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Superconducting qubit = anharmonic oscillator

Substitute the inductor with a Josephson Junction !
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Quasiparticle poisoning
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» Relaxation — loss of qubit state in a T; time scale (|1) — [0))

Simultaneous qubit errors 2=

* Athermal phonons produced in the substrate breaks the Cooper pair creating
quasiparticles which tunnel through the JJ producing relaxation
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Can we use qubits as low temperature detectors for
measuring particles depositing energy in the substrate?
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https://www.nature.com/articles/s41567-021-01432-8?fromPaywallRec=false

Expected energy threshold

Use G4CMP to simulate the phonon dynamics in specific geometries

Actual qubit design not optimized for particle detection — low phonon collection

efficiency

Can estimate the phonon collection efficiency vs. the distance from the phonon production
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Design |[[Number |[Qubit Design |Ground |Si-SC phonon Si-Cu phonon Spatially-averaged Chip
of Qubits Plane |absorption prob. |[absorption prob. |[phonon collection eff. | Threshold
Nq Pa,s Pa,c MNph,sp Ethr,chz’p
1 6 Xmon Full 1.0 0.1 0.14% 737 eV
2 6 Xmon Full 0.1 0.1 0.12% 860 eV
3 6 Xmon Limited [1.0 0.1 2.07% 49 eV
4 6 Xmon Limited [0.1 0.1 1.44% 71 eV
5 6 Xmon Full 1.0 1.0 0.14% 737 eV
6 6 Xmon Full 0.1 1.0 0.12% 860 eV
7 6 Xmon Limited [1.0 1.0 1.76% 58 eV
8 6 Xmon Limited [0.1 1.0 0.76% 135 eV
9 2 Xmon Full 1.0 0.1 0.05% 1157 eV
10 10 Xmon Full 1.0 0.1 0.24% 574 eV
11 2 Xmon Limited |1.0 0.1 1.38% 41 eV
12 10 Xmon Limited [1.0 0.1 2.39% 57 eV
13 6 Collection Fins |Limited |1.0 0.1 17.0% 0(0.1) eV
14 6 Collection Fins |Limited |0.1 0.1 12.6% 0(0.1) eV
Linehan et al, (2024)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.063047

Analysis goals

1. Validate the Quasiparticle density model through a fit on the experimental data

2. Reconstruct energy deposited in individual qubits and in the substrate

Quasiparticle Binomial maximum likelihood fit

Experimental
density models data

i Example fit
_ osl Measuring quasiparticle dynamics for particle impact reconstruction in a superconducting qubit chip
o L
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https://arxiv.org/pdf/2604.13176

BBl assachusetts

Experimental data ““ Institute of

Array of 10 fixed-frequency transmon qubits
(Aluminum on Silicon)

Harrington et al, (2024)
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https://arxiv.org/abs/2402.03208

Pulse sequence

Read out
QP burst
Wait
Excite l 0.8 ﬂ
1 cycle "
> "“1 us 50.6-
walt _;‘ V v
. -<_.| S E’ -4 Other relaxation mechanisms v
+«— At oydle — 15.3 us — time g- 09 - + steady state QP
0.0 -
30 -20 —10 0 10 20 30
Time [ms]

Prob of error = #of errors/#of measurements
Bin — set of 40 measurements
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Quasiparticle density model

QP dynamics is dominated by QP self-recombination, linear loss and QP generation mechanisms. The
probability of relaxation in a time Af is:

—_— E = 1e+01 eV —— r =0.003 ns™!, E = 5e+01 eV
1.0 1  E— 1let02 eV 1.0 1 U I RLELL r =0.005 ns™!, E = 5e-+01 eV
——=- r =0.007 ns™!, E = 5e+01 eV
— 1 — ¢ TWA! — E=letl3eV N —— £ =0.003 s, E = 1e+05 eV
Pr= € 0.3- — E=let04eV 0.3- VN r = 0.005 ns~!, E = 1e+05 eV
_ — § . E = 1e+05 eV § . r = 0.007 ns™!, E = 1le4+05 eV

L] L]

—aEdep q506_ u606_
=1 —exp Y z z
E [T r (e”’fss — 1)] + Pet’tss 2 32
dep | “ss :B _§ 0.4- -§ 0.4
_ - kS o
0.2 \ 0.2 S
Where: — Sl TPy
_ o 0.0 . . . . . 0.0 . . . . .
2w,A ry = recombination constant rate 00 05 1.0 15 20 25 3.0 00 05 10 15 20 25 3.0
a = At 27 Time after trigger [ns] x 107 Time after trigger [ns] x 107
T . .
7, = linear loss decay time
nepVA
¢ L., = Energy deposited in the qubit

y = baseline
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Analysis workflow

Geant4 simulation

Average pulse method:
Events selection Measurement of model Single waveform fit
oarameters

Position and total
energy reconstruction
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Waveform fit

Fit every waveform with QP density model for each qubit:

Dy = 1 — e—F(t)At
. =
— r estimated independently with the average pulse method @ .
—dEgQ,
. . pm— ]_ — X ~— .
— fit uncertainty depends strongly on Edep PVp 5 etl7s) — 1)] + Bet/rss i
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Amplitude correlation

CP breaking process is activated by athermal phonons which keep the information about event position
— energy deposited is correlated among qubits
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Position reconstruction

. , , . o Total energy and position
Single-qubit energy deposited +  Phonon collection efficiency

- reconstruction
:'g: 1 :_ Xmon, Full Ground Plane
1.0 & i Xmon, Limited Ground Plane
= Q2, Egep =46 eV § i Collection Fins, Limited Ground Plane
0.8 - Q5, Egep =210V 8107
Q8, Eqep = 110V T S\ N
— L W e e
06 T U Fup=29eV h S102L:
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S : s [
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0.2 - _CCE’ n
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—0.03 —-0.02 -0.01 0.00 0.01 0.02 0.03 g I
Time [s] 2107
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Linehan et al, (2024)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.063047

Geant4 validation o

tot
Simulate the 137Cs . .
. Extract total energy Replicate the energy deposited
source in cryostat . ; . . .
released in the chip from solid state simulations
geometry
G4in
Edep
aluminu?n Compare
frame
S results!
‘ Mock data
10 cm X/l\y M | 1 E:g:s 1 igerv

qubit device electron —— E_dep = 1000 eV
—— E_dep = 10000 eV

in package \ v
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using same experimental
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Energy spectrum — 137Cs data + simulation

Applying same analysis cuts are for processed Geant4 waveforms and real data, the agreement among the two
spectra is pretty good. Slope difference to be attributed to simulation uncertainties on the probability of phonon
absorption and the substrate interfaces

Total substrate energy

- 137Cs G4 input Additional fiducial cut to
1 avoid phonon reflections
: : " 10° - 137Cs G4 processed b
Single qubit energy deposition ] 137
10% - Cs source data
1 7Cs G4 input Q2
137 — ) Run-07
10 - 137CS G4 processed < 10° ] QUPIL (%] €alo] €ioul%]
L1 “'Csdata g ; Ql 765 855 653
- Q2 924 860 794
= _ T Q4 928 841 782
Z 8 - Q5 746 860 648
g T Q8 79.7 85.7 _68.3
S 1 J'L all 362 439
10! - Hi.
: . . . . 102 . . . . |
0 100 200 300 400 500 0 200 400 600 800 1000 1200

Ege, [V
dep [€V] Reconstructed Eiy [keV]
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OQUANTUM

Conclusion and acknowledgments ) EEENE

CENTER

+ This work demonstrates that the pulse shape of correlated decoherence events is extremely useful in
understanding qubits’ response as sensors

+ Superconducting qubit arrays can be used as potential tools to sense position and total energy for particle
detection

See D. Baxter talk for more on

superconducting qubits!
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Bloch sphere

What is a qubit? 2 (Longitudina

0
9 W) = al0) + BI1)

Qubit: any two level quantum system

Multiple qubits can form entangled states

Quantum logic gates are represented as controlled (Transverse)

rotations of the state vector in the Block sphere X i
(Transverse) i
1)
Current Microwaves
Electron
Laser
il > l
= Vacancy_.
_g Capacitors ‘ , J ¢ :
- T \ ' ' time + others
Laser
——Microwaves
Electron ' C
Superconducting loops Trapped ions Silicon quantum dots Topological qubits Diamond vacancies
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An example

W m ——

Qubit
“inductor’
(2-JJ
SQUID)

)

Readout
Resonator

[

Qubit
capacitor

fe—
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Some geometries
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Fabrication

150 nm
30 nm
b l T
JJ placement “A” JJ placement “B”
Q5 Q| ..., T ’ .
150 nm - 30nm y
| | —
é é 2 um
150 nm
30nm [y T I natural oxide
250 nm s AIOX (J, = 0.55 MA/Mm?)
1 um ; :
T 150 nm
N — 100_nm v 3 30 nm
100 um . -
“ 150 nm l l 150 nm
a9 nm 1| 30 nm
: T 250 nm
Si substrate L2 jtl:nction barrier ‘

Harrington et al, (2024)
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https://arxiv.org/abs/2402.03208
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https://arxiv.org/abs/2402.03208

Model parameters

Probability of relaxation in a time Af:

— aEdep

Edep [Tssr (et/’tss — 1)] + 'Bet/rss

Y

Qubit name w, [GHZz]

Parameter Value
Q1 4.534 43
Ncp 4% 10" m
@ 4w ¥ iso v
gs 4'423 v 6975 um?
' € 0.6
Q8 4.501

p,. = 1 — e—F(t)At
=1 —exp
Where:
2a)qA
a = ot
h
nepVA
ﬁ —
€

y = baseline

Parameter|| Description

Material || SC material

ot QDR time step

r Recombination rate

S0 Linear loss rate

g QP generation rate

ncop Superfluid (CP) density
A SC gap energy

vV Island volume

€ Phonon-to-QP efficiency
F QP-creation Fano factor
wq/2m Qubit frequency

N Measurement binning

ot = time step = 1us + 1/2 R.0. = 3us

b 1 cycle

~ s

Atwa. =
[} [Rol102ps—
I 1

At =153 us—

time

23



Readout fidelities

0.003 - 1200 :
- i = = Fit Ground
1000 -+ : = == Fit Excited
0.002 - Coon
800 - B |
3 N
S, 0.001 - & jzz: i ’,: “‘
* Single shot fidelity calibration every ~45 min 0:0001 " Grouna 200 - THRALY
. . ) Excited | \lﬁ_
° CalCUIate Separatlon fldellty from IQ plOtS —O.I002 —O.IOOI 0.600 O.OIOI 0.602 O—0.002 0.000 0002 O.OIO4
* Adjust probability of relaxation accounting for Y L
readout fidelities:
Run-07 Run-13
Pobs = Pr " Pg T (1-p,) *Pge Qubit name _[GHZ] F [%] pge [%] F [%e] pge [%]
=p,- F + Poo Q1 4534 9996 0.02 99.75 0.13
o Q2 4370 99.65 020 9851 0.79
Q4 4697 99.70 0.13 99.25 0.35
Q5 4453 9992 0.04 9958 0.22
Q8 4501 99.16 047 98.04 1.02
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Fit procedure

For each waveform sample, the probability of finding s errors is given by a binomial

N _
distribution: p(s) = ( ) pgbs (1 _pObS)(N s)
S

The joint probability of acquiring a set of measured waveform samples {s;} at times {?,}:

& ({Si} | S(t)) =[] (]S\j) pi (1) (1 — P ( ti))(N—si)

l
P smallest 73.4% interval(s) o) global mode
smallest 96.4% interval(s) —e— mean and std. dev.
rval(

><10—6 Il smallest 99.8% interval(s)

* Binomial Maximum Likelihood fit for each acquired g
waveform 3 15 Example of
* Bayesian approach — integrate the joint posterior pdf: o] marginalized posterior
p(S:0) | {s}) =2 ({s}5w0)x®
 BAT: software using Markov Chain Monte Carlo oaf
algorithms to integrate the posterior pdf o N I ¥ B

8 10 12 14 16 18
Tau [ns]



Position reconstruction

E tot = 827629 [eV]

1. Take as input the energy extracted with the 107
energy fit and its uncertainty
2. Get the phonon dispersion function from 10°
G4CMP simulation
3. Apply position reconstruction algorithm: 10°
N b del
2 _ S0 =577y, Eppyy)
Xy, Eyyy) = Z 103
: O;
=1
107

Point-like energy deposition on XY

26



Quasiparticle density model

Knowing the superfluid (CP) density n-p for a given material, it is then possible to model the normalized
quasiparticle density x,, = n, /nqp with:

dx,, _ o .\
At _ Xap — S0rgp T 8

r = recombination constant (expected to be as large as its theoretically motivated value 0.05)
So = linear loss due to QP trapping

g = QP generation

2w, A Ed € 1—17
['(t :\/ 9 [ °P ] Fzo | + Tother-
p g 17T " m*h ( ncpVAlet/mss —pr 770 othe
=T gy 0 ®
_[ Egepe ] 1 —17 .
“lnepVAlet/tss —pr 770

r'=t..xr/ [TSSXZ-I” + 1]

Here, 755, ', and zo are functions of r, sg, g, and ;.3

Notably, 74, is the “steady-state” decay time for the QP
relaxation, found when z,, becomes small enough that
- self-recombination becomes subdominant.




Noise and decoherence —c

(b) Longitudinal relaxation (d) Transverse relaxation

> {
Z 1) ¢ | | | |
0 50 100 150 200 250
|O> Time (us)
> 1y ", Relaxation (b)
1 0}y —-—- Fit, fixed 2T, = 170ps, Ty c=98US
¢
-3 e b
N TS VS SR S
y y :'- .':I g ,:I, i". oA 4
e) AN AN/ !:;;:'!l.-'i,".l:! e ;'_' '"'|| IR |
X Transverse Ei”::.:';li'!.:l'-."‘.:'-:'; |‘.'". ‘|."‘|.~’. .
L : :I!!-]llf-ll'_lli'lf-.'il}.'-"'{r'-h"
Wi P noise EERSRTEERTREANRIEENERIEY A B "
Transverse SRR RT RIS YIRS BT oY
noise |1> Patar i el %y €
o0 14 ' 4 W @
5 1 5 L 1 v
P a b g 3 Xn ¢ Xan
v & amsey: ¢ ======-=
1) | y: e =- >0m
0 20 40 60 80 100
Time (us)
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Gap engineering (A S

Design a potential barrier on the JJ to prevent CP from tunneling l A+ A S
A = 180 ueV for Aluminum After
Before

Emanuela Celi



But... not enough

Gap engineering helps reducing the logical qubit error
rate, but it is not enough

Charge accumulation in the capacitor leads to a
frequency shift & dephasing error rate increase

€

w
o
|

Possible mitigation strategies:

# of errors

 Phonon trapping Copper
back-metallization

M il

."- : I [} v

0 1 _ 2 3
time [ms]

* Intermediate layers

ORYEIN & AN ) AR
between substrate and SC o [A°
] e O T, T, “ R, T %, %
film o\ £ im 0%00col’ ®1 o o | @
% ) $0. ) —o)x N)é ) —i0)x

Kurilovich et al - Google (2025)

Logical error per cycle, ¢4

Google Quantum Al (2024)

107 0
4 O Ref. 17
103 —® - ® This work
O
o Before gap
Vo / engineering
107 - O
o 7 O 5 o
107° -
®
1077 -
e ~1 event per hour
-8 o o
10 ® Unknown origin
1079 - ° . /
10710 - *T T
10—11 .
10712 | | ! I
5 10 15 20 25 30

Repetition code distance, d
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Superconducting detectors in DM searches

10° - :
Something we know very well | Liquid Nobles @& L
10¢{ Bubble Chambers PN o
— Transition Edge Sensors (TES) | WO &
1. 2 o7 Q-
e _ 10%; - XCigP S
— Kinetic Inductance Detectors (KID) > | lonization in &5
. . - Semiconductors/Insulators 7 2
CP breaking detection > 10°
@ L
LE ‘ -
Dark Matter Mass Reach m, [MeV] R — 101 e Optlcal Phonons
1071 10° 10' 102 10® 10° 10° 10° o et Low-Gap Materials
SupeYCDMS %gglh Sensor 3860 meV T g , ,// ”
1 TES 102 - -
CP\E;(?ZA' wm QueT EEL000 meV /,, |
1esSERAG . 362 meV | o Superconductors, Superfluids
r “'\1\3@'_ """"""""""""" ey I 103 - gl Single Phonon Detectors
2024 o I -
i Bm%%%%n eTv i o
I M 10 meV <-e--- 5 ype : -4 N — — —
:PP‘A_\%%ZS_ 10 meV < B Observed | 10 _3 5 1 0 . k E
TR s mev 55 Expected | 10 10 10 10 10 10 10
2025 e = TG Mass (MeV)
Baseline O, [meV] Snowmass2021

Emanuela Celi


https://arxiv.org/abs/2203.08297

Solid state simulations

G4CMP is a Geant4 library that allows simulating
phonon dynamic on specific geometries
Two main processes:

— anharmonic down-conversion, 1,1 = Av°

— isotopic scattering, | ¢eatter = Av®
Several materials now implemented

Main uncertainty:
— probability of phonon absorption at the

interface with superconducting film (p, ;) and

copper trames (p, .)

X [mm]

Hernandez at al. (2024)
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https://arxiv.org/abs/2408.04732

Base variables

| Number of Integral at different time
Coordinates of the saturated bins intervals after trigger
maximuim l
1.0 - ,
—— Egp=10%eV
Egep = 10% eV

Probability of error
-
N

[r | r ...
Baseline = prob. of —60 |-r ﬁ;[L r“L “J. ”ﬂ ”/\ﬂ f'-J M]J T

error before trigger —() 03 —O 02 —0.01 0.00 0.0 0. 02 O 03
Time [S]
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137Cs run Bkg run

Events selection

QO [ TOR]] eal%] onl %] [e[]] €al] euor[%]

Q1 855 653 849 542
Q2 86.0 794 864 81.0
Baseline instabilities over time Q4 84.1 782 3843 78.1
. . Q5 86.0 64.8 85.0 77.8
— typical Two Level Systems (TLS) behavior Q8 857  68.3 86.0 738
all 439 16.2 44.6 18.6
Quality cuts applied
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Red: Average pulse
Grey: pulses averaged

Average pulse »--
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Recombination constant results

* Good agreement among different datasets E

137Cs source — Saturated M 137Cs source — Low Energy
. . Background — Saturated I  Background — Low Energy
+ Previous measurements of r in the range s
0.0059—0.125 ns'! } ’
. . . = 10.0 - E
« In line with previous results, we measured a factor 10 g o g
suppression respect to the theoretical expected value & 7.5- ;
- n . i i
r = 0.05 ns-1 in aluminum - i oo b
* The analysis on saturated and low energy pulses shows <10-3
an unexpected dependence of 7, on the energy
deposited —
P Z 8 E b
o1 8
— other measurements artificially produced QP via '
phonon injectors or 3D cavities, we used only > 3 ~ S &
radioactivity!
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Fit test with mock data w [ ] S
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