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Preface

The work described here was performed by the author
while he was employed as a Research Assistant in the
Mechanical Engineering Department of Loughborough University
of Technology between October 1963 and July 1968. When
he moved to Cambridge in 1968 the writing of this thesis
was incomplete; this move and other domestic factors
delayed its submission until February 1971. An attempt has
been made to present the work against the changing background
in the computer field over the whole period.

The approach throughout has been that of an Engineer
who wants to make things work, and who believes that the
justification for the presentation of this work lies in the
potential of the results which were obtained.

Except where otherwise stated, the author was
responsible for the work, its description and the opinions

expressed,
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1.0 Summary

A study is made of the features required of a printer
capable of producing a visible reccrd of transient data.

Particular attention is pnaid to ths= output requirements of

'digital electronic computers. A literature survey of high

speed printers, both mechanical and non-mechanical, is
given. Two feasibility studies are d=scribed, thé first of
a Xefographic rrinter and the second of a laser printsr.

A description is given of experimental work in which
opticai information was vrinted Xerographically at speeds
in excess of 5,000 lines per minute. The reasons for
discontinuing this line of ressarch are stated.

A proposed laser print=r is then described togethsr
with the experimental work psrformed to determine the
feasibility of the principal process involvesd. This
process, the fusing of powdered ink onto pnaper, is also
considered thecretically in terms of h=at transfer.

An evzluation is made of the accepiipility of the
images oroduced. The areas whare further rasearch is required
to complete the study to the stage of overational printing

are indicat=d,.



2.0 Introduction

The production of a rermanent visible record of
digital information at high speeds is becoming increasingly
important in the data processing, computing and |
communications fields. Many systems with high internal
speeds have their effectiveness reduced by slow output
printers. The.upper limit of speed for mechanical printers
appears to have been reached. Many non-mechanical printing
methods have been investigated. Most have the disadvantages
of using expensive materials and of producing printing of

inferior contrast and stebility.

2.1 Histerical Survey of High Speed Random Image Trensfer

One hundred and fifty years ago when long distance--
communication was by semaphor and computation was manual,
the writing by hand of messages and num=2rical results was
fast enough. When Bzbbage ﬁade his first mechznical
computers in about 1420, he intended that the results should
be printed automatically, but the vrinting mechanisms were
not complzted at that time. (2/1)*., One of the earliest hign
speed printers was that develop=d by a Mr. Callahan in 1867;
possibly from esrli=sr Zurovean machines, for use in the New
York Stock Exchange. This "stock fticker" printed share and
gold vrices from telegreph signals. Zdison patented his
refined design of this printer early in 1868 (2/2), A
revolving typewheel was used against which a hammer stmick =z
paper tape when the required character was in position. The
printer was fed by punch=d paper tape and not directly from

the telegravh line. By Septembsr 1872 Edison was claiming

* References are listed in Section 12



speeds of 250 words per minute for his automatic

telegraph (2/3). The printing however was probably limited
to about 80 characters per minute (2/4). 1In spite.of great
activity in Burope and America'in the development of high
speed printers, particularly-at_the turn of the ceﬁtury, no
dramatic advances in'speed were made,

At the critical period on the New York Stock exchange
in 1929 - 30, printers were limited to 275 characters per
minute. These printers were replaced in September 1930 by
new models capable of 500 characters per minute (2/5). By
this time increasing use was being made of teletypewriters
or televrinters as they are ndw czlled. These could be used
for message transmission using normal telegraph lines. |
Coupling was either direct from line to machine or via
perforated paper tape, speeds of 300 characters per minute
were normal (2/6) (2/7).

It was only after the second Vorld War with the advent
of electronic computers, that higher speed printers became
required. The =arliest computers (1946) used punched cards
or perforated tape for output. (2/8; 2/9; 2/10; 2/11; 2/12;
2/13). These cards or tapes were then fed to teleprinters
which produced the final printed output. It is interesting
to note that an early Russian Computer (1956) had a photo-
graphic output printer working at speeds up.to 12,000
characters per minute (2/1L).

The first high spe=d computer printers used the stock
ticker principle of a rotating type wheesl and a hammer. In
order to print whole lines a numb=sr of type wheels were used

one in each character position



Speeds of 150 linss per minute with 100 charzacters psr line
were obtainsd. In these.printers the type wheel and paner
were stationary at the time of impact of the hammer. The

next advance was to strike "on the fly" a continuously
rotating typve wheel with a synchronized hammer. Speeds up

to 1,000 lines per minute can be obtainsd with this

mechanism. These mechanical printers and other non-mechanical

printers of the 1960's are described more fully in section 3.2.

2.2 Context of Project

When this project was started in November 1963, the
internal speed of elesctronic computers had far exceeded the
speed of available output printers. Published data gave
comparative figures of 90,000 characters per second for out-
put to magnetic tape and 1,350 lines per minute for printed
output. This latter figure gives a ﬁaximum of 3,600
characters per second (2/15). If a time factor of five %o
one is allowed for the magnetic tape output to be formatted the
printing speed is still five times slower than the outpﬁt
speed of the computer. From this single comparison it must
be realized thet eith=er the working of the computer must bhe
slowed down during output or a large buffer store must be
provided.

In a discussion on computer periphszral esquipment in
1959, Royle(2/16) suggzsted that the-e were threes a
applications for a high speed printer. The first was to
provide information io be uszd as input to furithsr computers.
The second was to perfeorm sheor:t bursts of »rinting without
holding up the computer. The third was to print large

volumes of data. It is the second aponlication which is



of interest here and forms the basis of this project.

It was consid=sred that a clear need existed for a
computer output printer which could stop and start and
print at aAspeéd éloser t0 that of the computer. This
was thought to be of particular importance in the checking
.of progfammes and for scientific computation. The printing,
orn a semi-continuous basis, of larse amounts of data was
not the main objective. This was thougnt to be better

performed "off-line" from thz computer via magnetic tape.

2.3 Overall Eistory of Projsct

In ths Autumn of 1963 it was decided to investigate
the feasibility of constructing a high speed printer for
use as a computer output device. It was specified that
the printesr should use un-treated paper, werk at a speed
of 5,000 lines per minute, either continuously or
intermittantly with the output being immediately visible,
a line at a time.

A literature survsay wazs verformed, in which existin
printers were reviewed and possible printing methods examined,
it was then dzcid=d4d to conéider, in gr=aater detail, a
Xerogrevhic type of printer. Such a printer would use a
special cathode ray tube and suitable electronics to
convert tns computer output into lines of illuminated
alpha-numeric characters., These characters would be
projecied onto a2 photossnsitive surfaée thnereby creating
electrostatic images, which would be developred using dry
ink particles. Fiﬁally the ink particles would b=

transferred to pazer and fixed by heating.



I;-was known that suitable cathode ray tubes had
been developed and it was decided that the starting point
of this project would be the illuminated characters. A
test‘rig was designed to investigate the exposure, development
transfer and fiiing stages. The final printer would employ
a photosensitive drum, but the test rig was designed to
- use photosensitive plates which were readily available.
This limited the operation of tﬁe test rig to single shot
working. A nsgative photographic transparency was used as
the source‘of illuminated characters. By the end of 1965
single %heets had been reproduced at speeds in excess of
5,000 lines per minute.. Some tests had also been performed
using half tone photographs. These were reproduced but at
lower linear speeds.

At this stage it was clear that financial support from
outside the University was required, to extend the work from
single sheet to continucus operatibh. Support was not
obtainéd and the Xerographic work was discontinued for
reasons given in Section 6.

An alternative printing concept wés then chosen for
investigation. A focused lassr beam would be scanned over
‘the surface of a layer of powdsred ink on ovaper. The
beam would be suitably modulated to fuse the ink only _
where reguired. .Such a printer offered the possibilities
of producing alpha-numeric characters or half tone
material. Simple tests were performed to estimate the
laser power requirements. A literature survey revezled
that of the existing lasers (1966) only the CO, laser,
operating at 10.6pm wavelength, was capable of continuous

working with power of the required order of magnitude.



A research programme was.developed from mid 1966
. onwards to in&estigate further some asﬁects of this printer.
A 002 laser of 30 ﬁatts output power was constructed, based
"originally in its design on oné made by the Services Electronics
Research Laboratories at Baldock. It was subsequently |
redesigned to overcome certain difficulties encountered

in the consiruction of the laser tube aszembly aﬁd in the
electrical system, The laser first operated early in 1967.
Using Xerographic ink,some ink fusing tests Were‘carried

out with laser powzrs up to 10 watts. Microscopic
examination of the fused ink parﬁicles was performed. The
effects of paper texture, ensrgy density and prior
electrostatic charging were examined.

| A theoretical study of the fusing mechanism was made.
This was made more difficult by ignorance of the ink
properties; the makers being unwilling to supply technical
information.

Some of the other aspects of a laser printer, such
as beam modulation and scanning, were considersd but Lo

practical work on these was performed.



3.0 PFunction and duty of Printers

In this section the general requiremsnts of high speed
printers are outlined and an ideal printer is specified

against the background of existing printers.

2.1 Functional Requirements of Printers

The printers considsred here are required to gonvert
transient data into permanent visible images. The input
is normally a series of coded electronic pulses representing
characters and formatting_instructions. The printer must
produce characters and space them correctly. For "on-line"
connection to a digital computer, the printer must be
capable of intermittant operstion for periods of random
length and occurrence. WVhen used "off-line" and fed by
tape or cards the printer may be allowed to run semi-

continuously.

3.2 Survey of Conventional Printers

This survey covers computer output vrinters wnich
were describéd in published literature up to the end of
1670. Technical details of ithe newest printers are
difficult to obtain for commercial rezsons, hence the
date of publication may be misleading. ¥No attempt is
made here to describe fully the mecnanism of each‘
printar. The'disadvantages of each printer snd the

factors limiting its speed are outlined.



The printers are divided into those which employ
mechanical means to produce ithe final printed characters
and those which do not. Both "serial" and "parallel"
mechanical priﬁters are described. A serial printer
uses one mechanism to produce characters in all
positions. A4 parallel printer has a separate

mechanism in each position along a line.
X g

3.2) Mechanical Printers

| All mechanical printers produce characters by the
impact of a hard inked object upén paper. This object
may be a complete character, as in a typewritar, or a
series of styli selected to form a character.

The earliest high speed printer (1959) was of the
parallel kind, using a rotating typewheel 2nd a hammer -
in each position across the line. The type wheels
were stationary at the moment of impact and typical
maximuﬁ speeds were 150 lines per minute.(3/1). The
speed was limited by the inertia of the typewhecels.

A contiﬁuously rotating cylinder, with a set of
characters in each position was used in the Ehepard
printer (1954) (3/2). The hamm=rs were actuated to hit
the paper against the wheel "on the fly". Speeds up to
1,300 lines per minute were achieved, but the printeﬂ.lines

tendsd to be wavey.
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The Potter "flying typewriter" (1959) used a single
horizontal typewheel rotating in front of the paper with
a line of hammers behind. The paper had to form an arc,
which limited the length of line. Speeds up to 600 lines
per minute weré claimed (3/1).

In the IBY 1403 (1962) chain printer, the typswheel
was replaced by a continuously moving chain of characters.
Speeds of 600 lines per minute with 132 characters psr
line were possible (3/3). The Potter chain printer,
introduced in 1965 ran at the same speed but was
mechanically simpler (3/L).

With both these printers the speed was reduced if a
larger choice of characters was required., The factors
limiting the speed were fully analysed by Greenvlott (3/3).
Basically a certain force is required to produce a ciear
image, 1f too much time is taken to aoply this force
blurring will occur. Small hammers produce ingufricient

force, large hammers have excessive inertia.

Two kinds of stylus printer are known to have besn made.
In the I.C.T. Samastronic (1959) solenoid opesrated cables
actuated a line of styli, one in each character position,
across the vage width. As the paper moved, the styli
vibrated across each character width. The information
required to produce a particular character was stored on a

disc. Speeds of 300 lines ver minute were quoied (3/5).
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The Creed mosaic printef (1958-1962) had a 5x5 matrix
of hydraulically actuated styli which moved across the
paper. In each characfer ﬁosition the required styll were
presented. Thé speed of this serial printer was said to be
100 characters per second, The 25 dot matrix produced
inférior characters, aﬁd the hydraulic, electronic and
mechanical complexities of this machine suggest problems

. of reliability (3/8) (3/7) (3/8).

3,22 Non-Mechanical Printers

Fig., 3.2.1 tabulates the features of the printers
described within this s=ction.

The first non-mechanical high speed printer for
computers was used in a Russian computer (1952). This
projected characters formed from a matrix of pin poinu
lights onto normal photogrzphic film, This was then developed
and printed at normal speed. 200 characters per second

could be printed (2/1L).

Another early photograpnic orinter (1959 used a set
of opzque characters on a c¢ylindrical concave surface
which were illuminated as required by an unfocussed cathode
ray tube. By means of an optical system including a
square prism,to hold ihe image stationary, the illuminated
characters were projected onto photo-sensitive material.

No speed was guoted for this printer.(3/9).
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A very simple printer (1963) used a cathode ray tube
with fibrg optic face and photosensitive paper with no
intermediate optics. The image was‘fixed by subsequentl&
passing the paver over a heated platen. Speéds of 6,000
characters per second were claimed (3/10).

All three of the systems mentioned so far had the
disadvantage of using nigh cost photosensitive paper or
film and of not giving visible access to each new line of
output; because of the develqping and fixing oprocesses.

A more complicated printer which used a special
cathode ray tube was first described by 0ldin in 1957
(3/11) and again in 1961 (3/12). Lines of characters were
produced by line scanning on the fazce of a thin window C.R.T.
These characters had be=n copied electronically from single
characters displayed on a Monoscope tube (3/13). "Electro-
faxf'paper was =xposed to the—face of the C.R.T. This paper
had an electro-pnotographic coating which was sensitized by
electrostatic charging (3/1L; 3/15; 3/16; 3/17; 3/18).
After being charged and exvosed the latent electrostatic
image was de%eIOped using a mixture of thermo-plastic
resin toner and ircn filings. The ioner particles wnich
adhered to the paper were then fused by neat to form a
pérmanent image. ©Speeds of 10,000 characters vper second
up to 150,000 characters par second were predicied (3/12).

Anotner vrinter which used Zlectirofax vpaper was thne
Stromberg Carlson S.C. 3070 (1963). The characters in this
case were directly generated on the face of a"Charactron

Tube (3/19).



In this tube the electron gun generated an electron beam,
focused it into the proper size, and directed it through the
required hole in a matrix. A character shaped hole in tae
///ﬂ—;étrix formed the beam into the shape of the character.
The shaped beam was then focused and positioned as required
on the tube face. For printing purposes a rectangular
fibre optic faced_tube was used. The face was 220mm by 1O0mm
allowing one line of characters to be displayed. Sixty
‘characters were available with this printer, but Charactron
tubes with 144t characters had been made.(3/20). The
operating speed of this printer was given as 5,000 words
per minute with 72 characters per line ( or 120 characters
per line if required). A whole line of 120 characters
could be printed at a rate of 225 lines per minute. If
fewer characters were reguired in a line the épeed could go
up to 500 lines per minute. The printer could be stopred
and started for single lines of orinting. The printed out-
put could be viewed within L4 seconds of printing. The
electrostatic image on the paper was developned by a
rotating brush carrying particles of rusible toner.

An earlier printer (1958) made oy the same Company
(Stromberg Carlson) also used a Characton Tube but did not
use Electrofex paper (3/21). In this macihine Xerograpay
was employed fto produce the final print on untreafed paper,
Tne optical information from the Craractron tube was
focused onto a selenium coated drum to form an electrostatic
image, which was then cascaded with toner particles carried

on giass besads.
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The toner particles developed the latent electrostatic
image. Paper was then brought into contact with the
surface of the drum and the toner particles were transferred
to it. The toner was fused to the paper to produce a-
permanent image. Spez=ds of l,OO0,000 cnaracters per
minute were claimed for this printer. The commercial
reasons for changing from Xerograohy to the use of
Electrofax paper for the 1atap printer are not known.
The later printer was simpl=sr but also slower because of
the inferior sensitivity of Electrofax paper.

A British printer using Kerograﬁhy was first revorted
in 1959 (3/22). This d4id not use a Charactron tube Ddut
a svecial C.R.T. in wnich characters were formed from a
dot masrix (3/23). Printing speeds of 5,000 characters
per second were claimed for this exzperimental printer.
A life expection of 40,000 metres of paper for each drum
was quoted.

The commercisl form of this printsr, the "Xeronic",
wvas reported in 1964 (3/2L). This had a page widinh of
290 mm. contéining up to 128 charactars from two small
C.R.T.s each giving 6L cheracters. A spe=d of 2,800 linzs

ver minute was ouoied. Cascade develoovmant

printer had <<difionzl froilities includin s a2 stors of
“crms on microfilm onto wrhich ihe dazs was to be nrinted.
The macnine was larse angd exdencsive conl weg dasgignsed for
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A different kind of Xerographic printer was
reportéd in 1959_in which electrostatic information was
produced on the drum directly (3/25). A cathode ray

‘tube with conduding wires set in its face was in close
proximity to the drum. The change in electrostatic charge-
on a wire, caused by the electron beam witnin the tube,
produced a change in the charge pattern on the drum.

In 1960 another printer used a tube of the same kind
to produce electrostatic images direct on coated paper
(3/26) (3/27). 20,000 characters per second or 120,000
lines ver minute were quoted for this printér. It was
claimed {that the cdated paver cost only one tenth as much
as photosensitive paver. -

At the same time, anotaer printer which alsoc used
coated parver for electrostatic imaging, produced the
characters by meéns of a directly energized matrix of styli
(3/28) (3/29), 1,000 volts was applied to the styli as
reguired. The stylil being neld 10 pm from the paver to
prevent wear., The paper was then pulled through an ink
bath where tﬁner particles adhered to tne charged areas.
Fixing was pzrformed by passing the péper through a pair
of heated rollers. This printer was rated at 3,000 words
per minute. Speeds beyond 30,000 words per minute were
expected with continuous line feed. Because of the nature
of the develovment and fixing sections, the output was
not immediately viewable. The neatest commercial version of
this printer, the Gould 4800, was shown in the U.K.in 1970.
This produced alpha-numerics or graphics, which could be viewed
within one second, at L4800 lines ver minute., Fluid develop-

ment was used with no subsequent fixing.
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In 1956 the first printer using electrosensitive
paper was reportéd (3/30). This was a specialized device
for recording weapon test results. There were only 4
character positions per line, but the speed was 150 lines
per second, A 5x3 stylus matrix was used to form the
characters, ‘When current passed from a stylus through the
paper, to a plate electrode behind it, a permanent mark
was produced. No subseqguent development or fixing was
required. |

-A ﬁigher speed version of thnis kind of printer,
rated at 180 lines per second with 12 charactzsrs per
line, was working in 1957 (3/31). A commercial printer
with 120 characters per 1ihe and a maximum speed of
31,250 lines per minuve waé avaidlable by the end of 1564
(3/3%2). This Radiation 690 printer claimed to be the |
fastest in the world. It was designed to operate off -
line from the computer because of the difficulty of
stopring and starting at this very high speed. The running
cost of such a machine would be expected to be high
because of tie paper used; also the final contrast would
be poor.

Magnetic printers have been reported in tne U.S.A.
in 1957(3/33) and in Japan in 1962 (3/34L). These machines
used cozted paper on which megnetic images were produced
by a row of eleciromagnets. Development ﬁas by finely
divided megnetic ink powder with a thermoplastic base.
Fixing was performed by fusing the ink to the paper.

The characters produced were not of the highest gquality;
the limitation of resolution being the size of the magnetic

pole pieces,
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In 1967, a magnetic printer producing 500
characters per second with superior resolution was
demonstrated (3/35). =®lectromagnetic styli, spaced at
6 per mm . produced a magnetic pattarn dn a rotating
drum which was then developed with finely divided ink.
The ink particles wefe pressed onto the surface of the
paper and fixed by heating. Speeds of 60,000 characters
per second were predicted. -

Some experimental électrochemical printefs are
thought to have been made. It seems doubtful whether
very high spesds can be obtained in this way because of
the chemical reaction times involved and the very nigh

current densities required (3/36).



'3;3 Ideal Specification for Computer Printer

The ideal compgter'printer would:- |
1. Produce a permanent record of the output data
unaffected by normal temperatures and humidities and
reasonably resistant to defacement by abrasion.
2. Normally use standard typeface but should not be
limited to a single font.
3. Have -a printing speed compatible with the computer
output capability.
L. Print on-line to the computer; not off-line via
paper or magnetic tape.
5. Make each line visible directly after printing.
6. Stop and start for single lines at random moments
in time.
7. Be capable of spacing horizontally and vertically
using non-cnaracter signals from the computer.
8. Be quiet and safe in operation.’
9. Use inexpensive untreatsd paper in an easily nandled
form.
10.. Be cheazap to run.

11. Be relieble, rugged and foolproof
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.0 Identification of Research Programme

The literature surfey had shown c;early that
mechanical printers could not be considered for operation
at speeds above 1,500 lines per minute. In the field
of non-mechanical printers, the areas which appeared fo
- be most worth considzring were electrophotographic and
magnetié. Consideration was given to the construction
of a magnetic printer; this was not pursued because it
was considered that magnetic elements could not be made
small enough to give satisfactory resolution.

The specific electrophdtographic process finally
chogen is most commonly known as Xerography. In this
the electronic inforﬁation is displayed optically and
projected onto a vhotoconducting surface, The image is
develcoped with dry ink powder which is transferred to
paper and fixed. The system has tne advantages of using
untreated paper and giving output of high contrast.

The features of the printer requiring investigation
were the development and fusing at high speed. The
published literature at this date (late 1963) contained
few technical details.

The conversion of electronic information to optical
charactars was considzsred to be oOuiside the scope of this
work. Reference is made in Section 5.13 to existing

methods.
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In order to investigate the development process-
an-elect?ostatic image nad to be produced, It was
decided to construct a test bed on which all processes
could be tried.

A target speed of 5,000 lines per minute was
decided upon. The aim of the research programme was
to demonstrate the feasibility of all the sections of
a Xerograpaic printer at the target speed. It was also
required to determine the theoretical upper speed.limit

of each of the sections.
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5.0 Xerographic Work

5.1 Introduction

In this section Xerogravhy is expiained, the proposed
printer is specified and the research areas identified.

5.1 ZXerozraohy

The late C, ¥. Carlson used the name Xerography to
describe tne technique of electro-pnotographic "dry-
writing" which he invented and patented from 1939 onwards
(5/1) (5/2). These and subsegquent patents are listed by
Newman (5/3). Carlson's early work is described by
Dinsdale (5/4). The progress in the field is listed up to
1958 by Dessausr (5/5) and up to the beginning of 1963
by Claus(5/6).

Fig. 5.1.1. shows diagramatically the baslic stages
of Xerography. A selenium coated aluminium plate is ussad.
It is passed, in darkness, under a fine wire ha#ing a
potential of 5 - 10 kV relative to the plate (1). This
creats by corona discharge a surface charge of a few
hundred volts (2). The plate is then exposed to a
pattern of light (the letter’'=‘'in the diagram). This
causes a sgelective loss of charge on tne surface; the
dark area remaining cherged, the illuminated area losing
its charge (3). The electrostatic image so formed is
developed using a finely powdered dry ink.(4). Transfer to
paper is achieved by placing paper on the inked surface
and subjecting 1t to a negative corona discharge {5).

This image is finally fiied, wnen tne paper has been
removed from tne plate (6), by radiant heating which

fuses the ink particles to the paper surface (7).



After transfer the plate may be cleaned, to remove any
stray ink; and then re-used. For most applications a drumn
is used instead of a plate. The various stages are

arranged at fixed locations round the drum which is rotated.

5.12 - Specification of Provnosed Printer

The proposed printer would be similer to the early
Stromberg Carlson printer described in Section 3.22 (p.lj),
Fig. 5.1.2 shows the components of the machine. Like the
Stromberg Carlson printer it would use a2 Xerographic drum
and a special C.R,T.; development, howevsr, would not be
by the cascade metnod, but by means of a powder'cloud or
"aerosol". The fixing of the final image would be performed
at high speed, a line at a tims rather than by simple slow
radisnt or conductive hsating. The paper movement would
be dis-continuous to allow for the printing after random.
time intervals. The output would tius be visible a line at
a time. Tne design speed would be 5,000 lines per minuze;
slower than the 7,000 lines per minute guoted for the &.C.

printer, but four times fasiter than a mecnanical printer.

5.1% ESelection of Items for Regearch

The printer describded in outline in Section 5.12
involves a number of processes:
1. Charging the pnotosensitive surface (ithe drum).
2. Producing illuminated characters to which itnhe plate
is then expos=4d.
3. Develoning the electrostatic image by powdered ink.

L. Transfering the ink %o pszver.
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5. Fusing the ink.
6. Cleaning the drum.
7. Moving the peper as required.

We now consider the seperate processes against tne
background of the information available at the end of
1963. |
1. Although Xerograpnic copying machines were available
at this time, and some work had been published on the
nature of electrostatic images; there was no clear
guidance available relating to charging. It was, therefore,
necessary to adopt an empirical approazch. This is described
in Section 5.22,.
2. Many systems are available for the gensration of
alpha-numeric characters on normal C.R.T.s (5/7) (5/8) (5/9)
(5/10) (5/11). Boyd (5/12) gives a survey of character
generators.  Spirer and Murray (5/13) also list special
C.R.T.s; two of which have already been described in
Section 3.2+ the Charactron tube (3/20) and the dot matrix
tube (3/23). Although not all these systems had been
described by 1963, it was known that the problems had been
overcome, and that research in this area was not reguired.
3. Aerosol development was chosen in the hope tazt it
would be supsrior to the cascade method when considering
drum vwear, resolution snd dark area development. Bickmore
had described low speed aerosol development in 1960 (5/14).
but no reference had been made to nigh speed aerosol
developemtn up to 1963 and this therefore represented the

main area for research.



L. The transfer of ink from the drum to paber was Known
to have been performed at high speeds (3/21). The appreach
had however %o be expirical as in (1) above, since no
details were available.

5e It was intended to study various high speed fusing
methods including R. ¥. heating nd the use of lasers.

6. Various drum cleaning methods were to be considered.
7 Paper trsnsport systems were to be studied at a

later stage.

5.2 Design and Constiruction of Test Rig.

In Section 5.13 the aerosol develovment of slectro-
static images at hign spéeds was idenfified as the main
research objective. A test rig was designed to produce
these images and to present them for developmeni at the
design speed of 5,000 lines ver minute. Fig. 5.2.1 is a
diagram of the test rig, a pnotograph of wnich, in its
completed form, is Fig. 5.2.2. For the electrophoto-
grapnic medium, use was nade of Xerogravphic plates which
were availabls in a used condition. These were carried
by parallel belts over the charging, exvosure and
development areas. Illuminated cnaracters were projected
onto the plate from a photographic nggative on a cylinder.
The main frame and drive system were made first folloﬁed
by the charging and exposure sections. Plates were
developed first by hand to establisn the existance of
electrostatic images. The aerosol development section was

constructed later, together with the transfer section.
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5,21 Mainframe

The main frame of the rig was designed to be of
sufficient length to accomodate the experimental ssciions
and to ensure that tne plate would travel smoothly. A
belt speed of ¥m/s was taken as normal to give 100 lines
per second with a typical spacing of 5 lines to the incnh..
This speed allowed a margin of 20% over the printer speed
of 5000 lines per minute. A variable speed motor drive
was used with a speed capabllity in excess of five times
design speed.

Continuously woven flat cotton belits were used, running
along metal plates with inseﬁ ball bearings at intervals
of one gquarter plate length. Crowned pulleys wefe useq on
adjustable shafts, one at each end of the frame. The
parallelism of these shafts was found to be very critical

to the true running of the belts.

5.22 Flectrostatic Charginz System.

Toe availsble literature suggssted that a D. C.
potential of 5 to 10 kV 2nd a2 current capacity of 50 to
100pA would be suitable for plate charging. An ZLE.T,
supply was built to run from mains voltage. For safety
reasons an R. F., oscillator circuit was employed with high
output impedance and very little smcothning capacity.

A potentiometer in the grid circuit allowed the -output
to be varied. Additional safety featufes included a
spring loeded on/off switch. |

The plate ‘charging unit was developed over a period

- of several months. The variables involved were wire
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material, surface finish and diameter and the spacing
between wire and plate. To produce an even corona
discharge without sparking was found to be possibie but
only after tests had be=sn made with several different
kinds of wire. Eventually tungsten wire was chosen
because of its strength and stability and 100 pm was
found to be the optimum dizsmeter. Various supnort frames
were tried, the final one, which eliminated sparking, was
machined from solid perépex. Up to three parallel wires
were tried but finally a single wire 10 mm from the plate
was found to be best.

The wire potential was measured by an electirostatic
voltmeter, The charging current was measured initiall&
with 2 milliameter. This was found to be erratic and a

U. V. recorder was used for all later current measurements.

5.2% Quvtical System

A photogravhic negative of lines of random numbers
was used in plz2ce of a C.R.T. disvlay. This negative was
wrapoed round a pyrex cylinder with an internal lamp and
reflector. The lamphouse was stationary while che cylinder
was rotated by the cotton belts. The peripheral speed was
thus a2lways the same as the plate speed. A "one to one "
projection system, consisiing of two front-silvered mirrors
and a lens, focussed the illuminated portion of the cylinder
onto the plate. In this way itne characters did not move |
relative to ihe plate. The exposure time could te varied

by means of an adjustable slot at the exposure station.



The level of illumination cquld bs.adjusted by stopping
down the lens (£/2.9 to f/B) or by cnanging the lamp
voltage.

Poor initial design of thne 1amphouse resulted in
rubbing between it and the cylind=r with consequent
variation of speed, This problem was overcome in the

final lamphouse.

5.2L Inking System

For aerosol dsvelopment a sieady =22d even £fiow of

air-vorne ink varticlss was reguired at the vlate surfacz.

is a diagram of the inking system. Comprecssed

causing ink to

ct

air was blown ithroupnh a viorzted ink po

4]

move up througn 2 tube and perforated manifold., The ink
stream was diluted by re-circulated air from a motor

driven centrifugal fan. The 1ink cloud passed through a
charging grid, supplisd with up to 10kV, before imvinging
on tne plate. A vacuum nood was provided to remove surplus

ink when a plate was absent bacsuse of the single snct

operation of the rig. Various methods wvere tried for

ot
o
3

fluidizing the ink in ine vot; including a 50Hz vibra
as shown in tns diagram. In another metiod ﬁhe base of
ink pct was formed by an earpnone cdiapnrazgm 8nergized by a
variable freguency oscillator. The frequency was adjusted

to achieve opiimum fluidization.
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5.25 Transfer Section

The transfer unit was mounted above the belis and could
be supplizsd witn 10kV of eitner polarity. Its design

incorporated the proven features of the charging unit.



5.3 IZxperimental Xerograony

In this sszction the experimental printing performed
on the test rig is described togetner with some vreliminary
work on corona discharge. Calibration tests, with %their

results, are described in Appendix Section 10.2.

5.31 Corona dischargs itests

In order to relate print quality to vlate cnarging
current, the latter had to be determined. A U.V. recorder

he transient nature of thne tests,

cr

was employed vecause of
but it was not convenient to use it for evepy printing run.
Experimentis were itnerefore »nerformed to determine the
relationship between charging current and the open circuit

&

voltage on tne wire. In some tests the transient voltage
was also recorded 10 determine the impedance of the circuit.
Plates were normally run at the design speed. Tests ai .
other speeds did not reveal any measurable.change in the
relationshiv between current and voltage. Tne results are

shown for positive and negative wire potentials by ¥ig., D

and Fig, I,

5.32 Printing Runs

The highly sophisticated instruments reguired for thne
direct measur=zment of elesctrostatic images were not availaoie.
These images were thus only detectavle by develovment with
fine powder. Commercially available Zerogrzphic toner (ink)
was used for the experimental work. Prior to constructing ine
aerosol inking secition, msnual cascade development was

employed to study the image producing processes.
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5.321 Manﬁal Development

A developing tray, 20 mm deep and the same size as
a Xerographic plate, was uged. The plate fitted against a
seal in the-top rim. - The developing medium consisted of a
mixture of Xerographic toner and Xerographic developer
(small vitreous spheres).

A tyvical printing run was conducted as follows:-

The belt speed, iilumination level and charging voltage were
set to their reguired values and all lights except that within
the cylinder were put out.- A freshly cleaned plate was
placed, face downwards, on the belts at tne L. H. end of the
rig whilst the R.H.T. supvly was switched on. Having passed
over the charging and exposure sections the plate was Pemoved
from the R. H. end and placed, still face dovnwards, in the
developing tray. ‘With the plate held againsti the seal,the
tray was inverted and the contents cascaded ofér the plate
gurface by tilting the tray. The tray having been re-inverted
the plate was removed and examined in the lignt.

It was soon discovered that, with sufficient toner, tne
duration of the development proceés wa2s not criticel. In
order to display the developed images, some waé transferred
to paver as described in Sesciion 5.3.3.

Tests were performed over a wide range of speeds,
charging currents and illumination levels. The results of
these tests are illustirated by Figs, 5.3.1-3., It snould be
noted tnat subseguent reproduction has reduced the claritf-
of these prints and that the originals were obtained using

worn a2nd scratched plates.
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Fig. 5.3.1 shows a typical seﬁtion of a page
produced at the test speed of 100 lines per second. At
highef'speeds, fainter images were produced; the upper limit
being at about 40O l.p.é. with the illuminstion level
available. _ Images produced at high speeds tended to be too
faint to transfer well and could not be reproduced. Thne
charging current nad to be optimized for each speed to
produce the best image. contrast,

Fig. 5.3.2 shows the effect of charging current value
upon print guality at the rated speed. High currents
produéed dark characters but also.exagerated the background
scratches and other plate imperfeciions. Low currents
produced weak characters. The optimum charging current at
this speed was about EOPA. The use of positive and negétive
transfer potentials is considered in Section 5.3.3.

Fig. 5.3.3. shows the effect of illumination upon

v
e

print gquality with a charging current of 30pA ét the rated
speed on 100 lines per second. The effect is the obvious
one of increasing density with increassing intensity ol
illumination. Some characters were legible at illuminations
as low a2s 1% lux, i.e. one guarter of ths maximum. This is
consistant, from reciprocity considerations with results
mentioned above, of characters being reproduced at four
times normal speed with maximum illumination, 30 - 4O lux was

found to be adequate for good printing.

5.322 High Epeed Aerosol D=2velopment

The development section used for high speed iniking has
been described in section 5.2L, The procedure employed in

the printing runs was essentially the same as that described
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in Section 5.321. In addition, the ink circulating blower;
comﬁressed air and vacuum cleaner were switched on as the
plate was carried along the belts. Thus the plaﬁe was
developed by the time it reached the right hand end of the
test bed. Examplés of printing produced are shown in Fig.5.3u.
Precise control of the ink guantity on these single shot -
printing runs was impossible. They did however clearly
demonstrate that aerosol development could be used at

speeds above 100 lines per second. The ddrk areas on the
prints are due to inhomogeneities in ths aerosol,both spatial
and electrostatic. Various charging grids within the inking
system were tried and potentials up to 10 kV were used. In
some cases this gave rise to sparking onto the surface of

the plate with resuliant damage. Many of the difficulties

experienced resulted from the single shot operation.

5.33 Image Transfer to Paver

The procedure for transferring the ink from the plate
was as fellows:- heving developed ths plate by nand or at
hign speed, ih2 vlate was placed fasce upwards on tne beltis
again at the left hand end of the test bed. A sheet of pavper
was placed on the plate which was then carried by ithe belis
under the transfer unit, wnich was suppli=zd from the =,Z.T,
unit. Fizg. 5.3.2. shows thne effect of positive and negative
potentials con the viire. %With positive polarity white figures
were vroduced on a black vackzround; with negative polarity,
the required black figures ware produced on a white back-
ground, (this was for the original charging notential

being positive).



The potential required for transfer did not appear to
be eritical. HNormally the maximum was used which did not
result in svarking from the wire to plate. It was found
possible to transfer the ink from the vlate to the paper at
speeds of at least 100 lines per secdnd.

Different kinds of paver were tried and transfer
occurred 0 &ll but the vefy thickest. Ordinary thin
typing paper was found to be entirely satisfactory.
Subseguent to tne transfer operation, ine ink was fused

by exposure to rediant heat.

5, 34 Hzlf Tone VYorking

Some expsriments were performed using a pictorial
photographic negative instead of the negative of random
numbers. A number of poor quality prints were obtained
using high speed inking. The dark areas were continuous
and did not suffer fPOm‘"dark edge" effects of the kKind
typically found with cascade development. Eoulvalent

speeds of up 10 25 lines per second were used. An

example is shown in Fig. 5.3.6.

5.3% Sunnary of Txnesrimentsl Pindingss

1_11

or piate chargins a single tungsten wire 100 pm
diameter spaced 10 mm from the plate was found to be
suitable, The coronz potential threshold was about 5 kV
and at 7.5 k¥ the current for the 280 mm length was 100 PA
(i.e. 360 pi/m).

The charge per unit area required for the production

of setigfactory images was betwesen 120 snd 280 pC/mz.



Satisfactory images were produced with exposures of
10 ms with illumination levels from 25 to 65 lux. (hence
0.25 to 0.65 1uﬁen¢s/m2).

Aerosol development was shown to be feasible at speeds

in excess of 100 1l.p.s. (0.5 m/s)



b.& Comparison of Txverimental Results with Theory

Since tn=2 object of this work was té determine the
feasibility of certain ideas, the épproach was essentially
gualitative. The measurements taken were for considerations
of reproducibility rather than absolute accuracy. The inner

workings of tne Xerographic process in terms of potential
gradients in the selenium were not studied. The most
comprenensive literature on the overall subject was not
published until the experimental work described nere was

in its final stages in 1965 (5/15) (5/16). Th=ere are

however certain areas in which the experimental findings

may be compared, if not with tneory then with other published
fesults. These areas which are discussed below are;

corona discharge and plate charging, the photosensivity of

selenium, and the aerosol development of electrophotographic

images.

5.41 Plste Charging

The current vassing from a fine wire to a plate
parallel to it is devendent upon the potential difference.
A threshold voltage must be exceeded before a corona
developes allowing current to pass. PFor the wire diameter
and svacing used here the threshold potential ﬁas found to o
be 5 kV (Fig. D). Tais compares favourably with the figure
of L.3 XV auoted by Schaffert on page 183 (5/16). With
increase in voltage, there is an increase in current (thoush
precise relationship is masked by the characteristics of
the E. H. T, Supply, Fig, D is plotted on the basis of no
load voltage, chogen for consistency of setting from one

test to another).
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Taking a spot check at a high current rating of 100 pA,
experimentally the avplied voltage was ?.BKV (thé open
circuit voltage 8.5kV minus the voltage drop in the circuit
_1kV). From Shaffert the voltage was 7kV for the same
current per unit length. Considering the variations which .
can be expectied from the effects of numidity and wire and
plate surface condition these figures are in fair agreement.
The current required to charge the plate at a
particular speed in order to produce a suitable sensitivity
was measured and noted iﬁ Section 5.%5 (120 and 280 pC/m2).
The capacity of tne selenium layer is gabout 1 pF/m2 according
to Dessauer p.201 (5/16). Thus the potential produced was
some 100 to 300 volts. This agrees with ths value of
voltage expected; the maximum plate potential quoted in
the generszl literature being 600v. This should not be
"considersd to be more than a check on the order of magnitude

since edge effectis were ignored ani the selenium thickness

was not known.

5.42 Photosensitivity of Eelenium

Satisfactory images were reproduced with exposures
from 0.25 to 0.65 1umen.s/m2. Starr (5/17) relates plate
potential to exposure for amorpnous seienium. BSince
vitreous sclenium was used here, a factor of ten must be
applied to the sensitiviiy (5/5). Hence a reduction of
plate potential from 100% to 75% (for 25 1ux ) or 50%
(for 65 1ux ) is predicted. This reduction in plate

potentisl in the illuminated areas is sufficient to give

a reasonable developed image.
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From Fig. 5.33 1t can be seen that the 1limit of illumination
was in the region‘of 15 lux-with a resulting potential
change from 100% toA8O%. For cascade develoPﬁent, a print
density of unity can‘be obtained with an eléctrostatic
contrast of 100 volts, according to Dessauer p.29% (5/15).
This is consistent with the 25%-50% reduction from 300 V

calculated in Section 5.41.

5.3 Develooment and Transfer

It can be readily seen from Fig. 5.3.°2 that the
processes of development and transfer must be considered
together. When the ink particles_come in contact with
the plate they adhere according to their charge. These
charges are not fully neutrslized as can be seen from the
difference between the‘positive and negative transfer
images. The cascade developed images wnsn transferred
with negative potential behave as one would expect.

Low charging currents and hence low initial plate potentials
gave poor images. Hxcessive currents accentuated ths plate
imperfections (scratches and worn areas) without enhancing
the image contrast.

High speed zerosol development yielded better images
than might have been expected. The published work (5/14)
(5/18) (5/19) (5/20) deals only with low speed development
(up to 0.01lm/s.) Theie appears t0 be no indication that
speeds of 0.5 m/s;, which were achieved here, were even

contemplated.



Nevertneless thére would. appear to be no fundamental
reason why this speed should not be exceeded. 8o long as
sufficient charged ink particles can be dbrought near to the

moving drum or plates, development should take place.
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5.5 Programme of Future Research 2zt time of

Project Re-zvvraisal

Having established the feasibility of printihg single
sheets at design speed it was intended to progress to
'continuous'operation. A sscond test rig was designed,
based on the proposed printer, using a photoconducting drum.
With this it was proposed to improve the development
section in particular. Tne cleaning of the drum could also.
be perfprmed. Initially continuous vaper feed was 1o have
Been employed but intermittent feeds were tq te lnvestigated.
A theoreticzal study of the limitetions of the aerosol
development process was to be made., The rapid fusing of
single lines was also t0 be studied. An initial literature
survey suggested the following possible methods:-

lzsers, microwaves and R. F. induction heating.
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5.6 Conclusions

The aim of the Xerographic work had been to establish
the feasibility of certain parts of a high speed vrinter.
Working on a single ‘sheet basis, optically generated
characters were converted to a permanent visible form at
ths design speed of 100 lines per second. The novelty of

the work lay in ths use of zerosol'develonmant &t nigh speeds.

£
L

Cther commonznts cf the sest rig could hiave LGeen re Lo

ral

work more guickly If some of tne work relatine to current

tner

o

commercizi mecnines nad bveen opublistied 2t the time »
than later. Comprenensive literaiture was available in
1965, by which tims this work had been completed.

The guslity of the printing was not first class
primarily because of th2 woern state of the selenium cozted
plates employed. The variation of ink density was due to
the intermitient nature of the printinz process, MHuch of
this would have been eliminated in a printer using a drum
ingtead of plates,

No attempt was mzde to assess Lne guality of the
electrostatic images Decause of the complexity of tane
instrumentation rsquired.

In those aress whers ithe experimenieal findings could
e compared witin the publisned Findings of otners, there
was general agreement. In the main arez under investigation,
nigh speed =zerosol develooment, no published results were

discovered.
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The limitations in speed of printing which were
encountered were due %o lack of illumination of the optical
characters. For continuous printers other limitations
might be imposed by the requirements for drum cleaning
between transfer and recharging. No experimental work
was possible in this field. 1In the aerosol development
process there must be some upper speed limit in terms of
ink particle velocity.

The possibility of printing half tone meterial in
addition to alpha-numeric charzcters has been mentioned.
The experimental results obtained were of poor gquality
and much further work would be required before a realistic
asgessment could be made of this method 2s tne basis for

a multipurpose ‘high sreed printer.



6.0 Project Re-apvpraisal

By the end of 1965, the experimental work using flat
Xerographic plates had been completed. It was éonsidered
that financial and practical assistance would be required
for the work to he continued satisfactorily.

The National Research and Development Corporation wnen
aporoached, showed interest in the project but were unable
to provide assistance. An application was made to The
Science Research Council for a grant and at the same time
Rank Xerox were asked if they would be prepared t0 supply
a selenium coated drum. In reply Rank Xerox said that they
were unable to supply a drum for commercial reasons; in
addition they were at pains to point out the considerable
difficulties involved in the project and the effort already
expended by their American associates the Xerox Corporation.

The €. R. C. in rejecting the applicaticn for a2 grant
made some important comments. The first was that the advent
of time sharing computeré and improved buffering facilities
had reduced the need for anigzh speed on-line printers.
Secondly the demand for on-line printers was being reduced
by the increasing empriasis on direct access by remote
termingls, Thirdly there seemed t0 Des a feeling thet the
majority of computer users were satisfied with 600 lines/
minﬁte printers. Pecurihly they pointed out the disadvantages
of the Xerogrephic system in fterms of the need for frecguent
replaczament of selenium coated druﬁs vecause of wear. Th=
final and most important comment was that: " there may well

be a need, in about five years, for computer output devices



wnich can produce alpha-numeric anotated line and possibly
half tone images, the best solution to this broblem is not,
however, at all cuvious at the present time".

In view of these comments and tne lack of material
support from Rank Xerox, it was reluctzantly decided to
discéntinue work on the Xerographic Printer.

It was still felt however, that 2 need existed for a
new form of high speed printer capable of alpha-numeric and
half tone outoput.

In connection with the fusing section 6f the Xero-.
graphic vrinter, a preliminary study of lasers ns=d been
made. One idea which was put forward was to print by
burning holes in paper using a focussed laser beam. It
was realized thnat laser power of tens of watts would be
required. In 1965 lasers with high continuous power outputs
were first reported. Simple experiments were performed to
determine the energy density required for scorching paper.
In the course of these tests, it was discovered that there
was a better method than scorching; the fusing of small
areas of Xerogrephic ink. The esnergy density regquired was
about five itimes less than that required for scorcning, and
the contrast produced was superior.

It was decided to pursue this investigation further
with a view to constructing a direct fusing laser printer

as described in Ssction 7.



7.0 Direct Fusing Laser Printer

7.1 Introduction

In the following sections a proposed laser printer
is descrived together with the experimental and theoretical
work which was carried out to determine the feasibility of
ol

the principle process involved: fusing by laser energy of

powdered ink on paper.

7.11 Description of Proposed Printer

The basic concept of this printer would be to producs
images by fusing discrete areas of powdered ink onto the
surface of untreated paper. Initially.the<paper would be
covered with a tnin continuous layer of dry powdsred ink
particles, these particles would adhere to the surface
because of electrostatic forces induced by a corona discharge.
The ink layer would then be scanned in lines across the paper
by & focussed lassr beam. The beam power would be modulated
S0 that some areas would receive more energy than others.

Tne beam control would increazase the powsr where 2 dark area
was required causing the ink to fuse to the pzper., By
scanning over an area a complete image would be produced

by the fused spots.

In another form of the printar, the scanning svesd would
be variable but the beam powsr would be constant. The

gam would move slowly over areas to be fused, and fast ovar

arsas reguired to remain wnite.
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After the scannirg process, the surplus unfused ink
would be removed by a vacuum system, The power modulation,
or speed variation, would be controlled either electronically
from a buifer store of the computer, or by the electro-
optiec scanning of cnaracters displayed on a C, R. T.

This printer would not be limited to the production of
characters but could also be used for half tone work.

It would satisfy nearly all the requirements set down
in Section 3.3. for an ideal computer printer. The
accessibility might be limited to the line before last but
manual forwarding could be arranged for one line without

destroying the layout of the final print out.

7.12 Programme of Research

The printer described in Section 7.11 had five major
sections: and eslectronic control for the moduiation amd v
scanning, a paper transport system, an ink spreading and
charging system, a laser scanningzg and power modulation
system and a surplus ink removal section..

It was considered that the feasibility of the whole
printer depended vdrincipally upon the feasibility of the
laser system for fusing the ink onto the paper. Ii was
therefore decided to examine the ink fusing mechanism
from an experimental and theoretical point of view. The
aim was to determine the effects of energy density,

scanning rate, paper texture and prior slectrostatic

charge upon the guality of tas fused image.



For the experimental work, a high power laser was
required, and a literature survey was to be initiated to
determine the moét appropfiate type of laser.

A theoretical study of tne fusing process from the
point of view of heat transfer was also to be undertaken.

If the results of the fusing work were satisfactory,
the other sections of the printer were %o have been

examined in detail, if time allowed.

7.1% Choice of Lasger,

Preliminary experiments (mentipned in Section 6,0
p.1L3) suggested an eneryy densiiy requirement in the order
of .03 Joules / mm2. For the printing of alpha-numeric
material in lines 5 mm wide and 200 mm long at 5,000 lines
per minute, a mean power of 250 watts would be reguired.
(This assumes 10% of total area is black). At the time
when these sums were done (Marca 1966) some lasers of this
power had been reported. These were gas lasers using a
mixture of carbon dioxide, nitrogen and helium and producing
radiation of 10.6 um wavelsngth (7/1) (7/2) (7/3) (7/4).
No other laser, solid, liguid or gaseous had been reported
with a continuous output of this order of magnitude. Tne
fact that meny kilowatits could be produced in small bursts
by several otner kinds of laser was not relevant, since tneir

mesn power was only in the order of milliwatts.
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The operation of the CO, laser at 10.6 pm wavelength
has disadvantages. Glass.optical components cannot be used
aboverj Pm, therefore sodium chloride, potassium bromide
or sintered zinc sulphide have to be used. The first two
materials have good'0ptical propérties, and are cheap but
are adversely affected by moisture. Sintered.zinc sulphide
(Irtran 2) is expensive and has lower transmission but ig
more durable.

The H. F. modulation of the laser beam at 10.6 pm
had not been acnieved. Modulation 5y means of altering the
electrical suprly to the tube was only effective up to
1 kHz, Other external methods of modulation were being

tested in 1966 and are referred to in Section 7.7.
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7.2 Desgign arnd Construction of Laser

The basic design of the 002 laser, used for this work,
was obtained from the Services Flectronics Research Laboratory
Baldock. After consultation with the experts from S.%.R.L.
it was decided that a laser of 30 watts nominal output
would be suitable for the wérk and could be constructed at
- reasonable exvense.

The laser consisted of a water Jjacketed pyrex tube,
20mm bore and 2m long with a mirror and an electrode at
each end, 3By suovlying about 10 kV across the electrodes,
a current qf 50-100 mA passed through a mixture of gasses
(1 part CO,, 2 parts N,, 10 parts He) in %he tube at a
pressure of 10 torr. The mirrors were stainlesslsteel
.coated with gold; one concave and the otner plane witn
a central hole, covered by a window, tarough which the beam

emerged.

7.21 Overall Desisn

A self contained laser unit was reguired which needed
only to be plugszed in%o a 13A single phase 240V socket, and
supprlied with mains cooling water., & design was arrived at
in which the main cabinet containing the electrical power
supply, together with the controls and instrumentation,
was used to suprort tne detachable norizontal lsser tubé.
The vacuum pump and gas cylinder were mounied on a small
trolley. Thne heighﬁ of the nhorizontal output beam was

kept well below eye level.



The main cabinet wés of rigid construction to reduce
vibration and to be strong enough to support the DC power
supply waich weighed about 50 kg. The cabinet was totally
enclosed for electrical safety. The instruments and controls
were mounted on a sloping panel at the top for ease of
operation.

The pyrex laser tube was supported in rubber mountings
to reduce tube vibration. The tube with its mirrors and
electrodés was enclosed by a perspex cover for electrical
safety. Holes were provided in the ends for the output
beam aﬁd to allow for the adjustment of the mirrors.

Tig. 7.2.1 is a photograpn of the laser tube and

control panel.

7.22 Optical System

Two mirrors lim apart were used; tne one at the R.H.
end being concave with a focal length of 10m, the other being
plane with a central S5mm diameter hole., Both were mzde from
gold coated siainless steel 30mm diameier and 124mm thick.
Stainless steel was used in preference to gilass because of
its thermal stability. Gold was used becauss of its high
reflectivity at 10.6pm wavelength, although it was found to
be very susceptible to damage from mishandling. Fortunately
departmental vecuum coating facilities were availsble for
re-coating the mirrors, once the damaged gold nad been

removed.



Two materials were used for tne window which fitted
into thne piane mirror, Potassium-BrOmide and Irtfan 2.
Most of the experimental work was pazrformed using an Irtran 2
window because the other windows clouded over rapidly from
exposure to moisture making initial visual alignment

impossible.

7.23 Mirror Mounts

The mirrors had to be mounted in such a way that an
air tight seal was maintained while allowiné for angular
adjustment. Initially the 8.%E.R.L. design of mirror mount
was employed. An aluminimum flange was cemented onto the
tube end with epoxy resin (Araldite). A second flange,
into which was cemented the mirror, was supported from the
first by stzinless steel bellows. The {flanges were kept
apart by a tie bar and two adjusting screws. (Fig. 7.2.2.a)
Difficulty was experienced with the sealing of this type of
mirror mount.

A new type of mount was designed and tested. Rubber
'0' rings were used to sezl the mount to tne tube and to
give tne reqguired flexibility for mirrcr =djustiment.

Fig. 7.2.2b snhows a section tnrough the mirror mount.

Fig. 7.2.3. end ¥Fig. 7.2.4. show the mount in position and
tne components respectively. Tne mounts were found to be
satisfactory in operation from the points of view of sealing
and positicnal stability. Fine adjustment wzs found t0 Dbe
rather difficult and finer screw tareads could nave been
employed to =zdvantage. |

A later modificati on was to incorovorate water cooling

tubes on the mirror retaining plates,



7.2L Vacuum System

The working pressure of the lasz2r was 10 torr and
sﬁall guantities of air in the gas mixture were known not
to be detrimental. A single stage rotary vacuum pump wes
theréfore suffibient,‘giving a maximum rated vacuvum of % torr.
Fig., 7.2.5 shows a diagram of the system.

The wvacuum pump was connected to the tube through a
diaphragm valve via one of the electrodes. The other
electrode gas connection wés through a needle wvalve to a -
cylinder of mixed gas. The electrodes were sealed to the
tube with epoxy fesin. The mirror mcunts used '0' ring
seals.

The las=r was operated with a positive gas flow from
the cylinder.to the vacuum pump. Complete vacuum tightness
of a high order was therefore not required. The static
leak rate was tested from time to time and was found to be
of the order of 5 lusec. For normal laser operation, tne
needle valve opening of 10 divisions gave a gas bleed rate
of 100 lusec. This was eguivaleni to 1 complete gas change
every 1% minutes.

The gas mixture was made in the igboratory in a gas
cylinder to a pressure of 120 kN/m2 from bottled helium and
carbon dioxide and atmospheric air., Nitrogen was not used
since no conclusive evidence had been published to show

that it was superior to air.
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7. 25 Electrical Supvly

Two alternative electrical power supply systems were
used to drive the laser. For A. C. operation a neon sign
transformer was employed. The primary of this was connected
to the 250 volts mains supply. The output was connected
directly to the laser e=lectrodes., Because the transformer
was designed with its secondary winding centre tapped to
earth, neither of the laser =slecirodes could be earthed.

The tube voltage was measured with an eleétrostatic volt-
meter, The tube current was measured by inserting an
‘ammeter between the two halves of the secondary winding of
the transformer. In this way the ammeter was at earth |
potential. Tyvical output current and nower charactzsristics
for thie transiormer are given in Fig.~G.

No troable vas exverienced with staritin:
The combination of the charscotlisiic nicn no-lcad and the

peak voli~oe Do ecch cyele, 2nshled conduction o take

lnce rithin:ithe tube ot vressures up to 16 torr.
Foepr D. O, operation of thz laser a variable output
poTar supvly was consitructed. Initizlly it was tnougnt

that a supoply of 5 kV and 230 m4 was reguired. 4 sysiem

mn

was constructed, using thermionic valve rectification, %O
meet Snis spacification., It was found that a anigner voliage

anéd a lover current were in fact reguired.

(e
[$)]

second system was consiructed. In this czse a

L3
L

numtar of silicon diodss wsre used in a voloaze doupling
circuit %o obiain s no lecad voltzge of 10 ¥KW. Trouble

was experienced with this circuit because of diode failures,
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The individual diodes tended to fail when subjected to the
maximum inverse voltage. In each diode chain, the failure
_of one diode incfeased the voltage on the remainder,leading
to a chain reaction in which all failed.

In the fingl power supobly, shown diagrammetically'in
Fig. 7.2.6’Si1icon Diodes were again used. Protection was
provided against current surges by introduqing & series
resistance (12542); a fuse (500 mA) was also provided to
protect against persistant overloads. It had been discovered
that tne fuse provided no protection against short current
overloads.since in this case the diodes failed first.

To protect against inverse voltage overloading two
precautions were taken. A larger number of diodes was
used, 13 on each side each rated at_lOOOV instead of the
original 10. Each diode was shunted by a resistor (2.5 M_€))
to equalize the voltage drops along the train.

Variation of output voltage was obtained by means of
a "Wariac" variable ratio transformer tarough wnich the
main H. T. transformer was supplied.

Protective circuits were provided. In order to
eliminate the possibility to accidental switching on of
the supply a main trip circuit was included. ©No power
could be supplied to tne H. T. transfcrmer while this
circuit was broken. Included in this circult were a
key switch to prevent unauthorized use_of the system and
an emergency étOp button. Any number of other switches
could be added to the circuit to »revent operaiion whilst
the apparatus was uncovered, e.g. due to the removal of the

laser tube cover,.



Having been tripped out a trip reset button had to be
depressed to reactivate the main supply.

An overload current cutout was also ﬁrovided to limit
the current drawn from the system, Again manual resetting
was required aftzr tripping out had occurred.

A wire wound 15 K 2 resistor was included in the
line from the power supply tc the live electrode. This
limited the surge'éurrent when‘switching on the laser.
Water cooled aluminimum electrodes were used for both
A.C, and D. C. operation. The mains water was found to be
of high resistivity and oniy small leakage currents were
measured (5 mA). At inlet and outlet of the cooling
water, 2m length of small bore tube were left and the
extreme ends were earthed.

[y

7.26 Output Pover Measuring Devices

It was required to determine the power output of ihe
laser in order to relate it to the printing performance.
Absolute precision was not required but consistant and
repeatable measurements were needed. It was decided to
employ the simplest possible means. This involvsd
measuring the rate of temperature rises of a mass of metzal
whnen nezted by the laser bezam.

The beam diameter was about 5 mm. The mass to be
heated was a short length of 6 mm bore copper tubing. One
end was left open for the beam to enter, the other was

flattened onto a copper/constantan thermocouple junction.



55

The cold Jjunction was held in melting ice. The e.m.f.
produced was recorded against time on an X - Y plotter,
{/ith maximum gain, the Y scale was about 0.45K per mm.
The X scalz of time was variable,

It had been intended to compare tne output measured
in this way with results from other methods. A flowing
water calorimeter wés considered. Lack of time prevented

the construction of otner measuring devices.



7.3 Descripntion of Experimental Work

This section describes experimental work performed to
assess tne feasibility of the direct fusing printer.using a
low power laser, The energy density required to produce
satisfactory printing was determined at different speeds.
The effect of paper texture>and electrostatic charging of
the'ihk were examined., Printing tests were performed with
the laser operating on A. C. and D. C. Microscopic
examination wad made of the fused ink.

The laser output pover measurementis are described in

Appendix Section 10.24.

7.31 Application of Laser to Ink Fusing

The turntable apparatus shovn in Fig. 7.3.1 was used
in tesis dzssigned to evaluste the effects of speed, power
and psaper itexture upon ink fusing. The horizontal lacer
beam was deflected verticslly downwards by a mirror which
could be moved along the beam. The beam was thus m=de to
impinge at any given radius on a horizontal turnfable. The

beam was brougnt to a focus on the turntable surface by

5

g sodium chloride 1lens of 100 mm focel length. The effscitive

e

beam diameter on ths turntable surface was zbout z mm.
In a typical test, & sheet of paper was scrinkled with

Xercgrasonic toner zndéd passed through 2 corona discharge.

The parer, with ink unpermost was then nlaced on the revolving

turntable, the trevesing mechanism was opsrated by hand o

-
1
=
0]

produce a fused spiral surplus unfused ink was tnen

removed by gentle wipi with coton wool. A typical test

=4
o
Q

sheet, with A,.C., operation of the laser, is shown in Fig. 7.3.2.



7.3%311 Printing Tests

The first printing tests were verformed with A. C.
operation of the laser. The mean power was 13 watts, but
at the pgak of each pulse the instantaneous power was about
8 watts. From Fig. 7.3.3 the effects of initisl ink
thickness may be seen. Wifh excess ink, small ink pellets
were formed which did not all adnere to the paper. AWith
insufficient ink, the adhesion to the paper was good but
the overall contrast was diminished. From the standpoint
Qf image‘stability, it aprezrs that under inking would be
preferable. |

Fig. 7.3.4 demonstrates tne effect upon the contrast
of using differént kinds of paper. The gloss or art paper
gave excellent results with a completely c¢lean background.
Writing or ityping paper gives good contrast but the
background was discoloured by trapped ink in the paper
surface, This effect is even more appzarent with blotting
paper, itnere tne oven texture of the paper surface held
sufficient mnfused ink to make 1t aprear gray.

The effect of prior electrestatic charging is shown in
Fig. 7.3.5. The individuzl aresas of fused ink are more

clearly defined in the charged sample, Tais is discussed

To produce the vrinted sample shiown in Fig. 7.3.6 .the
la2ser beam was chopred by 2 disc witn a number of noles
which was roteted in its path. The beam was taus modulated
not only at 100 H; fror thne AC, operztion of itha laser,but
also at a higher frequency (700 Hz in this case).
Individual fused spots were produced, each with a diameter

of % mm.



In order to determine the effect of energy density,
tests were performed witn various laser powers, Filters
of known optical impedance were placed in the laser beam
and test sheets were produced. Tne energy density was

calculated in tsrms of the peak laser power, an ' equivalent

bean diameter and the radius on the turntable. For a given

power and beam diameter, the energy density was inversely
proportional to the instantaneous radius of the helix.
In Fig.e 7.3.7 the width of the fused ink trace is

rlotted 2zzinst the energy density. The circled letters

correspond with those on the typical test sheet. (Fig: 7.3.2%)

It may be seen that there was considz=rable écatter but that
.up to O;O2J/mm2 , the trace width was proportional to the
energy density. For higher energy density the trace width
did not increasse in rropcriicn,

Also plotted on Pig. 7.3.7 are results of tests using
a heat sensitive paper (Thermofzx) and of tests in which
tyoing peper was scorched. TFor both these the trace width
was proportional to enserzy density. The vealues of energy

density howevsr were respeciively 2% and 10 times greater

-y

than those for ink fusi

i
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Some tesius were verformed witn tne laser operzting on

D, C. Tig. 7.3.5 showvs trace widta ploited zzainst enerzy
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density for taree kirnds of vaper.: The lassr power was & wattis,
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There avppesars tc be no significan

of trzce vroduced., A wradicted curve is also plotted, waick

is referred to in Seciion 7.L2.



_An additional method was examined experimentally
using carbon paper, The focussed laser beam passed through
a2 sheet of carbon papér face downwards on a sheet of plain
paper. Dark particles were transferred to the paper surface.
The guality of printing was poor and tne energy density
requireneants were of tiie same order as those for scorching,

Poor results were.obtained with Xerographic ink on

polythene sheets. Better results weré obtained with
carbon paper placed facé upwards benesth volythene, with

the laser beam passing through the polythene tefore meeting

the 'carbon'.

7.312 Pelleting Experiment in a Semi. Infinite Bed of Ink

"Some simple tests were performed in which pellets of
fused ink were produced by allowing the laser beam to impinge

upon the surface of a deep bed of ink powder.

The duratioA of each test was contrdlled by means of a
shutter. The laser power was measured before each test. The
pellets were weighed and the weights plotted against energy
inﬁut (calculated from power x exposure time) in Fig. 7.3.9.
From these results an energy requirement for fusing ink powder

of 370 J/g was obtained, this is discussed in Section 7.5.



7.32 Microsgcopic Exzmination of Fused Ink

Fig. 7.3;10 shows six micro-photogravhns of ink spots
with a linear megnification of 90. The first is from
region B with normal inking. A narrow (imm) svot was
produced, with some uncovered areas.lehe spot from region
C, where the most acceptable visual contrast was produced,
had complete ink coverage. The surface was smooth and
shiny from the running together of the ink particles.

The width was the nominal spot width ($mm). In region

D the widith nad not appreciably increased, but the ink had
been deccmposed at the centrz. The outer portions formed
a corntinuous fused surfzce. The spot from fegion B was
completely hollow, and charring of the paper in the cenire
had commenced; this discolouration cannot of course be
seen in the photograph. The ratio of ensrgy densities
between regions E and B was about 7 to 1.

Fig. 7.3.10. 5 shovs a typical underinked spot. The
areas of fused ink covered only a small proportion of tie
spot area., The ink particles had run togetner into snall
unconnected masses, Nevertheless, somz svots with good
apparent contrastiwere found py microscopic sxamination
not to nave full coverage of the paper by ink vparticles.

An und=srchargsd spoi is not reoroduced but was similar
to tne under-inked spots in some respscts. The ink particles
fused into larger unconnecied mzssss, Eeen with thsz naked
eye tney produced a mottled =ffect, whereas the underinksd

spots ware grey.
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Fig, 7.3.10.6 shows a single spot Zmm in diamefer
produced by chopping the laser beam. The edges of the spot
were.clearly.defined and the centre was well filled and
shiny.

An attempt was made to view a'cross section of an
ink epot. The thickness of a typical spot was about 25 pm
and it was noted that the paper thickness was 100 pm. This
latter figure was in agreement with résults of measurements
using a micrometer for all papers; excent blotting vaper.

- Some gzamples of ink fused onto polythene sheét were
also examined. These appeared to show a certain degree of
chemical bonding between the ink and polythene.

Samples of paper, without ink, which had been charred
on the surface by_the laser were examined. The gffected
areas seemed to De hardly altered when seen magnified.

The discolouration could be easily removed by local abrasion
€.g. eraser or sharp point. Wiitn examples of paper wihere |
ink had been fused and then removed by abrasion, it could be

seen that the paper surface had been severely damaged.

7.33 Adhesion Experiments

A simple exveriment was performed to determine the
relative adhesion of charged and uncharged ink particles
to paper. A horizontal disc mounted on =2 motor spindle
was coversd with paper and ink was sprinkled evenly on the
paper. The motor was run at a number of spesds, increasing

in steps. Yor each speed, the diameter of tae circle of the

ink remaining on tae paper was measured.



The test was repéated using a paper disc with ink which had
been subjected to a corona discharge,

The individual tests gave considerable scatter of
results but the approximate ratic of adhesion forces between
charged and uncharged ink was found to be 1% to 1. The

importance of this is discussed in Section 7.5.

7.3 Summary of Zxperimental Results

1. Permanent images of good contrast were obtained by
fusing powdered ink onto paper using a laser,

2. The width of fused spot produced was found to be
proportional to the energy density for a range of incident
powers.

3 The contrast of fused images was enhanced by prior
electrostatic charging of the ink.

L. Inferior images were produced using heat sensitive
(Thermofax) paper, the energy density required %eing

21 times greater than for ink fusing.

5. Ten times the energy density for fusing was found to

be required for scorcning pavper.



7.lb  Theory of Image Formétion by Eusinq Ink Oﬁto Paper

- The images formed by this ﬁrinting process owe their
existance to fhe retention 6f discrete areas of ink
particles on the surface of paper. The ink particles are
approximately spherical and 5 to 10 pm in diameter. The
plastic re;in’which is their main c0nstituent]melts at
336 K and starts to decompose at 431 K. The paper surface
although microscopically smooth, consists of partially
loose fibreg a few jm in diameter.

To form an image the ink particles must bond together
and also to tne fibres of the paper surface. The
surrounding area must remain essentiélly free from ink
particles after the brushing process., The thickness of the
fused ink is not important so long as the covering in the
reguired arza is continuous, since the ink particles are
entirely opague in tne wvisible regions., The temparature

of the ink snould not be raised szvove LL31K,
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7.401 Postulated llecha

For satisfactory fusing the ink in direct
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contact with the paper must ve melted. Heat must therefore,

be supplied which raises the ftemperature of ine ink, and
part of the paper, from ambient 30 sbove 336K and to melt
the ink. In addition, there must be sn attraction between
the ink and the paper. The forcas of surfzce tensicn oOn

tne ink particles as they melt will not promote adhesion.



a2 =lecirostatic Jorces ovarcoms any tendancr For Lae
particles Lo zroclomsoous  wnd instead & minimum enersy

level is achieved by ine particles drewing closer to the

paper.

7.42 Tnergy Considerations Lumvned Systems

For this treatment of the nroblem, it is assumed that
the rate of neat transfer, within the ink anrd paper, is not
important. Only the heat energy entering the system and
the thermal czpacitiss are relevant.

Consider first the case of the pelleting tests
(Section 7.312) where there was no paver. The laser beam
impinged on the ink for a shorit time, the energy given to
the ink was:-

Q = W,te | ] (1) *

1
A pellet was preoduced, when the temperature of the ink rose
from Qa the ambisnt temverature to temperature 6, Since
melting must have taken place to produce the adhesion @ 2> om
and energy must have been suvplied to satisfy the latent
heat hence:-

Q= M[Ci (6 -8,) + Lm;l C(2)
Tests on the ink had shown that it degrades at a temperature

e Above this temperature, any further energy causes the

d L ]

ink to break down into gzseous form.

* Symbols are listed on Page iX
Since the emissivity of ink is nearly unity (0.96) - See

Section 10,5, it is ignored in subsegquent calculations.
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If it is assumed that the temperature was raised in the
pelleting tests to 84 then equation (2) becomes:-

o =ulci(e-0,) +L,] (2")
Taking values of properties from Appendix Section 10.5
and assuming a mean ambient temperature of 288K.

a =M [1.7 (L3L - 288) + 1.3} = 2u5 ¥
or /M =245 J/8
A line of /M = 245J/g is drawn on Fig. 7.3.9 which
shows the experimental results of the pelleting tests.
Also drawn is /M = 370J/g which represents 150% of the
energy previously caléulated. These results are related
in Section 7.5.

This method can now be extended to the practical
region wnere the ink is on top of paper. Consider an
area of ink on paper receiving an amount of heat ©. The
mass in eguation (2) is replaced by terms for ink and paper
jncluding density. Thus equation (2) becomes:-

A.[Zl iTogt (6 - © )(Z WG+ JPHP Pi} (3)

For a moving energy source of effective width Yy with a
velocity relative to the ink of Vy we can write an Tnergy

density term:-

E__.:.:=:..._._ :_l_ (l_;)

This is true even for a circular spot of effective

diameter Y, if Vo4 ¥, .
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‘e must distinguish between the effective beam spot
width Y, and the width of fused ink spot produced Y,.

Equation (3) may be rewritten in terms of Y, :-

Q = Yivlt [:ZiWiLim+ (6 - ea)(zivioi + zp o p)] (5)

but Q.= W, t (equation (1))

flt []
o=y ]

— L

"Wy Y1

]
Hence from (4) E = ?l [. ]

é
=

ct+

i

By
D 1 (6)

[?iwiLim+ (6 - Ga) (Ziwici + prpcpj]

This may be evaluated using the values properties in
Appendix Section 10.5 and values of Yl, Zi, and Zp from
Section 7.32 again assume that € = ed and that the whole
thickness of tnhe paper is neated.

Hence Y, = 26,5 E mm, where E is in J/mm2

This line is plotted with the exverimental fusing results

on Fig. 7.3.7 and Pig. 7.3.8.



7.4% One Dimensional Heat Transfer with Stationary Heat Source

If we consider a stationary heat source at the surface
6f the ink wifh & power of w acting for a time t on an area
A’giving a neat flux F=W/A we may deternine the temperature
at any depth. We consider only locations along the axis of
the heat source (direction z perpendicular to the péper
surfacd. For simplicity the ink and paver are taken as a
single homogeneous semi-infinite slab. We also assume that
no significant heat is used to produce phase change in the
ink. Carslaw and Jaeger (7/5) (p.75) give this expression

for the temperature rise:-

B0 - ZE[lotfr o _ z a2 )]

where k and D are the thermal conductivity and diffusivity
and 'erfc' is the complementary error function defined and
tabulated on p.L485 of Carslaw and Jaeger (7/5).

This equation has been evaluated using material
properties from Appendix Section 10.5 for a value of F which
has been shown experimentally to give good fusing
(22 watts/mm2 for 0,001 seconds)., This results in a
maximum surface temperature of 1800K and an interface

temperature of LOOK (i.e. at 2 = 0.025mm),



7.4  Three Dimensional Heat Transfer with

Stationary Heat Source

The treatment used in the previous section is here
extended to include the fransmission'of heat in the plane
of the paper. The mean beam radius r is used and the
teﬁperature rise along thg axis is given by Carslaw and
Jaeger (7/5) on page 264 as :-
| | (8)

AB - 2 W (Di:)li [Le,rF {i%_dot)"i} - L(’.r-fC (EEE}]

w2k 2 (DE)"?
this assumes a uniform energy distribution across the beam,
. but Guenot and Racient (7/6) have shown that this does not
:ffect tempefatures along the axis.

Using the same values as in Section 7.43 eguation (8)
has been evaluated. TFor this ratio .of Z to r and with the
small value of %, the temperatures are the same as from
egquation (7) in Section 7.43. The effect of transverse

heat transmission would only be significant for smaller

values of r and much larger values of t.



7.45 Etatement of Full Provlem in

Three Dimensional Transient Heat Transfer

The aim of this Section is to outline the full heat
transfer problem and to point to some possible approaches
towards a solution.

What is required to be known is the temperature
distribution, in all three coordinates, in a system
consisting of a layer of ink on a layer of paper. The
surface of the ink is subjected to a moving radiant heat
source, the power of which varies with time. The energy
distribution across the beam is not known and may not
remain the same for different total powers of the heam.

The ink layer 1s composed of ﬁarticles which are not
all of the same size and shape. The emmisivity of the ink
surface as a whole is not known. The energy absorbtion of
the ink particles at tﬁe varticular wavelength of the laser
beam is not known. Probably the ink particles transmitréome
of the heat and absoro some of the heat, Thié would have
the effect of-heat generation within the ink layer as non-
linear function with respect to depth. It should not be
assumed that the ink layer is elther homogeneous or
igotropic with respect to thermal conductivity.

The ink varticles suffer a change of state during the
heating process. This has two effects; first to absorp
more heat without change of temperature thus spoiling tne
heat transmission equation, second the geometry of the
system changes as the vparticles melt together. This change
of geometry will have an effect on the conductivity of the
ink. If the degfadation temperature is reached energy will

be absorned and ablation will occur.



At the ;nk/paper interface the conductivity will depend
upon the surface texture of the paper. If some energy is
present in the form of radiation, having not been fully
absorbed by the ink, the emmisivity will be involved. For
thin paper, the temperature and thermal capacity of the sub-
strate will have some effect.

Taking these problegs ih order, possible methods of
attack may be mentioned, van Nood and Beek (7/7) treat the
case of radiative heat transfer to a moving plate, dut the
material involved nas high conductivity and the irradiated
area is large compared with the sirip width. Cobble (7/8)
considers the heating produced by a moving discrete source
and presents a finite transform solution. This approach
might prove useful if suitable properiy values could be
found,.since it takes account of losses at the bdundaries.
Carslaw and Jaeger (7/5) give an analytical soluticn for a
slab on p.268. This is‘rather formidable even for a semi-
infinite nhomogeneous medium. The question of energy
distribution within the beam is considered by Guernot and
Racinet, (7/6); the axial temperatures are not effected,
but off-axis temperatures are. They give expressions-for
the off-axis temperature distribution for a Gaussian
energy distribution within the beam.

The heat conduction problems associated with porous
media are discussed by Luikov et al. (7/9). They consider
how the overall neat transmission by packed particles may
be evaluated but do not consider heat generation within
the particles. Cline and Kropschot (7/10) consider the

same problem and alsc include mixiures of powders.
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Brodie and Mate treat the same problem but in conditions
where radiation between the particies.is not significant
(7/11). Van den Held (7/12) derives some complex
mathematical expressions relating to cenduction in materials
where radiation is also important, 'i.e. semi-transparent
media.

The matter of change of state is considered by lurray
and Landis (7/13) is one dimensicnal and an outline is
given of z method of solution applicable to digital and
analogue computation. Goodman (7/1L) presents an approach
to the one dimensional problem which employs the Heat .
Balance Integral. Lockwood (7/15) gives a numerical
procedure for digital computer solution of the problem
in tnree dimensions. Boley (7/16) (7/17) considers the
cases where there is not only a change of state Dbut where
ablation also occurs. Penner and Sharma (7/18) give an
analyticel expression for the one dimensional case of
absorbtion within an irradiated medium with ablation at the
surface.

A probability approach to the solution of transient
heat conduction problem is given by Haji Sheikh and Sparroy
(?/19).. They c¢laim that their "floating random walk"
approach may be apprlied to a wide fange of problems. A
rerturvation solution is suggested by Kicker and Asnani
(7/20) but this avpears to be only apolicable to isotropic
nomogensous media., The electrical analogue method of
solution is outlined by Liebmann(7/21) (7/22). He claims
that it is aprlicable to oroblems including change of state.

It may be seen from this short review that most of tne
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aspects of the problem can be tackled individually. Either
fairly complex analytical solutions or-SOPﬁisticated'
numerical methods may be found to treat the individual parts.
Nevertheless to combine all these to give a complete
theoretical picture of the vproblem is a task which does

not seem to be justified, particularly since the physical

properties of the materials involved are so ill defined.



7«5 Correlation between Experimental Pindings

and Theoretical Predictions ,

Py

In Section 7.42 consideration was given to the fusing
of powdered ink, in a deep bed, into pellets. Using the
assumed properties of the ink, a relationship was obtained
between the incident energy and the pellet mass produced.
This is compared with the experimental results in Fig. 7.3.9
It.méy be seen that there is good correspondence between
the theoretical prédiction which aliows an extra arbitrary
50% for losses and the experimental values. The losses
would include energy éausing degradation at the upper ink
surface and energy given to adjacent ink particles which
was insufficient to cause fusing. Bearing in mind the
uncertainty associated with the vproperty values, this
degree of agreement must be considered satisfactory.

In the analysis of the’printing tests, it was
assuried that no energy was used to heat the unfused ink
particlés. It was also assumed that the whole paper
thickness was raised to the same temperature as the ink
whereas the lower surface probably did not in fact reach
this state. It was thought reasonable to allow one of these
effects to cancel out the other,

The simple relationship between ensrgy density and
spot width was plotted with the experimental results in
Figures 7.3.7 and 7.3.8. In regions A B and C, where
microscopic examination nad snown good fusing without
degradation, there was good agreement between theory and

experiments,
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Allowing for experimental scatter, this is true for
A, C, and D, C. Operation; for three kinds of paver and over
a four to one range of incident powers. When considering
the-degree of scatter, it must be remembered that the
initial ink layer thickness was not closely controlled.

It can clearly be seen that for regions D and E,
where energy was being used to degrade the ink, the spot
width was not proportional to the energy density. In the
cases of the marking of Thermofax paper and the scorching
of paper a direct proportionality again applied. No
theoretical prediction of thne constant was made.

The theoretical vredictions of temperature
distribution based on one and tnree dimensional heat
transfer were not realistic (Sections 7.L42 and 7.u4L).
The surface predicted temperatures would have caused
degradation, signs of which were not observed microscopically.
The explanation lies in the nature of the ink. It was not
a nomogeneous solid medium receiving heat only at the surface.
Its particles transmitted part and absorved part of the
incident radiation by a scattering process. This
effectively caused heating witnin the ink layer. This nad
the effect of flattening out the steep temperature gradient.

Since these simple approaches to the solution of the heat
transfer problem yielded such dissppointing results, the full
treatment mentioned in Section 7.45 did not seem to Justify

further consideration.



7.6 Conclusions

It has been shown that images of good optical
gquality may be obtained by using é laser. The best images
were obtainsd by fusing powvdered ink onto paper., Less
energy was required for this than for scorching paper or
marking a heat sensitive parper.

The experimental results relating energy density and
spot size were in good agreement with the predictions from
a simple theory. It appeared that an approscn using
internal heat transfer was not Justified. Althcugh the
full theoretical problem was outlined, no attempt was
méde to formulate a complete theory for the complex
problem,

Printing by this means appeared to be possible on
a wide range of papers and some other metzsrials.

The laser size required for printing at the design
speed would depend uvon the control system employed. A
prediction using the simple lumped system approach is a
mean power of 500 watts. This 1is well within the power

range now available.
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7.7 Euggestions for Further Vork

The following avenues for further work should be

considered:~

1. Tests with finer inter-line spacing to determine the
effects of heat flow at right angles to the direction of
scan. These could reveal a limitation of the process
particularly fof half tone work.

2. Tests witnh higher powers and speeds to ensure that the
energy density criterion is true for speeds at which
commercial orinters might work.

3. More detailed examination of the azvallable beam
modulation techniques, and of possible mechanisms for use
in a system employing variable speed scanning. This
latter is an elegant solution to the modulation problem
but at present would require a mechanical deflectiion
system. Electro-opntic deflecters, which already exist for
shorter wavelengths, may become available. (7/23)(7/24)
(7/25) (7/26) (7/27) (7/28) (7/29).

L. The process of surplus ink removal by suction or air
knifing, with or without the application of an alternating
electrostatic field.

5. The printing by means of a lassr on surfaces other
than papser should be studied. Printing onto transparent
plastic films was tried with varied success in the course

of this present work. A systematic study, bearing in

mind %tne chemical properties of botn ink and sheeil materials’

would be most rewerding.
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6. A further study of laser progress with particular
reference to lﬁésers working in the near infra red (about
1 pm wavelength). Such high powered so0lid state lasers

e.g. HEo in YAG, are thought to have been made. This would.
be particularly good because glass pptics could be ﬁsed

and electro-cptic modulators work already in this region.



8.0 Overall Conclusions

1. It has been shown that lines of alpna-numeric
characters may be printed Xerographically at speeds in
excess of 9,000 lines per minute. The optical characters
used were of a brightness (60 lux) obtzinsble from a
cathode ray tube.

2. Aerosdl develdpment 158 been preved to be a viable
developnment method =zt lineer speeds in excess of 0.5m/sec.
Positive (blsck on white) and negative (Whife on black)
printing nave been demonstrated.

3. Some half tone imsges have been printed using aserosol
development 2t speeds of 0.1 m/sec.

L. The transfer of images to paper at speeds gbove 0.5 m/sec
has been demonstrated.

5. Printed charactiers nhave been produced of reasonable
6ptical contrast (considering the physicszl state of the
selenium cozted plaitzs).

6. Visible images fixed on paper have been produced
using & lacer.

7. ng method of fusing ink particles has been shown to
recuire a lowver energy density than other laser printing
technigues.

8. The optical contrast of the fused images has been
demonstrated to be vary good using a wide range of types

of pav=r.
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g, The estimated laser power requiremenf for a high
- speed printer is within the range of lasers available
(c. 500 watts).

10. The resolution obtainable (L4 lines/mm) is suitable

for characters and for some kinds of half tone printing.

8.1 Recommendations

1, That further work, on an individual basis, is not
Justified towards improving the Xerographic printer.

2. That in the light of the-results of the laser
printing work, furthér efforts in tnis direction should
be made. The particular areas in which fruitful studies
might be pursued are:-

i. Laser beam modulation and scanning methods with
particular reference to varisgble velocity scanning.

ii. Powder handling technigues related ot fhe production
of tnin even layers.

iii. Intermittant paper feed mechanisms to overate at
high speeds.

iv. Systems for the removal of survlus vowder and its
re-use.

v, The relationsnip between laser power and printing.
speed with higher powers, together with the effects of

scan spacing.
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10 Appendices

10.1 Units and Standards

The work described here was commenced in 1963 before
the Government's announcement of the change to the FKetric
(81) system of Units (24th May, 1965) The initial
calculations and apparatus design were performed using
Imperial Units. Wherever possible these figures have
now been converted to S.1. units in this thesis. The
latter part of the work was pursued thnroughout using
S.1. units.

B. 8., 3763 196L has been used for the values of the
units and in general the names used are the same. However,
some temperatures are guotied in Celcius for ease of under-
standing. Also the I.5.0. avpproved unit hertz (Hz) is

used for freaquency.



10.2 Calibration Tests

The following sections describe the calibration tests
performed for both the Xerographic ard laser printing
projects, The calibration curves form the first part of

Section 11.

10.21 Calibration of Belt Sveed

| The main parallel cotton belts were run at a number
of speeds up tq‘150% design speed. At each point the
Servomex control indicated speed was plotted against ‘the
belt speed measured with a hand held tachometer (Fig. A).
From this,Fig. B was drawn which relates printing speed

(l1ines/sec) to the indicated motor speed.

10,22 Charactsristics of THT Supovnly Charging Unit.

The electrostatic voltmeter héd a 0-6XKV movement but
voltages of 12 kV were to be measured. A 200 M Q. resistive
divider was ﬁounted within the meter case. Tne meter was
calibrated using a 10 kV English Electric Insulation tester
Fig. C shows the calibration curve.

The EHT Unit output was controlled by a potentionmeter
which varied phe grid voltage of the oscillator valve. A
series of current v. voltage readings were obtained for
different settings of this potentiometer. A resistive
load was used. These results ware not found to be very
repeatable due to instability of tne oscillator and break-
down of the zmmeter. It was decided to use only dynamic
characﬁeristics obtained with discharges to a moving plate
as described in Section 5.31. Charging currents are plotted

against open circuit voltage from these dynamic tests in



Fig.. D (positive wire potentisl) and Fig. E (negative).

10.2% Tllumination Levels

The illuminatioh along the exposure slit was
measured for three settings of lens aperture. A cadmium
gsulphide photo-cell wasg used, which_had been calibrated
against an Ilford SE 1 photometer. Fig. F shows the
results graphically. The illumination was found to vary
along the slit and was very sensitive to the rotational
location of the lamp filament. The maximum illumination,

at the centre, was sbout 60 lux with the lens unstopped

(£/2.9).

10,24 Laser Qutout Power

The apparatus described in Section 7.26 was used to
measure the output power of the laser with A.C. and D. C.
operation. The copper calorimeter was positioned directly
in the beam close to the end of the laser tube. An asbestos
shutter was interposed excepi during exposures.

The thermocouples was calibrated against a mercury in
glass thermometer in a watér bath. For each power
measurement, the czlorimeter was exposed for sufficinet
time to allow the temperature to rise 20—3000. A trace
of temperature pime was obtained which included the
cooling curve obtained when the shutter had been replaced,
Tne net power was computed from the heating gradient

added to the cooling gradient.
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For A. C..operation, the electrical input was not-
varied but the tube pressure was altered over a wide range.
Fig. H shows the relationship between laser output power
current and tube pressure. An efficiency curve is also
given calculated from the input power, (Fig. G) and the
measured output.

The means émployed for the méasurement of ocutput was
most unlikely to give high readings and therzfore the

‘power curve was drawn through the highest experiﬁental
points. Points falling below this line were considered to
be due to impzrfect laser mirror alignment.

These tests suggested that maximum efficiency (3%)
and power (6% watts) could be obtained with a tube pressure
of about 10 torr and a current of 35 mi,

For D. C. operation, the tube pressure was neld at a
value of 10 torr and the electrical input varied. Fig. I
shows the relationship between tube voliage and current,
and also between power and current., ¥Fig. J shows the
relationship between output power and current. A maximunm
pover 0f 9 watts was obtained with a current of 70 mi,

Due to th= eleciricsal instability of the system at low
currents, few experimental points were obtained ovelow
50 mi. The curve of efficiency against current shows no

clear maximum.
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_10.3 Lager Hazards and Safety Notes

10.31 Notes based on Personal Experience

The CO, laser works at a wavelength of 10.6 pm, and does
not produce directly any radiation in the visible region.
Glass, water and the cornea of the eye do not permit the
transmigsion of this wavelength. There is however danger
of physiological damage by direct burning of any part of
the body. The laser beam 1s of sufficient intensity to
cause burns eﬁen when unfocussed. If burning occurs on
the skin, pain is immediate and the normal reflex action
reduces the danger by remofing the gffected vart from the
beam by muscular action. The fingernsils however present
a greater hazard since the beam penetrates the nail and
starts to burn without immediate pain being felt.

From the forgoinz it will be realizéd tnat every
precaution must be taken to prevent tne laser beam from
impinging on any part of the person.

The dirzct fire nazard must alsc be noted. The
energy concentration in the unfocussed veam is sufficient
to inflame p=per, cardboard, wood etc., in a matter of
seconds. Firebricks or thick asbestos must be used in the
line of the beam, =" thick Perspex sheeting is useful to
eshield the anparaitus in case of sirzy rzdiation. This can
e venetrated by ithe beam but it takes time and the smell

is distinctive.
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It should be noted that all metals, even if unpolished,
are good reflectors at this wavelength thus stray
"reflections of consideration intensity can'easily cccur if
the beam impinges on metal.

Damage can occur to the eyes from secondary
emissions in the visible region when the focussed beam
impinges on a non-reflecting object. The light thus
emitted by nearly all substances is very intense and
protective glasses should be worn.

Probably the most serious hazard is the electrical
power suvply; on D. C.)12 KV can be across the electrodes
with £ A capacity. This will kill anyone who comes in

contact with the live terminal and eartn.

10.311 Simple Rules based on Personal Experience

1. Never lock into the laser tube unless tne pover supply
is switched off and you have taken the kay out.

2. Never switch the laser on with the covers removed;

The power suopply is lethal,

3. Check for metal objects which could cause stray

reflections before swvitcning on.
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. 10 32 Laser Safety Notes from S.,.R:£:

MINISTRY OF DEFENCE
SERVICES ELECTRONICS RESEARCH LABORATORY
BALDOCK Herts.

Telephone: Baldock 3351, ext,

Reply to Supmntendent quoting: 356/ 68/ IPDG/ ABJS
_ Your reference:

18th June, 1968

¥r. P. J. ".'-’a.tson,

Department of liechanical Engineering,
University of Technology,
Loughborough,

" Leies. '

1

Dear Mr. Watson,

I enclose a copy of some CO, laser safety notes prepared
by our establishment laser safety officer. These are :
intended for guidance to staff at S.Z.R.L. and, while I hope
they will be useful io0 you, we cannot accept any responsibility
for their use in safetly recommendations outside S.E.R.L.

Yours sincerely,

QQ)SWMJ&M

(&. B. J. Sulliven)



MINISCRY OF TCCHNOLOGY

SAFETY SERVICFS ORGANISATION

Safety Mcmorandum 67/67

The Carbon Dloxide Laner

The Ministry of Aviation Code of Practice on lager systems
de~ls with thooc luser quelcnvths which are tranasmitted dy the
cye to the retina.

Since the cye ic opajque to radiation from the carbon dioxide
leger, differcnt arflcty criteria are neceded.

No ‘such criteria being available at the present time, the
following inform~tion ic offered as guidance.

It hns beon established that & joules /éq.cm{ delivered in
0,5 sctcond will produce a first degree burm on the cornea,

For continuous radiation, 100 milliwatts/ﬁm has becn sold
to be a threshold of damagz:.

It ic reasonable therefore to consider 10 milliwatts/&:2
as a safe working level for contimuous radiation. Thie figure
is alro acceptod for microwave rrdiation incident on tho cyce.

This information is transitional until experimental work
being done in the United Kingdom is complete, when the results
will be incorporated in a reviscd cdition of the Code of ZPractice.

5.5.0.,
Roon 607,

Station Squarc House, . )[f"
8t. Mnry Cray, : t/{\L,'
ORPINGTCN, Kent. (B.a. WESTON)
$ 7 [5/61 Chicf Safcty Officer

I+ 205927.



SAFETY PRECAUTIONS FOR THE OPIRATION OF LASERS

OF THE CARBON DIOXIDE TYPE

The introcduction of high-power long-wave infra-red lasers of the
carbon dioxide type presents a serious hazard to the saffety of operators
and bystanders, It is essential that rigorous safety precautions are
imposed when such equipment is operated,

The nature of the hazard is somewhat different from that which had
previcusly been experienced, Radiation of wavelength greater than about
1.5 ¥ Wwill not penetrate watery body tissues more than a very short
distance, so that danger of focussed radiation damaging the retina of
the eye is virtually ebsent. However there remains the direet surface
Jheating effect of the high density radiation which carn not only burn the
skin, clothes etc,, but is particularly dangerous to the front surface
-of the eye lens, or cornes,

Little accurate work has yet been published on the effects of
high density infra-red radiation'on body tissues. However the
following damage levels have been reported, and they give some idea of

" the possible danger.
F ' Eﬂtt-—-—-‘l.h{ Vs &A-t/fvrnl(m-[('- ﬁm.l? a,('\.nc&/(
1100 watt/sq.cm., Recommendedmexirun furnace morkinglevel.,

3 watts/sg.cm for about 1 sec - almost 2lways gives immediate
mouse skin lesion.

6 watts/sq.com for 2 secs - gives corneal cataract,

13=-25 watts/sq.cm for < 1 sec - gives 3rd degree turn on skin,
15 watts/sq.cm for 1 sec - causes dense zhite corneal opacity.
50 watis/sq.cm - cornea rerforated,

O-V(JG\-\ 0&(0’&( v ‘(a.w SC"'_L-I-\-\

Recommended safety levels zrd srocedures

Since the danger is that of heating, arnd in the absence of more
detailed irvestigatiors of any other effects of long-wave infra-red
radiation, it is proposed trat the rcaximum furmace T.TOI‘EC'.Lnb level of
1/100 ratt/sc cm ve taken as the meximum permissible for the raked eye,
The mexicum permissible laser radiation level oir the unprotected skin
has 2lready bteen set at 1/10 satt in any square centimeire in any one
second pericd, Ther: is therefore a factor of ten between the two
cases, This means that the wearing of I.R. opaque enclosing gogegles will
protect the eys in tre presence of limiting skin rediation intensity,
Furtrerzore, so long a@s thz goggles are non~-solinter ard adequately
refractory, scze measwre of protection would be given azgainst accidental
exposura to more intense radistion by a2llowing time for evasive action,

All nigh-pover long-wave infra-red equipment and beam paths should
be enclosed within electriczlly interlocked non-transmitting screens,
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Access to working regions, where absolutely nacessary, should be made
through self-closing hinged panels set well below eys level., Particular
care should be taken to maintain in position suitatle refractory,
non-reflecting beam terminators, It should be noted that the - reflectivity
of an otherwise poorly-refliccting matt surface can be greatly increased
if the incident erergy causes local melting.

To extend tle "Recommended laser safety thresholds™ list to cover
the long wave infro-red case, existing copies of the undated original
note "Safety Precoutions for the Operation of Laser Equipment" should be
destroyed, and replaced by the February 1968 issue attached herewith,

P.G R.King,
Establishment Laser Sefety Adviser,

7th February, 1968

S.E.R.L.,
Baldock,
Herts,



T SATEAY PRECAUTICNS FOR TR OPFRATION OF
LA..‘::ER :'--euIP“ NIHY

Geneml potes and sonmanta

Mviro on jaser soiety procsubions il normnlly o8 the
responcit "t}' ¢3 tee Group Safety CFficey’ ., Vhen necessary, he can
coansult +he Establishment Loser Safety Advis ur.

All. Group Sefety Cfficers and prefoyodly all those directly engaged
on laser Jdevelorzont should xead the Iinistry of Aviation Code of Practice.

Poricdic ophthalaelegical :Lruper'tn.ons should be cagried out as
recemmnded in the kaACeP, .

Wnile the wearing of t:ro-mt ive glasses can Jntrcxiu"e risk on its
own account (by causing the ey to L-ecom\a dar¥it adapted, by limited
wmveband Tojection, by engendering a folss sense of sscurdty ste. ) there
are undoubtedly cLsas where they .»h-:ml be used, as for instance by using
plain glass goggies in the presence of long weve irfro~red end/or UN.

1
i

itis errtngement saves inereasing ithe mumver of Safely Officers, ard
facilitates sazy co—oxdimation cf Hiectxdcal and Laser safety
‘;I‘ﬁca‘lu_u..u.
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. SAFETY PRECAUTICHS FOR THE QPEBATICH G
: - LASFR BQULFMESTD '

The folloviing precuutions ara propused &2 a comnon basls for
o advice te bte given to Group Leaders, who are yeaponsidble for tie
aafe use of lasar cquipienis in thele zroup.

In all cases, the olfficex rasponsitle Tor sstilng up row laser
eguirmant, or modifying existing equipment, shoulé comauly the
Croup Safety Officer ard agrse on the safeiy measures to bo talen, The
Establichoent Lassr Safety Adviesr can be comsulied if necegsary.

T4 amist be evpleglzed that the electrical zide of lasew npraraius
can be more dungerous than the lagser radiation, so that the lilsctzlcal
Safety fode of Trectiee muct also be obsesved in all eazen,
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Lasay systenms wiuch can produce wadictiow levels greater than
thezo spesified in the cirvent Lozer Saledy Uhreshold Racompendations
(s00 Apgendix) should in ail possible casce be confinsd within an
enclosure such that no henaxdsous ndiation can emorgs, The pature of
-this encicsurs moy rones fro; sccutely fixed or aleeirically intsrlocdred
seveening to en entire laboratory. In the lattor typs of cane, excepl
In the special clrsumstances discussed bezlow, no parson skell femaln
within the enclozure whils the lasar is operatine, A1l such laazer
rretection enclosures muat corry a prominent rotice moading: LASER
HOUIPHIETL, OZSEXVE 'DANCERQUS LASER' SAFEYY PRUCAUTIONS REFORE
QPZIING., .

Circumstances mey arise wnich meks it impossible U5 seresn off
eampletoly from an opzrafor or oovsarver ceriain . dangorsus lszelr apparetus,
a3 for exsumplo whon adjusizents or obssrveibions sl Te zude to an
expericental Zager, or ond widch i3 nomually conlined within a salety
enaiosure, ALl syotona ard cireumshances of thds nabuye will
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clagsifizd 'DANGERCUS LAGHEL' and the foliewing piscousionz shall be
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AL L T v N - - g -
1DANGTR0US LASERY Jafely Precauiiong

Accoss to dansovous laser rediatlon sust teo deuled to other meombexrs
of the lavcratory, visitors, and members of Une gonozal pabtlic by oeens
of & sufficienily roibuct and cpaque enclosurs ar by the erzeiion of
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barriors 2% the 1inids of the dancerauc ircsdiniion orea,
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Unsre the encleoures can W srternd, the andrance

regicns mist be fitied vith interiocks sueh thot it is not possipls o
opaieia the lescr il Tis enbivnees aro open, After such an inforiger
- . . R

Iy e e T magimem - oy 3 P T T ey e ey L e
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larer without opernting o monuzl xeseh 2t ihse conirol polint, 0 &

- .- 3 - e i .y Hoad Al o 3, -+ o3 T LY Ty Ry T -
leser i5 normsilly coernted from oublsilse the erclesuss than o clangeover

siten et b fitted fo allow any owerslor viihin the enclesure to
szume overnll cantiwnl, Iscletdng awliitchsas wmast B2 cusily aecezidlice to

Ay posiilon vidhin ths. enclosero,
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Adequate smrning must bs glven by the opdrator to others wltivn

tho er'ﬂ ceure that tho lager is about: to he swiiched on, a sulficient

imtarryal being 2l icwed for anyeny within ths auclodure o roten on

iscleting ewitch iF mosasoary, han any denpmiouwd 1:;&&- ic opzrasing
th:‘..'i a-sefely onclosure enpevlio of belng eniered, thewe shail W on

-illw:.r ced sign at all entrunces "o the anclosure wcrded LDANETR - LASIR ON.

A1l stal? '"oz'l'::.nz: in Dengorous lLacer BLDRS 0TS te Lo sdoquately
trained ard oxwper m.cen or supexviced uwnvil thoy acquiTe tho maesadary
knovledgd evd expoirienco,. Induateie]l staff may ¥ not ender & Dangerous
Laser exea whilie any of the werning signs &30 on,

Thile Cangexous 6_‘Lat:o“ kas to bo pvo pagated outslde the
.'U"b.,:mto- erd 23l the feorzgning p!.“"@“"!.l"i cannct e apnl iml, han tha
offfcer in ohorm of the eculpment muctd cnouxs ftha’ the p'"a‘%.: oo irredisted
area 2093 nol includs ~ny ground on thich e pablic mignt vintase amdfor
Gsure by gooa di. su-.ptz;ns ol a scund il that the lecer gyaten i
nyt operatod vhen mowness of the wiblic are in fhe potentially hamoideus

arva., MApproprizto osfety precautions ahnll of courss 3tiil o observed
within too leboreiory.



APPENDIX

PROCEDURE FCR ASSESSING LASER RISK TO THE ZYB

SUBOLS

et €NCTTY en‘.;ering pupl.l . ) - = 3 Joules
enorgy density 2t retina - . = E, joule.é/mx_z
power entering pupll T . m wwatts
pOVET ezrfd:teé. {ron laser . _ ' & ";’1 watts

A pulsze length . | = t secs
diaoetor of retinal image - | . w 1 cms
dlameter of pupil : = 4 cms
‘dlameter of laser beam incident on the e&e = 1 cms
dizmster of laser spot on targel ' = Lems
distance of taryet from eys a2 R cms
focal length of aye e F ooz (= f.7cma)
beam divergence ‘ a ©rads

CALCULATTICN OF RETOUY, IMAGE DIANETER
Choose the largest valus from the follewing possi'nilities:
(a) Gocmetrical imaging

Diffuse reflection from an illumirated terget dlazeter I cems at range
3 ms _ .

1=1,71/
(b) Direct incidence of solid state laser vecm
If the basic divergence of the team is @,
- i= 1,76

(¢} Image lismited by diffroction st the pupil

I the pu-;..“L is fully silluminated with direct or secatiexcd laser

- radietion and its diameier is d ia wpa, then, if tie wavelongih 13 lp

in microns
( @ variea from 2 :a to 6 z=m,

1=2.35 x10 2/ deperding on whether the eyo
pes iz lighte ox ..t-ndp 5hed )




(d) Imge limited by diffraction in the leser boeam itaelf

If' the diameter of the leser bean pasaing. through th\.- pupll 4=
1 in cms (2 <d), then if the wavelength is My in miorens

12,35 x 10“"x¢;

(e} Eyo reaclution

inSx‘lO‘h'

CALCGULATICN OF EFFRCTIVE RADIATION
(a) Direct laser beam, smaller than pupil,
411 radiation effective.
< 722 2
E. = 4j/73° joules /o
W o= W wolls

(o) Direct loser bosm of diameter 1 (5 a)

. s otn . 242

Incident energy at pupil modifizd by a ppmx, i“/x

(¢) Diffuse refleciler frou on Lilundaaied targot.

Z pn
} = §,d° AR
’ 22
o= #1d‘/2y3
-EVALULTTICN CF PASK

. 2 .

If ixrediztion time is less thian 0,1 sce, eaioculade Jovies/em” in
the retinal :m“.ge and c,. ol 1 this s grecter ihnn the rocromended
threahold For that parsiculer irradistion times, '

If tha irmdiation time is griater than 0,1 .;ec, ¢nlculate thae
vatts in the zeiinel imegs, and check thet thnis is not greatsx ithan the
recorrpended thracheld,

If the irmediaticn consinis o‘“ a train of higs reveiiilson rale
pulces, cheds that neither (n) o singie ong of those p‘d._..n.:J ncr ()
tho tinms sveramed wotis in tne retinzgl imags over o poried of Ol zeca

GXC204S The reocumended vilies,

RECOMMENDED LASER SAFETT THAFSEILDS  JUND 1965

sy
Pulse lenzih Sefai Taroshald (3)
et
4 o= 1000 nd 1 :r.J/ iu the rotir: i;m:;;fe
1-= 1000 .8 4“0 d/--- £ the rotbinal 3 innge
1= 100 us 160 mw> /cm in he rotlial dwmigo
£



0,1 s8¢ =« LML

On ay bt of the

eneY Cy iacknent during any reviod of 1 zseond shovld
Joules on any squere cemtimsire wezerdizss of hov the ernexyy is
ui.:tn babed or concentratad witniuv that

100 B indo the metimal imagce

- {37 the retinnl image d:x.r\':f‘t v is
knotm to 21s betwecon n,2) oo an&_
¥ wn, 1 mk should te accoptablo)

T

body either than the eve, ihe total laser

net exoeacd Q.1
e
souare continmeireo,

For rzdiation of wavelength greater tban 1,5 p, averege power
density incident on the eye must not exceed 10 mV/sg,ca.

CHOR L-’ .
Baldock, .
Herts,

February, 1568,
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10.4 Laser Operating Procedure

10,41 A.C, Operation

1, Connect main laser electrodes to output terminals of
ld kV transformer, énsuring that neither electrode is
earthed.

2. Connect A. C. ammeter (100 mAj between central
terminals of output winding of tfansformer.

3. Connect 12 XKV voltmeter across laser electrodes.

LL, Close gas cylinder valve (See Fig. 7.2.5)

5. Switch on vacuum pump.

6. Connect vacuum pump inlet to laser outlet valve,
open laser inlet vzlve, open lassr inlet needle valve.

7. Allow system to pump down 10 below 1 torr pressure.
8. Close laser outlet valve. Close needle valve.

o. Open gas cylinder valve and open regulator to about
one division. |

10, Oﬁen needle valve 10 divisions.

11. Allow vressure to rise to 20 torr.

12. Open laser outlet valve about % turn.

13. Turn cn cooling water and ensure that there is a
moderate flow fhrough tube jacket and elecirode vive.

1h. SBwitch on 240 volt A. C. supply to 10 XV transformer.
15. Adjust lassr outlet valve to give steady tule pressure
of 10 torr.

16. Allow 10 minutes for laser t0 warm up before making

adjustments to mirrors o obtain maximum output.
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10,42 D.C. Operation

1. Connect R, H., laser electrode to live output from
EHT unit via 15k & resistor (see Fig. 7.2.6) "

2. Connect L, H. laser eléctrode via ammeter and tfip
relay R3 to eartin.

3, Connect 12kV voltmeter across laser electrodes.
L. - 13, :- as for AC overation.

1. Close needle valve and allow pressure to fall to

6 torr.

15. Turn variac toc zero.

16, Switch on main switch (L.H. side of control panel)
17. Turn on Key switch.

18. Press start butteon.

19. Increase variac setiing until gas in tube conducts.
20. Reduce variac s=stting to keep current belov 120 mA,
21. Open needle valve 10 divisions.-

22. Allow pressure to rise to 10 torr, using variac to
maintain constant current of 90-120 mA.

23. Adjust laser outlet valve to give steady pressure
of 10 torr.

2h. Allow 15 minutes vefore adjusting mirrors to obtain

maximum output.

10.43 Shutting Dovmn Procedure

1. Switch off electricity supply to laser tube (press

_STOP button on D.C.),
2., Shut all gas cylinder valves,

3. Switch off wvacuum pump and disconnect inlet pipe.

i, Turn off cooling water.
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10.4: Mirror Alignment.

1. Pump down laser tube to 10 torr or below.

2. Check that electricify supplies to laser tube are

off and cannot be re-connected by accident.

3. Remove laser tube cover,

L. Arrange bright light to shine on R. H. end of laser
tube towzards mirror. |

5. Slacken off all mirror adjusting screws so that
mirrors are held on their '0' rings by vacuum only.

6. Look through window at-L. H. end and adjust solid
mirror at R, H. end by screwing in adjusting screws until

a symmetrical reflection is seen; the window should appear
as a plack dot in the centre of the mirror.

7. Adjust to L. H. mirror by screwing in the adjusting
screws until the inside of the tube appears as a series of
concentric circles.

8. Revlace tube cover.

N. B, If the laser doss not lase immediately wnen switcned
on after static mirror alignment, it should be switched off

and the procedure repeated.
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10.5 Properties of Ink and Paper

The ink used for 5oth parts of the work was Xerographic.
Toner manufactured for use in the copying machines of Rank
Xerox Ltd. Tne manufacturers were unable to supply details
of the physical propsrties of the ink. They did however say
that it was covered by British Patent No., 893,332 (1958).
This describes a toner consisting of a resin mixed with
carbon black with a particle size range between lpm and 20pm.

icztion it did not se=m to be rosszible to

Hy

Trom this svpeci
aséign avseclutz Vaiuas o maysical wropsriies to ths ink in
qusshion., BSoms tests were therefore nerformed to discover
some properties,

Particls size anslysis reveaied a sige range from 5 to
10 Jum. Differenticl thermel analysis gave a rmelting point

of 336K,a heat of fusion of 1.3 J/z =nd L4L31X as the temperature

at which degrzdation commenced. Samples of paper were

weighed and measured fto detsrmine density.

)
=

or

Trom a 1i

Py

1.

erature survey of the thermal propariiss of

W

paper snd various plastices, values were assumad fer ihe

properties 7nicn are Tebulzsied on nzsz 101



Assumed Propeptias of ITnk ond Foner

Propsrty

Density

Specific lieat

Thermal Conductivitiy
Thermal Diffusivity
Latent Heat (fusion)
Melting 'Pemperature
Degradation Tewperature
Emissivity (-Hﬁm)
Imissivity (1Opam)

Layer Thickness

Symbol,

w
C

K

Om
04

mm

Tnle
1.3 x 10"5

]--7

-6

100- %00% 10
L5 - 140 x 10

1.3

336

L31

0.97

0.96

0.025

Pavper

0.8 x 1077

1.
100
100

3

0.34
0.96
0.1

10T
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Cost of Consuﬁables for different Printing Processes

The costs quoted are in pence per sauare metre of

printed material, in 1971 and are agproximates.

Cost

A) Processes using paver only : (p/mz)
1. Electro-sensitive Paper 135
2. Heat-sensitive Paper (Thermofax) 95
3. Photosensitive (UV recorder paper) : 60
B) Processes using paver and ink
1. Xerography or

Laser printing , 30
2. Tlectrofax (R.C.A.) ' ‘ L0
3,  Magnetic (S.T.L) 35

L. TElectrostatic (Gould) 35
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ng.

3.2.1 Table of Non-iechanical Printers.

' _ abcdefghlaglgggpl
TLLUM, [CHAR. _ . N P
ciARACTER [OFTT CAL :DOTS T - _
GENERATI ON L SCAINING e
- c R.T., _DOT KATRIX 1=
T _I CHAR. MATRIX * 7
ELECTRO 'WIRES ] R ;
ISTATIC 1HIR"D C.R.T. 0 S I
MAGNET, IARRAY 7
o LASER ' SCANNED L : o
INTERMEDIATE HEDIUM (DRUL ) A CRCE
PLA_'_[N X - ¥
' PEOTOGRAPH, ¥ % ¥ i
PAPER I TREATED | ELECTROFAX _ k% !
. PLASTIC ¥y :
{ELEC. SENS. : *
sCﬁ?NIC1L j EE N T
CASCADE _ pow wOE
DEVELOPHENT!| DRY INK . BRUSH i P !
(BATH ; i i
i "ATROSOL ! ] *
- LI2UID .BATH i h
HT]AT ! ] E 3 Lk T -.'t*
FIXING CCHEMICAL i R
o ' [PRASSURE : E) '
RUNNING 'CONTIN PR EL I
:INTTRNIT. i G
' ACCESS TTTMMED. a : FEAE
,DWLAYED O R T P
a; Russian 1952 22/1ug 200 Ch./s
b) Battelle 1958 3/25
c) Stromberg c.1958 3/21 7000 Ch./s
d) Ferranti 1959 3/9 '
e) Rank 1959 3/22 5000 Ch./s
f) Burroughs 1959 3/29 15000 Ch,/s
g) A.B.Dick 1960 3/26 20000 Ch./s
h) R.C.A. 1961 3/12 10000 Ch./s
i) Anon. 1963 3/10 5000 Ch./s
j) $.C.3070 1963 3/19 500 Ch./s
k) Radiation  196L 3/32 63000 Ch./s
1) Xeronic 1964 z/2h 5000 Ch.
m) Ferrodot 1967 3/35 500 Ch.
(n) Goula 1970 6900 Ch./s’
Eo P.J.. Eag 1963 7200 Ch./s;
p) P.J.%. (B 1965 7200 Cnh./s
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Fig, 5.1.1 Diagram of Stages in Xerography
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iz, 5,1.2 Dizgram of Pronosed Printer
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Pig, 5.2.1 Diagram of Xerographic TestRig
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Coptpue
s

Pig, 5.2.2 Photograph of Test Rig.
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* TO VACUUM CLEANER
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AIR

Pig, 5.2.2 Diagram of Trkine Svsisn
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Sanmple

Fig. 5.3.6 Half Tone Printing
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Fig. 7.2.1 Photograph of Laser
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Pig. 7.3.1 Photograph of Turntable Apparatus
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(a) Typical Spot from Region 'B' (x90)

(b) Typical Spot from Region 'C' (%90)

Fig., 7.3.10 Microphotographs of Fused Ink Spots
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(d) Typical Spot from Region 'E' (x90)



(e)

(£) Typical Spot Produced by Chopping (x90)
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