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SQMS Science & Technology Innovation Chain

_ High-coherence New platforms for Quantum
Materials devietl quantum tech advantage
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Developing full Demonstrating Integrating Deploying large  Demonstrating
understanding devices with devices into scale quantum quantum

of decoherence systematically quantum cryogenics advantage
sources higher T1 & T2  processors facilities

SQMS bridges the gap between ideas and large-scale realizations
via unique center-wide coordinated approaches
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Quantum hardware
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Classical computing

NOT-gate —[>o—

Ve

J— Vour

transistor

Vin=H->Voyr =0
Vin=0-Voyr=H

AND-gate T )—

Ve
A
0
0
Vs
Vour
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Classical computing

NOT-gate —[>o—

Ve

....... VOUT

transistor

Vin=H->Voyr =0
Vin=0-Voyr =H

AND-gate  )—
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1 P b0 Gate1 © Gate2 : R
0 0 Source 5 A v
0 H e P T - Drain
V2 B i 2 e o T
VOUT

Maurand, R., et al. Nat. Comm. (2016)
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Alternative devices
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Alternative devices

. . 4. cMOS <
Classical computing g K =
= 104
[
N 14
NOT-gate D - s 0.1um in 2002/2003 | CMOS
Q
Vg S 014 N :
8 0014 ::irensn"";c;r;ﬁ;;;&;--':"
--1= Vour 0.001+ Quantum dewces glt;rc"::ive
'l'\fo'rﬁ fg'd' i 51' '9713?66 s D
transistor 1960 1980 2000 2020 2040
Year
Vin=H-Voyr =0
Quantum!
Vin=0->Voyr =H
1.0 4 # + P=25dBm

AND-gate  )— Suen o

\A

O

Vs

Ve

100

150

Gate 2
— 0.6
e 2
' Cate 1 ™ Gate 2 2 04 -
0 0 Source Drain -
0 H 0.2
VOUT 0'0_||||||||||||||||
0] 50
Maurand, R., et al. Nat. Comm. (2016) Toure (9)

L

' . SUPERCONDUCTING QUANTUM
9 12/8/2023 SRF technology for Quantum Computing and Dark Matter Searches # Fermllab “ MS ° M S A ATERIALS &SYSTEMQS CENTER



Protein folding

B-sheet



Protein folding
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Protein folding

secondary structure
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Nitrogenase (nitrogen fixation)

P-cluster
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What is a qubit?

» For each possible answer (right or wrong) we need a
unigue waveform

» The superposition concept of QM gives N waveforms,
where N are the number of eigenstates

[0)

N\ N =2 (qubit)
[) = cos(0) |0) + e¥sin(0)|1)
) = ¢110) + ¢, 1)

« The entanglement concept of QM allows to construct
2M waveforms, where M is the number of entangled

objects
(He() m=2

c1100) + ¢, |01) + c3|10) + c4|11)

IN GUANTUM COMPUTING, THE WHOLE
IDEA 1S JUST TO CHOREOGRAPH A
PATTERN OF INTERFERENCE WHERE
£ PATHS LEADING TO EACH WRONG
ANSWER INTERFERE DESTRUCTIVELY
AND CANCEL QUT, WHILE THE
PATHS LEADING TO THE
RIGHT ANSWER REINFORCE
EACH OTHER.

www.smbc-comics.com
/comic/the-talk-3

SUPERCONDUCTING QUANTUM
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What is a qubit?

» For each possible answer (right or wrong) we need a
unigue waveform

» The superposition concept of QM gives N waveforms,
where N are the number of eigenstates

[0)

N\ N =2 (qubit)
[) = cos(0) |0) + e¥sin(0)|1)
) = ¢110) + ¢, 1)

» The entanglement concept of QM allows to construct
2M waveforms, where M is the number of entangled

objects
(He() m=2

c1100) + ¢, |01) + c3|10) + c4|11)

IN GUANTUM COMPUTING, THE WHOLE
IDEA 1S JUST TO CHOREOGRAPH A
PATTERN OF INTERFERENCE WHERE
£ PATHS LEADING TO EACH WRONG
ANSWER INTERFERE DESTRUCTIVELY
AND CANCEL QUT, WHILE THE
PATHS LEADING TO THE
RIGHT ANSWER REINFORCE
EACH OTHER.

www.smbc-comics.com
/comic/the-talk-3

Measurement yields either
‘basis’ state with
probability:

Py = lcil?

SUPERCONDUCTING QUANTUM
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What is a qubit?
» For each possible answer (right or wrong) we need a

unigue waveform

» The superposition concept of QM gives N waveforms,
where N are the number of eigenstates

|0)
/N N =2 (qubit)

[) = cos(0) |0) + e¥sin(0)|1)
! = ¢,10) + ¢,|1)

» The entanglement concept of QM allows to construct
2M waveforms, where M is the number of entangled

objects
(He() m=2

c1100) + ¢, |01) + c3|10) + c4|11)

IN GUANTUM COMPUTING, THE WHOLE
IDEA 1S JUST TO CHOREOGRAPH A
PATTERN OF INTERFERENCE WHERE
£ PATHS LEADING TO EACH WRONG
ANSWER INTERFERE DESTRUCTIVELY
AND CANCEL QUT, WHILE THE
PATHS LEADING TO THE
RIGHT ANSWER REINFORCE
EACH OTHER.

www.smbc-comics.com
/comic/the-talk-3

Consider the superposition
|®) = ¢,1100) + c4[11)

Measurement of — |i)) or |1)

collapses to either |0) or |1)

SUPERCONDUCTING QUANTUM
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Quantum parallelism
Classical bit Quantum bit

Consider an arbitrary operation f(x)...

Classical operation: g®(¢) @ ®
1 1

calculate sequentially £(00), f(01), ..

ﬁ

Quantum operation: — 00X Cq 0 00
apply f (1)) and measure =01x 2| _ [1]_ o1
Q—lox — )= o lz — 110
=11 Cy 3 11
W), = 10) [$)y =11)
_ 01230123
input = [Y)v=1[1 0000 00 0] single input
[Whour =10 0 0 0 1 0 0 0] computation
output —O— —.—Q
¥ @ 1000) — [100)
output input

SUPERCONDUCTING QUANTUM
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Quantum parallelism

: _ _ Classical bit Quantum bit
Consider an arbitrary operation f(x)...

Classical operation: g®(¢) @ ®
) 1 1

calculate sequentially £(00), £(01),

ﬁ

Quantum operation: — 00% Cq 0 00
apply f(|y)) and measure =01x 2| _ [1]_ 01
Q—lox — 1¥) = cz| = |2 |10
1)y =10) ), =11)
— 01230123
input = [Y)v=1[0 1000 0 0 0] single input
[¥)our =10 1 0 0 0 0 0 0] computation
output —w —.— O |001> N |OOO) Result contains
-------- both input &

output 7N input  output

SUPERCONDUCTING QUANTUM
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Quantum parallelism

: _ _ Classical bit Quantum bit
Consider an arbitrary operation f(x)...

Classical operation: 0 0 h
calculate sequentially £(00), f(01), .. i ® i ®

Quantum operation:

@

Q= 00 % 1 0 00
apply f(l)) and measure =01X% ezl — 1] _ |01
%: 10% — )= czl ~ (2] 7 |10

=11 Cy 3 11

)y =10} [¥)y =11)

_ 01230123
= lY)w=[1 11100 0 0] parallel
[¥our = [0 1103001 computation!

output _ _ _._Q 00y 1) D)

input

; T : . S S .. SUPERCONDUCTING QUANTUM
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Quantum parallelism

: _ _ Classical bit Quantum bit
Consider an arbitrary operation f(x)...

Classical operation: 0 0 h
calculate sequentially £(00), f(01), .. i ® i ®

Quantum operation:

@

Q= 00 % 1 0 00
apply f(|y)) and measure =01% ezl — 1] _ o1
%: 10X — I$)= cs| = [2] 7 |10

=11 Cy 3 11

)y =10} [¥)y =11)

_ 01230123
= lY)w=[1 11100 0 0] parallel
[¥our = [0 1103001 computation!

output _ _ _._Q 00y 1) D)

input

. EEER w . S S . SUPERCONDUCTING QUANTUM
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Quantum measurements

Consider an arbitrary operation f(x)...

Classical operation:

calculate sequentially £(00), f(01), ..

Quantum operation:
apply f(|y)) and measure

22 12/8/2023
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Measurements return single state
with probability 2
Py = lcl

Quantum algorithms need to be
repeated to collect measurement

statistics!

Pyiy

SUPERCONDUCTING QUANTUM
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Quantum measurements

Consider an arbitrary operation f(x)... Measurements return single state

Classical operation: with probabilit
calculate sequentially £(00), f(01), .. b Yy P| ) — |C' |2
i l
Quantum operation:
apply f(l$)) and measure Quantum algorithms need to be
repeated to collect measurement
statistics!
Py

SUPERCONDUCTING QUANTUM
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Quantum challenges
State decoherence

_10)
ah
1)
|) = cos(6) |0) + e'¥sin(0)|1)

. time . time
Relaxation: 6 — 0 Dephasing: ¢ — random
determined by determined by
‘environment’ qubit ‘stability’ 1 1 1
Metric: Ty Metric: T, T, 2Ty i T_(p
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Scaling

Size
Connectivity
Entanglement

Reproducibility

Preparation-time of
entangled state
cannot exceed qubit
coherence
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What are qubit actually?

For any harmonic oscillator (LC circuit, 3D cavity, ...)

E
13) ~_Drive and internal loss balance

w =] . ,
12) %wz = Coherent state No control of
' two superposition
10 | (n) =6 state :/

0) 12) 14) |6) 18)  [12) |16)

Slightly anharmonic oscillator
(Duffing oscillator)

13)  w Frequency ‘pull” with power

12) lez No control of
1) I“’ superposition
|0) ° state :/

: . . . S S . SUPERCONDUCTING QUANTUM
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State control of a qubit?

Data_0607\DVZ_Q8_Spectroscopy_N3

. . 0.20 =
Strongly anharmonic oscillator ~ § 600
(qubit) 50.15 500§
o' 40§ Single qubit
= [} .
s 010 3003 control using
. o .
1) 8 200E Rabi-osc. ©
I 21 fy, g 0.05 8
10) g 100 %
s

420 425 4.30
Frequency (GHz)
fo1

MS: Metal-Substrate
i < SA: Substrate-Air
D e MA: Metal-Air
; MM: Metal-Metal

Josephson junction

MA )
SA MS \ | Bandage [ROGE)

Substrate

ot 2

SUPERCONDUCTING QUANTUM
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Understanding and improving 2D qubit coherence

Advanced and extensive material characterization

Nanoscale Sources of Decoherence

pE— MM

P ) — Josephson junction ) )
Study the ‘good vs bad 5 ,, T e
performing qubits :

° Grain
Boundaries

Intergranular

. ~ - . _Ai Substrate Surface Strain
MS: Metal-Substrate | SA: Substrate-Air Roughness Silieidg Eormation
T < o

MA: Metal-Air | MM: Metal-Metal s

* Cryogenic TEM, AFM, MFM
* Cryogenic XRD, XRR
* Cryogenic TOF-SIMS

upper Al

. XPS e R

* Raman '

* AP tomography o> O7/Nb™ . H7/Nb™ . C7/Nb~

« THz spectroscopy o R o] Erresle] e
. Magnetio-optical img. .- == ===
«  B-NMR, muSR o

0t
| |

| 10 E & Nw: :
o

0 20 30 4 50 0 10 20 30 4 50
Approximate Depth (nm) Approximate Depth (nm)

Northwestern T Temple

i 3 3 i ILLINOIS INSTITUTE‘W
University —a University

OF TECHNOLOGY

2= Fermilab
SUPERCONDUCTING QUANTUM
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Understanding and improving 2D qubit coherence

A. Romanenko et al, Phys.
Rev. Applied 13, 034032,
2020

100 ¢ ® 13GHz = 1.3 GHz-after 340C

F 4 5GHz <4 5 GHz- after 450C

[ ® 26GHz
ey 10 | TLS-dominated regime P!_
b of SRF cavities s oj‘
~ u® Feo
© # "“‘
E 1 4-‘" . H
L a
E— ° 4
S 01k ‘a
2 )
S) . ‘Y
i ) A 3

0.01kF SR
| QIS state-of-the-art

0.01 0.1 1
Temperature (K)
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Superconducting qudits?

E
13) V' VVY W
|2) Yy VY -

1)

[P) = c110) + 1) + -+ + ¢, Im)

A superposition of number of n photons...
‘encodes’ log, n qubits

; T : . S S - 71ns SUPERCONDUCTING QUANTUM
29 12/8/2023  SRF technology for Quantum Computing and Dark Matter Searches ~ & Fermilab -~ M fi

MATERIALS & SYSTEMS CENTER



Superconducting qudits?

E
13) V' VVY W
|2) Yy VY -
1)

[P) = c110) + 1) + -+ + ¢, Im)

A superposition of number of n photons...
‘encodes’ log, n qubits

If frequency is small, Relaxation time
temperature must be " 1_,
low < E = hf (Einstein) Tiny = ETIO)

E = kgT (Boltzman)

; T : . S S - 71ns SUPERCONDUCTING QUANTUM
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Superconducting qudits?

W m-mﬂi

E

3y daal

" VYV .

|1> o [FITAT 1o g
o) i e

[P) = c110) + 1) + -+ + ¢, Im)

A superposition of number of n photons...
‘encodes’ log, n qubits

If frequency is small, Relaxation time
temperature must be 1
low < E = hf (Einstein) Tln) - TIO)

E = kgT (Boltzman)

. H SUPERCONDUCTING QUANTUM
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Superconducting qudits

)y ® ), = (@110) + 4,]1) ®
(c1]0) + c3|1) + -+ + ¢, [n))
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Superconducting qudits

)y ® ), = (@110) + 4,]1) ®
(c1]0) + c3|1) + -+ + ¢, [n))

| . - i_ Weak off-resonance coupling
i — facilitates selective cavity state-control
e TR using the (ancilla) qubit!
1 R Cavity frequency becomes qubit-state
: dependent and visa-versa
o i 2%+8 Y

; T : . S S - 71ns SUPERCONDUCTING QUANTUM
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Su

121
111
101

Demodulated Signal (uV)

131

12 1

111

34

-15.0
131
121
111
101

131

111

perconducting qudits

TE3RI003 photon splitting

0.20 - 1.0
€
2
£ o8
g0.15
@
‘q‘g F0.6
0.10 E
() 5
a o4
3
T 0.05
2 0.2
3
[&]
0.00 L 0.0

4.3075 4.3080 4.3085 4.3090 4.3095
Qubit Frequency (GHz)

-15.0 -12.5 -10.0 =15 -5.0 -25 0.0 25

Af (MHz)

Ancilla (qubit)
T; = 110 ps
T, =~ 100 ps

Cavity (qudit)
T, =~ 3.2 MS
T, = 1.5 ms

Antenné 1

Weak off-resonance coupling
facilitates selective cavity state-control
using the (ancilla) qubit!

Cavity frequency becomes qubit-state
dependent and visa-versa
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Su

121
111
101

Demodulated Signal (uV)

131

12 1

111

35

-15.0
131
121
111
101

131

111

perconducting qudits

TE3RI003 photon splitting

0.20 - 1.0
€
2
£ o8
g0.15
@
‘q‘g F0.6
0.10 E
() 5
a o4
3
T 0.05
2 0.2
3
[&]
0.00 L 0.0

4.3075 4.3080 4.3085 4.3090 4.3095
Qubit Frequency (GHz)

-15.0 -12.5 -10.0 =15 -5.0 -25 0.0 25

Af (MHz)

Ancilla (qubit)
T; = 110 ps
T, =~ 100 ps

Cavity (qudit)
T, =~ 3.2 MS
T, = 1.5 ms

Antenné 1

Weak off-resonance coupling
facilitates selective cavity state-control
using the (ancilla) qubit!

Cavity frequency becomes qubit-state
dependent and visa-versa

Photon counting!
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Towards a 3D cavity QPU

Wi t h =1 Wigner tomography n = 1 Estimated Hilbert
5 [gner tomography @ = = Gl 1.00 space dimension |2 |10 | 100 | 1000 | 10000
] 0.75 Control of 2 long-lived
1] 0.50 Focl-( Ie\fels with high-
1 fidelity readout
N 0.25
% L 0.00 € Incorporate 3D | Universal qudit (d-level) Qudit-SWAP between
= ransmons into V ‘ control of a single local and remote modules
0.25 mode ) for state-transfer
-1 -0.50
1 0.75
2 T T T T T -1.00 o
2 1 0 | 2 ' Year 12021 12022 12023 12024 12025 g
Re(a)
| | | l [ [ ] [ [ I [
Ancilla  Qudit 1 Qudit2  Qudit 3 Ancilla L 1 ]

Storage 1~ Storage 2 Storage 3

Manipulator unit Coupler Storage unit
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Challenges lying ahead

« Device performance improvements

« Scalable qudit architecture

« Quantum error-correction

 Error-correction for qudits

« Large scale cryogenics at sub-20 mK

« Time-domain RF electronics for 500k+ channels
* Quantum communication

SUPERCONDUCTING QUANTUM
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Challenges lying ahead my view

« Device performance improvements

- Scalable qudit architecture (ReqUifeS large-scale systematic
research into materials, fabrication,

Quantum error-correction design and operation, similar to the

 Error-correction for qudits SQMS effort or even bigger.
« Large scale cryogenics at sub-20 mK y ng?t g - 18 ms or more
: . : . t —
 Time-domain RF electronics for 500k+ ch C_gu—' ° Or_m?re
. Devices must be T1 - limited!
* Quantum communication J

SUPERCONDUCTING QUANTUM
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39

SQMS Science & Technology Innovation Chain

_ High-coherence New platforms for Quantum
Materials devietl quantum tech advantage

" r
N )
T o .
N > ’ h
- oA .
N Vs ) ’
v i 7?'
™\ v/ % 4
\\ / R
A NN

Developing full Demonstrating Integrating Deploying large  Demonstrating
understanding devices with devices into scale quantum quantum

of decoherence systematically quantum cryogenics advantage
sources higher T1 & T2  processors facilities
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