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Abstract: We demonstrate frequency conversion of near visible light using Bragg scatte-
ring four wave mixing in a low-loss (∼ 0.02 dB/cm) silicon nitride waveguide with a Kerr
coefficient of ∼ 7.5 W−1m−1.
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1. Introduction

The ability to network heterogeneous quantum systems through quantum state preserving frequency conversion
could enable new degrees of scalability of linear surface ion traps and other quantum information platforms. [1].
For example, using flexible frequency conversion processes that preserve quantum coherence—such as Bragg
scattering four wave mixing (BSFWM)—one may entangle heterogeneous and/or distant atomic, and photonic
quantum systems. [2].

Bragg scattering four wave mixing is a nonlinear optical process in which the χ(3) polarization current produced
by two strong pump waves (at frequencies ω

(1)
p and ω

(2)
p ) induces coupling between signal and idler waves (ωs and

ωi)—subject to energy conservation (ω(2)
p +ωs =ω

(1)
p +ωi), and phase matching conditions (k(2)p +ks = k(1)p +ki).

This process is characterized by a conversion (η) and system efficiency (F)

η =
4γ2

∆k2 P1P2 ∗ sin2[
∆kz
2

] (1)

F = η exp(−αz) =
4γ2 exp(−αz)

∆k2 P1P2 ∗ sin2[
∆kz
2

], (2)

where γ is the Kerr coefficient of the waveguide system, ∆k is the phase mismatch given by ∆k = k(2)p +ks−k(1)p −
ki, z is the interaction length, α is the loss per unit length, and P1 and P2 are the pump powers. As indicated by
Eq. 2, the system efficiency is degraded by a factor exp(−αz) relative to the intrinsic conversion efficiency η .

2. Results

We demonstrate Bragg scattering four wave mixing in a 1.2 m spiral silicon nitride waveguide (shown in Fig.
1a) with cross sectional dimensions of 1200 nm x 50 nm. We characterize the efficiency η using the nonlinear
heterodyne laser spectroscopy setup depicted in Fig. 1b. Two lasers (labelled Laser A, 830 nm and Laser B,
784.5 nm) are used to generate pump frequencies (ω(1)

p and ω
(2)
p , respectively), as well as a blue- and red-shifted

signal frequencies at ωs = ω
(2)
p ±Ω. We used an electro-optic modulator (EOM) to bidirectionally split laser

B’s frequency by Ω = 60 MHz. These frequencies are coupled through a variable optical attenuator (VOA) (to
modulate on-chip optical power) and into the spiral waveguide. By using an acousto-optic modulator (AOM), a
portion of laser A is frequency shifted by ∆ = 150 MHz, providing a heterodyne reference which allows us to
observe beat notes from the pump lasers (Ω, ∆) and the converted light (∆±Ω). Using a photodetector, electronic
spectrum analyser (ESA), and optical spectrum analyser (OSA) data, we calculated the conversion efficiency η =
I∆−I∆−Ω

I(2)p −I(1)p
.

Figure 1c plots the observed conversion efficiency η as a function of total pump power on-chip, as well as the
theoretical trend which shows best agreement for a Kerr coefficient of γ = 7.5 W−1m−1. At a maximum of 0.6
mW on chip, we observe an efficiency of ∼ 2× 10−6. Through visible light scattering measurements [4] within
the 1.2 m spiral waveguide, we also characterize the linear loss of this waveguide system between the wavelengths
of 721 nm and 940 nm (Fig. 1a). We find that over the wavelength range of interest, the waveguide exhibits an
exceptionally low loss of < 0.02 dB/cm. Using this propagation loss, and conversion efficiency we calculated a
total system efficiency of ∼ 10−6 at 0.6 mW on-chip power.



Fig. 1. a) Image of light coupled into the spiral waveguide. b) Experimental setup: we coupled laser
A light (pump 1), laser B light (pump 2), and EOM (with frequency Ω) laser B light (signals) into
a VOA. The output of the VOA is coupled into a photonic integrated circuit (PIC) containing a
1.2m spiral waveguide. Throughout this waveguide, BSFWM converts EOM laser B light (signals)
to frequencies Ω from laser A light (idlers). The output of this PIC was coupled with AOM laser
A light. This light is collected by an OSA, and a heterodyne detector (measured by an ESA). c) By
modulating the attenuation of the VOA, we modulated on-chip power, and measured the conversion
efficiency. This allows us to estimate the system’s Kerr coefficient.

3. Discussion

Utilizing a 1.2 m long waveguide with low on-chip pump power (∼ 0.6 mW) allows us to characterize an esti-
mated conversion efficiency for high on-chip power. At higher on-chip power this frequency conversion can occur
with higher efficiency over shorter waveguide lengths, making this technique more practical for integration with
additional photonic and quantum micro-systems. The conversion efficiency of this non-resonant system is limited
only by optical propagation loss and optical power damage threshold. We expect that this ultra-low loss silicon
nitride platform may provide a route to near unity system efficiency utilizing improved fiber to chip coupling,
higher pump powers, and pulsed operation. We calculate that with the current waveguide, we may achieve near
unity system efficiency in as little as ∼ 11 cm at 1 W of on-chip pump power. This projected system efficiency
compares favorably to demonstrations in resonant structures [5] but has the bandwidth advantages and flexibility
inherent to linear (non-resonant) devices.

4. Funding

This material is based upon work supported by the Laboratory Directed Research and Development program at
Sandia National Laboratories. Sandia National Laboratories is a multi-mission laboratory managed and operated
by National Technology and Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of Honeywell
International Inc., for the U.S. Department of Energy’s National Nuclear Security Administration under Contract
No. DE- NA0003525. Any subjective views or opinions that might be expressed in the abstract do not necessarily
represent the views of the U.S. Department of Energy or the United States Government.

References

1. Monroe, Christopher and Kim, Jungsang, Scaling the ion trap quantum processor (Science, 2013).
2. Matsukevich, DN and Maunz, Peter and Moehring, David L and Olmschenk, Steven and Monroe, Chris, Bell inequality

violation with two remote atomic qubits (Physical Review Letters, 2008).
3. Otterstrom, Nils T and Gertler, Shai and Kittlaus, Eric A and Gehl, Michael and Starbuck, Andrew L and Dallo,

Christina M and Pomerene, Andrew T and Trotter, Douglas C and Rakich, Peter T and Davids, Paul S, Nonreciprocal
Frequency Domain Beam Splitter (Physical Review Letters, 2021).

4. Okamura, Yasuyuki and Yoshinaka, Shinji and Yamamoto, Sadahiko, Measuring mode propagation losses of integrated
optical waveguides: a simple method (Applied Optics, 1983).

5. Li, Qing and Davanco, Marcelo I and Srinivasan, Kartik, Efficient single-photon-level quantum frequency conversion
on a silicon nanophotonic chip (CLEO: QELS Fundamental Science, 2015).


