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Outline

* 100 Years of Quantum

« Superconducting circuits as a platform for artificial atoms

 Encoding schemes with strong light-matter coupling
« Kerr-Cat Qubit

 More wave-mixing with the Transmon qubit
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Quantum Physics Berkeley




Control of Large Quantum Systems Berkeley

Superconducting circuits Trapped lons

IBM, Google, Amazon Quantinuum, lon Q,... QuEra, PASQAL,...
AWS, Alice & Bob...



Classic Vs Quantum lamps Berkeley

A classical two- state system is like a lamp * A quantum system on the other hand can

which has twq, rf?:tly distin |2hable (in principle) exist in a superposition!
stat |
4 is state different? Spoiler alert:
' Either/Or it issanother state!)
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Visualization Berkeley

* We can visualize the state as a point on a
sphere “Bloch sphere”
0) - p :
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Measurement and State Collapse Berkeley

« We say that Z and X are not compatible observables (They don’t commute), so
measuring one of them erases the information related to the other one and
collapses the system to point in that direction!

. |63




Composite Systems Berkeley

* Two classical lamps

1/ OR \ %mg OR% %

Off Off Off On Off ot on
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* Two Quantum lamps
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Number of coefficients

Classical: 2N

Quantum: 2V




Entanglement Berkeley

the second lamp to you ﬁ ! ] 2
1

Off Off On On

* One day | prepared this state and | gave 1 ﬁ? n i % %
&

* This is problematic since the state of each lamp can not be addressed without
referring to the other one! This is what we call entanglement

= p1b2 =1
(“1 | +ﬁl% )(“21 +ﬁzg ) — ((ZZ =ﬁ:110tzz =0

- - NI




Berkeley

UNIVERSITY OF CALIFORNIA

Entanglement

* One day I prepared this state and I gave

the second particle to you

If you measure along Z today
and I measure Z tomorrow
tomorrow it 1s guaranteed that
we will get opposite values!

S5 s

n <
(3 o

If you measure along X today
and I measure X tomorrow it
1s guaranteed that we will get
opposite values!

796-569

If you measure along X and I
measure along Z then our

results will not be correlated!

t()— OR...



Superdense Coding

Sharing a Bell pair doubles the information 1
you can share! \/E |
00) +|11)
: W) =
Alice | %) 2 . Bob
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Quantum parallelism Berkeley

Quantum parallelism is great but not enough since measurement
destroys superposition

V2 o 0, £O) + 1, f())
0) —{v  y@faH— V2




Deutsch’s algorithm

A simple algorithm to determine 1f f(x) 1s

constant or balanced (global behaviour)

from a single run!

0)

1)

hT
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Can be scaled easily to evaluate 1f the function
1s constant or balanced beyond the one-bit input

Uy
y® f(x)

FO) @ F(1)) {\0> . ‘”]
\ J

V2
|
+|0) —— if f(0) = f(1)

+[1) —— if f(0) # f(1).




How To Quantum? Berkeley
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Quantum?* Circuit*

T

T~20mK
f~6GHz —

T~300mK
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Quantum Coherence Berkeley
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x 106 = Low power mTLS = High Power
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Millions Of Oscillations Berkeley
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—20 —10 0 10 20

f = fo(KHz)
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Beyond the Harmonic Oscillators

L C ,III!III,E
2
U(x) = %sz U(P) = (;_L U(B) = —cos(0)



Beyond the Harmonic Oscillators Berkeley

« Josephson junction’: S-I-S tunnel barrier

I(8) = Ipsing, V() = ~%2

2e dt

. . I
Non-linear inductor: V = LJ%

. h
] 2elg cos ¢

SQUID loop: tunable energies!

=
Josephson Junction
Insulator
/ —
_~~ Superconductor Superconductor
TACLS |yl e¥Pr T
@®
Cooper pair

1Josephson, B. D. Physics letters (1962).
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Complex Qubit
Immune to Environmental Defects

Simple Qubit

Sensitive to Environmental Defects

Transmon Fluxonium Cos 20 O-10

« simple fabrication * reasonable fabrication « complex fabrication « challenging fabrication
« easy qubit control » flexible qubit control « complex qubit control  difficult qubit control
* noise sensitive * noise resilient » partial noise protection » full noise protection




Engineering the Bosonic ladder with JJs Berkeley

Kerr Cat

Transmon
0 0
- ; » Anharmonicity
I I
~2 MHz ~300 MHz
|+2) =|+a)

L
‘/Av"‘ l_X>=|Cr:>

[+1) =1C.")

| 22
Spin Up Spin Down



The Hilbert Hotel
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Cat States Berkeley

UNIVERSITY OF CALIFORNIA

« Cat states are the orthogonal even/odd-parity

superposition of the macroscopically distinct Cat states with a” =10
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Kerr Cat Qubit Hamiltonian

HKC = —Ka'a'aa + €9 (a+a+ + aa)
l J
|
Stabilization drive
3-wave mixing

Wgq = 2wq
4 3
¢ ““W\WMW”’ @

S. Puri, et al., SCIENCE ADVANCES. (2020)
A. Grimm, et al., Nature. (2020)
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even states odd states
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Stabilizing Cats with SNAILs Berkeley

* The SNAIL provides the energy well to host the bound states
(p*), the third order nonlinearity which generate the squeeze

drive (¢3), and the fourth order nonlinearity which gives the
Kerr (¢*)

Pext — P -
Usnyar, = —aEj cos(@) — 3E; COS( ex3 ) = Yc;p"

By expanding Ugy 4,1 iNn powers of ¢ we can realize a

Hamiltonian of the form:

N

Hy = a)ac“ﬁa T gg(fﬁ + @)3 + g4(&1' + a)4 + ..

~ _ _ 2
Heff — Aa,ra-ra + g3(ae_lwrt — fselwst + H. C.) + ---

Hyec = A, rata — Katataa + e,a™ + €5 a* — 4Katal&,|?
N.E. Frattini, et al., PRA. (2018) 26



SNAIL Spectrum
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" The sample tunes and behaves like what we expect from the analysis of the SNAIL

wrp/21~5.32 GHZ

o
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K/2m~2.84 MHz
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2D Chip Layout Berkeley

(0‘% %a)( ‘QR

~ 12 GHz | ~ 1GHz ~ 6GHz
K
~ Kerr Cat - c. ; ¥ _/

o ' T )
A 0 | Pureell Fitter Al4 Al4
= —uww—lnn c
- | /| Readout Res Ju T P
’ [ j] ________ : A WJU flux bias
— = Charge pumping imposes a tradeoff between strong
microwave drives or large Purcell decay
{ = The pump port is strongly coupled to the qubit such
. osmm s & that the Purcell limit from c,is ~12us

, .\ , .

A. Hajr, et al., Physical Review X(2024)



Band Block Filter Berkeley
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1

(Wcar Ws

Kerr Cat

WA ( Purcell Filter
WJ L

Readout Res

2,7

-~
—| B = JUl 4 6 8 10 12
=1 — Frequency (GHz)
» A band stop filter suppresses the Purcel decay while
% enabling high and low frequency processes
a = 6 e oV
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Band Block Filter

| Kerr Cat

LN

] i Purcell Filter
ln

Readodt‘JRes

WU
(WU
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Data
mn
1.1 GHz

2 _20-
i« 0.6 GHz

_30— < N

—401— I I | I

5.0 5.5 6.0 6.5 7.0

Frequency (GHz)

With 30dB of isolation at the qubit frequency the
Purcell limit increase to ~12ms
The large bandwidth enables strong qubit-qubit

coupling with mitigated Purcell

30



Universal Control: Z Rotation Berkeley

On-resonance drive shifts energy of coherent states— Z gate

. Single qubit Z rotation: H, = €;aT + €,a, » 2aRele,]o,
« Shift the energy of the coherent states |+7) E@K

e, =0

.
o

Lo o

5 [ 2G|
Energy E/K|ay|?

Ll

O wun

ergy E/Klao’Q

~ ~
| 0 —
Ryt 2 5 _, 72 o T Sz = 4aRele]

- -
- 31




Universal Control: X Rotation Berkeley

v -v=1c)

Negative Detuning A leads to coherent states tunneling —» X(mr/2) e A

* Single qubit X(/2) — A(t)ata + Hy,

> Adiabatically tune the drive, to reduce the well +X>f|(ﬂ>{§f< W .
a . - a
» Two coherent state |+Z) will tunnel across two wells -2) =1 -a)
4=0 A4 =-3K 4=-7K
F 1.0 Ng
0.5 &
=" 0.0 2
(@)
—0.5 5
\// LICJ
] 4
2
—1 i 0 2
s 4]




Cat Readout
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« Three wave mixing — longitudinal readout
° ECQRaTb + h.c.—» ZaECQR(b + bT)O'Z

« Readout resonator state

Res. LO @,

/\

Qubit LO @,

L
R

DAC

DAC

a)_% Ocor

ADC |«

(b)(t, 0,) x <L (1 — e~rt/2) g,

K
'®Q »] ADC

H) /4 HH

A4
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Readout and Universal Control Berkeley

Cat Quadrature Readout New implementation of the Fast cat Rabi oscillations in
with QNDness of up to X(m/2) gate:e, — €,e0®)t timescales of ~100ns for
99.6% At) = (6(t) + tg(t)) /2 continuous Z(0) rotations
R X(m/2) X(1t/2) X(1/2) X(m/2)
Stabilization 4. Stabilization gl i ey Stablhzatlo_m W
Readout IV Y Readout Iy Readout Y
Z(0)
|0
2.5
2
a 0.0
2.5 _
2.5 -a)
Lo ‘
-2.5 | | - r ,
o 0 5 200%5 200 400 600

/o

. . . Time (ns)
A. Hajr, et al., Physical Review X(2024)



Lifetime

Cat States lifetime limited by
the single photon lifetime of
38.5 us

X(T/2)_At__ X(7t/2)
Stabilizatio_

Readout Y MR

401

T,/2(m)

Coherent States lifetime
approaching 1ms limited by

heating form the SNAIL
At
Stabilization 4
Readout AR A
1.0 ode
0.8 ™ #&%ﬂﬁ%
Too| 0l 7
~ C’ o' Nﬁ
~ 0.41 Y
021 o
&
0.0{*
2 4 6 8 10

e/K

Berkeley

UNIVERSITY OF CALIFORNIA

Coherent States lifetime
exceeding 1ms with
controlled red detuning

Tth At
Stabilization o
Readout I M
1.2
1.01
)
E o8
12
0.6
% r 1 l
#o e
0.4 oy
0 2 6 8
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Benchmarking

X(m/2),A=2K
| X Y 4

| (PReslE 0.000 0.000 0.000
SLLIIE 40,0000 | £0.0000 | 0,000

| (PRl 0.000 0.000 0.000
SLLLIIE  £0.0000 | £0.0000 | +0.0000

Z(n/2), A=2K
| X Y z

0.000  0.001 EiA:=rEE -0.002
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+0.0014 = +0.0079 QEZKLEFER +0.0061 +0.0001 = +0.0091 & =0.0089 RE=K:lilirs
F=92.(9)% F=99.1(8)%
| oammrw—
-1 0 1
X{n/2),A=0 Z(7/2),A=0
[ X Y Z | X ¥ zZ
| [ERCLIN 0.000 0.000 0.000 | | [EMN 0.000 0.000 0.000
ESOLLLDEN  £0,0000  £0.0000 @ +0.0000 ESJLLL 20,0000 £0,0000  +0,0000
X | 0.002 RN 0.004 0.020 | X | 0.000 -0.007 EUEEEY 0.004
+0.0016 EESRPAEN +0.0063 | +0.0069 £0,0018  £0.0042 EEIES +0,0059

Y | 0.001 -0.019 0.067 EA=E{S

+0,0015 = +0.0078 @ +0.0062

+0.0045

Z |-0.004 -0.005 fef::i:R 0.076
+0,0013 | +0,0064 [ELIIEIN 10,0050

-0.001 JeA:1:EW -0.006 0.008
+0,0017 EEGNIFEM 20,0041 = £0,0063
0.000 -0.007 0.004 E¥:ly)
£0,0001 | +0,0070 = +0,0070 JECNLLF]

F=94.(7)%

F =99.2(5)%
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Limitations

Kerr Cat

____________

0.5mm

SNAIL | |
' Readout Res

S psaliion | Purcell Filter

e

Berkeley
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SNAILmon Kerr nonlinearity K /27w

1.2 MHz

Fock qubit single-photon decay time T}

38.5 us
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Next Generation of Cats Berkeley
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« Driving both SNAILs at the difference frequency
activates a beam splitter interaction which can

be used to implement a CZ gate: g =100 MHz

P

Hgs = J(ala, + a,al) - 2Ja?2,2,

3)

12) W @z

1) )

0) e

38



Next Generation of Cats

Driving both SNAILs at the difference frequency
activates a beam splitter interaction which can

be used to implement a CZ gate:

P

Hgs = J(ala, + a,al) - 2Ja?2,2,

Signal (a.u.)

0.70

g =100 MHz

IIIIIIIIIIIIIIIIIIIIII

Time (us)

39
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Double SQUID for efficient wave-mixing  DBerkeley

The Double-SQUID designs show theoretical promise to realize higher nonlinearities

The SQUID implements squeezing and ideally does not store any energy

* Alarge well with small anharmonicity provides the Kerr and stores the energy

~~

i b 1
Hsquip = —4Ej} cos (¢y) cos (%) = 4E; sin(§¢s cos(w,t))cos (%) ~ EE]S Sps cos(w,t) pzpp(@+ aT)z

Hr = 4E. 72 — 2E; cos(¢/2)

E}

€, = _ZE] dprwg
1

K =7 (Ec/2)

R. Lescanne, et al., Nature Physics (2024)
B. Bhandari, et al., arXiv(2024)




Biasing the Double SQUID Berkeley

Frequency (GHZ)

Readout Res: ., Qubitaround ¢, =7 Qubit around ¢, = /2
6.905 595 V
6.900 : N N
T
. S 5
6.895 ! %) >
! S §
6.890 | ! = >
o) @
! ! - I
6.885 I I
! y
4 3 -2 -1 0 1 2 3 ' 4 32 33 34 35 36 37 560
Current (mA) Current (mA)

The desired operation point ¢, = m/2 corresponds to first order
sensitivity and second order insensitivity to the flux

Hs = —4Ep cos (%) + 4E7 cos (?)

0615 0620 0.625 0.630

Current (mA) 41

0.605 0610



Nonlinear light-matter coupling

* With 4-wave mixing we can perform AC Stark shifts

_ ) - ) 1. 1.
Hr = 4E. 7> — E; cos(¢) = 4E. Ai® — E; (—5¢2+5¢4)

IIIIIIIIIIIIIII

Stark Shift (MHz)

025 050 075 1.00 1.25

Amp (V)

IIIIIII
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Nonlinear light-matter coupling
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UNIVERSITY OF CALIFORNIA

* The atom decay is a linear process which can be combated with nonlinear driving

_ R R R 1 ... 1.
Hr = 4E. 7i? — E; cos(¢) =~ 4E. Ai* — E; (—5¢2+$¢4>

wgq = 3wg

!

0-3 Rabi: w,/2m = 15.5 GHz

Signal (a.u)

T,= 889.5 ns, T,=15.15 ns
)

f

50 100 150 200 250 300

Time (ns)
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Quantum measurement

O Imagine that I decided to give
one of two states |) or [Y4)
Which are not orthogonal

0)

O You can not orient your detector
to distinguish the two perfectly!

o) ¥o)

probe p without affecting the state!

[Yo)lpo) = ¥o)lp1)

~85% [V po) = Y1) p2)

U, can not change inner product
(Y1lo) = W1 loXp2lp1)

1) 1 = {pzlp1)

O Unfortunately, you can not use a

=8 PHYSICS
\ LIGHTHOUSE

- - 3 -
cl 1) 1 u] I GJl 1 o

<
V2

O Unambiguous measurement for
a price? (POVM)

(10) + 1)




Not All Operators Commute

Dx|Y) = c1[Y)
X|Y) = ca|Y)

No psi such that c1, c2 are
numbers

If two operators do not commute (e.g.
spin  components,  position  and
momentum) then they do not have
common eigenbasis

You can not prepare a state so that
you have sharp values for each operator

As a result you can not define a
direction for the z-axis so that S, = |§ |
nor the position and the momentum can

be described by a single values

simultaneously

Berkeley

UNIVERSITY OF CALIFORNIA

Spin up

@\“

N
A

Spin down



Benchmarking the noise-bias

N gates sampled from single qubit CX dihedral group: D1 = (X, T = Z(/4))/

U ’ “

{p=10X0| HH AP

M - |0) or |1) >

H =

1

Pauli group: P; = (X,Z)/U(1)

M — |0) or |1) >

{p=10)0| HP HD, . .. =Dy i1
' '

gate sampled from single qubit D,.1=

n
(D,,D,,_,..D;P)"1 €D,

Prepare and measure in X axis and Z axis
fit the result with circuit depth n into exponential
Extract bit-flip error P,,; and phase-flip error P, from fitting

' ' ' 0.1F ' : ' —
—0.4} y = -0.9147%0.9997~n | y = -0.5511%0.9872"n
| 0.0} |
-0.5} ]
_0.1-— 4
-0.6} 1
-0.2+ '
wv w
-0.7 ]
‘ -0.3}
-0.8
} ~0.4}
—0.9} l,” _os|
0 500 1000 1500 2000 -100 0 100 200 300 400 500

circuit depth circuit depth

Berkeley
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Error
T . ’ '
A 1
| + + A
| 4 44+ o+ +
10-2f A i ﬁ- I H A * 1
a4
A ".|. 1 + Kerr-cat, P4
5 A | 4+ Kerr-cat, P,
IE 10-3 +A : A A=2Kdetuned Kerr-cat, P,y |
+ 1 A A =2K detuned Kerr-cat, P;
1 + T
L 2
+ ++ + + 4
10~ i A AhAA, ':"' ]
oA %A A
20 40 €o 80 100 120 140 160 180
I Z(0) gate time (ns)
|
|
I . .
i Noise bias
300f - I - - - i
+ Kerr-caj
A A=2KHetuned Kerr-cat
250} | A
§ I A
: 1
EZ: 200 i
0 ' A
1
5;‘ 1501 1
£ ! o
v 100 : a o A + i .~
o : A + + 4 B
50+ i + +
++4+ T
oA hpat & : ]
20 40 a0 80 100 120 140 160 180
I Z(9) gate time (ns)




Nonlinear light-matter coupling Berkeley
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* The wave mixing processes are proportional to the displacement of the drive

~\2n
ﬁT = 4E, % — NE; COS({ﬁ) = 4F, A% — NE; 2(_1)71 ()
n

(2n)!

* This displacement depends on the frequency of the drive and whether it is capacitive or inductive
(which is not the case for on-resonance drives)

Drive amplitude g4 = 2(GHz)
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Shielding the system from radiation
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The impact of the shielding will not visible if the sample is the sample is not good enough
IR shielding is crucial, but we have enough

Magnetic shielding is crucial, but do we have enough?
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