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MILITARY STANDARD

PHOTOGRAPHIC LENSES

TO ALL ACTIVITIES:

1. The following pages of MIL-STD-150A
have been revised and supersede the pages
listed: )
Superasded page

New page Date Date
3 3 18 May 1959
4 4 18 May 1969
] [ ] 12 May 1989
7 7 12 May 1969
10 10 18 May 1959
17 17 18 May 1960
22 22 12 May 1989
24 24 18 May 1089
26 26 12 May 1989
27 27 12 May 1989
M 34 18 May 1989

2. The following is a cumulative list of
earlier changes:

Superseded page Dute
12 May 1059

New pags Date
20 8 June 1081 29

3. Retain this notice and insert before the
table of contents.

4. Holder of MIL-STD-160A will verify
that page changes indicated above have been
entered and will destroy the previous notice.
Activities which stock these notices for issue
are warned that each notice, together with
its appended revised pages, is in effect a
separate publication to be retained until the
military standard is completely revised or
canceled.
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3.1.2.2.1 When . lens is supplied in cells,
without barrel o shutte:, the locating sur-
face of the lens mount is defined as the seat-
ing surface of the rear cell.

3.1.3 Mechanical axis. The mechanical axis
of a lens is that continuous straight lire in
space perpendicular to the plane of the flange
or locating surface of the lens mount and
passing through the center of symmetry of
the flange or locating surface. -

3.1.3.1 Flange tilt. The flange tilt of a lens
is the a1 rle between the optical axis and the
mechanical axis.

3.1.3.2 Plane of the receiver. The plane of
the receiver is that plane in the image space
in which the receiver or the film in a camera
is located.

3.1.3.2.1 Focal tilt. The focal tilt is the
angle between the plane of best definition
and the plane of the receiver due to the me-
chanical structure between the lens flange
and the receiver. It is not a true characteris-
tic of the lens alone.

3.1.4 Equivalent focal length.! The equiva-
lent focal length, or EFL, often referred to
more simply as the focal length, determines
the scale of the image produced by the '=ns.
When a s-iven objec’ is at an infinite dist:: :ce,
images produced by distortionless lens¢ of
the same equivalent fogal leng*h will be e ,ual
in size, und images produced b lenses of dif-
ferent ¢quivalent focal lengths will var: in
size dircctly as the respective equivalent
focal lengths. The equivalent focal length ‘s
defined by the equa.ion:

Y

tan 8
B*0 (1)
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where ¥ is the transverse distance from the
principal focus to the center of the image in
the imagn-space focal plane of an infinitely
distant object point which lies in a direction
making an anple 8 with the optical axis. The
equivaler . focal Jength shall be measured in
accordance with 5.1.2.2.

3.1.5 Calibrated focal length.2 The cali-
brated focal length, or CFL, is defined as an
adjusted value of the equivalent focal length
of a lens mounted in a camera or cone. so
chosen as to distribute the distortion in the
manner bes* suited to conditions under which
the photograph is to be employed. The cali-
brated foc: | length shall be determined in
accordance with 5.1.2.8. The calibration con-
ditions sha'l be covered by the detailed speci-
fication.

3.1.8 Back focal distance. The back focal
distance, or BF, is defined as the distance
measured from the vertex of the back sur-
face of the lens to the plane of best defini-
tion. The back focal distance shall be meas-
ured in accordance with 5.1.2.4.

3.1.7 Flange focal distance. The flange focal
distance, or FD, is defined as the minimum
distance from the center of symmetry of the
lens flange in the plane of the flange to the
plane of be -t definition. In a perfect lens, this
distance is measured along the mechanical
axis which coincides with the axis of best
delinition. The flinge focal distance shall be
measured in accordance with 5.1.2.5.

3.1.8 Front focal distance.?2 The front focal
distance, or FF, is defined as the distance
measured from the principal focus located
in the front space to the vertex of the front
surface. The front focal distance shall be
measured in accordance with 5.1.2.6.

3.1.9 Front vertex back focal distance.3 The

Focal Lengths and Foeal Distances of Pbotographie Leusss,
738.4.21 — 1948.
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front vertex back focal .istance, or FVD, is
defined as the distance measured from the
principal focys in the back space to the ver-
tex of the front surface. The front vertex
back focal distance shall be measured in
accordance with 5.1.2.7.

3.1.10 Telephoto ratio. The telephoto ratio
is defined as the direct ratio of the equivalent

focal length to the front vertex back focal

distance.

8.1.11 Depth of -rcus and d-oth of field.
For every plane in ¢ 1¢ object space, a photo-
graphic lens produce : an image plane of best
definition jx the image space. In fromt of or
behind this plane of Lest definition is a region
within which the images of the selected ob-
ject plane are of satisfactory quality. The
distance separating the focal planes hond-
ing tiris region is the depth of focus for the
selected object plane. Similarly, there exists
8 region in space within which objects are
imaged with satisfactory quality on a se-
lected image plane. The distance separating
the planes bounding this region is the depth
of fleld. The extert of these regions of satis-
factory focus may be defined in terms of a 10
percent reductior of ares weighted average
resolution (AWAR) below that obtained at
the hest focal position. -

3.2 APERTUR:Z AND RELATED QUAN-
TTTHIES.

3.2.1 Lens specd. Lans speed ia ¢hat prop-
orty of a lens which affects the image il-
luminance. Lens speed shall be specified in
terms of the following expressions: aperture
ratio, relative aperture, or T-stop.

3.2.2 Aperture ratio.t The aperture ratio
is the ratio 1:N or the fraction 1/N (writ-
ten in this manner with the fi1 :t member of
the ratio, or the numerator oi the fraction.

« American Standard Methods of Desiynating and l-nﬂng
Apertures and Beisted Quantities Pertainin . to FPhotogx

equal to 1) where N i3 defined by the equa-
tion:
1
N=c—
2n #in o

In this formula, y is the index of refractior

of the medium in which the image is forrec.i
(approximately 1, if the image is formed in
the air) and o is the angle sul-tended at the
axia] point of thc image by the semidian. :ter
of the exit pupil of the lens at a given Jiu
phragm setting. If the exit pupil is not cir-
cular, the equivaien: circle having the same
arez as the actuwi exit pupil should be usec.
Thus, for an objective in air, the aperturc
ratio is equal to 2 sin a. If the aperture ratio
is given without qualification, its value is
that corresponding to the largest indicated
diaphragm opening and an infinitely distant
object. If the object is at a finite distance, t' -
yalue of the aperture ratio should be qualificd
by a statement of the correaponding magnifi-
cation. The aperture ratio is applicable for
the determination of exposure time wher
the object is at an infinite or a finif« dis-
tance. For any magnification, the exy.sure
time is inversely proportionsal to the square
of N. Thus, the aperture ratio is a measure
of the image illuminance. (For test procedure
200 5.1.2.8).

823 _Effsctive aperture.t The effective
aparturs of a photograpn.c objective for -
distant objects, for a given setting of the
diaphragm, is an opening equivalent to a
right section of the largest beam of parallel
light from an axial object point that is trans-
mitted by the lens. It is usually circular, or
appro:.imately so, and is specified by its Jia-
meter. If the section is not circular, the effec-
tive diameter shall be the diameter of a ciicle
having the same equivalent area. (For 'ast
procedure, see 5.1...9.)

3.2.4 Clecr aperinre5 The . ear apert re
of each surface in & Jons systen: is the m: xi-

Lenses, 238.4.20 — 1948.
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mum cles” opening ¢. the surface which is
actually used in forming an image in any
part of th: field. The mount aperture at each
surface st il be at least as large as the clear
aperture :n order that vignetting will not
exceed the computed value. The clear aper-
ture is usually circular and specified by its
diameter. 't is sometimes referred to as the
free aperture.

023 Re wiece uperture.s The relative aper-
ture shall »e defined as the ratio of the EFL
to ihe diameter of the effective aperture. The
svmpol for relative aperture shali be i/
foliowed by a numerical value. It :s written
as a rraction, for exampie, £/2 signities that
the diameter of the effective aperture is one-
half the foca: length. For an object at an
infinite distance, the denominator of the rela-
tive aperture .nd the second member, N, of
the aperture r.atio are identical, provided: the
image is formed in air and the imagery obeys
the sine condition.

3.2.5.1 y-number.8 The f-number shall be
defined as the denominator in the expression
for the relative aperture. Thus, if the rela-
“‘ve aperture is £/2, the f-number is 2.

3.2.6 T-5°0p and T-number.” The T-stop is
referred to as the aperture of a lens cali-
brated photometrically and assigned a T-
number, 'vhich is the f-number of a circular
opening ir a fictitious lens having 100 per-
cent trans:nittance, and which gives the same
central image illuminance as the actual lens
at the specified stop opening. Hence, for a
lens with a circular aperture, the

f-number

T-nuinber (3)

vVt

where t is the transmittance. For a lens with
an eftective 2nerture 2 any shape and area
o Suer 1UOlavwe 3. page 4.
Jage 4.

° American Sti. iard. Aperture
Lennes PH22.90 - 1983,

* Sar {ootnowe -

dibration of Motion Pleture
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A, the corresponding formula is:

f ’ T
T-number = — ..1_
2 At

The transmittance of the lens shall be defined
as the ratio of the transmitted light flux to
the incident light flux. The symbol for the
T-stop shall be T followed by a space and a
numerical value — for example, T 2. The
numeral! 2 represents the T-number. (F r
test procedure, see 5.1.2.10.)

3.2.6.1 Area weighted average T-nus. ..

The T-number as defined in 8.2.6 is a ¢ 1. -
parative measure of illuminance on the z2x::
of a lens. Since the illuminance usually varie-
over the field, a need may exist for determin-
ing T-numbers for off axial image points and
computing an average T-number. In accord-
ance with the basic photometric relation-
ships involved, the genera.l definition of T-
number is gwen as

Ty = —ro ‘\/ #B/E, (5)

Since, in accordance with this definition,

1 —
— V fB = To 'J E.,
2

—g—
T.=T \/ (6)
E. *

In these expreasions, T, is the T-number for
an image point in a zone i, T, is the axial
T-number, B is the object luminance, E, is
the illuminance on the axis, and E, is the
average illuminance for the zone. Compatible
units should be used for quantities B, E,,
and E,. When the illuminance is averaged
over the field, weighting the average by the
area of the circular zone in which the illumi-
nance is determined, and this average is sub-
stituted for E, in equation (6), the resulting
T-numuer is called the area wcighted aver-
age T-number, or AWAT, For circular zones
which extend beyond the ooundaries of the
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picture format, only the ares lying within
the format shall be used in determining the
weighting ratios. The equations for compit-
ing AWAT are:

ATET

AWAT = T, ;\/§ Q)
N

v AWAT = 10 T. | 2___.:, (8)
i A

in which A is the tctal area of the picture
format, A, is the arca of a particular zone,

and o, is the average relative illuminance for .

that zone expreased in percent.

3.2.7 Fromt operating aperture. The front
operating aperture is defined as the limiting
aperture at the front of the Jens, It will usual-
ly be given as the maximum diameter of the
entrance cone at the front vertex for the
specified fleld of view at infinity focus.

3.2.8 Rear operating aperture. The rear
operating aperture iz defined as the limiting
aperture at the rear of the lens. It will usual-
ly be given as the maximum diameter of the
emergent cone at the rear vertex for the
specified fleld of view at infinity focus.

3.3 CONSTRUCTIONAL FEATURFES.
Pertinent features include details of the . in-
structicn of the lens. These may relate to the
physical configura-ion, or arrungemen: of
the individual elements, to some specitied
optical characterisiic or to the nomenclatute
of the various parts. Constructional features
of photographic lenses are listed with defini-
tions and explanatory data.

3.3.12 Optical system.® The optical system
includes all the parts of a photographic lens
and accessory optical parts which are de-
signed to contribute to the formation of an
image on the photographic emulsion or on &
screen for viewing.

» Amerienn Blandard Noosncistuwe for Pasrts of 8 Phote-
graphie Lens PHS.SS — 1048.

33.2 Member® A member of a photo-
graphic lens is & group of parts considered
aa an entity because of tne proximity of its
parts or because it has a distinct but not
always entirely separate function.

3.3.3 Component.’ A component of a photo-
graphic lens is a subdivision of a member. it
may consist of two or more parts cemented
together or with near and approximaiel.

. matching surfaces.

3.84 Element.t An element of a photo-
graphic lens is a single uncompounded lens,
i.e., a part constructed of a single piece. Thé
total number of elements is a significant con-
structional feature of a lena.

3.3.5 Front of photogruphic lens.® The

front of a photographic lens, in general, is

the end carrying the engraving, and usually
facing the longer conjugate. In lens draw-
ings, the front generally faces left or up. A
notable exception is certain lenses intended
to be used in photomicrography in which thé
front of the lens faces the shorter conjugate.

3.8.8 Rack of photogrephic lens.? The back
of : photographic lens, in general, is the end
carrying the mounting thread or other
attaching means and usually facing the
shorter conjugate.

3 3.7 Name of design. Designs of lenses in
wh :h particular configurations of elements
are employed are often given names. These
nam-s are nsually trade names, and the name
ordi* arily applied to any particular configu-
rati,n is usually the trade name of the oldest
design of a particular type such as “Tessar.”
In some cases, however, the design name
may not be a trade name but may be based
on some feature of the lens configuration

such as “Symmetrical.”

3.3.8 Telephoto. A telephoto lens is defined

? Americas Standard Nommmelstere for Parts of & Photoe
grapbie Lems PHL.25 — 1948
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as a lens for wlich the telephoto ratio is
greater than one, (See 3.1.10.)

3.3.9 Glass types. A constructional feature
is the type of optical glass of which each
element is made.

3.4 MECHANICAL AND STRUCTURAL
FEATURES.

8A4.1 Cell. A cell is a mechanical structure
holding an element, component, or member.

3.4.2 Borrel. A barrel is a mechanical
structure in which the lens is mounted.

8.4.3 Conec. A cone is defined as the
mechanical structure to which a lens barrel
or shutter, with lens, is attached in order to
bring the image in focus in the film plane of
a specific aerial camera.

8.4.4 Lens diaphragm. A lens diaphragm
is a mechanical device for reducing the
effective aperture of a lens, It may take the
form of an iris or a Waterhouse stop. An iris
disphragm consist of leaves providing an
opening continuously variable in size. A
Waterhouse stop is a removable aperture of
fixed size which fits in the lens barrel. Water-
house stops are usually provided in a graded
series of apertures, )

8.4.5 Iris diaphragm control. Unless other-
wise specified, when looking at the front of
a lens or remote control knob, a counter-
clockwise rotation of the diaphragm control
shall reduce the aperture or stop the lens
down.

3.4.6 Parfocalized. Lenses mounted in bar-
rels may be specified as parfocalized, i.e., the
flange focal distance may be specified to close
tolerances that would secure an image in
satisfactory focus when the lenses are inter-
changed on a camera.

Supersedes Page 7 of 12 May 1359
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3.4.7 Spanner wrench openings. When re-
quired in order to facilitate removal of cells,
elements, components, or memhers from a
cell or barrel, there shall be two openings
180 degrees apart for application of a span-
ner wrench. Each opening shall either be
circular in shape, or & slot with parallel
sides. .

3.5 FIELD OF VIEW. The field of view of
a lens is a measure of the gize of the image
area or conjugate object area which is satis-
factorily reproduced. This field may be de-
fined in terms of the maximum 8size of the
negative or projection material with which
the lens is to be used.1® The angular measure
for field of view is the half angle, which, un-
less otherwise specified, is the angle sub-
tended at the first nodal point by the optical
axis and a straight line to an object point
which is imaged at the extreme corner of the
negative. For a projected image, the half
angle is the angle subténded at the second
nodal point by the optical axis and a line to
the image point conjugate with the extreme
corner of the projection material. The half
angle is sometimes referred to the side of
the image ares and in such cases it shall
always be so specified. The field of view may
also be designated as the total fleld angle
which is twice the half angle. Coverage is a
less precise term for field of view.

3.8 OPTICAL CHARACTERISTICS. Opti-
cal characteristics include all properties of a
lens affecting its optical performances such
as image quality, distortion, tranamittance,
image color, and condenser characteristics.
When specifying optical characteristics or

- individual aberrations, the definiticns and

nomenclature set forth herein shall be used.

3.6.1 Image quality, Image quality em-

* Pormat Sises for Alr Camerss, ABC AIR 5TD 51/1, § Peb
54. The partisipants agresd that sir camera format sises shall
be: 33 by 23{ inches, 434 by 4)5 inchas, § by ¢ inches, § by 18
inches, 18 by 18 inches. Format Sises for Ground Camerms.
ABC AIR STD 52/8, 1§ Mar. 84. Ground camara format sises
standardised ehall be: 1 by 11 inches (34 hy 8¢ milltmeters),
235 by 23 lnches, 3.2 by 3.70 inches.
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braces all the properties of a lens affecting
the quality of the image such as resolving
power, aberrations, image defects, and veil-
ing glare. Aberrations are optical defects in-
herent in the lens design. Because of manu-
facturing variations, it often happens that
the measursd sberrations differ from the
computed aberrations. Image defects are
optical defects not inherent in the lens design
and resuiting entirely from manufacturing
and mounting variations. This standard is
primarily concerned with optical perform-
ance. Optical performance can be measured
in terms of resolving power, or specific
optical characteristics.

3.6.2 Resolving power. The resolving power
of a lens is a measure of its abflity to image
closely spaced objects so that they are recog-
nizable as individual objects. The resolving
power shall be expressed in lines per mill-
meter, usually in the short conjugate plane.
Raesolving power is measured by photograph-
ing or observing suitable test charts at speci-
fied angular distances from the center of
the field. The test charts shall consist of
groups of parallel straight lines and.spaces
of equal width; the resolving power is the
reciprocal of the centar-to-cemter distance
of the lines that are just distinguishable in
the recorded image. By “just distinguish-
abh"qmtthatthnobocmhableto
count the correct number of lines in the re-
corded image, over the entire langth of the
lines and in the correct oriemtation, subject
to the provision that no coarser pattern shall
be unresclved. The appearance of resolution
in a finer patiern after failure to resolve a
coarser patiern is an indication of the pres-
ence of spurious resolution. Spurious resolu-
tion is a phenomenon wherein fine lines are
rescived, yet coarse lines are not. For non-
axial points, it is necessary to consider the
arientation of the lines. For example, the

resolving power for radial lines, or “radial

resolving power” ‘(sometimes called “‘sagittal
r.olvinzpqwc"),ntsgimpointinthe

image j.lane is the resalving power for close-
ly spaced lines that are parallel and adjacent
to the radius drawn from the center of the
field to the given point. Resolving power for
tangential lines, or “tangential resolving
power,” is the resolving powar for closely
spaced paralie] lines that are tangent and ad-
jacent to a circle drawn through the give .
point whose center lies at the center of the
field. Resolving power may be specified as
minimum acceptable resolving power, re-
gardless of whether radial or tangential at
specified angles from the optical axis of the
lens, or it may be specified at both minimum
acceptable radial and minimum acceptable
tangential resolving power at specified angu-
lar distances from the optical axis. The aver-
age resolving power weighted in terms of
the area of the negative, the area weighted
average resolution (AWAR), provides a
gsingle value by which the resolving power
for the entire field may be specified. (See
8.1.2.1.1 and 3.6.2.5.) :

3.6.2.1 Photographic resolving power.
Photographic resolving power is used in
specifying snd messuring performance of
type L 11, II1, IV, V, IX, XII, and XIII lenses
and is the greatest number of lines per milli-
meter recorded photographically as separate
lines. A target pattern is considered resolved
when it meets the conditions described in
8.6.2. Photographic resolving power depends
markedly on the photographic conditions
employed, and on the presence of back-
ground glare from the illuminated target.
When specifying photographic resolving
power, it is necessary also to specify the
color of light to be used, the type of photo-
sensitive material and processing, the lens
speed at which the test is made, the contrast
of the target, and ‘he magnification or focus
at which the lens is tested. (See 5.1.2.12.1.)

3.8.2. . YVisual rcsolving power. Visual re-
solving power is used in specifying and
measuring of type X lenses, and is deflned
as the greatast number of lines per milli-



meter in the image of a test target pattern
that are just barely distingvishable as
separate lines under acequate magnification.
When specifying visual resolving power it is
necessary also to specify the target contrast.
(See 5.1.2.12.2.)

3.6.2.3 Projected photographic resolving
power. Projected photographic resolving
power is used in specifying and measuring
the performance of tvpe VI lenses and is
defined as the greatest number of lines per
millimeter. in the object plane, that are bare-
ly distinguishable as separate lines when
observing under magnification a photo-
graphicall - recorded, projected image of a
suitable tcst target. (See 5.1.2.12.3:.) When
specifying projected photographic resolving
power it .8 necessary also to specify lens
speed, focus, magnification, type of illumina-
tion, contrast of target, type photosensitive
material and its processing.

3.6.2.4 Projected visual resolving power.
Projected visual resolving power is used in
specifying and measuring the performance
of type VII lenses and is defined as the
greatest number o5 lines per millimeter in
the object plane that are distinguishable as
separate lines in the projected image. When
specifying projected visual resolving power,
it is usually understood to imply a high con-
trast target (dark lines on light back-
ground). (See 5.1.2.12.4.)

3.6.2.5 Area weighted, average resolution.
A single average value for the resolution
over the picture format may be determined
for any given focal plane as the area
weighted average resclution, or AWAR. To
determine the AWAR, the picture format is
divided into concentric annular zones whose
boundaries are determined from the angles
which are midway between successive test
angles. For zones which extend beyond the
boundaries of the picture for:nat, only the
area lying within the format shall be used
in determining the weighting ratio. The reso-

Downloaded from http://www.everyspec.com

MIL-STD-150A
12 May 1959

lution obtained at any given test angle is
multiplied by the ratio of the area of the
zone for that angle to the total area of the
picture format. The AWAR is the sum of
these products. To obtain a single value of
the resolution for each test angle. the geo-
metric mean of the tangential and radial
resolutions shall be used. However, the com-
putations may be simplified by the use of an
arithmetic mean whenever the tangential
and radial resolutions differ by less than a
factor of 2 to 1. When more than one meas-
urement is made at any given test angle, an
arithmetic mean shall be determined for the
tangential and another for the radial reso-
lutions. The area weighted average resolu-
tion is defined as: :

Ay
AWAR = 2 - \/R. T,
. A (9)

where A, is the area of a particular zZone, R,
is the average radial resolving power in tnis
zone (or radial resolving power at the mid-
point of the zone), T, is the average tangan-
tial resolving power in the zone (or the t.in-
gential resolving power at the midpoint
of the zone), and A is the total area of -he
picture format, and X is the summation
sign, summating the values

—AA-‘-\/R.T.

over all zones in the picture area.

3.6.3 Astigmatism and curvature of field.
In general, a lens possesses two image sur-
faces: one in which lines radial to the optical
axis are best defined and the other in which
lines tangent to circles concentric with the
axis are best defined. Noncoincidence of
these two image surfaces is called astig-
matism, and the separation of the two image
surfaces, measured parallel to the optical
axis, is called the astigmatic difference. A
median surface lying between the two is
called the surface of least confusion and the
definition in this image surface is least
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affected by orientation of the object. None of
the surfaces is a true plane. The departure of
the surface of least confusion fram a true
plane is called curvature of field. Resolving
power figures, specified in accardance with
8.6.2, will usually be considered as referring
tc & fiat image and object plane. When curva-
ture of field is specified, the magnification at
which it is to be measured shall be stated.
(Sce 5.12.18.) Figure 1 is plotted as an
Sxample of the astigmatic difference.

§

RADIAL

TANGENTI AL

FOCAL CHANGE (Mn)

RS A " - S A
ANGULAR DISTANCE FROM AXiS
Fioure 1. Astigmetic Difforence

. ]

3.48.4 Color correction. Color correction is
defined as the reduction of longitudinal and
lateral chromatic aberrations. It may be
specified in terms of the kind of light and
color semsitivity of the photographic mate-
rial to be used with the lens, e.g., the lens is
color eorrected for use with white light and
panchromatic film of ASA speed 100. The
color correction may be specified in terms of
the Fraunhofer lines in the solar spectrum
that are to be used in the lens calculations,
e.g., C and F correction. The magnification
at which the color correction is acconiplished
shall be designated. (See §5.1.2.14.)

3.6.4.1 Longitudinal chromatic aberration.
Longitudinal chromatic aberration is defined
as a variation in back focal distance for light
of different colors or wave lengths. It is
apecified in terms of this focal change for
light of specified colors. (See 5.1.2.14.1)
Figure 2 is plotted as an example of longi-
tudinal chromatic aberration.

3.6.4.2 Lateral chromatic aberration. Late-

- Supsrsedes Page 10 of 13 May 1959
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WAVE LENGTH OF
LIGHT (Ma)
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FOLAL CHANGE (mn)
Fiourt 2. Longitudinal Chromatic Alerratiom

ral chromatic aberration is a waristion in
.image acale of a leus for light of different
colors or ware lengtha. When required,
Hmits on lateral chrematic aberration will
be specified as the radial displacement in

- millimeters of the image Im the first oolor

from the image of the same point in the

- second color. (See 5.12.142.) Figure 3 is

plotted as an example of lateral chromatic

O

DISPLACEMENT (1)

- N "R N
WAVE LENGTH OF LIBHT (A))
Ficune 3. Leteral Chromatic Aberration

3.65 Magnification.

3.8.5.1 Parazial magnificat/on. The paraxi-
al magnification, often referred to more
simply as magnification, determines the scale
of the image when the object is at a finite
distance from the lens. The paraxial magni-
fica ion, or PM, is defined by the following
equation:

7’
PM = limit —— (10)
v %0
where v’ is the radial distance from the opti-
cal axis to the image point in the image plane

10
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3.8.1 Maierial defects.

3.8.1.1 B bbles. Bubbles are air or gaseous
inclusions entrapped within the glass.

3.8.1.1.1 Seeds. Seeds are very small bub-
bles

3.8.1.1.2 Air bells. Air bells are irregularly
shaped bubbles

3.8.1.2 Cracks. Cracks are shallow separa-
tions or reaks in the glass.

3.8.1.3 Feathers. Feathers are powdered
surfaces folded into the glaas in the preasing
process.

3.8.1.4 Fold, or laps. Folds, or laps, are
areas in which the glass has been folded
upon itsclf but not fused.

8.8.1.5 Milkiness. Milkiness is caused by
cloudy or milky areas within the glass,

3.8.1.6 Stones. Stones are fragments of
undissolved material in the glass,

8.8.1.7 Strain. Strain is tension within the
glass caused by inadequate annealing or im-
proper mounting. It is an area of index of
refraction differing from the nominal.

3.8.1.8 Striae. Striae are streaks or veins

in the glass with the index of refraction dif-
fering from that of the body ot the glass.

3.8.1.8.1 Reams. Reams are fine bands .of
striae.

3.8.1.8.2 Cords. Cords are streaks of very
heavy striae.

3.8.2 Manufacturing defects.

3.8.2.1 Blisters. Blisters are bubbles in a
cement layer.
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3.82.2 Burns. Burns are reddish stains
generally ground on the central areas of
elementa They are usually caused by the
drying-up or glazing of a polisher.

3.8.2.3 Cement starts. Cement starts are
spots where the components of a cemented
lens have started to separate. They can be
small irregular spots between the elements
or run-ins at the edge, insufficient cement, or
cement at the edge dissolved by a solvent.

3.8.2.3.1 Run-ins. Run-ins are cement sepa-
rations at the edge-of a cemented compo-
nent.

3.8.24 Chips. Chips are areas from which
giass has been broken away from the sur-
face, edge, or bevel of an optical element.

3.8.2.5 Cracks. Cracks are breaks in the
glass.

3.8.2.8 Digs. Digs are breaks of the pol-
ished surface of a round, oval, square, etc.,
shape including pits, holes, and surface
broken bubbles.

3.8.2.6.1 Dirt holes. Dirt holes are digs
filled with rouge.

3.8.2,7 Dirt. Dirt conaists of dust, lint. or
other foreign matter on the surface or en-
trapped in a cement layer.

3.8.2.8 Grayness. Grayness is represented
by finely ground areas indicating incomplete

or improper polishing.

3.8.2.9 Mold marks. Mold marks are marks
on t.he surface produced by molding.

8.8.2.10 Orange peel. Orange peel is poorly
polished surface, pock-marked with pits,
having much the same surface appearance
as the skin of an orange.

3.8.2.11 Poor polish. Poor polish pertains
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to polished surfaces containing minute pits
of a gray or red color. They are gray grind-
ing pits in the surface of the glass, or red
grinding pints in which rouge has been so
deeply embedded that it has to be removed

by further polishing.

3.8.2.12 Seratohes. Scratches are furrows
or grooves in the surface of the glass caused
by the removal of glass, usually made by

coarse grit, fragments of giass, sharp tools, -

etc., rubbed over the surface

3.8.2.13 Smears, scum, swater spots, elc.
Smears, scim, water spots, etc., are residue
of evaporated or unevaporated moisture.
They are usually removable by ‘normal”
cleaning.

3.8.2.14 Stain. Stain is a discoloration of
the glass surface, usually brown, blue, or
green, caused by the deposit of foreign mat-
ter, or changes produced on the surface of
the glass by chemical action of some sub-
stance with the glass.

4. GENERAL REQUIREMENTS

4.1 MARKINGS.

4.1.1 Lens markings. Lens markings, such
as maximum aperture, focal iength, fleld of
view, and serial number shall be placed on
the front of the lens cell or on the barrel if
apace limitations so0 require. The lens name
and serial number shall be assigned by the
manufacturer.

41.2 Cell mfkt'ug. Lenses supplied in cells

or constructed with removable cells shall -

have all cells permanently marked with at
least the last three digits of the lens serial
number.

1.1.3 Mazsmum aperiure. Al types of
lenses, except types X and XI, shall be
marked with their maximum aperture stated
either as the relative aperture, aperture ratio
or T-stop. :

4.1.3.1 The symbol for relative aperture of
a lens shall be f/ followed by the numerieal
value, for example £/2.0.12

4.1.3.2 The symbol for the T-stop of a lens
shznbonollowedbyaspueandthenthe
numerical value, for example T 22,

4.1.3.3 f-number.12 The effective diameter

? American Siandard Lens Apertuse Mmbkingn, £38.4.7—-3000.
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of the maximum aperture of the lens shail
be at least 95 percent of the quotient ob-
tained by dividing the marked focal length
by the f-number corresponding to the maxi-
mum marked aperture.

4.1.4 Iris diaphragm control marking.

4.1.4.1 Full stop.1? The standard series of
diaphragm markings, or stop openings, shall
be 0.7, 1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 8, 11, 16, 22,
32, 45, 64, 90, and 128.

4.14.2 Mazimum aperture valus.\? The f-

number corresponding to the maximum aper- .

ture, T-number, or aperture ratio value
marked need not be selected from *“= above
series but shall be followed by the above
series of stop openings beginning with the
next largest number whenever practical and
progressing as far as required in the individ-
nal application; e.g., for an 1/1.9 lens the
diaphragm might be marked £/1.9, 2.8, 4.0,
5.6, 8, etc., if it was believed that to mark it
£/1.9, 2.0, 2.8, 4.0, 5.6, etc., would confuse
the marking at the £/1.9 end of the scale.

4.1.4.3 Fractional stop values. In addition
to the numbered values, each stop ma- be
divided into three subdivisions by dots or
marks (not numbered), the dots being at
“thirds of = stop,” e.g., 0.7, 0.8, 0.9, 1.0, 1.12,



solving power targe. used on all tests ghall
be as follows: The target shall consist of a
series of patterns decreasing in size as the
vZ, v2, <2, with a range sufficient to cover
the requirements of the lens-film combination
under test. The standard target element shall
consist of two patterns (two sets of lines)
* at right angles to each other. Each pattern
shall consist of three lines separated by
spaces of equal width. Each line shall be five
times as long as it is wide. (See Figure 7.)
For types I and II lenses, targets with light
lines on a dark background are preferred;
for types IV, VI, VII, XII, XII lenses, tar-
gets with dark lines on a light background
are preferred. The target contrast (the dif-
ference in photographic density between the
lines and spaces) shall be either high,
medium, « r Jow contrast, as specified.

l ] l il

2 I

]

o~
FIGURE 7. Standard Resolving Power Test Target
Element. The patterns of lines arc parallel lines
2.5 x millimeters long and 0.5 z millimsters wide
with space 0.5 x millim-ters wide between the parai-
lel lines, where z equols the numbers of lines per
millimeter.

5.1.1.7.1 High contrast target. A high con-

trast target is one in which the density dif-

ference between the light and dark areas is
gre.ater than 2.00. ~

5.1.1.7.2 Medium contrast target. A medi-
um contrast target is one in which the den-
gity difference between the light and dark
areas is equal to 0.80 = 0.05.

5.1.1.7.3 Low contrast target. A low con-
trast target is one in which the density dif-
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ference between the light and dark areas is
equal to 0.20 =+ 0.06.

5.1.2 Test methods.

5.1.2.1 Plane of best dcfinilion. The plane
of best definition is usually determined by
making a series of evaluations at a sufficient
number of focal settings. The distance be-
tween focal settings in hundredths of milli-
meters shall be at least

f-number of lens
no. of lines/mm. expected

The detailed specification shall state the
method used in determining the plane of best
definition.

5.1.2.2 Equivalent focul length.

5.1.2.2.1 Method 1 — Photographic meth-
od.14* The EFL shall be measured by placing
a photographic plate in the focal plane of the
image space. Unless otherwise. specified, the.
focal plane is defined as the place of best
photographic imagery for an infinity distant
axial point; the focal plane may also be spec-
ifled as the plane of best definition. A colli-
mator and reticle may be conveniently used
to provide an infinitely distant object point.
Exposures are made with the beam of light
from the collimator directed along the opti-
cal axis of the lens and a series of angles
Bu Bs etc. On the resultant negative, meas-
urements shall be made of the distances
Y ¥y etc., from the axial images to the
images corresponding to the angles 8,, 8.,

' v, Y-
etc.,, and the quotient .

tan 8, tan 8.

etc., formed. The limiting value of this quo-
tient as B approaches zero is the EFL. In a
photographic objective free from distortion,
the quotient is invariant with respect to the

® American Standard Masthods for Designating and Mesaswr
ing Foeal Lengths and Foeal Distaner ) of Photographie Lemass,
Z38.4.21-1948.
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value of 8. For many photographic purposes
the distortion is negligible for points distant
from the center of the useful field not more
than one-fifth of its radius, and consequent-
ly, it will very often be possitle to obtain a
satisfactorily accurate value of the EFL
by a single determination of 8 and ¥ for a
point lying near the axis.

3.1.2.2.1.1 Method 1A — Combination

‘ethod. The EFL also may be determined
by adding the photographic BF to the dis-
tance from the rear vertex to the emergent
nodal point. The latter distance may be
determined by Method 2.

§.1.2.2.2 Method 2 — Nodal skide method.
The lens to be tested shall be mounted on a
nodal slide to rotate about the vertical axis
through its second nodal point. The distance
from this nodal point to the position of best
axial foecus for an infinitely distant object
point shall be measured. This is also known

_as the second principal focus. (An important
factor or uncertainty in using this method
is the difference between the position of best
focus as judged visually on the optical bench
gnd the best focus as determined photograph-
ically by method 1.) When using this meth-
od, the criterion for determining the best
axial focus should be spacified. The criterion
used is dependent on the type of test object
or target used and may be specified in terms
of either the haze position or the position of
greatest concentration (see 3.6.9.1.1 and
3.6.9.1.2) or in terms of the color in and
around the image.

5.1.2.3 Calibrated focal length. When de-
termining the calibrated foeal length, the
plane of best average definition shall be
chosen as the focal plane. To compute the
calibrated focal length, let v/,, ¥, etc, repre-
sent the distancea in the focal plane fram
the axial point to the images of infinitely
- distant object points lying in the directions
making angles 8,, 8,, etc., with the optical
axis of the objective. If f is the equivalent

Supersedes Page 22 of 12 May 1969

focal length in the absence of distortion, then

v,=1 tan B, (13)
Yi=1 tan §,
and ¢.={ tan 8. (14)
In the presence of distortion
Y=ftan 8, + A’ Y\ (15)
Y:s=ftan 8, ~ A’ Y,
and v,=ftan 8, + A’ Y. (16)

The added terms are the values of the linear
distortion for values 8,, 8,, etc., respectively.
The values of ¢ and 8 are measured directly.
1t is evident that the individual values of the
distortion defined by the above group of
squations can be changed by changing the
value of £, If { is the equivalent focal length,
in many instances values >f the distortion in
the neighborhood of the axial image point

‘will be small, and near the edge of the field

the values will be large and predominantly
negative or positive. Infinitely distant targets
may be provided by a group of collimators
or by one collimator which can be succes-
sively placed in the required angular pusi-
tions. Exposures shall be made and the y
corresponding to each angular distance from
the optical axis shall be determined.

5.0.2.4 Back focal distance.18 To determine
the BF, the focal plane in the image space
shail be determined by a visual or photo-
graphic method. The measured distance from
this focal plane to the vertex of the back
surface of the lens shall be the required BF.

5.1.258 Flange focal distance.’5 To deter-
mine the FD, the foeal plane in the image
space shall be determined by a visual or
photographic method. The measurement
shall be made from the plane of the locating
surface or the flange to the focal plane.

5.1.2.6 Front focal distance.l’ To deter-
mine the FF, the focal plane in the object
space shall be determined by a visual or

® Ses fostnote 14, page 81,



photographic met .od. The measured distance
from this focal plane to the vertex of the
front surface of the lens shall be required
FF,

5.1.2.7 Front vertex back focal distance.
To determine the FVD, the focal plane in
the image shall be determined by a visual or
photographic method. The measured dis-
tance from the vertex of the front surface
of the lens to the focal plane -shall be the
required FVD.

5.1.2.8 Aperture ratio. For the special case
in which the object is at infinite distance
(magnification = 0), N, the first member
of the ratio equation (2) in 3.2.2, may be
determined as the quotient obtained when
the EFL is divided by the diameter of the
effective aperture.

5.1.2,8.1 For the general case in which the
magnification may have any value, a pin-
hole should be mounted at the axial point of
the desired image plane, and the angle of
the cone of light emerging through the pin-
hole from the lens should be determined by
measuring the diameter of a right section
of the cone at a suitable distance beyond the
pinhole. The angle a can be calculated from
the measurements and substituted in egua-
tion (2). If n is the index of refraction of
the melium in which the angle a is me .s-
ured (» = 1 for air, used in the great 1.1a-
jority ¢f cases), the second member of the

1

aperture ratio is

2n sin a
When measuring the aperture ratio by the
method of this paragraph, the angular sub-
tense of the object point at the first nodal
point of the photographic objective must be
small as compared with the value of the
angle a between the optical axis of the
objective and the extreme ray proceeding to
the image point.

5.1.2.9 Effective apertu.rc.
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5.1.2.9.1 Method 8 — Microscope Mmeth~
od.18 A traveling compound microscope is
require” with means for translating the
microscope in a direction at right angles to
its optical axis through a measured distance
not less than the diameter of the maximum
effective aperture to be measured. The micro-
scope must be of low power (10X to 20X)
provided with a reticle and with a working
distance sufficiently long to permit the micro-
scope to be focused on the limitins opening
of the photographic objective through the
front member. The photographic objective, of
which the effective aperture is to be meas-
ured, shall be mounted in a convenient posi-
tion to permit the traveling microscope to
be directed parallel to the optical axis of the
objective and focused upon the edge of the
opening having the smallest apparent diam-
eter. (The photographic objective is not
to be disassembled.) This edge shall be
viewed through the lens elements which are
normally traversed by image-forming light
before passing through the limiting open-
ing. A microscope having a long working

. distance is required to avoid mechanical

interference when looking through the lens
elements. A microscope shall then be trav-
ersed and measurements made to determine
the apparent diameter of this opening which
shall be the effective aperture. In place of a
traveling microscope, a suitable contour pro-
jector may be employed to measure the effec-
tive aperture. If the lens has a non-circular
aperture, the measured diameter must be
suitably corrected.

6.1.2.9.2 Method i — Point source meth-

" 0d.17 When it is not practicable to use a

microscope of sufficient working distance to
permit the limiting opening to be observed
through the lens elements, a source of light,
as small as practicable and emitting a cone
sufficiently large to fill the lens, may be

¥ American Standard Methods of Designating and Measuring

Apertures and Related Quantities Pertaining to FPbotographie
Lenses, 238.4.20-1948.

" Amarican Standard Aperturs Cualibrution of Motion Pletare
Lenses, PH22.90 — 1988.
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placed at the second principal focus und

directed toward the objective; the diameter

of the emergent beam should be measured

as near the front of the objective as is prac-

ticable. This method is subject to & system-

atic error, the value of the finite size of the
source.

$5.1.2.10 T-number and transmittance. The
equipment specified in methods 5§ and 6 for
determining T-stops and transmittance of a
lens represemts workable apparatus. How-
ever, modifications are permitied provided
that the basic requirements of the method
and the specified accuracy are met. (See
3.26 and 4.1.44.)

4

$.1.2.10.1 Method 5 — Eztended source
method.1® This methad of lens calibration is
based on filling the lens with light from an
extended uniform source of adequate size and
placing in the plane of best definition of the
lens a metal plate with a hole, the diameter
of which shall not exceed 8 millimeters (or
1.5 millimeters for 8-millimeter ilm), at its
cemter. The lght flux passing through the
hole shall be measured by a photocell
arrangement. This flux shall then be com-
pared with the flux passing through a hale of
the same dimensions from an open eircular
aperture of such a size and st such a dis-
tance from the plate that it subtends the
desired angle a so that sin a = 14 T, where
. T is the T-number to be measured. The

greatest care is necessary to imsure that
ithe extended source is uniform. In practice,
the photocell reading for each whole T-
number is first determined for a series of
open apertures at a fixed distance from the
plate. The lens is then substituted for the
open aperture with ths S-millimeter hole
accurately in ita focal plane and the iris
of the lens closed down until the photo-
cell meter reading produced by the lens is
equal to each of the successive open hole

® See fostuste 1Y, page 58.
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readings. The full T-stop poesitions are then
markd on the diaphragm ring of the lens.
The intermediate thirds of stops may be
found with sufficient accuracv by inserting
a neutral denasity filter of 0.1 ind 0.2 behind
each open aperture in turn and poting the
corresponding photocell readings or by di-
viding the travel of the diaphragm control
into three equal parts. The extended source
should be uniformly bright over its useful
ares to within =3 percent. (This could be
tested with a suitable telephotometer, or a
small hole in an opaque screen could be
moved around in front of the source and
any consequent variations in photocell read-
ing noted.) The source may be a sheet of
ground glass covering a hole in & whitelined
box containing several lamps inounted around
the hole and shielded 8o that no direct light
from the lamps falils on the ground glass
itself, The photocell receiver may be of the
phototube type with a simple d-c amplifier.
Care must be taken to insure that photo-
tube sensitivity does not change between
marking readings on the open aperture and
on the lens itself. To guard against this, some
turret arrangement is desirable, with the
lens on one side and the open sperture on the
other, so that the two may be interchanged
and compared quickly with each other by
turning the turret. Transmittance of a lens
shall be measured at the maximum relative
aperture in a direction parallel to the uptical
axis of the lens. Transmittance is equal to
C/R where C is the calibrated photocell read-
ing with the lens in place, and R is a similar
reading when a clear circular aperture is in
place, subtending an angle a at the hole in
the front of the photocell so that sin a« =
14N, where N is the second term in the aper-
ture ratio of the lens to be tested. (See
8.2.2.) The value of N must be the true value,
which may differ from that indicated on the
barrel.

5.1.2.10.2 Method 6 — Collimator meth-
od.1® In this method, light from a amall

» Ses footmots 17, page 23, -

A
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source (a 5-mi.imeter hole covered with
opal glass and strongly illuminated from be-
hind) shall be collimated by a simple lens,
or an achromat if preferred, of a focal length
at least three times the EFL of the lens be-
ing tested and of sufficient aperture to fill the
lens being calibrated. This gives a colli-
mated beam which will be focused by the
test lens to form a small circle of light in its
focal plane. This circle of light will be less
than the prescribed limit of 8 millimeters
diameter. Uniformity of the collimated beam
can be checked by moving a small hole in
an opaque screen across the beam, and not-
ing any variations in the photocell reading.
For the comparison unit, an open aperture

shall be used, of diameter equal to the focal

length of the lens divided by the desired T-
number. This aperture shall first be mounted
in front of an integrating sphere of ade-
quate size with the usual photocell detector
and the light from the collimator allowed
to enter the aperture. The aperture plate
shall then be replaced by the lens, the iris
diaphragm closed down to give the same
photocell reading, and the T-number en-
graved on the iris ring. The intermediate
thirds of stops can be found by using 0.1 or
0.2 density filters, or by dividing the travel
of the diaphragm control into three equal
parts. To guard against “drift” or line-volt-
age variations which might occur between
readings of the comparison aperture and the
lens, it is convenient to leave the known
standard aperture in place in front of the
sphere, and to inaert the lens into the beam
in such a position that the small image of
the source falls wholly within the standard
aperture. The meter reading should then re-
- main the same with the lens in or out of the
beam. A second plate with a 3-millimeter
aperture should be placed over the compari-
son aperture while the lens is in place to
stop any stray light which may be reflected
from the interior of the lens. It should be
noted particularly that if this method is
used, the focal length of the lens must be

sem o I+
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measured separately and a suitable set of
open apertures constructed for use with it.
However, by suitable devices, one single set
of fixed apertures may be used for all lenses.
Transmittance of a lens shall be measured at
the maximum relative aperture in a direc-
tion parallel to the optical axis of the lens.
Transmittance is equal to C/R where C is
the calibrated photocell reading with the
lens in place, and R is a similar reading
when a clear diaphragm (equal to the lens
effective aperture) is in place.

§1.2.11 Relative illumination.

5.12.11.1 Method 7 — Ezxtended source
method. This method of measuring relative
illumination makes use of the same appara-
tus and techniques specified in method 5.
With the lens to be measured set up in the
apparatus, the photocell shall be displaced
laterally to the position corresponding to the
required angular positions, and the corres-
ponding percentage of axial illuminance for
each position is found from a calibration
curve of the photocell meter.

51.211.2 Method & — Collimator method.
This method of measuring relative illumina-
tion makes use of the same apparatus and
techniques specified in method 6. With the
lens to be measured set up in the apparatus,
the lens shall be rotated through the desired
field angles 8 and the photocell readings
compared with the readings for the lens on
axis. The percentage of light flux trans-
mitted can then be read off a calibration
curve for the photocell system and converted
to desired percentage illuminance by dividing
by cos3 B.

5.1.2.11.8 Method 9 — Densitometric meth-
od. This method of measuring relative illu-
mination makes use of the same apparatus
and techniques as specified in methods 5§ and
6, except that a photographic plate is substi-
tuted for the photocell when the extended
source is used, and for the integrating sphere

MIL_STD— 19OA: -
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when a collimator is used. In the latter case,
the image produced by the lens should be
in sharp focus on the emulsion plane. The
exposures are made o the axis and at the
recuired angular positions off axis. The ex-
pr 'ure times shall be the same at all the
P sitions. The densities of the expesed and
de ‘eloped images shall be measured and the
re'ative illuminance determined using the
sensitometric curve of the emulsion, obtained
3y exposing a calibrated step-wedge.

5.1.2.11.4 Method 10 — Indireect computa-
tion method. Ths indirect computation of
illuminance distribution from dimensions of
the lens are outlined in this seetion. The
method in this case is for » lens while in the
desigr stages, or in determiuing the illumi-

nance distribution of an actual lens when no .

eonvenient photometric equipment ia avail-
able.

5.3.2.11.4.1 Distortionless lens witk object
at finity. The case where the object is at
infinity is applicable to most photographic
objectives encountered in serial and ground
photography. The field angle of such a lens
is always expressed by the obliquity angle
é, in the object space. The desired relative
{llumination is given by:

» N
R = = coste (1n
.. ..

where E is the illuminance at the point in
the image which corresponds to the obliquity
angle ¢ in the Ubject space, and E, is the
flluminance at the center of the field. S¢ and
S, are, respectively, the beam section areas
of the oblique and axial beams at the chosen
reference plane in the object space. The area
S¢ will in general be amaller than S, due to
vignetting, but in some unusual lenses, S¢
may be somewhat greater than S,.

5.1.2.11.4.2 Distortionless lens with finite
ebject distance. The relative illumination R
can be computed either in the object space

Supersedes Page 26 of 13 May 1959

or in the image space depending on which
is more convenient. The illuminance at angle
¢ in given by the integral:

E¢ = KfcosigdS = K’fcosig dS’

where K and K’ are constants indepenacnt
of ebliquity. The integrals are to be taken
over the respective beam sections. The in-
tegrals are necessary because ¢ and ¢’ varv
from point to point over the beam sections.
If the aperture is small, the integral becomes
unnecessary and then:

E¢ = KS¢ cost¢ = K'S’¢ cost¢’ +19)
The relative illumination is then found by

evaluating E¢ and E, for an oblique nd
axial beam ang taking the ratio R = E¢ 2.

(18)

5.1.2.11.4.3 Distorting lens with object at
snfinity. This differs from the previous cas~

' because the distortion will have a consider-

able effect on the distribution of illuminance
expressed as a function of the entering obli-
quity angle ¢. In this case the relative illu-
mination becomes :

E¢ S¢ fain o coae
R = = .

E, S, h’ (dh”)
- (d¢)

(20)

S¢ and S, are the areas af the beam sections
for thie oblique and axial beams at the chosen
reference plane in the object space; ¢ is the
obliquity angle in the object space, f is the
focal length of the lens and 1 is the image
height. By measurements or computations
on the lens, a relation can be established
cuanecting b’ with ¢, from which the value
of the derivative dh’/d¢ can be found at any
deaired point in the field. For a distortion-
Jess lens, i’ = f tan ¢; in that special case
equation, (20) simplifies to equa ion (17).

5.1.211.4.4 Distorting lens with finite ob-

ject distance. The image space equations (18)
or (19) hold independent of the distortion of
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the lens. If it is des.red to use the data of
the object space, equation (18) becomes: -

h
cost ¢ dS
(2

E¢ = K —m
h’ (db’)

(dh)

where K is a constant different from that
used in equation (18), h is the object height,
and i’ the height of tl.e image of that object.
The derivative dh’/dh must be found by
determining an algebraic relationship be-
. tween h and h’. If the aperture is sufficient-
ly small, ¢ will not vary greatly over the
beam section and the equation may be re-
duced to the approximate form.

h .
E¢ =K S¢ costy
W (dh’)
(dh) (22)
5.1.2.11.4.5 Mouoccntri; lens. In the case
of a lens having a common center of curva-
ture to all the surfaces and a concentric
image surface, the relative illumination con-
tains only one cosine, namely:

E¢ S¢

R = =
E, Se

(28)

coad

5.1.2.12 Resolving power. When specifying
or measuring resolving power, care should
be taken to consider the following pertinent
factors: methods of tests, contrast of tar-
get used, kind of and processing of photo-
sensitive emulsion, whether. filter is to be
used, and magnification at which resolving
power target images are read. For reading
resolution, a magnification of the lowest
power which permits convenient viewing will
yield the highest resolution readings. (The
rule based on Selwyn’s experiments 20 that

»E W, Selwyn, National Buresu of Standarde O528, 119,
1984 and Phatographie Jeurnal $8B, 48, 1948
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the numerical value of the magnification
should equal the number of lines per milli-
meter expected to be resolved can be con-
sidered a rule of thumb.)

5.1.2.12.1 Photographic resolving power.
When conducting photographic resolving
power tests by r..ethods 11 and 12, the photo- -
sensitive material and processing should be
in accordance v ith table II.

5.1.2.12.1.1 M. thod 11 — Collimator memh-
od.21 For lenses primarily intended for use
on distant obje 'ts, such as types I, II, IIJ,
and V, this me hod should he used. The re-
solving power ‘ irget is placed at the Hrinel-
pal focus of a collimator and illuminated
with white light. A filter of a specified color
may be used and it shall be placed between
the light source and the target. It is recom-
mended that, in order to eliminate vibration
effects, a flash discharge lamp be used as the
light source and that the light from it be
filtered if neceassary to approximate white
light. (See 5.1.1.4.) Exposure can be con-
trolled by means of neutral density filters
between the light source and the target. The
lens to be tested shall be placed in the colli-
mated beam from the target and a test plate
or film made in a series of focal settings as
described in 5.1.2.1. Unless otherwise speci-
fled, the lens shall be set at the specified
maximum relative aperture. With the test
plate perpendicular to the optical axis of the
lens, exposure 3hal' be made of the test tar-
get at the spe:ified angular distance from
the axis out to and including the multiple

~of the specified angle falling nearest the

corner of the plate inside the picture format.
The specified angle should be multiples of
11/ degrees and should be syaced to provide
b increments or more in the semi-fleld of the
lens. The exposure time shall be the same
for all angular settings and shall be the
mu. If the resolving power s measured by
tioning from the lines per millimeter of tbe target, EFL of
collimator, and EFL of the test lens, the value should be corv

rected by muitiplying radial lines by the cosine of the field angle
aad tangential lines by the cos?! of the fleld
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Tamwre 11
Lema type D Photesensitive . ! ASA Tevelopseant
material Rxpesuze lndex {sammn}
T
(70-mm. formas Panchrousatis: asrial 10 20 + 010
& goaller)
(5-ineh format - Pemchromatie aerial 80 L6 *= 010
& huc)
(70-mm. fmt Panshromatic serial - 10 20 = 030
& smaller):
(S-ineh format: Fanchromstic asrial 80 15 += 010
& lawger)’
m Panchromatie serial 50 08 + 010
v Panchromatic mierofilm. Maximanm contras*®
v Panshromatie (metion picture) 50-80 08 = 010
s o Panchromatie” (portrait) 100 0.6 = 010
p o1 Panchromatic microflm. @ | .. Maximum contraet
Xm Panelvromstie mierofilm: = | ... Maximum contrast.
v Blus snsitive- recording- S 1.5 = 0410:

-

exposure time which. gives tHe highest re-

the angle equal to  one-half' the half angle

of view. The different. angular settings may
be obtained by moving the lens.and test plate

about an axis near the entrance pupil or by

moving the collimators, or by means of a

series of collimators. placed in. the correct

angular positions. The lens may be tested

with or without the Mtwr provided with it
as required.

5.3.212.1.2 Method 18 — Target range
methed. For lenses primarily intended for
use at finite distances, such sa types I'V, XIT,
and XITI, this method should' be used. Also,
it may be used, when specified, for testing
other types of lenses. Properly illuminated
high contrast resclving power targets shall
be piaced in the object spacs in a plane per-
pendicular to the optical axis of the lens to
be tested and spaced at the required angular
distances. The distance from the Jens to the
plane of the targets shall be designated.
When this method is used for testing lenses
at infinity focus, either formula (12) in
5.1.1.8 may be used to determine the proper
distance, or some designated distance may
be used. The test plate shall be adjusted per-

pendicular to the optical:axis of the lens.and'
exposed for maximum resalution at the tar-
get nearest the angle equal to: one-half the:
half angle of view of the lans being tested
and shall be moved: in a series of focal set-
tings as described in 5.1.2.1. The sensitized
material, processing, etc., shall be in: accord-
ance with table II.

512122 Method 13 — Viswal resolving
power. When: visual resolving power meas-
urements. are required (such as type X
lenses), they will be made exactly like the
photographic resolving power tests, except
that the aerial image, when it is real and
easily awailable, will be observed visnally

is formed on a ground giass, thomnndzhu
shall be rer.ioved to observe the aerial image,
and the image shall be observed on a plane.
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addition of this stc, enables one to measure
prism angle. Whea measuring distortion at
finite distances the plane of the targets must
be parallel to the test plate. Mathematical
means for adjusting the measurements may
be used to eliminate error from this source.
It the distortion is to be measured for an
object at a finite distance, the targets shall
be set up at the required distance as speci-
fied. The test procedure is the same as for
the object at infinity, except that the distor-
tion is determined on the basis of paraxial
or calibrated magnification.

5.1.2.16.2 Method 26 — Collimator bank
method. This method is intended for use with
lenses mounted either in cameras or in test
barrels. Method 26 is similar to method 25,
except that a bank of collimators containing
targets ahall be used instead of a target
range. -

5.1.2.16.3 Method 27 — Single coliimator
photographic method. In some cases where
high precision is not required, a single col-
limator may be used in conjunction with a
test plate as in method 26. In this method,
either the collimator or the lens and the test
plate shall be rotated through the required
field angles about the center of the entrance
pupil of the lens.

51.2.16.4 Method 28 — Nodal slide meth-
od. This is a visual test method and may be
used, when specified, for lenses mounted in
barrels. The lens to be tested shall be prop-
erly placed on the nodal slide of an optical
test bench and centered so that its optical
axis is nearly coincident with the axis of the
microscope. Distortion for a particular angle

* shall be measured by the lateral displacement

of the observing microscope required to cen-
ter the target at each angular setting. At
each angle 8, the microscope shall be dis-
placed along its horizontal axis by the dis-
tance f(1-cos 8)/cos 8 away from the lens.
This refocusing is not necessary if a flat field
bar is used. To obtain the value of distortion,

150A
12 May 1989

the lateral distance through which the micro-
scope shall be displaccd must be divided by
the cosine of the angle at which the distortion
iz being measured. Because of inaccuracies
present in most optical benches, it is desir-
able to make each measurement at the same
indicated angle on each side of the axis and
to average the two microscope readings ob-
tained before computing distortion.

5.1.2.18.5 Method 29 — Goniometer msth-
od. This is a visual method intended for use
with lenses mounted in cameras. An accu-
rately calibrated test object on glass, usual-
ly in the form of a scale or grid, shall be
placed in the plane of best definition of the
lens to be tested and illuminated in a direc-
tion toward the lens to be tested. This test
object must be fiat, properly centered, and
perpendicular to the optical axis. The lens
and {luminated test object shall be piaced in
the goniometer so that the axis about which
the angles are measured passes through the
center of the entrance pupil of the lens. The
telescope of the goniometer shall be pointed
at successive points on the test object and
the field angles determined. (The telescope
shall not be refocused during the run of
measurements.) From the focal length of
the lens being tested and the calibration of
the test object, the angles subtended by the
various points on the test object can be
computed. Distortion then can be computed
in terms of the difference in angles on the
object side and image side; this distortion
in turn can be converted into the standard
form. (See 5.1.2.8.) By adjusting the focus
of the telescope, this method can be ex-
panded to include some cases in which the
test object.is in a plane corresponding to
some finite magnification. Care should be
exercised to insure that the cone of light
from tlie test lens is included in the entrance
pupil of the telescope.

5.1.2.16.6 Method 30 — Projection meth-
od. This method is intended primarily for
testing projection lenses. A test object simi-
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lar to the one us.d in method 29 shall be
placed in the object plane of the lens to be
tasted and projected onto a suitable screen.
Measurements shall be made of the projected
image of the test object. The distortion shall
be computed in terms of the tes: object. Care
should be taken to insure that t! e sereen and
test object are perpendicular t. the optical
axis of the lens and that the {:st object is
flat and properly centered. The cone of light
“vom the projection lamp shall completely
1l the projection lens, and tte test object
shall be uniformly illuminated The sign of
distortion is reversed from theory on pro-
jection through a lens and measured a the

long conjugnte.

5.1.2.16.7 Tangential distortion. Any of the
six methods for measuring radial distortion
may be modified to measure tangential dis-
tortion by considering the displacement of
image points perpendicular to & radius from
the center of the field. The magnitude of
tangential distortion varies from zero along
one diameter to a maximum along an orien-
tation 90 degrees to the diameter of zero
distortion. Therefore, when required, tan-
gential distortion £hall be measured for two
axial orientations ¢ f the lens, and the orien-
tation £ or maximum tangential distortion
computed. .

5.1.2.17 Prism effect. To measure the
prism effect in terms of a thin equivalent
prisin of vertex angle «, use is made of the
fact that oblique rays are deviated by the
prism more than, and in the same direction
as, the axial ray. An assumption iz made
that the axial ray makes only a small angle
with the normal to the surface of the prism
(or the prism may be assumed to be in the
minimum deviation for the axial ray). If the
camera under test is used to photograph
three collimators or distant targets, one
axial and the other two making angles +8
and —A with the axis, the distances from
the O degree image to the +8 image and
from the O degree image to the —8 image

Supersecdos Page 34 of 12 May 1959

are different in the presence of a prism
effect. This difference is measured on the
negative. Under the assumptions made, the
anslytical expression for this difference is:

A= f[tan (8 + ¢) ~ tan (B — )
— 2 tan «)
(26)

where f is the equivalent focal length of the
lens, ¢ is the deviation of the ray making
B with the axis (within a close approxima-
tion the deviation is the same for +8 and
—B), and «, = a’2 is the deviation of the
axial ray. Tables for A can be computed for
various values of £, 8, and «. The measured
and tubulated values of A are compared, and
the corresponding a is evaluated.

5.1.2.18 Spherical aberration.

5.12.18.1 Method S1 — Annual ring or
Hartmann disk method. When spherical
aberration is specified in terms of change in
focal position for zones of different radii, a
Hartmann disk (a plate covering & front of
the Jens with holes at the different zones)
or aperture cc :sisting of open annular rings
will be placed over the front of the lens and
properly centcred. Either a photographic or
visual method of determining the difference
in focal positions for different zones may be
used. Various modifications of these meth-
ods and other methods may be employed,
such as a knife-edge test or interfe.ometric
method. When measuring spherical aberra-
tion for an object at infinity, the target
which is imaged by the test lens may be
piaced in a collimator or a distance at least
25 times the focal length of the lens to he
tested.

5.12.18.2 Method 32 — Stopped-aperture
method. When spherical aberration is speei-
fied in terms of the difference between the
best focus at maximum aperture and at a
designated reduced aperture, a nodal slide
optical bench or an autocollimation method
may be used to determine the differe.ce in
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