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“The electronics people said there
were too many vacuum tubes and it
would never run. The mathematics
people said there were no problems
complex enough that computers were
needed.”

Ist electronic
computer fet

By Michael Raphael
The Asscciated Prass
PHILADELPHIA — It had no
could remember only 20 numb
time, and filled 3 room with 50
electricity-sucking gear.
But it could crunch numbers ¥
seemed like blinding speed.
Fifty years ago this week, the H
ic Numerical Integrator and C
was demonstrated for the first .
University of Pennsylvania.
ENIAC counted to 5,000 in one-
second, shocking the world out of
chanical age and into the world
ning-quick digital processing: =~ ENIAC will count trom 46 to 96.
ENIAC’s collection of 8-foot-high gray The Postal Service will unveil a
cabinets made up the {irst general-pur- stamp commemorating “The Birth of

pose, large-scale, electronic computer. mputing.” And Garry Kasparov, ' ; Associated Pres
Until then, “computers” were people " dgChess Federa{'lon c.f’amp, CALCULATING MINDS: J. Presper Eckort, mastermjpd6d ENIAC, pictured in undated photc

using mechanical calculators who needed | ek left foreground, and John Mauchly, near pole, 6 University of Pennsylvania Archives. .
12 hours to do what ENIAC did in half a | “Deep Blue ter.

minute. Other electronic machines had ' i wers I nef. loe War'd: War 1L
been narrower in purpose. :

ofie of (wo master- Mauchly, then 32, bravely told A
@ENIAC, knew the Army  my officials bis machine could do th
g a terrible time working job in a matter of minutes.

“A lot of people said we were
dreaming,” said Herman Goldstine, Was U

who served as liaison between the Ar- e complicated firing, tables to
my and ENIAC tez help gun crews aim new artillery be- ENIAC was completed just as th

e electronics people said there ing used against German forces. war was ending, too late for those ai

: y 2 tillery tables.

were too many vacuum tubes and it |  Each firing table had to list num- N
would never run. The mathematics§ hers for hundreds of potential trajec- However, it fulfilled another mil:
peopie said there were no probiems{ ories. Calculating a single trajectory  tary purpose. During test runs in 194
‘typical Philadelphia home for 1% complﬂ enough that computers were} could take 40 hours using a mechani- it did millions of calculations on ther
weeks. cal desktop calculator, and 30 min- monuclear chain reactions, predict

Costing more than $486,000, EN-. The Army provided both the com- utes usiag a sophisticated machine ing the destruction that could b
IAC might never been attempted piex problems and the meney. called a differential analyzer. caused by the hydrogen bomb.

half at the university's Moore %
of Electrical Engineering.

When fully operational, ENIAC
filled up a 30-by-50-foot room. Every
second it was on, it used enough elec-
tricity — 174 kilowatts — to power a




Development of Computation — Moore‘s Law
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Development of Computation — Moore‘s Law

We Expect Technology Innovation to Continue
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Why Quantum Computer?

PSPACE

NP-

complete

Efficiently solved _N
by quantum
computer / P

Efficiently solved by
classical computer

EXAMPLE PROBLEMS

n X nchess
n X nGo

Box packing

Map coloring
Traveling salesman
n % n Sudoku

’ L
Granh icamare
LS ] 1"A|1 1

'

Factoring
Discrete logarithm

Graph connectivity
Testing if a number
is a prime
Matchmaking

by S. Aaronson, Scientific America (03/2008).
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The Amount of Information in Quantum System
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* 40 spins ~ 10 Tera Bytes
« 300 spins ~ Total # of atoms in the Universe




Status for the Realization of a Quantum Computer

Moore’s Law in Quantum Computation?

128 The limit of Classical Computation
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Introduction of Kihwan Kim

128 The limit of Classical Computation
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1595 The First post-doc. in Innsbruck with Rainer Blatt

) The Second post-doc. in JOQI with Chris Monroe
ﬁ — Now at Tsinghua University in China




The First Practical Quantum Computer?

A quantum computer/simulator up to ~ a few tens of qubits

E. Knill, Nature 463, 441 (2010). f
\J




Scalable Structure of Trapped lon Quantum Computer

N x N optical :
N trapped ion quantum registers e Rae T N/2 beam splitters

CCD Camera

Scaling the lon Trap Quantum Processor, Science 339, 1164 (2013)
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2012 Noble Prize: Dr. David Wineland

Sal5ta Hoh|% 2012 1283



http://www.nist.gov/pml/div688/grp10/index.cfm

Basic Requirements for the Quantum Computation

e Qubit, Initialization, Operation, Detection
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Classical and Quantum Computation
Classical Computation

e Bits

Oorl

* Initialization
* Operations
*1-bit operations
(NOT)
«2-bit operations
(NAND)

* Detections

y,




Classical and Quantum Computation

Classical Computation Quantum Computation
* Bits * Qubits
Oorl |w) =a |0) + B|1), 2N Hilbert Space
* Initialization * Initialization
* Operations * Operations
*1-bit operations *1-qubit operations (rotations)
(NOT) —> Superposition
«2-bit operations «2-qubit operations (CNOT gates)
(NAND) —> Entanglements
* Detections » Detections of Qubits

—> Gain of Classical Information

y,
G




Quantum Computations

Circuit Quantum Computations
o lyh

v, O — ro.0) D o lv)

)1 O @

Initialization Operations Detections




Circuit Quantum Operations

lv), © ® R(6,¢) o lvh
lv), o —1— Rr(6.0) <> o v
s o asVan o ¥
1-qubit operation ex) R(1/2,0)
(Rotation in the Bloch sphere) Bloch Z AZ

14

1|) —> cos0/2 ||) + ie'®sind/2 |1)
1) — €0s0/2 1) — ie7*sind/2 || )




Circuit Quantum Operations

lv), © ® R(6,0) o lyh
lv), o — ro.0) D o lv)
IV o SPASZ, o ¥
) . CT

Z-QUblt operatlon IS

(Controlled-NOT DI = 1)

Or Entangling Gate) DL =)D

E o— DIDEIID

superposition — entanglement

[0+ D10 = 10 1)+ 1)1

WV

by,




Qubit, Initialization, Detection in lon Trap System




" lonfrap

Electric Field Vectors
NO! V-E=0

H.G. Dehmelt, Adv. At. Mol. Phys. 3, 5 (1967).

m W. Paul, Rev. Mod. Phys. 62, 531 (1990). .



Wolfang Paul vs. Hans Dehmelt

University of Bonn, Germany University of Washington, USA
Nobel Prize in physics (1989)  Nobel Prize in physics (1989)
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Paul Trap vs. Penning Trap

Magnetic Field

Paul Trap

Penning Tra
rotatlng electric field J 11ap

— magnetic confinement.f
N



Linear lon Trap

m— rf ial confi t - static!
ground #____— axial contrinement - static:
dc D(z) = (mwj?/2q) (2°/2)

round @=2aqU,/m, o~ 1(geom.)
Yo <_< 09

L NN f

radial confinement -dynamic!

dr) = (m/2q) (&7 — »,?/2) (r’)
o? = g’V 2/(2m2, . fr)
@, <%y, S~1(geom.)

A
= ® |
f D. J. Wineland, et al., J. Res. Nat. Inst. Stand.
Tech. 103, 259 (1998).




Linear lon Trap @ Tsinghua University
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Collective Normal Modes

Center of mass mode

ffapf0 o

40Ca+
Breathing mode (Univ. Innsbruck)

D. F. V. James, Appl. Phys. B 66, 181 (1998). c
L
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Qubits —long coherence time

Optical Qubit Hyperfine Qubit
ex) 4Ca* ex) 171yb*
P Qubit on S-D F=1
12 t~1s LI T
| > 370nm
397nm O D5y,
D3/ |1>
F=1 Y o—
411 THz Sipp ‘ 12.6GHz
F=0 O—
Sy — |.‘> |‘>

88+ 138 +
Sr ! Ba gBe+ 25Mg+ 43Ca+ 87Sr+ 137Ba+

11Cd+, 13Cd*, 199Hg* ... c
®
\ 3




Initialization of QubIts

1711yp+* Initialization — optical pumping

Il
Oor

2
P1/2
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Detection of Qubits

171Yb+

Initialization — optical pumping

Detection — state dependent
fluorescence

1.0 -

0.8 -

0.6 - |1>

0.4 =

Probability

0.2 =

) | | | | |

0 5 10 15 20 25
Photon number

[+




Detection of Qubits

I
5 10 15 20 25
Photon number

0

171 +
Yb Initialization — optical pumping
Detection — state dependent
5 E=1 fluorescence
Pip  F=0
o |4
A 0.8 :
|
s D
;g: 0.4 !
|
0.2 I
I I e Es
00 = -; - T | 1
|

A. H. Myerson, et al., Phys. Rev. Lett. 100, 200502 (2008).
A. H. Burrell, et al,, Phys. Rev. A 81, 040302 (2010). 2,
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Operation in Trapped lon System Part |

¢ |on Laser Interaction
e Carrier, Red Sideband, Blue Sideband Transition




Single Qubit Operations

171Yb+

Initialization — optical pumping

Detection — state dependent
fluorescence

Coherent Operation
— Rabi oscillation
by Raman Laser, Microwaves

H :90')(
1)
¥
1.0f
P o5
1) '\
0.0- ‘ \ \
o |\ 30 60 90
L)1+ Duration(us)

E. Knill, et al., Phys. Rev. A 77, 012307 (200(:4
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/- Internal States \
T —@

O

i) —@

o /

/— External States \

A single ion system
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A single ion system

/- Internal States \ /— External States \
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Interaction between Laser and an lon

E(x)=E, cos(kx — ot +¢)

where, Q = y,E, /2

by,




Interaction between Laser and an 1on

Transformation to the interaction picture with

Hy=H®+H™ :—ha;HF o +ha)m(a+a+%j

_ (h / Z)Qe(i/h)H(e)t( S 16 )e—(i/h)H(e)te(i/h)H(m)t :ei(kf(—a)tﬂo) N e—i(kf(—wtﬂﬁ)k—(i/h)H(m)t

o _ia)HFté_z i ot [ i(Lo - . .
CT+ +0_ )e 2 }{ela)ma at -el(kx—a)tﬂo) + e—|(kx_a)t+¢)k_|wma at}




Interaction between Laser and an 1on

ia)HFt , _ia)HFt ,
2 A A 2 ~ A oo s - [y P
e (O'+ +0'_)e 02,04 =20, |[0,,0_] =20_

S (20)* (20)°
— 612(}:(}4_

S —2a) —2a)°

eg(}_(_rzo__e VT, — o — .2(10__ + ( 2‘ ) o + ( 31 ) o +
— 6—%2(}:“_
a)HFt 'a)HFt




Interaction between Laser and an 1on

0 =@ — Wy
X=X (ae ot +atelont )
X, =+Jli/ 2Ma,

1 = kX, : Lamb - Dicke parameter

by,




Carrier, Red sideband, Blue sideband

Hy, = (n/2)0ls e e g @e) 4 5 gl e @ |
nvn+1=Kkx,+/n+1<<1:Lamb - Dicke limit

Stationary terms of H. . at particular values of o

int

“CARRIER” 0o=0

“Red Sideband” oO=-w, |H, = (h/Z)ﬂQ 6+ae“” +o ate™

m

“Blue Sideband” O0=+a®,, |H,p = (h/Z)nQ c.a'e’ +o ae™




Coupling Between Internal State and Motional Mode

H,, =-iinQo*a’ +hc.
H. =-innQo a’ +hc.

by,




Cconclusion

Quantum Computation L

N 1)
* Qubits | [+

M .
|lv) =a |0) + B|1), 2V Hilbert Space Internal levels of ions

. Initialization Optical Pumping

carrier
1

« Operations
*1-qubit operations (rotations)

—> Superposition
«2-qubit operations (CNOT gates)
—> Entanglements

Time (us)

- Detections of Qubits Fluorescent Discrimination
—) Gain of Classical Information n .
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