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Subrecoil Raman spectroscopy of cold cesium atoms
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We describe and characterize a setup for subrecoil stimulated Raman spectroscopy of cold cesium atoms. We
study in particular the performances of a method designed for active control and stabilization of the magnetic
fields across a cold-atom cloud inside a small vacuum cell. The performance of the setup is monitored by
copropagative-bearatimulated Raman spectroscopy of a cold cesium sample. The root-mean-square value of
the residual magnetic field is 302G, with a compensation bandwidth of 500 Hz. The shape of the observed
spectra is theoretically interpreted and compares very well to numerically generated spectra.
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l. INTRODUCTION ~|wy—w,|/c compared taw, /¢ or w,/c, and takek=w, /c
~w,/c. If the Raman beams are counterpropagating,
Stimulated Raman spectroscopy has become in receht~ —k,), the detuning seen by an atom of velocityis
years one of the most useful and powerful tools for lasegr+2k(v +v,), the atomic velocity sensitivity of the transi-
manipulation of cold atoms. Raman stimulated transitiongion is maximum and so is the momentum exchange between
have been used, for example, in subrecoil laser codlifg the Raman beams and the atom. This last property provides a
for the preparation of Bloch states in a stationary w2  way to perform subrecoil coolinfl]. On the other hand, if
to perform “sideband” cooling of trapped atomi8]; and in  the two Raman beams have the same propagation direction
subrecoil-precision measurement of atomic velocity distribu<i.e., k;~k,) the Raman detuning is almost insensitive to the
tions in quantum chaos experimefdd. This powerful tech-  atomic velocity. As sensitivity to magnetic fields and to light
nique is however plagued by its sensitivity to stray magneticshifts is still present, copropagating Raman spectroscopy is
fields that should imperatively be compensated for. In thevery useful for the calibration of the apparatus.
present paper, we describe a setup used in the above men-Since the life time of thé& =4 sublevel is very longsev-
tioned quantum chaos experiment for subrecoil-precisioreral thousands of years in the absence of colligiottse
measurements of velocity distributions of cold atoms, with awidth of the Raman stimulated transitions will be, in prin-
special emphasis in a method for reducing stray magneticiple, limited by Heisenberg’s uncertainty principle. The
fields to a submilligauss level by active compensation. transitions linewidths are thus proportional to the inverse of
All experiments reported below were done with cesiumthe excitation duration. For instance, a Raman pulse duration
atoms, widely used in the present context, but most concluef about 20 us, in the counter-propagating configuration,
sions drawn in the present paper can be applied to othdeads to a velocity resolution af, . If the amplitude of the
atomic species. Cesium recoil velocity (i.e., the velocity pulse is adjusted to produce 7 pulse, it will transfer a
acquired by an atom emitting or absorbing a single photonwhole velocity class of width o, centered at the velocity
corresponding to the usuBI2 line near 852 nm is 3.5 mm/s. v,= dx/2k+v, from one hyperfine sublevel to the other one.
The Doppler shift associated with a stimulated Raman tran©ne may then reconstruct the atomic velocity distribution by

sition at such a velocity is 8.4 kHz. measuring the transferred atomic population as a function of
Let us briefly review some relevant features of the Raman
stimulated spectroscopy. In the present context, Raman

stimulated transition&Fig. 1) aretwo-photontransitions con- Elh

necting one hyperfine sublevel of the ground state to the le.p—tika) |
other one by the absorption of a single photon in one Raman 4 L AN Y
beam of frequencw; and wave vectok,; and bystimulated r T

emission of a photon in the other bedfrequencyw, and
wave vectork,) via a virtual excited level. The Raman pro-
cess is resonant if the frequency difference of the two Raman (k)
beams and the ground-state hyperfine intervaj,;&2m

X 9.2 GHz for cesiumare equal, and the Raman detuning

for zero magnetic field, low-laser intensity, and zero-velocity Ons —|
atoms is defined as

(a)lakZ)

0 -

lg.p)
OR= W1~ Wy~ Wp- (1

FIG. 1. Raman stimulated transitions. The two hyperfine
We suppose that the Raman beams are either parallel gfound-state sublevels are connected by a two-photon transition
antiparallel. In what follows, we shall negle¢k;|—|k,|]  a virtual intermediate level.
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FIG. 2. Hyperfine structure of the cesium atom ground state in
the presence of a magnetic field.

FIG. 3. Schematic representation of the probe geometry around

the Raman detuning. Finally, in order to prevent resonant e vacuum cell. The compensating coils are not shown.

transitions to(and spontaneous emission frpie excited experimental zone with a double “mu-metal” sheet provid-

state, the virtual intermediate level must lie far enough froming a high degree of isolation against magnetic fields. How-
the clqsest exmt_ed level, what can be ach|§ved. by ChOOSIngver, the shield reduces the optical access to the experiment
an optical detuningd much larger than the linewidth of the ;4 " 35 my-metal is difficult to tool, it also tends to forbid
closest excited level. Typically =27xX200 GHzinourex- ¢ ther evolution of the setup. Furthermore, the magnetic

periment, to be compared to tHé=27x5.3 MHz line- .o 4ient of a magneto-optical trap magnetizes the shield on
width of the excited level. The spontaneous emission rate '?‘he scale of a day, leading to a slow magnetic field drift. It is

thus reduced by about nine orders of magnitude with respeg, ;s jnteresting to perform an acceptable field reduction

t_o the resonance. This is trug in the limit of a narrow 'aserwithout any “physical” shield. In general the local magnetic
line; we have, however, noticed that power diode laser

Yield across the experiment is a sum of several components:
present a large spectral background about 40 dB below th&eC earth field; dc stray fields, e.g., from an ion-pump perma-

peak intensity that limits the reduction of the spontaneous,q magnet; ac components from the li86 or 60 H2 and
emission rate. its harmonics; etc. This means that the magnetic-field con-

The optical part of our Raman setup has been described ify, ration is greatly dependent on the particular setup one
detail elsewhergS]. Briefly, the Raman frequencies are gen-yants to protect, and that a dc magnetic field compensation

erated by direct current modulation at 4.6 GHz of a diOdeanne is insufficient.

laser. The current modulation generates two optical side- 1, vercome most of those problems, the method we de-
bands separated by 9.2 GHz that are used to perform inje¢eripe here is to perform a real-time compensation of the
tion lock of two independent power diode lasers. We obtain, g qetic field in the three directions with, for each direction,
in this way two 150 mW laser beams with the required fre-q. 5n4 ac compensations. In order to do so, we use the fact
quency separation and with a beat-note width below 1 Hzy,ot the sym of the magnetic fields at the eight corners of a
The Raman beams then pass through three acousto-opticgiye gives eight times the magnetic field at the center of this
modulators acting as optical switches that control the intery ,na This result is independent of the gradient of the field,

action time and allow shifting from the co- to the counter- o,q e first nonvanishing correction is of second order in the

propagating beam configuration. Finally, the resulting beamg, , netic field. One should, nevertheless, noticed that this
are transported by monomode, polarization maintaining, Opgtatement is valid only for the exact geometric center of the

tical fibers to the region of interaction with the atomic cloud. . \pa i the magnetic gradient is too high, the spatial exten-
sion of the atomic cloud may lead to an important broaden-
II. ACTIVE COMPENSATION OF THE MAGNETIC FIELD ing due to the inhomogeneity of the residual magnetic field.
We will come back to this point at the end of the section.
The ground state of cesium splits into two hyperfine sub- In practice, we placed 24 magneto-resistive probes at the
levelsF=3 and 4 separated by 9.2 GHthe cesium-clock eight corners of the vacuum cell, three at each corner ori-
frequency. The linear Zeeman split for these states is of theented according to the three orthogonal directitsee Fig.
form ZeBmg, whereB is the magnetic fieldmg the azi-  3). The probes are mounted on twbshaped integrated cir-
muthal quantum number, and: the Zeeman coefficient cuits placed parallel to the top and bottom faces of the cell,
(around 350 kHz/G in modulyigFig. 2). An atom in theF preserving a large optical access to the cell. A maximum of
=4 hyperfine sublevel underggina 6 mGmagnetic field algebraic operations is performed directly by the integrated
(2% of the Earth’'s mean magnetic figldill experience a circuits in order to reduce the number of external electric
Zeeman shift equal to the recoil velocity Doppler shift. Thus,connections. The sum of the eight signals for a given direc-
in order to perform atomic velocity manipulation with sub- tion generates the error signal corresponding to that direc-
recoil resolution, the magnetic field should be reduced ation. We generate in this way three error signals that are
least to the mG level. Usually, this is done by shielding theintegrated and used to drive current supplies simply use
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standard diode laser supplies in our s¢tu a modulation 25 )
input. Each supply in turn drives a coil pair in Helmholtz
configuration generating a magnetic field opposite to that 20
measured by the probes. The rectangular compensating coil -6 4
are typically 1.5 meter wide in order to insure the homoge- 15 -
neity of the compensated magnetic field across the vacuun 6
cell (whose size is 10 cim The magneto-resistive probes
(HMC2003 Honeywell have, according to the manufacturer
data, a resolution better than 40G. In closed-loop opera-
tion, the residual magnetic-field fluctuation measured by the
probes is 150uG, corresponding to a reduction of one order = | : : .
of magnitude of the ac component, and the bandwidth is'&§g 100 0 60 40 20 o 20 40 e 80 100
better than 500 Hz. We took care of aligning the probes axes= s
with the axes of the compensation coils to better than five g Numerical
degrees, and we never saw any instabilities due to the cou%b 20 | simulation
pling among the three directions when the three servo-loops g
act simultaneously. With this setup, we verified that if one & 5 |
scans the dc magnetic-field component along one directior&’
(by scanning the respective dc currettie stability of the
compensation along the other directions is not affected.

A good way of testing the effectiveness of our setup is to
perform copropagatingRaman spectroscopy. We have seen

0 » Experimental

w | TS| 1] 3]5]

trary units)

1

b

in Sec. | that such a configuration is almost insensitive to the 0o N | . . . . A
atomic velocity, and it allows easy diagnostic of perturbing 100 8 e 40 2 o 20 4 & 8 100
effects such as residual magnetic fields and light shifts. To dc

so, we programmed our experiment to execute the following Raman detuning (kHz)

time sequence: The magneto-opti¢®IOT) trap is loaded;

the MOT gradient of magnetic field is shut down and a “Si-  FIG. 4. Experimental and numerically generatsde Sec. Il
syphus” sequence is applied for further cooling. Twenty mi|_Zeem§n spectra of Raman trfi.nsitions in cesium.. The lines of small
liseconds after cutting the MOT gradient, the magneto-“_“ens'ty correspond to transitiorsm=*+1, showing that the dc
resistive probes are reset. Resetting must be done before tfigld is aimost paraliel to the Raman beams wave vektoThe
probes can perform measurements once they have been silymerical simulation was made withB=28 mG, AB,
mitted to intense magnetic fields.g., the MOT gradieitA BO'S mG, A|0/||0—0.025, ‘".‘mze(’_o'zh ra}d' Tr;]e aﬁymmetry of b
special function is provided in the probe chip for this end. alhe experimental spectrum is due to the fact that the Zeeman sub-

- . levels of the initial level are n Il | .
few milliseconds later, the servo loops are switched on. After®Ve's © the initial level are not equally populated

twenty milliseconds, the optical beams are shut down, thgs jines, as shown in Fig. 4. This figure has been obtained by
atoms are transferred_form t_rFe=4 to theF:3 sublevel, applying a dc field of 28 mG with the magnetic-field com-
and the Raman pulse is applied. The Sisyphus sequence lagisnsation setup described above active. The Raman pulse
for around 60 ms, which is longer than in other cold atomgqyration is 500 us. In Fig. 5, we compare a “zoom” of the
experimentdtypically 30 m3, but is much shorter than the |ine noted—6 in Fig. 4 with the magnetic-field active com-
requested delagaround 200 mswhen a mu-metal shield is  pensation on and off, clearly showing a noise reduction ef-
used, necessary to allow for the shield magnetizationect. \When the ac compensation is shut off, the dc compo-
relaxation. o _ _ nent remains.

By applying a dc magnetic field during the experiment,  The maximum measured full width at half maximum
one may perform spectroscopy of cesium ground-level Zeer\wHwm) of the lines in Fig. 4 is 1.5 kHz. For longer inter-
man states. If the dc field has no particular orientation withaetion times, we have observed a linewidth of 600 Hz that
respect to the polarizations of the Raman bed6ls the  corresponds to a velocity resolution better thafl0 and
selection rules for the Raman transitions afn=0,  thys to a field residual amplitude of 30@G. Achieving this
+1,+2. As the Zeeman coefficients fé6f=3 and 4 are |ast value was only possible by taking into account the fact
almost equal and have opposite sigigi=350 kHz/G and  that the atomic cloud has a spatial extension and sees a re-
Z,=—351 kHz/G, the positioiwith respect to the line cen-  sjqual magnetic gradient. We thus added a static gradient-
ter) of the line connecting the sublevels i{§, and (4m’) is  compensating coil pair in an anti-Helmholtz configuration

with the same axis as the MOT gradient coils. The current of
Av(mm’) (kHz)=[350m+m")+m']B (G). (2) those coil was adjusted in order to reduce the linewidth. The
minimum width has been achieved for a nonzero compensat-

As we are dealing with weak magnetic fields, the secondng gradient value, around 10 mG/cm. This also sets a maxi-
term in the brackets is in general negligible, and we maymum value for the residual magnetic gradient of 10 mG/cm.
consider that the position of the lines depends onlynon Reducing the dc field leads to a collapsed, Zeeman-
+m’. One easily deduces that the spectrum can display up toompensated spectrum, with a FWHM of about 4 kidee
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:' 20 20
§ . COPOrF wf Comp-ON FIG. 5. Detail of the line—6 of Fig. 4 with
= the active compensation off and on. The noncom-
g w pensated curve presents a noise level close to
@ 100%. The regular oscillations superimposed on
8§ o o1 the line itself are due to a stroboscopic effect be-
% tween the network frequend$0 Hz) and the rep-
R o1 == T T T T . etition rate of the measuremen(ts Hz).

Raman detuning (kHz)

Fig. 6). In principle, one would expect the width of the col- everyday use. We observed that the HMC2003 probes
lapsed spectrum to be just slightly greater than the widegpresent a slow drift, with a time constant of roughly one
line of the split spectrum. Explaining this “unexpected” hour. This implies that the dc compensation current has to be
broadening is the purpose of the next section. corrected to compensate the drift of the probes. We ac-

With the performances described above, we easily}counted for this effect by a software procedure that sweeps
achieved a velocity-measurement resolutionvp®. As an  the dc current in order to restore a fixed value of the mag-
example, Fig. 7 presents a measurement of the velocity disietic field (as measured by the probesor instance each
tribution of the cesium atoms. The FWHM is 82 kHz, corre- hour. In fact we verified that the dc magnetic field itself is
sponding to a temperature of 3,8K which is typical of very stable on the time scale of a day. This opens the possi-
“Sisyphus-boosted” MOTs. This proves the ability of the bility of replacing the magneto-resistive probes by small
setup to perform subrecoil spectroscopy. coils and use the induction signal to generate an ac error

Concluding this section, we can say that this setup dissignal, and to compensate only the ac fluctuations. The stable
plays a sufficient resolution to be used in most Raman stimudc component is corrected by a constant dc current that is
lated spectroscopy experiments. Furthermore, there is hardpdjusted at the beginning of the experiment. Preliminary tests
any reduction of the optical access to the vacuum cell. Let ughdicate that this technique presents no measurable drift.
mention that the setup presents an annoying limitation in the

Ill. STUDY OF THE SPECTRA

20

Experimental The relative intensity of the Raman transitions depends on
5 the Raman amplitude connecting the respective Zeeman sub-
levels, which is proportional to the product of the dipole
matrix elements connecting each sublevel to the concerned
10 intermediate excited levdkee the Appendjx The position

2 of each Zeeman sublevel depends on the magnetic field and
R=! on the intensity of the Raman beams through the light shift,
= %8 which, for the far detuned Raman beams we are considering
"g here, depends only on the dipole matrix element connecting
: 0.0 T T T T T
g 15 -10 5 0 5 10 15 15
o0 20 —_
z Numerical s
< j ] =)
= simulation =
< -
' Na)
g
1.0 N’
= 05
=
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7]
0.0 T \ T T \ \ T
0.0 T T T T T 200 -150 -100 50 [} 50 100 150 200
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Raman detuning (kHz)

Raman detuning (kHz)
FIG. 7. Velocity distribution of cooled cesium atoms. The
FIG. 6. Collapsed Raman spectrum at low magnetic fieldFWHM is 82 kHz, corresponding to a temperature of 3&, de-
(FWHM 4.5 kH2. Comparison with the corresponding spectrum duced from the Gaussian fit. The resolution isvpf2 (or, equiva-
obtained by numerical simulatiofsee Sec. I, obtained withB, lently, 4.2 kH2, showing the ability of the setup to perform subre-
=0.5 mG,ABy=0.3 mG,Al,/10=0.027, anddy=0.1 rad. coil spectroscopy.

013403-4



SUBRECOIL RAMAN SPECTROSCOPY OF COLD CESIUM ATOMS PHYSICAL REVIEWGS 013403

+ magnetic field is parallel to the direction of propagation of
the Raman beams9E&0). This result is also valid for zero
magnetic field, as one may then always chose the quantiza-
Q tion axis parallel to the beams. This implies that the light-
shift fluctuations in this configuration displace the lines as a
whole, and cannot contribute to the broadening of an indi-
€& Raman I pol. vector vidual line. This fact shall play an essential role in what
follows. Thus, we do not expect the best compression of the
spectrum to be achieved with zero dc field, because in this
case, the fluctuating componeAB induces magnetic field
random rotations with respect kg leading to spectra that are
. broad and asymmetric. The thinnest lines are expected to be

Raman|

y obtained with a dc field parallel to the Raman beams of an

amplitude a few times greater than the mean amplitude of the

X & fluctuating component: in such a case, the fluctuation of the
% magnetic field induces only small misalignments with re-

Raman 2 pol. vector spect to propagation direction of the Raman beams. We veri-

fied these facts both experimentally and numericalbe be-
low). Let us mention that a simple way to obtain the
alignment of the dc field and the Raman beams is to try to
the considered Zeeman sublevel to the excited level. Weninimize the amplitude of the lines correspondingitm=
choose the magnetic-fieB to be parallel to the quantization +1 (thatis,—7, —5, ..., 5, 7) in thespectrum of Fig. 4, as
axis, labeledz. The Raman beams are copropagating withthe Raman selection rules forbid such transition8 #ndk
wave-vectok (see Fig. 8 and lie in the k—2z) plane, mak- are parallel. If the axes of the compensation coils are aligned
ing an angled with respect to the axis. The(orthogonal  with the Raman beam@s it is the case in our setypne
polarization vectors associated with the two Raman beamsay reduce the dc component without losing the correct field
lie in a plane orthogonal t&, and the polarization of the orientation.

FIG. 8. Geometry of the Raman beams and the magnetic field.

Raman beam starting from the lee 3 makes an angle We verified that lowering the intensity of the Raman
with the (x—2z) plane (this last angle is irrelevant for our beams produces thinner linewidths, confirming the dominant
problem and we always take=0 in what follows. role of the light-shift broadening. The intensity used in our

We consider three main causes of line broadeniay: quantum chaos experimeft] and in the curves shown in
magnetic-field fluctuations and inhomogeneitigs, fluctua-  the present paper is 20 mW for each Raman beam of waist 4
tions and inhomogeneities of the intensity of the Ramarmm. The typical value of the broadening associated with the
beams, andc), the finite duration of the pulses. We shall light-shift fluctuations is 3.5 kHz.
consider each of these effects in detail. The last broadening effect is the finite duration of the

The fluctuations of the magnetic field displace the Zee-Raman pulses. We worked with Raman pulses ranging from
man sublevels, and thus, displace the center of each Ramdnto 3 ms for which the associated broadeniagound 0.2
line (except the line connecting the Zeemmar-m’ =0 sub-  kHz) is negligible.
levels, if allowed. Furthermore, we consider that the mag- Numerically calculated spectra have been generated by a
netic field in our setup results from the vectorial addition of Monte Carlo technique. A particular value for the magnetic
a controlled, dc vectoB, and of a randomly fluctuating field is generated by adding a fixed dc comporiginaking
componeniAB. The resulting magnetic field thus varies both an angled, with k and a perturbatiodB, whose amplitude
in modulus and in direction. The quantization axis is aligneds picked from a Gaussian distribution of zero mean, root-
with the dc component. The spatial inhomogeneity of themean-square amplituddB,, and of random orientation.
magnetic field also displaces the position of the Raman lined\ote thatA B, is formed by two contributions: the stray local
thus contributing to the inhomogeneous broadening. We dfields (independent 0B,) and the fluctuations 0B itself,
not know the exact shape of the magnetic field over thevhich we assume to be proportionalBg (due, e.g., to fluc-
atomic cloud, but as the atoms have an almost random spatialations of the current delivered by the supplies
distribution, this contribution can be statistically treated in  In the same way, a value for the intensity of each Raman
the same way as a field fluctuation and we do not distinguisbbeam is picked from a Gaussian distribution of mean inten-
between them. The typical magnitude of this effect in thesity |, and root-mean-square variatiar ;. The position and
weak-magnetic-field regime is 1.5 kHz. the amplitude of each line is then calculated, and a particular

The dominant low-magnetic-field broadening factor is thespectrum generated using the Fourier-transform-limited line-
fluctuation of the light shiftgas for the magnetic-field effect, width given by the inverse of the pulse duration. Typically,
we do not distinguish the contributions of fluctuations and of1000 of such randomized spectra are averaged to produce the
inhomogeneities These fluctuations are in part due to the numerical spectra shown in Figs. 4 and 6.
fluctuations of the intensity of the Raman beams themselves. As expected, the best collapsed spectrum is obtained for a
However, the light shift affecting a given Zeeman sublevelnonzero value of the dc field. Figure 9 displays the numeri-
(F,m) is independent of Fand m if the direction of the cally calculated dependence of the FWHM on the dc mag-
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" tained with a nonzero magnetic field aligned with the direc-
tion of the Raman beam@vhich indicates that magnetic-
field misalignment with respect to the beams plays an
essential rolg constitute further support of our interpretation
of the shape of the spectra. Both these facts have been veri-
fied experimentally. Another interesting idea is to polarize
the atoms in one of the extrempr(=F) Zeeman sublevels

by optical pumping. This shall sensibly reduce the broaden-
ing due to fluctuations of the light shift. Based on the mea-
surements we have done in the split spectrum configuration,
s . . . . . we expect in this case a collapsed linewidth of the order of
0.0 05 1.0 15 20 25 3.0 1 kHZ.

DC magnetic field (mG)

FWHM (kHz)

IV. CONCLUSION

_ FIG. 9. Theo_retical FWHM of thg _collapsed _spectrum asafunc- e presented in this paper an experimental setup for sub-
tion of the applied dc field. The fitting curve is 1.7B4+0.21)  recojl stimulated Raman spectroscopy. A key feature of the
+3.24B,, with By in mG. setup is the active compensation of magnetic fields over a
small volume. Sensitive Raman stimulated transitions on ce-
netic field By, showing a well-defined minimum arouri8h  sium have been used to characterize the setup, with residual
=0.5 mG. For stronger mean fields, the broadening is domimagnetic field fluctuations of 0.3 mG. The final limit of the
nated by the fluctuations &, itself, and should be linear in method has been shown to be related to lightshift fluctuations
By. For values ofB, close to zero, the broadening is due rather than to the magnetic field ones. The residual linewidth
essentially to field rotations induced by the fluctuation com-s 4 kHz, provided a small nonzero dc field is kept, allowing
ponent. The fluctuations of the field direction are roughlyatomic velocity selection of z/2. Carefully constructed Ra-
proportional toAB, /B, and the related broadening is maxi- man 7 pulses would allow us to reduce the light power,
mum if By=0, but it cannot be infinite. We thus write the pushing the resolution on the atomic velocity selection to the
weak field term ag\/(By+b), whereA/b is the zero dc field vg/10 level, which would be comparable to the results ob-
broadening, depending only axB,. Thus, the shape of the tained with double mu-metal shieldirig].
curve shall be
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cloud.
Interestingly, one also finds tha_lt the minimum width dc_)es APPENDIX: LIGHT SHIETS AND TRANSITION RATE
not correspond t@=0 (perfect alignment of the magnetic COEFFICIENTS

field and the Raman beam wave vectout to a small angle
0,=0.1 rad. For such an angle, light shifts are slightly dif- The geometry and definitions used in this appendix are
ferent for each Zeeman sublevel, and so are the Zeemahose of Fig. 8, explained in Sec. lll. We choose the quanti-
shifts. We attribute the minimum to a partial compensation ofzation axis parallel to the magnetic field and decompose the
the two effects. This misaligned configuration tends to pro-polarizations of the Raman beams in irreducible components
duce asymmetric spectra, which has also been observddotede_, €j,€.) with respect to that axifg]
experimentally.

Concluding this section, we may say that we have pro- —COS¢ CosSA+i sine
vided an interpretation of the physical mechanisms govern- €1-7= 2 '
ing the width of the Raman lines. The interpretation has been
tested by comparing numerically generated spectra to the ex- o
perimental results, which allowed us to quantify the perfor- €1 COS® Si _Gospcostising

. g . 10 ¢ Sing, €;_ ,

mances of our setup. Moreover, the interpretation furnishes J2
some interesting hints for the minimization of the width of
the collapsed spectra. The fact that the FWHM of the col-and the components of the polarization veatgof the sec-
lapsed spectrum decreases as one decreases the Raman beathbeam are obtained by changipgnto =/2— ¢.
intensities(which indicates the dominant role of the light-  The light shift of the sublevelR,m) induced by the beam
shift fluctuations, and the fact that the best collapse is ob-labeledi(i=1,2) is proportional to

(A1)
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Li(F,M) component of the position vector, and’(m’) correspond to
) the Zeeman sublevels of the excited staft€ £2,3,4 if F
E (681,2Fm|rpeip|6P3,2F’m— p) f3 andF .=3,4,5 |f.F=4_1)_, andAi(F,m,F ,m ) is the op- _
B 22 P tical detuning. For simplicity, we will consider that the opti-
=(qE) r A(F,M:F',M") ' cal detuning is high enough so that the above value may be
1 il il il

considered to be independent of the sublépehctically, this
(A2)  means that the optical detuning must be much larger than
250 MH2z. Applying the Wigner-Eckart theorem, one may

whereq is the electron charg&; the electric field associated .
. 9E, reduce the above equation to the more useful form:

to thei Raman beamp={—,0,+}, r, is the irreduciblep

|<681/2||r||6PJ>|2 2

Li(F,m)=(qE)*V2(2F +1)(23+1) X >
F!

(A3)

F' F 72)\m—p p —-m

172 J 1]( F 1 F)

where the symbol in brackets is the reduced matrix elememt tfe symbol in braces a ‘{8 symbol, and the symbol in
parentheses is a ‘{3 symbol [7]. The total light shiftL(F,m) affecting the sublevelR,m) is thus obtained by adding the
contributions due to each Raman beam.

Let us now consider the Raman transition amplituBle,m;) — (F,,m,), which is proportional to

E 2 E <681/2F1ml|rp61p|6p3/2F,ml_p><6P3/2F’ml_plrp'€2p'|681/2F2ml_p_p,> (A4)
P
F/ pl

that can be transformed into

\ 0 1 1)2
(ESyIrlI6P )~ 1)+ P 2P 2F D (2P, + DRITD Y 3 elp@p/[ 2] > (2F'+1)
p

J 12 12 &
172 J 1 J 12 1 F’ 1 F F, 1 F’
X3, , ., . (A5)
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