; e3eF, "26TFgv] SI NGLE PHOTON GENERATI NG APPARATLJS 5 TECHNI CAL FI ELD The
present invention relates to a photon source used for as an exanpl e,
quant um crypt ographi ¢ conmuni cation system a transm ssion sysjem Rf)gm
enabl es mmmummmmmw of an unauthorized ' listener by |oading eac ot on
W th inf t 0 BACKGROUND ART Ln it he quantum cryptographic
conmmuni cat i ofgsieyst em | oadi ng each photon with infornmation enables the
detection of an unauthorized |istener by the quantum mechanical principle.
. However ame informati oDESORHEIEBIOM tw lo or nore photons, the
unaut hor|“||m“mm“"[um may utilize a part o# these photons and the presence
of the unaut, i,zed |istener may not be able to be detected. In this way,
ideally, a pu e that contains only one photon at maxi numi nust be used.
For this kind of pul sS§INGLE BHG/PONaGENERXTINGAPPARNEUBenuat e t he
i ght beam fromthe | aser beam source by an attenuator in such a manner
that the nmean nunber ~, of photons per pul se becones about 0.1. By doing
this, the probablllty ~ to contain tw or nore photons in a pulse can be
reduced.5 However,'the probabili tyI‘EGIH,NIr(tALrFIEIﬂDphot on in the pulse is
al so reduced to about 0.1. That is, in the 25 case of ~u=0.1, transm ssion
is actually carried Qe pndas,ermbhmtemtioa relatdd toiargshoteef ebuiroe uswd tfer Fi g.
9, description will be nade on the case 2 ? MAR 2002 - 2 stated in the
"Key Di strihstannesyaipie, aqpdametthodenygitographid worBnyphigatdphy Sysfemapanese
Unexam ned Patent Publication No. 505019/ 1996 as one exanpl e of
convent i onatraresthissjoassysternnthat enghles shiei ddtedtipnockan unaltibprided
nuneral 9 denotes a | aser that generates 5 punping |light for punping the
nonl i near olistexadr byyseding kadm phivtonowliiméaformpatioal. crystal 11, a
parametric fluorescence pair that causes one photion of the punping light to
stochastd cal | y generate two photons is generated. One photon of these (in
this case, called the "idler photon" %{IS detected by an optical detector
and a gate controller 49, and to BMhCKGROMNBPJIARIhe gate device 4 is opened
to enabl e the other E)hoton (called the "signal photon 6") to pass. However,
in the conventi onal clihequauantiuame @W@tﬂgraKM%gCWUthl@anSmmall
t he conventjonal nethod has a drawback in that if_ 15 two photon pairs exi st
wi thin t he loasliBgseachnphetonnhwitiet bfpsmation epghles fhet detectieneaf tard by

a gate operation and two photgns exist in a pulse.
unauthorized listener by the quantum mechanical principle. However,

15 if the same information is loaded on two or more photons, the
unauthorized listener may utilize a part of these photons and the
presence of the unauthorizedllistener may not be able to be detected. In

‘f this way, ideally, a pulse that contains only:one photon at maximum
must be used. For this kind of pulse, it is popularly practiced to

20 attenuate the light beam from the laser beam source by an attenuator in
such a manner that the mean number p of photons per pulse becomes
about 0.1. By doing this, the probability to contain two or more
photons in a pulse can be reduced. However,%the probability to contain
one photon in the pulse is also reduced to all‘;out 0.1. That is, in the

25 case of u=0.1, transmission is actually carried out only about once per
10 times.

I
Referring now to Fig. 9, description will be made on the case
|

!



l

In the conventional nethod, it was unable to cbntrol the timng of photon
generation within the pulse. 20 Wien the detector for detecting tﬂzgﬂhrzb&al
of the photon generates a so-called "dark count pulse," that is, t
detector outputs pul ses due to noises, etc. even when it does not detect
t he photon, it outputs non-existent ligh2 pulse in which no em ssion photon
exi sts and provi ded poor efficiency. 25 The present invention has been made
to solve these problens, and it is an object of the present invention to
gener at e orfitatemhdnphioe oiKéyn Riséripuitinn systemn ke 1ethed dusing iGuamntiiner
obj ect of the present invention to reduce generation of non-existent beam
pul se due t@ryfdographyt pll skapgnesee Unexamined t Pageyet ParldideiombjNot of
the present invention to generate the photon at a specific timng.

DI SCLOSURE S0/ 0 NYENTD Gnashosiereteanpho b cogaantianiah gecppiqutsi Soraimprovimg t o
the present invention conprises a photon pair source for generating a pair
of phot ons thés&indiofgprotess.si hnlig.hotomerall 9adenatesa leserdhat igenecatasel at e
with a generating tinme, a photon detector for detecting an incidence of the
i dl er pBot gumpingoightdnerpaumping tae cekrlinear apticadl ¢ursthbrl henkbn athieng
the signal for operating a gate device for the nunber of tines |less than a
speci fi ¢ nurelinedr pphical wrystiah 1d ,;r pasamatricdduorenceneki peia thattdaisdsock,
arid a gate device that opens and cl oses response to the signal fromthe
gate devi cemphotohef. thet pampingolight e stachastienllp genesata twofphotons
generating a pair of photons consisting of a signal photon and an idler
phot on t hatiscgenerated. wi Omea Riwtenatof ntheserdin sthis otase,dealedothe oridler
detecting the incidence of the idler photon, a clock generator, a gate

devi ce contplwton’) indetrated by ag epkcal @ﬂ%ﬂcwbandp@rg@gc senirellemd, and ce
only against a first signal fromthe photon detedtor within a predetermn ned
tine déPi nawhen detectedbcthe gate deyige 4dis Preneddo epehle the athssazheten
response to the signal fromthe gate device controller. For the photon pair
source, a fdealieddhei signalophetomfd) to PGSBS near optical nedi um on which the
punping light is incident are |_provided., For the nonlinear optical medium
on which a punping | H§HEVEE, Fhéhee?ﬁr}ve&lqa%af Fré&rmam dhere (a1 8?1?9"5111%
provi ded, in ich the angl e nade by the punping light and an optical axis
of the nonlRYREEF™5pt i cal 7 7 MAR Z002 - 4 nediumis set to the angle at

whi ch [ i ' i_t.h [ | i h d
fo & speci f1c si gl & aLel BHlgffe EonpBntipRa FRARThRS T EHPRrEaPRa
' i Rt HSARatE palie BRnRI iR IRE P BRPsBrtin o Y ctesfrt B0 ¢ ne
i tical di . I whi Cuni . :
Cont act - wi (HERALPLRFaRS e erAted Paf 2 Bt shs3h R A W B PR B ot s
~, and ~. Iap g@gj tion, for a nonlinear optical nmediumon which a punping
light is i fcPAeRt, a wave gui di ng charnel type nonlinear optical |0 medium

S provided. Furt herﬂprtgg_ %ﬁﬁv@nag{%?ﬂqﬁgwg&t iig%ém&meo%v@{)ﬁ%ggi erg’rpi ng

light is incident, pSeu ase na pe honlT near optlca umis

1O, ot B g B AR U kil g an o ssion of (1
20 When the detector for detecting the arrival of the photon
generates a so-called "dark count pulse,” that is, when the detector
outputs pulses due to noises, etc. even when it does not detect the
photon, it outputs non-existent light pulse in v;rhich no emission photon
exists and provided poor efficiency.
25 The present invention has been made to solve these problems,

and it is an object of the present invention to generate only one photon in

one pulse.



di fference shorter than a gate opening or closingitinme are equipped. In
addition, an optical fiber for allow ng the signal photon caused of the
photon pair to reach the gate :device for controlling the em ssion qf tklg
photon i s equipped. 20 In the present invention, an incidence of thd /i kR0
photon is detected by a photon detectoy and the gate device is opened or
closed for controlling the em ssion of the signal photon for the nunber of
times | ess than the specific nunber of tines within the predeterm ned tine

| defined by.fhe clock fromthe, clegc enerator. .25 I n. addition,, the

i nci dence of 11{1e1§ dlagplﬂﬂﬂlbt g’]rl?JF%t dgfegpgd ngnﬁhdpgﬁnaleqrbcllsr TeggCs gate
devi ce i geapeMIBnos f @lodsedidtent dtm phiseddbbe cedhsleicynmf gﬁlsgenalf thlgot on
only for the first. signal fromthe photon I 2 7 MAR 2002 - 5 detector

within t A8t§Rtdet ermined time defined by the clock fromthe clock

generator. i : i+t 40 i i : i i.ghtipsour ce
is allowed tokgtlaés;hyéid enthegggbgégﬁ%?glﬁé ﬁ%e%?%kgﬁﬁggﬁ%%ﬂﬁg)}ht%he 5
nonl i neaphoponcdl a spdcufiictthetingorrel ate with the generation tinme is used as
an idler photon and a signal photon. In addition, in installing the

nonl i near optical nmediumon which the punping light is incident, the angle

made by the punping |ight isal i e nonlinear optical
SRS lor nVEN Sholl

mediumis set to an | tuning curves come in contact with
a straight |iAesihglte phodonegenedsing @pppedusi acmijhg tavbleepgedent. | n

addition, in installing the nanljnear .optical di um on which the in
light | SIPYEREER CORMITasR % MERAOTHPAIReS SHHGA HGTI BGRETARE ReDBH: dal axi s

of the nﬁHblé‘ﬁ@cQﬁ&is‘iﬁ{V% medi YmsisnSEtpAGtAD divdangl §ai&r Wih61bit Ui 419
curves cone in contact th two strai g%t l'ines that correspond to two
speci fi ccoeneghtmarith a gewierating tandi,ta grhotohe detepiargfor ghetectingl howed to

be incident. to the e i di ng channel t.ype nonlinear optical dium In
addi t 1 onthGiRERSEmAIng B dlen PhoTthndy 6%k Sehaalat & 818 AF Pstudo
phase nag6&htredldy Per g@ﬂbwﬁﬁF 3R §1331 3] f&%?é@aﬂ'ﬂg aegbﬁéu%i@é foir ARl
photons is controlled by a plurality of shutters tThat open or close in a
shorter numdbei fafertemes tdpssh then opesperiftt osumbere off timesshwiithénsa | n

R
of opticapehsband cldsésMABsgOAge - t6 theBRlifHra DESGhPThON £XteDRISANES
controller.

It also comprises a photon pair source for generating a pair of

" photons consisting of a signal photon and an idler photon that
correlate with a generating time, a photon detector for detecting the
incidence of the idler photon, a clock generator, a gate device
controller for generating the signal for operatiﬁg the gate device only
against a first signal from the photon detector within a predetermined
time defined by the clock, and a gate device that opens and closes in
response to the signal from the gate device controller.

For the photon pair source, a pumping light source and a
nonlinear optical medium on which the pumpixgg light is incident are
provided. |

For the nonlinear optical medium on which a pumping light is
incident, a nonlinear optical crystal is provided, in which the angle

made by the pumping light and an optical axis of the nonlinear optical



Fig. 1 is a general arrangenent draw ng of one enbodi nent according to the
present invention; Fig. 2 is a general arrangenent draw ng of one 27 MAR 2007
enbodi ment of 5 the present invention; Fig. 3 is a drawi ng show ng t'he
relati onship between the wave | ength and em ssion angl e of photons
generated in the nonlinear optical mediuar -Fig. 4 is a schematic draw ng
for explaining the operation of 10 one enbodi nent of the invention; Fig. 5
is a schematic drawing for explaining the operati on of one enbodi nent of

t he i nvent imadivrngis geti to thgengleat avhishgbneing dumdsngomie imeorptdtdwitdnt  of
the invention; 15 Fig. 7 is an arrangenent drawi ng 4f a gate device used in
one enbodi reestragght liaei thadtredroespéinds te a spaciichsimgle walredemngth for

expl ai ni ng operation of the gate device used in one enbodi nent of the

i nvention; and Fig. For the mymimedr aptiealeneditimrawiwiyichf a guemgiagdightof 20
conventional techniques. BEST MODE FOR CARRYI NG QUT ' THE | NVENTI ON i

Enbodi nment ig iBiciderit,i s reonjémean bpiicad mggstaltisdprovwidgdofinowhicnithdi angle of
25 the invention. In Fig. 1, nuneral 1 denotes a photon pair source that
gener at 8s anpfetlyn thaipumiping dightehnd chei opticakagisnef thé monlimemr optieahl 2
denotes a photon detector for detecting the idler photon 5 nuneral 3 2 7
MAR 1002 deadium i sttf teppnangle at mhich fusring ¢Weresncomei imycohtact witdd

pul se generated fromthe photon detector, nunmerals 8 a gate device

control | er twasetnaight lioesdbat rasirrespenddodaae sgedificewavelengthpansadi b. t he
signal fromthe differentiation circuit 3 and the control clock fromthe

cl ock generator 7. HrFiagditioshofer & dwndinear apti¢ajumediommobnt wehishe sent
enbodi nent. In this enbodi nent, an optical pulse that contains only single
phot on i s giingisgtlightysriacident, & waveguding chaging) type monlinesskoptical
(Description on photon pair generator) to In Fig.. 2, nuneral 9 is a |ight
sour cel8f posgiwa is EmVISliGdfor punpi ng the nonlinear optical nmedium11. In
t he nonlinear optical nedium9, the idler, photon'5 and the signal_ photon 6
that have wavel engt hFarthergeis, efarha nepdinesgt apticabrmedipim @1 ighicks a ar e
generated by down conversion. .In this en(Podi ment, argon | aser that

pumping light i1s incident, pseudo-phase matching type nonlinear
optical medium is provided.
In addition, as a gate device for controlling an emission of the

15 signal photon, a plurality of shutters for clo[sing or opening in a time
difference shorter than a gate opening or closing time are equipped.

In addition, an optical fiber for allowing the signal photon
! caused of the photon pair to reach the gate device for controlling the
emission of the photon is equipped. '

20 In the present invention, an incide’:nce of the idler photon is
detected by a photon detector and the gate device is opened or closed for
controlling the emission of the signal photon;[ for the number of times
less than the specific number of times withih the predetermined time
defined’ by the clock from the clock generator.l

25 In addition, the incidence of the idler photon is detected by a

photon detector, and a gate device is opened or closed for controlling the

emission of signal photon only for the ﬁrstf signal from the photon



15 has 351.1 nmwavel ength is used for the punpi ﬁg i ght source 7. In this
event, the idler photon 5 and the signal photon are generated as a pair,
the sum of whose energies generated is equivalent to the energy of 2tJhéAR 2002
photon of 351.1 nm wavel ength, that is, a photon of 702.2 nm wavel engt h,
respectively. 20 As described in detaid §n-the Japanese Patent Application
No. 353078/ 1997 "Photon Beam Generator," setting the optical axis of the
nonlinear optical nmediumto a specific angle with respect to the punping

| i ght enabldetettor witlen phetmprdstandirstdyianephefined byt ahbeclpekefratnedthon a i
formof beamas well as in a high efficiency. Fig. 2 shows a tuning curve
25 when t heclogkigealerators of ~-Bari um Boron-Oxi de (BBO crystal is set to
the angle of 50.4 with respect to the punping light. In Fig. 2, the

wavel ength of the pHot addiéore; tdiepunspingkkghtfrombshe gnamaidgtlight s@arcdVAR
2002 emssion direction of the photon with respect o the incident
direction aé dltmwvedtpimg ihciglentiand akphoten quair vehieh dse geasrated by thegur e,
two tuning curves conme in contact with a straight line that corresponds to
the 70252 monbknedroptical hirstium lthat conmilateoowjthatly®geRerahidn wamelis ngicad
fluorescent pairs are emtted in a formof beamin directions of plus 3 and
m nus 3, respantidlet phoByn asichg gighal photonf nonli near optical medium
photon pairs are generated efficiently with respect to the incident power
of the punping |ightln addlitiena inetustallimgethe nondinegireopticabmedigenemat ed
at an equivalent rate, it is possible to suppress the 1o power consunption
of the equiwhinit the putnpingelight isHacidint, theoaogle madeédousbd pynapingns
15, and converged into the photon nunber detector 2 through the filter 17

t hat sel ectlightl gsndetiet pptisal taws wfothe nohlinearvepiacahmediulg isDesicta pm on
on Photon Detector) In this enbodi nent, as a photlon detector 2, SPCM AQ
comer dPal |1angledin wihiehftongERwyeECevmBens cavbact Withs aphtnadght lisxeethat has
an aval anche phot o-di ode (APD) :driven in_the_ Cei'ger node of active

quenchi ng BOTIE$PRAEGS te GeSPEFiiicesingta Wavakengtiugdes t he 20 breakdown state
in which when a vol tage exceeding, a specified voltage (breakdown, voltage)
is applied, incidend® edditipp, énsirh‘t:ﬂaihl@ﬂo‘tl'kﬁ'n nexlinear: pptical anggivgnot} er

i nduced by the _incidence to he accel erated by the_applied voltage and
repeats t heVpicdeéhs pempipgclighhds gnsitent thepngls, dhads| by thegprmping

condition, it is unable to detect e incidence of, 25 the next photon.
Quenchi ng light,apdyihe pﬁél%gpw@cpftv@rq gg@l{r@%&#ﬂmleals TWRAS $eto an
O AR SRR RS P oot o Wt o
o the. vol (aEegat S bt FoRC IR G s iRt Red AlB Pact s, while Tt is calied
actively. Tnthe spch SeRi s bBrrnEEriehhif Bbkelllo BT Ruthe
’ wave guiding channel type nonlinear optical medium.

In addition, the pumping light is allL)wed to be incident to the

20 pseudo phase matching type nonlinear optical medium.

The emission of signal photons is controlled by a plurality of
shutters that open or close in a shorter time difference than the open or
close time of the shutters.

In addition, the signal photon cau?sed of the photon pair is

25 allowed to reach the gate device that controls the emission of the photon

by the use of optical fiber.



5 tinme to enable the detector to detect the next photon after the previous
phot on i ncidence is about 100 ns and the output pulse width is about 9 ns.
Needl ess to say, a passive quenching photon detector nay be used. 77 MAR 2002
(Description on the Control Method) io Referring nowto Fig. 4, description
wi | |- be made on the operations of the difgderential circuit 3, clock
generator 7, and the gate device controller section 8 for controlling the
gate device 4 when the idler photon 5 is i nci dent! on the phot on det ector 2.
In Fig. 4, nuneral 18 is BRIERDPBSCRIPFIOPLUOFRDRAWINGS cl ock generat or,
nuneral 19 is a graph | 15 show ng the incident t\i me of the idler photon 5
on the photon detect dlig2] isuamgealerad arsamgegmeph driasvinggofaonaspabbdimeiite
signal pul ses outputted fromthe detector 2, nuneral 21 is a graph show ng
t he out put acgoedinfy tnthé@rdsédeimmrnitadbngci rcuit, and nuneral 22 is a graph
showi ng output signals, etc. fromthe gate device controller section. 20 In
the present enbodi nelig. Ans apparmriad arfangamept draming of iogleterpbbgémicmatof
contains only one photon during the predetermned time 'c fromthe rise-up
of the i ockhegrssenhimwendioh; nuneral 18, and for not outputting photons
during the period other thin that has been achieved. The idler photon 5
shoul d be so set to figv8dsaximwingskowing Bte htlghiomstiiptidtiseg notheowiang
generated during the time ~c. That is, |let N denote the average nunber of

i dl er phot olsngtimendteadissionsmgladf phetond genernededrin3hshnohlibeas eptical
satisfy N> 1 /'c. The tine i serves as an 27 MMRIUUJ2 - io | index of

t he peri odi onediugh; phot on output, and in order to increase the |
periodicity, 'c should be set to be small and ~ N should be set to |arge
accordingly. As the iKige# ishatschemaiiasirasringdor exmaining the operationof
numeral 19, a signal pulse series as_seen in; numeral 20 is outputted from
t he detktt opng. embodinent| of thef inveatiit on i nci dence takes place at the
time 23, the pulse 25 is outputted fromthe det ect or 2.in conformty with
this, but for the phdtignSiisca sehematic drawingdoy sxplainingsthe opartionef s
generated if it is within the dead tinme of the detector. The pulse 10 25
gener at ed | ShegHRbedimenys ¢f e MMeHi9R) signal 1ike nuneral 26 by the
differentiation circuyjt. For the signal to ~ trjgger the gate_ deyice
control l er section, tHE- Bd8FEEHHN rﬁ%ng?ré‘ﬁpttldé%g‘ﬂﬁg o R dipgn s
directly usgﬁl, .but using this kind of differential signal 26 as a trigger,
it is possi IR¥eRYBPress the fluctuation of the photon detection tine due

15 to the fluctuation,of the f f signal pulse 25 In the gate, devi
control 1or sect i on 81i& EdRELATATFRIACDY draPIBRfiagRiT e pip ity FLEnE

onl'y for a ghart 0% 58 che sdARKALST 1 n response
Fig. 8 is a schematic drawing for explaining operation of the
/ gate device used in one embodiment of the invention; and

Fig. 9 is a general arrangement élrawing of one example of

20 conventional techniques.

BEST MODE FOR CARRYING OUT ['THE INVENTION

Embodiment 1 ’

Fig. 1 is a general arrangement drawing of one embodiment of
25 the invention. In Fig. 1, numeral 1 denotes a photon pair source that

generates a photon pair that correlate with the generation time, numeral

I

2 denotes a photon detector for detecting the idler photon 5, numeral 3

|



to the trigger of the first differential signal £6 after the rise-up of the
cl ock pul se 18. The penetration tine at the ate device 4 of the sigpadlMARG?
photon 6 corresponding to the idler photon ~ 5 is shown with bars of dotted
lines and solid lines in the graph 22. ~ Because the signal pulse by the
idler photon 5 delays by the signal processing tine of the | electronic
circuit, the signal photon is delayed by the sane tine wwth a del ay neans,
but Fig. 4 describes the control nethod without showing 25 this. In the

gat e devi celehotiele i difidrephitiorcigaiit s fabl differepdiadingit ¢he buigtyl spatdeeni ng
the opening tinme b of the gate device, it is possible to | suppress the

eni ssi on ofgarterated demui the photeh detettor, 2oumetabBhagate Aeridd\Bo®tRAler 11
signal photons in the clock. In the next clock, the signal photon 30 is

em tted in seeticsi forl cntrelieg th@gate devical4 thoesportsd ® fhoe sipedh] fiyornhithd ens
15 and is converged to the optical fiber 12 while being allowed to pass the
filter 5 thiiffesehtatioretiycpin®anat twe coptnphclark ffomahel cdogk lgeReratdyurer al
14 is | a fine alignnent device for allowi ng the signal photon 6 to

ef ficieBtly incidentFign thesbpwiscal febailed 2 comfiguratignh af the ppeseaat
fiber 12 is set in such a manner as ' required by the tinme necessary for

si gnal pr ocesbodimaantdein thieembodihent, ag apti¢algpubsesthathavntdiaspbmntyon i s
transxxiitted to the gate device 4. The fine adjustnent of the tinme is
enabl ed by sitglephotontis afcigniilyngeneratodtatcalspecties tin2ing irbyhe ledock gnal
delay unit equipped to the gate device controller section 8 etc. By the
above configuration, there achieved is a single photon 15 source that
outputs a light pulse that contains only one photon during a predeterm ned
tinme 'c frdResgeiptice omppbptompadt gerepatosk and t hat does not output any
photon during the tinme_other than the above. a Now, it is extrenely useful
to outplt the clock ki Giel 2,18useerad 9 i &ilightasouremal ppanpingbight dfd fort
signal 27, or differentiation 20 sjgnal 26 to the outside. The clock signal
1~8 i s abl @ympinguthe nenlinean eaticed rmediarp| ] §.ngin Khet Bealineast eptieal t he
guant um crypt ographi ¢ conmuni cation system O it is also possible to

provi de t henefyam $hnihat stercphotan D pyndnthe | sigrad uphrtay; 61 thad thave
outside or to synchronize. 25 The photon recgiyer in the, quaptum

crypt ogr apHVRVElSRELRI at i éﬁugﬁtﬁ}ﬁ Wegplength Poci PEPRINE < ight) 8pndtcon

date o geneated oy oWt SOMETRN o RIS CIRAIIGH QAP IASTSEABY t he
sional pul Se 2%y Al erentl sl on, LRk the SubdSnB FRST S0 SRR Y-
this event, the idler photon 5 and the signal photon 6 are generated as a
pair, the sum of whose energies generated is equivalent to the energy of
) the photon of 351.1 nm wavelength, that is, a photon of 702.2 nm
wavelength, respectively. |
20 As described in detail in the Japanese Patent Application No.
353078/1997 "Photon Beam Generator," setting the optical axis of the
nonlinear optical medium to a specific angle with respect to the pumping
light enables the idler photon 5 and signal ph?ton 6 to be generated in a
form of beam as well as in a high efficiency. F1g 2 shows a tuning curve
25 when the optical axis of f-Barium-Boron-Oxide (BBO) crystal is set to
the angle of 50.4° with respect to the pumping light. In Fig. 2, the

wavelength of the photon generated is taken as abscissa and the
|

[



rise-up of the clock was penetrated, but if a prtlset counter that is set by
5 a clock 18 and is reset when the output pul se reaches the presetzr}wn@% I
Nis used, it is possible to output N pieces of photon in a clock. ®l W
event, it is possible to generate the state in which N photons are
contained in a predetermined tinme. In theg present enbodi ment, continuous
oscillation beam (CWio beam) is used for the punping light 10, but pul se
beam nay be used as i a punping light. In addition, it is also possible to
generat e t hendigbioh @irettbn ofathe phetsnh erith rebpéertdti®irecigbhi ¢lifstition by
installing a mrror for reflecting the punping |light before and after the
nonl i near ohé Eﬂkmﬁﬁﬂguﬁgﬂﬁ isnthleaanfdgwrdivate. CaNs tseenl In EOdigmry, &vdn
Enbodi ment 1, APD of active quenching control was used as a detector 2, but
it is also pesiidbarves appe inadraget withaa ptedghelifia efat cBerdspods o Of
constantly applying voltage exceeding the 20 breakdown vol tage to APD.
Referring neve t 70B.9. rim twavelkmigthl coUdderonhed esoalitt@se hs TE3Y-nhed.
In Fig. 5 nuneral 31 is a graph show ng changes of voltage applied to APD
with tine, waveledgtBflaotssyehtshuing dgetdigitted ivila forhs of beamh Arldir&dttons
nuneral 33 a graph showing differentiation signals outputted fromthe

di fferenti adf phusiz°cand Mnds 3°) respectivelyt By asineshid keddidf hdglineati on
about the active quenching, when the voltage higher that the breakdown

vol tage is opficdl MAGIR(A? photod pafiidl aesl denefiied AHITIBASIYt Weth REsPetEto

mul tiplication to incidence of one photon, and the output of APD enters the
sat urat ed btleaktcidens paiver dfthapupipisgyiligletizatd aent redule, whlehage: sipiglé ed
to APD is controlled in conformity with the clock 18. 5 For the period from
cl ock ri se-photen ab@eneratel atan sqaivdlanhuats,dt 8 Hossitsleappsuppross thge i s
brought to~ the condition higher than the breakdown voltage (34). During

t hi s perd odpowersoarsian paiophof tne £quiiprictdtio, a AB lemeker s t he br eakdown
condition, the output is saturated, and the condition persists until the
appl i ed vol t age becoffbe idbewephotam 516 fobeséd dykalbems 16| andecorSmrgediand | vy,
from APD, the output pulse Iike nuneral 35 is obtained. Wth the rise-up of
t he diff er ethé¢ mphotors imuabezcdetdntona ethtevighe thenfitter| 27 thwatt isete@ivedy
triggered and the single photon is able to be cut out. When APD of active
quenchi ng cpenewiates tgg@hoﬁom pE2¥iwavelangtho 15 shorten the dead tine or
pul se I ength because of the limtation by the circuit used for quenching,
and it has been difficult to make the 1-clock tinme shorter than the dead
time or pulse length of the detector, but this nmethod has nmade it possible
to achi¥ve PesmipdpnendhatppeDetasteRhodi nent 3 I n Enbodi ment 1, the

wavel ength of signal |ight genergted was 702.2 nm byt needl ess to say
this wavel ength is a!)‘l‘e%%’ﬁ ﬁFgBaHPFthr?asng%dp]B?t%l etecher a2s S RaM-4Q

PUTPLNG ~ LGN SOuEoe ol a1EhiE o R0 bRIRE MBRG alP UMY P RS 1

is natural | §°

’ detector has an avalanche photo-diode (APD) driven in the Geiger mode

of active quenching as a photo-receiving element. APD causes the
20 breakdown state in which when a voltage exceeding a specified voltage
(breakdown voltage) is applied, incidence of only a single photon causes
the internal carrier induced by the incidence to be accelerated by the
applied voltage and repeats the process fq[>r exciting other carriers
endlessly. Under this condition, it is unable to detect the incidence of
25 the next photon. Quenching is to lower the applied voltage to APD to

lower than the breakdown voltage, to end the breakdown state, and to

enable the detection of the incidence of the next photon. It is called



l

25 generate wavelengths in the vicinity of 1550 nm 1310 nm and 800 nm
whi ch are generally adopted to conmunication using optical fiber. The
met hod for generating a photon pair shown in - 1 4 Enbodi nent 12(7FMQ1R. 2002
3) is a nethod suited to Obtain a photon pair beamw th equal wavel engt hs
and-smal | angul ar dispersion, but it is gossible to obtain a photon pair
with different wavel engths by changing the optical axis direction of the
BBO crystal for other object of use. In such 5 event, the two tuning curves
as shown i np&$sive 3qaenehirg consaeiplM infsedt rpuive |dlegferitiasueRr A§SHORE] t O
di fferent wavel engths, respectively. In such event as well, the photons are
t aken out %es@@t@@@é%%ﬁ@hub?ﬁy?@ﬂﬁaﬁ & yesvide slienveffebtdiwhild iEQTe in
a

contact with the straight I|Tnes correspond to the respective

vavel engt hscalfed active @nichdiing tbiseatidrhplifiep/€ico 66 chbit oGeBEEAl donypand
in a formof cone are converged into one beam and the photon beam w th high

di stributi ogctieelyi t Ini theaBPCNOAQs thlet dead dimeosf thoaletefhadiviBh SisOfhd he
invention, there is a device for generating a 532-nm punping |ight 8 using

an up- cgnvetifieto easdile ¢headdtectants detkutt Ole A¥RE PhbtIAKES Bhe Fre@idUHIPI NY
i ght source 7 in Fig. 2, and generating a 1310- n]m photon as a Signal

photon 6 anphatdi?ncidepletiemmmtan00dHeandhdieosutpul pussicwidtted abbutide
nmet hod described in detail in the Japanese Patent Application No. 353078/

1997 " Phot onis BeN@eGisiy &3 94y, a pagsirgdaenslingdphbben cetecalr ravyoeotistle
nonlinear i 20 optical nmediumis set to such an angle that the tuning curve
cones in contact at 1310 nmand 896 nm respectively, in order to inprove
t he photon pair generating efficiency. In addition, by setting the

wavel engt h ({[Jeddriptioth em pheGontirol Methad)i nfrared area cl ose to the

wavel ength of visible Iight, the nunber of photons is able to be detected
25 wi t hohi gh quant unRefdrirmgmaywoto tRig. photescriphioer with det enade Mit thd hi s
kind of configuration, it is able to generate photons in the vicinity of
1310 nm wi téperatimmis of thesdiffesential aiscuitt 3,heloght geatrator 1, @nd tWeRgA002 -
15 fiber wwthin a specific tinme ~c in such a manner as to prevent two
photons i fdexicecontioliemseatiny 8 for candrolling the gatetdevipe dswhenaisoidileent |
it becones possible to efficiently generate the photon pair by setting the
crystal angpletars Sdissincident apoihe phatpn deee s Pigoksnuineenad 158 is

mai ntain the high detection efficiency of the ~ nunber of idler photons,
and as a resglack prdspentputieskirep thh cdock gﬁ@eﬁﬁﬂrcgumeﬁlwma@aph

r educedl.s showing the incident time of the idler photon 5 on the photon detector 2,
numeral 20 is a graph showing an aspect of the signal pulses outputted
from the detector 2, numeral 21 is a graph showing the output signal
from the differential circuit, and numeral 22 is a graph showing output
signals, etc. from the gate device controller section.

20 In the present embodiment, an operation for outputting a
light pulse that contains only one photon during the predetermined time
T from the rise-up of the clock pulse shown with numeral 18, and for not
outputting photons during the period other thén that has been achieved.

The idler photon 5 should be so sLt to provide a sufficiently

25 high probability of being generated during the time t. That is, let N

denote the average number of idler photons generated per second, the

idler photon 5 shall be set to satisfy N>1/t. The time T serves as an

|



Enbodi nrent 4 1o Fig. 6 shows anot her enbodi nent OL t he present invention.
In this enmbodi nent, nuneral 9 is a punping |ight |source for punpingzymﬂszz
gui de-wave channel type nonlinear optical substance 38, nuneral 37 an
optical fiber for guiding the punping Eight, nuneral 39 a wavegui de channel
type nonlinear medium nuneral 39 a waver guide 15 channel type filter for
discrimnating the fluorescent pair and punping |light generated fromthe
wave- gui de channel type nonlinear optical nedium 38, nuneral 40 an eni ssion
port of punpidik bf ght, p@nedieEEBAIpHotdA GUNRYE Wl da RETE 'ﬁ&%rgg'{ &r

for dividing the fluorescent pair into two branchps. 20 In thi's enmpodi nent,
t he paranetpédollidiey,epatiuldabe é& e8NR ahedl idhd he maggbdfetct@ﬁaﬁée type
nonl i near optical nmedium 38. The fluorescent pair' has vertical and

hori zontal pederdiagh.|ights, i respectively, and in the wave-guide type
filter 41 that operates as a polarizing beamsplitter, that wth one of the
pol ari zed |ight pairAsStRE idlensphétord ik oiridi@eRboAORdeuhahedgkeston & end
another to the optical fiber 12. By this kind of configuration, it becones

possi bl & t ondeversil Ze, a siE_ﬂaaﬁ pulbe sieidsas Sdth dRthGAleral DS Ruthbtithd
| onger required. In this kind of enbodinent, as_tpe onlinear optical

medi um  a Weyen thé dRteERRPR!  FyPexaripleEahePHOOM inlidene 38kES piscdat AS
descri bed by "two photon correl ati on phenonenon by optical wave-gui de 5

channel typgheinhé RSrtheypglsel mgbhtpu&téaeﬁobu thenddectir 2lin dohfBaafitd41,
t he second separate volune, No. 2, Volume 53 of the Proceedings of the

Japanese Sogitéf yhiyf, Hhy$o£thel phbben seidendehasethentiche iy trget \Wdes, G de
channel nonlinear nmedium a nonlinearity that can satisfy a conditions in

whi ch the ppulsenis gergrated éfitasdvithia tHodead tiasefahedidtecesre gm@P@ﬂ@@I in
paral l el can be obtained by pseudo phase matching. Wth this, wavel engths
of punmiong 25 genezated)éneoavertedhiat ardiffeecatiab signaidike nalrhyral @6 &y tKE
course, in this enbodinment, a pulse |ight source and a CWIight source can
be used as differpntiaitivm | cigbtiitsourfer theBysignal atd i iniggesr nthrer ratewidestice
reflects the punping light at the front and the rear of the gui de-wave
channel typmmuwpllensactiopt, itbelosiphet pnlse 23 feomd thenphoton mgtedwramaytlye it
is possible to produce an idler photon and a signal photon nore

ef f ecti vel ydireotlgmssdl, et uSirkg thisckirxh of effexaritiali signial @6 aba tniggen,iion,
Fig. 7 shows a case in which two shutters are equipped to the gate device 4
of Fig. 2. isrpesgiblerto supnrass thedineuntiom of thehotarbdetéationiéimypidige t he
signal i photon in the reaching tine tq the gate device, nunerals 43, 45
denot e 185 dicethe Hugpuption ehthe form pfeyignal ppse25.46 denote pol ari zi ng

pl ates, nuneral 47 denotes a NOT gate, nuperal 48 denotes a_del ay device,
and nuneral 8 denot el 4he &ste dlavice contraller ssetinn 8p@) eRntohgignaki2€ fan and

opening the gate device 4 only for a short time j6 is generated in response
to the trigger of the first differential signal 26 after the rise-up of the
clock pulse 18. The penetration time at the gate device 4 of the signal
20 photon 6 corresponding to the idler photon:5 is shown with bars of
dotted lines and solid lines in the graph 22. EBecause the signal pulse
by the idler photon 5 delays by the signa%l processing time of the
electronic circuit, the signal photon is delayeé;i by the same time with a
delay means, but Fig. 4 describes the control method without showing
25 this. In the gate device 4, the signal photon 28 is able to penetrate, but
by shortening the opening time 8 of the gate device, it is possible to

|
suppress the emission of the succeeding signal photon 29 and other

|



- 17 46 are set in such a manner that they hav% t he maxi mum transparency
for the polarization of the light that has passed the polarizing pl 'LflAﬁl%UOZ
and do not transmt the |ight which has polarization crossing at rizg
angles to said light. In addition, the electro-optic elements 43, 45 5
rotate the polarization 90 when the |ogijcjof. the control signal given is 1
and does not rotate the polarization when the logic is 0. It is possible to
configure the shutter by a pair of polarizing plates and an el ectro-optic

el enent t hagighal ohkeinpthé@klocit.i dn slaedwxehsddcRetheipridlepRatdn s 1N
the present enbodi nent, the polarizing plate 44 is used in conmmon by 10 the

two shutt ergmittbd igaftr geMilae magherably hol ds the gate open condition only
while the photon is present, and is closed during other periods.

El ectro-optical el eneRis ggnal aphytdiaVe i ffastised eBPORsE len®® 1y DAY UiE-
However, with a single electro-optic elenent, the gate tine was unable to

15 be set teprivergedn® tkéopthedl fibet 19pediild BRily dliitRvéEREtpdds ehE SBRENSE
time of the electro-optic elenment. The present enbodi nent has achi eved the

gat e oper attilait sdlectieslyt perietrbtey tpephidtua sfewaoeieagth mo.. of Nhheershul4 &g by
installing two shutters. Referring nowto Fig. 8,/ operatidn of the gate

circuit is Rdimesdidhment|devitg foB alldwing shel sighall phvtebs6ei & affidfentlyf aph
at the top indicates the probability in ich the desired photon nunber

st at e reachggidént oattheopptiahl fiepdd.i on, G aph A the signal at point A of
Fig. 7, and G aph B the state of signal at point B of Fib. 7 in the simlar

manner. Denotation AThe)lehgtlk @ithadcspdcalfibbe 1Y set irsisgiohl airhadiferfa®m
the 25 controller. The el ectro-optical elenment 45 transmts the photon when

the | ogi c Oréguieed ebgpdtlandtinie eteesishey pfort aignblk priokessiog asl desceibeat ed |
in conbinations with polarized beamrotators 44, 46. | Z 7 MAR 2002 - 1%
The el aot r cred@tring ebdiign®é €3 thatthe phdtontisetraasminyd totlceghte dievices4w t h
pol arizers 42, 44. As in the state at tine TO of graph A of Fig. 8, the
control si dhhe finoadjustncent obthetinme isisnabled bytadjusting the leysstdy, of thee gat e
device 5 does not transmt the photon by the electro-optical element 45. In
t hi s event ,opticahfibet d& oo-kypthedignhkbdetay 131t |eggiippedito Bt gatel deyiche
NOT gate 47, and photon is allowed to be transmtted. The controller 8
changes t hecenfrpller Isegtionf8oatct to 0 so that the el ectro-optic el enent 45

opens at the time Tl right before the tine o . .
By the above configuration, there gchieved is a single photon

15 source that outputs a light pulse that containé only one photon during a
predetermined time t from the rise-up of the clock pulse and that does
not output any photon during the time other than the above.

Now, it is extremely useful to output the clock signal 18
shown in Fig. 4, signal pulse 25, control siénal 27, or differentiation

20 signal 26 to the outside. The clock signal 18 is able to be used as a
signal for controlling the total system of the quantum cryptographic
communication system. Or it is also possible to provide the clock

generator section 7 by the clock supplied from the outside or to

l
synchronize.
25 The photon receiver in the quantum cryptographic
communication system is able to receive the: signal photon separating

from other noise signals by shortening the .opening time of the gate
i



| 0 when the photon is expected to reach the gate loperating section. In this
event, by the operation of the delay unit 48, the el ectro-optical eg?mt 0
43 is kept to logic 0. In such event, the photon is ready to penetr i?gz
gate device. This state continues for the time set by the delay unit. After
the delay, at T2, the logic to the electrg-aptic elenent flips to 1 and 15
the photon is unable to penetrate the shutter~configured by the electro
optic element 43. At tine T3, the control signal 'again changes fromO to 1,
causi ng t hedevieet ba- dhei ceetiearnsidés biyo theange of thossignal apalsea b abr '

T4, it returns to initial state. By the above-nentioned configuration, it

i s possi bl edifferept¢imtitth stgnald® device only for an extrenely short tine,
rendering itself capable for selectively emtting the required photons
only. In the presentlerthedpresent elbatimdre thes fieonphatogdoRly e Uase of
el ectro-optical elenents, but needless to say, it is possibleto i use

ot her shut tess-upof theaiptle was penétrahbtd) bghif & piresét countadthatis!detdRy
faster shutter operation is able to be achieved. Wien an acousto opti cal

el ement 5i s aisbotk 38snd ierededsvken tthamutheitiryietirthohes pheshreseehlenber be
formed inexpensively. It is also possible to use ja nechanical 2 7 MAR
2002 - 1 9 Ndbuidest, it Bipossibdé ¢o putpon Ny phereat dfgheppaimbudock| atgdych t he
first configuration of the present invention is able to generate photons of
a nunber | oowmritpgitais possible nonpenemdtehthe astatediet evhigledNt phetehs eare 5
clock pulse is built up, because it conprises' a photon pair source for
gener at i ng ecomtainedfinph predeteromimeidstinie.a si gnal photon and an idl er photon
that correlate in the generation tinme, a photon detector for detecting the
i nci dence of the idlbr thepresentembadingerte cahtinueugaseilldeicrcbeann{CW | er
section for generating signals for opening or closing a 10 gate device,only
by t he 10r eqoeamy i swwedi fog thisepypipingi lighttu k0 e busfpulsedamthay hdased as
predeterm ned tine defined by the clock, and a gate device for operating or
cl osi ng i n & aypopingtlighte Isi gdditionont ihalgatpossdhiecto gemeratd ¢hesielier on.
The single photon generating apparatus related to the second 15

conf i gur at i PAoEM Phang theesignah phatpord imortheficientjyrieyr instadlihg soneirptot on
within a predetermned tinme after a;, clock pulse is built up, because it
conpri ses dophsilasting the piewing,lightdelorengng pher thre prodimearcopticaki ng
a signal photon and_an idler, photon that correlate in the generation tine,
a phot on dePesiym 44 and copfigiying&@ FavtBence of the 20 idler photon, a

cl ock generator, a gate device controller section for generating signals
for op Ai ng or closing a gate device only in response to a first signal

fromthe photqon detector within the predeterm ned tine defined by the
cl ock, andqg"gaﬁcgnbee‘%ge for operating and closing in response to the

suanel Trom e 5at o BRARRIAL oL TSR PPl PR S
'S’B\égm : gnn{?';sogg | ?Fttgﬂ:?)%f '&%%%L%ﬁ g?qneélastoe ﬁg]s%tigﬂesf t%f éﬁp&lfrnbv%rltellgoemfoirnga a
predetermined time in place of constantly appl%ring voltage exceeding the
20 breakdown voltage to APD. Referring now to Fig. 5, the control
condition of such case is described. In Fig. 5, numeral 31 is a graph
showing changes of voltage applied to APD with time, numeral 32 a
graph showing the signal pulse from APD, émd numeral 33 a graph
showing differentiation signals outputted from[ the differentiation circuit
25 3.

In Embodiment 1, as described in the section about the

: : |
active quenching, when the voltage higher than the breakdown voltage is



|

2 7 MAR 2002 - 20 wthin a predetermned tine after the clock pulse is
built up, because it is equipped with, as a pho&ﬁn pair source, a f ﬁﬂkQ@Z
| i ght source and a nonlinear optical medi um on ich the punping | g i
incident, in either the first or the second configuration. 5 The single
photon generating apparatus related to 4 fourth configuration of the
present invention is ably to efficiently generate a photon pair of a

speci fic single wavel ength because, as a nonlinear optical medi um on which

e T
axis of tggam!aﬂ %ﬁ& t‘i’fét?ﬁ?éluf of A éx]§te?§tt Osé&x%{’cghebfé(}lsk’é{ﬂaﬁﬁ SEARLNg

curves Cco in cdontact w stral ght I ne that  correspon a specl fic

| th e i . . . . .

appar ot s 10 SEPrREefERfbaidt tid Mg iR S PITIR CEIERARLTS, |

abl e to effigi@p ii‘y g‘gﬂ?rtﬁg%lg,fﬂﬁsohoton pair of two specific wavel engths
a

because, as a nonlinear optic medi um on whi ch the punping |ight inpinges,

a noni i gear optical gpyshelpdrio@ B APEbek ke ) 48 dlifuAhshe BYRCBA pren

the punping light ! and t optical axis of t nonl'i near optical crystal

is set to i I L cﬁ%ﬁ' PR rai ght
| i nes that oﬂg%ra?és%o%s%hwm@% i;é?l?:r wave %&nglgﬁnggE%%~l ﬁh)téﬁeélt r{arg
configurati i.ogl e L ; t | xth
confi gur at itglrrair %gé%%&gge@ént | @\}ggt ?%L?\ﬁ?lgqg%?%% ? i(;)ﬁdé%sl %géc)aﬁaﬁg?’rmé- s:flz%J [

singl e phmi%i@@:‘i‘ﬁrﬁl"b%@&‘?"ch@tb&%éﬁlﬁ}wﬂicﬁ)@(ﬁiﬂbnﬁ%ﬁg zﬁ%\ﬁn.?cﬁfesi urated, g

al i gnnent because, as a nonlinear optica~ um on whi punpi h

light is i%&&%ﬂb%ﬁ er Bt SROuehantel aphyhed %g!ﬁgae@éc&%gqa{nmaw is

equi pped, in thet contiguration. The single, on generating

appar atigs releabeshikgowAoltadze! h@&aa@&aenﬂy,lfmsﬁmptmaﬁjt?getléﬁﬁl@e 10fe the

present invention is able to generate a photon pair 1n para to the

punpi ng | i dhhned 8B is bbtairgslli PREth Whiehrise A§S WEGHRhaFereRitidticl Si¥hsl
nonl i near optical nmediumas a nonlinear optical nmediumon which the punping
light ~is i36] degatd devity conttbiteSsédtion & i teipglersd drd chokinexthotvth The
si ngl e photon generating apparatus related to the eighth configuration of

t he presentisigblenio Be chg cal.e to obtain a gate device that can open or
close in a shorter tine than close @ open tine of the shutter ' because it
is equi pped Wi th a pWhed APD of astiue iqerendhiiag coptrolds wderb dt isidifitlt tore

di fference shorter than the open or close tinme of the shutter as a gate
devi ce 160or stomttenl thendettetinrd ssipnisoflehigéh hapaaisepbbdtioe limitadion b the
first through seventh configurations. The single photon generating

appar at us ratremiddused forequenchingyrdngut haisdveart dif%euﬁ)t ts omake thent-ctock s
able to coincide the open or 15 close tinme of the gate with the arrival
time of thdisiegabpriend the dpad time or pulse length of the detector, but this

’ method has made it possible to achieve a shorter clock time.
{
20 Embodiment 3
In Embodiment 1, the wavelength of signal light generated
was 702.2 nm, but needless to say, this wavelength is able to optionally
changed by selecting a suitable pumping ‘ light source laser and
nonlinear optical medium. For example, itt is naturally possible to
25 generate wavelengths in the vicinity of 1550 nm, 1310 nm and 800 nm,

which are generally adopted to communication using optical fiber.
1

The method for generating a Fhoton pair shown in



gate device because it is equipped wth an opticil fiber that allows the

si gnal photon generated fromthe photon pair to r'each the gate deviz:sz‘ﬁr
controlling the em ssion of the photon, in any of the first through eié IZW
configurations. 20 | NDUSTRI AL APPLI CABI LI TY The singl e photon generating
apparatus according to the present inventjon is useful as a single photon
generating apparatus that is able to generate photons of a nunber | owering
a specific nunber 25 within a predeternmned tinme after a clock pulse is

buil't up, bpeMs&irhént I BPRfaWneth6d RRAtAQDN tO¥fafPHS ing a
pair of photons contgi %i lEgga gi gﬁal phot on and a?bincgl e?l I|¢9)1Lr?1%tdc%){r1pt at%a{fIJl

correlate iﬁ/iﬁlh%gua? ﬂaméﬁ%zandzﬁnaﬂe@ﬁ%gldﬂ@iﬁe?@iorﬂ HoHoR g6L&pior

for detecting the 1 ncidence of the idler photon, a clock generator, a gate

devi ce cont¢®l i thdif withdifefcit ARBALEQ] i a
devi ce onl y&gydtgca%tfrlg% engflldr? weri?g a slpgcific nun%lg% osi‘ Q:{y?%s'&%ﬁ?ﬁl %1?%

predet erm nsgtikéﬂsxgeaireeaoﬂyoftﬂ% BBY eﬁr?ta@m SIS Shieey bf Biskor Iﬁ&%mémg or

closing in response to the signal fromthe gate devicé controller.

MAR 200% - 2ien{CleVByd- tuthidlshhirdthal AhAPRAAFYS 9 GRAaTR BenEaPWisd Ng:
a photon pair source for genéerating a photon pair™ consisting of a signal

photon and gfrgligh €linB82hal cobAds Pt dSPéEFea] takhPElchBth & MFesPe cRRSy at [oN
each other; a photon detector for detecting an incidence of 'the idler

photon; a ci@ek &RMera Well, ah@apBotid Bfe tAREADLERt ber afigRel@kiEhatlss gnal
that operates the gate device Tor a nunber of tinmes less than a specific

nunber W t hfuinfh PEEHRELATISHRAVE iRTFiENBaIotAk ifleddritedt Rith B edtPaightiiides
gate device that opens or closes responding to a signal fromthe gate

control | er. tiat Actréghen@hes othedarepatiive apRvRIE&thsCONMPIccerAig aaPBieN
pair source for generating a photon pair consisting of a signal photon and
an i dl efo phesRditidia! photh$itleat genéallgresiparid il adform of cone are converged
into one beam and the photon beam with high distribution density is
able to be obtained.
For other embodiments of the invention, there is a device for
generating a 532-nm pumping light 8 using an up-conversion laser of a
15 semiconductor excited Yag laser as a pumping light source 7 in Fig. 2,
and generating a 1310-nm photon as a signal photon 6 and a 896-nm
photon as an idler photon 5. In such event, by the method described in
! detail in the Japanese Patent Application N\_o. 353078/1997 "Photon
Beam Generator," the angle made by the op’;ical axis of the nonlinear
20 optical medium is set to such an angle that ’éhe tuning curve comes in
contact at 1310 nm and 896 nm, respectively, in order to improve the
photon pair generating efficiency. In dddition, by setting the
wavelength of the idler photon to a near im?’xfrared area close to the
wavelength of visible light, the number of photons is able to be detected
25 with high quantum efficiency of the photon number detector 2.

With this kind of configuration, it is able to generate photons

in the vicinity of 1310 nm with a small transmission loss in the optical
{



generation each other; a photon detector for. detecting an incidence of the
idler r photon; a clock generator; a gate device lcontroller for geney pM R]%UZ
a signal that operates the gate device only for a first signal fromthefa
photon detector within a predetermned tinme interval defined- by the clock;
and -a gate device that opens or closes rlegpqndi ng to a signal fromthe gate
controller. 2 ~ MAR 2002 - 24 1 3. The single photon generator) of claim
1, wherein the 2 photon pair source conprises: a punping |ight source and a
nonl i near ' : ' WY oF [ AR #,ShRE] . The
single pho%ﬁ%gﬁ?r'lgtr%?bg?i fgqg}ﬁﬁrgg%\%h%?hg? %ﬂ?ﬁéb%’&%oﬂgﬁﬂﬁg%?ggg{oi %%?éorr%sdi um
conpri ses ld (o) Y& ol ; rrang
betneen t haosreang REnSay ifdNipd & MDAL MDAl ALBEATHE
is set at i i : ' a ' 1.y j.ne at
correspon d‘é‘ﬂ%?}gkg :?%%égls% g‘? ?ffﬁg%%élﬁéggleggnﬁget ﬂ&ejﬁh?%gﬁ %15 absz? %It{elhgh%lﬁ‘g n
gener at or 1 yheg e PLO L tHeedlm | 1S€s. a
nonl i near g(fjljty:él(tgll @crfgégt al gdgsr(%rg&rﬁ;%d SO fgt’hg%?u:laﬁtlo(;lt}ngI e %gielgg]egﬁegg{lﬂléhgo
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guide channel type nonlinear medium, numeral 39 a wave-guide

15 channel type filter for discriminating the fluorescent pair and pumping
light generated from the wave-guide channel type nonlinear optical
medium 38, numeral 40 an emission port of pumping light, and numeral
41 a wave-guide channel type filter for dividing the fluorescent pair into
two branches. |

20 In this embodiment, the parametric fluorescent pair is
generated in the wave-guide channel type nonlinear optical medium 38.
The fluorescent pair has vertical and ho?‘izontal polarized lights,
respectively, and in the wave-guide type filter 41 that operates as a
polarizing beam splitter, that with one of tile polarized light pair is

25 transmitted to the photon number detector 2 and another to the optical

fiber 12.

By this kind of configuration, it becomes possible to downsize
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light 'source can be used as the pumping light source 9. By installing

15 mirrors which reflects the pumping light at the front and the rear of the
guide-wave channel type nonlinear optical substance 38 and configuring
the cavity, it is possible to produce an idler photon and a signal photon

more effectively.

20 Embodiment 5
For yet another embodiment of the invention, Fig. 7 shows a
case in which two shutters are equipped to the gate device 4 of Fig. 2.
In Fig. 7, numeral 12 denotes an optical fil:i:er for delaying the signal
photon in the reaching time to the gate devicLe, numerals 43, 45 denote
25 electro-optic elements, numerals 42, 44, 46 denote polarizing plates,

numeral 47 denotes a NOT gate, numeral 48 denotes a delay device, and

{
numeral 8 denotes a controller. In this event, polarizing plates 44 and
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and do not transmit the light which has polarizatmn crossing at right
angles to said light. In addition, the elec'fro—optic elements 43, 45

5 rotate the polarization 90° when the logic of the control signal given is 1

and does not rotate the polarization when the ;logic is 0. Itis possible to
configure the shutter by a pair of polarizing plates and an electro-optic
element that rotates the polarization sandwiched between the pair, but
in the present embodiment, the polarizing plate 44 is used in common by

10 the two shutters.

The gate device preferably holds the gate open condition only
while the photon is present, and is closed during other periods.
Electro-optical elements generally have a fast response time by nature.
However, with a single electro-optic element, the gate time was unable to

15  be set to the time less than that specified by tﬂe repetitive response time
of the electro-optic element. The present embodiment has achieved the
gate operation shorter than the repetitive response time of the shutter by
installing two shutters.

Referring now to Fig. 8, operatic[in of the gate circuit is

20 described. In Fig. 8, time is plotted in abscissa. The graph at the top
indicates the probability in which the desired photon number state
reaches the gate operating section, Graph A the signal at point A of Fig. 7,
and Graph B the state of signal at point B of Fié. 7 in the similar manner.
Denotation A may be considered as the control signal itself from the

25 controller. The electro-optical element 45 transmits the photon when
the logic O is entered and shields the photon then the logic 1 is entered

in combinations with polarized beam rotators 44, 46.
|



U8 ()-f"&$10% U& ()-FL! 10% U& () - Y10% U8 ()- 1{8{" AoP1, 10f 6M510%

Ug ()-10110% 9 g & ()-0110% W& ()-.110% L& () £*:$10% U& ()-M 59 yio
f*:$109})8& ()- l\/{ #huv70i 1 10% U () - @0% U& ()- & 10% L&' ()- 10v v 2 18PRJ002
Ov v 181 10%W v & ()-308! 10% U& ()- 3hyJraBuV7010% U&' ()- t10% U& ()- #10%
W& ()- 110% U ()- ! #F C1s .

The electro-optic element 43 opefates in the same way in
combinations with polarizers 42, 44.

As in the state at time TO of graph A of Fig. 8, the control
signal from the controller is usually set 1. In this case, the gate device

5 does not transmit the photon by the electro—o;l)tical element 45. In this
event, to the electro-optical element 43, logic O is entered by the NOT
gate 47, and photon is allowed to be transmitted.

The controller 8 changes the output logic from 1 to O so that
the electro-optic element 45 opens at the time T1 right before the time

10 when the photon is expected to reach the gate ?perating section. In this
event, by the operation of the delay unit 48, the electro-optical element
43 is kept to logic 0. In such event, the photon is ready to penetrate the
gate device. This state continues for the time set by the delay unit.
After the delay, at T2, the logic to the electro-o\,ptic element flips to 1 and
15 the photon is unable to penetrate the shutter[conﬁgured by the electro-
optic element 43. At time T3, the control signal again changes from 0 to
1, causing the electro-optic element 45 to change to closed state, and at
T4, it returns to initial state.
By the above-mentioned conﬁguratlon, it is possible to open
20 the gate device only for an extremely short timie, rendering itself capable
for selectively emitting the required photons only.

In the present embodiment, the shutter was configured by
the use of electro-optical elements, but needléss to say, it is possible to
use other shutters. For example, if a lightllight switch is used, still

25 faster shutter operation is able to be achieved. When an acousto-

optical element is used, a shutter faster than the repetition speed is able

to be formed inexpensively. It is also possible to use a mechanical

|
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(I ((aBmbCOdifiglhrtk 9 of )the present invention is able to generate photons of a
number lowering a specific number within a Qredetermined time after a
5 clock pulse is built up, because it comprises a photon pair source for
generating a pair of photons comprising a si[gnal photon and an idler
photon that correlate in the generation time, a photon detector for
detecting the incidence of the idler photon, a clock generator, a gate
device controller section for generating signals for opening or closing a
10 gate device only by the frequency lowering the specific number of times
within the predetermined time defined by the ilock, and a gate device for
operating or closing in response to the signal from the gate device
controller section.
The single photon generating appafatus related to the second
15 configuration of the present invention is able to generate only one
photon within a predetermined time after é clock pulse is built up,
because it comprises a photon pair source for generating a pair of
’ photons comprising a signal photon and an idler photon that correlate in
the generation time, a photon detector for detiecting the incidence of the
20 idler photon, a clock generator, a gate device controller section for
generating signals for opening or closing a gate device only in response
to a first signal from the photon detector within the predetermined time
defined by the clock, and a gate device for:operating and closing in
response to the signal from the gate device co’ntroller section.
25 The single photon generating apparatus related to the third

configuration of the present invention is able to efficiently generate

photons of a number lowering a specific number or only one photon
!
|
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y10%& () - s' Eiiifatiod Wf the present invention is able to efficiently generate a

photon pair of a specific single wavelength ‘because, as a nonlinear
optical medium on which the pumping light is incident, a nonlinear
' optical crystal is equipped, for which the ’angle made between the
10 pumping light and the optical axis of the nonlinear optical crystal is set
to an angle in which tuning curves come in contact with a straight line

that corresponds to a specific wavelength a, in the third configuration.
The single photon generating apparatus related to the fifth
configuration of the present invention is able to efficiently generate a
15 photon pair of two specific wavelengths becatlase, as a nonlinear optical
medium on which the pumping light impinges, a nonlinear optical
crystal is equipped, for which the angle made between the pumping light
and the optical axis of the nonlinear optical c[rystal is set to an angle in
which tuning curves come in contact with two straight lines that
20 corresponds to two specific wavelengths a, b, in the third configuration.
The single photon generating apparatus related to the sixth
configuration of the present invention is able to achieve a small-size
single photon generating apparatus that d(EDes not need any optical
alignment because, as a nonlinear opticai medium on which the
25 pumping light is incident, a wave-guiding channel type nonlinear optical

medium is equipped, in the third configuration.

The single photon generating épparatus related to the
|
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because it is equipped with a plurality of shutters that open or close in a
10 time difference shorter than the open or clos_e time of the shutter as a
gate device for controlling the emission of the signal photon, in any of the
first through seventh configurations.
The single photon generating apparatus related to the ninth
configuration of the present invention is able to coincide the open or
15 close time of the gate with the arrival time of the signal photon to the
gate device because it is equipped with an optical fiber that allows the
signal photon generated from the photon pair to reach the gate device for
) controlling the emission of the photon, in any of the first through eighth
configurations.
20
INDUSTRIAL APPLICAB{LITY
The single photon generating apParatus according to the
present invention is useful as a single photongenerating apparatus that
is able to generate photons of a number loL;vering a specific number
25 within a predetermined time after a clock pulse is built up, because it is
equipped with a photon pair source for generating a pair of photons

containing a signal photon and an idler photon that correlate in the

|
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a clock generator; '

a gate device controller for generating a signal that operates
the gate device for a number of times less than a specific number within
{
a predetermined time interval defined by the clock; and

a gate device that opens or closes responding to a signal from

the gate controller.

/

2. A single photon generating apparatus comprising:

a photon pair source for generating a photon pair consisting
of a signal photon and an idler photon that have a correlation in time of
generation each other; |

a photon detector for detecting an incidence of the idler
photon; |

a clock generator;

a gate device controller for generat%ng a signal that operates
the gate device only for a first signal from thei photon detector within a

predetermined time interval defined by the clock; and

a gate device that opens or closes responding to a signal from

the gate controller.
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1 4, The single photon generator of claim 3, wherein the
2 nonlinear optical medium comprises a nonlinear optical crystal
3 arranged so that an angle made between the ;pumping light and optical
4 axis of a nonlinear optical medium is set at which tuning curves come in
5 contact with a straight line that corresponds to a single specified

|

6 wavelength a.
|

1 5. The single photon generator of claim 3, wherein the

2 nonlinear optical medium comprises a nonlinear optical crystal

3 arranged so that an angle made between the pumping light and optical

4 axis of a nonlinear optical medium is set at which tuning curves come in

5 contact with two straight lines that corresponds to two straight lines

6 specified wavelength a and b.

1 6. The single photon generator !of claim 3, comprising a
2 wave-guide channel type nonlinear optical medium as the nonlinear
3 optical medium.
|
1 7. The single photon generator jof claim 3, comprising a
l

2  pseudo phase matching type nonlinear optical material as the nonlinear

3 optical medium.

1 8. The single photon generator of claim 1, wherein the gate
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comprising an optical fiber allowing t e 31gnal photon caused of the
photon pair to reach the gate device for controlling an emission of the

photon.



