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SIMMARY

This Note describes optical tests on laminated camera wiadows of
both plane and spherical form, Fhotographic tests of their eflfect upon
the resclving power of an associated camere system have becn earried out.
The wedge angle of the windows has been measured, and the surface flatness
and internal homogeneity of the plane windows tested; while the effects of
the curved windows, upon the correction of the camera lens associated
with them, has bech assessed visually.

It is concluded that the laminatirg process does not, in itsslf,
intyroduce deleterious effects on ovptical performance. Flane windows,
unless optically worked to a high degree of flatness, may introduce a
focal shift which will, in practice, reduce resolving power. Curved
windows, even when worked to have zero power, are shown to reduce overalil
resolution through the introduction of astigmatism and field curvature.
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1 Introduction

The advent of higher air-speeds and the introduction of pressurisa-
tion have considerably increased the requirements for strength and safety
of the camera windows in modern aircraft’', While being resistant %o
shattering, the windows must be capable of retaining cabin pressures under
all corditions, Laminated windows, comprising a sandwich of plastic
material between two sheets of good quality glass, meet these mechanical
requirements well; although their optical characteristics, and in parti-
cular their effects upon the performance of aireraft cameras used with
them, have not been very fully studied, The characteristics of curved
windows, whose use may be necessary in the interests of aerodynamic
efficiency, have been studied theoretical 35:4; but a practical test
of their effect upon the photographic lens associated with them, seemed
desirable, One important result of the theory is to show that, to avoid
a serious defocussing effect in an associated camera, the curved windows
should be figured se as to have zero optical power.

In the following work three flat, and three spherical curved laminated
windows made under contract 6/Inst/7636/0B.22(b) by Messrs, Triplex Iid.,
have been examined for their optical properties, with the requirements of a
recent specifiocation® in mind., In brief, 1t 1s specified that the windows
shall be of such quality that the reduction in resolving power of an
agsoclated camera equipment shall be not greater than 107. The wedge
angle of each window is regquired to be less than four minutes of are,

2 Constructional Details

2.1 The windows examined are circular, the plastic interlayer being of
polyvinal butyral:viz, "Vinal".

2,2 The flat windows are designed to maintain caban pressure, should the
glass become fractured in flight. The interlayer is accordingly built up
to a thickness of G,125" from five layers of hard Vinal sheet., The total
diameter of the interlayer is 42", and that of the glass components 10",
The centre layer of the Vinal is cut away to a diameter of 97", and a
flat ring of 24 gauge alummium coated alumnium alloy ("Alclad") sheet
inserted. A section of such a window 18 shown in Fig.1. The Alclad rim
AB a1s clamped to the aircraft skin, so that af the glass is broken, the
seal remains, The lamnation is effected by means of heat and pressure
in an autoclave, and the outer surfaces optically polished to be sensibly
flat., The optical working has to be done after lamination, since the
process has been found to deform the glass. It has not, however, proved
to be necessary to work the inner surfages to any high degree of accuraoy”,
the refranctive index of the interlayer being close to that of the glass,
The three windows examined had glass component thioknesses arranged as
follows:-

Wirdow A&, One " twin ground high quality plate glass component,
amxl one %” component of stirred Schlieren plate glass.

Wirdow D. Two &' twin ground plate glass corponents.
Window I. Two %” stirred Schlieren plate glass components.

2.3 The three curved windows have a thin Vinal interlaysr (0,02") and a
total thickness at the centre of apgrox1mately 0, 90", 10" diameter disecs
of Schlieren type ream free glass, 3" thickness, were bent to approximately
19" radius in a refractory mould, After annealing, the surfaces were
polished, and two such discs laminated together, The convex outer surface
was finally ground and polished to a radius of curvature of 19,97" and the
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concave surface to such a radius that the complete window should have zero
power., A diametral section of a wandow i1s shown in Fag.2, all three windows
being of approximately the same dimensions.

3 Experimental Tests

3.1 Flat Windows

(a) Photographic Resolution Test. This test followed the basic procedure
described in an earlier Technical Note/. The image-forming system comprised
a 36" £/6.3 lens, selected as being typical of those in service at the present
time, mounted in front of a 219" collimator., Using the normal low contrast
Cobb chart as object, a photographic run through the focus of the lens was
taken at the centre, and also near the margin of 1ts field, 3IZach window was
then placed in front of the lens, and the runs repeated.

(b) Interferometric Test. The external surfaces of the laminated windows,
were examined in a Flzgau interfercscope similar to that desarlbed in an
earlier Technical Note®,

0

Interference fringes in monochromatic light (A = 5451 A) were obtained
in the thin air-gap between one surface of the window, and an optically
flat surface, The reference flat was supported above the surface under test,
and separated from it by a distance of about 0,02 mm, TFor a perfectly plane
window, inclined with respect to the reference surface, a series of straight,
parallel, ard equally spaced fringes should then he cbtained., Departures
from flatness are revealed by distortion of the fringes and in certain cases
by an alteration of their spacing.

Both surfaces of each of the three windows were examined in this way, and
the frainge pattern photographed. *

() Measurement of Wedge Angle, The wedge angle of the windows was cobtained
by measurement of the deviation of light rays passing through the window, and
incident roughly normal to the firat surface. If neceassary the window was
orientated so that the apex of the wedge lay perpendiculer to the direction
of measurement. TFrom the value obtained for the deviation D, the angle W
of the wedge could be calculated from the simple formula:

D

R O}

where n 1is the mean refractive index of the window.

(d) Shedowgraph Test. This test has been fully described elsewhere®, The
windows were placed i1n turn between a "point source" of light, and a screen,
The shadow cast on the screen would then show the position of ream, bubbles,
and other local discontinuities in the glass or plastic interlayer.

3.2 Curved Windows

(a) Photographic Resolution Test. The low-contrast resolution test proge—
dure, described above for the case of the flat winlows, _was agaln employed.
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test was next placed in front of the lens, with its ooncave surface towards
and close to 1%; and the measurements repeated. The axes of window and
lens were maintained accurately parallel and coincident throughout the test,

The procedure was repeated using the 48" £/8 lens, as a check on the
results obtained, For thas purpose window 2 only was employed, as having
the smallest residual power., (See Section 5.2.)

(c) Star Test, The axaal image formed by the test lens, of a point source
of white light in the local plane of the collimator, was observed with a
high-power microscope, By observing the change in the appearance of the
"star image" when a window 1s placed in front of the lens, it 1s possible
to estimate the extent to which the axial aberrvations of the lens are
modified by those of the window. Both the 36" and the 48" lenses were

used in thas test,

(4) Measurement of wedge angle, For the purposes of this test, the
"wedge angle" for a curved window was taken to be the angle between the
normals to the external surfaces, at their centres. This angle was
measured using an auto~-collimating telescope, A supplementary negative
lens was placed in front of the telescope objective, and the position of
the window under test so adjusted that the virtual foous of the divergent
cone of light from the auto-collimator was coincident with the centre of
curvature of the concave surface of the window., ITdight rays reflected by
this surface were then returned along their original path, aad brought to
a focus in the focal plane of the telescope eyepiece., This was provided
with cross-hairs, and by re-adjusting the focus of the auto-coliimator so
that the reflected light from the convex surface, through the thickmess of
the window, was next brought to a focus, it was possible to measure the
angular separation of the reflected images. The window was masked so that
only a small central zone was operative during the measurements, and the
above procedure then ensured that these were made with respect to the
normal to the centre of the concave gurface., The angle A of the wedge
was then calculated from the simple relation:

where « s the measured angie, and n the mean refractive index of the
window,

L Results

Lo Flat Windows

(a) ©Photographic resolution test. The results of this test are
illustrated in Fig, 3, in which the logarithm of ground resolution is
pletted against distance from the plane of visual focus!, The resultant
curve, for the itangential lines in the photographic image, 15 shown
dotted; and that for the radial lines, continuous. It will be seen that
the general shape of the curves i1s unchanged when the windows are in
position, but that with windows & and I the peaks are shifted in an out-
ward dlrection, that 18 away from the lens, indicating that the focal
length of the latter has, effectively, been aincreased,

In these curves, a loss of 10% in resolving power corresponds to an
ordinate change of ~0,046, I% is clear that the masxdmum attainable resclv-
ing powser 1s in all cases affected by the presence of the window to less
than the specified limat,



(v} Interferometric Test, Two of the interferograms obtained are shown in
Pag.4, the fringe pattern oovering the central 7" diameter of each window,

The slightly elliptical franges shown in 4(a) were given by window I, and
typify a mainly spherical surface with a very small cylindracal error, The
same fringe shape was shown by the reverse surface of this window, and by both
surfaces of window A, Pressure applied by the finger to the centre of the
reference flat caused the fringes to move inwards, indicating that the test
surface was concave in each case. The surfases of window D 4(b) weve mere complex
in shape;taking the form, roughly, of a central ridge with a depression on
either side of 1%, The mean mmber of fringes intersecting a 3" radius, for
windows A and I, are given in Table II,

(o) Wedge Angle., The values of the wedge angle for the three windows are
shown in Table I. In no case do they exceed the specified maximum,

(4) Shadowgraph Test., The three windows proved +to be remarkably free from
gurface defects, bubbles and vein, when exemined by this method, Faint parallel
striations were seen when the windows were held very obliguely im the illuminat-
ing beam, in which position internal defects of this mature are more readily
shown“, but these would be entirely harmless in practice,

b 2 Curved Windows

(a) Photographic Resolution Test. The results of this test on the axas and
at the edge of the field are shown graphically in Figs.5 and &, for the 36"
and 48" lenses respectively, As in the case of the flat windows, a drop 1n
the peak resolving power, due to the presence of the window, 1s undetectable.
It will be seen, however, that the position of these peaks 1s in general,
altered when the windows are inserted, and that this shift 13 much greater at
the edges of the field than 1t 13 on the axis of the lens, The reasons for
these effects are discussed in Section 5.2,

(b)  Astipmatism Measurements. The measured (perpendicular) distances of the
radial and tangential foci from the plane of wvisual focus are plotted against
field angle in Figs,7 and 8, These graphs show a marked increase in the field
curvature of the leng, 1n each case, This is seen to be due mainly to a
modification of the tangential field curvature, the radial field being
influenced to a smaller extent. It 1s also apparent that waindows 1 ard 3
cause a slight focus shift of the test lens when placed in position in front
of it; sinece the curves for "lens only" and those for "lens with window"
would otherwise interseet at the 0.0 mm focus position for a field angle of
zero (Fig.7).

(c) Star Test, Apart from a change of focus with windows 1 and 3, there
was little change in the appearance of the star image when the windows were
placed in front of thc 36" lens. In the case of the 48" lens, however, there
was a noticeable increase an the spherical aberration of the system. The
longatudinal chromatic aberration was unaffected i1n all cases.

(&) VWedge angle. The values of wedge angle for the three windows are shown
in Table I. The angle of window 1 (only) 1s slightly greater than the speci-
fied maximum,

5 Digcussion

e Flat Windows

The results of the interferometric tests show that windows A and I have
a concave curvature on both surfaces, and should therefore beshave as a wesk
negative lens, When such a window 15 placed in front of a camera lens, the
focus of the latter wall be shafted outward by a amall amount,
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The focal shaf't, of a camera lens of given focal length, can be
caleunlated® from the interference pattern of the window associated with it.,
Taking the simple case of a spherical negative curvature on both window
surfaces we have:-

Effective focal length of window :_-.XTqu:EET. = f

where m, and m, are the number of {eircular) fringes intersecting a radius

of length r, on each side of the window, A 1s the wavelength of the
light used in the interferometer and the refractive index of the window is
1.5, with sufficient accuragy. Now the shift of focus for a camera lens
of equivalent focal length F is given, to a first approximation by

z (1)

so0 that:

2 7\.(m1 + mgl

2 r2 | ®

&F

i

From Fig.4 it will be seen that there are about 12 roughly cireuler
fringes over the central 3" radius gone of wwindew I. This is approximately
the aresa covered by the 36" lens. The reverse side of the windew has about
the same curvaturs., Hence, substituting in (2) we have, approximately:

§F = O. 055 ine, = 0, 875 om

Cgmparison of the curves for "lens only" arnd for window I, Fig,3, at 0° or
77, will show that a shift of about this amount is, in fact obtained,

In estimating the effect which this shift will have upon the overall
resclution of the lens, it is assumed that the photographic film is situated
in the plane of best overall resolution, as determined by tests on the lens
alone, Cameras for Service use will normally be adjusted so that this
sonditlon is cbtained, and it is not in practice desirable that the setting,
once made, should be altered. This plane of best photographic focus is
indicated by dotted lines 1n Figs,3, 5 ard 6, As previously mentioned, a
drop of 10% in resolution corresponds, in these curves, to an ordinate
ohange of -0,046. On this basis, it is clear from Fig, 3 that, at the
centre of the field, the change of resolution in the plane of best photo-
graphiec foous, due to the focal shift introduced by window A, 18 not
significant, The shift due to window I is, however, sufficiently large
to cause a drop of more than 10% in resolution, The shift introduced by
window D is very small, due presumably to the complex nature of its sur-
faces; givaing in effect a combinstion of a positive and negative lens,
which results in a smgll total power., The slight axial astigmatism shown
is associated waith the small cylindrical error in the surfaces of the
windows, The effect of the focal shift is much more pronounced at the
edges_of the lens field, as will be seen on examination of the curves for
the 70 field angle in Fig.3. Here, the drop in resclution in the plane of
best photographic focus is about 30% for both windows A and I,

The fact that the maximum resolving power is unaltered when the
window 1s inserted, indicates that any deleterious effects 1n a particular
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focal plane are dues mainly to the departures from flatness of the external sur-
faces of the windows, and not t0 the laminating proceas. This conclusion is
supported by the homogeneity shown in the shadowgraph test.

Equation {2) above, shows that the focal shift introduced by a window
is proportional to the total nmunber of fringes associated with the two surfaces.
Consadering the curve in Fig, 3, for lens only at ?o field angle, 1t is clear
that an outward shift of 0,2 mm, with respect to the plane of best photographic
focus, will cause a degradation of resolving power of about 10%, the specified
limit. Substituting this valuc for the shift in equation (2), we find that
the total curvature of the surfaces must not excced 6 fringes, or 2 frangses per
inch radius, Por a typiocal 36", f/6.3 lens. It should be noted that this
figure is the algebraic sum of the curvatures of the two surfaces, Thus af
one surface 1s convex, ard the other concave, a higher curvature can be allowed
on each, provided the total departure from flatness, in cither the convex or
concave direction, is not greater than 2 franges per inch, The tolerance on
surface curveture is inoreased for shorter focal length lenses of the same
relative aperture, since by squation (1) the focal shift introduced by a given
window is proportional to the sguare of the focal length of the lens., However,
since it is possible that lenses of foecal lengths longer than 36" may be used
with these windows, it seems desirable that they should be worked at least to
the degree of accuracy indicated sbove, These remarks are intended to apply
to windows having a purely spherical surface curvature, Surface errors will
normally be of this character; more complex shapes, with the very small depart-
ures from planeness under consideration, are unlikely to have more seriocus
effects on resolution,

It was found, in the interferometer, that localised pressure on the outer
rim of the thinner windows caused a noticesble distortion of the fringe pattern,
The associated distortion of the windows is not thought to be a serious effect
in the case of the uniform loading to be expected in pressured aircraft, since
a slight and similar curvature would be added to the two surfaces. The effect
should, however, be noted, since uneven strains introduced in mounting the
windows might degrade the definition of a long-focus camera lens used with it,

5.2 Curved Windows

The results of the photographic resolution tests on both the 36" and 48"
lenses, agree very well with those obtained from the visual tests. DBoth tests
show a conaiderable increase in the field curvature of the test lens, together
with a modification of the astigmatism; and in the case of windows 1 and 3, a
shif't of focus.

The curvature of field associated with these windows is to be antici-
pated from the optical properties of curved glass sheets. Some theoretical
considerations are given in Appendix I. From these it 1s apparent that the
process of figuring to zerc power must inevitably introduce some field curva-
ture, which 1s a consequence of the window shape only. The focal shif't is
consistent with a slight negative power on both windows. The factors account-
ing for this residual power are considered in Appendix II, and the tolerances
which must be applied in manufacture, to ensure that the focus of an associated
36" lens is not shifted by more than a specified amount, are also estimated.
It is clear from this that considerable mamufacturing effort must be applied,
if the essentially stringent requirements are to be met, and the windows are



having under-corrected fieldcurvature, would be somewhat zmproved. The
Focal shaft, associated with windows possessing a slight residual power,
has the same effect upon resolution as that discussed in Section 5.1. The
loss of resolving power associated with the effects can be estimated from
Fig.5 and 6, As before, a loss of 10% in resolving power corresponds to
an ordinate change of -0,046, Although the change in axial resclving
power, in the plane of best photographic focus, is negligible; that occur-
ring at the edges of the field greatly exceeds the specified limat, for all
three windows, The loss of resolving power is least for window 2, for
which the residual power, and hence the focal shift, are sensibly zero;
but the change nevertheless still exceeds the limxting value, with either
the 36" or the 48" lens in use., As shown by the star test, the spherical
aberration introduced by the windows is completely overshadowed by that of
the 36" lens, and its effect is only apparent in this test, when a highly
gorrected lens, such as the 48" £/8 lens considered here, is used in con-
Junction with it. The curve for axial resolving power, with window 2
(Pig.6), shows however that the effect is in practice, entirely negligible,
the maximum resolution heing unaltered.

It is evident from the asbove results that the overall resolving power
of an airoraft camera will, in general, be degraded when it is used in
conjunction with a curved window, even when this has been optically worked
to have zero power. There is no evidence that this is a result of the
laminating process, and the effect can therefore be taken to be a function
of the window shape only., The loss of definition of the long-focus lenses
under consideration, would be more serious, the shorter the mean radius of
the window surfaces (Apperdix I).

In general, it appears that the best means of ensuring satisfactory
performance with a curved camera window, 13 to consider it as an integral
part 9 the complete optical system when a new lens is being designed, In
this way the aberrations introduced by the window ocan be compensated in
the lens components which follow it., Hewever, this would mean that differ-
ent camera lenses could not necessarily be used with a given window., It
geems possible that a compromise solution might be found in the use of
auxiliary lenses of zero power, and whose radii are adjusted so that the
field curvature introduced by the window could be annulled, It is not,
however, clear to what sxtent the manufacturing and installation difficul-
ties would be increased by such & relatively complex system; and the way
in which the aberration charscteristics (apart from field curvature) of
the asscciated camera lens would be modified would require separate
investigation,

6 Conclusions

6.1 The experimental work described has shown that the windows examined
will reduce the resolving power of a long~focus camera lens associated with
them, This reduction, in gemeral, exceeds the specified limit of 10%
There is no evidence however, that the effect is due to the laminated
structure of the windows.

6.2 In the case of the "flat" windows, the degradation of definition 1s
due mainly to a focal shift of the camera lens, which is a consequence of
a slight curvature on the external surfaces of the windows,

It appears that for lenses of focal lengths greater than about 24",
the wandows should be optically worked so that the algebraic sum of the
departures from flatness on the two surfaces does not exceed 6 circular
fringes over a " diameter, The required accuracy of working is, however,
reduced the shorter the focal length of the lens to be used with the window.
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The deformation of the thinner windows, due to pressure on the progecting inter-
layer, while not considered to be a serious effect, should be borne in mind
when fitting the windows to aireraft,

6.3 The ourved windows, even when worked so as to have zerc power, introduce
positive field curvature, and the effect on an associated camera lens will
depend on its state of correetion. The overall resolution is likely to be
improved, when the window is employed with a2 lens possessing negative field
curvature, but reduced when lenses with flat fields or with positive field
curvature, are in use, The astigmatic correction of the camera lens is also
effected, although to a somewhat smaller extent,

In general, therefore, 1t appears necessary to design and manufacture
the lens and window together, as a single optical system, This would, of
gourse, mean that cameras would no longer be completely interchangeable, an
important disadvantage in Service use,

It is shown in Apperdices I and II of this note, that the residusl power
and the curvature of field ascociated with a spherical window, are both
increased as the radius of curvature of the window is reduced, Windows
designed for situations in which the radii of curvature are necessarily, from
an aerodynamic standpoint, rather small, are therefore likely to reduce the
resolution of an associated camera to a considerable extent, It is probable
that only lenses of very short focal lengths (such as the lenses for cine
oameres) could be satisfactorally used in these circumstances; unlegs, as men-
tioned before, the window has been designed for use with a particular lens,

In addition to the characteristic curvature of field, the expense incurred in
the bending process and in the subseguent optical working, and the considerable
effort required to achieve sensibly zero power, make the use of curved camera
windows, in their present form, somewhat undesirable.

It seems pcssible that a solution to the problem of retaining inter-
changeability of equipment, and of aveiding an associated loss of image
quality, might lie in the use of auxiliary correcting lenses to flatten the
field of the curved windows, without introducing any power. However, such a
system would necessarily be somewhat complex, and its optical characteristics
would have to be carefully studied. It does not seem that such an investiga-
tion is Justified at the present time, in view of the nunber of disadvantages
which the curved windows have over the flat type, and of their added expense,
and it appears desirable that, unless aerodynamic considerations make 1%
impossible, the use of curved windows, witn long-focus aireraft camera lenses,
should be avoided,

6.4 It is satisfactory to note however that, notwithstanding the inherent

difficulties of field curvature and astigmatism, laminated camera windows of
spherical form can be manufactured to within prescribed tolerances for homo-
geneity and shape.
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APPENDYY T

The Petzval field curvature (%) assoolated with a glass plate of

refractive index n, bounded by spherical surfaces of radii T, and Tos

is given byg:-

1 _n=1(1 _4
§=T(z~—“r> ()

2 1

This eurvature is independent of the thickness of the plate, or of the
distance of the object field.

It is evident that the image field would be plane (R = ) if
as in the case of a window having external surfaces of equal radii.

=1

1772

However, as shown in Appendix II, in order that the window shall have
Zero power, I, must be made slightly less than Tye Since r, and T,

have the same sign, this means that (%) will have a finite, pesitive, wvalue,

Petaval field curvatures are addaitive, so that the effect of such a
window is to add a positive quantity to the field curvature of a lens in
front of which it is placed, That is to say, the final image surface is
made more nearly convex towards the lens, a result which 1s borne out by
the experimental result,

In practice the amount by which the lens field curvature is modified
will be influenced by the astigmatism slso introduced by the window.
However, it can be shown that, for a simple optical system such as that
under consideration, the tangential and radial field curvatures will be
larger than the Petzval curvature, and of the same sign. In particular,
the tangential field, at a given distance from the optical axis of the
system, will be displaced. from the Petzval surface by an amount three
times the corresponding displacement for the radial field. This shows,
qualitatively at least, why the tangential field of a photographio lens
should be modified to a muoh greater extent than the radial faeld - the
results desoribed in Section L.2(b) of the present note. Equation (Q)
(Apperdix II) shows that, for a given value of thickness and refractive
index, the difference in radii, required to give a window zero pwer, is
a constant., It is thus clear from the sbove equation (A) that deoreasing
T, and r, will increase the curvature of field %. The degradation of
the overall resclution of a given camera lens will thus be greater, the
more steeply curved the window associated with it.
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APFENDIX IT

It can be shown that the focal length f of 2 sinple lens of thick-
ness t is given by

1 (a=1) (L
bl r1 r2 2

-z, » Hantl) ()

where Ty T and n have the same significance as in Appendix I,

For zero powsr (1/f = 0) the values of r

4 and r, st be arranged
80 that:

r = r, - . (G)

In other words, if ry and r, are both positive, r, mast be less

than Ty Evidently, the guestion of whether or not the compleated wirdow
has zero power, depends on the extent to which the values of Tys Too t and
n satisfy equation (C).

It 1s of interest, therefore to differentiate equation (Bz with respect
to these different varisbles, to see to what extent the power \1,%) ia
affected,

Differentiating with respect to r,, we have:-

t{n-1)
3 r = 2 Ul :
2 T 1

- 20“, .t = 019", n = 1‘5

Inserting the approximate values: T, =T,
we obtain (in appropriate units):-

ar
1 2
2 (E") = B (D)

We may assume that the power 1/f of the window was imitially zero before
the ohange of radius 2 Ty In this ocase the actual power of the window

will be given by the expression (D).

Equation (1), in an earlier part of this Note, gives for the focal
shift of a camera lens used with the window:

F2

SF = -? »

- 13 -



Whence from (D):

d r2
842 °

5P = - F°

For a 36" lens, and a maxirum permissible shift of 0,2 mm, this gives:-

a I‘2 = O. 005" .

Differentiating (B) now with respect to n, we have:-

()
£ Ty = T4 4(nq)
+ 2 -

on r1r2

n r1r2

Inserting the values ry = 19, 97", T, = 19.66", n = 1.52, t =20,9":

which are appropriate to a window with zero power (exact values are necessary
here since both terms are small) we obtain:-

Hence, we have, for the maximum tolerance on n, for a 36" lens, and a focal
shift of 0,2 mmi~

an - 0.012 L]

Finally, differentiating (B) with respect to t :

Hence,
3 1y o o.eb
£f; 7 2400 °?

whar w - 4 R e N Ta armA  Far a masvimmm Pacnl gahife of 0.2 mm with



Although the limit on thickness and refractive index could be easily
achieved, 1t will be seen that the tolerance on radius 1s very small, and
extreme care in manufacture would be needed to guarantee the radii to the
limits stated, In the last stage, therefore, the windows are best faigured
to have zero power by observaticn., It is doubtful, however, whether the
normal methods of doing this would approach the sensitivity of an actual
measurement, with a microscope, of the change in focus of a camera lens
of long focal length.

It will be noticed, in the equation for 5(1/f)/ar2, that the power
of the wandow, for a given 81‘2 , will be greater, the smaller the value
of r_, . The tolerance on radius 1s therefore even smaller for steeply

2
curved windows, and the manufacturing d@ifficulties correspondingly increased.
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TABLE T

Wedge angle of Laminated Camera Windows

Window Wedge angle
Type No. (Minutes of Arc)
A 2
Flat D 4
I .5
1 5
Curved 2 L
3 2
TABLE II

Departurs Ffrom flatness

 Number of fringes per 3" radius
Window A1 surfaces concave
Marked Side | Reverse Side
A 3 ! 11
. |
T 12 | 12 |
- 18 -
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