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ABSTRACT Recently it has been shown both theoretically and
experimentally that, for certain operating conditions of a cae-
sium fountain primary frequency standard, the cold-collision
frequency shift, which can be a limit to the accuracy of the
standard, strongly varies with the clock state composition and
can be cancelled. This offers the intriguing prospect of op-
erating a fountain standard at the zero-shift point, where no
correction for collisions needs to be applied. We estimate ex-
pected improvements in the standard’s accuracy and a potential
shortening of the averaging time. Lastly, we derive relevant re-
quirements for the key experimental parameters.

PACS 32.80.Pj; 06.20.-f

1 Introduction

Modern primary frequency standards (PFSs) use
laser cooled atomic absorbers in a fountain configuration [1].
Atomic fountains are used not only in timekeeping applica-
tions but also in many fundamental physics tests where the
highest experimental precision is needed. With the fountain
approach long interrogation times and narrow velocity distri-
butions have been achieved, which help to overcome many
limitations of the earlier thermal beam standards. On the other
hand, collisions between the atoms, which are usually neg-
ligible in beam standards, become a major issue: for laser-
cooled atoms the de Broglie wavelength is much larger than
the range of inter-atomic potentials. In particular, for the Cs
atom, which is the basis of the SI definition of the second, the
collision rate coefficients are large (compared to other alkalis)
and also depend on collision energy in a non-trivial way [2].
The collisional frequency shift is one of the major factors lim-
iting the accuracy of all caesium fountain frequency standards
reported to date.

The usual method for evaluation of the collisional shift
of a fountain based PFS is to operate the standard at differ-
ent atom densities. This means that additional measurement
time is needed to reach a specific statistical resolution. Several
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strategies have been implemented to find the best compro-
mise between accuracy of the collisional-shift determination
and clock instability (see, for instance [3,4]). While the rate
of frequency-shifting collisions is proportional to atom dens-
ity, in practice one measures the total atom number in the
cloud to scale and correct the collisional frequency shift. This
method depends on the assumption that changes in the atom
number do not result in changes in the spatial density dis-
tribution [5] (see also [6, 7]). The resulting uncertainty can
be reduced by implementation of the adiabatic passage tech-
nique, which unambiguously links the density and the number
of detected atoms [7], or by operating the fountain at very low
densities [4]. The preferred solution would be to obviate or
cancel the shift.

The possibility of cancellation of the collisional frequency
shift has been considered previously [8]. Recently, it has been
demonstrated experimentally [9] that there is an operating
point for a fountain frequency standard where the collision-
induced frequency shift vanishes (Fig. 1). This is due to the
fact that the collisional shift cross-sections for the two clock
states in Cs can have opposite signs and comparable abso-
lute values. The experimental observations were supported by
theoretical calculations based on precise values of the Cs scat-
tering parameters [10] and a model of the expansion dynamics
of the atomic cloud [11]. For a certain range of fountain pa-
rameters (specifically, of the initial radius ¢y and temperature
Ty of the atom cloud) the collisional frequency shift varies
significantly when the composition of the clock states (set by
the first Ramsey interaction) is varied. In particular, the col-
lisional shift can be zero for a certain value of the clock state
population ratio. Here, after recalling the idea of operating
a fountain at zero collisional shift, we discuss in detail how
the cancellation of the shift can shorten the required averaging
time and hence improve the effective short-term stability of
afountain standard. Finally, we use the aforementioned model
to estimate the residual frequency uncertainty when operat-
ing at (nominally) zero collisional shift for a set of realistic
fountain parameters.

2 Variable collisional frequency shift

We start with a brief description of an atomic foun-
tain caesium frequency standard (more details can be found
in reviews such as [1]). Caesium atoms from a background
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vapour or a thermal beam are collected in a magneto-optical
trap (MOT) or optical molasses. A cloud of about 10’103
atoms is formed, which has an approximately Gaussian distri-
bution of density and atomic velocities. In the case of a MOT,
the initial size (e~'/? radius) is typically ¢y < 1 mm; in the case
of a molasses the cloud is larger ({p = 3—5 mm). The collec-
tion phase typically lasts up to about 0.5 s. Then the atoms are
accelerated in a moving molasses and launched to an apogee
some 80 cm above the cooling region. During the cooling and
launching process the Cs atoms are optically pumped to the
| F = 4) ground sublevel; afterwards atoms in | F = 4, mg = 0)
are selected and transferred to |3, 0) by a microwave pulse
and those in |F = 4, mg # 0) are removed by radiation pres-
sure exerted by a laser pulse. The interrogation of the ground
state hyperfine (clock) transition is performed using the Ram-
sey technique of separated fields. During the ballistic flight the
atoms pass twice (on the way up and down) through a resonant
microwave cavity installed approximately 30—40 cm below
the apogee. After the second microwave interaction, the rela-
tive populations of the | F = 3) and | F = 4) states are detected
by laser-induced fluorescence from which the transition prob-
ability is calculated. The number of detected atoms and their
temperature can be extracted from this time-of-flight fluores-
cence signal. The observed Ramsey interference fringes typ-
ically have a full-width at half-maximum of Av < 1 Hz, de-
termined by the flight time between the two passages through
the cavity. The contrast of the fringes can be almost 100%
when the field amplitude in the cavity is adjusted such that
during each passage the atoms experience a microwave pulse
with an area (time-integrated Rabi frequency) of /2. This
corresponds to an equal weight of states |3, 0) and |4, 0) in the
coherent superposition state prepared during the first Ramsey
interaction.

In order to measure the frequency of the clock transition,
the difference between the frequency v of the local oscillator
(LO) and the centre of the central Ramsey fringe vg is de-
tected. In each fountain cycle the microwave frequency in the
Ramsey cavity is toggled between v+ Av/2 and v — Av/2.
Thus the |3, 0) — |4, 0) transition probabilities are measured
on either side of the central fringe and the difference v — vy is
calculated from the imbalance in the measured probabilities.

The cold collisional frequency shift Aw(E, 1) is due to
binary collisions at an instant ¢ between the two Ramsey inter-
actions. The shift depends on the collision energy E = & (v —
v7)%; w is the reduced mass and v; and v, are the velocities of
the colliding atoms. It can be written as

1
Aw(E, 1) = N([Mo(Es 0030+ Aa0(E, 1)040]

xn(x, vy, Hn(x, vy, 1)), (D)
where () denotes integration over spatial (x) and velocity
coordinates, N = (n(x, v, 1)) is the total number of atoms,
n(x, v, r) is the density distribution of the cloud, A3p (140) and
030 (040) are the collision rate coefficient and the fractional
population for the clock state |3,0) (|4, 0)). It is assumed
that |mg # 0) states are not populated and that o390 + 040 = 1.
To find the collisional clock shift observed in the experiment
the expression (1) has to be averaged over the time between
the two Ramsey interactions. The shift varies linearly with

the clock state composition parameterised, for example, by
the p49 population. For collision energies E/kg < 0.16 uK
the collision rate coefficients A3p and A4 differ in sign [9].
Such low temperatures are easily reached in the atom cloud
launched in a fountain: as a result of position-velocity cor-
relations, which build up in a ballistically expanding cloud
of atoms [12, 13], the effective collisional energy steadily de-
creases during its flight. Under suitable conditions it is pos-
sible to choose p49 = Qf‘g) (via an adjustment of the microwave
power in the Ramsey cavity) such that the overall accumulated
collisional shift is zero (Fig. 1) [9].

The exact value of the zero-shift point Qflg) depends on the
initial parameters of the atom cloud, ¢y and Ty, as well as on
the timing of the Ramsey interactions [9]. For example, for
To = 1 pK and a cloud size ¢y > 1 mm, the collisional shift
remains negative for all p49, excluding the possibility of can-
cellation. However, the typical size of a cloud of up to 103
atoms released from a MOT is about 0.5-0.7 mm and the ex-
pected 0’ = 0.3-0.4.

To evaluate the collisional frequency shift experimentally,
a fountain is normally operated at two or more different
atomic densities and the respective frequencies are measured
against a stable reference (e.g., a hydrogen maser). The atom
number (and density) is varied by, for example, varying the
amplitude of the selecting microwave pulse. The evaluation of
the collisional shift with an uncertainty below 10~!5 may re-
quire averaging over about a day. Because the maser reference
stability over this period may be poorer than the required reso-
lution, it is convenient to alternate between atomic densities
more frequently and to collect two separate sets of data, inter-
laced in time. The maser instabilities and any other common-
mode frequency shifts are then rejected when calculating the
frequency difference between the two sets of data.
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FIGURE 1 Illustration of the collisional shift variation and the cancella-
tion point as a function of the fraction p40 of atoms in |4, 0) after the first
Ramsey interaction. Two sets of data taken with NPL-CsF1 are shown. The
second measurement (grey symbols) was performed 6 months after the first
one (black symbols). The steeper slope of the fit to the data indicated by grey
symbols results from a higher atomic density. Inset: enlargement of the zero-
crossing point. The cancellation point is Qfm) =0.394 and 0.396 for the two
measurement campaigns, respectively. The residual collisional shift at Qflg) is
stable to much better than 10~ Hz (1 part in 10'9) as inferred from the fitted
lines
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3 Operation at the zero collisional shift point

The fractional clock state populations are set by the
first interaction in the Ramsey cavity according to:

040 = 1 — 030 = [sin(x7/2)]*, 2)

where x is a measure of the microwave field amplitude in the
cavity (for a given Ramsey interaction time); x = 0.5 corres-
ponds to /2 pulses optimising the Ramsey fringe contrast
in an idealized fountain. Although operating a fountain at
x # 0.5 reduces the fringe contrast and therefore the signal-to-
noise ratio, this effect can be minimised by applying x = 0.5
in the second interaction in the Ramsey cavity. It can be shown
that in this case the contrast is reduced to 2 p'/? /(1 + p), where
p is the population ratio p40/030 = [tan(x7r/2)]? [8]. For ex-
ample, for 40 = 0.4 (x = 0.44) the contrast is reduced to 98%
and even for g4 = 0.3 (x = 0.37) only to 92%. Such mi-
nor losses of fringe contrast are outweighed by the potential
gain in effective short-term stability following from the fact
that the fountain PFS can be operated full-time under near-
optimum operating conditions, without the need for auxiliary
runs to take into account the collisional shift.

Let us consider a fountain operated alternately at high (op-
timum) and low densities ny and n; in order to determine the
collisional-shift correction by extrapolating the frequency to
zero density; ny/ny = k > 1. For simplicity we assume that
k is known accurately. Possible inaccuracies of « (not more
than a few percent) do not affect the predictions presented here
(see also [3]). The measured frequencies are vy and v, and the
extrapolated frequency vy is given by

vo = (kv —ve)/(k —1). 3

The Allan deviation ot of vy is

(k = Doeir(20) = y/i207 (D) +035(D) “

where o1, and oy are the Allan deviations for the fountain
operating at low and high density, respectively, and 7 is the av-
eraging time for a single density (thus o.s is determined every
27). When the noise is dominated by the LO and the fountain
cycle time T is kept unchanged between high and low density
operation, op, ~ oy and, for k = 2,

0t (T) = v 2004:(27) = V1003 (7) . )

In the other limiting case, in which quantum projection noise
(QPN) is dominant, the Allan standard deviation is inversely
proportional to the square root of the detected atom num-
ber [14], thus o, = /koy holds. Again, for x =2 and T,
unchanged:

oetr(7) = V' 180m(7) . (6)
In contrast, for operation at the zero-shift point (without ex-

trapolation) the fountain could be run at optimum density ny
all the time, giving

Oetf(T) = ou(7) . @)

The single Allan deviations for white frequency noise are pro-
portional to 77!/, consequently, without density correction
the measurement time to reach a specified statistical uncer-
tainty o.g(7) is reduced by a factor of 10 or 18 with respect
to the cases of (5) and (6). Additional time is needed before-
hand to determine the zero shift point Qf‘g). In principle, this
time could also be factored into o¢(7); since this would, how-
ever, make the effective stability dependent on the number of
frequency points to be measured we opt here to treat that time
separately (see Sect. 4 below).

We point out here that the value of the collisional shift
correction might be affected by factors other than the atomic
density (or the detected atom number). In Sect. 4.2 we discuss
quantitatively the sensitivity of the collisional shift to launch
parameters (&, To, initial velocity) and the field amplitude in
the Ramsey cavity. In view of this discussion, a continually
performed extrapolation to zero density appears as an ade-
quate practice in operating a MOT-based fountain when the
required long stability of the relevant parameters cannot be
assured.

It has been suggested [15] that for the operation at the
zero-shift point the atom density could still be alternated be-
tween ny and np. A resulting differential measurement vy —
v, (nominally zero) could then provide a verification of the
long-term stability of the fountain parameters relevant to the
stability of the cancellation point (see Sect. 4.2). The frequen-
cies vy and vy would be averaged in this case (rather than
extrapolated), not causing any significant reduction in the ef-
fective stability, as long as o1, & oy holds.

Let us note that a reduction in averaging time can also be
achieved for non-zero shift operation (e.g. the usual p49 = 0.5)
if the key requirement of the long-term stability of the foun-
tain parameters is fulfilled. A one-to-one relation between the
collisional shift and the detection signal needs to be estab-
lished (instead of the Qgg) determination) and then used during
the frequency measurement to apply the correction [6]. A dis-
advantage compared to the zero-shift operation is a systematic
error due to an inaccuracy of that relation. Also the short-term
stability is affected by fluctuations in the atomic density/atom
number.

As the collisional shift cancellation can only be observed
if the initial cloud size {y < 1 mm (for temperatures Ty ~
1 uK), for operation at zero collisional shift the maximum
atom number in the MOT cloud cannot exceed approximately
108 [16], of which number about 10% end up in the |3, 0) state
after state selection. Assuming that 20% of the selected atoms
are detected after the Ramsey interaction, with a 1 Hz fringe
width and a cycle time of 1s, the corresponding short-term
stability is o = 0.3 x 10713 7(z/s)~!/? if limited by QPN. In
many cases, however, where the PES uses a room temperature
dielectric oscillator as a LO, the short-term stability is limited
at about oy = 107137712 (gp = 3.2 x 10713 771/2) due to
an aliasing effect (the so called Dick effect) [17] and very
large atom numbers (large ¢p) are not needed. For example,
with a state-of-the-art BVA crystal [18] as LO, increasing the
atom number in the MOT above 2 x 107 (about 2 x 10° atoms
selected in mp = 0) has very little effect on the short-term sta-
bility. Note that the short-term stability of a PFS quoted in the
literature often refers to oy rather than to o.g, which may be
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larger by a significant factor (5) and (6). In that sense the short-
ening of the averaging time discussed here originates from
areduction of the effective short-term stability o (7).

4 Accuracy of the collisional shift evaluation

If a fountain operates at the compensated fractional
population Qig), the collisional frequency shift is nominally
zero. However, there are two groups of factors contributing
to the uncertainty of the collisional shift: the accuracy of the
initial determination of Qig) and the stability of its realisation
during the fountain operation period. Using the theoretical
model presented in [9, 11], we have analysed those factors in
detail, aiming to estimate an uncertainty related to a residual
collisional shift in a fountain operating at the zero-shift point.
Unless stated otherwise, in the numerical examples follow-
ing here, we consider a fountain with 2 x 107 atoms collected
in a MOT (2 x 10° atoms selectively transferred to |3, 0)
and 4 x 10° detected) and of a short-term stability limited
by LO noise at oy = o = 10713 (1s). We further assume
To = 1.5 pK, ¢o = 0.55 mm, launch height of 31 cm above the
Ramsey cavity, which itself is positioned 54 cm above the
MOT (as in the NPL fountain standard NPL-CsF1 [19]).

4.1 Accuracy of the zero-shift point determination

First we calculate the variable collisional shift as
a function of g4 for the parameters specified above. For the
zero-shift point we obtain Qf‘g) =0.4. In order to keep the
residual collisional shift small (< 4 x 107'9), 'S has to be
determined with 2% accuracy. While the theoretical model
reproduces the experimental data well [9], the accuracy of
the Q‘(‘g) prediction is limited by the uncertainties in Tp and
¢o- Therefore in practice Qf‘g) has to be found experimentally.
Moreover, the experimental determination may need to be
repeated periodically owing to possible instabilities of the pa-
rameters affecting Qflg).

In principle, in order to find Q‘(‘g), one needs to obtain
two points on the shift-versus-g49 plot (Fig. 2). One method,
which minimizes the measurement time, is to measure the col-
lisional clock shift s; at one point and to extrapolate to zero
using the slope

As

OO

Q40 — Q4o

m

®)

of the linear dependence. The differential collisional shift As
can be evaluated at low density, keeping in mind that o1, = oy
in the LO noise limited case treated as an example here. The
collisional clock shift is then
si=vL—vo=(vg—v)/(k—1), 9
with vy as in (3). For simplicity we will consider ¥ = 2 in the
following.
The zero-shift point is given by

©_ m_5t 10
Q40 = Q4o m (10)

| -

Collisional shift (a.u.)
»
|
1

|
I I
Py Pao®

FIGURE 2 Procedure for the determination of the zero-shift point Qf‘g). The

error bars for the point at Qf&,) are equal to ug, and for the point at Qi%) are

equal to  /u?, +ud,

Experimentally, one needs to perform only three frequency
measurements against a stable reference, possiblP/ interlaced
in time for common mode noise rejection: at Qflo) with high
atomic density, at Q‘(&)) with low density and at Q‘%) with low
density.

The residual clock shift u.o; (deviation from zero shift)
related to an inaccurate determination of the zero-shift point

Qf‘g) (with uncertainty u,..) is given by:

(11)

Ucoll = MU -

The values of Qfé)) and Q%) can be known sufficiently accu-
rately that u,. (obtained from (10)) is dominated by the clock
shift uncertainties u, and ua;:

S1 2
nean =2, + (55 ik, (12)

As

Itis advantageous to choose Qfé)) in the vicinity of the expected
Q‘(‘g) value and Q‘%) so that s; < As. If us, and u a4 are compa-
rable, the residual collisional clock shift is then approximately
Ucoll & Uy, . In addition, any possible systematic error of s
due to nonlinearities in the dependence between the density
and the detected atom number would be negligible as s itself
should be less than 107> Hz. For the example considered in

this section,

2 2
ot (37) = \/ ("Lﬁ(’)) + ("Hﬂ(” ) - %oﬂ(r) (13)
and
6
teon (T) = V/3 - tteon (37) = %UH(T) , (14)

where 7 is the averaging time required to achieve a given level
of ucon, B describes the reduction of the Ramsey fringe con-
trast (here 8 = 0.98), and the factor /3 accounts for the three
interlaced measurements, at Qﬂ)) (ny, and ny) and at Q%), re-
quired to find 5| and As.
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The average time required to achieve uco; < 1071 (Qf‘g)

determination time) is approximately Tgeterm & 17 h (or 2.7
days for uco <5 x 10719). After the initial determination of
Qf‘g), the fountain is expected to be operated without extrapo-
lation of the collisional shift, providing a number of accurate
frequency measurements over a period Toper, before the next
determination of Qflg) is required. The anticipated shortening
of the averaging time in individual frequency measurements
will only be realised if the determination of o 43) remains valid
for Toper >> Tdeterm- In our example, Toper would have to exceed
several days or weeks, depending on the target residual statis-
tical uncertainty uy.

To measure p frequency points with the fountain clock
to an uncertainty ug each (assuming white noise only) would
therefore take the time

6 oz (1s)
Tzero = <E+P) x —H 75,

Uy

(15)

in the case of operation at the zero-shift point and

2
o (1s)
Textrapol = 10p x i 55,
0

(16)

in the standard case of extrapolation to zero density. Even for
p = 1, operation at the zero-shift condition is faster, with the
advantage approaching an order of magnitude in time.

Let us add a remark about an alternative way of doing
the density extrapolation, up to now the standard procedure
employed in PTB-CSF1 [6]. Before and/or after each longer
measurement period (typically p > 15) the fountain is run
for several days with regularly alternating operation at high
and low densities. From these additional runs the slope factor
relating collisional shift and detected atom number is deter-
mined. This slope is then used off-line to correct all of the p
points measured during the main campaign. This would result

in (typically)

oz (1s)
Tofline = (104 p) x Hu2 s,
0

(17

where the “10” above is the same as in (5) and (16). The dif-
ference to (15) appears relatively small but it should be borne
in mind that the correction that has to be applied is rather large,
so the demands on the stability of the experimental parameters
are higher than for operation at the zero-shift point.

4.2 Stability of the zero-shift point realisation

As already indicated, the evolution of the effective
collision energies in an expanding cloud (and hence the aver-
age clock shift) depends on the initial parameters ¢y and 7.
Therefore, the instability of these parameters over Toper Will
limit the stability of Qflg). Figure 3 shows average clock shifts
calculated as a function of the initial cloud size for three ini-
tial temperatures. From the slope of the 1.5 uK curve (black
solid line) we find that a 3% drift in the cloud size around
Zo = 0.55 mm results in a clock-shift variation of 4 x 1071

10 ‘
1.0 uK i
—1.5uK
© - - = 20UuK]|
° 4l I\
~ M e
£ 2 T
[7) SN
- -
£ S
=T \\' ST e
g 4 Pa=04 ~——
[e) N — |
© -6
8 |
0.35 0.45 0.55 0.65 0.75 0.85

Initial cloud size (mm)

FIGURE 3 Collisional clock shift for a fixed fractional population 49 =
0.4 as a function of the initial cloud size ¢p and three values of Ty (1.0, 1.5,
2.0 uK); number of atoms at launch 2 x 107 (2 x 10° selected in mg = 0).
The dependence of the shift on ¢y is stronger for lower temperatures. For
the chosen range of 7p one observes that at {p ~ 0.57 the shift is almost
independent of the launch temperature

Experimentally, the fluctuations and long-term drift in ¢ can
easily be monitored during fountain operation. In Fig. 4 we
show the Allan deviation of ¢y, illustrating its short-term sta-
bility. For averaging times longer than 10—20 s the values are
about 1% and almost constant, which indicates that a 1/ f
noise process is dominant. Currently we do not have enough
data for a direct demonstration of the long-term stability of
o Indirectly, the long-term stability can be inferred from
the inset of Fig. 1, indicating that the residual clock shift
can remain in the 10~!° range for many months. Further-
more, it is possible to introduce a number of improvements
in the experimental set-up (e.g. magnetic shielding of the
trapping region, active stabilisation of amplitude and polarisa-
tion of the cooling beams) in order to reduce the fluctuations
of &o.

The sensitivity of the clock shift to fluctuations of Tj
is presented in Fig. 5. For various ¢, we calculate the cor-
responding Qf‘g) values. For each ¢, we then calculated the
expected residual clock shifts due to a 10% change of Tj
(0.15 uK). The 10% value is a conservative estimate of the

0.030
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0.020 -

0.015 ~

L4
1ol
1e1

0.010 1 * e L 22

0.005

Allan deviation (fractional)

0.000 T T T T

1 10 100 1000 10000 100000

Averaging time (s)

FIGURE 4 Allan deviation of the cloud size measured during the molasses
phase before the launch in NPL-CsF2. The deviation levels off at about 1%
value, suggesting that the noise process is predominantly of 1/ f type
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FIGURE 5 Residual collisional clock shift in the vicinity of the zero-shift
point for a 10% variation in Tp. In the first step, as a function of ¢ the respec-
tive values of gf‘g) are calculated for Tp = 1.5 uK (grey line, right vertical
axis). In the second step, the residual shift (black line, left vertical axis) is
calculated for each ¢y for these values of Qi%), but for a slightly changed
temperature of 7o = 1.35 pK

temperature fluctuations in a fountain experiment. We also
note that there is some correlation between changes in ¢y and
the clock shift sensitivity to changes in temperature (Fig. 3).
Taking this into account we obtain a residual shift smaller than
10710, if Ty is stable to 10% (and ¢, to 3%).

Our theoretical model also allows us to search for the
bounds of the collisional shift variations due to instability of
the microwave field amplitude in the Ramsey cavity, which
defines the fractional population p4¢. In order to keep the shift
uncertainty at 10716 or less, 040 must be stable to 1% or bet-
ter and the microwave field amplitude (parameter x) to 0.6%.
While a microwave source output can achieve such stabil-
ity, the coupling efficiency of the microwaves to the cavity
also depends on the cavity detuning. For example, for a cav-
ity Q-value of 10* the 0.6% stability in x requires the tuning
to be stable within 60 kHz if the cavity is tuned to the atomic
resonance. This is equivalent to a cavity temperature stability
of about 0.3 K, well within the range of a simple temperature
servo.

As mentioned in Sect. 2, the collisional shift observed in
the experiment is the time average of the instantaneous shift
between the instants of the two Ramsey interactions. In Fig. 6
we have shown the effective instantaneous shift, weighted by
the decreasing atom number density, as a function of flight
time. Any variation in the launch height (i.e. the averaging
period for the instantaneous collisional shift) would result in
a variation of the observed overall collisional shift. This effect
is shown in Fig. 7. We find that such variations would be of the
order of 0.5 x 10~1% if the launch height were stable to 2 mm
(inset of Fig. 7). By measuring the time-of-flight to the detec-
tion region one can monitor possible fluctuations of the launch
height and the required stability is normally achieved in the
experiment.

We stress that if a MOT-based fountain is to be operated
without the continuous extrapolation to zero density, either at
the zero-shift point or at any other value of g4, it is necessary
to analyse and maintain the required stability of the relevant
parameters over the measurement period.

(1); 040 = 0.4. The time of the Ramsey interaction for a launch height of
31 cm (above the cavity centre) is indicated

10

Collisional shift / 107"

'2 T T T T T T
5 10 15 20 25 30 35 40
Launch height above Ramsey cavity (cm)

FIGURE 7 Predicted collisional frequency shift as a function of launch
height. The microwave cavity position is 54 cm above the MOT; other param-
eters are: {op = 0.55 mm, Ty = 1.5 pK, 0490 = 0.4, and the number of mg =0
selected atoms 2 x 10°. Inset: variations of the shift in the vicinity of the
nominal launch height for the NPL-CsF1 fountain (31 cm)

The accuracy of the collisional shift evaluation for a foun-
tain operating at x # 0.5 (required for p49 = Q‘(‘?), might be
affected by the effect of cavity pulling, which also causes
a frequency shift proportional to the number of atoms (first-
order effect) [20,21]. We estimate that in the case discussed
above (2 x 10° atoms in a cavity tuned to resonance) this ef-
fect is small (< 1079). Also the second-order pulling effect,
independent of the atom number [22], is negligible despite op-
erating atx # 0.5.

Finally we point out that the ultimate limit of the colli-
sional shift evaluation, in the non-extrapolating as well as in
the extrapolating mode, is related to collisions with atoms
populating | F' = 3, mp # 0) (e.g., due to optical pumping by
the radiation pressure pulse after the state selection) [23].
Again, the effect is expected to be negligible for the number of
atoms in the fountain considered in our example.

5 Conclusions

We have shown that it should be possible to operate
a MOT-based fountain frequency standard without having to
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Parameter Permissible Residual shift
instability (fractional)
Initial cloud size, ¢y 3% 4x10716
Temperature at launch, Ty 10% 1x 10716
Microwave field amplitude, x 0.6% 1x 10716
(cavity temperature, Tcay) (0.3K)
Launch height 2 mm 0.5x 10716
TABLE 1 Summary of the stability requirements for the key fountain pa-

rameters and their effect on the residual collisional shift at Qflg)

apply any corrections for cold collisions. When operating the
standard at the zero collisional shift point the extrapolation to
zero density would not be needed and the residual clock shift
should not exceed parts in 10'® (Table 1). The related type-B
uncertainty of the collisional shift would be dominated by the
statistical resolution of the Qig) determination (averaging time
Tgeterm) and the long-term stability of ¢y. The stability of Ty
is less critical. Similarly, the stability of the microwave field
amplitude seen by the atoms can be achieved at the required
level, provided the Ramsey cavity is temperature stabilised.
Such operation of the fountain standard may require some
additional experimental effort but in return it offers a much
improved effective short-term stability and about a ten-fold
reduction in averaging time. In this way the performance of
the relatively simple fountain PFS, based on a single stage
MOT and a room temperature LO, comes closer to that which,
to date, has been achieved only in standards using sophisti-
cated multi-stage cold atom sources and cryogenically cooled
oscillators. A possible differential measurement by alternat-
ing the operational density could also increase one’s confi-
dence in the continued stability of the zero-shift operation.
Lastly, even if the required stability of the parameters were
impossible to achieve in a particular realisation of a fountain
standard, operation at Qig) with extrapolation to zero density
would still help to reduce the systematic uncertainty of the
collisional shift, often approximately proportional to the shift
itself [6].

Our analyses are based on the modelling of the dynamics
of the atom cloud. We stress that the conditions for the colli-
sional shift cancellation depend strongly on the initial cloud
parameters and timing of the Ramsey interaction. Therefore
the numerical estimates presented in this paper cannot be
applied to other experimental realisations directly, although
the general conclusions presented here remain valid. Further-
more, any experiments performed with fountain clocks that
involve altered cloud dynamics will need to be carefully eval-
uated to make sure that the concomitant change of the overall
collisional shift does not impact the result of the experiment.
For instance, experiments using a variable toss height [24]
could be affected because the effective temperature and there-
fore the effective collisional cross-section depend on the flight
time of the cloud. Similarly, if the fractional populations of the
clock states are inadvertently altered, for example in a test op-
eration at elevated microwave power, an apparent frequency

shift may be observed [25]. We also point out that the use of
a small atom cloud, which is essential for the collisional shift
cancellation, may entail an increase of other systematic ef-
fects in fountain primary frequency standards (for example,
frequency shifts due to cavity phase gradients [26,27] or an
increased sensitivity to microwave leakage due to the stronger
expansion of a smaller cloud [28]).
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