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Development of modern
Computing and Networking

» Computer speed doubles every 2 years
(Moore’s Law).

» Data storage density doubles every 12
months.

* Network speed doubles every 9 months.
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(http://www.intel.com/research/silicon/mooreslaw.htm)
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Year of introduction Transistors
4004 1971 2,250
8008 1972 2,500
8080 1974 5,000
8086 1978 29,000
286 1982 120,000
386™ processor 1985 275,000
486™ DX processor 1989 1,180,000
Pentium® processor 1993 3,100,000
Pentium Il processor 1997 7,500,000
Pentium Il processor 1999 24,000,000
Pentium 4 processor 2000 42,000,000
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— Increase performance (ZEFFEH5EL)
— Decrease costs ([Ei& ()
— Smaller chips with greater functionality (i 8/ \IHEES %)
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- BTEERSE (quantum tunnelling effect)

o BREEZE SFENE (molecular electronics) ...
o JLUFE/N > i?ﬂ)’lﬁéﬁ S8 (e.g. wave-particle duality

R G2

- EFE (quantum computation)

% + 4 & (Quantum Mechanics)
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How successful is quantum mechanics?  pamn Good!
It is unbelievably successful.
. ﬁ%*%ﬁﬁﬁ@%%ﬁiﬁﬂi%ﬁ@E?ﬁ%ﬁ’ﬁﬁiﬁﬂﬂ%é?ﬂ%)\%ﬁ
E’jﬁﬁﬁéﬁiﬁ “g-2"; quantum Hall effect: g, =n(e?h
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£ F & ¢ (Quantum revolution)
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— M&EFJJ5 (Quantum mechanics) % T R A FIERTSEE G2
(electron wavefunction & 1714 %, periodic table #EHAZ, how
metals and semiconductor behaved 4 /&1 25 ...
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Some basic quantum principles

Quantization (quantum size effect): discrete
allowed energies.

Uncertainty principle: non-commuting quantum
measurement observables

Quantum superposition: indistinguishable ways;
quantum parallelism.

Quantum Interference: complex amplitudes
Tunnelling: in classical forbidden spatial region.
Entanglement: non-separable state, non-local
correlation.

Decoherence: environmental degradation
effects on delicate quantum system.
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Quantum information science and

technology

Quantum algorithms and quantum computation
(BEFHEEENEFETE)

— Shor’s quantum factoring algorithm

— Grover’s search algorithm

Quantum teleportation (&1 E&))

Quantum cryptography (& &%)

Quantum information theory

— Quantum channel capacity

— Superdense coding and quantum data compression

— Quantum error correction codes: protect against
decoherence and noise

— Entanglement measure

RSA % 75 & (cryptography)
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* RSA systems {2 {LA%E45 SEH R = o3 BT PT AT HY
TRAEERT N (40 T R Sy 8% 75 U'S $200K):

g PR3 i (E 300 Firy B By o BUR B AR 21024 2,
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Encrypted Image

Alica's Key Bob's key

USSR fraSEIR

#EE&SRTT (internet banking): N=p q
*Public key: GRS (Ne)
«Private key: R ARG (N, p,q)

RSA public-key cryptography

Two large primes
P

ed=1 mod(p-1){g-1)

Deeryption
Private key =y mod N

Internet Banking

Bank ., INternet banking: N =p g
. *Public key: (N,e)
% <Private key: d from p,q

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

Internet Banking

cryptosystem
@ Data You Send to Us
e Bank
Your, A"%'_E T server

Computer You
o request our
Public Key

‘We decrypt
your data

using our

he encrypted data is Private Key

encrypt W over the internet:
ourdata | rei; caaRiUQIesYMB

using our  QaTL4GIYESOESHULAIHOL -

Public Key  RTYOPO4UBS43543050K11G
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Complexity (f85EfE)

N= (# bits to describe the problem,
size of the problem)

(#steps to solve the problem) = Pol(N)
= “P(polynomial; %E) =)

: Tractable(BEBEN), easy

(#steps to verify the solution) = Pol(N)
= “NP (nondeterministic polynomial;JEiEeE MY S EH=EHR )

: Intractable

NP “Intractable”

P Factoring large integers?

FFEIFHEE AR

- JEEUE(@lgorithm): il R HRERYEEAR— SR — P 704

EJ (computer): B LU T LRI LA B ES

* Quantum factoring (X = 53 fi#)algorithm : exponential speed-up

(Shor’s Algorithm) Example: factor a 300-digit number

Best classical algorithm: Shor’s quantum algorithm:
1024 steps 10" steps
On classical THz computer: On quantum THz computer: —
150,000 years <1 second N X\

Peter Shore

* Quantum search of an unsorted database: quadratic speed-up

(Grover’s Algorithm)
— Example: name #£4-> phone number ZE3E556E (easy &)
— phone number EEE5EHE > name %4 (hard [A]§)
— Classical: O(n), Grover’s: o(Jﬁ)

« Simulation of quantum systems: up to exponential speed-up.

i+ p-B § F = (quantum bit)?
+ Classical bit: 0 or 1; & 5 #S By = 2K
* Quantum bit (qubit): QM two-state system
ETRITWTEIRART £4%
o —{EEFATAWREITAERIHRES |0) or |1)
o —EEFAICREE TR |0) and 1) AYSRMEEINEE
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+ Spin states; $ @ |0) and |1)

* Charge states; leftorright © O

* Flux states; LorR

» Energy states, ground or excited states
* Photon polarizations; H or V; L or R

» Photon number (Fock) states;

* More ... CLASSICAL IOO)UANTUM
10eV
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A i 'J ¥ (quantum measurement)
. BT IERREEARRR
|'//>=a|0>+ﬁ|1>

-l A+ (a-p)-)]

=5 9+10). 1=(00-).
« BAIFRFI [0) F1 1) fF By HI B AL (basis), FIH
RERNRGRE 12 [0) 5t |1
- AR [0) i H
- AR RG] | %mﬁ%
< BAIERAI |+ Tﬁmgmﬁmam A
=N ENSINEE TE +) BE |-
RSB +) o o A1
- AHRASIRE] | -) IR o o 12

"
o 2
&ﬂilm




Does God play dice with the
Universe?

Einstein was one of the founders of quantum mechanics, yet he
disliked the randomness that lies at the heart of the theory
despite evidence suggesting so. God does not, he famously said,
play dice.

* However, quantum theory has survived a century of
experimental tests.

« Einstein suspected that there may be a 'hidden level' -- a

mechanism which we are yet unable to detect -- that would give a
deterministic explanation for apparently random processes at the
quantum level.
Copenhagen School believed that the behavior of the fundamental
constituents of matter is not deterministic but indeterministic. In their
view, events at the microphysical level occur "randomly”, "by pure
chance" - meaning that they aren't determined by any causes

whatever. The way the universe itself behaves at the atomic level is
as if there were a god who was playing dice with it.

Entanglement

Alice \OO) ‘11> Bob
= _ P9
L 2 H

t—— -
o |v) #a)|b) o

Separable:%(\O)A 10)g +10)4 [1)g ) =05 ®%(\o>3 1))
Entangled :%(\o)A Vg ~ 14 105 ) % ¥ )a ©[6)g

J Schrédinger (1935): *I would not call
[entanglement] one but rather the characteristic
trait of quantum mechanics, the one that
enforces its entire departure from classical lines
of thought.”

Entanglement and classicality

Bell (1964) and Aspect (1982): Entanglement can be
used to show that no “locally realistic” (that is,
classical) theory of the world is possible.

Further reading: Asher Peres, "Quantum theory:
concepts and methods”, Kluwer (1993).
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(what makes quantum computer powerful)?
« Exponentiality(58%:'&): computational state space is
exponential in the physical size of the system (2").
* Quantum parallelism(Z-7F{7:): by using superposition
of quantum states, the computer is executing the algorithm
on all possible inputs at once.

e.g., |w)=(|00)+|01)+|10)+|11))/2.

» Complex amplitudes or Interference(# #iRIEE T4)
* Quantum entanglement (composite systems) & T-44&

Separable:%(\O)A 10) +10) [Lg )= [0} ®%(\o>3 g )

1
Entangled :ﬁ(\o)A Dg ~ DA 0)g ) = |v)a ®8)g
* More...

P+ A Z i %

+ Spin states; $ @ |0) and |1)

* Charge states; leftorright © O

* Flux states; LorR

» Energy states, ground or excited states
* Photon polarizations; H or V; L or R

» Photon number (Fock) states;
* More ... CLASSICAL QUANTUM

106V
10%eV
PN 5o

0 1 1)

Requirements for physical
iImplementation
of quantum computation

* A scalable physical system with well
characterized qubits

* The ability to initialize the state of the qubits to a
simple fiducial state, such as |000...... )

* Long relevant decoherence times, much longer
than the gate operation time

» A universal set of quantum gates
* A qubit-specific measurement capability




Physical systems actively considered
for quantum computer implementation

« Liquid-state NMR = Electrons on liquid He
= NMR spin lattices = Small Josephson junctions
= Linear ion-trap — “charge” qubits
spectroscopy — “flux” qubits
= Neutral-atom optical « Impurity spins in
lattices semiconductors

= Cavity QED + atoms e Coupled quantum dots
= Linear optics with — Qubits: spin,charge,

single photons excitons
= Nitrogen vacancies — Exchange coupled,
in diamond cavity coupled

NATURE | VOL 414 | 20/27 DECEMBER 2001 883

Experimental realization of Shor’s &, :;
quantum factoring algorithm ; - (A\

using nuclear magnetic resonance © << .

Lieven M. K. Vandersypen' 1, Matthias Steffen" 7, Gregory Breyta-,
Costantino S. Yannoni, Mark H. Sherwood* & Isaac L. Chuang* *

» Currently the fastest computers in existence, or
supercomputers, could factor a number that is 130 digits long in
about a month. But they wouldn't be able to factor a 200-digit
number.

* The molecule used consists primarily of fluorine and carbon
atoms and can be regarded as 7-qubit QC.

A vial of liquid containing quadrillions of the molecules was
placed inside a machine called a nuclear magnetic resonance
spectrometer

* By bombarding the molecules with a precise sequence of

lon Traps (3g+ 12)

* lons are laser cooled using resolved sideband cooling, and
the temperature of a ion's vibrational degree of freedom can
be 103 K.

» Couple lowest centre-of-mass modes to internal electronic
states of N ions by external lasers.

» Excellent optical readout achieved via fluorescence
shelving in ion trap systems

42 ¥% Josephson-junction-based qubits

“phase” "flux"” “charge”

Single junction SQUID

— Holl E <E, E E.>E,
U, =E, (1-cosg) n

Cooper-pair box

o) [ 9
NIST NEC
Kansas Chalmers
Maryland Jena Yale
UCSB JPL

COMPUTER OF TOMORROW? D-Wave Systems, a Canadian company, has
announced a new "commercially viable" quantum computing device (Orion)
made of the superconducting element niobium.

This is the core of a new quantum computer
attached to Leiden Cryogenics dilution
fridge, ready to begin a cool down to 0.005
degrees above absolute zero-:+ about 500x
colder than the coldest place in remote
outer space.

The Orion chip in its package.




Circuit QED

« 1D trasmission line resonator consists of a full-wave section of superconducting
coplanar wave quide.

« A Cooper-pair box qubit (an effective two-level atom) is placed between the
superconducting lines and is capacitively coupled to the center trace at a maximum
of the voltage standing wave, yielding a strong electric dipole interaction between
the qubit and a single photon in the cavity.

Exceptionally small

cavity volume (one

million times smaller
than 3D cavities)

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

Large artificial atom
size (10000 times

@(ﬁ larger than an atom)
Leading to strong coupling with g >> .,

Electron spins in quantum dots

Kback gates magnetized or heterostructure
high-g layer quantum well
® Top electrical gates define quantum dots in 2DEG.
® Coulomb blockade confines excessive electron number at one per
dot.
® Spins of electrons are qubits.
® Qubits can be addressed individually:
» Back gates can move electrons into magnetized or high-g layer
to produce locally different Zeeman splitting.
» Or a current wire can produce magnetic field gradient.
¢ Exchange coupling is controlled by electrically lowing the tunnel
barrier between dots

* Qubit defined by Zeeman-split
levels of single electron in quantum
dot

* 1-qubit control:
» magnetic (ESR-field)
« electric (modulate effective
g-factor)

 2-qubit coupling: electric
(exchange interaction between
dots)

» Read-out Hanson et al. (Delf)

H, (t) = J(t) S, -Sg

Pauli gates
X gate (AKA o, or o)

X
01
X[0)=[1);  X[1)=|0); X=[1 0}

Y gate (AKA o, or o)

YI0)=/|1);  Y[1)=-i|0); y{? ;/}

Z gate (AKA o, or o)

—z

10

Z|0)=]0); Z|1)=—|1); Z=[O _J
Notation: o, =T

Universal and CNOT gate

* CNOT + single qubit rotations are universal for quantum computation.

* Any gate can be constructed using CNOT and single qubit rotations.

CNOT + Ry (a), R, (B), R,(7)

« What is the CNOT (Controlled-Not) gate:

|00) —| 00) 1000 e
|01) —|01) oT = 0 00 —
[10) —|11) 0 01 CNOT gate
[11) —{10) 0 010

* Task is to demonstrate that the CNOT gate and single qubit
rotations may be constructed.

Bell States / EPR States / EPR Pairs

v)=20) +blt}—g—

a|00) +b|11)
|0) —&— D
CNOT gate
\X>' |ﬁ >
Xy
y> _€+ 100) +[11) Hadamard gate
00)  |o)=|A)=—7 H
L
. |01)+10)
O AT 10 (018
|0) = N HI1)=
) |00)—[11) 2 V2
o) o) =l =5 H,L[l 1}
) |01} [10) W21
by [¥)=la) ==




Effective qubit Hamiltonian
H(t):ZﬂBgi(t)Bi(t)'Si +Z‘]ij(t)si'sj

« Single qubit opell'ations: =
«Z-rotations: electric (modulate effective g-factor

or produce locally different magnetic field)
«X and Y rotations: ESR (electron spin resonance)

Notations: o, = X; o, =Y; 0, =Z.

. ) ietd;
+ Two-qubit operation: U(t)=T exp| —| —~o,-c
n'o 4 !

- Swap gate: when %IJ (f)dz =z(mod 27); U, |[nm)= o7 |mn)

|00) —|00) 1000
1
10051100 quuap = 0 0
|10y —| 01) 0100
|12) —|11) 000 1

Single qubit rotations

Reference frame
‘ z

Laboratory frame

(g/‘BBac/h)z : 9HgBacy2 , (@— 1,
FTI)(t): 9B yo  0—y zsm|: ( h U 2 ) t}
(T) +(T)

with an initial |0) state; @, = gu,B, /7

Constructing CNOT gate from
the controlled Z Gate

Hadamard gate:

111 1 T y.4 V4
H=—"— , H=R, ()R, ()R, (=
”2[1 J L (DR(DR(D)
Controlled-Z gate,

(——®—-)

AZ=e"7 2

o o

AZ=

o o o
o o r o
o r o o

Controlled-Not gate:

CNOT=(I®H) A,Z (I ®H)

®z

_ —%Z —%Z %Zu
(e * ®I)(I®e *)e

Construction of two-qubit gates
* Any two-qubit gate may be expressed in the following way:

V — (V\I1 ®W2) elﬂxX(X?X +HiO Y ®Y +i0,Z2QZ (v\/3 ®W4)

where W, W,, W; and W, are local operations. We can perform
these operations using single-qubit rotations.

« The only challenge is to perform the entangling part of the gate.
. What we have: U(g):em(x@xwo,cWZ@Z)

iZz0z
« What we want: T=e4

* Isolate the Z-Z term:

ig(7><®><4®¥+2®z) ig(x®x+v®v+2®z)
e

z Ty
(ZeNUE) Zenue) =e

iZz07
4

Read-out concept

+  Spin magnetic moment: pug=9.27x102 Am?2 very small!
« Use spin to charge conversion with fast charge read-out

*  Apply magnetic field to split the spin up and down by the
Zeeman energy with appropriate dot potential.

= Qdot
Step1: g ot
Convert spin to charge o

o eT——

87 dt T Tmes
Step 2: Qo
Measure charge 0“

Time

Step 1: Convert spin to charge

o

* We can convert spin to charge
using Zeeman energy

* Relaxation time T > 50 us

Hanson et al., PRL 91, 196802 (‘03)
Hanson et al., cond-mat/0311414




Step 2: measure charge within T,

QPC average charge detection (dc)

31

15 Vep=1mV N=1 N=0
;5\ —~ <N>1-0
<10 < 30
g o
© S
0.5
* Fast IV-converter 29
(100 kHz, 0.8nV/Hz"2) 00
» Fast ISO-amp -0.75 -0.80 -0.85 -1.12 -1.13 -1.14
(300 kHz) Va (V) Vin (V)
» Tunnel barrier to QPC-channel * Low-pass filter
closed completely (40 kHz) : gso =~1 éng/ 10 &lh ISwefap dot-gate~(1\{]>,|)
» QD weakly connected to reservoir « Fast data acquisition .l arc 30' A_ ve Qﬁc |nc,r\rlsa?es (1 toz)
 Detect individual tunnel events (0.45 pus / point) qpc® U N when <N>irom 1 10
Tunneling induced by pulse Tunnel-time is stochastic
1.0+ response
to electron 1.0l 1.0F
—_ tunneling R
< response e out
£ 5] topulse £05 0.5}
5 0.5 = | out
a o in
1 <
< < 0.0 0.0
0.0
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

0 500 1000 1500
Time (us)

Tl

Time (ms) Time (ms)

* Tunnel-in event visible « Tunnel-in event too fast

* Tunnel-out event very « Tunnel-out event visible
fast

Spin readout

fast charge

spin filter detection

+

....single spin
measurement ?

Spin-to-charge conversion

B= B>0
i Use Zeeman splitting AE,=gusB

charge SPIN UP

0

-e

time

charge SPIN DOWN
|
-e

b~ time




Spin read-out procedure

inject & wait

measure spin

empty QD

Vpulse

SPIN DOWN | SPIN UP Algpe

Single-shot spin read-out results

Algpc

empty QD

inject & wait

measure spin

empty QD

N

threshold

o Algpg (NA)

N

o Algpc (MA)

SPIN “DOWN”

0.0 05 10
Time (ms)

05 0 15
Time (ms)
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Silicon-based spin quantum computer

B Tesial

J - Gates

T =100 mk

A - Gates

Barrier

Substrate

< Exploiting the existing
strength of Si technology
« Regular array of P donors
in pure silicon
* Low temperature:
— Effective Hamiltonian
involves only spins
— Long spin coherence
and relaxation times
« Magnetic field B to
si polarized electron spins
Control with surface gates
and NMR pulses
« Donor separation ~ 20nm
« Gate width < 10nm

1 2|3|4|5|6|7|8|9/|10|11]12|13|14|15|16 |17 |18
= H Hp 3 p
i _,% F P 7 =
i#
:l: u |2
& E
Bl m
3 4 5 6 7 8 ) 10
Li Be B C N o IF Ne
LR W% |2 |8 |8 &
1M |12 o 13 |14 |15 |16 [17 |18
Na [Mg | — | = | — | — fg § | | | - A |si |P |s |e |Ar
@ | & ! # |¥ |8 W |8 &
19 |20 |21 |22 |23 |24 |25 |26 |27 |28 |29 |30 (31 |32 [33 |34 (35 |36
K Ca |Sc |Ti |V Cr [Mn ([Fe |[Co [Ni |Cu [Zn |Ga |Ge [As |Se |Br |Kr
#O|E (& (s (A (& & (@ & |8/ W (& & # W b
37 |38 |39 |40 |41 (42 |43 |44 |45 |46 (47 |48 (49 |50 |51 |52 |63 |54
Rb [Sr |Y Zr [Nb |Mo [Tc |Ru |[Rh [Pd |Ag [Cd |In Sn (Sb |Te [I Xe
W O|#® (& |# € |8 |8 | (& £ (K & R |8 & |F M &
55 |56 |57 |72 |73 |74 |75 |76 |77 |78 (79 |80 (81 |82 |83 |84 |85 |86
Cs |Ba [La |Hf:|Ta W |Re [Os |Ir Pt [Au |Hg [Tl |Pb |Bi |[Po |Atz|Rn
# (8 (@M & |8 |6 |® | &K |#8 |& K (€ |# |# [¢ B W
87 |88 (89 |104 105 | 106 | 107 | 108 | 109 110 | 111 | 112
Fr: |Ra |Ac |Rfs Db | s Bh |Hs | Mt Uu [Uu |Uu
L] g n Ju |[b

FLEEY G A
Phosphorus Donor in Si

P donor behaves effectively like a
hydrogen-like atom embedded in Si

L1

—a( 5 )e—s( 50 Jo—s=

TAINT ]

—o(si "---@v—-’-{ 5i )o—e(5i )o—

N2

P shallow donor energy levels in Si

a2 BB SR
Silicon-based spin quantum computer

B, o? Tes

’

J - Gates

T =100 mk

A - Gates

Barrier

Si

Substrate

Exploiting the existing
strength of Si technology
Regular array of P donors
in pure silicon
Low temperature:
— Effective Hamiltonian
involves only spins
— Long spin coherence
and relaxation times
Magnetic field B to
polarized electron spins
Control with surface gates
and NMR pulses
Donor separation ~ 20nm
Gate width < 10nm




Silicon-based quantum bits

Single-qubit system

Effective low-energy low-temperature Hamiltonian:

*  Donor nuclear spins [Kane, Nature (1998)] : Ho> 3 Ly = 9. Bé—g P ﬁ+ AG -6
«  Donor electron spins L guBA2A BooA ST SrThT o e
— Si-Ge hetero-structures [Vrijen et al., PRA (2000)] : : 1> where A= (27/3)g,24,9,4, | ¥ (0) [/
— Dipolar coupling [de Sousa et al., PRA (2004)] i Notations: & = X: o =Y o =7
— Surface gate and global control [Hill et al., PRB gl ! STk T Ey e e e
(2005)] & | g usB Energy separation:
* Donor electron-nuclear spin pairs & | E‘% = 0.u4sB/2-g,u,BI2+A
— Digital Approach [Skinner et al., PRL (2003)] ; e
+  Donor electron charges — 1> B = 0B/ 2+ 0,482 = Ak
— P/P+ charge qubit [Hollenberg et al., (2004)] ClogmnBeza E® — g 1 BI2+g B2+ A ‘ o
+  Electron spins in silicon-based quantum dots i los W F " .
[Friesen et al., PRB (2002)] E® - _q uB/2—0 1 B/2— A 2A
o iy~ RS (0.1B12+0,1B/2)
Effective single-qubit Hamiltonian Single-qubit control
Qubit energy separation (if nuclear spins is 100 T Having control over hyperfine
initialized in spin-up state): e B =30 MHZV 8 interaction by applying voltage
: 140> AE = E‘(Tzo)> _ E‘(lzo)> % :2 2 S 4 toAgate would allow us to:
S0 gHB4ZA , Fe B Si oop 1 « Change the resonant
| "} 1> —g.uB+2A+ 2A o L 4 freqyency of a particular
; o (9.445B/2+9,14,B12) e "L N qubit
! 50 - .
@ i B Effective single-qubit Hamiltonian: i v=0: Va0: - + Perform ngnd Yb_:ota_tlons
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i i gphB—f?A ha)(A): geﬂBB+2A+m o Earpeed [EEAE | eu SR | E o and Y rotations)
! 10> o _ efB T Snh 00 02 04 06 08 10 Tnese three operations allow
Hamiltonian in a Bac field: A-Gate Voltage (V) us to do any single qubit
B . rotation on the nuclear spins.
Hae = 0o Boc[ X, COS(a0,,1) +Y, sin(e, )] B. Kane, Nature 393, 133 (1998)
Single qubit rotations Two-qubit Hamiltonian
Laboratory frame Reference frame + Effective e-spin Hamiltonian in the rotating frame
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H = g,u,Bot /2 ‘ A = h(@, - 0,,)0° 12 Hy =—Awo,+—Awo," +=0.43B, (0, +0,°)+J6° -6
B +0,4,B,.[0% 008(@, ) + 5% sin(w, )]/ 2 +0,14,B,. 12 2 2 2
where Aw, = o(A)-o,,,
477
_hwac ha)(A):ge,uBBo+2A+7
V7S (9etts +904,)B
+ Full Hamiltonian in the Lab. frame
H = %gi 1By (ol + 0%) — %””ﬂ” By (ol + a2")
P @B 0B oo t30ettBBac (Coswact (0,5 + 02) + sinwat (0" + 02¢))
(7 PRV L A 2 . ! -
(T) +(T)

with an initial ‘T> state; @, =guB, /7

I 2 . 5
_E”u,”ra JB—r-" {('[ ] 'v‘-"ru'f(a,}-“ + 'T_:”}I Ll H]]lu.."n.f((f}!” + G’_,:“ }I}

Ao 4 Aye® e 4 o




Two-qubit control
* Two qubit Hamiltonian:

Hyy=> Hg+H, +H, +H,

i=1
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H A e A ] exchange interaction, J,
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0 100 200 300 by the surface J-Gate.

Daonor Separation (A)

B. Kane, Nature 393, 133 (1998)

Universal and CNOT gate

* CNOT + single qubit rotations are universal for quantum computation.

* Any gate can be constructed using CNOT and single qubit rotations.

CNOT + Ry (a), R, (B), R,(7)

« What is the CNOT (Controlled-Not) gate:

|00) —|00) 1000
[01) —|01) CNOT = 0100
[10) —|11) 0 001
|11) —|10) 00 1 0

* Task is to demonstrate that the CNOT gate and single qubit
rotations may be constructed.

Canonical decomposition of CNOT
gate for global control e-spin QC

Qe H HxXH Hx HEOH

v(@) v()

Re ()

T T ge 2e
u g ) Explge e CNOT gate operation time: 297ns
Jh=10.2 GHz

C. D. Hill, L. C. L. Hollenberg, A. G. Fowler, C. J. Wellard, A. D. Greentree,
and H.-S. Goan, “Global control and fast solid-state donor electron spin
quantum computing”, Phys. Rev. B 72, 045350 (2005).

PHYSICAL REVIEW B 72, (45350 (2003)

Global control and Fast solid-state donor electron spin gquantum compuling

C. D Hillh# L. C. L. Hollenberg? A G. Fowler.? C. 1. Wellard ? A, D. Greentree. and H.-8. Goan®
We propose a scheme for quantum information processing based on donor electron spins in semiconductors,
with an architecture complementary to the original Kane proposal, We show that a nalve implementation of
electron spin qubits provides only modest improvement over the Kane seheme, however|throagh the introdue-

‘ tion of global gate conirol we are able o take full advantage of the fast electron evolution Iilm.“-..-;plml We

estimate that the [atent clock speed is 100=1000 times that of the nuclear spin quantum computer with the ratio

T4/T,,,, approaching the 10 level

» Simulation of electron exchange mediated two-qubit gates in
the Kane donor nuclear spin scheme showed that the gate
fidelity is limited primary by the electron coherence when the
electron dephasing timescale is close to the typical gate
operation time of O(us).

Experimental indication: P donor electron spin T, > 60 ms at
4K in purified silicon [Tyryshkin, Lyon et al., PRB (2003)].
 Features of e-spin based QC:

— Fast gate speed (16.0 ps > 297ns) ,
— Comparatively simpler readout

Optimal control

+ One of the important criteria for physical
implementation of a practical quantum computer
is to have a universal set of quantum gates with
operation times much faster than the relevant
decoherence time of the quantum computer.

» High-fidelity quantum gates to meet the error
threshold of about 10 (10-3) are also desired for
fault-tolerant quantum computation (FTQC).

» Thus the goal of optimal control is to find fast and
high-fidelity quantum gates.

Error threshold: P. Aliferis and J. Preskill, Phys. Rev. A 79, 012332 (2009).

Quantum error correction and
fault-tolerant quantum computation

* Quantum error correction: to protect quantum information from
errors due to decoherence and other quantum noise.

» The key result in the theory of QEC is the threshold theorem
for FTQC: if a quantum computer has an intrinsic error rate per
gate which is less than a certain threshold (currently estimated
to be 104 ~ 1073), it is possible by means of error correcting
codes to make the total error probability arbitrarily low.

» That is, the overall probability of error for the whole computation
can be made less than ¢ for any value of &> 0; and the
overhead for doing so scales like O(polylog(1/¢)).

» This means that once it is possible to build Q-bits and Q-gates
with sufficiently low decoherence, quantum computations of
unlimited size are possible!

Error threshold: P. Aliferis and J. Preskill, Phys. Rev. A 79, 012332 (2009).




GRadient Ascent Pulse Engineering

(G RAPE) « N.Khaneja et al.,

J. Magn. Reson.

» Propagator during time step j (4t=T/N) /1:28, 29|6 (tzolos).
O . oporl etal.,

i m
U;(at) = EXP[_hM(Ho +2 UgH, ﬂ 52,)’(8)'1?;\)/'2?2007)
k=1

» Propagator at final time T See also: Montangero et al.,

PRL 99, 170501 (2007) and

U:.=U,--U, Carlini et al., PRL 96,
. . . 060503 (2006);PRA 75,
» Performance function (fidelity) 042308 (2007)
1 2 . -
O= —|Tr{U U, }’ , Where U, : desired Op. | See pra
Nd (2006)

» Optimize the performance function (fidelity) w.r.t.
the control amplitudes u,;in a given time T.

* The minimum time sequence that meets the required
fidelity is the near time-optimal control sequence.

Trace Fidelity versus gate time
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1

0.98 il t
-Tr{udue)
=096 i
i:— 0.94 T Optimizer:
5 o5 spectral
S 092 = projected
(= gradient method
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Stopping criteria
0.88 of the error
threshold : 10°
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30 piecewise constant steps is sufficient

Choice of the value of B,

» While the target electron spin qubit will perform a
particular unitary operation within time t, every spectator
qubit will rotate around the x-axis with an angle of

9 — geluB Bac
X
h
« If g does not equal to 2nz, where n is an integer,
another correction step will be required for the spectator
qubits. Therefore, it will be more convenient to choose

the operation time,
P _ 2nzh
gEﬂBBaC

« Fort=100nsandn=1, B, =3.56x10"T.

Near time-optimal control sequence

(a) Detuning the hyperfine interaction of 1st qubit
= 0
% o 30 steps in
E 100ns with
0 20 40 60 0 10 an error of
Time (ns) _
(b) Detuning the hyperfine interaction of 2nd qubit 1.11x10¢
s
£
=
- ; o0 Calculations
Time (ns) performed
(c) Exchange energy .

“ using the
= effective
Z10 I e-spin
B Hamiltonian

0 20 40 60 80 100
Time (ns)

Canonical decomposition of CNOT
gate for global control e-spin QC
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C. D. Hill, L. C. L. Hollenberg, A. G. Fowler, C. J. Wellard, A. D. Greentree,
and H.-S. Goan, “Global control and fast solid-state donor electron spin
quantum computing”, Phys. Rev. B 72, 045350 (2005).

Parallel quantum computing

Traditional decomposition method that decomposes
general gate operations into several single-qubit and
some interaction (two-qubit) operations in series as the
CNOT gate in the globally controlled electron spin
scheme. So the single-qubit operations and two-qubit
(interaction) operations do not act on the same qubits at
the same time.

» The GRAPE optimal control approach is in a sense more
like parallel computing as single-qubit (A1 and A2 both
on) and two-qubit (J on) operations can be performed
simultaneously on the same qubits in parallel.

As a result, the more complex gate operation it is applied,
the more time one may save, especially for those multiple-
qubit gates that may not be simply decomposed by using
the traditional method.




Time evolution of the near time-
optimal CNOT gate with input
states |00> and [01>

(b} [01 = to |01 = transition

{a) |00 = to |00 > transition

Probability

- ~, "teat, L o - - b .
50 100 0 50 100
Time (ns) Time (ns)

Simulations performed using the full Hamiltonian

Probability

Time evolution of the near time-
optimal CNOT gate with input
states of |10> and |11>

{c) |10 =to |11 = transition (d) |11 = to |10 = transition

50 100

0 50 100 e
Time (ns) Time (ns)

Simulations performed using the full Hamiltonian

Conclusions

« A great advantage of the optimal control gate sequence is
that the maximum exchange interaction is about 500 times
smaller than the typical exchange interaction of J/h=10.2
GHz in the Kane’s original proposal and yet the CNOT
gate operation time is still 3 times faster than that in the
globally controlled electron spin scheme.

+ This small exchange interaction relaxes significantly the
stringent distance constraint of two neighboring donor
atoms of 10-20nm as reported in the original Kane's
proposal to about 30nm. To fabricate surface gates within
such a distance is within reach of current fabrication
technology.

» Each step of the control sequence is about 3.3ns which
may be achievable with modern electronics.

Conclusions
The CNOT gate sequence we found has high fidelity, above
the fidelity threshold required for fault-tolerant quantum
computation.
The fidelity of the gate sequence is shown, by using realistic
(device) parameters, to be robust against control voltage
fluctuations, electron spin decoherence and dipole-dipole
interaction.
The GRAPE time-optimal control approach is in a sense more
like parallel computing. The more complex gate operation it is
applied, the more time one may save, especially for those
multiple-qubit gates that may not be simply decomposed by
using the traditional method.
The GRAPE optimization technique may prove useful in
implementing (complex) quantum gate operations.
Ref: D.-B. Tsai, P.-W. Chen and H.-S. Goan, Phys. Rev. A 79,
060306 (Rapid Communication) (2009).

Single-spin detection and quantum
state readout by magnetic
resonance force microscopy

Goan, Hsi-Sheng
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Single-spin detection

Single-spin measurement is an extremely important
challenge, and necessary for the future successful
development of several recent spin-based proposals for
quantum information processing.
There are both direct and indirect single-spin measurement
proposals:
— Direct proposals: SQUID, MRFM,...
— Indirect proposals: Spin-dependent charge transport,

spin-dependent optical transition (fluorescence) ,....
The idea behind some indirect proposals is to transform the
problem of detecting a single spin into the task of measuring
charge transport since the ability to detect a single charge is
now available.
Magnetic resonance force microscopy (MRFM) has been
suggested as a promising technique for single-spin
detection [Sidles ('92), Berman et.al.('02)].
To date, MRFM technique has demonstrated with

Sill!lle-SIlill sens“i“itv ! D. Rugar’s group ('04)




Single spin
readout

spin to charge conversion +
fast charge detection

+

....single spin
measurement ?

letters to nature

Single-shot read-out of an individual
electron spin in a quantum dot

J. M, Elserman, . Hanson, L H. Willemms van Beveron, B. Witkamp,
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Single-shot readout of an electron spin in silicon
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Single spin detection by magnetic
resonance force microscopy

. |RF coil ]
magnetic D. Rugar
tip X
. = etal,
E— H Nature
% R 430, 329
fiber-optic (2004):
interferometer B, .

canlilever

* T.A. Brun and H.-S. Goan, “Realistic simulations of single-spin nondemolition measurement
by magnetic resonance force microscopy”, Physical Review A 68, 032301 (2003).

+ G.P. Berman, F. Borgonovi, H.-S. Goan, S.A. Gurvitz, and V.I. Tsifrinovich, “Single-spin
measurement and decoherence in magnetic resonance force microscopy”, Physical Review
B 67, 094425 (2003).

* H.-S. Goan, and T.A. Brun, “Single spin measurement by magnetic resonance force
microscopy: Effect of measurement device, thermal noise and spin relaxation”, Proceedings
of SPIE, 5276, 250-261 (2004).

« T.A. Brun and H.-S. Goan, “Realistic simulations of single-spin measurement via magnetic
resonance force microscopy”, International Journal of Quantum Information 3, 1-9 Suppl.

(2005).

Magnetic resonance imaging

» Magnetic Resonance Imaging (MRI) principle: if the
precessing frequency of magnetic moments in a uniform
magnetic field is driven on resonance by an external ac
magnetic field, the resulting signal reveals something
about the spin state of the magnetic moments and the
external magnetic environment in which they are placed.

At least approximate amount of 10'2 nuclear spins or 10°
electron spins is required to generate a measurable MRI
signal (via conventional inductive detection techniques).

* Compared to MRI, MRFM technique provides
considerable improvements in sensitivity (minimum force
detectable) and spatial resolution.

MRFM setup i i

Uniorm magnetic field B,

+ A uniform magnetic field in the z-direction.

» A ferromagnetic particle (small magnetic material) mounted
on the cantilever tip producing a magnetic field gradient on
the single spin.

» As aresult, a reactive force (interaction) acts back on the
magnetic cantilever tip in the z-direction from the single spin.

Schematic illustration of MRFM

fiberoptic
interfefometer

F
RF colll | | § cantilever

GRS ET
sample slices
positioner

(John Sidles’s group at UW, Seattle, USA)




What is the use of MRFM?

magnification: 8,000,000

MRFM combines four
different technologies to
serve as a sensing and
imaging device:

» 3-dimensional non-

destructive magnetic HIV viral  Alzheimer's P53 tumor
resonance imaging, antibody protein Suppressor

* atomic-level resolution
atomic force microscopy, « the direct observation of individual

molecules (or other nanoscale devices
or materials),

« in situ, in their native forms and
native environments,

 mobile scanning probe
microscopy allowing in-
situ and direct observation,

* continuous observation or * with three-dimensional atomic-scale
readout technique. resolution,
« by a nondestructive observation
process.

MRFM animation

http://www.almaden.ibm.com/vis/models/
models.html#mrfm
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Single-spin detection by MRFM

< But the required averaging time is
still too long to achieve the real-
time readout of the single electron
spin quantum state.

* The ability to accomplish the
single spin magnetic resonance
detection at a spatially resolved
location would fulfil an important
requirement for many quantum
computation schemes.

« Moreover, the ability to detect a single
nuclear spin would have tremendous

D. Rugar et al., Nature 430, 329
(2004): demonstrated to achieve a
detection sensitivity of a single

electron spin using the oscillating

impacts on the fields of quantum
information processing, quantum
computation, data storage,
nanometre-scale electronics,
materials sciences, biology,
biomedicine, and etc.

cantilever-driven adiabatic
reversals (OSCAR) protocol .

Laboratory frame and rotating
reference frame

Laboratory frame Reference frame

Spin-cantilever Hamiltonian

}_n Itge reference frame rotating with the frequency of the RF (MW)
ield,

|:|sz (t) = HAz _h[wL _w]éz +hwl§>< - g#((iBzz ]ZAézv
O

He = P2/(2m)+me, 2212+ f (t)Z,
o, =9uB,/h, Lamor frequency
o, =guB, /h, Rabifrequency.

Forw=o,, I:|sc(t) = ﬁc +(9SAX —nZéZ,

where f (t): the positive-gain-controlled feedback mechanism,
n= gﬂ(OBz /OZ)O,
e=haw,.

Principle of single-spin measurement |. :
oscillating cantilever-driven adiabatic
reversals (OSCAR)

* The time scale of cantilever motion is much slower than
the time scale of spin precession, i.e., [dZ/dt| < (¢/77)?,
then the spin Hamiltonian changes with time adiabatically.

In the case when the adiabatic approximation is exact, the
instantaneous eigenstates of the spin Hamiltonian in the
rotating reference frame of the RF (MW) field are the spin
states parallel or antiparallel to the direction of the effective

magnetic field B = (£,0,-72)

denoted as |v, (t)), respectively.

We define an operator SZ' for the component of spin along this axis.




Principle of single-spin
measurement |l.
» Starting at a general initial spin state in the §Z basis
7(0)=a|T)+b[y)

« In the basis of the instantaneous S, eigenstates:
7(0) =2y |v,(0)) + by [v_(0)),

where a,, =acos(d,/2)+bsin(g,/2),

a, =—asin(g,/2)+bcos(g,/2),

z

0, =0(0) initial angle between B (0)
and z-axis direction

BI(t) ¢

tan[O(t)] = B (1) = 0z

Principle of single-spin
measurement Ill.

 Following from the adiabatic theorem:
H t r r
7(1) = 8 [v. () exp(=i [ 2. (t)dt)

+hyy |V (O) exp(-i [ A (t)dt),

where 1, (t) =+./¢? +7°Z? are instantaneous eigenvalues.

2 2
* Probabilities ‘aeff‘ and \beff\ remain the same at all times.

« This provides us with an opportunity to measure the initial
spin state probabilities at later times.

How do we measure these spin
state probabilities?

* The idea is to transfer the information of the spin state to the
frequency shift of the driven cantilever by keeping the
amplitude of the cantilever vibrations at a fixed preset value
by feedback control (OSCAR).

* In the interaction picture in which the state is rotating with
the instantaneous eigenstates of the spin Hamiltonian, the
spin-cantilever Hamiltonian can be written as:

[He +Hdlw, ) ®|v. ) 1=[He + 41w, ) ®|v. )]

A = e’ +n°Z2% =~ xe[l+(nZ 1 £)?12]

effective Hamiltonian: H' = (572 / 2£)Z %6

» The frequency of the driven cantilever vibrations depends
on the orientation of the spin states of 5—;.

Measurement scheme and device

The cleaved end of the fiber and the vibrating cantilever
form a cavity. As the cantilever moves, the resonant
frequency of the cavity changes.

Because the time scale of the cantilever's motion is very
long compared to the optical time scale, we can treat the
effects of this in the adiabatic limit.

The cavity mode is also subject to driving by an external
laser, and has a very high loss rate.

In the bad cavity limit, the dynamics of field quadrature (x)
adiabatically follows that of cantilever position.

The continuous monitoring of the cantilever motion at a
fixed amplitude is done by fiber-optic interferometer :
homodyne measurement on the light escaping the cavity
===> frequency shift of the cantilever vibrations.

===> state of the single spin.

MRFM setup

|
. |RF coil A uniform magnetic field in
mﬁﬁ"”m — the z-direction.
p\ ' » A ferromagnetic particle

i (small magnetic material)

_:? mounted on the cantilever tip

_ fiber-optic R producing a magnetic field

interferometer B, gradient on the single spin.

» As aresult, a reactive force
(interaction) acts back on the
magnetic cantilever tip in the
z-direction from the single
spin.

cantilever

Stochastic master equation approach

» Consider various relevant sources of noise:
— cantilever in a thermal bath and interacting with the cavity mode
— cavity mode subject to driving by an external laser and its decay

form the cavity

— “back-action" noise and shot noise of detected photocurrent
— spin noise due to magnetic source

» Develop a continuous measurement model taking into
account a positive gain-controlled feedback mechanism that
maintains the amplitude of the cantilever at a predetermined
constant, leading to a change in cantilever frequency.

+ A stochastic master equation represents the evolution of the
state conditioned on the photocurrent measurement record.

* We simplify the description of the cantilever-spin system by
approximating the cantilever wave function as a Gaussian
wave packet and show that the resulting Gaussian
approximation closely matches the full quantum behavior.




MRFM setup

Uniform magnetic field By

+ A uniform magnetic field in the z-direction.

» A ferromagnetic particle (small magnetic material) mounted
on the cantilever tip producing a magnetic field gradient on
the single spin.

» As aresult, a reactive force (interaction) acts back on the
magnetic cantilever tip in the z-direction from the single spin.
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Parameters

In physical units:

0=10°s", m=10""kg, Q =10, /g, =3x107T,
1/ gu=(0B, 162) =10"T/m, k,T =10mK,

w, =1.4x10"s™, Q, =100, P, =1u4W, e, =0.85,

ks =16Hz, A4 =32nm.

Spin noise relaxation rate ¥, = 10 (16Hz) Time evolution

i T T of the spin-up
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for different kg
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Time evolution of the spin-up
probability r,for the two trajectories
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Frequency shift in the OSCAR
MRFM protocol for two trajectories

T T T Fourier amplitude (in

| arbitrary units) as a
function of cantilever
frequency w
corresponding to the two
trajectories in previous
slide.
The Fourier amplitude is
calculated using a
standard FFT algorithm;
the number of samples is
N = 279, and the sample
spacing is At = 0.02 .
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Summary

« In physical units:
If we take "™ = @™ / 27 ~16kHz,

h hys o
Tssm);;lmg sampling / f e 656m3
Requiring k" > T2, we take kg =160mHz

Cantilever frequency shift = (7 / 2&)o™ ~ 29Hz
* In our simulation, it takes ~ 650 ms for the OSCAR protocol to
determine a shift of ~ 30 Hz in cantilever frequency and,
consequently, to ascertain the orientation of the spin.

« The time scale of the spin noise must be longer than the
sampling duration to use OSCAR MRFM as a single-spin
measurement device.

» Steady improvement in these techniques should make single-
spin measurement more efficient and effective.
* Ref: S. Raghunathan, T. A. Brun, H.-S.Goan, PRA 82, 052319 (2010).

Recent experiments on MRFM

letters to nature REPORTS 1 JANUMRY 2005 VOL 307 SCENCE 408

Single spin detection by magnetic  Creating Order from Random
resonance force microscopy
Fluctuations in Small

0. Regar, R Budakian, M. J Mamin & B W. Chet
Spin Ensembles
R. Budakian,” H. ). Mamin, B. W. Chui, D. Rugar

i, bk Resnarch Comtre, 650 Harey R, Sain fost

NATURE[VIH, $30] 15 JULY 2004 s niaturr

We d trake the ability to create spin order by using a magnetic resonance

Improvements in detection force microscope to hamess the naturally occurring statistical fluctuatians in
signal-to-noise ratio should small ensembles of electron sping. In ce methed, we hyperpolarized the spin
: system by selectively capturing the transient spin order created by the

allow real_tlme quantum ;atusurd}mmumn: In f‘mgﬂ method, we n:zk a mare active ap?mxh
state detection and and rectified the spin fluctiations by applying real-time feedback to the entire
feedback control of splnuwnble Th tmted spunordeﬂanbe;:oredn:helabuamy frame for

individual electron spins period f thelong ion time of 30 seconds and then
read out.

Nanoscale magnetic resonance imaging

C. L. Degen®, M. Poggic®®, H. J. Mamin?, C. T. Rettner?, and D. Rugar®!

Proc. Natl Acad. Sci. USA 106 ,1313 (2009).
Abstract:

We have combined ultrasensitive magnetic resonance force
microscopy (MRFM) with 3D image reconstruction to achieve
magnetic resonance imaging (MRI) with resolution <10 nm. The
image reconstruction converts measured magnetic force data into
a 3D map of nuclear spin density, taking advantage of the unique
characteristics of the “resonant slice” that is projected outward
from a nanoscale magnetic tip. The basic principles are
demonstrated by imaging the 1H spin density within individual
tobacco mosaic virus particles sitting on a nanometer-thick layer
of adsorbed hydrocarbons. This result, which represents a 100
millionfold improvement in volume resolution over conventional
MRI, demonstrates the potential of MRFM as a tool for 3D,
elementally selective imaging on the nanometer scale.

Review article: M. Poggio and C. L. Degen, “Force-detected nuclear magnetic
resonance: recent advances and future challenges”,
Nanotechnology 21, 342001 (2010).

Future directions

» Optimal control in open quantum systems.

* Quantum error correction for continuously detected errors in
circuit cavity QED systems.

* Quantum measurements by superconducting bifurcation
Josephson amplifier.

* Non-Markovian electron transport properties in nano-
structures (quantum dots, superconducting devices)

» Two-time correlation functions of system operators in non-
Markovian open systems.

» Conditional counting statistics in interacting nano-structure
devices.

» Device modeling for quantum computing architectures

No cloning theorem
An Unknown Quantum State Cannot Be Cloned.
A —ETHEEE R RN TR R TEERER

<Proof> Zurek, Wootters (82)
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EPR palr and entanglement

Ali X Bob
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Reality principle () and locality principle (/i)

- Bell’s Inequality

Classical physics: x and y are decided when picked up.
Quantum physics: x and y are decided when measured.

Aspect’s Experiment 2 QM contradicts to Bell’s inequality
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Entanglement Source - SPDC

a)pump = a)signal + a)idler
kpump ~ signal + I(idler
T 1l
uv- ype

pump
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BBO crystal
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(horizontal)

Spontan

Signal
(vertical)

=

)y

Kwiat et al, PRL 75, 4337 (1995)

eous parametric down conversion
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Entanglement is in the air...

Bell States / EPR States / EPR Pairs
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Teleportation

Quantum Teleportation

Transmit an unknown qubit state
without sending the qubit

i 2 Bits
Alice ciassical Information — BObD

Bell State )¢

)= alo)+ 41

agurement Unitar

=% d («|0)+ B|1)) Entangled
00)- 1) e R Ak,
e R
1[ ] x unknown
5 ~(]0)+ A1) @) =a|0)+ 8|1)
1 zx
+E[ ] ~(a(0)+A11) EPR-Source
. . X 2 =
Long Distance Teleportation ) Naay %'ﬁ% 5
Classical channel Quantum Cryptography
(Microwave signal) L - ]

Quantum channel

Quantum Mechanics provide a secure solution with quantum
key distribution

No Cloning theorem & Heisenberg uncertainty principle +
Irreversibility of quantum measurement

Need Single photon source and single photon detector to
guarantee BB84 QKD absolutely secure and unbreakable.

e 0°,45° 4 Polarizations

» Alice
Al = 011001000011
A2 = RO RPR DR DR DR
P = i No o o N
* Bob
B = 9299230200 ®0R
D = 010001000011
1 111 11

Distill secret key from raw key: Information reconciliation and privacy amplification

Quantum direct communication
with mutual authentication

et We propose a new protocol that is capable of
achieving secure quantum direct
communication with authentication.

Our quantum protocol introduces a mutual
authentication procedure, uses the quantum
Bell states, and applies unitary
transformations in the authentication process.
Then it exploits and utilizes the entanglement
swapping and local unitary operations in the
communication processes.

Our protocol does not require a direct
quantum link between any two users, who
want to communicate with each other. This
may also be an appealing advantage in the
implementation of a practical quantum
communication network.

« C.-A.Yen, S.-J. Horng, H.-S. Goan, T.-W. Kao, Y.-H. Chou, Quantum
Information and Computation 9, 0376 (2009).
« C.-A.Yen, S.-J. Horng, H.-S. Goan, T.-W. Kao, Opt. Commun. 283, 3202
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Quantum Key Distribution over 67 km with
a plug&play system

Gisin, Zbinden, quant-
ph/0203118

MagiQ 100 km optical fiber commercial system; NEC 150 km ( 2004)

Commercial available!

Quantum Cryptography is the most technicaly advanced
application of quantum information — on the brink of
commercialisation!

Quantum Security...
atlast
Quantm Cryplography Systom

Quantum random number
generators

« Being deterministic, computers are not capable of producing real
random numbers.

* Quantis is a physical random number generator exploiting an
elementary quantum optics process. Photons - light particles - are
sent one by one onto a semi-transparent mirror and detected. The
exclusive events (reflection - transmission) are associated to "0" - "1"

bit values. nqn
o _O)

Cbﬂmnttque

Quantis product
line certified by
Swiss Federal
Office of Metrology jﬂ

Practical free-space quantum
key distribution over 10 km
in daylight and at night

30km 45km
By e

£ 20K

R. J. Hughes, J. E. Nordholt,
D. Derkacs and C. G.
Peterson quant-ph/0206092

Encrypted Image

Alice's kay Bob's key

23.4km Qinetig-MPQ joint free space key
exchange trial between Zugspitze and
Karwendel

Autumn 2001

Autumn 2000: Key exchange
over 1.9km between Qinetiq
site and the local pub!

http://lwww.eqcspot.org/

" Columbus laboratory
X (ESA)

Entangled photon
source

Two downlink

International Space Station (ISS) « telescops

Aspelmeyer et al., quant-ph/0305105
Kaltenbaek et al., quant-ph/0308174
Pfennigbauer et al., JON 4, 549-560 (2005)

+— Electronics




The Future of QKD(£ # ﬁﬁﬁfﬁﬁl)?
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Complicated
pattern

R Optical Lithography

o Fr The resolution of the reduced
( image cannot be better than 1/2

_— |
= @ }‘ f}b)”» due to the diffraction effect..

» No effective lenses working at very

— | \ image short wavelength in x-ray region
Liont V' Reduced-sized pattern  * Using N-photon entangled state
&5/ INE to achieve a spatial resolution

equivalent of using a light with
wavelength A/N.

in2
Diffraction o 5'272'3
B =(zalA)siné.
Diffraction limit:
minimum width at

p=r.

Quantum Interferometric Optical Lithography: Exploiting
Entanglement to Beat the Diffraction Limit

Agedi N. Boto,1 Pieter Kok,2 Daniel S. Abrams,1 Samuel L. Braunstein,2
Colin P. Williams,1 and Jonathan P. Dowlingl,* PRL 85, 2733 (2000)

Two-Photon Diffraction and Quantum Lithography

Milena D’Angelo, Maria V. Chekhova,* and Yanhua Shih PRL 87, 13602 (2001)
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Quantum Algorithms

State of the Art

* Factoring, discrete log [Shor 94]
* Unstructured search [Grover 96]
* Various hidden subgroup problems [Long List]

* Pell’s equation [Hallgren 02]

* Hidden shift problems [van Dam, Hallgren, Ip 03]
* Graph traversal [CCDFGS 03]

* Spatial search [AA 03, CG 03/04, AKR 04]

» Element distinctness [Ambainis 03]

* Various graph problems [DHHM 04, MSS 03,...]

« Testing matrix multiplication [Buhrman,Spalek 04]




Afilter ensures that noise and extraneous signals don't affect the operation of
the processor. In Orion, electrical currents come down loops of wire. This
creates magnetic fields, which change the behavior of niobium inside the

processor. By recording the changes, you get answers to complex computer
problems.

“Ghost” imaging by
two-photon entanglement

Shih et al., PRA52, R3429 (1995).
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Coincidence counts

Quantum imaging

{a)

Coincident counts as a
function of the fiber tip’s
transverse plan
coordinates

The Measurement of a spatial observable of one photon determines the
spatial observable of the other photon with unit probability.

100 Years of
the Quantum

M. Tegmark and J.A. Wheeler
Scientific American, Feb., 68 (2001)
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