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“There’s plenty of room at the bottom.”

— Richard Feynman*)

“…it seems that the laws of physics present

no barrier to reducing the size of computers

until bits are the size of atoms, and quantum

behavior holds dominant sway.”

— Richard 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).

Richard P. Feynman

8#0#2& 9.' )"#$%&"':
)&*+,-%(.&"



3

?#@"/%/( %(:$&2&A/B
*/).&92()%.&$/)/

Logarithm of the number of transistors per

chip as a function of calendar year and the

processors that achieved these transistor

densities.

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

“Technology and economics in the semiconductor

industry,” Scientific American, January, pp.54–62 (1996)

The number of atoms needed to represent

one bit of information as a function of

calendar year. Extrapolation of the trend

suggests that the one-atom-per-bit level is

reached in about the year 2020.

Adapted from: R.W.Keyes, “Miniaturization of

electronics and its limits,” IBM Journal of Research and

Development, vol. 32, January, pp. 24–28 (1988).
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;)#$/.<-=#3 %<$$(2,$#3
*/).&1)&+/3 (;>4)

STM/STS image
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C/%' / )<D/%'
!2#11/0(1)/B D/% !"#$%&"'B D/% (qubit*)

E./$/*#(% %&2,)& 7"#

1&1%&3$/3

“0” / “1”

!"# = a!0# + b!1#
+./$/*#(% 7"# “)2#11/0(1)/:” 1&1%&3$/3:

“0”: !"#0 = 1!0# + 0!1# = !0#
“1”: !"#1 = 0!0# + 1!1# = !1#
/ "1( 1&1%&3$/3 “*(F7< $/*/”

*)This term was coined by Schumacher (Phys. Rev. A51, 2738 (1995)

G#@' "()%&.&" 3"23-%13 /1)2-0/%(2,$& "#F$'*/ 723 9HH()%&" )"#$%&"&B /$%(.H(.($I//
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!2#11/0(1)/( 2&A/0(1)/(
92(*($%'

a NOT a

0    1

1    0

NOT

a  b a AND b

0  0       0

0  1       0

1  0       0

1  1       1

AND

a  b a OR b

0  0       0

0  1       1

1  0       1

1  1       1

OR

a  b a  a OR b

0  0 0      0

0  1 0      1

1  0 1      1

1  1 1      1

Reversible OR

!! G<$7#*($%#2,$'BG<$7#*($%#2,$'B  $#D&.$#D&.  92(*($%&"92(*($%&" (NOT, AND, and OR) (NOT, AND, and OR)

!! J%/J%/  92(*($%'92(*($%' ( ().&*().&*( NOT)  NOT) 3"23-%133"23-%13  2&A/0(1)/2&A/0(1)/
$(&D.#%/*'*/$(&D.#%/*'*/

!! 8(&D.#%/*'(8(&D.#%/*'(  92(*($%'92(*($%'  A($(./.<-%A($(./.<-%  9$(.A/-9$(.A/-  +./+./  .#D&%(.#D&%(

!! 8(&D.#%/*'(8(&D.#%/*'(  92(*($%'92(*($%'  *&F$&*&F$&  1)&$"(.%/.&"#%,1)&$"(.%/.&"#%,  ""  &D.#%/*'(&D.#%/*'(

8

!"#$%&"'( 2&A/0(1)/(
92(*($%'

NOT CNOT Toffoli gate

Source: V.Vedral, M.B.Plenio, Progr. Quant. Electron., vol. 22, pp. 1–40 (1998)

!"#$%&"&( "'0/12/%(2,$&( <1%.&B1%"& (+.&I(11&.) 1%.&/%13 /@

+.&1%(BK/: )"#$%&"': 2&A/0(1)/: 92(*($%&", .#D&%#-=/: 1/$:.&$$&

+& ".(*($/
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E.&1%&( )"#$%&"&(
"'0/12/%(2,$&( <1%.&B1%"&

Source: V.Vedral, M.B.Plenio, Progr. Quant. Electron., vol. 22, pp. 1–40 (1998)
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!2-0("&( +.(/*<=(1%"&
)"#$%&"': )&*+,-%(.&"

!! G<$7#*($%#2,$#3G<$7#*($%#2,$#3  .#D&%#.#D&%#  Deutsch (1985)Deutsch (1985)

"" !"#$%&"'(!"#$%&"'(  )&*+,-%(.')&*+,-%(.'  *&A<%*&A<%  (1%(1%"($$'*(1%(1%"($$'*

&D.#@&*&D.#@&*  "'+&2$3%,"'+&2$3%, ( ("'0/123%,"'0/123%,) ) 7/$#*/)<7/$#*/)<

1<+(.+&@/I//1<+(.+&@/I//  )"#$%&"':)"#$%&"':  1&1%&3$/B1&1%&3$/B  "+2&%,"+2&%,  7&7&

)&$(0$&A&)&$(0$&A&  /@*(.($/3/@*(.($/3

!! >#)&B>#)&B  ““)"#$%&"'B)"#$%&"'B  +#.#22(2/@*+#.#22(2/@*””  *&F(%*&F(%

+&%($I/#2,$&+&%($I/#2,$&  12<F/%,12<F/%,  &1$&"&B&1$&"&B  #2A&./%*&"#2A&./%*&",,

)&%&.'()&%&.'(  .#D&%#-%.#D&%#-%  1<=(1%"($$&1<=(1%"($$&  D'1%.((D'1%.((

2-D':2-D':  1#*':1#*':  D'1%.':D'1%.':  )2#11/0(1)/:)2#11/0(1)/:

#2A&./%*&"#2A&./%*&"
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!! "@2#*'"#(% 1().(%$'( )&7'
D'1%.(( 2-D': )2#11/0(1)/: J54

L1+&2,@<(%13L1+&2,@<(%13  #2A&./%*#2A&./%*  M&.#M&.# ( (ShorShor) ) 723723  H#)%&./@#I//H#)%&./@#I//  I(2':I(2':  0/1(20/1(2
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J)1+(./*($%#2,$'( +.&%&%/+'
)"#$%&"': )&*+,-%(.&"

Qubit is implemented as

the spin state of one of

the nuclei in the atoms

comprising each

molecule of the sample

Solid-state based QCNMR-based QCAtoms-based QC
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N1%.&B1%"& )&*+,-%(.#
$# “D'%&"&* <.&"$(”

!"#$%&"#3 )./+%&A.#H/3
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;&".(*($$#3 )./+%&A.#H/3
&1$&"#$# $#:

>(&./3>(&./3  /$H&.*#I///$H&.*#I//

!2-0!2-0  3"23(%133"23(%13  1().(%$'*1().(%$'*

>&2,)&>&2,)&  7"#7"#  +#.%$(.#+#.%$(.#  @$#-%@$#-%  )2-0)2-0!!

55  9%&*9%&*  12<0#(12<0#(  1().(%$&1%,1().(%$&1%,

7&)#@#$#7&)#@#$# ( (%(&.(*#%(&.(*#  M($$&$#M($$&$#))

E./*(.E./*(.::

Message:            011001001Message:            011001001

Key:                   110100110Key:                   110100110

Coded message:  101101111Coded message:  101101111

>(&./3>(&./3  12&F$&1%/12&F$&1%/

!2-0!2-0  3"23(%133"23(%13  +<D2/0$'*+<D2/0$'*

;;  +&*&=,-+&*&=,-  9%&A&9%&A&  )2-0#)2-0#  *&F$&*&F$&

"'0/12/%,"'0/12/%,  7()&7/.<-=/B7()&7/.<-=/B  )2-0)2-0,,

&7$#)&&7$#)&  +./+./  +&*&=/+&*&=/  &0($,&0($,

12&F$&A&12&F$&A&  #2A&./%*##2A&./%*#

;().(%$&1%,;().(%$&1%,  $($(  7&)#@#$#7&)#@#$#

E./*(.E./*(.::

127   x   229 =  29083127   x   229 =  29083
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!"#$%&"#3 )./+%&A.#H/3:
@#*(0#%(2,$#3 /7(3

!! !"#$%&"#3!"#$%&"#3  *(:#$/)#*(:#$/)#  <%"(.F7#(%<%"(.F7#(%, , 0%&0%&  2-D'(2-D'(  )"#$%&"'()"#$%&"'(
/@*(.($/3/@*(.($/3  /@*($3-%/@*($3-%  1&1%&3$/(1&1%&3$/(  /@*(.3(*&B/@*(.3(*&B  1/1%(*'1/1%(*'

"" !"#$%&"'*/!"#$%&"'*/  $&1/%(23*/$&1/%(23*/  /$H&.*#I///$H&.*#I//  3"23-%133"23-%13  &7/$&0$'(&7/$&0$'(
H&%&$'H&%&$'

"" O12/O12/  O"#O"#  +&+'%#(%13+&+'%#(%13  +&712<K#%,+&712<K#%,  ««)"#$%&"'B)"#$%&"'B  )#$#2)#$#2  7#$$':7#$$':",",
&$#&$#  D<7(%D<7(%  "'$<F7($#"'$<F7($#  +.&"&7/%,+.&"&7/%,  /@*(.($/3/@*(.($/3  $#$#
/$7/"/7<#2,$':/$7/"/7<#2,$':  H&%&$#:H&%&$#:..

"" P7$#)&P7$#)&, , )"#$%&"#3)"#$%&"#3  *(:#$/)#*(:#$/)#  <%"(.F7#(%<%"(.F7#(%, , 0%&0%&  )#F7&()#F7&(
/@*(.($/(/@*(.($/(  "&@*<=#(%"&@*<=#(%  )"#$%&"<-)"#$%&"<-  1/1%(*<1/1%(*<..

"" E&9%&*<E&9%&*<  ««0%($/(0%($/(//+&712<K/"#$/(+&712<K/"#$/(" " /$H&.*#I///$H&.*#I//  ""  )"#$%&"&*)"#$%&"&*
)#$#2()#$#2(  %.(%,/*%.(%,/*  2/I&*2/I&* ( (O"#O"#))  /@*($3(%/@*($3(%  )&..(23I//)&..(23I//  *(F7<*(F7<
7#$$'*/7#$$'*/  Q2/1'Q2/1'  //  C&D#C&D#..

"" >#)/*>#)/*  &D.#@&*&D.#@&*, , Q2/1#Q2/1#  //  C&DC&D  *&A<%*&A<%  &+.(7(2/%,&+.(7(2/%,  $#2/0/($#2/0/(
+&712<K/"#$/3+&712<K/"#$/3  /$H&.*#I///$H&.*#I//  ""  )"#$%&"&*)"#$%&"&*  )#$#2()#$#2(  +<%(*+<%(*
1.#"$($/31.#"$($/3 ( (+&+&  +<D2/0$&*<+<D2/0$&*<  )#$#2<)#$#2<) ) 0#1%/0#1%/  /:/:  )"#$%&"&A&)"#$%&"&A&
1/A$#2#1/A$#2#..
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!"#$%&"#3 )./+%&A.#H/3:
@#*(0#%(2,$#3 /7(3 (+.&7&2F.)

!! !"#$%&"'B!"#$%&"'B  )#$#2)#$#2  $($(  /1+&2,@<(%13/1+&2,@<(%13  723723  +(.(7#0/+(.(7#0/  1#*/:1#*/:  7#$$':7#$$':,,
+(.(7#(%13+(.(7#(%13  %&2,)&%&2,)&  )2-0)2-0  723723  7()&7/.&"#$/37()&7/.&"#$/3  /$H&.*#I///$H&.*#I//..

!! O12/O12/  )2-0)2-0  D'2D'2  <).#7($<).#7($ ( (+&712<K#$+&712<K#$), ), Q2/1#Q2/1#  //  C&DC&D  +.&1%&+.&1%&
/A$&./.<-%/A$&./.<-%  (A&(A& ( (+./+./  9%&*9%&*  /$H&.*#I/3/$H&.*#I/3  $($(  %(.3(%13%(.3(%13).).

!! O12/O12/  +(.(7#$$'B+(.(7#$$'B  )2-0)2-0  <1+(K$&<1+(K$&  +.&K(2+.&K(2  +.&"(.)<+.&"(.)<, , &$&$  *&F(%*&F(%  D'%,D'%,
/1+&2,@&"#$/1+&2,@&"#$  723723  7()&7/.&"#$/37()&7/.&"#$/3  7#$$':7#$$':..

!! !&$H/7($I/#2,$&1%,!&$H/7($I/#2,$&1%,  )2-0#)2-0#  +.&"(.3(%13+.&"(.3(%13  7&7&  +(.(7#0/+(.(7#0/  7#$$':7#$$':..

!! 8#7(F$&1%,8#7(F$&1%,  )"#$%&"&B)"#$%&"&B  )./+%&A.#H//)./+%&A.#H//  &1$&"#$#&1$&"#$#  $#$#  +./.&7(+./.&7(
)"#$%&"&B)"#$%&"&B  H/@/)/H/@/)/  //  A#.#$%/.<(%13A#.#$%/.<(%13  ((((  @#)&$#*/@#)&$#*/..
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E.&%&)&2 +(.(7#0/ )"#$%&"&A&
)2-0# (QKD)

0 1 1 1 0 1 0 1

1 0 1 1 0 0 0 1

1) E(.(7#0# 1'.&A& )2-0#

• Q2/1# )&7/.<(% )#F7'B D/% /$H&.*#I// 12<0#B$&B D<)"&B

   / +(.(7#(% (( C&D<

2) ;&A2#1&"#$/( D#@/1&" (H&.*/.&"#$/( +.&1(3$$&A& )2-0#)
• C&D 1&&D=#(% Q2/1( D#@/1, )&%&.'B &$ /1+&2,@&"#2 +./ /@*(.($/3:

Alice

Bob

• C&D /@*(.3(% +&2<0($$<- D<)"< " 12<0#B$&* D#@/1(

• Q2/1# &%D/.#(% %&2,)& %( 1&&D=($/3, " )&%&.': D'2 /1+&2,@&"#$ 9%&% D#@/1

1

0
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J)1+(./*($%#2,$#3 .(#2/@#I/3
+.&%&)&2# QKD

Ch. H. Bennett and G. Brassard, Ch. H. Bennett and G. Brassard, ““The Dawn of a New Era for Quantum Cryptography: The Experimental Prototype Is Working!,The Dawn of a New Era for Quantum Cryptography: The Experimental Prototype Is Working!,””

SigactSigact News 20, No. 4, 78  News 20, No. 4, 78 –– 82 (Fall 1989). 82 (Fall 1989).

AliceAlice

Bob

20

!&**(.0(1)&( +.&/@"&71%"&
1/1%(* )"#$%&"&B )./+%&A.#H//

!! !&*+#$/3!&*+#$/3  &1$&"#$#&1$&"#$#  ""  20012001  AA. . )#))#)
spin-off spin-off &%&%  <$/"(.1/%(%#<$/"(.1/%(%#  AA. . R($("'R($("'

!! E.&7<)I/3E.&7<)I/3

"" ;/1%(*';/1%(*'  723723  )"#$%&"&B)"#$%&"&B
)./+%&A.#H//)./+%&A.#H// ( ($#$#  &+%/0(1)&*&+%/0(1)&*
"&2&)$("&2&)$())

"" S($(.#%&.S($(.#%&.  12<0#B$':12<0#B$':  0/1(20/1(2

"" T(%()%&.T(%()%&.  &7/$&0$':&7/$&0$':  H&%&$&"H&%&$&"
(1.3 (1.3 *)**)*  // 1.55  1.55 *)**)*))

!! !&$%#)%$#3!&$%#)%$#3  /$H&.*#I/3/$H&.*#I/3::

email: info@idquantique.com

web: http://www.idquantique.com
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RMP 74, 145-195, 2002, Quant-ph/0101098

?(#2/@#I/3 +.&%&)&2# )"#$%&"&B
)./+%&A.#H// $# .#11%&3$// 67 )*

;+#1/D& @# "$/*#$/(!


