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National Quantum Initiative Act (2018)

10 yr plan to accelerate 
the development of 

quantum information science 
& technology applications.

5 NQI DOE centers (2020)

Quantum
Systems
Accelerator

SUPERCONDUCTING QUANTUM
MATERIALS & SYSTEMS CENTER

DOE shall establish and operate
NQI Science Research Centers 
to conduct basic research 
to accelerate 
scientific breakthroughs in 
quantum information science 
and technology.

at o a Q a um In· ia ve Act (20 8) 

-!_:Q~ C2QA ~ Co-design Center for 
I 1 • Quantum Advantage 

·NEXT 

® Q UANTUM 

S CIENCE 

C E N T E R 
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SQMS Center highlights

SQMS brings together hundreds of experts from more than 30 DOE national labs, academia, 
industry and other federal and international entities to bring transformational advances in QIS

34 partner institutions > 535 collaborators
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The Quantum Garage

Tour 
tomorrow

8 extra large dilution refrigerators, numerous qubits and 
cavities, nanofab tools and materials science capabilities

Ga e 
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Superconducting devices

2D Transmons
3D SRF cavities

Bal et al. npj Quant. Info. 10, 43 (2024)
Roy et al. PoS LATTICE2023, 127

s e co d ct· g device 
.... . .... -SUS-- .... • • .•• ••• • • . •• • •• ♦ 
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Science & Technology Innovation Chain
Materials High-coherence 

devices
Systems 
integration

New platforms for
quantum computing & sensing

Quantum 
advantage

Developing a full 
understanding of 

sources of 
decoherence

Demonstrating 
devices with 

systematically 
higher coherence

Integrating 
devices into 

quantum 
processors

Deploying 
quantum 

computing and 
sensing facilities

Experiments with 
quantum 

computing and 
sensing advantage

sc·ence & ec ology nova io Chain 
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Decoherence channels in 2D 

• Two-level systems (TLS)

• Bulk substrate losses

• Quasiparticles

Deco erence c annels 2 

1--------1 1MM 

SA 
I I 

r-----• 
i Bandage 

Josephson jiunction 

Nb 

[ ___ ]~ Nanoscale Sources of Decoherence 

Varying 
Stoichiometry • Gra in 

,~ _~•-~ --- -L-~ Boundaries 

Substrate Surface 
Roughness 

. / 

lntergranular 
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Surface encapsulation

Average T1 = 320 𝜇𝜇s

Best 𝐓𝐓𝟏𝟏 = 600 𝝁𝝁s

Bal et al. npj Quant. Info. 10, 43 (2024)

Surface e capsula io, 
Surface Oxide 

600 m 
"v.i' 400 

Nb/Ta Nb/ Au Nb/ Al Nb/TiN Nb A B 

o m 
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Decoherence channels in 2D 

• Two-level systems (TLS)

• Bulk substrate losses

• Quasiparticles

 Thermal

 Infrared radiation

 Ionizing radiation

SA 

Deco erence c annels 2 

1--------1 

I I 

r-----• 
i Bandage 
Nb 

.... 
~ 

1MM 
Josephson jiunction 

S "lj~ V~ "=::~ SUPERCONDUCTING QUANTUM 
~ MATERIALS & SYSTEMS CENTER 



10

Effect of radiation

Martinis, npj Quant. Info. 7:90 (2021)
Wilen et al., Nature 594, 369 (2021)
Cardani et al., Nat. Comm. 12, 2733 (2021)
McEwen et al., Nat. Phys. 18, 107 (2022)
Thorbeck et al., arXiv:2210.04780 (2022)
Cardani et al., Eur. Phys. J. C 83:94 (2023)
Harrington et al., arXiv:2402.03208 (2024)
Li et al., arXiv:2402.04245 (2024)
McEwen et al., arXiv:2402.15644 (2024)
and others…

Study time dynamics of a single qubit 

Radiation resilient:
Quantum processor

Radiation sensitive:
Particle detector

Correlated error

T1~1 𝜇𝜇s[ l 
Base layer 

'l& ~ 
,>r 

Substrate 

le) -

19) --

I 

E ec o, adiat on 

\ [------==-------] 
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Experimental locations

FNAL: above-ground LNGS: deep underground

Systematic 
comparative study 

e a ocatio 
Gran Sasso 
National 
t..;aboratory 

•• 
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Simulated rates
 Far sources (can be shielded)

• Muon particles
• Environmental gamma rays

 Close sources (can’t be shielded)
• Radioactive contaminations

Copper shield

Lead shield
Environmental

𝛾𝛾 rays

Cosmic 𝜇𝜇

Cryostat

Q
ub

it

Source FNAL 
(ev/𝟏𝟏𝟎𝟎𝟑𝟑s)

LNGS w. shields 
(ev/𝟏𝟏𝟎𝟎𝟑𝟑s)

Lab 𝛾𝛾 rays 46 ± 2 1.3 ± 0.1

Muons 8.0 ± 0.5 < 10−5

Contaminations 2.7 ± 0.5 2.7 ± 0.5

Total 57 ± 3 4.0 ± 0.6 GEANT4

Cardani et al., Eur. Phys. J. C 83:94 (2023)

s ated a es 
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Devices under study

Q1 Q2

Q3 Q4

• 4 transmons

• Similar frequency, geometry

• T1 ~ 100 𝜇𝜇s

arxiv: 2405.18355

Dev ces der s u y 

.. . . .... . -SUS-- ... . 

Parameter Ql 

Material b/Au 
Qubit frequency 4717.4 

Readou frequency 7206 . .8 

Qubi 1r pulse length 0.150 

Qubit average T1 84 . . ... . ... . . . ••••••• ••• •••• .. . . . ... .. .. .... .. .. •• •••• • • • • ••• ••• ••••• ••• .. . ... . . •• • •• •• · . . ... Readout p ulse length 4.5 . . . . . . . . . . •• •• ••• ••• •••· . . . ..... . .. . .... . .. ... . . . . . . . . . . . . 
: : : : i ! ! 

' 
! ••••••·· · · ···· · ·•· . . . . . . . . . . ······ . . .. . . . . 

Waiting per iod 14nH R&D Chip • Uncoupled Qubit, 3 Designs - v1 5.0 

Cooldown period 50..0 
One itera ion period 64.550 

Q2 

b/ Ta 
4455.4 

7055.0 

0..091 

141 

3 .. 8 

10.0 

70.0 

87.929 

Q3 Q4 Units 

Nb/ Ta Nb/ Ta /A 
4451.3 4294.8 1Hz 

6886.5 6714.5 lfHz 

0.124 0.160 µs 

131 214 µs 

4.0 8.0 µs 

5.0 5.0 µs 

70.0 10.0 µs 

84.324 31.660 µs 
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Comparison of standard 𝐓𝐓𝟏𝟏
FNAL LNGS

T1 of same qubit shows 
similar avg. and fluctuations

Co 

no Median = 81 µs 

70 ""'o--1.L.o- 2~0----:-1=----=-.... 

Time (min] 

• a ISO 0 

80 

70 

Me ian = 76 µs 
60L..L.,._......___......__l_~-~ .... 

10 20 31) 40 0 
lii me [ mi1n] 

s andar 
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Detection protocol
 Prepare |𝑒𝑒⟩ through active reset

 Measure after 5 𝜇𝜇s

 Wait and repeat

P(
g)

Time

eeeeeeee

P(g) = 5%

P(g) = 99%

T1~100 𝜇𝜇s

T1~1 𝜇𝜇s

McEwen et al., Nat. Phys. 18, 107 (2022)

De ec ion pro ocol 

[ l I I E t 
ven 1 

□ □ □ □ □ □ □ □ ~ ~ ~!-
[ l 

~ubit reset 

Detection 
period 

,----------------------, 
I P(g)? ~ 

Waiting 
period 

~ ~ 
Moving1 window Time 
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Signal detection
Operation Time (𝝁𝝁s)

Readout 4 - 8

𝜋𝜋 pulse 0.09 – 0.160

Detection 5

Waiting 10 - 60

Total 30 - 90

~ few hours

Time (s)

P(
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Different pulse shapes

Slow falling edgeFast falling edge Medium falling edge

Similar time-profile observed at 
both locationsMilli-second timescale
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Above-ground measurements
Predicted 
~57 ev/103 s

Environmental
𝛾𝛾 rays

Cosmic 𝜇𝜇

Qubit # Measured ev/𝟏𝟏𝟎𝟎𝟑𝟑 s

Q2 10.2 ± 0.5

Q3 10.0 ± 0.2

Q4 6.4 ± 0.1

Time (min)

O
cc

ur
re

nc
e

Q3

Q4

10-20% 
efficiency

T1 > 130 𝜇𝜇s

Uniform distribution
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50 

50 
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Missed events
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Baseline fluctuations

• Lasts for sub-second to about a minute

• Visible on all qubits

• Not associated with preceding pulses

Ba e1·ne f uc uation 

100 r-----------,-, --------,,---------,--------------,-----------,-, -----. 

80 

60 

40 

20 

0 
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----------------------i--------------------------1--------- -----------------+------ __________ ; -·-------------------------~--------------------------i--------· 

! ! i ! i j 
r T T 1 ~ 

5 10 15 
Time [s] 
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New analysis strategy

• Compute T1′ using 𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎 and wait period
• Compute binomial probability 𝑃𝑃 of 

obtaining a sequence

• Trigger if 𝑃𝑃 < 1% ⇒ | log𝑃𝑃 | > 4.6

100 

80 

t 60 

0, 

a:- 40 

20 

a, 
0 

e a ay s a egy 
' ' ' 
' ' ' 

P( [g )) 

--- -- - -- -------- -- ~-- --- - ----.I. - - - - ---- --------- -- - ------ - - - '""------ - ---- -- --- -------- -- .. - --L------ - ----- ------- -- -- - -- ____ J. - -- ---- ----- - - --- --- -- --- - __ .,i_ __ - --------- - --- ---- Baseline . 
' ' ! : 
: : 
i + 
: l 

' 
- - -- -- - ----- - ------ - - - ----T ----- ------ - -------- - ---------,------ --------- - - ------- ---~-- ------------------------ -4- -- -------- - - --- -------- -- _,_ ___ - ------------------ --- ------ --- ---: : __ _ 

5 10 15 20 25 30 

40 
-- Selected pulse 

-- Discarded pulse 

30 

~ 20 
Q 

10 

4 8 12 16 20 
Time [ms] 
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Underground data
Qubit Rate 

(ev/𝟏𝟏𝟎𝟎𝟑𝟑s)
Observed 
/simulated

Q1 (1) 23 ± 4 6

Q1 (2) 10 ± 1 2.5

Max[ log𝑃𝑃 ]

10-1 

0 
(I) 
C/1 

10-2 --C/1 
+-' 
C 
(I) 

> 
(I) ...... 
(I) 10-3 +-' 
(ti 

10::: 

10-4 

0 20 40 

u derg o 
Shielded Q1 (28 min), 

- Shielded Q1 (1 00 min) 

60 80 

d da a 

100 
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Comparison with above-ground data

Different total rates
Other sources of noise produce 

radiation-like signatures

Qubit Rate 
(ev/𝟏𝟏𝟎𝟎𝟑𝟑s)

Observed 
/simulated

Q1 (1) 23 ± 4 5.75

Q1 (2) 10 ± 1 2.50

Q2 5 ± 1 0.09

Q3 1100 ± 10 19.30

Q4 45 ± 2 0.79

Max[ log𝑃𝑃 ]

10-1 

0 
Q) 
U) 

iii 10-2 
-+-' 
C 
Q) 

> 
Q) ...... 
2 10-3 
co 
a:: 

10-4 

0 20 

• par1 o • 
I ab,ove-g o nd data 

Shielded Q1 (28 min) 

- Shielded Q1 (1 00 min) 

- FINAL - 02 

- FINAL - Q3 

- FINAL - Q4 

40 60 80 100 

[----===---] 

s "lj~ V~ "=::~ SUPERCONDUCTING QUANTUM 
~ MATERIALS & SYSTEMS CENTER 



24

Underground measurements with Th sources

Thorium

Transmons are sensitive to strong 𝛾𝛾 source

ro d measu e e 

10-1 

0 20 

• h Th so ce 

- Sh i:elded ch ip (28 mjn) 

-- Shi:elded ch ip, ('100 min}, 

-- 4!4 kBq] Tll SOI.Jme - (l 12 ev/s 
-- 716 kBqJ Tll souroe - (L20 ev/s 
-- 125 kBq Th source - 0.35 ,ev/s 
-- 1161 kBq 111 source - 0.43 evfs 

40 60 
Max[llog(P)I] 

HO 
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Underground measurements with Th sources

Thorium

Linear behavior Potential for a detector

ro d measu e e • h Th so ce 

o_5, .--------------------------:--. 

l'.dNOF = 2.0112 
Po,= 0.17 ± 0.02 
p, = 0.'68 ± 0.08 

0.1 0.2 0.3 
IIE)qpect:ed impacts events/sec] 

0.4 0.5 
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Study of TLS activation

Check log𝑃𝑃 before & after No significant difference

Su y of 

40 ---------------:---:--, 
-- Selected pulse 

-- Discarded pulse 

30 
s 
C 
:::J 

§; 20 
_Q 

8 
"'O 
Q) 
.!::I 
lilJ 
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E ,_ 
0 z 

4 8 12 
Time [ms] 

['--====---] 

LS ac at o 

1_0 

O_H 

O_fi 

0-4 
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OJI 
-4 -2 0 

A,[I log(P)I] 

- BaOkground 

- 161 lli!Bq Th souirce 

2 4 
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𝒈𝒈 → |𝒆𝒆⟩ transition

No significant 
difference

• Reset to |𝑔𝑔⟩
• Measure after a waiting period

|𝑒𝑒⟩

g ➔ le) tra • • 
SI 10 

~ubit reset 

-- Shielded ohip (28 m1irn)1 

-- 1 D5, kBq Th SOILll!"Ce 

20 40 16{) 1(nJ 

Max[l]log(P')I] 

Detection 
period 

Waiting 
period 

_____ _/ 
~ 

X N 

[ __ ] 
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Radiation impact on computation

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 1 − 𝑒𝑒−𝑟𝑟.ΔT

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 < 10−4 for 
modern transmons

𝑟𝑟 = Rate of impact
ΔT = Time window

𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 < 0.1% if
ΔT < 17 ms (unshielded)
ΔT < 250 ms (shielded)

Radiatio • 1mpac co p 

102 
10-3 

---

...... , 
,IJ), 

.s, 
<1 101 --

,(ll), 

E 
::.:I· 
C: ,o, 

i 
10° -:=,, 

C. 
E 
8 

10-1 

a on 

10-2 

I 
10-3 

,-----------
I 
I 
I 
I 
I 
I 
I 

10-4 

- 10-5 

{)'<> c:.-:,'o 
\'.) · C) · 

Impact rate r [ev/s] 

s "lj~ V~ "=::~ SUPERCONDUCTING QUANTUM 
~ MATERIALS & SYSTEMS CENTER 



29

Summary
 Above and underground comparative study using single qubits

 QP burst events last for several milli-seconds

 Radiation unlikely to play a major role in 𝐓𝐓𝟏𝟏 drops at short timescales

 Radiation should not limit single-qubit errors of contemporary devices

Next steps

 Understanding the source of QP bursts

 Test on different materials and geometry

 Coincidence measurements on same and different chips

 Investigate sporadic instabilities

 Make qubits resilient against sudden T1 drops

arXiv: 2405.18355
Su a 

10-1 

i ]! 10-2 

C: 
<I) 
> 
~ 

-; 1(}-' 
er 

1Q-4 

0 20 

Shielded 0 1 (28 min) 

-- Shielded 0 1 (100 min) 

-- FNAL -Q2 

-- FNAL - Q3 

-- FNAL -Q4 

40 60 
Max[llog(P)I] 

80 100 
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Extra slidesExtras ides 
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IQ blobs

Before reset

After reset
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IQ blobs

Before reset

After reset
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Readout fidelityeado 
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Different pulse shapes

Fast falling edgeSlow falling edge Medium falling edge

Similar time-profile observed 
at both locationsMilli-second timescale
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Sporadic fluctuations
Visible in ~10% of the traces
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Time distribution
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Extras

PCB: K(40), Th(232), and U(238)
JJ thickness 40/90 nm
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i=i 11 dJi'laxim1.1m [ -Exip [ - t / 0 . 16 ] + Exip [ - t / 1 50 ] ,, { t ,. 4 } ] 

:0 . 974157, { t ➔ 3 . 32618 } } 

i=i 11 dMaxim1.1m [ - Exip [ - t / 1 .. •6 ] + Exip [ - t / 1 50 ] , { t , 4} ] 
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