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PREFACE

Under the support of KOFST (Korean Federation of Science and Technology Societies),
KSEA (Korea American Scientists and Engineers Association) conducted a study of
R&D trends on Information Technology and interfacing technology areas. The study is
part of the KOFST project, “Overseas Science and Technology Policy, Organization and
Trends.”

A two-volume report was produced. The first volume covers core computer science and
engineering and networking branches of the IT research and development field. It was
produced by a study team led by Dr. Se June Hong and consisting of 9 researchers who
were not only members of KSEA but also members of a sister organization of KSEA,
KOCSEA (Korean Computer Scientists and Engineers Association in America). The
first volume became KSEA Technical Monograph KSEA-TM-2006-01.

The second volume became this technical monograph, KSEA-TM-2006-02. It was
produced by Professor Yong Wook Kim and deals with the quantum computation
branch of the IT research field.

All of us involved in this study project wish to thank KOFST. As the project director, |

gratefully acknowledge this significant contribution of Professor Yong Wook Kim to
KSEA and all professionals interested in the quantum computation research.

April, 2006

Kwang-Hae (Kane) Kim
Project Director and 34™ President of KSEA
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Executive Summary

An Assessment of Quantum Computation Research

Yong W. Kim
Department of Physics, Lehigh University
Bethlehem, Pennsylvania 18015, USA

The interest in quantum computation is driven by three basic reasons: (a) the expectation that the
progress with device miniaturization predicts atomic-dimension features in integrated micro-
circuits within the next decade; (b) the realization that it is possible to visualize computational
algorithms built on quantum mechanical states of a one or more particles or photons; and (c) a
guantum bit (a qubit) makes it possible to impart intrinsic information securely and facilitates
computation algorithms that would be impossible to encode in classical computing algorithms.
These reasons are considered fundamental, and while it may be conceivable to slow the
movements but it does not appear possible to stop or slow the rise of intrinsic interest among
scientists and engineers. Aside from applications based on quantum mechanical construct of a
piece of information, continuing reduction of device features to atomic dimensions necessitates
consideration of extraneous quantum mechanical effectsin the nature of a state of a building
block system that are required to define a single information bit.

The research activities remain largely in the science of realizing quantum computation, rather
than in fashioning a computing device, and this means wide-open opportunity for new entries
into thefield. Thefield is extremely active, consistent with the high expectations among
disparate parties ranging from the science policy makers, research funding agencies, business of
new technology, defense strategiststo lay public. New textbooks are being introduced into the
graduate-level course offerings as experimental offeringsin many universities. Aside from the
what-if imaginations, the movement is providing new ways to think about the quantum
mechanical nature of physical statesin small scales and high-resolution inspection of quantum
systems in highly magnified ways. Clearer and more simplified understandings emerge. For

instance, quantum computation must clarify a qubit and prescribe its stability in the presence of

ES1



microscopic fluctuations due to thermodynamic characteristics of a physical system that defines
the qubit. Unplanned modifications by thermal fluctuation lead to loss of the information
represented by the qubit, or the so-called decoherence phenomenon, which any successful
computational algorithm must be prepared to accommodate. Peter Shor has shown the algorithm
and the requisite preservation of the integrity of the qubits used in the algorithm, namely, the

error correction procedure to overcome the thermal or mechanical events of decoherence.

The challenges and the success of Shor’s algorithm reside in the fact that the quantum
mechanical specification of a state of the building block system includes quantum entanglement
of more than one pure states of the system. A qubit may be represented by a pure state or an
entangled state in the form of alinear combination of the pure states. The makeup of such an
entangled state cannot be pinpointed until a measurement has been made. Such a measurement
destroys the entangle state, and this feature makes it a secure way of encoding a piece of
information from eavesdropping. It also makesit feasible to realize secure transmission of a
photon or a particle over alarge distance, i.e., the so-called quantum teleportation, if a particle
pair or a photon pair is produced in an entangled way. Such entangled states can be constructed
with aset of entities that number two or more; this enlarges the dynamic range of a qubit beyond

two.

The rush of research is centered about two foci: one, theoretical development of new quantum
computing algorithms; and two, devising of realistic laboratory systems, in which qubits may be
created, localized and triggered into computational transformation according to a given quantum
mechanical algorithm. Shor’s agorithm isfor factorization of alarge number, for which alarge
gain in speed by the quantum mechanical agorithm has been demonstrated over classical
computational algorithms, and remains the only known application of quantum computation. It
isalso generally agreed that classical counterpart simply cannot accomplish the task. Conversion
of all classical computation to quantum computation is not only undesirable but also appears not
feasible. However, it iswidely understood that continued investigation would identify a

significant class of problems appropriate to quantum computation.

ES-2



Experimental realization of quantum computation is being explored in many different fronts.
Qubits may be composed of entangled photons, different spin states of asingle particle, or
motional eigenstates of asingle particlein atrap. There are anumber of approaches identified as

follows:

¢ nuclear magnetic resonance (NMR) quantum computation,

e ion trap quantum computation,

¢ neutral atom quantum computation,

e cavity quantum electro-dynamic (QED) computation

e optical guantum computation,

e solid state (spin-based and quantum-dot-based) quantum computation,

e superconducting quantum computation, and

¢ “unique’ qubits quantum computation (e.g., electrons on liquid helium, spectral hole
burning, etc.).

Currently, progress within each of these approaches is monitored and tested by the criteria,
known as the DiVincenzo criteria. It quantifies a number of threshold issues, and necessary

conditions for any viable quantum computation technology are stated as follows:

i) ascalable physical system of well-characterized qubits;
ii) the ability to initialize the state of the qubitsto asimple fiducial state;
iii) long (relative) decoherence times, much longer than the gate-operation time;
iv) auniversal set of quantum gates;
V) a qubit-specific measurement capability;
vi) the ability to interconvert stationary and flying qubits; and
vii) the ability to faithfully transmit flying qubits between specified locations.
The last two criteria address the necessary conditions for quantum computer networkability.

These criteria address many concurrent considerations. The physical properties, such as
decoherence rates of the two-level qubits used to represent quantum information must be well
understood. The physical resource requirements must scale linearly in the number of qubits, not
exponentially, if the approach isto be a candidate for alarge-scale quantum computation

technology. It must be possible to initialize aregister of qubits to some state from which
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guantum computation can be performed. The time to perform a quantum logic operation must be
much smaller than the time-scales over which the system’ s quantum information decoheres.
There must be a procedure identified for implementing at least one set of universal quantum
logic operations. In order to read out the result of a quantum computation there must be a
mechanism for measuring the final state of individual qubitsin a quantum register. The two
networking criteriaare necessary if it is desired to transfer quantum information from one
location to another, (e.g., between different registers or between different processorsin a
distributed computing situation).

It ismost likely that a single photon or electron source will play a prominent role as atiming
means for initiating computational gate operation to be applied to the qubits. A source capable
of producing a single photon or an electron, no more or no less, at atime under a command
remains acritical capability for quantum computation. Any one of the above lines of
investigation will be worthy of the intellectual investment because they will provide a platform
on which to advance new understanding of the state of a physical system at small distances, and
to develop tools and working systems based on the new knowledge. The general view is that the
successful quantum computational system may not be any one of these approaches but based on
new syntheses of the relevant physics. The central workhorse system will require many basic
tools of experimental physics, now at hand as well as those yet to be developed. Accumulation
of the body of expertise will serve well the eventua participation in the new enterprise of

guantum computation.

This assessment investigation was carried out at the request of the Korean Federation of Science
and Technology Societies (KOFST) through the Korean Scientists and Engineersin America
(KSEA). The author acknowledges partial support by the KOFST and by Lehigh University.
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Executive Summary in Korean
Quantum Computation H712| &t

Yong W. Kim
Department of Physics, Lehigh University
Bethlehem, Pennsylvania 18015, USA

Quantum Computation®l] tj3F A o] z21.& AL A 7}A] ZE Al o] FujiEo|t}. (7))
A 7R 9] device ATFES ko o)t o+ ATt integrated micro-circuit
Qto| A= 7| E3FH o] JATERZ Zo]& Aolgk= A, (L)) A4k algorithmel] = Q.3+ 4
HAQE g9 gdq o=z 7158 4 vhe= 7HeAs () A9 g4 drae=, =
qubite, oA ¥uk oflyg} 1A A Q] algorithml &2+ B715 3 AAHS 7l53HA 3+
U= JEolt. o] M7ZEA] o]lf= 7124 34 o] f= IFE Al lojA quantum
computation T ol HFEWMS= S 5 Joy BAAQ] et} FokatE] T v}
S E et AL BVlssH Bt ARE FAYEgor gAs = AS Wy
A, AAS 2% device 1AL AT ES = AR A 7] FEA O A dojrp= YRS A
A Aol ARl deviceWol A YER7] vl o2 31704 Q1 device A= 7
Kol g eA Rl AL olalletA] &S F7F A HaL 9l

O

AA7FA] quantum computation®l] ¥+ AF&E2 S quantum computations
Ads}et=del ot AA7E WA= AR 7248 #8ko] F-olofvah=
gl 917] wZell o] Foke] Aol FAfst=dlel AAg AVt Eo A2
o] Wits] Etstal T HstEeg A r|d, ATAYE, MERE VEAIGA R =W
strategistE % olU#} BE A|HIE % o] quantum computationo] EH3F A4S H O]
Itk g = nA 7 Wol oA Ha glod FES thtulo A A A 5
Zrol @3] -9 ¥ il dt}. Quantum computationS FA 07 dojuh= o E 7A| B
S TAESE HER, o] AU HAAMA A YEE B A A shA <l
SEAJ A A Aot EES A=skar vk ¥ W&t 1hA gk o
al e} o] 544, quantum computation 2] FE AAEY] 7]EQkel qubit
ol AAE B BYE star 1 AR bl H A= d9TAQl MR
dojube= G ofBA SHs=7HE oldlstof okttt A7 o] W& JR ol WItE, &
9] ¥3}= decoherence, algorithmol Al @A Al st=1f7} et3d] T3k &
t}. Peter Shor7} factorizationol] 83k quantum computation algorithmS A

o

o
N
~
-
o

S ¥k oy} o]decoherence Woll dojyb= e AE WA WHS RYYE A
S E3] $893F quantum computations &3k & - S-o] HU},

ESK-1



Jb

Shor®] A%<l quantum computation algorithme] A|A]sh= oF&2 nl= Fx}< s}
A1 AR FAo] Folvp L o] =AY G Ookx}o—ﬂli}io ’2}312 7l =8ke
eigenfunction?l d] ~I eigenfunction®] quantum entanglementE X 3$Fstt}= ApA o
A 715 qubit’} <973 wavefunctiono|y} & Eo|u 1 O]’E}«] T 9] 9
Wavefunct1on o] Moz Aol A E FdE = Urt F23F AL o] entangled
stateE 7|& 3= wavefunction®]t}h. 7 H3F & entangled wavefunction< &7}
A B¢ AAS o] &35t = S o1x]1:l]— ok xugg S 7 Y| o] 011;17]_2 1A 5}
W 1 wavefunctionS 333 ofsli=d] Q). o] A Ao] dxpHstH o7 =5 AHE
dstA Fa B & g JAStE FEAQ Poln o Rk O}‘%F/‘r entangled
wavefunctions 75 W] 5 7] ¥ wavefunction®] H| & & =24 & .ol =p
e AE qubite] 7Fee s R O A & vk wola, 7.%%—: qubit 2]
dynamlc range”} 3174 %] 9l digital bitH.t} H A HEF /\]DP‘ Zlo|t},

—_

i‘

AT e 7HA v dEES iU 7 OESFOSE YUs F Adrh AT AEE
quantum computation algorithm< FAsiE o220l E%ola, S+ A A<l
AHAF 502 qubits AA9A FASL ofH Fid BAPTrt ofE kel o
71 algorithmel] &Jsto] dAke] o sk M3kS Aoy st=1f ¢ &5 o|t}. Shore
algorithm< & 9] factorization®] &4 8] 1 & & Shor® gquantum computation
algorithmo] 124 %<l algorithm®E.t} HAlA o2 ¢ w2Ztl= Ho] WA 3elxo] 9l
oh AFPAA 2217 AR, A algorithmo] & E7Fs a2t} & A &+ factorization
o] quantum computation®] © d}}e] 7Fe 3k o & ¢l Q). o] Foko A A+ F9l
=S e 1A algorithmES YA 4= J—E A7yl A] gketh 28y
A &EE A= 2L quantum algonthmfii = T AT TAES Vo] 2 &9
g A o2 o istar Sl

Quantum computations A &3}et7] $13F A7-&Eo] o7k« vE PFo s 104y
31 0t} QubitS F53= W 9] entangled photoné A AY, 8F A9 & spmA
HEZ TAIAY, B ?Exé of 75 & AAe +F elgenstateﬂ entangled state
5 Jogd £ . b E HES A Estd ol e 2

- NMR<- ©]&3}+= quantum computation

- Ao F45 o] 2 o] €3k quantum computation

- o] 23}5}x] F& YAE 7|2 0 2 3 quantum computation

- matter wave?] resonant cavityE 7]# 2 2 3l quantum computation

- A& 0|83k quantum computation

- A o] £ 38F= spin®l Y quantum dotE T4 © & 3F quantum computation

- ZXAEAE 7] E o7 3 quantum computation

- A heliumol] w ¢+ A=} spectral hole burnings 7| %% 3t E&3F qubitS 2
- quantum computation

AR, MAZAA NN FREE AFE5s dEetHA vxs TSR gAY group
o] 29| DiVincenzo A @ Ho 2 AFANE HAE BA3 1 ). 1 WHS o} ¢}
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7H Z ol37F | qubite® FAE B Az gEagE shsAo] =)
) B8k qubitsES B384 & JEE AIEHORE 2S5 9

t}) Decoherence A|7Fo] logic gateEs &&tsl=d] a3 A 7tHt &4 ¢ 717}
2}) 4u3lE quantum logic gate’} 71537}

v}h) & qubite /Ao 2 A5t Aol 7Hsgrt

1) Qubits A2 dE e 52T dEjALolol G WAL
AD) QubitS 3 FAhol A T E FAR gH = A 22 Y 5 9

—

A
o

A}

i
Y

T A FHEH S quantum computerE network3}ste=d Qs AL AES
X
—

o]t}

vy

]

DiVincenzo criteriai= 18714 Wdsts TAE S AES=H 2Ho] Ut} o5 &
oA, two-level qubit® T-AH AKX Y 7-F decoherence =7} oJEB A TIEX S &
etolof 3hr}, A A qubit 71 Eo]9 W quantum computation 7] -8 A 7|7} AE o w2
sojyolnt AAA A & 2 4= Q) AEE BE qubitEe] XA E Ao & Az}
A zbol] Euksk 4= glojok 3t} 3 quantum logic operation®l] 83k AJ7lo] 1 AKH
£ decoherence Wil SloiwE A|ZkRTE Frolop HTh gk W ghrbA] UubA <l

quantum logic operationg UL st= Axprp A E ook st} Quantum
computation®] ZA¥E AFHsh= WHo|l SAEojof dirh. 1 Ade oW xAFH
quantum registerel] A& 4 ojoF 3t} Quantum computation®] AI}ES 3
registero A ©& register® %718 F7}A] networkingol] & &3k 7 0] &2lH o

of g},

Quantum computationS A& 2 o2 Adst=dod+= WY AME sk Fa} AAS
st of st ThEoluls= 7179k WHo] g3k Ao}, FA Y AAE EHY BH S
=S53}o] W&ol ¥+=d I A= stochasticstt). ol Eo] vlEo] HAY =
o] HA gk Aol ofYet vyl & shte] B AAE WEdshe By Wil
quantum computation® A &3t gatel} logic operationd] ZHQL3F Aot} o]H
quantum computations 7FsotA RHE F U= EE e A A YuIE o o] Tt
g A A F2p Forketar Azsth ol¥ 7240 Agte A A9 ok HE Rk o}
Y} quantum computationg #FZolv FFS HYT Aoz HAT. AF A<
quantum computation-> ©]&¥ 7] Z A Ql AFA A& A A FAIZ AR A do A

i
A= stA Q] Mol ol AAHA Q) &S Bl Ao w dEo] #r
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