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We report experimental demonstration of population transfer via stimulated Raman adiabatic passage with a
rare-earth-ion-doped crystal �Pr3+ :Y2SiO5�. About 90% of population of a ground level is transferred to
another ground level with two pulses whose width is shorter than the lifetime of the excited state. The
dependence of transferred population on the delay time of the pulse sequence is also experimentally investi-
gated. The delay-time dependence observed in our experiment is similar to that obtained by numerical
simulation.
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I. INTRODUCTION

Adiabatic passage �1� is a good technique to manipulate
quantum states. A number of implementations of quantum
computation based on adiabatic passage have been proposed
�2–8�. A typical example of adiabatic passage is laser-
induced adiabatic passage via so-called dark �or trapped�
states �9�. This is called stimulated Raman adiabatic passage
�STIRAP� �10�. The STIRAP technique is a powerful tool for
coherent and complete population transfer between two
quantum states. Since the theoretical proposal �11�, extensive
theoretical investigations �12–17� and experimental demon-
strations �18–23� of the population transfer via STIRAP have
been reported. The STIRAP technique has also been applied
to atom optics �24,25�, state manipulation of laser-cooled
atoms �26,27�, and creation of superposition states �28–30�.
The STIRAP process is closely related to electromagnetically
induced transparency �EIT� �31,32� because both of them are
based on the dark state or coherent population trapping
�CPT� �9�. Light storage and quantum memory based on
EIT and adiabatic passage �33–38� are also closely related to
STIRAP.

In this paper, we report experimental demonstration of
population transfer via STIRAP with a rare-earth-ion-doped
crystal. The rare-earth-ion-doped crystals, such as
Pr3+ :Y2SiO5 �hereafter Pr: YSO� used here, have the follow-
ing good characteristics: sharp spectral structure unlike other
solid materials �39�, long coherence times of optical transi-
tions �up to 6.4 ms� �40–43�, and extremely long coherence
times of hyperfine transitions �up to 33 s� �44–46�. Because
of them, many implementations of quantum computation
with rare-earth-ion-doped crystals have been proposed
�47–53�. So far, EIT �44,54–56�, light storage �57,58�, and
coherent state manipulation including quantum gate opera-
tions �59–62� have been realized with these crystals. To our
knowledge, however, population transfer via STIRAP has
not been experimentally investigated with these crystals.
Moreover, experimental study of population transfer via STI-
RAP in solids has not been reported, while the realizations of
EIT or, equivalently, CPT in solids have been reported
�44,54–56,63–67� and techniques for population transfer via
STIRAP in semiconductors have been theoretically proposed
�68–70�. We experimentally investigate a three-level system

in a �-type configuration, which is the typical system used
for STIRAP �10�, interacting with two laser pulses using
Pr:YSO. The dependence of transferred population on the
delay time of the pulse sequence is obtained experimentally
and compared with numerical simulation.

This paper is organized as follows. In Sec. II, we briefly
explain a simple theoretical model for STIRAP. In Sec. III,
the experimental setup of our experiment is illustrated. In
Sec. IV, experimental methods are presented. In Sec. V, ex-
perimental results are presented. In Sec. VI, we discuss ex-
perimental results comparing numerical simulation results.
The conclusion is presented in Sec. VII.

II. BASIC THEORY FOR STIRAP

A three-level system in a �-type configuration interacting
with two laser fields is depicted in Fig. 1. This is the typical
system for STIRAP �10� and EIT �31�.

The Hamiltonian in the rotating-wave approximation is
given by �10�

FIG. 1. Three-level system in a � configuration. � is the one-
photon detuning from the �1�-�e� transition. � is the two-photon
detuning from the �0�-�1� transition. �0�t� and �1�t� are the Rabi
frequencies corresponding to the �0�-�e� and �1�-�e� transitions,
respectively.
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H�t� = ���0��0� + ���e��e� + i
�

2
�0�t���e��0� − �0��e��

+ i
�

2
�1�t���e��1� − �1��e�� , �1�

where � is the one-photon detuning from the �1�-�e� transi-
tion, � is the two-photon detuning from the �0�-�1� transition,
and �0�t� and �1�t� are the Rabi frequencies corresponding
to the �0�-�e� and �1�-�e� transitions, respectively �we have
assumed they are real�. In this section, we consider the case
of two-photon resonance, that is, �=0. Since the STIRAP
process is sensitive to the two-photon detuning �16,17�, we
take the two-photon detuning into account in Sec. VI. There
is a dark state �9�, which is the zero-eigenvalue eigenstate of
the Hamiltonian, expressed as

�D�t�� =
�1�t��0� − �0�t��1�
��0�t�2 + �1�t�2

. �2�

If the system is initially in the dark state and the variation of
the Hamiltonian is sufficiently slow, the system adiabatically
follows the dark state. This is the STIRAP process. By using
the STIRAP technique, we can achieve efficient population
transfer from �0� to �1� as explained below. To achieve this
population transfer, we use partially overlapped laser pulses
in the counterintuitive order in which a pulse initially
couples the two empty states, �1� and �e�, and next another
pulse couples �0� and �e�. Then, the dark state varies from �0�
to �1�. Therefore if the system is initially in �0�, the popula-
tion is transferred from �0� to �1� by the STIRAP process.
The adiabatic condition is that the Rabi frequencies are
sufficiently larger than the inverse of the pulse width �10�.

III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 2.
The light source is a ring dye �Rhodamine 6G� laser �Co-

herent 699-29� pumped by an argon ion laser �Coherent IN-
NOVA400�. The frequency jitter is reduced to several kHz
over 15 ms by locking to the resonance frequency of an ex-
ternal stable cavity using the Pound-Drever-Hall method
�71�. The frequency-stabilized laser is split into three beams.
As explained in the next section, the laser fields of three

frequencies are required to prepare the ionic state appropri-
ately. The frequencies of the three fields are set to �0, �1
=�0+10.2 MHz, and �2=�0+36.9 MHz ��0	494.72 THz;
see Fig. 4� by two acousto-optic modulators �AOM1 and
AOM2 in Fig. 2�. The waveforms of the three beams are
controlled with the other three AOMs. The three beams are
combined with two beam splitters �BS1 and BS2 in Fig. 2�.
The combined beam is tightly focused on the sample in a
cryostat with a 100-mm-focal-length lens. The beam radius
�e−2 in intensity� on the sample is about 16 �m. The sample
is a 3-mm-thick Pr:YSO crystal whose Pr3+ concentration is
about 0.05 at. %. The b axis is parallel to the direction of the
beam. The polarization of the field is adjusted to obtain
maximum absorption. The sample is kept at 4 K. The trans-
mitted light interferes with a local oscillator and the trans-
mission intensity is measured by heterodyne detection. The
output of the photodiode is amplified by a wide band ampli-
fier and input to two spectrum analyzers �SAs�. The resolu-
tion and video bandwidths of the SAs are set to 1 MHz. The
outputs of the SAs are input to a digital oscilloscope. All the
data are accumulated over 64 cycles by the oscilloscope. The
duration of one cycle is 24 ms �see the next section�.

IV. EXPERIMENTAL METHODS

A. waveforms of the three laser fields

In the present experiment, we use three laser fields of
frequencies �0, �1, and �2. �As mentioned in Sec. III, �0
	494.72 THz, �1=�0+10.2 MHz, and �2=�0+36.9 MHz.�
The waveforms of the fields are shown in Fig. 3. The maxi-
mal intensities of the fields are set to about 10 �W. The
process of the experiment consists of the following three
steps: step 1 is preparation of the ionic state, including ini-
tialization of the ionic state to �0�, by optical pumping with
the above three fields; step 2 is population transfer from �0�
to �1� with two Gaussian pulses of frequencies �0 and �1; and
step 3 is measurement of the population with a weak probe
field of �0 or �1. The details of the steps are described in the
following.

FIG. 2. Schematic of the experimental setup. AOM: acousto-
optic modulator. BS: beam splitter. PD: photodiode. Amp: amplifier.
SA: spectrum analyzer. LO: local oscillator.

FIG. 3. waveforms of the three fields used in the experiment.
The top, middle, and bottom diagrams correspond to the fields of
frequencies �0, �1, and �2, respectively. This figure shows the case
where the order of the pulse sequence is counterintuitive and where
the population of �1� is measured by measuring the transmittance of
the probe of �1.

HAYATO GOTO AND KOUICHI ICHIMURA PHYSICAL REVIEW A 74, 053410 �2006�

053410-2



B. Step 1: Initialization of ionic state

The energy-level diagram of Pr3+ ions doped in a YSO
crystal is shown in Fig. 4 �72�. We use the 3H4-1D2 transition
of site-I Pr3+ ions in YSO. As shown in Fig. 4, �3H4 , ±1/2�,
�3H4 , ±3/2�, and �1D2 , ±1/2� are regarded as �0�, �1�, and �e�,
respectively, in Fig. 1. The ions used for the demonstration
of population transfer via STIRAP are only those whose
�3H4 , ±1/2� - �1D2 , ±1/2�, �3H4 , ±3/2� - �1D2 , ±1/2�, and
�3H4 , ±5/2� - �1D2 , ±5/2� transitions are nearly resonant with
the fields of �0, �1, and �2, respectively, as shown in Fig. 4.
This choice of the levels is suitable for the following reasons.

�1� The inhomogeneous linewidth of the �3H4 , ±1/2� -
�3H4 , ±3/2� transition is relatively narrow �	30 kHz� �73�.

�2� The transition dipole moments of the �3H4 , ±1/2� -
�1D2 , ±1/2�, �3H4 , ±3/2� - �1D2 , ±1/2�, and �3H4 , ±5/2� -
�1D2 , ±5/2� transitions are relatively large �72�.

�3� The appropriate preparation of the ionic state can be
achieved by optical pumping as explained below.

Because of the inhomogeneous broadening of the optical
transitions �	10 GHz �73,74��, there are many unnecessary
ions whose �3H4 , ±1/2� - �1D2 , ±1/2�, �3H4 , ±3/2� -
�1D2 , ±1/2�, and �3H4 , ±5/2� - �1D2 , ±1/2� transitions are far
off-resonant with the fields of �0, �1, and �2, respectively, but
which have at least a transition interacting with a field. These
unnecessary ions can be removed by optical pumping with
the three fields. The role of the part from t=0 to 5 ms in step
1 in Fig. 3 is this pumping. After the pumping, the popula-
tion of the unnecessary ions is concentrated on the ground
states decoupled from any excited states. In this interval, the
fields of �0 and �1 are applied as square pulse sequences so
that CPT does not prevent the pumping. The other part of
step 1 concentrates the population of the ions used for the
demonstration on �0� by optical pumping.

C. Step 2: Population transfer with two pulses

A two-pulse sequence for population transfer comes just
after the preparation and initialization of the ionic state, as
shown in Fig. 3. The pulse shape is set as � j�t��exp�−�t
− tj�2 /T2� �j=0,1�, where � j�t� denotes the Rabi frequency
corresponding to the �j�-�e� transition, tj is the time at which
the peak of � j�t� comes, and T is the pulse width. T is set to
30 �s in the present experiment.

D. Step 3: Measurement of population

In step 3 �see Fig. 3�, a weak probe field of frequency �0
��1� is injected to estimate the population of �0� ��1��. The
intensities of the probes are about 0.1 �W �about 1 /100 of
the maximal intensities of the fields�. The transmission inten-
sities are measured by heterodyne detection �see Sec. III�.
Here, we describe in detail how the population is estimated
from the measured transmittance. We first explain the esti-
mation of the population of �1�. The transmittance is obtained
from the comparison of the measured transmission intensity
with that in the case of no absorption. The transmission in-
tensity in the case of no absorption can be measured by in-
jecting only the field of frequency �1, since the crystal trans-
mits the incident light without absorption owing to hole
burning. A single optical transition �from �1� to �e�� is excited
by the probe of �1. The transmittance, Tp�t�, of the probe can
be calculated by solving a master equation and Maxwell
equations for an inhomogeneously broadened two-level
medium �75�:

�

�t
	�t,z,�� = −

i

�
�H�t,z,��,	�t,z,��� + L�	�t,z,��� , �3�

�

�z
�p�t,z� = i�2NC
 	e,1�t,z,��P���d� , �4�

with

	�t,z,�� = �
k,l=1,e

	k,l�t,z,���k��l� = �	1,1�t,z,�� 	1,e�t,z,��
	e,1�t,z,�� 	e,e�t,z,��

 ,

�5�

H�t,z,�� = ���e��e� + i
�

2
��p�t,z��e��1� − �p

*�t,z��1��e�� ,

�6�

L�	�t,z,��� = � p
	e,e�t,z,�� − 
p	1,e�t,z,��
− 
p	e,1�t,z,�� − 
	e,e�t,z,��

 , �7�

C =
2�

��0n
, �8�

	�0,z,�� = �1 0

0 0
 , �9�

�p�t,0� = �p
�0�. �10�

Here, the z axis is set along the direction of the light beam;
	�t ,z ,�� is the density matrix describing the states of the
two-level systems with detuning � and at position z; �p�t ,z�
is the Rabi frequency of the �1�-�e� transition of the ions at z;
� is the transition dipole moment of the �1�-�e� transition; N
is the ionic density per unit volume per unit detuning fre-
quency; P��� is the population distribution of �1� with re-
spect to � just before the probe is injected; 
 and 
p are the
population dumping rate and the dephasing rate, respectively,
for optical transitions; p is the probability that the ions decay

FIG. 4. Energy-level diagram of Pr3+ ions doped in a YSO crys-
tal. � denotes one-photon detunings. Two-photon detunings are
ignored �not shown�.
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from �e� to �1�; �0 is the permittivity of vacuum; n is the
refractive index of the YSO crystal;  is the laser wave-
length; and �p

�0� is the Rabi frequency corresponding to the
constant incident intensity of the probe. What is to be esti-
mated is the population distribution P���. It should be noted
that the transmittance of the probe depends only on the popu-
lation of �1�, neither on the population of the other ground
states nor the coherence between the ground states, if the
excited state is unpopulated. In the present experiment,
=606 nm and n=1.8 �76�. The transmittance, Tp�t�, of the
probe is given by ��p�t , l��2 / ��p

�0��2, where l is the crystal
length �3 mm�. In our calculation, 
 and 
p are set to 6 and
9 kHz, respectively �74�. p is set to 0.40 by assuming that the
probability is proportional to the oscillator strength as
pointed out in Ref. �72�. The uncertainties with respect to the
decay are unimportant since the data in short time �20 �s�
are used for the estimation. � is set to 1.7�10−32 Cm �72�.
Thus if N and �p

�0� are known, P��� can be estimated by
fitting the calculated Tp�t� to the measured Tp�t�.

In the case of the estimation of the population of �0�
with the probe of frequency �0, � and p are reset as follows:
�=2.0�10−32 Cm �72� and p=0.55.

N and �p
�0� are determined from Tp�t� measured in a

supplementary experiment in which the ionic state is initial-
ized to �0� or �1� and the probe is injected 100 �s after the
initialization without step 2 �without the two-pulse se-
quence�, where P���=1 is assumed. The initialization to �1�
is performed by exchanging the waveforms of the fields of
frequencies �0 and �1.

V. RESULTS

A. Initialization

To determine N and �p
�0�, we first perform the experiment

in which the ionic state is initialized to �0� or �1� and the
probe is injected 100 �s after the initialization without step 2
�without the two-pulse sequence�.

The experimental results are shown in Fig. 5. Figures 5�a�
and 5�b� correspond to the cases where the ionic state is
initialized to �0� and �1�, respectively. The circles and the
triangles show the measured Tp�t� for the probes of frequen-
cies �0 and �1, respectively. The origin of time is roughly
set so that the intensities of the probes reach the plateau at
t=0. The data are accumulated over 64 cycles as mentioned
in Sec. III. The curves are the theoretical fits using the least-
squares method, where the curves are numerically calculated
with Eqs. �3�–�10� assuming P���=1. To take the bandwidth
of the SAs into account, the calculated curves are averaged at
each time over 1.6 and 1.2 �s on a linear scale for SA1 and
SA2, respectively, where SA1 and SA2 are used for the
probes of �0 and �1, respectively. In addition, to take into
account the jitter of the time at which the probe rises, the
calculated curves are averaged at each time over 1.2 �s on a
log scale. The fitting parameters in the case of Fig. 5�a� are N
and �p

�0�. The result of the fitting is as follows:
N=0.074 �m−3 kHz−1; �p

�0� /2�=11 kHz. On the other hand,
the fitting parameter in the case of Fig. 5�b� is only �p

�0�, and

N is set to 0.074 �m−3 kHz−1. The result of the fitting in this
case is �p

�0� /2�=11 kHz.

B. Population transfer

Next, we report the experimental results of the case
where the two-pulse sequence is applied. The delay time,
Td� t0− t1, of the pulse sequence is set to Td=−T ,
−0.5T , . . . ,2.5T. Here, as mentioned in Sec. IV, the Rabi
frequency corresponding to the �j�-�e� transition is set as
� j�t��exp�−�t− tj�2 /T2� �j=0,1� and T is set to 30 �s.

The measured transmittances, Tp�t�, of the probes are
shown in Fig. 6. The circles and the triangles show the mea-
sured Tp�t� for the probes of frequencies �0 and �1, respec-
tively. The curves are the theoretical fits, where the curves
are numerically calculated with Eqs. �3�–�10�. In these cal-
culations, N and �p

�0� are set to the values obtained above:
N=0.074 �m−3 kHz−1 and �p

�0� /2�=11 kHz. The function
forms of the population distribution, P���, are assumed as
shown in Table I. The fitting parameters for the above fitting
are the parameters, a1, a2, a3, and a4, determining P���. The
population distributions obtained by the fitting are shown in
Fig. 7. We assume a complicated function form only for the
population of �1� in the case where Td=−T, to obtain the
good fit. The reason why P��� in this case has a dip is
discussed in the next section.

The delay-time dependence of the population of the ions
with zero detuning ��=0� is shown in Fig. 8�a�. This is the
main result of the present work.

VI. DISCUSSION

We first discuss the results shown in Fig. 5. The transmit-
tance of the probe of frequency �1 ��0� in the case of the

(a)

(b)

FIG. 5. �Color online� The measured transmittance, Tp�t�, of the
probe for estimation of N and �p

�0�. �a� and �b� show the results in
the cases where the ionic state is initialized to �0� and �1�, respec-
tively. The circles and the triangles show the measured Tp�t� for the
probes of frequencies �0 and �1, respectively. The curves are the
theoretical fits.
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initialization to �0� ��1�� is nearly equal to unity as expected.
In addition to this, the fact that the experimental result in the
case of the initialization to �1� is well fitted to a theoretical
curve with N determined by the result in the case of the
initialization to �0� indicates that the initialization processes
were successfully performed.

Second, we estimate the peak Rabi frequencies, �0
�0� and

�1
�0�, for the pulses of frequencies �0 and �1, from the fitting

results of �p
�0�. From the transmission intensities in the case

of no absorption �measured by injecting only one field as
explained in Sec. IV�, the maximal intensities of the fields of
frequencies �0 and �1 are about 100 times and 140 times
larger than the intensities of the probes of �0 and �1, respec-
tively. Therefore the estimated values of �0

�0� /2� and
�1

�0� /2� are 110 and 130 kHz, respectively. Since both �0
�0�

and �1
�0� are much larger than T−1�30 kHz, the adiabatic

condition is satisfied.
Next, we discuss the results shown in Fig. 8. First of

all, it should be noted that the delay-time dependence of

population transfer shown in Fig. 8�a� is a characteristic sig-
nature of the STIRAP process �10�. Figure 8�a� shows that
about 90% of the population was transferred from �0� to �1�
when Td=T and Td=1.5T �the case of the counterintuitive
order�. The fact that large population was transferred with
the pulses shorter than the lifetime �164 �s �74�� of the ex-
cited state indicates that this population transfer was due to

FIG. 6. �Color online� The measured transmittance, Tp�t�, of the
probe in the experiment of population transfer by the two-pulse
sequence. Td and T denote the delay time of the pulse sequence and
the pulse width, respectively �see the text for these definitions�. The
circles and the triangles show the measured Tp�t� for the probes of
frequencies �0 and �1, respectively. The curves are the theoretical
fits.

TABLE I. The function forms of the population distribution,
P���, for the fitting shown in Fig. 6. a1, a2, a3 and a4 are the fitting
parameters. The population distributions obtained by the fitting are
shown in Fig. 7.

P���

�0� 1−a1�a2
2 / ��2+a2

2 ��
�1� �Td�−T� a1�a2

2 / ��2+a2
2��

�1� �Td=−T� a1�a2
2 / ��2+a2

2��−a3e−�2/a4
2

FIG. 7. �Color online� The population distributions, P���, in the
experiment of population transfer by the two-pulse sequence. These
are obtained by the fitting shown in Fig. 6. Td and T denote the
delay time of the pulse sequence and the pulse width, respectively
�see the text for these definitions�.

(a)

(b)

FIG. 8. �Color online� The delay-time dependence of the popu-
lation of the ions with zero detuning ��=0�. The circles and the
triangles correspond to �0� and �1�, respectively. �a� The experimen-
tal result. The population was estimated by the fitting shown
in Figs. 6 and 7. �b� The simulation result. The population was
calculated by a model explained in Sec. VI.
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STIRAP, not optical pumping. Figure 8�a� also shows the
insensitivity of STIRAP to the delay time, which is a merit of
STIRAP. We compare the experimental results with numeri-
cal simulation. The simulation result is shown in Fig. 8�b�.
The model for the simulation is as follows. We solve numeri-
cally the following master equation:

d

dt
	�t,�� = −

i

�
�H�t�,	�t,��� + L�	�t,��� , �11�

where H�t� is the Hamiltonian given by Eq. �1� with �=0
and

	�t,�� = �
k,l=0,1,e

	k,l�t,���k��l�

= �	0,0�t,�� 	0,1�t,�� 	0,e�t,��
	1,0�t,�� 	1,1�t,�� 	1,e�t,��
	e,0�t,�� 	e,1�t,�� 	e,e�t,��

� , �12�

L�	�t,��� = � p0
	e,e�t,�� − 
p�	0,1�t,�� − 
p	0,e�t,��
− 
p�	1,0�t,�� p1
	e,e�t,�� − 
p	1,e�t,��
− 
p	e,0�t,�� − 
p	e,1�t,�� − 
	e,e�t,��

� ,

�13�

	�0,�� = �1 0 0

0 0 0

0 0 0
� . �14�

Here, � is the two-photon detuning from the �0�-�1� transition,

 is the population dumping rate, 
p and 
p� are the dephas-
ing rates for optical and hyperfine transitions, respectively,
and pj �j=0,1� is the probability that the ions decay from �e�
to �j�. These parameters are set as follows: 
=6 kHz;

p=9 kHz; 
p�=2 kHz; p0=0.55; and p1=0.40 �44,72,74�.
The Rabi frequencies are set as � j�t�=� j

�0� exp�−�t
− tj�2 /T2� �j=0,1�, where T=30 �s, t1=4T, t0= t1+Td �Td=
−T ,−0.5T , . . . ,2.5T�, �0

�0� /2�=110 kHz, and �1
�0� /2�

=130 kHz. The calculation is performed from t=0 to tf
=500 �s. The calculation result shown in Fig. 8�b� is ob-
tained by averaging 	0,0�tf ,�� and 	1,1�tf ,�� with respect to
�. The two-photon-detuning distribution, W���, of the ions,
which is due to the inhomogeneous broadening of the �0�-�1�
transition, is assumed as follows �73�:

W��� = �1 ¯ ���/2� � 15 kHz,

0 ¯ otherwise.
� �15�

The delay-time dependence of the population obtained by the
simulation is similar to that by the experiment. The calcu-
lated population of �1� ��0�� is a little larger �smaller� than the
experimental one. This discrepancy may be due to the ne-
glect of the laser beam profile �77�. Since each beam has a
Gaussian profile, which has been neglected so far for
simplicity, the Rabi frequencies depend on the position of the
ions. Therefore the present experimental results show
the average with respect to the position-dependent Rabi

frequencies. As a result, the efficiency of the population
transfer estimated from the experimental results becomes
lower than that from the simulation because the efficiency
for the ions far from the axis of the beams is lower than that
for the ions near the axis.

Finally, we discuss the reason why the population distri-
bution of �1� in the case where Td=−T has a dip at �=0. The
population distribution in this case is calculated by the simu-
lation used to obtain Fig. 8�b�. The result is shown in Fig. 9.
The calculated population distribution has also a dip at �
=0. The physical interpretation of the dip is probably as fol-
lows. In this case, where the order of the pulse sequence is
“intuitive,” the ions with small detuning are excited by the
pulses to the excited state and the population transfer is due
to optical pumping. Since the pulse resonating with the
�1�-�e� transtion, which reduces the population of �1� by op-
tical pumping, comes after the pulse resonating with the �0�
-�e� transtion, which induces the population transfer from �0�
to �1�, the population transfer due to the optical pumping is
not efficient. On the other hand, the ions with relatively large
detuning are not excited very much and the population trans-
fer is due to a coherent process such as off-resonant Raman
transition. As a result, the transferred population for the ions
with large detuning becomes larger than that for the ions
with small detuning. This is probably the reason for the
appearance of the dip.

VII. CONCLUSION

In summary, we have investigated the three-level system
in a �-type configuration interacting with two laser pulses
using a rare-earth-ion-doped crystal �Pr:YSO�. The experi-
mental demonstration of population transfer via STIRAP in a
solid has been reported. It has been confirmed that about
90% of population was transferred from a ground state to
another with shorter pulses than the lifetime of the excited
state. Moreover, the delay-time dependence of the population
obtained by the experiment shows a characteristic signature
of the STIRAP process and is similar to that by numerical
simulation.

This population transfer via STIRAP is the simplest
quantum-state manipulation by the STIRAP technique. The
experiment presented here is the first step toward more com-
plicated quantum-state manipulations of rare-earth ions in a
crystal by the STIRAP technique.

FIG. 9. The simulation result of the population distribution of
�1� in the case where Td=−T.
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