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Thi s repo rt describes Invest igati ons of th e virtues c 1  a low Q .fa c t4 ) r 1-401. ( t i ’

nves t i~~it I ri was to accomplish thu  t -  ll ow ang ( 1)  ct)mp ut ( r fliodei rt i and subsequent
phys ica l i ou ts ti cti on of a HOE wi n • ~ f ler ent ro tor  ence to-sub~ect r t t ~flSi t y  atios , it d
(2) a compar iso n betw een a low Q.fac tor HOE and a st indard ~i i . - , lens usin i r I ’ q f r (

metric measuremer~ h-

GENE RAL THEORY

F RESNE L ZONES. The geneu .~I properties i t  holographic optica’ fflements are best
understood through Fresne l zone constructi o n as or j riall 1 described by t In  Huyyen~Fresne( theory. The Fresnel zone model cons ists i t  a monochromatic point s o r i -

P. illuminating the plane U. V as observed from the poi:ut P . From figure 1 , we can el
press the total optica l path r + r ’ through any point u. V In t t ~ U. V plane as

( r  + r ’) (h2 + R2)”~ + (1, 2 +

Appl-uing the binomial expansion, we get

or R4 <

Now , consider the loci of points in the U. V plane for only thosu ’ dusts etc vaIn.”, of A as
iu’tined by each one-half wavelength incremen t in (r + r ) for all (s  + r ’)> (h + h’) The
resulting concentric rusJ nns bounded by the LI r llar foc i u cah i 1- resnel zones and
jr e defined t~~ R i.., = v’n1~L where L = (1/h + 1/h’)’ 1 for n 1 .2,3, - - - regions. Note
that ~ill Fresnel zones are of equal area , since for any n value,

w ( R ~~) 2 . Ir(R n.1) 2 =

The total optica l disturbance at P’ can be expressed in terrtis of the sum of con-
trihut ions ot each Fresnel zone, W1, W2, W3 . .,, in which the average phase of the
light incident at each zone differs by a between adjacent zones. Thus, the t ,ta( ampli-
tude

IW p’1 1W 11’ 1W 21+1W 311W 4 1+ • .  fW~I

would be nearly zero if n is even or approxirn~toIyIW 1t if r is odd

10M Born end E. Wolf , Princlpiiu of (~~tlcs. (6th EdJ. New York - P.rgw’uon Pt.u, 1975 , P. 370.
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HOuNI~- v i ’ s , it  t Im even n umber ’ I zones iro obstructed, tti ~ resu’t rug tories would then
• ii ‘.5 i t  • it ’ .1 ~43f’ .”, o f  Li S IC ou t s  in annular apertures or a I r eSt - I /01* plate (FZP). T i is

I 104’ h- I t t ’ ’ - pert mc n i h - .15 d ‘$14 - I i~ lii traction .)r atuuig . w o i~i th~ ’i 5 4U4 1 the inci dent
o i l s  r Oat si. ft of - ~dd nurnbt’r ‘ i zones so I t t  -I total crjn~r ho! iOt i

I ~‘i.~-1~I = 
~“ J i + .~ ~I +1 ~‘~5I +

is ($iSI’r v’ ’(t ,it ~
‘‘

1 n i h  of di f f r dc t t on 01 I. using in tf i i ’  U, V plane it the FZP ma-i 1w i_’ithec
Fr u unit it ter is Fresnel . or both, depending on t I ’  values C’ A , Rn. h and h’ , However ,
the general di I r i  u hs~~r vim. I it P’ m a y  differ’ from the .i~. t ~ .j ( ij I f r , j~ t ion i urr n 4
on t f i ’ FZP. i-or example. if x .6328 micrometers. f-n ~ 25 millimeters , h 200 mi l l u
meters, ,~n f  = ~~ , then ion s W 1 t h rou gh Wj  and W 7 through W 4g-~ i~i~i exhibit
Fresne l and Frau r imo t f e r  I i t ~r ,ut  ion ri the FZP plane respectively. However , because
11 ’ = ~~ , !he t i> t ,$  ef fe ct of , i l l  r l if f r action would be observed at P as a (- raunhoff er
( f t  traCtiOn.

The F r u n i t i lfer di f fract ion occurring in the U. V plane o ’ t he FZP ow ing to
P may be conveniently desr rib+’iI by the grating equation

d (Sin O~ + sin 
~

‘ ri 1 mA

where if  - Rrl.2
~1~H (R e/h)

O ’r) = tan 1(Rri/h)
m + 1 for this case , al tt oi qi in general m = 0. ~ 1 ‘ 2. . . . .

Since the grati c ii l equation holds only for incident plane waves, the approximation
8 n- 2 is required to insure that any A over the project ion 1 cos O~ is less than

1/10 A (see t i ;  0 Os 2 and 3). A definition is

+ R~ (R ~ - H11 2) — 1h2 +

+ R~
2

Note that only a particular FZP with m = + 1, r ’ = ~~. and h’ = = has been considered
in det ail because this case is analogous to the ensuing holographic optical Fmli’men t 1 is
cussiori .
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HOLOGRAPHI C OPTICAL ELEMENTS. A holographic optica l element (HOE) is a
‘. ; .- i al type of P i Io;r ur! An HOE is formed by recording t i .  interfer ence patter n be-
tweet diverging spherica l waves and plane waves. The medium of record is usually
ph ti  s i re -, t uv u . and the recorded patter rt is called .u hologr arri. II t to ’  HOE is r o  ii lurn i

i r m , o t t ’ f  by tI t ’ original spherica l waves, diffraction takes plue in the hologram in such
a way that t i e  original plane waves are reconstructed . In this situation , the HOE per-
forms like a collimating lens. Similarly, when the HOE is illuminated by the conlugate
plane waves . i .e . traveling opposite to their original direction, then the conjugate
spherical waves. i.e. converging as opposed to originally diverging, are reconstructed.
For this case, the HOE performs as an optica’-transformi ng lens. As is typical of
holography, certai n factors are required during HOE formation , whereby

(reconstructed wave intensey) ~ (interference fringe contrast ) a (HOE diff~action efficiency)

is maximized . Both spherical and plane waves must (1) propagate in phase with the
sa~yte wavelength , (2) have constant flux , and (3) have linear polarization vectors,
( F ) , which are always parallel to the plane of the hologram. In addition , the hologram
ruiedium must render a lu r ina r recording of the interference amplitudes,

Inline arid o f f - . ~xi s hologram configurations represent two poss ible HOE models.
I hi inline model in figure 4 denotes U, V as the plane of interference, The plane wave-

- oil s  propagating from the point (0, 0, - 00) constitute planar surfaces of constant
phase as defined by the complex amplitude R

A = R(x,y,z,) = R 0 exp [I 
~
‘
i 

. r1 )J

where k 1 r1 ki

The diverging spher ical wavefronts originating from the point (0, 0, 0) constitute
spherical surfaces of constant phase as defined by the complex amplitude S.

S S(x ,y , z ) =  S0 exp (i (k 2 . r2))
r21

where k2 - r; = k r

The pattern of concentric circles in the U, V plane (figure 4) represents maximum
interference resulting from the l inea r superposition of R and S, The resultant intensity

______— -—.-—-— —. -_ — ~~~~~~~~~~~~~~ - ,_ 
— - - . — -~~~~~~~.-  -
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variat ion I,

I(u ,v) ( R + S )  (R + Si

= R0
2 + 
(
~)2 (2R0 5.)cos tkr kte l

l (~) 
= A0

2 +fs.2 .\~ 
(2R0 S0 \ G~

,p2+f 2/ Vp2+f 2)

where G (p) = cos [k(.4 2 + -

r2= p2 +

2,,. ~2 +

f2=a2=constant focol length

yields three terms; the first being constant, the second essentially constant for
> p2 and the third radially cosinusoidal. Figure 5 illustrates the cosinusoidal variation
of the third term as 0 ‘

~~ 
p ~ 4.0 millimeters for particular values of f, A , A~ and S0.

Obvi ously, this differs from the radial square-wave intensity variation found in a FZP
that would otherwise be formed by Fresnel zone construction owing to S alone,

Similarities between the FZP and the inline HOE construction may be examined
for the simple case in which f = A . Figure 6 places the U, V plane at (u ,v,f) and uses a
series of parallel planes at Z = A , 2X , 3X . - . - ‘7X to more easily illustrate the micro-
scopic wave interference effects. Fresnel zone construction for P (0,0,0) and P. (0,0,00)

requires that all the dots denote maximum intensity at the intersection of spherical
waves (S) and the U, V and for the corresponding parallel planes for all incremental
X/2 distances from P (0,0,0) with)n the volume U-V-Z where A ~ ~ ~ 7 A . In the case
of HOE construction, however, an intensity pattern is formed owing to the interfer-
ence between A at (0,0, - 00) and S at (0,0,0). Thus, only the circled dots will denote
maximum intensity for the eight parallel planes within U-V-Z. (Recall that the circled
dots in one plane relate to points on the maximum ci -cular lines in the U, V plane

previously shown in figure 4.) If this approach is continued, an infinite number of
planes are considered parallel to the U, V plane in space and within U-V-Z (figure 7) .
The resulting maximum points lie along lines that represent a series of parabolic
functions having the same focus, (0,0,0). Note that this concept could easily be ex-
tended to examine the more practical case in which Z ‘— (10~ A ) — 200 millimeters.

13
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In p rac t i ce , an off-axis HOE is more viable than an i r i l i r i i’  HOE Conceptually,
there is very little di t t i ’ r i r i c i ’  between both approaches . The off-ax is model, f igure 8,
shows A intersecting t i e -  U, V plane at ,in angle ~i The plane wavefronts propagating
f rom tiit ’ point (0, - v. 0 0)  constitute planar surfaces of constant phase as iJl ’ f i r i i ’ iJ tu ~

the complex amplitude A’

A’ = R’(x ,yg) A 0 exp [i (k 1 ‘ r 1 ) j

where (k 1 - r 1) k (y s i n~ i + z cos~ iJ
with the interbeam angle ~i = tan 1 (k

~
/k

~
) (1)

Again , the diverging spherica l wavefronts originating from the point (0.0.0) constitute
surfaces of constant phase as def ined by the complex amplitude s’

S = S’ (x,y,~) = 
S0 exp I i  k2 . r;))

Ir’2 1

where k2 ‘ r2 k

V;1 r

The pattern of asymmetric circles in the U, V plane, figure 8, represent maximum
interference resulting from the linear superposition of R and S. The resultant m ien-
sh y variation I’,

I’ = I’(u,v) (A + S) (A + S)

I’ (x ,y) = A0
2 ÷k~)2+ (2 

R,1..S~1)~ cos [kr - k(y sin ~‘ + ~ cos

I’ (p) = A 2  + ,~~. 2 
~ + (2 A 0 S0 \ G’(p )  (2)

\~2 ÷ f 2J \ ‘1p2 + 121

where d(p) = cos [ k(~~~
2 + f 2 -ys in~~- f c o s~~~1

r2 ” p2 + f 2

~2 ~~~~
(2 = ~2 = foca l length

yields three terms , the first being constant , the second essentially constant for
p2 and the third (asynimetricalIy~ radially cosinusoidal, Figures 9 and 10 illustrate the
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asyrrirTle tr ica l cosinusoidal variation of the t h i rd  ter rim s as 0 ~ 
p ~ 4 .0 milli ui i- t . ’ r - , for

particular values of f , , R~ , S0, and ~‘ Ni  u- that f m 1  ir m 9 III m’ ,t r ite’ , — 1 ( - ~i l~~ iii
the +V direction for p +v 4.0 millimeters as opposed t i  — 107 l Ies tm the -V
Ii red ion for p v -4 .0 millimeters fo r figure 10, The asymmetry is d irectl y r i - l i t ~ il

to the value of 4i .

Similarities between an FZP and an of f -ax i s  HOE const ru .t,inl are examit iell
for  the case in which f = A . Figures 11 and 12 are analagous to figur .”~ 6 and 7 in t ie - ’
previous comparison between art FZP and an inline HOE , Again, this case can be ~‘a~~I - ,-
extended to examine a more practical case in which Z — io~ ~ — 200 r i i i l l r ne t i ’ rs ,

LOW 0-FACTOR HOLOGRAPHIC OPTICAL ELEMENTS. The low 0 factor
holographic optical element is a special type of off-axis HOE . Its diffraction propert li” ,
exhibit minimal angular sensitivity and near-maximum diffracted first-order intensit ,’.
In effect , the low 0-fa ctor HOE is a combination of a thin and thick hologram with the
preferred diffraction properties of both .

Recall that a hologram initially formed by the interference of two plane waves
has discrete diff raction properties that are a function of the factor 0:

Q=2 - i rA T / n d2 (3)

where A = wavelength of light source
I = recording medium thickness
n = medium index of refraction
d = sp ac ing between amp litu de maxima

In this general case, a sinusoida l amplitude/phase variation is recorded in the plane of
interf erence along one direction . Upon reconstruction , the light is diffracted into only
the 0 and the ± 1 orders, In pract ice , however, ther e are nonlinear iti es in the recording
media that introduce components of a Fourier series of the fundamental sinusoid . The
presence of these components gives rise to additiona l diffraction orders upon recon-
struction .

When 0 ~ 10, the medium is considered thick (i.e. three-dimensional) and thus
ex hibits diffraction characteristics of a volume grating as described by the Bragg
equation :

mA = 2 d (sin fl

21
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where p (a , + c~ )/2 = incident and diffraction angle
a , = incident angle of 1st plane wave
0 2 

= incident angle of 2nd plane wave

This diffraction property has been previously described in detail by the couph’d wave
theory.’ Note that for a given A and d value , 0 has only one angular va le- i’ fur maxi-
mum first-order diffraction , Assuming the recording material is essentially linear ,
any additional diffrac t ion orders have minimal , it riot ‘iegligible, intensity,

When 0 < 1, the medium is considered thin (i .e. two-dimensional) and t i e-s

has the diffr action characteristics of a plane grating as described by the- gratin g
equation

mA = d(sin 
~ 

+ sin

where = incident angle
di ffrac ti on angle

Thus, for a given A and d value, diff erent values of or 7d are possible as long i-

~sin ’y~ ‘ 

~~~~ 
‘( 1 .

As a result , the angular sensitivity is less critical in determining the maximum
first-order diffraction intensity. However , in a nonlinear recording medium,
additional diffraction orders having a noticeable amount of intensity ar:’ prt”en t,

W hen 1 ‘~~ 0 < 10, the medium may be considered two-dimensional with
a small but finite thickness; hence, it is denoted quasi-two-dimensional. Conse-
queritly, a low 0-factor hologram would exhibit the reduced reconstruction angle
sensitivity of a thin hologram and the near maximum diffracted first-order in-
tensity of a thick hologram.

The physical conception of a low 0-factor HOE requires a good under-
standing of the geometry involved. Since with most applications the recording
medium thickness (T) and refraction index (n) are fixed , it is then the central
interbeam angle (*) that determines the effective 0-factors at different points
in the hologram plane. The limiting angles

H, kogsinsk . “Couptsd W.v. Thuoly to, Thick HoIcgr.m Grs~lngs,” 8./I Sysf.m T.ch. J., Vol.48. 1969, p. 2909.
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T 4 s — 4~ 
(4)

.c= ~j ,  + d ~ 
(5)

~- cos ’1 [cos2
~ i, + cos2

~~.l1 (6)

L cos~~ cos~~ j
where tan1 

~L~~~ ’1’J (7)

are- obtained from the geometr y of the HOE diagrams in figures 13 and 14. By
assuming an y  sm~~l area of the S wavefront to be essentially planar , the interference
t- ’tw i’u’ ri R and S can be viewed at any single point in the U, V plane as plane wave
interference , Thus , if (0, v , f ) ,  (0,0,f), (0, -v , 1) and (u  .0. f ) denote the vertices of
7
~, 

4,, K, and ~~, respectively, then the interfringe spacing a~ each point is

d
~ 

= A / 2 s~n( ’/2 )  (8)

= A / 2sin (rI’12) (9)

d = A / 2 sin (K/2) (10)
K

d~ = A I 2 smn (E/2 ) (11 )

From this , the effective 0-factors arid spatial frequency (i.e . lid) at each point in t~iu

U, V plane would be calc ilable.

EXPERIMENTAL TECHNIQUES

The design modeling and physical construct ion of low 0-factor holographic
optic elements (HO E) was done in iterative steps . The purpose of this procedure was
to optimize the total optica l perform ance of the HOE .

HOLOGRAM CONSTRUCTION . A seri es of low 0-factor holographic optica l r’Ie-
ments (HOE) having a 50-millirrieter clear aperature of (/4 .3 were constructed with
.6328-micrometer laser light. Although smaller f-numbers were desirable , a m inimum
foca l length of 215 millimeters was necessary to accommodate the small interbea m
angle Wi) o~ 9.8 degrees (see figure 13) , By using equations 1 and 3 through 11 , the

spatial frequency requirements 3nd respective 0-factors at the vertices (see figure 13
and 14), r ~~ , K,and ~ are

d 7 = 851/mm ‘ 0,. 0.285
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= 270 1/mm ‘ 
Q~~~, 

2.90

d~ = 454 1/mm ‘ = 8.20

d~ = 333 1/mm ‘ 0~ = 4 .33

Computing an average 0-factor for the five points at the vertices ‘I’, ~~ , E-top
and s -bottom yielded 0 = 4 .0. Applying 0 to the graph ’2 in figure 15 established a
theori t I c  al  limit of 60 percent for the first-order of diffracted intensity (Ii). Since only
9 pkr cent of the light intensity was undiffracted (Is), the balance (31 percent) was
tilen distributed among higher diffra ction orders.

The optical components illustrated in f igure 16 were used in the construction
of low 0-factor HOE’s, The plane wave reference beam ( R) was generated by a Spectra-
Physics model ~36 , 50-millimeter collimating lens. The spherical wave subject beam (S)
was gi nerated by a spatial filter assembly using a 40X microscope objective and a 4-
micrometer pinhole . Each mirror and beam splitter surfaces had optica l path deviations
(OPD) less than x /20. An air-vented , stray-l ight trap surrounded the Spectra-Physics
model 124A He—Ne laser , which produced 15 milliwatts of vertically (1 ,000:1) po-
larized light at X = .6328 micrometer.

The HOE ‘s were recorded on Kodak 649F emulsion-coated rnicroflat glass
plates . The backside (air-glass boundary) was coated with an ant ireflection coating
p-e -v ided hy Kodak . The plates were processed in SD-48 developer and reversal ly
bleached in R- 9 bath as indicated by Lamberts and Kurtz .13 Maximum values of
50 percen t were measured for the first -order diffraction efficiency. Previous HC~
work 1 ~ with this reverse bleaching process had also yielded reasonably high diffraction
efficiencies , low flare light , and a great resistance to print-out darkening.

The measured intensities of the reference 
~
1r~ 

and subject (1~) beams were used
to compute t Ij i :  radially varying K-ratios (K 1r”1s~ 

of 1 .50 and 1 .00 at the center and
edge respectively of the HOE aperature. Maximum exposure was computed at t = 2
seconds and ‘E = 0. 405, 0.18 (milliwatt per square centimeter ) at the center and edge
of the HOE aperature , respectively. Since the linear superposition principle must be
applied to the amplitudes of interfering coherent light , the exposure intensity was
calculated as

12 
~~~~ KI ~~huo .t~~~i Efficj,~Cy of 8r,~~ ~~~~~~~~~~~~ Proc~~dIa~~ ol th~ IEEE, Vol. 54. 1966. P. 803.

13 
Fl .L. L.mberU end C.N. Kurt z , “Rsvsrul Bi.schi ng f o r Low F iere Light in HoioWems .” Applied Optics, Vol. iO

1971 , P . 1342.
14 

W A . Graver . Hologriphi c Comp.nMtion oi’ $~ v.Iront Abarr af ions in Optical Systems, US. Army EnQineer

Topo~ sphic Labor utor ie. , Fort Buivoir . Vu., ET L- RN- 74- l 1 , June 1975 . NTIS AO-A013 978.
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k ~~~~~ 
J~ -~ + 2 (IrIr)

~

mm ~~~ 
+ - 2

~v
1 - ’- r i 

~~~~ ~~~ — IE -
~t max E n un

= 4 
~~~~~~~ ~~ for inter tereiiu fr inge Cuntr i~t

A computer plotter was used t / fr~velop (( cii i r e -  17) 1 lie rail’ , I / t~ i is i i iij

, i ~ io (K 0) present in the experiment. (The curve Ka is a theor ’ - t i~~iI C / ~ /~~~! fl.t that is
c:sib le only when both plane and spherica l wavefror i IS avi a un for u / ni risi t / Its

0 hution .) A ltl . ’ uqh differences between the nearly constant K
~ 

a n t  ~tie ~ i .

St i p i l K0 .i~ p -~ 25 millirrietens was t rea ter than desired i t was unavij i l mt ) l t  fl

ice.

Duriniq hologram constr iction , an optical stop was placed bel ~‘~~eri G di:- J

~iq~ n -  i n ) . This enabled only the plane waves (A )  propagating f r o r r l  E to ii tO I n t l

fe r with the spf flr ica l waves generated at F . Exposing the 649F ernu ‘ .~,un ‘ i n rn’ - ( t )

W~~ i /  var ious intensity ‘.‘a l ues 
~
1E max~ 

produceda ser i es Of six t)Oi( .~T ) !/ hiC

cu ts.

.‘~AVE F fRONT REC( NSTRUCTION . After exposure and subsequer~ H i 
~~~

pno’ .essini , the HOE was repositioned in its holder. Under the cons~ m r1 t l~~mirialiori
4
~’,m both spherica l and wavefronts, fine orientation adjustments were n i i i t e to t l / ~
1/older to minimize any Moire ’ fringes observed on the HOE owing to c nui ’j lsi iii is-
T c t i o n s  or shrinkage . The success of this Moire’ repositioning procednrt’ W,iS ‘l’sriissed
en previous work .’5

Reconstruction of the pi- hole source (S) was accomp lished by placi rr i opti cal
stops between H E and D B .  By this process, the orig inal intensity pat t ” r r i  i the
HO E (equation 2) would be modulated by R such that

( R )  I’ = R Ur ~I~) +~~ S + (R )2S

where I~S• is ~ converging spherical wavefront with ] intensity. The c r y  disk lilt rac-
tion patter n in figure 1 8 was recorded on Kodak Panatomic - X fi lm i i  t t ie ’ p~ mrme of t I e

pin hole . However , the dynamic recordmnq range required by the ,issi e .iàtt ’ il I i o n  e~~i ty

15 W . R . Graver , Holographic ~~ntp.n..fl on of ~~ .~ #rof lf Aberr.f lons in Opf ic& Systav’ns, U.S. Army F ng.neer
Topo~~apbic Labocafo,i.,, Fort BuivOIr , Vi., ETL-RN-74 .1 1 , Jun 1975 , NTIS. A D-A0 13 978.
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Figure 17. Compsrison of Gaussian and Uniformly Distributed K-Ratios .
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Figu re 18. Diffraction Pattern Generated by a Holographic Element.
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i s t i  h~ t / i l l  2 (J 1 (~~~) / ~~~~2 was beyond the range of t I e  recording f i lm . Since dynam ic
a r p  m u t t  , m i ~ imnc ’se nt ly ex is t  wi th all silver— gram em ulsions , this approach u . n~Id I t

t i -  s cs i  cr , a! e- . , r at e  t id l i t i tat ive measurement of wavefront recon struction .

He’ , , m m s i r ,  it lion of the re t i renice wavefront (A)  was accom plishe- by placing j r

pt~~~c l stop between B A . By this process, the original intensity pat’ e ’ m ni  ot the HOE
-.‘~/ ) U I / j  t i e :  modulated by S such that

( S) I’ S(I r + I~) + R (S) 2 A

wt ,e’ r , -  LR is a plane wavefront with I~ 
intensity.

Un Hntu r i a t e r l ’~ the optical layout (figure 16) provided no method for measuring th

)PD of  th e reconstructed wavefronts. Since the Sagnac16 (cyclic) inte nferor rieter
Hit ~ v ’ - ’ - r  components E, G, and J determined only the tilt alignment between A 4
(traveling along E-J-G-H) with A (traveling along E-H),  a different type of interfer-
irne ter ~~ cs needed .

OPTICAL PERFORMANCE EVALUATION

A novel laser alignment procedure was developed and used to generate In t e r

feni)q rarri S of holographic optica l elements.’ 7 The interferograms were obtained wit h
d Zygo interferometer , (model GH , Zygo Corp) which is specified to have a x/20
optica l path deviation in double-pass accuracy using an internal He—Ne laser. Since
t Ire interferometer was used in a double-pass configuration , the measured path devi-
at ion is one-half of the observed fringe variation in the interferograms illustrated here.
Although easy to use when testing conventional lenses, the asymmetry present in the
holographic elements complicated the basic alignment procedure of the interferometer ,
thus requiring many alignment iterations.

Initially, it was necessary to test the interferometric quality of the glass micro

flat s since the quality varies. 1 S A series of sample microllats were obtained by re-
moving I s ’  emulsion in a sulfuric acid bath . Placing a sample rnicrof lat normal to the
optica l a x s  of the interferometer (figure 19) produced III interferogram (f igure 20)
showing t Im effective wedge angle and the phase contributions present. Measuring the
o t t e r  s~ir ’ r p le ~. in a series yielded similar results.

Stasi, lntert.rom.try , Cambridge University Press, London. 1967, P. 94.
W ,R. Graver , ‘inturfuro~ams of HoIo~~aphic Optical Elements ,” J. Applied Opt ics, Vol. 16, 1977. P. 1809.

Eastman Kodak Co., F?,yic.I Orai’.creri,MIcs of Glass for l( od.k Ptiotogr,phic mares, Publ IcatIon No. 0-35,
HocP,ustur . N.Y ., 1973.
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Figure 20. Interferogram of a Microf lat Glass Plate.
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T Ire e mniulsio r ~t r ipp ed miçn f l i t  ,v i ’ t I n  re-t i - c  e1 I . c  IlOlis im ~~ e I e . n n i i - r i t

i t Ii the mulsii ui s i t  f . .ccin ig t ire t i  ica l f l i t  - I i ;  ire 21 ill - . r ma t~s the if b I . e- v i m  ii os
v e r  the rut  i re  air/emulsion surface bo I i  f i r  y The 1 t r i l l ,  ci cr ‘a u , em t Ie ~ir it - m i

if the hol i in ,iphic e r l t ’ m m r e ’ r i t .  The out er , crer. i is nut t a r t  of I r e  liolO lidnir f~ 1 551 ( 1  t I n :

5, 1mm ‘~~p c ’ r i n n t ’ r r t c l  ~i r r , i m r ; ’mrte nt , t h e m  tiolo ; n . i t h i i c  el&~r i i e r n u t  was n r - i n u e r n i t —e l .‘j, m ’ e  t i e  Li’,’
5i le ’ Ii, im rq  t I e ’  r t u t I t ,j I  f l i t  T I re  t i r i r t m u m e : r f i ’ n o ;r,im (f i g urer  22) st i - i ,vr, the ç l i ~c ’~ ’ vari-
ations ove r the entir e ’ air / ;lar;s boundary. Note t I . ’  slightly ,j st i j rn at ic 0 n i j e u  in f i ture
21 as compared to the spher ical Iringes in figure 22. Subsequent rem oval and replace
ru nt of the holographic element ni its holder yielded similar re-s ilts. Since the holo
graphic element is held in place by its own weight , the interferogram differen es be
t ween figures 21 and 22 are evidently mi ii to the respective surface contours. F i t i r -
23 shows the effective wedge anqle and phase variations in t l i r emulsion coated micro-
flat on which the hologram is recorded . Note that in the central area that contains I t

hologram the wedge angle is less but the phase variations are greater t h an in t h e ’  non-
holographic (outer) area . A combination of the effects shown in figures 21 and 22
have probably contributed to the results in figure 23.

Determining the path deviation of the holographic optical element required
changing the optical test system to include a second He—Ne laser posit oced outside
the interferometer (figure 24). This was necessary to obtain coincidence between thi’
oot ica l axes of the holographic optical element and the interferometer .

The alignment procedure began with the holographic element posilit ned normal
to the interferometer ’s optical axis The optical flat was replaced by a 1 00-millimeter-
diameter f f3.3 lens (path deviation ~ X /20) and aligned to the otetic a l ,i~ is. The holo
graphic element was then translated in Z until the first -order diffracted beam of light
was in approximate collimation . A 50/50 beamsplitter was then positioned to reflect
the collimated beam back through the interferometer . Many iterations between L
translation and X ,Y rotation were necessary to obtain interference fringes over the
maximum available field of view (i .e . the ratio of I-numbers 3.3/4.3, niultiplied by tt i i’

clea r aperture , 100 millimeters) . As a final alignment ch ..~. . in external l, ise ’r ~v,cs
placed 2 meters from the holographic element and adjusted until all stir t it e r  har k
reflections were coincident upon the exit pupil of the la~.’r ( f i 1 i r i r  24) . Any r. t le ’ct i ons
not coincident on the pupil indicated a need for additional longitudinal .in i r r i t itional
alignment adjustments.

After alignment was achieved , t he holographic emie ’ n ni i m nt was i e ’ I i t i s . i t t ’ l y trans-
la ted 15 rriicrorl’ieters in X and rotated 20 arc seconds ~c b r e u t  V to Ii ’ n ie .’iate t iara l l i
fringes (f igure 25) . In double-pass view , the path deviation of thi s holographic e ’ k ’ rni i ’ rit
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Figure 21 . lnterfero gram of the Air /Emulsion Surface of a Holographic Optica l Element.
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F igure 22. Interferogram of the Air/Glass Surface of a Holographic Optical Element.
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Figu re 23. lnterferogram of the Emulsion and Glass Medium
of a Holographic Optical Element.
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D
Figure 25. lnterferogram of a Holographic Optica l Element

When Used as a Collimating Lens.

0

Figure 26. Inte rferogram of a Spectra Physics Collimating Lens.

Figure 27. Interferogram of a Tropel Collimating Lens.
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is c Xf 4 Additional measurements produce d a path deviation ‘~~ ~/4 for three out of
six holographic elements. Variations in results may have originated from differences in
exposure , from K-ratio and processing, or simply from 2 years of aging. The problem is
difficult to resolve at this time.

For the purpose of comparison , two high quality 200-millimeter ff4 collimating
lenses , Model 336, Spectra-Physics , Inc. and Model 280-50, Tropel . Inc. were tested
A conventional optical setup was used n which the holographic element was replaced
by a collimating lens, and the beamsplilter positioned normal to the opti cal axis
(tigure 24). The inter ferogram in figure 26 was generated by the Spectra °hysics lens.
Th~’ Tropel tens tested out similarly (figure 27). Both lenses showed a path deviation
c x/8 in doublepass.

CONCLUSIONS

Theoretica l considerations required by low 0-factor holograms were discu’ ~ed
and incorporated in the physical construction of six holographic optical elements.
The optimum reference-to- subject-intensity (K) ratio ranged from 1 .50 to 1 .00. Optical
path deviations, in three out of S IX HOE , were measured at X/ 4 , as coiuipa red measure-
ments of X/ 8 produced from two high quality collimating lenses. Although smaller
path deviations were desirable. , the results from the holographic optical element were
quite good considering the interferometric quality of t h e  microflat glass plate and the
statistically small samples tested . At some later date,additional analysis m~ray be
achieved by using a holograp hic ray-trace computer program . 1 9

The technica l benefits of the low 0-factor hologram were evident in the e’xperi-
mental resul ts ; ( 1)  efficiency measurements of 50 percent for this fr rst~di ffraction
order compared quite well with the 60 percent II remsel ica l upper u nit ,20 and (2)
a reconstruction sensitivity of 14 degrees cf latitude enabled - , is ue ’ r ii tr irnent with the
interferom eter -

Holographic optical elements may be’ nu ts t a - rn ated in most ipt cal systems
r i s ing  laser li ght. Numerous examples indude ( 1) a scanner lens for beam uii’f lection ,
( 2) an optica l Fourier-transforming lens for spatially fi ltering images , ( 3) a to uu imaton
lens for distance ranging e’qriiprnent , (4) an irndijin j lens for holographic storage and
display systems , SIc

E A. Msg,rum . Holographic R a y  Tracs,,~j  and Spo t Diagrams. U.S. Ar my Eng3n*~ Topog. ..,’e~.c Laborator ,.a,
Fort B.I~,oir , V.., ETL.00e2, ~.ugust 1976 , NTIS; A0.A027 043.

W ,R . Klrn n , “Th oret ic.I Eff,ce,nc~ of 8rag~ Devics., ’ P~oceedin~ of th• IEEE, Vol. 64 , 1966, P 803.
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Major advantages in the application of holographic optic~d elements lie in
I i i  t ’ e ’ r sw iSt , approximately $20.00 (U .S.) production cost for a 100-millimeter
i . i r n ,’~.’ r , ~11 2 lens , and (2) their customizing capability, diameter and f-number de-

- ,~~n iS ~~t”- i sdy to the size of photosensitive material and optical componen ts used
t n ’  HOE construction .
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