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ABSTRACT

Theoretical calculations of atomic structure arestantly being refined and are now reaching a degfeaccuracy
where the final discrepancies to tabulated measemésm(see e.g. [1]) might be due to the experinhesatiies [2,3].
This uncertainty also exists for caesium, where diiference in the measured nuclear magnetic mosntort free
caesium atoms [4], free caesium ions [5] and iarsoiution [6] do not agree with calculated shietdfactors [7].

The best known ratio of the nuclear and electrogifactors in free caesium atoms is given in [4] as
g/ g; = -1.9917400(26)1L.0“. We aim to remeasure this ratio by investigatiregaof hyperfine transition frequencies
using the two available caesium fountains CSF1G®RH2 at PTB. In this report we describe the reslflthe first tests
and the challenges they show for a precision measemt.

PRINCIPLE OF MEASUREMENT

Fountain clocks are designed to probe the hypetfangsitions in the electronic ground state ofthesium atom. The
relevant energy levels in the fountain’s magnetiamization fieldB. are described by the Breit-Rabi equation, which
takes on the form
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for theF = 4 andF = 3 states with their magnetic sublevelsandms. In this equatiory; andg, are the electronic and
nuclearg-factors under investigation arigks = 9.192631770 GHz is the caesium hyperfine tremmsitrequency. By
comparing the transition frequencies
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for differentAm=m, - m,, it is possible to separate the effects of el@itrand nuclear magnetic moments and measure
the ratio ofg, to g; even without precise knowledge of the effectieddB,.

We have chosen a measurement scheme involvingahsitions|F = 3,mg=0>to |[F = 4,m; = 0>, |F = 3,mg = -1> to
[F=4,m =0 and|F =3,mg=-1>to |F = 4,my; = -1> (referred to as [0 to 0], [-1 to 0] and [-1 tqd i the following).
The [0 to 0] transition is the clock transition thhe fountain clocks are normally operated on, asdrequency is
provided by the fountain CSF1 during the measurénidre second fountain CSF2 operates with its steliection set
to prepare atoms in the = 3, m; = -1> state and alternates between measuring the [ tind [-1 to 0] frequencies.

A linearized model gives thgfactor ratio based on this set of transition freagies as
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The simplicity of this equation makes it useful fprick evaluations and its accuracy is better thaif for the weak
magnetic quantization field & = 146 nT employed in the fountain, providing noitation at the current state of the
experiments. When it becomes necessary, a caloulbtised on the full Breit-Rabi formula can be usstkad.

with f(fms,'"u) = f(mg,m4) - f(0,0) . (3)



A direct measurement g@f is not feasible in the fountain as it would reguiiccurate knowledge of the magnetic fields
experienced by the atoms on their trajectory. Butesthe value of); is known to great precision, a measurement of the
ratio would immediately lead to better value @pr

When operated as a clock, CSF1 and CSF2 reaciveelaticertainties of 0.810™ for the measurement of the [0 to 0]
transition [8]. If the same accuracy could alsadsched for the other two transitions, the resgléibsolute uncertainty
of the g-factor ratio would be 21.0°, approximately an order of magnitude worse thatestin [4]. The uncertainty
can be reduced by increasing the magnetic quaictizhéld.

FIRST TEST

A first test measurement was recently performetgsothe viability of this scheme. The fountain @Stas first locked
to the [-1 to -1] transition for several hours,rhe [-1 to 0] and finally again to [-1 to -1]. Fireinary corrections were
applied to the frequency measurements using theegdbund for normal clock operation. The measurgsne@ere then
compared to the corrected [0 to 0] transition fesgry simultaneously measured by CSF1. As the quaditn field
varies over time, the measurements show a considermraostly linear drift of the transition frequenover the chosen
period. To take this into account, a linear fit veaplied to the stretches of [-1 to -1] data asi9eeFig. 1(a). This
interpolation and the literature values of thitactors [4] were then used in an equation derivech (3) to predict the
relative [-1 to 0] frequency. As seen in (1), F-o- is much less sensitive to changes of the magfietat, and the
expected frequency drift is therefore almost eyadlf of that observed for the [-1 to -1] tranmiti

The reduced drift can be seen in Fig. 1(b), butethe also a clear discrepancy of around 24 mHmrésponding to
2.6 010"? of the clock transition frequency) between thedjmion and the measurements, well beyond the rafisiee
frequency measurements. While the prediction istdichin its accuracy by the use of the linearizeatlel, it should
still provide frequencies accurate to better thamHz, clearly indicating the presence of a systensdift.

Using the measured frequency values for the [-d] toansition and the corresponding interpolation[f1 to -1] in (3)
gives a series of values for thdactor ratio. The averaged valuegjd g; = -2.048901.0“ and differs from the literature
value by about 3%. The corresponding absolute réiffee of -5.7010° is much larger than the standard deviation of
the measurements, which is 640’. Assuming the ideal case of normally distributethdom noise superimposed on a
stable systematic offset, the statistical uncetyaieached within 8 hours is 5[20°%.

CHALLENGES FOR A PRECISION MEASUREMENT

The primary limitation both on systematic and statal uncertainty of the measurement is due toréuere of the
[-1 to 0] transition when it is excited by the faaim's microwave cavity that was designed for usihg [0 to 0]
transition. The components of the RF magnetic fielthe cavity that drivéddm = £1 transitions need to be orthogonal
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Fig. 1. (a, left) : Measured frequencies (eachtpmiarks a 100 s interval) of the [-1 to -1] traiasi (black)
together with linear fit (blue line)
(b, right) : Measured frequencies of the [-1 tdr@hsition (red) and prediction (blue line) frone tfit of
[-1 to -1]. The gray line corregpis to a constant frequency offset close to 24 mHz.



to the vertical quantization field and therefo i the horizontal plane. As the horizontal congotns present only
due to the curvature of the -mostly vertical- fidiltes of the TEO11 mode (see Fig. 2), it varigsrgjly with radial
position and changes sign between the top and dtterb of the cavity. When the microwave is resonaith the
Am = +1 transition, this causes the second half of thétycpassage to undo the Bloch vector rotation aeguin the
first half. The resulting transition probabiliB/is then zero both for a single cavity passagethaccomplete Ramsey
cycle of the fountain, as seen in Fig. 3. Away froesonance the cancellation of Bloch vector rotatiets less
complete, leading to a “split fringe” shape in theected spectrum.

The shape of the spectrum is much more sensitithetaletails of the magnetic quantization fieldnttiar the clock
transition. This was found to cause a residualgf&iramplitude of approximately 1% near the [-1 totf@hsition
frequency that made it possible to perform the mesasurement in the way described here. Howevisrathplitude is
still quite small, leading to a degraded signahtise ratio and causing the increased short-testaliity of the
[-1 to 0] measurement visible in Fig. 1.

The small amplitude also causes any residual asyres¢o have strong pulling effects. An estimatisddl on the local
slope of the envelope center compared to the sibpiee sides of the central fringe predicts a featy shift of roughly
-15 mHz for the spectrum shown, which is at leasigmificant contribution to the observed discrepaifrom the

expected result.

There is another effect of using the horizontal ponents of the RF magnetic field that might beiwfilar magnitude:

The azimuthal angle of the horizontal field compatngetermines the effective phase of the supeiipaositate created
by the first cavity passage. This has no effethéf second passage occurs at the same azimutha) bagany change
in angle will directly translate into a phase shiftthe Ramsey fringe. The fountain adjustmentdarertical launch
direction ensures that these angle changes ard amthlmostly average out over the different trajges in the

expanding cloud, but any residual shift has a la&fgct on the measuregfactor ratio.

Further systematic shifts of somewhat smaller magdei could be induced by blackbody-radiation odamdllisions.
The frequency measurements of both fountains wamected for the shifts found in normal operatiout the required
corrections are expected to be different when mésaguhe [-1 to 0] and [-1 to -1] transitions anglquire careful
investigation.

If all these systematics can be overcome, thesdaifid fluctuations in the strength of the quantiratield are a minor
problem, as they mostly affect the short term $itgbdf the measurement: The magnetic field does meed to be
constant as long as the error on the interpolatetb[-1] transition frequency is small. Since tiedd fluctuations occur
on timescales of 24 hours for larger changes, wiguperimposed oscillation of approximately 50utés period due
to the air-conditioning, this can be achieved bgrahting between [-1 to -1] and [-1 to 0] measieats more often,
possibly every few shots.
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PLANNED IMPROVEMENTS
Two improvements are currently planned for futueasurements:

By inverting the phase of the microwave signal whematoms reach the half-way point of the cavttis possible to
prevent the cancellation of Bloch vector rotatidvatt usually occurs due to the reversal of the bota field

component during the cavity passage. Preliminasystbave already demonstrated this and a new werfidhe

microwave synthesis currently under developmentprdvide the option of a well-controlled 180° phaswitch using
direct digital synthesis (DDS) techniques. The éased fringe amplitude will improve signal-to-noiaéio and short-
term instability as well as reducing frequency imglldue to asymmetries.

The frequency error resulting from a change in atial angle between cavity passages is constatlingsas the
atomic trajectories remain unchanged. It can tloeeebe removed from the resulting value of thfactor ratio by
measuring the transition frequencies at differénetrgjths of the magnetic quantization field.

SUMMARY

Operating the caesium fountain on then = +1 transitions causes effects to become relevarit ate very well
suppressed in normal clock operation. Careful tymhthe system, and in particular of the quaniirafield both in
the cavity and in the drift region, is requireditait frequency errors introduced by the asymmetiyhe spectrum for
the magnetically sensitive transitions.

Even under optimum conditions it is unlikely thatmgasurement of thgfactor ratio in our fountains can reach the
accuracy claimed by previous measurements, bubutdcprovide an independent remeasurement in ameegif
magnetic field strengths below 1 puT, much less thanl.5 mT used in [4]. It might also help resalve discrepancy
between theoretical and observed nuclear shielidictgrs [7] or provide yet another value as therstan the fountain
find themselves in an ensemble of ultracold atoatker than in a thermal cloud. Given that a depecel®fg; on
buffer gas pressure has already been observethi®night not be altogether surprising.

At the very least, investigating the shape of fite = +1 transitions will provide more insight into theopesses
occurring during the Ramsey cycle and could leaidhfiroved diagnostics of magnetic field problerat imight affect
operation as a primary frequency standard.
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