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o A EE(Shor’s algorithm):
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» #%3%(Grover's algorithm):
0(sqrt(N)) to search N items (N=2"L)

. Quant\um Key Distribution:
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Superposition (ErEhHt) and
ket Notation

* Qubit state is a vector

* |0> means the vector for 0;
[1> means the vector for 1;
00> means two bits, both 0;
E{)]O) is three bits, middle one is 1;
etc.

e A qubit may be partially both!
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Col lapsing the Superposition

Measure 2™ register,
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Measurements of part of eg. 4
the system cause the [4)]1)

system to move to a state

where the unmeasured

parts of the system are

consistent with the original

superposition.
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Algorithms

* Usual ly, run on superposition of all
possible inputs

* Depend on analog/complex nature of phase

* Goal is to create interference (Fi%)
that pushes state toward the result we
want

Physical Realization
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DiVincenzo’ s Criteria

1. Well defined extensible qubit
array

2. Preparable in the “000---" state
3. Long decoherence time
4. Universal set of gate operations
5. Single quantum measurements
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Two-qubit operation for charge qubit

Two-qubit device
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n FIG. 2. (a) Energy levels of two quantum ijﬁ without and

] with the coupling induced by the presence of a static clectric
|ﬂ) o field Ep. (b} Resonance spectrum of the two quantum dots,
‘ } The dotted line shows the wavelength for which the rwo dots

X x act as a comrolled-NOT gate, with the first dot heing the comral

qubit and the second the target qubit
FIG. 1. Charge density in the quantum well in the direction

e e e o G e men A wBarenco, D. Deutsch, A. Ekert, and R. Jozsa,
field (a).
‘ Phys. Rev. Lett. 74, 4083 (1995).

c.f. Two-qubit CNOT gate in superconducting charge qubit.
T. Yamamoto, Nature 425, 941 (2003).

Scalable lon Trap QC: Architecture?
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® Scaling: mictrotraps
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e Large-scale QC?

Conditional—Sum Adder
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O(log n) latency when s .
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(NTC architecture) -- with . 1 H 3
a big constant! by o
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(Carry-save and carry-lookahead ;
are other types that reach O(log n). > :

See quant-ph/9808061, quant-ph/0406142.)
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Interaction region
Figure 1 Diagram of the quantum charce-couplad device (QCCD). lons are stored in
the memory region anc moved to the ir n region for logic oparations. Thin
arrows snow transpor: and confinement along the loel trap axis.
Kielpinski et al, Nature v417, p 709, 2002
O(log n) latency when Better use of concurrent
long-distance gates are easy. gates (total still O(n) or
O(n) when swap required larger).

(NTC architecture) -- with
a big constant!

(Carry-save and carry-lookahead
are other types that reach O(log n).
See quant-ph/9808061, quant-ph/0406142.)




Conditional-Sum Adder (NTC)

O(log n) latency when
long-distance gates are free.
O(n) when swap required
(NTC architecture) -- with
a big constant!

Better use of concurrent
gates (total still O(n) or
larger).

(Carry-save and carry-lookahead
are other types that reach O(log n).
See quant-ph/9808061, quant-ph/0406142.)

¢ All discovered by Charles
Bennett (IBM) & associates

=y bhDO—9

* Quantum Key Distribution (QKD)
e Teleportation
* (Superdense coding)

Quantum Key Distribution

* Bennett & Brassard, BB84 protocol

e Key distribution only, not data
encryption

* Requires authenticated (not encrypted)
classical channel to complete protocol

* Many, many places working on this!
- BBN, Harvard, Boston U. for DARPA
- MagiQ Technologies
- CERN
-®K

Putting [t All Together

e

IKE and IPsec

Authenication
Piivacy Amplificaion

QKD Protocols 2,
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% VPN Tunnel

VPN / OPC Interface
Optic
Process Control

QKD
Photons

VPN / OPC Interface

Optical
Process Control

Detector Suite




Teleportation
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Wrap—-Up

* Qubits: superposition, entanglement, and
phase interference give great power

* Algorithms:
- search (0(sqrt(N))
- Factoring (0(L"3))
* Experiments: many kinds under way

¢ Networking: many experimental quantum
key distribution (QKD) systems being
built

e Systems: just beginning

Timeline

* Maybe 5 years to realistic
multi—-qubit systems (8-10 qubits?) on
practical technology?

* Then start our own Moore’s Law doubling?

- Error correction and architecture begin to
really “kick in”

- Interesting machines in a decade,
commercially viable ones will take longer

* Much work on every front to do!
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* Nielsen & Chuang, Quantum
Computation and Quantum Information
(esp. Chapter 1)

* Williams, Ultimate Zero and One
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Web Sites, Groups, Events

* K ERATO project (§H5%&4)
e MIT Center for Bits and Atoms

e Caltech Institute for Quantum
Information

* Oxford: http://www.qubit.org
e Stanford: Y. Yamamoto group
* Australia

* Okinawa summer school 20067
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- {BBE : http://www.appi.keio.ac. jp/Itoh_group/

- JTBE : http://www.phys.keio.ac. jp/staff/eto/eto-jp. html
WK

- ERATO #7021 & b: http://www.qci. jst.go. jp/

- &E : http://eve.phys.s.u-tokyo.ac. jp/indexj.htm
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NEC/Tsukuba

NTT/Atsugi (£TII50A!):

- http://www.br|.ntt.co. jp/J/organization/psrl/psrl.html

- hta¥:{/www.brl.ntt.co.Jp/cs/ninri—g/paradigm/index—
J.ntm
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Davis) * various

* (BBN) publ ications




