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INTRODUCTION

The distributed cavity phase (DCP) shift is a digant source of uncertainty in the accuracy buddgeteveral atomic
fountains (see for instance [1-2]). This effecsasi when the moving cold atom cloud interacts wWithimperfectly
stationary microwave field inside the Ramsey cavltje effect depends on several parameters: Thigy @aometry
which determines the phase distribution in the tyavihe atomic cloud position and velocity disttions, the
microwave power, the overall fountain geometry @nel detection parameters which modify the effectretocity
distribution of detected atoms. Due to this largenber of parameters, there is no straightforwarthoteto measure
the distributed cavity phase shift in atomic foumsa So far, the related uncertainty has typichfgn estimated based
on one of several available models for the phasteilalition [3-6], on measurements of the atomiaidlparameters and
their stability in time and on worst case calculas of the clock shift.

Here we present our new investigation of the pmoblsing the SYRTE FO2 Cs/Rb fountain. Our apprasach three
steps. First, we compute the 3-dimensional map@fcavity field from Maxwell's equations. Second use the 3D-
field map as input into a Monte-Carlo simulation tbe atomic response to calculate the frequencfy & any
experimental configuration. Third, we measure clirekjuency shifts in various experimental configiamas for a large
range of clock parameters, and compare with theeiodestimate uncertainty. Importantly, this waiddresses both
odd terms (largely improving over our earlier wprg and even terms with respect to azimuthal sytmymeroviding a
stringent test of the model of [5]. The first sentof this paper is a short reminder of the expenital set-up with focus
on details relevant to the present work. The foll@vsection is devoted to the theoretical model masing the
computation of the cavity field and the Monte-Casimulation. Only the concepts and main ingredi@néspresented.
The next section reports on measurements perfowitad-O2 and presents the comparisons with theatod

EXPERIMENTAL SETUP

An updated detailed description of the FO2 setsugiven in [1]. FO2 is running continuously as aldds/Rb clock.
Here we focus on the Cs part of FO2. The Rb copatéis very similar. The FO2-Cs fountain operatéh an optical
molasses using six laser beams aligned in the (tbhjiguration and loaded from a 2D-MOT. In the gmet
experiments a loading time of 500 ms was used. Atare launched upward with a velocity of 4.334 in(spogee
0.957 m), cooled to ~0.8K and pass through a state selection microwaveycamve F=3 m = 0 state is selected by
adiabatic population transfer, and remaining atonts=4 non zero mstates are pushed out by a dedicated laser beam.
During standard clock operation, the Ramsey ing@&tion probing the hyperfine transition consistdved microwave
interactions separated by a free time of flighO &0 s. The resonator situated 0.518 m above {hteireazone is a T
cylindrical cavity (diameter 50 mm, length 26.83 jmmade of copper walls with cut-off guides (inn@ardeter 12 mm,
length 48 mm) at the two endcaps. The cavity carfiedefed either symmetrically or asymmetrically agito two
feedthroughs (inner diameter 5 mm) symmetricallgcptl at cavity midsection. The unloaded and loagleality
factors of the cavity are& 27800 and Q = 7000 (cavity linewidilrwy/Q= 2rx1.3 MHz), respectively. Tuning of the
cavity occurs at 300 K. The microwave signal prghine atomic transition is synthesized from theau$ttable signal
provided by a cryogenic sapphire oscillator weaghase-locked to a hydrogen maser. The synthesiadex a
computer-controlled high-resolution digital syntizes in order to tune the interrogation signallie atomic transition.
The synthesizer includes a Mach-Zehnder interfetem@F switch at 400 MHz (extinction ratio > 50 dB). The
switch turns off the microwave signal when atoms autside the microwave cavity with the purposegipressing
possible microwave leakage during the Ramsey gation. It also allows us to interrogate the atamth a single
Rabi interaction, either at upward (Ramseyl) ocdatnward passage (Ramsey?) through the cavity.syhthesizer
has two outputs with power and phase adjustmentenenchannel to provide symmetrical feeding of Remsey
resonator. The detection zone consists of two s¢patanding waves of resonant light (the secomdvath repumper
light) located (0.122 m and 0.136 m) below the msés zone, allowing detection of the two clockestdty induced
fluorescence, from which the transition probabiigycalculated. The detection beams (Gaussian lbadims 8.6 mm at
1/€%) are truncated by a rectangular mask (verticaledision 7 mm) and the hole of the Ramsey cavityroetes the
radial size (0.006 mm) of the detected cloud in hiegizontal plane. The fluorescence light is cdééelconto two
photodetectors during 100 ms. The detected atarnisition probabilities at each side of the Ranfsege determine



the frequency corrections applied via the syntlegsiEhese corrections are the basis for evaludteguency stability
and measuring frequency shifts. Typical clock ibsity is 3.5x10 @ 1 s limited by the present number of atoms.

THEORETICAL MODEL
Overview of the Computation of the Ramsey Field andnd Relevant Frequency Shifts

The computation is based on the model by R. Li Endsibble [5] which uses the perturbation of theubdary
conditions method. The first step is to solve tlgeefunctions and eigenvalues problem for perfectdacting walls

providing the unperturbed fieldaoand EO taking into account the holes at the endcaps.decand step the effects of
the lossy walls and of the feeds are computed, wiiiges rise to the perturbed fields

H=H,+(a+i)g: E=E, +(a+i)f. @)

In (1) o = Al accounts for a possible cavity detunifigelative to the atomic frequenayw. N'=w,/Q is the cavity
linewidth. The Maxwell’s equations define equatidos the field perturbationg and g- The boundary conditions

(BC) on the copper walls are defined by the unpbed field value on the walls and by the skin depth1~oc where
o is the finite copper conductivity. BC are also eddo account for the feeds. To realize this tisis, necessary to
decompose the perturbed fiegfl azimuthally in order to transform the hard 3D-gdesb into a tractable 2D numerical

problem for each azymuthal componept. Additionally, the atomic cloud travels near thavity axis, in such a way

that practically only the lowest order terms afevant (m = 0,1,(2)).

In our experiment, we use three feeding configaresi two of them are “asymmetric” configurationsen we feed
either only from one side (“Asym1”) or only fromettother side (“Asym2”) letting the unfeeded feedtlgh loaded on
50 Q by a microwave isolator. In an asymmetric feed iuration an energy flow is created through thdtgal/Q, in
Asyml, or 1/Q in Asym2. The fields in these two asymmetric cgufations, for cavity tuned to resonance, are given

by:

L 2Q,
H1=H0+I(geven+godd(1+ Q ))
Q,
SO e . 2
H2:HO+I(geven_godd(l+ QO))
Q

where g__and g__refer to the sum of even and odd azymuthal compsnespectively. The g-odd contributions to

the fields have opposite sign in the two asymmaetoicfigurations (as expected for the power flowtlgh the feeds),
and they would be just opposite if the feeds wdemiical, namely if 1/x1/Q,. From the g’'s we get the frequency
shifts in each configuration, denoted Asym1 and Ryespectively, or equivalently the differentiabzaverage shifts:

Asym1-Asym2 <& Qogg X 2Q/Q, with 1/Q = 1/Q+ 1//Q + 1//Q 3
(Asym1+Asym2)/2 < Gevent Goaa X Q % (L/Q - 1/Qy) 4
In (3) Q is the Q-factor which accounts for alldes and which is measured experimentally. Therdiftéal shift (3) is
the quantity used to probe g-odd. The average @ithas contribution from g-even, and also fromdgt but only if the
couplings are not symmetric.
The third experimental case is the “symmetric” feedfiguration consisting in feeding the cavityrfrdoth sides. In
that case we adjust both phase and amplitude®dfwh channels (we use the atoms as a probe)tsorealize a linear

superposition oH; andH, with equal weights ¥ (to better than 1%) and sairese (within 80 mrad). The frequency
shift, denoted “Sym” in that case, is:

Sym & Gevent Ghaa X Q * (1/Q - 1/Qy), (5)
i.e.it should be just equal to the average shift (4):
Sym = (Asym1 + Asym2)/2 (6)
This relation can be checked experimentally asiadkthe superposition of the fields. As an exezhtest, we allow for

a phase imbalance ¢2 between the two feeds and also for non-zero galdtuningA. Then the superposition relation
(6) is modified and we find that there is an addlitil contribution to the shift Sym:

Sym(2p,) - Sym(0) < (Goaa X 2Q/Q) * tarp, x (A/T) (@)



Using (3) and (6), from (7) we get the followindatson:

Syn(2¢,) — (Asym + Asyn®)/2

=tang, xA/T (8)
(Asymi— Asyn®)

which is easily tested experimentally. Indeed, thisintity depends only on the feeding phase imicalamd on the
cavity detuning. Note that this simple, although stoaightforward result can be derived in a muaohpter model of a
Fabry-Perot cavity fed from the two sides.

Monte-Carlo simulation

A further step to compare theory and experimetd isompute the effect of the perturbed field ondtemic response.
This is done using a Monte-Carlo simulation. Thauiis for this simulation are the computed mapkl@and of theg
components, the cloud parameters and the deteggiometry. The initial cloud spatial distributiong@sian) used in
the computation reproduces the measured distribuiging a calibrated CCD camera image with absqbotgtion
reference with respect to the other fountain parte initial velocity distribution (Gaussian or Méidd Lorentz) is
based on the detected atom time of flight. The mmbgeneous detection response (Gaussian) is theledion of the
atomic response with the detection beam profiléernfandomly choosing a trajectory according teséhdistributions,
the program solves the time dependent Schrédingeation for the 2-level atom. This leads to theedmtnation of the
transition probability for one atom. The programerthaverages over many trajectories taking into @cahe
inhomogeneous detection response. With this theageetransition probability can be computed for @eys of
parameters. Note that this computation method bas sompared to a second independent computat@mscusing
the sensitivity function [8]. For the same input® two computations are in excellent agreementcdropare with the
experiment we compute the perturbed transition @diby due to the perturbed field on both sidestlttd Ramsey
central fringe, Rneorys Pineory

In the experiment, we perform usual frequency shifeasurements by locking to the line centre basdtie difference
in transition probabilities at mid-fringe. To compawith the simulation we use the measured frequehdft Av and
the measured slope of the fringe at mid-fringe dRédcompute the perturbed transition probabiliffedence:

Pexp~ Pexp= 0P eyp - APep = 2  (dP/a)x Av @)

EXPERIMENTS AND COMPARISON WITH THE THEORETICAL MO DEL
Consistency of the model with the measured Rabi Odlations

For consistency, the model should be able to repm®dhe contrast of the Rabi oscillations at resoeaThe transition
probabilities for a single interaction (way up cayvdown), and for both simultaneously (Ramsey iogation), were
measured as a function of the microwave power ufietd amplitudes corresponding to >¥2 pulse area for one
interaction. The two Ramsey interactions have diffié sensitivity to the parameters: Ramseyl is masnsitive to
initial cloud distribution (size and position) whiRamsey?2 is mostly sensitive to the velocity distion and to the
detection curvature. Using the values for the patars: initial cloud size 3mmms width of initial velocity
distribution 7.1 mm/sms (corresponding to an initial cloud temperature & @K), and detection curvature (response
0 exp[-(x/%)?] with X, = 7 mm), determined as mentioned above, we oligheement between simulations and
measured contrasts. These values are also us#tefoomputation of Reory and Ppeory to compare with the frequency
shifts measured in the same experimental conditions

Measurements and Characterization of Odd AzymuthaSymmetry DCP effects

Microwave Power and Cloud Launch Direction Deperwen

To be sensitive to the DCP m-odd components, wéhgl fountain table (which lies on three feets vadly adjustable
in height) and hence the launch directiaraxis) with respect to gravity. As a result, weftstiie centre of the atomic
cloud between the first and the second Ramseyaictiens. The tilt is performed either around xkexis parallel to the
feeding direction or around the y-axis perpendiculehen we perform differential frequency shift rmeeements
between the three feeding modes in interleavedigunations (lasting 50 fountain cycles) so as tmiglate long-term
drifts. At a given tilt, measurements last betwbalf a day and one day in order to reach a stzgistesolution in the
low 10° range.

Fig. 1 shows the results of the measurements ofliffierential shift “Asym1-Asym2” as a function ¢fie tilt angle
around y-axis for multiplev2 Ramsey pulses. At a given microwave power, gpeddence with the tilt angle is linear,
as expected for small angles: the slope is (6.0215)x10" /mrad for TW2-pulses. Dependence with pulse area,
however, is not simple: there are changes bothign and magnitude. Table 1 shows the comparisowdsst the
measured differential shifts “Asym1-Asym2”, trartsld into change of transition probability "(P P), and the



simulation, for a tilt angle of 1.6 mrad. We fingraement between experiment and theory. No sigmfidependence
is observed when tilting around x-axis. Additiogalive verify that the linear superposition of theotfields from the
two feeds is realized in the “symmetric” caise,the measured shifts satisfy to (6). These resmisonsistent with our
previous measurements [7]. In the present worlsttree measurements were performed simultaneoustyR@2-Rb.
The results are similar, up to an overall scalexgdr of about Y.
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Fig. 1: Differential frequency shift (Asym1-AsymBgtween the two asymmetric configuratiasgilt around y for
multi-T2 Ramsey pulses.

Table 1. Comparison between the measurements andmtidel for the differential
frequency shift (Asym1-Asym?2), translated intd-AP, for a tilt angle of 1.6mrad.

Pulse area|  Experiment Model
(x T/2) P" - P (ppm) (ppm)
1 346 + 15 419
3 -110+ 16 -122
5 955 + 16 1025
7 -273 £ 17 -288
9 1113 +22 1130

For better characterization, further measuremer@sarried out by varying microwave amplitude inefi steps. The
results will be published in a forthcoming paper.

Impact of phase imbalance and cavity detuning

The test of the impact of phase imbalance andcaetuning as predicted by the model (8) was peréat at a “large”

tilt angle (1.6 mrad) to have non zero g-odd effeeind forrv2-pulses (corresponding differential frequencyftshi
Asym1-Asym20 10™). We change the feeding phase byp2in one channel, and readjust the microwave power
equally in the two channels so as to keep the itransprobability at resonance center unchange@8@). Again
measurements are performed with the three inteztbaonfigurations. Fig. 2 shows the results forrtdevant quantity
(8), i.e. the frequency difference between Sym and the aeeshift over Asyml and Asym2, normalized by (Asym1-
Asym2), as a function of the phase imbalande. Zhe three data sets corresponds to differentegatf the cavity
detuningA (above, below and closed to cavity resonance)ghvhvias varied by heating the whole vacuum tubeQ#.F
The continuous lines are the fits to the data leydapendence A tan@,) + b, expected from (8). In this analysis, we
had to allow for a small offsetB-0.06 of technical origin which was identified aswppressed after the measurements.
The fitted values A are consistent with the expgctaluesA/l', as seen in Table 2. In these measurements, the

frequency shift normalization by (Asym1-Asym2) wasnd independent of both the phase imbalance ahthihg, as
expected.



Table 1. Results of the fits to the data in Fig. 2.

Fitted A Al
0.367 £0.008 0.363

-0.271+0.00p -0.24
0.033 +0.004 0.044
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Fig. 2 : [Sym - (Asym1l+Asym?2)/2]/(Asym1-Asym2 feeding phase imbalancéZfor three cavity detunings. Tilt
angle 1.6 mrad and Ramsa#2-pulses. Frequency shift normalization Asym1-Ag&yim10**. The continuous
lines are the fitted curves with (8)

Measurements and Characterization of even Azymuthabymmetry DCP effects

So far frequency shifts associated with the g-eiease distribution had never been observed. Ultikey-odd effects,
there is no easy way to magnify them. Furthermibrere is no recourse to differential frequencytahiéasurements so
one has to perform absolute frequency shift measemes. With a view to measure these shifts, g-ditts are first
minimized as well as possible by adjusting the swtnim feeding (phase and amplitude) and by adjgstie tilt angle
(< 200 prad) to cancel the (Asym1-Asym?2) frequedidference. The shifts are expected to appeargit hiicrowave
power and have a specific dependence. The measatere performed with FO2-Cs as a function ofrtherowave
power, with frequency reference given either by FRI2companion clock, or FO1 SYRTE fountain, opetdieth at
nominal power. Fig. 3 shows the experimental resfldiack squares) and the comparison with the sitioul. The red
curve is the simulation (withogerm solely) without adjustment, while the blueveuis obtained by rescaling by the
factor 1.5. As is conspicuous, the shape is wgltaguced but a rescaling factor of 1.5 is requit@dbtain full
agreement. A possible explanation for this mism&dhat the value we take for the wall surfacedtaivity (we take
that of bulk copper) is too large. The impact ofemymmetry between the couplings is under currergstigation, as
well as contribution from gterm. Note finally that the relative frequencyfspredicted at nominal poweriR-pulses)
is Av/vo = 4x107® (6 x108 if we rescale)i.e. negligible.
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Fig. 3 : Absolute frequency shifts measured with2HCs vs the microwave amplitude in unit af2-pulses for one
interaction (Rabi frequency of 44.6 Hz at cavitytce). The shifts are translated intdP) expressed in ppm.
The simulation is performed using the same valoeghe parameters as used in previous simulatiBai(
oscillations and g-odd effects).

CONCLUSION AND PERSPECTIVES

We have presented a quantitative comparison betwesasurements and af-initio model of Distributed Cavity
Phase shifts in a fountain clock. For the firsteibboth odd- and even- azimuthal components in hizese distribution
are demonstrated and characterized. The experimestly validates the theoretical model of [5] openthe way to
reduce uncertainty at & This works has led us to reconsider our symmeicn procedure in order to account for a
possible asymmetry of the coupling feeds. Workiipriogress to elucidate the imperfect agreememideat theory and
experiment for the g-even term. In that respediyréu measurements of absolute frequency shiftargeltilt angle
should provide us with valuable information. Thedmabcan now be easily adapted to FO2-Rb, FO1 and BORTE
fountains. Interestingly, cavity aspect ratios &fhactors differ notably between them. Note thateasurement of the
g-even term was reported simultaneously at thi©ZHTF conference by V. Gerginov et al. from PTB.
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