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Coherent population transfer in multilevel systems with magnetic sublevels. III.
Experimental results

J. Martin,* B. W. Shore,† and K. Bergmann
Fachbereich Physik der Universita¨t Kaiserslautern, 67653 Kaiserslautern, Germany

~Received 15 February 1996!

The technique of stimulated Raman adiabatic passage~STIRAP! has become an established procedure for
producing complete population inversion in atoms or molecules via application of Stokes and pump pulses in
a counterintuitive sequence. Previously we reported on numerical and analytical investigations showing some
of the additional and important phenomena that arise when some of the levels involved have nonzero angular
momentum, the field polarization directions have no simplifying symmetries, and Zeeman splitting lifts the
magnetic sublevel degeneracy. Here we verify our theoretical findings using the metastable neon system:
3P0⇔3P1⇔3P2 with the corresponding angular momentum sequenceJ50⇔J51⇔J52. In particular, we
demonstrate that it is possible to transfer all population from the single initial state to any single selectable final
magnetic sublevelM . Selectivity can be achieved either by choosing special laser polarization angles or, for
fixed polarizations, by tuning the two lasers into two-photon resonance between the initial and desired final
state. The complete control of magnetic sublevel population enabled by this procedure extends the customary
experimental methods for producing oriented or aligned beams of atoms. In addition, we demonstrate very
clearly the previous prediction that population transfer may fail for certain sets of parameters~detunings, Rabi
frequencies, and polarization angles!. @S1050-2947~96!03608-6#

PACS number~s!: 42.50.Hz, 42.65.Tg, 42.65.Dr, 42.50.Fx
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I. INTRODUCTION

A. Scope of this work

In the ongoing search for experimental techniques t
will efficiently and selectively move population between s
tionary quantum states of atoms or molecules, schemes
use coherence of laser pulses have drawn increasing a
tion. The particular technique of stimulated Raman adiab
passage~STIRAP! is becoming more and more popul
amongst experimentalists. Proposed a decade ago as a
retical curiosity @1#, the remarkable properties of STIRA
were first demonstrated experimentally, and analyzed,
Gaubatzet al. @2–4#. Many other examples have been r
ported since then@5–12#. For a review of the related litera
ture, already quite extensive, see@13#. Further theoretical
discussion can be found in@14–18#.

In simplest implementation the STIRAP procedure u
two pulses, applied to a three-state Raman system to m
all of the population between an initially populated grou
state~1! and a final state~3! that is targeted by the require
ment of two-photon resonance. The final-state energy ma
lower or higher than the intermediate-state energy. Here
deal with the former situation, theL configuration. The no-
table feature of STIRAP, as contrasted with other poss
population transfer scenarios, is that the two pulses occu
counterintuitive order~i.e., the pump pulse, which couple
the initial state to an intermediate one, arrives somew
later than the Stokes pulse, which provides the connectio
the final state!. In the ideal STIRAP procedure, population

*Present address: Dept. of Chemistry, Stanford University, S
ford, CA 94305-5080.

†
Permanent address: Lawrence Livermore National Laborat

Livermore, CA 94550.
541050-2947/96/54~2!/1556~14!/$10.00
t
-
at

en-
ic

eo-

y

s
ve

be
e

le
in

at
to

never placed in the intermediate state~2! of the three-state
sequence, a state that would introduce population loss
spontaneous emission.

For many purposes related to STIRAP-type excitation
proves adequate to idealize the atomic or molecular sys
as comprising only three quantum states. However, any
plication to real atoms or molecules requires consideration
more complicated multistate systems, in which vibration
and rotational structure as well as hyperfine structure all
troduce complications. The initial and final states may
embedded in a manifold of closely spaced states. The in
mediaries may also be closely spaced or degenerate. Re
work has already clarified some aspects of multistate ge
alizations of STIRAP~for example,@17,19,20#! and have
proposed interesting applications to quantum optics~for ex-
ampl,@9–12,15#!. As in any coherent process, the possibil
of multiple paths presents opportunity for constructive a
destructive interference, and so it is to be expected that
excitation dynamics of multistate systems will exhibit ph
nomena not present with simpler systems.

The present paper presents experimental confirmatio
recent theoretical work~@21,22#, to be referred to as I and II!
aimed at elucidating some of the physics of complete po
lation transfer in degenerate~or nearly degenerate! systems.
More specifically, we describe experiments in which ato
are prepared with arbitrary orientation of internal angu
momentum, and we study the efficiency of the preparat
process as we change such parameters as laser detun
Rabi frequencies, and polarization angles.

A comment on terminology is useful. The literature
atomic and molecular physics disagree on names for the
crete structures between which radiative transitions oc
Here we tend to follow the tradition of atomic spectroscop
rather than that of quantum chemistry. We refer to a ‘‘stat
~or a magnetic sublevel orM state! meaning a nondegenera

n-

y,
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54 1557COHERENT POPULATION . . . . III. . . .
quantum state, for which further individualization is not po
sible. We use the term ‘‘level’’ when degeneracy is possib
meaning that a level may comprise several sublevels~or
states!. When there is no degeneracy, as is the case for
original three-state STIRAP, then there is no difference
tween a state and a level.

B. Review of basic theory

The simplest descriptions of pulsed multistate excitat
rely on the time dependent Schro¨dinger equation. When use
with the conventional rotating-wave approximation~RWA!
the equation has the form~@23#, Sec. 14.2!:

d

dt
C~ t !52 iW~ t !C~ t !, ~1.1!

where\W(t) is the~Hermitian! RWA Hamiltonian matrix of
time t. The populationPn(t) in statenP$1 . . .N% at time
t is given by the squared absolute value of the elem
Cn(t) of the state vectorC(t).

When pulse durations become comparable, or longer t
lifetimes for spontaneous emission, then the Schro¨dinger
equation may fail to provide an adequate description of
system evolution. The effects of spontaneous emission
included by introducing an appropriate density matrixr(t)
and the concomitant Liouville equation~cf. @23#, Sec. 6.3!
Although we have used this approach in our extensive
merical modeling, we shall here use the simpler Schro¨dinger
equation to interpret results.

As discussed in our previous papers~I and II! the instan-
taneous eigenvalues of\W(t) are the adiabatic energies o
the system, and the eigenvectors of\W(t) are the adiabatic
states at timet. Insight into the behavior of the system ca
be obtained by viewing plots of the time varying adiaba
energies, paying particular attention to near crossings
avoided crossings of the curves.

The increasing size of the Hamiltonian matrix that acco
panies the inclusion of many states complicates the theo
cal and numerical treatment. Simple algebraic methods
sented in Ref. @22# ~and relying on properties of th
determinant of the Hamiltonian matrix! help to identify situ-
ations in which complete population transfer may take pla
The essential idea is to identify astationary adiabatic state,
defined as a solutionC(t) to the equation

W~ t !C~ t !50. ~1.2!

If we find such a zero-eigenvalue dressed state avail
throughout the interaction with the laser pulses, we call
trapped state. If one or more elementsCn(t) of this state
stay zero throughout, they will not receive any populatio
We call the corresponding bare atom state adark state. If all
intermediate states of a STIRAP sequence are dark s
then C(t) becomes anideal state to transfer population.
Such ideal cases have been theoretically analyzed for f
and five-state sequences@20,24,25#, and Ref.@17# considered
some specific situations for cases where the pump and St
lasers couple multiple intermediate or final states.
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C. Results from papers I and II

The present work verifies experimentally, using a me
stable neon atomic beam, the theoretical predictions of p
vious papers I and II. We have shown there, with compu
tions based on the Liouville equation to allow the inclusi
of spontaneous emission, that it should be possible to ob
complete control of the orientation of atoms in an atom
beam, by simply changing the frequency of one of the ex
tation lasers. Polarization directions of the lasers rema
fixed, and selectivity is achieved by meeting the two-pho
resonance condition. As in our previous papers I and II,
consider linearly polarized light, propagating perpendicu
to the static external magnetic field. We take the angle
tween pump-laser polarization and this external refere
axis to bebP . The corresponding Stokes polarization
specified by anglebS . The polarization of each laser beam
uniquely defined by a single angle, because both laser be
propagate colinearly; they are perpendicular to common a
of the magnetic field and the atomic beam axis, which
choose as the quantization axis. We have shown in pape
and II that, in the case of multiple couplings to intermedia
and final states, ideal transfer situations occur only for s
cial polarization choices. These lead mostly to simplific
tions of the scheme to isolated three- and four-state syste
In the general case of multiple couplings an inspection of
instantaneous eigenvalues of the RWA Hamiltonian make
obvious that for a variety of parameter ranges the cur
show crossings or avoided crossings. High population tra
fer rates can be achieved only if a set of restrictive conditio
apply.

Any STIRAP-like population transfer scheme requir
that when the pump pulse is absent, initially, there must b
single adiabatic dressed state that coincides with the in
atomic state. Furthermore, to prevent loss by spontane
emission, the state vector should at all times have neglig
component of any intermediate sublevel. Finally, the
should be a unique adiabatic state that coincides with
desired final state at the completion of the two-pulse
quence. In our previous work we identified some additio
key issues that must be considered when attempting m
state population transfer by STIRAP pulse sequences~and
there are more than three states involved in the linkage!.

Adiabaticity: In the case of an ideal transfer state the s
tem should remain in a single adiabatic state, the station
zero-eigenvalue adiabatic state. However, when mult
couplings occur there are cases where transfer failseven
thoughthe evolution is completely adiabatic, and there ex
other cases where high transfer efficiencies are observedbe-
causeof fast nonadiabatic curve crossings.

Connectivity: When the Stokes pulse is absent, toward
conclusion of the counterintuitive pulse sequence, the a
batic state of interest should coincide with the desired fi
state. This must connect, either via traditional adiabatic e
lution or by diabatic evolution near curve crossings, with t
initial adiabatic state.

In cases with nonideal transfer states predictions of s
cess or failure of population transfer require detailed exa
nation of adiabatic energy curves, with attention to the iss
of adiabaticity and connectivity. As has been outlined in@21#
one of the most interesting cases is the failure of connecti
between initial and final null-eigenvalue adiabatic stat
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1558 54J. MARTIN, B. W. SHORE, AND K. BERGMANN
That is, when only the Stokes field is present there occu
null-eigenvalue dressed state that is identical with the ini
state, and when only the pump field is present~finally! there
is a null-eigenvalue state coinciding with the target fin
state, but these two dressed states are not connected adi
cally. In a well defined range of laser detunings a
magnetic-field splittings~and sometimes Rabi frequencie!
transfer is impaired or not even possible. Such an inhibit
may occur despite the fact that all conventional STIR
conditions apply and the evolution remains completely ad
batic.

II. EXPERIMENT

A. Neon as a model system

We consider a model system involving three leve
whose angular momentaJ1 , J2 , andJ3 are not all zero. The
magnetic moments associated with the angular momenta
vide the means to control the energy splitting of the magn
sublevels in a constant external magnetic field. Ne* atoms,
readily and efficiently prepared in their metastable trip
levels in a discharge source, offers an excellent choice
system. Figure 1 shows the neon ground level and the se
states resulting from two excited 2p5 3s and 2p5 3p electron
configurations. The levels3P0 and 3P2 of the 2p5 3s con-
figuration are the metastable levels of interest here. They
coupled to the short lived3P1 intermediate level by pump
and Stokes lasers in the visible range (l'600 nm!. The
transition dipole moments are relatively large, so that stro
coupling of these levels can be achieved with laser power
only a few mW. Because of magnetic sublevel degenera

FIG. 1. Levels and transitions of the neon atom relevant for
experiment. The STIRAP fields couple the3P1 and 3P2 levels
~Stokes laser, S! and the3P1 and 3P0 level ~pump laser, P!. The
populations of the level3P2 is monitored by detecting the vu
radiation which follows as a cascade transition the excitation to
level 3D2 with subsequent decay to one of the two levels3,1P1 .
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the system consists of an initial state, three intermed
states and five final states~see Fig. 1!. Depending on the
choice of polarizations, the coupling establishes anN-state
scheme withN between 3 and 9, illustrated in Fig. 2.

The magnetic moment of the3P1 and the 3P2 levels is
nonzero and so an external magnetic field can be use
control the Zeeman splitting by\Dm5gJmBB0 in three or
five magnetic sublevels, respectively.

All the relevant quantities such as wavelengths, lifetim
andg factors are given in Table I. The Clebsch-Gordan c

s

e

FIG. 2. Nine-state system. The coupling between the group
states is determined by the pump-laser Rabi frequency (VP) and by
the Stokes-laser Rabi frequency (VS). The Zeeman splittings in the
intermediate and final level areDM8 and DM , respectively. The
detuning of statek from the two photon resonance with state 1
Dk1 .

TABLE I. Lifetimes t ~in units of 1029 s!, g-factorsgJ , wave-
lengths~in nm! and Einstein coefficientsAi j relevant for the presen
experiment. The rows are formed by the first electronically exci
3s configurations and the columns by the 3p configurations.
matrix entries represent the data for transitions between these
els. The upper value gives the transition wavelength, the lo
value the Einstein coefficient in units of 107 s.

2p53s→ 1s5
3P2 1s3

3P0

t.0.8sa t.0.8sa

↓2p53p gJ51.50160.004b

2p2
3P1 588.190 616.359

t518.2860.07c 1.1060.05d 1.5160.07d

gJ51.3397~6!e

2p8
3D2 633.443

t519.5660.04c 1.7960.07d

gJ51.1364~8!e

aR.S. van Dyck, C.E. Johnson, and H.A. Stuart, Phys. Rev. A5, 991
~1972!.
bE. Pinnington, J. Opt. Soc. Am.57, 271 ~1967!, essentially a con-
firmation of the previous results of A. Back, Ann. Phys.~Leipzig!
76~4!, 317 ~1925!.
cS. Kandela and H. Schmoranzer, Phys. Lett. A86, 101~1981!, and
references therein.
dP. Hartmetz and H. Schmoranzer, Z. Phys. A317, 1 ~1984!.
eE. Giacobino, J. Phys.~Paris! 38, 1377~1977!, the number in pa-
rentheses gives the uncertainty in the least significant digit.
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54 1559COHERENT POPULATION . . . . III. . . .
efficients for J51⇔J52 and J52⇔J52 transitions are
given in Fig. 3. The latter transition is used for detecting
population transfer.

The convenience of production and excitation, toget
with the flexibility in choosing the coupling scheme and co
trolling state splitting, as well as the absence of hyperfi
splitting, make metastable neon atoms an ideal system
the study of coherent population transfer in multistate s
tems. Furthermore, the population of the metastable le
can be conveniently monitored by the efficient and nea
background-free detection, with a channeltron, of
vacuum ultraviolet~vuv! fluoresence radiation which follow
laser excitation to the3P1 level @26,27#.

B. The Ne* beam and the lasers

A schematic representation of the apparatus is show
Fig. 4. The mean velocity of the particles in the beam is 8
m/s and the width of the velocity distribution is 200 m/s. T
atomic beam propagates through a three-stage different
pumped vacuum system. The first chamber contains a
cathode discharge source from which the beam expa
through a 0.8 mm diameter nozzle and a skimmer into
second chamber. There a beam from a Coherent 599 li
dye laser system intersects the atomic beam at a right an
The wavelength of this preparation laser is tuned
l5588.190 nm in order to deplete the population of t
metastable3P2 level by optical pumping via the3P1 level.
Elimination of the population of all magnetic sublevels
assured when the laser power is of the order of 50 mW
the beam diameter is sufficiently large~about 10 mm!, to
allow enough time for magnetic sublevel mixing due to La
mor precession induced by the stray magnetic field. Dow
stream of this preparation region only atoms in the me
stable level3P0 remain in the beam and the transfer of t
population of this level to the variousM states of the leve
3P2 can be studied.

FIG. 3. The square of the Clebsch-Gordan coefficients for~a!
J51⇔J52 and~b! J52⇔J52 electric-dipole transitions.
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Further downstream the neon atoms enter the vacu
chamber containing the STIRAP interaction and detect
region. This chamber is differentially pumped and separa
from the previous stage by a long~300 mm! and thin~16 mm
diam! tube. 50 mm upstream of the interaction region w
the lasers that induce the STIRAP transfer, the beam pa
through a 1 mmdiam orifice. The distance between this o
fice and the nozzle of the beam source is 1250 mm. Thus
atomic beam is collimated to about 1 : 103. The pump laser
and the Stokes laser for the STIRAP process, each one
a power of the order of 50 mW, are guided by single mo
optical fibers from Coherent 699 ring dye laser system
tuned to 616.359 nm and 588.190 nm, respectively. D
phragms and cylindrical lenses shape the laser beam
needed. The linear polarizations and the intensities of
lasers are controlled with the aid of various polarizers a
l/2 plates.

The natural linewidth of the fluorescence from the3P1
level ~the intermediate level! is about 9 MHz and is thus
large compared to the residual Doppler width of abou
MHz and the 2 MHz bandwidth of the lasers. Therefore
line broadening is observed in the experiments, it is de
mined by the degree of saturation broadening.

The atoms cross the laser fields at right angle. The te
poral profile of the laser fields seen by the atoms is de
mined by the spatial profile of the laser beams. This spa
profile of the beams and their overlap is controlled and
justed using a charge-coupled device~CCD! camera.

The channeltron detector D1~see Fig. 4! monitors the vuv
radiation at 74 nm emitted from the intermediate level in t
STIRAP zone in the second step of a radiation cascade~see
Fig. 1!. The signal of D1 is used to control the tuning of th
lasers with respect to the resonance of their respective t
sition. It is also used to observe the dark resonance ass
ated with efficient population transfer.

The channeltron detector D2 monitors the populat
transferred to the3P2 level, again through the vuv radiatio
induced by a fourth laser~the probe laser!. Radiation from
this laser ~Coherent 699 ring dye laser! pumps the

FIG. 4. Schematics of the experimental setup. A beam of m
stable Ne* atoms from a discharge source is collimated by a 1 mm
diam orifice~O! to about 1: 103. The preparation laser depletes th
population in the level3P2 by optical pumping. Cylindrical lenses
are used to focus the pump laser~P! and the Stokes laser~S!. Their
overlap is controlled with the aid of beam splitter cubes. Fluor
cence from the region where the STIRAP transfer occurs is m
tored by detector D1. The population in the level3P2 is monitored
by the probe laser in conjunction with detector D2. Both detect
are channeltrons which record vuv photons~see Fig.1!.
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1560 54J. MARTIN, B. W. SHORE, AND K. BERGMANN
3P2⇔3D2 transition at 633.443 nm. This latter level deca
also to the1P1 and 3P1 electronic levels which subsequent
decay to the1S0 ground state. The pressure in the cham
containing the detectors D1 and D2 did not exceed 1027

mbar. At a higher pressure scattering of metastable atom
particles in the residual gas may deflect them to the sur
of the channeltron causing a large background signal.

A homogenous magnetic field parallel to the atomic be
axis is established by two Helmholtz coils in the regio
covering the STIRAP transfer zone and the detection a
The direction of this magnetic field, which is used as a gu
ing field or to control the Zeeman splitting, defines the qu
tization axis used throughout this work. It is aligned para
to the atomic beam axis.

C. Calibration procedure

The main concern of this work is to characterize imp
tant properties of the population transfer process and to id
tify situations where efficient transfer may fail. Another iss
is the determination of the absolute transfer efficiency.
the latter we needed to devise a calibration procedure.

Calibration is required when we are interested in
transfer to a specific singleM state of the final level or when
we are~only! interested in the transfer to the3P2 final level
irrespective of the distribution of the population over t
M states. In both cases calibration relies on the kno
branching ratios of the fluorescence from the intermed
3P1 levels to the finalM states of the3P2 level. Assuming
full depletion of the initial 3P0 level by optical pumping,
when only the pump laser is present, we can predict wh
fraction of that population has reached the final3P2 level
@3#.

Individual M -state detection is possible when the Zeem
splitting is large enough compared to the saturation bro
ened linewidth. The ability to detect singleM states relies on
the difference of theg factors in the upper and lower leve
and on a high collimation of the atomic beam. To avo
saturation broadening the probe-laser power must be
low, in the range of only a fewmW or even less.

The STIRAP and detection region are both covered b
uniform magnetic field. When theB field is nonzero but too
small to allow resolution of single magnetic substates,
follow another strategy. We use a probe laser with su
cient power~typically more than 25 mW! to induce strong
saturation broadening. When the broadening exceeds
frequency difference between theM52⇔M 851 and the
M522⇔M 8521 transitions and the polarization angl
are chosen to ensure strong coupling of all participating tr
sitions, uniform excitation probability is assured.

When the Zeeman splitting is large, but not large enou
to avoid partial overlap of the laser line and someM⇔M 8
transitions, it is difficult to determine the transfer efficienc
We avoided this situation because it permits neither co
pleteM -state resolution nor uniform,M -independent excita
tion probability. Also, evaluation of the population distrib
tion over theM states established by spontaneous emiss
during the detection process becomes complicated.

The transfer efficiency is determined by comparing
maximum intensity of the laser-induced fluorescence fr
the final level with only the pump laser on (SP) and under
r
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STIRAP conditions with both pump and Stokes laser
(SP& S). The signalSP is determined by the spontaneou
emission from the intermediate to the final level. The sig
(SP& S) is proportional to the population of the final state
level due to coherent population transfer. The ratio of th
intensities

T5g
SP& S

SP
~2.1!

yield the transfer efficiencyT, whereg is the branching ratio
of the radiation from the intermediate level into the targ
level or the particularM state under consideration.

The phenomena observed when detecting the fluoresc
following excitation by a laser field in a uniform magnet
field with linearly polarized light are discussed in detail
Ref. @28#. Here we apply those results to our experimen
conditions.

1. Single M-state detection

First we discuss the case when the population of an in
vidual M state is probed. We need to find a comprom
between sufficiently high laser power to assure a unifo
detection efficiency independent ofM and a sufficiently low
laser power to avoid detrimental power broadening.

An illustration is given in Fig. 5 using the thermal popu
lation of the level3P2 as an example. A magnetic field of 6
G was applied. The laser polarization of the probe laser w
perpendicular to the magnetic-field direction for the da
shown in panels~a! and ~b! but parallel for panels~c! and
~d!. The transitions between magnetic quantum numbers
the lower (M ) and upper (M 8) state are given as (MM 8) in
the panels~a! and ~c!. The left and right groups of lines in
panels~a! and ~b! are related toDM521 andDM511,
respectively. The Zeeman splitting is clearly visible in a
four cases. However, even at a laser power as low
9 mW the saturation broadening is substantial. The la
power needs to be reduced to the order of 500 nW to res
fully the transitions between individualM states. The selec
tion rule DM50 applies for the spectra shown in panels~c!
and ~d! with the transition (0 0) missing.

When the probe-laser power is reduced to 500 nW
transitions are not saturated and the ratios of peak intens
approach the values expected from the ratios of Clebs
Gordan coefficients related to the excitation path~see Fig. 3
for these values!. Small deviations from these theoretical r
tios are attributable to the angular distribution of the v
radiation~see below!.

At higher laser power the excitation probability a
proaches unity, independent of the transition probabiliti
but individual (MM 8) transitions are still identified. This
indicates, that we have reached the range of the requ
compromise mentioned above. We will lose theM resolution
when the laser intensity is further increased. In the case
ideal detection the observed peaks should all have e
heights. The small differences in the peak height, even un
conditions of substantial power broadening in panel~a!, are
related to the angular distribution of the vuv radiation. T
detector’s axis of symmetry is perpendicular to the direct
of the magnetic field and thus perpendicular to the quant
tion axis. The fraction of photons emitted into the solid ang
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54 1561COHERENT POPULATION . . . . III. . . .
seen by the detector depends onDM . The detection effi-
ciency of photons related to aDM50 transition is slightly
higher as compared toDM561. The innermost peaks o
panel~a!, labeled (21 22) and (1 2) result from the exci
tation to theM 8562 state of the3D2 level which decays
only to theM561 states of the3,1P1(2p5 3s) levels. Sub-
sequent decay to the ground state occurs viaDM561 while
other decay paths also includeDM50 transitions. This ex-
plains why detection of radiation involving decay via th
M 8562 states in the3D2 level is slightly discriminated
@panel~a!#.

During the excitation process part of the population fa
spontaneously back into neighboring magnetic sublevels
does not contribute to the fluorescence seen by the vuv
tector. If the polarization of the excitation laser is perpe
dicular to the quantization axis@panels~a! and ~b!#, the loss
due to population falling back into unconnected states
nearly the same for all possibleDM transitions ~see the
Clebsch-Gordon coefficients in Fig. 3!. In the case of paralle

FIG. 5. Demonstration of theM -state selectivity of the detectio
with the probe-laser polarization perpendicular@~a! and ~b!# and
parallel@~c! and~d!# to the magnetic field. The Zeeman compone
are clearly resolved for a laser power,600 nW. At this magnetic
field ~B560 G! saturation broadening prevents detection of an
dividual M state for probe-laser power exceeding 10mW.
nd
e-
-

is

excitation @panels ~c! and ~d!# pumping of transitions
(61 61) lead to more than twice as much loss into unco
nected states of the3P2 level than pumping transitions
(62 62). This enhancement overcompensates the reduc
in the detection probability, discussed previously. The
result is slightly smaller peak heights of the (1 1
(21 21) compared to the (2 2) (22 22) transitions@panel
~c!#.

2. Integral detection

The population distribution over theM states established
by spontaneous emission when only the pump laser
present is different from that established by STIRAP. Unli
when the detector fully resolvesM states, this difference
matters. Excitation-emission cycles redistribute the popu
tion among theM states while the atoms are exposed to
detection laser. However, this redistribution tends to red
the small differences in the detection probability due to
angular distribution of the vuv emission. Also, if the pola
ization vector of the detection laser is parallel to the direct
of the magnetic field, population accumulates in st
M50. When the magnetic field is sufficiently strong
dominate stray fields, the population of theM50 state can-
not be detected via the3P2⇔3D2 transition with linear po-
larizations.

It is best to apply a magnetic field which leads to a Ze
man splitting small compared to the saturation broade
linewidth but which is sufficiently large~typically 5 G! to
dominate residual stray fields.

Figure 6 illustrates what was discussed above, with
thermal population of the3P2 level as an example~see also

-

FIG. 6. Laser induced vuv fluorescence from the level3P2 ,
populated in the discharge source, observed by detector D2~see
Fig. 3! for different magnetic fields and under conditions of stro
saturation broadening. The polarization vectorepr of the probe laser
is parallel to the magnetic field. For better visibility the spectra
horizontally displaced. Only the residual magnetic field (Bres) was
present when the spectral line shown at the left was recorded.
causeBres and epr are not parallel, Larmor precession mixes t
M states such that the population of allM states is monitored. The
other lines are labeled by the applied magnetic fields (B measured
in G!. In these cases, the direction of the probe-laser polariza
and theB field coincide. Therefore the population of the sta
M50 is not monitored and the maximum signal is reduced acco
ingly. Zeeman splitting of the lines is observed forB530 G.
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Ref. @28#!. When no current is applied to the Helmhol
coils, only the residual stray magnetic fieldBres is present.
This field is not parallel to the direction of the linear pola
ization of the probe laserepr . Larmor precession mixes th
M states and all the population is detected. As soon a
sufficiently large external field (B.1 G! parallel to epr is
applied, the stateM 5 0 can no longer be detected and t
signal decreases by 20% as expected. ForB.30 G the Zee-
man splitting exceeds the power-broadened spectral l
width. This field value marks the transition to a regim
where individualM state detection becomes possible.

In summary, we have shown in this section how to qu
tify the transfer efficiency from the initial to the final leve
We have furthermore shown that for small magnetic fie
(,10 G! integral detection and for large magnetic fiel
(.60 G! individual M state resolution can be achieved wi
our detection scheme. The latter possibility will be used
demonstrate theM -state selectivity of the STIRAP transfe
process, as discussed in the next section.

III. RESULTS AND DISCUSSION

It is a remarkable property of the STIRAP transfer pr
cess that individualM states can be selectively populated.
the numerical studies of paper I showed, the orientation
the electronic angular momentum can be changed f
M522 to M512 simply by tuning the laser frequencies
the appropriate two-photon resonances, provided the an
of linear polarizations are chosen such that a sufficien
strong coupling is established between the initial le
(3P0) and the finalM state. It is therefore important to sho
experimentally that a highM selectivity can indeed be
achieved. This is demonstrated in Fig. 7, where we comp
the distribution of population over theM states of the final
level 3P2 established by spontaneous emission@panels~b!
and ~d!# and by STIRAP transfer@panels~a! and ~c!#.

In this case the pump-laser polarization was aligned p
allel to the magnetic-field direction. Therefore only theM 8
5 0 state of the3P1 level is radiatively coupled to the initia
level 3P0 . From the former level the statesM561 and
M50 in the final level 3P2 are populated by spontaneou
emission. This population distribution is monitored by t
probe laser, the polarization of which is set either paralle
the magnetic-field direction@panels~a! and ~b!# or perpen-
dicular to it@panels~c! and~d!#. In the former case, see pan
~b!, the two groups of three lines correspond toDM561.
These lines show the population ofM561 andM50 which
is established by spontaneous emission. When the prob
ser polarization is parallel to the magnetic field@panel ~d!#
the stateM50 is not detected. If the population transfer o
curs via STIRAP either two strong lines fromDM561
transitions out ofM50 are seen~these lines exceed th
maximum signal arising from population by spontaneo
emission by more than a factor of three! or none are seen
@panel~c!#. In the latter case, the population ofM 5 0 cannot
be detected and only the spurious population of sta
M561 gives rise to a small signal.

Quantitative analysis of signals such as those presente
Fig. 7 shows that transfer efficiencies exceeding 98% h
been achieved. In all cases shown below the maximum tr
fer efficiency exceeds 80%.
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A. The three-state case

Selective transfer of population to a specificM state of
the final level is best achieved when the coupling sche
determined by laser polarization, comprises only three sta
When the linear polarization of the lasers is parallel to
magnetic field, only theM50 states of the initial, interme
diate, and final level are coupled. They form a three-st
system, as desired for the implementation of STIRAP in
simplest form. We show some data for this situation,
comparison with results from more complex level schem
presented thereafter.

Figure 8 displays in the upper part the laser-induced fl
rescence signal from the final state, as seen by detector D
the pump-laser frequency is tuned. Efficient populati
transfer occurs when the two-photon resonanceDP5DS50
holds. The fluorescence from the intermediate level as s
by detector D1, shown in the lower part, appears as a d
resonance. This is a signature of the formation of the trap
state. As the pump laser is tuned, but without establishin
two-photon resonance between the initial and final state,
observe with detector D1 a substantially saturation bro
ened fluorescence emission line from the intermediate s
Detector D2 monitors the population of the final state est
lished by that same spontaneous emission. In this case
Stokes laser is detuned by about 200 MHz from the o
photon resonance. Coherent population transfer and the

FIG. 7. Demonstration of theM -state selectivity of the transfe
process. The magnetic-field strength is aboutB560 G. The inten-
sities of the pump laser, Stokes laser, and probe laser areI P5 2.7
mW, I S522 mW, andI probe514 mW, respectively. The probe
laser polarization is perpendicular to the magnetic field in panels~a!
and ~b!, it is parallel in panels~c! and ~d!. The population in the
final level 3P2 is established by spontaneous emission@panels~b!
and ~d!# or by STIRAP@panels~a! and ~c!#.
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mation of a dark resonance is thus observed 200 MHz off
maximum of the saturation broadened line. Evaluation of
transfer efficiency according to Eq.~2.1! yields, for this
choice of polarizations, a transfer efficiency of 95 %.

Figure 9 shows the signal seen by the detector D2, wh
is proportional to the population in the final stateM50 of
the 3P2 level. The pump-laser frequency is tuned, as
Stokes-laser frequency is changed in increments. Tall pe
are seen for the two-photon resonanceDP5DS . For in-
creased one-photon detunings the transfer efficiency
creases slightly because the adiabaticity criterion is o
marginally fulfilled. The decreasing width of the two-photo
line also reflects this behavior. It is, however, notewort
that substantial transfer is still possible when lasers are
tuned by more than 200 MHz. The broad feature is prop
tional to the population inM50 (3P2) established by spon
taneous emission.

The small dips in the center of the broad structure of
laser-induced fluorescence out of the final level, seen in F
9 and 8, are the result of depletion due to optical pumping
stray light. In fact, it has been noted before that even sm
amounts of spurious stray light may be detrimental to
efficiency of coherent population transfer. This is partic
larly true when the laser frequencies are tuned to the o
photon resonance. Depletion of the3P0 metastable leve

FIG. 8. Population transfer~a! and associated dark resonance~b!
when both the pump-laser and Stokes-laser polarization is par
to the magnetic field~B515 G!. The pump laser is tuned across th
resonance as the Stokes-laser frequency is held at about 200
of the one-photon resonance. The power of both lasers was 60
The signals shown are recorded sequentially. A small drift of
Stokes-laser frequency is responsible for the fact that the maxim
of the transfer and the minimum of the dark resonance do not
incide precisely.
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may occur by stray light from the pump laser upstream of
STIRAP transfer zone, while stray light from the Stokes
ser will be responsible for loss of population of the3P2 level
between the transfer and the detection region.

B. The four- and five-state case

Coupling schemes leading to four- and five-state syste
are shown in the uppermost panel of Figs. 10–12. The o
panels of those figures display the variation of the eigenv
ues and reveal why population transfer is possible or wh
fails. Related experimental results are presented in Figs.
15.

Figures 10 and 13 refer to pump-laser polarization para
to the magnetic-field direction (bP50°). The Stokes-laser
polarization is perpendicular toB (bS590°) and it’s fre-
quency is tuned to one-photon resonance forB50. In this
case only one state of the intermediate level is involv
while two states of the final level can be reached, depend
on which one is in two-photon resonance. Throughout
interaction there exists a dressed state with a zero eigenv
@see Fig. 10~a!# and efficient transfer is possible for thos
parameters given. ForB50, the statesM561 are degener-
ate and both receive population.

As the magnetic-fieldB increases, the degeneracy is r
moved. Only one of those states may remain in exact tw
photon resonance. However, as long as the splitting is sm
nonadiabatic coupling will channel some population to t
other state. This is illustrated by the two thick lines in pan
~b! of Fig. 10 and is demonstrated by the broadening of
peaks in Fig. 13 for small values ofB. When the data for this
figure, as well as those for Figs. 14 and 15 were taken,
probe-laser intensity was sufficiently high to induce pow
broadening which exceeds the Zeeman splitting. There
there is noM -state selectivity provided by the detection pr
cess. The population of allM states is monitored with
~nearly! uniform detection efficiency.

lel

Hz
W.
e
m
o-

FIG. 9. Population transfer out of the initial state3P0 into the
stateM 5 0 state of the final level3P2 . The pump-laser frequency
is tuned across the one- and two-photon resonance region whil
Stokes-laser frequency is changed in increments of about 23 M
The intensities areI P52.7 mW andI S525 mW. A small magnetic
guiding field had been applied.
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1564 54J. MARTIN, B. W. SHORE, AND K. BERGMANN
When the Zeeman splitting exceeds the two-photon re
nance width, we essentially recover the ‘‘ideal’’ three-sta
situation 10d. Non-negligible coupling only exists to eith
M511 or M521, depending on the tuning of the las
frequencies. Two separate peaks are seen in Fig. 13 for la
values ofB as the pump-laser frequency is tuned. This is
example of the experimental control of the orientation of
angular momentum simply by tuning the frequency of o
laser.

For bP590° andbS50° the statesM561 of the inter-
mediate level are coupled to the initial state by the pu
laser and to the state with the sameM quantum number in
the final level. Figures 11 and 14 show the variation of
eigenvalues and transfer efficiency~as the pump-laser fre
quency is tuned and theB field is increased in increments!
when the Stokes laser is tuned to one-photon resonance
corresponding set of data for off-resonance tuning of

FIG. 10. The uppermost panel shows the states which
coupled forbP50° andbS590° as heavy lines. The nonparticipa
ing states of the nine-state system are shown as dotted lines.
only one stateof the intermediate level is involved. The pane
~a!–~d! show the evolution of the eigenvalues as the magnetic fi
is increased.
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Stokes laser is shown in Figs. 12 and 15. The fact that th
are two states of the intermediate level involved may lead
significant differences in the transfer process as compare
those shown in Figs. 10 and 15. This is particularly tr
when the Stokes laser frequency is tuned to one-photon r
nance, a situation which we discuss next.

Figures 11 and 14 show a striking example of what w
identified as ‘‘the connectivity problem’’ in papers I and I
The experiment demonstrates, see Fig. 14, that the partic
tion of two ~rather than only one! states of the intermediat
level is not detrimental to efficient population transfer f
very small magnetic fields~lacking M -state selectivity! or
for fields exceedingB510 G, which allow transfer to eithe
M511 or M521, depending on laser frequency tunin
Population transfer fails altogether for intermediate stren
of the fields, 3,B,6 G. The reason for the breakdown o

re

ere

ld

FIG. 11. The uppermost panel shows the states which
coupled forbP590° andbS50° as heavy lines. The nonparticipa
ing states of the nine-state system are shown as dotted lines.
two statesof the intermediate level are involved. The panels~a!–~d!
show the evolution of the eigenvalues as the magnetic field is
creased.
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54 1565COHERENT POPULATION . . . . III. . . .
the transfer efficiency is revealed in Fig. 11. ForB50, there
exists a zero eigenvalue state throughout the interaction.
inital state is associated with the zero eigenvalue at e
times whereas the final state is related to the zero eigenv
at late times. For smallB, an early~near! crossing of eigen-
values is recognizable. In the present case, the system p
through this crossing region diabatically, because the c
pling of the related states depends on the pump-laser in
sity, which is still weak. The subsequent adiabatic path, ho
ever, does not connect to the state with zero eigenvalu
late times. The system returns to the intial state and pop
tion transfer fails. AsB increases, the crossing of eigenva
ues occurs at a later time, where coupling is stronger an
clearly avoided crossing results, see panel~c! of Fig. 11. The
system follows the adiabatic path through this region a
smoothly connects to the zero eigenvalue state at late tim
Although the deviation of the eigenvalue from zero at int
mediate times along this path suggests the risk of some
diative loss of population during the process, a high trans
efficiency is obtained. The influence of avoided crossing

FIG. 12. Same as in Fig. 11, but with the Stokes- and pum
laser frequencydetunedfrom one-photon resonance.
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hardly discernible at even stronger magnetic fields, see p
~d! of Fig. 11.

Detuning from the one-photon resonance may cure
problem recognized above. Such detuning removes som
the dressed-state degeneracies at early and late times. A
with a zero eigenvalue throughout the interaction is o
found for B50. As stated previously this state allows ef
cient population transfer. For large values ofB @panel~d! of

-

FIG. 13. Population transfer as the magnetic-field strengthB is
changed. Polarization angles with respect to the magnetic-field
rection arebP50° andbS590°, leading to the coupling of four
states with one initial, one intermediate, and two final states.
Stokes-laser frequency is held 200 MHz off the one-photon re
nance~which exceeds the Zeeman splitting! while the pump-laser
frequency is tuned and the magnetic-field strength is increase
increments. The evolution of the related eigenvalues is show
Fig. 10. Laser powers areI P5 56 mW,I S 5 70 mW. For the largest
B fields shown selective transfer toM511 andM5-1 is clearly
resolved.

FIG. 14. Population transfer as the magnetic-field strengthB is
changed. Polarization angles with respect to the magnetic field
rection arebP590° andbS50°. Here the Stokes laser frequency
tuned to~near! resonance with the one-photon transition frequen
~see Fig. 11!. For small magnetic-field strengthB'0 the population
transfer breaks down but recovers for largerB. This is an example
of the lack of an adiabatic transfer path from the initial to the fin
state. The peaks nearB515 G are lower than the one atB50
because the probe-laser frequency is tuned to theM50⇔M 850
resonance and thus excites the transitions starting atM561 only
in the wings of their profile. The actual transfer efficiency al
approaches 100% in this case. The evolution of the related ei
values is shown in Fig. 11.
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1566 54J. MARTIN, B. W. SHORE, AND K. BERGMANN
Fig. 12# we also identify an eigenstate with a~nearly! zero-
energy eigenvalue and all the other eigenvalues well se
rated from it. This is the scenario for successful complet
of efficient and selective population transfer. At intermedi
values ofB the splitting of eigenvalues may be small enou
to allow population transfer to more than one singleM state
by nonadiabatic coupling. However, a ‘‘connectivity pro
lem’’ does not develop. Considering the sum of the popu
tion reaching theseM states, we expect high transfer an
demonstrate it~Fig. 15!.

C. The nine-state case

When none of the laser polarizations is parallel or perp
dicular to the magnetic field there are no simplifying sy
metries. All states are involved in the coupling scheme a
we need to consider a nine-state system. The relative stre
of the various coupling paths can be controlled, within t
limits imposed by the geometric line strength factors,
choosing a particular set of polarization anglesbS andbP .

Figures 16–19 show, for specific sets of parametersb and
magnetic-field strength, population transfer to individualM
states of the final level. These figures reveal character
properties of the transfer process. The pump-laser freque
varies continuously for a set of discrete frequencies of
Stokes laser. The Rabi frequencies are large enough to
isfy the adiabaticity criterion when conditions for efficie
transfer are met. The Zeeman splitting is also sufficien
large, and the probe-laser intensity is sufficiently small, t
power broadening does not prevent selective detection o
population of individualM states. The following pictures
will therefore show ‘‘STIRAP ridges’’ determined by th
respective two-photon resonance line (DS5DP). Along
those ridges we find locations where the transfer efficienc
reduced or where transfer is not possible.

FIG. 15. Population transfer as the magnetic field-strengthB is
changed. Polarization angles with respect to the magnetic-field
rection arebP590° andbS50°, leading to the coupling of five
~out of nine! states with one initial, two intermediate, and two fin
states. The Stokes-laser frequency is held 200 MHz off the o
photon resonance~which exceeds the Zeeman splitting! while the
pump-laser frequency is tuned and the magnetic-field strengt
increased in increments. Laser powers areI P528 mW,I S547 mW.
For the largestB fields shown selective transfer toM511 and
M521 is clearly resolved. The evolution of the related eigenval
is shown in Fig. 12.
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The STIRAP ridges stand on a structured backgrou
which is mainly caused by spontaneous emission into
particularM state monitored by the probe laser. This stru
ture is sufficiently interesting to warrant brief commen
When the pump laser is tuned to resonance with one of
intermediate states which is radiatively connected to
probedM state, but two-photon resonance is not establish
then a saturation broadened ‘‘spontaneous emission ridge
observed. This enhanced population is independent of
Stokes-laser tuning and thus runs parallel to theDS scale. A
clear example of such a structure is seen in Fig. 17
DP50. On the other hand, when the pump-laser frequenc
tuned into resonance with an intermediate state that ha
relatively large radiative transition rate to anM state other
than the monitored one, population by spontaneous emis
will preferentially reach those states and a ‘‘spontane
emission valley’’ develops. Examples of such a structure
seen in Figs. 16 and 19~upper panel! nearDP5100 MHz,
running again parallel to theDS scale.

The spontaneous background is different forbP520° and
bP560°. TheM50 state in the intermediate level receiv
significantly more population in the first case. Decay to t
M50 state of the final level generates a broad spontane
emission ridge. Narrow valleys develop near theM561
one-photon resonances, because coupling to theM561 in-
termediate states is weak and decay is predominantly
states other than the targetM50 state.

Finally, when the two-photon resonance condition is m
for a state other than the monitored one, we observe a st
ture which runs parallel to the main STIRAP ridge. Th
structure may be a valley, as in Fig. 16, or a small satel

i-

e-

is

s

FIG. 16. Population transfer to theM50 final state for polariza-
tion anglesbP520° andbS560°, with respect to the magnetic
field direction. In this case, all nine states are radiatively coup
The magnetic-field strength isB570 G. The pump-laser frequenc
is tuned across the resonance region while the Stokes-laser
quency is changed in increments. Efficient population transfe
achieved for two-photon resonance (DP5DS) but three regions of
reduced transfer efficiency are identified. The origin of the bre
down of the transfer efficiency and the structure of the signal aw
from the two-photon resonance is explained in the text. Laser p
ers are 65 mW for the pump and 60 mW for the Stokes laser.
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54 1567COHERENT POPULATION . . . . III. . . .
ridge, as in Fig. 19. A valley develops when efficient coh
ent population transfer occurs to one of the neighbor
states which is not monitored by the probe laser. This le
to a dark resonance in the spontaneous emission chan
see Fig. 16. A small satellite ridge develops when the s
ration broadening of the probe-laser transition is a bit
large ~compared to the Zeeman splitting! for single M -state
detection and thus the detection efficiency for this neighb
ing state is not exactly zero. The loss of spontaneous e
sion to a particularM state may therefore be overcompe
sated by the small detection probability for the populat
which reaches anotherM state. The upper panel of Fig. 1
shows a STIRAP ridge for transfer toM521 in the final

FIG. 17. Population transfer to theM50 final state for polariza-
tion anglesbP5bS560°, with respect to the magnetic-field dire
tion. The Zeeman splitting is about 140 MHz. The breakdown
the transfer efficiency, despite the two-photon resona
(DP5DS) occurs because of the lack of an adiabatic transfer p
connecting the initial and final state.

FIG. 18. Maxima of the transfer signal for two-photo
resonance as a function of pump-laser detuning, taken along
‘‘STIRAP ridge’’ shown in Fig. 17. The vertical lines mark th
pump-laser detuning range 70 MHz,uDPu,105 MHz for which the
breakdown of the transfer efficiency is expected, according to
~4.14! of Ref. @22#, in excellent agreement with the experiment.
-
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level. We also recognize a satellite ridge when transfer
curs to M50. The detection probability for the stat
M511 is negligibly small. There is a valley related to th
dark resonance when coherent population transfer to
state occurs.

Figure 16 shows two pronounced notches in the STIR
ridges. These notches demonstrate failure of coherent p
lation transfer because the adiabatic states leading from
initial to the final state do not connect. The signal along t
ridge seen in Fig. 17 is reproduced in Fig. 18. The regions
expected failure of efficient population transfer, according
Eq. ~4.14! of Ref. @22# is marked. There is very good agre

f
e
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FIG. 19. Population transfer to theM521 final state for polar-
ization anglesbP520° andbS560°, with respect to the magnetic
field direction ~a! and transfer to the M52 state with
bP5bS560° ~b!. Along the STIRAP ridge there are regions whe
population transfer fails. The small ridges that run parallel to
main two-photon resonance ridge are seen because the satu
broadening of the probe laser is sufficiently large to also excite
statesM561 andM562 with very small excitation probability,
when the two-photon resonance conditions, leading to popula
transfer, is established for these states.
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1568 54J. MARTIN, B. W. SHORE, AND K. BERGMANN
ment of the result from this equation and the experimen
observation.

Figure 19 shows the transfer toM521 ~upper level! and
M52 ~lower panel!, for the same polarizations as in Fig. 1
The notches in the STIRAP ridge are either due to sponta
ous emission losses or caused by the connectivity proble
The agreement between the measured data and the num
results shown in Figs. 16~b! and 16~c! of Ref. @21# is very
good.

D. Dependence of transfer on Rabi frequency

As shown above, the polarization angles and laser
quency detunings affect success or failure of populat
transfer in a multistate system. Other important parame
are the several Rabi frequencies. It is well established fo
three-state system that population transfer is complete w
the Rabi frequencies are sufficiently large to satisfy the a
baticity condition. The robustness of the transfer process
creases with increasing Rabi frequencies. However it is
portant to recognize that this advantage of increased l
power does not always apply for multistate systems. In th
more general systems, the Rabi frequencies are but a
tional parameters which control adiabatic energy splittin
The changes of adiabatic energy curves may introduce
alter curve crossings. As we have shown in papers I and
and in the present work, level crossings may either be de
mental or beneficial for population transfer.

In Fig. 20 we demonstrate this observation with examp
of population transfer for two different coupling schemes.
the upper frame the polarization angles are such that we h
only one intermediate state; in the lower frame the polari
tion angles permit two intermediate states. In the up
frame, with only one intermediate state, population trans
is complete when pump-laser power exceeds 15 mW. Fur
increase of pump-laser power broadens the two-photon l
width but is not detrimental to the population transfer. In t
lower frame, population transfer is efficient for low pum
laser power of 3 mW, but fails for higher power.

Inspection of the dressed-state eigenvalue curves prov
the explanation for this different behavior. When two inte
mediate states are involved, curve crossings may block
adiabatic path which connects the initial and final state.
we have mentioned earlier when discussing effects of o
parameters, such connectivity problems are avoided if
laser frequencies are tuned sufficiently far from any o
photon resonance with one of the intermediate states.
essential conclusion to be drawn from such observation
that for efficient population transfer the two-photon lin
width should not exceed the intermediate level separatio
the laser frequencies are close to one-photon resonance

IV. SUMMARY AND CONCLUSION

We have presented experimental confirmation of all
features of STIRAP predicted in papers I and II. Specifica
we have shown examples of experimental conditions
lead to successful population transfer into a selected fi
magnetic sublevel, and we have shown examples in wh
population transfer does not occur. The latter examples,
cussed in detail, show that caution is needed when STIR
is applied to multistate systems.
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An important conclusion, predicted theoretically and no
confirmed in experiment, concerns the undesirability
maintaining one-photon resonance conditions~in addition to
the required two-photon resonance! when more than three
levels are involved. Although the coupling is strongest
one-photon resonance, this condition may lead to trans
population accumulation in intermediate states. Such po
lation is subject to spontaneous emission, and hence this
ation will not have optimum population transfer into the fin
state.

Detrimental effects may also occur when either the pu
or Stokes laser is tuned between energies of Zeeman-
sublevels. In one of our examples the detuning was midw
(bP5bS560°) and in another example close to an on
photon resonance (bP520°, bS560°). At such detunings
the interaction between dressed-state eigenvalues may
pending on Rabi frequencies, prevent connection of the
tial and final adiabatic states.

Furthermore, we have experimentally analyzed a mo
system with multiple coupling paths between initial as w
as final and closely spaced intermediate states. If the de

FIG. 20. Examples of the variation of the efficiency of popu
tion transfer with increasing Rabi frequency. In both cases we h
two final states. In case~a! the coupling scheme is such that w
have onlyone intermediate state (bP50°,bS590°). The transfer
efficiency increases with increasing Rabi frequency. Panel~b!
shows an example of decreasing efficiency of population tran
with increasing Rabi frequency. The coupling scheme is such
we havetwo intermediate states (bP590°,bS50°). The magnetic-
field strength is 7.5 G. Both pump and Stokes laser have the s
power as indicated in the figure.
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ings are close to one-photon resonance and the width o
two-photon resonance exceeds the intermediate state se
tion, population transfer fails. When care is taken to av
such detrimental effects, it is possible to achieve comp
population transfer in systems that have magnetic sublev
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