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We present experimental demonstrations of a technique, based on multistate variants of the stimulated
Raman adiabatic passage �STIRAP� process, that allows efficient and robust preparation of a preselected
superposition of two or three degenerate states �magnetic sublevels of an atom� and the measurement of their
relative amplitudes and phases. The experiments verify theoretical results described in the preceding paper. We
perform our experiments with neon atoms in a supersonic beam: atoms in the metastable 3P0 state are trans-
ferred to a superposition of the metastable 3P2 magnetic sublevels, using four different linkage patterns.
Because the preparation utilizes adiabatic passage, it is robust against small fluctuations of the Rabi frequencies
and temporal shape of the coupling fields. The relative phases and the amplitude ratios of the components of
the prepared superpositions are experimentally analyzed using a technique termed phase-to-population map-
ping. Phase-to-population mapping is based on laser-induced fluorescence after the atoms have undergone
optical pumping cycles induced by an additional laser. The optical pumping process maps the superposition
phases into populations of a subset of levels by means of a filtering laser field, and is robust against variations
in the intensity and detuning of that field.
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I. INTRODUCTION

In a companion paper �1�, we presented theoretical details
of techniques that allow the preparation, and subsequent
characterization of coherent superpositions of magnetic sub-
levels, applicable to atoms in an atomic beam. The prepara-
tion techniques are based on generalizations of the stimu-
lated Raman adiabatic passage �STIRAP� technique �2,3�,
while the detection is based on a technique termed phase-to-
population mapping �1,4,5�, which is an extension of earlier
theoretical proposals �6�.

As a substantial extension to already published results
�4,5� we here show the feasibility of our proposals in a proof-
of-principle experiment using a stream of identically pre-
pared metastable neon atoms. Starting from the initial state
3P0 we create two- or three-state superpositions within the
Zeeman manifold of the 3P2 level using two coupling laser
fields, called P and S laser. We present measurements for
four different coupling schemes, which show that the param-
eters of the superposition are determined completely by the
coupling laser fields. We determine the parameters of the
prepared superposition using the coupling between the levels
3P2 and 3P1 induced by an additional laser field. When the
population remaining after the interaction, or the fluores-

cence from the state 3P1 �6�, is determined as the laser field
polarization is changed the parameters of the superposition
can be determined. Alternative measurement schemes have
been shown experimentally, e.g., Hanle resonances �7� and
Stern-Gerlach-type measurements �8� have been used to de-
termine angular momentum distributions.

In Sec. II, we describe the experimental apparatus used in
the experiment and the means to control the parameters of
the prepared superposition. In Sec. III, we present the results
obtained for four different coupling schemes. Two of the
schemes, twin STIRAP and tripod STIRAP, allow the prepa-
ration of a two-state superposition with arbitrary amplitude
ratios and phases. The third one, extended tripod STIRAP,
prepares a three-state superposition. Because only two con-
trollable parameters exist in this coupling scheme, the rela-
tive phases between the three components of the superposi-
tion cannot be controlled independently. This is remedied by
the fourth coupling scheme, extended diamond STIRAP, that
introduces an additional laser field and thus two additional
control parameters. This allows the independent control of
the relative phases and the amplitude ratios of the prepared
superposition. Additionally, this coupling scheme exhibits
quantum interference effects from two competing pathways
that connect the initial state with one of the superposition
components. Because of the interference, the population of
this state depends on the phases of the coupling laser fields.

II. APPARATUS

In this section, we describe the setup of our experiment.
First, we detail the source of metastable neon atoms, and
then describe the typical configuration of the interacting la-
sers. We finish with a description of the experimental param-
eters that are changed to control the properties of the coher-
ent superposition.

*Present address: Institut für Angewandte Physik, Wegelerstraße
8, 53115 Bonn, Germany. Electronic address: vewinger@iap.uni-
bonn.de

†Present address: AMD Fab36 LLC & Co. KG, Wilschdorfer
Landstraße 101, 01109 Dresden, Germany.

‡Present address: Institut für Physik, Johannes Gutenberg-
Universität, Staudingerweg 7, 55128 Mainz, Germany.

§Present address: Department of Physics, Harvard University,
Cambridge, MA 02138, USA.

�Electronic address: bergmann@rhrk.uni-kl.de

PHYSICAL REVIEW A 75, 043407 �2007�

1050-2947/2007/75�4�/043407�9� ©2007 The American Physical Society043407-1

http://dx.doi.org/10.1103/PhysRevA.75.043407


A. Main setup

The neon atoms for the experiment emerge from a water-
cooled cold-cathode discharge nozzle source �9,10� operated
at a pressure of about 10 mbar and placed inside a differen-
tially pumped vacuum chamber. The background pressure is
�10−4 mbar in the chamber that hosts the discharge source.
The stream of atoms is formed into a beam by a skimmer,
after which they move into a second pumping stage where
the pressure is 10−6 mbar. The atoms finally reach the experi-
mental chamber with a pressure on the order of
�10−9–10−8 mbar, which is separated from the second
pumping stage using a 50 cm long tube with diameter of
1 cm. The mean flow velocity of the atomic beam is v flow
�800 ms−1, with a full width at half maximum of about
�v�300 ms−1. To ensure that the Doppler width orthogonal
to the flow direction is smaller than the natural linewidth the
beam is collimated using a 1 mm diameter skimmer and a
50 �m�3 mm slit positioned 183 cm apart. This results in a
strongly elongated elliptical beam profile.

A fraction of the atoms, of the order of 10−4 �11�, is in the
metastable states 3P0 or 3P2 of the 2p5 3s electronic configu-
ration. Prior to arrival in the interaction region of the P and
S lasers the population of the 3P2 level of the 20Ne isotope is
depleted by optical pumping: A preparation laser excites the
atoms in the metastable level 3P2 to the 3D2 level of the
2p5 3p configuration from where the atoms decay either back
to the 3P2 level or to the short-lived 3P1 and 1P1 levels of the
2p5 3s configuration followed by the emission of a vacuum
ultraviolet �vuv� photon �74 nm� as the atoms return to the
1S0 ground state �see Fig. 1 for an energy-level scheme�.
Because the interaction time of the atoms with the prepara-
tion laser is much longer than the lifetime of the upper ex-
cited level, and the magnetic field is not compensated in this
region, all atoms are eventually removed from the metastable
3P2 state prior to their interaction with the P and S lasers.
Figure 2 shows the beam geometry.

After the preparation stage the collimated beam enters the
main interaction region where the superposition is prepared
and probed. For the preparation, it passes, at right angles,
through the centers of the P and S laser, which couple the
transition 3P0↔ 3P1 and 3P1↔ 3P2, respectively. The direc-
tion of the S-laser propagation defines the quantization axis

ẑ, and the ŷ direction is taken as the propagation direction of
the atomic beam. The P laser is either propagating in the ẑ
direction, coupling �M = ±1 transitions, or in the x̂ direction,
coupling only the �M =0 transition. In the latter case, it is
linearly polarized, with the direction of polarization pointing
in ẑ direction. Both beams have a diameter of 2.5 mm and
the P laser is typically offset 2–3 mm downstream the S
laser, resulting in a counterintuitive pulse sequence. After the
interaction, the atoms are in a superposition of the form

��t� = �
n=5

9

An exp�i�n��n�t�, t � tf , �1�

where �n�t� are the bare atomic basis states in the rotating
frame �1�. The phases �n depend only on the phase of the
coupling P and S laser, while the positive amplitudes An
depend on their polarization. This superposition is defined
with respect to a quantization axis that is parallel to the di-
rection of the S laser.

Another 2 cm further downstream, the beam passes
through the F-laser beam, of diameter 3 mm, whose linear
polarization forms an angle � with the x axis. The F laser is
resonant on the 3P2↔ 3P1 transition, and thus it removes the
population within the Zeeman states 6�–8�, where the prime
denotes states defined with respect to a quantization axis par-
allel to the polarization of the F laser �1�. The population
remaining in level 3P2 after the interaction with the F laser
can be written using rotation matrices d2,M

J as �1,12�

S��� = 2 �
M	M̃

�1 + �− 1�M+M̃�d2,M
J �


2
	d

2,M̃

J �


2
	AMAM̃

� cos���M̃ − M� + ��M − �M̃��

+ 2�
M

�d2,M
J �
/2��2AM

2 , �2�

FIG. 1. �a� The energetic levels and laser couplings used in the
experiment. �b� The numbering of the levels and the couplings used
throughout the text. Note that the level 3P0 was shifted energetically
to the uppermost position to make the couplings clearer.

FIG. 2. Geometric arrangement of the atomic beam �neon� and
the P and S lasers as well as the filter laser and the detection laser
used for the phase measurement. The P laser is either propagating
parallel to the S laser �denoted by P laser�, or perpendicular �de-
noted by P3 laser� with its linear polarization pointing in ẑ direction
defined by the S-laser axis. In the former case, the P laser induces
couplings denoted by P1 and P2 in Fig. 1. The angle �S ��P� gives
the direction of the main axis of the S-laser �P-laser� polarization
ellipse with respect to the x axis. The filter laser is linearly polarized
at an adjustable angle � with respect to the x axis. The preparation
laser is used for the preparation of the initial state 3P0 in front of the
beam shaping aperture.
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where the indices M and M̃ run over all Zeeman states of the
J=2 level. The signal S��� contains an oscillating term de-
pending on �. This dependence allows the determination of
the relative phases �n and the amplitudes An of the initial
superposition, Eq. �1�. The angle � is changed using a half-
wave plate in the F beam, which is rotated by a stepper
motor with 1600 steps for a full revolution.

In the special case with the F laser propagating parallel to
the S laser, considered here, not all phases can be determined
unambiguously. This can be remedied by using other direc-
tions and ellipticities for the F laser �13�.

In the interaction region between the S- and P-laser inter-
action and the F laser, the Earth’s magnetic field and stray
magnetic fields are actively compensated to a level �0.5 �T
by three pairs of external coils in Helmholtz arrangement.
The bandwidth of the servo loop is 1 kHz, which is adequate
to compensate time varying homogeneous fields from nearby
power supplies. Because the field is negligible the magnetic
sublevels remain degenerate and do not undergo Larmor pre-
cession, which would lead to a redistribution within the cre-
ated superposition.

Some 450 mm further downstream from the F laser, the
atoms pass, at right angle, through the D-laser beam directly
underneath a channeltron detector that monitors the vuv fluo-
rescence F��� resulting from a cascaded decay of the excited
3D2 level, which is proportional to the population in the 3P2

level. This resulting fluorescence signal can be written as
F���=
S���, where 
 is the detection efficiency, and S��� is
given by Eq. �2�. During the flight along the 450 mm long
path between the F and D lasers, the atoms are exposed to an
inhomogeneous magnetic field with nonuniform directions
resulting from the Earth’s magnetic field and the time vary-
ing field of nearby electrical devices. This magnetic field
induces Larmor precessions that mix the Zeeman sublevels.
Because the width of the velocity distribution is approxi-
mately �v�0.35v flow and the atoms undergo of the order of
100 Larmor cycles, the population remaining in the 3P2 level
after the optical pumping with the F laser is uniformly dis-
tributed among the five magnetic sublevels. Thus the fluores-
cence induced by the D laser from any one of the sublevels is
proportional to the population remaining after the filter pro-
cess, independent of the D laser polarization. The diameter
of the D laser is �0.5 mm, and thus a factor of 5 smaller
than that of the S and P lasers. Therefore, the D-laser probes
atoms which have experienced a more or less uniform S- and
P-laser pulse area. We normalize the fluorescence signal to
the count rate with the F laser blocked, thereby obtaining
directly the detection efficiency 
. This allows us to deter-
mine the signal S��� from the measured fluorescence F���.

Three independent continuous single mode dye lasers are
used in this experiment. All laser beams are delivered to the
apparatus by single mode fibers. The state of polarization is
controlled by fiber polarizers at the fiber exits followed by
Glan-Taylor prisms. One of the dye lasers provides the S-
and F-laser radiation, the power of a second one is shared by
the D laser and the laser used for the preparation of the initial
state 3P0, while the third dye laser supplies the P radiation.

B. Controlling the parameters of the superposition state

Because the S laser propagates along the quantization
axis, its Rabi frequency can be expressed in the helicity basis
as

êS�S = ê+�S1 + ê−�S2e−2i�S �3�

=�S�ê+ cos �S + ê− sin �Se−2i�S� , �4�

where the amplitude ratio tan �S is connected with the ellip-
ticity �=�S−
 /4. When the P laser propagates parallel to
the S laser, it can be written in the helicity basis, yielding

êP�P = ê+�P1 + ê−�P2e−2i�P �5�

=�P�ê+ cos �P + ê− sin �Pe−2i�P� . �6�

In the case where the P laser propagates perpendicular to the
S laser, with its linear polarization pointing in the ẑ direction,
it induces couplings denoted with P3 in Fig. 1. In this case it
can be expressed by

êP�P = êz�P. �7�

The relative phase �i �i=S , P� and the amplitude ratio
tan �i can be varied experimentally by inserting quarter- and
half-wave plates into the P- or S-laser beam. The half-wave
plate rotates the main axis of polarization ellipse by twice its
rotation angle, �i=2��/2. Because the relative phases of the
superposition are determined by the relative phase of the
laser fields a half-wave plate allows the control of the phase
of the prepared superposition.

A quarter-wave plate within the P- or S-laser beam rotates
the main axis of the polarization ellipse by �i=��/4
�i= P ,S�. Additionally, it changes the ellipticity of the light
field, and thus the amplitude ratio tan �i. This allows control
of the amplitudes An of the superposition state, which depend
on the Rabi frequencies of the coupling fields and thus on
their relative amplitudes.

A combination of quarter- and half-wave plates allows the
full control of the polarization state, and thus the indepen-
dent control of �i and �i. This yields four controllable param-
eters, which is sufficient to fully control a three state super-
position determined by two relative phases and two
amplitude ratios. To prepare superpositions consisting of four
or five Zeeman levels an additional linearly polarized S field
propagating along the x̂ direction would need to be intro-
duced. Because this field has a wave vector pointing in a
different direction than the one of the original S field, this
will lead to a spatially periodic phase pattern, with a period-
icity given by the wavelength of the S laser. This cannot be
realized in a beam experiment, as the different phases cannot
be measured independently due to the limited spatial resolu-
tion. This restriction does not apply to atoms that are spa-
tially confined to �r��, e.g., in a trap.

III. RESULTS AND DISCUSSION

In the following, we present and discuss results obtained
for the four coupling schemes presented in �1�. We prepare a
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superposition state with known amplitudes An and phases �n
through experimental control of the polarization of the lasers.
We retrieve these amplitudes and phases through an indepen-
dent experiment and establish the reliability of the method by
comparison of the preset and measured parameters. Where
needed, we mention changes in the laser setup as compared
to Fig. 2.

With twin STIRAP chosen as an example, we compare
measured and calculated results for different phases and am-
plitude ratios, showing the results gained using phase-to-
population mapping and comparing these to the theoretically
expected data. With tripod STIRAP chosen as an example,
we discuss the influence of magnetic fields on the superpo-
sition states. Finally, the experiments involving extended tri-
pod STIRAP and extended diamond STIRAP demonstrate
that the phase of a three-component superposition can be
controlled and measured. For all four examples, we report
selected results on the experimentally measured phases and
the amplitude ratio. The dependence on the laser parameters,
as well as the influence of magnetic fields, is considered.

We compare our measured results to density matrices ob-
tained by numerically integrating the master equation includ-
ing the states 1–9, together with a state 10 which serves as a
reservoir state for the decay outside the system, resulting
from population in states 2–4. The dissipation operator � is
used in the form given in �4,14�, as this speeds up the com-
putation time compared to using the full Lindblad operators
�15�.

A. Twin STIRAP

The superposition created when we have nonzero cou-
pling for P1, P2, and S2, see Fig. 1, has contributions of
levels 7 and 9. It is given by

�twin�t� =
1

N
�cos �P�7 + 
6 sin �Pe�+i2�P��9� , �8�

where tan �P is the amplitude ratio between the two helicity
components of the P laser �see Sec. II B�. As can be seen, the

superposition is solely determined by the two parameters �P
and �P.

The experimental setup for the preparation of the super-
position given by Eq. �8� is similar to the one shown in Fig.
2, with a circularly polarized S-laser beam, and the P laser
propagating parallel to S, thus �S1=�P3=0. With the propa-
gation direction of the S laser taken as the quantization axis,
this implements the twin STIRAP coupling scheme. The po-
larization of the P laser can be changed by means of a half-
wave and a quarter-wave plate, allowing the control of the
superposition parameters.

Inserting the amplitudes and phases of the superposition
�8� into Eq. �2� yields the expected population S��� mea-
sured with the D laser. It reads

S��� =
1

24
�36 cos2 �P + sin2 �P

+ 12 cos �P sin �P cos�2�� + �P��� . �9�

It is solely determined by the phase �P and the amplitude
ratio tan �P of the P laser.

Figure 3 shows typical data for the signal S��� as a func-
tion of the F-laser polarization angle � for several choices of
the amplitude ratio tan � and angle �P, set by a quarter-wave
plate within the P beam. The data points have been fitted by
a function of the form f���=a cos�2��+�exp��−b to retrieve
the relative phase �exp and the amplitude ratio tan �exp, which
are compared to the preset values �P and tan �P.

Several observations can be made from Fig. 3. First of all,
the variation of the signal S��� with � can be observed as
predicted by Eq. �9�. The phase of the modulation depends
on the phase of the P laser, as is expected. Second, the
modulation depth of the curves depends on the amplitude
ratio tan �P. Both observations confirm the expected behav-
ior. Figure 4 shows the variation of the phase �exp extracted
from the fitted curves with the relative phase �P of the P
laser. From Eqs. �8� and �9�, we expect

�exp = �P. �10�

The linear relation with a slope of unity is clearly confirmed.
The offset between � and �P is due to an uncompensated
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FIG. 3. Population measured by fluorescence induced by the D
laser after optical pumping as a function of the F-laser polarization
angle � for coherent superposition states �twin �see Eq. �8�� with
different relative phase �P and amplitude ratio tan �. For this ex-
periment, we have �+
 /4=2�P. Individual frames are for different
choices of �P, as given in the graph. The solid line is a cosine fit
whose phase yields the relative phase of the superposition.
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FIG. 4. Measured phase �exp versus the phase �P of the P laser.
This phase is controlled by the angle of polarization of the P laser
by a � /2 plate. The straight line is a linear function with a slope of
unity. The offset between �exp and �P is due to a small uncompen-
sated magnetic field component along the quantization axis. The
error bars result from the inclusion of the fluctuations in the neon
source.
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magnetic field along the quantization axis, which leads to an
additional constant phase shift. This will be detailed in Sec.
IV. The measurements confirm that we are able to control the
phase of the prepared superposition, and measure this param-
eter using the phase-to-population mapping method. The am-
plitudes of the superposition can also be controlled, as can be
seen by considering the contrast of the curves shown in Fig.
3.

The contrast of the curve is defined as

V =
max�S���� − min�S����
max�S���� + min�S����

. �11�

For the case of a superposition prepared using twin STIRAP,
Eq. �8�, it reads

V��P� =
12 sin�2�P�

37 + 35 cos�2�P�
. �12�

Figure 5 shows the contrast extracted from the measured
curves �Fig. 3�, together with a curve following Eq. �8� and
the results of a numerical simulation. It is evident that the
contrast V is always smaller than one. The experimental data
follow qualitatively the theoretically expected variation with
�P. A comparison with the numerical simulation shows good
agreement, from which we conclude that spontaneous emis-
sion is the limiting process: During the interaction with the F
laser about 9% of the population pumped to the 3P1 level
decays back to the M = ±2 states of 3P2. Thus, additional
population is added to this levels during the F-laser interac-
tion. In our numerical simulations, we account for this addi-
tional population. A second mechanism, included in the
simulation, leads to a change of the contrast: Small residual
magnetic fields �Bres�0.5 �T� lead to an accumulation of a
�velocity dependent� phase difference between M states or
induce Larmor precession between the Zeeman states. The
consequences of Larmor precession are discussed in Sec. IV.

The good agreement between the experimental data and
the simulation shows that the amplitudes of the superposition
can be controlled using the ellipticity of the P laser. The
amplitude is measured using phase-to-population mapping if

the spontaneous emission during the filtering process by the
F laser is accounted for. As the oscillator strength for the
different neon transitions are known �16�, this can be done,
thus giving access to both the phase and the population dis-
tribution of the prepared superposition.

B. Tripod STIRAP

The tripod coupling �17� is realized for nonzero values of
P3, S1, and S2, see Fig. 1. It couples state 1 to the states 6
and 8, preparing a superposition of the form

�tripod�t� = �cos �S�6 + sin �Se�−i2�S��8� , �13�

where tan �S is the amplitude ratio between the two helicity
components of the S laser. For the preparation of the super-
position given in Eq. �13�, we use the setup shown in Fig. 2,
where the linearly polarized P laser propagates in x direc-
tion, perpendicular to the S and F laser. Its direction of po-
larization is parallel to the quantization axis ẑ, thereby induc-
ing transitions with �M =0. The polarization of the S laser is
changed by means of a half-wave and a quarter-wave plate,
allowing full control of the relative phase and the relative
amplitudes of the prepared superposition.

As for twin STIRAP, we measure S��� as a function of
the angle � of the F-laser polarization and extract the relative
phase and the amplitude ratio of the superposition. For a
superposition of the form �13�, we expect the variation of the
signal S��� with �, �S, and �S to be

S��� =
1

2
�1 + 2 cos �S sin �S cos 2�� + �S�� . �14�

We extract the parameters by fitting a function of the form
f���=a cos 2��+��−b to the experimental data. As the
phase is fully determined by the phase of the S laser we
expect

�exp = �S. �15�

Figure 6 shows the measured phase �exp as a function of the
S laser phase �S. Since the linear fit reveals a slope of unity,
the measured phase is, within the experimental uncertainty,
the same as the phase imprinted by the S laser. For this
experiment, the ambient magnetic field was carefully com-
pensated to avoid additional phases induced by magnetic
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includes spontaneous emission as well as a small magnetic field of
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are determined from the statistical distribution of the measured data.
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fields �see Sec. IV�, thus no offset is observed for �S=0.
Evaluation of the contrast as a function of the ellipticity �not
shown� reveals also that the amplitude ratio of the superpo-
sition is determined by the amplitude ratio tan �S of the S
laser. Thus, as in the case of twin STIRAP, the parameters of
the superposition are fully determined by the laser polariza-
tion, in this case of the S laser.

C. Extended tripod STIRAP

The extended tripod STIRAP coupling with nonzero cou-
pling for P1, S1, and S2 �see Fig. 1� allows the preparation
of a superposition of the three Zeeman levels �levels 5, 7,
and 9�, which is characterized by two amplitude ratios and
two relative phases. The coupling scheme does not allow the
independent control of the relative phases and the amplitude
ratios since a change of the relative phase between the field
S1 and S2 affects the relative phase between states 5 and 7 or
7 and 9 alike. Furthermore, the amplitude ratio of the two
helicity components of the S laser determine the two relative
amplitudes of the final superposition. Full control of the rela-
tive phases and amplitude ratios requires the addition of a
field P2 which couples states 1 and 4, as is detailed in Sec.
III D.

Using the extended tripod coupling scheme we obtain a
superposition of the form

�xtri =
1

N
�A5�5 + A7ei2�S�7 + a9ei4�S�9� . �16�

The coefficients An are given by

A5 =
1

6
cos �S�7 − 5 cos 2�S� , �17�

A7 =
2

3
sin2 �S, �18�

A9 =
1

3
cos �S sin2 �S. �19�

Both the phase between states 5 and 7 as well as the phase
between 7 and 9 is fully determined by �S, thus an indepen-
dent control is not possible in this scheme. The expected
signal S���, Eq. �2� can be written as

S��,�� =
1

8
�A5

2 + 6A7
2 + A9

2� +

6

4
A7�A5 + A9�cos�2� + 2��

+ A5A9 cos�4� + 4�� . �20�

The third term, oscillating with 4�, is caused by the contri-
bution of state 9 with twice the phase difference relative to
state 5, as compared to state 7. The dominant term of Eq.
�20� is proportional to the amplitudes A5 and A7; the popu-
lation that reaches state 9 is less than 2% of the total popu-
lation in the 3P2 level for any value of �S. Because of this, we
neglect the term oscillating with 4� in our analysis. This
does not influence the measurement of the phase, as the
maximum of the curve S��� remains at the same position.

Figure 7 shows the experimental signal S���, together with a
fit function of the form f���=a cos 2��+��−b. The good
agreement between the fit and the measured data justifies the
neglect of the cos 4� term. The measured data are the raw
data obtained by the channeltron detector. The scatter of the
data points is due to fluctuations of the flux of neon, which is
in the order of 10%. As we measure 1600 points per experi-
mental run, our fit averages over these fluctuations.

The phase �exp extracted from the fits is plotted in Fig. 8
as a function of the phase �S of the S laser. Equation �20�
shows that again the measured phase is connected to the laser
phase by

�exp = �S. �21�

This is confirmed by the experimental data, which follow
this function. The good agreement between the experimental
data and the expected behavior confirms the fact that we can
control the phases of a three state superposition. The control
of the amplitude ratio is also possible �not shown�. We give
an example of this control in the following section on the
example of extended diamond STIRAP.

D. Extended diamond STIRAP

The extended diamond scheme allows the preparation of a
three-state superposition, where the four parameters describ-
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FIG. 7. Signal S��� obtained for a superposition prepared using
extended tripod STIRAP. The S laser is linear polarized, thus the
two helicity components are equal, �S1=�S2.
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FIG. 8. Measured phase �exp versus the phase �S of the S laser.
The phase �S is controlled by the angle of polarization of the S laser
by means of a � /4 plate. The straight line is the function �exp=�S.
The error bars result from the inclusion of fluctuations in the neon
flux.
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ing the superposition are fully controlled by the polarization
of the coupling laser fields. For the coupling shown in Fig. 1,
the prepared superposition after the adiabatic transfer has the
form

��t� = e−i�St�A5�tf��5 + A7�tf��7 + A9�tf��9� , �22�

where the coefficients at time t→ tf are given by

A5 =
1


3N
cos �S�e−2i�P cos �P sin �P cos �S

− e−2i� sin �S�sin2 �P + 2 sin2 �S�� ,

A7 =

2

N
�cos2 �P sin2 �S + cos2 �P�2 sin2 �S + sin2 �P�� ,

A9 =
1


3N
sin �S�− e2i�S cos �S�cos2 �P + 2 cos2 �S�

+ e2i�P cos �P sin �P sin �S� . �23�

Here, the coefficient 1 /N is a normalization factor. As state 7
can be reached by two different pathways, namely 1-2-7 and
1-4-7, interferences between these pathways can occur.
These manifest in the dependence of the populations on the
laser phases. In the case of a linear polarized S and P field,
and thus �S=�P=
 /4, the populations are given by

P5 = −
2a2 sin2��S − �P�

− 2�a2 + b2� + 2a2 cos 2��S − �P�
, �24�

P7 =
b2

a2 + b2 − a2 cos 2��S − �P�
, �25�

P9 = −
2a2 sin2��S − �P�

− 2�a2 + b2� + 2a2 cos 2��S − �P�
. �26�

The expected signature of interference is evident from the
oscillatory dependence on the laser phases �S and �P.

We focus in this case on the interference that manifests in
the populations, and modify the setup to directly measure the
population in either level 7 or the levels 5 and 9. After the
interaction of the atoms with the S- and P-laser beams the
detection laser �diameter 3 mm� illuminates the atomic beam
at right angle 10 mm downstream from the P laser, with its
linear polarization aligned with the quantization axis ẑ. The
laser frequency is chosen to couple the transition 3P2→ 3P1
or, alternatively, the transition 3P2→ 3D2. In the former case,
all population in the states 6–8 is removed by optical pump-
ing, while in the latter case, optical pumping removes the
states 5, 6, 8, and 9, leaving only the population in state 7. A
fraction of the population pumped into the upper state decays
back into the 3P2 level, from where it is either removed in
subsequent pumping cycles or leads to additional population
of the uncoupled states. As the coupling strength for all in-
volved transitions are known, the final population in the
magnetic sublevels can be calculated numerically or can be
approximated using rate equations to describe the optical
pumping. In the latter case, coherences between the ground

states are ignored. In this rate, equation approximation the
measured populations Pi

meas can be written as

P7
meas =

1 − 0.029

4
cos2��S − �P� + 0.029, �27�

�P5 + P9�meas =
1 − 0.017

4
sin2��S − �P� + 0.754. �28�

Here, the numerical values are derived using the following
procedure: The population is optically pumped to the upper
states 2 to 4, from where it either decays out of the system or
back to states 5 to 9. Repeating this cycle of optical pumping
followed by spontaneous emission leads to the steady-state
populations given in Eq. �27�. The obtained curve deviates
less than 1% from the curve obtained by a numerical solution
of the Liouville equation.

Typical experimental results for the population in the
states 5, 7, and 9 is shown in Fig. 9 as a function of the phase
�S, with a fixed phase �P=0. The variance of the data points
is given by statistical fluctuations in the flux of neon atoms,
while the “mavericks” around 0.25 and 1.3 are due to short
term fluctuations in the laser frequency, causing a two-
photon detuning, thus decreasing the transfer efficiency. Both
curves show the expected oscillating behavior given in Eq.
�24�. The solutions given in Eq. �27� are shown for compari-
son in the plot as solid lines. They show a qualitatively good
agreement with both the population in states 7 and 5 + 9. The
population in state 7 shows a discrepancy with the analytical
curve near its minima, which can be explained by two
mechanisms, both of which lead to an increase in the popu-
lation in state 7. First, frequency fluctuations in the S and P
fields result in an imperfect population transfer, leaving some
population in states orthogonal to the dark state �22� due to
diabatic coupling. Second, the states 6 and 8 receive some
population due to Larmor precession. To minimize the con-
sequences of the magnetic fields, we actively compensated
these in the region between the S , P lasers and the F laser, as
described in Sec. II A, using three pairs of external coils in
Helmholtz arrangement. Neither effect can be quantified, be-
cause we do not have sufficiently precise values for either the
magnetic field within the interaction region or the amount of
diabatic coupling. Nonetheless, the data show the quantum
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FIG. 9. Population in the states 7 �lower curve� and the sum of
the populations in states 5 and 9 �upper curve�, as a function of the
phase �S. The solid curves show the signal expected from Eq. �27�.
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interference between the two given excitation pathways for
the state 7, leading to the oscillatory behavior in the popula-
tion of the magnetic sublevels of the 3P2 level.

IV. INFLUENCE OF MAGNETIC FIELDS

Using the example of tripod STIRAP, we discuss the in-
fluence of magnetic fields on the prepared superposition. We
apply a small magnetic field along the quantization axis ẑ,
and measure the relative phase as well as the contrast as a
function of the magnetic field for a fixed S laser phase �S.
When the atoms are exposed to a magnetic field for a dura-
tion ��, they accumulate an additional phase given by

�B = M�L�B��� = M
g�B

�
��B� . �29�

Here, g is the Landé g factor, �B is the Bohr magneton, B� is
the magnetic field strength, and �L�B�=g�BB� /� is the Lar-
mor frequency. After the interaction with the magnetic field,
the relative phase of the components of the superposition,
Eq. �13� changes to

�tripod�t → � � → cos ��6 + sin �e−i2��S+�B��8. �30�

Thus, the measured phase should vary linearly with the
applied magnetic field. The measured phases are shown in
Fig. 10, together with a linear fit. From this fit, we derive that
�B /B� =0.83
 /�T. Using the known parameters of our
Helmholtz coils in Eq. �29� we expect �B
= �0.86±0.05�
 /�T, showing a good agreement with the
value retrieved from the measured data. Magnetic fields thus
can be used to additionally control the relative phase be-
tween the components of the prepared superposition, but due
to the velocity distribution this will lead to an ensemble-
averaged phase, i.e., the phase of a random atom selected out
of the beam has a range of possible values. This can be
clearly seen when the contrast of the measured curves is
evaluated.

The width �v of the velocity distribution f�v� of the at-
oms in the beam �v=800 m/s, �v /v=0.35� leads to a varia-
tion of the duration of the interaction time. Thus, a distribu-
tion of phases is expected after the atoms have traveled
through the magnetic field and the ensemble average of Eq.
�30� evolves towards an incoherent superposition of states 6

and 8. The ensemble-averaged signal SB is given by

SB��� =
 S��,� + �B�f�v�dv . �31�

The experimentally determined velocity distribution can be
approximated by a Gaussian distribution with a width T0
centered around Tflight. In this case, it is straightforward to
show that the contrast V varies with the magnetic field B� as

V�B� = V0 exp��− �L�B�T0�2� , �32�

where V0 is the contrast observed for B=0. Figure 11 shows
the measured contrast V�B� together with a Gaussian fit and
the results of a Monte Carlo simulation based on the solution
of the full Liouville equation including the velocity distribu-
tion and the spontaneous emission induced by the interaction
with the F laser. The good agreement of experiment and
simulation confirms that the distribution of the interaction
time of the atoms with the magnetic fields are the main
source of the loss of coherence. Obviously it is important to
maintain good control of the magnetic field in the interaction
region if the atoms �or molecules� in the given state have a
nonvanishing magnetic moment.

V. SUMMARY

We have presented a method which allows the preparation
of a superposition of degenerate quantum states with two or
three components with a well-defined phase. Furthermore,
we have demonstrated a scheme for the measurement of the
relative phase between the components as well as the ratio of
amplitudes. In particular, the twin STIRAP and tripod STI-
RAP coupling schemes allow the preparation of an arbitrary
but well-defined superposition state of two magnetic sublev-
els. Extended diamond STIRAP can be utilized to prepare
superpositions of three states, with arbitrary phases and am-
plitudes of the components. Both the two- and three-state
superpositions are characterized using phase-to-population
mapping. Our analysis shows that the inclusion of spontane-
ous emission is essential in modeling the detection of the
amplitudes, while the retrieved phases are exact if this emis-
sion is omitted in the modeling.
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FIG. 10. Measured phase �exp versus the applied magnetic field
in quantization direction for a fixed phase �S. The solid line is a
linear fit with a slope of 0.83
 /�T.
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FIG. 11. Measured contrast V�B� versus the applied magnetic
field parallel to the quantization axis. The solid line is a Gaussian fit
according to Eq. �32�, and the crosses ��� result from a Monte
Carlo simulation. The error of the measured contrast is derived from
the statistical fluctuations of S�� ,��.
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The detection techniques discussed in this work are rel-
evant, quite generally, to measure the superposition phase in
a stream of identical systems prepared by any technique. The
method discussed here allows a high degree of flexibility and
carries significant potential for the manipulation and obser-
vation of quantum states where phase control is crucial.
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