Generic Quantum Information Processor

The challenge:

2-qubit gates:

qubits: . .
two-level systems \ controlled interactions
/ 7
0.%~A1

A= . L
1 |
/ U, U,

single-bit gates readout

» Quantum information processing requires excellent qubits, gates, ...
« Conflicting requirements: good isolation from environment while maintaining
good addressability

M. Nielsen and I. Chuang,
Quantum Computation and Quantum Information (Cambridge, 2000)

The 5 (+2) divincenzo Criteria for mplementation of a Ruantum Computer:

in the standard (clreult approach) to quantum tnformation processing (RIP)

#1. A scalable pMUchaL system with well-characterizeol oubits.

#2. The abLL’Ltg to initialize the state of the qubits to a sbmple flducial state.

#2. Long (relative) decoherence times, much longer than the gate-operation time.
#4. A unbversal set of quantum gates.

#5. A qublit-specific measurement capability.

#6. The abitétg to Lnkerconvert statﬁoma@ and wmobtle (or {Lgmg) qubits.

#7. The ability to faithfully transmit flying qubits between specified Locations.




Quantum Information Processing
with Superconducting Circuits

with material from
NIST, UCSB, Berkeley, NEC, NTT, CEA Saclay, Yale and ETHZ

Outline

realization of superconducting qubits

harmonic oscillators

the current biased phase qubit

the charge qubit

qubit read-out

single qubit control

decoherence

two-qubit gates




Some Basics ...

... on how to construct qubits
using superconducting circuit elements.

Building Quantum Electrical Circuits

—\(XXX}Q/— inductor
requirements for quantum circuits:
I I capacitor * low dissipation

* non-linear (non-dissipative elements)

AW resistor * low (thermal) noise

—>&——  nonlinear element @ solution:

e use superconductors

—@— voltage source » use Josephson tunnel junctions

 operate at low temperatures

= voltmeters




Superconducting Harmonic Oscillator

a s'Lm]:Le electronic clreudit:

tgpf,caL inductor: L = 1 nH

a wire tn vacuum has inductance ~ 1 nH/mm

o] [ . t@p’LcaL capacitor: ¢ = 1 pF

a capacitor with plate size 10 pm x 10 pm and
dielectric AlOx (€ = 10) of thickness 10 nm
has a capacitance C ~ 1 pF
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uantization of the electrical LC harmonic oscillator:

parallel LC oscillator clreuit: voltage across the oscillator:

- oT

- & = g = - L —

LI_U# v = 5t
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total energy (Hamiltonian) L ¢ Loyt & ¢
: = —_— —_ = -~ -_— 4 - —
9Y H 3 Vi T : . T
with the charge @ stored on the capacitor a=-Ve
a flux ¢ stored tn the tnductor - 1T
properties of Hamiltonian written in variables @ anol ¢:
AN ST |
—_— = g = - L_ —_— = ~ ‘b
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R and ¢ are canonical variables

see e.g.: Goldstein, Classical Mechanics, Chapter 8, Hamilton Equations of Motion




Quantum version of Hamiltonian
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with commutation velation ‘}?( &3 =% (L ~ x*
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compare with particle in a harmonic potentiol: o x
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Q
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analogy with electrical oscillator: (£ #1-0% - & 2_;( SN
- charge & corvesponds to momentum p N
. " [/\ 6\\ - L:{, (t - 3 e (G
flux § corresponds to position x ? ‘ 2k

Hamdiltonian in terms of raising and Lowering operators:

Auc)
A
H= fw (afa s é-_) 3
{ | j; o
with oscillator resonance frequency: W = o Y=o

Raising and lowering operators:

Oé a9 = JM{-] (ms1) i al(M)= [Z lmﬂl>

qJ‘c\ LMD = m \M) number operator
n terms of @ and ¢:
pa ( a 0
a = ( Z - Q ¢\ & )
P
with Z, betng the chavacteristic bmpedance of the oscillator 2_ = J L
<

charge & and flux ¢ operators can be expressed bn terms of raising and Lowering
operators:

élﬁ — (C«{-q*)

& - [22c 4
M e

Exercise: Making use of the commutation velations for the charge and flux operators,
show that the harmonic oscillator Hamiltonlan in terms of the raising and lowering
operators is todentical to the one in terms of charge and flux operators.




Quantum LC Oscillator

E A
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position momentum \@/
Hamiltonian H = ¢—2 + i low temperature required: ¢
2L  2C '
hw > ]{?BT
w=1/vLC -~ ™
10 GHz ~ 500 mK 20 mK
1
H = hw <aTa + —) _ 1 ~ 10-11
2 {ren) = exp (hv/kpT) — 1 10

problem 1: equally spaced energy levels (linearity)

Example: Dissipation in an LC Oscillator

ext. load ext. load

i Cy g P ; internal losses: Rint
I— . —— | conductor, dielectric
L C’_ Ri“té gﬂ'- = ;Rexé external losses: Rext
- . radiation, coupling
=i =t b=l totall _ 1 n 1
otallosses 5 =+
L =
impedance 7 =1/= - Q=19/54
C | 3
R i @33
quality factor Q= 7= woRC . t i
v, v
wo 1

excited state decay rate 1 O RC A
| L a
. . . . ffJﬂ, ;—-—P{ e 'Tl - "F« = =
problem 2: internal and external dissipation ° » 1w




Why Superconductors?

S S
E
L
0 |
normal metal swpevcowd uctor

single non-degenerate macroscopic ground state

elimination of Low-energy excitations
Superconducting materials (for electronics):

Niobiwm (Nb): 2A/h = 725 gHz, T, = 9.2 K

Alumbnum (AL): 20/h =100 GHz, T, = 1.2 K

Cooper 'pa'ws:
bound electron pairs

L

are Bosons (S=0, L=0)

1)
—

How to make qubit?

2 chunks of superconductors

1 2

macroscopic wave function

¢ < [F &;S;
L

Cooper pair density n,
and global phase 0,

phase quantization: § = n2m S|y ¢
flux quantization: ¢ = n ¢,

Can it be done?

lumped element
LC resonator:

inductor L capacitor C

N

a harmonic oscillator

currents and
magnetic fields

¢

+(]
I charges and
I electric fields

=




Transmission Line Resonator

distributed resonator: coupling

0 capacitor gap

=N
A\

signal

* coplanar waveguide resonator
» close to resonance: equivalent to lumped element LC resonator

Transmission Line Resonator

coplanar waveguide:

cross section: measuring the resonator:

. —B’ Cin Cout
E
o L
o L§c=

photon lifetime (quality factor) controlled by coupling Cin/out




Resonator Quality Factor and Photon Lifetime

@ 0 resonance frequency:

N: > SVr

- v, = 6.04 GHz

210

3 v

£ ' quality factor:

C

8 20 L v
6.042 6.044  6.046 Q= =~ 10"
frequency, vre [GHz] Yr

S 0 photon decay rate:

T 45 kv

E 0 2t Q) z

E -45

3 90 photon lifetime:

6.042 6.044 6.046
frequency, vgr [GHz |

Electric Field of a Single Photon in a Circuit

cross-section
of transm. line {TEM mode}):

Vo

transmission line resonator:

E B

10 ym

voltage across resonator in vacuum state (n = 0)

_ [hwy for wy /2% ~ 6 GHz
Vorms = {5 M LUV (C ~ 1pF). b 5pm




Superconducting Qubits

LC resonator Josephson junction resonator
Josephson junction = nonlinear inductor
pas

anhammonicity — effective two-level system
™, P

ﬁ'-.,. ,f'f N !

o
-

solution to problem 1

A Low-Loss Nonlinear Element

a (superconducting) Josephson junction

SUPERCONDUCTING
TOP ELECTRODE
SUPERCONDUCTING
BOTTOM |
ELECTRODE e superconductors: Nb, Al

Y
]/ \ ‘ e tunnel barrier: AlQO,

/ \ \TUNNEL OXIDE

LAYER

e critical current I,
lo Cy
Eﬂ E> e junction capacitance Cy
o high internal resistance R;

M. Tinkham, Introduction to Superconductivity (Krieger, Malabar, 1985).




Josephson Tunnel Junction

the only non-linear LC resonator with no dissipation (BCS, k5T <« A)

| 5
=+
1o (Y @ = TN2E) X
' g
o= Nee L c,
| 5”
tunnel junction parameters: Josephson relations: Iy = I_.siné
o6
e critical current I, v = %E
e junction capacitance Oy flux quantum: ¢, = 2£
e
e high internal resistance R, phase difference: & = d2— &

derivation of Josephson effect, see e.g.: chap. 21 in R. A. Feynman: Quantum mechanics,
The Feynman Lectures on Physics. Vol. 3 (Addison-Wesley, 1965)

The Josephson junction as a non-linear tnouctor

2T
bnduction Law: V= -L 5%
_Josephson effect: ole-Josephson equation Ir-T_ Simd
T | - 23
>t Te. o8 e
O
ac-Josephson equation V= ﬁ ?:{ -~ te 28
2T ot 29T, cosS 2t
R‘f’b‘—'
L
, ¢ | J
JOS@PMSOVL LVLD{MC’CRVLM L 3 = ZYD:K(’ ?o—s—gv
- A
specific Josephson nonlinearity
nouctance

A typleal characteristic Josephson inductance for a tunnel junction with
[ =100 nAis L), ~ 3 nt
review: M. H. Devoret et al.,
Quantum tunneling in condensed media, North-Holland, (1992)




A Non-Linear Tunable Inductor w/o Dissipation

the Josephson junction as a cireuit element:

X I:>chj}m —

L7

How to Make Use of the Josephson Junction in Qubits?

different bias (control) circuits:

)

current bias

~

o

charge bias

C;

qg = CQVQ ¢
re\

flux bias

Realizations of Superconducting Qubits

Sacla
Yale
ETHZ

... have demonstrated coherent control

Nakamura, Pashkin, Tsai et al. Nature 398, 421, 425 (1999, 2003, 2003)
Chiorescu, van der Wal, Mooij, Orlando, S. Lloyd et al. Science 285, 290, 299 (1999, 2000, 2003)

Vion, Esteve, Devoret et al. Science 296 (2002)
Martinis, Simmonds, Lang, Nam, Aumentado, Urbina et al. Phys. Rev. Lett. 89, 93 (2002, 2004)

NIST
Santa Barbara
Maryland




Flux/Charge Commutation Relation ¢ E/J-

=

A
Cﬁb % flux ¢ bn terms of phase difference 8

+(
-t -g

commutation relatlon: [

¢. G
with 4}) .
& cle N charge @ n terms of number of
charges N

phase - number A _
commutation relatlon: E & P N 1 =

Flux Quantization

5[ poe — AB quantization condition for
ext t superconducting phase/flux:

1 ext. field
L; J- C; B 5+ 2’;.# = n2r
area 4

dq )
%ﬁ+¢m = ngp

Coupling to the Electromagnetic Environment

strong coupling to environment (bias wires): Ziine ~ 508
decoherence DO
from energy relaxation Q Q Zqubit
decoupling using impedance transformers: o

control decoherence
by circuit design

solution to problem 2 . .
using a resonant circuit

coax

coax

£ ¢ %

using non-resonant impedance transformers




Current Blased Phase ubit

The bias curvent ( distributes into a Josephson current
through an toeal Josephson junction with critical current L,
through a resistor R and into a displacement current over the
capacitor C.

Kirchhoff's Law: = T.S’r‘lkf\\tg_ T -@ - v
Lo .
= T simd + ¥ v v *-LP,"'V/K
& Te = T Sim

use Josephson equations:
_ . boo

LT = T e & 2
© A‘C's‘g'hz-.rrngfz?r 5

W.C. Stewart, Appl. Phys. Lett. 2, 277, (1968)
D.E. McCumber, J. Appl. Phys. 39, 3 113 (1968)

looks Like equation of motion for a particle with mass w and coordinate O Ln an external

potential WU L ¢ SU(3)
m + E—a ~¢
particle mass: wm= C (d)o/z‘z?\L
external potential:
hgy= Fede (L Te g
T
Phase particle in a potential well
- X 4‘0 1&, ~ T,
WY = =g (- 320~ wsh) £~ S

cosing potential for , = o:

tilteo washboard' potential for 1, # O:

potential barvier:
[}{ < Zt‘. [l-— * = afccosgl

oscillation frequ&wg:

r UL“

W, = O Ci-x"y 7% = ("‘)2
, \/ZT"T_‘C_
i ‘Sﬁl\“/l_c, vV ¢, <




Current-voltage characteristics

typleal 1-v curve of underdamped Josephson
Junctions:
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voltage, V (e) S—Q
(b) E \
""-.‘ quasi N
\ particles
barrier S~ | | Jeboe
J
A gap _—7-—'/"
cooper pairs
perp ot ||V > 20e

band diagram

Thermal Activation and Quantum Tunneling:

thermal activation rate:

¥ > e
A, At T "’XP(‘ ko \

A A

damping deéwdem prefactor
quantum tunneling rate:
DL . 2 (, 36 Uy
o q 2w &*P § fiwe

caleulateo using WK®B wmethod (exercise)

de

{ —_—

potential energy, U

bLas curvent dependence

W) . U, (Y)

thermal
activation
Tin(1)
AT

/ ™
/ ~

Ug

quq

energy level quantization:
T =

M b‘(’ao(n"J‘%_\

Quantum Mechanics of a Macroscopic Variable: The Phase Difference of a Josephson Junction

Doe‘»p-é T 2 (WS ~ E,)

8

coordinate, q

neglecting non-linearity

JOHN CLARKE, ANDREW N. CLELAND, MICHEL H. DEVORET, DANIEL ESTEVE, and JOHN M. MARTINIS
Science 26 February 1988 239:992-997 [DOLI: 10.1126/science.239.4843.992] (in Articles) Abstract » References » PDF »

Macroscopic quantum effects in the current-biased Josephson junction
M. H. Devoret, D. Esteve, C. Urbina, J. Martinis, A. Cleland, J. Clarke
in Quantum tunneling in condensed media, North-Holland (1992)




Early Results (1980’s)

search for macroscopic quantum effects in superconducting circuits

theoretical predictions: experimental verification:

e tunneling current biased JJ = phase qubit

e energy level quantization

e coherence X

A.J. Leggett et al.,
Prog. Theor. Phys. Suppl. 69, 80 (1980),
Phys. Scr. T102, 69 (2002).

short coherence times due to
strong coupling to em environment

energy

i

J. Clarke, J. Martinis, M. Devoret et al., Science 239, 992 (1988).

The Current Biased Phase Qubit

operating a current biased Josephson junction as a superconducting qubit:
U(3)
<V>=0 I
\ —=L ~ 1000

rll
0
Eo Iy
‘o.)p AU 3
\<V> ~1mV

initialization: \

potential

wait for [1> to decay to |0>, e.9. by

spontaneous emission at rate y,, VN / j‘
AV v
0>—"<=




Read-Out

measuring the state of a current biased phase qubit

tunneling:

|2> N
- prepare state |1> (pump) 1> \ * / \
- wait (T, ~ 10°T) o> \z / \
- detect voltage
- |2> = woltage, [0> = no voltage

|2> <V> 0 _—~<V>=1mV

|1> |1>

|°>Xv/ \

pump and probe pulses: tipping pulse:

- prepare state |1> (pump)

- prepare state |1>

- drive o, transition (probe) - apply curvent pulse to Suppress U,

- observe tumneling out of 2> - observe tumneling out of [1>

A Charge Qubit: The Cooper Pair Box

H = 4Ecn?

H =4Ec(n—ny)% — Ejcoséd

[6,n] =i =» e|n)=|n+1)
H=} [4EC n —ng)*n)(n| — =~ (In)(n+ 1| + |n+ 1){n|)
(]
4 Chargi E e’
argimng energy. e
u ging gy C 2(Cg+CJ)
23
3 _GiY%
B 2 Gate charge: Mg = 5,
o
c 1
L
In®g hA
0 = Josephson energy: Erj= —(—— = 55~
-1 05 0 05 1 2r  8€e’Ry

gate charge, ng = CgVy/2e

Bouchiat et al. Physica Scripta 176, 165 (1998)




Cooper pair box Hamiltonlan: 32
= te
A A “Z =
Hamiltonlan: = B (N=N.) - E¢ cos & vV
K el 3 _iw gate charoe Ng = C%%
electrostatic magwnetic energy
charging energy _Josephson coupling Energy
N
=3 @) [__—} - PI.
2 Cs z 7

Hamlltonian in charge Vepwzsewtatiow:
H < €c-(7‘"7"<ﬂ ol M| - Il- 2 (Ipeden) +\N)c;u+l()
N

easy to dingonalize nmumerically

" - B (-aNg)  -Eslz ©
H o= | - ~€ 5/2  CGelo-~M\T  -Cslz .
o (& — L;a[q_ E-_c_c"Né\ T

-~ -~

velation between phase and number basts:
5 \ I‘{I‘g ‘\:f
2?0~ =Z %"@, [N with @ [N = \paed

Phase representation of Cooper pair box Hamiltonlan:

z with )

A = A
A‘L‘= E-C—(N_M3) '—E}Co_sg

on

- ) z < -2
- EL(-\%—s'—Ng» "Egcesg '_‘eb

Equivalent solution to the Hamdtltonian can be found tn both representations, e.9. by
numerteally solving the Schrddinger equation for the charge (N)representation or

analytically solving the Schrddinger equation for the phase (8) representation.

RO = B S

/ =
l— 1 /

N W A

3
w o
solutions for €, = 0: =
2 1 IN=1
& )
’ ’ //
crossiing points are 0
charge degeneracy points 1




Energy Levels

energy level diagram. for €=0:
energy bands are formed

bands ave periodic in N,

energy bands for finite €
_Josephson coupling Lifts
degeneracy

g scales level separation at
charge degeneracy

Ej/Ec=0
4
3 ‘Eaj:‘
< 2 )
& 1 ) E)
0 |Es)
-1
0 05 1 15 2 25 3
NQ
/E.=1.1
4
3 ‘E:»:'
S 2 )
;Cj 1\,_,/'\./"\_,/ ‘E1:3’ - 1
0 |Eu\) = ‘0)
-1 qubit
0 0.5 1 1.5 2 25 3
Ng >>KsT
tunable artificial atom

Charge and Phase Wave Functions (E; << E,)
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courtesy Saclay




Charge and Phase Wave Functions (E; ~ E,)

-| _E/Ec=14 1
vi(N) | I ! o1 p:(N) i |,
o 7 2 2 § B I R R R
N GCJ N
05 w0 05
v, OF 0 05 1 v.@F
4—' Ng I—»
G:" 0 T CI:r' 0 n
l e I [
1 | 1
V/.:u (N) I I I I//D (N) [l I [ ]
20 23 | 30 1 33
N I N
05 I 05
jvo (O)f | jvo (O
0 0 I 0 0
4 0 n 1 T p T
courtesy Saclay
Tuning the Josephson Energy
split Cooper pair box in perpendicular field
il N H = Eo (N = Np)? = Ejmax
Cq
V9~ BoelX
SQUID modulation of Josephson energy
1
[&]
L
m
(I)ext =
Ej = Ejmax COS (7r B, ) @
()
C
L
0
-1 -05 0 0.5 1
consider two state approximation gate charge, Ng

J. Clarke, Proc. IEEE 77, 1208 (1989)




Two State Approximation

H = 4Eg(n —ng)* — Ejcosé
2 By
H =3 45t~ i) ol — 22 () o+ 11+ + ()

Restricting to a two-charge Hilbert space:

n_OO_l—crz
“\0 1) T 9

Oz
cosd = —
2
-> H = —Teldz - ?JO'T, G G5 %
GRRARER ",

Shnirman et al. Phys. Rev. Lett. 79, 2371 (1997)

Control Parameters
2-state Hamiltonian and level separation:
H = —1/2 (.Eeldi'z + Ej a'z)

E = \/ Egl +—E§’\\ control parameters:

X and z rotations

0.5

in-situ controllable parameters:
Ea = Ec¢(1/2-N,)
E; = Ejmax©08(m®cx/Po)

energy, E/kg [K]
energy, E/h [GHz]

E¢, Ejmax engineerable in fabrication

-0.5

0 0.5 1
gate charge, Ng= CgV,/2e

Nakamura, Pashkin, Tsai et al. Nature 398, 421, 425 (1999,2003, 2003)




Single Qubit Control

Bloch sphere representation
of single qubit manipulation

rotations about
Z, Y, 2 axes

change qubit state with perpendicular field B 1 B,

a-rotation

y-rotation is equivalent

Larmor Precession

spin precession frequency
hwor = pB
= qubit transition frequency

rotating frame:

field oscillating at wgrr ~ wp
drives transitions

at wgy = wgrr driving field
looks static in rotating frame




Read-Out ...

... of a superconducting charge qubit

Qubit Read Out

OFF
QUBIT ~e— READOUT ™

\o% X\w

QUBIT ——— READOUT [X* QUBIT |——e— READOUT |*

/% ON % /% ON /%

good on/off ratio

desired: no relaxation in on state (QND)




Cooper Pair Box Embedded in a Resonator

realize projective readout of qubit:

3, ™
% ﬁ measurement of qubit polarizability
&

— detect resonator frequency shift

A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin, and R. J. Schoelkopf,
PRA 69, 062320 (2004)

The Device

a qubit coupled to a harmonic oscillator for read-out

A. Wallraff, D. Schuster, ..., S. Girvin, and R. J. Schoelkopf,
Nature (London) 431, 162 (2004)




Qubit/Photon Interaction Strength

A. Blais et al., PRA 69, 062320 (2004)

Non-Resonant Interaction: Qubit Readout

approximate diagonalization in the dispersive limit |A| = |w; —wy| > ¢

=1
It

cavity frequency shift i €>1
and qubit ac-Stark shift Lamb shift ¥)

29%4/A

z

= =
=3 [#3]
8 o

8 e
S e
[7;] -
. (7]

£ S

2 <

E o

t [
r - gzmujr:’)l' + @A 0) wr - gTZh_*‘ U}T, + gzm @

A. Blais et al., PRA 69, 062320 (2004)




Qubit Spectroscopy
with Dispersive Read-Out

Line Shape

excited state population {steady-state Bloch equations):

1 nws, 175

P=1-P

o fixed drive P, o« ngw?,.

|
—i
o

e varying As,a = W — Wy

e weak continuous measurement (n ~ 1)

phase shift, ¢ [deg]

e at charge degenracy (ng; = 1)

Vg n=1

6.14 6.16 6.18
frequency, vg [GHZ]

Abragam, Oxford University Press (1961)




Excited State Population

population, R
A R .
[y w = o

—k

0

* 50 —
j@))]
o
40 B
< peak depth — population (saturation):
30 -~
% 1 nw2 TWT
203 PT::[—Plz— Svac2].2
10 g 21 + nswvaCTng
Q
0
0 05 15 2

spec. power, Pg [W]

D. I. Schuster, A. Wallraff, A. Blais, L. Frunzio, R.-S. Huang, J. Majer, S. Girvin, and

R. J. Schoelkopf, Phys. Rev. Lett. 94, 123062 (2005)

Line Width

10

&V pwam® [MHz)?
PO

2

0

0 05

1

16 2

3.
_ line width — coherence time:
T
=
= 1 1 T,
2md = — =/ 2 e~
) g TOVHWHM 7 T2 + MsWyac
I
=
R
(1) : Min(dvgwam) ~ 750kHz — Ty > 200 ns

spec. power, Pg [ W]

D. I. Schuster, A. Wallraff, A. Blais, L. Frunzio, R.-S. Huang, J. Majer, S. Girvin, and

R. J. Schoelkopf, Phys. Rev. Lett. 94, 123062 (2005)




AC-Stark Effect
and Measurement Backaction

AC-Stark Effect

ac-Stark (light) shift
forAa,r=wa_wr>g 7
2

1
Hashw,.afa+§h (wa+‘qz+

photon number dependence of line position and width

g
&,
1;)‘
= > | F= E‘EVHWHM
B -30
2
E - -y
= -40 ac
80 Avg n=1 n=20

6.14 B.16 6.18 6.14 B.16 6.18
frequency, vg [GHz]

D. I. Schuster et al., Phys. Rev. Lett. 94, 123062 (2005)




AC-Stark Effect: Line Shift

photon number, n
0 25 50 75

§ 6.2 50 = e ac-Stark (light) shift:

0] I

= 6.19 =,

2 8 Vac

3 6.18 ~ 7 7AW

© «n

E? 6.16 = e here v,/ = 0.6 MHz

T @

3 6.15 0 & e use for photon number calibration
0 100

probe power, PRe[uW]

D. I. Schuster, A. Wallraff, A. Blais, L. Frunzio, R.-S. Huang, J. Majer, S. Girvin, and
R. J. Schoelkopf, Phys. Rev. Lett. 94, 123062 (2005)

AC-Stark Effect: Line Broadening

photon shot noise:

e quantum fluctuations dn in coherent field with n photons

e random fluctuations in qubit level separation (ac-Stark)

T 20 T
= = o for large n gaussian fluctuations in 7:
= =3
= =
= ) 2
U%_- g JVHWHM=V21H27F§
a,r
B 4 [@)]
5 ° G
z gg %_ e characteristic measurement back-action
c
= 100 ©

0 25 50 75

photon number, n
D. I. Schuster, A. Wallraff, ..., S. Girvin, and R. J. Schoelkopf,
Phys. Rev. Lett. 94, 123062 (2005)




Coherent Control ...

... of a superconducting charge qubit.

Coherent Control and Read-out in a Cavity

N W

X/

v
hvg

T
I¥)

0 1 2
gate charge, ng

Energy, E/Ec

o

realization:

bias tee Cin

> 50 .
T,
25
o J V)
3_25
2 .50
= 0.8 1 1.2

gate charge, ng

Cout RF amp mixer

e apply resonant
microwave pulse
to qubit

e detect change
of phase

e simultaneous control
and measurement




Coherent Control of a Qubit in a Cavity

It) It) It}
S‘n(wa)
B, ® ) 4
initialize after operation measure projection

e qubit state represented on a Bloch sphere
e NMR style operations

e vary length, amplitude and phase of pulse to control qubit state

Qubit Control and Readout

initialize 5 x 10* averages
40

¢
20 max

0

-20

phase shift, ¢ [deg]

) 40( ®min

5 10 156 20 25 30 35 40
time, t [us]

measurement properties:
e continuous
o dispersive
e quantum non-demolition

e in good agreement with predictions

Wallraff, Schuster, Blais, ... Girvin, and Schoelkopf,
Phys. Rev. Lett. 95, 060501 (2005)




Varying the Control Pulse Length

27 rotation
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¥)

37 rotation
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Wallraff, Schuster, Blais, ... Girvin, Schoelkopf, PRL 95, 060501 (2005)

High Visibility Rabi Oscillations

Rabi oscillations:

population, P
© 2o o9
o @

o
o

o

0 20 40 60 80 100
pulse length, At [ns]

for superconducting qubits:
e high visibility

e well characterized and
understood measurement

e good control accuracy

A. Wallraff, D. |. Schuster, A. Blais, L. Frunzio,
J. Majer, S. M. Girvin, and R. J. Schoelkopf,
Phys. Rev. Lett. 95, 060501 (2005)




Rabi Frequency

pulse scheme: g ~ Wa

B

0 I!.ts At "6pus

Rabi oscillations:

1

population, P4
e o ©
P o @

e
o

o
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pulse length, At [ns]
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Rabi frequency:

Rabi frequency, vran [MHZ]
- N W B oo
c o & ©o ©5

o

0 0.04 0.08
drive, e[arb]

e linear dependence on drive amplitude

Measurements of Coherence Time




Ramsey Fringes: Coherence Time Measurement
pulse scheme: “’5“ 05~ g QRF ~ O

pulsed measuremaent

{l'u.s Bus 50 us

Ramsey fringes: detuning, A, s [MHZ]
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A. Wallraff et al., Phys. Rev. Lett. 95, 060501 (2005)

Sources of Decoherence

magnetic-field noise?

trapped vortices?

environ
circuit n

photons?

charge/Josephson-energy fluctuations?

G. Ithier et al., Phys. Rev. B 72, 134519 (2005)




Reduce Decoherence

optimum working point

(sweet spot) charge
o, =&«
ouU
¢ \‘\ . 5
INARES ‘\\\\
“‘ “&?“\\\\m\ |‘\\
8 current
=
k —
oD
CgU/Ze D. Vion et al., Science 296, 886 (2002)

L. loffe et al., Nature 415, 503 (2002)

J. Matrtinis et al., Phys. Rev. Lett. 95, 210503 (2005)

Spin Echo

pulse scheme:

At
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result: B,
Q"_ ' o refocusing
g' 0.8
g‘ . e elimination of low
s frequency fluctuations
_‘; 04
% e increased effective
% o coherence time
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L. Steffen et al. (2007)




Quantum State Tomography
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Coupled Superconducting Qubits




Multi-qubit Coupling
e
——
s sw———_
100 pm

H=uw.a'a+ %0’2 +g(a'o_ +ao,)

w -
H=uwala+ 0% + > gilalo_, +aoy,)
j=1,2 j=1,2

* Room for many qubits

» High-fidelity control of individual qubits by frequency selection
» Entanglement over “large” distances in a solid-state system

» Allows for parallel operations

» How to couple/decouple qubits without extra knobs?

Blais, Gambetta, Wallraff, Schuster, Girvin, Devoret and Schoelkopf. Phys. Rev. A, 75, 032329 (2007)

Multi-Qubit Readout

Strong qubit-resonator . .
detuning: Her lwn+5 g lata+5" 2 |lwp + 2| o,

|Aj] = |waj —wr| > g5

¢ Two-qubit state simultaneously
measured by resolving pulled cavity
frequencies

¢ Heterodyne measurement of the
transmitted phase

¢ Two-qubit Quantum Non-Demolition
measurement

Transmission {arb.units)

Blais, Huang, Wallraff, Girvin & Schoelkopf, PRA 69, 062320 (2004)




Multiplexed Control and Readout

T T T T Ll
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T

Qubit reIaxatiorE m;
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1

Readout, o,

Field amp.

Time

Homadyne Voltage (mv)

'
-
2y

T

Cavity damping, Ty

* Independent control of the qubits

* 2 classical bits of info in one shot

Transmission {arb.units)

Majer, Chow, Gambetta, Koch, Johnson, Schreier,
Frunzio, Schuster, Houck, Wallraff, Blais, Devoret, Girvin and Schoelkopf. Nature, in press.

Entanglement Generation
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Blais, Gambetta, Wallraff, Schuster, Girvin, Devoret and Schoelkopf. Phys. Rev. A, 75, 032329 (2007)




Experimental Realization

- [ i

ac-Stark tuning:

The results:

mvﬁﬁ
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Majer, Chow, Gambetta, Koch, Johnson, Schreier, Frunzio,
Schuster, Houck, Wallraff, Blais, Devoret, Girvin and Schoelkopf. Nature, in press.

The 5 (+2) divincenzo Criteria for mplementation of a Ruantum Computer:

in the standard (clreult approach) to quantum tnformation processing (RIP)

#1. A scalable phgsicm system with well-characterizeol oubits. v

#2. The abititg to initinlize the state of the qubits to a simple flducial state. \/

#2. Long (relative) decoherence times, much longer than the gate-operation time. v
#4. A universal set of quantum gates. v

#5. A qubit-specific mensurement capability. v

#6. The abititg to lnterconvert stat’wwm@ and moblile (orﬂgm@) qubits. \/

#7. The ability to falthfully transmit flying qubits between specified Locations.v”




