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Summary—A method of detecting normalised clock state
populations in an atomic fountain clock using only the initial
trapping laser beams has been investigated. The results suggest
that, after refining the design of the trapping chamber, the
achievable signal-to-noise ratio will be limited by the phase noise
of a quartz local oscillator. This provides a way to miniaturise an
atomic fountain clock with only a small reduction in performance.

Very good long-term stability is an essential requirement for
a frequency standard or a hold-over clock in a local time scale
realisation. In cold atom clocks and frequency standards the
absorbers do not interact with walls or a buffer gas and thus can
possess an ultimate long-term stability limited only by
uncontrolled time variations of major systematic effects.
Present devices targeting the highest stability and accuracy at
parts in 10'S, usually large installations of cold atomic
fountains, are mainly commissioned at major national
measurement labs [1, 2]. More recently, smaller constructions
with accuracies in the 10°'5 range have also been built and
commercialised [3, 4]. One can expect a potentially sizeable
market for compact cold atoms clocks with short- and long-
term stability comparable to the best current primary standards.

A new project at NPL aims to develop a miniature cold atom
fountain clock that, despite necessary reductions in size,
weight, and power consumption, would perform at a level
similar to the established ‘full size’ fountain clocks. Its short-
term stability should be close to 10-'3/1'2, limited mainly by the
residual phase noise of a good quartz-based local oscillator; its
long-term instability, dominated by temporal variations of
major systematic effects, should not exceed parts in 10'6. Tt
should also be possible to perform a full evaluation of the
systematic effects and use such a mini-fountain as a primary or
secondary frequency standard. The design intends to preserve
the approximately 0.5 s Ramsey interrogation time of the large
fountain clocks, requiring atoms to be launched about 30 cm
above the microwave cavity, so the savings on size and weight
should come from reducing other parts of the physics package,
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Fig.1. Sequence for normalised detection with MOT beams. 1) First detection
pulse induces fluorescence to obtain S;. 2) Repump puts all atoms back into
upper level. 3) Second detection pulse induces fluorescence to obtain S,.

optics and auxiliary electronics.

An important step in that direction would be to eliminate the
separate chamber normally used for detection of the clock state
populations. This requires combining the cooling and trapping
functionality with that of fluorescence detection in a single
compact vacuum chamber. In this paper we present preliminary
results for a detection scheme where the clock state populations
are measured with a recapture method using the cooling beams.
While the measurement of the upper clock state population,
from which the cooling (cycling) transition is excited, is rather
straightforward, the shot-to-shot fluctuations of the number of
atoms collected and detected can significantly limit the
achievable  signal-to-noise ratio (SNR).  Population
normalisation procedures have been demonstrated in the past
[5, 6, 7] for different experimental contexts, each with their own
limitations. Here the normalisation is achieved by applying two
short pulses of all six cooling beams coinciding with the atomic
cloud re-entering the molasses region after the ballistic flight in
the fountain (fig.1). The first pulse induces fluorescence from
the upper clock state population (here, the "= 4 state in Cs) by
driving the cycling |[F) — |F + 1) transition. A pulse of
repumper light then swiftly transfers all the atoms (those
originally in the lower clock state as well as those pumped to
this state by off-resonant excitation of the |F) — |F) transition
during the first detection pulse) to the upper state, such that a
second detection pulse induces fluorescence from the total
number of atoms. The ratio of the integrated signals, S and S,
generated by the two detection pulses, respectively,
corresponds to a normalised clock transition probability P =
S1/82 (fig. 2). For simplicity and compactness of the physics
package, the atoms are initially collected from a background
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Fig.2. Illustration of the voltage-time signal, along with the corresponding
excited transitions. S; and S, are the areas under the blue and red curves,
respectively, after subtracting the background level (dashed line).



vapour in a single stage magneto-optical trap (MOT). As a
result, significant fractions of the signals S; and S, come from
the room temperature atoms. To measure and subtract this
contribution a third pulse is applied at the end of the detection
sequence.

The technique has been tested on the NPL-CsF3 fountain
(with the (100) cooling geometry and a cloud temperature after
the sub-Doppler cooling phase of 2 pK) and on a provisional
demonstrator setup (with the (111) geometry, cloud
temperature 10 pK). Using the former to launch the atoms for a
flight time of 600 ms (45 cm launch height), the returning atom
number was varied by varying the initial MOT loading time
from between 0.1 s and 2.0 s. Measuring the SNR as a function
of detected atom number, Ny, yields information on what is
limiting it:

SNR = Na (1)

\/O—const2 + JQPNZNat + (O—propNat)2

where oconst 1S constant noise, such as electrical noise in the
detection system, that is supressed with a larger detected signal,
oqorn 1s the coefficient for the quantum-projection noise, which
accounts for the atom cloud being in a coherent superposition
of the upper and lower levels, and opop 1S noise that is
proportional to the cold-atom signal, and thus presents a high-
Ny limit to the SNR. Since neither the provisional demonstrator
system, nor CsF3 at this reduced launch height, made use of a
microwave cavity for interrogation, the atomic cloud is purely
in the upper state, and ogpn = 0. A plot of SNR vs Ny is
presented in fig. 3.
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Fig.3. SNR vs N,, for 600 ms launhces in CsF3. The solid line is the fit to the
current data, the dashed line is the potential improvement due to increasing the
fluorescence collection efficiency by a factor of six.

It was found that, for a typical Ny = 4.0 x 107, the detection
SNR was maximised, at around 700, when each of the six MOT
beams had a central intensity of around 6 mW/cm? during the
detection pulses. Lower intensity allows for greater fluctuation
of the cold-atom fluorescence with laser intensity fluctuations
(while CsF3’s detection beams are intensity-stabilised, the
MOT beams are not). However, because of a significant
pressure of Cs background gas, which is Doppler-broadened
such that the background fluorescence is far from saturation,
increasing the intensity further amplifies background noise

without improving the size or stability of the cold-atom signal.
Additionally, the off-resonant pumping is also far from
saturation; laser intensity fluctuations affect the decay rate and
thus the total cold-atom signal. The optimum detuning of the
MOT beams during detection was found to be 6 = -1.8 I". The
length of each detection pulse was adjusted to optimise the
SNR, and an optimum was found for 0.4 ms detection pulses,
separated by a repump pulse of 0.1 ms. The exact timings of the
background pulse did not appreciably affect the measured SNR,
although care was taken to allow the entire cloud to pass out of
the beam region before performing the background
measurement.

Further increasing the atom number did not increase the
SNR when detecting the entire cloud; fitting equation 1 to the
data implies that the high-signal limit to the SNR would be 780.
However, for actual fountain operation, only the mg = 0 clock
state would undergo the Ramsey interrogation and be detected,
which requires a state-selection method to separate the mr = 0
population from the rest of the cloud. In a Cs fountain without
optical pumping to the clock state, this reduces the returning
atom number by a factor of 9, which would reduce the SNR to
a level where electrical noise dominates. In this case, loading
more atoms would be beneficial for improving the detection
SNR, however if this is achieved by spending longer loading
the MOT, the dead-time in the fountain sequence is increased
which increases the local-oscillator noise [8]. This motivates
using ®’Rb instead of Cs, as there would only be 5 (or 3 in the
lower-level) Zeeman substates to split the atomic population
between. However, further improvement to the SNR would still
be required: for the detection SNR to be comparable or better
than the SNR due to the phase noise of a quartz local-oscillator,
it should exceed 500. Two straightforward ways to improve the
low-signal SNR are to use lower-noise electronics for detection,
and to increase the fluorescence collection efficiency of the
detection system.

A background magnetic field of 1.9 uT exists in CsF3’s
MOT chamber, which results in a frequency splitting between
each of the |4, mr) — |3, mF’) microwave transitions of 6.8 kHz
that was leveraged to perform state selection. A microwave
horn directed into the MOT chamber was used to apply a m-
pulse resonant with the |4, 0) — |3, 0) clock transition
immediately after the end of the sub-Doppler cooling phase,
such that the atoms remaining in the upper state could then be
pushed out of the cloud by a short, resonant pulse from the
downward-going MOT beam while the cloud was still in the
beam region. Thus, state selection was implemented using only
the MOT beams and a microwave horn, removing the need for
a separate state-selection cavity between the MOT chamber and
Ramsey cavity.

A complete physics package prototype to test the short- and
long-term stability is currently being designed. It would feature
a small cooling chamber in the (110) geometry, such that one
pair of MOT beams are horizontal and the other two are at 45°
to the vertical. The MOT loading rate depends on the fourth
power of the beam diameter, so preserving the MOT beam
diameter, despite otherwise miniturising the system, is
important for loading a sufficient number of atoms quickly.



Such a chamber will be ~8 cm in diameter and preserve the 24
mm beam diameter, while improving the collection efficiency
to 6 % (up from 1 % for both of the present systems). This will
suppress the constant technical noise by a factor of six relative
to the present data. The potential result of this is illustrated by
the dashed line in fig. 3. Taking into account the quantum
projection noise based on the current atom number estimates,
the resulting SNR for 1/5" of the typical signal would be 650.
The Ramsey cavity will be directly vacuum-sealed to the MOT
chamber, and a compact all-in-fibre optics and laser delivery
system is being developed, with the aim to improve the long-
term intensity stability of the MOT beams.
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