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Distortion of Rabi oscillations in a compact cold-atom clock
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We report on experimental measurements and theoretical calculations of Rabi oscillation distortion during
rubidium clock transition in a compact cold-atom clock. The distortion of the Rabi oscillations of the clock
transition caused by the magnetically sensitive transitions between magnetic sublevels is related to the duration
and amplitude of the microwave pulse, the density distribution of cold atoms, and the biased magnetic field inside
the microwave cavity. The theoretical calculations agreed well with the experimental results. The Rabi oscillation
measurements are beneficial for determining the optimal parameters of a cold-atom clock and identifying the
uniformity of the microwave field inside the cavity. This measurement can be extended to the atomic fountain

clock and the vapor-cell atomic clock.
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I. INTRODUCTION

A two-level quantum system interacting resonantly with a
coherent external field is significant for atomic and quantum
physics [1-3]. The coherence lifetimes of these quantum sys-
tems can be determined by coherent population oscillations
[4], namely, Rabi oscillations, which are typically observed
in an atomic clock [5-8], a quantum dot [9,10], Josephson
junction qubits [11], and Rydberg states [12]. In the case of
an atomic clock using a microwave cavity, Rabi oscillations
and Ramsey fringes are measured to determine the lock loop
parameters [13,14]. The shape, contrast, and signal-to-noise
ratio of the Rabi and Ramsey signals are critical for the per-
formance of an atomic clock. The factors that affect the clock
transition of the atomic fountain primary frequency standard
have been extensively studied [15,16]. However, only a few
studies have concentrated on the compact cold-atom clock
[17,18].

In the last 20 years, laser cooling of neutral atoms
with an isotropic light [19-21] has gained great attention
from researchers due to its simple system structure, all-
optical scheme, and larger cooling efficiency than optical
molasses. Especially, this cooling scheme can be used to
develop the compact cold-atom clock, which has great poten-
tial used in space [18,22,23]. In this paper, we demonstrate
a Rabi oscillation measurement of the clock transition of
the integrating-sphere cold-atom clock (ISCAC), which is
different from the typical Rabi oscillations of two-level
atoms resonantly interacting with a coherent external field
and exhibits complex features. We theoretically analyze the
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influence of the inhomogeneity of microwave magnetic fields,
the density distribution of the cold atoms, and the duration and
amplitude of the microwave pulse on the Rabi oscillations.
Finally, we provide an explanation for this Rabi oscillation
distortion, which can provide an important reference for de-
signing the high-performance on-board cold-atom clock, and
the theory can also be extended to other types of microwave
clock, such as atomic fountain and vapor-cell clocks.

II. EXPERIMENTAL SCHEME AND THEORY

A schematic of the experiment setup is shown in Fig. 1(a).
The microwave cavity is placed in a vacuum chamber, with
a resonance frequency corresponding to the ground-state hy-
perfine transition frequency of 8’Rb (6.834 GHz). The biased
magnetic field generated by the coil provides a quantization
axis. The physical package is placed within a five-layer mag-
netic shield to minimize the effect from the external magnetic
field. The cooling, repumping, and pumping lights are injected
into the microwave cavity through four multimode fibers and
reflected by the inner surface of the cavity to produce the
diffuse light [17]. The probe beam is retroreflected through
the physical package by a top mirror and passed through the
quarter-wave plate, finally reflected by the polarizing beam
splitter into the photodetector.

The time sequence of the experiment is shown in Fig. 1(b).
After the cooling phase, the cold atoms (~30 ©K [24]) popu-
late in the states |F = 2, mp = 0, &1, 2). Subsequently, the
atoms are prepared into the states |F' = 1, mp = 0, £1) by the
pumping light. Next, the atoms in the state |1, 0) (representing
|F =1, mp = 0), the same as below) are pumped into the
state |2, 0) by a resonance microwave pulse with duration 7.
Finally, the number of atoms in the state |F = 2) is detected
with a resonant probe light. For absorption detection, the

©2021 American Physical Society
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FIG. 1. (a) Schematic of the experimental setup. HR, highly reflective mirror; PBS, polarizing beam splitter; PD, photodetector; QWP,

quarter-wave plate. (b) Time sequence of the experiment.

number of cold atoms in the state |[FF = 2) can be estimated
with the following equation [25]:

N ma? [l — 1, n 482 c1 )i (10> 0
= — _— n{— .
o) I K? L

where a is the radius of the probe beam and oy is the res-
onant cross-sectional area. The inner space of microwave
cavity is filled with cold atoms after the cooling phase. The
beam diameter of the probe light is smaller than that of the
cold-atom cloud. Iy and [, represent the probe light intensity
across the beam before and after going through the physical
package, respectively. Moreover, § is the probe light detuning
from the resonance frequency of |F =2) to |F' =3), K is
the natural linewidth of the 8’Rb D, line transition, and ; is
the on-resonance saturation intensity. The theoretical model is
presented below. Here, only the transitions between sublevels
of the hyperfine ground states were considered, as shown in
Fig. 2. We assume that the microwave magnetic field driv-
ing the transitions between |F = 1,mp =0, £1) and |F =
2, mp = 0, £1) is parallel to the biased magnetic field. The
Hamiltonian describing the hyperfine structure and the atomic
interaction with external magnetic field B for the ground state
of ¥Rb is

An
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FIG. 2. Energy levels of the hyperfine state of the $’Rb atom.

where Ayg is the magnetic dipole constant, up is the Bohr
magneton, 7 is the Plank constant, and the quantities gg and
g; represent the electron-spin and nuclear “g factors,” respec-
tively. S denotes the electron-spin angular momentum, and I
denotes the total nuclear angular momentum. For the TE;
mode of the cavity, the total magnetic field in the z direction
can be expressed as [26]

B— [Bo + Buwlo (3.832%) sin % cOS a)t]ez, 3)

where By and Byw are the biased magnetic field and the
microwave magnetic field, respectively. r is the vertical dis-
tance from the cavity axis (the waist radius of the probe
beam is about 3 mm). R and L represent the inner ra-
dius and height of the cavity, respectively. We assume that
the magnetic field is uniform within the detection region
in the radius direction (vertical to the axis) and neglect
the microwave pumping effect on the cold atoms out-
side the detection region. Thus the magnetic field can be
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FIG. 3. The fitted experimental results of the atomic density dis-
tribution along the axis of the cavity.
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FIG. 4. The sum of atomic populations in the |2, j) (j =0, £1)
states. The blue curve, dashed orange curve, and dash-dotted green
curve represent durations of 0.5, 1, and 2 ms, respectively. The dotted
red curve represents the atoms in the uniform microwave field.

represented by

B (Bo + Byw sin Z coswt)e, 0 < r <3 mm
10 r > 3 mm.

“4)

With weak magnetic fields and the rotating wave ap-
proximation, the Hamiltonian H,y, of this six-level system
represented with the basis vector |F,mp) (|2,1), |2,0),
|2, —1), |1, 1), |1, 0), |1, —1)) can be written as

&9 o fm 0
0 0 0 0 & 0
Q V32
Hoieh J;JQ 0o -2 oQ 0 |
BB 0 A-Z 0 0
0o % 0 0 A 0
o o0 ¥Bm 9 0 A+%
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where A = w — 2Ap/h is the frequency detuning between
the microwave field and the hyperfine ground states and Q25 =
wgBvw/h and Q = upBy/h are the Larmor frequencies of
the microwave and the biased magnetic field, respectively.
Since the microwave field is nonuniform on the axis of the mi-
crowave cavity, we define the QpT experienced by the atoms
at the center point of the microwave cavity as the microwave
pulse region. The experimental measured atomic density dis-
tribution on the axis of the cavity according to Ref. [27] is
shown in Fig. 3. By fitting the atomic density data, we obtain
a polynomial function f(z), which is written as

f(2) =246 + 0.596z — 0.0295z% + 6.31 x 1077
—5.26 x 107%"%. (6)

After the cooling phase, the microwave cavity can be seen
as a gas chamber full of cold atoms, and the motion of cold
atoms needs to be considered. The cold atoms with a distri-
bution function of f(z) experience different amplitudes and
phases of the microwave field in different places along the
axis. The evolution of the system can be described by the
Liouville equation

i 1
0= —— Hrwaa - A Fa Av 7
p=—7l pl— T o} + (7

where I' is the relaxation matrix, which is mainly caused by
the motion of atoms in the radial direction of the microwave
cavity going beyond the detection region. A is the repopula-
tion matrix, which describes the motion of atoms from outside
into the detection region. The contribution of gravity and the
decay of the coherence terms are relatively small since the in-
terval between the cold-atom preparation and detection is only
several milliseconds. Thus we assume that the atomic number
in the detection region is conserved. According to Eq. (4),
the atoms moving into the detection region from outside are
evenly populated in the sublevel states |F = 1, mp = 0, 1).
In the same basis vector |F, mg), I’ and A can be written as
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where y is the transit rate, which is obtained by fitting the
probe light absorption of cold atoms, approximately 25 Hz
[28,29]. All the atoms within the probe laser beam can be
detected, so the average probability of cold atoms staying in
the state |, j) can be normalized as

RTEYE

where p; j(z) is the probability of an atom staying in the state
|7, j) at position z and L is the inner height of the cavity, which
is approximately 57.6 mm.

€))

III. EXPERIMENTAL AND THEORETICAL RESULTS

In the experiment, we fixed the microwave pulse duration
and increased the microwave power linearly cycle by cycle
(microwave power is constant in a single cycle) to increase the
microwave pulse area. According to Eq. (9), the population
probability of all the atoms in |FF = 2) can be calculated when
the Rb atoms are coherently driven by a resonant microwave
field (biased magnetic field By = 0.63 uT), and the results are
shown in Fig. 4, in which the population probability curves
for three microwave pulse durations, 0.5, 1, and 2 ms. are
presented and oscillating in different ways for large pulse area.
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FIG. 5. The sum of atomic populations in the |2, j) (j = 0, £1) states for different microwave durations. (a), (b), and (c) correspond to
v = 0.5, 1, and 2 ms. The blue curve illustrates the theoretical calculation, and the orange dots represent the experimental measurements.

In addition, the sum of atoms in the |2, j) (j = 0, £1) states
with a uniform magnetic field is also shown for comparison.
When t = 0.5 ms, the first-oscillation-maximum population
of 0.26 and pulse area of 1.2w (which should be 0.33 and
in the ideal situation) are presented. Furthermore, the oscilla-
tions are distorted more seriously for the larger pulse area and
the shorter microwave pulse duration.

The atom population after microwave Rabi interrogation
was detected at a fixed time (about 4 ms after the cooling
phase) for each cycle period, and we got one data point at
each cycle; then the Rabi oscillation curve was obtained by
scanning the microwave pulse area (changing a step at each
cycle). We performed the corresponding experiments and nor-
malized the population using Eq. (1), as shown in Fig. 5,
which clearly exhibits the distortion of the Rabi oscillation.
The microwave power is controlled by a microwave attenuator
with a resolution of 0.03 dB. Since €2z is proportional to
the eigenvector of the TEg;; cavity mode, the relationship
between the attenuation value P (units of decibels) and Qg
can be expressed as

P+C
- = log,, 225,

(10)
where P is controlled by the attenuator and the value of Qg is
determined by the theoretical calculation; thus the constants
C =21.9 and D = 18.7 can be determined by fitting the first
and second peaks of the experimental Rabi oscillations. Then,
we can use Eq. (10) to calibrate the microwave pulse area for
any attenuation values. The experimental results agree with
the theoretical calculations, except in the region of large pulse
area. A possible reason is that the function f(z) does not per-
fectly describe the actual atom density distribution inside the
microwave cavity and we ignored the inhomogeneity of the
microwave magnetic field in the radial direction. Compared
with the Rabi oscillations in a uniform microwave magnetic
field, the collapse of the Rabi oscillations and the shift of the
maximum oscillation position are due to the inhomogeneity of
the microwave magnetic field and atom distribution. Therefore
we can estimate the inhomogeneity of the microwave mag-
netic field by measuring the Rabi oscillations.

In order to explain the phenomenon of Rabi oscillation
distortion, we calculated three Rabi oscillations between hy-
perfine sublevel transitions and show the results in Fig. 6.

The three probabilities of transition are denoted as p2.0, P21,
and p, _1, and the probability ) ; P2,j is equal to the sum of
02.0» P2.1, and Py _;. It can be seen that ) p2,; is abnormal.
Therefore we can conclude that the distortion of the Rabi os-
cillations is caused by the 7 transitions between magnetically
sensitive sublevels, which could also cause Rabi pulling [30].

The above results show that atoms on the magnetically
sensitive Zeeman sublevels will affect the performance of the
atomic clock. The probability of magnetically sensitive transi-
tions (|1, 1) — |2, 1) and |1, —1) — |2, —1)) is increased by
increasing the microwave power, and then the Rabi oscilla-
tions become distorted. The best way to resolve this problem
is to pump all atoms to the clock state |2, 0) and design a
new microwave cavity with a uniform magnetic field. How-
ever, this is difficult to realize with the present setup, and
changes to the setup are needed. For the present system, we
can reduce these magnetically sensitive transitions by select-
ing the appropriate amplitude of the biased magnetic field.
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FIG. 6. Rabi oscillations between Zeeman sublevels of |1, 0) —
|2,0) (dashed orange curve), |1,1) — |2, 1) (green curve), and
1, —1) — |2, —1) (dotted red curve) at T = 1 ms, and their sum
(dash-dotted blue curve).
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FIG. 7. (a) The sum of atomic populations in the |2, j) (j = 0, 1) states for different biased magnetic fields (t = 1 ms). The blue curve,
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1.23 uT, respectively. The dotted red curve represents the atoms in the uniform microwave magnetic field. (b) Probability of different sublevels
(r = 1ms, By = 1.23 uT). The orange triangles represent the experimental measurements.

Figure 7(a) shows the calculation results of Rabi oscillations
at different biased magnetic fields when 7 = 1 ms. The shape
of the Rabi oscillations approaches normal when the biased
magnetic field increases. When the biased magnetic field By =
1.23 uT and pulse duration T = 1 ms, the Rabi oscillations
are measured, and the three Rabi oscillations between the
Zeeman sublevels are calculated for comparison, as shown
in Fig. 7(b). The contribution of the magnetically sensitive
sublevel transition is much smaller than the contribution in the
case of By = 0.63 uT and is very close to zero. These results
are useful for improving the performance of the atomic clock
and provide a suitable reference for designing a new system.

IV. CONCLUSION

In summary, we have investigated the Rabi oscillations of
cold atoms in the ISCAC, and the experimental measurements

and theoretical analysis of the clock-state Rabi oscillation
distortion are demonstrated. The distortion of Rabi oscilla-
tions is caused by the nonuniform microwave magnetic field
and the inhomogeneous distribution of the cold atoms inside
the microwave cavity. The magnetically sensitive transitions
between hyperfine Zeeman sublevels were the primary con-
tributors. These results help us to understand the limitations
of the present setup and provide useful guidance for further
improving the performance of the compact cold-atom clock,
which can be extended to types of atomic clocks using a
microwave cavity.
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