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Outline

Lecture 1. ATOMIC PHYSICS:
Superconducting Circuits as artificial atoms
-charge qubits

Lecture 2: QUANTUM OPTICS
Circuit QED -- microwaves are particles!
--many-body physics of microwave polaritons

Lecture 3: QUANTUM COMPUTATION
Multi-qubit entanglement
and a quantum processor
-Bell inequalities
-GHZ states
-Grover search algorithm




Merg

* Atoms and lasers € P Many-body physics

e many microscopic d.o.f.

e tunable interactions

* switch lattice on/off

 long coherence times
 readout by optical imaging

I\

Os
 Nanofab and electronics <€ » Quantum optics Non-linear elements:
A T _ Quantum Dots
* macroscopic d.o.f. Josephson Junctions

e tunable Hamiltonian
» modest coherence times
 electrical readout

Brennecke et al., arxXiv:0706.3411v1 [quant-ph]
4



http://arxiv.org/abs/0706.3411v1�

Atoms for 2-level systems

Requirements:

* anharmonicity (natural!)
* long-lived states

* good coupling to EM field
* preparation, trapping etc.

Rydberg atoms & microwave cavities
(Haroche et al.)

Excited atoms with one (or several) e" in
very high principal quantum number (n)

» long radiative decay time (~ 3 x 10~2s),
» very large dipole moments

» well-defined preparation procedure

Ny S

hw,

Alkali atoms trapped in optical
cavities (Kimble et al.)

can trap single atom inside optical
cavity,

manipulate and read out its state
with lasers!
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Presentation Notes
ALKALI ATOMS & OPTICAL CAVITIES: Alkali atoms are the most commonly laser cooled and trapped atoms due to their hydrogen like electronic structure and closed cycling transitions. Rubidium is a convenient atom to trap because of the commercially available of diode lasers at the D2 transition at  = 780 nm.



Quantum Bits and Information

can exist in an infinite number
of physical states intermediate between |0) and |1).

energy

Quantum Bit = qubit

System can be in ‘both states at once’
just as it can take two paths at once.




Bloch sphere, qubit superpositions

Bloch sphere: geometric representation of qubit states
as points on the surface of a unit sphere

@) =al0) +B|1) |l +]8* =1

ignoring global
phase factor

|¥) = cos £|0) + ¢ sin &|1)
equiv. |¥) = e~%/2 cos £|0) + €'¥/2sin &1}

Latitude and longitude on the ‘Bloch sphere’

N\,
state |0 0<0<m, 0<p<2r

Any superposition state: represented by arrow (called ‘spin’)
pointing to a location on the sphere

nice discussion: httﬁ://www.vcEc.univie.ac.at/~ian/hot|ist/ﬂc/talks/bloch-sEhere.Edf




Superconductivity,
Josephson junctions

and
Artificial Atoms




Recent Reviews

R. J. Schoelkopf, S. M. Girvin
Nature 451, 664 (2008)

‘Superconducting quantum bits’
John Clarke, Frank K. Wilhelm
Nature 453, 1031 (2008)

Quantum Information Processing 8 (2009)
ed. by A. Korotkov

‘Circuit QED and engineering charge based
superconducting qubits,’

S M Girvin, M H Devoret, R J Schoelkopf
Proceedings of Nobel Symposium 141

Phys. Scr. T 137, 014012 (2009); arXiv:0912.3902
e ————————————




Superconductlng .Qublts

N 3 T
E;= =40- 100E. E,;=10,000E,

o 18t superconducting qubit operated in 1998 (NEC Labs, Japan)

* “long” coherence shown 2002 (Saclay)

» two examples of C-NOT gates (2003, NEC; 2007, Delft and UCSB)
- Bell (nkrpsatin] \oldtidied (30020 S By hvatec Saelal) circuits

» Grover search algorithm (2009, Yale)

* GHZ 3 qubit entanglement (2010, UCSB, Yale)

Goal: interaction . . L
) _ ) Quantum optics with circuits
w/ quantized fields




Building Quantum Electrical Circuits

circuit elements: | non-[inear non-dissipative circuit element.
—/\NN—

I I macroscopic artificial atom:

EA

. two level system
ingredients: : = qubit

4}

e low temperatures Ima ~ 10GHz ~ 0.5 K
e small dissipation N’)

e nonlinearity

e isolation from environment

Review: M. H. Devoret, A. Wallraff and J. M. Martinis, condmat/0411172 (2004)



Different types of SC qubits

» Nonlinearity from Josephson junctions

E,= 10,000E. E, = 40-100E,

Reviews:

charge
qubit
(CPB)

flux
gubit

phase
qubit

)=
8

]

S =

I

Nakamura et al., NEC Labs

Vion et al., Saclay

Devoret et al., Schoelkopf et al., Yale,
Delsing et al., Chalmers

Lukens et al., SUNY
Mooij et al., Delft
Orlando et al., MIT

Clarke, UC Berkeley

Martinis et al., UCSB
Simmonds et al., NIST
Wellstood et al., U Maryland
Koch et al., IBM

...and more...

Yu. Makhlin, G. Schon, and A. Shnirman, Rev. Mod. Phys. 73, 357 (2001)
M. H. Devoret, A. Wallraff and J. M. Martinis, cond-mat/0411172 (2004)
J. Q. You and F. Nori, Phys. Today, Nov. 2005, 42




New member of the menagerie: ‘Fluxonium’
Topologically same as phase and flux qubits but acts like a charge

arXiv:0902.2980
Charging effects in the inductively shunted Josephson junction
Jens Koch, V. Manucharyan, M. H. Devoret, L. |. Glazman

microwave cavity

20Q) access
(differential)




What is superconductivity?

vanishing Meissner signature i_n isotope effect
dc resistivity effect heat capacity e-ph coupling!
(phase transition!)

Fermi sea unstable

) A Cooper pairs
for attractive e” pairing in k space
Complex order parameter (like BEC) * -

/ (sc gap

h ~ (Ckrc—k|) ~ A

b = [vle’ i
LSC phase




WWhat is superconductivity?

i + general case:

coupling of

clean crystal time-reversed states O
momentum Space

>

» can use dirty materials
for superconductors!




VWhy superconductivity?

superconductor

Wanted: (AI Nb)
» electrical circuit as artificial atom ’

» atom should not spontaneously
lose energy
» anharmonic spectrum

“forest” of states

Superconductor

» dissipationless!

» provides nonlinearity via
Josephson effect

12A~1mev

superconducting gap




Collective Quantization easiest (?)

An isolated superconductor has definite charge.

For an even number of electrons there are
no low energy degrees of freedom!

Unigue non-degenerate quantum ground state.

No degrees of freedom left! (oops...)

Normal State Superconducting State




Low energy dynamics requires two SCs

e couple two superconductors
via oxide layer
« oxide layer acts as tunneling barrier
 superconducting gap inhibits e~ tunneling
Cooper pairs CAN tunnel!

» Josephson tunneling

(2nd order with virtual intermediate state)
 FGR does NOT apply. Discrete states!

Nt —1, Ny + 1)

IN1 — 2, Na + 2)
e ————————————————————————————




Josephson Tunneling |

Characterize basis states by
number of Cooper pairs In) :=|N1 —2n,No+2n), neZ
that have tunneled:

T "

- \/\/UUU\J\JU
—4 -3 -2 —1 1 3 4

v

normal state

Tunneling operator for Cooper pairs: cor}ductance
~ EJ = GtAA/SC gap
HTz—Tn:_oo [|n—|—1)(n|—|—|n)(n-|—1| E; = 32 /h

Josephson energy

‘ Tight binding model: hopping on a 1D lattice!




Josephson Tunnellng ||

n;

>

—4 -3 -2 —1 1 3 4

Tight binding model:  Hp = ——= Z [|n + 1){(n| + |n)(n + 1|}

nN—=——aoco

Diagonalization:
>.)

1 . 1 -
- E e n —  — E eI\ x
|(:0> \/% e | > \/V ; | J)

‘position” X5 <> T

‘wave vector’ L
(compact!)

— ¢

‘plane wave eigenstate’




Josephson Tunnellng |11

n;

'uuuuuuuu”'
-4 -3 -2-1 0 1 2 3

o0

l|n" + 1)(n'| + [n")(n + 1|] —

n'=—oco

oo

_Es ] > e“""’”!|n+1)-l—|n—1)]

N=—0o

2 V27

FE; 1 . .
- [e_w Z e%@(”+1)|n—|—l)

2 Vor
= —E cos p|p) \
o

Nn=—0oQ




Supercurrent through a JJ

f“\/'“\f“\f\ /’\f’“\ f'“\f"\ n

[
»

U\JUUU\JUU
-4 -3 -2-1 0 1 2 3

‘position’ Tj 1

‘wave vector’ k < ¢ ﬁTltp) = —E; cos pl|p)
Vg
Wave packet group velocity
dx dw dn  1dHr Ej . —WVW\N’—
—:’Ug:— — —:——:—Sl]_’]_(’Q
dt dk dt  h dy h Aw o> An
2 E
current: I= (Qe)d—n = EBEJ sin )‘(]
2e
= J.sin iti — —
c SH1 critical current [, = ; Ejy » the only non-linear

non-dissipative circuit
element!

Josephson equation: current-phase relation




Charging Energy

Transfer of Cooper pairs across junction
[Ny —2n, Ny +2n) = |n), n€Z

U

charging of SCs
» junction also acts as capacitor!

2
2e)” > Hy, = 4.7

guadratic in n




Josephson tunneling + charging:

Combine Josephson tunneling and charging:

= 4Ech? —

Ly

2

0. @)

n=—oo

[|n+ 1y{n] + nyn + 1]

-

crucial

E;j/Ec

~

parameter:




CPB Hamiltonian

Hcpg|¥) = E|U)
E; X —/=C
projections:  ®(n) = (n|¥), VY(p) = (V)
probability amplitude probability amplitude
for number for phase
charge basis: [4 ok ]
I

E
2 . J . _
AEn*®(n) — [cb(n+1)+<l>(n 1)] =E2(n) I numerical
diagonalization

phase basis: 7 — ii

dy : :
q exact solution with
|:4Ec(2:%)2 — E;cos 90] U(p) = B¥(p) :> Mathieu functions

1 E
‘pm((p) = ﬁme—%m (_ﬁ: g)

|‘




CPB: the simplest solid-state atom

Josephson junction with capacitive voltage bias:

superconductor

C —
/ “— tunnel oxide layer
q@ “~ superconductor

negligible

~ A 2 A
H=4Ec(n—n9) —EJCOSSO+"'\termsat
small T

3 parameters:
ng, = Qr/2e +C,V,/2e offsetcharge (tunable by gate)

EJ Josephson energy (tunable by flux in split CPB)
Eo = 62/202 charging energy (fixed by geometry)




Fabrication of CPB charge qubits

Schoelkopf Lab: ,__,__S_Em___; split CPB (like SQUID)

Electron micrograph of split CPB

allows tuning of Josephson energy
SHE , by external magnetic flux:
| | Ej; — Ej|cos(m®/®g)|

CPB (AVAIO/AN |
fabrication:

» e-beam lithography (mask)
» 2 angle evaporation of Al
(total thickness ~180nm)

Al

Control  Superconducting
Voltage reservoirs, — —=

Source

typical junction capacitances:

C ~500aF...2000 aF
Ec/kp ~0.5K...2K

Yo

/

Gate Superconducting T
Electrode Island b=y 6
[Figure from A. Cottet’'s PhD thesis]


Presenter
Presentation Notes
CPB is fabricated by e beam lithography & double-angle evaporation of Al;
Resonator here is Nb on Si, made by optical lithography


Temperature requirements

>Workit dilution refri
base temp. ~ 30mK




Cooper Pair Box: charge limit

Charge limit: F;/Ec < 1

X E
H = 4Bc(i—n)* = 5 Y [+ Dol +[n)(n+ 1
bE] T ~ ~
small perturbation




The crux of designing qubits

environment

environment

-

9

‘\

& Fr
A I
/

v/

/

/'/
&,f

measurement

protection against
decoherence

control

» need good coupling! » need to be uncoupled!




Relaxation and dephasing

relaxation — time scale T, dephasing —time scale T,

— \ =

ﬁZﬁ(xl,mg,'°')

» fast parameter changes: » slow parameter changes:
sudden approx, transitions adiabatic approx, energy modulation
transition |1) — |0) Wa — Wa + Awg ()

o o —iwgt
» random switching » phase randomization € "

33




Imperfections of junction parameters

: iy tunnel channels ic di
charged impurities electric dipoles

N




Junction parameter fluctuations

/
Qr = QM + AQ. (1) . | dispers. fluct. @1 Hz
Ej; = ET®" + AE;(t)

Ec = EG*" + AE¢ (t)

10°5-106HZ "2

1/f noise <10¢Hz-12?

P. Dutta and P. M. Horn,
Rev. Mod. Phys. 53, 497 (1981)

» reduce sensitivity to charge noise !

2 solutions: - control offset charge with gate ‘ CPB (charge qubit), sweet spot

or
Transmon (optimized CPB)

_ ‘ RF-SQUID (flux qubit)
make F;/E~ large
7/ Ec larg Cur. biased J. (phase qubit)




Phase coherence sweet spot

(ng), ng =ny4(t) < charge fluctuations

3
Q
=
T
||
T

/v\ only sensitive
to 2"d order

¢ fluctuations in
gate charge!

1
n, (gate charge) ~ Vionetal,
n Science 296, 886 (2002)
g
» Best CPB performance Ty ~ Tus, To > 500ns  (Schoelkopf Lab)

@ sweet spot: A. Wallraff et al., Phys. Rev. Lett. 95, 060501 (2005)




In a nutshell: the transmon

» Effects of increasing E;/Ec:

78

Anharmonicity Flatter energy levels,
decreases... become insensitive to
charge noise!

D Ha P}/

...only —
algebraically '-'lﬂ_ 100 um [ ]

island volume ~1000 times bigger than
conventional CPB island

...exponentially!

E,JEc=5 E,/Ec =10 E,/Ec =50
— T 1 LN L L I

NN T §
' 1 [sweet spot |
leverywherel]

0 1 1
1 2 2 1

ny (gate chérge)_

1 1 1
-2 -1 0 1 2 -2 1

» cond-mat/0703002, PRA in print



http://images.google.de/imgres?imgurl=http://www.character.co.jp/danny_first/images/happy_face.gif&imgrefurl=http://www.character.co.jp/danny_first/danny_first_01.html&h=292&w=300&sz=9&hl=de&start=15&tbnid=Rt9h51YBj8X9_M:&tbnh=113&tbnw=116&prev=/images?q=happy+face&svnum=10&hl=de&lr=&rls=GGLG,GGLG:2005-37,GGLG:de&sa=N�
http://images.google.de/imgres?imgurl=http://www.uverseusers.com/myimg/sad-face.gif&imgrefurl=http://www.uverseusers.com/index.php?page=2&h=141&w=143&sz=5&hl=de&start=72&tbnid=Sfb1M7Xe8n34ZM:&tbnh=93&tbnw=94&prev=/images?q=sad+face&start=54&ndsp=18&svnum=10&hl=de&lr=&rls=GGLG,GGLG:2005-37,GGLG:de&sa=N�

Relaxation and dephasing

relaxation — time scale T, dephasing —time scale T,

Wa — Wa + Awg ()

» phase randomization

T, = excited state lifetime
T, = superposition phase coherence lifetime




Pi pulse to
measure T,

C——
3 nano—secsr

V= QRabl (t) COS(Q)Olt)GX

Qi (D sin(awy,t)o”’

delay [measure
time

Excited Population
O -
(@) ] O.

©
o

Fidelity = 99%
Chow et al., PRL(2009)

0

1000 2000 3000 4000

Delay Time [ns



_+
\l\

(11)-+14))

time delay ——

Interference between
Two possible paths:

flip + flip

no-flip + no-flip




Ramsey Fringe and Qubit Coherence

Fidelity = 99%
J. Chow et al., PRL (2009):

V = Qg (1) cos(ay,t)o”

RN
o

=308

joy+[1) *

4 0O 2000 4000 6000 8000

Ramsey Delay Time [ns

Excited Population
o
&)




Coherence in Transmon Qubit

RN
O

Random benchmarking of 1-qubit ops

Chow et al. PRL 2009:
Technique from Knill et al. for ions

10— :

Excited Population
o
o)

o
o

0 1000 2000 3000 4000
Delay Tlme [ns]

T, —2T 30,uS
M

o o
~ ©o
1 1

Error per gate

Average Fidelity
o
(@>)

Iopulation

1 ; : =1.2%

=—+—:>T >35u8] ost————s
T2 2T T 20 40 69 80 100

Number of Computational Gates

0 2000 4000 6000 8000 Similar error rates in phase qubits (UCSB):

Ramsei Delai Time ‘ns‘ Lucero et al. PRL 100, 247001 (2007)



Presenter
Presentation Notes
These plots can be found in folder
Y:\_Talks\ARO Program Review 2008\Benchmarking\IgorExpmts

TimeDomainExpmts.pxp for plots on left
TimeDomainDetuned.pxp for plots on right (option of using 2 us T2 figure is in another experiment, HigherT2Detuned.pxp)
To do the decaying exponential cosine fits, the procedure file named RabiEnv1.ipf is needed, and it makes a fit routine under Curve Fitting named RabiEnv

7.356 GHz
6.9 Ghz cavity
5.98 GHz


‘Moore’s Law’ for Charge Qubit Coherence Times

I T B |
Next goalf;-" ol
MIT/NEC

\
Transmon
(Yale)

Sweet spot
(Saclay/Yale)

Qubit Lifetime (ns)

~~
o
L
&)
LL
o
Z
~—'

Charge Echo
(NEC)

Nakamura (NEC)
1 I 1 I 1

2000 2004 2008 2012
Year

‘TZ now limited largely by T1 \ T, 230us

Fidelity (operations/error)
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Lecture 2: Introduction to Circuit QED

SC Qubits interacting with microwave photons
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