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THE LANDSCAPE OF DM MASSES
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FIG. 1. Range of available dark matter candidates. Current observations allow for dark matter to

consist of quanta with an enormous range of masses. Here we classify these candidates as particle-

like when m & 1 eV, and ultralight, wave-like dark matter when m . 1 eV. A few prototypical

models are listed as examples.

II. MOTIVATIONS FOR MECHANICAL SENSORS

The present landscape of viable dark matter candidates is enormous, leading to a wide
variety of potential experimental signatures. Dark matter particles could range in mass
from 10�22 eV up to hundreds of solar masses, a range of some 90 orders of magnitude.1

Moreover, dark matter could interact with the standard model through many possible in-
teractions, although perhaps only through gravity. To span this diverse range of possible
models, di↵erent regions of parameter space will require di↵erent detector architectures and
measurement techniques. In particular, for models interacting with the standard model only
through mass or other extensive quantities such as nucleon number, massive mechanical sen-
sors may be required. Mechanical sensing technologies o↵er an extensive set of platforms,
as discussed in section IV, and thus have the potential to search for a wide range of such
dark matter candidates in regions of parameter space that are complementary to existing
searches.

The ability to monitor a large number of atoms in aggregate o↵ers two key advantages over
other approaches. The first advantage is the large volume integration of any putative dark
matter signal. Any dark-visible interactions are necessarily tiny, so using a large volume (or a
large mass of target nuclei or atoms, for models that can resolve the underlying substructure
of the masses) is key to meaningful detection prospects. The second advantage is that long-
wavelength signals can be integrated coherently across the full device, leading to greatly
enhanced sensitivities. Such coherent detection has applications in the search for signals
from wave-like dark matter signals like the axion or other ultralight bosons, as well as in
the case of impulses delivered with extremely small momentum transfers. In section III,
we give some examples of dark matter models leading to these types of signals, and discuss
prospects for their detection with mechanical sensors.

III. DETECTION TARGETS AND TECHNIQUES

Possible signals of dark matter are controlled by a few key parameters. Astrophysical ob-
servations tell us that the dark matter mass density in our neighborhood is ⇢ ⇠ 0.3 GeV/cm3

1 In this paper, we use natural units ~ = c = 1 to quote particle physics quantities like masses and momenta.

− 60 orders of magnitude - might even be more, alas -

− which range can be probed with laboratory searches?

− ' 10 eV is considered a fundamental watershed

− quantum sensing→ significant opportunities for ultralight bosonic, wave-like DM and in the
10 keV-1MeV range



AXION vs WIMP DETECTION

“The axion would be something of a spiritual cousin to the photon, but with just a hint of mass” P. Sikivie

WIMP [4-1000 ] GeV
− number density is small
− tiny wavelength
− no detector-scale coherence

=⇒ observable: scattering of
individual particles

AXION [mA . eV]
− number density is large (bosons)
− long wavelength
− coherence within detector

=⇒ observable: classical, oscillating,
background field
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IS DM MADE OF AXIONS?

⇒ a well motivated scenario:
− “three birds with one particle”

1. a CP problem solution
2. Dark Matter candidate
3. barion asymmetry [PRL 124, 111602 (2020)]

− SUSY is failing tests at LHC

− WIMPs searches with next generation of experiments

⇒ axion parameter space
− axions exist in a space of mass ma and coupling

gaγ with known density and velocity
distribution throughout the galactic halo

− yellow/white regions not probed

− yellow = QCD axion

− only method for reaching QCD band is with
haloscope
https://cajohare.github.io/AxionLimits/



HALOSCOPE - resonant search for axion DM in the Galactic halo

− original proposal by P. Sikivie (1983)
− search for axions as cold dark matter constituent: SHM from ΛCDM, local DM density ρ
→ signal is a line with 10−6 relative width in the energy(→ frequency) spectrum
→ + sharp (10−11) components due to non-thermalized

− an axion may interact with a strong ~B field to produce a photon of a specific frequency (→ ma)



HALOSCOPE - resonant search for axion DM in the Galactic halo



Axions can be produced in the SUN and in the LAB
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Light Shining Through Wall experiments 

Axions have negligible interaction with matter therefore they can cross undisturbed a thick wall which has the 
function of stopping the light from the source. Beyond the wall, where a second intense magnetic field is set, 
axions might convert back into photons of the same initial energy with no contamination left from the source.  

This is the so called Light-Shining-through-Wall (LSW) scheme introduced by Sikivie which we mean to 
explore in a range of photons frequencies never considered so far.    

In the calculation of the matrix element above we assume that the photon travels through a magnetic field 
region which has a very large geometric extension in the transverse direction, when compared to the (inverse) 
components of the q vector. If H is homogeneous (and constant) in this region, the field value H  is factored 
out of the previous integral and the transverse components of q, say (qy,qz), are fixed to zero by Dirac delta 
functions. This overall means that the photon-to-axion conversion produces an axion collinear with the photon. 
The regenerated photon beyond the wall will be collinear to the original one as well.   

On the other hand we assume that along the direction of flight of the photon, the magnetic field covers an 
extension Lx which is comparable in size (or smaller) with the inverse of qx . As a result, the photon-to-axion 
and backward probability are given by (for light polarized along H and photon energy larger than ma) 

where qx is found to be  

The evaluated conversion probabilities are severely bound by experimental limits on g. Photon-to-axion 
conversion might be an effective stellar cooling mechanism. This gives a rough bound on g < 10-10 GeV-1 

(axion masses in the meV range). However similar limits are posed by terrestrial experiments like CAST or by 
LSW experiments as discussed more extensively in the next section.  

In many respects, direct laboratory searches in LSW experiments are preferable since there is no need to 
resort to theoretical models on astrophysical axion production even if the overall process photon-axion-photon 
regeneration is proportional to forth power of the coupling. To compete with the extremely small values of g 
and attain the maximum rates of photon-axion-photon regeneration processes one therefore needs very 
intense magnetic fields H, and very intense photon sources.  

Photon source, cavity and magnetic fields 

As for the magnetic fields, present technology allows to achieve 10-15 T in limited regions of space. An 
important step forward in the LSW scheme aiming at increasing the signal rate (N/time) could be done by  
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§  Magnetic field: H = 15 T, L = 0.5 m 
§  Source: gyrotron; P ≈ 100 kW, Φγ = 1027 s-1, εγ = 120 µeV (ν ≈ 30 GHz) 
§  Fabry-Perot cavity: Q ≈ 104 

§  Sub-THz single-photon detection based on TES technology, η ≈ 1 
§  Possible second FP cavity behind the wall to enhance axion-photon conversion rate    

    P. Sikivie, D.B. Tanner and K. Van Bibber, Phys. Rev. Lett. 98, 172002 (2007) 

optical/sub-THz photons→ single photon detectors
a→ γ conversion probability depends on source intensity
Phys. Dark Univ. 12, 37 (2016)



AXION PARAMETER SPACE

− axions exist in a space of mass ma and coupling
gaγ with known density and velocity
distribution throughout the galactic halo

− yellow/white regions not probed

− yellow = QCD axion

− only method for reaching QCD band is with the
axion haloscope

https://cajohare.github.io/AxionLimits/



DM: what do we now about its local density?

− ρDM is important for direct detection experiments that
hope to find evidence for a DM particle in the lab

− local vs global measures: errors and assumptions

− 0.45 GeV/cm3 =⇒ 1 hydrogen atom/∼cm3



DM PARTICLES VELOCITY DISTRIBUTION AND AXION LINESHAPE
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Figure 3. Key predictions from dark matter only (DMO) cosmological simulations.
(a) Projected density contours of the Aquarius Aq-A-1 DMO cosmological simulation
of a halo of Milky Way mass (M200 ∼ 1012 M"), run with 4.2 billion dark matter super-
particles (Springel et al 2008). The size of the Galactic disc out to the Sun position
R0 = 8 kpc (not modelled in this simulation) is marked by the red horizontal line.
(b) The spherically averaged dark matter density profile from the GHALO suite of
Milky Way mass halo simulations (Stadel et al 2009). Four different resolutions (super-
particle numbers) are marked, showing excellent numerical convergence. (c) The dark
matter density Probability Distribution Function (PDF) in the Aquarius suite, calculated
using a kernel average (64 smoothing neighbours) at each super-particle, normalized
to a power law model fit over a thick ellipsoidal shell at 6–12 kpc from the halo
centre (Vogelsberger et al 2009a). Simulations Aq-A-1 through Aq-A-5 (of decreasing
numerical resolution, as marked) are over-plotted; only Aq-A-1 and Aq-A-2 resolve the
high density tail due to subhalos. The black dashed line shows the intrinsic scatter due
to Poisson noise in the density estimator. (d) The dark matter velocity PDF averaged
over 2 kpc boxes at 7–9 kpc from the halo centre of Aq-A-1.

explicitly calculate the phase space distribution of the sheet by interpolating between particles.
They then integrate over velocity to obtain the dark matter density field. The method shows
great promise but becomes computationally expensive in regions where the sheet becomes
highly foliated—i.e. at the centres of forming halos. Lovell et al (2014) propose a much
less computationally expensive post-processing algorithm to prune spurious structures from
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DM cosmological simulation of a halo of Milky
Way mass (1012 M�), run with 4.2 billion dark
matter super-particles

→ axion linewidth Qa = νa/∆ν ' 106

− ρDM is important for direct detection experiments that
hope to find evidence for a DM particle in the lab

− local and global measures: errors and assumptions

− 0.45 GeV/cm3 =⇒ 1 hydrogen atom/∼cm3



HALOSCOPE - resonant search for axion DM in the Galactic halo

1. microwave cavity for resonant amplification
-think of an HO driven by an external force-

2. with tuneable frequency to match the axion mass

3. the cavity is within the bore of a SC magnet

4. cavity signal is readout with a low noise receiver
-how much low? depends on the signal amplitude, partly in
the hands of the experimentalist

2

cavity coupled to a JPA and immersed in a static mag-
netic field of 8.1 T, all cooled down with a dilution re-
frigerator at a working temperature T ⇠ 150 mK. These
features improve the precedent work of Ref. [16], allow-
ing us to exclude values of ga�� > 0.639 · 10�13 GeV�1

at 90% C.L.
In Sec. II we describe the experimental setup along

with its calibration, while in Sec. III we present the re-
sults and data analysis, and prospects for QUAX–a� in
Sec. IV.

II. EXPERIMENTAL SETUP

FIG. 1. View of the QUAX�a� dilution refrigerator insert,
instrumented with resonant cavity (at the bottom) and ampli-
fication chain. Behind, the 8.1 T magnet with its countercoil
is visible.

The haloscope, assembled at Laboratori Nazionali di
Legnaro (LNL), is composed by a cylindrical OFHC-Cu
cavity (Fig. 1), with inner radius of 11.05 mm and length
210 mm, inserted inside the 150 mm diameter bore of an
8.1 T superconducting (SC) magnet of length 500 mm.
The total volume of the cavity is V = 80.56 cm3. The
whole system is hosted in a dilution refrigerator with
base temperature of 90 mK. Each cavity endplate hosts
a dipole antenna in the holes drilled on the cavity axis.
The cavity was treated with electrochemical polishing

to minimize surface losses. We measured the resonant
peak of the TM010 mode at 150 mK and magnet on
with a Vector Network Analyzer obtaining the frequency
⌫c= 10.4018 GHz and an unloaded quality-factor Q0=
76,000 in agreement with expectations from simulation
performed with the ANSYS HFSS suite [31]. During
data-taking runs, the cavity was critically coupled to the
output radiofrequency (RF) line and the loaded quality-
factor was measured to be about QL= 36,000.

FIG. 2. Schematics of the experimental apparatus. The mi-
crowave cavity (orange) is immersed in the uniform magnetic
field (blue shaded region) generated by the magnet (crossed
boxes). A1 and A2 are the cryogenic and room-temperature
amplifiers, respectively. The JPA amplifier has three ports:
signal (s), idler (i), and pump (p). Superconducting cables
(red) are used as transmission lines for RF signals from 4 K
stage to 150 mK stage. Thermometers (red circled T) are
in thermal contact with the resonant cavity and the signal
port on the JPA. Attenuators are shown with their reduc-
tion factor in decibels. The horizontal lines (blue) identify
the boundaries of the cryogenic stages of the apparatus, with
the cavity enclosed within the 150 mK radiation shield. The
magnet is immersed in liquid helium.

The RF setup is the same as our previous measure-
ment [15] and is shown in Fig. 2. It consists of four RF
lines used to characterize and measure the cavity sig-



HALOSCOPE - resonant search for axion DM in the Galactic halo

− if axions are almost monochromatic then their conversion to detectable particles (photons)
can be accomplished using high-Q microwave cavities.

− ωTM0nl =

√( εn
r

)2
+
(

lπ
h

)
TM0nl are the cavity modes that couple with the axion

− resonant amplification in [ma ± ma/Q]

− data in thin slices of parameter space;
typically Q < Qa ∼ 1/σ2

v ∼ 106

− signal power Pa→γ is model-dependent

Pa→γ ∝ (B2VQ)

(
g2

aγ
ρ

ma

)

exceedingly tiny (∼ 10−23 W)

“The last signal ever received from the 7.5 W transmitter aboard Pioneer 10 in 2002, then 12.1 billion kilometers from
Earth, was a prodigious 2.5× 10−21 W. And unlike with the axion, physicists knew its frequency!”

K. V. Bibber and L. Rosenberg, Physics Today 59, 8, 30 (2006)



HALOSCOPES: UPDATES

ADMX PRL 124, 101303 (2020)
Given the absence of axion-like signals, a 90% upper

confidence limit was set on the axion-photon coupling over
the scanned mass range. Due to the loss of sensitivity at
mode crossings, we do not report limits over some regions.

The fractional systematic uncertainties in the experiment
are listed in Table I, which are modeled as uncertainties on
the expected axion signal from the cavity. For models
where axions make up 100% of dark matter, these limits
exclude DFSZ axion-photon couplings between 2.66
and 3.31 μeV for both isothermal sphere halo models
and N-body simulations (Fig. 4). These results represent
a factor-of-4 increase in mass coverage over those reported
in Ref. [22].
ADMX will utilize a similar cavity with larger tuning

rods and improved thermalization between the dilution
refrigerator and quantum amplifier package to continue to
search dark-matter axions at higher masses with increased
sensitivity. These future searches, built on current research
and development [36,37], will probe even more deeply into
the well-motivated yet unexplored axion parameter space.

FIG. 4. 90% confidence exclusion on axion-photon coupling as a function of axion mass for the Maxwell-Boltzmann (MB) dark-
matter model and N-body model. Blue: Previous limits reported in Ref. [35]. Orange: Previous limits reported in Ref. [22]. Green:
Limits from this work. Darker shades indicate limits set for the MB model [22,33], and lighter shades indicate limits set for the N-body
model [22,34].

FIG. 3. An example of combined power spectra after a
Maxwell-Boltzmann shape filter, with blue indicating the initial
scan data and orange indicating data taken during a rescan with
roughly 4 times more integration time. The prominent peak
centered at 730.195 MHz corresponds to a blind signal injection
identified in the analysis that persisted after a rescan; the small
peak to the left at 730.186 MHz was a candidate that did not
persist in the rescan. Because of a mismatch between the receiver
spectral shape and the axion signal, the power at frequencies
surrounding the candidate is suppressed by the receiver spectral
background removal. This can be seen in the frequency back-
ground surrounding the 730.195 MHz candidate in the rescan
(orange) data.

TABLE I. Primary sources of systematic uncertainty within the
experiment. The total combined uncertainty was treated as an
uncertainty on the total axion power from the cavity.

Source Fractional uncertainty

B2*V*f 0.05
Q 0.011
Coupling 0.0055
RF model fit 0.029
Temperature sensors 0.05
SNRI measurement 0.042
Total on axion power 0.088
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101303-5− sensitivity to QCD axion
− 2.82− 3.31µeV mass range
− cylindrical cavity at T = 100 mK,
Q0 ∼ 30000, V = 136 l
− 7.6 T field
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inant noise. In practice, squeezing is limited by ⌘, the
transmissivity of the cables and microwave components
between the SQ and AMP, scaling as S = ⌘Gs + (1 � ⌘)
where Gs is the inferred squeezing at the output of
the squeezer, limited by saturation e↵ects [16]. In the
HAYSTAC system, ⌘ ⇡ 0.63, giving S = 0.37 as the the-
oretical maximum squeezing. This is nearly saturated by
the measured value and corresponds to an almost twofold
scan rate enhancement relative to optimal unsqueezed
operation.

RESULTS

Using the SSR apparatus described above, we probed
over 70MHz of well-motivated parameter space [2, 3]
in half the time that would have been required for un-
squeezed operation, saving approximately 100 days of
scanning. Initial data acquisition occurred from Septem-
ber 3 to December 17, 2019, covering 4.100–4.178 GHz
and skipping a TE mode at 4.140–4.145 GHz which does
not couple to the axion [29]. A total of 861 spectra
were collected, of which 33 were cut due to cavity fre-
quency drift, poor JPA performance, or an anomalous
power measurement in a probe tone injected near cavity
resonance. Analysis of the initial scan data yielded 32
power excesses that merited further scanning, consistent
with statistical expectations [30]. Rescan data were col-
lected from February 25 to April 11, 2020. None of the
power excesses from the initial scan persisted in the anal-
ysis of rescan data. The process of optimizing the SSR
as well as further measurements and calibrations taken
periodically are described in Appendix A.

From this data, we report a constraint on axion masses
ma within the 16.96–17.12 and 17.14–17.28 µeV/c2 win-
dows. Using the Bayesian power-measured analysis
framework [24] described in Appendix B, we exclude ax-
ions with g� � 1.38⇥gKSVZ

� . Figure 3a shows in greyscale
the prior update (change in probability) Us that the axion
resides at any specific location in parameter space, with
the solid blue line showing the coupling where Us = 10%
at each frequency. The aggregate update U (blue curve
in Fig. 3b) to the relative probabilities of the axion and
no-axion hypotheses corresponds to exclusion at the 90%
confidence level over the entire window at the coupling
where U = 10%. The results from our quantum-enhanced
data run are shown alongside other axion haloscope ex-
clusion curves in Fig. 3c, including previous HAYSTAC
results [6, 18], which operated a single JPA near the
quantum limit.

CONCLUSION

With these results, the HAYSTAC experiment has
achieved a breakthrough in sensitivity by conducting a
sub-quantum-limited search for new fundamental par-
ticles. Through the use of a squeezed state receiver

FIG. 3. Axion exclusion from this work. (a) Prior updates Us

in greyscale in the two-dimensional parameter space of axion
frequency ⌫a and coupling g� are achieved with a Bayesian
analysis framework [24]. The 10% prior update contour is
shown in solid blue. The corresponding 90% aggregate exclu-
sion level of 1.38 ⇥ gKSVZ

� is shown as dashed blue. (b) The
frequency-resolved Us are combined into a single aggregate
prior update U as a function of coupling g� over the entire
frequency range covered by the dashed blue line in (a). (c)
Results of this work are shown alongside previous exclusion
results from other haloscopes (see Ref. [31]). The QCD axion
model band [32] is shown in yellow, with the specific KSVZ
[25, 26] and DFSZ [33, 34] model lines shown as black dashed
lines.

which delivers 4.0 dB of o↵-resonant noise variance re-
duction relative to vacuum, we have demonstrated record
sensitivity to axion dark matter in the 10 µeV/c2 mass
decade. This work demonstrates that the incompatibility
between delicate quantum technology and the harsh and
constrained environment of a real search for new parti-
cle physics can be overcome: in this instance in an ax-
ion haloscope requiring e�cient tunability and operation
in an 8T magnetic field. As intense interest in quan-
tum information processing technology continues to drive
transmission losses downward, quantum-enhanced mea-
surement will deliver transformative benefits to searches
for new physics. In particular, the prospect of removing
nonreciprocal signal routing elements [35] would boost
transmission e�ciencies above 90%, yielding a greater-
than-tenfold scan rate increase beyond the quantum limit
[1].
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− 17.14− 17.28µeV axion mass range
− squeezing doubled the search rate
− cylindrical cavity at T = 60 mK
Q0 ∼ 50000, V = 1.5 l
− 8T magnet

“Roberto and I spent a few months cooking up this theory, and now the experimentalists have spent 40 years looking for it ”
H. Quinn



QUAX - QUAERERE AXIONS
Detection of cosmological axions through their coupling to electrons or photons

PHOTON COUPLING – QUAX aγ high frequency range (8.5− 11) GHZ

DM axions are converted into RF photons inside a resonant cavity
immersed in a strong magnetic field

ELECTRON COUPLING – QUAX the FMR haloscope

the axion DM cloud acts as an effective RF magnetic field on the
electron spin exciting magnetic transitions in a magnetized sample
(YIG)→ RF photons



INTRODUCTION axion-photon [a�] axion-electron quantum sensing LNL and LNF haloscopes

back to the origins of the QUAX FMR haloscope

ELECTRON COUPLING – QUAX NEW CONCEPT! the FMR haloscope

the axion DM cloud acts as an effective RF magnetic field on the
electron spin exciting magnetic transitions in a magnetized sample
(YIG) ! RF photons

sostituire con disegno modificato: ⌧min = min(⌧a, ⌧c, tau2) under the condition of strong coupling, sotto ns metti
YIG (Yttrium Iron Garnet) e tuning con campo B sotto a massa (ESR, where the RF field is actually the axion
effective field)
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Fig. 1 Transmission spectrum of the hybrid system as a function of
the external field B0, showing the anticrossing curve of the cavity mode
(red dashed line) and Kittel mode (blue dashed line). The coupling g is
defined by Eq. (5)

Fig. 2 Power spectrum of the cavity (blue line), and hybrid modes
calculated for a critically coupled antenna and a sample volume Vs
(orange line) and 5Vs (green line). The used parameters are close to the
experimental values of our apparatus

g = γ

2π

√
µ0h fa
Vm

nsVs = f+ − f−, (5)

where µ0 is vacuum magnetic permeability and Vm = ξVc is
the product of the cavity volume Vc and a mode-dependent
form factor ξ . The linewidths of the hybrid modes k+,− are an
average of the linewidth of the cavity kc and of the material
km , i. e. k+,− = 1

2 (kc + km) ≡ kh . The calculated power
spectral density of an empty cavity and of a cavity with the
volume Vs and 5Vs of material are shown in Fig. 2. The two
hybrid modes are more sensitive to the power deposited by the
axion field since they are not affected by radiation damping,
the minimum relaxation time is τmin = min(τh, τ∇a), where
τh = 1/kh . With an antenna critically coupled to one of the
hybrid resonant modes, the extracted power is Pout = Pin/2.

The scalar product σ̂ · ∇a of Eq. (2) shows that the effect is
directional. Due to earth rotation, an earth-based experiment
experiences a full daily modulation of the signal, due to the
variation of the axion wind direction.

3 The QUAX prototype

To implement the scheme presented in Sect. 2 we use a cylin-
drical copper cavity TM110 mode with resonance frequency
fc $ 13.98 GHz and linewidth kc/2π $ 400 kHz at liq-
uid helium temperature, measured with a critically coupled
antenna. The shape of the cavity is not a regular cylinder, two
symmetric sockets are carved into the cylinder to remove the
angular degeneration of the normal mode, the maximum and
minimum diameters are 26.7 mm and 26.1 mm, and the length
is 50.0 mm. The shape of the cavity and of the mode magnetic
field are shown in Fig. 3. The choice of the TM110 mode has
the advantage of having a uniform maximum magnetic rf field
along the cavity axis. Its volume can be increased just using
a longer cavity without changing the mode resonance fre-
quency. For this mode we calculate a form factor ξ = 0.52
[61]. The cavity mode is coupled to a magnetic material,
thus we studied the properties of several paramagnetic sam-
ples and some ferrites. Highest values of ns together with
long relaxation times have been found for YIG (Yttrium Iron
Garnet) and GaYIG (Gallium doped YIG). To avoid inho-
mogeneous broadening of the linewidth due to geometrical
demagnetization, these garnets are shaped as highly polished
spheres. Five GaYIG spheres of 1 mm diameter have been
placed in the maximum magnetic field of the mode, which
lies on the axis of the cavity. The spheres are housed inside
a PTFE support large enough to let them rotate in all pos-
sible directions, in order to automatically align the GaYIG
magnetization easy axis with the external magnetic field.

The amplitude of an external magnetic field B0 determines
the Larmor frequency of the electrons. The uniformity of
B0 on all the spheres must be enough to avoid inhomoge-
neous broadening of the ferromagnetic resonance. To achieve
a magnetic field uniformity ≤ 1/Qh , where Qh ∼ 104 is the
quality factor of the hybrid mode, we make use of a supercon-
ducting NbTi cylindrical magnet equipped with a concentric
cylindrical NbTi correction magnet. With B0 = 0.5 T we
have fL $ fc and thus the hybridization of the cavity and
Kittel modes, as discussed in Sect. 2. The power supply of the
main magnet is a high-precision, high-stability current gen-
erator, injecting 15.416 A into the magnet with a precision
better than 1 mA, while a stable current generator provides
26.0 A for the correction magnet. A simplified scheme of the
cavity, material and magnet setup is represented in the left
part of Fig. 4.

In the strong coupling regime, the hybrid mode frequen-
cies are f+ = 14.061 GHz and f− = 13.903 GHz, yielding

123

under the condition of strong coupling

YIG (Yttrium Iron Garnet)

ESR (Electron Spin Resonance)
 the RF field is actually the axion effective field

—> > axion mass tuning with B field!
1.7 T —>  48 GHz

corresponding signal photon rate
microwave photon counter is needed
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with a maximum sensitivity to gaee of 1.7 × 10−11. This, to
our knowledge, is the best reported limit on the coupling of
DM axions to electrons, and corresponds to a 1-σ field
sensitivity of 5.5 × 10−19 T, which is a record one. No show
stoppers have been found so far, andhence a further upscale of
the system can be foreseen. A superconducting cavity with a
higher quality factorwas already developed and tested [50]. It
was not employed in this Letter since the YIG linewidth does
not match the superconducting cavity one, and the improve-
ment on the setup would have been negligible. With this
prototype, we reached the rf sensitivity limit of linear
amplifiers [51]. To further improve the present setup, one
needs to rely on bolometers or single magnon or photon
counter [52]. Such devices are currently being studied by a
number of groups, as they find important applications in the
field of quantum information [53–56].
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In conclusion, the optimization of the magnetic vol-
ume together with the quantum-limited readout and su-
perconductive cavities will allow the LNF haloscope to
perform an axion search with a scan speed up to about
20 MHz per day. Further improvements are expected by
the development of single microwave photons detectors
under study with the SIMP and Supergalax projects (see
below). In the case of a single-photon detector based
on the measurement of the state of a superconducting
qubit, with each qubit coupled to a cavity in the array, a
readout scheme similar to that discussed in [101] will be
used.

C. Data analysis

Data for this experiment comes from the down conver-
sion of the cavity output and subsequent sampling at a
frequency above the cavity linewidth. An O(1) MHz/s
data flux is expected for each cavity. Considering about
3 months of operation per year, a storage of about 1
MHz/s x 100 days x 86400 s = 9 TB for each cavity
per year would be necessary. This number is easily man-
ageable for the LNL haloscope. For the LNF haloscope
employing up to 7 cavities in a larger bandwith, up to 1
GHz, the higher data flux will be reduced by processing
the data with FPGA and writing to disk only the fraction
of power spectrum of interest for the analysis

For the analysis of the data, the QUAX collaboration,
besides using standard FFT and DFT based techniques,
will integrate in the system all the new analysis proce-
dures that are currently being developed by other groups
searching for DM axion (See [103], [104] and [105]).

D. Summary QUAX-a�: Primako↵ haloscopes

The best parameters for the two haloscopes in LNF
and LNL are summarized in Table III. By using Equa-
tion (9) we have calculate the scanning rates for the two
systems for the case of the KSVZ axion model with 95%
c.l. Two di↵erent detector conditions have been consid-
ered, namely in the standard quantum limit (NA = 0.5)
and with extra noise added by the detection chain as
NA = 1.5 photons. As it can be seen, a realistic scan
bandwidth of O(1) GHz should be feasible for both set-
ups. For the LNF haloscope we have assumed to operate
the multicavity scheme in the simpler case with the cavi-
ties tuned at di↵erent frequencies. A successful operation
of the cavities at the same frequency would improve the
scanning rate by a further factor Ncav = 7. As it can
be seen, a realistic scan bandwidth of O(1) GHz should
be feasible for both set-ups, thus covering the yet unex-
plored region 8.5 to 11 GHz, corresponding to the axion
mass range from 34 µeV to 44 µeV. Such physics reach
is plotted in Figure 18. With the LNL haloscope, hav-
ing the best peak sensitivity, albeit over a much sharper
band, some longer single runs can be envisaged. With

such runs collected data should have sensitivity to reach
the DFSZ model. We remind that the ratio of the ex-
pected axion power between DFSZ and KSVZ models is
about 1/7.3. For the LNL haloscope this would mean
increasing the single scan time from 69 s to about an
hour.

Of course, if the collaboration will be able to operate a
microwave quantum counter, all the performances will be
boosted by a significant factor, depending on the noise
rate of the detector (See Section VI). In such case, the
studied bandwidth will essentially be limited by the oper-
ating bandwidth of the counter, and reaching the DFSZ
model line will be a trustable goal.

TABLE III. Summary of the characteristics of the two QUAX
Sikivie Haloscopes.

LNF LNL

Magnetic field 9 T 14 T

Magnet length 40 cm 50 cm

Magnet inner diameter 9 cm 12 cm

Frequency range 8.5 - 10 GHz 9.5 - 11 GHz

Cavity type Hybrid SC Dielectric

Scanning type Inserted rod Mobile cylinder

Number of cavities 7 1

Cavity length 0.3 m 0.4 m

Cavity diameter 25.5 mm 58 mm

Cavity mode TM010 pseudoTM030

Single volume 1.5 · 10�4 m3 1.5 · 10�4 m3

Total volume 7⌦0.15 liters 0.15 liters

Q0 300 000 1 000 000

Single scan bandwidth 630 kHz 30 kHz

Axion power 7 ⌦ 1.2 · 10�23 W 0.99 · 10�22 W

Preamplifier TWJPA/INRIM DJJAA/Grenoble

Operating temperature 30 mK 30 mK

Performance for KSVZ model at 95% c.l. with NA = 0.5

Noise Temperature 0.43 K 0.5 K

Single scan time 3100 s 69 s

Scan speed 18 MHz/day 40 MHz/day

Performance for KSVZ model at 95% c.l. with NA = 1.5

Noise Temperature 0.86 K 1 K

Single scan time 12500 s 280 s

Scan speed 4.5 MHz/day 10 MHz/day
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SCAN RATE in the past 30 years

how rapidly an haloscope probes the parameter space at fixed gγ

df
dt
∝
(

g4
γ

SNR2

)(
ρ2

DMQa

Λ8

)(
B4V2C2

mnlQ0

N2
sys

)

I B is still within 25-50%
I Q0 limited by anomalous skin effect for normal metals, recently

with SC technology (YBCO) gained a factor ∼ 10, dielectric cavity
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SCAN RATE:
role of cavity Q0 and of the receiver noise temperature
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Figure 6. Comparison of the scanning rate between the original (eq. (1.4)) and revised (eq. (5.2))
calculations as a function of normalized cavity quality factor, Qc/Qa, for three di↵erent values of �,
the relative noise contribution. The former and the latter estimations are represented by dashed and
solid lines, respectively.

rate is sensitive to the receiver coupling strength, which was optimized for various scenar-
ios of the experimental parameters. A comparison with the original calculation indicates
that further development of superconducting RF science and quantum technology would be
more beneficial than we expected. This revision would have non-trivial impacts on not only
the sensitivity calculation of present experiments but also the conceptual design of future
experiments.
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A Validity of the Cauchy approximation

The energy spectrum of halo axions in the galactic rest frame is thermodynamically modeled
by a Gamma distribution with a shape parameter of 3/2 and a scale parameter associated
with the energy dispersion. The spectrum, however, appears boosted by an observer on
Earth owing to the Sun’s circular motion as described in ref. [20] and the analytical form is
rephrased as

ã(u) =

r
3

2⇡

1

r
exp


�3

2

�
r2 + u

��
sinh

⇥
3r
p

u
⇤
, (A.1)

where u is the axion kinetic energy in the unit of mav
2
rms/2 with its mass ma and rms velocity

vrms ⇡ 270 km/s, and r = v�/vrms ⇡ 0.85 is the boosting ratio with v� being the circular
velocity of the Sun. Ignoring the orbital and rotational motions of the Earth and using the
average (Ea = mav̄

2
a/2) and dispersion (�Ea = mav̄

2
dis/2) of the kinetic energy, the boosted

distribution function returns the average axion quality factor of 1.0 ⇥ 106.

For cavity haloscopes, the axion conversion power is proportional to the inner product
of the axion distribution function and the cavity transfer function, which is represented by
the Cauchy distribution. An approximation of the axion energy spectrum to the Cauchy
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Insertion of the isolator makes the power transfer independent of the coupling strength,
which confirms the aforementioned feature of isolators as matched loads. The flat distribution
is also statistically represented by a small R-squared value. For the directional coupler, we
find that the departure from the theoretical estimation particularly in the tail is attributed to
the insertion loss of 0.2 dB, which is consistent with the value obtained from the fit by taking
a purely real propagation constant � into account in parameter B. The maximum power
appears when the impedance is matched (� = 1) regardless of the type of added component
and the corresponding values are comparable with each other. Since an isolator brings higher
noise to the detector at any coupling, it would be desirable to consider an alternative design
for the detector chain in order to improve the SNR particularly for systems which require
impedance mismatches.

5 Experimental scanning rate

The sensitivity of axion search experiments is determined by the SNR defined in eq. (1.2). For
convenience sake, we reformulate the signal power (eq. (3.3)) and system noise (eq. (4.10)) as

Psignal = P0
�

1 + �

QlQa

Ql + Qa
and

�Pnoise = kBTe↵

✓
4�

(1 + �)2
+ �

◆r
�⌫a

�t
,

(5.1)

with, respectively, P0 ⌘ g2
a��(⇢a/ma)B

2
0V C and � ⌘ Tadd/Te↵ , the relative contribution of

the added noise with respect to the thermal noise of the system. By putting eq. (5.1) into
eq. (1.2), the general form of the scanning rate is derived as

df

dt
=

1

SNR2

✓
P0

kBTe↵

◆2
 �

(1+�)

4�
(1+�)2

+ �

!2

QlQ
2
a

Ql + Qa
. (5.2)

For a fixed Qa, the coupling � can be optimized to maximize the detection rate for a
given cavity quality factor Qc and noise contribution ratio �. The general solution for the

optimal coupling, �opt, is obtained by requiring d
d�

⇣
df
dt

⌘
= 0, which arrives at

���4 � (�� 4)�3 + (8Q̃ + 2�Q̃ + �� 4)�2

+(4�Q̃ + �)� + 2�Q̃ = 0,
(5.3)

where we use Q̃ ⌘ Qc/Qa + 1 for simplicity. Four non-trivial solutions exist which satisfy
eq. (5.3), but in physically meaningful conditions of � � 0 and Q̃ � 1, there is only one real
positive solution. If the added noise is the dominant contribution to the total noise, i.e.,
� � 1, the optimal � for a given Qc is obtained to be

�opt =
1

2

⇣
1 +

p
9 + 8Qc/Qa

⌘
.

It is noted that for Qc ⌧ Qa, the scanning rate and the optimal coupling become respectively

df

dt
/ �2

(1 + �)2
QaQl and �opt = 2,

which restores the descriptions in eq. (1.4).

– 9 –

=⇒ improve Q
=⇒ improve λ (or change paradigm)

Revisiting the detection rate for axion haloscopes D. Kim et al JCAP03, 066 (2020)



PREAMP NOISE

the Dicke’s receiver noise is determined by the
preamp:

P = kBTN

√
∆ν

tmADMX: Axion Dark Matter eXperiment

1.2 Figures of merit

amplifiers. It will also be the occasion to define the quantities used in the rest
of this thesis. First, the main quantifiable figures of merit of an amplifier – gain,
bandwidth, saturation and noise– are quickly reviewed. Second, a brief review
of quantum limit of noise is carried out. Eventually, basic notions on Josephson
junctions and SQUIDs are reviewed.

1.2 Figures of merit

An amplifier is a device expected to amplify an input signal on a large frequency
span, with little possible signal distortion or added noise. In this section we draw
up a non-exhaustive list of what we consider to be the most important figures
of merit for our amplifiers. We define the parameters and their notations used
throughout the manuscript.

Gain

Obviously gain is the first feature one can think of for an amplifier. Seen as a
transfer function with a signal amplitude Ain at the input and a signal amplitude
Aout at the output (as shown in Fig. 1.1), the power gain factor G is defined
as the output to input amplitude ratio:

Ô
G = Aout/Ain. The internal process

leading to amplification can be of di�erent nature: vacuum tubes (traveling-wave
tube amplifiers [50, 51]), field-e�ect (high electron mobility transistors [52]) or
parametric interaction (Josephson parametric amplifiers). The high power source
providing the necessary energy to feed this process is called pump. Throughout
this manuscript, gain will be in general given and plotted as the power signal G,
in decibel unit. For instance, whenever we refer to 20 dB gain, it corresponds to
a factor 100 in power (or a factor 10 in amplitude), in linear units.

Added noise

Input noise

Signal

G

Figure 1.1 – Schematic of amplification process. The amplifier is driven
by a high energy source called pump. At its input, the signal and noise amplitudes
are amplified by a factor

Ô
G. Noise is coming from the environment (input noise)

and the amplifier internal channel (added noise).

Link back to ToC æ 3

thermal + quantum fluctuations
n(ν,T) = (exp(hν/kBT)− 1)−1

amplifier internal channel



FROM HEMT TO JPA

the Josephson tunnel junction is non-dissipative and non-linear

Martin P. Weides             University of Glasgow10

Josephson junction Æ non-linear inductance

Josephson phase

2nd Josephson eq.:

1st Josephson eq.: (DC)

(AC)

(DC) + (AC) Æ

Æ non-linear Josephson inductance:

superconductor 1    superconductor 2barrier

Al   – AlOx – Al

~10 noise 
photons

qubit  
(or axions) 
in cavity

dissipative!

to room-temp 
electronics

I

Q
~(hω/2)1/2

1

super- 
conducting!

vacuum

I

Q
~(100hω)1/2

~1001/2

~10 noise 
photons

G’tot1/2

Q

I

~(1.1hω 
* G’tot)1/2

Gtot1/2

Q

I
~(10hω*Gtot)1/2

• JPA improves SNR ~10dB Averaging time reduced ~100x !

qubit  
(or axions) 
in cavity

Amplification and SNR

SNR down ~13 dB!

SNR down only ~3 dB  
(phase preserving)

from A. Eddins “Josephson Parametric Amplifiers: Theory and Application”



(BLUE LINE): SQUEEZING

1 JPA to squeeze noise added by the amplifier
1 JPA to amplify signal + squeezed noise

Nature | Vol 590 | 11 February 2021 | 239

barrier to improving haloscope scan rates that can only be overcome 
using quantum enhanced measurements22. Without a means of bypass-
ing the quantum limit, the highly unfavourable R ∝ ν−14/3 frequency 
scaling23 of single-cavity haloscopes poses a stark challenge. At the 
quantum limit, scanning the 1–10 GHz frequency decade at the bench-
mark Kim–Shifman–Vainshtein–Zakharov (KSVZ)24,25 coupling g γ

KSVZ 
would require hundreds of years of live time for today’s state-of-the-art 
haloscopes. Novel measurement technology is therefore needed to 
circumvent the quantum limit.

Here we report on a quantum enhanced axion search. The search 
was carried out with the Haloscope At Yale Sensitive To Axion Cold 
dark matter (HAYSTAC), which is designed to detect QCD axions in the 
range ma > 10 µeV/c2, which is favoured by recent calculations based 
on lattice classical field theory for the Peccei–Quinn field in 
post-inflationary Peccei–Quinn symmetry breaking scenarios, and 
assuming that axions saturate the cosmological dark matter density10,11 
(alternative views should be noted, however; see for example ref. 26). 
This work surpasses the quantum limit by coupling the HAYSTAC cav-
ity to the squeezed-state receiver (SSR) shown in Fig. 19. The SSR com-
prises two flux-pumped Josephson parametric amplifiers ( JPAs)27 
coupled to the axion cavity via a microwave circulator. The first JPA, 
labelled the ‘squeezer’ (SQ), prepares a squeezed vacuum state, which 
is coupled into the axion cavity and subsequently measured noiselessly 
using the second, ‘amplifier’ (AMP), JPA. We achieve 4.0  dB of 
off-resonant vacuum squeezing, after the state is degraded by trans-
mission losses and added noise, yielding a scan rate enhancement of a 
factor of 1.9 beyond what would have been achievable at the quantum 
limit. We observe no signature of dark matter axions in the combined 
16.96–17.12 µeV/c2 and 17.14–17.28 µeV/c2 mass window for axion–pho-
ton couplings above g g= 1.38γ γ

KSVZ , reporting exclusion at the 90% 
level.

The SSR1 is coupled to the cavity, which is governed by the Hamil-
tonian

( )H
hν

X Yˆ =
2

ˆ + ˆ , (1)c 2 2

where X̂  and Ŷ  are the quadratures of the cavity field and obey X Y[ ˆ, ˆ] = i, 
where i is the imaginary unit. The SQ, with half-pump frequency νp 

centred on the cavity frequency νc, νp/2 = νc, performs a unitary squeez-
ing operation on the electromagnetic field at its input, reducing the X̂  
quadrature variance below vacuum and amplifying the Ŷ  quadrature 
variance in accordance with the uncertainty principle. An axion field, 
if present, displaces the squeezed state along a random direction from 
the origin in the cavity field quadrature phase space via the inverse 
Primakoff effect28. The displacement is proportional to the Lorentzian 
transmission profile of the cavity at νa and the square root of the 
axion-converted power29. The squeezed quadrature is then amplified 
by the AMP via the inverse operation used to perform the squeezing. 
In the absence of any loss, the entire process is noiseless and unitary.

Squeezing improves the bandwidth over which the apparatus is sensi-
tive to an axion, rather than its peak sensitivity, obtained at the cavity 
resonant frequency9. This bandwidth increase can be understood by 
considering the behaviour of the three distinct noise sources within a 
haloscope that obscure an axion-induced signal. The first is Johnson–
Nyquist noise (which in the zero-temperature limit is vacuum noise), 
Nc, sourced from the internal loss of the cavity as a consequence of 
the quantum fluctuation-dissipation theorem. This noise is by defini-
tion inaccessible to the experimentalist and cannot be squeezed. It 
is filtered by the cavity response, giving it a Lorentzian profile at the 
cavity output. The second noise source is the system added noise, Na, 
which encompasses the added noise of the entire amplification chain, 
including the AMP, referred to the input of the AMP. This noise source 
has historically been a dominant or co-dominant contribution8,18,19, but 
here we operate our JPAs in a phase-sensitive mode, which can com-
pletely eliminate the contribution of this noise in one quadrature30,31 
(switching from phase-insensitive to phase-sensitive operation on its 
own does not improve scan rate, but only phase-sensitive operation 
obtains a benefit from squeezing; see appendix C of ref. 9). In Methods, 
we show that our added noise is sufficiently small to be of negligible 
importance at all frequencies of interest. The third noise source is 
Johnson–Nyquist noise incident on and reflected off the cavity, Nr, 
which dominates away from cavity resonance. This noise is invariably 
present in any receiver configuration, and in our setup it is sourced from 
a 50-Ω termination held at the cryostat base temperature (61 mK). The 
ratio of the signal spectral density Sax(δν) that would be delivered by 
an axion at any given detuning δν = ν − νc from cavity resonance to the 
cavity noise Nc(δν) is spectrally constant. Thus, the axion visibility α(δν), 

Cava

Circ
HEMT SA

Q

x2

50 Ω

SQ AMP

Y
^

X
^

Y
^

Y
^

Y
^

X
^

X
^

X
^

Fig. 1 | Illustration of the SSR-equipped haloscope, showing the 
transformation of the vacuum state in quadrature space. A vacuum state, 
the Wigner function (colour surface)34 of which is symmetric in quadratures X̂  
and Ŷ , is sourced as Johnson–Nyquist noise from a 50-Ω microwave termination 
(black box) at 61 mK. It is routed by a nonreciprocal element (Circ) to the SQ JPA, 
which squeezes the X̂  quadrature. The squeezed state may then be displaced by 

a hypothetical axion field a in the axion cavity (Cav). It is subsequently 
unsqueezed by the AMP JPA, which in the process amplifies the axion-induced 
displacement along X̂ . The resulting state is measured by a conventional 
microwave receiver led by a high-electron-mobility transistor (HEMT) 
amplifier. The time record of many realizations of this process is 
Fourier-transformed for subsequent spectral analysis (SA).

mock-haloscope in Phys. Rev. X 9, 021023 (2019) HAYSTAC cavity in Nature 590, 238–242(2021);

=⇒ Factor 2 faster scanning



THE STANDARD QUANTUM LIMIT

-due to fundamental laws of QM-
any phase preserving amplifier adds at least half a noise photon in the high-G limit

mode of EM field =⇒ HO

ain = Xin + iPin

[Pin,Xin] = i~/2

Chapter 1 Introduction, definition of concepts and summary

noise added by the amplification process directly arises from the idler mode and
is equal to Nin,id

b. Therefore, the amplifier added noise is superior or equal to
half a quanta. In case of equality, the amplifier is said to be a phase-preserving,
quantum-limited amplifier. In the phase-space, phase preservation results in the
addition of both environmental and amplifier noise (see Fig. 1.2(a)). Phase space
volume is not conserved (expansion in both quadratures) and the the standard
quantum limit (SQL) of noise is defined as 1 quantum of energy.

Phase-preserving amplification

in

in

Phase-sensitive amplification

(a)

(b)

in

in

in

in

in

in

in

in

in

in

in

in

Figure 1.2 – Contour of Wigner distribution of input and output
states. (a) Phase-preserving amplification. Both signal quadratures are amplified
by

Ô
G. Amplifier intrinsic noise (light blue) is also amplified. (b) Phase sensitive

amplification. Signal quadratures are unequally amplified. One output quadrature
noise is squeezed, its noise is reduced compared to the input one. In the absence
of the intrinsic amplifier noise, phase space volume is conserved.

bIt is interesting to note that the added noise at signal frequency originates from fluctuations
at idler frequency.

6 Link back to ToC æ
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tm = 10 s

tm = 10-4  s

=⇒ weeks to months acquisition time even with
quantum-limited amplifiers.



Evading the SQL with photon counters

The counter measures in the energy eigenbasis =⇒ change of paradigm

Detection of individual microwave photons is a challenging task because of their low energy (∼ 10−5 eV)

Solution: use “artificial atoms” introduced in circuit QED

2010→ first QND measurement of single photons
-one transmon qubit coupled to two 2D resonators
Nat. Phys. 6, 663

2020→ introduction of a practical detector of microwave
itinerant photons - scheme compatible with axion searches
PRX 10, 021038

2021→ factor 1300 acceleration of dark photon search
PRL 126, 141302

! Poisson statistics !
? Dark count rate, efficiency, bandwidth ?



ARTIFICIAL ATOMS: the TRANSMON QUBIT

In Sec. IV, we provide a review of how single- and two-qubit
operations are typically implemented in superconducing circuits, by
using a combination of local magnetic flux control and microwave
drives. In particular, we discuss the family of two-qubit gates arising
from a capacitive coupling between qubits, and introduce several
recent advances that have been demonstrated to achieve high-fidelity
gates, as well as applications in quantum information processing that
use these gates. The continued development of high-fidelity two-qubit
gates in superconducting qubits is a highly active research area. For
this reason, we include sufficient technical details that a reader may
use this review as a starting point to critically assess the pros and cons
of the various gates, as well as develop an appreciation for the types of
gate-engineering already implemented in-state-of-the-art supercon-
ducting quantum processors.

Finally, in Sec. V, we discuss the physics and engineering associ-
ated with the dispersive readout technique, typically used to measure
the individual qubit states in modern quantum processors. After a
discussion of the theory behind dispersive coupling, we give an intro-
duction to design of Purcell filters and the development of quantum-
limited parametric amplifiers (PAs).

II. ENGINEERING QUANTUM CIRCUITS
In this section, we will demonstrate how quantum systems based

on superconducting circuits can be engineered to achieve certain
desired properties. Using the most common qubit modalities, we dis-
cuss how properties such as the qubit transition frequency, anharmo-
nicity, and noise susceptibility can be tailored by the choice of circuit
topology and element parameter values. We also discuss how to engi-
neer the interactions between different quantum systems, in particular,
the cases of qubit-qubit and qubit-resonator couplings.

A. From quantum harmonic oscillator to the transmon
qubit

A quantum mechanical system is governed by the time-
dependent Schr€odinger equation

Ĥ jwðtÞi ¼ i"h
@

@t
jwðtÞi; (1)

where jwðtÞi is the state of the quantum system at time t, "h is the
reduced Planck’s constant h/2p, and Ĥ is the “Hamiltonian” that
describes the total energy of the system. The “hat” is used to indicate
that Ĥ is a quantum operator. As the Schr€odinger equation is a first-
order linear differential equation, the temporal dynamics of the quan-
tum system may be viewed as a straightforward example of a linear
dynamical system with a formal solution

jwðtÞi ¼ e$iĤ t="hjwð0Þi: (2)

The time-independent Hamiltonian Ĥ governs the time evolution of
the system through the operator e$iĤ t="h. Thus, just as with classical
systems, determining the Hamiltonian of a system—whether the clas-
sical Hamiltonian H or its quantum counterpart Ĥ—is the first step to
deriving its dynamical behavior. In Sec. IV, we consider the case when
the Hamiltonian is time-dependent in the context of qubit control.

To understand the dynamics of a superconducting qubit circuit,
it is natural to start with the classical description of a linear LC reso-
nant circuit [Fig. 1(a)]. In this system, energy oscillates between

electrical energy in the capacitor C and magnetic energy in the induc-
tor L. In the following, we will arbitrarily associate the electrical energy
with the “kinetic energy” and the magnetic energy with the “potential
energy” of the oscillator. The instantaneous, time-dependent energy in
each element is derived from its current and voltage

EðtÞ ¼
ðt

$1
Vðt0ÞIðt0Þdt0; (3)

where Vðt0Þ and Iðt0Þ denote the voltage and current of the capacitor
or inductor.

To derive the classical Hamiltonian, we follow the standard
approach used in classical mechanics: the Lagrange-Hamilton formu-
lation. Here, we represent the circuit elements in terms of one of its
generalized circuit coordinates, charge or flux. In the following, we
pick flux, defined as the time integral of the voltage

UðtÞ ¼
ðt

$1
Vðt0Þdt0: (4)

In this example, the voltage at the node is also the branch voltage across
the element. In this section, we will simply refer to these as node vol-
tages and fluxes for convenience. For a more detailed discussion of
nodes and branches in this context, we refer the reader to Ref. 44.

Note that in the following, we could have exchanged our associa-
tions with kinetic energy (momentum coordinate) and potential
energy (position coordinate), and instead start with the charge variable
Q(t), which is the time integral of the current I(t).

By combining Eqs. (3) and (4), using the relations V ¼ L dI=dt
and I ¼ C dV=dt, and applying the integration by parts formula, we

FIG. 1. (a) Circuit for a parallel LC-oscillator (quantum harmonic oscillator, QHO),
with inductance L in parallel with capacitance, C. The superconducting phase on
the island is denoted as /, referencing the ground as zero. (b) Energy potential for
the QHO, where energy levels are equidistantly spaced "hxr apart. (c) Josephson
qubit circuit, where the nonlinear inductance LJ (represented by the Josephson-
subcircuit in the dashed orange box) is shunted by a capacitance, Cs. (d) The
Josephson inductance reshapes the quadratic energy potential (dashed red) into
sinusoidal (solid blue), which yields nonequidistant energy levels. This allows us to
isolate the two lowest energy levels j0i and j1i, forming a computational subspace
with an energy separation "hx01, which is different than "hx12.

Applied Physics Reviews REVIEW scitation.org/journal/are

Appl. Phys. Rev. 6, 021318 (2019); doi: 10.1063/1.5089550 6, 021318-3

Published under license by AIP Publishing

E01 = E1 − E0 = ~ω01 6= E02 = E2 − E1 = ~ω21
→ good two-level atom approximation

control internal state by shining laser tuned at the
transition frequency:
H = −~d · ~E(t), with E(t) = E0 cosω01t

toolkit: capacitor, inductor, wire (all SC)
ω01 = 1/

√
LC ∼ 10 GHz∼ 0.5 K

→ simple LC circuit is not a good two-level atom
approximation
IJ = Ic sinφ V = φ0

2π
∂φ
∂t

V = φ0
2π

1
Ic cosφ

∂IJ
∂t = LJ

∂IJ
∂t

LJ = φ0
2π

1
Ic cosφ

NL Josephson inductance



SMPD AND TRANSMON QUBITS

→ detectors for cavity photons: the photons interact with the SC transmon qubit, and then you make a
measurement on the qubit

dispersive regime: ∆ = ωq − ωr � g
g coupling χ = g2/∆

the photons n generated in the cavity
shift the frequency of the qubit by 2nχ



SMPD AND TRANSMON QUBITS

→ detectors for cavity photons: the photons interact with the SC transmon qubit, and then you make a
measurement on the qubit

1300X lower background rate than SQL
=⇒ 1300X less intergration time required

efficiency 40.9%

false positive probability δ = 4.3× 10−4

dispersive regime: ∆ = ωq −ωr � g
g coupling χ = g2/∆

the photons n generated in the cavity
shift the frequency of the qubit by
2nχ



SMPD

→ detectors for itinerant (traveling) microwave photons

AAPG 2019 / DARKWADOR
CE47 Technologies Quantiques

JCJC coordinated by E. Flurin
Requested funding: 390 ke

photon is within the detection bandwidth (see below), no extra knowledge on its waverform or
arrival time is needed. As a consequence, the qubit will behave as an integrator of the incoming
energy in the cavity (up to one photon) which is oblivious of the specific mode-shape and timing
of the incoming photons.

In order to produce such a non-trivial dissipator, we engineer a coherent interaction Ĥaux
between the system of interest and an auxiliary system, here the waste mode b̂. The ’waste’
denomination refers to the fact that the auxiliary mode is strongly damped into a cold bath at a
rate Ÿaux resulting into a relaxation dissipator L̂aux.

I
Ĥaux = Ô

Ÿbath(L̂detb̂
† + L̂†

detb̂)
L̂aux = Ô

Ÿauxb̂
æ L̂det. (3)

The auxiliary system can be discarded as its quantum state gets continuously damped into the
cold bath. The interplay between the coherent evolution and the strong dissipation of the auxiliary
mode gives rise to the targeted dissipator L̂det from the point of view of the system of interest, as
sketched in Fig.1.

This transformation is achieved by the adiabatic elimination of the waste mode b̂ out of the
system dynamics. It is valid as long as the waste mode remains close to its ground state, therefore
the coupling to the bath Ÿbath should be large compared to the engineering dissipation rate Ÿdet.
Similar ideas have been used recently for the stabilization of quantum states [20, 21] and manifolds
[22], and the fabrication of non-reciprocal components[23, 24].

Photon Detector Design

(b) Principle of
photon detection

incoming
photon

outgoing
photon

«click»

(a)

incoming
photon

outgoing
photon

bu!er
mode

waste
mode

qubit

pump
cold bathDissipation engineering

Figure 2: Principle of the itinerant photon detector. (a) The circuit consists of two microwave
modes, a bu�er (orange) and a waste (green) coupled to a transmon qubit (blue). Each mode is
well coupled to its own transmission line so that a photon can enter the device on the left and leave
on the right into the dissipative 50� environment. A pump (purple) is applied on the Josephson
junction to make the three-wave mixing interaction resonant (Eq. 4). (b) When a photon enters
the bu�er, the pump converts it via the Josephson non-linearity (black cross) into one excitation
of the qubit and one photon in the waste. The waste excitation is irreversibly radiated away in the
transmission line, so that the reverse three-wave process cannot occur. The quantum state of the
qubit is measured with a standard dispersive readout via the waste to detect whether or not a photon
arrived while the pump was on.

In order to implement the targeted non-linear dissipation described in Eq.2, I propose a
detector architecture schematically depicted in Fig.1. It is composed of two superconducting
microwave resonators: the bu�er resonator which will host the incoming field (mode b̂ at frequency
Êb) and the waste resonator strongly damped to the cold bath (mode ŵ at frequency Êw ). These
modes are coupled through a transmon qubit(qubit mode ‡̂ at frequency Êq). A classical pump
field of amplitude – is applied to the transmon qubit at frequency Êp = Êq + Êw ≠ Êb. Owing
to the non-linearity of the Josephson junction on which the transmon qubit is based, the pump

4

→ dissipation engineering
→ three-wave mixing
→ compatible with the haloscope environment (intense B-fields)
→ low dark count rate



JOSEPHSON PARAMETRIC AMPLIFIER

(quantum optics formalism) Parametric interaction takes place in a nonlinear medium, where electromagnetic
waves of different frequencies can mix and generate new frequencies.

2.1 Definition and basics of parametric amplification

Ês = Êi (see Fig. 2.2).
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Four wave mixingThree wave mixing

Degenerate

Non
degenerate

Figure 2.3 – Four monochromatic pumping schemes with a para-
metric amplifier. Frequency landscape of the di�erent schemes. The amplifi-
cation process is either three wave mixing (Êp = Ês + Êi) or four wave mixing
(2Êp = Ês + Êi). Also, signal and idler modes can be spatially degenerate or not.
These four schemes are studied in Section 2.2.

To summarize, there are then four cases to investigate, as shown in Fig. 2.3.
Each of these cases will be detailed in the next section. We will show that in
the degenerate cases, the system Hamiltonian, after several transformations, can
take a canonical form based on the degenerate parametric amplifier model [63,
64] (detailed calculations for the four wave mixing non-degenerate case in Ap-
pendix A, Section A.1):

Ĥsys
h̄

= Wâ†â+
⁄

2 â
†2 +

⁄ú

2 â
2, (2.4)

where W is the frequency of the rotating frame under which the system is studied
and ⁄ is the pump strength. For the non-degenerate cases, we will see that the
system Hamiltonian takes a slightly di�erent form from Eq. (2.4) due to the idler
field.

In Section 2.2, we will get an analytical formulation of the system Hamiltonian
Ĥsys for the four cases pictured in Fig. 2.3. As we previously explained, what we
call system is the pump oscillator, the nonlinear resonator and their interaction.
Then, in Section 2.3, we will connect the system to the environment and the
remain consistent throughout this thesis.
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An intense electromagnetic wave with
frequency ωp/2π (the pump), is sent to a
nonlinear medium and generates two
electromagnetic waves, called signal (idler)
of frequency ωs/2π (ωi/2π)

energy conservation:
(3W) ωp = ωs + ωi
(4W) 2ωp = ωs + ωi

energy transfer between the pump and the
signal gives rise to gain


