Quantum Computing with
Atoms and. Photons

Boris Blinov
University of Washington
http://depts.washington.edu/qcomp/







, : /)ere 5 Plenty of Room gt the Bottom'"
L « (1959 APS annual meeting)

s . Richard Feynman

i

,' "When we get to the very, very small world - say
M circuits of seven atoms - we have 3 lot of new things
W W that would happen that represent completely new 4
b  opportunities for design. Atoms on 3 small scale ™
S bchave like nothing on a large scale, for they sa’cls(y
the laws of quantum mechanics. ..




THE GOLDEN RULES
#HF QUANTUM MECHANICS
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‘1. . Quantum objects are waves and can be in
states of superposition......

“quantdm bit": ao|0) + B|1) ’@ :
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2. ...... as long as you don’t look!
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Masswe storage and parallelism

£ ' Onequbit: [y) = (1212 (0) + [2)

T e Two qubits: ) = (U2)1 (10) + 1)x(10) + [1) =

' | (1/2)1 (|00) + [01) + [10) + [11))
> (l/.2)'1 Ok 1 e T2 R Y B )
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i @ N qubits: [y) = (1/2)V2 (|0) + [1))x(0) + [1))x.... 5

(1/2)N/2 (|oo .0) +[0..01) +0..10) _
+|11..1)) #*

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

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




The Entanglement

ﬁ-#o A particular superposition state of 3 complex
}:i,?‘,, quantum system which cannot be reduced to a product
¥ state of the components of the system. Simplest case:

Awo qubits:

hy) = l0YlO) + I1)I1)

J © One consequence: measurement of one part of the
system ylelds information about other part(s) oFthe
. W system without directly measuring those. 4




Quantum CNOT gate
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control qubit | target qubit | result

O) O) 0y |0)

0) 1) 0y h)

1) = ol 1y 1)

ez ER 1T 1y 10)

alO) + BI) [e) alOYO) + BINIT)

Entangled state!




& Quantum computing revealed
- ..ghThe power o{:quan’cum computing is twofold:

e - parallelism and

ﬂfa 4 en’canglemen’c

9 Example: Shor's factoring algorithm 4 | massive en’canglemen’c

@

NI NIERR!

evaluating f(x) for 27 inputs




what is it about factoring?

2o Let's say | give you two numbers, 577 and 239. What
\ ; is their product? Trivial: 577 x 239 = 137,903 .

s What if | give you one number, say, 149,797 and ask
you to find it’s Factors? Ha?

> Any takers?:

~ © How would you even approach solving this problem,
5 ,_o’cher than guessing???

G - This problem is HARD! Public key encryption is based
S on this fact. Now, when you see this: , you know
i your data is secure!
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£ But first: Ba ion qubit(s)

* [3ser cooling:
493 hm and 650 nm

» qubit initialization:
optical pumping

* qubit control.
some form of EM
waves

* qubit detection: -
state-dependent
fluorescence



“Mow, the qubits

optlcal S-D transition

» hyperfine: ground state
“clock” states

/Zeeman states




',.t,.:f:‘_hatever qubit, detection the same
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One state “dark’, the other “bright”

Number of photons




Optical qubit: the Rabi flops
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ENIAC
(1946)
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‘Z.lon-photon entanglement

) = [HY) + IVl

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

Conditional Probability

B3 ion — photon entanglement

Prob(P|bright) —— Prob(P|dark) —=—
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Prob(P|bright) —s— Prob(P|dark) —=—
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n/2 Pulse Phase (degrees)

S1/2
\1_1/5‘1'1@ 41/2) = l¢>/

Single photon - ion state
correlation. Weak CW pulse
excitation at 35 kHz rep rate, ~20%
excitation probability; ~1 Hz
success rate




cavity interface
MEMS beam
steering system

N x N optical ) .
N trapped ion quantum registers erosseonnactSwiteh N/2 beam splitters

CCD Camera

optical fiber
interconnect

R We want to combine a number of “small” (10 = 100,
B Jubits) ion traps in 3 network through ion-ph oto i

entanglement interface. Photonic chane
————

ARNNRED

ELUs ELUs




Quantum
Information
“. Processing .
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Image courtesy of Wikiped



http://upload.wikimedia.org/wikipedia/commons/4/4e/Diopsis.jpg

jfutham of 4 B3 and 1 Yb.ions |

Chain of 3 B3 and 2 Yb ions



Moore’s Law

CPU Transistor Counts 1971-2008 & Moore’s Law
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™ popular Mechanics (1949)

4

fantum

g | think there is a world market for maybe five computers.”

Thomas Watson, chairman of IBM (1943)
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