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Basic Circuit Elements
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Comparing RF-SQUID with a particle
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RF-SQUID Hamiltonian
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RF-SQUID Hamiltonian
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CJJ RF-SQUID Qubit

H = —%[502 +A(0U)a,]

Control knobs: ®,, controls energy bias €

®,, controls barrier height  oU



Actual Qubit

Harris et al, arXiv:1004.1628 (2010)
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Programmable Magnetic Memory (PMM)

Johnson et al., Supercond. Sci. Technol. 23, 065004 (2010)
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Fabrication
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Fight-Qubit Unit Cell
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128 Qubits Chip
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Wire Bounded Chip
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Pulse Tube Dilution Refrigerator
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Annealing Process

Annealing happens by raising barrier height AU,

which provides [ (1)

\ =

At fixed external flux bias
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®,,, raising barrier
height will also changes the energy bias €



Annealing in Our Hardware
N N
Hp :ZhUiZ+ZJijUiZUjZ
=1

i,j=1
( N A(t)
Hamiltonian: ~ H =|E(t)] H, - (t)) O'ixj Mt)=—=X
\ =1 2E(1)
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E" 10e-2 1 E .
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[(t) changed from I to O: Quantum annealing!

E(t) changes from Oto E. . Classical annealing!
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Question:
Is It quantum or classical annealing?

Answer:

It depends on which one of quantum
or thermal fluctuations are stronger

How can we determine this
experimentally?



Macroscopic Quantum Tunneling

Current biased Josephson junction: | G X @

U Classmal escape rate:

[ =(a,/2n)exp(-AU /kgT)
AU
Quantum escape (tunneling) rate:

[ =independent of T
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To express the experimental measurements of the
escape rate in a way that is as independent as possible

of the parameters of the junction, we introduce the 1000 gy L B
“‘escape temperature’’ T, |defined through the rela- [
tion - )
r= (wP/Zn')exp( —A U/kBTesc)‘ (3) _ -~ & 'Quantum Junction" i
< I, =9.489 A
h':_, 100— i ?Q -
: 5 0 :
Saturation due to : r ]
: woTE > {-+H*+? ‘Classical dunction’ -
guantum tunneling 4 « ossical dactior” -

. . . i l*nlx-xll PR IR
Classical prediction % oo oo

TimK)

FIG. 2. Te vs T for two values of critical current for
In{w,/27T)=11. The solid and open arrows indicate the
predicted crossover temperatures for the higher and lower
critical currents, respectively. The prediction of Eq. (5) for
the higher critical current is indicated at the left.
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Classical Annealing

Dynamics No Dynamics

= e =y

Ureeze Time

[ ks T) = small number

freeze

[ =(a,/2n)exp(-AU

Therefore;:  AU(t,.,.) =AU, . OT

If AU(t) Ot then t. .. OT |verysimilarto T

freeze




Quantum Annealing

Tunneling

=\

Quantum mechanically tunneling amplitude
exponentially dependson AU butnot T

Therefore [ =T —indepdent or

=T —independent

t freeze
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h-Ramping Experiment

' | \__/

= h(t)a'z — r(t)a'x hO ....................

E(t) f i
h(t) = %ho [tanh (t gttd) + 1] i

If 1 <t e then the final probability is:  Py(h=h,) > 0.5
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h-Ramping Experiment

A =h(t)o, -T(t "
%— (t)o, - T (t)o, h,

...............................

e o - - e —

1 t—1tg
h(t) = =hg |tanl - + 1
1 (1) 220[1111( = ) ]

If 1 <t e then the final probability is:

If ty >t . then the final probability is:

I:)0 (td)

0.5

024.

1:freeze td

P(h=h,) > 0.5
P,(h=0) = 0.5

t



Single-Qubit Data

Experimental Data

Temperature is measured
iIndependently using MRT
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Quantum Simulations
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Freeze-out Time

tfreeze (ns)
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Temperature (mK)

Classical prediction

Freeze-out time measurement /
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+ Measurement
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guantum tunneling

Net et al., PRL (1985)
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Experiment vs. Simulations

4-state modeling

2 Quantum Model 2-level \ 7

701 — Quantum Model 4-level| \ /
—Classical Model

68 + Measurement

20 30 40 50 60 70 8 90 100
Temperature (mK)

All simulations are done with N0 fitting parameter



Experiment vs. Simulations

rf-SQUID behavior at

different temperatures:
84 .
il Up to 40 mK
) 2-level quantum system
‘%ﬁ W
274

Up to 80 mK
ref Quantum Model 2-level| 4- I eve | q u antu m Syste m
701 — Quantum Model 4-level
—Classical Model
68-‘ | | | | ' Measpremenlt
20 30 40 50 60 70

80 90 100
Temperature (mK)

Above 100 mK
Classical system
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Can we do this for
more than one qubit?



8-Qubit Ferromagnetic Chain

k domain wall
H

Hamiltonian: ——=H_-T@®)) g

Hfihcff-Jiafvf
=1

i,j=1
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8-Qubit Ferromagnetic Chain

$J¢J$J$J|J|J|J|
n

Domain wall can be in any of
the 7 sites with probability 1/7
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8-Qubit Ferromagnetic Chain

y h<<J

i

Domain waII most probably
on the right site
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8-Qubit Ferromagnetic Chain

’ f

Ground state
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Question:

Is the ground state reached via
classical or guantum annealing?

e34 .



8-Qubit h-Ramping Experiment

H X
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8-Qubit h-Ramping Experiment

H X 1
% =H(h) - r(t)zilai h(t) = %ho [tanh (f &fd) + 1]
h(t)
t, <t... Pyh=hy)>17 A9 I—

ty>t..  Py(h=0)=17

e o - - e —

1:freeze td t
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8-Qubit h-Ramping Experiment

H t—t,

_=Hp(h)—r(t)ZJiX h@):%h@ [‘Jaﬂh( ot )“]

0
Po(te)

td < tfreeze Po(h:ho) > 17

ty >t P,(h=0) = /7 U7
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8-Qubit Experimental Results

a 1 , , ‘ ‘ ‘
08 —=—Model b g2f =
22 mK ' ¢ Measured =
EL AT g - n° 80t =
0.8r " 5 - -
E 0.6 28l
0.6 0.4 m 76t ** o
=.
P(t 20 40 60 80 100 2 ol
0( d) Temperature (mK) ﬁ 4
0.4_ HHQL-J 72_
0.2 70; Quantum Model 2—levell|
o 68t —Ouant'um Model 4-levell]
1/7 ——Classical Model
: ' ‘ ! 66, « Measured
%O 70 80 a0 100 ' L ‘ ‘ i
Delay Time (pus) 20 40 60 80 100

Temperature (mK)

Saturation of the freeze-out time
cannot be explained by classical physics
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Modeling The System

Write down a Hamiltonian and solve it both

Classically:
Using Langevin equation

Quantum Mechanically:
Using density matrix approach

¢« 30 .
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RF-SQUID Hamiltonian

Hamiltonian:

41 4>
Hsquip = +
SQHID T o0 T ad,

+ U((I)l : (1)2)

(,;-"T((I)h (1)2) — ((1)1 — (1)1;1?)2/‘_)[/1 + ((1)2 — (1)2:13)2/‘_)[/2
—2E 5 cos(mPo/Pg) cos(2m Py /Py),

(I)l _ (1)1:1:

Interaction with environment: Hiy = — 0Dy,
1
Noise spectral density:
2 7, —a o e—|w|/we
L, (AZ/T)w\w\ 9 e . N Nwe
Sri(w) = AW Sur(W) = T =7

All parameters, including noise, are
determined via independent experiments




Extracting Noise Parameters

(42/T)wlw|

T~ A SHF(w) =

SL-F (UJ) —

A is determined from 1/f noise measurement

/] Is extracted from measuring the
Macroscopic Resonant Tunneling ( MRT)

U
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Extracting Noise Parameters

2 2,2 .
—> |[T(e)= A.; / dteile—en)t= W2 /2

't 2
(1+ iw.t)sinh w1t

2w

" dow 1Q MRT, Rainierd7, QU53
Uvg L aw q o Thermometry: 20mK; W = 21mK, T = 20mK, N =044 A =22ed4 Hz
"V — P b LF (L'L/ ) 10 T T T T T T T T T 3
2T
‘ dw bL F( ) e00ee0000e®®
€, = 1
: 27 W

-1 -0.8 -0.6 -0.4

1Q MRT, Rainierd7, QUS3

_Thermometry: 50mK; W =

-0.2 0.2 0.4 0.6 038

1
quibit flux blas (CIJ o] )

-3
x10

16mK, T =47mK, =050 A=31ed Hz

T, (MHz)

-1 -0.8 -0.6 -0.4
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Classical Modeling

Langevin equation:

Force
dv  Flx
o } Y+ X gt)\
Dissipation Noise

Fluctuation dissipation theorem:

043

U
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X = 277&
cl)o
du
F(X)=—
(X) dx
B 2’}k Bl
(X(1)X(0)) = =5 7=6(t)



Classical Modeling

Each rf-SQUID potential has
2 space variables (x,,x,) and
2 velocities ( vy,v,)

For 8 qubits, we solve Langevin equation on a
16 dimensional potential

We run the program for more than 2000 times
and find the probabilities statistically

We use distributed computation (AQUA@home):
~10,000 cores (>5500 computers in 78 countries)
~2,000,000 CPU core hours (>200 years)
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Quantum Modeling U

. |2> K»3
Quantum mechanically Imp \
energy is quantized DASZEA pr 3)
KD'I - |1>
M—1 M/2-1

Hs = Z E|) (1] + Z Kop omi1(12n) 2m+1] + [2m-+1)(2n])
(=0

n,m=0
Qubit Model: Keep lowest 2 energy levels

Qudit Model: Keep lowest d energy levels
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4-Level Qudit Model Logical 1

10 J\Kes
All levels within each well o0 (‘)" 11
are logically equivalent \@/
03
M—1 M/2—1
Hs = ElU+ Y Kowomyr(120)2m+1] + [2m+1)(2n])
[=0 n,m=0
| Qudit

Ancllla N\

/ . qubit \

00) |
VAN yy

Ancilla qubit Logical qubit \ . qublt
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Qubit Representation of Qudits

Qudit
€ —= El — EO = Eg — EQ? .AHCI”a \
w.p = Ez — EO — Eg — El, / . quIt \
A — 9K 8 Xexz )
= «bot, l = coupler l
Koo = Koz — Ko1 & Kag, Logical
Royppr — 2[(03 = 2[(12. \ . qu|t /
1 1
Heff — 5 (EO + AO_I) 9 [prz + "{';1:;:0-;1‘.(1 + Tz) + "{';1‘.;1‘.0_;1‘.7_;1:]
_ - /f k\
XZ coupling XX coupling
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Multi-Qubit System

Logical qubits

e
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Multi-Qubit System

Logical qubits
g g ® .

/AnciM

qubits

Couple to each qubit an ancilla qubit
with XX+XZ coupling
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Multi-Qubit System

Coupled system Hamiltonian:

At

HS = ZO'( )+E Zh O' + Z ] O' O'(j) Origina| qubit

=1 Hamiltonian
N
1 1 1
+5 2 [ O+ 00 (140007l
1 N
Interaction Hamiltonian: Hiyy = —5 Z VA,

All parameters are directly extracted from the rf-S  QUID
Hamiltonian

The final ground state is unaffected by ancilla qubi ts



Experiment vs. Simulations

8 Qubit Chain Single Qubit
82f ) = al 5
80/ * 82 )
78t 80l
% f6[==_= @ 78, .
3 3 = x = =
9 741 o 76f
o o
4—!": 72- +— 74‘
70r Quantum Model 2-levelf| 72 Quantum Model 2-levelf
68t — Quantum Model 4-levell| 70} — Quantum Model 4-level]
— Classical Model —Classical Model
66| + Measured ! 68 + Measurement
20 40 50 80 100 20 30 40 50 60 70 80 90 100

Temperature (mK)
Temperature (mK)

Classical and quantum simulations agree
with experiment with no free parameters
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