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~ SECTION | -
INTRODUCTION AND SUMMARY
1. l Ob|ect|ves of the Contract

The Electro-Optrcs Center, under. Contract NAS 8- 26360 has desrgned and fdbl’l'.
cated the optical components of a: breadboard holographlc read/wrlte memory system and
has specifi ed the parameters of the ma|or system components a laser system, 2) an
xy beam deFIector, 3) a block data. composer, 4) the read/wrlte memory materlal 5) an
_output detector array, and 6) the electronics to drive, synchronize, and control all system

\

components.

Under Contract NAS 8-26672 we supplled and fabricated major components accord-
mg fo the prevuously establnshed specrt‘ cations, prepared computer programs to simulate
the entire holographrc memory system so that a deslgner can balance the requirements on
the various components, and conducted a development program to optlmrze the combined

recording and reconstruction process of the high densrty holographlc memory system

Under the present phase of Contract NAS 8 26672 we have fabrlcated an updated
block ddta composer and holographrc storage array . These devices have mcreased per-
formance parameters and are adaptable to the exrstmg testbed system. We have also '

mvestrgated system conﬂguratlon that will increase the memory capacrty
1.2 Summary of the Work Performed During the Contract

Durmg this Contract we performed analyses of several optrcal system cont‘guratrons
that will increase the memory capacity without increasing the optical complexlty ‘We'
studied one, two, and three- lens optical systems and found that the two and ‘three-lens
Gaussian systemsgave the largest capacity combined with system compactness. The -
three-lens solution is useful when magnification is required to match the block data com-

poser geometry to that of the photodetector array.

1-1
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No slgmflccmt reduchon in ophcal complexrfy was found, however, - From a
Gaussmn design vreWpomf the clperfure ratios. of the Ienses still are the most sngnrﬂcant
porometer tht mfluences the memory capacrfy As fhe number of lenses increase, some
reduction in the aperture ratio of edch lens can be obfamed bu'r 'I'hls is equrvcllent to |

drsrrrbuhng the power of a single lens along the axis.

Affer the Gaussian desrgn, we d|d a ray-frace analysns of specrfrc ophcal sysfems.
A confrolled—aberrahon design was complefed for a 0 .25 (108) bit capacrfy memory,
including a tool~-fitting analysis and tolerance dofa. Thrs desngn acfuvnfy, along wrfh fhe

Gaussian system considerations, is reported in Section 2.

We have solved many of the fabrication problems associated with PLZT block data
'composervs'. _We._ have fabricated se\)eral 32 x 32 element arrays and some 128 x128 ele-
" ment orroys, using chbme-go\d and indium tin"o&dde electrode sﬁbc'fureﬁ. 'Bre'ok.oge"of '
the ceramrcs has been reduced to'a mlmmum but the performance of the devices sh||
fall short of expectations. We believe the primary cause of poor performance in fhe ‘
quality of the PLZT ceramic wafers obtained from ve_ndors. The results of our work on.

~ block data composers is summarized in Section 3.

In Section 4 we report our work on photoplastic arrays. We have fabricated q
20 strip array that is compatible with the 20 x 20 element lenslet array in the existing
breadboard. Significant improvements have been made in charging techniques, heating 4

and erasure times, lifetimes, signal-to-noise ratios and diffraction efficiency.

We also fabricated a holographic optical element in a thick matericrl to-demonstrate
the feasiAb'ilit)} of the technique. This element was designed to replace the 20 x 20 ele-
ment lenslet array; it cannot be used in the present breadboard, however, becouée_'rhe :
offset angles are not corrected for the shrinkage of the material. We also completed our
modeling of thick moferials for use-in a general ‘memory design program package. This
activity is discussed in Section 5, together with a summary of the results of a thick

“materials program performed by Battelle Columbus
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SECTION "
SYSTEM CONSIDERATIONS

2 1 lnfroducflon )

Under Contract NA58-26672 fhe Harrls Elecfro-Ophcs Cenfer of Radlaflon pre-
wously desrgned fabricated and dellvered a holographlc memory system. The ob|ecf|ves :
of fhls confracf were an lmprovemenr ln the capacnfy and speed of the exlshng system as
-well as a sfudy of alternative system confugurahons For lncreasmg fhe holographlc memory

' capacrfy to lO8 bits fully populated.

‘We have also consudered 108 to lO buf mess memory capacities during the sfudy

v'The maximum capacrty is ultimately dependenf upon the memory - plane area and the data

‘bit density. Asan mferrm system, prror to the refmemenf of thick phase memories, we have
lmplemenfed fhese planar memories using fhermoplasﬂc materials.. If we select an average

~ data bit densrfy for the. memory maferlal of 104 data blfs/mmz, a 10]2 bit mass memory
~would require a planar storage area of 100 square meters. -An area of fhrs size could be

: conf:gured as a large blllboard a cylmder, a disc or possnbly a spool of 105 mm film havmg |
a lOOO meter lengfh Most of the conflgurahons would- be dlfﬁCulf to access, requiring a
long access time, However, a 108 bl’l‘ mass memory requires a planar storage area of 0.01 -
square meter whlch is only a facfor of fen greater in area than the presenf planar arrays ‘
bemg fabricated.’ Durmg the presenf contract, we have designed an optical system l"or a
0.25 x 108 bit memory on a 50 mm x 50 mm hologram plane. We could place four of .the
arrays ad|acenf fo edch other on aslide and mechamcally index the system to a selected
drray. Microseconds access times can be desrgned within an array and mllllseconds access

~ time obfanned between arrays.

The planar memory size,. consldermg the complexity and access hme, can be expected,
» therefore, to fall befween 108 and 10 12 '

the applrcahon Consrdermg fhese paramefers, we mveshgafed system components, including

bits; the sysfem parameters being dependent upon

~ the lens system, the deflechon sysfem, and the photodetector array, which could be mulh-—

~ plexed to obtain the desrred conﬁgurahons and sizes. We- consudered alfemahve system -
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conflguraflons Wl"lICl'I conform t6 the available BDC, PDA ancl hologram array devrces.~ :
- We desrgned sugnal pafh ophcal confugurahons for rhe presenr tesf-bed dev:ces, as well as

for a 108 bit capacnty sysfem.

In rhe followmg sechon we first evaluate the paramerer lndependence for imaging
and nommagmg systems, evaluafmg the equaflons for magmflcahon M, lens aperture
_raho R, hologram size d, system capacrry Q , and hologram packmg densrfy p. We
examme confugurahons uflllzmg fhe presenf fesf-bed devuces and calculate the lens require~

ments for typical systems, mcludmg 6.55 x 106 108, and 0.25 x 108 bit capacmes.,

In thle next section we describe and carry out the lens deslgn fora 6. 55 x '106 bit
and a 0.25 x 108 bit memory. Followmg sections consider deflection systems, the photo~

: defecfor arrays, and flnally ’ modlfrcahons to fhe present breadboard

| 22 Transforrn Oprics
We re~examine opflcal conflgurahons for obfalnmg the near Fourrer block clara com-
poser rransform at the hologram plane and the i image of the reconstructed hologram at the
photodefecfor plane The analysrs of two lens systems con5|dered prachcal for the holo~
_ graphlc memory system fesr-bed was reporred prevrously by the Elecrro-Ophcs Cenrer.l
We defermuned that fhe fwo Fourrer ophcal system configurations are companble with the |
ophcal memory sysfem fesf-bed and have considered these systems in greater defarl The
confrgurahons are shown in Flgure 2-1. The Flrsf sysrem (see Frgure 2-la) is a one-lens
'lmaglng sysfem where a smgle lens forms the Fourier fransform and also i rmages fhe block
' data composer plane into the phofodereofor plane, The presenf ophcal system test-bed was
| fabricated asing a sp_ec ial two-lens case of the imaging sysrem‘ (Figure 2-1b). The sysfem |
is deSigned’wifh infinlre magnil"'caf'ion.and a second identical lens is aalded to rhe system

to provide an overall magmfucahon of umty This special two~lens case allows smaller

~ aperture. lenses to be fabricated versus a larger single i |magmg lens confrgurahon, however,

it can be most easily desngned for umfy magmf"cahon.
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© TRANSFORM AND o |
o ~IMAGING LENS. HOLOGRAM o
.BDC . v : - v A : ~ARRAY ‘.- PDA

A. SINGLE IMAGING LENS SYSTEM - -
k S i A TR T - IMAGING

S " TRANSFORM- * - HOLOGRAM - - - . LENS - R

- BDC ~\LENS. SO CiARRAY LT T - R .. PDA

'B.v SINGLE IMAGiNG LENS SYSTEM FOR M = -0 AND Ms =-

BOC TRANSFORM | ~ PDA.

0 LENS  HOLOGRAM

ARRAY

IMAGING
LENS

C. TWO IMAGING LENS SYSTEM
, - » IMAGING _ .
BOC TRANSFORM NS PDA
LENS HOLOGRAM | A IMAGING '
ARRAY [ |] LENS L ‘

D. TWO IMAGING LENS SYSTEM FOR M = -o0 MS =-1

~Figure 2-1. Signal Optics Configurations
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The second system,. a nonlmagmg system wufh respecf to the transform lens, is a two-
lens i imaging system with a block data composer placed in contact: w:fh the fransform lens -
'(Flgure.2-1c). The' second lens, in. confacf ‘with the hologram array, ‘images the recon-
'sfruéted holograms_mfo the phofodefecfor plane.. A special three-lens case exists for this
'cohfiguretion (Figure 2-1d) where the front lens system is designed for a mdgnificafien oF
infinity and a fhlrd lens is added to prowde an overall magnification of unity. The fhree

lenses can be made |denhca| wufh fhe same focal Iengfh and aper’rure. R

The one-lens system_, has an 'cldvdnfage over the two=lens system when considering the -
‘lens design and fabrication required. The special two=lens, unity magnification system _
used on the present test~bed also has an advantage when we consider that the lens design

and test plate fabrication are identical for both.

¥

The two-lens optic system requires smaller aperture lenses for the same system data
_'capacity'which offsets the two different lens desig‘hs and fabrication complexify, particu=
larly for large lens desngns. The special three-lens, unity magmﬁccmon sysfem also has the

advantage of a single lens deslgn.

2.2.1 Single Lens Irﬁagihg System Derivation. - The analysis of the capacity of the

single lens imaging system follows and is referenced to Figure 2-2.

a. We first calculate the magnification, M, of the system

1
K
1-M - .
.!2 = 7K (M
where M = magnification
£, = lens to image distance

2
K- = power of lens
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. HOLOGRAM

ARRAY

Figure 2-2. Single Imaging Lens System
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1
K
PR I .
1 - "MK o @
~ where f' ob|ecf fo lens dlsfcmce |

The lens aperture rcmo R, is defermlned by fhe dlagonal of fhe block dofa com-~

poserand |sg|venby, : L _ ,
| 2\/_[Ihl+IFI]K e

where R = aperture ratio Iens

h = intersection prmc:ple morgmal ray at lens

h = intersection prmc:ple pupil ray at Iens
T cdN -
| h==— “
where 2h‘_.=' width of the BDC _
¢ = bit spacmg/blf dlamefer for the BDC
d = bit diameter for the BDC
N = bits/row in BDC
an | -
w= S— @)

where 2w = width of the hologram array
| = hologram spacing/ hologram diameter

= hologram diameter

- Zl el ol
}

= holograms/row

wl,

h»=I - | |
2" K o ©)
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l‘;‘)pqh"subsfifufingi (1) dnd 5) into .(6), we 6bfain R ' '.“ .

_ -cdN' (1 - M) -

Fmolly, subsfltuhng 4) und 7) mto (3), we Fmd

K [ch( M)+chJ e

M

. : The hOIOQram suze, d, is deflned as ’rhe mam Iobe w:dfh of fhe Fraunhofer

dlffrachon pattern For a square uperfure of cd on a side, and is given as,

- 2x | -
d_=m S )

(Note: Thls is the deﬁmhon of double Rayleigh Resoluhon) ’

where Ais fhe wavelengfh oF the illumination.
. The one-dxmensno_nal system dafo cqpacnfy, Q, is given by _
Q=N o
where Q is the oﬁe-dirhénsiéhql syéfem'aa}d capacity.
Combining (8) and (10), w;egb.mn, | ,
Q- N(\/—g-'z - ) (]—_f‘—AA—A-) (&) an

To maximize the system capacity we find

- (w2 o

We determine the maximum capacity with respect to N by letting

2Q
= =0 . , (13)

we obtain, by combining (12) and (13), the N associated with a maximum

capacity system of

R » |
T 2 V2 cdK. (14)
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- By subsfifufing (9) and (‘]>4:) “'1"0 (>H-)," we obtain |

a6

R T
;pax"(N) = TEAEK | T-M I o
. The hologra_m data denSify, p , is‘ defém_:inéd fr'om. Figure 2-3 as
P ="1:' P
' d
By combmmg (9) and (14) into (16), we defermme
4 \/E-)\ . o , (7)

For the maximum capacity. system design' we will show that the lens aperture is

twice the diagonal of the 'blévc‘k data composer. - Upon combining (4) and (7),

we have _ » S o
R '=" cdN , M I o -
h] AN | 1-M (18)
‘ By substituting (10) into (18), we get

Ih l ch l Mv. l (19)
|T1_| caQ 1-M |7 .

ond by substituting (14), (15), and (9) into (19), we get for Q '

BEAN(N) .
IRl = In] | (20)
. Cd;l = cd2N | ];AM for qu Q

max Q also occursfor M =

*..cdN = cdN for max Q.
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Figure 2-3. " Hologram Pac!(fhg Density
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Figure 2-4.. Two Imaging Lens System
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.Finel_ ly ,.:v'com‘bi-ni‘ng 4) and ;(‘20) i_nfo (3), we haQe, for Qrﬁ

R o
Calso R = 2V2caNK -‘-ﬁ-"i
D"= 2 \/1 2 cdN lens aperture
forQ = e
- N + M)
cdN = _N-
R2

'Qm."-’.((N& M) - 165K

We summarize the sysfem equahons derwed for fhe single lens imaging sysfem in .
Table 2-1. ' o

2.2.2 Two Lens Imaging Sstems Derivofion . We next analyze the capacnfy of

the two-lens imaging system. The system is shown in Flgure 2-4,

a. We first calculate the magnification, M, of the system,
-Y
o

Y

' where M is the magnification, 2Y is the object wndfh and 2Y' is the |mage
width, so that | |

M =

1

K

Me-—2
11 ax
S K

where _K] is the power of fhe_firsf._lehs, K2A is the power of the second lens, and

x is the distance from the hologram array to the second lens.
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TABLE 2-1-

Q =-N/R
<d \V2K

(=)

p = _R
4V2A
K = .._._R—_ L
2v2 Ned
- 2
d = K
N = 2
N
R2
maxpN  16AcK

)

—1-M
for Ned = Ned
or C [of <M\>
. R2
Qax T Ak
(N&M)

for Ncd =

NE& and M = -

Two Lens Imaging .

p = Bl
| 2V2\
1.7 V2 Ned
M- 1
2 = <_M ')Kl
R
also, 'K2 = _2__
2 Ncd
= 2N
d = edK
1
R,R.-
Q - 12
4)\c'K2
= . Q
N = N
R
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- If we place the hologram array in fHé.plane' of lens I_(2', then x = 0 and we obtain,

K] 1 MYt

@

b, THe-Igr)s aperture ratio, Ri’ is defenninéd by
'DA'IA =\/2_ch,

" where D, is the aperfui'.:‘e.’:'blfi".the fivr'sf.» lens and cdN is the width of flh’e'block.ddta_' '

composer so that 7 ' . :

. R].=\/2_c.:dNK]."’ | S @)
c. The lgﬁs aperture ratio, R2, is deferminéd by, |
0, =V2EN
wHerq_ Dé = aperfure of} f‘h.e-seco"nd lens, an.d‘ cdN = width hologram array 56". 4that

_ 'R2‘= 2edNK, - (24)

. d.; The hologram size, d, is defined .as the main lobe width of the Fraunhofer
diffraction pattern for a square aperture of cd on a side and is given by
_ | 2 A B o . L
d = E?K_]_ _ - (25)

where A = wavelength of the illumination.
e. The one~dimensional system data cap'o'city, Q, is given by
Q = NN | ‘ (26)

By substituting (23), (24), and (25) into (26), we obtain

RyRy | - ;
-k, | )
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. . We next derive the maximum capocify, QM’ of the system with respect to N
~and show. the cperfure ratio of the two lenses are ‘equal for maximum capccnty

By combmmg (23) and (24), we obtain

R]+R \/—chK +\/_ch|<

by subshtufmg (25) and (26) -we derive

[R +R -\/—chK] chK

' 2 fc K2 . . _
To maximize the system capacity we find
‘ : 2.2, 2,
aq _ [RytRJedk; \/—c KN
| .,‘?N' . 2'\/2_EAKZ. - \/_AcKz'

We defermme fhe maximum ccpacnfy, QM’ with respect to N by letting

6Q
aN "Q

and we obtain

Ry +Ry = 2V2cdK,N - -(29)

Substituting (28) into (29) we have
(R] + R2),2
= — ’ (30)
max 16A <:,K2

also, we know that to make Q = Qmox' we must have that

' 2
R]R2 (R] + R2)

4)\E|<2 _= jéAEKZ
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| TR, +RZ = ARR.-
Ry R = ARR,
. 2 ,
®&) = R)" = 0
R =_-;R S @

- We conclude fhaf for maxlmum capacnfy fhat the aperture ratios’ are equal
Flnally, from (3]) cmd (30), we fmd thaf

R.|2
Q = - 32)
max 4AcK ( )
_ 2
g. The hologram data packing density, p,\ is determined from Figure 2~3 as
e N |
==
By combining (25) and (29), we determine -
R]' |
= 33
%1 %)

We summarize the system equations derived for the two lens imaging system in
Table 2-1. |

2.2.3 Optical System Comparisons Utilizing Present Devices. - We have ‘derived

sets of equations (see Table 2-1) to describe the parameter relationships of the two optic
systems. Each parameter has certain physic':al- constraints which must be considered for a
practical design. We will consider examples utilizing the present BDC, hologrcm'array
and PDA designs of the present. test=bed system and the lenses required for optimizing the
system. Two configurations are considered for each of the two optic systems, a direct
magnification of minus one and the use of an auxnlhcry lens to convert a magnification of

minus infinity to a system magnification of mmus one.
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- We first consider a single

lens imaging configuration with a magnification of minus infinity. We add an auxiliary

lens iden’rical in design to the transform lens to provide a system 'mcgnificcfion of minus one. -

a.

“where )\ =

The dafa bit storage dens:fy is limited by the hol09ram sforage material .- A - -

density of p2 <2. 25 X 10 blfs/cm2 is prachcal for fhermoplashcs

that,

V p <150 bits/| mm .
for the single lens imaging system

R

":4 ZA

K4 '. 4 J-——A
wcvelength 'inbprh ’

R <.846 x 10°A

_ fot; A = .6471 pm, kryr;fdﬁ Ifrie
R<.55 N
. for A = .6328 um, He-Ne line
 R<.54 |
for A =

.488 pm, argon line
R <.42

If we examine the equation for Q

< 150 blfs/mm |

-We require

16 A cK

max

RZ l M
T-M

I , we observe that

R should be as large as practical to maximize Q.

We conclude that a lens aperture ratio of R = .5 satisfies the storage density

equation for the krypton and He=Ne lines but may be borderline for the argon

line.
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The focal length of the lens, with R now fixed, Will be determined by the width

. of the block data composer, Necd, and the magmfncahon of fhe single Iens con-

Fgurahon M The block data composer de5|gned for the present test-bed is

32.5 mm wude . We select a single lens mcgmflc_ahon of M =-w. The photo- '

- detector array layout is identical to the block data composer, i.e., N=N',

d= d', andc = c' - We 'image' the BDC'onr'o Athé PDA through a sysfem hagrﬁfl;co- "

~tion of one. A system magmf'cohon ofM ==1is obfamed as revnousl nofed
Y S P! Y

" by oddmg a second |denf|co| lens

The lens power is given by

2/_ch

. LefR— 5

Ned = | 32.5 mm width BDC
5 A
2V2 x 32.5 mm

“lens power -

184 mm

Also, we determine the lens diameter from

p=2R
K
D = .5x 184 mm

92 mm diameter lens

We next calculate the hologram diameter, d, which is inversely proportional to

the input data bit spaéing; cd. We select N at this time having fixed the block

_ data composer widﬂ'\‘, Ncd, in the previous step. The present system is designed

for N =128, therefore, the data bit spacing is:
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- 32.5mm -
128
.254 mm

cd =

We are now free to choose the bit spacing ratio, c.

have selected ¢ = 1.5, therefore d = .169_m’m.

We now éalculate the holpgrqir.n diqmefe'r"from,

S 2
d =

Let A= .6328m

K= 1/184mm
S 2x.6328x 100 x 184x 1070
S 254x 1070 |

915 mm -

We now choose the hologram spacing ratio, <.

u RADIATION

For the present BDC we

In the present system we have

selected ¢ = 1.64 which provides a hologram spacing, cd, of 1.5 mm.

The system capacity can now be determined and is calculated from

=R2}M!

MAX - 16ATK | 1-M
LetR = .5
A= .6328 ym
c=1.64 |
M= =0
Q - = 2.76x 107 bits

max
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f. We calculate the holograrms réquired per row to obtain the system capacity from,
N =9
_ 2.76x107
128
:;f 20.8
We let N = 20 the next lowest integer which Wi'l_l.éli:ghfly modlfy the muxfmum
cqpacif.y calculated in step e. ) ' |

20 x 128

Q

It

2.56 x 10° bits
and the fo'fql‘:'fw‘o dimensional system ccpacify is,

2

Q% = 6.55x 107 bits

Two Lens Case, m = -T. -'We consider next a double Ighs imaging configurafi.on with

a direct magnification of minus one .
"a. The data bit storage density is limited by the hologram storage material as in the
previous case but the system cannot support as large:an aperture ratio for the -

transform I_ens. We require tHe hologram density, p, to be
P <150 bits/mm -
The relati onshfp for the two lens case is

R o
p=_1 .

2vV2 A

where A = wavelength in ym. -

< 423 % 10°)

Ry
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\‘ v'fc}:r A= 6471 pm, the krypfon Ime we F'nd

R.]’- 274

for A = ..6328‘ pm} the He-Ne line, we find

R, <.266.

R

for A = .488 pm, the argonlme, \_/Ne‘ find

,R'I < .2]
 We examine the equation for Q = R]R2/4 AcKy and observe that R1 éhould be ds
large as practical to maximize Q. ~We therefore select the lens aperfure raflo,

_ Rl = .25 as. sah sfymg fhe Krypfon cnd He-Ne wavelength relcmonshlp

. The focal Iengfh of fhe trcmsform fens, with Ry selected, is now determmed by
the size of fhe block dctcn composer . ' ‘

= ) R]
1 .. \/é Ned

Ry = .25 and a block datqcorﬁposer width, Ned, of 32.5 mm, we find

¢

_ .25
] V232.5mm

1
= lens power

184 mm

K

also, we determine the lens diameter from

R

D, = =
1

=,.25x 184

= 46 mm diameter lens

2-19
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" ¢.' .The hologram diomefer , d, is calculated next. The solution is identical to the
_single lens case . Therefore, an identical calculahon for fhe rwo lens sysfem

yields for fhe mpuf data bit spacing, cd, and the hologram drameter d

‘ed = .254 mm

d- *.'9_]5 mm

. d. __.We new:select f‘he hologramspacmgroho, E,WhICh mfhepresenf sysf_eip- ie‘.‘_:%_,»_.:r-
- DV E | |

e.. Fo;' the two lens ifnagieg ‘con.figuraﬁAOn. _fhe second Ieﬁs di"orhefer is also :_a fec;er

in determining the system edpacify'. The ratio of the ‘Iens power is determined by A

- the system magnification desired.” For the present system we calculate, - |

=1 mm lens power

92

f. The sysfem copocny can now be determmed We maxlmlze Q by choosmg fhe

Iargesf pracfucal lens aperture ratio for R2

R.R,

Q=-12—
4rcky
let R.| =.25
Ry = .5

A = .6328 ym
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o= 1.64
Q = 2.76 x 10° bits

' g. We calculate the_ holograms ré;jufred per row to obfain the system capacity from,

N

B &
128
= 20.8

_ - , -
We let N = 20 the next lowest integer which decreases the system capacity

- slightly from the maximum calculated in Step f. For system ccpoéify_we now have '

. Q = 20x 128

= 2,56 x ]:03"bits
- and the total two~dimensional system capacity is, -

Q2 = 6.55 x 10° bits

Two~Lens Case, M = -, With Third Lens for Mg = =1. = Asimilar special case

exists for the two-lens system where the two-lens magnification is designed to be minus
infinity, M = -, and a third auxiliary lens is used to produce an overall system magnifi-
cation of minus one, Ms = ~1. The calculations are identical to the M = =1 case except

for the second lens parameters and the system capacity calculation which now become’

M-1
Ky=1—wm"1K5
let M = -
K2=K]

Va)
N
]
R
o
2
3
£
o

2-21.
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_ We set the system ccpac:fy udenhcal to the previous calculaflon, i.e., Q 2.76 x
10° bnfs, by preservmg the ratio R2/K in the calculuhon ‘ '
RiR,, '

Q _ ] 2.
4)\<':|<2
In the prevnous calculation R2 = .5 and K 1/92 mm, now K 1/184 mm s0 we |
let R, = 25 'The second lens now becomes ldenhcal to the Flrsf Iens chlly, a thlrd

2

'udenhcal Iens is requured to convert the M = Ze of fhe ﬁrsf pair to a M = =1 for fhe system

The three. lenses are, fherefore, |denhcc|| a Iens design odvantage.-

- We note fhut selecflng R2 to be .5 doubles the system capacity. This soluflon is not

compahble as. it requures an mcreose in the hologram array width fo match fhe larger Iens

'dnomefer, 2, along wufh an lncreose in fhe sugnal beam deflechon angles.

Smge Lens Case, M=-1. We can carry out a system des:gn for fhe one-lens con-

flgurahon using a magmﬂcchon of M= -] which would require the use of only one lens..

For M = =1 we must satisfy Ned = Necd
be 1/2 of fhe BDC size. The colculohon shows the lens has a focal Iength of 368 mm and a

- M
M | therefore, the hologram array size would

hologromdlamerer, d of 1.83 mm. The presenf hologram array |sdesugnedw|fh acd of] Smm,

_If we desire to remain compatible withthis array, c must be <1 mm. ‘Therefore, the single

lens conflgurahon does not have a compaflble solution for the presenf test-bed system devnces

Summa We have consndered four confl urahons for ano hcal system Ufl'lZln
ry. g P 4 g

the present test-bed. devices. We summarize fhe resulfs below.

‘ For the parameters

p; 150 bits/mm ) }
¢ =c¢'=15. L Ned = N'e'd' = 32.5mm
d = d'= 169 mm
N = N'-128 )
= 1.64 ]
d = 915 mm L Ncd = 30 mm
N = 20 . o
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Q2 =‘:_<S'."515.x.106 bifs
M o=-1 .
s ,

The following lenses are required:

2-23

~ The three acceptable system designs are‘_shownﬂin Figure 2-5. - The second ﬁyétem :

- requires smaller diaméter lenses with half the system length. The lens pair is nbt'lidieﬁt"icv:c}zl but
- we expect the designing and fabricating of two small lenses is less difficult than a single lens
of twice the diameter. The third system vrec.pires three identical lenses of the smaller

" diometer.

2,2.4 108 System Capacify; Two Imqgi'ng Lens Design. - We developed several sets

of lenses and device parameters for a two-imaging lens system design with a system capacity,
Q" of 107, We anticipate from the following Gaussian optics design that a large lens system
will be required. The previous section derives the basic equations which are referred to in

the following calculations,

+a. Size of the hologram array. The data packing density is given by

R
PE= @4
R. £ 2V2Ap (35)

First Lens Second Lens Third Lens
System M MS. Transform " Imaging Imaging
Single Lens =1 -1 - Spluri'onfnof. . L= —_— -
- | Compatible -
‘SingleLens | - | =1 |- FL=184mm | FL=184mm | -
' | Diam. =92 mm Diam. = 92 mm ' .
Doble Lens | -1 | =1 | FL=184mm | FL=92mm -
‘ Diam. = 46 mm Diam. = 46 mm
Double Lens —o | -1 FL'= 184 mm _ FL=184mm | FL= 184 mm
Diam. =46 mm | Diom. =46 mm Diam. = 46 mm
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The system capacity, Q, is given by

Ry v I | B
ARy | |
2 4QAc ‘ ' o '
e = - - | - @)
& "R | | ;

" The hologram array wndth,ﬁc-:a . |sg|ven by i

.. Dy T e e
Ned = 7% - o e

2
Combining (35), (37), @nd (39) we obtain

Ned = X | 3 | “0)
P . |

The one-dimensional sstem capacity, Q, has been chosen as 104 bits, the

" maximum data paéking density, p, is 150 bits/mm and the hologram spacing

ratio ¢, will be approximately 1.5, we then find : o

-A]O4x 1.5

150 x 10'3

Ned =

Ned = 100 mm

Bits/Row in the block data composer. The hologram size, d is defined by

- 2 '
d = ch] : (4])
K = 2A : o , (42)

1 cdd
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The block data composer width, Ned, is given by =

“y

S D-] S S I
R, ,
" Ned —\/—K
-Combmlng (34), (4]), and (43) we hcwe |
. ' Ned = pcdd o . »;'(1}1.»5) .

' We no're fhaf selechon of the hologram size will now defermme fhe blfs/row
- in the bfock data composer.. We select d to be approxlmately .5t0 1 mm, a

. reasonable size for reconstruction. We select d to be .96 mm and obtam .

-3

N = 150 x 10° x .96 x 10
N = 144 . |

Bits/Row in the hologram array. We determine N from the system capacity and

~ the bits/row in the BDCand select the next highest integer.

g :
N.

10*
=4

R - wn

N =70
Lens parameters. From (35), assuming A = .5145 ym, we de’renﬁine

R, £2V2x .5145 x 107 x 150 x 103‘

el
A
)
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- Redrranging (38), we obtain
SR ey
“and we find
‘D‘2._= \/_IOOmm
= 141 mm
ulsé’
_ R2 - . : B
-,—=\/—ch@,.._. | | - S 49)
K B | |
2 | - |
R, .
K—z—_ = 141 mm

We can now select constant ratios of R2 and K2, i.e.,

.R2 = .5'for -K2. = 1/282 mm
R2 = .25 FOI’ K2=]/564mm .
R2 = ,125 for K2 = 1/1128 mm

We consider an R, equal to or smaller than .5, for lens design convenience and

2
a K2 equal to or larger than 1/1128 mm, for convenience in physical system length,

- The ratio of the power of the two lenses is given as

Ky

e -
5 [
Combining (44) and (50) we obtain
R
M -
Ned = l (51
J— 2K, )
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) We can now select a sysfem mogmflcaflon M to sohsfy M = c'd '/cd We fable .

| severol combmahons of paramefers determined by (49), (50) and (5])

D2.=A]4] mm | | .]' o
o set* | Ro ]/K2'mm M : 'Ms . l_/K]'m_m‘ D;I;mm"‘ chmm
| e 282 - Tla | i 282 | 56.4 - 40
25 | se4 | le -1 lensreqd | 564 1128 80
o |2 | 75 | -e| -ipyen, | 705 | 141.0 | 100
q25 | M8 | -w | o-1Kg=K, | 128 | 2256 160
b |5 | 282 | -1 | -1 564» n2.8 80
25 | s | -l | - s | 2256 | 160
:5 22 | -1/4] -1/4 S | 22,0 | 157

- * We complete the design by selecting several sefs of systems ’asiFOI.l'oWs_':. ‘

‘a, The smallest BDC is required by the following 3-lens system:

Q = 104
N = 144
N = 70 | _
‘ N'E& = 100 mm, d = A.96 mm, E = 1.5
Ned = 40mm, d = .185mm, ¢ = 1.5
M=

Lens 1; 56.4 mm diam. , 282 mm f.1.
Lens 2 and 3; 141 mm diam., 282 mm f.1.
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. b, -The smallest BDC for a 2-lens design is:

Q= 10t
N = 144
N = 70

Ned = 100mm, d = .96mm, & = 1.5
" Ned =.80mm, d = .37 mm, c = 1.5
M o= =1 ©
S
“Lens 1; 112, 8mm dlcm ., 564 mmf 1.

Lens 2 141 mm diam., 282 mm f. 1.

c. The design with three identical lenses is:

=10t
N = 144
N =70
Ned = 100mm, d = .9 mm, c = 1.5
Ned = 100mm, d = .46 mm, c = 1.5
M o=-1 |

Lens 1, 2, 3; 141 mm diam., 705 mm f.1.

A

2.2.5 Gaussian Design Conclusion. - Some basnc relahonshlps between system

capacity and Gaussian properties of the frunsform opflcs were derived in the preceding
sections for one- and two-lens systems. These relahonshlps were then used to produce .
Gaussian layouts for 6.55 x 10‘S and ]08 bit capacity systems. While fhesev 'Iayoufs pro=-
\;ide comparative examples of size and complexity, they cannot be interpreted literally.
The disposition and powers of the components are not free parameters, but have restrictions
arising out of considerations of system capacity, mechanical considerations, and the

requirement that the lens diameters must not be too great compared to focal length.
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i praEtice,. fhree imporfanr classes of. considerations nrevail‘ A- S

ol As before, fhe sysfem capacrty should be maxnmlzed (or nearly so) and. thls
produces relationships concemmg various parameters of the block data’ composer
(BDCY), hologram array (HA), and photodetector array (PDA) and- involving the

: focal Iengfh and effechve F-number of the optics; -

2. The posmon and size of fhe ophcal elemenfs must be such that they do nof
: lnferfere with or obstruct the operahon of the system as a whole, of parhcular

significance being the maintenance of a suffrmenrrcl.earance before the HA to

~allow entry of the reference beam;

3. Any bit shlffmg that occurs on readout is directly affrlbufable to the aberrahons '
" of the optics, so that these aberrations must be kept suffucnenfly small fhaf the

' resulfmg blr shlff does not glve rise fo error.

When these three cons:derahons are comblned we found fhaf the thlrd item'can only
be satisfied if the freedom to defem'nne the number of componenfs and duspose of them on

purely Gaussian grou_nds is largely sacrificed. As discussed below, the stringency of the

aberrational requirements demands the iincorporation of at least one component of negative

power, and also strongly influences the relative positions of the positive elements;

The way in which theoptical aberrations give rise to bit shifting on readout is as
follows. Of course, fhe BDC is never direefly imaged onto the PDA; the page is recorded
in hologram form at fhe HA, and, subsequenfly, reconstructed at the PDA by a reference ‘

beam inc ident on the appropnafe hologram. l'bwever, if we assume that the holographlc

reconstruction process is perfect, then the aberrations of the reconstructed i image at the

PDA are simply those that would have been obtained if the BDC had been imaged directly

onto the PDA with the appropriate hologram replaced by a small aperture stop of the same
size and position. Figure 2~6 shows the on-axis bit being imaged via a near-axial holo-

gram and an edge hologram. The opflcal system is assumed to have zero aberrahon, and

the position of the reconstructed bit is independent of which hologram has been used (or

which small aperture stop has been used, as far as the optical design problem is concerned) .
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b) Spherical Aberrations Causing Bit Shift

Figure 2-6. Simple Bit Shifting
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If l'hlS is true for all possible hologram posmons, fhen we see ’rhaf replacmg the

whole HA by a smgle large centered aperture sfop at the same locahon and of the same

" diameter, ‘would result in a pomf at the BDC bemg geometrlcally lmaged perfecfly asa
point at the PDA. If this condmon of perfecf geomefrrc point lmagery does not prevanl: |
for the whole aperture, then bit shlfhng occurs to a greater or less degree,- as shown in

. Figure 2-6b, Here, undercorrecfed sphencal aberrahons has produced fhe shlff This -
change of emphasis from fhe consrderaflon of a small decentered sfop in one of many
posmons to the conuderahon of a large cenfered sfop is of great use in \ the ophcal desugn .
process, and allows us to formulate the aberrahonal requnremenfs of the ophcal system .

' from this vuewpomt

For zero bit shlff we require perl"ecfly sflgmatlc lmagery over the whole PDA plane, |
with zero d:sfomon. So that all fhe llghf from every poslble hologram posmon reaches
the PDA we’ requure zero vngnetfmg So that every hologram receives the supenmposed
llghf from every bit of the BDC we requrre thaf the first' parr of the opflcal sysfem (befween
the BDC and HA) has well-correcfed pupil aberrahons, and that it satisfies the Ophcal
Sine Condition.* The last of these three requrremenfs is considerably relaxed |f we use a

- diffuser-type illumination behind the BDC, but, of course, the diffuser wasfes a huge pro-

portion of the available llght Also, if we can deliberately mfroduce specﬁled amounts
of certain aberrahons into the illumination sysrem, then we can produce an overall balance

of aberration over the combined system which acts to somewhat relax this last condition.

In practice, of course, we can tolerate some slight bit shifting, and some sl ight
noncomcudence of beamlets from all bits for each hologram (vignetting tolerance is effec-
tively nil, however). Calculations of these permlslble tolerances have recently been made.
Their magnitudes depend, of course, on the various system parameters, but the aberroflonal

specification of the opfical system remains very tight indeed.. In other applications where

*

A restricted form of the Optical Siné Condition merely requires that the height of any
ray at the hologram plane be proportional to the sine of the angle that the same ray makes
with the axis as it leaves the axial point of the BDC.
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~ a fixed high sfqndafd of performance over the field is required, there is rarely an insistence

on zero vignetting, and the designer generally uses vignetting fo,hi$ _cd'vantdge. to feduée ‘.
_the'_effecfsv.of' extra-axial 'qberrafions - this is possible,bec'ausé' Vigne’ffing ,ordih’urii'y i.r:riipli(;s
rherelly loss of light and not loss of ihforfnafioh'.v The third consideration of well-corrected -

pupil aberrations irriposes an-additional burden on the optical design.
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~ of the 6,55 x 106 bit memory system. The 5eoﬁ'on‘ following then reviews the .25 x 10
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2.3 Controlled Aberrohon Lens Deslgn

. We carrled out a confro“ed cberrahon deslgn of the 5|gnal pafh lllummohon and B

" transform ophcs for the 6. 55 x 10 bit memory and the .25 x 'IO bit memory. The

6.55 x 'IO bit’ memory sysfem designed using a-128 x 128 element BDC and a 20 x 20
hologrom array was carried out to galn experlence W|fh the design technlques cmd pro- -
grams and was not fully tool des:gned The 25 x 10  bit memory system design using a

128 x 128 element BDC and a 40 x 40 hologrom array was completed mcludmg i'oollng and ‘

‘tolerancmgo “ The maximum bit shift for an edge bit in the zonal hologram was 1/10 of

the bit spacing at the PDA,

The following general description of the lens design proc‘edure uses the parameters
' 8

design.

~ 2.3.1 Lens Design:Prooeduré.' ~ First, .the, physical details of the hardware dimensions
are required to determ_ine‘focal lengths, field onglos, obie.cf"'sAiz.es‘ a.od image sizes. The
apprdxi'mdfe calculations of the values for the three independent lens abél;mtiohs'(Petzval
field curvature, chromatic variation of focal plane, and chromatic variation of r"na.gnifi‘-
cation) are made for an assumed singlet construction. On this basis, a decision is made

regarding a suitable number of components for the design (a compohenf being here defined

“as one or more thin elements in effective contact). Initially, a choice between one or

more components is made. If the choice is two or more lenses, then use is made of the
principles of multilens Gaussian design published by Hopkms to establish prehmmary desngns
for various arrangements of focal lengths and separations. The solutions with the best
aperture ratios and best possibility of aberrational correction are selected to be progreésed.

in parallel. This completes the Gaussian design.
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A decision is then made regarding the number of elements in each component . This
follows ’rhe procedures for establishing trlal curvcfure oF singlet~ and two- componenfs desngn
published by Hopkins and Roo,2 together with the lens designer's experience in using the
‘aperture ratios of the componenfs. A cemented doublet is normally preferred to an air-
paced doublet in"view of easier mounting and alignment. Target values of spherical
,aberrahon central coma and Ionglfudlnal ‘chromatic aberration are selected for each
~ component whlch when combined, “will produce fhe requ:red correction. These _rargef.-
values are obtained by a varlefy of techniques, including curvature and glass-type
'selectic‘on. The system lenses cre'th_eﬁ th'ickened', suifdble axial thicknesses con.siétent"
~with- the diameters of the elements are inserted, and the curvatures appropriately quifi'ed
to restore the Gaussian properties of the system.r This completes the pfivmary aberratior'n‘

design.

Finite rays are now traced fhrough the system and the effect of higher—order aberra-__

tions become apparent. These are balanced out by alfermg the prlmcry aberrahons via

thick-lens curvature modlﬂcahons., '

When an adequate modified Gaussian design has been selected an avtomatic design
program can then be efficiently employed. Computer programs have been used at earlier
stages, but require manual guidance based upon the lens designér's experience to steer the

design into a form offering the best possibilities.

‘The automatic design program used is POSD (a University of Rochester program);
POSD is an acronym for Program for Opfical System Design. It uses a damped least squa'res
optimization procedure to minimize the weighted sum of squares of various selected image
defects. Neither wave nor transverse ray aberrations are explicitly included in the choice
of image défects, although various functions of.ray aberrations are available. These include
odd and even parts of ray aberrotion,. fractional distortion, and coefficients of a ray aberra-

tion polynomial. A list of these constructional parameters which can be treated as variables
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is given with the datd and these'may be weighted (that is sensitive variables may be heavily

weighted to prevent violent sysfem changes during optimization). The program contains some

. mechanism for the control of boundary condlhons in order to prevenf Thegative’ rhlcknesses,

etc., but in'parctice this part of the program does not always work satisfactorily, and fre-

quent manuol intervention is necessary. Also, it is not possible to confrol pupil aberrations

- which are relevon’r in thls opphcuhon as noted in the second qucirterly report.

POSD is procedure-orleni‘ed 5O. that input and output appear alternately in a prmi‘out

-The system is loaded into memory by the call LTM and each further co|| initiates some

' specnf:c clchon, thus, FFT causes finite rays to be fraced SPT causes geomefrlc spot dlograms ‘

to be output, FPR causes the "fifth-order" ray aberration polynomial coefficients to be

evaluated AUT causes the automatic design ophmlzahon procedure to be tnggered etc.

2 3.2 Optics R%ured - The optics required can convenlently be d|V|ded into

three parts, namely the deflection optics which prowde the block data composer (8DC)

with a set of Full—aperture beams over a range of d:screte directions, each direction

‘corresponding to a different hologram, the BDC: HA ophcs which focuses each of fhese o

- beams onto a different position in the hologram array (HA), these being source’ images, and

the HA:PDA optics which arranges that the diverging beam from each hologram into a
full-aperture beam at the photodetector,array (PDA), the direc’tion being different. for each
hologram. Each of these three parts is a two=conjugate sysfem .‘ In terms of the other set-of -
con|ugc|tes the deflection optics focuses onto the BDC, the diverging beam which is arranged
(by the BDC:HA optics) to pass through the full aperture.of the HA, these beams forming a
set of discrete directions, one for each bit, and then the HA:PDA ophcs focuses each of

these beams onto the PDA, forming a reconstructed bit pattern image of the . BDC.

" The two conjugate 'sets are identifiable as source imagery and bit imagery, respecfively.
For either type of imagery the other corresponds to pupil imagery. It is for this reason that

pupil aberrations must be considered at every stage of the design.
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2 3 3 LA BDC Ophcs. - Here each source produced by an element of a lenslet array

(LA must be converfed into a near- colllmafed full aperafure beam l”umlnahng the BDC from
a direction dependenf upon the lensler posmon in the array Each source is ulhmately
|maged onto its conlugate hologramat the HA. The current system shown in Flgure 2~ 7
employs a cemented doublet and singlet as the first component and a. cemented doublet as j
the second component. Thls part of the opflcs plays two’ parts, lfs flrst fask is to ensure tha'r '
the. Ilght from each lenslet fully |||um|nates the BDC W|thouf vngnethng. This ||lum|nahng
beam must be near colllmahon in order to reduce the overall angular range of |||ummahon
at the BDC, however, there is no strict collimation requirement, The cone of ||ghf from -
each lenslet is drranged to be oversize so that a slight degree of nor_ninaI vignetting will

still Iea\}efhe BDC fully illuminated. The second task of this optics is to provide the first
stage of the |magery of the lenslet sources onto the HA. In fhls source |magery, “the BDC
acts as the aperture sfop and the entrance pup|| is at mfmlfy. There is also an aberrahonal

requurement for thls pupil i ‘imagery (whlch is also bit lmagery)

The current system data for this parf of the optics is shown in Flgure 2-1a and the
parameters are given in Table 2-2, Commenfs on performance and. construchon are glven in

Paragraph 2.3.6.

2.3.4 BDC:HA Optics. = Aberrational considerations for this part of the ophcs and

| rhe HA:PDA optics were discussed in the second quarterly report, 3 and the form of the
initial design was shown. The BDC:HA optics has the source (or hologram) imagery task of
completiné‘ the imagery of the LA sources onto the HA, and the bit imagery task of perform-
| ing the first stage of imaging the BDC onto the I"-DA with the HA as the plane of the aperture
stop. Further investigation of the initial design revealed that the source imagery at the HA
was not adequate. Ideally, each source should be imaged at exactly the same point in the
HA; in practice, some noncoincidence is permitted. Changes in the BDC:HA optics were
found to be necessary to improve the HA imagery. The current system comprises a thick
negative singlet followed by two positive cemented doublets is shown in Figure 2-7b and

the parameters are given in Table 2-3,
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A. LA:; BDC OPTICS

=

LA

B. BDC: HA OPTICS

80C o= ' ' \- o e

\ ) \ C. HA: PDA OPTICS

HA

Figure 2=7. Optical System Design, 6.6 x 106- Bit Memory

PDA



'}Adzp |

RADIATION

T

9607.07

131622

- =806.146 -

241.163

993.720

81.6506.

72,9501

491.884

LA source plane to first surface distance

r
- d
t

T
il

2-39

4 DIVISION OF HARRIS INTERTYPE CORPORATION

* TABLE 2-2, POST-LA DEFLECTOR OPTICS - -

4
- 66.1
' 66;i'

‘l-~§6;8~
;v68.4t'

70.6

70.4

68.6

65.6

. -1
lens curvature in mm

index of refraction

t

7.0

13177

6.0

260.380

7.0

23.911

working diameter of surface in mm

lens spacing or thickness in mm

Air

H

1.79882

Air .

1.86305

N

(
1.61200 |

1.61200 |

40,033 mm
Last surface to BDC plane distance = 29.704 mm

o
. 1.65653 |
' .

.

Ist doublet, f14.7

singlet, F7.5°

2nd doublet, £2.3
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TABLE 2-3.- BDC:HA OPTICS

roL od t
-86.498  46.5
. $27.123
74.85% . 53.8 o
S s
122317 67 T
'  -7;0>
86.804 68.5
I 22.835
-106.081 21
. 137.714
| 698.749 ©103.9 o
L 7.0
221152 104.3
| 21.932
-166.808 105.4 ‘

BDC plane to first surface distance = 3.945 mm

. .

1.51032

Air.

1.70255 |

1.46773

‘Air

1.65653

1.52002

Last 's_urft.:ce-fo HA plane distance .= 240.467 mm

lens curvature in mm 1

d = working diameter of surface in mm
t = lens spacing or thickness in mm

. index of refraction

B
n

'firsf component, f 1 6

second component, f 1.9

N P

‘third component, f 2.5
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2.3.5 HA: PDA Optics. = The desugn configuration of the HA:PDA ophcs was s also

modlfled (via POSD) fo recorrect the PDA lmogery, this porf of the’ ophcs inherits a large
amounf of aberrohon (wnth respect to the bit imagery) from the BDC HA sysfem. 'The cutrent
system consists of two doublets followed by a smglet as shown in Flgure 2-7c and the lens -

parameters are given in Tuble 2-4,

12.3.6 . Comments on Perforrrtia:héé," Construction a'nd' Next Steps. - If fhe enhre ophcol

system foIIOWmQ fhe Iens array, LAis taken together (as in Flgure 2-7), the rays are traced

| from an object at infinity and entrance pupil at the LA source plane, and with the aperture
stop at the HA, then each object space field angle is equivalent to a differ_e_ht bit'posfﬁon
when the aberrations of the pbst LA deflector optics are small, and choosing different
pomts in the aperture corresponds to dlfferent holograms in the array. ‘Even when the first
system aberrations are not small any chosen ray (in terms of its posmon in the aperture and
field) may be ldenhfled with a certain bit and a certain. hologrom by its mtersechon WIth

the BDC plcne and LA source plane. If traced fhrough to the PDA, its posmon, ‘relative to .
the Goussuan image position of the bit with which it is Identifled, reveals the amount of bit

- shift associated with this bit=hologram pair upon reconsfruchon. The blt shift is the transverse

ray aberration. -

.

2.3.7 .Design .25 x 108 Optics. - The physical parameters for several .25 x 10
bit cdpéify optics system design are given in Table 2-5. We have selected the design which
incorporaté; the 128 x 128 bit BDC and the 40 x 40 hologram arrays. This is the largest bit
size BDC we exped’ to be available in the next few years and the hologram array is a size
which can be conveniently fabricated. The Gaussian optics system using simple lenses .will

be three times the focal length of the basic lens or .95 meters long with a lens diameter of
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-75;036';
i32é;625 ;

59137
-81.526,,

-494.805

-37.787

143.678

 72f4'
72.0
.-64.3
- . 63.4

- 58.7

45.6

50.5

HA plane to first surface

Last surface to PDA plane

r

d
t
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=
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lens curvature in mm
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18.000
15.103
31.192

1 12.324

81.737 mm .

4,968 mm

working diameter of surface in mm

lens spacing or thickness in mm

1.52002
| 1 ._65{)53'
A
1.46773

1.70255

Air

1.51032

| TABLE 2-4. HA:PDA OPTICS .

~

$

Firéf compoﬁent,'f_4.2 '

second component, f 2.3

third component, 1.3
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111 millimeters. The controlled aberration lens design using multielement distributed lens -

is larger than the Gaussian desugn. The system |s 1.57 meters |ong with a maxnmum Iens

duameter of 140 mm. .

We sifted through about 50 ||ke|y three=lens soluhons (for fhe basic symmefry—umt
of the complete system) and did mmal aberration calculations on all of these to ensure
that fhe ones we chose for further. achon had low primary aberrations per component as

well as reasonable f/#s, spacnngs, dlamefers, efc., This was important as we intended to

' make full use of symmetry in the system’ (such that the whole LA:PDA system wull comprlse

‘three times the basic unit) in order to minimize manufacturing and mounting costs.

The current system represents a careful compromise between mechanical and optical

- considerations (i.e., the system is as shorf as practical), and fhere is no doubt fhaf .

attempting to make sngmﬁcanf dlmen5|ona| reductions would have fhe effect of reducmg
system symmefrry, as well as the more obvious consequences of-mcreasmg fhe numb_er and
complexity of fhe components, requiring more exotic glass types, dnd increasing the
difficulty of the desugn. o B | o '

Desugn Approach The desngn approach is to use a bas:c Gaussian desngn whuch can

be used in a symmefrlcal approach to reduce or cancel the aberrahons of a 3-unit symmet-

rical approach where the optics subsysfems A, B,C, Flgure 2-8, are ldenhcal

As far as bit imagery is concerned (BDC:PDA), the primary.aberrations of system

(B + A) are related to those of System A above as follows:

‘S'ph.‘-abr. Sy = 281),

coma S11 = zero

Astig. S111 = 2(5111)A A, | o (525'
Petz, fld. curv. Siv = 2(SiV)A

Distn. o ‘ Svl = zero
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BASIC UNIT [

LA - — 8DC — HA | " pDA

~— — HOLOGRAM IMAGERY -
BIT IMAGERY

Figure 2-8. Three Unit Symmetrical Optical System
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The zeros of the odd aberrohons arise because oF symmefry about fhe sfop (at the .
HAj, Thus, fo make all the prlmary aberrations for blt imagery small, one only needs to
.' design the basnc unit A with small values of (S])A, (S”])A’ (Siv)A’
Now as far as hologrom imagery is concerned (LA:HA), the primary oberrafli'o_ri\ of

system (C + B) are related to those of system C in the same way as above; that is:

S;oo=26) .

SroTEIe

' S1 "=_. zero

5‘”]’.=2(5”])C - '- - : o | . , .(5..3)
Siv =2.(Siv)c

S —;zero‘

v

Because of the symfneﬁy, the LA is to sstem C (in respecf of disfonoes and ori’ento-'
tion of opffcs) exactly as the HA is to sysfem A. That is, the aberrations of LA imaged
“through C are those of HA (as ob|ec'r) imaged through A, Thus, the aberrations of LA
|moged fhrough C are simply the pupnl aberration of system A. Thus,

S S

Sy1) - = (5;
(_”)C (”)A

-<f54> |

S = (S
G =8y,
8 =6,

So thot good hologram imagery is obtained by keeping (S, ) ’ (S]”) , (S )A small,
with 5” and §,, cancellmg to produce zeros. ' This follows from (53) and (54)

Now primary pupnl aberrations are not independent of regular primary aberrations
(except for Sy, Sy) even for a general system . And if, in particular, we arrange that for

system A the bit-imagery object is at « and the hologram-imagery image is at « (both
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desirable in that rdy.qngles of BDC and HA are reduced and the LA lenslets work on axis)

then, in our case, this gives -

Sy - s;)A- = '1§¢.sx
’.(5111 - SN zero
(Siv. - SIV)A ; = zero B
| (SQ;SII)A 5 - ,'100.5x‘"}: SO

and (S YA, (S' are independent .

This implies tht making (S ”])A’ (S ) near-zero to 'contr6| bit—fmogery automat-

V'A

ically ensures the correction of the hologrclm—lmagery aberrahons (&3

HIA

for good bit and hologram lmagery for the comp|efe optics, one need only con’rrol '

-(SSS

1S ll]’siv)A |
and the remcnmng.é oberrahons (S”, S”, S]”, S. "'Sv’ Sv) will be aufomqfica!ly
deal’rwufh '

The correct functioning of this theory in the practical lens design case depends on
keeping low the higher-order aberrations, since they do not conform to this theory - the
theory is for primary aberrations only. One must, therefore, ensure that the design is

primary-aberration dominated.

Given this state of affairs, this approach relieves the designer of the task of
attempting simultaneously to control all of the pupil and regular aberrations - a job
requiring a special set of computer programs to be handled successfully (if a successful

solution is obtainable by this route).

In the current design we are forcing the system to be primary-aberration dominated
by ensuring that angles of incidence and ray deviations are kept small throughout the
system. The price paid for this is the probable adding of an extra couple of elements
per unit (i.e., the system A) but this is more than compensated for By, a) saving on

special programs, b) permitting more reliable "next step" forecasting of difficulties and

(s, ') Thus,
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state of the design” asséss_ménfs, and c) almosftcertainly leading to a "tolerant" final
design in respect of prodUcﬁpnverro_rs. - |

The reducfioﬁ of hol'ogram'op_tiC'abefrafions demands fhdt»S]'], S_]:]', SV, Sv’ )
a_l'rhough finally exactly'ccncelling‘ to zero, should not be too Idrge'in. System A, other-
wise fhey will mduce noncancelling hologram optic aberrations. This poses cerfain '.
difficulties. For example, (52) |mp||es that SH and S cannot be snmulfqneously small.
Here, the way ouf is that 1 percent dlstorhon = 156A. of S ond so a qunte small amount
of pincushion distortion will aliow S” to be reduced - unfortunafely the "natural" dis-
tortion for the system A is broad and 50 a problem is encountered. This pcrhcular one is

now mosfly resolved.

The _S] pro_bﬁlem has been solved by changing the power balance and allowing Siv
to rise somewhat; "S‘iv':is now around the maximum acceptable level - about equivalent

(in syste'fn A) to a single component of focal length of 1 2 meters.

Non-Tool Fitted D’esi.gn

We mclude below details of the monochromahc non-fool fmed design for a-128 x-

128 bit BDC and a 40 x 40 hologrom array.

This details the optics between fhe lenslet array focal plane and the photodétector
array . The design described is for the wavelength 514.5 nm prior to fitting the curvatures
to a manufacturer's tool list. The glasses used are all Schott; they are all on the Schott
preferred list, none of them have extreme chemical or mechanical properties. They are

all available in large diameter blanks, and none are bubble prone.

Fabrication should be straightforward, with no deep ¢urvatures of knife edges to
present problems. The design is relatively insensitive to production errors (as established
by a very rough first attempt tool=fit during wHich some of the curvatures changed by as
much as 2 percent, and with no attempt to compensafe for this, when the aberrations
increased by up to 15 percen'r - consequently a typical curvature error of 0.03 percent

will have a negligible effect on aberration) so that standard workshop tolerances will be
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perfectly qcceptable (e.g., rcdnus +0.03%, spherically: 1 fringe, thickness: +2 mils;’
dmmeters + zero, ~2 mils). o ' E B

Because of the precisely symmetrical construchon the complete system. mvolves '
only 7 dlfferenf elements (each belng requnred 3 times for one comp|ete system). .Thus _

will keep down fabrlcotlon cosfs

Construchon - As shown in: Flgure 2-9 and the Table 2-6 of surfaces ’rhe sysfem

_comprises 3 exact copies of the basic unit of 7 elements i in 3 groups-. -

: Performqnce

Bit lmage[x The maximum bit shift is Iess than 40 microns as shown in
Figure 2-11. That is the maximum relcmve dlsplacement between reconsfrucfed
bits and their correspondmg phofodefecfors does not exceed 40 microns for any
hologram Thls maximum occurs for end-of—dlagonql bnts reconsfrucfed From '
end-of-dnagonal holograms._ This maximum shlff represenfs only one—fenfh of
the mter-blf spacing and shculd not, fherefore, sugmﬁcantly degrade the S/N

ratio oF the system.

b.  Hologram Imagery - The LA focal plane-is imaged cfb-the HA and the depcrqure

of an LA spot image (for a given bit)«frdm its geomefriccl position in the HA is
interpreted as a hologram shift. The maximum hologram shift does not exceed
40 microns. This effect is illustrated in Figure 2-10. The maximum shiﬁ occufs
for an end-of-diagonal Hologram receiQing light from an endfof-diagopal_bit,
and represents only 3 percent of the inter~hologram spacing - clearly a negli-

gible effect.

c. Chromatic Correction - This has not been of concern in the system as it now.

_stands. That is, the glasses have been chosen for qualities other than disper-
sions. This is evidenced by the fact that for the last 2 components the positive
elements are flint and negative crown - a reversal of the standard procedure.

As it happens, the chromatic is not too bad for bit imagery - much of the
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Table 2-6.

LAIPDA SYSTEM . - 7 - e _ - o o
' 43SURFS ADISPERSIUNS -OTH SURF IS §YOP 0 "ASPHERICS - WAVELENGTH .00051450
) [ H DIses : : . . :

- : 1.00000 ~ ;000000
1. -..001817 B L

7. 16,0000  1.62792. .0103490 . . . . .
2 -.00%488 - - - - . P . : : P -
. 450000 1.76785  .026670 R . e o
3 -.001731 LT ’ ) B - e DR
. 369.463  1.00000  ,000000
4 .000000 S
. 6.50000  1.77486  .027540

5 -.0n1912
. . : .200000 1.00000  .000000
.. 6 002151 L . B
" ' 6.50000 1.77486.. .027540 -
7 .000241. " . oo
o _.?200000  1.00000  .000000
8 , 004318 i : v
8.50000 1.65652° .018590
.9 ..,002093 Cor

97.3000  1.00000.*‘.000000
10 ,000882 . . e e
o 3.0000n 1282049 - .007740 - -
11 004453 o R
N - - %.00000 1.0ngN00  .000000
12" =-,000813 : - o
. . " 3.00000 1.52749  ,007740
13 .004628 _ :
e . 6.36037 1.00000 - .000000
14  ,000000 ) PR
- 6.35000  1.80000  ,007740
1% ,000000 .
) - 10,5937  1.000060  .000000
Tr16  -,004628 - .
Co ) 3.00000  1.52149  ,007400
17 .000813 . '
5.00000 1.60700 .000000
18 -.004453 ) . . )
. 3.00000  1.52049 ,007740
19 -,000882 . s o
T 97.3000° 1.00000 ,000000
20 ~.002093 .
’ . B.500U0  1.65652  .018530
21 ~-.0n4318 -
: .200000  1.00000 ,000000
22 -,000241 -
' 4.50000 1.77486  ,027540
23 ~.002151 . . o
. .2000uUn0 1.90000 .000000
24 ,001912 : :
. 6.5000r 1.77486 027540
2% ,000000
) 369,463  1.000u0° . .000000
26 -.001731 . i
4.50000 1.76785 .026670
27 .U08484 .
16,0000 1.62792 «010340
28 ~-.001%17
224.036 1.00MU0  .000DOO
29 .oronOn -
6.35000 1.50000 .007740
30 .000000
219.893  1.00000 .000000
31 .0n1817
16.0007  1.62792  ,010340
32 ~-.00%486
4.850000 1.76785 .026870
33 -.00173%
3J69.463  1.03000  .000000
34 ,0no000 .
: 6.50009 1.77486  .027540
35 -.001912

~.200000  1.09790  .000000

36 002151 .

6.5000" 1.77486 .027540
37 L0024

.200000 1.90700 .000000
.38 .CN431R

8.500un 1.65652 0185390
39 L0209

97,.30¢9 1.r0%00 .000000
40 .0N08B2 °

3.00040 1.52%49 £007740
41 L4453y

$.00010 1.00500 .000000
42 -,0n0B13

3.oc0un 1.52049 .007740

.43 LIC462R
1.0908490 .003900
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Figure 2-10. Hologram Imagery
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o aperture and field being probably within specification, but the chromatic
aberrahons in the hologram rmagery renders the ophcs unusable at wavelengrhs

s srgnlflcanfly dnfferen'r from 514.5 nm.

e Changmg the SFSS and SF2 to LaFN2 (much more exohc glass) and ’rhe BK7 fo
~a light flmf would |mprove the chromatic situation wrfhour any serious degrada-
tion of 514.5 performance but would still leave the chromahc well outside -
. specrflca_hon for use at ,,6132.8» or 480.~0. However, it is a-.good possibility that
" this could be achieved by conyertirlg the l’lr‘st elemenf of the second-component
into a doublet. Thus, the pri“ce fo pay for polychromatic ooerafion is probably
an extra element in the basic unit and the use of the less~desirable (in terms of
chemikal properhes and sizes of blanks readrly avarlable) glass LaFN2 in the

large diameter elements

Tooled 128 x 40 Mono Desrgn - The final fooled deslgn lens dafa, fogefher wrfh

tolerances, is gwen below.

The lrsf of dafa, Table 2—7, mcludes the, |llummaf|on optics, of course, fhe first .

“surface" is the array of point sources produced by the lenslet array, the 14th and 15th

surfaces are the BDC with the 15th surface being the active side of the substrate, surfaces

29 and 30 are the HA with the 29th surface being the active one, and surface 44 is the
plane of the photodetector array .

During the "tooling" process of replacing the computer surface curvatures by nearby

ones in the Herron tool list, the changes involved ranged up to two percent, and up to a

‘fringe departure of 240 fringes. The Gaussian and abernational properties were then

restored simply by ad|ushng the air gaps between the components - no glass thlckness or
small air thickness was alfered and no reselechon of tools (to adjust powers or shapes)
was necessary . The changes in the air gaps were -3 mm in a distance of 224 mm, 0.8 mm

in a distance of 97.3 mm, and +0.7 mm in a distance of 10.6 mm.
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In .vféw of these re‘sullfs and bearing in mind that the Fabrfcaﬁdn errors in: curvature
mfroduced by a combmahon of spherometer error (in measuring the test plate) and. Fculure—
‘ fof—flt error (comparmg the surface with the test plafe) are unlikely" to exceed 0.05 percenf
or so, we moy reliably conclude that there will be no difficulty on assembly, since any

slight dlscrepcmcy may be readlly taken up by air-gap ad|ustmenf This assumes fhaf :

ordmary workshop foleronces are applned durmg fabrication: (of the type normally used for -

good quollty image-forming ophcs‘ : no specnally 'r|ghf tolerances are requnred qnd itis

wastlng money to ask for fhem We would expecf fhese sfandard folercmces" o be:

radius of Flt to test plate - : within 5 fringes
sphericity - 3 I withiﬁ 1 fringe
glass axial thickness | . +0.002" |
finished diameter - - PR zero,‘ -0.002"
test 'plqte radivs w004

In our, expenence munufacfurers have 3 sets oF sfandard folercmces fhaf fhey apply in the

absence of contrary mformcmon these are "condenser quahfy, ‘ ophfhalmlc quallfy,

and * 'good image-forming quality.": The above list correSponds to the last type. _

As a cost-control exercise, .w_e osked a manufacturer for a quote _for 2 épmpleté sets

of the optics (based on his tool list).

‘ .The'price estimate for two complete sets from OMT Ltd. was ‘51,800, excluding

‘materials (one complete set is LA:PDA).

The tolercm;es for tilt and displacement (i.e., eccentric mounting) have not been
established. We are not yet equipped to handle this sort of error. One can say qualita-
tively that large meniscus lenses of the type used in SF55 and SF2 do normally require
careful mounting, but this is unlikely to present a major difficulty. Eccentric edging by
the manufacturer is also unlikely to be severe enough to be serious, but it woul.d be safest
to check the tolerance on the same program (off-axial displacement is, in fact, entirely

equivalent to a surface tilt plus a negligible axial displacement, for a spherical surface).

2-57
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2 4 Breodboord System ‘

We considered several oli‘ernohve system conf’gurahons whlch conform fo the cvcul-' '
able BDC, PDA and hologrom array devices and which can be mcorporofed into the test
‘ breodboard system at NASA/Marshall | :

The presenf |I|um|nahon of all the lenses in fhe Ienslef arroy contribute llghf srmul-
taneously fo all locations in the hologram array resulhng in poor optical efflcuency
Exposures on the order of several seconds |s presenfly requnred Deflechon oF fhe laser B
beam in the signal pofh as well as fhe reference path will increase the Opl‘lcal effncnency |
in future test bed. modlﬁcahons. We have considered three approcches to odd S|gnol pafh .
laser beam deflection to the test-bed system: (1) the use of a small mirror (3x3 mm) gal-
-vonometer deflection system capable of deflection over relatively lorge angles (order of
five degrees) fhereby deflechng the laser illumination to a selected lens in the lenslet

. array,. (2) the use of a Iarge mirror (50 x 50 mm) golvanometer deflechon system deflecnng
a wide aperture beam . fhrough a snmple single Tens illumination system to the selected
hologrom, and (3) the use of a hlgh efficiency hologrophuc Ophcul element which redirects

the loser illumination from an. acousto- ophc beam deflector to the selecfed hologram.

The: phofodefecfor hardware and soffware is presenfly designed to readout a Texos
Instrument 32 x 24 bit orroy The array data con be read out and fronsFerred to fhe con-
troller buffer memory in 192 us. The effective readout rate will depend upon the mtegra-
tion time which is selected considering the reconstruction illumination energy/bl'r the
PDA detector sensitivity, and the accepfoble system error rate . We expect the mfegrcflon
time for the test-bed to be on the order of 1 ms providing-cln effective read rate of .768 Ml'lz .
Larger PDA arrays and shorfer integration times in future systems will provide increased read
rates on the order of 1- lO MHz. A hardware /software modlf' cation, oddlng an .mterface
for an additional eight detector rows, will be required to read out and transfer the full

32 x 32 bit Westinghouse array.
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The fesf breadboard at NASA/MSFC is bemg refrof’ ﬂ'ed with a Weshnghouse 32 x 32
'elemenf phofodefector (PDA) in place of the less sensmve Texas Insi'rument array whlch had

1 0]6 mm- column by 1 27 mm row defector Spacmgs

. - The Westinghouse 32 x 32 bit phofodefecfor array elements are on 254 pm cenfers
whlch W||| be compatible with the 128 x 128 bit block data composer (also 254 pm v

centers) when operated with the unlfy mongcchon image Opf|c0| system. If we pOSl fion

the phofodefecfor to collect the cenfrol 32 x 32 matrix of imaged block- data composer bits, ..
‘the errors prevnously reporfed4 resulting From bit shifting will be reduced. Bit shuftmg was
~experienced in the test-bed transform lens system as a result of uncorrecfed spherncal

oberroflon over the full 128 x 128 bit BDC array diagonal of 40. 32 mm.

: - Ned
t = .
| g TR
‘where Ned = 32.5 mm
FL = 184mm.

For small angles

g = 325 di
o ieg rodians

g = .0884 radian

g = 5.05°

The beam deflection required for the system is therefore approximately +5° and the

) . . . . . O
mechanical deflection required of a mirror galvanometer will be +2.5".

We report first on the deflection systems followed by the photodetector test results.

.2.4.1. Galvanometer Deflection Systems. = The present holographic storage mate-

rial, photoplastics, require several seconds to complete the record cycle. Storage materials
being investigated and developed can be expected to decrease the cycle time . In the

present test-bed we use a lens array whose geometry matches the hologram array . Each
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Iens in the array focuses a part of the incident signal pafh |||um|nof|on fhrough the BDC to

the hologram p|ane The result is a 5|mu|faneous array of Fourier transforms of the BDC in

the hologram plane, only-'one of which we will record. We can 'Opflmlze fhe present sys=

tem by deﬂechng the signal path illumination to the selected hologram. We are investi-

, gahng an x, y galvanometer- deflection system for the profofype developmenf asa snmple

sfafe—of-fhe-art device whnch can Iater be replaced by a more sophlshcafed beam

deflector.

The inpuf deflection angles’ required to select arry hologram in the array.are identioal
for the systems being considered and are defermmed by the size of the block data composer

and the focal length of the fransform Iens (see Figure 2-12).

We have consndered several sysfem confi gurahons usmg X,y galvanomefer sysfems
whlch can be mcorporated into the test breadboard systems at NASA/MarshaII The fwo
systems whuch satisfy the system requnrements are descrl_bed, one requiring a smg[e pair of

X, ¥ galvanome'fers and a second using two pairs of x, y galvanometers.

We evaluated galvanomefer systems as an avollable, economlcal, stafe-of-fhe—arf
fechmque to increase the optical efficiency and resolution of the test breadboard system.
The relatively slow access time of the galva_nomefers, order of 5 ms, can still provide

3 x_],O6 bits/second readout data rates..

2.4.2 Galvanometer System Design. - A holographic memory system using mirror

galvanomefer deflection is shown in Figure 2~12a. The Iaser beam controlled by a shutter
is shaped to a .75 mm diameter beam and dlrecfed by the X,y galvanomefer combination
to a selected lens on fhe 20 x 20 lens array. The single illuminated lens is |maged by a
pair of lenses onto the 20 x 20 hologram array through the block data ¢ombosert." This con-
figuration is considerably more efficient optically than thej present breadboard system which
divides fhe illumination over the entire 20 x 20 lens array, imaging the block data, com-
poser simultaneously on the 400 hologram positions although only one is being recorded.

A Glan-Air prism passes the vertical polarized component of the x, y deflected laser beam

_into the signal path and directs the horizontal polarized component into the reference path.
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3 x 3 mm

Shutter ..
Laser
E/0°
switch
v ;o SR Hologram ... - . .
4 - Llens Array BOC - Array o .PDA T
Collimator . 30 mm 32.5 mm ... 30, mm . Lo 32,5 m
25 mm so. ‘ " — | Y || W
Mirror . -
< —=1
| & "oyl
. H ) \§\§ " ——
16 mm sq. - 2‘2.- mn 46" mm u
1.5 mm deflection 2 f2 2
liear area, | a2 mm o
S | . .
-Glan_ T ' 5Dx5.25D
. . -\ 25 mm sq, L .
hir : . Mirro: F.L. = 200 mm x 190 mm
Cpam Foox20 -+ - -4 Dia. = 46 -nm
Temaq. T mm | fz = 4.35 x 4.13
b= =4 T , . ) v i
——1./2 plate Anamorphic Lens
) : 25 nm d System
L7 1 9.1 D . ,
beam _ ' = 100 mm x 11C mm ' i : b
: - : = 23 mn ‘ .
Telcscope -35 x 4.78
™y & I .
¢

4

Galvanometers

Figure 2-12a.

Galvanometer Deflecting System
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The verhcal/honzonfal polarization componenls are defermmed by’ the electro-ophc swﬂch
whlch under system ‘control rotates the laser's verhcal polanzahon A )\/2 plare is s

prov:decl in the reference pafh to rol'afe the l"lOl’lZOﬂl‘Ol polarization’ componenf back to ;

<verhca| polarlzahon max|m|zmg fhe hologram efficiency .

The X, Y galvanomefer deflechon sysfem lnmally deflects the laser beam over a | .
16 x 16 mm spatial array. Thls reduces fhe size of the Glan-Alr prlsm requnred Prlsms B
are normally available witha 20 x 20" mm aperture or: smaller The signal pafh spahal array
deflection is expanded affer the Glan-Alr prism by a telesc0p|c lens system fo cover fhe

30 mm x 30 mm lens array

The reference beam spatial deflection is expanded by an anomorphlc felescope sys-
tem: The telescope system is necessary to properly invert the reference spatial deflection -
and frack-:.fhe hologram p_o_smon selected by the signal path Opl‘lcs . The anomorphic:lens is .
required in the fele_s(:ope.fo provide unequal x and y deflecﬁlon compens_afing l’lor'_ the holo-
gram array nol being perpendicular to the reference beam deflection axis. The felescope
lens is approxlmafely f/4 in bofh axes wufh fhe anamorphlc paramefers Specufled in diopters

on Flgure 2-12a.

The x galvanomefer and y galvanomefer are also coupled by a relescope system so fhaf
the x and y deflection will have the same deflection center. The 3 x 3 mm mirrors required
in this system al low small fast galvanometers to be used. An acousto-optic beam deflector
system (AOBD) is compahble with this galvanometer deflection system and AOBD sysfems '

with adequate bandwidth and performance are under developmenf

A second system is shown in Figure 2-12b. This sysfem is considerably simpler
optically but is not expected to be compaﬁ,ble with developing AOBD systems. ‘A smaller
5 x 5 mm Glan-Air prism can be used. A 20 x 20 lens arr’ay‘is not required,. the hologram
position selection being determined dlrecfly by the galvanometers The signal pafh .opl_ics :
between the BDC and the PDA are identical to the previous system . Four galvanomefers
are required, the signal and reference path being deflected separately . The major dis-
advantage is the relatively large 50 x 50 mm mirror required for y deflection which will

reduce the system access time by a factor of ten, from 5 to 50 ms.
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2.4, 3 Gdlvanomefer Techniques. - We mveshgafed the m|rror galvanomefer o

v__deflechon for holographlc memory sysfems The Ophcal scanner we fested isa General
_.Scannmg G=-108 with an optional- posuhon frcmsducer. ‘The response of the device is =
defermmed by the total inertia, mirror plus armature. A 6 mm square mlrror with fhe o

" pivot axis through the fronf surface of the mlrror is mounted on the scanner . The rotclry
inertia of this mirror is approxnmclfely 1/3 of the golvanomefer armcfure merha and there-

| ~ fore reduces only sllghﬂy fhe no |oad (w:fhouf mlrror) resonanf frequency of i'he device . |

The frequency response of the scanner with fhe mirror was determined by driving the device

" witha sinewave and measurmg the peak-fo—peak deflection. A resonant frequency of
1 038 kHz was measured. The maximum peak-fo-peak mechanical rotation of +4° provudes-,
a :i:8 Ophcal deflecflon more than adequate for the deflechons required by the proposed
system . The armufure coil res:sfcnce of 8 ohms requnred a 1600 m||||c|mp drive to reach the

peak— o-peqk deflection.

Approxnmofely 1.8 watts are d|55|p0fed in the coil at maximum. drlve voltage and a
prOper heat sink is requured to assure the repeafable posi hon accuracy of .05 percent of
the peak-fo-peak deflection. If a posmonal error of 10 percent can be folerafed in
selecflng the hologram location, the scanner still has a 200—pos|f|on Cdpcblllfy whlch

exceeds the cnhmpafed system requuremenfs

The gcllvcmomefer linearity 1 percent of fhe peak-to-peak deflection is avfccfor of
20 less than the posifional repeatability . We can store in the system controller's program.
the appropriafe voltage steps required to drive the scanner and obfain the desired |inedrify .
Alfernahvely, a posnlonal fransducer is available on the. scanner bemg tested, which wufh
the appropriate feedback to the driver coil, can dlrecfly improve fhe lmearlty of the
devnce_. A linearity of .2 percent of peak-to-peak deflection can be obtained providing
a 50-position capability directly without requiring unequal step programming compensation .
The position transducer also provndes a temperafure stobullfy of .02 percent per degree C.
The transducer’ con5|sfs of a varloble capacitance brldge connected to the armature shaft
and reduces the frequency response of the device by 30 percent. The bridge CIrculf has a

10 s signal rise time and will not increase the scanner response .



> -
RADIATION

A DIVISION OF HARRIS INTERTYPE CORPORATION

‘The scanners are second order sysféms*whiéh-are characterized by the resonance and

damping 'pqrometers If underdqmped the galvanometers will react to a step function with

: cn‘over.shoof and oscillation around the desi red position. If crmcully dumped the sccmner'_

would provnde a sfable system but increase ’rhe step time. A slgnal processmg fechmque is
utilized to minimize the response flme, i.e., “the galvanometer is driven by a modified sfep
function. Imholly, only a frcnchon'--of the step volfage is applied to the drive circuit.

What occurs dynomlccslly after a sfep is: applled to fhe underdcmped scanner |s a posmon
overshoot . By reducing the magmfude of the step called for opprOprlafely, upon overshoof,
the scanner will be at the desired position. At that instant full step voltage |s»dpp||ed cmd

fhe golvanomefer remains at the desired position . The galvanometer can be positioned in

opproxlmafely one-half of the resonant period by this fechmque . Addl tional seﬂ'lmg time

~ will be requnred to adequately stabilize the- galvonomefer prior-to recordmg a hologram
Expenments mecsurmg the position stdblhty of a deflected beam mdmate a 5 ms settlmg

“hme W|Il be requnred For the test device.
We operated fhe General Scanning G-108 device.drivihg‘a 6 mm sdudr-e.mirror:fo;
deflect the reference beam holographic memory system. We-assemb'led'fhzis system at HEOC

which simulates the tesi-bed system to check the BDC and hologram array devices bemg

fabricated in the present program. We were able to record and reconstruct holograms follow-

ing galvanometer deflection of the reference bedm to the proper pad on the thermoplastic

array and a 5 ms settling time.

. 2.4.4  Galvanometer Evaluation. - We have evaluated a General Scanning

Instrument deflection system with a view to using such a system as a beam deflection unit in
our optical memory system. The galvanometer deflection systems consists of a G108 gal-
vanometer and an RAX 100 drive amplifier. The system requires an analog deflection input
voltage between -1 and +1 volts and a trigger input such that the galvo moves fo a position
corresponding to the analog input on the positive edge of the trigger input. The drive
amplifier has a signal conditioning facility which can be set for optimum drive capability

with minimum overshoot and undershoot .
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Our evoluohon of the General Scanning golvonometer sysfem has been Ilmlfed by

: the Iengfhy downhme we have expenenced wnh the system. However, we have shown
‘ fhof itis p0551ble to moke hologroms using fhe galvonomefer as a deflection unit, with -

: mllllsecond seftlmg hmes Shown below in. Figure 2- 13 is the sefup we used to estoblnsh

fhe minimum seffllng time necessary to crllow for stable fringes before making a hologram .
The monosfoble deldys the opening of the shutter and was adjustable over a. 1 to 10 ms -
range . Operohon of the circuit |s os follows The deflechng golvonomefer is first resel

to some reference posmon Then, i'he circuit is monuolly frlggered so that the galva--
nometer mirror moves back fo the desired posmon and at the same time the monosfcble
starts hmmg out. At the end of the monostable per|od exposure is made. We found rhaf .

setting up the’ druve-Ompllﬁer for optimum signal conditioning in the manner descrlbed |n'

*the msfrucflon sheef it was p0551ble to- make hologroms affer a 2 ms delay

Although this suggests fhat it is possrble fo mcke hologroms ofter only a. 2 ms sefflmg
perrod it should be noted thaf those measurements were made af only one deflection ongle

Due to ‘considerable Operohoncl problems with the deflechon sysfem, it was not possible to

“make repeofed meosuremenfs at dnfferenl' deflection angles, but it had been noticed in the

initial sefﬂng-up procedure that’ ophmlzmg the drwe-amplrﬁer chorocterlshcs in the
advised manner was good for one deflection angle only. At values of deflection angle

other than the optimized value, the output was either underdcmped or overdamped and one
or two cycles of damped oscillation vl/ere observed. [t can be 055umed that thrs may increase

the" settlmg hme in the worsf—cose out to opproxnmotely 5 ms.

To oscerfcun fhe deflechon charocteru shcs of the golvo system more dlrectly we per-
Formed the followmg Usmg a 44-mm lens to produce a 50 p spol we observed the motion of
the deflected spot by movmg the spof fhrough a 100 aperture in front of a phofomulhpller
tube. As in the hologrom tests prevnously descnbed we set the spot to a reference posmon
and then frlggered the deflection circuits to bring the spot to a programmed position d|recf|y
in the center of the 100 operfure The oufpuf from the PMT was dlsployed onan -
osc1lloscope and some fypucol responses are shown in Figure 2- l4 Figure 2-14 shows fhe

response of the drive amplifier and galvo to a 400 mV-input S|gnol with all signal



s

RADIATION : 2-67

A DIVISION OF MARRIS INTERTYPE CORPORATION

MANUAL |
DAL il 10-BIT
10-81T —|
ADDRESS | D/A
MOSFET l ANALOG | el
SWITCH
DRIVE
REFERENCE‘& __..I LAmeLIFIER

POSITION

-7 1/ LASER

Figure 2-13. Galvanometer Drive System
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conditioning and damping controls optimized. Figure 2-14a was taken with the trigger
input applied whereas Figure 2-14b was without the trigger applied. Figure 2-15 was
taken with 200 and 600 mV inputs but with the controls left as for the 400 mV input of

Figure 2-14. Clearly, the controls are optimized for one deflection value only.

Our testing has shown that in principle it is possible to deflect a laser beam with a
galvanometer such that no significant fringe motion occurs after 2 mS, when that laser
beam is used in the making of a hologram. The General Scanning deflection system,
however, needs considerable improvement in reliability and ease of operation before it

can be considered for use in a holographic memory system.
2.5 HOE Device Signal Path Deflection

We investigated the use of a holographic optical element to implement the signal
path deflection and increase the illumination efficiency of the system (see Figure 2-16).
In the present breadboard the acousto-optic beam deflector deflects the laser beam only in
the reference path. A 12 mm aperture laser beam is deflected angularly in x and y to the
selected hologram location. The total AOBD angular deflection in y is approximately 2.8
milliradians for the 20 x 20 hologram array. After imaging by the telescope into a 1 mm
aperture beam the total angular deflection increases to 33.6 milliradians and at a distance
of approximately 91.5 mm from the focal plane of the telescope matches the profile of the
hologram array. Because of the 30 degree offset angle in x selected for recording the
holograms, the angular deflection for x is decreased by the factor cos 30 degrees at the

AOBD to match the subtended angle of the hologram array.

We design the signal path deflection system to have the identical angular deflec-
tion at the HOE element as at the hologram array. The signal path telescope is fabricated
identical to the reference path telescope and the identical angular throw is obtained by

folding the optical path with a pair of mirrors.

The HOE element is fabricated to produce one out of a set of point sources on

centers identical to the hologram array when illuminated by the 1 mm signal path beam.
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The signal path optical s stem is modified by adjusting the interspacing of the lens set
located between the HOE and the BDC to produce a 1:1 image from the HOE focal plane

to the hologram array.

The differential of the number of reversals of the imdge for the signal and reference
path to the hologram array are odd both in x and y. In order to obtain the proper number
of reversals such that the signal and reference beams will track at the hologram array,
we must insert a x and y reversal in either the reference or signal path. In Figure 2-16,
we inserted a double reversing prism, an amici roof prism or paro prism, the offset in the
optical path due to the prism can be compensated for during the reference beam

alignment.

The efficiency of the HOE devices we have fabricated has been on the order of
60 percent. The major difficulty arises in fabricating the proper design. Devices
fabricated during the program from dichromated gelatin materials have a high efficiency
but the material thickness is difficult to predict after development. The recording angle
during fabrication of the HOE device must be distorted to compensate for the effect of
the gelatin expansion during development. Further, the final device must be protected
from changes in humidity which will vary the device thickness and, therefore, the
reconstruction angle required of the laser beam. We believe the experience gained during
the program will allow us to fabricate devices, which can be sealed between glass plates

to produce the stability, for the desired system configuration.
2.6 Investigation of Photodetector Arrays

We examined the performance of several Westinghouse phototransistor arrays. We
tested a 10 x 10 array with an active area of 150 pm x 150 pm per transistor. The transistors
are on 254 um centers, We also tested two 32 x 32 bit phototransistor arrays having estab-
lished the basic performance of devices we made some comparisons between the Westinghouse

phototransistor array and the Reticon photo-diode array. Reticon photo-diode array, being
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a 32 x 32 bit array but on 102 um centers, would require a redesign of the optic system
(demagnification) to accept it. We first report on the theoretical operation of photo
transistor and photo-diode arrays and provide test data from the 10 x 10 Westinghouse
array using a linear Reticon array. Finally, we report on the test data obtained from the

32 x 32 arrays from Westinghouse and Reticon.

2.6.1 Theoretical Predictions. = It was shown in the Final Technical Report,

Optical Read/Write Memory System Components,5 that the behavior of a single photo-

transistor, operating in the integration mode, is defined by the following expression:
KIT,
Wy O iy (55)
where K is a linear constant depending on the efficiency of the transistor
base material,

| is illumination,

T.

+ is integration time,

Cpc is base-collector capacitor.

This implied that providing transistor 3 was high, B or load termination are not

significant factors affecting output signal. It is to be expected, therefore, that output

level is linearly related to integration time and illumination level only.

2.6.2 Photosensitivity Plots. = The sensitivity of each photosensitive transistor was

established by evenly illuminating the array with a collimated beam and examining the

output of a single transistor.
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Figures 2-17 and 2-18 show the basic sensitivity of the device to both wavelengths
(A =632.8 pm, )\ = 488 pm). The output voltage prior to saturation is essentially linear
with respect to both integration time "T;" and illumination "I" as predicted from Equation
(65). Also, from Equation (55), it is apparent that a tradeoff can be made between
integration time and illumination, that is, for a constant output voltage, la (]/Ti)' This
was plotted on Figure 2~19 which is a plot of | against 1/T; for a constant output voltage
of 50 mV. The output voltage of 50 mV was selected since this is the voltage threshold
level of the sense amps in the NASA breadboard. Figure 2-19 can, therefore, be inter-

preted as the trade-off graph for illumination versus integration for the NASA system.

It will be seen that the original design illumination level of 20 nw/bit requires an
integration time of only 0.3 ms, or alternatively by increasing the integration time to 3 ms,
a tenfold increase in sensitivity can be achieved, so a sensitivity of at least 2 nw/bit

should be realized from the new array at 632.8 pm.

2.6.3 Comparison with Photodiode Arrays. - We also considered the Reticon self-

scanned photodiode linear arrays and made a comparison between the two arrays. The
advantage of the photodiode array is that the Reticon array comes with its own MOS

shift register in the same package as the array. The diode array we tested was only a line
array, not an x-y matrix. Since the amplitude from the diode array is small, a charge

amplifier is used to increase the output signal.

Any comparison between arrays has to include the following criteria: 1) Sensitivity,

2) Signal-to-noise ratios, and 3) Uniformity of sensitivity.

1. Sensitivity. = Figure 2-20 is a basic sensitivity plot for the self-scanned
diode array and charge amplifier combination. Compared to the signal from
the transistor array, Figure 2-17, the output of the diode array and amplifier

combination is of the same order of magnitude despite the considerable gain of

the amplifier.
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Figure 2-20. Sensitivity of Reticon Photodiode Array
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The photosensitive elements of each array may be modeled as shown in Figure
2-21. We assume the typical photosensitivity of each device to be 0.3 pA/p
watt and calculate a total charge of Q = 0.3 (I) x T; coulombs collected either
by Cpc for the phototransistor case or by Cp, the diode depletion layer capaci-
tance, for the diode case. Therefore, for an illumination of 30 nw and an
integration time of 256 ps, the charge collected in each case is 2.5 pico-
coulombs. This is a vel;y small charge and needs to be amplified. In the
transistor array, amplification is through the transistor itself whereas in the
diode array, amplification is through an external video amplifier. Both
capacities Cp~ and Cpy are of the order of 2 pF, so some effect can be expected

from the stray capacities.

In the transistor array, the B of the transistor acts as a buffer between the small
Cpc and the external stray capacities. When the transistor is switched on, in
the emitter circuit, the voltage appearing across the output resistor, neglecting

the Vg drop, becomes V_ 3 Cp-/(C pc +C 8 Vo is the voltage lost by

the collector-base capacitance Cpe just priorSt::):wi'rch on due to the electron=
hole-pair generation in the light sensitive area of the base. For large 8, this
voltage becomes A The factor (CBC + Csfrays) can be established from the
time-constant of the output waveform Figure 2-22. This gives (BCBC+Cstrays)
> 1000 pF, and clearly since stray capacities are of the order of 10-20 pF,
BCpc >> C. Thus, the output of the transistor array appears as a capacitive

source approximately 1000 pF, and virtually no signal is lost.
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(@) TYPICAL OUTPUT FROM WESTINGHOUSE PHOTOTRANSISTOR

PHOTODIODE ARRAY (LOWER TRACE) PHOTOTRANSISTOR ARRAY

(b) NOISE LEVEL FROM TRANSISTOR AND DIODE ARRAYS

Figure 2-22, Signal-to-Noise Ratio Measurement

Illumination = 30 nW/Bit
Integration Time = 500 ps
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In the diode array, the small diode-capacitance is heavily shunted by the stray
capacities but the charge amplifier collects the total charge and the diode
array's video amplifier gain makes up for the gain inherent in the transistor

array .

Clearly, both approaches exhibit good sensitivities at the light level of

interest for holographic systems.

2. Signal-to-Noise. - There are many contributing factors to noise in the video
output of both arrays. The main contributors are switching noise coupled
through interelectrode capacities, and leakage resistors associated with the
arrays. All these greatly outweigh the dark current associated with each
photosensitive device. Of all these, capacitive effects are the most severe.
In particular, the diode array suffers from a regular odd/even pattern due to
capacitive differences between the two clock lines and the video line. It is
possible to minimize this noise by differential weighting of the clock-lines,
but it is not possible to eliminate the phenomena. Figure 2-22 shows the
minimized odd/even pattern at the final output of Reticon's video processing
circuit. For equivalent bit illumination intensities, the diode array had an
effective signal-to-noise ratio of 8:1, whereas the Westinghouse was better
than 50:1. These measurements were made at an illumination level equivalent
to 30 nw/bit. Figure 2-22a shows the signal and noise levels for the transistor
array for an integration time of 500 ps and illumination level of 30 nw/bit .
The noise level is further compared with the equivalent noise level from the

diode array in Figure 2-22b.

One reason for the superior Westinghouse performance is the B isolation, so
that variations in stray capacities as well as the capacities themselves,
have less effect. As was shown previously, the output charge of the photo-

diode array video line is of the order of 2 pico-coulombs and a capacitance
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of 2pF so any noise signals picked up will be amplified along with the signal
in the video amplifier. In the transistor array, however, each transistor con-
tains its own gain factor which isolates the collector base capacitance from the
strays on the video line and the noise picked up on the output video lines is a
small proportion of the signal. In the Reticon array, there are two clock lines
for the shift register. The difference in capacity between these two lines and
the video line accounts for the odd/even noise pattern on the output. Basi-
cally, the diode array system is more susceptible to noise than the transistor
array system at the signal levels encountered in the NASA system, since the

noise is introduced at a weak signal node in the diode array.

2.6.4 Uniformity of Sensitivity. = Uniformity of sensitivity is primarily a function

of deflection layer capacities in both array systems. Measurements on both systems indi-
cate that the diodes are more uniform than transistors but the degree of uniformity on the

transistor array is better than 15 percent.

2.6.5 32 x 32 Photodetector Arrays. - We received two Westinghouse 32 x 32
bit arrays and one Reticon 32 x 32 bit array which were procured by NASA/MSFC. The

Harris Electro-Optics Center had previously recommended that 32 x 32 arrays from
Westinghouse and Reticon be evaluated and their level of performance as a component in
the test breadboard established. The photosensitivity of the two arrays was measured for

a uniform illumination with a wavelength of 514.5 nm. With an integration time of 6.5 ms,
the Reticon arréy required 8 pwatts of illumination to saturate the photodiodes and the
Westinghouse array required 40 pwatts of illumination to saturate the phototransistors.
Considering that the Reticon array elements are on 102 pmeter centers with an effective
aperture of 50 percent and the Westinghouse array elements are on 254 pmeter centers

with an effective aperture of 70 percent, we calculate the bit sensitivity at saturation.
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The Reticon array requires .4 nwat/element and the Westinghouse array 18 nwatts/
element to reach saturation during an integration time of 6.5 ms and an illumination
wavelength of 514.5 meters. The Texas Instrument array presently in the breadboard
requires over 300 nwatts for the same integration and illumination. We concluded dur-
ing the initial testing that the variations in background or bias current for each element
along a row were more significant in causing error during thresholding the output voltage
(detecting the presence of a bit) than the random system noise. The major contributor

to nonuniformities in the output voltage for the Reticon array was the odd/even pattern
c'orresponding to the two-phase clock. In the Westinghouse array, a linear background
slope was prominent which, we believe, results from the resistance of the array collector/
emitter bus lines. The majority of the background variations can be eliminated by

proper driver and amplifier design.

We have tested both the Reticon and Westinghouse photodetector arrays and found
that both arrays exhibit at least the minimum sensitivities required. The Westinghouse
array was given somewhat more exhaustive tests for both signal-to-noise and sensitivity.
The sensitivity plots are shown in Figure 2-23. The S/N measurements are defined as the
following ratio: maximum illumination intensity to produce correct readout v'vifh no
spurious "1's" to minimum illumination intensity to produce correct readout with no
spurious "0's." During these tests, we imaged a 32 x 32 data pattern onto the array and
examined the output of a single row, which was thresholded to give a 32-bit binary word.
The maximum illumination limitation represents the noise level at which the first data
"0" becomes a data "1, " and the minimum illumination represents the sensitivity at which
the first data "1" becomes a data "0" as represented in Figure 2-24. The noise so
measured is a combination of system switching noise and photodetector dark current.

We failed to reach the S/N value of 10 dB given by Westinghouse but came close with
8.5 dB. The S/N ratio is essentially independent of integration time (Figure 2-23).
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Figure 2-23. Westinghouse Sensitivity and Signal-to-Noise Plots
(S/N Ratios (2) and (3) Indicate Imperfect Alignment)
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THRESHOLD

THRESHOLD

Figure 2=24. S/N Definitions

a. Minimum lllumination to Produce Correct Readout with no Spurious "O"s
b. Maximum Illumination to Produce Correct Readout with no Spurious "l"s
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It appears that the Westinghouse transistor arrays are more than adequate in meeting

the photodetector requirements of the present breadboard NASA system.
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SECTION I1I
BLOCK DATA COMPOSER

The digital data is entered into the holographic memory system by a block data com~-
poser (BDC). The BDC provides a two-dimensional spatial array of successive blocks of |
data extracted from the input data stream. Each array of data spatially modulates a laser
beam which is directed to a storage location where it interferes with the reference beam

to form a hologram.

In this section, the BDC goals are reviewed and related to the results achieved dur-
ing the contract. The large variation in the electro-optic properties and the availability
of PLZT are discussed. A study of the parameters of the PLZT which most affect the per-
formance of the BDC is recommended. The effects of polishing on the optical properties
are shown and improvement in optical quality is noted. The procedures for fabricating
PLZT BDC's are given for both Cr-Au and IN203: SnO2 electrodes. The number and types
of BDC's fabricated during the contract are listed. The improvements seen in strain-bias
devices from thicker Plexiglas substrates are mentioned and the suitability of Pyrex as a
substrate for other types of BDC's is considered. A 32 x 32 element and 128 x 128 element
BDC are shown. Other fabrication details, including device interconnections are
mentioned. A study of four operational modes of the BDC - strain bias, edge effect,
scattering and differential phase - is presented along with experimental data obtained
from devices operating in these modes. An analysis of the edge-effect and differential
phase modes is given in this section and an analysis of the scattering mode is given in
Appendix A. The special electronics for testing 32 x 32 element BDC's that was con-
structed during the past contract are described along with the simplified holographic
memory test system used. The most significant problems are reviewed and conclusions

and recommendations are given.
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3.1 Review of Goals for BDC Performance

Constraints imposed by the overall holographic memory system and by the various

devices within the system affect the BDC configuration and the BDC performance require-

ments. For example, the center spacings between BDC elements and the element

dimensions are related to the size of optical components, to lens focal lengths, and to the

size of each hologram in the memory. Also, the BDC must register with the PDA during

readout. The contrast of the BDC affects the signal-to-noise ratio of the output data

which is, in turn, related to bit error rates. The optical efficiency of the BDC affects the
laser output power requirements. The switching speed of the light modulating elements in

the BDC affects the input data rates at which the system can function. Switching voltage

requirements impact the drive circuitry and power supply designs. These and other con-

siderations strongly affected the particular configuration and performance goals established

for the BDC at the inception of this program. The goals are summarized below:

1.

2a

g

Number of light modulating elements:
Center spacing between elements:
Overall dimensions:

Input bit rate:

Contrast (Extinction ratio):

Optical efficiency:

Peak switching voltage:

128 x 128 = 16,384
0.15t0 0.25 mm

20 x 20 mm to 40 x 40 mm
10° bits/second

100/1

30 percent

< 300 volts

During this program thirty-two 32 x 32 element BDC's with 1 mm center spacing

and four 128 x 128 element BDC's with 250 pm center spacing were fabricated. With

the special test electronics