woO 2008/050938 A 1 |00 00 000 OO 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij

) IO O T O OO OO

International Bureau

(43) International Publication Date
2 May 2008 (02.05.2008)

(10) International Publication Number

WO 2008/050938 Al

(51) International Patent Classification:
GO2B 6/35 (2006.01)

(21) International Application Number:
PCT/KR2007/001130
(22) International Filing Date: 7 March 2007 (07.03.2007)
(25) Filing Language: English
(26) Publication Language: English

(30) Priority Data:

10-2006-0103494 24 October 2006 (24.10.2006) KR
(71) Applicant (for all designated States except US):
INHA-INDUSTRY PARTNERSHIP INSTITUTE

[KR/KR]; Inha University,
Nam-gu, Incheon 402-751 (KR).

253, Yonghyeon-dong,

(72) Inventor; and

(75) Inventor/Applicant (for US only): HAM, Byoung Seung
[KR/KR]; 247-8, Maehwa-dong, Siheung-si, Gyeonggi-do
429-817 (KR).

(74) Agent: LEE, Un Cheol; 11th Floor, Won Bldg., 648-26,
Yeoksam-dong, Gangnam-gu, Seoul 135-080 (KR).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL, IN, IS,
JP, KE, KG, KM, KN, KP, KZ, LA, LC, LK, LR, LS, LT,
LU, LY, MA, MD, MG, MK, MN, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC,
SD, SE, SG, SK, SL, SM, SV, SY, TJ, TM, TN, TR, TT,
TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

(54) Title: PHOTON LOGIC GATES

A C

l//

602

AN

603

613

Q1

610 Q3
a2 | T \ 605
Q4
J
614 R\\ 606

612

611

(57) Abstract: A system, method,
and apparatus for photon logic
gates based on quantum switch,
where a single or multiple quantum
switches are utilized for dark
resonance interactions in which
three-color lasers interact with a
four-level or five-level nonlinear
optical medium composed of
three ground states and one or two
excited states through nondegenerate
four-wave mixing processes. The
photon logic mechanism is based
on combination of single or multiple
dark resonance-induced two-photon
coherence swapping among the three
closely spaced ground states through
optical transitions via a common
excited state. The two-photon
coherence induced on the ground
states is optically detected via
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nondegenerate four-wave mixing processes. The nondegenerate four-wave mixing generation is enhanced owing to dark resonance
or electromagnetically induced transparency. The gating time and bandwidth of the present photon logic gate method is not limited
by population relaxation time or carrier’s lifetime, but phase decay time, where the phase decay time in general much faster than the
population decay time in solids or semiconductors.
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PHOTON LOGIC GATES

Technical Field

The present invention relates to a method and

apparatus for photon logic gates using quantum switch (es).

Background Art

A logic gate is generally used for logical operations
in data processing using one more logic inputs to produce a
single output. The logic is normally referred to Boolean
logic such as NOT, OR, NOR, XOR, XNOR, AND, and NAND. For an
electronic central processing unit (CPU) the logic
as a basic unit to perform computing operations. D
increasing demand for faster processing ability, th
been exponentially evolved up to now 3.7GHz

according to the Moore’s law since mid 1970<. Howeve ., cicac

have heen Fimd=maet-1 Vd-itations in electronic transistors
in s dth dependent switching time and
elec ’e-limited operational bandwidth.

To overcouwe sucn  runcamental limitations, optical logic
gates have been studied for last several decades. On the
contrary, as a counterpart of electronic carriers, optical
signals are free from the electromagnetic interference and
the size-dependent speed limitation. Moreover parallel
processing is an intrinsic benefit. Recently, various types
of high-speed all-aptical logic gates for Boolean NOT, OR,

NOR, AND, XOR, and NAND have been demonstrated using
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semiconductor-optical-amplifiers (SOAs) and erbium doped
fiber amplifiers (EDFAs). A computing device, however, must
satisfy certain requirement of practicality such as lower
power consumption, smaller device size, and higher speed.
Since 1980’'s several types of Boolean algebra-based optical
logic gates have been proposed and demonstrated. A bulky
optical logic gate using linear optics such as mirrors and
beam splitters has been applied. The linear optics based
optical gate is of course lacks efficiency due to bulky
size.

Recently nonlinear optics-based optical logic gates
have been intensively studied. In this area, SOA is the most
useful component to form the optical logic gate. By
introducing SOAs to optical logic gates the device size anc
power consumption has been extremely reduced
physics of the SOA-based optical logic gate
refractive index change occurred by electric currer
conventional optical switching technologies, the t:

for the refractive index change is an absolute conscicauie cu

the T o " , the refractive index change is
1imi edistribution time. Therefore, the
com ching time should be fundamentally

limited by the carriers’ lifetime, where it is sub-
nanosecond. Even though a SOA offers relatively low power
consumption such as ~100 mW (Optics Letters, Vol. 23, pp.
1271-3 (1997)), total estimated power and size for a
potential optical CPU composed of just million units of SOA
reaches at several ~100 kW and several square meters,
respectively, which is never practical. Here it should be

noted that the up-to-date electronic CPU reaches at 3.7 GHz

2



WO 2008/050938 PCT/KR2007/001130

10

15

20

25

30

in clock speed, contains near 300 million transistors, and
needs about 100w power consumption:
www.intel.com/research/silicon/micron.htm

On thé other hand, optical switching effect can be
obtained by using a nonlinear quantum phenomenon,
electromagnetically induced transparency (EIT), which uses
two-color electromagnetic fields for rapid refractive index
change owing to quantum interference 1in an optically
resonant medium composed of three energy levels or more:
Harris, Physics Today, Vol. 50, p. 36 (1995). The energy
level structure of the resonant optical medium satisfies
two-closely spaced ground states and an excited state, two-
closely spaced excited states and a ground state, or ar
arbitrarily spaced cascade-type system. The quantun
interference-based refractive index change can
strong spin coherence excitation on the close!
states and absorption cancellation. Due to tt
absorption spectrum change, a slow light phenc
induced due to the steep dispersion slope acrouss Lue
resc - ukhin et al., Physical Review
Lett (2002) .

the time needed for the refractive

index change is not limited by the carriers’ lifetime or
population relaxation time, but dependent on the phase decay
time, where the phase decay time is normally much shorter
than the population relaxation time in solids. Specifically,
the phase decay time is hundreds times faster than the
carrier’s lifetime in most ion-doped crystals such as Pr’*-
doped Y,Si0s, so that ultrahigh-speed optical processing can

be obtained: quantum switching (Ham, Applied Physics
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Letters, Vol. 85, pp. 893-5 (2004)). The two-photon
coherence excitation between the closely spaced ground
states is optically detected by using nondegenerate four-
wave mixing processes. The resulting intensity of the
nondegenerate four-wave mixing signal can be stronger than
that of the original input signal: Hemmer et al., Optics
Letters, Vol. 20, pp. 982-4 (1995)).

When the two-closely-spaced ground states are replaced
by three-closely-spaced states and three-color optical
fields are resonantly applied to the common excited state, a
quantum switching phenomenon is obtained: Ham, Physical
Review Letters, Vol. 84, pp. 4080-3 (2000). The physics of
the quantum switch is the optically controllable gpin-
coherence swapping, and the optical switching time is mucl
faster than conventional refractive index-base
switch. This fact was experimentally demonstrate
Pr*-doped Y,8i0s (Pr:YSO) for 100 fold decrease
switching time: Ham, Applied Physics Letters, Vol

893-5 (2004).

Disc m

The primary object of the present invention is to
provide a method and an apparatus of photon logic gates
based on quantum switching phenomenon. The photon logic
gates should overcome limitations of the conventional
optical logic gates in operational speed and size. The main
feature of the photon logic gates is using quantum optics of

EIT and quantum switch for multiple gate function in one
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physical gate composed of three (four) -color lasers
interacting with a nonlinear optical medium wvia optical
waveguides or free space. As shown in the quantum switch
(Ham, US patent No. 6628453), the operational bandwidth of
the present photon logic gates is not limited by the
population relaxation time or carrier’s lifetime. Main
advantage of the present invention is not only for all-
optical digital processing but also for quantum interface in
a quantum network composed of quantum computers. Briefly
described, a system of the photon logic gates of the present
invention is provided by a single or multiply connected
quantum switches composed of nonlinear optical medium and at
least four coherent laser beams. The nonlinear optical
medium of the quantum switch is composed of at least four-
energy levels. Three of them should be closely spac

ground states, and the last one should be an excit

The frequencies of the laser beams of A, C, &«

resonant respectively to the transitions from t

ground states |1>, |2>, and |3> to the excited stacc ;= w.
the menlinear ~ntdanT —~3iym: gee Figs. 1 and 2. The laser
beam for nondegenerate four-wave mixing
proce the outputs Q1 or Q2. The
nondeyeucsrate Lour-wave mixing output Q1 and/or Q2 can be
used as an input(s) to the second/third nonlinear medium to
configure a photon logic gate. The output direction of the
Ql and Q2 is physically separated, so that the quantum
switch acts as an optical router: Ham, Applied Physics
Letters Vol. 85, pp.893-895 (2004). Each laser beam can be
guided by an optical waveguide made of hetero-structured

quantum wells, photonic bandgap crystals, silicon on
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insulator, or surface plasmon. The optical waveguide is not
part of the current invention. By connecting two gquantum
switches in series or in parallel it performs the Boolean
logic: NOT, NAND, AND, OR, XOR, and NOR. The photon logic
gates can be extended for scalability purposes by an optical
waveguide, and the traveling time between two photon logic

gates is negligible.

Brief Description of the Drawings

The accompanying figures illustrate several
embodiments of the present invention, and together with the
descriptions, serve to explain the principles of the
invention. The drawings are for only for the ¢
illustrating a preferred embodiment of the inventic
not to be construed as limiting the invention.

FIG. 1 illustrates a block diagram of a pho

gate, NOT, of the present invention. FIG. 1 is very siuiac

to t° T patent No. 6628453.
I y level diagram of the nonlinear
opti 1, where the frequency difference

among the ground states are much smaller than the transition
frequency between the ground states and the excited states.
The excited energy state [5> can be wvirtual, real, or the
same as the state |4> depending on the value of the
frequency detuning A. Letters R, S, C, A, Ql, and Q2 stand
for laser beams at different frequencies  of Mg,

Og, Oc, Op, Oy, andgy, respectively.
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FIG. 3 shows both experimental (a, b) and theoretical (c,
d) data of FIG. 2: Quantum switching (routing). The spatial
direction of the output beams Q1 and Q2 are determined by
the phase matching conditions of the laser beams, in which
the direction is either the same each other or different.

FIG. 4 illustrates a schematic diagram of a photon logic
gate, NOR, of the present invention. Letter QS stands for
the quantum switch comprised of a nonlinear optical medium
107, which is connected by optical waveguides used for the
laser beams R, S, C, A, Q1 (or X), and Q2 (or ¥) in FIG. 1,
and also satisfies FIG. 2.

FIG. 5 illustrates a schematic diagram of a photon logic
gate, AND, of the present invention. Letter QS stands for
the quantum switch comprised of a nonlinear optical mediun
107 which is connected by optical waveguides use
laser beams R, S, C, A, Ql (or X), and Q2 (or Y) 1
and also satisfies FIG. 2.

FIG. 6 illustrates a schematic diagram of a ph

gate, NAND/OR, of the present invention. Letter ws stauus

for " it 1s comprised of a nonlinear
opti yy optical waveguides used for the
lase Ql, Q2, Q3, 04, X, and Y.

FIG. 7 illustrates a schematic diagram of a photon
logic gate, NOR/XOR/AND, of the present invention. Letter QS
stands for quantum switch comprised of a nonlinear optical
medium connected by optical waveguides used for the laser

beams R, S, C, A, B, Q1, Q2, X, ¥, and Z.

Best Mode for Carrying Out the Invention
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To gain a better understanding reference is now made
to the drawings which illustrate the preferred embodiments
of the invention. Figure 1 describes a photon logic gate,
NOT, where a single quantum switch is used. Letters R, S, C,
A, 01, and Q2 stand for laser beams at different frequencies
of g, ®g, Oc, Wa, Og, andog, respectively. The numbers from
101 to 106 stand for both laser beams and optical waveguide
used for the laser beams. The number 107 stands for a
nonlinear optical medium. According to the gquantum switch
theory (Physical Review Letters. Vol. 84, pp. 4080-4083
(2000), and Applied Physics Letters, Vol. 78, pp. 3382-3384

(2001) ; 893-89E

Applied Physics Letters, Vol. 85, pp.
(2004); US patent No. 6628453 (2003)), the output Q1 (104)
is always OFF whenever the logical input beam A
switched ON, and wvice versa. Here it should be r
the laser beams C and R may be continuous if the ¢
is not =zero: the detuning A is shown in FIG. I

detuning A is equal to zero, then the laser beams C (tus)

and ontinues but must be pulsed and
sync >l beam C (102) . TABLE 1 shows the
rest NOT of FIG. 1.
TABLE 1
S A Q1 (NOT) | Q2
1 0 1 0
1 1 0 1

Here the excited energy state |5> is either virtual or

real. For the real state of |5> with nonzero detuning A, the

pulsed nondegenerate four-wave mixing processes have been

8
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demonstrated: Ham, Optics Letters, Vol. 24, pp. 86-88
(1999) .

FIG. 2 shows an energy level diagram of the nonlinear
optical medium 107 of FIG. 1. In general this kind of energy
level structure is typical in a rare-earth doped crystal
such as Pr’* doped Y,SiOs; (YSO). Here, the lower three energy
levels are resulted from the hyperfine sgplitting in rare-
earth doped crystals. The energy level structure of FIG. 2
can also be obtained artificially by multiply coupling
semiconductor quantum wells or quantum dots. The nonlinear
optical medium 107 of FIG. 1 has either four energy states;
|1>, |2>, |3> and |4> or five energy states; |1>, |2>, |3>,
|4> and |5>. The state |4> of FIG. 2 is higher than |1>, |2
and |[3> in energy. In fact the nonlinear optical medium 107
of FIG. 1 may have more than five energy levels,
the mentioned energy levels shown in FIG. 2 cont
the photon logic mechanism of the present inven
detuning Aof FIG. 2 is an offset of the laser |

or from the resonance frequency from the state |3> to |a>,

i.e. ' ’ -03. The laser output beam Q1 at
frec by nondegenerate four-wave mixing
proc er interactions of C, S, and R are
involved at frequencies ¢, s, and o , respectively, with

the nonlinear optical medium. Similarly, the laser output Q2
at frequency mgils generated by nondegenerate four-wave
mixing processes involving three laser interactions of A, S,
and R at wn, s, and or, respectively. The propagation
directions kg and kg of the nondegenerate four-wave mixing

signals Q1 and Q2 of FIG. 2 are determined by the phase
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matching conditions, respectively: kgp=ka—ketkr; koi=kckgtkg.
Here, the nondegenerate four-wave mixing generation is
strongly enhanced owing to dark resonance or EIT. To
understand the enhancement of the nondegenerate four-wave
mixing processes, more detail explanation is presented
below.

Enhancement of nondegenerate four-wave mixing
processes was suggested by Harris 1in Physical Review
Letters, Vol. 64, pp. 1107-1110 (1991) and were demonstrated
experimentally in atomic gases by Jain et al. in Optics
Letters Vol. 18, pp. 98-101 (1993) and in ion-doped solid by
Ham et al. in Optics Letters, Vol. 22, pp. 1138-1140 (1997).
Signal amplifications and high-conversion efficiency usinc
atomic gases for nondegenerate four-wave mixing processes
were also experimentally demonstrated by Hemmer
Optics Letters, Vol. 20, pp. 982-984 (1995) and Jc

in Physical Review Letters, Vol. 77, pp. 4326-43:

respectively. The high-conversion efficie

nondegenerate four-wave mixing processes wao arou
expe T ) " :xd in ion-doped solids by Ham et
al. . Vol. 59, pp. R2583-2586 (1999).
The anerate four-wave mixing processes

is based on reduced first-order linear susceptibility and
enhanced third-order nonlinear susceptibility owing to
destructive and constructive quantum interference,
respectively.

To show more detail relations between the laser inputs
and the nondegenerate four-wave mixing output signals,

coherence swapping should be understood. To see the

10
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coherence excitation in FIG. 2, density matrix p must be
discussed. The density matrix has been a useful tool to show
a system’s macroscopic ensemble; Quantum optics, Cambridge
Uniersity Press, New York, N.Y. (1997), Edited by Scully and
Zubairy. In FIG. 2, two laser beams C and S can induce two-
photon coherence pyon the transition |2> - |3> wvia the
excited state |4>. Similarly two lasers beams A and S can
also induce two-photon coherence p;zon the ground state
transition |1> - |3> via the excited state |4>. Especially,
the two-photon coherence 1is strongly enhanced if dark
resonance or EIT involves. Here, dark resonance or EIT is
the same physical phenomenon, but the term EIT roots in the
absorption cancellation so that a resonant electromagnetic
field can pass through an optically thick medium without
experiencing any absoxrption.

FIG. 3 shows both theoretical and experimente
the quantum switching (routing) using Pr**:YSO base
2 for the detuning A=0: The 6 stands for the detuni

laser beam A from the resonance frequency of the Lrausicion

| 1> ' ' [G. 3, the intensity of the two-
phot nd Repyzis swapped each other
accc ion of A: The two-photon coherence

can be optically detected using the laser beam R resulting
in generation of nondegenerate four-wave mixing signal Q1 or
Q2. The experimental data of the nondegenerate four-wave
mixing signals in FIGs. 3a and 3b match well the two-photon
coherence intensity [Reppl?, which has been calculated
theoretically: Ham et al. in Physical Review A, Vol. 59,
R2583-R2586 (1999), Physical Review Letters. Vol. 84, pp.

4080-4083 (2000), and Applied Physics Letters, Vol. 78, pp.

11
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3382-3384 (2001); Applied Physics Letters, Vol. 85, pp. 893-
895 (2004); US patent No. 6628453 (2003).

FIG. 4 describes a photon logic gate, NOR, where two
quantum switches are connected in series. Here, the output
Q1 (410) of the left (first) quantum switch QS1 (412) is fed
into the right (second) quantum switch QS2 (413) as an input
(see S in FIG. 1). Two logilcal input laser beams A (402)
from QS1 and B (404) from QS2 perform optical logic inputs
and result in Boolean algebra NOR at the output X (406). As
mentioned above the laser beams R (408, 411) applied to each
quantum switch can be continues wave if A#*0. If A=0, R muse
be pulsed and synchronized to the input logic laser A (402).
Both input laser beams A (402) and B (404) must be
synchronized, too. TABLE 2 shows the Boolean algebra of NOF
resulted in the outputs X (406) by the combinatic

logic inputs A (402) and B (404).

TABLE 2
S A B QL Q2 X(NOL., | -
1 0 1 1 0 1 0
1 0 0 1
0 1 0 0
0 1 0 0

FIG. 5 shows a photon logic gate AND, where the logic
gate is composed of two quantum switches comnnected in
series. Here, the output Q2 (509) of the left quantum switch
QS1 (512) is fed into the right quantum switch QS2 (513) as
an input S (see S in FIG. 1). The combination of two logic
input beams A (502) from QS1 and B (504) from QS2 result in

Boolean algebra AND to the output Y (507). As mentioned

12
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above the laser beam R (511, 508) applied to each quantum
switch can be continues wave if A#0. If A=0, however, R must
be pulsed and synchronized to the input laser A (502). Both
input laser beams A (502) and B (504) must be synchronized,
too. TABLE 3 shows a resulting Boolean algebra AND appeared

in the output Y (507) according to two logic inputs A (502)

and B (504).
TABLE 3
IS A B Q1 Q2 X Y (AND)
1 0 1 1 0 0 0
1 0 0 1 0 0 0
1 1 1 0 1 1 0
1 1 0 0 1 0 1

FIG. 6 shows a photon logic gate, NAND/OR. The system
is composed of two gquantum switches connected in
where the source laser S (601) is shared. The outpt
the top quantum switch QS1 and Q3 from the bottc
switch QS2 is combined together to lead the logic

(604) . The output Q2 and Q4 are combined to lead the logic

outp aser beams R (609, 606) are either
Cw & ing A is not zero or synchronized
as 1 input laser beams A (602) and B

(607) if the detuning A is zero. The source laser beam S
(601) is split into two components through an optical
splitter/combiner (610, 611, 612) such as a Y branch or a
beam splitter. Under the action of two inputs A (602) and B
(607), the output logic laser beams X (604) and Y (605)
perform Boolean logic operations NAND and OR, respectively:

see TABLE 4.

13
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TABLE 4
S A B Q1 Q2 Q3 Q4 X (NAND) Y (OR)
1 0 0 1 0 1 0 1 0
1 0 1 1 0 0 1 1 1
1 1 0 0 1 1 0 1 1
1 1 1 0 1 0 1 0 1

FIG. 7 shows a photon logic gate, NOR/XOR/AND. The
system is composed of three quantum switches, where two of
them are comnected to the last one. Each output Q1 (712) and
Q2 (710) of the quantum switch QS1 (716) are used as an
input to the quantum switches QS2 (718) and Qs3  (717),
respectively. The output P1 (706) is used as a logic output
X. The outputs P2 and P3 are combined together (719) to lead
the logic output Z (707). The output P4 (708) is used as a
logic output Y. There are two logic inputs A (702) and B
(704, 715), where A is for the QS1 and B is for bot
QS3. The functions of R (711, 713, 709) and C (

714) are the same as discussed above. As seen in
the two logic inputs A and B performs Boolean algek

the output X, XOR at Z, and AND at Y, simultaneously.

S . 2 |P3 | P4 | X(NOR) | Y(AND) | Z(XOR)
1 0 0 1 0 0
1 0 1 1 0 0 1 0 0 0 0 1
1 1 0 0 1 0 0 1 0 0 0 1
1 1 1 0 1 0 0 0 1 0 1 0

14
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Claims

1. A method of photon logic gates using a single or
multiple quantum switches whose nonlinear optical medium is
comprised of three closely spaced ground states |1>, |2> and
|3> such that the transition among the said ground states is
dipole forbidden, and an excited state |4> and |5> such that
two-photon transitions between said ground state |1> and
said |3>, said |2> and said |3>, and said |1> and said |2>
via said excited state |4> (and said excited state |5> if
said |5> is real energy state) are allowed, said method
comprising following steps:

a) applying to said nonlinear optical medium a first
laser beam as an input beam A through an optical waveguide
or free space at a frequency of o, corresponding t
transition between said ground state |1> and sai
state |4>;

b) applying a second laser beam C through ¢
waveguide or free space at a frequency of ®©¢ corresponaing
to T Y " stween said ground state |2> and
said

| laser beam S through an optical
waveguide or free space at a frequency of s corresponding
to a third transition between said ground state |3> and said
excited state |4>;

d) applying a fourth laser beam R through an optical
waveguide or free space at a frequency of or corresponding
to a third transition between said ground state |3> and said

excited state |5>;

15
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e) adjusting the intensities of said first laser beam
A, sald second laser beam C, said third laser beam S, and
said fourth laser beam R to produce nondegenerate four-wave
mixing signals Q1 at a frequency ®mn, or Q2 at a frequency
0oz corresponding to the two-photon coherence induction
[Repys]® or [Repis]?, respectively;

f) connecting said nondegenerate four-wave mixing
signals Q1 and Q2 to optical waveguides physically
separated;

g) connecting two quantum switches in a way to share
gaid & and combine each said Q1 or Q2 together,
respectively, via optical waveguides or free space;

h) connecting two quantum switches in a way to combine
nondegenerate four-wave mixing signals Q1 from one quantur
switch and Q2 from the other quantum switch;

i) connecting said QL or Q2 of the firs
switch to said S of the second quantum switch via &
waveguide or free space;

j) connecting each said Q1 and Q2 of the firsc guaniuw
swit he second and third quantum switch

via r free space.

2. The method of claim 1 wherein said excited state
|4> is selected such that its energy level is higher than
the energy level of said ground state |1>, said |2>, and

said |3>.

3. The method of claim 1 wherein said excited state

5> is selected such that its energy level is separated from

16



10

15

20

25

30

WO 2008/050938 PCT/KR2007/001130

said excited state |4> by detuning A, where A is 0 or near

optical Rabi frequency of said R or A.

4. The method of claim 1 wherein Rabi frequency Qa of

said first laser beam A is greater than that of said second

laser beam C, and said third laser beam S.

5. The method of claim 1 wherein said first laser beam
A, said second laser beam C, said third laser beam S, and
gsaid fourth laser beam R are synchronized satisfying said
laser beams A, C, and S are overlapped one another
temporally, and said fourth laser beam R is time delayed by
t shorter than phase decay time T, among the said three

ground states |1>, |2>, and |3> if A=0.

6. The method of claim 1 wherein said sec
beam C and said fourth laser beam R are always sw:
and said first laser beam A and said third laser I

temporally synchronized, if A+0.

claim 1 wherein the detuning A,

ener said energy states |4> and |5> is
greater than or similar to the Rabi frequency of said first
laser A for the applications of optical router of the

quantum switch.

8. The method of claim 1 wherein a single quantum
switch is used for Boolean NOT algebra, where said first
laser beam controls said third laser beam S to invert it and

to produce it into said output QI.

17
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9. The method of claim 1 wherein serial two quantum
switches are used for Boolean NOR algebra, where said output
Q1 of the first said nonlinear medium is used as said laser
beam S8 to said second nonlinear medium, and the relation
between two said first laser beams A’s and said output Q1 of
the second said nonlinear medium satisfies Boolean algebra

NCR.

10. The method of claim 1 wherein serial two quantum
switches are used for Boolean algebra AND, where said output
Q2 of the first said nonlinear medium is used as said lasez
beam S to said second nonlinear medium, and the relatior
between two said first laser beams A’s and said output Q2 of
the second said nonlinear medium satisfies Boolec

AND.

11. The method of claim 1 wherein parallel t

switches are used for Boolean NAND/OR algebra, winere saia

lase two -said nonlinear media and each
saic s are combined, respectively, so
that 1 two said first laser beams A’s

applying to each sald nonlinear medium and each said
combined outputs Ql’s and Q2's satisfies Boolean algebra

NAND and OR, respectively.

12. The method of claim 1 wherein three quantum
switches are connected one another to satisfy Boolean
NOR/XOR/AND algebra, where said Q1 and Q2 of the first

quantum switch is used for said S for both parallel gquantum
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switches, and each said output Q2 and Q1 from the parallel
quantum switches are combined for Z, respectively, so that
the relation between three laser beams said A’s applying to
each said nonlinear media and said outputs Q1, Q2, and Z

satisfies Boolean algebra NOR, AND, and XOR, respectively.

13. An apparatus for photon logic gates using a single
or multiple nonlinear optical medium composing three ground
states |1>, |2>, |3> such that the transition between said
ground states |1> and |2>, |1> and |3>, and |2> and |3> are
dipole forbidden, and an excited state |4> such that two-
photon transition between said ground states |1> and |2>,
|1> and |3>, and |2> and |3> via said excited state |4> is
allowed, saild apparatus comprising: |

a) a first laser beam source for applyinc
nonlinear optical medium said first laser bean
frequency of oa corresponding to a first transitic
said ground state |1> and said excited state |4>;

b) a second laser beam source for applying co satu

noril 3 second beam C at a frequency of
Oe ¢ md transition between said ground
stat state |4>;

c) a third laser beam source for applying to said
nonlinear optical medium a third beam S at a frequency of g
corresponding to a third transition between said ground
state |3> and said excited state |4>;

d) a fourth laser beam source for applying to said
nonlinear optical medium a fourth beam R at a frequency of

o corresponding to a fourth transition between said ground
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state |3> and said excited state |5>, either said excited
state |5> is real or virtual;

e) a means for gplitting a third laser beam S from
said third laser beam into two or multiple beams for
applying to each said nonlinear optical medium at a
frequency of ®g corresponding to a third transition between
said ground state |3> and said excited state [4>;

f) a means for combining said nondegenerate four-wave
mixing signals Q1 and Q2 from multiple nonlinear optical
media into corresponding optical channels, respectively.

g) a means for adjusting the intensities and the
frequencies of said first beam, said second beam, said thirc
beam, and said fourth beam to produce coherent superpositior
state of said ground state |1> and said |2>, said |1> anc
said |3>, and said |2> and |3>;

h) a means for synchronizing or delaying a £
beam A, a third laser beam S, and four laser b
another.

i) A means for spatially overlapping a firs. sases
bean am C, a third laser beam S, and a

four a nonlinear optical medium.

14. The apparatus of claim 13 wherein said nonlinear

optical medium is a solid

15. The apparatus of claim 13 wherein said nonlinear

optical medium is multiply coupled semiconductors.

16. The apparatus of claim 15 in which said three

ground states |1>, |2> and |3>, and said excited states |4>
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and |5> are selected in conduction band of said multiply

coupled semiconductor.

17. The apparatus of claim 13 in which said nonlinear
optical medium is connected via optical waveguides, free
space, or plasmon waveguides to guide said laser beams A, C,

S, R, 01, and/or Q2.\

18. The apparatus of claim 13, where said first laser
beam A acts on said third laser beam S to jproducé said

output Q1 for the Boolean NOT algebra.

19. The apparatus of claim 13, where said nonlinear
medium is connected in which said output Q1 of the first
nonlinear medium to be fed into said second nonline
as a said third laser beam S, and the relation be
first laser beams A’s applying to each said nonline
and said output Q1 of said second nonlinear medium

the Boolean algebra NOR.

£ claim 13, where said nonlinear
medi 1ich said output Q2 of the first
nonlinear medium to be fed into said second nonlinear medium
as a said third laser beam S, and the relation between two
first laser beams A’s applying to each said nonlinear medium
and said output Q2 of said second nonlinear medium satisfies

the Boolean algebra AND.

21. The apparatus of claim 13, where said third laser

S is shared by two nonlinear media each said outputs Ql and

21
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Q2 are combined together, and results satisfy the Boolean
algebra NAND and OR, respectively, for two said first laser

beams A of each nonlinear media.

22. The apparatus of claim 13, where three said
nonlinear media are connected in a way that said both
outputs Q1 and Q2 from said one nonlinear medium used for
the third laser S of the said rest two nonlinear media, said
outputs Q1 and Q2 are combined together, so that three
outputs satisfy the Boolean algebra NOR, XOR, and AND,

respectively.
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