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We studied the hyperfine structure and hyperfine coherent properties of the 3H4�0�→ 1D2�0� transition of
Pr3+ ions in a tungstate single crystal La2�WO4�3 by hole-burning and photon-echo techniques. This work is
motivated by the search of an efficient three level � system in this new compound with which we could build
up a quantum memory. By nonconventional hole-burning experiments, the ordering of the hyperfine splittings
in the 3H4�0� ground state and in the 1D2�0� excited state is obtained. The hyperfine splittings are thus ordered:
24.6 and 14.9 MHz for the 3H4�0� level and 5.0 and 7.3 MHz for the 1D2�0� level. The relative and absolute
transition strengths of individual hyperfine transitions are determined by comparing absorption strengths and
by measuring the Rabi flopping frequency as the transition is coherently driven. Free induction and Raman
echo decays give inhomogeneous and homogeneous hyperfine linewidths of 57�2 and 1.25�0.1 kHz,
respectively.
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I. INTRODUCTION

The storage and retrieval of a quantum state of light is
expected to play a fundamental role in long distance quan-
tum communication networks.1–3 Storage was demonstrated
for classical and quantum light in a number of systems.4–8

For example, storage and retrieval of a single photon was
implemented in a cloud of laser cooled atoms.5 Rare earth
ions in inorganic crystals �REIC� are promising candidates in
the quest for macroscopic quantum effects and in particular
in the areas of quantum computing9,10 and quantum state
storage.11,12 Indeed, some rare-earth ions exhibit long-lived
nuclear spin ground-state levels called hyperfine levels.
These levels can be put into a coherent superposition for a
long time and can potentially be used for storage of quantum
information. At low temperature �1.5 K�, a hyperfine coher-
ence �T2� lifetime �1 s was reported in Pr3+ :Y2SiO5
�Pr:YSO�.13 Moreover, rare-earth optical transitions can also
exhibit a long coherence lifetime �up to 6.4 ms�.14

Quantum state storage is commonly pursued with atomic
species in which a three-level � system can be built.15 A
three-level � system consists of two levels, which can both
be coupled to a third level using light fields. The photon to
be stored is resonant with one transition and a second light
field with the other one. Intensity variation in the latter, for
example, allows photons to be trapped and released by using
electromagnetically induced transparency �EIT� and slow
light.15 EIT, slow and stopped light were demonstrated in
REIC.8,11,16 In Pr:YSO, light was stopped for a time greater
than 1 s.11 In praseodymium-doped materials, the three-level
� system is composed of two hyperfine levels, belonging to
the ground 3H4�0� electronic level, which are optically con-
nected to one hyperfine level within the excited 1D2�0� elec-
tronic level. Very recently, robust population transfer by
stimulated Raman adiabatic passage was also obtained in the
same Pr:YSO host.17

Most of the experiments involving REIC for quantum ap-
plications have so far been performed on yttrium orthosili-
cate single crystals. In a previous work,18 we proposed a
praseodymium oxide host: Pr3+ :La2�WO4�3 for such applica-
tions. The hyperfine splittings, the optical inhomogeneous,
and homogeneous linewidths of the 3H4�0�→ 1D2�0� transi-
tion and the spectral-hole lifetime due to population redistri-
bution within the ground hyperfine levels were studied in a
1.4% Pr3+ :La2�WO4�3 compound. The results obtained in
Ref. 18 indicate that this crystal could be an interesting host
for quantum applications. Relevant parameters include an in-
homogeneous linewidth of 18.8 GHz for a concentration of
1.09 1020 at /cm3 and a hole lifetime of 16 s long enough to
perform spectral selection.

To characterize the properties of a three-level � system in
this new compound in order to assess its potential for quan-
tum applications, a deeper study of the hyperfine character-
istics of Pr3+ ions in the tungstate host needs to be per-
formed. The ordering of the hyperfine levels in the ground
3H4�0� and 1D2�0� excited states, the relative and absolute
oscillator strengths between individual hyperfine transitions,
the inhomogeneous, and homogeneous hyperfine linewidth
are relevant parameters for defining an efficient three-level
system. The purpose of the present work is to measure these
quantities. As the praseodymium hyperfine splittings �few
tenths of MHz� are smaller than the inhomogeneous line-
width of the 3H4�0�→ 1D2�0� transition �several tenths of
GHz�, such experiments are nontrivial. However, they can be
done by preparing the optical inhomogeneous absorption
profile so that the light only interacts with a narrow absorp-
tion from an ensemble of identical ions which all absorb on
a specific hyperfine transitions at this frequency. After this
preparation step, all of the required hyperfine characteristics
can be measured by absorption and state-transfer techniques
that include coherent manipulations of individual hyperfine
transitions.
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The paper is organized as follows. In Sec. II, the experi-
mental apparatus is presented. In this section, the different
excitation pulses used to prepare and to coherently drive the
individual hyperfine transitions are explained. In Sec. III, the
experimental results are presented and discussed. In the first
part, the ordering of the hyperfine levels and the relative
oscillator strengths are determined. In the second part, the
oscillator strengths of these transitions are obtained by Rabi
flopping. In the third part, the inhomogeneous and homoge-
neous hyperfine linewidths are measured by optically excit-
ing a hyperfine coherence and by studying the induced hy-
perfine free induction decay �FID� and Raman echo,
respectively.

II. EXPERIMENT

Pr3+ :La2�WO4�3 single crystals were grown by the Czo-
chralski method following the procedure explained in Ref.
19. Lanthanum tungstate crystal belongs to the monoclinic
system with space group C2 /c, with unit parameters a
=7.873�2� Å, b=11.841�2� Å, c=11.654�2� Å, �
=109.25�3�, and Z=4.20 Pr3+ ions substitute La3+ ions in
only one crystallographic site of C1 symmetry. The Pr con-
centration determined by inductively coupled plasma atomic
spectroscopy is 0.2% which corresponds to
1.55 1019 at /cm3.

The measurements were performed on the transition be-
tween the lowest crystal-field levels of the 3H4 and 1D2 mul-
tiplets at 602.76 nm �in vacuum� in La2�WO4�3. The sample
is a cube of 5�5�5 mm3. The sample was immersed in
liquid helium at a temperature of 2.0 K.

A ring dye laser �Coherent 699–21� using Rhodamine 6G
pumped by a Nd:YVO4 laser �Coherent Verdi� provides 400
mW output power at �=602.76 nm. The cw dye laser is
linearly polarized and operates in a single servo-locked mode
with a spectral width of 1 MHz. In order to create the desired
pulse shapes and to eliminate beam movement accompany-
ing frequency shifts, the laser light is passed twice through a
200 MHz acousto-optic modulator �AOM� with a bandwidth
of 100 MHz. It is then sent through a 350 MHz AOM, which
can be driven by two rf frequencies separated by a frequency
equal to the splitting between two hyperfine levels of the
3H4�0� ground state. A 1 GS/s arbitrary waveform generator
�Tektronix AWG520�, that allows direct control of pulse am-
plitude, phase, and frequency, drives both AOMs.

After the 350 MHz AOM, the light passes through a
single mode optical fiber to clean up the spatial mode. A
beam splitter removes a small percentage of the light before
the cryostat which is used as a reference beam. The rest of
the beam goes through a � /2 plate to adjust the light polar-
ization to match the crystal orientation, and is then focused
onto the Pr3+ :La2�WO4�3 single crystal. The diameter of the
focused beam is 100 �m. In order to only study ions in the
center of the laser spot where the intensity varies less than
20%, the transmitted light is imaged onto a 50 �m pinhole
before being focused on the detector.

The spectral structures, prepared by a hole-burning tech-
nique, are measured by scanning the light frequency and by
recording the intensities of both the transmitted and the ref-

erence beams which are detected by Thorlabs PDB150A de-
tectors. The probe pulse intensity was chosen such that the
created spectral structures are unaffected by the readout
process.

All the experiments performed in this study can be di-
vided into three steps: �i� the preparation, �ii� the coherent
manipulation, �iii� the read out. To coherently drive the op-
tical transitions between the different hyperfine sublevels, we
create a narrow peak of absorption consisting of an ensemble
of selected identical ions on a background of zero absorp-
tion. The inhomogeneous absorption profile of the 3H4�0�
→ 1D2�0� transition has a linewidth of several GHz and the
hyperfine splittings of Pr3+ ions are of the order of 10 MHz.
To create a measurement situation similar to that of a narrow
resonance line of a free atom or of an atom caught in trap, it
is necessary to first prepare the optical inhomogeneous ab-
sorption profile so that the light only interacts with a selected
group of ions absorbing on a specific transition.

The preparation step can also be divided into three steps.
First, a wide spectral interval, called pit in the following,
containing almost no absorbing ions, is cleared within the
inhomogeneous absorption line. The possibility of creating
such a pit is due to a hole-burning mechanism which, in the
case of Pr3+ ions, comes from population redistributions be-
tween hyperfine sublevels in the 3H4�0� electronic ground
state. Indeed, hyperfine ground-state lifetime is long com-
pared with the lifetime of the excited state. In
Pr3+ :La2�WO4�3, the hyperfine ground-state lifetime is 16 s
and the radiative lifetime of the 1D2�0� excited state is
61 �s.18 Optical transitions can thus be cycled, i.e., the ions
can be excited and allowed to relax, thousands of times be-
fore population relaxation between hyperfine levels becomes
significant. Due to this large difference between the different
lifetimes, it is possible to empty the population of two hy-
perfine ground-state levels within the pit and to put all the
population in an third auxiliary storage hyperfine level. This
method was introduced in Ref. 21 and applications can be
found in Refs. 22 and 23. Second, we shift the laser fre-
quency away from this pit to pump back ions absorbing
within a narrow spectral interval into the emptied region.
This procedure is henceforth called the burn-back pulse.
Since the inhomogeneous broadening is large compared with
the hyperfine splittings, the burn-back frequency will be
resonant with all possible transitions within the hyperfine
levels, but for different frequency classes of absorbers �nine
in total as we will see in the following�. Therefore, burning
back at a single frequency brings back a complex pattern of
transitions into the pit corresponding to different classes.
Third, to be able to work only with a specific class of ions,
some other pulses, henceforth called clean-wrong-class
pulses, are applied to some transitions into the pit to get rid
of the unwanted classes. We are then able to manipulate a
specific optical transitions at a specific frequency without
light interacting with other ions and other transitions. This
preparation step allows us to determine the hyperfine order-
ing in the 3H4 ground state and in the 1D2 excited state and
also the relative oscillator strengths between the individual
hyperfine transitions.

After this preparation step, coherent manipulations of the
system are performed to determine the absolute oscillator
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strengths of the hyperfine transitions and the hyperfine inho-
mogeneous and homogeneous linewidths are obtained by
free induction decay �FID� and Raman echo measurements.

Three different types of pulses were used in this work.
The burn-back pulse is a complex hyperbolic secant pulse
�sech pulse�, commonly used in NMR �Ref. 24� for which
the amplitude of the Rabi frequency, 	�t�, is given by

	�t� = 	max sech���t − t0�� , �1�

where � �in rad/s� is related to the temporal width of the
pulse by

tFWHM �
1.76

�
�2�

tFWHM is the full width half maximum of the intensity of the
pulse. 	max is the maximum Rabi frequency. The sech pulse
has a tanh frequency chirp centered around the frequency 
c,


 = 
c +
��

2�
tanh���t − t0�� , �3�

where 
 is the instantaneous frequency �Hz� and � is a real
constant. The frequency scan width of the pulse, fwidth, which
is the total span of the frequency sweep, is related to the
pulse parameters � and � by

fwidth =
��

�
. �4�

As demonstrated theoretically in Ref. 25 and experimentally
in Refs. 23 and 26 sech pulse gives high-efficiency state-to-
state population transfers which is important for efficiently
bringing back ions with a specific hyperfine transition into
the pit. In Ref. 26, de Seze et al. demonstrated population
transfers close to 100% using sech pulse. In our work, the
sech pulse has always the same characteristics with tFWHM
=1.6 �s, fwidth=1 MHz and with a total truncated duration
tcutoff=8 �s.

The pit cleaning procedure and the clean-wrong-class
pulses are composed of several sechscan pulses which are a
modification of a sech pulse. The center of the pulse is ex-
tended with a straight line in both amplitude and frequency.
This type of pulse consists of the first half of a sech pulse of
the form given by Eq. �1� with center frequency 
1, a linear
scan with constant amplitude, 	max, in the frequency range

1 to 
2 and the second half of a sech pulse with amplitude
	max and centered around the frequency 
2. The sechscan
pulse is used to clean larger frequency regions than is pos-
sible with the sech pulse.23 For the pit creation, the sequence
used in this work is composed of around 1200 sechscan
pulses with tFWHM=3 �s, tcutoff=86 �s and with fwidth de-
pending on the frequency range to clean. Between each
pulse, a waiting time of 1 ms is added to allow the popula-
tion relaxation of the excited state.

Coherent driving of isolated hyperfine transitions are per-
formed using super-Gaussian pulses. The amplitude of the
Rabi frequency of such a pulse, 	�t�, is given by

	�t� = 	max exp�−
1

2
� t − t0

�
�2m	 , �5�

with m is the order of the pulse, m=3 or 7 in this work. m
=1 gives a Gaussian pulse. � is related to the full width half
maximum of the intensity tFWHM by

� =
tFWHM

2
ln 2
. �6�

Compared to a Gaussian pulse, the super-Gaussian pulse has
a flatter top. For coherent driving, short super-Gaussian
pulses spectrally flat across the prepared peak were used in
order to reduce inhomogeneities of Rabi frequencies. Short
Gaussian pulses could have been used, however, the pulses
also have to be spectrally selective which means that no
spectator ions, i.e., ions outside the pit, are affected by the
pulse. The super-Gaussian pulse is a good compromise be-
tween spectral selectivity and low Rabi frequency inhomo-
geneity. In the present work, the temporal characteristics of
these pulses are typically tFWHM=1 �s, tcutoff=3 �s.

III. HYPERFINE ORDERING AND RELATIVE
OSCILLATOR STRENGTHS BETWEEN INDIVIDUAL

HYPERFINE TRANSITIONS

A. Hyperfine ordering

Pr has one 100% abundant isotope �141Pr� with a nuclear
spin I=5 /2. In a C1 low site symmetry, the electronic degen-
eracy of the 3H4 and 1D2 multiplets is totally lifted giving
rise to electronic singlets. In a particular hyperfine manifold,
at zero magnetic field, the following effective spin Hamil-
tonian can be used to describe the hyperfine splittings:27

H = I · �AJ
2� + P� · I �7�

where I is the nuclear spin, P the pure quadrupole tensor, and
the � tensor is given by

�� = �
n=1

2J+1 �0Jn��nJ�0�
En − E0

. �8�

The index 0 denotes the first crystal-field singlet level of the
3H4 and 1D2 multiplets, n the other crystal-field levels, En is
the energy of the crystal-field level.  and � stands for x, y,
z. AJ is the hyperfine constant of the J multiplet. At zero
magnetic field, the hyperfine splittings are due to a
“pseudoquadrupole interaction” which is the combination of
the second-order hyperfine interaction and of the pure
nuclear quadrupole interaction �Eq. �7��. In low site symme-
try, the principal axes of the P and � tensors are not coinci-
dent. However, we can define a third set of principal axes
�x� ,y� ,z�� which gives the following form for the effective
Hamiltonian:28

H� = D�Iz�
2 − I�I + 1�/3� + E�Ix�

2 − Iy�
2 � . �9�

Each crystal-field level of a J multiplet is characterized by a
set of D and E values and by its own principal axes.29 This
Hamiltonian splits the 3H4�0� and 1D2�0� into three doubly
degenerate hyperfine levels.
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We have already obtained in the frequency domain the
hyperfine structure of the 3H4�0� ground state and of the
1D2�0� excited state by conventional spectral hole burning.18

However, as the spectral positions of side holes and antiholes
are symmetric around the central hole, such a study did not
allow us to determine the ordering of the hyperfine levels for
both states, the signs of D and E could not be specified.
Moreover, the relative oscillator strengths between each in-
dividual hyperfine transitions could not be obtained without
assumptions about relative oscillator strengths and about re-
laxation rates between the ground state hyperfine levels. In
the following �1

g, �2
g, �1

e, and �2
e are the hyperfine splittings of

the 3H4�0� ground state and of the 1D2�0� excited state, re-
spectively. By applying the sequence described in Sec. II
which consists of cleaning a pit in the inhomogeneous
broaden 3H4�0�→ 1D2�0� transition and then bringing back
ions at a specific hyperfine transitions into this pit by apply-
ing a burn-back pulse, the ordering of the hyperfine levels is
determined, as well as the relative oscillator strengths be-
tween the three transitions starting from the selected ground-
state hyperfine level to the three excited hyperfine levels.

In the case of Pr3+ :La2�WO4�3, a maximum pit of around
22.5 MHz was created into the absorption band �Fig. 1�. The
amount of Pr3+ ions absorbing at a particular frequency was
monitored by recording the absorption. At frequencies inside
the hole, the signal is quasiconstant and is less than 0.5% of
the absorption signal before burning �Fig. 1�.

To simplify the discussion and the analysis of the data, we
assume that the ordering of the hyperfine splittings as well as
the label of these levels is the same in Pr3+ :La2�WO4�3 as in
Pr3+ :Y2SiO5.22 This assumption will be experimentally
checked. The energy level diagram of Pr3+ ions is shown on
the left hand side of Fig. 2�a�. We assume that �1

g

=24.6 MHz, �2
g=14.9 MHz, �1

e =5.0 MHz, and �2
e

=7.3 MHz. These splittings are from Ref. 18. To simplify
the notation in Fig. 2�a�, for example, 5 /2g stands for the
ground state wave function MI= �

5
2 � where MI is the

nuclear spin projection. It is important to notice that due to
the low site symmetry of Pr3+ ions in La2�WO4�3 the nuclear

wave functions are mixed and MI is not strictly a good quan-
tum number. In the following, the zero of frequencies is cho-
sen into the pit at the position shown in Fig. 1.

The burn-back pulse is at a frequency �1
g+�2

g+�1
e +�2

e

=51.8 MHz away from this zero with tFWHM=1.6 �s,
fwidth=1 MHz and tcutoff=8 �s. Due to the inhomogeneous
broadening, each allowed transition between the hyperfine
levels of the ground and the excited states is resonant with
the frequency of the burning laser for some subset of ions. It
means that this frequency can correspond to the 5 /2g
→5 /2e transition for one class of ions �class I of Fig. 2�a��,
to the 5 /2g→3 /2e transition for another class of ions �class
II of Fig. 2�a�� etc. All in all, nine different classes of Pr3+

ions can be excited �classes I–IX in Fig. 2�a��. For our arbi-
trary choice, the zero of frequency corresponds to the 1 /2g
→1 /2e transition of class I.
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FIG. 1. Spectral hole-burning in the inhomogeneously broad-
ened 3H4�0�→ 1D2�0� transition in 0.2% Pr3+ :La2�WO4�3. At 2.0
K, a 22.5 MHz wide spectral interval �a pit� was completely emp-
tied of absorbing ions. L is the optical depth where  is the ab-
sorption coefficient and L the length of the crystal. The amount of
Pr3+ ions absorbing at a particular frequency is monitored by re-
cording the absorption.
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FIG. 2. �a� Hyperfine energy level diagram of the 3H4�0�
→ 1D2�0� transition of Pr3+ in La2�WO4�3. �1

g, �2
g, �1

e, and �2
e are the

hyperfine splittings of the 3H4�0� ground state and of the 1D2�0�
excited state, respectively. For the eigenstates, 5 /2g corresponds,
for example, to the MI= �

5
2 � wave function of the ground state.

The burn-back frequency �dashed arrow� is on the 5 /2g→5 /2e
transition for class I. Due to the inhomogeneous distribution of
optical resonance frequencies, different absorbers �nine classes in
total, I–IX� have different transitions resonant with the burning
field. �b� Stick diagram showing all the frequency positions of the
different hyperfine transitions for all the different classes I–IX. The
lengths reproduce the relative oscillator strengths calculated in this
section.
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A stick diagram of all the different hyperfine transitions
which can be obtained for all the different classes is shown
in Fig. 2�b�. Due to our assumption on the ordering of the
hyperfine splittings, for each class, the hyperfine transitions
are always in the following order: 1 /2g→1 /2e, 3 /2e, 5 /2e
then 3 /2g→1 /2e, 3 /2e, 5 /2e and 5 /2g→1 /2e, 3 /2e, 5 /2e.
The stick lengths reproduce the relative oscillator strengths
determined in this section �Fig. 2�b��.

As the pit is in the 0–23 MHz range, only the hyperfine
transitions falling in this frequency range are seen by scan-
ning the hole after the burn-back pulse. Figure 3�a� shows
the result of an experiment where a pit is first created, then
one burn-back pulse at 51.8 MHz is applied. The burn-back

pulse brings back some transitions into the pit which can be
analyzed by the stick diagram of Fig. 2�b�. All the transitions
can be attributed to three different classes �I, II, and III� of
Pr3+ ions �Fig. 3�a��. The ordering of the splittings in the
excited state as well as in the ground state can be obtained
from, e.g., hyperfine transitions corresponding to class I. The
two transitions 1 /2g→1 /2e and 1 /2g→3 /2e of class I
separated by 5 MHz and the two transitions 1 /2g→3 /2e and
1 /2g→5 /2e of class I separated by 7 MHz confirm that in
the 1D2�0� excited state the hyperfine splitting are in the
order which was assumed in Fig. 2�a�. The transitions 1 /2g
→1 /2e and 3 /2g→1 /2e of class I separated by 14.9 MHz
confirm also our hypothesis for the ground state.

From the ordering of the hyperfine splittings and by using
Eq. �9�, the sign of the D parameter can be retrieved. How-
ever, the sign of the E parameter cannot be obtained because
the matrix corresponding to �D ,E� or �D ,−E� in the �MI��
basis set have the same eigenvalues. These matrices also
have the same eigenvectors so that the mixing is finally in-
dependent on the sign of E but rather depend on the ratio
E
D .30 D=−6.35�0.05 MHz, E= �0.88�0.05 MHz, and D
= +1.92�0.05 MHz, E= �0.36�0.05 MHz for the 3H4�0�
ground state and the 1D2�0� excited state, respectively.

B. Relative oscillator strengths between the individual
hyperfine transitions

To determine the relative oscillator strengths between the
different hyperfine transitions, we isolated �i� only one class
of ions �class I was chosen� and �ii� three transitions starting
from the same hyperfine ground state level to the three ex-
cited hyperfine levels. Three different hole-burning se-
quences were used to measure the relative intensities of the
transitions starting from 1 /2g, 3 /2g, and 5 /2g.

1. Relative oscillator strengths starting from 1 Õ2g

To measure the relative oscillator strengths between the
three hyperfine transitions 1 /2g→1 /2e, 1 /2g→3 /2e and
1 /2g→5 /2e for class I, a pit is first cleaned in the 0–25
MHz range, then a burn-back pulse at 51.8 MHz is applied.
As we can see from Fig. 3�a�, these three transitions are
brought back into the pit. However, some of the transitions
of class II and class III are at the same frequency as some
transitions of class I. This is the case for example of transi-
tions 1 /2g→3 /2e of class II and 1 /2g→1 /2e of class III at
12.4 MHz which are at the same frequency of transition
1 /2g→5 /2e of class I �Fig. 3�a��. To perform a reliable
measurement of the relative oscillator strengths between the
hyperfine transitions starting from level 1 /2g, the contribu-
tions of class II and III have to be cancelled. This is per-
formed by applying 30 clean-wrong-class pulses in the
14–21 MHz range �see the arrow in Fig. 3�a�� with a 1 ms
delay between each pulse. The 30 sechscan pulses are char-
acterized by tFWHM=2 �s with a total truncated duration
tcutoff=20 �s. Levels 1 /2g of class II and 1 /2g of class III
will be emptied by cleaning the transitions 1 /2g→5 /2e of
class II at 19.6 MHz and 1 /2g→3 /2e of class III at 17.3
MHz. The result is shown on Fig. 3�b� where only transitions
1 /2g→1 /2e, 1 /2g→3 /2e, and 1 /2g→5 /2e of class I re-
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FIG. 3. Ions absorbing within a pit in the inhomogeneously
broaden 3H4�0�→ 1D2�0� transition in 0.2% Pr3+ :La2�WO4�3. �a� A
22.5 MHz interval was completely emptied of absorbing ions
through spectral hole burning. Then different classes of Pr3+ ions
have been pumped back into the pit by shifting the laser frequency
by 51.8 MHz to excite ions from an auxiliary ground-state hyper-
fine level and let them relax into a new hyperfine level. All the
observed transitions are attributed to a particular hyperfine transi-
tion belonging to the three different classes I–III. �b� Starting from
�a�, clean-wrong-class pulses are applied in the 14–21 MHz range
�see arrow in �a�� to empty the 1 /2g level of class II and III. The
three transitions of class I starting from level 1 /2g are isolated. The
relative oscillator strengths can be calculated by integration of the
line intensities.
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main in the 0–15 MHz range. By integrating each of the
three transitions and constraining the sum to one, we obtain
the first row of Table I. The uncertainty is obtained by re-
peating the same experiment several times.

2. Relative oscillator strengths starting from 3 Õ2g

To determine the relative oscillator strengths between the
three hyperfine transitions 3 /2g→1 /2e, 3 /2g→3 /2e, and

3 /2g→5 /2e for class I, the pit has to be centered in the
10–30 MHz frequency range where these transitions are ly-
ing �Fig. 2�b��. This shift is obtained by cleaning the same pit
as in the previous experiment and then by burning back the
transitions at 41.8 MHz. This burn-back pulse which is al-
ways on the 5 /2g→5 /2e transition for class I is equivalent
to a positive 10 MHz shift of the pit �Fig. 4�a��. It is more
difficult in this case to isolate transitions of class I. Indeed, as
can be seen from Fig. 4�a� and compared with the previous
case where only one hyperfine transition of this class had
contributions of other type of classes, two hyperfine transi-
tions of class I have some contributions of class II and class
III: the transition 3 /2g→3 /2e of class I has a contribution of
the transition 1 /2g→5 /2e of class II; the transition 3 /2g
→5 /2e of class I has a contribution of the transition 3 /2g
→3 /2e of class II and of the transition 3 /2g→1 /2e of class
III. We get rid of the contribution of class III by emptying the
population of the 3 /2g state. However, in the case of class II,
the two hyperfine 1 /2g and 3 /2g ground-state levels have to
be simultaneously emptied.

TABLE I. Relative oscillator strengths for transitions between
the 3H4�0� and 1D2�0� hyperfine manifolds in Pr3+ :La2�WO4�3 as
calculated from absorption data. Rows correspond to transitions
starting from the ground state hyperfine levels. Columns correspond
to transitions to different excited state hyperfine levels.

1 /2e 3 /2e 5 /2e

1 /2g 0.09�0.01 0.28�0.01 0.63�0.01

3 /2g 0.33�0.01 0.39�0.01 0.28�0.02

5 /2g 0.55�0.01 0.36�0.01 0.09�0.01
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FIG. 4. Ions absorbing within a pit in the inhomogeneous broadened 3H4�0�→ 1D2�0� transition in 0.2% Pr3+ :La2�WO4�3. �a� Different
classes of Pr3+ ions were pumped back into the pit, by shifting the laser frequency by 41.8 MHz. All the observed transitions are attributed
to a particular hyperfine transition of the three different classes I to III. �b� Starting from �a� clean-wrong-class pulses were applied in the
14–30 MHz range �see arrow in �a�� to empty the level 3 /2g of the class I and levels 1 /2g and 3 /2g of classes II and III. Some population
remains on the level 3 /2g of class III. �c� Starting from �b�, clean-wrong-class pulses centered on the transition 3 /2g→1 /2e of class III at
27 MHz were applied to empty the starting level �see arrow in �b��. All the population of level 3 /2g of class III is transfered to levels 1 /2g
and 5 /2g. �d� Starting from �c�, clean-wrong-class pulses centered at 12.3 MHz �see arrow in �c�� are applied to transfer for the class I
population from level 1 /2g to levels 3 /2g and 5 /2g. The main contribution is now due to the class I. A small contribution of class III
indicated by a star can be seen on the wall of the pit.
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We first applied 30 clean-wrong-class pulses in the 14–30
MHz range with tFWHM=2 �s, tcutoff=20 �s, and with 1 ms
delay between each pulse. This procedure aims at emptying
levels 3 /2g for class I and levels 1 /2g and 3 /2g for classes
II and III. The result is shown in Fig. 4�b�. All the population
of class I is transferred to states 1 /2g and 5 /2g �transitions
starting from 5 /2g are outside the hole�. For class II, we
managed to empty levels 1 /2g and 3 /2g. However, some
population remains in the 3 /2g state of class III as can be
seen from Fig. 4�b�. 16 clean-wrong-class pulses centered on
the transition 3 /2g→1 /2e at 27 MHz with tFWHM=3 �s,
tcutoff=40 �s, fwidth=0.5 MHz and with 1ms delay between
each pulse were applied to empty this level. The result is
shown on Fig. 4�c� where all the population of the level 3 /2g
of class III was transferred to level 1 /2g and 5 /2g. At this
step of the procedure, in the pit, there remains only transi-
tions starting from level 1 /2g for classes I and III. By com-
paring the intensity of the 1 /2g→5 /2e transition of class III
between Figs. 4�a� and 4�c�, the contribution of this class to
the spectrum has decreased. Finally, we transferred class I
and class III population from level 1 /2g to levels 3 /2g and
5 /2g by applying clean-wrong-class pulses centered at 12.3
MHz with tFWHM=3 �s, tcutoff=40 �s, and fwidth
=0.5 MHz. At the end of this burning sequence �Fig. 4�d��,
only class I with population in the 3 /2g remains in the pit
and actually very little population was transferred to level
3 /2g of class III. Indeed a small bump corresponding to the
3 /2g→3 /2e transition of class III �indicated by a star in
Fig. 4�d�� can be seen in the wall of the pit. The population
in the 3 /2g of class III is very small if we compare the
intensity of the 3 /2g→3 /2e transition between Figs. 4�b�
and 4�d�. The line at 27.2 MHz is mainly composed of the
3 /2g→5 /2e transition of class I with a small contribution of
the 3 /2g→1 /2e transition of class III. As it was not possible
to completely empty level 3 /2g of class III, in the second
row of Table I, this small contribution is taken into account
by a larger uncertainty on the relative oscillator strength for
the 3 /2g→5 /2e transition.

Another contribution is seen on the left hand side of tran-
sition 3 /2g→1 /2e �Fig. 4�d��, the origin of this is not
known. To calculate the relative oscillator strengths, a decon-
volution procedure is used to get rid of this contribution.

3. Relative oscillator strengths starting from 5 Õ2g

To measure the relative oscillator strengths between the
three hyperfine transitions 5 /2g→1 /2e, 5 /2g→3 /2e, and
5 /2g→5 /2e, the burn-back pulse is now chosen on the
1 /2g→1 /2e transitions. Figures 5�a� and 5�b� gather the
nine different excited classes as well as the different transi-
tions corresponding to these classes. To centered the pit on
the 32–55 MHz range where all the three hyperfine transi-
tions 5 /2g→1 /2e, 5 /2g→3 /2e, and 5 /2g→5 /2e of class I
are falling �see Fig. 5�b��, the burn-back pulse is put at
−32.2 MHz. By using the stick diagram of Fig. 5�b�, the
lines which appear in the 32–55 MHz range �Fig. 6�a�� are
attributed to transitions of class I, II, and III. The contribu-
tion of class II can be eliminated by applying clean-wrong-
class pulses in the 33–36 MHz range. Figure 6�b� shows that
this contribution has indeed disappeared. We cannot remove

the contribution of the transition 5 /2g→5 /2e of class III to
the transition 5 /2g→1 /2e of class I at 39.4 MHz. However
as the transition 5 /2g→5 /2e is very weak compared to the
transition 5 /2g→1 /2e �see the transition 5 /2g→5 /2e of
class I at 51.7 MHz�, this brings a small contribution which
lies in the uncertainty of the measurements. From Fig. 6�b�,
the relative oscillator strengths of the hyperfine transitions
starting from the 5 /2g level is calculated and given in the
third row of Table I.

From Table I, although there is no direct connection be-
tween the measured absorption from different ground state
hyperfine levels, the sum of the relative strengths of transi-
tions going from each excited state to all ground state levels
is found to be approximately one. This indicates that the
relative oscillator strengths estimation is reliable.

IV. ABSOLUTE OSCILLATOR STRENGTHS
DETERMINATION BY RABI FLOPPING

The absolute oscillator strengths were obtained by study-
ing Rabi flopping through coherent driving of the transitions.
We first prepared a spectrally isolated peak due to ions ab-
sorbing on a specific transition. We used the same prepara-
tion sequence as for Fig. 3�b� and we focused on the 1 /2g
→5 /2e transition of class I. A coherent super-Gaussian pulse
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5 / 2 g  → 1 / 2 e ,  3 / 2 e ,  5 / 2 e
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b )

FIG. 5. �a� Hyperfine energy level diagram of the 3H4�0�
→ 1D2�0� transition of Pr3+ in La2�WO4�3. The burn-back frequency
�dashed arrow� is on the 1 /2g→1 /2e transition for class I. �b� Stick
diagram of all the different hyperfine transitions which can be ob-
tained for all the different classes.
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of order 3 with tFWHM=0.5 �s, tcutoff=1.5 �s and with a
variable pulse area ���=	t� was applied to this transition.
We used such short super-Gaussian pulses spectrally flat
across the 1 /2g→5 /2e transition in order to reduce the in-
homogeneities of Rabi frequencies linked to ions absorbing
at slightly different frequencies. The population difference
between the 1 /2g and 5 /2e states was monitored 8 �s after
the super-Gaussian pulse by recording the transmission at the
resonance frequency through a 50 �m diameter pinhole.

The pulse area � is the angle through which the state
vector was rotated in the Bloch sphere. When � is increased
the ions are driven up into the excited state and the absorp-
tion decreases �Fig. 7�a��. When Pr3+ ions are driven more
than halfway up into the excited state ���

�
2 �, a majority of

the population is in this state and stimulated emission can be
observed �see Fig. 7�a� for �

�max
=0.5,0.9�. For Figs. 7�a� and

7�b�, �max=1.3� is the maximum pulse area obtained in our

experiment limited by the input laser power. The value of the
pulse area refers to the transition 1 /2g→5 /2e of site I in
Pr:Y2SiO5. The setup is calibrated using the Rabi frequen-
cies and oscillator strengths of Pr3+ in the silicate host.22

This absorption-emission balance shows oscillation as a
function of the applied pulse area from which the absolute
oscillator strength of the 1 /2g→5 /2e transition can be de-
termined �Fig. 7�b��. A decay of the Rabi frequency oscilla-
tion indicates that inhomogeneities in the Rabi frequency
still remain. This could be due to the fact that ions at differ-
ent spatial positions in the laser beam have different Rabi
frequencies due to a variation in field intensity across the
beam. This variation was limited by the use of a 50 �m
diameter pinhole on the detection side which imaged only
the center of the beam. From the Rabi flopping, it can be
seen that a � pulse in Pr:La2�WO4�3 is obtained for �

�max

=0.69 �Fig. 7�b��. As �max=1.3�, it is equivalent to a pulse
area of 0.897� for Pr:Y2SiO5. The transition dipole moment

3 0 3 5 4 0 4 5 5 0 5 5 6 0

0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

0 . 2 0

0 . 2 5

0 . 3 0

0 . 3 5

0 . 4 0

3 0 3 5 4 0 4 5 5 0 5 5 6 0

0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

0 . 2 0

0 . 2 5

0 . 3 0

0 . 3 5

0 . 4 0

3 0 3 5 4 0 4 5 5 0 5 5 6 0

0 . 0 0

0 . 0 5

0 . 1 0

0 . 1 5

0 . 2 0

0 . 2 5

0 . 3 0

0 . 3 5

0 . 4 0

α
L

F r e q u e n c y ( M H z )

5 / 2 g → 1 / 2 e 5 / 2 g → 3 / 2 e 5 / 2 g → 5 / 2 e
I

5 / 2 g → 1 / 2 e 5 / 2 g → 3 / 2 e 5 / 2 g → 5 / 2 e

I I

5 / 2 g → 3 / 2 e 5 / 2 g → 5 / 2 e
I I I

5 / 2 g → 1 / 2 e 5 / 2 g → 3 / 2 e 5 / 2 g → 5 / 2 e
I

5 / 2 g → 5 / 2 e
I I I

α
L

F r e q u e n c y ( M H z )

a)

b)

FIG. 6. Ions absorbing within a pit in the inhomogeneous broad-
ened 3H4�0�→ 1D2�0� transition in 0.2% Pr3+ :La2�WO4�3. �a� After
cleaning a 22.5 MHz interval, different classes of Pr3+ ions were
pumped back into the pit, by shifting the laser frequency by
−32.2 MHz. All the observed transitions are attributed to particular
hyperfine transitions belonging to three different classes I to III. �b�
Starting from �a� clean-wrong-class pulses are applied in the 33–36
MHz range �see arrow in �a�� to empty the 5 /2g level of class II.
The three transitions of class I starting from level 5 /2g are isolated
with a small contribution of the transition 5 /2g→5 /2e of class III
at 39.4 MHz.
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FIG. 7. �a� Transmission of the 1 /2g→5 /2e transition for dif-
ferent values of the pulse area. For the sake of clarity, the spectra
are vertically shifted. �b� Coherent driving of the 1 /2g→5 /2e tran-
sition. Super-Gaussian pulses with tFWHM=0.5 �s, tcutoff=1.5 �s
and with variable pulse area ��=	t� were applied to the transition.
�max is 1.3� in our experiment. The population difference between
the ground and the excited state is obtained by recording the trans-
mission across the transition 8 �s after the coherent pulse.
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for the 1 /2g→5 /2e transition in Pr:Y2SiO5, �1/2g→5/2e
Y2SiO5 , is:

�1/2g→5/2e
Y2SiO5 =
 0.07

0.93�5/2g→5/2e
Y2SiO5 =
 0.07

0.93 �2.6�10−33=7.14
�10−33 C m. The ratio 0.07

0.93 is taken from the relative oscil-
lator strengths calculated in Ref. 22 for Y2SiO5, and the
value of �5/2g→5/2e

Y2SiO5 is coming from the erratum of Ref. 22.
This implies that dipole moment for the 1 /2g→5 /2e transi-
tion in Pr:La2�WO4�3, �1/2g→5/2e

La2�WO4�3, is 7.14�10−33

0.897 =7.96
�10−33 Cm. From this calculation, we deduce that the os-
cillator strength of the 1 /2g→5 /2e transition in
Pr:La2�WO4�3, f1/2g→5/2e

La2�WO4�3, is 4.4�10−8. The oscillator
strength of the 5 /2g→5 /2e transition in Y2SiO5 �f5/2g→5/2e

Y2SiO5

=4.7�10−7 from Ref. 22� is 10.7 times higher than the
strongest transition in La2�WO4�3. By considering the ratio
gathered in Table I, the absolute oscillator strengths of all the
other hyperfine transitions can be obtained.

V. INHOMOGENEOUS AND HOMOGENEOUS
HYPERFINE LINEWIDTHS

To completely analyze the � system, the inhomogeneous
and homogeneous hyperfine linewidths of the ground-state
hyperfine levels, also called inhomogeneous and homoge-
neous Raman linewidth, have to be measured. The inhomo-
geneous broadening was measured by free induction decay.
The energy level diagram used for this measurement is
shown on Fig. 8�a�. This linewidth is obtained by optically
exciting a hyperfine coherence between the two 1 /2g and
3 /2g ground-state levels. The first step is meant to initiate a
peak of class I ions in their 1 /2g state. A bichromatic laser
pulse at the two frequencies �1 and �2 is then tuned on the
1 /2g→5 /2e and 3 /2g→5 /2e transitions, respectively, and
sent onto the system �see Figs. 8�a� and 8�b��. The two pulses
are super-Gaussian pulses with m=3, tFWHM=1 �s, tcutoff
=3 �s. These two frequencies are separated by �2

g

=14.9 MHz which is the hyperfine splitting between levels
1 /2g and 3 /2g. A hyperfine coherence is created between
these two levels which means that the state of the atoms
acquires a component in the equatorial plane of the Bloch
sphere corresponding to an oscillating dipole moment which
radiates. Maximum dipole moment emission comes from at-
oms that experience a pulse area equal to �

2 . Since the tran-
sitions are inhomogeneously broadened, the atoms oscillate
at different frequencies, they then start to dephase and the
decrease in rate of emission is the FID. As the dephasing is
faster if atoms have large frequency spread, the FID gives
information on the inhomogeneous hyperfine linewidth. The
decay time of the hyperfine FID is noted T2,Raman

� and is
related to the inhomogeneous linewidth by T2,Raman

� = 1
��Raman

� .
As we excite the hyperfine coherence by means of two opti-
cal pulses at �1 and �2, optical coherences are also excited
on the 1 /2g→5 /2e and 3 /2g→5 /2e transitions and optical
FID also occurs on these two transitions. To obtain a reliable
hyperfine FID measurement, we have to get rid of the optical
FIDs during the read out. This is obtained by transferring the
hyperfine FID on an optical transition which has not been
optically excited by the bichromatic pulse. By applying a
super-Gaussian read-out pulse at the frequency �3 on the
1 /2g→3 /2e transition �Figs. 8�a� and 8�b��, part of the hy-

perfine coherence will be transferred to the 3 /2g→3 /2e
transition at �4. The dipole moment at this frequency starts
to radiate and the decrease in the rate of emission as a func-
tion of T exactly follows the hyperfine FID. The emission at
�4 beats with the detection pulse at a beatnote equal to �2

g.
The FID is observed by measuring the amplitude of the beat-
note by Fourier transform of the signal. By increasing the
delay T between the bichromatic pulse and the read-out
pulse, the amplitude of the beating decays with T as

e−T/T2,Raman
�
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FIG. 8. a� Energy level diagram of Pr3+ for the 3H4�0�
→ 1D2�0� transition in La2�WO4�3. The hyperfine coherences are
excited by a bichromatic pulse at the two frequencies �1 and �2

tuned on the 1 /2g→5 /2e and 3 /2g→5 /2e transitions. The read-
out depicted by dashed arrows is performed by applying a super-
Gaussion pulse at the frequency �3 on the 1 /2g→3 /2e transition
which transfers the hyperfine coherence on the transition 3 /2g
→3 /2e at �4. ��b� and �c�� FID and Raman echo sequences, respec-
tively. The probing is performed on the 1 /2g→5 /2e optical transi-
tion which has not been excited by the first bichromatic pulse. T is
the delay between the first pulse and the probing for the FID ex-
periment and between the first and the second bichromatic pulse for
the Raman echo. The FID and the Raman echo are observed by
measuring the amplitude of the beatnote between �3 and �4 by
means of Fourier transform. �d� Preparation step before the FID and
echo sequences. Only class I appears with a small contribution of
class III. The different frequencies are indicated on the graph as
well as the hyperfine splitting �2

g.
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To measure the homogeneous linewidth of the ground
state hyperfine levels, an additional bichromatic pulse is ap-
plied after a delay T and at the same frequencies �1 and �2

�Figs. 8�c��. The effect of this second pulse is to reverse the
Raman coherence evolution, and at a time T after the second
pulse all atoms again oscillate with the same phase which
gives rise to a Raman echo �Fig. 8�c��. The read out is per-
formed in the same way as for the FID with a super-Gaussian
pulse at the frequency �3 �m=7, tFWHM=4 �s , tcutoff

=12 �s� centered on the maximum Raman echo intensity
�Fig. 8�c��. The Raman echo is converted into an optical echo
at frequency �4 and we then get rid of the contribution of the
two optical echoes which appear on transitions 1 /2g
→5 /2e and 3 /2g→5 /2e. The Raman echo decays with T as
e−2T/T2,Raman where T2,Raman is the hyperfine coherence
lifetime.

Before observing these two coherent transients, the sys-
tem has to be prepared in such a way that only one class of
ions undergoes these coherent manipulations. This requires
that all the four transitions �1–�4 fall into the pit. As �1

=27.2 MHz, �2=12.3 MHz, �3=5.0 MHz, and �4

=19.9 MHz, the maximum difference between these four
frequencies is �1–�3=22.2 MHz. As the maximum width
of the pit obtained in this work is 22.5 MHz, all these tran-
sitions can in principle fall into the pit. The preparation step
is the following: a pit of 22.5 MHz was cleaned, then a
burnback pulse at 48.8 MHz with tFWHM=1.7 �s, tcutoff

=8 �s, was applied. Clean-wrong class pulses with tFWHM

=2 �s, tcutoff=20 �s, were applied in the 12–27 MHz range.
The results are shown on Fig. 8�d�. All the transitions with
the frequencies �1 to �4 are within the pit. Apart from a
small contribution of class III, only class I ions were selected
�Fig. 8�d��. The different frequencies are indicated on the
graph as well as the hyperfine splitting �2

g between �1 and �2
and between �3 and �4. The FID and the echo sequences
were applied after this preparation step.

Figure 9�a� shows the Raman FID decay. The inset gath-
ers the FT signal of the beatnote amplitude for different val-
ues of the delay. The FID lifetime is derived from the expo-
nential decay of the maximum FT peak as function of T. T is
increased by step of 1 �s from 1 to 16 �s. For each value
of T, the amplitude of the beatnote is averaged over 40 mea-
surements and the experiments are repeated three times. We
found T2,Raman

� =5.6�0.2 �s which gives a �2,Raman
�

=57�2 kHz. Figure 9�b� gathers the Raman echo signal
decay with the FT intensity of the beatnote in the inset. T is
increased by step of 10 �s from 10 to 240 �s. Two decays
can be seen on Fig. 9�b�, a fast one in the 0–30 �s time
range which corresponds to the contribution of the FID of
the second bichromatic pulse, and a long one in the
40–240 �s time range due to the Raman echo decay. An
exponential fit of this last decay in the 40–240 �s range
gives a value of T2,Raman=250�15 �s which implies
�Raman=1.25�0.1 kHz. As we can see from the experimen-
tal data, an increase of the Raman intensity is observed be-
tween 100 and 150 �s. This increase is reproducible and it
could come from modulations due to superhyperfine split-
tings caused by interactions with the W nuclei.

VI. CONCLUSION

The hyperfine structure and hyperfine coherent properties
of Pr3+ ions in single crystalline La2�WO4�3 were studied by
hole-burning and photon echo techniques. Different se-
quences of optical hole-burning pulses were used to reveal
the individual hyperfine transitions. These sequences create a
transparent region within the inhomogeneously broadened
3H4�0�→ 1D2�0� absorption line by optical pumping and then
burn-back ions with transitions within this region and finally
isolate some specific transitions for only one class of Pr3+

ions by applying additional clean-wrong-class pulses. The
ordering of the hyperfine splittings in the 3H4�0� ground state
and in the 1D2�0� excited state was obtained. The relative
and absolute oscillator strengths were determined by com-
paring the absorption on several transitions starting from a
common lower level and by measuring Rabi flopping as the
transitions were coherently driven.
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FIG. 9. �a� FID decay as function of the delay T between the
first pulse and the read-out pulse. The inset gathers the FT signal
linked to the beatnote amplitude for different values of the delay.
An exponential fit �solid line� of the decay gives T2,Raman

�

=5.6�0.2 �s. �b� Raman echo decay as a function of the delay T
between the first pulse and the second bichromatic pulse, with an
inset that gathers the FT peak at �2

g for different values of T. Two
decays can be seen on Fig. 9�b�, a fast one in the 0–30 �s time
range which corresponds to the contribution of the FID of the sec-
ond bichromatic pulse, and a long one in the 40–240 �s time range
due to the Raman echo decay. An exponential fit of this last decay
in the 40–240 �s range gives a value of T2,Raman=250�15 �s.
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The inhomogeneous and homogeneous hyperfine line-
widths were obtained by free induction decay and Raman
echo experiments. The hyperfine structure of Pr3+ ions, com-
posed of three hyperfine levels for each electronic level, al-
lowed a reliable measurement of these two parameters, as the
FID and the Raman echo could be detected on optical tran-
sitions which were not excited by the optical coherent driv-
ing pulses.

Knowing the hyperfine splittings and the coherent hyper-
fine properties of Pr3+ ions in La2�WO4�3, several three-level
� systems can be defined in this new system and the spec-
troscopic data that was obtained in this work will be used in

further experiments devoted to electromagnetically induced
transparency, stopped light and quantum memory.
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