














Two-Quantum-Dot Qubits

Qubit 2
Measurement device wh m
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put qubit 3?

one! (see next dide) Control leads

Bandwidth ~ 100 MHz
sitivit;s ~ 3x106 eHz 2
C,-C,)/C,=0.01-0.03
Charge detection time: ~ 10 - 100 ns
(optimistic expectation)
(T,=10ns—1ns — ?)
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Qubits are stored in the spin of
the nucleus of phosphorus
atoms embedded in a zero-spin
silicon substrate. Standard
VLS| gateson top control
electric field, allowing
electrons to read nuclear state
and transfer that state to

Kane, Nature, 393(133), 1998
another P atom. %)

Recent advances in manufacturing: can register individual P atoms
inthe Si lattice (Clark et al., Phil. Trans. R. Soc. London A, 2003)
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Even achieving scalable form of any of these will be an accomplishment!

Black dots are location of
P atoms. Small rectangles
are quantum-scale | eads.
Large squaresare
standard-size VLS| leads.

Fitting it dl inistough!
Thisistherole of system
architecture...

Oskinet ., ISCA, 2003



One of the few architectures that separates storage space from
action space; that is, memory and CPU.

Main group is Wineland group at NIST (USA); Monroe group
at Michigan, Chuang group at MIT also making excellent
progress.

(Other groups including Oxford also doing small-scale
ion trap.)

Wineland group, NIST Boulder

3-qubit QFT

Chiaverini et al., Science
308 (2005)




Scalable lon Trap QG: Architecture?

o Scaling: mictrotraps

o Large-scale QC?

Kielpinski et al, Nature v417, p 709, 2002

Entropy
Exchange

Unit

Hensinger et al., arxiv.org/quant-ph/0508097
Christopher Monroe's lab, U. Michigan, 2005

Rotations are anal og;

QEC can't correct for

over- or under-rotation,

so NMR sequences used

to reduce sensitivity to
o 6

Vandersypen & Chuang, Rev. Mod. Phys. 76, 1037 (2004)



In Josephson junction; aso, Rigetti et al. (PRL 94, 2005), Qubits can (and must) be

1K gatesin liquid NMR transferred from e.g. nuclear
spin to electron spin to photon
and back again.

Matsukevich & Kuzmich,
Science 306 (2004),
executed w/ fidelity ~0.75.

(Various other groups working on thisfor various technol ogies;
Childress et al. quant-ph/0502112, Mehring et al. PRL 90 (2003),

Collinet al., PRL 93 (2004) Jolezko et ., PRL 93 (2004))

3-qubit quantum Fourier transform (QFT) on beryllium ions

Uses macro laser phenomenon interacting with single photon at each Moved ions around, chaining & separating, measuring
end to determine parity of two qubits — creates entanglement. Took ~3.5 msec
Munro, Nemoto, Spiller, NJP 7 (2005). Fidelity depended on input state — off by 8-29% from expected probability

Chiaverini, Science, 308 (2005)



Both ion trap and optical demonstrating error-measure-correct cycle

optical: Pittman et al., PRA 71 (2005)
ion trap: Roos et al., Science, 304 (2004)

O(log n) latency when O(log n) latency when Better use of concurrent
long-distance gates are . long-distance gates are easy . gates (tota till O(n) or
O(n) when swap requi r:(j\ O(n) when swap required larger).

(NTC architecture) -- with (NTC architecture) -- with

abig constant! abig constant!

Better use of concurrent
gates (tota till O(n) or
larger). \

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



O(log n) latency when Better use of concurrent

long-distance gates are free. gates (total still O(n) or
O(n) when swap required larger).

(NTC architecture) -- with

abig constant!

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

Caltech Cosmic Cube, 64 processors (8086/7)
3MFLOPS, 8MB RAM, 1982 (prototype)

Cray 1, 80OMFLOPS, 8MB RAM, $9M, 1976
Two choices:

Make it bigger, or figure out how to
connect more than one smaller unit

hopefully achieving both speed and

storage capacity increases



Two choices:

Make it bigger, or figure out how to
connect more than one smaller unit

hopefully achieving both speed and

storage capacity increases



Obviously, each technology has its problemsto solve;
decoherence times, ion movement, gate accuracy, noise,
fabrication...

The bigissueis scalability, but just saying that is trite
and not very informative...

| would say that scalability requires heter ogeneity, and
the demands of heterogeneity are poorly understood.






