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Abstract. Ramsey fringes observed in an atomic fountain are formed by the superposition of the individual
atomic signals. Due to the atomic beam residual temperature, the atoms have slightly different trajectories
and thus are exposed to a different average magnetic field, and a velocity-dependent Ramsey interaction
time. As a consequence, both the velocity distribution and magnetic field profile are imprinted in the
Ramsey fringes observed on Zeeman sensitive microwave transitions. In this work, we perform a Fourier
analysis of the measured Ramsey signals to retrieve both the time-averaged magnetic field associated with
different trajectories and the velocity distribution of the atomic beam. We use this information to recon-
struct Ramsey fringes and establish an analytical expression for the value of the microwave frequency for
which individual Ramsey fringes add most constructively and are thus visible in the microwave spectrum.

1 Introduction

Since its invention in 1950, the method of separated os-
cillatory fields [1] has been widely used in physics exper-
iments. Particularly in the field of atomic clocks where
it made possible successive improvements of the perfor-
mances by many orders of magnitude. Indeed, by exciting
the atomic transition with separated oscillatory fields, the
width of the resonance is inversely proportional to the
free evolution time between the two excitation pulses. As
a consequence, any method allowing to increase the free
evolution time results in an improvement of the clock per-
formance.

The separated oscillatory fields method was first
applied to thermal atomic beams where the free evolu-
tion time is of the order of 1073-1072 s. With the advent
of laser cooling, it became possible to produce fountains
of cold atoms [2], and thereby to increase the free
evolution time to approximately 0.5 s mainly limited by
the free fall due to the earth gravitational field and
geometrical constraints. All atomic fountain clocks us-
ing laser-cooled atoms that currently contribute to TAI
(International Atomic Time) are based on a pulsed mode
of operation: atoms are sequentially laser-cooled, launched
vertically upwards and interrogated during their ballistic
flight before the cycle starts over again [3]. This approach
has made possible important advances in time and fre-

# e-mail: gianni.didomenico@unine.ch

quency metrology: state-of-the-art fountains are operated
in National Metrology Institutes at an uncertainty level
below 107! in relative units.

Our alternative approach to pulsed operation is based
on a continuous beam of laser-cooled atoms [4]. Besides
making the intermodulation effect negligible [5,6], a con-
tinuous beam is also interesting from the metrological
point of view. Indeed, the relative importance of the con-
tributions to the error budget is different for a continuous
fountain than for a pulsed one, notably for density-related
effects (collisional shift), which are an important issue if
high stability and high accuracy are to be achieved simul-
taneously.

As a motivation for our work, evaluation of the second-
order Zeeman shift in atomic fountain clocks requires a
precise knowledge of the magnetic field in the free evo-
lution zone. The methods developed in pulsed fountains
to map the magnetic field in the resonator are based on
throwing balls of atoms at different heights. This is not
applicable to our continuous fountain since the atomic
trajectory is not vertical and therefore the launch veloc-
ity range is limited by geometrical constraints. Moreover,
the atomic beam longitudinal temperature is higher in
our continuous fountain (75 pK) than in pulsed fountains
(1 pK) and as a consequence the distribution of apogees
is wider. The effect of this large distribution of transit
time is to modify significantly the Ramsey pattern, re-
ducing the number of visible fringes, but also increasing
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the dependence of m # 0 Ramsey fringes on magnetic field
inhomogeneities.

The work presented in this article is devoted to de-
veloping a new method to investigate the magnetic field
in the free evolution region. In thermal beams standards,
the shape of the Ramsey fringes has been used as a di-
agnostic tool to measure the distribution of transit times
and thus the atomic beam longitudinal velocity distrib-
ution [7-11]. In this article we will show that, in a con-
tinuous atomic fountain, the Fourier analysis of Zeeman
sensitive Ramsey fringes allows one to measure the time-
averaged magnetic field seen by the atoms during their
free evolution. Moreover, it gives a better understanding
of the shape of the Ramsey pattern that we observe in
our continuous atomic fountain. More precisely, it helps in
understanding the difference between the position of the
central fringe (for which the microwave is in phase with
the atomic dipole) and the position of the fringe which
shows the highest contrast.

In Section 2 we will give a brief description of our con-
tinuous atomic fountain FOCS-2. Then we will explain
the principle of our analysis in Section 3 and present the
experimental procedure and results in Section 4. Finally
we will discuss and interpret the experimental results in
Section 5 and conclude in Section 6.

2 Continuous atomic fountain clock FOCS-2

In our experiment, we use the separated oscillatory fields
method [1] to measure the transition probability of
cesium atoms between |F' = 3, myp) and |F =4, mp) for
mp = —3,...,3. A scheme of the continuous atomic foun-
tain clock FOCS-2 is shown in Figure 1. The atomic beam
is produced with a two-dimensional magneto-optical
trap [12]. The atoms are further cooled and launched at a
speed of 4 m/s with the moving molasses technique [13].
The longitudinal temperature at the exit of the moving
molasses is 75 pK corresponding to a rms velocity spread
of 6.8 cm/s. Before entering the microwave cavity, the
atomic beam is collimated by transverse Sisyphus cool-
ing and the atoms are pumped into F' = 3 with a state
preparation scheme combining optical pumping with laser
cooling [14]. After these two steps, the transverse temper-
ature is decreased to approximately 3 pK. Through the
microwave cavity, the atoms experience a 7/2-pulse (du-
ration of 10 ms) thereby creating a superposition state
which evolves freely for approximately 0.5 s before they
experience a second 7/2-pulse during the second passage.
Finally, the transition probability between |F =3, mp)
and |F = 4, my) is measured by fluorescence detection of
the atoms in F' = 4.

Ramsey fringes are obtained by measuring the transi-
tion probability as a function of the microwave frequency,
which is scanned around each of the hyperfine transitions
between the states |F = 3, mp) and |F =4, mp). A mag-
netic field is used in the free evolution zone to lift the de-
generacy of the Zeeman sub-levels. The Ramsey fringes are
formed by the superposition of individual atomic signals.
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Fig. 1. (Color online) Scheme of the continuous atomic
fountain clock FOCS-2. (a) Atomic resonator. (b) Scheme
of principle. An intense atomic beam of pre-cooled cesium
atoms is produced in the two-dimensional magneto-optical trap
(2D-MOT). The atoms are then captured by the 3D moving
molasses which further cool and launch the atoms at a speed
of 4 m/s. Then the atomic beam is collimated with Sisyphus
cooling in the transverse directions, and before entering the
microwave cavity, the atoms are pumped in |F = 3,m = 0)
by state preparation. Finally, after the second passage in the
microwave cavity, the transition probability is measured
by fluorescence detection of the atoms in ' = 4. The tran-
sit time between the two m/2-pulses is T' ~ 0.5 s. The light-
trap prevents the stray light from the atomic beam source
from reaching the free evolution zone situated above.

Because of the residual atomic beam temperature in the
longitudinal direction, every atom has a slightly different
trajectory with a different transit time. Moreover, the
magnetic field in the free evolution zone has small
inevitable spatial variations and therefore the average
magnetic field seen by the atoms depends on the trajec-
tory. As a consequence, information on both the atomic ve-
locity distribution and the magnetic field profile is
contained in the experimental Ramsey fringes for mp # 0.
Our goal is to retrieve this information from a measure-
ment of Ramsey fringes.

3 Principle

As explained in the previous section, the Ramsey fringes
measured in our continuous atomic fountain are formed by
the superposition of Ramsey signals coming from individ-
ual atoms. The contribution of an individual atom to the
Ramsey fringes observed on the Zeeman component mpg



may be described by the following simple approximation':

ImF (era T) = %IO [1 + cos ((me (wrfa T))] ) (1)

where w,¢ is the microwave frequency, T is the effective
transit time between the first and second 7 /2-pulses, I
is a global amplitude factor, and the phase ¢, (wys, T) is
given by:

T
Omyp (wre, T) = / [wet —wo — mp2n K, B (r(t))]dt. (2)
0

In this last equation, wyq is the frequency of the magnetic
field-insensitive clock transition, the linear Zeeman shift
sensitivity constant is K, = 7.0084 Hz/nT [15], r(¢) is the
atomic beam trajectory, and B (r(t)) is the magnetic field
seen by the atom during its free evolution. The magnetic
field in the free evolution region can be separated in a

constant value plus residual spatial variations?:

B(r) = By + Bres(r). (3)

Therefore, by introducing the following definitions, firstly
for the microwave detuning with respect to the atomic
transition:

2= Wrf — Wo — mFQWKZBO (4)

and secondly for the residual phase:

T
pees(T) = 27K / Bres (r(1)) dt (5)
0
one can write:
Omp (2, T) = QT — mppres(T). (6)

The total signal is given by adding the contributions from
different velocity classes:
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! This approximation is sufficient to describe the contribu-
tion of individual atoms to the microwave spectrum in FOCS-2
since the Ramsey fringe visibility falls off very quickly due to
the longitudinal temperature of 75 pK. Moreover, we neglect
variations in detection responsivity and deviations of the Rabi
angle from its optimal value (7/2) induced by the interaction
time distribution. Finally, transverse inhomogeneities of both
the microwave field and detection responsivity, which are aver-
aged out by the atomic beam transverse distribution, are also
neglected. All these effects would change the signal amplitude
at the level of a few percent.

2 In principle, the choice of the constant part By is arbitrary
and does not influence the present analysis. In practice, we will
choose By such as to minimize phase variations of the Fourier
transform of Ramsey fringes (see Sect. 4) which is equivalent
to choosing By = B(T) = %fOTB (r(t)) dt, where T is the
average transit time and r(¢) is the atomic beam trajectory.

where p(T) is the transit time distribution, and the last
equality is valid if one extends the definition of both p(T")
and ¢yes(T') to negative values of the transit time as fol-
lows: p(—=T) = p(T) and ¢res(—T) = —¢res(T). From
equation (9), one can see that the Fourier transform of
Iy (£2) is given by:

I ,
_ tom |:25(T) + p(T)efzmwres(T) . (10)

FT T (2)} =

where § is the Dirac delta function. In other words, the
Fourier transform of the Ramsey signal gives access to
the distribution of transit times and to the dephasing
induced by residual magnetic field spatial variations when

4 Experimental results

In order to verify the Fourier relation presented in
equation (10), we measured the Ramsey fringes in our
continuous atomic fountain for mp = 0, —1, —2, —3 and
for different launch velocities of the moving molasses.
Due to geometrical constraints (the atoms have to pass
through the holes of the microwave cavity) the launch
velocity can be changed between 3.74 m/s and 4.22 m/s.
The atomic flux decreases to zero outside of this range,
and it is maximum for 4.0 m/s. The experimental re-
sults are displayed in Figure 2 for mp = —1 and in in-
creasing order of the launch velocity. The first column
shows the measured Ramsey signals I_;({2) as a function
of the microwave detuning (2. The second and third
columns display the module and the phase of the Fourier
transform FT {I_;(£2)} respectively. According to equa-
tion (10):

— |[FT{I_1(2)}|, displayed in the second column, is pro-
portional to the distribution of transit time p(7T).

— Arg [FT{I_1(2)}], displayed in the third column, is
equal to the residual phase change p.cs(7") due to mag-
netic field spatial variations.

In Figure 3 we show the same series of measurements
but superposed on the same graphs. We observe that the
modules of the Fourier transforms are bell-shaped curves
whose center of gravity shifts to the right for increasing
launch velocities, in agreement with their interpretation
as distribution of transit times. On the other hand, the
phases of the Fourier transforms superpose to each other
in the domains of T values where the module is differ-
ent from zero. It is thus possible to measure the residual
phase ¢res(T') in the range of T values accessible in the
experiment, i.e., between 0.44 s and 0.57 s in our case.

To determine the residual phase, and thus the
magnetic field spatial variations, it would be useful to
find a method allowing to connect together the different
phase curves shown in Figure 3. This would be immedi-
ate with a measurement of the Ramsey fringes for a very
wide atomic beam velocity distribution. One can obtain
Ramsey fringes corresponding to such a wide variation
of T by averaging the Ramsey fringes obtained for
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Fig. 2. (Color online) The first column shows the Ramsey signals I_1({2) measured on mg = —1 for various launch velocities

of 3.74 m/s, 3.80 m/s, 3.86 m/s, 3.92 m/s, 3.98 m/s, 4.04 m/s, 4.1 m/s, 4.16 m/s, 4.22 m/s from top to bottom. The second
and third columns are the module and the phase of the Fourier transform FT {I_1(£2)}. They give access, respectively, to the
distribution of transit time p(7") and to the residual phase change @res(7') due to magnetic field spatial variations. Note that the
phase is meaningful only in the region where the module is different from zero (highlighted zone). The value of By in equation (4)
is 73.4 nT, chosen such that the fringe pattern is centered on {2 = 0 (or equivalently to minimize the range of the phase).



(@)
(b)

T T

Sl “."f‘lw‘%%é i w}%@(&‘&,f:

EI (1100 e WA VA |

) “\r" V’f\"‘\'}fv‘;’w 4 1./“\'/%”

T[s]

Fig. 3. (Color online) Fourier transforms of the Ramsey fringes
measured on mp = —1 for different launch velocities (see also
Fig. 2). The signals corresponding to different velocities are
superimposed on the same graphs. Graph (a) shows the mod-
ule of the Fourier transforms which is interpreted as a dis-
tribution of transit times. Graph (b) shows the phase of the
Fourier transforms which is interpreted as the dephasing due
to magnetic field residual inhomogeneities. See Section 4 for
details.

different ranges of T. The Fourier analysis can then
be performed on these sums of experimental signals.
Indeed, the sums of the different signals are shown
in Figure 4 and the phases obtained from their Fourier
transforms in Figure 5. One observes in Figure 5
that the phases measured on the different Zeeman compo-
nents are equal to —mppres(T) where @pes(T) is
the phase measured for mp = —1, as expected from
equation (10).

Since the experimental phases shown in graph
(b) of Figure 3 do not superpose perfectly to each other,
the phase obtained from the average Ramsey fringes
depends on the relative weights of the different transit
time distributions. This introduces an uncertainty in the
residual phase, which can be estimated from the spread
of the phases observed in Figure 3, it is approximately
+0.15 rad.

5 Discussion of results

5.1 In situ magnetometry

According to our theoretical analysis (Sect. 3), the phase
of the Fourier transform obtained for mr = —1 is equal
t0 res(T) defined by equation (5). As a consequence, one
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Fig. 4. (Color online) Each of these curves, corresponding
to mp = 0,—1,—2,—3, has been obtained by summing the
Ramsey fringes patterns measured for different launch ve-
locities (3.74 m/s, 3.80 m/s, 3.86 m/s, 3.92 m/s, 3.98 m/s,
4.04 m/s, 4.1 m/s, 4.16 m/s, 4.22 m/s).

obtains the time average of the magnetic field along the
atomic trajectory r(t) according to:

T
B(T) %/0 B(r(t)) dt, (11)
-7 /0 (Bo+ Bues(r(t))dt,  (12)
— O+L(T) (13)

2K, T

In principle, this last equation allows one to calculate
B(T) from the Fourier transform of Ramsey fringes. How-
ever, @res(T') is obtained by calculating the phase of the
Fourier transform which inevitably results in a 27
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Fig. 5. (Color online) (a) Phases of the Fourier transforms
measured for mr = 0,—1, -2, —3 as a function of the transit
time 7. Each transit time corresponds to a different height of
the apogee above the microwave cavity. (b) Same experimental
data, but the phases obtained for mp = —2 and —3 have been
divided by 2 and 3 respectively in order to verify that they
superpose with mp = —1.

ambiguity. As a consequence, the average magnetic field
may take the following values:

E(T) = BO + ((Pres (T) +n 27T) ) (14)

1
2K, T
where n is any integer number. The resulting graphs are
shown in Figure 6, the solid line corresponding to n = 0.

This ambiguity in the determination of B(T) deserves
a few comments. Firstly, by extending the domain of tran-
sit time values, it would be possible to distinguish the
correct curve (n = 0) for B(T) from the others (n # 0).
Indeed, from equation (14) it is clear that only the n =0
curve does not diverge when approaching 7' = 0. In pulsed
fountains, this ambiguity is solved by throwing the atoms
at different altitudes from 7" = 0 to its nominal value.
However, in our continuous fountain the transit time val-
ues are limited by geometrical constraints. Secondly, this
27 ambiguity in the phase results in a 0.3 nT ambigu-
ity of B(T), which corresponds to a 2 Hz indetermination
on the microwave frequency. This is the distance between
two consecutive Ramsey fringes, therefore, determining
the correct curve (n = 0) is a problem equivalent to finding
the central fringe in the Ramsey pattern (see Sect. 5.3). In
the evaluation process of the continuous fountain FOCS-2,
we used a complementary method (time-resolved Zeeman
spectroscopy) to measure the magnetic field spatial pro-
file and thus lift the above-mentioned ambiguity (details
about this measurement will be described in a future pub-
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Fig. 6. (Color online) Time average of the magnetic field,
calculated from the phase of the Fourier transform of Ram-
sey fringes measured on mg = —1. Due to the 27 ambiguity
of the phase, this function is not uniquely determined. The
different curves represent possible realizations, they differ by
n/(K.T) where n is an integer. The dots were obtained with
time-resolved Zeeman spectroscopy and allowed us to identify
the n = 0 curve (solid line). Note that the thickness of the solid
line is equal to the uncertainty of +0.7 pT resulting from the
residual phase uncertainty discussed at the end of Section 4.
T, and T, are the positions of the minimum and maximum
respectively, see the text for details.

lication). This technique consists in applying short pulses
of an oscillating magnetic field in order to induce Zee-
man transitions (Amp = £1) at different positions along
the atomic trajectory. The values of B(T) obtained with
time-resolved Zeeman spectroscopy are shown as dots in
Figure 6, they allowed us to identify the n = 0 curve.
However, the spatial resolution of this second method is
limited, especially at the apogee where the vertical spread
of the atomic beam is maximum, and therefore the Fourier
analysis method presented in this article provides precious
information about the magnetic field in the region of the
apogee. o

Finally, in the graph of Figure 6 we observe that B(T')
shows a local minimum 7, and a local maximum 7;. When
the distribution of transit times is large enough to cover
both extrema, the superposition of individual Ramsey
signals will be constructive when T' ~ T, and T =~ Ty.
These two contributions give rise to Ramsey fringes with
slightly different periods 1/(27,) and 1/(2T}), which
explains the appearance of beat-like Ramsey patterns in
Figure 4. However, the complete reconstruction of Ramsey
fringes is more complex than that, mainly due to the effect
of the magnetic field which produces a T-dependent Zee-
man shift, and will be discussed in detail in Sections 5.2
and 5.4.

5.2 Reconstruction of Ramsey fringes

With the knowledge of the transit time distributions p(7)
and of the measured average magnetic field B(T), it is



possible to recalculate all the Ramsey fringes by summing
the individual Ramsey signals according to:

Ine6) = 310 [~ p(T) L+ 008 (e (0, TN T (15

with:

Omp (wrt, T) = (Wt — wo)T — mp20 K. B(T)T.  (16)
The results are presented in Figure 7 for every Zeeman
component and launch velocity used in the experiment.
We should emphasize that all the Ramsey fringes shown in
Figure 7 are reconstructed using the same function B(T')
for the time-averaged magnetic field in equation (16). Con-
sidering that the frequency sampling interval of the mea-
sured Ramsey fringes is 0.5 Hz, the agreement with the
calculated Ramsey fringes is very good.

5.3 Position of the central fringe

For a given transit time 7', one can define the position of
the central fringe as:

We = wo + mp2n K, B(T). (17)
In other words, it is the microwave frequency for which
there is no dephasing between the microwave and the
atomic dipole during the free evolution time 7'. Since the
transit time is not unique, the same is true for the position
of the central fringe. The distribution of central fringe po-
sitions is given by p(w.) = p(T)dT/dw.. In the situation
of FOCS-2, the function B(T') changes smoothly over the
extent of the transit time distribution. Therefore, one can
estimate the parameters of the distribution of the central
fringes as follows. The average position is given by:

(we) = wo +mp2n K (B(T)), (18)
~ wo +mp2r K, B((T)), (19)

and the standard deviation by:
o (we) = me2n KB ((T)) o(T), (20)

where (T') and o(T) are the average and standard devi-
ation of the transit time distribution p(T"). Here we should
make an important remark: the ambiguity of B(T)
discussed in Section 5.1 results in an ambiguity of the
position of the central fringe. Indeed, by inserting equa-
tion (14) into equation (19) one obtains:

(we) = wo + mp27 K, By + mp %EZ{%T» in

2mmeg

(T)

» (21)

where n is any integer number. However, let us note that
this ambiguity does not affect the shape and position of
the reconstructed Ramsey fringes. This will be discussed
in more detail in the next section.

5.4 Position of the observed Ramsey pattern

Ramsey fringes appear when the individual Ramsey sig-
nals add constructively. Observing equation (8) it is clear
that constructive superposition can appear only if the
phase ¢, (£2,T) exhibits small variations when p(T) is
maximum. Therefore, the position wy; of the overall fringe
pattern on the frequency axis is given by imposing the
condition dpy,, /0T = 0 with ¢, given in equation (16):

OPmy 0

Pne 0 ()T — e K B(IT] 0. (22

In order to evaluate this condition, we suppose that vari-
ations of B(T') are small on the extent of the transit time
distribution p(7"). This is only partially fulfilled in our
experiment for a given launch velocity, but it is instruc-
tive since it helps in understanding the role of B(T) in
the formation of the fringe pattern. With this assumption,
equation (22) becomes:

Wi = wy +mp2r K, B((T)) + mF27TKZ§/(<T>)<T>' (23)

The first term is the position of the unperturbed atomic
transition, then comes the linear Zeeman shift, and the
third shift is induced by a first-order variation of B(T).
This expression deserves a few comments. Firstly, the
position of the Ramsey pattern given in equation (23)
differs from the position of the central fringe given in equa-
tion (19) and the difference is given by the last term pro-

portional to E/(<T>). Secondly, the linear Zeeman shift,
calculated from the measurement of B(T) shown in
Figure 6, is much too small to explain the shift in posi-
tion of the Ramsey patterns observed in Figure 7. On the
other hand, we calculated the fringe pattern positions w
according to equation (23) and reported them as vertical
arrows in each measurement of Figure 7, and we observe
that the agreement with the experimental fringes is good.
Finally, we should note that adding 1/(K,T) to B(T) does
not shift the Ramsey pattern since the second and third
terms of equation (23) cancel each other. This explains
why the position of the Ramsey fringe pattern is not af-
fected by the ambiguity of B(T) shown in equation (14).

5.5 In situ velocimetry

From the measured distributions of transit times
(see Fig. 3) we calculated the distributions of velocities
at the altitude of the microwave cavity and at the exit
of the moving molasses which is situated 48.5 cm below.
Then we used these distributions to calculate the average
velocity and longitudinal temperature. The results are dis-
played in Figure 8 for the exit of the moving molasses.
In order to check the validity of our analysis, we com-
pare the atomic beam velocity and longitudinal temper-
ature at the exit of the moving molasses with the values
obtained in previous experiments using the time-of-flight
technique (TOF) [13]. In Figure 8, we observe that the ve-
locity values are in good agreement at the nominal launch
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Fig. 7. (Color online) Comparison of the measured (upper curve) and calculated (lower curve) Ramsey fringes. The four columns
correspond to mg = 0, —1, —2, —3 respectively. The rows correspond to different launch velocities (3.74 m/s, 3.80 m/s, 3.86 m/s,
3.92 m/s, 3.98 m/s, 4.04 m/s, 4.1 m/s, 4.16 m/s, 4.22 m/s from top to bottom) and thus to different average transit times
(indicated on the left side). The calculated fringes are obtained by summing the individual signals as explained in Section 5.2.
Both the measured and calculated fringes are shown with the Rabi pedestal subtracted. We should emphasize that all the
Ramsey fringes are reconstructed using the same time-averaged magnetic field B(T). See Sections 5.2 and 5.4 for details.
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Fig. 8. (Color online) Average velocity (graph (a)) and lon-
gitudinal temperature (graph (b)) of the atoms contributing
to the Ramsey signal, at the exit of the moving molasses, as
a function of the launch velocity. For comparison, the dashed
line (graph (a)) and the gray band (graph (b)) show the val-
ues measured in previous experiments using the time-of-flight
technique [13]. See Section 5.5 for details.

velocity of 4.0 m/s which gives the maximum flux. For
other launch velocities, the velocity distribution is trun-
cated by geometrical selection due to diaphragms on the
atomic beam trajectory (see Figs. 2 and 3) and therefore
the values obtained from our analysis of Ramsey fringes
do not replicate the actual launch velocity. This is also
visible on the longitudinal temperature values which have
been measured to be between 60 and 80 K using the TOF
technique. As shown in Figure 8, the temperature values
obtained with the Ramsey analysis are indeed compatible
with those obtained by TOF for velocities close to 4.0 m/s.
However they decrease for higher or lower velocities, in
agreement with the explanation of geometrical selection.

6 Conclusion

We applied Fourier analysis to the Ramsey fringes ob-
served in a continuous atomic fountain clock. By analyz-
ing the Ramsey patterns for every Zeeman component
and for different transit times, we have shown that the
phase of the Fourier transform is directly linked to the
time-averaged magnetic field B(T') seen by the atoms dur-
ing their free evolution of duration 7". This allowed us to
measure B(T) over the nominal atomic beam trajectory,
with an ambiguity of n/(K.T) resulting from the 27

indetermination of the phase. We discussed the role of
this ambiguity and showed that it has no influence on
the shape and position of the Ramsey pattern. Moreover,
this analysis allowed us to establish an expression for the
frequency shift of the overall Ramsey pattern induced by
spatial variations of the magnetic field. We showed that
the position of the Ramsey pattern differs from the po-
sition of the so-called central fringe by a term propor-

tional to TEI(T). In our atomic fountain, the variation of
this term induced by a change of transit time 7" is more
important than the corresponding variation of the linear
Zeeman shift. Finally, we also showed that the module of
the Fourier transform can be interpreted as the distribu-
tion of transit times. We used this information to obtain
the atomic beam average velocity and longitudinal tem-
perature. The results are in good agreement with previous
measurements made with the time-of-flight technique. The
method developed in this article, concerning the measure-
ment of the time-averaged magnetic field, allowed us to
measure magnetic field variations at the level of 0.1 nT. It
will be used for the evaluation of the second-order Zeeman
shift in our continuous atomic fountain FOCS-2. Applica-
bility to atom interferometers is also foreseen.
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