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We present measurements of cavity frequency pulling and collisional frequency shifts in a ’Rb foun-
tain with a frequency resolution of 3 X 107!, Agreement with theory is found for the cavity pulling
and the measured collisional shifts. The clock shift is found at least 50 times smaller than in '33Cs.
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In the last 10 years, our understanding of the physics
of collisions between ultracold atoms has improved con-
siderably [1]. Data from photoassociation spectroscopy
[2], frequency shifts in atomic clocks [3,4], Bose-Einstein
condensation [5,6], and Feshbach resonances [7] are now
strongly constraining the interatomic potentials. Collisions
play a crucial role in high precision clocks using laser
cooled atoms. The current accuracy of Cs clocks, on which
the SI second is based, now reaches 1.1 X 10713, using a
fountain geometry [8]. Since interactions between cold
atoms represent a major part in the inaccuracy budget, Cs
fountains operate at low atomic density, hence with a small
number of atoms, typically less than 10°. Even with detec-
tion at the fundamental quantum projection noise, this sets
a limit to the frequency stability [9]. In 1997, Kokkelmans
et al. predicted that the collisional frequency shift for 8’Rb
was 15 times smaller than for '33Cs [10]. Rubidium foun-
tains could then operate with larger atom numbers and rep-
resent an attractive alternative to Cs frequency standards.
In this Letter, we show that another effect which depends
linearly on the atom number must be considered, namely
the cavity pulling frequency shift, well known in hydrogen
masers [11]. Our treatment of the frequency shift measure-
ments takes into account both collisional shift and cavity
pulling simultaneously. By tuning the cavity around the
Rb resonance frequency, we display the characteristic dis-
persive line shape of the cavity pulling effect and find good
agreement with theory with a relative frequency resolution
of 3 X 10716, A quantitative model of the pulling effect
allows us to make a precise determination of the number of
atoms crossing the cavity. After subtraction of its contribu-
tion, we measure collisional frequency shifts in marginal
agreement with the predictions of Ref. [10] and reasonable
agreement with the more recent predictions of [12].

In a fountain standard, the atoms interact twice with
a microwave field (Ramsey method), inducing transitions
between two internal states |a) and |B). The collisional
frequency shift is due to the interaction between atoms
inside the atomic cloud during the interrogation period.
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At very low temperatures, only s-wave scattering occurs
and the collision physics is described using a single pa-
rameter, the scattering length a. For a nondegenerate
gas of N atoms in state «, the total mean-field energy
shift is equal to (477 >/m)aii,N, where 7i, is the average
atomic density in state |«). In the fountain, when all the
population is transferred from |a) to |8), the collisional
frequency shift is given by 27rAv = (4wh/m)(agp —
Aqa)lt, Where aqq (agg) is the scattering length for two
atoms colliding in the internal state |a) (| 3)). We will also
consider more general cases where states other than « and
B are populated. The mean-field shift is then given by [10]

2h
- X Z_n,-(l + 8a)(1 + 85,) (au

J

Av = — ag;).

(M

The j index refers to the atomic Zeeman substate |F, mp).
a = |1,0) and B = |2,0) are the lower and higher clock
levels. The Kronecker symbol 6;; accounts for quantum
statistics. In a fountain, the partial densities n; are space
and time dependent, and the measured frequency shifts
appear as an average over these variables.

The second effect which depends on atom number is
the cavity frequency pulling [11]. In our fountain, the
atomic transition is probed by a 6.8 GHz microwave field
in a TEq;, copper resonator with a quality factor Q = 10%.
The pulling effect is due to the interference inside the mi-
crowave resonator between the field radiated by the in-
put coupler and the field radiated by the atomic magnetic
dipoles when the atoms pass through the cavity. This inter-
ference induces a time dependent phase shift between the
field inside the resonator and the signal delivered by the os-
cillator. It produces a clock shift that exhibits a dispersive
dependence as a function of the cavity detuning with re-
spect to the atomic resonance (Aveyy = Veay — Var). The
width of this dispersion curve is proportional to 1/Q. The
amplitude is proportional both to Q and to the number
of atoms crossing the cavity. When the atoms enter the
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cavity in the upper state (lower state) and deposit
(extract) energy in the cavity, the clock frequency is
pulled towards (pushed away from) the cavity resonance
frequency.

Our laser cooled 3"Rb fountain has been described in a
previous paper [13]. First, in 1s, up to 7 X 10® atoms
are captured in a magneto-optical trap (MOT) with 6 laser
beams of power 20 mW, diameter 3 cm, and tuned to
the F = 2 — F' = 3 transition at 780 nm. A 200 ms
molasses phase at 6 = —5I' (I' = 27 X 6 MHz) allows
for the MOT magnetic field decay. The atoms are then
launched upwards at ~3.5 ms™~! in 2 ms and cooled down
to an effective temperature of ~1.2 uK. After launch,
atoms can be selected in a specific Zeeman substate by
means of microwave and laser pulses. Atoms interact
twice with a 6.8 GHz microwave field synthesized from
a high stability quartz oscillator weakly locked to the out-
put signal of an H maser. The two 7 /2 Ramsey inter-
actions are separated by ~400 ms. The number of atoms
Np—1 (Nr=) in both hyperfine levels are then measured by
time of flight fluorescence (TOF) induced by a pair of laser
beams located below the MOT. From the transition proba-
bilities Nr—»/(Np=; + Np—,) measured on both sides of
the central Ramsey fringe, we compute an error signal to
lock the microwave interrogation frequency to the atomic
transition using a digital servo loop.

Our measurement approach uses a differential method.
Every 200 fountain cycles (~350 s), we change the trap-
ping light intensity so that the number of atoms in the
fountain alternates between two values Nyjgn and Nygy =
Nhigh /4. We measure the frequency difference between
the two situations. This method efficiently rejects slow fre-
quency fluctuations which are not related to atom number
or density, in particular the H-maser drift. In the differen-
tial method the frequency resolution is ~3 X 107 13771/2
where 7 is the averaging time in seconds. At 350 s the
maser stability is ~2.7 X 10715, at least 4 times better
than the fountain stability. The relative frequency reso-
lution on effects which depend on atom number reaches
~1 X 10715 per day.

After launch, atoms are spread among the various mp
substates of the ' = 2 manifold. Data have been taken in
three cases. (i) Normal clock operation: atoms in the |2, 0)
substate are transferred to |1,0) using a microwave 7
pulse. Atoms remaining in |2, mr # 0) are pushed away
by radiation pressure. Only three scattering lengths a,q,
aqg, and agg in Eq. (1) are involved. (ii) No selection:
all Zeeman sublevels in F = 2 are equally populated to
within 2%—3%. The frequency shift of the |2,0) — [1,0)
transition is measured in the presence of |2, mp # 0)
populations.  (iii) Atoms are pumped in F =1 by a
laser pulse tuned to the F = 2 — F' = 2 optical tran-
sition. Atoms remaining in the F = 2 state (=2%)
are pushed away by radiation pressure. The launched
atoms are equally spread among the F = 1 substates to
within 1%. The frequency shift of the [1,0) — [2,0)
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transition is measured in the presence of |1,mp # 0)
populations.

In order to compare the frequency measurements with
cavity pulling and collisional shift predictions, great care
has been taken to measure precisely both the number
of atoms entering the microwave resonator and the av-
erage atomic density during the Ramsey interrogation.
The initial atom number is determined by two methods:
first, an absorption method performed at the end of the
cooling process with an uncertainty of ~20%; second, a
detailed analysis of the TOF signals and detection effi-
ciency, which requires a precise knowledge of the initial
spatial and velocity distributions. The spatial distribu-
tion is obtained by imaging the fluorescence of the cloud
onto a CCD camera in the molasses phase 500 us be-
fore launch, and by measuring the absorption signal for
various apertures of the probe beam. We find a Gauss-
ian distribution with o = 1.4 mm for Npjep = 4 X 108
atoms, and o = 0.85 mm for Njow = 8 X 107 atoms.
The velocity distribution is deduced from the time of
flight signals in the detection zone. They clearly ex-
hibit a non-Gaussian shape (Fig. 1a) that we model by
a 3D isotropic distribution (1 + |5 — 9,12/vd)~? law,
vo and b being the free parameters of the fit. This
analytical distribution is theoretically predicted by [14]
and exhibits large wings as expected near the threshold
of operation of the optical molasses. Operating in this
regime is necessary in our experiment in order to ob-
tain the lowest temperature and thus the highest atomic
densities. In cases (i) and (ii), we find vy ~ 18 mms™!,
whereas vo ~ 23 mms~! in case (iii) because of optical
pumping. In all three cases, we find b ~ 2. These val-
ues are monitored during data acquisition. A numerical
simulation provides the time dependent atomic density
and number in the fountain. The calculated fraction of
atoms passing in the detection zone is compared with
the TOF measurements for various launch velocities in
Fig. 1b. This constitutes a test of the 3D velocity dis-
tribution. We also deduce the number of atoms en-
tering the microwave cavity and in the detection zone,
and good agreement is found (20%) with the calibrated
detection.

Partial densities n; in Eq. (1) are time dependent for two
reasons. First, the atomic cloud expands during the Ram-
sey interrogation: the peak atomic density typically varies
by a factor of ~30 during the Ramsey interrogation. Sec-
ond, the atomic populations of the |1,0) and |2, 0) levels
change during the two microwave interactions. We take
into account in our simulation the nonuniform sensitivity
of the clock frequency to a time dependent perturbation of
the atomic frequency [15]. We calculate the time averaged
partial densities {n;), that each detected atom encounters
during its ballistic flight. Then, we average over the initial
spatial and velocity distributions to determine the effective
partial densities 77; = (n;);; 3, used in Eq. (1) for com-
parison with theory. The total effective atomic density is
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FIG. 1. (a) Velocity distribution of the atoms in the moving
frame. The fit with a square of a Lorentzian (see text) cannot be
distinguished from the data (solid line). The Gaussian fit (dotted
line) is clearly not adequate. (b) Fraction of detected atoms as a
function of the launch velocity (squares). Solid line: numerical
simulation. Dotted line: Gaussian velocity distribution.
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= 1.5 X 107 cm?.

Figure 2 shows the differential measurement of the
clock frequency shift as a function of the cavity detuning
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FIG. 2. Relative frequency shift vs cavity detuning for AN =
3.5 X 107 in case (i). Solid line: fit from Eq. (2).

Av.,, with respect to the atomic resonance, for atoms
initially selected in |1,0), with Nhpjgh = 4.3 X 107 en-
tering the microwave cavity and Ny = 0.8 X 107. The
simulation shows that this modulates the effective density
by a factor of ~3.3. The frequency and quality factor of
the cavity are measured with an uncertainty of 20 kHz and
4%, respectively, and the cavity is tuned by temperature
[16]. The solid line is a least squares fit of the data using
the following function:

dv/v = Al f(Avey)AN + BA#A], (2)

where A and B are the free parameters of the fit, and
AN = Nhigh — Niow [17]. f(Avcay) is the calculated dis-
persive line shape of the cavity pulling effect for a single
atom in the cavity. A is a common scale factor on the atom
number and is expected to be 1. We find A = 1.26(14)
and B = —7.2(20.0) X 1072* cm?. Thus, the number of
atoms determined by the cavity pulling effect has an un-
certainty of 11% and agrees with the measurements de-
scribed above, within the combined error bars. This more
precise determination of N is now used for the evaluation
of the collisional shift. B, the collisional shift coefficient,
is surprisingly consistent with zero even with a frequency
standard deviation of 3 X 107'® given by the fit. Thus
in case (i), at a density of 1.5 X 107, ¥Rb exhibits no
detectable shift [Fig. 3(i)], whereas 133Cs would exhibit a
shift of 3 X 10714,

Figure 3 summarizes the collisional shifts measure-
ments versus the effective density 7 [18]. By contrast
to case (i), data recorded in cases (ii) and (iii) show
a clear dependence with the density after subtracting
the cavity pulling effect. The measured value in case
(i) —50(10) (*33) X 1072 cm® is in reasonable agree-
ment with —56 X 1072 cm® (Ref. [10]) and —33 X
107%* cm? (Ref. [12]). The first set of parentheses refers
to the frequency statistical uncertainty (1 standard devia-
tion); the second set refers to the linear combination of
frequency uncertainty and density calibration uncertainty.
From variations of the parameters in the simulation and
experimental calibrations, we deduce a 35% type B
uncertainty on our density. Adding quadratically the
11% statistical uncertainty on atom number, we get a
40% combined uncertainty on the density. This corre-
sponds to a scale factor of 1.4 and 1/1.4 on the density
axis of Fig. 3, defining the acceptance domain of the
measurements (dotted lines). In case (iii), the agree-
ment is similar. We find —60(16) (*72) X 1072* cm?
to be compared to —68 X 10724 cm® (Ref. [10]) and
—41 X 107%* cm® (Ref. [12]). Finally, our data in case
(i), —7.2(20.0)(X3]) X 10724, show a disagreement at
~30 with the theory of Ref. [10] and seem to favor the
more recent theory of Ref. [12].

In summary, the smallness of the 87Rb clock transition
collisional shift makes this atom very attractive for
high accuracy microwave frequency standards. When
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FIG. 3. Relative frequency shift of the |[1,0) — |2, 0) transition

vs effective density in cases (i), (ii), and (iii) (atoms initially se-
lected in states |1,0), |2, mp = 0, =1, =2) equally populated and
|1,mp = 0, =1) equally populated, respectively), and compari-
son with theories of Ref. [10] (Th.1) and Ref. [12] (Th.2). Open
circles: linear fits to the experimental data with corresponding
statistical frequency uncertainty at the given density. Horizontal
error bars represent the 40% density uncertainty. Dotted lines:
experiment with combined frequency and density uncertainties.
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detecting ~2 X 107 atoms and with a suitable interroga-
tion oscillator, the quantum limited stability should reach
~1 X 107772 down to 3 X 107 at one day.
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Note added.— After completing this work we learned
that related work was performed by C. Fertig and K. Gibble
where a nonzero shift in case (i) was measured [19]. Their
value of —0.38(8) mHz at 1.0(6) X 10° cm™3 is consis-
tent with our measurements.
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