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Abstract

The performance of a caesium fountain frequency reference for use in precision measurements
of trapped antihydrogen in the ALPHA experiment at CERN is evaluated. A description of the
fountain is provided together with a characterisation of systematic effects. The impact of the
magnetic environment in the Antimatter Factory, where the fountain is installed, on the
performance of the fountain is considered and shown to be insignificant. The systematic
fractional frequency uncertainty of the fountain is 3.0 x 10~'®. The short-term frequency
stability of the measured frequency from the ALPHA-HM1 maser is 1.5 x 10~'37~1/2 whereas
the fountain itself shows a stability limit of 4.7 x 10~'#7~1/2, We find a fractional frequency
difference of (1.0 & 2.2 (stat.) + 6.5 (syst.)) x 107!® in a comparison with Terrestrial Time via a
GNSS Common View satellite link between January 2023 and June 2024. The fountain enables
a significant increase in frequency precision in antihydrogen spectroscopic measurements, and
paves the way for improved limits on matter—antimatter comparisons.
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1. Introduction

Charge-conjugation, parity-inversion, and time-reversal
(CPT) invariance implies that bound states of antimat-
ter exhibit an energy spectrum identical with their matter
counterparts. To directly test CPT invariance, the ALPHA
collaboration at CERN routinely measures frequencies cor-
responding to transitions between bound state energies of
magnetically trapped antihydrogen [1-5]. The most precise
measurement to date is on the 1S-2S transition frequency
[6], which has been determined with a relative uncertainty
of 2 x 107!2, The precision in hydrogen on the same trans-
ition remains a few orders of magnitude higher [7]. Thus, the
antihydrogen-hydrogen frequency comparison, whilst con-
stituting a stringent CPT-invariance test, is dominated by the
uncertainty of the result for antihydrogen. One of the major
sources of uncertainty in the current best antihydrogen meas-
urement is the accuracy of the frequency reference, which con-
tributed 2 kHz to the overall uncertainty budget [6]. The laser
frequency is stabilised to the resonance of an ultra-low expan-
sion cavity, which is monitored via a femtosecond frequency
comb referenced to the SI second via a GPS-disciplined quartz
oscillator. Two thermal caesium atomic clocks are concur-
rently counted for further monitoring. To significantly reduce
this source of uncertainty, ALPHA has upgraded the metro-
logy suite to include an active hydrogen maser and a caesium
atomic fountain frequency standard. Caesium fountains serve
as primary standards, measuring the ground-state hyperfine
transition frequency of caesium, and thereby leading to a
realisation of the SI definition of the second [8]. Atomic foun-
tains determine the hyperfine caesium transition frequency
using Ramsey spectroscopy [9] of a laser cooled and trapped
cloud of ultracold caesium atoms [10, 11]. These methods
allow fountains to achieve fractional accuracies reaching
1.1 x 10716 [12-16]. They provide international timekeep-
ing, with primary standards contributing the majority of the
measurements for the weighted mean that steers International
Atomic Time (TAI).

Here, we report on the first evaluation of a caesium foun-
tain primary standard located at CERN and operated within
the ALPHA experiment, ALPHA-CsF1. The apparatus serves
as an absolute frequency reference for antihydrogen spectro-
scopy. Although mobile primary standards have previously
been deployed for precision laser spectroscopy [7], to our
knowledge this is the first caesium fountain deployed perman-
ently to serve as a direct local reference outside of a national
metrology institute.

The paper is organised as follows: In section 2 we provide a
description of the physics package, optics and microwave gen-
eration for the fountain. In section 3 we describe the fountain
operation cycle. In section 4 we evaluate the effects of vari-
ous systematic biases and calculate corrections to the meas-
ured frequency. In section 5 we characterise the short-term
performance of the fountain and determine the long-term sta-
bility through GNSS comparisons. The operational remit of
our caesium fountain is beyond accurate time keeping and par-
ticular details of the instrument may become of interest when

interpreting results from the most precise future antihydrogen
experiments where the fountain serves as a reference. We
therefore include a review of some central features and back-
ground on systematic effects even if the fundamentals of foun-
tain clocks are already well known.

2. Apparatus description

2.1. Physics package

The Cs fountain system consists of a physics package, optical
systems, control electronics and microwave synthesis mod-
ules. It was designed and assembled by the National Physical
Laboratory (NPL), and is an enhanced version of a system pre-
viously described in [17]. Here, we describe each of the key
subsystems in turn.

A diagram of the central elements in the physics package
is displayed in figure 1. State preparation and detection of the
Cs atoms are performed in the lower region of the apparatus,
which contains instrumentation for a magneto-optical trap
(MOT), optical molasses (OM), optical pumping, and state
detection. The interrogation of atoms occurs inside microwave
cavities during their ballistic trajectory inside a hollow copper
flight-tube in the magnetically shielded upper section of the
physics package.

Caesium vapour is loaded into the reservoir chamber by
crushing an ampoule which contains 1 g of Cs while an addi-
tional reserve ampoule is left intact for future supply. The
reservoir is separated from the main fountain chamber by a
valve, which enables replacement of Cs ampoules without the
need to vent the entire vacuum system. The reservoir is temper-
ature controlled using a Peltier element connected to a water-
cooling circuit.

The MOT and OM are formed by three orthogonal pairs of
counter-propagating laser beams and a pair of 345-turn coils
situated on the outside of the vacuum chamber above and
below the intersection of the laser beams. The six cooling laser
beams are delivered from the light-distribution module to the
physics package by optical fibres, along with repumping light
which is overlapped with one of the horizontal cooling beams.
The two coils are operated in an anti-Helmholtz configuration,
producing a spatially varying quadrupolar magnetic field with
a zero field region that overlaps with the intersection of the
laser beams. This configuration forms a MOT that cools and
confines the Cs atoms. Turning the MOT coils off forms an
OM which is used for further cooling and launching the atom
cloud. The ambient magnetic field of the Earth is compensated
for in the lower region of the physics package using three pairs
of rectangular coils that are adjusted and optimised manually
to compensate all three orthogonal field components.

Directly above the MOT, two coils are placed in a
Helmbholtz configuration, providing a bias field for optical
pumping. Above the optical pumping are two vertically separ-
ated regions for independent fluorescence detection of atoms
in states |F=3) and |F=4) respectively. Guiding coils
between the detection region and the magnetically shielded
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Figure 1. Overview of the physics package, with the Cs atom cloud
height at the different stages indicated.

upper section eliminate magnetic field zeros and prevent
accompanying Majorana spin mixing between Zeeman sub-
levels during atomic flight. All coils, except the lower MOT
coil and compensation coils, therefore produce on-axis mag-
netic fields in the same direction.

There are two microwave cavities in the upper section of
the physics package, referred to as the state selection and
Ramsey cavity respectively (figure 1). Both microwave cav-
ities are cylindrically symmetric with openings in the endcaps
for the atoms to pass through, with dimensions tuned such that
the TE(;; mode is resonant with the clock transition. The state
selection cavity transfers the atomic population from the |F =
4,mp = 0) state to the |[F = 3,mp = 0) clock state. Population
in the other m states can then be removed by a pulse of laser
light resonant with the F' =4 state, leaving a pure sample of
atoms in one clock state ready for interrogation in the Ramsey
cavity. The state selection cavity is fed by a single rectangu-
lar cavity (TEg;2), which couples to the main cylindrical cav-
ity via a 1.5 mm radius circular hole in the cavity wall. The
Ramsey cavity is used to interrogate the clock transition via
the method of separated oscillating fields [9], providing a near
/2 microwave pulse each time the atoms pass through. The
Ramsey cavity has been carefully designed to minimise the
cavity distributed phase (DCP) [18] and is therefore symmet-
rically fed by two rectangular cavities, which couple to the
Ramsey cavity via two 1 mm radius holes placed symmetric-
ally about the midplane in the cavity wall. The TEy;; mode of
the Ramsey cavity has a quality factor of approximately 18 000
and is resonant with the Cs ground state hyperfine transition
when the cavity is at 20 °C. The two cavities are situated within
the double-walled aluminium flight tube. The temperature of

the cavities is stabilised through the circulation of cooling
water in the space between the walls, referred to as the water-
cooling jacket, using a ThermoCube recirculating chiller. A
narrow copper tube mounted on top of the Ramsey cavity acts
as a waveguide below the cut-off frequency and protects the
atoms from the effects of stray microwaves. Around the flight
tube on the outside of the vacuum chamber, a coil produces a
114 nT vertical magnetic field, referred to as the C-field, which
provides the quantisation axis and breaks the degeneracy of the
mp magnetic sub-levels—shifting the non-zero my states far off-
resonance for state selection. The microwave cavities, flight
tube, and coil are enclosed in three cylindrical layers of mu-
metal magnetic shielding which provide an attenuation factor
of over 10 000.

Ultra-high vacuum conditions are maintained in the system
by a combination of ion getter pumps and non-evaporable get-
ter pumps attached to the MOT chamber and the top of the
flight tube chamber. In addition, shaped graphite getter mater-
ials are added in the region between the MOT and microwave
cavities to reduce the amount of Cs background gas in the
detection region. The entire vacuum system is baked for 8
weeks prior to first fountain operation, after which a residual
background gas pressure of 2 x 10~!! mbar is reached.

2.2. Optical system

The optical setup for laser cooling, optical pumping and detec-
tion is schematically depicted in figure 2. The setup consists of
three rack-mounted breadboards interconnected via fibres. A
distributed Bragg reflector laser (DBR, Vescent D2-100-DBR-
852-HP) provides light at the 852 nm D,-line of '33*Cs with
a typical linewidth of 250 kHz for addressing the F =4 —
F’ =5 transition, shown together with all other relevant trans-
itions (on resonance) in the energy level diagram in figure 3.
The laser frequency is locked to the transition using Doppler-
free saturated absorption spectroscopy (SAS) in a magnetic-
ally shielded Cs cell at room temperature on the spectroscopy
board. A 4 MHz modulation of the laser current and differen-
tial detection of the two probe beams, one of which is over-
lapped with a pump beam in the backwards direction, yield
an error signal for the locking servo acting on the laser cur-
rent. A second slow feedback loop on the laser temperature
is implemented to extend the locking range. Within the feed-
back loop, a double-pass acousto-optic modulator, referred to
as the ‘injection AOM’, before the Cs cell on the spectroscopy
board offsets the laser frequency from the F=4 — F' =35
transition by an amount in the range 140 MHz-201 MHz to
allow for various detunings during the fountain cycle as spe-
cified in section 3. The shifted frequency is sent to the fibre
distribution board via a fibre-coupled tapered amplifier (TA,
New Focus VAMP TA-7616) in a separate branch. The arriving
200 mW is split into eight different polarisation-maintaining
(PM) fibres leading to the physics package. Six circularly
polarised beams form the MOT. The four horizontal beams
(labelled X, X5, Y| and Y, in figure 2) are frequency shif-
ted back to the cooling transition by a double-pass AOM
with a fixed frequency of 201 MHz. The two vertical beams
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Figure 2. Overview of the optical system. AOM: acousto-optical
modulator, PBS: polarising beampslitter, A/2, \/4: retardation
plates, DBR: distributed Bragg reflector laser, DFB: distributed
feedback laser, TA: tapered amplifier.

(labelled Z,, and Zgown) €ach have separate AOMs to form a
moving molasses for launching the atom cloud by detuning
the laser frequencies such that the counter-propagating beams
have a frequency difference [19]. During the molasses and
polarisation gradient cooling phase the frequency of all MOT
beams is shifted further below resonance using the injection
AOM. Light tuned 15 MHz above the F =4 — F’ = 4 trans-
ition via a double-pass AOM at 377.8 MHz is delivered to the
optical pumping region above the MOT, where an additional
polarising beamsplitter (PBS) produces a pure m-polarisation
aligned along the quantisation axis defined by the magnetic
field of the Helmholtz coils. A retro-reflector on the other
side of the vacuum chamber ensures symmetric photon scat-
tering to avoid deflection of the atom cloud. The detection light
is shifted to the F =4 — F’ =5 transition by an 160 MHz
double-pass AOM.

A distributed feedback laser (DFB, Toptica DFB pro) with
a linewidth of 3 MHz is tuned to the F =3 — F’ =4 trans-
ition and acts as a repumper to avoid accumulation of atoms in

Figure 3. Hyperfine structure of the D, line of Cs.

the F' =3 state. Since repumping occurs on resonance during
fountain operation, the repumper frequency is locked to this
transition directly via a second SAS setup and a 20 kHz modu-
lation of the diode current. On the distribution board, repumper
light is overlapped with one of the MOT beams and the optical
pumping beam. A third portion is fed into a separate fibre for
atom detection through the zeroth order of an AOM. In this
way, the power of all beams can be controlled by adjusting
the radio-frequency (RF) power fed to the AOMs. All beams
are additionally equipped with mechanical shutters operated
by a small electromagnet to ensure that, when the shutters are
off, no photons can reach the atoms during Ramsey interrog-
ation. Two retardation plates are placed in front of each fibre
for optimal matching of the light polarisation with the fast axis
of the PM fibres.

All fibres are mounted on assemblies attached to flanges
on the vacuum chamber. The power of each beam is mon-
itored with small pick-up photodiodes attached to the side of
each assembly and logged at the beginning of each fountain
cycle. For the MOT and optical pumping beams, the divergent
light emerging from the fibres is collimated to roughly 2.5 cm
diameter by an f = 100 mm lens before entering the vacuum
through anti-reflection coated windows. For state detection,
two nearly horizontal beams are formed by a set of cylindrical
lenses and a beamsplitter. The beams are highly elliptical and
act as sheets of light through which the atoms fall during des-
cent. The optics are mounted on a small breadboard attached
to the vacuum chamber for good mechanical stability, as is
shown in figure 1. A 10° angle from the horizontal plane
prevents a thermal Cs beam coming out of the MOT cham-
ber from being resonant with the detection light due to the
induced Doppler shift [17]. Repumper light is added to the
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lower beam for pumping atoms in the F =3 state into F =4
(see section 3). A half-wave plate enables balancing the power
of both detection beams, while a set of graphite masks, also
acting as a getter inside the vacuum chamber, truncates the
beams to 18 mm in the horizontal direction to reduce scatter-
ing. Fluorescent light is collected through two windows per-
pendicular to the detection beams and focused onto two low-
dark count amplified photodiodes through a band-pass filter to
reduce background.

The entire optical system displays exemplary pointing and
frequency stability as well as robust locking, which has been
demonstrated by continuous operation over several months
without user intervention.

2.3. Microwaves

Microwaves for feeding the Ramsey cavity are generated by a
CS-1 model synthesiser from SpectraDynamics Incorporated.
The synthesiser is provided with a 5 MHz reference frequency
from the active hydrogen maser ALPHA-HM1 (T4Science
iMaser 3000). Inside the CS-1, two ultra-low noise quartz
oscillators convert this frequency to a 100 MHz signal, which
references a dielectric resonant oscillator (DRO) that out-
puts 9.2 GHz with an accuracy much better than 1 Hz. A
7.368 230 MHz signal of a tunable direct digital synthesiser
(DDS) with 48-bit resolution is mixed with the DRO out-
put to yield microwaves for driving the F =3 — F = 4 clock
transition at 9 192 631 770 Hz. In this way, the frequency of
ALPHA-HM1 is compared to the Cs clock transition.

Microwaves for supplying the state selection cavity are
generated in a separate, home-built frequency chain. A high-
frequency voltage controlled oscillator (VCO), phase-locked
to the 10 MHz reference provided by ALPHA-HM1, generates
a 4th harmonic signal at 9.210 GHz. Subsequent mixing with a
17.36 823 MHz RF signal from a DDS results in a microwave
signal at the clock frequency. An automated variable attenu-
ator acting on the RF component selects the microwave power
which is delivered to the selection cavity such that the fractions
of atoms transferred to the |F = 3,mp = 0) clock state can be
precisely controlled.

To avoid systematic shifts due to microwave leakage (see
section 4.4), both microwave sources are detuned from reson-
ance during the detection phase by rapidly changing the DDS
RF frequency by 1 MHz (Ramsey cavity) or 6 MHz (selection
cavity). In addition, during this time the selection microwave
power is reduced to zero.

3. Fountain cycle

An overview of the operational cycle of the atomic fountain is
shown in figure 4. The cycle lasts a total of 1.6 s, and comprises
the five following phases:

(i) Capture and cooling. The laser light which cools and
traps the caesium sample in the MOT is circularly polar-
ised and tuned below resonance by 16 MHz. After roughly
~10® Cs atoms are captured and cooled in the MOT during
553 ms, the quadrupolar magnetic field is rapidly switched

off and the cooling beams are extinguished for a 5-10 ms
dark period. The duration of the dark period is adjusted to
control the size of the Cs sample and minimise the col-
lisional shift as discussed in section 4.2. Following the
dark period the cooling beams are restored for a further
40 ms to perform OM cooling before launch while gradu-
ally increasing the frequency detuning.

(ii)) Launch. During the 0.4 ms launch, the horizontal
beams are extinguished, and the vertical beams are fre-
quency shifted by a further +2.54 MHz (upwards) and
—2.54 MHz (downwards), forming a moving molasses
[19] that launches the Cs sample upwards at 4.3 m s~!.
Immediately afterwards, the horizontal beams are restored
for a 1.9 ms phase of final polarisation gradient cooling
during which the detuning of all cooling beams is ramped
rapidly by —47 MHz and the beam intensity is gradually
ramped to zero. This typically results in atom temperat-
ures of a few micro-Kelvin and the population distributed
between the 9 Zeeman sub-levels of the |F = 4) state.

(iii) State preparation. Approximately 20 ms following the
launch, the atomic sample traverses a pulsed horizontal
beam of linearly polarised optical pumping light which is
resonant with the |F = 4) — |F = 4’) transition. The mat-
rix elements favour transitions between Zeeman sub-levels
towards mp =0 and with mp =0 — m}. =0 forbidden,
the atomic population accumulates in the |F = 4,mp = 0)
state after multiple cycles of absorption and spontaneous
emission [20]. To avoid overheating the sample, the optical
pumping power is chosen such that the |F =4,mp=0)
is populated at ~70% as a trade-off between the number
of atoms and the temperature that increases with stronger
optical pumping. The atoms then traverse the resonant
state-selection cavity, which provides a 7 pulse that trans-
fers the population in the |F = 4, mp = 0) state to the |F =
3,mp = 0) state. Any remaining atoms in the |F = 4) state
are removed with a resonant 0.5 ms pusher pulse from the
downward optical beam which deflects unwanted atoms
out of the cold sample.

(iv) Ramsey spectroscopy. The atoms pass through the
Ramsey cavity twice: once on their ascent, and a second
time on their descent—the atoms continue their ballistic
trajectory in the flight tube and do not experience the
microwave field during the intermediate 0.5 s free-flight
period [9]. The power of the microwave cavity is tuned
such that the total time spent by the atoms moving through
the cavity equates to a 7/2 pulse with each pass. The
microwaves are tuned by the synthesiser and when in
fringe-tracking mode the microwaves alternate each cycle
between 0.5 Hz above and below the clock-transition res-
onance, corresponding to half the width of the central
Ramsey fringe.

(v) Detection. Following the second pass through the Ramsey
cavity the atoms continue their descent into the detec-
tion region. Here, the population of each ground state is
determined by collecting fluorescence induced by the two
nearly horizontal upper and lower detection beams. The
upper detection beam induces |[F =4) — |F’' =5) trans-
itions, producing a fluorescence signal proportional to the
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Figure 4. Overview of the Cs fountain cycle, showing the evolution of laser power, laser frequency and atom height during the cycle. The
phases in Roman numerals are described in the main text. The insets display finer detail of the laser frequency detuning and power during
the OM and launch phase, see main text for a full description. The black arrows indicate when current is applied to the MOT and OP coils,
while the red arrows show when the selection and Ramsey cavity are frequency shifted from the Cs ground state hyperfine transition to
reduce microwave leakage. The zero of the vertical axis in the top figure corresponds to the MOT position. OP: optical pumping, LD: lower
detection region, UD: upper detection region, SS: state selection, RC: Ramsey cavity.

|F = 4) population. The beam also accelerates the atoms,
causing a shift off resonance when the atoms are passing
through the lower detection beam. The lower detection
beam contains light from both the primary and the repump
lasers, and therefore the remaining population in |F = 3)
is rapidly pumped into |F = 4), again producing a fluores-
cence signal. The normalised ratio

Fy

p=—"*_ 1
Fy+ F;3 o

where F3 and F, are the integrated and background-
corrected fluorescence signals from the upper and lower
detection regions respectively, provides a measurement of
the clock-transition probability. With every two cycles,
the difference §v between the nominal frequency and the
centre of the Ramsey fringe is calculated from the ratios
measured with positive and negative detunings from the
central fringe maxima using the relation

7m(P+—P_)

ov = 5 ; @

where m is the maximum slope of the central fringe, and
Py and P_ are the ratios measured above and below the
central fringe respectively. The nominal CS1 synthesiser
frequency of the fringe centre is adjusted by ov every
second cycle, thereby tracking the frequency of the central
fringe.

4. Systematic frequency corrections and
uncertainties

The performance of the fountain is influenced by a num-
ber of systematic effects. Some of these effects introduce
a shift in the measured clock frequency, a ‘bias’, which
in most cases can be characterised by performing addi-
tional measurements. For other effects we provide an upper-
limit estimate of the frequency deviation, which is then
treated as an uncertainty in the final measurement result. In
this section, relevant systematic effects are discussed, res-
ulting in an estimate of the frequency uncertainty of the
fountain.
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4.1. Second order Zeeman shift

During the Ramsey interrogation, the clock transition is
insensitive to magnetic shifts to first order. However, the
second-order Zeeman effect, which produces the largest cor-
rected frequency shift, must be quantified. From the Breit—
Rabi formula [21] one can determine the fractional frequency
shift induced by the second-order Zeeman effect on the clock
transition [22, 23],

5V(§Z—)>0 _ (&— &)’ vj B 3)
v 2h21/§ ’

Here, g; and g; are the electronic and nuclear gyromagnetic
moments, ug is the Bohr magneton, B is the C-field, & is
Planck’s constant and v is the hyperfine splitting of the
ground state. To map the C-field acting on the atoms during
their flight in between passes through the Ramsey cavity, we
measure the shift of the |[F=3,mp=1) = |[F=4,mp=1)
transition, which is much more sensitive to C-field variations
via the first-order Zeeman effect. The first-order Zeeman shift
induced by the effect on the magnetically sensitive transition
is also given by the Breit—Rabi formula

1
5’/1(11 _ (87— 1) HBB' @)

140} 4hV0

Via equation (4), we can use the magnetically sensitive trans-
ition as a magnetometer by measuring (51/1(21 with the Ramsey
method. An additional complexity is that the second-order
Zeeman shift of the clock transition is dependent on the time-
averaged squared magnetic field, (B?), that the atoms exper-
ience in their trajectory, whereas the magnetically sensitive
transition is dependent on the time-averaged magnetic field,
(B). The application of this technique therefore depends on
the homogeneity of the field. In an inhomogeneous field

(B*) = (B)* + 07, (5)

where o, is the variance in the C-field experienced by the atom
during its trajectory. To determine the homogeneity of the C-
field, a map is constructed by launching the atoms to different
heights above the Ramsey cavity and measuring 51/1(21. An
example map is displayed in figure 5, which demonstrates that
the atoms experience a ~114 nT magnetic field with a stand-
ard deviation below the 0.2 nT (<0.2%) level. This is suffi-
ciently homogeneous that one can assume (B?) = (B)? with
a negligible error (~107'8). Given that the C-field demon-
strates sufficient uniformity, it is straightforward to combine
equations (3) and (4) to obtain an expression for the frequency
shift induced on the clock transition as a function of the meas-
ured shift on the magnetically sensitive transition
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The uncertainty of the second order Zeeman-shift correc-
tion originates from the long-term stability of the C-field. To
estimate the uncertainty, the fractional frequency shift was
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Figure 5. A map of the C-field measured by the technique described
in the main text. The right axis displays the measured frequency
shift 5u1(21, whereas left axis displays the C-field which induces the
shift. The zero of the horizontal axis refers to the MOT location as
indicated in figure 1. The typical launch height is 95.05 cm.
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Figure 6. Drift of the C-field over time in Modified Julian Days
(MJDs), and the corresponding fractional frequency shift of the
clock transition. The full height (95.05 cm) is plotted in black, and
lower heights plotted in different colours according to the legend.
The axes are as in figure 5.

measured at irregular intervals over 442 days for a range of
launch heights with results shown in figure 6. The stability
experienced by atoms launched to the full height of 95.05 cmis
excellent over the entire period with a mean fractional shift, via
equation (6), of 606.23 x 1076, We periodically re-evaluate
the frequency correction based on the most recent C-field
map. As a very conservative estimate of the corresponding
uncertainty, we take from figure 6 the maximum observed
C-field difference of 0.06 nT, resulting in an uncertainty of
0.6 x 10~'¢ on the clock frequency.

4.2. Collisional shift

The frequency shift caused by cold atom collisions is a major
source of uncertainty in fountain standards [24]. The observed
frequency shift emerges from perturbations in the energy



Metrologia 62 (2025) 045008

levels of the clock states due to collisions among atoms in the
cloud in the ballistic flight during Ramsey interrogation. The
size of this shift is proportional to the atom density and could
therefore be reduced by operating the fountain at a low dens-
ity. However, when operating with fewer atoms, the signal-to-
noise (SNR) ratio and short-term stability of the fountain are
also significantly reduced. Prior research has shown that the
collisional rate coefficients for atoms in the two clock states
in Cs are strongly dependent on the collision energy, and have
the opposite sign for collision energies equivalent to 200 nK
or less. Due to expansion of the atom cloud, impact energies
in this regime are obtained in the fountain providing the cloud
has an ensemble temperature of a few micro-Kelvin and an
initial radius of the order of a millimetre [24]. It is there-
fore possible to cancel the collisional shift by making small
adjustments to the state population after the first Ramsey pulse.
Reaching the low collisional energy regime requires tuning the
initial cloud size and atom temperature. For ALPHA-CsF1,
an optimal initial cloud size is obtained by letting the atoms
expand for 5 ms after the MOT-phase. All fountain paramet-
ers were then optimised to reach a temperature of 3.9 uk,
measured from the width of the time-of-flight (ToF) detec-
tion signal. The fractional population in F =4 after the first
Ramsey pulse can then be set to yield optimal cancellation of
the collisional shift by adjusting the amplitude of the Ramsey
pulses. The frequency shift can be estimated by alternating the
operation of the fountain between low and high atom dens-
ity as shown in figure 7, displaying a clear linear relationship
between the shift size and ' =4 population with a zero cross-
ing at 0.48 4= 0.03. Operating the fountain at this optimum pop-
ulation fraction does not reduce the stability of the fountain. It
is difficult to achieve full cancellation during long-term opera-
tion of the fountain, e.g. slight variations in temperature could
lead to small variations in the microwave amplitude via shift-
ing of the Ramsey cavity resonance frequency. Therefore, the
residual shift is continuously measured by operating the foun-
tain at two different densities and extrapolating the observed
clock frequency to zero density [25]

k-vip — vap

R %

Vyext =
where vy p and vyp are the measured frequencies at high and
low density and k is the ratio between the two densities, which
is measured by the number of detected atoms for each density
k = Nyp/Nip. The implicit assumption here is that there is a
linear relationship between atom number and density, i.e. the
cloud has the same spatial profile for both densities. Since we
use the amplitude of the microwave field in the selection cavity
to vary the atom density with k~ 7, we do not have access to
the cloud shape before it enters the Ramsey cavity. To estim-
ate the size of the effect, we compare the ToF signals for both
densities after the ballistic flight. This is shown in figure 8
where the residuals below 2% indicate close to identical cloud
shapes for both densities. However, the detected ToF signals
do not necessarily represent the initial spatial profile and the
density ratio might be subject to a larger error, originating from
spatial variations of the microwave field amplitude in the selec-
tion cavity. Detailed measurements performed in another Cs
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Figure 7. Frequency difference between high density and low
density operation of the fountain, for different atom fractions in the
|F = 4) state after the first passage through the Ramsey cavity.
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Figure 8. Time of flight (ToF) signal of the |F = 4) atoms for high
and low density operation.

fountain of the NPL design have indicated a fractional error in
k of about 1% for a wide range of operating parameters [26].
Here, we conservatively assume a fractional error in k of 10%.
The contribution of this effect to the type-B uncertainty in the
extrapolated frequency is given by [27]

Ok
(k—1)*

where oy is the uncertainty in k and AF{;_; = vip — vup the
measured collisional shift enlarged by its statistical uncer-
tainty. Using o3 = 0.7 and AFj; ;| =60 x 107!¢ as a typ-
ical value for the collisional shift during normal operation,
we obtain a nominal systematic uncertainty of 1 x 107!, The
uncertainty is re-evaluated frequently as part of the data ana-
lysis in operation as a frequency reference for the ALPHA
experiment.

AFy g, @®)

Oext =
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Figure 9. Temperature variation of the fountain flight tube
water-cooling jacket as measured by three thermocouples mounted
along the drift tube. The blue data points show how the average of
the three thermocouples fluctuates over time, sampled at an interval
of 2 min. The black curve displays a 24 h rolling average of the data.

4.3. Blackbody radiation (BBR) shift

Thermal radiation from the flight tube induces shifts in trans-
ition frequencies of the caesium atoms via the AC Stark and
Zeeman effects. Assuming that the atoms can be approxim-
ated as being surrounded by a blackbody radiator at temper-
ature T during the Ramsey interaction, the resulting fractional
frequency shift has been determined [23, 28] to be given by

4 2
AVBBRZB( T ) 1+5(30§1{)

Yy 300K

where the coefficients are 3= (—171.8+£0.3) x 10716 and
€ =0.013£0.001 [29, 30]. To determine T we take an aver-
age of the temperatures read by three T-type thermocouples
positioned along the length of the water-cooling jacket. The
thermocouples were calibrated to an uncertainty of 0.1 K and
all three thermocouples typically agree within the calibration
uncertainty, which indicates that there are no significant tem-
perature gradients in the flight tube. The resulting estimate of
the uncertainty in 7 is +0.2 K, producing a fractional uncer-
tainty in the black body radiation shift of 70.43 x 107!, The
thermocouples monitor the temperature continuously, as dis-
played in figure 9. The fractional frequency shift induced by
BBR and determined from the unweighted mean of all data
in the period in figure 9 is (—157.36 £ 0.53) x 107!, which
includes the combined uncertainties in 5 and . The correction
for the blackbody shift is updated whenever the temperature
averaged over 24 hours changes by more than 0.15 K from the
temperature used for the previous correction, with the limits
displayed by the dashed red lines in figure 9.

N )

4.4. Microwave leakage

Despite a careful design to minimise the leakage of radiation
from the microwave cavities, radiation exposure of the atoms

when they are outside the Ramsey cavity cannot completely
be avoided. Such interactions do not have an effect on the fre-
quency measurement if they happen before the pusher pulse,
which removes the population from |F = 4, mp = 0) during the
atom ascent in between the two microwave cavities. The cop-
per tube above the Ramsey cavity and similar tubes between
and below the microwave cavities extending down to the bot-
tom of the magnetic shielding act as a waveguide and therefore
strongly attenuate microwave radiation below the cut-off fre-
quency, chosen well above the clock frequency by adjusting
the diameter of the tube [ 14]. Atapogee for a typical launch the
centre of the cloud is about 100 mm from the end of the tube
which leads to an attenuation of 60 dB. To minimise the effect
of microwaves on the atoms after they exit the copper tubes,
the microwave frequency is rapidly tuned off resonance after
the second passage through the Ramsey cavity, using a fre-
quency shift key (FSK) protocol on the microwave synthesiser.
A similar procedure is applied to the state selection microwave
synthesiser. The effect of residual microwave leakage on the
transition probability is predicted to follow a sinusoidal beha-
viour as a function of microwave amplitude [31] and can be
expressed as

AP = CLAR sin (AR) sin (WmodTR)7 (10)

where c| is a scaling factor that depends on the strength of the
leakage field, Ag is the Rabi pulse area of the interaction of
the atoms with the first pulse of microwaves on their ascent,
Wmod = 27 fmea = 7 18 the angular modulation frequency at
which the atoms are interrogated, and Ty is the Ramsey inter-
action time between the two passages through the cavity.
To characterise the effect of microwave leakage on the fre-
quency of the fountain, a series of measurements was carried
out with varying microwave amplitudes and toggling between
detuned and resonant microwaves during the atom descent.
To increase the sensitivity of this measurement, we have tem-
porarily installed a microwave horn that irradiates the lower
part of the fountain with the same microwave frequency that
is fed to the Ramsey cavity [16]. The transition probability is
obtained from the measured fractional frequency error Av and
the fringe contrast C (defined as the difference in the observed
ratio between a Ramsey measurement at the clock frequency
and one detuned by 1 Hz) via AP = (0v/v)Cr /2. The result
of one such measurement is shown in figure 10. Without FSK,
a large transition probability shift is visible, following the
trend from equation (10). When FSK is engaged, the frequency
shift is much smaller, and depends on the exact timing of when
the FSK is engaged. Tight FSK refers to the microwave detun-
ing being applied straight after the cloud passes the Ramsey
cavity for the second time, whereas for relaxed FSK the detun-
ing occurs 10 ms later. For the data presented in section 5,
relaxed FSK timing was used, whereas for future data the tim-
ing of the FSK was optimised to more tightly follow the second
Ramsey cavity passage, resulting in a smaller frequency shift,
as shown by the green points in figure 10(b). This measure-
ment was repeated using a different location of the microwave
horn, yielding similar results. As a conservative estimate of the
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Figure 10. Systematic shift of the transition probability induced by
microwave leakage from a microwave horn close to the MOT
chamber as a function of Ar of the atoms on their ascent, which is
varied by changing the microwave field amplitude fed to the
Ramsey cavity. The horn is fed with microwaves from the same
source as the Ramsey cavity. Three measurement series are
presented in full scale (a) and zoomed-in vertically (b): tight FSK
(green), relaxed FSK (blue) and resonant microwaves (no FSK, red).

reduction in the leakage-induced shift of the transition prob-
ability by the FSK protocol, we take the smallest observed
ratios from the fitted models and obtain 68 and 255 for the
relaxed and tight FSK timing, respectively. To assess the size
of the microwave leakage shift during normal operation, we
have performed multiple measurements of the same nature
but without the presence of the microwave horn, during the
period between September 2022 and December 2024. During
this time we observed varying sizes of the leakage-induced
shift when the FSK was not engaged. The origin of these
fluctuations is unclear, and we note that small mechanical or
temperature-induced changes in the physics package over time
could lead to changes in the leakage microwave field. As a con-
servative upper bound on the size of the frequency shift during
normal operation, we take the largest observed change during
the entire period in the transition probability without FSK at
a nominal Rabi pulse area of 7/2, and divide it by the attenu-
ation of the FSK protocol. This gives a small bias and results
in an uncertainty of 1 x 1076 for the relaxed FSK timing, and

3 x 10~ for the tight FSK timing, since we do not correct for
the bias.

4.5. AC Stark shift

During the Ramsey interrogation time, any stray electromag-
netic radiation interacting with the atom cloud will induce an
energy level shift of the clock states, altering the measured fre-
quency. Therefore, care has to be taken to ensure that all laser
beams are extinguished during this part of the clock cycle,
especially the vertical beams which are passing through the
flight tube region and are in view of the atoms at all times.
Since all of the primary laser beams pass through AOMs,
their power can be turned off and their frequency detuned to
strongly attenuate the amount of light sent towards the fibres
by at least 30 dB. Additionally, each of the laser paths has a
mechanical shutter before light enters the optical fibre towards
the physics package. To measure the effect of any residual
AC-Stark shift from stray light, passing both the AOM and
shutters, we operate the fountain while leaving the AOMs
on during the clock measurement. In this way, we collected
a data set where the AOMs were toggled on and off during
atom interrogation between consecutive fountain cycles. From
the measured frequency shift of (—2.540.9) x 10'5, we infer
a residual AC-Stark shift < 10~!7. The repumper beams for
optical pumping and detection are not controlled with AOMs.
To measure their influence on the clock transition, we toggled
between normal fountain cycles and ones where the repumper
shutters were left open. The measured frequency shift was
(—16.4+1.4) x 1071, and with —30 dB as a conservative
estimate of the shutter attenuation, we infer the repumper AC-
Stark shift to be <2 x 10717,

4.6. Gravitational red shift

ALPHA-CsF1 acts as a primary frequency standard at the
location of operation. There is a difference in orthometric
height between the free-flight region of the Cs atoms and the
magnetic trap where antihydrogen spectroscopy experiments
occur. For the fountain to be effective as an accurate reference
for antihydrogen spectroscopy, the difference of gravitational
redshifts must be determined. The relative gravitational red-

shift is given by [32]
Hyy
/F‘]Cs

where W and W are the gravitational potentials experienced
by the antihydrogen and Cs atoms respectively, H is the ortho-
metric height from the geoid, Hg and H¢s are the orthometric
heights of the antihydrogen trap and the Cs fountain respect-
ively, c is the speed of light and g is the local acceleration due
to gravity. For small changes in height, the Earth’s gravita-
tional field is approximately uniform and
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The orthometric heights were determined using the CERN
Geographic Information System as 435.75 m and 443.61 m
respectively relative to the EGM2008 geoid [33]. The Cs
fountain height is taken as an average along the ballistic
flight. Using equation (12), along with the local gravitational
acceleration, g = (980577858 + 4)puGal, measured at CERN
by the Swiss Federal Office of Topography [34], produces
a fractional redshift of (—8.584£0.15) x 107!6, where an
uncertainty of 0.1 m has been applied to each orthometric
height. The gravitational redshift is larger when the perform-
ance of ALPHA-CsF1 is evaluated against primary frequency
standards operating in other locations, or against TT whose
frequency is based on realisations of the SI second at the
conventionally adopted equipotential of Earth’s gravity (see
section 5).

4.7 Microwave generation

Spurious spectral components in the frequency spectrum of
the microwave source are a potential source of systematic fre-
quency shifts, especially if they are within the Rabi excita-
tion bandwidth, which for this system is on the order of a few
tens of Hz. However, sidebands that are detuned symmetric-
ally around the clock frequency do not have an effect [35]. To
put an upper limit on this effect, we have measured the out-
put spectrum of the CS-1 microwave synthesiser and found
that although spurious signals of order 40 dBc were present,
they were all arranged symmetrically around the main peak
with asymmetries smaller than 0.5 dBc. We therefore estimate
the possible effect on the clock frequency to be smaller than
1x 10716,

4.8. Cavity pulling

The effect of radiative damping of the microwave field inside
the Ramsey cavity by the atom cloud can shift the clock
transition frequency. Since we operate at low atom numbers
and also extrapolate to zero density by running the foun-
tain at two different densities, this effect is negligibly small.
Second order cavity pulling arises when the Ramsey cavity
is driven away from its resonance frequency. This can result
in the atoms experiencing slightly different microwave amp-
litudes on either side of the central Ramsey fringe and there-
fore induces an effective frequency shift. By tuning and sta-
bilising the flight tube temperature to within 0.2 K, as shown
in figure 9, we keep the microwave cavity resonance within
30 kHz of the clock frequency. Since we operate the fountain
using a Rabi pulse area that is within 10 % of 7 /2, the resulting
shift can be calculated to be below 1 x 10~!7 using equation
(5.6.123) in [36].

4.9. Distributed cavity phase (DCP) shift

A spatial variation of the phase of the microwave field inside
the Ramsey cavity can lead to a shift of the clock frequency
via the Doppler effect, known as the DCP. In practice, effects
from a spatially varying phase can arise if the cloud is not
launched precisely along the direction of gravity, e.g. due to a

small tilt of the fountain, such that the cloud does not retrace
its ascending path through the cavity on descent. Additionally,
the cloud increases in size over time, and will therefore be lar-
ger on descent.

To characterise the induced frequency shift, it is helpful
to express the spatial variations in the microwave field of a
cylindrically symmetric cavity as an azimuthal Fourier series
[37]. Since the atom cloud stays close to the axis of the cavity,
we only need to consider the lowest order terms which we label
with the Fourier index m. The m = 0 term describes frequency
shifts that depend on microwave power. The Ramsey cavity
in ALPHA-CsF1 was optimised to produce small m =0 DCP
shifts [38] at microwave amplitudes up to 67r/2 Ramsey pulse
areas [12]. Allowing for potential £ 5% endcap surface res-
istance inhomogeneities and a = 5% imbalance between the
upper and lower set of cavity feeds results in an uncertainty
of +0.4 x 1076 for normal operation corresponding to /2
pulses.

The m =1 term represents a linear phase gradient near the
cavity axis, which can be caused by a residual asymmetry in
the excitation from the two rectangular feeding cavities (see
section 2.1). By carefully balancing the microwave amplitude
and phase of both excitations, using the atoms as feedback, we
have reduced such asymmetries. The residual m = 1 DCP shift
is then proportional to the distance between the positions at
which the cloud centre of mass (CoM) passes through the cav-
ity plane on the way up and down. By tilting the fountain we
can vary this cavity crossing separation. A two-week measure-
ment campaign was conducted for both the axis perpendicular
and the axis parallel to the cavity feeds. To reduce the effect of
slow drifts of the maser frequency, the fountain tilt was altern-
ated every 24 h and the linear drift of the maser frequency has
been subtracted from each data series. The observed frequency
shifts are shown in figure 11, where dead-time effects during
the measurement of the opposite tilt are included in the error
bars and the origin of the horizontal axis represents the ini-
tial fountain tilt on that axis. The resulting DCP m = 1 shift is
(0.840.5) x 107" mrad—! and (0.040.6) x 10~'® mrad—',
for the perpendicular and parallel axes, respectively.

To characterise the m =1 frequency shift, we model the
spatial distribution of the atom cloud during a fountain cycle
and calculate the distance between the cavity axis and the CoM
of the atom cloud as a function of the fountain tilt angle [39].
We measure the ToF signal and the fringe contrast after a single
Rabi pulse during the upward trajectory of the cloud while
varying the fountain tilt and obtain good agreement with our
model after adjusting the horizontal position of the MOT in the
model by a few millimetres, which is a plausible offset since
we have not optimised the MOT position in the fountain. The
uncertainty arising from the model is estimated by varying the
initial parameters and observing the resulting change in the
cavity crossing separation. At the initial fountain tilt, the cavity
crossing separationis (2.1 £0) mm [(—1.9 £ 1.1) mm] for the
perpendicular [parallel] axis. The frequency shift for the ini-
tial tilt is (3.4 4+2.8) x 10716 [(—0.2 +£2.4) x 107'%], giving
a total m =1 frequency uncertainty of 4.9 x 10~°, since we
do not correct for the shift. For the tilts explored in figure 11 the
caviy crossing separationis (4.1 £0.1) mm [(3.9+ 1.1) mm].
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Figure 11. Frequency shift as a function of the tilt angle of the
fountain for both the axes perpendicular and parallel to the cavity
feeds. The indicated tilts are relative to the initial fountain tilt.

Based on this result, we were able to improve the tilt of
the fountain in both axes to reduce the DCP m=1 contri-
bution, such that for future measurements the frequency shift
is (0.74£1.8) x 1071 [(—0.1 £0.7) x 107'®], resulting in an
m = 1 frequency uncertainty of 2.0 x 10716,

The m =2 quadrupole variations of the cavity phase can
lead to a frequency shift when combined with inhomogeneous
detection along the feeding axis of the cavity, or with a dis-
placement of the atom cloud from the central axis. We have
evaluated the size of this shift for various MOT positions and
launch angles based on the agreement between the model and
the observed ToF signal and fringe contrast for the perpendic-
ular and parallel directions separately. Here, we begin with the
largest shift for initial MOT offsets and fountain tilts along the
feed axis or those perpendicular to the feed axis. Our results
suggest that the upward cavity traversal is azimuthally approx-
imately 7 /4 from the feed axis, which would have a shift less
than the maximum calculated. Conservatively considering the
azimuthal upward position to be uncertain, we take the m = 2
uncertainty to be the the largest shift divided by v/2. This is
3.4 x 107'° for the initial fountain tilt and 0.9 x 107! for the
updated tilt. Future work that centres the MOT position on the
fountain axis and accurately aligns the fountain vertically may
significantly reduce the DCP uncertainties [39].

4.10. Microwave lensing

The Cs atoms traverse the microwave Ramsey cavity near the
antinode of the standing wave field on the cavity’s axis. The
microwave field amplitude decreases quadratically away from
the cavity axis [40], which imprints a phase shift on the atomic
wavepackets that depends quadratically on the transverse pos-
ition, acting as a lens. The lensing focuses and defocuses
the dressed-state atomic wavepackets. This normally leads to
the focused state being attenuated less by the cavity aper-
ture, which produces an apparent frequency shift. The cavity
design in ALPHA-CsF1 is based upon NPL-CsF3 where the

DCP shift (section 4.9) is minimised [ 12], which may facilitate
the observation of microwave lensing frequency shifts. Taking
into account conservative uncertainties of the microwave amp-
litude, the MOT position and fountain tilt (0.23 x 10~'9), and
neglected higher order lensing terms (0.2 x 1071%) [13], we
obtain a microwave lensing bias of (0.84 +0.30) x 10716,
which we correct.

4.11. Phase transients

Phase variations of the microwave frequency that occur in
between the two Ramsey interactions can lead to an observed
frequency bias. Even tiny phase fluctuations on the order of
microradians can lead to frequency shifts ~107'°, If they
occur randomly, they are averaged out over many fountain
cycles, but when they occur synchronously, a shift can be
induced. In our fountain, we use FSK to detune the microwave
frequency after the second atom passage through the Ramsey
cavity, which could potentially cause a phase shift synchron-
ous with the fountain cycle. The FSK is switched on immedi-
ately after the second Ramsey interrogation, and switched off
again at the start of the next cycle, around ~750 ms before the
first Ramsey pulse (see figure 4). Therefore, a possible phase
transient from the switching of FSK will have decayed to neg-
ligible levels by the time of the first microwave interaction
[41]. Another possible source of synchronous phase transi-
ents are background electromagnetic fields from the AOM
amplifiers or laser beam shutters that are operated synchron-
ously with the fountain cycle and could influence the CS-1
microwave synthesiser. However, none of these are operated
during or in between Ramsey interrogations, mitigating the
effect. Furthermore, we have placed the CS-1 synthesiser in
a separate location that is several metres away from the AOM
amplifiers and optical shutters to further suppress any inter-
ference. Together with reference data from a similar fountain
design [14], we assess this effect to be< 1 x 10716

4.12. Second-order Doppler effect

Since the atom cloud is moving, the frequency of the clock
transition is shifted with respect to the transition frequency of
atoms in the laboratory frame by

Av (2

=73 (13)

]

The launch height of 0.31 m above the Ramsey cavity leads to
an average speed during the Ramsey interrogation of (1?) =
2 m? s—2 [23] and a shift of 1 x 10~17.

4.13. Magnetic field environment

The laboratory where ALPHA-CsF1 is installed is adjacent to
the Antiproton Decelerator (AD) facility. To produce and col-
limate the antiproton beam, dipole and quadrupole magnets are
ramped to a range of field strengths over the course of one pro-
duction cycle, lasting about 110 to 130 seconds, after which
the antimatter particles are delivered to experiments and the
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Figure 12. Plot of the magnetically sensitive transition frequency
61/1(21 (left axis), compared to the ambient magnetic field measured
by a magnetometer (right axis). The top plot displays behaviour of

the fountain when the AD is cycling, whereas the bottom plot shows

data without the AD cycling.

process is repeated. As a consequence, the background mag-
netic field in the fountain laboratory oscillates with a period
corresponding to the AD production cycle. The sensitivity of
the clock transition to changes in the magnetic field is inher-
ently small. In addition, any remaining effect should average to
zero over time as the AD and fountain cycles are asynchron-
ous. To study any remaining effect that the unique magnetic
field environment of the AD might have on the clock perform-
ance, we have operated the fountain in a mode which tracks the
central fringe of the |F = 3,m = 1) — |F = 4,m = 1) magnet-
ically sensitive transition. These measurements can be com-
pared to independent measurements of the ambient magnetic
field parallel to the C-field, measured simultaneously by a
magnetometer outside the magnetic shields. The results with
and without AD magnet cycling are displayed in figure 12. As
can be seen, when the AD is cycling the magnetometer meas-
ures a periodic variation in the ambient field, with an amplitude
of around 500 nT.

The magnetically sensitive transition can be converted
into a measurement of the C-field through equation (4). The
internal field of the fountain can then be plotted against sim-
ultaneous measurements of the ambient magnetic field in the
laboratory to look for correlations, as displayed in figure 13.
There is very weak correlation to the linear fit of the data (R =
0.07), which has a slope of 4.8 x 1076, Taking the maximum
recorded variation of 1.2 pT in the ambient magnetic field due
to AD cycles corresponds to a variation of 6 pT in the field
experienced by the Cs atoms, which produces negligible vari-
ation in the clock transition frequency through equation (3).
From this we can conclude that the ambient magnetic field
including effects from the AD has a negligible impact on the
clock frequency.

4.14. Total systematic uncertainty

The contributions to the uncertainty budget as described in this
section are summarised in table 1. The systematic uncertainties
originating from microwave leakage and DCP have been

114.275

114.250 %

114.225

114.200

Internal field / nT

114.175

—-34.6 —-34.4 -34.2 -34.0 -33.8 —33.6
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Figure 13. Plot of the external magnetic field parallel to the C-field
versus the internal magnetic field measured by the magnetically
sensitive transition frequency. Measurements were taken over
approximately 12 hours. The black line displays the linear fit
discussed in the main text.

Table 1. Uncertainty budget for the ALPHA-CsF1. All values are
parts in 10716,

Effect Bias Uncertainty
Second order Zeeman® 606.23 0.6
Collisional shift? 60 1
BBR* —157.36 0.53
Microwave leakage 0.3
AC Stark 0.2
Gravitational shift 0.15
Microwave lensing 0.84 0.30
Microwave generation 1
Cavity pulling 0.1
DCPm=0 04
DCPm=1 2
DCPm=2 0.9
Phase transients 1
Second order Doppler 0.1
Total 509.71 3.0

? Representative values for a typical fountain operation.

reduced at the end of 2024 and the table presents values fol-
lowing this improvement. The long-term data presented in
section 5 were taken before this improvement, and there-
fore have a higher systematic uncertainty of 6.4 x 1071,
Currently, the total systematic uncertainty of the fountain is
3.0 x 10716,

5. Performance evaluation

5.1. Statistical performance

To assess the short-term stability of the fountain, we define
the SNR ratio as the inverse of the noise on the measured
normalised ratio, with the atom fraction in |F =4) close to
0.5. The collisional shift cancellation enables fountain oper-
ation with relatively large atom numbers, resulting in excel-
lent SNR characteristics, close to the shot-noise limit. To sup-
press the effects of frequency noise from the local oscillator
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Figure 14. Signal to Noise (SNR) ratio as a function of the square
root of the Time-of-Flight (ToF) signal, a measure of the number of
detected atoms. Orange triangles were recorded on resonance,
where the frequency noise from the local oscillator is suppressed,
whereas the blue circles were measured off resonance where the
SNR is limited by frequency noise. The dotted lines are fits to the
data that include these three different noise contributions.

on the SNR measurement, we apply resonant microwaves in
a single Rabi pulse. The result is shown by the orange tri-
angles in figure 14 as a function of the square root of the
ToF signal, which is proportional to the atom number. The
fitted model (dotted black line) encompasses three different
noise sources. At low atom number, technical noise is dom-
inating, e.g. from electronic noise in the detectors, appearing
as a parabolic trend due to the square root of the horizontal
axis. Quantum projection noise scales as 1/ Vhdet With e
the number of detected atoms, and ideally the fountain fol-
lows this trend, shown by the green dashed line in figure 14.
For large atom numbers, the component proportional to the
fountain signal becomes leading, which could be due to laser
amplitude or frequency fluctuations, effectively limiting the
SNR to around 2300. This signal-to-noise level corresponds to
a short-term stability limit of 4.7 x 10~'*7=1/2, When oper-
ated in frequency measurement mode (‘fringe tracking’), the
measurement stability is limited by frequency noise from the
local oscillator; the RF synthesiser in the maser, ALPHA-
HM1. This is indicated by the blue circles in figure 14, which
show a plateau at a SNR around 900. The short-term stabil-
ity for high and low density are shown in figure 15 as over-
lapping Allan deviation curves. Both data sets closely follow
a 7~'/2 behaviour, indicating white frequency noise as the
dominant noise process. The small difference between the two
densities indicates that the fountain is not limiting the sta-
bility even at low density. The behaviour of the frequency
after extrapolation to zero density is also shown. The statist-
ical performance of the fountain is in practice often limited
by the low density signal. The fountain shows only a small
drop in SNR even at less than 10 % of the maximum signal
level, resulting in an excellent short-term frequency stability of
1.5 x 1071377172,

Extrapolation to zero density: 1.5x10~137-1/2
High density: 1.0x10~13771/2

Low density: 1.1x10~137-1/2

10—13

10715

100 104

Figure 15. Short-term stability of the fountain for the measured
frequency extrapolated to zero density (blue), high density operation
(orange) and low density operation (green). The dashed lines
represent 1/+/7 fits to the data.

5.2. Frequency comparisons

To assess the long-term accuracy of the ALPHA-CsF1 foun-
tain as an absolute frequency reference, we conduct a com-
parison with Terrestrial Time (TT) via a chain of linked time
and frequency measurements. The comparison was performed
from January 2023 to June 2024, with occasional interrup-
tions due to systematic shift evaluations, equipment failures,
power cuts, etc. The comparision was conducted with the ini-
tial tilt alignment (section 4.9). Firstly, with the fountain we
record the frequency of the ALPHA-HM1 maser, which is loc-
ated in the same laboratory, and apply periodic corrections to
the ALPHA-HM1 frequency to minimise the frequency drift
and offset. The ALPHA-HM1 frequency data produced by
the fountain y(ALPHA-CsF1 — ALPHA-HM1) is binned in
1 h intervals, subtracting the total systematic bias that con-
tains the specific second order Zeeman, collisional, and BBR
shift evaluation for that bin, as outlined in table 1. The res-
ulting dataset is segmented into intervals with a minimum of
five days (the shortest period of continuous data) and a max-
imum of 39d where the longest period of continuous data
of 78d was divided into two segments. The second part of
the chain compares ALPHA-HMI1 against a local timescale
using common-view GNSS comparison via a satellite receiver
(Septentrio PolaRx5) [42]. For the evaluation presented here
we have compared against the UK timescale UTC(NPL) to
obtain y;(ALPHA-HM1 — UTC(NPL)). This comparison is
binned in 24 h intervals and corrected for the gravitational
shift due to the 443.61 m orthometric height of ALPHA-
CsF1, which results in a fractional frequency difference of
4.840 x 10~!'* compared to TT. The third part of the chain con-
sists of the y,(UTC(NPL) — UTC) time difference, which is
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Figure 16. Fractional frequency difference between ALPHA-Cs1 and the SI second as realised by TT. The horizontal bars indicate the
duration of a measurement period. Vertical bars represent the uncertainty of the GNSS link, combined in quadrature with the 6.5 x 10716

systematic uncertainty for the measurement period. The average difference for the entire period, (1.0 +6.9) x 10718, is displayed by the
horizontal dashed line, with the shaded region representing the total combined statistical and systematic uncertainty of the comparison.

accessible via the monthly published Circular T reports from
the International Bureau of Weights and Measures (BIPM).
We interpolate the five-day time differences provided in the
reports with a third order polynomial to obtain daily values,
which are converted into units of fractional frequency. Finally,
to arrive at the SI second, we incorporate the d parameter, a
correction to UTC/TAI that is published also in Circular T as a
one-month average from all primary and secondary frequency
standards contributing to TAI. We evaluate y,(UTC/TAI — TT)
—d by taking the d parameter as a fixed value during each
one-month interval to obtain daily time offsets. The result-
ing frequency comparison y;(ALPHA-CsF1 — TT) is shown in
figure 16, where the horizontal bars indicate the length of each
of the datasets. The statistical uncertainties for the full fre-
quency comparison chain are estimated from the Allan devi-
ation curve of y;(ALPHA-CsF1 —TT) of the longest unin-
terrupted measurement period (78 d). The Allan deviation is
fit with a 7= model, as the stability is dominated by phase
noise from the GNSS Common View comparison. The ver-
tical bars in the figure are then given by the model evaluated
at a time corresponding to the length of each segment, com-
bined in quadrature with the systematic uncertainty for the
measurement period. The weighted average over the entire
measurement period gives a fractional frequency difference
of (1.0 £2.2(stat.) + 6.5(syst.)) x 107!, with a reduced chi-
square of y? = 0.68. The systematic uncertainty, which we
assume does not decrease with averaging, is a combination of
the ALPHA-CsF1 systematic uncertainty 6.4 x 10~'® (before
the fountain tilt angle and microwave leakage timing were
optimised), and the total uncertainty of the estimate of the d
parameter listed in Circular T. The observed frequency dif-
ference is also well within the improved systematic uncer-
tainty 3.0 x 1071 of ALPHA-CsF1 after this measurement
campaign finished.

6. Conclusion

We have evaluated the performance of the primary fre-
quency standard, ALPHA-CsF1, for the ALPHA experiment
at CERN and found that the fountain shows an excellent
short-term stability. We have characterised the systematic fre-
quency bias and we have optimised the operation of the foun-
tain with reduced systematic uncertainty. We have carried
out a frequency comparison between ALPHA-CsF1 and TT
for approximately 500 days, and demonstrated agreement to
within the uncertainties when the gravitational shift is taken
into account. ALPHA-CsF1 provides the ALPHA experiment
a local realisation of the SI second with a frequency uncer-
tainty commensurate with the reference used in the most pre-
cise hydrogen spectroscopy [7] and more than three orders
of magnitude improvement over the reference used for anti-
hydrogen [6]. The improvement will facilitate more precise
hydrogen—antihydrogen comparisons in future. ALPHA-CsF1
is to our knowledge the only primary frequency standard
operated outside the scope of a national metrology institute.
This creates numerous opportunities to contribute to precise
timing and synchronisation in other experiments and facil-
ities at CERN e.g. in the high-luminosity upgrade of the
large Hadron collider. Finally, future frequency comparisons,
including those via optical fibre networks [43], could enable
ALPHA-CsF1 to contribute to the steering TAI as well as fur-
ther pushing the limits of antimatter frequency measurements.
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