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Ab的rac七

We derive a nu.tnerical method of c&lculati且gb国ary gra.ting structur臼， which bave prede柑rID
ined s I,:stial spectl:a "ith a typical a.ccuracy of less than one percent. As a.n e:s:perì皿ental veriiìcation, 
W8 P四sent test rosults of a gra. tìng tbat conver也a. p1ane wave into a eentral bl悦k of llx l1 
E且iformly di:tfr.妃ted waves.. 

Imroduction 

Modu1ation of 也e periodio struOture of a. bina.ry 也.:ffra.otion gra. ting 也o shape tha 

distribution of intensiU倒 of dì1fra的ed orders has a吨niroo ∞Insiderable in切re础 in

reoo时 yea.:rs. This k.ind of genera.lized (hol唔raphio) gratingS 咽n be convenìen如ly used 

四 image mnltipliers and multi-beam beamspli柿。ITS in Op也ioal ìntormatìon pr归抱回ing

and fiber-optio ∞mmunioation sys如ms. Several autbor9 ha.ve ∞nsidered 古be proble皿

of oa.lcula tin目前rnctures， wbioh give aω，ntrru bl∞k of 吨nally inten舶 diifrao提d

beams/l. 2 、 3. 4 , 5;. Perhaps them佣tsn∞essfullof 他e various approaches 坦也he one 

developed by K剧的的. a1. in Ref. /5/，皿 whioh 船veral one-dimensional struo切l'eS

are presented. wi如h diffraction e由ciencies of 70 ,.....85 % and nonnniformi缸倒 of 0.3月d

1.7%. 
In this in vest堪的ion， we derive a ∞nSiderably sim.ple 营ra.dien←甘peop如皿1皿tion

algori也皿 which giv倒 results ∞皿pa.ra.ble 切也hose of Ref. /5/. Onr method oon, ìn 

addi也ion. be n舶d 切 design gra ting 的ru的nres wi也h nonuniform, prede切rminoo

sp回tra. Wealωanalyze the a∞uracy r吨U.iIed in the fa brioa tion pr阻}e四 of the grati且g

struc坦白， a.nd fa.brioate a 11 x ll-ooam twodimensiona.l nniform beamsplit1ier. 

F 

Spectra of binary diffraction O"ra tings 

A general binary ampli扭曲 grating 坦 a periodic structure, which has only twu 

B配eìved 23 Septem~r 1987 

• The perma.n吧nt addr田S of Jari Turunen ia Depar恤ent of Techaic&l Play回-=-， HaJ血ki UaiTeI'Ifty C f 

T町hnol哩Y ， SF-{)~!1田Es萨)()， Finl&nd. 
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Fig. 1 Am plimde transmi忱ance f(到 of a gereral binru'y amplitnde grating 
ov盯 one period. Length of the period is normalized to uni可
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diffNent values of amplitude transmissionf(:1i)，也S 且lnstra协d in Fig. (1). Olearl)'. the 

t l'3. ting and its speetrum are ωmpletely det8rmined. by the se古{酌， b击 1 ~= 1,…. L , of 

ransi-tion poin七 positions of f (x). S坦佣 f(剖 is periodic , it can be represen ted jn the 

fO l'ID of Fourier series, 

f(ø) - ~ F(响)exp{2πima;}. (1) 

By straighforward calcn1ation，也e Fonrier coefficients of the grati.ng 的ructnre al'e 

found ín 毛erms of 也he 也ransi缸.on poin古 posi也ions:

L 

F(O) = ~ (bz-az) , (2) 

for order m = 0 and 

F(叫=忐[FR(m) +iFr(刑汀， (3) 

fo l' higher orders. ln Eqn. (3) , 

!Li Fß(m) = ~[sin(2~叫)-sin(2πma.川，

E 

Fr忡忡~[c佣 (2πmb.) -008(2盯阅DJ.

(4) 

The power spectrnm {P (饥汁，明=一∞，…，∞， of the stl"Ucture, definoo as 

P(叫 = IF(m) I 且 (5)

gives 出e intensities 协 varions diffra的ion orders. 1也 can now be calcu.la ted from the 

known transition point posi古ions with 如he aid of Eqs. (2) '" (4). N。如e that P( -m) =

P(刑)， whioh i且也.ca仁掘出的 thespωtrnm ofa b坦ary diffractioD grati卫gi且 sym皿etri饱1

wi也hr咽pω北切也heu且也ffracted ooam. 

A binaηpha阳 gra扫卫g iS a periodio 的，rnctnre， which has a nniform amplitnde 

transmi固ion and only two different valnes，舶y 何/2+{} and :JÇj2-8吨 of phase ret&rda tion. 

The ωmplex ampli切岛市ra.ns皿协anoe rn.nction g(Qj) = f(a;)exp {-i o (a;)} is then of 

也he form ,(ø) -士血。+i剧圈。， (6) 
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for alI x E [0. 1]. The power speetrum of 也his pbase gra ting is simply rela ted to tha 

power 9pectruID of 协e corresponding amplitude grating (which has the same transition 

po皿也 positions). Straightforward caloula毛ion ， where nse 坦皿ade of 也he identity 

J: exp{-2时刑机=0，
and linearity of sum and integralopera协固， gives the Fourier 伽面oients {G(m)} of 

a. general binary phase grating. We g的

G(O) = [2F(O) -lJsinB+iωs (), (7) 
for order 刑 =0 and 

G(m)=2 咀卫 BF(刑) I (8) 

for higher orders. Now the power spectrum {P(m)} of 七be binary phase grating, 

deÍÌned as P (刑)= IG(响〉户， can be calcula ted from the transi tion pOin也 p05it~ons wi力h

the aid of Eqs. (2) ,...... (码， (7) and (8). 

Optimiza tion of the gra ting structure 

Our &im 坦 to find a s的{哟， b丘， l=l, …, L , of 力ransi七ion poin如 positions (and a 

phase angle B if i也坦 a free varia.ble) in suoh a way that the power sp旬在m皿 {P(m)} 嘈

~ml =0. …. M. closelyapprox国ates 80me desired power 即eotrum 但协) } I with good 

diffrac也ion e白ciency

Pn=P(O) +2 ::E P(切) • (9) 

ThiS optimiz ，~c t:on problem oan be analytically 501 ved only i且也he case of a 也re←beam

(刑 =0. 士 1; pbaso grating. For example, a uniform S8t of three diffract~d bea皿s iS 

giY8n by a struc国reα1 = 0, b1 = 1/2 and B = arctan Cπ/2) ~ 57.52 0
• Diffracιon efficienoy 

in切力hree central orders is PE=12/C对+4) ~86.5%. 

In more complica也000甜捕， nnmerioalopti皿ization 古四hniques have 古o be 田00. As 

a. measure of the progress of optimization, we define a 皿eri七 or error func名ion by the 

expreSS lOn 

E2=叮α刊{川)忏一P凡J此刮P武(州十叫2主主I 归阳(m刑〉忏一Pι时J止P(怖树叫刑叫叫)汀J2才}卜+ (1 一→α叫川)川(口1 一 Pp;) 2 ο 
where α i坦s a para且e时七怕e臼r wi且也也hi坦卫 the rar巳1ge 【臼0， 1口]. The 丑S时t term i坦n 七出he me盯士i且力 f缸uno的仁挝讪ion

i坦s a me盹asure of t也the刊si坦皿丘山arity of distributions {P (刑)} and {PEPC叫}， and 古he second 

国rm 坦 proportional 切七he diffraction efficiency of the st工~cture.

Due to thd consldera b1e ∞mplexi如y of 七he dependence of the 皿erit function on the 

transi也ion poin t posi"tiODß怡j. bù and OD phase angle B, i古 generally has a large 

no.皿ber local minima. Starting from arbitrary ini恼.1 trans币ion point posltions, 
On9 of these minima oan be fonnd by 也.e followi且g gradjen←甘pÐ i七erabion

也echnlque.
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L(;lt 也he t :ransition pOints in th'éj bεglllnLng of 叫: th it(3ration s切p be {旬.n ， bi• ,,} and 

the ,'alne of 也e error fnnction be E... A smal1 trial change 坦 made in each a"A and 

bl • fI • and oo:rr四ponding ohanges of the e:r:ror funotion , .JE a,... and JEb" .., are oalcnla也ed

by using 也he formalism of 也he previotlS 900扫on. A new gradie时 i且 the 2L-di皿ensional

Spaoe of transi古ion pOin古 posi恒。因坦 determined by 吨uatloD.B

{~…叫向南II .dEma:f，..! (11) 
Jh..... -7ÁEb, . ..I 1 LJE!I1u." I , 

whereγ 坦 a froo parameter and 

JEm.u.".....max{ .:1Eal.... LlEbl,,.}. 

Wi七h the 3id of th咽θ 叫uatio田，力he

error E n oan be in也erpre也ed as a. 

function of γ. As illustra tOO. in F .ïg. 

2, the function E" (γ〉国 well behaved 

around the mini皿E皿， and only a few 

simple evalu时ions of the meri古

fun的ion a.re r吨nired 切 find γmiD. .., 

节itha Sllfficjen t degree of aoon.racy. 

Onooγ皿酌"坦 found， new valnes for 

the transition point positions a:re 

found by 吨natio田

(川九- ')' min , "LJE (J 1...I 1也r. ..1 
b l."+l=b， ，"一γOlin." .L1Ebt，./ I JEma:r ...I. 

(12) 
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Fig. 2 Illustration of the progre田 of itaration in 
a realistic 咀ge of a unifor皿:five-bea皿 grating.

Starting from rando皿ly ch佣en tr缸sitì.on poínt 
positions~ five itEration steps Were n但ded to ob恤坦
an a阳ptable optimnmi th. 咀1c回a如d dapenden帽

E A ( 'Y) i.s shown for the 1坦tthr回 steps

If 毛be se] {at..+l、句，叶1} 坦 no古 an a例。ptable sollltion, a new i也eration s也ep 坦 performed.

If the phase angle 坦 a free -variable, it CU:l be 也reakd in the iteration prGCac;s jus也

as any ond of 也e traD.Bìtion pOjnt positions. However, ohange of phase angle does not 

aff，由也也e re1a.-=也ive j且也ensities of the diffraotion orders I 例 1>0，四 can be dednσed fron 

Eq n. (8). Henoe opti皿ization of phase a.ngle can be done algebraically. For example, 
if the aim distriblltion iS a central blook of nniformly diffrac切地 beams， the intensity 

of tbe zero-order beam can be 叫na七叫旬出e a verage in tensity of 也e hi哥her-order

beams by the formnla 

画丑。11+1= 函nO..[l+P侧，.-P ,. (0)] 1/
2, (13) 

in the end of eaoh i也eration 肘。p.

Free phase angle adds an addi北，ional degrωof 仕四do皿 in opti皿iza.tion. T h:is is 

valua b]e espω坦，lJy when the ~nnmber of diffra。如d orders 扭曲。 aim 也.stribn.tion 坦

low. For exa.mple, if the phase ang]e of a nniform 也r回-beam grating is 缸。d 也o ~/2t 

the maximu.m e伍。iency 也时 can be ob恼inoo 坦 PB=66 凭， compared with 87 % ìf the 

phase angle is a froo variable. For a. large nu.皿ber of diffl'acted o:rders，也e()抖出al
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pha嗣a.ng1e is 0岛en close 协 w/2.

Tb.e itera妇on pr四ednre ontlined in this 回ct..ion giv咽 a 1∞8.1 mjnirou皿 of error 

fn血的ion from a1皿08也 any s随时ing distrìbution Jn 1咽S 古han 也en iteration sreps. If the 

numoorof 仕ee pUiame在ers in the gratjng 的ruc切re is ad，吨ua如ly large (L>~f. Se& 

Ref. /2/) andα= 工 19ohosen 迦皿eri也 funotion，也hem&旦皿U皿:relatlve devíation from 

the normalized ai皿 distribution

问俨 {~1- 二ZL)!! (14) 

坦 often less 书han 1%. However, when 也he desired nnm ber of di:ffra.ction orders b配omes

large. many randomly ohosen starting di的ributìons may be I吨uiroo 切 find a stru时ure

wi也h good effi--()ienoy. and 古here 民e皿S 北o be no si皿ple 血的hod 如o asoo时也i且也hat 尬。

皿i且i皿um obtained 坦古he globa1 minimll皿. If the 1∞a1 mini皿um 01倒四七七o tbe in.itial 

transi也ion point pOSitiODS yie1ds low effi.cienoy, it is often possible 也o foroo the iteratìon 

tmvard another, betber 1∞a1 mini皿um by choosing α<1 for a wbile. The phase

retrieval aJgorithm of Ref. /4/, whioh as such does n的 generally give solutions wi也

句<10.......20% ， ma.y a.lso be employed 切直nd suitable sta.r如1ng sy且也ems.

Spectrum shaping εxam~les 

In 古his s回古ion， we give SOIDe examples of 也he use of -the op七imization algori七hm 协

design gra t iDg s古ructures with speci直o sp础ra. We begin by defining so皿e practically 

importan也 aiID distributions. An idcal nniform di时ribution is defined as 

pc;(刑)=一」一， I叫 =0，…， ~f (15) 
2 ß-[十 1

andP川刑) =0 íf I 叫 >M. Trìangle di的ribution 1s defÌned by 也he r吨nÌre皿ent that 

the ditferenoe b的ween in回nsi古ies to 古wo adjacent diffraction OI由rs re.皿ains constan也

up 切 order M、 af仁er whioh intensities are equal 七o zero. ThiS condition 坦吨uivale且也

wi七h P,%, (m)-P '1! (刑十 1) =Px (0) / (M+1) , Or Pr (刑) =Pr (0) 口一例 / (M十 l)J. By 

requiring that the efficienoy 协 M 09川ralorders 坦 nnity， and using 也he properties of 

arithm的ic series , we obtain for 古he 甘iangle distri bu如ion an expression 

p，%，(响)=-i一(1一一旦一)， I 刑 1=0， ..飞]( (16) 
M+l\M十1/

and Pr(刑) =0 íf 1m! >.3/. Ano也her intere的ing nonnniform distriblltion, whiob we 

eall power distribu力ion， is characterized by 也e reqnirement that the ratio of two 

adjaoont orders ÌS a oonstant é. Algebraically, pp (刑) =Pp(O)♂. Taklng the effic1ency 

也o2M+1 四ntra1 orders 切 be nni可， and usi且g proper七ies of geometrio series, we get 

pp (例)=咱 i-f M ::;r e"', 

a.nd pp (响)....0 if I 刑 I>M.

jml=O,…, M (17) 
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A 直ve-beam power d iStribution with E=1/2. PB~75.9% and η~O.18% 坦 given

by the strncture 

α1 = 0 b1 = 0.3540 

α:.1 =0.73四)() bJ = 0 . 81125 

and phase angle f)~57 .550
• A fìve-b(')aID在riangle d国甘ibution wi"th P.~12.1% and 

句~O.08% is given by 也he 的ruc七ure

and phase angle O~66.30o. 

~=O b1=O.05794 

a".=0.52423 b!j =O.81299 

As an example of n.niform dist:ribution, we design a two-dimensjona] l1-beam 

b阅血split切r. Fabrication problems 凶rongly sugge时也ha也 a tw←di皿e丑sional phaSe 

grati且g shonld have only two levelB of phase modu1ation, which se恒也he restric七ion

that the phase angle has 切吨na1 ~ /2. A solution 

α1=0 b1=O.06857 

Qlj=O.20885 b".=O.44467 

aa=O.52930 ba=O.72101 

a矗 =0.7二 854 b4 =O.86437 

was fonnd. The matimnm deviation from uniÍormi古y was η~0 .47 %. Diff1'aotion 

e:ffioiency 也011 曲时1'al o1'ders was P.ø~76 .4% for one-dimensiona.l strncmre and pj.，~ 

臼 .4% fo1' twodimensional struc恒1'e. We a1ωanalyzed 也he a.ωllraoy r吨uired i且也e

fa brica tion pr∞ess of the g1'at~g. lf 也he 古1'ansition poin切 were rounded.也o fonr 

d回皿础， unifol"m.ity was '7 ~O.54 9D. Ronn也啤切也随 d回国山ga.ve 勾结2.69% ， and 

two d剧皿a1s gave '7 ~16.8%. 

Experiment 

As an experi皿ental vermoation, we fabrica如d 也he nniform 11 x 11 b锢.msplitter

d四igned in previous S创iOD. Tbe structure shown i且 F.ig. 3 tJ was written, pho也oredn

ωd and mu1tiplied; 也he gra ting oonsisted of 10 x 10 pe1'iods, 1ength of one period wai 

633μm. Â pha.se gra. t皿g ∞rrωpond.ing 协七he strnotnre shown in Fig. 3a wo.s 
prepa1'ed by ion beam e切hing. The farfÌeld diffraotion pa.的ern of -the gra ting, 
photogra. phed in 也he fooa.l pla.ne of a Fourier-也，ransform. 1e阻，坦 shown in Fig. 3b. 

Bωa.use of an el"ror in phase angle. the zero-order sp的iB more i且饲nse 也han 北he

o仙。圃， which show reaωnable uniformity. This error iB par世y due 怕也he finite 

nnmoo1' of gra.ting peri'α妇. whioh cau刷 no阳able strnc恒re(阳 Fig. 3b) 帽peoially

a1'ound 古he zer'萨。，rder spot. Max:imnm deviation from the uniform aim distribn缸on in 

也he upper row of nniformly diffra.c协d beams in Fïg. 3b w皿皿制nred 协 be 9.5%. 

The d_i:fferen佣 between measured and th"ol"etica1 nniformi也ies 坦 due to manufao古U坦g
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(a) A grating structure yielding a uniform central block of 11 x11 diffraction orders 
(的 The far-field diffraction pat抽rn of the grating, photographed in the focal plane 

of a Fourier-transforming lens 
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i且acouracies in loca也ons of 七he phase 甘ansi也on pOin切. These inaccuraoies were, 
according 也。他e discussion in 古he end of 北he previo四 section，倒也i皿川ed 七o be a li协1e

less 也han 1% of 也he gra ting period, 01' of 也he order of 5μm. Better uniÍo1'mity could 

naturally be obtained by m01'e sophis怕的。d fa b1'ica tion 北ωhniques， like e100忧on beam 

li也hography.

Conclusions 

Theop也，imization m的hod presen切din 也is pa per was found 切 be sncc回sfull in 

desJgn of ho1ographic beamspli协e1' st1'nctures, which give a1'bit1'a1'y pred的er皿Jned.

spω也ra. The op剖皿ization prog1'am we p1'epared is e伍。ie的 enough 也o be 1'nn in a 

personal computer, and i古 gives 协e 古ransi书ion poi的 poSi也ions wi书h an accuracy 古hat is, 

beyond mo的 pra创ical fa brica tion 古∞hniqu锢， which 如herefo1'e set 七he li皿i书也o the 

accuracy of 也he spatia1 spectra. 

One of 也he an七hors (J. Turnnen) w坦h倒也0 名hank the Finnish Ministry of 

Education for fina卫cial support. 
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本文拮述了一种设计计算二元光栅结构参数的数值方法，这种方法可以把光棚衍射谱

的分布误差控制在 1% 以内。作为实验验证，本文给出了一个二元光栅谱分布的测试结果，

该光栅将入射平面波转换成在中央 l1xl1 级次内均匀分布的衍射注。
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国际光电子科学及工程学术会议 ('89 ICOESE) 

将在北京召开

由中国光学学会主办，中国科学技术协会、中国测量及控制联合会和国际光学委员会支持的"国际光

电子科学及工程学术会议"将于 1989 年 7 月 5~8 日在我国北京市召开。

会议主要议题为:新型光电、电光、声光、磁光元器件及其集哎化p 光电检测、传感、测量及控制，红外光

芋，微光技术，光纤通讯，光盘，光信息显示、存贮及处理p 激光技术，光学双稳态和光学计算等。在我国召

开这样一次综合性的国际光电会议旨在眼取国际上先进的光电技术， 促进光电子科学领域中的国际同学

术主渎。

会议期间扛组织一个小型展览会。

欢迎科研、高楼、工矿企业有关科技人员踊跃投宵。来稿请用挂号投寄到:北京清华大学晴仪系 '89

ICO:SSE 会议筹备处也书组孙培想同志收，截稿日期为 1拥8 年 12 月 15 日。

(黎风)




