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ABSTRACT We present an apparatus for generating a multi-
frequency laser field to coherently couple the F' =3 and F =4
ground state of trapped cesium atoms through Raman tran-
sitions. We use a single frequency diode laser and generate
sidebands by means of a 9.2 GHz electro-optic modulator. With
an interferometer, we separated the sidebands and carrier, send-
ing them to the trapped atoms in opposite directions. The Rabi
oscillation of the populations of F = 3 and F = 4 is monitored.
We find that due to destructive quantum interference of two
simultaneous Raman transitions the expected Rabi frequency is
reduced by a factor that is in quantitative agreement with the-
oretical expectations. It is demonstrated how this interference
can be suppressed experimentally. Besides, we demonstrate the
application of the setup for Raman spectroscopy of Zeeman sub-
levels and of the vibrational states of a small number of trapped
atoms.

PACS 32.80.Pj; 32.80.Qk; 42.50.Ct

1 Introduction

Stimulated Raman transitions coupling ground
state hyperfine levels are a versatile tool to manipulate laser-
trapped and cooled atoms. Raman transitions induced by
co-propagating Raman beams are insensitive to the atomic
velocity and can be used in Doppler-free spectroscopy and in
precision measurements. One example is a cold atom gyro-
scope which uses stimulated Raman transitions to manipulate
the atomic wave packets [1]. Raman transitions driven with
counter-propagating beams have a high velocity sensitiv-
ity and are successfully used in laser cooling of atoms. For
instance, Raman sideband cooling techniques providing sub-
recoil temperatures of trapped atoms have already shown their
efficiency and reliability [2, 3]. These experiments require the
jitter of the relative phase between the Raman laser beams to
be negligible during the entire interaction time. Thus, the gen-
eration of two phase-coherent laser beams with a precise and
tunable frequency difference at several GHz is an important
prerequisite for their realization.
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We describe an apparatus that generates the required light
fields to coherently couple the two cesium 6S;,, hyperfine
ground states. For this purpose we use a single laser source
and an electro-optic modulator (EOM) to phase-modulate the
laser at 9.2 GHz. An interferometer separates the sidebands
from the carrier to permit a counter-propagating beam con-
figuration. Acousto-optic modulators (AOMs) in each of the
two laser beams provide additional intensity and frequency
control.

A theoretical investigation of the interaction of the result-
ing three-frequency laser field with a three-level atom indi-
cates the existence of two possible Raman transitions that
interfere destructively. We experimentally observe the pre-
dicted effect and demonstrate that it can be avoided by shift-
ing the carrier with respect to the sideband frequencies. As
an application of our apparatus, we perform Raman spec-
troscopy of the ground state Zeeman sublevels of cesium
atoms trapped in a standing wave dipole trap. In particular,
we record spectra of motional sidebands as a prerequisite for
Raman cooling.

2 Generation of the Raman beams

To drive a two-photon transition between the ce-
sium hyperfine ground states F =3 and F = 4, one needs
two phase-coherent laser beams (pump and Stokes) with
a frequency difference of the hyperfine splitting (whs /2w =
9.2 GHz). To perform Raman spectroscopy the frequency dif-
ference has to be tunable. Furthermore, for Raman sideband
cooling, pump and Stokes beams have to be shined in from
different directions to couple different motional states.

A widely used method to generate Raman beams with
a frequency separation of 9.2 GHz is to phase lock two lasers
at this frequency difference [4]. An alternative approach is
the use of modulation techniques for generating sidebands
at the modulation frequency. This can be achieved e.g. by
direct current modulation of a diode laser at 4.6 GHz [5] or
9.2 GHz [6,7]. Alternatively, one can amplitude- or phase-
modulate a laser beam by an AOM (4.6 GHz [8]) or EOM
(4.6 GHz or 9.2 GHz [9]), respectively. Because of the low
modulation/deflection efficiency of high-frequency AOMs
and EOMs, an amplification of the laser beam power by in-
jection of two slave lasers is applied in the above-mentioned
experiments.
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In our experiment we use an EOM to produce optical side-
bands at +9.2 GHz from the carrier frequency of a laser beam
radiated by a single diode laser. However, in our case, no fur-
ther amplification is necessary and the generated beams are
directly used for spectroscopy. Absence of phase locks pro-
vides arobust and stable system with highly precise frequency
control.

Our setup is presented in Fig. 1. The laser is a single-
mode diode laser (A = 852 nm) in Littrow-configuration. Its
output power is 30 mW. The laser is freely running and its de-
tuning of A/2m = 10-300 GHz from the Cs D,-transition is
monitored by a wavemeter (Coherent, W0121) with an accu-
racy of 0.1 GHz. The frequency drift is less than 0.5 GHz per
hour, and hence the detuning is stable at the percent level. The
EOM (New Focus, 4851 0.5-0.9 um 9.2 GHz) is driven by
asynthesizer (Agilent, 83751 A .01-20 GHz) through a power
amplifier (Industrial Electronics, AM53-9-9.4-33-35) with an
rf power of +36 dBm. The synthesizer is locked to an exter-
nal 10 MHz rubidium frequency standard (Stanford Research
Systems, PRS10) to provide an absolute accuracy of 0.1 Hz at
9.2 GHz. The tuning range of the EOM is 50 MHz.

Drifts of the EOM temperature result in a slight deflec-
tion of the Raman beams and, hence, change their alignment
with respect to the subsequent elements. Moreover, heating
due to dissipation of microwave power produces drifts of the
resonance frequency. To avoid these thermal effects, the EOM
temperature is kept at 17 °C.

The relative power in the carrier and the first-order side-
bands are monitored by a scanning cavity with a free spectral
range of 1.5 GHz and amount to about 54% and 2 x 21%, re-
spectively (see Fig. 2).

The sidebands are separated from the carrier with a Mach—
Zehnder interferometer ([11], see Fig. 3). The difference of
the two optical paths of the interferometer is set to provide
opposite interference conditions for the optical frequencies of
the sidebands, w_; and wy, and the carrier, wy, at the second
beamsplitter and, hence, to spatially separate them. The inter-
ferometer is actively stabilized by locking the prism position
such that maximum power comes out from the “carrier” out-
put of the interferometer. This is possible because the power
of the carrier beam is higher than the total power of the side-
bands. For this lock the path length difference is scanned
with a piezo actuator (PZT) by changing the position of the
retro-reflecting prism. To observe the quality of the beam
separation, we use a monitor interferometer. We achieve an in-
terference contrast of about 80%;, i.e. 10% of the light intensity
goes into the wrong output. This number is limited by the im-
perfections of the optical components of the interferometer,
e.g. the absence of anti-reflection coating and an asymmetric
splitting ratio of the beamsplitter cubes.

carrier

AOM + fiber
laser EOM .
852 nm 9.2 GHz interferometer
AOM + fiber

FIGURE 1 Scheme for generating the Raman beams. The laser beam from
a single-mode laser diode is phase-modulated by an EOM at 9.2 GHz. The
sidebands are then interferometrically separated from the carrier. Two AOMs
serve for additional frequency and intensity control of both beams. The fibers
act as spatial filters and transfer the beams to the experiment

sidebands
P

4+ carrier

-1* sideband +1% sideband

transmitted power [linear scale]
N
1

+2™ sideband

1 -2™ sideband

cavity scan voltage [arb. units]

FIGURE 2 Measurement of the relative intensities of the carrier and the
sidebands. The signal is obtained by analyzing the spectrum of the phase-
modulates beam by means of a scanning Fabry—Perot interferometer. Note,
that transmission maxima of the sidebands correspond to different orders of
the interferometer which has a FSR of 1.5 GHz

PZT
S
]
0)'1, O\)1— [ _>
@, 5, ®,

l O‘)-]D (Dl

FIGURE 3 Separation of Raman beams using a Mach—Zehnder interfer-
ometer [11]. The optical path length difference, 51 — s7, is set such that the
carrier, wp, and the sidebands, w; and w_j, follow different outputs of the
interferometer

To provide additional frequency and intensity control of
the separated Raman beams, we installed acousto-optic mod-
ulators in each of the beams. They are set up in double-pass
configuration and shift the respective optical frequencies by
200—-240 MHz depending on the experimental needs. Both
AOM drivers are externally locked to a 10 MHz frequency
standard.

The Raman beams are sent to the experiment through two
single-mode polarization-maintaining optical fibers which at
the same time provide spatial filtering of the Raman beams.
The described setup yields powers of the carrier and sideband
beams on the order of 200 uW and 100 wW, respectively. To
achieve high laser intensities at the position of the atoms, we
focus the Raman beams down to a waist of 70 pm.

3 Interference of two Raman transitions

To expose the peculiarities of the introduced setup,
which arise from the simultaneous presence of both sidebands
in the experiment, we consider a simple theoretical model of
the interaction between the Raman laser field and the atom.
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FIGURE 4 Three-level atom with two Raman lasers (pump and Stokes)

A Raman transition is a stimulated scattering of a photon
from one laser field into the other. This is realized by coup-
ling two laser fields to a three-level atom in A-configuration
(see Fig. 4) where levels |1) and |3) are coherently coupled
by the Raman lasers (pump and Stokes) via the intermediate
level |2). If the laser frequencies are wp and ws, respectively,
and the separation of the two lower levels is wyrs, then the
two-photon detuning is defined as § = wp — ws — wyrs. The
coupling strength of a laser field with amplitude E; to the
atomic transition |n) = |1), |3) — |2) is characterized by the
Rabi frequency, defined as §2¢ , = (n| —d -Ei/h |2). Here,
d is the dipole operator. To avoid resonant excitation to and
spontaneous emission from the excited state, the detuning A
from the one-photon resonance has to be much larger than
the width I" of the excited level and the Rabi frequencies £2p
and $2s.

The Hamiltonian, which describes the coupling of the
three levels by two coherent radiation fields within the rotat-
ing wave approximation, reads [12]

0 2 0
— | 2p24805 . (1)
2\ 0 0225

A

H=

The solution of the corresponding Schrodinger equation
yields the time evolution of the system, showing an oscilla-
tion of the populations of |1) and |3) at the generahzed Rabi
frequency £2r = (23 +3%)'/2, where § =8+ £23/(44) —
Q2 5/(44) is the generalized two-photon detuning Wthh in-
cludes light shifts of levels |1) and |3), and

2p82s
2A

is the resonant two-photon Rabi frequency.

Now, in our setup we deal with three different laser fre-
quencies: the carrier wy and the two sidebands w_; and w;
(see Fig. 5a). When coupled to a three-level atom the beams
produce two possible Raman transitions as shown in Fig. 5b:
one transition involves w; and wy and the other wy and w_; as
pump and Stokes beams, respectively.

The semi-classical treatment of the system is briefly pre-
sented below. We follow the derivation in [12] and extend

2r = @)

it to the case of three beams 1nteract1ng with a three-level
atom. The full Hamiltonian H@=H 0+ V(t) includes the
unperturbed part H° and the operator V(t) =—d-E (t) of
the time-dependent electric dipole interaction. The elec-
tric field consists of three monochromatic waves E(f) =
Z}(:fl Ej cos(wit — @), where the ¢ denote the wave
phases. The separation of neighboring frequencies is whgs + 5,
where § is introduced to account for the differential light shift
of the ground levels caused by the Raman beams. For sim-
plicity, the dipole moments of both one-photon transitions
are considered to be equal. Introducing the Rabi frequency

of the electric dipole interaction as £2 , = (n| —d-E; /h 12)
(n=1, 3),weget V(r) = Vi (f) + V3(t), where

1
Vi(0) =) 7%y cos(ant — 5. 3)

k=—1

The state vector ¥ (f) can be expressed as a superposition of
the eigenstates |n) of HO:

3
(@)= Cye = n), )

n=1

where &, (f) are time-dependent state phases. The coefficients
C, (?) are the probability amplitudes which, squared, yield the
population of state |n). Thus, the time-dependent Schrodinger
equation can be derived in the differential form

ihgcm(t) =

0 & .
uP E) —hEu (D] - Cu(®

3
+ Z V(1) Cp(f) eEm O=5 01, )

n=1

Next, we define the state phases as &, = E%/h forn=1,2
and 53 EY 3/h+8.Since A > (wnfs, §2;), we expect the pop-
ulation of the excited state to be small compared to the other
states and to vary quickly. Thus, we adiabatically eliminate
this state and reduce our three-level system to an effective
two-level system. To eliminate the high-frequency compo-
nents, i.e. exponentials oscillating at the sum of optical fre-
quencies, we apply the rotating-wave approximation. Denot-
ing @1 = @o— ¢ and ¢_; = ¢_| — @y we obtain the effect-
ive two-level interaction matrix, which couples the levels |1)
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and |3),
2 2 2
1 & + 90 —Q_l
W _ - A A+wpfs A+2wpgg
4\ 212 —izi | 20921 —iv,
201960 o =1 4 240°4—] o —1p
A © + A+a)hfse
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The difference of the diagonal elements is due to the differen-
tial light shift caused by the Raman lasers acting on each level.
This shift has to be compensated for in the experiment to meet
the two-photon resonance condition.

The two-photon Rabi frequency at resonance is calculated
from the off-diagonal elements of (6) and reads

2k = /2, + D+ 220 P2 08B, )
where
$2182 $2082_
Qi =—2 and Qpyp=—n (®)
2A 2(A 4 whts)

and ¢ = ¢; +¢_1 — 2¢p. Equation (7) shows that the two Ra-
man transitions with Rabi frequencies 2| and §2g; interfere,
depending on the phase @.

The phase modulation produces sidebands with opposite
phases (¢ = ) and, thus, the two Raman transitions interfere
destructively yielding a two-photon Rabi frequency £25°" re-
duced by a factor n = wpgs/ (A + Whes):

2152

Qgeslr =7 o

©)

Here, we have set £2, = £2_; since the powers of the two
sidebands are equal. For small detunings (A < wpss, and thus
n = 1) the contribution of the transition involving w; and wy is
much larger than of the other transition and Qﬁem approaches
Qg of (2). For large detunings (A >> wygs) 1 scales as A~! and,
thus, significantly reduces the Rabi frequency.

Moreover, if the Raman beams are spatially separated and
propagate along different optical paths, they get an arbitrary
phase difference g which is sensitive to fluctuations of the path
length of the order of the optical wavelength, leading to large
fluctuations in £2g.

To avoid any of these interference effects, we can suppress
one of the Raman transitions by shifting the frequency of one
sideband, e.g. of w_1, by 26a0Mm and obtain (see Fig. 6a)
{0)1 — Wy = W (10)

W) — W—_1 = Whfs — 286A0M -

As aresult, the second transition is shifted by 26 50m out of the
two-photon resonance, as shown in Fig. 6b. For 2650m >> §2r2
this transition can be neglected and the two-photon Rabi fre-
quency reduces to §2g, given by (2).

Since we cannot change the frequencies of the sidebands
individually, it is straight-forward to shift the carrier fre-
quency by —ds0m to produce the desired asymmetry in the
Raman beams spectrum. This is done by driving the AOMs

12>
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FIGURE 6 Suppression of one of the two Raman transitions a The fre-
quency of the lower sideband w_; is shifted by 26aom b Coupling scheme
with only one possible Raman transition remaining

placed in each of the Raman beams at the frequency differ-
ence wiideband _ gearmier — 5, onm/2, where the factor of 2 is due
to a double-pass configuration of the AOMs. Then, to match
the frequency spacing between the carrier and the first pos-
itive sideband with the hyperfine splitting wyg, we set the
EOM modulation frequency to wpss — Saom. Typically, we

have §aom/2m = 20 MHz.

4 Experiment

To demonstrate the application of our setup, we
performed Raman spectroscopy of the ground state Zeeman
sublevels and of vibrational sidebands with a small number of
trapped cesium atoms.

4.1 Atomic traps

The experimental setup is described in detail else-
where [13, 14]. In brief, a high-field magneto-optical trap
(MOT) traps cesium atoms from the background gas in a va-
cuum cell. The fluorescence photons from the atoms are col-
lected by a diffraction-limited objective [15] and detected by
an avalanche photodiode. To count the number of atoms in the
MOT, we compare their fluorescence rate to the single atom
fluorescence rate. This allows us to unambiguously determine
up to 20 atoms.

The atoms are then transferred into a dipole trap. Our
standing-wave dipole trap consists of two counter-propaga-
ting fundamental Gaussian laser beams of equal intensities,
frequencies and parallel linear polarizations generated by
a Nd: YAG laser (A = 1064 nm). The resulting interference
pattern produces a position-dependent light shift of the Cs
ground state, which forms a periodic trapping potential with
a period of half a wavelength. We are able to transfer atoms
between the MOT and the dipole trap without loss when we
superimpose both traps for several 10 ms.

To compensate dc magnetic fields as well as to apply
a guiding magnetic field for defining a quantization axis,
three pairs of orthogonal magnetic coils are placed around
the MOT. By controlling the three coil currents, we can cre-
ate a magnetic field of arbitrary direction and amplitude of
upto1G.

4.2 Experimental sequence

To record Raman spectra or to observe Rabi os-
cillations, we have to measure the transition probability be-
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tween the hyperfine states depending on the Raman detuning
or Raman pulse duration, respectively. For this purpose, we
have to prepare the initial and to detect the final hyperfine
state of the atom. We prepare the atoms in the F =4 state
using optical pumping by the MOT repumping laser which
is resonant to the F =3 — F’ = 4 transition [17]. To be in-
sensitive to fluctuations of the magnetic field, we work on
the |F =4, mp=0) - |F =3, mp =0) transition. While
a guiding magnetic field of about 1 G is applied, a r-polarized
laser resonant with the transition F =4 — F’ =4 optically
pumps atoms into the dark mp = O state. At the same time
a -polarized laser resonant with F =3 — F’ =4 serves as
a repumping laser. This way about 60% of the atoms are pre-
paredinthe |F =4, mp = 0) state. The Raman lasers are both
o polarized and together drive a Amy = 0 transition (see
Fig. 7).

For state detection we use an intense “push-out” laser reso-
nant with the nearly-closed transition F =4 — F’ =5, which
pushes the atoms out of the dipole trap if they are in the F' =4
level [17]. The atoms in the F = 3 level, however, are unaf-
fected and remain trapped. To reduce the number of photons
necessary for the pushing-out and to prevent accidental pump-
ing to F' = 3, we lower the dipole trap depth adiabatically to
about 5% of the maximum depth prior to the push-out.

After the state-selective push-out is performed, the re-
maining atoms are transferred back into the MOT and their
fluorescence rate Rgp, is measured. When the MOT magnetic
field is switched off, the atoms leave the trap, and we measure
the stray light level Rpackgr of the MOT lasers. Using the initial
fluorescence rate Rjpiiia) We determine the ratio of atoms trans-
ferred from the F' = 4 state to F' = 3 by the Raman field. The
population transfer is then given by

Rfinal — Rbackgr

P= (11)

Rinitial — Rbackgr

The typical time dependence of the fluorescence signal for
a Raman spectroscopy experiment is shown in Fig. 8. The de-

6P,

FIGURE 7 Zeeman splitting of the Cs ground states in the presence of
a magnetic field. The two o -polarized Raman lasers induce Amf = 0 tran-
sitions
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FIGURE 8 Experimental sequence for a Raman spectroscopy experiment
averaged over 10 repetitions. The information obtained is the initial, final and
background fluorescence rates

scribed techniques of the state preparation and detection have
been proven to be efficient at the single atom level. However,
to get better statistics, we repeated the measurement many
times with about 40—60 atoms at a time.

4.3 Spectroscopy of Zeeman sublevels

Due to their magnetic field dependence, Raman
transitions between Zeeman sublevels can be used to meas-
ure the magnetic field amplitude in a specific direction and
thereby to monitor the quality of the magnetic field compen-
sation. Another important application of this spectroscopy
is the measurement of the resonance frequency |F =4,
mp =0) — |F =3, mp =0) which is modified by the differ-
ential light shift of the ground hyperfine states produced by
the off-resonant lasers shined onto the atoms, namely Raman
and Nd : YAG lasers. For this purpose, we measure the pos-
ition of the central line in the Raman spectrum of the Zeeman
sublevels.

A typical spectrum without the optical pumping into
mp =0 is presented in Fig. 9. Each point results from 20
measurements with approximately 15 atoms per measure-
ment. In order not to excite the vibrational sidebands, the
Raman beams are co-propagating. The guiding magnetic field
is parallel to the o -polarized Raman beams. Here, the pow-
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Raman detuning &/2n [MHZz]

FIGURE 9 The Raman spectrum of the Zeeman sublevels. Seven peaks
correspond to seven possible transitions with Amp =0
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ers of the Raman sideband and carrier beams are Pp = 80 pW
and Ps = 166 wW, respectively, the duration of the Raman
pulses is T = 10 pus and the detuning is A/2w = 13.7 GHz.
The dipole trap depth is 1.3 mK. The peaks have a FWHM of
about 100 kHz and are thus Fourier-limited. The asymmetry
of the peak heights is most probably due to residual optical

pumping.

4.4 Spectroscopy of vibrational sidebands

An atom tightly bound in a trapping potential
shows vibrational sidebands in the absorption spectrum, sep-
arated from the atomic resonance frequency by the oscillation
frequency. To resolve the vibrational sidebands, a transi-
tion with a linewidth small compared to the oscillation fre-
quency is required. Furthermore, to couple different motional
states enough momentum transfer has to be provided. To
satisfy these requirements, Raman transitions induced by non-
copropagating laser beams can be used.

We record a Raman spectrum of the axial vibrational side-
bands (see Fig. 10) by shining in counter-propagating Raman
beams parallel to the dipole trap lasers. The frequencies of the
AOMs and the EOM are chosen such as to suppress one of
the two Raman transitions as described in Sect. 3. The param-
eters of the Raman beams are Pp = 120 WW, Ps = 360 uW,
A/2m =150 GHz, and T = 2 ms. For each point in the spec-
trum, we have summed up the results of 10 measurements
with an ensemble of about 40-60 atoms each. The central
peak corresponds to transitions between the same vibrational
levels; peaks to the left and to the right are transitions to lower
and higher vibrational levels, respectively. The positions of
the peak maxima are equidistant with a frequency separa-
tion of 70 kHz, which is the oscillation frequency £2,/27 in
axial direction of the dipole trap. This value is in agreement
with the oscillation frequency of 71 & 3 kHz calculated in har-
monic approximation from the respective trap depth of 45 +
4 uK [16]. The asymmetry of the peaks, which correspond to
the transitions between different vibrational levels, is due to
the anharmonicity of the trapping potential seen by atoms with
a high energy.

30

3 [%]

population in F

— 1 . T — T
-100 0 100
Raman detuning 6/2r [kHz]

FIGURE 10 Raman spectrum of the vibrational sidebands. Central peak cor-
responds to transitions between the same vibrational levels. Peaks to the
left and to the right are transitions to lower and higher vibrational levels,
respectively

4.5 Rabi oscillations and the interference effect
Rabi oscillations are recorded with co-propagating
Raman beams resonant to the |F =4, mp=0) —> |F =
3, mp = 0) transition the frequency of which is measured
from the Zeeman spectrum. The measured Rabi oscillations,
i.e. the dependence of the population transfer into the F =3
level on the duration of the Raman pulse, is shown in Fig. 11a.
Here, the dipole trap depth is 0.1 mK. The powers and detun-
ing of the Raman beams are the same as used in Sect. 4.4.

The measured two-photon Rabi frequency is £2r/27 =
13.4 kHz, while a theoretical calculation predicts a value of
38 kHz. The discrepancy can be explained by the imperfect
separation of the carrier and sidebands by the interferome-
ter. In combination with the AOMs (see Fig. 1), this results
in minor additional frequency components which induce two
resonant Raman transitions that interfere destructively with
the main Raman transition induced by the carrier and the
higher sideband. Despite the low intensities of the parasitic
frequency components (only 10% of the total power), they
are still expected to reduce the Rabi frequency by a factor of
Nseparation = 3.0 0.3. This is in good agreement with our ob-
servation.

To observe the interference of the two possible Raman
transitions shown in Fig. 5, we record Rabi oscillations with

40
30

3 [%]

population in F

duration of Raman pulses [ms]

FIGURE 11 Rabi oscillations induced by the Raman field. The fitting func-
tions are the exponentially decaying sinusoidal oscillations a No interference
since only one Raman transition is resonant b Interference with the fluc-
tuating relative phase ¢ Destructive interference. Note, that the laser beam
intensities in a and b are the same and differ from those in ¢
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both transitions being resonant. For this purpose, we set the
frequencies of the AOMs to the same value, while the EOM
frequency is set to match the hyperfine splitting wpr. The
Raman beams are separated with the interferometer and over-
lapped on the experiment table to be co-propagating. The
recorded oscillations are shown in Fig. 11b. The fast decay of
the oscillations can be explained by jitters of optical elements
which, being of the order of the optical wavelength, randomly
change the phase of the light field. Consequently, the phase
difference @ of the separated Raman beams fluctuates result-
ing in a random instantaneous two-photon Rabi frequency.

The presence of pure destructive interference can be ob-
served if the Raman beams are not separated. For this purpose,
we disable the interferometer by blocking its retro-reflecting
prism and use only one of its outputs. The measured oscilla-
tions with the reduced Rabi frequency (740 Hz) are shown in
Fig. 11c. Note that the powers of the Raman beams differ from
those in the previous experiment and are Pp =25 uW and
Ps =53 nW, respectively. Taking into account these beam
powers and the interference effect (9), we expected that the
reduced Rabi frequency Qg‘“’m would be 420 Hz. The higher
experimental value of 740 Hz is due to the presence of the
second-order sidebands. Each of them possesses about 1.8%
of the total optical power and, together with the first-order
sidebands, can also drive Raman transitions. Since the cor-
responding Rabi frequencies are small, they only play a role
when the main Raman transitions interfere destructively and
their effect was not noticeable in our previous experiments.
Taking into account the phases of the sidebands, we expected
that the theoretically calculated Rabi frequency to be in-
creased by a factor of 1, s = 1.55 £0.04, which, thus, agrees
well with the experimental findings.

5 Summary and outlook

In this paper, we have presented an experimental
setup for generating Raman laser beams with a controllable
frequency difference for experiments on Raman spectroscopy
and Raman cooling of cesium atoms. The generation is based
on the phase-modulation of a laser beam with an EOM at
9.2 GHz. The setup does not have phase-locking elements.
However, a thorough alignment of the interferometer, which
separates the Raman beams, is necessary. An interference ef-
fect between two Raman transitions, which arises from the
peculiarities of the phase-modulation and reduces the two-

photon Rabi frequency, has been fully understood and elimi-
nated by a slight modification of the Raman beam spectrum.

Using the presented setup we have recorded Raman spec-
tra of Zeeman levels and vibrational sidebands as well as Rabi
oscillations between the hyperfine levels of trapped Cs atoms.
All experiments are performed with a small number of atoms
(40-60) and can be extended to the single atom level.

The resolved vibrational sidebands and the Rabi oscilla-
tions induced by the Raman laser field open the possibility for
Raman sideband cooling [2, 3] of trapped individual atoms.
This will enable us to transfer atoms into their lowest vibra-
tional level providing ultimate control of their position.
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