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We propose and realize a new optical state selection method on a cesium atomic fountain clock by applying a two-
laser 3-3’ optical pumping configuration to spin polarize atoms. The atoms are prepared in |F = 3, mp = 0) clock state
with optical pumping directly after being launched up, followed by a pushing beam to push away the atoms remaining
in the |F = 4) state. With a state selection efficiency exceeding 92%, this optical method can substitute the traditional
microwave state selection, and helps to develop a more compact physical package. A Ramsey fringe has been achieved
with this optical state selection method, and a contrast of 90% is obtained with a full width half maximum of 0.92 Hz. The

short-term frequency stability of 6.8 x 10714 (T/s)*l/ 2
by a factor of 1.7 with the optical state selection.

is acquired. In addition, the number of detected atoms is increased

Keywords: optical pumping, atomic fountain clock, spin polarization, optical state selection

PACS: 06.30.Ft, 31.15.—p, 32.10.Fn, 32.80.Xx

1. Introduction

The cesium fountain clocks have operated as primary
frequency standards (PFS) to realize the definition of the SI
second, which have many significant applications in science
and technology, such as time-keeping, high accuracy metrol-
ogy, and navigation and positioning systems.'31 A typical
type-B uncertainty now reaches a few parts in 107'° and a
type-A uncertainty has achieved 10~13-101 (t/s)"1/2, lim-
ited by the quantum projection noise or a local oscillator
phase noise.[*!13] Generally, about 10°~10® atoms are col-
lected and only about 10% of them contribute to the detec-

1.116-181 Spin-polarized atoms with optical pumping

tion signa
(OP) have been widely applied in atomic and nuclear physics,
such as atomic clocks, atomic magnetometers, and hyperpo-
larized magnetic resonance imaging.!'*->3! The optical pump-
ing of several two-laser schemes in a cesium beam has been
In the

atomic fountain, a two-laser 44’ OP scheme is implemented

investigated with rate-equation model in Ref. [24].

to increase the atomic signal, allowing an improvement of
the fountain clock stability.['®>! Another two-laser 3-3' OP
scheme has also been applied to a continuous atomic foun-
tain, preparing only more than 50% of the atoms in the |F = 3,
mp = 0) state, to improve the signal-to-noise ratio (SNR) of
the fountain.>!!

In the cesium fountain frequency standards, all the atoms
are approximately distributed evenly in the 9 Zeeman sub-

levels of |F = 4) state after being launched. A state selection

DOI: 10.1088/1674-1056/ac0698

process to select only atoms in the clock state is essential to
obtain a good SNR, reduce the collisional shift, suppress the
Rabi and Ramsey pulling cavity effect, and inhibit the Majo-
rana transitions effect.[*-%1 With the routine microwave state
selection method, atoms in the |[F' = 4, mp = 0) state are trans-
ferred to the |F = 3, mp = 0) clock state by a microwave pulse
in a state selection cavity, and the residual atoms in the |F =4,
mp # 0) states will be pushed away by a laser pulse, resulting
in a approximately 90% loss of atoms.

In this paper, a new optical state selection method to
pump atoms directly to the |F = 3, mp = 0) state in a Cs
fountain clock is realized for the first time. Not only the state
selection cavity can be removed for a more compact physi-
cal package, but also more atoms will be accumulated in the
|F =3, mp = 0) clock state. To obtain a good Ramsey fringe
contrast and keep low uncertainties of physically related fre-
quency shift, it is critical to push away the atoms in the non-
clock states. After the introduction of experimental setup, the-
oretical simulation is carried out to estimate the effect of the
stray magnetic field and the purity of the OP laser polarization
on the state selection efficiency. Furthermore, a state selection
efficiency of 92% is obtained in experiment, and the detection
signal has increased by 70% while the contrast of the central
Ramsey fringe exceeds 90% with a full width half maximum
(FWHM) of 0.92 Hz, which demonstrates the promising per-

formance of our method.
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2. System design and theoretical analysis
2.1. System design

The design and operation of the fountain clock used in our
experiment are described elsewhere.!!72%27 Here, only the es-
sential part related to the optical state selection is introduced.
A master laser is locked to the |F = 4) — |F’ = 4) transition,
and frequency-shifted to |F = 4) — |F’ = 3) transition by an
AOM as the de-pump light. Another laser is locked to the
crossover of |[F =3) — |F'=3)and |F =3) — |F' =4
sitions, and shifted to |[F =3) — |[F' =
pumping. All the lasers are guided from the optical bench to

) tran-
3) transition for optical

the atomic fountain by polarization-maintaining optical fibres.

As indicated in Fig. 1(a), the region for optical state se-
lection locates 32 mm above the center of the optical molasses
(OM) chamber. The optical pumping light and de-pump light
are combined through a fiber beam splitter and injected into
the same polarization-maintaining fiber, then the combined
beam passes through a polarized beam splitter (PBS) with an
extinction ratio over 500 for transmitted P polarization to ob-
tain a purely linearly polarized light. A A /2 waveplate is used
to fine tune the alignment of light’s polarization direction and
magnetic field direction. A pair of approximate Helmholtz
coils, whose center coincides with the center of the optical
state selection zone, is applied to generate a uniform magnetic
field along the z-axis during the optical state selection pro-
cess. To reduce the loss of atoms due to the radiation pressure
during the OP process, a reflector M2 is introduced to form a
standing-wave field for OP lights.

To substitute the microwave state selection with optical
state selection, the temporal evolution of atomic distribution
is analyzed and the relevant time sequence is adjusted. Atoms
will distribute evenly in the |F = 4) state after being launched.
As depicted in Fig. 1(c), the coils for optical state selection
(pink pulse) are turned on right after the atoms being launched
(black pulse). Then the atoms will be pumped to the |F = 3)
state first except for those in the |F = 4, mp = +4) states
(see Fig. 1(b)) by the de-pump light (blue pulse) when pass-
ing through the OP region during their ascending trajectory.
Since the |F =3, mp =0) — |F' =3, mp = 0) transition is
forbidden according to the angular-momentum selection rules
as indicated in Fig. 1(b), the OP and de-pump lights lead to the
atom-population accumulation in the |F = 3, mp = 0) state. To
minimize the atom population in the |[F = 3, mg # 0) states,
the de-pump light should be turned off earlier than the OP light
as depicted in Fig. 1(c). Thus, only atoms in |F = 3, mp # 0)
and |F = 4) states are left. Then the atoms in the |F = 4) state
will be removed when they pass through the detection zone
corresponding to the first green pulse in Fig. 1(c), similar to
a routine fountain operation. Thereby, the 3-3’ OP method
accomplishes the optical state selection and optical pumping
in one step, which is an essential advantage over the 44’ OP

method. Although more atoms will be prepared in the |F = 4,
mp = 0) state with the 4—4’ OP method, a pulsed microwave to
pump atoms to the |F = 3, mp = 0) state is indispensable for
the state selection. Whereas in the 33’ OP method, the opti-
cal state selection can substitute the microwave state selection,
thus the microwave selection cavity is not necessary. This is
beneficial not only to simplify the physical package, but also
to avoid the resonant interference between the interrogation
microwave source and state selection microwave source.
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Fig. 1. (a) Experimental setup. A: aperture; L: lens; M: mirrors; PD:
photoelectric detector; C: fibre coupler; Three pairs of orthogonal cool-
ing lasers (blue) counter-propagate in the OM region and intersect at
the same center on the z-axis. The OP beams are 32 mm above the
OM center. (b) Energy level diagram of cesium D, transition for op-
tical state selection configuration. The forbidden transition of |F = 3,
mp =0) — |F' =3, mp = 0) is used to accumulate atoms in the |F = 3,
mp = 0) state. The energy gaps are not in scale. (c) Relevant time se-
quence diagram of the experiment. The time sequences of atoms col-
lecting with magneto optical trap (MOT), atoms launching, post cool-
ing, and Ramsey pulse are not shown in the figure.
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Afterwards, only the atoms in the |F = 3) states pass
through the same interrogation microwave cavity twice dur-
ing the ascending and descending trajectory to experience a
Ramsey interrogation and the clock transition |F = 3, mp =
0) — |F =4, mp = 0) is excited. Finally, the atoms fall
into the detection region, passing through the first transverse
standing-wave beam with its frequency on resonance with
|F =4) — |F' = 5) transition and the atoms in the |[F = 4)
state will be excited, as indicated as the second green pulse
in Fig. 1(c). Its fluorescent signal will be detected with inte-
grating the TOF signal, which is proportional to the number of
atoms Ny in the |F = 4) state. Then the atoms in the |[F = 4)
state are pushed away by a travelling-wave in the lower part of
the upper detection beam, and only the atoms in the |F = 3)
state keep falling. Subsequently, the combined laser beams, in
which one’s frequency is tuned to |[F = 3) — |[F’ = 4) tran-
sition (the orange pulse in Fig. 1(c)) and the other is tuned
to |F =4) — |F' = 5) transition (the second green pulse in
Fig. 1(c)), are applied to pump the remaining atoms in |F = 3)
state to |F = 4) state first and the fluorescent signal is detected
accordingly, which is proportional to the number of atoms N3
in the |F = 3) state. The transition probability P defined as
P = N4/N3+ Ny can be derived, which is used as the input
signal for the microwave-frequency locking servo loop. !

2.2. Theoretical simulation

Different from the 4-4’' OP where a high OP efficiency
Nio/(N3+ Ny) is expected, in 3-3" OP method it is critical to
keep a high state selection efficiency of N3 /N3 to ensure a
good contrast of Ramsey fringe and a low related frequency
uncertainty, where N3 o and N3 denote the atom populations in
the |F =3, mg = 0) state and in all |F = 3,mp) Zeeman sub-
levels, respectively. As described in the previous section, the
OP laser is supposed to be a purely m-polarized light, other-
wise, the |F = 3,mp = 0) state will not be a dark state. There-
fore, the purity of the OP laser polarization and the coinci-
dence between the magnetic field direction and linear polariza-
tion direction of the laser beams are inevitably limiting factors
to the optical state selection efficiency. To simulate the con-
straints of these effects, the temporal evolution of atom pop-
ulations on each sublevel is calculated with the rate-equation
model,>* under the conditions of weak laser intensity, finite
laser linewidth, and negligible atomic linewidth.

The optical state selection efficiency and the average
number of photons scattered per atom nppe, Within the OP’s
duration are plotted in Fig. 2 for different parameters. In
Figs. 2(a) and 2(b), the optical state selection efficiency in-
creases to over 90% during a short OP pulse with low OP laser
intensities, indicating that a higher laser intensity leads to a
more rapid growth of the selection efficiency, while keeping
the number of scattered photons small. The OP laser intensity

on the order of tens of uW-cm~2 is adequate for the experi-
ment.

The optical state selection efficiency depends on the co-
incidence between the linear polarization direction of the OP
beam and the magnetic field direction, with 6 denoting their
tilt angle, as illustrated in Figs. 2(c) and 2(d). The intensities
of OP and de-pump laser are 20 tW-cm~2 and 100 uW-cm 2,
respectively. With a tilt angle 8, namely, some o-polarized
component, the optical state selection efficiency drops com-
pared to the result under 6 = 0 condition. Also, it increases
more slowly as the OP’s duration lengthens, and the number
of scattered photons also increases rapidly.
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Fig. 2. Theoretical simulations of temporal dynamics of optical state
selection based on 3-3’ OP method with different parameters. Panels
(a) and (b) show the optical state selection efficiencies and the average
number of photons scattered per atom as a function of OP’s duration,
respectively for different laser intensities. Black, blue, and red markers
correspond to the OP laser intensity of 20 p.W~cm’2, 10 p.W-cm’z,
and 5 uW-cm™2, respectively, with the de-pump laser intensities of
100 uW-cm~2. Panels (c) and (d) indicate the effect caused by the
nonideal polarization of the laser beams, and 6 represents the tilt an-
gle between the linear polarization direction of the OP beam and the
magnetic field direction.

The 3-3’ OP configuration shows prominent advantages
of increasing optical state selection efficiency and attenuating
heating effect under the conditions of weak laser intensity and
short OP pulse duration, which is promising in atomic fountain
clocks.

3. Results and discussion

Based on the above mentioned theoretical calculations,
this optical state selection process is carried out by replac-
ing the microwave state selection on the NIM6 cesium atomic
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fountain clock. The results are discussed in the following.
Figure 3 shows the dependences of the optical state se-
lection efficiency on the laser intensity and the frequency de-
tuning from resonance. In our experiment, the OP pulse’s
duration is about 3 ms, limited by the beam height of OP
and atomic launching velocity. The optical state selection ef-
ficiency gradually increases up to 90% and tends to be sta-
ble with the increase of the OP laser intensity as shown in
Fig. 3(a). It suggests that a higher laser intensity is required to
maintain a high optical state selection efficiency when the OP
laser frequency has a certain detuning. The adequate OP laser
intensity of 3-3’ OP in this experiment is tens of tW-cm 2.
The gain of the detected atom numbers (by integrating
the TOF signal) with optical state selection relative to the mi-
crowave state selection is measured and shown in Fig. 3(b). At
a weak laser intensity, the gain of the detection signal increases
with the OP intensity. On further increasing the intensity of
OP, the gain tends to be saturated and then decreases due to
the heating effect of atoms. The saturation point of each curve
in Fig. 3(b) agrees with the results in Fig. 3(a). Comparing the
downtrend of three different detuning curves, we can deduce
that a near-resonant laser gives rise to more serious heating as
the OP intensity increases, which is characterized by the gain
reduction. The tilt angle is about 2.5° due to the 0.2%-impurity
of laser polarization in our experiment, corresponding to a the-
oretical average number of 6 for photons scattered per atom.
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Fig. 3. (a) The measured state selection efficiency as a function of OP
light intensity at different frequency detunings. (b) The effect of OP light
intensity and frequency detuning on the gain of detection signal. The
black, blue, and red circles denote the detuning of 0 MHz, —2 MHz, and
—4 MHz, respectively. The dashed lines link the data points for clarity.

Moreover, the dependence of the optical state selection
efficiency on the tilt angle 6, which reflects the polarization
purity of the OP laser, is measured and shown in Fig. 4(a). The
experimental results agree very well with the theoretical cal-
culations. Besides the aforementioned residual magnetic field
on the horizontal plane and the OP laser polarization impurity,
the optical state selection efficiency is also affected by the re-
absorption of unpolarized light emitted from the atomic cloud
called the shadow effect.['% A larger atomic cloud will require
a larger uniform magnetic field, which also restricts the gain

of the detection signal. This effect is checked by varying the
total number of atoms with different MOT loading time, as the
gain being plotted in Fig. 4(b) for the relative atomic density.

0.95 1.5
(a) A (b)
0.90 &L
Y
0.85 1.4 °<.
\
o
2 0.80 - N
= s 1.3 N
Zm 0.75 [} .
\
0.70 19 |
0.65 —theoretical \b
° experimental°
0'60—10 -5 0 5 10 1'10 5 10
(%) Relative atomic density

Fig. 4. (a) The state selection efficiency as a function of the tilt angle 6.
The blue circles denote the experimental data points while the solid line
represents the theoretical values. (b) The effect of atomic density on the
gain of the detection signal. The red circles represent the measured data
points, linked by dashed lines for clarity.

With the optical state selection method by 3-3" OP con-
figuration, the number of detected atoms is 1.7 times of that
obtained with microwave state selection (shown in Fig. 3(b)),
and the atom population in |F = 3,mp =) state accounts for
more than 90% of the atom population in |F = 3) state, imply-
ing an optical state selection efficiency exceeding 90% (shown
in Fig. 3(a)). Although the results have shown a high optical
state selection efficiency and a larger detection signal, the gain
of the detected atom numbers is still lower than expected. One
dominant reason is that the atoms in |F = 4,mp = +4) states
are dark states for de-pumping, which accounts for about 22%
of the total atom number. Another reason is that the de-pump
laser is combined with the OP laser spatially, whose polariza-
tion cannot be optimized independently.
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Fig. 5. The atom populations on mf sublevels with (red line) and with-
out (blue line) optical state selection.

A Rabi-type microwave spectroscopy is applied to ex-
cite the |F = 4) — |F = 3, Amp = 0) transition. The peak
heights represent the initial atom populations of |mp) states
as shown in Fig. 5, whereas the [mp = 1-4) states cannot be
measured. Similarly, the atom-population distribution among
|F = 3) states after optical state selection is determined. The
optical state selection efficiency increases up to 92% with
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good symmetry of the population distribution. The ratios of
(N3, 4mp — N3 —my ) /N3 are 0%, 0.1%, and 0.3% for my from 1
to 3, respectively.

To verify that the optical state selection can completely
replace the microwave state selection in the operation of an
atomic fountain clock, the Ramsey fringe of the |F = 3,mp =

100 T T T T T

100

(a)

0]
o

(]
e

Probability (%)
N
)

20¢

250 0 50 100

f—fo (Hz)

100

0) — |F = 4,mp = 0) transition is obtained as shown in
Fig. 6(a) with the inset representing the central fringe. The
FWHM of the central fringe is 0.92 Hz and the contrast is
90%. And the short-term frequency stability of the fountain
clock with the optical state selection method is derived as
0y(7) = 6.8 x 107477 1/2_ as shown in Fig. 6(b).

10-13 . .
(b) $ optical state selection
— optical state selection-fit
®
© _
—= 10-14|
b
1015 . .
100 10! 102 103

7 (s)

Fig. 6. The results of atomic fountain clock operation with optical state selection. (a) Ramsey fringe of the Cs fountain clock NIM6 (the
transition probability as a function of the frequency detuning) of the |F = 3,mr = 0) — |F =4, mp = 0) transition with a frequency scanning
step of 0.2 Hz without averaging. The inset shows the central Ramsey fringe. (b) The short-term frequency stability of Cs fountain clock NIM6
with optical state selection expressed as an Allan standard deviation with a cycle time of 1.5 s.

4. Conclusion and future works

Considering the large size of a microwave cavity, the
overall atomic fountain clock physical package is unfavorable
for a compact and portable fountain clock. Furthermore, the
frequency of the microwave state selection source is close to
that of the interrogation microwave source, which will result
in noise coupling.

A new optical state selection method with a 3-3’ opti-
cal pumping configuration is presented to substitute the mi-
crowave state selection in a Cs fountain clock. The effects
of the stray magnetic field and the impurity of the OP light
polarization on the optical state selection efficiency are the-
oretically analyzed. Furthermore, the optical state selec-
tion is implemented experimentally on the NIM6 Cs foun-
tain clock instead of microwave state selection cavity, and a
state selection efficiency of 92% is achieved while a good con-
trast of Ramsey fringe and a short-term frequency stability of
6.8 x 107 (7/3)~1/2 are obtained. In a Rb fountain clock, it
will show a better performance due to fewer Zeeman sublevels.
Moreover, the gain of the detected atom number is determined
to be 1.7, which is expected to be further improved by separat-
ing the OP and de-pump laser beams spatially for optimizing
their polarizations independently.
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