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Coax cable (RF port)

Magnetic shield (µ-metal)

←Cu bar

○ Mechanically attached to the coldest plate of the dilution refrigerator (10mK)

○ All microwave operation (1-10 GHz)

Readout 3D cavity (Al)

Transmon on a 
sapphire bridge
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Packaging & Installation





Dilution refrigerator Coldest available large-volume fridge (~10mK)

Main heat sources 
 Conduction (via pipes/cables)  → make them long, low conducting materials

 Convection (via gases in the fridge)  → high vacuum 

 Radiation (from outside)  →  metal shielding << Cooling power: 100-1000µW

Takes 2-10 days to reach the lowest temperature
4

4

FIG. 2. Schematic of ADMX detector components. The mi-
crowave cavity can be seen at the center, with tuning rods.
The central cylindrical structure containing cavity and elec-
tronics that is inserted into the magnet bore is called “the in-
sert”. Various temperature stages are indicated on the right
hand side. The quantum amplifier package is thermalized to
the microwave cavity

a Cryomech PT60 pulse tube cooler that cools the top
of the insert to 50 K. Below that, a liquid 4He reservoir
maintains the bucking coil and second stage High Elec-
tron Mobility Transistor (HEMT) amplifiers near 4 K.
Two pumped 4He refrigerators are used, one is thermally
tied to the motion control system and the thermal shields
surrounding the cavity and counters the thermal load of
moving tuning rods. The other pre-cools the 3He/4He
mixture used in the dilution refrigerator before it en-
ters the still. The dilution refrigerator mixing chamber
is thermally anchored to both the first stage cryogenic
electronics and the microwave cavity.

A. Magnets

ADMX operated the superconducting magnet at 6.8
and 7.6 T respectively for Runs 1A and 1B. The mag-
net requires approximately 2, 000 L of liquid helium per
month for continuous cooling during data taking opera-
tions (supplied by a closed loop Linde liquifier system).
The applied magnetic field is along the axis of the cav-

ity. The bucking magnet reduces the magnetic field at
the site of the electronics package to below 0.1 mT. Two
Hall probes are located on each end of the bucking coil to
monitor the field at the electronics site during data ac-
quisition to ensure it is within tolerable limits. The Hall
probes are both model HGCT-3020 InAs Hall Generators
from Lakeshore.

B. Cavity

The ADMX cavity is a copper-plated stainless steel
(136 L) right-circular cylindrical cavity approximately 1
m in length and 0.4 m in diameter. Two 0.05 m diam-
eter copper tuning rods run through the length of the
cavity and are translated from the walls to near the cen-
ter using aluminum oxide rotary armatures. This allows
the fundamental TM010-like mode that couples to the
detector to be varied from 580 MHz to 890 MHz. Both
the stainless steel cavity and the copper tuning rods are
plated with OFHC copper to a minimum thickness of
0.08 mm and then annealed for 8 hours at 400�C in vac-
uum. The annealing process increases the grain-size of
the copper crystals leading to longer electron scattering
path lengths as the copper is cooled into the anomalous
skin depth regime and thus producing high Q-factors for
the detector [19]. The cavity system and the magnetic
field profile of the main magnet can be seen in Figs. 3
and 4.
The quality factor of the cavity modes are frequency

dependent and are measured periodically via a transmis-
sion measurement made through the weakly coupled port
to the output port. The presence of the tuning rod lowers
the quality factor of an empty cavity. A quality factor be-
tween 40, 000 and 80, 000 was typically achieved in Runs
1A and 1B. The form-factor for the cavity is calculated
from simulation. The mode structure of the simulation
is compared to that measured from the cavity to ensure
accuracy. The resulting E-field is convolved with a model
of the B-field produced by the magnet. The form-factor
of the TM010 varies with frequency and rod position with
an average value of 0.4.

C. Mechanical/motion control system

Two copper-plated tuning rods swept out the 0.09 m
radius circular trajectories shown in Fig 5. They are ro-
tated from the walls of the cavity (✓ = 0), where they
minimally impact the electromagnetic boundary condi-
tions of the resonator, to the center where the TM010

frequency is at its highest (✓ = 180). The armatures
that protrude through the end caps and o↵set the rods
are made of alumina. This prevents the rods from acting
as antennae and thus radiating power out of the system.
Mechanical motion is translated to the rods via room
temperature stepper motors mounted on the top plate of
the insert. Acting through vacuum feed-throughs, these
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FIG. 2. Schematic of ADMX detector components. The mi-
crowave cavity can be seen at the center, with tuning rods.
The central cylindrical structure containing cavity and elec-
tronics that is inserted into the magnet bore is called “the in-
sert”. Various temperature stages are indicated on the right
hand side. The quantum amplifier package is thermalized to
the microwave cavity

a Cryomech PT60 pulse tube cooler that cools the top
of the insert to 50 K. Below that, a liquid 4He reservoir
maintains the bucking coil and second stage High Elec-
tron Mobility Transistor (HEMT) amplifiers near 4 K.
Two pumped 4He refrigerators are used, one is thermally
tied to the motion control system and the thermal shields
surrounding the cavity and counters the thermal load of
moving tuning rods. The other pre-cools the 3He/4He
mixture used in the dilution refrigerator before it en-
ters the still. The dilution refrigerator mixing chamber
is thermally anchored to both the first stage cryogenic
electronics and the microwave cavity.

A. Magnets

ADMX operated the superconducting magnet at 6.8
and 7.6 T respectively for Runs 1A and 1B. The mag-
net requires approximately 2, 000 L of liquid helium per
month for continuous cooling during data taking opera-
tions (supplied by a closed loop Linde liquifier system).
The applied magnetic field is along the axis of the cav-

ity. The bucking magnet reduces the magnetic field at
the site of the electronics package to below 0.1 mT. Two
Hall probes are located on each end of the bucking coil to
monitor the field at the electronics site during data ac-
quisition to ensure it is within tolerable limits. The Hall
probes are both model HGCT-3020 InAs Hall Generators
from Lakeshore.

B. Cavity

The ADMX cavity is a copper-plated stainless steel
(136 L) right-circular cylindrical cavity approximately 1
m in length and 0.4 m in diameter. Two 0.05 m diam-
eter copper tuning rods run through the length of the
cavity and are translated from the walls to near the cen-
ter using aluminum oxide rotary armatures. This allows
the fundamental TM010-like mode that couples to the
detector to be varied from 580 MHz to 890 MHz. Both
the stainless steel cavity and the copper tuning rods are
plated with OFHC copper to a minimum thickness of
0.08 mm and then annealed for 8 hours at 400�C in vac-
uum. The annealing process increases the grain-size of
the copper crystals leading to longer electron scattering
path lengths as the copper is cooled into the anomalous
skin depth regime and thus producing high Q-factors for
the detector [19]. The cavity system and the magnetic
field profile of the main magnet can be seen in Figs. 3
and 4.
The quality factor of the cavity modes are frequency

dependent and are measured periodically via a transmis-
sion measurement made through the weakly coupled port
to the output port. The presence of the tuning rod lowers
the quality factor of an empty cavity. A quality factor be-
tween 40, 000 and 80, 000 was typically achieved in Runs
1A and 1B. The form-factor for the cavity is calculated
from simulation. The mode structure of the simulation
is compared to that measured from the cavity to ensure
accuracy. The resulting E-field is convolved with a model
of the B-field produced by the magnet. The form-factor
of the TM010 varies with frequency and rod position with
an average value of 0.4.
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tated from the walls of the cavity (✓ = 0), where they
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FIG. 2. Schematic of ADMX detector components. The mi-
crowave cavity can be seen at the center, with tuning rods.
The central cylindrical structure containing cavity and elec-
tronics that is inserted into the magnet bore is called “the in-
sert”. Various temperature stages are indicated on the right
hand side. The quantum amplifier package is thermalized to
the microwave cavity

a Cryomech PT60 pulse tube cooler that cools the top
of the insert to 50 K. Below that, a liquid 4He reservoir
maintains the bucking coil and second stage High Elec-
tron Mobility Transistor (HEMT) amplifiers near 4 K.
Two pumped 4He refrigerators are used, one is thermally
tied to the motion control system and the thermal shields
surrounding the cavity and counters the thermal load of
moving tuning rods. The other pre-cools the 3He/4He
mixture used in the dilution refrigerator before it en-
ters the still. The dilution refrigerator mixing chamber
is thermally anchored to both the first stage cryogenic
electronics and the microwave cavity.

A. Magnets

ADMX operated the superconducting magnet at 6.8
and 7.6 T respectively for Runs 1A and 1B. The mag-
net requires approximately 2, 000 L of liquid helium per
month for continuous cooling during data taking opera-
tions (supplied by a closed loop Linde liquifier system).
The applied magnetic field is along the axis of the cav-

ity. The bucking magnet reduces the magnetic field at
the site of the electronics package to below 0.1 mT. Two
Hall probes are located on each end of the bucking coil to
monitor the field at the electronics site during data ac-
quisition to ensure it is within tolerable limits. The Hall
probes are both model HGCT-3020 InAs Hall Generators
from Lakeshore.

B. Cavity

The ADMX cavity is a copper-plated stainless steel
(136 L) right-circular cylindrical cavity approximately 1
m in length and 0.4 m in diameter. Two 0.05 m diam-
eter copper tuning rods run through the length of the
cavity and are translated from the walls to near the cen-
ter using aluminum oxide rotary armatures. This allows
the fundamental TM010-like mode that couples to the
detector to be varied from 580 MHz to 890 MHz. Both
the stainless steel cavity and the copper tuning rods are
plated with OFHC copper to a minimum thickness of
0.08 mm and then annealed for 8 hours at 400�C in vac-
uum. The annealing process increases the grain-size of
the copper crystals leading to longer electron scattering
path lengths as the copper is cooled into the anomalous
skin depth regime and thus producing high Q-factors for
the detector [19]. The cavity system and the magnetic
field profile of the main magnet can be seen in Figs. 3
and 4.
The quality factor of the cavity modes are frequency

dependent and are measured periodically via a transmis-
sion measurement made through the weakly coupled port
to the output port. The presence of the tuning rod lowers
the quality factor of an empty cavity. A quality factor be-
tween 40, 000 and 80, 000 was typically achieved in Runs
1A and 1B. The form-factor for the cavity is calculated
from simulation. The mode structure of the simulation
is compared to that measured from the cavity to ensure
accuracy. The resulting E-field is convolved with a model
of the B-field produced by the magnet. The form-factor
of the TM010 varies with frequency and rod position with
an average value of 0.4.

C. Mechanical/motion control system

Two copper-plated tuning rods swept out the 0.09 m
radius circular trajectories shown in Fig 5. They are ro-
tated from the walls of the cavity (✓ = 0), where they
minimally impact the electromagnetic boundary condi-
tions of the resonator, to the center where the TM010

frequency is at its highest (✓ = 180). The armatures
that protrude through the end caps and o↵set the rods
are made of alumina. This prevents the rods from acting
as antennae and thus radiating power out of the system.
Mechanical motion is translated to the rods via room
temperature stepper motors mounted on the top plate of
the insert. Acting through vacuum feed-throughs, these

e.g. ADMX



S11 (Reflection)

S21 (Transmission) Γ = f/Q

Input RF frequency [GHz]

Measurements = checking the microwave RF response
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○ Store photons at the resonant frequency

○ Reflect photons at the other frequencies

○ Figure of merit of stored photons: Q-value   

    e.g. holes (escape), rough surfaces (absorption) → low-Q

Any metallic containers are effectively MW cavities

port1 (power-in)
port2 (receiver)

Vector network analyzer (VNA)

Cavity = Photon storage 

Inject a RF to the sample → See the amp. & phase of the transmission (reflection)

e.g. Cavity measurement
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Typical RF chain setup
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FIG. 8. A typical microwave signal processing chain for a flux-tunable transmon coupled to a readout resonator. The input
lines (green and purple) to the sample are usually wired with 20-dB cryogenic attenuators at both the 4-K and 20-mK stage. This level
of attenuation, together with the intrinsic insertion loss incurred along the coaxial cables, ensures that the thermal photons reaching the
device are kept below 10−3. Commercial low-pass filters (LPFs) and custom-made Eccosorb filters [144,145] are also introduced to
suppress high-frequency noise. The output signal passes through a single Eccosorb filter, located inside the Cryoperm, and a low-loss
filter. This typically incurs a < 2 dB insertion loss on the signal, which then travels through two cryogenic circulators that provide
-20-dB isolation with an additional 0.3-dB loss. The signal is routed by the two circulators to a quantum-limited amplifier, which is
usually tuned to operate at 20 dB gain. Here, we omit the pump line to the quantum amplifier. The amplified microwave signals then
pass through one or two isolators to the 4-K stage where they are further amplified by a wideband HEMT amplifier before exiting the
fridge to the room-temperature signal-processing elements. At room temperature, the drive signals to the transmon and resonator are
generated by mixing a LO tone from a microwave signal source with DAC outputs from a quantum controller. These signals are then
amplified and filtered before traveling to the qubit drive line (green) and the resonator drive line (purple), respectively. The returning
signal from the resonator (red) is demodulated by mixing with the same input carrier tone and then sent to the ADC channels on the
controller. The flux control is performed via a flux drive line (brown) with a current source.

adding cryogenic filters at the 20-mK plate of the DR.
Low-pass filters that can provide more than 40-dB sup-
pression of frequencies above 10 or 12 GHz are now com-
mercially available. Another widely adopted element is
the Eccosorb filter, which employs a castable silicone rub-
ber material capable of effectively absorbing microwave
signals (20 GHz and above) to protect the device from
high-frequency radiation.

The output lines are responsible for carrying the result-
ing signals from the device from base temperature back
to room temperature for analysis. These signals, typically
only on the single-photon level, can be easily degraded by
noise or dissipation. Hence, they must be handled carefully
to ensure clean, stable, and effective collection of quantum
information from the device.

First, it is crucial to adequately suppress the ther-
mal noise propagating from the higher temperature stages
while allowing the signal to propagate without significant
attenuation. To balance these two requirements, directional
components such as circulators and isolators are employed
on the output lines, instead of attenuators. These nonre-
ciprocal elements provide a low-loss path for the precious
quantum signal extracted from the device to travel to room
temperature while effectively reducing the thermal noise
flowing in the opposite direction.

Furthermore, we also need to enhance the weak out-
going signal through a well-designed chain of amplifiers
such that it can be distinguished from noise as it propa-
gates back to room temperature. In other words, the role
of each amplifier along the outgoing signal path is to make
the signal stand out against the noise added by the sub-
sequent amplifier as well as the thermal photons from the
higher-temperature stages.

When designing amplification configurations, it is
important to note that amplification always comes at the
cost of elevated noise temperature. This causes a degrada-
tion of the SNR despite the overall increase of the signal
power. The noise temperature, TN , provides a measure of
the noise added by the amplifier. For an amplifier with a
power gain of G, we can relate the amplified signal, PS

out,
and noise, PN

out to the input powers PS,N
in , by

PS
out = GPS

in, (46)

PN
out = G(Tin + TN )kBB, (47)

where B is the bandwidth of the noise going into the
amplifier, Tin and TN the effective temperatures associ-
ated with the input signal and the noise of the amplifier,
respectively. Here, the effects of quantum fluctuations are
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AWG (Arbitrary Wave Generator)

Low freq. pulse with finite time width

30-100MHz
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う共振周波数をもっているとしよう．それぞれの量子ビッ
トを制御するのに二つの IQミキサを準備し，共通のマイ
クロ波発生器から 5.0 GHzの連続波をそれぞれの IQミキ
サのLOポートに入力する．それぞれの IQミキサの Iポー
ト，Qポートに，共通の周波数標準で同期のとれた任意波
形発生器の独立な 2チャンネルを用いて適切な波形を入力
する．例えば 100 MHzの周波数でガウシアンの包絡線を
もつ波形を入力すれば，4.9 GHzのガウシアンパルスが IQ
ミキサのRFポートから出力され，これは一つ目の量子
ビットに共鳴する．同様に 200 MHzのガウシアンパルス
を二つ目の IQミキサに入力すれば，二つ目の量子ビット
に共鳴する 4.8 GHzのガウシアンパルスを生成することが
できる．さらに量子ビットが増えた場合も，IQミキサと
任意波形発生器のセットを増やしていくことで，（ある程
度の数までは）対応可能である．近年このような用途向け
に，カードモジュール型で拡張性の高い任意波形発生器も
販売されている．30）

6.　超伝導量子ビットの読出し
超伝導量子ビットの読出し方法は，これまでに様々な方
法が開発されてきたが，現在では分散読出しとよばれるマ
イクロ波光子を使った方法が一般的である．図 5（a）のよ
うに量子ビットと共振器が結合した系において，両者の共
振周波数の差が結合強度に比べて十分大きく，両者が直接
にはエネルギーをやり取りしない場合，共振器の共振周波
数は量子ビットの状態に応じて分散シフトとよばれる量だ
け変化する．31）従って図 11のように，共振器の共振周波
数付近のマイクロ波で，共振器の透過係数や反射係数を測
定すると，量子ビットの状態に応じて異なる信号が得られ，
量子ビットの状態の判別が可能となる．
この方法は比較的容易に高効率，非破壊の読出しが実現
できるという利点がある一方で，特に開発初期の頃は読出
し信号の信号雑音比（SN比）が悪く，単一試行での読出し
が困難という問題があった．32）読出しによる量子ビットへ
の反作用（量子ビットの状態を変えてしまうこと）を抑え

るために，読出しのマイクロ波のパワーは極めて微弱（共
振器内平均光子数で 1程度）にする必要があり，また読出
し信号の積分時間も量子ビットの寿命で制限される．従っ
て SN比を改善するためには，ノイズの発生源そのものを
抑える必要があり，その主な原因はマイクロ波の増幅器が
発生する雑音であった．開発初期のころは，初段のマイク
ロ波増幅器として液体ヘリウム温度で動作する冷却型半導
体アンプ（HEMT）を用いるのが一般的であった．HEMT
のノイズ温度は 5 K程度とかなり低いが，それでも量子限
界（ƫȦ / 2kB）に比べれば一桁以上高く，量子ビットの単一
試行読出しには不十分であった．そこで開発 *5されたの
がジョセフソンパラメトリック増幅器（JPA）である．こ
こでは動作原理の詳細は省略するが，2000年代半ばから
様々なタイプの JPAが開発され，量子限界に近い雑音特性
が報告されている．34）今日では JPAは分散読出しにおける
初段の増幅器としてのみならず，超伝導量子回路における
様々な実験 35‒37）において必須のツールとなっている．
図 12（a）は量子ビット読出し実験のセットアップ例であ
る．図 8（a）には明示しなかったが，量子ビットと結合し
た共振器にもチップ上にキャパシタ等を介して入出力ポー
トがあり，入力ポートは量子ビット制御ポートと同様に室
温まで同軸ケーブルでつながっている．一方出力ポートは，
JPAやHEMTを介して室温まで同軸ケーブルでつながって
いる．なるべく読出し信号を減衰させないように，4 K以
下ではNbTi製の超伝導同軸ケーブルを用いたり，4 Kよ
り高温側でも径が太めの同軸ケーブルを用いるなどの工夫
がなされる．同様の理由で固定減衰器は使いたくないので，
冷却アイソレータを 4 K以下に置き［図 12（a）では省略］，
量子ビット回路をノイズから保護する．さて，その入力
ポートに図 10の量子ビット制御パルスと同様に IQミキサ
を用いて生成した読み出し用のマイクロ波パルスを入射す
る．この図の例では，共振器の共振周波数が 9.9 GHz近辺
にあるとし，10 GHzの連続光と 100 MHzの矩形パルスか
ら 9.9 GHzの読出しパルスを生成している．共振器を反射
または透過した読出しパルスは，JPAを初段とする増幅器
チェインによって増幅され室温に戻ってくる．これを別の

図 11　分散読出しの概念図．

図 10　複数量子ビットの制御系．

 
*5 正確には再開発である．JPAは 1960年代から研究がなされている．33）
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う共振周波数をもっているとしよう．それぞれの量子ビッ
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クロ波発生器から 5.0 GHzの連続波をそれぞれの IQミキ
サのLOポートに入力する．それぞれの IQミキサの Iポー
ト，Qポートに，共通の周波数標準で同期のとれた任意波
形発生器の独立な 2チャンネルを用いて適切な波形を入力
する．例えば 100 MHzの周波数でガウシアンの包絡線を
もつ波形を入力すれば，4.9 GHzのガウシアンパルスが IQ
ミキサのRFポートから出力され，これは一つ目の量子
ビットに共鳴する．同様に 200 MHzのガウシアンパルス
を二つ目の IQミキサに入力すれば，二つ目の量子ビット
に共鳴する 4.8 GHzのガウシアンパルスを生成することが
できる．さらに量子ビットが増えた場合も，IQミキサと
任意波形発生器のセットを増やしていくことで，（ある程
度の数までは）対応可能である．近年このような用途向け
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にはエネルギーをやり取りしない場合，共振器の共振周波
数は量子ビットの状態に応じて分散シフトとよばれる量だ
け変化する．31）従って図 11のように，共振器の共振周波
数付近のマイクロ波で，共振器の透過係数や反射係数を測
定すると，量子ビットの状態に応じて異なる信号が得られ，
量子ビットの状態の判別が可能となる．
この方法は比較的容易に高効率，非破壊の読出しが実現

できるという利点がある一方で，特に開発初期の頃は読出
し信号の信号雑音比（SN比）が悪く，単一試行での読出し
が困難という問題があった．32）読出しによる量子ビットへ
の反作用（量子ビットの状態を変えてしまうこと）を抑え

るために，読出しのマイクロ波のパワーは極めて微弱（共
振器内平均光子数で 1程度）にする必要があり，また読出
し信号の積分時間も量子ビットの寿命で制限される．従っ
て SN比を改善するためには，ノイズの発生源そのものを
抑える必要があり，その主な原因はマイクロ波の増幅器が
発生する雑音であった．開発初期のころは，初段のマイク
ロ波増幅器として液体ヘリウム温度で動作する冷却型半導
体アンプ（HEMT）を用いるのが一般的であった．HEMT
のノイズ温度は 5 K程度とかなり低いが，それでも量子限
界（ƫȦ / 2kB）に比べれば一桁以上高く，量子ビットの単一
試行読出しには不十分であった．そこで開発 *5されたの
がジョセフソンパラメトリック増幅器（JPA）である．こ
こでは動作原理の詳細は省略するが，2000年代半ばから
様々なタイプの JPAが開発され，量子限界に近い雑音特性
が報告されている．34）今日では JPAは分散読出しにおける
初段の増幅器としてのみならず，超伝導量子回路における
様々な実験 35‒37）において必須のツールとなっている．
図 12（a）は量子ビット読出し実験のセットアップ例であ

る．図 8（a）には明示しなかったが，量子ビットと結合し
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トがあり，入力ポートは量子ビット制御ポートと同様に室
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がなされる．同様の理由で固定減衰器は使いたくないので，
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う共振周波数をもっているとしよう．それぞれの量子ビッ
トを制御するのに二つの IQミキサを準備し，共通のマイ
クロ波発生器から 5.0 GHzの連続波をそれぞれの IQミキ
サのLOポートに入力する．それぞれの IQミキサの Iポー
ト，Qポートに，共通の周波数標準で同期のとれた任意波
形発生器の独立な 2チャンネルを用いて適切な波形を入力
する．例えば 100 MHzの周波数でガウシアンの包絡線を
もつ波形を入力すれば，4.9 GHzのガウシアンパルスが IQ
ミキサのRFポートから出力され，これは一つ目の量子
ビットに共鳴する．同様に 200 MHzのガウシアンパルス
を二つ目の IQミキサに入力すれば，二つ目の量子ビット
に共鳴する 4.8 GHzのガウシアンパルスを生成することが
できる．さらに量子ビットが増えた場合も，IQミキサと
任意波形発生器のセットを増やしていくことで，（ある程
度の数までは）対応可能である．近年このような用途向け
に，カードモジュール型で拡張性の高い任意波形発生器も
販売されている．30）

6.　超伝導量子ビットの読出し
超伝導量子ビットの読出し方法は，これまでに様々な方
法が開発されてきたが，現在では分散読出しとよばれるマ
イクロ波光子を使った方法が一般的である．図 5（a）のよ
うに量子ビットと共振器が結合した系において，両者の共
振周波数の差が結合強度に比べて十分大きく，両者が直接
にはエネルギーをやり取りしない場合，共振器の共振周波
数は量子ビットの状態に応じて分散シフトとよばれる量だ
け変化する．31）従って図 11のように，共振器の共振周波
数付近のマイクロ波で，共振器の透過係数や反射係数を測
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できるという利点がある一方で，特に開発初期の頃は読出
し信号の信号雑音比（SN比）が悪く，単一試行での読出し
が困難という問題があった．32）読出しによる量子ビットへ
の反作用（量子ビットの状態を変えてしまうこと）を抑え

るために，読出しのマイクロ波のパワーは極めて微弱（共
振器内平均光子数で 1程度）にする必要があり，また読出
し信号の積分時間も量子ビットの寿命で制限される．従っ
て SN比を改善するためには，ノイズの発生源そのものを
抑える必要があり，その主な原因はマイクロ波の増幅器が
発生する雑音であった．開発初期のころは，初段のマイク
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のノイズ温度は 5 K程度とかなり低いが，それでも量子限
界（ƫȦ / 2kB）に比べれば一桁以上高く，量子ビットの単一
試行読出しには不十分であった．そこで開発 *5されたの
がジョセフソンパラメトリック増幅器（JPA）である．こ
こでは動作原理の詳細は省略するが，2000年代半ばから
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初段の増幅器としてのみならず，超伝導量子回路における
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り高温側でも径が太めの同軸ケーブルを用いるなどの工夫
がなされる．同様の理由で固定減衰器は使いたくないので，
冷却アイソレータを 4 K以下に置き［図 12（a）では省略］，
量子ビット回路をノイズから保護する．さて，その入力
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る．この図の例では，共振器の共振周波数が 9.9 GHz近辺
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ら 9.9 GHzの読出しパルスを生成している．共振器を反射
または透過した読出しパルスは，JPAを初段とする増幅器
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う共振周波数をもっているとしよう．それぞれの量子ビッ
トを制御するのに二つの IQミキサを準備し，共通のマイ
クロ波発生器から 5.0 GHzの連続波をそれぞれの IQミキ
サのLOポートに入力する．それぞれの IQミキサの Iポー
ト，Qポートに，共通の周波数標準で同期のとれた任意波
形発生器の独立な 2チャンネルを用いて適切な波形を入力
する．例えば 100 MHzの周波数でガウシアンの包絡線を
もつ波形を入力すれば，4.9 GHzのガウシアンパルスが IQ
ミキサのRFポートから出力され，これは一つ目の量子
ビットに共鳴する．同様に 200 MHzのガウシアンパルス
を二つ目の IQミキサに入力すれば，二つ目の量子ビット
に共鳴する 4.8 GHzのガウシアンパルスを生成することが
できる．さらに量子ビットが増えた場合も，IQミキサと
任意波形発生器のセットを増やしていくことで，（ある程
度の数までは）対応可能である．近年このような用途向け
に，カードモジュール型で拡張性の高い任意波形発生器も
販売されている．30）

6.　超伝導量子ビットの読出し
超伝導量子ビットの読出し方法は，これまでに様々な方
法が開発されてきたが，現在では分散読出しとよばれるマ
イクロ波光子を使った方法が一般的である．図 5（a）のよ
うに量子ビットと共振器が結合した系において，両者の共
振周波数の差が結合強度に比べて十分大きく，両者が直接
にはエネルギーをやり取りしない場合，共振器の共振周波
数は量子ビットの状態に応じて分散シフトとよばれる量だ
け変化する．31）従って図 11のように，共振器の共振周波
数付近のマイクロ波で，共振器の透過係数や反射係数を測
定すると，量子ビットの状態に応じて異なる信号が得られ，
量子ビットの状態の判別が可能となる．
この方法は比較的容易に高効率，非破壊の読出しが実現

できるという利点がある一方で，特に開発初期の頃は読出
し信号の信号雑音比（SN比）が悪く，単一試行での読出し
が困難という問題があった．32）読出しによる量子ビットへ
の反作用（量子ビットの状態を変えてしまうこと）を抑え

るために，読出しのマイクロ波のパワーは極めて微弱（共
振器内平均光子数で 1程度）にする必要があり，また読出
し信号の積分時間も量子ビットの寿命で制限される．従っ
て SN比を改善するためには，ノイズの発生源そのものを
抑える必要があり，その主な原因はマイクロ波の増幅器が
発生する雑音であった．開発初期のころは，初段のマイク
ロ波増幅器として液体ヘリウム温度で動作する冷却型半導
体アンプ（HEMT）を用いるのが一般的であった．HEMT
のノイズ温度は 5 K程度とかなり低いが，それでも量子限
界（ƫȦ / 2kB）に比べれば一桁以上高く，量子ビットの単一
試行読出しには不十分であった．そこで開発 *5されたの
がジョセフソンパラメトリック増幅器（JPA）である．こ
こでは動作原理の詳細は省略するが，2000年代半ばから
様々なタイプの JPAが開発され，量子限界に近い雑音特性
が報告されている．34）今日では JPAは分散読出しにおける
初段の増幅器としてのみならず，超伝導量子回路における
様々な実験 35‒37）において必須のツールとなっている．
図 12（a）は量子ビット読出し実験のセットアップ例であ
る．図 8（a）には明示しなかったが，量子ビットと結合し
た共振器にもチップ上にキャパシタ等を介して入出力ポー
トがあり，入力ポートは量子ビット制御ポートと同様に室
温まで同軸ケーブルでつながっている．一方出力ポートは，
JPAやHEMTを介して室温まで同軸ケーブルでつながって
いる．なるべく読出し信号を減衰させないように，4 K以
下ではNbTi製の超伝導同軸ケーブルを用いたり，4 Kよ
り高温側でも径が太めの同軸ケーブルを用いるなどの工夫
がなされる．同様の理由で固定減衰器は使いたくないので，
冷却アイソレータを 4 K以下に置き［図 12（a）では省略］，
量子ビット回路をノイズから保護する．さて，その入力
ポートに図 10の量子ビット制御パルスと同様に IQミキサ
を用いて生成した読み出し用のマイクロ波パルスを入射す
る．この図の例では，共振器の共振周波数が 9.9 GHz近辺
にあるとし，10 GHzの連続光と 100 MHzの矩形パルスか
ら 9.9 GHzの読出しパルスを生成している．共振器を反射
または透過した読出しパルスは，JPAを初段とする増幅器
チェインによって増幅され室温に戻ってくる．これを別の

図 11　分散読出しの概念図．

図 10　複数量子ビットの制御系．
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う共振周波数をもっているとしよう．それぞれの量子ビッ
トを制御するのに二つの IQミキサを準備し，共通のマイ
クロ波発生器から 5.0 GHzの連続波をそれぞれの IQミキ
サのLOポートに入力する．それぞれの IQミキサの Iポー
ト，Qポートに，共通の周波数標準で同期のとれた任意波
形発生器の独立な 2チャンネルを用いて適切な波形を入力
する．例えば 100 MHzの周波数でガウシアンの包絡線を
もつ波形を入力すれば，4.9 GHzのガウシアンパルスが IQ
ミキサのRFポートから出力され，これは一つ目の量子
ビットに共鳴する．同様に 200 MHzのガウシアンパルス
を二つ目の IQミキサに入力すれば，二つ目の量子ビット
に共鳴する 4.8 GHzのガウシアンパルスを生成することが
できる．さらに量子ビットが増えた場合も，IQミキサと
任意波形発生器のセットを増やしていくことで，（ある程
度の数までは）対応可能である．近年このような用途向け
に，カードモジュール型で拡張性の高い任意波形発生器も
販売されている．30）

6.　超伝導量子ビットの読出し
超伝導量子ビットの読出し方法は，これまでに様々な方
法が開発されてきたが，現在では分散読出しとよばれるマ
イクロ波光子を使った方法が一般的である．図 5（a）のよ
うに量子ビットと共振器が結合した系において，両者の共
振周波数の差が結合強度に比べて十分大きく，両者が直接
にはエネルギーをやり取りしない場合，共振器の共振周波
数は量子ビットの状態に応じて分散シフトとよばれる量だ
け変化する．31）従って図 11のように，共振器の共振周波
数付近のマイクロ波で，共振器の透過係数や反射係数を測
定すると，量子ビットの状態に応じて異なる信号が得られ，
量子ビットの状態の判別が可能となる．
この方法は比較的容易に高効率，非破壊の読出しが実現

できるという利点がある一方で，特に開発初期の頃は読出
し信号の信号雑音比（SN比）が悪く，単一試行での読出し
が困難という問題があった．32）読出しによる量子ビットへ
の反作用（量子ビットの状態を変えてしまうこと）を抑え

るために，読出しのマイクロ波のパワーは極めて微弱（共
振器内平均光子数で 1程度）にする必要があり，また読出
し信号の積分時間も量子ビットの寿命で制限される．従っ
て SN比を改善するためには，ノイズの発生源そのものを
抑える必要があり，その主な原因はマイクロ波の増幅器が
発生する雑音であった．開発初期のころは，初段のマイク
ロ波増幅器として液体ヘリウム温度で動作する冷却型半導
体アンプ（HEMT）を用いるのが一般的であった．HEMT
のノイズ温度は 5 K程度とかなり低いが，それでも量子限
界（ƫȦ / 2kB）に比べれば一桁以上高く，量子ビットの単一
試行読出しには不十分であった．そこで開発 *5されたの
がジョセフソンパラメトリック増幅器（JPA）である．こ
こでは動作原理の詳細は省略するが，2000年代半ばから
様々なタイプの JPAが開発され，量子限界に近い雑音特性
が報告されている．34）今日では JPAは分散読出しにおける
初段の増幅器としてのみならず，超伝導量子回路における
様々な実験 35‒37）において必須のツールとなっている．
図 12（a）は量子ビット読出し実験のセットアップ例であ
る．図 8（a）には明示しなかったが，量子ビットと結合し
た共振器にもチップ上にキャパシタ等を介して入出力ポー
トがあり，入力ポートは量子ビット制御ポートと同様に室
温まで同軸ケーブルでつながっている．一方出力ポートは，
JPAやHEMTを介して室温まで同軸ケーブルでつながって
いる．なるべく読出し信号を減衰させないように，4 K以
下ではNbTi製の超伝導同軸ケーブルを用いたり，4 Kよ
り高温側でも径が太めの同軸ケーブルを用いるなどの工夫
がなされる．同様の理由で固定減衰器は使いたくないので，
冷却アイソレータを 4 K以下に置き［図 12（a）では省略］，
量子ビット回路をノイズから保護する．さて，その入力
ポートに図 10の量子ビット制御パルスと同様に IQミキサ
を用いて生成した読み出し用のマイクロ波パルスを入射す
る．この図の例では，共振器の共振周波数が 9.9 GHz近辺
にあるとし，10 GHzの連続光と 100 MHzの矩形パルスか
ら 9.9 GHzの読出しパルスを生成している．共振器を反射
または透過した読出しパルスは，JPAを初段とする増幅器
チェインによって増幅され室温に戻ってくる．これを別の

図 11　分散読出しの概念図．

図 10　複数量子ビットの制御系．
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8

Attenuators

Too strong RF: Heats up the 10mK stage

                         Bad for qubit coherence

→ Dump the power at the higher temp stage 
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◆ Amplitude and VSWR Response

Tubular .250 Inch Lowpass Filters
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◆ Specifications:

◆ Applications:

•  C l e a n-Up Filt e rs

USA EUROPE
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Filtering Solutions for Your Global Market
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K&L Part
Number

3 dB Cutoff
Frequency

Insertion
Loss VSWR 50 dB

Rejection
Outline

Dimension

6L250-00084 2000 MHz <1.0 dB @ 1800 1.5:1 Ty p i c a l 2720 to 9000 MHz 2.90 + /- .020

6L250-00085 4000 MHz <1.0 dB @ 3600 1.5:1 Ty p i c a l 5400 to 18,000 MHz 3.00 + /- .020

6L250-00086 6000 MHz <1.0 dB @ 5400 1.5:1 Ty p i c a l 8160 to 18,000 MHz 2.56 + /- .020

6L250-00088 10000 MHz <1.0 dB @ 9000 1.5:1 Ty p i c a l 13,600 to 20,000 MHz 1.89 + /- .020

6L250-00089 12000 MHz <1.0 dB @ 10800 1.5:1 Ty p i c a l 16,320 to 26,000 MHz 1.98 + /- .020
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Dimension

6L250-00084 2000 MHz <1.0 dB @ 1800 1.5:1 Ty p i c a l 2720 to 9000 MHz 2.90 + /- .020

6L250-00085 4000 MHz <1.0 dB @ 3600 1.5:1 Ty p i c a l 5400 to 18,000 MHz 3.00 + /- .020

6L250-00086 6000 MHz <1.0 dB @ 5400 1.5:1 Ty p i c a l 8160 to 18,000 MHz 2.56 + /- .020

6L250-00088 10000 MHz <1.0 dB @ 9000 1.5:1 Ty p i c a l 13,600 to 20,000 MHz 1.89 + /- .020

6L250-00089 12000 MHz <1.0 dB @ 10800 1.5:1 Ty p i c a l 16,320 to 26,000 MHz 1.98 + /- .020

Noise filter

Shutout the stray wave, higher harmonics etc.

Low-pass filter: eliminate >O(10GHz)

Ecosorb filter: eliminate > 1THz

etc.

K&L 6L250-12000

Typical RF chain setup
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Low temperature amplifier @4K 
Amp. itself adds noise.

→ First amp. needs to be cool otherwise signal gets buried.
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Datasheet 
LNF-LNC0.3_14B 

0.3-14 GHz Cryogenic Low Noise Amplifier 
 

Date 
2023-02-24 

info@lownoisefactory.com 
lownoisefactory.com 

Low Noise Factory AB Nellickevägen 24,  
412 63 Göteborg, Sweden 

Measured data, Tamb = 5 K 
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]
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 [d
B]

Frequency [GHz]

Gain and Noise at 5 K

Gain [dB] 800µW Gain [dB] 2.4mW Gain [dB] 8.4mW Gain [dB] 19.2mW

Noise [K] 800µW Noise [K] 2.4mW Noise [K] 8.4mW Noise [K] 19.2mW

19.2mW: Vd=1.2V, Id=16mA
8.4mW: Vd=0.70V, Id=12.0mA
2.4mW: Vd=0.40V, Id=6.0mA
800µW: Vd=0.20V, Id=4.0mA

High Electron Mobility Transistor (HEMT)

Gain: ~30dB

Noise temperature: ~1.5K 
(equivalent to 1.5K  
black-body radiation)

Typical RF chain setup
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Quantum amp. (e.g. JPA/TWPA) @10mK 
Can we put the HEMT on the 10mK stage?

→ No, because of the power dissipation generating heat 😞

→ "Passive" amplifier without DC power consumption

method or operation conditions, ωm can be either the same or
twice the pump frequency ωp.

For further explanation, we present a resonator-based JPA in
Fig. 14(a) as an example. Note that the λ=4 resonator is terminated
with a DC SQUID with a flux bias. As mentioned in Sec. III B, a
DC SQUID is a variable junction whose effective inductance LJ,eff
is given by

LJ,eff (wext) ¼
Φ0

2π

! "2 1
EJ,eff (wext)

¼ Φ0

2π

! "2 1
2EJ

1
cos(wext=2)j j

: (59)

Here, Eq. (14) is used with the assumption that EJ1 ¼ EJ2 ¼ EJ. By
varying the flux bias, we can modulate the inductance [red coil in
Fig. 14(a)]. This type of modulation is called flux pumping.89 Here,
we decompose wext into the DC component wdc

ext and the pump
component wp

ext. We can operate the amplifier in two regimes
depending on wdc

ext:

(1) If wdc
ext ¼ 0 [bias a in Fig. 14(b)], LJ,eff varies quadratically with

wp
ext because 1=cos(x=2) " 1þ x2=8. This results that

ωm ¼ 2ωp, where ωp ¼ ωr. Such a process is called the four-
wave mixing process (ωs, ωI, and two ωp).

(2) For a suitable value of wdc
ext, we can have an appreciable contribu-

tion from the linear term in Eq. (59). Bias b in Fig. 14(b) is an
example of this. In this case, ωm ¼ ωp. The parametric amplifica-
tion of the signals is then achieved by applying a pump tone with
ωp ¼ 2ωr. This process is called the three-wave mixing process
(ωs, ωI, and one ωp). Advantages of this operation are that (i) we
can easily separate the pump tone and the signal in the frequency
domain, and (ii) we can tune ωr by adjusting wdc

ext.

There is another method for the inductance modulation,
called current pumping [green arrows in Fig. 14(a)].90 In this
method, the inductance of a JPA is modulated by applying a large
current, i.e., pumping current, flowing through the Josephson junc-
tions. Roughly speaking, the number of charge carriers, i.e., Cooper
pairs, is locally and partially reduced in a Josephson junction owing
to its weak link nature. Because of this, the charge carriers must

FIG. 14. (a) Josephson Parametric Amplifier (JPA) based on a quarter-wavelength resonator terminated by a DC SQUID for which the tunability is provided by a DC flux
bias Φ. During the amplification process, another frequency tone is generated, called the idler, to satisfy the energy conservation. This type of JPA can be operated by
either a flux pump or a current pump. (b) DC flux bias Φ dependence of ωr . At zero DC bias (bias a), the pump frequency ωp must be the same as ωr to have parametric
amplification, whereas ωp can be 2ωr for an appreciable amount of DC bias (bias b). (c) Pump current Ip dependence of the resonator line shape. As Ip increases, the res-
onance frequency decreases because of the inductive contribution from Ip. (d) Schematic circuit diagrams of a Josephson Traveling-Wave Parametric Amplifier (JTWPA).
The phases of interacting tones can be matched either by resonant structures (in red) or by the periodic modulation of the refractive index, i.e., the junction size. The induc-
tance of this amplifier is modulated by a current pump. (e) Dispersion relation engineered to have a gap at the frequency ωg for phase matching. The long-dashed diagonal
line shows the dispersion relation without the gap. Frequencies a and b are examples of possible pump frequencies at low and high pump currents, respectively.
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e.g. Josephson Parametric Amplifier (JPA) 
       Non-linearity of JJ → wave mixing

Quantum Microwave Inc.

Pump power moves to signal → amplification 😂

Gain: 20dB     Noise temperature: 0.2-0.4K

Typical RF chain setup

https://quantummicrowave.com/product/bbn-jpa/
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Room temperature amp. 
Signal is large enough at this point. Tnoise~300K is now ok.


Digitizer (ADC) 
Sample to obtain the outgoing pulse amp/phase.
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Down-convert 

again to ~100MHz

in the mixer

Typical RF chain setup
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Resonant microwave pulse → Rabi oscillation
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第7章 共振器量子電磁力学（cavity QED）
7.1 Jaynes-Cummingsモデル
共振器量子電磁力学系 (cavity quantum electrodynamics、cavity QED) 1は、電磁場

の共振器内部に二準位系を配置した系（図 ??）であり、共振器光子の量子的振る舞い
の研究、あるいは共振器内部にある二準位系の制御が可能となる。二準位系と単一の
共振モードが相互作用するこのような状況は Jaynes-Cummingsモデルにより記述され
る。Jaynes-Cummings Hamiltonianは

HJC =
h̄ωq

2
σz + h̄ωca

†a+ h̄g(σ+a+ a†σ−). (7.1.1)

である。このモデルを用いて、共振器量子電磁力学系という量子系を操る単純だが強力
な舞台を見ていこう。
はじめに二準位系にも共振器にも緩和がない場合の Jaynes-Cummings Hamiltonian

の固有エネルギーを調べよう。共振器光子が n個、量子ビットが |ξ〉 (ξ = g, e)のとき
の合成系の量子状態を |ξ, n〉と書こう。Hamiltonianの行列要素 〈ξ′,m|HJC |ξ, n〉を調
べると、このHamiltonianはブロック対角であることがわかる。というのも、非対角要
素を与える σ+a+ a†σ−という相互作用（係数は省略してある）が |g, n〉と |e, n− 1〉の
みを繋ぐようなものだからである。そのブロック行列H(n)

JC をあらわに書くと、
H(n)

JC =

(
− h̄ωq

2 + h̄ωcn h̄g
√
n

h̄g
√
n h̄ωq

2 + h̄ωc(n− 1)

)
(7.1.2)

となる。ここで一番目と二番目の行/列はそれぞれ |g, n〉と |e, n− 1〉の要素を表している。
n ≥ 1にも注意。このブロック行列は固有値λ± = h̄ωc(n−1/2)±(h̄/2)

√
(ωc − ωq)2 + 4g2n

を有し、量子ビットと共振器が共鳴している ωc = ωq = ω0の場合には
λ± = h̄ω0 ± h̄g

√
n. (7.1.3)

と書ける。このように、|g, n〉と |e, n− 1〉の結合によってできる n番目の（励起）状態
は 2h̄g

√
nだけエネルギー間隔のあいた二つの量子状態であり、二準位系と共振器の結

合系である Jaynes-Cummingsモデルのエネルギースペクトルは等間隔ではない。この
エネルギースペクトルを Jaynes-Cummings ladderともいう。

1量子技術においては共振器全般を cavityと呼ぶことが多いが、別の業界では cavityといえば虫歯である。

qubit-photon  
interactionfree qubit H free photon H

Coupling const. ~ µ・E   
µ: qubit EDM    ×O(106) stronger than a single atom

|g⟩

|e⟩
ω = ωe-ωg

 Jaynes-Cummings Hamiltonian 

E-field of the 
cavity mode

qubit's EDM

Coupling between cavity E-field & qubit EDM
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Qubit drive

39

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

ωdrive = ωq ωdrive != ωq



Two bit gate operation:   "Cross resonance"

13

Send the control bit a resonant drive to the target bit 

Doesn't drive the control bit 
   ○ Since it's off-resonant 

Target qubit gets drive  
   ○  Through the J coupling  
   ○  The polarity of the drive depends on  
       control bit's state

Hint = JZ1Z2
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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.
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図 5.2: 離調がない場合（左）とある場合 (右) のRabi振動
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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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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.
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Readout through the cavity
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第7章 共振器量子電磁力学（cavity QED）
7.1 Jaynes-Cummingsモデル
共振器量子電磁力学系 (cavity quantum electrodynamics、cavity QED) 1は、電磁場

の共振器内部に二準位系を配置した系（図 ??）であり、共振器光子の量子的振る舞い
の研究、あるいは共振器内部にある二準位系の制御が可能となる。二準位系と単一の
共振モードが相互作用するこのような状況は Jaynes-Cummingsモデルにより記述され
る。Jaynes-Cummings Hamiltonianは

HJC =
h̄ωq

2
σz + h̄ωca

†a+ h̄g(σ+a+ a†σ−). (7.1.1)

である。このモデルを用いて、共振器量子電磁力学系という量子系を操る単純だが強力
な舞台を見ていこう。
はじめに二準位系にも共振器にも緩和がない場合の Jaynes-Cummings Hamiltonian

の固有エネルギーを調べよう。共振器光子が n個、量子ビットが |ξ〉 (ξ = g, e)のとき
の合成系の量子状態を |ξ, n〉と書こう。Hamiltonianの行列要素 〈ξ′,m|HJC |ξ, n〉を調
べると、このHamiltonianはブロック対角であることがわかる。というのも、非対角要
素を与える σ+a+ a†σ−という相互作用（係数は省略してある）が |g, n〉と |e, n− 1〉の
みを繋ぐようなものだからである。そのブロック行列H(n)

JC をあらわに書くと、
H(n)

JC =

(
− h̄ωq

2 + h̄ωcn h̄g
√
n

h̄g
√
n h̄ωq

2 + h̄ωc(n− 1)

)
(7.1.2)

となる。ここで一番目と二番目の行/列はそれぞれ |g, n〉と |e, n− 1〉の要素を表している。
n ≥ 1にも注意。このブロック行列は固有値λ± = h̄ωc(n−1/2)±(h̄/2)

√
(ωc − ωq)2 + 4g2n

を有し、量子ビットと共振器が共鳴している ωc = ωq = ω0の場合には
λ± = h̄ω0 ± h̄g

√
n. (7.1.3)

と書ける。このように、|g, n〉と |e, n− 1〉の結合によってできる n番目の（励起）状態
は 2h̄g

√
nだけエネルギー間隔のあいた二つの量子状態であり、二準位系と共振器の結

合系である Jaynes-Cummingsモデルのエネルギースペクトルは等間隔ではない。この
エネルギースペクトルを Jaynes-Cummings ladderともいう。

1量子技術においては共振器全般を cavityと呼ぶことが多いが、別の業界では cavityといえば虫歯である。
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State mixing



15

ఽح৾ڠΦϋϩάʖଝࣨݱ
̏ɿTLS (Two-level systemʥ
• ڧఁԻۅ
• ࣎͏͵ঙ͗ࢢޭح৾ڠ
• ༢ుରخ൚Ώۜຜ࣯ɼ
ֆ͵ʹͶ͚کғଚ

C. Müller, et al., Rep. Prog. Phys. 82 124501 (2019) 
̐ɿ६ཽࢢ (Quasi particleʥ
• ఽର࣯ʤΦϋϩάʖάϡρϕʥͳؖܐ
• ೦Ώstray IR field͵ʹͶΓΖྯً
• ϜέϫഀϏϭʖΝ͚کΗ͙ͤͪ
3ɿࣕـӖ
• vortex͗ఽରͶφϧρϕ
4ɿ๎ࣻଝ
• ࣙ༟ؔۯͶుࣕ͗๎ࣻ͠ΗΖ
• बഀ਼ɼγϱϕϩυδϱɼϏρίʖζͶғଚ
̓ɿParasitic modes
• ఁ͏QϠʖχͳ݃͢ͱً͞Ζଝࣨ
• Slotline modes, box modes, chip modes͵ʹ
• ߶͏बഀ਼Άʹགྷ͵Ϡʖχ͗ਫ਼͠ΗΏͤ͏

C. R. H. McRae et al., Rev. Sci. Instrum. 91, 091101 (2020)

TLSs form in the amorphous 

jwi ¼ a j0iþ b j1i ¼ cos
h
2
j0iþ ei/ sin

h
2
j1i: (36)

The Bloch vector is stationary on the Bloch sphere in the “rotating
frame picture.” If state j1i has a higher energy than state j0i (as it gen-
erally does in superconducting qubits), then in a stationary frame, the
Bloch vector would precess around the z-axis at the qubit frequency
ðE1 $ E0Þ=!h. Without loss of generality (and much easier to visualize),
we instead “choose” to view the Bloch sphere in a reference frame
where the x and y-axes also rotate around the z-axis at the qubit fre-
quency. In this “rotating frame,” the Bloch vector appears stationary
as written in Eq. (36). The rotating frame will be described in detail in
Sec. IVD1 in the context of single-qubit gates.

For completeness, we note that the density matrix q ¼ jwihwj
for a pure state jwi is equivalently

q ¼ 1
2
ðI þ~a &~rÞ ¼ 1

2
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ei/ sin h 1þ sin h
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¼ jaj2 ab'
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(39)

where I is the identity matrix, and~r ¼ ½rx;ry; rz) is a vector of Pauli
matrices. If the Bloch vector ~a is a unit vector, then q represents a
pure state w and Tr(q2) ¼ 1. More generally, the Bloch sphere can be
used to represent “mixed states,” for which j~aj < 1; in this case, the
Bloch vector terminates at points “inside” the unit sphere, and
0 * Trðq2Þ < 1. To summarize, the surface of the unit sphere repre-
sents pure states, and its interior represents mixed states.6

2. Bloch-Redfield model of decoherence

Within the standard Bloch-Redfield109–111 picture of two-level
system dynamics, noise sources weakly coupled to the qubits have

short correlation times with respect to the system dynamics. In this
case, the relaxation processes are characterized by two rates (see Fig. 4),

longitudinal relaxation rate : C1 +
1
T1
; (40)

transverse relaxation rate : C2 +
1
T2
¼ C1

2
þ Cu; (41)

which contains the pure dephasing rate Cu. We note that the defini-
tion of C2 as a sum of rates presumes that the individual decay func-
tions are exponential, which occurs for Lorentzian noise spectra
(centered at x ¼ 0) such as white noise (short correlation times) with
a high-frequency cutoff.

The impact of noise on the qubit can be visualized on the Bloch
sphere in Fig. 4(a). For an initial state (t¼ 0)

jwi ¼ aj0iþ bj1i; (42)

the Bloch-Redfield density matrix qBR for the qubit is written
112,113

qBR ¼
1þ ðjaj2 $ 1Þe$C1t ab'eidxte$C2t

a'be$idxte$C2t jbj2e$C1t

 !
: (43)

There are a few important distinctions between Eqs. (43) and (39),
which we list here and then describe in more detail in Secs.
III B 2 a–III B 2 c.

• First, we have introduced the “longitudinal decay function”
exp ð$C1tÞ, which accounts for longitudinal relaxation of the qubit.

• Second, we introduced the “transverse decay function” exp ð$C2tÞ,
which accounts for transverse decay of the qubit.

• Third, we have introduced an explicit phase accrual exp ðidxtÞ,
where dx ¼ xq $ xd, which generalizes the Bloch sphere picture to
account for cases where the qubit frequency xq differs from the
rotating-frame frequency xd, as we will see later when discussing
measurements of T2 using Ramsey interferometry,114,115 and in Sec.
IVD 1, in the context of single-qubit gates.

• Fourth, we have constructed the matrix such that for t , ðT1; T2Þ,
the upper-left matrix element will approach a unit value, indicating

FIG. 4. Transverse and longitudinal noise represented on the Bloch sphere. (a) Bloch sphere representation of the quantum state jwi ¼ a j0iþ b j1i. The qubit quantization
axis—the z axis—is “longitudinal” in the qubit frame, corresponding to rz terms in the qubit Hamiltonian. The x-y plane is “transverse” in the qubit frame, corresponding to rx
and ry terms in the qubit Hamiltonian. (b) Longitudinal relaxation results from the energy exchange between the qubit and its environment, due to transverse noise that couples
to the qubit in the x–y plane and drives transitions j0i $ j1i. A qubit in-state j1i emits energy to the environment and relaxes to j0i with a rate C1# (blue arched arrow).
Similarly, a qubit in-state j0i absorbs energy from the environment, exciting it to j1i with a rate C1" (orange arched arrow). In the typical operating regime kBT - !hxq, the
up-rate is suppressed, leading to the overall decay rate C1 . C1#. (c) Pure dephasing in the transverse plane arises from longitudinal noise along the z axis that fluctuates
the qubit frequency. A Bloch vector along the x-axis will diffuse clockwise or counterclockwise around the equator due to the stochastic frequency fluctuations, depolarizing the
azimuthal phase with a rate C/. (d) Transverse relaxation results in a loss of coherence at a rate C2 ¼ C1=2þ C/, due to a combination of energy relaxation and pure
dephasing. Pure dephasing leads to decoherence of the quantum state 1=

ffiffiffi
2
p$ %
ðj0iþ j1iÞ, initially pointed along the x-axis. Additionally, the excited state component of the

superposition state may relax to the ground state, a phase-breaking process that loses the orientation of the vector in the x-y plane.
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  ○ Spontaneous emission

  ○ Cooper pair breaking (cosmic rays?) 

  ○ Coupling to high-loss two-level systems (TLSs) in the material


Transverse relaxation (T2*): randomization of the |e>/|g> coeff. 
  ○ Charge/flux noises

  ○ Residual thermal photons in the cavity etc.

Decoherence  -  modes and sources
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Why qubits are good sensors

○ Low (µeV) & variable energy threshold

○ Access to phase information (analog & interference)

○ Yet acceptably low noise level

Superconducting qubits: 
○ Strong coupling to photon:    106 stronger than single atom

JJ
d = O(0.1mm)

macroscopic

EDM: µ ~ Qd



interaction. However, near on-resonance (ωq ! ωr), we cannot
selectively detect or control the qubit state because, in this
regime, the strong qubit–resonator interaction hybridizes the
qubit and resonator states (see Sec. V C). Hence, we detune ωq
such that the qubit–resonator detuning Δqr(;ωr " ωq) is much
greater than g and κ. This limit is called the dispersive limit. In
this off-resonant regime, a qubit transition induced by photon
exchange with the resonator is negligible. However, the qubit
shows small but easily measurable frequency shifts that depend
on the resonator state; at the same time, the resonator also shows
a small frequency shift that depends on the qubit state. The qubit
state is detected by measuring this frequency shift of the
resonator.

To see the physics in the dispersive limit more clearly, we con-
sider the Jaynes–Cummings Hamiltonian ĤJC [Eq. (41)]. Here, we
treat the qubit–resonator interaction Ĥqr [Eq. (40)] as the perturba-
tion to the uncoupled qubit–resonator Hamiltonian Ĥ0 [Eq. (38)].
Then, we take a unitary transformation that diagonalizes ĤJC per-
turbatively to first order in Ĥqr. Such a transformation is called the
Schrieffer–Wolff transformation75,76 (the same results can be
obtained using the standard perturbation theory53,62). A unitary
operator Ûdisp ¼ eŜ for the Schrieffer–Wolff transformation is
defined such that Ŝy ¼ "Ŝ and [Ŝ, Ĥ0] ¼ "Ĥqr. Then, we have
(use the formulas in Table II)

Ĥdisp
JC ¼ ÛdispĤJCÛ

y
disp

¼ Ĥ0 þ Ĥqr þ [Ŝ, Ĥ0]þ [Ŝ, Ĥqr]

þ 1
2
[Ŝ, [Ŝ, Ĥ0]]þ

1
2
[Ŝ, [Ŝ, Ĥqr]]þ % % %

! Ĥ0 þ
1
2
[Ŝ, Ĥqr]: (55)

In our case, Ûdisp is given by

Ûdisp ¼ exp
g
Δqr

(σ̂"ây " σ̂þâ)
! "

: (56)

From Eq. (55), we obtain

Ĥdisp
JC ! !h(ωq " χ)

σ̂z

2
þ !h(ωr " χσ̂z)âyâ, (57)

where χ ; g2=Δqr. The second term in Eq. (57) shows that the res-
onator frequency shifts by +χ, depending on the qubit state
[Fig. 13(a)]. Therefore, dispersive readout detects the longitudinal
component of the Bloch vector. This is the novel feature of the dis-
persive readout—creating a qubit–resonator interaction with σ̂z ,
which enables us to detect the qubit state, from a purely transverse
interaction by taking the dispersive limit.

Note that the dispersive term [χσ̂z âyâ in Eq. (57)] commutes
with the bare qubit and bare resonator terms; in other words, mea-
suring the qubit state does not disturb the subsequent evolution of
the qubit and resonator, meaning that the dispersive readout
scheme is nondestructive. Such a measurement scheme is called
Quantum NonDemolition (QND) measurement.53,77,78 Here, we
emphasize that the term “nondemolition” does not mean the
absence of wavefunction collapse. If the measurement scheme is
QND-type, a measured qubit remains in the eigenstate that we
record as a measurement outcome, and subsequent measurements
reproduce the outcome of the first measurement.

For quantum error correction, the state of an ancilla qubit
(see Sec. VII) must be determined in a single shot—without averag-
ing the output signals of repeated identical measurements. Thus,
maximizing the Signal-to-Noise Ratio (SNR) is crucial. While we
can enhance the SNR by increasing the probe power, i.e., the
average number of photons !n for the detection of the resonator
state, !n must be significantly less than the critical photon number
ncrit, which is given by Δqr=4g2.

55 If not, Eq. (57) would no longer
be valid. Then, the readout process is no longer QND, and the

FIG. 13. (a) Qubit-state-dependent shift in resonator frequency. This frequency
shift, called the dispersive shift, allows us to detect the qubit state by monitoring
the S-parameters of the circuit. For the circuit shown in Fig. 10(a), the qubit
state can be inferred by measuring the transmission of the circuit at ωr . If the
measured phase is A, then the qubit state is gj i; if the phase is B, the qubit
state is ej i. (b) Resonator-state-dependent shift in qubit frequency. In the strong
coupling regime, the qubit frequency can be split by the photon-state-dependent
frequency shift. The resonator state is assumed to be a coherence state whose
average photon number is !n. This figure was obtained by solving the Lindblad
equation [Eq. (50)] with Eqs. (51), (54), and (57). For the solution, QuTiP was
used.73,74
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Transverse rotation during the wait 
is projected to z-position

e.g. no rotation →|e>

       90° rotation → (|g>+|e>)/√2

     180° rotation → |g>

Ramsey spectroscopy for ac Stark shift detection 

○ Stay unrotated if nothing special happens

○ Rotate transversely if there is something e.g. 
    - Shift/drift of qubit freq.

    - Imperfect π/2 flip in the previous step

    - Phase drift due to noise 

   etc.
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クトルは (|g〉 − i |e〉)/
√
2に移される（図 5.4左）。その後ある一定時間 τ、我々は何も

せず量子ビットは自由に時間発展をする。環境に何もノイズがなければ、Blochベクト
ルはこの間なにも変化を受けないが、現実には様々な環境由来のノイズによってBloch

ベクトルが時間発展をする（図 5.4中央）。そして最後に、再び π/2パルスを照射する
と、xy平面内の時間発展が xz平面に移される（図 5.4右）。ここに至り、量子ビット
の位相の時間発展を sz、すなわち量子ビットの基底状態あるいは励起状態の占有確率に転写することができた。もし一切の緩和や位相のドリフトがなければ最後の π/2パ
ルスによって sz = 1が得られるが、位相緩和がある場合には τ が長くなるにつれて szが（量子ビットの遷移周波数の回転系では）指数関数的に減衰しゼロへ収束し、駆動電
磁波の強度ゆらぎなどによる位相ドリフトがある場合には、τ に対し位相ドリフトに特
徴的な時間スケールで sz が変動する。

5.4 スピンエコー法
スピンエコー法（spin-echo）とは、ある一定の条件下で上記のような位相ドリフト

の効果を打ち消すような量子ビットの制御シークエンスのことである。基本的なアイデ
アはシンプルである。位相ドリフトはBloch球上での z軸まわりの回転とみることがで
きるが、もし位相ドリフトが十分ゆっくりであれば、Rabi振動で回転角がちょうど π

となる πパルスを量子ビットに作用させることで、位相ドリフトを「巻き戻す」ことが
できる。例えば精密な πパルスを作用させたいときに、少量の z軸まわりの回転が入り
込んでしまうと、それが πパルスの精密さに限界を与えてしまう。スピンエコー法は、
このような場合に z軸まわりの回転の影響をキャンセルするのに有用である。
このために、スピンエコー法では本来 πパルスであるべき制御シークエンスを、時

間 τ だけ間隔をあけた二つの π/2パルスに分割し、二つのパルスのちょうど中間、τ/2
だけ経過したタイミングに π パルスを挿入する。はじめ量子ビットが |g〉にあるとす
ると、初めの π/2パルスで |−i〉状態に遷移し、その後 τ/2だけ位相ドリフトが生じる
（図 5.5、上段左・中央）。次の πパルスによって y軸まわりにBlochベクトルが回転し

図 5.4: Ramsey干渉の概略
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○ ac Strak shift caused by the RF pulse (~500ns)

○ 50-85% efficient

Kono et al. (2018)
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limit with the single-photon occupancy p1, which well approxi-
mates a superposition of the vacuum and single-photon states, 

∣ ⟩ + ∣ ⟩p p0 10 1 . (ii) The qubit state is rotated by π /2 about the 
y axis and the composite system becomes ∣ + ⟩ ∣ ⟩ + ∣ ⟩p p( 0 1 )0 1 .  
(iii) The pulse mode is reflected by the cavity, and the state after the 
controlled-Z gate becomes entangled, ∣ + ⟩ ∣ ⟩ + ∣−⟩ ∣ ⟩p p0 10 1 .  
(iv) Finally, the qubit is rotated by − π /2 about the y axis to obtain 

∣ ⟩ ∣ ⟩ + ∣ ⟩ ∣ ⟩p pg 0 e 10 1  and is then measured in the Z basis. The 
presence of a single photon in the pulse mode is correlated with the 
excited state of the qubit and is detectable.

The phase-flip probability of the qubit as a function of the aver-
age photon number α∣ ∣in

2 in the input pulse is shown in Fig. 2c. The 
slight deviation from the linear relationship is due to the two-pho-
ton occupation in the pulse mode. By fitting the slope in the weak 
power limit, we evaluate the quantum efficiency of the detection 
scheme to be 0.84 ±  0.02. The reduction of the efficiency from unity 
is attributed to a few mechanisms. First, the external coupling rate 
is not perfectly adjusted to twice the dispersive shift (κex/2χ =  1.1), 
which causes an incomplete phase flip of the qubit. Second, an input 
photon is probabilistically absorbed in the cavity due to the finite 
internal loss rate κin/κex =  0.07, which also gives rise to the incom-
plete phase flip. Finally, the qubit dephasing during the gate interval 
results in an erroneous phase flip of the qubit. The qubit dephas-
ing also contributes dominantly to the dark-count probability of 
0.0147 ±  0.0005.

To verify the QND property of the photon detector, we anal-
yse the reflected pulse mode by using Wigner tomography via the 
quadrature measurements. We measure the quadrature αθ of the 
reflected pulse mode, which is amplified by the phase-sensitive 
amplifier (JPA) with the various pump phases θ to obtain the nec-
essary information. Then, we characterize the quantum state with 
the iterative maximum-likelihood tomography27, correcting for 
the measurement inefficiency of the quadratures 1 −  ηmeas, where 
ηmeas =  0.43 ±  0.01.

As the input signal, we use a coherent pulse with the average 
photon number of α∣ ∣ = . ± .0 165 0 003in

2 . First, in Fig. 3a,b, we plot 
the Wigner functions of the reflected pulse mode when the qubit 
is prepared in the ground state ∣ ⟩g  and in the excited state ∣ ⟩e , 
respectively. The outcomes are the coherent states with π -phase dif-
ference depending on the qubit states. Next, in Fig. 3c,d, we show 
the Wigner function and the photon-number distribution when 
the qubit is prepared in the superposition state ∣ + ⟩ . Without being 
conditioned on the outcome of the qubit readout, the obtained state 
is an incoherent mixture of the states in Fig. 3a,b. Importantly, the 
interaction for the photon detection retains the photon-number dis-
tribution with the survival probability of 0.87 ±  0.03, which is calcu-
lated from the ratio of the average photon number of the reflected 
pulse mode to that of the input.

Figure 3e–h shows the conditioned results. In the case with-
out a qubit phase flip (Fig. 3e,f), the reflected pulse mode is in the 
vacuum state with the fidelity of 0.9844 ±  0.0002 (theory: 0.9894). 
The weak squeezing seen in the Wigner function is due to the finite 
probability of two-photon occupation (~0.007) in the pulse mode 
and the coherence between the vacuum and the two-photon state. 
On the other hand, for the case with a qubit phase flip (Fig. 3g,h), 
the reflected pulse mode is in the single-photon state with the fidel-
ity of 0.84 ±  0.02 (theory: 0.82). The infidelity is mainly due to the 
internal loss of the cavity and dark counts. The small anisotropy in 
the observed Wigner function is attributed to the incomplete phase 
flip of the qubit, which does not erase the coherence completely. 
Those results prove that the outcome of the qubit readout is strongly 
correlated to the photon-number state of the reflected pulse mode 
and demonstrate a QND single-photon detection. The system also 
works as a heralded single-photon generator. Since the QND detec-
tion maintains the pulse mode as long as the pulse bandwidth is 
within the cavity bandwidth, we can control the temporal mode 
shape of the heralded single photon by tuning the envelope of the 
input coherent pulse.
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Fig. 1 | Circuit quantum electrodynamics set-up for the QND detection of an itinerant microwave photon. a, Schematic of the experimental set-up.  
A transmon qubit is mounted in a 3D superconducting cavity that is over-coupled to a 1D transmission line composed of a coaxial cable. An input 
pulse mode is injected to the cavity through the cable, and the reflected pulse mode is guided via circulators to a JPA and a heterodyne detector. Qubit 
control and readout pulses (not shown) follow the same path. b, Reflectance (squared amplitude) and phase shift of the cavity reflection coefficient as a 
function of the probe frequency, with the qubit being in the ground state (blue) or the excited state (red). The black dots in the lowest panel represent the 
difference in the phase shift. The dots are the experimental results and the lines are the theoretical fits. c, Phase flip (no flip) of the reflected single photon 
caused by the qubit in the excited state (ground state). d, Phase flip (no flip) of the qubit caused by the reflection of the single photon (zero photon). Here, 
∣ ⟩g  and ∣ ⟩e  label the ground and exited states of the qubit, and ∣ ⟩±  is their superposition ∣ ⟩ ∣ ⟩±( g e )1

2
. ∣ ⟩0  and ∣ ⟩1  indicate the photon-number states in 

the pulse mode.
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limit with the single-photon occupancy p1, which well approxi-
mates a superposition of the vacuum and single-photon states, 

∣ ⟩ + ∣ ⟩p p0 10 1 . (ii) The qubit state is rotated by π /2 about the 
y axis and the composite system becomes ∣ + ⟩ ∣ ⟩ + ∣ ⟩p p( 0 1 )0 1 .  
(iii) The pulse mode is reflected by the cavity, and the state after the 
controlled-Z gate becomes entangled, ∣ + ⟩ ∣ ⟩ + ∣−⟩ ∣ ⟩p p0 10 1 .  
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presence of a single photon in the pulse mode is correlated with the 
excited state of the qubit and is detectable.

The phase-flip probability of the qubit as a function of the aver-
age photon number α∣ ∣in

2 in the input pulse is shown in Fig. 2c. The 
slight deviation from the linear relationship is due to the two-pho-
ton occupation in the pulse mode. By fitting the slope in the weak 
power limit, we evaluate the quantum efficiency of the detection 
scheme to be 0.84 ±  0.02. The reduction of the efficiency from unity 
is attributed to a few mechanisms. First, the external coupling rate 
is not perfectly adjusted to twice the dispersive shift (κex/2χ =  1.1), 
which causes an incomplete phase flip of the qubit. Second, an input 
photon is probabilistically absorbed in the cavity due to the finite 
internal loss rate κin/κex =  0.07, which also gives rise to the incom-
plete phase flip. Finally, the qubit dephasing during the gate interval 
results in an erroneous phase flip of the qubit. The qubit dephas-
ing also contributes dominantly to the dark-count probability of 
0.0147 ±  0.0005.

To verify the QND property of the photon detector, we anal-
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reflected pulse mode, which is amplified by the phase-sensitive 
amplifier (JPA) with the various pump phases θ to obtain the nec-
essary information. Then, we characterize the quantum state with 
the iterative maximum-likelihood tomography27, correcting for 
the measurement inefficiency of the quadratures 1 −  ηmeas, where 
ηmeas =  0.43 ±  0.01.

As the input signal, we use a coherent pulse with the average 
photon number of α∣ ∣ = . ± .0 165 0 003in

2 . First, in Fig. 3a,b, we plot 
the Wigner functions of the reflected pulse mode when the qubit 
is prepared in the ground state ∣ ⟩g  and in the excited state ∣ ⟩e , 
respectively. The outcomes are the coherent states with π -phase dif-
ference depending on the qubit states. Next, in Fig. 3c,d, we show 
the Wigner function and the photon-number distribution when 
the qubit is prepared in the superposition state ∣ + ⟩ . Without being 
conditioned on the outcome of the qubit readout, the obtained state 
is an incoherent mixture of the states in Fig. 3a,b. Importantly, the 
interaction for the photon detection retains the photon-number dis-
tribution with the survival probability of 0.87 ±  0.03, which is calcu-
lated from the ratio of the average photon number of the reflected 
pulse mode to that of the input.

Figure 3e–h shows the conditioned results. In the case with-
out a qubit phase flip (Fig. 3e,f), the reflected pulse mode is in the 
vacuum state with the fidelity of 0.9844 ±  0.0002 (theory: 0.9894). 
The weak squeezing seen in the Wigner function is due to the finite 
probability of two-photon occupation (~0.007) in the pulse mode 
and the coherence between the vacuum and the two-photon state. 
On the other hand, for the case with a qubit phase flip (Fig. 3g,h), 
the reflected pulse mode is in the single-photon state with the fidel-
ity of 0.84 ±  0.02 (theory: 0.82). The infidelity is mainly due to the 
internal loss of the cavity and dark counts. The small anisotropy in 
the observed Wigner function is attributed to the incomplete phase 
flip of the qubit, which does not erase the coherence completely. 
Those results prove that the outcome of the qubit readout is strongly 
correlated to the photon-number state of the reflected pulse mode 
and demonstrate a QND single-photon detection. The system also 
works as a heralded single-photon generator. Since the QND detec-
tion maintains the pulse mode as long as the pulse bandwidth is 
within the cavity bandwidth, we can control the temporal mode 
shape of the heralded single photon by tuning the envelope of the 
input coherent pulse.
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Fig. 1 | Circuit quantum electrodynamics set-up for the QND detection of an itinerant microwave photon. a, Schematic of the experimental set-up.  
A transmon qubit is mounted in a 3D superconducting cavity that is over-coupled to a 1D transmission line composed of a coaxial cable. An input 
pulse mode is injected to the cavity through the cable, and the reflected pulse mode is guided via circulators to a JPA and a heterodyne detector. Qubit 
control and readout pulses (not shown) follow the same path. b, Reflectance (squared amplitude) and phase shift of the cavity reflection coefficient as a 
function of the probe frequency, with the qubit being in the ground state (blue) or the excited state (red). The black dots in the lowest panel represent the 
difference in the phase shift. The dots are the experimental results and the lines are the theoretical fits. c, Phase flip (no flip) of the reflected single photon 
caused by the qubit in the excited state (ground state). d, Phase flip (no flip) of the qubit caused by the reflection of the single photon (zero photon). Here, 
∣ ⟩g  and ∣ ⟩e  label the ground and exited states of the qubit, and ∣ ⟩±  is their superposition ∣ ⟩ ∣ ⟩±( g e )1
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. ∣ ⟩0  and ∣ ⟩1  indicate the photon-number states in 

the pulse mode.
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Finally, we analyse the composite state of the qubit and the 
reflected pulse mode to verify the entanglement. After the reflec-
tion of the pulse, the qubit is measured in three orthogonal bases 
X,Y and Z, and the reflected pulse mode is measured in the quadra-
ture αθ with various phases. We characterize the density matrix ρ 
of the composite quantum system by using the iterative maximum-
likelihood reconstruction with the composite measurement opera-
tors, correcting for the inefficiency in the quadrature measurement 
of the pulse mode (Fig. 4). The correlation in the diagonal elements 
enables the QND detection of an itinerant photon. Moreover, the 
off-diagonal elements indicate the presence of entanglement. We 
calculate the negativity ρN( ) of the composite system from the 
density matrix and obtain ρ = . ± . >N( ) 0 296 0 005 0, quantifying the 
entanglement28. Note that for the given value of the average pho-
ton number α∣ ∣in

2, the maximum possible value of the negativity 
in the composite system is 0.346. The fidelity of the experimentally 
obtained density matrix to the one with the ideal controls and mea-
surements is found to be 0.957 ±  0.003.

Here, we focused on a superposition of the vacuum and sin-
gle-photon states in a pulse mode. However, the QND detection 
scheme can be readily applied to many-photon states, where the 
qubit detects the even/odd parity of the photon number in the pulse 
mode. This can be applied to Wigner tomography of multi-photon 
states as well as heralded generation of a Schrödinger cat state in 
an itinerant mode. Moreover, by cascading the QND detectors with 
different conditional phases, we can realize a number-resolved pho-
ton counter for a microwave pulse mode.

Note added in proof: After the submission of this work, we 
became aware of a related manuscript29 taking a different approach 
for the same purpose.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41567-018-0066-3.
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Fig. 2 | QND detection of an itinerant microwave photon. a, Quantum 
circuit diagram of the protocol. The qubit is first read out for the 
initialization with post-selection. Then, a Ramsey sequence, consisting 
of Y/2 and − Y/2 rotations and a Z-basis readout, is applied to detect 
the phase flip of the qubit induced by a single photon. For the quantum 
state tomography of the pulse mode, the quadrature αθ of the reflected 
pulse mode is measured with various phases θ. b, Corresponding pulse 
sequences at the qubit, cavity and JPA pump frequencies, ωq, ωc and ωp, 
respectively. We use a Gaussian pulse with the full-width at half-maximum 
of 500!ns as an input pulse mode. c, Phase-flip probability of the qubit as  
a function of the average photon number ∣ ∣αin

2 in the input pulse.  
The blue dots represent the experimental data, while the blue solid line  
is the numerical calculation using independently obtained parameters  
(see Supplementary Section 7). The red dashed line is the linear fit in 
the weak power limit. The error bars on the data points are the standard 
deviations from the mean.
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Fig. 3 | Quantum state tomography of the reflected pulse mode. a, Wigner 
function with the qubit being in the ground state ∣ ⟩g . b, The same with the 
qubit being in the excited state ∣ ⟩e . c,d, Unconditional Wigner function and 
photon-number distribution after the interaction with the qubit prepared 
in the state ∣ ⟩+ . The blue bars in d show the distribution in the reflected 
pulse, while the thin black frames depict that in the input pulse. e,f, The 
same conditioned on the absence of the qubit phase flip. g,h, The same 
conditioned on the detection of the qubit phase flip.
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Finally, we analyse the composite state of the qubit and the 
reflected pulse mode to verify the entanglement. After the reflec-
tion of the pulse, the qubit is measured in three orthogonal bases 
X,Y and Z, and the reflected pulse mode is measured in the quadra-
ture αθ with various phases. We characterize the density matrix ρ 
of the composite quantum system by using the iterative maximum-
likelihood reconstruction with the composite measurement opera-
tors, correcting for the inefficiency in the quadrature measurement 
of the pulse mode (Fig. 4). The correlation in the diagonal elements 
enables the QND detection of an itinerant photon. Moreover, the 
off-diagonal elements indicate the presence of entanglement. We 
calculate the negativity ρN( ) of the composite system from the 
density matrix and obtain ρ = . ± . >N( ) 0 296 0 005 0, quantifying the 
entanglement28. Note that for the given value of the average pho-
ton number α∣ ∣in

2, the maximum possible value of the negativity 
in the composite system is 0.346. The fidelity of the experimentally 
obtained density matrix to the one with the ideal controls and mea-
surements is found to be 0.957 ±  0.003.

Here, we focused on a superposition of the vacuum and sin-
gle-photon states in a pulse mode. However, the QND detection 
scheme can be readily applied to many-photon states, where the 
qubit detects the even/odd parity of the photon number in the pulse 
mode. This can be applied to Wigner tomography of multi-photon 
states as well as heralded generation of a Schrödinger cat state in 
an itinerant mode. Moreover, by cascading the QND detectors with 
different conditional phases, we can realize a number-resolved pho-
ton counter for a microwave pulse mode.

Note added in proof: After the submission of this work, we 
became aware of a related manuscript29 taking a different approach 
for the same purpose.
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circuit diagram of the protocol. The qubit is first read out for the 
initialization with post-selection. Then, a Ramsey sequence, consisting 
of Y/2 and − Y/2 rotations and a Z-basis readout, is applied to detect 
the phase flip of the qubit induced by a single photon. For the quantum 
state tomography of the pulse mode, the quadrature αθ of the reflected 
pulse mode is measured with various phases θ. b, Corresponding pulse 
sequences at the qubit, cavity and JPA pump frequencies, ωq, ωc and ωp, 
respectively. We use a Gaussian pulse with the full-width at half-maximum 
of 500!ns as an input pulse mode. c, Phase-flip probability of the qubit as  
a function of the average photon number ∣ ∣αin

2 in the input pulse.  
The blue dots represent the experimental data, while the blue solid line  
is the numerical calculation using independently obtained parameters  
(see Supplementary Section 7). The red dashed line is the linear fit in 
the weak power limit. The error bars on the data points are the standard 
deviations from the mean.
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Fig. 3 | Quantum state tomography of the reflected pulse mode. a, Wigner 
function with the qubit being in the ground state ∣ ⟩g . b, The same with the 
qubit being in the excited state ∣ ⟩e . c,d, Unconditional Wigner function and 
photon-number distribution after the interaction with the qubit prepared 
in the state ∣ ⟩+ . The blue bars in d show the distribution in the reflected 
pulse, while the thin black frames depict that in the input pulse. e,f, The 
same conditioned on the absence of the qubit phase flip. g,h, The same 
conditioned on the detection of the qubit phase flip.
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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.

FFT
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Bext (in case of axion)

λCompton
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Many photons = EM mode 
   → voltage picked up by the antenna

superconducting magnet. The geometry and, thus, fre-
quency of the cavity is changed by means of two cop-
per-plated tuning rods extending the length of the cavity
interior, which can be moved from near the center to the
perimeter in very small increments. The cavity, magnet, and
tuning system are described in more detail in Refs. [27,31].
If the TM010 cavity resonant mode radio frequency (rf)
overlaps with the frequency of photons from dark matter
axion conversion, power is expected to develop in the
cavity in excess of thermal noise:

Paxion¼ 1.9×10−22 W
!

V
136 l

"!
B

6.8 T

"
2
!

C
0.4

"!
gγ
0.97

"
2

×
!

ρa
0.45GeVcm−3

"!
f

650MHz

"!
Q

50000

"
: ð1Þ

Here, V is the cavity volume, B is the magnetic field, C is a
form factor representing the overlap between the micro-
wave electric field and the static magnetic field, gγ is the
model-dependent part of the axion-photon coupling with a
value of −0.97 and 0.36 for the KSVZ and DFSZ bench-
mark models, respectively, ρa is the axion dark matter
density at Earth’s location, f is the frequency of the photons
from axion conversion, and Q is the loaded cavity quality
factor. This power has been scaled to typical experimental
parameters for the results reported here.
Power in the TM010 mode of the cavity is extracted with a

critically coupled antenna, passed through the chain shown in
Fig. 1, and amplified by a voltage-tunablemicrostrip SQUID
(superconducting quantum interference device) amplifier
(MSA) [32,33] located in a magnetic field-free region.
The signal is then passed through a cryogenic heterostructure

field-effect transistor (HFET) amplifier and mixed with a
local oscillator to center the cavity resonant frequency at the
10.7-MHz intermediate frequency for further processing and
analysis. The operation of a MSA in an axion experiment is
described in more detail in Ref. [31]. The signal is digitized
and the voltage-time series is converted into a power-
frequency spectrum over a 25-kHz bandwidth, which
roughly matches the bandwidth of the cavity.
The signal-to-noise ratio (SNR) of an axion signal power

to thermal noise power is of paramount importance in
exploring axion masses rapidly. It is given by [34]

SNR ¼ ðPaxion=kTsystemÞðt=bÞ
1
2; ð2Þ

where k is Boltzmann’s constant, Tsystem is the sum of the
physical temperature of the cavity and the noise temper-
ature of the receiver, t is the time spent integrating at a
particular frequency, and b is the bandwidth of the axion
signal set by the local axion velocity distribution.
The cavity and MSA are cooled by a dilution refrigerator

to minimize thermal background and excess thermal noise
from the amplifier. The refrigerator has a cooling power of
800 μW at 100 mK. The cavity temperature, as measured
by ruthenium oxide thermometers throughout the run, was
typically 150 mK, with the MSA temperature measured to
be about 300 mK due to additional heat in the vicinity of the
MSA. The expected contribution to the system noise of the
MSA is bounded from below by the standard quantum limit
(30 mK at the frequencies reported in this Letter) and is
typically near half of its physical temperature.
The power in the receiver was calibrated from the

temperature sensors by comparing the power measured
on and off the cavity resonance. Off resonance, the MSA
amplified primarily Johnson noise from attenuator A4 in

FIG. 1. ADMX cryogenic chain. C1 and C2 are circulators,
MSA is the microstrip SQUID amplifier, A1 − A4 are attenuators,
and HFETs are the cooled transistor amplifiers. In the data-taking
configuration, the output of the cavity is sent via C1 to be
amplified by the MSA, via C2 to be amplified further by the
HFETs, and to the receiver for mixing to 10.7 MHz, further
amplification and digitization of the power from the cavity.
Network analyzer transmission (S21) and reflection measure-
ments (S11) are made before each digitization.

FIG. 2. One of the power measurements used to calibrate the
system noise temperature. Off resonance, the power is the sum of
the 300-mK physical temperature of an attenuator and the
receiver noise temperature. On resonance, the power is
the sum of the 150-mK physical temperature of the cavity and
the receiver noise temperature. The noise power on versus off
resonance acts as an effective hot-cold load, with the physical
temperatures measured with sensitive thermometers. The asym-
metry of the shape is a result of interactions between components,
as described in the Supplemental Material [35].
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E-field of the lowest resonant mode (TM010) 

Standard Quantum Limit (SQL) 
      (n/φ: photon number/phase)

   ○ Seen as n＝Δn even if n=0 in the cavity  
      due to the measurement back-action.

   ○ Dominant noise source at >5GHz

Δn ⋅ Δϕ ≥ ℏ

Cavity haloscope experiment

   Accumulate photons from DM

   resonant to the cavity freq.

DM converted to photon

    Axion: by B-field 
    Dark photon: by it own
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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

Accumulate photons in the storage cavity
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FIG. 2. Photon counting protocol and hidden Markov

model analysis. a, Pulse sequence for photon counting in-
cludes cavity initialization and repeated parity measurements,
consisting of a ⇡/2 pulse, a wait time of tp, and a �⇡/2
pulse followed by a qubit readout. b, Cavity and qubit states
evolve under transition matrix T, readout measurements are
governed by emission matrix E. c, (Left) Sequence of qubit
readout signals for two events. (Right) Reconstructed initial
cavity state probabilities. We observe an exponential sup-
pression of the detector error based false positive probability.

to cavity heating events. Dephasing during the parity
measurement occurs with probability P� = 1� e�tp/T

q
2 ,

leading to outcomes indistinguishable from qubit heating
or decay. The transition matrix contains all qubit errors:
Pge = P "

ge + P� and Peg = P #
eg + P�. Pgg, Pee, P00, and

P11 correspond to events where no error occurs, such that
probabilities pairwise sum to unity (e.g. Pgg + Pge = 1).
These probabilities are calculated using independently
measured qubit coherences (T q

1
= 108± 18 µs, T q

2
=

61± 4 µs), cavity lifetime (T s
1
= 546± 23 µs), qubit spu-

rious excited state population (n̄q = 5.1± 0.3 ⇥ 10�2),
the length of the parity measurement (tp = 380 ns), and
the time between parity measurements (tm = 10µs) (see
Supplemental Material for descriptions of experimental
protocols used to determine these parameters [39–43]).
The repetition rate of the experiment is constrained pri-
marily by the readout time (3 µs) and time for the read-
out resonator to relax back to the ground state.

T =

|0gi |0ei |1gi |1ei
2

64

3

75

P00Pgg P00Pge P01Pge P01Pgg |0gi
P00Peg P00Pee P01Pee P01Peg |0ei
P10Pgg P10Pge P11Pge P11Pgg |1gi
P10Peg P10Pee P11Pee P11Peg |1ei

(2)

The elements of the emission matrix are composed of
the readout fidelities of the ground and excited states
of the qubit (FgG = 95.8± 0.4%, FeE = 95.3± 0.5%).
Noise from the first stage cryogenic HEMT amplifier sets

the readout fidelity.

E =
1

2

G E
2

64

3

75

FgG FgE |0gi
FeG FeE |0ei
FgG FgE |1gi
FeG FeE |1ei

(3)

Given a set of N + 1 measured readout signals
(R0, R1, ..., RN ), we reconstruct the initial cavity state
probabilities P (n0 = 0) and P (n0 = 1) by using the
backward algorithm (Eqn. 4) [34, 35] and summing over
all possible initial qubit states.

P (n0) =
X

s02[|n0,gi,|n0,ei]

X

s1

...
X

sN

Es0,R0
Ts0,s1Es1,R1

...TsN�1,sNEsN ,RN

(4)

This reconstruction includes terms corresponding to
all the possible processes that could occur. For exam-
ple, a readout measurement of G followed by E could
occur due the correct detection of a photon in the cavity
(with probability P11PggFeE/2). Alternatively, this mea-
surement could be produced by a qubit heating event
(P00PgeFeE/2) or a readout error (P00PggFgE/2). Fig.
2(c) displays the measured readout signals and recon-
structed initial cavity probabilities of two events. The
top panels correspond to the absence of a cavity photon
and the bottom panels indicate the presence of a photon.

We apply a likelihood ratio test (� = P (n0=1)

P (n0=0)
) to the

reconstructed cavity state probabilities to determine if
the cavity contained zero or one photons. If the likelihood
ratio is greater than (less than) a threshold, � > �thresh

(�  �thresh), we determine the cavity to contain one
(zero) photon. The probability of a detector error in-
duced false positive is therefore less than 1

�thresh+1
. As

the threshold for detection increases, so too does the
number of repeated parity measurements needed to con-
firm the presence of a photon, exacting a cost to detec-
tion e�ciency that is linear in the number of measure-
ments. More importantly for the detection of rare events,
false positives are exponentially suppressed with more re-
peated measurements, as evident in Fig. 2(c).

Detector characterization

To characterize the detector, we populate the cavity by
applying a weak drive (n̄ ⌧ 1). We map out the relation-
ship between the probability of injected and measured
photons (Fig. 3(a)) by varying the injected mean photon
population (n̄ = ↵2), performing 30 repeated parity mea-
surements, and applying �thresh to discriminate between
one and zero photon events. We fit this relationship with
the function n̄meas = ⌘n̄inj+�. We obtain the e�ciency of
detection ⌘ = 0.409± 0.055 and the false positive prob-

3

� �� �� �� ��� �� ��

�����	
 �	��� ��	��

�	��� ��	�������� � � ������ �� �	���
��	��������� ���

�����
����
���

�

�

�

�

����

���
��������  ���� ��	��

...

...

...

�	��� �	���
��	��������

 ����

!�	����

� !�"��������

#����� ��	���

������	�����

�

�

FIG. 2. Photon counting protocol and hidden Markov

model analysis. a, Pulse sequence for photon counting in-
cludes cavity initialization and repeated parity measurements,
consisting of a ⇡/2 pulse, a wait time of tp, and a �⇡/2
pulse followed by a qubit readout. b, Cavity and qubit states
evolve under transition matrix T, readout measurements are
governed by emission matrix E. c, (Left) Sequence of qubit
readout signals for two events. (Right) Reconstructed initial
cavity state probabilities. We observe an exponential sup-
pression of the detector error based false positive probability.

to cavity heating events. Dephasing during the parity
measurement occurs with probability P� = 1� e�tp/T

q
2 ,

leading to outcomes indistinguishable from qubit heating
or decay. The transition matrix contains all qubit errors:
Pge = P "

ge + P� and Peg = P #
eg + P�. Pgg, Pee, P00, and

P11 correspond to events where no error occurs, such that
probabilities pairwise sum to unity (e.g. Pgg + Pge = 1).
These probabilities are calculated using independently
measured qubit coherences (T q

1
= 108± 18 µs, T q

2
=

61± 4 µs), cavity lifetime (T s
1
= 546± 23 µs), qubit spu-

rious excited state population (n̄q = 5.1± 0.3 ⇥ 10�2),
the length of the parity measurement (tp = 380 ns), and
the time between parity measurements (tm = 10µs) (see
Supplemental Material for descriptions of experimental
protocols used to determine these parameters [39–43]).
The repetition rate of the experiment is constrained pri-
marily by the readout time (3 µs) and time for the read-
out resonator to relax back to the ground state.

T =

|0gi |0ei |1gi |1ei
2

64

3

75

P00Pgg P00Pge P01Pge P01Pgg |0gi
P00Peg P00Pee P01Pee P01Peg |0ei
P10Pgg P10Pge P11Pge P11Pgg |1gi
P10Peg P10Pee P11Pee P11Peg |1ei

(2)

The elements of the emission matrix are composed of
the readout fidelities of the ground and excited states
of the qubit (FgG = 95.8± 0.4%, FeE = 95.3± 0.5%).
Noise from the first stage cryogenic HEMT amplifier sets

the readout fidelity.

E =
1

2

G E
2

64

3

75

FgG FgE |0gi
FeG FeE |0ei
FgG FgE |1gi
FeG FeE |1ei

(3)

Given a set of N + 1 measured readout signals
(R0, R1, ..., RN ), we reconstruct the initial cavity state
probabilities P (n0 = 0) and P (n0 = 1) by using the
backward algorithm (Eqn. 4) [34, 35] and summing over
all possible initial qubit states.

P (n0) =
X

s02[|n0,gi,|n0,ei]

X

s1

...
X

sN

Es0,R0
Ts0,s1Es1,R1

...TsN�1,sNEsN ,RN

(4)

This reconstruction includes terms corresponding to
all the possible processes that could occur. For exam-
ple, a readout measurement of G followed by E could
occur due the correct detection of a photon in the cavity
(with probability P11PggFeE/2). Alternatively, this mea-
surement could be produced by a qubit heating event
(P00PgeFeE/2) or a readout error (P00PggFgE/2). Fig.
2(c) displays the measured readout signals and recon-
structed initial cavity probabilities of two events. The
top panels correspond to the absence of a cavity photon
and the bottom panels indicate the presence of a photon.

We apply a likelihood ratio test (� = P (n0=1)

P (n0=0)
) to the

reconstructed cavity state probabilities to determine if
the cavity contained zero or one photons. If the likelihood
ratio is greater than (less than) a threshold, � > �thresh

(�  �thresh), we determine the cavity to contain one
(zero) photon. The probability of a detector error in-
duced false positive is therefore less than 1

�thresh+1
. As

the threshold for detection increases, so too does the
number of repeated parity measurements needed to con-
firm the presence of a photon, exacting a cost to detec-
tion e�ciency that is linear in the number of measure-
ments. More importantly for the detection of rare events,
false positives are exponentially suppressed with more re-
peated measurements, as evident in Fig. 2(c).

Detector characterization

To characterize the detector, we populate the cavity by
applying a weak drive (n̄ ⌧ 1). We map out the relation-
ship between the probability of injected and measured
photons (Fig. 3(a)) by varying the injected mean photon
population (n̄ = ↵2), performing 30 repeated parity mea-
surements, and applying �thresh to discriminate between
one and zero photon events. We fit this relationship with
the function n̄meas = ⌘n̄inj+�. We obtain the e�ciency of
detection ⌘ = 0.409± 0.055 and the false positive prob-
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FIG. 4. Hidden photon dark matter parameter space.
Shaded regions in the hidden photon parameter space [6, 54]
of coupling (✏) and mass (m�) are excluded. In the orange
band, hidden photon dark matter is naturally produced in
models of high scale cosmic inflation [7]. The exclusion set
with the qubit based photon counting search presented in
this work, is shown in purple (dashed black line to guide the
eye). On resonance with the storage cavity (m�0c2 = h̄!s),
the hidden photon kinetic mixing angle is constrained to
✏  1.68⇥ 10�15 with 90% confidence. The Ramsey measure-
ment procedure is also sensitive to signals that produce cavity
states with odd photon number populations greater than the
measured background. Sensitivity to o↵ resonant candidates
gives rise to bands of exclusion (see inset) centered around
regions where the photon number dependent qubit frequency
shift is an odd multiple of 2� [53]. Sensitivity to large ampli-
tude and highly detuned signals is limited by the bandwidth
of the ⇡/2 pulses used in the parity measurements.

Conclusions

Photon number measurements allow us to gain un-
precedented sensitivity to dark matter signals. The single
photon counting protocol demonstrated in this work re-
sults in a 15.7 dB metrological gain, relative to the SQL.
This improvement is currently limited by background
photons n̄c = 7.3⇥ 10�4 whose suppression by improved
filtering and shielding will further increase detector sen-
sitivity.

In a full scale dark matter search, where the cavity
is tuned to scan a wide range of dark matter masses,
it is possible to estimate and subtract the background
population of the cavity. The standard technique is to
measure the photon population as the cavity is tuned to
neighboring cavity frequencies separated by more than
the dark matter linewidth. The signal hypothesis can
be tested by repeating the experiment with an auxiliary
cavity of the same frequency as the detection cavity, but
with poor coupling to the dark matter.

The integration time required for a background lim-
ited dark matter search is determined by the signal rate
(Rs = n̄DM/T s

1
) and background rate (Rb = n̄c/T s

1
) :

Rst >
p
Rbt. The signal integration time scales with

the background photon probability: t > n̄cT s
1
/n̄2

DM
. The

photon detection technique developed in this work con-
stitutes a n̄SQL/n̄c ⇠ 1300 times speed up of dark matter
searches, relative to a linear quantum limited amplifier.
This unprecedented sensitivity enables future cavity

based searches for axions and hidden photons in the
3-30 GHz range. At lower frequencies, thermal back-
grounds will dominate and at higher frequencies near the
aluminium Josephson junction plasma frequency, qubit
losses will degrade the measurement. A fixed frequency
qubit can be coupled to a tunable cavity to scan over a
dark matter mass range of order O(GHz), limited by the
tuning range of the cavity. As long as the photon number
dependent shift 2� is resolvable and the qubit and cavity
are su�ciently detuned at each tuning, the QND count-
ing protocol can be harnessed to perform a search with
sub-SQL noise. A nonlinear element made of higher Tc

superconductor, such as tantalum [55], niobium, or tita-
nium nitride, could be used to access frequencies beyond
30GHz (see Supplemental Material for more information
about future dark matter searches [56–61]).
High fidelity non destructive photon counting can be

utilized for accurate primary thermometry in low temper-
ature microwave systems. This technique is applicable
to quantum computing architectures which utilize long
lived storage cavities [62, 63]. Assessing the residual cav-
ity population independently of the qubit errors allows
for both single shot and real time monitoring of the stor-
age cavity, crucial when preparing states whose fidelity
is sensitive to the initial conditions.
In this work, we demonstrate a state of the art pho-

ton counter for dark matter sensing. More generally,
this technique of performing many QND measurements
within a mode resolution time can be used more to per-
form sub-SQL metrology in other quantum sensing ap-
plications.

Acknowledgements

We thank N. Earnest, A. Oriani, and C. Hann for dis-
cussions. We gratefully acknowledge the support pro-
vided by the Heising-Simons Foundation. This work
made use of the Pritzker Nanofabrication Facility of the
Institute for Molecular Engineering at the University of
Chicago, which receives support from Soft and Hybrid
Nanotechnology Experimental (SHyNE) Resource (NSF
ECCS-1542205), a node of the National Science Foun-
dation’s National Nanotechnology Coordinated Infras-
tructure. This manuscript has been authored by Fermi
Research Alliance, LLC under Contract No. DE-AC02-
07CH11359 with the U.S. Department of Energy, O�ce
of Science, O�ce of High Energy Physics, with support
from its QuantISED program. We acknowledge sup-
port from the Samsung Advanced Institute of Technology
Global Research Partnership.

5

��������� �	

����� ����
�	������ �
	�������

���

��� ��� ��� ���

���

���

��������

 
�
�!

�
�

���

��"�

��"#
��"� ��"� ��"��

��������

$
	!
��
�

�

�

#
% &�����"�

'�()
	!�� ������

��������

*�	) ��(���+		� ,��	-

$
	!
��
�

�

�

#
% ��&���"�

� � �� �&

� � �� �&

�
��

�

��&� �	�� ������

#�� �	�� ������

FIG. 3. Detector characterization. a, After a variable
initial cavity displacement, 30 repeated parity measurements
of cavity photon state are performed and a threshold �thresh

is applied to determine the cavity population. Detector ef-
ficiency (⌘) and false positive probability (�) are determined
from the fit in orange. The dashed red line corresponds to the
standard quantum limit, which results in the noise-equivalent
of one photon occupation. b, The e�ciency corrected false
positive probability (�/⌘) vs threshold (�thresh) curve asymp-
totes at high thresholds, indicating qubit errors are now a
subdominant contribution to the total detector false positive
probability. c, Histograms of log likelihood ratios of all events
for two di↵erent injected mean photon numbers. The his-
togram y-axis is cut o↵ at 4 counts to view the rare events at
high log likelihood ratios. The dashed grey line corresponds to
�thresh = 105 used in a. The unexpected photon events when
very small photon numbers are injected with log likelihood
ratios are from a photon background occupying the storage
cavity rather than detector error based false positives.

ability � = 4.3± 1.1 ⇥ 10�4 at threshold �thresh = 105

with goodness of fit �2

fit
= 0.0048.

Fig. 3(b) shows the e�ciency corrected false posi-
tive probability (�/⌘) initial decrease for low likelihood
thresholds �thresh, indicating a suppression of qubit and
readout based false positives. Leveling o↵ at larger
thresholds indicates that the dominant source of false
positives is no longer detector errors, but rather a back-
ground of real photons.

False positives that occur when qubit errors are highly
suppressed (at large �thresh) are due to a photon back-
ground in the storage cavity. In experiments with no pho-
tons injected into the cavity, we observe events with high
likelihood ratios comparable with those seen in experi-
ments with injected photons (Fig. 3(c)). The detector
thus correctly identifies real photons which set the back-
ground for dark matter searches. We measure the back-
ground cavity occupation to be n̄c = 7.3± 2.9 ⇥ 10�4,
corresponding to a temperature of 39.9± 2.2mK.

Because the measured cavity photon temperature is
greater than the physical 8mK temperature of the de-

vice there must be coupling to extraneous baths. One
contribution, arising from coupling to quasiparticles via
qubit dressing of the cavity [44], results in a photon
population of n̄q

c = 1.8± 0.1 ⇥ 10�4 (see Supplemen-
tal Material). Suppression of quasiparticle production
could be achieved by enhanced infrared filtering, exten-
sive radiation shielding, gap engineering, and quasiparti-
cle trapping [45–47]. Other sources of background pho-
tons could include blackbody radiation from higher tem-
perature stages of the dilution refrigerator, poorly ther-
malized or insu�ciently attenuated microwave lines, or
amplifier noise [48, 49].

Hidden photon dark matter exclusion

By counting photons with repeated parity measure-
ments and applying a Markov model based analysis, we
demonstrate single photon detection with background
shot noise reduced to �10 log

10

p
n̄c = 15.7± 0.9 dB be-

low the quantum limit. We use this detection technique
to conduct a narrow band hidden photon search. We col-
lect 15,141 independent measurements where the injected
n̄ is well below the background population n̄c and the
time between measurements is much longer than either
cavity or qubit timescale. Each measurement consists
of integrating the signal (for the cavity lifetime, T s

1
=

546 µs) and counting the number of photons in the cavity
with 30 repeated parity measurements (30⇥tm = 300µs).
The total search time is 15,141⇥ (546+ 300)µs = 12.81 s
with a duty cycle of 546µs

846µs = 65% (8.33 s of integration).

We apply a detection threshold of �thresh = 105, such
that the qubit and readout errors are suppressed below
the background photon probability ( 1

�thresh+1
< n̄c). We

count 9 photons in 15,141 measurements. Accounting for
the systematic uncertainties of the experiment (statistical
uncertainties are dominant, see Supplemental Material
for full treatment of all systematics [50, 51]), a hidden
photon candidate on resonance with the storage cavity
(m�0c2 = h̄!s), with mixing angle ✏ > 1.68 ⇥ 10�15 is
excluded at the 90% confidence level. Fig. 4 shows the
regions of hidden photon parameter space excluded by
the qubit based search, assuming the hidden photon com-
prises all the dark matter density (⇢DM = 0.4GeV/cm3).
The detector is maximally sensitive to dark matter can-
didates with masses within a narrow window around the
resonance frequency of the cavity. This window is set
by the lineshape of the dark matter [52] (QDM ⇠ 106)
such that the sensitivity falls to half the maximum (-3dB
point) 3 kHz away from the cavity resonance. Addition-
ally, sensitivity to o↵ resonant candidates occurs in re-
gions where the photon number dependent qubit shift is
an odd multiple of the dispersive shift 2� (see Supplemen-
tal Material for calculation of hidden photon constraints
[53]).
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Flux bias →  variation → Qubit frequency variationEJ

JJ×2 = SQUID   → Freq. tunable qubit

(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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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

2D: DC current→flux 3D: Coil

超伝導量⼦ビットによる 周波数
shiftの結果

周波数変調帯…10 MHz程度

本測定でのQubitを使ったダークマ
ター探索結果については現在鋭意
解析中

実際の測定結果

3.Result

図6:電流値に対する周波数shift

Can also tune the cavity 
coupled to the qubit

See also Kan Nakazono's poster



Beyond the photon detection

Hybrid quantum system  → Access to: 
  ○ other field/particles than EM interaction/photons

  ○ other quantities e.g. pressure, temperature etc.
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Lachance-Quirion et al. (2020)
Ikeda et al. (2022)

Mechanical resonator × SCQ

potential with a small number of states in the left-hand well, the two
lowest being the qubit states jgæ and jeæ, separated from the right-
hand well by a barrier whose height changes with flux bias. When the
mechanical resonator is driven on resonance at higher excitation
powers, there is sufficient energy to excite the qubit over the barrier
and into the right-hand well, yielding a large value for Pe even when
the qubit energy-level spacing is not resonant with the resonator. This
effect is pronounced at higher positive flux bias, for which the left-
hand well is shallower, and generates the distinct horizontal line in
the right-hand panel of Fig. 3b. From this line, we obtain a precise
determination of the resonator frequency, fr5 6.175GHz. We note
further that the resonator frequency seen in this higher-power mea-
surement agrees with that revealed in the lower-powermeasurement,
as expected for a harmonic response.

These spectroscopic measurements are useful in probing the res-
onant modes of our circuit. However, although the qubit is a
quantum device, the measurement is essentially classical, revealing
little about the quantum behaviour of the mechanical resonator. We
therefore performed an additional experiment, using the qubit to
probe the energy state of the resonator when no microwave signal
was applied—essentially using the qubit as a quantum thermometer.
This allowed us to verify with high precision that the resonator is
actually in its ground state.

We initially prepared the qubit in its ground state, jgæ, with a
jgæ« jeæ transition frequency of 5.44GHz, which is well out of res-
onance with the resonator and effectively turns off the qubit–
resonator interaction. We then applied a flux-bias pulse to bring
the qubit to within D5 fq2 fr of the resonator frequency, and kept
the qubit at this frequency for 1 ms. After returning the qubit to its
original frequency, we measured the excited-state probability, Pe, as
shown in Fig. 4. The qubit remains in its ground state for all values of
D, with no detectable increase in Pe from its baseline value of 4%,

even at resonance (D5 0). In Fig. 4, we also display numerical pre-
dictions for the expected qubit Pe for a range of resonator phonon
occupations, Ænæ. The expected response has a peak near zero detun-
ing and exceeds the measured response by a substantial amount even
for small Ænæ. We obtain a very conservative upper limit for the
thermal occupation, Ænæmax, 0.07 (Supplementary Information).

As a check, we performed the same experiment but, just before
measuring the qubit, applied a microwave pulse to swap the popula-
tions of the qubit states jgæ and jeæ. After this swap, the probability Pe
is about 92%, independent of D, again demonstrating negligible
additional excitation of the qubit; a little additional excitation would
cause Pe to decrease near D5 0.

This null result demonstrates that the resonator phonon occu-
pation, Ænæ, is much less than one; that is, the resonator is with high
probability in its quantum ground state.

Quantum excitations

We next used our time-domain control of the qubit to create and
measure individual quantum excitations in the resonator, allowing
us then tomeasure the resonator’s single-excitation energy relaxation
time and phase coherence time. We first characterized the qubit’s
energy relaxation time, T1q, using the standard Rabi decay tech-
nique23, described in detail in Supplementary Information. From this
measurement, we find that T1q< 17 ns. This is significantly less than
the time for our typical qubits31, T1q< 500 ns, which we attribute
here to dielectric dissipation in the aluminium nitride and the device
substrate34.

Despite the relatively small T1q, the qubit coherence time was
sufficient for us to perform quantum operations on the resonator.
The coupling strength between the qubit and the resonator was fixed
atV5 2g/h< 124MHz, as discussed above. When the qubit and the
resonator are tuned on-resonance, energy will be exchanged
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Figure 2 | Coupled qubit–resonator. a, Optical micrograph of the
mechanical resonator coupled to the qubit (blemishes removed for clarity);
fabrication details are in Supplementary Information. b, Circuit
representation. The Josephson junction is represented by a cross, with
parallel loop inductance Lq and capacitance Cq, the latter including the
parallel combination of a 1-pF interdigitated shunting capacitor and the
junction capacitance (not shown). The resonator has C05 0.2 pF scaling
from the geometry and the AlN thickness of 300 nm, with coupling
capacitance Cc< 0.5 pF. The capacitor with Cx5 0.5 fF is used to couple
external microwave signals to the resonator. The junction is modulated by
magnetic flux applied through the flux-bias wire (FB), which controls the
qubit |gæ« |eæ transition frequency. Microwave excitation of the qubit is
also through FB. The shunting capacitor and the coupling capacitor Cc

include a number of crossover shorting straps to eliminate potential
electrical resonances. c, Qubit spectroscopy pulse sequence. The qubit (blue)
is tuned to within D5 fq2 fr of the resonator (red) and a 1-ms microwave
tone is applied to the qubit; the qubit state is then measured (Meas.) in a
single-shot manner using a flux-bias pulse, from which the excited-state
probability, Pe, is evaluated. d, Qubit spectroscopy, showing Pe as a function
of qubit frequency (expressed in terms of flux bias) and microwave
frequency. The qubit frequency behaves as expected, with a prominent
splitting as the qubit is tuned through the resonator frequency,
fr5 6.17GHz. a.u., arbitrary units. e, Enlarged view of the dashed box in
d. The horizontal dash–dot line shows the resonator frequency, fr, and the
dashed lines show the fit to the coupled mode frequencies, with fitted
coupling frequency V5 2g/h< 124MHz.
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structure and subsequently patterning the qubit. The fabrication pro-
cess involved 13 layers of lithography, including metal and dielectric
deposition and etching steps (Supplementary Information). In the last
step, the device was exposed to xenon difluoride gas to release the
mechanical resonator. A photomicrograph of a completed device is
shown in Fig. 2.

Our quantum electrical circuit is a Josephson phase qubit23,24,30

comprising a Josephson junction shunted in parallel by a capacitor
and an inductor. The qubit can be approximated as a two-level
quantum system with a ground state, jgæ, and an excited state, jeæ,
separated in energy from jgæ by DE, whose transition frequency,
fq5DE/h, can be set between 5 and 10GHz. The qubit frequency is
precisely controlled by a current bias, which is applied using an
externalmagnetic flux coupled through the parallel inductor. The state
of the qubit ismeasured using a single-shot procedure23; accumulating
,1,000 such measurements allows us to determine the excited-state
occupation probability, Pe (Supplementary Information). We have
previously used the phase qubit to perform one- and two-qubit gate
operations24, to measure and quantum-control photons in an electro-
magnetic resonator27,28 and to demonstrate the violation of a Bell
inequality31. Here the qubit and the mechanical resonator are coupled
through an interdigitated capacitor of capacitance Cc< 0.5 pF, to
maximize the coupling strength between thequbit and resonatorwhile
not overloading the qubit. The coupled system can be modelled using
the Jaynes–Cummings Hamiltonian32, allowing us to estimate the
coupling energy, g, between the mechanical resonator and the qubit.
This energy involves the coupling capacitance as well as the electrical
andmechanical properties of themechanical resonator, as described in
ref. 5; the corresponding coupling frequency is designed to beV5 2g/
h< 110MHz. The equivalent electrical circuit for the combined res-
onator and qubit is shown in Fig. 2b.

Quantum ground state

The completed device was mounted on the mixing chamber of a
dilution refrigerator and cooled to T< 25mK. At this temperature,
both the qubit and the resonator should occupy their quantum

ground states. To study the cooled device, we performed microwave
qubit spectroscopy23 to reveal the resonant frequencies of the com-
bined system, using the pulse sequence shown in Fig. 2c. We mea-
sured the excited-state probability, Pe, as a function of the qubit
frequency and the microwave excitation frequency, as shown in
Fig. 2d. The qubit frequency tunes as expected23,30 and displays the
characteristic level avoidance of a coupled system as its frequency
crosses the fixed mechanical resonator frequency, fr. Similar observa-
tions have been made using optomechanical systems33.

We note that themechanical resonator produces two features in the
classical transmission measurement shown in Fig. 1d, generating a
maximum (at fr) and a minimum (at fs) in the response. When
coupled andmeasuredusing the qubit as in Fig. 2, the lower-frequency
resonance, at fs, does not produce a response, as this resonance does
not correspond to a sustainable excitation of the complete circuit.
However, the higher-frequency feature, at fr, does sustain such excita-
tions and thus appears in the spectroscopic measurement.

To determine the coupling strength between the qubit and the
mechanical resonator, we fitted the detailed behaviour near the level
avoidance, as shown in Fig. 2e. The fitted qubit–resonator coupling
strength, V< 124MHz, corresponds to an energy transfer (Rabi-
swap) time of about 4.0 ns, and is in reasonable agreement with
our design value.

We then performed a second spectroscopy measurement, similar
to the qubit spectroscopy but coupling the microwaves to the mech-
anical resonator through the capacitor of capacitance Cx shown in
Fig. 2b, rather than to the qubit. In thismeasurement, shown in Fig. 3,
the mechanical resonator acts as a narrow band-pass filter, so signifi-
cant qubit excitation (large Pe) should only occur near the mech-
anical resonance frequency, fr, as observed. In general, the spectrum
looks very similar to that measured while exciting the qubit, provid-
ing strong support that the fixed resonance is indeed due to the
mechanical resonator.

For higher-power microwave excitations, a new feature emerges in
the resonator spectroscopy, as shown in Fig. 3b. The qubit, although
approximated as a two-level system, actually has a double-well
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Figure 1 | Dilatational resonator. a, Scanning electron micrograph of a
suspended film bulk acoustic resonator. Details on the fabrication of the
resonator appear in Supplementary Information. The mechanical structure
was released from the substrate by exposing the device to xenon difluoride,
which isotropically etches any exposed silicon; the suspended structure
comprises, from bottom to top, 150 nm SiO2, 130 nm Al, 330 nm AlN and
130 nm Al. The dashed box indicates the mechanically active part of
structure. b, Fundamental dilatational resonant mode for the mechanically
active part of the resonator. The thickness of the structure changes through
the oscillation cycle. c, Equivalent lumped-element circuit representation of
the mechanical resonator, based on a modified van Dyke–Butterworth
model26,38. This circuit includes a series-connected equivalent mechanical
inductance Lm and capacitance Cm and a parallel geometric capacitance C0,
with mechanical dissipation modelled as Rm and dielectric loss as R0.
d, Measured classical transmission, |S21 | (blue), and fit (red) of a typical
mechanical resonance. The transmission has two features: one, at the

frequency fs< 1/2p
ffiffiffiffiffiffiffiffiffiffiffiffi
LmCm

p
< 6.07GHz, due to the series resonance of the

equivalent mechanical components Lm and Cm, and one, at the slightly
higher frequency fr< 1/2p

ffiffiffiffiffiffiffiffiffiffiffi
LmCs

p
< 6.10GHz, due to Lm and the equivalent

capacitance, Cs, of the capacitors Cm and C0 in series. These expressions are
approximate, as they do not take into account the effect of the dissipative
elements and external circuit loading. Inset, equivalent circuit for the
resonator (Z, as shown in c) embedded in the measurement circuit,
including two on-chip external coupling capacitors with Cx5 37 fF and an
inductive element with Ls< 1 nH that accounts for stray on-chip wiring
inductance. Measurement is done using a calibrated network analyser that
measures the transmission from port 1 to port 2. We calculate C05 0.19 pF
scaling from the geometry, and from the fit we obtain Cm5 0.655 fF,
Lm5 1.043mH, Rm5 146V and R05 8V. These values are compatible with
the geometry and measured properties of AlN29. We calculate a mechanical
quality factor of Q< 260 and a piezoelectric coupling coefficient of
k2eff < 1.2% (ref. 38).
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Calculating the matrix elements 〈g|∆H|e〉 and
〈e|∆H|g〉 presuming that the excited state is well approx-
imated as |e〉 # â†|g〉, the following effective Hamiltonian
expression is obtained:

H = ω|e〉〈e|+ 2η sinmXt(|e〉〈g|+ |g〉〈e|), (18)

describing the interaction between the transmon qubit
and the hidden photon DM.

Time evolution of the qubit: Now we show that the DM-

induced field Ē(eff) causes the Rabi oscillation of the

qubit, a coherent drive between |g〉 and |e〉. For a qubit
state

|Ψ(t)〉 = ψg(t)|g〉+ e−iωtψe(t)|e〉, (19)

the time evolution is given by

i
d

dt
|Ψ(t)〉 = H|Ψ(t)〉, (20)

namely,

i
d

dt

(
ψg

ψe

)
=

(
0 −iη(e−i(ω−mX)t + e−i(ω+mX)t)

iη(ei(ω−mX)t + ei(ω+mX)t) 0

)(
ψg

ψe

)
. (21)

Suppose that the qubit frequency is tuned to be equal
to the hidden photon mass, i.e., ω = mX . Neglecting
the fast oscillating component (rotation wave approxi-
mation), the evolution equation reduces to

i
d

dt

(
ψg

ψe

)
#
(

0 −iη
iη 0

)(
ψg

ψe

)
. (22)

Assuming that the qubit is initially at the ground state,
i.e., ψg(0) = 1 and ψe(0) = 0, we obtain

ψg(t) # cos ηt, ψe(t) # sin ηt. (23)

The transition probability from the ground state to the
excited state is pge(t) = |ψe(t)|2 # sin2 ηt, corresponding
to a Rabi oscillation at a frequency of η.

Note that the discussion above is valid only within the
coherence time of the system τ , i.e., t < τ . The co-
herence time can be defined for the DM and the qubit
individually (τX and τq, respectively). The former is es-
timated to be τX ∼ 2π/mXv2X with vX ∼ 10−3 being the
hidden photon velocity. For the latter, the longitudinal
coherent time T1 is relevant here since the dephasing is
highly suppressed in the transmon limit (JZ & 1) [35].
A T1 of ∼ 100 µs is commonly achieved in the recent ex-
periments [36–38]. The coherence time for the system is
dictated by the shorter one, i.e., τ # min(τX , τq), which
is usually given by that of the qubit. Hereafter, we pa-
rameterize τ ≡ 2πQ/ω, with Q being the quality factor.

Assuming that τ ( η−1, the transition probability
from |g〉 to |e〉 within the coherence time is evaluated
as

p∗ ≡ pge(τ) # (ητ)2. (24)

Numerically, the transition probability is given by

pge(τ) # 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/cm3

)
, (25)

where f ≡ ω/2π, which is related to the hidden photon
mass as

f # 0.24 GHz×
(

mX

1 µeV

)
(26)

when ω = mX .
Note that the scheme is agnostic to the concept of

“detection volume” since the excitation rate solely de-
pends on the local electric field around the qubits. At
the high-frequency regime this is a distinct advantage
over the cavity-based haloscope experiments where the
signal power is suppressed by ∼ 1/f3 due to the dwin-
dling resonant radius.
Two methods are possible for detecting the excitation;

for searching large ε yielding substantially high excita-
tion rate (p∗ > O(10%)) the characteristic Rabi modu-
lation can be measured that can be easily differentiated
from the noise; for smaller ε, the repetitive counting ex-
periments (further discussed in the following section) is
powerful despite the higher dark counts, allowing one to
probe p∗ as low as 10−4.

Experimental setup and the measurement protocol: A
typical setup for transmon measurements [39] is adopted
in the search. The transmon is assumed to be in the
X-mon [40] or the conventional dumbbell [41] architec-
ture, which is either packaged with a Coplanar Waveg-
uide (CPW) resonator on a chip surrounded by a metal-
lic shield or housed in a microwave cavity [42] for the
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imated as |e〉 # â†|g〉, the following effective Hamiltonian
expression is obtained:

H = ω|e〉〈e|+ 2η sinmXt(|e〉〈g|+ |g〉〈e|), (18)

describing the interaction between the transmon qubit
and the hidden photon DM.

Time evolution of the qubit: Now we show that the DM-
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Excitation rate after a 100µs pause: 0.01%-10%

Counting experiment 

Ntry ~ 104 within ~10sec

See also Karin Watanabe's poster

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjIzM2Gz-CEAxU7ia8BHaiuAIUQFnoECBIQAQ&url=https://link.aps.org/doi/10.1103/PhysRevLett.131.211001&usg=AOvVaw2aUezpfBgf1_mNaJqtNVkW&opi=89978449
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Quantum computer = Dark matter detector?
Ospray processor (433 bit)


T1, T2, error rate etc. displayed for each bit

e.g. IBM-Q:  5-bit machine free to anybody

                    Full capability with subscription

✔ Many bits 
✔ Regularly calibrated 
    Performance guaranteed to some extent

    Bad qubits marked 


✔ Optimized control & readout

Direct excitation searches embedded in the circuit



arXiv: [hep-ex] 2311.10413  
arXiv: [hep-ex] 2311.11632

More serious circuit execution?

Entanglement → ∝ nq2  excitation rate

e.g. GHZ state

Quantum computer = Dark matter detector?

Merge the DM-driven phase evolution on each bit 

Amplitude sum (as opposed to probability sum)

○ Prerequisites: more bits, more accurate gate operation/readout, error correction 
   None of them is available but all of them are the requirements for future quantum computers.

○ Promising if the search can be entirely embedded to circuit program 
   Parasitic to the QC operation, no HW changes needed.
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？

IBM-Q roadmapHow far the "future" is

https://newsroom.ibm.com/2023-12-04-IBM-Debuts-Next-Generation-Quantum-Processor-IBM-Quantum-System-Two,-Extends-Roadmap-to-Advance-Era-of-Quantum-Utility


Chicken shouts live streaming @New Year 1929

Credit: NHK放送博物館  
            (NHK broadcast museum)
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Dilution refrigerator - Working principle
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① Pre-cool He3 to ~1K

     → liquefied

He4
He3

Cooling through solving the He3 into super-fluid He4 ("dilution")

Credit: https://www.sci.osaka-cu.ac.jp/phys/ult/invitation/cryo/dr.html
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② Create a mixture of He4 & He3

     at the "mixing chamber" He4

He3

Dilution refrigerator - Working principle
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That's said, they don't mix much

Separated to a He3-dominant and He4-dominant phase

Ref: https://ja.wikipedia.org/wiki/3He-4He希釈冷凍法

Dilution refrigerator - Working principle

0.3K



35

He4
He3

③ He3 evaporates to the He4-dominant phase


     He4: superfluid → behave like a gas

     Cooling through the evaporation heat⛄

Dilution refrigerator - Working principle
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He4
He3

④ Get rid of the He3 at the high temp. bath (~4K)


    → Put back in the pre-cool bath

Repeat the cycle

Dilution refrigerator - Working principle

"distillation"
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Figure 2
(a) The energy spectrum of a quantum harmonic oscillator. (b) The energy spectrum of the transmon qubit, showing how the
introduction of the nonlinear Josephson junction produces nonequidistant energy levels. (c) Evolution of lifetimes and coherence times
in superconducting qubits. Bold font indicates the !rst demonstration of a given modality. JJ-based qubits are qubits in which the
quantum information is encoded in the excitations of a superconducting circuit containing one or more Josephson junctions (see
Section 2.1). Bosonic-encoded qubits are qubits in which the quantum information is encoded in superpositions of multiphoton states
in a QHO, and a Josephson junction circuit mediates qubit operation and readout (see Section 2.4). Error-corrected qubits represent
qubit encodings in which a layer of active error correction has been implemented to increase the encoded qubit lifetime. The charge
qubit and transmon modalities are described in Section 2.1.1, the "ux qubit and the capacitively shunted "ux qubit (C-sh. "ux qubit) are
described in Section 2.1.2, and "uxonium and gatemon modalities are described in Section 5. The codes underlying the cat encoding
and binomial encoding are discussed in Section 4.3. For encoded qubits, the non-error-corrected T1 and T2 times used in this !gure are
for the encoded, but not error-corrected, version of the logical qubit (see References 11 and 12 for details). The data for the JJ-based
qubits are from (in chronological order) References 33–47, the semiconductor-JJ-based transmons (gatemons) are from
References 48–50, and the graphene-JJ-based transmon is from Reference 51. The bosonic-encoded qubits in chronological order are
from References 11, 12, and 52–54. Abbreviations: QHO, quantum harmonic oscillator; and 3D indicates a qubit embedded in a
three-dimensional cavity. Panels a and b adapted from Reference 31 with permission of AIP Publishing.

2.1. Devices Based on Superconducting Tunnel Junctions
The quantum harmonic oscillator (QHO) shown in Figure 2a is a resonant circuit comprising a
capacitor and an inductor with resonance frequency ωc = 1/

√
LC. For suf!ciently low tempera-

ture (kBT ! !ωc) and dissipation (level broadening much less than !ωc), the resulting harmonic
potential supports quantized energy levels spaced by !ωc. However, due to the equidistant level
spacing, the QHO by itself cannot be operated as a qubit.

To remedy this situation, the circuit potential is made anharmonic by introducing a nonlinear
inductor—the Josephson junction. The imparted anharmonicity leads to a nonequidistant spacing
of the energy levels, enabling one to uniquely address each transition (see Figure 2b). Typically,
the two lowest levels are used to de!ne a qubit, with |0〉 corresponding to the ground state and
|1〉 corresponding to the excited state. Large anharmonicity is generally favorable to suppress
unwanted excitations to higher levels.
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×106 improvement over the 20 years

Thin film material studies

   Low amorphous surface: Nb, Ta

   Low oxidation surface: TiN, Ta, NbN, AlN

   Clean interface: epitaxially grown TiN film

   Sophistication of the cleaning processes

I. Sidiqqi (2021)

Noise-resilient design

   e.g. Transmon → big leap in T2 


Noise reduction 

   shield, low-loss packaging

   RF filters, Purcell filters

https://www.nature.com/articles/s41578-021-00370-4
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the energy spectrum of the qubit accurately as [12]

E01 ⇡ ~!0 + ~�0 cos(⇡nq) , (1)

where nq is the island charge,

~!0 ⇡
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8ECEJ � EC , (2)

and
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81/225/4
⇡ 60.7, (4)
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25

81/223/4
⇡ 5.37 (5)

controls the magnitude of the charge dependence of the
splitting. We can thus tune the qubit to a given fre-
quency by careful design of the junction area and critical
current density, as well as the total capacitance within
the qubit geometry. One feature of the nonlinearity of
the relationship between E01 and EC and EJ is that the
qubit energy has a periodic dependence on the number
of charges on the island, nq. Incrementing this charge
by one electron switches the state parity as the cosine in
Eq. 1 changes phase by ⇡.
There are two ways to create non-equilibrium quasi-

particles in the qubit islands, as shown in Fig. 1. First,
direct energy deposition in the island produces a hot pair
of quasiparticles, which quickly generate a larger quasi-
particle population as they settle to the superconducting
energy gap. This is the case for photon absorption or
direct collision of particles with the qubit island. Alter-
natively, athermal substrate phonons with energies large
compared to the superconducting gap of the islands will
similarly excite non-equilibrium QPs in the islands. Both
processes lead to the same optimization for collecting
the resulting quasiparticles, but the two energy absorp-
tion methods require di↵erent considerations for external
quantum e�ciency, as described in the following sections.
Phonon coupling—Energetic electrons/holes or optical

phonons created from an inital particle interaction in the
substrate will rapidly downconvert to high energy acous-
tic athermal phonons. These phonons then undergo an-
harmonic decay until their mean free path is on the or-
der of the characteristic size of the substrate [17]. The
phonons will travel ballistically in the substrate until be-
ing absorbed by the active (sensor) and passive (e.g. RF
feedline, ground plane) metal films on the surface of the
substrate. From [18], the characteristic time scale for
these phonon event signals can be approximated by

⌧phonon ⇡
4VdetP

hcdeti f i
absAi

(6)

where Vdet is the volume of the substrate, hcdeti is the
average sound speed in the substrate, Ai is the area of
the ith absorbing material on the detector surface, and

FIG. 1. Schematic of proposed sensor. a) photolithography
mask design for prototype sensor. b) QP energy diagram
showing signal measurement process. From left to right: A
Cooper pair is broken by an incident particle with energy
greater than 2�island and creates QPs in an excited state,
these QPs downconvert releasing phonons and lower energy
QPs, these QPs di↵use until becoming trapped in the lower
gap trap, the QPs then tunnel across the junction until they
recombine or are trapped by an impurity. c) Cross-section of
the sensor shown on top of a substrate (not to scale). Two
possible signal paths are shown: direct absorption of a pho-
ton into the island (blue) or an athermal phonon from the
substrate (black).

f i
abs is the phonon transmission probability between the
substrate and the absorbing material, modeled simply as

fabs = 1� exp


2t

cs⌧B

�
, (7)

where t is the absorber film thickness, cs is the sound
speed in the film, and ⌧�1

B is the quasiparticle pair break-
ing rate, which can be found in [19] for Al and Nb.
There are two signal e�ciency penalties that must be

accounted for in this step. The first is the percentage of
ballistic phonons with energy greater than twice the su-
perconducting bandgap (�) of the sensor material, which
is typically > 95% for common materials [20]. Secondly,
we must account for the percentage of phonons that are
absorbed by the non-instrumented areas of the detector
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Single Phonon Detection for Dark Matter via Quantum Evaporation and Sensing of 3Helium
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Dark matter is five times more abundant than ordinary visible matter in our Universe. While laboratory
searches hunting for dark matter have traditionally focused on the electroweak scale, theories of low mass
hidden sectors motivate new detection techniques. Extending these searches to lower mass ranges, well below
1GeV/c2, poses new challenges as rare interactions with standard model matter transfer progressively less
energy to electrons and nuclei in detectors. Here, we propose an approach based on phonon-assisted quantum
evaporation combined with quantum sensors for detection of desorption events via tracking of spin coherence.
The intent of our proposed dark matter sensors is to extend the parameter space to energy transfers in rare
interactions to as low as a few meV for detection of dark matter particles in the keV/c2 mass range.

Dark matter (DM) direct detection experiments have fo-
cused on detecting Weakly Interacting Massive Particles
(WIMPs) via nuclear recoils (see e.g. Ref. [1] for a review),
where DM with mass in the 100 GeV range deposits energy
by elastic scattering. However, in theories with low-mass hid-
den sectors (called a hidden valley), thermal DM can be much
lighter, even down to a keV in mass where it carries meV of
kinetic energy ( 1

2 mX v
2
X

, with vX ' 10�3
c). As the mass of

the DM drops below approximately 10 GeV, the detection of
rare scattering events with target nuclei falls below detection
thresholds, and target nuclei absorb a very small fraction of
the DM kinetic energy; see Ref. [2] for a review. At lower en-
ergies, electron recoils with energy transfer thresholds in the
1eV range can be detected with sensitive charge coupled de-
vices (CCD) counting electron-hole pairs in semiconductors,
(e.g. [3]) or athermal phonon detectors (e.g. [4]). However,
dark matter events have not yet been observed in these energy
ranges, and it is desirable to probe thermal DM as light as 1
keV. Thus developing systems which can detect rare events
with even lower deposited energy is an important goal.

In solids and liquids the lower energy excitations are gen-
erally phonons [5] (and rotons in superfluid helium [6, 7]).
Ionic crystals (polar materials) are especially interesting as
detectors, since they enable new pathways for interaction with
DM [5, 8–10]. One challenge to sensing these phonons is that
they are itinerant. Initially generated optical phonons rapidly
decay to acoustic phonons, which disperse the deposited en-
ergy throughout the detection medium. The development of
very sensitive and optimized detectors for quasiparticles and
phonons using transition edge sensors (TES) and supercon-
ducting nanowire detectors (SNSPD) is underway [11].

Here we propose an alternative, novel detection concept for
single low-energy phonons based on the quantum sensing of
the spin of 3He atoms which have been evaporated from the
surface of a He van der Waals film coating and ionic crystal.
This is related to earlier proposals based upon He quantum
evaporation [7, 12], though here we consider 3He which is

Dark matter absorber/scattering material

~ 1 meV phonon

Electrodes for trapping and e-/3He movement

van der Waals He film

Enriched  4He 
van der Waals film

Detector substrate

3He atom quantum evaporation

3He diffusion electrons to trap, move 
and aggregate 3He

Detect 3He atoms in 
quantum sensor via e- to 
nuclear spin coupling

FIG. 1. Schematic of the DM detector concept. An interaction with
DM in an ionic crystal generates ⇠1 meV phonons, which impinge
on a surface covered with a van der Waals helium film. The phonon
quantum evaporates a 3He atom from the surface of the film, which is
then collected on the van der Waals film covering the detector struc-
tures. The 3He atoms diffuse until captured by an electron bound to
the helium surface in a CCD-like structure. Periodically the collected
3He atoms are moved with the CCD to a readout device which op-
erates via nuclear spin induced decoherence of an electron in a spin
based quantum sensor.

bound to a 4He surface with an energy of ⇠5 K [13], some-
what less than the ⇠7 K binding of a 4He atom. More impor-
tantly, the nuclear spin of 3He allows its quantum sensing at
the level of single atoms.

A diagram of this concept is shown in Fig. 1. There are
four major steps in the dark matter detector proposed here and
shown in the Figure: (1) production of phonons through the
interaction with dark matter leading to the quantum evapora-
tion of 3He atoms from Andreev bound states [14]; (2) trap-
ping the 3He on the detector surface using electrons bound to
a film of isotopically enriched liquid 4He; (3) collecting and
transporting the electrons and trapped 3He atoms to a detector
structure; and (4) quantum sensing of the 3He atoms through
their nuclear spin. An important feature of this detection con-
cept is the separation of the dark matter absorber (i.e. target,
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