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The state preparation is a crucial procedure in atom interferometry; however,
there is a shortage of detailed experimental studies on determining the optimal
method for achieving this. This paper investigates and compares twomethods for
state preparation: the combined use ofmicrowave and Raman light (M-R) and the
combined use of optical pumping, microwave, and Raman light (O-M-W). The
experimental results demonstrate that the M-R method improves the efficiency
of Raman transitions for atom interference, which is helpful in enhancing the
contrast of the interference fringes. The O-M-Rmethod increases the quantity of
prepared atoms, thereby enhancing the signal-to-noise ratio of the detected
signals. This work helps provide a useful experimental basis and reference for
researchers to design a suitable state preparation scheme.
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1 Introduction

Atomic interferometers based on stimulated Raman transitions have become a powerful
instrument with a wide range of applications over the past 30 years [1–3]. Due to high
sensitivity, they are widely used in high-precision measurements of angular velocity [4, 5],
gravity [6–9], gravitational gradient [10–12], fine-structure constant [13, 14], gravitational
constant [15, 16], gravitational waves [17–19], and the test of equivalence principle [20, 21].

The measurement sensitivity of atomic interferometers significantly depends on the
contrast of interference fringes, which is mainly influenced by the results of state
preparation. There are two main reasons for this. First, the interference process is
affected by the magnetic field, which shifts the atomic energy levels due to the Zeeman
effect. The distribution of atoms in different magneton energy levels leads to a deterioration
of the stripe contrast and a decrease in the measurement sensitivity. To minimize the effect
of the magnetic field, the atoms should be prepared in a magnetically insensitive state.
Second, even though the atomic groups have been cooled down with the temperature of
several μK, it still has a certain velocity distribution width. This results in a different
transition probability for each atom with various velocities when interacting with Raman
light. This also leads to a lower fringe contrast [3]. In order to increase the contrast, it is
better to select atoms with a narrower velocity distribution before the atomic interference
procedure. Thus, the state preparation determines the number of effective atoms that would
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be involved in interference, which is one of the key procedures of
atomic interferometers and also a crucial factor in the measurement
sensitivity.

In previous studies, various methods of state preparation
have been used. To make atoms magnetically insensitive, it is
necessary to select the atoms in the |mF � 0〉 state or to pump
atoms from other states into the |mF � 0〉 state. The selection of
the |mF � 0〉 state can be achieved by microwaves or Raman light.
State preparation by microwave can prevent the impact of
spontaneous emission during transitions [7, 22] and that by
Raman light can select atoms from magnon energy levels and
velocities simultaneously [6, 23–25]. Furthermore, the Raman
light used for atomic interference could also be used for state
preparation, eliminating the need for additional components.
Microwave for state selection would not sufficiently narrow the
velocity distribution of the atomic groups, while using Raman
light only would select some ineffective atoms by spontaneous
emission. By combining microwave and Raman light during state
preparation, the advantages of both can be realized [3, 26, 27]. In
addition, the optical pumping light can be used to pump atoms
through spontaneous emissions by employing appropriate
polarization [28–32]. This pumping regime not only
significantly increases the atomic number but also introduces
additional heating effects. It can also be combined with
microwave and Raman light for more favorable results of state
preparation. Each state preparation method has its own
advantages and disadvantages. However, there have been few
contrasting experiments and discussions on how to determine the
most appropriate method for different situations.

In this paper, we present detailed experiments and discussions
on two state preparation methods. One method is a combination of
microwave and Raman light, which is referred to as the M-R
method. The other is a combination of optical pumping,
microwave, and Raman, which is referred to as the O-M-R
method. In Section 2, we analyzed the principles of state
selection by microwave, Raman light, and optical pumping. In
Section 3, we described the experimental setup and steps for M-R
and O-M-R methods. Then, we compared the efficiency of the two
methods for preparing atoms in the desired state, as well as the
numbers and temperatures of atomic groups. In particular, to
compare the effects of the two methods on the atom
interferometry, with state-prepared atomic groups, we also tested
the efficiency of the stimulated Raman transitions and the noise of
atomic detection. In Section 4, we analyzed the scope of application
and the selection basis of the two state preparation methods.

2 Methods

Our analysis is based on an 87Rb atomic interferometer, and the
principles and ideas could be applied to other types of atomic
interferometers. Typically, state preparation involves two steps:
selection and blow-away. The selection refers to picking a
portion of atoms to the target state, while the blow-away refers
to removing undesired atoms from the atomic group.

For the state preparation by microwave or Raman light, the
selection of the |mF � 0〉 state can be achieved because the transition
resonance frequencies corresponding to different magneton energy

levels are different. A bias magnetic field is usually applied to
determine the direction of the quantization axis. This allows the
distinction of atoms with different magneton energy levels based on
the transition resonance frequencies corresponding to the Zeeman
effect. Microwave or Raman light that satisfies the resonance
transition conditions is used to make the atoms in the |F � 2, mF �
0〉 state transit to the |F � 1, mF � 0〉 state. Since the resonance
conditions are not fulfilled, the other atoms in the |F � 2, mF ≠ 0〉
state will remain in the |F � 2〉 state.

In addition, stimulated Raman transitions can also select a
narrower velocity distribution of atoms. Assume that the
velocity distribution of atoms is Gaussian type and the
Gaussian width is σv. If the atom is initially in the |F � 2〉
state, then after a Raman pulse lasting τ, the probability of it
being in the |F � 1〉 state is

P1 τ, v( ) � 1���
2π

√
σv
e
− v−v0+2vrec( )2

2σ2v
Ω2

eff

Ω2
eff + keff · v( )2 sin

2 τ

2

�������������
Ω2

eff + keff · v( )2
√( ),

where v0 is the initial velocity of the atomic groups, Ωeff is the
effective Rabi frequency, vrec is the recoil speed, and keff is the
effective wavevector. As a result, the velocity distribution of the
atomic groups along the direction of Raman light will be narrower.

However, the state preparation methods using microwave or
Raman light require the removal of atoms in the |mF ≠ 0〉 states,

FIGURE 1
Schematic diagram of atom interferometry. λ/2, the half-wave
plate; PD, photodetector; B, magnetic field; g, gravitational
acceleration.
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resulting in a significant loss of atoms. Therefore, to increase the
number of atomic groups, we can also pump the atoms in the
|mF ≠ 0〉 states to the |mF � 0〉 state through the optical pumping
method. The σ+ or σ− polarized pumping laser is tuned from the
|F � 1〉→ |F′ � 0〉 resonance on the D2 line of 87Rb. The
repumping laser is tuned to the |F � 2〉→ |F′ � 2〉 resonance
and also σ+ or σ− polarized. The transition |F � 1, mF � 0〉→ |F′ �
0, mF � 0〉 is forbidden by the angular momentum selection rules.
The atoms in the |F � 1, mF ≠ 0〉 state are pumped to the excited
states and spontaneously decay to the two ground states. A fraction
of the atoms will decay to |F � 1, mF � 0〉 and accumulate in this
dark state. After several loops of pumping and repumping, most of
the atoms are selected in the target state |F � 1, mF � 0〉. Optical
pumping is able to transfer almost all the atoms from other sublevels
to the target state. Therefore, the number of effective atoms can be
highly increased.

The blow-away step follows immediately after the
selection. A laser beam in resonance with the |F �
2〉 ↔|F′ � 3〉 transition is used to accelerate the atoms that
remain in the |F � 2〉 state, separating them from the atoms in
the |F � 1, mF � 0〉 state.

3 Experiment

3.1 Experimental setup

The experiments in this work are based on the 87Rb atomic
interferometer, and its schematic diagram is shown in Figure 1. The
three pairs of cooling light are counter-propagating, circularly
polarized, and perpendicular to each other. The Raman light,
repumping light, pumping light, and detection light are time-
multiplexed in the vertical direction with linear polarization, and
the blow-away light is horizontally orientated traveling wave. Both
the microwave antenna and the beam expander of the blow-away
light are mounted on the bottom of the magnetic-optical trap
(MOT) chamber. The microwave signal is generated by a low-
noise, highly integrated microwave source, and the pulse width of
the microwave signal can be controlled by a transistor–transistor
logic (TTL) signal. The power of the microwave signal is set to
27 dBm, and the frequency is set to ~6.834 GHz. The microwave
source is connected to a microwave antenna, and the orientation of
the microwave antenna is adjusted so that the direction of the
microwave magnetic vector is aligned with the direction of the

FIGURE 2
Schematic diagram of state preparation. (A) Timing diagram of the M-R method. (B) Timing diagram of the O-M-R method. (C) Process of state
preparation by the M-R method. (D) Process of state preparation by the O-M-R method.
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quantization axis. The pumping light is linearly polarized and can be
considered a synthesis of two circularly polarized lights, which can
be achieved without introducing additional experimental setups.
Before the state preparation, the atoms are cooled by the MOT and
polarization gradient cooling (PGC) with the atomic number of ~108

and the atomic temperature of approximately 2 μK.

3.2 Experimental steps

We designed two state preparation methods for comparison.
The timing diagram of the M-R method is shown in Figure 2A,and
the process of state preparation is shown in Figure 2C. An extra 2-
ms-long repumping light after PGC is remained to ensure atoms in
the |F � 2〉 state. After pulsing on a vertical magnetic bias field of
~300 mG to define a quantization axis, a ~400-μs-long microwave π
pulse (emitted from a horn antenna) transfers all the atoms in the
|F � 2, mF � 0〉 state to the |F � 1, mF � 0〉 state. The remaining
atoms are then blown away by a 1-ms-long pulse of light in
resonance with the |F � 2〉 ↔|F′ � 3〉 closed optical transition.
Another microwave π pulse transfers atoms back into the |F �
2, mF � 0〉 state with a pretty high efficiency of typically 98%. The
remaining atoms are so few that can be ignored. Then, a 20-μs-long,
velocity-selective Raman π pulse, followed by a final |F �
2〉 ↔|F′ � 3〉 blow-away pulse for clean-up, transfers atoms in a
narrow slice of the velocity distribution back into the |F � 1, mF �
0〉 state. In principle, this elaborate sequence could be replaced by a
single velocity-selective Raman π pulse, but since the microwave
pulse has no Doppler-shift broadening, this state preparation can be
performed without selecting atoms in other magneton energy levels.

The timing diagram of the O-M-R method is shown in
Figure 2B, and the process of state preparation is shown in
Figure 2D. An extra 2-ms-long cooling light after PGC is
remained to ensure atoms in the |F � 1〉 state. The other atoms
are then blown away by a 1-μs s-long pulse of light in resonance with
the |F � 2〉 ↔|F′ � 3〉 closed optical transition. Then, an 80-μs-long
pumping light transfers all the atoms in the |F � 1〉 state to the

|F � 1, mF � 0〉 state, and a ~300-μs-long microwave π pulse
transfers all the atoms in the |F � 1, mF � 0〉 state to the |F �
2, mF � 0〉 state. Same as the previous timing, a 20-μs-long,
velocity-selective Raman π pulse, followed by a final |F �
2〉 ↔|F′ � 3〉 blow-away pulse for clean-up, transfers atoms in a
narrow slice of the velocity distribution back into the |F � 1, mF �
0〉 state.

The subsequent steps are the same in both state preparation
timing sequences with different effects. Since the blow-away light in
our experiment only acts on atoms in the |F � 2〉 state, we use the
same configuration of microwaves and Raman light to prepare the
atoms in the |F � 1, mF � 0〉 state and blow-away the atoms in the
|F � 2〉 state.

3.3 Experimental results

To compare the effects of the two state preparation methods, we
analyze the experimental results after the action of microwave and
Raman light, respectively. Figure 3A shows the Rabi oscillations driving
by microwave after the first microwave π pulse in the M-Rmethod (the
dotted blue line) or the pumping light in the O-M-R method (the solid
red line). The width of the microwave π pulse is approximately 400 μs.
After the first microwave π pulse, the efficiency of the second
microwave π pulse is about 96%, but after the pumping light, the
efficiency of the microwave π pulse is about 87%. On one hand, this
suggests that the efficiency of the microwave selected states is high. On
the other hand, the transition efficiency driving by microwave after
optical pumping is lower than that after microwave, suggesting that
there may be residual atoms in other magneton energy levels after
optical pumping. It is possible that the efficiency is related to the linear
polarization degree of the pumping light. On one hand, we can improve
the linear polarization of the pumping light by installing a linear
polarizer, and on the other hand, we can improve the stability of
polarization by improving the stability of temperature and humidity.

The Raman spectra after two microwave π pulses in the M-R
method (the dashed blue line) or the pumping light and microwave

FIGURE 3
Rabi oscillations and Raman spectra during the state preparation. (A)Microwave Rabi oscillations after the first microwave π pulse in theM-Rmethod
(the dotted blue line) or the pumping light in the O-M-Rmethod (the solid red line), whereN2 is the number of atomic groups in the |F � 2〉 state andN is
the total number of atomic groups in all states. (B) Raman spectra after twomicrowave π pulses in the M-Rmethod (the dashed blue line) or the pumping
light and microwave π pulse in the O-M-R method (the solid red line).
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π pulse in the O-M-R method (the solid red line) are shown in
Figure 3B. The duration of the microwave π pulse is much longer
than that of the pumping light, resulting in different turn-on times of
the Raman pulse. So, the peaks of two curves in the figure
corresponding to different frequencies are due to the various
Doppler detuning processes. The amplitude of the Raman
spectrum corresponds to the number of atomic groups, which is
1.6 V and 6.6 V, respectively. The difference of amplitude
demonstrates that the number of atoms obtained through the
utilization of optical pumping is over four times greater than that
of microwave. Since the atoms in the |F � 2〉 state have five
magneton energy levels, the number of atomic groups after the
interaction by microwave and blow-away light is about one-fifth of
the number before the interaction, which can correspond to the
atomic number gain of the optical pumping. Furthermore, the width
of the resonance peaks in the Raman spectrum can be used to
calculate the temperature of the atomic group before the Raman
pulse, where the calculation results are 3.0 μK in the M-R method
and 4.9 μK in the O-M-R method. Given the average scattered
photon number was about nphot ≈ 15, the optical pumping effect
would lead to additional heating of the atomic group which can be
calculated as ΔT � Trecoilnphot/3 � 1.8 μK (Trecoil is the recoil
temperature of 87Rb) [31, 32], which are consistent with the
experimental results. Consequently, the use of optical pumping
will bring a large increase in the number of atoms but also a
significant increase in the temperature of atoms.

After the state preparation, the effects on Raman transitions of
two methods were compared by applying a Raman π pulse, the
length of which is 15 μs. The testing results are shown in Figure 4A.
The maximum transition efficiency displayed in the Raman spectra
was 59% with the M-R method and 44% with the O-M-R method.
The lower transition efficiency with the O-M-R method may be
caused by spontaneous radiation, excited background vapor, and
other unknown factors.

In addition, after the state preparation, a Raman π/2 pulse was
added to compare the detection noise of two methods, as shown in
Figure 4B. The standard deviations of the atom population ratio for

the long-term tests were 0.0024 with the M-R method and
0.0014 with the O-M-R method. When measuring gravity, the
noise of the atomic transition probability can be converted to the
noise of the gravity measurement with the expression shown below:

σg � σP
AkeffT2

,

whereA is the amplitude of the interference fringe, keff is the effective
wavevector, and T is the free evolution time. In particular, when the
gravity measurement is performed in our atom interferometry with
the free evolution time of 70 ms and the repetition frequency of
1 Hz, the amplitudes of interferometric fringes for those two
methods are 0.2 and 0.15, respectively. Therefore, the gravity
measurement noises (sensitivity) induced by detection are
calculated to be 15.2 μGal/shot and 11.8 μGal/shot when the
state preparation uses the M-R method and the O-M-R method,
respectively. Thus, although the O-M-R method increases the
number of atoms and reduces the detection noise, it also reduces
the Raman transition efficiency, leading to a lower contrast of
interference fringes.

Based on the results of all the above experiments, we considered
suggestions of determining a suitable state preparation method for
atom interferometry. If the number of atoms is sufficiently much
and a better contrast of interference fringe is desired, the M-R
method or its variants can be used as a preferred state preparation
solution, and when a larger number of atoms is desired to reduce the
detection noise, then the O-M-R method or its variants can
be chosen.

4 Conclusion

In this paper, we have performed detailed experiments and
analysis of two state preparation methods for atom interferometry.
One is the M-R method, which is a combination of microwave and
Raman light. The other is the O-M-R method, which is a
combination of optical pumping, microwave, and Raman. The

FIGURE 4
Raman spectra after the state preparation. (A) Raman spectra after state selection by the M-R method (the dashed blue line) or the O-M-R method
(the solid red line), whereN2 is the number of atomic groups in the |F � 2〉 state andN is the total number of atomic groups in all states. (B)Detection noise
of two methods using a Raman π/2 pulse, where N2 is the number of atomic groups in the |F � 2〉 state and N is the total number of atomic groups in
all states.
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transition efficiency driven by the microwave π pulse in the M-R
method is 96%, whereas the transition efficiency driven by the
optical pumping light in the O-M-R method is approximately
87% with a temperature increase of 1.9 μK. The experimental
results show that the M-R method enhances the efficiency of
Raman transitions, which contributes to a higher contrast of
interference fringes. The O-M-R method results in a significant
increase in the number of atoms, which improves the signal-to-noise
ratio of the detected signals. Therefore, the experimenter can select a
more suitable method for state selection based on different
experimental requirements to optimize the measurement. To
achieve a better contrast of interference fringe when the number
of atoms is sufficiently high, the M-R method can be chosen.
Conversely, if the goal is to reduce detection noise and increase
the number of atoms, the O-M-R method is preferred. The results
and discussions presented above, which are based on the 87Rb
systems, can also provide guidance for other alkali species.
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