the dark and bright states
can be suppressed by using large pulse areas, and the
dynamics can be confined within the dark states &, ()
and @, (¢). For counterintuitively ordered P and S pulses,
we have the initial condition y(—co0) =0 and hence
®p, (—o0) = y;. However, because @, () and @, (1) are
degenerate the nonadiabatic coupling between them cannot
be suppressed, even in the adiabatic limit. The nonadiabatic

coupling between @, () and &), (1) is —i((i>Dl ()| ®p, (1)) =
i(1) siny (1), and it causes a transition between them with
probability (Unanyan, Fleischhauer et al., 1998)

Pp_p, =sin’f.  fi= / T () sing(t)dr.  (33)

If the system starts in state 1 and the evolution is adiabatic, it
will end in a superposition of the dark states,
U(1) 50D, (+00) cos f— Bp (+o0)sinf.  (34)
Because y(o0) and ¢(c0) depend on the asymptotic values
of the ratios of the Rabi frequencies, the mixing angle f can be
controlled merely by the pulse ordering. Thus by suitably
choosing this ordering, and the relative Rabi frequencies (for
coincident pulses), one can create any desired superposition
of the three ground states 1, 3, and 4 in a decoherence-free
fashion. Three special cases are listed, in each of which the S
and C pulses precede (but overlap) the P pulse, so that
x(c0) = 7/2 and hence both dark states @, (c0) and (o)
are superpositions of 3 and 4,

The relative phase in the created superpositions can be altered
by changing the relative phases of the laser fields.

These examples demonstrate that tripod STIRAP provides a
great deal of freedom in controlling quantum superpositions.
Even more opportunities arise in more complex multistate
systems that have two or more degenerate dark states, which are
treated with use of the decomposition method of Morris and
Shore (1983); cf. Unanyan, Shore, and Bergmann (2001b),
Kyoseva and Vitanov (2006), Kyoseva, Vitanov, and Shore
(2007), Ivanov and Vitanov (2008), and Shore (2011, 2013).

3. Experimental tripod demonstration

Tripod STIRAP was demonstrated by Theuer et al. (1999)
in a beam of Ne* atoms crossing three suitably arranged laser
beams at right angles. The initially populated state 3Py, M = 0
(state 1) is coupled by a z-polarized P-laser field to an excited
state P, M = 0 (state 2), which in turn is coupled via 6 (S)
and 6~ (C) laser fields to two magnetic sublevels of level 3P,,
M = —1 (state 3) and M = +1 (state 4), respectively; see
Fig. 20(b). The atoms encounter the P laser last, while the
timing of the S and C laser beams is varied by displacing their
axes. In this way tunable superpositions of the magnetic
sublevels M = 41 of state P, are created. Because the o
and o~ beams propagate in opposite directions, the momen-
tum transfer to states M = 41 and —1 has opposite signs,
resulting in coherent beam splitting by momentum 2#kg. This
splitting results in two peaks separated by 122 + 2 um; see
Fig. 24. When the 6~ beam precedes the 6 beam [Fig. 24(a)],
the M = +1 sublevel is predominantly populated, in agree-
ment with Eq. (35b). On the contrary, when the ¢ beam
precedes the 6~ beam [Fig. 24(e)], it is the M = —1 sublevel
that is predominantly populated, in agreement with Eq. (35a).
When the axes of the two beams coincide, a 50:50 beam
splitting is achieved, as predicted by Eq. (35c¢).

Tripod STIRAP was further used by Vewinger, Heinz et al.
(2003) in a modified version of the experiment by Theuer
et al. (1999) described earlier, to create coherent super-
positions of the sublevels M = +1; see Sec. V.A.2.

D. Two-state STIRAP

Two-state STIRAP is an adiabatic technique for creating
a maximally coherent superposition in a two-state system
(Yatsenko, Vitanov et al., 2002; Vitanov and Shore, 2006). It
is based on a formal analogy between the STIRAP equations
and the Bloch equations for a two-state system (Allen and
Eberly, 1987). By redefining the components of the state
vector one obtains a torque equation similar to the Bloch
equations (Feynman, Vernon, and Hellwarth, 1957),

d
—B = B, 36
“B=Qx (36)

U(co) = —y3sinf—yycosf  (S—C—P), (35a) Wwhere B =[u,v.w] is the two-state Bloch vector, and
Q =[-Qp,0,Q]" is the torque vector. The two-state
U(o0) = —yzcosf+yysinf  (C—S—P), (35b)  Bloch vector components correspond to the three-state prob-
| ability amplitudes through u(r) = —Cs(z), v(t) = —iCs(1),
W(o0) = ——= (w3 +wa) (C=8-P). (35c)  andw(z) = Cy(t), as illustrated in Fig. 25. Apart from a factor
V2 of 2, the two-state detuning A() corresponds to the S pulse,
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FIG. 24. Momentum distribution for various possible orderings
for the P (), S (¢7), and C (67) pulses in tripod STIRAP.
Adapted from Theuer er al., 1999.

and the two-state Rabi frequency Q(¢) to the P pulse. The
condition for initial population in the lower state of the two-
state system w(—oo) = —1 becomes C|(—o0) = —1 in two-
state STIRAP. The pulse ordering pertinent to STIRAP
requires, for two-state STIRAP, a time-dependent (pulsed)
detuning A(7) that precedes the Rabi frequency Q(7); see
Fig. 25. This sequence will rotate the tip of the Bloch vector
from the south pole to the equator of the Bloch sphere,
creating thereby a final state described by the values |u| = 1,
v=w =0, corresponding to the three-state amplitudes
|C5] =1, C, =C, =0. States with w =0 are states of
maximal coherence.

The “dark-state” superposition produced by two-state
STIRAP is not really a quantum state of the system, but a
sum of the inversion w(r) and the coherence u(r),

d(t) = w(t) cos () + u(z) sin 9(r), (37)

with 9(z) = arctan[Q(#)/A(¢)]. When the detuning pulse A(?)
precedes the coupling pulse Q(¢) the mixing angle 9(¢) has the
same asymptotics as in STIRAP; hence the initial and final
conditions are d(—o0) = w(—o0) and d(c0) = u(o0). Because
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FIG. 25. Formal equivalence of (top) linkages and (bottom)
pulses for STIRAP in a (left) three-state system and (right) two-
state STIRAP. Adapted from Vitanov and Shore, 2006.

the adiabatic passage is robust, the Bloch vector rotation is
also robust: it depends only weakly on the extent of the
overlap of the two pulses and the peak values of A(#) and
Q(). The adiabatic condition is similar to the one in STIRAP:
it requires a large coupling pulse area and a large detuning area
| [=,Q(0)dt| > 1, | [, A()dt] > 1.

Various techniques exist for producing pulse-shaped detun-
ing A(t) that is delayed in time with respect to a pulse-shaped
Rabi frequency of the excitation pulse. One can use a pulse
shaper for picosecond or femtosecond pulses, an acousto-
optic modulator for microsecond pulses, or a pulsed magnetic
field (to Zeeman shift the state energies). Alternatively, one
can use the dynamic Stark shift induced by a strong off-
resonant pulse to modify the energies of the two states
(Yatsenko, Vitanov et al., 2002).

Two-state STIRAP was demonstrated by Yamazaki er al.
(2008) in an experiment with a trapped “°Ca* ion. Figure 26
shows the signature of the created superposition. Instead of a
pulsed detuning [Fig. 26(b)] they used a linear chirp ending at
the time of maximum of the Rabi frequency [Fig. 26(c)].
Because only the behavior of A(r) and Q(¢) in the overlap

Q o

©
AcHP Q
' 0.1 0.2 0.3

/21 (MHz)

Time

FIG. 26. Experimental demonstration of two-state STIRAP
with a “°Ca* ion in a spherical Paul trap. Left-hand frames
show pulses: (a) Two Gaussian pulses for Rabi frequencies as
used in STIRAP. Q, is the S field and €, is the P field. (b) Two
Gaussian pulses for use with detuning Acyp and Rabi frequency
Q of two-state STIRAP. (c) The linearly chirped detuning and
partial-Gaussian pulse used in the experiment. Right-hand
frame: the observed transition probability. Two-state STIRAP
creates an equal superposition of states 45, , and 3Ds,,. From
Yamazaki et al., 2008.
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region matters, this change did not matter. The experimental
results confirm that the populations of the created super-
position are very robust to changes of the peak Rabi frequency
Q, as predicted.

This intriguing analogy between STIRAP and chirped two-
state excitation is a rare example of an instance when one can
learn something about a simpler system (the two-state system)
by using the knowledge about a more complex system (the
three-state system).

E. Population transfer involving a continuum

1. STIRAP via a continuum

Our understanding of the photoionization continuum has
evolved in the last decades from being viewed as an
incoherent irreversible drain of population described by
Fermi’s golden rule to a medium that can, under certain
conditions, support coherent processes. Continuum coherence
is essential in autoionization (Fano, 1961; Fano and Cooper,
1968; Rzazewski and Eberly, 1981), where it leads to the so-
called laser-induced continuum structure (LICS) caused by the
destructive interference of two ionization channels, which can
suppress photoionization at a certain wavelength.

Carroll and Hioe (1992, 1993) were the first to propose
replacing the middle state in STIRAP by a continuum of
states, arguing that STIRAP is largely insensitive to the
properties of the middle state, and that such a scheme would
offer a continuous range of energies. They modeled this
continuum as an infinite set of equidistant discrete states,
taken to the limit of infinitesimal energy separation, each
equally strongly coupled to the two bound states—a discre-
tized quasicontinuum [Sec. 16.1 of Shore (1990)]. They found
that the dark state exists with this model and that, with the
counterintuitive pulse sequence, it would allow complete
population transfer between the two bound states.

This conclusion turned out to be a consequence of using
an inadequate model (Nakajima er al., 1994). In a real
continuum, with a nonzero Fano parameter (Fano, 1961;
Knight, Lauder, and Dalton, 1990) and Stark shifts, pop-
ulation transfer would be greatly reduced. Carroll and
Hioe (1995, 1996), Paspalakis, Protopapas, and Knight
(1997), Vitanov and Stenholm (1997b), and Yatsenko
et al. (1997) subsequently found that significant partial
transfer may still be feasible. Nakajima and Lambropoulos
(1996) and Paspalakis and Knight (1998) further suggested
that a STIRAP-like process can take place via an auto-
ionizing state. Unanyan, Vitanov, and Stenholm (1998)
and Unanyan, Vitanov et al. (2000) discussed a tripod-type
linkage with the intermediate level lying in the continuum.
All schemes for population transfer via continuum make
use of features similar to LICS (Knight, Lauder, and
Dalton, 1990; Halfmann et al., 1998; Yatsenko, Halfmann
et al., 1999).

Despite these limitations Peters, Yatsenko, and Halfmann
(2005) demonstrated continuum STIRAP in He* atoms with
6% efficiency; see Fig. 27. Later, Peters and Halfmann (2007)
improved the efficiency to 23%. The main limit to higher
efficiency was identified to be the irreversible ionization of the
target level 4s'S, by the P laser.
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FIG. 27. Energy levels for the demonstration of STIRAP via a
continuum in He* atoms. The P and § lasers couple the initial
state 2s'S, and the target state 4s'S, to the same ionization
continuum. From Peters, Yatsenko, and Halfmann, 2005.

2. STIRAP-like transfer into a continuum

Instead of replacing the middle state 2 by a continuum
Shapiro (1994), Frishman and Shapiro (1996), Vardi and
Shapiro (1996), and Vardi, Shapiro, and Bergmann (1999)
proposed replacing the target state 3 by a photoionization or
dissociation continuum, as shown in Fig. 28 (left). The
objective differs dramatically from that of STIRAP via a
continuum: instead of trying to avoid population loss, now the
goal is to maximize this loss in the form of ionization or
dissociation. As in STIRAP, the aim is to minimize the
transient population of the middle state 2 in order to avoid
population loss via spontaneous emission to other discrete
states. Thanopulos and Shapiro (2006a) extended this idea to
multiple continua, e.g., the control of the photodissociation
channels of the process CH;(v) 4 I*(2P;,)«CH;5l —

CH;(v) + I(*P;/2) (Thanopulos and Shapiro, 2006b).

continuum
13
I3
S
Y
y°
I
P
Y, -1

FIG. 28. Left: Linkage scheme for STIRAP-like population
transfer into a continuum enhanced by an ancillary state
a—an example of LICS. Adapted from Rangelov, Vitanov,
and Arimondo, 2007. Right: Linkage structure for steering
population flow through lossy states. Adapted from Garcia-
Fernandez et al., 2005.
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Unlike STIRAP via a continuum a dark state cannot be
formed between the initial state 1 and a continuum of final
states. To overcome this difficulty, Rangelov, Vitanov, and
Arimondo (2007) proposed to use a LICS by embedding an
ancillary state a into the continuum by a third laser, as seen in
Fig. 28 (left). This LICS STIRAP allows one to produce
almost complete photoionization, with negligibly small pop-
ulation losses from state 2.

3. Control of loss channels

The principle of STIRAP has been applied, in theoretical
work and experiments (Garcia-Fernandez et al., 2005,
2006), to control the population flow in a molecular ladder
of three states in Na,, consisting of a nondecaying initial
state 1 and rapidly decaying middle and upper states 2
and 3; see Fig. 28 (right). The sink of the population flow
out of the system is controlled by the pulse timing. When
the P pulse precedes the S pulse, the population loss occurs
primarily through state 2. When the two pulses coincide in
time, some population reaches state 3 and decays from
there. When the S pulse precedes the P pulse, as in
STIRAP, almost the entire population passes through
state 3. An analytic description of this process was
presented by Yatsenko et al. (2006).

V. STIRAP IN ATOMIC AND MOLECULAR PHYSICS

Atoms and molecules have provided the major platforms
for STIRAP, with the intent of producing selective, robust, and
complete population transfer. Soon it was realized that the
coherent excitation process had additional benefits, such as
redirection of atomic and molecular velocities. This section
discusses some examples.

A. Neutral atoms

1. Population transfer in atoms

Originally, STIRAP was used in atoms primarily for
coherent momentum transfer in order to build coherent beam
splitters and mirrors for atom interferometry; see Sec. V.B
for more details. A brief overview here begins with the first
demonstration of STIRAP in neutral atoms presented by Pillet
et al. (1993), who achieved a little over 50% efficiency of
population transfer between magnetic sublevels of the ground
hyperfine level F = 4 in '33Cs. Goldner et al. (1994a, 1994b),
Weitz, Young, and Chu (1994a, 1994b), Featonby et al. (1996,
1998), Godun et al. (1999), and Webb et al. (1999) applied
STIRAP in the same atom with nearly 100% efficiency.
Lawall and Prentiss (1994) demonstrated STIRAP in meta-
stable He*, and Kulin ez al. (1997) used STIRAP in the same
atom for subrecoil laser cooling in 1D, 2D, and 3D. Esslinger
et al. (1996) demonstrated STIRAP in 8’Rb. Martin, Shore,
and Bergmann (1996) implemented STIRAP in 2°Ne*, while
Theuer and Bergmann (1998) implemented tripod STIRAP in
the same atom. Rempe and co-workers and Kuhn and co-
workers used vacuum STIRAP with #Rb and ¥’Rb atoms in
numerous experiments for producing single photons,
entangled photon pairs, shaped photons, etc. (see Sec. V.C
for further details and references).
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Further applications include the following:

* population transfer in a ladder system to the 5D, state
of 85Rb atoms with high efficiency (Siiptitz, Duncan, and
Gould, 1997; Snigirev et al., 2012);

« transfer to the 44Ds, Rydberg state in cold ®*Rb (Cubel
et al., 2005);

* monitoring the population evolution in the participating
levels during the transfer process in 8’Rb (Gearba
et al., 2007);

* transfer by microwave fields between Zeeman sublevels
of 133Cs for a fountain-based primary frequency standard
(Chatupczak and Szymaniec, 2005);

e application of fractional STIRAP in a vapor cell to
prepare a coherent superposition of the F' = 1 and F = 2
hyperfine levels in the ground state of 3’Rb (Oberst,
Vewinger, and Lvovsky, 2007) or transfer between
hyperfine levels in an ultracold sample of those atoms
(Du et al., 2014);,

* demonstration of transfer in Na vapor using pulses of
7 ps duration with the homogeneous linewidth being
sufficiently broad to transfer the entire thermal ensemble
to the Ss level (Hicks et al., 2015); and

» proposals for deterministic creation (Petrosyan and
Mglmer, 2013) and extraction (Petrosyan, Rao, and
Mglmer, 2015) of a single Rydberg atom in an atomic
ensemble.

2. Coherent superposition states

Vewinger, Heinz et al. (2003), Heinz et al. (2006),
Vewinger, Heinz, Shore, and Bergmann (2007),
Vewinger, Heinz, Schneider er al. (2007), and Vewinger,
Shore, and Bergmann (2010) used tripod STIRAP and
variations of it to prepare coherent superpositions of
magnetic sublevels in metastable 2Ne* atoms. They created
a coherent superposition of the magnetic sublevels M = +1
of the level 3P, with a well-defined relative phase.
Figure 20(b) shows the relevant sublevels in this experi-
ment. The initially populated state 3P, is coupled by 7z-
polarized light (pump) to the intermediate state 3P, which
in turn is coupled to the sublevels M = %1 of level 3P, by
o™ polarized light (Stokes lasers S ) produced by a single
polarized laser beam perpendicular to the P-laser beam; see
Fig. 29 (top). The Stokes polarization direction was rotated
by an angle y with respect to the x axis, and this angle was
mapped onto the phase of the created superposition of
sublevels M = +1. The measurement of the superposition
was performed by mapping the superposition parameters
onto the populations of the M states of 3P, by a filter laser
with polarization rotated at an angle a to the x axis. This
field depleted the population, subject to the relevant optical
selection rules (the surviving population is the readout
signal). The light-induced-fluorescence signal observed
by a subsequent unpolarized probe laser is proportional
to cos’(y —a + ¢) (¢ is an arbitrary phase, e.g., from an
external magnetic field); see Fig. 29 (bottom).

We also note several theoretical proposals for the creation of
coherent superpositions of degenerate sublevels by STIRAP
(Kis and Stenholm, 2001, 2002; Karpati and Kis, 2003; Kis
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FIG. 29. Creation and measurement of a coherent superposition
of magnetic sublevels in Ne* atoms: beams geometry (top) and
signal (bottom). The linear polarization direction of the Stokes
laser is rotated by an angle y with respect to the x axis. The
polarization direction of the filter laser used for detection is
rotated by an angle a. From Vewinger, Heinz et al., 2003.

and Paspalakis, 2004; Thanopulos, Krdl, and Shapiro, 2004;
Kis et al., 2005).

Heinz et al. (2006) introduced and demonstrated another
method for control of the phase of a coherent superposition
by changing the carrier frequency of the driving lasers. The
method exploits two distinctly different mechanisms: STIRAP
and CPT. The level scheme and the beam geometry are shown
in Fig. 30. The initially populated state 3 P, in 2°Ne* is coupled
by o -polarized light (P) to the intermediate state 3P, which
in turn is coupled to the sublevels of level 3P, by 6*-polarized
light (S lasers) produced by a single z-polarized laser beam
parallel to the P beam. When both the P and § lasers are on
resonance, the population is transferred by STIRAP to the
coherent superposition

(W(1) = =s2(0)] = 2) = 50(1)|0) +5,2()[ +2). (38)

When S is on resonance, but the P field is detuned by more
than 10 MHz (which is the two-photon linewidth of STIRAP),
STIRAP is disabled and the population is optically pumped
into the superposition

[W(2)) = c2(1)| = 2) = co(2)[0) + ca(D)[ +2). (39

The probability amplitudes s,,(7) for STIRAP and c¢(z) for
CPT are real and positive; their specific values are unimportant
here. The relative phase between the amplitudes s_,(¢) and
so(t) for STIRAP is zero, while the relative phase between
¢_o(t) and ¢((t) for CPT is z. Figure 30 demonstrates such a
phase switching between the values 0 (for |Ap| < 10 MHz,

Rev. Mod. Phys., Vol. 89, No. 1, January—March 2017

EA
43P,
Gg
1sp,
TR
+2
—_ H
X -04
o] H
3
S -06
e (b)

-0.8} % ﬂ'ﬁ H %
10k T T % J—
IR S

-1.2 : : ‘ : ‘
-300 -200 -100 0 100 200 300
detuning AP [MHZz]
FIG. 30. (Top) Level scheme and (bottom) signal for creation

and measurement of a coherent superposition of the magnetic
sublevels M = —2, 0, and +2 of the metastable level >P, in Ne*
atoms. From Heinz et al., 2006.

where STIRAP dominates) and = (for |Ap| > 10 MHz where
CPT dominates).

Subsequently, Vewinger, Heinz, Shore, and Bergmann
(2007) proposed and Vewinger, Heinz, Schneider et al
(2007) experimentally demonstrated additional implementa-
tions of extensions of STIRAP and tripod STIRAP, for
robust deterministic preparation of superpositions of two
or three magnetic atomic sublevels and measurement of
their relative amplitudes and phases (Vewinger, Shore, and
Bergmann, 2010).

B. Atom optics

Coherent atomic excitation involves photon absorption and
emission and hence it is always accompanied by transfer of
photon momenta to the atoms. This momentum change is the
basis for laser cooling of atoms (Chu, 1998; Cohen-Tannoudji,
1998; Phillips, 1998; Metcalf and Van der Straten, 2012).
Momentum transfer induced by optical beams is essential
for the design of mirrors, beam splitters, and atom
interferometers—a subject termed atom optics (Adams,
Sigel, and Mlynek, 1994). An atomic beam splitter splits
the atomic wave function into a coherent macroscopic super-
position of two wave packets propagating in different spatial
directions. An atomic mirror deflects these wave packets so
that the split matter waves can be brought together to interfere,
thereby forming an atomic interferometer. This interference is
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possible only if the atomic beam splitters and mirrors are
coherent. Because STIRAP features efficient, robust, and
dissipationless coherent transfer of population and momen-
tum, it was quickly recognized as a perfect tool for atom
interferometry (Marte, Zoller, and Hall, 1991).

1. Atomic mirrors

A convenient system for multiphoton coherent momentum
transfer is the chainwise transition formed between the
magnetic sublevels of two degenerate levels. A pair of
counterpropagating laser pulses with opposite circular polar-
izations (6¢",07) acts upon a ground level with an angular
momentum J, and an excited level with an angular momen-
tum J, = J,orJ, — 1. Figure 17 shows an example for such a
chain for J, = J, = 2. When this system is prepared in one of
the end ground sublevels, e.g., M =J o and is driven
adiabatically by two laser pulses in the counterintuitive order
(o" before 67), then multistate STIRAP transfers population
from M = J, to M = —J,. If the two fields propagate in the
same direction, the momentum kicks from the absorption and
stimulated emission processes cancel each other. If the two
pulses propagate in opposite directions, as shown in Fig. 31,
then the absorption of a 6~ photon and the stimulated emission
of a ¢ photon each impart to the atom a momentum 7k in the
direction of the ¢~ pulse. Therefore, in this case the multistate
STIRAP is accompanied by a transfer of momentum 4nak
in the direction of the o~ pulse, a deflection that acts as an
atomic mirror.

Figure 31 illustrates the setup in the Ne* experiment of
Theuer and Bergmann (1998). A beam of metastable 2°Ne*
atoms, prepared in the M = 42 magnetic sublevel of the
metastable 3P, level, crossed two zones of two displaced but
partly overlapping circularly polarized cw laser beams in the
counterintuitive order (67¢7). In the first interaction zone
the population was adiabatically transferred to the M = -2
sublevel of the 3P, level with nearly 100% efficiency, without
residing at any time in the decaying upper level >D,. Because
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FIG. 31. Experimental setup for the *°Ne* atomic mirror of

Theuer and Bergmann (1998). Adapted from Bergmann, Theuer,
and Shore, 1998.
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FIG. 32. Deflection of a beam of 2°Ne* atoms due to transfer of
eight photon momenta after double adiabatic passage from the
M =2 sublevel to M = -2 and back to M = 2. The narrow
undeflected original distribution is observed due to the presence
of 2>Ne isotope atoms that are insensitive to the light. The width
of the deflected beam is broader because the deflection angle
depends on the velocity of the particles. From Theuer and
Bergmann, 1998.

the two laser beams were counterpropagating each atom
received a total momentum of 44k in the direction of the
o~ beam. Then the atoms encountered a second interaction
zone, with beams ordered oppositely to the first zone (67 6™"),
which enabled a second multistate STIRAP transfer that
brought the atoms back into the initial state with the transfer
of another momentum Kkick of 47k in the direction of the o~
beam. Figure 32 shows the experimental results after the
second STIRAP.

STIRAP-based atomic mirrors in similar Zeeman chains
have been demonstrated in a number of other experiments.
Pillet et al. (1993), Goldner et al. (1994b), and Valentin, Yu,
and Pillet (1994) achieved momentum transfer of 8%k, with
about 50% efficiency in the single-pass multistate STIRAP
between the My = —4 and M = 4 Zeeman sublevels in the
hyperfine transition F, = 4 <> F, = 4 of the D, line of '**Cs
atoms. Lawall and Prentiss (1994) demonstrated momentum
transfer of 4ak with 90% efficiency after double STIRAP
M=-1->M=1—-M=-1) between the ground-state
sublevels in the 23S, < 23P, transition of He* by using
circularly polarized lasers. They also demonstrated momen-
tum transfer of 64k with 60% efficiency after a triple pass with
linearly polarized lasers.

2. Atomic beam splitters and interferometers

Fractional STIRAP (Sec. III.C) with counterpropagating P
and S fields has been a popular tool for creation of atomic
beam splitters, because the creation of a coherent super-
position of two atomic states is accompanied by splitting of
the initial momentum distribution into two (or more) momenta
distributions. A suitable combination of beam splitters and
mirrors makes a matter-wave interferometer.

Weitz, Young, and Chu (1994a, 1994b) demonstrated the
first STIRAP-based atomic interferometer on the transition
between the two '#*Cs hyperfine ground states 65, F = 3,
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Mp =0and 6S,,, F = 4, My = 0 via the excited state 6P /,,
F=3 (or 4), Mp=1. They used a 6"c¢" polarization
configuration, a choice that makes the transfer insensitive
to magnetic fields—an essential property for precision inter-
ferometry. This atom interferometer has the Bordé’s four-z/2
geometry (Bordé, 1989; Riehle et al., 1991) and involved four
sequential atomic beam splitters, as shown in Fig. 33 (top).
Each of the beam splitters used half STIRAP with counter-
propagating laser pulses with 95% efficiency. The observed
interference fringes are shown in Fig. 33 (bottom).

Burnett and co-workers (Featonby et al, 1996, 1998;
Godun et al., 1999; Webb et al., 1999) built atomic interfer-
ometers with '33Cs atoms, with both 676~ and 6"z polar-
izations. They used a combination of microwave fields for
ground-state manipulations and laser fields for momentum
transfer by STIRAP. First, a /2 microwave pulse was used to
create a superpositionofthe F =3, M =0and F =4, M =0
sublevels. Then another z/2 pulse was applied to induce
Ramsey fringes. Between the z/2 pulses, two orthogonally
propagating and partly overlapping pulses of ¢" and =
polarizations in the 6"z case transferred the population from
F=4 M=0to F =4, M =4 in an eight-photon STIRAP
via the sublevels of the upper 6P,, F =4 level. Then
STIRAP was reversed and the population was returned back
to M = 0. This atom interferometer was used for measuring
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FIG. 33. Top: Scheme for an atomic interferometer using
STIRAP with '33Cs atoms. The double arrows show the propa-
gation axis of the light and the solid lines are the atomic
trajectories. Bottom: Interference fringes in the population of
the 68;,,, F'=3, My =0 sublevel vs the Raman frequency
difference of the P and S pulses. Adapted from Weitz, Young, and
Chu, 1994b.
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the Berry phase (Webb er al., 1999) and the temperature of an
atomic ensemble (Featonby er al., 1998).

3. Coherent manipulation of laser-cooled and trapped atoms

STIRAP has been used to coherently manipulate the atomic
wave packets resulting from subrecoil laser cooling by
velocity-selective coherent population trapping (VSCPT)
(Aspect et al., 1988, 1989; Kasevich and Chu, 1991, 1992;
Kasevich et al., 1991; Lawall et al., 1995; Chu, 1998; Cohen-
Tannoudji, 1998; Phillips, 1998). In 1D the momentum
distribution of atoms cooled by VSCPT has two peaks, at
+hk and —#Ak (both narrower than the photon recoil momen-
tum 71k), which correspond to the two components of the dark
state. By gradually lowering the amplitude of one of the
components of the standing wave used for VSCPT, which
amounts to half STIRAP, Esslinger et al. (1996) coherently
transferred 3’Rb atoms into a single momentum state, still
with a subrecoil momentum spread. In another landmark
experiment, Kulin ef al. (1997) used adiabatic transfer of He*
atoms into a single wave packet in 1D (with nearly 100%
efficiency), 2D (90% efficiency), and 3D (75% efficiency).
Figure 34 shows results of this experiment in 1D and 2D. A
distribution characterized initially by two (1D) and four (2D)
peaks [Figs. 34(a) and 34(c)] is transferred to a single
momentum peak [Figs. 34(b) and 34(d)].

For such wave packet manipulation, the coherence of the
two initial momentum components is crucial. Hence, this
operation can be used to prove the coherence of the two
momentum peaks at +Aak (Esslinger et al., 1996).

4. Measurement of weak magnetic fields

The atomic beam deflection by coherent momentum trans-
fer was used by Theuer and Bergmann (1998) to design a
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FIG. 34. Momentum transfer in subrecoil laser cooling peaks in
a He* experiment. (a), (b) 1D laser cooling. (c), (d) 2D laser
cooling. From Kulin et al., 1997.
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FIG. 35. Larmor velocity filter: experimental setup (top) and

variation of the flux of deflected Ne* atoms with the magnetic
field (bottom). From Theuer and Bergmann, 1998.

technique termed a “Larmor velocity filter” for measuring
small magnetic fields along the axis of the atomic beam. The
scheme consists of two STIRAP zones through which the
beam travels; see Fig. 35 (top). In the first zone, Ne* atoms
were prepared in the M = 2 sublevel of the P, metastable
state and transferred to the M = —2 sublevel. In the second
zone, the atoms that had remained in the M = —2 sublevel
were transferred back to the initial M = 2 sublevel. The
magnetic field in the region between the two zones caused
Larmor precession, thereby altering the populations of mag-
netic sublevels and affecting the momentum transfer in the
second zone. The resulting narrow-peaked interference pat-
tern, an example of which is shown in Fig. 35 (bottom),
permits measurement of weak magnetic fields.

C. Single-atom cavity quantum electrodynamics

1. Cavity STIRAP

The first application of STIRAP beyond laser-driven atoms
and molecules in free space was proposed by Parkins et al.
(1993) in cavity quantum electrodynamics (QED). They
proposed to create coherent superpositions of photon number
(Fock) states of the cavity mode by mapping a coherent
superposition of Zeeman atomic sublevels onto the cavity
field. Lange and Kimble (2000) extended this idea to two
degenerate cavity modes of orthogonal polarizations.

In cavity STIRAP (or vacuum STIRAP), a laser beam
excites one branch of the Raman transition (usually P) of a
single atom, while the cavity vacuum stimulates the emission
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FIG. 36. (a) Scheme for vacuum STIRAP. The labels g, ¢, and x
refer to atomic levels and O and 1 refer to the cavity photon
number. The initial state is |e, 0) and the final state, producing the
outgoing photon, is |g, 1). The pulsed P field is Q(¢), and the S
field is the vacuum coupling 2g. (b) Experimental setup used
for the demonstration of vacuum STIRAP. (¢) Number of
counted photons vs P-field detuning for different cavity detun-
ings A (corresponding to Ag). Maximum at Ap = A, signals
vacuum STIRAP. From Vasilev, Ljunggren, and Kuhn, 2010 and
Hennrich et al., 2000.

of the photon on the other branch (usually §); see Fig. 36(a).
The quantized field of the single-mode cavity provides the S
coupling (a vacuum-Rabi frequency) denoted by g(¢)v/n + 1,
where 7 is the number of photons in the cavity mode and g(¢)
is the coupling strength in vacuum (n = 0). The P laser beam
is focused inside the cavity but slightly below the cavity axis,
as shown in Fig. 36(b). Therefore the P and S fields are seen as
a counterintuitive pulse sequence by an atom falling through
the cavity.

The dynamics is described by the combined atom-photon
states |y, n) = |y)|n). In RWA, only three such atom-field
states are coupled: |y, n), [w,,n), and |w3,n + 1). The dark
atom-field state corresponds to energy E, = hnw, with @
being the cavity mode; it reads

) = 29()Vn +1ly1.n) = Qp(t) w3, n + 1>'

o VA + 1)g(0)? + Qp(1)?

(40)

In the adiabatic limit, complete decoherence-free transfer
|wi,n) = |ws,n+ 1) is achieved, without populating the
decaying excited state |y,,n) at any time. Because of the
quantized cavity field the usual adiabatic condition becomes
QpTp > 1 for the pump field, and 2g,,,, T(n + 1) > 1 for the
Stokes field. For n =0 (empty cavity initially), a single-
photon state is created out of the vacuum after the atom passes
through the cavity. If the atom arrives in a coherent super-
position of Zeeman sublevels then cavity STIRAP will
produce a coherent superposition of Fock states. The transfer
of coherence from an atom to a field mode is reversible;
likewise, it allows the mapping of the cavity field onto atomic
ground-state coherence, which was suggested as a method for
measuring cavity fields (Parkins et al., 1995).
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2. Generation of single photons and photon networks

Cavity STIRAP has been used in numerous experiments by
Rempe, Kuhn, and co-workers. Cavity STIRAP with a single
cold rubidium atom passing through a high-finesse cavity
was demonstrated experimentally by Hennrich ez al. (2000).
Figure 36 shows the idea of the experiment and the observed
efficiency of the single-photon generation versus the pump
detuning with peaks on two-photon resonance. This experi-
ment did not operate as a single-photon source because its
continuous driving simply mapped the (Poissonian) atom
statistics to the photons. Kuhn, Hennrich, and Rempe (2002)
constructed a deterministic single-photon source in a similar
experiment by using a pulsed driving and a pulsed recycling.
This made it possible to produce, on demand, a stream of
single-photon pulses from the same atom; see Fig. 37. Legero
et al. (2004) observed quantum bits of two single photons
generated by vacuum STIRAP. Hennrich, Kuhn, and Rempe
(2005) studied the statistics of the photons emitted by a single
atom and observed the transition from antibunching to
bunching. Wilk, Webster, Specht er al. (2007) produced a
stream of single photons with alternating circular polarization
by alternately exposing the atom to laser pulses of two
different frequencies and polarizations.

Wilk, Webster, Kuhn, and Rempe (2007) built the basic
element of a distributed quantum network: an atom-photon
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FIG. 37. Top: An atom-cavity system emits unpolarized
single photons via vacuum STIRAP. A photon traveling
along path A is delayed so that it impinges on the beam
splitter simultaneously with a subsequent photon traveling
along path B. Bottom: Number of coinciding photodetections
in the two output ports vs the time difference between the
detections. When only a single path is open antibunching is
observed due to Hanbury-Brown—Twiss interference (solid
curve). When both paths are open but have perpendicular
polarizations no interference occurs and the beam splitter
randomly directs the photons to the photodiodes (dashed
line). From Legero et al., 2004.
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quantum interface that entangles a single atom with a single
photon and maps the quantum state of the atom onto a second
single photon, thereby producing an entangled photon pair.
Ritter et al. (2012) proposed a quantum network architecture
based on single atoms embedded in optical cavities. Quantum
connectivity between the nodes is achieved by the coherent
exchange of a single photon, with vacuum STIRAP playing
the central role in the sending, receiving, storing, and releasing
the photons. A proof-of principle experiment demonstrated
the transfer of an atomic quantum state and the creation of
entanglement between two identical nodes in separate labo-
ratories connected by an optical fiber of 60 m length. Nolleke
et al. (2013) demonstrated teleportation of quantum bits
between two single atoms in distant laboratories with a
fidelity of 88%.

3. Shaping photons

Vasilev, Ljunggren, and Kuhn (2010) developed a vacuum-
STIRAP-inspired technique, which produces single photons
of arbitrary predefined shape by tailoring the shape of the
pump laser pulse. The control of single-photon shapes is an
important tool for use in quantum teleportation and quantum
memories, which are essential elements in quantum cryptog-
raphy and quantum computing. The desired photon shape
is imposed a priori and because it is proportional to the
probability amplitude c,(¢) of state |g, 1) [Fig. 36(a)], the
Schrodinger equation becomes an equation for the laser-field
shape Q(7). Nisbet-Jones ef al. (2011) demonstrated this in a
proof-of-principle experiment (cf. Fig. 38), and then in
another experiment to create photonic qubits, qutrits, and
ququads—photons divided into 2, 3, and 4 time bins (Nisbet-
Jones et al., 2013). Dilley er al. (2012) also provided an
analytic solution for the temporal shape of the control-laser
field needed for the inverse problem: capture a single photon
with one atom coupled to an optical cavity.

D. Trapped ions

STIRAP has also become a popular tool for coherent
control of trapped ions. STIRAP was used for efficient qubit
manipulation (Sgrensen et al., 2006) and detection (Mgller
et al., 2007) of *°Ca™ ions trapped in a segmented linear Paul
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FIG. 38. (a) Control-laser-field shape, which produces a photon

shape (b) mimicking the Tower Bridge in London. Adapted from
Nisbet-Jones et al., 2011.
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trap. Population transfer between the metastable levels 3Ds ),
and 3Ds, proceeds via the 4P, level; see Fig. 39. The P and
S pulses were provided by lasers with wavelengths of 850 and
854 nm, respectively, while the other lasers indicated in
Fig. 39 were used for preparation and detection. Population
transfer efficiency of over 90% was achieved; see Fig. 40.
What makes this figure remarkable is the upper frame and the
CCD images on the right, which show that each individual ion
undergoes successful STIRAP. We also note a recent experi-
ment by Gebert et al. (2015) who used STIRAP for precision
isotope shift measurements in Ca ions.

Half STIRAP was used recently in two experiments that
demonstrated manipulation of a dressed-state qubit formed
of hyperfine sublevels of a '"'Yb™ ion in a linear Paul trap
(Timoney et al., 2011; Webster et al., 2013); cf. Fig. 41.
Instead of bare atomic states the qubit is constructed from
state |0') and the dressed state |B) = (| + 1) 4 | = 1))/+/2 or
|D) = (| + 1) — | = 1))/+/2. The dressed qubit is insensitive
to magnetic-field fluctuations, and its coherence exceeds the
coherence time of the bare state qubit by 3 orders of
magnitude, from the milliseconds to the seconds range; cf. the
Ramsey fringes in Fig. 41 (bottom). Half STIRAP was used
twice: to populate the dressed state |D) (or |B)) initially and

FIG. 39. Top: Level scheme used for STIRAP in “°Ca* ions.
Population is transferred between the sublevels of the metastable
levels 3D3/, and 3Ds , via the excited sublevels of 4P . Bottom:
Experimental setup of “°Ca™ ions trapped in a segmented linear
Paul trap. The detection is performed via light-induced fluores-
cence collected by a CCD camera and a photomultiplying tube
(PMT). Adapted from Sgrensen et al., 2006.
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FIG. 40. Left: Population transfer efficiency in the system of
Fig. 39 vs the pulse delay for a string of nine trapped ions with
results for the individual ions (upper left) and the average over all
ions (lower left). Right: CCD images of the fluorescence from the
middle level 4P;), for the string of nine ions for various time
delays between the P and S pulses. The absence of fluorescence
signals high transfer efficiency. The maximum transfer occurs for
delays between 2 and 3 us. Adapted from Sgrensen et al., 2006.

dressed—qubit

o o
o ®

Population of [0)
o
~

0.2

0 | | | 1/ L 1 I I i
0 10 20 30 500 600 700 800 900 1,000

Free precession time, T (ms)

FIG. 41. Upper left: Linkage pattern used in the experiment by
Timoney et al. (2011). Upper right: Pulse timing. The dressed
state |D) (or |B)) is prepared by half STIRAP with two micro-
wave fields starting from sublevel | + 1). Then the amplitudes of
the two microwave fields are held equal and constant, while the
dressed qubit is driven by an rf field coupling the transitions
|0") <> | = 1) and [0) <> | + 1). In the end, another half STIRAP
is applied for the detection stage. Lower panel: Ramsey fringes
verifying the coherence of the dressed qubit {|0’), |D)}. Adapted
from Timoney et al., 2011.

015006-31



Vitanov et al.: Stimulated Raman adiabatic passage in ...

then to drive it back to one of the bare states for detection in
the end. Between the two half-STIRAP zones, Timoney et al.
(2011) manipulated the dressed qubit {|0'),|D)} (or
{]0"), |B)}) by driving both transitions |0') <> |—1) and
|0') <> |+ 1) by an 1f field. Webster et al. (2013) made
use of a stronger magnetic field and the ensuing larger
second-order Zeeman shift to drive |0) <> | + 1) only (and
hence avoid the phase-sensitive closed loop formed when
driving both rf transitions). Recently, Randall et al. (2015)
extended this method to prepare and detect all three magnetic-
insensitive dressed states of the system, thereby forming a
magnetic-field insensitive qutrit. Timoney et al. (2011) and
Cohen et al. (2015) also described protocols for constructing
conditional two-qubit gates with the decoherence-free qubits.
In another development, Weidt ef al. (2015) used rf pulses to
perform ground-state cooling of a dressed-state qubit, reach-
ing |n = 0) population of 88%, which allowed them to drive
Rabi oscillations between vibrational levels |0) and |1).

E. Molecules

Molecules provided the initial physical platform for dem-
onstration of STIRAP by Bergmann and co-workers, and
STIRAP still remains a popular tool for their studies. Both cw
and pulsed lasers were used in the early experiments, which
were motivated by the desire to study chemical reactions
dynamics. In the last decade, STIRAP has become an enabling
technology for transferring ultracold Feshbach molecules into
their rovibrational ground state; see Sec. V.E.2.

1. Early experiments with molecular states

After preliminary results (Gaubatz et al., 1988) the first
comprehensive experimental demonstration of STIRAP was
achieved by Bergmann and co-workers in Na, (Gaubatz et al.,
1990) in a crossed-beams geometry. The experiment achieved
nearly complete population transfer from the initial level
(v=0, J=15) to the final level (v =5, J=15) of the
molecules in their electronic ground state X IZ;. Because
Na, has relatively strong transition moments, only moderate
laser intensities of about 100 W/cm?, produced by cw laser
beams mildly focused to a spot diameter of a few hundred ym
into the molecular beam, were needed to guarantee large
pulse areas.

The first implementation of STIRAP with pulsed lasers
was demonstrated with nanosecond pulses in the electronic
ground state of '“N'®O molecules (Schiemann et al., 1993;
Kuhn, Steuerwald, and Bergmann, 1998); see Fig. 7. The most
complex molecule, in which STIRAP has been successfully
implemented to populate very high-lying vibrational levels, is
SO, (Halfmann and Bergmann, 1996). The large density of
levels results in much smaller transition dipole moments
compared to atoms or diatomic molecules, which demand
much higher laser power to enforce adiabatic evolution.
Figure 42 shows nearly 100% efficiency of population transfer
from the rotational level 343 of the vibrational ground state
(0,0,0) to the same rotational level 3(; of the (9,1,0) overtone
in the electronic ground state X'A, via the vibrational level
(1,1,0) of the excited electronic state C' B,. Figure 42 displays
the relevant level diagram and the probe-laser-induced
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FIG. 42. Experimental demonstration of STIRAP in SO, with
ultraviolet transitions (227 nm for the pump field and 300 nm for
the Stokes field), with pulse durations of 2.7 ns for the pump
pulse and 3.1 ns for the Stokes pulse. Typical laser intensities
were 10 MW /cm?, yielding Rabi frequencies of about 1010 s=1.
The curves show the transfer efficiency vs the two-photon
detuning with the Stokes laser on and off. Inset: Relevant
energy-level scheme and linkage pattern. Adapted from
Halfmann and Bergmann, 1996.

fluorescence from the final state when only the pump pulse
was present, and when both the pump and Stokes laser
pulses were applied in the counterintuitive order. The signal
increased by more than 2 orders of magnitude in the
latter case.

2. Formation of ultracold molecules

Laser cooling has had a major impact on atomic physics by
making possible atom and ion trapping, quantum degenerate
gases, and quantum information processing with atoms and
ions. Laser cooling methods, however, are not generally
applicable to molecules due to their rovibrational structure
and the ensuing absence of closed two-level transitions.
Hence a major route to ultracold molecular gases is by
association of ultracold atoms. Soon after the first creation
of the Bose-Einstein condensate (BEC) in the gas phase it was
proposed to use two-color photoassociation with counter-
intuitively ordered pulses (Javanainen and Mackie, 1999;
Vardi, Shapiro, and Bergmann, 1999; Mackie, Kowalski,
and Javanainen, 2000; Drummond et al., 2002; Kuznetsova
et al., 2009). The challenges in the application of STIRAP to
atoms — molecule conversion is the smallness of the free-
bound dipole matrix elements. It was suggested (Mackie,
Kowalski, and Javanainen, 2000) that such a conversion could
still be possible thanks to Bose enhancement of the free-bound
couplings.

In fact, Sage et al. (2005) demonstrated photoassociation of
ultracold Rb and Cs atoms to form RbCs molecules in v = 0
of the electronic ground state using stimulated emission
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pumping, an incoherent process (Kittrell et al., 1981; Bartels
et al., 2013). At the same time, Winkler et al. (2005)
documented dark resonances in a superposition of Rb BEC
and degenerate gas of Rb, ground-state molecules, thereby
providing strong evidence that achieving coherent population
transfer is possible. Winkler et al. (2007) were the first to
report STIRAP-based transformation of Rb, Feshbach mol-
ecules to chemically stable bound molecules, although yet
with substantial vibrational excitation.

A series of experiments followed, in which, starting from
Feshbach states formed in atomic BECs by suitable magnetic
tuning, the system was transferred by STIRAP into the
following:

 the vibrational level v” =73 of the electronic
ground state of '3*Cs, (Danzl et al., 2008);

e the rovibrational ground level of the lowest triplet
or singlet electronic state of “°K®’Rb (Ni et al.,
2008); and

* the rovibrational ground level of the triplet state of
87Rb, (Lang et al., 2008).

Later, Danzl et al. (2010) used an optical lattice with two
atoms per site, to transfer population into the lowest energy
level, including hyperfine energy, of '33Cs,. For detection via
absorption imaging, the molecules were excited again to the
weakly bound molecular state and dissociated for detection.
Two versions of STIRAP were used: two sequential two-
photon three-level STIRAPs, achieving about 60% efficiency,
and a single-pass five-state straddle STIRAP, achieving 57%
efficiency, shown in Fig. 43.
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FIG. 43. Four-photon straddle STIRAP transfer to the rovi-

bronic ground state |v = 0,J = 0) and back in ultracold Cs,
molecules. Top: Transfer efficiency vs time (main frame) and vs
detuning A, of the laser on the last transition (inset). Bottom:
Temporal pulse shapes. From Danzl et al., 2010.
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FIG. 44. STIRAP scheme for forming RbCs molecules in their
lowest rovibrational singlet ground state. The transfer from
the Feshbach state |i) to the rovibrational ground-state level
[v" =0,J" = 0) involves the |v' = 29) level belonging to the
BTI(Q = 1) electronically excited state. Also shown are the wave
functions that are coupled by the STIRAP lasers P and S with Rabi
frequencies €, and €2, respectively. From Takekoshi et al., 2014.

An approach using photoassociation of atoms in a magneto-
optical trap prior to the STIRAP transfer into the rovibronic
ground state of *'K3"Rb was used by Aikawa et al. (2010).
Photoassociation directly through STIRAP starting from pairs
of 34Sr atoms in the ground state of the wells of an optical
lattice was successfully demonstrated by Stellmer er al
(2012). The %*Sr, molecules were formed in a vibrational
level close to the dissociation limit.

Recently Takekoshi er al. (2014) reported the creation of
ultracold dense samples of ¥Rb!3Cs molecules in their
rovibrational and hyperfine-singlet ground state, i.e., in the
absolutely lowest molecular state. Figure 44 shows the
excitation scheme and Fig. 45 shows an example of
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FIG. 45. Formation of RbCs molecules in their lowest rovibra-
tional singlet ground state by STIRAP. (a) Population histories
of the Feshbach state. After the first STIRAP process, the
Feshbach molecules disappear. A second STIRAP process drives
the population from the lowest-lying molecular level back to the
Feshbach state for detection. The one-way STIRAP efficiency is
90%. (b) Timing of the laser pulses. From Takekoshi et al., 2014.
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STIRAP transfer. At about the same time, Molony et al.
(2014) achieved similar results with the same molecule. The
two experiments produced a similar number of molecules in
the rovibrational ground state (about 1000). The difference
was in the trap geometry. Molony et al. (2014) used a 3D
optical trap, while Takekoshi et al. (2014) used a lattice of 2D
pancake-shaped traps. As a consequence, Takekoshi et al.
could reach higher efficiency (90%), while Molony et al.
could apply a larger electric field, thereby achieving meas-
urement of the ground-state dipole moment with smaller
uncertainties and realization of larger laboratory-frame elec-
tric dipole moments (up to 0.35 D).

Recently Park, Will, and Zwierlein (2015) reported the
creation of an ultracold dipolar gas of fermionic 2*Na*’K
molecules in their absolute rovibrational and hyperfine
ground state by using a similar Feshbach-STIRAP approach.
Because this molecule is stable against two-body chemical
reactions (Zuchowski and Hutson, 2010), a relatively long
lifetime (more than 2.5 s) was reported. By applying an
homogeneous electric field, a dipole moment of up to 0.8 D
was achieved. Results of ultracold >*Na®’Rb were also
reported (Guo et al., 2016).

Dipolar molecules near absolute zero (Carr et al., 2009)
may enable improved precision measurements of fundamental
constants (Baron et al., 2014; Molony et al., 2016) as well as
new schemes in quantum computing (DeMille, 2002) and
quantum simulation of condensed matter materials (Baranov
et al., 2012).

3. Collision dynamics

Soon after the invention of STIRAP, Bergmann and co-
workers applied it to the study of several chemical reaction
dynamics. Dittmann et al. (1992) studied the reaction
Na,(v") + Cl — NaCl + Na* and monitored the variation
of the total rate of Na(3p) formation in a crossed-beam
experiment. Changes of the sodium D-line emission were
observed as the vibrational excitation of the Na, molecules
was varied. Although the majority of the data from this
experiment were taken using vibrational excitation by Franck-
Condon pumping (Shore, 2011), some crucial data were
obtained with vibrational excitation by STIRAP.

In another experiment, Kiilz et al (1996) studied the
dependence of the negative ion formation through dissociative
electron attachment in the process Na,(v") + ¢ — Na + Na~
on the vibrational excitation. STIRAP was used to determine
the location of the crossing between the potential energy curves
for the Na, + ¢ and Na + Na~ systems, which was found to lie
between the v” = 11 and v” = 12 levels of Na,. Keil et al.
(1999) explored the attachment of low-energy electrons to
vibrationally excited sodium dimers in a supersonic molecular
beam. STIRAP was used to vibrationally excite these mole-
cules. In another early application of STIRAP, Kaufmann et al.
(2001) studied the dependence of the rate of the dissociative
attachment process Na™ + Na,(v”) - Nat +Na+ Na~ on
the vibrational excitation of the Na, molecule.

4. Adiabatic passage by light-induced potentials

Garraway and Suominen (1998) [see also Sola et al. (2000)
and Sold, Santamaria, and Malinovsky (2000)] proposed to
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apply the STIRAP ideas to wave packet dynamics, in the
transfer of an electronic wave packet between the ground
vibrational states of two displaced molecular potentials of
Na, in a process termed adiabatic passage by light-induced
potentials (APLIP).

In order not to be limited by the Frank-Condon principle
(the overlap between the initial and final wave packets is very
small), the pulse durations must be longer than the vibrational
time scale. APLIP shares many STIRAP features, such as
efficiency and robustness to parameter variations. However,
the two-photon resonance condition cannot be satisfied in
APLIP. APLIP transfers the wave packet through a “valley,”
which emerges in the light-induced potential.

Various extensions of APLIP have been proposed.
Kallush and Band (2000) suggested APLIP with chirped
pulses. Rodriguez, Suominen, and Garraway (2000) extended
APLIP to excited vibrational states, Gonzélez-Vazquez, Sola,
and Santamaria (2006) to polyatomic molecules with intra-
molecular couplings among the vibrational modes, and Chang
et al. (2009) to molecular photodissociation. Suominen (2014)
extended APLIP to multistate systems.

5. Further applications in molecules

Krél, Fiurasek, and Shapiro (2001) pointed out that
STIRAP can transfer holes, as well as electrons, between
three molecular orbitals. Of special interest is the case when
electron and hole STIRAPs coexist: electron STIRAP trans-
fers an electron from a lower full orbital to a higher empty
one via an empty middle one (1, <> 2, <> 3,,), while hole
STIRAP transfers a hole from a higher empty orbital to a
full lower one via a full middle one (3, <> 2, <> 1,). The
competition between these two processes leads to controllable
bifurcating processes in molecular systems.

Finally, STIRAP was used in proposals for laser-controlled
molecular current routers (Thanopulos, Paspalakis, and
Yannopapas, 2004; Thanopulos and Paspalakis, 2007;
Thanopulos et al., 2009).

F. Bose-Einstein condensates

BEC features high atom densities, which introduce non-
linear terms in the Bloch equations due to interparticle
interactions. The latter lead to resonance shifts and collisional
losses, which pose some challenges to the implementation
of STIRAP. Dupont-Nivet et al. (2015) reported thorough
experimental study of STIRAP in 8’Rb BEC magnetically
trapped in the vicinity of an atom chip. Population transfer
with efficiency of up to 87% took place in the transition
between the hyperfine sublevels F =2, mp =2 and F = 2,
myp =1 via the lower state F =1, mp = 1 driven by two
microwave pulses. The P and S Rabi frequencies differed by
a factor of 3, which, together with the effects of collisional
losses and nonlinear shifts, led to asymmetric transition
profiles; see Fig. 46 and Sec. 1II.A.3.

Theoretical activities on STIRAP in BEC focused mainly
on proposals for photoassociation of ultracold atoms into
ultracold molecules (Javanainen and Mackie, 1999; Vardi,
Shapiro, and Bergmann, 1999; Mackie, Kowalski, and
Javanainen, 2000; Drummond et al.,, 2002; Kuznetsova
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FIG. 46. STIRAP in 3’Rb BEC: Transfer efficiency vs (a) two-

photon detuning and (b) one-photon detuning. The dashed lines

mark the (a) two-photon and (b) one-photon resonances. The dots

are experimental data, the solid lines are numerical simulation,

and the shaded (cyan) bands are numerical simulation with white
magnetic-field noise included. From Dupont-Nivet ez al., 2015.

et al., 2009) (see Sec. V.E.2) and spatial adiabatic passage
(SAP) between different potential wells (Graefe, Korsch, and
Witthaut, 2006; Rab et al., 2008; Nesterenko et al., 2009); see
Sec. V.G. We point out an interesting theoretical proposal by
Nandi, Walser, and Schleich (2004) for a STIRAP-inspired
method for creation of a superfluid vortex in an oblate, axis-
symmetric BEC by exposing it to two copropagating laser
pulses, one in the fundamental Gaussian mode and the other
in a Gauss-Laguerre mode. They numerically demonstrated
complete transfer of the external angular momentum from the
light field to the matter wave.

G. Spatial adiabatic passage

The three equations of STIRAP for the probability ampli-
tudes of the three states have been adapted to the case of a
particle that can be localized in three distinct potential wells
(traps); see Fig. 47 (left). When two wells are sufficiently
close to each other the particle matter wave can tunnel
between them at a rate that increases as the trap separation
diminishes. Moving the traps or modifying the barrier height
allows control of the tunneling probability. By adjusting the
timing of separations in a chain of three traps one can, in
principle, reproduce the interaction sequence and adiabatic
conditions in analogy to STIRAP: spatial motion in physical
space replaces Hilbert-space motion to design a procedure
initially known as matter-wave STIRAP (Eckert et al., 2004,
2006) or coherent tunneling by adiabatic passage (CTAP)
(Greentree et al., 2004), and presently referred to as SAP
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FIG. 47. Spatial adiabatic passage of a particle between three
potential wells. Tunneling induces couplings between the wells.
Left: a linear string of wells, corresponding to a three-state A
chain. Right: a two-dimensional set of wells corresponding to a
loop system.

(Menchon-Enrich et al, 2013, 2016; Menchon-Enrich,
Mompart, and Ahufinger, 2014).

This technique was proposed by Eckert et al. (2004, 2006)
as a robust tool for transporting a single neutral atom between
the outer traps of a row of three optical-trap potentials. Further
interesting lines of development are presented by Menchon-
Enrich et al. (2016), discussing the transfer

e of electrons in a chain of quantum dots (QDs)
(Greentree et al., 2004);

* in two-dimensional optical lattices (Merkel et al.,
2007; McEndoo et al., 2010; Longhi, 2014), as in
Fig. 47 (right);

* of a hole (an empty site) in an array of three traps
holding neutral atoms (Benseny et al., 2010);

» of electron spin states (Hollenberg er al., 2006;
Huneke, Platero, and Kohler, 2013);

* in linear chains with more than three traps
(Petrosyan and Lambropoulos, 2006);

e including the interatomic interaction in a BEC
(Graefe, Korsch, and Witthaut, 2006; Rab er al.,
2008; Nesterenko et al., 2009);

e by fractional STIRAP to coherently distribute a
BEC among three wells (Rab er al., 2012); or

e of atoms between three waveguides (WGs) by
double STIRAP resulting in an atomic velocity filter
(Loiko et al., 2014).

VI. STIRAP IN QUANTUM INFORMATION

Because of its inherent robustness to parameter errors
and resilience to some types of decoherence, STIRAP has
emerged as a popular tool in quantum information. Several
examples of this development are briefly reviewed here.

A. Single-qubit gates

The pursuit of complete population transfer from one state
to another, or creation of a coherent superposition by partial
population transfer, starts from a specific initial state. A
quantum gate requires a specified response of the qubit for
any initial condition. The most general unitary transformation
of a qubit reads

U { "f} (41)
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where a and b are two complex (Cayley-Klein) parameters
(|a* 4 |b|> = 1). The construction of the SU(2) gate (41)
means that the following transforms are performed:

[1) = a|l) + b|2), [2) = =b*|1) +a*|2). (42)
In a closed two-state system, the fulfillment of the first of
these guarantees the fulfillment of the second, and vice versa.
However, if the qubit is a subsystem of a larger system (with
the so-called ancilla states), e.g., if the qubit is formed of the
lower states |1) and |3) in the A system of STIRAP, the
fulfillment of one of the transformations (42) does not
guarantee the fulfillment of the other. For instance, the direct
application of fractional STIRAP produces a coherent super-
position of states |1) and |3) when the system is initially in
state |1). However, if the system is initially in state |3) and all
fields are on resonance, fractional STIRAP would produce a
superposition of all three states. Hence it does not produce a
qubit gate.

STIRAP can still be used to construct robust single-qubit
gates. One possibility is to use a large single-photon detuning.
Then, as described in Sec. III, the middle state |2) can be
eliminated adiabatically and the A system is reduced to an
effective two-state system of states |1) and |3). In this case
fractional STIRAP will act as an SU(2) gate for the qubit
formed of states |1) and |3). Alternatively, Lacour ez al. (2006)
showed that robust rotation gates can be produced in a A
system by a sequence of two (inverted and regular) fractional-
STIRAP processes; see Fig. 48(a). If the ratio Qp(1)/Qq(1)
tends to cota initially and to tana in the end, then this
sequence produces a robust rotation gate of angle 2a.

Beterov et al. (2013) proposed to use double STIRAP in a
three-state ladder, with a pulse sequence such as the one in
Fig. 48(b), but with nonzero single-photon detuning A in the
first step and —A in the second step, in order to implement a
rotation gate in trapped Rydberg atoms. The sign flip in A
reduces the dependence of the acquired phase on the (uncer-
tain) number of atoms.

i

FIG. 48. Pulse sequences for rotation gates with (a) two frac-
tional-STIRAP processes, and (b) two STIRAP processes in the
A system of Fig. 1. Adapted from Lacour et al., 2006 and
Rousseaux, Guérin, and Vitanov, 2013. (c) Pulse sequence for
rotation gate created by two tripod-STIRAP processes, with the
linkage pattern of Fig. 23. Adapted from Kis and Renzoni, 2002.
(d) Pulse sequence for observation of a geometric phase without a
dynamical phase in a tripod system. Adapted from Unanyan and
Fleischhauer, 2004.
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B. Geometric gates

Of particular interest to quantum information has been the
tripod version of STIRAP because of its two dark states.
Unanyan, Shore, and Bergmann (1999) recognized that the
phase factors associated with the two dark states during the
evolution are of non-Abelian nature, and the ensuing mixing
angle between the two dark states is of geometric, or
Pancharatnam-Berry, origin (Pancharatnam, 1956a, 1956b;
Berry, 1984; Wilczek and Zee, 1984; Aharonov and Anandan,
1987). Indeed, this phase

p= / ™ b(0)sing(1)dr
¢

:/ ! sin yd¢
¢.

QqdQ — QedQg

arer W

—f Q
Q7 + Q3 + Q2

does not depend on time but only on the (closed) trajectory in
the parametric space of {Qp, Qg, Qc}. If the pulses have the
same time dependence, this geometric phase will vanish.
However, if the pulses have different time dependences, then
the geometric phase is nonzero; moreover, it can be controlled
by the pulse delays (Unanyan, Fleischhauer er al., 1998;
Unanyan, Shore, and Bergmann, 1999; Mgller et al., 2007).
Following up on the work of Unanyan, Shore, and Bergmann
(1999), implementations of geometric gates have been pro-
posed with trapped ions (Duan, Cirac, and Zoller, 2001),
Rydberg atoms (Mgller, Madsen, and Mglmer, 2008b), and
sodium dimers (Menzel-Jones and Shapiro, 2007).

Kis and Renzoni (2002) proposed a robust rotation gate by
application of two STIRAP processes in the tripod system
of Fig. 23. The qubit is formed of states |1) and |3), while
state |[4) is an ancilla state. The pulse sequence is shown in
Fig. 48(c). The couplings of the transitions |1) <> [2) (Qp)
and [3) < [2) (Qg) have the same time dependence but
different amplitudes and phases: Qp(t) = f(f)cosé and
Qq(t) = e"f(t)sin& The coupling Qq(¢) of the ancilla
transition |[4) <> |2) is shifted in time with respect to the
other two. The second Qc(7) pulse is phase shifted with
respect to the first Q.(7) by a phase ¢. In the adiabatic limit,
this sequence of pulses produces the unitary transformation
eTIPR,(0) = e /27ne/2  where  m = (sin2&cosy,
sin2¢siny, cos2¢) and 6 = (0,,0,,6,) is a vector of
Pauli’s matrices. The entire process is as robust as STIRAP
and only good control of the relative laser phases is required.

Toyoda e al. (2013) demonstrated the Kis-Renzoni gate
in an experiment with a trapped “°Ca* ion. They used the
Si/2 = Ds), electric-quadrupole transition, with the S,
M = —1/2 sublevel serving as the common (“upper”) tripod
state, and three Ds/, sublevels: M = —3/2, +1/2 (forming
the qubit), and M = —5/2 (ancilla state) coupled to the
common state Sl/z, M=-1/2 by P, S, and C fields,
respectively. The gate pulse sequence is shown in Fig. 49
(left); it is a modified version of the sequence of Fig. 48(c).
The gate operation is shown in Fig. 49 (right) where the
population is seen to oscillate versus the phase ¢ between
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FIG. 49. Geometric phase gate demonstration. Left: Pulse
sequence. Right: Populations P; (empty blue circles), P; (solid
red circles), P, (magenta crosses), and P, (black asterisks).
Adapted from Toyoda et al., 2013.
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the qubit states M = —3/2 and +1/2, with only negligible
population in the other two states.

Rousseaux, Guérin, and Vitanov (2013) extended these
ideas to an N pod—a fan linkage of N lower states |k) coupled
to a single excited state |e¢). They showed that a double-
STIRAP sequence, as the one in Fig. 48(a), can produce a
Householder reflection (Householder, 1958) in the subset
on N lower states. Householder reflections are a powerful tool
for construction of arbitrary quantum gates of qudits (d-state
systems) (Ivanov, Kyoseva, and Vitanov, 2006; Ivanov,
Torosov, and Vitanov, 2007; Ivanov and Vitanov, 2008).

In many implementations, the geometric phase is usually
accompanied by a much larger dynamical phase, which makes
its observation challenging. Unanyan and Fleischhauer (2004)
showed that in the tripod system, the pulse sequence shown in
Fig. 48(d) cancels the dynamical phase, thereby allowing one
to observe the unperturbed geometric phase. Mgller, Madsen,
and Mglmer (2008a) proposed an implementation of a geo-
metric phase gate by double STIRAP in a A system, with a
time-dependent relative phase between the pump and Stokes
fields (which is equivalent to time-dependent detunings).
Time-dependent detunings have been used also by
Nakamura, Goto, and Ichimura (2013). Dasgupta and Lidar
(2007) showed that, although a Berry phase cannot be
accumulated in STIRAP in a resonant A system, such a phase
may emerge in the presence of decoherence.

C. Entangled states

A number of proposals use STIRAP and fractional STIRAP
to construct many-qubit entangled states. In two of the most
ubiquitous quantum information platforms (trapped ions and
trapped atoms) STIRAP allows one to perform qubit manip-
ulations without populating the noisy common bus mode, i.e.,
the vibration mode shared by the trapped ions or the cavity
mode shared by the trapped atoms.

A few examples of the many theoretical proposals that use
STIRAP and STIRAP-inspired schemes for creation of
entangled states include the following:

* A method for creating entangled Bell states of two
qubits (Nielsen and Chuang, 2010) using two pulse
pairs with single-photon detunings of opposite signs
(Gong, Unanyan, and Bergmann, 2002; Unanyan
and Fleischhauer, 2002), or by using the relative
phase between the pulses (Malinovsky and Sola,

Rev. Mod. Phys., Vol. 89, No. 1, January—March 2017

2004c, 2004a, 2004b) [an alternative using fre-
quency chirps for two (Unanyan, Shore, and
Bergmann, 2001a) and multiple qubits (Unanyan
et al., 2002) has also been proposed].

* The generation of two-particle (Bargatin, Grishanin,
and Zadkov, 2000) and many-particle entangled
states, such as the Greenberger-Horne-Zeilinger
state (Nielsen and Chuang, 2010), of dipole-dipole
interacting Rydberg atoms by using the dipole
blockade effect (Unanyan and Fleischhauer, 2002;
Mgller, Madsen, and Mglmer, 2008b).

* A method to create many-particle entangled states
of trapped ions (Unanyan and Fleischhauer, 2003)
with controllable collective interactions of a
Lipkin-Meshkov-Glick type (Lipkin, Meshkov,
and Glick, 1965).

e Cavity-QED schemes that map atomic Zeeman
coherences onto photon states and generate en-
tangled photon multiplets and atom-photon entan-
glement in a two-mode optical cavity (Lange and
Kimble, 2000), entanglement between atoms in
coupled cavities (Chen et al., 2007), two or three
atoms, two photons, or an atom and a photon in a
two-mode cavity (Biswas and Agarwal, 2003; Kis
et al., 2004; Amniat-Talab et al., 2005, 2010;
Amniat-Talab, Guérin, and Jauslin, 2005; Garcia-
Maraver et al.,, 2008; Amniat-Talab, Saadati-
Niari, and Guérin, 2012), an atom and BEC or
two BECs (Chen et al., 2012, 2014), and Bell
inequality tests for entangled photons (Beige,
Munro, and Knight, 2000).

* A method to adiabatically transfer field states
between two partly overlapping cavities via an
atom passing through them (Mattinson, Kira, and
Stenholm, 2001), and an extension to various cavity-
field states in multiple cavities and multiple atoms
(Larson and Andersson, 2005); see Fig. 50.

* A method to produce entangled Fock states in time,
frequency, and space, using light storage of a single
photon (or few-photon states) in the atomic coher-
ence p, of two atomic states 1 and 2, followed by
partial transfer of some of the population of state
2 to another state 3 by fractional STIRAP, and then
partial retrieval of the initial coherence by the
reading pulses (Wang, KoStrun, and Yelin, 2004).

cavity 2 cavity 3
. 1 \\ ||
. N atoma b\ atomb .
1 1

cavity 1 '

v A\

FIG. 50. Two atoms passing through the intersections of three
cavities produce a five-state sequentially coupled chain of states.
The axis of cavity 1 is spatially displaced with respect to the other
axes, thereby producing counterintuitively timed atom-cavity
couplings. From Larson and Andersson, 2005.
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» “Dissipation-assisted adiabatic passage” for entan-
gling atoms in a cavity, in which the presence of
spontaneous decay corrects nonadiabatic errors
(Marr, Beige, and Rempe, 2003).

* Transfer the quantum state of two molecular dis-
sociation fragments, whose internal and translational
states are naturally entangled, to an entangled
photon pair (Petrosyan, Kurizki, and Shapiro, 2003).

e Transportation of a qubit, operator measurements,
and entanglement in a one-dimensional array of
quantum sites with a single sender and multiple
receivers (Greentree, Devitt, and Hollenberg, 2006);

Simon et al. (2007) experimentally demonstrated phase-
coherent transfer by multistate STIRAP of a spin wave
(quantized collective spin excitation, or magnon) from one
ensemble of '*3Cs atoms to another via an optical resonator
serving as a quantum bus; see Fig. 51. Benefitting from the
features of STIRAP, this bus was only virtually populated.
An entangled state with one excitation jointly stored in the
two ensembles was deterministically created by fractional
STIRAP.

Linington and Vitanov (2008a) proposed a method for the
generation of arbitrary-sized Dicke states in a chain of trapped
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FIG.51. Top: Linkage pattern used for phase-coherent transfer of

a spin wave between two atomic ensembles A and B (containing
N, and Ny atoms). The write process populates state |Gy ). gv/N,
and g\/Nj are the collective couplings of the magnons to the
optical resonator mode, whereas Q, and Qp are the laser-atom
couplings. The spin wave is transferred from A to B by a
counterintuitive sequence of laser pulses (top left), with the pulse
addressing B preceding the pulse addressing A, thereby leaving the
lossy photonic mode |C) empty. Bottom: Phase coherence between
the spin waves in the two ensembles after a partial transfer of a
magnon. Adapted from Simon et al., 2007.
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ions, which are equally weighted coherent superpositions
of collective states of qubits that share the same number of
excitations. The ion qubits are cooled to their vibrational
ground state |0). Then a vibrational Fock state |m) with m
phonons is prepared. Next the system is driven from this state
to the desired Dicke state by multistate STIRAP via a
multiqubit dark state by two delayed pulses applied simulta-
neously on all N ions, the first on the carrier transition, and the
second on the red-sideband transition.

Noguchi, Toyoda, and Urabe (2012) experimentally dem-
onstrated a modified version of this proposal with global red-
and blue-sideband pulses in chains of two and four trapped
40Ca ions. Figure 52 shows the parity oscillation for two ions
[Fig. 52(a)] and the oscillation of the squared spin for four
ions [Fig. 52(b)], with fidelities of 96% and 86%, respectively.

Linington and Vitanov (2008b) proposed another adiabatic
method for creation of Dicke states of trapped ions—by global
addressing by a chirped pulse. This method was demonstrated
experimentally by Toyoda et al. (2011) and a modified version
by Hume et al. (2009).

D. Two-qubit gates

STIRAP and fractional STIRAP have also been the engines
in proposals for two-qubit quantum gates. Pellizzari et al.
(1995) proposed a scheme for a two-qubit control-unitary gate
with multilevel atoms in an optical cavity. The scheme has
three steps: (i) the state of the first qubit is transferred by
STIRAP from the first atom to the nonqubit states of the
second atom, (ii) the four states of the second atom are
manipulated by single-atom techniques, and (iii) the inverse of
step (i) is performed.

Pachos and Walther (2002) proposed two-qubit conditional
phase gates of ions trapped in a cavity using a combination of

Parity
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FIG. 52. (a) Parity oscillation of the two-ions Dicke state.

(b) Oscillation of the squared spin of the half-excited Dicke
state of four ions. From Noguchi, Toyoda, and Urabe, 2012.
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STIRAP and environment-induced quantum Zeno effect. The
latter keeps the qubits in a decoherence-free subspace (Beige
et al., 2000). The method avoids both spontaneous emission,
because of STIRAP, and cavity loss, because no photon is
present in the cavity at any time. A modified version of this
method (Pachos and Beige, 2004) creates a two-qubit phase
gate, with either dynamical or geometric phase, by using a
common laser addressing of the two qubits in a single step.
Goto and Ichimura (2004) proposed STIRAP-inspired imple-
mentations of one-, two-, and three-qubit phase gates of atoms
in a single-mode optical cavity.

Moller et al. (2007) used tripod STIRAP to propose a set of
universal gates for quantum computing based on geometric
phases: a one-qubit phase gate, a Hadamard gate, and a
two-qubit phase gate. Sangouard et al. (2005) proposed a
robust STIRAP-based SWAP gate of two atomic qubits in an
optical cavity protected from cavity losses and atomic
decoherence. Similar approaches have been used to construct
CNOT (Sangouard et al., 2006) and control-unitary gates
(Lacour et al., 2006).

E. Quantum algorithms

Daems and Guérin (2007, 2008) proposed to use multistate
inverted fractional STIRAP for adiabatic implementation of
Grover’s quantum search algorithm, which finds a marked
item in an unsorted list of N items (Grover, 1997). The search
database is an ensemble of N identical three-level atoms
trapped in a single-mode cavity and driven by two lasers. The
marked atom has an energy gap between its two ground states.
Starting from an initial entangled state, inverted fractional
STIRAP allows one to populate the marked state in time that
scales as \/N, thereby achieving the same speed-up as the
discrete Grover algorithm. Daems, Guérin, and Cerf (2008)
proposed to use parallel STIRAP (Sec. II1.D.2) for the same

purpose.
VII. STIRAP IN SOLID-STATE PHYSICS

In the first decade after its discovery STIRAP was dem-
onstrated exclusively in gas-phase atoms and molecules.
Since 2000, some solid-state systems have attracted signifi-
cant attention as candidates for implementation of coherent
light-matter interaction. These developments have been
largely motivated by promising applications to quantum
information processing because solids offer appealing physi-
cal platforms for scalable quantum computing. We begin our
discussion with experimental implementations of STIRAP in
rare-earth-metal-ion-doped dielectric crystals, followed by a
discussion of color centers in diamond, superconductors,
quantum dots, and semiconductors.

A. Doped crystals

Crystals doped with rare-earth-metal ions possess suitable
properties for coherent interactions between light and matter:
high density, robustness, scalability, narrow optical linewidths
(unlike most other solid materials), and, in particular, long
coherence times. For this reason, doped solids emerged as the
leading candidate for optical data storage for quantum
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computing after successful implementations of various coher-
ent control techniques (Ham, Hemmer, and Shahriar, 1997;
Turukhin et al., 2001; Longdell et al., 2005; Rippe et al.,
2005). The EIT technique (Harris, Field, and Imamoglu, 1990;
Fleischhauer, Imamoglu, and Marangos, 2005) is especially
important as it enables the deceleration of a light pulse in the
doped crystal and the pulse storage in the atomic coherence,
i.e., in a superposition of two atomic states. Such states are
readily available among the hyperfine states of the ground
level of the dopant ions. The stopped light is then released on
demand by an inverted EIT process.

The first experimental demonstration of STIRAP in doped
solids was presented by Goto and Ichimura (2006, 2007) in
Pri3t: Y,Si05 crystal. Klein, Beil, and Halfmann (2007, 2008)
conducted a thorough experimental study of STIRAP between
hyperfine levels of praseodymium ions in a cryogenically
cooled Pr3*:Y,SiOs crystal; see Fig. 53 (top). Because of
the large inhomogeneous broadening of the medium (about
10 GHz), a preparation step first depletes the populations of a
group of energy levels near the target state by spectral-hole
burning and optical pumping (thereby creating a “spectral
pit”). The subsequent interaction involves only Pr** ions with
spectral features that fall within this spectral pit: their spectral
properties resemble those of atoms in a gas phase. Klein,
Beil, and Halfmann (2007) demonstrated STIRAP between
the degenerate sublevels M = £1/2 and £3/2 of the 3H,
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FIG. 53. Demonstration of STIRAP in Pr’*:Y,SiOs. Top:
Energy levels and linkages. Bottom: Population transfer
efficiency vs peak Rabi frequency. From Klein, Beil, and
Halfmann, 2008.
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FIG. 54. Demonstration of STIRAP in Pr3*:Y,SiOs. Top:
Population transfer efficiency vs the two-photon detuning (P
frequency fixed, S frequency varied), with a peak on two-photon
resonance. Bottom: Population transfer efficiency vs pulse delay.
The P and S fields are off resonance by the same detuning A =
27 x 320 kHz (see Fig. 53), so that they are on two-photon
resonance. The dashed curve shows the data with the incoherent
population transfer contribution excluded. From Klein, Beil, and
Halfmann, 2007.

hyperfine level. Figure 53 (bottom) shows a characteristic
feature of STIRAP—the steady increase of the population
transfer efficiency with the peak Rabi frequency until satu-
ration (nearly 100% transfer). Figure 54 (top) shows another
characteristic feature of STIRAP—the transfer efficiency
versus the two-photon detuning, with 100% STIRAP effi-
ciency on two-photon resonance, contrasted to only 50%
efficiency with coincident pulses.

Klein, Beil, and Halfmann (2007, 2008) also observed
bright STIRAP, which uses intuitively ordered pulses detuned
from single-photon resonance (Sec. IIL.B). Its signature is
found in the right part of Fig. 54 (bottom). Its efficiency is
lower than in STIRAP (left part) because bright STIRAP uses
a bright eigenstate of the Hamiltonian, which has a component
of the decaying state 2.

In another experiment, Alexander ef al. (2008) conducted a
thorough study of STIRAP in Tm3**:YAG crystal. They
achieved 90% efficiency of population transfer by STIRAP
and 45% with bright STIRAP.
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B. Color centers in diamond

Color centers in diamond are a promising candidate for
quantum computing and quantum sensing because they
feature high-fidelity preparation, control, and readout, as well
as long coherence times for electron and nuclear spins, even at
room temperature. The most popular color centers are the
negatively charged nitrogen vacancy (NV) centers in diamond,
in which quantum-state transfer between electron and nuclear
spins (Childress et al., 2006; Dutt et al., 2007), spin
entanglement mediated by dipole coupling, and spin-photon
entanglement (Neumann et al., 2008; Togan et al., 2010;
Sipahigil et al., 2012; Bernien et al., 2013; Dolde et al., 2013)
have been observed. For their control it is crucial to manipu-
late electronic spin states through optical transitions, while
avoiding the rapid decoherence of these transitions, which
includes radiative decay and variation of transition frequencies
with time due to the fluctuating influence of the environment
(spectral diffusion). Moreover, the optically driven spin
dynamics should be nuclear spin selective. To this end, it
was found (Golter, Dinyari, and Wang, 2013; Golter and
Wang, 2014; Golter et al., 2016) that STIRAP satisfies all
these requirements. They conducted a thorough experimental
study of coherent optical control of electronic spin states in
single NV centers by observing Rabi oscillations and STIRAP,
and found that Rabi oscillations are still prone to spectral
diffusion, while STIRAP is immune to it. Moreover, they
found that the STIRAP efficiency depends on the orientation
of the adjacent '*N nuclear spin, i.e., it is nuclear spin
selective. Thus this experiment proved that NV centers are
suitable to mediate coherent spin-phonon coupling, enabling
the optical control of spin and mechanical degrees of freedom.

Figure 55 shows the relevant level scheme and a sample of
the results. The experiment starts from the m; = 0 ground
state of the system. A microwave z pulse (MW 1) transfers the
population into the hyperfine manifold of the m; = —1 state
from where the STIRAP transfer to the m, = 41 target state
starts. STIRAP is induced by the ¢, and o_ polarized €, and
Q_ pulses (at 637 nm), respectively, detuned by A ~ 1 GHz
from the A, level. After completion of the transfer, the
population in the target state is determined by transferring
the population of state m; = +1 by another microwave 7 pulse
(MW?2) back to m; = 0, from where it is excited to state E,
and the ensuing fluorescence is measured. Figures 55(c) and
55(d) show the variation of the population with the pulse
delay T for a gradual and steep rise of the slope of the pulses,
tise = 1.2 ps and 20 ns, respectively. In Fig. 55(c), the slowly
rising slopes make adiabatic evolution possible: a broad
plateau is seen for 2.5 < T <4 us, and Rabi oscillations
for T < 1.5 us where the pulses largely overlap. The steep
rising slopes in Fig. 55(d) prevent adiabatic evolution and
STIRAP but instead, two-photon Rabi oscillations occur.

C. Superconductors

Superconducting qubits based on the Josephson tunnel
junction have emerged as a promising physical platform for
quantum computation (Makhlin, Schon, and Shnirman, 2001;
Devoret, Wallraff, and Martinis, 2004; You and Nori, 2011). A
significant advantage of superconducting qubits is that such
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FIG. 55. STIRAP with NV centers in diamond. Left: relevant

level scheme. The electronic spin sublevels m; = £1 are Zeeman
split by 150 MHz, and the nuclear-spin sublevels m,, by 2.2 MHz.
State m; = 0 is coupled to states m; = —1 or +1 by microwave
pulses MW1 or MW2, respectively. Right: (a) pulse shapes and
(b) pulse overlap for STIRAP transfer (left side) and two-photon
Rabi oscillations (right side); (c) population of the target state
in m; = +1 monitored through fluorescence from state E, for
tise = 1.2 ps, allowing adiabatic evolution; (d) same as in (c) but
with 74, = 20 ns, which is too steep to allow STIRAP transfer,
and instead, two-photon Rabi oscillations are observed. Adapted
from Golter and Wang, 2014.

solid-state electrical circuits can easily be fabricated with
techniques used for conventional integrated circuits. In con-
trast to atoms and photons, the superconducting qubits can
conveniently be coupled to other circuits thereby facilitating
qubit control, gate implementation, and readout.
Superconducting qubits are classified into three types,
based on their degrees of freedom: charge (Bouchiat et al.,
1998; Nakamura, Pashkin, and Tsai, 1999), flux (Friedman
et al., 2000; van der Wal et al., 2000), and phase (Martinis
et al., 2002); see Fig. 56. These qubits have excellent
scalability due to the well-established fabrication techniques
but they suffer from short coherence times 7.. Different
strategies have been proposed to enhance z.. One approach
(Martinis et al., 2005) is to improve the properties of the
junctions in order to suppress sources of 1/f noise (Paladino
et al., 2014). A popular approach is the elimination of linear
noise by operating the qubits at optimal working points called
“sweet spots.” Using this latter approach Vion et al. (2002)
demonstrated an increase in dephasing times by 3 orders of

FIG. 56. Voltage-driven superconducting Cooper-pair box
(charge qubit, left), flux-driven loop (flux qubit, middle),
and current-driven junction (phase qubit, right). From You
and Nori, 2011.
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magnitude. Koch et al. (2007) introduced a new type of
superconducting qubit—transmon, a capacitively shunted
Cooper-pair box strongly coupled to an electromagnetic
transmission line resonator. Its design is related to the charge
qubit but it operates at a greatly increased ratio of Josephson
energy E; and charging energy E.. The transmon has
drastically reduced sensitivity to charge noise and has
increased qubit-photon coupling while keeping sufficient
anharmonicity for selective control.

A number of well-known quantum three-level effects have
been demonstrated recently, e.g., the Autler-Townes effect
with phase qubits (Sillanpaa et al., 2009; Li et al., 2012) and
transmons (Baur et al., 2009), coherent population trapping
with phase qubits (Kelly et al., 2010), and EIT with flux qubits
(Abdumalikov et al., 2010). Kis et al. (2004), Paspalakis and
Kylstra (2004), Liu et al. (2005), Siewert, Brandes, and Falci
(2006, 2009), Falci et al. (2013), and Di Stefano et al. (2015,
2016) proposed designs of three-state systems with super-
conducting circuits suitable for implementation of STIRAP.

Recently Kumar et al. (2016) demonstrated STIRAP in a
comprehensive study. They used the ladder linkage formed by
the ground and two excited states of a transmon irradiated by
two microwave fields, and they used STIRAP to transfer the
population from the ground state |1) to the second excited
state |3) with over 80% efficiency. The top portion of Fig. 57
shows contour plots that display characteristic STIRAP
signatures in the populations plotted versus time and pulse
delay. As expected for STIRAP, the maximum population
transfer occurs for negative delays (confined between the
horizontal lines). The bottom portion of Fig. 57 shows the
populations versus the single- and two-photon detunings, with
the typical robustness of STIRAP to single-photon detuning
and sensitivity to two-photon detuning.

Recently Xu er al. (2016) reported STIRAP with 67%
and 96% efficiency in superconducting phase and transmon
qubits, respectively.

D. Semiconductor quantum dots

Semiconductor QDs are small islands of semiconducting
material, embedded in a surrounding host material. Carrier
confinement within these islands is achieved by using differ-
ent semiconductor materials or by applying external gate
voltages. These structures allow the demonstration of funda-
mental quantum-coherence effects and make semiconductor
QDs, also known as “artificial atoms” due to the possibility to
engineer their discrete quantum levels, promising candidates
for quantum information processing (Li et al., 2004; Brandes,
2005; Liu, Yao, and Sham, 2010). Rabi flopping—an impor-
tant test for quantum coherence—was already observed in
2001 (Kamada et al., 2001; Stievater et al., 2001).

STIRAP has generated significant theoretical interest in
QDs, including proposals for the following:

» Using optical excitations (excitons) in two coupled
QDs as qubits, with the Coulomb interactions
between the optically excited electrons and holes
providing the means to construct conditional quan-
tum gates (Hohenester et al., 2000).

* A qubit represented by the spin of an excess electron
in a vertically coupled double-QD structure (an
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FIG. 57. Experimental demonstration of STIRAP in a super-
conducting transmon circuit. Top (left: experiment, right: simu-
lations): Contour plots of populations of state |3) vs pulse delay
and time. The white boxes bound the STIRAP region. Bottom:
Contour plots of populations vs the single-photon detuning
(vertical) and two-photon detuning (horizontal). The lower left
frame shows the experimental data for the population of the
1). The other three frames show simulations for
2), and |3). Adapted from Kumar et al., 2016.

states |1),

“artificial molecule,” see Fig. 58), using auxiliary
states to perform quantum gates by STIRAP, thereby
suppressing environment-induced losses (Troiani,
Molinari, and Hohenester, 2003; Chen er al.,
2004; Hohenester, Fabian, and Troiani, 2006).

* Measurement schemes for the state of single-QD and
double-QD qubits (Pazy et al., 2001, 2002).

* A scheme to distill, transport, and detect spin
entanglement between two correlated electrons in
three coupled QDs (Fabian and Hohenester, 2005).

e A vacuum-STIRAP scheme with a single QD in a
microcavity in the presence of a lateral electric field
(Jaritz and Hohenester, 2011).

e Schemes to prepare arbitrary superposition states
(Brandes, Renzoni, and Blick, 2001) to reduce the
sensitivity to unequal transition dipole moments
(Abe et al., 2006), to reduce the coupling to the
phonon degrees of freedom (Roszak et al., 2005),
and to optimize fidelity in double QDs (Koh,
Coppersmith, and Friesen, 2013).

¢ Coherent manipulation of an asymmetric double-QD
structure (Voutsinas, Boviatsis, and Fountoulakis,
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FIG. 58. Double-QD structure and carrier wave functions
for the implementation of quantum gates by STIRAP. The
confinement potential consists of two truncated-cone-shaped
regions of low-band-gap material. (a), (b) The squared
modulus of the hole ground and first excited wave function,
respectively. (c) The charged exciton state, where the
electron wave function (red, cut off for visibility) extends
over the hole wave function due to the lighter electron mass

and allows an optical coupling to both hole states. From
Hohenester, Fabian, and Troiani, 2006.

2007) and coherent electron transfer between the
ground states of two coupled QDs (Fountoulakis and
Paspalakis, 2013).

On the experimental side, STIRAP is still to be demon-
strated in quantum dots. Recently several important steps
toward such a demonstration were taken. Xu er al. (2008)
demonstrated CPT in the two ground states (spin up and spin
down) of an electron spin in a single self-assembled InAs
quantum dot embedded in a Schottky diode structure; see
Fig. 59. Weiss et al. (2012) demonstrated CPT reaching zero
absorption with the single and triplet ground states of a
quantum dot molecule by using a sweet spot in the bias
parameters, which allowed them to increase the CPT lifetime
by 2 orders of magnitude to 200 ns. Brunner ef al. (2009)
demonstrated CPT with a zero-absorption dip of some
100 MHz width on a hole spin (which has longer dephasing
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FIG. 59. Experimental demonstration of CPT in a single
quantum dot. Top: Trion energy-level diagrams without (upper
left) and with (upper right) magnetic field. V (H) means vertical
(horizontal) polarization. At zero magnetic field, the spin-flip
Raman transitions are dipole forbidden, while they become
allowed for nonzero magnetic field. The dashed lines isolate
the three-state A linkage used in the experiment. Bottom:
Experimental evidence of CPT in the probe absorption spectrum
across transition H1 with the driving field applied on the
transition V2. The dip reveals the formation of the dark state.
Adapted from Xu et al., 2008.
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times than electron spins) in a single InGaAs quantum dot.
Houel ef al. (2014) demonstrated an atomlike CPT width of
10 MHz with a hole spin in a semiconductor heterostructure.

Finally, we point out the successful experimental demon-
stration by Simon er al. (2011) of rapid adiabatic passage
(RAP) with nearly 90% efficiency between the ground state
and the neutral exciton X° state of a single InAs quantum dot
using a frequency-swept laser pulse.

These advances present strong evidence for the feasibility
of STIRAP in semiconductor quantum dots.

E. Semiconductor quantum wells

Another semiconductor structure—a quantum well—was
proposed as a possible medium for STIRAP. Quantum wells
are easier to fabricate than quantum dots and may be operated
at room temperature. A quantum well consists of a very thin
layer of one material, sandwiched by two layers of different
material with a larger band gap. The carriers are trapped inside
the middle layer, the thickness of which is comparable to the
de Broglie wavelength of the carriers. Therefore, the energy in
the confinement direction is quantized, but the carriers are free
to move in the plane of the layer and hence their energy
spectra are continuous.

Nonetheless, many coherent optical effects have been
predicted from solutions of multiband nonlinear semiconduc-
tor Bloch equations, including Rabi oscillations, photon echo
(Lindberg, Binder, and Koch, 1992), self-induced transpar-
ency (Koch et al., 1992), adiabatic following (Binder et al.,
1990), CPT, EIT, STIRAP (Lindberg and Binder, 1995;
Binder and Lindberg, 1998), multistate STIRAP (Jin and
Li, 2005), and chirped-pulse adiabatic passage (Paspalakis,
Simserides, and Terzis, 2010). Lindberg and Binder (1995)
predicted that, despite the band energy structure and strong
excitonic many-body effects (e.g., electron-electron correla-
tions), signatures of dark or trapping states in semiconductor
wells should be observable in experiments with femtosecond
pulses. Although the exact analog of the trapping state does
not exist, Binder and Lindberg (1998) found that population
transfer of a STIRAP type in p-doped quantum wells
requires only an approximate trapping condition to be
fulfilled. Riifenacht er al. (2000) and Tsujino et al. (2000)
predicted electron teleportation in a GaAs charge-transfer
double quantum well—STIRAP-type coherent transfer of an
electron between one quantum well to its hole-filled neighbor
via a common excitonic state—by midinfrared femtosecond
pulses.

Some of these proposals were already experimentally
demonstrated. Schiilzgen et al. (1999) observed Rabi oscil-
lations of the heavy-hole exciton density on a subpicosecond
time scale. Serapiglia et al. (2000) observed EIT in a InGaAs
intersubband quantum-well system. Phillips ef al. (2003) and
Phillips and Wang (2004) demonstrated EIT in a GaAs
quantum-well experiment, in which the absorption of an
exciton resonance was reduced by a factor of 20. Sladkov
et al. (2010) observed EIT in low-doped n-type GaAs. Fu
et al. (2005) demonstrated CPT in high-purity n-type GaAs
subjected to a strong magnetic field by using a A system
formed of two Zeeman states of neutral-donor bound electrons
and the lowest Zeeman state of bound excitons. Frogley et al.

Rev. Mod. Phys., Vol. 89, No. 1, January—March 2017

(2006) achieved light slowing by a factor of 40 and gain
without inversion. Tomaino er al. (2012) identified and
characterized with few-cycle terahertz pulses a three-level
system suitable for implementation of STIRAP in a quantum-
well microcavity. When the exciton is nearly resonant with a
cavity resonance, the quantum well and the cavity become
strongly coupled and give rise to exciton-polariton modes.
The A system is formed of the lower and higher exciton-
polariton modes and the optically forbidden 2p-exciton state.

VIII. CLASSICAL ANALOGS OF STIRAP

Here we discuss a few examples that are implementations of
the STIRAP concept beyond quantum physics. The analogy
with STIRAP arises from the similarity of the Schrédinger
equation and a specific given type of equation of motion.

A. Waveguide optics

The similarity of the two-dimensional time-dependent
Schrddinger equation in quantum mechanics,

0 n (o 0

to the paraxial Helmholtz equation of monochromatic light
propagating along the z axis,

9 2P P
f—E=—|—(=5+=5]+A 4
ir5-€ {2’10 <6x2+8y2>+ n}& (45)

suggests identifying the wave function ¥(x,y,¢) with the
electric-field amplitude £(x, y, z) (Longhi, 2009). The incre-
mental refractive index An(x,y,z) takes the role of the
potential V(x, y, ) and propagation is not in time ¢ but along
the z coordinate. The Dirac constant # becomes the wave-
length 7 (# = A/2x) and the particle mass m becomes the
background refractive index ny.

The transcription from the partial differential equation (45) to
a set of coupled equations analogous to those of the time-
dependent Schrodinger equation is obtained by introducing
discrete field modes analogous to the discrete quantum states.
The result is the coupled-mode formalism (Pierce, 1954; Yariv,
1973) descriptive of the 1D propagation of electromagnetic
fields along confining paths such as optical waveguides (WGs).
The similarity of the sets of equations arising in two very
different contexts makes possible analogies between quantum-
state manipulation such as STIRAP and WG behavior.

1. Light transfer in a set of three waveguides

The STIRAP analog in a three-WG directional coupler
was suggested theoretically by Kenis er al. (2001), further
explored by Longhi (2006a, 2006b) and Paspalakis (2006),
and experimentally demonstrated by Longhi er al. (2007) [see
the review by Longhi (2009)]. The scheme of Longhi et al.
(2007), seen in Fig. 60, comprises three suitably bent WGs.
Light transfer between adjacent WGs occurs due to coupling
via the evanescent wave that accompanies the transport of
light through the central part of the WG structure. This
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FIG. 60. Experimental data [(a), (c)] and simulation [(b), (d)] of
light propagating through a set of three WGs. (a), (b) Couplings
that correspond to the counterintuitive interaction sequence,
producing STIRAP-like transfer of light intensity from WG 1
to WG 3, while (c), (d) show couplings that correspond to the
intuitive interaction sequence leading to Rabi oscillations. Hori-
zontal red and blue lines added to (b) and (d) indicate the extent of
S and P interactions. Adapted from Longhi, 2009.

coupling depends on the distance between the WGs and the
wavelength of the light. To mimic STIRAP the light is injected
into WG 1, which approaches the middle WG 2 only after the
initially empty WG 3 has approached WG 2, in analogy with
the counterintuitive sequence of STIRAP. The variation of the
coupling strength occurs adiabatically and complete transfer
between WGs 1 and 3 results. Little field energy resides in
WG 2. Moreover, because in the adiabatic limit the light
transfer is insensitive to the coupling strength, it is largely
achromatic.

When the light is injected in WG 3, it “sees” the WG
couplings in the intuitive ordering, and one observes Rabi
oscillations between WGs 2 and 3; see Figs. 60(c) and 60(d).
In the situation shown the conditions are adjusted such that the
light exits through the central WG 2.

A WG analog of fractional STIRAP was suggested theo-
retically by Paspalakis (2006), who considered an equal
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splitting of optical power between the two outer WGs. This
was demonstrated experimentally by Dreisow, Ornigotti ef al.
(2009). The couplings start in counterintuitive order, but
terminate simultaneously with equal values of their strengths.
A tripod-STIRAP WG analog was suggested by Hope et al.
(2015) for use as adiabatic quantum gates that produce 50:50
and % : % beam splitters, and for a CNOT gate in a planar thin,
shallow-ridge WG structure. Menchon-Enrich er al. (2013)
used the dependence of the coupling between WGs on the
light’s wavelength to experimentally demonstrate a STIRAP-
inspired optical device that simultaneously behaves as a low-
and high-pass spectral filter.

2. Multiple waveguides

In another development, Della Valle et al. (2008) exper-
imentally confirmed the proposal by Longhi (2006b) for a
straddle-STIRAP analog (Sec. IV.A.3). They transferred light
between two WGs separated by sets of three and five optical
WGs, achieving nearly perfect efficiency, with negligible
transient transfer into the intermediate WGs; see Fig. 61.
The achromatic nature of multiple-WG STIRAP was dem-
onstrated experimentally by Ciret et al. (2013) in arrays of up
to nine WGs.

An extension of STIRAP in which the final WG is replaced
by a set of WGs, and which produces complete population
transfer to a superposition of this set of WGs, was proposed
by Rangelov and Vitanov (2012) and a modified version
was demonstrated experimentally in a reconfigurable light-
induced WG structure by Ciret et al. (2012).

As discussed in Sec. IV.E, replacing the middle state 2 in
the A system of STIRAP by a quasicontinuum of equidistant
discrete states allows STIRAP-like population transfer 1 — 3.
The WG analog of such behavior was theoretically inves-
tigated by Longhi (2008) and experimentally demonstrated by
Dreisow, Szameit ef al. (2009). In the experiment, two weakly
curved single-mode WGs W, and W, approach a WG array A
from different sides, as depicted in Fig. 62(a). Input through
W, encounters the array before W, is present—this is the
“intuitive” ordering of pulses. It introduces radiation into the
intermediate array, the analog of exciting an atomic electron
into the ionization continuum, Fig. 62(c). When the coupling
strengths are in the “counterintuitive” ordering [Fig. 62(b)],

0 12 24 36 48
z [mm]
FIG. 61. Straddle-STIRAP analog in a WG structure for 3

(top) and 5 (bottom) middle WGs. Adapted from Della Valle
et al., 2008.
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(©)

propagation direction

FIG. 62. STIRAP-like action in WGs via a quasicontinuum.
(a) WG arrangement: two WGs W, and W, couple to a common
WG array A. (b) Experimental results, fluorescence image of light
transfer by counterintuitive ordering of interactions: input enters
in W, and transfers to W,. (c) As in (b) but with intuitive
ordering: input enters in W, and is lost into the quasicontinuum
array A. Adapted from Dreisow, Szameit et al., 2009.

then the transfer of light from W; to W, occurs without
engaging the intermediate array. The fact that a large set of
WGs in array A does indeed participate in the transfer process
has been confirmed by observing the light exciting this array.

B. Polarization optics

As discussed in Sec. IV.D, on exact resonance STIRAP can
be described by a torquelike equation of motion (36). Similar
equations appear in various classical systems. One important
example is the equation describing the evolution of the
Stokes polarization vector S (Bickel and Bailey, 1985;
Born and Wolf, 1999) of light propagating along the z axis
through an optically anisotropic medium with no polarization-
dependent losses,

d
B _axs, (46)
dz

where € is the birefringence vector of the medium. The analog
process of STIRAP allows efficient rotation and/or conversion
of light polarization, which is achromatic and robust to
variations in the propagation length and the rotary power
(Rangelov, Gaubatz, and Vitanov, 2010).

Particularly suitable for light polarization manipulation
is the discretized version of STIRAP—piecewise adiabatic
passage [see Sec. III.G and Shore er al. (2016)]. Dimova,
Rangelov, and Kyoseva (2015) experimentally demonstrated
an analog of this technique with the setup in Fig. 63 (top). The
Stokes vector S(z) is initially parallel to the birefringence
vector Q(z) (the fast optical axis is parallel to the polarization
vector), such that Q(z;) x S(z;) = 0. If the orientation of the
fast optical axis is changed slowly from one birefringent
element to the next one, the Stokes vector will also follow up.

The polarization optics analogy with STIRAP was used to
design an achromatic fiber-optical isolator (an optical diode)
(Berent, Rangelov, and Vitanov, 2013a, 2013b). Here the
STIRAP-analog mechanism produces broadband reciprocal
and nonreciprocal quarter-wave plates, which in combination
work as an optical isolator.
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FIG. 63. Top: Light polarization rotator based on piecewise

adiabatic passage. The linear polarization vectors (solid
lines) adiabatically follow the rotating fast polarization axis
of the half-wave plates (dotted lines). Adapted from Dimova,
Rangelov, and Kyoseva, 2015. Bottom: STIRAP-inspired wire-
less energy transfer between three loops Ly, L,, and L; carrying
an ac current. The energy is transferred between loops L; and
L, each of which undergoes a rotation of 90°. The middle loop
is much larger (in order to ensure stronger couplings) and hence
much lossier but it acquires only negligible energy. The relative
orientations proceed from L, LL,||L; to Ly||L, LL;. Adapted
from Hamam et al., 2009.

C. Further applications of the STIRAP concept in classical
systems

Other notable applications of the STIRAP concept to
classical systems include the following:

e light transfer between WGs in the presence of an
intensity-dependent index of refraction due to the
optical Kerr effect (Lahini et al., 2008; Kazazis and
Paspalakis, 2010);

 using »? nonlinearity to induce spontaneous
parametric downconversion in a double-STIRAP
process in a configuration of six planar WGs (Wu
et al., 2014);

* wireless energy transfer (Hamam et al., 2009,2013);
see Fig. 63 (bottom);

e third-harmonic generation via the cascaded proc-
esses of second-harmonic generation (w + @ — 2w)
and sum-frequency generation (v + 2w — 3w) in
7% nonlinear media without transient generation of
the second harmonic 2w (Longhi, 2007);

* sum- and difference-frequency generation (Porat and
Arie, 2012);

» four-wave mixing demonstrated experimentally in
87Rb atoms with 70% efficiency (Vewinger, Appel
et al., 2007);

e classical data processing (Remacle and Levine,
20006; Beil et al., 2011);

* a new look at the rotation of magnetization
(Rangelov, Vitanov, and Shore, 2009) based on
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a reinterpretation of the Bloch equations (Bloch,
1946);

e anew look at the manipulation of the direction of a
charged particle under the influence of a Lorentz
force (Rangelov, Vitanov, and Shore, 2009); and

e a new look at the action of the Coriolis force on a
moving particle (Rangelov, Vitanov, and Shore,
2009).

IX. PERSPECTIVES FOR NEW APPLICATIONS OF STIRAP

This final section focuses on the prospects for promising
future applications of STIRAP. Some of them are on the way
to being implemented.

A. Optomechanics

In an optomechanical resonator, circulating optical fields
couple to the motion of a mechanical oscillator via radiation
pressure force (Aspelmeyer, Kippenberg, and Marquardt,
2014); see Fig. 64. A unique property of this type of systems
is that an optically active mechanical mode can couple to any
of the optical resonances supported by the resonator. For a
three-mode optomechanical system, in which two optical
modes (e.g., whispering gallery modes supported by the silica
microsphere) couple to a common mechanical oscillator (e.g.,
a breathing vibration of the silica microsphere), the opto-
mechanical coupling can mediate the transfer of quantum
states between the two optical modes; see Fig. 64(a). This
mechanically mediated optical state transfer can play an
important role in a hybrid quantum network, enabling quan-
tum communication between disparate quantum systems
(Stannigel et al., 2010; Tian and Wang, 2010; Regal and
Lehnert, 2011; Safavi-Naeini and Painter, 2011). Indeed,
theoretical work (Tian, 2012; Wang and Clerk, 2012a,
2012b) suggests that STIRAP transfer in such systems is
feasible.

In most transfer schemes overcoming the inherent thermal
noise of the mechanical system is a challenge (Wang and
Clerk, 2012a). STIRAP transfer, however, will proceed via the
mechanically dark state and is thus immune against thermal
mechanical noise. The mechanically dark optical mode was
demonstrated in a recent experiment (Dong et al., 2012). The
relatively short photon lifetime, however, has hitherto pre-
vented a direct demonstration of the STIRAP-based optical
state transfer in these systems (Wang, 2016).

The phenomenon of optomechanically induced transpar-
ency (OMIT) (Weis et al., 2010) documents the coherent
coupling of optical and mechanical degrees of freedom. A
weak probe field is injected into the cavity (Fig. 64) at the
cavity resonance and its transmission is observed. Then a
strong control field one mechanical frequency away from the
cavity resonance is injected. The beat frequency between these
two radiation fields drives the mechanical mode, and thus also
the cavity mirror, at its resonance frequency. The motion of
the mirror in turn induces sidebands of the control field,
one of which interferes destructively with the weak probe
field, leading to the OMIT structure shown in Fig. 64. The
signature of the formation of a mechanical dark state, which is
established when the radiation modes decouple from the
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FIG. 64. Schematics of three-mode optomechanical systems.
(a) A mechanical mode coupled to two optical modes. (b) An
optical mode coupled to two mechanical modes. Energy is
transferred between optical cavity modes in (a) and the mechani-
cal oscillators in (b). The optomechanical coupling is controlled
by external laser fields (not shown) injected into the cavity with
their frequency detuned from the cavity mode by the mechanical
oscillators frequency. (a) Adapted from Dong er al, 2012.
(b) Adapted from Dong et al., 2014. (c) The transmission of
the weak probe field shows a minimum when the frequency of the
control field is detuned from the cavity resonance (and thus
the frequency of the probe field) by one mechanical resonance
frequency. Adapted from Dong et al., 2012.

mechanical mode, is the variation of the depth of the
OMIT structure with the strength of the probe field that
couples the other optical modes.

An optical field can also induce the coherent coupling
between two mechanical modes in a three-mode system, in
which two mechanical oscillators couple to a common optical
mode via radiation pressure; see Fig. 64(b). Optically
induced mechanical normal modes and so-called mechanical
Bogoliubov modes have been realized experimentally (Massel
et al., 2012; Dong et al., 2014; Shkarin et al., 2014). Since
the mechanical damping rate is typically much smaller than
the optical cavity decay rate, this type of three-mode system
may provide an excellent model system for the realization of
STIRAP of a mechanical excitation. Specifically, the three-
mode system can either be prepared in a superposition of the
two mechanical oscillators, which is decoupled from the
optical cavity mode, or be used to transfer energy between
the mechanical oscillators via the cavity mode. Such experi-
ments are in progress (Wang, 2016).

B. Precision experiments

STIRAP is likely to play a prominent role in future
experimental efforts in the search for the electric dipole
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moment of the electron d, (eEDM). Results from such
experiments, which measure extremely small shifts of the
energies of quantum states, are of fundamental importance for
testing extensions of the standard model of particle physics
(DeMille, 2015). A nonzero value of d, is a source of violation
of parity or time-reversal symmetry (Sakharov, 1967, 1991).
The standard model of particle physics (Oerter, 2010) predicts
a very small value d™ < 1073 ¢cm. Because the standard
model is known to be incomplete, many alternative theories
have been proposed, nearly all of which predict an eEDM of
d, > 1073% ecm. Therefore it is of fundamental interest to
measure the eEDM or to determine an upper limit to its value
(Pospelov and Ritz, 2005).

Such efforts have been going on for several decades [see
Bernreuther and Suzuki (1991), and a compilation of data and
references since 1950 can be found in Hess (2014)]. Progress
until 2012 had reduced the upper limit of d, to about
10727 ecm (Regan et al., 2002; Hudson et al., 2011; Kara
et al, 2012). An order-of-magnitude smaller upper limit
(d, < 107>® ecm) was recently determined by the ACME
Collaboration (Baron ef al., 2014). The next generation of the
latter experiment aims at yet another order-of-magnitude
improved sensitivity to d,, which would, if established, refute
the predictions of most models in particle physics regarding
the value of d,. The potential of STIRAP for the planned
experiments has already been demonstrated (Panda et al.,
2016), as briefly discussed here.

The central idea is to measure the very small splitting of
molecular energy levels (due to different orientations of the
eEDM in an electric field). This is done in a suitable state of
the ThO molecule in a cold molecular beam (Hutzler, Lu, and
Doyle, 2012). First, a coherent superposition of M = %1
states in the J = 1 level of the H 3A, metastable electronic
state of ThO is prepared either by optical pumping (Baron
et al., 2014) or, for the next-generation experiments, by
STIRAP (Panda et al., 2016). The second step is the
determination of the precession angle ® of the electron spin
during the lifetime of a metastable level in a magnetic field
in combination with an electric field with the direction of
the latter being either parallel (yielding the angle ®,) or
antiparallel (yielding the angle ®_) to the B field; see Fig. 65.
The precession angle is given by ®, = AE,7/h, where
AE, = —uB £ d, E ;. Here u is the magnetic dipole moment
of the given state (Vutha et al., 2011; Fleig and Nayak, 2014),
E is the effective electric field felt by the electron, and
7= 1.1 ms is the time between preparation and detection,
limited by the lifetime of the H 3A, state or by the flight time
of the molecules between the location of preparation and
detection. During a set of experimental runs many exper-
imental parameters are changed to discriminate against
systematic errors (Spaun, 2014). These procedures are not
discussed here.

State H 3A, of ThO is chosen because its properties are
favorable for such measurements: the magnetic moment y
is very small (<10~2ug, where uj is the Bohr magneton)
and therefore the dynamics is not overwhelmed by the
Larmor precession, the polarizability is very large because
of very small Q splitting (the energy difference between
the states Q = 41 and —1, where Q is the projection of
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FIG. 65. A coherent superposition of M =1 and —1 states
(leading to an alignment of the electron spin) in the J =1
level of the H 3A, metastable electronic state of ThO is
optically prepared either by optical pumping (Baron et al.,
2014) or, for the next-generation experiments, by STIRAP
(Panda et al., 2016). The spin precession angles ®, and ®_
are measured for two opposite directions of the electric field.
The difference A® = ®, — ®_ yields, for known effective
electric field E, the value of the electric dipole moment d,
of the electron. From Cris Panda.

the angular momentum J = 1 on the molecular axis), and
the relativistic enhancement of the externally applied
electric field at the location of the electron (Sandars,
1965, 1966) is very large.

Figure 66 (top) shows the relevant level scheme.
Preparation by optical pumping, as done by Baron e al.
(2014), proceeds via excitation of state A followed by
spontaneous emission to state H. Preparation of the dark
state (by optical pumping) and detection occurs via state C
with the fluorescence back to state X being observed. STIRAP
preparation occurs via state C and prepares the needed
coherent superposition directly. A particular noteworthy
feature (Panda et al., 2016) is that the S laser, driving the
C-H transition, has a power of 10 W (the power of the laser
driving the X-C transition is 50 mW). The high power is
needed to broaden the STIRAP two-photon linewidth to
values larger than the Doppler width (in order to address
all molecules in the beam).

The gain in signal due to STIRAP over the previous optical-
pumping approach is a factor of 12 [Fig. 66 (bottom)] with a
corresponding gain in sensitivity of 3.5. Further modifications
in the experiment are expected to lead to an improvement of
the sensitivity by an order of magnitude over the most recent
results (Baron ef al., 2014) with STIRAP making the largest
single contribution (Gabrielse, 2016).

An alternative approach for the measurement of eEDM is
followed up by the groups of J. Ye and E. Cornell at JILA in
Boulder. They used a 3A, state, however based on a trapped
molecular ion, either HfF" (Loh ez al., 2013) or potentially
ThF" (Gresh er al., 2016). STIRAP also plays a role in these
experiments (Ye, 2016).

C. Detection of parity violation in molecules

A highly significant application of STIRAP was recently
discussed by Dietiker er al. (2015). A fundamental new
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FIG. 66. Top: The relevant level scheme of ThO for the eEDM
measurement. The appropriate level in the H state is populated
either by optical pumping via the A state or by STIRAP via the
C state. Adapted from Spaun, 2014. Bottom: STIRAP transfer
efficiency (left axis) from the ground state X'S of ThO to the
state H 3A, relevant for the eEDM experiment. Positive values
of the beam displacement correspond to the STIRAP arrange-
ment. The right axis shows the enhancement of the population
with respect to the optical-pumping approach. Adapted from
Panda et al., 2016.

aspect of the stereochemistry of chiral molecules is the small
difference AE,, predicted for the ground states of the
enantiomers mirror image isomer arising from the parity-
violating electroweak interaction. Recent theoretical progress,
as summarized by Quack (2011, 2014), predicted that this
difference is up to 2 orders of magnitude larger than predicted
by older theories, but still very small, typically in the subfemto
eV range. So far this effect has not been observed exper-
imentally. Following a scheme proposed by Quack (1986)
(Fig. 67), AE,, can be measured in a two-step population
transfer scheme to prepare a state of well-defined parity in a
molecular beam. This state subsequently evolves in time and
acquires, due to parity violation, a component of the state with
opposite parity. The latter state is detected very sensitively on
the millisecond time scale.

It has been demonstrated in test experiments with ammonia
using rapid adiabatic passage (Liedenbaum, Stolte, and Reuss,
1989) that the sensitivity achievable would be sufficient to
detect parity-violating energy differences AE),, as small as
100 aeV. Model calculations (Dietiker et al., 2015) suggest
that the high efficiency and robustness of STIRAP will be
essential for such an experiment. Resulting experimental data
along with theoretical analysis provide important information
on fundamental parameters of the standard model of particle
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FIG. 67. Schematic potential energy curves as a function of a
normal coordinate g. A state of well-defined parity is populated
through STIRAP from the ground state. During subsequent
evolution and because of parity-violating interaction, the state
acquires a contribution from the other parity component, which is
detected spectroscopically. Adapted from Quack, 1986.

physics (Quack, 2011) and might have, in the long run, also
implications for our understanding of the long-standing open
question of homochirality, i.e., the question why the evolution
of life has led to the overwhelming dominance of one form of
enantiomer over the other in biomolecular systems on Earth
(Quack, 2014).

D. Chiral molecules

Chirality is a geometric property of some heteroatomic
molecules that do not possess an inversion center. A
chiral molecule is nonsuperposable on its mirror image.
Chiral molecules of opposite (left and right) handedness
are known as “enantiomers,” and their separation is of
significant interest in chemistry. To this end, Krdl and
Shapiro (2001) and Thanopulos, Kral, and Shapiro (2003)
proposed to use STIRAP for enantiomer separation and
conversion from one to the other (Krdl et al., 2003).
Because of the broken symmetry in chiral molecules, the
molecular states do not have a definite parity and all single-
photon transitions between the three molecular states are
allowed (Fig. 68). The enantiomer separation is possible due
to the different phases of the transition dipoles and hence the
couplings. Because STIRAP alone is insensitive to the phases
of the fields, it is supplemented by another single-photon field
on the 1 — 3 transition, thereby forming a closed loop, which
is phase sensitive. This allows one to direct the population
toward different final states in the two enantiomers and hence
separate them with subsequent state-selective manipulation.
For example, if both enantiomers are initially in state 1, then,
depending on the phase ¢, one of them can be transferred to
state 2 and the other to state 3, by the same driving fields.
Gerbasi et al. (2004) used this method to simulate purification
of a (so-called racemic) mixture of dimethylallene with
95% efficiency. Finally, Kral, Thanopulos, and Shapiro
(2005) proposed to create entanglement between enantiomers
using nonclassical light.
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FIG. 68. Left- and right-handed chirality. All couplings are
the same except for a phase of ¢ in the coupling between states
1 and 3.

E. Spectroscopy of core-nonpenetrating Rydberg states

Spectroscopy of molecular Rydberg states is a powerful
tool in molecular physics (Eyler, 1986; Lundeen, 2005),
and until now has been mostly neglected. In particular,
Rydberg states with angular momentum [/ > 5 have neg-
ligible overlap with the ionic core and their level structure
is hydrogenlike [Fig. 69 (right)]. However, the finite
extension of the ionic core and its deviation from spherical
symmetry lead to small deviations from the hydrogenic
level structure (Kay et al., 2011). Hence these core-
nonpenetrating (CNP) Rydberg states provide a platform
for precision measurements of the mechanical and electric
properties of molecular ions (Sprecher, Jungen, and Merkt,
2014; Haase et al., 2015; Jansen et al., 2015). Moreover,
CNP-Rydberg states are wanted for highly efficient Stark
slowing and trapping of molecules (Hogan, Seiler, and
Merkt, 2009; Hogan et al., 2012).

Core-nonpenetrating Rydberg states are stable against
nonradiative decay and their electronic lifetimes approach

=3 1=4 =5
y——m+5
I

7 m+2

/s,
s
—_— T < 100 ns

FIG. 69. Left: Level scheme for CaF. Microwave spectroscopy
of [ =5 Rydberg states requires efficient population of a state
m > 40, [ = 4. Traditional stepwise excitation is not possible
because states such as the one with n =~ 40, [ = 3 decay rapidly.
Pulsed excitation from the ground state to the F” state followed by
optical-microwave STIRAP transfer allows bypassing the rapidly
decaying state and depositing population into a sufficiently high-
lying long-lived Rydberg state with [ = 4. Right: Schematics of a
I = 0 (core penetrating) and high [ (core nonpenetrating) orbital,
with the CaF molecule chosen as an example.
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that of long-lived atomic Rydberg states, making them
valuable stepping stones and targets for molecular Rydberg
experiments. Lacking overlap with the ground-state wave
function, CNP states cannot be accessed by one-photon
transitions. Stepwise excitation, however, is usually blocked
by fast nonradiative decay (predissociation, autoionization,
and intersystem crossing) in the intermediate electronic states;
see Fig. 69 (left).

STIRAP is well suited for efficient transfer of population
into CNP-Rydberg states while avoiding the rapid nonradia-
tive decay of the intermediate states. Optical-microwave
STIRAP, taking advantage of the very large Rydberg-
Rydberg electric dipole-transition moments of the order of
up to 1000 D, is being developed for this purpose (Kay et al.,
2008; Prozument et al., 2011; Colombo et al., 2013; Zhou
et al., 2015; Field, 2016).

F. Bright beams of ultracold atoms

Another promising application of STIRAP was proposed
by Raizen et al. (2014). Based on recent success in the
preparation of slow atomic beams by magnetic deceleration
techniques (Hogan et al., 2008; Raizen, 2009) they developed
a scheme for increasing the phase-space density of cold
atomic ensemble, potentially leading to very bright low-
velocity atomic beams for chemical dynamics studies
(Narevicius and Raizen, 2012). That approach starts from a
pulsed supersonic beam of rare gas atoms (usually Ar or Ne)
with atoms entrained by, e.g., laser ablation or metastable
atoms produced by an electrical discharge, yielding—in the
frame moving at the mean speed of the particles in the beam—
a cold atomic ensemble. The atoms are slowed or stopped by
magnetic forces using the coil gun concept (Narevicius et al.,
2008), which is the magnetic analog of the deceleration of
neutral dipolar molecules by electric forces (Bethlem, Berden,
and Meijer, 1999; van de Meerakker et al., 2012).

The process that leads to an increase of the phase-space
density by more than 2 orders of magnitude is based on a
combination of magnetic forces and STIRAP. Raizen et al.
(2014) explained the approach using as an example metastable
“He with angular momentum J = 1 in both the lower and
upper states. The method can be adapted for other angular-
momentum situations. It leads to a compression of both the
velocity and the spatial distribution and exploits not only the
robustness of STIRAP with regard to small variations of
experimental parameters but also its sensitivity to the two-
photon resonance.

Reduction of the width of the velocity distribution, e.g., in
the x direction, starts with optically pumping the atoms into
the m = O state followed by STIRAP transfer to the m = 1
state by two orthogonally linearly polarized counterpropa-
gating laser beams. In the counterpropagating configuration
the transfer process is velocity selective. The frequencies of
the lasers are tuned such that the two-photon resonance is
met for those atoms with a velocity vf of v, > 0 in the
wings of the profile. The range of velocities, which
participate in the transfer process, depends on the width
of the two-photon resonance, i.e., on the power of the lasers.
The atoms in m = 1 are then exposed to an inhomogeneous
magnetic field that decelerates the atoms before they are
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transferred back to m = 0 by optical pumping. This process
can be repeated with slightly detuned laser frequencies in
order to address atoms with v, < v}. Therefore, by stepwise
changing the frequencies of the lasers, atoms, which initially
populate the wings of the velocity distribution, are pushed
toward v, = 0. The process can be repeated for v, < 0 and
the y and z directions. We note that this cooling scheme
does not rely on the transfer of photon momentum to the
atoms by STIRAP, as suggested as a cooling mechanism
by Korsunsky (1996) and Ivanov, Rozhdestvensky, and
Suominen (2012).

Reduction of the width of the spatial distribution starts by
limiting the overlap of the STIRAP laser with the atomic
ensemble to, e.g., one-half of the distribution followed by
magnetic forces to spatially shift the atoms in state m = 1 until
they overlap with the untreated parts. Although the sequence
of processes appears rather complex numerical simulations
suggest that the method is feasible resulting in a significantly
enhanced phase-space density, ultimately providing a new
source for beams of ultracold atoms with unprecedented
brightness.

G. Preparation of polarized diatomic molecules

In most STIRAP experiments the coupling between the
initial and final states is via a level in an electronically excited
state. Reaching such levels may require UV or VUV radiation.
Mukherjee and Zare (2010a) suggested the preparation of
polarized vibrationally excited states for stereodynamic stud-
ies of chemical processes by two time-delayed infrared laser
pulses. With a proper choice of the initial rotational level and
suitable polarization of the P and S laser beams an ensemble
of diatomic molecules in a rovibronic level (j”,v”) can be
prepared, which is either polarized, aligned, or unpolarized
[see also Vewinger, Shore, and Bergmann (2010)]. Since the
transition dipole moments are strongest for Av = 1, it will be
easiest to prepare such ensembles in the vibrationally excited
state v” = 2. They showed through numerical studies, using
the properties of the HCl molecule as an example, that
complete population transfer can be achieved using the
radiation of quantum cascade lasers (Faist, 2013) with a
linewidth of the order of 10 kHz and intensities of the order of
30 mW/mm?. Although quantum cascade lasers provide
suitable radiation, experimental demonstration of such a
STIRAP process with infrared lasers has not yet been
reported.

H. Polarization of high angular-momentum states

Polarized high angular-momentum states, i.e., states with
all the population in m = J or —J, are of interest to experi-
ments in quantum optics, atomic physics, and metrology
(Auzinsh, Budker, and Rochester, 2010; Mukherjee and Zare,
2010b). Such states can be prepared by optical-pumping
depletion of all m states except the end states |m|=J
(Hefter et al., 1986) or only one of them. However, in such
schemes, most of the initial population of level J is lost.
Searching for a scheme that minimizes the number of steps of
optical interactions (excitation, stimulated emission, and
spontaneous decay), Rochester er al. (2016) proposed a
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scheme, involving STIRAP, in which most, if not all, the
population in a given J state (degenerate ensemble 1 of states)
is accumulated at one of the end states. However, because
STIRAP, like any coherent process, cannot transfer thermal
population of different states into a single one, that scheme
needs to also involve optical pumping (to a degenerate
ensemble 2 of states) followed by spontaneous emission.
The latter process may lead to some loss of the initial
population. Rochester et al. (2016) suggested using an addi-
tional degenerate ensemble 3 of states, serving as shelf states.
Using circularly and linearly polarized radiation, the popula-
tion is driven by STIRAP back and forth between states of
ensembles 1 and 3 via ensemble 2, driving the population
toward one of the end states. After a few transfer cycles the
system needs to relax to the ground state by spontaneous
emission before the process is repeated. At the end, most, if
not all, of the initial population is accumulated at one of the
end states m = J or —J. A scheme using two shelf states was
also proposed, with fewer spontaneous emission processes.

1. Nanoscale resolution for fluorescence microscopy

Stefan Hell received the 2014 Nobel prize in chemistry
(Hell, 2015) for the development of the stimulated-emission-
depletion method (STED) which allows nanoscale resolution
in optical microscopy (Hell and Wichmann, 1994). Mompart,
Ahufinger, and Birkl (2009), Viscor et al. (2012), and Rubio
et al. (2013) presented simulations, which suggest further
improvement of the resolution of fluorescence microscopy
when the depletion is done by population transfer via
STIRAP rather than STED. The challenge in the experi-
mental implementation of that approach lies in the applica-
tion of STIRAP to large molecules, which remains to be
demonstrated.

J. Atmospheric chemistry

As discussed in detail by Bergmann, Vitanov, and Shore
(2015), the development of STIRAP was initially driven by
the hope to solve problems related to chemical processes in the
atmosphere. A major challenge in atmospheric chemistry is
the study of reaction processes of vibrationally excited
molecules such as O,, N,, or OH. Although much progress
has been made in recent years, it is still true that many
reactions and energy transfer processes involving highly
vibrationally excited species are poorly understood, although
they are important for the chemistry of planetary atmospheres
(Vaida and Donaldson, 2014). For instance, the collision
processes of OH(v” > 1) molecules, formed in high vibra-
tional levels through, e.g., the reaction of ozone and hydrogen,
are of interest (Kalogerakis, Smith, and Copeland, 2011), as is
the vibrational dependence of the dissociative combination of
05 and COJ (Petrignani ef al., 2005).

Unfortunately, such experiments have not yet been done,
because many molecules have their first electronic state at
energies that require radiation fields in the UV or VUV region.
Although such radiation sources have been available for many
years, their poor coherence properties make them unsuitable
for the implementation of STIRAP.
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However, many new radiation sources are currently under
development, including large-scale machines such as free-
electron lasers, and some of those sources are expected to
yield radiation with good coherence properties (Hara,
2013). Therefore, it may well be possible in the near future
to use STIRAP for efficient and selective vibrational
excitation of molecules of interest to atmospheric chemistry,
such as N,, O,, H,, and others, to a level with vibrational
quantum number v” > 1. The Appendix of Bergmann,
Vitanov, and Shore (2015) shows that for a pulse length
of the order of 10 ns and wavelength of about 150 nm a
fluence of no more than a few uJ/mm? suffices to
successfully apply STIRAP for the efficient and selective
preparation of high vibrational levels in the electronic
ground state of H,, O,, and NO.

K. X rays: Inner-shell excitation and nuclear physics

At first glance, the statements earlier in this article and, in
particular, in Sec. IL.E, seem to rule out any possibility of
implementing STIRAP with radiation in the x-ray regime.
However, looking ahead a few years we can be encouraged by
new radiation sources (Hemsing et al., 2014) and the use of
temporally coherent light and pulse lengths as long as a few ps
(Allaria et al., 2012, 2013; Amann et al., 2012; Hara, 2013).
Therefore meeting the adiabaticity criterion for efficient
population transfer may soon be possible.

Based on this perspective, Picén, Mompart, and
Southworth  (2015) proposed the implementation of
STIRAP with two-color high-intensity highly coherent
few-femtosecond x-ray pulses from free-electron lasers.
Such x-ray STIRAP would allow one to use inner-shell
resonances as the middle state, without populating them
and thus avoiding radiation damage. The results of their
simulations suggest that robust population transfer in neon
atoms and carbon monoxide molecules is feasible. X rays
allow large penetration depths and could be of interest in
experiments with liquids or buried interfaces of materials.

An even further-reaching proposal was made by Liao,
Palffy, and Keitel (2011, 2013), who suggested using
STIRAP for population transfer between states of nuclei with
transition energies of a few 100 keV. The short wavelengths
needed in the frame of the nuclei are achieved by accelerating
them to the relativistic regime and thereby Doppler shift the
frequency of the x-ray radiation to match the target resonance.
Liao, Palffy, and Keitel (2011) proposed two scenarios. In one
of them a single-wavelength source would be used with the S
and P radiation crossing the trajectory of the nuclei at different
angles to realize the needed Doppler shift. The challenge of
this approach is the required high precision of the timing of
the radiation pulses. Alternatively, it is more realistic to use
pulses of two different x-ray wavelengths, propagating
collinearly and crossing the trajectory of the nuclei at an
angle of (nearly) 180°. Indeed, calculations suggest that
the adiabaticity criterion for STIRAP can be met with the
upcoming coherent x-ray sources.

STIRAP transfer between states of nuclei would be par-
ticularly interesting when metastable, isomeric nuclear states
are involved. Such states may have energies of several MeV
above the ground state and thus can store a large amount of
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energy over a long period of time (Walker and Dracoulis,
1999). STIRAP could transfer nuclear-state population from
isomeric to fast-decaying states of the nucleus leading to
release of the energy stored in the isomer. Such controlled
depletion of the isomeric state population was suggested by
Liao, Palffy, and Keitel (2013) as a potential nuclear battery,
offering clean storage of nuclear energy. It would constitute
an important step in the newly developing field of nuclear
quantum optics.

L. Concluding remarks

The outlook toward promising and fascinating upcoming
applications of STIRAP presented in Sec. IX shows the same
rich variety of systems and problems as the many experiments
discussed in the earlier parts of this article. This unequivocally
demonstrates that STIRAP has become a powerful enabling
tool for quantum technology and, in particular, for quantum-
state control in many areas of science.
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APPENDIX: ACRONYMS AND VARIATIONS OF STIRAP

The following acronyms appear in this article. A longer list
of related acronyms appears in Shore (2013).

e APLIP: adiabatic passage by light-induced poten-
tials (Sec. V.E.4)

* bright STIRAP (Sec. 111.B)

e CAP: composite adiabatic passage (Sec. II1.D.4)

e cavity STIRAP (or vacuum STIRAP) (Sec. V.C)

* composite STIRAP (Sec. II1.D.4)

e continuum STIRAP (Sec. IVE)

* CTAP: coherent tunneling by adiabatic passage
(Sec. V.G)

* DAP: digital adiabatic passage (Sec. I11.G)

e electron STIRAP and hole STIRAP (Sec. V.E.5)

e f STIRAP, fractional STIRAP, and half STIRAP
(Sec. III.C)

¢ Feshbach STIRAP (Sec. V.E.2)

e LICS STIRAP (Sec. IV.E.2)

e multistate STIRAP (Sec. IV)

* PAP: piecewise adiabatic passage (Sec. III.G)

* parallel STIRAP (Sec. II1.D.2)

* SAP: spatial adiabatic passage (Sec. V.G)

* SCRAP: Stark chirped rapid adiabatic passage
(Sec. IIL.F)

e STIHRAP: stimulated hyper-Raman adiabatic pas-
sage (Sec. IIL.F)
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e straddle STIRAP (Sec. IV.A.3)

e tripod STIRAP (Sec. IV.C)

e two-state STIRAP (Sec. IV.D)

e waveguide STIRAP (Sec. VIIL.A)
e x-ray STIRAP (Sec. IX.K)
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