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Theihaginsofapointsourcebyhish.umericalaperrurehologranssasstudiedtheorcricallyandexperimen
iaUy in tle presence of aberrations caused by inaccurale ddjusrhenl of rhe plane reference a.d plane
iecoNiructing wa{es or by inaccurate positionnrsofihe lologran. The accuaoy lequnenent G detured by
tbe angular .esolution allosed by an aperture equal to the holosmm size. Any deviario. lron rhislimitleads
lo deformation olthe pointiransfer funclion defined by the unavoidable difra.rnrn. For coorse nisnalcb
(>10 3 rad lor the actual case), clearly demonsinble geoherrical trpe aberaiions occurifoi snaller angles,
appreciable bro!dening ol the diliaction pattern and npid iall oflhe Slrehl ratio dimnrGh the applicabiliiy
ofthe nobsraphic nethod. The Gl.llll,ions and the photosraphic and ph.hnelric heaslrements are in

l. lnlroduclion
Holograms seem to be the best optical elements

when high resolution and large object lield area are
sirnrr l taneouJy required. e.9..  in ho ograohir  micro.co
py, bubble chamber holography, photolithography.
The resolving power ofholograms is mainly limited by
the finiie wavelength and apefiure. When the prima-
ry diffraction limits are approached, furiher restric-
tions are set by the resolvins capability ofthe record
ing mater ial , l  furthernor€ the shr inkage 01 the
photolayer causes additional decrease of the diffrac-
tion efficiency at higher spatial frequencies.2 Besides
these limitations there are some practical obstacles
preventins one from reaching the theoretical limits-
mainly that the expe nental conditions do not satisfy
the demands under which the speculative predictions
are valid.

With holographic microscopy the existence of aber-
rations is ob oro obvious3{ becausethe auxiliarywaves
are spherical and have differ€nt curvature, conse'
quently the reconstructed wavefront of a point ob.ject
suffers the same defects as the wav€front atthe exit of
a spherical lens. In the case of holographic liihogra
phy, plane auxiliary waves are preferred. Any angular
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mismatch between the auxiliary waves or inaccurate
reposition of the hologram plate after development
leads to deformation of the reconstruct€d wavefront.
The aim of this paper is to study quantitatively lhe
influence ofthe mismatch on the pointspread function
both th€oretically and experimentally. Ior large mis'
match angles (morethan a minute ofarc), phoiograph-
ic recording of the image pattern seemed to be satisfac-
tory; for small angles, instead of the usual visual
observation we prefefred to measure the int€nsity dis
tribution.

ll. Geometrical-Type Aberralions
The model investigated is shown in Fig. 1. A point

source in P,,(r,,,r',,2,,) gn'es rise to a spherical wave and
is recorded in ihe holosram plan€ ; = 0. Th€ reler€nce
wave is a plane one with wave v€ctor k. = A(cos{r,
cosr.,,cos,,). For the feconstruction another plane
wave is used having lhe wave vector k" = A(cos^",cosir.,
cosr"). If the auriliary waves are exactly opposite in
dir€ction and have the same wavelength, the recon-
structed wavefront em€rging from the hologram rs the
conplex conjusat€ ofthe obj€ct wave and focuses its€lf
at the orisinal object point P,. If the auxiliary $aves
are mismatched. ray aberralions take place around
sone point 4(x,,ri,:,) which may be regarded to be the
image ofthe object at P,,.

According to Ref. :l the aberration of the $avefiont
(A) is the sum ol the phases ol all lbur waves takins
part in the reconstruction.

nA =  t f i  i f , ,  l k ,  +  k , ) . ,  11)

where r,, and ri are the object and the imase distances
from any point of the hologram, respectiv€Ly.B On
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Fis.1- Schenatic dirgrdn of holosian.ecording and reconstruc
hon.

inr  rodu^cing a local coordinale frame (.a. f  t ixed lo rhe
rmage r,  as the uf lgrn. thF ray emerCin8 lrom a holo-
gram point Qi.r .J) Coes through rhe point Sr(.r . ( ,  de_

t I  -n,1o o - '  '  ^, 'o \21x. ' ,J\

(see Ref. ?).
For ,mal l  angular mirmalch , t . .6.r  oi  ihe auxit iar)

wave!.  the piane wave term in Eq. I l )  can be erpressed

cos(r + cosr. = sin(r. r! = d,

c*rrr + os* = $n,r,. d! = !r. 

(3)

We make an expansion ofthe distance ro (q = o,j) into a
seies up to the third term:

. " = o . ] , * , ' * I  j L ! ,  *  " , ,
'  ' t  2R i ,

where,qq is IhF disran.e ot Pe{ru.ya., :or f rom the holo-
gram cenler.  Subsl i rur ing rhe ze;o- and l i rs l-order
terms into Eq. (1) the coefficients of I and y will
identically be zero if

ir = n,,, (5)

r, = ro + an!, rj =r,, + dE", (6)

i.e., the image is reconstructed at the same distance
fromthehologramcenterbutshif tedasacoDsequence
ol lhe mi"match. i  For a r i t led hologram rhe coord:-
naip i ram€ i5 ru be l ixed ro rhe hologram i lsel l . ]  In
sFrr inc rhe lounh-orde" terms inru Eq. ,  t )  and rak;ng
into account Eqs. (3) and (4), for the perturbation of
the waveiront we obtain

d r + t y l r  "  I'  c "  l "  '  *  , ' ' J l
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(second-order terms of a and B have been neglected).
Using Eqs. r2) for the ray abprrat ion we obtai ln

t = n;t l-..l' - I2aii" + (dy" + 8,,)rl + \1, t1dx2 + 2s,r + d!\1,

\ = B;\1 tt - I2Byo + t.ata * U',,O1*,,"rU* * "",r, t ,Ur"ll.'

.  The rerm in bra.kets corrcsponds lo the a.r igma
flsm and tne lerm tn parentheses correspondc ro lhe
coma. Astigmatism occurs for the off-axis points only,
the_coma isindependeni of the location oathe objeci.
I f  rhe ( i re of an errended object i (  less I  han lhar oarhe
hologram, coma plays a major role.  Noie lhat nu
sphedcal abe ation occurs.

If th€ nume cal aperture ol the holographic record
Ing syslem is 0.5. rhe diameter o[ the hologram is 60
mm snd the mismatch is I  mrad. rhen l ic t ighr is
spread our in a region of 30-fm diameter which is
larger than that of  any expectable di t l ract ion parrern.

We carr ied oul pxperimenrs to ver j fy Eq. '8) ;n the
simplesl  say so the objecr was incl ined in the y = g
plane. Instead ofchanging thedirection ofthe recon-
structing-beam the hologram wasrotated around the y
axis, in this way the sole variable parameter was the
angular rotation. Thus Eq. (8) becomes

'  f-[- ' '*" ' '""., *( -;-" '!
, 

.,,

'  = ; l  - ( s h ,  + ;  a p ' n 2 , l ,

where p and r} are the polar coordinates in the holo,
gram plane.

Tnrhe experimenrsl  sFrup rhe poinl  I ight source p,
rsee t  iC. I  )  wac formed from a He- Ne laser bcam $ i tb a
lens of 0.85 N.A. To verify the calculations and to
demonstrate the chamcter of the pattern suffering
from aberral ion $e i l luminared rhe notogram oy i
prane wave t  hrough a r ing apen ure posiLioned in fronr
of the hologram. The diamelers of rhe r ings were ,0,
15, 20, and 25 mm, their width was 10 mm. The
reconstructed pattern was photographed rn rnree
planes: in rhe meriodional imace plane { (  = 0).  ih the
saBrl lal  plane ( i  = 2dr).  and in the plane on lhe mid.
wa).  The diamerers ot the r ings wer;  t0.  t5.20, and 2b
mm, their width was 10 mm. The meridional plane
coincidps wirh the objecr ptane. I he tal1er was fix;d by
I he focus of the obiecr ive produ. ing I  he objecl  soun e.' I  hp separal  ions of the rwo or her planes were measured
relal ive ro rhis plane. ln rhe experimenr. we rouk
good care to approximate the conditions to the theo-
retical ones. Auxiliary waves were produced by larye
aperture telescopes to cover the hologram with nearly
uniform illumination, in each case ttie flatness of the
wavefront was thoroughly checked by shea ng inter-

In Figs. 2-4 demonstrate the aberration cutves inthe
three planes mentioned. Calculations and measure,
ments were carried out for the source distance R, = 90
mnl, its position was at r" = Ro sin22.bo and the angte
of incidence of the reference beam was (, = 22.S..

l rr  + r ,  2rr ' , r  +yr") l r l
8Fl I

I



th; n*idional plare lor a nhalisnment oi 6 mrad' calcnlat€d

cuNs {above) ror hologran oea. radii, = 10, 15 20' and 25mni

photoglaphed pattern (belorv) Lr mean radius = 20 mm

-,..}

2A#n

Fig,4. Pattern in the plane of less confusion; tne other data as m
Fig .2 .

Fig.3, Patt€rn in Lhe sagittal plane; the olherdataas inFis 2

Dots on the continuous curves cofespond to equi-
dislsnl  points on rhe r ing aperlure so se can also
esrimale Ihe intensit !  dis lr ;bul ion ln rhe lower part
of each figure ihe photographed pattem is demon_
strated foithe ring's mean radiusof20mm.. Formor€
oual i tar ive evaluat ion qe measured some chaJactens-
t lc paramerer.  of  rhe pat lern..  Figure 5 sholvs Ihe
rneasured value" ol  rq" tvpi .al  parameters ol  lhe eight
lormins pattems in the rneridional plane and the ex
pected;ean lenglh of Ihis patrern For orher paJam
eters a simi lar "oinciden.e was obtained belween cal_
culated and observed data.

lll. Abenalions Combined wilh Oillraction

Forsmall anqlesthe broadening ofthe image pattem
due to inaccuracy is commensurable with the difftac-

[.-d]

Fis.5. Measured dinensions ofthe int€rnal and exter.al loops oi

the melidiomL pattern and the c.lculated nedial dine.sionvs the
nisoaichansle.

tion broadening. Instead of the Hartmann tl?e fig
ures we took advantage of microphotometry and com-
Dared the results to the calculated distributton.

ln the case of mismatch between the auxiliarybeams
the reconstructed field can be expressed by the Fres-
nel'Kirchhoff integral

u u , r . r ,  l l  
" ' * p l , r , ' "  . o - , J a .  t . , l d , d r ' .  ' r o '

) JB r,t,

where 9 is the inclination angle; for the other notations
see Fig. 1;the integral is to be taken overthe hologlam
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Fis.6 Lighl intensirv .lishibuton i. rhe m.ridionaiptanc lnr (,)
idcal adjusinenr, ai.l 1or mismat.h dnsles (b) 10 ;.ad and {c) i x
r0 ' .ad. The.dlculated isoDholes lre co.rinuous t[ss; ure nea_

sured dataare jttustrared byshadnrs Gee inserrl

" ' e ?  A l r h ^ L C h  r l - e  d i r f . a " r i u n  : r  I  h e  p r e s " n " e , r  ,  o e r _
r . I  ons can 5e Frprc-spd by Z" fn ik-  oo ' ,  nom,ai - ,  ds-
c u s s r u n ^ t  r h p " e : u l t s o b  a i n a b l e i r r  r i s l v r v - - F m . r o D e
,  umber"^mp. For  rh i "  ,ea-nn sF p"FlFi "Fd ro .o ve
L q .  ' q )  h v  r . u m e r i , a l  i n t e p i a r i u n .  T h F , a l , u . a r i o n -
$ e r p . d , n e d  o u  J . f  \ "  m e r  d i ^ n d l  . L , a u q s i x n /  a n d  t ; r
r n e  s a g  t t . l  r m d g e  p l z n e - .  T r  F i g .  6  s "  d e n J n s r r a r e
" ^ n  F  r e . J l r :  u i  ' h e  c ^ m o u r . . i o n  f u r  . e r e r a .  a n g u ' a r
m r : n  a r . h F s : _ ' h c h u l u g r r m . i z e r a " 6 0 .  9 0 m m / : d i t  "
o - n e "  c ^ n d l 1 t . r s  w e r e  t h e  s a m e  s .  n  " 1 , i ^ . r F d  o e t  f e .
I r  p a c h  t r ! r r F  r h p  i , u D h " r e -  n o " m " . i z e d  . o ,  r h F  n  a j i -. r u m u f r h e a ,  u a l p a . r e f n o r e i  u - | | a r e d .  O r , u m p a " -
1 g  I  h p  d i , l ' . b u r : u n  l n r  . n c  o . " . ,  r . ; e  w r r r  r  h e , ; a m p  l , r

r ,  =  t 0  : . d d .  M  r o u n o  i o d r . t e r e r r "  c x ,  e p  I  h e  . h i i  u t
r n F p a t , e r n - .  I i ( i d F n r i r \  o , r h p  i u p a , r p r n s  : o h \ i
ous lrecause the angular resolution of the whole holo
gram plate is the same.

When the mismalrh is ,^  = 5 X 10 i  rad ( r0 sec of
q r . r d . n o _ ' F " b l e . h a n s e i r  r \ " . o $  i r .  " .  s : r  )  p a  ^ i . - e
o , . r  f l  t r L l . . r ,  a n  L e  o l , e j  v F d .  T h e  c F n t  r d l  p a r .  u .  I  h e
p a r r F r  r  / / _ \  4 u o  I  r F - a i n "  r r F " r l \  r r , . a n g p d  h J r  t h e
r a w  I n  ( r . r l )  w r n 6 j  b c , u m F  \ .  d F r .  a u n - e q  r p , r r l r ,  i f
. "  out .c l  ,on.r . l rn !  ot  p"rd l le l  LarJ iq  r^  L"  rp.o"oeLl
l h F  . p u r . u s  r e f f e . p n , e  o i . - p : r  w i n g s  m ! ]  . 0 u . "
e n o . ( q . ' v  l l  l F e ' ] 1 .  t h ! .  , l  e . o n a r r  i o n -  r ,  I  d , -  r i " h i n g
c u m d  " n l l  c , i  i g . r € r  i - m , t  L - o , , e .  o t , r .  r e . . p e . .  : r r
l )  I  D U b l i s h e d  i n  R p .  1  r e r e  u n d p r " s r i m r r e u
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Fig, 8 Calcutared 2Ot. \lidrh .nd the Slrehl fatio /. vs rhe mis' i ' , , h 1 , 1 " :  J \ 1 " . r ? n , . / ,  d . r t  p  {  h "  r . " " , , . 0 ,
r .  , ' . , , r , h ,  , l  - .  r .  . \ ' , . t  i , , . t , p  " _  , . r , 1 n , . " , . " ,

r r " r .  :  s /  . h t r d  i ,  , ,  h " n " .  t r  ,  r ' t .  " . . - , . r  I  i , r r e
sas ' l ta l  Drane.  lhedors i  ust r , re $.  oeanjred (aLa r t ro

A^muF " . j j . "  ,  bsr""  ,  an u"  .acn j -  F:g.  .  ror  o.  -  2
\ , r r , ' a n d  l U  r d d .  r \ o t e t h p c l , d n g e u ,  t h e s c . e . /

i h F  " e . L J t s  u i  c c l c  r h r , u n "  i n  l ' g . 8 ,
w h e F  I  h e  ! v . d t h , , l  . h e  2 0  o  i s , , o h n r p .  i s  l l u . r  r a r p d  r o r' n p  m F n d  w n r t  D t a n e : n  l h F ,  a n 4  r  n i r p . r : o r  .  l r e
. 3 1  l l a l  p l c  1 e  i : . h j  r e d  h \  r  =  2 . ,  . r u m  r h e C r u , s i . n
o r d n e : i h F  2 0 %  s  i d  r  i n  .  n .  ,  d , r e c ,  i ^ n  . . .  a t - J  s n ^ r  : n' h  s  p l r  r e .  l ) F l i - :  i f e  u s c i l l a r i ^ n .  n r  r h F  u r d r h  , r -
perimposed on a constant rise-can be 1bund.

A.  ha-  bpFn ' r ler r :on.o .h.  -1: -m". .h . .1 .e-  wrdeD
n g u l  r h e r v i n t s . o l . h e d . s r r i h u r i o . r .  . e . , " , a r n n r n  n f

the energ! is spread oui. Figure 8 sho$s thar the
L  l F r r . . " r , , n d i r , u | l  .  .  I n  

- r a d , - : 1 e \  . a , , 1 . ,  b p . " L . F
f . , 5 1 ' e h l  r J r i u  I a l l -  \ - f l  r r t , : o ' ) .  s h i . , ,  m b )  . e a o  r ,

umere\pced hol , ,Hropl r  ic  copies.

.  |  " m r , r a r , \ " r  1 F " , . . 0 . 5 .  t u - . q n u - j .  . 0  r a a
t  5F IntF , i i r ' .1 ' r ' r ihLrr  ion h a.  "ca. .npd b) '  . ,  mr"r , ,pno-

6 1 0



tometer consisting of an objective with a N A of 0 85
and a proiecr ive, ihe roral  magnif 'cal iol  wds belween
r0 and 8d for indjvidual scans r!1 qas measured aher
each readiustment). The lighi was projected on a
Dinhole o412.5 l.m diameter and detected bv a photo-
mul l io l ier.  The mic"oscope was micropos; l ioned bv
an al ienmenr ol  l ive degree'  ol  l reedom and thF p:cture
with;inimum strav lisht was set visuallv

The measured spatial intensitv distribution is illus
trated in Figs. 6 and ?, the 20old width in Fis. 8. lt is

notewo hy-thatthe relative deviation from the calcu_
Iated width increases as the intensity parameter ofthe
isoohotes becom.s s 'nar l . r '  Th€ sloping oan "f  Ihe
disir ibur iun sFems t^ bF cau'ed br thp dcr iat ion uf '  he
hologram glass substrate from ideal.flatness This
.uppoqrt ion $as supporl€d bv expFr'ence qnen lre
uanster ot l ine shaped objecr '  \  as sludied 3nd an
unambiguous relation between the slowlv varving
thickness and the strav lisht was found.

lV. Conclusions
Holocram". in p" inciple, " f t . r  the pos' ibi l i t l  ofhigh

r . s u ' u r i o n i m a g i n g  t b r a n € x l c n o e o o b j e c r  l i F l d  l f  l : l
imaging is required as is the case for photolithogra
ohv .one re.ds ro uqe a plane rFlerenrF beam and a
olane reconsrrucr ing bPam oppos te in direcl ion. !o
obrain a reo, image in place ol  Ihe objecl  This serup
corr€soonds tu four_wave mixing.

Howev.r,  the holosfapni,  s lsrem should be adju=t 'd
wi lh rFsard lo rhe d:teL I  ion of t  he a u) '  i l ia rv rav. usinC
the higiiest precision allow€d bv ihe aperture used lt
was shown in a simple way that, ifthe mismatch angles
between the auxiliary ravs are >1 mrad' remarkable
seometrical aberrations occur when a holographic re'
iording system with reasonable parameters is used
For srnaller mismatch the aberrations remain' but thev
ar€ folded with wave diffraction;this factor was taken
into account by the only possible way for large aper-
tures, i.e., numetical computation. The calculations

and measurements are in agreementwithin the defect
of lhe holoeram olate.

f t  .houlJ be siressed Ihat s imulraneouslv with rhe
widening of the pattern the more rapid falling of the
Strehl ratio can cause major problems in application.

ObseNed effects and calculations are applicable for
rhe case uf real-r ime holography i  e iour 'wave mix-
ing. In this case any inegulalities in the phase front of
Ih;  pumpins saves are enlarg.d b: lh.  nonl inear t '_
soon"e oirhe mixins medium, or I  he medium mav have
defects itself, consequently appreciable spread ol the
l ighr ma) diminish rhe qual i r  v uf lhe real t imFimatse

1.  w. t i .Car te randA.A.Do lga l , "F ie ldRongeandRes. lu t ion in
Holosraply," J. Opt, Soc An- 56,1?54 (1966).

2. D. H. R. Vilkome$on and D. Bostwi.k, "Sode Eff€cts of Emul_

sion Shrinkase on a Holosrdm's Inase Space,' Appl Opt 6'

1270 ( r96?) ,
3. E. B. Chanpagne, 'Nonparaxial lhaging, Magnification dnd

Aberrdtion Properties in Holosraphv," J Opr' Soc An. 57' 5r

o96?).
4. E. B. Champagne dd N. G. Massev, Resolution in Holosra_

phy, Appl. Opt.8,1879 (1969)
s. J. No{!k and M. Zajsc, "Nunerical Investigaiions of l{olo_

sraphic lnasing q!eIty," Opt. App] 15,239 (1985)

6. K. Pens and H. J. Frankena, "Nonpdraaial Theorv ol cuived

Holosrams, "App l .Opt ,25 ,13rg(1986)
?. E. L. O'Neil, lntr"duction ao Srotistical Opltcs (Addison Wes

ley, Readins, MA,1963), p.50.
8, Fornulas d€s.ribing tie seometlic abertuLions can be obrained

tuon the worksH aheady ciied ln these papers the auxiliarv

waves lrespheiical abd atransition is to be perlorned ior the

tele.entic case, Ilowever, we preferred a slraightforNard cal'

culationtoshoqth€piesenceof abe.rations inthemostsimple

case-by a direct way and a shoit sat. The meihod of deduc

tion ol the lornulas follows that siven in Rel 3.
L M. Boh 6!d E. Wolf, Principles olOp,tcs (Pdsanon, i-ondon,

1959), chap.9,
10. G. KiBs, "Elfect of Optical Sysien lnlerfections on Probabilitv

of Holographic Menory Failures," (vantovava Elektron ll'

194? (1984), in Ru$ian.

Mcdi4 udt|uld tq^ tre t rtJ

1988

4 8

5 9

6-8

6 1 0

6-10

? 9

HumanFactosinDisplavs&Cortrolscourse,ElSesun"ti 
iEi\'Eitf i'".d|'ai'"iiih1': L;;' ;Gia;;ia)

90424

Medical China '88. HaDszhor G KaLLnon. KoLlnon
A*.cs., 5 MapLe Caurt, Ridgeuaod, NJ A?$A

1 9 8 8 '  o r p u r p ' V i " i  n & P a r r e ' '  R a o s n i r . " n M ' g  A l l
Arba t  IEEE,  D. lznd  St . ,Neu Yorh ,  Nv  t0417

La ler  fp .h  ^ ruq .p  . -  l -d  '  o  l ' , r  c " - i ,  P^_o 5
L o \ . ,  t " .  r  . 1 t . a u . t ^ , L o b , ' o . " a  d . f .  i .  t . r a
, "Ldot to  dp  ap ,aar ,  t  " ,p r ' tdod"  d  p  r to ,10AA

lnlrared lecbn"lu-v & AoDli"a"un 'vulcj LondJn
W o  L t d  . , . L t ; H , , 1 , t \ t . . . ,  . , , t ,  x . "  B R 7 ' . T H
U.K.

El . . ro -Opr i  a .  r l  rp r  \no  y " i .  oJ r . " .  E l  SPgurdo
UCLAETL Po Bn\  2agut ,L r r  AnAe l . ' , (  A  94021

ODr .ca l  sLo-ape ,o r  Larue  S\s rcm6 Mt* ,  Ne$ Yur l'  
TOC,  LO.  Eu la8 t  7 ,Sdn Fronc isc . ,  L  A  g l  la

?-10  PhotoeraDhic lns i |unentar ionTe.hn iquescourse ,
&r[esae. EI?/?&t Sen. Ctr.. I Lamh Mennrial
Dr., Rachestet, NY 11623

L2-15 Int. Conf. on Electronic Materials in Japan, Tokvo ?
Ko- ,o ,  Dpp, .  l : t? , , 'aa i , ,  | ' u  n" " , '  "8 .  U .  Ioh \o .  7
r1 .  hunt  B"^hJa-hun T-k ,a  t tJ .JoDon

-4  l !  t  h rno  Op '  ie , . { ron i .c  La  e '  88 j  Be. .ns  Cah, . .
t '  p " .  a ,  up ,  f  A .  Bo ' ,o .07 .  t ' t /o r \ ' .  D( '  2AA8a

lu  lb  F 'Der  ODlh .  .n  P la 'n  Ens l i "h  c .n ,  A l ld i  "  f '  / r r '
r ,a i "a"  a tnn .  t  o tp . .  Uanot  l  )  u  t  5 . tp4 .  \ ' tH

I apfir 1988 / Vol. 27, No. 7 / APPLIED oPTlcs

6 1 0


