
W096128754 PCT/USWi/03222 

-1-

APPABAWS AND ME'fHODS FOR ROUTING OF omcAL BEAMS 
VIA IJME.DQMAJN SPADAJeSPECfBAL DLIEBJNG 

Aclsnowledgment 

1bis invention was developed using resources provided by grants F49620-92-J-0384 

S and P49620-93-l-OS13 from the Air Force Office of Scientific Research. Thus. the federal 

pvemment bas certain riahts in dais inveadon. 

10 

field of.1be Inyentjon 

This invontion relak:s to apparatus and methods for spatially directing optical beams 

containing temporally structured data. 

8aekground of the Invention 

There is an ongoing need for further improvements in the rates at which massive 

amounts of data can be exclum&ed between. for example. netWorked computers and olber 

data-handling devices. Wi1h tbe continuing increase in lbe number of nodes requiring data 

intacbange capability, and in tbe growth in complexity of data required by eacb node, data 

15 transmission and processing are being pushed to their technological limits. It is lhus vital to 

identify new technological approaches to netWork implementation so that further increases in 

the volume and efficiency of data transmission can be realized. 

Transmission and processing of data by optical means bas shown promise in 

possibly achieving tecbnoloaical breakthroughs in the speed and efficiency of data handling. 

20 Data transmission by op1ical fibers is now common. Tbe..pse of spatial-spectral holographic 

devices may open tbe door to optical necworks operatin& at substantially higher perfonnaocc 

levels tbaa can be realized usiar conventional technology. One particular arena in which 

optic:al data-handling devices offer promise is in tbe continuous transmission and processing 

of large blocks of data (peat.er than 10 tbytes) at very high rates (10 gigabits per second or 

2S higlaer). 

In addition to tbe fole&oina, aabstantial progress has been iealiz.ed in optical 

memories. For eumple, iD our work with lime-domain, fmquency-selective, opticaJ 

memories, we found that materials exhibiting intrinsic frequency selectivity can be employed 

to record both the temporal and the spatial characteristics of incident optical beams. 

30 Moubeq, "Time-domain Frequency-solcct.ive Optical Data Storage," Poties Lett. 2:77-79 

(1982). Our sublcquent work demonstrated that tbe same basic interaction could be 

employed to perform processing of distinct temporally structured optical beams by 

convolution and cross correlation. Bai et al., "Real-time Optical Waveform 

Convolver/Cross Correlator." &ml. Phys. Lett. ~:714-716 (1984); and Babbitt ct al •• 

3S •Mixed Binary Multiplication of Optical Sigaals by Convolution in an lnhomogeneously 

Bmadeaed Absorber." Aim'· O,ptics ~: 962-965 (1986). In this work, we found that the 
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undedyin1 mechanisms were consistent with operation at ultra-high bandwidths while 

simultaneously providing relatively larp time-bandwidth products. (Because the foregoing 

references 111C pcr&iDCDt to an underslandiag of the present invention, the references are 

expN1Sly incorporated herein by reference.) 

A. body of relalal experimental and theoretical work .bas also appeared exteadinc 

daele COacepll in a variety of directions. For eumple1 references disclosing data stonae 
and proceuin1 with intrinsic fmquoncy selectivity (i.e •• using frequency-selective materials) 

include: Carlson et al., "Temporally Programmed FRC-induction Decay," Phys. Rev· A 

Xt:1S72-1S74 (1984); Babbitt et al., "Convolution, Correlation, and Storage of Optical Data 

10 in lnbomogeneously Broadened Absorbing Mat.erials, • J>roceedings of SPIE - The 

Jntmational Society For Optical Engineerin1, Vol. 639 Advances ip OpticaJ Information 

ProcessiU U, pp. 240-247 (1986); Szabo, U.S. Patent No. 3,896,420 (July 22, 1975); 

Casaro et al •• U.S. Parent No. 4,101,976 (July 18, 1978); Burland, U.S. Patent No. 

4,158,890(June19, 1979); Mo11bcrg, U.S. Patent No. 4,459,682 (July 10, 1984); 

IS Mossberg et al •• U.S. Patent No. 4,670,8S4 (June 2, 1987); BabbiU et al., U.S. Patent No. 

S,239,548 (August 24, 1'93); and Mossberg, U.S. Patent No. S,276,637 (January 4, 1994). 

(Because these references are pertinent to an understanding of tbe present invention, the 

merences are expressly incorporated herein by reference.) 

ADIJopus opdcal tuactions have also been realized using frequency-selective 

20 spatial gratings in materials that pos&eSs no intrinsic frequency selectivity. Mazurenlco, 

"Interference of Spectrally Dispersed Light," Opt, Spectrosc. <USSR> ~:357 (1984); 

Mazureako, "Reconstruction of a Nonstationary Wave Field by Holography in a 3-D 

Medium," Opt, Spectrosc. CUSSR) ~:343-344 (1984); Mazurenko, "Reconstruction of a 

Time-Varying WaveflOnt by Multibeam Interference," Sov. Tech. Pbys. Lett. 12:228-229 

25 (1984); Mazureako. "Holography of Wave Packets," Appl. fbys. B '-0:101-114 (1990); 

and Brady et al., "Volume Holographic Pulse Shaping," Optics Lett. 11:610-612 (1992). 

(Because these refaencea me pertinent to an understanding of tbe present invention, tbey are 

npnaly incorporatecl herein by reference.) 

Oplical proceaea responsible for storage and/or processing of temponl waveform 

30 dala fiequeatly can also lead to the storage of spatial waveform informadoa. For example, 

sequences of images can be stored IDd ncalled. Mossbers, U.S. Patent No. S,276,637. 

Notwitbstandiag tbe foregoin1 developments in the prior att, there is a need for 

devices and methods that permit optical data routing. In particular, there is a need for such 

de¥ices that ca perform passive routiDa of data at high speed. 
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Brief Dmription or the Drawings 
FIG. l schemlllically illustrates one possible way in which a frequency-selective 

acdve material is programmed using two sequentially applied programming pulses ~ and it 
(of which i, is an "address pulse" and it is a "direction pulse"). anct"is subsequently used to 

S produce a "signal pulse" is when the material receives a "data.pulse•~. after programming, 

comprising a temporal waveform substantially similar to the temporal waveform of the 

address pulse. 

FIG. 2A schematically illustrates a representative scheme for programmins a 

frequency-selective active material for use as au optical router, according to the present 

10 invention, capable of producing output pulses in any of various spatial directions. 

FIG. 2B schematically depicts the selective production of output pulses by an 

optical router, propammcd as shown in FIG. lA, in response to inputs of temporal 

waveforms substantially matchins corresponding address codes used during programming. 

FIG. 3 shows three representative different address codes. an input temporal profile 

IS comprising an addressed bit sequence including waveforms corresponding to each of the 

ths:eo address codes, and corresponding output pulses (as functions of time) produced by an 

optical router according to the pracnt invention. 

FIG. 4 scbematically depicts an alternative programming scheme for an optical 

router according to the pieaent invontion. 

20 FIG. S scbematicaJJy illustrates the relative orientation of first and second 

prosrammiag beams 0. and it>. the data beam (i,) and the output, or sipal, beam di> 
em.ployed in several alternative embodiments of the present invention disclosed hc=in. 

FIG. 6A schematically illustrates the optical configuration of several representative 

altermdivc embodiments of an opcical router according to the present ·invention, tbc router 

25 beiq opdcally coupled to components suitable for free-space conduction of address. 

direclion, md data input pulses to tbe active material, and for fiber-optic conduction of 

ouaput pulses from the active marerial. 

30 

PIG. 68 schematically illustrates a variation of the FIG.-6A embodiment wben:in, 

in FIG. 6B, an optical fiber is used to conduct input pulses to the active material. 

Detailed Description 

1. ImD1 
The following tenD8 and expnmioas are used herein: 

"Licht" is my suitable elecll'OJD8pedc radiation, and ls not limited to the visible 

podion of tbe electmmagnedc spoctrum. 

•Optical beam11 or •Jipt beam" is elcctromapetic radiation propagating in a ... 
defiaed, svt.taodally single dinction (JO, such as a laser beam, from a sousce, as ooatrutcd 
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with radiation utendia1 in many or all dim::tiom from a source, such as sunlight from tbe 

sun. An optical beam comprises an electrical field tbat exhibits wave behavior. 

•Opdcal pulse" is any temporal waveform in an _optical beam, wherein tbe 

waveform bu a besiuinl and an end. An optical pulse can be modulated between the 

S bqinnins and the end so as to encode data. 

10 

•Oplical --·or •optical data stream" is a temporal waveform in an optical 

balm bavin1 a waveform tbe beginning and end of which are not constrained. 

•PmpapUoa direction" of an optical beam or pulse is the wave vector of the beam; 

i.e •• tbe orientation of the beam or pulse in space. 

•Tempcnl waveform• or "temporal stnacture" of an optical beam or pulse is the 

waveform, as a function of time, of tbe electrical field component of the beam or pulse as 

used in data transmission and processing according to the present invention. 

An "active material" is a material that can passively deflect. according to tbe 

pn&eDt invention, an optical beam or pulse having a particular temporal structure interacting 

lS with the material. Ibo deflection occurring as a result of the optical beam or pulse interacting 

with structured apadal-spectnl gntings formed in or on the active material by propamming. 

A "paling• is a spatially dependent absorption pattern or a spatially dependent 

variation of iada of refraction in an active material, or a spatially dependent reflective 

pderD on an .ctive llMlferial. A grating will exhibit reflection of an incoming optical beam 

20 if conditiom sliitable for Brau scattering, as known in tbe art, exists. 

"Color" of an optical beam is a designation of the wavelea&tb (X). or the frequency 

(11), of tbe electlomapelic radiation comprising the beam. 

"Period• ('T) of an elcclrDIDapctic radiation is tbe reciprocal of the frequency (i.e., 

.,. - 11•). 

2S •Frequency-selective material• is an active material according to tbe present 

30 

iDYelllion that iDlrimically hu structuia cbCl'Cia or tbcrcon each of which being responsive 

to llll individual wavelenath, and tbus to an individual frequency, of electromagaelic 

ftldiation. Normally .m materials are transmissive to the electiomapetic radiation to allow 

the ndiaaioa to iaterlct with such structures within the thickness dimension of the material. 

•frequency noa-selecdve materiar (also termed "spatially selective material•) is a 

ave material according to tbe present invention that is not intrimically frcqucacy"'8elective 

but ca aupport a spMially stn&clUR!ld patiDg witb sufficient resolution to record optical 

bderfeleam friqa produced by beams of die etecuomapedc radiations to be employed, or 

daat ca uadergo loCllir.ed changes in absorptivity or refractive index upon exposure to light 

35 or odaer ldamlus that are proportional to the time-integrated total imensity of light at said 

tocmes. 
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•ffomogcacous absorption bandwidth" or "homoaeneous absorption linewidtb" 

(41\) is the frequency interval over which individual atoms or molecules in a frequeacy­

selective active material will absorb electromagnetic ndiation. In die context of a paling. 

the bomogenooua absorption bandwidth is the minimal frequency mngc to which the grating 

S caa iapoad; i.e., the frequency resoludon of the gratins. 

"lnbomopneous absorption bandwidth" or "inhomogeneous absorption linewidtb • 

(~ is the frequmcy interval over wbicb a frequency-selective active material as a whoie 

nh.ibits ablorption of electromagnetic radiation. In the context of a gntting, the 

iahomogeneous absorption bandwidth is tbe total frequency range over which tbe grating can 

10 interact. 

•Juomopneously broadened absorber" (abbreviated "IBA") is a frequency­

selective active material exhibiting an inhomogeneous absorption linewidth that is broader, 

typically mucb broader. than any homogeneous absorption bandwidth of the material. Wben 

a temporally encoded optical pulse impinges on an IBA, and if the data encoded in the 

IS optical pulse fall within the 4P1, certain atoms or molecules within the IBA will experience 

frequency-dependent changes in their encqy levels, resulting in a change in the IBA's 

absorption profile. Tbe IBA c:an thus "record" the power spectnam of the optical pulse in 

vuious specb'lll channels of the IBA, each "channel" corresponding to a particular 4P11• The 

Fourier b'aDSform of a pulse can be stored in an JBA by reconling the spectral interference 

20 of lWO temporally separated pulses. mA materials arc discussed generally in Babbitt et al., 

•eonvolution, ColTelation, and Storage of Optical Datri in lnbomogeneously Broadened 

Absorbins Ma&erials, • J>roceedjngs of SJ>IE - The International Society for Ootical 

Epgipeeripa, Vol. 639, Advances in Optical Information Processin& II (April 1986), pp. 240-

247, incorporated bcn:in by reference. Olher relevant information concerning IBA •s can bo 

2' obtained from U.S. Pateat No. S,276,637 to Mossbers, incorporated herein by reference. 

•ffomogeneoua dcpbasing time• or •homo1eneous lifetime• (711 - 4v.."1) is a time 

over whida individual atoms or molecules can coherently respond (e.g., their phase memory 

lifetime). It is ao lonpr than about twice the decay time of individual atoms or molecules, 

within an IBA. from the excl1ed state resulting from exposure of the atoms or molecules to a 

30 pmlicular frequency of electromagnetic radiation. 

•.Programming• ls the coatmDecl modification of absorptive or refractive properties 

of an active material so as to create spadal-spectral gratings necessary for waveform­

coatrolled deftection of UL optical beam or pulse ICCO!ding to tbe present invention. 

AD "optical router• acoordin& to the presont invention is, al least, a spatial-specllal 

35 pming dial produces an output plllse in at Jeast one desired direction whenever tbe paling 
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receives an input pulse comprising a temporal waveform substantially matching a 

corresponding address code. 

Otber terms used herein are defined as required below. 

2. Elementaa Cpgcepts 

As is known in lhe art, light consists of electric and_ magnetic fields. These fields 

are detectable and thus definable in terms of their effect on electrically charged particles, 

atoms, or molecules, or oa matter ia general. Most interactions involving light and matter 

are mediated by tbe electric-fielcl component of light. 

Oplical beams having tbe simplest stmcture are beams comprising plane waves. In 

10 a plane-wave opdcal beam, tbe electric field component bas a constant value everywhere 

along 1eomelrical plane surfaces oriented perpendicular to the propaption direction of the 

beam. The distance between the plane surfaces is constant whenever tbe optical beam is 

monochromatic, i.e., comprised of a single color. For a monochromatic light beam, lhe 

distance between the planes is lhe wavelength ~- Monochromatic plane waves are constant 

IS in time and exhibit no temporal structure. Optical beams having complex temporal 

stncture are comprised of monochromatic plane waves of a variety of different colors. For 

example, a tcmpo..Uy structured plane-wave optical beam can be regarded as an assemblap 

of superimposed monochromatic plane waves having various wavelengths. 

Each optical beam or pulse having a different temporal stmcture has a 

20 conespondiq unique assemblage of such monochromatic constituent parts, i.e., a unique 

•Fourier transform.• A Fourier transform is a function of frequency that provides lhe 

amplitude and phase of all the individual monochromatic plane waves in the decomposition. 

The •pbue" refers to the displacement of a constant electric-field planes of lhe plane waves 

at 10me refenmce time and position. 

25 One can cause a monochromatic plane-wave optical beam to change its propagation 

dileelioa in a variety of ways. One way generally familiar to persons of ordinary skilJ in the 

art is by using a pating. A representative way to visualize a lflding is to consider an 

auembllp of thin, parallel, sli&hdy reflective sheets dispo~ superposedly relative to each 

otlaer. Each sheet is separated from adjacent sheet& by a fixed distance "a". If one dilecls 

30 an opcic:al beam so u to be incident oa such a paling, and if the an1Je of incidence I 

sadafica tho coadition: 

(2a)cos9 = m>. 
wbenia >. is tho iacideat beam's waveleqtb and m is an integer, a reflected beam will be 

~. The fmegoin1 CXPftll&ioa is refemld to as Bragg's Law. The basic result is that 

3S Ille paling leftecta an opCic:al beam oaly wben the beam impinges the grating at cerlain 

11111• of incidence B. Only at such values of 9 will wavelets of light scattenld from each 
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iadividual teflccdve •1ayer• of the grating constructively interfere to produce a strong 

oven1l rcflcction of lbe beam. As can be ascenained from Bran's Law, the angles at which 

rdlcction will occur depend upon the waveleqtb ~ of the incident moaocbromatic plaae­

wave optical beam and on the layer spacing a. 

lf lhe patiag is reflective only for light of a palticu~ color, the grating can only 

cloflect light of that particular wavelenath. On tbe other band. if many dift'en:nt gralinp, 

ach of which beiq responsive to a liaht of a different color. arc superimposed in such a 

way that the reflectlvity, plane spacing, and displacement of Ibo layers can be independently 

conarolled, a muldcolored Jipt beam incident on the composite grating at a specific angle (J 

JO can be reflected if tbe various spacing and other properties of the individual color-specific 

palings are adjusted to allow reftectioa of all the constituent colors of the beam. 

3 .. Progmmmjng Active Materials 

As discuued above, a plane-wave optical beam or pulse possessing a specific 

temporal waveform (i.e., variation of the electrical component of the light as a function of 

1.S time) bas a unique spectral decomposition in terms of monochromatic plane-wave beams. 

According ID tbe present invention, •procrammmg• (as defined above) an active material 

involves creatin1 ID array of spatial-spectral gratings on or in the active material that 

coUcctively cause an opdcal pulse of a particular temporal stnacture to be deflected from the 

active mareria1 after lbe active material encounters an •;nput pulse" or "data beam• 

20 comprising a specific temporal waveform. 

Frequency-selective active materials can be cavisio•ed as an assemblage of a large 

number of spatiaJ-spectml coordinates (wbicb can be regarded as "loci" or •cbanaels•) each 

locus being responsive ID a particular color (i.e., each locus bas a particular »). Since each 

locus tbus bas a particular :it, y, and z dimension, as well as a distinctive frequency 

2' •dimeaaion, • programmins effectively utilir.es four dimensions in the active material. Bach 

k>cu or channel typically couiats of a number of atoms, although theoretically a locus or 

cllanael could be aepreaented by as few as one arom or molecule of the material. Wbat is 

DCCCllll')' is that the frequency-selective material bave a sufficiendy large number of such 

apdial-specUal loci to repsaent all spectral and spatial properties of tbe optical pulses used. 

30 For subsequent use in roatiar plane-wave optical beams, a frequency-selective 

acdve llUderial can be propuamed according to tbe present invention using two 

propunmi"I pulses. One of the pulses is termed an "address pulse• tbat encodea the 

pmicular temporal waveform to which the IClive material is to be made responsive. I.e., 

tbe addnll pulle renders Ibo active material capable of discriminatinj, from all 

35 "lnformation" tbat may subacquently enter the material, temporal waveforms tbat 

sabllaaatlally llUllOh the address waveform. 1be other pulse is termed the "direction pulle. • 
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Tbe direction pulse interaces with the material from a direction of incidence that determines 

the propaaation direclioa, from the material, of pulses produced by the material in response 

to tbe material encounterin1. after pro11'81Dming, a corresponding address code. 

Olber propammin1 methods employing optical beams or pulses are also possible, 

S as disclo&ecl herein. In any event, tho address pulse is typical~y modulated in order to 

provide an appropriate temporal address waveform. 1be direction pulse is termed a "brief" 

pubte, by wbicb is meant a pulse in wbicb its duration is its shortest temponl fealure. 

Preferably. the dinction pulse used to prognm a particular optical router according to tbe 

pnlODt invention bu a duration that is aborter than the shortest temporal feature of any data 

10 or address that bas enlered or will enter the router. The direction pulse typically bas a logic 

•0-1--0• profile with no other modulation. The direction-pulse bandwidth is normally tbe 

reciprocal of the duration of the pulse. Alternatively. the direction pulse can consist of two 

frequency-chirped pulses. 

'lbe address pulse also bas a finite total duration. (1be duration is preferably Jess 

IS than the homogeneous lifetime of the material.) In addition, because rbe address and 

direction pulses each have a specific temporal structure, each can be decomposed to a unique 

combination of oao or more moaocbromatic plane waves. 1be interference of these two 

pulaes has a power profile (which is the square of the Fourier transforms of each 

prognmming beam) lhat exhibits a unique profile of peaks and valleys to wbicb various 

20 individual loci, distributed spatially in or on the active material, can respond in a gmdieat­

forming way. I.e., different loci distributed spatially in or on the material selectively 

iDtcnict with the various same-color monochromatic plane wave components from each 

beam. IDterfereaccs betwocn constituent monochromatic plane waves of unequal color are 

not leCOlded in the grating. 

'lbe plane-wave decomposition of a temporally structured optical pulse is uniquely 

Rll8fed to the temporal 8lrUCIUre of the pulse. 1bus. an interfcmmce of two prop-amming 

pulse& is also unique, and the features of the composite grating created in or on the active 

11181eria1 in response to such an interference specifically correspond spatially and spectrally to 

tbe particular interference, and will be keyed to lbe specific temporal structures of the two 

30 propamnrina pulw. 

After programming, the resultia& paling in or on rbe active material can selectively 

interact witb a temporal stnacture, substantially similar to the temporal strucaue of the 

addrels pulse, encoded in a subsequent "data• beam, and substanlially no orber suitably 

daOICD tcmpoml atructures. (lnteraclioa with "substantially no other" temporal structures 

35 me1111 tbat the padng iateracls with "other" temporal structures by producing, at most, an 

acceplllbly rotative low level of "noise. •> 
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Address and direction pulses can be directed toward a frequency-selective active 

material in any order, iDcJud!n1 simultaneously. In many appHcations involving sucb 

marerials, tbe address pulse Precedes tbe direction pulse. Normally, if the address pulse 

comea after tbe direction pulse, the address pulse is time revened compared to wben the 

5 addnss pulse pnicedes the direction pulse. 

10 

More than one set of programming pulses (each set consistins of one address pulse 

and one dinction pulse) can be used to enhance programming efficiency for dala routin1 of a 

particular temponl waveform in a given direction. One or more additional such sets can 

also be employed for repropammin1 or program restoration as required. 

Thus, in general, the two programming pulses and the dala beams collectively 

provide, at least, two addresses and one set of data. Which beams contain which of these 

e1cmeats is senerally arbitrary so long as the phase-matching condition: 

ks= k, + k2-kl 

is met. Preferably, one of the addresses is convolved into the first propamming pulse, but 

JS this is not required. If no address is convolved into the first programming pulse, then one of 

tbe addresses must be entered in timO-reversed form, as is known in the art. 

20 

1be data set can be on any beam (other than\), but preferably on either the second 

program.mini beam or on the data beam. If the data set is on the first programming pulse, 

tbo data will exit tbe material (in their. pulse) in a time-reversed manner. 

Sequegtjal impingement of the two programming pulses when programming a 

frequency-selective material is possible bccallse the material will •store• the information 

eacodcd in the first propamming pulse in a manner analogous to that by which optical 

memories store information. (Reference is made, for example, to U.S. Patent Nos. 

5,276,637; 4,158,890; 4,670,854; and 4,459,682.) 1be duration of such storage depends 

2S on the particular m81erial and tbe physical environment of the material. In any event, in 

order to create the requisite interference, the second programming pulse must interact with 

the active material before the stored information from the first programming pulse is lost. In 

aaenJ, tbe maximum time between the first programming pulse and tbe second 

progrun•ing pulse should not be greater than 12 = (4.J\)"1
• The longer tbe second 

30 pn>gnmmiag puke is delayed relative to the first programmins pulse, the less efficient the 

produclioa of an •output• pul1e. 

When programming frequency non-selective materials, it is typically required that 

both propammina pulles intcnct witb the material simultaneously. 

A wriety of frequency-selective active materials exist that can be modified in a 

35 sp.aial-apectnll way by opdcal beams inreracaiq with them. Frequency-selective active 

materials are characterized by a particular homogeneous bandwidth. 1be homogeneous 
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bllndwldth, u defined above, specifies the minimum frequency increment that the active 

mlledal can detect. Opt1cal beams separated in frequency (i.e., color) by more than the 

homogeaeous bandwidth will act independently on tbe active material. The homogeneous 

dq1basing time reflects the maximum duration of a temporal waveform that can be encoded 

5 in tbe active material. The inhomogeaeous bandwidth is an e:xpression of the total frequency 

map over wbioh light beams or pulses can affect the active material. The "inhomogeneous 

clepbuiag time,• (A,,.)·1 is an expiession of the duration of the shortest feature in any 

temporal waveform that can be resolved by the active material. 

Onliap can be formed ia frequcacy-sclcctive active materials by various 

10 mccbanisms includin1 programming ~-mediated changes in absorption, as discussed 

above. Another propamming mechanism comprises imparting localized frequeacy­

depeadent changes in the refrFtive index of the active material. Other representative means 

for Cleating patiags are disclosed herein and in various of the references listed herein that 

are incorporated into this disclosure by reference. 

lS Oae specific basis by which a frequency-selective active material can preserve a 

pa&in1 formed by the impinpmeat of programming pulses is termed "Persistent Spectral 

Hole Burning," abbreviated "PSHB. • See. e.g., Moerner (ed.), Persistent Spectral Ho)e­

Bumigg; Sclrmce aml Applications, Springer-Verlag, New York (1988), incorporated herein 

by reference. PSHB involves a selective modification of the characteristics of an active 

20 matedal so as to form a grating in the material. Several conditions arc required. First, the 

ablorpcion bandwidth of the material must be inbomogencously broadened. This means that 

the bulk absorption of the material is due to a broad frequency ensemble of narrow-linewidtb 

absorption linea eacb exhibiting a distinctive bomo1eneous absorption bandwidth. Each such 

aanow-linewidtb absorption line arises riom a locus or cbaanel in or on the material termed 

25 an "absorber.• 1be homogeneous absorption bandwidth exhibited by each absorber must 

typically be very narrow. 1be much broader inhomogeneous baadwidtb of tbe material is 

the result of random-frequency shifts of resonances of individual absorbers by local crystal 

fields, scraias in the material. and other microeavironmental factors. 

Upon optical excitation of an absorber witb light of a single wavelength, the 

30 absorber will make a traasitioa to an excited electronic state if the homogeneous absorption 

badwidth of the absorber is in resonance with the excitation ftequency. Aftesward, the 

ablorber oaa decay back to its pvund stale. Alternatively, and preferably, if there are 

llltermre lt8tel into which the abaorben may decay from the excited state, then some 

fnciioa of the excited ablorben can encl up in the alteraate state rather than reluiag to the 

35 olialml ground mac. (IWautioa into the altcmate state may be assisted by exposure to 

ndiatiOD of a cliffelalt waveleapb than the excitation wavelength. Persons of ordinary skill 
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in the art refer to sucb relaxations as "gated.") Absorbers that relax to an alternate state 

contribute to a decreased absorption by the material of tbe light because fewer absorbers are 

available to resonantly absorb light. Such gating is discussed, for example, in U.S. Patent 

No. S,239,548, incorporated herein by reference. 

A decnl8Sed absorption at a wavelength where the ~orber bas been modified as 

de&cribed above is termed a spectral "bole," as known in the art, and processes by which 

absorbers are modified in such a 11W111Cr are termed "spectral hole burning.• It is generally 

believed that the number of boles tbat can be burned in an absorber locus in an active 

material is rougbly expressed by the ratio of tbe inhomogeneous bandwidth to the 

10 homo,eneous bandwidth. In active materials that are suitable for PSHB, inhomogeneous 

bandwidths typically nnge from 1 GHz to several terahertz, and bomogeneous bandwidths 

typically range from 1 kHz to several GHz. The ratio of these two quantities can be as high 

as 107 in some ma&crials at liquid helium temperatures. 

The intensity of the optical pulse(s) used for programming should practicably be 

15 sufficiendy peat to yield a measumble effect in routing capability of the active material. In 

other words, tbe intensity should be sufficient to provide a satisfactory signal·to-noise ratio 

in a deflected sipal (i.e., output) pulse. OptimalJy. with devices programmed to produce 

sipal pulses in only one direction, the programming pulses are sufficiently intense to 

produce a Fourier component bavina the highest intensity capable of exciting about half the 

20 population of excitable atoms in the material to an excited state. Since the foregoing poses 

aa upper limit on the number of atoms that can be excited in tbe material, it will be 

appreciated that rendering the active material capable of producing signal pulses in multiple 

directions Rquires that com:spondingly less intense programming pulses be used. This. in 

tum, can placo a limit on the maximal number of different directions in three-dimensional 

2S space in wbicb output pulses can be directed from a unit of active material, depending upon 

the ddoction HDSitivity of downstream equipment. 

Once a frequoncy-selective material is pro1rammed, as described above, the 

lllllerial must be used for opCical data routing before the program is lost from the material. 

If it should become lost, the program in the material must be restored before the material 

30 am be used again for similar routing. The duration of the program in such materials is a 

ftmclloa of the popaladon grating lifetime of the material, which is normally diffment from 

Ille excited-atate Ufedme. 

As aa altermdve to forming frequency-selective gradients in or on an active 

materilll, as clelcribed above, it is also poaible to use a frequency non-selective active 

3:5 11111eria1 propammed witb a "volume hologram.• The principles underlying sucb bolopa1111 

c:11D be found, for example, in Mazurenko, ·~ of Spectrally Dispersecl Lipt," 
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Qpt. Spectrosc. ~:357 (1984); Mazunmko, •Reconstruction of a Time-varying Wavefront 

by Multibeam Interference,• §ov. Iecb. PhVS· Lett • .12:228-229; Muureako, 

•Recomtnaction of a Nonstalionary Wave Field by Holography in a 3-D Medium," Qeb 
Spectmsc. WSSR> ~:343-344 (1984); and Brady et al., •volume Holographic Pulse 

S Sbapiq, • Ojdjcs Lett.11:610-612 (1992). Use of a volume ~ologram involves the 

interference of two light fields over a volume of photoretiactive material (i.e., an active 

material dial experiences a change proportional to the igten•ity of elecammagaetic radiation 

to which the IUtcria1 is cx.poacd, yielding a periodic structure in tbe materiaJ that is 

froqucncy-depcadcat). 

10 Frequency-selective spatial stnactun:s and classic holographic techniques can be 

combined to realize many of the functionalities of frequency-selective malerials. 

Mrmueako, •ao1oaraphy of Wave Packets," Am. Phys. B ~:101-114 (1990). Some 

experimental demonslrations of this capability in areas no1 involving spatial muting of optical 

beams bave been niported. Weiner et al., "Femtosecond Spectral Holography," J. Ouapt. 

IS ti!pptmnics 21:2251-2261 (1992). (Because tbe foregoing references are pertinent to an 

20 

understanding of tbe present invention, they are expressly incorporated herein by reference.) 

It is aJso possible to form an anay of different !J!llill gradients in or on a 

frequency non-1elective aclive material that perform tbe same function as a composite 

gradient formed in a flequency-selective ~tive material. 

An imlu can also be programmed into an active material to allow routing of an 

image encoded in a subsequent dala beam. The simplest image is defined by IWO plane 

waves; genenlly, an image comprises multiple plane waves. The principles of the present 

inveation as applied to plane-wave beams are directly applicable to combinations of plane­

wave beams. (Also, in the prior art, it is known that images can be stored and recalled from 

2S materials; see. e,g. U.S. Patent No. S,256,637.) Basically, such programming would 

involve tbe interaction of tbe malerial wilb an image-encoding set of dinx::tion beams (ralher 

tban a simple plane-wave direction beam). 

AllDtber poaible way in wbicb to create a suitable gralin1 in or on an active 

material is by physical means, such as using an elecamn beam. An electron beam is 

30 paticulady lllilllble for forming a surficial gradient on, for example, a frequency non­

seleedve mive matcriaJ. For crealing surficial gradients, an elecamn beam is preferable to 

aa aptic:al beam because of the much greater spatial resolution achievable usin1 an electron 

bClm compared to an optical beam. When gradients are formed using an electron beam, it 

is normally DOI necessary for tho active material to be a frequency-selective material. 

3S Pudbennoie, formation of gradients using an electron beam can be performed at room 

t.empendllres, tbensby elimiutilll 1111)' need to maintain the matoria1 at cryogenic 
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temperatures. Nevertheless, the gradjent formed using an electron beam must still be 

frequency scJective. 

Scattering of light from a surficial gradient is according to a relationship analoaous 

to 8tag scattering, discussed aboYe. 

5 In aenenI, we baYe found that the frequency selectiv~ty of a surficial p-adient is 

not as efficient as that of a three-dimensional (3-D) spatial-spectral gradient. Nevertheless, 

the frequency selectivity of surficial gratings appears to be similar to that of a Yo)ume 

holoanm. 

An electron beam can also be used to create a 3-D crating in an active material, 

10 especially frequency non-selective materials, by building up tbe active material layer by 

layer, wherein each individual layer bas a substantially two-dimensional {2-D) grating 

formed by an electron beam before the subsequent layer is applied. Formation of each 2-D 

grating is performed such that all the resulting 2-D gratings, after formation of all layers of 

tbe material is complete, cooperatively ~nteract with an input data beam in a manner similar 

15 to a spatial-spectral grating formed optically, as described above. 

In yet another candidate approach to programming an active material, wbedier 

fnlquency-selective or frequency non-selective, two monochromatic optical beams are 

employed that have controJlable amplitude and phase. During programming, die beams are 

tuned continuously so as to sweep across the frequency range of interat. One or both of 

20 said beams can be modulated so as to encode information. With frequency-selective 

materials, this approach reaches each frequency channel of the material individually with an 

interference of the two beams. No pulses are required. The sweep period in this approach 

is preferably less than the population grating lifetime of the material. 

Jn ay event. the grating formed in or on an actiYe material, wbedier frequency-

25 scJective or frequency non-selective, comprises frequency-selective and directionally selective 

elements. I.e., a grating according to the present inYeation is both frequency selective and 

lpllillly selective. 1be gradient must be capable of deflecting a temporally structured 

optical pulse (corresponding to an address pulse used for programming) into a specified 

target direction that is dependent OD the temporal profile of the optical pulse. That is, 

30 propammiq creates in or OD an active material, for each desired output direction, a 

composite gratia1 that differentially interacts with the set of Fourier (i.e., spectral) 

components of each address-simulating waveform in an data beam sucb that the tolal of all 

outputs of tbe composite crating in the desired direction produces the desired output 

temponl profile wbencvcr the correspondin1 address temporal profile in the data beam 

35 presents itself to the active material. If it is desired to have the active material produce 
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multiple signal pulses each in a different direction, it is prefened that a separate 

propuamiag be performed, each involving, at least. a different direction pulse. 

4. fupdpeptal Epabligg Relatjonshjps 

Tbe following relationships substantially expand upon the tempon.I and spatial 

5 pmceuiq capabilidel found ha optical memories to direct. for the first time. temponlly 

strucbad optical sipals oripwly propaaatins along a common dinction into different and 

clisliDct output dhecdons according to the precise tempon.I waveform encoded onto each 

sipal. 

10 

A. Frequepcy-&legtjve Active Materials 

We tint consider representative enabling relationships for use of frequeacy­

selecdve active materials. An active material's spectral resolution is denoted by Al\ (the 

homogeneous absorption bandwidth) and its IOtal bandwidth (i.e •• inhomogeneous absorption 

baadwidlb) by Av.. I.e.. a frequency-selective active material exhibits inhomoseneous 

absorption line broadening. Tho absorptivity of the active material js modified in proportion 

lS to the total energy ftuence per unit volume and unit frequency to wbic:b the active material is 

exposed. Absorption modificadous in or on the active material can occur. for example, by 

any of various mecll•nisms leading to persistent spectral bole burning, as described above. 

See also, Moerner (ed.), Pmi1tent Spectnl Holtrbuming; Science agd Aeolicatjons, 

Springer-VerJaa, New Yott, (1988); DeCaro et al., Aopl. Opticcs lQ:2890 (1990). 

20 For pmpamming, the active material is preferably exposed to two optical 

•pmpwmmhag• pulses eacb having a fi~te duration. One of the programming pulses is 

deaipated u the •addRss pulse,• £ 1.{f ,t). and provides information regarding specifically 

wbicb data (eacoded on a sublequent beam) is to be routed in a particular direction from the 

ICdve material. 1bo other programming pulse is designated the "direction pulse," Eu~1t), 
2S and provides iDformaaion regarding the desired direction that data (encoded on a subsequent 

beam aad ciornspondin1 to information provided by tbe address pulse) is to be routed from 

the llCtive materilll. For simplicity, the programming pulses are regarded as plane waves 

propapdug in the nispeceive dircccions 'ir. and ~- (1be subscripts denote the temporal order 

of the palses. For cioDVODience in presenting general principles, tbe address pulse is 

30 nprm eated u precwling tho dinccion pulse. However, based on the foregoing discussion 

seprdiag pmpamming, it is to be understood lhat the programmins pulses can be ln any 

order wida n1pec1 to eadt other, includiq simultaneous.) 

ID paenl, a npseaeDlative pmgrammina beam e can be represented as 
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• 
E. (.i', t) = f E. (v) exp[-2xiv ( t-i'·i./c) )civ (1) 

-where E, is tbe Fourier transform of beam E at an arbitrary spatial origin (E.(r=O,t)). The 

total optical energy tlueace seen by the active material as a tunctlon of spatial and spectral 

position is proportioaal to 

.IE.,(Y,")12 
• IEi.(")12 + IE,.ev)l2 

+fEu(v>E.:.cv>exp(-2KM'('2-l1)Jcj+c.cJ 

Tbe interference terms at the right of Equation (l) contain detailed information on the 

(2) 

S spectral and spatial behavior of the electric fields of the two prognimming beams. Io tbe 

instant situatiop involving plane-wave programming beams, the interference terms consist of 

relatively simple spatial gratings distributed in a potentially complex fashion in frequency 

space. The iaterfeience information is communicated to the active material through 

10 

abeorplivity (or index of refraction) cbaages proportional to I E.c;,,, 12• 

Dlumiaation of the active material after programming is now considered. 

Jllumiaalion is via a plane-wave •c1ata beam• of unit wave vector~ = i,. The data beam is 

normally temponlly encoded with data to be routed by the active material. At least some of 

tbe data encoded in the data beam corresponds to infonnation encoded in a previous address 

pulse. By virtue of the spatiaJ-spcctral grating created in or on the active material during 

IS programming, the active material now ac1s as a spatial-spectral tilter and produces a •signal 

pulse• or •output pulse" (desipated as ~ or simply ~ that propagates from the active 

material in a direction parallel co the direction pulse. The information content of tbe signal 

pulse is determined by tbo address pulse. 

The total time interval spanned by the two programming pulses is preferably 

20 subataatially shorter thllll A.,.·1• Also, the spectral bandwidths of the programming pulses ue 

pl'efcrably less than A•1• 1bus, tbe temporal and spatial structure of the signal pulse is given 

by 

• 
•,,,<YI> • / B,Cv~(v)Et«v)up(2iciv(r-rl.jc)] (3) -

wllece E,(r) is tho Fourier traasform of the data beam (see :&pwion (I)). In Equation (3), 

the inteuity of the propamming and signal pulses is sufficiently low that lbe active material 

2S l'elpOllds linearly to the radiation. 
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1be temporal envelope of the signal pulse may also be expressed as tbe convolution 

of the direclion pulse witb the cross~rrelation of tbe address pulse and the data beam. If 

the direction pulse is "brief,• as defined above, the signal pulse is large whenever the 

address and input pulses are temponlly identical. In such an instaDCc, cbe signal field will 

S be 1ivcn by the CODlnlly peaked autocorrelation f\lnction of th'!I common address and input 

pulle temponl waveforms. 

Spatial routing of optical data from a frequency-selective active material can be 

R8lized as follows. F'mt, tbe material is programmed as described above. In tbe foregoinc 

programming meahod, the number of distinct pain of address and direction pulses 

10 corresponds to the number of differem data-routing directions desired. (It is aJso possible to 

propam the material to route multiple different temporal waveforms in the same direction.) 

Each address pulse propagates in lbe same direction relative to the material and bas a 

temporal waveform (or "addiess") different from all other address pulses from which its 

address is to be distinguished by the material. The "i"tb direction pulse propagates in a 

15 direction that is different from that of any of the other direction pulses and, again, is 

temporally shorter lban any of tbe 1emporal features encoded onto its corresponding "i"tb 

add&'ms pulse. The effect of programming in this manner is the formation of multiple 

spatial-spcctml holograms in the active material, wherein each hologram is encoded into the 

material by a specific pair of programming pulses. The "i "tb hologram in the active material 

20 serves to deflect into the corresponding direction all input signals that arc incident along ii; 
ad have subatantiaJly tbe same temporal waveform as the i* address pulse. Signal (i.e., 

"omput•) pulses are temporally reshaped according to Equation (3) and can be configured to 

consist of a single intense autocorrelation spike. 

Acconling ID one scheme, as shown in PIG. 1, a data stream in a data beam 1, is 

25 IDllde incident on tbe active material AM along a direction ii;-~. Whenever a temporal 

....- (i.e., the "i"th segment) in the data beam reproduces a corresponding temporal 

profile of the comspoading "i"tb address pulse. a sipal, or "output," pulse irs is deflected 

iDto a dinclion parallel ~ ~1 
• 

Represenlative programming and routing processes using a frequency-selective 

30 active material is schematically depicted in FIOS. 2A-2B. In FIG. 2A, a series of n pain of 

temporally noa-ovedappiag prolfllllmiDJ pulses it and it are successively made incident on 

a fnlqucncy-selective active material AM so as to form spatial-spectral gratings in the active 

llllfcrW DllC'ellU)' for optical data routins. It is pointed out tbat each direction pulse (f, 
~, ... t'> hu a difleamt diRction relative to the material AM. &ch address pulse has 

35 the ame dimction, 1'i, but bu a unique addiess (A(a), A(b). ..• A(c)). 
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Ia. FIG. 2B, a data stleam on a data beam comprising a succ:cssion of different 

temporal addreues: A(a), A(b) 1 and A(c), is sbowa as a time-domain profile in the middle of 

1be fipM. The data 1tream, modulated into an optical beam ("data beam"), is passed (in the 

common address-beam direction ~) into an active malerial AM pMviously pro1rammcd using 

S an llddrell pulle comprising ~reues A(a), A(b), and A(c) &l;ld conesponding direction 

pulles. (For 1implicity, FIG. 2B depicts a case in which the addressed bits within the data 

stream of the data beam do not overlap in time.) Whenever the data suam contains an 

lddmss A(i), wherein i - (a), (b), or (c), an "output pulse" (i.e., •signal pulse") of lipt is 

1eaenred in tbe direction '(
1 

• u determined by tbc com:aponding diiection pulse. As c:ua 

10 be seen. eacb of the outputs bas a different direction relative to ~. 

FIG. 28 does not show the low-level crosstalk signals that can occur whenever a 

data stream is prmeot but bearing a different address ~1 
• The strength of the crosstalk noise 

is dependent on die orthogonality under cross-correlation of tbe address codes employed. 

I.e., cross-conelation of address A(a) with address A(b) or address A(c) yields "noise." 

IS Coa'VCISCly, croas-comslation of address A(a) with itself by the programmed active material 

plOduces an output, distinguisbable from noise, deflected in the concsponding direction. 

(Amlysil of analogous background signals bas been described previously, but only in the 

contm.t of pulse code-division communication systems, Salehi ct al., J. Lightwave Tech. 

1:478 (1990). aot spatial redirection of optical data. Rather, the previously described 

20 analyses employed speclral tilters that passed. ip-line only, optlcal pulses having specific 

temporal profiles; i.e., tbe filters functioned only as multiplexers.) 

1be minimal amount of signal relative to noise that can be accommodated will 

depend upon bow much noise can be accommodated (i.e •• upon the minimal amount of 

colllrast of signal relative to noise). This will be a tunction of the sensitivity and capability 

25 of optical-data procasiag equipment situated downstream of an optical "router" according to 

tbc prcaent invention (as described above), such as detector sensitivity, number of output 

cbannel1, syncbronbatioa of detection, etc. For example, with respect to number of output 

cmmanels, each output channel of an optical router according to the present invention 

typically produom some noise. 1be total noise of tbe router tends to be cumulative among 

30 all outputs. nus, dowastream components must be able to resolve signals at each output 

nlldve ID tbe accumulated noise. 

The tnces lllOWD in FIG. 3 were paeratecl usiq Equation (3) to paerate lipt 

inteality profilea as a t\mction of time detlected inlD the thne dift'enmt output diiectioas, 

similar to 1bat sbowa in Fig. 2B. by an optical router as determined using three different 

35 address codes. 'Ole address codes me Beplll'8te]y profiled in the upper portion of the figure 

and am labeled "Addnlss (a),• •Address (b), •and •Address (c), • respectively. As can be 
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seen, each addn:u is a different function of time (i.e., bas a different temporal structure). 

1be data stream of the data beam is depicted in lbe middle portion of tho figure and is 

labeled the • Addreuocl Bit Sequence." Corresponding output-pulso sipal iatcasitiea are 

shown in tho lower portion of tbe figure as ftanctiom of time and arc labeled "Output (a),• 

5 •0u1pat (b), • Biid •Output (c),• respectively. The lddresses qsed were 16-bit Jong biaary­

pbue codes lbat were rudomly geaeratcd. As can be seen, crosstalk among the various 

omputa (a), (b), ad (c) was small. 

FIG. 3 also shOWB each output as being somewbal de-convolved lelative to the 

correapondiq addieues. 1bus, each output is a spike pulse, rotative to tbe moro complex 

10 temporal structure in Che corresponding address. 

FIG. 3 also shows addresses that are temporally relative to eacb other. However, 

the addresses aeed not be tempoialJy ordered. In any event, in the data beam represented by 

tbe "lddreued bit sequellCe," aJJ tbe informadon corresponding to, for example, Address (a) 

must iD.lenlct with the active material before Output (a) will be prodw:ed. (Likewise for 

IS Addn:sse& (b) and (c) and Outputs (b) and (c), respectively.) Normally, the production of an 

output pulse Occurs immediately after the corresponding eadre address, in the data beam, 

iatencts with the maleriaJ. However, a delay can also be imposed, up to roughly the 

homogeneous lifetiJU of the active material. 

A wriety of different addressing schemes are possible. These can take the form of 

20 amplitude modulation, phase modulation, and/or frequency modulation of an optical beam. 

In addition, aJtbougb tbe addnsss-eocoded bits depicted in FIGS. 2A-2B, and in FIG. 3 are 

sequential (i.e., separated from each other by time), it is possible for the bits to temporally 

overlap, so IODJ as the codes are sufficiendy orthogonal to maintain the desired minimal 

croutalk among the various oatpUts. I.e., 1he addn=sses must be distinguishable from each 

25 other on the buis of their temporal modulation. For example, the cross-cornlation of each 

addnu with llDOdaer of die ldckases must be small relative to when cacb address is croas­

conelated with itaolf. 

B. freayepcy Non-Selective Active Materials 

We now tum 10 optical data routins usin1 active maacrials that arc not tiequency 

30 selective. ID tbe following analysis, tbe active materlaJ bas the following cbancteristics: 

(a) 'lhe 111bject active marerial can undergo cbaages in absorptivity or rcfncdve 

Inda upon ezpomm 10 &pt; auda cbaages induced at specitlc locations on or in the material 

are p!DpOl1ioJlal to the timo-intepated total inteas.ity of lipt (or padiens of UJbt) at the 

specific locadom. The material can be optically or chemically modifiable so lbat changes 

35 ildmduced prior 10 such modification arc preserved wbile 1be material is simultaneously 
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made insensitive to further optically induced changes. (Certain known holographic materials 

have this property.) 

(b) The subject material bas sufficient spatial resolution to record optical 

iDterference fringes (grating planes) produced by optical illumination, as described below. 

S Programming of the active material can be represen~vely performed as follows, 

aad u depicted generally in FIG. 4: Two opdcaJ beams (desigaated the i, (address) beam 

ad tbe ~(direction) beam, respectively), timed sou to sjmvJtumusly impinge on tbe 

active material AM, are made incident on tbe material AM. The direction beam physically 

overlaps each portion of the address beam as the adchas beam passes through the active 

10 materlal. This implies that tbe acdvc material bas a dimension L that satisfies the relation 

(4) 

wbelein " is the index of refraction of the material, c is the speed of light in a vacuum, and 

"• is the duration of the address beam. The direction beam preferably bas a duration shorter 

tban the shortest significant addressing feature of the address beam. Additional output 

IS directions and associated temporal addresses are encoded in the same manner as described 

above in the case of frequency-selective active materials; i.e;, using additional pairs of 

addRllS and direction beams wherein the address beam bas the same direction but a different 

temporal address and lhe direction beam bas a different direction but a temporal waveform 

that salisfies the brevity condition given above. Routin1 is accomplished by impinging a 

20 d•••-eacoded data beam on the active material in the same direction as the address bcam(s). 

When a waveform in the dala beam matches a previously programmed address waveform, a 

signal pulse is produced along the corresponding output direction. 

ID the foreping, the maximum duration of the address waveform is preferably very 

abort. For example, with L - 1 cm, and " = 1.S, "• is about 100 psec (lxJ0·10 sec). 

2S Whether an optical router ~ing to the present invention is used with 

30 

frequency-seleclive or frequency non-selective active materials, freque~cy selectivity is 

imparted to the material as a result of programming (frequency selectivity must be present 

after propamming in order to enable the material to record frequency-domain information 

durina pmpammina that is required for identification of temporally addressed data). 

In tho cuo of frequency non-selective materials, e.g., where surficial gratings ad 

volume bolopams are employed to provide frequency discrimination, resolution bandwidths 

of centimeter-amle systems ue Imp. ~ a result, applicatio111 involving multibit temporal 

...._ (wboae total dwadon mm. be leas than the inverse resolution bandwidth available) 

can be realbed whenever subpicosecond temporal resolution is avallable in tho opdc:al 

35 bmns. 
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ID the case of frequency-selective materials, particularly at cryogenic temperatures, 

nsolulioa bandwidths on the scale of kilobenz are available. As temperatures increase, 

nsolutioa baclwid1b falls; nevenhelc&s, the resolution bandwidths offered by room 

tempcra&Ure frequcacy·sdective marcriab arc comparable to those offered by centimeter-

s scale systems employiq frequeacy non-selective active mataWs. 

5. Smggs of ElecSmmanetic Radiation 
Opdc:al dlla routin1 accordin1 to the present invention requires a suitable source of 

electromapetic radiation, such as a laser. While lasers that produce visible frequencies of 

electmmapetic ndiation can be used, other bands in the clec:lromagnetic spectnam can mso 
10 be used, dependin1 upon tbe type and size of the active material used. Examples of suitable 

lasen include, but are not limited to, semiconductor lasers, other solid-state lasers, gas 

lasers, and dye lasers. 

Particularly in the case of frequency-selective materials, the frequency of tbe 

electromagnetic radiation must be conelated to the absorptive properties of tbe active 

lS material and comprise wavelengths that are resonant with various spectral cbannels in the 

material. The electromagnetic radiation must be able to interact with a spatial-spectral 

aratinl formed on or in the active material by pro1rammin1. 

The frequency range, in the electromagnetic spectrum, that can be utilized in tbe 

pNIClll invention is largely a maater of practicality. In order for a physical device, such as a 

20 unit of active material, to direct light, tbe device must be larger than the wavelength of the 

lipt. Thus, the si7.e of the unit of active material used in an optical router is instrumental in 

setting the frequency range. For example, if one wished to maintain the limiting si7.e •n• of 

the active material to about 1 cm, the wavelength should generally have a wavelength of 

about 0.1 cm or less. Most pseferably, ). is about D x 10'. (Output diffracts into an angle 

2S of about ~D. If, for example D were equal to )., then tbe ligbt would ftll D and bave no 

aap1ar selectivity. Tberefore, ~D JIUlll be less than 1, and practicably 0.1 or less.) 

Moclulatioa of opdca1 beams can be performed according to various methods as 

known iD lbc art 1bat amplitude modulat.c, frequency-modulate, or phase-modulate a beam of 

eleclromapetic radiatioa in an information-containing way. The simplest modulation 

30 ldacme is simply on or off, wherein •on• represents a binary one and •off" represents a 

bimry uzo. Tbis typo of modulation can be effected using any of various laser shutters. 

11ac moduletion am be acousto-optical, electro-optical, or analogous means. AzJ acousto­

opliml mochdatnr (AOM) CODSists of a transparent material into wbicb very bip·frequeacy 

IOU.Dd waves are inlloduced. 1be density variations within the sound wave lead to a ie-

3S direction of the laser beam while the sound wave is present. Such devices actually deflect 

die beam mher 1ban switch it on an off. An electro-optical modulator (EOM) relies on 
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electrically mecliated chaagcs in the polarizing properties of certain crys1als. EOMs employ, 

for example, an electrically "driven" crystal between two crossed linear polarizers. Witb no 

voltap on the crystal, no eleckomagnetic ndiation is passed tberechrough. Application of a 

voltage pulse allows the radiation to pus. Various other modulator devices are known in tbe 

S art and some lasers can be modulated directly. 

6. Acdye Ma!erials 

AD acdve material, as geaenlly defined above, must be capable of supporting or 

odlerwise providing a spatially dependeat absorption or refractive-index variation. The 

acdve material can be, but need not be, optically programmable depending upon whether or 

10 not tbe material is to be optically programmed. In addition, suitable materials can be 

frequency-selective or frequency non-selective. 

Normally, suitable active materials are rigid; thus, they are typically not liquids or 

pses. Furthermons, liquids and sases typically have bandwidths that are too narrow for 

may applications. Nevertheless, a liquid or gaseous material may be usable if the material 

IS is capable of sustaining a gradient for a usable length of time, and the optical bandwidth with 

which the material will be used is narrow. 

Wilb respect to optically programmable frequency-selective materials, one way in 

wbicb iabomopneously broadened materials can be made is by doping low concentrations of 

absorber atoms or molecules into a suitable crystalline or glassy host substance, as discussed 

20 ia ftarther detail below. However, suitable materials are not limited to glassy (i.e., 

amorphous) lllllerials; crystalline materials can also be used. 

Preferably, frequency-selective materials bave an absorptive capacity of at least one 

ablorption lealfh of the electromagnetic radiation to be used. The homogeneous dephasing 

time (A1'1,)°1 of the material is preferably longer than the temporal waveform of the address 

2S beaa. In addition, the inhomogeneous dephasing time (APi)"1 is preferably shorter than the 

shortest temporal featme of 1be waveform on the address beam. 

Caadidate active materials bavin1 suitable Av1 and Av.a properties include, but are 

not limited to. Eu'+ -doped Y 20,, which has a A•1 value of 10 GHz aad a Av.a value of 1 KHz 

at 4 °K. Olber CIDdiclate materials include any of various rarc-car1b doped LaF, (such as 

30 pJ+ -doped ad Pr'• -eloped LaF,), me-earth eloped Y AG (such as f'r'+ -doped YAG and 

Tm'• -eloped Y AG), and rare-earth doped Y AIOs (such as Eu3+ -doped Y AIO,). Examples of 

suitable boat 1lauy materials, suitable for rare-earth dopin1, are described in "Laser 

Spectrosoopy of Solids," in Yea ud Selzer (eds.) Tonjcs jg APJ.?lied Physics. Vol. 49, 

Spriapr·Verlac, New York, and include (but are not limited to) Si<>z, Ge<>z, JiiO,, and 

3S P20,. Examples of suitable rare-earth doped glasses include Eu-doped silicate glasses, 



W096/ll754 PCT/US96/0J222 

-22-

pbolpltate 1Jasses, borate glauea, fluorobcryllate glasses, and fluon>pbospbate glasses; as 

well u Pr'• -doped fluomberyllate Jlasses. Organic 1lasses are also known in the art. 

Other suitable materials are disclosed in, for example, U.S. Patent Nos. 4,670,854 

and 4,459,682, as well u ia Macfarlane, "Photon-echo Measurements on 1be Trivalent 

S 1bulium Ion,• Optjcs Lett. J.1:1958-1960 (1993); Wianacker .et al., "Photon-gated Hole 

Burning: A New Mechanism Using Two-step Pbotoiooi7.ation," Optics Lett. lQ.:350-3'2 

(1985); and Macfariaae, "Spcctnd Hole Burning ia the Trivalent Thulium Ion," Optics Leq. 

ll:829-8ll (1993). (Bocause each of these n:feamcca is pertineDt to an 1IDClen1andiq of the 

pnuat invention, acb refcreace is expressly incorporated hmein by ieference.) 

10 A l-D opdcal paling can be, for example, an ab50mtjve grating or a grating based 

upon variations in lbe index of refraction throughout the active material. Index-of-refraction 

gratings are not dependent upon actual absorption of light by the gradient. In order to form 

a suitable absorptive gradient ia an active material, it is prefemd that tbe material exhibit an 

abiorption to the primary wavelength of electromagnetic radiation to be employed of about 

lS SO" (specifically, lie). 

Materials suitable for forming surficial gradients can be any of various materials 

c:apable of physically supporting a surficial frequency-selective gradient. Since such 

m11eria1s need not be intrinsically frequency-selective, a wide variety of materials can be 

used. Generally, such materials arc rigid and bavc a surface that is reflective to the 

20 waveJenetbs of light to be employed. (Reflectivity can be inherent or can resuJt from an 

exll'aaeOusly applied "silvering.") Alternatively, tbc surficial grating can be in the form of 

index-of-refraction variations on the surface. Specifically, any of various materials lbat are 

known in the an for making surftcial holograms can be used. 

7. Reprwptaljve Applications 

2S Accoldiq to the present invention, apparatus and methods bave bcca discload by 

which t.emporaUy eac:oded optical sipals can be temporally proc:essccl and spatially muted 

by a pn>pammed aclive material. Requisite specttal storage capacity may be provided by a 

naponao to programming of an intrinsically frequency-selective active material or via spatial 

iatorferomctry involving a frequency QOD-selecdve active material. 1be flexability of Ibo 

30 opdca1 muter to ICCCpl pbase-, amplitude-, and frequency- encoded addresses enables a 

variety of implemeatation options. 1be high bandwidth capabilities of the oplical router 

(i.e., lmll to dlousands of ppbcdz) permits its use with the full bandwidth capabilides of 

S.oplicl. 

The followiq specific applications are disclosed, wbicb are not in1ended to be 

35 llmltin1 in any way: 
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(•) As an optical data router, for example, input bits, each encoded with a 

temporal address code, are passively directed into a destination direction and simultaneously 

stripped of their temporal encoding pattern. 

(b) Any of various switcbinc applications of information propapted using optical 

S fiber technology me immediately apparent. E.g., the optical ~uter can accept information 

from a single source fiber and route selected portions of the information to any of various 

pNlelected oU1pUt directions as required, for example, in switching of telepboae-transmiUed 

information. 

(c) Tile optical muter is not limited to use witb optical fiber data conduits. The 

10 router can also accept and re-direct information in free space. 

(d) Tbe optical router can accept information entering via a data beam and convert 

tbe information to a form that can be recognized by downstream equipment. 

(e) The optical router can accept an information-containing input having a very 

bigb bandwidth that is normally not pr0cessable by equipment located downskeam, and 

IS provide outputs having modified temporal profiles that downstream electronics can process. 

For example, an input stream containing an unmanageable amount of data can be converted 

by tbe optical router into portions having narrower bandwidth, each portion being din=cled in 

a diffelent direction and providing a manageable amount of data (not merely a single bit) in 

each direction. 

20 8. Representative Alternative Embodiments 

Tbe following alternative eml?odiments, in addition to other embodiments disclosed 

above, are provided as being exemplary only and are not intended to be in any way limiting. 

Although temporally modulated beams can be formed either by direct modulation of 

a laser or by externally modulating an optical beam produced by a Jaser, external modulation 

2S is ued in the embodiments described below. 

3S 

Unit vectors applicable to the following embodiments are shown in FIG. S, wherein 

\-i; selectively provide input (prognmmiq and/or data) to the active material AM, and ls 
nip1meats an output pulse. As can be seen,~ and~ are counter-propagating, which results 

in the output pulse is being in a direction opposite the first prognmming pulse k.. 
(Altematively, it is also possible fOr ~and i; to be co-propaptjng, in which case is would 

be parallel to ~-) 

A ftnt representative embodiment is depicted in FIGS. 6A and 6B, includinc the 

acdve material JBA (inhomogeacously broadened absorber) on which a first puJae OBI, a 

second pulse OB2, and a tbird pulse 083 impinge. (081, 082, and 083 correspond to .... 
1;-11!, respecdvely, in PIG. S.) 
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The active material is maintained at a cryogenic temperahlre using a cooling means 

C such as a cryostat. 

In tho FJOS. 6A-6B embodiment, the desired data-routing destillation is 

pNddennined prior to arrival of the data at tho IBA. 1be OBl pulse provides the requisite 

S dincdon pulse. Ugbt comprisins the pulse 081 is produced.by a source Sl and modulated 

using an optical modulator OMl. Tho pulse 081 then passes through a lens LI, an x-y 

deflector D, and a leu IA. 'Ibo pulse OBI is reflected from a mirror M2 and then from a 

ham spliaer BS2, then passed through the lens L3 to the IBA. Tho x-y dotlector D can be 

an 8COUStic-optic or electro-opdc device or any analosous device known in the art that 

10 imparts a temponl waveform IO an optical beam. The address decoder AD interprdS Ibo 

desired routing address aad determines the necessary corresponding x and y angular 

deflections. The x aad y coordinates are conducted to the deflector driver DD operably 

coupled to Ibo x·y deflector D. Any extraneous outputs from the x-y deflector are passed to 

a beam bloc:kec BB. 

lS The beam 082 provides data input to the IBA, as welJ as an address waveform. 

Upon entering tho mA, information oncodod in tho beam 082 is "stored" until the IBA 

receives a •send• pulse. Ugbt gomprising the beam 082 is produced by a source 52 and 

propqared through free space as shown in FIG. 6A. 'Ibe beam 082 is modulated using an 

opdcal modulalor OM2. Continuing further with FIG. 6A, the beam 082 is then deflected 

20 by a minor Ml, then by a beam splitter BS1, and passed through a lens L3 so as to impiqe 

upon the mA. 

The data-contaia.ina 082 can be generated remotely and transmitted to the IBA via 

an optical fiber (not shown), rather than using free.space optics as shown in FIG. 6A. 

'lbe tbird "input• pulse OB3 supplies a "send" pulse (comprising an address 

25 waveform). 'Ille pulse OB3 is produced by a source S3 and modulated using an optical 

modulator OM3. The input pulse 083 is passed through a lens L2 so as to impinge on tho 

active material mA in a direction counter-current to the address pulse OB2. 

Upon receiving tbe •send• pulse, tho JBA releases a conesponding signal pulse 

OM. The sipal pulse OBS passes through the lens L3 and the beam splitter BS2. AA the 

30 sipal pulse OBS exits tho mA, its propaptioa dindion is opposite that of the pulse OBI 

daat provided routiDa information to the mA. The signal pulse OBS is emitted following tho 

-1 pulse 083 after a temporal delay. substantially equal to any delay between the input 

pulse OBI and the start of tbe data on beam OB2. · 

M lllown in PIG. 6A, the sipal pulse OBS can be ditected into any of various 

35 opdca1 •output• fibers OPJ-OFn in a fiber array FA for conduction to dOWDStleam 
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equipment (not shown). A corresponding lenslet array LA is provided to facilitate passage 

of llpt into the fibers. 

Tho iateaskies of tbe input pulse 082 and the input pulse OB1 at their smallest 

•spot" sire in the IBA preferably do not saturate the resonant optical transition within any 

S frequency interval of the IBA. An exception is whenever the input pulse OBl is very brief. 

in which instuce tbe moat efficient sipal pulse may be obtained when the input pulse OBI 

bu an intensity yieldiq a 1'12 pulse. 

Tbe durations of the pulses OBI and OBl arc preferably less &baa the homogeneous 

lifetime of the active material IBA. The bandwidths of the pulses OBl-083 are preferably 

10 less than the inhomogeneous bandwidth of the IBA so as to allow the pulse OB2 to faithfully 

be "recorded" in the lBA and to aUow the orthogonal temporal coding used for the pulses 

OBI and 083 to iemain orthogonal. 

Tbe allowable delay between the pulses 082 and 083 depends on the lifetime of 

tbe spectral population gratings produced in the IBA. The signal intensity of the signal pulse 

IS OBS is proportional to the square of the amplitude of the gratings in the IBA. If the delay is 

equal to or grater than the lifetime ·of the grating, the signal pulse OBS will be attenuated. 

ID this embodiment, the tempoml structures of the pulses 081 and OB3 preferably 

each have a sharp auto-correlation peak with a width less than the shortest temporal feature 

of the data encoded on pulse 082. Brief pulses would be valid for pulses OBI and 083. 

20 More complex pulses can also be used. If the temporal shape of pulse 081 were one of an 

ortboaonal set of temporally coded pulses, then the IBA only would generate a signal pulse 

in the desired 10Utina direction if the pulses OBI and OB3 were the same. lbis can be used 

to allow multiple data pulses to be ~rded sequentially in the IBA and :rec:a1led therefrom 

on demand. Such a feature could be used to delay the transmission of certain data from tbe 

2S JBA whenever the data may be obstructed by other data being transmitted or if data 

tnasmission must be delayed clue to other bottlenecks • . 
A second sepreaeatativc embodiment is also shown in FIG. 6A. la this 

embodiment an address code is convolved with the temporal waveform of the data. The 

active material IBA, which is propammed before the data enters it, acts as a passjve router. 

30 Propunmin1 of the active material IBA is performed as follows: The IBA is first 

illumimted by an input pulse OBI that contains a temporally cnc:oded address code. The 

.,w.e OBI is generated by moclulatin1 the output of the laser source SI usina the optical 

modulator OMl. The pulse OBJ is anplarly deflected by the x-y deflector D according to 

predetermined x and y coordinates associated with the address code. The direction pulse 

35 OBI is reflected by the minor Ml and lbe beam splitter BS2 and impinges the IBA from a 
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dinction opposite the desired slpal ouq>Ut direction. I.e., the input pulse OBl and the 

sip.al pulse OBS counter-propagate. 

The duration of the pulse OBI is less than the holDOleaeous ieJaxation time of the 

JBA. After the encl of the pulse OBI, the IBA nceives a brief reterence pulse 082 

5 pnented by modulatias the output of the source S2 using th~ optical modulator OM2. This 

completes the propamminc of the active material for one address code. 

Other address codes corresponding to different routing directions can be 

propammed imo tho IBA by repeating the foregoing progmnming process. For example, to 

propam a second address code, the optical modulator OMI temponlly encodes the second 

10 addn:ss code onto the pulse OBI. The address decoder AD determines the appropriate x-y 

angles for the second address code to facilitate routing of data in the second routing 

direction. Tbe deflector D correspondin1ly directs the newly coded pulse OBI to arrive at 

the IBA in a direction corresponding to the second address code (but different from the 

dilecdosa encoded in the ftnt address code). 

IS As described, each possible routing direction has an associated address code. 

Multiple lddNSS codes can include the same or different routing directions. For example, 

certain applications may require that multiple data destinations have a common intermediate 

palh. Alternatively, multiple routin1 directions can have the same address code, thereby 

permitting multi-casting of dala. 

20 As shown in FIG. 6A, an input beam OB3 comprising dala convolved with a 

dcaired address code can be 1cnerated remotely (by an optical dala beam source ODBS 

comprising the source S3 and modulator OM3) and transmitted to the IBA by free-space 

oplics. 1he beam 083 is deflocted by a mirror Ml and a beam splitter BSJ so as to 

impinp upon the mA. 
25 FIG. 68 shows an inatanc:e in which the input pulse 083 is conducted to the IBA 

using an optical fiber IP ntber than free-space optics. The oplicaJ fiber IF can be part of an 

array FA of optical fibers that includes fibers OPl-OFn useful for conducting signal pulses 

OBS. 

1he dumicm of the data-c:oded input beam OB3 is not limited by the homogeneous 

30 bmdwidlb oftbe IBA. The 1ipal (oulpUt) pulse OBS is emitted from the IBA so long as the 

IKldrcss code convolved ia the data beam 083 matcbes the address code contained in the 

pulle OBI. Tbe routed sipal beam OBS is deJayed relative to 1be input beam 083 by an 

im.rval about equal to the time between the center of the coded pulse OBI and the reference 

pulle OB2. 

35 Tlac embodiment of FIGS. 6A-6B can also be configured to operate using a sinale 

addlaa code ClOntaiaed in, e.1 •• a brief pulse. In such an instance, only one routing 
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dincaioa could be propmmcd at a time (except for purposes of multiple-casting of data). 

Such a coafipntion would operate as an indiscriminate router of optical data until re­

pmpammed. 

Tbe cmbodimcats of PIGS. 6A-6B can be used in various functioul combiaatioas. 

S For example, instelld of serving simply as a directional rou~ of optical data, a fint optical 

router accon'liag to the pesent invention can be used as a "look-up table• that accepts an 

optical address code u an input and produces, u an output, an optical pulse tbat propapta 

to a second (i.e., dowastlam) optical router, accoa:liag to the preaeat inveation, that then 

appropriately routes tbe data. Such a coatipmtioa is applicable to optical data networks ia 

10 which directional addresses immediately precede corresponding data to be routed; the first 

oplical router must interpret the address and then direct the second router to route the dara ia 

tbe appropriate direction. 

As an alternative to aa optical router being used to produce a single output (signal) 

pulao iD n=spoase to an input address code, an optical router according to the present 

IS invention can be used to produce a set of selected output beams used to "set" one or more 

downstream optical routets used u optical switches. Alternatively, the outputs of an 

uplbam optical tOUter can be used to contzollably "set" an optical router having multiple 

contml inputs (for example, as controlled by a binary input). The upstream optical router 

would essentially accept a serial header and produce output pulses comprising appropriate 

20 parallel control seUiags. 

Acconling to yet another altcnaative, the output pulse of an optical router can bave 

a temporal coding in addition to a directioaal coding. In, for example, the optical-router 

embodiment shown in FIG. 6A, this is accomplished by replacing the reference pulse 082 

with a coded sefeaence pulse lbat is modulated with a desire.cl temporal output waveform 

2S lllOCilt.ed with a particular pulse OBI providing directional information. Whenever the 

opliea1 router is illum;mated by BB address header ia tbe dala beam OB3 that matches the 

pulle OBI, u OUlpUt pulse OBS having the same temporal shape as tbe refermce pulse 082 

is pioduced by the active material IBA. Tiie temporal information in the output pulse OBS 

c:aa tbca bs used to •set• a downstnam optical router used as an optical switch. 1bis allows 

30 elda output of lbe router to handle multiple address codes. 

WbUe the invention has been described in coanection with multiple possible 

emlncfimea11, it will be understood tlaat it is not limited to tlaose embodiments. On the 

coaanry, it is inteaded to cover all alternatives, modifications, and equivalents as may be 

lacluded within the spirit and scope of the invention as defined by the appended claims. 
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Whit " claimed 11: 

1. A frequency-seJecdve patina operable to produce an output pulse of 

electromagnetic radiation in a specified target dimction from the grating ia response IO aa 
input optic:al pulse of the electromapelic radiation to the grating, the input optical pulse 

S compriliD1 a temponl waveform substantially matching an ~ temporal waveform 
encoded in the patiag. 

2. An optical data router, comprising a frequency-selective optical 1rating openble 

to produce an output pulse of electromapeeic radiation in a specified tarpt direction from 
die pding ia reapoase to an input optical pulse of the electromagnetic radiation to the 

10 patiq, the input optical pulse comprising a temporal waveform substantially matching aa 

lddrea temporal waveform encoded ia the grating. 

3. An optical data router according to claim 2 wherein the grating is a spatial 

piq. 

4. An optical data routcr accordin1 to claim 2 wherein the grating is a spalial-
15 spectral patina. 

S. An optical data router, comprising an active material comprising a composite 

fnqueacy-selective optical paling operable to produce an output pulse of electromagnetic 
radiation in a specified target dinclion from the patina in response IO an input optical pulse 

of the electromagnetic radiation to the grating, the iaput optical pulse comprising a temporal 

20 waveform substantially matcldng an address temporal waveform encoded in the grating. 

6. An optical data router according to claim S wherein the active material is 

transmissive to the electromagnetic radiation. 

7. An optical data router accordin1 to claim 6 wherein the active material bas a 

tbk:bcls dimension, and the 1ratina is defined by the material ia the thickaess dimension. 
2S 8. An optical data routcr according to claim 7 wherein the active material is a 

frequcacy-selecdve material. 

9. An opdcaJ data router according to claim 8 wherein the active material is an 

iahomopneously broadened absorber material. 

10. An optical data router according IO claim S where.in the active material is a 

30 frequency DOD-selective maleriaJ. 

11. Aa opdcal data router accordin1 to claim 10 wherein the snting is a surficial 

....... OD lbe aive material. 

12. An optical data router accordiq to claim S where.in the grating is an index-of­

retnction pating. 

35 13. An optical data muter according to claim S where.in the p-ating is a volume 

holopam. 



W096/28754 PCT/US96/03222 

-29-

14. An optical data router, comprising: 

(a) an active material; and 

111111111111111111111111111111 
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(b) a composite frequency-selective opeical grating prognunmed in or on the ave 
S material, the paling being operable to produce an output pulp of electromagnetic radiation 

in a specified target cliraction &om the grating in respome to an input optical pulse of the 

electromapetic radiation to the patin1, the input optioal pulse comprising a temporal 

waveform aub&tantially matching an address temporal waveform encoded in the gradng. 

JS. An optical data router according to claim 14 whenrin the active material is an 

10 inhomogeneous broadened absorber material. 

lS 

16. An optical data router according to claim IS wherein the active material is a 

nue-earth doped compound, the compound being selected from a group consisting of Y 20 2, 

YAG. LaF,, YAIO,, SiOi, °"°2• ~O,. and P20,. 

17. An optical data router, comprising: 

(a) an active material; 

(b) a compoaite frequency-selective optical grating disposed on or in the active 

(c) a mource of an optical data beam of electromagnetic radiation, the active 

material bein1 dispoled relative to the source so as to allow the optical data beam to impinp 

20 on lbe active material and interact with the grating, and the optical data beam comprising a 

temporal waveform; and 

(d) the patia.g baving a spatial-spectral structure representing an optical 

interference of a direction pulse and an address temporal waveform of the electromagnetic 

radiation, tbe address temporal waveform being substantially similar to the temporal 

2S waveform of the optical data beam, and the grating bo.ing operable to produce an output 

pulse of the electromapetic radiation in a specified target direction from 1he grating in 

n.pome to intenlclion of tbe temporal waveform of the optical data beam with the grating. 

JI. Aa optical data router according to claim 17 wherein the active material is an 

iabomopneously broadened absorber having a thickness dimension, the grating being 

30 dilpOIOd throughout the thickness dimension of the material. 

3S 

19. Im opdcal data router according to claim 17 wherein the active material is 

fiequeacy noJHClecdve. 

20. Im optical data router according to claim 19 where.in the paling is disposed 

OD a IUl'face of the ave material. 
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21. An optical data router, comprising an active material programmed with a 

composite frequency-selective optical grating responsive to an electromagnetic radiation, the 

p'8liag being structured so as eacode an optical iaterfercoce of a direction pulse and an 

address pulse of the electromapetic radiation, the address pulse cocodiq a particular 

5 temponl waveform, and lbe pating being operable to produce an output pulse of 

electromapetic radiation in a target direclion, determined by the direction pulse, from the 

paling in response to an input optical pulse of the electromagnetic radiation to the grating, 

the input opdcal pulse comprising a temporal waveform substantially matching Ibo address 

temporal waveform. 

JO 

lS 

22. Use of a frequency-selective spatial-spectral paling to differentially direct an 

optical beam, bearins a particular temporal waveform and entering the srating from a first 

dbection, in a predetermined second direction relative to the first direction. 

23. A method for routing optical data pulses of an electromagnetic radiation, tbe 

method comprising the steps: 

(a) providing a frequency-selective grating having a spatial-spectral structure 

encodins an optical interfereace of an address temporal waveform and a direction pulse of 

the electromagaedc radiation; and 

(b) impinging an optical data beam of the electromagnetic radiation on the grating, 

tbe data beam comprising a temporal waveform substantially similar to the address temporal 

20 waveform, so as to cause the gnatiag to produce, in response to the temporal waveform of 

the data beam intaactin1 with the grating, an optical output pulse that propagates in a 

dimction, relative to the input pulse, defined by the direction pulse. 

24. A mediod for routing optical data pulses of an electromagnetic radiation, the 

medlod comprising the steps: 

2S (a) providins an acdve material capable of supporting an optical interference 

andal of 8D electromapetic radiation; 

(b) programmiq a Pill in or on the active maleriaJ, the sratiDg providing a 

lpllial-.pectra! struclUre corresponding to an interference of first and second pulses of the 

eleclromapetic radiation, the first optical pulse comprising a temporal address waveform 

30 and 1be second optical pulse having a particular spatial direction relative to the first optical 

puJle; ad 

(c) dinding an optical beam so as to impiqe upon the piling, the optical beam 

ClOIDpriaiag eacoded data including a temporal waveform substantially similar to the temporal 

lddna waveform so as to cause the paling to produce, in response to the temporal 

35 waveform of the oplical beam interacdD1 with the sratlng, an optical output pulse that 

propaptes in a dhectioa, relative to the optical beam, defined by the second optical pulse. 
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25. A method according to claim 24 wherein the optical beam comprises a coded 

optical data stream convolved with the temporal address waveform. 

26. A method of programming ao inhomogeneousJy broadened absorber material 

so u to enable the material to route a data-containing optical beam of an electromagnetic 

S radiation to which the material is transmissive, the method ~mprising: 

(a) exposing the material to a first temporal waveform of the electromagnetic 

mdialion, the first temporal waveform corresponding to a deaired address code; and 

(b) exposing the material to a second temporal waveform of the elcctromagaclic 

radiation, the second temporal waveform defining a target direction, the first and second 

10 temporal waveforms interacting with the material so as to form a composite spatial-spectral 

interference gratins in the material operable to produce an output pulse of the 

electromagnetic radiation, in the target direction, in response to an iop1lt optical pulse of the 

electromagnetic radiation into the grating, the input optical pulse comprising a temporal 

waveform substantially the same as the address temporal waveform. 


