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In coherent Raman beat experiments a laser field coherently scatters off a material excitation that
evolves under the internal Hamiltonian of the system. The Raman signal, which is observed as a beat
signal between the test laser and the scattered Raman field, provides information on energy-level split-
tings and dephasing rates. We propose a modification of this technique, which allows, in contrast to the
conventional method, the excitation of coherent Raman beats also in systems with large sublevel split-
tings and small oscillator strengths. For this purpose, we use a bichromatic laser field to excite the
coherent superposition in the medium. We calculate the evolution of the coherence during the laser ex-
citation analytically and discuss its dependence on various experimental parameters. We compare the
theoretical results with experimental data from Pr +:YA103.

I. INTRODUCTION

Coherent Raman scattering' is an extension of conven-
tional Raman spectroscopy that relies on the coupling be-
tween a laser field and a coherent excitation of the ma-
terial. The presence of the excitation changes the scatter-
ing cross section for the Raman process qualitatively: the
Raman field becomes linear in the incident test laser field
and Stokes and anti-Stokes components occur with the
same amplitude. The test laser, which scatters off the
material excitation, must be (near-)resonant with an opti-
cal transition that shares an energy level with the transi-
tion in which the material excitation exists.

The enhanced cross section allows one to observe Ra-
man scattering at low intensities. To achieve this in-
creased coupling efficiency, however, one must first
prepare the coherent excitation in the sample. This can
be done continuously, using, e.g., resonant rf (Ref. 2) or
microwave fields. For coherent Raman beat experiments,
however, the coherent sample excitation is prepared be-
fore the actual Raman scattering process. The interfer-
ence between the incident test laser field and the scattered
Raman field on a quadratic photodetector produces a
beat signal whose frequency is the sublevel transition fre-
quency. During the Raman scattering process, the coher-
ence decays under the inhuence of radiative decay and
collision processes. The beat signal reAects this decay of
the coherence. Coherent Raman beats contain, therefore,
information on sublevel splittings and dynamic interac-
tions in the sample. As we will see, their frequency reso-
lution is not affected by laser frequency jitter and can be
considerably better than the width of the optical reso-
nance line. Coherent Raman beats have been used for
high-resolution spectroscopy of atomic ' and molecu-
lar ' vapors.

Rare-earth ions in crystals represent another important
class of materials, where coherent Raman beats have
been employed successfully to study energy separations
between nuclear spin states. Optical transitions of rare-

earth ions in crystals are inhomogeneously broadened
with a typical linewidth of several gigahertz at cryogenic
temperatures. On the other hand their homogeneous
width can be less than 1 kHz. Because of this high ratio
between the two linewidths these crystals are interesting
candidates for high-density optical data storage using
spectral hole burning. ' Coherent Raman beat signals,
which are insensitive to the inhomogeneous broadening,
contain information on static and dynamic interactions.
However, the weak transition strengths that are responsi-
ble for the narrow linewidths of rare-earth ions make the
excitation of coherent Raman beats with conventional
techniques difficult. For efficient excitation of the sublev-
el coherence, the optical Rabi frequency of the exciting
laser pulse has to be greater than the sublevel splittings in
the sample. " Coherent Raman beats could therefore
only be observed in these systems when the sublevel split-
tings were of the order of less than a few megahertz.

This limitation can be circumvented by using a bi-
chromatic laser field to excite the coherent superposition
in the medium. ' lf the two frequency components of the
pulse match the two optical transitions in a quantum-
mechanical three-level system, the simultaneous interac-
tion with both laser fields leads to a high excitation
efficiency.

The paper is structured as follows. We start with a
brief introduction to the principle of coherent Raman
beat experiments. Afterwards we use a three-level model
to describe the atomic system. We use this model to
derive an analytical expression for the time evolution of
the coherence, when the atom is driven by a bichromatic
laser field. We discuss the dependence of the excitation
efficiency on various experimental parameters and show
how the bichromatic excitation overcomes the limitations
of the conventional technique. Then we describe our ex-
perimental setup, which uses intensity-modulated pump
pulses to create the bichromatic laser field. With this set-
up, we obtained experimental results that are in excellent
agreement with the theoretical description of the scatter-
ing process.
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II. COHERENT RAMAN BEAT EXPERIMENTS

For our discussion of the basic Raman beat experi-
ment, we use the V-type three-level system represented at
the bottom of Fig. 1. It consists of an electronic ground
state l1) and two nondegenerate sublevels l2) and l3) of
an electronically excited state. Optical transitions con-
nect the ground state with both excited-state sublevels.

The coherent Raman beat experiment consists of two
distinct periods. During a preparation period a pump
laser pulse couples to the two optical transitions, as indi-
cated by the two arrows, and excites a coherent superpo-
sition between the two excited states (wavy line in Fig. 1).
During the detection period, a weak test laser beam,
which is resonant with the transition l1)~l3), scatters
ofF this excitation, creating a Raman field in the transi-
tion

l
1 )~l2). The beat signal between the Raman field

and the test laser field on a quadratic photodetector pro-
duces a signal that is directly proportional to the sublevel
coherence p23. Its frequency equals the sublevel transi-
tion frequency and its decay corresponds to the relaxa-
tion of the sample excitation.

For the excitation of the coherent superposition we use
a bichromatic pump laser field. During the preparation
period each component of the bichromatic laser field cou-
ples to one optical transition. As is well known from the
theory of two-level atoms, ' a laser field creates a
coherent superposition between a ground and an excited
state, if it couples to an optical transition between these
two states. If a laser field has created a coherent superpo-
sition ci i/i )+czlPz) between the states l 1 ) and l2) and
a second laser field couples to the other optical transition

l
1 )~l 3 ), it transforms this state into

This state contains coherence between all three states:
apart from the two optical transitions, in which the laser
pulses have excited coherence, there is also coherence in
the third transition, which cannot be excited directly.
Such a coherence results not only from the sequential ap-
plication of two laser fields, as considered here, but also
from their simultaneous application.

The separation of coherent Raman beat experiments
into two difFerent periods allows one to treat both pro-
cesses independently of each other. In particular, the
linear dependence of the Raman beat signal on the sub-
level coherence allows one to study the excitation process
without the need to discuss the detection process in de-
tail. We use this possibility in the following section,
where we discuss only the evolution of the sublevel coher-
ence under the inhuence of the pump laser field.

III. THEORY

A. Bichromatic excitation of sublevel coherence

We calculate the time evolution for the V-type three-
level system of Fig. 2. It consists of a single ground state
l
1 ) and two excited states l2) and l3). The frequency coo

refers to the energy separation between the ground state
and the mean of the two excited states. In contrast to
this optical frequency, the separation 6 between the two
excited states is in the radio frequency range. While we
discuss here only a V-type system, the technique is also
applicable to A-type systems, as we will show in the ex-
perimental section.

For the Hamiltonian of the unperturbed system, we use
the traceless operator

c, lg, &+c2llt2&~cilia, &+c2I&2&+c3 I/3& .
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FIG. 1. Principle of coherent Raman beat experiments. Dur-
ing the preparation period, the pump laser pulse couples to the
two optical transitions and excites a coherent superposition p23
of the excited states l2& and l3). During detection, the test
laser beam scatters off the excited-state coherence, creating a
Raman field.

FIG. 2. Resonant interaction of a bichromatic laser field with
a three-level atom in V configuration. Level l 1 & is an electronic
ground state; levels l2& and l3& are nondegenerate sublevels of
an electronically excited state, separated by the energy
difference h. coo is the mean excitation energy of the two excited
states and co is the frequency difference between the two field
components.
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Q„= (i =2, 3) (2)

is proportional to the dipole matrix element and the elec-

We write the optical frequencies of the two components
of the bichromatic laser field as coL+to /2, where toL

represents the laser frequency and m the frequency
difference between the two components. In the following,
we assume that the laser frequency coL matches the ener-

gy difference coo between the center of the two excited-
state sublevels and the ground state: coL =coo. If at the
same time the frequency difference co matches the sub-
level transition frequency 6, the two components of the
bichromatic laser field are resonant with the two optical
transitions.

The optical Rabi frequency

tric field amplitude Eo in the corresponding transition.
As usual, we choose the phase of the eigenstates such that
the matrix elements are real. If the optical Rabi frequen-
cy is small compared to the sublevel splitting, we only
have to consider the coupling of one field component to
each optical transition. The matrix elements of the cou-
pling Harniltonian are then

V„(t)= (1~ V(t) ~i ) =AQ„cos[(too+ ,'to —)t], (3)

with i E [2,3J. Here the upper sign refers to the optical
transition

~
1 )~ ~

2 ) and the lower sign to the transition
~1)~~3). The total Hamiltonian is the sum of the static
and the time-dependent Hamiltonians: &=%0+V (t)

We make the Hamiltonian time independent by trans-
forming it into an interaction representation defined by
the unitary operator

2cop
exp —i t

3

COO CO~
exp i — t (4)

COO COm

exp i + t

2

2

5

2

2

(5)

The resulting interaction Hamiltonian in the rotating-
wave approximation has the form

gf"= U(t)&U '(t)+i U(t) U '(t)

transformation

1 1 0
U=U2Ui = — —1 1 0

1
2 I

0 0 &2

The rotation angle 0 is

0 0
(~)

0 cos— sin—
2 2

0 00 —sin —cos—
2 2

2

where we have defined the sublevel detuning
5 =b, —to . At resonance (5 =0), all three levels are
degenerate and the Hamiltonian contains only off-
diagonal elements. In the general case (5 %0), the
ground state

~
1 ) becomes centered between the two excit-

ed states.

B. Resonant excitation

We start the discussion with the doubly resonant case
characterized by 5 =0. The two components of the
laser field are then resonant with the two optical transi-
tions. We assume that the system is initially in thermal
equilibrium and calculate the evolution of the coherence
p23 between the two excited states.

To calculate the time evolution of the density matrix

p "(t) =exp( i&"t )p "(0)exp( i&"t),—
we diagonalize the Hamiltonian &", using the unitary

Q(~0=2 tan
Q)2

The eigenvalues of the Hamiltonian are 0, +0, /2, where
0 Q0]2 +0 j3 is an efFective Rabi frequency.

If the system is initially in thermal equilibrium, the
only non vanishing density operator element is the
ground-state population p&&=1. Neglecting relaxation,
we obtain the evolution of the excited-state coherence,

Q)2Q)~ Q,
pp3( t)

2
slI1

Q,

The imaginary part of the coherence vanishes. The
effective Rabi frequency Q, determines the time scale on
which the coherent superposition is created. For short
pulse lengths the amplitude of the sublevel coherence in-
creases quadratically with the interaction time.

The rnaxirnurn amplitude of the sublevel coherence
that can be excited depends only on the ratio of the two
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optical Rabi frequencies Q&2 and Q&3. Figure 3 shows
this relation. The excitation is optimized when the two
coupling strengths are equal, Q,2=0,3, and decreases
with increasing mismatch. The optical Rabi frequency
depends on the field amplitude and on the oscillator
strength of the corresponding optical transition. Hence
the optimum condition for the excitation of sublevel
coherence can always be realized with a bichromatic laser
field by adjusting the field amplitudes of the two frequen-
cy components.

C. Dift'erence-frequency mismatch

+00/2, with 00='1/ 20, +5
In close analogy to the doubly resonant case one can

obtain an analytical solution for the sublevel coherence at
the end of the excitation period. When we separate the
real and imaginary parts of the coherence,
pp3(t)=x/3(t)+iy23(t), we find

1+cosO.
x&3(t) =

16
(cos8 —3)cosQot

Qo
+4(1—cos8)cos t

2

1 1 0
1 —1 1 0
2

0 0 &2

0 . 0
cos— 0 sin—

2 2
0 1 0

0 0—sin —0 cos—
2 2

&2 0 0
X 0 1 1

0 —1 1

(10)

with the rotation angle

0=2 tan
&zn,

to diagonalize the Hamiltonian. Its eigenvalues are 0,

1/2—

Q,,2g~

FIG. 3. Maximum amplitude of the sublevel coherence p23
that can be excited with a bichromatic laser field, as a function
of the ratio of the two Rabi frequencies Q»/Q&3 according to
Eq. (9). The excitation eKciency is highest if both optical Rabi
frequencies are identical.

The excitation process changes when the two com-
ponents of the laser field are not exactly resonant with
the two optical transitions. For reasons that will become
clear in the experimental section, we assume that the
laser frequency matches the mean excitation energy,
coL =coo, and discuss the excitation as a function of the
difference-frequency mismatch 5 . Furthermore, we as-
sume that the two optical Rabi frequencies are equal
(0 i/ 0 i3 0 i). With these assumptions, we can use the
unitary transformation U

U= U3U2U)

—1+3cosO (12)

1+cos8
y23 4

Q~—sin —sinQ t0

Qo+2 sin —sin t
2 2

The coherence contains a time-independent term, as well
as terms oscillating at the effective Rabi frequency Qo and
its subharmonic Qo/2.

To get an idea how the efficiency of the excitation pro-
cess depends on the frequency mismatch 5, we consider
the common prefactor

01+cosO
(13)

4 2Q'+5'

For a discussion of the detection process we refer to
Fig. 4. After the end of the excitation period the bi-

which has a Lorentzian dependence on the frequency
mismatch 5 . As expected, the amplitude reaches its
maximum at resonance. If the detuning exceeds the Rabi
frequency Q&, the amplitude of the sublevel coherence de-
creases.

In the case of bichromatic excitation, it is always possi-
ble to maximize the excitation efficiency by setting the
frequency difference to the sublevel splitting, ~ =A. In
the case of the conventional monochromatic excitation,
however, where m =0, the frequency mismatch 5 be-
comes equal to the sublevel splitting h. According to Eq.
(13) the excitation efficiency decreases if this sublevel
splitting exceeds the optical Rabi frequency.

This decrease of the excitation efficiency can be com-
pensated partially, if one increases the optical Rabi fre-
quency using higher laser intensities. With typical com-
mercially available cw lasers, however, the available
power limits the Rabi frequency in rare-earth solids to
well below 1 MHz, making the excitation rather
inefficient in systems with splittings above 1 MHz. "
Another possibility is the use of short laser pulses: the
excitation bandwidth increases with the inverse of the
pulse duration. However, since the sublevel coherence
increases with the square of the pulse duration, the am-
plitude of the coherence remains small for short pulses of
lim. ited Rabi frequency.

D. Detection of subleveI coherence
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Stokes l2
IV. EXPERIMENTAL SETUP

frequency

anti-Stokes 13)

frequency

FIG. 4. Schematic representation of the coherent Raman
scattering process. A resonant test laser beam is Raman scat-
tered from the coherence between sublevels ~2) and ~3). The
frequency difference between the scattered Raman field and the
incident test laser field corresponds to the sublevel transition
frequency. Depending on the frequency of the test laser beam,
either Stokes (upper case) or anti-Stokes Raman scattering
(lower case) can be observed.

chromatic laser field has created a coherent superposition
pz3(t) of sublevels ~2) and 3). This coherence is detect-
ed with a near-resonant test laser field of amplitude ET,
which couples to one of the optical transitions, e.g., to
transition ~1)~~3 ), and scatters off the sublevel coher-
ence in the adjacent transition ~2)~~3) in a coherent
Raman scattering process. " When the scattered Ra-
man field and the test laser field are superimposed on a
photodetector, their interference can be detected as a
beat signal

S(t)=const X ET[(M»(M2(p32(t)+c. c. ] . (14)

The signal is linear in the intensity of the incident test
laser field and in the product of the dipole matrix ele-
ments of both optical transitions that are involved in the
Raman scattering process. The Raman beat signal is
directly proportional to the coherence p23 and monitors
its evolution. We expect therefore an oscillation at the
sublevel transition frequency and a decay at its damping
rate. The signal frequency is independent of the laser fre-
quency and therefore not affected by the laser frequency
jitter.

As is shown in the upper part of Fig. 4 the coherent
Raman scattering process generates a field in the second
optical transition ~1)~~2), whose frequency is lower
than that of the incident test laser field. In this case, we
deal with a Stokes process. However, this asymmetry be-
tween Stokes and anti-Stokes processes is imposed by the
choice of the laser frequency, not by the scattering pro-
cess itself, which has equal cross sections for both pro-
cesses, ' as Eq. (14) shows. By tuning the laser frequency
to the transition ~1)~~2) we can excite the anti-Stokes
process, for which the Raman field couples to the transi-
tion

~
1 )~~3 ), as shown in the lower part of Fig. 4.

0 c'(nL+co +ra 12)c (coL+cco, —co l2)c

2
(15)

contains two modulation sidebands. The intensity of the
pump beam is then modulated sinusoidally,

I(t)= ,'E [1+oc see ot ]— (16)

at the modulation frequency co . The double-resonance
condition for the excitation of coherence is satisfied for
COm

=k.
Figure 6 shows schematically the experimental setup.

The experiments were performed in a Pr +:YA103
(YAP) crystal with a Pr + concentration of 0.1%. For
triply ionized rare-earth ions in crystal fields, optical
transitions between levels of the same 4f configuration
are only weakly dipole allowed. ' This is the reason for
the very narrow homogeneous optical linewidths that can
be observed in these systems. The optical transition be-
tween the H4 electronic ground state and the 'D2 excit-
ed state of Pr +:YAP has an oscillator strength of 10
Typical optical Rabi frequencies are therefore in the ki-
lohertz range.

The interaction of the electric quadrupole moment of
the ' 'Pr nucleus (I =

—,') with the electric field gradient at
the ion site lifts the degeneracy of the nuclear spin sub-
levels. The left-hand part of Fig. 5 shows the relevant
part of the energy-level scheme for the H4 ground and
the 'D2 excited state of Pr +:YAP. The two electronic
states split into three doubly degenerate pairs of sublevels
with magnetic quantum numbers mI =+—,', +—,', and +—,'.
The residual degeneracy can be lifted when an external
magnetic field is applied to the sample. The energy sepa-
rations between these sublevels are 0.9, 1.6, and 2.5 MHz
in the in the excited state and 7, 14.1, and 21.1 MHz in
the electronic ground state. The orientation of the quad-
rupole tensors of the ground and excited states differs by
12.8'. ' The different orientation of the quantization axes
in ground and excited states makes all electric dipole ma-
trix elements between nuclear spin states of the electronic
ground and excited states nonzero. The system includes
therefore several three-level systems in which coherent
Rarnan beats can be excited.

To satisfy the double-resonance condition the frequen-
cy difference between both components of the bichromat-
ic laser field has to be equal to the sublevel transition fre-
quency. We use intensity modulation of the output of a
single laser beam to generate the two frequency com-
ponents. We have used electro-optic and acousto-optic
modulators for this purpose, but describe here explicitly
only the case of an acousto-optic modulator (AOM). in
this case, we modulate the carrier frequency co, of the
AOM with a modulation frequency co, creating side-
bands at co, +co /2. As the frequency of the laser field is
shifted by the frequency of the acoustic wave during the
inelastic scattering process in the modulator, the two
modulation sidebands of the rf field give rise to two
frequency-shifted beams. If both diffracted beams are im-
aged onto the sample, the total electric field
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FIG. 5. The left hand side
shows the energy-level scheme of
Pr +:YA103. The hyperfine
structure of the ground and the
excited states contains three
doubly degenerate nuclear spin
sublevels with different magnetic
quantum numbers. The signal
shows a coherent Raman beat,
which was excited with a short
laser pulse (v.=0.9 ps). Its
Fourier transform contains reso-
nance lines at all six sublevel
splittings.

The crystal was mounted on the cold finger of a helium
How cryostat. Pump and test laser beam were derived
from the same laser. Both linearly polarized beams pro-
pagated along the crystallographic c axis at an angle of
intersection of 5 mrad and were focused with an
f=+300 mm lens onto the sample. The frequency of
the actively stabilized ring dye laser (Spectra Physics
380D) was set to the center of the inhomogeneously
broadened absorption line at a wavelength of 610.6 nm.
For the smaller sublevel splittings in the excited state, the
bichromatic laser field was realized by intensity modula-
tion of the pump beam pulses with an acousto-optic
modulator (AOM1) as discussed. For the larger sublevel
splittings in the ground state we used an electro-optic

„(0,- i/z 03

I/P AOM 2 =

gs ~AOM1 =

modulator (not shown in the figure) between two crossed
polarizers.

The inset of Fig. 6 shows the timing in the experiment.
During the sample excitation the intensity of the pump
laser beam is modulated sinusoidally and is gated by
AOM1 which produces pulses with a duration of 0.1 —100
ps at typical intensities of 200 —300 mW/mm . After the
end of the pump pulse, the second acousto-optic modula-
tor (AOM2) switches on a weaker test laser beam ((1
mW/mm ). The rf synthesizer, which drives AOM2, is
tuned close to one of the two modulation sidebands of the
rf field, which drives AOM1. The beat signal between the
test laser and the scattered Raman field is detected with a
fast photodiode. This time-domain signal is averaged on
a digital storage oscilloscope and is then Fourier
transformed on a computer to obtain the spectrum.
After each cycle both laser beams were switched o6; so
that the system could relax towards thermal equilibrium
before the next pump pulse. To avoid spectral hole burn-
ing in the sample by the repetitive excitation pulses, the
temperature of the crystal was set to 8 K, where the spin
relaxation rates in the crystal' allowed a repetition rate
of 50 Hz.

V. EXPERIMENTAL RESULTS

ring dye
laser

puIIlp
laser

test
laser

time

FICs. 6. Experimental setup. BS=beam splitter,
AOM =acousto-optic modulator, co, and co =carrier and
modulation frequency of the rf field, which drives AOM 1,
PD=photodiode. The inset shows the time dependence for the
intensities of pump and test laser beams.

A. Excitation e%ciency

Before we discuss in detail the experimental results of
the bichromatic excitation scheme, we present results ob-
tained with the conventional monochromatic excitation
scheme. "For this purpose, we used a pump laser intensi-
ty of 1.3 W/rnm and excited sublevel coherence with a
monochromatic pulse. Variation of the pulse duration
gave a maximum of the excitation efficiency for a dura-
tion of t -0.9 ps. Figure 5 (right-hand side) shows a typ-
ical Rarnan beat signal that was obtained with this tech-
nique, consisting of 500 accumulated transients. Fourier
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transformation of this time-domain signal yielded the
spectrum shown at the bottom. The spectrum contains
resonance lines at the resonance frequencies of all six sub-
level transitions. The three low-frequency lines represent
transitions in the excited state, while the three resonance
lines at 7, 14.1, and 21.1 MHz are ground-state transi-
tions. The spectrum shows clearly a large decrease in sig-
nal intensity at higher frequencies. This intensity de-
crease is in good agreement with the theoretical predic-
tion of Eq. (13): we expect it to occur whenever the sub-
level splitting exceeds the optical Rabi frequency. This is
the reason that these transitions could not be observed be-
fore. "

With a bichromatic laser field this limitation can be
overcome. When the bichromatic laser field is realized by
intensity modulation, the double-resonance condition is
satisfied if the modulation frequency matches the corre-
sponding sublevel transition frequency. Six independent
experiments are therefore required to observe all sublevel
splittings that exist in the ground and in the excited state
of Pr:YAP. Figure 7 shows the Fourier transforms of six
Raman beat signals that were excited with modulated
laser pulses at a mean laser intensity of 0.6 W/mm . For
the excited-state spectra the intensity modulation was
performed with an AOM and for the ground-state spec-
tra, where the sublevel splittings are larger, with an
electro-optic modulator (EOM} between crossed polariz-
ers. The nearly equal peak intensities in the spectra show
that the amount of coherence which can be excited be-
comes practically independent from the sublevel split-
tings, when a bichromatic laser field is used for the exci-
tation.

The observed Raman beat signal is directly proportion-
al to the sublevel coherence. In particular, the phase of
the signal reflects the phase of the sublevel coherence.
The excitation process creates the sublevel coherence
with a phase that depends on the relative phase difference
of the two frequency components. In our experimental
setup, this phase is determined by the phase of the modu-

lation frequency. Shifting the modulation phase shifts
the phase of the signal by the same amount. This
behavior is particularly important when signal averaging
is used. In this case, the excitation pulse must always
start with the same phase, since the signal averages to
zero otherwise.

B. Test laser frequency

When the sublevel splitting exceeds the optical Rabi
frequency, a precise control of the laser frequency is im-
portant not only for the excitation, but also for the detec-
tion of coherent Raman beats. As the bichromatic laser
field excites only those atoms from the inhomogeneously
broadened absorption line which are simultaneously reso-
nant with both optical frequencies, the test laser beam
can only detect the sublevel coherence if it couples to
these excited atoms. Hence the test laser frequency must
match the frequency of one modulation sideband of the
pump beam. To demonstrate this, we measured the am-
plitude of the coherent Raman beat signal as a function
of the frequency difference between test and pump laser
beams.

For this purpose, we excited a coherent superposition
of the ~+ —', ) and ~+—,

' ) nuclear spin sublevels of the elec-
tronic ground state by modulating the intensity of the
pump laser pulses at a frequency of 14.1 MHz. The
upper part of Fig. 8 shows schematically the frequency
spectrum of the pump laser field which contains two
modulation sidebands at +7.05 MHz around the mean
laser frequency vl of the pump beam. To match the two
frequencies, we tuned the test laser frequency through the
carrier frequency which drives the acousto-optic modula-
tor AOM2 in Fig. 6. The lower part of Fig. 8 shows the
amplitude of the coherent Raman beat signal as a func-
tion of the difference between the test laser frequency and
the mean frequency of the pump laser beam.

The experiment shows that the beat signal is only ob-
servable within a narrow region around both modulation
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FIG. 7. Fourier transforms of
six different Raman beats ob-
tained with bichromatic excita-
tion. The Fourier transforms
show the six sublevel transitions.
For each spectrum the modula-
tion frequency was in resonance
with one sublevel transition.

frequency (MHz)
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a) excitation v d ——14.1 MHz

b) detectio
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FIG. 8. (a) Frequency spec-
trum of the pump laser beam if
the intensity is fully modulated
at frequency v,d. It contains
two modulation sideb ands at
vL, +v,d/2. (b) Amplitude of
the Raman beat signal as a func-
tion of the di6'erence vtesf VL

between the test and the mean
pump laser frequency. The stick
spectrum shows the optical reso-
nance frequencies, taking the
sublevel splittings of the excited
state into account.
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sidebands. The width of the peaks near the two side-
bands is of the order of 1 MHz and corresponds to the
laser frequency jitter. Therefore the accuracy for con-
trolling the test laser frequency has to be only of the same
order of magnitude. The broad wings of the signal ampli-
tude around both modulation sidebands at +7.05 MHz
are due to the partially resolved hyperfine structure in the
electronically excited state. For Pr:YAP the correspond-
ing sublevel splittings are +0.9, +1.6, and +2.5 MHz as
indicated by the sticks in the spectrum of Fig. 8.

The two insets in Fig. 8 show that the test laser beam
couples to different optical transitions for each of the two
peaks. For the left peak at v„„—vL = —7.05 MHz the
test laser beam couples to the optical transition between
the ml=+ —,

' sublevel and the excited state. As the fre-
quency of the scattered Raman field is higher than that of
the incident test laser field, the scattering process is in
this case an anti-Stokes Raman process. For the right
peak at +7.05 MHz the test laser field couples to the op-
tical transition between the mr =+—,

' sublevel and the ex-
cited state. In this configuration coherent Stokes Raman
scattering gives rise to the beat signal. In the experiment
the two scattering processes can be separated by tuning
the test laser frequency. According to Eq. (14), both
scattering processes have the same cross section and yield
the same signal amplitude, in agreement with the experi-
ment.

C. Modulation-frequency dependence

The frequency difFerence between the two components
of the bichromatic laser field is an additional degree of
freedom in the experiment. If the bichromatic laser field
is realized by intensity modulation of the pump pulses,
this frequency difference can be adjusted by tuning the
modulation frequency. When it equals the sublevel tran-
sition frequency, both components of the bichromatic
laser field can be in resonance with an optical transition
of the three-level atom, which yields the highest excita-

tion eSciency.
For a measurement of the modulation-frequency

dependence, we used the +—', ~+—', nuclear spin transition
of the excited state with a splitting of 1.56 MHz, For a
given pulse length the modulation frequency was varied
for successive experiments in the range between 1.2 and
2.0 MHz, using a pump intensity of 0.3 W/mm . The
beat signal was Fourier transformed and the Fourier am-
plitude at the sublevel transition frequency was mea-
sured. The data points in Fig. 9 show the observed
Fourier amplitude for four different pulse lengths as a
function of the modulation frequency. When the modu-
lation frequency matches the energy separation between
the two excited-state sublevels, the amplitude of the beat
signal is largest, as predicted by the theory. Besides the
central resonance line, characteristic side peaks occur in
the spectrum, whose position depends on the pulse dura-
tion. Under our experimental conditions, the amplitude
of these side peaks was always smaller than that of the
central peak.

For a comparison of these experimental with theoreti-
cally expected data, we calculated the amplitude of the
density matrix element p23 after the end of a pump pulse
of length ~. As a parameter in the numerical simulation
we chose an optical Rabi frequency of 15 kHz, which
agrees with published data. ' To calculate the ratio of
the transition strengths of the two optical transitions, we
assumed that electronic and nuclear wave functions are
separable in the ground and in the excited state, as pro-
posed by Mitsunaga, Kintzer, and Brewer. ' The relative
transition strength can then be obtained from the overlap
integral between corresponding nuclear spin eigenfunc-
tions of the ground and the excited state. In a first calcu-
lation we assumed that the laser detuning 5L =coo—

coL
between the mean optical transition frequency mo and the
mean frequency coL of the pump laser field (see Fig. 2)
vanishes. The resulting amplitude for a pulse length of
10 ps is superimposed as a dashed line on the experimen-
tal data points in Fig. 9. Obviously, the width of the cen-
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where the laser frequency detuning is 5z. In atoms that
are detuned from the laser frequency, the coherence
builds up faster but saturates at a lower level.

As a result of the laser jitter, the probe laser is resonant
with several groups of atoms for which the pump laser
had different detunings during excitation. For a numeri-
cal calculation of the system dynamics we assumed that
all atoms whose resonance frequencies were within the
range of the laser frequency jitter were detected with the
same sensitivity. The traces that are superimposed on the

tral peak is significantly larger than for the experimental
data and the position of the side peaks does not agree
with the experiments.

This disagreement is associated with the assumption
that the laser has an ideal frequency stability. However,
in the experiments the laser frequency jitter (0.5 MHz)
was much larger than the homogeneous linewidth of the
optical transitions [5 kHz (Ref. 16)] or the optical Rabi
frequency. As a consequence, pump and test laser pulses
were not always in resonance with the same atom during
the preparation and detection period. In this case, the
transformation (4) to the rotating frame must use the
laser frequency col, which may differ from the atomic res-
onance frequency coo. The rotating-frame Hamiltonian is
then

experimental data in Fig. 9 represent the calculated am-
plitude

~ p23 ~
of the sublevel coherence. Each trace

represents the numerical average over a distribution of
301 atoms whose resonance frequencies varied from
5L = —300 to 300 kHz. Comparison with experimental
data shows that this simulation yields the same depen-
dence of the central peak width on the pulse length and
of the side peak positions on the modulation frequency.

A comparison of the data for different pulse durations
shows that the sublevel coherence reaches its maximum
at ~=20 ps, which corresponds to a quarter period of the
Rabi frequency. With increasing pulse length, the width
of the central resonance line decreases in inverse propor-
tion to the pulse length until it approaches a value of 20
kHz, which is of the order of the optical Rabi frequency.
The trace at the top of the figure, which displays the cen-
tral part of the data with a pulse duration of 40 ps, shows
this in detail. These data demonstrate again why mono-
chromatic excitation yields only small signals: To obtain
a good excitation over a large frequency range, short
pulses are required. On the other hand, the excitation
reaches its maximum only after some 20 ps.

VI. DISCUSSION

To the best of our knowledge, all coherent Raman beat
experiments that have been performed so far on rare-
earth solids have used short monochromatic laser pulses
to excite coherence between two sublevels, which is re-
quired for the coherent Raman scattering process. How-
ever, the experiments showed the limitations of this exci-
tation method, as a monochromatic laser field cannot
simultaneously couple to two optical transitions of a mul-
tilevel atom when the sublevel splitting is larger than the
optical Rabi frequency. The method of coherent Raman
beats was therefore limited to the spectral range of a few
megahertz in these systems.

This limitation can be overcome by using a bichromat-
ic laser field for the excitation. Such a field can be simul-
taneously resonant with both relevant optical transitions
and allows therefore a longer interaction time. Experi-
mentally, we have realized the bichromatic laser fie~d

through intensity modulation. Intensity modulation of
laser pulses has also been used successfully for coherent
sublevel spectroscopy on atomic vapors. However,
the specific properties of rare-earth ions in solids require
a modified experimental procedure. The main differences
between the two systems are the strength of the optical
transitions and the homogeneous linewidths, which are in
the kilohertz range for rare-earth ions, but in the
gigahertz range for pressure-broadened atomic vapors.

The small transition strengths of optical transitions in
rare-earth solids correspond to small Rabi frequencies,
which limit the spectral range for the monochromatic ex-
citation. The small linewidths of the optical transitions
require accurate control of the frequencies of the laser
fields that are involved in the excitation and the detection
process. In our experimental setup, we use radio frequen-
cy sources for the control of these parameters: the modu-
lation frequency determines the frequency difference be-
tween the two laser fields during the excitation and the
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double-resonance condition is satisfied if this modulation
frequency is equal to the sublevel transition frequency.
For the detection, we used an acousto-optic modulator to
shift the test laser frequency to a modulation sideband of
the pump beam.

To describe the excitation process theoretically, we
used a model based on three-level atoms. It assumes that
both frequency components of the bichromatic laser field
couple to only one optical transition. Hence this model is
especially suited to describe the bichromatic excitation in
multilevel atoms, when the optical Rabi frequency is
smaller than the sublevel splittings. The comparison of
its predictions with experimentally observed data shows
that the model agrees qualitatively and quantitatively
with the observed behavior. The model is related to cal-
culations of multiphoton processes in three-level
atoms of multilevel atoms, which discuss the op-
timum conditions for the selective transfer of population
to certain states of a multilevel atom.

For optimal excitation of sublevel coherence, the two
optical Rabi frequencies must be equal: Q,z=Q». In
our setup, where we modulated the intensity of the pump
beam, the amplitudes of both sidebands are equal. A
maximum excitation efficiency can then only be obtained
if the dipole matrix elements for the two optical transi-
tions are equal. This might cause problems in coherent

Raman beat experiments on other systems, where the ra-
tio of the transition strengths is less favorable than for
Pr:YAP. However, the bichromatic laser field offers an
additional degree of freedom to the experimenter to in-
crease the excitation efficiency. It is possible to choose
different amplitudes for the two frequency components,
thus optimizing the efficiency for arbitrary ratios of di-
pole matrix elements.

In our model system Pr:YAP, we have observed
coherent Raman beats over a range of 1 —21 MHz, using
optical Rabi frequencies of less than 100 kHz, thus
demonstrating that it is possible to excite wide spectra
with low-power lasers, even if the transition strengths are
weak. The spectral range over which this method is ap-
plicable is not limited to these frequencies. Using faster
modulators, it could be extended into the gigahertz
range. Furthermore, it should be possible to use the out-
put of two independent laser sources, if the frequency
difference between the two lasers can be kept stable
enough during the sample preparation.
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