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Suppression of inhomogeneous broadening in rf spectroscopy of optically trapped atoms
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We present a method for reducing the inhomogeneous frequency broadening in the hyperfine splitting of the
ground state of optically trapped atoms. This reduction is achieved by the addition of a weak light field,
spatially mode matched with the trapping field and whose frequency is tuned in between the two hyperfine
levels. We experimentally demonstrate the new scheme&Rb atoms, and report a 50-fold narrowing of the
rf spectrum.
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The time available for measuring an atomic transition in aThis method can be applied to red- or blue-detuned FORTS,
perturbation-free environment has been substantially inand hence can be used as an additional way to further in-
creased by the achievement of ultracold atomic samples. Usrease the long atomic coherence times of the latter.
ing cold atoms in atomic fountains, measurements of the 9.2 A ground state{g;) of an atom exposed to a light field
GHz “clock” transition in cesium were performed with mea- With intensity | and frequencyw is ac Stark shifted by an
surement times as long as 450 fid. A possible way to amount given by
increase the measurement time beyond the practical limit
imposed by the height of a fountain is to use optically
trapped atom§2,3]. Far-off-resonance optical trafSORT9
[4], which are based on the conservative dipole force created

by cy_cles of absorption and stimulated emission, are possiblﬁ,herey is the natural width of the transitiof2]. The sum-
candidates for these measurements. The great disadvantag@tion takes into account the contributions of the different

of a trap is that the trapping potential acts also as a pertuigoypled excited levelge;), each with its respective transi-
bation for the atomic level, and in particular an optical trapjgp, coefficientc;; and detunings; = w— w;; .

introduces a relative ac Stark shift of the hyperfine le\/g]s Specifically for the D2 line ifRb, the fine structure of
which results in a systematic shift in the clock frequency : , X ;
measurement. When ensemble averaged, the spatial depéB? excited stateXg~7 THz), and the hyp erfine structure
dence of the potential also results in an inhomogeneou8' the ground Stateﬁ(,HF~3 GHZ,) and excited stated(e,
broadening of the transition, and hence in a loss of atomi¢€ns of MH2 obey Ag>Ae>Af . For linearly polarized
coherence at a much faster rate than the spontaneous photégt in the vicinity of this line, and as long as the detuning
scattering raté5]. These effects can be reduced by increas©f the light is large as compared to the excited state hyperfine
ing the trap detuning4—7] and by using blue-detuned opti- SPIitting A{,-, a general result can be derived from Eg)
cal traps, in which the atoms are confined mainly in the darior the shift of a ground state with total angular momentum
[5,8]. However, the residual frequency shifts are still theF, exposed to a light fieldi(r),
main limiting factor for precision spectroscopy in optical )
traps. AE(r)= mcoy 1(r)
ac Stark shifts from the trapping beams are also detrimen- w3 O’
tal to achieving high phase space densities in optical traps, 0
since they shift the atom’s resonance frequency away frofynere 5= w— we is the detuning of the laser from the
the cooling beams frequen¢9,10]. Recently, it was shown |55 , F)—|5P,,,) transition. Note, that Eq2) is a reason-
that in some cases a FORT laser frequency can be chosengge approximation even for a detuning comparable with
couple the states involved in cooling to some other states, ifhe optical frequency, [6]. We are interested in rf spectros-
order to suppress the frequency shift of the cooling transitior&opy, where the energy difference between the two ground-
and allow simultaneous trapping and Doppler coolitd]. state hyperfine leveldF=2) and|F=3), is measured. In

In h’ghis dway, a phase-space density exceeding 0.1 Wage presence of the light this energy difference is modified by
achieved.

In this paper we demonstrate a method for reducing the
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inhomogeneous broadening in the spectroscopic measure- ZHF(r)—AHFZ 3 5 A2 I(r), (3
ment of the hyperfine splitting of the ground state of opti- wg O 1_(ﬁ)
cally trapped atoms. This reduction is achieved by the addi- 20

tion of a very weak light fieldthe so-called compensating _

bean), spatially mode matched with the trapping field andwhere Ay (r) is the spatially dependent hyperfine splitting
whose frequency is tuned between the two hyperfine levelsn the presence of the light and® (5:_,+ Sr—3)/2 mea-

An experimental realization of the new scheme is presentedures the laser detuning from the center of the ground state
with 8Rb atoms, and a reduction by a factor 50 is reportedhyperfine splitting. Equation(3) indicates that for|d|
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FIG. 1. Ground-level energig®) and energy differencéb) of ®)

atoms trapped in a focused Gaussian beam. When exposed to the If the compensating beam is spatially mode matched with
trapping laser, the two hyperfine levels have a different ac Stark P 9 P y

1 ! —
shift (dashed ling An additional weak laser, detuned to the middle the trap beam' i.el,"(r)=7xI(r), then_ a Co_mplete cancel-
of the hyperfine splitting, creates an ac Stark diéttted ling such lation of the inhomogeneous broadening will occur for

that the total amount of light shiftfull line) is identical for both A 2
hyperfine levels. ZHE
_\2 Ane|?
>Aye/2, i.e., forde—, and §g - 5 both positive(or both nega- = , [AnF 27126 ©
tive), the ground-state energy splitting is always reduced by o= >

the presence of a light fielgsee Fig. 1L When the detuning
is “between” the hyperfine levels,s|<A/2, the energy Figure 1 shows the shift of the hyperfine levedsand the

splitting is enlarged. hyperfine energy differencé) caused by the trapping beam
~ For a FORT with detunings>Ae/2 Egs.(2) and (3)  (dashed ling and compensating beafdotted ling. In the
yield presence of both beams, the levels are shifted by the same
amount(full line). As a specific example, with a FORT de-
ZHF(V)—AHFm(AT:j u(r), (4) tuned by 5 nm we have~ 3.6X 10*7_. Hence, with a ?ypical
FORT power of 50 mW, the required compensating beam

_ ) _ _ power is 20 nW 15].
whereU(r) is the spatially dependent dipole potential that' Nte that the dipole potential created by the compensating
forms the trap, in frequency units. The fact that the relativeyggm, isU’(r)=*1(Ape/8)U(r) for atoms in the upper
ac Stark shift isAr /6 smaller than the dipole potential is ang jower hyperfine levels, respectively, and hence is negli-
the main motivation for using FORTs for precision rf ginje when compared with the potential of the FORT. More-
spectroscopy. For example, '”3@5] the relative ac Stark  qyer, the photon scattering rate from the compensating beam
shifts were onlyAye/6~2x10"“ times the dipole poten- y. is given byA y.~2yU'/A s, which can be also written
tial. Note that, however small, this relative ac Stark shiftp, 2, y’~y/5U(r)S~hy Hence. the scattering rate from the

S S )

Irztztﬁg]mmh larger than the spontaneous photon scatterlnﬂearly resonant compensating beam is of similar magnitude
For ;':1 trapped atomic ensemblér) will cause a shift in o that.of the far-of-resonance trapping bgayg,

the ensemble-averaged ground-state hyperfine energy split- We implement the proposed scheme with a FQ&Ted-

) o 8 4 fietuned Gaussian bed]), created by focusing a 50-mwW

ting, (Aur—Apg). In addition, the spatial dependence of |aser, detuned 5 nm below resonance, to a waistgf

I(r) will result in an inhomogeneous broadening, —gq um, resulting in a potential depth dfl y~200E,.

V(AZE)—(Aye)?, which depends also on the atoms’ tem- (E,.. is the recoil energyand oscillation frequencies af,

peraturg 12]. For example, for a thermal ensemble of atoms= 27X 365 Hz andw,=2#7X1.3 Hz in the radial and axial

with 3k, T kinetic energy in an harmonic trap, we have directions, respectively. An additional laser, with frequency
locked close to the middle of the ground-state hyperfine

3
U0+ Eka

(B )= 2]

splitting, is combined with the FORT laser. To achieve opti-
mal spatial mode match, both lasers are coupled into a
polarization-conserving single-mode optical fiber, and the fi-
and ber’s output is passed through a polarizer and focused into
the vacuum chamber. Two servo loops are used to control
\/~2—~2_ Apr \/§ and stabilize the power of the lasers: The first one ensures a
(Ahr) = (Bur)"=| 57 Ykl 1% stability of the trap laser. More importantly, for complete
compensation of the relative ac Sark shifts, a second servo
whereUy, is the dipole potential at the trap’s bottdm3]. loop ensures a 0.1% stability of the power ragichroughout
In order to cancel these shifts, we introduce an additionathe entire duration of the experimefrit6].
laser beam, with intensity/ (r) and frequency between the  The loading procedure is similar to that describeliv].
resonant frequencies of the two ground-state hyperfine le\Briefly, the FORT is loaded by overlapping it with a com-
els, say in the middle, i.e-Aye/2 and +Aye/2 from the  pressed®Rb magneto-optical traMOT). The MOT beams
lower and higher hyperfine level, respectivéli4]. For a  are shut off after 650 ms of loading, 50 ms of compression,
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012 4 (c) FIG. 3. Trapped atoms’ line centeF{, A) and rms width ¢,
0.08 | @) as a function of compensating beam power for a 3-ms pulse.
(0 ~110 Hz is the Fourier limitedr.) The spectrum width is
0.04 - minimized to a Fourier limited value, at a compensating beam in-
0.00 J tensity which corresponds also to a minimal shift from the free-
1500 -1000 -500 O 500 1000 1500 atoms’ line centef~,. The power is normalized to the measured
F-F_ (Hz) value at which the best compensation is achievé&d=25
0 +10 nW.

FIG. 2. Rabi spectrum of the hyperfine splitting $¥Rb, with
a 3-ms pulse. (8 Spectrum of free falling atoms.F, long 7 pulse. A constant background resulting from sponta-
~3 035732439 Hz is the free-atoms’ line centdn) Rabi spec- neous Raman scatterifig9] is substracted. The spectrum of
trum of trapped atoms, showing a shift in the line center and dree-falling atoms shows no inhomogeneous broadening and
broadening(c) Spectrum of trapped atoms, with an additional com- a rms widtho which is Fourier limited to 110 Hz. A shift in
pensating beam. The addition of the weak compensating beanhe peak frequency- 756 Hz), and a broadening of the line
nearly cancels the shift and broadening of the spectrum. Note thato =320 Hz) are seen in the spectrum of trapped atoms, in
since the population of the foyF =2m=0) states is included in  fajr agreement with the calculated trap depth and atomic
N3/(N2+Ns), a value of 0.2 represents the maximal possible sigtemperature. This inhomogeneous broadening is not signifi-
nal (a m pulsg for the |F=2,m=0)—|F=3m=0) transition. cantly affected by the duration of the pul&]. The addition

q f volarizati di ina. leavind 0° of the weak compensating beam nearly cancels the broaden
and 5 ms of polarization gradient cooling, leavind0” con- g of the spectrum, as well as its shift from the free-atom
fined atoms with a temperature 6f10 uK. line center.

We perform a Rabi spectroscopy measurement on the " Eigure 3 shows the measured line center and rms width of
trapped atoms by driving the ground stdfe=2m:=0) 0 trapped atoms as a function of compensating beam
—|F=3mg=0) transition, which is insensitive to magnetic power, again for a 3-ms rf pulse. The spectrum width is

fields, to the first order. A bi"f‘s magnetic field 680mG is  inimized to the Fourier broadening limit at a compensating
applied parallel to the FORT's polarization axis and to the rfyeam nower which corresponds also to a minimal shift from
magnetic field direction, in order to Zeeman shift the mag+ne free-atoms line center.

netic sensitivemg#0 levels out of resonance with the rf Figure 4 shows the measured rf spectrum for a 25-ms-

pulse. A typical sequence is as follows: First, the atoms arfong pulse. A measurement of free atoms with this pulse
prepared in théF =2) ground state by turning on the MOT

beams, without a repump beagr7], for 1 ms. Then, a rf

pulse is applied at a variable frequency, using an Anritsu 0.08

69317B Signal Generator locked to a high stability oscillator.

The intensity and duration of the pulse are adjusted to maxi- 0.06

mize the |[F=3) population when on-resonancer (pulse gv

condition. Following the rf pulseN3 (the population in the +., 0.04-

|F=3) level) is measured by detecting the fluorescence dur- £

ing a short pulse of a laser beam resonant with the cycling Eﬂ 0.02-

transition|5S,,,F =3)—|5Pg,,F=4). The population of

the |F=2) level (N,) is then measured by turning on the 0.004

repumping beam(which is resonant with|5S;,,,F=2)

—|5P4,,F=3)) and applying an additional detection pulse. 0021, . . . . .
The normalized signalN;/(N,+ N3) is insensitive to shot- -150 100  -50 0 50 100
to-shot fluctuations in atom number as well as slow drifting F- Fo (Hz)
fluctuations of the detection laser frequency and intensity

[18]. FIG. 4. Rabi spectrum of the hyperfine splitting8Rb, with a

Figure 2 shows results for the Rabi spectrum with a 3-ms25-ms pulse. A Fourier limited~13 Hz is measured.
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length is not possible in our setup since the atoms fall due tatoms, which may drift considerably, in the compensated trap
gravity, and leave the interaction region. A Fourier limited the suppression of the line shift is equally effective for all
o=13 Hz is measured, representing a 25-fold reduction intemperatures. Hence, it provides a mean of achieving a
the line broadening, as compared to the line broadening diigher stability of the line center than that achieved by sim-
trapped atoms. We performed a similar measurement with gly stabilizing the trapping laser detuning and intensity. For
50-ms pulse, and observed a nearly Fourier limited With  relative spectroscopic measurements, such as the proposed
times narrower than the trapped atoms specranthe ex-  measurement of the electron’s permanent electric dipole mo-
pense of a much larger spontaneous photon scattering afﬂﬁ’ent(EDM) [21], only stability (and not absolute accuracy

hence a smaller signgR0]. For even larger measurement o 1o ine center is of importance. For example, for a 10

;unn;eos}?ﬁgr}itggeous photon scattering prevents further narrow_-MK deep ytrium aluminum garmneYAG) laser trap, and a

: . _ compensating beam with a 15-KH@ime-averageq fre-
% ;’C\)I,eg, rgia ?g;;gﬁ:ﬁ;;ﬁl’aﬁ?ﬁg é‘gg_l’_l_?_h? a?j%itic?n of duency stability, locking the relative intensity between both

the compensating beam induces an increase of 6/9%. beams to a 1: 10 stability, will result in~ 10~ stability of

In summary, we perform a rf spectroscopy measuremeri{'€ ' line center. . .
of the hyperfine splitting of the ground state of optically Finally, a weak compensatlng beam, spatially mode
trapped atoms. We demonstrate a scheme for eliminating tH8&iched with the trapping beam and properly tuned near
trap-induced inhomogeneous broadening of the transition, bjgSonance between the upper level of a laser cooling transi-
adding a weak “compensating” laser, spatially mode 0N and another e>_<C|ted level, can suppres§_spat|ally depen-
matched with the trapping laser and with a proper detuninglent frequency shifts of the cooling transition, and allow
and intensity. Despite being tuned close to resonance, thiimultaneous trapping and cooling with more flexibility than
laser induces a negligible change in the dipole potential, anthe single frequency method of R¢L1].
does not considerably increase the spontaneous scattering__ . . .
rate. With the suppression of inhomogeneous broadening, the This yvork was_supported n part by the Isrgel Science
atomic coherence time is now limited by the much smaller0undation, the Minerva Foundation, and the United States—
spontaneous scattering time. Israel Binational Science Foundation. M.F.A. acknowledges

Whereas in a conventional optical trap the ac Stark shifft€lp from the Nachemsohn Dansk-Israelsk Studienfond.
of the line center strongly depends on the temperature of the
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