
• 解决方案：采用声光调制器(AOM)。我们研究了声光调制器(AOM)衍射动力学，并考查了数值模拟上的波形调制效果。模拟显示，预设的理想波形对原子的操控均具有超过99.9%的保真度，而AOM模拟出的脉冲具有超过99.5%的保真度。对于方
波脉冲，AOM调制的主要瓶颈在于声场进入和离开光斑的上升和下降沿，使用更高工作频率的AOM、缩小光斑大小，可以显著提高保真度。对于慢变化的波形，可以通过简单的声场预修正得到几乎没有失真的脉冲波形。

Acoustic-Optical Arbitrary Waveform Modulation for 

Raman atom interferometry

I. Research Motivation: Towards high-

power arbitrary waveform Raman lasers

A. Raman matter-wave manipulation and Raman 

interference

 Atom interferometer: Achieves precision measurement of gravitational 

acceleration, gravity gradients, etc., through matter-wave interference. We 

adopted a Raman-manipulated Mach-Zehnder configuration. 

As shown in the figure, 

atoms undergo a process of 

splitting, reflecting, and 

recombining via π/2 - π - 

π/2 quantum gate Raman 

pulses; the complex 

amplitudes of the same 

atom along two different 

paths to form 

B.  Light intensity fault tolerance: Arbitrary waveform 

requirements 

Adiabatic spin-dependent kick 

(SDK) pulses

Using rapid adiabatic passage pulses can 

flip the atomic spin and impart a two-

photon recoil momentum. The 

manipulation of internal states by a pair 

of SDKs leaves only a geometric phase, 

exhibiting strong fault tolerance. In the 

atom interferometer, we use multiple 

sets of SDKs for acceleration during the 

atoms' free flight. 

Composite pulse fault-

tolerant quantum gates

Through the combination of multi-

segment sub-pulses (equivalent to phase-

modulated square waves), the phase 

degrees of freedom at each moment can 

be utilized to optimize quantum gate 

pulses that are fault-tolerant to parameters 

such as light intensity. In the atom 

interferometer, we use this to implement π 

and π/2 gates.

C.  High-power laser requirements and the basic 

idea of this work

• High-power laser requirements: fEOM can withstand lower 

optical power → limits spot size under the same light 

intensity → limits atom cloud size → limits atom free flight 

time (due to thermal motion diffusion) → limits gravity 

measurement precision.

• Solution: Employing an Acousto-Optic Modulator (AOM). 

• We studied the diffraction dynamics of the Acousto-Optic 

Modulator (AOM) and investigated the waveform modulation 

effects based on numerical simulations. Results: Simulations 

show that for square wave pulses, the main bottleneck of 

AOM modulation lies in the rising and falling edges as the 

acoustic field enters and exits the light spot; using an AOM 

with a higher operating frequency and reducing the spot size 

can significantly improve fidelity. 

• For slowly varying waveforms, pulse waveforms with almost 

no distortion can be obtained through simple pre-correction of 

the acoustic field. 

• Our preset ideal waveforms achieve over 99.9% fidelity in 

atom manipulation, while the pulses simulated by the AOM 

achieve over 99.5% fidelity.

II.  AOM Model and Raman-Nath Equations III.     Double-pass optical path

• Modulating pulses can be achieved by editing the amplitude and phase variations of 
the AOM's acoustic field waveform.

• Reason for double-pass: The double-pass configuration eliminates the change in 
the outgoing light path caused by frequency changes. Furthermore, the phase 
modulation amplitude of the acoustic field can be reduced by half, mitigating the 
lensing effect caused by an uneven acoustic field within the light spot.
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VI. Simulation Cases of Raman Response for Modulated 

Waveforms
• π/2 composite pulse quantum gate.

• Smaller spot observes a more uniform acoustic field. 

• Increasing the operating frequency of the AOM can also improve fidelity and light intensity fault tolerance for decreasing 

the transverse movement length 𝜃𝑏𝑟𝑎𝑔𝐿𝐴𝑂𝑀 ∝
1

𝑓
.

• The study found that transverse movement may be related to the widely observed overshoot during AOM switching. When 

the spot is relatively small, after the transverse movement and misalignment of the 0th-order light with the 1st-order light, 

diffraction weakens or even backward diffraction occurs. Meanwhile, an acoustic field increasing along the moving 

direction of the 0th-order light precisely suppresses this effect. 

IV. Arbitrary waveform modulation: Square wave phase 

modulation and step acoustic field transient response

B.  Transient 

response of 

intensity 

hopping:

C. Transient 

response of 

frequency 

hopping:

A. Square wave phase 

modulation

V. Arbitrary waveform modulation: Sine SDK pulses

There is a non-linear relationship between the acoustic field waveform and the output pulse 
waveform. The acoustic field waveform correction formula for double-pass under the two-level 
approximation is:

VII. Conclusion and Outlook
•Slowly varying waveforms, the AOM can modulate the target waveform without significant distortion. 

•The step changes at the rising and falling edges of the square wave acoustic field will bring significant distortion and complex

waveforms, but they can be greatly smoothed out via frequency hopping. 

•The square wave quantum gates obtained from numerical simulations already have very high fidelity (>99.5%), and the main 

limitation lies in the rising and falling edges. 

•Adopting a full-waveform smoothing approach can further improve fidelity. 

•Employing our research group's CPAOM technology can further improve power utilization efficiency. 

interference, and the kinematic information of the atom is converted into 

the phase written during the optical excitation of the atom, which can 

then be read from the final interference fringes. There is a relationship 

between the fringe phase and gravitational acceleration ：
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