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ANY interesting and instructive volumes
M have been written on the subject of photo-
graphic lenses, but in the main these have treated
of the construction of the finished product rather
than the methods used to achieve such results.

The constant growth of the use of anastigmat
lenses has led us to believe that a treatise on the
production of a modern photographic lens from
its very beginning would at least prove to be of
interest to both the owner and prospective owner
of such lenses.

For obvious reasons we have used the famous
Carl Zeiss works at Jena as an example, but the
methods described may be that of any manufac-
turer of high grade objectives.

If, therefore, our story will enable the reader
to gain a clearer insight into the whys and where-
fores of anastigmat lenses, it will not have been
written in vain.

HAROLD M. BENNETT






Photographic Lenses

and how they are made

HE history of the develop-
ment of the photographic lens
furnishes the key to all other

progress in photography, for
every advance in the chemistry and
practice of photography has had its
pace set by the optical capacity of
the photographic lens, and so it has
 about that a height of develop-
ment has been attained which far
transcends the wildest imagination
of the past. Yet how many people
b e
ception of the infinite_amount of
genius and toil which lies recorded
in the life history of a modern pho-
tographic lens? Such a lens is in-
deed so wonderful an cpitome of
mental effort and mechanical_skill
that it may be worth our while to
retrace its path from the computer’s
mind to the photographic camera.
The photographic_ objectives, as
now used for practical purposes, con-
sist of a more or less extensive num-
ber of component lenses. It may
be asked why this should be so, since
it is well known that an ordinary
reading glass is capable of producing
upon the ground glass screen of the
camera an image of external objects.
This is truc enough, but so soon as
we proceed to examine such an
image more closely, we shallsee that
it is hopelessly defective.
i
esired and such as it s, it rapidly
declines from the middle
edge of the image. The i
may not be so very sriking when
the image is viewed mera
e e bat e e
in all their glaring intensity when
recorded upon the photographic
plate. Photography here introduces
requirements which at once places
the photographic lens in the cate-
gory of difficult problems, and in-
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deed it has taken generations to
solve them step by step. A single
16853 cantin ISl Hhcie Feqies
ments to any degree, and it needs
therefore a combination of several
enses to overcome the many defects
which arise.  Modern photographic
lenses are accordingly composed of a
considerable number of le
most cases they comprise 4, 6, in-
deed 8, and even 10 lenses associated
to form an objective. From this it
must not be thought that the mere
number of component lenses of
which an objective is made up is a
ariteion ofis quali

ote the construction of the Zeiss
Dodle patar. The combinacion
consists enses arranged in sets
G i o (et T
Canada balsam. ~ Each of the three
front lenses, or of the three back
Lenses, is made of a distinct kind of
Why chis is so you will see
later. The Zeiss Tessar construc-
tion is comparatively simple, for it
consists only of four thin lenses,
two of which are cemented together,
while the other pair is separated by
a stratum of air, forming the so-
called_ air-space lens. While the
objective is simple cnough as far as
the mere number of lenses is con-
cerned, its actual manufacture de-

treme degree of preci-

: the distance between the lei

s to
1100 millimetre
1-2500th part of an inch.

et us now sce what ar
sential defects of a simple len
stand in the way of the formation of
sharply defined images and which
force the optician to employ such
complicated means.

We cannot possibly attempt to
enter into the theory photo-
graphic lens, but we shall do well to




briefly consider the general aspect of
lens defects.
mt

ra;

s which fall upon a_con-
verging T, o (37 by (TS
reading glass, near the rim of the
lens are refracted towards the axis in
a more pronounced degree than
those which are incident at the
middle. In consequence rays which
proceed from a point are not made
to meet exactly at another point,
and hence, the’ resulting image of
the point is far from sharp. The
defect which arises from this source
is called spherical aberration.

White daylight, as well as the
light from artificial sources, consists
of rays of different colors and quali-
ties, which in the ageregate con-
stitute what we know as white
These rays of different qualities are
refracted by a lens in different de-
arees, which  occasions
species of image defects.
defects are comprised_under_the
term “chromatic aberration.” They
are far more pronounced in the case
of oblique and skew than in
thee S e ATy e
axis, so that, the sharpness of the
image deteriorates very rapidly
from the centre to the edge.  Since
both these defects are turned to ad-
vantage in the making of soft focus
enses, they will be more fully ex-
plained under that heading.

ple lens, moreover, fails to
e straight lines near the
edge of the image as straight lines.
On the contrary it gives rise to di
tortions whic requently en-
tirely vitiate the picture. The na-
tare and incensiy of these disior

tions depend upon the form of

lens and the position of the stop.
gain, the image formed by a
simple lens does not lie in one plane,
bucon a spherical surface, nd hnce
ossible to obtain an image
Chh T i o (s Gt Fidh
without re-focusing, also at the
edges.  Another _exceedingly dis-
efect arises from astigma-

, which likewise occasions
e sharpness

of the image towards the edges.

All these defects, with the excep-
tion of distortion, can be lessened or
removed by the use of small stops,
—that is_true enough. But this
greatly diminishes the light-trans-
mitting power of the lens so that it
becomes much too slow for taking
instantancous photographs. - Mod-
ern photography demands, there-

jectives in which all these
defects are corrected from the out-
set, so that they will give sharp and
undistorted pictures over the entire
plate when working at full aperture.
The spherical and chromatic aber-
rations can be removed by cement-
ing together

N e
ertics, so that their defects may be
similar but opposite in kind, and so
neutralizing the errors. By this
means we obtain a landscape lens.
Two landscape lenses of this kind
facing cach other and having a stop
in the middle between them form
an aplanatic_or Rapid Rectilincar
ens, in which the correction o
spherical and  chromatic defects
goes hand in hand with the climina-
tion of the coma, a form of spherical
R o Gl I
that the very objectionable defects,
due to_astigmatism, may be re-
moved, it is necessary to add further
Ienses or to construct the objective
on a different plan altoget]

For a long time it was thought to
be impossible to remove the two
Inst named defects, or at least to
emove them both at the same time,
since no glasses were then in
tence by which theoretical ac
s ol 5 e P e
When new glasses were discovered
it became_possible to make great
advances in improvement of
photographic_lenses, and so lenses
came into being in which these two
et et (han v G
absent, or at least reduced to a prac-
tically inappreciable amount.

We have observed that the var.
ious lens re made_ up of
o o G vt £
detached and partly cem-




ented lenses.  Each of the two or
three front or back lenses of a com-
bination consists of distinct kinds of
glass which are the outcome of very
exact trials. The cementing med-
ium is Canada balsam.

As we have already scen, the
glass of which the lenses are made is
not an arbitrary matter. On the
contrary, this glass must have very
definite qualities. Foremost among
these qualities are the refractive
index and_ the color dispersion. A
pencil of light passing through a
prism is deflected from its original
course. The degree of the deflec-
tion depends upon the refractive
power of the glass of which the
prism is made. The refracted pen-
il spreads out as it passes through
the prism, so that when it reaches a
white scren it does not form an ex-
act_image of the narrow slit from
which it procceded, but will be seen
to have been drawn out into a col-
ored band. The prism does not
refract uniformly all the colored
rays of which the white light is made
up. Tt deflects the violet and blue
rays to a greater extent than the
green rays and these again to a
greater exeent than the yellow and

ed rays. In conesquence, the col-
S P ATk e
not meet in one place, where their
mixture would have furnished white
light, but are ranged side by side,
thercby forming the spectrium, of
which we have a familiar example
in the rainbow. The color dis

persion varies widely for different
Kinds of glass. Many lasses pro-
duce long ba cld much

G
Ste Pt o Gt 010 he
end is more. distended; in others
this happens a end. We
thus see why simple lenses, which
are simply curved prisms, are bound
to have the defect of chromatic
aberration.

Formerly it was believed the color
dispersion and refractive power were
mutually dependent. They are so,
as a matter of fact, more or less, but
not to anything like the extent as
was supposed, at a time when crown

and flint glasses only were known.
The crown glasses have a compara-
tively low refractive power and at
the same time are only able to form
a short spectrum band, whereas in
the case of the flint glasses a high
refractive power is associated with a
sonsiderable amount of dispersion
The manufacture of modern optical

glasses, however, has rendered large.
Iy ficeitious the old distinction he-
tween crown and flint glasses, in
that now there are glasses which
have a comparatively low refractive
power and nevertheless furnish spec-
trum bands of great length and con-
versely. With two kinds of glass,
that i to say, an old crown glass and
flint glass, it is not possible to unite
more than two colors, say yellow
and lue, at a single point.” The
remaining rays continue to give rise
to a more or les noticeable blurred
fringe, which is known as the
“Secondary ~spectrum.” hoto-

graphic lenses with a secondary
well adap-

pus
photography, and it is not till we
come to face the problems of three-
color photography that it becomes
necessary to bring to a common
focus other colors of the spectrum,
i. c., red. Objectives of this order
of correction ‘are called “apochro-
matic lenses.” " The
almost exclusively in photographic
process worl

The two classes of the old
crown and flint glasses were for a
long time the only means which
were available for the construction
of lenses. Fraunhofer, at the begin-
ning of the last century, realized
that these two_kinds did not suffice
for the realization of his newly com-
puted telescope  object is
RO saying oo much that Fraurc
hofer inaugurated by his achieve-
ments the cra of modern applied
optics. It was_he who first asso-
ciated systematic knowledge and a
scientific system with the art of lens
making, which until then had been
a mere matter of handicraft. He
was also first to describe exact




methods for maling strcely spheri
cal surfac
Wonierll-aanre the achiove-
ments of Fraunhofer, chere stil re-
el () (Rt ah (I @
e Tl tE oo rraste
now in use could be developed,
il prneirtt Chamants off pernt
skill has now been superseded in a
large degree by a highly organized
system of mass production with the
assistance of every available devel-
oped and minutely elaborated scien-

ing the optical properties of glass b

introducing new materials into their
formulas. He  became ~ associated
with Prof. Abbe, who had at once
realized the full significance of these
experiments. It is to their system-
atic combined working that we owe
the unexampled development of
modern practical optics. As Abbe
had done in the making of lenses, so
Schott procecded along strictly sci-
entific Tines in his experimental
glass smelting operations, in that he

dfic and
This is apparent in the construction
of a combination of lenses. In the
old days the optician guided by ex-
perience and a_ more or less trus-
worthy intuition, would grind lenses
li viow o 0 G, o B
and rhm proceed to vary the cur:
vatures of the lenses and their com-
et | O Gk et
was attained in a more or less com-
plete manner.

s procedure by trial and error
was a_tedious and’ uncertain busi-
ness. Fraunhofer was the first to
replace it, at least to a considerable
extent, by a system of predetermina-
tion. 'This method ‘was furthe
developed by Steinheil. It was,
e i o . A G
then Director of the University
Observatory at Jena and subse-
quently head of the Carl Zeiss
Works, to evolve a complete system
of predetermination of all ke data
for the construction of microscopic
objectives made by Carl Zeiss.
Despite all these achievements there

would have been little tangible ad-
vance in applied scientific optics,
if a want of suitable glasses had been
allowed to peristenty stand in the
way of the improvement of optical
St e o A \yho

site g]m: were at the disposal of the
roducers of lenses. Inspired by
is reiterated utterances, Dr. Otto

Schott, who had mdumted in the
sl B N pire B
ey Gorual (IG  vre

cally investigated the cor-
rcl'mons between the optical con-
stants of the glasses and their com-
o Eo Ble G o G B
Sadion o s Gttt
succeeded in the course of his ex-
periments in_producing glasses the
properties of which had formerly
cen a pious dream-wish of investi-
ators, but the falfllment of which
ad never been looked for as a real-
izable thing.
cfore we proceed to consider the
making of lenses we shall do well to
review the process by which the op-
tical lenses are made, and we shall
do 5o in the form of an imaginary
tour of inspection through a modern
optical glass works, such as the
Jena glass works.
While pasing che cnormous strcs
of raw materials which the cstab-
Tiimans e, opnsy s el
ated e a Sl b ol Ttorealise
how the opaque substances which
he there sees heaped up, come to
furnish the beautifully clear and
trangparent material which heafter-
Chemically
considered, glass is a solid solution
e gl e i, o
obiained by fusing togecher quarcs
sand, soda ai
These su hsnnccs were in the main
the raw materials from which the
old glasses were T
ials from which the new optical
Hlrees fromis e o adhin
borates, phosphates, barium com-
pounds, lead compounds, and fluor-
ites, hence metals, such as sodium,
barfum, and lead, are likewise
among  the constituents of these

.2
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water-clear glasses. Some kinds of
int glass contain cven as much as
seventy per cent of their weight
of lead and are nevertheless per-
fectly transparent.

Bvery kind of glass is btained by
melting a mixture of these com-
ounds, and naturally every glass
i e e

The technical cffect of the fusion
of the optical glass is as interesting
as its production is diffi The
trouble begins with the plcp'\mllon
of the melting pots, which are made
of alumina. The material of which
they are made should part with
little or nothing to the mass of the
melting glass. On the other hand,
they must be able to resist the enor-
mous heat of the boiling mass. The
pots are_accordingly made on the
spot.  The pots, some five feet in
diameter, are stored in a gigantic
shed accommodating on the ager
gate one thousand pots. Storage
et M S B ot
as the pots require to stand for

In the event of the pots
aving a flaw, such as an externally
invisihle, ctack which has: formed

y
burst during the
process of melting, with the result
that their valuable contents are lost.
The component materials for the
various meltings are stored in large
silocs. They_are mixed mechani
y. The mixture is heaped up in
the pot and melted down by gaseous
fuel Sna of about 1500°
C. (2750° Fahrenhcit.) During the
e o S P T
act upon one another and gases form
which rise in bubbles within_the
more or less viscous mass. This
is also the reason why it is not pos-
sible to obtain optical glass which is
entirely free from bubbles, For a
long time the success attending these
melting operations was very incom-

plete, and only a small portion of
the ingot had the desired properties
owing to imperfect mixing. This

evil can be overcome to a certain
extent by stirring. The idea of
stirring the incandescent liquid mass
was simple enough, but it is never-

for optical purposes.
s done with the aid

b i e

gear within the melting furnace so

a5 to dip vertically into the molten

mass, and is moved ¢

circle, until all dmm,m

process
fore i s complete.

samplc supplies 2 x,ri\::rlon as to
whether the homogencous fusion of
the ingot is complete. As soon as
this is found to be satisfactory the
melting pot with its contents of
about two_tons of incandescent
liquid mass is drawn from the fire by
means of large tongs moving on
trolleys. The pot, which is white-
hot, is transferred to another fur-
nace, where it is allowed to coo
down slowly within a_ week.
i G e T B e
contracts and in so doing breaks up
into irregular picces resembling ice
blocks. In many cases the pot
breaks up as well in conscquence of
the strains sctup by this contraction.
e resulting pieces of glass are
then sorted, and cracked pieces are
completely severed with a hand
hammer, so that any cracks which
may already be present may not
i e e
the material comes to be worked up
later on. From the resulting broken
up pieces the good ones only are
selected for the purpose of reducing
them to the regular form of plates
which the optician receives for mak-
ing his lenses and prisms.




The rough pieces picked out in
this way are then remoulded in a
separate re-heating furnace in rec

tangular moulds of fireclay
the glass becomes viscous, 50 15 to
fill the mould. When
the gl e e sh.’lpc &
the mould it is subjected to the fine

annealing process, a very slow cool-
ing which usually requires one
month, but in the cases of large

pices may be extended oyer a per-
iod of 2 to 3 months. This slow
cooling is necessary to free the glass
from internal strains: for, thoug]
ng has the cffect of pro-
ducing a chemically homogencous

pression acquires the properties of
erystalline bodies and is_double
refracting, that is to say, it splits
up a single incident ray into two
rays. It goes without saying that
this is a property which car
a moment be tolerated in a photo-
graphic lens. Befor
passed on to the opti
[ il ot s s
internal strains as well as the pres-
ence of striae, or veins. _This,
however, cannot be done without
further preparation, for the
plates as Faratshediby the res it
ing process are not transparent but
have a rough and uneven surface.
The plate is therefore roughlyground
and polished on two opposite
so that the glass may be tested by
transmitted light with respect to
the presence of bubbles and striac.
Experienced workmen, - look
i i 4 RO bk O G
lace oyards a suiable source of
ight, such as a mercury vapor lamp,
once recognize.those portions of
the glass which differ from the ad-
joining portions by a difference in
the light-refracting properties. If
we let a drop of sugar solution fall
into a tumblerful of water, the sugar
solution, being heavier than water,
will sink to the bottom, and in do-

ing so_ it will leave a visible trail
which is due to the dilute sugar solu-
tion having a refractive index differ-
ing from that of pure water. The
striac in glass present a very similar
appearance. Closcly packed  fine
striac are dangerous cnemies, and
and any piece of glass containing
these is at once rejected. Fre-
quently flaws arise which in their
appearance resemble a fine lace tex-
ture stretched across the mass of
glass. These cloudy layers arise
from the re-fusion during the re-
moulding process of a crack in the
dass, which has escaped observa-
tion in the previous tests. The
At (b
as we have scen, occasions donble
refraction within the glass, is made
by polarised light.

Slabs obtained from the ingot are
placed side by side over a large black
glass mirror sct at an appro
angle and examined through a Nicol
prism which travels along a rail.
There is a source of light in front of
which is placed a Nicol prism, the
so-called polariser, from which polar-
ised light proceeds to_the right to-
wards the observer. - This polarised
light passes through the glass block
e A R e e
fully examined from place o place
telescope focused up-

S TG e e e
in front of it another Nicol prism,
the lled analyser. When the

polariser and analyser are in such a
position relative to cach other that
B Bt i b Con fr 05
Sishtaneics o bach aihed o light
will reach the eye of the observer
unless refracted out of direct line
by the glass being tested. If the
glass is normal, no refraction will
take place, but if there are any
strains in the glass they will give
rise to @ rotation of the planes o

tion, and show as beauti-
rnnv colored irregular patches.

In the end it is found after the
application of these preliminary
tests that about 85 per cent of the
whole mass of glass is to be rejected
asuseless,also that a hundred-weight




of glass produced often furnishes
onl\ 5 i o s i o
adapted for optical purposes. T
rejected glass cannot be redeemed
by remelting but has to be sold as
waste product to other glass-houses
where glass is used for the manufac-
ture of ordinary glassware. For
any attempt at re-melting would
only have the effect of producing
dlass in which the flaws 1o be
avoided would be present
accentuated degree.

When glass is required for mak-
ing lenses over 12 inches in diameter
it follows from all this that the
picces obtained from a_broken-up
Bot of glass cannof be used, and
becomes necessary in this case to
pour the liquid mass into a large
iron mould and allow it o cool there-
in quite slowly. As before, the sur-
face o this moulded picce ¢ polished
at two places on both sides. The
Sssble portions are picked out and
trimmed and then re-moulded in
the usual way. The glass is now
ready posal to the manufac-
i oo s

v the latter it still requires to be

tested with respect to its optical
constants, for_ different batches are
not identical in their optical prop-
erties.  Despite the exercise of the
e A e
tituents there are always small var.
fations. The manufacturing opt
cian therefore cuts from the plates
supplied to him small pieces, which
he proceeds to grind and pol
the form of prisms to enable |

m to
ascertain the optical constants. The
de\v tions from the standard values

of the optical
instrument for which the glas
quired need therefore some dight
ectification by small alceral
i o, oy, (e
lenses, their distances .
as to bring them into line with the
slight variations in the constants,
uming, of course, that the caleu.
lator has_completed
mentally important

work

1

computation of the entire system of
lenses.

The mathematical methods of
optical computation cannot be gone

into here. It must suffice to say
that all the requisite_data_has to
be laboriously caleulated in  suc-

cession with the aid of trigonometri-
cal formulae. \\hen a sucL:‘ssful

S et ol
ments an exact
deseription of the r
et e
glass to be used is handed into the
werkshop
rst step there is to make the
arinding tools which are required to
shape the lenses. These are in the
form of flat cups of cast iron or brass
having the reverse curvature to
that which the finished lens is re
T oo e T AR e
verging lens with a convex surface
a concave tool is accordingly re-
quired, whereas a mushroom-headed
tool will be ngeded for making acon-
cave lens. The surfaces of these
tools are turned on the lathe with
the utmost precision with the assis-
tance of fine measuring instruments.
Before proceeding to grind the lenses
the unworked glass plates require to
be reduced to a form which will save
a maximum of material and lab
The plates are accordingly cut in-
tle thicker
p()r\'i(m of the

given ru]\tlre.
drawing with a

- %

awing opes
i i
w, the blade of

form
kind of fiddle-bow
which was replaced by a steel wire.
By

means of this, together with
nd water, the glass w
sawed into picces. Today this is
with the aid of s ro-
f which is
e e A splinters.
The wheel is set in very rapid rota-
tion by a motor and cuts up the
gh:; a very short time. The ap-
mate contour of the required
I e o
the sl of glass, and.all superfiuous
material_nibbled off by mean
pliers with soft iron jaws.

The



piece is then given an approximately
circular form on a_grinding stone
with the assistance of sand and water.
When the piece has been prepare
in this way in the rough the operation
of lens grind ‘

The grinding tools which have
already been described are moved to

by it is pressed against the tool. It
is usual to grind several lenses to-
gether by cementing a considerable
number of them to a large tool of
the reverse curvature and working
them joinly.

The abrading material used is
emery together with water. Coarse
o s Gl B o e
ing the required form. By the
gradual introduction of finer grades
of emery the rough portions of the
surface are smoothed down, until
finally it presents a finely-greyed
appearance. workmen  con-
trol the grinding process and see to
it that there is always sufficient

tween the work piece and tool.
During the process of grinding, the
surfaces are constantly tested by
delicate measuring instruments. Eo-
ery surface of cach single lens is cx-
amined repeatedly in this way. Since
the tools themselves are subject to
abrasion during the process they
ves require to be continu-
o e Tz el
Apart from the prescribed curva-
tures of the surfaces of the lenses,
their thickness requires to conform
rigorously to the calculated amount,
as this constitutes an important cle.
ment in the required optical scheme.
In fact the thicknesses of the lenses
must be realized within the /2500t
parc of an inch, A special instra-
ment is used for measuring the
e of Reps e
which s o b tesed s b
plate and the freely movable con
tact pin made to rest upon it. By
means of a reading telescope the
thicknesses may be read off with the
utmost precision upon a fine scale.

When the lenses have acquired the
desired form on two sides, the next
step is to polish them. This is done
in a similar manner as the grinding,
the grinding tool being replaced by
the polishing tool and the emery by
joveller's ouge.  The polishing tool

mply an impression of the so-
B ey s o i
and is obtained after the manner of

the counter-mould. The lens it
then operated upon with rouge and
water until it has taken on a firm

ish.
Polishing in the picch tool with
rouge gives the best possible results,
since in chis way-che spherical form
S G e method is
preferred in_those cases only where
the polished surfaces serve as an
intermediate stage in manufacture.
To apply this method cloth or paper
is fixed by an adhesive to the tool
and rouge rubbed nco the later
The now subjected to a
il (ol sl e (ot
For this purpose it is not suffcient
mechanical means, and
et s adopt
an optical method. The test is
made with the aid of the standard
is fumilia

B llines S e
colors which a thin film of ol pro-
duces when floating on water, and
some may have observed that when
a spectacle glass as worn by a long-
sighted person is placed upon a
glass plate a series of narrow rings
in close succession is visible at the
point of contact. A similar appear-
ance oceurs when two glass plates
are pressed together. Here, too,
Sl g e i T
nomenon is due to the formation, by
reflection of light at the free surfaces
of thin films, of interference. colors,
which are governed by the thickness
of the film. The walls of the soap
bubble, the thin layer of oil and the
thin stratum of air between two
glass plates pressed together con-



stitute thin films of this kind. When
they are of uniform thickness at all
points they exhibit ane color only
which depends upon the thickness
of the film.

extremely  accu-
rately made standard proof glasses
for all curvatures with whic

are concerned in their lens makin
operations. A standard proof glass
of this kind has the reverse curva-
ture to that of the lens which is to
be tested, and to test the latter it is
pressed upon the proof lens. Any
aulty part will at once be made
manifest by the appearance of color-
ed rings, since at such a point there
will be air strata or different thick-
nesses. If the lens which is to be
tested has an exact curvature with-
out a fault the entire surface of the
proof lens will appear colorless, or
if the deviations of the surfaces

e method is so ex-
ceedingly sensitive that slight warm-
ing of a portion of the lens by the
warmth of the hand suffices to give
rise to irregular colors. It goes
without saying that the radii

of
curvature of the proof glass must be

measured in millimetres in the most
exact manner, if they are to serve
as the basis of lens surfaces to be
tested with their aid.

he apparatus designed for mea-
suring these rad rvature is o
extreme delicacy, The proof glass
lies with the surface which is to be
measured facing downwards on a
tapering metal ring of an exactly
measured _diameter, and a free
movable pin is pressed from below
against the surface of the proof lens,
The amount of the so-called versed
sine of the proof glass surface can be
read on a scale and the appropriate
radius of curvature calculated there-
rom. Since the radii require to be
measured accurately to 1/2500th of
an inch, it goes without saying that
these measuring instruments must
be made with extreme precision.

When the lenses have acquired
perfectly polished surfaces and when
by the tests applied to them they
have proved to strictly conform to
calculation the next task is to “cen..
tre” them.

cylindrical boundary of the
The optical “axis,” it should be
netedy i the inc oining the centres

ich form the free

optical method is the more accurate
i

of the two. It is based in principle
of
ens

upon the reflecting  properties
polished lens  surfaces. The 1

which is to be centred is cemented
by one of its surfaces to the chuck
of a lathe and a flame, or point of
light set up at some little distance
from it. When the lens is made to
rotate the two images
formed by reficction at the two
spherical surfaces will be seen to
rotate about one another if the opti-
cal axis does not coincide with the
axis of rotation of the lens. ~ If both
are_coincident the reflected image
appears to stand still. The lens is
trued on the chuck, that is to say,
it is brought into such a position
that the reflected image appears to
stand still, by displacing and tilting

of the flame

When this has been accomplished
the outer boundary of the lens is
ground down to a cylinder on the
lathe.

Where centred lenses require to
be cemented together o as to form
a single compound lens, this is done
by means of Canada balsam.

Cementing is done by applying a
drop of Canada balsam to the care:
fully cleaned and warmed  lenscs,
They are then placed upon one
another, and by gentle pressure air
and excess of balsam :
When the balsam has cooled the
lenses will be firmly united, but they
require once more to be trued up on
the lathe, in order that the optical



of the two lenses may accurately
coincide. The finished ~combina-
tion is then lacquered black at the
cylindrical boundary, to obviate
reflection of light at the translucent
rim.  Itis now ready to be setin the
lens mount.

The mounting is mostly done on
lathes with treadle motior
s o s At o i
operation is performed is the same
as_that applied in the processes of
Ao At b o o T
remembered that the distances be-
tween the component lenses of the
objective enter nto the calculation
and must cherefore be adhered, ¢

ity e s (et By
et e ISl
avoid any excessive pressure and
still more so any one-sided pressure
being exerted by the mount upon
the lens, as this would give rise to
internal strains in the glass, or it
might even cause otherwise perfect
lens surfages o be distorted in 2

s pronounced degree.

it (I i v e T
making of a lens, as here ducnbcd
have been carried out with rigorous
S & e e e e
optician does not feel entitled to
place the resulting product on the
i 15N S e e
tested individually by specially ap-
pointed lens testers, befors
oElitcienter  he morlda’ market
Once again it is tested for striac,
strains and other possible flaws in
the glass, and finally it is subjected
to a practical photographic trial on

chart.  Also,

et sty wb o
of a millimetre, is determined for
each objective.  Its agreement with
the value prescribed by the calcula-
tion furnishes a criterion as to what
extent the, practical achievement
conforms with the calculation. Pro-
cess lenses, as, well as mirrors and
s used in conjunction_ with
Hi b i P o A
photo-mechanical laboratory so as
to ensure that exceptional degree of
optical correction which is needed
for this purpose. Tt will be readily

g

appreciated that such a_degree of
precision in the system of manufac-
ture_with its incidental phases of
weeding out is quite incompatible
with mass production as ordinarily
understood, and that this neces-
sarily influences the cost of such
products. ~ Instruments produced in
this way cannot possibly be “cheay
On the other hand, the ultimate
possessor of such an instrument has
the satisfaction to know that his
objective is equal to its producer’s
promise.

And it will also be realized that
such an instrument should not be
expected to answer requirements
which are in conflct wich che nac
ural laws of optics. Many sins are
committed in this respect. When

r
the optician’s work does not come
up to such visions of the impossible,

instrument.
happens very often that an inténd-
ing purchaser of a lens attaches an
e sl B el
bubbles, and, indecd, insists that
the lenses should be entirely free
from these. The wish to possess
such a lens without a trace of bub-
bles is intelligible enough, but un-
fortunately, it is utterly impossible
to accede to it for reasons which we
have already explained above. The
optician will certainly take grea
pains to climinate any material
which might in the slightest degrec
detract from the practical value of
an objective. But a few bubbles
are not to be reckoned in this cate-
gory. When it is considered that
the smallest stop with which a
photographic objective is used has
an area of about 4square millimetres,
while the aggregate area of the bub-
bles, contained in an objective,
amounts to about 1/2 square mi
metre, it follows that the loss of
light which may be occasioned by
the presence of these isolated bub-
bles amounts to a negligibly small
percentage, no more than about ten
per cent of the light-transmitting
capacity which the objective has
when operating with its smallest




stop. When, however, we consider
that in the majority of cases the
objective operates with far larger
stops, the loss of light occasioned
by the presence of these bubbles
becomes utterly insignificant. In
deed, in the case of an objective 1.18
inchesin diameter its rapidity isonly
reduced by the 1/go00th part of its
rapidity at full aperture. - We have
already pointed out that the pres-
ence of small gas bubbles cannot be
avoided in_optical glass making.
To the_uninitiated these bubbles
are particularly conspicuous, and he
s inclined to endow them with exag-
gerated significance. While they
are entirely unavoidable in the pro-
duction of the new glasses, they are
nothing more than dlemishes which
can_offend the cye only, since the
loss of light which they occasion is
too slight to be appre Th

trie. amount (of, thia loss. may
realized by a small calculation. <
us suppose a certain lens 3 em. i
B (o eonn 1 T
mm. in diameter. _This would mean
that within a surface of 706 square
millimetres @ portion of 00785
suare millimeties large would (b
ineffective, so that the total loss of
light occasioned by the bubbles
would be only 1/9000th of the inci-

dent or transmissible light. When the
lens is stopped down to 1 cm. this
opening will_contain two bubbles
In' this somewhat wifavorable case
the loss of light would therefore be

s000th of the total transmissible
b e
have no practical significance what-
ever, most  punctilious
photographer would certainly not
trouble to take any account of them
when estimating the required time
of exposure in any given case.

You will thus see that manufac-
turing opticians are well within their
logical rights when refusing to admit
the presence of bubbles as reason-
able grounds for complaint.

T4 e P ot o tha
the production of photographic lon
ses involves & vast expenditure of
sime and that i a much higher .
gree it makes very great demands
Gpon manual skl Tras, in Tage
catablishmencs, a5 you e secn
the operations are considerably sim-
Wil 1|>r1dgu! by the intro-
duction of special machines. Nev-
ertheless, in optical manufacture far
more is left to the personal skill of
the workmen than in any other
branch, and this is not likely to be
supursulenl for some time to come
by mechanical devices.
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