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Introduction




/)ere 5 Plenty of Room gt the Bottom’
g - (1959 APS annual meeting) -

e | Richard Feynman

.

,, "When we get to the very, very small world - say
M circuits of seven atoms - we have 3 lot of new things
. W that would happen that represent completely new 4
b  opportunities for design. Atoms on a small scale ™
S bchave like nothing on a large scale, for they sa’clsfy
the laws of quantum mechanics...
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‘1. . Quantum objects are waves and can be in
states of superposition......

“quantdm bit": ao|0) + B|1) ’@ %

2. ...... as long as you don’t look!
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"?;'555--.{-.Ma551've storage and parallelism

{7 55 One qubtt: ly) = (1122 (|0) + |1y

T e Two qubits: ) = (U2)1 (10) + [1)x(10) + [1) =
o (1/2)1 (|00) + [O1) + [10) + [11))
« (1/.2)'1 (oS R TG < i G R
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i 2 N qubits: [y) = (1/2)V2 (|0) + [1))x(|0) + |1)x... =

(1/2)N2 (|oo .0) +[0..01) +|0..10) _
+|11..1)) %

(1/2)_N/2 (“O” + “1” + “2” +. -.+ “2N_1”)

¢ Mere 1000 qubits can store all numbers between O
and 21000_1 ~ 10301 > humber of atoms in Universe!




The Entanglement

;.é-;'o A particular superposition state of 3 complex

}f}, ' quantum system which cannot be reduced to 3 product
¥ state of the components of the system. Simplest case:
 dwo qubits:

hy) = [0)O) + IT)I)

B ¢ One consequence: measurement of one part of the
A & system yields information about other part(s) of the
& system without directly measuring those. &




Quantum CNOT gate
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control qubit | target qubit | result

O) O) 0)3(0)

0) 1) 0y 1y

1 = i) 1y
IR BT 1y 10)

alO) + Bl |0) alO)O) + BINHIT

Entangled state!




- parallelism and

- entanglement

P9 Example: Shor's factoring algorithm 4 | massive en’canglemen’c
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U(x)
(3*modb) —— &

evaluating f(x) for 2" inputs
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1 ‘Ba ion laser cooling, etc.

* [3ser cooling:
493 hm and 650 nm

» qubit initialization:
optical pumping

» qubit control:
some form of EM
Waves

* qubit detection: s
state-dependent
fluorescence




Now, the qubits
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Lg;.fopﬁcal: 5-D transition
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» hyperfine: ground state
“clock” states

S e 7eeman: ground state
Zeeman states

8.037 GHz

10-100 MHz
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Number of photons




Optical qubit: the Rabi flops
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CEREa

P1/2

3 —&- S1/2
A |- _1/0) -1y Im=+1/2) =)

Z:lon-photon entanglement

) = IHY) + Iyl

oThis process is

~ success
occurs only when the
photon is collected
(solid angle small)
and detected
(detection efficiency
small too)

o But 3 heralded #
entanglement of ions
is possible using this
probabilistic process!



Conditional Probability
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& Ba ion-photon entanglement verification

the photon qubit and the ion qubit; vary ion qubit rotation phase to

fkinges. Found out that ion heating caused by the RF pulse in the fast
loub calgit] lower contrast (ion not cooled, therefore dark). Lower

. ;:'R!Ff‘Pov.\j{' T.ja"-'llowed for much better contrast.

Prob(P|bright) ——e— Prob(P|dark) —=—
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cavity interface
MEMS beam
steering system

N x N optical .
N trapped ion quantum registers P —— N/2 beam splitters
CCD Camera

optical fiber
interconnect

i We want to combine 3 humber of “small” (10 = 100,.
3 qubits) ion traps in 3 network through ion—-pho’con'%?

entanglement interface. Photonic chane
———
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*Chain of 4 Ba and 1 Ybions

Chain of 3 B3 and 2 Yb ions



Quantum
Information
“. Processing .
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http://upload.wikimedia.org/wikipedia/commons/4/4e/Diopsis.jpg
http://upload.wikimedia.org/wikipedia/commons/4/4e/Diopsis.jpg




ENIAC
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" popular Mechanics (1949)
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g | think there is a world market for maybe five computers.”

Thomas Watson, chairman of IBM (1943)
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