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Compute!" generated aspherical compensalors are superimposed on an interferometer wavcfront or fringe patlern to generate a null fringe
patlern. This process has heen underslood and widely dcscrihed in the literature. On the otller hnnd. when we superimpose an ideal fringe
pattcrn on tor 01' Ihe piclUre 01' an intcrferogram to be analyzcJ, we ol1tain a moiré pattcrn helween lhe two images. These IwO apparently
diffcrent procedures have much in common. hut also so me important differences lo he descrihed here.

K(VI\'(m'.~:moiré; holography; interferometry

Un compensador asférico generado por computadora es superpuesto en el patrón de franjas de un inlerferómelro, a fin de generar un patrón
de franjas nulo. Este proceso ya hn sido reportndo ampliamente en la literatura. Por otro lado. cuando se superpone un patrón de franjas ideal
sohre el negativo de un inlerferograma. se obtiene un patrón de franjas de moiré de estas dos iJmígenes. Aparentemente, estos dos métodos
son muy similares, sin emhargo, tienen diferencias que son importantes y que serán descritas en este artículo.

Ikscril,/orC's: rnoiré; holografía; interfcromelría

PACS: 42.30.M; 42AO.J; 07.60.L

2. Theory

whcrc A IV can he considered a constant and </> is the phase
01' the wavcfront mujer test. This ideal wavcfront under test

FIGURE l. A Synthetic interferogram of an aspheric wavcfront. a)
With an aoerratcd aspherical wavcfront and h) wilh an ideal aspher-
ical wavefront.

(b)(al

In the holographic compcnsator the ideal perl'ect wavcfront
undcr test is reprcscntcd hy

lV(.r,.'J) = ;\lI'e'o(x,y), (1)

Malacara and Malacara [ojo The wavcfronl compensalion
wilh a hologram can he made in a convergent or a collimated
light beam. An example 01' a computer generated hologram
usetl lo eliminate Ihe spherical aberration is shown in Fig. lb.
The tilt in Ihis hologram is almost the sume as that in the
inlerferogram in Fig. la.

Computer generated aspherical compensators can be super-
imposed on an aspheric wavefront or in thc "livc" fringc pat-
Icm in an interfcromctcr to modiI'y it and thus produce a null
fringe pallern. This proccss has been widely described in lhe
lileraturc 11,2]. On the other hand, when we supcrimpose an
ideal fringe patlern on lop oI' Ihe piclurc 01' an interferograrn
to he analyzed, we obtain a moiré pattern between the two
images. These two apparently different procedures have a lot
in cornrnon. huI also sorne important properties thal we will
describe.

An aspheric wavcfront in a Mach-Zchnder, Fizeau or
Twyman-Green interI'crorneter produces non straighl fringes
with variable I'ringc spacings as shown in Fig. 1 a. II' Ihe as-
phericity is strong, and the lilt js largc enough lo avoid closcd
fringcs, the minimurn I'ringc spacing may become 01' Ihe {)f-

der or smaller than the pixel period in Ihe delector. Then,
the sampling theorem limit is excceded ami, Ihe !leed for
an asphcric compensator arises. A computcr generated holo-
graphic compensator may be used to eliminatc lhe undc-
sircd spherical abcrration ol' an aspheric waveI'ront lO per-
form a null test 01' an aspherical surface, as proposcd by
several authors, like MacGovern and Wyant 13], Pastor [41,
Wyant and Bennell 151 and dcscribcd in dctail by Crcath and
Wyanl [1,21.

1. Introduction

Thc hologram is nothing cisc hut an intcrfcrogram maJe
with a largc amount 01' tilt (a linear carrier), with a magnitudc
large enough to scparatc the diffracted compensalcd wave-
fronl from the other ordcrs uf diffraclion, as mentiolled hy
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where again. AR is a conslant and (1' = (211"/..\) sin e and e
is lhe wavefront inclinalion. Thus. the amplitude E(:r, y) on
the inlerference plane is

inlerferes with anal rcferencc wavefronl R(x, y) given hy

R(T,y) = Aueinr,

E(.!". y) = W(x, y) + R(x, y),

and lhc irraJiance un lhe hologram (interferogram) is

(2)

(3)

a heam conjugale to lhe tlrst ordcr wavefront reproduced in
lhe -1ordcr of diffraction. This heam has opposite dcforma-
tions 10 those 01' lhe first orJer. Since as pointed oul hefore,
the computer generated hologram is not formed hy sinusoidal
fringes, it has high arder diffracled heams.

h) The seconJ case to consider is when the illuminat-
ing (reconstructing) wavefront H (J:, y) is close in shape to
the perfeet wavcfront 11'(x, .'1), hui with a smaJl di fference in
phase D.tP(:r,y) due to imperfeclions. as follows

[(.1'. y) = E(x.y)E'(.T,y)

= Af~, + rl71

+' '[ i(c,/l(r.y)-m:) + (,-j(4J(x,Y)-f~x)1
f1W."1U e ' , (4)

H(:l'. y) = 11'(.1', y)"'''.(x.y)

= A\-\/cj[¡j)(.T,y)+~4J(x,y)}.

then, the wavcfronts gcneralcd hy lhe interferogram are

(9)

whcrc the symhol •. stands for the complcx conjugatc. If the
rcconstructing wavefront is ¡¡(.T, y) given hy

G(x,y) = (Al,. + A1,)AlVei[.{x,y)+".(x,y)]

+ t2 A ei[2.p(;l',y)+~4J(.T.y)-nrl
."1 Hl II

(5) + \2 .\ ei[~.p(r.y)+nrJ
l' w. II . (10)

The f1rsttel"lnreprescnts lhe llat rcference wavefront. The
second term is the ideal reconstructcd wavefront, which is lo
he compared with lhe wavcfronl under test. The third term is

Again A¡¡ is a constant and (1) is the phase of the reconstrucl.
ing \\..avcfront. Assuming a linear recording media. lhe trans-
Illission of Ihe hologral11 may he considered to he directly
proportional to lhe irraJiancc in Eq. (4). Thus. upon recon.
struction we ohtain

G(.I', y) = H(x, y)[(x, y)

= (A;" + A;,)AJlei"'(x.y)

+ Al\' AuAJI [ei[.;(x,y)+"'(x,y)-aXI¡
+ AwA"AJI[e-i[(.;(x,y)-"'(x,y)-axi]. (6)

It musl he pointed out thal these are the only terms presenl
if \Veassume a linear rccording ofthe hologram, thus produc-
ing sinusoidal fringes. However. a computer generated halo-
grall1 produces higher arder terms not considered here. This
is lhe \Vell known hasic hologram lheory. Let us now consider
lhree ditferent possihle reconslructing schcmes.

a) The nrst case of interest is when the illuminating (re-
construcling) wavefront ¡¡(:-e.y) is identical to the llat refer-
ence wavcfronl. given hy .

( 12)

G(:l',y) = (A;" + A1,)Awc'I-.;(x,y)+".(z,Y)+2"xl

+ A2 \ ,i[~o(x.y)+O'.TJ
IV.I uf-

+ ,2 \ (,i[-2l/>(.T,Y)+~4J(x,y)+3Ct.TJ
1twl' U . .

The f¡rst term is the illull1inaling wavefront. The sccond
Icnn has an asphericity with lwice Ihe original magnilude.
bUI with the small dcformation 01' the reconstructing wavc-
front superimposcd. Thl.: !lat rcfcrence wavcfront is repro-
duced only if lhis wavcfront under test is perfect. Othcrwise,
any dcvialion from Ihe ideal shape appears on lhe almost nat
wavefront.

c) A third case to considcr is when lhe hologram is i11u-
minaled wilh a wavefronl H(.r,y) wirh an asphcricity with
the opposite sign to the wavefronl under test and the smal!
dcforll1ation superimposed on ¡t. Thus

where the first heam is Ihe illuminating zcro order. The sec.
ond lcrln is an almost !lal wavefront The third tcrm is a wavc-
front not shawn in Fig. 4a.

Thc spectral bandwidths 01'lhese hean1s are directly pro-
portional lo the maxirnum wavcfront slope on these wavc-
fronts that, is directly proponional to the maximum inter.
ferogram spatial frequency when the lilt is removed. Thus,
the handwidths would increase with their asphericities. 01'
(nurse, thcse relativc irradiances depend on the fringe pro-
files.

where" denotes the complcx conjugate. ohtaining the follow-
ing diffractcd heams

H(x,y) = W' (.1', y)c'I".;(x.Y)+2axl

= Awei[-.(x,y)+".(r,Y)+2axi. (11)

(7)

(8)+ A A2 ei[-c,/l(r,y)+2ax]
IV II .

H(:l',y) = 11(.1', y),

('( ) (A' + 02)A eU
" + A A' e'O(x.y)r ;r,Y = H.' ."1R II W R

thus ohtaining
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FIGURE 2. (a) Oplical conliguration wilh the hologram inside the
interfcrornctcr cavity, and (b) spcctra oC wavefronls.

3. Holo¡:raphic and Moire compensators

Thc rdalian hClwccn holographic and Moiré compensators
has hccn uescrihed hefare [OJo The compcnsating hologram
can he uscd in three differcnt manners. according lo ilS 10-
calion in Ihe interferometcr. These three manncrs, which are
1101lhe three configurations dcscribed in the prcccding scc-
tion. wilI he dcscrihed using a Mach-Zchndcr intcrfcromctcr
.IS <Incxamplc. Howcvcr, Ihe same principies apply for I:izeau
and Twyman-Grecn intcrfcromcters.

3. t. Ilnlogram ¡nsirle thc intcrferometer cavit)'

Thc compcnsaling hologram may be placeo in Ihe palh 01' the
abcrratcd wavefront, inside Ihe interferometer cavity, without
disturhing the reference wavefront R, as in Pig. 2a, Then, the
inlcrfcrogram to he analyzed is formed hy the interfcrcncc
hctween Ihe wavcfront undcr test. after heing compensaleJ
by the hologram 1V+1 anJ the reference wavefront U. A tOlal
of four wavcfronts are proJuceJ, the two intcrfering wave-
rmnts ami two extra oncs than can be easily low pass filtcrcJ,
sincc they travel in Jifferent dircctions and hencc different
spalia) frequencies. This flltering can he performcd in the
imagc space hy mean s 01' common convolution fillcrs using
masks or in the Fouricr space hy mean s of properly located
pinholcs.

Thc spectra of lhese wavefronts with thcir rclativc fre-
t(ucncy separations are illustralcd in Fig. 2h. Thc lohe 01' H'o
should not ovcrlap those 01'H'+1 and R. Thus, the minimum
linear l'arrier should he such lhat Ihe lohes scparation is largcr
Ihan halr lhe widlh or Wo.

ho ogram
(compensalor)

(al

(b)

FIGURE 3. (a) Optical cnnfiguration with hologram outside the in-
tcrferomctcr cavity and (h) ~pcctra of wavefronts.

3.2. lIologram outsidc the interferometer c3vit)'

Anolher possibility is to place the hologram oUlsidc lhe inter-
fcmmclcr cavity, in the path 01' hoth the wavefront undcr tesl
ami the reference heam. as illustrated in Fig. 3a. Then, both
heams \ViII pass lhrough lhe hologram and reconslrucl their
own set 01' wavefronls. The interference now takes place be-
twccn Ihe lero arder (undiffracled) of the reference hcam !4:J
and the wavefront under test. after heing compensated by the
hologram iV+1. There are six wavefronts, the Iwo interferir.g
wavcfronls and four mOfe thal should be tIItered out. As in
Ihe prcccding case. lhe low pass filtering can he pcrformed in
lhe imagc space as well as in Ihe fourier space.

The spectra of thcse wavefronls with their rclalivc fre-
quency scparations are illustratcd in Fig. 3h. The minimum
linear carrier is the samc as in lhe prcceding case.

3.3. flulogram in rront or lhe inteñerogram picture

Still anolher possibility is lo take a pieture of Ihe interfero-
gram with any two wavc interfcromeler, introducing a linear
carricr by lihing one 01' Ihe Iwo wavefronts.and Ihen illumi-
naling il wilh a collimaled heam of Iight as shown in Fig. 4a.
Thcn, lhe lransparency 01' the interferogram acls as a diffracl~
ing hologram, gcncraling Ihree wavefronts. One of Ihe inter-
fcring wavefronts is Ihe ideal aspherie wavefront produced by
the non diffracteo hcam (zero arder) in Ihe inlcrferogram, but
diffracled by Ihe compensating hologram. Thc other ¡nterrer-
ing wavcfronl is Ihe wavefront to he measurcd. produced hy
diffraclion on Ihe interferogram (+ 1 order) hUI undiffracted
hy Ihe compcnsaling hologram (zero order). Besides Ihese
two intcrfcring wavcfronts. lhere are seven more, making a
tOlal 01' n¡ne wavcfronls. As hefore, the scven extra undesired
wavcfronts travel in dillcrcnl direclions, thus, wilh different
sflalial frcquencics. Thcrefore these wavefronts can al so he
climinaled hy low pass llltcring in Ihe image spacc or in Ihe
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FIGURE 5. Spcclrum when Jemodulating ;m inlcrfrrogram wirh a

linear spatial carricf tlsing l110iré \vilh a linear ruling.
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FlCamE 4 (a) Optical conllguralioll with lhe hologram in fronl nf
lhe il\ll'l"fcrogram piclurc ami (h) spcclra of wavefronts.

Fomier spacc. Thc Fourier spectrum for this case is in Fig. 4h.
Thc minimum linear carrier is lile same as in the olher two
cases.

Thesc mcthotl 10 compcnsale wilh a hologram has lratli-
lionally hcen eonsiderctl a 11l0iré proeess hetween lhe actual
illterfcrogram and Ihe ideal inlerferogram.1l is hO\'.'ever quile
illteresting to see thal it is really a compcnsaling prncess with
a hologram.

-t Dellllldlllating an inlerferogram wilh a linear
(:arrier

\\'I1L'n analyzing an inlerferogram to extrael the wavcfmnt
~h;¡pL', ¡¡ phase shifting lIletl10d is the ideal if an inlerpolatioll
procedure is lo he avoided. Olher\l,'ise, if lhe fringc positiolls
are s<lmplcd. the rclalivcly large spacing hctwL'ell Ihe fringcs
lIlake ahsolulcly nccessary a polynolllial inlcrpolalioll. with
lhc well kno\'w'n limilalions.

Alternalivcly, a solutioll proposed by sevcral resean,:hers
lo anlid phase shifting, is the introduction 01' a large lin-
cal' carrier (a largc rilt). \Vomi.lck (7J proposed a lTlethod 10
demodulale Ihe inlcrferogram in the image space llsing a
Illelbod similar to Ihc dClllodulation procedures lIsed in elee.
tronic cOll1l1lunications, in order to ohtain the phase infor-
Illatioll (wavefronl deformalions). On the other hand, Takeda
('1 (/1. ¡Sl proposetl a Illelhod 01' demodulation in the Fourier
space.

Bolh dClllodulations schelllcs are very powerful, wilh dif-
ferellt ,HJ\'anl<lges and disadvenlages. A basic requirclllcnt is
Ihat the linear carrier should he of a magnilude large enough
lo ¡¡,.oid closcd fringes. This condition can hc expressed by
saying lhat Ihe minilllllm linear carrier should he such tbat

the separalion hClween lohcs in lhe Fourier space is larger
than hall' Ihe widlh 01"Ihe wide lohe.

Thc main disadv¡¡ntage of Ihese Illelhods is lhe large
alllount 01' malllemalics and image digilit.ation melhods in-
vol ved. Let LIS¡¡SSUllle (hal lhe inlerferogramli near carrier has
lo be removed in order lo ohwin a qlla\itativc assessrncnt 01'
the wavcfronl. Ir Ihe wavefront has nol heen frozcn, that is lhe
pieture has not heen takell. the tilt can very easily he removed
inlhe intcrfcrolllcler hy lilting one 01' Ihe llIirrors. However, ir
Ihe picture is already takell, Ihe only alternative lo removc Ihe
linear carrier is hy moiré wilh a linear ruling with lhe sall1c
frequcncy as the linL'ar carder. This last proccdure is hasically
Ihe sallle already described here. The only dilTerence is thal
the cOlllpellS¡lling hologram is now a linear ruling. Thus, we
have nine dillraCled wavcfronls as in Fig. 4a wilh a speclrum
ror Ihese wavcfronls as in Fig. 5.

Il is intcresting lo see lhal the l1linimUIll linear carrier lo
he aole 10 Hlter lhe desircd wa\'cfronts is when lhe side lohes
just tOllch the central looes. It is easy lo ser now thar Ihe
minillllllTl linear carrier is that which givcs a separatian he-
Iween Ihe lohes equal lo Ihe widlh 01' the lohes. Thus, Ihe
minimum linear carrier in order lo use lTloiré visual delllod-
ulalion is twice the minimUlll linear c¡¡rrier lIsing \Vomack's
or Takeda's dl:lllOdulatioll lllClhods. This is an unexpccted re-
sult.

5. COIlc!lIS;llll

Intcrfcrogram analysis wilh holograrhic compcnsators and
wilh Ihe moiré fringe paltcrns produccd hy comparison with
a reICrence graling are esscnlially Ihe samc Illethods, with
small hut interesting dilTcrcnccs as dcscrihed heforc.

It Iws hcen shoWIl lhat, there are tllree po ...•sihle ways of
Illeasming an aspheric wavefronl lIsing hologram eompen-
sators. depcnding 011 thc posilion 01' holographic compen-
sator. These Illclhods are hasically Ihe S<lmc Illelhod, out have
sOllle importanl praclical ditTerences Ihal can decide which
Illelhod is hesl in a givcn case.
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Thc thcorctical and conceptual diffcrcnccs bctwccll dc-

moJulating an intcrfcrogram wilh a linear carricr lIsing digi-
lalization and mathcmatical proccJurcs and the analog moiré
dcmodulation mClhod had becn pointed out.
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