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Utilizing Nonlinearity in a Superconducting NbN
Stripline Resonator for Radiation Detection

Eran Segev, Baleegh Abdo, Oleg Shtempluck, and Eyal Buks

Abstract—We study a microwave superconducting stripline res-
onator made of NbN on a sapphire substrate. A radiation detector
(RD) having a thin meander shape is integrated into the resonator.
We harness an extremely strong nonlinear instability occurring in
the device in order to enhance its sensitivity to infrared radiation
impinging on the RD. Characterization measurements yield a noise
equivalent power of 34 fW Hz at a modulation frequency of
7.74 GHz. Such a device may be exploited for fast and sensitive ra-
diation detection.

I. INTRODUCTION

ULTRA-FAST and sensitive radiation detection is a key
enabling element in various fields of research, such as

biofluorescence detection, quantum cryptography and more.
Detectors based on a thin layer of superconducting NbN are
widely employed, due to their superior characteristics in terms
of quantum efficiency and dark counts [1]. Switching time in
superconductors is usually limited by the relaxation process
of high-energy quasi-particles, also called ’hot-electrons’,
giving their energy to the lattice, and recombining to form
Cooper pairs. Recent experiments with NbN photodetectors
have demonstrated an intrinsic switching time on the order
of 30 ps and a counting rate exceeding 2 GHz (see [1] and
references therein). An on-going effort is put on improving the
performances of these sensors by further increasing quantum
efficiency and reducing the rate of dark counts [2].

We employ a novel configuration in which a radiation de-
tector (RD) is implemented as an integrated part of a microwave
superconducting NbN stripline resonator. Absorption of radia-
tion by the RD results in a detectable shift in the resonance fre-
quency of the resonator and a modified damping rate. Quasi-
static resonance frequency shift by optical radiation [3]–[5], or
high-energy particles [6], [7] was already demonstrated in su-
perconducting resonators. Resonance frequency tuning [8] and
switching [9] as well as optical and microwave signal mixing
[10], [11] were demonstrated in normal-conducting GaAs mi-
crostrip ring resonators. In a previous publication [12] we have
studied the response of our device to infrared (IR) illumination
impinging on the RD. To characterize the response time of the
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system we have modulated the impinging optical power with
a varying frequency and measured the response of the device
as a function of the modulation frequency and the illumination
intensity. The device has shown an ultra-fast and sensitive re-
sponse to such an excitation in a narrow band around twice the
modulation frequency [13].

In another recent study we have reported on several extreme
nonlinear phenomena that have been found in our devices. In
these experiments a monochromatic pump tone, at a frequency
close to one of the resonance frequencies, is injected into the
resonator and the reflected power off the resonator is measured.
We have discovered that there is a certain zone in the pump
frequency - pump amplitude plane, in which a novel self-sus-
tained modulation (SM) of the reflected power occurs [14]. The
modulation frequency varies between several to tenth of mega-
hertz. According to a theoretical model, the SM originates from
a thermal instability in the RD [15]. Near the onset of the SM
phenomenon the device exhibits a chaotic like behavior and is
characterized by a strong nonlinear behavior [16]. Intermodula-
tion (IM) characterization performed in this zone yields an ex-
tremely high gain (about 30dB), which is accompanied by a very
strong noise squeezing (about 45dB squeezing factor) and pe-
riod doubling of various orders [16].

In this work we investigate the correlation between the
response of the device to power-modulated IR light and the
SM and IM phenomena. We find that the strong responsitivity
occurs near the power threshold of the SM, where the device
also exhibits the strong IM gain. Our novel radiation detector
may have some important applications in both basic science
and technology. It may be exploited to demonstrate some
important quantum phenomena in the microwave region, such
as experimental observation of the so called dynamical Casimir
effect [13], [17]. These effects may also allow some intriguing
technological applications such as sensitive radiation sensing,
single photon detection [6] and more.

This paper is organized as follows. First a brief overview
of the device and the experimental setup is given. Then the
fundamental SM phenomenon and the accompanying IM phe-
nomenon are described. Finally the response of the device to a
power-modulated IR illumination is demonstrated and its corre-
lation to the abovementioned phenomena is emphasized.

II. CIRCUIT DESIGN AND EXPERIMENTAL SETUP

The experimental setup is schematically depicted in Fig. (1a).
The resonator is stimulated with a monochromatic pump tone at
frequency , which coincides with the second
resonance frequency of the resonator, and the reflected power off
the resonator is amplified at room temperature and measured
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Fig. 1. (a) Measurement setup. (b) A simplified circuit layout of the resonator.
((c) and (d)) Optical microscope images showing the meander-shaped RD.

using a spectrum analyser (SA). In addition, a second synthe-
sizer, phased-locked with the first one, having a frequency ,
may be used to stimulate the resonator with another monochro-
matic microwave tone. Alternatively, it may be used to drive a
Mach-Zender modulator, which modulates the power of an IR
laser light (wavelength 1550 nm) guided to the RD using a fiber
optic cable. All measurements are carried out while the device
is fully immersed in liquid Helium.

The resonator is designed to allow fast modulation of its res-
onance frequencies by external or internal (Joule self-heating)
perturbations [12], and takes advantage of recent progress in
the field of superconducting single photon detectors. A simpli-
fied circuit layout of the device is illustrated in Fig. (1b). The
resonator is designed as a stripline ring, having a characteristic
impedance of 50 . It is composed of 8-nm-think NbN film on a
sapphire wafer. The first few resonance frequencies fall within
the range of 2–8 GHz. A feedline, weakly coupled to the res-
onator, is employed for delivering the input and output signals.
A RD is integrated into the structure of the ring. Its angular loca-
tion (Fig. (1b)), relative to the feedline coupling location, maxi-
mizes the RF current amplitude flowing through it in one of the
resonance modes, and thus maximizes its coupling to that mode.
The RD has meander shape geometry (Fig. (1d)) that consists of
nine strips. Each strip has a characteristic area of m
and the strips are separated one from another by approximately
0.25 m [18]. Further design considerations, fabrication details
as well as calculation of normal modes can be found elsewhere
[12].

We employ the following detection method. An optical signal
impinging on the RD generates a hotspot, which is basically a
small island of normal-conducting area, with a relatively high
temperature, surrounded by a superconducting domain [19]. If
the RD is biased into sub-critical conditions then the hotspot
further expends and consequently the impedance of the RD is
substantially modified [20]. Due to the strong coupling between
the RD and the open ring stripline this results in an easily-de-
tectable resonance shift [6]. Subsequently, the excess heat is
quickly transferred to the substrate and the device relaxes back
to its original state.

III. EXPERIMENTAL RESULTS

The SM phenomenon occurs in a certain zone in the
plane, where is the input power. In that zone the

resonator exhibits no steady state response. A detailed experi-
mental study of the SM, as well as a theoretical model which

Fig. 2. (a) IM Idler gain as a function of the input Pump and input Signal
powers. (b) Typical SM measurement, showing the reflected power off the res-
onator as a function of the measured frequency and the pump power. Reflected
power values below �100 dBm and above �50 dBm are truncated to improve
visibility.

attributes this effect to a thermal instability in the RD, are elab-
orated elsewhere [14], [15]. Here we only briefly describe the
dependence of the SM on the stimulating pump power. Fig. (2b)
shows typical experimental results of the SM phenomenon in the
frequency domain. It plots a color map of the reflected power off
the resonator as a function of the input pump power and
the measured SA frequency, centralized on the resonance fre-
quency , while the resonator
is stimulated with a single monochromatic tone at

. Outside a certain range of input pump powers
the behavior of the res-

onator is linear, namely, the power reflected off the resonator
contains a single spectral component at the frequency of the
stimulating pump tone. On the other hand, inside this power
range regular SM of the power reflected off the resonator oc-
curs. It is realized by rather pronounce and equally spaced side-
bands, which extend at both sides of the resonance frequency.
The SM frequency, which is defined as the frequency differ-
ence between the pump and the primary sidebands on both sides
of the pump frequency, increases as the pump power increases,
and varies in the range of 5–25 MHz [15]. At the lower power
threshold, where the SM starts, the resonator’s response desists
being linear and experiences a strong amplification of the noise
floor (noise rise) over a rather large frequency band, especially
around the resonance frequency itself. This noise rise can be ex-
plained in terms of nonlinear dynamics theory, as it predicts the
occurrence of strong noise amplification near a threshold of in-
stability [21]. The expected amplification is linearly unbounded
and saturates only due to nonlinear terms of higher order [22].

Several additional nonlinear phenomena, such as IM, phase
sensitive deamplification and period doubling of various orders
manifest at the lower SM power threshold [16]. The IM, which is
herein briefly described, reveals a powerful amplification mech-
anism. IM, as measured in our devices, is the result of two un-
equal tones, called Pump and Signal, being mixed together by
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Fig. 3. Measured response of the resonator to a modulated IR illumination at
a modulation frequency f � 7:74 GHz.

the nonlinear system, which produces additional tones at fre-
quencies that are linear combinations (integer multiples) of both
[23]. The Pump and Signal tones have closely spaced frequen-
cies and , where
is much smaller than the resonance bandwidth. The largest IM
products appear as a result of a third order IM mixing since
usually, the second order mixing products do not coincide with
any natural resonance frequency of the resonator [24]. The third
order mixing produces are two tones, known as Signal and Idler.
The frequency of the former coincides with the input Signal fre-
quency and the Idler is measured at frequency

. Theory predicts that, as the input pump tone drives the res-
onator to the edge of instability, both the Signal and the Idler
tones undergo equally large amplification [25].

The strength of the IM nonlinearity can be qualitatively char-
acterized by calculating the Idler gain, defined as the ratio be-
tween the output power of the Idler component and the input
Signal power. Fig. (2a) shows this characterization, as was mea-
sured simultaneously with the SM measurement presented in
Fig. (2b). The area of strong amplification is indicated by bright
shaded colors, where a maximum amplification of 8.5 dB is
measured. The strong amplification is measured at the lower
SM power threshold and thus indicates the strong correlation
between the two phenomena. To emphasize the strength of the
amplification we note that usually, no amplification greater than
unity (0 dB) is achieved in IM measurements with supercon-
ducting resonators [24], [25].

Fig. 3 shows typical detection response of our device to a
power-modulated IR illumination as a function of the driving
microwave pump power. The device is stimulated with a single
monochromatic pump tone at and the reflected
power is measured. In addition the RD is illuminated by a
power-modulated IR light, having an average power of 21 pW,
and a modulation frequency at slightly above twice the pump
frequency , where .
As was explained above, the power-modulated IR illumination
causes a parametric excitation of the driven mode. Conse-
quently a mixing between the optical signal and the microwave

Fig. 4. (a) Measured response to power-modulated IR illumination normalized
by the noise floor. (b) SM measurement. Reflected power values below �95
dBm and above �45 dBm are truncated to improve visibility.

pump tone occurs [26], which results in new spectral compo-
nents at frequencies which are linear combinations of
and . The reflected power at the measured frequency band
shows five such distinguished tones. The strongest one, labeled
as , is the reflected spectral component at the frequency of
the stimulating pump tone . The other four tones are
found at frequencies . For example, and

tones results from second and forth
order mixing respectively. Although

the amplitudes of the mixing products of higher orders are
relatively low, their presence implies the strength of the non-
linearity. One clearly notes that strong detection only occurs
in a well defined power range of the pump tone. At this power
range the detected signal as well as the input noise are being
amplified, but the signal to noise ratio is well above unity.

Fig. (4a) plots the power of the tone above the surrounding
noise floor, as a function of the optical illumination power and
the microwave pump power. High sensitivity is indicated by
bright shaded colors. We define the NEP as the lowest possible
illumination power in which the tone can be distinguished
from the surrounding noise floor. The illumination power em-
ployed in this measurement ranges between 50–250 fW, where
the measured noise equivalent power (NEP) is 34 . In
order to test the correlation between the response of the device to
IR illumination and the abovementioned nonlinear phenomena a
simultaneous SM measurement is shown in Fig. (4b). This mea-
surement result is similar but not identical to the one shown in
Fig. (2b), as the two measurements were taken during different
cooldown cycles. The comparison between the two panels of
Fig. 4 shows that the response of the device to IR illumination is
correlated to the SM phenomenon. As expected high sensitivity
is achieved slightly below the first SM power threshold, where
the RD is biased to sub-critical conditions, and consequently
its sensitivity to external perturbations is relatively high. More-
over, the relatively fast response, which is demonstrated in this
measurement, indicates that thermal relaxation time in the RD
is relatively short [1].
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IV. CONCLUSION

Our device exhibits an extreme nonlinear behavior, which
is the result of a carefully designed integration between a su-
perconducting resonator and a thin and narrow meander RD.
We show that when the resonator is driven to the edge of in-
stability it experiences a strong enhancement in its response to
a power-modulated monochromatic IR illumination impinging
on the meander strip. A NEP of 34 is measured in a
narrow band around a modulation frequency of 7.74 GHz.
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