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1. Introduction

Over past decades, atomic fountain clocks have been utilized
widely as a stable frequency standard in metrology!' . Cs foun-
tain clocks have greatly improved the accuracy and stability of
the International System of Units (SI) second!”). The $7Rb foun-
tain clock is more attractive for applications as a secondary
representation of the SI second because the collision-induced
fractional frequency shift of cold *Rb atoms is smaller than that
of 133 Cs atoms'®”!. Six highly stable and robust Rb fountains cur-
rently operate at two ground stations of the Global Positioning
System in the United States Naval Observatory''"!. Presently, the
frequency uncertainty of the most accurate fountain clocks in
the world is approximately (2-3) x 10716113 However, some
studies suggested that the frequency uncertainty of fountain
clocks can be improved to the order of 10~'7. Among several fac-
tors affecting the frequency uncertainty of fountain clocks, the
second-order Zeeman effect caused by the interaction between
the magnetic field and atoms is one of the most important items.
To achieve a stable and accurate fountain clock, the influence of
this item on the output frequency of the atomic clock must be
dealt with carefully.

For a fountain clock, the frequency uncertainty evaluation of
the effects on the second-order Zeeman comprises two main
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In this article, taking advantage of the special magnetic shieldings and the optimal coil design of a transportable Rb atomic
fountain clock, the intensity distribution in space and the fluctuations with time of the quantization magnetic field in the
Ramsey region were measured using the atomic magneton-sensitive transition method. In an approximately 310 mm long
Ramsey region, a peak-to-peak magnetic field intensity of a 0.74 nT deviation in space and a 0.06 nT fluctuation
with time were obtained. These results correspond to a second-order Zeeman frequency shift of approximately
(20955 +5.1) x 10~". This is an essential step in advancing the total frequency uncertainty of the fountain clock to
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aspects, which are the spatial distribution and time fluctuation
of the quantization magnetic field in the region of the Ramsey
interaction between cold atoms and microwave. Once a fountain
atomic clock is integrated, measuring the magnetic field directly
is difficult because of the obstacles of the vacuum chamber walls,
magnetic shielding, and other structures. Several methods are
used to measure the magnetic field indirectly depending on the
interaction between the atoms and the magnetic field. They are
mainly as follows: (I) low-frequency transition method!"),
(IT) magneto-sensitive transition method">~”} (I1I) microwave
antenna radiation method!®!, and (IV) stimulated Raman tran-
sition method!"*?°!, Each of these methods has its advantages
and disadvantages. The Ramsey magneto-sensitive transition
method is a good trade-off considering the measurement accu-
racy and convenience. However, this method requires a high
degree of spatial uniformity for the magnetic field to be mea-
sured because magnetic-induced broadening mechanisms affect
the visibility of the Ramsey fringes!®'].

This paper reports the magnetic field intensity measure-
ment distribution in the cold atoms flight trajectory of a
transportable fountain clock. The fountain clock frequency
uncertainty caused by spatial inhomogeneity and temporal drift
of the magnetic field was evaluated in terms of the magnetic field
measurements.
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2. Method of Second-Order Zeeman Shift Uncertainty () represents the time-averaged value along the drift length.
Evaluation When the C-fields are inhomogeneous, (B?) is given by
(B?) = (B)? + 6. 6% is the variance of the magnetic field B along
the atomic trajectory.

For magneto-sensitive F =2, mp =—-1 > F=1,mp=—1,

In the presence of a weak external magnetic field, the split of
the Rb atoms ground state hyperfine energy levels can be
described using the Breit-Rabi formula!®*';
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In this formula, E; is the energy of the unperturbed
ground state energy level, mp=m;+m;=m;+1/2 is the For ¥Rb, it follows from Egs. (3)-(5) and (7) that
quantum number of the magneton energy level, uz="h-
1.399624604 MHz/G is the thr magneton, and B is the mag- Aljsecond seeman _ Avg-1)2 4 575.15 X 10° o C®
nitude of the external magnetic field. vy N g
Under a weak magnetic field for x < 1, Eq. (1) can be approxi-
mated as From the first term in Eq. (8), the uncertainty of the second-
order Zeeman shift is dominated by the temporal instability of
E, & 2mpx the magnetic field, which is given by the following:
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From Eq. (2), the energy-level differences with different F Y

quantum numbers and magnetic quantum numbers can be

here 6(A is the t 1 fluctuati f .
expressed as where 6(Av(_; _y)) is the temporal fluctuation of v(_; _)

According to Eq. (8), the relative frequency shift of the
second-order Zeeman can be obtained as soon as the central fre-

L 81 (mp—m})AE, xi% {2 + 2(mp +mp)x quency of the (-1, —1) transition is measured experimentally.
g +8& 2 2I+1 Furthermore, an evaluation of the second-order Zeeman fre-

e 1_2(m12; + mg) 3) quency shift uncertainty comprises two aspects. One is the

* (21 +1)> ’ second-order Zeeman shift uncertainty caused by the measure-

ment error ¢ of the central frequency position and the calcula-

where AE, is the unperturbed clock transition energy-level ~ tion error of the magnetic field, .“{hiCh can be qbtained fr.om
difference, AE, = hug; g; and g; are the g factors of the electron the second term of Eq. (8). Additionally, there is uncertainty

and the nucleus, which are g, =2.00233113(20) and g, = due ‘Lo lgng te(;ngoral ﬂuctuatiorllls irfl the magnel:lt.i; field, w}.1ich
—9.951414(10) x 104 for ¥Rb12). can be derived from Eq. (9). The frequency shift uncertainty

F " _ _ _ _ can be reduced in two ways. The first method reduces the fluc-
or the clock transition, F=2, mp=0—> F=1, mp=0, . . . . .
tuations in the magnetic field, which guarantees the stability of
AE, the power supply to the C-field current source. When the tem-
AEp—) =0 F=1,mp=0 = -~ 2 + x?). (4) poral instability of the magnetic field is lower than 0.2 nT, i.e., the
central fringe fluctuates less than 2.8 Hz, the uncertainty is in the
order of 10716, The second way involves reducing the detuning
of the (—1, —1) magneto-sensitive transition central fringe from
the (0, 0) transition central fringe. This means that the C-field
current and the magnitude of the magnetic field in the flight
region are reduced. Most fountain clocks in many laboratories
have a C-field magnetic field of 100 nT and above, such that
The first term in Eq. (5) is the intrinsic clock frequency, and the detuning of the (—1, —1) magneto-sensitive transition is
the second term is the frequency shift due to the second-order ~ approximately 1400 Hz and above. This provides an uncertainty
Zeeman effect. The frequency shift caused by the first-  of approximately 3.4 X 107! for magnetic field fluctuations of
order Zeeman effect is zero, which is one of the main reasons  about 0.2 nT. In the work of this article, the magnetic field
for choosing this transition as a clock transition. was set to approximately 50 nT so that the uncertainty is

Thus, the clock transition frequency under magnetic field
perturbation can be written as

V' =%(2 T =y + %xz =y + 575.15 X 108(B%).  (5)
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approximately 1.7 X 107¢ for the same magnetic field fluctua-
tions. The premise of reducing the intensity of the magnetic field
is to ensure that there are no zero magnetic intensity field points
in the trajectory of cold atoms after state selection. Otherwise,
the Majorana transition will deteriorate the frequency stability
of the atomic clock.

The uncertainty of the second-order Zeeman frequency shift
can be reduced by appropriately reducing the intensity of the
magnetic field and minimizing the fluctuations of the magnetic
field with time. This also makes it possible to improve the uncer-
tainty of the second-order Zeeman frequency shift to the order
of 1077,

3. Magnetic-Sensitive Ramsey Interference
Experiment

Figure 1(a) shows the experimental configuration: from top to
bottom are the ion pump, the Ramsey interrogation zone, the
detection zone, the state-selective zone, and the cooling zone.
To provide a uniform vertical upward magnetic field in the
Ramsey interaction zone and a free flight zone, the magnetic
field coils were designed for the fountain clock, as shown in
Fig. 1(b). Nine sets of magnetic field coils were distributed
out of the vacuum chamber in the Ramsey interaction zone.
One main coil generates a quantization constant magnetic field
in the axial direction along the atomic flight trajectory. Four sets
of top compensation coils and four sets of bottom compensation
coils compensate for inhomogeneities in the magnetic field due

a) a
34k
. =——>]on pump
%Magnetic shields
T ——>Cold atoms

814.69 mm ——>C-field coil

526.74 mm|

132,16 mm | [l
y_ v vl

—>Cooling zone

——>Free-flight zone

—————>Ramsey interrogation zone

——>Detection zone

i ——>State selective zone
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to the ends and center of the Lorentz coil. In this manner, a uni-
form vertical upward magnetic field of approximately 50 nT is
generated in the axis of the coil. On the exterior of the magnetic
field coils, there are five layers of Permalloy magnetic shields.
This magnetic shielding is used to suppress the influence of
the environmental external magnetic field on the inner magnetic
field of the fountain clock with a shielding factor of approxi-
mately 1.5 x 10*. The first and second layers of the magnetic
shield cover only the Ramsey interrogation zone, whereas the
remaining three layers cover the entire body of the fountain.
This can cause the magnetic field in the state-selective zone to
be in the opposite direction of the Ramsey interrogation zone.
Consequently, for the direction of the magnetic field to be coher-
ent along the atomic flight path, a set of compensation coils was
assembled in the area of the state-selective zone to the detection
zone, which is in the same direction as the C-field magnetic field.

Based on the method for evaluating the second-order Zeeman
frequency shift uncertainty of fountain clocks in Section 2, the
spatial distribution of the magnetic field intensity in the free
flight zone first needs to be measured. The Ramsey fringes
of the magneto-sensitive transition can be obtained using the
|F =2,mp =—1) - |F = 1,mp = —1) magneto-sensitive transi-
tion by applying two z/2 pulses near the |F =2,mp=-1) >
|F = 1,mp =—1) resonant frequency to the cold atom cloud
when it passes through the microwave cavity twice during its
upthrow and descent. Figure 2 shows a graphical representation
of two magneto-sensitive transitions from the cooling zone at
3.19 and 3.24 m/s, respectively, with the apex of the atomic
group upthrown at a distance of 10 and 28 mm above the

Upper four sets of
compensation coils

C-fields

&
Z

Lower four sets of
compensation coils

Fig. 1. (a) Schematic diagram of the experimental installation of the Rb fountain. There are five layers of magnetic shields to suppress the environmental mag-
netic field. The entire setup functions in a temperature-controlled cabinet. (b) C-field and eight sets of compensation coils. Solenoid coils and other auxiliary
compensation coils construct the uniform magnetic field of the Ramsey interrogation zone and free flight zone. It has an average magnetic field of approximately

50 nT.
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Fig. 2. Graphical representation of two magneto-sensitive transitions from
the cooling zone at 3.19 and 3.24 m/s. Average magnetic field change of
approximately 0.4 nT for a central fringe shift of approximately 5.5 Hz for
the two magneto-sensitive transition fringes.

microwave cavity, respectively. This results in a broad transition
spectrum and a high signal-to-noise ratio for the central transi-
tion fringe only because the time between the two upthrown
velocity groups and the microwave is very short. On the basis
of the frequency difference between the central fringe of this
spectrum and the |F =2,mp =0) — |F = 1,mp =0) transition,
average magnetic field intensities of 49.9 and 49.5 nT were
inversed in the region of the free upward of the atomic group,
respectively.

On the basis of the two Ramsey spectral lines shown above,
the launched atoms cloud velocity was increased continuously
so that the height of the upthrow was increased by 10 mm each
time. The movement of the Ramsey central fringe and the for-
mation of a new fringe were then observed. By measuring the
position of the Ramsey central fringe for each ejection velocity,
the magnetic field at a single point in the atomic flight trajectory
was obtained using the deconvolution method. Figure 3 shows
the Ramsey fringes for ejection velocities of 3.94, 3.97, and
4.00 m/s, respectively. The detuning of the Ramsey central fringe
was —702.1, —702.1, and —702.9 Hz, respectively, and the aver-
age magnetic field in the atomic flight trajectory was calculated
to be 50.15, 50.15, and 50.2 nT. As the atom passed through the
inhomogeneous C-field twice in its trajectory, the position of the
central Ramsey fringe was no longer the highest point of the Rabi
pedestal, as shown in Fig. 3.

The magnetic field at a single point in the flight trajectory of
the atom was obtained using the deconvolution method by
measuring the position of the Ramsey central fringe in the
flight trajectory. Figure 4 presents a time-averaged magnetic
field map. When the fountain is operated with 4 m/s, the central
fringe of the |F = 2,mp = —1) — |F = 1,my = —1) magneto-sen-
sitive transition is approximately 702.9 Hz relative to the
|F =2,mp =0) > |F=1,mp =0) clock transition, and the mag-
netic field is calculated as 50.22 nT. The peak-to-peak variation
of space magnetic field in the Ramsey region is about 0.74 nT.
From Eq. (5), the second-order Zeeman frequency shift was
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Fig. 3. Ramsey fringes for ejection velocities of 3.94, 3.97, and 4.00 m/s.
The embedded image is an enlargement of Ramsey's central fringe. From
the embedded diagram, the Ramsey central fringe shifts by approximately
0.8 Hz, which corresponds to an average magnetic field fluctuation of 0.05 nT.

calculated to be 2.1 X 107!%. Consequently, the uncertainty of
the second-order Zeeman frequency shift due to the spatial
inhomogeneity of the magnetic field was 3.4 x 10~ from the
second term of Eq. (6), which is negligible compared with order
of 107Y7.

The temporal instability of the magnetic field (B) has a
major influence on the uncertainty of the second-order Zeeman
frequency shift. The clock frequency uncertainty due to the tem-
poral instability of the magnetic field can be obtained by mon-
itoring the fluctuations of the magnetic field at a fixed position
over a long time. The launched atoms cloud velocity was set
to 4 m/s, corresponding an about 306 mm above the Ramsey
cavity. The center Ramsey fringes of the |F=2,mp=—1) -
|F =1,mp = —1) magneto-sensitive transition were obtained
by sweeping 140 frequency points with a 0.05 Hz step. It took
about three minutes to complete a frequency sweep. From Fig. 5,
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Fig. & Time-averaged magnetic field map. Measured position of the (=1, —1)
magnetic-sensitive central Ramsey fringe as a function of the height above
the Ramsey cavity. The origin of the horizontal axis corresponds to the center
of the Ramsey cavity. The peak-to-peak variation of space magnetic field in
Ramsey region is about 0.74 nT.
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