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Motivations

• Physics motivation: dark matter halo axion
• 𝑔𝑎𝑒e(axion-electron coupling)

• Technology motivation: quantum technology
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PDG2022

1μeV〜1meV
⇔ 1GHZ〜1THz range
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PDG2022

axion search main stream: 
axion-gamma coupling
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Detection Principles
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axion-electron interaction
 axion-electron coupling

 Interaction term for non-relativistic DM halo

𝜇𝐵:Bohr magneton

𝑆: elctron spin

𝐵𝑎:magnetic field
by axions

𝑎𝑥𝑖𝑜𝑛

𝑒−

𝑒−

 magnetic field by axion

CAVEAT: Super tiny for one electron
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a: axion filed,ψ: electron field

m:electron mass

vtot: axion velocity @ earthρDM: local halo density
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Magnon: elections’ collective spin

spins in one dimension

 spin behaviors in ferromagnet with external magnetic field

spin wave

interaction of neighboring spins

 collective excitation of spins can be described as spin wave : Magnon

 Magnon-axion coupling

𝑵 enhancement
N: number of spins

𝑩𝒆𝒙𝒕
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from external field
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HALO Axion detection
axion (Ba) gives a kick to one electron

→ Magnon made by Bext

𝑩𝒂

Ferromagnetic
Constellation
CYGNUS

𝐵𝑎 ⊥ 𝐵𝑒𝑥𝑡

𝑩𝒆𝒙𝒕

𝒈𝒆𝒇𝒇

?

detector
Amplitude・Phase
number of Magnons

Measure the Magnons!
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QUAX: the pioneer
magnon measurement by cavity-antenna

2022/11/7 QUP WORKSHOP 11Phys. Rev. Lett. 124, 171801 (2020)
Phys. Rev. Lett. 124, 171801 (2020)
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Make it QUP !
Quantum non demolition measurement

𝐻 = ℏ𝜔𝑟 a†a +
1

2
+
ℏ

2
Ω +

2𝑔2

Δ
a†a +

g2

Δ
𝜎𝑧

, with Δ = 𝜔𝑟 − Ω

2-states
system

Ω

boson

 Hamiltonian Lamb shiftac-Stark shift

Wave length of the states transition depends on the number of Bosons.

 Boson numbers can be known by measuring the transition wave length. 
(QND measurement)
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photon counting by Qubit

D.I.Schuster, et.al., Nature 445 515(2007)

photon

qubit

2

Experimental observation of this effect would be a direct
demonstration of number quantization in the dispersive
regime. W e also discuss how, by using irradiation which
is off-resonant from both the cavity and the qubit, one
can obtain substantial ac-Stark shifts without significant
dephasing and how this could be used as the basis of a
phase gate for quantum computation.

I I . C AV I T Y Q E D W I T H SU P E R C O N D U C T I N G
C I R C U I T S

A . Jaynes-C um m ings interaction

In this section, we briefly review the circuit QED ar-
chitecture fi rst introduced in Ref. [13] and experimentally
studied in Refs. [2, 17, 19]. As shown in Fig. 1, the sys-
tem consists of a superconducting charge qubit [1, 12, 26]
strongly coupled to a transmission line resonator [27].
Near its resonance frequency ωr , the transmission line
resonator can be modeled as a simple harmonic oscilla-
tor composed of the parallel combination of an inductor
L and a capacitor C. Introducing the annihilation (cre-
ation) operator â(†) , the resonator can be described by
the Hamiltonian

H r = h̄ωr â
†â, (2.1)

with ωr = 1/
√

LC. Using this simple model, one
finds that the voltage across the LC circuit (or, equiv-
alently, on the center conductor of the resonator) is

VLC = V 0
rm s(â

† + â), where V 0
rm s = h̄ωr /2C is the rms

value of the voltage in the ground state. An important
advantage of this architecture is the extremely small sep-
aration b ∼ 5 µm between the center conductor of the
resonator and its ground planes. This leads to a large
rms value of the electric field E 0

rm s = V 0
rm s/b ∼ 0.2 V/m

for typical realizations [2, 17, 19]. As illustrated in Fig. 1,
by placing the qubit at an antinode of the voltage, it will
strongly interact with the resonator through the large
electric field E 0

rm s.
In the two-state approximation, the Hamiltonian of the

qubit takes the form

H q = −
E el

2
σ̂x −

E J

2
σ̂z , (2.2)

where E el = 4E C (1− 2ng ) is the electrostatic energy and
E J = E J,m ax cos(πΦ/Φ0) the Josephson energy. Here,
E C = e2/2CΣ is the charging energy with CΣ the total
box capacitance and ng = Cg Vg /2e the dimensionless
gate charge with Cg the gate capacitance and Vg the gate
voltage. E J,m ax is the maximum Josephson energy and
Φ the externally applied flux, with Φ0 the flux quantum.

Due to capacitive coupling with the center conductor,
the gate voltage Vg = V dc

g + VLC has a dc contribution

V dc
g (coming from a dc bias applied to the input port of

the resonator) and a quantum part VLC . W hen working

FIG. 1: (Color online) Schematic layout and lumped element
version of the circuit QED implementation. A superconduct-
ing charge qubit (green) is fabricated inside a superconducting
1D transmission line resonator (blue) .

at the charge degeneracy point ndc
g = 1/2 where dephas-

ing is minimized [4] and neglecting fast oscillating terms,
the resonator plus qubit Hamiltonian takes the Jaynes-
Cummings form [13]

H JC = h̄ωr â
†â +

h̄ωa

2
σ̂z − h̄g â†σ̂− + σ̂+ â , (2.3)

where ωa = E J/h̄ is the qubit transition frequency and
g = e(Cg /CΣ )V 0

rm s/h̄ is the coupling strength.
As shown in Ref. [13], the qubit can be measured

and coherently controlled by applying microwaves, of
frequency ωrf and ωs respectively, to the input port of
the resonator. This can be described by the additional
Hamiltonian

H D =
j = s, rf

h̄εj (t) â†e− iωj t + âe+ iωj t , (2.4)

where εj (t) is the amplitude of the external drives at rf
and spectroscopy frequencies.

B . D isp ersive reg im e

In the situation where the qubit is strongly detuned
from the cavity, |∆ | = |ωr − ωa | ≫ g, the total Hamil-
tonian H JC + H D can be approximately diagonalized to
second order in g/∆ to yield the following quantized ver-
sion of the dynamical Stark shift Hamiltonian [13]

H eff = h̄ωr â
†â +

h̄

2
ω̃a + 2χ â†â σ̂z

+
j = s, rf

h̄εj (t) â†e− iωj t + âe+ iωj t

+
j = s, rf

h̄gεj (t)

∆
σ̂+ e− iωj t + σ̂− e+ iωj t .

(2.5)

Here ω̃a = ωa + χ is the Lamb shifted qubit frequency
and we have defined χ = g2/∆ . The term proportional
to â†âσ̂z can be interpreted as a shift of the qubit tran-
sition frequency depending on the photon number in the
resonator (ac-Stark shift) or as a pull on the resonator

Cooper pair box qubit

4

F IG . 3: (Color online) (a) Rotor analogy for the transmon.
The transmon Hamiltonian can be understood as a charged
quantum rotor in a constant magnetic field ∼ n g . For large
E J /E C , there is a significant “gravitational” pull on the pen-
dulum and the system typically remains in the vicinity of
ϕ = 0. Only tunneling events between adjacent cosine wells
( i .e. a full 2π rotor movement) will acquire an Aharonov-
Bohm like phase due to n g . T he tunneling probabil ity de-
creases exponentially with E J /E C , explaining the exponential
decrease of the charge dispersion. (b) Cosine potential (black
solid line) with corresponding eigenenergies and squared mod-
uli of the eigenfunctions.

a cosine in the limit of large E J /E C :

E m (n g ) ≃ E m (n g = 1/4) −
ϵm

2
cos(2πn g ) , (2.3)

where

ϵm ≡E m (n g = 1/2) − E m (n g = 0) (2.4)

gives the peak to peak value for the charge dispersion of
the m th energy level. To extract ϵm , we start from the
exact expression (2.2) for the eigenenergies and study the
lim it of large Josephson energies. The asymptotics of the
M athieu characteristic values can be obtained by semi-
classical (W K B) methods (see e.g. Refs. [24, 25, 26]).
The resulting charge dispersion is given by

ϵm ≃ (−1)m E C
24m + 5

m !

2

π

E J

2E C

m
2 + 3

4

e−
√

8E J /E C ,

(2.5)
valid for E J /E C ≫ 1. The crucial point of this result
is the exponential decrease of the charge dispersion with

E J /E C .
The physics behind this feature can be understood by

mapping the transmon system to a charged quantum ro-
tor, see Fig. 3. W e consider a mass m attached to a stiff,
massless rod of length l , fixed to the coordinate origin by
a frictionless pivot bearing. Using cylindrical coordinates
(r, ϕ , z) , the motion of the mass is restricted to a circle in
the z = 0 plane with the polar angle ϕ completely speci-
fying its position. The rotor is sub ject to a strong homo-
geneous gravitational field g = gex in x direction, giving
rise to a potential energy V = −mgl cosϕ . T he kinetic
energy of the rotor can be expressed in terms of its angu-
lar momentum along the z axis, L̂ z = (r×p ) ·ez = − i ∂

∂ ϕ
,

so that the rotor’s Hamiltonian reads

H rot =
L̂ 2

z

2m l 2
− mgl cosϕ . (2.6)

Identifying the (integer-valued) number operator for
Cooper pairs with the angular momentum of the rotor,
n̂ ↔ L̂ z / , and relating E J ↔ mgl , E C ↔ ( 2/8m l 2) ,
one finds that the rotor Hamiltonian is identical to the
transmon Hamiltonian with n g = 0.

To capture the case of a nonzero offset charge, we imag-
ine that the mass also carries an electrical charge q and
moves in a homogeneous magnetic field with strength B 0

in z direction. Representing the magnetic field by the
vector potential A = B 0 (−y, x , 0)/2 (symmetric gauge)
and noting that the vector potential enters the Hamilto-
nian according to

p → p − qA ⇒ L z → L z +
1

2
qB 0 l 2 , (2.7)

one finds that the offset charge n g can be identified with
qB 0 l 2/2 . This establishes a one-to-one mapping be-
tween the transmon system and the charged quantum
rotor in a constant magnetic field. W e emphasize that for
the transmon (and CPB) the island charge is well-defined
so that n̂ has discrete eigenvalues and ϕ is a compact vari-
able leading to ψ(ϕ) = ψ(ϕ + 2π) . I n the rotor picture,
this corresponds to the fact that the eigenvalues of the
angular momentum L̂ z are discrete and that the “posi-
tions” ϕ and ϕ + 2π are identical. I t is important to note
that this mapping is different from the tilted washboard
model used within the context of resistively shunted junc-
tions, see e.g. [27], and must not be confused with this
case.

In the transmon regime, i.e. large E J /E C , the dynam-
ics of the rotor is dominated by the strong gravitational
field. Accordingly, small oscillation amplitudes around
ϕ = 0 are favored; see Fig. 3. Perturbation theory for
small angles immediately leads to an anharmonic oscilla-
tor with quartic perturbation (Duffing oscillator). [This
method will be employed in Section I I C to obtain the
leading-order anharmonicity corrections.] However, the
charge dispersion ϵm cannot be captured in such a pertur-
bative picture. W ithin the perturbative approach (at any
finite order) the ϕ periodicity is lost and the angular vari-
able becomes noncompact, −∞ < ϕ < ∞. Now, in the
absence of the boundary condition ψ(ϕ + 2π) = ψ(ϕ) the
vector potential can be eliminated by a gauge transfor-
mation. In other words, the effect of the offset charge n g

only enters through the rare event of a full 2π rotation,
in which case the system picks up an Aharonov-Bohm
like phase. This corresponds to “instanton” tunneling
events through the cosine potential barrier to adjacent
wells, and explains the W K B-type exponential decrease
of the charge dispersion. I t is interesting to note that
the nonvanishing charge dispersion is truly a nonpertur-
bative quantum effect, which can be ascribed to the dis-
creteness of charge or equivalently to the peculiar role of

J.Koch, et.al, Phys.Rev.A76,042319(2007

 Ridberg’s atom → artificial atom (Qubit)

potential of Qubit

 photon number is known by the
frequency given to Qubit𝜔𝑎
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Magnon measurement with qubit

2018年JPS秋季大会 14

 Setup@ Nakamura lab T. Tokyo

C. R. Physique 17 (2016) 729–739 
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F IG . 5. Qubit-cavity-Y IG hybrid system . a) Photographs of an Y IG sphere and a superconducting qubit mounted in an
extended cavity resonator. T he Y IG sphere is mounted in one side of the cavity. On the other side, the superconducting
transmon qubit fabricated on a sil icon chip is seen in the deep cavity trench. T he cavity with dimensions of 25 ⇥ 3 ⇥ 53 mm
supports the lowest-frequency (T E 101 , T E 102 , and T E 103 ) modes with the frequencies of 6.987 GHz, 8.488 GHz, and 10.461 GHz,
respectively. b) Numerical simulation of the T E 102 mode. I ntensities of the m icrowave electric and magnetic fields are shown,
respectively; the blue arrows indicate the directions of the fields. T he qubit chip is placed near the electric field antinode.
T he qubit with a m ill imeter-sized dipole antenna strongly couples with the electric field. T he Y IG crystal is placed where the
magnetic field is large. T he color scales indicate field intensities at the single photon level. c) Schematic energy diagram of the
qubit-cavity-Y IG hybrid system . T he left shows unperturbed (bare) frequencies of the qubit, the cavity and the K ittel modes.
T he cavity and the K ittel modes are sub ject to frequency shifts due to the coupling with the qubit, as indicated in the m iddle
of the diagram . T he cavity modes induce the Lamb shift of the qubit, as depicted on the right-hand side.
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10p|l i q qhl |
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â
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X
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1

N

2g2
m ,10p

! 10p − ! m
â
†
10pâ10p ĉ†ĉ, (25)

where χ10p = |gq ,10p|2 / ( ! 10p − ! q ) , λ
( l )
10p =

l |gq ,10p|2 / [! 10p − ! q − ( l − 1)↵], χ
( l )
10p = |gq ,10p |2[( l +

1) / (! 10p− ! q− l ↵)− l / (! 10p− ! q− ( l−1) ↵)]. The fi rst and
the third terms are dispersive shifts due to the coupling
between the cavity modes and the K ittel mode. The sec-
ond term indicates the Lamb shift of the qubit frequency
arising from the coupling to the cavity mode. The Lamb

shift for the fi rst excited states λ
( 1)
10p coincides with χ10p .

T he fourth term shows the qubit-state-dependent cavity
frequency shift or the photon-number-dependent qubit
frequency shift. I t is worth noting that the last term in-
dicates the static interaction between the cavity modes
and the K ittel mode, which originates from the fact that
the spin ensemble is not a perfect bosonic system. Be-
cause of the factor 1/ N , however, for large N such e↵ect is
not observable with usual experimental parameters. The
major energy shifts are summarized in F ig. 5c. In the
regime where gq ,10pgm ,10p/

p
|! 10p − ! q | |! 10p − ! m | <

|! q − ! m | ⌧ |! 10p − ! q |, |! 10p − ! m |, there is a qubit-
state-dependent frequency shift ⇠of the K ittel mode [19].
A lthough it appears only in the third-order perturbative
treatment, the shift is stil l observable when the K ittel-
mode and the qubit frequencies are close enough to meet
the frequency condition. Such coupling is usable for
counting the magnon number in the K ittel mode via a
Ramsey interferometry using the qubit, for example.

The coupling between the qubit and the K ittel mode
is mediated by the cavity modes TE 10p when the qubit
and the K ittel-mode frequencies are degenerate with each
other and detuned from the cavity so that |! q − ! m | ⌧
gq ,10p, gm ,10p ⌧ |! 10p − ! q | ' |! 10p − ! m | [40]. W e
rewrite the interaction Hamiltonian in Eq. (24) in the
corresponding rotating frame by adiabatically elim inat-
ing the cavity modes:

H̃ i n t / ~ = gq− m σ̂− ĉ† + h.c., (26)

D.Lachance-Quirion, et.al., 
Sci.Adv. 2017;3:e1603150
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10pâ10p ĉ†ĉ, (25)

where χ10p = |gq ,10p|2 / ( ! 10p − ! q ) , λ
( l )
10p =

l |gq ,10p|2 / [! 10p − ! q − ( l − 1)↵], χ
( l )
10p = |gq ,10p |2 [( l +

1) / ( ! 10p− ! q− l ↵)− l / ( ! 10p− ! q− ( l−1) ↵)]. The fi rst and
the third terms are dispersive shifts due to the coupling
between the cavity modes and the K ittel mode. The sec-
ond term indicates the Lamb shift of the qubit frequency
arising from the coupling to the cavity mode. The Lamb

shift for the fi rst excited states λ
( 1)
10p coincides with χ10p .

T he fourth term shows the qubit-state-dependent cavity
frequency shift or the photon-number-dependent qubit
frequency shift. I t is worth noting that the last term in-
dicates the static interaction between the cavity modes
and the K ittel mode, which originates from the fact that
the spin ensemble is not a perfect bosonic system. Be-
cause of the factor 1/ N , however, for large N such e↵ect is
not observable with usual experimental parameters. The
major energy shifts are summarized in F ig. 5c. I n the
regime where gq ,10pgm ,10p/

p
|! 10p − ! q | |! 10p − ! m | <

|! q − ! m | ⌧ |! 10p − ! q |, |! 10p − ! m |, there is a qubit-
state-dependent frequency shift ⇠of the K ittel mode [19].
A lthough it appears only in the third-order perturbative
treatment, the shift is still observable when the K ittel-
mode and the qubit frequencies are close enough to meet
the frequency condition. Such coupling is usable for
counting the magnon number in the K ittel mode via a
Ramsey interferometry using the qubit, for example.

The coupling between the qubit and the K ittel mode
is mediated by the cavity modes TE 10p when the qubit
and the K ittel-mode frequencies are degenerate with each
other and detuned from the cavity so that |! q − ! m | ⌧
gq ,10p, gm ,10p ⌧ |! 10p − ! q | ' |! 10p − ! m | [40]. W e
rewrite the interaction Hamiltonian in Eq. (24) in the
corresponding rotating frame by adiabatically eliminat-
ing the cavity modes:

H̃ i n t / ~ = gq− m σ̂− ĉ† + h.c., (26)
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Demonstration of magnon detection
(= calibration for axion search)

D.Lachance-Quirion, et.al., Sci.Adv. 2017;3:e1603150

2022/11/7 QUP WORKSHOP 15
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Expected signal by axion-Magnon interactions

 Average Magnon numbers

 Axion-Magnon couplings

 A peak is expected at 𝒇𝒏=𝟏 in the QBIT excitation spectrum

Τ𝛾𝑚 2𝜋 = 1𝑀𝐻𝑧

Τ𝜒 2𝜋 = 10.0𝑀𝐻𝑧

𝑚𝑎 = 33𝜇𝑒𝑉

2022/11/7 QUP WORKSHOP 16
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DM RUN (or BG run for U.Tokyo group)

Δ𝑓 = 100𝑘𝐻𝑧, 50event/bin

 No significant peak was found at f=1

• 0.5mm diameter YIG 
spin density :

• 4 hours‘ data in August 2015
• scan 200 frequency-bins

2022/11/7 QUP WORKSHOP 17
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Reuslts

• First limit for ma=33μeV axions

95%C.L. limits

2022/11/7 QUP WORKSHOP 18

QUAX, G.Flowers : YIG + cavity

• AXION search by QUBIT: 
principle is 
EXPERIMENTALLY shown!



For improvements
(see also Kusaka-san’ s talk)

• statistics increase: ×100
( 200bins in 4hours → 100 bins in 1week )
→ ×10 in sensitivity

• Magnon number increase
• G. Flower et. al. uses Φ 2.1mm in contrast to Φ 0.5mm (this work)

• Magnon number× 64 → ×8 sensitivity

• magnon-width improvements (Q-value of YIG (~1000))：
• would give a further × O(10) statistic improvements made by

“pencil” search

2022/11/7 QUP WORKSHOP 19
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Conclusions

• DM axion search was performed by Magnon counting method

• Fisrt limit for ma=33μeV 𝑔𝑎𝑒𝑒 < 1.3 × 10−6 (95% C.L.)

• A lot of room for improvement
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