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How to use superconducting qubits

Measurement setup & sensor application

2024.3.7 KMI school 2024 lecture series (6-2)
Shion Chen (UTokyo/ICEPP)
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Packaging & Installation

Transmon on a
sapphire bridge

Readout 3D cavity (Al) o Magnet'i.c': shield (p-metal)

o Mechanically attached to the coldest plate of the dilution refrigerator (10mK)
o All microwave operation (1-10 GHz)






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

1K Pot !

3He Flow
4He Flow

«

4K

Antennas

Mixing Still

Chamber

Microwave

Cavity

100-250 mK
Tuning Rods

Mixer

‘Magnet He3 evaporates from LHe3 to LHe* phase

i — cooled 4%~

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: 100-1000uW

Takes 2-10 days to reach the lowest temperature



Measurements = checking the microwave RF response

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

e.g. Cavity measurement

Vector network analyzer (VNA)

port1 (power-in) ¥ Vol

port?2 (receiver)

‘.; | Si (Reflection) | —

S21 (Transmission)

Input RF frequency [GHZ]

Cavity = Photon storage

o Store photons at the resonant frequency
o Reflect photons at the other frequencies

o Figure of merit of stored photons: Q-value
e.g. holes (escape), rough surfaces (absorption) = low-Q

Any metallic containers are effectively MW cavities



Typical R F Cha i n Setu p Mili-Kelvin Quantum Platform

Cryogenic Research Center @UTokyo Asano campus

RF output
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Y. Y. Gao et al. PRX Quantum 2, 040202 @ Quantum-limited amplifier Amplifer ® Microwave mixer @ Current source


https://www.crc.u-tokyo.ac.jp/FSI/index.html

Typical RF chain setup

UZA Digital Storage Oscilloscope 100 MHz

we ][]  AWG (Arbitrary Wave Generator)

AWG Low freq. pulse with finite time width
LO 30-100MHz
Mixer ®
v
i Leading oscillator (LO)
: High freq. continuous wave
H O(1-10GHz)
:
T
o
T
e g L1 Mixer
; L. @ High freq. pulse with finite time width
i LO
Y. Y. Gao et al. PRX Quantum 2, 040202 WNV\ANWMAN — Sy




Typical RF chain setup

Attenuators

] &

Too strong RF: Heats up the 10mK stage

O

Bad for qubit coherence

— Dump the power at the higher temp stage

300K

K&L 6L.250-12000 Noise filter

Shutout the stray wave, higher harmonics etc.
Low-pass filter: eliminate >O(10GHz)
\ Ecosorb filter: eliminate > 1THz

etc.

4K

START .050 000 000 GHz



Typical RF chain setup

= &

Low temperature amplifier @4K
Amp. itself adds noise.

O

>0 o . . . .
Xy =& — First amp. needs to be cool otherwise signal gets buried.
@YY A
1k |
HE  #:
~ 1 High Electron Mobility Transistor (HEMT) LNF-LNCO0.3_14B
Gain and Noise at 5 K .
HIE A~ }f\ 20
| :
g 5 | B A V62070V, 16-12.om o
e | © Gain: ~30dB
ElA . . Noise temperature: ~1.5K
: T > (equivalent to 1.5K
’ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 160 bIaCk_bOdy radiation)
Frequency [GHZz]

Gain [dB] 800uW
Noise [K] 800puW

Gain [dB] 2.4mW
Noise [K] 2.4mW

Gain [dB] 8.4mW
ise [K] 8.4mW

Gain [dB] 19.2mW

......... No ceeeeeees Noise [K] 19.2mW

Y. Y. Gao et al. PRX Quantum 2, 040202



Typical RF chain setup

300K

Y. Y. Gao et al. PRX Quantum 2, 040202

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

e.g. Josephson Parametric Amplifier (JPA)
Non-linearity of JJ = wave mixing

Quantum Microwave Inc.

DC flux bias

1 TT idler AN
| A/4 resonator
| il
current . —YYY\__
pump f T signal f
ux pump

Pump power moves to signal = amplification &

Gain: 20dB  Noise temperature: 0.2-0.4K
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https://quantummicrowave.com/product/bbn-jpa/

Typical RF chain setup

Down-convert
again to ~100MHz

Room temperature amp.
Signal is large enough at this point. Troise~300K is now ok.

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

Y. Y. Gao et al. PRX Quantum 2, 040202

11



Gate operation| g) = | ¢e) ("drive")

Coupling between cavity E-field & qubit EDM

Jaynes-Cummings Hamiltonian

h
Hic = %O_z + hwea'a + hg(ora + aTa_).

free qUbItH  free photon H interaction

Coupling const. ~u - E
u: qubit EDM  xO(106) stronger than a single atom

Resonant microwave pulse — Rabi oscillation 3
©

A VA C

i)

| e) 2

Qo

W = We-Wg 3

R/\\—/ y é

|g)

qubit-photon

2.0 1
15 1
10 -
0.5 1

0.0 1

0 25 50 75 100 125 150 175 200

Drive pulse length [ns]

12



Two bit gate operation: "Cross resonance"”

Send the control bit a resonant drive to the target bit

Doesn’t drive the control bit J
o Since it's off-resonant AVAVAVAVAVE = >< 1 ><
Wq ~ Wt

Target qubit gets drive

control qubit target qubit
o Through the J coupling We W
o The polarity of the drive depends on H =JZ7,
control bit's state
A Adding a Hadamard )
gate to the target bit t

If [y,) =11)

If [y,) =11)

CNOT gate
13



Readout through the cavity

Cavity frequency varies according to the qubit state (vice versa)

State mIXIng |n - 1> ............................ —_— |n = 1’ e)
ﬁr ..................................................... |n — 1, g)
hw, . o+ . L &
Hic = TQJZ + hwea'a + hg(oyra+ a,Ta_). ..... @, »® a)ée) coég) # a)c(e)
o B C
hw e} S A A — |n=0, e)
wim = (T2t hwen hgv/n ‘ D PR ——
JC hg\/ﬁ % +hwc(n— 1) |g> — e e, —~ _ |[n=0, g>
qubit cavity cavity x qubit

out Transmission of the cavity

f 2g2/A
e

19 le)

Transmission (arb. units)

B AN
r ! gzlfwrsort g?/A ®

Phase of the transmitted pulse (in 1/Q plane rep.)

A sin(wt + ¢) = I sin(wt) + O cos(wt)

e P> b

00008 [
0.0006 |
|l o |
>~ 00004 -
— 00002 |
~ 00000 |

-0.0002 -

-0.0004 |-

-0.0006 |-

-0.00050-0.00025 0.00000 0.00025 000050 000075 0.00100 000125

Q [mV]

14



DeCOherence - mOdeS and sources (b) Longitudinal relaxation

Relaxation
[y

= N
N\
\
\
\
i\
1 TN
1 o
: y
[/
’ Transverse
/ .
/ noise
/
Transverse

o Cooper pair breaking (cosmic rays?) m

Longitudinal relaxation (T+): |e>—|g> de-excitation I

o Spontaneous emission y

o Coupling to high-loss two-level systems (TLSs) in the material ~ (© Pure dephasing

A | ongitudinal

noise

Dephasing

Transverse relaxation (T2"): randomization of the |e>/|g> coeff. Pure ~
o Charge/flux noises /

o Residual thermal photons in the cavity etc.

Miuiller et al. (2019)

? —— |
o A oSO
Metalic shield to suppress Intra-chip mode
TLSs form in the amorphous the spontaneous emission (2D impl.)

(2D impl.)


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwih8-ui96D_AhWkmFYBHf_mDb4QFnoECAwQAQ&url=https://arxiv.org/abs/1705.01108&usg=AOvVaw1gYapZ3LtiozpZEKhEaPtb

Sensor
application



Why qubits are good sensors

o Low (peV) & variable energy threshold
o Access to phase information (analog & interference)
o Yet acceptably low noise level

Superconducting qubits:
o Strong coupling to photon:

EDM: 1 ~ Qd

o I d = 0O(0.1mm)

macroscopic



Single photon counting using superconducting qubits

Photons in the cavity — qubit frequency changes ("ac Stark shift")

qubit cavity qubit (mixing with cavity)
Inv=1> In=1, e>
....................... y—1,
“““ : :‘:;:T--.-.--||l........................................j |nv=1, g>
""""" o Wq1
“““““ cavity freq: wc
""""" Wq2

(b)  Shift in qubit frequency: number splitting

. o Detuning can be detected
2 | ave. photon number=2 by the Ramsey spectroscopy
£ 3)
S )
o6

Drive frequency



Ramsey spectroscopy for ac Stark shift detection

Another 90° flip

90° flip Wait around the same axis

/2 pulse Phase acquisition /2 pulse

Transverse rotation during the wait

o Stay unrotated if nothing special happens is projected to z-position
o Rotate transversely if there is something e.g.
- Shift/drift of qubit freq. e.g. no rotation —|e>
- Imperfect r/2 flip in the previous step 90° rotation — (|g>+|e>)/y/2
- Phase drift due to noise 180° rotation — |g>
etc.

19



Ramsey spectroscopy for ac Stark shift detection

le> fraction (a.u.+offset)

o
o

04

03 r

02 Fr

o
o

/2 pulse

90° flip

11111

lllllllll

20 40 60 80 100 120
Double w2 pulse separation (ns)

Another 90° flip

Wait around the same axis

Phase acquisition /2 pulse

+ Drive pulse off-resonance (detune): 100MHz

f (Transverse rotation during the hold) = f (detune)

Obs. of the "Ramsey fringe"
— Project to number state
— An=0

20



ltinerant photon counting

Kono et al. (2018)

Pulse mode b
L :
__'AOWV-’_ C - cavity <~ %’-w D @ o, >
e f_ Readout Input pulse mode Readout
Transmon Reflection
@, »
L, Pump @ Pump Pump 6 Pump
d c —‘ > t

Heterodyne @ —

®p
detector Flux-driven JPA /

Photon comes during the hold period of Ramsey

o ac Strak shift caused by the RF pulse (~500ns)
o 50-85% efficient

Qubit phase-flip probability

]
7
0.15 J/
Quantum efficiency Y
=0.84
0.10
0.05
Dark-count probability
=0.0147
0.00 ' ' '
0.00 0.05 0.10 0.15

Average photon number |0ch2
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https://www.nature.com/articles/s41567-018-0066-3

HEP application: Wave-like DM search

Cavity haloscope experiment

Accumulate photons from DM
resonant to the cavity freq.

Many photons = EM mode

— voltage picked up by the antenna

Vv B \?2/C g, \?2
Poion = 1.9% 102 W I
axon == 17 (1361) (6.8T) (0.4> (0.97)

*(easecven) (v (so00)
0.45 GeVem™ /) \ 650 MHz / \ 50000

Standard Quantum Limit (SQL)
An - A¢ > h (n/d: photon number/phase)

o Seen as n=An even if n=0 in the cavity

due to the measurement back-action.

o Dominant noise source at >5GHz

DM converted to photon
Axion: by B-field
Dark photon: by it own

&,

antenna

1

R

i

Frequency

E-field of the lowest resonant mode (TMo10)

22



Single photon counting = Evade the SQL

Readout from another cavity on the back

A. Dixit et al. (2021)

: Cc Observed Qubit State
:a_/\\ Cavity Meagg;g)r/n_e_n_t __________ 1
P
™ Ll Qubit Mol | - (©)
- - P(€)
| || N N |1 SO | S~ ~
Dark Matter Readout 5—: 1
i N— _
55 5) 53 N Rep?&itions
Storage Ramsey measurement sequence 0
0 10 20 30
Accumulate photons in the storage cavity Parity Measurement (;)
lOglo [m,y/ /GHZ]
0 6 3 0 3
107 SQL 4 o precislon EM | §te[;ar o
L 5 Cowe@
< - )\threSh B 10 ¢ m.(GHz) g \\\\‘\T/:\
— 8} . . . V-« <
8 5 =4.3x 104 .’ ) ; 6.000 6.011  6.022 > L
Q A2 S
N n = 40.9% o X 2 Qubit based
8 o — -2t g M photon counting |
S | ®e Sensitivity: <n>~10-3 =
® ® ® ® -15| €>1.68x10" excluded with
15dB below the SQL 6l 90% confidence 216,011 Glz -7
o | my (V) SO -
0 10° 10° 10 14 Ho 5 B
Injected logio[m. /eV]
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https://doi.org/10.1103/PhysRevLett.126.141302

JUx2 = SQUID — Freq. tunable qubit

Flux bias — E; variation = Qubit frequency variation

E],eff(goext) — \/EIZ,1 —|_ E]2,2 —|_ 2E]>1E]>2 COS QDeXt’

_ Can also tune the cavity
2D: DC Current_’ﬂux 3D CO|I Coup|ed to the qubit

superconducting chip close up: Josephson junction

-1.0 A O AR SR
po NSGERMe. TR S
b : 5 o

E

E —2.0 -TETTTT T S I a sa's & a'ge s s savgn s aanay
E

v

w

B —2.5 JETTPRN

@

B oS s ceseeVacsacaPecsaosaSonnanat

. » VAR T
input / output SQUID loop : ' s oo s s TR %

. . . . . - .
. . s . v : . .
....... Ot e ey OOy SETeety STt

8.720 8.725 8.730 8.735 8.740 8.745 8.750 8.755
VNA frequency (GHz)

See also Kan Nakazono's poster
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Beyond the photon detection

Hybrid qguantum system — Access to:

o other field/particles than EM interaction/photons
o other quantities e.g. pressure, temperature etc.

Mechanical resonator x SCQ O'Conneletal (2010) Magnon x SCQ  Alrmone esailarer

---------------------------

AI-AIN-AI tri-layer -......{l..----...-.-.-.--:l:
membrane 5 o | Observe the detune
o —— I =S5t in the coupled SCQ Microwave
. _ _:;; cavity : ) Superconducting
e , qubit
ﬂ\\ keda et al. (2022)
I } 60 um ﬂﬁ-::i | 100|_un|w Kittel mode
HEP application: HEP application: Axion-electron search

5th force search, gravitational wave?
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https://www.science.org/doi/10.1126/science.aaz9236
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.102004
https://www.nature.com/articles/nature08967

Direct excitations by the dark matter erL1s1. 211001 (2029

See also Karin Watanabe's poster

Coherent E-field from DM-converted photons Drive pulse for qubits
Ey 1
Z 1) e = MM
f u — W
_> —
7 0)
Initialize to | 0), pause and measure Excitation rate after a 100us pause: 0.01%-10%

Repeat Niy times & count the number of | 1)

PN
Pge(T) ~0.12 X k2 cos® © (10_11) (1 éHz)

Reset to |0) X( T )2( C )( d >2< P )
~20ns Readout ~1us 100 us ) \0.1 pF ) \ 100 pm } \0.45 Gev/en’

X N,

try Counting experiment
> Niry ~ 104 within ~10sec

100ps (~T) !

@
-
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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

Quantum computer = Dark matter detector?

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

Full capability with subscription

Q

Name Qubits |
ibm_seattle Exploratory 433
ibm_washington 127
ibm_sherbrooke 127
ibm_brisbane 127
ibm_nazca 127
ibm_algiers 27
ibmq_kolkata 27
ibmq_mumba 27
ibm_kawasaki 27
ibm_cairo 27

Items per page: 10 v

1-10 of 26 items

QV

64

32

CLOPS

2.4K

Status

® Online

@ Online

e Online

e Online

® Online

e Online

e Online

® Online

e Online

Online - Queue paused

Your systems & simulators (26)

Total pending jobs Processor type
Osprey rl

4 Eagle rl
104 Eagle r3

512 Eagle r3

10 Eagle r3

58 Falconr5.11
40 Falconr5.11
472 Falcon r5.10
120 Falconr5.11
673 Falconr5.11

1 v of 3 pages

Direct excitation searches embedded in the circuit

nq~100

v

/7(_

|0) — 50pus X 50us X 50us
|0) —— 40us —X 40us —X 40us
|0) — 100us —X 100us —X 100us X

/7(_

delay: ~half of the T+

Ospray processor (433 bit)

T4, T2, error rate etc. displayed for each bit

Qubit:

-
Readout assignment error v ECR error v

Median 6.000e-2 Connection: Median 2.124e-2
v

v Many bits
v’ Regularly calibrated

v Optimized control & readout

Performance guaranteed to some extent
Bad qubits marked

27



Quantum computer = Dark matter detector?

: : : : Frequency (GHz)
More serious circuit execution? 10° 101

107°
Entanglement & <« n42 excitation rate
e.g. GHZ state
ti t t2 (73 5
—HE o= : [ Uon | ,i ‘4 :
sensors, |g)®™ 1 _HE ¢ E L ov | i § i g
= — : — s
—i—E P E Ubm E P ; :
1] g BT i T T T
Hidden Photon Mass (eV)
Merge the DM-driven phase evolution on each bit arXiv: [hep-ex] 2311.10413
Amplitude sum (as opposed to probability sum) arXiv: [hep-ex] 2311.11632

o 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.
o Promising if the search can be entirely embedded to circuit program

Parasitic to the QC operation, no HW changes needed.

28



How far the "future" is

Development Roadmap

2016-2019 e

Run quantum circuits
on the IBM Quantum Platform

Data Scientist

Researchers

Quantum
Physicist

um Experience

Early

Albatross
16 qubits

Prototype
53 qubits

Canary
5 qubits

Penguin
20 qubits

Innovation Roadmap

Software IBM Qiskit
Innovation Quam,u [y Circuit and operator
Experience API with compilation
to multiple targets
Hardware Early Falcon
Innovation

Demonstrate scaling
with I/O routing with
Bump bonds

Canary
5 qubits

Penguin
20 qubits

Albatross
16 qubits

Prototype
53 qubits

. Executed by IBM
@ On target

IBM Quantum / © 2023 IBM Corporation

2020 @

Release multi-
dimensional
roadmap publicly
with initial aim
focused on scaling

Falcon

Benchmarking
PYANS

Application ¥
modules

Modules for domain
specific application
and algorithm
workflows

Hummingbird

Demonstrate scaling
with multiplexing
readout

2021 e

Enhancing quantum
execution speed by
100x with Qiskit
Runtime

Qiskit Runtime

QASM3

Qiskit
Runtime

Performance and
abstract through
Primitives

Eagle

Demonstrate scaling
with MLW and TSV

2022 @

Bring dynamic

circuits to unlock

more computations

Dynamic circuits

Eagle

Benchmarking
127 qubits

Serverless

Demonstrate
concepts of
quantum centric-
supercomputing

Osprey
Enabling scaling
with high density
signal delivery

2023 @

Enhancing quantum
execution speed by
5x with quantum
serverless and
Execution modes

Middleware

Quantum

Serverless

Execution Modes

Al enhanced ¥
quantum

Prototype
demonstrations of AI
enhanced circuit
transpilation

Condor

Single system
scaling and fridge
capacity

Heron
Architecture
based on tunable-
couplers

2024

Improving quantum
circuit quality and
speed to allow 5K
gates with
parametric circuits

Platform

Code assistant o)

Transpiler Service

Heron (5K)
Error Mitigation

5k gates
133 qubits

Classical modular

133x3 = 399 qubits

Resource O]
management
System partitioning to

enable parallel
execution

Flamingo 9
Demonstrate scaling

with modular
connectors

Crosshill O}

m- coupler

2025

Enhancing quantum
execution speed and
parallelization with
partitioning and
quantum modularity

Functions

Resource

Manageme

Flamingo (5K)
Error Mitigation

5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Scalable circuit
knitting

Circuit partitioning
with classical

reconstruction at HPC
scale

Kookaburra

Demonstrate scaling
with nonlocal c-coupler

2026

Improving quantum
circuit quality to
allow 7.5K gates

Mapping Collection

Flamingo (7.5K)
Error Mitigation

7.5k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Error correction
decoder

Demonstration of a

quantum system with
real-time error
correction decoder

Demonstrate path to
improved quality with
logical memory

IBM-Q roadmap

2027

Improving quantum
circuit quality to
allow 10K gates

Specific Libraries

Flamingo (10K)
Error Mitigation

10k gates
156 qubits

Quantum modular

156x7 = 1092 qubits

Cockatoo

Demonstrate path to
improved quality with
logical communication

2028 2029

Improving quantum
circuit quality to
allow 100M gates

Improving quantum
circuit quality to
allow 15K gates

© t Knitting x P elligent Orchestration Circuit libraries

Flamingo (15K)

Error Mitigation

Starling (
Error correction

100M gates
200 qubits

15k gates
156 qubits

Error corrected

Quantum modular
modularity

156x7 = 1092 qubits

Starling

Demonstrate path to
improved quality

IBM Quantum

2033+

Beyond 2033, quantum-
centric supercomputers
willinclude 1000’s of
logical qubits unlocking
the full power of
quantum computing

General purpose
QC libraries

Blue Jay (1B)
Error correction

1B gates
2000 qubits

Error corrected
modularity



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

7.__'; — l:%d)ﬂ%i%’iﬁﬂﬁ (1 9295_:_) Credit: NHKRUX B4 88

(NHK broadcast museum)
Chicken shouts live streaming @New Year 1929
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Dilution refrigerator - Working principle

Cooling through solving the He3 into super-fluid He# ("dilution”)

Pump
1K Pot
(D Pre-cool He3 to ~1K !
— liquefied [3He Flow < < <
; 4He Flow

-------------------------------------------------------------

Credit: https://www.sci.osaka-cu.ac.jp/phys/ult/invitation/cryo/dr.html

32



Dilution refrigerator - Working principle

Pum /_“

P —

R

| ] | N

-| Pump
1K Pot 1 y 2
A

3He Flow <1 < «
4He Flow

Still

-----------------------------------------------------------------------
. -

(@) Create a mixture of He# & He3

at the "mixing chamber”

. *
----------------------------------------------------------------------------------
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Dilution refrigerator - Working principle

That's said, they don't mix much
Separated to a He3-dominant and He4-dominant phase

Temperature (K)

2.0

RN
&)

-
o

0.5

Normal fluid *He/*He

Fermi liquid 3He
in superfluid “He

Forbidden region

0.3K

Phase separation

25 50 75 100

3He concentration (%)

Ref: https://ja.wikipedia.org/wiki/3He-4He & FR/5 8 A
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Dilution refrigerator - Working principle

(3 Hes3 evaporates to the He4-dominant phase

He#: superfluid — behave like a gas

Cooling through the evaporation heat:
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Dilution refrigerator - Working principle

3He Flow <
4He Flow

"distillation”

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

— Put back in the pre-cool bath

Repeat the cycle
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Qubit coherence time

Lifetime (ps)

. Sidiqqi (2021)

x10% improvement over the 20 years

5 Q0 r Jay Gambetta
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Noise-resilient design
e.g. Transmon — big leap in Tz

Noise reduction
shield, low-loss packaging
RF filters, Purcell filters

Thin film material studies
Low amorphous surface: Nb, Ta
Low oxidation surface: TiN, Ta, NbN, AIN
Clean interface: epitaxially grown TiN film
Sophistication of the cleaning processes
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https://www.nature.com/articles/s41578-021-00370-4

Phonon detectors

Quasiparticle amplifier
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Fink et al. (2023)

Phonon detection through SCQs' T+

224y 20000 Qubit 3, T1=9.1+/-0.5 us
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R. Linehan (TAUP2023)

Phonon evaporate He3 = spin detection

"Quantum evapora’tiOH" Lyon et Ol. (2023)

Electrodes for trapping and e'/3He movement

° [ 4
electrons to trap, move

and aggregate “He

Enriched 4He
van der Waals film

3He diffusion

--->@------->

’ 3He atom quantum evaporation

van der Waals He film

Detect 3 He atoms in
quantum sensor via e~ to

~ 1 meV phonon . .
nuclear spin coupling

b
g
,
;
®

Dark matter absorber/scattering material
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https://arxiv.org/abs/2310.01345
https://arxiv.org/abs/2201.00738
https://indico.cern.ch/event/1199289/contributions/5449725/attachments/2705896/4698559/TAUP%202023%20Linehan%20(1).pdf

Junction fabrication (top: JJ, bottom: SQUID)  SEM images

10.0kV 7.7mm x4.00k SE(UL) 10.0kV 7.6mm x5.00k SE(UL)




