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FOREWORD
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C. Marghall Space Flight Centor of the National Acronautics and Space Administration, Huntaville,
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1971 to October 17, 1972 in tho Information Sciences Rosearch Laboratory, Dr. Jan A, Rajchman,
Staff Vice Prosident and Director. The Project Suporvisor was Mr, R. D. Lohman, Members of the
Technical Staff who participated in the research reported herein are Mr. R. A, Gange, Dr, R, 8.
Mezrich and Mr. G. W. Leck. Messrs, C. W. Robhins, C. C. Stoinmetz, and G. K, Bodecp aided in
in the fabrication of the devices. The NASA Project Monitor was Mr. E. J. Reinholt.

1t should be noted that about 50% of the effort described in this volume was supported by
RCA Laboratories’ funds under its parallel research program and the remaining 60% was supported

by contract funds.

iii




b

el

Section

I'

II.

IIL

Iv.

PRECENTG pAca
FDTHG PACE BLANK 10T FILMED

TABLE OF CONTENTS

R R R R R R R R N R R

. Write Sensitiviby oo
RO FFTICHONEY 1ot
Material FRUIBUE .o
Spatial REsolubtion .o
Temporal RESBPONBE vttt i
System Compatibility ....c.ococoviriiinii
v SUIMMMATY . coivretereerniee e es s

ow>

QEED

(3 R0 e (LT e e s WORUUO OO PP P PSP S PP PP T PP T TP RT PSS TT PRI ERPTLIPTRITILL
Device CONFIGUPALION. ... ....ivveiieiienii s
COTONa DISCRATEE ......ovvveiiiireiiiisieeeireie e sb s e bbb
Hologram Write Procedure ..............ccovivvviriiiiimnennieimeiiniis s
. Hologram Erase Procedure .., ..........ccccoviviiiiiiiiieiiniiiis s

aw»>

By

FATIGUE P T T e e r e E e TR R R A A A AL AR CA AR AR A

A INELOGUECEION 1.o.ovvieesietiees it s ertesbeeebeessesaeabteibe s b ea e e e sb e bbb oL L bbb s s b e e bbb e
B.  Frost TeMPeratUIe .............ccocooveviermrrerireeniirieieisoese s e
. Frost MOChanIsI ... ...ooviiiiiiiiiirereniiereeeess oo iare bbb st se s
. Mechanical Versus Electrostatic Stress....................
Polymerization and Crosslinking Versus Frost Temperature ............cccoeeeeirivveenininns
. Deposition ProceduIe...........coooiiiiiimiiniimiiii e
. Molecular Saturation Control ...,
Complex Styrene ANalysis ........covccrvien st
Molecular Saturation Versus Electric Field ..o,
L TTESE DIALA +veeeevirierret ittt e
. Electric Field Induced Fatiue ........coooviiiiiiiiiiiiie,
F. Complex Styrene StIUCUIE «.....ocouiiiiiiriiiiimeitii i e
G. Inhibition of Polymerization and CrosslinKing..........ccoviniiiiiir
H. Fatigue in the Absence of Heat ...
. Materials SElECtON .oevviiiiiriiiiiiib i
. Experimental ArTangement ...
Experimental DAA ...ttt
. Bxperimental Data.. ...
L. CONCIUBIONS 1ovoevseeevtiereveeerertiseeserestbaiberarbab s ibebaeseeaetetensossess st bbb bbb bbb e st et teaeasss

=mBoQ

-

-

OO O

Ot N

MICROCRYSTALLINE WAX .............
A INEFOGUCEION Lottt e

B, SEPUCLULE L.oiivvreeriiriiiiiie i eeestiecbiinnreibibssssiessnsstssnnan
1. Molecular Stability ............cccooiiiieiriiii s et er e e
2. Physical Properties .........

P R N L R LR R R R R R R R R R R

...... T R TR Ry R R R R

Page

16
18
19
19
20
22

23
23
23
23
23




LA

¥ N

-

~ S

L K

AL

[

Section

VI.

1

e

D,

F.

TABLE OF CONTENTS (Continued)

DIOVICE CONTIEUPALION. Lo oo i
1. Fabrieation SegUEONCE i i e
D, CHOMICAL BIPTIOT. o et
3. Fabhrienbion ROCiPe i i
SUPFRCE CRIPEE Lo s
T, COTON DISCRIIEE Lo
D, COPONN PLOPOILIOS . .ovvtiiiiiei s
3. Demountable Glow Discharge Chamber e, .
4, Chamber PrOperbios ...
B, CHAMBEE DEBIEIN |0t eeieesiiies + reeeerrreessir e r et s e
Experimental ResUlls ... ....cccoovviriiniieenii s .
Lo DIITTACLEA OFUETS .oovosseiirsererrerteteessinsitisbsrrerrrreresetssesissemioninibrnrareesssstssess
2. Thermal Bias Above Threshold............oooviiviiimminin
8.  Thermal Bias Instrumentation .........c.ccooiiimnniin s
. Thermal Bias Below Threshold ..o
Absence of FatiUe ......oovvevieiiriiiiiiii i i
Diffraction Efficiency Versus Heat Pulse Amplitude ...
. Diffraction Loss Versus Surface ENergy .......c.cccocovvnvinmniiiininnnn
. Response THME .....coooiiiiiiiiriiimiiisi
. Surface Energy Versus Chemical Additive ..o,
10. Heat Pulse Amplitude Versus Heat Pulse Duration ........ccccoeenininnn

Microcrystalline Wax SUMIMELY «......oveerier e e

.

O 0 ~3 O O

HOLOGRAPHIC STORAGE TUBES ....cooiiiiiiiiiiiiiminiiieniii e

A.

ow

e

TN L OGUCLION ottt eereeerreeerrrerrerrirseisseesasssesssrtnruiisesrbrnnsssisseseaneseseessinmnns
Thermoplastic Recording via an Electron Beam in a Demountable System ............
Electron-Image TUDE .......cccoiriiiiiiiiiiii et
Photoconductor Holographic Recording Tube ...........ccoivniinininnn.
1. Photoconductor Tube Description ..o
2. Cesitm Contamination ......ccovvveeiiiririeiiiiiimiim e
3. Page SeleCtion .......ccociveiiiiiiiiiiniiiiiii s
Photoemission Holographic Recording Tube ... v
1. Page SeleCtlion ... .cccoiviiiiiiiiiiiiieiii
2. Photoemissive Deformable SUrface........ccccecveeriiviinimiiiiiiniion.
3  Photoemission Tube Description .........ccccociiiinnnn i,
4, Surface ResistiVIty ......coevvviiiiiiiemiiiiiiiiii i i
5. Photoemissive Holography Versus Deformation Stability ...............ccocoeiin
Laser Addressed Holographic Storage Chamber.,.............c.ccoivviiiiiiiniinni
. HeAat TIANSEEY 1 iivvvvreiiiiiiii e e e e
Demountable Storage Chamber .............coooviiiniiininns PO UU PP OO
Corona Grid Structure ,............cocovviiiennin o,
Corona Chamber ...
. Chamber Description ...,
. Laser Addressed Hologrephy........cooiiinnnine ., SEUTOPPTRRN

.

by

CONCLUSIONS ...... RO PP PP PP PP PP O S PP PP TTRTRTTRITPETTITRYY

Pago

24
24
24
24
26
26
20
27
27
21
28
28
29
29
31
31
32
32
33
33
34
36

37

37
317
39
42
42
43
44
44
44
46
41
41
48

48
49

50
51
52

66




-

TABLE OF CONTENTS (Continued)

Section Page
APPENDICES
A. Surface Deformation in Microcrystalline Wax .........occoiiininiinnnn 67
B. Heat Transfer in Holographic S8torage Devices ............ceiiviins v 66
C. Hologram Recording Criteria Using Photoemissive Mechanisnis ..., 70
REFERENGCES. ......ittetttttimiennieeesiiermmesessiimmmmetstsmmomatssessssminesssesinmmisesessnmmmsrsessesmmmesssmmi. 75

-_
,g - e —— - ———
3
)
L vii N
A
N A
| X
l( TTETTTe——— . 4 - ..g.'mrmj
. R T o e S e e




1.

2'

3
I S

g2
© ®

10.

12.

16.

18.

. 19.
20.
21.
22,
23.

[ %4

s e e

PPTOEC T LA B AN AT DT T,

LIST OF ILLUSTRATIONS

Figure

Thermoplastic-photoconductor film storage deviee ...
Thermoplastic hologram reeording SOQUONECE ..o
Sample connections during styrene deposition ...
Complex styrene mass spectrometer data......ooviiimnninnin e an
Complex styrene structural configuration ...,
Electric fie'd strength versus electrode strip position.............cocvinincnnnin,
Frost temperature versus strip POsition ...
Complex styrene electron diffraction pattern ............innnnninin.
Silicon #%36 dispersion device structure ..........cocoeviiiiiiiini
Experimeatal arrangement for silicone hologram recording.........ccceeviiviniininnninnniiinn,
Grating permanently stored in Dow Coming #236 dlspemon
Differential orders zero through eight (multiple exposure)............c.c...... v erenrnaarras
Grating permanently stored in GE RTV 619 ................ rererraennesanees reeereeresseebesbensaatiebatas -
Microcrystalline wax device 8t "WUE ......coiiniiiniiiiiiiiiiii s
16 X 16 checkerboard readout with scattered light..............cccvniinninnnn.
Space charge neutralized demountable glow chamber ...,
Photograph of all glass demountable glow chamber...........oooiiiiininie,
3ample installation on gIOW chamber ...t
Experimental arrangement for microcrystalline wax hologram recording............coceiunie
Diffracted orders and laser light path ...,
Photograph of instrumentation ...
First order output versus heat pulse amplitude for microcrystalline wax ...........

First order output versus heat pulse amplitude for microcrystalline wax
additive

...... s aa e st eatasneobbe stoetoonesststosrsooestaestottstotsssnetotsstssssestoobosrsboredronessrnsranrrnsnsnnss

sesesasrsinres

Page

13
14
16
17
18
18
19
20
21
25
26
27
28
28
29
30
30

33

34




g

T e e v - v

LIST OF ILLUSTRATIONS (Continund)

Figuro

24,
20,

32,
33.
34.
36.
36.
317,
38.
39.
40.
41.
42,
43,

44.

Plot of heat pulse write amplitude versus pulse width,,oinnnnmenonomon,
Plot, of heal pulse orase amplitude vorsus pulse width oo aononnn,
Photograph of demountable vacuum YSHOM s i
Frost pattern due Lo eleetron beam Charging oo oo
Experimental arrangement using eleetron=image tube i
Electron image tube hologram reconstruction. ..o
Holographic recording tube desigii....i i
Photograph of holographic recording tube .
Photograph of photoemissive tUbe i
Plot of measured photoelectric sensitivity versus wavelength......ccoiiiin,
Device structure for use in holographic recording tube ....cccovvininniiiiiiinnnniiini.
Photograph of 2-cm by 2-cm demountable glow chamber ...,
Plot of glow chamber resistance versus Pressure ......i.eeecseseessessssssssissseesesssssrssasesssns
Corona discharge structure desigil ......eicveosseeiesirimmssesiossssossnresssrsssssnssssssssssssrsnaessosssses
Photograph of corona discharge Chamber . ....ieinininiinnininiieiiiesiiersscrsossses sossrssessssssssane
Experimental arrangement of laser addressed MeMOLY....cciieisnneeiisnsessssnssssssresessnsssessrnns
System configuration of laser addressed MEMOTY .uueveiiiirirnnisrescrosssrnssssssssssssnnssssossossssnn
Heat transfer BeOmEtrY ciiiiiiiiiiiiininininisiiisiiisesiissssssssssssssssssssrsrssssssssssnssasansessssses
Plot of temperature versus time for a 10 usec heat pulse ...
Geometry of deformable photoemissive SUIFACE ...ciciiiiiiiiiiiiiiniiininiinnosiimisssisssesse

Equivalent circuit of photoemissive holographic region ...

Page

$1i)
a0

B1.]

60
61
62
63
64
66
68

()

71




GAIN-ASSISTED HOLOGRAPHIC STORAGE MEDIA
hy

tobert A, Gange and Reuben 8, Moegrieh
RCA Labhoratorios
Princeton, Now dorsey 08RO

SUMMARY

The objective of this research wad to devise and investigate techniques for using deformable
insulating films as the storage medium in a high-speed, random-uccess, read/write holographic
memory. This included a scarch for solutions to the general problems associated with conven-
tional thermoplastic-photoconductor systems, such as fatigue and uniform charging prior to ex-
posure, as well as the specific problem of selective addressing, i.e., heating only one hologram
areu out of many thousands of such areas,

The fatigue mechanism was studied and a model was proposed that explained the failure of
conventionai thermoplastics. This model led to the discovery of a new material — microcrystal-
line wax — which was found to be free of fatigue up to at least 7000 cycles.

Improved corona-charging techniques were developed during the course of the work, and a
method of charging with a space-charge-neutralized glow discharge was demonstraied.

The feasibility of selective heating by a light-addressed return electron beam was demon-
strated, but problems with cesium contamination of the storage medium prevented the develop-
ment of a practical operating device. Cesium it:duced conductivity of the insulating surface and
also prevented photoemissive charge patterning.

A fundamental resvlt of our resecarch established the fact that no deformable film medium
\ which uses heat to soften the material can be cycled at a frequency greater than the reciprocal
of about 1000 times the heating time without excessive heat build-up at a location subjected to
continuous erase-write operation.

A device consisting of a substrate, transparent conductor, photoconductor and a micro-
crystalline-wax insulating film was fabricated in which holograms were written over 2 2 em by 2 em
area by thermal biasing and direct laser-beam heating.

The main conclusion which we huve drawn from thig research progrum is that deformable
media which employ heat in the recording process are not satisfuctory for use in a high-speed
random-uccess read/write holographic memory. They are, however, a viable approach in

applications where cither high speed or random access is not required. )
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I, INTRODUCTION

[n reeont yoars, substantiol work has accurrod in the field of holographie storage madia, '] hit
work bas been orientoed toward the development of n materinl suitable for use in holographice data-
stornge systema, The requivemonts impased on the storage medium hy sueh o system have proven
{0 he sovers, as indieated by the fact that. no material has heon diseovorod {0 date whieh satisfion
all of tho requiroments nocossary for ronlistie aystom aperation, By way of introduetion to the
progeoss achioved af tho RCA Lahoratorios toward devoloping such a matorial, a hrief outline i
givon belew of the various requiroments imposed by tho system on the storage modinm,

A. Write Sensitivity

In a practical system laser power is at 0 premium; present laser technology provides for
power of the order of 1 to 10 W in a useful line (single frequency) of reasonable coherence, if o
denotes the system loss in laser light through the deflector, hololens, optical components and page
composer, and h denotes the diameter of the hologram at the storage medium, then the sensitivity

8 required of the storuge medium (J/mz) is

4deg ,
nhe )

w
A

where e io the available laser energy. The hologram dimension at the storage medium equals the
diameter of the Airy disk ~2AL/b (rectangular aperture), with A the wavelength of the laser light,

L the focal length of the lens, and b the width of the page composer and photodetector elements.
Since the area of the page composer 1r62/4 (8 = page composer diameter) equals (bN/nPC)Z, where
N2 is the number of bits per page and npg is the spatial duty factor of the page composer elements,
it follows that 7h2 = (SALN/ﬁnPC)z. Noting that L/ is the F-number (#) of the lens, the system

requirement on storage material sensitivity is
2
S < eo e 2
2A#N (2)

B. Read Efficiency

In addition to adequate write sensitivity, the storage matcrial must be capable of diffracting
the light sufficiently for adequate signal to noise at the detector. If g is the minimum energy per
bit necessary at the detector, rp the reading time and P the average available read power, then the

readout efficiency (f) of the storage material must be such that

N2
8T (3)
P TP (1]

f >

J
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!, Matoripl Fatigue

A mnterinl guitable for holographic road/write storage must he able to have information writ-
ton and oraaed without any appreeinble change in the material's pronertion, The inahility of tradi-
tional thermoplastie type matorisls Lo madntain moleenlne fitogrity daring vepetitive eleetriend
alteration of theiv information eontent. has proven to he a formidahle problom aven, I typlenl
rond/write memory aperation, such fatigue radses the tomporature eoguived Lo write infommntion
into the storage materinl, I traditional matevinds, 0 thermoset. tomperatare i ronched heyond
which the medium eensos to operate as o holographie storage material, The anget of this fatipue
in trroversible and may typically oceur anywhere hetween ten and soveral hundred read/write eyeles,
Clearly, the absence of such fatigue {8 o major requirement on any storage material for use in an
oleetrically alterable holographic-memory system,

D. Sputial Resolution

Information is written into the storage medium by spatially modulating one of two coherent
lager beams, und superimposing these beams at the desired storuge location, The beums interfere
and produce un intensity (1) with a spatial variation of the form

I = 15 |1+ cos kx (8in 04 + sinUZ)] (4)
where 1 is some constant, (04 + 0g) the angle between the two beams, k the wave number -t
the laser light, and x the distance along the surface of - 1e storage materi... Equation (4) shows
that the storage material must be able to respond to spatial variations whose period D is of the
order of

D ~ A(sin0q + sin0g) (6)

where A = 2a/k is the wavelength of the laser light. Analysis of the resolution one obtains upon
reconstruction of the stored image shows that for typical object and system dimensions, (04 +04)
is of the order of #/6 Lo n/4 radians so that the storage material must be capable of retaining
spatial variations of the order of the wavelength (A) of the lager light. This material bandwidth re.
guirement also restricts the thickness of thermoplastic materials (ref. 1) to a maximum value of
ubout D/2.

E. Temporal Response

Another requirement which the system places on the storage bundwidth is that of temporal
bundwidth. The cycle time of the memory includes both the crase time and the write time as well
us the read time, In storage media using hest, the heating and cooling times must also be considered.

i mmart __/7_'. g y
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7, Rystem Compatibility

A vaguiroment. ofton averlaoked in the choiee of o materinl far holographic momory applien-
tions j8 the compatibility of the material with the system in whieh it is going to bo uaed, For exmmpiln,
a atoragn materinl may have ndequate write sonsitivity in terms of energy, hut yoguire the applieation
of this energy in time intarvals not realizahle with oxisting or forsoonhle laer toehnology, Anothor
oxample i matorials which may antinfy all of the storage requivenients, hut. whieh have i spocteal
yosponse olthor in the infrared or ulteaviolot part of the spectrum where dofloetor or detector ineome
patihility may exist. Perhaps the most often oncountored oxample of systom incompatihility in where
the material satisfies all of the dofinable eritoria, but does so only over areas of the order of soguare
millimeters, In such an instance, the roguiremont for areus of muny square contimeters proves to o
a formidible, if not impussible task,

(. Summary

The requirements imposed by the system on a holographic-storage mauterial us discussed ubove
have proven to be formidable. Of the varlous kinds of materiuls considered for use in situ in a
read/write holographic optical memory, thermoplustics huve emerged us 4 possible candidate, Such
materials have been extensively investiguted ut RCA Lauk rratories, and have been found to sutisfy
some of these requirements. Therefore, o brief description of the use of thermoplustic materiuls for
recording holograms is given in the following section.
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I, THERMOPLARTICH

A, Intvoduetion

The deformation of thermoplastie muterinds i eosponse 1o pattomis of eleetvienl coawge on
thelr surfuee dates haek 1o TROT (rof, 2), Daving the past twenty years Desie deformntions hove
heon inventiganted by many workovs (refi, 8 7H), The uie of theemoplstic matorinds for holographie
storage was fivat domonstented by Viebaeh and Meior in 1966 (ref' 13,

The recording of o hologram in o thermoplantie material s done Ly introdueing spatind v
tiong in the thicknens of the thermoplustie film, ‘The thickness varintions coreespond 1o differenec,
in the laserdight intensity of o holographie fringe patters, The thermoplastie is usially u resin type
materinl which iy insensitive to tight, Therefore, it s aormally used in combination with a sensitive
photoconductor such as poly-Nevinylenrbuzole (vef, 19),

B. Deviee Configuration

A typical thermoplustic-photoconductor film gstorage device is shown in Fiy: . ihe thermo-
plastic-photoconductor combination is placed over u trunsparent eleetrode such as tin oxide (‘TIC)
or indium oxide (In0), This trunsparent clectrode acts as a ground plane to imuge churge of polarity
opposite to that placed on the surfuce of the thermoplustic materiul, 1 s the cleetrostatic foree
between the charge on the thermoplasti. surface and the corresponding charge imaged in the
ground plane which causes the thermaoplestic material to deform,

THERMOPLASTIC ____

\*

riotoconouctor ——~ 1 |l M M B _
TIC //: YIS IS IS

GLASS SUBSTRATE

Figure 1. Thermoplastic-photoconductor film storage device.
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C. Coronn Discharge

A coronn deviee consisting of a thin wire or wires at. high voltage (=10 kV), and an eleetrieally
grounded shield is usually employed to charge the thermoplastic surface, The fine wire ionizes the
aly hoeause of the high olectrie field strength in ils proximity. The ions are attracted Lo the thermo-
plastic surface hecause of the elecirienlly grounded transparent conductor, The ions are deposited
onto the thormoplastic surface and held by the charges induced in the transparent. eleetrode, Thus,

the suriace of the thermoplastic moterial is charged to a uniform potential which typically is
several hiundred volts,

D. Hologram Write Procedure

For ease of visualizing the storage of a hologram in a thermoplastic material a recording
sequence is described below and illustrated in Figs. 2A-E,

In Fig. 2A, the thermoplastic surface has been charged positive by a corona-type deviee, and
is at a uniform potential. The corona is then turned off,

FIRST CHARGING

et Errrt bbb b et

LTI ks— THERMOPLASTIC

PHOTOCONDUCTOR —

EXPOSURE SECOND CHARGING

LIGHT  LIGHT  LIGHT

LRI b bee eae

Prr e et b bbbttt Attt bbbttt et

T T

....... 6------- -------6_-----_
DEVELOPMENT ERASURE

i/t I

D E

Figure 2. Thermoplastic hologram recording sequence,
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Figura 2R shows the distribution of charge within the photoconductor lnyer suhsequent o
exposure hy twa lnser heams, which have heen made to interfere with one mother, The offeel of
tho light. is 10 oxeite charge earriers within the photoconductor, where they are then free to move
toward the thermoplastie-photoconduetor interface under the foree of the chareod thermaoplastic
surface,

In Fig, 2C, the corona-charging doviee has again been turned on, and a new layer of charge
deposited on the thermoplastic surface, The newly deposited charge distributes itself along the
surface in o manner which allows the total clectrostatic energy to assume a minimum value, Figure
2C shows the distribution of charge which corresponds to this minimum energy configuration, and
although a greater amount of charge is seen Lo accumulate in regions of high light exposure, the
surface is al a uniform potential. ‘The corona discharge is removed suhsequent to application of
this second layer of charge.

Figure 2D shows the configuralion of the thermoplastic surface after momentarily applying
heat to the theri.oplastic material. The heat raises the temperature near the softening or melting
point and the regions of higher charge accumulation and therefore higher eleciric field strength
deform under the action of the greater attractive force which exists between the negative-imaged
electrode charge and the positive thermoplastic surface charge. The thermoplastic material thus
deforms in accord with local electric field strengths, and becomes thinner at the high field (illumin-
nated) areas, but thicker elsewhere. As the heat leaves the composite structure, the thermoplastic
cools to room temperature where the thickness variation remains as a permanent deformation.

The hologram is thus recorded.

E. Hologram Erase Procedure

Figure 2E shows the storage structure subsequent to the reapplication of heat in the absence
of corona discharge and light exposure. The reapplication of heat raises the temperature of the
thermoplastic material to a value higher than that used to record the hologram. At this hizher
temperature, the thermoplastic material is restored to its initial smooth configuration under the
action of surface tension forces. The reapplication of heat in the absence of corona discharge and
light exposure thus corresponds to erasure of the previously recorded hologram. In addition, any
remanent charge which may exist on the thermoplastic surface is removed during erasure because
of the increased electrical conductivity of the thermoplastic and photoconductor at the elevated
erase temperature.




111, FATIGUE

A. Introduction

The recording and erasure of a hologram in thermoplastic materials as outlined in Figs, 2A-F
is seen to occur at specified softening or melting temperatures achieved by the transfer of heat to
the storage material, Since many holograms exist in an optical memory system side by side on a
common film, a change in the softening or melting temperature at any one hologram location
makes it essentially impossible to write holograms over the entire storage medium with a constant
heat energy. In the extreme, the melting temperature is higher than the temperature at which the
material is destroyed. At intermediate temperatures, loss in the plasticity necessitates progressively
greater values of electrostatic force to deform the material. This change in the softening or melting
temperature is called fatigue. 1t usually occurs as a result of polymerization and crosslinking at
the molecular level.

Other mechanisms can alsc produce material fatigue. For example, {ree resins such as staybe-
lite are believed to fatigue due to oxidation at the surface of the film. This oxidation ostensibly
occurs prior to the onset of any appreciable polymerization and crosslinking, and therefore is be-
lieved to be the dominant fatigue mechanism in tree resins such as staybelite.

B. Frost Temperature

In order to investigate the fatigue mechanisms in polymer type materials, and to identify
those factors which contribute to material degradation during the repetitive writing and erasure of
holograms, work was initiated on the study of frost temperatures of styrene fabricated in varying
stages of virgin polymerization. The frost temperature of a material is the temperature at which
one observes the onset of scattering from a single beam of laser light made to fall uniformly over
some region of the sample in the presence of a uniform corona discharge. Such scattering, or
“frost” as it is commonly called, is observed to occur with substantially all thermoplastic materials.

C. Frost Mechanism

A mechanism believed to be responsible in part for the phenomenon is the inverse dependence
of surface tension on the electrostatic potential at the thermoplastic surface due to lateral repulsion
of like charges. In an analogy to the electrocapillary effect (ref. 20), the change in surface tension
58 may be expressed to a first-order approximation as the product of the surface charge density
(o) times the mean-surface potential (¢) measured from the transparent electrode.
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D. Meckanieal Versus Electrostatie Stress

If the change in eloctrostatic energy corresponding to the thickness variations in the thermo-
plastic is caleulated under the assumption of a single harmonic mechanieal contour, then it enn he
shown that the change in surface energy 48 is more aceurately given as

02/kK

S - -
K + tanh kh

(G)
where k, K, and h are the mechanical wave number, diclectric constant, and separation from the
transparent electrode of the thermoplastic material. Since the total energy is 4 minimum value,

8 is a measure of the negative of the change in mechanical energy by which the thermoplastic is
mechanically stressed. Thus, the thermoplastic is seen to mechanically deform in the presence of
both heat and electric field intensity with maximum stress occurring at maximum field strengths.

E. Polymerization and Crosslinking Versus Frost Temperature

1. Deposition procedure. — In order to evaluate the effect of heat and electric field intensity
on the elastic properties of polymers, styrene films were fabricated with structures containing dif-
ferent degrees of polymerization and crosslinking. The polystyrene films were fabricated by poly-
merizing styrene molecules in a vacuum system. The initial rough-down prior to introducing styrene
into the system was done at a pressure of about 1 um. The styrene monomer [maximum vapor
pressure = 3000 um (3 torr)] with an additive (tert. - Butylpyrocatechol) for stability was bled
into the vacuum system such that 100% evaporation yielded a pressure within the bell jar of about
150 um (.15 torr). The pressure was then incrcased to 500 um (.5 torr) by bleeding air into the
system. The styrene films were deposited on transparent TIC electrodes placed between two parallel,

circular, stainless-steel plates each 7560-um thick, and separated from one another by about 2.5 cm.
The energy necessary to polymerize (and crosslink) the styrene monomer was supplied by an alter-
nating electric field generated by placing a 60 Hz — 480 VRMS voltage across the parallel circular
plates through a 4000-ohm resistor. During the polymerization process, a blue-glow discharge (not
an arc) is observed, and the activation (0.3 eV) to ionization (3.0 eV) energy ratio of 1:10 is be-
lieved to produce a ratio of styrene activated to ionized monomer molecules of 106:1; random
collisions between the plates are rare, and the styren: polymerization is felt fo occur because of
the increased collision probability associated with higher retention times at the surface of the
conductive films. Electrical contact was made to the transparent electrodes as shown in Fig. 3.
The glass substrate was placed on a gold-plated 5-cm by 6-cm copper block, and a wire from a
clip lead placed on the {ransparent electrode was soldered to a copper block which rests upon the
lower plate. Styrene was simultaneously deposited upon as many as eight 5-cm by 6-cm samples;
however, since the electric field exists between the upper and lower circular plates, as well as bo-
tween the upper plate and metallic film, the styrene is deposited on the lower plate as well as the
sample. Thus, regardless of the particular number of samples employed during a given styrene
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GOLD PLATED ———— _ |
COPPER 7
BLOCK /32" STAINLESS STEEL PLATE
jo 16" -

Figure 3. Sample connections during styrene deposition.

deposition, eight copper plates must be positioned in the eight locations initially established on the
lower circular plate; otherwise, these regions will be coated with styrene and electrical contact be-
tween the copper blocks and the lower circular plate upon which the blocks rest will be lost.

2. Molecular saturation control. — The high energy of molecular formation produces multiple
crosslinking as well as polymerization of the styrene monymer molecules. The increase in pressure
to 500 um (0.5 torr) by the addition of air was used to control the extent of the crosslinking.
Although most of the samples fabricated contained 240-nm-thick pclystyrere films, devices with
styrene thicknesses between 160 nm and 320 nm were also evaluawd. A 10-microliter volume of
styrene monomer typically produces an 80-nm film over a 2681-2m2 area (upper and lower plates).
Typical power consumption during the polymerization process decreases from an initial high of
5 mW/cm? to 0.5 mW/cmZ, with the initial 480 VRMS Gecreasing to about 300 VRMS, and the
initial 55 mA current increasing to 70 mA. The decrease in power results from the growth of the
styrene film over the sample and plate areas. In high electric-field regions, the film is believed to
grow in a macromolecular fashion with an entire coating along one strip possibly being one large
molecule, It is noteworthy that the solubility of such compounds is inversely proportional to the
molecular weight, and that these coatings remain substantially unaffected when exposed to con-
ventional styrene or polystyrene solvents; this suggests molecular weights appreciably in excess of
that normally associated with conventional polystyrene,

3. Complex styrene analysis, — Mass spectrometer measurements were taken of vapor pressurc
in which the complex styrene coatings were placed in a chamber, evacuated, the pumping stopped,

and the evolved species collected over a 16-minute period. Spectra were obtained from this sampling
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pracedure al 27°C, 64"C, 86°C, 110°C, 126"C, 148°C, 166"C, 179°C, and 2107C, Figure 4 shows
data taken from mass speetrometer measurements ilastrating the evolved species, and showing
that styrene contings deposited in raaximum field stiength regions are guite stahle up to tempera-
tures of 90°C. Whereas an enticipated spoetrn was observed under a similar measurement. with
ordinary polystyrenn at ahout 100°C, quantitatively small species were ovolved from the atyrene
coatings deposited in high-field regions, even at 210°C, The species doteeted were only slightly
above the detection limit, which is on the order of 107 T 40 1078 pm (107 10 16 107 forr). Atroom
temperature there was ovidenee of a C4Hg spocies with a terminal CHg group. Another species do-
tected was a (,3H5 group. Figure b6 illustrates n structural configuration of the polymerized and
crosslinked styrene coalings which is reasonably in accord with the evolved detected species, al-
though other equally viable structures can he hypothesized.

A \c/ NN

’ c
d /! o /! HG oo M
< . X ¢ c
3 3 ¢ O Q: 1 |
O ¢’ H/c\c’c\u
O Q i !
'/ ‘/ «_ . CROSSLINKING BEHIND
é\ c’ i “o - PAGE.

s /
N / N \ / ” _ CROSSLINKING IN
CHg Ha CHe 2 * FRONT OF PAGE.
= BOND BEMIND PAGE.

\\\\\
BOND IN FRONT OF
- OR OR PAGE.

Figure 5. Complex styrene structural configuration.
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4. Molecular saturation versus electric field. — The variation in the polymerization and cross-
linking present within the styrene films was achieved by means of glass substrates on which were
etched seven strips of TIC (transparent electrodes). The glass samples were placed on top of the
gold-plated copper blocks as shown in Fig. 3, but electrical connection was made to only the center

“strip. In this way, the electric field infensity betwéen thé ippéf platé and the’ stFipy was' a THaxi-™"
mum over the center strip and a minimum in the region of the TIC strips furthest removed from
the center of the sample. The technique for interconnection along with an illustration of the relative
field strengths is depicted in Fig. 6. The decrease in electric field intensity from the center strip and
along the three unconnected sirips on either side serves to produce a gradient of molecular satura-
tion with a substantially higher degree of polymerization and crosslinking in the styrene deposited
along the strip at the center of the glass substrate, and lesser degrees of polymerization and cross- J
linking occurring in rough proportion to the separation of the strips away from the center strip, i.c., |
the point of electrical connection.
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Figure 6. Electric field strength vs. electrode strip position.

. Test Data. — Tests were later conducted to investigate the effect of ohmic-heat and corona-
discharge-induced electric fields on the frost temperatures of the different strips. Figure 7 typifies the
distribution in frost temperature versus strip position which was observed. Styrene deposited on strips
furthest removed from the region of maximum electric field strength exhibited frost at lower tem-
peratures ~35°C, while styrene on strips in close proximity to the maximum field region frosted
at higher temperatures ~50°C. No frost was observed at any time on styrene coatings deposited
on the center strip, the region of maximum field intensity at temperatures up to ~100°C.

6. Electric field induced fatigue. — A significant discovery was that whereas the strips could
be heat-cycled between room temperature and ~30° with no significant change in the temperature
at which frost occurred, subjecting the strips to about five cycles of corona discharge (depending
upon corona intensity) in each instance raised the frost temperature until, at a temperature of
~70°C the frost was permanently frozen in, Thus, regardless of the initial state of polymerization
and crosslinking and the initial frost temperature, except for the center strip at which electrical
connection was made, each strip suffered an increase i the temperature at which frost occurred,
with the styrene exhibiting permanent frost at ~70°C.

The increase in the frost temperature of the incompletely saturated coatings is attributable to
increased polymerization and crosslinking due to the corona discharge. The permanent frost con-
dition derives from a thermoset condition of the styrene resulting from a saturation of the poly-
merization and crosslinking due to depletion of available covalent bonds. These results appear to
be of general character, applicable to most crosslinked polymers. Additional work with resins and
rubbers at RCA Laboratories and reported in later paragraphs support this conclusion.
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1. Complex Styrene Struclure

Work was also done 1o evaluaw the olectrie-field-induced structure of the highly crogslinked
complex styrene files, The styrene contings were investigal i using x-rny diffrnetometery, cloctron
Aiffraction, differentinl thermal analysis, and mans speetrometry, The results from there tents were
consonant with one another, and showed the * omplos® styrene filmes 1o cantain an amaorphous
strueture of approximately henm polyerystallite (wee T, 8), 0 glans transition and melting tempoer.
ature respoetively, of 146"C and 206"C, and a vapor pressure at 00°C of 107 un) (A0 o),
and at. 1060"C of ~ b % 107 pm (~h ¥ T torr), ‘e high transition and melting temperatures
oxplain why frost was not observed in the center strip, and why it appeared to e frozen in af
~70"C. The data also shows that the complex styrene coatings are quite amenable to high
vacuum use, an application of which more will be said with regard to work on photoemission,

(. Inhibition of Polymerization and Crosslinking

In an attempt to prevent covalent band saturation via polymerization and crosslinking, styrene
films were deposited using the vacuum system of Fig. 3 in which an addilive was introduced during
styrene deposition. A 0.85 styrene -0.16 octyl-decyl metacrylate composition monomer admixture
was introduced in an attempt to plasticize the film in the absence of solvents. The use of solvents
to plasticize styrene films has been shown to be detrimental to organic photoconductors of the
kind employed in holographic-storage devices. For this reason, a glow-discharge technique was se-
lected for the monomer admixture. However, in spite of every precaution, and using several fabri-
cation procedures, sufficient polymerization and crosslinking occurred during deposition to render
the styrene coatings non-deformable at practical temperatures < 120°C.

H. Fatigue in the Absence of Heat

1. Materials selection. — Conclusions regarding the fundamental mechanisms by which fatigue
occurs in polymer materials indicated that these mechanisms should be present in polymers de-
) formable at room temperature. Although fatigue studies embraced a wide spectrum of materials
including monomeric amides, lacquers and resins, an investigation was initiated to study the effect

of electric fields from a corona discharge on elastomers.

Dow Corning silicon elastomer #236 (dispersion) was selected because of the ease with which
it deformed at room temperature, At no time was it necessary to apply heat to the material, and
the corona discharge was the only externul energy source to which the material was exposed. The
silicone elastorer was applied to TIC coated glass substrates using both dip and spin type coating
techniques. The range in film thickness was varied from 1 to 16 um, with most tests conducted on
coatings between 1 and 3 um. Figure 9 shows the device structure,
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Figure 8. Complex styrene electron diffraction pattern,

17

o~ m——'uvh/?‘“




DOW CORNING SILICON
ELASTOMER # 236D

PVK -
PHOTOCONDUCTOR

TIco T
GLASS SUBSTRATE

Figure §. Silicone #2336 dispersion deviee structure,

2. Experimental arrangement, - The experimental arrangement used during the course of the
investigation is shown in Fig, 10, Hoe-Ne (6828A) laser light of about 1 mW power was made o fali on
a bueam splitter, and part of the beum (Beam B) to be deflected onto a mirror. Beums A and B were
then made to superimpose on the sample at an angle of about 5 °, with Beam A orthogonal {o the

DIFFRACTED
LIGHT

SAMPLE OF
PRECEDING

VIEWING
SCREEN

CORONA
NEEDLE —¥

SPLITTER

MIRROR 0
- - He-Ne 6328A

MIRROR ™ ~ImW LASER

Figure 10. Experimental arrangement for silicone hologrum recording,
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REPRODUCIBILITY OF THE ORIGINAL PAGE |5~

aurfnee, The higher order voadant heams were viewed at alater tie on o white sereen plieed ot
a distanee of abaut 1h e hehind the siaple usigs oy Beame A Daving ecpasure 1o the eorann
disehavge, the chavge distribinted adong the intorfiee fetween the PV E el the elastaier o ane-
fo-one veltionship (o fhe intorforonee pattern made by overdipping, (o Liner Bieais on the PVE-
defarmuhle copting sandwieh, ‘The diffeventind forees produced by Che uneguid chavges praduend

holographie swfnee deformations whieh diffeneted the faser light.

A Expermnentad dati Figaee E1 i ac HIOGY photapraph teang abligue lighting) of the s
fueo of Dow Cornfng 286 dispevsion silicone elitomer subineguent to exposive by the coronn
diseharge, The Figure shows that the suefiee deformntions have heen permimently staved iy the
silicon olagtomer, Fhe oxperiment this eonclusively demmonsteanted that i the absenee of hoat,
applicntion of the corann disehnepe enused pernament futigue to the partinliy polvanerized and
erosstinked siticon olastomer, in accord with the conelusions deiwn envlier from work cmploying

styrene ag the deformable material,

Figure 11, Graling permanently stored in Dow Corning #3236 dispersion,
g

4. RTV 619. — In order to evaluate the role played by the electrie ficlds in the futigue of
deformable materials, and to examine the range of validity of the polymerization and crosslinking
mechanisms discussed above, work was begun Lo study in detail the offeet of corona induced
fields on the elastic properties of room temperature vuleanized (R'TV) rubbers, General Electric
RTV 619 was sclected for study because of the ease with which it deformed compared to other
RTV rubbers, und because of its paste-like character which promised both greater surface move-

ment and greater susceplibility to covalent-band ciosure,
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The doviees wore fahriented in a mannor similar ta thase which emplayed the silicon elastomer
(Fig, ) oxeopt that RTV 619 was waedd as the defarmahle medin, An analysis was done to learn
whether the mntorial fatigue acenrred at the onsol of deforipation, long after deformation had
accurred, or while the material wis doforming, The procoduve was as follows: using the expori-
mental areangement of Vg, 10, (wo heams were minde Lo interfore an the PV surfnee; during
miposire the carona diseharge wan turned on for sovernd seconds, nnd then turmed off,

by Bxperimental date, A poemaient hologram was fonnd (o he vecorded in the BTV indis
ond illm?(;{uw,\;ulu tmn'uun dincharge Tued permanently fatigued 1 o material, pronumably
Hivough oloetrie field/eoronn indueed polymerization and eronsliv. + igare 12 45 a 1X photo-
graph showing the readout from the hologram in which the ejght P i soen to he visible,
Beeause of the comparatively high intensity of the lower orders, Fig, 12 8 a superposition of a
08, 3:b and 68 order exposure in which the higher orders were gequentinlly blocked using a pleee
of cardboard, ‘The intensity of the higher order diffeacted heams as well as the light power incident
on the sample (Beamn A) was measured using o photodiode type detector cireudt, In these measure.
wents, the photodiode was placed botween the sample and the viewing sereen after the holagram
hud heen permanently stored in the deformable medin, Photographs were later tuken of the perma-
nently fatigued surface. Figures 13AB show a 192X and Y60X, respectively, enlurgement of the
surfuce detail of the R'T'V 619 from which the deformution wavelength was measured to be ~6.8
um, ie., k < 092 x 108,

Figure 12. Differential orders zero through eight (multiple exposure),
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Figure 13. Grating permancently stored in GE RTV 619.




The fatigue in the ATV material can be shown to occur while the film is deforming at n
depth approximately equal to one-half of the film thickness. Since no heat. is involved in the
process, the polymerization, and crosslinking ostensibly oceur in response to olectrostatic energy

supplied hy the corona discharge,

1. Conclusions

A fundamental conclusion of this work is that partially polymerized crosslinked polymers are
unsuitable for use as a deformable holographic storage material, and that a fatigue-free deformable
material must consist either of a completely polymerized and crosslinked polymer deformable at
practical temperatures, or a materinl wherein sufficient molecular integrity exists to preclude
further unit volume free energy reductions through molecular restructuring during repeated phase

changes.
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IV, MICROCRYSTALLINE WAX

A, Introduction

A survey of materials with fully polymerized and crosslinked structures was initiated and con-
ducted concurrent with the work desceribed above, As a result of the survey, it was concluded that
polymers with such structures are generally nondeformable at reasonable temperatures and magni-
tudes of elcctrostatic force, in addition, they usually necessitate the use of solvents not compatible
with conventional organic (sensitive) photoconductors.

During the course of the materials investigation into fully polymerized and crosslinked polymers,
a linear, low-molecular-weight hydrocarbon-polymer class of organic materials was uncovered which
promised molecular structural integrity during thermal phase changes. This class of materials con-
sisted of complex mixtures of normal paraffinic, isoparaffinic, and naphtheric solid hydrocarbons,
and is commonly referred to in industry as microcrystalline wax.

B. Structure

1. Molecular stability. — Unlike paraffin wax which changes in molecular composition upon
repeated liquification and solidification, and which is composed almost entirely of hydrocarbons of
the normal-paraffin series, microcrystalline wax, in addition to the straight chain components, con-
tains naphthenes and isoparaffins with properties that differ greatly from those of the normal-
paraffin series. In this respect the microcrystalline waxes are unique; for example, intermediate
waxes in addition to straight chain components also contain naphthenes and isoparaffins, but unlike
microcrystalline wax the physical properties of the latter compounds differ only moderately from
the normal-paraffin series.

Although paraffin, intermediate and microcrystalline waxes can be found with identical melting
points, their physical properties ave quite different due to variations in chemical composition. The
hydrocarbons of which microcrystalline wax is composed appear to double-over on themselves and
self-interact in a fashion which produces a lower overall energy per molecule. This reduced energy
state apparently imparts molecular stability during repeated liquification and solidification, and acts
to produce a high degree of plasticity within the material. The molecule appears to be further
stablized because of isolated, branched-chain and saturated, cyclic-ring structures which seem to
attach themselves at points of imperfection along the straight hydrocarbon chain, as well as near
the ends of the chain where straight-chain molecular attachments (and therefore changes in physical
properties) most frequently occur.

2. Physical properties. — The microcrystalline wax usually is found to contain an irregular and
small crystalline structure, in sharp contrast to the large,well-defined crystals most often seen in
paraffin wax; in addition to a comparatively high molecular weight, ~600-700, microcrystalline
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waxes also have a higher boiling point and refractive index, Although its melting point is also higher,
thin film coatings have heen found to adequaiely soften at ahout A42°C, a temperature which is quite
reasonable from a holographic memory systems viewpoint.

Othor charactoristios of the icrocrystalline wax are its approximately uniform molecular
composition, therehy yielding a comparatively narrow -~ 9.3 {ransition temperature, a dicleetrie
constant of ~ 2.8 comparable to the PVK photoconductor, a reasonable dieleetrie breakdown
strenglh ~107 V/m, s surface resistivity ndequate for holographic storage ~101P ohms/square, and
a viscosity ~b centipoise, more than sufficient to accommodate typical electrostatic forees,

C. Device Configuration

1. Fabrication sequence, — Devicee containing microcrystalline wax as the deformable media
were fabricated using 2.5 cm by 2.6 ecm, 2.6 cm by 6 ¢cm, and 5 cm by 6 ¢cm substrates. The different
substrate sizes were useful in the many different kinds of experiments which were performed. The

smaller substrates were employed in photoemission experiments where it was necessary to seal the
samples in high-vacuum tubes. The large substrates were convenient for both process development
for sample fabrication and evaluation of holographic storage over large areas. The intermediate
(2.6 cm by 5 cm) substrates were employed for special-purpose experiments including definition of
operating parameters such as temperature, heat-pulse duration, charge rate, etc.

Both tin oxide (T1C) and indium oxide (InO) were used as the transparent electrode. Regard-
less of substrate size, the general deposition sequence was as follows: glass substrate, transparent
electrode, barrier layer (optional), photoconductor, and microcrystalline wax. This device structure
is illustrated in Fig. 14.

2. Chemical barrier. — The structure shows a barrier layer, which was employed to prevent a
chemical reaction between the photoconductor and the wax during experiments in which a constant
thermal bias was applied to the wax. This constant thermal bias was accomplished by passing a dc
current through the transparent electrode, which served to maintain the temperature of the wax in
these experiments just below its softening or melting point. However, no such chemical reaction
occurred if the heat was rapidly applied to the wax in the absence of thermal bias, i.e., if the trans-
parent electrode was pulsed over time durations of the order of milliseconds with the wax normally
maintained at ambient (~25°C) temperature. For these reasons, the barrier was usually employed in
experiments where a thermal bias was present.

3. Fubrication recipe. — A recipe which was found to be satisfcctory for general-purpose
sample fabricatio provides for dissolving between 0.8 g to 1.2 g of microcrystalline wax (depending
upon the desired thickness) in 160 cc of N-hexane, und heating the solution to a temperature of
about 60°-65°C. The TIC- or InO-voated glass substrate with photoconductor layer is then immersed
in the wax solution and withdrawn at a rate of 5 cm per second. When the protective barrier is de-
sired, it is applied as follows: between 0.15 and 0.30 g (depending upon the desired thickness) of
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Figure 14. Microcrystalline wax device structure.

Dupont Elvacite 2013 is dissolved in 5 cc of acetone at a temperature of about 60°C; 50 cc of
ethy! alcohol whose temperature alsc is about 60°C is then slowly added (drop by drop) to the
5 ¢c acetone solution: the substrate ¢ TIC- or InO-coated glass and photoconductor) is then sub-
merged in the composite acetone-ethyl-alcohol solution and withdrawn at a rate of between

2.5 and 5.0 em per second (depending on the desired thickness). A very-high-quality protective
coating chemical barrier is produced on the photoconductor, which does not contain any dis-
cernible defects. It is found that only the #2013 resin is practical. Lower-molecular-weight resins
do not dissolve in usable solvents, and higher-inolecular-weight resins have incomplete molecular
saturation which detrimentally and irreversibly polymerizes and crosslinks to produce non-
erasable holograms. This occurs because of the same fatigue mechanisms discussed earlier; only
in this instance it occurs in the barrier layer with Elvacite resins of higher molecular weight than
Dupont #2013, '

Although the fabrication recipe described above has been found satisfactory, additional
process development work direcled toward improvement of surface roughness is highly desirable.
The surfuce of the microcrystalline wax as presently deposiled contains many microscopic im-
perfections which serve to scatter incident luser light. Figure 15 is a photograph of the readout
of 2 16 X 16 checkerboard pattern from a hologram stored in microcrystalline wax, in which the
scatterced light is casily visible., Several techniques exist whereby surface roughness could be sub-
stantially improved, and the random scatiering greatly reduced.
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Figure 15. 16 X 16 checkerboard readout with scattered light.

D. Surface Charge

1. Corona discharge. — Experiments were performed and measurements taken which employed
two different methods for supplying charge to the wax surface. The first technique used a corona
discharge device, while the second method employed a urique, space-charge-neutralized, demount-
able, glow-discharge chamber. The corona-discharge device consisted of a simple corona-discharge
needle, which was separated from the sample by about 0.6 cm. Typically, a voltage of about
5000 V placed across the needle and the transparent electrode of the smnple was adequate to
produce a corona discharge of about 5-10 uA.

2. Corona properties. — Even though the distance between the needle point and the deform-
able wax surface was controlled, and the corona current monitored, the corona-charging method
with a single, unshielded needle contains characteristics which are undesirable. For example, the
rate of charge and electric field intensity across the deformable surface tend to be nonuniform.

In addition, dielectric breakdown occurs between the wax surface and the transparent electrode
unless a control grid is employed and placed with about 26 um of the surface. Unequal mechanical
forces also exist along the surface due to bombardment by ionized air molecules within the non-
uniform corona-discharge stream which can cause adverse effects; and thermal instability some-
times occurs because of interaction between room air currents and the cooling effect associated
with the corona discharge. Although many of these deficiencies can be circumvented through the
use of techniques discussed in a later section, anolher approach to the problem was found which
proved useful for the acquisition of data over a wide range of experimental conditions.
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3. Demountable glow discharge chamber = A unigue, demountable chamber was dovelaped,
in which the surface potential of the wax was controlled by controlling the potentinl energy - T
the inert gas molecules within a space-charge neutralized glow discharge, The chamber is illustrated
in Fig. 16, and was maintained at reduced (= 172 mm Hg) pressure, The inert atmosphere provided
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\\

U

BATTERY (DC SUPPLY)
_FOR THERMAL BIAS

INSULATED
FEEDTHROUGHS

INSULATED
FEEDTHROUGHS

DISCHARGE

] 1 Y,
CENTER TAP [ i} —

VACUUM =

CHAMBER
BATTERY (DC SUPPLY)
, FOR DC BIAS

Figure 16. Space charge neutralized demountable glow chamber.

an environment free of ambient fluctuations. This latter feature proved to be of great value, and
in several experiments permiited the practical maintenance of a stable temperature bias on the

holographic wax storage media.

4. Chamber properties. — A residual bias was found to exist in the chamber, which was
reduced through use of a lower-molecular-weight gas (argon). Improvements in control of the sur-
face potential were obtained by increasing the frequency of discharge excitation from 60 Hz to
30 kHz. Confinement of the ac electric fields to regions removed from the deformable wax sur-
face was achieved ti..ough design and construction of an all glass demountable tube. Figure 17
is a photograph of one such design used in earlier work with smaller substrate samples.

5. Chamber design. — The design of Fig. 17 reflects a major improvement over earlier
versions in that all contaminants including glyptal have been eliminated from the chamber. This
was made possible by having all electrical connections to the sumple external to the tube, and
installing the sample in u manner whereby ouly the microcrystalline deformable surface is ex-
posed to the space-charge neutralized discharge. This method of sample installation is illustrated
in Fig. 18. As shown in the figure, the coil supplies the ac voltage necessary to maintain the
jonized state of the inert gas, whereas the de battery via the center-tap on the coil is used to con-
trol the potential at the wax surface via control of the potential energy of the ionized molccules

referenced to the transparent electrode.
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Figure 17. Photograph of all glass demountable glow chamber.
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Figure 18. Sample installation on glow chamber.

E. Experimental Results

1. Diffracted orders. — Many experiments were conducted using either the corona-discharge
devices, or space-charge neutralized chambers to provide charge to the wax surface. As a result of
these experiments, the fabrication recipe discussed earlier was found to be satisfactory. and wax
thickness of the order of 1 um were shown to be adequate. Microcrystalline wax films were
fabricated, and two-beam holograms routinely recorded which exhibited ninth-order diffracted J
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beams, The experimental arsngement necessary Lo vecard such holograms is shown in IMigg, 19,
The diffracted orders from o typieal 2.5-em hy 5,0-con sample ave shown in Fig, 20A; a longer
exposure has heon made in Figg, 208 to show the aetual path of the diffraeted taser light.

DlFFRACTEDW ‘ VIEWING
LIGHT T L ‘ N ~ " SCREEN
R -GLASS
CORONA  ZZm= ) RER, _-1n0
NEEDLE — ~ PVK
~5kV
MICROCRYSTALLINE WAX
BEAM />
SPLITTER

MIRROR He-Ne 6328A

MIRROR X ~ImW LASER

3

Figure 19, Experimental arrangement for microcrystalline wax
hologram recording,

9. Thermal bias above threshold. — Although numerous holograms were recorded and

erased using corona-discharge devices, the use of the space-charge neutralized chamber permitted
holographic read/wrile cycles under a variety of conditions not otherwise possible. In one in-
vestigation, a constani-thermal bias was maintained above the temperature of wax-surface deforma-
tion and the surface potential was controlled through use of a de-voltage bias applied to the inert
gas discharge. Holograms, which were observed with both reference and object beams simulta-
neously present, disappeared upon removal of either one of the two beams; the holograms also
were made to disappear upon removal of the de-discharge bias or the ac glow discharge excitation
voltage.

3. Thermal bias instrumentation. — In other work a constant power unit was designed and
constructed which multiplied the heater voltage and current applied to the transparent electrode,

and maintained this product equal to some constant preset level, The constant-power unit had
provision for & dynamic mode in which it was clectronically disabled over time periods ranging
from tens of microseconds to tens of milliseconds, during which narrow-heat pulses were super-
imposed upon the constant-thermal bias o yield controlled narrow-temperature excursions with-
in the deformable wax media. This and other instrumentation used in the experiments are shown
in Mg 21,
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4, Thermal hins below threshold,  In one experiment, the microerystalline wax was

muinzninnd at a constant-thermal hias just beneath its melling temperature, and a current (heat.)
pulae applied o the transparent electrarde over an inferval of 10 psee, Undor these conditions, a
hologram which had heen proviously stored in the wax was ahserved not to ornse, The ahrenee
of orasure of the proviously stored helogram aver thin time perlod, and - the level of applied
power (up to 1.h A into 100 ohma), indieated that surfaee restoration of the microerystalline
wax oceurs over intorvals of time longer than 10 pree, Thin result. wan substantinted in Inter work
in which measurements were taken of the relationship hetween the heat-pulse amplitude and heat:
pulse duration necessary to write and erase holograms in the microerystalline wax media,

6. Absence of fatigue. ~ Using u coronaedischarge device and the experimental arrangement
of Kig. 19, experiments were performed uninterrupted over a 3-day period in order to evaluate
what fatigue, if any, would appear in the microcrystalline wax. A corona discharge was established
and maintained continuously over this period during which two-beam holograms were succossfully
written and erased using repetitive heat pulses of 6-msec duration spaced several seconds apart,
Well over 7000 read/write cycles were performed on the microcrystalline wax storuge medium
with no discernible fatigue. This experiment confirmed our expeclations, and provided additional
support of the conclusions in regard to material-fatigue mechanisms discussed carlier.

Unlike the room-temperature vulcanized rubbers, microcrystalline wax may pe regarded as
incompressible in the regime over which holographic deformation occurs. In addition, surfuce
rather than elastic energies interplay with the electrostatic energy to yield a surface contour for
which both surface and electrostatic energies are a minimum. The condition for a stable-surface
deformation is shown in Appendix A to be

d
W, > '4§;' ¢ V2 (7

where W, is the surface energy, d the period of surface deformation, s, the wax thickness, and
V the potential along the wax surface. It is shown in Appendix A that the onset of frost in the
wax occurs with periods longer than d and that

ki 1/2
d> — (2¢ 1 8
UO( C]_ 80 ) ( 3)
for ks, << 1
4n €1
d d> —9T 8t
an 3 002 (8b)
for ks, >> 1

31




L T

e

where o ik the surface charge density, and T the suvface onergy per unil areq. Thus, for lurge
vidnon of wax thickness s, the frost speetyum is independont of the thickness, while for smal)
values of thivkness, the dimiting frost wavelength deerenses with the sguine vaot of o Delining
the dieteetrie hreakdown strength of the wax i l')” V, [ Mppendie A gives the stability
eritorion for vecovding holograms in the was [Fg (0] tevis af the per vt aren sirfiee eneviy
of the wan
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Taking v, Tum, k hy o 1, ind I')“: I()’I V/m, aned ‘I’ ~'l.ll!":" ,l/m:" for microerystadline was, the
stability criterion imposed by B, (9) is satisfied by about an order of magnitude, However, ns
the temperature is inereased above the softening point, an abrapt nonlinear deerease in the sur
face energy 1 occeurs, and the constraint imposed by g, (9) is no longer anticipated to hold,

6. Diffraction efficiency versus heat-pulse amplitude, I order to evaluate the stahility

eriterion, as well as possible charge toss due to inereases in electrical conduetivity of The wax with
temperature, single pulses of heat were applied to the wax by pulsing the transparent eleetrode
with voltage pulses of controlled amplitude, Measurements were taken of the intensity of the first-
order diffracted beam as u function of heat-pulse voltage amplitude for cach of several heat-pulse
widths ranging in duration from 6 to 10 msee. Figure 22 is u plot of the data, where for a given
width of heat-pulse duralion, the diffraction efficiency is seen to first increuse with increasing
heat-pulse voltuge, reach a maximum value, and then decrease as the temperature is increased
further,

7. Diffraction loss versus surface cnergy. — The initial increase in first-order diffracted out-
put is caused by the reduction in viscosily (surface energy) as the wax becomes softer. The de-

crease in output efficiency beyond a certain value in heat-pulse voltage may be attributed to
either or both of two effects: (1) u reduction in surface charge density (v,) due to an increase in
clectrical conductivity with temnerature thereby reducing the net surface forces, and/or (2) a
reduction in surfuce cnergy below a value adequate to satisfy the criterion imposed by Kq. (9).
Since the measurements were conducted using a corona-discharge device of copious emission

(~2 pA/mm), and since the decrease in oulput efficiency is scen in Fig. 22 to be quite abrupt
over a comparatively narrow increase in heat-pulse voltage (~2 %), it seems doubtful that a sharp
increase in charge loss oceurred in such a narrow temperature interval ubove and beyond that
supplied by the corona discharge. This conclusion is also supported by other work in which in-
dependent measurements of the electrical conductivity of the wax with temperature were mude
showing a maximum increase in conductivity by a factor of five over a temperature range of
about 40°C. "The conclusion therefore is that the abrupl decrease in the first-order diffracted
intensity with heat-pulse voltage, is most likely due to the nonlirear decrease with temperature of
the surfuce energy of the wax to a value insufficient to satisfy a stable surface contour |Eq. (9)].
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Figure 22, First order output versus heut pulse amplitude for
microcrystatline wax,

8, Response time, — Of interest in the data is the decrease in diffraction-output efficiency
with decreasing duration of the heat pulse. Analysis of the heat flow to and from the wax dis-
cussed in a later paragraph indicates that the maximum output efficiencies shown in Fig, 22
appear to occur at somewhat lower temperatures as the heat-pulse duration shortened. This means
that the diffracted-output efficiency for the same temperature of wax is lower for narrower heat
pulses. One explanation for this phenomenon is that the duration of the heat pulse is comparable
to, and approaching, the inherent response time of the wax., Experiments done al heat-pulse
widths down to 0.5 msec show the response time of the wax to be of the order of 2 msec,

9. Surface energy versus chemical additive. — The speed with which the wax responds to
the electrostatic surface forces depends upon viscosity and surface energy. In order to evaluate
this factol in greater detail, work was initiated to find a material which when added to the micro-
crystalline wax would produce a substantial increase in the surface energy near the softening point
of the wax. Dupont Elvax 310 was selected as the additive and samples were fubricated and
evaluated. The results from these experiments are shown in Fig, 23. Note that although the initial
first-order output intensity for a heat-pulse duration of 10 msec ap r2ars smaller than that of
Fig. 22, they are of comparable magnitude due to the change in scale. The data shows a signifi-
cant improvement in response time of the microcrystalline wax with the diffracted-output efti-
ciency increasing with decreasing duration of heat-pulse width, The data indicates the response
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. time to be considerably lower than 1 ms.c. However, additionul tests reveuled that after many
g repetitive cycles, the additive produced material fatigue due to corona discharge, induced poly-
merization and crosslinking. This was traced to incomplete molecular saturation of the Elvax
sriditive,

10. Heat-pulse amplitude versus heat-pulse duration. — A thermal analysis was done on the
h=at-pulse amplitude and duration necessary to produce a given temperature in the wax coating,
The analysis is given in Appendix B where it is shown that, to a good approximation, the thermal
: energy (W) necessary to produce a given temperature is related to the time duration (1) over
et which it is applicd as

& 9
W&= C'r (10)
t
- where (' is some constunt. Since the power in the heat pulse is simply the square of the voltage
‘ (V) divided by the resistance (R) of the trunsparent electrode
‘ i
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Wy = ‘Rﬁ (11)

Equations (10), (11) therefore give
v4; = constant = C'r2 (12)

Measurements were taken to experimentally determine the relationship of the heat-pulse amplitude
and duration necessary to write and erase holograms in the microcrystalline wax. The data is
surnmarized in Figs. 24 and 26, which are log-log plots of write and erase data, respectively. The
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Figure 24. Plot of heat pulse write amplitude versus pulse width.

write data consists of the measured heat-pulse voltage and duration necessary to write a hologram
in the wax storage media; the holograms were erased using a preset-erase heat pulse. The erase
data consists of similar measurements in which the holograms were written using a preset write
pulse. The data of Fig. 25 shows excellent correlation with Eq. (12), i.e., v+0-27 = constant.
The slight departure from the fourth-power root evident in Fig. 24 is not surprising since both
the charge leakage and surface-energy effects discussed earlier also jiay a role.




e A

I

L Ji

—

— e —

n ;o
(%%

A00 | ~

ver®?T 4 10,3

200 |-

100
80

— lnV (VOLTS)

60

40t 4

10 ! 1 | W R TR W B
0.1 1.0

— InT (ms)

Figure 25. Plot of heat pulse erase amplitude versus pulse width.

F. Microcrystalline Wax Summary

A class of organic materials consisting of complex mixtures of normal paraffinic, isoparaf-
finic and naphthenic solid hydrocarbons has been found which exhibits no discernable molecular
structural change during repeated liquification and solidification. Commonly referred to in industry
as microcrystalline wax, holograms were repetitively recorded and erased at least 7000 times under
continuous corona-discharge exposure with no apparent fatigue effecis. The unigue physical
properties of the material derive from: (1) widely differing compositional properties of the
napthenes and isoparfine from those of the normal-paraffin series, and (2) a double-over self-
interacting hydrocarbon chain which ostensibly imparts an overall lower encrgy and stability to
the molecular system, and plasticity to the material as a whole. Other desirable properties include
a narrow ~ 2-3° transition interval, adequate surface energy over this temperature range [or stable
surface deformation, a diclectric constant comparable to the PVK photoconductor, good dielectric-
breakdown strength, adequate surface resistivity, low viscosity near the softening temperature,
good response time, write sensitivity and readout efficiency, photoconductor solvent compatibility,
and ease of thin-film fabrication.
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V. HOLOGRAPINC STORAGE TURES

A, Introduetion

The suceessful development. of the mierocerystalline wax as o holographic-storage medium
useful al modest. tompern’ ures (- JO-107Cy and energios (- l()"7 Jmm) vesulted inits appliea
tion for use in holographic-vecording tubes, ‘Tubes of various configurations were designed,
constructod and ovaluated in which electron heating and photoconductive and photoemissive
mechanisms were employed in conjunetion with the wax: storage medium,

In one instance, staybelite was used as a vehicle to evaluate o demountable vacuum chamber
using a thermionic emitter for electron heating, ‘The use of staybelite us a storage material is pre-
sented in Vol | of this report, and is therefore not discussed here, Although the material exhibits
fatigue after soveral hundred weite/erase cycles, apparently due to surface oxidation in conjunc-
tion with bulk fatigue associatea with impurities, its use in both the optical memory system and
thermionic and photoemission holographie storage tubes proved of value in system and tube
evaluation. Photoemission mechanisms employed both for heat addressing, and as a means to
charge the deformable surface were used in tubes of various designs in which microerystalline wax
was used as the storage medium, Complex styrene was successfully used in these tubes as a bar-
rier to isolate the wax from the high vacuum |2 10“5 um (:.10“8 torr)}. The styrene was suffi-
ciently thin however (~80 nm) to allow surface deformation of the wax. The various holographic-
recording tubes are discussea below, including a unique corona-discharge chamber in which holo-
grams were successfully written and erased over a 2-cm by 2-cm area. This chamber together with
the microerystalline-wax storage medium proved to be the most successful of all the methods
employed. Heat addressing was accomplished using about 80 mW from an argon laser.

B. Thermoplastic Recording via an Electron Beam in a Demountable System

To examine the behavior of thermoplastics under electron-beam bombardment, a demountable

vacuum system, shown in Fig, 26, was built. This system incorporated an electron gun, deflection
yokes, vacuum gauges, and a viewing window. The targets tested were thin (0.1-10 um) films of
thermoplastic on InO-coated glass substrates. The thermoplastics used were staybelite ester 10 and
a commercial polystyrene PS-2. Several experiments were made with a photoconductive layer
under the thermoplastic layer in an attempt to record holograms, but the mechanical vibrations

due to the vacuum pumps were too severe to achieve success.

By using the clectron beam to charge the plastic, and resistance heating the InO-coated sub-
strate, frost. patierns could be formed and erased. A magnified view of one such frost pattern is
shown in Fig. 27. It is similar to frost patterns formed by conventional corona charging in normal

thermoplastic recording. The charge needed to form the frost was approximately 10 (7/m2. The

accelerating voltage had to be kept below 3 X 108 V for efficient frost formation. Voltages higher
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Figure 26, Photograph of demountable vacuum system,
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= Figure 27. Frost pattern due to clectron beam charging.
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than this led to olectron penetration too far helow the surface of the plastic Lo be useful in de-
forming the film, It is noteworthy that, the penetration depth of electrons is given hy h = 0,02 V?‘,
where h s the penetration depth in pm and Vs the aceelerating voltage in KV, For aceeleration
voltages less than 3 X 103 V the penelration depth is less than 100 nm, while, for example, an
acecleration voltage of 101 V would imply penetration depths of groater than 1 pm - greater than
the film thickness in some experiments,

The pressure in the system was constanily monitored and it was found that in the initial
eycles, the pressure increased by several orders of magnitude [e.g. from 103 1 107! gm (]()’“ o
104 torr)]. After several thermal eyceles, the pressure variations decreased. The pressure variations
are probably caused by material evolved from the plastic during heating. Although the amount of
material evolved could be limited by preheating the target, the implication of this experiment is
that the problem of maintaining a vacuum in a sealed system using this material would be severe.

The temperature of the target was monitored by means of a thermocouple. It was found
that after a heat time of 1 or 2 seconds it took several minutes before the target cooled to its
initial temperature, This is in agreement with the analysis given in Appendix B.

¢, Electron-Image Tube

One of the methods examined to obviate the need for redundant selection of the page on the
storage plane (that is, once by light and once by heat) involved the arrangement and strusture
schematically shown in Fig. 28,

PHOTO{CATHODE TARGET

/m,/ mj.j I AW
/ | —
7/

/
/
@ MICROSCOPE LAMP

Figure 28. Experimental arrangement using electron-image tube.
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The stornge plane was n conventional, thermoplastic-photoconductor arrangement, and the
recording process involved the usual steps of charge-expose-charge and heat., In this experin ent,
however, hoth charging and heating were done with an eloetron beam generiled by photoemission

from a photocathode,

The essential structure is that of a proximity-focussed eleetron-image tube, with the target
heing the thermaoplastic-photoconduetor conduetive-substrate arrangement, The tube is positioned
40 that the reference heam is coaxial with the tube, and thus parallel to the electrie field hetween
the target and photocathode, When the referenee beam s ineident, on the targetl. (and therefore
also on the photocathode), clectrons are generated that are accelerated to and land at the sume
location on the target, At low accelerating voltage (of the order of 500 V) these electrons do not
penetrate much below the surface of the thermoplastic, This structure allows a simple means o
selectively charge a particular location on the storage plane, To cnsure that the absorption of the
electrons does nob, cause heating, the accelerating voltage is kept low (< 500 V) and the current
density is limited by using an attenuated reference beam. To heat the thermoplastic, which is
necessary to develop the hologram, the accelerating voltage is increased (< 2000 V) and the inten-
sity of the reference beam is increased, which leads to a corresponding increase on the electron

beam intensity.

Several experiments were performed to investigate the feasibility of this structure. The
targets used consisted of a 600-nm thermoplastic (staybelite ester 10) layer over a 2-um photo-
conductor (a poly-N-vinyl carbazole doped with trinitro-fleurenone) layer which was deposited on
an InO-covered glass substrate. The size of the substrate was 2.5 cm by 2.6 cm. The target was
mounted to a window of one of the rtandard RCA image tubes, and the InO was connected to
the end ring of the image tube.

The tube was sealed and the window opposite the target was activated with standard cesium-
antimony layers to form a S-11 photocathode. The tube was baked at 75°C for about 24 i.ours
to remove some of the contaminants. This low bake-out temperature was used to avoid possible
damage to the staybelite-thermoplastic layer.

The photoelectric sensitivity of the photocathode was measured to be 2-6 mA/W, i.e,, about
one-tenth of that normally obtained in this type of image tube, The decrease in sensitivity is due
both to inadequate bake-out and impurities introduced by the plastics.

Because of the low sensitivity, light from a microscope lamp was imaged at the photocathode
in the initial device feasibility tests, thereby avoiding switching of the reference beam intensity.
The auxiliary source was imaged at the sume location on the photocathode as the reference beam
and at an angle, so as {o minimize its effect on the photoconductor.

Iolograms were stored in the device by simultancously applying light and charge while
heating the film, A low voltage (<500 V) was first applied to the tube; the voltage was then
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quickly increased to the order of several thousand volts, During this time, the object and refor

’ once heams and the auxiliary lamp were kept constant.,

o N ¢ ' : \

: These experiments wore repeated numerons times with a number of different tubes, I he
results were ropeatable, The sucecssful recording of holograms in the deviee demonstrated o Lech:
nique for non-redundant selection of the storage-plane location, Figure 29 shows o reconstrue

tion from a hologram formed in one of the {ubes,

~

Figure 29. Electron image tube hologram reconstruction.

The stored holograms were quite weak, with an efficiency of less thun 0.1%. ‘The musimum

efficiency, with one exception, was independent of: (1) the accelerating voltage, (2) the duration
of the exposure, and (3) the amount of light from the auxiliary source which controlied the clee-

tron current,
]
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The holograms that. were formed were not erasable, No combination of aecelerating voltnge,
heam current, or length of exposure led Lo even o small degree of erasure, Mlew holograms could
he formed on neighboring regions of the same target, bul these too conld not. be erased,

Upon vepeated operation the tube went gassy s thal is, the pressure in the tithe went from
its initinl value of less than 104 gm (I()'(.’ tore) to o vilue elose Lo atmaospherie, The initinl
indiention of this condition was the appearance of o slight blue glow in the tube (due Lo a plasina),
which heeame more intense as operation was continued, ‘The plasma finally heeame too dense to
support. un eleetrie field across the tube, Holograms could he formed even in the presence of this
plasma, as long as an eleetrie field could be supported across the tube,

The operating life of the tube was 1-2 hours, The shelf life, that is, the lifetime of the tube
when it was not operating, appeared to be unlimited, This indicated that material evolved from the
thermoplastic under clectron bombardment and subsequent heating caused the tube Lo become
gassy. Later experiments with a demouniable tube demonstrated that a considerable amount of
material does evolve from the staybelite thermoplastic due to both heating and electron bombard-
ment.,

The low efficiency and the lack of successful crasure are not completely understood. Other
experiments have demonstrated that the cesium used in activating the tube is adsorbed by the
staybelite, and it is therefore reasonable to suppose that a change in the clectrical resistivity caused
by the cesium led to the low efficiencies observed, i.e., the film could not be sufficiently charged.
Changes in the chemical and physical properties of the staybelite caused by the cesium and
electron-beam bombardment can be assumed to be responsible for the lack of successful erasure,
Since other materials, notably microcrystalline wax associated with complex styrene, have been
found which withstand the ravages of cesium attack and electron beam bombardment, the exact
nature of the chemical, physical and electrical changes was not pursued. However, the concept of
hologram formation in an electron image tube was demonstrated, as was automatic selection of
a page location with no additional selection mechanism.

D. Photoconductor Holographic-Recording Tube

1. Photoconductor tube description. — In order to take advantage of the high sensitivity and

readout efficiency of the microcrystalline-wax storage media, and also the automatic page selection
possible using image conversion principles, several tubes were designed and constructed containing
holographic storage structures of the kind illustrated in Fig. 14, The storage structure consists of
an InO-coated glass substrate, PVK photoconductor, microerystalline wax, complex styrene couling,
and aluminum surface clectrodes. Although the styrene and surface electrodes are absent from

Fig. 14, the entire structure, together with a recent photoconductor holographic-recording tube de-
sign is illustrated in Fig, 30.
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Figure 30. Holographic recording tube desigh.

As can be seen in the figure, the storage structure is at one end of the tube; a photoemissive
cesium-antimony layer was deposited on the TIC-coated face of the tube opposite the storage de-
vice. A thermocouple was mounted behind and in contact with the glass substrate, and an anode
collector was placed near the wax-complex styrene deformable surface. The anode collector was
employed to measure secondary emission from the deformable surface curing its bombardment by
electrons photoemitted and electrostatically accelerated from the tube wall opposite the storage
structure. An electrometer connected to the surface electrodes together with secondary-emission
measurements were used to measure the potential of the deformable surface. Figure 31 is a photo-
graph of one of the tubes in which another TIC coating was deposited slong the length of the
tube. This second TIC coating was deployed lengthwise in the tube and about its interior perim-
cter, and connected to the InO transparent electrode of the storage device. This latter TIC layer
was used as a focusing electrode and enabled electrons originating from the photoemissive tube
wall, due to the incident laser beam, to be focused at various locations on the deformable surface.

9. Cesium contamination. — The TIC layer along the tube wall was also coated with a layer

of silver paste which served as a getter to prevent cestum released from a channel located at the
photoemissive end of the tube from contuminating the storage doevice, However, in spite of these
precautions cesium did reach the deformable surfuce and caused eleetrical leakage paths between
it and the lands conneeted to the InO transparent eleetrode, These short cireuits were sufficient
to prevent the surface potential from climbing above ~40 V under conditions of maximum photo-
emission current (~250 pA). Allempts were made to use the surface clectrodes Lo sustain surface

43




Kigure 31. Photograph of holographic recording tube,

potentials of the order of several hundred volts, i.e., levels adequate for holographic recording.
An external battery was connected to the aluminum electrodes, but excessive ohmic heating caused
discontinuation of the experiment.

3. Page selection, — It had been hoped that the holographic page could be selected through
heat supplied by photoemitted electrons via the light selection mechanism itself, thereby elimi-

nating the need for matrix-type ohmic heaters, and the additional problem areas that they en-
gender. In addition, the automatic thermal page selection would have provided a minimum heat
loss because of the concentration and dissipation of heat exactly at the desired page location,
These advantages did not materialize, however, because of the electrical leakage paths incurred
through contamination of the storage structure by cesium,

E. Photoemission Holographic Recording Tube

1. Page selection, — Several tubes were designed and constructed in work oriented toward
ine recording of holograms using photoemission from the deformable surface, In this approach,
two photocathodes are employed in the tube. One photocathode is made in the usual way by
depositing a layer of antimony and cesium on top of the TIC-coated tube wall opposite the stor-
age structure, The second photocathode involves a more complicated procedure, which results in
a very-high-impedance photoemissive coating along the surface of the deformable medium. The
photocathode at the tube wall opposite the storage device provides electrons in response to the
incident laser beam, which ure electrostatically accelerated and focused at a location on the
deformable surface dictated by the particular address present at the laser deflection system. The
heat dissipated at this location due to the bombardment of these electrons thus permits automatic
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page soloction, The photaomissive conting on the storage deviee provides the moeans for estahlish-
ing a charge pattorn along the deformable surface in a one-to-one relation to the holographie-
intensity pattorn eaused hy the interference of the object and reforence honma, (The photocon-
ductor layor of provious systoms was an alternative way of ostablishing that. charge pattern,)

2. Photoemissive deformable surfaco, — The prohlom of ereating n photoemissive conting
along tho microerystaliine-wax surfaco turned out to ho formidable heeause of the poor vapor
prossure of the wax, and the propensity of detrimoental chemical reaction hetween it and the
cosium, It was discovered, howovor, that the molecular anturation present in the complex-styrone
films (discussod carlior under material fatigue) enabled these films to remain chemically stable
when exposed to cesium in high vacuum with no discernible reaction hotween the styrene and
the cesium, Therefore, procedures were developed for polymerizing and crosslinking the styrence
directly onto the surface of the microcrystalline wax. Tubes were construcied which contained
the composite wax-complex styrene structures, and techniques were developed whereby a photo-
emissive coating was deposited on the complex-styrene films, These techniques permitted opti-
mization of the photoelectric sensitivity of such coatings. Figure 32 is a photograph of one such
tube in which the photoelectric sensitivity was measured to be 23 mA/W at 400-nm wavelength,
and 6 mA/W minimum throughout the wavelength interval from 350 nm to 5660 nm, Figure 33
is a plot of the measured sensitivity. The tube was sealed at a pressure of 105 um (10‘8 torr),

Figure 32. Photograph of photoemissive tube,
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and monsuremonts of the photooloctrie sensitivity taken aftor a O-day period showed the sume
villues s thase exhibited hy the tube at the time it was sealod. These measirements show tha
the pressure within the tuhe did not approciably inerease after w 9-day peviod, and indiente thi
the corium doos not react, with the complox-styrene film in sueh an envivomment, Siankn veonits
were abtained in later oxperiments, therehy confirming the copreity of the highly polymerized
and eropslinked ptyrene to proteet the wax in high vaenum: from adverse veneiion with cesiiin ol
femperatures at which the wax deforma, This work also eatablished the capaenty of the wie
complex. styrene-componite straeture (o withstand bake-ont tomperntures af 10O aver a5 o

poeriod,
{

3. Photoemission tube degeription,  ‘Tubes were designed and consteacted with the fyne

ture shown in Figs, 30 and 31, The target strueture was as shown in Fig, 34, and conssted of

an InO-conted glass substrate, microerystalline.wax film, complex-styrene conting, altminm sur
fuce electrodes, and a layer of antimony and cesium deposited using procedures which masinized
the photoemission from the deformable surfuce, A surface resistivity of b megohms per square
wus measured between the two surface electrodes, and the photoeleetriv sensitivity was ohserved
to be about 1 gA per 10 mW of incident laser power at u wavelength of about 112 nmn,

ANTIMONY - CESIUM
PHOTOEMISSIVE COATING

ALUMINUM
MICROCRYSTALLINE WAX SURFACE ELECTRODES

V‘A'A' %VAVMAVAVA'AVAVAVA

'000 X XX XXXXX XX

In0 TRANSPARENT ELECTRODE COMPLEX STYRENE

GLASS
SUBSTRATE

Figure 34, Device structure for use in holographic recording tube.

4. Surfuce resistivity. — All altempts at recording holograms by means of the photoemissive
mechanism from the deformable wax-styrene composite surface failed. One reuson for the failure

was due to the comparatively low surface resistance (~megohms/square). At typical levels of photo-
emissive current, it was simply not possible to maintain adequate surface potential using only

photoemission,




b, Photoemissive holography versus deformation stebility. - As diseussed in Appendix A,

atable defarmations rogquive tht the change in surface energy necessry for i portion of the film
surfaee (o reaneh the trnsparent eleetvade within o half-period of the pattern exeend the eleetro
statie enerpy orviginally stored in the same hadl-period. However, the detailed disenssion in
Appendin € af the vecording of hologrng using 1 photoemission mechanism shows that when
thin stubility eviterion is ntinhied, the chivge is diffoventinlly distribitod along the deforahle sur
faee dne to photoenission proeegses, and homogeniouily vedistributon prioe to the onset of sarfee
dopressions, T Appendis €, it in shown that the time { neceisary 1o doform the surfacee an
amotnt A4 due 1o differontinl eharge vin o photoomission eareent of mappitude i s

Re M Ml' Ax
! In . . (13n
- 1) i, R () )
where R oand ¢ wro the resistance and capacitance of the holographically defined regions, 15, the
divloetric hreakdown field of the microerystallineswax complex-styrene composile coating, and
. , . 9 ,
t twice the ratio of the electrostutic stress (¢ l*};.‘) to the elastic stress (£), where

v 1
oy [1 ' (r;n('r;az')} by

It is clear from Egs. (13a,b), thut holographic depressions oceur only if the ratio of eleetrostatic:
{o-elustic stress exceeds unity., However, as shown in Appendix A, the onset of such deformations
is not energetically stable, but instead produces a condition of frost, the presence of which was
observed during evaluation of the photoemission holographic-recording tube.

F. Laser Addressed Holographic Storage Chamber

1. Heat transfer, — The work reported above on the holographic recording tubes served to

emphasize & fundamental and detrimental coaracteristic common to vacuum type environments
viz., such tubes are not suitable for thermoplastic holographic storage where heat must be trans-
ferred to and from the storage device. Investigations performed on the space-charge, neutralized,
demountable storage chamber discussed carlier (e.., see Fig, 16) yielded similur thermal decay
behavior, Unlike the high vacuum ~109 um (~10’8 torr) tubes discussed above, the pressure
within the demountuble, glow-discharge chumber was of the order of b X 100 um (600 torr).
Yet, despite the appreciably higher pressure, heat transfer from the substrate of the storage de-
vice remained poor (~seconds),
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2. Demountable storage chamber, — The long thermal-decay time was an unfortunate result
because of the many advantages such a chamber had to offer, The de bias of the molecules of
the space-charge neutralized glow provided a uniform potentinl across the surface of the holographic.
storage media, The b6 X 100 um (600 torr) inert atmosphere of the chamber also provided an en-
vironment free of ambient fluctuations, thereby permitting practical maintenance of stahloe-
temperature bias to the holographic-storage device, The chamber was to be used in a unique system,
in which thermal bias in conjunction with heat produced directly from ahsorption of the laser
beam by the storage device would automatically scleet holographic pages at desired locations,
Several demountable chambers were designed and constructed which provided for addressing over
4 2.cm by 2-cm area. A photograpn of one such chamber, including keeper electrodes (used as a
constant source of ions via a small dc potential) is shown in Fig. 35. In an effort to assist the
transfer of heat from the substrate through increased pressure, measurements were taken of the
dc electrical resistance of the chamber versus pressure for an argon inert atmosphere. The data is
plotted in Fig. 36, where an optimum pressure is seen to occur at ~5 X 108 um (~500 torr).

Figure 36. Photograph of 2-cm by 2-cm demountable glow chamber.
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Figure 36. Plot of glow chamber resistance vs. pressure.

3. Corona grid structure. — Because of the cooling effect implicit in a corona discharge, and
the promise of more rapid thermal decay, work was initiated on a demountable, multiple-grid struc-

ture operating under ambient pressure ana corona-type discharge. Two-dimensional grids were con-

2 using various wires ranging from 45 ym to 126 um in

structed over areas in excess of 4 cm
diameter. Three kinds of grid structures were designed, constructed, evaluated. and found to be
unsatisfactory due to spacially-nonuniform charging characteristics, and day-to-day changes in dis-
charg properties, Aithough improvement was obtained through the use of grids of finer mesh, the

2

constraint of random access over a 4 cm“ area limited the number, diameter, and surface of the

wires which could be employed.

4. Corona chamber. — The basic problem was that of providing uniform charge to the de-
formable surface over an area of at least 2 cm by 2 ¢m at ambient pressure, thereby allowing
sufficient heat transfer from the storage device. An approach which proved to be successful in
providing uniform charge, and through which holograms were satisfactorily recorded over a

2-cm by 2-cm area involved the use of a unique corona-discharge device, in which high voltage
was supplied to a single-discharge needle via a two-dimensional electrostatic shield positioned

orthogonal to the needle, and parallel to the deformable surface. The structure is illustrated in
Fig. 37. The discharge needle was symmetrically separated from the deformable surface over a
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distance adequate to provide a charge shadow in excess of 2 em hy 2 em, A separation somewhat
larger than 2.6 em proved adeqguate, and this necessitated acorona voltage of about 15 kV,
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ONE OF FOUR || | ] CONNECTOR

THREADED SCREWS
Figure 37. Corona discharge structure design.

5. Chamber description. -— The corona structure consists of a 1.2-cm-long discharge needle
positioned through a 376 um hole ultrasonically drilled in a glass substrate, which is TIC coated
on one side. The high-voltage connection to the needle is made via the TIC coating through a
plexiglass frame in which the substrate is mounted. Care was taken to ensure that the TIC-coated
discharge substrate was parallel to the deformable surface with the separation between the needle
and the deformable surtace controlled by means of four threaded screws, which connected the
corona-discharge substrate and the storage device. The region of corona spray was insulated from
effects of external air currents by means of a plexiglass shield placed about the corona-discharge
structure. The shield contained demountable spacers, and a frame through which holes were
drilled, ensuring cquilization of ambient pressure to that inside the chamber. The shield also
served to stabilize the temperature of the storage device during constant-corona exposure due to
thermal bias via a dc current through the transparent electrode. A photograph of the corona-

discharge chamber is shown in Fig. 38.
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Figure 38. Photograph of corona discharge chamber.

6. Laser-addressed storage device. — As indicated earlier in the sections on the photoconductor

and photoemissive holographic-recording tubes, work on such tubes was motivated by the promise
that matrix-type ohmic heaters could be eliminated, and that automatic holographic page selection
would occur via photoemitted electrons in response to the laser beam. In addition, the tubes
promised a means of uniformly supplying charge to the deformable storage media. Although these
tubes did not behave in the desired manner for the reasons discussed earlier, the work did lead to
the successful development of a configuration in which charge is provided sufficiently uniform
over practical areas, and holographic pages are completely selected by means of the laser-deflection
system at reasonable power levels, The corona-discharge chamber, which provides a continuous and
uniform charge spray is discussed above and illustrated in Fig. 37. The corona structure was used
in conjunction with a microcrystalline-wax photoconductor storage device to successfully store
and erase holograms over the large area. Ohmic heating was used to thermally bias the wax to
below its melting temperature, and an argon laser was employed to provide the additional power
(~80 mW), which at selected locations, melted the wax in conjunction with the thermal bias
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common to the large area, The successful recording and erasurc of holograms by the laser heam
was possible only hecause of the sharp (~2°C) transition temperature of the microcrystalline-

wax storage medin
and o helium-neon

. A continuous coraona discharge was used throughout the read/write cycles,

(~10 mW) laser provided the two-heam interference pattern, The experimental

arrangement is shown in Fig, 39: the arrangement. allowed convenient argon-laser (heat) switching

hy simply opening

and closing a shutier as shown in Fig, 39, Page sclection was done by manually

moving the storage device with respeet Lo the laser beams, System deployment of the laser ad-

dressed wax phase
light modulator as

transition would incorporate a single laser in conjunction with an cleetronie
shown in Fig, 40,
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Figure 39. Experimental arrangement of laser addressed memory.
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VI. CONCLUSIONS

The objective of this research was Lo investigate the use of thin deformable filme ns the stor-
age medium in a high-speed, random-access, read/write holographic memory.

The main conclusion to be drawn from the work is that deformable films which use heat as o
a part of the recording process are not satisfactory for this application, hbecause of fundamental
thermal considerations. On the basis of both theoretical analysis and experimental evidence, it was
found that the heating time and cooling time of a small area in a film subjected Lo local heating
are in the ratio of approximately 1:1000, If the memory is o be truly random access, a time
equal to 1000 heating times must elapse between successive write and erase operations. Heating
times of the order of 100 usec to 1 msec are possible, but even these result in cycle times of
100 msec and 1 sec, respectively, which are too long for a high speed memory. Thus, in order to
use heat deformable films, one must give up either high speed or random access. We emphasize the
the restrictive nature of our conclusions because heat deformable media are well suited to serially
accessed éystems, particularly those in which the medium moves, because this permits very simple
charging and heating stations.

The fatigue problem, which plagued thermoplastics for many years, does not appear to be as
formidible as it once seemed. One material that was developed during this contract has shown no
fatigue after more than 7000 cycles.

The two other major problems, i.e., charging and selective heating, are both tied to random
accessibility. In a serial accessed system neither presents any fundamental difficulties.
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APPENDIX A

Surface Deformation in Microcrystalline Wax

Assume the wax to be distorted by a sinusoidal charge distribution deposited through the
interference of two laser heams on a photoconductor as

o(x)mao+olcoskx (A1)

where k = 2n/d.

Application of heat from underneath by ohmic heating of the transparent electrode permits
the electrostatic forces to displace the liquified wax from regions of high-charge concentration to
those of low-charge concentration. During this time, the charge is assumed essentially immobile on
the distorted, but yet solid surface. The distortion will, in general, be maintained even when the
film is completely liquified, and the surface charge can be regarded as mobile on the surface as a
result of the higher image forces in the high-charge regions as compared to that in the low-charge
regions. If the increase in surface energy necessary for a portion of the film surface to reach the
transparent electrode within a half-period of the pattern, exceeds the clectrostatic energy originally
stored in the same half-period, then the wax film will assume a stable-distorted form with the
period of the original-charge distribution. If this condition does not occur, then spontaneous frost
formation will be observed as the wax is liquified. Assuming an equilibrium distortion, then the
surface and electrostatic energies will acquire a minimum value over one-half of the period d.

An approximate stability criterion is derived as follows: assume the surface contour y(x) is

sinusoidal, i.e.,
8(x) =8, - 81 cos kx (A2)

where s is the original wax thickness, then the increase in surface energy attributable to the

distortion is
a/2
[ ds \ 2|1/2
Ws =T f 1+ d; -1, dx
0

2

(A3)

il
Ao
° 2
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whore a = kag and T s the per-unit-area surface enorgy. The stability eritorion is that W, for 6 = 6y
he greater than the electrostatic energy of the half period for k = 0
.4 2 ‘
W, = ¢ \Y (AD)
45,
where V is the potential impressed on the wax surface,
Initially, after the charge deposition given by Eq. (A1) on the flat surface, the poteniial
distribution is
¢1(x,y) = Ay + E A, sinh (kny) cos (knx) (A6a)
n=1
for y < 8
and *
pg(xy) = B, + E B, exp (- kny) cos (knx) (A6b)
n=1
for y > 8
Using the following boundary conditions
34 0¢9
o(x,8) = € 3y " €0 \ 3y , . (ATa)
$1(8) = ¢9(2) (A7b)
the potentials solve as
% 01 sinhky
¢1(x,y) = q y + ’E cos kx 1 (A8a)
cosh ks + k_ sinhks
% | exp [- k(y-s
bo(xy) = — |8+t r coskx —iw (A8b) i
‘1 % % + cothks )

68




When the film has completely liquified, the charge ean distribute itself along the surfaco which
hecomes an equipatentinl of magnitude V, The potential distribution within the film at y - 6(x)
in given hy Eq. (ABa) with now values for the coefficients A, whereas for y = 6(x), do(x,y) = 0,
The coofficients A, are now determined hy the single houndary condition

A, B(x) + E Ay sinh (kns(x) cos (knx) = V (A9)
nel
for o << x o d/2
under the constraint
d/2 . d/2
a6 ds \2
€1 / 3y ; 1+ (a-;) dx =[ o(x)dx (A10)
0 0

Noting that

o]

sinh(kn s(x)) = sinh (kns) \:Io(knsl) + 2 Z Izm(km"l) cos(‘zmkx;J

o0 m=1 (A11)

-cosh(knso)% Z lom + 1 (knsy) cos [k(2m+1)x]§

m=0

cosh (kns(x)) = coxsh(kn:so){l0 (knsq) + 2 Z Tom (knsl)cos(2mkx)}

m=1
o0 (A12)

- sinh (kns) {2 2 Iom+1 (kns{) cos [k(2m + l)x]}

m=0

substitution of Eq. (A11) into (A9) yields the set of simultaneous equations for the coefficients
A, as
n

Aty t E Agp 1oy, (2m) sinh (2m) - Z Agm + 1lgm+1(2m+1) cosh (2m+1) =V
” (A134)

-Ags* D5 Azmii Lo (2m+ 1) + Igy 4 o (2m+1) sinh (2m +1)
m=0
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= D Mg ol 1 (2m 120 Flg g (2m o+ 2)]eonh (2m +2) 7 0 (A1h)

m- ()

2 Ao + 2[‘:’.111 A (2mA2) gy (2wt 2)]ninh (Zm+ 2)
m= 0
.- (A1)
- 2 AZm ¢ 3[121’“ +1 (2!71 i 3) 4 Ign.‘ +0 (2!’1\ 4 3) (-ouh(Zm + 3) - Al !‘ (] )t l:}( { i]l'()}ih‘ 1 )y 0

m = ()

for even N > 2

(= <]

3 Agm N [lom(2m+N) + Igp, 4 gy (2m + N)] sinh (2m + N)

m=0

oo

) 2 A2'“*1“‘1|:12m+1(2m““‘1“)“2m+1 +2N(2m+“N)]008h(2m+1+N)
m=0

(N-2)/2

* E Agm [IN~2m(2m)+IN+2m(2mﬂ sinh (2m)
m=1

(A13d)
(N-2)/2

- Y Agmetfingom @m+ 1) +Ins 4 pm(2me 1] cosh (2m+1)=0

m=0

For odd N > 2

o0

D A+ N g (2m+N) + 1y 4 on(Em+N) sinh (2m + N)

m=0

60




<

o

o)
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T
(N-3)/2
Z Aol [N 1-2m (P 1)1 Iy pag, (Aml 1)| sinh (2m 4 1) (Alde)
-0
(N-3)/2

z Aoy I'Nn:lv:hnm“‘ 2N oy R 3)] coshidm ) 0
me 0

The argument of the Bessel function ly (of imaginury argument) in Kgs, (A L3aee) must. be mudtipliod
by ksq: similarly the argument of the hyperbolic functions sinh, cosh, must be multiplied by ks,

Substitution of Bes, (A2) and (A6a) into (A10) gives

d/2 U x|

f Z kn A, cosh |kns(x)] (os(knx)s }1+ 9 (ks) |1-(0:,( 9 )|s dx

0 n=1 0,d (Al4)
- 2L1

or
d/2
A d 1 91
_g_, [1«;7 (ksq) J+f{2 knA, cosh [kns(‘()]l
n=1
1 2 1 2 ,
1 145 (ksq) |cos(knx) -y (ksy) |:cos(kln+2]X)+005(kl“~zlx)] dx (A15)
) uod

Substitution of Kq. (B-12) into B-15 gives
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m~1

2 (2 1) Apy v 1 Tagy 4 1 (Pt 1) ainh (2m 4 l)"
| m- 0

(x)
! (kn )2 5 E (Yt 2) A osh (2m 4 2) |1 Qm+2) 41| Y ‘
| 1 ' atn A 21 wh{(Zm1 3 2m (dm+3) RE (dm 1) s'

m- 0

(ALG)

(%)

E (2m+3) A:gm 4+ goinh (2m + 3) [Izm +1 (2m+ 3) + l2m 4 p(2m+ :4)J

m=0

0
- A [’1(1) + 13(1)] sinh (1) ( = k_gi

5

@ Equation (A16) relates the potential V along the surface of the wax to the charge density (v ).
” Assuming small amplitudes of deformation such that
o
D 1 2
I,(n) =1+ (nksq) (Al7a)
. 1
| I4 (n) = 3 nksy (Al7b)
Q foud
1 k2
Ig(n) = 8 (nksq) (Al7c)
and limiting the terms to second order in &4, Eqgs. (A13) and (A16) yield
%
vl 8 2
1
AO R (V[So) [1 + “sga‘ coth (kso}] (A18a)
A v (31V/so) cosh (ksg) (A18h)
2 2 , /
Ag = (ksy V/ds,) csch - (ks,) (A18¢)
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The eleetrastatie energy is

f‘: ] /2 #(x) by ) e )
..k WO “a (1f de (n‘x > + (f)\' > dy

0 0
S kuy 1Ay % rinh 2 Kty \
1 =3 (‘ ( 1 ”(]d A“ - “‘; A" A‘] ('('”h k“‘) “"< ‘l ) < 2 kn“ il ‘> (Al‘o”
1 9 - 1 g feoth ke 2
N Sg VT ) (kay) ( ka, vech ok ”u)
! Noting that Eq. (A Lo) gives the surface potential as
8.0 kg 2
ve 20 (1o ok, (A20)
0\ 23,
the electrostatic energy is -
=) 8 .d ‘ Ky 2
= 0 2 3 ™"l 1 2 2
W, = teg Yo l:l "1 e coth kso'll(ksl) esch kso:| (A21)'
There are two limits to consider viz,
85d 9 81\ 2
: W, =~ Ty 1-{-- (A22a)
- ¢ 8
. 1 o
for ks, <<
2
and d 2 [ gky
W, ~ = vy -0 oo (A22h)
4&1 4 80
) for k 85> 1
Kquations (A22a,b) show that for thicknesses of wax small compared to the period of the disturbance,
the energy change for a wiven surface charge density (0,) is proportional to the wax thickness (s,); for
[}
=2 63
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wax thicknesses large compared to d, the energy change is proportional to soz/d. The onset of spon-
taneous deformation, i.0., frost, occurs with periods longer than d [Eq.(A4)] when

nkslz'l‘
I b “,0 | - wﬁ - 4 (/\230)
i.e,, for
1/2
as 1 @egrm (A230)
B
with ks, << 1
and 4ne
d — A23c
R0 2 T (A23c)

withkso >> 1

For large values of s, the frost spectrum is independent of s, whereas for small values, the limiting
frost wavelength decreases with the square root of s,. Notethat the stability criterion of Eq. (A23b)
corresponds exactly to that of Eq. (Ab).

The assumption of free-mobile charge on the wax surface may not, in general, be completely
valid. However, in this instance many ad hoc assumptions then become necessary. Taking o(x) to
be the actual charge density, the effective charge density ¢ (x) is then given as

} 3¢9 ds (991
p(x) = o(x) + (€7 - €) 2y " ax \ox. (A24)
y=s y=8

The potential both above and below the wax surface ¢(x,y) can then be expressed in terms of the
effective charge density as

1 d/2 2 2
- = ix-r ~d)®+ [y +s(r)]
xy) 4ne, ¢(x)dr In n =l.l.oo (x - r+nd)2 + [y ~s(r)] 2 (A25)
-d/2

Eqguation (A25) can be expressed (ref. 22) in terms of hyperbolic and trigonometric cosines
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d/2
1 cosh k [y + s(r)] - cos k (x~r)
= d mmsam s e = 4
e(xy) dne, f ¢(r)drin cosh k [y - 8(r)] -cosk (x~r) (A26)
~-d/2

2\ ds (941
The quantity: 3; . " & 5-; \ can then be obtained by differentiating Eq. (A18). If ¢(x) is
known, the relation which results [taking account of Eq. (A24)] can be regarded as an integral

equation for the above quantity, i.e., the induced charge distribution. Solution of the integral
equation will then yield the potential distribution throughout space, and the corresponding elec-
trostatic energy integral can then be evaluated. Although in principle, a procedure exists for deter-
mining the contour in the absence of surface charge mobility, and which minimizes the surface,
strain and electrostatic energy are subject to the condition

a/2
(s(x) - 85)dx =0 (A27)

o

it is not clear that the fruit of such a calculation would warrant the effort necessary to obtain it.
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APPENDIX B

Heatl, Transfor in Holographie Storage Doevices

The thermal analysis concerns the structure shown in Fig, 41, where a thin storage layer
(typically composed of a thin-thermoplastic layer over a thin-photoconductive layer) is shown
deposited on a glass substrate. Typical dimensions are n thickness of 2 to 6 pm for the storage
layer, and 3 to 6 mm for the glass substiate, The total lateral extent of the storage plane is at
least 10 em. In operating a holographic-memory system with automatic-page selection, a small
area of the storage plane of about 1-mm-diameter is heated; it is the temperature of this small
heated region that is of interest.

__/
2a

2

| Q%
STORAGE !y"*' ; W
z LOCATION ./ ‘&‘v
)
A0
Ry 7
/ / //, &
o

Figure 41. Heat transfer geometry.

Some simplifying assumptions can be made: (1) the storage plane fills the semi-infinite re-
gion z > 0 (since the area of interest is so much smaller than all other dimensions, this assumption
will not significantly change the results); (2) there is no heat flow over the plane z = 0 at the top
surface of the storage layer (we are thus neglecting heat losses by radiation, but this is a small
effect for the small temperature deviations we encounter in thermoplastic recording); (3) the
heat is applied uniformly in the volume of the selected region, i.e., the volume bounded by the
cylinder |r| < a, 0 < z < b. (this is exactly the case for a thermoplastic heated by the absorption
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of electrans or light, and experimentally appears to be a reasonably good approximation for a

rosistively-hented spot); and (4) the thermal charaeteristios of the storage layer (a plastic) and the
substrate (a glass) are identieal (since the thermal decy times are determined mainly by the sub-
straio, this is a reasonable assumption),

The temperature is found by the aid of the coneept of point sources of heat and the method
of images. We image a point source of heat somewhere in the volume bounded by I} <", 0 2 <7h,
_ where 2a is the diameter of the storage area and b is the thickness of the storage layer, We note
that if the source point is at the location (x,y,2), the contribution of another equal-strength source
located at (x,y,-2) (an image point) will yield a solution to the problem that maintains the bound-
; ary condition of no heat flow at the plane z < 0. Thus, the solution of the present problem,
schematically shown in Fig. 41, may be found by solving the easier problem of the temperature
- L due to heat generated in the cylindrical region I} < a, =b <z <U b, which is imbedded in an in-
finite medium. In particular, the temperature at the origin (which is the surface of the storage
area in our problem) at the time (1), due to heat generated at the constant rate (A) per-unit.

,.J: volume per-unit-time is (ref. 21)

t b 27 a

V"f f f f ar k-t
o 2070 Yo &eclnkit-t)]5/2 rd0 dzdt (B1)

Ay

where p is the density of the medium, ¢ is its specific heat, k is the thermal diffusivity deflined
by k = K/pc where K is the thermal conductivity. Integrating with respect to r, 0, and z we find

o Ve f (1 - e8? 4k“)(erf b/4ku) cu (B2)

This integral has been evaluated numerically, and Fig. 42 shows a plot of the temperature versus
time for a 10 usec heat pulse. Note that for this case the temperature 10 usec after the termina-

tion of the heat pulse (i.e., a time equal to the heat pulse) is about one-half the peak tempera-
3 ture, but that the time needed to decay to 3% of the peak value is about 1000 times the heat-
°" pulse duration. These two features, the time to decay to one-half and 3% of the peak tempera-

ture can be demonstrated to scale for all heat pulse duratiors for which this model is valid. The
- extreme length of time necessary for the temperature to return to ambient may be appreciated
by noting that for large times the temperature falls as 1/3/t. These results have been tested ex-

f perimentally and very close correspondence has been found between this theory and experiments.
i
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Figure 42. Plot of temperature versus time for a 10 usec heat pulse.

As stated above, the film may be heated arbitrarily fast. The results above can be used to
estimate the energy required to heat the film to a temperature V in a time t, but a simpler
heuristic argument may also be used.

The energy needed to heat an area of the storege layer to & temperature (V) is
Q=pcVAh (B3)

with Q the total energy, A the cross-sectional area of the storage area, h the depth to which
the film is heated, and p, c as given above. The energy per unit area, J, is then

d=pcVh (B4)

Note that as we apply heat to the storage area, its effect will not be contained in that area but
will spread. For short times we can assume that tne her. .icot not spread laterally along the
storage film but rather that most of the heat penetrates into the substrate (this is particularly so
if the heat is applied via a thin resistive heater at one surface of the film). The total volume
heated during the pulse will then be determined by how far the heat spreads. A good measure of
this distance is

h = KT (B5)




where k is the thermal diffusivity, defined above, and T is the heat pulse duration. We then find
that the energy required is

3= pev (k)2 (B6)

The power required is

1/2
pev (! (B7)

: P = By
3 1y

Thus, the film can be heated to any temperature (V) arbitrarily fast, and the energy (E_)
' necessary to do this is of the form [Eq.(B6)]

& @o o 2

E02 = (constant)-t (B8)

' ' However, as shown in Eq. (B2) and Fig. 42, the deformable storage media cools over a compara-
tively long time period. This theoretical result is confirmed by experimental findings, and shows
that the ratio of the cooling to heating time is about 103:1. This means that if heat is transferred
5 into a thermoplastic-type storage media in 1 msec, the time required for the temperature to re-
tum to its ambient value will be about 1 sec. Thus, the theoretical and experimental results show
that the cycle time of a thermoplastic-type holographic-storage medium, where heat must be
transferred to and from the storage device, is limited by the time necessary for the temperature
L of the storage medium to return to its ambient level.

T 69




W

APPENDIX C

[HOLOGRAM RECORDING CRITERIA USING PIIOTOEMISSIVE MECHANISMS

Assuming the introduction of a differential quantity of charge dq,, along a region of the de-
formable photoemissive surface (Fig, 43) and allowing some depression along that region in com-
parison to an adjoining dark region, the capacitance Cq of the depressed region will in gonoral
differ from the capacitance Cq of the adjoining region because of the differences in separation of
the two regions from the transparent electrode, An equivalent circuit is shown in Fig. 44, from
which it is apparent thal

vi-v

where V is the dc potential along the surface >> v{,vq, and where R is the resistance which
separates adjoining light-dark regions. Taking the differential force per-unit-area P due to depres-
sion as proportional in a first order approximation to the relative displacement where Cg < Cq
occurs both to depression of the light region and dark region elevation due to incompressibility,

we have
Xo =X V+v1 2 V+v2 2
Xq X 2xo -X
from which
9 (V+vy X(V +vg) V+vq\2 x(V+v2)2 dx
— " dvq - —— dvg - = o dx 0 = - 2§ — (Cba)
X X (2x,-x) X (2%, -X) X0
which yields
€ EC
dx = o . (dvq -dvg) (Cbh)
2¢ Ec -¢
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Noting that

dCl
dV2 =V 02 + 19 (Vl'—Vz)dt

wilh
H.Cz'rz =1
we have
B dc
c 1 (
X & e { dyq =V =m =19 (Vq -Vg)dt
26E3"§ 1 1 02 2r1Te s
with
d01 = - dCq
Since A ~ dx
dCl =e g dx—-Cl*—x-
X
then
¢cE
c dx
dx ~ dvy+ VS - 1p (v -vg) dt
2E2¢ ¢ [ R ]
and

Noting Egs. (C1-C3) we then have

OlV1' +B71(v1-vg) =i,/Cq

(B-l) Vl' +V2' - 372(\’1-\'2) =0

where

RClrl =1
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Equations (C 10a,b) solve for either vy or vg as

av' + 287V =pri,/C

for which
il
v1=Ae"'7t+ *56 +D
it
v2=Be“7t+ ”;—)(ﬁ) +E
with
A+D=B+E=0
and
= %T— = 27(1-r)
where cE2
r=2 °
$
Noting
. _1_ dql —v— d( 1
i Cc a4 " C dt
we find

Vl' (0) = iO/aC
A=- iR/

B = (a/B)i R/4

(C:10d)

(C:100)

(C11a)

(C11b)

(Cllc)

(C11d)

(Clle)

(C11f)

(C12a)

(C12b)

(C12¢)

(C12d)
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— Vl - 04~ (-I - "“2‘1"1'“»/1“.() + intlz(: ((!]3{[)
i e .
V2" aten 17 AL-PRE )y e (€:14h)
with
file =1 ~v (C13e)

The equations show that for r > 1, the potentials vy # vy and differential depressions oceur,
L whereas for r <2 1, the exponential terms rapidly disappear and vq = vg ~ i,1/2C at time periods

@-., t >> RC. The parameter r = 2 (¢ Eg‘lt) is a figure of merit for the deformable material, and repre-
‘ gents the ratio of clectrostatic to elastic stress. Thus materials in which surface depressions occur
| due to photoemission processes are those where the increase in surface energy necessary for a
- portion of the film surface to reach the transparent electrode within a half-period of the pattern
:& is less than the electrostatic energy originally stored in the same half-period. 1t can be shown that
N i R
Ea Xp =X ~ ;’Ec ril [1 " (1-r)1(2-r)] e~27(1-nt (Cl4a)
% from which
N
S RC 8ECAX
¢ = 2(r-1) In i RED) (C14b)
= where
s o r 1
s ;J . f(r) = 1 [1 + m] (Cl4c)
ol Equation (C14b) gives the time interval necessary to achieve a depression Ax = X,-X. Taking
5 ¢ ~6:10% dynes/cm? and E, ~107, then r ~0.1 indicating that holographic deformation by photo-
emissive processes will not occur. Noting that the RC time constant is the product of the resistivity
’ per square reduced by twice the number of holographic lines, and the surface capacitance reduced
i by the same factor, the RC time constant is of the order of 26 x 1012 second, i.e., a time smaller
_ ’? by at least an order of magnitude than that given by Eq. (C14c) for a 560-nm depression.
v However, the critical factor requisite for holographic recording via a photoemission mechanism is )
that ZeEg be greater than ¢, a condition difficult to realize while satisfying constraints of deforma-

tion stubility.
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