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ABSTRACT 

Th ?! p~·occH B o f recoa""hn~ A.n fol'wMtion by v~1Eor f'.ti.n!-5. th~ troJrr t c:e oi. 

~ thin p1a ~ tic ti.lm iu .nccordtmc:e with the t. n fornat ion col·~t nt r l. ~n 

elf.!Ctt"on besm La deecribed including, I!Jome of the ffltlitar·y appU u t lmw . 

The advantageo of thi~ relatlv~ly now proceeu , ca l l~~ Therr~pl ~tic 

Recording (TPR), over the m~sne tic record ing proccs2 ~nd the re.cor•Hn& 

o £ i nforf.l'\~ tion uaing a Fly!ng Spot sc~:MU"Uili!r (FSS) ·cath,>de ~f'ty tub~­

photogrnph~ c f ibn nyBtem $lt"C de~fc:r lbt;d . 

!he p~cking. density, Ct4pac:ity, nnd b.nrtd~i<lth o f TPR and the 

t~ss- fU.m l:lyat~Jl are cott!p~red indicating rmalytti ct~ll y t fH'! o~vrw~tcqlo:'6 

of th~ n~~ 11.·ecot'ding technique. A fonwla for computilt\-{~ th~ bi.md'!-ridth 

of :! TPR. l$)'tU:ef'J in tattW® of the ~y.ntcm pnr.ometer~ is der i v€•oo 

'I'h~ ~1.ny pr·obl~c ert~:t$ in the !PR procenf$ nt"t~ pin-po:!. r1 tt· ~ by 

ccmpl~rlng the fu.nrl.m:~tcnttll P•' .. U'll~Jlt~te![a of th~ fSS'"' f ilm tiya tt.~ 1 t'llG t:ms~ 

of the tP~ P~"''c~oa. rerticul:lr critphat}i~ i:u plm;ed on lbt!~Hll ~nd ~.edium 

chtU"~o:.teriattc.s. An 8ppf!ndix detailing cxp€ril~~~nwt 'HO't"k tn ithl'~ 

nledium ch.f!nu~te~i6ti<e3 of therT:lopltt:Jtic recorclingft mid the p~rfif>'.Wtera 

affectinr; theo~ ~hnr£\!et~rl~ti.c~ 11.3 p!:'~~~uted. 

Tht~ writer trinhe~ to i!xprctJ~ hi~ applt"t::c i rntion f nr t he a~ ~i.t~tt>>'lC!f! 

~nd ~neour.Pget.~ent giv~n him by Vrofe~~or George N. Hc.lm o f the U. S. 

Nnv.:::l Po~tsf"~\~fJt~te School l}Ud by the Ad'l.'l'll!ilCC'd ae rH;un·ch Gt'O\.lip. Ut~d~"!' th(~ 

direct i on oi M~. ReR!nel~ T. La~b ~t Ampex Cor por ntion, R~duo0rl City~ 

.C~li. fot·ni.n . 

u. 
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I. Introduction 

A. Outline and Purpose 

1. The work presented here is the result of a ten week industrial 

tour at Ampex Corporation in Redwood City, California . The original 

intent was to investigate the application of thermoplastic recording 

to the correlation process. It became apparent early in the tour that 

the state of th( t 1'ienur)plastic recording art would not permit tiuc:b a 

study. The tour was devoted to theoretical and experimental attempt& to 

develop fundamentals . This is not to be interpreted to mean that 

thermoplastic recording techniques cannot be applied to the correlation 

proceas. They undoubtedly can. Until repeatability is assured, until 

medium characteristic• are firmly in band, and until the interplay 

between parameters in the thermoplastic process is known, application 

will remain an exercise in "cut and try" engineering . 

2. Thermoplastic recording is a relatively unknown· process due 

mainly to ita proprietary nature. To offer insight into the mechanism 

of the process including its advantages and disadvantageo, a comparison 

will be made, where applic4ble, between the technique of thermoplastic 

recording and the process of recording on photographic film using a 

flying spot scanner (FSS)~cathode ray tube combination. There are many 

similarities between the two processes. Thermoplastic recording 

1 (called TPR hereafter) will certainly develop its own markets. However, 

its moat obvious immediate application is as a r eplacement in the late 

1960' • for the FSS-film technt.que now used in aerial photography electronic 

readout and in line scan aide looking radar record and readout. 2 

1a. A. Strickland, Jr. uPotcntial Applications of Thermoplastic 
Recording", TPR preae conference release (GE), pg 2, 12 Jan 1960 

2G. H. Coddington, et al, "Reconaia!Jance Tape Data Conver1ion" 
General Electric Technical Information Series No. R60ELS-103, ASTIA 
No. 248050, pg 16, 15 Dec 1960 
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Tha fh."~t section of thi!l par·er ";Jill prc~~nt fn gentornl teun:J Jt 

d lscunsion of the two proceHseo includ1.ng n gener.ol diacu~Jsion of 

applications. A fairly compl~te outline form of devcriptlon of the 

thcrmopla.tJtic proceas will be presented uith little explanation. The 

system parameters will be compared in general. If the read~r wi.ll retain 

n genet·al concept of the proceoa wi.thcut attempting to recall such 

details as various methods of developing recording~ or ~can control 

techniques etc .• he \dll find that the reading goes emooth\y . 

The second section presents an original formulation of a constant 

used as an aid in defining the bandwidth of thermopla~tic recording 

readout in tert)U.l of the pArameters involved. In general this section 

represents the app 1 ication. in a limited &ense .. of Informntion Theory 

to the TPR process. 

The fi.n.nl eection offer:. a comparison of the parametera of the 

FSS-film process and the electron beam thermoplaeti.c proces~ with 

emphasis on the media, ie: photographic film and thermoplaatic tnpe . 

An app·endix describing the experiment.al evaluation of twenty=two thermo­

plastic recordings is included to substantiate ~ome of the data pre~ented 

in this section. 

B. Acknowledgements 

l. Mr. Reginald T. Lamb, the Director of the Applled Re~earcb 

nranch of the Research Department at Ampex Corporation in conjunction 

with Professor George M. Hahn of the U. S. Naval Po~ tgraduate School 

provided the interest, impetu~, and guidance for this thesi3. Their 

encouragement and assistance ~a5 invaluable. 

Bob V. l-tarkevitch, a senior engineer at Aupex, provided the 

insyirtltion for the majority of tbe original theory pre~ented and for the 
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The contribution through hizs time, talent ond 

pati~nce ~re deeply appreciated. 

S•··n l or eu.ghu. t.fl"S , Kurt F . Wallace, Erwin Roth and r~il V. Bobblett 

offered many help ful Buggestione. The contributions to the overnll 

induetrial experience through aaeociation with engineers at Ampex 

including, William A. Eddy, Kenneth J. Pitts , Witliaro J. Martin, Jorgen 

Voss, Samuel F. Dabney, Eraldo Chiechi, Reno Chen, and John F. Herbert, Jr. 

ie gratefully acknowledged . 

The author is al&o indebted to Donna Messer , Lorraine Niehuis, nnd 

Barbara Hare who typed the rough and final c.:r~ ft:~~ 

3 



I I. 'l'he Proce~~e• 

A. Ther.moplaiit!.c R<"!cording (TPR) 

1. G~nf!ral 

The TPR pt·ocesl!l c:on:sidered here involves the direct d~po•i.t of 

electron~ onto a pla8tic sub6tance euch 88 polystyrene. It in~lude~ 

direct readout u~ing an electron b(!am. There ar~ proceti]~'±!:J like TPR 

wher~in. a cba1.·ged pboto-eonducter ie u~ed to depo~it electronti! onto a 

therrooplastic medium (call~d ELINT or Electro~tatic Latent Image 

Photography) or electronB are depoBited through an electron beam onto 

an oil film. The first 1& bandlimited and the second is non-permanent . 

There are some obvious advantages to direct electron beam recording. 

Firat, it is the mo~t direct mean1 of coupling from an electret\ beam 

to a recording medium. It will be ahoun that in an indirect FSS­

photographic film system, cathode ray tube phosphors, optical ~y~tem 

characteristic$, and li.ght sensitivity-resolution characteriatica of the 

film can limit the resolution achievable to leas than that of the 

electron beam used. There is also the fact that, because of the &yst~~ 

ineffietenciej, the electrcn beam current in the FSS cathode ray tube 

may have to be several time~ that used in a direct electron beam 

recording technique. Also, the dynamic range of the direct rroce~§ i~ 

potentially much higher than the indirect procea~. 

2. The proc:et:uJ 

Thermoplastic recording is accomplished by deformation or module· 

tion of the 5urface of a 1 ·'· y e r oi a thin plastic film in accordance 

with the information to be recorded. The tape or film u"ed in the 

procesa i~ three layered. The baae may be similar to motion picture 
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film . The sur fa ce dc.:formut i on i s accoopllt;hcd by depo!)ltlng a luyer 

of elec tric chat:ge "'"hose ,lenait.y is di!!tributed u s a function of the 

input information . The appU.cation of heat decrease3 the ~S:urfuce 

forceo and causes the surface to deform in accordance with the char ge 

density . The attractive force is provided through t he i nduced mirror 

image charge in the conductive layer. Upon cooling the ~~ i tten 

information is permanently stored in the material. Figure II-1 . is 

a block diagram of a simple TPR system using an optical r eadou t me thod . 

The intelligence of the written information is physically s tored 

in the relative dimension of the ripple. Figure II-2. ia a picture of 

how the deformed plastic surface might appear. 

The intelligence may be determined optically hy measuring the 

degree of diffraction or refraction of light pasGing through the l i ne 

gratings. this readout technique was used in the ~xperiment diBcua s,~d 

in Appendix A. The intelligence may be determined electrical l y by 

scanning the groove with an e~ectron beam and sensing, for in~tance, 

the pattern of the secondary emission electrons. There are ~ multitude 

of items to be considered in a thermoplastic recording system . Some 

of these are outlined in Figure. I I-3. Many of the more i mpor tant 

parameters of TPR are conflidered in later sectiono . 

The important ide:u.t at this point lie in r ecognizing t he advantages 

of a thermoplastic recot·ding process, perhaps not individual ly uniciue, 

but certainly unique collectively . 

High resolutions ure possible in lines/mm, information densi t y, 

or bandwidth. The best wideband magnetic recording resolut ion5 are 

about 1.5 &quare mils . A FSS-film combination is about the came Current 

electn n beam reco-rdin& t echniques are produci ng 8pot si~es on the order 

5 



rr~R;0;7ASrt~~~O~;; /-;E-;-;0-;UUR-- -- ------ -'J 
f :1 

_, -

1 I I r I I I 1 

INPUT 

E l E C T R I C A l S I G N A l~ 

I 
I 
I 

WRlTER 

0 
0 
0 ElECTRONS 
0~ 

- 0 EVE l 0 PER-

HEAT 
~ 

.I -~-- --~ 1 
T H E R M 0 P l A 5 Tl C l" v I -1 }~ 

MEDIUM III!J 1 

I 
ELECTROSTATIC 

READER 

liGHT 
~~-----

I 
I 
I 
I -

I 
I OUTPUT 

PERMANENT. 
RECORD 

) CHAt<GE PATTERN 
(lATENT IMA GE ) l 

I 
t 
I 

RIPPLED SURFACE \~~----
(DEVELOPED IMAGE) I 0 / -~ ~ -_ =-=- --=-=-=- 1:--_-_- - -

I 
OPTICAL / 
ElECTRICAl 

TRANSDUCER 

L--------------
OPTO / El~CTRIC~l READOUT SHOWN, 

FOR DIRECT ELEOiRICAl READOUT SEE FIGURE 2 OUTPUT (a) 

VISUAL D1SPLAY 

I 
I 
I 

J 

OUTPUT (b) 

ELECTRICAL SIGNAL 

Trl ER,1AO PLASTIC· RECORDING SYSTEM, BLOC t< DIAGRAM 

Ff~, IT- I 



\ 
.\ 

r-A 
I 

I • 

~A 
VIEW 

• I 

SECTION C - C 

SHAPE 

'· 

,---- ..... , 
" ' ___ ..; ,..,. __ 

S ECTIOAI A ·A 

Ef..ECT/?01\1 
t>ISTR!8U''r/O IV 

IN SEAM 

· I 

I. 

FIG. Jl-Ol 'l)f::Foa~MEO suRJ:Ac e 
01!' A THERMOPLASTIC RECORD I NGr 



--r 
~li:,..., I I eo....,"""''"-' 
~£N£"/!ATioo.J 

--...:....--..., :=I 
(3t",.i tvl 

f:oc v.~uJG I f F"o~liT.\ .$ 

_ _] 
13 £ A ff> ,. f P H vs~c AL. 

ito I Pos , ; , e> f'/l rJ r. , Pt\oP":Z! ~'TtE.S 
I 
I 
I 
l 18E~M I t Jo u;i:; 

. 

tflt<T'"!t~!>S 

TN TE 1{­

Rli~CTION,.S 

I 
f= L.t NC.T" 1 (JI·I o.:j 

i 

P~o~£1<.111Z~' 

I 
f:N#ANC£,.&»"1"1 

JHE' R MOrLAS.IJt.. R£co ,Q. :;. ulti-

jN'o,se . 

I 
C 0 IV T ~ OLI .. I IV '-

f.ARA M £T~~ .:S. 

I 
R trt; Va..'r/fJ'" 

rM ... ,b.;: 

I 
l't~ 0 1;. lA L. A ,. I 4 "J 

I v/~mN6 I 
I 

I R<A~o~~ I 
. 1 

"' i: "D I Lt ~~ . 

Ex Po~u R E' O PTIC A L. 

Dcv t- L oPt1'1£tJi 

~ 
' 

/A Pe 

Ta AtJs l>t>~/ 

I Rc•b~Hr ] 

E!...:i'CT~ICAL 

.5£R'-IO 

D£:"..1!: /..C> Pt¥1£"1-11 

AMP/..1 FICt?.~ 

'· 

::UciW"\OULfL.ATl> 

FIG. Ir -3 

ELE~YJeAir.s o 1= rx F 

r1 1 sc £ L l.fl rJC.ou.: 

T HERMOPl.ASrtc. PR.oCE:SS 



uf .16 squnre mils Na.gt,etic tnpe recording hand,lidthe .nre i.n the 

FSS·fi.lm ban<.hli.dths are in the 10-20 me ··egion TPR 

rccord1ng bnndwidths of 50-100 m<~ h11ve been achi eved in the lnb. 

Rapid exposure to view times ore possible in TPR (for example the 

experlt':lentn. l recordings evaluated in Appendix A. were developed in 

30-80 miliaec.). The best wet film developing techniques are in the 

2-3 minute range. 

As in t:lRgnetic tape rec{. rding, the thermoplastic tape may be 

erased and rPused. Also the medium is essentially unaffected by high 

electric nnd rr. . .-lgnetic fields, and for prac; ticnl purposes by re.dintion. 

Finnll y, either opticnl or electronic rendout is possible This 

ls i.n a sense true in FSS·filnt readout, but thE! limitations in this 

proc•.)Sfl will be- pointed out. One of the obvious IHlvnntages is the 

f3ct tilat TPR offero a readymnde solution to the information trecking 

probl~m in that the b~am can be servoed to n null bused on the physical 

gr oove characteristics. 

There are some disadvantages in a TPR system. The problems tHl nocinted 

medium is quite fragile and aubjr-ct to contamin.:ttion A systern vacuum 

-5 on the order of 10 mn of mercury is required. And, as in nny system, 

t here ore accurt1cy and repeatability problems. Some of these are rrKlde 

obvious in appendix A. It is perhaps easiest to say that with every 

box indicated in Figure 11-3. there exist ~robleros which in themselves 

do no t conatitute n disadvantage of the TPR system, but which taken 

together place the TPR s ystem in a eome\.,hnt unfavornble light when it 

is compared t.Ji th the more developed systems. However , the interes t in 

TPR is foatered by the obvious return in the fot,n of advantages for the 

cost requir eu to solve the probl~ma and overcome t~e disadvantages. 

9 



B. Fl ylng Spot Scrmncr (FSS) '"' filt.1 aya.tem 

Th~ pri~~ ry pur poBc of this paper ia to present and evaluate TPR 

as a function of the electron beam and the medium. Thi~ t:ection will 

describe the system to be used in comparison as an explanation vehicle. 

The majority of the high data rate acan system~ in service today, 

including aide looki ng radar systems, infrared sensing ~yotems , and 

multi-transducer sonar systems , use the FSS-film ~yatem for data process­

ing. In the record mode an intensity modulated cathode ray tube i s 

photographed (this puts a camera with its lens in the system) . The 

electron beam is controlled in position by a suitable scan mechanism 

tied electronically to the sensor. The framed image type of output, 

if such is used,is created by a TV type raster scan. If a line scan 

output is desired, the beam movee in one line back and forth a croe1 t he 

face of the CRT, and the film is transported continuously. 

The film is then processed. The final product is usual ly in 

density modulated negative form . Readout is then affected by projection 

using light-optic systems, or by a second FSS system wherein the CRT 

spot is focused through a lens system onto the film and nllowed to scan 

the film .us the scanning mechanism moves the spot on the CRT face. The 

light beam is modulated by the varying density of the film . The modulated 

light is transform~d to the electronica domain through n photomultiplier 

In most systems this retransformation to an electronic signal is required 

to permit. modification of the signal to remove the various distortions 

inherent in the recording process . For instance , for an air-ground 

tM ppb'g system, thcne distortions are a function of aircraft attitude and 

sensor platform position. The correction of these distortions is referred 

10 



to os rectificntion. The rectification problem is a a t ud~ in ttself 

and is not considered in this paper. 

In Section III some of the limitatione of the FSS-Film system~ 

including phosphor efficiency and characteristics and camera and filo 

transfer characteristics, are considered. 

The advantages of the FSS-film 8y$tem are usually presented as 

compared to a magnetic recording sy~tem. For inetonce, the rapid 

tape and head \lear problem associated with t~lllgnet ic recording is not 

a consideration in FSS-film systems. There are al~o fiome advantnges 

offered by an FSSafilm system over a TPR system. For inatance , it is 

not necessary to rnove the photographic film in u vacuum while recording 

and reading electronically. Photographic film is less subject to con-

tarnination than thermoplastic tape Probably the fact that FSS-film 

systems are in service should be mentioned as tJn advantage It i§ easy 

to "shoot downtt an in service system using the theoretical advantages 

of a drawing bourd-laboratory system. It is not as ea$y to carry out 

some aspects of the theory. 

This thought perhaps lies behind some of the caution demonstrated 

in articles 3 indicating that TPR Dlethods may only partly ~upplant 

FSSofilm systems in the 1965-1970 area. This hae naturally led to the 

following section which discusses in general come of the applicationa of 

these two processes. 

C. Applications 

1. General 

Thermoplastic recording promises to combine the processing speed 

and versatility of magnetic recording with the ftitoroge cap.:lcity of 

3 R. Baske, et al, "Correlated Airborne dinplay~u Seventh Annutll 
Rnd~r Symposium, Univ . of Michigan, pg . 199-220, 1961 

11 



is the ~lpplicationo in the field of data and inforMatiou hnndlin3 whlch 

"''ill mnke u se of the unique proper tie~ of ~peed, p.ockinf; dentiity, 

erass.tn~ , rewr i ting, and dirr-!ct optica l or electronic readout th~t ~ill 

be ment i oned here. There are industrial applicat ions auch ae library 

storage, automnti.on control, ant. tf:'le\•i~i.on recordh1g The militat'y 

applicat ions ~.:ill bf_ dt.:scribed in general terms in this paper 

It ohould be emphasized thltt as of 1 Januaryil962, no oper3tiona l 

r:\ili.tat."Y TPR Ry s tem exi sted. General Electr ic W6 prepl1ring to deliver. 

a Thcrrnoplnstic PPI (Plan Position Indicator) to the Naval Research 

4 Laboratory for evnluation. Ampex Corporation delivered a ayfft('m ft'r 

evaluating thermoplastic storage oeditt to the Aerial Reconalssance 

J ... ahorntory of the l.~righ t Air Development Division (WADD) of the U. S 

Air Fore(~ in Febt'uary, 1962 . These two items will represent the extc>nt 

of the "out o t laboratory' ' TPR equipment for 1962 at least. 

2. Dri£;f synopsis of appl ic.ntions 

a . Radar applicat ions . 

(1). the ma jority of the application5 of TPR in the orcll of 

rada r are simply an ex.t(!ntion of th'~ in service optical procesaors. They 

i.n general involve high atorage requirement& . Such requirt.1uents exist 

in the high resolution aidelooJdng ground mapping radars and in cvherent 

radar det~ction systems using target velocity and acceleration ~s a means 

of dr~tection. In the former corrcltition techniques at·e used, end in the 

latter msny simultaneou s integration& are requi·n!d 

Optical it.mg~s have the inherent property th~.t they possess t'i-m 

4Per s onul co!rtuunication with Hr. E . F. Scully, Sale:o Enaineer, Radar 
Products , Navy Programs, General Electric Co. dat•:!d 28 Feb 62 
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<l!egreea of f r·H:dom c.tt r<::pr e ~5entt!d by the two independent variables uhich 

d~Cf :f.ne a. po i nt on B! aurf:Ac~. In thi li ref.;'lpect, optical e:~atem~ differ 

basically fronl electr on i c sys t ems which poas:e.s~ only time at& the independ-

ent variabl e. The detail s of the uni que propertica of optical process­

ing systems are conta ined i n Cl c l a se: ic article5 by Cutrona of the 

Universtty of Michiga n. 

(2). Since it ia poss i ble to u~e optical techniques in 

processing thermoplastic t a pes. t he ex ten~ion of some of the ideas 

applicable to film t echnique B> 8 e €'m tJ logical . But the extension ie not 

a simple one. Pho togr aphic f i l m t echnique~ i nvolve a simple dcn5ity or 

amplitude modulat i on . Optical TPR techniques invo l ve a phase modulation 

due to the variable index of refraction of the grooves. Th ia phase 

modulation must be converted t o s ome sort of amp l i t ude variation to 

obtain an opt l eal readout. This problem ha~. been treated in detnil 

by R. V. Pole of General Elt·ctric . 6 Hi!S work de t ail $ the problem and 

the difficulties and offers some solutions. The pha~e probl em i s not 

the only one. 

In optical - film correlation technique~ , for i n stance, t he resu l t 

of correlating signals r eco~ded on two film~ is recor ded on a third film 

directly us i ng a chain o f lenseB and a ~ i.ngle lig.ht gJource. The r£>sul t 

of correlating s i gnals on two thermopla~ tic t ape1 , a~~uming ~ome unique 

optical system (Schlie ren) i s available , would n~ed to be converted to 

electrical informatlotl prior t o recording on the final thermoplastic 

material. The alternative involvee the u~e of an all electronic sy:sten1 

using two or mor e guns . The phys ica l probl ems n5sociated with such a 

5t. . J. f'•• f" lf'Ont' (It al , Op t ical Data Proce~$ing and Fi.l tering Systems, 
rGIT of I RE v ~.~lu'\lf' IT- 6, No. 3, pg 386,..400, June, 1960 (with numcrmt& 
reference s) 

~ - \ . Pole. "An Optical AnalyljitJ of Surface Deformation Recording" 
General El ec t ri.c Technical lnf. Seri.e~ OF 59 ELS-82, 15 Sep 59 
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scheme appea~ too great at preuAnt to merit consideration The author is 

pessi.rnist ic ubout the neat· term poBeibi 1 i tiei'J of un tng An all thermo-

pla stic system for procesaing requiring correl ation 

However, this does no t rule out the use of 'fPR in display systems 

or in initial storage systems. The display function will be di::Jcussed 

belo\1 . It is quit~ possible that the initial recording of sen~or data 

could be on thermoplast.ic film. The electronic readout of the initial 

sensor inform:.ttion could be rectified and the resultant infonnation could 

be recorded on photographic film for processing using optical-film 

correlation techniques. 7 

A great deal of library research wa$ doce prior to the industrial 

tour at Ampex in order to become familiar with the method of obtaining 

high rcsolut.ion using synt.hetic apertures in conjunction with the oide 

looking radar technique . This technique ia explained in a s~cies of 

articles in the Symposia on radar conducted by the University of Michigan, 

and published by ASTIA. Two articles, one unclass ified,- are referenced 

8,9 10 
here as offering a quick general picture of the process. Coddington, 

gives some idea of the specifications for 1'PR systems a pplied to the 

processing o f data from a quite fundamental side looking radar ~ystem. 

7 1 ... J. Cutrona, et al, loc. cit. pg 397 

SL. J. Cutrona , et al, "A H1gh Re8olution Rader Cornbat Surveillance 
System'' IRE Transact ions on Military Electronics, pg 127-131, April, 1961 

9L. J. Cutron.u, "Fine Resolu tion Radta·: Its Status and It& Future". 
Fourth Annunl Radar Symposium, Unf.vcrsity of Michigan, pg 133'"'139, 
Jtme 1958 

lOcoddington , et al, t~:). ci t. pg 62 
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l i ne G p( .. r nD), :md C1 s pot s ize t:lf . 11, mils 

l!l cmc1 TV t hllt : (1) nobody i s projecting a scan of over 600!1 linr~s 

end , (2) at pres ent a spot size of . 1 mt l is in th~ clcs a nf ~ projected 

eoel . 

(3). nnd~r s y stems that meGsur e range, ve l ocity t<"n·d. 

nccc l e r o. t i on requ i r t! Cormtc!able signal process i ng cnpabi 1. i t y . l. i:e~:i 

fo r t h0 scope o f thf'! pr • .,h t !i!m can be obtnin ed by noting sorn~~ s t ~;t:, s ti(~ ~ 

r~por tcd i n a recent General Electric Newsletter 11 For insta~c~. tf ~n 

C ~t.· t·: ~ r ange resolut i on ove i" n 4000 meter range interval and a :; J!:(~tr: t" 

per :J(: C:ond velocity resolution over a 3000 mett'r per st:cond veloci t:,' 

in t~rv'- 1 t1re to be rcal i z '.!d us i ng a 20 mcg~cycl e s ys tem bandu t dth ~nd 

coh et·...,n t integration and f i.l t~ring of many SU(:~es s i.ve echoes ( 30 

toilis~~ cond integration t im<~ -~ saumed) the rcqu i. r eoents a r e. 500 r ::mr,c 

ce ll s each containing 600 ve1~Jc ity cells for a total of 300 , 000 t" ~? sois-

to s tor~ fYOO,OOO individual r adar returns and t o fH!rform 300,000 in t "t:;t'a a 

t ious s b r.ul taneously . An equ i v.::l lent electr on ic s y· stem uoul +:"J r equtre 

500 r-nnge gates fe ed i ng 300,000 doppler f i lters , Psch h3v i ng e. bG.n~ .. 

\rtidth of 33 cycles per s ecc.nttl . The measuremen t o f accelerat ion r equ i.re ~ 

equa lly staggering procesoin~ fac i lity. 

!he G. E. system t o process this data uses a n optical processor. "i t h 

a thin film of oil as a s t or .r..ce device . The proce es i s e~mctl y lP<r· 

tht!rmoplast.ic recordi ng with t he ~xception t hat the oil f i l m i s rW'Jer 

11 General Electr ic Elec t.ronico Laboratory Ne-.:-1alettet No. 10 c~t'l t: ~~:~ 
August 1961 
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allowed to solidify . Their system sacrifices perroDnency for the ability 

to mnlntain an exactly uniform oil film thickneas. They are able to 

produce a real time display of information using a naser as a light source, 

for instance, or a photo-cathode arrangement. 

Optical processing in this fashion is expected to be useful in 

solving thE problems of nose cone detection and trajectory prediction 

where high resolution velocity and acceleration mea&urementa must be 

made rapidly. 

Goodyear Aircraft Corporation12 bas been conducting a study of data 

correlation techniques using multiple sensor (radar, infrared and photo-

graphic) as an aid to accurate missile navigation (this is sometimes call-

cd mapr~tching). They nre using the digital computer for a correlation 

device. This technique offers another application for the high data 

rate,high storage capability of TPR. 

Bufore lenving the radar section it is emphasized that this applica-

tion is probably in the distant (5 - 10 yeara) future. There remain n 

multitude of fundamental problems to be solved first. 

b. Display 

While this might be cl&e~ed as part of radar applications, it io 

considered separately in thia report due to it~ importance as an immediate 

application of TPR. The short exposure to view time, the permanency, and 

reuseability sake TPR a natutal display vehicle. A recent authorative 
13 

article polnto to TPR display systems a~ early a~ 1965 The PPI developed 

by General Electric is, in a aen~e, a di~play ~y~tem. The intent here is 

to suggest that the final stage of a §en@or ~y§tem be a thermoplastic 

12coodyear Aircraft Corporation , "Advanced Data Correlator Study and 
Development"(DACOR), Annual and Quarterly Report~ 15 June 1959, to 
20 October 1961 

13a. Baske, et al. loc. cit. pg 210 
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recording. All other ~tugo~ could be kept c~ they ~r~ at prPornt. The 

EJ,!NT orocesa (oee page 4) is a vo~~i.bl e fiMl 15l t c!ge for nn optical-film 

oide looking radar correlated output . 

the use of real time in-cockpit ronpoatching di~pleyi i~ an obv!ouo 

asBet. For one thing errorm in coverege on reconnai~~ance mieeioue 

could be sensed immediately and correctioni Eade without co~tly rni~oion 

reruns. 

TPR opens up ne'" poGttibilities in large-screen diBpl~ty of rndftr and 

oonnr image3. Thie type of ditiplay 1~ u~ed in radar control centers 

where large nuebera of people must ~imultaneou~ly v1~w infor~~tion u~ it 

io received. In the pa~t, the data h4~ been plotted by hand on large 

display boards, or photographically copied from the rcdar ~creen nnd 

preru~nted in the form of a motion picture &Jometime later. Doth t.'lethoda 

inherently involve delsy5. With TPR, the redar @ignal could be writt~n 

on tape, developed, and projected on a large ~creen vitbout a ~isnificnnt 

lo•o of quality or detail within a fraction of a second. 

TPR will also pereit a new technique, 1imilar to that used in time 

lnpse photography to extend the range of radar and help di~tingui~h 

targets from random signal~ that appear a® noi~e on the rader @creen. 

This princi.ple, called time compre~~ion involve~ @peeding up the motion 

action on the radar ~creen by $toring the image1 for ~ period of time. 

then playing them back in rapid ~equence. The ~amc procedur~ i~ ~ime 

lap~e photography has produced picture$ of flo¥er~ bur~ting into bloon. 

By speeding up the $equence of event~ taking place, ~louly moving 

and therefore almoat indi~tinet target~ would begin to move ra9idly . Thi1 

rapid and purposeful motion would be enough to e~~ble the ob~ervcr to make 

poeitive identificat ion. Experiment~ ~ve ~boun that object~ apparently 

hidden from view e~n be identified by ob@erving $ome orderly motion . 
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it out on fl singl~ dittple.y . This would allow an opcrntm: to compare 

radar, infrared and optical data ~imultaneously, or to set~ct whlchever 

gives the best results at a given mtacnt . An airbor-ne ASU diGplny of 

all aubmnrine dt!tection ~entJor information uould be c:-:trewely useful, 

for in3Jtance. 

c. Sonar Applic~tiona 

Th~Be in general corre~pond to radar opplicutiona. Colm4bia 

Univeruity ~q5 done n conaiderehl~ amount of work in high reaolution, 

fixed transducer, doppler detection of underwater contact~ u~in~ an 

optical processing GyGtem much like the University of Hichisnn 6yotem.t4 

There is s need in tbie lJy5tem for ~ome 10,000 proecsain.g clumnelfJ and 

a reftl time data output rate of 1.2x109 ~mplee per ~~cond. 

d. Electronic Countermeaaure~ 

Through corrc1.'1tion proces~ea , TPR will in effect perform a counter-

counter measure3 function by enabling high datn r ate ~ignal r~cov~ry 

methods . However, TPR will prob~bly find wider u~e in Ferret type 

reconnai:.eancd! missionBJ wherein all @lectroo.~gnetic radiation fro!!'\ th~ 

area under surveillance 1~ recorded. Sy~tem~ today15 emplcy a magnetic 

tape recorder to obtain a record of ECM intercept@ wade by a pelllive E01 

system. Although only a l~ited aaount of information i~ avail~hl~ u~ing 

this form of reconai~eance , the value of the ~y3tem will increase a~ TPR 

openo the bandwidth from the video b~ndwidth~ of 4 .. 10 me. to clect~on b~~m 

114 
L. Gregory , "Signnl Proceo~ing Eqll1ipment19 Project Arterni.f.' Status 

Report Number 3, 15 Jan~ry 1961 

15 
D. A. Stentz. "The Statu~ <Jf the Electonics Co\llnt~rmf:t.\tlUt" !;> ~ Problem", 

USNPGS Macte~' G Theel~. pg 121, 1958 
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recording bandwidth~ of 50-100 me. 

e. Miccellaneou@ 

The uoe of thermopla~tic tape record~ in n ~mt~llite n~ a wideband, 

high packing den~ity atorage mediu.m wt.y become quite important. The 

ability to readout electronically a~ i~ done in the videotape oy~t€nl is 

an important as•et of TPR in thi• application. 

As mentioned under di8play and radar, the u~e of TPR in mi~$ile 

nosecones for guidance and navigation i~ a po$$ibility. 

The application$ mentioned Dbove cover a wide ~pan. It 1~ ~ignifi­

cant that the span covers area~ to which both optical and magnetic 

recording techniques apply today. 

At this point now that the reader ha~ been led to accept TPR a5 a 

system of the future with great potential, ~ome of the parameter~ of 

the process and some of the problem~ facing the engineer~ doing re~enrch 

in this field will be pre~ented . Aj will become apparent the art i~ 

etill in the embryo ~tate . 
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IIT . ~ecklng Density, GnvncU:y t.mrl U~nd\1i.dt.h 

A. Introduction 

ThlB section eerve 6 D5 the connecting link between the J~Kcriptlon 

of the proceeGe6 in SectiOl I and the dincuueion of eome of the pnrnt!letcr s 

in Section IV to follow. 

The FSS-photogrnphic film ey~t~ capabilitie~ ere br itfl y described 

followed by the capabilities of a TPR ~yl!itcm . 'fhe pac ki ng den !Pf.ty and 

capacity of the two sycteroB are considered fir s t followed by the band­

width conGiderat.iono. The graph , Figure I II-2Jiu the key point of this 

o~ction. It ia a graphical demonBtr~tion of the i n terdependence of the 

key p~rameteTo in n TPR ~ys.tem. 
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:s. Pnd.ing Density and Storage Capacity 

1. FSS - Film System 

a. Packing Density 

A rough figure for the resolving power of a state of the art FSS-

film syatem used in state of the nrt techniques is 50 linea/milimeter. 

In normal electron-optical technique~ using film the signal is 

placed in the optical system from the electronic medium by photographing 

an intensity-modulated cathode-ray-tube (CRT) presentation. Assuming 

that care has been taken in the design of a camera and film transport 

mechanism, multi-channel processes are essentially straightforward. 

The position of the line to be photographed is controlled in the 

deflection mechanism of the CRT. 

For standard commercially-available 5 inch film, a figure of 50 

lines/mm represents: 

?O !!Ee~ X 

lO"' lm 

1m 

39.4 in. 
X 5 in. 6350 lines 

where n 2 mm edge on each side for handling has been neglected. 

Thuc, if the line~ repre~ented the resolution of a 40 nautical nile 

area in range: 

40 n. mi 
--6350-- X = 38 ft resolution 

Also, SO lines/mm is equivalent to 1270 tracks/inch. 

Actually a figure of 5400 proce~§ing channel3 ie quoted for 5 inch 

film with a ayatem resolution of 50 line~/mm. 

There ia one point concerning film resolution that cannot be over-

looked. It will be covered in more detail in the ~ection on bandwidth. 

A resolution-sensitivity product relation~hip exista in film. Whil~ the 
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prt-,duct i n not necessar ily n conf.f. t .nn t, it i ~ true tht!t rtHtolut ion t::nut 

be traded for 31t"n&itivity. Bandwidth {!] a function of flen~ltivlty. 

Therefore, if it ia nece~~ary to usc fait film to prov i de frcqu~ncy 

response, it may be nece~eary to :5acrifice rerBolution. 

b. Capacity 

Shannol.u; deecribed the capRcity of a cormwnication channel i n 

blte/oecond: 

where W in the bandwidth; S the signal; and N, the noiae . 

Eldridge17 modified this for recording to show that cspacity per 

unit width could be described: 

1 
ct = me a w \-l tog 2 

where w is the track width, w
0 

is the track width which tfill provide 

a o/n ratio of 1, and m is lfw• or the number of trackG per unit vtdth . 

This, then, gives bits/second/inch. 

Since thlo section deals with the spatial packing den~ity of the 

medium, a spati&l capacity in bit~/~q. in. would be: 

C5 rs A Log
2 

( 1 + S/N) 

where A is the area packing density. 

16c. E. Shannon, "A Mathematical Theory of Coa:munication"~ Bel l 
Syatems Technical Journal, Vol. 27, July and October, 1958 

17n. F. Eldridge~ '~he Application of Information Theor y to Recording 
Systems", Research Bulletin No. 7, Re~earch Divi~ion,. Ampex Corpor a tion, 
pg 1, Septembe~ 1960 w 
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per tfli.ll wett::r vould be approximately l. 6 mc:gabitii-/~q. in . 

This yields C =- 3.31 mt·gGbits/uq . in. for a lOdb si.gnl.\1-to-noi&(. ra tio 

and 5.54 megabits/sq. in. for a 20db s/n ra tio. 

The two figures of lOdb and 20db are u~ed advi~edly . For the opticnl 

film Byltem a bnndvidth limitation at roughly 10 me will be theorized. 

At this frequency, the 20 db a/n ratio will probably repre~cnt n figure 

close to fAct.* 

2. Thermoplaetic Sy5tems 

a. Packing DenBity 

The packing dcn~ity for electron bean recording is a function of th~ 

opot diameter of the electron gun that ley~ down the charge on the 

thermopla~tic material. It is alao a function of the type of modulfition 

used. The a5sumption will be made that the ~pot diameter clctermineG the 

1ize of the track or line. 

Theoretically, the l~itation on spot diameter in electron beam 

recording is the 1ize of the electron. A long-term goal i8 a ~pot aize 

of 1 micron ( 10 - 6 ~~ter~) . A nenr - term goal ia a ~pot diameter of 

.1 mil. This goal is clo~~ enough o.t hand to compare TP.R and optlcal ·film 

systems e~ fsT ai packing den~ity ie concerned uaing tbt~ figu~e. 

preaent in fi lm •y~tQrzm . The deformmtion~ repreatcnting the info~ticm 

force the plastic material into ridge~ elvng~ ide the groove . To avoid 

what might be called "spillovet" it i~ necesaary to leave e guard band 

of approximately two line width~ between line~ of information. 

*NOTE: This figure and other figure~ u~ed in thi~ ~ection h~ve been 
obtained in conver1ation with experienced engineer1 at AMPEX 
Corporation knowledgeable in the field of recording ~y~t~~. 
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Ht.th thi.8 in mind, th~ pack i ng d;~n~ i. ty ~>f t hermopl -1\Stic tilpc may be 

derived in the II.Bmt! manner as for filu. .'\ . l t.'1ll 8P•>t would permit 101~ 

linea per inch. This would then need to be divided by three t o correct 

for spillover tolerance. Thua. a proepective figure for thermoplaotic 

tape is 3333 lines per inch. This i!l roughly three time~ t hat for a 

film 1ystem. 

The word "system" is emphAeized in this case oince it ill generally 

conceded that film baa a greater packing density than a thermoplcetic 

tape. That is, for a given square of film, the number of lines/mm that 

could be laid down iB greater for film than for thermoplnstic tnpe. But 

the context here includes a system. Under this condition, the ~yatem 

l~itationa force a stricter interpretation of the packing density 

capability of film. 

At preacnt the film size that could be used for a the~oplastic 

system is conjecture. The 5 inch figure u•ed here i~ not·meant to be 

fact, but simply a comparison figure. The 2 mm of film nominally 

allotted on each edge for handling ie ignored in the calculations. 

For 5 inch film, then, the number of lines that could be written 

acrose the film is: 

3333 X 5 16,666 17,000 line~ 

If the linee represented the reeolution of a 40 n&utical mile nrea 

in range: 

40 6000 ft. 

17,000 
X 14.1 ft . 

n. mile 

At present due to other limitation~ 6000 lines i~ predicted for TPR. 

Thue & two inch film would suffice. 
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b. Contraet Rntlo 

Again, it is ctrcsQcd that thi9 is ~ ~yatcm comrar ieon. Rce~lution 

itJ a fttnction of contraat rutio. Noi3c is generally conaidered to be 

Caueaian diotributed: 

I 
j= YiTr e in units of 

Assuming this distribution, there i~ a probability of 0.32 that the 

noise will exceed the average; a probability of .0014 that it will 

exceed 3.2 (10 db) t~ee the average; and a probability of approxioately 

2 x lo-22 that it will exceed ten t~c the average. In any particular 

recording ocbeme the fBct that the noioe does exceed the difference 

between levels doee not n~ceassrily indicate it will cause nn error. 

Whether it will cauoe an ~rror or not io dete~ined: (1) by the length 

of tLme the noise is larger than thie level relative to the length of 

time allotted to the signal at & particular level (the pul~e width), and 

(2) by the particular recording and detection technique uged. 18 The 

point ia that a 2al contrast ratio is jult about a minimum clatisiflcation 

for resolution. A lOal ratio, or 20 db, iB core nearly correct. 

The discussion of the ~ptical ~yjte~ wa~ bs5ed on an analog inteoeity-

modulated track photographed na it appeared on the face of a CRT. The 

figure given assumee a contrn~t ratio of nt lea~t 2-1. 

c. C<lpacity 

The Shannon formula modified efi in the previou~ ~ection on film is : 

For thermoplastic using the .1 mil epot with the tactor of three r eduction, 

18 D. F. Eldridge, op. cit., pg 2 
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r~~li6tic go~l. (S~c Note on p8ge 23,. 

U8ing Figure 1, the theoretical optiuum 8/n rntlo c~n be found for 

a given current denBity and bandwidth. 

For inutance, if a current den~ity of 10 nmp6/c~2 ifi chosen. and 

if the ~pot 3iza of .1 ail 18 used, the beam current i~ found: 

10'""2 mil2 cm2 

i~SS mil2 X 105 

The b~m modulation factor, ~. i~ an indication of th~ effective area 

of th~ beam. Us ins a real is tic factor of m2 = 

curr~nt of .00506 micro~p3 i1 deriv~d. 

Entering Fisur~ 1 with .005 microacp~, it is 8eeo tbat at lOme 

a =In ratio of roughly 32 db is theoretically realiz3ble. Cutting this 

figure to allow for almost any syetam degredntion of s/n ratio, the 

Shannon f~rmula, u~ing a 20 db u/n ratio, yield9: 

The 10 me figure ~a cbo5en to afford a compari~on with the optical-

film system at this frequency. The packing den~ity of that ~y$t~m wae 

5.54 megabits/sq. in. using the s/n ratio of 20 db. 

C. Bandwidth 

1. Optical-Film Systems 

To attempt a detailed description of how the bandwidth of an optical 

filn syatem io computed, optimi~ed, or otherwise handled , i8 beyond the 
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scope of this (lS.per . 

The bandwidth is 11 funct i on of many c l ('Menta of the "Y8t (.."f.ll , eorne of 

Yhich are: 

a . De-magnification; that is, the fact that the film ia &Qaller 

than the CRT. 

b . u~~Elhle lens apperture. 

c. The particular batch of phosphor used. 

d. Tube life required; that is, the x-ray burn permissible . 

e. The photomultiplier used. 

f. The transmission of the film. 

The maximum output bandwidth of such a system, using a flying spot 

* scanner, is in the neighborhood of 10 me. An image orthicon readout 

technique might provide a greater bandwidth, but the resolution degrada-

tion would be intolerable. Therefore, for the resolution required, the 

flying spot scanner readout provides the greatest obtainable bnndwidth. 

It ia felt thnt the 10 me figure is a fair bandwidth for comparison 

with the thermoplastic rendout bandwidth. Perhaps the ultimate limitation 

in a flying spot scanner is the phosphor. This element in the system 

operates at about 11 efficiency. Ten years of act~vity has failed to 

improve this figure. Bandwidth improvement could result in systems with 

a method of refrigerating or cooling the phosphor, thus allowing greater 

beam current without the danger of burning. The disadvantage in thio 

improvement endeavor lies in the nddition3l equipment involved, and the 

~provement ia thought to be marginal. 

*NOTE: A figure obtained in conversation with K. F. llnllace, & Senior 
Engineer at Ampex with many years experience in the field of 
flying spot scanners. !o1r. Wallace has derived a figure for the 
maxiaum uanble bandwidth of eucb a ayatem, toking into ~ccount the 
many factors involvct.l , in the appendices of an internal Ampex 
report entitled, ''Flying Spot Scannt:r R~ndout of Thermoplastic 
Recordings". 
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ctcctr~m bc.nt'l tcehniqucl5 nre nlready !IUrpttaai ng 10 me, and thP. future fiCetn8 

to be dependent on engineeri.ng and not medin. 

2 . TherrilQpla.otic Bandwidth 

a. Bnndwidth Constanta 

In therrnoplnstic recording, as in film ay5tems , there are a multitude 

of parameters which affect the bandwidth. It is felt that the si~plest 

way to project ~~t may be done is to derive an empirical expression for 

the capacity (in a modified Shannon t'ien~Je) for the 15yotem in terct9 of 

four key factors: (a) bandwidth, W, (b) beam current den~ity, cr , 

(c) spot diwmeter, D, and (d) ~/n ratio, which is i n a sen~e a measure 

of sensitivity of the thermoplastic material. 

The basiG of the calculations is an experimental readout with the 

following parametera: 

B W = 50 me 

&/n a 20 db 

D "" 1 mil 

I =-: 10 micrt~mps 

-5 2 = 1.27 x 10 ampl per mil 2 1.98 amp~/cm 

Based on the 50 me bandwidth which rnay be repr~o~nted by 2 x 50 x 

106 = 108 bits/sec., an empiricnl con8tant i3 obtained a~ follQW§: 

Using Shannon's capacity formula: 

the capacity of the syotem baft~d on the empirical data is: 

bittl 

!ICC. 
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A more uuit::\blc conatnnt for this 6)' Ste-m would inc l udt:: the c uri."ent. 

Ihus, fo r the empir .~cal channel "mere LO microaups produce~! the 50 me 

readout at B e/n of 20 db: 

I o - .!:>- co u /. / .sec . 

and: 

J/ = 3.5 X IO'b? 

"' 
b l ~.s X I SAL. 
.s ec I o - .:r co u.l 

= 3.5" X /013 b•"t S 
c ou l· 

The queation may nriae na to the apparent omiesion of the 8pot diameter 

in the conatnnt. Actually it is directly a part of the capacity, being 

the determining factor for the given current of the tJ/n. (Sera pnclting 

denoity) 

Having now obtained the system con~tsnt, it ia appropriate to 

exp3nd it to n usable form for quic:k computation. That ia, it \lould be 

deoirable to have n constant in the form: 

K= 13L1:.S : 

~ £.<: [c"";:: ~"' ] [ m i Is 
2 

or rn 1l: r o Y1 s ~ ) ~ J 
where t1 is the bandwidth in cyclea/oec. and the other conot:1nts hD.vc been 

previously defined. 

3 5' X1o' 3 .J:ub = :s.sX 1o ' 3 lnt~ 

'< = V\ J I 

. C04l sec [~~;:rsJLc~j 

3.5 X 10 '
3 

_,l,.cb:. --------------------------------- = sec. [O.'i'\ csJ [em 4 
X 1 rn ir.. r-ot"\ 'Z.. J 

Cm.,_ /(..) -~ CI"Yl:z.. 
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As n check, for D. u of 

W= 

ampe 
1.93 cm2 and n D = 1 oi l. : 

I q~;{:<.;;.~X J() '? 
;l..s s- X .3. s-

=50~c 

This checks with the initial condition~. Using these constants, a 

fnmily of curves for varying cr i& plotted in Figure 2, using a 

s/n of 20 db. 

The following hypothetical problem is offered to emphasize the 

utility of the conotants. 

Problem 1. 

a. It is felt that 10 amp~/cm2 is c reasonable beam current. 

It is desired to reduce the spot size to .1 mil for 

packing density purpo~es while maintaining a &/n ot 20 db . 

(10). What will be the bandwidth under these circumatances? 

a-])"2.. J{M = /0 x.oJ X2 l'X';o?_ 
J... S S I o ..5:. ( I+ 5/,/) 2. ~- s- X 3- !:.- -

;J..S3 me.. 

This example ic sufficient to illu1trate the functions of the system 

variablea. It is obvious that the bandwidth can be raised to 7.6 mega­

cycles by obtaining a beam current density of 30 acps/cm2. The trade off 

of bandwidth for s/n is also readily apparent. If, for inotance, we 

could accept a a/n of 1, we would have a bandwidth of 8.85 me. Conversely, 

if we ask for a a/n of 15 instead of 10, we muat accept a bandwidth of 

2.22 me. 

Another important factor readily 4pparent is the fact that bandwidth 

varies directly as the square of the spot diameter, & number in mils 
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uomiually teas than 1 , whc-.!n aeeking ator.nge cnroc i t y . For instonc ~. i f 

it were desired to obtain a 1 micron ( 0394 mil6) spot , using u cr "J.\ , 

= 30 ampa/cm2 , and a e/n of 10: 

() ])2. J{.M 

b. capacity per Unit Width 

3 0 X 3 - s- X J D s 
2.ss X3- S 

D. F. Eldridge19 baa developed equations to express the information 

capacity per unit width of recording media. He baa •houn that the 

information capacity per unit width of tape (or per unit area) is greatest 

when the tracks are Gade as narrow as poesible. He traces thia fact to 

the dependence of s/n on track width. Thia dependence can be shown for 

thermoplastic recording as follows· 

S ~signal~ k
1

t ~ k2 w 

N = noise = k3 ~ = k4 ~ 

where I ia beam current and w is track width. 

We will define that w, or track width, or spot diameter, aa referred 

to in thtrmoplastic recording, which will yield a a/n ratf r of 1 as w
0 

. 

Then : 

= 
s1J=1 

From Shannon, the capacity in bits/sec. in a communi cations cl~nnel 

is: C -= vJ I oj-... ( I -t. 5
/N) 

19 D. F. Eldridge, op. cit. pg 1 
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So the capac i ty o f a thermopla6 tlc channel i&: 

C = v.J I o:J ~ C I + ,.) w/w " ) 

The capacity per unit vidth , which i s capacity d~termlned on an 

aren basl8, ie · 

'~here m is the number of tracks per unit width. 

Ct ia obviously a maximum when w io a minimum. For instance, if 

w equals w0 

aa shown in Eldridge's paper. 

Projecting the spot siz~ reduction effort at Ampex, a~ iuprovement 

from .1 mil to a micron in diameter (1 micron • 0.0394 milo) in within 

reason. From the previous derivation, an example of the gain to be 

derived from this effort is presented. 

Taking 10 me as t he fixed bandwidth, it io de~ired to 2how the 

improvement in efficiency (capacity per unit width) of a theraoplaatic 

channel that will be gained by a reduction in a spot diameter from .1 mil 

to 0.0394 mils (1 micron). Using Figure 111-2 (thus fixing Bin), at 

W = 10 me and D~ . 1 mil, Oi = 40 amps/cm2 , and solving for D i f the 

s/n ratio is 1: 

;;. . .s s- w 1 oj z.. ( 1 + s;N) 
o- Km 

~ .. s s- X I 0 '7 X -3 I 2. = J.'t;J. JO Ml s 
4 0 )( 2. - 2. 6 X I 0 1? 

]) == . 0 5 3 rrll Is 
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Therefore , for t.h i ~ ~e t. of condition~ fit 1 ~il -. 1 x to·4 lnche~ · 

I Oj 2. (
J + 1/ ,,-~)' 

V.os3 

U•ing Figure 111-2 again at W = 10 me and D w 1 mleron , cr u ~pproxi­

mately 250 erznps/c.m2 . Solving for D if the @/n i~ 1: 

])"L.= ~ . n- h/ I c 4 ~ (t + 5 /t-~ ) =­

cr j(#f.. 

]) :: . S L/ IY1 ic ron_$ 

Therefore, for thia aet of condition~ at 1 micron = 39 .4 x 10~6 inche~ · 

e. t : I X I ~ '7 ;: I (; c, .. (1 +- { Y. s t.j 
3'1."-1 }0- _J 

) 
= c:l • s ~J >( I 0 II I 0 j 1.. ( :2 . J ~) 

= ..3 . I 4 X I 0 II .1, L l.s I~ ~ c 1/r; 
Therefore, by affecting a redu~tion in line width or ~pot ~ize from 

.1 mil to 1 micron, the efficiency of the th~rmopl~~tic media will 

effectively triple. 

c. The application of the other point@ i n Eldridgev~ paper 

need no specific tailoring to apply to thermcpla~tic recording . 

He baa shown that= 

(1) Binary recording i~ more efficient than 3ny ~y~tem 

using higher numerical ba~e if very narrow track~ can be utilized. 

(2) Binary recording i~ more efficient than analog recording 

when high aecuraeiea or large &/n are de~ired. 

d. This section bati put before the reader the ba~ie ~y~tem 

parameters With the8e in mind, particularly the ~rve~ of Figure III-2, 

the other perameter3 of the ~y8tem involving the medium and the electron 

beam can now be considered. 
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tV. Syutc~ Pnr~me tcra 

A. Syatem Exclu~ive of Med ium 

1 . Electton Beam 

a . Deflection Focu~ Error 

The deflection focusing error in an electron gun i~ considered first 

since nt the present time this error i~ limiting the number of lines 

that can be recorded in a thermoplastic recording 9yotem to le5s than 

1000 spot diameters. This is equivalent to saying that the 5'' film 

hypothesized in the bandwidth nnd packing den~ity aections is beyond the 

present state of the art; allowing a two mil guard band between line5, 

at present only three hundred one mil line~ of information can be recorded 

on a film one inch wide. Again thi$ io a limitation in engineering and 

not medium. Active programs are in progre~s to engineer electron beam 

writers with special deflection and focusing plate5 to reduce this 

limitction. 

To be sure this limitation which will be explained b~lo'' is present 

in optical film systems using a flying apot scanner. But there io an 

important reason why this error is ~re ~eriou~ in an electron bene 

recording system. 

In recording on thermoplaatic e defocus expo&ure cau~ing an error 

deformation fore~s the plastic met~rial out of the exposed area into 

the guard band area. Consequently exce~sive guard b~nd mu~t be r~aerved 

(2-3 line width&). The exposure of guard band area due to defocus errors 

not only raises the noise level, but unle~6 8Ufficicnt gu~rd band area 

is available)it may deteriorate the signal level by forcing plattic 

material into an exposed signal area or by decreasing aensit ivity due to 

increased forces in the plattic . Con~equently even 3 5~ ~rror in spot 
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error in optical filn 3y~tero8 way be tolerable . (S~e IV, B, 3, b on 

sensitivity) 

This limitation has fo r ced the use of reduced de flect jon ~nglc in 

EBRon thermoplastic mater ial . (EBR - Electron Beam Recording) 

The effect mentioned above cau~e~ a lo~~ of re~olution at the edges 

of the recording area . There are tHo cau~e~ of thi~ effect. 

(1) The fir&t cause ifi explained with the aid of Fi gur e IV-1 

which depicts a simple electrostatic deflection ~ystem. 

OI3 7£CTIVE' 
~~ S cReeN OR F•t..M LEN S 

0 
J)E f" LE:CT 1 ON 'Pl. <'IT£:> y 

0 X. 

~ 

o~~-
~ -} 

{.. AD 
I:J!. 1' - + 

~ 

Figure IV=l 

The tr3jectories of edge el ec troni , S&\1 the beam patUh! ~ fror.1 the defl ~ction 

syetem to the media, are ~hown for zero and maximum deflection. Wi t h no 

deflection, the electrons are converged to a point on the ~creen by t he 

objective lenfi. Upon appl ica tion of deflection volt~ge~, the electrons 

are given additional convergence (in the direction of deflection only) 

by the deflecting field such t hat the edge electrons cro$~ over befor~ 

reaching thE acreen. Thi• reault~ in an enlarged 6pot in the direction 
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of deflection. A qunlitetive expll'n.'ltf.on of the eltect ts thot eh·ctrons 

nearest to the positive deflection plate are at a h igher nvcrage 

potcnticl thon other electrons in the bea'Cl Consequently they pass 

t~rroug~ the deflecting field faster. Since (in the figure) the electro-

static deflection field is constant in the Y direction, the faster electrons 

nre deflected less than are tho&P moving more slowly. Hence, the beam 

i& converged by the deflection system and comes to a focus in froht of 

the screen. 

~D indicated on the figure is the deflection for 3 zero spot size 

nt zero deflection. Spot diameter ls defined in many ways. The 

genct'nlly accepted definition is the Bize of a square that, ~;hen centered 

on the spot, will contain ninety percent of the spot inten$1ty . The 

beam cross section is assumed Gaussian. The epot size increase, Le~, 

for a Gaussian beam is the spot size enlargement of interest. ~ D is ~ 

ft.:n ·:jon of a system. The relationship of !J. D anc' L\o-is not linear. 

Th method of calculation of these parameters is shown in the litcrn­

tut"e~0 For instance for o a- of 3 mil$ and a .t1 D of 5 mils, L1a .. is about 

• 3 mils or 10%. For a cr of 3 mils .-:l.nd a .Ll D of 15 mils, !J.a- is 1. 5 

mils or 50%. 

(2) The second effect ia caused by fringins field5. Thin 

effect is due to the aberrations introduced by fields between t7.Jo uets 

of conventionally designed electrostatic plates. 

The effects of the deflection errot"e are denoted byLlO"'voand iJ~o 

in Figure IV-2. Those caused by fringe effecta nre indicated by ~0\/. 
I 

where V nnd H represent vertical and horizontal. 

This fringing effect becomes more $erious in sy~tema using double 

20H. G. Cooper, "Design of a High Reaolution Elcctro6tatic Cathode 
Ray Tube for the Flying Spot Store," BSTJ, pg 723-759, Hay, 1961 
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deflection plates ~i th a lt!nB fo llowin,e the de flection pl a tee. 

CJH ~ LJ CJH, vz, + 6 o;, + LJ Oj. 
- > ~ - ')- oo(,..- I 

,J. ~ 

C) o; i .1cr-~. +ll~ c==) o~+L1ov. I 

t t 
-!, ~~...(-

+' 

~ 0:+-Ll~ r-) 0 lr"v t I 1' ~ + b.CJH() 

0 0 
Figure IV-2 

The gain in deflection distance afforded by this ayste~t , sketched in 

Figure IV-3, is offset somewhat by the increase in aberration due to 

fringing fields. 

~------------------
___ .STRA !G HT T;1 ~OUG t-j 

r-----------·---··--·-- ·-·~~---

I-
t 

Figure IV-3 
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b . Other Focus Et·ror s 

'fhe ert·ors considered above are due to th1~ deflection nysteta There 

nrc crrot·s involving the focus of th~ electron beam th.at produce the smne 

effect as e deflection focus crror, ~ but normally to a leoser degree . 

It ie obvious that the stability of focus can also be affected by 

either voltage fluctuations on the focus electrodes or current in the 

focus coils, either one of which in turn would depend on the stabi.lity 

of the driving electronics. 

Aside froA these errors there i6 a long list of aberrations that 

can occur in lens and gun systems. The moat serious of the~e is spherical 

aberration which is defined as the inability of a lens to bring all points 

of an iuage to c sharp focus in one plane . The lens spoken of here may 

be considered ns the focusing deflection plate mgun sy1tems and the 

actual optical lens used in a readout Bystem. Chromatic aberration which 

involves focus variation with wavelength is not considered here. All 

light sources (phosphor screen for instance) are assumed monochromatic. 

Other aberrations such as astigmat!~, coca, curvature of field 

flare, and curvilinear di$tortion are treated in the literature (for 

instance, see referenceB 21 and 22~ Their effects are generally reduced 

through careful engineering design. The $olutions to the problem of 

reducing these aberrationa are documented and apply to both systems under 

consideration. 

The basic problem should be empha8ized. The focusing lens system 

muat be designed to produce a focused spot both small and l-Tell defined, 

2l"Baaic Photography,'' Department of the Air Force Manual Number 95-1, 
U. S. Government Printing Office, September , 1950 

22E. F. Denby, ·~onoehromatic Aberrations of Symwetrical Opticnl 
Systems," Journal of the Optical Society of f.merica, pg 20 ... 31, Jan., 1962 
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produce a very s~I~.all e.pot by high power d~r.~.o;"lgni(ication tend to have 

working c:H ts.t:nnc~B so ehort that useful ben1v deflections ~re i.mpractical. 

c. Spot Position 

The two errora noted above are error$ in focu5 causing 8 chang~ in 

spot diameter which affects packing den•ity or by .affecting re~olution 

affects system capacity. 

The spot positi.on noi!fe i~ manife5ted in uobble (random poe.i tion 

variation) of the electr'n beam at the thermopla6tic or ~creen surface. 

The beam deflection is given by: 

where 

])= 

D ...: deflection 

E = deflection voltage 
D 

EA = acceleration voltage 

L ~ length from deflection plates 

l = length between deflection plate~ 

It can be ihown that if ED ifi derived from EA error8 due to tbeae 

sources will cancel. 

Spot position i& al1o affected by magnetic end electrojtatic field 

pickup. Their effect~ can be ~otisfactorily eliminated by proper 

shielding. 

Assuming, again, a Gaussian distribution for the spot etu:1·gy centered 

about spot center, it can be shown that an error in ~pot ?06ition of 

roughly 0.3 &pot diameter will cause a decrease in signal ~to-noipe ratio 
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E.~xceedj ns a 1 clb in 10 db error f!Sped.ally tf the statiaticul avi:rugi ng 

aspect is co~sidered. 

A queatioa may arise (a6 it did with the author) wht-thet' thi~. ti.~e 

bnsc t"rrot· "-ioulc.t not caurJe a grt-utPr error in a thenlioplC16tic ~yst~m 

employing spot wobble modulation . Thie i~ a focus-defocus typ~ roodula-

tion U6ing a high frequency Y-axia o~cillntion to produce a c~rriftr whose 

deflecti'm can be amplitude modulated. Thus by varying the currtnt pe.r 

unit area modulation is achieved. 

It can be ahoun that for correct choice of readout ~pot diare~ter, 

thia error ia nEgli.gible fiince the uwd~.1lntion 1~ detected by effective 

width nni not by the po~ition . 

d. Niseellaneous Beam Noiee 

(1) General 

Beam noi8e is defined here as that error which resulta in c 

variation in spot inten~ity which for film ra&ult@ in variation in 

transmittnnce and for theroapl&$tic r~$Ult~ in a variation in depth . 

Both optical film ayatemfi uaing a flying ~pot ~cenner ~nd thermople6tic 

recording using Qn electron beam require current~ in the miero~mp 

region due respectively to the 90% or ~o lo~a through the phosphor and 

to the sensitivity o£ the thermopla@tlc rvlterial. 

(2) Time of ar.rival noi~e i~ a function of the ~tati~ticDl emi~sion 

from .a cathode. f'or n 10 me bandwidth and .a it.~~ e current of lO,...u-nmps, this 

-9 \,oise current i g on the order of 10 - amp!i and can be neglected. Thi~J 

effect could become important if pho~phor ~fficicncy il:t?t'ovcd or 
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thermopl astic racnsittvi.ty hnpr.oV(!d allowing cucrent reduction. 

the :unount of the b•!£1t'l interoectcd by the "arfous electrodes. This 

noise curr~nt ls leaa than time of arrival current. 

(4) Flicker is low frequency noise contributed by the cathode 

due to variation in surface impuriti. t.o~ nnd slight non-homogenie ty over 

the cathode emitting at"ea The end product of flickP.r is time of 

arrival noise. 

2. Speci~l Optical-Film Parameters 

a. Cathode Ray Screens 

The ideal screen for the highly critical rt-quirements of photographic 

film recording is one which has the proper phosphor spectral emission 

and decay characteristics, adequate cathode ~~inescent efficiency, v~ry 

fine texture, extreme homogeneity, optimun scr~~n and aluminum thickness, 

uniformity of that thickness, uniformity of color, ~nd as high n con trast 

as is consistent with the above conditions. This general st~tement i s 

23 
factu~lly substantiated in the liter~ture. 

Ench of these items in n potential er-ror source lumped into n qtmnti.ty 

in this treatise called screen noise. This noise source is absent in 

electron beam recording. 

b. Camero Noisa 

In theruopla&tie record ing the film or ttlpt.'! replaces the cathode 

ray screen in FSS-film recording The ca~ern which photograohs the CRT i s 

thus another noistc~ source not pre&{>nt in electron bNun record ing. D. H. 

Kelly24 has investigated a technique for determining loss of expo~ur.e 

23t-teier Sc.dowsky, "cathode Ray Tube and Photographic Film Character­
istics Relnted to Filt~ Recording for TV," Vol. 70 , No. 2, Journal of t he 
mtrTE, Februnry , 1961 

24-n. H. Kelly, "SyeteUl Analysis of thf' lt~ib"'3r.:1.phlc ,.>rocess II. Trnnsfer 
Function M~?asurements," Journnl of the Optical Society of Americc.l, Vot 51, 
No. 3, pg 323-324, March 1961 43 



contrast (which is in effect Btcnul-to-noi se ratio loss) rlue to the 

cnmern l t!ns He ohows tha t it i s a function of tlemognificntion, obj e ct 

(CRT) distllnce (roc the tens, J.c ,,s Eqwrtut·c (ol' f nunber s lnc1! this 

numher. rcpres~nts the ratio of thP. focal l(!ngth of the lens to tht! 

apcrtun~ diumcter) and the resolution required. Generolly his experiments 

show that !or the 50 lines per snlllimeter quoted as system resolution for 

optical film systems a fall off in relative contrast of about 20% must 

be tolernted from CRT screen to film due to the camera . This figure is 

derived under controlled conditions. It YllaY certainly be agreed that the 

figure will vary considerably vith condition; again a loss figure of 10~ 

to 207. is offered here as a conservative order of magnitude Hgure. Kelly 

states that these losses could be referred to as lens aberration nnd 

diffraction losses, the degref! of loss being a function of the pnr2.meters 

listed above. 

3. Film or Tape Transport Errors 

n. The systems discusned muat include a mechanism for trnnsport­

ing the film or tape. This problem falls into the category of engineering 

design as opposed to media c~ractP.ristics . 

It is obvious that if a square raster (5 inches) ie bein~ recorded 

on the film with line spacing on the order of 2 mils an error in tn{.'e 

or film movement in spac~ of: 

2 X to-3 

5 

will cuuse a 1.00% loss of signal . 

An error in tape, film, write or rend spot speed will alao cause 

an error. This error will occur in frequency, however. 
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This I u. 

e ff t:! C t i.vl!' h t reriuci.n~ ~p0 t ''f!fl ~c t iOt'l t!t't'Ol"S bu t uaun l l y pl acf.·6 l! t!V l·r~ 

burdens on the tap·~ tr8u6por t not to mention a C~T ecreen if on•: i s 

involved. (Exotic methods have been develop~d to eolve this l4tt~r 

probl~). Another method is to move the film in frame steps allowing 

the write or read gun to scan the frame as in a TV raater pattern. Both 

systems require stable transports, stablP. film dimen&ions, and accurate 

tracking methods. 

b. The atabilicy of the transport involves several things. 

Variations nffect tape @peed . Tape ~peed affects time baBe which in 

effect causes errors in readout due to the time base di~tortions 

Tension variations braking forces, eprocketdeformations, guiding skew 

errors, capstan or pulley eccentricitiea, drive motor variations, and 

a multitude of othe~ possible stability errors usually lumped into two 

words describing high and low frequency errors, flutter and wow, ~rP. 

reduced through careful engineering. One additional variation in a 

therroopla&tic syGtem {besides the requirement for a vacuum systPm) which 

may C4uoe tension p~oble~s is the fact that pinch rollera cannot b~ used 

due to the extreme senaitivity of the pla~tic material. Deformations of 

any nature appear as erroneous information. Probably outai~ed fih.1 will 

be used with pinch rollers nlong the side. 

c. One serious problem in all recording media it. the t~ndeucy of 

the mediu under varying tenoion. environmental and proceseing ~onditi~ns 

to chang~ dit'tensiot\ both loogi tudinally and vertical ly . The~e 5 h S!)P. 

changes obviously will prolluce ert·or:i between write nnd read cycl es. I n 

uost Cl'&ett t he i r variuttontii are tolerable ot\ly t o the degt' ec that they 
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1.1 

l'lll'+ u:~~uau::nbl"!. 'Thnt bJ, !.f I.•E'tlflUt"E~hl(!, corrt>c t i.o•as en.": po!Jtllblc. tong-

i. tndi n~ l W\t" in e:i.on~ 5 1' 4'. nor o:all y de t .ac tabl e hy itlt--u t i f y l nt; t7.!1rkers 

•.:«ittell along the t!c.lge o f the f ilm .nt ,,ccu ra t el y timed int f!t"vals . 

Vertical variattone are not serious . Sb~w variations where one s ide of 

the film or both eides shift vith r e&pect to the middle a r e i nto lerable . 

Thermopltustic, due to ita development under condition~ involving iu~at, 

while undet· tensioft, any be subject to more 8erious variations than film. 

Howe-ver, therm.oplaatic has a unique advantage in thi~ respect ov•)r film. 

This advantage along with the dry processing advantage at the pre~ent 

(while spot diameter-scan problems remain unsolved) render thermoptaetic 

n competitive recording media. It i~ diacussed below. 

d. It is posoible to track information on a thermoplastic 

recording continuously. No other recording process offers this advantage. 

By the nature of the deformation light i~ refracted by, or electrons are 

emitted from both sides of the recorded line of information. By a 

continuouo servoing of the readout spot to uaintain equal output from 

both sides of the groove the spot can be made to track the infor~tion . 

Thus, just ns in film trecking ~ystem$, the informati~n line rucy be 

identified by a mark on the edge of the film (or both edgetil) to which 

the read head or spot mny be made to flyback. The film readout must then 

occur based on this initiating reference marker. Theru~pla~tic readout 

needs only a start marker. It is then ~elf-correcting In high packing 

density processes a 2mall film ~kew may cau8~ partial lo~~ of film 

information Thermopla!tic information theoretically will not be affected 

by skew. 
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B. liedia 

1. Granularity 

a. Gt!neral 

The purpose of this section is to indicate that thermoplastic material 

offers by the nature of an effective finer grain, a less noisy recording 

medium than photographic film. The reader may easily dispute specific 

numbers which have been obtained from referenceo which themselves admit 

to wide latitude. The order of magnitude is important. 

It has generally been considered that the grain is the unit of 

photographic action and that developability is not transferred froo one 

grain to another. This may not be true; it may be that when tuo or 

more grains form a clump, they develop as a unit. But if the "clump," 

theory is true, it will merely increase the granULarity of film. 

b. Grain 

Most photographic images appear to the naked eye to b~ homogeneous. 

When magnified, however, they are seen to be inhomogeneous arrangements 

of grains in a matrix. The impression of non-uniformity in the i~~ge 

produced on the consciousness of the observer when such an image io 

viewed is termed graininess. The term granularity i~ used to designate 

the objective aspects of these inhomogeneit i.es in terms of apatial 

variations in the transmitting or reflecting properties of the image. It 

is the objective granularity that is of interest in this section. It 

has a bearing on the real signal-to-noiee ratio. 

25 
The methodaof evaluating granularity are treated in the literature. 

25c. E. K. Mees, "The Theory of the Photographic Process," The 
MacMillan Company, pg 981 - 1000, 1954 
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It is h:;pothesi.z,'!.d hi.:re that the nolac l12vel of .n film l~ ,roportionnl 

to the gr.nin diom•~tcr. 1'h1s oec:.na h>elcill. The li:;ht sen>Jiti.ve sil•1cr 

lk"llide gra ins su pported in n nc lntln emulsion on cellulose acetate ur ~ 

reduced to metallic &ilvt~r grains through exposure . Thi6 reduction :la 

mt1de v i sible through development. The more halide affected by light, the 

darker or denser that area of the negative will be. Density refers to 

the nmount of metallic &ilver grains contained in the emulsion . 

The more grains per given area, the less will be the i nho:'l\ogeneities 

in terms of spatial variation& in the transmitting or refl ecting properti~s 

of the image and the more efficient will be the signal detection . The 

larger the grain diameter, the lower the density of gra ins and therefore, 

as hypothesized, the highPr the noise level of the film. 

Industrial fine grain films have 30 to 50 milli on grains per square 

millimcter~6 Using the 50 x 106 f igure and hypothesizing n squ~re grain, 

the smallest grain diameter will be .14 microns This figure will be 

used to compare film and thermoplnatic material. The coar5est grain in 

photographic materials are only a few microns in diameter .3 

c . Thermoplastic Grain 

The sensitive material or thenr.oplaeitic material in thermoplastic 

film is a polystyrene (P. S.). It may, of course, be 5ome other plastic 

material. (As a 5tunt a recording wss mnde on Wildroot Cream Oil hair 

tonic). The polystyrene molecular weight is on the order o f 30,000 -

50,000. Its density ia on the order of .85 to .90 gram~ per cubic 

centimeter. 

26c. A. Fobras and J. N. Lawrence, "Advances in Biological and 
Medical Physics," Academic Preas, Vol VI, pg 213, 1958 

27Mees, Op. cit., pg 974 
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It io hypothcs i~ccl that the r.'IOh·culc of polylityren~ in the srnnl.leot 

unit of thermoplnatic action and that develovabi.lity and defornltlbili ty 

i8 not transferred from roolecule to 1~lecule. Ag~in it ia hypothesized 

thnt the noise level of therr~oplnstic film is proportlonnl to the diame ter 

of the small~st unit of action, in this ca&lle the molecules. Thia too is 

logical. Any non-uniformit) in")etween molecules will result in non-

uniform grooves upon developing the thermoplastic. This non-uniformity 

will reault in a readout error caused in an optical readout by erroneous 

refraction of the light or in a secondary emission readout system by 

erroneous trajectories of the secondary electrons. 

To calculate the diameter of polystyrene molecule, the largest 

molecular weight will be chosen. This will result in a comparison of 

the noisiest thermoplastic with the leaat noisy film. The procedure is 

chosen to allow the widest latitude in possible number errors. Again, 

the main objective is to demonstrate that thermopla~tlc film is less 

noiay than photographic film. 

Constants· 

calculation: 

-24 Mass of Hydrogen atom~1.66 x 10 grams 

1-folecular Height of P. S. := 5.0 :x 104 atoms/mol 

Density of P. S. = 0.9 gram5/cm3 

i h f I 1 y " 2·/ · • r ·, Y 4 • -· 
We g t o P. S. = . (. (;; .1\ I~~-~_ ~~ :..~"~-• ..,\ •J, ( /1 lO C<- l ~- i.:• 

._.._ l:~. ')1 .fYJ '- I (} (_ tA j t'~ 

'6.3v)\ JL' 

VolurBe of P.S. molecule ... 

~ZL /. I I (i X -~.:. j _ '?'- 3_A /{) !J .,,., n< .. _:::~:_ -.:_ : ~~~L' C m 

_ q !-J $ /<-m: i"''.: l c;;&: ... l<' 

Assuming a cube ns a square was as8umed for film: 

Dimueter of a molecule = ~ :;-3 X J 0-~~X 10 -z _:.::_ _ ~1 .., .. 5 , , lh~ .:..-.. 1J 

e., 
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Had the figur~ of 20,000 hcen chotttm for ttolecular ">lf-'it~ht, a c.linmcter 

of J.31t r .. tillimict·ons vould hnve re~ulte.d. 

d. Cotltpfjrleon 

Tht! folloving atu~ur.!lptt.ons are made bailed upon the stated hypotheses . 

Sign£1 = k. /., t 
I/ film J,, r, 

I . t' ( .. ! 

Signal.r . P. . \ i, :) . 

~ rJ. 
), , \I t 

Noise film " /".! .lh j 

" .. , k I j 

r-
Noise.r.P. A ·"\ .. 

I. \ ])~ 

where: All k values are con8tants of proportionality 
J 

G • gra in of silver 

F , film 

M = molecule of pol y~tyrene 

N = ooi6e 

S ""' l§ignal 

The ratio of s t gnal-to,..noise ratio of thermoplastic to that of photo• 

graphic film is then ~ 

~I 

J., .. 
~~1 

/
l., .• 
'J) 

The product of the constants ia asfiumed equal to one for practical purpo&e s . 

This would indeed be true, if the ratios of the ~ignal and noi!e 

constants of each system are equal. 
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Ualng the derived d il\roetera of DG n: • 1''+ oic r o¥\ <:1 an,.! n1 -.~ '• 53 lt to-3 

microns , the ratio of o.t.ignal-to -noitte r.ntio6 i s t hen 

I I ·t 

~ 'r .. _I I ·~ I .. I ~ i 

This its a con&~ervative figut'e . It might be ~tnted t hat thi e lnd ic:e tc ~ 

that thermoplaatic: film ir~ roughly five timeai more effi cient. in trans form .. 

ing a time signal to a ~pDtial signal than photgraphtc f ilm in reg~r.d 

to signal deterioration due to granular media noiae . 

2. Transfer Characteri~tics 

a. General 

(1) The preceding section described the effect of granularity on 

signal-to-noise ratio of film ~ystem~ and thermopla~tic recording aystemfj. 

Granularity is one of the factors which ha~ a bearing on the chan~e in 

output of the Gy stem 88 referred to a given change iti. input; i.e., the 

transfer characteristic of the sy~tcm. Tran~fer characteri$tic5 depend 

not only on the emulsion of plastic but also on the proc~e~ing of the 

recorded signal . It is the purpose of thi$ ~eetion to note some of the 

factors involved in determining the tran~fer cbaracteristie~. ThiB ~eetion 

is included in the diecu&Bion of sy~t~m parameter~ ~ince in both film ~nd 

thermoplastic media the tran1fer charactcri~t.ic may be u~ed to indic~tl! 

absolute output for given input. The lo®$ of 1ignal a5 a re~ult of 

transfer from input to output may be con~idered as a deterioration of 

signal-to-noi.se ratio due to media and/or procc~~ing. 

(2) Film and thermopla~tic tape arc !Similar in general in that: 

(a) s~nsitivity which might be defined in tran~fer ch~ract~r-

ratio in falls off with increased re~olution capability. For thi~ r eason 
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28 mil tnry reconnaissance systt!m& usc film de fined by thP. f.nclustry as tow 

t"(:solution (60 lines/mr11). For instance, Ansco Hyscan (50 lin~s /u•-a) ls 

used in tJystems under coo&ideration nt the Univm·sity of Michigan. Thf~ 

high sign:.tl-to-notse ratio afforded through the usc of low resolution 

film is nccNJsnry in the analog 8ystem to provide the require.d number of 

ahadcs of grey for target idcntificati.on. 

(b) De,reloping time in film systems i8 a function of 

sensitivity in that for a given output a shorter development t ime ia 

required for n more sensitive film. This aleo is true for therm~-

plnstic materials but in a different sense. Development time itt 

important when short scan to view times are required. 

(3) Gamma 

By exposing filt~ or thermoplastic in accurately graduated steps 

the characteristic of the media may be obtained. Photographic practice 

ia to plot density agninst log exposure, where density is-defined as the 

log to the base 10 of the reciprocal of tran&aisaion. This gives a 

straight line law for the major portion of the transfer characteriotic . 

The slope of the straight line portion of the curve i~ usually referr€-d 

to att "gatmta." Ga~ i:J normally u9ed to define the tranifer charncteristic. 

A gamma of one would i.ndicate that s 20'7.. change in input to the systen'l 

would give a 20% change in output. 

In thermoplastic recording the practice in experiment~ conducted to 

dt\te has been to plot log line brightne!ia (a function of signal-to-noise 

ratio) versus log expoeure current. The ~ame fttraight line characteristic 

is observed and gamma is again defined a~ the slope of this portion . 

28personal conversation with A. Fahrenbach, technical sale!l engi.neer 
for Eastman Kodak of San Frttncisco 
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b. Film 

Kclly29 hn s menmarcd film lo6S for various fi lms exclufti Vf! of camera 

t1 nd process ing. He obtained a func tion, plotted much like the frequency 

response curves of an amplif ier, Lndicating the fall off of t ransfer 

function (or relative contrast) with resolution . He also showed curves 

obtained for processing exclusive of film. The end result indicates 

a marked deterioration in contrast from input contrast at the rated 

resolution of the film. His curves also indicate that some of this 

contrast loss can be regained in processing. An over-all loss of 50% 

at rated resolution is indicated. Thia figure is the result of controlled 

experimentation . The value is given here merely to make a point. Resolu-

tion is apparently different things to different people. In quoting 

resolution figures, it is well to note the source. Electronics engineers 

tend to be conservative in their claims; film people tend to be liberal. 

The transfer characteristic of film ia usually plotted as noted in 

a. above. It is in actuality a determination of the character of the 

emulsion,auch as the type of developing solution, t~e, temperature, the 

kind and rate of agitation during processing, the type of emulsion, the 

wavelength of light used to cxpoae, and the exposures. These factors 

are not considered specifically . 

30 
Mees covers the theory of processing thoroughly. The brief points 

made below are based primarily on this reference. The atieumption is made 

that the desired gamma is known, thus fixing exposure, development time, 

developer, etc. The discussion concerns the inaccuracies possible. The 

29Kelly, op.cit . pg. 328-330 

3~ees, op. cit., pg. 163-344 
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non-uni forml t l e s t ha t tl),flY occur in fih:1~ ar~ a function of emulsion and 

development . lHthout going f.nto grettt d(•tai 1, f t is a~ sumed thnt the 

noise created by non-unifor~• r,rain si7.e (gamma decretJ&er. as groin &lze 

increases). and non-untfot'U emulsion thickness (gammc incr-eases ll5 emulai.oo 

thickness increases, but approaches a limit) can be neglected since, 

generally a medium gamoa emulsion (and proceesing) would be desirable for 

Btl analog photograph of an intensity modulated CRT ( tJay . 6 - . 8). There-

fore, small fluctuation5 in gamroa would not yield serious errors. 

The chemical processing materials31 which may include reducers, 

accelerators, preservative, restraine-rs, rinsers, aud fixers can create 

a major problem in military systems. In a recent article32 comparing 

wet and dry development proces~es the author aums up the problem, 

Mechanization difficulties of wet processing and logistic:fi 
problems of the expendable solutions have created the requireiuents 
for other photol!iensitive recording tnethods l.zhich utilize either dt·y 
materials or which are inherently reuseable. (i.e., thermoplDstic 
tape.) 

High speed processing requires rapid development and depending on tb~ 

use, rapid fixing, washing and drying. The more complete the procedure, 

the more permanent the re$ult. The limitations occur in the chemicals 

required in storage and the dispotsal of the uoed chernicals. Furthert-x>re 

there is a fundamental limitation on the ernulsion re:~Jponse. 

31oept. of A1·r F · t 35 .,9 orce, op. c1 . pg. -J 

32R I~ . Knehn, uA comparison of Wet and Dry Image Development (or 
Data Displays," Conference Proceedingll, National Winter Convention on 
Military Electonica pg. 132-133, February, 1962 
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Tht: senern t conc lus im1 to b~ Jr~.iv..m h"om r.he above i." tl..n t through 

proper pl"Ol"e.!is control tm•.t f~l'-rulslor' S!! l t:ctlon the: fih'l )OijH in n •p.t.lrd to 

signnl-to-no i~e Ffitio r~n be reduced to tolerable l cv~ 16 (i.e., ~ 10 db 

signal-to -noise ratio output L1 pofi6 i ble). The important pointn are: 

(1) The controlling factors evolve around the trade off 

requ in·rnents betwf. en resoh1t ion, set"t~J§i. tivl ty nnd developing time, cncl 

(2) the processing rnatt!rial!f create a major logifiti.c6 prohl~ . 

c. Thermoplastic 

(1) 'l'he tran:t.~fer chnractet'i~tics of f:f.lm nre det~rmined 

through the use of a light source and a ~uitable photo~etectric device . 

The transfer ch~rncteri~tic& of a thermopla~tic film may be determined 

using a Schlieren optical system. Thi~ ~y$tem ,by mea!!luring the amount 

of light refracteq around a light stop by a groove in the thermoplaotic 

sur face , effectively aeasures the groove depth us a function of the slope 

of the groove side . A very import~nt di~tinction must be Made betueen 

t he determining of transfer characteri~tics of then~pla$tic and th~ 

determining of film charocteristics. The thermoplastic charncteristic 

is quite dependent upon readout technique. That is, there '~ill be a 

different characteristic obtained if an electronic readout ie u~ed 

instead of nn optical readout. Hm·mver, it is the purpose of this section 

to note som,e of the factors in then;v)pla~tlc which affect the character­

istic. Their effects will b~ pre~~nt regardlesi of r-eadout technique. 

Appendix A details experimental work done nt Ampex Corporation in the 

field of tran~fer characteristics detertllination as a function of sorue of 

the pnrametera invol ved The re6.ults of this experiment~tion along with 

pr~v!ously determined results will be presented in this section. 



(2) It iu .ohmy!J quite difficult to pt·efi•:nt 1\\l•ubcr~ bt.•<.·au&e 

they ore often assuro~d to b~· gospel. As an idu.t of o~JE:r of map,nitude 

of the transfer loss in signtll-to-noise ratio in ther~opl86ltc tape uoing 

a schli~ren optical readout, the following one point analyst& is 

presented. 

A single 1 ine was \\'l'i tten on a gla~~ slide coated with thermo­

plastic material using a spot diameter of one mil and a current of 2 amps. 

The line was .224 inches long and written in 25~sec 

The writing rate i~ therefore~ 

224 mila 

25,..w.sec 
= 

Spot diameters 

sec 

which i& equivalent to 4. 5 me writing speed assuming t'tJo diameters per 

cycle . Using Figure III-1, the theoretical signal~to-noise ratio based 

solely on beam noise (no modulation) is approximately 60 db. Using a 

simple schlieren readout and recording on a line chart display a contrast 

ratio of about 13 to 1 or about 22 db was obtained. Thi~ represented 

roughly a 40 db attenuation due to medium and readout. Using the same 

alide but an improved schlieren micro@cope a 50 to 1 contr~~t r~tio was 

obtained . Tht6 represents 34 db. The readout factor is obvioua in this 

example. 

(3) The experimental slide~ were developed by t•leZUliUl ing the 

resistance of the slide and computing the voltage required to pas~ a 

given current through the slide. Both the current and the duration of 

titne for which the potential ias applied may be varied. 

In order to detennine the transfer characteristic of thermoplastic 

material a firm control of parameter$ mu~t be pos~ible . For instance the 
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thicknf!~e of c:o.a ting, spot itl:tt!"', .J~fg_.-, \!. ~ :lp· •.:'l anl u po'i'Jible. 5lide 

resistance must bt· held cormti~u~. U. t.lhl~ fl. r-en&.fcr char.uc tcri s tf.c atJ D. 

function of be~ua curreut i.~ ,1e~lf"(>¢~ . Evt~L'l then it i8 fo11.mct thnt a 5 - 10'7.. 

vnriatton wi 11 rcsul t from O?Ct'aftor to oporau:.or in the e.chllert~n recdout 

system . 

Also, if the reference b~~e ie to b~ ~xp~eure (current density) 

a clecision must be aade as to wh1U: m~thod uill be u~ed to vary the 

current density. For Lnatance, .t!~~liltlling a coneztnnt benm vol t.age , then 

charge per unit area is proportional to the cur·rent for a given time. 

Thus, one may vary the beam current or tweep ~peed. The experi~ent 

conducted was·based on varying be~m current. Future experiments will vary 

sweep speed. 

There are •everal effect~ uhich in general characterized the t\;enty.­

tuo slides tested. For one thing fi ~~turation level wa~ apparent in the 

area of 2 /A- amps. That i!i, further expo@ure would not produce greater 

output regardleas of development. 

The gaurna of a film emul$ion incre~gs~~ with development time to 

a level called gamma infinity. Thi~ i~ explained by the fact that the 

most active grains in the devt!lopment proce~~ are thoae most exposed. For 

greater exposure, there are mor~ ~~tiv~ grain~. Thu~, when developing, 

more exposed grains develop to a gre~teir extent than do leas exposed areas. 

Thus, the peak of the charactert~tic i$ rai~ed to ~ grea ter degree than 

is the toe or low exposure are~, effe~tively rai~it~ gamma. 

The experiments conducted with thermopla1.tic uaterial indicate that 

gn~ decreases with increa~ed dev~lopment t ime. The explanAtion offered 

here is the author's theory . App~r~ntly the ~turation level of thermo­

plastic material decreases a~ dev~lopmellt thjje increa~e~. This effect was 
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noted in ~:~ny of the h igh t.'•)ntr:aot &lt·k~. I t i t· I'')f1fPh1~ thu t trw s.:till'· 

grnJ.n activitv t iv.•ory applies to ther.tnopl~stic . 11 l.,...,~:v •:r, l t nc: e::tlfi th~t 

the lo,.rered s:llurt~t ion level pr.t~ventfi. the pN'\k of the chcr.r.c tt' r istl c 

curve from incrc,'\ aing to tb~ ~xte•,lt th~t the toe portion& i.ncrease, thus, 

lowering ga~. 

In film cro.ulsinus, it uas uoted that gnr.11Ul increas~?d vi th eruutsi.on 

thickn~ss . The experimento conducted were clesiened to test this 

phenomena in thermoplnsti.c mn.teri.al. It is felt that thP- data obtained 

in respect to this v.:~rictiou~ u inconclu6i.ve. The resistance of the 

slide vDri ed. Thi !i is corrected i..n development by oubstitutlng res i stance 

in serie~ with ·:::be slide before d€.!veloping. Hot:H~Vt!'r, the s ubs tltut i.oo 

curves appear in retrospect to be slightly ln error. Also locnl vnriotions 

in slide resistance nppear to hnve cnused spot variations in develormeot. 

Thes~ factors tend to obscu1·e the variation of gan11lD. uith et.'lul6ion thick­

ness. It is apparent that thls variatlon must also be consider(•d as .:t. 

noise source in the thermoplastic process . The slide thicknea!l in the 

experiment varied from .383 to . 627 mils. It was theorized th~t increased 

thermopl:!stic thickness 't~ould decrcas~ gsnoa. This tht~ory i~ bused on 

two hten3 : (1) n gre~ter thickne s s ""~oul d r.esul t in a greater mass to heat 

which would tend to redu e line brightness for n given development. Th~ 

peaks ot high exposure would fall, but those a t loY exposure uould be lost 

in background giving an apparent deer east: in glt.D•~. (2) The distance 

between the charge l\nd its image '-'<mld incrcnse. Thilf: ltoultl reduce th~"! 

attract ive foree thus reducing line brightness. Again backgroun~ would 

obscur~:! ch..ors~~~ s nt the toe of the chtn~ac t.eristic . 

There did no t appear to be l ocal variation in thermoplAstic thickness. 

Thus co'! rec tions for these variations could bt: r;Ulde i.n bP-tml current or 
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dcvelopnent time for a t;iven r•.:et r)f fil.u. 

As noted above slide resistance may vary. This realstanc~ is a 

£\.me t i on of the conduct:i. V(' cor: t ing nppl ieti to ollou dev(!lOpPien t current 

to heat the slide . lt in oppnr.::nt that future methods for devclopeu.ent 

will not include conductive coating~ for development. A hot air, gas, or 

infrnred heat source may be u~ed In the experiment conducted gamma, in 

genera~ decreased ns resintance increa~cd. ThiB is apparently a function 

of the decrease of gam!Vl \vi th iucrf1L\fi£!d heat of development indicating a 

failure of the compensation curves 

There were other errors noted which may or may not affect future 

thert~1oplastlc oystems. The 5 .. 10% error noticed between ttr~o experienced 

operntors setting up the schlieren syetem and reading the same slide 

could be obviated in an electronic readout system, 'Which roost certainly 

wilt be the system used. The slides al~o were affected by rondom dust 

which tended to give different readings for· di.fferent patts of the raster. 

This wns tested and a 5% variation noted. 

It is felt that in comparing film and thermoplastic transfer character-

iatics it l:B important to note that the characteristics of both systems 

are controlled through parameters o f the 5ystem. Theue parameters in 

general oTe sources of inaccuracy only in the sense that they are not 

properly controlled 

(4) Perhaps one of the great, if not the great advantage of 

thermoplastic Tecordings is the dry proce2sing characterifl!tic. The 

chemical storage and dispo~l problems are ab~ent in thermopla6tic record-

ings. But before the reader run$ out to buy the 6yBt~n it ~hould be 

pointed out that the equipment required to pump the entire recording 

system down to the required 10·5 lam of mercury may offer more of a logistics 

problem than the film proce!is i ng equipmen t. A 50 tuilisec proce&!!iing time, 

howr:wer, may compensate for the logistic problem. 
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3. Se,wlttvit.} 

~. f iltil 

S~:>noi.ti.vity is t1ometf_&Jes c."ll1f.~d the spe~d of an E:mutston. It 

rcfcrt~ to th~ sensitivity of an emulfllion to light. The r elatlve exposure 

rt:qui.r.ed to produce a given denolty on two different emulsions i~ n 

o easur e of their relative atn&itivity. The less e'{posure required, the 

more sensitive or fast~r the filra. 

The effective sensitivity of a photogrnphic m~terial depends upon 

the r e s u lt requi t'ed and the exact t<~ay in which it is used. The relative 

sensitivity o f emul sions is not constant for different intensity lE::vel s . 

M ,N,m.,;m 
i"\ ,..:,..·.JJ, .~y 

Thus, J.n Figure IV·'~, the enmlston 'A' uould be less !§ena i. tive for the 

I I 
requirements than B . For density t'eq1.:1irement~ belo~r the i nterGection 

1 
A1 would b~ mere s~nsitive than 

I I 

B . In 1959, a 3,000 - ASA film wns 

deve l oped with a writing rate 8 ., 10 times high€'r than any previouR film. 

This wa s a product of the dP.mand for photographic emulGh)nS fll~t enough 

to recor d short duration pulsc6, particularly those in the ~ub&nnnosecond 

regions . Advanced development$ in accelerating potentials and frequency 

capabi l itie s of modern cathode ray o~cilloscopea often snrpa5sed the 

recording capability of available films. 
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'Eodny :'u c;•·Jcn tnst.··!t: f ih:t 1.dth :m A5A •'quivnlr.:nt to 10,000 i.s 

nv.nilahle. 

It is des i rall e to i ncrease sensitiv ity fo r a numb~r of reaoune. 

For one thing as the characteristic moves to the left on n density - log 

E curve, sensitivity has increased. Development produces an -e f fec t ive 

sensitivity increase. Shorter development times for th~ sav~ eff~c t lvc 

sensitivity are possible \'lith higher speed film. Also, lo\·ler CRO beam 

intensities are possible with more sensitive film. Thi s prevents 

interference from fuzziness (light scattering), jitter, and other 

undesirable effects. 

Most important, higher sensitivity allo\o/S greater SH(•ep or w:- i t i ng 

speed. For instance, by producing an emulsion \-lith an ASA ratina o f 

10,000 an increase in writing speed of one and one-half over t he 3,000 

ASA emuls ion was uffected. 33Also 75% lees exposure for the same 

density was required for the higher speed film. 

The term "Nnxirnum Writing Rate" is usually defined as, "The 

nnximum spot speed which produces a line at a given density on n photo-

graphic negntive." The ASA rating difference bet't1leen two f i lms docs 

not necessarily reflect the true qualitt~:tive relationship in t hei r max-

imum writing rates. As noted the deni~ty and thickness of emulsion 

varies from film type to film type ~ consequently, the maxirnma spot 

speed required to produce a di3cernible trace can also vary fr om one 

film to another even i.f both films hnve tht:~ S {:m~ t\SA rating 

33R. 1'hcmas Pierce, Jr., ''High-Hriting - Speed Film for CRO 
Recording,'' Electronics Products Hagazine, pg 40 and 42, Sept ember, 1.961 
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Characteristic (H & D) Curve 

Figure IV - 5 

The speed or sensitivity of a film i8 based on a calculation made 

from the average slope of a selected portion of the H & D curve . This 

slope point is taken for the ASA index a~ that point where the slope of 

the characteristic curve is 3/10 of the slope of the straight line 

portion of the curve. Suppose the exposure at this point was 01 

meter candle seconds. 1/E ~ 100. The speed is uBually corrected by a 

safety factor of 2.5 (thi• ha~ been lowered recently to 1.25). Thus, 

the speed of this emulsion in the ASA ~en$e would be 40. For the 

highly sensitive films used in aerial mapping with ratings of 10,000 

the exposure would be 4X 10-5 meter candle seconds. 

b. Thermoplastic Sensitivity 

Dr. W. E. Glenn, the inventor of TPR, has der i ved an approximate 

expression for the sensitivity of thermoplastic in terms of the current 

density in amps/cm2 required to produce a deformation on an i nsulating 
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liquid o f waveleng th W and depth 
~ >< 'o _", ( T ) t;,_ = 

L = W t: Z. A 

A: 
c-. ,..."e s 
CM -..._ 

wher e = die l ectric con~tnnt 

T ~" ~ur fnce t ens i.on in dyne a / em 

-1: "'' duell time o f s po t in :Jecond~ . 

Thi6 expression wne derived by equating the electroetatic for ces 

produced by the charge pattern to the re~toring force~. The re8toring 

forces consist of hydro~tatic pre~~ure in the liquid, and surface tension 

force8. Glenn mede three ~implifying a~~umptions in deriving the above 

equations: 

(1) the profile of the liquid can be represented by a pair 

of parabolas 

(2) the charge i~ depo~i ted on the surface in a $quare of 

wavelength W, and 

(3) The field linea are parallel. 

This expression is not believed to hold when the depth of penetration 

of the writing electrofia is an appreciable fraction of the wavelength) 

W (which ii roughly v.nalogoul£ to spot diameter). 

The equation is de~criptive of the parameter~ affecting t he 

sensitivity of thermopla~tic recording proce~@e~. The dwell time t is 

the bandwidth function. For in~tance, to decrease dwell time ittcretailng 

frequency the current den~ity mu~t increa~e, the ~urface teneion must 

decrease, the depth of the groove (~ignal~to-noi~e ratio) must decreaDe, 

or the spot diameter mu8t increa~e. 

This points out nicely the trade off required between ~ene i tivity 

and resolution. It iB alao appropriate to repent the ~ever~ limi tat i on 

in thet-moplastic due to deflection defocue. As the de focuQI error increa s es 

with deflection nnglc: . W incree,~Je:tt . .\G&Itnuing D. cona tant current 

denBity, it is obvioue that for a given the~plaatic end a given 
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bandwidth or :rt'Nt~ep 6pced {tlwcll tim")~ thf.:r<· i8 ll drop off i.n oi.gnaJ 

t o no:i.se l'"tttio or. depth, proportional to !2pot dctocua. There i& 

:u;tunlly nn LHMcrJ fn,:tor Yhich t(~n(l/& to de:.~crc.t$e seusltivj ty. Thnt i.9, 

as defocuo occurB the ripple or groove dinmcter (H) increase& forcing 

plastic i nto the £Ullrd band. 'fhe next or e:1djaccnt de formation WJ.St 

occur a ga i nst nn added force. It might be $aid thnt in addition to 

an incr ease in W due t o ~pot Gprend, ~n effective decrea~e in Al/2 

(the inver se to the incre~ae in area to be moved) hns occurred. Thua 

the effect o f thcr~,opla~ tic rlefocus er-r-or8 is greater than the effect 

in photographic sy~tems. 

C. Section Sunxnary 

This secti on hns brought befor e the reader some of the internnl 

system parameter s includi ng t he problem~ tl$~ocinted with the electron 

beam and those aoeoci.a t ed wi.th the medium. Th-e parameter~ ~~sociatcd 

with the FSS- film sy3tem \\•ere presented to indi cate uot: C?nly the 

advantage of the TPR ty~ tern in ap~cific areas, but a l ~o to indica t e 

the 9Loilarity i n the problems as~ociated wi th t he two ays t emn. 
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V. Sumw.n·y ami Cone llllliion~ 

A. Advl\otnge9 of n Thctmopla~t!c Rec;r')f.:'d1ng Sy~tef'l 

l Pocking Dcn~lty 

High rc~olutlon~ are po~~i'bl e u~ 1L tnc~/mra" information density. 

or bnndwidth. R<-~.ndout: hae been achieved in the l.nborntory of 5<bc 

inf.orn-.'lt1onft A proapec ttve figure for 'IPR i~ 3000 linc.m of tnfor.mat:ion 

per inch or 130 line~ per rrn. Thi$ 1~ ®ignific.ant in comparl$on to nn 

FSS· film system. unt~rc 50 1t.netR/rm~ l<$ Slltattc of the art nw 18 a lOme 

bllnduitith . The Ctlpnci.ty of a TPR ~y~ttem ilm~ l.!ho'tm to be 35 megabit~ 

per 6quare inch ntF cornp.£rcad to 5 .5ft megabit~ per ~quure inch for FSS= 

filu Gy~Hcms at n 20db l!ignnl teo noi~e t'flitlo, 

2, Dry proce$~ing» Bbort c:tpcgf,~Jit'C. to view tioe 

The dry proccw~i~ ad•.nmtnsc (30 ... 80 mili~ccond~) of TPR over 

the 2 .. 3 rnlnute pifoce~~t~ tti~ma rcqutrred for filn wii~ pointed out., Thifl 

'\1111 enable di~play of 1n(t>rrM1t:hln i11t th~ :~am~ tic.a n~ it i@ recorded, 

for practical purpo&e~ ~ Aleo the logf~~ttic~ problem of c~rr-ying 

procc~sing chemtenls i~ obvlatedo 

J. Erascobllity 

Thcrmopla~ti.cc recordif.'tlg~ are er~~enble ond m.'lY be rellll~ed. Thi~ 

a lso td ll cooblc \ocali1:ed e~Uting= 

4~ Optical nnd clectroit'd.c re.o.dotJ~t 

Tharmopln~tic rc~ordlog® f~Y b~ read u~ing optlcfil or el~ctronic 

technique~ . The electronic ~eado~t techniqMe$ offer advAntfigc® ln 

tracking simplicity and <cc~it1fl<c:tHtion fa~ility., 



5. Granulnrity 

Thermoplastic recordingD were shown to be roughly five times 

more efficient in trnna for ming time signals to spntial signals thnn 

photographic film in regard to signal to noise ratio deteriorntion 

due to granular medium noise. 

6. System los:J 

When compared to FSS-film systems, the direct electron beam TPR 

system offers the advantage of being able to eliminate the inefficient 

cathode ray tube phosphor us well as the lossy camera and lens. The 

electron beam current in the FSS-film system mtly have to be several 

times that used in direct electron beam recording. For a given current 

the dynamic range of the TPR syott!nt prol.llises to be greater than an 

FSS-film system. 

B. Problem Areas of Thermoplastic Recording Systems 

1. General 

This section is labeled "problem areas" rather than "dioadventages" 

since many of the difficulties are a function of the e~abryo state of 

the TPR art. As more effort is devoted to solving the fundamental 

problems associated with the art, tnese 18d isadvantagesn m:'ly t7ell disappear. 

2. Vacuum requirements 

The advantage in not requiring chemical8 for proces~ing may be 

offset by the requirement to keep the recording and readout elements 

under vacuum. 

3. Medium sensitivity (fragility) 

The thermoplastic material is quite senaitive to contamination. 

Any scratch, mark or dust particle will present an erroneous indication 
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of informntlon. Also the materinlgj u~cd ttt the pr~tlent tir:1e are somevhn t 

subject to gradual erneiug over extended periods of tlmt ut room 

temperuture. 

4. Stability 

As the packing density increase~ i.J(. llay sygst:em the requireLi1ent for 

system stability, i.e., transport exrors, benm jitter etc., becomes 

incrensingly criticol. In TPR the heating of the film to develop the 

informntion uay cnu9e stretch problems not par t of norw~l film develop­

ing problems. 

5. Guard Band 

A guard band of npproximately t~o line widthiB is required to 

provide spnce for the deposed plastic. Thi$ reduces packing density. 

It nhould be mentioned that uhcn ay~tem$ nre considered , thermoplastic 

systems even with the guard band reduction, still hnve greater packing 

density tlu\n any othet· recording t»ystem. The deposed pllletic, however, 

adds to the defocus problco as mentioned belo".-:. 

6. Defocusing 

It was pointed out that an inherent defoCU$ et:ror iS; introduced in 

an electron henm oyotcm as n function of Bcnn nngl ,~ from center I inc . Due 

to the gunrd b8nd requirements in TPR the defocua error i~ more ~erious 

in thi1 system than in an FSS- film By,!(tem. At present the maxinn.u-11 sc11n 

"''idth of an electron beam ay~tem iB about 1, 000 line8. This is o 

oeriouM problem. The general attack on thi:$ problem has been in the 

area of deflection ~yBtem de~ign to reduce deflection de focus. 

7. Medium characterist ic$ . 

Thie is a problem area in that much information i~ lacking a~ to 

the ther.moplt:Ultic film trnn~fer d\..1r.ttc t eri~tic2). For in~tance, in 

67 



expertm~nt~ ~olhd~cted U&i i ng opt ic.~J. t>e.~deutj .tJ. 34db et t t!UWltlon du~ to 

mediWI!l dktlld readout techniqpwc m~ ob~erv~d. Work i n rethJ<:i ns thia factor 

i~ ln progre~~. The tr~n~ f~r c~r4~teri@ttc we~ noted to be a function 

of: 

a. R.ead·out tecbnlque and ceqwipmenlt 

b. Experience of tb.~ operator doit!l$ the optic.al readout 

c. Film thiekne~~ 

d. Slide re~i$tance 

e. Development 

f. Record current ~nd current dec~ity 

The variou• parameter~ above mM~t b® atte~ked individually and 

definitive information obtained abo@t each a~ to it~ function in the 

sy•tem. 

C. Rec~endation for future field trip~ 

1. The author f~el~ Umtt the p~lflti.~@l81!:' llt'owp 'Vlorking on thertllO­

pla~tie recording at Ampex Corpor~tion offer~ th~ ~~gineering ~tudent 

a unique opportunity to re@eive sn ~fililhtening i~du~trial intcrn~hip. 

There a~e ~everal rea~o~~ fo~ thi~ . 

&o Th~ group i~ t~de up of p®ople ~ith a wari~ty of engineering 

backgroundri to 8Ulti~fy th<e p1roc~~$ re«a@irem~nt© for engineering uknotl .. 

how" in the following area~» to n&il.I!'IM~ a few: medwnical engineel'ing, 

chemiatry, information theory, ~y~tem d~~ign and engineering, electron 

guns and optics, material and equipwent ~election and procurement, $8le3 .. 

manship, and electronic circuitry d~~igllll and fabrictltion . 

b. The group i~ ~11 (about fift®en engineer~) . It i~ po~sible 

to become acquainted with all of the ele~nt~ involved to get the 
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overal l picture a= well a~ the probl~4• a~*ocinted with a 1pecific 

project . 

c. The group operate~ in a re~earch atmo~phere with a "Try 

anything" attitude. The exchange of idea$ i~ free and 5tiraulating. 

2. There are many areas for future thesis work wi.th thio group. 

They range in ~cope from broad coverage of application~ to upccific 

coverage of problem areaB auch a~ the electron gun deflection 8y$tem. 
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APPENDIX A 

A. General 

The specific project on which the writer worked during the 

industrial tour with Ampex Corporation i~ de~cribed in thi~ Appendix. 

It is significant to mention that the experiment conducted wa~ in 

conjunction with a WADD contract with Ampex to develop technique~ for 

the evaluation of thermoplastic ~torage media. One of the readout 

techniques involved the use of u Schlieren microscope which i~ referred 

to as a densitometer in this appendix. Figure Aal i8 a $ketch of the 

densitometer elements. Figure A-2 is a drawing of the as~embly. 

Figure A-3 i& a drawing of a typical experimentnl glas~ slide makeup, 

and Figure A-4 ia a raster recorting on $uch a slide. The project 

involved the development of technique$ for operating the den~itometer 

aaeembly to provide maximum repeatability. It also involved an 

investigation of medium variables as to their effect on line brigbt­

neas (groove depth) which in a senae may be thought of a~ contra~t 

ratio. 

The development of the operating technique~ wa~ a long and tediou~ 

process. Without going into great detail it involved : 

1. Variation of aperture (iri$, 1ee Figure A-1) to obtain optimum 

brightness, all other elements being fixed. 

2. Standardization of focu~ technique~. A mechanical technique 

was developed to remove the human element. 

3. Determination of variability due to different ~tarting poaitiono 

on the slide. 

4. Determination of Schl ieren s~tup to a'bieve maximum r eproduce­

ability. 
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5. Va-riation of pinhole SJ ize to optlmi)~e outpl\llt. 

6. Variation of light inten~i t y to mini.mil':e flu~ tMttotl~ due t o 

power supply and fiyatem dri f t . 

7. Data taking and data plottins techaique~ t o yield maximum 

reproduceability. 

The following aection de$cribe~ the e~uipment and t~chnique~ that 

finally evolved. In general i t ia a copy of the operati ng technique 

instructions written by the author for inclu®ion in the preliminary 

report delivered with the equipment t o WADD~ 

At the start of the experiment~ th® technique and oper~ting errors 

produced a 30-40X variation in repeat~bility ~~ing t he ~® ra~ter . 

These variations were reduced to 51. p~ior to d~l ivery of the equipment 

providing the Schlieren setup wa~ not c~~~ed~ 

In the following section a four ra~te~ ~lide i~ di@c~~~~d. In 

general, four r aatera each of four l ine~ (i~~t~d of ten line@ a @ 

shown in Figure A-4) were recorded on a ~ingle; gla~fll ~lide. Each 

raster was exposed using a different beam curr@nt . 

75 



B. Operati.ng Tec:bn.lque 

l. General Description 

a. The densitometer a~~B~embly obtain~ quantative infort.18tion on the 

line brightnesa of a recording. It compri~ea a Schleiren microscope 

with which the slide$ cnn be examined in a semi-automated fashion plus 

a recorder which produces a 3trip chart of the point-by-point brightness 

of the recording. The optical sy&tem in the micro~cope it analagoun to 

the Schleiren projection ey~tems which nre normally u~cd for projecting 

thermoplastic recordings. The stage of the micro~cope i8 driven by a 

timing motor which drives the elide through the optical probing point 

at a uniform rate. Various controls are provided for adjulting the 

level of the strip chart recording trace to an appropriate amplitude 

for the work being done. The slide being measured can al~o be ob8erved 

visually on an inclined screen in the microscope barrel through an 

eyepiece. 

b. Units comprising densitometer S$fiernbly. 

(1) Densitometer microscope nsaembly, Tiyoda model BSZl lOO. (Fig. A- 2) 

(2) Photometer, Univer5al, model 201, Eldorado. 

(3) Strip chart recorder, Varinn model GllA. 

(4) Control box assembly. (Fig. A~5) 

2. Physical Description 

a. Densitometer microscope aa;aernbly. 

This assembly includce the photo ... multiplier hou~ing, the lamp holder 

assembly, the mechanical stnge asnembly, the aperture a~sc~bly, centering 

count with condensing lens, the microBcop~, nn image ecreen with a tvelve 

mil diameter pin-hole and two objective lenses; a Schlieren ma~k objective 
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(\<~ith black l.ettering) No. llu397 l\nd an unmodified ob j (•ctivc (with red 

lettering) No. 112463. 

b. Control Box Asuembly 

This unit houses the filament transformer for the Zei&$ 6 volt 

15 watt lamp providing, in addition to f'-!ll po'lrer, a center tap connec-

tion through a toggle switch for half-power focusing intensity. The 

unit also provides an outlet, through a !witch, for the meche.nicnl 

atngc drive motor, and provides a high voltnge nin" signal "out" 

receptacle for the four-prong photo-multiplier plug. 

3. Setting Up the Assembly 

a. General 

* Check th3t the carriage drive motor is disengaged (Lever L Down). 

Plug the two-pronged lamp plug into the control box. Plug the carriage 

drive motor cord into the motor cord from the control box. Ineert the 

four-pronged photo-multiplier plug into the receptacle in the control 

box. Insert the female high volt~ge cable connect and ~~le signal cable 

connect leading out of the control box into the respective receptacles 

at the rear of tlu photoo.eter. Connect the positive and negative monitor 

outputs of the photometer to the respective inputs of the recorder. 

Ground the photometer chassis to the recorder ground. Connect the 

recorder, photometer, and control box to a ll7V AC source. Turn the 

lamp and motor switches on. Place the lamp "high"' lol-111 sui tch in loll. 

(The high position should only be used for short perioda of time if 

required for focusing.) The recorder and photometer manual give svitch 

~nd dial positions for placing these equipment& in operation. 

*Note: All letters refer to Figure A-2 
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(H) (')( f, ir.Lntj.~ S'l:.lC ·...:tl• v.Jt, !Jp,.;~'tu ~·~ :mt..b (H) uti tho<: r.t.:o ,·lot, f:)r;btit:t'I..! O 

li.l.'l6k u~'jll.ct.ivc (bl~ck letr:e·l.'i."og) in pla'Ce (C). and curx iag~;;: cll.!ln· (no 

slide). 

{2) Setting the Schl i•.!t"Ctl 

(s) Rough aet-up 

Sight dlo".m t he mtcroscope trunk from the top. By adjusting the 

::-Y rosi tion of tlu; 1 igh t i~if'.ge u.Ging the two kncbs from the centt::r tug 

mount (f), pos ition the light so th3t the Schlit;ren m11~k (l,lock apot) 

and the llaht r·ough.ly coincide a~ fur as X-'1' pouition is c\'mcernr.:'t.L t;o-w 

focus the light on the Schlieren maak using kntb (E). The focus is 

correct if. wht:!n moving the heud from ~ide to side, whil~ obst:rvlng 

the plane of the mask, the most~ and light appenr to move toge ther. 

Experience has shown t hat the focus is corr~ct when thi:! scri.be in the 

black line (D) is opposite t.he "1., on the scale on the housing. Tho!:! 

observ<~t" \-rill now Ewe n smnll concentric halo around the mae:<. 

{b} Fi.nt: S~t~up 

Place the ioage acr~Z:en vn the 45° ledge .at the top of the scop~:: 

tube 'liith the \;bite p:1per side down. Put the photo-multiplier housing 

(A) securely in plnee. Places ~mf'lll cap ov~r the eye piece (:;) . Adju5t 

the photom-eter range to eJchie\te n suitable deflection (ubout mid-sc~le 

tlt "1" range). By uai.ng t he centering knob (F) carefully :ldjuBt the 

XY position of the light t o achi~ve a Gharp null on the photometer. The 

visual positioning Ln (A) .above should hllv~ ~H.! t th~ vi.tmol S·:hlie::en 

close to a null. 
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c. The Recorder and Photometer 

(1) Zero And Full sc~le Adjuotmento 

(n) Turn the photometer range knob to ''off''. t.djust the 

meter to zero. Adjust the clmrt recorder to zero. 

(b) Turn the photometer range knob to "10 11
• Place the 

slide to be read in the cart"iage with the thermoplastic collting.up. 

If the slide han several raster¥ each containing several lines, and 

if the raster with the heaviest exposure is at the observer's right 

hand, facing the densitometer microscope, as in the figure, the 

motor will drive the slide so as to record the lines in order of 

decreasing exposure. Sight through the eyepiece (G) and focu~ on 

dust on the slide using the conr~e knob (H) and the fine knob (I). 

The slide nwy be positioned under the objective by knob~ (J) and 

(K). Move the slide so that the pin-hole (Been through (G» is not 

on or near a line. Midway between two lines i8 a good position. 

Place the standard objective lens (with red lettering) in the 

optical path (C). Usiag the sensitivity knob on the photometer (or, 

if nece~sary, the high voltage screw driver adjustment on the back) 

bring the needle tc' "lOOu or full acale. Using the "Cal ibrnte" ~crew 

driver adjustment, adjust the chart recorder so that it reads the name 

as the meter needle. Now using only the sensitivity knob on the 

photometer, drop the scale reading (still focused on dust midway 

between tines) to about 95. 

The assembly is now set up to read a slide. Re-~etting is not 

necessary unless obvious changes occur. For instance, the next sl i.de 

may peg the needle on the photometer when the straight objective is 
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focused on dust. The only chnnge t•equired i.n the tJet up is to drop 

the aensltivlty to 95 ngain. 

4. Procedure for Reading a Slide 

a. Focus 

(1) Put the Schlieren objective in place. Through proper 

manipulation of knobs (J) and (K) position the first line of the 

first raster of the objective ~o that the line passes through the 

pin-hole, as seen through the eyepiece (G). Bring the line roughly 

into sharp-one-line focus using knob (H). 

(2) With the photometer range knob on "10" observe that, as 

the line is passed back and forth under the pin hole, the meter 

needle moves from a background level of somewhere between three and 

ten on the 0-100 scale to a peak value dependent on the line being 

read. A contrast ratio (peak-to-background) of 10 to 15 ie considered 

good. By moving knob (J) mcximizc the reading. Now~ by using the 

fine focus (I), further maximize. Continue adjusting (I) and (J) 

for a sharp maxLmum. It may be necessary to cover the eyepiece to 

keep out spurious light during the fine focusing process. 

b. Operating Procedure 

(1) HAving completed focusing move the slide back, using 

(J), to a position such that the first line to be read is just to the 

right of the pin-hole, as seen through the eye piece . 

(2) Engage the motor by pushing lever (L) to the right and 

up. Cover the eyepiece. Start the chart recorde~ by throwing the 

chart switch to high. Be sure the chart drive lever ia solidly up. 

The motor is slow starting. Figure A-6, a chart recording, is the 

result of allowing a elide to run through one razter at n time with 
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no action taken between lines. To snvc time, if there is a lnrge 

spi\Ce bet\-lel.!u rnster~, the motor can be c.nrefully disenengcd and the 

sli.de quickly advanced, using knob (J). to the point where the first 

line of the second raster La just to the right of the pin-hole. The 

moto~ ie then reengaged nnd the next raster read. 

(3) The preferred method, and the one deemed to provide the 

most uniform reoult3, involve~ the u3e of a light lev~l calibration 

between lines. The procedure in (2) above io followed except that 

ns soon aa the penk of one line is recot'ded and the ne~?dle has 

returned to approximately be.ckground level, the straight objectiv~ 

i~ dropped into place {C). Thi~ is the reason for the dust calibration 

in the setup )hnae. The meter will ri$e to roughly the valu~ &et 

previously with the sensitivi.ty cot\trol. As l,jOOn as a lev,tl reading 

is obtained, but before the next line i~ rend, the Schlieren objective 

is dropped into place for the re~ding of the next line of the raster. 

This procedure is followed for esch line of the raster. The 

calibration reading is taken after the last line, the Schlieren 

objective is dropped into place fo~ a backgLound level readiR~. if 

denired (for contrast r~tio)a and the procedure for ~kipping dead 

spaces between rasters is carried out. 

(4) ttlhen snapping the motor drive in place the slide C.tlrriage 

m\y jt~p. Always check through the eyepiece before starting a run to 

be sure that the slide is in the desired starting position. When 

t:otating objective len!les. be sure the len~ is solidly in poaition. 

An error in posi.tion will give an obviou~ly high baclt~ound. When 

the slide run has been completed, diBengage the motor, as it \Iill 

83 



tL ·n...:.s/l.ug p."ip•·'f ~~·Pt;. el"il~H~(..!tlJ /\~ th.eo l'hnrtint,-; t,":·NHu-:n for thi' 

following r~~3on~. 

region~. 

(1) The trnn~f·~r fun ctton. gs.ot!"~ma , iff rlln~ctty t~vniV1ble. 

(2) The functton pl ot£ n& n ~tr~ight l1ne in unsa turat@d 

(3) the s.~tur tl tion eff ect ifi mor '! appnt'~nt. 

b . Proc~dure 

(1) Figure A-7 i~ 3 plot of the valu~a of Table A· l (on 

the ftgure) ohtuined fr om n recordi~ u~ ing the rroc.edu'C.e 4 b (3) 

above 

(2) Raving obt~incd .,nlue~ for QSCh line , ol\ri i.n Table .'\-1 

on Figu~~ A-7, plot th~ dntn ~~ fnllova: 

{a) Set a pnir of divid~rs the m~aured di~tanee betueen 

the line peak and the calibrntion level. 

(b) Lay off the eet dietanee nlong the ordinnte corrcBpon­

ding to the 1:aoter bem'll current. Reference the di6ttH'\C II! to "100", in 

~£feet normali~lng t o one. 

(3) Note that thi~ plot will usually 2how a "~presd" 

aver~ging 10%a. Thi~ is due t o a numlH:r of £tic tors· i.e., dut.~t, 

non-uniform slide conting and ~y8tem fluct~tion~. However, the mesn 

v~lue plot averages the random $YB~em error~ ~a indicated by the 

linearity of the non-~nturat~d portion of Figure A-7. 
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C. Slide Ynria~lc~ 

l. ~:qJc!·lr.·umto 

'!he w1r :l. nbl~~ evnlu..'\ted ~HJ to their t-ff, ct on litH: hd.ghtnC1H~ 

were: 

a. rw<1p dm1n (three Blidc~ clln he recorded upon pP.r vncuttm 

pump dowri\. 

b. Slide thickness 

c. Glns8 uniformity (three ~lideo are cut from the s~rne gln85 

strip) 

d. Saturation level 

e. D~v~lopM~nt time. 

f. Thermopl3stic thickness 

Table A-2 is a tabulation of the data obtained for each slide 

evnlunted. Th~ line brigbtneBs levels are normoli~ed to 100 a3 n 

reference. E.nch vnlue represente thtJ ari.tbn~tic averagt~ of four 

lines in a raster. 

The an.'"eug,~ent of these experiments is shovn in Figur<! A-8. 

The horizontnl grouping indicates a pumpdmm (labt~led p) and the 

dotted linea, the ~trips of gla~B (labeled e), frcmt which the 3lideo 

vere cut. The numbers indicate the nun•bers a.~aigned t.o the indivl.du.gl 

slid~HJ. In the first t1::o sets of expcrim~nts the ve-rtic.nl rows cat'TY 

no eignificance, wh~rea~ in the third set the fir.~t colu~ are ~lides 

with low development, the middle colur.u1 are slides with no~~t develop­

ment, nnd the last column with greater than norrMl developm•.!nt. Th~ 

developmP-nt times u~cd in the third ~~pcriment uer~ 32, 50 and 80 

milliseconcta, with <. power output of 300 watts. Thi~ was the same 
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for all 5lides in this group without compeneatioo for slide resiitance. 

However, in the first two experiments an attempt wco rnadt to compensate 

for variation in slide resistance through the uBe of seri~s resiotors 

to equalize d.c. developm•~nt current. 

2. Results 

Figure A-9 shows the superposition of curve~ for slides 13, 15, 

nnd 17 and deroonatratcs the scatter using a s ingle str ip of glnas 

under the snme pumpdovn conditions. The variation is apparently 

caused by alight variations in the resistance of each slide. In 

group two, Io'igure A-10 shows the ouper-po~ition of curves for 19, 

20, and 25 and demonstrates the large scatter obtainable with the 

same pumpdotfll, but with slides from different strips of glass. 

Figure A-ll is the super-position of 23, 24, and 25 ohowing that 

different pumpdowtlS with slides from the same glas~ are very clooe 

together. 

Figure A-12 ia the super-position of 26, 27, and 32 (this set 

bad very high resistance which exaggerated the effect) of progreesively 

increaoing development. This in particulat can be col.led the variation 

of g~ as develo~ent io varied. 

Figure A-13 which is a super·po*ition of •lide~ 28, 30 and 32 

shows a leas exaggerated tendency toward a variation in gn~ as 

development is varied, but uaore graphic:ally shows anotht!r effect 

that of a variation in the saturation level with diff2rent developnent. 

In particular it indicates that with low develo~nent, gamnn is higher 

and saturation is higher although the sensitivity i~ lower. Ao 

development io incrensed, the aensitivity increnaeo rnising the ampli· 

tude or the brightnf!CS of the 1 ines with low exposure, gst!llM decreases 
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and tJaturation occurti st n progreaGively lower level both in t.he 

expooure and the ultimate brightnes~ after onturntion. Curves in 

Figure A .. 14 \Jhich r,.;ere exaggerated and hypotheBtzcd to give "idealized" 

shape more graphically explain the effect:s of sen!:itivity, or the 

brightness, at lou exposures, and the variation of gar.ma and the 

saturation point as exposure is varied. It was not at first realized 

to what extent the different variables contribute to the v3rintions 

in results. This set of experiments pointed out that further investi.­

gation is badly needed. They also appear to show that the initial 

development curves for compensation of the slide resistance are 

perhaps not good enough and provide different development; in effect, 

do not compensate or normalize the development with different slide 

resistances. 

With sufficient experimentation and sufficient progressive 

improvement in the equipment and tieing down of the variables, includ­

ing the possible el~ination of some of them, it is expected that the 

sensitometric variation of data can be reduced to 5% or better. 
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