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Abstract - Over five years we have com-
pared the hyperfine frequencies of '33Cs and
8TRb atoms in their electronic ground state
using several laser cooled ¥3Cs and ®Rb
atomic fountains with an accuracy of ~ 1071,
These measurements set a stringent upper
bound to a possible fractional time variation
of the ratio between the two frequencies

4 1n (m) = (0.2 +7.0) x 107%yr=! (1o uncer-

Ves
tainty). The same limit applies to a possible
variation of the quantity (urp/ics)a™%44, which
involves the ratio of nuclear magnetic moments
and the fine structure constant. To improve
this test, one needs more accurate cesium foun-
tain clocks, for which the major limiting factor
is the cold collision frequency shift. This effect
can now be evaluated with great accuracy using
a new method which we also present here. It is
based on a transfer of population by adiabatic
passage that allows to prepare cold atomic
samples with a well defined ratio of atomic
density and atom number. This method is used
to perform a measurement of the cold collision
frequency shift in a laser cooled cesium clock
at the percent level. With improvements, the
adiabatic passage would allow measurements
of density-dependent phase shifts at the 1073
level in high precision experiments. With
this precision, reaching an accuracy of 107 '¢ is

possible.
Keywords - frequency comparison, cesium,
rubidium, atomic fountain clock, adiabatic

passage, fundamental constants

Since Dirac’s 1937 formulation of his large number
hypothesis aiming at tying together the fundamental
constants of physics [1], large amount of work has been
devoted to test wether these constants were indeed con-
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stant over time [2, 3].

In General Relativity and in all metric theories of
gravitation, variations with time and space of non grav-
itational fundamental constants are forbidden. They
would violate Einstein’s Equivalence Principle (EEP),
one of the cornerstones of modern physics. Among
several important principles, EEP imposes the Lo-
cal Position Invariance stating that in a local freely
falling reference frame, the result of any local non
gravitational experiment is independent of where and
when it is performed. On the other hand, almost all
modern theories aiming at unifying gravitation with
the three other fundamental interactions, introducing
extra-dimensions and extra fields, predict violation of
EEP at levels which are within reach of near-future
experiments [4, 5]. Among these constants, the fine
structure constant « is of particular interest as it is
dimensionless. It is defined as a = e?/4meghc where
e is the electron charge, ¢y the dielectric permeability
of the vacuum, & the Planck’s constant divided by 2,
and c the speed of light in vacuum. « characterizes the
strength of the electromagnetic interaction, as it quan-
tifies how the electron binds to atoms and molecules.
As the internal energies of atoms or molecules depend
on electromagnetic, as well as strong and weak inter-
actions, comparing the frequency of electronic transi-
tions, fine structure transitions and hyperfine transi-
tions as a function of time or gravitational potential
provides an interesting test of the validity of EEP.

To date, very stringent tests exist on geological
and cosmological timescales. First, the study of the
isotopic and geochemical composition of soil samples
taken from an uranium mine in Oklo (Gabon) revealed
that a natural nuclear reaction occurred there about
2 x 10? years ago. Samples from Oklo revealed a rel-
ative abundance of Samarium-149 unusually low with
respect to its natural abundance everywhere on earth.
This was attributed to the radiative capture of neu-
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trons by Samarium-149 : §3°Sm +n —§3° Sm+ 1, a

reaction whose scattering cross-section exhibits a res-
onance. This resonance energy depends on «, so does
the depletion of Samarium-149, whose value was used
to evaluate the variation of a between now and the
time of that reaction. The analysis revealed that any
fractional change in the value of « cannot be greater
than 1077 [6]. Today, it is the most stringent test
of the stability of the fine structure constant. Astro-
physical tests allow to go back even further in the
past. The light emitted by distant quasars can be
used to perform absorption spectroscopy of interstel-
lar clouds at different red-shifts. For instance, mea-
surements of the wavelengths of molecular hydrogen
transitions test a possible variation of the electron to
proton mass ratio m./m, [7]. Comparisons between
the gross structure and the fine structure of neutral
atoms and ions would indicate that a for a redshift
z ~ 1.5 (~ 10 Gyr) differed from the present value:
Aaja = (—7.2+1.8) x 1076 [8]. Today this is the only
claim that fundamental constants might change.

On much shorter timescales, several tests using fre-
quency standards have already been performed, com-
paring for example H-masers and superconducting-
cavity stabilized oscillator clocks [9], Mg and Cs atomic
beam standards [10], a H-maser and a mercury ion
clock [11]. These laboratory tests have a very high
sensitivity to changes in fundamental constants. More-
over, they have the advantage over the previously
mentioned geochemical and astrophysical tests that
they are repeatable, and that systematic errors can be
tracked as one can change the experimental conditions.

In the first part of this article, we present results
that place a new stringent limit to the time variation
of fundamental constants. By comparing the hyperfine
energies of 133Cs and 8"Rb in their electronic ground
state over a period of nearly five years, we place an
upper limit to the rate of change of the ratio of the hy-
perfine frequencies vgrp/ves. Our measurements take
advantage of the high accuracy (~ 1071%) of several
laser cooled Cs and Rb atomic fountains. According
to recent atomic structure calculations [11, 12], these
measurements are sensitive to a possible variation of
the quantity (urp/pcs)a %44, where p’s are the nu-
clear magnetic moments.

In our experiments, three atomic fountains are com-
pared to each other, using a hydrogen maser (H-maser)
as a flywheel oscillator (Fig.1). Two fountains, a trans-
portable fountain FOM, and FO1 [13] are using cesium

atoms and reach an accuracy of 8 x 1076, The third
fountain is a dual fountain (DF) [14] , operating al-
ternately with rubidium (DFgp) and cesium (DF¢;).
This fountain has been continuously upgraded, its ac-
curacy has improved from 2x10715 in 1998 to 8 x 1016
for cesium and from 1.3 x 107 [15] to 7 x 10716 for
rubidium.

Rb
Clocks

FO1 DF,

FOM

FIG. 1: BNM-SYRTE clock ensemble. A single 100 MHz
signal from a H-maser is used for frequency comparisons
and is distributed to each of the microwave synthesizers of
the 3(Cs (FO1, FOM, DF¢s) and 8"Rb fountain clocks.
In 2001, the Rb fountain has been upgraded and is now a
dual fountain using alternately rubidium (DFgy) or cesium
atoms (DFcs).

We now briefly describe the principle of operation
of a laser cooled fountain clock (see Figure 2). We
start by collecting up to 10° cold atoms in an opti-
cal molasses during a few hundred ms. The atoms
are then launched upwards at about 4 m/s, further
cooled to about 1 uK and then selected in the clock
level (mp = 0) by a combination of microwave and
laser pulses. After the selection, the atoms interact
twice with a microwave field tuned near the hyperfine
frequency, in a Ramsey interrogation scheme. The mi-
crowave field at 9.192 GHz is synthesized from a high
stability quartz oscillator weakly locked to the output
of a H-maser (Fig.1). The two /2 Ramsey interactions
are separated by 500 ms. After the microwave interac-
tions, the number of atoms in each hyperfine state are
finally measured by detecting the fluorescence induced
by a pair of laser beams located below the molasses
region. This provides a measurement of the transi-
tion probability as a function of microwave detuning.
Successive measurements are used to steer the average
microwave field to the frequency of the atomic reso-
nance using a digital servo system. The output of the
servo provides a direct measurement of the frequency
difference between the H-maser and the fountain clock.

The three fountains have different geometries and

56



interrogation

capture selection

detection

FIG. 2: Scheme of a fountain clock. 1 : one of the six laser
beams, 2 : optical molasses, 3 : selection microwave cavity,
4 : pusher laser beam, 5 : interrogation cavity, 6 : magnetic
shield, 7 : fluorescence detection laser beams

operating conditions : the number of detected atoms
ranges from 3 x 10° to 2 x 10% at a temperature of
~ 1 pK, the fountain cycle duration from 1.1 to 1.6 s.
The Ramsey resonance width is between 0.9 and 1.2
Hz. In measurements reported here the fractional fre-
quency instability is (1 — 2) x 107137~1/2 where 7 is
the averaging time in seconds. Fountain comparisons
have a typical resolution of ~ 10715 for a 12 hour inte-
gration, and each of the four data campaigns lasts from
1 to 2 months during which an accuracy evaluation of
each fountain is performed.

The 2002 measurements are presented in Fig.3,
which displays the maser fractional frequency offset,
measured by the Cs fountains FOM and DF¢s. Also
shown is the H-maser frequency offset measured by
the Rb fountain DFgp where the Rb hyperfine fre-
quency is conventionally chosen to be vgy(1999) =
6834682 610.904 333 Hz, our 1999 value. The data are
corrected for the systematic frequency shifts listed in
Table I. The H-maser frequency exhibits fractional fre-
quency fluctuations on the order of 107 over a few
days, ten times larger than the typical statistical un-
certainty resulting from the instability of the fountain
clocks. In order to reject the H-maser frequency fluctu-
ations, the fountain data are recorded simultaneously
(within a few minutes). The fractional frequency dif-
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FIG. 3: The 2002 frequency comparison data. a) H-maser
fractional frequency offset versus FOM (M), and alternately
versus DFgp (o) and DF¢s (A between dotted lines). b)
Fractional frequency differences. Between dotted lines, Cs-
Cs comparisons, outside Rb-Cs comparisons. Error bars are
purely statistical. They correspond to the Allan standard
deviation of the comparisons and do not include contribu-
tions from fluctuations of systematic shifts of Table I.

ferences plotted in Fig.3b illustrate the efficiency of
this rejection. DF is operated alternately with Rb and
Cs, allowing both Rb-Cs comparisons and Cs-Cs com-
parisons (central part of Fig.3) to be performed.
Systematic effects shifting the frequency of the foun-
tain standards are listed in Table I. The quantization
magnetic field in the interrogation region is determined
with a 0.1 nT uncertainty by measuring the frequency
of a linear field-dependent “Zeeman” transition. The
temperature in the interrogation region is monitored
with 5 platinum resistors and the uncertainty on the
black-body radiation frequency shift corresponds to
temperature fluctuations of about 1 K [16]. Clock fre-
quencies are corrected for the atom number-dependent
frequency shifts using several methods [17, 18]. In
DF g, the cold collision shift is measured using a new
method, based on state selection using an adiabatic
passage, which we expose in the second part of this ar-
ticle. For DFRy,, unlike [18], an optical molasses with
a small number of atoms (~ 5.4 x 10°) is used, while
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TABLE I: Accuracy budget of the fountains involved in the
2002 measurements (DF et FOM).

Fountain | DFcs | DFrp ‘ FOM
Effect Value & Uncertainty (10~'°)
nd
2" order 1773.0 £ 5.2| 3207.0 + 4.7| 385.0 + 2.9
Zeeman
Blackbody —173.0+£2.3|—127.0 £2.1|—186.0 + 2.5
Radiation
Cold collisions |- 46l 00110 —24.0+£48
+ cavity pulling
Microwave 00420 00+20| 00+1.7
spectrum
Microwave 0.0+ 2.0 00+20[ 00+14
leakage
Residual first 0.0+ 2.0 0.0+2.0] 0.0+£20
order Doppler
Ramsey and
Rabi pulling < 1.0 <1.0 < 1.0
Recoil <1.0 < 1.0 <1.0
2"d Doppler <0.08 < 0.08 <1.0
effect
Background <1.0 <1.0
collisions
Total 8 7 8
uncertainty
Gravitational 63.0+1.0] 63.0+1.0 650410
redshift

keeping the microwave cavity tuned on resonance to
better than 100 kHz. We thus estimate that the cavity
pulling and the cold collsion shift are both smaller than
5 x 10717, All other effects do not contribute signifi-
cantly. We searched for the influence of synchronous
perturbations by changing the timing sequence and the
atom launch height. To search for possible microwave
leakage, we changed the power (x9) in the interroga-
tion microwave cavity. No shift was found at a reso-
lution of 10715, The shift due to residual coherences
and populations in neighboring Zeeman states is es-
timated to be less than 10715, As shown in [19], the
shift due to the microwave photon recoil is very similar
for Cs and Rb and smaller than +1.4 x 10716, Rela-
tivistic corrections (gravitational redshift and second
order Doppler effect) contribute to less than 10716 in
the clock comparisons.

To compare the two Cs clocks running during the
2002 campaign, FOM and DF ¢, we calculate the mean

fractional frequency difference:
v2F(2002) — vEOM(2002)

VCs

= +12(6)(12) x 10716 (1)

where the first parenthesis reflects the 1o statistical un-
certainty, and the second the systematic uncertainty,
obtained by adding quadratically the inaccuracies of
the two Cs clocks (see Table I). We therefore find that
the two Cs fountains are in good agreement despite
their significantly different operating conditions (see
Table I), showing that systematic effects are well un-
derstood at the 10715 level. We then define the average
cesium frequency vgs as

vR¥(2002) + vEOM (2002
Vos = C:s( ) 5 Cs ( ) (2>

To measure the 8“Rb frequency, we first calculate
the mean fractional frequency difference between FOM
and DFRy,. We obtain

vRE (2002)
VRb ( 1999)

FOM
_ Vcs (2002) — _7(4) x 10716
Vcs

(3)

where the parenthesis reflects the 1o statistical uncer-
tainty, which leads to

vRE (2002)

— 1=
VRb(1999)

—13(5) x 10716 (4)

Finally, the 8"Rb frequency measured in 2002 with
respect to the average '33Cs frequency is found to be:

(5)

where the error bars now include DFgy, DFcs and
FOM uncertainties. This is the most accurate fre-
quency measurement to date.

In Fig.4 are plotted all our Rb-Cs frequency com-
parisons. Except for the less precise 1998 data [15],
two Cs fountains were used together to perform the
Rb measurements. The uncertainties for the 1999 and
2000 measurements were 2.7 x 1071%, because of lower
clock accuracy and lack of rigorous simultaneity in the
earlier frequency comparisons [20]. A weighted linear
fit to the data in Fig.4 determines how our measure-
ments constrain a possible time variation of vgrp/vcs.
We find:

4 (”Rb) =(02+7.0)x 1070yt (6)

VRb(2002) = 6834 682 610.904 324(4)(7) Hz

dt VCs
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FIG. 4: Measured 5"Rb frequencies referenced to the *3Cs
fountains over 57 months. The 1999 measurement value
(vrb(1999) = 6834682610.904333Hz) is conventionally

used as reference. A weighted linear fit to the data gives

4 1n ("R—b> =(0.2+7.0) x 1075 yr~!. Dotted lines corre-
VCs

spond to the 1o slope uncertainty.

which represents a 5-fold improvement over our previ-
ous results [20] and a 100-fold improvement over the
Hg™-H hyperfine energy comparison [11].

We now examine how this result constrains possible
variations of fundamental constants. For an alkali with
atom number Z, the hyperfine transition frequency can
be approximated by:

v o a2t <%> Rooc Fra(Za), (7)
BN\

where R, is the Rydberg constant, ¢ the speed of light,
1 the magnetic moment of the nucleus, uy the nuclear
magneton. F..(Za) is a relativistic function which
strongly increases with Z [11, 21]. For '¥3Cs, this
Casimir relativistic contribution amounts to 40 % of
the hyperfine splitting. Following [11] and neglecting
possible changes of the strong and weak interactions
affecting pgrp and pcs, a variation da of the fine struc-
ture constant would change the ratio of two hyperfine
frequencies according to the following equation

()= (e o) e ©

where F; stands for F,..(Z;a). The sensitivity of a
frequency comparison to a change in « clearly depends

on the value of the coefficients QW7 which

happen to also strongly increase with Z. A frequency
comparison is more sensitive when the difference in
the Z numbers of the two atoms is large. For '33Cs,
QW = 0.74. For 8"Rb, this quantity is 0.30
[22]. Finally, the sensitivity of the ratio vry/vcs to a
variation of « is simply given by:

0 VRb B
S n (z«:s) ~ (0.30 — 0.74) = —0.44.  (9)

Using equations 6 and 9, we thus set the new limit:

a/a=(—04+16) x 1070yt (10)
In contrast with [11], Ref.[21] argues that a time vari-
ation of the nuclear magnetic moments must also be
considered in a comparison between hyperfine frequen-
cies. The magnetic moments p can be calculated using
the Schmidt model. For atoms with odd A and Z such
as 8"Rb and '33Cs, the Schmidt magnetic moment (%)
is found to depend only on g, the proton gyromagnetic
ratio. With this simple model, Ref.[21] finds:

(s)
O (o)~ 9y (#me) nog (11)
Odlng, VCs O0ln g, M(CSS)

Attributing any variation of vgrp/vos to a variation
of gp, equations 6 and 11 lead to: g,/g, = (0.1 £
3.5) x 10710 yr=1. However, it must be noted that the
Schmidt model is over simplified and does not agree
very accurately with the actual magnetic moment.

Moreover, attributing all the time variation of
VRb/Vcs to either g, or a independently is somewhat
artificial. Theoretical models allowing for a variation of
« also allow for variations in the strength of the strong
and electroweak interactions. For instance, Ref.[5] ar-
gues that Grand unification of the three interactions
implies that a time variation of a necessarily comes
with a time variation of the coupling constants of the
other interactions. Ref.[5] predicts that a fractional
variation of « is accompanied with a ~ 40 times larger
fractional change of m./m,. In order to independently
test the stability of the three fundamental interactions,
several comparisons between different atomic species
and/or transitions are required. For instance and as
illustrated in [23], absolute frequency measurements of
an optical transition versus a hyperfine one is sensitive
to a different combination of fundamental constants:
(tcs/pn)(me/mp)a®, where x depends on the partic-
ular atom and/or transition.
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A more complete theoretical analysis going beyond
the Schmidt model would clearly be very useful to
interpret frequency comparisons involving hyperfine
transitions. This is especially important as most pre-
cise frequency measurements, both in the microwave
and the optical domain [23-25], are currently refer-
enced to the '23Cs hyperfine splitting, the basis of the
SI definition of the second. The H hyperfine splitting,
which is calculable to a high accuracy, has already been
considered as a possible reference several decades ago.
Unfortunately, despite numerous efforts, the H hyper-
fine splitting is currently measured to only 7 parts in
10*? (using H-masers), almost three orders of magni-
tude worse than the results presented in this article.

Finally, an unambiguous test of the stability of «
should be possible by comparing two optical transi-
tions. Indeed, the frequency of an electronic transition
depends only on the fine structure constant : it can
be expressed as vy, = Ry X f(a), where f(«) includes
relativistic effects, many-body effects, spin-orbit cou-
pling. We anticipate major advances in these tests us-
ing frequency standards, thanks to recent advances in
optical frequency metrology using femtosecond lasers
23, 26].

To improve significantly and quickly the quality of
our test, fountain clocks of better accuracy are re-
quired. As shown in Table I, the relative accuracy of
the Cs fountain clocks, presently slightly better than
~ 10715, is mostly limited by the uncertainty on the
quadratic Zeeman shift and the cold collision frequency
shift [27, 28]. The Zeeman shift can easily be evaluated
with a better accuracy by monitoring more frequently
the magnetic field. The cold collision shift is commonly
measured with a 10 to 20 % systematic and statistical
uncertainty only [29, 30]. To reach an accuracy bet-
ter than 10715, one could in principle operate with a
small number of detected atoms, say 10°, for which the
cold collision shift is about 107! only. But this sets a
standard quantum limit to the frequency stability [31]
of about 10~ "7/2, where 7 is the averaging time in
seconds. With such a stability, the evaluation of all
the systematic effects at the 10716 level is not practi-
cable. However, when using a high number of atoms
(106 — 107), a stability approaching 3 x 10~ '47~1/2
has already been demonstrated [30, 31], which would
make the evaluation at the 10716 level practicable. Un-
der these conditions, the cold collision frequency shift
is very large (107!* — 107!3). In most experiments, a
precise control of the atomic density is hard to achieve,

which sets a limit to how accurately systematic effects
due to collisions can be corrected for. This is par-
ticularly true for clocks using laser cooled Cs atoms
[32, 33].

In this article, we present a method using adiabatic
passage (AP) [34, 35] that allows to prepare atomic
samples with well defined density ratios. This enables
the determination of the collisional frequency shift at
the percent level or better, in an atomic clock or atom
interferometer.

In a fountain, the collisional frequency shift can be
expressed as 0Veor = Keouness, where Kooy is a con-
stant that depends on the collisional parameters, and
ness the effective density, as defined in [18]. n.s; is
the time-averaged atomic density, weighted by the sen-
sitivity function, which is averaged over the trajecto-
ries of the atoms that are effectively detected. It thus
depends on many parameters : the initial number of
atoms N, the rms size of the sample o, its tempera-
ture T, the microwave power in the Ramsey cavities,
the fountain geometry (through the size and position
of the diaphragms), and the geometry of the detection
zone. Unfortunately, n.sy can’t be directly measured.
It can be computed numerically though, by perform-
ing a Monte Carlo simulation of the expansion of the
cloud in the fountain. The result of such a simulation
happens to be very sensitive to the modelling of the
velocity distribution, and to the actual values of the
parameters of the fountain, which cannot be measured
with a great accuracy. Still, this density is proportional
to the number of detected atoms Ng.;. As a conse-
quence, the collisional frequency shift can be written
as 0Veo; = K Nyet, where the coeflicient K depends on
all the parameters mentioned above.

The measurement of the cold collision shift is based
on a differential method [18]. One alternates sequences
of measurements with two different, high and low
atomic densities, (HD and LD). The frequency differ-
ence between the two situations, as well as the dif-
ference in the number of detected atoms, are mea-
sured. Alternating the measurements each 100 cycles
allow to efficiently reject fluctuations and drifts of the
maser frequency, so that the difference in the clock fre-
quencies corresponds to the difference in the collisional
shifts between the two configurations, which can be
written as

svlD 5,80 — gHD NHD _ LD NLD (12)

In the case where the coefficients K2 and KLP are
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identical the differential shift can be factorized

Svinll — ovii = KNP — Ni7) (13)
This allows to measure the K coefficient. A linear

extrapolation of the clock frequency to zero detected
atoms then gives the corrected frequency vy

vy = P — KNHD (14)
It is also important to notice that an absolute determi-
nation of K is not necessary. A relative determination
of the number of detected atoms is enough to extrap-
olate the corrected frequency.

Up to now, two methods have been used to change
the density, and hence the number of detected atoms
Nget. Atoms are initially loaded in an optical mo-
lasses, whose parameters (duration, laser intensity) can
be varied. An other technique consists in keeping the
same loading parameters but changing the power in
a selection microwave cavity, which is used to pre-
pare atoms in the |F =3,mp = 0) state. One can
select all (resp. half) of the atoms initially in the
|F'=4,mp =0) state by applying a 7 (resp. 7/2)
pulse and pushing away the atoms remaining in the
|F' = 4) state. However, due to the microwave field in-
homogeneities in the cavity, the pulses cannot be per-
fectly = and 7 /2 pulses for all the atoms. Besides af-
fecting the atomic densities, both techniques also affect
position and velocity distributions, as well as collisional
energy, and consequently the K coefficients usually dif-
fer for the low and high density cases. Our numerical
simulation, which takes into account the fountain ge-
ometry, the position and velocity distributions of the
atomic cloud, shows that, for these methods, a linear
extrapolation leads in the best case to a 10-20 % error
in the determination of the collisional shift. Fluctua-
tions and imperfect determination of those parameters
prevent from performing an accurate evaluation of the
K coefficient. Moreover, for cesium atoms, as the col-
lisional shift is energy dependent [36], this error can
even be larger.

A method immune against these systematic effects
prescribes to change the number of atoms of the sample
without changing neither its velocity distribution, nor
its size. This can be realized by an adiabatic transfer
of population, which allows one to prepare two atomic
samples, where both the ratio of the effective densities
and the ratio of the atom numbers are exactly 1/2.
In contrast to previous methods, this one is insensi-
tive to fluctuations of experimental parameters such

|4,n-1>

[3,n>

FIG. 5: Energies of the dressed levels as a function of the
detuning from resonance.

as the size and temperature of the atomic sample, or
the power coupled into the selection cavity.

For a two-level atom interacting with a microwave
field, the interaction hamiltonian is

hi(fs Q
Hr =5 ( Q -6 )
where ¢ is the detuning with respect to resonance, and
Q/27 the Rabi frequency. It describes the evolution of
the quantum state |¥) in the basis of the initial hy-
perfine states |F' = 3) and |F' = 4). In a dressed state

picture, the eigenstates of the two state hamiltonian
read

|+) = sinf|3,n) 4 cosf|4,n — 1) (15)
|—) = cosf|3,n) — sinf|4,n — 1) (16)
where
tg(20) = 9 (17)
cotg =-q

Both the mixing angle 6 and the eigenenergies are a
function of the detuning §, as shown on figure 5. If § is
swept across resonance, the mixing angle 6 turns from
0 to m/2, and consequently |+) evolves from |4,n — 1)
to |3,n).

To insure that the state |¥) follows the dressed state
|+) adiabatically during the interaction, the following
adiabaticity condition has to be fulfilled

6|+>‘ AE

ot h (18)

<~
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where AF is the difference between the eigenenergies.
It can also be written as

06 o0
0 — 05| < 2(02 + 672 19
0 0y | < 20 (19)
This condition is the most stringent in the vicinity of
the crossing, where it reduces to
‘S(t)‘ < Q2(t). (20)
In order to fulfill the adiabaticity condition, we choose
to chirp the detuning from resonance § according to
(1) o< Q(t). (21)
First, an adiabatic passage in the selection cavity is
used to transfer with a 100% efficiency all the atoms
from the |F' = 4, mp = 0) state to the |F = 3,mp = 0)
state [34, 35]. This requires that the frequency of the
microwave field in the cavity is swept across resonance,
and that the Rabi frequency €Q(t)/27 has an appro-
priate shape and maximum value, Q,,4./27. We use
Blackman pulses (BP), which minimize off-resonance
excitation [37]. Figure 6 shows the evolution of the
microwave field amplitude together with the frequency
chirp.

1.04 Blackman Pulse
x 0.84
<
o & 0.6-
- 044
C} 0.2 4
0.0
T T T T T
Smax Frequency detuning
-3
max. T T T T T
0.00 0.25 0.50 0.75 1.00
t/t

int

FIG. 6: Temporal dependence of the Blackman pulse and the
corresponding frequency chirp.

Second, we exploit another striking property of AP :
if we stop the AP sequence when 6 = 0 (half-Blackman
pulse HBP), the atoms are left in a superposition of
the |[F' =4, mp = 0) and |F = 3,mp = 0) states, with
weights rigourously equal and independent of the Rabi

frequency. After removal of the |F =4) atoms with
a pushing laser beam, half of the atoms are in the
|F' =3, mp = 0) state, as desired.

One can in principle obtain any transition probabil-
ity between 0 and 1 by stopping the frequency chirp
at the proper detuning. But in general, the transition
probability depends on the final Rabi frequency. It
would then be different for atoms located at different
positions in the selection microwave cavity. Only BP
and HBP provide a transition probability independent
of the Rabi frequency.

In order to optimize this AP method and to evalu-
ate its sensitivity to experimental parameters, we first
performed a simple numerical simulation, solving the
time-dependent Schrodinger equation for a two level
atom in a homogeneous microwave field. The choice
of the pulse parameters comes from a compromise be-
tween the insensitivity of the transition probabilities to
fluctuations of the microwave power and the parasitic
excitation of non-resonant Zeeman transitions. Figure
7 displays the calculated transition probabilities as a
function of the maximum Rabi frequency Q4. /27, for
BP and HBP. The parameters were a duration 7,,,; = 4
ms, and 0,4, /27 = 5 kHz, which were constant over
the course of the experiment. The simulation shows
that the transition probabilities deviate from 1 and 1/2
by less than 10™2 as soon as Qnae /27 is larger than
2.4 kHz.
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0.996 0496

0.994 0494

Transition Probability
Transition Probability

0.992
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Rabi Frequency (kHz) Rabi Frequency (kHz)

FIG. 7: Transition probabilities for a BP and a HBP as a func-
tion of the maximal Rabi frequency Qmae/27. The parameters
are Tint = 4 ms and dmaq /27 = 5 kHz.

We finally performed a complete simulation, which
takes into account the gaussian spatial distribution of
the atomic cloud (characterized by its rms size o = 3.5
mm) and its trajectory, as well as the microwave field
(longitudinal and transverse) distribution of the TEg11
mode for our cylindrical selection cavity.

To investigate the influence of the actual position
and trajectory of the cloud inside the microwave cavity
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during the pulse (the cloud travels over about 16 mm
during a 4 ms long pulse), we calculate the transition
probability for an atom travelling along the symmetry
axis of the cavity and undergoing a BP or a HBP as a
function of its location in the cavity at the beginning
of the pulse. The result of this calculation for a BP
is shown on figure 8. The simulation indicates that

1.0000

0.9998 4

0.9996 4

- 8 mm

0.9994 4

Transition Probability

0.9992 4

0.9990 — 1 T T T T T T T T T T T 1
30 25 -20 -15 10 -5 O 5 10
Initial position of the atom
with respect to the center of the cavity (mm)

FIG. 8: Transition probabilities for a BP as a function of the
initial position of the atom with respect to the center of the
microwave cavity. The maximal Rabi frequency (at the center of
the cavity) is Qmaz /27 = 7.5 kHz. The parameters are T;n: = 4
ms and dmaz /27 = 5 kHz.

the transition probability deviates from 1 by less than
103 for atoms distributed over about 33 mm. This
corresponds to atoms within about £5¢ of the vertical
spatial distribution, provided the center of the cloud
is located 8 mm below the center of the cavity at the
beginning of the pulse (this position is indicated by the
arrow on figure 8). Under this condition, the atomic
cloud is located at the center of the cavity at the middle
of the BP, where the Rabi frequency is maximal.

The result of this calculation for a HBP is shown on
figure 9. The simulation indicates that the transition
probability deviates from the ideal value by less than
1073 for all the atoms contained within +3.5¢0 of the
vertical spatial distribution (more than 99.95 % of the
atoms in the cloud). The simulation indicates that in
order to minimize the sensitivity of the transfer effi-
ciency to microwave field inhomogeneities and timing
errors, the center of the cloud has to be located in the
center of the cavity at the end of the HBP. For our
parameters, this means that the center of the cloud at

0.5010+
0.5008 -
0.5006
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0.5000
0.4998 -
0.4996 -
0.4994
0.4992
04900 4 —— 4y

35 30 25 20 -15 10 5 0 5

Initial position of the atom
with respect to the center of the cavity (mm)

- 16 mm

Transition Probability

FIG. 9: Transition probabilities for a HBP as a function of
the initial position of the atom with respect to the center of the
microwave cavity. The maximal Rabi frequency (at the center of
the cavity) is Qmaz /27 = 7.5 kHz. The parameters are T;nt = 4
ms and dmaqz /27 = 5 kHz.

the beginning of the pulse has to be located 16 mm
below the center of the cavity (see the arrow on figure
9). For instance, a delay as large as 1 ms with respect
to the optimal timing induces only a 7 x 10~° variation
on the transition probability.

The only critical parameter is the accuracy of the
detuning at the end of the chirp for HBP. We calcu-
lated the sensitivity of the transition probability to the
final detuning. The results for two different maximum
Rabi frequencies are shown in figure 10. We find a lin-
ear sensitivity of the transition probability to the final
detuning of 6.9 x 1075 /Hz for Q,,,4,/27 = 7.5 kHz.

We use our double fountain (DF¢g) to demonstrate
the AP method and the resulting ability to control
the collisional shift. This clock is an improved ver-
sion of the Rb fountain already described elsewhere
[15, 30]. The principle of operation of this clock has
already been explained above. We therefore give here
only some relevant details. In contrast with the Rb
fountain where the optical molasses was loaded from a
vapor, we use here a laser slowed atomic beam to in-
crease the loading rate. About 10° atoms are gathered
within 800 ms in a lin L lin optical molasses, with 6
laser beams tuned to the red of the F =4 — F' =5
transition at 852 nm. The atoms are then launched
upwards at ~ 4.1 m/s within 2 ms, and cooled down
to an effective temperature of ~ 1uK. After launch,
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FIG. 10: Transition probabilities for a HBP (with 7,,; = 4 ms,
Omaz /27 = 5 kHz) as a function of the final frequency. The
results are displayed as squares and circles. The lines are the
results of the fits to the data.

the atoms are prepared into the |F' = 3,mp = 0) state
using a combination of microwave and laser pulses :
they first enter the selection cavity (Q ~1000) tuned
to the |F = 4,mp =0) — |F = 3, mp = 0) transition,
where they experience either BP or HBP pulses. The
atoms left in the F' = 4 state are pushed away by a
laser beam tuned to the F' = 4 — F’ = 5 transition,
10 cm above the selection cavity. The amplitude of the
Blackman pulses are shaped by applying an adequate
voltage sequence (500 steps) to a microwave voltage-
controlled attenuator (60 dB dynamic range), whereas
the frequency chirp is performed with a voltage con-
trolled oscillator. The Rabi frequency profile agrees
with the expected Blackman shape within a few per-
cent. The frequency chirp, and more specifically its
final frequency, was not verified as it cannot be eas-
ily checked at the required precision level of 10 Hz for
HBP. After the selection, the atoms interact with a
resonant microwave field according to the Ramsey in-
terrogation scheme, and are finally detected by fluores-
cence, as already explained before.

The transition probabilities in the selection cav-
ity are first measured as a function of the maximum
Rabi frequency Q4. /27, for the Blackman and half-
Blackman pulses. In this evaluation phase only, the
pushing beam has to be off. To reject the fluctuations
of the initial number of atoms, we measure the ratio
of the atoms transferred into |F = 3, mp = 0) and the
total number of detected atoms, in all magnetic sub-
levels. The transfer probability is then obtained by
dividing the measured ratio by the initial fraction of

atoms in the |F' =4, mp = 0) state. The results are
shown in figure 11 and reproduce very well the numer-
ical simulations.
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FIG. 11: Transition probabilities for a BP and a HBP with
Tint = 4 mS, dmaz/27 = 5 kHz as a function of Qyqeq/27.
The results of the numerical simulations are displayed as lines
(homogeneous Rabi frequency case) and open symbols (TE011
cavity case), whereas the measurements are full symbols.

As the maximum Rabi frequency during the experi-
ment was set to 7.5 kHz, the resonance frequencies for
transitions between mp # 0 states have to be signif-
icantly shifted away from the 0-0 transition. A mag-
netic field of ~ 180 mG is applied during the pulses
which keeps the total parasitic excitation of magnetic
field sensitive transitions below 0.3 %. This pulse in-
duces a transient quadratic Zeeman shift on the 0-0
transition of about 14 Hz than must be taken into ac-
count to meet the resonance condition for HBP.

We alternatively measure the mean atom number
for the Blackman and half-Blackman pulses during se-
quences of 50 fountain cycles, and compute their ratio
R. We then calculate Ry, the average of R for N suc-
cessive sequences. In figure 12, the standard deviation
or(N) for various N is plotted. The stability of R
reaches 3 x 10~* after a one-day integration. This re-
flects the insensitivity of the AP to the experimental
parameter fluctuations. The mean value of the ratio is
R = 0.506, whereas it was expected to be 0.5 at the
1073 level. This deviation cannot be explained by a
non-linearity of the detection, which could arise from
absorption in the detection beams. When the absorp-
tion in the detection laser beams is changed by a factor
2, by changing the power of the beams, we observe no
change in the ratio larger than 1072, We attribute this
deviation to the uncertainty in the final frequency of

64



) * Mean ratio = 0.506
107+ .
L ]
L ]
[]
. [
z.
< e allk
10*
10° 10' 10°
N

FIG. 12: Standard deviation of the fluctuation of the ratio R,
as a function of the number N of successive sequences of mea-
surements.

the sweep. In our present set-up, the sweep is gener-
ated by an oscillator whose specified accuracy is lim-
ited to 50 Hz for a frequency sweep from -5 to +5 kHz
(this difficulty can be solved by using a dedicated DDS
numerical synthesizer). We measured the transition
probability as a function of the offset frequency at the
end of the HBP (see figure 13), and find a linear devi-
ation in the transition probability of 7.6(2) x 10~°/Hz
in reasonable agreement with the predicted value. A
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FIG. 13: Transition probabilities for a HBP (with 7, = 4 ms,
Omaz = 5 kHz) measured as a function of the final frequency.
The results are displayed as squares. The line is the result of a
fit to the data.

50 Hz deviation can explain a deviation of the ratio
by about 4 x 10~3. However, it is important to notice
that even when the final frequency is detuned by 50
Hz, the spatial variation of the transition probability

across the atomic sample is less than 1073. All the
tests performed here demonstrate that AP is at least
accurate at the 1% level.

Measurements of the collisional frequency shift are
then carried out using BP and HBP pulses. In or-
der to amplify the collisional shift, the number of de-
tected atoms (Nger ~ 107) is about 10 times larger
than needed in order to operate the clock in optimal
conditions. From a differential measurement, one can
extrapolate the frequency 1 of the clock at zero den-
sity with respect to the H-maser. The relative reso-
lution of the frequency difference is 2 x 10~137-1/2,
limited by the phase noise of the quartz oscillator used
for the fountain interrogation. To check whether this
extrapolation is correct, we measure the corrected fre-
quency vg for two different initial temperatures of the
atomic cloud, 1.1 and 2.3 uK, for which the effective
densities, number of detected atoms and K coefficients
are expected to be different. We switch every 50 cycles
between four different configurations : 1.1 uK and BP,
1.1 uK and HBP, 2.3 uK and BP, 2.3 uK and HBP.
This rejects long term fluctuations in the experiment
induced by frequency drift of the H-maser used as a
reference, variation of the detection responsivity, and
fluctuations of other systematic effects.

The results are summarized in table II. For each con-
figuration, the measurement of the clock frequency and
number of atoms is averaged over a total time of about
50 hours. One can then extract the difference between
the high and low density collisional shifts dvg; s with
a relative resolution of 5 x 10716, The K constants are
found to differ by about 20 %. The corrected frequency
vy is then simply obtained by subtracting dvg;s ¢ to the
measured clock frequency in the low density configura-
tion. The difference between the corrected frequencies
0vy can then be estimated. The uncertainty on this
measurement is two-fold, a statistical uncertainty, and
a systematic error which reflects the 1 % uncertainty
on the ratio R. The difference between the corrected
frequencies is found to be dvy = —0.012(7)(5) mHz.
This difference is less than 2 % of the collisional shift
at high density. The difference is compatible with zero
within the error bars, showing that the extrapolation
to zero detected atoms is correct.

It is also important to notice that we measure simul-
taneously the collisional frequency shift and the shift
due to cavity pulling [20], which is proportional to the
number of atoms crossing the Ramsey cavity. Both
effects are correctly evaluated by our method.
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TABLE II: Measurement of the cold collisional frequency
shift using Adiabatic Passage for two atomic temperatures
T. The first (resp. second, when present) error bar indi-
cated in parenthesis reflects the statistical (resp. system-
atic) uncertainty.

T ‘5Vdiff (mHz)| R

1.1pK| -0.323(5) [0.5063(3)
2.3uK| -0.260(5) |0.5056(3)
Difference in corrected frequency vy :

|K (x10~'") Hz/at
-8.62(13)
-10.04(20)
-0.012(7)(5) mHz

To compare the standard selection method (SSM)
and AP, we perform a measurement alternating both
methods for selection. Table III displays the results ob-
tained for a temperature of 1.1uK. The K coefficients
are found to differ by about 10%. Indeed, when using
a /2 pulse with the standard selection, the density
distribution is transversally distorted : atoms along
the symmetry axis of the cavity are more efficiently
transferred than off-axis atoms. This increases the ef-
fective density for the same number of detected atoms
with respect to AP, giving a larger collision shift at
low density. In fact, K is expected to be lower with
SSM than AP, in agreement with our measurement.
Extrapolating the frequency to zero density when us-
ing SSM then leads to an error of about 7 x 10715 at
this density.

TABLE III: Comparison between the Adiabatic Passage
technique (AP) and the Standard Selection Method (SSM).
The temperature of the sample for these measurements was
1.1uK.

|ovaiss (mHz)| R |K (x107'") Hz/at
SSM| -0.234(7) ‘0.540(3)‘ -8.08(24)

AP | -0.275(8) [0.5054(8) -8.97(23)

More recently, we compared AP with the technique
which consists in changing the loading duration to
change the number of atoms. In the following, we re-
fer to this last method as LDM : Loading Duration
Method. The results are displayed in Table IV. The
ratio for AP is measured to be 0.5009(4), closer from
0.5. We attribute this change to the use of a different
RF synthetizer for the AP. The K coefficients are found
to differ by about 15 %. Extrapolating the frequency
to zero density when using LDM then leads to an error
of about 1.5 x 10~ at this density. Note that for this

TABLE IV: Comparison between the Adiabatic Passage
technique (AP) and the Loading Duration Method (LDM).
The temperature of the sample for these measurements was
about 1u:K.

|ovaigs (mHz)| R |K (x107'") Hz/at
LDM[ -0.556(4) [0.507(3) -22.1(2)
AP | -0.489(4) |0.5009(4) -19.1(2)

measurement, the value of the K coefficient for AP sig-
nificantly differs from our previous measurement. This
can be due to an imperfect calibration of the number
of detected atoms.

In the near future, accuracies near 1 part in 106
should be achievable in microwave atomic fountains,
which would improve our present Rb-Cs comparison by
one order of magnitude. To reach such an accuracy, the
cold collisional shift has to be carefully evaluated. We
demonstrate here a new method based on an adiabatic
transfer of population to prepare atomic samples with
a well-controlled density ratio. This method can lead
to a potential control of the cold collision shift at the
1073 level. This capability could be demonstrated by
using an ultra stable cryogenic oscillator [31], allowing
a frequency resolution of 107!® per day. Using this
method, the evaluation of the Cs fountain accuracy at
the 10716 level is reachable.

By comparing 23Cs and 3"Rb hyperfine energies,
we have set a stringent upper limit to a possible frac-
tional variation of the quantity (urp/pcs)a %4 at
(—0.2 £ 7.0) x 107 16yr=t. A further step is the ex-
tension of these comparisons for distant clocks in dif-
ferent laboratories in the world. Serving this purpose,
a new generation of time/frequency transfer at the
10716 level is currently under development for the ESA
space mission ACES which will fly ultra-stable clocks
on board the international space station in 2006 [38].
These comparisons will also allow for a search of a pos-
sible change of fundamental constants induced by the
annual modulation of the Sun gravitational potential
due to the elliptical orbit of the Earth [39].
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