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ABSTRACT

In optical systems having a large number of air-glass interfaces
and also a long light path in glass, image quality is influenced not only
by the aberrations of the system, but of equal importance can be absorp-
tion and reflection losses. The former, being normally much greater in
the blue part of the spectrum than the red, can seriously distort the
colour rendering of images, and multiply-reflected light reaching the
image plane will reduce contrast and may also give rise to focussed ghost
images. These images can be a serious source of difficulty in that they
consist of local high concentrations of spurious light in the primary

image.,

These questions are of importance in the case of endoscopic systems.
In a new type of cystoscope, what are effectively air lenses in a glass
medium are used. This gives much improved performance both on account of
the high degree of aberration correction and because of the high precision
possible in manufacture. Moreover, the system allows a higher numerical
aperture. Absorption losses, however, could be high because of the long

length of path in glass, some 25 cm.

It was in this context that the present work was undertaken. When
there is a large number of surfaces and a long light path in glass, even
small changes in the transmission per surface, or per unit length, will

have a significant effect on the overall transmission of the system. Thus,



for designing a cystoscope, or other endoscope, to give optimum perform-
ance, information is needed concerning the absorption characteristics, in
the visible spectrum, of different optical glasses, and of the efficiency
of anti-reflection coatings on the glass surfaces. It is of importance,
too, for the purpose of endoscopic colour photography, to have an accurate
knowledge of the spectral distribution of the transmitted light. There
are few published measurements relating to the transmission for different
wavelengths of anti-reflection films, or the absorption of optical glass,
and the precision of such measurements as do exist is not sufficient for
the present purpose. Furthermore, comparison with theéry of experiment-
ally-determined values of the transmission of anti-reflection films is
necessary in its own rig-t, and appcars in the literatwre to lLave rcceived

1ittle attention.

Existing techniques of transmission measurements are critically
examined, and it is concluded that improved techniques are required to
secure the desired precision. A new double-beam null-reading spectro-
photometer, designed and used for the present measurements, is described.
Improved sensitivity of measurement of the transmission of coated surfaces
is obtained by using light transmitted through a large number of surfaces.
The null point is observed as the coincidence of two lines on an oscillo-
scope trace; differences of light flux between the two beams correspond-

ing to ’]OLlL photons per second are detectable.

Measurements made at different wavelengths of the efficiency of

single-layer and double-layer anti-reflection films, on substrate glasses



of different refractive index, are described, the precision obtainable
being better than 0.1 % ; a comparison with theoretical results is made
and there is good agreement. The influence of polarization on the acc-
uracy of measurement is discussed, Absorption coefficients (per cm.)
of various types of optical glass have been measured with an accuracy

of m+ 1 % , and are presented.

The design of typical endoscopic optical systems is considered in
the light of the results obtained, and their application in controlling
the spectrzl distribution of the transmitted light is indicated. Tt is
concluded that the improvements resulting from a suitable choice of glass
type having low absorption, and the use of two-layer coatings with mini-
mum reflection placed in the blue part of the spectrum (N 4750ﬁ in a
typical case), are such that measurements of the kind and precision des-
cribed here are major factors in design considerations relating to all

endoscopic and similar systems.
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Chapter I

IMAGE QUALITY 1IN OPTICAL INSTRUMENTS

1.1 Introduction,

There are four basic factors affecting the
quality of the image produced by an optical instrument. These
are diffraction, due to the finite length of light-waves, which
limits the detail the instrument is capable of resolving,; the
intrinsic aberrational properties of spherical interfaces which
result in geometrical distortion and loss of resolution and con-
trast in the final image; absorption of light in the wvarious optical
components reducing the overall image brightness and sometimes
producing colour distortion; and finally, spurious effects arising
from reflections at air-glass interfaces which not only introduce
stray light into the system thereby reducing image contrast, but
often give rise to so-called ghost images. Ghost images formed
near the primary image plane greatly reduce the contrast and the
resolution of detail, while those formed farther from it can give
rise to a background glare which, in some circumstances, can also
seriously inhibit the performance of the instrument.

In .he majority of optical systems absorption
losses are usually gquite negligible., Stray light falling on the

image plene can have a significant effect on the image quality as



a detailed invectigation by Coleman (1947) has shown, but such
standard precautions as the correct placing of stons, blacking of
the lens edges and .blooming of the lens surfaces are normally quite
adequate for the demands of most optical instruments., The limit-
ations on image quality, therefore, are due primarily to diffraction
and sberration effects, In endoscopic instruments, however, stray
light is particularly a defect, as is also the presence of numerous
ghost imeges; and in & recently proposed new endoscopic system in
which the light traverses a long path in glass, absorption too,

bhecomes a serious factor.

1.2 Endoscopes

indoscopes are optical instruments used in medical
prectice for the internal exemination of various cavities of the
body. This class of instruments includes, among others, the broncho-
scope, gastiroscope and cystoscope which are used for examining the
respiretory tract, the stomach and the bladder, respectively. Al-
though the detciled design of each type of endoscope is influenced
by the anetony of the particular organ involved, the basic feature
common to all is that their optical systems must necessarily be of
quite considercble length in relation to their diameter, This means
that in orcer to obtain a field of view of any appreciable size, it
is neccesscry to have relatively complex optical systems, and the

coaseguent multinlicity of sir-glass interfaces gives rise to



10

numerous possible ghost images and a good deal of strag light, all
at the expense of the primary image intensity. Aibsorption losses

in the many optical components are also quite significant, especially
in a new type of cystoscope designed by Hopkins (1957) , which in
other respects appears to have considerable advéntages over
cystoscopes of conventional design. (See Chapter II), Endoscopes,
moreover, are normally used under conditions which make it impractic-
able to have a bright source to illuminate the object; and since
only a small fraction of the light is accepted by the very small
entrance pupils of normal endoscopic optical systems, it is of
especlal importance that every form of light loss be reduced as

much as possible, Of course, it would be possible, in some cases

at least, to increase slightly the aperture of the optical system
which could then accept more light., Increasing the aperture, for
example, from Smm. to 6mm. would increase the amount of light
accepted by the optical system by 44 per cent; on the other hand,
without some increase in complexity of the system, its aberrations
would also be increased., Conversely, there would be less advantage
in carefully designing an optical system to minimize aberrations

if limitations on the quality of the image are determined by
absorption and reflection losses and ghost image formation. Clearly,
the higher the paraxial transmission of an endoscopic system, the
smaller can be itc aperture and the better the quality of its

image, within certain limits, These limits will be discussed in
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more detail in Chapter II, Sec. 2.k.

Of considerable importance in endoscopy is the question
of colour distortion in the image., The most common method of illuminat-
ing the object for endoscopic study is by means of a small low-voltage
tungsten~filament lamp situated at the distal end of the endoscope. For
the low colour temperatures at which endoscope lamps often have to operate,
the spectrum of the emitted light will be seriously deficient in the blue
region., To make matters worse, absorption and reflection cocfficients
of optical glass are invariably higher towards the blue end of the spect-~
rum, so that light losses in the optical components of an endoscope will
have the effect of further reducing the proportion of blue light in the
final image. This will tend to make the object appear more orange-red in
colour; a slight purple colouration in the object, for example, would be
rendered less distinguishable from a red background if the small amount
of blue light reflected from the purple region is suppressed. The diag-
nosis of a particular condition may depend on just such a colour differ-
vence existing between diseased and healthy tissue. The increasing use of
colour photography in endoscopy gives the question of colour distortion

added importance.

1.3 Improvement of the image quality

The problem has three aspects: (1) improvement of the
overall transmission; (2) suppression of ghost-image formation; and

(3) maintaining good colour balance in the image. Thus, glass having
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a high overall transmission for white light may, nevertheless, not be an
optimum choice for the optical components of endoscopic systems, since
different optical glasses having low absorption coefficients in the middle
of the spectrum (where the eye has maximum.sensitivity) have greatly
different absorption characteristics in the blue region of the spectrum
where high transmission is particularly desirable, Also, the efficiency

of anti-reflection coatings on the glass surfaces will vary with the type
of glass used. The transmission of an anti-reflection film is wavelength-
dependent, and light traversing many films will have a considerably altered
spectral distribution of intensity. A theoretical study by Murray (1956)
has shown that such colour distortion could be a serious source of diffic~-
ulty in colour photography.’ While the higher efficiency and greater wave-
length selectivity of two-layer anti-reflection films, as compared with
single-layer films, might be used with advantage in enhancing the trans-
mission of an endoscopic system for blue light, due regard must be given

to the question of colour distortion in other parts of the spectrum.

Summing up, therefore, it is clear that for optimum per-
formance of an endoscopic system under given conditions, the proper choice
of glass type and anti-reflection treatment for the optical components is
rather critical. Detailed knowledge is thus required of the absorption
characteristics of different types of optical glass, and of the efficiency
of anti-reflection coatings on different sulstrate glasses. Since these
data cannot be predicted theoretically with any high degree of accuracy,

it is important to determine them by experiment; even small changes in the
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value of the reflection coefficient per surface or the absorption per
unit length of glass can produce a significant change in the total trans-
mission of a system having a large number of air-glass interfaces and a
long length of light path in glass. The measurements carried out in this
connection are‘describedjxxa later chapter. They were made necessary by
the absence of any description in the literature of detailed and precise
experimental studies of the efficiency of anti-reflection films; the data
avallable on absorption coefficients of optical glasses are also quite
inadequate both as regards scope and precision. The present work relates
not only to the improvement of endoscopic image quality, but is directed
towards both the measurements to be described and, of necessity, improving

the technique of measurement.
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Chapter II

ENDOSCOPIC INSTRUMENTS — THE CYSTOSCOFPE

2.1 General

Cystoscopes are used for the interior examination of
the bladder. The cystoscope is among the shortest of the endoscopic
instruments, but its optical system is typical of all of them. Visual
endoscopic examination is becoming increasingly supplemented by colour
photography, thus necessitating improved optical systems and more effici-
ent object illumination. The tolerance on image quality is far more
critical than that required .in purely visual use, and one of the chief
reasons for the present work heing undertaken was the development of a
cystoscopic camera capable of giving images of better quality than those

obtainable using conventional cystoscopes modified for photographic use.

To allow clear viewing of the bladder wall, the bladder
must be dilated to remove skin folds, and this is done by filling it
with sterile water; its roughly spherical shape when dilated also prov-
ides an object surface all points of which are approximately equidistant
from the objective of the cystoscope. Cystoscope objectives are there-
fore designed to work in a water-filled object space, but apart from this
one special feature, all remarks concerning cystoscopic optical systems

will apply generally in the case of any other endoscope,



15

The optical components of a cystoscope are normally
sealed in a thin-walled cupro-nickel tube which can be inserted in an
‘outer sheath of plastic or of metal., In a cystoscopy, the empty outer
sheath is first inserted into the bladder via the urethra, and is used
for irrigation and filling of the bladder by sterile water. The tube
containing the optical system is then inserted in the sheath, In some
instruments, space ié provided in the sheath for the insertion of slender

surgical instruments.

2.2 INlumination

The most common method of illuminating the bladder
interior is by means of a small tungsten-filament lamp, operating on
6 - 12 volts, housed in the tip of the cystoscope casing. The latter
projects at an angle beyond the objective window (see Fig, 2.7 on p.17)
so that maximum illumination is provided for the region of the bladder

wall in the field of view of the objective.

An alternative method, due to Vulmiére (1957) is to
conduct light into the bladder from a bright external source along a
thin quartz rod contained within the outer sheath of the cystoscope.
The internal diameter of the sheath is lmited, for anatomical reasons,
to about 8mm. ; the sum of the diameters of the quartz rod and the tube

containing the optical system cannot therefore exceed this amount.
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The quartz rod usually has a diameter of 2 - 3 mm. There would be no
advantage in increasing this in order to gain illumination since the
aperture of the optical system would have to be correspondingly reduced
with consequent reduction of the amount of light that could be accepted.
Considered overall, this is a relatively inneficient system because the
quartz rod and the optical system together do not occupy more than about
one half of the available space within the sheath. There will also be
considerable absorption losses in the gquartz rod since the light is
probagated along it by a series of total internal reflections and thus

traverses a long path in quartz,

By using a transparent sheath to conduct the light, much
greater efficiency of light collection is theoretically possible, and a
large-aperture optical system can be accomodated. Perspex sheaths have
been used, but not with very great success because the low refractive-
index of perspex (1.49) and the presence on the walls of the sheath of
water and natural grease combine to give a large critical angle, and
much of the light is lost through the walls. Glass having a high refract-
ive index cannot be used for the sheath because of the risk of fracture.
A low-index coating on a perspex sheath would reduce the critical angle,
but it is difficult to find a low-index substance that will bond well

with perspex,
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2.% Optical system

The average length of a cystoscopic optical system is
about'25cm. The aperture is limited, on account of the small diameter
of the tube housing the optical elements, to about 5.5mm. In order to
secure an adequate field of view, a system of so-called copying lenses
is provided at the requisite intervals along the tube to image and re-
image the real primary image formed by the objective a few millimetres
from the latter, and thus effectively to transfer the image to the
object plane of the eyepiece. The copying~lenses usually consist of
pairs of achromatic doublets and conveniently work at unit magnificat-
ion. It is necessary, in addition, to have field lenses in (or near)
each of the image planes; these are normally of the same focal length

as the copying-lenses, but consist of only a single lens.

Cystoscope objectives are designed to work at an object
distance of 35 - 40mm. in water, the focal length being determined
primarily by the size of field it is desired to view. (For a given
field of view in a water-filled space, the corresponding air-field is,
of course, somewhat larger.) The field of view varies considerably in
different instruments, ranging from under 40° to over 100°: the optical
quality of the images, as is to be expected, decreases with increasing

field., For most practical purposes a field of view of 500 is adequate.

Since the image-field of the objective, and hence the

field of view, is limited by the diameter, d, of the tube containing
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the optical elements, the distance, lé , of the primary image plane from
the objective is fixed; for a given field angle, B,(see Fig. 2.1), by
the relation

d
' —
10 = ZiCOtﬁ .

In a typical case, ﬁ = 530 and d = 5.5mm., giving 1é»~ S5mm,., Thus, for
an object distance lo= -LOmm., the magnification in the primary image

is —% , and by using an eyepiece with a magnification of +8 a life-size
final image is obtained. (This is usually formed, for visual work, at

a distance of 25cm. from the exit pupil, but for photography, using a
standard camera, the final image must be at about 50cm., because most
camera lenses cannot be focussed for less than this distance.) Most
cystoscopes have two copying stages, so that an erecting eyepiece must
be used. A Dove prism is normally included to correct left-right inver-
sion produced by the reflecting prism at the objective end of the system.
A 450—prism is normally used here to give a view at right-angles to the
axis of the instrument, but other prism angles are also émployed - to
allow viewing in other directions. By rotating the cystoscope about

its axis it is possible to view an entire zonal region of the bladder

wall.

2.4 Light transmission

The many air-glass interfaces in the copying system of
a cystoscope will tend to reduce greatly both the intensity and the

contrast in the image, since each interface is a source of aberration,
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light loss, scattered light and reflected ghost light. Aberrations can

be compensated at succeeding surfaces, but the other effects are all
cumulative. In a standard cystoscope having 2 copying stages there are
some 19 air-glass interfaces, and reflection losses can reduce the trans-
mission tc less than 30%. Absorption losses in the glass will not normally
be significant in a conventional cystoscope, but may be in the case of
other endoscopes. A gastroscope, for example, may have some 30 optical

components giving a total length of glass path of about 10 em.

Diederichs (1957) has measured the paraxial transmission
of a number of standard cystoscopes using a very narrow light beam which
passes unobstructed through the instrument and is then accepted by an
integrating sphere. The light flux is measured using a photocell and a
galvanometer, the ratio of readings for light transmitted through the
cystoscope and for directly-incident light giving the transmission
factor. The following table gives the results of these measurements

for six cystoscopes, using white light,

Cystoscope ¢ I II III Iv v VI

1

|

-

1Paraxial transmission ; 37 40 35 33 41 22
(%) :

The off-axis transmission :s defined above is practically the same as
that for the axis, because only small angles of incidence arise. However,

the illumination in the off-axis image is reducedlby vignetting.
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Cystoscope VI in the above list has a wide-angle objective. Cystoscopes
II and IV are nominally the same, but the lens surfaces in II were bloomed

while those in IV were left uﬁtreated.

These results are consistent with a light loss of 4% per
air-glass interface in a system having 19 such interfaces, for which the
theoretical transmission is 46%. The discrepancies could arise partly
from absorption in the glass and partly from poor polish on the surfaces.
The average improvement throughout the visible spectrum resulting from
blooming is expected to be such that the transmission of one surface
reaches about 98%. This would give a transmission of 68% for a system
having 19 treated surfaces. It is difficult to find any explanation of

the lower value measured for instrument II other than poor quality blooming.

In longer endoscopic systems efficient blooming is necess-
ary for even a modicum of reasonable performance. A gastroscope, for
example, having 60 untreated glass surfaces will have a transmission of
less than 5% (assuming 95% transmission per surface). Blooming of the
surfaces to give a transmission of 98% per surface will raise the trans-
mission factor of the system to only 30% . It should be remarked, however,
that an increase in the transmission per surface of only 2% would nearly
double the transmission factor of the system. Absorption losses in the
glass will be considerably less than the reflection losses, but in the
blue part of the spectrum the transmission factor of 10cm, of glass may

be as low as 60%.
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These results clearly illustrate the need for improving
the transmission properties of endoscopic instruments, even for a relativ-
ely short endoscope such as the cystoscope. It is also apparent that
the quality of blooming in optical instruments is susceptible of consider-
able variation, and that even slight improvements can give rise to
significant increase of transmission in a system having a large number

of air-glass interfaces.

2.5 Ghost light

The measurements on light transmission described above
are to some extent optimistic, since the transmitted light measured by
the above method will include a certain amount of ghost light which
normally will be injurious to the quality of the image. Much of the
ghost light is scattered generally over the image field giving rise to
a background glare ("veiling glare') common in many optical instruments,
which reduces the image contrast. 1In endoscopic systems it often happens
that ghost iméges are nearly in focus in the image plane, Focussed ghost
images of this kind, of which there may be a considerable number, can
lead to very serious blurring of local detail, as well as general loss
of contrast. The way in which such images can arise is shown in Fig. 2.2
where a rather special case is considered in order to illustrate more

simply this property of field lenses in a copying-system .

Light reflected from the plane surfaces of the field lenses
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FIG. 2.2. Formation of ghost images.
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shown in the figure is reflected forward again by the previous plane
surface in the same direction as the primary rays. If there are n
such field lenses, the possible number of "first-order” ghost images
(i.e., those arising from one reflection backwards and onec forwards)
is given by
r=n-1
M
g = (I‘—-l)

ood
r=1

n

For n = 4 the number of first-order ghost images would be 6.
Theoretically, these should not be objectionable as they would all
be exactly superposed on the proper image. In practice, however,
it 1s impossible 1o align all the optical elements in a cystoscope
with sufficient accuracy to produce exact superposition with the
result that the ghost images are displaced relative to the true
image, Moreover,with more normal field lenses these ghost images
would not be in sharp focus. Most of the "second-order® ghost
images * are too faint to have any serious effcct, but viewing of
an isplated light source through a cystoscope nevertheless shows
many ghost images scattered over the image field, The sccond-
order ghost images are not visible with the instrument having
bloomed lens surfaces : first-order ghost images, however, could

still be detected.

*French authors use the term “images secondalres” for what have
here been termed "first-order” ghost images. The "second-order" ghost
images referred to here are formed as a result of four reflections.
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2.6 Entrance pupil and field of view

A reduction in the number of glass surfaces iﬁ an endo-
scopic system could be secured by using lenses of greater focal length
to increase the object-image throw of each copying stage, thus permitting
the use of fewer copying stages. This would both improve the transmiss-
ion and considerably reduce ghost light. However, increasing the object
and image distances will also reduce the convergence angles at the image
planes, since the image size and lens diameters in the copying system

are limited by the containing tube.

The Helmholtz-Lagrange Invariant for the system is given
in the image space (n=1) by H = u.r , where u is the convergence angle
at an image plane and r is the radius of the tube containing the optical
elements and defines an upper limit to the size of an image in the copy-
ing system. For an object field of radius R in a space of refractive

index n therefore,

(o] Y

H = no.uo.qO = U, Tr

where u_, is the aperture angle. Thus,

(¢}

-qg = d(_nQ,u.O.?, -+ Q:_I]O
u " nolg o

- 4 decrease du in the convergence angles of the copying system will thus
cause either the object field n»or the numerical aperture ngu, of the
system, to be reduced. In the case of a cystoscope, the object space is
water-filled so that ny is fixed, and a reduced numerical aperture would

mean a smaller entrance pupil. It is desirable to have the entrance
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pupil as large as possible because it controls both the amount of light
the optical system can accept, and also, together with the aberrations
present in the system, the contrast in the image. Thus, improvement

of the image quality by reducing the number of copying stages would be

made at the expense of the field of view.

2.7 Freqguency response

The entrance pupil behaves as the limiting aperture of
an optical system, and it is therefore a primary factor in determining

diffraction limitations on the image quality.

The first dark ring in the diffraction image of a point

formed by a circular aperture has a diameter given by

_ .22
" n.sinas

where o« is the angle subtended by the radius of the aperture at the
image plane, A is the wavelength of the light used, and n is the
refractive index of the image space. Both the finite size of this
diffraction effect and the presence of aberration lead to a reduction
of contrast in the images of extended objects. For a grating object
having a sinusoidal distribution of intensity, the ratio of the contr-
asts in the object and the image formed by an optical system is called
the frequency response of the system, and it is a function of the

spatial frequency of intensity variation in the object plane,
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The term contrast here denotes the Michelson visibility of the test
patterns.

Any form of object has a certain spatial distrib-
ution of intensity which can be expressed by means of Fourier anal-
ysis as a spectrum of pure frequency terms. Thus, if B(u) represents
the distribution of intensity across a grating in the object plane,

this function may be represented by the Fourier transform relations

£
J B(s).e

-~

i2nus

B(u) ds

+®
fﬁB(u).e"leﬂus.du
§

L

-®

vhere B(s)

the variable s being in units of reciprocal length and therefore
identifiable as a spatial frequency. Clearly, if the spatial fre-
quency 1s high, as for fine structure in the object, diffraction
limitations will cause the contrast in the image to be less than in
the object. The frequency response of an optical system normally
decreases with increasing spatial frequency and even in a perfect
optical system the frequency response is always less than unity, -
which value is only approached as s — 0, i.e, for an object field
of uniform intensity.

It is convenient for the measurement of freguency
response to consider intensity variation in one direction, and a
line-structure with sinusoidal variation of intensity ana unit con-

trast is conveniently referred to a sine-wave test object. The
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FIG. 2.4 . Freguency response of perfect and aberrated
systems.
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spatial frequency is normally expressed in lines per mm.and will be
denoted by the symbol R which can take on values from O to 0, The
contrast is zerc when two or more lines are‘contained in a distance
equal to the diameter of the Airy disc, as is shown in Figure 2.3.
A11 frequencies greater than thaf giving 2 lines per Airy-disc
diameter are therefore of no physical éignificance. Instead of
taking R as the frequency vqriable, it is therefore convenient to

use a variable s defined by the relation

A

n.sines

€] e

When the spatial waveleﬁgth 1/R is equal to half the diametgr of
the Airy disc which for simplicity is taken to be h/n.sino(, the
contrast is zero. The corresponding value of s is 2 and conveniently
limits the frequency axis.

Defects in the optical system can also introduce
a spatial phase-shift in the imag; relative to the object, so that

the frequency responsé is properly expressed in the complex form

D(s) = T(s).eie(s)

where 0(g) reprecsents the phase-shift appropriate to that frequency
and T(s) is the ratio of the image and object contrasts..T(s) is
usefully called the "contrast transfer factor® of the éystem.

For a perfect optical system 8(s) = 0, and the

contrast transfer function T(s) plotted agzinst s as abcissa is not



materially different from a straight line with ordinate values of
unity for s = 0 , and zero for s = 2, Figure 2.4 shows the response
function for a perfect system and for an aberrated or defocussed
system, If the contrast in the object is unity, T(s) represents the
image contrast. Such curves provide a means for correlating the
image contrast for any spatial frequency with the geometrical and
optical properties of the system. For example, referring to Fig.2.4
it can be seen that in order to obtain a contrast in the image of
at least 50%, the value of & must be less than 1. For a given wave-
length of light, therefore, the numerical aperture of the systen,
n.sine¢, determines the maximum number of lines per mm which the
system will image with a contrast of 50%.

The numerical zpcrture is determined by two fac-
tors: the refractive index of the object space, and the angular
size of the entrance pupil., Diederichs (1¢5% has mcasured the sizes
of the entrance and exit pupils of the six cystoscopes mentioned

previously, and these are given in the following table:

Cystoscone I i1 1III Iv v VI

Entrance pupil Lo

diameter (mm) .25 .25 ,25 .28 .20

Exit pupil diameter
(nn)

Maximum contrast

(%) 73 55 55 55 60 45

2.0 1.4 1.5 1.6 1.6 1.6
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The average size of entrance pupil is seen to be 0,20mnm, The medium
of the object space in the case of cystoscopes is water which has a
refractive index ~ 4/3,and the object is on the average 35mm from
the entrance pupil., The detail capable of being resolved with a
contrast of 80% is thus limited to 5 lines per mm, A photographic
image of a 5 lines/mm.object would have a contrast far less than

80% because of the fﬁrther degradation of contrast occurring in the
photographic process, The size of the entrance pupil could be
increased with advantage to obtain better resolution.

In practice, the frequency response of a cystoscope
is less than in the ideal case, because of the presence of aberrat-
ions, particularly Petzval curvature and astigmatism. The effect
of these and other aberrations is to lower the rcsponse curve as
shown in Pigure 2.4 thus necessitating a lower s-value to give a
contrast equal to that which would be obtained with an aberration -
free system for the same frequency. Using frequency response methods
Hopkins (1957) has calculated tolerance criteria for all the
aberration coefficients, using the condition that the aberration
permissible in an optical system is such that the frequency response
for a chosen spatial frequency be not less than 0.8 of its
theoretical value for an aberration-free system. The effects of
field curvature in a cystoscope can be partly overcome by accomodat-
ion on the part of the observer when the instrument is used visually.

For photographic purposes, however, most cystoscopes in common use
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would only satisfy the above tolerance criteria for low frequencies of

the order of 1 line per mm, or less.

2.8 The air-lens (""rod-lens') cystoscope

From the discussion in preceding sections it is seen that
important factors in improving the transmission properties and image
quality of endoscopic optical systems are as follows:

(i) efficient blooming of the lens surfaces and proper choice
of glass type;
(i1) reducing the number of air-glass interfaces;

and (iii) dincreasing the size of the entrance pupil.

It was shown in Section 2.6 that the requirements of (ii)
and (iii) appear to be mutually opposed. However, a means of overcoming
this difficulty and otteining both benefits has been suggested by Hopkins
(1957) and successfully applied in a prototype of a cystoscopic camera

which utilises a radically different type of optical system.

From the basic law of refraction at a spherical interface

between two media of refractive index n and n', viz.

n'_n_ (n'-n) ,
1 1" r

it can be seen that if the signs of (n'- n) and r are both changed, no
change will occur in the sign of 1' for a given value of 1, 1f fl] is

sufficiently large.(For n=1, n'=1.5,]ﬂ must bc:>]3rﬂ) Thus, a concave



FIG. 2.5. Aperture angle in (a) rod-lens system

(b) conventional system.

£f
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air space in a glass medium will have refractive properties similar to
those of a glass lens in air. The important difference, however, is that
for an object and image space in glass the value of H = nuy may be inc-
reased to n times the value for an air space, keeping u and n constant.
Conversely, by keeping H constant the convergence angles u may be reduced

by a factor of n to give a longer object-image throw.

Hopkins has therefore suggested a cystoscopic optical
system using glass rods with suitably-shaped convex ends, an air gap
between two rods forming a positive lens. Where necessary, these are
achromatised by cementing on to the neighbouring ends of a rod-lens pair
small negative lcnses of the requisite power, index and curvatures., The
air gaps are comparatively small (2mm) so that the light path is practically
entirely in glass. For a given aperture the throw of each copying stage
could be increased by a factor of n, so that the number of stages needed
to transfer the image along a given length would be reduced by % (for
n = 1.5). The use of rod-lenses, moreover, gives an additional saving of

two air-glass interfaces per copying stage, since the copying lenses of

conventional cystoscopes each consists of a pair of doublets.

Alternatively, using the same number of stages, the con-
vergence angles at each image plane,and hence the aperture of the system,
can be increased by a factor of n (see Fig. 2.5) giving a 2.25 (=n2) times
increase in the area of the entrance pupil. In a prototype instrument,
for example, it has been possible to increase the size of the entrance

pupil from 0.25mm, as in the case of a standard cystoscope, to 0.75mm.
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without increasing the number of air-glass interfaces. The frequency
response of the system, using aberration-corrected rod lenses is thus
sufficiently good to give 80% image contrast at a spatial frequency of
15 lines/mm., with greatly increased illumination. Clinical tests, both

‘visual and photographic, have confirmed this.

The advantage of a rod-lens optical system over a convent-
ional system can be seen to increase with increasing refractive index of
the glass., (The use of high-index glass would also enhance the efficiency
of magnesium fluoride anti-reflection coatings.) The results of absorption
measurements to be described later show, however, that the absorption
coefficient, particularly that for blue light, usually increases with
increasing refractive index. For a rod-lens system absorption losses
could be serious, and the question of proper choice of glass type thus

becomes one of critical importance.
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Chapter III

ANTI-REFLECTION FILMS

3,1 Introduction

In general, light losses in endoscopic optical systems
will be due chiefly to reflection from the glass surfaces; even when rod-
lenses are used, 2 cystoscope, for example, may still have some 20 air-
glass interfaces. Anti-reflection coating of the glass surfaces is thus
of primary importance, both for improving thc transmission and for reduc-
ing ghost light, and before proceeding to the problem of measurement of
anti-reflection film efficiency and of glass absorption coefficients,
some general questions concerning anti-reflection films will be briefly
discussed in this chapter. The theoretical aspect is particularly of
interest because a comparison with theoretical results of experimentally-
determined transmission values is very necessary and appears to have
received 1ittle attention. Among other factors, for example, capable of
"glving rise to discrepancies, variations in the refractive index of evap-
orated films, as compared with the bulk material, are known toc occur.

The question of computation needs also to be considered.

3.2 Deposition of anti-reflection films

The chief methods in current use are thermal evaporation

and cathodic sputtering. In early work on anti-reflection films, Bauer
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(1934) and Strong (19%6) used films of alkali fluorides deposited chem-
ically, but films thus deposited are generally soft and fragile and so
have little practical value, Electrolytically-deposited films are more
robust, but being necessarily metallic have no application as anti-

reflection films.

Thermally evaporated magnesium fluoride is normally used
for single-layer anti-reflection films. Although the refractive index of
magnesium fluoride (1.38) is rather high — an anti-reflecting layer on
low-index glass should ideally have a refractive index of about 1.22 -
this disadvantage is outweighed by the great durability and stability of
refractive index shown by films of magnesium fluoride as compared with
films of other materials. Calcium flucride films deposited in poor vacuum
have a refractive index of approximately 1.22 but they are soft, and
measurements by Abelés (1950) show that there is marked instability of
their optical properties. In contrast, magnesium fluoride films withstand
considerable abrasion and have been shown by Flamant (1950) to resist
atmospheric attack and to have stable optical properties. Measurements
by Hall and Ferguscn (1955), toc, show that the refractive index of "aged"
magnesium fluoride films (i.e. a few days after deposition) changes very

little with further ageing.

A single-layer anti-reflection film gives a reflection
minimum at one wavelength (considering only the visible spectrum), the
suppression of reflection falling off tc either side quite gradually in

the neighbourhood ¢f the minimum. Double- and multilayer films are more
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strongly wavelength-selective and give morelcomplete suppression of
reflection at the minimum-reflection wavelength. In theory, by using
an anti-reflection coating of n layers with properly chosen thicknesses
and refractive indices, zero reflection at n discrete wavelengths could
be obtained. Anti-reflection coatings having up to eleven layers have
been produced, but practical difficulties and the complexity of compﬁt—
ation have so far precluded the general use of films having more than
two layers. Even the double-layer films cannot be made to give reflect-
ion minima at two arbitrarily-chosen wavelengths since a continuous

range of refractive indices is not provided by available materials.

Double-layer anti-reflection films were first produced
by Cartwright and Turmer (1939) using thermally evaporated sapphire and
quartz.These materials are not, of course, generally practicable. Holland
and Putner (1959) have prepared efficient and durable double~-layer films
by sputtering bismuth in oxygen at low pressure to form a first layer of
bismuth oxide (refractive index ~ 2.45) on a glass substrate and then
depositing a magnesium fluoride layer by thermal evaporation from a
second source. The double-layer films used for the measurements to be

deseribed in Chapter VI were prepared in this way.

For zero reflection at a given wavelength X (in practice
there is always some residual reflection), the optical thicknesses of
the bismuth oxide and magnesium fluoride layers are required by the theory

to be 0,049* and 0.33A respectively.
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3.3 Monitoring of the film thickness

In the case of single-layer films visual monitoring is
adequate for most purposes. Tor maximum suppression of reflection in
the middle of the visible spectrum, the film will have the familiar
purple colour in reflected light; with care, it is possible to locate
the reflection minimum here within é5OA of that of a standard comparison
sample, For the purpose of the present studies this tolerance is accept-
able (¢f. Chap. VI, Sec. 6.3), and visual monitoring was employed for

preparing the single-layer films used,

Visual monitoring is, of course, easily subject to human
error, and other methods, such as those of Dufour (1948) and Turnbull and
Belk (1952), are therefore.commonly used., In these methods, monochromatic
light of that wavelength for which minimum reflection is required is used
for monitoring, and when the correct film thickness has been reached, the
output of a photocell receiving light reflected from, or transmitted
through, the film becomes a minimum, or a maximum, as the case may be.
The general difficulty of precisely locating an extremum without passing
through it is avoided in a refined method, due to Giacomo and Jacquinot
(1952), whereby zero output from the photocell is indicated by the de-
generation of certain loops of a lLissajou pattern in an oscilloscope
trace. A simpler method giving good accuracy has been used by Holland
and Putner (loc. cit,.) in the deposition of two-layer films. The wave-
length of the monitoring light is chosen smaller than that for which

minimum reflection is required, and deposition is stopped when the photo-



Lo

cell output has passed through a minimum and reaches a predetermined
value; the magnitude of this will depend on the difference between the
two wavelengths., This procedure is, of course, only followed when the
top layer is deposited. Calculation shows that prior to the deposition
of the magnesium fluoride layer, the reflectance of the substrate+bismuth
oxide system will be about 83% for a wavelength of BOOOE. If the wave-
length of the monitoring light is 45005, for example, correct thickness

of the bismuth oxide layer will be indicated by a reflectance of 9%%.

3,4 Theory of anti-reflection films

If an electromagnetic wave is incident on the interface
(represented by the plane Z = 0 in Fig. 3.1) between media of index

nq and ny , application of the usual boundary conditions on the electric

AL B
e
P
n1 \
7
' Y
Eh 2
np 2p -
FIG. 3.1

and magnetic field vectors yields

_ Fip _ tan(gp - 49) 3.1

_ﬁiél tan(ﬁg + ¢1)

£ - .Ez.p— o 25in¢2 . COS%»I 3 .2
E:p sin(fg+@,) .cos(@r-g4)
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for the amplitude reflection and transmission coefficients, respectively,
for the electric vector in the plane of incidence, Y-Z. Vectors in this
plane are distinguished by the subscript p; For the E-vector perpendic-

ular to the plane of incidence (subscript s) the corresponding coefficients

are
rs _ Els - Sil’l(ﬁa - ¢12_ 3.3
Big sin(gs + 29)
& =~Eé§ _ 25in¢2.co§¢1 3.4

Eis sin(gp +¢4)

(The notation scheme of Heavens (1955) has been followed here, positive
and negative superscripts denoting the direction of propagation for trans-~
mitted and reflected waves, respectively, and subscripts 1 and 2 denoting
the medium.) The above are the well-known Fresnel amplitude coefficients
for reflection and transmission at a single interface. The squares of
these give the coefficients of reflection and transmission for the energy,
and will be denoted, respectively, by Rp,s and Tp,s , as the case may be.
If scattering and absorption losses are neglected, T =1 - Rp,s .

Pys

(1) Single-layer films

The condition for zero reflection from a single-layer film
deposited on a substrate can be obtained by using the concept of "impedance
matching'" familiar in other branches of physics. By analogy with an elec-
trical transmission line, Blaisse (1950) has shown that an "optical

impedance'" can be defined by

=l 3.5
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where Ef and Ht are the tangential components of the electric and magnetic
field vectors at any interface in the system., The condition for two media,
of impedance Z1 and Zz , to be 'matched" by the interposition of a medium

of impedance 22 is

75 = 24.%5 | 3.6

From Maxwell's equations it follows that in a medium of permittivity «

and permeability p (M.K.S. units),

E Ty

'H% “ale 27
Thus, fI‘Om 3-5 - 5-7! o mtsrm by -

G2 =‘\/€1.63 308

since for most materisls,at optical frequencies, p«vﬁo (free space).
Since ¢ = ke, (where k is the dielectric constant and €y 1s the permitt-
ivity of free space), and for dielectrics the refractive index n =AZK .

3.8 becomes _
n2 = nflo 3 3‘9

(This is equivalent to the statement that the reflection coefficients for
both interfaces must be equal — a condition necessary for complete destruct-
ive interference between the two reflected wave-trains. Thus, if ry is
the amplitude reflection coefficient between media nq and n, , and rp that
for the np-nz interface, and considering, for simplicity, the case of
normal incidence, ry and rp will have the same values for either direct-

ion of polarization and will reduce to

N~ - 1
T'q =2 "1 ro

- 03 = oo
et AN

n3+né

By putting rq = rp , the relation 3.9 is obtained.)
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The condition 3.9 is not a sufficient one: for destructive interference
the two wave-trains must also be in anti-phase, and a film of thickness

t = é is therefore required, A being the wavelength of the light in the
film. The phase change on reflection is m for both interfaces, in a
system of transparent media, and there will thus be a phase difference

of m , for normal incidence. For non-normal incidence, or for wavelengths
other than the critical wavelength, the reflectance of the film will have
finite values. A general expression for the reflectance of a single-
layer anti-reflection film may be obtained by extending the scheme of

Fig. 3.1 to include a third medium, and applying boundary conditions to

each interface in turn. Alternatively, a direct summation may be made

2
/1(1;:2 “t1t11‘11‘2
/ "t11‘11‘2 2 1
-'bo]I‘»II‘Z
/t1

NN r

FIG. 3.2

%o

& R

of all the multiply-reflected beams following the scheme of Fig. 3.2

The amplitude reflection coefficients r, and r, for the two interfaces,

respectively, are taken positive for propagation from ns>n, and from nyrn,
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and negative for the reverse direction; for propagation from ng>n, the
amplitude transmission coefficient will be denoted by t1 , and for the

reverse direction, by t; . (It is easily shown from egns. 3.1 - 3.4 that
3,10

(Subscripts p and s arc omitted for simplicity, since the result will be
valid for either direction of polarization.) Thus, for an incident wave of
unit amplitude, the amplitudes of the successive beams reflected into

. . . ] ' 2
medium n, will be given by: Ty t1t1r2 s -t1t1r1r2 .

are multiplied by the appropriate phase factors, the summation yields:

esseey and when these

-2ib
__I'1 +I‘2.e
- =-2ib

r 3,11

1+ rqra. e

for the amplitude reflection coefficient of the system, where 6=§Eh1d.cos¢
0
is the phase difference for the ray path between the two surfaces of the

film n, )\o being the vacuum wavelength of the light,

The reflectance (energy reflection coefficient) of the

film is given by multiplying 3.11 by the complex conjugate. This yields:

r% + 2r1r200526 + rg
R = 22 3-12

1+ 2r1r2cosa6 + T,

If absorption and scattering losses are neglected, the transmittance will
be given by T = 1 — R . Variation of R with wavelength is due mainly to

the viriation in cos26, the minimum value of R occurring for 26 = m ,
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(1i) Double- and multi-layer films

The method of summing multiply-reflected beams has been used
by Crook (1948) to calculate the reflectance and transmittance of a double-
layer system. For a system of many layers this method becomes prohibitiwly
complicated. On applying boundary conditions to the field vectors at each
interface of a multi-layer system, recurrence relations are found between
the field vectors in successive layers. These can be written in matrix
form (the elements of a matrix being characteristic of a particular layer),
and the resultant reflected or transmitted amplitude is then given by
multiplying the matrices. The matrix elements may be expressed in terms
of the Fresnel coefficients or the optical impedance Z, following the
treatment of Abeles (1948, 1950); other methods are given by Weinstein
(1947) and Blaisse (1950). The common feature in the various types of
matrix is that the determinant of each matrix in the system is equal to
unity. This canbbe shown to represent conservation of energy in each
layer and is implicit in the assumption that there is no absorption in
the films.

In an alternative method of calculating the reflectance of a
multi-layer system, use is made of the result obtained for the reflectance
of a single layer whercby successive layers are represented by a hypothet-
ical single surface. Following the scheme of Rouard (1937), one proceeds
from the substrate upwards. An effective amplitude reflection coefficient
(similar in form to r' in eqn. 3.11) is first of all obtained for the

substrate+first layer, this system being then regarded as the substrate
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for the second layer, and so on. Vadidek (1950) has shown that the same
result is obtained (as one would expect) by reversing Rouard's scheme and
proceeding downwards from the topmost layer; For a large number of 1ayers
calculation by either method becomes very complicated, but the treatment
of Rouard is generally easier to apply; in the case of normal incidence,
recurrence relations given by Caballero (1947) simplify the problem.

There are also various graphical methods of solution (see, for example,
chap. 4 of "Optical Properties of Thin Solid Films" by O.S. Heavens, 1955)

but these are not usually as accurate as computational methods.

For a double-layer film, calculation of the reflectance by

Rouard's method requires but a single substitution., Using the notation

n, Air
- r,] .
gy _——
|
n, Magnesium fluoride d, \\\\\\.r
€ r
/1»‘ 2 \\ /
» - . '
n, Bismuth oxide 22 ) //V/’,ra
3
n3 Glass

'FIG. 3.3

of Fig., 3.3 , an effective amplitude reflection coefficient for the
glass+bismuth exide layer will be given (cf. eqn. 3.11) by:
6—2152

I" = - 2 -3. — 3013
_-216;




Similarly, the amplitude reflection coefficient for the whole system is:

v =216
r1 + r .e 1
r = 3.4

216,

1 + rqr'. e

Substituting for r' in 3.14, we obtain

r1(1 + rarﬂ,e—alaa) + e—2161(r2 + r3.e_2162)
r = 2 3.15
-2ib =216 -2ib
- S 2 N 2
(1 + 12r3.c ) o+ r,.e ’I(r2 + r3.e )

The reflectance of the system is given by R = r.r* . The result of this
multiplication can be conveniently written, to facilitate computation,

in the following form:

rf.A + B+ C
R = 3,16
A+ r?.B + C
where A= (1 + rzra) + 2r.r_.cos25
° = 2" 2510080
2 2
B = (r2 + r3) + 2r2r3.005262 ,
_ . 2 2 o] -
and C = ¢r1r2(1+r3)cosabj + 2r1r3 cos(261+262) + ra.cos(gé1 262) ,

(N.B. The sign of T3 will be negative.)

3.5 Variation of reflectance with angle of incidence

For non-normal incidence 3.12 and 3.16 will give different
values of R for the two dircctions of polarization corresponding to the

appropriate forms,rp or ry, of the Fresnel coefficients. If unpolarized
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light is used, as would usually be the case in practice, the overall
reflectance will be given by inserting in the formulae effective values

of the Fresnel coefficients for unpolarized light. These arc calculated

as follows. For an electric vector E making an arbitrary angle @ with

the plane of incidence, the p- and s-components will be given, respectively,
by Ep = Fcos@ and Es = Esinf . After reflection by'a surface having
reflectances Rp and Rg for the two‘directions of polarization, the sum

of the time-averaged intensities of the reflected components will be given

by

NI.’:Ul
=

2
Rp(EIZ))av + RS<E§>aV j‘ 2 (cosfrsin®) .ag

0

= 2R.E°

where R is the overall reflectance of the surface for unpolarized light.

Thus, =
R = %(Rp + Ry) , 3.17

and the effective Fresnel reflection coefficient for unpolarized light

is, therefore, given by

ol

3.18

-
It
DJ\—x
H
Lo BV
+
]

[ BY)
p—

If the light is partially polarized, then, denoting the fractions of p-
and s-polarized light by % and & , respectively, the effective Fresnel

reflection coefficient will have the value

- 1 2%
T = \1—2-(0%1"% + o;srs)‘
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For sufficiently small angles of incidence, normal incidence
conditions may be assumed. Fig.3.4 shows the variation with angle of incid-
ence 1 of the reflectance of an untreated glass surface (n=~1.5) for both
directions of polarization. The departures of'Rp and Ry from the common
normal-incidence value are opposite in sign and closely equal for angles

of incidence up to 200 and more. A4t i = 200, for example, R, = 0.0332 and

1Y
R = 0.0470 , giving a mean value of 0.0401 (for unpolarized light) which

differs from the normal-incidence value 0.0400 by a negligible amount.

The variation with angle of incidence of Rp and Rs for a t
single-layer anti~reflection film is indicated by the curves of Fig. 3.5,
after Rouard (1952). The refiectance for either direction of polarization
does not differ sensibly from zero (<0.0001) for values of i up to 300.
Although these curves relate to a '""'perfect" anti-reflection film for the
zero-reflection wavelength, it can be shown that the reflectance for other
wavelengths is similarly insensitive to variation of the angle of incid~
ence. For example, in the case of a single-layer magnesium fluoride film
on a glass substrate of refractive index 1,80, giving a reflection minimuﬁ

at a wavelength of 54504 , the (theoretical) values of R, and R, at a

b
wavelength of 65634, and for 20° incidence, are, respectively 0.0039 and
0.0058. The average reflectance (for unpolarized light) is thus 0.0049
(£ 0.0001), which compares with the value 0.0050 for normal incidence.

For double-layer films the discrepancy is somewhat greater, of the order

of 0.0002 .

The bossibility of assuming normal incidence conditions for
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small angles of incidence (i.e. up to about 20°) is an important result.
Thus, in Chapter V it will be seen that the elimination of ghost light in
transmission measurements requires the specimens to be inclined at about
20° to the photometer beams; calculation of the theoretical transmission,
on the other hand, is greatly simplified if normal incidence is assumed.
(Fortuitously, angles of incidence at the lens surfaces in cystoscopic
optical systems do not usually exceed -~ 18%) When light traverses a large
number of surfaces, howcver, the question is complicated by changes in the
proportions of p- and s-polarized light at successive surfaces. This

effect will be discussed in more detail in Chapter VI,

References

Bauer, G., Ann. Physik 19 (1934) 434
Strong, J., Phys. Rev. 49 (1936) 2094 ; J.0.8.4. 26 (1936) 73
Abeles, F., J. de Phys. et Rad. 11 (1950) 313

Flament, F., Ibid. 380

. Hall, J.F., and Ferguson, W.F.C., J.0.8.4. 45 (1955) 74

Cartwright, C.H., and Turner, A.F., Phys. Rev. 55 (1939) 6754
Holland, L. and Putner, T., J.0.8.I., 36 (1959) 81

Dufour, C., Le Vide 16-17 (1948) 480

Turnbull, D.T. and Belk, J.A., Lab. Practice 1 (1952) 403

Giacomo, P. and Jacquinot, P., J. de Phys. 13 (1952) 594



11,

12.
13.
1k,

15.
16.
17.
18,
19.

20,

Heavens, 0.S., Optical Properties of Thin Solid Films , (chap. 4)
Butterworth, 1955.

Blaisse, B.S., J. de Phys. et Rad. 11 (1950) 316
Crook, 4.W., J.0.8.4. 38 (1948) 954
Abelés, F., Ann. de Phys, 3 (1948) 504
" J. de Phys. et Rad, 11 (1950) 310

Weinstein, W., J.0.8.4. 37 (1947) 576
Blaisse, B.S., J. de Phys. et Rad. 11 (1950) 317
Rouard, P., Ann. de Phys., 7 (1937) 291

vy

Vasicek, h., J. de Phys. et Rad. 11 (1950) 343

Caballero, D.L., J.0.8.A. 37 (1947) 176

52

Rouward, P., Propriétés Optiques des Lames Minces Solides , (Mémorial

des Sciences Physiques, Fasc. LIV , 1952)



53

Chapter IV

THE COMPARISON OF LIGHT FLUXES

4,1 Introduction

Measurement of reflectance or transmittance depends,
fundamentally, on the comparison of the fluxes in a reference beam and
the reflected or transmitted (''sample") beam. This comparison may be
effected either by separate measurements of the flux in a single beanm,
with and without the sample, using a calibrated detector (single-beam
photometry) ; or, by simultanecous comparison of a reference beam and a
sample beam (double-beam photometry). The latter general method includes
matching the beanis by means of a calibrated flux~limiting device in the
path of the reference beam and observing a null difference of flux (null
method) : the amount by which the reference beam has been attenuated or
stopped down will indicate the original degree of unbalance of the beaums.
Methods also exist combining features of single-~beam and double-beam
photometry, a single beam being used alternately as a reference beam and
a sample~beam and one signal stored for direct comparison with the other.

(See, for example, reference 4 at end of chavpter).

For measurements at different wavelengths, the design
of spectrophotometric apparatus has tended to centre largely on obtaining

high spectral purity (which is not always justified) and also aims at
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automatic direct pen-recording of the measurements. These will not
usually be és accurate as measuremements obtained by careful point-by-
point observation. A brief survey of the techniques available for such
measurements will be given because an important aspect of the present
work has been the development of improved apparatus and measuring tech-

nique,

4,2 Single-beam methods.

Measurements of the reflectance of single-layer films
using a singlé, steady (unchopped) beam have been made by Rood (1949),
Hall and Ferguson (1955), the intensity when the beam is incident
directly on the photodetector being compared with that after reflection
by a single surface. More recently, Holland and Putner (1959) have used
single-beam methods for reflection and transmission measurements on two-
layer films, the beam being modulated to allow amplification of the signal.
Although there appears to be an almost total absence of reports in the
literature on measurements of absorption in optical glass, some makers
of optical glass publish transmission data and these are usually obtained

by simple single-beam measurements.

The single-beam method of photometry is subject to

various limitations and sources of error.

(i) Unless a highly stabilized power supply is used for the

light source there can be fluctuations in intensity in the time~interval
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between two readings.

(ii) The photocell output is often not linear with intensity
and it is then necessary to calibrate the detector. The spectral response
of light-sensitive materials used in photocells is also not uniform and

a separate calibration may be necessary for each wavelength of light
used.

(iii) 'The same region of the sensitive surface of the photocell
must be used in all measurements to avoid errors érising from variation
of sensitivity across the surface. Figure 4.1 shows this variation for
a typical photomultiplier examined by K.W. Keohane and W.K. Metcalf (1955).
In the method described by Hall and Ferguson the reflectances of a
coated and an uncoated surface were compared, the light beam being shifted
for this purpose and the photomultiplier position adjusted to interecept
the beam with the same region of its photocathode. For measurements
made in this way to be consistent it would be necessary to illuminate
only g very small region of the photocathode at the maximum-sensitivity

dR/

position where = 0 3 or, alternatively the entire sensitive area

dx =
(except, of course, the edges) should be illuminated so that any
variation in the illuminated portion of the photocathode takes place in

regions where dg/dx is small and involves only a small fraction of the

total flux.

(iv) Fatigue effects in the light-sensitive material of the
photodetector are difficult to allow for and will impair the accuracy of

measurement.
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(v) The sensitivity of the photodetector and the amplifier
gain must remain constant during measurement and the power supply must

therefore be stable.

(vi) In measurements of absorption in glass, it is usually
necessary to correct for reflection losses at the end-faces of the sample.
This has to be done either by measuring the tranmission of two different

lengths, or by calculation.

4,3 Double-beam methods.

Most of the above disadvantages are remedied by simult-
taneously comparing a sample~beam with a referénce Leam from the same
source. (Methods of beam-splitting will be discussed in more detail

in Sec. 4.5.)

In a method due to Tait and Chalklin (1953) a steady
galvanometer deflection is obtained which is a function of the difference
of intensity between two modulated beams. A similar principle has been
employed by Neale (1955) in improved apparatus. In these methods, as
in single-beam methods, it would be necessary to make a separate deter-
mination of the reference beam intensity, for example, by stopping
down the other beam because it is the ratio of the intensities that is

important for measurements of reflectance and transmittance.

In a method used by Makin and Rogers (1959) for measure-
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ments on the density of films, two beams of nearly equal intensity were
incident on separate photomultipliers the outputs of which were balanced on
a bridge circult to give directly the ratio of intensities; a similar
method has been used by James(1959) for absorption measurements in the
ultraviolet (where stability of the source is particularly a problem).

A linear bridge-amplifier suitable for such methods has been designed by
Hariharan and Bhalla (1959). Two balance scttings of the bridge, one

with both photomultipliers receiving light and the other with one ‘beam
stopped out, are used to define a linear absorption scalg and the pro-
portion of light removed by a sample placed in one beam is then given

directly, with reference to this scale, by a single balance operation.

The balance setting of a bridge will be independent of
variations in intensity of the source only if both photomultipliers
have the same multiplication characteristics, this condition also being
essential for the linearity of the absorption scale. For measurements
at different wavelengths, moreover, it would be necessary for both photo-
multipliers to have the same spectral characteristics. The properties
of photo-emissive and secondary-emissive surfaces are strongly influenced
by a number of variable factors attending their deposition which are
difficult to control for repeated production of surfaces having identical
spectral characteristics. In practice,; therefore, the selection of two
closely identical photomultipliers is largely fortuitous. The apparatus

of Hariharan and Bhalla was directed towards the measurement of small
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changes of absorption; Makin and Rogers, too, were working with beams
of nearly equal intensity and in these conditions identity of the photo-
multipliers is usually not so important as for the comparison of beams

having a relatively large difference of intensity.

L,4 Null-detection methods.

In these methods a single photodetector is ?referably
used. Modulated beams are incident on this in superposition and the
stronger beam is attenuated or stopped down until the (selectively
amplified) signal component at the modulation frequency becomes zero to
indicate balance of the beams. The transmission of a sample is then ob-
tained by comparing the setting of the attenuating device or stop with
a standard reference setting made in the absence of a sample. As with
other double-beam methods, the balance setting will be independent of
stability of the source. The important advantage of a null method is
that the detecting system has only to indicate a null signal. When a
single photodetector is used this indication will be independent of any
non-linearity in the detector, fatigue effects, variation of sensitivity
with wavelength or non-uniformity of response over the light-sensitive
surface. Any variation of amplifier gain, moreover, will only have a
slight effect on the sensitivity of the null detection; in other methods

of measurement, the amplifier gain must be highly stabilized.

A double~beam null-reading method was used for the
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present work., Four main factors have to be considered in the design of
efficient apparatus, namely; (1) beam-splitting (and beam-recombining)
means; (2) control of the flux in the reference beam; (3) modulation of

the beams for amplification; and (4) detection of the null-point.

4.5 Beam-splitter and optical system.

In principle, the simplest method for obtaining "twin"
beams (employed in a number of standard photometers), is to use two
optical systems each of which receives light leaving the source in
different directions. Alternatively, two separate light sources could
be used with a common power supply. In either case, if a single mono-
chromator is to be used, this must then be positioned at the exit end
of the phofometer, immediately prior to the photodetector, so that the
light of both beams may be analyzed together. Unless there is a high
degree of parallelism of the beams before they enter the monochromator,
the photodetector would receive a good deal of stray light (which would
be suppressed if the beams were monochromatic in the first place), and
spectral purity would also be reduced. This would mean, for example, that
samples used for measurement would have to possess accurately parallel
faces for consistent results to be obtained. In these photometers, the
optical systems are generally rather complex and tend to give rise to
stray light,

In assessing the merit of a method for dividing a (mono-

chromatic) beam into two component beams, due regard must be given to
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the optical system as a wholé, since the nature of this will be determined
to a large extent by the particular form of the beam-splitting arrangement
used. Besides its use for directing light along sharply defined paths
through the photometer; an image-forming system is important because in
order to eliminate errors arising from non-uniformity of response over

the light-sensitive surface, it is necessary that the two beams should

be incident on the photodetector in exact superposition; that is, as
focussed images of some limiting aperture in the system. (This has been
found to be necessary even when a diffusing screen is interposed).
Conveniently, this limiting aperture is the exit aperture of the mono-
chromatof. To obtain images of equal size it is desirable that both

beam~-paths should be of equal length.

In the conventional semi-transparent mirror method of
beam splitting, used by Dobson (1923) in one of the earliest double beam
photometers, the component beams are initially directed at right-angles
to each other. This is a convenient arrangement when there are two photo-
detectors, and was used in the method of Makin and Rogers, but in a photo-
metric method employing & single photodetector additional means will be
required to direct the beams towards the photodetector along paths of
equal length. A mirror system can be used including two semi=transparent
mirrors M,, M,, arranged as indicated in Fig. 4.2(a). An additional
optical system will be necessary for imaging purposes. This method is
relatively inefficient because half the light is lost at the second semi-

transparent mirror.
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FIG. 4.2. Beam-splitting systems.




63

It is furthermore desirable, in order to facilitate the removal of ghost
light, (See Chap V, sec.5.5) that, in addition to the superposed images
formed on the photodetector, there should also be intermediate images
formed, preferably, in a single plane normal to both beams. qugrrange-
ment of Fig.4.2(a) these images would be formed at different distances
along parallel arms of the two beam-paths. A more symmetrical arrangement
is indicated in Fig. 4.2(b), but this has other disadvantages. If the
reflecting surfaces are metallic, there would be undesirable polarizuation
of the reflected light with the relatively large angles of incidence
used, as well as substantial light loss. Four aluminium surfaces, each
having a reflection coefficient of, say, 85%, would have a combined
reflection factor of about one half, and there will be additional light
loss in the image-forming optical system. Instead of metallic reflectoré,
450 prisms could be used, preferably in the form of Albrecht rhombs as |
indicated in Fig. 4.2 (c¢), so as to reduce the number of air-glass inter-
faces. The formation of intermediate images requires an imaging system
such as that indicated in the figure, light traversing the prisms being
preferably parallel to facilitate alignment and to avoid light loss that
would otherwise result from non-critical incidence of light on the
hypotenuse faces. The transmission factor of a typical system of this
kind (or of the mirror kind) would be about 30%. If the number of air-
g_ass interfaces and absorbing length in the system could be halved the
transmission would be approximately doubled and stray light considerably

reduced.
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In a double~beam method first used by Hardy (1935) polar-
ized light produced by a Nicol prism is divided, by means of a Wollaston
prism or Rochon prism, into two components having mutually perpendirnlar
polarization. This method, too, is inefficient because half of the
availlable light is lost at the first polarizer. It has the further dis-
advantage that the angular separation of the component beams is only one
or two degrees and the beams have therefore to be gquite narrow with con-

sequent limitation of the amount of light available for measurement.

Fig. 4.3 illustrates a method of beam-splitting that
does not have the limitations of the more conventional methods described

above. The halves of the first split lens L, are separated by =

1

amount s and form images E E, of the monochromator exit slit Eo

1 72
having a separation
s' = s(1-M) ,
where M isthe magnification between the plane of EO and that of the

images E, and E, . A second split lens L, , conveniently identical with

1 2 2

L1 , forms superposed images of E1 and E2 at E on the light-sensitive
surface of a photodetector P. In practice the lens halves are masked,
and suitable apertures provided away from the lens edges. If the distance
between the aperture centres is equal to the separation of E1 and E2 ,
the central rays of the two beams will be parzllel and there will be,

effectively, a pair of narrow parallel beams the separation of which

may be adjusted very simply by varying either s or M.
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The important feature of this system is that the same
optical elements are used for imaging purposes and for forming and re-
combining the two beams. Because of its simplicity the system has high

transmission and stray light is reduced to o minimum.

4,6 Control of light flux in the reference beam.

The output of a photocell is a function of the total
light flux in an incident beam. The flux may be varied either by
varying the intensity of the beam keeping the beam cross-section constant
(in any given plane), or by varying the beam cross-section, for example,
by means of a diaphragm. Different methods of both classes will be con-

sidered.

(1) In the case of polarized light, the intensity of a beam
is readily varied by varying the relative angular setting of two polar-
izers. In Hardy's method (see above), for example, the Nicol prism can
be rotated to alter the plane of polurization of the light incident on
the Wollaston or Rochon prism and thus produce an increase of intensity
in one component beam at the expense of the other. If the initial intensity
of each beam is IO and the intensity of the sample-beam is reduced to
some value I = t.IO when a sample having transmission t is inserted, the
angle ¥ (see Fig. 4.4 ) through which the Nicol prism must be rotated
from a median position to balance the intensities in the two beams i1l
be such that

P

t - I/I _ cos@ - S%PQ
o cos@ + sing
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Differentiating, we obtain

- -Qt(1 + tanﬁ).dg
(1 - tand)

dt

from which it can be seen that the accuracy of measurement becomes

rapidly poorer the greater the initial inequality of the beams.

Polarizing axis of

e —" - e

/ Nicol prism

Reference

beam

FIG. 4.4

Innacuracies are also introduced by a small amount of
residual unpolarized and, sometimes, c¢lliptically polarized light pro-

duced at the surfaces of the polarizing elements.
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(4i) A general methed of varying the intensity of a beam is
by the use of density wedges., Although this mcthod has been used by
Dobson, Tait and Chalklin and others,it would not appear to be very
satisfactory for really precise measurements. In the first place, the
density gradient of a wedge is usually non-linezr and errors may arise
in calibration; there may also be spurious local density gradients.
Sccondly, to obtain uniform attenuation over the whole beam cross-
‘section, it is necessary to use two wedges having their density gradients
equal and oppositely directed and it is unlikely that two wedges will
be sufficiently closely identical. A further objeection to the use of

wedges is that four additional air-glass interfaces are introduced.

(iii) The alternative to varying the beam intensity is to
vary the beam cross-section keeping the intensity constant. The prin-
cipal difficulty here lies in the elimination of errcrs due to non-
uniformity of intensity over the beam cross-section. In some Perkin-
Elmer spectrophotometers (see reference 4 at end of chapter), the
effective area of a beam-limiting aperture is varied by means of a pair
of "combs" having interlocking wedge-shaped teeth (Fig. 4.5), the combs
usually being coupled for equal and opposite movement by a single con-
trolling mechanism. Variation of area thus takes place by ''zig-zag’
increments distributed fairly evenly over the beam cross-section. If
X/2 is the displacement cof cach comb from a completely closed position

(sce Fig. 4.5), the area of the exposed portion of the aperture will be

A= 2bx(1 - X/3)



FIG. 4.6 . Scanning an operture
6 . Sconning an aperture with o s/it image.
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and is scen to be independent of the angle (and number) of the tecth,
Preferably, there should be a large number of small-angled teeth but
there are practical limitations to the fineness of the teeth such as

machining errors and the question of light loss due to diffraction.

Since 4 is not a linear function of x, calibration of
the comb setting will be necessary; also, sensitivity of measurement,
which is proportional to %% = 2b(a ~ x), will vary with the separation
of the combs. A further disadvantage in the use of combs is the
irregular shape of the effective aperture area giving rise when the
beams are chopped to a rather complex wave-form in the flux modulation.
This will result in loss of signal strength at the (selectively ampli-
fied) modulation frequency, and the light available for measurcment is
thus being used inefficiently. The gquestion of efficient beam-chopping

will be discussed in more detail in Sec. 4.7 .

(iv) Bergmann (1958) has obtained a uniformly luminous square
field of monochromatic light by rapidly scanning a square aperture with
the image of a narrow slit using an octagonal prism P (see Fig. 4.6)
rotated at 300 revs./sec. about its axis X parallel with the slit axis.
Each pair of opposite parallel faces of the prism is equivalent to a
rectangular block on which the angle of incidence varies between +224°
as any given face ALY moves into a position A'AM" . The emergent beam
at the opposite face will thus undergo a lateral oscillatory shift of

amplitude 2r.tan® relative to the incident beam, where 6 is the deviation
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of the beam within the prism and r is the radius of the inscribed circle
on the prism cross-section. The scanning amplitude required is determined
by the size of the aperture, the refractive index and dimensions of the
prisﬁ being chosen accordingly. The effective aperture area is varied

simply by altering the aperture height.

In a double-beam method, it is necessary to illuminate
two apertures. Optimum dimensions (cf. Chap. V. sec. 5.4) are about 1 cm.

square for the size of the apertures and about 1 cm. for the separation

ny
!

. f ™

R b :

| ! ] x 7

!
FIG. 4,7
between them. . slit image extending over both apertures and scanning

them simultaneously would need to be more than 3 cm. long and would be
subject to considerable variation of intensity zlong it. If, on the other
h&nd, the direction of scanning is from one aperture to the other (as in-
dicated by the x-direction in Fig. 4.7), the slit image could have 2
smaller length, but the scanning amplitude would have to be large: allow-
ing clearance for "edge-effects'" due to the edges between adjacent faces
of the prism moving across the beam, the scanning amplitude would have to
be about 5 cm. This would require the use of a prism with r .~ 8} cm. ,

which is hardly practiceble, It will be seen in Sec. 4.8 that to allow
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efficient modulation of the¢ beams, variation of the aperture height must
take place in the y-direction, and there remains the problem of providing
a uniformly-illuminated slit if light flux is to be proportional to
aperture height, In the section that follows the more general problem of
the distribution of intensity in a steadily-illuminated aperture will be
discussed, and it will be shown that conditions exist for which the dis-
tribution is sufficiently uniform ( within the experimental tolerances )

for light flux and aperture height to be proportional.

L,7 Illumination of an aperture by a small source.

Fig. 4.3 shows a simplified diagram of the illuminating
and monochromating system of the apparatus to be described in more detail
in Chap V. The light sourceis. a'Pointolite' lamp the luminous spherizal
globule Og of which has a radius r~ 1.5 mm. The moncchromator entrance
slit 8o (2 mm high x 0.2 mm.wide) is imaged at O, with unit magnification
and thus effectively defines a limiting aperture in the source which may
therefore be regarded as a curved strip of width o = 0.2 mm, The X - ¥
plane containing the beam-limiting apertures-is imaged with a magnific-
ation of 1/3 in the x - y plane, some 150 mm, from Oy . The aperture
images in the x - y plane are approximately 3 mm.square and 4 mm.apart,
and are symmetrically disposed on either sidc of the y - axis. It is

only necessary, therefore, to consider the illumination of a region in

the x - y plane bounded by the liness x =2 , x =5 andy=0, y = 3/2 H

this region is indicated by shading in Fig. 4.9(a).



Illuminating system
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#1G. 4.8 . Schematic diagram of the optical system between

the photometer agpertures ond the source.
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We consider first of all the distribution of intensity
in the x - y plane due to an element at a point P on the radiating strip
with polar co-ordinate ¥ . If the area of this element is o.rd@ , and
B is the "radiative intensity' of the source, that is, the normal energy
flux per unit area of surface per unit solid angle*, the intensities at
points Ny and N (where the plane PN,N is parallel with the x - z plane)

will be, respectively,

(M) = o.rd@.Bpcos@ I i,
Ra
I(N) = I.cos>u 4,2

At the points Q5 and § (QOQ is parallel with NON), the intensities will be:

I(Q,) = I.cos’s . 4.3

1(q) = I.cos>8.cosou! L L
Now, sinu' = sinu.cos® ; the greatest value that can be assumed by u ,
that is, when N occupies the position Np , is 7%6 radians, and there is

negligible error in writing
u' = u.cos® 4,5

The greatest value of 6, corresponding to a position of P at the upper

(lower) extremity of the strip and a position of Q, at the lower (upper)

boundary of the aperturc image, is %ég radians and the values of cos6

* The "“intensity" I at a point outside a source of radiation is the
normal flux per unit area at the point, and at unit distance from the
source is numerically (and dimensionally) equal to Bp. The source is
assumed to be a Lambert emitter.



76

and 00559 vary between the limits
0.9999 < cosB < 1 L,6
0.9997 <’00559 <1 h,7

3 3

The angles u and u' are closely identical and values of cos”u and cos™u'
do not differ by more than 0.0001 . From egns. 4.1 to 4.4 , therefore,
we see that
I(N,) I(N)
ol = o, b.8
I(Qy) 1(Q)

a condition that is only satisfied by an intensity function having the
general form I(x,y) = X(x).Y¥(y) . (This is a necessary condition if the
beam-chopper and the shutter limiting the aperture height move in ortho-
gonal directions.) The x - dependent part of this function is c055u.

In going from x = 2 (mm.) to x = 5 (wm.) , cosu (=cos§X/R) does not
vary by more than a few parts in 'IOL+ and the function X(x) can thus be
taken as constant in this range. This will be true for all elements
such as P. In considering the y - variation of the total intensity
function —— which will now be denoted by I(y) — due to the whole strip,
it is convenient, without any loss of generality, to confine attention
to the plane x = O , as indicated in Fig. 4.9(b).

ES
The intensity at a point Q due to the whole strip is

.,
r _pos(ﬁ-e)-cosaeagﬁ 4,9
(R, - rocosﬁ)2

I(y) = g.r.By

- II/2

*Lictually, the extremities of the strip are stopped out and do not con-
tribute, but this does not affect the validity of the argument.
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From the geometry of Fig., 4.9(b) ,

. tan® = Z—:—ELEEE%
Ry~ r.cos

and from 4,6 we sec that sinf may replace tan® and that cos® may be taken

as constant and brought ocutside the integral sign. Accordingly, 4,9 becomes

s T 1
2 2 2 5
2 . ind. i .4
I(y) = 31”2 cos®.dd L+ Y sind.dd - - sin~ @, dd -
(Ry-r.cosg) (Rg-r.cosg) (Ro-r.cos@)
T T n
2 2 2
2r.d.Bp .
where I, = e and cos® has been taken as unity. Only the second
R

o

of the three integrals involves y and this vanishes between symmetrical
limits. Thus, within the range of validity of the above approximations,
I(y) is independent of y and the light flux will be proportional to aper-

ture height., Experimental tests for this will be described in Chapter V.

It will be useful to have at least an approximate know-

1
ledge of the actual light intensity in the apertures. This will be /9

of the intensity in the x ~ y plane given by I(y). To evaluate the
latter we may put (Ry-r.cos@) -~ R, in the denominatorsof the integrand.
The last of the three integrals has a value less than 1% of that of the
first and can be ignored for the present purpose. We have, therefore,

(Zr.oﬁ.Bn

2
o

I(y) = IO = 4.10

R
The value of B, for a given wavelength N can be obtained by integrating

B, over the solid angle 21 on one side of the radiating surface, This
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gives the result

By (A) =_,1l,w,k 4,11
where WA.dA is the unpolarized radiated energy contained in a narrow
waveband dA of mean wavelength .X emitted per second in all directions
per unit area of the radiating surface. The tungsten globule of a
"Pointolite" lamp hés a working colour temperature of about 2800°%K and
may be regarded as a "black body'" emitter, so that Wk will be given by

the Planck formula

~C 4
Wy dA = 01./\‘\'5(@ /AT 1)>.d}\ k.12

where C, = 3.,7402 x 1077 erg.cma.sec~1 , and

%2

1.43848 cm.deg .

L,8 Modulation of the beams.

Relatively 1little attention appears tc have been given
to the problem of efficient beam modulation, which is of considerable
importance if maximum use is to be made of the available light. The
commonest method is to chop the beams with an apertured rotating disc
which alternately exposes the photodetector to each beam. There is
usually a small time interval during which both beams are cut-off.
'Kniazuk (1939) used a vibrating armature carrying a suitable shutter,
each beam being alternately presented to the photodetector.

In both of these methods the direction of travel of

the edge of the chopping shutter follows a circular path, but if the
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radius of this is considerably larger than the beam cross-section (as is
usually the case) approximate linearity of the variation of flux with
time may be assumed. If the flux in the two beams differs by an amount

AF = Fo — F. , where F and F_ are; respectively, the fluxes in the beanms,

1 1

the waveform of the signal arriving at the photodetector will appear as

in Fig. 4.10 , an ideal case being considered where there is no dark

b

time (t)

_FIG. 4.10

period between successive pulses. Choosing an arbitrary time origin,
‘o T : .

and writing p = " where T is the period of modulation, the waveform

may be analyzed into the Fourier components :

F(t) = dag +9  a,.cosilt +zgﬂb .siniBt
290 EMJ n 2p e ¢! 2p

where the coefficients a a, and bn are given by the relations

o ?
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«+2p
ao:-;—p F(t).dt
»-2p
+2p
1 m
a, = 2pJIF(t).coszpt.dt
~2p
+2p
L hecey o
b = 55 E(t).81n2pt.dt

_2p

The function F(t) has the following values :

F(t) = --E-1(t+p) -2p <t<-p
- %o (t+p) ~pet <0
_ .%O(t-p) 0<tLp
= gq(t-p) p <t <2p

Since F(t) is an even function of t, bn = 0 . On carrying out the

integrations the values of the other coefficients are found to be

a, = 2(Fy+Fq)

L

a, = =—— (Fg+Fq.cosmn)
ne

The coefficients a, represent the amplitudes of a series
of harmonic signal components corresponding to n = 1, 2, 3ecaceey  aq
being the fundamental. The value %ao is the mean light level in the
signal. Denoting this quantity by f, the first four a, coefficients are:

aq = O.44F ; ap = 0.5F

a

3

1i

0.0MF ; &, = 0.05F
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In order that the null point may be clearly observed, it
is necessary, in general, to employ some form of selective amplification
of the useful signal to eliminate the effects of random fluctuations and
mains ripple in the intensity of the source, pick-up from the mains supply
and unwanted signal harmonics. The useful light-signal is the fundamental-
frequency component a4 ; this is seen to be smaller than the actual ampli-
tude of modulation and the available light is thus not being used efficient-
ly. Moreover, even if efficient wave filters are used, a good deal of
noise will be generated by the signal harmonics, particularly by the very
strong first harmonic as thereby reducing further the sensitivity of

measurement.

Ideally, the beams should be so modulated that the total
flux arriving at the photodetector varies sinusoidally between the values
Fo and F4q ; in this way, the production of harmon&cs will be avoided and
maximum use made of the out-of-balance flux. This condition is realised
in the rather elegant method of Hardy referred to in Sec. 4.5 . The beam-
chopper is a rotating polarizer (Nicol prism) intercepting both beams
(which are polarized in mutually perpendicular directions) whereby reduction
of intensity in one beam takes place simultaneously with increase of inten-
sity in the other. The instantaneous total flux when the polarizer axis
makes an angle @ with one beam (Iy), and an angle (g ~ @) with the other
beam (I) is given by

F(t) = S(T + Al.cos2f)

where S is the cross-section of each beam, AI = I,-I , and I = 2(I+1) is
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the average intensity. The useful signal, AI, varies as cos2@ and thus
has sinusoidal time-variation, the frequency of which is double the mod-
ulation frequency. With unpolarized light mechanical beam-chopping is
necessary, and a method giving sinusoidal modulation is indicated in

Fig. 4.11. The single chopping blade has a width equal to the centre-to-
centre separation 00' of the apertures, and is reciprocated parallel with
the X-axis with an amplitude of motion equal to %, where "a™ is the width
of each aperture. Thus, each aperture becomes fully exposed as the other
is obscured, the increase in effective width of one aperture taking place
at the same rate as the decrease in that of the other, Since the sum of
the exposed widths of the two apertures remains constant, the total flux
also would be constant, if the beams were balanced. When the beams are
out of balance, then, if F1 is the transmitted flux in the sample-beam,
and F, is the flux in the reference-beam, the total instantaneous flux

arriving at the photodetector when the chopping blade has moved a distance
x from the central position 00', will be given by
F=(24xF, + <é —XF

(\2 VAl 2 /) °
This may be rewritten

F = a.F —x. AT
where ¥ = 3(F, + Fq) is the mean flux, and AF = Fj — Fq. The available
signal, AF, is thus fully utilized, and the rate of variation of flux,
F = —-AFK&, will be sinusoidal if the beam-chopper has simple harmonic

motion. This is easily obtained using a simple crank mechanism (see

Chap. V, Sec. 5.4).
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4,9 Detection of the null point

Detecting systems such as those used by Neale, and Tait
and Chalklin (see Section 4.4), in which the flux difference between two
beams is indicated by a steady galvanometer deflection, could evidently
be used for detecting a null difference of flux; they are, however, sub-
ject to a number of limitations. In these systems, the signals produced
by the two beams, which are alternately incident on the photodetector,
are "sampled" and applied in the form of narrow rectangular pulses to
respective storage condensers in the grid circuits of a pair of valves
to which the galvanometer is comnected. Thus, the available light in an
out~of~balance signal is used inefficiently, and the sensitivity of
measurement is correspondingly reduced., Errors in the balance setting
of the beams can also arise as a result of differences in the amplific-
ation characteristics of the valves. In practice, moreover, it is diffi-

cult to obtain a sufficiently steady galvanometer deflection.

Alternatively, one could use a vibration galvancmeter
adjusted for resonance at the modulation frequency. Adequate insulation
of a high-Q instrument against mechanical vibration, however, presents
considerable practical difficulties, particularly when a reciprocating

mechanism is present.

It was considered more satisfactory, therefore, to use an
oscilloscope for indicating the signal. If, for example, the time-base

is adjusted to give a stationary sine-wave trace, the null point will be
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indicated by degeneration of the wave-form to a straight line. This
simple method, however, is not capable of very grecat precision, because
it is difficult to assess visually the straightness of a line. In a

more refined method due to Kniazuk (1939), a constant-amplitude signal

at the mains frequency, and a synchronocusly modulated photometer signal,
are applied, respectively, to the vertical and horizontal deflector plates
of the oscilloscope. The trace thus appears as an inclined straight line
which rotates towards a vertical position as the beams are balanced. A
disadvantage of this method is that mains instability will, in general,
affect the mains and photometer signals differently, and this can give
rise to uncertainty in detecting the null point, In the present case,
moreover, such a muthod is not readily applicable, because the mains
frequency, 50 ¢/s, is rather high for a reciprocating beam-chopper.

The following simple method was uscd for the present work; it is independ-

e

ent of mains stability, and is capable of a high degree of precision.

When the time-base of an oscilloscope 1s synchronised with
the frequency of an applied sinusoidal signal, there is one complete cycle
of variations in the deflection of the electron beam during each sweep
period, and the signal thus appears as one period of a stationary sine-
wave. 1f, now, the time-base is adjusted so that the sweep frequency is
doubled, alternate sweeps of the electron beam will carry alternate halves
of the signal cycle, and the signal will appear as a pair of stationary
loops, as indicated in Figs. 4.12(a) or 4.12(b). The null point is

indicated by the degeneration of the loops into a single line, and has

-
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been found to be very sensitive.
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Chapter V

EXPERIMENTAL TECHNIQUE

5.1 Introduction

The design principles outlined in the previous chapter were
used in a trial apparatus with which preliminary measurements were made
of the transmission of magnesium fluoride anti-reflection films prepared
using standard coating equipment. Sixteen re¢ctangular glass blocks (approx-
imate size: hem. X 2em. X 1em.) were coated simultaneously over half of
one face, and then over half the opposite face. The film thickness was
monitored visually. After some experiment, a batch of specimens was
obtained having the same colour in reflected light on both sides, and the
transmissions of the coated and uncoated parts of the surfaces were com-
pared for a number of selected samples. It was found that measurements
of the transmission ratio could easily be made with an accuracy of 3%.
As was pointed out in Chapter II , variations of this magnitude in the
reflectance of a surface can be very significant. In consequence, it was
felt that the accuracy of the transmission measurement should be increased
by an order of magnitude, giving errors limited to #0.0005. The apparatus
to be described in this chapter was directed towards obtaining an accuracy

of measurement of this order,

5.2 Monochromator and illuminating system

In the preliminary measurements different wavelengths were
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selected by means of a series of narrow band-pass colour filtersi The
half-value width of this type of filter is rarely less than about 20033
and the uncertainty in the peak transmission may be as great as MOA .
These tolerances are too great for the required accuracy of measurement
(cf. egns. 5.3 and 5.4 below). Interference filters would be satisfactory
but the cost of a series of such filters is high. A prism monochromator
was therefore designed, This was based on the Littrow system so that a
high dispersion could be obtained with a minimum of space and optical
components; the Littrow arrangement was also well suited to the general
layout of the apparatus. The main design considerations are spectral
purity, photometric efficiency and mechanical accuracy of the rotation

of the prism and Littrow mirror for giving wavelength selection. The
photometric efficiency is roughly proportional to the bandwidth, and also

depends on the physical dimensions of the optical components.

(i) Influence of bandwidth on the accuracy of measurement

The use of a prism monochromator to provide monochromatic light for trans-
mission measurements introduces two sources of error. In the first place,
since light passing through the exit slit contains a finite range of wave-
lengths, a measured value of the transmission will be an average for the
waveband used. The "effective wavelength' , namely, that for which the
true transmission has the measured value, will depend on the variation of
the transmission function in this region of the spectrum and is not amen-

able, a priori, to precise determination. In practice, therefore, a given

waveband is identified, for example, by its median wavelength xo ; the
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uncertainty (8’1‘)1 so introduced into a transmission measurement is then
the difference between the true transmission T(Ao) at wavelength )b , and
the measured average value~<T(%O)>>. Further uncertainty arises from
errors in the wavelength calibration of the monochromator, the error éko
in the value Ao assigned to the band producing an additional uncertainty

in the measured transmission equal to

dA

(67), = (i@\ N, 5.1
The error (6T)1 is smaller the narrower the bandwidth of the light used,

but the total energy flux is also reduced, and a wide band of wavelengths

is needed to maintain high signal/noise ratio. To determine the maximum
allowable bandwidth, reference is made to Fig. 5.1 , which shows a charac-
teristic fransmission curve for a glass surface coated with an anti-reflect-
ion film (cf. Fig. 6.11, Chap. VI). The transmission T(N ) at wavelength
Ao is represented by the point P on the curve. Since the curve lies

entirely below the tangent at P, the average ordinate value over the arc

APB will be less than T(Ao) ; it is given by

+2ON
<TG =”S%\“[ OVIN
~26\

Expanding T(A) by Taylor's theorem in the range SN , the integration gives
1 2
STAYD = T + 51 TG (8N

where the primes indicate differentiation with respect to A . The error

in question is thus

(62)4 = 2" (A) . (BN)° 5.2
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To obtain a safe upper limit for (6T)1 an approximate transmission curve

is adequate for the estimation of the value of T"(Xo).

The total permissible error, AT, has been put at 0.0005,
and will comprise errors arising in the light-flux measurement itself,
and errors associated with the assignment of a wavelength value in a
particular measurement, If the permissible error is allocated equally
between these factors, the sum of the errors (bT)1 and (6T)2 must be less
than £0.0003 . A safe tolerance is, therefore, (bT)1 = (6T), = *0.0001..
Thus, at the point P in Fig, 5.1 , corresponding to a wavelength Ao=45OOK
in the blue region of the spectrum, %% = 2.0 x 1077 ,2’\‘1; %;g - 2x1077 §7°
(for other parts of the spectrum smaller values are to be expected).

Substitution of these values in 5.1 and 5.2 gives for the allowable band~-

width
&N

u
0
o
o

5.3

and

Sh. = 5R 5.4

o

as the accuracy with which a given waveband must be selected., The toler-
ance 5.4 is rather severe, and in practice it was found necessary to
allow at least twice this amount., Fortunately, this tolerance was based

on a very conservative figure,

(ii) Bandwidth selected by an exit slit in the

plane of a pure spectrum

Assuming that the entrance slit of the monochromator is infinitesimally

small and that there is no instrumental broadening due to diffraction

and aberrations, an exit slit of width s and subtending an angle A8 = g

H



A+ AN

FIG. 5.2 Diggrom for obtaining the relation h.46=D.An .
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at the collimating lens, of focal length f (see Fig. 5.2), will intercept

from the pure spectrum image a waveband AN given by

M= (Z)se 5.5

with sufficient accuracy for the small values of AN and A6 that will

occur in practice., The term %g may be written

dh - dA dn 6
d&@ dn = a8 7
The first factor is simply the reciprocal of the dispersion gﬁ of the

prism glass. In the case of a barium flint glass, the dispersion at a

° o5 aa *
wavelength, for example, of A = 43LOA is %ﬁ = 1.23 x 10" A 1.7 This

compares with the value 1.24 x 10_6 obtained from the curve of refractive
index v. wavelength using the ratio of the finite differences é%% for
the wavelength rénge 43401505. Thus, for calculating tolerances of the

order of 100&, the difference between dn and 55% is negligible. Similarly,

aA A
the ratio of finite differences §§§ gives a sufficiently accurate estimate
of %3 . Thus, in Fig. 5.2, since the optical path difference between the

wave-fronts FM and PN, corresponding to wavelengths A and A+AN, must be
the same along rays at the apex and base of the prism, we shall have

D.An~ h.A8

and, therefore,
dn

= e L]
35 cos 5.7

ol j=y

For the glass and wavelength of light indicated above, the value of A8,
for AN~ 1004, will be of the order of ’10_4radians: the variation of cos@,

ho . .. te B £
and hence of B , i1s negligible, so that we may write DT ada = A6

* Jenkins & White: "Fundamentals of Optics" (2nd ed., McGraw-Hill) p.463
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For the values of AN in question, therefore, differentials in eqgn. 5.6
may be replaced by finite differences, so that 5.5 is valid. This is
conveniently rewritten, using 5.7, to give for the angular size of exit

slit
. 2 _ (dn\Ay
A8 = coso d%)

the factor 2 being present because the prism is traversed twice in a
Littrow system. In the case of a 60° prism of barium flint glass (n~1.6)

working at minimum deviation, ©~53°; thus
A8 = 0.33 (92 AN 5.8
ar

(It is of advantage to use a prism monochromator in conditions of minimum
deviation, because the rate of change of deviation with changing angle of
incidence,as the the prism is rotated to select different wavelengths, is
then zero, and the wavelength distribution in the spectrum image remains
substantially unchanged throughout the small scanning angle; in a Littrow
system, particularly, symmetrical passage of the light through the prism

also reduces vignetting.)

Because of decreasing values of %%, the bandwidth will inc-
rease with increasing wavelength; but, as was indicated earlier, the values
of T*(N\) and T"(\) will usually decrease, so that these factors tend to be

compensatory with regard to the tolerances 5.1 and 5.2

(iii) Influence of the finite width of entrance slit

In Fig. 5.3 the centre one of the three bands represents the spectral

region AN = AZ - A1 (corresponding to AMA in 5.8) that would be selected
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by the exit slit of width s from a pure spectrum produced by a limitingly
narrow entrance glit at the centre O of the actual entrance slit of
width s,. A second line element of the entrance slit AB, displaced from
0, will produce a spectrum correspondingly displaced with respect to the
exit slit, and there will be such spectra corresponding to all elements
of the entrance slit. The upper and lower bands in the figure indicate,
respectively, the spectra produced by the marginal line elements A, B, of
the entrance slit, and are displaced by amounts X 50/2 relative to the
spectrum image of O, The shaded areas indicate the additional ranges of
wavelength which thus fall within the exit slit. (The extreme wavelengths

will be reduced in intensity, but this (becneficial) effect will be ignored.)

If L, denotes the linear dispersion at the exit slit, the
additional wavelength ranges 6R1 and 6%2 are each equal to LS.%? = 6X, say.
Now, the value of L is given by'%; , 50 that &\ = %§\%§ . Thus, the
total bandwidth A)\' of the light passing through the exit slit is AN+ 26N '

and may be written:

!
AN = %(s + Sg) 5.9
For constant linear dispersion Lg =4%? , the spectral purity of the light

leaving the exit slit is constant for a constant value of (s+so). The
total light entering the monochromator is proportional to the width of the

entrance slit, s., and the fraction of this light admitted by the exit

(o}

slit is proportional to its own width, s, Thus the light flux is proport-
ional to the product ss,, and this has a maximum, for (s+s_ ) = constant,

when s = s Thus, for a given spectral purity, the maximum light flux

o*
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is obtained with the entrance and exit slits of the same width.

When s =0 the angular size of the exit slit giving a band-
width AN is given, by 5.8, as A6 = 3.33(%%)6)\ . Choosing a finite
entrance slit of width s_= s doubles the bandwidth, as shown by 5.9. A

Q

factor % has, therefore, to be introduced and

AB = 1.67 %%)AX 5.10

is the formula determining the permissible slit width.

{iv) Influence of diffraction and aberration on

spectral purity

Some additional impurity of the spectrum will be dintroduced by diffraction
from the edges of the prism aperture. The angular distance of the first
dark fringe from the centre of the diffraction pattern due to a rectang-
ular aperture of width h is equal to %%. The effective width of the
entrance slit will thus be increased by an amount &6 = %% . For the

prism used D = 6hmm., giving h = Deos53° = 38mm., so that
56 = 0.05\ .

The resulting wavelength spread, for a particular wavelength A , Will be
given by inserting the value 0,05\ for 40 in the left-hand side of eqn.5.6

and solving for dA ; the value of dn is given, by 5.7, as cosBBo, and

de
usi f : X = 43LOR dn _ =651 i
ng, for example, the values: = 4340A and EX = 1.23x10 "A ', we obtain

ax = 1&, which is negligible. There will be no diffraction from the

collimating lens, because this was chosen of sufficiently large area to
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circumscribe the prism aperture.

The residual chromatic aberration in the collimating lens
will comprise secondary spectrum, giving a total variation in focus equal
to about f£/1000 where f is the focal length. For the lens used f = 20cm.
and the resulting spread in the mean focal plane will be %-Té%a where
h = %8mm, is the effective width of aperture. This gives 0.017mm. which

is about % of the slit width used (see below) and may, therefore,'also

be neglected.

Thus, using 5.10 and values given above for do and f, the

aa
slit width so=s=f.de required to select a total bandwidth of ANV 804 is

Sg = s = 0.35mm. 5.1

(v) The illuminating and monochromating systems

The optical arrangement of the monochromator and its illuminating system
is shown in Fig. 5.4 . The monochromator prism P and Littrow mirror M

are mounted as a unit (see also Fig. 5.6) at one end of an optical bench
which also carries the photometer units, the collimating (and de-collimat-
ing) lens L, and a prism P' which consists of two 450 prisms cemented
together and serves to admit light from an illuminating system separately
mounted at one side. This comprises a 100 c.p. "Pointolite'" lamp, O, and

!
lenses Ly 4 L

, which image the source O (~ 3mm diameter) with unit
magnification on the entrance slit S,, some 1.5mm. in length. In addition,

!

Lo images L, on the collimator L, which is thus filled with light. The



FlG. 8.4 . Monochromator and illuminating systems.
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FIG. 5.5. Adjustment of the Littrow mirror.

FiIG. 5.6. Plon of monochromator.
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prism P' is tilted slightly (see Fig. 5.5) so that light is incident on
mirror M in a direction inclined at about 2° to the general optical axis Z
of the apparatus, and may be reflected parallel with the Z-axis to clear
the uppermost edge of P' by suitable adjustment of the inclination of M,
using screws A. Adjustment of prism P' is facilitated by mounting the
prism in a cradle adjustable for movement along three orthogonal axes

and for rotation about these axes. On traversing P', the light beam is
rotated 900 about the direction of propagation, and the entrance slit S,
is therefore arranged to lie horizontally so that a vertical image of Sg

is formed in the plane of the exit slit S, which is also vertical.

To select different wavelengths, the spectrum image is moved
horizontally across the exit slit using a screw micrometer E with a rad-
iused end to rotate the mirror M about a vertical axis; the prism P is
rotated in the same sense, and at half the speed, by means of gears with
diameters in the ratio 1:2 mounted on spindles carrying M and P, respect-
ively, and meshing with a common idler gear. Helical gears were used,
and there was no detectable backlash. The upper part of the mirror frame
was located true by means of a simple pivot, and repeated tests of the
linearity of movement of the spectrum image revealed no observable shift

in the vertical direction.

The exit slit is formed by a pair of knife-edges mounted at
one end of a draw-tube (see Fig. 5.8, p.105) forming part of the housing
of the photometer system. Sharp focusing of the spectrum image, by adjust-

ment of the draw-tube, was facilitated by the presence immediately in
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front of the exit slit, of an achromatic field lens Lf, the primary
function of which will be explained in Section 5.3, but which also served

to form a magnified virtual image of the spectrum.

Micrometer readings (£0.005mm.) were calibrated against
wavelength using cadmium, sodium and mercury lamps. The resulting calib-
ration curve is shown in Fig. 5.7. The procedure used for the calibration
was first to set the photometer in an unbalanced condition, and then to
adjust the micrometer E until a signal was observed indicating the traverse
of a spectral line across the exit slit of the monochromator. The wave-
length error in the calibration could, in principle, be as much as half
the monochromator bandwidth at that wavelength. In practice, however, a
mean micrometer setting, corresponding to the positioning of the spectral
line at the centre of the exit slit, could be found with much greater
accuracy, but in order to approach the condition 5.4, it was necessary
to reduce the exit slit width to s~ O.2mm. This gave a setting accuracy
of about 11OA, and was a compromise with respect to the photometric effic-
iency. (Actually, it was not possible to draw, and read, the calibration

curve with an accuracy greater than this,)

(vi) Photometric efficiency

To calculate the spectral bandwidths, and hence the photometric efficiency,

of the monochromator for different wavelengths, 5.10 is rewritten

-1
AN = 6 x 10‘4<§§> 5.12

using the value s = 0.2mm. for the width of the exit slit. The height
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3

of the slit was 1.5mm., giving an area of 3.0x10" cm? . This value must
be substituted for the term 2r.c in eqn. 4;10 (p. 77) which gives the
intensity in the plane of the lens L, ( see Fig. 5.4 above, and Fig. 4.8
on page 73 ). Because of the 3 times magnification between this plane
and that of the two beam-limiting apertures, a factor 1/9 is introduced

so that the intensity, I(A), in the plane of the apertures, of the light

in a waveband AN selected by the exit slit, will be given by

3x1o“3.B (M) AN
(A = = A erg.scc?cm? 5.13

where Ry=15cm., and B (M) is given by 4.11 and 4.12 (p. 78). The overall
light path in the apparatus, between the source O and the photodetector,
includes 23 air-glass interfaces and some 20cm, of glass, so that a more
useful figure for the photometric efficiency of the apparatus will be
given by including a transmission factor, ty , in 5.13. This may be
calculated using approximate values for the reflection and absorption
coefficients. The resulting values of I(N) are given in the following

table, which summarizes the"spectrophotometric performancé'of the apparatus.

Table 5,1
Wavelength A (i) 6000 5000 | 4000
Prism dispersion an/g, (A-1) 0.46x10~5 | 0.82x10-5 {1.72x10™>
Bandwidth (£5%) (A) 130 75 35
Calibration error &AMy (1) 15 +10 +8
Absorption coeff./cm. of glass 0.010 0.005 0.050
Transmission/air-glass interface 0.949 0,948 0.947
Overall transmission factor, t) 0.18 0.21 0.10
B, (A).d\ for ax = 1A 3,0x10% | 1.3x10% | 0.3x10%
I(\) erg.sec™l.cm 1.04 0.30 0.015
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5.3 Optical system

The split-lens system, described in Chapter IV, for pro-
ducing twin beams, was modified, as shown in Fig. 5.8, by the addition
of a split field lens, L2 s which images the beam-limiting apertures A1
and A, , on the corresponding halves of the split lens LB' The lenses all
conveniently work at unit magnification, and have the same focal length.
(This was chosen as 7", so that the optical system could be mounted on a
2-metre optical bench leaving sufficient room for the monochromator at
one end and for a photodetector at the other.) The separation of the
L1 (and L5) segments was made egual to 1cm., so that the separation of
the images 5S4 and Sy of the entrance slit § (this is the monochromator
exit slit), is 2cm., which is the centre-to-centre separation of the
apeftures Aq and A, (see Section 5.4). The chief rays of the two beams
will thus be parallel with the Z-axis. The L2 segments are major segments
of scparate lenses, and the separation of their optical centres is equal
to that of the images Sq and 55. To facilitate alignment of the beams,
and superposition of the final images, one segment of each of the lens
pairs L, and L3 is adjustable in height, using a simple worm-screw mech-

anism,

The field lens, Lf, immediately in front of the slit S,
images the collimator lens of the monochromator in the plane of the
apertures, with a magnification of about 13 times. This ensures that
the apertures will be evenly illuminated by the central portion of the

light beam, and, at the same time, provides a convenient fine adjustment
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for initially centering the beam on the apertures. The lenses used were

all achromats so that the geometrical optical relations in the system are,

to sufficient accuracy, independent of the wavelength of light used.

S.4 Control and modulation of the light flux

The apertures defining the photometer beams were formed,
as shown in Figs. 5.9(a) and (b), by an assembly of accurately machined
steel strips, bevelled at 450 and fitting together in "dovetail' fashion
to give light-tight joints, the shorter strips having chamfered ends so
that all the aperture edges are sharp. The strips are held between two
pairs of steel plates P to which they are all riveted with the exception
of one, shown shaded in the diagram, that is free to move in a vertical
direction and forms the shutter for the variable aperture. This strip
is pressed upwards by a spring (see Fig. 5.10) against a screw micrometer
which was initially adjusted in its mounting to read "zero' with the
aperture fully closed; the light flux through the aperture is thus prop-
ortional to the micrometer reading. The size of the apertures is lcm.
square (with the variable aperture fully open). Thus, assuming that the
micrometer can be read with an accuracy of 1p (one tenth of a micrometer
division), the aperture height will be measurable with a precision of 1
part in 'IOL+ at full aperture, giving an error in a transmission measure-
ment of the order of T = }0.0001 , which matches the accuracy of the

monochromator.

The separation of the two apertures is usefully made as
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small as possible so that the size, and hence the inertia, of the beam-
chopper may be kept small thus minimizing vibration; an optimum value for
the centre-to-centre separation, giving convenient spacing of the beams,

is 20mm. The beam-chopper is a thin (1/64") steel plate having two square
apertures, as shown in ¥Fig. 5.10, the portion between these being operative
to chop the beams. This portion is accordingly made 20mm. wide,(c¢f. Ch.IV,
Sec.4.8), and has sharp, parallel edges. For the other edges to clear

the beams, the apertures need be only slightly larger than icm. x lcm.,

but they were made considerably larger to reduce weight. The beam-chopper
is carried on two thin steel rods which slide in holes in brass blocks B
fixed to the ends of the plates P, the entire assembly shown in Fig. 5.10
forming a unit mounted on the front end of the fixed sleeve of the draw-
tube (see Fig. 5.8). The clearance between the beam-chopper and the beam-
limiting apertures is made small —less than %mm.— so that the configuration
of the beams in the chopping plane is closely identical with that of the

apertures.

Fig. 5.11 shows the mechanism used for reciprocating the
beam-chopper. A 50c¢c/s synchronous motor, mounted beneath the base-plate,
rotates the crank-wheel through a belt-drive at 15¢/s, this being the
highest chopping frequency that was found practicable for sustained oper-
ation. Miniature ball-races provided the bearings at either end of the
connecting-rod AB, and gave smooth and silent running of the mechanism.
The base-plate is supported on steel pillars standing on a heavy, rubber-

cushioned base: the large inertia and soft mounting proved satisfactory
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in insulating the photometer itself from vibration. The end B of the
connecting-rod is constrained to move in a fixed line X-X and its dis-
placement, therefore, differs from the simple harmonic motion, in the
X-direction, of the end A by an ‘amount (1 -cos8), where 6 is the angle
ABO, The eccentric radius, OA, was chosen as 5.5mm, (this gives a %mm.
clearance of the aperture edges at the end of each stroke of the beam-
chopper), and the length of the rod AB is about 75mm. Thus the value of
cos® will at no time differ from unity by more than about 0.3%, and the

modulation will be sinusoidal with negligible error.

The light intensity in the apertures was tested for variation
in the vertical direction using a vertically-movable mask with a horizontal
slit (12mm., x O.1mm.) to select narrow portions of the fixed aperture at
different heights, and noting the adjustment in the height of the variable
aperture needed to ﬁaintain balance of the photometer., The variations in
light flux are very small, and in order to obtain observable changes in
aperture height (7% of a micrometer division), it was necessary to reduce
the intensity in the variable aperture by a factor of about 25. A neutral
density filter was used for this purpose, and was suspended in front of
the variable aperture by thin rubber bands, so that some vibration from
the beam-chopper would be imparted to it. This would be expected to
average out any small local variations in transmission. Fig. 5.712 shows
the variation with slit position, y (mm.), of the micrometer reading, R
(mm.), for the height of the variable aperture, taking as origin the

reading for a central position (y = 0) of the slit. Readings were taken,
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for slit positions 1mm. apart, and the uncertainty in these is indicated
by the vertical strokes., The symmetrical form of the curve provides
confirmation of the validity of the method. Closely similar results were
obtained using white light and different wavelengths of monochromatic

light,

It is seen that the intensity is a maximum at the centre of
the aperture and falls off towards the top and bottom, Similar variation
is to be expected in the variable aperture and will result in non-linearity
between aperture-~height and the admitted light flux, F, which is given,

for an aperture height h (less than half the full aperture height), by
-

F = BaJ I(y).dy 5.14
a-h

where 2a = 10mm. is the full aperture height, and I(y) is the intensity
at a height Xy, If I, is the intensity at the centre of the fixed aperture,
and I is the intensity in the variable aperture at the position of the

shutter edge, I(y) will be given by

R
Hy) = I + 3.1 5.15

where A is the area of the test slit. (There is negligible variation of
intensity across the slit, and in the range of adjustment, R, of the
variable aperture.) The curve of Fig, 5,12 is satisfied by the relation

R = -kya, where k = 2.2x10_4 (emT ). We may also write, with sufficient
Lo

25 °
neutral density filter is approximately 25.) Making these substitutions

accuracy for the present purpose, I = (The attenuation factor of the
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in the expression for I(y), the integration 5.14 then yields
| 2]
F=2ahIOL’I-k' 3a(a - h) + h° | 5,16
M

where k'= 8.5x10~5, for the flux, F, admitted by an aperture of height h.
The form of this function, greatly exaggerated, is indicated in Fig. 5.13.
The assumption of linearity between flux and aperture height thus intro-~
duces an error +AF for h<a, and - AF for h>a. These errors may be
compensated by reducing (increasing) the readings for h by an amount Ah,
corresponding to a transition from a point P on the curve to a point Q

on the line 00' with the same ordinate value. The magnitude of this
correction is given by Ah = (dF/dh)—?,AF . (J%E nowhere exceeds 7 parts

in 1000, and AF may therefore be taken as constant throughout the inter-

val dh.) Differentiation of 5.16 gives %% , and Ah is then given by
Ah = =k'.h(a - h).(2a - h) 5.17

to sufficient accuracy. Values of h making Ah a maximum are obtained by
differentiating 5.17, and the maximum value of Ah is then found to be
approximately 3 x 10™2mm. This is rather less than the expected setting

error of the micrometer (3 of a division), and is, therefore, negligible.

It may be remarked here that light losses due to diffraction
from the variable aperture, for even the smallest values of h used (~ 1mm.),
are negligibly small, Thus, the first 15 orders of the Fraunhofer diff-
raction pattern due to an aperture 1mm. wide, representing more than
99.95% of the total light, will have a spread in the intermediate image

plane — some 30cm. from the plane of the apertures — of only 2mm,, and
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all the light in these orders (and in a good many more) will pass unob-
structed through the optical system. The observed variation of intensity
in the apertures 1s not due to a changing diffraction effect as the test-
slit position is varied, because the wave-fronts in the apertures are
spherical and the slit, as this moves off-centre, merely selects different
parts of the wave-front without altering the diffraction pattern. The
slight increase in obliquity of the slit, relative to the wave-front, in
off-axis positions does not increase the scale of the diffraction pattern

by more than about 1 part in 106.

5.5 The samples: elimination of ghost light

(i) Measurements on anti-reflection films

The samples used for these measurements were in the form of tem.-thick
glass blocks having parallel faces, 4cm. x 2cm., with coated and uncoated
areas each 2cm. square. The blocks are mounted in the photometer so that
the coated and uncoated areas are aligned, respectively, with the variable
aperture and the fixed aperture. Measurements were made, for each of the

different glass types examined, using different numbers of blocks.

The choice of 1cm. for the thickness, t, of the blocks, and
a similar value for the distance, d, between adjacent faces of neighbouring
blocks, satisfies the two conditions given below for the elimination of
ghost light., One may distinguish two separate ways in which ghost light

reaching the image field originates: (1) by reflection between the faces
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of a block, and (2) by reflection between faces of different blocks. By
tilting the blocks, as indicated in Fig. 5.1%4, light'leaving the rear face
of a block can be made to clear the preceding block, thus eliminating
ghost light due to (2), With the notation in the Figure, this condition
for the ray B, and hence all other rays, is expressed by the relation

p - t.tand
> T Stanx 5.18

Also, ghost light due to (1) will be displaced upwards, relative to the
primary beam A, by an amount A (and multiples of A ) given by

2t. tane
cosa

A =

5.19

and the ghost images formed in the intermediate image plane may be stopped
out by a screen placed just before the field lens L2 (Fig. 5.8). A con-
venient value for A , giving sufficient clearance between the primary
image and the first ghost image, is about Smm. Taking the refractive
index of the glass to be n = 1.626 (a mean value for the different glasses
used), optimum values satisfying 5.19 are t = lem., and o« = 20° - the
largest value of « permissible (see Ch, III, Sec. 3.5), A choice of

d = 1cm, satisfies 5.18 with ample margin. With these values of d and t,

16 sample blocks could be accomodated.

The beams "fall" an average of about 1.5mm, on traversing a
block, and in order that the beams shall pass centrally through all the

blocks, these are arranged to lie on a ramp (see Fig. 5.14) sloping

1.2
20 °

of the lenses Ip and L3 each time the number of blocks was changed; no

downwards with an angle @ = It was necessary to adjust the height
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adjustment, however, was necessary for different wavelengths of light.

In addition to the vertical displacement, there is a dis-
placement of the two images S. and 5, (Fig. 5.8) along the optical axis
by an amount (1 - %) cm. per block, where n is the refractive index.

The axial displacements were calculated so that the positicus of the
lenses L2 and L3 and the photomultiplier could be predetermined for any
number of samples of a given glass type placed in the photometer. To
facilitate the adjustment, these components were linked rigidly together
for muvement as a unit along the optical bench. (Provision was made for

fine adjustment of the photomultiplier position.)

The carrier in which the sample blocks were mounted (and of
which the ramp forms a part) is shown in Plate II(a). The ends of the
blocks tit in grooves in the carrier walls inclined at 200, and are firmly
held in position by cork padding. A pair of clips at the front end of the
carrier supports an opaque screen for stopping out the ghost images. This
is adjustable in height so that the lower edge will always clear the
primary images. A cover was provided to exclude dust. All the photo-
meter parts, as far as was practicable, and the edges of the blocks,

were blackened to reduce stray light.

(ii) Absorption coefficients of optical glass

The specimens used for these measurements were slabs of glass of different

types and refractive index, with lengths varying between 12cm. - 16cm.






This order of magnitude for the absorbing length was chosen in accordance
with the following considerations to give maximum sensitivity of measure-
ment. For simplicity, a beam of parallel light of unit cross-section will

be considered, but the result applies equally to other cases.

The '"coefficient of absorption", « , of a material, that is,
the fractional attenuation in a beam traversing unit length (1cm.) of the

material, is defined by the transmission formula
e 5.20

giving the intensity I of a beam, of initial intensitiy IO, after traversing

a length x (em.). Differentiating 5.20 with respect to o gives
dot = = — 5.2

as the error in « for an uncertainty dI in the measurement of the intensity
(flux). For a particular photometer, and at a given wavelength, 4T is
fixed, and a minimum error doe will be obtained by maximizing the product
T.x. Thus, multiplying 5.20 by x and differentiating with respect to x,

we obtain (1 - ox) = 0 as the condition for an extremum, which gives %r

for the optimum length of absorbing path. The lengths of the specimens
were chosen, using approximate values of «, to have the optimum value

for wavelengths in the blue region of the spectrum, where tThe photometer

is least sensitive: the average value of o« here is of the order of O.1cm?1.

The specimen slab is mounted in front of the fixed aperture
on a simple carrier, shown in Plate II(b), and a 1cm.-thick block of the

same glass type is mounted in front of the variable aperture to compensate
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for reflection at the end-faces. Ghost reflections from the end-faces
are eliminated from the transmitted beams by mounting the carrier in an
inclined position to give incidence at 200. Because of the unequal
lengths of glass in the two beams, the intermediate images, 81 and SZ’
will be relatively displaced both in the vertical direction and along the
optical axis. The vertical displacement can be cancelled in the final

(superposed) images by adjusting the heights of the two segments in the

split lenses L, and L

5 3 but these images will be focussed in different

planes. To overcome this difficulty, a peri-

/ ~
scopic mirror system, shown diagramatically //' T [\\
in ¥Fig. 5.15, was interposed in each beam,
AN
the upper pair of mirrors being adjustable ~>~_i;7// N N .

in height whereby the image positions along FIG. 5.15
the optical axis could be varied. (One of

the lower mirrors was made adjustable in one system to allow compensation
of the vertical displacement.) Unfortunately, it was necessary, for reasons
of practicality, ta use mectallic mirrors (rather than totally-reflecting
450-prisms), at least in the lower part of the system, and errors arise

as a result of variation in reflectivity over the mirror surfaces, since

the incidence-positions of the beams on the mirrors cannot be duplicated
exactly in differents adjustments. The method finally adopted, therefore,

was simply to position the lens L, mid-way between the images S1 and 5

2 2’
and to adjust the positions of the lens L3 and the photomultiplier so that

defocussed images of approximately the same size fall on the photocathode.
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The method was found to give satisfactory results. The accuracy of the

measurements will be discussed in more detail in Chapter VI,

5.6 Detecting system

The photodetector, an 11-dynode photomultiplier (E.M.I. type
95243), is mounted inian earthed box having an entrance aperture provided
with a closing-flap: this serves as a focussing screen to facilitate
superposition of the images*on the photocathode — which lies approximately
in the plane of the aperture — and is swung aside during measurement.
The voltage supply for the photomultiplier was a bank of eight H,T. batt-
eries giving a steady overall working &oltage of 960v., the dynodes being

energized from a 13-megohm chain of bleeder resistances.

The photomultiplier signal, which is modulated at 15¢/s, is
applied, after amplification, to the vertical deflector plates of an
oscilloscope the time-base of which is set to a sweep frequency of 30¢/s
in accordance with the considerations of
Chap. IV, Sec. 4.9. It is an advantage
to synchronize the time-base so that the
trace has the symmetrical form indicated
in Fig. 5.16. The trace thus appears as
a palr of intersecting lines the angular
separation of which is smaller the small-

FIG. 5.16
er the difference of light flux in the

*In practice, a lenticular screen was used to give a larger spread of light
over the photocathode, but closely identical results are obtained with and
without the screen.
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two beams., As the photometer is adjusted for balance, these lines will
appear to pivot in opposite sensesiabout_their point of intersection cross-
ing over each other as the balance point is passed. The cross-over point
can be found with great precision, particularly when the intensity of the
electron-beam in the cathode-ray tube is low and the focussing is sharp:

a displacement between the extremities of the lines of as little as Amm,

is readily detectable. To avoid drift in the signal trace, it was necess-
ary to work on a fairly low sensitivity range, ~ 6v. per cm. of deflection.
The smallest detectable change in the voltage output, V,, of the amplifier
is thus limited to Vo, = 0.3v. At the balance point, the residual a.c.
component, I, of the photomultiplier current is of the order of 10—83mp.
(see Table 5.4 , p.131) and this will develop an input voltage V; = 0.01v.

across a 1-megohm resistance in the grid circuit of the first valve of the

Vo

Vi

amplifier., A minimum amplifier gain of = 30 is thus required.

The amplifier circuit is shown in Fig. 5.17, and Table 5.2
gives the Qalues of the circuit parameters. F1, F2 and F3 are filters
having zero transfer admittance for the frequencies 100, 200 and 15 cycles
per second, respectively (details of these filters will be given below),
and are for the purpose of eliminating disturbing signals arising mainly
from the 50c¢/s. ripple in the‘mains supply to the light source, (A tuned
amplifier was not used because high selectivity at low signal frequencies
such as 15¢/s. requires the use of large inductances, and elimination of

mains pick-up becomes difficult.) The light source is energized during

both the positive and negative halves of each mains cycle, giving a 100¢/s.



! G . ; ICU/I d/og 0 O . .
/ )

oct



127

Table 5.2
Valves Transformer !
R 220k R 2k
b4 12
vV EF37A M 2hov =350v;
1 R 68k
’\r ECC81 6.3\]’;1—{'.5\1’- 5
2 R6 72k C'I Tmfd
V3 BCC2 R7 0.1k 02 8mfd
vy, V105 L 10 henrys .
(neon) R8 1 meg. CB 2mfd
V5 v R,l 10k Rg 1.8k Cq 16mfd
R2 20k R1O 1k 05 0. 1mfd
Rz 3.5k (Fw.) Ryq 1 meg.

modulation in the beam intensity. This is not purely sinusoidal, because
heating and cooling of the lamp filament tends to lag behind the voltage
variation. The 100c/s. fundamental and the 200¢/s. first harmonic are

almost entirely suppressed by the filters F,I and F2 in the grid circuit

of the first vaive. TFurther filters F, gnd F

1 are included in the grid

2
circuit of succeeding valves to enhance the 100c/s. suppression and to

suppress a residual 200c/s. component arising from harmonic distortion

in the amplifier,

The output, which is taken from the anode of the third valve,
has 15¢/s, modulation of reasonably high purity. The 15c/s. signal is

isolated from the last stage by a filter F, having zero transfer admittance

3

at 15¢/s., but residual impurities, including random low-frequency oscill-

ations which can be particularly troublesome, pass to valve V, from which

3

a cathode~follower connection supplies negative feedback to the first
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valve. Mains pick-up at 50c/s.was eliminated by a filter F4 (see Table
5.3) compactly made and connected directly with the input terminal of the

oscilloscope, -

The filters F1~ F4 are of the '"parallel-T'" type indicated in
Fig. 5.18(a). Givens and Saby (1947) have shown that the sharpness of the
null at the cut-out frequency, f,, is a function of the ratios R,lzR2 and
C1:Cy but this is not of critical importance here, and the convenient
choice Ry= Ry (=R), and C4= C, (=C), ("equal-arm network"), gives the

following conditions for null-transmission at frequency f :

1

1. R.C = E=T

2. Ry = 3R
C3 = 2C

The voltage transfer ratio at a frequency f # fo is given by

(w2 1)°

o
-

(w2-1 )2+ 4&)2

R
"

@]
i

where W = % . Fig. 5.18(b) shows the transmission characteristic of the
o .

filter, plotted on a logarithmic scale for W, Values of the parameters

for the various filters are given in Table 5.3 which also gives values of

B for f = 15¢/s.

Table 5.3
Filter o R C (uF) g
3 100 | 32k 0.05 | 0.97
F, 200 16k | 0,05 | 0.99
s 15 | 107k | 0.1 —_
“F, 50 . 32 | 0.4 | 0.80

*Tunable
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The basic amplifier circuit (i.e. with all the filters removed)
would have a gain of about 300, In practice, there is considerable atten-

vation of the signal due partly to the filters, but mainly to the R, - C,I

2
network in the output circuit (see Fig., 5.17). This is a low-pass filter,
the primary function of which is to reduce the effective frequency band-
width of response of the measuring system, and hence the '"noise' level
(this question will be discussed in more detail below), but which also
acts to reduce asymmetry of the signal wave-form = due to amplitude dis-
tortion in the third valve - in out-of-balance signals. The network has
two identical elements (Fig. 5.19(a)) in cascade, the voltage transfer
ratio, F‘, of one element being indicated in Fig. 5.19(b). At 15¢/s.

the transmission factor for the network is'ga = 0.35, and the overall
transmission factor, F, for the two filters Fq, the two filters F2 and
the filter Fq, is F = 0.75. Thus, the effective gain of the amplifier

is BOOXF.[B'ZN 70, which is ample.

Signal/noise ratio

It is required to detect changes in the variable-aperture height of 10—qu.
7 2

: : -L
(ﬁ?\ of a micrometer division), that is, an area increment of 10 ‘cm. The

energy flux through this area is I(A)x10—4, where I(A) is the intensity
in the aperture, for a given wavelength, and is given by Table 5.1 (p.104).

The corresponding quantum flux is given by N = I(A)XTO—%/hV per second,

c 10

where h is Planck's constant (6.624x10-27erg.sec.) and V = ) (¢ = 3x10

cm.sec:1), and these N quanta generate a current I = N.e.q.G at the anode

...']9

of the photomultiplier, where e is the electronic charge (1.6x10  “coulomb),
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n is the quantum conversion efficiency of the photocathode, and G is the
gain factor of the photomultiplier; at the voltage used (960v.), GAJ1.5x1O6.
The (modulated) signal current, I, is superposed on a steady background
current,I, due to the total flux through the aperture of No guanta per

second, where Ndfox104. Values of I and I, at different wavelengths

are given in Table 5.k,

Table 5.4
Wavel?gﬁth Y 6000 ;5000 4000
_____ = — AR
(erg/sec./cus ) 1.0k 0.30 0.015
N 5.1x107 | 7.5x10° | 3.0x10°
N, 3.1x100 1 | 7.5x10"° | 3.0%10%
] .020 .095 . 100
- - -8
I (amp.) 1.5x1077 | 1.7x1077 | 0.8x107°
I, (amp.) 1.5x10° | 1.7x107° 0.8x10™"

In addition to the background current I_, there is a dark current, I

o! a’
due to thermionic emission from the photocathode (the dynode contribution
is negligible). Because of statistical fluctuations in the photoelectronic
and thermionic emission processes, Io and Id will include "noise'" currents
which will set a limit to the smallest detectable value of I. The photo-
multiplier used has a Sb-Cs photocathode about 1" in diameter from which

some 300 electrons per second are emitted thermionically at room temp-

erature. With a tube gain factor of 1.5x106, these produce a dark current
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Id~‘7x10—11amp. This is some 106 times smaller than IO and is negligible
by comparison. It is thus the noise current accompanying Io that is imp-
ortant, and this is given by

1
i, = (2e.I5. AF)Z 5.22

where Af is the frequency range within which the measuring system is
responsive, uniform frequency response being assumed. If the response
is not uniform, but is a function, R(f), of the frequency, Af in 5.22

is replaced by an effective bandwidth defined by

Af' = JPR(f).df 5,23

An oscilloscope of the type used (Mullard GM5655) has a working
range of frequencies from O — 50k¢/s , but the effective bandwidth of
response was made very much smaller by inserting in the amplifier output
circuit the low-pass filter referred to earliier, The voltage transfer

ratio per stage, ﬁ', is given by

S
pr = g' = {} + (an.Cq.RZ)%J ‘ . 5.24

For the whole filter (two stages), the transmission factor is ﬁ'z. Thus,
R(f) = ﬁ'z is the frequency response of the detecting system, and the

effective bandwidth of response is given, by 5.23 and 5.24, as

f=5X104
daf
A = >
1+ (2nf.C,.R;)
=0
Inserting the values C, = 10_6farad, R, = 2X1Oqohms, the integration

1 2
yields Af'~12c¢/s. This is the value to be used for Af in 5.22, and
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taking, for example, I = O.8x10—4amp. (see Table 5.4), we obtain
i = 1.7x10"  amp.
p
as the r.m.s. photomultiplier noise current, compared with a corresponding

signal current of I = O.8x10—8amp. — a very satisfactory signal/noise ratio.

The voltage developed by i. across the resistance Rg (=1O6ohms)

be

in the grid circuit of the first valve is v _ = 1.7x10—5v. Thermal (or

p

"Johnson!') noise in R8 will produce a voltage vj = 4kT.R8..Af = 4.5x10_7v.

(k is Boltzmann's constant, 1.38x10—23joules.deg?1; the absolute temper-
ature, T, is taken as BOOOK.) Calculation-shows that the total noise
(shot noise in the valves and thermal noise) developed in the amplifier
and appearing in the output can be represented by an '"equivalent noise
voltage'', Ve = 10_8v., applied to the grid of the first valve. Both vj
and v, are negligible compared with vp, and the limiting factor in the
sensitivity of detection is thus photomultiplier noise. Noise arising
from statistical fluctuation in secondary emission from the dynodes is
small: Sharpe (1961) has shown that the correction factor for ip is not

generally greater than about 1,3.

Mains flicker in the room lighting could give rise to strong
spurious signals. The photomultiplier was therefore shielded from external

light by a substantially light-tight casing surrounding the photometer.
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Chapter VI

RESULTS AND DISCUSSION

Part 1

Efficiency of anti-reflection films

6.1 Experimental procedure.

With the beams balanced in the absence of samples, the
"zero-reading'" (Ro) of the variable aperture was determined at each of

the following wavelengths (4.U.) :
(6500) 6270 6000 5500 5000 4750 4500 4250 4000 (3750)

(The extreme wavelength values did not always give reliable readings).
There is a small variation in Ro with wavelength because the light in
each aperture has traversed a different part of the monochromator prism
and the difference of absorption varies with wavelength. There is also
some variation in intensity across the apertures due to the unequal
thicknesses of glass traversed by different parts of the beam, The ratio
of intensities at corresponding positions in the two apertures is, how-
ever, constant and the only effect of such variation is to produce slight
distortion of the otherwise sinusoidal modulation with a corresponding

slight reduction in the sensitivity of measurement (cf. Chap IV, sec.4.8).

Single-layer magnesium fluoride films on nine different



Table 6.1
Specimen Type Reference* npy
A Fluor crown 465648 | 1.,46495
B Borosilicate 510644 1.50970
crown
C Barium light 551515 1.55119
flint
D Barium flint 605438 1.60483
E Extra dense 653335 1.65348
flint
F Extra dense 700303 1.70035
flint
G Double extra 7248278 | 1.74842
dense flint
H Double extra 801255 | 1.80120
dense flint
K Double extra 927210 1.92707
dense flint
(Special)
*BR Hard crown 519604 | 1.51899
*DD Dense flint 626357 |1.62576
*Used for *Chance
double-layer catalogue

films

135
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glass substrates were examined. The study of two layer films (magnesium
fluoride/bismuth oxide/glass) was limited to two different substrates,

the glasses used being those of particular interest in the construction
of cystoscopic optical systems. Details of the various glass types are
given in Table 6,1 . Sixteen sample blocks of each glass type were used
and balance readings (R) for the height of the variable aperture obtained,
at each of the above-specified wavelengths, for different numbers of

blocks varied in the following sequence :
o 4 8 12 146 1% 10 6 2 0 .

This tends to eliminate systematic errors that might arise in successive
shift along the optical axis of the photomultiplier and the last two
split-lenses, necessitated by displacement of the image planes when the
length of glass path is altered (see Chap,V sec.5.5). The position of
the screen stopping out ghost light requires adjustment when the number
of sazmple blocks is changed, but not when the wavelength is varied for

a given number of blocks. To eliminate the effects of possible backlash
or sticking in the monochromator mechanism, readings were taken, for
each group of blocks, with wavelength variation proceeding in hoth
directions. Two readings were taken at each wavelength setting giving

a total of four readings at each wavelength. The micrometers controlling
the variable aperture and the monochromator were given three or four to-
and-fro movements about the desired setting before this was finally made.

That the wavelength settings were correct was verified by the close
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identity of aperture readings in both directions of wavelength variation.

With a small number of sample blocks present the height
R of the variable aperture could be determined with a precision better
than 4 a micrometer division (0.005 mm) per reading and with a standard
deviation of similar magnitude in the four readings taken at each wave-
length. With sixteen blocks of the high index glasses there is con-
siderable attenuation of the beams with accompanying loss of sensitivity
in detection of the null point and the standard deviation of the readings
is about % a division in the middle of>the wavelength range increasing

to about 1 division at the ends.

For each glass type examined, and for each wavelength,
the aperture height R is plotted as a function of the number of surfaces
N (twice the number of sample blocks) in accordance with the following

considerations.

6.2 Reduction of readings and results.

We may usefully define the efficiency of an anti-
reflection coating by the ratic

T = TO 6.1

where T is the transmission of a single treated surface and Ty is the
(Fresnel) transmission of an untreated surface. TFor a measurement on N

surfaces we shall have \H
N *-’T)‘ Ro



FIG. 6.0

&£l
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where R is the height of the variable aperture at the balance point and

R, is its height at the balance point without the glass specimen. Thus

log, R = —(1og1dt).N + log, Ry 6.2

|°3(o

and the slope of the line obtained by plotting/R against N is —1og1017.
Typical lines are shown in Fig. 6.0 for the lowest and highest-index
glasses, A (n=1.465) and K (n=1.927) respectively, at wavelengths

6270% and 4OOOA . The slope increases with increasing refractive index
of the glass, from a minimum value of 0.00300 for glass A at 62704 to

a maximum value 0.04140 for glass K at LOOOA ; the corresponding errors
are approximately £107° and 3 x 107 . 4 line was fitted to a set of
Points by visual assessment of the best fit using a fine thread: values
of the slope and intercept obtained in this way for the lines of Fig. 6.0 ,
where the standard deviation of log1OR is comparatively large owing to
reduced sensitivity of measurement at these wavelengths, differed from

values given by rigorous least-square treatment by amounts that are an

order of magnitude smaller than the probable errors in these quantities.

The "standard error of estimate", O , in the slope m

given by a least-square fit, is of course, a function of the standard

*
deviation of the plotted points. It is also possible to define Oh by :

*
See, for example, "Statistical Methods in Research and Production',
ed. Davies (1958), pp. 157 et seqg.
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where N is the number of points, y, (:log1oR) are their ordinate values
and ¢ is the ordinate intercept. Here, m = log1dT‘and to find the standard

error 0 in v, we may denote the errors by differentials, thus :
0 =dT= (log,10).dm
so that, taking T as unity, we have 0~ 2.30&

In Figs. 6.1 to 6.13 T is plotted as a function of wave-
length for each glass type, the standard error O being indicated by
vertical elongation of the plotted points. The curves T, indicate the
"Fresnel" transmission, the transmission T of the films being obtained
from the relation T =TTy . Theoretical values for T were obtained using
egns., 3.12 and 3.16 of Chap. III , and are indicated by the dotted curves.
Figs. 6.1 to 6.9 relate to single-layer magnesium fluoride films for max-
imum transmission in the middle of the spectrum. Figs. 6.10 and 6.11
show, respectively, the transmission characteristics of a single-layer
film and of a double-layer film deposited on identical substrates with
the transmission maximum located in the blue region of the spectrum;
Figs. 6.12 and 6.13 are similar curves for a substrate of different

refractive index.

Fig. 6.14 shows the variation of the theoretical max-
imum transmission with refractive index of the substrate, the experimental

values beihg also shown for comparison.
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6.3 Discussion of results.

The first important feature in the results is the accuracy
with which each set of plotted points in Fig.6.0 lies on a straight line.
This shows, first of all, that the transmission characteristics of indiv-
idual surfaces in each batch of samples are closely identical. Normal
care and precautions were taken in the polishing of the glass surfaces
and in the deposition of the films, and are evidently sufficient for ob-
taining films of consistent quality. Secondly, a straight line of points
demands both uniform film properties and reliable measuring technique,

and the precision of measurement is thus well demonstrated.

Single-layer films

It will be seen from the curves that the transmission maximum, locater
nominally at a wavelength of about 5500 A ( 4750 A for glass types ERB

and DD ), tends to be shifted towards longer wavelengths with decreasing
refractive index of the substrate. This is due in most cases to the fact
that monitoring of the film thickness during deposition was done visually
for the single-layer films: thus, for the lower-index glasses, which have
smaller dispersion and therefore relatively poorer reflectivity at shorter
wavelengths, greater suppression of reflection is required at longer wave-
lengths to give the necessary proportion of blue light characteristic of
a purple reflection (grey in the case of glasses BB and DD) from the film,
The very high index (dense flint) glasses showed some surface staining,

and the maximum in these cases did not follow the normal trend.
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It may be remarked here that the shifts of the maxima found
are small, and the theory showé that the transmission curves plotted against
the wave-number, % , are then merely shifted along the wave-number axis
without significant change of shape. In the case of glass A, for example,
the maximum transmission occurs at about 6000i and has the (theoretical)
value 0.9853; at BOOOA, the transmission is 0.9828. Considering now a
film reduced in thickness in the ratio 6000:5500, the value of the maximum
transmission, now occurring at 5500&, is unchanged within the accuracy
(0.0001) of calculation, and the transmission at 46503, corresponding to
the same %-shift from BOOOA, is 0.9831. The discrepancy here is thus only

0.0003 and is smaller than the experimental errors.

In making a comparison between the experimental and theoret-
ical results, it must be remembered that the idealized picture assumed in
the theory, namely, that of perfectly homogeneous layers with sharp dis-
continuities at the boundaries, is not likely to be the case in practice.
The effective optical thickness, nd, of a film will depend on the uniformity
of "packing". Anomalies in the state of aggregation are to be most expected
at the film boundaries and these regions are particularly of importance in
determining the effective reflectance and the light-scattering properties
of an interface., Staining of the surface, corresponding to a transition
layer between the film and substrate, will tend to lower the reflection
coefficient of that interface and thereby increase the reflection coeff-
iclent of the system in the region of minimum reflection. Also, measured

values of T will be influenced by the state of polish of the glass surface.



157

In the light of these considerations there is very good agreement between
the experimental and theoretical results, particularly in the region of
maximum transmission. There is a slight, though marked, lowering of
efficiency in the anti-reflection coating on some of the dense flint
glasses, for example, specimens F and G, it is thought because these

glass types tend to '"stain" rather heavily after polishing.

For calculating theoretical values of T, using egns. 3,12
and 3.16 of Chap. III, values of the various reflection coefficients were
calculated for different wavelengths from refractive index and dispersion
data for the glass published by the mskers (Chance Brothers), correspond-
ing data for magnesium fluoride films being obtained from the dispersion
curve of Fig. 6.15(b) which is based on measured values given by Wein-
stein (1954) for "aged" films (about a week old). The films used were
of similar age at the time of measurement, and values of refractive index
are taken as being accurate to +0.001. The energy reflection coefficient,
R, involves the amplitude coefficients in the second degree, and theoret-
ical wvalues of T are therefore accurate to %£0.0001, which is about the

limit of accuracy of plotting of the curves.

Double-layer films

The double-layer films (Figs, 6.11 and 6.13) were prepared as described
in Chapter III. The improved method of monitoring of the film thickness
allows the position of the transmission maximum to be located with greater

accuracy. The wavelength chosen in the present case was 4750&. The same
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monitoring conditions were used for both glass types BB and DD, but were
strictly appropriate only to glass BB, of refractive index 1.519; for
glass DD, of refractive index 1.626, the maximum transmission is lowered,
and is shifted to a longer wavelength. (For comparison, Iigs. 6.70 and
6.12 show the transmission characteristics of single-layer films deposited
on the zame substrate glasses, and having nominally the same maximum-

transmission wavelength.)

Again, in comparing theory and experiment the same consider-
ations apply as in the case of the single-layer films. With double-layer
films the number of uncertainties concerning the film structure is increascd,
but there is,nevertheless, good agreement, particularly in the region of
maximum transmission. The dispersion of bismuth oxide was assumed, for
the purpose of calculating the theoretical transmission, to be that indic-
ated in Fig. 6.15(a). There do not appear to be any published data of
the dispersion of bismuth oxide, and this curve must be regarded as subi~ct
to uncertainty. It was derived as follows. Thin films of bismuth oxide
have a refractive index, at a wavelength of 5400&, of 2.45 *, Similar
values of refractive index at optical frequencies are found in zinc sul-
phide. The dispersion of this has been measured by Hall and Ferguson (1955)
and is indicated by the lower curve in Fig. 6.15(a). It is seen that
zinc sulphide has a refractive index of 2.45 at a wavelength of 4500&,
and the dispersion curve for bismuth oxide was obtained simply by shifting
the wavelength scale 1000A. This procedure may, of course, lead to con-

siderable errors; in the region of 6500& or 40001, for example, the errors

*Kaye and Laby, '"Physical and Chemical Constants'" (1959), p.86.
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in refractive index could easily be as high as #0.05. Tortunately, calcul-~
ation shows that at the shorter wavelengths the transmission of a glass/
bismuth oxide/magnesium fluoride system is relatively insensitive to
changes in the refractive index of bismuth oxide, a change in index (at
40001) of %0.10 giving a change in transmission of only ¥0.002. The shape
assumed for the dispersion curve of bismuth oxide in this region is, in
fact, one that gives almost the optimum agreement with the experimental
transmission curves, At longer wavelengths, the dependence of the trans-
mission on refractive index of the bismuth oxide layer is rather more
critical, and the dispersion curve would have to be taken as that indicated
by the broken line to get really close agreement between experimental and
theoretical results. The true dispersion curve may well lie somecwherc

between the two curves shown.

Consideration of polarization effects

The experimental curves for the tramnsmission T of a treated surface were
derived from the measured values of T by the relationship T =TT , where
Ty i1s the theoretical transmission of an untreated surface for unpolarized
light at normal incidence. Since the measurement of T was made with light
incident at 200, the product TT,, thevalue of which will be denoted by T
in the subsequent discussion, is not identical with the true normal-incid-
ence transmission, T, of =z treated surface . For a single surface, treated
or untreated, and at 20° incidence, the average value of the reflection

coefficients, RP’ Xy, for the two directions of polarization differs from

the normal-incidence value by a negligible amount (cf. Ch. III, Sec..3.5),
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the normal-incidence value by a negligible amount (e¢f. Ch. III, Sec. 3.5),
and T = T with sufficient accuracy. When, however, light passes through a
system of many surfaces at non-normal incidence, the proportion of the
s-polarized component will become continually smaller with each successive
surface, since Réb Rp, and this will give, in effect, increasingly higher
values of the total transmission factor for successive surfaces. The effect
is greater for untreated than for treated surfaces, and measurements made
for different numbers of surfaces will, therefore, correspond to different
values of T , the value of T decreasing with increasing number of surfaces.
The significance of the T-curves needs, therefore, to be examined, and the
discrepancies between T and T have to be determined. It has been assumed ,
moreover, that the light used for measurement was unpolarized, but as will
be shown later, there was in fact a preponderance of the s-polarized comp-

onent, and this must be taken into consideration.

To facilitate the discussion, primed symbols T' and Té will
be used to denote the transmission at 20° incidence of a treated and of an
untreated surface, respectively, the unprimed symbols T, To’ being used, as
before, for normal incidence; absence of the suffixes p and s indicates a

total value of the quantity in question for both directions of polarization,

If the initial fractions of p- and s-polarized light in the
photometer beams are, respectively, %, and o, the overall transmission

factors for n treated and untreated surfaces are given, respectively, by

T'(n) = Gp.T‘n T
P ° 6.3
1 _ n n
and Té(n) = “p'Tép + aS.Tés
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Thus, the effective transmission per surface will be given by

[T' (n)] %1 )
i]}h

TI

6.4

Ty [Té(n
It is seen from the form of the expressions 6.3 for T'(n) and T)(n), that
©' and T§ will increase with increasing n. However, calculation shows
that for a wide range of values of the ratio O(S/ocp , values of T' and T}
given by 6.4 for n = 16 are identical (*0,0001) with the average of the
values for n = 1 and n = 32. ¥ror example, the following table gives

values of T} for glass K, at a wavelength of hOOOA, calculated for these

values of n; o%/xp has been put equal to 2 for reasons to be discussed

ey
! ]
n 3 T
1 0.8840
32 0.8870 i
Average 0.8855
- 16 0.8856
i )

presently. The variation in T] is greatest for this glass type: for
glass A the total range of variation , for n =1, ...., 32, is only 0.000%k,

and this value is also about the maximum for a treated surface.

It is thus evident that the meaning to be given to the
experimental values of T is the ratio of the average values (i.e. for
n = 16) of T' and T} as defined by 6.4. If, as in the present case, there

is a greater proportion of s-polarized light, these values will be smaller
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than normal-incidence values. The discrepancy ATO = To- T§ increases
with refractive index of the glass (Fig. 6.16(a)) and will vary with the
initial state of polarization of the light. This is true also, though in
a lesser degree, for the discrepancy AT = T - T' which has the additional
characteristic that AT = 0 at the maximum transmission wavelength, XO,
(¢cf. Ch. III, Sec. 3.5). The variation of AT is shouwn in Fig. 6.16(b)
as a function of wavelength, conveniently plotted on a scale of &/AO ,
for the highest- and lowest-index glasses: values for the other glass
types will be given, to sufficient accuracy, by linear interpolation.

The dashed curve relates to a double-layer film on glass of refractive
index 1.55, and is applicable, with sufficient accuracy, to both glass

types used for the double-layer films.

It is secen that the quantities AT, and AT are quitc small,
and the T-curves in Figs. 6.1 to 6.13 do not, in fact, deviate by more than
about 4% from true normal-incidence values. Nevertheless, we may apply a
simple correction factor to the values T given by the curves, and thus
cbtain the true normal-incidence values, T, with greater precision. By

1

definition, T = TT, . OSubstituting here for T the value T = %. , and
o

writing T' = T - AT and T} = T,— AT, , we obtain

1 + AT
T (1 + AT >qj ’ 6.5

where T' and T§ have, for simplicity, been taken as unity where they
appear as denominators of AT and ATy, respectively: the correction factor
is small, and an error of a few per cent. in its magnitude is not

significant.
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The residual errors in T are practically identical with

those indicated on the T-curves, and are summarized in the following table:

T e )
{ “’a"e%gl;gth | 6000 | 5000 1000

! !__ R S
; Substrate |

| 4,B,c {#0,0003 ; 0.0001 | 0.000k

| E !

| D,EF 0.0010 | 0.0005 | 0.0010

i G,H,K 1 0.0030 t 0.0010 | 0.0050

The decrease in the precision of measurement with increasing refractive
index of the specimens is duc principally to loss of signal strength

resulting from the increased absorption of light.

It was indicated earlier that the light used for the measure-
ments was in a partially polarized state. This is because the light, in
passing twice through the monochromator prism, crosses four air-glass
interfaces at angles of incidence close to the polarizing angle. Reflection
losses (which are the same for either direction of propagation across an
interface), are considerably larger for the s-polarized component than for
the p-polarized component, and for a prism of refractive index 1.6 working
at minimum deviation, the final proportions are o = 0.336, & = 0.664
(£0.001). VNow, the plane of incidence is horizontal for the prism, but it
is vertical for the specimen blocks used for measurement. In the photometer
beams, therefore, the subscripts p and s are reversed and we have Xy = 0.336,

Xg = 0.66%, (The light in the beams is not parallel, but the convergence
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angle is small, and the tacit assumption in the foregoing discussion that
the beams are represented by their chief rays involves negligible error.)
Fortuitously, the ratio O"*S/oc:p is almost exactly equal to 2 in the present
case. An accuracy of %% for the value of this ratio is sufficient for
calculating values of T' and Té, using 6.3 and 6.4, with a precision of

0.0001.,

Part 2

Absorption coefficients of optical glass

6.4 Experimental procedure

The absorption coefficient, for a given wavelength, of a
specimen of given length is determined, in principle, by a single measure-
ment of its transmission. This is equal to the ratio of aperture heights,
%O, for balance settings with and without the specimen. The accuracy of
the results will thus depend on the accuracy of individual observations
to a much greater degree than was the case in the measurements on anti-
reflection films. Uncertainties in go arise mainly as a result of repeated
re-adjustment of the optical system for different specimens made necessary
by the different amounts of axial and vertical (relative) displacements of
the intermediate slit images (see Ch. V, Sec. 5.5(ii)). Thus, readings
R for the different specimens, and the '"zero-readings',R,, are obtained

with the light traversing slightly different portions of the various

optical elements. To minimize these errors, four separate adjustments



Table 6,2
|

Specimen Type Reference ny ! Length

L (em.)

I Hard crown 519604 1,51899 12430

11 Light barium 541595 1.54065 12.30
crown

IIT Extra light 548456 1.54856 13.66
flint

Iv Medium bar- 572577 1.57220 12.30

ium crown
*IV Medium bar- 571579 1.571— 10,88
ium crown

Vv Light flint 579411 1.57860 11.25

VI Barium flint 605438 1.60483 13%.66

VIT Dense flint 623360 1.62258 10,45

VIII Extra dense 651336 1.65108 11.25
flint

IX Extra dense 700303 1.7003%5 12.30
flint

X Double extra 748278 1.74842 12,30

dense flint

*Used in a prototype "rod-lens' cystoscope.
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of the optical system were made for each specimen, and a set of readings,
for the different wavelengths indicated in Sec. 6.7, was taken for each
new adjustment; the "zero-readings', R, (full aperture), were determined
afresh between successive sets of measurements with the specimen. (In
alternate sets of measurements the wavelength sequence was reversed.)
Values of R and R, used in calculating the results are thus the average

of four independent measurements.

Specimens of eleven different glass types were examined
and details of these are given in Table 6.2. Roman numerals, rather than
the letters A, B, etc., are used to identify the different glass tyres
because these are not always identical with those used as substrates for
the anti-reflection films. The image shifts due to the specimens and the
reflection~compensating blocks (1 cm. thick in each case) were calculated
beforehand so that the positions of the split field-lens could be pre-

determined.

6.5 Reduction of readings and results

The measured transmission factor, % , 1s that of a length
o
of glass equal to the difference in length of the light paths in the
specimen and the 1cm.-block., Denoting this length by x, we have

RO -

where « is the coefficient of absorption per cm. and is given by

Ro

. 6.6

/!
X = E.log
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To estimate the probable errors in « arising from uncertainties in R and

Ro , it is convenient to work with the ratio % which will be denoted by r.
0

Differentiating 6.6, we then obtain

ar
r

6.7

b

dx =

as the error in « for an uncertainty dr. Now from the definition of r,
dr = = (4= - r.4R
r = ﬁo (dn r.dRy

and we may also write dR = =.dR_, because when the height of the variable

o?

Hl>

aperture (and hence the amount of light) is reduced from Ry, to R, the
errors of measurement will increase approximately in the same ratio.

Thus, 6.7 may be written

I’
doc = 1(-2 - 1)930 6.8
X r Ro

The readings R, were taken in eleven groups of four readings each, as
described earlier. As is to be expected, the standard deviation, for a
particular wavelength, is approximately the same in each group, and the
mean value is used for dR,. Values of dR, (units of 1 micrometer division =

0.0Mmm) for the different wavelengths used are given in the following table:

e

_A(i) 6500 6250 6000 5500 5000 4750 4500 4250 4000 3750

e e — 4

dR, ; 1.8 1.4 0.9 0.5 0.5 0.6 0.8 1.2 1.6 2.8

Figs. 6.17 - 6.22 show the absorption coefficient « cmy)

for the different glass types plotted (on a scale augmented by a factor
2 . * a
of 10%) against the wave-number, %, where )\ is in Angstrom units. The

probable errors, fd«, are indicated by the vertical strokes.

1 . .
*A vy-scale gives increased "spread'" at shorter wavelengths where the curves
are steepest.
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6.6 Discussion

It will be seen from the curves of Figs. 6.17 - 6.22 that
specimens III and VII have the lowest overall absorption, having particular
regard to the shorter wavelengths. In Fig. 6.19 the absorption curves for
these specimens are compared with that of the specimen IV' which is of a
medium barium crown glass used, before the results of the present measure-
ments were available, in a prototype of the rod-lens cystoscopic system
described in Chapter II, Numerical results for the (theoretical) trans-
mission of different systems will be given in the concluding chapter, but
it is clear from the curves that a great improvement in transmission will
be obtained by using glass type III or VII. The use of the dense flint
glass VII, moreover, will give increased numerical aperture because of

the higher refractive index.

The precision of these measurements is adequate for most
practical purposes. For a given length x of glass, the variation in trans-
mission T for a change dx in the absorption coefficient is given, by
differentiating 6.6 and writing %02 T, as %% = -X.dx . Thus, in a length

of 20cm. of glass, for example, a variation do = O.1x10-2 would produce

a change in transmission of only 2 per cent.

Comparatively little is known of the detailed atomic structure
of glasz, and the theory of the optical absorption process — or rather,
processes +- will bear only limited qualitative comparison with experimental

results. In general, there are two main regions of electromagnetic



177

resonancey one due to electron oscillation at frequencies in the ultra-
violet, and the other to oscillation of ions at frequencies in the infra-
red region, TFor the refractive index n = % (where u is the phase velocity
in the glass), the classical theory of dispersion yields the formula

5 Nea/m,leo Nez/maeo

n =1+ + 6'9
2 2 . 2 2 .
Lu,l- W= igq gt wz- W™~ igrW,W

where the symbols have their usual meaning, suffixes 1 relating to an
electron, and suffixes 2 to an ion; m, is a reduced mass including the
valence number of the ion.. (See, for example, "Optics" by A. Sommerfeld,
Academic Press Inc., 1954, at page 98.) A complex refractive index is
always associated with absorption of energy, the absorption being greatest
in regions of maximum dispersion, that is, when (J is in the neighbourhood
of CJ1 or Lua. It will be seen from the curves of Figs. 6.17 - 6.22 that
the absorption coefficient generally has minimum values in the middle of
the visible spectrum, and increases towards longer wavelengths and, much
more rapidly, towards shorter wavelengths (where the dispersion is greater).
Terms such as those in 6.9 are associated with each of the different ions
in the glass, and the observed optical properties result from a summation
for all the ions present. The question is further complicated by the
presence of impurities in the glass, notably ferric oxide which has an

electron resonance in the blue region of the spectrum.

An interesting property common to all the glass types
examined is the presence of an absorption '"peak'", in some cases barely

discernible but in others (e.g. specimen IX) very pronounced, at a
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wavelength of about 45003. Stevels (1960) has found that glass irradiated
with X-rays, or other short-wave radiation, shows absorption bands in this
region of the spectrum which are associated with the presence of alkali
metals, According to current theory (Stevels, loc. cit.), interstices in
a broken and irregular silicon-oxygen network forming the main glass
structure may contain other ions, such as those of the alkali or alkaline-
earth metals. On irradiation, an electron may be removed from a non-
bridging oxygen atom and become trapped in one of the interstices of the
lattice. An interstitial metal ion in the neighbourhood of the ioniéed
oxygen atom will then migrate under the influence of the modified Coulomb
field. There will thus be a positive hole and a trapped electron, and

the presence of these has been confirmed by paramagnetic resonance experi-
ments which indicate an absorption band, due to the electron, at about
45003. It may well be that the absorption '""peaks'" observed in the present

measurements arise as a result of natural irradiation of the glass.
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Chapter VII
CONCLUSION

The experimental results were used to calculate the (paraxial) trans -
mission characteristics of some typical endoscopic optical systems. The
results of these calculations are given below and, as will be seen, pro-

vide a guide to certain design principles.

7.1 Conventional systems

An endoscopic system of average length may have some 15
crown/flint doublet lenses. These will have a total glass path of about
6em, Absorption losses will therefore be comparatively small, and the
transmission characteristics of the system will be determined almost
wholly by the reflection losses at the 15 crown-glass/air interfaces and
the 15 fiint-glass/air interfaces. In Fig. 7.1, the lower curve T shows
the paraxial transmission of such a system of 15 doublet lenses made up
of glass I (hard crown, n = 1.519) and glass VII (dense flint, n = 1.626),
with no surface treatment. Only about 5% of the total light loss is due
to absorption in the glass. The curve T1 shows the improvement in trans-
mission made possible by coating the lens surfaces with a single-layer
anti-reflection film having a transmission maximum in the middle of the
visible spectrum; it is seen that the transmission of the system is inc-
reased by a factor of nearly 3, If the surfaces are coated with a double-

layer film having maximum transmission at 4750A, the transmission of the
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system becomes that indicated by the curve TE’ Although there is a more
rapid falling~off in transmission in the blue and red regions of the
spectrum than in the case of the single-layer films, the Ta—curve lies
above the Tj-curve in that region of the spectrum where the human eye
has greatest sensitivity, and the increase in transmission here is con-~
siderable, In general, therefore, it would appear that the choice of
single~layer coatings, as against double-layer coatings, will depend
mainly on whether good colour balance is to be preferred to additional
improvement in visibility but with some colour distortion. The effect

of shifting the transmission maximum of the double-layer films to LOOOA

is indicated by the dotted curve.

7.2 Rod-lens (or air-lens) systems

In a cystoscope — among the shortest of endoscopes — utilizing
this kind of optical system, there will be some 20cm, of glass path, and
absorption losses will now become significant., In Fig. 7.2, the trans-
mission of 20cm. of glass VII (dense flint, n = 1.626) is compared with
that of 20cm. of glass IV (medium barium crown, n = 1.548) which was used
in a prototype instrument. By using the denge flint glass, not only will
a considerable improvement in transmission be obtained, particularly for
blue light, but it will be possible to have a larger numerical aperture

giving additional improvement of the image quality.

Hopkins (1957) uses four glass rods, each about 5cm. long.

Alternate "air-lenses'' are achromatized by cementing small negative lenses
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on the ends of the rods. When the objective, eyepiece and other auxiliary
components are included, there is a total of some 20 air-glass interfaces;
anti-reflection treatment of the surfaces is, therefore, no less important
than in the case of conventional systems:. Absorption losses in the glass
are heaviest in the blue region of the spectrum, and double-layer anti-
reflection coatings with maximum transmission in the blue can thus be used
with good effect in '"boosting'' the transmission of blue light. Fig. 7.3
shows transmission curves for the following systems:
Curve 1 (bad design)

20cm. medium barium crown, n = 1.571 (Glass IV');

S5cm. barium flint, n = 1.605 (Glass VI);

10 air-glass interfaces for each glass type, uncoated.

Curve 2 (good design)
20cm, dense flint, n = 1.623 (Glass VII);
5cm, hard crown, n = 1.519 (Glass I);
10 air-glass interfaces for each glass type, coated with double-layer

anti-reflection films having maximum transmission at 4750&.

These results need little comment. The actual improvement in performance
that would be given by the second system is, in fact, much greater than
the curves suggest: not only is the transmission greatly improved, but
the light-collecting properties of the system are considerably increased
and ghost light is drastically éut down, thus eliminating the blurred

and often glare-filled image so familiar to cystoscopists.
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7.3 Colour balance in the image

It was remarked in Chapter I that deficiency of blue light in
endoscopic images, due to the use of a tungsten source and to relatively
greater instrument losses, might be compensated by using double-layer
anti-reflection coatings with peak transmission in the blue region of
the spectrum. (This, of course, would have to be at the expense of over-
all image brightness.) The effect is illustrated in Fig., 7.4 for the
30-surface system referred to earlier in connection wifh Fig, 7.1. The
curves WS and WT represent, respectively, the spectral energy distrib-
ution of sun-light (6000°K) and of tungsten light (2700°K) normalized, for
convenience, to unity at 65003. With single-layer coatings, the trans-
mitted spectral energy distribution of tungsten-emitted light is WT'T1
and is indicated by the lower dotted curve. If double-layer coatings are
used, the energy distribution, WT‘Ta’ becomes that indicated by the upper

dotted curve ~ a close approximation to natural light.

000
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n T n T, no T, n Ty
1,00 |1.0000 1.25 |0.9877 1.50 i 0.9600 1.75 10.9256
.07 | 1.0000 .26 |0.9868 <51 §0.9587 .76 10,9242
.02 [0.9999 .27 10,9859 .52 0,957 .77 1 0.9227
.05 |0.9998 .28 | 0.9849 .53 | 0.9561 78 | 0.9213
.0k 10,9996 .29 | 0.9840 .54 | 0.9548 .79 0.9198
1,05 |0.9994 1.30 10.9830 || 1.55 !049535 1.80 | 0.9184
.06 | 0.9992 .31 | 0.9820 .56 | 0.9521 .81 | 0.9169
.07 | 0.9989 .32 io.981o .57 30.9508 .82 10,9154
.08 |0.9985° .33 | 0.9799 .58 10,9495 .83 | 0.9140
.09 |0.9981 L34 | 0.9789 .59 | 0.9481 .84 | 0.9125°
1.10 10.9977 || 1.35 |0.9778 | 1.60 |o.9467 || 1.85 ! 0.9110
11| 0,9973 .36 | 0.9767 .61 | 0,954 .86 | 0.9096
12 0.9968 37 | 0.9756 .62 | 09440 .87 | 0,9081
.13 | 0.9963% .38 | 0.9745° .63 | 0.9426 .88 0.9066
b | 0.9957 .39 | 0.9734 b4 | 0,9412 .89 | 0.9052
1,15 | 0.9951 1.40 | 0.9722 || 1.65 10.9398 || 1.90 | 0.9037
.16 | 0.9945° A1 0.9717 .66 | 0.9384 .91 , 0.9022
17 1 0.9939 L2 | 0.9699 .67 | 0.9370 .92 f 0.9007
.18 | 0.9932 43 10,9687 .68 | 0.9356 .93 | 0,8993
.19 | 0,9925 b 0.9675 .69 | 0.9342 .94 . 0.8978
1.20 | 0.9917 145 | 0.9663 || 1.70 ' 0.9328 1.95 | 0.8953
.21 10,9910 46 1 0.9650° .71 10,9314 .96 | 0.8948
22 | 0.9902 47 10,9638 .72 10,9299 .97 ¢ 0.8933
.23 | 0.9894 18 | 0.9625° .73 | 0.9285 .98 . 0.8919
~1.24 | 0.9885° 1.49 | 0.9613 1.74% 1 0.9271 1.99 | 0.890k
2.00 | 0.8889
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APPENDIX II

Table of TV

. | U
\\E\\\3\ 2 3 ki 5 6 7 8

1.10 | 1.2100 {1.3310 | 1.4641 | 1.6105° | 1.7716 | 1.9487 | 2.1436
1,09 11.1881 |1.2950 | 1.4116 | 1.5386 | 1.6771 | 1.8280 | 1.9926
1,08 | 1.,1664 11.2597 | 1.3605. | 1.4693 | 1.5869 | 1.7138 | 1.8509
1,07 | 1.1449 | 1.2250 | 1.,3108 | 1.4026 | 1.5007 | 1.6058 | 1.7182
1,06 | 1.1236 | 11,1910 | 1.2625. | 1.3382 | 1.4185° | 1.5036 | 1.5938

1,05 | 1.1025 |1.1576 | 1.2155° | 1.2763 | 1.3401 | 1.,4071 | 1.4775.
1.04 11,0816 | 1.1249 | 1.1699 | 1.2167 | 1.2653  1.3159 | 1.3686
1,03 | 1.0609 | 1.0927 | 1,1255" | 1,1593 | 1.1941 | 1.2299 | 1,2668
1,02 | 1.0404 | 1,0612 | 1,0824 | 1,1041 | 1.1262 | 1.1487 | 1.1717
1,01 | 1.0201 |1.0303 | 1.0406 | 1.0510 | 1.0615° | 1.0721 | 1.0829

1,00 | 1.0000 |1.0000 | 1,0000 | 1.0000 | 41,0000 ! 1,0200 | 1,0000
0.99 |0.9801 |0.9703 | 0.9606 | 0.9510 o.9415.i 0.9321 | 0.9227
0.98 | 0.960% | 0.9412 | 0.9224 | 0.9039 | 0.8858 | 0.8681 | 0.8508
0.97 | 0.9409 | 0.9127 | 0.8853 | 0.8587 | 0.8330 | 0.8080 | 0.7837
0.96 ]0.9216 | 0.8847 | 0.8493 | 0,8154 | 0.7827 | 0.7514 | 0.7214

f

0.95 | 0.9025 ! 0.8574 | 0.8145° | 0.7738 | 0.7351 | 0.6983 | 0.6634
0,94 10,8836 | 0.8306 | 6.7807 | 0.7339 | 0.6899 | 0.6485.| 0.6096
0.93 | 0.8649 | 0.8044 | 0.7481 | 0,6957 | 0.6470 | 0,6017 | 0.5596
0.92 | 0.8464 | 0,7787 | 0.7164 | 0.6591 | 0.6064 | 0,5573 | 0.51%2
0.91 |0.8281 | 0.7536 | 0.6857 | 0.6240 | 0.5679 | 0.5168 | 0.4703

0.90 | 0.8100 | 0.7290 { 0.6561 0,5905. | 0,5314 | 0.4783 | 0.4305.
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Table of Tn ~contd.
‘\\\\
NG 9 .10 11 12 13 14 15 16
BB | .
1.10 | 2.3579 | 2.5937 | 2.8531 | 3.1384 | 3.4523 | 3,7975.| 4.1772 | 4.5950.
1.09 | 2.1719 | 1.3674 | 2.5804 | 2.8127 | 3.0658 | 3.3417 | 3.6425 | 3.9703
1.08 | 1.9990 | 2.1589 | 2.3316 | 2.5182 | 2.7196 | 2.9372 | 3.,1722 | 3.4259
1.07 | 1.8385.| 1.9672 | 2.1049 | 2,2522 | 2.4098 | 2.5785°| 2.7590 | 2,9522
1.06 | 1.6895. | 1.7908 | 1.8983 | 2.0122 | 2.1329 | 2.2609 | 2.3966 | 2.5404
1.05 | 1.5513 | 1,6289 | 1.7103 | 1.7959 | 1.8856 | 1.9799 | 2.0789 | 2.1829
1.04 | 1.4233 | 1.4802 | 1.5395.| 1.6010 | 1.6651 | 1.7317 1.8009 1.8730
1.03 1 1.3048 | 1.3439 | 1.3842 | 1.4258 | 1.4685° | 1.5126 | 1.5580 | 1.6047
1.02 | 1.1951 | 1.2190 | 1.2434 | 1.2682 | 1.2936 | 1.3195.1 1.3459 | 1,3728
1.01 | 1.0937 | 1.1046 | 1.1157 | 1.1268 | 1.1381 | 1.1495, | 1.1610 | 1.1726
1.00 { 1.0000 | 1.0000 | 1,0000 | 1,00001| 1.0000 | 1.0000 | 1.0000 | 1.0000
0.99 | 0.9135° | 0.9044 | 0.8953 | 0.8864 | 0.8775° | 0,8687 | 0.8601 | 0.8515.
0.98 | 0.8337 | 0.8171 | 0.8007 | 0.7847 | 0.7690 ! 0.7536 | 0.7386 | 0.7238
0.97 | 0.,7602 | 9.7374 | 0.7153 | 0.6938 | 0.6730 | 0.6528 | 0.6333% | 0.6143
0,96 | 0.6925° | 0.6648 | 0.6382 | 0.6127 | 0.5882 | 0.5647 | 0.5421 | 0.5204
0.95 | 0.6302 | 0.5987 | 0.5688 | 0.5404 | 0.5133 | 0.4877 | 0.4633 | 0,4401
0.94 | 0.5730 | 0.5386 | 0.5063 | 0.4759 : O,4474 | 0.4205° | 0.3953 | 0.3716
0.93 | 0.5204 | 0.4840 | 0.4501 | 0.4186 | 0.3893 | 0.3620 | 0.3267 | 0.3131
0.92 | O.4722 | 04344 | 0.3996 | 0.3677 | 0.3383 | 0.3112 | 0.2863 | 0.2634
0.91 | 0.4279 | 0.38%4 | 0.3544 | 0,3225.: 0,2935. | 0.2670 | 0.2430 | 0.2211
0.90 | 0.3874 | 0.3487 | 0.3138 | 0.2824 i 0.2542 | 0,2288 | 0.2059 | 0.1853
S {
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Table of Tn -contd.

N 17 18 19 20 21 22 23 2k

"1.10 | 5.0545.1 5.5599 | 6.1159 | 6.7275 | 7.4002 | 8.1403 | 8.9543 | 9.8497
1.09 | b.3276 | 4.7171 | 5.1417 | 5.6044 | 6.1088 | 6.6586 | 7.2579 | 7.9111
1.08 | 3.7000 | 3%.9960 | 4.3157 | 4.6610 | 5.0338 | 5,4365°| 5.8715. | 6.3412
1.07 | 3.1588 | 3.3799 | 3.6165° | 3.8697 | 4.1406 | 4,4304 | 4,7405% | 5,0724
1,06 | 2.6928 | 2.8543 | 3.0256 | 3.2071 | 3.3996 | 3,6035°| 3.8197 | 4.0489
1.05 | 2.2920 | 2.,4066 | 2.5270 | 2.6533 | 2.7860 | 2.9253 | 3.0715° | 3.2251
1.0% | 1.9479 | 2,0258 | 2,1068 | 2.1911 | 2.2788 | 2.3699 | 2.4647 | 2.5633
1.03 | 1.6528 | 1.7024 | 1.7535% | 1.8061 | 1.8603 | 1.9161 | 1.9736 | 2.0328
1.02 | 1.4002 | 1.4282 | 1.4568 | 1.4859 | 1.5157 | 1.5460 | 1.5769 | 1,6084
1,01 | 1.1843 | 1,1961 | 1,2081 | 1.2202 | 1.2324 | 1.2447 | 1,2572 | 1.,2697
1.00 { 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 ! 1.0000
0.99 | 0.8429 | 0.8345°} 0.8262 | 0.8179 | 0.8097 | 0.8016 | 0.7936 | 0.7857
0.98 | 0.7093 | 0,6951 | 0.6812 | 0.6676 | 0.6543 | 0.6412 | 0.6283 | 0.6158
0.97 | 0.5958 | 0.5780 | 0.5606 | 0.5438 | 0.5275.{ 0.5117 | 0.4963 | 0.481%4
0.96 | 0.4996 | 0.4796 | 0.4604 | 0.4h20 | 0.4243 | 0.4073 | 0.3911 : 0.3754
0.95 | 0.4181 | 0,3972 | 0.3774 | 0.3585.] 0.3486 | 0.3235° | 0.3074 | 0,2920
0.94 | 0.3493 | 0.3283 | 0.3086 | 0.2901 | 0.2727 | 0.2563 | 0.2410 | 0.2265
0.93 | 0.2912 | 0.,2708 | 0.2519 | 0.2342 ! 0,2178 | 0,2026 | 0.1884 | 0.1752
0.92 | 0,2423 | 0.2229 | 0.,2051 | 0,1887 ! 0.1736 | 0.1597 | 0.1469 | 0.1352
0.91 | 0.2012 | 0.1831 | 0.1666 }0.1516 , 0.1380 | 0.1256 | 0.1143 | 0.1040
0.90 | 0.1668 | 0.1501 '0.1351 0.1261 | 0.1049 0.0985.‘ 0.0886 | 0,0798
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Table of T -contd.

TN 25 26 27 28 29 20
1.10 110.8247 111.9182 | 13,1100 | 14.4210 [ 15.8631 [17.4494
1.09 8.6231 | 9.3992 | 10.2451 | 11.1671 | 12.1722 |13.2677
1.08 6.8485,1 7,3964 | 7.9881 | 8.6271 | 9.3173 [10.0627
1.07 5.4274 | 5.8074 | 6.2139 | 6.6488 | 7,1143 | 7.6123
1.06 4,2919 | L4.5494 | 4,8223 1 5.1117 | 5.4184 | 5.7435,
1.05 2.3864 | 3,5557 | 32,7335, 32,9201 | L4.1161 | L4.3219
1.04 2.6658 | 2.7725. 2.8834 | 2,9987 | 3.1187 | 3,243k
1.03 22,0938 | 2.1566 | 2.2213 1 2.2879 | 2.3566 | 2.4273
1,02 1.6406 | 11,6734 | 1.7069 | 1.7410 + 1.7758 | 1.8114
1.01 1.2824 | 1.,2953 | 1.3082 | 1.3213 | 1.3345°1 1.3478
1.00 1.0000 | 1,0000{ 1,0000| 1,0000 { 1.0000 | 1.0000
0.99 0.7778 | 0.7700 | 0.7623% | 0.7547 | 0.7472 | 0.7397
0.98 0.6035.] 0,5914 | 0.5796 | 0.5680 | 0.5566 | 0.5455.
0.97 0.4670 | 0.4520 | 0.4394 | 0.4262 | 0.4134 | 0.4010
0.96 0.3604 | 0.3460 | 0.3%321| 0.3189 | 0.3061 | 0.2939
0.95 0.2774 | 0.,2635° 0.2503 | 0.2378 | 0,2259 | 0,2146
0.9% | 0,2129 | 0.2001 | 0.1881| 0.1768 | 0.1662 | 0.1563 |
0.93 0.163%0 | 0.1516 | 0.1409] 0.1311 | 0.1219 | 0.1134
0.92 O.1244 | 0.1144 1 0.10531 0.0968 | 0.0891 0.0820
0.91 0.0946 | 0.0861 | 0.0784| 0,0713 | 0.0649 | 0.0591
0.90 0.0718 | 0.0646 { 0.0581| 0.0523 | 0.0471 | O.0h2h
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N ki 2 A 6 8 10 12 14
ax100
2 . 996 9% .988 .98k .980 .976 .972
b .992 . 984 .976 .969 . 961 .953 .9k6
6 .988 .976 .965 . 953 L9k2 .931 .919
8 .98k . 969 <953 . 938 923 .908 894
10 .980 961 Jok2 . 923 .905 .887 .869
12 .976 . 953 « 937 . 908 .887 866 845
14 .972 . 946 .919 . 894 .869 845 .822
16 . 969 .938 . 908 .880 .852 .825 .799
18 .965 . 931 .898 . 866 .835 .806 J777
20 . 961 923 . 887 .852 .819 .787 .756
22 .957 .916 .876 .839 .803 .768 .735
2k . 953 .908 .866 .825 .787 .750 .715
26 . 949 . 901 .856 812 <771 . 732 .695
28 .46 . 89k .845 .799 .756 .715 676
30 .9h2 .887 .835 .787 . 7H1 .698 .657
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Appendix III -contd.

I/Io = % —conta.
‘\\<f 16 18 20 22 2k 26 28 30
x102 ‘ '
2 1.969 965 961 957 .953 <949 J9k6 J9k2
i |.938 .931 '.,.923 916 .908 | .901 894 .887
6 | .58 | .88 |..887 | .876 | .866 | .856 | .85 | .835
g |.880 | .86 | .852 | .830 | 825 | .812 | 799 | .787
ﬁo .852 .835 .819r .803 .787 771 .756 71
12 | .825 ».805 787 | .m0 | .72 215 | .698 | .698
14 | .799 777 . 756 «735 «715 695 676 657
16 7 - 750 750 726 . 703 681 660 " | .639
18 | 750 | .723 .698 675 | 649 | 626 .60L .583
20 | 726 | 698 | .60 | .emh | .19 | 505 | 71 | L5k
22 | .703 673 6l 616 ,590 564 540 | .57
2 | 681 | 649 | .619 | .59 | .502 | .536 | 511 | .87
25 { .660 .626 - .595 564 .536 |. .509 483 458
28 | .639 .60k 571 .5k0 511 483 457 Az2
30 | 619 | .583 | .5h9 | 517 | 487 | 458 | .as2 | Lbop
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