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Fig. 1. (a) Single-node microwave photonic elastic scatter-
ing equivalent circuit model, with the black box represent-
ing the scatterer; (b) the usual microwave scattering two-

port networks model.
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Fig. 2. (a) Schematic diagram of the equivalent circuit mod-
el of a linear LC loop embedded in series in an infinitely
long transmission line; (b) the reflection and transmission
spectra of microwave photons elastically scattered by the
series-embedded linear LC loop, with the inset showing the
corresponding phase shift spectrum. Here, the relevant

parameters are set as Zo/Zic = 10.
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Fig. 3. (a) Schematic diagram of the equivalent circuit mod-
el of a linear LC loop parallelly embedded in an infinitely
long transmission line; (b) the reflection and transmission
spectra of microwave photons elastically scattered by the
parallel-embedded linear LC loop, with the inset showing
the corresponding phase shift spectrum. Here, the relevant
parameters are set as Zo/Zic = 10.
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Fig. 4. Schematic diagrams of different embedded equival-
ent circuit models of a single Josephson junction as the

scatterer: (a) Series embedding; (b) parallel embedding.
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Fig. 5. Transmission spectra of microwave photons elastic-
ally scattered by a Josephson junction with different em-
bedded models.
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Fig. 6. Physical image of the device with a Josephson junction embedded in a coplanar waveguide transmission/?®
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l: (a) Physical im-

age of the device circuit, with the Josephson junction marked by the red box; (b) the magnified microscopic image of the red box

area; (c) the magnified scanning electron microscope image of the orange box area, where the junction area is 1.26 pm?
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Fig. 7. Scattering characteristics of microwave photons by a
single Josephson junction embedded in a coplanar wave-
guide transmission line®. In inset (a), the red curve repres-
ents the experimentally measured transmission spectrum of
microwave photons formed by the Josephson junction. Spe-
cifically, it is the magnified image within the black box.
The black curve, on the other hand, represents the theoret-
ical analysis results based on the model where the Joseph-
son junction is embedded in parallel. Inset (b) shows the
corresponding phase - shift spectrum of inset (a).
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mission line, wherein the purple refers to its flux bias.
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Abstract

Elastic scattering is one of the useful methods to control the transmission behaviors of microwave photons
transporting in microwave quantum networks without energy consumption. Therefore, it is of practical
significance for developing microwave quantum devices and constructing multi-node microwave quantum
networks. The transmission line embedded by a single Josephson junction can be described by different circuit
models (series and parallel). In this work, we first theoretically analyze the transmission characteristics of
microwave photons scattered by different elastic scattering models described by series or parallel embedding
models, generated by a single LC loop or a nonlinear Josephson junction device, respectively. The classical
microwave transport theory predicts that the series LC loop and the parallel LC loop lead to different elastic
scattering behaviors of microwave photons, i.e. the series LC circuit yields the resonant reflection and the
parallel LC circuit leads alternatively to the resonant transmission. Recently, the transport properties of
microwave photons scattered by a Josephson junction embedded in a transmission line have been discussed, and
the results suggested that the Josephson junction embedded in the transmission line can be described by a series
embedding circuit, which implies the resonant reflection. We argue here that if the Josephson junction is
embedded in parallel in the transmission line, the elastically scattered microwave photons should be transmitted
by resonant transmission. In order to test which of the above two different embedding circuit models yielding
the completely different elastic scattering behaviors, is physically correct, we then fabricate such a device, i.e. a
single Joseph junction device embedded in a transmission line, and measure its elastic scattering transmission
coefficient at an extremely low temperature. The results are consistent with the expected effect of the parallel
embedding circuit model, but inconsistent with the behaviors predicted by the series embedding circuit model in
the literature. According to the above theoretical and experimental analyses of the elastic scattering of a single
Josephson junction device, we further propose a scheme to control the elastic scattering behavior of microwave
photons by modulating a DC superconducting quantum interference device with a bypass current, which can be

applied to the construction of a microwave quantum network based on elastic scattering node controls.

Keywords: elastic scattering, microwave photons, Josephson junction, superconducting quantum interference
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