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Abstract: A scheme for controlling the frequency difference of output pulse pair with double fre-
quency shift loops is proposed. The frequency shift system includes two loop elements of 20 and
200 MHz. The first one carries out a single selective positive frequency shift of 1-20 MHz, and
the second one can satisfy a single fixed positive frequency shift of 200 MHz. The reverse cascade
technology of two acousto-optic crystals is introduced to solve the limitation of the small frequency
shift of crystal size. A multichannel synchronization signal completes the time domain control of
each acousto-optic modulator. Finally, the frequency shift difference of the output pulse pair ranges
of 0-2 GHz, and the frequency shift accuracy is 5 MHz.

Keywords: acousto-optic modulation; Bragg diffraction; optical frequency shift; time synchronizer

1. Introduction

Since the discovery of light diffraction caused by ultrasound wave [1], researchers have
made an in-depth exploration of acousto-optic interaction [2-5]. They used an acousto-
optic effect to modulate the frequency, intensity and propagation direction of optical
signal, and then design an acousto-optic tunable filter (AOTF) [6-8], acousto-optic deflector
(AOD) [9-11], acousto-optic modulator (AOM) [12-14] and other optical devices, which
are widely used in optical communication, laser control, spectrum detection and other
fields [15-17]. Among them, an AOM uses diffraction to realize the frequency shift of the
diffracted light relative to the incident light. In addition, the AOM has the function of an
optical switch by adjusting the driving signal of the ultrasound field.

The effect of the internal acoustic field deforms the crystal and produces periodic
density modulation. The final result is a periodic change in the refractive index of the
crystal, which functions similarly to an “optical phase grating”. When the light is injected
into the crystal, the optical signal is affected by the “grating” and produces a diffraction
effect. Acousto-optic diffraction can be divided into Raman-Nath Diffraction and Bragg
Diffraction. As the multi-stage diffracted light in the process of Raman-Nath Diffraction
will split the incident energy and result in large energy loss of primary diffraction light, it is
not suitable for acousto-optic frequency shift modulation. In Bragg Diffraction, the output
light only includes order 0 and £1 (the positive and negative conditions depend on the
incident direction), so that most of the incident energy is transferred to the diffracted light.
Moreover, when the incident angle is the Bragg angle, nearly 100% diffraction efficiency
can be obtained.

At present, most research on an acousto-optic frequency shift aims to obtain a broad-
band frequency shift above GHz with a high diffraction efficiency, which is usually realized
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by an all-optical fiber or integrated waveguide structure. However, there are relatively few
studies on a single small frequency shift. In some fields, such as non-collinear stimulated
Brillouin scattering (SBS) compression, a small frequency shift can improve the energy
extraction efficiency of the system [18]. Moreover, heterodyne interference detection also
needs a small frequency shift to improve the detection sensitivity [19]. At present, a small
frequency shift has its particularity in some application scenarios, and related research is
also in progress. Gazalet et al. [20] designed a frequency shifter with double TeO; crystals
and a large deflection angle, which can obtain a single frequency of £ 12 MHz without
changing the output angle of the frequency-shifted order. Kastelik et al. [21] loaded differ-
ent RF signals into the same crystal to achieve the difference frequency output of diffraction
light. Li et al. [22] completed the small-scale phase-modulation of incident light by using a
series structure of two polarization-insensitive AOMs. If the frequencies of two RF drive
signals are different, the structure can also achieve a small frequency shift of the output
light. Dieulandard et al. [23] studied a tunable low-frequency optical frequency shifter,
which is also based on the series connection of two acousto-optic crystals, and the final
operation tuning range is extended to 42 MHz. Wang et al. [24] designed a low-frequency
polarization maintaining fiber acousto-optic frequency shifter with a frequency shift of
10 MHz and an insertion loss of 3.3 dB. In general, double crystal cascade is an effective
scheme to realize a small frequency shift. Using this method, researchers control the single
frequency shift between 10-20 MHz.

Compared with previous reports, the double-frequency-shift loops in this design
further reduces the amount of single frequency shift and improves the frequency shift
accuracy. In addition, we integrate RF driver and acousto-optic modulators. By adjusting
the synchronization signal, we can meet different frequency shift requirements, with
high integration and strong operability. In this paper, a double-frequency-shift acousto-
optic frequency modulator is designed. The frequency of the RF signal is controlled by
a hardware circuit that further optimizes the cascade structure and controls the single
frequency shift within 10 MHz. In addition, under the control of high-precision and low
jitter synchronization signal, the maximum output frequency shift difference is 2 GHz, and
the frequency shift accuracy reaches 5 MHz.

2. System Structure

The incident light of the system is a square pulse pair, which is obtained by modulating
the single longitudinal mode continuous light through an arbitrary waveform generator
and amplitude modulator. The central wavelength of two pulses is 1064 nm and they are
both linearly polarized light. Oscilloscope waveform is shown in Figure 1.
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Figure 1. Time-domain waveform of Pulse pair source.
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In order to ensure that the acousto-optic device works in the Bragg diffraction region,
the acousto-optic interaction length L should meet the following conditions [24]:

L > 2L 1)

Lo = nV?/Af? )

where Ly, n and V represent the characteristic length, internal refractive index and sound
velocity of the acousto-optic crystal, respectively; A is the working wavelength and f stands
for frequency shift. Equation (2) shows that the crystal length is inversely proportional to
the square of the minimum frequency shift. It can be seen that if we want to realize the
small frequency shift diffraction of an optical signal, we need to increase the size of the
acousto-optic crystal, which is obviously not suitable for practical engineering applications.
Double crystal reverse cascade technology, which is shown in Figure 2, follows the Bragg
diffraction principle of single crystal.

) ) Second-diffraction
Incident light

0 order diffraction

LiNbO; 0 order diffraction LiNbO,

Figure 2. Working principle of double crystal cascade acousto-optic frequency shift.

The incident light enters the first acousto-optic crystal and interacts with the ultrasonic
with frequency f; to produce the first diffraction. Its output is used as the incident light
source of the second acousto-optic crystal, interacts with the ultrasonic with frequency f, to
produce the second diffraction. Finally, the positive first-order diffraction of the second
crystal is used as the output light of the device, as shown in Figure 2. At this time, the
single minimum frequency shift is no longer limited by the crystal size, which is only
related to the difference between the ultrasonic frequencies f; and f,, and the frequency of
the output light meets the following requirements:

Av =|f1 — fo @)

The system introduces fiber coupling loops to perform multiple frequency shifts on
the pulse continuously, and the frequency shift times and the selective output of the pulse
sequence are controlled by multichannel time synchronization. The frequency shift experi-
mental setup is shown in Figure 3. It consists of a single 1-20 MHz optional frequency shift
loop (increment step is IMHz) and a single 200 MHz fixed positive frequency shift loop. In
order to ensure the orderly operation of the system, we provide six synchronization signals
(CHX) for the system. These signals are input into the corresponding six acousto-optic mod-
ulators (AOMX) with different delays and widths. The delay of the synchronization signal
determines the start time of the acousto-optic switch, and the width of the synchronization
signal determines the duration of the acousto-optic switch.

Under the time domain division of AOM1 and AOM4, the incident pulse pair be-
comes two independent pulses (P; and P;) into the frequency shift loop. They enter
1-20 MHz-AOM and 200 MHz-AOM acousto-optic modulators, respectively, for an inde-
pendent frequency shift. Through system test, the time for P; and P; to pass through the
corresponding frequency shift loop is 100 ns, and the total duration of the frequency shift At
is determined by the synchronization signals CH2 and CHS. Since P and P, immediately
enter the acousto-optic crystal for a primary frequency shift when they just incident into
the loop, the number of cycles of P; and P; is (At/100)—1, and the number of frequency
shifts is At/100. Moreover, 2 x 1/1 x 2 coupler is to form a closed loop in the frequency
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shift process, and its spectral ratio is 50:50. Multiple frequency shifts seriously affect the
stability of the system; therefore, we limit the frequency shifts of pulses to 10 times, and
a sequence of 10 pulses can be observed from the input of AOM3 and AOMS6, which is
shown in Figure 4. The delay and frequency difference between any two adjacent pulses
of sequence are equal. In order to obtain the sub-pulse with an ideal frequency shift, it is
necessary to use the acousto-optic switching function of AOM3 and AOMS to filter the
frequency shift components of the previous times under the control of synchronization
signals CH3 and CH6.
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Figure 3. Optical path diagram of frequency shift loops: (a) 1-20MHz; (b) 200 MHz.
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Figure 4. Schematic diagram of pulse sequence.

The frequency shift variation of the pulse after passing through the frequency shift
loop is as follows:
AvIMHz-20mHz = Af -1 @)
AvyoopmHz = 200-n
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where Af =1,2,3,...,20 MHz is the selected single frequency shift, m=n=1,2,...,10
are the number of frequency shifts of P; and Py, respectively. The frequency difference
between the two pulses after beam combination is as follows:

AV = |Af-m —200-n| (5)

3. Experiment Result

The beat frequency method is used to measure the frequency difference between two
pulses to test the effect of a frequency shift. The width of both pulses is 10 ns. The frequency
differences of 500 MHz, 1 GHz, 1.5 GHz and 2 GHz are tested, respectively, which are
shown in Figure 5.
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Figure 5. 500 MHz interval beat frequency output: (a) 500 MHz; (b) 1 GHz; (c) 1.5 GHz; (d) 2 GHz.

The single increment of the above four frequency shifts is 500 MHz, and the errors
with the ideal frequency shift are 0.22, 0.23, 0.09 and 0.05%, respectively. Finally, the double
frequency shift loops acousto-optic modulation system realizes the maximum 2 GHz
frequency difference of two pulses. In fact, the minimum single frequency shift of the
system is 1 MHz. Limited by the response time of the oscilloscope (Tektronix DSA71254C),
photodetector (Thorlabs-DET08CFC /M) and the interference of the external environment,
it is difficult to completely display the beat frequency result of a small frequency shift for
one cycle, and the frequency shift accuracy of IMHz cannot be observed using the beat
frequency method. Therefore, the frequency shift increment accuracy of 5MHz is verified
in this paper, and the results are shown in Figure 6.
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Figure 6. 5 MHz interval beat frequency output: (a) 580-585 MHz; (b) 585-590 MHz; (c) 590-595 MHz;
(d) 595-600 MHz.

It can be seen that the frequency difference intervals in the four cases are 4.6, 5.41,
5.28 and 5.46 MHz, respectively, and the average incremental error under the condition
of a small frequency shift is 7.8%. Although the accuracy of 1 MHz is not tested, the
single frequency shift of 5 MHZz is still innovative compared with the previous research
on frequency shifter. Finally, we judge the frequency stability by testing the wavelength
change of the system, as shown in Figure 7.
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Figure 7. Schematic diagram of central wavelength drift.

It can be seen that the central wavelength has a small drift, which first increases rapidly
and then tends to be flat. This is because the temperature will not fluctuate significantly
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after the system works for a period of time. The root mean square error (RMSE) of the
central wavelength change is 0.0025. This indicates that the system should work for more
than half an hour before actual operation.

4. Conclusion

This paper introduces a double frequency shift loops acousto-optic modulator with
a controllable output pulse frequency difference. In the design, double LiNbOs5 crystal
reverse cascade technology is used to solve the limitation of crystal size on a single small
frequency shift. With the help of synchronous delay signal with high precision and low
jitter, the orderly operation of the frequency shift loop is ensured. Finally, the maximum
frequency shift difference of the system is 2 GHz, the single frequency shift accuracy is
at least 5 MHz, and the frequency shift error is no more than 8%. This special pulse light
source can not only be used as Stokes seed light for SBS pulse compression, but also has
application potential in the fields of optical fiber sensing, ultrasonic testing, etc.
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