16

Department of Applied Physics

Towards calorimetric
detection of individual
itinerant microwave
photons
Joonas Govenius

DOCTORAL
DISSERTATIONS

Aalto University publication series
DOCTORAL DISSERTATIONS 179/2016

Towards calorimetric detection of
individual itinerant microwave
photons
Joonas Govenius

A doctoral dissertation completed for the degree of Doctor of
Science (Technology) to be defended, with the permission of the
Aalto University School of Science, at a public examination held in
lecture hall D (Otakaari 1, Espoo) of the school on the 30th of
September 2016 at one o'clock.

Aalto University
School of Science
Department of Applied Physics
Quantum Computing and Devices

Supervising professor
Prof. Matti Kaivola
Thesis advisor
Doc. Mikko Möttönen
Preliminary examiners
Prof. Stafford Withington, University of Cambridge, UK
Dr. Kunihiro Inomata, RIKEN Center for Emergent Matter Science, Japan
Opponent
Dr. Joel N. Ullom, National Institute of Standards and Technology, USA

Aalto University publication series
DOCTORAL DISSERTATIONS 179/2016
© Joonas Govenius
ISBN 978-952-60-7002-5 (printed)
ISBN 978-952-60-7001-8 (pdf)
ISSN-L 1799-4934
ISSN 1799-4934 (printed)
ISSN 1799-4942 (pdf)
http://urn.fi/URN:ISBN:978-952-60-7001-8
Unigrafia Oy
Helsinki 2016
Finland
Publication orders (printed book):
joonas.govenius@gmail.com

Abstract
Aalto University, P.O. Box 11000, FI-00076 Aalto www.aalto.fi

Author
Joonas Govenius
Name of the doctoral dissertation
Towards calorimetric detection of individual itinerant microwave photons
Publisher School of Science
Unit Department of Applied Physics
Series Aalto University publication series DOCTORAL DISSERTATIONS 179/2016
Field of research Applied Physics
Manuscript submitted 13 June 2016

Date of the defence 30 September 2016
Permission to publish granted (date) 19 August 2016
Language English
Monograph

Article dissertation

Essay dissertation

Abstract
This dissertation focuses on the development of a new type of thermal microwave photodetector based on superconductor–normal-metal–superconductor (SNS) junctions.
We motivate the development of the detector mainly by microwave quantum optics applications in the context of superconducting qubits coupled to microwave transmission lines and
resonators, i.e., in the context of circuit quantum electrodynamics (cQED). In cQED, singlephoton microwave pulses naturally arise as a results of a qubit exchanging its excitation with
a transmission line. While immense progress has been achieved in cQED in general, and in
linear microwave ampliﬁcation in particular, the challenge of developing an efﬁcient and
practical detector for single itinerant photons remains open, mostly due to the exceedingly
small energy of individual microwave photons. This prevents microwave implementations of
a certain class of quantum optical protocols, including the parity measurement protocol
proposed in this dissertation.
The core of this dissertation is dedicated to introducing our detector design, discussing the
thermal properties of the detector in detail, and demonstrating the operation of the detector in
a time-gated threshold detection mode. In particular, we demonstrate threshold detection of
coherent 8.4 GHz microwave pulses containing roughly 200 photons, or 1.1 zJ of energy. Compared to other thermal detectors, this is an order of magnitude improvement in the energy of
the detected pulses.
In addition, we characterize the linear response of the SNS junctions as separate components.
That is, we embed the junctions in a microwave circuit that is speciﬁcally designed to allow
determining the electrical admittance of the SNS junctions from the response of the circuit as
a whole.

Keywords microwave, photodetection, calorimetric, SNS
ISBN (printed) 978-952-60-7002-5
ISBN (pdf) 978-952-60-7001-8
ISSN-L 1799-4934
Location of publisher Helsinki
Pages 112

ISSN (printed) 1799-4934
ISSN (pdf) 1799-4942
Location of printing Helsinki Year 2016
urn http://urn.ﬁ/URN:ISBN:978-952-60-7001-8

Tiivistelmä
Aalto-yliopisto, PL 11000, 00076 Aalto www.aalto.fi

Tekijä
Joonas Govenius
Väitöskirjan nimi
Kohti yksittäisten vapaiden mikroaaltofotonien kalorimetristä mittausta
Julkaisija Perustieteiden korkeakoulu
Yksikkö Teknillisen fysiikan laitos
Sarja Aalto University publication series DOCTORAL DISSERTATIONS 179/2016
Tutkimusala Teknillinen fysiikka
Käsikirjoituksen pvm 13.06.2016
Julkaisuluvan myöntämispäivä 19.08.2016
Monografia

Artikkeliväitöskirja

Väitöspäivä 30.09.2016
Kieli Englanti
Esseeväitöskirja

Tiivistelmä
Tämä väitöskirja keskittyy uudentyyppisen mikroaaltofotoni-ilmaisimen kehitykseen. Ilmaisin perustuu suprajohde–normaalimetalli–suprajohde-liitoksiin (SNS).
Ilmaisin on suunnattu lähinnä mikroaaltotaajuuksilla tapahtuviin kvanttioptiikan sovellutuksiin, joissa suprajohtavat kvanttibitit (eli kubitit) kytketään mikroaaltosiirtolinjoihin. Tällaisissa niin sanotuissa piirikvanttisähködynamiikan kokeissa yhden fotonin mikroaaltopulsseja
syntyy luonnollisesti virittyneen kubitin luovuttaessa energiansa mikroaaltosiirtolinjaan.
Yhden fotonin liikkuvia mikroaaltopulsseja ei kuitenkaan kyetä havaitsemaan tehokkaasti
nykyään käytössä olevalla tekniikalla, lähinnä yksittäisten mikroaaltofotonien häviävän pienen
energian vuoksi. Tämä siitäkin huolimatta, että lineaariset vahvistimet, joita useimmiten
käytetään mikroaaltomittauksissa, ovat kehittyneet viime vuosina vahvasti. Ilman yksifotoniilmaisia eräitä kvanttioptiikan menetelmiä ei voida kuitenkaan hyödyntää, mukaan lukien
pariteettimittausmenetelmä, jota ehdotetaan tässä väitöskirjassa.
Väitöskirjan keskeisimmässä osassa esitetään ilmaisimen toimintaperiaate ja tärkeimmät
termodynaamiset ominaisuudet sekä tutkitaan kuinka heikkoja mikroaaltopulsseja ilmaisin
kykenee havaitsemaan. Jos pulssin saapumisaika tiedetään, ilmaisimen laukeamiseen riittää
noin 200 fotonin koherentti 8.4 GHz:n pulssi, eli 1.1 zJ:a energiaa. Tämä on kertaluokkaa pienempi energia kuin mitä aiemmin on kyetty havaitsemaan lämpötilamuutoksen mittaamiseen
perustuvilla tekniikoilla.
Lisäksi väitöskirjassa tutkitaan SNS-liitosten sähköistä lineaarivastetta erillään ilmaisimesta.
Määrittämme liitosten admittanssin mittaamalla SNS-liitokset osana piiriä, joka on tätä tarkoitusta varten suunniteltu ja jonka ominaisuudet tunnemme ennalta tarkasti.

Avainsanat mikroaalto, fotoni, ilmaisin, kalorimetrinen, SNS
ISBN (painettu) 978-952-60-7002-5
ISBN (pdf) 978-952-60-7001-8
ISSN-L 1799-4934
Julkaisupaikka Helsinki

ISSN (painettu) 1799-4934
Painopaikka Helsinki

ISSN (pdf) 1799-4942
Vuosi 2016

Sivumäärä 112

urn http://urn.ﬁ/URN:ISBN:978-952-60-7001-8

Preface

I started the journey that led to this dissertation in February 2012, which
is when I joined the group of Doc. Mikko Möttönen at the Department of
Applied Physics under the official supervision of Prof. Matti Kaivola. Essentially all experiments presented here were carried out in the lab established by Mikko right around the time I started. Although being the first
graduate student in a new experimental lab poses many time-consuming
challenges, I am grateful to Mikko for giving me the opportunity to be
intimately involved in the design and construction of a new lab, and for
arranging the financial resources for doing so. Compared to my memory
of a room that was essentially empty back in 2012, I feel truly proud looking at the lab now, packed from corner to corner with three independent
experimental setups and countless custom designed components. I would
also like to thank both Mikko and Prof. Kaivola for always having their
doors open and being available for discussion, despite their busy schedules. I wish to thank Prof. Kaivola for our collaboration on teaching as
well.
The results presented here would not have been achieved without my coauthors and colleagues. I would like to first thank Dr. Kuan Yen Tan, who
has been an essential force in the lab in all things experimental. Starting
from my first visit in 2011 all the way to the present day, Kuan has been
my tutor in the cleanroom, a tireless problem solver in the lab, and a coauthor on all the experimental publications presented in this dissertation.
The role of Dr. Russell Lake has been at least equally crucial. Russell
joined the lab shortly after me and since then we have worked mostly on
the same projects, the two of us occupying the first two author positions
on all three experimental publications in this thesis. I especially appreciate the hours that Russell has put into the systematic development and
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characterization of our processes and samples. That has been particularly
important in our hectic environment where shortcuts are all too tempting.
Matti Partanen and Dr. Tuomo Tanttu have also been extremely helpful
in the lab and have never said no if I needed something. I would also
like thank Dr. Yuichiro Matsuzaki, Dr. Ivan Savenko, Dr. Ville Pietilä,
Dr. Pauli Virtanen, Prof. Ilari Maasilta, Juhani Julin, Roope Kokkoniemi,
and Leif Grönberg, who have all contributed to the work included in this
dissertation. Many people have also helped me with the day-to-day issues of an experimentalist including—but not limited to—Doc. Matthias
Meschke, Dr. Timothé Faivre, Anna Feshchenko, Dr. Olli-Pentti Saira,
Erkki Halonen, and Paula Kettula. I also had the pleasure of having
intense scientific discussions with Dr. Simone Gasparinetti. Finally, I
would like to thank both past and present members of our group who
have kept the spirits of the group high and have shared their insights on
a diverse range of topics. In addition to the people already mentioned,
this includes at least Dr. Pekko Kuopanportti, Dr. Emmi Ruokokoski, Dr.
Harri Mäkelä, Dr. Jukka Huhtamäki, Dr. Philip Jones, Dr. Juha Salmilehto, Dr. Elsi-Mari Laine, Dr. Shumpei Masuda, Máté Jenei, Konstantin
Tiurev, Tuomas Ollikainen and all the talented students that I have had
the pleasure to advice.
I would also like to express my gratitude to all of my teachers and scientific mentors from the past. The foundations for my education were, of
course, laid by my parents and highly-qualified school teachers, including Petri Vornanen as well as Ulla and Kalevi Hanhinen, who created
an environment with an unquestionable sense of safety where questions,
skepticism, and disagreement at the intellectual level were encouraged.
These qualities persist, as I would assume Mikko and my other colleagues
can verify. Later on, I was lucky to be taught physics and math by Kaija
Heiskanen, Reino Pärkinen, Chris Hamper, and Kip Sumner, who were
all excellent teachers for a top student. At university, both at Princeton
and ETH, the vast majority of my professors were dedicated and skilled
teachers. I can only explicitly thank my main mentors: Prof. Andrew
Houck, Prof. Andreas Wallraff, Dr. Christopher Eichler, Prof. Anthony
Hoffman, Dr. Srikanth Srinivasan, and Prof. Christopher Laumann, who
all dedicated immense amounts of their time to helping me learn both
the theoretical and experimental foundations of circuit QED and various
other topics connected to quantum information and nanoelectronics. I
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also learned at least as much from working on problems together with
my friends, especially Michał Koszycki and Dr. Michael Gelbart, but also
many others.
I would not be here without my family and friends either. My parents, as
well as my sister and brother, have supported me unconditionally as long
as I can remember. In fact, I would attribute much of my passion for science and technology to an early exposure to computers through my father
and brother. For several years now, I have had the pleasure to share my
home with Julia, who has been extremely supportive of my doctoral studies, but has also been important in balancing my life as a whole. Friends
have also had an important role in that, during the doctoral studies especially Lauri, Tuomo, Jussi, Tommi, Mikko, Samuli, Ana, and Hajja, as
well as all the collegues already mentioned.
Finally, I would like to thank the people and the foundations that have
supported me financially, either personally or through supporting science
in general. For the doctoral studies, I received a large personal grant
from the Emil Aaltonen Foundation. For my earlier studies, I received
large grants from the Finnish Cultural Foundation and the Davis United
World College Scholars Program.

Helsinki, September 1, 2016,

Joonas Govenius
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1. Introduction

Microwave signals are widely utilized as information carriers both in commercial products and in research, with applications ranging from mobile phones to cutting-edge superconducting qubit research [1]. However,
the receiver in the vast majority of these applications measures the microwaves using so called linear amplifiers [2], which amplify the voltage
produced by a microwave pulse. This is in contrast to photodetection, i.e.,
measurement of the quantized energy contained in a pulse of electromagnetic radiation, which is ubiquitous at visible wavelengths. In the classical limit of strong coherent microwave signals, linear amplification is indeed natural and, in fact, more powerful than photodetection in the sense
that one can compute the energy from the voltage but not vice versa. However, at the quantum level such a hierarchy does not exist. Photodetection
and linear amplification correspond to measurements of non-commuting
observables so, in general, neither type of detector can be exchanged for
the other.1 This is the fundamental motivation for the main goal of the
work presented in this dissertation: developing a high-fidelity detector
for itinerant microwave photons, primarily for use in microwave quantum
optics applications.
The need for photodetection, as opposed to linear amplification, naturally arises in experiments that call for feedback control conditioned on
the measurement of non-classical radiation pulses that encode information in the lowest Fock states, as opposed to coherent states. Such single or few-photon pulses are generated in a number of protocols originally designed for the visible frequencies: for example, in protocols for
entangling stationary qubits separated by macroscopic distances [3–5], in
1 The observables are â† â for photodetection and â ± â† for linear amplification,

where â is the lowering operator of the measured mode. See Chapter 2 for details.
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linear-optics quantum computation using itinerant photons [6], as well
as in a number of hybrid proposals incorporating a mixture of stationary
qubits and itinerant photons [7]. However, photodetection can also be essential in setups that only generate coherent states, or superpositions of
a few coherent states. Examples include reversing measurement-induced
qubit dephasing [8] and certain protocols for parity measurement of remote qubits [9], as discussed in detail in Publication I. In these cases,
feedback conditioned on photodetection can be generally understood as a
quantum eraser [10] of the information encoded in the phase of a coherent state. In contrast, linear amplification would be an effective tool for
measuring, rather than erasing, that information.
Note that the distinction between photodetection and linear amplification is often less important in ensemble-averaged2 experiments without
feedback. For example, photon antibunching and the Hong-Ou-Mandel
effect, which require extracting temporal correlations between photons,
have been demonstrated in the microwave regime using linear amplifiers
[11–13]. However, the number of repetitions required for the ensemble average tends to grow exponentially with the order of the correlation function to be measured [11]. Therefore, this approach cannot replace feedback conditioned on photodetection in complex tasks, such as linear-optics
quantum computation.
What are the characteristics of a good photodetector for microwave quantum optics, i.e., for circuit quantum electrodynamics (cQED) [1, 14, 15]?
First, the detector should efficiently detect individual photons of frequency
comparable to typical qubit frequencies, i.e., roughly 10 GHz or less. The
photon energy is therefore five orders of magnitude below that of typical visible photons, which are routinely detected using commercial singlephoton detectors. Second, the detector should detect itinerant photons,
i.e., unconfined photons propagating in a transmission line. Individual
microwave photons confined to a resonator have been measured [16, 17].
Third, the dark count rate should be low. Fourth, the detector should
detect incoming photons over a broad bandwidth, at least exceeding the
typical linewidths in cQED (> 10 MHz). Fifth, the detector needs to produce a strong output signal for each detection event quickly. The delay
must be much shorter than typical coherence times in cQED (> 100 µs) so
2 In this context, ensemble averaging usually refers to repeating the same exper-

iment many times over time, rather than many copies in space.
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that feedback control can be applied to the measured system before it relaxes back to its average state. For many applications, the detector should
also have good time resolution in the sense that the output should reveal
the precise arrival time of each photon. Ideally, the detector should also
be number-resolving in the sense that two photons arriving in quick succession should be distinguishable from a single photon, i.e., there should
be no dead time after a detection event.
On the positive side, cQED setups are almost invariably cooled to temperatures below 50 mK so the detector can be designed for millikelvin
temperatures as well. A large dynamic range is also not crucial for many
applications in cQED and antenna coupling to off-chip radiation sources
is generally not required. Nevertheless, the requirements listed above are
so stringent that so far no photodetector, including ours, has satisfied all
of them.
While cQED provides the main motivation for our microwave photodetector, the basic technology may be applied to other fields as well. In particular, it should be possible to couple our detector to a THz antenna. Improved radiation sensors are needed for bringing space-based THz spectroscopy to the limit set by the cosmic background radiation [18, 19]. The
technology may also be applicable to cryogenic commercial THz cameras.
Yet another potential application is in the search for dark matter in the
form of light axions, which are predicted to decay into microwave photons
at high magnetic fields [20]. This dissertation, however, does not focus
on these applications as they have requirements for the frequency range,
speed, dynamic range, and quantum efficiency of the detector that are
distinct from the requirements for quantum optics applications.
How do we go about constructing a microwave photodetector? There
are two main approaches, which we call the thermal and qubit-based approaches. We pursue the thermal approach, in which an incoming photon
raises the temperature of an absorber, and the detector then transduces
the temperature change into an electrical output signal. Such thermal detectors have a long history in calorimetric3 detection of high-energy photons and other particles [21, 22], and are routinely used as bolometers in
spectrometers, e.g., in mapping the cosmic microwave background [23].
3 The terms bolometer and calorimeter are often used interchangeably in the lit-

erature. However, sometimes a calorimeter refers specifically to a detector that is
fast enough for resolving the energy deposited in an individual absorption event.
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Arguably the most mature thermal detectors optimized for extreme sensitivity are nanoscale transition edge sensors (TES) [18]. Energy resolution
down to h × 23 THz has been reported for such detectors [24, 25].
In the qubit-based approach, the photon to be detected flips the state of a
qubit, which is subsequently measured [26–34]. Very recently, the authors
of Ref. [34] reported reaching an efficiency of 0.66 over a bandwidth of
roughly 20 MHz using a variant of this principle. On a fundamental level,
the advantage of the qubit-based approach is that readout is potentially
more straightforward because the energy of the photon is transferred to
a single localized degree of freedom, as opposed to a large ensemble. On
a practical level, the detectors can leverage much of the superconducting
qubit technology that has been developed in an intense collective effort
toward building a large-scale quantum computer. In particular, several
groups have demonstrated high-fidelity quantum-non-demolition readout
of superconducting qubits [35–39], largely thanks to the development of
nearly quantum-limited Josephson parametric amplifiers (JPA) [35, 40–
44] and the improvement of qubit coherence times [1, 45].
Long coherence times, however, tend to imply narrow absorption linewidths. Furthermore, even at a single frequency, reaching a high quantum efficiency requires careful engineering [26, 28, 31] and can be limited
by subtle effects that prevent the use of simple schemes based on, e.g.,
the cross-Kerr effect [29]. Therefore, the main challenge in implementing
a useful qubit-based photodetector lies in efficiently absorbing incoming
photons over a useful bandwidth while maintaining a sufficiently long energy relaxation time for high-fidelity measurement. A detailed discussion
of how the different qubit-based detectors [26–34] address this problem is
beyond the scope of this dissertation.
Note that high-fidelity quantum state transfer between a pulsed source
and a target resonator is possible if the emission and absorption processes are time-reversed versions of each other [46–50]. If integrated with
single-shot photon counting in the resonator [16, 17], this would in a sense
amount to photodetection. However, the detector would be far from a general purpose photodetector because only pulses that are carefully shaped
into a specific temporal form would be absorbed with high efficiency.
In contrast, matching the input impedance of a thermal detector to the
characteristic impedance of a transmission line is relatively straightforward. If necessary, a separate absorber element thermally coupled to the
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thermometer can be used. Perfect impedance matching implies that no
reflections are generated, so the absorption efficiency can theoretically
approach one regardless of pulse shape, or the number of photons in the
pulse. This is a great practical advantage and a key feature of thermal
detectors in their use as monitorable heat baths in the study of thermodynamics of small quantum systems, as proposed recently in Refs. [51, 52].
In contrast, the dynamic range of qubit-based detectors is often limited to
zero and one photon pulses due to a reliance on transitions between a few
discrete energy levels.
The main challenge in thermal detection of microwave photons is in the
thermometry stage: even with the extremely small electronic heat capacities of nanostructured metallic absorbers, the temperature increase
due to a single 10 GHz photon tends to be only a millikelvin or two, assuming that the absorber can be cooled down to a few dozen millikelvin.
Detecting such a small temperature deviation on micro- or nanosecond
timescales remains an open problem. Note, however, that it is not necessary to determine the temperature in an absolute sense; it is sufficient to
detect changes in any quantity that is monotonic in the absorber temperature. Furthermore, if the thermometer produces an rf output signal, it is
possible to take advantage of the nearly quantum-limited performance of
JPAs.
The above discussion on types of long-wavelength radiation sensors is
far from exhaustive. Many others exist but, while the reported results
are in many cases impressive, we refrain from discussing them in detail
for a combination of the following reasons: either they have (a) not yet
been characterized as detectors of pulsed radiation, (b) suffer from extremely low absorption efficiency, (c) rely on the energy of the incoming
photons exceeding a device-specific threshold far above the h × 10 GHz
regime, or (d) have only been characterized at powers that are orders
of magnitude higher than ours. Detectors that fall into one or more of
these categories include kinetic inductance detectors [53–55], thermometers and bolometers with superconductor–insulator–normal-metal junctions as damping [56–59] or cooling [60, 61] elements, bolometers based
on superconductor–insulator–superconductor junctions [62], transistors
based on electron trapping in semiconductors [63–65] or in metallic islands [66], detectors based on graphene [67–70] or carbon nanotubes [71],
and quantum capacitance detectors [72–74].
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The publications in this dissertation cover the following topics. Publication I puts forward a theoretical proposal for measuring the parity
of remote qubits in a way that highlights the distinction between linear
amplification and photodetection. Publication II introduces our detector
design and characterizes some of its basic thermal properties. Publication III introduces the idea of electrothermal feedback in our detector and
demonstrates that it can be used for detecting pulses at the zeptojoule
level, i.e., at the level of a few hundred 8.4 GHz photons. Finally, Publication IV presents a systematic study of the linear-response rf properties of
the superconductor–normal-metal–superconductor (SNS) junctions that
form the central components of our detector.

6

2. Parity measurement of remote qubits
using dispersive coupling and
photodetection

In this chapter, we review the parity measurement protocol proposed in
Publication I. In the context of this dissertation, the protocol mainly serves
as a concrete example of a situation where photodetection and linear amplification lead to radically different results. In addition, the work can be
motivated by the importance of parity measurements in quantum error
correction, as briefly explained below. However, the following chapters do
not directly depend on the results discussed here, so a reader interested
only in the detector may proceed directly to Chapter 3.
Many gate-based implementations of quantum error correction can be
formulated in terms feedback conditioned on parity measurements.1 All
stabilizer codes, in particular, can be formulated by defining the stabilizers as multi-qubit parity checks [75]. Fundamentally, parity measurements are a natural tool for quantum error correction because they distinguish subspaces of equal size without distinguishing individual states
within those subspaces. That is, a parity measurement need not reveal
the states of the individual qubits and thus, ideally, does not lead to loss
of coherence between states of the same parity. By choosing the states
that are indistinguishable by the parity checks as the code space, it is
then possible to measure and identify errors based on changes in the parity checks without decohering superpositions of codewords.
Some stabilizer codes, including the surface code, can be implemented
entirely in terms of local parity checks of qubits laid out on a flat twodimensional grid. While a great practical advantage, such geometrically
local codes have certain fundamental limitations [75, 76]. Adding parity
checks involving remote qubits may help circumvent some of these limi1 In error correction, parity usually refers to the sum of two or more bits modulo

two.
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tations by allowing codes based entirely on non-local checks or, alternatively, by connecting the edges of local codes. Such remote edge connections would allow constructing surfaces with non-trivial topology, such as
the original Kitaev code, as well as surfaces spread over multiple physical chips. The latter could be of practical importance for very large codes.
Remote parity measurement would also be an effective way to implement
quantum repeaters [77].
Publication I presents our theoretical proposal for remote nondestructive parity measurement (RNPM) using dispersive coupling and photodetection. That is, we discuss a protocol for the parity measurement of two
qubits that are not coupled directly in any way. Instead, the qubits interact with separate radiation pulses that later interfere at the inputs of
a common pair of impedance-matched photodetectors. The term nondestructive refers to the fact that the parity measurement is ideal in the
above mentioned sense of not reducing the coherence of superpositions of
states with the same parity. More specifically, in the strong-measurement
limit, our protocol transforms an arbitrary initial state ρ into either Π̂1 ρΠ̂†1
or Π̂−1 ρΠ̂†−1 , where Π̂1 = |ggi hgg| + |eei hee| and Π̂−1 = |gei hge| + |egi heg|
are the measurement operators and |gi and |ei are orthogonal single-qubit
states. As a two-qubit parity measurement, our protocol paves the way for
many-qubit parity checks implemented in a similar fashion.
We stress that the coupling between the qubits and the radiation modes
in our protocol is only dispersive, in contrast to most of the protocols cited
in Publication I that use photodetectors. Together with the coherent classical drive pulses, the dispersive coupling implies that the radiation incident on the photodetectors is in a superposition of a few coherent states,
rather than a few Fock states. In the absence of single-photon states,
linear amplification might seem like the natural choice. However, photodetection is a fundamental requirement for the success of our protocol,
as we discuss below. From a practical perspective, relying on dispersive
coupling is advantageous in that it places few restrictions on the design of
the qubits, the resonators, and their coupling. In contrast, protocols that
generate Fock states typically rely on a specific energy level structure of
the physical qubit implementations.
An important motivation for the development of the protocol was to
present an example that highlights the fundamental difference, at the
quantum level, between photodetection and linear amplification of itin-
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Figure 2.1. (a) Schematic diagram of a qubit dispersively coupled to a resonator that radiates into a photodetector. At t = 0, a short (Td ≪ κ−1 , χ−1 ) external pulse
drives the resonator mode (â) from vacuum to a coherent state |αi. The resonator then evolves into a superposition of two coherent states at a rate χ
due to a dispersive interaction that entangles the qubit (σ̂z ) and the phase of
the coherent state. At a rate κ, the resonator decays through a single port to
an output mode monitored by a photodetector that encodes the arrival time ti
of each photon in its output record N (t). (b) The same setup depicted using
cQED components. The optical cavity with asymmetric mirrors is replaced
by a microwave transmission line resonator with asymmetric coupling capacitors. The free-space links are replaced by transmission lines. The circulator
ensures that the photodetector causes no direct back-action on the system,
even if the detector is not ideal. (From Publication I.)

erant pulses. Our protocol demonstrates this difference by encoding information about the qubit states into the itinerant radiation in such a
way that an ideal photodetector always succeeds in RNPM, whereas an
ideal linear amplifier would always fail. The reason that a linear amplifier would fail is that it would reveal not just the parity of the qubits, but
also their individual states, which are encoded in the phases of the coherent states incident on the detectors. In contrast, photodetection together
with feedback acts as an effective quantum eraser [10] of the information
encoded in the phase. In other words, while a linear amplifier would distinguish between parities, it would also destroy the coherence within the
parity subspaces because it would distinguish the states within them.

2.1 Photodetection and feedback as a quantum eraser
Figure 2.1 shows the setup we use to demonstrate how feedback conditioned on photodetection can be be used as an effective quantum eraser of
the information encoded in the phase of an itinerant coherent pulse. Publication I begins with this one-qubit example because the same principle
is used in the parity measurement protocol to erase the information that
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would allow distinguishing the even parity states. Note, however, that the
final result for the one-qubit case can also be obtained as a special case of
the results derived in Ref. [8] using a different method.
In the unconditioned case, i.e., if the output of the detector is ignored,
the experiment described in Figure 2.1 must lead to decoherence of the
qubit state. This is evident from the fact that, due to the dispersive coupling, the phase of the coherent state leaking out of the resonator is entangled with the qubit state. Therefore, with linear amplification, the
experiment would act as a dispersive readout protocol, thereby necessarily decohering the qubit [78]. The decoherence in the unconditioned case
in turn implies that the qubit state cannot remain unchanged, regardless
of the type of impedance-matched detector. Instead, full reversal of the
effect of the experiment on the qubit requires feedback conditioned on the
output of a detector that does not distinguish the two coherent states.
The feedback operation called for in Publication I is a phase gate
R̂ (φ) = e−iφ/2 |gi hg| + eiφ/2 |ei he| ,
with the phase chosen based on the recorded photon arrival times T =
{ti |dN (ti ) = 1}. Specifically, as
φ (T ) = 2χ

X

ti .

(2.1)

ti ∈T

This can be understood as reversing the integrated ac Stark shift caused
by the photons that populated the resonator during the experiment. In
contrast to linear amplification, the measurement record N (t) of an ideal
photodetector allows determining the time-dependent resonator photon
number without uncertainty, except for the exponentially quickly vanishing possibility that a photon still remains inside the resonator at a chosen
final time.

2.2 Parity measurement protocol
Figure 2.2 describes the remote parity measurement protocol proposed
in Publication I. Due to the symmetry of the resonators and the drive
protocol, it is easy to see that the difference mode ĉ− remains in vacuum
if the qubits are also in the same state. Therefore, a click of the detector
monitoring ĉ− immediately implies odd qubit parity. Conversely, no clicks
for ĉ− and several clicks for the sum mode ĉ+ implies that the qubits are
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Figure 2.2. (a) Schematic setup for measuring the parity σ̂z,1 σ̂z,2 of two qubits located
in identical resonators. The resonators are driven into a coherent state |αi
at t = 0 after which their phase becomes entangled with the local qubit at
a rate χ. At a rate κ, the resonators radiate into a 50:50 beam splitter with
photodetectors monitoring the output modes. The relative phases are chosen
√
such that the detectors monitor ĉ± = (â1 ± â2 ) / 2. At a final time tf (integer
−1
multiple of πχ ) the resonators are displaced back to vacuum. Recording
more than zero photons for ĉ− [N− (tf ) > 0] indicates odd parity with certainty
while N− (tf ) = 0 partially projects the qubits to the even-parity subspace.
(b) The same setup depicted using cQED components. The beam splitter is
replaced by a 180◦ hybrid coupler. (Adapted from Publication I.)

likely to be in an even parity state. The precise probability is given below
Eq. (15) in Publication I.
What happens to the coherence within the parity subspaces is more subtle. Although the click probabilities are identical for qubit states of the
same parity, dephasing must nevertheless occur for the same reason as
in the single-qubit experiment, if the output of the detectors is ignored.
That is, decoherence must take place because all qubit states could be distinguished from each other if the photodetectors were replaced by linear
amplifiers. In fact, under ideal conditions, the equations describing the
evolution of the even-parity subspace map to the single-qubit experiment
if we identify the sum mode with the resonator mode and the even-parity
states with the qubit states. Therefore, the detector clicks do not reveal
which even-parity state the system is in, but they do reveal the stochastic
rotation angle of the effective phase gate induced by the ac Start shift.
The odd-parity states undergo a similar stochastic phase kick process.
However, the states do not acquire a relative phase difference from pho-
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tons in the sum mode because the ac Stark shift is the same for both
states. Instead, the Hamiltonian contains the term ~χ(σ̂z,1 − σ̂z,2 )ĉ+ ĉ†− /2
and its Hermitian conjugate. Being proportional to ĉ+ ĉ†− and ĉ†+ ĉ− , these

terms are responsible for transferring photons between the sum and difference modes. However, evidently, they also induce a phase flip between
the odd parity states (σ̂z,1 −σ̂z,2 ) whenever a photon is transferred between
the modes. The only other mechanism for changing the photon number in
the difference mode is absorption into the photodetector. This allows determining the parity of the number of phase flips from the parity of the
number of photons absorbed in the detector monitoring ĉ− . In contrast to
the even-parity case, the exact arrival times of the photons are not needed
for reversing the backaction within the odd-parity subspace.
This concludes our qualitative description of the protocol and the principles behind it. See Publication I for analytical proofs and numerical simulations that rigorously verify the validity of the arguments given here.
In the publication, we also briefly discuss some practical implementation
challenges that were not covered in this brief summary.
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3. Microwave bolometer based on
proximity-induced Josephson
junctions

Publications II and III form the core of this dissertation. They present the
main results achieved during the development of our thermal microwave
photodetector. Publication II introduces the detector design and the basic operation principle and, in addition, presents data on the thermal
conductivity between detector-like SNS junctions and their thermal environment. In Publication III, we integrate the SNS junctions into a fully
functional detector and describe in detail how an electrothermal feedback
effect arises in the detector design. We then introduce a threshold detection scheme based on this electrothermal feedback effect, and demonstrate that it can be used for detecting coherent 8.4 GHz pulses containing
approximately 200 photons, i.e., only 1.1 zJ ≈ 7.0 meV of energy. In this
chapter, we review these results and provide a general overview of the key
properties of the detector.

3.1 Principle of operation
We begin with a high-level description of how our detector operates in the
linear response regime. By linear response we refer to the low-power limit
where a negligible amount of heat is absorbed from the probe signal used
for readout. The high-power response is described in Sec. 3.7.
The basic principle of operation can be summarized as follows. First
photons from the incoming 8.4 GHz microwave radiation excite a small
number of quasiparticles in the long SNS junction between leads H and
G (Fig. 3.1). Little radiation is reflected because the admittance of the
long junction is designed to be real and close to (50 Ω)−1 . The quasiparticles then quickly relax to thermal quasiequilibrium among each other.1
1 We have not attempted to measure the time scale for the electron–electron re-
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Figure 3.1. (a) Simplified diagram of the detector, including (b) a micrograph of the SNS
junctions formed by a Aux Pd1−x nanowire contacted by Al islands and leads
(H, P , and G). Here, Z −1 is an admittance, Te is the temperature of the
electrons in the nanowire, and Γ is the probe signal reflection coefficient. (c)
Reflected fraction of probe power versus probe frequency fp for steady-state
heating power Ph of 1.9, 66, and 290 aW. They are measured at low probe
power Pp ≪ Ph . The heater input is bandpass filtered (8.41 ± 0.02 GHz).
(Adapted from Publication III.)

The different sections of the nanowire also thermalize quickly with each
other because the heat conductance over the Al-covered sections is comparable to the normal-state heat conductance, based on a lower bound
estimated from data shown for Cu-Al-Cu junctions of similar length in
Ref. [80]. Therefore, spatial temperature variations along the length of
the nanowire relax over a similar time scale as for a fully normal wire,
i.e., over the diffusion time (3 µm)2 /D ≈ 4 ns. After the heating pulse, the
temperature relaxes back to its steady-state value, typically over a time
scale of tens of microseconds. The time scale is set by the ratio of the heat
capacity (Sec. 3.6) and the thermal conductance between the nanowire
electrons an their thermal bath (Sec. 3.4).
The increased temperature weakens the Josephson effect in the short
junctions between leads P and G (Fig. 3.1). That is, the effective inductance of the junctions increases (Fig. 3.2), which leads to a downward shift
of the resonance frequency of the readout oscillator [Fig. 3.1(c)] formed by
the junctions and the capacitors C1 and C2 . The resonance also broadens
as the junctions between leads P and G become more dissipative. Both effects change the reflection coefficient at the gate capacitor Cg [Fig. 3.1(a)].
We measure this change in a reflection-type heterodyne measurement using a frequency near the 770 MHz resonance, as illustrated in the simplilaxation in Aux Pd1−x . However, we assume that it is at most nanoseconds based
on Ref. [79], where the relaxation was studied in Cu wires with similar dimensions and at similar temperatures and quasiparticle energies.

14

L (nH)

(a)

1.2
1.18
1.16
1.14
1.12
1.1

1700
1500
1300
1100
900
700

R (Ω)

Microwave bolometer based on proximity-induced Josephson junctions

0 100 200 300 400 500 600 700 800 900
Ph (aW)
Figure 3.2. Effective inductance (circles) and resistance (squares) of the short SNS junctions as functions of external steady-state heating power Ph . The bath temperature Tb is 12 mK. The curves are phenomenological fits that allow mapping a measured reflection coefficient into an equivalent Ph . (Adapted from
Publication III.)

fied circuit diagram in Fig. 3.1 and detailed in the Supplemental material
of Publication III.

3.2 Design principles
Let us now discuss the most important design decisions that led to the final device shown in Fig. 3.1. First of all, we chose to develop a thermal detector, as opposed to a detector in which the incoming photons drive transitions between a few discrete energy levels of, e.g., a qubit. See Chapter 1
for an overview of thermal detectors and their comparison to qubit-based
approaches.
More specifically, we use the electrons in a nanofabricated Aux Pd1−x
wire (x ≈ 0.6) as both the absorber of the incoming radiation and as the
temperature sensing element. Using just the electrons is possible because
of the hot-electron effect [81], i.e., the thermal decoupling of electrons and
phonons at millikelvin temperatures. Because the electronic heat capacity Ce is proportional to volume as well as temperature, it is in principle
possible to reach a sufficiently low heat capacity for the detection of single 10 GHz photons using modern nanofabrication and cooling techniques.
For example, the electronic heat capacity of a 1 µm×100 nm×20 nm wire
of pure gold at 10 mK should be only 1.4 zJ/K ≈ h × 2.2 GHz/mK [82].
This implies a large fractional temperature change per photon, as well as
reasonably small thermodynamic root-mean-square energy fluctuations of
p
order kB T 2 Ce ≈ h × 2.1 GHz, in the absence of electrothermal feedback

[83]. These fluctuations arise due to the stochasticity of the heat flows in
thermal equilibrium and determine the energy resolution that would be

achieved if the thermometry were passive and ideal, i.e., dissipationless
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and provided an infinite signal-to-noise ratio.
We also decided to separate the absorber and the temperature sensing
element into distinct physical volumes.2 Furthermore, the design shown
in Fig. 3.1 is such that, electrically, the absorber and the thermometer are
coupled very weakly at the relevant frequencies, even though they are
thermally strongly coupled. This has the advantage that the impedance
matching requirement, which mainly affects the design of the absorber,
does not significantly constrain the thermometer design. The main downside of such a separate absorber is that it increases the total heat capacity
of the detector.
To see that the electrical coupling between the absorber and the thermometer is weak, note that lead G in Fig. 3.1 is effectively grounded at
multi-GHz frequencies (|iωC1 |−1 ≈ 0.2 Ω at ω/2π = 8 GHz). Therefore, the
high-frequency load admittance provided by the detector to the heater
port is dominated by the admittance of the absorber, i.e., the long SNS
junction between leads H and G. On the other hand, at the lower frequencies used to probe the thermometer (∼ 770 MHz), the bandpass filter
connected to the heater port looks effectively like an open circuit. Hence
probing the thermometer element (i.e., the series of junctions between
leads P and G) through the probe port drives no current through the absorber. Nevertheless, the two are thermally strongly coupled because lead
G and the Al islands cause negligible thermal resistance between the segments of the nanowire [80], as compared to the thermal resistance between the nanowire and its thermal environment (see Sec. 3.4).
Implementing the thermometer readout in a frequency band centered
at several hundred megahertz, as opposed to dc, was another major design decision. Specifically, the aim was to design a resonant circuit with
a center frequency around 600 MHz and a quality factor Q of the order
of a few hundred, both of which would depend on the electron temperature in the SNS junctions. The main advantages of this rf approach are
the insensitivity to 1/f noise, the availability of good cryogenic rf amplifiers, the possibility of straightforward frequency multiplexing of multiple
detectors, and a sufficiently fast response [> (1 MHz)−1 ] for many applications. The fact that Q ≫ 1 also effectively amplifies the response of
the detector, both in the weak probe signal regime and in the nonlinear
2 In contrast to, e.g., many transition edge sensors where the same weak link acts

as both the absorber and the thermometer [18].
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regime discussed in detail in Sec. 3.7.
We also designed the temperature-sensitive junctions between leads P
and G so that they are mostly reactive at the probe frequency. Specifically,
the junctions are short enough (300 nm) to have a low ratio of the real
and imaginary parts of the admittance (3 × 10−3 at 770 MHz), a quantity
that is sometimes called the loss tangent tan δ in the context of capacitors.
The low loss tangent implies that we can use the short junctions between
leads P and G as the inductive element in our resonant circuit, and can
reach quality factors up to (tan δ)−1 without adding any external inductors. This allows, in principle, the signal power to be large compared to the
power dissipated in the thermometer, assuming that the imaginary part
of the admittance is in fact sensitive to temperature. This reactive readout is the main difference between our detector and rf implementations
of superconductor–insulator–normal-metal (SIN) thermometers [56–58],
in which an SIN junction provides a temperature-sensitive dissipation
mechanism for an external LC-oscillator.
However, there is a trade off between minimizing the loss tangent and
having the admittance depend significantly on temperature. The latter
requires that kB T be comparable to the so called minigap in the density
of quasiparticle states [84, 85] in the short SNS junctions. On the other
hand, minimizing tan δ calls for maximizing the minigap. For ideal diffusive SNS junctions in the long-junction limit,3 the minigap is simply
3.12ETh [87], where ETh = ~D/l2 ≈ h × 3.9 GHz is the Thouless energy,

D = 22 cm2 /s is the diffusion constant we estimate for Aux Pd1−x , and
l = 300 nm is the junction length. In practice, the minigap in our Al–
Aux Pd1−x –Al junctions appears to be smaller, as discussed in Chapter 4.
Note that the minigap being smaller than predicted is not necessarily a
problem for photodetection. We can compensate for the discrepancy by
simply using shorter junctions. What is critical instead, is whether the
ratio of tan δ and the temperature derivative of the admittance is changed,
after optimizing the junction length. For the long junction between leads
H and G, we simply ensure that the minigap is well below the energy of
the incoming 8.4 GHz photons.
The minigap considerations do not directly determine how many junc3 In the context of theory based on the Usadel equation, the long-junction limit

refers to the Thouless energy being small compared to the gap in the superconductor leads [86, 87]. This condition is satisfied for all junctions in our detector.
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tions we should place in series between leads P and G, or what their
cross sectional areas should be. Instead, we choose them based mainly
on the following three constraints. First, in order to minimize the heat
capacity, the total volume of the weakly proximized regions of the junctions should be small compared to the volume of the absorber. Second, the
design values for the resonance frequency ω0 /2π (600 MHz) and the characteristic impedance Z̃0 (? 5 Ω) imply that the effective series inductance
L = Z0 /ω0 should be at least a nanohenry. Third, we wish to stay far
from the bifurcation that arises from the non-linearity of the Josephson
inductance. Therefore, the maximum measurement power is constrained
√ 1/2
2
−1
to values well below ω0 Q−1
Ic is the
e LIcrit /2, where Icrit ∼ 16Q / 3

current at which the bifurcation occurs [88], Ic is the critical current, and
Q−1
e is the inverse quality factor due to the coupling to the probe line. In

addition, it is important to make sure that the desired critical currents
and capacitances can be fabricated in a reliable process and within a reasonable chip area.
The design in Fig. 3.1 satisfies the above constraints reasonably well
with its eight 300 nm × 120 nm × 30 nm junctions, ω0 /2π ≈ 770 MHz,
Qe ≈ 2Q ≈ 320, L ≈ 1.1 nH → Ic ∼ Φ0 /[2π(L/8)] ≈ 2.4 µA,4 and Z̃0 ≈

5.3 Ω. Here, Φ0 = h/2e is the magnetic flux quantum. These imply
2
ω0 Q−1
e LIcrit /2 ∼ 3 fW, which is indeed well above the powers considered

in Publication III. The dimensions of the Al islands and lead G were designed to be larger than the superconducting coherence length in thin-film
Al (100–150 nm [80]), but nevertheless sufficiently narrow for the thermal
resistance between junctions to be negligible. The resistance of the long
junction between H and G is 36 Ω, which is reasonably close to 50 Ω in the
sense that only a small fraction (0.03) of the incoming power is reflected.
However, reducing the cross-sectional area of the absorber in the future
would be beneficial, not only because of improved impedance matching,
but also because it would reduce the heat capacity.
Let us also comment on the choice of Al and Aux Pd1−x as the SNS junction materials. Indeed, many feasible material combinations exist because of the ubiquity of the proximity effect and the fact that, from the
point of view of theory, the bulk properties of the superconductor are rel4 Note that, even in the low-frequency limit, the Josephson inductance is not ex-

actly Φ0 /2πIc because of the non-sinusoidal current–phase relation in SNS junc√
tions. For the same reason, (Icrit /Ic )2 is not exactly 16Q−1 / 3.
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atively unimportant as long as the gap in the density of states in the
bulk is much larger than the minigap in the SNS junctions. Out of the
many possible superconductors with a sufficient gap we chose Al mainly
for practical reasons, namely, aluminum being well suited and readily
available for evaporation through a polymer mask. The choice of normal metal is more crucial since it affects many of the key parameters
of the detector, including the minigap, the normal-state resistance, the
high-frequency admittance, the heat capacity, and the electron–phonon
heat conductance. In principle, we would like to choose a material that
minimizes the heat capacity subject to the admittance and minigap constraints discussed above. However, in practice there is little experimental
data on the high-frequency admittance of SNS junctions (Chapter 4), and
even the dc properties can be strongly affected by details of the fabrication
process that change the SN interface quality. Furthermore, the overlap
geometry with superconductors of finite size introduces additional challenges into making quantitative theoretical predictions. For these reasons
systematic optimization of the normal-metal material is likely to require
experiments.
For the work presented here, we chose to use only Aux Pd1−x mainly
because of its stability, specifically when in contact with Al, air, or a polymer mask. That allowed us to separate the lithographies for the N and
S layers, typically the Aux Pd1−x being deposited onto a full wafer well
in advance of the Al deposition carried out on a few samples at a time.
This greatly simplified iterative optimization of the device parameters
and gave more flexibility to the device design, as compared to multipleangle shadow evaporation. The material stability also enabled measurements over many thermal cycles without noticeable changes in the parameters. Nevertheless, it is worthwhile to investigate alternative materials in the future because Aux Pd1−x has at least one clear drawback:
the electronic heat capacity of Pd is roughly nine times that expected for
free electrons [82]. It could also be that the second thermal time scale we
observe at the lowest temperature (Sec. 3.5) is material dependent.

3.3 Thermal model
The simplest, and often sufficient, thermal model of a detector consists of
a single heat capacity Ce at temperature Te coupled directly to a bath at a
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fixed temperature Tb . The energy conservation equation for such a system
is, in general,
Ce (Te ) Ṫe = −Pe−b (Te , Tb ) + Papplied + Px

(3.1)

where Pe−b (Te , Tb ) is the average heat flow from Ce to the thermal bath
and the other powers flowing into Ce have been separated into two terms,
Papplied and Px . These denote the power absorbed from intentionally and
unintentionally applied signals, respectively. In Publication III, we further subdivide Papplied into the applied heater power Ph and the power
absorbed from the probe (1 − |Γ|2 )Pp [see Fig. 3.1(a)].
A non-zero Px in Eq. (3.1) leads to a stationary Te that exceeds Tb , even
when Papplied = 0. The difference is often dramatic at Tb ≪ 100 mK.5 By
definition, the magnitude of the parasitic Px is also not known a priori.
This significantly complicates the analysis at the lowest temperatures because, without further assumptions, the unknown Px prevents extracting
the absolute temperature Te from the measured Γ. In contrast, at high
temperatures Px becomes negligible, which allows mapping a measured
Γ to a corresponding Te by simply inverting calibration measurements of
Γ (Tb ) performed in the limit Papplied → 0. This is possible because Te ≈ Tb ,
and hence Γ (Tb ) ≈ Γ (Te ), if Px is negligible. This issue is ubiquitous in
low-temperature setups where Te is not measured directly with a primary
thermometer and where Pe−b is not precisely known.
In practice, Pe−b typically becomes increasingly hard to predict when
the relatively well-understood Te4 -dependent electron–phonon contribution to ∂Te Pe−b becomes comparable to the quantum of thermal conductance GQ = π 2 kB2 Te /3h [89]. In the detector in Publication III, the electron–
phonon term decreases below GQ at roughly 170 mK. Below this temperature it becomes increasingly hard to argue that the heat conductance
due to electron–photon coupling can be ignored, since its contribution
to ∂Te Pe−b is given by GQ times a suppression factor determined by the
impedance mismatch between the nanowire and the electromagnetic environment at frequencies comparable to kB Te /h. We have intentionally
engineered the electromagnetic environment so that the mismatch is as
large as possible. This allows the differential thermal conductance to fall
two orders of magnitude below GQ (Fig. 3.3) but, unfortunately, also im5 In Ref. [58], for example, the authors estimate—using a primary thermometer

and an electron–phonon model for Pe−b —that Te ≈ 85 mK and Px ≈ 400 aW at
Tb = 20 mK.
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plies that very weak (≪ GQ ) parasitic contributions can dominate at the
lowest temperatures.
Due to the above mentioned challenges, determining Te below roughly
100 mK would require further assumptions about Γ (Te ), Pe−b , Px , or a
combination of them. To avoid such assumptions we instead perform a
change of variable from Te to
∆(Te ) = Pe−b (Te , Tb ) − Px ,

(3.2)

which is the increase in the heat flow from the electrons to the thermal
bath, as compared to the case Ph = Pp = 0. With this definition, we can
rewrite Eq. (3.1) as
˙ = −∆ + Ph + (1 − |Γ (∆, ω)|2 )Pp ,
τ (∆) ∆

(3.3)

where τ (∆) = C (∆) /∂Te Pe−b (Te (∆), Tb ) and ω = 2πfp . These definitions
will be mainly used in Section 3.7.
The main advantage of this change of variable is that the parameters
in Eq. (3.3) are all either externally set (Ph and Pp ) or directly measurable in linear response [Γ (∆, ω) and τ (∆)], as we discuss in the following
˙ = 0) solution to Eq. (3.3) in
sections. Note that the unique stationary (∆
the limit Pp → 0 is ∆ = Ph , and that τ (∆) is the time constant for the
exponential approach toward the stationary state.

3.4 Thermal conductance
Both Publications II and III present data on the differential thermal conductance between the nanowire electrons and their thermal bath. These
are presented together in Fig. 3.3. In this section, we briefly discuss how
we define the differential thermal conductance, why it is an important
characteristic of the detector, and how it can be conveniently measured.
The thermal conductance that is important for the linear response time
constant and the noise equivalent power (NEP) of the detector is ∂Te Pe−b .6
Specifically, the fluctuations in the heat flow between Ce and the bath
6 In the literature, the term thermal conductance without further modifiers often

refers to the derivative ∂Te Pe−b , but may also mean the nondifferential conductance Pe−b /(Te − Tb ). To distinguish the two, ∂Te Pe−b has also been referred to
as the differential [90] or the dynamic [91] thermal conductance. However, compared to Ref. [90], we exchange the roles of Te and Tb in our definition of the
differential thermal conductance.
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Figure 3.3. Differential thermal conductances given in Publications II and III as functions of bath temperature. The dashed lines show the quantum of thermal
conductance GQ and the expected electron-phonon contribution G̃e−p for the
sample in Publication III. The solid lines between points are guides to the
eye. The labels A, B, C, N, R, and F refer to the samples in Publication II,
while PIII refers to the sample in Publication III.

limit the NEP to order

p

(Te ∂Te Pe−b )(kB Te ) [90], in the absence of elec-

trothermal feedback [83]. This can be understood as the shot noise associated with a Poisson process that transports an average power of Te ∂Te Pe−b
as energy quanta of typical size kB Te .
Unfortunately, ∂Te Pe−b is difficult to measure directly in the low-temperature limit where Te is unknown for the reasons described above. Instead,
we define the differential thermal conductance as
G̃ = −∂Tb Pe−b (Te , Tb ) .
Fortunately, G̃ is often the same function as ∂Te Pe−b . Specifically, this
is the case as long as the heat currents flowing in opposite directions
do not affect each other, which is true for all linear channels. In that
case, Pe−b (Te , Tb ) can be written as Pe→b (Te ) − Pb→e (Tb ), where Pe→b and
Pb→e must in fact be the same function since Pe−b vanishes in thermal
equilibrium. Therefore, ∂Te Pe−b is the same single-argument function as
G̃ = ∂Tb Pb→e . It is also worth noting that G̃ (Tb ) coincides with what
would be the apparent ∂Te Pe−b if we incorrectly assumed that, at all temperatures, Te ≈ Tb in the limit Papplied → 0 (i.e., if we neglected Px ).
As an example, electron–phonon coupling provides a linear channel in
the above mentioned sense and is described by Pe→b (Te ) = ΣV0 Te5 , where
V0 is the volume occupied by the electrons and Σ is a material parameter
[81]. The electron–phonon contribution to G̃ is therefore G̃e−p = 5ΣV0 Tb4 .
Similarly, electron–photon coupling provides a linear channel described
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by
Pe→b (Te ) =

ˆ

∞

dνhνr(ν)n(hν/kB Te ),

0

where n(x) = 1/(ex −1) and r is a frequency-dependent coupling coefficient
determined by the impedances of the system and the environment [92].
The main advantage of defining G̃ as the derivative with respect to Tb (as
opposed to Te ) is that we can determine it from any Te dependent quantity
g(Te (Tb , Papplied )) measured over a range of bath temperatures and small
applied powers. The only constraints on g are that it must have negligible
explicit dependence on Tb and Papplied , and that its derivative with respect
to Te must be continuous and large enough in magnitude to be measurable. Specifically, G̃ (Tb ) then equals ∂Tb g/∂Papplied g

Papplied →0

.7 In Publica-

tion III, we extract G̃ (Tb ) using this relationship applied to the measured
inductance, i.e., we use g = L. In Publication II, we determine G̃ (Tb ) from
the gradient of a contour of g, which is an equivalent method, with g being
either the resonance frequency (in rf samples) or the switching current (in
dc samples).
Figure 3.3 shows the measured G̃ for a total of seven samples in a variety of electromagnetic and material environments. Above approximately
100 mK, the measured G̃ for the larger-volume samples (A, N, and PIII) is
in rough agreement with an electron–phonon coupling dominated Pe−b .
Below roughly 100 mK, on the other hand, G̃ for all samples except PIII
decreases slowly with decreasing Tb , as compared to G̃e−p ∝ Tb4 . Furthermore, G̃ for the rf-coupled samples is much lower than for the dc-coupled
samples. In addition, the conductance measured for the sample in Publication III is consistent with G̃e−p ∝ Tb4 down to 30 mK, and reaches a value
that is an order of magnitude lower than for any of the samples in Publication II.8 This lowering of G̃ with increasingly careful engineering of
the electromagnetic environment suggests that electron–photon coupling
is likely to be the dominant thermalization mechanism at Tb ≈ 10 mK,
at least in the samples in Publication II. This hypothesis is also consistent with the weakly superlinear Tb -dependence (∼ Tb1.7 ) that all samples
exhibit at the lowest temperatures. Note that very weak residual parasitic electromagnetic coupling [92–94] would be enough to produce the
7 We prove this in Sec. III in the Supplemental information of Publication III.
8 The lowest temperature to which G̃ could be reliably measured is also corre-

spondingly decreased, which suggests that Te saturates to a lower value, although we cannot directly measure it.
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Figure 3.4. Thermal relaxation time τ measured after a heating pulse that is short (filled
circles) or long (open circles) compared to τ . For reference, the dashed lines
show the expected Tb3 scaling and the observed Tb4.8 scaling. (Adapted from
Publication III.)

observed G̃ since it falls far below GQ at the lowest temperatures.
p
The thermal-fluctuation limited NEP, NEPTEF = 4kB Te2 ∂Te Pe−b (Te ),9

cannot be precisely evaluated based on G̃ (Tb ) alone, mainly because we
do not know what value Te saturates to at Tb ≈ 10 mK. In other words,
although we may replace ∂Te Pe−b (Te ) by G̃ (Te ) using
qonly relatively weak

assumptions, we are not sure which Te to evaluate

4kB Te2 G̃(Te ) at. Nev-

ertheless, we can estimate the order of magnitude using a reasonable

Te value like 50 mK (30 mK), leading to G̃(Te ) of 1 fW/K (0.2 fW/K) and
q
√
√
4kB Te2 G̃(Te ) of 1 × 10−20 W/ Hz (3 × 10−21 W/ Hz). This value of G̃ ≈

GQ /50 at 50 mK is comparable to the thermal conductance values reported
in Ref. [95]10 and, to the best of our knowledge, much lower than any
other experimentally measured values reported in the bolometer literature [18, 69, 70, 96].

3.5 Thermal time constant
The natural thermal relaxation time τ is another important characteristic
of a thermal detector, especially for the calorimetric mode of operation. In
the absence of electrothermal feedback, it determines the reset speed after
a detection event as well as the optimal readout bandwidth. In addition,
9 The factor of four in the square root is the appropriate prefactor for electron–

phonon dominated thermal fluctuations and Te ≈ Tb .

10 Note that the analysis in Ref. [95] neglects P . Without that assumption, the
x

reported thermal conductances should be reinterpreted as the measured values
of G̃ (using our terminology).
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the product of the measured τ and G̃ gives an estimate for the heat capacity (Sec. 3.6). In this section we discuss the linear response value of the
thermal time constant, but note that the effective thermal time constant
can be modified by a large factor by electrothermal feedback (Sec. 3.7).
Surprisingly, Fig. 3.4 shows that the measured value of τ depends on the
length of the heating pulse below Tb > 100 mK. At Tb = 12 mK, the measured τ in fact differs by an order of magnitude, depending on whether
we measure the relaxation after a heating pulse that is long or short compared to the longer time constant at that bath temperature. In both cases,
the heating pulse is chosen to be weak enough that we measure the linear
response. See the Supplemental Information of Publication III for details
of the measurement.
This dependence of the measured τ on the length of the heating pulse
indicates that the simplest thermal model introduced in Sec. 3.3 is not
accurate at the lowest temperatures, at least not for modeling transient
behavior on sub-millisecond timescales. Instead, one way to explain the
observed second time scale phenomenologically is to introduce a second
heat capacity C ′ ≫ Ce to the thermal model (Fig. 3.5). Specifically, two

appropriate time scales do emerge if this parasitic C ′ is coupled strongly
to Ce but weakly to the bath, in comparison to G̃. This is easy to check
rigorously, but can also be qualitatively understood by considering the
temperature of C ′ at the end of the heating pulse. That is, if the heating
pulse is short, the temperature of C ′ remains nearly constant so that C ′
acts as an effective bath, determining the shorter time scale in Fig. 3.4.
On the other hand, by the end of a long heating pulse C ′ thermalizes close
to Te and, after the pulse, releases its heat mostly through Ce . In that
case, C ′ effectively adds to the Ce deduced from G̃ and τ (Sec. 3.6).
Unfortunately, the data does not allow us to single out a unique microscopic explanation for the origin of C ′ . However, we note that the emergence of the second time scale coincides with G̃ falling far below GQ . This
implies that a single-mode heat conduction mechanism, such as electron–
photon coupling [92–94], would suffice, even if the impedance matching
between Ce and C ′ is poor. Furthermore, if the coupling is indeed electromagnetic, C ′ could potentially be centimeters away from the nanowire
[94]. However, note that the coupling of C ′ to the bath should be weak
compared to G̃, which is already very small. Otherwise, conduction from
Ce to the bath via C ′ would shunt the electron–phonon heat conduction in
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Tb

Figure 3.5. Extended thermal model for phenomenologically explaining the emergence
of a second thermal relaxation time below 100 mK (see Fig. 3.4). The additional heat capacity C ′ has a different role in the relaxation depending on
initial conditions and the temperature-dependent ratios of the thermal conductances GCe −b , GC ′ −b , and GCe −C ′ . Although the microscopic origin of
the additional heat capacity C ′ is unknown, the experimental observations
suggest that GCe −C ′ ≫ GCe −b and GC ′ −b ≪ GCe −b at Tb ≪ 100 mK.

the nanowire. This would be in apparent contradiction with the observation that G̃ agrees reasonably well with the electron–phonon mechanism
down to 30 mK (Fig. 3.3).
In the single-valued regime (Tb ? 100 mK), the thermal relaxation time
scales as roughly Tb−4.8 , as indicated in Fig. 3.4. This is also surprising
because one would expect the heat conductance and the heat capacity to
scale with Te4 and Te , respectively.11 In that case τ = Ce /∂Te Pe−b (Te )
should be cubic in Te−1 . One might hypothesize that Te already saturates
above Tb at these temperatures, but this would lead to a slower, not faster,
scaling of τ . Instead, the faster scaling of τ originates from G̃ growing
faster than the conventional Tb4 -dependent prediction, which is evident
above 100 mK upon close inspection of Fig. 3.3. This high temperature
behavior should be studied in more detail in the future.12

3.6 Heat capacity
The heat capacity Ce is one of the key properties of a calorimeter. In
the absence of electrothermal feedback [83], the heat capacity determines
the magnitude of the intrinsic thermal energy fluctuations that limit the
p
energy resolution to ∆ETEF ∼ kB Te2 C(Te ), which would be achieved if
the thermometry were noiseless and passive. In practice, a smaller Ce is

also desirable because it leads to a larger change in Te for a fixed pulse
11 For the electron–phonon coupling, various exponents have been observed and

theoretically proposed [18, 81, 97–99], but none of them as high as 5.8.
12 In Publication III, the maximum bath temperature at which G̃ could be re-

liably measured was limited mainly by the maximum Ph that could be conveniently delivered to the sample without changing attenuators inside the cryostat.
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Figure 3.6. Measured differential thermal conductance G̃ (circles), a phenomenological
fit G̃fit (solid line), and the product τ G̃fit (squares) as functions of bath temperature. The open and filled squares correspond to the open and filled symbols in Fig. 3.4, respectively. The dashed line shows a linear fit γV0 Te , with
γV0 = 8 aJ/K2 . (Adapted from Publication III.)

energy. This is important because realistic readout schemes are noisy and
the responsivity of the output signal to changes in Te is finite.
The heat capacity is equal to the product τ (Te )∂Te Pe−b (Te ), at least within
the simple thermal model described in Sec. 3.3. Above Tb ? 100 mK,
where Te ≈ Tb is a good assumption, we can approximate τ (Te ) by τ (Tb )
and ∂Te Pe−b (Te ) by G̃(Tb ). The product of these is shown in Fig. 3.6 for the
sample used in Publication III. From the figure we conclude that, above
100 mK, Ce ≈ τ G̃ ≈ γV0 Tb , with γV0 = 8 aJ/K2 . Below 100 mK it becomes
harder to interpret τ G̃ because the simplest thermal model is no longer
accurate, as is evident from the divergence of the open and closed circles
in Fig. 3.4, and because at the lowest temperatures we again face the issue
of not knowing Te .
We can estimate the thermodynamic root-mean-square energy fluctuap
tions as kB Te3 γV0 , if we extrapolate Ce from the high temperature data.

Furthermore, using a reasonable saturated value of 50 mK for Te , we find
p
that kB Te3 γV0 ≈ h × 200 GHz ≈ 0.1 zJ. The corresponding root-meanp
square temperature fluctuations are kB Te /γV0 ≈ 0.3 mK. As we dis-

cuss in Publication III, the threshold energy for our detector is one order
of magnitude higher than the limit set by this estimate for the thermodynamic fluctuations. This discrepancy suggests that technical improvements to the techniques and off-chip components used in the experimental
setup could still yield a significant improvement in the threshold energy.

3.7 Electrothermal feedback
We noted earlier (Sec. 3.3) that the only stationary linear-response solution to Eq. (3.3) is ∆ = Ph . This no longer needs to be the case when the
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probe power becomes comparable to 1/|∂∆ |Γ|2 |, which we call the regime
of non-linear response. In other words, at high probe powers the system
can exhibit bistability. We take advantage of this bistability in the threshold detection scheme described in Sec. 3.8. Furthermore, in the parameter
regime near the bifurcation, the effective time constant and the response
of the system to external heating are greatly modified, as we discuss below.
The feedback effect in our detector arises from the Te dependence of the
absorbed fraction of probe power Pp (1 − |Γ|2 ). Since the Q of the readout resonator is in the hundreds, a resonance frequency change of only
a few percent due to heating can mean that a fixed probe frequency that
was previously non-resonant becomes fully resonant. This corresponds
to 1 − |Γ|2 changing from near zero to its maximum value. This is why
the electrothermal feedback effect is strong, if fp is chosen to be in the
vicinity of the resonance frequency. Furthermore, we can choose between
positive and negative feedback simply by choosing fp either slightly below
or slightly above the resonance.
This type of readout-power induced electrothermal nonlinearity has been
previously studied in similar resonator systems in the context of kinetic
inductance detectors (KIDs) [100–103]. In optics, analogous effects have
also been studied [104, 105]. The main difference to our detector is that
the volume of the inductive element in our resonator is many orders of
magnitude smaller, i.e., only V0 ≈ (240 nm)3 . Thus the heat conductance
to the bath (Sec. 3.4) is also orders of magnitude smaller, which leads to
strongly non-linear behavior at attowatt probe powers, even with a modest Q ∼ 100. In comparison, picowatts is typically required in KIDs (see,
e.g., the experimental data in Ref. [100]). In optics, microwatts is typical
[105]. Since the required power scales inversely with Q, KIDs with very
high Q ? 107 have been theoretically predicted [101] to exhibit nonlinear
behavior at attowatt power levels as well.
The emergence of a second metastable temperature state in the millikelvin regime is arguably the most dramatic consequence of strong electrothermal feedback. Experimentally, we observe this bistability by first
preparing the system in a high-temperature or a low-temperature initial
state, and then measuring the ∆ that the system ends up in after 5 ms
[Fig. 3.7(a)]. Since 5 ms is longer than the natural thermal time constant
(Fig. 3.4), the system has time to relax close to a stationary state, at least
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Figure 3.7. (a) Bistable parameter regime, as indicated by a non-zero difference ∆h − ∆l
in the power absorbed from the probe signal in high and low-temperature
stationary states. (b) Numerically simulated values of the dimensionless susceptibility to external heating (χ) in the single-valued regime. The bistable
regime is indicated in white. Approaching the bistable regime along A (B),
the system undergoes a pitchfork bifurcation (an imperfect pitchfork bifurcation). (Adapted from Publication III.)

in most of the parameter space.13 Therefore, the initial-state dependence
of the measured value of ∆ will vanish if a single stationary state exists.
In contrast the difference in the measured ∆ is non-zero if the system is
bistable, and if both metastable states have lifetimes at least comparable
to 5 ms.
In the non-bistable parameter regime, we quantify the strength of the
electrothermal feedback by the dimensionless susceptibility to external
heating
χ=

∂∆
∂Ph

.

(3.4)

˙
∆=0

This is a convenient measure for the importance of the feedback in the
sense that χ approaches one in linear response, whereas it becomes much
larger (smaller) than one in the case of strong positive (negative) electrothermal feedback. We can also show that
χ−1 = 1 + Pp

∂ |Γ (∆, ω)|2
∂∆

(3.5)

by taking the partial derivative of Eq. (3.3) with respect to Ph . Note that
we could define an analogous χ for each metastable branch in the bistable
regime by changing ∆ in Eq. (3.4) to ∆min (∆max ), where ∆min (∆max ) is
the minimum (maximum) stationary solution.
If we define δ∆ = ∆ − Ph − (1 − |Γ (∆, ω)|2 )Pp , we also find that ∂t δ∆ =
13 As discussed below, the effective thermal time constant can in fact diverge due

to strong positive feedback.
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˙ Using these expressions in Eq. (3.3) leads to
χ−1 ∆.
χ (∆, ω, Pp ) τ (∆) ∂t δ∆ = −δ∆.

(3.6)

For small deviations δ∆, the solution is a simple exponential δ∆ (t) =
e−t/χτ . Therefore, χ also describes the feedback-induced enhancement, or
suppression, of the effective thermal time constant χ (∆, ω, Pp ) τ (∆).
The susceptibility also foreshadows the emergence of bistability in the
sense that χ diverges when the bistable regime is approached in the fp -Pp
plane along the arrow labeled A in Fig. 3.7. This is very similar to the
divergence of susceptibility to external perturbations when approaching
a thermodynamic second order phase transition. However, our system is
far from equilibrium and, therefore, the bifurcation associated with amplification in JPAs is a closer analogue [88]. Mathematically, our system
is a dynamical system [106] that undergoes a pitchfork bifurcation when
moving into the bistable parameter regime along arrow A. Moving into
the bistable regime through any other point (e.g., along arrow B) results
in an imperfect pitchfork bifurcation, i.e., hysteresis and a discontinuous
change in the stationary ∆ solutions.
We can also estimate the power Pp∗ at which the pitchfork bifurcation
occurs by noting that, according to Eq. (3.5), χ diverges if ∂∆ |Γ (∆, ω)|2 is

negative and Pp approaches −1/∂∆ |Γ (∆, ω)|2 . We can therefore estimate
this critical power by estimating the maximum value of −∂∆ |Γ (∆, ω)|2

based on the linear response results discussed earlier (Figs. 3.1 and 3.2).
That is,

n
o−1
Pp∗ = max −∂∆ |Γ (∆, ω)|2
ω,Pp

−1



−1
−1
 2QQi (2 − 2QQi ) 
∼


−1
f0
Q

=



2Q
Qi



2−

∂f0
∂Ph

2Q
Qi



Q

1 ∂f0
f0 ∂Ph

−1

,

where we approximate the maximum value of −∂∆ |Γ (∆, ω)|2 as the dif-

−1
ference between |Γ|2 off and on resonance [2QQ−1
i (2 − 2QQi )] divided by

the heating power required for the resonance frequency f0 to shift by a
linewidth f0 /Q. For our detector Qi ≈ R/2πf0 L ≈ 320 (Fig. 3.2), 2Q ≈
Qi (Fig. 3.1), and 70 aW changes f0 by roughly a percent (Figs. 3.1 and

−1
3.2). Therefore, Pp⋆ ∼ (1) (2 − 1) (160)(10−2 /70 aW)
≈ 40 aW, which
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Figure 3.8. (a) Amplitude modulation (AM) of the probe pulse used for detecting weak
1 µs heating pulses (also shown). The carrier frequencies are 757 MHz and
8.4 GHz for the probe and heating pulses, respectively. The detector is likely
to switch only during the period ts when the probe power is high. The remainder of the time is used for averaging the output signal. Neighboring pulses
are separated by at least 400 ms in order to reset the detector. (b) Normalized
histograms of the single-shot measurement outcome s with a heating pulse
energy of zero or 200 × h × 8.4 GHz ≈ 1.1 zJ. The fidelity is F = 0.56. The
pulses for the two histograms were interleaved in time. (c) Same as (b) but
for 3.0 zJ and ts = 2.5 µs, leading to F = 0.94. (Adapted from Publication III.)

matches the experimentally observed [Fig. 3.7(a)] and numerically simulated [Fig. 3.7(b)] value of Pp∗ quite well.
Note that the electrical non-linearity of the Josephson inductance becomes important only at much higher powers. Femtowatts would be required for observing the bifurcation caused by it if we assumed, hypothetically, that electrothermal feedback could be ignored (R−1 = 0) [88].

3.8 Threshold detection of zeptojoule microwave pulses
Publication III demonstrates that our detector can be used for threshold detection of microwave pulses containing only zeptojoules of energy.
Achieving a high signal to noise ratio (SNR) in our setup relies critically
on using a latching technique, similar to how Josephson bifurcation amplifiers operate [107, 108]. The technique takes advantage of the electrothermal bistability we discussed in the previous section.
We implement the latching technique by modulating the probe power
according to the scheme specified in Fig. 3.8(a), after first preparing the
system in a low-temperature state by having all signals turned off for
at least 400 ms. In essence, the modulation scheme moves the system
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along the direction of arrow B in Fig. 3.7 in such a way that the system is
made very sensitive to a transition to the high-temperature state for a few
microseconds (ts ), after which it is brought back to a power level at which
the system is still bistable, but where both metastable states have long life
times. This allows the signal integration time to be increased essentially
without limit so that we obtain an integrated single-shot signal s with a
high SNR.
Thanks to the latching technique, we can detect 3.0 zJ pulses with a high
readout fidelity of 0.94 [Fig. 3.8(c)]. As the energy is decreased, the maximum achievable fidelity drops relatively quickly to 0.56 at about 1.1 zJ
[Fig. 3.8(b)]. Therefore, the characteristic threshold energy for our detector is about 1 zJ.
As mentioned in Chapter 1, thermal detectors have been previously used
for single-shot detection of 8 µm photons [25], or microwave packets [24]
containing roughly the same energy (hc/8 µm). In both cases, an energy
resolution of roughly h × 23 THz ≈ 15 zJ was reported. In this sense, our
detector, capable of detecting pulses of 1.1 zJ, improves the state-of-theart by a factor of fourteen. One should note, however, that we operate
the detector in a time-gated threshold detection mode and that Refs. [24,
25] discuss the detectors mostly in the context of cosmology and other
spectroscopy applications, where energy resolution is not necessarily the
single most important design criterion.
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4. Microwave admittance of
Al–AuPd–Al SNS junctions

Low-frequency supercurrent in SNS junctions has been thoroughly studied, both theoretically and experimentally [109–114]. Theoretically, Andreev reflection [115] at the NS interfaces can be understood as the fundamental mechanism that leads to the formation of a gap in the density
of quasiparticle states and to the flow of a dissipationless direct current,
i.e., supercurrent. The effects of intense microwave irradiation on the
low-frequency supercurrent have also been studied extensively. Examples
include integer and fractional Shapiro steps [109, 116, 117], the Dayem–
Wyatt effect [118–120], and other microwave-induced modifications to the
current-phase relation [121, 122].
Surprisingly, however, the detailed high-frequency behavior near equilibrium has received theoretical attention only recently [87, 123–126], and
very little experimental data has been previously published [127, 128].
Furthermore, Refs. [127, 128] only report flux-induced changes in the electrical susceptibility, although this is not explicitly stated in either reference.1 As argued in Publication IV, the scarcity of published experimental data significantly limits testing the validity of theoretical predictions
[87, 123–126], and hinders the integration of SNS junctions into practical
devices operating in the GHz regime. As an example, the development of
the detector presented in Publications II and III would have been greatly
simplified if the effective inductance L and loss tangent ωL/R had been
known in advance.
1 The captions of Fig. 3 in Ref. [128] and Fig. 4 in Ref. [127] do state that the

curves are offset. However, there is no indication of such offsets in the other captions or in the main texts. Nevertheless, we conclude that, most likely, the other
data is also offset since the publications do not explain how δfn = 0 and δQ−1
n =0
are defined, and since some of the presented data would be very surprising if it
did not include an offset.
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Figure 4.1. (a) On-chip circuit layout: feedline, transmission line resonator, and termination parametrized as an inductance L in parallel with a resistance R.
(b) Schematic of the chain of 20 SNS SQUIDs used as the termination. (c)
Micrograph of a single SNS SQUID from an identically fabricated sample.
(Adapted from Publication IV.)

4.1 Experimental technique
In Publication IV, the central component of the samples is a chain of
twenty superconducting quantum interference devices (SQUIDs) formed
by pairs of SNS junctions, as shown in Figure 4.1. The individual SNS
junctions are nearly identical to the short SNS junctions in Publication
III. We use this chain of SQUIDs, in series with large capacitors (Ci and
Cgnd ), as the termination of a long co-planar transmission line resonator
with a mode spacing of roughly 0.6 GHz. This allows extracting the admittance of the SQUID chain at several frequencies by measuring the resonance frequency fn and the internal quality factor Qi,n of each resonator
mode n. We label the fundamental mode n = 1 and measure harmonics
up to n ≈ 20 (Fig. 4.2).
For each measured resonance, we map the measured fn = ωn /2π and
Qi,n to an effective L and R of the SNS SQUID chain by numerically solving the transcendental equation




i
iZ0
ωn
tan
1+
+ arctan (Z0 ωn CC ) =
, (4.1)
2f0
2Qi
(iωn Ci )−1 + Zchain (ωn )
−1
where CC is the capacitance to the feedline (see Fig. 4.1), Zchain
(ω) =

R−1 + (iωL)−1 , and f0 ≈ 635 MHz is the fundamental frequency of the
resonator in the absence of the SQUID chain. We derive this condition
from the wave equation for the circuit model shown in Fig. 4.1(a). From
the solutions L and R, we can also infer the effective inductance L/10 and
loss tangent ωn L/R of each SNS junction in the chain, assuming that the
junctions are all identical.
Our method of determining the admittance of the chain is similar to
Refs. [127, 128], but the coupling between the SNS junctions and the resonator is much stronger in our case. Specifically, for many resonances,
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for (a) the first and (b) second sample at 10 mK and zero flux bias. For
reference, the open markers show the prediction [Eq. (4.1)] for a simplistic
−1
Zchain
= R−1 + (iωL)−1 with a constant R equal to 350 Ω (500 Ω) and a constant L equal to 2.5 nH (5.0 nH) for the first (second) sample. The dashed
lines emphasize that the mode shift is zero for all harmonics of an ideal λ/2
resonator. Some fn and Qi values could not be extracted due to the presence
of nearby parasitic resonances. (Adapted from Publication IV.)

the presence of the SNS SQUID chain modifies fn /f0 − n by a significant

amount (? 0.1) compared to the scatter (10−2 ) observed in reference sam-

−1
ples without a SQUID chain (Zchain
≈ 0). Furthermore, the losses of the

circuit as a whole are dominated by the losses in the SNS junctions, as
verified by measurements of reference samples with Qi,n > 104 . These
differences to Refs. [127, 128] are important, as they allow the extraction
of the admittance without offsets in the real or imaginary part.

4.2 Measured flux and temperature dependence
There are two main external control parameters we vary in the experiments: the cryostat phonon bath temperature Tb and the magnetic flux Φ
through the SQUID loops. As in the case of Publication III, the quasiparticle temperature in the SNS junctions is generally higher than Tb . However, we draw our main conclusions in Publication IV from temperatures
well above 100 mK, where the hot-electron effect [81] should be minimal.
Furthermore, the second sample studied in Publication IV contains large
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Figure 4.3. Measured effective inductance L and resistance R at 1.4 GHz and 195 mK.
The dashed (solid) curves correspond to theoretical predictions with inelastic
scattering (elastic spin-flip scattering). The black (gray) curves correspond to
large (moderate) scattering rates. (Adapted from Publication IV.)

gold-palladium heat sinks for enhancing the electron–phonon coupling.
As discussed above, the long length of the transmission line resonator
allows determining the effective L and R independently over a large frequency range in steps of roughly f0 . However, for simplicity, we concentrate on analyzing the flux and temperature dependence at just two frequencies. Besides limiting the presented data to a manageable amount,
choosing resonances near 1 GHz also simplifies the analysis by allowing
us to neglect the uncertainty in nf0 . Specifically, the fractional uncertainty in nf0 is about one percent at n ∼ 2, and therefore negligible compared to the L-induced shift in fn (Fig. 4.2). At n ? 10 determining L is
still possible, but one must carefully account for the uncertainty in nf0
when determining the error bars.
Figure 4.3 shows the effective L and R near 1.4 GHz as functions of
the SQUID loop flux bias Φ, measured at Tb = 195 mK from the sample
with the additional heat sinks. As expected, both L (Φ) and R (Φ) are
symmetric and periodic with the same period, which we identify as the
magnetic flux quantum Φ0 = h/2e. Furthermore, L and R−1 reach their
minima and maxima at the same values of Φ and the minima are offset
from the maxima by Φ0 /2, as expected.
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Figure 4.4. Measured effective inductance L and resistance R as a function of bath temperature Tb . The dashed (solid) curves correspond to theoretical predictions
with inelastic scattering (elastic spin-flip scattering). The black (gray) curves
correspond to large (moderate) scattering rates. (Adapted from Publication
IV.)

4.3 Usadel equation based theory
We compute the theoretical predictions in Fig. 4.3 by numerically solving
the Usadel equation [86] as described in Ref. [87]. A cursory comparison
between Fig. 4.3 and Fig. 1 in Ref. [87] reveals that the measured L and
R−1 values are much larger than those predicted for the low scattering
rate scenario considered in Ref. [87]. Furthermore, the R value measured
at zero flux bias does not appear to have a strong temperature dependence, in contrast to the expected exponential dependence (Fig. 4.4).
We do not attempt to identify a unique microscopic explanation for the
observed weakness of the proximity-induced superconductivity in Publication IV. Instead, we study whether the experimental observations can
be explained by increasing the value of the phenomenological parameters
associated with scattering. Specifically, we consider two scenarios. First,
a scenario where the inelastic scattering is simply much stronger than
considered in Ref. [87] and, second, a scenario where elastic spin-flip scattering is also added. The latter could arise from very dilute concentrations
of magnetic impurities [129].
The main conclusion of Publication IV is that neither type of scattering
can simultaneously explain the observed L and R, even approximately.
If we attempt to, e.g., improve the agreement in L (Φ) [Fig. 4.3(a)] by in-
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creasing the scattering parameters in the theory, we end up introducing a
clear qualitative disagreement in R (Φ) [Fig. 4.3(b)]. Note that, if our experimental technique only revealed the flux-induced change in inductance
[L(Φ) − L (Φ = 0)], we would conclude that the data in Fig. 4.3 agrees reasonably well with the prediction corresponding to the moderately strong
scattering parameters (gray curves). Similar conclusions would apply to
Fig. 4.4, at least in the high-temperature limit. This demonstrates the
importance of measuring both L and R without arbitrary offsets when it
comes to rigorous testing of theoretical predictions.
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5. Conclusion

All work discussed in this dissertation is connected to the development
of a photodetector for weak microwave pulses. Arguably the most easily
quantified result is demonstrated in Publication III, i.e., the time-gated
threshold detection of coherent 8.4 GHz pulses containing roughly 200
photons (1 zJ). This is an order of magnitude improvement over previous thermal detector results [24, 25], and therefore demonstrates that our
detector design is competitive with other thermal detectors, at least in detecting very weak pulses. Furthermore, the energy threshold currently
appears to be limited by technical, rather than fundamental mechanisms.
While in some ways disappointing, this is in fact positive in terms of future prospects of lowering the threshold without drastic changes to the
design.
At roughly 1 fW/K of differential thermal conductance at 50 mK, the
level of thermal isolation demonstrated in Publications II and III is also
competitive with the lowest thermal conductances reported in the bolometer literature [95]. However, significant assumptions, similar to those in
Ref. [95], would be required for evaluating the electron temperature Te at
the lowest phonon bath temperatures. Therefore, it is difficult to give a
precise number for the thermal conductance ∂Te Pe−b (Te ) that sets a limit
on the noise equivalent power and determines other key properties of the
detector.
This dissertation also contains theoretical work on a specific quantum
optical application of a photodetector, namely parity measurement of a
pair of remote qubits. As a thought experiment, the protocol represents
an example where ideal photodetection always succeeds while ideal linear
amplification always fails. Furthermore, the dynamical decoupling variant of the protocol (see Publication I) seems to be within, or at least near,
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the reach of current experiments. Future work in this direction should
seek to further improve the practicality of the protocol by reducing the
requirements on the detector. This is likely to involve trading off some
of the conceptual simplicity and generality, e.g., by requiring a specific
type of level structure for the physical system used as a qubit. Another
interesting direction is to increase the number of qubits in the parity measurement. Doing so in a resource efficient manner could be of interest in
the context of quantum error correction [75].
We also performed a systematic study of the SNS junctions used in Publications II, III, and IV. Besides aiding our detector development, the results presented in Publication IV provide important additional data for
testing theories of the linear-response behavior of SNS junctions at gigahertz frequencies. Specifically, we measured the electrical admittance
of our gold-palladium based SNS junctions without offsets in the real or
imaginary parts. This revealed a disagreement with a certain class of Usadel equation based theories. Future theoretical work will be required for
understanding, even qualitatively, where the mismatch originates from.
Experimentally, a reasonable next step would be to perform similar measurements on SNS junctions based on materials that have been shown to
behave nearly ideally in dc measurements [113].
In the future, the detector technology discussed here could be developed
in multiple directions. Further lowering of the energy threshold is an obvious goal in the direction of the microwave quantum optics applications
stressed in this dissertation. Operating the detector in a fast and continuous (i.e., non-threshold) mode by optimizing the rf amplification circuitry
is another clear goal. This would also be essential for calorimetric applications in the context of quantum thermodynamics [51, 52]. Alternatively,
adapting our detector to more traditional applications could be fruitful,
e.g., to spectroscopy in the terahertz regime [18]. Doing so would require
additional research into antenna design, materials, and other parameters
that would allow antenna-coupled operation at more practical operating
temperatures. Nevertheless, based on the results thus far, such research
may be worthwhile as our detector is naturally compatible with frequency
multiplexing, has a large dynamic range, is relatively compact, and can
be mass produced in a robust fabrication process.
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Single-photon microwave pulses naturally
arise in modern microwave quantum optics
experiments as a result of a quantum bit
exchanging its excitation with a microwave
transmission line. However, efﬁcient and
practical detectors for such itinerant singlephoton pulses are not available, mostly due
to the exceedingly small energy of individual
microwave photons. This prevents microwave implementations of quantum optical
protocols in which measuring the photon
number of an itinerant pulse is crucial. This
dissertation investigates a calorimetric
approach to solving this problem, i.e., an
approach based on detecting the temperature increase caused by the incoming pulse.
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