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We propose a simple pumping method to increase the effective population of cold atoms in the clock state and in-
vestigate the factors which affect the pumping efficiency in cold atom systems. We report the theory and demonstrate the
corresponding experiment in an 87Rb integrating sphere cold atom clock. The experimental results show that the population
of cold atoms in the Zeeman sublevel |F =2, mp = 0) is approximately 1.62 times that of the result using optical pumping
alone. This method can also be applied to increase the effective population in any one of the target Zeeman sublevels in

other cold atom systems.
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PACS: 32.80.Xx, 06.30.Ft

1. Introduction

Preparation of an atomic ensemble in a single Zeeman
sublevel state has been applied in many physics research fields,
ranging from precision measurement!!=>! to quantum informa-
tion science.[* Several different techniques have been suc-
cessfully used to pump atoms to a given Zeeman sublevel. In
Ref. [10], a double-resonance technique combining laser op-
tical pumping with RF transitions was used to move a >>Na
atom beam to a single hyperfine sublevel, which achieved a
state purity of more than 90%. Boozer et al. used a method
of incoherent Raman transitions to prepare a trapped cesium
atomic cloud in a specific Zeeman state. 1] References [12,13]
demonstrated the theory and experiment involving two-laser
pumping of a cesium atom beam to a specific Zeeman sub-
level. Later, Di Domenico et al. applied the two-laser op-
tical pumping technique to a continuous atomic fountain to
improve the signal-to-noise ratio of clock transition.!'¥ In
Refs. [15,16], a method involving combining optical and ra-
dio pulses with pumping atoms was proposed.

In this paper, we propose a simple optical-plus-
microwave pumping method which only needs the time se-
quence of the system to be changed, and we investigate the
factors affecting the pumping efficiency of cold atoms in gas
chambers. The experiments are performed in an integrating
sphere cold atom clock (ISCAC) system and can be easily
extended to other systems, such as atom fountains and other

compact cold atom clocks. The atomic population in the
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clock state of |2,0) (|[F =2,mp =0), the same as below) is
increased to 1.62 times that of the result using optical pump-
ing alone. We establish the theoretical model to analyze the
factors which affect the pumping efficiency.

2. Experimental scheme and theory

A schematic of the ISCAC is shown in Fig. 1, and for
a detailed description the reader can refer to our previous
work.!'7l The microwave cavity with a resonance frequency
of the 3’Rb ground-state hyper-fine transition (6.834 GHz)
is placed in a vacuum chamber. The biased magnetic field
(approximately 6 mG), which is parallel to the axis of the
microwave cavity, undegenerates the Zeeman levels and pro-
vides the quantization axis. Five layers of magnetic shields
are added to minimize the influence of the geomagnetic field.
The optical system includes the cooling (~ 120 mW), repump-
ing (~ 10 mW), and pumping (~ 0.6 mW), as well as probe
lights (~ 1.6 pW), and the first three lights are injected into
the microwave cavity through four multimode fibers and then
reflected by the inner surface of the cavity to produce the dif-
fuse light. The cold atoms are detected by the retro-reflected
probe light. The typical time sequence of the ISCAC includes
four steps (shown in Fig. 2(a)): cooling atoms, optical pump-
ing to the F = 1 state, Ramsey microwave interrogation (from
[1,0) to |2,0)), and optical detection of the population in the
|2,0) state.
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Fig. 1. A schematic of the ISCAC. HR: highly reflective mirror; QWP:
quarter-wave plate; PBS: polarizing beam splitter; PD: photodetector.
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Fig. 2. The time sequence of the ISCAC. (a) Optical pumping alone.
(b) Optical-plus-microwave pumping.

After the cooling phase, nearly all atoms are prepared in
the F =2 sublevel state. The optical-plus-microwave pumping
progress, as shown in Fig. 2(b), is used to increase the popula-
tions in the clock state. A pumping cycle consists of four steps.
Firstly, the atoms in the |2,0) state are stimulated to transition
to the |1,0) state by a microwave 7 pulse (duration of 1 ms,
—38.98 dBm) with frequency resonant with |1,0) — |2,0).
Secondly, the atoms remaining in the F' = 2 magnetically sen-
sitive sublevel states are optically pumped (duration of 4 ms,
0.6 mW) to the F' = 1 state to increase the population of the
|1,0) clock state. Thirdly, the resonant microwave 7 pulse is
added again to stimulate transition of the atoms in the |1,0)
state to the |2,0) state. Finally, the repumping light (dura-
tion of 4 ms, 0.8 mW) excites the F = 1 — F’ = 2 transition

to increase the population of atoms in the |2,0) state further.
The state evolution progress of the atom population during the
pumping cycle is shown in Fig. 3. When applying this method
in an atomic clock, the pumping cycle should stop at step 2.
To simulate the optical pumping processes, the involved
thirteen sublevels of 3’Rb, as shown in Fig. 3, are considered.
The repumping and pumping lasers are chosen to be resonant
2and F=2—F' =
spectively. We assume that the optical pumping process does

with the transition of F =1 — F' = 2, re-
not involve the other levels of the D, line. We utilize three
equal-intensity linearly polarized lights in three orthogonal di-
rections to simulate the isotropic pumping effect of the diffuse
light. After the cooling phase, the microwave cavity can be re-
garded as a gas chamber full of cold atoms, and the motion of
cold atoms needs to be considered. The evolution of the den-
sity matrix for atoms during the pumping phase is given by the
Liouville equation

1

p== [Hp {F p}+A+TeFp, (1)

where H is the total Hamiltonian, and I" is the relaxation
matrix, which describes relaxation induced by the sponta-
neous decay and atom losses caused by the motion of atoms
in the radial direction of the microwave cavity going be-
yond the detection region and the gravity. Normally, the
collisions!'8! between cold atoms and the background gas and
the decoherence!!”! of the Zeeman sublevels are relatively
small compared to the former factors. Here, A is the repop-
ulation matrix, which describes the movement of atoms from
outside into the detection region, and F is the spontaneous
emission operator. The Hamiltonian H is the sum of several
contributions, which is written as

H :HO+Hp +Hrp + Hmw, 2

where Hj is the unperturbed Hamiltonian, which includes the
static contribution of the linear Zeeman effect, Hj, is the in-
teraction with the pumping light, Hy;, describes the interaction
with the repumping laser field, and Hy,, is the interaction with
the microwave field. The specific description of the Hamilto-
nian is as follows:

(i) To pump and repump light, we use a generic matrix
element of the Hamiltonian Hg to describe them. With the
Wigner—Eckart theorem,?%! it can be simplified as

E
<F,mF|HE ’F',mF/> = %Zeq <F,mp|dq |F/,mF/>
q

A (F,mp;F'\mpr) Qeosot,  (3)

where d, is the electric dipole operator, &, is the polarization
component which is defined as

| 1
81=—%(1+i)7 & =1, 8—1=%(1—i)7 @
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Q is the laser Rabi frequency and is defined as

E(5S1]d|5Ps))
Q= ,
h
and A (F,mp;F' ,mg) is defined as

A(FmpiFlompr) = Y e, (1) \/(2F + 1) 2F' + 1)
q

F 1F\([3/232F
X(m;:qm;:){l F 1/2}’(6)

where the coefficients in round and curly brackets are the 3 — j

®)

and 6 — j symbols, respectively.
(i1) We assume that radial distribution of the microwave
magnetic field in the cavity is uniform since we focus on the

mode of the cavity, the interaction of the Hamiltonian with
the microwave field in the cavity is given by

Hpw = %(ggS—l—gﬂ) -Bsin%coswt, @)

where g is the Lande g-factor, ug is the Bohr magneton, and
L is the inner height of the microwave cavity. After the cooling
phase, the atom-ensemble density distribution is non-uniform
on the axis of the microwave cavity. According to Ref [21],
we obtain a polynomial function f(z) of cold atom distribu-
tion by fitting the atomic density data (shown in Fig. 4), which
is written as

f(z) = 2.4640.596-7—0.0295 -2 +6.31 x 107+ .3

small detection region near the cavity axis. For the TEg; —526x%x 107°- 7%, (8)
52y, ' =2 ———— — == _ =
- - S— — ;
5281/27F: 2 :—o—"‘t T :-.-—L T, ——— % T3 — @& — T _.__._—.+f
microwave optical I microwave optical
Ise pumping Nor pulse repumping]
T pu pING
5281/27F:1 _— = — - _— b—_'_—.-_._L — —— —
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Fig. 3. The state evolution progress of the atom population during the pumping cycle. The dark blue line, red line, and light-blue dotted line
represent the microwave pumping, optical pumping and spontaneous, respectively.
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Fig. 4. Distribution of the atom-ensemble density along the axis of the cavity.

Cold atoms experience different amplitudes and phases
of the microwave field in different positions along the axis be-
cause of the nonuniformity of the microwave field. There is an
optimal amplitude and duration of the microwave pulse which
can stimulate the transition of most of the atoms in the |1,0)
state to the |2,0) state. We call this microwave pulse the equiv-
alent 7 pulse.

The last term (TrFp) in Eq. (1) describes the repopula-
tion of ground states due to spontaneous decay, which is given
by

<Fam1|Ter ‘F7m2> Trlemzp

403 ; .,
= 353 Y Y ()Y (F,mi|dy|F',m))

/ !
mymy 9

X <F/’m/2‘d_q|F,I’I12>pF/m/17F/m/2
=T Y B(F.myi:Fr,m\:F,my;Fr,m))
m iy

><pF/m'I,F’m’zv ©)
where F denotes the ground state, F’ denotes the excited state,
o is the atomic transition frequency of the D, line, % is the
Planck constant, c is the speed of light, and the spontaneous
decay rate I" is written as

40° 1 2
=357 |(5S1)2|d |5P3,2)| (10)

and the coefficient B (F,m;F',m;F,my;F',m)) is defined as
B(F,m;F',m);F,my; F' m))
= Y (1) g 0F +1) (2F +1)
q

<F 1F’)(F 1F’>
X / /
—mlqml —mgqmz

;N2
X{3{2 3]/Vz lF/z} ' an

For theoretical calculations, all the atoms are assumed to
be distributed evenly in the |F =2,mp = 0,£1,+2) states at
the beginning. We assign the experimental time sequence of
the pumping light, repumping light, and microwave interro-
gation into the corresponding Hamiltonian in Eq. (2). Thus,
the probability of atoms in clock states with different pumping
cycles can be evaluated by Eq. (1). Since all the atoms within
the probe laser beam can be detected, the average probability

083202-3
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of the atom in the state |, j) can be normalized as

U Rz

where p; j(z) is the probability of the atoms staying in the state

12)

of |i, j) at the position z, and L (~ 57.6 mm) is the inner height
of the microwave cavity.

3. Experimental and theoretical results

In the experiment, we choose a microwave pulse dura-
tion of 1 ms to stimulate the atoms during the pumping phase.
The corresponding power of the microwave for the equivalent
7 pulse is —38.98 dBm. The Rabi oscillations with different
pumping sequences are shown in Fig. 5(a). According to the
amplitude of the Rabi oscillations, the number of cold atoms
can be estimated with the equation?”!

wrr [Iy—1 462 I
N="- — +1)In( = 13
Go[ I +<K2+>n(1t)]’ 13

where r is the radius of the probe beam, and oy is the reso-

nant cross-sectional area. Iy and I; are the probe light intensity
before and after going through the physical package, respec-
tively. Here, 0 is the detuning of the probe light from the reso-
nance frequency of F =2 to F/ = 3, K is the natural linewidth
of the 8’Rb D, line transition, and I is the on-resonance satu-
ration intensity.

The normalized experimental results obtained using
Eq. (13) are then compared with the results of the theoretical
calculation using Eq. (12), as shown in Fig. 5(b). The exper-
imental results show that after seven microwave 7 pulses, the
number of cold atoms in the |2, 0) state is about 1.62 times that
of the result using optical pumping only. However, the atomic
population in the clock state increases gradually (rather than
linearly) with the number of microwave 7 pulses. According
to the results of theoretical calculations, approximately 65%
of the atoms should be populated in the |1,0) state after seven
microwave pumping pulses. However, only about 46% of the
atoms are excited to the |2,0) state according to the experi-
mental results. We attribute this decrease in the state transfer
efficiency to the following.

11231 based on a stepper motor

Firstly, a mechanical shutte
is used in the optical path to prevent the light leakage in or-
der to avoid any temporal overlap between the pumping light
pulse, microwave pulse, and repumping light pulse during the
pumping phase. However, the large turn-on and turn-off de-
lays of the mechanical shutter increase the total time of the
pumping sequence. As the number of 7-pulses increases, the
pumping period becomes longer, which leads to a reduction in
the total number of cold atoms.

Secondly, the equivalent microwave 7 pulse cannot com-

pletely invert the atom population between the two clock states

of |1,0) and |2,0). Therefore, as the number of pumping
pulses increases, the residual atoms in |2,0) (step 1) and |1,0)
(step 3) states during the pumping phase (shown in Fig. 3) will
increase, which leads to a decrease in the pumping efficiency.

25 @)
optical only
20F —— 1 microwave 7 pulse
—— 3 microwave 7 pulses
—— 5 microwave 7 pulses
15F —— 7 microwave 7 pulses

Atom absorption intensity (arb. units)

10
5
0
—70 —60 —50 —40
Microwave power (dBm)
0.7
6F
(b) L
o / 10.6
3 5f 1
n +
g . 105 3
s 4r F— &
L‘a =%
5 10.4 .023
el
Z: —a— theory F=1, mp=0 10.3
—e— theory F=2, mp=0 .
2L po —a— experiment F'=2, mp=0
10.2

1 1 1 1 1 1 1 1

-1 0 1 2 3 4 5 6 7 8
Number of microwave 7 pulses
Fig. 5. (a) Rabi oscillations for different pumping pulses. (b) The number
and relative population of atoms in the clock state with different pumping
pulses. The squares represent the experimental results. The circles and tri-
angles represent theoretical results for the atom populations in the |2,0) state
and |1,0) state, respectively.

Considering the probe light detects all the atoms in the
F =2 states and that some atoms in the |1,+1) states are stim-
ulated to transition to the |2, 1) states during the Rabi inter-
rogation, the experimentally measured atom number is larger
than the theoretically calculated results when the number of
m-pulses is small, as shown in Fig. 5(b). As the number of
m-pulses increases, the atoms in the |1,+1) states decrease, so
the difference between the theoretical and experimental results
decreases. Besides, some deviation between the theoretical
and experimental results still exists because the three equal-
intensity linearly polarized lights cannot perfectly simulate the
pumping effects of the diffuse light. The relationship between
the contributions of atomic noise to the frequency stability of
the atomic clock and the number of atoms can be written as!?4

~\ R/Natorm (14)

where T is the cycle duration of a clock operation and Nyom

GN atom

is the number of atoms in the clock state. The key to apply-
ing this method to an atomic clock is to select an appropriate
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number of pumping cycles, because both Nyiom and 7; increase
with the number of pumping cycles. Besides, the Dick effect
also increases with the number of pumping cycles.

4. Conclusion

We proposed a simple pumping method to increase the
The theoretical
and experimental results have demonstrated that the number

number of cold atoms in the clock state.

of atoms in the |2,0) state could be increased to 1.62 times
that of the result using optical pumping only. This pumping
method requires one to invert the atom population between
the |1,0) and |2,0) states several times. In our system, the
turn-on and turn-off delays of the mechanical shutter are as
large as 4 ms, which increases the total time of the pumping
cycle. Moreover, the atomic distribution is not relatively con-
centrated and the microwave field inside the microwave cav-
ity is non-uniform, which leads to the incomplete flip of the
atomic number between the two clock states of |1,0) and |2,0)
when using a microwave 7 pulse, and finally reduces the total
pumping efficiency. Therefore, the efficiency of this pumping
method could be increased further by improving the response
speed of the optical switch to decrease the pumping cycle’s du-
ration, and by enhancing the uniformity of the magnetic field
in the microwave cavity to increase the reverse efficiency of
the atoms between Zeeman sublevels. Moreover, this method
could be applied to other cold atom systems very easily to pre-
pare atoms in any specific Zeeman sublevels.
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