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Abstract

This paper reviews recent progress on microwave clocks
using laser cooled neutral atoms. With an ultra-stable
cryogenic sapphire oscillator as interrogation oscillator, a
cesium fountain operates at the quantum projection noise
limit. With 6 10° detected atoms, the relative frequency
stability dv/v is 4 10~'* 7='/2 where 7 is the integration
time in seconds. This stability is comparable to that of
hydrogen masers. At 7 = 2 10*s, the measured stability
reaches 6 10716, Equally important is the accuracy of the
frequency standard since 133C's is the primary reference
for the definition of the time unit, the second. The ac-
curacy of our cesium fountain FO1 is presently 1 10715,
currently the best reported value.

A 87Rb fountain has also been constructed and the
87Rb ground-state hyperfine energy has been compared
to the Cs primary standard with a relative accuracy of
2.5 107, Comparing the hyperfine energies of atoms
with different atomic numbers Z, one can search for pos-
sible variations of the fine structure constant a = e?/hc
with time. Measurements of the ratio v(37 Rb) /v (**3C's)
spread over an interval of 24 months indicate no change
at a level of 3.1 10715 /year, placing a new upper limit for
1/a(da/dt). The second attractive feature of 87 Rb foun-
tains is the smallness of the frequency shift induced by
the mean field interaction between atoms. This shift is
found to be at least ~ 50 times below that of cesium.

Finally, the interest of the microgravity of space for cold
atom experiments is outlined. A space mission, ACES,
carrying ultra-stable clocks, is presented. ACES has been
selected by the European Space Agency to fly on the In-
ternational Space Station in 2004.

1 INTRODUCTION

Since 1967, the SI unit of time, the second, is based on a
quantum oscillator using the ground-state hyperfine tran-
sition in atomic '3?Cs. By definition, the frequency of this
transition is 9 192 631 770 Hz. The best realization of the
second is currently achieved by laser cooled '33Cs atomic
fountains which combine both high stability and high ac-
curacy. The evolution of the relative accuracy of 133Cs
primary frequency standards with time is shown in fig.1.
Since the 1960’s, it has improved on average by a fac-
tor of 10 every 10 years, reaching currently 1071% in cold
atom fountains. For comparison the microwave trapped
ion frequency standard based on Hg* [2] and the recent
optical measurements of the 1s-2s transition in atomic hy-
drogen [3] and of the 657 nm transition in calcium [4] are
also shown in fig.1.
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Figure 1: Accuracy of cesium atomic clocks over the last
40 years (black squares). Open triangle: Hg' ion at
40 GHz [2]. Open circles : H [3] and Ca [4] optical lines.

In passive atomic clocks, the relative frequency stability



oy (7) is given by the Allan variance of the frequency fluc-
tuations of a macroscopic oscillator (a quartz crystal, or a
sapphire cryogenic oscillator), slaved to the resonance of a
sample of microscopic oscillators (Cs atoms in a primary
standard). Here, 7 is the measurement time. This Allan
variance is always measured using the beat note between
two independent oscillators. The accuracy of an atomic
clock depends on various parameters such as the temper-
ature of the experiment, the surrounding magnetic field,
or the collisions between the atoms.

Cold atom clocks use the method of separated oscilla-
tory fields introduced by Ramsey in 1950, but adapted to
a vertical geometry [5, 6]. The atoms are first prepared in
one of the two levels |g) and |e) of the clock transition,
and then launched upwards. On the way up, they pass
through a resonant microwave cavity. The microwave fre-
quency is generated from the macroscopic oscillator and
tuned to the clock transition. The atoms interact with the
microwave field sustained inside the cavity, and undergo
a first /2 pulse. On the way down, they pass through
the same cavity, where they undergo after a time 1" a sec-
ond 7/2 pulse. The longer T', the narrower the Ramsey
resonance, and the higher the frequency resolution. Af-
ter the Ramsey interactions, the populations N, and N,
of both clock levels are measured. From the transition
probability signal, N, /(Ny+ N.), as a function of the mi-
crowave detuning, an error signal is computed to lock the
macroscopic oscillator to the atomic transition. In fig.2,
the Ramsey resonance as a function of the microwave fre-
quency is shown for the BNM-LPTF Cs fountain FO1.
The atoms are cooled down to 0.8 K and launched up-
wards at ~ 4m/s. They reach apogee ~ 30 cm above the
microwave cavity, corresponding to 7' ~ 0.5s. Ramsey
fringes have a width Av = 1Hz FWHM. Each point is
one cycle of duration 1.1s, and the signal to noise ratio is
2000 for 8 10° detected atoms.
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Figure 2: Ramsey fringes of the BNM-LPTF Cs fountain
FO1. The fringe width is 1 Hz and signal to noise ratio is
2000 per cycle of 1.1s.

In this paper, we discuss the present performance and
limits of '*3C's and ® Rb fountains. We have recently

shown that Cs fountains can be operated with a frequency
stability limited by the quantum projection noise [7]. The
accuracy of BNM-LPTF CS fountains has been improved
up to 1.0 10~'5. Going much beyond seems a hard task,
because of the large frequency shift induced by cold col-
lisions. In contrast, 3’Rb fountains exhibit a collisional
shift ~ 50 times smaller than in *3Cs[8, 9]. ¥ Rb foun-
tains are thus interesting candidates for future atomic
clocks with better performance. We present the measure-
ment of the collisional shift in our 8”Rb fountain and we
give a new limit for the variation of the fine structure
constant a = €?/hc with time. Finally, micro-gravity en-
vironment is capable of providing even longer interaction
times than in Earth fountains[10, 11].

2 Cs FOUNTAINS

Until recently, the frequency stability of atomic fountains
was limited by the phase noise of the quartz oscillator used
for the atom interrogation. With state-of-the-art quartz
oscillators, this limit is above 10713 7=1/2 [12]. With such
a stability, a 107'6 accuracy goal is challenging since a
single measurement with this resolution implies an aver-
aging time of more than one week. By using an ultra-
stable cryogenic sapphire oscillator (SCO) developed by
the University of Western Australia [13], we have been
able to overcome this limitation and to reach the quan-
tum projection noise limit [7, 14, 15].

Before being detected, the atomic internal state is a
linear superposition of the two states |e) and |g) of the
clock transition: |¢)) = alg) + Ble), with |a|*> + |8]> = 1.
The measurement process projects atoms in state |e) or
lg). The probability of finding an atom in |e) is |3]? =
(Y|P, |¢) = p, with P, the projection operator onto state
le). The measurement exhibits quantum fluctuations of

standard deviation o = ((1/J|Pg2|1/1) - ((1/)|Pe|1/1))2)1/2 =

/p(1 — p). For a set of N, uncorrelated atoms, o scales

as N;tlm. Itano et. al. [15] named this effect quantum
projection noise and have observed it both in the case
of repeated measurements on a single particle prepared
successively under identical conditions, and in the case
of an ensemble average with a number N,; of identical
trapped particles, up to Ny = 380.

The SCO possesses a mode which is only 1.3 MHz away
from the Cs hyperfine splitting frequency vy. Oscillating
on this mode, its frequency stability is below 10~'* from
0.1to 10s. The excess noise is then negligible compared to
the projection noise in our atomic fountain for N,; < 10°.
The Allan standard deviation of the relative frequency
fluctuations y(t) of an atomic fountain can be expressed
as:
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In (1) 7 is the measurement time in seconds, 7T is the
fountain cycle duration (~ 1s) and 7 > T,.. Qut = vo/Av




is the atomic quality factor. The first term in parenthe-
ses is the atomic projection noise o NN, ;1/ ?. The second
term is due to the photon shot-noise of the detection flu-
orescence pulses and is less than 1% of the projection
noise. The third term represents the effect of the noise of
the detection system. o4y, the uncorrelated rms fluctua-
tions of the atom number per detection channel, is about
85 atoms per fountain cycle. This noise contribution be-
comes less than the projection noise when N,; > 2 10%. v
is the contribution of the frequency noise of the interroga-
tion oscillator [16, 12]. With the SCO, this contribution
is at most 107'*7=1/2 and can be neglected. As an ex-
ample, for N, ~ 6 10° detected atoms, Av = 0.8 Hz,
Qa¢ = 1.15 10'° and T, = 1.1s, the expected frequency
stability is o, (7) = 4 10~ 147~1/2,

To observe the quantum projection noise, we vary the
number of atoms in the fountain and measure the fre-
quency stability o,(7) by comparison with the free run-
ning sapphire oscillator which is used as a very stable
reference up to 10 — 20 seconds. A plot of the normalized
Allan standard deviation as a function of atom number
is presented in fig.3. Since we explored several values of
Qat and of the cycle duration T, we plot the quantity
oy (T)TQat+/T/T. for T = 4s. This quantity should sim-
ply be equal to Na_tl/2 when the detection noise is neg-
ligible. At low atom numbers, the 1/N,; slope indicates
that the stability is limited by the noise of the detection
system (third term in eq. 1). For N,; > 4 10%, the exper-
imental points are in good agreement with the relation
y = aNa_tl/2 with @ = 0.91(0.1), close to the expected
value of 1 (fig.3).
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Figure 3: Normalized frequency fluctuations as a func-
tion of the number of detected atoms N,;. The expected
quantum projection noise law is y = Na_tl/Q. The thick
line y = 0.91(0.1)]\711;1/2 is a least square fit to the ex-
perimental points for N, > 4 10*. The dashed line is
the quadratic sum of the detection noise and quantum
projection noise.

With the largest number of detected atoms, N, =
6 105, the stability is 4 10~"47=1/2 for Q. = 1.15 10'°,
T. = 1.1s. This is a significant improvement over the

fountain operation with a quartz oscillator. It is compa-
rable to the best short-term stability achieved with mi-
crowave ion clocks using uncooled '*?Hg* and '"'Yb*
samples [17, 18]. In a second experiment, we have locked
the SCO to the fountain signal for N,; = 5 10° and com-
pared it to a hydrogen maser. The Allan standard devi-
ation of this frequency comparison is 7 10~47—1/2 and
reaches 6 10716 at 7 ~ 2 10*s, a value close to the flicker
floor of the H-maser.

Table 1: Present accuracy budget of the '>3Cs foun-
tain FO1l. The device operates with a stability of
1.5 107 13771/2 and a number of detected atoms of 10°.
The MOT is disabled and atoms are captured in optical
molasses. The temperature is 0.8 K. The gravitational
redshift is not intrinsic to the clock and is not included in
the table.

Effect Correction | Uncertainty
10-5] | [10-"
274 order Zeeman shift —133 < 0.1
Blackbody radiation +17.6 < 03
Microwave spectrum 0 0.2
First Order Doppler 0 < 05
Microwave leaks 0 0.2
Pulling by other lines 0 0.4
Second order Doppler and
gravitation 0 << 0.1
Microwave photon -0.3 0.3
Cold collisions
+ Cavity Pulling
(Molasses) 1 < 05
Background gas collisions < 0.5
Total 10 uncertainty 1.0 10°1°

Table 1 presents the current accuracy budget of the Cs
fountain FO1. The accuracy evaluation was performed
by amplifying the systematic effects when possible as de-
scribed in [19] and with a resolution for each measure-
ment of 1075, This fountain has the best accuracy ever
reported for frequency standards. This accuracy is cur-
rently a factor of three better than the trapped Hg' ion
frequency standard operating at 40 GHz [2].

In the near future, direct comparison of our Cs foun-
tains should lead to a stability on the order of v/2 x 4 x
10~'47=1/2, reaching 2 x 10~'¢ for 7 ~ 1day. However
under these conditions, the collisional frequency shift of
the Cs clock transition is on the order of —5 x 10715,
Reaching the 10716 level of accuracy requires a stability
of the average atomic density and an extrapolation to zero
density at the 2% level, a delicate task.

3 S8Rb: AN INTERESTING AL-
KALI

In 1997, Kokkelmans et al. predicted that the collisional
frequency shift for 8”Rb was 15 times smaller than for



133Cs[20]. Rubidium fountains could then operate with
larger atom numbers, with a better short term stability
and better accuracy. 8"Rb fountains appear thus as an at-
tractive alternative to Cs frequency standards. Our 8’Rb
fountain has already been described in detail in ref.[21].
In this section, we present measurements of the two main
atom number dependent effects in a 8"Rb fountain, the
collisional frequency shift and the cavity pulling effect.

As explained above, in a fountain the atoms interact
twice with a microwave field (Ramsey method), inducing
transitions between the two internal states |g) and |e).
The collisional frequency shift is due to the interaction
between atoms inside the atomic cloud during the Ram-
sey interaction. At very low temperatures, only s-wave
scattering occurs and the collision between two atoms in
internal states |i) and |j) is described using the scattering
length a; ;. Here, |i) and |j) refer to any atomic Zeeman
substate |F,mp), while |g) and |e) are notations for the
clock levels only. In the case of 8”Rb, the lower and higher
clock levels are |g) = |1,0), and |e) = |2,0). In the general
case where states other than |g) and |e) are populated, the
clock frequency shift is related to the partial densities n;
of states |j) by the following expression [20]:

2h
Av=——x ) nj(1+05;)(1+0c;)(ag; — ac;) (2)
J
where the Kronecker symbol §;; 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[22]. In our fountain, the atomic
transition is probed by a 6.8 GHz microwave field in a
TEy1 copper resonator with a quality factor @ ~ 10%.
The pulling effect is due to the interference inside the
microwave 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 in-
terference induces a time dependent phase shift between
the field inside the resonator and the signal delivered by
the oscillator. It produces a clock shift that exhibits a dis-
persive dependence as a function of the cavity detuning
with respect to the atomic resonance (Aveay = Veay — Vat)-
The amplitude of this dispersion curve is proportional to
@ and to the number of atoms N4, crossing the cavity.
The width is proportional to 1/Q. When the atoms en-
ter the cavity in the upper state (resp. lower state) and
deposit (resp. extract) energy in the cavity, the clock fre-
quency is pulled towards (resp. pushed away from) the
cavity resonance frequency.

Our treatment of the frequency shift measurements
takes into account both collisional frequency shift and cav-
ity pulling simultaneously. By tuning the cavity around
the Rb resonance frequency, we display the caracteristic
dispersive lineshape of the cavity pulling effect and find
good agreement with theory (fig.4). A quantitative model
of the pulling effect allows us to make a precise determi-
nation of the number of atoms crossing the cavity, N¢qy.
The measurements of the velocity distribution and of the

initial size of the atomic cloud, combined with a Monte-
Carlo simulation and the measurement of N.,,, give the
average atomic density during the Ramsey interrogation
(m). After subtraction of the pulling contribution, we thus
deduce the collisional frequency shift. In order to test the
Monte-Carlo simulation, other methods have been used to
measure the number of atoms in the fountain (experimen-
tal details are given in ref.[9]). These methods agree with
the value deduced from the cavity pulling within 20%.
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Figure 4: Relative frequency shift vs cavity detuning for
AN = 3.5 x 107 in case (i). Solid line : fit from eq. (3).

Our measurement approach uses a differential method.
Every 200 fountain cycles (~ 350s), we change the trap-
ping light intensity so that the number of atoms in
the fountain alternates between two values Npign and
Niow =~ Nhign/4. We measure the frequency difference
between the two situations. This method efficiently re-
jects slow frequency fluctuations which are not related
to atom number or density, in particular the H-maser
drift. In the differential method the frequency resolu-
tion is ~ 3 x 107'3771/2 where 7 is the averaging time
in seconds. At 350s the maser stability is ~ 2.7 x 107!?,
at least 4 times better than the fountain stability. The
relative frequency resolution on effects which depend on
atom number reaches ~ 1 x 10715 per day.

After launch, atoms are spread among the various mpg
substates of the F' = 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,mp # 0) are pushed
away by radiation pressure. Only three scattering lengths
Qgg, Gge and ac. in eq. (2) 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 transition.
Atoms remaining in 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) transition is measured



in the presence of |1, mp # 0) populations.

Fig. 4 shows the differential measurement of the clock
frequency shift as a function of the cavity detuning Av,,,
with respect to the atomic resonance, for atoms initially
selected in |1,0), with Nnign ~ 4.3 X 107 entering the
microwave cavity and Niow =~ 0.8 x 107. The simulation
shows that this modulates the effective density by a factor
~ 3.3, because both velocity distribution and initial size of
the atomic cloud depend on the regime of operation of the
fountain (high or low number of atoms). The frequency
and quality factor of the cavity are measured with an
uncertainty of 20kHz and 4% respectively and the cavity
is tuned by temperature[23]. The solid line is a least
square fit of the data using the following function :

v/v = f(Aveay)AN + BAR (3)

where B is the free parameter of the fit, and AN =
Nhigh — Niow [24].  f(Avcay) is the calculated dispersive
line shape of the cavity pulling effect for a single atom in
the cavity. 7 is the effective atomic density and is related
to the partial densities n; in eq.(2) by @ = Ej 7, where
7, are the partial densities n;(t), averaged over time, over
the initial spatial distribution and over the velocity dis-
tribution.

We find B = —7.2(20.0) x 10~24cm3. B, the collisional
shift coefficient, is surprisingly consistent with zero even
with a frequency standard deviation of 3 x 10~'% given by
the fit. Thus in case (i), at a density of 1.5 x 107 cm~3,
87 Rb exhibits no detectable shift (fig. 5(1)) whereas 132C's
would exhibit a shift of 3 x 107'*. Our upper value for
the 87 Rb collisional shift is consistent with the recent mea-
surement of C. Fertig and K. Gibble giving —0.38(8) mHz
for a density of 1.0(6) x 10% cm 3 [8].

Fig.5 summarizes the collisional shifts measurements
versus the effective density 7 in the three cases (i), (ii)
and (iii) [25]. By contrast to case (i), data recorded in
case (ii) and (iii) show a clear dependence with the density
after subtracting the cavity pulling effect.

The measured value in case (ii) —50(10)(*3]) x
10~2*cm? is in reasonable agreement with the theoreti-
cal predictions —56 x 10724 cm?® [20] and —33 x 10724 cm?
[26]. The first parenthesis refers to the frequency sta-
tistical uncertainty (1 standard deviation); the second
to the linear combination of frequency uncertainty and
density calibration uncertainty. From variations of the
parameters in the simulation and experimental calibra-
tions , we deduce a 35% type B uncertainty on our den-
sity. Adding quadratically the 11% statistical uncer-
tainty on atom number, we get a 40% combined uncer-
tainty on the density. This corresponds to a scale fac-
tor of 1.4 and 1/1.4 on the density axis of fig. 5, defin-
ing the acceptance domain of the measurements (dotted
lines). In case (iii), the agreement with theory is simi-
lar. We find —60(16)(733) x 1072* cm® to be compared to
—68 x 1072* cm3(ref. [20]) and —41 x 1072* cm? (ref. [26]).
Finally, our data in case (i), —7.2(20.0)(*33) x 10724 cm?
show a disagreement at ~ 3¢ with theory of ref. [20] and
seem to favor the more recent theory of ref. [26].
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Figure 5: Frequency shift of the |1,0) — |2,0) transition
vs effective density in cases (i),(ii), and (iii), and compar-
ison with theories of ref.[20] (Th.1) and ref.[26] (Th.2).
Open circles :linear fits to the experimental data with sta-
tistical frequency uncertainty at the given density. Hor-
izontal error bars represent the 40% density uncertainty.
Dotted lines : experiment with combined frequency and
density uncertainties.



4 A NEW LIMIT FOR the
VARIATION OF « WITH
TIME

4.1 Present tests

Comparing the hyperfine energies of different alkali or
alkali-like species provides an interesting test of the Lo-
cal Position Invariance, which is one of the statements of
the Einstein Equivalence Principle (EEP). ”In local freely
falling frames, the outcome of any non-gravitational test
experiment is independent of where and when it is per-
formed”. Experimental tests of the EEP thus aim at de-
termining the relative rate of change of non-gravitational
fundamental constants, such as the fine structure constant
a = e?/he, either with time or with the gravitational po-
tential. A variation of a would violate the EEP, and give
support to recent many-dimensional cosmologies (Kaluza-
Klein models, superstring theories) that attempt to unify
gravity and other fundamental forces ([27, 28, 29]). Two
types of tests of the stability of a are being performed

at the cosmological and at the laboratory scale. An
example of cosmological measurement is the Oklo test.
This test analyses the isotope ratios 4 Sm/*7Sm in the
natural uranium fission reaction that took place around
1.8 x 10? years ago (corresponding to a redshift z ~ 0.1)
at the present day site of the Oklo mine in Gabon, West
Africa. Recent analysis of the Oklo data [30] has shown
that:

-0.9x 1077 < (aOklo - anow)/anow <12x 1077 (4)

so that, integrating over 1.8 x 10? years, one obtains:
|a/a) <5 x 10T yrt (5)

In a similar way, astrophysical methods make it possible
to estimate o at earlier evolutionary phases of the Uni-
verse and determine |&/a| as a function of redshift z (i.e.
cosmological time), by making spectroscopic observations
of gas clouds against background quasars. Extensive anal-
ysis has been carried out by various groups, measuring
the relativistic fine-structure splitting of alkali-type res-
onance doublets. This method is based on the fact that
the separation between lines within one multiplet is pro-
portional to . Measuring the doublet separation in an
absorption system and comparing with laboratory values,
one can estimate the difference between « at the epoch
z and the present value. D. A. Varshalovich et al. [31]
focused on the analysis of SiIV doublets absorbed by 3
quasars located at z & 3, paying special attention to the
non-linearities in the dispersion curves of the echelle spec-
trograph used for the observations. Their analysis leads
to an upper bound, at the 20 level:

|Aa/al < 1.6 x 107* (6)
and, averaged over 10'C years,

|&/a] < 1.6 x 10" yrt (7)

J.K. Webb et al.[32, 33] recently analysed MgII and
Fell doublets absorption spectra emitted by 25 quasars,
thus spanning a wide range of epochs (0.6 < z < 1.6).
Their measurements display a clear departure from zero
at the 30 level, when considering the sample as a whole:

|Aa/a| = (—=1.09 £ 0.36) x 10~° (8)

However, the 0.6 < z < 1.0 points alone show no signifi-
cant trend:

|Aa/al = (—0.17 £ 0.39) x 10°° 9)

These results make the issue of the fine structure con-
stant temporal variation particularly acute.

As noted in[34, 35], laboratory measurements based
on clock comparisons contrast with cosmological measure-
ments, because they are repeatable and span over monthly
to yearly durations (z < 1). They thus provide com-
plementary information to the cosmological determina-
tions. These clock comparisons involve ultrastable oscil-
lators of different compositions such as superconducting
cavities vs H-maser or Cs hyperfine structure transition
(case (1)) [34], or atomic clocks with different species (case
(ii)): Mg fine structure transition vs Cs hyperfine transi-
tion [36], Hg" ion frequency standard vs H-maser [35]. In
case (i), tests rely on the fact that the cavity frequency is
proportional to a while the H-maser or Cs clock transi-
tion is proportional to a? (at first order). In case (ii), the
method is based on the increasing importance of Casimir
relativistic contribution to the hyperfine energy splitting
as atomic number Z inceases in the group I alkali elements
and alkali-like ions[35, 37]. A temporal variation of the
ratio of the hyperfine energies of different alkali would
thus provide a signature of the temporal variation of a.
Prestage et al. [35] derived an upper bound for |&/a| from
the comparison of Hgt vs H-maser:

d
(2 = 122 x |a/al
v

o (10)

and:
|a/a) < 3.7 x 107 yr~!

(11)

4.2 Comparisons between ¥ Rb and *3C's
fountains

With our two Cs fountains and one Rb fountain in oper-
ation, we can compare Cs and Rb hyperfine frequencies
in time, and search for a possible temporal variation of a.
Since 1998, three campaigns of measurements of the 37 Rb
absolute frequency have been performed with reference
to the Cs fountain. During each campaign, several pa-
rameters such as the launch height of the atomic cloud in
the fountain, the microwave power, and the magnetic field
have been varied. The accuracy budget of the Rb fountain
was thus re-evaluated each time. Each frequency measure-
ment was corrected for systematic shifts. The obtained
values were then binned, giving one frequency data point
for each campaign. In fig. 6, we have plotted the relative



frequency shift (%)Rb, where (Av) gy = (v(t)—v(to), ver-
sus time. Here, v(t) accounts for the frequency measure-
ment at time ¢. ¢y corresponds arbitrarily to our second
campaign (April 1999). A linear fit to the data points
over two years leads to :

d UVRb

—1
dt n(I/Cs

) =(1.943.1) x 10 Byrt (12)
The 3.1 x 10~'° uncertainty is the quadratic sum of the
accuracy of the Rb fountain (1.4 x 1071%), the accuracy of
the Cs fountain (1.1x107'?), and of the statistical noise in
the frequency comparison(2.5 x 1071%). This uncertainty
of 3.1 x 10715 represents a 20-fold improvement in the
accuracy of long term clock frequency comparisons over
previous work [35].
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Figure 6: Measured 87Rb frequencies referenced to the
133Cs fountain FO1l. The measurement in April 1999
is 6834682610.904343Hz. The errors bars represent the
combined inaccuracies of 87 Rb and '32C's fountains.

In the interpretation of these results, we first assume, as
in [35], that there is no time dependence of the '*3Cs and
87Rb nuclear magnetic moments. Then, all possible drift
of the hyperfine energy ratio vgy /vcs can be attributed to
the Casimir relativistic correction F..;(«Z). Under this
assumption, we obtain :

|&/a) = (4.2 4 6.9) x 1075 yr~! (13)

an improvement by a factor 5 over the previous H-maser-
Hg™ comparison [35]. Conversely, as pointed out by S.
Karshenboim [37], our measurements can also set an up-
per limit to the time variation of the proton magnetic mo-
ment g,, if we now assume no time variation of a. This
test is then 4 times more sensitive than the test over «,
and we find :

192 = (9.5 4 16) x 10716 yr
p

(14)

Of course any combination of these two extreme assump-
tions is possible and more tests with different alkali and

alkali-like atoms will severely constrain these limits in the
future.

5 ACES : atomic Clock Ensemble
in Space

ACES is a space mission which has been selected by the
European Space Agency (ESA) to fly on the international
space station (ISS) in 2004 [38]. ACES consists of two
clocks, a cold atom clock (PHARAO) and a hydrogen
maser (SHM, Neuchéatel Observatory), together with mi-
crowave and optical links for time and frequency transfer
to ground users. These equipments will fit on a nadir ori-
ented express pallet of dimensions 863 x 1168 x 1240 mm.
The total mass will not exceed 225 kg and the electrical
power 500 Watts (fig.7).

Figure 7: Mock-up of the ACES plattform

Because micro-gravity allows long interaction times be-
tween the atoms and the microwave field and because the
atomic velocity is smaller than in earth fountains and con-
stant, we expect an excellent accuracy for a cold atom
space clock [10, 11, 39]. The specified frequency stability
of PHARAO for ACES is better than 1 10~'37~1/2, Av-
eraged over one day, this stability should be 3 10716, Its
projected accuracy is 1 10716,

Scientific objectives of ACES also include measurement
of the gravitational red-shift with a 25-fold improvement
over the Gravity Probe A mission of Vessot et al. [40], a
better test of the isotropy of speed of light and a search
for a possible drift of the fine structure constant «. Fi-
nally, with the time transfer equipments, ACES will allow
synchronization of time scales of distant ground laborato-
ries with 30 ps accuracy and frequency comparisons with
1071 accuracy. Similar space clock projects are also un-
der development in the USA, PARCS [41] and RACE [42].



6 Prospects

Microwave frequency standards using fountains are now in
their maturity; a frequency stability of 6 1076 has been
measured and the present accuracy is 1 10715, Operat-
ing permanently with an SCO as interrogation oscillator,
the fountain frequency stability should enter into the low
10716 range in the reasonable averaging time of one day.
The two dominant terms in the present accuracy budget
are the blackbody radiation shift and the collisional shift.
The latter prevents the use of large number of atoms,
unless more complicated techniques such as juggling or
cw fountains are used. Calculations show that the cavity
phase shift is negligible at the 1071® level, but it must be
carefully evaluated when asking for a one order of magni-
tude gain. Rb fountains, because of the strongly reduced
collisional shift are likely to push the accuracy further, i.e.
in the 10~!7 range. Fountains now operate at the funda-
mental quantum limit for uncorrelated particles. An at-
tractive line of research is to apply the recently proposed
spin squeezing techniques to improve the frequency sta-
bility beyond the projection noise limit proportional to
1/V/N 4 [43, 44, 45]. A factor of 1/v/ N, can ultimately
be gained.

With their relative simplicity, fountain devices compete
favorably with laser cooled trapped ion frequency stan-
dards. However, practically unlimited interaction times
can be achieved with trapped charged particles. This is
an advantage for increasing the quality factor. On the
other hand, ions interact much more by Coulomb repul-
sion than neutrals and traps with a single ion (or a small
number) must be used [2]. This is then made at the ex-
pense of signal to noise ratio hence of short term stability,
even if quantum limited detection is implemented using
the quantum jump method.

Microwave cold atom standards ultimately will be lim-
ited by the quality factor of the atomic line. Very narrow
transitions in the optical domain offer attractive possibili-
ties for fountains with neutrals [46]. A prominent example
is the 1s — 2s transition of hydrogen [47, 48, 49], mea-
sured recently with a frequency resolution of 1.8 10~ by
comparison with the PHARAO transportable fountain [3].
Alkali-earth atoms are good candidates since they have al-
ready been laser cooled and possess forbidden transitions
in the visible domain. Progress with laser cooled Ca, Mg
and Sr using intercombination lines has been spectacu-
lar [4, 50, 51, 52, 53]. All these frequency standards, with
ions or neutrals, require ultra-stable laser sources to in-
terrogate these narrow lines and a recent breakthrough
has been made by the NIST Boulder group measuring
sub-Hertz laser linewidth in the visible range [54]. In
addition, the recent progress on frequency combs using
femtosecond lasers opens new possibilities for comparing
microwave and optical frequency standards at 107!¢ or
below [55, 49, 56].

These atomic frequency standards can already be com-
pared at 1 10715 using the transportable PHARAO de-
vice. Frequency comparisons of distant clocks using satel-
lite time transfer, GPS-phase or two way techniques, are

presently at the level of ~ 3 1071° for an averaging time
of 210* 5 [57] and ~ 2 10~'? for one day [58]. Global com-
parisons between fountains will improve the quality of the
TAI (Temps Atomique International). In fine, these high
performance frequency standards will allow new tests in
fundamental physics as well as new applications in navi-
gation, positioning and geodesy.
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