Jleximsa 2

Bimsiane guzndeckux uiei Ha
Pa3BUTHE HOBBIX KOMIIBIOTEPHBIX
TEXHOJIOT NN

[man nexuun

m YcioBHoe nenenne DBM Ha xkinacchl
1 TTOKOJIECHHUS

m YcTpoicTBa XpaHeHHs: UHPOpMAIIU
[Ipeesibl MArHUTHOW HAMSITH
[TaMsITh Ha ATOMHBIX CTPYKTYpax
Ontuyeckas mamsTh

m KBaHTOBEIC KOMIIBIOTCPLI N KBAHTOBBIC
BBIYHCJICHUA

m CamoopraHuzaiys, HeUPOHHBIE CETH,
00y4aIOILIHECs] CUCTEMBI, U Ap.
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IlepcriekTUBBI YCTPOUCTB
[aMsATH

storage/
% holograph

Areal density (Gb/ir)
[

H
<
o

10720 1 ) 1 ) 1
1985 1990 1995 2000 2005 2010 2015 2020 2025
Year of availability

Source: D.A.Thompson, J.S.Best, IBM J. Res. Develop., Vol. 44, No. 3
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MargutHas namMsTh.
YBejaIuueHue IIOTHOCTHU 3aIlucu

Superparamagnetic eff Travelstar 18GT
Travelstar 16GT |
Travelstar 36N 865—— |
Travelstar 4GT5GS ——— Deskstar 37GP
Travelstar VP Ultrastar 362X
Travelstar 2Xp ————————— Deskstar 16GP
Travelstar Xp ——————— - Deskstar 16GP
——— | Ultrastar 9ZX,18XP
Travelstar LP Spitiire Ulirastar 2XP
Alicat = Ultrastar XP
Corsair &I —————
Sawmil ——

Areal density (Mb/in?)

Source: D.A. Thompson, J.S.Best, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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A4 MarnutHas namsTh: pacCTOSHHE
#* OT I'OJIOBKH 10 MArHUTHOU CPEBI

B 35.3 Gblir? laboratory demo

Travelstar 18GT
Ultrasstar 362X
@ Uttrastar 36XP
Ultrastar 92X

Areal density (Mb/in?)

. .
10 10°
Head-to-media spacing (nm)

Source: D.A. Thompson, J.S.Best, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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MarsuTHasg naMAaTh.
3aKOH MacIITaOUPOBAHUSA

Source: D.A.Thompson, J.S.Best, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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MarsuTHas naMsTh: PO JO0JIbHAs
N BCPTHUKAJIbHAA 3aIINCh

Read current Write current Write curent
Read cunenI

Read element Read element
MR or GMR GMR sensor

Shield
Track width
D

AIfIbeI*IfH(

Magnetization Inductive write Rec(trdmg Perpendicular Inductive write Recording
element medium magnetization element medium

Source: D.A. Thompson, J.S.Best, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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MaruuTHas rnamMsaTh Ha 0ase
MaKpO- U OJUHOYHBIX TPaHyJI

10.9 wm 10.1 Gb/in.?

12 nm
~1000 grains per bit

100" Gb/in.2

Source: D.A.Thompson, J.S.Best, IBM J. Res. Develop., Vol. 44, No. 3, May 2000

22 September 2001 Victor N. Zadkov: Lectures on Computer Physics 8




A4 CKaHUPYIOIIAs TYHHEIIbHAS
m MUKpockonus (CTM)

STM/STS image
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L 4 IlaMaTh HA aTOMHBIX

i e

me* CTPYKTYypax

dotorpadus mukpocxemsl (14x7 mm), coaepsramiei
maccuB 32x32 ronoBok CTM it 3anucu/9TeHus
nH(pOpMaUM Ha AaTOMHBIX CTPYKTYypax.

Source: P. Vettiger et. al, IBM J. Res. Develop., Vol. 44, No. 3, May 2
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IHaMmsaTh HA aTOMHBIX
CTPYKTypax

I[eTaJ'H/I npezu)mymeﬁ MHKPOCXEMBI, MOJYYCHHbIC C TIOMOLIBIO
CKaHprIOIIIGﬁ 3J'IeKTpOHHOﬁ MUKPOCKOITUHN
Source: P. Vettiger et. al, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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ITamsaTh HA aTOMHBIX
CTPYKTYypax

JleMoHCTpaLus paboThl
YCTPOMCTBA 3alUCH/YTEHUS
Ha aTOMHBIX CTPYKTYpax

ITnotrocts: 100-200 Gb/in?

Source: P. Vettiger et. al, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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A4 [lamsTh Ha aTOMHBIX
. CprKTyp aX - 'r@grfeﬂc‘!c/)j/z‘»\‘ﬁcmmo

IMporoTum >xecTKOro Ancka, 6asupyrouierocs Ha texuonoruu Millipede (IBM)

Source: P. Vettiger et. al, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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['onorpaduueckas 3amnuch
OJIHOTO OMTa MH(pOpPMALIH

b 4

\\\<,

TOYEUHBIN AN | \

HCTOYHUK ”””””“))J) :
HHOCKa’&\\\\\\\ (OTOUYBCTBUTENBHBIIH FOHbeaNIMa

SO MaTtepHan

Teopernueckuii mpeaen: ~10'4-1015 Gur/cm?
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A4 YUrenne nudopmanmmu,
m=* 3AIIICAHHOW HA roJIorpamMmme
i

|

\\
|
I

|

\\\\
Dw»
)

\\ouopuax Boma
&

\
B
PEKOHCTPYHpOBaHHAs

/ / obbeKkTHas BojHa

BOIHA

obbekTHAS

anﬂ_%)lﬂ”]%)))]

asoso-conpmxenHan

- \%\\K\

(hasoBo-conpsikeHHas
00BeKTHAdA BOTHA

. ‘..»IN)JIW)))‘
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[IpuHLIMIT paOOTHI
rojorpaguuecKom mamsTu

Detector array

Storage
material

Spatial
light
modulator

Object

Reference
beam

beam

MartpudHblii BBOJI/BBIBOJT JAHHBIX
AccornaTuBHBIN MOUCK HHPOpMAITHH !

Source: D.A.Thompson, J.S.Best, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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L 4 BI/IILGO Ha KpUCTaJlIE:
IBM DEMON II

1024 x 1024
Fourier 2,
Short- LiNbO,

storage
material

focal-
length
Fourier lens
8 MM kpuctamn LiNbO;:Fe
1200 romorpamMm
BER< 2x108

Polarizing
beam splitter

Reference
beam

Galvanometrically
actuated scanner
1024 X 1024

eflective SLM Apodizer

Source: D.A. Thompson, J.S.Best, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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Bo3MOXHBIE yCTpONCTBA
rojorpaguuecKom mamsTu

Source: D.A.Thompson, J.S.Best, IBM J. Res. Develop., Vol. 44, No. 3, May 2000
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4 KoMnbrorepsl Kak
=
m (DU3MYECKUE CUCTEMBI

B

A4
The fact that prompts us to think about
the space, time and energy implications of trying to make computers faster

y — ¥
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Pa3zButue texHogorum
MUKPOIJIEKTPOHUKH

20

8080 (Intel)
6800 (Motorola)

4004 (Intel)

log(Transistors per chip)
log(No. of atoms per bit)

1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000

Year Year

Logarithm of the number of transistors per The number of atoms needed to represent

chip as a function of calendar year and the one bit of information as a function of

processors that achieved these transistor calendar year. Extrapolation of the trend

densities. suggests that the one-atom-per-bit level is
reached in about the year 2020.

Adapted from: G.D.Hutcheson, J.D.Hutcheson,

“Technology and economics in the semiconductor
’ entific American, January, pp.54-62 (1996)

Adapted from: R.W.Keyes, “Miniaturization of
electronics and IBM Journal of Research and
Development, v
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i 4 Pa3Butue texnomorum
s MUKPODJIEKTPOHUKHU

log(Clock frequency, MHz)
log(Energy, pJ/logical step)

1990 2000 1940 1950 1960 1970 1980 1990 2000 2010 2020

Year Year
Clock speed (MHz) versus calendar Energy (pico-Joules) dissipated per
year. Note the exponential increase of logical operation as a function of

clock speed with time. calendar year. The 1 kT level is
indicated by a dashed line.

Adapted from: Malone, “The microprocessor: A Adapted from: R.W.Keyes, “Miniaturization of

biography,” TELOS, Santa Clara (1995). electronics and its limits,” IBM Journal of Research
and Development, vol. 32, January, pp. 24-28 (1988).
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Hauasio 3pbl KBaHTOBBIX
KOMITBIOTEPOB

“There’s plenty of room at the bottom.”
— Richard Feynman®

“...it seems that the laws of physics present 1 h
no barrier to reducing the size of computers I '
until bits are the size of atoms, and quantum ‘
behavior holds dominant sway.” o

— Richard Feynman' e y %
Richard P. Feynman

“)R.P.Feynman, “There’s plenty of room at the bottom,”
Engineering and Science, vol. 23, pp.22-36 (1960).

" R.P.Feynman, “Quantum mechanical computers,”
Optics News, vol. 11, pp. 11-20 (1985).
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bricTpee 11 KBaHTOBBIE
KOMITBEOTEPHI KIACCUYECKUX !

APPLICATIONS

Cryptographic
applications

Searching an
unsorted database

Simulation behavior
of quantum systems
(material science,
chemistry, etc.)

22 September 2001

A
Tpe

QUANTUM COMPUTERS

CLASSICAL COMPUTERS

Shor's algorithm (1994) finds
prime factors of an N-digit
number in a time of order N".

Any factoring algorithm that runs
on a classical computer require a
time that increases with N faster
than any power.

In a database containing N items,
the one item that meets a specific
criterion can be found with the
help of Grover's algorithm (1996)
in a time of order N .

The database search would take a
time of order N.

Quantum device can store
quantum information far more
efficiently than any classical
device (Feynman, 1982).

N qubits live in a Hilbert space of
dimension 2" and operations on
them are massively parallel.

A classical device would record
2"_1 complex numbers to describe
N qubits. Operations on them also
require exponential resources.

Victor N. Zadkov: Lectures on Computer Physics

* BUTBI 1 KyOUTHI
Classical bit

Quantum bit (qubit®)

The phase factors do not affect the relative contributions of the eigenstates
to the whole state, but they are crucially im

effects

22 September 2001

ortant in quantum interference

“This term was coined by Schumacher (Phys. Rev. A51, 2738 (1995)
Victor N. Zadkov: Lectures on Computer Physics 24
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A 4 KBanToBrnIe 3allyTAHHBIC
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m* (IICpEIyTaHHbIC) COCTOSHHUS
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Kinaccuueckue jJoruyeckKue
NJIEMEHTHI

Fundamental set of gates (NOT, AND, and OR)
These gates (except NOT) are logically irreversible
Irreversible gates generate energy as they run

Irreversible gates can be converted into reversible ones
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KBaHTOBBIE JIOTHUYECKUE
NJIEMEHTBI

HNOT i) CNOT Toffoli gate
abcla’be
0001000
0011001
010|010
0111011
100|100
1011101
110|111
11 111|110

FIG. 5. Truth tables and graphical representations of the elementary quantum gates used for the construction of more
complicated quantum networks. The control qubits are graphically represented by a dot, the target qubits by a cross. i) NOT
operation. ii) Control-NOT. This gate can be seen as a “copy operation” in the sense that a target qubit (b) initially in the
state 0 will be after the action of the gate in the same state as the control qubit. iii) Toffoli gate. This gate can also be seen
as a Control-control-NOT: the target bit (c) undergoes a NOT operation only when the two controls (a and b) are in state 1.

Source: V.Vedral, M.B.Plenio, Progr. Quant. Electron., vol. 22, pp. 1-40 (1998)
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[IpocToe kBaHTOBOE
BBIYUCIIUTEIILHOE YCTPONUCTBO

FIG. 6. Plain adder network. In a first step, all the carries are calculated until the last carry gives the most significant
digit of the result. Then all these operations apart from the last one are undone in reverse order, and the sum of the digits
is performed correspondingly. Note the position of a thick black bar on the right or left hand side of basic carry and sum
networks. A network with a bar on the left side represents the reversed sequence of elementary gates embedded in the same
network with the bar on the right side.

Source: V.Vedral, M.B.Plenio, Progr. Quant. Electron., vol. 22, pp. 1-40 (1998)
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L4 Bpems pakropuzanuu Ha
KJIACCUYECKOM KOMITBLIOTEPE

Size of modulus | 1,024 2,048 4,096
(bits)
Factoring time | 10 years 3x10" years 2x10°" years
in 1997
Factoring time | 10° years 5x10" years 3x10” years
in 2006
Factoring time | 2,500 years 7x10" years 4x10" years
in 2015
Factoring time | 38 years 10" years 7x107 years
in 2024
Factoring time | 7 months 2x10" years 10* years
in 2033
Factoring time | 3 days 3x10° years 2x10% years
in2042
Table 2: Projected future factoring times using the GNFS for various moduli using 1,000
workstations.

(We assume that each workstation in 1997 is rated at 200 MIPS and there are no
algorithmic developments beyond the General Number Field Sieve (GNFS)
algorithm.)
Source: R.J.Hnughes, e-print, quant-ph/9801006
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Bpems akropuszanum Ha
KBAaHTOBOM KOMIIBIOTEPE

AuroputMm Ilopa (Shor)

Size of modulus 512 1,024 2,048 4,096
(bits)
Quantum 2,564 5,124 10,244 20,484
memory
(qubits)
Number of 3x10° 3x10" 2x10" 2x10"
quantum gates
Quantum 33 seconds 4.5 minutes 36 minutes 4.8 hours
factoring time
Table 3: Quantum factoring times of various moduli on a hypothetical 100-MHz QC.

Source: R.J.Hnughes, e-print, quant-ph/9801006
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KBaHTOBBIN KOMIIBIOTED
HA KOHAX B JIOBYIIIKE

Source: V.Vedral, M.B.Plenio, Progr. Quant. Electron., vol. 22, pp. 1-40 (1998) Source: D.F.V.James, et. Al. Proc. NASA-QCQC’98 (1998)

Proposal: J.I.Cirac, P.Zoller, Phys. Rev. Lett., vol. 74, p.4091 (1995)
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TemneparypHas mkana:
YTO 3HAYUT XOJIOJHBIE ATOMBI?

— Univers at its birth

Doppler cooling

Sun's interior o . .
Polarization Gradient cooling

temperature achieved

room temperature ‘ VSCPT cooling
£=J
by “He evaporation

— 3He becames a superfluid

laser cooling
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JloBy1miKu nJis
ATOMOB/1

& i -

Source: H.Bachor et al., Australian National University

Source: C.Cohen-Tannoudji, W.Phillips, Physics Today,
Source: SChu, Scientific American, February 1992, p.48 October 1990, p. 35
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HpOTOTI/IHBI TBCPIAOTCIIbHBIX
KBAHTOBbLIX KOMIIBIOTCPOB

Cor&t{’nl electrodes Readout qubits

Ge
Si 53Ge 7 barrier

Sig.15Geqss
—Sig 4Gy

Sig 3Geg 7 barrier

1-Sig Gy ¢ ground plane
— Si-Ge buffer layer

— Si substrate

n-Ge ground plane  Read-out Channel Thermal bath of
oriented spins

FIG. 13. In the future, we can expect arrays of Si-Ge SRT
transistors. The cente]‘—to—cente]: spacing would be m 2000 A. FIG. 15. A perspective view of Figure 14, gives more de-
The sate elecFrodes on top will perform both ?mg]e a‘nd tails of the readout architecture for the peripheral qubits. The
2-qubit operations, and can be used for data and instruction Sl field electrode allows the Readout Qubits to interact with the

read-in. heat bath of oriented electron spins
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A4 YCTPOUCTBO KOMIIbIOTEPA
m* Ha “OBITOBOM ypOBHe
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