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Moore’s law (B # Z_#&)

transistors

Pentium®A 4 Processor 100 .UUU !ﬂﬂﬂ

Pentiurm® Ill Processor

MOORE'S LAW

Pentium® Il Processor 10,000,000

Pentium® Processor

8008
4004

1970 1975 1980 1985 1990 1995 2000

FERRAG RS T, B ARV B ARG B H e Tl B RO =
fEdm R BRIV R H BRI R — .

(http://www.intel.com/research/silicon/mooreslaw.htm)




4004

8008

8080

8086

286

386™ processor
486™ DX processor

Pentium® processor
Pentium Il processor
Pentium IIl processor

Pentium 4 processor

% oo T8 &7

V“

Year of introduction

1971
1972
1974
1978
1982
1985
1989

1993
1997
1999
2000

3 H

Transistors
2,250

2,500

5,000
29,000
120,000
275,000
1,180,000

3,100,000
7,500,000
24,000,000
42,000,000



e

2005 17

22 h RY
#C Jl'] E\fﬂ

ASUS W5G760DD #r i\t ERE o]

ACER Aspire 3003LCi | DI S
R E A ML - S e

MOBILE mﬁ"m

TECHNOLOGY

\\"
‘1.
-

DothanE@%%ﬁ%ﬁ¢%Eﬁ7?7§%ﬁ

. . L EEAEEATE o B A
ST SN SN g\ 109997c  TEfeTT 211 =
130K PkEQ0ZS K - 652



y . —,
Che New Hork Cimes
By JOHN MARKOFF
Published: February 20, 2006

|.B.M. Researchers Find a Way to
Keep Moore's Law on Pace

SAN FRANCISCO, Feb. 19 — |.B.\M. researchers plan to describe an advance in
chip-making on Monday that could pave the way for new generations of
superchips. The development, which comes from materials research in the design
of advanced lenses and related technologies, will make it possible to create
semiconductors with wires thinner than 30 nanometers, one-third the width
in today's industry-standard chips. The researchers have created the thinnest
line patterns to date using deep ultraviolet lithography, the laser technology
used to print circuits on chips.

The key to pushing the technology further is a fluid immersion process for
conducting the light onto the material that is etched to form the circuit pattern.
The researchers discovered that they could enhance the resolving power of the
light source by shifting to alens made from a crystalline quartz material and
exotic immersion liquids that have better refraction properties than those
currently used by the industry.
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— Decrease costs (fE#&E4K)

— Smaller chips with greater functionality (&5 8/ NThEESEEZS)
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4 B (Quantum Mechanics)

TR a?@ﬁﬁ,ﬁiﬁ’%

e E 15 K

e it T NPIFTHyP7EA
QT@&F%E@E%%D/EJ E e

+ EEUﬁyiﬁﬁﬁ“ﬁﬁﬁxﬁﬂé’]%@fﬁ%%ﬁﬁi?ﬁﬂéﬁfﬁ i AT AR

e EE

« How successful is quantum mechanics?
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¥ + 2 ¢ (Quantum revolution)
BT E A CRLIE19N K 20MHHE)): 46 T F 7
5 S i LR B A U 2

— FEF 7% (quantum mechanics) 75 | iR L AR TFEAE IR 35 52
(electron wavefunction & 1f7 ti#, periodic table #HHAFE, how

metals and semiconductor behaved ¢ JEFIEERE, ...).
— FLELRIRG I 0920%: BN (S0 ) TS RATaR R
(Information Age)iyzikEE, KFZE M (solar cell), &+ (laser), .
EFRHTERERE (20M (AR Z FIFIRAK ...): %Uﬂ% %%
TR FE A 538 T HI RS,
— FaEpr A HE T2 RE LY SR EF S A M e
AV S I EH MRV EIREE.
RIS Z R sefy5nt, s, (88, M E A
ﬁ%‘fg (65 T e PR RS R B, 2 R iR

ST PR, AT AR A T
B IR RS LI, 2

lllnl




s BRI EME T EE T

JIE

. B%Lli%jj SN

TR =

N FF
”EZAU/ITL; 555 PN ZEE (1]

=y
c

=T

%Zﬁziﬁz%*ﬂmf@/ﬁﬁé T AF
T B SRR o

e | Z%FHFEN

;|§—

T AE MR R B S
T R Y BRI -

| 7%?% B T AFA:

Jl= Ll L
nXo| Lob

_1l___l

E%E’ﬂZEi TR ~ BRI R

1 AR

HEH H

< N\




E 7 =X 3
L+ AR
Quantum information science and

technology
Quantum algorithms and quantum computation

(EFEEENETETE)
— Shor’s quantum factoring algorithm
— Grover’s search algorithm

Quantum teleportation (&= T-{&&))
Quantum cryptography (& X HEEL)
Quantum information theory

— Quantum channel capacity

— Superdense coding and quantum data compression

— Quantum error correction codes: protect against
decoherence and noise

— Entanglement measure



RSA % 7% 5§ (cryptography)
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Complexity (FFZEE)

. o I = T

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

(#steps to solve the probler%) PoI (N)
“P(polynomial; ZI8= /Y

. Tractable(ZEHERY), easy

(#steps to verify the solution) = Pol(N)
- “NP (nondeterministic polynomial; JErEE MR TEZHFE] )”

: Intractable

NP “Intractable”

P Factoring large integers?
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Encrypted Image

Alice’s key Bob's key

Sz FRETE 424

AP ERTT (internet banking): N = p q
*Public key: AFAIV4RIE45E (N,e)
Private key: ~ /A FEHVfEIE 44 (N, p,q)
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Quantum factoring([X =47 fi#)algorithm : exponential speed-up

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

Best classical algorithm:
1024 steps

Shor’s quantum algorithm:
1010 steps

On classical THz computer:
150,000 years

On quantum THz computer: | 2
<1 second

| etér Shc')"r'e

Quantum search of an unsorted database: quadratic speed-up

(Grover’s Algorithm)

— Example: name #:44-> phone number EEEL5ENE (easy fHEE)
— phone number EzE5RME 2 name 44 (hard [REE)

— Classical: O(n), Grover's:

O(v/n)

Simulation of quantum systems: up to exponential speed-up.
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S o o b v (quantum bit)?
Classical bit: 0 or 1; & &5 & R = 5K

* Quantum bit (qubit): QM two-state system

BT IR AR 2478
» —(HETTHME A RERGIREE |0) or |1)
» —(EETIGIRRE R LABRAE |0) and |1) HYSRPEENRE
)=o) 1) 0
a 1 F 8] DIE#E L (complex numbers) i H ‘g‘z +‘,3‘2 -1
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Quantum Bits




Spin states; $ @ |0) and |1)
Charge states; leftorright O O
Flux states; L or R

Energy states, ground or excited states
Photon polarizations; Hor V; L or R

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

10

10eV
|

0 1 1)




_’Ej % JB] £ (Quantum measurement)
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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,

Pr g
A

play dice.

However, guantum 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.
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(Double-slit experiment)
T-5& (Bullets)




BABERET &
(Double-slit experiment)
K7 (Sound Waves)




T AERER &
(Double-slit experiment)
1 (Electrons)




%N ERAET &
(Double-slit experiment)

Thomas Young's Double Slit Experiment

Screen with i
—Sunlight Figure 1

Single Slit

/ Diffracted
Coherent
spherical
avefront
- !‘ ] i - ]
i' r
N2 )
'l'_l""‘ ,“l'*'
a s /
Line Yaw s Tapa” Line of
of Waves F ] ~ L1 | Waves
-y " .

In Step Out of Step

B ¢

B A =

Dark Bright Interference
Fringe Fringe Fringes

Detector Screen



A ERER &

(Double-slit experiment)
#HHEE1-(Observing Electrons)
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(Double-slit experiment)
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Pauli Dirac: The photon (electron) interferes

with itself

vvi 1

No more than one photon
can pass the slit each time. film

Attenuation

Courtesy of R.B. Liu




Superposition is not a mixture of two pathways

Courtesy of R.B. Liu

The photon passes two slits
simultaneously. Or if which-way
Is known, no interference!




Decoherence I: Which-pathway pre-selected

50% probability each slit, never
simultaneously passed.

Attenuation

Which-way information is known
each time, no interference pattern!

Courtesy of R.B. Liu




Decoherence I1: Which-pathway recorded

The two-level system is excited if
the photon goes the upper path. film

Attenuation

\k1>}T>+\k2>}¢>

No interference pattern, even if you
don’t know but only have the possibility
to know which-pathway.

Courtesy of R.B. Liu




%Zé{ %‘1 ﬂ'ﬁ’ probability

* 3+ or .+

(A=0/c) (L=h/p)

VVVAVAV S
~W\/\ N\~
VVVAVAV S
Probability, P,
§ - s
MWW\ e @
AW 5 R I=AR

P(F, t)=P,+P,
=, (F, ) +[¥,(F, 1)



Decoherence I11: Random phase

/ Random phase shift

film

Attenuation

No interference pattern, if the which-
pathway information is recorded by an
environment.

Courtesy of R.B. Liu




An example in Classical Physics

cos (k,X) + cos(kzx)‘2

Random Phase

st st

X, Coherence memory length
How long the phase memorizes its history 1+ COS (5k ‘ X) exXp (_X/Xc )

Courtesy of R.B. Liu




Quantum information vs. Classical information

System | qubit | bit ] Vector
Basis v

states

N

fvotvion] [ oor1 [cominuoue
Meas.: digital | digital ‘

» Quantum states are waves: Superposition
» Quantum states are particles: Digital output




Entanglement

Alice Bob
— b
- |00) +|11) 5‘
® lv)=—%
v) #|a)| b)

1 Schrodinger (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(5%(14:"&): computational state space is
exponential in the physical size of the system (2).
Quantum parallelism(=-1F1714:): by using superposition
of quantum states, the computer is executing the algorithm
on all possible inputs at once.

e.g., |) = (|00)+|01) +[10) + [12)) /2.

Complex amplitudes or Interference ({8 &iRIBE+4)
Quantum entanglement (composite systems) & 144

Separable:%(\O)A 0)g +[0)a D ) =10)a ®%(‘O>B + ‘1>B)

1
Entangled :ﬁ(‘O>A D —[Dal0)s ) #[w)p ®|4)g
More...
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Quantum rules and high-level principles

® Perhaps we don’t really know what makes quantum systems more
powerful than a classical computer

® Knowing the rules of the game (5215, 75 %H, EtH)
= Understanding the game

® Knowing the rules of Quantum Mechanics
£ Understanding Quantum Mechanics

® Anybody who is not shocked by quantum theory has not

understood it.
-Niels Bohr g Nobel Prize (1922)

® \What high-level principles are implied by quantum
mechanics?

® Z[X= (Richard Feynman, Nobel Prize (1965)):
"I think | can safely say that nobody understands
the quantum theory."

BRI A NEIE T R E T Hisw




Coherence, constant phase difference in two or more
waves over time (Columbia Electronic Encyclopedia 2003)




Decoherence, some one 1s out of phase

Often because of entanglement
with the environment



Recoherence, by a little control




Decoherence

Process by which a quantum superposition state
decays into a classical, statistical mixture of
state.

In system-environment models, decoherence is
caused by interactions between the system and
Its environments.

As the system and bath evolve under the total
Hamiltonian, they become entangled.

By tracing over the environmental degrees of
freedom, the reduced density matrix of the
system of interest at later times is no longer pure
and the system is said to have decohered.



Superposition and entanglement

 Superposition a‘0>+b‘1>
aloy+bjmye = MY

al0)+b|1)e™

« Entanglement (composite systems)
1 1

Separable: [¢) =—=(]0)0)g +/0) 1)) =10} @ 7=10)g e

1
Entangled: |'¥) = ﬁ(\% Dg _‘1>A‘O>B) SANCIN
 Partial trace (Composite systems)
|| o) go\]——( +|1))((0]+1]), pure state

Tr, [ W) (%] = _( (0]+11) <1\) mixed state



Spin states; $ @ |0) and |1)
Charge states; leftorright O O
Flux states; L or R

Energy states, ground or excited states
Photon polarizations; Hor V; L or R

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

10

10eV
|

0 1 1)




Requirements for physical
Implementation
of qguantum 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 guantum computer implementation

e Liquid-state NMR
 NMR spin lattices

e Linear ion-trap
spectroscopy

e Neutral-atom optical
lattices

e Cavity QED + atoms

e Linear optics with
single photons

e Nitrogen vacancies
In diamond

e Electrons on liquid He

e Small Josephson junctions
— “charge” qubits
— “flux” qubits

e Impurity spins in
semiconductors

e Coupled quantum dots
— Qubits: spin,charge,

excitons

— Exchange coupled,
cavity coupled



lon Traps (3= 14)

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

be 10-3 K.
* Couple lowest centre-of-mass modes to internal electronic
states of N ions by external lasers.

The artist's view

) o

@ 000000 O

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



3 ¥ Josephson-junction-based qubits

“ phase”

"flux”

* charge”

Single junction

[T 1
U, =E,(1-cosg)

SQUID

Cooper-pair box

NIST
Kansas
Maryland

UCSB

Delft
NTT
Jena

Saclay NEC
Chalmers
Yale
JPL




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

0™
4y, gﬁﬂ larger than an atom)
Leading to strong coupling with g > k., ¥



Electron spins in guantum dots

—_—

back gales magnetized or heterostructure

high-g layer quantumm 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



ek % RS S
Silicon-based spin quantum computer

T =100 mk

A - Gates

Byp (= 1077 Tesla)

-
lB (=2 Tesla)

J - Gates

~ 200 A

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
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FEERY A
Phosphorus Donor in Si

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

N

Energy [meV]

P shallow donor energy levels in Si

—100f 7 )

-20.01

-30.0f

—40.0}

-50.0¢

Tl =




ek % RS S
Silicon-based spin quantum computer

T =100 mk

A - Gates

Byp (= 1077 Tesla)

-
lB (=2 Tesla)

J - Gates

~ 200 A

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



Top-down approach for few qubit devices

Controlled single-ion implantation

14 KeV P ion beam is used to implant

P dopants to an average depth of 15nm
below the Si-SiO2

» lon-stopping resist defines the array

phosphorusions ; ]

PMMA

R sites
SN . « Each ion entering the Si substrate
e produces e-hole pair that drift in an
si {/ applied electric field
PR « Created single current pulse for each
" UL | ion strike is detected by on-chip single
LT " 'L-v; lon detector circuit.
+\ 14 keV 31p .

14 keV 3P . ’
. \ ‘

: 95% confidence in ion detection
. W'riﬁiﬁ 50% confidence in each 2-donor device

100 200 300 400 500 <00 T0O o 800
time (lLs)

pulse height (V)
— D = 13 W L



Bottom-up approach for large-scale qubit arrays
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Using scanning tunnelling
microscope lithography and epitaxial
silicon overgrowth to construct
devices at an atomic scale precision.



e experimentalist's view
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First "Commercial” Quantum

Computer Solves Sudoku Puzzles

February 13, 2007 By JR Minkel

A Canadian firm today unveiled what it called "the world's first
commercially viable quantum computer.” D-Wave Systems, Inc.,
"The Quantum Computing Company," during a much
ballyhooed rollout at the Computer History Museum in
Mountain View, Calif., hailed the new device as a big step
toward the age of quantum computing, decades earlier than
scheduled.

For the demonstration, the qguantum computer was given three
problems to solve: searching for molecular structures that
match atarget molecule, creating a complicated seating plan,
and filling in Sudoku (%5(3%) puzzles.

But experts say the announcement may be a bit—er—
premature. Even if the computer were to work as advertised, it
still would be nearly 1,000 times too small to solve problems
that stump ordinary computers. Moreover, researchers do not
know whether it will work at bigger sizes.



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.
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No cloning theorem

An Unknown Quantum State Cannot Be Cloned.
Al EEUEE R E NG E HEEHIEFE

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

Alice

Pt
Reality principle (E &%) and locality principle (/HE%)
- Bell’s Inequality

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

X

1

J2

—

A
;? i; =
A

Bob

M

(00a ) = 10%6) = v )n 210)s g

Aspect’'s Experiment > QM contradicts to Bell’s inequality

§ I
Does the moon exist only
when you look at it ?
A5l REIREE RN
A FAE 7

N\
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Entanglement Source - SPDC

Spontaneous parametric down conversion

@y = Ogignal + @

pump signa idler
kpump ~ signal + kidler
UV- Type Il Signal
pump (vertical)
—

BBO crystal
|dler
(horizontal)

Kwiat et al, PRL 75, 4337 (1995)



Entanglement is in the air...
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Telepor\tatlﬂn

The Future of Travel?
Or of Computing? -

Genetic fi ‘—‘I - .
for a smarter - .
. ;\.‘ 4 e !

Stars that fizzléd
fill the galaxy

Beam Me Up, Scotty !




Teleportation

entangled‘ . ZLIQE%J |

pair



Teleportation




Quantum Teleportation

Transmit an unknown qubit state
without sending the qubit Q) = a|0)+ 8|1)

_ 2 Bits
Alice cjassical Information Bob

Bell State

.

‘‘‘‘‘
"""""""
...........

A d

1

unknown
Q) =a|0)+ B|1)

EPR-Source



Long Distance Teleportation

Classical channel
(Microwave signal)

L




L RBY
Quantum Cryptography

Quantum Mechanics provide a secure solution with quantum
key distribution

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

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



BB84: 4 Polarizations

0°,45° 00450 Lo

Z el | PC2 PC3 DO
« Alice

Al = 011001000011

A2 = 3 DR DR DR DRIDD

P = /3N * 1 /7% *xNT
* Bob

B = 2099200003 ® @R &

D = 010001000011

1 111 1 1

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



Quantum Key Distribution over 67 km with
a plugé&play system

Gisin, Zbinden, quant-
ph/0203118

Il

!3;
= b

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!

Q-BOX WORKBENCH"
h Uncompromising QKD Research”

Quantum Security...
at last
Quantum Cryptography System

NEC
ouics

QUantum Indestructible Cryptography System
Absolutely Secure on 1SPC

-Detection of any wiretapping in Quantum channel

*Guaranteed security by fundamental principle of quantum physics

« Fiber-optics Inberfesometer
~THE ¢ocied miancte photodiode In Geiger made
+ Dptical phass mocutor

» Contestire s ironicy mih bris KRG

© Onv b PE

Communicating over optical fiber networks = . e e s e i e
. . =domiy i e GHD actieties precaete
with absolute security g ——
Main features i e e Bt ZITEE | e sommeom o mrmmrensar——— ALL in ONE C scurity Solut
g T 2 jartatil e ﬁ'.;,s““‘m-m mlm‘lmu:: implement i g o *Wavelength-division multiplexed quantum channel and encoded
B Encryption with AES or One-time pad mmhanunmim links aver optical fiber . = user data channel

ke

» Transmission distance up to 100 km +Standard optical fiber

The & Quanbgue quantum cryplography system
B Aulomaled key management can be used o lransmil securely information

e - between o shes ocaled i » metropoltan area ) +100Base-TX user port
AR On Sass Quantum Channel
Apphcations include connection of remola local - for Key Distribution
area netwoeks, storage area natworks, and fie ﬂg|
sarvers, 3

Encoded user data
Channel

id Quantique

Ch. de la Marbrerie, 3 1227 Camuge  Switzerand i

T i1 (G473 900 8371 Fan +41 (O3 300 45 75 Quantique
nfiadauantioue eom

i adguantiouas com A Quonam Leap far Engeagrophy

e 100Base-TX User Port 100Base-TX User Port

NEC Corporation NEC Conﬁdemiaf July 2003



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. 2T

‘"DII
@antiquc ‘ '“G)

Quantis product
line certified by
Swiss Federal

Office of Metrology ﬂ



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

30km 45km
q;;c D l—’JI’J R. J. Hughes, J. E. Nordholt,
& —+ FE'F - D. Derkacs and C. G.
-E- 3 % % fg; ﬁ] Peterson quant-ph/0206092

Encrypted

Alice's key 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://www.eqcspot.org/



Columbus laboratory
(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
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Complicated

pattern

ko B TR Er g
Optical Lithography

Lens 1

Lens 2

Reduced-sized pattern

NS

The resolution of the reduced
image cannot be better than A/2
due to the diffraction effect..

No effective lenses working at very
short wavelength in x-ray region

« Using N-photon entangled state

to achieve a spatial resolution
equivalent of using a light with
wavelength A/N.

sin®p

Diffraction oc ——,

L= (ralA)sinég.
Diffraction limit:
minimum width at

p=r.



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

A ~~~12 NI Nt~ 4 DI~ /71, N N\ o Ale eomeoe 0 A O ~1 1 [ P ~
Agedl N. BbOLO, 1 Ficlel KNOK,Z bdlliel S. ADIAITS, L Sdlliuel L. brauristelil, £

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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