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Introduction

Lens aperture is responsible for the degree of
irradiance striking the image plane, which - in
addition to film or image sensor sensitivity -
determines the brightness of the image. While
in photography low lighting can be compen-
sated with longer exposure times, in cine film
with its stipulated image rate of usually 24
frames per second exposure is typically con-
trolled by lens aperture. For this reason, lenses
with large apertures are much sought after
especially by professional cinematographers.

As early as 1927, Willy Merté at ZEISS in Jena
calculated a series of fast movie lenses with an
aperture of f/1.4. These lenses were available
with focal lengths of 20 and 25mm for 16mm-
cine cameras and with the focal lengths 40, 50
und 70mm for 35mm motion picture cameras

(format 18mm x 24mm).

Fig. 1: Left: Biotar f/1.4, f=40mm for 35mm film;
center: Biotar lens design drawing; right: Biotar
f/1.4, f=25mm for 16mm film.

As compared to the formerly utilized lenses
with apertures of f/6.3 or f/5.6 this corre-
sponds to a relative increase in the maximum
irradiance by a factor of approximately 20.
This high luminosity makes it possible to take
images in low ambient light, such as in candle-
lit rooms. For his 1975 film “Barry Lyndon®,

Stanley Kubrick specifically requested a Planar
0.7/50mm from Carl Zeiss to be able to cap-
ture the authentic candlelight atmosphere in
the castle without additional lighting. This lens
was originally developed for NASA for images
to be taken on the back side of the moon.
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Fig. 2: Image taken with the Planar 0.7/50mm.

The concept of the "f-stop” or “f-number” of a
lens is ridden with confusion and erroneous
information, as was described by Douglas S.
Goodman in his article “The F-word in Optics.”
And yet it is not difficult to define the aperture
- without approximations - in a manner such
that it will characterize the irradiance of a
camera lens for any given object distance. We
will provide an overview of the functional de-
pendence of the aperture from the distance to
the object by means of a few lens data and dis-
cuss the underlying mechanisms. In this dis-
cussion, only the irradiance in the center of the
image field will be discussed. The functional
dependency of the irradiance at the edge of the
image field requires taking into account light
beam limiting field stops (vignetting) and var-
ious cosine factors to describe oblique light
incidence and/or emission. This was exhaust-
ively researched by Ernst Wandersleb (1952).



High performance optics as a
black box: Ernst Abbe’s sine con-
dition

Regardless of how complex and multifaceted
these optical designs can be, every camera lens
can be described as a “black box” following the
same rules: For an object point in the center of
the image, the object and image side angles of
the same ray fulfill the Abbe sine condition.
The clipping of the light cone from this object
point is defined by the entrance and exit pupil

(i.e. by the image of the iris diaphragm forward
or backward through the system respectively).

The Abbe sine condition states that when a
lens is properly corrected on the optical axis,
the sine of the angle between a ray and the
optical axis must be proportional to the sine of
the corresponding ray angle in the image
space, i.e.

Bsint = sind,

so that the lens will also be properly corrected
for the light emanating from object plane, per-
pendicular to the optical axis, in a (local) ex-
tended area in the image plane. The propor-
tionality constant f is the magnification, i.e. the
ratio of the image size to the object size. Al-
though Abbe had first formulated this condi-
tion for the imaging theory of microscopes
(Abbe (1873)), it is also met in modern camera
and cine lenses even at maximum aperture
(where usually a certain amount of spherical
aberration is permissible) to a very good de-
gree of approximation. Abbe used the term
“aplanatic” for lenses that fulfill the sine condi-
tion (for a detailed explanation cf. Abbe
(1879)).

The sine condition can be derived from Fer-
mat’s principle, according to which two points
in space (in this case, the object point P and
the image point P’), are joined by a light ray
whose optical path length (the product of the

refractive index and the path length) is shorter
than that of any other adjacent path.
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Fig. 3: On Abbe’s sine condition.

The derivation of the sine condition can be
briefly sketched as follows:

For good optical correction, all rays shown in
the drawing (fig. 3) must have the same optical
path length; this applies to the removal of
spherical aberration on the axis (cf. the blue
and green rays) as well as to the ray emanating
from a closely neighboring object point on the
vertical plane under the same angle 9, which -
because we are considering a very small range
of the field - both strike the image plane at
(almost) the same angle 9°. The optical paths of
the two non-axial rays (red and green) are
equal in length only when the path dy-sind is
equal to the distance dy”-sin9". As dy’/dy = f is
the magnification, this results in -sin9’=sin9.
Detailed proofs in various different variants
can be found in Czapski (1904), p. 123-132,
Conrady (1905) and in many physics text-
books (e.g. Schmutzer (1989) or Weizel
(1949)).

The following simple example will show what
happens when the sine condition is violated.
For this purpose we shall examine two differ-
ent single lenses, a hyperboloid lens and an
aplanatic lens, imaging a small area around the
optical axis of an infinitely distant object plane.

Hyperboloid Lens

[t is possible to obtain a perfect image of an
infinitely distant object point with a single lens
if its front surface is planar and its rear surface



is hyperbolic (Kingslake (1978), p. 113). How-
ever, as will be seen only the axial image is
perfect and the off-axis image is afflicted by
significant aberrations.

Aplanatic Lens

If, on the other hand, the lens is optimized at a
high aperture for an extended object range,
surfaces with a curvature directed away from
the image element will result. To correct for
the spherical aberration, the surfaces are as-
pherically curved (i.e. they do not have a
spherical form).

The lenses are shown in fig. 4 drawn to the
same scale: They have the same image-side
aperture angle of 49° (corresponding to NA” =
sin(49°) = 0.75) and the same (axial) focal
length. As can be seen in fig. 4 the lens diame-
ter of the aplanatic lens is much smaller. The
point spread functions on the optical axis (0°)
and those for objects reaching the lens from a
slightly oblique angle (0.1° und 0.2°) are
shown on the right.
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Fig. 4: Hyperbolic and aplanatic single lens (shown
on same scale) and their point spread function for
imaging near the optical axis.

If the respective sizes of the two lenses are
scaled in a manner such that their focal lengths
are f = 1mm in each case, then in fig. 4 the

point spread functions and the distances be-
tween them are represented to scale (with this
focal length, an object angle of 0.1° corre-
sponds to a distance of approximately 1.7pum
in the image plane). The aberration that occurs
predominantly when the sine condition is vio-
lated is coma. This can be recognized in the
figure by the fact that the upper point spread
function has the shape of the tail of a comet.

In microscopy or optical lithography, the max-
imum angular aperture of the light cone is
characterized by means of its numerical aper-
ture (abbreviated NA). It is defined on the im-
age side as the sine of the maximum angle un-
der which light reaches the image point times
the refractive index of the medium in the im-
age space:

NA =n'sin ..

In photography, the refractive index n” always
refers to air, i.e. n’=1. In current optical lithog-
raphy systems with an exposure wavelength of
193nm, an immersion liquid (water between
the last lens and the image plane) is used in
order to increase further the numerical aper-
ture, e.g. to NA'=1.35, so that even smaller
structures can be exposed.

The angle of the edge of the cone in the object
and image space is defined by the position and
size of the entrance and exit pupil respectively.
When looking against a bright background
from the object space into a lens, one can see
the entrance pupil of the lens as a bright, circu-
lar disc. Stopping down the lens, it can be seen
how the disc becomes smaller, with a diameter
inversely proportional to the f-number en-
graved on the aperture ring. Usually, the shape
of the entrance pupil will change somewhat: It
becomes angular corresponding to the number
of diaphragm blades (fig. 5). The position of
the entrance pupil is the image of the iris dia-
phragm (which in camera lenses is almost al-
ways virtual) - or, more accurately, of the
smallest limiting stop in the lens, which is im-



aged by the lens elements positioned in front
of it towards the object space. Accordingly,
what one sees is the exit pupil when looking
into the lens from the image side.

entrance pupil exit pupil ZE/ZF Planar
1.4/85mm
/1.4
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Fig. 5: Entrance and exit pupil of the ZE/ZF Planar
1.4/85mm at maximum aperture f/1.4 and stopped
down f/4.

If Dap defines the diameter of the exit pupil
measured as (twice the) distance from the
optical axis to the edge of the exit pupil, the
numerical aperture can also be written as the
quotient of the exit pupil height to the distance
of the exit pupil to the image plane:
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The exit pupil diameter Jap refers to the circu-
lar opening cut out of the exit pupil sphere.
The position of this circular disc changes
slightly when stopping down, as the entrance
and exit pupils are spherical.

In the following schematic illustration (fig. 6),
the entrance and exit pupils are drawn as hav-
ing the same size. Generally, their sizes may
differ, but the entrance pupil heights (meas-
ured in the plane that is axially perpendicular
to the optical axis) are transferred on a linear
basis to the exit pupils with the pupil magnifi-
cation
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Fig. 6: The entrance and exit pupil of an optical sys-
tem described as ,black box" (pupil magnification
Bp,=1 assumed).

From the sine condition it follows, firstly, that
the relationship between numerical object and
image side aperture is given by NA=3-NA".

sin @, /25 s
sin @,,/2s" B, s’

Secondly p=

whence:
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In a graphic representation, this means that
one can imagine the object point and the image
point surrounded by spheres whose radial
ratio is the product of the magnification § and
the pupil magnification fB,. The heights of the
intersection points of the entering rays with
the entrance pupil sphere are then equal to
those of the exiting rays with the exit pupil
sphere (in figs. 6 and 7, B,=1 has been chosen).

w
sesind

entrance pupil |
aperture
stop

exit pupil

Fig. 7: Lens as “black box.”



Therefore, in an aplanatic lens the entrance
and exit pupils are spherical surfaces and not
planes. This confusion is the reason why in
some representations the tangent instead of
the sine is erroneously stated in connection
with the definition of the aperture number.
However, in the ratio of pupil size to pupil dis-
tance, the distances s and s” are hypotenuses
and not catheti.

Focusing of a lens with focal length f" charac-
terized by means of the entrance pupil and the
exit pupil is described by the following paraxi-
al imaging equation (the refractive index in the
object and image space is assumed to be equal
to 1):
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Max Berek derived this relation in 1930 in his
textbook “Grundlagen der praktischen Optik”
[“Principles of Practical Optics”]. Unfortunate-
ly, this equation seems to have fallen into
oblivion in many modern optics texts. This
probably explains why sometimes conclusions

are drawn that in fact apply only to symmet-
rical lenses:

The pupil magnification B, is equal to one only
for lenses that are strictly symmetrical about
the aperture. However, most telephoto and
retrofocus lenses do not have such a symmet-
ric design.
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By introducing — = 8, £ in this paraxial focus
s

condition and eliminating the object distance s,
we obtain the distance between the exit pupil
and the image plane:

s'=(B,-B)r"

As the entrance and exit pupils are images of
the iris diaphragm, their position in the lens
can be determined directly from the schematic
lens diagram when an off-axis chief ray is in-

cluded (fig. 8): The position of the entrance
pupil in a lens lies at the intersection of the
optical axis with the extension of the chief ray
of an off-axis object point. The chief ray by
definition crosses the optical axis at the posi-
tion of the stop. Similarly the position of the
exit pupil results from the intersection of (the
extension of) this chief ray with the optical
axis. The following illustration fig. 8 shows the
ZE/ZF Planar 1.4/85mm and the ZE/ZF Dista-
gon 2.8/21mm including their entrance and
exit pupils. The abbreviations EP for entrance
pupil (german: “Eintrittspupille”)) and AP for
exit pupil (german: “Austrittspupille”)) are
used.

ZE/ZF Planar 1.4/85mm

Fig. 8: Entrance and exit pupil at center and corner
of field of the ZE/ZF Planar 1.4/85mm and ZE/ZF
Distagon 2.8/21mm.

While the irradiance only depends on the an-
gular aperture, the pupil position has an effect
on the perspective of the image. The entrance
pupil position should be the pivot point for
camera panning for natural perspective imag-
ing, as it is the perspective center of a lens.
This means that objects situated behind one
another remain in the same arrangement



when the camera pans about the entrance pu-
pil (fig. 9).

image
plane

Fig. 9.: In the original view (blue field of view) the black object lies directly in front of the yellow one. If the

camera is panned around a point that is different from the entrance pupil, the yellow object is shifted

sideways with respect to the black one in the new field of view of the camera (green rays). When panning

about the entrance pupil, the black object remains directly in front of the yellow one: There is no parallax.

F-number

Whereas the numerical aperture is used in
microscopy or photolithography, in photog-
raphy the light cone which converges to the
image point is characterized by the f-number,
here referred to as K (in the literature, often
F# or f#). The f-number or f-stop is defined as
half the reciprocal value of the numerical aper-
ture (assuming a refractive index of n"=1 in the
image space):

11
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This equation refers to the image space light
cone where NA” is the image side (denoted
primed) numerical aperture and 9'max is the
contact angle of the aperture cone. The relative
aperture is the reciprocal f-number. The nota-
tion takes the form f/K or 1:K, thus e.g. for a
lens with an aperture value of K=2.8 the rela-

tive aperture or simply “aperture” (e. g.
Kingslake (1989)) is f/2.8 or 1:2.8. As the sine
function is never greater than 1, the aperture
cannot have a value less than 0.5.

The functional dependence of the f-number on
lens magnification B is described by the follow-

A A

ing relationship: K = .
By ) Dp

This relationship follows the equation set giv-
en earlier in the text (“S. C.“ = sine condition):
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The pupil magnification B, is “forgotten” even
in some highly renowned textbooks on optics.



And yet, in the closer distance range, and de-
pending on the structure of the optical system,
there are substantial differences in the func-
tional dependence of the aperture versus
magnification or object-to-image-distance,
especially as a result of the deviation from the
value = 1, as would be the case with a lens that
would be symmetrical about the diaphragm.

If the object is in the infinity range (magnifica-
tion p=0), the f-number or aperture is the quo-
tient of the lens focal length and the diameter
of the lens’ entrance pupil.

EP{p=0

For the magnification f=0, i.e. an infinite object
distance, this aperture was characterized with
the index “0”. This is the “initial aperture”
which is used as standard parameter to char-
acterize “lens speed.”

The entrance pupil diameter @gp and the focal
length f" can be directly read off from the rep-
resentation of the ray pathway of a lens with
an infinite object distance (cf. fig. 10). The focal
length f* is the distance from the pertinent
intersection points of the rays striking the lens
in parallel from infinity with the pertinent
backward extended, image side aperture rays
to the image plane. In paraxial optics the sur-
face of all these intersecting principal points is
called principal plane. For a real, that is apla-
natic, lens this principal surface is in fact a
hemisphere.

ZE/ZF Planar
1.4/ 85mm

ZE/ZF Distagon
2.8/21mm

O L 5 (O === e

P —— 2

- EP Der

Fig. 10: Focal length f" and entrance pupil diameter
@ep of the ZE/ZF Planar 1.4/85mm and the ZE/ZF
Distagon 2.8/21mm.

The “#” in the designation for the relative ap-
erture “f/#“ therefore means “diameter of the
entrance pupil, when the lens is focused on
infinity"“.

That Abbe’s sine condition is necessary for the
equation Ko=f"/Jgp to hold becomes apparent
if we briefly return to our example of the sin-
gle “hyperboloid” and “aplanatic” lenses:

According to fig. 11 for the aplanatic lens, the
values of f'/(2h) (where h is the pupil height)
and 1/(2sin9") are equal in size over the entire
pupil range. The f-number for maximum lens
aperture (here 9'max=49°, that is NA’=0.75) for
the aplanatic lens is K=1/(2sin9 max)=0.67. For
the hyperboloid lens, in contrast, at maximum
aperture the value is much smaller: f/(2h)=
f'/ep =0.25. This is one half of the smallest
theoretically achievable value of the f-number
K according to the definition K=1/(2NA").



Two simple lenses: deviation from sine
condition
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Fig. 11: The data of the simple lenses show that for
the aplanatic lens sin 9’=h/f" (and particularly
1/(2NA")= f'/@gp) holds. The hyperbolic lens signif-
icantly deviates from this relation.

Geometrically the equation sin9’=h/f" simply
means that the rear principal surface of the
lens is of spherical shape, centered at the im-
age point (cf. fig. 12). This is the case with the
aplanatic lens. With the hyperboloid lens,
however, the distances from the principal
points to the image point distinctly increase
towards the edge of the pupil. In this case they
are located directly on the rear hyperbolic
surface of the lens.
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Fig. 12: Rear principal surface of aplanatic lens
(sphere) and hyperboloid lens (hyperbolic shape).

Irradiance

We shall now examine the irradiance in the
image plane, which we denote E": This is the
radiant power impinging on the image plane
per unit area; it is measured by means of the
physical unit W/mz. It depends on how much
light arrives from a surface element to the lens
(and thus onto the image plane) and on the
size ratio the surface element is imaged in the
image plane.

This leads us to the connection between irra-
diance and lens parameters:

1. a) The radiant power arriving from a (small)
surface element of an object at a distance s to
the entrance pupil of the lens is obviously pro-
portional to the area of the entrance pupil:

EN@IZEP'

b) The strength of a spherical wave traversing
an area element of a fixed size, (in this case the
entrance pupil), decreases with the square of
the distance.

E~—.
2
Therefore, we obtain the following expression
for the radiant power entering the lens from a

radiating surface element:

2
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E = NA®.

In other words: the power of light entering the
lens is proportional to the solid angle Q, de-
fined by the ratio of the area of the entrance
pupil to the square of the object distance to the
entrance pupil, i.e. Q= Jgp’/s*. When the ob-
ject distance is doubled, only a quarter of the
power of light falls into the lens (cf. fig. 13).



diffuse illuminating or reflecting surface

Fig. 13: On the radiant power entering the lens.

2. The irradiance in the image plane also de-
pends on the magnification with which the

object-side surface element is transferred into
the image plane.

The larger the image area dF” onto which the
beam emitted by the object-side surface ele-
ment dF is distributed, the smaller the irradi-
ance in the image plane (cf. fig. 14). Since
dF’/dF is equal to the square of the magnifica-
tion B, we have

E' 1

E B

irradiance [Wim?]

object
plane

Fig. 14: lllustration with one lens for two magnifications.

Thus, with the sine condition, the following
results for the irradiance in the image plane:

NA2 S.C.

E’N : _NArZ

or, expressed in terms of the f-number :
;1 5

A consequence of this relation is that a surface
with uniform radiation will appear equally
bright in the image plane of the lens, regard-
less of how far one removes oneself from it:
Assuming that the distance to the lens is dou-
bled, then, although from each object point
only one-fourth of the light will reach the lens,
(or, put differently, when contemplated from
the object point, the solid angle under which

the lens appears will become smaller by a fac-
tor of 4), the object area will be larger by a
factor of 4 given twice the distance, so that the
irradiance remains equal (cf. fig. 15).

The fact that the product of field and pupil
remains constant is simply the result of the
fact that the object field taken by the lens also

remains constant. Rewriting the product
yields:
%)
NA-y="2.y-0 -2 =@ tan(w)
K s

where w is the field-of-view angle under which
the light enters the lens. For an image taken
with an infinity setting, this object field is giv-
en by



tan(w) = %

This holds under the condition that the image
side numerical aperture (or f-number) of the
lens remains equal for both object distances.
Because of

!
NA'-y' = A @, - tan(w)
2K
there is a close connection between the “ramp-
ing” of the f-number and the “breathing” of the
object angle. Lenses in which the f-number
varies with the distance from the object tend
to more significant breathing. However, this

relationship is not strict: Firstly, with a fixed
image height a change in aperture is also ex-
plicitly dependent on the change in the size of
the entrance pupil, and, secondly, breathing
depends not only on the change of the object
field angle but also on the position of the en-
trance pupil. It can be shown that in lenses in
which focusing takes place by means of mova-
ble lens groups behind the aperture dia-
phragm, i.e. with an entrance pupil position
that remains equal when focusing, at the dis-
tance pertaining to the magnification  the
object section changes in accordance with
y/yo=1-/Pp. Below we shall see that in many
lenses the aperture change also primarily de-
pends on 1-B/f.
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Fig. 15: On the conservation of ,étendue”.
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This constancy of the product “Field x Aper-
ture” applies not only to the object space, but
also to the image space: this is guaranteed by
the sine condition, for NA=3-NA" results in
y'NA=y"*NA’ or y2:NA2=y'2-NA"2. In optics, this
product of field and aperture is called
“étendue”, “throughput” or “AQ-product” (with
the denomination A for the area and the solid
angle Q=m-NA?). Strictly speaking, all this only
applies to homogeneous and directionally con-
stant emitting light sources and similarly
transmitting optical systems, but it is frequent-
ly possible to use these parameters to approx-
imately estimate e.g. radiation loads in illumi-
nation optics. For more accurate calculations,

it is necessary to use the formulation of the
conservation of the étendue in differential
form and then integrate it over the beam direc-
tions and spatial distributions. These radiation
conservation principles were probably first
stated by Rudolf Clausius in 1864, who became
famous for his formulation of the laws of
thermodynamics (Chapter “On the concentra-
tion of rays of heat and light, and on the limits
of its action” in his work “The Mechanical The-
ory of Heat”: “Relationship between the en-
largement and the ratio of the apertures of an
elementary pencil of rays”).



At first sight it may seem amazing that accord-
ingly the irradiance of a mobile phone camera
with an entrance pupil diameter of only ap-
proximately two millimeters is equal to that of
a lens with same f-number of a 35mm-format
camera. However, the following must be taken
into account when cross-comparing lenses
with different focal lengths: Although with the
same f-number and the same equivalent focal
length, i.e. the same maximum object angle
tan(wmax)=y max/f” that reaches the edge of the

image field, the irradiance in the image plane is
equal in terms of Watt/m2, but with a small
lens the image information is distributed over
a proportionally smaller area: In a small lens,
the power of light per pixel (always assuming
the same number of pixels in each case), i.e.
“Watt/pixel” is smaller in proportion to the
area of the image field. When as a result of a
smaller pixel size less light falls onto a pixel,
the sensitivity for noise increases.

mobile phone optics 2.8/3.7mm, |-~
image diagonal 5.9mm

Dep=1.4mm
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Biogon 2.8/28mm ZM,
image diagonal 43.2mm, @g=10mm

Fig. 16: Comparison of the ZM Biogon 2.8/28mm for 35 mm film format (image diagonal 43.2mm) with a

mobile phone lens 2.8/3.7mm (image diagonal 5.9mm): The maximum object angles of both lenses are

approximately equal at w=38° (half diagonal). They therefore have the same equivalent focal lengths. As

the aperture is identical, the irradiance as radiant power per area is the same, but with the Biogon each
pixel receives stronger irradiation by a factor of (43.2mm/5.9mm)?x50.

The square function dependency of the irradi-
ance on the aperture is the reason why the
aperture steps are engraved on the diaphragm

ring in multiples ofﬁ=1,4,,,— stopping

down by one exposure step or “one stop” (e.g.
from 2 to 2.8) results in a decrease of irradi-
ance in the image plane by a factor of 2.
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Fig. 17: The standard f-number scale.

20.7 1/2
0.25 14.5 1/4
0.18 10.2 1/8
0.13 7.2 1/16
0.09 5.1 1/32
0.06 3.6 1/64
0.04 2.5 1/128
16 0.03 1.8 1/256
22 0.02 133 1/512

In addition, there are transmission losses in
the lens due to reflection at boundary surfaces
and volume absorption in the glass. With anti-
reflection coatings, it is possible to achieve a
reflectivity of less than 0.5% per surface in the
visible spectrum, so that in a lens with 20 re-
fractive surfaces in total less than 10% trans-
mission is lost (T=100%-(1-(1-R)#surfaces) =
100%-(1-(1-R)29))). If the lenses were not
coated, the losses would amount to as much as
approximately 4-8% on one single surface. The
refractive index of most types of glass lies in
the range of approximately n = 1.5...1.8. The
2

-1
R = = applies to reflectivity
n+l

formula

with perpendicular light incidence. In total, the
transmission losses would then amount to
approximately 55% to 80%.

In 1935, Alexander Smakula at Carl Zeiss in
Jena, introduced a method for vacuum vapor
deposition of a low refractive index layer of a
thickness of only about a tenth of one microm-
eter onto the optical surface. This made it pos-
sible to produce clean and scratch resistant
coatings quickly. At the time, they were termed
“transparency optics” or “T optics” for short.
Over the years, the quality of the coatings was
further improved by means of multiple layers,
which have been used in camera lenses under
the name of Carl Zeiss T*-Coating since 1972.

As the light intensity in cinematography is set

with particular precision, the lens transmis-
sion T (maximum value 1 when there are no
transmission losses) is factored into the rela-
tive lens aperture, and is then called “T-Stop“,
“T-#” or “effective stop”:

K
"T-stop"=—.
JT
This definition takes into account that the ir-
lens

radiance is directly proportional to

transmission:

T
E'~ F
Anti-reflection coatings are primarily used in
order to prevent multiply reflected light from
entering the image plane. The light from bright
areas is distributed via reflections off the
lenses over the entire image, and dark struc-
tures are rendered brighter, so that the image
becomes pale and milky. This reduces contrast,
which is particularly disturbing with coarse-
grained structures. “Ghost images” and flare
spots due to bright light sources can complete-

ly ruin a picture.

Fig. 18 shows images, taken for the sake of
comparison with the same camera under the
same exposure settings of a Planar 2.8/80mm
for 6x6 medium format (uncoated for experi-
mental purposes) (fig. 18 left column) and a
Planar T* 2.8/80mm Carl Zeiss CFE for Has-
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selblad with a T*-Coating (fig. 18 right col-
umn).

Fig. 18: Left column: Pictures with an uncoated
Planar 2.8/80mm; right column: pictures with T*-
coated Planar T* 2.8/80mm CFE.

This Planar 2.8/80mm consists of five lenses
in four groups, and therefore has only eight
lens surfaces in contact with air. Modern zoom
optical systems, on the other hand, have mul-
tiple refractive surfaces. The Carl Zeiss Light-
weight Zoom LWZ.2 T2.6/15.5-45mm has 36
surfaces, not counting cemented surfaces. The
pictures shown in fig. 18 demonstrate the fun-
damental necessity of good anti-reflection
coatings for image quality.

The dependency of the f-number
on the object distance

Interestingly, the term “working aperture” or
“working f-number” is used differently in
many optics textbooks as compared to practi-
cal photography: In practice, this is simply the
aperture Ko=f"/Tgp set on the camera or lens,
with which the photographs are actually taken.
In SLRs, this term is used to distinguish the
aperture with which the object is regarded in
the viewfinder (often fully opened for a bright
viewer image), from the aperture set or auto-
matically determined for actually taking the
image. In many SLR cameras there is a depth of
field preview button with which the sharpness
of the depth of field can be assessed to the det-
riment of the brightness of the image in the
viewfinder.

In some optics books (e.g. Smith (2008)) in
contrast, the term “working f-number” is used
for the numerical aperture of lenses focusing
on finite object distances.

In distance ranges that are normal in photog-
raphy, with a magnification from zero to ap-
proximately -1:10, aperture changes usually lie
below the perception threshold for brightness
differences of approximately one third of an
aperture stop.

Larger aperture changes can occur in macro
lenses used for close-ups. For example, in the
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ARRI/ZEISS Master Macro T2/100mm the T-
stop rises from T=2 at larger object to image
distance to T=4.3 in the close-up range with a
magnification of -1:1. The exposure in the
closer ranges must therefore be adjusted by
+2.3 aperture steps as compared to the initial
aperture.

Fig. 19: Exposure compensation of the ARRI/ZEISS
Master Macro T2/100mm required for extreme
close-ups.

In zoom lenses designed for photography, in
particular in those with a longer focal length,
variation in the f-number with focal length are
quite typical. For instance it is not unusual that
in a 70-210mm zoom lens for consumer cam-
eras the f-number increases from 2.8 to 5.6 or
more when the focal length is changed from
f=70mm to 210mm. That is in the telephoto
range the lens is two or more aperture stops
dimmer. Since for these lens types the diame-
ter of the front lens is usually about as large as
the entrance pupil, in our example Jgp = /Ko
= 210mm/2.8 = 75mm versus 210mm/5.6 =
37.5mm, reducing the aperture towards long
focal lengths allows for significantly more
compact lens designs. This variation in aper-
ture is avoided in professional movie lenses as
a change in the irradiance while zooming is
perceived as being disruptive and can subse-
quently be compensated only at great expense
and effort and with losses in quality.

The equation describing the aperture versus
magnification was already given earlier in this
text:

Unfortunately, the usefulness of this equation
is limited: Only in lenses in which overall lens
movement is used for focusing do the focal
length f” and the pupil diameter (and thus also
the pupil magnification ,) remain constant for
all focus distances and can the aperture be
expressed directly as a function of the magnifi-
cation (given fB,). With a lens system involving
focusing of individual lens groups, pupil size
and focal length are dependent on the magnifi-
cation. The right hand side of the above equa-
tion does not provide any information as long
as f'(B), Bp(B) und Dep(B) are not known from
the optical design data. Making the dependen-
cies on magnification explicit, we obtain the
following equation for the aperture:

/'(8)
?.(8)

p
K“*@‘@w>

With modern professional cinematography
optical
movement focusing are the exception. All
lenses of the ARRI/ZEISS Ultra Prime- and
Master Prime series use either one or two lens

lenses, designs with overall lens

groups within the lens system for focusing.

lens 1 - lens 2 image
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Fig. 20: Notation of distances of the 2-lens system
for imaging of object distance infinity.

There are many different implementations for
the focusing function in optical design. Before
explaining some of them in detail, we consider
the simple example of a symmetrical two-lens



system and study the different ways in which
the focal length, the pupil sizes and thus the f-
number can change depending on the focusing
method.

Assume that each of the two lenses has a focal
length of fi’=f,’=150mm. For the object dis-
tance “infinity” (B=0) the lenses are positioned
at a distance of d=75mm from each other. Re-
arranging the equation for the total focal
length

11 1 4
VA A A A /S
into the form
f, _ f{’f‘z’
f+fi-d

we obtain a total focal length of f'=100mm for
infinite object distance. The image plane is
situated at a distance s;’=50mm from the se-
cond lens.

We now consider the following three possibili-
ties to focus on an object located at a finite
distance from the lens:

a) Movement of the rear lens L2 (blue
graphs)

b) Movement of both lenses L1 and L2 with a
constant distance d to each other (red

graphs)

c) Movement of the front lens L1 (green
graphs)

With the object at infinity, the aperture stop is
assumed to be located exactly between the two
lenses at a distance of 37.5mm. When focusing,
this distance will remain constant relative to
the front lens L1 in all three cases. Therefore
the position and size of the entrance pupil, i.e.
the image of the diaphragm through Lens 1
will also always remain unchanged.

Fig. 21 shows the lens configurations as well as
the entrance and exit pupil for these three fo-
cusing methods with the magnification values
B=0,-0.1 and -0.2:
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Fig. 21: Lens configuration and pupil positions of the 2-lens system for the magnification values =0, -0.1

and -0.2.

The relative change in the f-number in com-
parison to the initial aperture Ko is distinctly
different. In this example, the change in the
aperture is greatest when focusing the front
lens and smallest when focusing the rear lens:

Symmetric 2—lens system: K/K0

o 157

Z

é 1.4

[+

213

w

2

=12

2
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gL

&en

g B—

= 1.00 T ]
-025 —020 —015 -0.10 —0.05  0.00

magnification

Fig. 22: Relative change in f-number for the 3 focus-
ing methods under consideration.

The tables 1a), b), c) show the lens data for
different magnifications. In this context, s>’
represents the distance of the second lens L2
to the image plane, s” the distance from the
exit pupil to the image plane, and L the dis-
tance from the object to the image plane. The
remaining nomenclature is as given before.
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| B8 [k@kol s, | d | s [ B | | L | G, | 8 | 9 |
Bl ! 50 75 100 1 100  Infinity 100 625 100
1.02 5843 6657 9449 093 9639 2106 100 62.5  93.03
SN0 104 6596 59.04 9111 0.88 9338 1115 100 625  87.57
1.07 728 5217 8909 0.83 9079 789 100 625  83.13
111 7919 4581 8799 079 8852 629 100 625  79.40
1.15 8513 39.87 8754 0.76 8650 534 100 625 7621

Tab. 1a): Focusing with Lens 2 (stop fixed with respect to Lens 1).

| B kol su | d | s | B | F | L ]| g | 9 | 9 |
1 50 7 100 100

[ 0 | 1 Infinity 100  62.5 100
NYEl 105 55 75 105 1 100 2180 100 625 100
1.1 60 75 110 1 100 1185 100 625 100
1.15 65 75 115 1 100 857 100 625 100
1.2 70 75 120 1 100 695 100 625 100
1.25 75 75 125 1 100 600 100 625 100
Tab. 1b): Focusing with overall lens movement
| B (k@ykol s, | d | s | B | F | L [ ds | @ | 0 |
[ 0 50 75 100 1 100  Infinity 100 625 100
-0.05 S 50 8625 12222 111 10526 2286 100 625 11111
12 50 9750 15000 125 11111 1298 100 625 125.00
EXE i3 50 108.75 18571 143 11765 975 100 625 142.86
| 02 K 50  120.00 233.33 167 12500 820 100 625 166.67
[ 0.25 [N 50  131.25 300.00 200 13333 731 100  62.5  200.00

Tab. 1c): Focusing with Lens 1 (stop following movement of Lens 1).

The movement of the focusing lens group is
smallest with the overall movement method
and largest when focusing with the front lens.
While all desired focus distances can be
achieved with the overall movement and the
front lens focusing methods, rear lens focusing
is mechanically limited as Lens 2 will abut onto
the diaphragm at approximately f=-0.26.

It can also be seen that, at same magnifica-
tions, the object image distances L are differ-
ent for the individual focusing methods. Con-
versely, this means that two lenses having the
same minimum optical distance (MOD) may
differ in their respective smallest magnifica-
tions, depending on the focusing method.

As a fourth focusing option, it would also be
possible to move the two lenses independently

from each other, i.e. with a variable distance d.
In principle, this results in an infinite number
of implementation options. In real lenses, us-
ing two lens groups for focusing the movement
of one of the groups is defined to be linear and
the movement of the second group is adapted
accordingly, which usually results in a non-
linear moving mechanical shifting group. Real
lenses are usually more complex and have
additional degrees of freedom, which influence
the pupil positions and sizes, the focal length
of the system and the dependency of these
parameters on the object distance . In contrast
to our simple example, the focal lengths of the
lenses (or of the lens groups represented by
their principal planes) are usually different,
and real lenses often consist of more than just
two groups.
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Even though the number of options seems
excessive, the fact that optical designs do have
certain typical structures (e.g. in order to ob-
tain the most compact possible lens or meet
size specifications for camera construction)
allows one to formulate general rules for the
functional dependency of aperture variation.
This subject will be discussed in the following
sections.

F-number vs. magnification when
focusing with overall lens move-
ment

Optical designs of the double Gauss type
(called “Planar”, and earlier “Biotar” at Carl
Zeiss - cf. the historical information in the arti-
cle “Planar” by Hubert Nasse) and also the
symmetric wide angle design “Biogon” often
use overall movement without variable air
spaces for focusing purposes. Most lenses of
the ZM series for rangefinder cameras in the
24x36mm? format use overall lens movement.
In spite of the high apertures up to K=2, at
weights of less than 300g they are very light
and compact given this image format.

The heavier SLR camera lenses, in contrast,
more frequently use internal focusing. But
here, too, “normal” focal lengths, i.e. 50mm,
sometimes also 85mm, are often focused with
overall lens movement. Fig. 23 shows the
ZE/ZF Planar 1.4/85mm when focusing on an
object situated at infinity and at close range.

EP ZE/ZF Planar 1.4/85mm

object distance
infinity

close focus
distance
(B=-1:10)

Fig. 23: ZE/ZF Planar 1.4/85mm: Long distance
versus close-up focusing.

When focusing with overall lens movement the
diaphragm remains at the same distance rela-
tive to the rear portion of the lens, therefore
the exit pupil (i.e. the image of the diaphragm
through the rear lenses in the optical system)
retains a constant size. When focusing, the
entire lens system, and thus also the exit pupil,
is shifted towards the object by the distance

A =B 1.

This follows from the equation s'=(f,-p)f
given before: Accordingly, for $=0 (object dis-
tance infinity) the distance of the exit pupil
from the image plane is so’=f-f", and the equa-
tion (so’-s”)=p-f" for the positional change in
the image plane follows.

Thus the f-number rises towards the close
range due to the growing distance between the
exit pupil and the image plane, while the size
of the exit pupil remains constant. This reduc-
tion of the maximum image-forming angle, i.e.
the increase of the f-number, can directly be
deduced from fig. 24 for a single lens (in this
case the exit pupil corresponds to the lens).



V. Blahnik

About the irradiance and apertures of camera lenses

™
n
P
ML

™

-k A g

Fig. 24: Focusing with simple lens with fixed lens position (left) or fixed image plane position (right). The

angular aperture decreases towards closer object distances.

The ratio of the aperture K=s"/Oap relative to
the initial aperture Ko=so'/Dap then
K/Ko=s"/s0"=((Bp-P)f)/ (Bpf), i.e.

K B

K, B,

is

The pupil magnification B, always remains the
same for all distances as all lenses maintain
the same distance from the diaphragm.

The magnification B is a negative number, as
photographic lenses yield images that are in-
verted with respect to the object. (For the sake
of simplicity, the minus sign is not included in
the distance figures engraved on the focus ring
of the lens.) Since P is negative, the factor
1-B/Pp becomes larger for objects situated at a
closer distance. Fig. 25 shows the dependency
of 1-B/Pp versus B, for a typical close-range
magnification of f=-1:10.

The factor 1-8/Bp
1.45
-
1:35 — =0 —
e \ Q
&1.25 \ ©
$ 1.2 E
£ 1
1.15 ~_% clec .;r'.tric ‘
A = ens; [By=r°
1105
1
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

pupil magnification pp

Fig. 25: The relative change of aperture K/Kj
1-B/Po for overall lens movement focusing versus
pupil magnification Bp.

For a symmetrical lens (B,=1) the aperture
K=s"/Jp changes by 10% when focusing with
lens magnification f=0 vs. f=-1:10. For a tele-
centric lens (Bp—0), i.e. when the exit pupil is
at infinity and the chief rays strike the image
plane at a 90 degree angle, the aperture does
not vary with the distance.
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F-number vs. magnification when
focusing with movable lens
groups

Focusing with individual lens groups, so-called
“floating elements”, offers the optical designer
further options to improve lens performance
(contrast, distortion, etc.) over the distance
range and to suppress the “breathing” effect
which is cinematography.
Breathing is a change of the field-of-view de-
pending on the focus distance. The advantage
for the mounting technology as compared to

undesirable in

overall lens movement consists in lighter mov-
able groups and thus in fast, low noise move-
ments of the focusing lens groups combined
with low wear.

Fig. 26 the ZE/ZF Macro-Planar
2/100mm. At close range, the exit pupil per-

shows

forms a substantial movement forward and
thus appears smaller as seen from the image
plane. Hence the f-number increases in the
close range. In this optical system, two lens
groups are moved in order to achieve a con-
stant imaging quality over the entire distance
range up to the magnification of -1:2.

ZE/ZF Makro-Planar 2/100mm

Fig. 26: Focusing mechanism of ZE/ZF Makro-
Planar 2/100mm.

The data of the f-numbers as a function of the
magnification are given below for the lens se-
ries ARRI/ZEISS Ultra Prime and Master Prime
as well as for the ZE/ZF series. In each case,
the magnification range is represented down
to the minimum value of each lens. The change
in the irradiance is stated in terms of exposure
values.

ARRI/ZEISS Ultra Prime Lenses K(B)

01

—UPg

—UP10
—Up12
—UuPi4
——UP16
—UupP20
——UP24
—UP28
—UP32

relative stop [EV]

—— P40
upso
UPES
upgs

——UP100

—LP135
~0.7
magnification B e

Fig. 27: Change of exposure value versus magnifica-
tion of ARRI/ZEISS Ultra Prime lenses.

ARRI/ZEISS Master Prime Lenses K(B)

—MP12
—MP14
¥ —MP16
——MP18
—MP21
——MP25
——MP27
—MP32
——MP35
——MP40

relative stop [EV]

MP50
MP65S
MP75

MP100
—MP135
-14 —MP150

magnification B

Fig. 28: Change of exposure value versus magnifica-
tion of ARRI/ZEISS Master Prime lenses.

ZF / ZE - lenses K(B)

—2.8/15mm

e
o

—35 ] 18mm
——2.8/21mm
2/ 25mm
—2/ 28mm
—1.4/35mm

——2/ 35mm

relative stop [EV]

1.4/ 50mm
2/ 50mm

1.4 | 85mm

=——2/100mm
-18 —2/135mm

magnification B

Fig. 29: Change of exposure value versus magnifica-
tion of the ZE/ZF-lenses.
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In all lens series discussed, the change in the f-
number is more pronounced for lenses with
longer focal lengths. The f-number varies for
almost all lenses in a manner that is approxi-
mately linear with respect to the magnifica-
tion. There are generally three factors contrib-
uting to the variation of relative apertures: The
change in the focal length, the entrance pupil
size relative to its value for object distance
infinity, and the expression 1-B/B,(pB):

LB\ Dirs

KB)_(,__F |
£ \9.(8)

K, | (8

If these three factors are analyzed for the data
pertaining to the lenses under consideration, it
can be established that the relative aperture
change in the ZE/ZF lens series and the AR-
RI/ZEISS Ultra Prime lenses can be decently
approximated by means of

K(B)_,_ B

K,  B(B=0)

Therefore, for these lenses, the pupil magnifi-

cation for object distance infinity essentially
determines the change in the f-number. The
variation of the f-number K is the smaller, the
larger the pupil magnification B, is. The tables
2, 3 and 4 show an excerpt from these data for
lenses with long focal lengths (with the nota-

tion B, 0=B,(B=0)).

2/50mm

Tab. 2: Lens data relevant for variation of f-number
of some ZE/ZF-lenses.

upi13s

Tab. 3: Lens data relevant for variation of f-number
of some ARRI/ZEISS Ultra Prime lenses.
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Fig. 30 shows the pupil magnification (at infi-
nite object distance) of the ARRI/ZEISS Ultra
Prime and Master Prime lenses versus focal
length. It becomes apparent that the pupil
magnification is larger for lenses with short
focal lengths and that accordingly the f-
number variation is less pronounced.

Pupil magnification: ARRI/ZEISS Ultra Prime and
Master Prime lenses

*

5.0 + Master Prime Lenses
P LIS M Ultra Prime Lenses
£ 40
L LI
i B
L ET *

o Hg ¢

©

£ * o

a 20 ]

H ] o *
L ]

focal length f*

Fig. 30: Pupil magnification of the ARRI/ZEISS Ultra
Prime and Master Prime lenses.

The pupil magnification values are somewhat
higher for the ARRI/ZEISS Master lenses than
for the Ultra Prime lenses of the same focal
length, respectively, as the exit pupil is farther
away from the image plane. In this way, with
the higher aperture of T1.3 as compared to
T1.9 it is possible to achieve e.g. the same rela-
tive illumination in the corners of the image.

However, the approximation K(B)/Ke=1-B/By0
does not apply universally. In the ARRI/ZEISS
Master Prime lenses for instance, the aperture
changes are mainly due to a relative change of
the entrance pupil sizes Jep(B)/Dep,0.

M 75 B 1-B/Boo 1-/B, Dep /D fify KKy
(X110 1.00 1.00 1.00 100 1.00
4.5 1.01 1.01 1.02 0.99 1.03
H.026 1.02 1.02 1.04 0.99 1.05
.40 1.02 1.02 1.06 099 107
-H1.086 1.05 1.05 1.12 097 1.14
0112 107 107 115

WP 10 B 1-B/Boo 1-B/B, Dep /D Tify KKy
(X110 1.00 1.00 1.00 100 1.00
4.010 1.01 1.01 1.02 1.00 1.02
-0.020 1.01 1.01 1.04 0.99 1.04
41 025 101 101 105 099 105
.04 1.02 1.02 1.07 0.98 1.07
- .052 103 103 112 098 112
4.071 1.04 1.03 117 097 1.7
E T N B /0 -0 O - |

WP 135 B 1-B/Boo 1-B/B, Dep /D fify KKy
(X110 1.00 1.00 1.00 100 1.00
.16 1.02 1.02 1.04 0.98 1.04
-0.041 1.08 1.05 1.12 0.96 1.12
412 112 111 132 091 133
£ 8 N 0 /000 O |

M 150 B 1-B/Boo 1-B/By Dep o/Dep i KiKg
0.0} 1.00 1.00 1.00 1.00 1.00
-.016 1.02 1.02 105 098 104
.09 1.03 1.03 1.10 0.96 1.09
-0.048 106 105 117 094 116
4.072 1.08 1.07 1.26 092 124
T80 N - 0 - O 20

Tab. 4: Lens data relevant for variation of f-number
of some ARRI/ZEISS Master Prime lenses.

The ARRI/ZEISS Master Prime lenses with
focal lengths of 40mm and more are focused
by means of the movement of two lens groups
in order to provide excellent correction for the
breathing phenomenon. To this end a negative
lens group is moved towards the fixed positive
front group. This causes the refractive power
of the lens group before the diaphragm to de-
crease for the close range. Accordingly the
virtual image of the diaphragm, i.e. the en-
trance pupil, becomes smaller for objects lo-
cated at a closer distance. In the ARRI/ZEISS
Ultra Prime lenses, on the other hand, the re-
fractive power of the front lens group does not
change when focusing.

ARRIZEISS
Master Prime 100

ARRI/ZEISS
Ultra Prime 100

p=0

EP

Fig. 31: Focusing mechanisms of the ARRI/ZEISS
Ultra Prime 100 and the ARRI/ZEISS Master Prime
100.



The decline of the pupil magnification towards
longer focal lengths results from the fact that
the entrance pupil becomes larger in lenses
with a longer focal length: In fact, when imag-
ing from infinity we have Ko=f"/Jgp, i.e.
Dep=f"/Ko, according to which with the same
aperture (in the ARRI/ZEISS Master Prime
lenses Ko=1.2 and with the Ultra Prime lenses
Ko=1.9) the entrance pupil size is directly pro-
portional to the focal length. The size of the
exit pupil on the other hand remains approxi-
mately equal for all lenses of the same lens
series, because the position of the exit pupil
remains similar as a result of the relationship
Dar=s"/Ko. Accordingly, the maximum chief ray
angles in the image plane are similar for all
focal lengths. These principles for the size of
the exit pupil do, however not hold as strictly
as those governing the size of the entrance
pupil: They are essentially a consequence of
the available space as given by the camera
layout. These conditions are determined by the
size of the camera bayonet, the necessary dis-
tance of the last lens element of the optical
system to the image plane (camera with mir-
ror to the optical viewfinder, beam splitter or
electronic viewfinder) and the size of the im-
age field. The more limited the given camera
construction space, the more similar are the
exit pupil positions within a particular lens
series.

flange distance

Fig. 32: On constraints due to camera construction
space.

In the F-mount of Nikon, for example, the im-
., =24 +36°mm=

43.2mm, the minimum distance from the last

age diagonal is

lens to the image plane is b > 38.4mm, as de-
termined by the camera mirror, and the diam-
eter of the inner ring on the bayonet is &, = ca.
36mm (limiting the diameters of the last lens
elements; cf. fig. 32). With this geometry, the
relative aperture K cannot become smaller
than approximately 1.2. The telecentricity of
the chief ray must be larger than approximate-
ly 14°. This corresponds to a minimum dis-
tance of the exit pupil from the image plane of
about 85mm. The minimal telecentricity also
depends on the vignetting allowed at the edge
of the field.

The DigiPrime lenses for cameras with three
separate image sensors in 2/3“-format, which
are separated via a beam splitter system (cf.
fig. 33), are necessarily telecentric on the im-
age side, as a non-telecentricity would result in
a relative image shift between the three image
planes. The exit pupils lie close to infinity, and
the aperture remains constant for any object
distance.

Fig. 33: DigiPrime Distagon T1.6/40mm with cam-
era beam splitter system: the distance between the
last lens element and the image sensor planes is
greater than 55mm, the optical path length through
the glass blocks (refractive index times distance) is
more than 82mm.

Construction space constraints are one reason
why the optical design of lenses for different
camera systems can vary substantially. In the
current Zeiss lens program there is a Distagon
2.8/21mm in the ZE/ZF series for SLR camer-
as, and a Biogon 2.8/21mm in the ZM range
finder camera series. In the Biogon, the ratio of
exit to entrance pupil size Bp,=Cap/Trp is ap-
proximately 1.3, while it is 3 in the Distagon.
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Fig. 34: Entrance and exit pupil of the ZE/ZF Dista-
gon 2.8/21mm and the ZM Biogon 2.8/21mm.

The Biogon and Distagon lens types have the
following general characteristics:

Biogon:

* (quasi) symmetrical design

* negative menisci outside, therefore small-
er, relaxed ray angles inside the lens sys-
tem

e asymmetrical aberration types (distortion,
coma, lateral chromatic aberration) can
easily be corrected because of the symmet-
rical design

* the distance between the last lens and the
image plane must be small

e large angles of incidence onto the image
plane

* natural vignetting due to the incidence
angle t (telecentricity) according to cos*t
remains when stopping down.

Distagon:

retrofocus type: In front, an overall nega-
tive power and in the rear a positive pow-
er lens group

e
e

a

Fig. 35: Retrofocus lens type (ZE/ZF Distagon
2.8/21mm).

L .

e allows for greater distance between the
last lens and the image plane

* as a rule, at high apertures construction
space constraint causes loss of brightness
towards the edge due to vignetting; vi-

gnetting decreases when the lens is
stopped down.

The table 5 summarizes a number of data for
the Biogon 2.8/21mm ZM and Distagon
2.8/21mm ZE/ZF. The variable w denotes the
maximum semi-diagonal object-side field-of-
view angle, and t the telecentricity in the cor-
ner of the image field.

[ wal'l | dolmmi] Glmml ], |5 imm ]t 50

Biogon 2.8/21mm ZM 45.2 7.5 10.1 13 28.3 37.4
Distagon 2.8/21mm ZEfZF  45.2 7.5 26 3 643 186 0 81

Tab. 5: Some lens data of ZE/ZF Distagon
2.8/21mm and ZM Biogon 2.8/21mm.

The apertures and focal lengths, and thus also
the size of the entrance pupil are equal in both
namely Jgp = /Ko = 21mm/2.8 =
7.5mm. In the Biogon, because of the symmet-

cases,

rical layout, the angles of the chief ray in the
image space are similar in magnitude to those
in the object space (approx. 46° at a focal
length of 21mm). Thus the exit pupil closely
approaches the image plane. This facilitates a
highly compact optical design, however, at the
cost of natural vignetting. This cos*-
brightness decline due to the large telecentrici-
ty angle t also remains when the lens is
stopped down. In digital cameras, the larger
angles of incidence sometimes bring about
color shading and crosstalk between the color
channels of the sensor mosaic (e.g. with Bayer

pattern).

Within a certain scope, these errors can be
compensated by means of image processing in
the camera or a shift of the microlenses that
are located directly in front of the sensor. In
the ever more frequently employed backside
illuminated sensors these errors are signifi-
cantly reduced, as the light directly impinges
on the light sensitive silicon crystal and need
not pass any area past conductor paths be-
tween color filter and photo diodes.

Because of the greater distance to the image
plane, the retrofocus type (Distagon) on the



other hand has a greater distance between the
exit pupil and the image plane and thus also a
larger exit pupil (Jap=s"/Ko). For this reason,
the pupil magnification B,=Cap/rp is larger
with the Distagon than with the Biogon.

Hubert Nasse exhaustively described these
lens types in his article about “Distagon, Bio-
gon, and Hologon"“.

Pupil magnification: ZM-lenses and ZE/ZF-lenses
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focal length f*

B | e 2
Distagon 2.8/15mm 194 Distagon 2.8/15mm 7.12
Distagon 4/18mm 142 Distagon 3.5/18mm 3.42
Biogon 2.8/21mm 134 Distagon 2.8/21mm 3.02
Biogon 4.5/21mm 1.03 Distagon 2/25mm 2.93
Biogon 2.8/25mm 115 Distagon 2/28mm 2.47
Biogon 2.8/28mm 1:10 Distagon 1.4/35mm 2.34
Biogon 2/35mm 1.00 Distagon 2/35mm 1,99
Biogon 2.8/35mm 0.85 Planar 1.4/50mm 1.38
Sonnar 1.5/50mm 0.78 Makro-Planar 2/50mm 117
Planar 1.2/50mm 1.08 Planar 1.4/85mm 0.80
Planar 2/50mm 122 Makro-Planar 2/100mm 0.93
Tele-Tessar 4/85mm 0.93 Apo Sonnar 2/135mm 0.67
Fig. 36: Pupil magnification of ZM and ZE/ZF-

lenses.

In the wide angle lenses of the ZM series with
very small focal lengths there are deviations
from the symmetry and a transition from the
Biogon to the Distagon design, as a minimum
distance of 15mm between the last lens and
the image plane is respected. In this way, the
ZM lenses for range finder cameras remain
compatible with through-the-lens (TTL) expo-
sure measurement. Since at approximately
39mm this minimum distance between the last
lens and the image plane is much larger in SLR
cameras, there are larger deviations in the
wide angle SLR lenses from symmetrical lens
design and thus distinctly higher values of the
pupil magnification.

Until now, our discussion has concentrated on
the behavior of the f-number variation over
distance at maximum aperture. But how does
the f-number change in relation to the initial
aperture when stopping down? If the f-number
changes, by e.g. one exposure value at close
range and with full aperture, will it also change
by one exposure value if the lens is stopped
down?

The answer is: Essentially, the dependency
K(B)/Ko on magnification remains unchanged
for any initial aperture Ko. This is understand-
able, as this dependency can be described by
means of the paraxial lens data. This is shown
in fig. 37 using the example of the ARRI/ZEISS
Master Macro 100 and of the ZE/ZF Macro-
Planar T* 2/100mm.



ZE/ZF Makro-Planar 2/100mm: K/Ky(B)
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Fig. 37: Relative change in the aperture K/Ko versus magnification with different initial apertures Ko for
the ARRI/ZEISS Master Macro 100 (left) and the ZE/ZF Macro Planar 2/100mm.

The slight deviations at maximum aperture
result from the fact that it is not the iris dia-
phragm that limits the path of rays, but a dia-
phragm positioned further back in the system
that principally has the function to curtail the
light at the edge of the field in a defined man-
ner.

We have seen that in all examples given until
now the f-numbers increase towards the close
range. Accordingly, with macro lenses (typical-
ly having maximal magnifications of -1:2 or -
1:1) more significant changes can be expected
in the apertures than with standard lenses
(with maximal magnifications of -1:20 to ap-
prox. -1:10, as “close-up lens” approx. -1:7 to -
1:4). On the other hand, the aperture variation
in turn depends on the optical design. This can
be exemplified by comparing two macro lenses
whose apertures distinctly differ as they ap-
proach the close range (cf. fig. 38).

Macro-Lenses: Comparison of lens stop K
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Fig. 38: f-number vs. magnification of two macro
lenses ,S“und ,,C“.

We name these two macro lenses “S” and “C”:

“S”: Jae-myung Ryu et. al. USP 2011/00996410
(data scaled, so that the focal length is 100mm
asin “C”)

“C”: Contax Macro Planar 2.8/100mm for small
format 36x24mm?2 film

They have similar field of views and initial
apertures and are illustrated in fig. 39 for = 0
and B = -1:1. The build of the two lenses is dis-
tinctly different: “S” consists of five groups:
The first, third, and fifth are fixed, so that the
length of the lens remains constant when fo-
cusing. Towards the close range area, the se-
cond (front negative) and the fourth (rear pos-
itive) focus groups are moved towards each
other and towards the center of the lens sys-
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tem. “C” consists of two groups, both of which group moves faster than the rear group.
are moved forward when focusing; the front

“S”:
e T & | tiom [ gotmm | getmmi [ simm [ x|
0 1.28 100.15 41.47 53.13 128.34 2.42
-0.25 0.99 52.84 48.56 48.28 115.51 2.39
-0.5 0.68 85.62 64.11 43.63 105.80 2.42
-0.75 0.43 83.75 52.03 39.52 58.78 2.50
-1 0.28 73.64 124.91 35.06 84,31 2.69

0 0.77 100.19 35.36 27.33 77.44 2.83
-0.25 0.74 54.59 35.72 26.26 53.18 3.55
-0.5 0.70 85.73 35.56 25.28 107.54 4.27
-0.75 0.67 85.46 36.14 24.39 121.77 4,99
-1 0.65 B1.67 36.27 23.58 134.77 5.72

Fig. 39: Focusing mechanism and lens data of the macro lenses ,S“ und ,C*.

ZEISS Camera Lenses




In “S” the f-number remains almost at the ini-
tial value over the entire distance range, while
“C” decreases by more than 2 f-stops. Especial-
ly because of the strong change in the pupil
sizes and the pupil magnification over the dis-
tance range, in “S” all factors in

K(B)_(,_ B (f’(ﬁ))(

K, B,(B) @ (B)

_ QEP,O
f;),

substantially contribute to the relative change
in aperture (cf. table 6).

B 1-B/Bpo 1-B/B, Pep,of Per fifa K/Ka
0 100 1.00 1.00 1.00 1.00
025 120 125 0.85 0.93 059
0.5 139 173 0.65 0.89 1.00
075 159 275 0.45 0.84 103
1 178 | 456 | 033 | o074 111

Tab. 6: Lens data relevant for change in f-number of
wgn

In “C”, in contrast, the dominant factor is 1-p/f3,
(cf. table 7).

B 1-B/Bro 1B/Bo | Pero/Per F/fo KKy
0 1.00 1.00 .00 1.00 1.00
0.5 132 1.34 0.98 0.04 125
-0.5 165 171 0.98 0.90 151
-0.75 197 211 098 0.85 1.76
-1 2.29 2.02

Tab. 7: Lens data relevant for change in f-number of
ﬁC".

With similar imaging performance, the lens “C”
is substantially smaller and lighter as well as
shorter in the normal distance range.

The practical benefits of a constant aperture is
however very limited in macro lenses: for a
magnification of -1:2 with an aperture of /2.8,
the depth of field range is distinctly less than
1mm. Even the maximum aperture of f/6.5
available in the lens “C” in the extreme close
range will in practice seldom be used. Even
with a “still object” and a tripod because of the
extremely small depth of field range, rather
further reducing the lens aperture.
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