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be used to

DEVICE FOR PRODUCING OPTICALLY-CONTROLLED
INCREMENTAL TIME DELAYS

TECHNICAL FIELD OF THE INVENTION

The present invention is in the field of time delay devices, such as those that may be used
for the control of phased-array radars, communication systems, or correlators.
BACKGROUND OF THE INVENTION
This invention relates to apparatus for producing true-time delay devices, such as those
useful in the control of phased array radars. It is desirable to use'a system that produces signals to
control the timing of the emission of each of a pluralitﬂi of electromagnetic radiation beams,
delaying each of them in time by some time increment. The delay in each signal should be
capable of being controlled independently of the other signals.

Phased array radars have the advantage that the radar beams can be steered electronically
by changing the phase or timing of the signal radiated by the individual elements of the array.
Often, this is accomplished by controlling the phase of the signals applied to the array elements.
This pllocedure introduces undesirable squint if very short pulses or broad bandwidths arc;.
required. True time delay offers a scheme for controlling the elements without squint even with
broadband signals.

Electronically implementing the true time delays is generally impractical because of the
need for many long lengths of strip line, waveguides, or coaxial cable, which are expensive,
bulky, and temperature sensitive. Because long paths are comparatively easy to obtain optically,
photonic systems present a means of obtaining the beam agility of array systems éombined with
wide bandwidth. Approaches to true time delay tend to fall into two categories: those using
fibers and those us.ing long free-space paths. Some fiber approaches use multiple optiqal
switches or broadcast the light over all possible paths at once. Wavelength-division-multiplexing

schemes have recently been developed by use of fiber Bragg gratings. Free-space systems have
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upgrade, repair, or retrofit existing nachines or instrunments, using

nmet hods and conponents known in the art. The present inventi ri
atrue time device that falls into the free-space category @%mgﬁﬁi

mul ti pl e-pass optical cell with a beamsplitter (28) and refocusing
mrrors (13, 14, 24, 25) that have the advantage of avoi di ng beam
spreadi ng probl ens. The approach differs from previous free-space
approaches in that it uses only one optical switch or spatial |ight
nodul aAlen usqdympltine optien! switshes fr switching ihe disams fhgrweeaseruesitial opticab paths.
approach, a mcrowave signal for each antenna el enent nmay be nodul ated
ont o dhhaespopiical sweclms afd gsmnlly litpdicndital bdsedl optical beanms are del ayed by
the desired anmobunt of tine through the system the signal nay then be

down- Converlft%_ithbtéﬁﬁi"e@h@bﬁé@oﬁﬂ@ Qadréntfi@ventibtitd bREteRs m&iﬁsﬂofl%tic-ﬁh%; ge S
may be wused in either the transmt or the receive node of a phased array

radar . infe GinfeERBe12A0 thdPRY! iGEx feiRvE ROk Diet GR Tédstynl YimENTRELERY temperature
insensitive.

Although described with respect to the field of phased-array radars, it will be appreciated
that similar jildvantages of optically producing true-time delays, as well as other advantages, may
obtain in other applications of the present invention. Such advantages may become apparent to
one of ordinary skill in the art in light of the present disclosure or ﬁough practice of the
invention.

SUMMARY OF THE INVENTION

The present invention includes time delay devices and time delay systems. The invention
also includes machines and instruments using those aspects of the invention. The invention may
also be used to upgrade, repair, or retrofit existing machines or instruments, using methods and
cdmponents known in the art.

The present invention comprises a true time device that falls into the free-space category
but uses a multiple-pass optical cell with refocusing mirrors that has the advantage of avoiding
beam-spreading problems. This approach differs from previous free-space approaches in that it
uses only one optical switch or spatial light modulator instead of one or more switches for each
bit. In this approach the microwave signal for each antenna element may be modulated onto an
optical beam. After the individual optical beams are delayed by the desired amount of time, the
signals may then be down-converted to microwave signals for further processing. This process

may bé used in either the transmit or the receive mode of the phased array radar.



| NCREMENTAL TI ME DELAYS TECHNI CAL FI ELD OF THE | NVENTI ON The present
invention is in the field of tinme delay devices, such as thoseéga may be
used for the control of phased-array radars, communication sy n'tEBrZ[]UII.
correlators. BACKGROUND OF THE I NVENTION This invention relates to
apparatus for producing true-tinme delay devices, such as those wuseful in
the control of phased array radars. It is desirable to use a systemthat
produces sigpals to contrql .the tinjng of .t em ssi on of each, of
D oralty Of Ddedest faaohe frcs BapioReppifal- Sl ot A ey 4t § e
by sone tine increment. The delay in each signal should be capable of
bei ng thoRteset imventinn cpmpaises: (1) &7 inpyk devipe selsetgd dTom tmezoun campaiying dight s
have the advantage that the radar beans can be steered electronically by
changisngceshalapted <o genertierindiyidub] Nigle beamnak arrayhi of Bghttheamb dromn dhey bxisevkral
elements of the array. Oten, this is acconplished by controlling the
phase dikctidas, @) Hhahguarbilt iifsht tiirfdd &apdbl@ b e&feBting Sight Hins thy @€ dedice in
i ntroduces undesirable squint if very short pulses or broad bandw dths are
requir r : | f . ' I
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wi t hout squi nt signals. Electronically 1 nplenenting

the true ti del.ays is.,generally.ci .actical hecau ' .need .f many
ong 1t FBsrengtipts GRS AalietRue b 58 o, JRGRE Fuflebe Bt LR s Yor
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of obtaining the beamagility of array systens conbined with wde
bandwirefoeusingpyleroens e sestmct itheidivergenceed] alightdeam: diverigd throngh at Igastceneafdhs es:
those using fibers and those using |long free-space paths. Sone fiber

appr odighegathis €5)naisfatinl kglaphoduddtor sdaptedhieseloct Hpathdoms tamiohg the Hgtit patarfonl |
possi bl e paths at once. Wavel engt h-di vision-multiplexing schenes have
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have 1 2 1SG@FEB 04 M ?éht B :

(6) an output mirror adapted to reflect the light beams emerging from the set of optical clements,

and (7) a receiving device capable of responding to the delays in the light beams reflected by the
output mirror.

The device for producing optically-controlled incremental time delays of the present
invention may also include at least one system of optical transmission lines or waveguides
wherein the lengths of the light paths may be. varied in a confined space consisting.of a subset of .
the optical elements. The spatial light modulator may consist of a polarizing spatial light
modulator which changes the polarization of individual light beams directed to the spatial light
modulator, The use of a polarizing spatial light nﬁodulator then may require the addition of a
beam-splitting device that can direct light beams through the system of optical elements in
m\iltip.ieldirections depending on the polarization of the light beams after passing through the
polarizing spatial light modulator. The device may alternatively include a micromechanical or
deformable mirror device spatial light modulator capable of reflecting the individual light beam‘s

in multiple directions, thereby determining the optical path.
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al so used nultiple optical switches for switching the beans between
sequential optical paths. These optical switches are usually
liquid-crystal based. It is therefore an object of the current 2 BvFEBo0D&
create a device for optically generating true tine delays that is

i nexpensive, is conpact in design, and is sufficiently tenperature
insensitive. Al though described with respect to the field of phased-array
radars, it vielighbsaapies adapiediy genprate isdividugl light baamagiearrays of fightdweaing from
producing true-tinme delays, as well as other advantages, may obtain in

ot her appbr satrabdseaions ey fmahsderduch deeings asiaseBy ate lactps ind gight ernititpediodss.
apparent to one of ordinary skill in the art in |ight of the present

di scl ogueeregsiving AedbesPEablL 6f Qésﬁoh@idrggt;)egﬁed;lﬂﬂayss itihfde défcdd\NMRNTHON

The present invention includes tinme de ices and time del ay systens.

The i”?bﬁ@tbh&@ctoﬁ! 1%# dgd&gjugiﬁﬁ)dmgiaglaqm?[ggmh{e%%g_urrents usi ng those aspects

of the invention.” The In tion nay a used to upgrade, repair, or
retrofit existing machines or instrunments, using nethods and conponents
known in the art. The present invention conprises a true tinme device that
falls into the free-space category but uses a multiple-pass optical cell
wi th ref ocudR R§CerdaRes, with ranothes asperé ofdthe rinyeptions thiveilslpreyidesbanmetbpddar ng
probl enms. This approach differs from previous free-space approaches in that
it usepticeablyygeneretingtiine delagsint segnats; saig ateittadd domytmisingdbleistepsoot: | nst ead of one
or nore switches for each bit. In this approach the m crowave signal for

each ant ennan@lutateptan gt bgnaiagitd ad esticahb@nan optical beam After the
i ndi vi dual optical beans are del ayed by the desired anount of tine, the

si gnal s may L@ Qe QAT BERY Birb&sh &Paﬁﬂa&fbﬁ"%g ‘r?)ptfliegl'}féreﬁelfaﬁﬁ% Eiﬂfetd?:ﬁfgs,r said .

processing. This process may be UsedI'n elt ansmt or t ecei ve
node of the .adar. 2 2 6 FEB 2004 In broadest terns, the
devi ce for 8%%%@?%%{1%%%? ‘al l y-controlled increnental tine delays of

an input mirror adapted to reflect said optical beam;

a plurality of optical elements configured so as to define a plurality of possible
lights paths for said optical beam reflected by said input mirror;

at least one refocusing optical element adapted to restrict the divergence of said
optical beam diverted by said optical elements through at least one of said light
paths;

a spatial light modulator adapted to select a path from among said light paths for
eéch pass of said optical beam through said optical elements; and

an input mirror adapted to reflect said optical beam emerging from said set of
optical elements; and

- down-converting said optical beam to an output signal.



the present invention conprises: (1) an input device selected fromthe
group conprising light sources adapted to generate individual |ight beans
or arrays of light beans fromone or several directions, (2) j e
input mrror capable of reflecting light fromthe input devicezlirﬁrﬂ:qEBSgﬁmt
different directions, (3) a set of optical elenents selected fromthe group
consisting of mrrors, lenses, filters and prisnms placed in a
configuration so as to define a nultitude of |ight paths for each |ight
beam from the input device reflected by the adjustable input mrror, (4) at
| east one refocusing elenent to restrict the divergence of a |light beam
diverted through at | ea8RIBAOESCRIFFIONIQGINMHEDRAWINGS a spatial [ight
nodul at or adapted to select a path fromanong the |ight paths for each

pass througlFidhe] $&4 to ?fVI@pbf £ §hn @@ Wﬂﬁe%eﬁfon%bﬂﬁiewr&%ﬁﬂ intdrididh iPeRHf rom

the input device, an output mrror adapted to reflect the I I ght beans

emergi ng frgpdrbe &eﬁ fRfnt %ﬂ)évaﬁahale\hewem the s;?aﬁ@l hgm ﬁmrd%ﬁl%ﬁ/'a'&gl F¥hCone
capabl e of responding to the delays in the I'ight Beans refl écted by the

out put ¢ 5&19‘[ ent Jﬂg gﬁgﬁs %g‘dté@utﬂﬁ&%%%gc&a&}c%% Wthﬁggggérgl fe‘iiltxb crenent al

time d ays (0] nvention nmay al SO Inc eas one system

of optical si,on_line ve ui ere hs of. .t he

' ght. pac hsFHRGE Ba® G4t wiel i s REAC i o SERE il nfcoHtadis Sut o
the op al. el e ts The spatial |ight nodul ator may consist of a

pol ar i ?Pﬁ@)é’gﬁﬁ"t eP‘i'eéfFﬁt INYeBHRR-at or whi ch changes the pol arizati on of

i ndi vidual |ight beans directed to the spatial |ight nodulator. The use of
a pol ari zi niggpatiiale topghew rafcueadsatia helh wesre theydistancesh &om tiet spatiablight
beam splitting device that can direct |ight beans through the system of
opt i camodtletoert she Whiteutdli piireordi v tin arsordamenditin @ne renttodinerlt arfi tha pregentof
the light beans after passing through the polarizing spatial |ight

nodul ain@entiohhe device nay alternatively include a m cronechani cal or
deformable mrror device spatial |ight nodul ator capable of reflecting the

| ndivi dual oGt s ROARBspebilvdTHblioTi dlal 65 béaﬂ@uhggg{ S S GAT R Bkifil5

optical path.” 3 2 6 'FEB 2004 The I|ight sources a to generate

I ndi vi gHadr it L dAREE MR She Blub8Yithef of thdPlesBF MRnfis?™

Figure 5a is another perspective view of the dual arm cell in accordance with one

embodiment of the present invention.

Figure 6 is a diagram of a White cell using a deformable mirror device spatial light
modulator and an appropriate prism in accordance with one embodiment of the present invention.

Figure 7 is a diagram of a multiple arm version of the deformable mirror device
configuration in accordance with one embodiment of the present invention,

Figure 8 is a perspective view of an alternative cell configuration in accordance with one

embodiment of the present invention.
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one or several directions may include such devices as |asers, arc |anps,
and light emtting diodes. The receiving devices capabl e of respondlng to
t he del ays may include devices such as photodetectors, pin d| ngm
phot odi odes, and interferometers. In accordance with anot her aspe

I nvention, there is provided a nethod for optically generating tine del ays
in signals, said method conprising the steps of. nodulating an input signal
onto an optical beam passing said optical bean1through an apparatus for
optical |y gEi@rabiing sidereleyational viesaptia sipfpay oft ¢ns Gompe iis ianeprdanee iwiiuone
mrror adapted to reflect said optical beam a plurality of optical

el enenembodinfentjoff the psesemianventioef i ne a plurality of possible lights paths
for said optical beamreflected by said input mrror; at |east one

refocusi ng Bfpure 8 iLARMRR iddEdvaRshal Qldheﬁitﬂlb@ﬁag&ﬁlaﬁés\dﬁftﬂéaﬂﬁi&apﬁax&%h%on _
optical beamdiverted by said optical elements through at I'east one of said

l'i ght #p‘;,i sel ect a path from anong
said | f%ﬁﬁ%&?ﬁaﬁ or t&gg%: B%%%@g%fgg‘?gwopt | caalm%)eam t hrough sal d opti cal

el ements; apd an, né glnédaptﬁd tBP reflect said optical @merreggl ng
fromsaid sets"Ht! 6?(%’ REFEChf SPIAHE BO- LATTHFETH PH“’S‘B‘P eat,

to an &ft put signal. 4 2 6 FEB 2004 BRI EF DESCRI PTI ON OF THE DRAW NGS
Figure Hr%seﬁtlpﬁ?}‘t\ﬂnew of a standard Wiite cell on which the present
invention is based. Figure 2 is a front elevational view of the spatial

li ght nodul Bigore, 1 22isamgthe tay disgram offb spherisal mirtor(lems Systoo inaascbrdartep wtithomer or s
I n accordance with the present invention. Figure 3 is a top view of the
dual - aembeditnentdfithe preb@ainweptiot er in accordance with oné

Figﬁre 13 is a plot of path distances in accordance with one embodiment of the present
invention.

Figure 14a is a ray diagram of a deformable mirror device in accordance with one
embodiment of the present invention.

Figure 14b is another ray diagram in accordance with one embodiment of the present
invention.

Figure 15 is a ray diagram for a small angle prism in accordance with one embodiment of
the present invention. |

Figwre 16a is a diagram showing spot location on a deformable mirror device in
accordance with one embodiment of the present invention.

Figure 16b is another diagram showing spot location on a deformable mirror device in
accordance with one embodiment of the present invention.

Figure 16c is another diagram showing spot location on a deformable mirror device in

accordance with one embodiment of the present invention.

Figure 17 is another diagram showing spot location on a deformable mirror device in

accordance with one embodiment of the present invention.
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enbodi nent of the present invention. Figure 4 is a top view of a quadratic
cell, where the distances fromthe spatial |ight nodulator to the Wite
cell mirrors vary, in accordance with one enbodi ment of the ;zssFﬁB 2004
invention. Figure 5 is a perspective view of the dual armcell wth a set
of glass blocks and auxiliary mrror in accordance with one enbodi nent of
the present invention. Figure 5a is another perspective view of the dual

armcell in_accordance with one enbodi nent of the present invention.
Figure 6 isFigws d§riamngther diggrams shaing $5ph ipcatior o84 Hefoenshle mirog doviee in
spatial light nodulator and an appropriate prismin accordance with one

enbodi pegordance whih queegiotineny efithe presentBinamtion7 is a diagramof a nmultiple
armversion of the defornmable mrror device configuration in accordance

wi th one enpiggirerdti iOh didpearp of 3€Mdctddnplendsi ipnacchbidgtidecwith iche nfidipa taf tRe
view of an alternative cell configuration in accordance with one '
enbodi BREENtGhvenign Pr esent invention. 4a 2 6 FEB 2004 Figure 9 is a side

el evational view of a systemof |ens groups in accordance with one

enbodi nent esent i nt | i ' [ | evat | gpal
Uow of ¢ het 19 EEIEEMer AR bERAsC O Blfies th A2oRARY Gl Spl exBofiRl 8F
with one enbodj nent of the present invention. Figure 11 -is a ray diagram
for a gﬁﬁ’éﬁ’ﬁ‘"‘ﬁ%ﬂ”"ﬁ‘l’%r in accordance with one enbodi ment of the present
invention. Figure 12 is_another ray di-agramof a spherical mirror/lens
system i n aFieoreldfeds aidisgrameo! & kigbbensntinddenthen plddEhin pespedanice withrpegir e
13 is a plot of path distances in accordance with one enbodi nent of the
pr esentmbodiment ofithe present invention. '

Figure 20b is another diagram of a light beam incident on 2. DMD in accordance with one

embodiment of the present invention.



Figure 14a is a ray diagramof a deformable mirror device in accordance
with one enbodi nent of the present invention. Figure 14b is another ray

di agramin accordance with one enbodi nent of the present inv ﬁngqulre
15 is aray diagramfor a snmall angle prismin accordance wt

enbodi mrent of the present invention. Figure 16a is a di agram show ng spot

| ocation on a deformable mrror device in accordance with one enbodi nent

of the presen i-gur i ﬁ&w spot

| ocation on at%%%m.ﬁ?sm ot ub??géﬁ;pg{ﬂ:a%ﬁrplqanu I enbodi nent

of the present invention. Figure 16c is another diagram show ng spot

| ocati on orn accadancenatithethgifpregeing symmary. dhe fllovving pecsenip ericialed dassoiptioent
of the present invention. Figure 17 is another diagram show ng spot

| ocat iof thequrefarreld Embodilieat ofi the biventéoni that ik ourramt lyoroisiderzdud bh thertestenddedi ment

of the present invention. 52 6 F E B 2(r)04 Figure 18 is another diagram

show ng spqhe paskaht iaver@idnds BREQ oA WY @aditibhld 'WRIQY ESE Fi gu:eapcsozat anem ofthd one
enbodi ment of the present invention. Figure 19a is a diagramof reflected

pl ane anofaﬁﬁ@tgﬁ%epa‘éhh? tl?g?%he%{ A at Phe LdIE corﬁ{nﬁ&@ Rhirek qafu%él%ﬂhel%agur €

19b | I agram o nes 1 n accof dance Wit

enbodl ment present jLnventio Fi re 20 s a dj am_ of
beam { If’ﬁ’e of)ﬁ‘e £ ‘f% gt anﬁ ]Jti%y O%P?'@#?g% lﬂf?eseﬁ?‘@sgﬂt
i nventi on. gure 20b i s another di.agram.of a |ight_beam incjident on

in acésd El%lclé YIRS SN @ digase GV R thﬂr radi op PUaiWe.| e SRS of curvature 15 or

the first mirror lies on the centerline or optical axis 16 and falls between the second and third

mirrors. The second and third mirrors are aligned so that the center of curvature 20 of the second
mirror 13 and the center of curvature 19 of the third nﬁrror 14 land on the first mirror, for
example an equal distance from the optical axis. Light from the second mirror is imaged onto tﬁc
third mirror, and vice versa. Light is input onto a spot 18 in the plane of but off the edge of the
first mirror; the light beam is prepared so that it expands as it goes to the third mirror. The third
mirror refocuses the beam to a point on the first mirror. The beam is then reflected to and
expanded at the second mirror. The second mirror refocuses the light beam to a new spot 17 on
the first mirror. At this point, the light may either exit the cell if the spot is off the edge of the
first mirror, or continue to traverse the cell. The beam may traverse the cell a predetermined
number of times, depending on the locations of the centers of curvature of the second and third
MizTors.

The angle of the input beam may be controlled by an input turning mirror 21, as shown in
Figure 2. The angle of the output beam may similarly be controlled by an ourput turning mirror
22. Each bounce of a light beam is shown by a spot 23 on the turning mirrors or the first mirror
12. There are multiple light beams shown. A spatial light modulator or other appropriate device

may alternatively replace the first mirror. A beam of light may be reflected off the input turning
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2 6 FEB 2004 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENT{S1 In
accordance with the foregoing summary, the foll ow ng presents a detail ed

description of the preferred enbodi nent of the invention tha EhLBrZﬁ['H.y
considered to be the best nobde. The present invention is base

traditional Wite cell. Figure 1 is a diagramof the path of a Ilght beam
passing through a Wiite cell. The cell conprises three identical spherical

mrrors, all e radi us of curyat The first rror

separ e{?’é’f?rfIP‘BrFI‘? ﬁghg%e giLcenemay iEpverse e soll it GF depp i fg}cgfe'én@et%ewgwt to
their radii of curvature. The center of curvature 15 of the first mrror
|i es cHmingemiseon:a$whielepeint bmaycexit thxfedl. 16 and falls between the second and
third mrrors. The second and third mirrors are aligned so that the center
of curvat urRigu2é 3oshowizea fiet anodifivationoto the Witk édiietocaiapeit tofvagidbieatmi deldp of
the third mrror 14 land on the first mrror, for exanple an equal

di st a[h%ﬁhééh@ﬂﬂ thqi@pﬁfoeﬁcaﬁaﬁ $s to-dHahge i‘he mtt:ﬂi@m% @8 Ghfin T ubRH thirdr 169 t onto

t he lrd mrror, V|ce versa. Light |s I nput ontoaspot 18 int

pl ane t. 0 h e 8" m s ar ed
SO tha‘{)tBl L’ a?'ﬁetgp%lrc\idésqgs | offé)gglt En?‘%‘ g“ﬁ% l'Irnn‘?rh?%r ETﬁe % nMSr?M

ref ocuses the beamito a nt o theflrst mrror 2amis the

ref | e EARY2IER! 19 r%waﬁhwkagps bl oL PO Sy o, e Wpch o spoal Lght

refocuses the light beamto a new spot 17 on the first mrror. At this
poi nt madulateri ghus pasticalar Ispatiad light moduwrlmayf be panfigpred togotats therdirestioe obf
the first mrror, or continue to traverse the cell. The beam nay traverse
t he cgbladaatmned@ﬂxermﬂaadd beambby nifety degress ategnynphirtignlampitblethan ¢abétivagedof
the centers of curvature of the second and third mrrors. The angle of the

i nput Tlheﬁtra #mﬁ% B §litlepd8 byaye ddded)tand thedifighcad fo'18E secbnd 33 aRAMAY 14
Figure 2 he angl e of the output beammy simlarly be controlled by an’

out put[m-,U{SI}hggbéTL& LSkd t@ﬁ-;anftﬁ&h nk%gu{gcemfm ¢! lig@n'f'gla?% d Mﬁqm f) i ght

1
23 on the turning™mrrors or t st mr eare

b h h

al or b ThERrR gplﬂ‘ﬁeé o, e ﬁ?ﬁpe%ﬁz%egf#sﬁ%&%ﬁeﬁt&%u%ﬂ? @ﬁ %%F‘ed

of f the input turning . :
but transmit light polanzed parallel to the plane of the paper.

A better photonic device may be implemented by next adding a fourth 24 and fifth 25
mirror, where thése mirrors are identical but have a focal length different than that of the second
and third mirrors. There now exist dual cells joined at the beam splitter. Since the single lens 27
can no longer satisfy the focusing conditions for both cells, a lens 26 of different focal lengtﬁ may
be added to the other output side of the beam splitter. The focal lengths of the lenses are chosen
to compensate for the new mirror locations.

Yet a better photonic device may be obtained if the distances to the fourth and fifth
mirrors ﬁom the beam splitter are different, as shown in Figure 4. In.this case the radii of

| cﬁi’vanlre of the fourth and ﬁﬁh mirrors will be different. An additional lens or lenses may be
added between lens 26 and mirror 25a to maintain imaging.

To improve the number of potential time delays, the design of the dual-armed unit of

Figure 3 may be further modified. This configuration is shown in Figure 5. First, auxiliary mirror
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2 6 FEB 2004 mrror into the Wiite cell, and nmay traverse the cell until
the beamis directed to the output turning mrror, at which point it may
exit the cell. Figure 3 shows a first nodification to the Wit @SIEBQQ[M
adapt it to variable tine delay applications. A first nodification-Ts 0
change the first mrror 12 froma curved mrror to a flat one and to add a
| ens 27 of focal length such that the lens-mrror conbination is optically
equivalent to the mrror it replaces. Next, the flat mrror nay be replaced
wi t h a29mayi tzl added) it the ppbeoie lofi therspatizh lightaedilator 32. 4 seqond (aukilight miroatuhayt s

may be configured to rotate the direction of polarization of the reflected
beam bylaged il the Gkﬁg%eeﬁl&ne&bf the ypavial light whaatulapor Theit,aimé delay hechirddn suchhem  a
pol ari zing beamsplitter 28 may be added, and the distances to the second

13 and sisofled Blockl 80 9125 HERYindifadl For 118 deddha TRiiNaR) MirkFRES Stbwrlcribae ‘st;.

i ght may polarized I'n the plane of the paper. The beamsplitter nma
reflect.li.ght pol ard zed in.the. pl rnendi u

transni t° Ib?(&ﬁff a.beo{eg; Ft}‘éedmb gFaﬁlqeglﬁﬁ%sf ﬁ-g &pﬁla n%HJo?{'t‘%fe?e%%g’eeﬁg Rﬁé glea?s[ EélP cks
phot oni ¢ Vi ce be i nplLemented by next adding a fourth 24 and fifth 25
m rror 90%3 b aplpgesbypatical Soor o ey READe S qha%a“%‘ ASESF DPRRGR Cﬁjhf‘d%n%lr ent
than that of the second and third mirrors. There now exist dual cells

j oi nedlight mhdulaten and e auxdiary Simere Theefinst legs 87 |hap beaymade fargns 1 eavrerthem.

satisfy the focusing conditions for both cells, a lens 26 of different

focal Theghibknsses dicheghies blooks inty bt hosemudopthit thedelditionthtimecagaired! fot ther .
The focal |engths of the | enses are chosen to conpensate for the new

M1 or pbRkld 86 Shro¥® sicBRiveloddah@RAsEs A8 \HoWRrs B tviRe tiflel ahed) gfitialf thicRfess.

di stances to tThe fourth and fifth mrrors fromthe beamsplitter are

di 1 : : . : o o
the T onht RPARSY B Rl i Bacyr b aballoP SAEwe Bark Hkhe Hatia P Mhotiust

I dded. bet 26 and nj&r t ' in i ing T
| mpr o EAIAIgEd o e pap e Al dkelo dBr ogpt of it e oM. Sy RV
unit of Figure 3 nay be further nodified. This configuration is shown in

Fi gur etrguspeyeptmatesigls; | j ary mirror 8

If a deformable mirror device spatial light niodulator 31 is used, a simple White.cell can
be constructed as shown in Figure 6. A prism 32 may be used to direct the light beam through a
focusing lens 33 onto the appropriate mirror 34 off the optical axis. Figure 7 also shows that
another prism 37 may be introduced to direct light from the deformable mirror device spatial light
modulator 31 through a refocusing lens 38 onto the other off-axis mirror 39 in the dual-arm
configuration.

Another possible configuration of the dual arm cell is shown in Figure 8. Here, the
second and third mirrors of the first arm of the original device are replaced by the second 35 and
third 39 mirrors of the new conﬁguraﬁon. The fourth and fifth mirrors that comprised the second
arm of the original device are then replaced by the second mirror 35 again, along with the first
mirror 34 of the new configuration. Then, light beams may bounce from the second or third
nﬁrrofs to the first or second misrors, then back to the second or third mirrors, mimicking the

operation of the oﬁginal dual-arni cell. An additional lens 40 may be used to image the spatial

9



2 6 FEB 2004 29 may be added in the plane of the spatial |ight nodul ator
12. A second auxiliary mrror nmay be placed in the inmage plan f t

spatial light nodulator. Then, a tinme delay mechani sm such as %gsFéﬁfZ[]mr
gl ass bl ocks 30 may be substituted for this second auxiliary mrror, as
shown in Figure 5a. The blocks are reflective on the sides furthest from
the lens 41. Alternatively, the glass blocks could be replaced by optical
fibers or an array of fibers. The optical axis is between the spati al

li ght hightuhedubatomentotanauziliniyl inirtor 20| andn lenble thiy b¢ udedns iddgdas spaed ligade

| arger to cover them The thicknesses of the glass bl ocks may be chosen so

that tmedade bhenadeliy MBcHaARH SRR af Blasd MBcksPANE to go through successive
bl ocks increases as powers of two tines the initial thickness.: The

cpat ol 11 GhPamaa s s2 b8 B dhe el ufite 38 ey tiidated o Eelh oo e

additign_of t.he gl.ass bl ocks or equivalent transparent materials. If a
deforH%BP%mmjgtF]g%llﬁg\ﬂr%@C?ﬁ??%b”l%F'ght modul ator 31 is used, a sinple Wite
cell can be constructed as shown in Figure 6. A prism32 may be used to
direct the Miqyear tpOhtain longerdime delayss ifsis mgssitdetp BEodwren lehs vapeguige ingilace
mrror 34 off the optical axis. Figure 7 also shows that = another -prism 37
may beofithe glaguibledks. oFigurec® shdwyghich farlens whecgtizfeorTiakd Rnsdsr420formienieas grdpt i al
light nodulator 31 through a refocusing lens 38 onto the other off-axis
m 11 or4339 The' lefe gebih -BiythefiObd pRYER LI a ABRLRS oRRSE 'a?isetocﬁgxy&%ﬁbﬂn of
Ir

the dual armcell is shown in Figure 8. Here, the " second an mrrors

of t hqpfgk snd i Lainal ' : .second 35.and
hi rd 35 RSioR L Oy vk E S T Heh Corficinio R BERE Ben By BE R oo

t hat r+-sed the secgnd .arm of the original .device are thep replaced by
the. <SRRG Pphl PiaB€ 3335 roei il an Fibapr maror piets: ok s 16K o iacndans
configuratijon. dEh_en, | i ght heans nay bounce fromthe second or third

mi r r ORISR Adgitionel planeeongpgpteiorthe Aauxiliapemirircilaneo A Wenspargohmatsriat tiay d
mrrors, mmcking the operation of the original dual-armcell. An

addi t ibsmaced attheseOromjugatseplanee castshowminy Eigukeel s pdchashed of transparent material 45

may have a reflective strip 46 on a portion of its surface. This permits light beams incident on
different areas of the waveguide to propagate through different lengths of the optical transmission
line.

Materials and Methods

Imaging Conditions. An analytical description of one arm of the White cell is presented. The
configuration to be described is shown in Figure 3. At the right of the figure, a White cell
spherical mirror B 14 is shown below the axis and a White cell mirror C 13 abch the axis. The
center of curvature of White cell mirror B is a distance & above the optical axis. The center of
curvature of Mirror C is a distance & below the optical axis. To the left of the White cell mirrors
is lens fI 27 with focal length f;. Adjacent to it is the polarizing prism 28 represented by a cube
of glass of side d, and next to that is a flat mirror perpendicular to the optical axis representing
the SLM. To present the analytical description of the imaging requirements, optical ray matriceg

are used. These matrices operate on a column vector
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26 FEB 2004 |ight nodulator onto an auxiliary mrror 29, and a |lens 41 may
be used to image the spatial |ight nodulator onto a del ay mech' i

as glass blocks 30. A prismsuch as 32 and its adjacent |ens s!.iﬁ égﬁéﬁm
be replaced with a single lens that is appropriately tilted or decentered
or both. In order to obtain longer tinme delays, it is possible to introduce
a |l ens waveguide in place of the glass blocks. Figure 9 shows such a | ens
wavegui de. Three lenses 42 forma lens group 43. The ' |lens groups nay

t hen be placed §l ong a common optical axis to forman optical transm ssion
line or |ens|Xayeguide. The light comes into the optical transm ssion |line
fromthe ri The input plane 44 is coincident with an auxiliary mrror.
pl ane. At th ft of each lens group is an additional plane conjugate to
the auxiliar frror plane. A transparent nmaterial nay be placed at these
conjugate planes, as shown in Figure 10. Each sheet of transparent nmateri al
45 nmaywheive, &, and pectfer to ther prpjetBonnf @ spran the Yot z plens urlhecectof telgnent y
permts |light beans incident on different areas of the waveguide to

pr opagatepresdntiig disglacémenvf theaag fiden ht optieal @Ptaxisadt sbina vahle 2Fz0Mhe klefnt p,
Material s and Met hods | magi ng Conditions. An anal ytical description of oOne
arm of dehRs A loft : i fra QiR indext i@ r'wirhs
shown i nﬁ%i éélumr&elgg@,%\td?%eﬁ?i%gﬁ{ﬁ gfgm% %lg@?ilggl?er?ﬁa Wiite celtlﬁéréségﬁie:'r‘lrca '

mrror ' G\MR . t ' ' : 1 ve } he
o o TRt At o8 2 Bt 4By s Sphdeal Blreofhl Wl e SEWRRKE A
above the.optical axj.s. The center. of,. curvature,of rror Cis,a_.distance
S bel GHRIREBEES caMIdHe et iuHEpIged bh bae Trieed Fupl ot pRistapa o ERe
fl 27 with focal length f . Adjacent to it is the polarizing prism28
r epr esdAY 88 theyx o7 Plape 3 33 gy aariess ase Heedbecansg thryxyilk be usehyl in sepresepting the
mrror perpendicular to the optical axis representing the SLM To present
t he andilietisphdricdlemiTarpt Three ody matricesramgiused.r Eheifirss deie snatiptZi(d.al), repyesenting
matrices are used. These matrices operate on a columm vector 10

a translation through a material of refractive index 7 by a distance d in the axial direction.

-
I

1 din 0
Tdm={0 1 0
0 0 1

The second is the matrix L(f) representing a thin lens of focal length

1 00
Lf)=|-1/Ff 1 0
0 01

The thin lens matrix is identical with that of a spherical mirror of focal length f with its center of

curvature on the axis.

A last matrix represents a spherical mirror tilted so that a line from the intersection of the
mirror and the optical axis to the center of curvature, point CC, makes an angle & with the optical
axis. A ray comes from the lower left with slope p,; reflecting off the mirror at point P and

leaving with slope p,;. Line CCP is drawn from point P through the center of curvature. There

11



2 6 FEB 2004 where y, n, and p,. refer to the projection of a ray on the y
- z plane. The vector elenent y represents the displacenent of the ray

fromthe optical (z) axis at sonme value of z. The el enment py QeﬁrF@tzﬂm,
the slope of the ray at that point and nis the refractive index in e

region. The third matrix elenent "1" is used in representing a tilted

spherical mrror as will be shown later. A simlar analysis could be used
with y replaced by x and py replaced by p., for the projection of the ray
on t hease twolings pazalleb tq the axis, ong througls therasnigs ofl cvate and 9ag thpugh peinyBef ul
in representing the tilted spherical mrrors. Three ray matrices are used.
The fi Lite CEP niakesvmigie xy Witk the)ncoméprag and ande apwithahs reflected rhy)modidwitin -~
material of refractive index n by a distance din the axial direction. 1 d/n

0 T(drfwre1f Pheledded? of clGn® e WD O VB Ioftikdlfakis \Waiahdy N

| ens of ocaf) —Fhéencgth 1&8 0 . djﬁ?‘f e ffi‘}’%f O&%Ognl The 't |ﬁaﬁg§r’1kssr}grr%l rrx is
identical wih that af a,spherical . mrrar focal length f with its center
of cufd Wrthegqp%@m&@%gﬁ;&%nag_y ahﬁ‘ferl?gimr(g{‘)'r esents a spherical mirror
tilted so that a line fromthe intersection of the mrror and the optical

axi s to theTkarthete age fiye equations, Sipes the angle ofrincidenge eayals hepngleweflaction, o

optical axis. Aray cones fromthe lower left with slope pyl reflecting

of f the ggi Podtmall amidenty; P prdy/REaidi o= W, H (R0 NELSP, 12= L ir e akd B = R ragmn
from point P through the center of curvature. There 11 2 6 FEB 2004 are two

l i nes | 4 ' h . I r d..on

thr oo e if e edt Mgt hEme difro COUBAS b Biupliofls |SUnBLI S, B00 20
2 with th fl ected : h i

ac W H, givgs Lyf- ge;: pfl +ré;‘ 4 vif ? ese'q(l)xa\/\ﬁlor1I Q:lating Dyi, the ray slope before reflection off the

spherical mirror with pya, the ray slope after reflection. This leads to the ray matrix M/ (f;e):

1 0 0
M(f.0)=|-1/Ff 1 28
0 0 1

To use these matrices in practice, one identifies the translations and thin lenses and
mirrors encountered as a ray traverses an optical system and multiplies the associated matrices
together to represent the effect of the optical system on the ray. Call the product matrix S. Then
there results a matrix equation representing the ray slope-index prdducts at the input and output

nipy and mypys and the displacements of the ray from the axis at the input and output, y; and ys.

b2 »n |4 B G| »
mp,|= S| mp,tC D H| mp,
| 1 I J K 1

This represents three simultaneous equations. For example, the first such equation is y; = Ay; + B

mp, + G. This equation nicely relates the input and output ray posiﬁons. The requirement that

12



Figure 11. The-center of curvature is a distance 8above the optical axis,

and point Pis a distance y above the optical axis and a distagpc ' above

point CC. Then there are five equations. Since the angle of inc%dgnﬁfBﬁgﬂm.

equals the angle reflection, al = a2. For small angles a, = py, -- (y¢

and a2 = py2 + (y%). Also, y =y'+,5 and 5= OR = 20f, where f is the focal

| ength of the mrror. Conbining these equations to elimnate a,, a2, y',
the. ray
e

and i = o O Y ' el at | Y,
o1 ope Befobe ity befiucenlie ifpll ndplpur blaie W Bt Bhatf Bhdf B
after reflection. This |ead o.the.ray matrix M(f, B): 100 Mf,0)=
-1/ eIt ,Ouf%sq}?@g??fetgﬁawgﬁls&%ﬁmpﬁoﬁét]?@?'one i dentifies the
translations and thin lenses and mrrors encountered as a ray _traverses an
optical syst®pHRdC e entissl ystemn thepssars dpur reguinameTic s prapsyepgration: dhe first
represent the effect of the optical systemon the ray. Call the product

mat r i xre@irepreanis thitdvigrordd e insagad wator Mitrrerd a0 itheat no dighewidinbd logt Byheys siyrting

sl ope-index products at the input and output n,py, and n2py2 and the

di spl ae@nin®r Bf arldnaissiay Min@ad, MEo asthlslishtthishequirefieht @B dyaerh hdtrix §(B.andsy 2.
Y2Y, ABGy, n2Py2= S n, py, CDHnpy, 11JJKI This represents three sinultaneous

equat i&lb%lat@for?fﬁgma%rsfn efrbin! RSt H t& MBEOB. | R %255 %’g?étfl'(gh?)ﬂtﬁ,%bdﬁ G .

This equation nicély relaf'es the 1nput and output ray p

out put R T Defing 7., A0 HLRE SolSisafl Hafieey B0 RRRyIGe fF ot

sol vi ng for the desired distances or focal lengths. To return to the
optic& g there are four requirenments for proper operation. The first
requirenent is that Mrror B be imaged onto Mrror C so that no light wll
be lost by rays starting : ‘
{(1-@/£)A-d, /n, £)-@d/£)}  2{Q-[d/£])E+(, /n)A-[d/£])} 0

Sisey = -2/£)¥1-d, /n, £ A/7£){d+@d, /n)A-[d/f P} +(1-[d/f]) ©
0 | 0 _ 1

The requirement that Mirrors B and C be conjugates then is that matrix element B be zero:

2{(1-[d/fi] Wd+{di/m)(1-[dIfi] ))} = 0. This is used to give the desired focal length for lens fj.
Theré are two solutions: Si=dand f; = d/(1+[md/d\]). These solutions represent symmetric and
anti-symmetric ray patterns about the SLM. In the first solution a point on Mirror B has an image -
at infinity which gives anlimage on Mirror C with a magnification of -1. In the second solution a
point on Mirror B has an image on the SLM. 'I'his also gives an image on Mirror C with a
magniﬁcatioh of +1. The first solution works very nicely for this situation. This puts Mirrors B
and C in the focal plane of lens f1. The same analysis applies to Mirrors E 25 and F 24 and lens
12 26. Mirrors E and F are in the focal plane of lens 2.

The second fequircment i.s that Mirrors E and F be images of each other.

Considering requirements three and four that a point on the SLM be imaged back onto itself

through each cell, take fto be the focal length of mirror B. The system matrix for that case is

13



fromMrror B and mssing Mrror C. To establish this requirenent the

systemmatrix S(B. C) is calculated for rays traversing from
Mrror C. It is S(B,c) = T(d, I)L(f1)T(2d1, ni)L(f,)T(d, 1)2’52@5%0@4
d, and f, in the appropriate matrices and nmultiplying the matrices

together yields S(B.C = {(I-(d/f,))(1-(2d, /n, f,))-(d/f,)}
2((1-[d/f,])(d+(d, /n,)(1- [d/f ]))} (2/f )(1-[d, /n, f,]) (1/f,){d+(2d,
In)(1-[d/f ]?9}+g_1-[d/f®é% requi renent that Mrrors B and C
be conj&ivea B% St didi-aE (dsﬂailéf 6RT (é&léﬁéiaf (dpnpe Yetplying the appapprigte marrices
)(d+(d,Inl)(1-[dIf ] ))} = 0. This is used to give the desired focal |ength
f or | enegdilier and ipattngyf & d asoequitedtbyalhesfirst imaging conditfonrealitéin +[ n1d/ di]) .
These solutions represent symetric and anti-symetric ray patterns about
the SLM In the first solution a point on Mrror B has an image at

infinity which giye op\C with a nmagnification of -1. In
ol RO ERPR A O

the second solutipn a "po has an image on the SLM This al so
gi ves an |mage30'n Mrror C wtth a magﬂlflcatlon of +1. The first solution
wor ks very nicely\fior this siguation. This puts Mrrors B and Cin the

focal plane of lens fl. The sanme analysis applies to Mrrors E 25 and F 24

econd e reeER e MAaS] b el 02 Bid g fﬁq&%"ﬁt & - s
pack oRUpelRts TERRC e ferrbfoeal Fogrh 1t 0 SBEEHATER) Length of
mrror B._The 'system matrlx for that case is 13 2 6 FEB 2004 gi ven by S =
T(dl, nl) LThke gapg éon pisp hey sqee El}qzeﬂﬂngmallcmpsls legging t,PRysicg! mprning gf sxplaiaed
matrl ces together and putting f, d as required by the first imaging
condi t ibyFriguzs i2+ For the-firstnd; @unsidnr fhe-indge 61)the cerBer @f cuvaure of Mirror B through
lens fi. The radius of curvature of Mirror B is 2f'and the distance of its center of curvature from
lens f'11is d - 2f. Then the distance of the image from the center of curvature, .call it d., 1s given
by 1/d+1/(d-2f)=1/f;. Eliminating f in these equations and simplifying results in ;1‘-; = di/ny.
That is, the image of the center of curvature of Mirror B lies on the SLM surface. The image of
the center of c&vaMe of mirror B on the SLM can be called the center of curvature point.
To find out where on the SLM surface the center of curvature point is located, look to the
nrnagniﬁcation. The y value of the image of the center of curvature point, call it y,; is given by the
y value of the center of curvature itself, y..,, times the magnification, or ¥.~).., x magnification =
2f0x (-image distance/n; Y/{object distance) = 28 x {-di/(n1[d-2f])}. Using a previous equation
for 2/ and simplifying gives y.. = &4, thjch has a very nice interpretation. If a line is drawn from
the intersection of the optical axis with Mirror B through the center of curvature of Mirror B, then
tile .intersection of that line, extended if necessary, with lens fl is a distance &4 from the ax1s The
projection of that intersection onto the SLM gives the center of curvature point.

There is a further interpretation in terms of point sources on the SLM that are imaged

back onto the SLM. Writing the first linear equation for the system matrix gives y; = -y; + 26,
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o0 0 1, The imaging conditionis then B =0 = 2(d -[di/nl])-(dz/f), or f =

dl{ 2(1 -- [dl/nld])}. This equation allows predicting the r%ég focal
|l ength for the spherical mrrors. The equation al so has sone i Bﬂﬂﬂlr

i mplications | eading to physical neaning, as explained by Figure 12. For
the first one, consider the image of the center of curvature of Mrror B
through lens fl. The radius of curvature of Mrror Bis 2f and the

di st angrrf, st Y1 | 3 i - 2f. .Then th
di st ance o ltsheeli;&rr:g%gXE P ?%%Bﬁ\ég%rg% %frtﬂeﬁhguar%@i?asréf Ié‘éalgfmio 11§ ymagq e@i%%"en
by 11dd, &l -21)=1 1f1. Elimnati f i .these, equatiqns and sinplifying
resul t gg}iﬁnﬂ'éfH Lﬁe é?tf'rﬁi ']ias ??‘ﬁi?& i fmé]ﬁlf“F @d@%#ﬂeﬁg’:ﬁc‘éﬁﬁﬁ\&ﬂ%@ and passed ga‘ﬂ‘f
Mrror B lies on the SLMsurface. The image of the center of curvature of
mi rror theough lepefisDalining S 6diand dewniting-tist equation gives 4¥an &) polnt-. TOTHiS fxd
out where on the SLM surface the center of curvature point is |ocated, |ook

to t heinterprptedfinaatiswfa difteycevdl The diterplegitibAROBathe MG CRANEA bPMitdF By €
point, call it yccf is given by the y value of the center of” curvature

I tsel fpoil ' inf L ‘ = ification = 2f

(- gt SV R TR0 v e O surPhogt P ad BRI s o B e,
previo &&%@%&Qn for 2f and sinplifying gives ycc = 6d, which has a very
ni ce interpr Ation. If aline is drawn from the intersection of the

opti cal axi.ﬁlﬂm‘i?eihg M rr&rﬁ B.through the center of curvature of Mrror B,
then the i EPLBHOT ghihse dirggtion jsHdentisql withythe exeentiondhat MirrorB isttippedhenlfyl i s
a distance Wfromthe axis. The projection of that intersection onto the
SLM gi icthe phéirestinn se tht fur Vat Thex pguation devadert ds a; Fusd heSinbd ter ghtk ajfi on
in terms of point sources on the SLMthat are inmaged back onto the SLM

Wit i ngurvdnarefpoiritis bh BRAY axie U infige bPh pbli® s&Med BEMNMRE lckitePbN &RvitgreTs Ys Nfaf 2
14 2 6 FEB 2004 Here, y, is the [ocation of a point source on the SLM and

Y2 is fedift thStideOpbife adl the o'bjﬁgﬁva%};b}l?kf ttllféeopdgiszg'n%jd% P m)ty}.ge §Oéﬁﬁ§ﬁcrli.ge§§ﬂﬁ)ﬁ?5 sed

through lens fl, been reflecte rror assed back ens

1< HS WISl ol B B S e o Sl

the i rLaugv%nIrgrpgl%g by Mrror B of a
Increased Delay Time Due to Glass Blocks. Here is presented an analysis of a dual cell with
auxiliary mirrors with glass blocks in front of Auxiliary Mimror I. The situation analyzéd is
shown in Figure 5a. The SLM 12 is shown, along with a polarizing beam splitter 28, lens f2 27,
the White cell mirrors (13, 14, 24, 25) and Auxiliary Mirror I 29 and a group of glass blocks 30.
The size of the polarizing beamsplitter is d) and its refractive index is n;. The focal length of cell
lens 2 is f and is separated from the White cell mirror by a distance der. The distance, ds,
between lens fl and Auxiliary Mirror I is divided into two regions, one of thickness d"; filled
with air or other material, and the other of thickness 4" filled with material of refractive index ».,
It is chosen that ji = dgr. The requirement that the SLM be imaged onto Auxiliary Mirror I
can be easily calculated. The result is d%/ my+ d"y = 2d - & erlf - dif m). It can be noted that if
"y =10 and d2 = d’; = dj, dgr = D, and n = m, the equation reduces nicely, giving the desired

combinations of d*; and 4", that will give imaging. The distances d’ and 4" must further be
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point on the SLMis as far above the center of curvature inmage as the
object is below the center of curvature point. The behavior grgyngrﬁgn(%
direction is identical with the exception that Mrror Bis tipp '
the y direction so that B = 0. The x equation equivalent is x2 = -xi. Since
the center of ~curvature point is on the y axis, an imge of a point source
fromthe center of curvature is as far fromthe source point as the object
was, butdwad tdthe appsisiime. Jtheeransit timehT} foe oxe pasd fyord ithieeSE MotosAuxiary Mifdr { he

i mmge of a point source on the SLM one can nerely reflect about the center
of  curmatbdEleish@vet! by tTp? eanpmk Bal-ay ,ihe JBIeThR deharSeRiek o Eﬁreea ke%ond

presented an analysis of a dual cell vmth auxiliary mrrors wth glass

bl 00k oyl Ulot e Mdld B4 Ynlh 4 07 L T ?.ﬁ B OPRRPE lson O

Flgure a. The |ssovvn a pola
AX|I|ary rror

| f2 2 L 13, d
199 and®®@ Iawsiffng%'\%ﬁ e Siptith s o e T4 o Bl o B s shg o Yigutnd

beamsplltter is dl and its refractive index is nl. The focal Iength of cell
| ens f A3} earxbe cxprted shovdng thetregion of intengss, Where o 2canid d'riarer positine. & cdiikk thercke
dEF. The di stance, d2, between lens fl and Auxiliary Mrror | is divided

i nt o t wotetalyit ainessiopanef thé firdtieghumivasis d'12n add thelintict s giat deperdidneds, P&C AR
and the other of thickness d2 filled- with material of refractive I ndex n2.

It is gh Q&%otﬂiﬁﬁ fTBe SogEbf thERBcdnAYLARITREL nl [Rnstahif a&%@ﬁtéré@ Bgﬁﬁﬂm 5

Auxiliary Mrror can be easily calculated. The result is d

2d - d%%ﬁ\'{}ﬁﬂm 1s§314abﬂ&% 'Pﬁl 1119%)??1829% éﬁghttﬁaf‘; II"CI‘GE.FQ% ZI'he rgm?rﬂgw o“e5| T accurs

dEF e egua uces

combi na of .d2 and d'2 that w |l |ve magi The S nd
a2 m fwsr‘ms%mi%seft B eyestitsh =xfc dirm & <??fa{'fr?aﬁ§€§ F s %ér
transit tlrre T1, for .one pass fromthe SLMto Auxiliary Mrror and back
i s gi véh/mi)cThersi isa pligimum yalye forxgy. The @ezepreﬁﬁpgn&ﬁlﬁdb%%md md 25 i ve
a second equation involving d'2 and d'2, n2d 2 + d"2 = (cTf/2) - nid,-
2dEF. Fabg plateds f@n}uﬂtellmﬂtthéh@muwhaanl\@mrdweﬂus hngelSttcmmteheo therrighbbeds d' 2
and d"2 and T,. A plot of d"2 versus d2 (shown in Figure

increases. The smallest value of &; occurs when the lines intersect on the vertical axis. That

gives the minimum distance from the lens f1 to Auxiliary Mirror 1, d> mi» = 2dgs ~ (dng/j)-(dlfn]).
Combining equations to solve for the thickness of the glass and of the air, these
expressions are most easily written if 2dgp~(d25ﬂ2j)-(d;/m) is replaced in terms of d min and if

mdyt2d is replaced in terms of T pmin:

2= {ml(ny® - WHI (cTH2) - md) - 2d) — [2dgr — (eelf) - (@/nd]} = {ra(ms® = DIEA2XT; — T}
= (ol (ng® — DDHQV m)] (T#2) - md, - 2d} - n[2dee — (derlf) — (di/m))]}
= dymin = {113 = DN/2)X(T; = Ty}

This gives the incremental thickness of the glass, d*, that will give an incremental time increase,
Ty = Timin. An expression for the full distance ¢, from lens fl to Auxiliary Mirror I can be
obtained by combining these equations: d5 = dapn + {1/(n2 + )Nc/2)(T; — Timm). This starts at
d;.,,,,,-,.. as expected and increases with (7; — T my,). Distance &> can also divided into d’; and d"-.
As the time delay increases the position of the reflecting surface moves back, the glass becomes
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13) can be created showing the region of interest, where d 2 and d"2 are
positive. It could then be noted that the slope of the firs qu_liggﬁuog
-1/ n2 and the intercepts that depend on d2, f, di,, and nl e

fixed. The sl ope of the second equation is - n2 (constant) and the

I ntercepts depend on T1, which is variable. The line shifts to the right
as Tf increases. The m ninumvalue of T, occurs when the two |ines

i Nt er s@fitkePnd BR NElyéraRBnn@X iFSr that fofrabGVe ﬁ'ldiix,(tgé Gik lzglgi Qﬁ?greﬁsﬁ%nﬁcé a9kt -

[d2EF/f] - [di/ni])}. There is a m ninumval ue for
' - ' b2 = | ot L fr I
o fhee AR SOy lg badl thlli ot fifious BRuBR el ol PRy spfiien e « °°

i ncreases., The smal |l e val ue, of d cGurs the |lipes intersect on the
vort s oRbleal Saiim, | ©Hpeain HBtreniTHeiS: dosterhy Gt PEm AT And ool s
Auxiliary Mrror 1, d2 mn = 2dEF- (d2EF/J)-(dllnl). Conbining equati ons to
sol ve For-tl et lekTid 88 natoseqonds|and AZAATGL .88 mm/seq. hEhus, ifox deley of d0i& ar e
nost easily witten if gds-- (d2EF12f)-(dllnj) is replaced in ternms of

d2, nr " sezomntsiif desided 22 Blibck 6.18mpt thivkdtah betuegdis of Tj,njn: d' 2 = N022- 1)} {]
(cTr12) - n,d, - 2d] - [2dEF- (d2Eddf) - (d,In,)1} _ {n2/(n2" - 1))
(€12) (Deformdble Mirdor PeviceSIM.NT6 e a raylmbtr{x for/a padlduldr Ghttiddki%ho & ugli(ms'
n2[ 2der- (dg}af) -- (dl11nl)]} = dzmn- {1/ (n22-1)}(cl2)(T,-Ti, m, q) IS

i ves ibebdlef SRR Bhidg hl ¥ FisBiicd B a0ha) om Ung axtd Mlanbld bs fo oy Waves

i ncremental tinme incredse, n An~ expressi on

d2, fr ns. fl. to iliary, Mrror | .can be obtain by .cqnbj ni n hese
cquat | uieR 35 Obighs” e the o kndihink Fow a8 18y lope Sipite Somppisdapiars o e
d2. nmm 1eﬁ?]expe,ct ed and increases with (Ti - Tl,,m). D stance d2 can al so
di vi dedMhis ogiented wjthgheir normals 31 d-Gangsome ahy a8 shesus inFigwre Idaswhdre foreinet he
reflecting surface noves back, the glass becones 16 2 6 FEB 2004 thicker
and t hdeviger 01=a)10f. tThenmaface fedrtht MDD edayabé idefinedides, vériealaliie (2 \iirectich)

decreasing twice as fast as the auxiliary mrror is noving back. The size
of varihgpscha aeRehks ot H gt isPbehindPih Lot 4t | ine
can choose %ig;l =40cm of‘:gdggcm 3?2%?@??%?5&%?%?[ 152% - nlzgs{éﬁ&dﬁ]ﬁr&%}u&m

Tr anF @ oP RN ASEHF U SntePBin Ak AUATATaB LR AILS Sown T Higurk 148 H8'i¥eslrs

10-12
the pixel at a distance y above the center of the pixel and is reflected off the pixel. At the point

the ray intersects the pixel it is a distance d=ytan® behind the surface. In going from the surface
to the pixel, the height of the ray has increased a distance d tan p,, = y tané tan p,. After
reflection from the pixel the ray again passes through the surface. In doing so the heigﬁt has
further increased a height dtan(p,+26) = ytan@an(p,+26). The height has chan;ged by a total
distance Ay = ytan@ [tan(p, ) + tan(p+28)].

The ray matrices deal with paraxial rays so that p, << =, and &= 10° << 180°, also a
small angle. Putting the tangent of the angle equal to the angle, the increase in height Ay =2y (@
-i- Po)- The nef result of all these steps is that the increase ifl height is proportional to the product
of small angles and can be neglected. Thus the first matrix ray equation relates the input y value,
Yo, With the output y value, yy, as y1 =y,. The second equation is the one for the slopes. Using the

law of reflection, the incident slope, p., and the reflected slbpe, P, are related as p; - 6= Pot 6,
17



seconds is desired, a block 0.18nmmthick can be used. Deformable Mrror
Device SLM To derive a ray matrix for a particular situation two equations
are needed, one showi ng how the distance of a ray fromthe azits F@g@g S
the ray noves through the object, and the other show ng howA He %e
changes. Sone pixel-mrrors of the DMD are oriented with their normals at
+9 and sone at - 0, as shown in Figure 14a, where for one device 0 = 10.
The sugf 'n. ®f g t Q8mibin ' beal st 4 LLect|

i nter seclf:aipﬁgothe center %T?%sé%c agi%&%?ﬁgg%tsﬁgtd%afﬂraﬁ% et%gﬁ%%%eﬂg'h{@ gﬁlﬁ%d

t he su e and part isin front of it. Aray can enter fromthe right
with an angle po, as shown in Figure 14b, and intersects the pixel at a

di stance y above the center of the pixel and is reflected off the pixel. At
t he poi nt he r Y i ntersects the pixel it is a distance d=ytanO behind the
surface. Infgoj nplfOomltjhe, surface to the pixel, the height of the ray has
i ncreased a )] cq g p_po, =y tang tan po. After reflection fromthe
pi xel the r é ag 'nopais S hrough the surface. In doing so the height has
further inc se hei*ght® “dt an( p0+20) = ytanQ an(po+2B). The hei ght has
changed by a total distance Ay = ytanO [tan(pe) + tan(po+20 )]. The ray
mat r i cERergisan addendysn thak can be mgstiened; whereghe discyssionreduld alsoldpphytol i8flbctionl o
a small angle. Putting the tangent of the angle equal to the angle, the

i ncr eaef€aitippédeplaret mityor-if @xténdifg thepdye offthe pivet-mirst| Thuspthe ahdtrik BoSfiof GRS | S

that the increase in height is proportional to the product of small angles

and caipplies feglippédepland nifrot [fethk itipSingl@ s’ dnxall alf tBE 4iptdnBle fserlo@'faes?ndélf'ﬁ:lglé‘,PUt
y value, ye, wth the output y value, y,, as yl = yo. The second equati on
IS t hehoUeet, %Eenttﬁ@aﬁﬂr@%ﬁﬁoyﬁbgﬁn&t%fd Lol 'ﬁfﬂega‘htih&gz?setiﬁgiétﬂ)% gr?_uﬂ';[ the

sl ope, p, and the reflected slope, pl, are related as pl - = pa + 09, 17
26 FE Ok or p, + po + 0. Conbining these equations into a 3 x 3 ray
matrix yrelds the ray matrix for the DMD. 1 0 0 Y. 0 1 20 p,,

Next, a prism with a small angle is considered, as shown in Figure 15. A prism vﬁth its
apex pointing down can be considered. The refractive index of the prism material is ». 'fhe two
large sides make small angles o, and @; with the vertical. A ray with slope p, and height }o can
come in from the right, be refracted at the interfaces, and leave. Since the angles between the
surfaces and the vertical are small, arguments like those ﬁsed previously for the mirror can be
used to show that the vertical displacement'in crossing the prism can be neglected. The first
matrix equation is then y; = y,. Snell's law can be used to derive the equation for the change of
slope. The entering ray has a slope p,. The slope of the ray exiting the surface is p'. The angle
between the ray entering the surface and the normal is p, - @p. Similarly, the angle between the
ray exiting the surface and the normal is p’ - . Snell's law is then sin(p, - ap)=rsin(p’ - &), or
using the. small angle restriction, np’ = p, + 2(n - 1)a,. A comparable equation can be written for

the ray as it exits the left-hand surface: p; = np+ (1 - #) .
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0011 There is an addendum that can be nentioned, where the discussion
could also apply to reflection off a tipped plane mrror if e

edge of the pixel-mrror. Thus, the matrix equation al so apngng)Bgzﬂng
ti pped plane mrror if the tip angle is small. If the tip angle is not a
smal| angle, however, then the approxi mtion does not hold and there wll
be an increase in distance fromthe axis. Next, a prismwith a snall angle

i s consider .as._shown,i.n_Fi e 15. Aprismwth its, apex pointing down
can’be. consk o # b gpriolhe piRnapelt o e Pt bt 14 vt At o
| arge sides nmake small angles c, and a, with the vertical. Aray wth sl ope

p,, an¢hase ghslope by dhe posmepi 7 Mo t hbx r i istray eatrix forabe sthalltangleeprism is
i nterfaces, and | eave. Since the angles between the surfaces and the

vertictienare small, arguments |like those used previously for the nmirror can
be used to show that the vertical displacenent in crossing the prismcan
be neglected. The first matrix equationis theny, =vy,,. Snell's |law can

be used to g | VEt he eqHat' P or the change of slope. The entering ray
has a sl ope . %e sl ope oflfthe ray exiting the surface is p'. The angle
bet ween t he| Paly=pRt dri g PAd| Bul face and the normal is po - ao. Sinilarly,
the angl e betiweehotlpe ray it ng the surface and the normal is p' - a.
Snell's lawis then sin(p,, - a4)=n sin(p'" - a,,)), or wusing the small
angle restriction, np' = po + 2(n - 1)ao. A conparable equation can be

witten for, the ray as it exits the left-hand surface: pz = np'+ (1 - n)
a, . 1@—2-‘—56—215 I0BFB 2004 Eliminating p' and defining the prismangle, a = cr,,
- al, we have the equation for the change of slope by the prism p2 =p.1
+ (n - 1) aA dudliWhitaygelhistshownfin Figune3 somiebted by lagojarizing firism bdaswspliygd. The 0
Y2 p2 =01 (n-1l)apz 10011
mirror in the optical spatial light modulator 12 and spherical mirrors B 13 and C 14, combined
with lens f1 27, constitute one White cell, hereafter referred to as Cell I. The mirror in the SLM
and spherical Mirrors E 24 and F 25, combined with lens f2 26, constitute a second White cell
called Cell II. The distances between the SLM and Mirrors B and C are the same, and the
distances for light reflected off the polarizing beamsplitter going to Mirrors E and F are the same.
The distance from the SLM to Mirrors E and F is greater than the distance from the SLM to
Mirrors B and C. In operation, a light beam bounces from the SLM to one of Mirrors B, C, E and
F and back again on each traverse of the cell.
The polarizing beamsplirter and the SLM determine which cell the beam goes to on each
pass. The polarizing beam splitter transmits light of one polarization, say the plane of the figure,
and reflects light of the polarization perpendicular to the plane of the figure. If the light starts out
- going to Mirror B with polarization in the plane of the figure and the SLM does not change the
polarization, it is then reflected back and forth between the SLM and Mirrors B and C.

Conversely, if the light starts towards Mirror E with polarization perpendicular to the plane of the

figure and the SLM does not change the polarization, it will continue to reflect between the SLM
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Di scussion A dual Wiite cell is shown in Figure 3 connected by a

pol ari zing prism beansplitter. The mrror in the optical spatigl I'%
nmodul ator 12 and spherical mrrors B 13 and C 14, conbi ned WIZ‘5|E fZﬂDlt
27, constitute one White cell, hereafter referred to as Cell |I. The mrror
in the SLM and spherical Mrrors E 24 and F 25, conbined with lens f2 26,
constitute a second Wiite cell <called Cell | The di stances between the

.
S| A0 ol VIERESE End il Th pRfPofld Koo MHR: helidnddiron] o8l 306 89 olelnd i90ine he

refl ected off the polariZing beamsplitter rrors

sane. | romthe SLMt rrors E a F 1,5 ,0reater than the

di st ancsg“wrt%@%‘ﬁg‘%@{ﬂ%@ po%pgémw%h%ﬁnéoqnﬁe%%g%$l§ﬂ; a |ight beam
bounces fromthe SL‘I\A,t one of Mrrors B, C_E and F and back again on
each traver sS&Cd¥resthy lifg‘?ﬁlu.re diseusses 359t v postibledpaging conditions.h Fisitmhe focal
determ ne which cell the beam goes to on each pass. The pol arizing beam
spl i tt dength ahlens flsis|chgsan tefimege Mioioa Bi arde Mirror €3andt viee pemae Sotortd) sinfilag s e,
and reflects light of the polarization perpendicular to the plane of the

f i gur e thd first ¢omditioghthe focal {emgthugf legof2ng cheseMts imdgeBMintdr'E paloaVi&{F & vige t he
pl ane of the figure and the SLM does not change the polarization, it is

t hen retisec it ropmterRACMEP bb liheb%?\f@&ih Merrors M A00C My El{eoﬁ?‘ht%aﬂ@ Fodal plane of

Conversely, if the light starts towards Mrror E with polarization

bol b 1 St bfify BIERE & gl Foim b RAef oBBP of Mhe P TR USRI et

and M F.. The t i of beam.can changed from o cell to the
other DUFE oAb Pe iapdfy B Bios T, ABE BHERE Comol i fner GVt ol
bounces off the Sw Thgtglreqignt_ di scl osure discusses a set five possible

i magi nEEEYRTER hdMinars B and ¢ beip thy focplplang ofiens Ehtoeether wvidibe sequirgmennge
Mrror B onto Mrror C and vice versa. Second, simlar to the first '
condi t thehMifrps B apddf be iarthe focalplanmef lems Ralsorsetisfiesthis comdjioM rror E onto
Mrror F and vice versa. This requirenment may be net by placing Mrrors B
and C in t h&he laghtwchamagifip caddifdranee also dotmmrdble. aMile yudth @6hdidoMMis fHaf gheE
and F in the focal plane of lens f2. The third condition is that

focal lengths of Mirrors B and C are chosen so that, in conjunction with lens f1, Mirrors B and C

image a small spot of light on the SLM back onto another small spot on the SLM. The last
condition is that the focal lengths of Mirrors E and F are chosen so that, in conjunction with lens
£2, a small spot of light on the SLM i§ again imaged back onto the SLM.

In operation, a point of light starts on a small mirror next to the SLM called a turning
mirror. The light is directed towards Mirror B. Suppose the light is polarized in the plane of the
figure so that it is not reflected off the polarizing beam splitter. Mirror B images the spot light
onto the SLM. In oné scenario, the light is reflected off the SLM and imaged by lens fl onto
Mirror C, which images it to a different spot on the SLM. It then goes to mirror B, which again

S imagés it onto the SLM. The light bouncing back and forth forms a sequence of spots on the
SLM.
I the polarization is changed by the SLM to be perpendicular to the plane of the figure,

the light bounces in a similar fashion back and forth between Mirrors E and F and the-SLM; The

20



Mrror B should be inmaged onto Mrror F, and Mrror C should be imged onto
Mrror E. The requirenent that Mrrors B and C be in the foc

lens fl together with the requirenent that Mrrors E and F b?ﬁmg Zggé'l
pl ane of lens f2 also satisfies this condition. The |ast two inmaging

conditions are also conparable. The fourth condition is that the focal
| engths of Mrrors B and C are chosen so that, in conjunction with lens fl,

S 1 B ST RCyn s S0k Rl 8, K0 I I SRR B0

Mrrors : osen. so that, in.copjunction with lens f2, a small
spot of © 3%?“%‘%1 ﬁ%ﬁ%ﬁ\ﬁeﬁ%ogﬁgﬁuﬁo%ga cgééffﬂ' g_h’? GUANLY @ IRfergsh the Hrnsil Gme a
poi nt O[hﬁlilliéa]h stﬂrls on a ., small mrror next to the SLMcalled a turning
mrror. ﬁa’ﬁrﬁe i § the nupberof bapeeessoffiMirtars B, and G sisres the gransigtime Som the
pol arized in the plane of the figure so that it is not reflected off the
pol ar i zShil teddirerdd rnd back, pus themuBibiermafjbmunceseofE Mitrots Bimd F einies thérearitime N
one scenario, the light is reflected off the SLM and i naged by lens fl onto
M rror Bpmthe ShM weldiisoriE. to a different spot on the SLM It then goes to
mrror B, which again images it onto the SLM The |ight bouncing back and
forth forns @ofaeHRRCeheObxasP McitioHy b the fii Rl QD 4 ged
by the SLMto be perpendicular to thigg?)el %gg l{gﬁg%f‘?%h?%%ﬁ’ %ég@ldfgr#ﬂ%{]g_

SIM T o ieny B bt RRSKOANGS 1Bl LR s R B S B Rged

at any e.,of f .t he M s that, an onbi natj on_ o aths in cells one
and "t wo AR dchehaibd oo i st erieflio iR oee o the SHEL Pl deprert pheurvemrongh
t he cel is_th unber of bounces off. Mrrors B and Ctinmes the transit
tinme fromYRE “%Lfgﬁfﬁéumwmse@&ﬁwsgammm&& anch@ sabab dre spotsdoem cel EoF fre
Mrrors E and F tines the transit tinme fromthe SLMto Mrror E

Consi def$afpingidens wat thpssfeam o¢lbBof. Rbferensowmdll ofilyltieghadean thehmnGrdbf duresiarear e
various configurations depending on the |ocations of the centers of

cur vat wfdMigforBrand IGfoB sinfpliciy.and F,

Figure 2 is a view of the SLM looking from lens fl, showing the most traditional spot
configuration. The SLM is assumed to have a square shape. Also shown are two long thin
mirrors, the input and output turning mirrors respectively below and above the SLM. For this
case, the turning mirrors are centered at distances of £2m& where m is an ihteger related to the
number of times the light is re-imaged onto the SLM and the SLM is taken to have dimension
2(2m - 1)d on a side and & is the distance below and above the optical axis, respectively, of the
projections of the centers of curvature of Mirrors B and C.

Imagine a point of light on the right end of the input turning mirror, as shown in Figure
16a, conditioned, as mentioned previousiy, to be traveling toward Mirror B. That spot is imaged

‘to a new point on the SLM located opposite the center of curvature of Mirror B and an equal
distance from the center of curvature. The position of the input spot on the turning mirror is (X0,
¥o), where y, = -2mé&. The point image is at a location opposite the center of éurvature of Mirror

B. To find that location the sign of the coordinates is reversed and 26 is subtracted because the
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and al so depending on the spot size relative to the size of the SLM The
centers of curvature of Mrrors E and F are superinposed on tRose_of
Mrrors B and C so that the spots fromcell E-F are also coi rﬂléEFIEBMZGﬂlr
those fromcell B-C. Reference will only be made to the centers of
curvature of Mrrors B and C for sinplicity. Figure 2 is a view of the SLM
| ooking fromlens fl, showing the nost traditional spot configuration. The

SLMis assu I e.. Al re.two | o in
i 1 or oS BF Sk B Mt 3 RS PR e UL BB o e R ot o
the SLM. For_this . case, Hwe turning mMirrors are centered at di stances of
f2ma WOk e goordinates would besexersed and 24added, khereswlfist i nes the light is
re-imaged onto the SLM and the SLMis taken to have dinmension 2(2m- 1)5
on a si de (angh)eE (&, Bhe2d) s(apc@derld)). and above the optical axis, _
respectively, of the projections of the centers of curvature of Mrrors B
and C. | magiTie lghp e then fiflectedMacioBnd Reinidedd thy MBrR1C. t e paﬂyﬁna{%@wb site
mrror, as shown in Figure 16a, conditioned, as nentioned previously, to
be tra ' WakY : | .Sy PRI N n_t.he
SEM 1 ooy Sy o MBS Vi C JAEn 1) alsBolTREA R GG Pl B0 o0
di stange from the cent of .curyature. The position, of the input spot on
the tukHengo PAGT Gos 20450 - 27y AS iirebrocsss ColtiBins, e Hhifemmativhigromhess off o
| ocati on opposite the center of curvature of Mrror B. To find that
| ocat i MlirtoreBaang € #1d is me-imagaddi Imsatdensi of snesessive spaihere Agsigmaterd it (va ot Joat the
because the 21 2 6 FEB 2004 center of curvature of Mrror B is below the
axi s. Irkthreémbgigit These spitdocationsagedvdmbyM rror C, the sign of the
coordi nates woul d be reversed and 2S added. The result is (xi, yi) = (xo,
Yo - 26) (in,(xayﬂ((-r')zro,ﬁ((-m(ﬁo12:)5))I|@@lj“k09@)“aﬁnth§6). refl ected back and |
re-imaged by Mrror C. The point 1mge is opposite the center of curvature
of Mrror C e, ' _hr ' - § 0Ny n (X2,,.Y2)
o RAERERAGNRY phith 36 frosy 9f'shbyn W FIEAE O TS pbidE huBhes! &8 b gl

= (-xo0, e pr _ %’lnue _
o 58 o By o MR L5800

points alternates to the right and left of center. As the image number » increases, the spots also

alternate above and below the axis first moving successively towards the axis for #=1,2, and 3,
and then away from the axis for n= 4, 5, andl 6. The process ends when » = 2m =6 and the
imaged spot winds up on the output turning mirror at the top. There are 2m-1=5 point images on -
the SLM. |

| There may be gaps between "x" spots in the columns on both sides. These can be filled
by placing a second input spot at (-xo, y,). More spots can be added on the input turning mirror,
as shown in Figure 16c, at different values of Xo- A complete line‘ of spots then results on the
input turning mirror, the spots being paired at different values of +x,. Columns of spots éan fill
the area of the SLM.

Instead of a specific situation where the centers of curvature of mirrors B and C are

equidistant from the optical axis, a more general situation can be discussed. There, the centers of

curvature of the mirrors are shown on the y-axis. The center of curvature of Mirror B is at
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n-th re-imging. These spot | ocations are given by (xn, xn) ((-1)"xo,
(4)n(YO - 2n35)) = ((-1)"xo, (-1)" 2(m- n)S). Imagine a set of points for
m=3, as shown in i gure 16b. The point inmages can be i ndi cat?ﬂﬁwﬁ BZUB‘I‘
The images formtwo vertical |ines at xo. The horizontal coordinate of th
points alternates to the right and left of center. As the image nunber n

I ncreases, the spots also alternate above and bel ow the axis fi rst noving
succes ghy o] e from t.he
Sucoes b O Loniher %ﬁ"&"{%%fe@@éi%gs@ isfince 209p0eR, e ml bzt
spot w up on e out urning mrror at thetop There are 2m 1=5
pornt 1Tl R ﬁﬂ%ﬂgﬁ i BraShuia o bt e Caon) S 4T EpoGis 4 80 4 b G
colums on both sides. These can be filled by placing a second input spot
at (-- %'025"})6)Wh%.r’e+33pt3ttbe bwatisneofithd edind midway betpatn thertwionenrers 6O¢urvat@s,
shown in Figure 16¢c, at different values of xo. A conplete line of spots

t hen r helequsation stilhgives ool tolihin® oA §pdtd pdrallel td 1hE 1iHP BbiSvelR kROceR s SC.
di fferent val ues of xo. Columms of spots can fill the area of the ﬁnﬁf

| nst eathedf-axds. SPRCIpbtsCal @bttt bif dniae i B %&@tﬂér%% iEreGlbSY gén% LAy S B

and C are equidistant fromthe optlca aX| S, nore genera can

be dis sk nt ers_of at.ur e, .of t mrrars are shown on
the y- gg?% Iheﬁggﬁ?tswg e&rc\9 eTB? F?&DS’ﬁoﬁogﬁ‘eﬁmﬁ%oﬁEB"W
| ocat i B The center. _of curvature of Mrror is a distance 28 above it.
The i nﬁ‘&‘f’ Ehoet 1d§ﬂ%%a Wihdhesedn the othengglumm, ¢ ;siﬁm athe grvaluseofithclacation of
spot nis (x,,, y") = ((-1)x0, (yB+S) + + 2& )) , where yB + 5 is the
| ocat i eftheinpuhspop ol equatiomyeduetsiodhe paeiotsequagod when 9 =car T Ecial cA@
equation still gives two colums of spots parallel to the |ine between the

cent eref pfescmﬂrthﬁﬁwlﬁas FOE sitn@iidisy, HOBHgROLsStaRbl MBS HrRERORE EQlidlimyst O
the other as n increases. In general, a distance 48 Separates t he spots I n

a gi Vedureahldp 'tha-{[rd? +VELY % tPﬁ ﬁﬁt%b&r}? i9n % 1§@§%rst%rﬂﬁgs Eg'yycgle%gﬂﬁf %lﬁnl. hey

however, not id I ca ose I n-the o er C
val ue
'PlLs Esﬂ'ﬁe m?ua?ion Wr n=s. Then the y values of the spots in one column are midway between

the y values of the spots in the other column. The input spot is on the bottom turning mirror and
the output spot is on the top turning mirror. There are m - 1 reflections off the SLM.

The second specific case arises when y, is an odd multiple of &, y, = no0 (n, 0dd). Then
for each spot in one column there is a spot opposite it in the other column. The input spot is on
the bottom turning mirror and so is the output spot. There are stili n-1 spots on the SLM. This
situation can be illustrated for #=5 in Figure 17. It is possible to fill in the gaps between the spots
in the two columns. That can be accomplished by putting an input spot on the top turning .mirror
at location (x,, -¥,) with light directed towarcis Mirror C. For both configurations one can fill the
SLM with spots by using many spots on the turning mirrors.

_.Generally, it is desired to have the spbts close together to utilize the SLM area in an
optimum fashion. If the SLM is divided into independent areas called pixels then it would be
preferréd to have one spot per pixel. Let the spot size be o. Since the spots are separated by a

vertical distance of 25, it may be preferred that o= 24, i.e. the distance beﬁween the centers of
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of the input spot. The equation reduces to the previous equation when yB =
-5 Two special cases of present' thenselves. For sinplicity, the originis
taken m dway between the centers of curvature so that yB + ?eﬁ) FEﬁnngg
first case y,, is an even integer tinmes 6, or yo = ne5 (ne e . hT's™i's
the situation for n=6. Then the y values of the spots in one columm are

m dway between the y values of the spots in the other colum. The input
spot i t he.bottomturni LI ror _an t he putpygt spot is on the top

© i g5 A3 B L/ RGul delella P e P05 ity hite R mavcali by rparavic
specifjc case arises when yo is an odd nultiple of 5 ya = n05 (nO odd).
Then bPpp distanse 35 therhopigentalgitegtion.here is a spot opposite it in the other
colum. The input spot is on the bottomturning mrror and so is the out put
spot. Ther eThe aumbet bf bountessqotire SIMtvwas tBkdv tolhi Squabtd tiatnugiber 8Nsis from
illustrated for n=5 in Figure 17. It is possible to fill in the gaps

bet weetbpt taehottdat 6n th'SLWE THI 1A% WEllSot HB ke £28. b8 rﬁﬁ?%m&ﬁ&?qﬂe hﬁmp&t ﬁ ng
an input spot on the top turning mrror at location (x0, ya) wt g

di rect 0 . gurai i bl th S

W th SorL RO O, kit bn w81 by BOE A cRler B9 fiitas b g fens g
desir have the.spots ¢l ase together to.utilize the SL rea,li n,

opt i nue%]“#nggﬁi%ﬂ %Ffd?%ga‘SLﬁﬂ ﬁgatdf"i‘fgdegﬂmmﬁt gf isﬂﬁtép%‘ﬁ’dg?l‘fmﬁr%&g o | eﬂf‘ip'inxei s
then it uld he eferred to have one spot per pixel. Let the spot size
be a SYRERORRANA otIvVe FXamRlEn can &g qopsidered o Therg | capibstssiscel srot grrangedrimy be
preferred that cF= 25, i.e. the distance between the centers of 23 26
FEB200plemns/ being reflertedi orrathes agay nfisfotsbeing tefiocted qlmboth oaseh thesseoof spiomecanThe
spots may al so be separated by a distance 2Sin the horizontal direction.
The nurdreflecéd fiveitimes offithd SEMSITHewas of spoe arrhys dpvwagmato tekd Mostufebeve @k
spots from top to bottomon the SLM This may well not be the case. In
many siftth@$SiRNGaphibifitiggnber of spots fromtop to bottomon the SLM may be
of the order of many hundreds but only tens of bounces nay be desired. In

that case, FHOMRS da@%&%%gﬁg@ REE cORGH AOLdnQfdbital As éX&ﬁJ&HO&E%aafr%Q”'

Two exanpl es can be tons ere can be sets of spots arrahge

number of beams, each executing » bounces. Each beam can go to either Cell I, which includes
Mirrors B or C, or go to Cell II, i.e. Mirrors E or F. To derive the expression for the time delays,
Dgc is defined to be the optical distance in Cell I, i.e. from the SLM to Mirror B or C and back.
Degr is defined to be the optical distance in cell II, i.e., from the SLM to Mirror E or F and back.
dpe is the distance from tl_1e cell lens to either Mirror B or Mirror C, and the corresponding
distance in to Mirrors E and F to be dgr. |
Dpc=2md; + 2 dpc

- Dgr=2md\ + 2 der
Here, n) and d, are the refractive index and size of the prism respectively. As before, the light
leaving the SLM can be controlled by the polarization change ;elt each pixel to go to either cell. If
there are k=n-] total bounces off the SLM and ;i of these bounces go to Cell I, then £ - i bounces |
go to Cell I. The total time delay, T, is given by T=(1/c)((k - 0)Dpc + iDer)=(1/cY(kDge + i(Dgr -

Dpgc)). There are three items of interest in this equation. The equation has two terms. The first
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colums being reflected, or other array of spots being reflected. In both
cases the set of spots can be reflected five tines off the SLM The use of
spot arrays allows one to make nost effective use of the SLM ?@EIBLZW‘.
The tinme del ays possible with the dual cell are also considere

described, there are a nunber of beans, each executing n bounces. Each
beam can go to either Cell , Which includes Mrrors Bor C or goto Cel

[, i M.rrors %I gderlve tgh express on for the tinme delays, DBC
i's deflﬁ’é‘& 13 grapertignal toypiand jis eanstagt, ¢ Lhysthegs is always ae°°nFtP%frﬁmﬁélGISHM¢n(1/C)

Mrror B or .C and back. DEF is defined to be the optical distance in cell
11, i.emDsgipthisidevigem The mecondterm i propariipnehik i andiBCvasahlte Hiis camralldd om
the cell lens to either Mrror Bor Mrror C, and the corresponding

di st ancicrementsl party 6 prdpostivthalFtot ip ihadddBFo thBcomstahn pait, givihegdBo= +OfFcx Bpddi +
2 dEF Here, nl and dl1 are the refractive index and size of the prism

respect Dy®l Incrésinpait9dhe uhltSndrdaakY the bﬁﬁéﬁ fisie bhan Shdveha, Re gmgtb&%}] 31@((e

t he pol ari zation change at each pixel to go to elther ceI

1 ootRe TR sk By RGO B T B Rpgeencal B

T=(1/c kDBC+ i1 ( DEF - . There are three itens
(I nt)agngi?eni#ﬂ)ﬁ%%‘m %qedﬂ‘ai%f‘l(‘?éaéﬁméfé”&ﬁ%‘é[%l“?%)term; The first 24 2 6

FEB 2004 termis pr oportlonal to mand is constant. Thus there is always a
constant ti nhedénencrengent,(AT,cpn berbR@essed initemdofidesgn Pamneters) e, tdEN, i8d
proportional to i and is variable. This controlled increnental part, Tf,

pr opor t/h.0Dgk aﬂd)Dgg cansheadplactdiwingirevailséationard, ca thén@ elimimated {d é&h(ce@EF

DBC). Increasing i by one unit increases the transit tinme by an increnent,

AT gi vaiingya prEviout ﬁ'ﬁaém g EdetditionDafilten Ghthsd} g ﬁ aggrﬁyCélpgﬁthﬁ: dir @I eell

given by the path diftference between Cell nade
to takegy gfeeside range of values. The ti rre i ncrement, AT, can be expressed
in terns 0153 dsesén paranmeters, d5c, dEF, A and ‘

AT= { 20n% + 1) (dac - dee) + 2 1 ([Fac! 2] - [Per! 261)

This reduces as expected. If dpc > der and f; <> /5 then Cell I becomes idéntical with Cell IT and
AT -> 0. There are k possible vatues for #, so there are & possible time delays and the maximum
incremental delay, Tjnma given by Timee = KAT. Thus the maximum incremental delay is
proportional to the maximum number of bounces. | This is improved in other designs of the
présen_t dis?losurc. |
The dual arm cell can again be extended. As before, the distances dpc and derto the pairs
of White Cell mirrors are made unequal. The optical distance from the SLM to Mirror F is made
greater than that from the SLM to Mirror E. These have the gdvantage of increased flexibility in
the choice of possible delays. The number of possible delays will go as #* where £ is the number
of bounces off the SLM.
Figure 4 is identical to the configuration of Figure 3 with the exception that Mirror F has

been replaced with Lenses G1 25¢ and G2 25b and Mirror G3 25a. Of these, Lens G is chosen
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f2. DBc and DEF can be replaced using previous equations.. dl can t hen be
elimnated in each cell using a previous inmaging condition, ten W

repl aced by dBc for Cell | and by dEF for cell 11. The result2| é{]ﬂf
2(nj=f 1) (dac - dEF) + 2 nFZ ([d ec/ 2)c] - (a EF/ 2J21) } This reduces
as expected. If dBc - dEF and f 4 f2 then Cell | becones identical with
Cell Il and AT 4 0 There are k possible values for i, so there are k

possi bl e tine de s and, 1 i mum__increnmental delay, T1,, given by T1,.
Db, S8 b E EHRISHAR Tk eah it e SEMAP faaeegronporienyd.  Thus Hesme®d daim

nunber of bounces, ThIS I's inproved in other designs of the present

di scl o§emjugatwath the SLMr hensdF ischnsagaiimagrethe piamdddend\S hmkoMirrot G8 with

di stances dBc and dEF to the pairs of Wite Cell mrrors are made unequal .
The opunit ahagdifsrtionesof thattMitier GBN tconfMate avith-tHespiamelof MIFr6ATR! whidist e
fromthe SLMto Mrror E. These have the advantage of increased erX| bility

in  theohgite e MirBPES | Mirordeh 3y ShosER Q0 fhw@ﬁ.& ceﬁtepeﬁéﬁr% Aed&k % p as
k2 where k is the nunber of bounces off the SLM Figure I's 1den

ol éﬁﬁé%ﬁfﬁ*'fgﬁgﬂéf%%‘% e EESERY, B0 4 Hbib 0 U B3 boﬁﬁ%? 01
h h h F2 he SLM
| magedoeAtod b, nS lulsge ool of e, o6l i ik ool oot Can

chosentourag Iane of Lens 01 onto Mrror G3, with wunit
magni f LSRR c%ggmﬁf’n NYify ksnsesaGil sandofi rgaleeed,iby Hmiiess i alse ingludddr irotheG,

which is also conjugate to Mrror E©. Mrror G3 is chosen to have its

cent er Prgseng disqlasire Fusthet. sandG2 miay beicombimed fintotassingdnlens. of curvature then
also lies on the SLM and is located so that the spots bounce as nentioned

previ ous| y. Ofitiendimeigiprovenmadicbinen sfrath thbediffefint ara@sic airhe o€ ﬁg%d ih the arm
satisfied. An alternative configuration with Ienses G and repl aced by

i 1 1 Of Gonkainiag $@ndeB CHUBRWG shd MBrréY G3.E1H additfst QS Cand THLAHGE is Hevi B, MBY

be conmbined into a single |ens.
the optical distance Dgg from the SLM to Mirror G3 and back where Dge=2md\+2dgg, mand d,

being the refractive index and size of the prism as defined previously. Then dgg can be written in
terms of /g3 the focal length of Mirror G3 as dgg = der + 2fga. A configuration then exists with
the optical distances from the SLM to Mirrors B and C equal but the distances from the SLM to
Mirrors E and G unequal. To proceed, it is necessary to know the number of bounces a given spot
will make off the SLM. As before, the number of bounces is designated », and for the sake of
discussion it is assumed there are an even number of bounccs'. ﬁe difference in transit times
between the SLM and Mirrors B_or C and Mirror E is then set equal to the smallest desired time
increment, AT. The difference in traﬁsit times between Mirrors B or C-and Mirror G3 is set to
((n/2)y+1)AT, where AT = (1/c) (Dec - Dgc). These times are accomplished by choice of focal
lengthé for the various elements. The reason for these choices will be made apparent. Since AT is
a difference in iengths, it can be made quite small.

'In examining the possible sequences of boﬁnces on the SLM, it can be assumed that the

spot starts on the turning mirror next to the SLM and goes first to Mirror B and back to the SLM.
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One main inprovenent cones fromthe different transit tinme for light in the
arm containing Lenses Gl and & and Mrror G3. In addition to C and DEF
there is a new distance, the optical distance DEC fromthe SL F\EBQQ[]II.
G3 and back where DEGt+2nl dl +2dEG nland dl1 being the refractive index an
size of the prismas defined previously. Then dEG can be witten in terns
off the focal length of Mrror G3 as dEG = dEF + 2fG3. A configuration then

exi sts w t tical .distances fromt.he Mta Mrfors and .C equal
but ¢ he i gt VOB B oS RRES  opiard® itk Mgt &t Miftar ©. dPemeceiitne
I S necessary to l§now_t he nunber of bounces a given spot will nmake off the
SLM AsP%lé*f%ar"@n affie lightlsnvise the $hdes Upengatrm thet light oan gither gn to MirretaReorof
discussion it is assunmed there are an even nunber of bounces. The
di f f er eNdmor B. tAften odd-numbssed bameeseof! theSIvVitherighiican go $o Bitler MirmndC Mr 1G.or
Eis then set equal to the snallest desired tine increment, AT. The
di f f er eAfter eventmuatieidd hidumees bfftheShMilier ot cdh 96 téCeittitd Mot OB deE. | PheSKghtt O
((n/2)il)AT, where AT = (11c) (DEG - DBC). These tines are acconplished by
choi ce Béunk@CRdlf Heativalé RS MifrotB ot WY Sl B RRESoff Mifrobe@SANGS etéﬁ%ﬁgstcan
|

choices will be nade apparent. Since AT is. a difference in |engths

be nad bt L h e of s .on the
SM it e o Bt whiy SO dids oeP 37 Mitiohs BRRUTERES o 1RO BERCfim
the SLM andlﬁezﬁ)f{.éﬁt to Mrrfr and, back to the SLM 26 2 6 FEB 2004
From t h&“SEMREPE™ Q‘I‘Y%g@ﬁﬁoc@g,wrf either Mrror Cor Mrror G
dependi ng on.the polarjzation of the |light |eaving the SLM Upon return
the light ca eetraclwéltm&ofora.glmmesve@e@fbomm@ﬂntiz?nhes@resﬁe@bhfnm@tthe
bounces off the SLM the light can go to either Mrrors Cor G After
even- nunisehes @f bornsee sffd¥lirrarhie asi J/be themimbgrtof bannags offoMare@r OM ¥,rjot /B, or
E. The light bounces half the tine off Mrrors B or E and half the tine
of f M renshCnunbes.of BoensdsasiY ditrots Braad IC willtbe (RYFSi) whé ((nid)e- 1) irg@pbetileyay S
goes to Mrrors B and C and the |longest transit tinme occurs when the |ight

al wvays TRaFansR thhd foptke F thcs g0 ?@ittﬁtfé@% tMﬁ%oP‘;]EéMH j Bmidh Y& MinRH REPES), U

bounces can then be expressed by letting i be t
given by

Tif) = (V/e) {(2)-D) Dac + iDgr + ((W2) ) Dac + jDsa }
=(1/) { nDac + iDer — Dac) +(Dee— Dac) }
Or, using previous expressions, 7(ij) = To + AT (i +j (nf2) + 1')) where T, = (n/c}Dgc. The first -
term, 7, iS a constant and represents a base minimum delay. It occurs when i = j= 0 The
progression of increasing delays is now shown. After i = 0, the next delay occurs when i=1,j =
0. i can continue to be incremented until ; = (#/2). Thenseti=0,j=1 and. start incrementing |
again. This is identical to a radix system of base (n/2). The longest delay occurs when i =j =
(n2). 1tis T{(w2), (n/2)} = AT{(n/2)* + 2(n/2)}. As predicted, the maximum number of delays
........ :iélproportional to n’.
A configuration that is optically identical to the previous configuration can be imagined,

having Lenses G1 and G2 replaced with spherical mirrors F1 and F2. As before, Mirror Fi, -in
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nunber of bounces off Mrror E and | be the nunber of bounces off Mrror G
0 <i, j <(n/2). Then the nunber of bounces off Mrrors B an '
((n/f2) - i) and ((n/2) -J) respectively. The transit tine forﬂtﬁef'ﬁtlé ﬂﬁ]‘t
bounces going i tines to Mrror E. and j times to Mrror F, T(ij), is
given by 7(i:1) _ (11c) {((n/2)-r) DBC + IDEF + ((nl1l2) -J) Dec + jDEG _
(I/c) { nDBC + i (DEF - DBC) +j (DEG - DBC) } O, using previous expressions,
T(11)  EomjunctiofTwith letis ¥ Bihédes thd KLMBRILMRor FANMLIPF? ARE b irk !
el ay. ocTurs Wi

Tti, is a constant a nd represents a base m ninum

j = 0. ; | [.OC | LS . how. shpwn, . Aft i =0, the
et gl s O FoptRn berh Y BR il BEMMSE 63 o) RSt o o0
until i = (4 2), .The et, i, =0, 1 =1 and start incrementing i_ again.
This is i dentt CSPiep oor}atﬁf’ Syl armed mo‘l’mb%‘b aé‘ﬁ?@)‘a.l YTPRemMogHidsto imepraye dheur s
when i = .= (n/2). It is T{(n/2), (n/2)} = AT{(n/2)2 + 2(n/2)}. As
pr edi cPwgberaf@otetialtime delatsehere thenumber afdelsyspan bd praportionaln@ 2" fether than
confi gur gt ion that is optically identical to the previous configuration can
be i matfi Miedhe medificagiohens bsddde inmato Garts: divstayedditigtAnglidre migats ifithd Hﬂ&ﬁe &4
and F2. As before, Mrror FlI, in 27 2 6 FEB 2004 conjunction with lens F2,
| magesthe!SEM Mdahérnadding e B2lay Methafisti?int dbafurkc 8O {5t Yhe 58&1 i THe ' or
&3. Finally, the cearlltergr ofccura{’/ateure-%f ﬁ rrj(;urr1 & is cei%lg{ﬂé%&g}lﬁ%fs?r%ﬂré F2
The degiy el iwith ol hieeQff L St

e hauxilibey nifoEd sﬁa_tl% pord FigLE@P a@qq}lfée%lsljlsf\;mﬁ? r&%@%onofﬂgg B&?‘s

| nprove the nunber of potential tine delays, where the nun

can be o] i I "o r than, t di.ficgti on can be done
ot el R4 R art g ks Rhe PR e S o B8, A8 P, 0 ey
and then adding ti del ay nechani sns .in copjunction with the auxiliary
mirrorSoFHE © Efafeqlg‘étll € V%Eeﬂa]aﬁ'ﬁ’&r I"?‘E\ﬁ‘;lgﬁio‘l%rtgé %P%m?mﬁmg i DR ealled Awsibany
three-dinensignal rendition of the dual cell. Added to it are two mrrors,
one oV¥ITrL Braprtcal eds i batwesy the MLM gind | Aweliary Miresx lr densrifl hasrbeen nedeer
reflective material over .the edge of the beamsplitting cube, called

Auxi | ilaxgpr to cover the SLM and Auxiliary Mirror I. The turning mirrors are at the left of Auxiliary

Mirror I and the SLM.

The operation is comparable to that of the dual cell with the plane of the SLM enlarged.
The li_ght starts on the Input Turning Mirror and goes first to Cell I. Mirrors B and C image the
Input Turning Mirror spot onto the SLM. If the SLM does not change the polarization the light is
imaged onto Auxiliary Mirror I and again onto the SLM. If the SLM changes the polarization,
the light that is reflected off the beam-splitting cube is imaged onto Auxiliary Mirror II. Light
leaving Auxiliary Mirror II is similarly re-imaged back onto the SLM. Lens f1 images Mirror B
onto Mirror C and lens £2 images Mimor E onto Mirror F, as before. Other conﬁgumﬁons
satisfying the same requirements but having various advantages are also presented in the present
disciosure,

The number of bounces on the SLM, m, is chosen to be equal to the number of bits of
time delay required. For example if two hundred 'differgnt time delays are desired, that would

require eight bits, m = 8, requiring eight bounces on the SLM. The SLM surface is then divided

28



Mrror H The optical axis. is between the SLM and Auxiliary Mrror |. Lens
fl has been made |larger to cover the SLM and Auxiliary Mrro . The
turning mrrors are at the left of Auxiliary Mrror | and t LF/E%M;M
operation is conparable to that of the dual cell with the plane of t
enlarged. The light starts on the Input Turning Mrror and goes first to
Cell 1. Mrrors Band Cinage the Input Turning Mrror spot onto the SLM

| f t heinth M stemsSsuehithRRABK Bedrl) Gl BUndé irftd ehdareh © ThirgMdix lifhut IHES 4reOkbAn on
Auxiliary Mrror | and again onto the SLM If the SLM changes the

ol ari gat i | t gy k ecte . ik iy ube is
p #Rtthing nliftBr bd Fll;%u%'é g Srﬁ{ itgl{] fi5de§ GsQclatd %l[ﬁﬁﬂ%ﬁ%r Igf’tlhgxﬁﬁi %lugung

I mged onto Auxiliary ror [ eavi ng Auxiliary r'ro
simlagl - ] back t,q _t SLM ns £l i es Mrror B onto Mrror
C and J%Hn%rrsﬁ Q{ iﬂﬁgg(g"sm W}I}egéhl\% %ﬁ?ﬂ‘xkﬁaﬁ i?ﬁff T Ibé?“%ﬂ% e. Qther |

configurati'.&gs1 E@éi%hyi n&l the same requirenments but having various .
advant ages areleReduoidng pafyEyeled bythe Seansan be shangeddn Cell Hiea the maearsein
bounces_on the SLM m is chosen to be equal to the nunber of bits of time
del ay YBighiit gekeseachof shpdisferent ages.hilindlissysuitbis appeoacht supposteMityars & end C
desired, that would require eight bits, m= 8, requiring eight bounces on
t he SLave takiam ti8l ddreuditanee fram theeSLIMiag iMierbr2B aid 6. Fxfra 22fMlehgth Qanb@plaasd mUCh
that each beamfalls once into each area. Thirty-six input spots are shown
on  t heortldf Bf HOpIARY 6fach BreTbHAGRIIAS: MEROAIL! TRe (HERBAS oﬁﬁxé&ﬁéiﬁ% afd J%f ﬁngdil.e
upper left hand turning mrror spot are shown on the SLM and Auxiliary
M rroryd LdRtdad L S0 : tae\;\ ;ﬁﬁ] : I e. beam can be
changed liOJne F’?Ie%E I %h%%lﬁxt -kllilg]%tdlr] avelretsaseéa):cmrﬁ11i | chﬂi lbérg%r%ilﬁg%@é%&#lh bsfc%f’?'le@ 16 be
different areas. To.di scuss this approach, ,suppose M.rrors B and C _are
t aken 4 MR FHBCHANSCL R0 PRHMPTH DRI, AL. Bid AJTS the T poR-2e10 simhdelangt h
can be placed in front of or in place of each area of Auxiliary Mrror H
The neklisgglationshim is gixen hy Aflve (Jrafch ALe whete nnvis ithe tséraptivesindexedf tleanateyal ifhe
di stance associated with the increase in. path length is chosen to be a
bi nar ywhichndtei bghtafrobapatesrindicnisnthe ispéaine®lighfilin vaodurAT Tiustthe iiréheatad time
non-zero tinme del ay.. '

increase associated with first area on Auxiliary Mirror II is AT, that with the second area is 2A7T,

that with the third area is 4AT, etc. The general expression for the time delay with this approach
is T= 2mDpc + AT (8 + 28 +4& + ... + 205 ) where the & describe whether the i-th delay is
added in. If &;= 0, light goes to Auxiliary M_irror L, if & =1 then light goes to Auxiliary Mirror I1.
There is a constant delay, 70 = 2mDge. The factor of two in front of Dge occufs becau.se the
distance from the SLM to Auxiliary Mirror I and back required for this case is twice the distance
from the SLM to Mirror B or Mirror C and back as required for the Dual Arm cell. There is also
an incremental delay, 7; = 2AT (8 + 26 + 46 + ... + 2™Vg). .The maximum incremental
delay, T"’"’“" is given by T;me=AT(2™-1). This is a considerable improvement. The incremental
length, AL can be implemented in many ways. For small time increments, blocks of material
such as glass can be added next to the auxiliary mirror. For larger time increments an optical

transmission line of the desired length may be added.
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The relationship is given by AT = (2nllc) AL, where nj is the refractive

I ndex of the material in which the |ight probagates and ¢ is the speed of
light in vacuum Thus the increnental time increase associa ' iy bt
area on Auxiliary Mrror Il is AT, that with the second area?@ EAEB Z[Imit
with the third area is 4AT, etc. The general expression for the tine delay
wth this approach is T= 2nDBC + AT (83 + 2(53 + 483 + ... + 2(nm'")Sm

wh the 8 ' b= | ' f 8 =..0, Iight
Goos. to Auxiify Srgiatr bt e df el By A HarsBere BIREHTL S oo i T Biee shoy
. T | t I TC = 2nDBC. Th ft in f t of
DBC ocFE PRe SERME BF dierEi. higkngin SREMM | SAREERS 5 ORPRFD A0 (elliee
back requjred for this case is twice .the distance fromthe SLMto Mrror B

or M rfgxilensMirerdl Theshickeass of theblgcks pee abosan sarthatdhs additiona} ime gequired forn

i ncremental delay, Tf = 2AT (81 + 28, + 483 + ... + 2(m1)9,,). The maxi num
i ncr enthsthghms gepathrouph succdssivgibleks ngreisgs as popvems df)two Times the imtisiahikeasabl e
i mprovenent. The incremental |ength, AL can be inplenented in many ways.

For s bpdrative, ithecligheint5 giveh deld ges BRher toadach Seetonasl LRitianc Mirrbe agded
next to the auxiliary mrror. For larger tinme increnents an opti cal

t r ansMiesivedthk s8R cidted difayd 65 'Fas@sdmlmmy Mo € afdl R Eive R0 aeﬁy.F'I:Iﬁrs égagnﬁp;éf he

met hod of adding bl ocks of gfass or other transparent materi al WIT i n

Fi gure ] I £ fer £ R cki re. shown. Th

bl ocksmg?ga%l?@g\?aesghﬁg etgFgglé 8)%% }hlggre %ﬁﬁﬁ?fﬁg&ﬁ?(ﬁ&@ﬁ% t?ﬁ‘i L Rasssthrquehy e
bl ocks,,are chqgsen .that the additiqnal finre r ired for the beans to go
t hr ougtftfe é’ﬁ%@@gﬁles@f%@%? g‘i’ﬁsr@g@@?r °5§n§9@ 8\38? gPFﬁT{%APﬁ@%M’F% I,

t hi ckness. I.n operation, the light in a given beam goes either to each
sect i oFfeaEntas Ao glags, bigpksy and recehiss no delay; E onithat pass His baamls pelariyatioprhagoes
to Auxiliary Mrror | and receives no delay. For exanple, on a particular
pass theenghingedehe beam gogatoddinrdre Eomrdivarsl thehcerto Zaniilary Mirron 8hwhéraft pakses
passes through the beansplitter. This beamgoes to Mrror B or C, from -
whi ch thtoughese dssochited bxitaroptibhlr diStinde,of e gadtieks no gl ass bl ocks, and
receives no delay. If on that pass the beanmli s pol ari zati on has been

changed, thgs bemfe, 4@nd b oM EeOthickhedand RAGtVICHAG bP UAYSEahisplitinY Jrishl !

where it passes
Let f be the focal length of the White cell mirrors, and let 4 be the distance from lens 2 to the

White cell mirrors E and F, as well as to mirrors B and C. The focal length /1 of cell lens 2 is set
equal to dgr. The distance d» from iens fl to Auxiliary Mirror I is divided into two parts, ', 7
filled with glass of refractive index m, and d',, filled with air. This corresponds to a
represeitative block of glass. |

| The expressions for the thicknéss of the air, &''» and thickness of the glass, d'; are given in
terms of two parameters, the minimum distance between the lens and Auxiliary Mirror I d;
and the minimum transit time, Ty, from the SLM to Auxiliary Mirror I. They are da = 2der—
(_dzgﬂﬁ - (di/m), whjch reduces to the single cell imaging case if the material along distance d; is
changed to glass of index n; and d>a—=>d,. For that case there is a minimum transit time from the

SLM to Auxiliary Mirror [ and back. It is Tomin = (2/¢) (md; + 2dgr + da min) = (2/c) (mydy + 2dgr +
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t hrough the associ ated extra optical distance of the glass bl ock.

before, di and n, are the thickness and refractive index of the
beansplitting prism Let f be the focal length of the Wite celz SnFrEBrZEI['Ir
and let d be the distance fromlens f2 to the Wite cell mrrors E and F,
as well as to mrrors B and C. The focal length f | of cell Iens f2 s set
equal to dEF. The distance d2 fromlens fl to Auxiliary Mrror

di VI ded(qnt-a ar, z | X n2 an
@ 2. 11T GRPEGm Boll e Hintinkd FRATS iy B8 MAFhA b il
o] ass maelgég ﬁ&gldpnﬁ for the thickness of the air, d"2 and th| ckness of
t he gl ass ‘givehi in terms of two parameters, the mininum di stance
bet ween the | ens and Auxiliary Mrror | d2,r r and the mninumtransit
time, Tm,,, [h§Toin ferersspivithese marametensythr] thickness. dTtodya aglassdBlockt requirelid B
(d2EFlj) - (dlfni), which reduces to the single cell imaging case if the
mat er i alncednenty] dinst detaye? /427 5, is @handsdss o= ghaes? oft )}(B,Qm ﬁﬂg 44 tﬁlél-

that case there is a mnimumtransit tinme fromthe |ary rror

5072 8 RS S0t daer T (Rl Mty LR ST e KR G

forme of wﬂe%af%ﬁ & dormet “?%e@gst o Qa%a@@a%%eﬁecfgqeﬁp@}@?%p' ’

|ncrene i dg s given by d' 2 = {n2l (n22 -
1)} (c/ 2 ess"gﬁ}ﬁ #’ﬁm& t?fﬁég“feéif af all e himprsionsgpe kncr\ﬁrmth@nﬁxeftrammmecan
AUX|I|ary M rror given by d2 = d2,min + {l /(n2 +1)}(c/2)(T1 -

Tj nj ") . bepsplondated Wgc\ﬁJ{Z(nzH LY} (@) — 2,24)- 'THIs istcommperablpuiatthe pseviaus doligiorbfor
used to calculate the thickness of the it' block. Alternatively, if all
the di nhesgignsllaThe kpsrofich ish@na ks bl s fodd R vE&FmANEdA)C U

{2(n2 + 1)/c}(d2 - d2, mn) Thi SL)I S corrpar%bl e tg&?he prev%tljus Z%eﬁg??%r#%g

t he duabomlmenTmebmaa@?oyﬁh&&ﬁn ETrRharty in ABOUr b HiNOEY S L"f?aeare

delays. If the blocks get too Iong
Vi gnet tﬁ&rgﬂp&%e@%ﬁ?b@ﬁseﬁhe bl ock. In that case other approaches may be
used. )

One approach would be to use an array of optical fibers in place of the glass blocks.

The lens transmission line provides another method of generating time delays that may be
appropriate when the delays are mucn longer than those allowed by the glass block method. The
situation is shown in Figure 9. There are ﬁve lens groups labeled 43a, 43b, 43¢, 43d, and 43e,
each group comprising three lenses. The plane on the right 44 is the input or object plane and is
intended to be coincident with and replace the plane of Auxiliary Mirror II. Light that was
reflected off Auxiliary Mirror I now proceeds to the left into the lens system. There are five
planes conjugate to the plane of Auxiiiary mirror 11, labeled 45a, 45b, 45c¢, 45d, and 45e, lying at
the junctions of the five lens groups. Figure 10 shows the plane of Auxiliary Mirror II and the

five conjugate planes in three dimensions. As all the groups may operate identically, only one
group will be considered. Recall that at the input to a group and the output to a group there is a

plane conjugate to Auxiliary Mirror II (and therefore to the SLM). There are three imaging tasks
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One approach would be to use an array of optical fibers in place of the

gl ass bl ocks. The lens transm ssion |ine provides anot her neth;F OE 04
generating tinme delays that may be appropriate when the del ay 5r EHBCZU

| onger than those allowed by the glass block nethod. The situation is
shown in Figure 9. There are five |l ens groups |abeled 43a, 43b, 43c, 43d,
and 43e, each group conprising three |enses. The plane on the right 44 is

and ¢ . | g thr | an ne
e i NRkforRed 8Pk @ebu 'Pﬁb?fl“ugﬁlnﬁsk & bakiB E@ﬁé%eﬁaqﬁa @mﬁ QB4 5&@&{4&%&%@.

repl ace the plane of Auxiliary Mrror . Light that was re
AuXi | T ALYl o eadids 2 ﬁ@ﬁﬁ%ﬁs t&me left into the lens system There
are five planes conjugate to the ﬁiané of Auxiliary mrror I, |abeled
45a, 45b, C, -.45d, and 4he, .lying at .the.junctions of the five |ens

O oupe. i ot HOTARE EReOh IR PR 55 ilIPRS b Pk e piee onrd, e
conjugate planes in three dinmensions. As all the groups _nay operate

i dent | QWPYtyroniygets Riare. Hacoleps i the asater perdprans byt opation) Thefpcad dengdle of theut
to a group and the output to a group there is a plane conjugate to

Auxi | ilamsy fMear be separgtad dranhdotf corjugate plamesSbi)a difteace 241 Thisheanepiodacy the
tasks 31 26 FEB 2004 performed by a group. The first task is basic to the
oper atdesitecdinthgig. | THEinporimt datme confugsde plafésyare relixed by b alaghifRaticisds 1 deal
with light conservation. The first possible task of a lens group is to

i mage the imRpkraGioh] ﬁ%@&%m@f@ﬂ@aﬁﬂé 6f L8 coﬁjfﬁggtgfplmy%ﬂl&e@ 'b?%fné%ﬁ;&i#ens

in the center "perfor that operation. The | engt h“of the

| can bq”ﬁﬁﬁ’ar ' ' L ' 2f . Thi s can

produce € egia&éeagrgl()%%ﬁgw%&'np(ﬁiﬂg%%sgﬁltogﬁgi@%% ﬁeg’é. e dﬁf‘%’es ar 8
related b ‘magni ficatio f. -1 1n operatign, a portion, of the aregs of
cach G67 MyEmieot nBSt b Mhaded 2B9s SYORPTS i eaprTee. HiEnt BrUenTizeAiend as
correstﬁé)nd to the areas of the glass blocks in the previous design. This is
seen ithe plage of AuxiligryMirrgsdl passae Hrevahall and Greup (il and 13 Frilesied ap conjugatght
incident in Area | of the plane of Auxiliary Mrror Il passes through it
and Gpians 43a.bydhel vesicalofitip mierdr placasianjcoyert the ipagmef A%a Lbi.ighh passtngtthrakh
strip mrror placed to cover the inmage of Area |I. Light passing through
Ar Sa IAresb fr ghmepjalaﬂe of fAukilidry i Miryor NIl pasies Ithropgts $@fis Gidups HBal Sids4 3B, amBSis 432
and 43b, and is

reflected by a mirror placed in Conjugate Plane 45b at the image of Area II. Similarly, light in -

areas III, IV,and V is feﬂected by mirrors strategically placed in Conjugate Planes 45¢, 45d, and
45e. | ‘

The length of the lens groups determines the time delays. The length of the first lens ,
group may be chosen so that the light that travels through Lens Group 1, reflects from the strip
mirror in Conjugate Plane 452, and travels back has the shortest desired time, AT, The length of
the second group is equal to that of the first group so that the transit time through gl;oups 43a and
43b and back is 2A7. The length of each successive group is then made equal to the sum of the

' _iéhg’thé 6’f the preceding groups. The iength of group 43c is made equal to the sumn of the lengths
groups 43a and 43b. The transit time then up through Group 43¢ up to Conjugate Plane 45¢ and
back is 4AT as desired. The remaining lengths are chosen accordingly so that light passing up

through Group m to Conjugate Piane m and back has a time delay 2™ AT.
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reflected by a mrror placed in Conjugate Plane 45b at the imge of Area H.
Smlarly, light in areas IIl, 1V, and Vis reflected by mrrors

strategically placed in Conjugate Planes 45c, 45d, and 45e. t
the I ens groups determines the tine delays. The | ength of themsrgwezgek

group may be chosen so that the light that travels through Lens G oup 1,
reflects fromthe strip mrror in Conjugate Plane 45a, and travels back

has the sho : Lr.e OB, o AT ' econd . group i.s
cqual tot napiaping i3 ettt & tatks rerbifed BRI e8 erdb RESRRPATER Brostes
43a and _43b and. back is 2 The | ength of. each successive group is then
e oSRTSFTVERS SHISACARRGRP indhert SAYR REToRuBHR BB 5 (Gr5oed toThE ARnp.
of group 43c is made equal to the sumof the |engths groups 43a and 43b.
The t r B9 inthegoniygate plane pexsiig thedechand densygf the sroynjtaitpdlest izhibecktiroughd
back is 4AT as desired. The remaining |l engths are chosen accordingly so

t hat | thgiystems 36 wid hepdesirible tghaveratiuhe lightah@momey direughl the eenreminthghgdkndas a
time delay 2(m'" AT. 32 26 FEB2004 Returning to the other two tasks

per f or geebadkythidngh klesn $er@r QoRgcorhiplshsibig ik leAand Tn iy fth GRAGETs\bhB&nQBtth&al
t hroughput. There have been situations where it was be desired to put a

pl ane whed the'pldn? rhif@r GONLAAHS: #) BNEHIR thabd thd eedt&fléﬁs%mitéegﬁ stk g{ag%e
t wll be de to

group to reflect |ight back through -the system | sira

have b Lty sl - ' | ens_ 10 back
b ougls-eRafsel 8y ediiF Inc B Ted ot B0 10Ralif I b RO ek e BRURE "
chosen. so .t hat' en e, plane mrrqor is placed next to jt, it then inmages
Che® B by Sinterdfivo ThSlshs ShGaRu fiponoiBEiAR LA Sifgeal dnth ol AP oca
l ength of the |eft-hand | ens be equal to the distance of that lens from

t he ceftir-to-lafchangiens distancgrpadhernds ammagpificebemphdt sodhatihe edgrs\of the ¢enteal

| ength of half the center-to-left hand |ens distance and there is a

magni flersaare dndesfl imagsbouthahemsadvesdgastief vayeofomnsidering the vparatioh nd aisd lefiraged
onto thensel ves. Another way of considering the operation of the left- hand
| ens drané dendatisdsiecinist 9 Eadal PoiMtisi 6n ehe ch@teCRitgii- 1AROI TRe & BandT 9s

| eft-hand lens collimtes light |eaving any point on the center-inaging

lens. coflihdteslipht! le£@hd bifPh&idt 8h RS cORbDBnaging lens. It is still collimated after being
reflected by the plane mirror so upon return it is refocused by the left-hand lens back onto the
center-imaging lens. The left-hand lens is in actuality a field lens placed next to the output
coﬁjugate plane. Since it is next to the c_onjugate plane it does not affect the imaging of the
center lens onto that plane.

The third task performed by a lens group is again devoted to conserving light. It is to
assure that all the light entering the center imaging lens of one group left the center imaging lens
of the proceeding group. To do this, the center lens of one group can be made the image of the
center lens of the proceeding lens. This can be accomplished by properly choosing the right hand
lens of the group so that, when combined with the left-hand lens of the preceding group, the
desired imaging is produced. This can be accomplished by making the focal length of the right

hand lens equal to the distance between the right hand lens and the center lens, so that the focal

point of the right hand lens is on the center lens. Light leaving a point on the center lens of one
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reflected by the plane mrror so upon return it is refocused by the

| eft-hand | ens back onto the <center-imaging lens. The left-hand lens is in
actuality a field I ens placed next to the output conjugate plgz EBi

Is next to the conjugate plane it does not affect the inagin ﬁﬁﬁg‘%g#
center lens onto that plane. The third task perforned by a lens group is
again devoted to conserving light. It is to assure that all the |ight

ent er Igp% i %ﬁ?&ﬁlﬁﬁxa{eﬁw e 1%%' ﬂgrhﬂe?p tgﬁde%é)dﬁeeci sJ( thd H;g?tcmh%n; s Qﬁx{)gns

of th oceedi ng group. center Tens one group can

made the i of the center ns of the.proceeding |ens. Thig can be

e comBrBH e fis 2pbh Epad It of G Beftexiupy heftan ae Plne Bepina: gt 166

t hat, when_conbined with the |eft-hand | ens of the preceding group, the
desi r & thenfirgt srgup dmgeesaigers Erer & optenthp sentrat ampging hend ofythediestrggoume Wilcal

| ength of the right hand Iens equal to the distance between the right hand
| ens &rede tiree raging consiitionsso givhmconjhgaté plane is ipwiged ovfo thheext gpnjughwnplaneens
is on the center lens. Light |leaving a point on the center | ens of one 33 2
6 FEBaRdfd lightds fost throtighnapeathding'af thel céntertibaging flénsbanThé procesndn bebrengad by
the right hand I ens of the next group onto the center imaging |ens of the
next of QidRs delBRY Brel $esRBE Wit HorE BFRBS 128 ‘mdrb Guréds! S8 AvSiiSary IMlirtd &Il fanli Sits
group images Mrrors E or F ontothe central imaging | ens” of the first
group mﬁﬁé& lahdiese three imaging conditions, a given conjugate plane is
inagea RO TAe hext conjugate plane and no light is lost through
aperturing,of the center imaging l.enses. The process can be extended if
mor e del ayls st 8F o eva P AnBihet IS ot e o G5l S5 Raenteh ORS¢ 1 o
Il and [ts_ conjugate planes. In a systemof |ens groups, alternatjvely
knownoRfionally &g Jeplacad with \pgatings that wrellechons Biakelengih A5di Rasnpllyothess.ragh 4860
with gratings that reflect one wavel ength and pass all others, such as a

Br ag ggmgatg'taﬁgg Tifhen fon beanb beuncingithrougly theWbitg kell. lthe Yelay @t axpediencehwouldl ay
it experiences would depend on its wavel ength. One could use a tunable

| aserddpendon s avivelangthe Oielcayldaie a haidlerlgset freproghive irehgtdelag fbytchengimy ihee.
Such a cell would not require a spatial |ight nodulator or a dual Wiite

wavelength of the device. Such a cell would not require a spatial light modulator or a dual White

cell, just a single White cell with the lens train in place of Mirror A, where the SLM used to be.

There are other approaches that use tunable lasers to map delay to wavelength. In one
such approach light is projected down a fiber containingl Bragg gratings tuned for different
wavelengths. Depending on the wavelength of the beam at any instant, the light travels down the
fiber a different distance to the correct wavelength-specific grating, passing through all the other
gratings, and gets reflected back. A tunable laser or wavelength-altering element may be required
for each antenna element in this approach. |

A Deformable Mirror Device spatial light modulator (DMD) is also used in the present

' nventio-n; The DMD has the potential advantages of higher information density and faster speed. _

3ut it also has some ‘associated problems that have to be addressed. The DMD is a pixilated
ipatial light modulator. That is, the réﬂecting surface is divided into incremental image areas.
Zach image element has a mirror surface that can be independently rotated to two p'b‘s'iti‘cins: for
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cell, just a single Wiite cell with the lens train in place of Mrror A
where the SLM used to be. There are other approaches that use tunable

| asers to map delay to wavel ength. In one such approach |ight

down a fiber containing Bragg gratings tuned for different 2e6eﬁgﬂﬂezﬂﬁg
Dependi ng on the wavel ength of the beam at any instant, the light travels
down the fiber a different distance to the correct wavel engt h- specific

gr at | NgsxappiSbldng Bﬁgletgdﬂfﬁlw Wit sihce. T biofiins cashdARlate i diREl d%fbthk

A tunabl e | aser or wavel ength-altering el enment nmay e require

ol 2t o (O SRefegRR AR e SR TR G40 RBASE, Bl

nodul at or presen

pot ent i; nt.age h nfo mat i on den3|t nd faster eed 3ut
it al sogétlggdg&s{@%g % b?@& ‘ﬁf Gt (e Re fransf lﬁ'ﬁcﬂ‘f’e@%@&u&mﬂm i s
a pixilated ht modul ator That is, the reflecting surface is
di vi ded TR ‘ihE fiﬁﬁ%‘h t thiggh 8 apesture ondikecting ifdo spmatbing blhalsng it Rulsing
surface that can be |ndependently rotated to two positions, for 34 2 6 FEB
2004 etempigomestivesp wanshdgingfang(blodketl sthies, atia frate dasteFHbare b RHENsE Afhn also
nodul ate the direction of the reflected Iight by changing the input

di r ect ichangesheomerage obyervaldniplitudé.r ections. It does this by individual

i mage el enent. The direction change can be transforned into an arrpi i tude

change by —@hagaé kRt Hﬁsughetttqut/ﬁﬂs&rfa%twhété%wthdgl?d&t’%hldfe% Blaollc [e%t 19

it to somethi ng bI ock| ng 1t. Pul'sing the mrror between tran

bl ocke i t han VEmhesponse an al.so ange t he
aver agg'r ser ve lﬁlaq%eed’ue%téona JFWF&IBHT‘? ﬁ%’% i the %‘E‘Er Pogpibles

t he ingt vi.dual_, m rrorg g SJ enents are shown, Sone are rotated in one
di r ect FBFH Phé‘hFéﬂ%an f?é LRilF FOP & RRRARE availablredayiass po Bt ey icidenitmeonilon.
The angle, 8. of tipis f 10" on presently available devices so that Iight
i nci defft thnmlaml of thy DM@ iptedlesteddior hegiiDiniage reddnhent be420'T The feflch eirdgRge
el ement at 20~. The reflective image el enents or pixel's are currently

squar eelethéntaor pikel a5¢ E@ramil QqﬂarEP%)mﬁ‘ 6n @fsidk AR PSLaMRRHIGE Ee?tveenT%te?s.i S a

hole in the center of each imge elenent roughly 6/an in dianete

Pi xel STRGE & £hole in the center of each i image element roughly 64m in diameter. The pixels rotate
about a diagonal. The light incident perpendicular to the paper is reflected in the +x direction.
The DMD presents an interesting pattern on reflection. To see this, compare it to a flat
n'tinor 47 as shown in Figure 19a. The intersection of the mirror surface with the x - z plane
makes an angle o with the x-axis. A plane wave travelling in thé z direction enters at the bottom,
is reflected off the mirror, and exits to the lower left. This is in the near field of the mirror. A
continuous reflected wavefront results as expected. Considering a plane wave reflected off the
DMD 48, as shown in Figure 19b, the imagé element mirror surfaces are all oriented in the same
direction for simplicity. The mirror surfaces do not form a continuous surface as in the case of
the extended plane mirror. As a result the field reflected off the DMD is a discontinuous set of
wavefronts all travelling in the same direction but with some lagging behind. The discontinuous
set forms an "average" plane parallel to the plane of the DMD. However, this average plane is

not perpendicular to the direction of propagation of the reflected light.
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about a diagonal. The light incident perpendicular to the paper is
reflected in the *x direction. The DVD presents an interesting pattern on
reflection. To see this, conpare it to a flat mirror 47 as sho in Figure
19a. The intersection of the mirror surface with the x - z p|a3£ =B 2004
angle a with the x-axis. A plane wave travelling in the z direction enters
at the bottom is reflected off the mrror, and exits to the lower left.
This is in tTe faeathaf the ldmehts oficherDMDbdo nds licCiardnevoatisuohe ke ethkenit ehdnt
results as expected. Considering a plane wave reflected off the DMD 48, as
shown idififoutit Bnlllo ihkR: hEBUED $h RIRBIed Might, OThé WiffieRBSis3hwalkl F@h}e%a.e% n
the sane direction for sinplicity. The mrror surfaces do not forma

contin s ‘o ASA -he ' LI T QF . Q.
Fesul ¢ 100D e P IcRFis ok ARBRaRE] liCa BELRIRGH R R et eligordihe 1o
wavefrants all . travelling in the sane direction, but with sone |agging

bah no ARt ot R i eidir B gBRET plfne S0 it Bhe jmpapraons Biibe

pl ane of the DVD. However, this average plane is not perpendicular to the
di r ect id¥§cen of RroRgLAtoR of gie ltahélqaémgégq BSﬂDi dndeed3be objsctaimexpdinmpe plaact
that the elenents of the DVD do not lie in one continuous surface nakes it
nore dr¢ parelleltondy ifi thermmgnificativagie unfty oD thielensefs| retataickol begiwrallel e the object
difficulty is shown in Figure 20a. A DVD 49 at the left is normally '

i |1 uni pidred Thé hndin heebledhr @rthithie rétgdtt -andhiendgef plagdseste| id erpendicuBRYS Gnyi t h
a lens 50. Neither the object plane nor the inmage plane is perpendicular to

the  digiRehdsdT prbpddafip@oat i on of the light |eaving the DVD. |ndeed the
obj ect plane and 1mage plane are parallel only if the magnification is

unity or if : ' . be parallel to.the obj ape. The
mai n pr obl e/ B itBor GOSN SHert oy B0 A5 S he 113 B MCOMD RO L anlE
the direction of propagation. |f _the direction,of t |.i ght were reversed
so as B9 eV RRPEHGIOEF, 40 i urtrosy asaﬁh"d’ﬁbll’éq:‘%‘ﬁﬁ ﬁgameﬁg‘i‘ﬁe would be no
per pendi cul ar to the surface, as shown in Figure 20b, then there would be
no prBmbdem. Tikat is theway mpigctorsosing hesDME) apcretee PWRRplieationein a-Whhite cell,
application in a Wite cell, however, it may be necessary to have |ight
appr oabbweavyertihmagibkineceassary tit havel lightctpproashing the SLM from both directions.

ai

One way to remedy the problem of the objecf plane: and image plane not being
perpendicular to the direction of propagation is to use an associéted prism to change the direction,
as shown in Figure 6. The DMD is illuminated with light normal to its surface as before, and a
prism is placed in the reflected beam. The directions and the angles of the prism have been
adjusted to remove the angular offset of the DMD. The lens is then used in a normal fashion.

The effect of the prism can be demonstrated anatytically. To do this, a ray matrix

| description is utilized. A ray with slope p; incident on a DMD mirror/pixel leaves the pixel with

slope p1. The 3x3 ray matrix for the DMD whose mirror elements are tipped by +6is given by

yl 1 0 0 yo
pl=10 1 £28jp,
| 0 0 1 1



One way to renedy the problem of the object plane and image pl ane not being
perpendi cular to the direction of propagation is to use an associated prism
to change the direction, as shown in Figure 6. The DMD is il lgm irt2h
light normal to its surface as before, and a prismis pl acedzir&wmm*
refl ected beam The directions and the angles of the prism have been
adjusted to renove the angular offset of the DMD. The lens is then used in
a nor nelhe stmantheTiheeeehﬁ@ﬁteqaiudnb&epzfehéiﬂ&dl%?1 the xﬂﬂﬂﬁ%ﬁlﬁ@é@%&?@% 'Lg:%hl

To do this, aray matrix description is utilized. Aray with slope

i nci denefledtion §tibh Of theirkPlemBRY&hslahfaki 18 !sedt] ghgleéé Btid snotS 321< oy

matrix for the whose mirror elenents are tippe sgven

ya 0 1 éﬁ B .20 éﬁThe first of .the three Ilnear

equat i on %Qr epre senféud&lo T%Hé%&g’ﬁa{%g qeeﬂﬁh%%%tf%@? ¢ Ripghthe gy makixs fos

t he posi tlon#gsr%%l ay remai ns constant and the second |inear equation
shows t3Ht Cﬁd’@l%ﬁéﬂ‘b@ée’ﬁﬂrﬁc&lﬁﬂrﬂby 20. Simlarly, it has been shown

that for the prismthe ray matrix for a prism-of small angle a and index
ni is given by Y1l 0 oy. P, =0 0 (n-1)ap, 10 0 11 Return to the situation in

Figure 6 whgnegja |s @n t eft so that the light is reflected upward,
transl at es |st%nc agd as es through the prism The effect of the
angle on th can ed. To find the conditions, multiply the
matrices fo thd t ation and the prismand accept that the
product be _eqw vaI ent to that for the translation by itself. Thus, y, 1 00
1 d O Refum)ty the pituatiott i-Kiguré )@ wheft 4 BMD & dr2heDleft so that the light is reflected

upward, translates a distance 4 and passes through the prism. The effect of the angle on the DMD

can be cancelled. To find the conditions, multiply the matrices for the DMD, the translation and

the prism and accept that the product be equivalent to that for the translation by itself. Thus,

0 1 d

b4 1 0 offr 0 0 |y,
p|=[0 0 ~(n-Dalj0 1 Of0 1 +20|p,
1/ \0 0 1 0 0 1\0 0 1 1

1 d +26d Y,

=10 1 20-(n-Da||p,

0 0 1 1

It is seen byrtlaking the product that the angular offset of the DMD is cancelled if o =28/ (n-1).
The .horizontal axié is then trans!ated upward in the y direction by a distance y,; = +2d6. The axis
is selected by choosing for the position and input slope y, = 0 and p, = 0. Using these in the
previous equations, we find the. output position is y; = +2d6. This is reasonable bécause the axis
has been raised by a distance y, = 248 in translating a distance d. To compensate for this, set
Y"=Yrys=y2-26d. This affects only the top line in the above equation. The result is the following

matrix equation. Note that the equation has the form of a simple translation by a distance 4.
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100100100111 d+2& ya =0120-(n-1)ap, QO 11 It is seen
by taking the product that the angular offset of the DVMDis capcelled if a
= 261(n-1). The horizontal axis is then translated upward |n§I q Uﬂ'f
direction by a distance yd = +2d6. The axis is selected by ch003|ng

the position and input slope yo = 0 and po = 0. Using these in the

previ ous equations, we find the output position is yt = +2d9. This is
reasonabl e because the axis has been raised by a distance yd = 2d6 in
transl ating g di 1ange y conpensate for this, set Yl=i-Ydy2-2 d. This
affects onl t e top fh the above equation. The result is the

fol |l ow ng I Ejat He { Note that the equation has the formof a sinple
transl ation }/ a sOari Idf 37 2 6 FEB 2004 Yt1 . d Oyo pi0O 1 Op, 10 0 11
Thus, with the redefined axis the prism conpensates nicely for the angul ar
deflection of the DMD. The equivalent of the Dual Wite Cell wth unequal
arms udibug, whi thivVEzdefinsd Qw3 the prishd tMan i ' ef t
and to the right of the DWVD ar ep engérgg‘%rg%ggﬁ{jcgbigﬁerl cag‘;ﬁh F?%%ru&ﬁg’gdw
There gt wo pat hs, dependi ng whether a given pixel reflects I'ight up or
down. For |ight refle_c_ted downwards there are prismPl 37, lens f2 38 and

Sph | : | i . cted d h P2 32,
|2n§r'f‘2’a33“”§%é%k)ﬁ'??%$fﬁi§’%”> et Sl e BT s bl S PR o sl

theDI\/P rlbg11 gﬁp etwo sets of condltlons the SLM i maging

ondi LR %b“n%%ﬂ‘&ﬂﬁﬁ and faithe sight of the Q@rﬁﬁé‘?ﬂsw iﬁomﬂ der
t he ht conserw Sg conditions first. The |ight-conserving conditions are
t hat S s Tiere are two paths, depending whether a given pixel reflects light up or

down. For light reflected downwards there are prism P 37, lens /2 38 and Spherical Mirror B 39.
For light reflected upward, there are Prism P, 32, lens /% 33 and Mimor M 34. The prisms
counteract the angular effects of the DMD as described.  Of the two sets of conditions, the
SLM-imaging conditions, and the light- comerﬁng conditions, it is simpler to consider the
Iight-coﬁserﬁing conditions first. The light-conserving conditions are that Spherical Mirrors B,
C, and M be imaged onto each other and nb light is lost going around the outsides of Mirrors B,
C or M. This is accomplished by placing Mirrors B, C, and M in the focal planes of Lenses s fis
and /4 respectively.r The curvatures of Mirrors B, C, and M are all chosen so that in conjunction
with lenses /2, /1, and /% the DMD is imaged back onto itself. As has been shown, images of the
centers of curvature of Mirrors B, C and M through Lenses f;, /5, and / lie on the DMD. The
result is the equivalent of the dual cell in Figure 3 with equal arms. The light can go from Mirror
C to Mirror B and back or from Mirror C to Mirror M and back depending on the state of a given
pixel. The DMD decides between the two paths on any particular bounce.

For the DMD imaging conditions, Lens f; can Be chosen to image the DMD onto Lens f;
and thé radius of curvature of Spherical Mirror D chosen so that its center of curvature is on Lens

fa. Asaresult, light coming from the DMD is imaged by Lens £ onto Lens f;, then re-imaged by
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C, and M be imaged onto each other and no light is |ost going around the
outsides of Mrrors B Cor M This is acconplished by placing Mrrors B,
C, and Min the focal planes of Lenses f2, fl, and f2 respect iZ/ﬁI FﬁBhEUUlr
curvatures of Mrrors B, C, and Mare all chosen so that in conjunciion
with lenses f , f , and f2 the DMD is inmaged back onto itself As has been
shown, inmages of the centers of curvature of Mrrors B, C and M through
Lenses Sphen¢at Mimet P backi entorlenhgh BMD.imBper by elsauls tf; itack et aiély ak aguindd. t he
dual cell in Figure 3 with equal arnms. The light can go fromMrror Cto

M rror E3uinteniigekines tHer efiteMof batvaturd 6f Bpkeribl Midbdli&agk 1dgpgndig %9%& B¢

state of a given pixel. The DVD deci des between the two paths on a

parti culeas sR@HNGR DN astrb&iiloyD | magi ng conditions, Lens f can be chosen to
i mage the DVD onto Lens f and the radius of curvature of Spherical Mrror

D chosen so j. uryature i.s op.,Le f. . £ regult, [Iight
comng fr omhil Egé%kéfii@ﬁ%%%ees% t%c? Htéﬁénﬁu?a?ﬁr%e Egﬂ‘gqﬁﬁ}m{t-h&fgﬁ}t gr éﬂ“’ﬁ?e 38
2 6 FELg, 2004 Spherical Mrr.or D,écf)aclg onto Lens f4 and i naged by Lens f back
onto i tSHFF STAEES QRioPIXeldn the, Ho¥wy Rpsition yrhich pets awa twnings mirary Jhat pixel
Spherical Mrror lies on Lens f , it is inmaged by Lens f onto the DVD as
requi r @gect theolighte| Spherisal dirror dehich thiendmages it optat 2 pinel dre theeTupil tokitionni ¢ .
Light fromthe outside source is inaged onto a pixel in the "down" ,
posi t i dhe pivet thercdizecstha lightr i Spherical Mitror BSavhiph Xahgesdi bk th@ ®NMDINthd O
Spherical Mrror 34 which then images it onto a pixel in the "up" position.

The pi Xight it hew cdhsieatd d ek {8 hinitt OTRD Bt t orhiy DRED Wiisdh i{ﬁgﬁ?r%gﬁe

back to the DMD. The |Ilight is now considered to be "in the uni

Spher | ar Rk BE SpughioR YR o8 o ol Rkl Ry 536 i B Indi ofpherienl o
array Yhor 4 Ribeck lo M8of 35 ' A e pRler i, Ain B RS P RCR I TRRE foriRes,
the e R BE I RECSRREr SISt $habs hHEoKHo Siehial MIRF 30 16 128 BiRahoRLEr om
the DNBIVEI()) v\;[h?c% ils ?r? tsh(eacs"u;" ﬁosEﬁ%h agg girzzczts Ithse l?g?its ci)l?trl)%tthidce?l(.)’ and the focal
The distance from the DMD to the lenses fi, £, and /% is designated d,, and the focal

lengths of Lenses f;, f, and f; can be taken to be equal. Starting from the turning mirror pixel,

light travels a distance 4(d, + £}) to Si;:herical Mirror B and back and then to Spherical Mirror‘C :

and back to get “into the-system”. The light can go either to Mirror B and back and to Mitror C

and back, a distance of 4(d, + ;) or it can gorto Mirror D and back and then to Mirror C and back,

a distance of 4(d, + fi) + 8fi. To exit the system, the light goes to Mirror D and to the turning

pixel, a distance of 2(d, + f) + 8f;. Then if there are m bounces, m, of which are switched to

Mirror D, the expression for the transit time through the cell is
T=(Ue)H{4(do + /1) + (m-ma)d(do + 1) + m2d(do + f1 + 2 fa)) + 2(da + /i + 2 f3)} = To + mpAT

where the constant part, T;,and the adjustable part, AT are given by
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| engths of Lenses f1, f2, and f 2 can be taken to be equal. Starting from
the turning mrror pixel, light travels a distance 4(do + fl) to Spheri cal

Mrror B and back and then to Spherical Mrror C. and back
t he-systent. The light can go either to Mrror B and back ang ﬁoFEBrwﬂ%
and back, a distance of 4(do + fl) or it can go to Mrror D and back and
then to Mrror C and back, a distance of 4(do + fl) + 8f4. To exit the
system the light goes to Mrror D and to the turning pixel, a distance of
2(do + f) + 8f4. Then if there are m bounces, n2 of which are switched to

M rror D, Tsheél/eXfidesi)ons f0F mifis #A@ansit time through the cell is T =
(1/c){4(do +f) + ((mnm)4(do + fl) + nm4(do + fl + 2f4)) + 2(d3 +f + 2f4)}
= To + nRAT where the constant part, To,and the adjustable part, AT are
given by 39 26 FEB 200% To=(1/c) (6(d0+f)+8 f4+mi(do+f)) ET=(1/c)8nkf4 The

time incrgpent, is.,(k1c)8nm2 f and there are n2 choices, as before. They
bi nary ceﬁrag?/cl‘t—ﬁﬁngztﬁe 5 is considered next, with auxiliary mrrors and a

means for extending distances. The equivalent of Figure 5 with the
auxiliary mrrors is showmn in Figure 8. Figure 8 is -derived fromthe
equal armcell nmade with the DVD. The difference is that Spherical Mrrors
B and ihasine inaementds|(1/g8ad fsand there ardws: OMicdssas efired onto the auxiliary
mrrors rather than back onto itself. The transition to DVD based optics

has been nadbe: bidary chlhtof Figmat Ssisi contiderad hektaviet hingliary hRir@rashid k! MedaS oF
t he optical wavegui de. The area of Auxiliary Mrror Il can then be divided

into sextemding AlswinkéMhe Myiivalent bf FighrePWiththé SRENAY tﬁ%lri &@hﬂ%ﬁf ‘iﬂﬁ%@e fz]he
rror

gl ass blocks or the |l ens waveguide. In Figure 11, "Auxiliary ,

has bepfhureSRRevaR roffith 3088 articbil kB oSRUREPARD! Gk NBsLERS. juaveau dey) The

operation is the sane as cri arm'brnary

Fo urvioB B UV o08] faflaky 35 R e 3D bameesh S e ey mugos mber.

errbodi‘trlrleaﬂl gckmgr{tg it%]?.s ?ﬂe g‘gr?sition to DMD-based optics has been made. All that remains is to '
add the either the glass blocks or the optical waveguide. The area of Auxiliary Mirror' I can then
be divided into strips. Auxiliary Mirror I can now be removed and replaced with: the glass
blocks or the lens waveguide. In Figure 11, chiliary‘ Mirror II has been removed and replaced
with the entrance to the lens waveguide. The operation is the same as described in the dual arm
binary device.

The preferred embodiments herein disclosed are not intended to be exhaustive or to
unnecessarily limit the scope of the invention. The preferred embodiments were chosen and
described in order to explain the principles of the present invention so that others skiIléd in the art
may practice the invention. Having shown and described preferred embodiments of the present
invention, it will be within the ability of one of ordinary skill in the art to make alterations or
modiﬁcatibns to the present invention, such as through the substitution of equivalent materials or

structural arrangements, or through the use of equivalent process steps, so as to be able to practice

the present invention without departing from its spirit as reflected in the appended claims, the text
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described in order to explain the principles of the present invention so

that others skilled in the art nmay practice the invention. vi ng shown
and descri bed preferred enbodi mrents of the present inventio 6iF%ﬂBI¥09§
within the ability of one of ordinary skill in the art to make alterafrons

or nodifications to the present invention, such as through the
substitution_of equivalent materials or structural arrangenents, or

t hr ougHndreaching offwhigh pxedhessty insospassied dyapterense harein, olt hethetihention, phidefors, e
the present invention without departing fromits spirit as reflected in the
appended ligitthesnventien balytas SlifedHyRh2 Bddpeaifithe danBiand eqlivaibhis fhedég®, her eby

i ncorporated by reference herein. It is the intention, therefore, to limt
the invention only as indicated by the scope of the clains and equival ents
thereof. 41 2 6 FEB 2004 What is clained is: 1. An apparatus for optically
generating tinme delays in signals conprising: (a) an input |ight source,

said input |ight source adapted to generate at |east one individual |[|ight
beam from at | east one direction; (b) an input mrror adapted to reflect
said at |east one individual |ight beam (c) a plurality of optica

el ements configured so as to define a plurality of possible light paths
for each said |light beamreflected by said input mrror; (d) at |east one
ref ocusing optical elenent adapted to restrict the divergence of a |ight
beam di verted by said optical elenents through at |east one of said |ight
paths; (e) a spatial |ight nodul ator adapted to select a path from anong
said light paths for each pass of a said |ight beamthrough said optica

el enents; (f) an output mrror adapted to reflect each said |ight beam
energing fromsaid optical elenments; and (g) at |east one receiving device
adapted to receive a said light beamreflected by said
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output mrror and determne the delay in the |ight beam 2. An apparatus
according to claiml wherein said optical device is adapted to generate an
array of light beans. 3. An apparatus according to claiml VZ%GFV\E&fg[ﬂJ
input mrror is adjustable. 4. An apparatus according to clai lt
said plurality of optical elenents is selected from the group consisting
of mirrors, lenses, gratings, and prisns. .5. An apparatus according to

cl ai m 1Witds elrimaslisd out put mirror is adjustable. 6. An apparatus according
to claiml additionally conprising at | east one system of wavegui des, said

wavegui ldesnagparhrs foruphichifagerehfink @it difayd in dgilisiEGhpiin@f said ight paths
may be varied in a fixed space conprising a subset of said optical

el ements. 42;YabinbBidl Wurée. sAM i Iy | ' wherei.n said
spatial i g%t)zrmcrilgl atl%{r2 con?s’i st sﬁ@@qgﬁ { %@f%%?gétg%f@%é%%{a% g'{]%%? n?r%‘d‘m“ﬁ{%r
adapted to chap lL.zation.of. a said |ight beam directed to said
spatial |ight aﬁ%ﬁ&%ﬁg&%g{le °85§%£?°§‘1°Hs according to claim7 additionally
conpri si ng beam splijtti devi ce adapt eg to direct a said |ight beans

al ong a sai gb) ?@HP“‘SEW%@%& F‘hﬁﬁﬁ‘ﬁ spidt sattape sndividraldight heami ght beam o.
An apparatus according to claim1l wherein said spatial |ight nodul ator

consi sts of (& a plaralityabpptical elementiosandigursp se iasto [define 2 phuraliet afrpoasibletliztit t 0
reflect a said |light beamto at |east one of said plurality of |ight ,
pat hs. 10. A rmilisddr ¢éavh seidtlighn bbym geflzeted biy sgid inpue ndabgys in signals, said
nmet hod conprising the steps of, a) nodulating an input signal onto an
optical beag) d)leddnogé Mefociisl; Opticat alentenfBIApRIdOIOR st ﬂ_iboﬁfv@}gé?w% 8f a light
optically generating tine delays, said apparatus conprising:” (1) an I'nput

mrror ad apt etheb ditdreliy safd ShtdRf él&ﬁéﬁt?ﬁl%ﬂgh at least one of said light paths;

(e) a épatia.l light modulator adapted to select a path from among said light paths for each
| pass of a said light beam through said optical elements;
(D an output mirror adapted to reflect each said light beam emerging from said optical
| elements; and |
(g) at least one receiving device adapted to receive a said light beam reflected by said

output mirror and determine the delay in the light beam.

An apparatus according to claim 1 wherein said optical device is adapted to generate an array

of light beams. |

3. An apparatus according to claim 1 wherein said input mirror is adjustable.

4. An apparatus acco.rding to claim 1 wherein said plurality of optical elements is selected from
the group consisting of mirrors, lenses, gratings, and prisms.

5. An épparatus according to claim 1 wherein said output mirror is adjustable.

6. An apparatus acc;,ording to claim 1 additidn_ally comprising at least one system of waveguides,

said waveguides adapted such that the lengths of a plurality of said light paths may be varied

in a fixed space comprising a subset of said optical elements.
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(i1) a plurality of optical elements configured so as to define a plurality
of possible |ight paths for said optical beamreflected by said input
mrror; (iii) at |east one refocusing optical elenent adapte tﬁ) FEB r?(}mf
the divergence of said optical beamdiverted by said optical elenments
through at | east one of said light paths; (iv) a spatial |ight nodul ator
adapted tp select a path fromanong said light paths for each pass of said
opti cal’ B(g%rﬁppﬁ‘iaﬂiﬁg#cé’&ilﬂg dptslaigl lewarsin seidaspatial Jightn modulatdr ponsisty of a
adapted to reflect said optical beamenerging fromsaid set of optical

el ement s ;Polartring3spatigl Helt Bodaiathr aiiaptedvie chamgerthe pglasiaitibropf hGald hgRNdag, an
out put signal. 11. A nethod according to claim 10 additionally conprising

the step difectadjteisdid sgatiadlightiigdiiiatodyi rror to appropriately direct said
optical beaminto said set of optical elenents. 12. A nethod according to
claim ]O additionally gonprising the step of adjusting said output mrror
to apptoptt 2RPSFaLsAcrRrding R dlaianf additionslly womprsing Adedm splitiag deviee addptabiol cal
el ements. 13. A method according to claim 10 additionally conprising the
step of (ieel/5aig light beaps loap 2 bihiightepate depmiding anite pldrationiof W lignd
determ ning said delay. 14. A nethod according to claim 10 wherein sard
appar at ubearddi ti onal |y conprises at |east one system of wavegui des, said
wavegui des adapted such that the lengths of a plurality of said |[|ight

pat hsn%my be varied in a fixed space conprising a subset of said optical

el enmerfts AT 8PPARRIUS, FEeoTdings to, claipgl nwhareincsad repatinl Wlight enpdwator copsistsadf ki ght
modul at or, consi sts of a polarizing spatial |ight nodul ator adapted to
change t Aefopaable imimor davie¢ spatishilighomoidulator adapted o reflettes shid Lt beanabizal

| i ght nodul ator. 16. An apparatus according to claim 15 additionally

conpri si legstonbefsaid plirtlityod ligewpads. adapted to direct a said optical beam
along a said |ight path depending on the polarization of.the

10. A method for optically generating time delays in signals, said method comprising the steps of:
a) modulating an input signal onto an optical beaxﬁ;
b) passing said optical beam through an apparatus for optically generating time delays, said
apparatus comprising: |

i) an input ﬁﬁrror adapted to reflect said optical beam;

(i) a 'plurality of optical elements configured so as to define a plurality of possible
light paths for said optical beam reflected by said input mirror;

(iii)  at least one refocusing optical element adapted to restrict the divergence of said
optical beam diverted by said optical elements through at least one of said light
paths;

(iv)  aspatial light modulator adapted to select a path from among said light paths for

- e.ach pass of said optical beam thrﬁugh said optical elements; and
(v) an output mirror adapted to reflect said optical beam emerging from said set of

optical elements; and
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optical beam 17. An apparatus according to claim 10 wherein said spatial

| i ght nodul ator consists of a defornable mrror device spatia i
nodul at or adapted to reflect a said optical beamto at | east znﬁ %E&a&ﬂﬂlf

plurality of light paths. 44

c¢) down-converting said optical beam to an output signal.
11. A method according to claim 10 additionally comprising the step of adjusting said input

mirror to appropriately direct said optical beam into said set of optical elements.

12. A method according to claim 10 additionally comprising the step of adjusting said output

mirror to appropriately direct said optical beam emerging from said set of optical elements.

13. A method according to claith 10 additionally comprising the step of .receiving said optical
beam reflected by said output mirror-and deten_nining said delay.

14. A method according to claim 10 wherein said apparatus additionally comprises at least oﬁe
system of waveguides, said waveguides adapted such that the lengths of a plurality of said
light paths may be varied in a fixed space cdmprising a subset of said optical elements.

15. An apparatus according to claim 10 wherein said spatial light modulator consfsts of a
polarizing spatial light modulator adapted to change the polarization 6f a said optical beam
directed to said spatial light modulator.

16. An apparatus according to claim 15 additionally comprising a beam splitting device adapted |
to direct a said optical beam along a said light path depending on the polarization of the
optical beam.

17.An apparatus according to claim 10 wherein said spatial light modulat_or consists of a
deformable mirror device spatial light modulator adapted to reflect a said optical beam to at

Ieast‘ one of said plurality of light paths.





