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Five DOE National Quantum Centers

The centers bring together multidisciplinary collaborations of more than 1,500 experts, including 600 students
and postdocs, across over 115 academic, industry, national labs institutions in more than 23 states and DC.
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Superconducting Quantum Materials & Systems Center
A DOE National QIS Research Center
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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



Advance QIS building on accelerator expertise

Abate qubit losses

Fundamental science
of materials and
nanostructures to
advance
superconducting qubit
coherence

SQMS Mission:
to bring transformational
advances in development

High coherence
quantum systems

and deployment of

Record coherence
microwave cavity
devices and quantum
interconnects for high
fidelity scaling

of quantum
computers and
sensors

high coherence
superconducting
quantum systems.

Efficient cryogenic
scaling

Large scale low
temperature cryogenic
technology,
distribution systems
for scaling efficiently
to large quantum
systems

Simulation and
sensing

Theory and simulation
to solve high energy
and condensed matter
physics problems on
quantum platforms

SQMS brings decades of DOE investments in accelerator facilities and technologies
in a government-industry-academia strategic partnership framework for broad impacts
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Talk Outline

» Introduction to SQMS Center goals - J\/\"S e M S o

» Development of a bosonic QPU

» Integration of a single-cell cavity

» Development of two-mode system

» Error-resilient state preparation & entanglement

> Strategies for improvement and scaling u
g P g up Surface Oxide

iti i i 333 5 © Metal/
» Mitigate TLS losses in surface oxide Nb film 22 ?ubﬁrate
< - Interface

» Improve coherence of ancilla transmons Caneds g e oy s T
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» Building larger systems
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Trapped ions

laserfocusworld.com
NV centers

W

phys.org

Different Platforms

Photonic crystals

— phys.org
SQMS
Neutral atoms

Quantum dots

NIST
sciencemag.org
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dhemie.tu
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Michel H.

Scientific background Clarke Devoret Martinis

“FOR THE DISCOVERY OF MACROSCOPIC QUANTUM MECHANICAL
TUNNELLING AND QUANTISATION IN AN ELECTRICAL CIRCUIT”
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Superconducting platforms
[ Two-dimensional (2D) } [ Three-dimensional (3D) J

IBM Rigetti TIFR

SYCAMORE CHIP

Google USTC, China O BT e M e
Weizmann Inst.
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Superconducting platforms
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Cavity Transmission
>

Information stored
in 2D circuits

~ Hybrid 2D-3D or Semi 3D

Tanay Roy - Fermilab

Frequency

IBM
PRL 117, 250502 (2016)
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Geometry optimization

50 mm | e 3 . | ‘

PRL 107, 240501 APL 116, 154002 APL 102, 192604 PRL 127, 107701 PRX Q“a%t;orggz Phys. Rev. App. 13, aniv:
034032 2506.03286
. A
Vacuum is lossless
Major loss source: surface _ _ Practical geometry:
> Spherical cavity _
Elliptical

Minimize surface to
volume ratio
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Particle accelerator cavities

Beampipe Iris

Equator

7

TESLA: TeV-Energy Superconducting Linear
Accelerator

1.3 GHZ} [ Pure Niobium } [At”l.SK: Qo > 1010

J \

9-cell TESLA
cavity

/

Tanay Roy - Fermilab

Good for quantum
applications?
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Q, of single-cell TESLA cavities

A. Romanenko et al., PRApplied 13, 034032 (2020)

1012:"'| ' ! LRI | ! i L L | 1 ' ! '
r m 1.3GHz m 1.3 GHz- after 340 °C
A 5GHz <« 5 GHz- after450 °C
® 2.6 GHz—— TLS model fits
10" 3
G 10" 3
10° 3 E
r TLS-dominated regime
108 Ll | P B
0.01 0.1 1

Temperature (K)
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Q, of single-cell TESLA cavities

A. Romanenko et al., PRApplied 13, 034032 (2020)

Explore TESLA-style cavities

T; > 1sec

TLS-dominated regime

10}

i
AA‘
Lol MR

Photon lifetime (sec)
o

0.01F

B 1.3GHz = 1.3 GHz- after 340C|
A 5GHz <« 5 GHz- after 450C
® 26 GHz =

001 04 T
Temperature (K)

<S@MS -

0.001

T
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Energy eigenstates

Harmonic oscillators

A. Romanenko et al., PRApplied 13, 034032 (2020)

Explore TESLA-style cavities

Tanay Roy -

Qudit
o
o
(o)
I ® /|3) Ququart
AE ’
® 712)  Qutrit
—|1)  Qubit

\ \\.I._._/./ | O)

Quantum d-level system

Needs nonlinear ancillary components

Fermilab
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Energy eigenstates

Harmonic oscillators Transmon
( Il J
ﬂEst\. j
ey ""EZI 12)

—e—/|1)
."_\E1] H

~*/10)

A. Romanenko et al., PRApplied 13, 034032 (2020) J. Koch et al., PRA 76, 042319 (2007)

Explore TESLA-style cavities

Needs nonlinear ancillary components
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Incorporating transmon into TESLA cavity
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Incorporating transmon into TESLA cavity

. SUPERCONDUCTING QUANTUM
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Incorporating transmon into TESLA cavity

-5.811E+01
-6.163E+01
-6.515E401
-6.867E+01
-7.219E+01
T571E+01
-7.923E401

-8.275E+01
.-! 827E+01
T -8.979E+01

H ! | | Min: -8 979E+01
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Incorporatlng transmon into TESLA cavity

g e TE3RI003 photon splitting

0.20 1.0

o
—_
(S

P qubit

o
o
o

Cavity displacement amplitude
o
=

o
o
S

4,3075 4.3080 4.3085 4.3090 4.3095
Qubit Frequency (GHz)

coherent states

Qubit spectroscopy with

Achieved photon counting
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Coherence measurement

Wigner tomography
Fock |1)

[ Prepare quantum states J

Storage Fock01 T1

—— 7=3241.99+130.10 0.27
0.29

T; = 3.2 ms

Voltage (mV)
o
N
Voltage (mV)
o
o

0.25

F) L .
. 0.25], —— 1=1585.71+144.95
0 2 4 6 8 10 12 14 0 1 2 3
Time (ms) Time (ms)
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Fock state preparation

[ SNAP + D J Qubit spectroscopy

X X X

13 A
12 A
11 A
10 A

13 A

12 4

11 A

10 4

[ Prepare quantum states

13 1

Demodulated Signal (uV)

AEI\\ : '3> f L
o\ /

O |1) :
AE " | o B ;, : |
| O) -15.0 -12.5 -10.0 -7.5 -5.0 -2.5 0.0 2.5
Af (MHz) Roy et al., Proc. Sci. 2024, 127
Heeres et al., PRL 115, 137002 y g - OCl ,
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Flaws of the single-cell cavity

1. Cavity T, reduction (30 ms — 3 ms)

2. High qubit thermal population (8%),
contributing to low cavity T,

3. High cavity thermal population (10%)
4. Slow readout (16 us) with low fidelity (50%)
5. Cavity-readout cross-Kerr (0.1 MHz)

: SUPERCONDUCTING QUANTUM
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New 2-cell design

Purcell filter(8.5 GHz) Readout (8.3 GHz) Qubit (6.4 GHz)

* Preserved Tesla geometry
* Reduced beampipe diameter

* Retracted chip from cavity center

* Two cells with large “iris” form two
normal modes

* On-chip readout and Purcell filter
enabling individual control and fast
readout

Alice (5.8 GHz) Bob (6.9 GHz)

==
-

: SUPERCONDUCTING QUANTUM
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New 2-cell design

* Preserved Tesla geometry
* Reduced beampipe diameter
* Retracted chip from cavity center

* Two cells with large “iris” form two
normal modes

* On-chip readout and Purcell filter
enabling individual control and fast
readout

* Optimized qubit chip/cavity clamp

Optimized Cu
thermalization
clamps for the

cavity Optimized Cu

clamp for the
qubit chip

: SUPERCONDUCTING QUANTUM
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Improvements
1. Cavity T, reduction (30 ms — 3 ms)

2. High qubit thermal population (8%),
contributing to low cavity T,

3. High cavity thermal population (10%)
4. Slow readout (16 us) with low fidelity (50%)
5. Cavity-readout cross-Kerr (0.1 MHz)

Purcell filter(8.5GHz) Readout (8.3GHz) Qubit (6.4GHz) 1. Cavity T1 preservation (25 ms — 21 ms)

2. Low qubit thermal population (< 1%),

_
helpful for high cavity T,
3. Low cavity thermal population (< 0.5%)
4. Fast readout (2 1s) with high fidelity (98%)
5. Cavity-readout cross-Kerr (<< 0.1MHz)

: SUPERCONDUCTING QUANTUM
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Multiqudit platform

—— Alice T1:20.6+0.4 L] |n)
iceT1:20.6 04 ms | \ §ny1 /
—— BobT1:15.6£0.2ms \ -
\
s
\

* "Nt/
o r 10} .
[ 2)
) |1)\@/? 2V1
(1) ¥ D . |0)
025 50 75 100 £ X
—— Alice T :21.1£0.7 ms X \!‘:
g
- itili
o L ey
~— BobTz:205%0.3ms 0 4 8 12 16 720
Transmon 0 0 5 . 10 15 20 Fock level (n)
T,: 150 ps, T,: 40 Time (ms) (20)
1- us, 1,: 40 us T, >1ms
: ) (1)
Two high-coherence La(lge single-photon T, and Verified 1/n dependence
qudits with d = 20 T, " in a 2-mode system

26
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Climbing Fock ladder

o o

° Sideband scheme 3 — {3

13) o3
— {2

Al / 2
/ g3 —— e —]

|1)
IO)\<7/ g2 _‘2‘91,—()— fo TTro—g1
gl =—— —== €0 Tlef

g0 == Mye
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Climbing Fock ladder

00O

000

Sideband scheme

e3

/ i ‘/ez " nfl_gz
|1) ), 02 —Om— ATer 0
|0) v‘

e0

gl === Mge

go_

7 Transmon decay, dephasing Cavity decay

/

le) : : :
Fixable in real-time
lg)

TI" nsmon . . SUPERCONDLICTING QUANTUM
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Sideband feedforward protocol

e)

Q (mv])
[

1(mV)

3-state readout F = 0.987

Fix transmon
errors in realtime

Sideband scheme

Sideband Feedforward protocol (SFP)

If |g)

g3_

gz_

gl—C)—

000

e3

/

f3

f2

f1

s €0 Tlef

o [ —
e
Tge || Tef || Tro-g1 | | Ag
>
i’ Mge Mer Mf1-g2

Tanay Roy - Fermilab
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Parity

filter (PF)

IT

tw=1/|xel

|g) — no cavity decay
le) — single-photon decay

Fix cavity decay through
post-selection

Parity filter

Sideband scheme

er Ag

o
(]
S — |
g0 "ji;-
N Parity
Tge || Tef || ™fo-g1 filter

Tanay Roy - Fermilab
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Fault-tolerant Fock state preparation

a b xn
@ —im © I
|g3}_ | _ I~ i Parity
|e2) | Mo o filter
I 190 "':""‘h:'."n'ﬁ'ﬂ'";f ¥ irAd i ]
|92) mOm N o |
le1)
—_— | O Sideband Feedforward
Igl}—“"ww o Protocol (SFP)
;—|eo} Parity
$ filter (PF) N
Igﬂ}— = e
* Fock preparation using |f,n) & |g,n + 1)

31

sideband interactions

e Realtime error correction of ancilla errors

* Parity filter for detecting cavity decay

Kim & Roy et al., arxiv:2506.03286

©,

o8
(=%
06
g
504
S 02
00

Tanay Roy - Fermilab

« 5B SFP

I I I #

- SFP+PF &

- - AR

17 18 19 20 17 18 19 20 17 18 19 20
Aw/x Aw/y Aw/x

Fock [20) with F > 95%
Record preparation fidelity
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Two-mode entanglement

=5 |f00)

? Transmon
—O— |e )

decay error

|g01)

== |g10)

On-resonance sideband drives

- &
J'|'|'I'3‘ — "I'I'I' 'I'I'l'l' o N 'I'I'I'
\ o 4 2
Alice (5.8 GHz) Bob (6.9 GHz)
32 Tanay Roy - Fermilab
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Two-mode entanglement

= |f00)

|

Avoid
transmon
decay error
|g01)

== |g10)

Off-resonance sideband drives

Alice (5.8 GHz) Bob (6.9 GHz)

. SUPERCONDUCTING QUANTUM
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Two-mode entanglement

Avoid = [f00)
transmon _l___
heating error

le10

:

== |g10)

%,

|g00)

£

|g01)

Post-select
on not |e)

— o
u'ﬂ"w. ‘TI'I' 'I'L|'|" - ‘TI'I'
P — -

Alice (5.8 GHz) Bob (6.9 GHz)

34

1 55 T T T
c =10 <01 =00 |&
2r YUY L
5| AMNAAAAAAA, |8
. 11971 % | - ol|S
S L AAR] selection | ‘.y @
O i §(-L 1 1 1l
1 - T T 55 T T T T E
o r VivaP+XLY 2
3 NMAANANN (o
S F post-select on b 4131 I Fr=998%2
Q t 00 814 L st 18 d =
iy YW
o v 3
0 =
S 1 1
0.0 01 _ 0.9 1.0
Time (ms)

Tanay Roy - Fermilab

[ High-fidelity swap operations ]

Kim & Roy et al., arxiv:2506.03286
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Two-mode entanglement

1 551 T T T
Bell state c [ 10 201 00 | Z
= "R AR @
h/)) — |01> + |10> < g J YUY YU ﬂﬂ(ﬁﬁf 2
| 11 {1 lpx= ol =S
\/i 8— ‘ I} 1 selection : ®
‘ p . § 27 39 Ld o8 b9 Q
o 2YETAT: g
Beamsplitter operation connects higher levels Ot '
1 =
C ~—
Generates two-qudit entanglement 8 4
% = post-select on g
Q t 00 o
Enables universal two-qudit QPU Sr i V g
0 =
0.0 0.1 _ .
—_— - Time (ms)
%3-(# %}0@0(# [H' R : ]
igh-fidelity swap operations
\ == - UERET RSt
Alice (5.8 GHz) Bob (6.9 GHz) Kim & Roy et al., arxiv:2506.03286
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Summary of part 1

[TWO'mOde system with high coherence J [ Error-resilient large Fock state preparation J
10F
— Alice T1:20.6 £ 0.4 ms
—— BobTy:15.6+0.2ms :0.9 -
508
“o7F % Aicess % Bob SB
% Mice SFP I Bob SFP
~L 06 | & Alice SFP+PF I Bob SFP+PF

0 25 50 75 100 L L 1 1 1 1 1 L L 1
2 4 6 8 10 12 14 16 18 20
Photon number

[ High-fidelity swap operations ]
Next steps

81 1 N o | |E * Single-qudit gates
® Yy ﬁmm = * Qudit entangling operations
;T ; t A A J.‘; § e Universal two-qudit system
Ok : NE
: _ 0.9 1.0
Time (ms) ranay Ry - Fermis Y 6 11 o skt vk
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Ancilla

transmon

Further improvement strategies

Qudit
o 1
—2)
— [1)

— |0) _
M e ’ Improve cavity Q Improve transmon Q

BOSO”'C mOdeS *WS e M S = /e SUPERCONDUCTING QUANTUM
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Cavity improvement strategies
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Surface contribution

) <0.1% of
RF fields thickness

Nb,O x

RF
currents
~100 nm

RF fields

Vacuum

Characterization and nano-engineering the
surface layer is crucial to performance
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TLS signature

oxtorf T=1.5K _ - Field dependence
- Fit to TLS model -
B Ec =0.1 MV/m 1 FS (T) 1
_ 7xtom} p=019 p= oD
g (1+Gy?) Co
kS | \
> Sx10%f Saturation of the . -
© Q decrease M
= B -
3 'S
3x10 o : :
'_/' T . Loss is TLS dominated
= SS RBW=10kHz| $
i A SSRBW=30Hz | §¢.
1X1 [ [ [ [
1.3 GHz 0001  0.01 0.1 1 10 [ TLS location? }
E e (MV/m)
Measured down to <N>~ 1000 photons
Low field Q

A. Romanenko and D. I. Schuster,

saturates at 3 x 1010 Phys . Rev. Lett. 119, 264801 (2017)
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TLSs in the natural niobium oxide

Number of photons
1013 10‘5 101? 1019 1021 1023 1025

10
100 nm Nb,Os L e e e e e e e s 1.6x10
| N ® EP+anodizing (100 nm oxide) | _| 10
N A EP (thick oxide removed) 1.8x10% ©
[ 4 EP+120C 1
13 b = =TLS fits 4 2.1x10"

1 F

2.5x10"

g
=
=
w
@,
-é- Added resistance E
5 gl due to thicker oxide 4 3.0x10™ §‘=
E ‘ .2
7] . 3»91‘10‘ ()]
% : =
45.4x10"° <
5nm : 3
- 9.0x10'°§
1 =
- {27x10" §
T=15K e
aaaaal A aaaaul 2 aaaul a s aaaaul A s aaaul FEEEEETY Q
1E-5 1E-4 0001  0.01 0.1
E.ee (MV/m)
. TG A. Romanenko and D. I. Schuster,
Surface oxide hosts TLSs How to mitigate? | .. rey et 119 264501 (2017)
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Ultra high Q at mK temperatures

T; > 1sec

i -~

4 340-450°C vacuum
. baking for ~4 hours

-
Nb,O: hosting TLSs
was dissolved

~5nm

8000 ~

[ 6000 -
0.01¢

T
1

Photon lifetime (sec)
o
s
_—
X
\
#A

B 1.3GHz = 1.3 GHz- after 340C| ] 4000 A

r A 5GHz <« 5 GHz- after 450C
0.001 E ® 26GHz .

PR |

0.01 0.1 1

Nb,O4 (counts)

2000 4

u® n Before heat treatment

0

" = After 400C 1hr
II.
| |

L
Niobium
pentoxide®_
elimination =

Temperature (K)

A. Romanenko et al.
42 Phys. Rev. Appl. 13, 034032 (2020) Tanay Roy - Fermilab

Depth

TOF-SIMS data on cavity cutouts
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Ultra high Q at mK temperatures

T; > 1sec

- \ TLS-dominated regime ~
T\ ] ] 340-450°C vacuum

10F y-~ " 1. bakingfor~4 hours

.
- Nb,O: hosting TLSs
e ~ was dissolved

Photon lifetime (sec)

o

$ An

— -

‘ !

\

\;
AAAA*A

0.01¢

B 1.3GHz 1.3 GHz - after 340C| ]
A 5GHz <« 5 GHz- after 450C

0.001 — ® 26GHz 5

‘ \ .
Eo ol . P PR “"“‘ : : AF “ ; >\
0.01 0.1 1 e R L
| 2 gl =
Temperature (K) =

A. Romanenko et al.
13 Phys. Rev. Appl. 13, 034032 (2020) Tanay Roy - Fermilab =S QM S e 2



Regrowing Niobium Oxide with less loss

‘ B After mid-T bake process - kept under vacuum = no oxide‘

10 4
] | |

<

photon lifetime (sec)
1

0.1 T T T T T T T T ' T T T T T T 1 T '
10 20 40 100 200 400 1000
Temperature (mK)
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Regrowing Niobium Oxide with less loss

photon lifetime (sec)

10 4

W After mid-T bake process - kept under vacuum = no oxide
® +15 min air exposure = natural oxide regrown

. _,_../

TLS in the natural
hiobium oxide

0.1

10

20

T T L T T T L
40 100 200 400 1000
Temperature (mK)

Tanay Roy - Fermilab
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Regrowing Niobium Oxide with less loss

W After mid-T bake process - kept under vacuum = no oxide
® +15 min air exposure = natural oxide regrown
WV After mid-T bake process - kept under vacuum = no oxide

10 4
] | |

<

photon lifetime (sec)
1

0.1 T T T T T T T T ' T T T T T LI '
10 20 40 100 200 400 1000
Temperature (mK)
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Regrowing Niobium Oxide with less loss

After mid-T bake process - kept under vacuum = no oxide
+15 min air exposure = natural oxide regrown
After mid-T bake process - kept under vacuum = no oxide

Adonm

Oxide regrown with new technique and open to air = oxide with less TLS

10 4

e

photon lifetime (sec)
1

<

[
| Much  p I'l.
reduced TLS
1 losses in ¥
1 the oxide g

0.1 —— —
10 20 40 100 200 400
Temperature (mK)

T
1000

Easily integrable
with 3D transmons

Proof-of principle demonstration of growing niobium oxide with much lower TLS losses

Tanay Roy - Fermilab
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Transmon improvement
strategies
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Directions for T; improvement

Improved Dielectric Substrate Losses
+  Sapphire Annealing

Nb, Ta, Re
Nb Encapsulation
High T Deposition

Ik oo |
dlieef
[ o4

/ E e )

Optimization of Qubit Package Optimization Optimization of Qubit Design

+ Package Limitations * Reduced EPR

I
Reduced size JJ desig

Optimization of JJ
* Reduced JJ Footprint

Improved Fab Processing
*  Substrate Preparation

+ Etching
SUPERCONDUCTING QUANTUM

° H ) -~ A
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Substrate improvement
strategies
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RF characterization of dielectric materials

Ultra high-Q 3D Nb resonators with Q~10° enable ppb precision

Q degrades after sample is inserted — allows extraction of tan

Sample prepared and Sample installed Cavity sealed and Dlgstalclja;gntlniod
installed at cavity flange into cavity evacuated an es g
| . 5 Quasi-4K T
o I:] Attenuators Zk HEMT

100 mK

Cold Calibration

Goal: compare different samples and pinpoint sources of dissipation

51
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Temperature dependence of substrate loss

Unannealed HEMEX Sapphire

* Slight decrease with temperature 1E-6
e Estimate tand ~ 3e-7

{-0
 Slight decrease with temperature S

= 1E-7 1
* Tand ~ 4e-8 ]
Silicon
e Tand ~ 3e-7 — 3e-6 depending on

resistivity
1E-8

Why is annealed HEMEX sapphire better?

Tanay Roy - Fermilab

Luaal L e |

paaal

'HEMEX Sapphire
@ As-Received

1 @ Post Annealing 1100 C x 3 hrs

[
o,

\\.\\ oo

P-Doped Si Bulk
4 Post HF Rinsing

**
-

Copp0 g0 000°

E~8VIm

T T
0.01 0.1

MXC Temp (K)

<S@MS -
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Potential material origin

Average Impurity Concentration in Bulk

1.75 A ® As-Received
® Annealed
Unannealed Sapphire Annealed Sapphire 20
: Pl ; - g 1.25 4
717.0 pm FY  5618pm % 1.00 4
t
‘g 0.75 + +
.- § 0.50 ¢
-714.2 pm d -556.9 pm - +
: " 0.25 +
i . : 2 : ® + o
Height Sensor 800.0 nm Height 800.0 nm 0.00 ® ® @ ® ®
K+ Ca+t Mn+ Zn+ Na+ Mg+  V+  Cr+
Impurity
Creates atomically flat, Decreases paramagnetic impurity concentrations
terraced surfaces in the bulk material = Less TLS loss

. SUPERCONDUCTING QUANTUM
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Exploration of base layer
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Superconducting base layer exploration

Tc~9.3K

~ 5nm Surface Oxide
T1avg ~ 0.4 msec
T1 max ~ 0.6 msec

\

J

Tc~4.2K

~ 5nm Surface Oxide
T1lavg ~ 0.3 msec
T1 max ~ 0.45 msec

Tanay Roy - Fermilab

Tc~1.7K

< 1nm Surface Oxide
T1avg ~ 0.25 msec
T1 max ~0.4 msec

. - SUPERCONDLUCTING QUANTUM
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Suppression of Niobium Oxide
growth

SUPERCONDUCTING QUANTUM
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Surface encapsulation to abate oxide loss

Removing oxide 2 Surface Oxide 200

Reduced loss I\i’l)etal/ 1504 ©
' Substrate -
: BB ilin Interface 3 ,-
Encapsulation s < > 100

p = ’. " f‘ E"‘1 o

a s L ' R > o o
e -': : - "-i‘-"l" i‘t\i‘lfﬂ"lﬁ'aﬁﬁﬁﬂ-&ﬁ& 1"'? "}?'1‘*1‘*'? 50
e A R W W e = : : i
N N NN ‘1‘t'¢‘1-‘¢t1' t'i?rcgt.- \:\-w-a- se t e 0
anomomwww 1 R B R 2. 2922 ™S
RN e e e T TR e L * % %
8B B e R L v w _i— . S T 0 P S S % 0 | . |
4 8 B BB BB ‘__' ®EE R R R R _"..‘b.\v.f:’.‘é.&*‘{’\q}?" :
S ' S ) Nb/Ta Nb/Au Nb/Al Nb/TiN Nb

Au or Au/Pd
Capped Nb

npj Quant. Info. 10,
Article no.: 43 (2024) Tanay Roy - Fermilab =G QUM S = remconoucrnc aumrun

Nb Baseline Ta Capped Nb { Al Capped Nb |

10 nm
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Exploration of transmon geometry

600 1 ,uT =323us *

O OO0
Ty (us)

1 °

: 400 S 8S Sen , o0 N e e

| | 200 e ® 4 ) &

| |

I I 100 200 300

I o I g Iteration

| | 0 . .

: @ : 5 LORe — Exponential fit
o .-

1 1 % 05 - . Tl == 586 MS

1 1 o E oy ¥ R

! ! 0.0 o v v A

B C 0 250 500 750 1000 1250 1500

t (us)

npj Quant. Info. 10, 43 (2024)

« Large paddle factor of 2 improvement
» Average values for larger paddle qubits >0.3 milliseconds
» Best T1’s reaching ~ 0.6 milliseconds

Pua=31E—5  pysa=15E—5 pya =17E =5

: ; . SUPERCONDUCTING QUANTUM
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Coherence of 2D transmons over time

Average T (us)

500

400

300

200

100

SQMS Qubit T, over time

o
° H

Maximum T (us)

700
600
500
400
300

200

100

SQMS Qubit T, over time

Average Ty > 400 us

Max T; > 600 us

Goal: Average T; > 1 ms

Tanay Roy - Fermilab
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Geometry optimization for 3D-style transmon

=={J= 5 =70 um, sharp corners
== s =150 um, rounded
s =20 um, s =150 um 1.6 ==« 5 =200 um, rounded
— _ — == s =300 pm, rounded
r=3.9 r=5.8 =
o 1.4 -
N
©
1.2
£
o
5 1.0
o
o 0.8
L
0.6
04

Aspect Ratio

s~ 200 pm Qubit with arbitrary geometry can be

defined by two parameters:

- paddle aspect ratio: r=1/w
- paddle to paddle separation: s

=G ~ 7n» SUPERCONDUCTING QUANTUM
' - MATERIALS & SYSTEMS CENTER
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3D style transmon with T; > 1 ms

Achieved by combining all the advances:
* Nb encapsulated by Ta

* Low loss annealed sapphire substrate

* Reduced junction leads footprint

* Reduced EPR

* 3D SRF cavity = low loss box

30

5 ms window overnight
4 ms window overnight

204

Count
Magnitude (a.u.)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14
T1 (msec)

Tanay Roy - Fermilab

0.32 1
0.30 1
0.28 1
0.26
0.24 4
0.22 1
0.20 1
0.18 +

0.16 4+

Best T1=1.21+0.15ms

Time (ms)

=S @M S

SUPERCONDUCTING QUANTUM
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Other studies

Radiation studies Trenching and sidewall Magnetic vortex
R : : Magnetic EE— —IJ

6 m— [a% shield Vacuum
(— can

Au/Ta AlO; |G )
v Al Y

NN Nb
JJ layer % rﬁ\f
Phonons

Sapphire %LL’.\I\FJ\J\FJ

b)
arxiv.:2405.18355 =
(@)
Magnetic field sz;amm N/
! . . arXiv:2503.14616
Nanohydrides studies

’ ; JJ footprint studies

HEMT

Quasi-4K

LS

62 arxiv.:2506.02187 arxiv:2108.10385, adfm:202401365 - MS Q M S e SUPERCONDUCTING QUANTUM
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Scaling up

<S@MS -
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Next steps in 3D architecture

low-loss interconnect

ancilla coupler@coupler ancilla

Quantum interconnect

Parametric coupler

Double-mode manipulator cavity Multi-mode High-Q storage cavity

(Processor) (Random access memory)

Quantum RAM architecture

Build a 100-qudit system

: SUPERCONDUCTING QUANTUM
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Cavity-qudit system for computing and sensing

-

-

Ultra high-Q \/ Multi-qudit
SRF cavities i QPU
High coherence Quantum
ancilla sensing &
components simulation

SQMS cavity-based quantum devices have demonstrated world-record coherence up to seconds
enabling novel capabilities for storage, manipulation, transfer and sensing of quantum information

: SUPERCONDUCTING QUANTUM
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THANK YOU

The Quantum Garage

at the SQMS Center & EnERcy i

EST, 2023 & Fermilab § ;-
o i

This material is based upon work supported by the U.S. Department of Energy, Office of
Science, National Quantum Information Science Research Centers, Superconducting
Quantum Materials and Systems Center (SQMS) under contract number DE-AC02-07CH11359.
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Extra slides
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Transmon: Anharmonic Oscillator

__-.\\\ Vs
AE5] \ / , ,
| \S /12) Non-linear | Linear
b /ﬁll) inductor capacitor

: V4
\ /
T/ 0 Transmon

Anharmonic Oscillator

g s
substrate

Josephson Junction

Qubit Koch et al., PRA 76, 042319

. SUPERCONDUCTING QUANTUM
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Transmon:

Harmonic Oscillator

Anharmonic Oscillator

Anharmonic Oscillator

. SUPERCONDUCTING QUANTUM
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Large scale cryogenics development

For future large scale quantum data centers, the use of a centralized liquid
helium cryogenics plant makes economic sense in terms of energy

efficiency.
SQMS is working with commercial partners and has developed an interface

between existing dilution refrigerators and centralized liquid cryogenics # Fermilab
plants.

Maybell

Central liquid
helium cryogenics
plant

. SUPERCONDUCTING QUANTUM
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Measured state

Climbing Fock ladder

3 o
2 . o —
Sideband scheme o f3
g 0 e3 —— fz

1 (mv) 71-
Prepared state gl e0 Tef

EFETEEE o =T

n 0.9978 0.0130 0.0035
fleoy = 1fn— |

n 0.0022 0.9862 0.0190
n 0.0000 0.0008 0.9774 ﬂge 7Tef 7Tf 0-g1 | |/ ;:\

If |g)
3-state readout F = 0.987 Q)

Sideband Feedforward protocol (SFP) “ge || Tes [ 102
iaepan eearorwar prO oco
. MS ° M S . /1ns. SUPERCONDUCTING QUANTUM
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Geometry optimization

50 mm

PRX Quantum 4,

PRL 107, 240501 APL 116, 154002 APL 102, 192604 PRL 127, 107701
Cavity residual surface resistance loss Geometry factor [Q]
2 Pillbox: ~200
wo Mo J,1H| G
;= 00 fV — = Cylindrical: ~200
Ry [(IH| Rs Stub: ~70
Flute: ~70
R = Surface resistance Mushroom elliptical: ~210
Single-cell elliptical: ~270

Two-cell elliptical:

~300

72 Tanay Roy - Fermilab

030336

Phys. Rev. App. 13, arxiv:

034032 2506.03286

Elliptical geometries

show larger G

<S@MS -

factors
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SRF cavity based versatile quantum platform

d >2 levels _ : —

2 levels Pt - Ultrahigh Q SRF cavity
oy | it | |
PSP =)

i |1 — s E
1 1
1 O AR L4 1 -
l‘.l_i ..... ,; i 12) 1 T
L =—1) | \ '-
| ’ "I “‘ | 4”/44_
Enhanced information ! “‘ Rl
density and encodings ," \
/)
I \
/ \l, \ Ancilla transmon
_ . _ on a chip
Qudits for Qudits for Qudits for
computing Sensing Communication Maximize coherence
e of the joint system
PRL 94, 230502 Chemical reviews 119, 10856
Optical Physics 71, 052318 Frontiers in Physics 8, 589504

and others and others . . SUPERCONDUCTING QUANTUM
Tanay Roy - Fermilab AR M =V AATERIALS & SYSTEMS CENTER



SRF cavity based versatile quantum platform
Ultrahigh Q SRF cavity

Improve cavity Q

! T
5618 ," ‘\ [ > "34?){/
AR
Improve substrate NN N
1
§ -556.9 pm ', “
f }
l, \
1 \

Ancilla transmon
on a chip

Improve transmon Q Maximize coherence

of the joint system

) 0 /s SUPERCONDUCTING QUANTUM
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Next steps in 3D architecture

* This high fidelity qudit unit will
serve as building block for our first
mid-scale 3D quantum computing
platform ~ 100 qudits

* Work will continue in parallel to
optimize the unit / building block
(more cells, more modes etc)

» Second two cell cavity ready, work
on interconnects

e d~ 32, 50 cavities, 2 qudits each >
500 qubit equivalent

Tanay Roy - Fermilab "J"I‘*SQM S"f‘”
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Talk Outline

Tanay Roy - Fermilab
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