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Intrinsic trade off of quantum computers 

○ Fast control                               → Strong coupling preferred 

○ Long coherence time required  → Small coupling preferred 

The challenge of quantum computers essentially reduces to dealing with this trade-off 

The fact that this is now being gradually overcome is the reason of the ongoing Q-buzz

Qubits are sensors
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Intrinsic trade off of quantum computers 

○ Fast control                               → Strong coupling preferred 

○ Long coherence time required  → Small coupling preferred 

The challenge of quantum computers essentially reduces to dealing with this trade-off 

The fact that this is now being gradually overcome is the reason of the ongoing Q-buzz 

Good sensors require the same things 

○ Sensitivity to weak signal → Strong coupling preferred 

○ Low noise level                → Small coupling preferred 

Good qubits = Good sensors

Qubits are sensors
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Collaboration exploring the use of superconducting  
qubit sensors for searching dark matter and feeble fields

https://sites.google.com/view/darq-experiment/home


Dark matter is there
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○ Charge neutral mass 

○ Very weak interaction with ordinary matter 

○ Well-established cosmological properties  

○ No good candidate in the particle standard model 

   Neutrinos are found to be massive but they are too light not to wash out the large-scale structure
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Dark matter landscape  - Two major portals
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Direct detection  
of nuclear recoils 
e.g. XENON experiment

Synthesis by high energy collider

No sign of  
discovery so far



103 m1019 m 10−12 m λdeBroie

10−22eV 10−6eV (μeV) 1012eV (TeV) m1052eV

Bosonic only

~ 1eV

Primordial 
blackholes

Axion-like particle

Wave-like dark matter  WIMP

sexaquark    Dark photon 

QCD Axion SUSY DM

Boson when m<eV  

Long de Broie wavelength    >1m @m < eV 

Large number density          >108 @m < eV 

      → Macroscopic interference of coherent waves     giant laser pulse (~100m)

λdeBroie

Dark matter landscape  - Two major portals
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Target : Wave-like dark matter

Axionwhere a is the fine structure constant and gg is a model-dependent constant of order 1 [14]. From the above equations
and the limits on fa, the axion coupling to electromagnetism can be inferred as extremely weak. The coupling to
hadronic matter is even weaker still [13]. Further, the lifetime of dark matter axions within the allowable mass range
is found to be vastly greater than the age of the universe (for ma = 1 µeV, t1/2 ⇡ 1054 s) [15].

Two theoretical models bound the axion-photon coupling constant linearly to the mass by defining gg . KSVZ (Kim-
Shifman-Vainshtein-Zakharov) [16, 17] provides the stronger coupling limit,

g
KSVZ
agg ⇡ 0.38

ma

GeV2 , (4)

and DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) [18, 19] yields the weaker limit,

g
DFSZ
agg ⇡ 0.14

ma

GeV2 . (5)

AXION DARK MATTER DETECTORS

Because low-mass axions have extremely low decay rates and exceptionally weak interactions with hadronic matter
and electromagnetism, they were originally thought to be "invisible" to traditional observational technology [20].
However, Sikivie showed that the decay of dark matter axions is accelerated within a static magnetic field through the
inverse Primakoff effect [21, 22].

In a static external magnetic field, one photon is "replaced" by a virtual photon, while the other maintains the energy
of the axion, equal to the rest-mass energy (mac

2) plus the nonrelativistic kinetic energy. B in (2) is effectively changed
to the static magnetic field, Bo. Thus, as the magnetic field strength is increased, so does the decay rate of the axion.
Figure 1 shows the Feynman diagrams for the axion-photon interaction for the two scenarios.

Sikivie proposed an axion detection scheme, based on the Primakoff effect, which used a microwave cavity
permeated by a strong magnetic field to resonantly increase the number of photons produced by the decay [22, 23].
The axion-photon conversion is enhanced when the resonant frequency f ⇡ mac

2

h
, where h is Planck’s constant. There

is also a small correction due to the kinetic energy of the axion, but this is tiny ( DE

E
⇡ 10�6) for cold dark matter.

Observing the proper modes at the accurate frequency with significant sensitivity will lead to detection of the axion
decay signal. This experiment design is often referred to as a "Sikivie-type" detector.

From (2), the coupling strength of the axion to the resonant mode is shown to be proportional to
R

d
3
xBo ·Emnp(x),

where Emnp is the peak electric field of the mode. The power produced in the cavity is given by

Pmnp = g
2
agg

ra

ma

B
2
o
VCmnpQL, (6)

where ra is the local energy density of the axion field, V is the volume of the cavity, and QL is the loaded quality factor
of the cavity (assumed to be less than Q of the axion) [23]. The subscript on Pmnp indicates that the power produced is

 

FIGURE 1. Feynman diagram of axion decay into photons. Left) Conversion in vacuum. Right) Inverse Primakoff effect in a
static magnetic field (Bo).
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Inverse Primakoff conversion

ma = 5.691 ( 109 GeV

fa )

Strong CP problem 

→ PQ mechanism →NG boson

Axion-photon coupling  

  B-field → Photons emerge

QCD axion condition
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Axions that don't satisfy this are "Axion-Like Particle". 
Cool thing still but won't solve the strong CP problem.

Dark photon

Fake photon with a bit of ordinary photon 
  Gauge boson of a new U(1)Q' 

   More motivation claimed recently in the context of string 

Photon conversion w/o B-field 

   Tend to be the benchmark of axion search  

    experiments before installing the magnet.

Dark photon  
(mass eigen st.)

mixing parameter

ordinary photon

Dark photon  
(interaction eigen st.)

Xμ = X̃μ − ϵAμ



C. O'Hare: AxionLimits
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Coupling ~ conversion rate

Limit on the axion  couplinggaγγ

Motivated by the  
strong QCD problem 
("QCD axion")

https://cajohare.github.io/AxionLimits/docs/ap.html


C. O'Hare: AxionLimits
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DM abundance

Limit on the axion  couplinggaγγ

Too much DM if too heavy

ρ = 0.45 GeV/cm3

F. Takahashi 

https://cajohare.github.io/AxionLimits/docs/ap.html
http://www.kylab.sci.waseda.ac.jp/darkon2019/file/public/190705_darkon_s1_4_Takahashi.pdf


C. O'Hare: AxionLimits
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DM abundance"Naturalness"

Limit on the axion  couplinggaγγ

Too much DM if too heavyLevel of parameter fine-tuning  
in theory to achieve the abundance

https://cajohare.github.io/AxionLimits/docs/ap.html


C. O'Hare: AxionLimits
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Typically favored DM mass: µeV-meV 

Converted photon: micro-/milli-wave (GHz-THz) → Superconducting qubits?

mDMc2 = h
c

λCompton

Limit on the axion  couplinggaγγ

https://cajohare.github.io/AxionLimits/docs/ap.html


QCD axion

Physics targets : EM-interacting Wave-like dark matter

Axion Dark photon

○ Signal : feeble converted coherent EM field 

○ Microwave-Milliwave regime :  µeV-meV (GHz-THz) 

○ Non-relativistic → mono-chronic      mDMc2 = h
c

λCompton 

Planned in the future
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E (X)

Qubit drive pulse

|g⟩

|e⟩
ℏω = mDM

E-field from the DM

= 

p ≃ 0.12 × κ2 cos2 Θ ( ϵ
10−11 )

2

( f
1 GHz ) ( τ

100 μs )
2

( C
0.1 pF ) ( d

100 μm )
2

( ρDM

0.45 GeV/cc )
Excitation rate after τ:

Coherent DM

Transmon

Moroi et al. PRL 131, 211001 "Direct excitation" by dark photon

μ

0.1-10% for ε=10-12~10-11

https://link.aps.org/doi/10.1103/PhysRevLett.131.211001


|g⟩

|e⟩ ℏω = mDM

Ege = ℏω

(b)　 「待って測る」 を繰り返す

一定時間待機 (100µs) ~  
ダ〡クマタ〡によるRabi振動

O T1

状態読み出し

t
···

  O(100 ns)

(a) 　量子ビットに共鳴 → Rabi振動

(c) 　量子ビット周波数掃印でピ〡ク探す

励起率 = と読む割合|e⟩

(d) 　疑わしい周波数は真面目に調べる

量子ビット周波数

励
起
率

放置時間

励
起
率

mDM

ノイズ的励起

ダ〡クマタ〡的励起"SQUID型量子ビット" 
1-10GHz 簡単に掃印

光が当たっている時間

の
占
有
率

| e
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ダークフォトン質量 (周波数表示) [GHz]

　　ダークフォトン質量 [eV]　　

混
合
角

(e) 
N ~ O(104)
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Moroi et al. PRL 131, 211001 

Wait interval

Rabi oscillation due to the DM

State readout

∼ min(T1, T2)

(Wait→Read)N

Search protocol

https://link.aps.org/doi/10.1103/PhysRevLett.131.211001
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Ex
ci

ta
ti

on
 r

at
e

Qubit frequencyWait interval

Rabi oscillation due to the DM

State readout SQUID qubit 

Easily sweep 1-10GHz

∼ min(T1, T2)

(Wait→Read)N Frequency scan→bump hunting

Excitation rate = fraction of  readout     |e⟩

Search protocol

https://link.aps.org/doi/10.1103/PhysRevLett.131.211001
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Ex
ci

ta
ti
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 r

at
e

Ex
ci

ta
ti

on
 r

at
e

Wait intervalQubit frequencyWait interval

Rabi oscillation due to the DM

State readout DM-like                   

Noise-like                   

SQUID qubit 

Easily sweep 1-10GHz

∼ min(T1, T2)

(Wait→Read)N Revisit the suspicious freq.Frequency scan→bump hunting

Excitation rate = fraction of  readout     |e⟩

Search protocol

https://link.aps.org/doi/10.1103/PhysRevLett.131.211001
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   Short T1 → Faster cycle  
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   ✔︎ Relax the fabrication requirement 
   ✔︎ Pursuit of qubits with stronger coupling
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    Thermal: 　      0.01-1% @30mK 

    Readout error : ~0.1%
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p ∼ e−ℏω/kT

Sensitivity not strongly bounded by coherence time 

   Short T1 → Faster cycle  

                      Larger width (fewer step to scan) 

   ✔︎ Relax the fabrication requirement 
   ✔︎ Pursuit of qubits with stronger coupling

Search protocol

Distinguishing from the noises? 

○ Different response against the packaging tightness 

○ Cross-checking by the other experiments 

   "Per-search" for the suspicious frequencies
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FIG. 1. Contours of constant p∗ ≡ pge(τ) on mX vs. ε
plane (10−1, 10−3, 10−5, and 10−7, from the top). Param-
eters of C = 0.1 pF, d = 100 µm, Q = 106, κ = 1 and
ρDM = 0.45 GeV/cm3 are assumed. The gray-shaded region
is excluded by the cosmological and astrophysical constraints
[51] (dark gray) and the existing hidden-photon search ex-
periments [6–10, 12–32] (light gray) based on the summary
in Ref. [52]. The blue-shaded regions indicate the sensitiv-
ity with the 1-year scan over the frequency range for nq = 1
(dark blue) and 100 (light blue) (more details in the main
text) assuming the thermal noise of T = 1 mK. The dashed
lines show the sensitivity with T = 30 mK with the top (bot-
tom) line corresponding to nq = 1 (100) respectively. A flat
readout error of 0.1 % is assumed.

While the depth of the sensitivity is generally
weaker than the haloscope experiments using the cavity-
resonance, the proposed method is advantageous for the
easier frequency tunability. This is important feature
for a fast “shallow search” targeting ε ∼ 10−13 − 10−12,
which is motivated by the fact that most of the cosmo-
logically allowed frequencies have not yet been probed
by direct search experiments. The proposed method
also has no less sensitivity compared with the other
wide-band searches using horn antennas [14] or proposals
utilizing the condensed-matter excitations (e.g., electric
excitations [53–57], phonon [58, 59], magnon [60], and
condensed-matter axion [61–63]).

There are a few considerations left for future studies
that can further extend the sensitivity. (1) Qubit de-
sign optimization maximizing the electric dipole moment,
where more aggressive transmon parameters and complex
circuit design can be sought. (2) Extend the frequency
range beyond that typically explored by superconduct-
ing qubit experiments. 0.2–20 GHz can be achieved with
more dedicated RF setups. (3) The κ enhancement by
the cavity resonance discussed in Appendix can be fur-
ther investigated, particularly in the context of being in-
corporated into the haloscope experiments. The setup
would be similar to the experiment performed by A. Dixit
et al. [10] however our scheme has significant potential
to provide complementary and unique sensitivity at the

high-frequency regime thanks to the insensitivity of the
qubit excitation rate on the cavity volume.
The search scheme can be also directly benefited from

the exponential advancement of the large-scale NISQ
computers led by, e.g., IBM [64] or Google [47]. Since
the requirements and the experimental setup are almost
identical, the improved qubit multiplicity and coherence
in the NISQ machines will scale the typical sensitivity
of this experiment as well. Technically, it might be even
possible to perform the experiment within the existing
NISQ machines in a parasitic manner by executing the
circuits consisting only of readout.
Finally, we point out that the physics cases of the

search can be widely extended beyond the hidden photon
DM, such as the axion DM or other non-DM transient
energy density such as dark radiation.

Acknowledgments: We thank to Atsushi Noguchi and
Shotaro Shirai for discussing and providing the key feed-
back on the experimental setup and the possible dark
count contributions. TM was supported by JSPS KAK-
ENHI Grant Numbers 18K03608 and 22H01215.

Appendix: In this Appendix, we discuss the effects of
cavity-like metallic package surrounding the qubit.
The effect of the qubit packaging on the electric field

requires careful consideration. As it is often a metal-
lic container electrically covering the qubit chip, it effec-
tively becomes a microwave cavity. The effective electric
field #E(eff) projected onto the cavity wall would vanish
at the cavity wall, since the secondary field ( #E(EM)) is
provoked by the electrons in the metal reacting to the
DM-included field #E(X). Importantly, however, since the
phases of #E(EM) and #E(X) have different spatial evolu-
tion, the field cancellation becomes imperfect off the wall.
While #E(X) can be regarded as spatially homogeneous
since the interaction of hidden photon is extremely weak
and the effects of the cavity on the dynamics of hidden
photon can be safely ignored, #E(EM) is dependent on the
position #x = (x, y, z). The field configuration of #E(EM)

inside the cavity is obtained by solving ! #E(EM) = 0 and
#∇ #E(EM) = 0 simultaneously, with the boundary condi-

tion at the cavity wall, [ #E(EM)
‖ + #E(X)

‖ ]wall = 0, where the

subscript “‖” indicates vectors projected onto the cavity
wall.
Consider, e.g., a case where a transmon is placed inside

a cylinder-shaped cavity with its conductor plate perpen-
dicular to the cylinder axis (defined as z-axis). As only
the z-component of the fields are relevant, we find

E(EM)
z (#x) = − J0(mXr)

J0(mXR)
E(X)

z , (A.1)

where r ≡
√
x2 + y2 is the radial distance from the cylin-

der axis, R is the radius of the cylinder, and J0 is the
Bessel function of the first kind. Note that mX is as-
sumed not equal to any of the cavity mode frequencies
here, which ensures J0(mXR) &= 0. Then, for the qubit

Decent sensitivity  
with only a single bit

Does not gain much by 
x100 bits (ε ∝ nq1/4)
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Qubit fabrication
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○ Fabrication site : UTokyo / KyotoU + OIST 

○ Achieved coherence : 

   3D:   T1  ~10-30µs, T2 ~5us 

   2D:   T1>100µs, T2*>200µsFr
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FIG.1.Ultra-coherentmultiplesuperconductingtransmonqubitdevicebasedonNbelectrodes.(a)False-
coloredopticalmicrographofasuperconductingdevice,consistingoffourtransmonqubits(yellow,Q0–Q3)withindividual
readoutresonators(green)coupledtoasharedPurcellfilter(red).(b)False-coloredscanningelectronmicroscopeimagesofan
Al/AlOx/AlJosephsonjunction(blue)shuntedbyaNbcapacitor(yellow)onasiliconsubstrate(gray).(c)Equivalentcircuit
ofthedevice.(d)Simplifiedcryogenicwiring.(e),(f)TimetracesoftheexcitationprobabilityofqubitQ0,showingthebest
relaxationtimesandtheRamseyandHahn-echodephasingtimes.(g)Long-termstabilityoftherelaxationtimesofthefour
qubits.Themiddlepanelshowsthemagnifiedplotforthegrayregionoftheleftpanel,wherethedotsaretheresultsobtained
fromtheindividualtimetraces,whilethesolidlinesaretheirsmootheddatawitha5-hourtimewindow.Therightpanel
showstheheight-wisenormalizedhistograms.

gestfuturestrategiesforfault-tolerantsuperconducting
quantumcomputing,includingthedevelopmentofacous-
ticallyshieldedsuperconductingdevices[41],mechanical
shock-resilientsamplepackaging[42,43],andavibration-
freedilutionrefrigerator[44–46].

II.RESULTS

A.Ultra-coherenttransmonqubits

Wedevelopultra-coherentsuperconductingtransmon
qubits,formedbyasingleAl/AlOx/AlJosephsonjunc-
tionshuntedbyaNbcapacitor,fabricatedonahigh-
resistivitysiliconsubstrate.Figures1(a)and(c)show
anopticalmicrographofafabricatedmultiplesupercon-
ductingqubitdeviceanditsequivalentcircuitmodel,
respectively,includingfourfrequency-fixedtransmon
qubitswithresonancefrequenciesrangingfrom4.8GHz
to6.2GHzandanharmonicitiesof0.26GHzonaver-
age.Asthemetal-substrateinterfaceoftheAlfilmfab-
ricatedbyalift-o↵processcannotbeascleanasthat
oftheNbfilmdirectlysputteredonthesiliconsubstrate,
weminimizetheareaoftheAlelectrodesandbandage
patches[47]toreducetheenergyparticipationratioin
theinterface[seeFig.1(b)].Torealizemultiplexeddis-
persivereadout,allthequbitsareindividuallycoupledto
�/4readoutresonatorswithdi↵erentresonancefrequen-
ciesaround7GHz,sharinga�/2Purcellfilter[48].The

filterisconnectedtoafeedline,alongwhichfrequency-
multiplexedcontrolandreadoutsignalsaresent.Thefil-
terisdesignedtohavea7-GHzresonancefrequencyand
a300-MHzbandwidth,suppressingthequbitradiative
decayratestoalevelofO(10Hz).Thestate-dependent
dispersiveshiftsandthereadoutresonatorbandwidths
aredesignedtobeO(1MHz).Notethatthedi↵erentdis-
persiveshiftsofthereadoutresonatorsforthefirstand
secondexcitedstatesenableustodistinguishthereadout
signalscorrespondingtothefirstthreestates(G,E,and
F)inasingleshot.SeeTableIinAppendixAforthe
fullcharacterizationofthesystemparameters.

AsschematicallyshowninFig.1(d),thefabricatedde-
viceismountedatthemixingchamberstage(⇠10mK)
ofadrydilutionrefrigerator,enclosedinamultilayer
shielding:copperradiationshieldsandmagneticshields
ofaluminumandcryoperm.Thetransmonqubitsare
characterizedusinganearlyquantum-limitedbroadband
Josephsontravelingwaveparametricamplifier[49],al-
lowingustoperformthesimultaneoussingle-shotread-
outofthequbitsbyfrequency-multiplexing[5].The
readouterrorprobabilitiesfortheGandEstatesare
characterizedtobe<0.001and<0.03,whicharelim-
itedbyseparationerrorsandreadout-inducedstate-flip
errors[61],respectively(seeAppendixE2).Tosuppress
thermalandbackwardamplifiernoises,theinputand
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Standard Fabrication Process
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Study for the dark matter search using excitation of 

superconducting qubits

Karin Watanabe (The University of Tokyo / ICEPP)

Summary
•

Dark photon convert into a coherent E-field, whose freq. 

corresponds to the mass of dark photon.

•
This E-field excites a transmon, only when the E-field freq. is 

the same as the excitation freq. of the transmon. 

Introduction

Method and Sensitivity  

Fabrication 

Readout test 

×	#(10 !)

Initialize ~ 20ns(	 = 	#(100	µs)

Readout ~1μs

Excitation with ,"#(%)

Dark photon
Superconducting qubit: transmon

Dark photon mass-eigenstate

Photon

Dark photon interaction-eigenstate
Kinetic mixing parameter

- '=	 .- '	− 	ϵ1 '

Make transmons by our selves
based on [1]
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Repetitive counting experiment

Transmon

Al Cavity

→One to one correspondence btw. the dark photon mass &

    the transmon excitation freq. with anomalous excitation rate  

Outlook
•

Extend transmon lifetime: 2( 	→ ~100	56

•
know true transmon temp. & improve cooling arrangements 

•
Actually do this search,  ex. 1-year mass scan 

•
Apply this method to axion search

For measurement preparation, 

•
Make transmons by ourselves: 2( ~556

•
Readout test: error rate ~	15% in |0> as |1> 

Main idea is, 

•
Good DM candidate

convert into E-field UNDER B-field

•
Light mass	 ~	# meV

•
Electromagnetic interaction

behave like a coherent wave 

Metal cavity

DarkPhoton

~ GHz

E-field

Transmon
|0>

|1> 

Main idea
•

Excited by coherent E-field

•
Nonlinear LC circuit

CapacitorJosephson

Junction Convert into coherent E-field

freq. corresponding to DM mass

•
Josephson Juncion work as

nonlinear inductance@ temp. < 1.2 K

Freq. of DM-converted E-field

=Excitation freq. of transmon

⇒Transmon excite

Dark count

!

"

Thermal excitation ~	0.1% [*]	 & Readout error ~0.1% [,]

•
Find excitation freq. with 

anomalous excitation rate

•
SQUID enables tuning of 

the excitation freq.

#!" ≅ 0.12	 ×	 + #,-. #/
010 $%% #

1&'1	GHz
5100	µs #

80.1	pF
;100	µm #

=()
0.45	GeV/cm *

!!" : excitation freq. of transmon

": lifetime of transmon

Expected exploration area

Dark gray: excluded by the cosmological 

and astrophysical constraints

Light gray: excluded by the previous 

experiments
1 transmon @ 1 mK

100 transmon @ 1 mK

Detection Criterion

>-./ > max	(3, 5
>0123 )0.1% - 10% excitation 

in the unexplored region

Substrate: Sp, Si
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•
Single shot readout test 

•
Error rate

|0>|1>

•
Judged |0> or |1>

    by phase change of    

    readout pulse 

•
Transmon lifetime, in |1> as |0> 

•
Residual thermal excitation, in |0> as |1> 

•
Excited transmon may de-excite before readout

2( 	~	5	56

|1> as |0>: ~ 20%

|0> as |1>: ~ 15%
値要修正

•
Transmon & cavity was in fridge

•
Temp. of transmon & cavity >> temp. of fridge ~ 10 mK ?

•
Thermal excitation: 0.1% <30mK, 15% @120 mK  

•
Noise of readout pulse

値要修正

[2]

[1]

値要修正
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Best qubits among airplane-involved fabrication recipes?



Demonstration experiment using the 3D implementation
Test for Tuning qubit’s frequency by DC current

10

Tunable qubit frequency

Qubit Frequency

Phase

19th Patras Workshop

 by artificial signal|e⟩

|g⟩

23

Encapsulated in a readout cavity  
surrounded by a bias coil 

○ Experiment sites : UTokyo CRC mili-kelvin quantum platform / KEK-QUP 

○ Validated the frequency tuning using bias coil 

○ Readout fidelity / thermal residual characterization 

   > 95% fidelity for |0> readout



Planned improvements for the next runs 

○ Better noise / heat treatment etc. 

○ Introduction of high quality qubit (T1>300µs, fabricated in RIKEN's CR)  

DAQ challenges 

○ T1/T2 unstable: Need T1/T2 measurement on each freq step → stabilization?    

○ Varying pi-pulse, I/Q profile etc. according to freq scan → dynamic state determination

24

DarQ Preliminary

12MHz / 22hrs

Demonstration experiment using the 3D implementation



Free space photon → Accumulated/focused photons

A

D

�hp

�hp

Figure 1: Conceptual optical scheme of BRASS. A flat, conducting, and permanently magnetised
conversion surface (A) is employed for generating an electromagnetic signal arising in response to
the electric field of the dark matter propagating through. This electric field is either inherent to the
DM particles themselves (for hidden photons) or induced by the magnetic field near the conversion
surface (for axions/ALPs). The resulting electromagnetic signal is focused by the parabolic reflector
and detected using a heterodyne receiver (D) with a broadband digital backend.

simplify the problem to two dimensions, so that the essential components (the conversion surface and
the parabolic reflector) with their respective geometry are embedded through matching boundary
conditions that mimic an infinite free space. The simulation setup is constructed assuming that the
electric field (Ehp) is generated at the boundary of the conversion surface and it excites a plane wave
propagating outward. The surface of the parabolic mirror is simulated as a perfect electric conductor.
The entire setup is spatially enclosed by a perfect absorbing surface which approximates the free space
conditions.

The simulation is performed for a frequency of 14 GHz, and the magnitude of the simulated
electric field corresponds to the signal strength expected from the hidden photon dark matter with
the photon coupling � = 10

�13. The maximum field strength obtained in the simulation is ⇡ 5 ⇥
10

�10
V/m, which is consistent with the expected time averaged field strength given by Eqn. 2.2.

An example of the resulting instantaneous electromagnetic field near the conversion surface is
shown in Fig. 2a, where the diffraction at the edges of the surface can be clearly seen. The effect of
the parabolic reflector on the electric field distribution can be assessed from Fig. 2b, which compares
the generated field freely propagating outward (left panel), to the one focused by the parabolic mirror
onto the detector (right panel).

The overall optical efficiency, ⌘opt, of the signal focusing can be estimated by integrating the total
power in the freely outgoing electromagnetic wave to the total power at the surface of the receiver
aperture. For the simulations shown in Fig. 2, ⌘opt ⇡ 0.98 is obtained. The simulation shows a good
approximation of the BRASS-p optical efficiency in the entire 12 GHz to 18 GHz frequency range for
which �d.B./D = 6.4–11.6.
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FIG. 1. Superconducting transmon qubit dispersively

coupled to high Q storage cavity. a, Schematic of pho-
ton counting device consisting of storage and readout cavities
bridged by a transmon qubit [28]. The interaction between
the dark matter and electromagnetic field results in a photon
being deposited in the storage cavity. b, Qubit spectroscopy
reveals that the storage cavity population is imprinted as a
shift of the qubit transition frequency. The photon number
dependent shift is 2� per photon.

photons [22]. Here, we develop a detector that is sensitive
in the microwave regime and has a low dark count proba-
bility commensurate with the small signal rates expected
in a dark matter experiment.

Qubit based photon counter

In order to construct a single photon counter, we
employ quantum non-demolition (QND) techniques pi-
oneered in atomic physics [23, 24]. To count photons, we
utilize the interaction between a superconducting trans-
mon qubit [25, 26] and the field in a microwave cavity,
as described by the Jaynes-Cummings Hamiltonian [27]
in the dispersive limit (qubit-cavity coupling ⌧ qubit,
cavity detuning): H/h̄ = !ca†a + 1

2
!q�z + 2�a†a 1

2
�z.

The Hamiltonian can be recast to elucidate a key fea-
ture: a photon number dependent frequency shift (2�)
of the qubit transition (Fig. 1(b)).

H/h̄ = !ca
†a+

1

2
(!q + 2�a†a)�z (1)

We use an interferometric Ramsey measurement of the
qubit frequency to infer the cavity state [29]. Errors in
the measurement occur due to qubit decay, dephasing,
heating, cavity decay, and readout infidelity, introduc-
ing ine�ciencies or worse, false positive detections. For
contemporary transmon qubits, these errors occur with
much greater probability (1-10%) than the appearance
of a dark matter induced photon, resulting in a measure-
ment that is limited by detector errors. The qubit-cavity
interaction (2�a†a 1

2
�z) is composed solely of number op-

erators and commutes with the bare Hamiltonian of the
cavity (!ca†a) and qubit ( 1

2
!q�z). Thus, the cavity state

collapses to a Fock state (|0i or |1i in the n̄ ⌧ 1 limit)
upon measurement, rather than being absorbed and de-
stroyed [30–33]. Repeated measurements of the cavity
photon number made via this QND operator enable us
to devise a counting protocol, shown in Fig. 2(a), insen-
sitive to errors in any individual measurement [34–36].

This provides exponential rejection of false positives with
only a linear cost in measurement time.
In this work, we use a device composed of a high qual-

ity factor (Qs = 2.06 ⇥ 107) 3D cavity [37, 38] used to
accumulate and store the signal induced by the dark mat-
ter (storage, !s = 2⇡ ⇥ 6.011GHz), a superconducting
transmon qubit (!q = 2⇡ ⇥ 4.749GHz), and a 3D cavity
strongly coupled to a transmission line (Qr = 1.5⇥ 104)
used to quickly read out the state of qubit (readout,
!r = 2⇡ ⇥ 8.052GHz) (Fig. 1(a)). We mount the de-
vice to the base stage of a dilution refrigerator at 8mK.
To count photons, we repeatedly map the cavity pop-

ulation onto the qubit state by performing a cavity num-
ber parity measurement with Ramsey interferometry, as
depicted in Fig. 2(a). We place the qubit, initialized ei-
ther in |gi or |ei, in a superposition state 1p

2
(|gi ± |ei)

with a ⇡/2 pulse. The qubit state precesses at a rate of
|2�| = 2⇡ ⇥ 1.13MHz when there is one photon in the
storage cavity due to the photon dependent qubit fre-
quency shift. Waiting for a time tp = ⇡/|2�| results in
the qubit state accumulating a ⇡ phase if there is one
photon in the cavity. We project the qubit back onto the
z-axis with a �⇡/2 pulse completing the mapping of the
storage cavity photon number onto the qubit state. We
then determine the qubit state using its standard disper-
sive coupling to the readout resonator. For weak cavity
displacements (n̄ ⌧ 1), this protocol functions as a qubit
⇡ pulse conditioned on the presence of a single cavity
photon [29]. If there are zero photons in the cavity, the
qubit remains in its initial state. If there is one photon
in the cavity, the qubit state is flipped (|gi $ |ei). More
generally, this protocol is sensitive to any cavity state
with odd photon number population.

Hidden Markov model analysis

In order to account for all possible error mechanisms
during the measurement protocol, we model the evolu-
tion of the cavity, qubit, and readout as a hidden Markov
process where the cavity and qubit states are hidden vari-
ables that emit as a readout signal (see Fig. 2(b)). The
Markov chain is characterized by the transition matrix
(T) (Eqn. 2) that governs how the joint cavity, qubit
hidden state s 2 [|0gi , |0ei , |1gi , |1ei] evolve, and the
emission matrix (E) (Eqn. 3) which determines the prob-
ability of a readout signal R 2 [G,E ] given a possible hid-
den state.
The transition matrix captures the possible qubit (cav-

ity) state changes. Qubit (cavity) relaxation |ei ! |gi
(|1i ! |0i) occurs with a probability P #

eg = 1 � e�tm/T q
1

(P10 = 1 � e�tm/T s
1 ). The probability of spontaneous

heating |gi ! |ei (|0i ! |1i) of the qubit (cavity) to-
wards its steady state population is given by P "

ge =

n̄q[1 � e�tm/T q
1 ] (P01 = n̄c[1 � e�tm/T s

1 ]). n̄c is set to
zero in the model in order to penalize events in which a
photon appears in the cavity after the measurement se-
quence has begun. This makes the detector insensitive

2
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Free space 
○ Q=1 

○ Easy  tuning (SQUID)f

Dish antenna 

○ Q=102-3 

○ Easy  tuning (SQUID)f

Cavity  
○ Q=104-6 

○ Complicated tuning (bar) 

○ Devastating mode crossings



Dish antenna idea
boundary condition for the electric field components parallel to the plane,
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Evaluating the electric field at a finite distance from the plane we find

E(x, t)|| = EDM,|| exp(�i!t) (exp(ikx)� 1) , (2.17)

which obviously fulfills E||(x = 0, t) = 0.
For our detection scheme the crucial bit is that we have an outgoing (mostly) ordinary elec-

tromagnetic wave with electric field amplitude EDM,|| = �m�0XDM and direction perpendicular
to the plane. This suggests using a spherical mirror which focuses the waves in its centre. The
simplest and most practical case is when this mirror covers only a small part of the sphere and
this is the case we will look at in the following. For practical purposes this is nothing but a
dish antenna5.

Let us now consider the situation where the wavelength of the outgoing wave is much smaller
than the radius of the dish antenna,

rdish � � =
2⇡

!
=

2⇡

m�0
. (2.18)

In this case di↵raction e↵ects are negligible and we can use ray-optics as a good approximation.
In this approximation we can easily see the e↵ect an arbitrary shaped mirror: all rays are

emitted perpendicular to the surface. It is then obvious that the best focussing occurs in the
centre of a spherical mirror. Our experimental proposal, outlined in Fig. 2, consists therefore
in using an spherical dish antenna with a broadband detector placed in its centre.

The power concentrated in the centre of such a mirror is then approximately

Pcenter ⇡ Adishh|EDM,|||2i = h↵2idish�2⇢CDMAdish, (2.19)

where Adish is the surface area of the mirror and the average is taken over the surface of the
dish. In this expression we have neglected the small electric field due to the dark matter HP
field in the center (that exists regardless of the mirror) because it is not focused and therefore
smaller.

Let us compare the power Pcentre to the power output of a resonant cavity experiment [3],

Presonant cavity = �2m�0⇢CDMQVcavityG0(↵
0)2. (2.20)

Here Q is the quality factor of the cavity, Vcavity its volume and G0 is a geometrical factor which
encodes the overlap between the cavity mode and the dark matter field. Finally, ↵0 is | cos(✓)|
for model (i) and

p
1/3 for case (ii) [3]. Finally,  is the coupling of the cavity mode to the

detector which, for good coupling, should not be too far away from 1.

5Most dish antennas are not spherical, but parabolic. However, since they are usually very flat they can
be taken as approximately spherical. Violations of sphericity can be compensated by increasing the size of the
detector or by refocusing the signal.
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Feeble photon cloud in vacuum, feeble photon "wind" from the wall
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Radiation
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 off the wallE ≠ 0

Cancel 
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Dish antenna idea - Radiation can be "focused"
2

FIG. 1. (a) BREAD reflector geometry: rays (yellow lines) emitted from the cylindrical barrel, which is parallel to an external
magnetic field Bext from a surrounding solenoid (not shown) and focused at the vertex by a parabolic surface of revolution.
(b) Radial intensity distribution rI(r) expected from DM velocity e↵ects in the xy plane at the focal spot using ray tracing,
for the BREAD geometry as in (a) with R = 20 cm (blue) and for a conventional plane-parabolic mirror setup used in
other experiments [69–73] with the same emitting surface area (gray). (c) Full field simulation at around 15 GHz including a
preliminary coaxial horn design. (d) Electric (blue) and magnetic (orange) field distribution and time-averaged Poynting flux
along the z direction in the xy plane at the focal spot. (e) Schematic setup in cryostat for pilot dark photon searches.

density ⇢DM, which we assume to be 0.45 GeV cm�3 [75].
We consider scenarios where either axions or dark pho-
tons exclusively saturate the halo DM. The DM-photon
interaction augments the Ampère-Maxwell equation with
an e↵ective source current JDM [9]

r ⇥ B � @tE = JDM. (1)

A nonzero JDM induces a small EM field that causes a
discontinuity at the interface of media with di↵erent elec-
tric permittivity, such as a conducting dish in vacuum.
To satisfy the Ek = 0 boundary condition parallel to the
dish surface, a compensating EM wave with amplitude
|E0| must be emitted perpendicular to the surface. These
waves transmit PDM = 1

2 |E0|
2Adish of power for dish area

Adish. For axions with ga�� coupling to photons, the cur-

rent is Ja = ga��
p

2⇢DMBk
ext cos(mat) given an external

magnetic field Bk
ext with nonzero component parallel to

the plate, resulting in Pa = 1
2⇢DM(Bk

extga��/ma)2Adish

emitted power [68]. QCD axion models [76–80] relate
ga�� to the mass by ga�� ⇠ 10�13(ma/meV) GeV�1,
giving ma-independent power. For dark photons with
A0-SM kinetic mixing  and polarization n̂, the cur-
rent is JA0 = mA0

p
2⇢DMn̂ cos(mA0t), yielding PA0 =

1
2⇢DM2Adish↵2

pol power. The factor ↵pol =
p

2/3 aver-
ages over A0 polarizations [68]. PA0 is mA0 -independent
and persists even when Bext = 0. Signal emission occurs
independent of frequency in principle, allowing searches
across several mass decades in single runs.

Practically, DM-detection sensitivity also depends on
the signal emission-to-detection e�ciency ✏s, photosensor
noise equivalent power (NEP), and runtime �t. NEP is

defined as the incident signal power required to achieve
unit signal-to-noise ratio (SNR) in a one Hertz band-
width. We estimate sensitivity to ga�� and  (squared) as
the SNR exceeding five SNR = (✏sPDM

p
�t)/NEP > 5,

where we assume sensors have su�ciently fast readout
bandwidth O(100 kHz):

(� ga��

10�11

�2
�


10�14

�2

)
=

8
<

:

1.9
GeV2

⇣
ma
meV

10T
Bext

⌘2

7.6 2/3
↵2

pol

9
=

;
10 m2

Adish

✓
hour

�t

◆1/2

⇥
SNR

5

0.5

✏s

NEP

10�21 W/
p

Hz

0.45 GeV/cm3

⇢DM
. (2)

At high masses, shot noise is relevant due to insu�cient
signal photons Nsignal = (✏sPDM�t)/mDM < 5. For the
nominal Adish = 10 m2, Bext = 10 T configuration, QCD
axions induce a few 1 eV photons week�1 so month-long
runtimes render shot noise subdominant for mDM . 1 eV.

In photon-counting regimes, sensors with dark count
rate DCR detect photons emitted at rate RDM =
PDM/mDM. We use the counting-statistics significance
Z = Nsignal/

p
Nnoise = (✏sRDM�t)/

p
DCR�t > 5 to es-

timate sensitivity in the background-limited regime. In
the background-free photon-counting limit, the coupling
sensitivity scales faster gsensa�� / (�t)�1/2. With nominal
photoconversion rates down to 1 photon per day, scal-
ing as R� ⇡ 10�5(1 eV/ma) Hz, the photosensors con-
sidered are background limited. We thus constrain our
projections to this scenario, where appendix 1 discusses
requirements of background-free experiments.

A

D

�hp

�hp

Figure 1: Conceptual optical scheme of BRASS. A flat, conducting, and permanently magnetised
conversion surface (A) is employed for generating an electromagnetic signal arising in response to
the electric field of the dark matter propagating through. This electric field is either inherent to the
DM particles themselves (for hidden photons) or induced by the magnetic field near the conversion
surface (for axions/ALPs). The resulting electromagnetic signal is focused by the parabolic reflector
and detected using a heterodyne receiver (D) with a broadband digital backend.

simplify the problem to two dimensions, so that the essential components (the conversion surface and
the parabolic reflector) with their respective geometry are embedded through matching boundary
conditions that mimic an infinite free space. The simulation setup is constructed assuming that the
electric field (Ehp) is generated at the boundary of the conversion surface and it excites a plane wave
propagating outward. The surface of the parabolic mirror is simulated as a perfect electric conductor.
The entire setup is spatially enclosed by a perfect absorbing surface which approximates the free space
conditions.

The simulation is performed for a frequency of 14 GHz, and the magnitude of the simulated
electric field corresponds to the signal strength expected from the hidden photon dark matter with
the photon coupling � = 10

�13. The maximum field strength obtained in the simulation is ⇡ 5 ⇥
10

�10
V/m, which is consistent with the expected time averaged field strength given by Eqn. 2.2.

An example of the resulting instantaneous electromagnetic field near the conversion surface is
shown in Fig. 2a, where the diffraction at the edges of the surface can be clearly seen. The effect of
the parabolic reflector on the electric field distribution can be assessed from Fig. 2b, which compares
the generated field freely propagating outward (left panel), to the one focused by the parabolic mirror
onto the detector (right panel).

The overall optical efficiency, ⌘opt, of the signal focusing can be estimated by integrating the total
power in the freely outgoing electromagnetic wave to the total power at the surface of the receiver
aperture. For the simulations shown in Fig. 2, ⌘opt ⇡ 0.98 is obtained. The simulation shows a good
approximation of the BRASS-p optical efficiency in the entire 12 GHz to 18 GHz frequency range for
which �d.B./D = 6.4–11.6.

– 4 –

BRASS-p/DOSUE-RR : RT reflectors BREAD

Cryogenic reflector inside the fridge
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Dish antenna idea   - How to introduce the field?

Signal introduction rate vs Purcell trade-off

Cut-off @11GHz 
(r=8mm) Cut-off @11GHz 

(r=8mm)

【１　研究目的、研究方法など（つづき） 】
基盤研究（Ｂ）（一般） ４

【研究体制】
量子ビットの作成およびシミュレーションを用いた受信機の最適化は、研究代表者である三野

が担当する。量子コンピュータ分野においては、通常O(1) GHz帯の量子ビットの開発が主流で
あるが、本研究では 10–20 GHz帯の受信機開発を目指しており、9–10 GHzと比較的周波数の高
い量子ビットの開発が不可欠である。代表者は既に量子ビットの高周波化に向けた研究を進めて
おり、受信機開発に必要な量子ビットの作成を主導する。
高いQ値 (共振の鋭さ)を持つ共振空洞の作成には、エッチング液やアニール処理により掘削面

を極限まで平滑化する高度な加工技術が求められる。研究分担者である新田はこれまで多数の共
振空洞を作成しており、これらの技術を駆使して無負荷Q値が 1億を超える二オブ超伝導キャビ
ティの作成に成功している。この経験を基に、本研究では同軸キャビティの作製を担当する。
研究分担者である陳は、2024年 10月に開始された超伝導量子ビットを用いた暗黒物質探索を

目指すDark matter search using Qubits (DarQ) 実験に発足当初から参加し、本格的に量子セン
サーを応用した暗黒物質探索研究に従事している。その経験を活かし、本研究では超伝導量子ビッ
トを用いた量子測定の専門家として、ダイヤモンド窒素空乏中心を用いた量子系で確立された手
法を量子ビットを用いた量子系へ応用する役割を担う。
【研究計画】
年次計画を図 5に示す。

2026 2027 2028

同軸キャビティ

量子ビット

デザインの最適化

既存のデザインで制作

単一光子検出 
(既知の周波数)

超伝導体を用いて制作制作

制作

暗黒物質探索
10~15 
GHz

12.4~18 
GHz

15~22 
GHzデザインの最適化

単一光子分光 
(未知の周波数)

図 5: 年次計画
•

周波数 [GHz]

反
射
波

 [d
B]

図 6: 同軸キャビティ (銅)の試作品とその特性評価の結果。

2026年度 : 外部から入射可能な電磁波の周波
数や量子ビットと外部電磁場との結合強度は
同軸キャビティの構造や量子ビットを配置す
る位置に依存する。そこで、これらの特性を
電磁界シミュレーションにより最適化する。
図6に示すように、銅を用いた同軸キャビティ
はすでに試作品が完成しており、シミュレー
ションで最適化した構造に合わせて作成を進
めていく。作成した同軸キャビティにこれま
で作成を進めてきた量子ビットを実際に配置
し、アンテナから擬似信号を入力することで既知の周波数に対する高感度受信機としての動作
検証を行う。ここではまず、量子ビットを用いた量子系で実証されている手法により、既知の
周波数を持つ電磁場の単一光子検出を行う。

• 2027年度 : 電磁場との結合を強めるために、量子ビットのデザインの最適化を行う。さらに、
アルミニウムや二オブなどの超伝導体を用いて同軸キャビティを作成することでより高いQ値
を達成し、分散読み出しによる量子ビットの状態の判定の精度を改善する。電磁場と強く結合す
るように最適化した量子ビットを同軸キャビティに組み込み、擬似信号を入力して検出可能な
信号強度を評価する。さらに、ダイヤモンド窒素空孔中心を用いた量子系で確立されている未
知周波数の電磁場の単一光子検出手法を量子ビット系に応用し、単一光子の周波数分光を行う。

• 2028年度 : 希釈冷凍機内に小型のディッシュアンテナを設置し、開発した受信機を用いて世界
最高感度でのダークフォトン探索を行う。受信機に入射可能な電磁波の周波数はホーンアンテ
ナによって制限されるため、探索は 10–15 GHz、12.4–18 GHz、15–22 GHz の 3つの周波数帯
に分けて行う。

Signal

Transmon

Off-resonant readout regime being considered 

e.g. ac Stark shift based single photon detection

28
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Search in an actual quantum computer?

IBM-Quantum (link)

😃 Array of high quality qubits 

😃 Regular calibration 

😃 Optimal readout & control

😔 Fixed frequency 

😔 No B-field  (→ dark photon only ) 

😔 Qubit parameter unknown 
     Discovery only, no limits 

https://quantum.ibm.com


Our DM detector        　    Kawasaki

as of 16th Sep 2024 127-bit Eagle processor
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State  
preparation

Delay 
DM evolution Measurement

Tdelay < T1

e.g. nq=3      nq=127 in actual experiment

× 105

Submit a script like this 5min queue, 1min run time

☑ Script-based dark matter search
31



Results

○ No spectacularly high excitation rate found 

○ Pulse-level control in IBM-Quantum has been obsolete  

   Started collaboration with IQM since 2025 with frequency tunabilibty

32

Y. Iiyama & S. Chen (Preliminary)

η = 2 kHz × κ ( ϵ
10−11 ) ( d[μm]

100 ) ( f [GHz]
1.0 ) ( C[pF ]

0.1 ) ( ρ[GeV/cc]
0.45 )

pge =
η2

η2 + Δ2
sin2((η2 + Δ2)t) + pread-out error

Unpolarized, κ=0.01     
C=0.1pF, d=100µm

Obtained Limit  

Assuming typical circuit parameters



(a) Wafer scale fab (b) Photolithography (c) Manhattan JJ (d) Dolan JJ array

(e) 10→10mm 4-qubit (f) 7→7mm 6-qubit (g) 10→10mm 8-resonator

Figure 3: Local Fermilab superconducting qubit device fabrication and packaging process. Wafer-scale
photolithography and e-beam lithography of di!erent kinds of Josephson junctions (JJs) are done at
nearby academic cleanroom facilities (Northwestern NUFAB, UChicago Pritzker Nanofabrication Facil-
ity). Device packaging and wirebonding is done at Fermilab.

(a) (b)

Figure 4: (a) Example of a standard qubit package implementation. (b) Example of a finite-element
electromagnetic simulation of the attenuation factor ! as a function of the dark-matter–induced electric
field frequency in the range 1–10 GHz, for rectangular packages with di!erent dimensions. The solid
curve corresponds to a conventional package geometry, while the dashed and dotted curves represent
enlarged enclosures. The legend labels indicate the package dimensions (x,y,z), where the qubit is
located in the center with the dipole axis aligned within the x–y plane. The dark-matter–induced
electric field is assumed to be polarized along the y-direction.

box modes, so suppressing these modes inevitably attenuates the dark matter signal. The attenuation
factor ! is defined as the ratio of the e!ective electric field experienced by the qubit to that in free
space [3]. The value of ! is primarily determined by the distance between the qubit and the metallic
walls of the package, as well as by the qubit transition frequency. Signal suppression becomes particu-
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Issue of package shielding

○ As said,  near the wall 

○ Tightest possible chip packaging is commonly used  

   in 2D implementation for noise Shielding 

   Typical suppression factor  

○ Loosening the package?   →  DM signal vs Purcell limit 

         

○ Large / high-Q 3D cavity turns out to be an ideal package for the search

E(EM) + E(X) ∼ 0

κ ∼ O(10−3)

κ ∼
g2

Δ2
ΓPurcell ∼

g2γ
Δ2 + γ2

US-Japan collaboration started this year 

to develop a custom package 



Sichanugrist et al. PRL 133 (2), 021801 
Ito et al. arXiv: [hep-ex] 2311.11632Future extension: Multi-bit interference

=

(Wait→Read)N

|g⟩

|e⟩ ℏω = mDM

Ege = ℏω

(b)　 「待って測る」 を繰り返す

一定時間待機 (100µs) ~  
ダ〡クマタ〡によるRabi振動

O T1

状態読み出し

t
···

  O(100 ns)

(a) 　量子ビットに共鳴 → Rabi振動

(c) 　量子ビット周波数掃印でピ〡ク探す

励起率 = と読む割合|e⟩

(d) 　疑わしい周波数は真面目に調べる

量子ビット周波数

励
起
率

放置時間

励
起
率

mDM

ノイズ的励起

ダ〡クマタ〡的励起"SQUID型量子ビット" 
1-10GHz 簡単に掃印

光が当たっている時間

の
占
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⟩

ダークフォトン質量 (周波数表示) [GHz]

　　ダークフォトン質量 [eV]　　

混
合
角

(e) 
N ~ O(104)

Wait interval
Rabi oscillation due to the DM

State readout

|0i 50µs 50µs 50µs

|0i 40µs 40µs 40µs

|0i 100µs 100µs 100µs

1

....

...
.

 max.: 3h / job (ref) 
 Ntry ~ O(108)

nq~100

delay時間: T1の半分くらいDelay ~      T1T2
∼ min(T1, T2)

Correspond to this boring circuit operation
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Single bit experiment : nothing quantum  

Signal rate ∝ nq2

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.021801
https://arxiv.org/abs/2311.11632
https://qiskit.org/ecosystem/ibm-runtime/faqs/max_execution_time.html
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FIG. 1: Quantum circuit for the DM detection. The gate with H represents the Hadamard gate, while that with “•”
and “⊕” connected by the line is the CNOT gate (where “•” is the control qubit). The UDM represents the

evolution with the effect of DM.

for the DM detection can be initialized, measured, and
evolved through standard gates like the Hadamard gate
and CNOT gate. (See Appendix A for the gate opera-
tions used in our analysis.)
An example of quantum circuits for detecting the DM

signal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10–12]. Our
circuit consists of only one-dimensional nearest neighbor
interaction between qubits with O(nq) gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of DM
is mainly in time interval t1 ≤ t ≤ t2. We also assume
that the coherence time of the qubits is long enough, so
that the coherence time of the system, τ , is determined
by the coherence of the DM and does not scale with n−1

q .
We expect that the coherence time of the qubit system
longer than that of DM is achievable in future quantum
computer platforms with sizable nq. The entangled qubit
system is usually more fragile than the individual nonen-
tangled ones and the coherence time of the entangled
state may be ∼ τq/nq, where τq is the coherence time
of a single qubit [16]. Even in such a case, the following
discussion holds as far as nq ! τq/τDM (with τDM being
the coherence time of the DM).
In order to understand the enhancement mechanism

of the signal, it is instructive to consider the case that
α = 0. For α = 0, the eigenstates of UDM are |+⟩ and
|−⟩, satisfying UDM |±⟩ = e±iδ |±⟩, where

|±⟩ ≡
1√
2
(|g⟩± |e⟩). (9)

Thus, considering the states with nq qubits, |±⟩⊗nq , they

evolve as |±⟩⊗nq → U
⊗nq

DM |±⟩⊗nq = e±inqδ |±⟩⊗nq ; the
phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.
With the circuit, the state evolves as follows. First, all

the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
1√
2

(

|+⟩⊗nq + |−⟩⊗nq

)

. (10)

With the effect of the DM, the state at t = t2 becomes

|Ψ(t2)⟩ =
1√
2

(

einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq

)

. (11)

The quantum operation from t = t2 to tf brings the phase
information to the first qubit:

|Ψ(tf)⟩ =
1√
2

(

einqδ |+⟩+ e−inqδ |−⟩
)

⊗ |+⟩⊗(nq−1)

= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ

nq
∑

i=1

(Xi cosα+ Yi sinα) +O(δ2), (14)

where the summation is over the operators acting on all
the qubits. For any i, the following relation holds:

Xi |±⟩⊗nq = ± |±⟩⊗nq , (15)
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for the DM detection can be initialized, measured, and
evolved through standard gates like the Hadamard gate
and CNOT gate. (See Appendix A for the gate opera-
tions used in our analysis.)
An example of quantum circuits for detecting the DM

signal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10–12]. Our
circuit consists of only one-dimensional nearest neighbor
interaction between qubits with O(nq) gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of DM
is mainly in time interval t1 ≤ t ≤ t2. We also assume
that the coherence time of the qubits is long enough, so
that the coherence time of the system, τ , is determined
by the coherence of the DM and does not scale with n−1
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longer than that of DM is achievable in future quantum
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system is usually more fragile than the individual nonen-
tangled ones and the coherence time of the entangled
state may be ∼ τq/nq, where τq is the coherence time
of a single qubit [16]. Even in such a case, the following
discussion holds as far as nq ! τq/τDM (with τDM being
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phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.
With the circuit, the state evolves as follows. First, all

the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
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einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq
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The quantum operation from t = t2 to tf brings the phase
information to the first qubit:

|Ψ(tf)⟩ =
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einqδ |+⟩+ e−inqδ |−⟩
)

⊗ |+⟩⊗(nq−1)

= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ

nq
∑
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signal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10–12]. Our
circuit consists of only one-dimensional nearest neighbor
interaction between qubits with O(nq) gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of DM
is mainly in time interval t1 ≤ t ≤ t2. We also assume
that the coherence time of the qubits is long enough, so
that the coherence time of the system, τ , is determined
by the coherence of the DM and does not scale with n−1
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We expect that the coherence time of the qubit system
longer than that of DM is achievable in future quantum
computer platforms with sizable nq. The entangled qubit
system is usually more fragile than the individual nonen-
tangled ones and the coherence time of the entangled
state may be ∼ τq/nq, where τq is the coherence time
of a single qubit [16]. Even in such a case, the following
discussion holds as far as nq ! τq/τDM (with τDM being
the coherence time of the DM).
In order to understand the enhancement mechanism

of the signal, it is instructive to consider the case that
α = 0. For α = 0, the eigenstates of UDM are |+⟩ and
|−⟩, satisfying UDM |±⟩ = e±iδ |±⟩, where

|±⟩ ≡
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2
(|g⟩± |e⟩). (9)

Thus, considering the states with nq qubits, |±⟩⊗nq , they

evolve as |±⟩⊗nq → U
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DM |±⟩⊗nq = e±inqδ |±⟩⊗nq ; the
phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.
With the circuit, the state evolves as follows. First, all

the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
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2

(
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)
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With the effect of the DM, the state at t = t2 becomes

|Ψ(t2)⟩ =
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2
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einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq

)

. (11)

The quantum operation from t = t2 to tf brings the phase
information to the first qubit:

|Ψ(tf)⟩ =
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einqδ |+⟩+ e−inqδ |−⟩
)
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= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ
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∑

i=1
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and CNOT gate. (See Appendix A for the gate opera-
tions used in our analysis.)
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We expect that the coherence time of the qubit system
longer than that of DM is achievable in future quantum
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system is usually more fragile than the individual nonen-
tangled ones and the coherence time of the entangled
state may be ∼ τq/nq, where τq is the coherence time
of a single qubit [16]. Even in such a case, the following
discussion holds as far as nq ! τq/τDM (with τDM being
the coherence time of the DM).
In order to understand the enhancement mechanism
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where, in the last equality, we have used nqδ ≪ 1. No-
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q, indicating a
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|Ψ(t2)⟩ =
1√
2

(

einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq

)

. (11)

The quantum operation from t = t2 to tf brings the phase
information to the first qubit:

|Ψ(tf)⟩ =
1√
2

(

einqδ |+⟩+ e−inqδ |−⟩
)

⊗ |+⟩⊗(nq−1)

= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ

nq
∑

i=1

(Xi cosα+ Yi sinα) +O(δ2), (14)

where the summation is over the operators acting on all
the qubits. For any i, the following relation holds:

Xi |±⟩⊗nq = ± |±⟩⊗nq , (15)

"Decoded" state to be measured

p ∝ n2
q

Multibit entanglement → signal rate ∝ nq2

Future extension: Multi-bit interference

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.021801
https://arxiv.org/abs/2311.11632


Sichanugrist et al. PRL 133 (2), 021801 
Ito et al. arXiv: [hep-ex] 2311.11632Future extension(2) Multi-bit interference

Many variations actively proposed recently 
○ W state : Fukuda et al.  arXiv: 2510.01816 
○ CAT state : Zheng et al. arXiv: 2507.23538 
○ Q-network : Santoso et al. arXiv: 2505.21188

Many caveats at this point: 

○ Coherence time of n-entangled state :    

○ In-situ quantum error correction needed to  

   avoid the dephasing contribution 

Same challenges for the future FTQCs 

Tn ∼ T/n

36

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.021801
https://arxiv.org/abs/2311.11632
https://arxiv.org/abs/2510.01816
https://arxiv.org/abs/2507.23538
https://arxiv.org/abs/2505.21188


All superconducting qubits so far are devised in the context of QCs 

  ○ Vastly unexplored circuit parameter space - coupling, frequency etc. ultimate limit unknown 

Looser limitation of coherence time can open many new paths for qubit design 

  ○ Bad coherence but maximal potential as sensors

Tailored qubits for sensing purpose
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Yoshihara et al (2018)

 E1 − E0 ∼ 8ECEJ

EJ =
π
2

Δ
R

Δ: superconducting gap

Higher frequency qubit
PRACTICAL GUIDE FOR BUILDING SUPERCONDUCTING... PRX QUANTUM 2, 040202 (2021)

Al

AlOx

Al

500 nm

(c)

χ χ

(d)

(e)

(a)

(b)
Substrate 
(silicon/sapphire)Transmon

~cm

~cm

FIG. 3. Dispersive coupling between a transmon and a superconducting resonator. (a) Lumped-element representation of a
Josephson junction and a sketch of its structure, which consists of two layers of aluminium (gray) that are separated by an aluminium
oxide tunnel barrier (white). (b) A SEM image of a bridge-free junction. Image credit: Kyle Serniak (Yale University). (c) Lumped-
element representation of a LC circuit capacitively coupled to a single-junction transmon and the associated the potential of each mode
and the dressing of the energy levels due to the dispersive interaction. (d),(e) Two examples of physical realizations of a transmon
device dispersively coupled to a superconducting cavity in either the planar (d) or 3D configuration (e).

provides the drive and measurement tones to the system.
Here, ain(t) and aout(t) represent, respectively, the incom-
ing and outgoing field of the transmission line where it
interacts with our circuit. The fields at different times are
not related, such that

[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.

A detailed balance of the field results in the following
input-output relation:

aout = ain + √
κca, (8)

where κc is defined as the frequency-independent cou-
pling rate at which the oscillator exchanges energy with
the transmission line, and can be experimentally character-
ized for each setup. Here, we choose the sign convention
following the approach in Ref. [48]. With the incoming
and outgoing fields taken into account, we arrive at the
following differential equation for a(t) in the Heisenberg
picture:

∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)

This expression is called the quantum Langevin equation
[49]. It includes two new terms: the first one corresponds
to a damping of the field at rate κ/2, with κ = κc + κi,
where κi is the coupling rate between the system and the
uncontrolled environment usually called the internal loss
rate; the second term,

√
κcain, referred to as “drive” or

“pump,” is vital for a to obey the same usual commuta-
tion relation

[
a, a†] = 1 at all times despite the damping

term. As an alternative to the quantum Langevin equation,
the Lindblad master equation can also be used to describe
such dissipative systems [49,50]. However, the quantum

Langevin equation is more suited to describe the traveling
fields that we consider here.

While ain is necessary in order for us to control the state
of the resonator, it also introduces undesired fluctuations
in its field. To mitigate this, we typically operate in the
“stiff-pump” regime, where κc is negligible compared to
the frequency of the resonators, but the expectation value
of

√
κcain can be large compared to κc. This way, we have

ain = āin + a0
in, where a0

in represents the negligible fluctua-
tions of the field and āin its average value. In the stiff-pump
approximation, a drive is modeled with the Hamiltonian

Hd

! = ε(t)a† + ε(t)∗a, (10)

with ε(t) = √
κcāin.

B. Josephson junction
Superconducting resonators alone do not provide a use-

ful medium for encoding quantum information. This is
because the energy levels of a resonator are separated by
an equal spacing of !ω, forbidding us from addressing the
transitions individually. Thus, we must introduce a nonlin-
ear element in order to achieve universal quantum control
of the circuit.

In cQED, the most ubiquitous source of nonlinearity
is a Josephson junction (JJ), favored for its simplicity
and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
typically fabricated by overlapping two layers of supercon-
ducting films with an oxide barrier in between. The area of

040202-5

Nb (Tc=9.3K)

Nb

(Tc=1.2K)

Stronger coupling

Even larger capacitance pads Galvanic coupling Al/Nb bilayer → Lift Tc  using the proximity effect

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.120.183601


Towards axion searches

38

Generally strong B-field is bad for superconductor and of course to qubits too 

○ Qubit inductively couple to flux → decoherence 

○ Out-of-plane is particularly bad for superconducting thin films 

Possible solution 

  ○ Precise in-plane alignment of B-field         ○ Qubits using Nitride-based JJ 

  ○ Physical isolation from the B-field

•Photons

•Electrons

•Nucleons
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How to apply B-field?
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FIG. 4. Transmon qubit coherence as a function of Bk,1. The highest 5% of coherence times T1, T
echo
2 , T ⇤

2 for (a) single-JJ
and (b) SQUID transmon at each Bk,1. Dashed lines indicate the mean of the high-coherence data at each field. Microsecond
coherence is maintained up to at least 0.7T, with T1 above 1 µs over the entire measurable range. (c) and (d) Pure echo
dephasing rates �echo

� = 1/T echo
2 � 1/(2T1) versus parallel magnetic field Bk,1. For low magnetic fields (high frequencies) �echo

� is
limited by photon shot noise. In high magnetic fields the transmons approach the low EJ/EC limit and the charge dispersion
f01(ng = 0) � f01(ng = 0.5) increases, eventually limiting the coherence. (e) The pure Ramsey dephasing rate �⇤

� as a
function of the SQUID frequency sensitivity |df01/dB?|. For every in-plane magnetic field Bk,1 we observe a linear dependence
�⇤
� = a |df01/dB?|+ b. The inset shows the slopes a as a function of Bk,1, which suggest that the noise in B? increases linearly

with Bk,1. The observed noise level and trend are independent of the current source connected to the Bk,1 magnet coil (named
Oxford and Keithley in the legend). We believe this noise is caused by mechanical vibrations (see text).

mechanical vibrations are expected to be low-frequency
and the noise can be largely echoed away. A similar sit-
uation is reported in Ref. 42.

VI. CONCLUSION

The present results show that for many applications
in magnetic fields up to 0.4T, the standard Al-AlOx-
Al JJs can be a viable option. In this regime T1 and
T

echo
2 times remained largely una↵ected in our trans-

mons, but accurate in-plane alignment of the magnetic
field is paramount to preserve coherence. We use thin
aluminum films to increase the in-plane critical field and
narrow leads to minimize vortex losses. For higher fields,
coherence times are reduced compared to low-field levels,
but the standard Al/AlOx/Al transmon can be operated
at magnetic fields up to 1T, comparable to semiconduc-
tor nanowire transmons [29], while exhibiting better co-
herence times. For the Bk,1 direction, the frequency de-
pendence of the transmon was found to be reasonably
well described by a simple model, which considers the gap
closing according to the Ginzburg-Landau theory, and a
Fraunhofer-like geometrical contribution. In addition, we
have shown that the operation of a SQUID transmon is
possible in high in-plane fields, although vibrations of
the magnet relative to the sample and noise from mag-
net current sources could become a limiting factor. These

challenges seem solvable with better vibrational damping
of the dilution refrigerator and the use of persistent cur-
rent magnets. However, between 0.4T and 0.5T, regular
SQUID oscillations could not be observed and the cav-
ity frequency was unstable. We speculate this is due to
spurious JJs inherent in the Dolan bridge fabrication.

With thinner films and possibly shifting to a JJ fabri-
cation that minimizes spurious JJs, such as Manhattan
style JJs [43] or JJs that are made with two lithogra-
phy steps [44], it would be possible to make an Al-AlOx-
Al JJ transmon that can work above 1T. If the target
magnetic field is known in advance and the film prop-
erties are largely characterized, one can account for the
reduction in EJ due to suppression of the superconduct-
ing gap. Then, the Al-AlOx-Al JJ advantages of high
quality, decent yield and targeting will remain available
even in experiments that require high magnetic fields. In
future, it would be interesting to look into charge par-
ity dynamics and thermal excitation in the transmon at
higher fields [45]. Strong in-plane magnetic fields present
an additional tuning knob in cQED, which could help un-
derstand the physics of the quasiparticles coupling to the
transmon. We also believe that with slight improvements
in the setup, it would be possible to measure the e↵ect of
magnetic fields on flux noise and shed light on the nature
of the spin ensembles that are believed to cause it [46].

Krause et al. Braggio et al.
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Figure 1: Schematic of the axion search setup: (a) The haloscope cavity, located in a 2T mag-
net, connects to the detector via a fixed antenna port and features cryogenic frequency tuning
through three sapphire rods attached to a nano-positioner. (b) The SMPD, a superconducting
circuit with �/2 coplanar waveguide resonators linked to a transmon qubit, is positioned ap-
proximately 50 cm above the magnet and connects via standard coaxial cables. Its frequency
is adjustable by threading the flux through a SQUID embedded in the buffer resonator. Upon
activating the four-wave mixing process, the qubit cycles through photon detection phases. (c)
The detector center frequency alternates between resonance (red) and off-resonance (grey) set-
tings relative to the haloscope’s frequency (blue) in differential mode. (d) Measurement records
from the photon counter display clicks over time, with color indicating the detector’s frequency
setting.

6

1. Perfect alignment 2. Geometrically isolate the qubit sensor

https://arxiv.org/abs/2111.01115
https://arxiv.org/abs/2403.02321


DarQ experiment    Sensitivity projection

AxionDark photon
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Sichanugrist et al. arXiv: 2407.19755

Dixit et al. like exp. with 
Lamb shift freq. tuning

Direct excitation 
 nq=100 w/ entanglement  
 and cavity enhancement

Direct excitation 
 nq=100 w/ entangement  
 and cavity enhancement

Dixit et al. like exp. with 
Lamb shift freq. tuning

○ One year operation time 

○ Long road to go, but ultimately wideband DFSZ sensitivity

https://arxiv.org/abs/2407.19755


Summary

40

DarQ-Direct experiment : Dark matter search using Quantum bits 

  ○ Qubits are directly used as sensors 

  ○ First single-bit-based search ongoing with custom devices 

     Extension: focusing system 

  ○ Ultimate goal: FTQCs?  

     Unique challenge: chip packaging 

Other DarQ projects 

  ○ DarQ-Lamb: Cavity haloscope using transmons as a freq. tuner (→Tatsumi Nitta's talk) 

  ○ DarQ-SPC:   Cavity + itinerant single photon counter (for axion searches) 

Sensor development - from a computing unit to a dark matter sensors 

  ○ Stronger coupling, higher frequendcy, B-field resilience etc. 

  ○ Qubits out of the context of quantum computers
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Backup



Superconducting qubits
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ℋq ∼ ℏωqa†a +
ℏαq

2
a†a†aa

第 9章 量子実験系における種々の結合 123

図 9.5: LC共振器（左）と本章で扱う超伝導量子ビット（右）

というものになる。Q の共役となる正準変数は Φ となることはすぐにわかるので、
HamiltonianHLCは

HLC =
Q2

2C
+

Φ2

2L
(9.2.6)

となることがわかる。第 1項がキャパシタのエネルギー、第 2項がインダクタのエネル
ギーになっていることがわかるだろう。
期待通りQと Φを正準変数とする調和振動子の形にかけたので、これらを演算子と

みなし、交換関係 [Q,Φ] = ih̄を要請することで量子化の手続きが完了する。共振器光
子の生成・消滅演算子を

a =
1

2h̄

√
L

C
Q+

i

2h̄

√
C

L
Φ (9.2.7)

a† =
1

2h̄

√
L

C
Q− i

2h̄

√
C

L
Φ (9.2.8)

とすることで、交換関係は [a, a†] = 1となりHamiltonianは
HLC = h̄ωLC

(
a†a+

1

2

)
(9.2.9)

となる。

9.2.2 超伝導量子ビット
次に、LC共振器のインダクタを Josephson接合で置き換えた図のような回路を考え

よう。Josephson効果において、絶縁体を挟んだ超伝導体間の位相差を θ、Josephson

接合をまたぐ電流と電圧を I、V として
I = I0 sin θ, V =

h̄

2e

dθ

dt
(9.2.10)

が成立する。ここで磁束量子 Φ0 = h/2eを用い、磁束を ΦJ = (θ/2π)Φ0と定義すれば
I(t) = I0 sin

(
2π

ΦJ

Φ0

)
, V =

dΦJ

dt
(9.2.11)

L
○ Non-linear LC circuit 

   ・Josephson junctions : non-linear inductance  

   ・Anharmonic energy levels  

       Essential for state control  

○ Thin-film superconductor :  Low loss

Dolan: 
200nmx600nm

Manhattan: 
200nmx200nm

10 ȝm 10 ȝm

Junction fabrication

2 ȝm 2 ȝm

6

SEM images(top: JJ, bottom: SQUID)
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100 µm

Josephson  
Junction

PRACTICAL GUIDE FOR BUILDING SUPERCONDUCTING... PRX QUANTUM 2, 040202 (2021)

Al

AlOx

Al

500 nm

(c)

χ χ

(d)

(e)

(a)

(b)
Substrate 
(silicon/sapphire)Transmon

~cm

~cm

FIG. 3. Dispersive coupling between a transmon and a superconducting resonator. (a) Lumped-element representation of a
Josephson junction and a sketch of its structure, which consists of two layers of aluminium (gray) that are separated by an aluminium
oxide tunnel barrier (white). (b) A SEM image of a bridge-free junction. Image credit: Kyle Serniak (Yale University). (c) Lumped-
element representation of a LC circuit capacitively coupled to a single-junction transmon and the associated the potential of each mode
and the dressing of the energy levels due to the dispersive interaction. (d),(e) Two examples of physical realizations of a transmon
device dispersively coupled to a superconducting cavity in either the planar (d) or 3D configuration (e).

provides the drive and measurement tones to the system.
Here, ain(t) and aout(t) represent, respectively, the incom-
ing and outgoing field of the transmission line where it
interacts with our circuit. The fields at different times are
not related, such that

[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.

A detailed balance of the field results in the following
input-output relation:

aout = ain + √
κca, (8)

where κc is defined as the frequency-independent cou-
pling rate at which the oscillator exchanges energy with
the transmission line, and can be experimentally character-
ized for each setup. Here, we choose the sign convention
following the approach in Ref. [48]. With the incoming
and outgoing fields taken into account, we arrive at the
following differential equation for a(t) in the Heisenberg
picture:

∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)

This expression is called the quantum Langevin equation
[49]. It includes two new terms: the first one corresponds
to a damping of the field at rate κ/2, with κ = κc + κi,
where κi is the coupling rate between the system and the
uncontrolled environment usually called the internal loss
rate; the second term,

√
κcain, referred to as “drive” or

“pump,” is vital for a to obey the same usual commuta-
tion relation

[
a, a†] = 1 at all times despite the damping

term. As an alternative to the quantum Langevin equation,
the Lindblad master equation can also be used to describe
such dissipative systems [49,50]. However, the quantum

Langevin equation is more suited to describe the traveling
fields that we consider here.

While ain is necessary in order for us to control the state
of the resonator, it also introduces undesired fluctuations
in its field. To mitigate this, we typically operate in the
“stiff-pump” regime, where κc is negligible compared to
the frequency of the resonators, but the expectation value
of

√
κcain can be large compared to κc. This way, we have

ain = āin + a0
in, where a0

in represents the negligible fluctua-
tions of the field and āin its average value. In the stiff-pump
approximation, a drive is modeled with the Hamiltonian

Hd

! = ε(t)a† + ε(t)∗a, (10)

with ε(t) = √
κcāin.

B. Josephson junction
Superconducting resonators alone do not provide a use-

ful medium for encoding quantum information. This is
because the energy levels of a resonator are separated by
an equal spacing of !ω, forbidding us from addressing the
transitions individually. Thus, we must introduce a nonlin-
ear element in order to achieve universal quantum control
of the circuit.

In cQED, the most ubiquitous source of nonlinearity
is a Josephson junction (JJ), favored for its simplicity
and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
typically fabricated by overlapping two layers of supercon-
ducting films with an oxide barrier in between. The area of

040202-5



Superconducting qubits

43

State readout : Transmission of coupled cavity (Dispersive readout)

ಣड़͢ʥࢆϑρφ͹ಣΊड़͢ʤ෾ࢢྖ

ϑρφ͹য়ସͶΓͮͱࢢྖ
໒बഀ਼͗รΚΖڠ͹ح৾ڠ

A. Blais et al., PRA 69, 062320 (2004)

I [
m

V
]

Phase of the transmitted wave

A sin(ωt + ϕ) = I sin(ωt) + Q cos(ωt)

Q [mV]

|0⟩

|1⟩ ω = E1-E0

21 Dec 2022                        Intro to the SCQC HW / Status of the HW team

Qubit drive
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Drive pulse = RF pulse at the qubit frequency 
  ○ @CRC: Injected using the same input line as the dispersive readout.


  ○ Off-resonent for the cavity but can reach the qubit before the cavity response is completed (~a few 100ns).


Characteristic Rabi oscillation 
  ○ Can be used for the |0>⇄|1> transition pulse if the pulse duration is the half period.

  ○ Becomes the X/Y gate pulse by tuning the phase of the drive pulse.

I [
m

V
]

Drive pulse length [ns]

~population of the |e> state

Readout pulse sent right after the drive pulse is stopped

第 5章 二準位系のダイナミクスと緩和 80

図 5.2: 離調がない場合（左）とある場合 (右) のRabi振動

が成り立つ：
Γ =

µ2ω3
q

3πh̄ε0c3
⇐⇒ µ =

√
3πh̄ε0c3Γ

ω3
q

. (5.1.18)

Γ2 で表される緩和は占有確率の変化を引き起こさないが、Blochベクトル (sx, sy, sz)のうち sxと syを “縮める”効果を持つ (図 5.1)。これは結果として量子ビットが重ね合
わせ状態などに関する位相の情報を失っていくことを意味しており、それゆえに位相緩
和と呼ばれる。自然放出による位相緩和も含めた Γ1 + 2Γ2がトータルの位相緩和レートとなるため、Γ2はとくに純位相緩和レート（pure dephasing rate）と呼ばれること
もある。

5.2 Rabi振動
さて、電磁波による駆動と緩和のもとでの量子ビットのダイナミクスを記述する方

程式が得られたため、実際にどのような振る舞いになるかを見てみよう。といっても
Bloch方程式を解析的に解くのは特殊な場合を除いて簡単ではないため、まず理想的な
場合として離調がなく （∆q = 0）、緩和もない（Γ1 = Γ2 = 0）状況を見てみよう。こ
の時の Bloch方程式は

dsx
dt

= 0,
dsy
dt

= −Ωsz,
dsz
dt

= Ωsy

となり、初めに量子ビットが基底状態にある（sz(t = 0) = −1）という初期条件のもと
で sx = 0、sz = − cos (Ωt)、sy = sin (Ωt)という解が得られる。この解は、はじめ |g〉
にあった Blochベクトルが (Ω, 0, 0)、つまり Bloch球でいうと図 5.2の左側のように x

軸まわりに回転することを意味している。Ωは Rabi周波数（Rabi frequency）と呼ば
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Wide frequency tunability

(1) Proper operating frequency range: A qubit must have a transition
frequency that is significantly higher than the thermal energy of
a typical solid-state system to observe quantum nature. The only
continuous refrigeration method for solid state devices below
0.3 K is to use a dilution refrigerator, whose base temperature is
usually about 10mK (!200MHz). This means that the transi-
tion frequency of a qubit must be at least a few gigahertz. At the
same time, the qubit transition frequency should be sufficiently
lower than the superconducting energy gap of the host supercon-
ductor so as not to excite quasiparticles. For aluminum, which is
the most popular material for superconducting qubit systems,
the energy gap is about 100 GHz.

(2) Large anharmonicity: To be a well-defined two-level system, a
qubit should have anharmonicity α ; ω1-2 ! ωq of at least
!100MHz to perform a reasonably fast gate operation (see
Sec. IX A 1 for the gate time and frequency selectivity). Recently,
it has been found that having a third level in an accessible
frequency range can be beneficial, such as for initialization or
two-qubit gate operation (see Secs. VI D and VI E 1).

(3) Long coherence time: The assigned quantum state should last
for a long time compared with the time for gate operations.

(4) Ease of coupling: For readout and (multi)qubit gate operation,
a reasonably strong coupling between a qubit and another
quantum system, such as a resonator or neighboring qubit,
should be achieved easily.

(5) Ease of control: The quantum state should be brought to a super-
position easily and straightforwardly by an external mean.

(6) Ease of fabrication: A qubit should be easy to fabricate with
standard nanotechnology for good reproducibility.

B. Josephson junction

A superconductor is a macroscopic quantum mechanical
system in the sense that it can be described by a single macroscopic
wavefunction, i.e., the order parameter Ψ. However, this property is
not a sufficient condition for being a qubit; we need a confinement
potential to have discrete energy eigenstates such as electrons in the
Coulomb potential forming an atom. Moreover, to control the two
lowest energy eigenstates selectively, the potential must be anhar-
monic to have distinct energy separation between eigenstates.

The solution for discrete energy eigenstates is to make an elec-
trical circuit. In a superconducting circuit, the quantized energy
level emerges from the quantization of the charge and the magnetic
flux stored in various electrical components just like the position
and the momentum of electrons in a real atom. (Since the charge
and the magnetic flux are collective coordinates that represent the
cooperative motion of large numbers of electrons, the circuit quan-
tization is essentially phenomenological.14)

The solution for the anharmonicity is a Josephson junction
where a pair of superconductors are weakly coupled [Fig. 3(a)]. In
a superconducting circuit, a Josephson junction acts as a nonlinear
inductor, resulting in an anharmonic potential. Since a supercon-
ductor is a macroscopic quantum mechanical system, only two
quantities are required to describe the physics of a Josephson junc-
tion: the number imbalance of electrons N and the relative phase w
between the two superconductors. Here, N corresponds to the dif-
ference in jΨj2 of the two superconductors. The equations of

motion regarding these two quantities, called the Josephson equa-
tions, are given by15

dN(t)
dt

¼ 2EJ
!h

sinw(t) and
dw(t)
dt

¼ ! 2e
!h
V(t), (12)

where EJ is the Josephson energy, which is a measure of the ability
of Cooper pairs to tunnel through the junction; !h is the reduced
Planck constant; e is the magnitude of the charge carried by a
single electron; and V is the voltage difference maintained across
the junction. The popular form of the left equation in Eq. (12) is16

Is(t) ¼ Ic sinw(t), (13)

where Is is a zero-voltage supercurrent flow through the junction
and Ic(¼ 2eEJ=!h) is the maximum current that can flow through
the junction, i.e., the critical current of the junction.

Here, we point out that a DC Superconducting Quantum
Interference Device (DC SQUID), which consists of two Josephson
junctions and a superconducting loop [Fig. 3(b)], can be considered
as a variable Josephson junction whose effective Josephson energy
EJ,eff as a function of the external flux bias Φ is given by

EJ,eff (wext) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
J,1 þ E2

J,2 þ 2EJ,1EJ,2 coswext

q
, (14)

where wext(; 2πΦ=Φ0) is the phase offset due to the external flux
bias. This idea is useful for making tunable superconducting
devices.

FIG. 3. (a) Schematic diagram of a Josephson junction where a pair of super-
conductors are weakly coupled via an oxide tunnel barrier. The phase and the
number difference of the macroscopic wavefunctions Ψ1 and Ψ2 fully determine
the physics of the junction. (b) A DC SQUID can be considered as a variable
Josephson junction tuned by an external magnetic flux Φ. The symbol of a
cross in a square represents a Josephson junction.
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(1) Proper operating frequency range: A qubit must have a transition
frequency that is significantly higher than the thermal energy of
a typical solid-state system to observe quantum nature. The only
continuous refrigeration method for solid state devices below
0.3 K is to use a dilution refrigerator, whose base temperature is
usually about 10mK (!200MHz). This means that the transi-
tion frequency of a qubit must be at least a few gigahertz. At the
same time, the qubit transition frequency should be sufficiently
lower than the superconducting energy gap of the host supercon-
ductor so as not to excite quasiparticles. For aluminum, which is
the most popular material for superconducting qubit systems,
the energy gap is about 100 GHz.

(2) Large anharmonicity: To be a well-defined two-level system, a
qubit should have anharmonicity α ; ω1-2 ! ωq of at least
!100MHz to perform a reasonably fast gate operation (see
Sec. IX A 1 for the gate time and frequency selectivity). Recently,
it has been found that having a third level in an accessible
frequency range can be beneficial, such as for initialization or
two-qubit gate operation (see Secs. VI D and VI E 1).

(3) Long coherence time: The assigned quantum state should last
for a long time compared with the time for gate operations.

(4) Ease of coupling: For readout and (multi)qubit gate operation,
a reasonably strong coupling between a qubit and another
quantum system, such as a resonator or neighboring qubit,
should be achieved easily.

(5) Ease of control: The quantum state should be brought to a super-
position easily and straightforwardly by an external mean.

(6) Ease of fabrication: A qubit should be easy to fabricate with
standard nanotechnology for good reproducibility.

B. Josephson junction

A superconductor is a macroscopic quantum mechanical
system in the sense that it can be described by a single macroscopic
wavefunction, i.e., the order parameter Ψ. However, this property is
not a sufficient condition for being a qubit; we need a confinement
potential to have discrete energy eigenstates such as electrons in the
Coulomb potential forming an atom. Moreover, to control the two
lowest energy eigenstates selectively, the potential must be anhar-
monic to have distinct energy separation between eigenstates.

The solution for discrete energy eigenstates is to make an elec-
trical circuit. In a superconducting circuit, the quantized energy
level emerges from the quantization of the charge and the magnetic
flux stored in various electrical components just like the position
and the momentum of electrons in a real atom. (Since the charge
and the magnetic flux are collective coordinates that represent the
cooperative motion of large numbers of electrons, the circuit quan-
tization is essentially phenomenological.14)

The solution for the anharmonicity is a Josephson junction
where a pair of superconductors are weakly coupled [Fig. 3(a)]. In
a superconducting circuit, a Josephson junction acts as a nonlinear
inductor, resulting in an anharmonic potential. Since a supercon-
ductor is a macroscopic quantum mechanical system, only two
quantities are required to describe the physics of a Josephson junc-
tion: the number imbalance of electrons N and the relative phase w
between the two superconductors. Here, N corresponds to the dif-
ference in jΨj2 of the two superconductors. The equations of

motion regarding these two quantities, called the Josephson equa-
tions, are given by15

dN(t)
dt

¼ 2EJ
!h

sinw(t) and
dw(t)
dt

¼ ! 2e
!h
V(t), (12)

where EJ is the Josephson energy, which is a measure of the ability
of Cooper pairs to tunnel through the junction; !h is the reduced
Planck constant; e is the magnitude of the charge carried by a
single electron; and V is the voltage difference maintained across
the junction. The popular form of the left equation in Eq. (12) is16

Is(t) ¼ Ic sinw(t), (13)

where Is is a zero-voltage supercurrent flow through the junction
and Ic(¼ 2eEJ=!h) is the maximum current that can flow through
the junction, i.e., the critical current of the junction.

Here, we point out that a DC Superconducting Quantum
Interference Device (DC SQUID), which consists of two Josephson
junctions and a superconducting loop [Fig. 3(b)], can be considered
as a variable Josephson junction whose effective Josephson energy
EJ,eff as a function of the external flux bias Φ is given by

EJ,eff (wext) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
J,1 þ E2

J,2 þ 2EJ,1EJ,2 coswext

q
, (14)

where wext(; 2πΦ=Φ0) is the phase offset due to the external flux
bias. This idea is useful for making tunable superconducting
devices.

FIG. 3. (a) Schematic diagram of a Josephson junction where a pair of super-
conductors are weakly coupled via an oxide tunnel barrier. The phase and the
number difference of the macroscopic wavefunctions Ψ1 and Ψ2 fully determine
the physics of the junction. (b) A DC SQUID can be considered as a variable
Josephson junction tuned by an external magnetic flux Φ. The symbol of a
cross in a square represents a Josephson junction.
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1. Standard Quantum Limit (SQL) 
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  Quantum measurement back-action. 
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2. Frequency tuning 

    Limited tuning range & non-trivial engineering  

    ADMX: tuning rod
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解) 信号パワーの増加 : CavityのQ値改善 (or V,B)

Standard Quantum Limit (SQL)

3

FIG. 1. Schematic of the Sidecar cavity location in the ADMX
insert. A simulation of the vertical component of the magnetic
field in the volume of the cavity is shown overlaid. Contour
lines indicate the field strength as a percentage of the center
bore field strength.

The cavity antenna was made by stripping a section
of SMA-terminated, semi-rigid coax. Its coupling to the
cavity is measured by directing a swept signal through
a circulator towards the antenna. In the case where the
antenna is critically coupled to the resonant mode, all
power is absorbed into the cavity on resonance. Under
normal conditions, the linear piezo motor, with a max-
imum travel length of 12mm adjusts the depth of the
antenna to maintain a return loss of less than -20 dB rel-
ative to the o↵-resonance reflected baseline.

When tuning the cavity resonance, minimization of
the piezoelectric heat load is necessary to maintain
milli-kelvin temperatures. The piezo motors have three
sources of heating: dissipated power from exercising the
actuator, mechanical heating from the stick-slip motion,
and ohmic heating from the finite resistance of the piezo
element. The latter two terms, heating from friction and
leakage currents, were found to be subdominant com-
pared with the power dissipated by the actuator [25].
The dominant source of heating is expressed as

Pdissipated = 2CV 2
p tan(�)fd

⇠ 2(200 nF)(60V)2(0.02)fd
⇠ (30µJ per step)⇥ (steps per second),

(4)

where C is the capacitance of the actuator, Vp is the
peak voltage applied, tan(�) is the loss tangent, and fd
is the driving frequency of the sawtooth voltage applied
to the motor. Using typical parameter values, the the-
oretical heating of the rotary motor is estimated to be

FIG. 2. The cavity resonance shifted by positioning the tun-
ing rod with an attocube piezoelectric actuator. The data
shown was taken at 400mK during the data run B on Au-
gust 8th, 2016. Roughly 1000 piezo motor steps were taken,
resulting in a ⇠2� revolution of the rod and 50MHz shift in
the TM010 mode.

⇠ 50mJ/degree, and that of the linear antenna motor
to be ⇠ 100mJ/mm. However, under normal operating
conditions, the linear motor is stationary and the rotary
motor takes approximately 5 steps per minute, resulting
in an average heating of less than 5µW. Although the
cavity and piezo motors are thermally tied to the mixing
chamber of a dilution refrigerator, with 800µW cooling
capacity, motor heating causes a negligible increase in
temperature.
The cavity output is coupled to a Low Noise Factory

HFET amplifier LNF-LNC1 12A which is thermally sunk
to the top of the helium reservoir. These amplifiers have
a characteristic stable broadband gain of 40 dB, and a
characteristic noise temperature at or below 4K. In-situ
noise calibration tests were achieved with a cryogenic mi-
crowave switch that toggled the input to the amplifier
from the cavity to a heatable 50 ⌦ termination.
The room-temperature portion of the receiver is a sin-

gle heterodyne design, mixing the 4–7GHz cavity fre-
quency down to 10.7MHz. The signal is also further
amplified and filtered before it is digitized and under-
goes a secondary stage of mixing in software. A cryo-
genic circulator placed directly after the cavity antenna,
a Mini-Circuits RC-8SPDT-A18 radio frequency (RF)
switch matrix, and a network analyzer allows the sig-
nal path to be reconfigured between data collection and
measurements of cavity frequency, antenna coupling, and
noise temperature.
The data-taking cadence consists of: (i) rotate the tun-

ing rod to shift the relevant TM0n0 mode by a fraction
of its bandwidth, (ii) obtain the center frequency, Q and
antenna coupling from network analyzer measurements,
(iii) set the receiver local oscillator frequency such that
the resonant frequency is mixed down to 10.7MHz, and
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2. Frequency tuning 

    Limited tuning range & non-trivial engineering  
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Moroi et al. PRL 131, 211001 (2023)Package shielding effect

4

readout is assumed with a O(100) ns of readout
time.

3. For a given !, the process 1–2 are repeated nrep

times. The total number of the qubit measurements
is Ntry ⌘ nqnrep. The number of expected exci-
tations is Nsig = p⇤Ntry, ignoring the inter-qubit
interference.

4. The process 3 is repeated in di↵erent qubit fre-
quency ! by detuning the SQUID-based transmon.

The search is a resonant-finding where the DM signal ex-
hibits a sharp peak on the continuum baseline in the exci-
tation rate, at a particular qubit frequency corresponding
to the DM mass.

Observation of the false positive excitations (“back-
ground events”) needs to be taken into account. In the
regime of T > 1 mK (with T being the temperature of the
qubits) the dominant source of the background events is
considered to be thermal excitation. The expected num-
ber of such background events is

Nbkg = e
�!/T

Ntry. (27)

In a typical dilution refrigerator, T = 10 mK can be
solidly achieved. One may even expect T ⇠ 1 mK or
lower by introducing Continuous Nuclear Demagnetiza-
tion Refrigerator (CNDR) [43]. However, it has been
argued that the actual temperature of the qubits may be
di↵erent due to the quasi-particle creation processes in-
side the qubit chip (e.g., by cosmic ray radiation). These
cause a significant level of excitation reportedly equiva-
lent to a thermal residual of ⇠ 30 mK [44]. Hereafter,
we assume two temperature scenarios, i.e., 30 mK as the
conservative estimate based on the currently available
setup, and 1 mK assuming the usage of CNDR and the
circumvention of the quasi-particle problem in the future.

The readout error can be also a potential source of the
background given that the typically achieved single-shot
fidelity is about 99 % [45]. However, since this is often
limited by the longitudinal decoherence of the |ei during
the measurement, it can be drastically improved by uti-
lizing the higher excited states [46] when one only needs
to distinguish between the ground state and the others.
It also worths pointing out that the background level can
be measured and validated using the “sideband” given
the nature of resonant-finding searches where signals can
only peak at specific frequencies.

One unique feature about this search is that the signal
excitation is a coherent Rabi oscillation. Therefore, the
qubit frequencies with suspiciously high excitation rates
can be further re-examined by explicitly performing the
Rabi oscillation measurements with various time inter-
vals. Particularly for relatively large ✏ (> 10�12) yielding
high p⇤ (> 10 %), the signal would reveal a characteristic
sinusoidal variation in the |ei population as the function
of time lapse before decohering. It would be more distinct
in case of multiple qubits as all of them experience the

same coherent excitation by signals, helping discerning
from spurious backgrounds and claiming the discovery.

The packaging e↵ect on the field: The e↵ect of the qubit
packaging on the electric field requires careful considera-
tion. As it is often a metallic container electrically cov-
ering the qubit chip, it e↵ectively becomes a microwave
cavity. The e↵ective electric field ~E

(e↵) projected onto
the cavity wall would vanish at the cavity wall, since the
secondary field ( ~E(EM)) is provoked by the electrons in
the metal reacting to the DM-included field ~E

(X). Im-
portantly, however, since the phases of ~E

(EM) and ~E
(X)

have di↵erent spatial evolution, the field cancellation be-
comes imperfect o↵ the wall. While ~E

(X) can be re-
garded as spatially homogeneous since the interaction of
hidden photon is extremely weak and the e↵ects of the
cavity on the dynamics of hidden photon can be safely
ignored, ~E(EM) is dependent on the position ~x = (x, y, z).
The field configuration of ~E

(EM) inside the cavity is ob-
tained by solving ⇤ ~E

(EM) = 0 and ~r ~E
(EM) = 0 simulta-

neously, with the boundary condition at the cavity wall,

[ ~E(EM)
k + ~E

(X)
k ]wall = 0, where the subscript “k” indicates

vectors projected onto the cavity wall. Consider, e.g., a
case where a transmon is placed inside a cylinder-shaped
cavity with its conductor plate perpendicular to the cylin-
der axis (defined as z-axis). As only the z-component of
the fields are relevant, we find

E
(EM)
z (~x) = �

J0(mXr)

J0(mXR)
E

(X)
z , (28)

where r ⌘

p
x2 + y2 is the radial distance from the cylin-

der axis, R is the radius of the cylinder, and J0 is the
Bessel function of the first kind. Note that mX is as-
sumed not equal to any of the cavity mode frequencies
here, which ensures J0(mXR) 6= 0. Then, for the qubit
located at r = rq, we obtain a  factor (defined in Eq.
(15)):


(cylinder) = 1�

J0(mXrq)

J0(mXR)
, (29)

representing the enhancement or reduction on the to-
tal field due to the cavity e↵ect. Notably, when mX is
close to some of the cavity mode frequencies !c satisfying
J0(!cR) = 0, || can be much greater than unity and the
excitation rate is enhanced. In general,  depends on the
geometry of the cavity as well as on the location of the
qubit. A detailed analysis is beyond the scope of this let-
ter. We just comment here that, if the size of the cavity
is of the order of m�1

X , || is expected to be ⇠ O(1) or
larger.

Sensitivity estimation: The signal rate is calculated from
Eq. (25) with C = 0.5 pF, d = 100 µm, Q = 106,  = 1,
⇢DM = 0.45 GeV/cm3, and with the angular average
cos2 ⇥ !

1
3 being taken. The number of qubits is as-

sumed to be either nq = 1 or 100. For the background,
only thermal excitation contribution is considered assum-
ing T = 30 mK or 1 mK. The search sensitivity is derived

DM-induced E-fieldE-field caused by  
the cavity response 

e.g. For cylindrical cavity:

Metallic shields = cavity 

○ Off-resonant AC fields in the cavity are canceled by the cavity response 

○ The field cancellation is not perfect when photons are mixed with dark photon 

     ○ E=0 on the wall 

     ○ E>0 off the wall due to mDM>0 

→ No signal reduction when the cavity is large enough (  >>  )Lshield λCompton

r

E

No DM 

If with DM

0 R

https://link.aps.org/doi/10.1103/PhysRevLett.131.211001
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Package shielding effect

"No signal reduction when the cavity is large enough (  >>  )" 

This is unfortunately usually not the case in quantum computers 

   ○  Very tight package to shield the EM field as much as possible 

   ○ Massive DM signal reduction  

      e.g. 6mm x 6mm x 1.835mm height package  → κ=0.004 @5GHz DM signal 

                (0: no signal   1: no signal reduction)

Lshield λCompton

κ := |1 + E(EM)/E(X) |

Moroi et al. PRL 131, 211001 (2023)

e.g. Google sycamore chip 

       Height < 1mm?
Less problematic 
in the 3D implementation 

https://link.aps.org/doi/10.1103/PhysRevLett.131.211001
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5

図 5: 健全な SMAコネクタ（左図）と, 実際に埋没した
SMAコネクタ（右図）の中心導体。
4.3 データ取得
2019年秋からデータ取得を開始したが, 直後にノイズ
量が想定より 10倍以上大きいことが判明した。アクシ
オン探索のスキャン速度は, ノイズ量の二乗に反比例す
るため, これでは一向にスキャンが終わらない。そのた
め, 2019–20年冬に検出器を常温に戻し, 総点検をおこ
なうことになった。様々な点検の結果, TDR測定で検出
器上部から約 3 mの部分に顕著な反射があることがわ
かった。RFケーブルを外してみると, 図 5で明らかな
ように SMAコネクタの中心導体が埋没していた。恐ら
く温度変化か過度な屈曲によるものであろう。これが信
号を顕著に減衰（逆方向に反射）させており, ノイズ量
が多く見積もられていたことがわかった。該当部位を信
頼できる製造元の製品に交換し, 再び 2020年 3月には
100 mKまで冷却した。
データ取得を再開しようとしたが, ここでまた問題が
発生する。JPAのゲインが不安定（10 dB以上変動）で
ノイズ量が想定よりも大きいのだ。様々な可能性が考え
られたが, 結局のところアクシオン探索用の磁石と磁場
をキャンセルするための磁石の磁場の不一致が原因で
あった。限度を超える外部磁場は SQUIDのループ内に
磁束量子として入り込み, 図 6に示すように不安定な共
鳴を生み出す。一度入り込んだ磁束量子を追い出すため
には, 超伝導転移温度（アルミニウム:∼ 1.2 K）を超え
て再度超伝導に戻す作業が必要となった。温度サイクル
後, 再度磁場を調整し直したところ, 比較的良好な JPA

の性能を得ることができた。以後, 6月より実験データ
取得を再開し, 2021年 5月まで概ね安定した運転をおこ
なった。

4.4 解析
前節で解説したデータ取得では 800 から 1020 MHz

（アクシオン質量に換算して 3.3–4.2 µeV）をスキャン
し, 計約 20万のパワースペクトルを得た。一つのパワー
スペクトルは RF信号を 10 ms毎にフーリエ変換した
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図 6: x軸に周波数, y軸にバイアス電流, z軸に JPAの
反射の位相を取った JPAの共鳴。左図は外部磁場によっ
て磁束量子が入り込んだ状態, 右図は健全な状態。
100秒間の平均から成り, 50 kHzの帯域幅（100 Hzの
分解能 × 500ビン）を持つ。 本来黒体放射のパワース
ペクトルは極めて平坦であるはずだが, 実際に記録され
るパワースペクトルは共振空洞と JPA間の定在波や混
合器によって歪められている。アクシオン信号はこの歪
み（>数 10 kHz）に比べ有意に細い（数 kHz）ため, パ
デ近似によって歪みのみを取り去ることができる。その
後平坦になったパワースペクトルの細かい揺らぎの大き
さがガウス分布（正確には自由度 2万のカイ二乗分布）
を成すことを利用し, デジタイザで記録したパワーを共
振空洞内のパワーに焼き直す。この際に利用するノイ
ズ温度は, パワーがノイズ温度に比例することを利用し
て in situで測定される。ADMX実験では “Hot Load”

（図 4）をわずかに熱して得られるパワーの変化を利用
する y-factor測定と, JPAのパンプ光の onまたは off状
態での S/N比の変化を利用する SNRI測定を組み合わ
せて測定し, 約 600 mKという結果を得た。この値は各
種温度センサーから予想される理想的なノイズ温度より
数百 mK大きいため, 余計なノイズが入り込んでいる可
能性を示唆する。これらの原因の考察は第五章に譲る。
この後すべてのパワースペクトルは誤差で重み付けして
から足し合わされ, 一つの大きなスペクトルとして再構
成され, アクシオン信号があるかテストされる。
以上の解析の結果, 15個の有意なパワー超過が観測さ

れた。今回の周波数帯は FMラジオやWi-Fiの周波数
に近く, この周波数帯でもっとも高感度な ADMX実験
でそのような人工的信号が検出されることは想定内で
ある。アクシオンと区別するために, まず実験サイトに
あるスペクトラムアナライザに簡易的なアンテナ（RF

ケーブルの中心導体をむき出しにしたもの）をつけて同
じ周波数の超過を見つける事ができるかテストした。磁
場がなく感度に劣るこのテストで超過が見つかれば, そ
れはアクシオンではない。このテストは単純であるが強
力で, 7個の超過が棄却された。また, ADMX実験では
共振周波数を少しずつずらしてパワースペクトルを取得
しているが, 共振空洞内にある信号であれば, その超過

6

The shape of the detected background is primarily
determined by two factors: the shape generated by the
room temperature receiver and the JPA standing wave due
to the imperfect isolation of circulators, C1 and C2. The
former is time independent and was removed by a reference
shape measured at the beginning of data taking. The latter
varies when the bias current of the JPA is changed and was
removed by a six-order Padé-approximant performed for
each spectrum. The flattened spectra were scaled by the
estimated Tsys=ϵ to obtain the correct power scale and were
convolved with the expected axion shape to improve the
sensitivity to axions. The spectra were coadded into a
“grand spectrum” to make use of all recorded spectra.
Typically, Oð10Þ candidates are found within a nibble
because of statistical fluctuations and calibration SAGs.
The criteria to select candidates are described in Ref. [41].
Accordingly, the candidates were scanned further, a rescan,
to check whether they are persistent. The rescan data are
later included in the analysis, and a Monte Carlo study
indicates that this procedure may induce a small bias of less
than 3% on the resulting extracted axion-photon coupling

limits in specific circumstances. After the first rescan, the
calibration SAGs were turned off and the second rescan
was performed to confirm whether the candidates were
SAGs or true signals. If all SAGs were identified and there
was no candidate left, then the data-taking moved on to the
next nibble. However, if there still remained one or more
candidates, more rigorous tests were performed as
described below.

FIG. 3. Electric field distribution as a heat map for TM010 (left)
and TM011 (right) modes simulated with COMSOL Multiphysics
[42]. Electric field for the mode and impressed magnetic field are
shown as red and black arrows, respectively. Calculated form
factors with CST Magnetic Field Solver are 0.455 and < 0.001
for TM010 and TM011 modes, respectively. The overlap between
the TM010 electric field and the magnetic field is large and
consistent across the volume, while the overlap between the
TM011 electric field is of opposite sign in the top and bottom of
the cavity, leading to cancellations in the cavity response to the
spatially uniform dark matter axion field.

FIG. 4. 90% C.L. upper limits on gaγγ as a function of axion
mass. The gray-, blue-, and yellow-colored areas represent
previous ADMX limits reported in Refs. [28,32,33]. The red-
colored area shows the limits of this work. We ruled out KSVZ
(DFSZ) axions in the 3.3–4.2ð3.9–4.1Þ μeV mass range.

TABLE I. A list of candidates remaining after turning off
calibration SAGs. The 896.448 MHz candidate was a blinded
SAG. “Persistence” is checked when the candidate exists in all
the scans with similar powers. “At same frequency” is checked
when the candidate was at the given frequency #300 Hz. “Not in
air” is flagged if the candidate could not be observed with a
spectrum analyzer attached to an external antenna at the exper-
imental site. “Enhanced on resonance” is flagged when the
integral of the signal power was scaled as a Lorentzian function.
“×” denotes tested but not passed.

Frequency
[MHz] Persistence

At same
frequency

Not in
air

Enhanced on
resonance

839.669 ✓ ✗ ✓ ✗
840.268 ✓ ✓ ✓ ✗
860.000 ✓ ✓ ✗ ✗
891.070 ✓ ✓ ✓ ✗
896.448 ✓ ✓ ✓ ✓
974.989 ✗ ✓ ✓ ✗
974.999 ✗ ✓ ✓ ✗
960.000 ✓ ✓ ✗ ✗
980.000 ✓ ✓ ✗ ✗
990.000 ✓ ✓ ✗ ✗
990.031 ✗ ✓ ✓ ✗
1000.000 ✓ ✓ ✗ ✗
1000.013 ✗ ✓ ✓ ✗
1010.000 ✓ ✓ ✗ ✗
1020.000 ✓ ✓ ✗ ✗
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図 7: TM010 モードと TM011 モードの電場分布（赤矢印）の比較 [10]。超伝導磁石によって印加される磁場は
黒矢印で表される。
の大きさはローレンツ分布を成すはずである。残ったう
ち 7個の超過はパワーがまったく変化せず, キャビティ
外のRFシステムのどこかで入り込んだ信号と判断され
た。残るは 896.5 MHz付近の一つの超過である。アク
シオンの可能性があるため慎重に性質を精査しなければ
ならない（解析のもっとも面白い瞬間である）。個別の
ラインシェイプはどれも標準ハローモデルで予言される
マクスウェル分布を成し, 周波数も非常に安定している。
超過のピークが成すローレンツ分布のQ値もネットワー
クアナライザで得られたQ値と矛盾なく, 共振空洞内か
らの信号であることは確かであった。従来のADMX実
験の解析手順であれば磁場を段階的に落とし, 信号が予
想通り (∝ B2)消えるかどうかテストするところであっ
たが, このテストには時間がかかる。その前の追加のテ
ストとして, 今回の論文ではTM011モードでの観測が追加された。図 7にアクシオン探索に用いる TM010モードと, 今回のテストに使ったTM011モードの電場分布を示す。どちらの電場も磁場に並行であるため局所的なア
クシオン光子変換効率はよいが8, TM011 モードの場合は位相が共振空洞の上下で反転しているため, アクシオ
ン場によって誘起された電流は常にキャンセルされる。
したがって, TM011 でも超過があれば, それはアクシオ
ンではないといえる。 図 8に実際のパワースペクトル
（パデ近似後）を示す。中央図の下部の複数のパワース

8アクシオンと光子の相互作用ラグランジアンは, L =
− gaγγ

4 Fµν F̃µνa = gaγγ !E · !Ba。
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Here, V is the volume of the cavity, B is the magnitude of
the magnetic field, C is the form factor representing the
overlap between the cavity resonant mode and the magnetic
field, gγ is the model-dependent numerical constant −0.97
(0.36) for the KSVZ (DFSZ) model which determines,
along with the axion decay constant fa, the axion coupling
to two photons gaγγ ¼ αgγ=πfa, ρa is the expected dark
matter density in the cavity, f is the frequency of the photon
induced by the axion field, and QL is the loaded quality
factor of the cavity.
The signal-to-noise ratio (SNR) is used as a metric of the

sensitivity of the experiment [39]:

SNR ¼ Paxion

kBTsys=ϵ

ffiffiffi
t
b

r
; ð2Þ

where kB is the Boltzmann constant, Tsys is the system
noise temperature, which is defined as the sum of the
physical and electronic noise temperatures, ϵ is the trans-
mission efficiency between the cavity and the JPA, t is the
integration time, and b is the detection bandwidth
b ¼ f=Qa ∼ f=106, the expected signal energy spread of
nonrelativistic axion dark matter with a velocity of ∼10−3c.
Tsys is measured with the SNR improvement (SNRI)

method. The SNRI is given by

SNRI ¼ Toff
sys=Ton

sys ¼
Gon

Goff

Poff

Pon
; ð3Þ

where GonðoffÞ and PonðoffÞ are the total gain of the rf chain
measured by the vector network analyzer and the power
spectral density of the rf chain measured by the digitizer for
the JPA in the on (off) state, respectively. As an over-
coupled resonator, the JPA acts as a lossless mirror for the
signal when the JPA is off. The SNRI was typically 7.5 dB.
Toff
sys is measured by the y-factor method [40] utilizing a

noise source placed at the 500 mK stage (labeled as the “hot
load”). The hot load temperature, Thot, can be varied
between 0.5–4 K. During a y-factor measurement, the
input of the cold receiver is connected to the hot load
by flipping a switch in the receiver so that thermal photon
from the hot load is detected. There is a linear relation
between Thot and the digitized power when the JPA is off:

P ¼ GoffbkBðThotϵh þ Toff
sysÞ: ð4Þ

Here, ϵh is the total transmission efficiency between the hot
load and the JPA. Hence, one can obtain Toff=ϵ from the y

intersection of a linear fit. We assume ϵh is equal to ϵ since
ϵh is dominated by losses in the circulators. During the
data-taking period, Toff=ϵ was measured by the y-factor
method every few months. The results were stable over
time around 3.5 K, though they varied with frequency by
0.2 K over the frequency range. From the above, the typical
Tsys=ϵ when the JPA is on was calculated to be 600 mK.
The data described here were acquired between October

2019 and May 2021. We aimed to probe axions with one
(two) times DFSZ coupling between 950 and 1020 (800
and 950) MHz. Throughout the operation, synthetic axion
generated signals (SAGs), which are created using lower
power rf tones, were injected into the cavity via its weak
port to ensure the robustness of the experiment. Two types
of SAGs were injected: calibration SAGs, which were
intended to verify the integrity of the receiver chain and
analysis framework, and blinded SAGs to practice the full
candidate evaluation procedure.
The explored frequency range was divided into 14

“nibbles,” narrow frequency ranges, typically 10 MHz in
width. The specific procedure repeated for each nibble is as
follows. First, digitizations for the entire nibble frequency
range were performed by moving both tuning rods sym-
metrically. The integration time was 100 seconds. The
spectral width was 50 kHz for each scan, and the data were
averaged with 100 Hz bin resolution. Next, an analysis was
performed to check for axionlike excesses (candidates)
above the noise.

FIG. 2. Digitization spectra including a blinded SAG for TM010

(black) and TM011 (red) mode after removing the receiver shape
and JPA standing wave distortion. The bottom small plot shows
combined SNR with respect to DFSZ power. The right small plot
shows the integrated signal power and how it varies according to
the Lorentzian cavity enhancement.
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図 8: 中央図：SAG信号のパワースペクトルを共振空
洞の TM011モード（上部, 赤）と TM010モード（下部,

黒）で取得したもの。下図：DFSZ信号の大きさに対す
る SNR（信号と背景事象のパワーの比）を示したもの。
右図：各パワースペクトルの最大パワーをプロットした
もの。TM011 のパワーが若干大きいのは, SAG信号を
注入するアンテナ（図 4のWeak Portがつながってい
る部分）の結合が, TM010 モードに比べ TM011 モードに対して若干よいためと考えられる [10]。
ペクトル（黒）はTM010モード, 中央図の上部（赤）が
TM011モードで取得されたパワースペクトルである。どちらも顕著な細いピークが確認できる。したがって,これ
はアクシオンではないと結論付けられた。その後, SAG

管理者からそれがブラインドテストのために注入された
SAG信号であることが明かされた。アクシオンではな
いのは大変残念ではあるが, 検出器の運転と解析の正当
性を再確認できた。解析の詳細は [12]を参照していた
だきたい。

4.5 結果
以上の解析の結果, すべての超過はアクシオンではな

いと判断されたため, アクシオン光子結合に対して上限
を設けた（図 9）。800から 1020 MHzの KSVZモデル
を棄却, 950から 980 MHzのDFSZモデルを棄却した。
今回の結果は 2018, 2019年の結果と比べると約二倍に
探索範囲を拡大しており, 900 MHz以上では以前の世界
最高感度の制限である CAST実験の結果 [13]から約 5

桁（パワーにして 10桁）の改善を達成している。
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Fig. 14. Conceptual arrangement of an axion haloscope. If ma is within 1/Q of the resonant frequency of the cavity, the axion will show as a narrow peak
in the power spectrum extracted from the cavity.

Applying the haloscope technique to frequencies considerably higher or lower than the one ADMX is targeting is
challenging, for different reasons. Lower frequencies imply proportionally larger cavity volumes and thus bigger magnets.
Higher frequencies imply lower volumes and correspondingly lower signals and sensitivity. Several R&D lines are being
pursued to adapt the concept at different frequency ranges, and we review them in 7.1. These developments are always
associated with the technologies needed to go to larger and/or more intense magnetic fields, higher quality factors,
cryogenics and noise reduction at detection, among others. Higher frequencies together with relatively high volume are in
principle achievablewithmore complex extended structures resonant at high frequencies, ofwhich several implementations
are being explored. A more radical variant, in which Q is (almost) given up, is followed by the dish antenna concept and its
relative, the dielectric haloscope, presented in 7.2. Other altogether different detection concepts include the use of LC circuits
inside magnetic fields 7.3 to generate the resonance, or the use of nuclear magnetic resonance (NMR) techniques 7.4, both
with promise to achieve good sensitivity at much lower masses than the conventional haloscopes, and the latter invoking
the interaction of the axions with electrons or nuclei, instead of ga� . In addition, the effect of the DM axion field in atomic
transitions 7.5 could lead to observable effect at much larger ma than previous techniques. Finally, some of the detection
techniques offer more refined detection strategies involving low dispersion streams or sensitivity to the incoming direction
of the axion, something that we briefly discuss in 7.6.1.

Before proceeding with the rest of the section, let us mention that the possibility that the DM halo is made of more
massive ALPs with coupling to electrons could produce a signal in massive ionisation detectors via the axioelectric effect.
Although not a particularly motivated scenario by theory, this possibility can be explored as a byproduct of ongoing low
background massive detectors developed for WIMP searches, showing up as a non-identified peak at an energy equal to the
ALP mass. Experiments like CDMS [519], XENON100 [533] or EDELWEISS [520] have analysed their data in search for such
signal. They globally exclude values of gae . 10�12 for ALP masses in the range 1–40 keV (always under the assumption that
DM is entirely made of those particles). Next generation WIMP detectors, like DARWIN [536], could improve this limit by
more than one order of magnitude.

Finally, let us mention that it has been claimed that DM axions can generate observable signals in resonant Josephson
junctions [544], and indeed an experimental result of unknown origin [545] has been interpreted as a detection of a DM
axion of ma = 0.11 meV in [546]. Although this value of ma is well inside one of the ranges expected for a DM axion as
explained in Section 3.1, wemust cast serious doubts on the validity of this interpretation. The formalism is based on formal
similarity of the dynamical equation of the axion and the Josephson junction, but it is not clear what would be the origin of
the physical coupling between both systems. At some point in [546] the Primakoff conversion of the axion is invoked (with
an unrealisticO(1) conversion probability), however the final expression predicted for the signal strength is independent on
ga� or any other axion coupling, which means that the formalism has the strange property of predicting a signal even with
vanishing axion interactions.

7.1. Conventional haloscopes

The conventional axion haloscope technique [30] consists of a high-Q microwave cavity inside a homogeneous magnetic
field of intensity Be to trigger the conversion of DM axions into photons. Fig. 14 shows a sketch of the haloscope concept.
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FIG. 1. Schematic of the Sidecar cavity location in the ADMX
insert. A simulation of the vertical component of the magnetic
field in the volume of the cavity is shown overlaid. Contour
lines indicate the field strength as a percentage of the center
bore field strength.

The cavity antenna was made by stripping a section
of SMA-terminated, semi-rigid coax. Its coupling to the
cavity is measured by directing a swept signal through
a circulator towards the antenna. In the case where the
antenna is critically coupled to the resonant mode, all
power is absorbed into the cavity on resonance. Under
normal conditions, the linear piezo motor, with a max-
imum travel length of 12mm adjusts the depth of the
antenna to maintain a return loss of less than -20 dB rel-
ative to the o↵-resonance reflected baseline.

When tuning the cavity resonance, minimization of
the piezoelectric heat load is necessary to maintain
milli-kelvin temperatures. The piezo motors have three
sources of heating: dissipated power from exercising the
actuator, mechanical heating from the stick-slip motion,
and ohmic heating from the finite resistance of the piezo
element. The latter two terms, heating from friction and
leakage currents, were found to be subdominant com-
pared with the power dissipated by the actuator [25].
The dominant source of heating is expressed as

Pdissipated = 2CV 2
p tan(�)fd

⇠ 2(200 nF)(60V)2(0.02)fd
⇠ (30µJ per step)⇥ (steps per second),

(4)

where C is the capacitance of the actuator, Vp is the
peak voltage applied, tan(�) is the loss tangent, and fd
is the driving frequency of the sawtooth voltage applied
to the motor. Using typical parameter values, the the-
oretical heating of the rotary motor is estimated to be

FIG. 2. The cavity resonance shifted by positioning the tun-
ing rod with an attocube piezoelectric actuator. The data
shown was taken at 400mK during the data run B on Au-
gust 8th, 2016. Roughly 1000 piezo motor steps were taken,
resulting in a ⇠2� revolution of the rod and 50MHz shift in
the TM010 mode.

⇠ 50mJ/degree, and that of the linear antenna motor
to be ⇠ 100mJ/mm. However, under normal operating
conditions, the linear motor is stationary and the rotary
motor takes approximately 5 steps per minute, resulting
in an average heating of less than 5µW. Although the
cavity and piezo motors are thermally tied to the mixing
chamber of a dilution refrigerator, with 800µW cooling
capacity, motor heating causes a negligible increase in
temperature.
The cavity output is coupled to a Low Noise Factory

HFET amplifier LNF-LNC1 12A which is thermally sunk
to the top of the helium reservoir. These amplifiers have
a characteristic stable broadband gain of 40 dB, and a
characteristic noise temperature at or below 4K. In-situ
noise calibration tests were achieved with a cryogenic mi-
crowave switch that toggled the input to the amplifier
from the cavity to a heatable 50 ⌦ termination.
The room-temperature portion of the receiver is a sin-

gle heterodyne design, mixing the 4–7GHz cavity fre-
quency down to 10.7MHz. The signal is also further
amplified and filtered before it is digitized and under-
goes a secondary stage of mixing in software. A cryo-
genic circulator placed directly after the cavity antenna,
a Mini-Circuits RC-8SPDT-A18 radio frequency (RF)
switch matrix, and a network analyzer allows the sig-
nal path to be reconfigured between data collection and
measurements of cavity frequency, antenna coupling, and
noise temperature.
The data-taking cadence consists of: (i) rotate the tun-

ing rod to shift the relevant TM0n0 mode by a fraction
of its bandwidth, (ii) obtain the center frequency, Q and
antenna coupling from network analyzer measurements,
(iii) set the receiver local oscillator frequency such that
the resonant frequency is mixed down to 10.7MHz, and
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Microstrip SQUID Amplifier (MSA) <1GHzまで対応

MSA RF Connections
Practical MSA design and optimization

� Input microstrip is referenced to the active SQUID washer, not to ground.
� This results in capacitive feedback from the SQUID output voltage to the input coil

    ADMX: tuning rod



Cavity tuning using the Lamb shift
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Cavity resonant freq. varies with coupling with a qubit:      "Lamb shift" 

    

    variation using SQUID qubit → cavity  variation

ωbare
c → ωc

ωc − ωbare
c ∼ {g (Δ ≲ g)

g2/Δ (Δ > > g)
Δ := ωbare

c − ωq

ωq ωc

: cavity-qubit couplingg
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12変調案2: ラムシフト
単一光子検出器: 共振器内の光子数を量子ビット周波数の変化で検知

ラムシフト変調: 量子ビットの周波数の変化を共振器の変調に利用

実際の例

B-field (~µT) K. Nakazono

Preliminary



better  
sensitivity

Wider  
tuning range

First results

○ Cavity Q~5000  

○ 20s per step, ~1000 steps to cover ~10MHz without damaging much on cavity's Q

arXiv: 2505.15619
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DarQ Preliminary

https://arxiv.org/abs/2505.15619

