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Sources of Error in and Calibration of the fNumber
of Photographic Lenses

By Francis E. Washer

In probletnz of photography, where the accurdcy of lens merking iz eritical in determin-
ing the proper exposurs, the various errors t0 which these markings are subject is of con-
sidersble intereat, The preaent report givea the magnitude of such ercors that were found
to exist io 8 represenistive group of 20 lonees having focal longths that pange from 06 to

4T.5 10,

Ino addition, the rosulta of calibration of these lenges by a photometrie method that

permita compensation of light losses resulting from sbeorption, refection, and scattoring ara

glven,

Yaluea of lens transmittance for these lenses ara shown. A method of ploiting

rasnlts of nominal, true, and calibrated f-rumbers is given that permits quick evaluatico of
the magnitude of the over-all ercor in teyms of fractions of & stop.

I. Introduction

With the advance of photographie technology,
8 need hae doveloped for more precise information
on the light-transmitting characteristics of photo-
graphic objectives. In particular, & specific need
existe for a more saccurate means of marking or
calibrating the lenses that employ & varisble stop
for adjusting the lens speed. The usual method,
at present, of calibrating & lens is to inscribe &
scale of fnumbers on the diaphragm control.
These f~-numbers are based upon certain geometric
propertics of the lens, abd neglecting errors of
marking, provide a satisfactory means of varying
the apeed of the particular lens by definite integTal
sfteps, Unfortunetely this system of marking
takes no cognizance of differences in light-trans-
mitting properties that oceur among different
types of lenses and, in addition, those differences
that result between lenses of the same t¥pe when
tha surfaces of one have been treated to. reduce
reflection losses.

This problem has been under vigorous attack
for the past 10 years and numerous methods
[1 to 12]* have been devised for tho rating of lens
speed with respect to some standard. These
methods differ in such matters na type of lighi
souree, comparison lens or standard aperture, and
type of light-registering davice. The theorefical
sspacts of the problem have heen discussed by

| Pigiires o boaekeds indicats Ebe likrmttrs rifremeed 4t ¢he ood of this
paptr.
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McRae [9) and by Gardoer [1, 2], who proposed
gevernl possible methods for calibratien of a lens.
In the present article, one of the methods described
by Gardoer is verified experimentnily. The ex-
perimental technique is deseribed, and the varia-
tions in performance for 20 lensea, having focal
lengths that range from 0.5 to 47.5 in., are shown.
Attention is given to sources of etror in the exist-
ing marked fnumber. Laatly, a process ia de-
stribed for determining the tratsmittance of a
lene from data obtained in the course of calibration.

II. Apparatus and Method of

Measurement

The apparatus consistz essentially of a hroad
uniform source of white light, s sensitive light- |
mensuring deviee, ahd a holder that can be uveed
interchangeahly for either mounting the lens
under test or one of & series of standard diaphragms
cach of which hes a centrally iocated eireuvlar
opening of known diameter. The arrangements
of these elements is the saine a3 that sugpested by
Gardner [1,Z]. The relative lens speed is deter-
mined by a comparison of the quantity of light
flux transmitted by a lens with that transmitted
by & circular opening. By meking an appropriate
saries of measurements and by proper interpreta-
tion of their significance, tha lens can be calibrated
in terms of an “ideal” lems having 100-percent
transmittance.

ol




1. Procedure for a Lens

A lens in mounted in the holder, and its axis is
alined with the eenter of the broad uniform source
and the center of the small circular opening in tho
haffle covering the sensitive clement of the light-
measuring device. The front of the lens faces the
light: source, and the distance separating the rear
nodal point of the lens and the baflle covering the
licht sensitive element is adjusted to equality,
with the aquivalent focal length, &, of the lems.
The cpening in the bhaflls does not wsunlly cxceed
1 mm, except for some lenzesz of very long focai
length, in which cases it is kept under 0.01F.
All parts of the égquipment are ehielded so that
only light from the source that passes through the
lens can reach the light-sensitive element.

Readings of the light meter arc taken at cach of
the marked stop openings. To minimize error
arising from back lash, readings are taken both
for the condition of the setting at the marked
Jnumber being made with the diaphragm ring of
the lens moving in the closing direction and with
the diaphragm ring meving in the opening direc-
tion.! The readings from these two sets of obser-
vations are averaged, and this valua is talken as the
accepted reading of the light meter at a given
marked stop opening.

2. Procedure for the standard diaphragma

The lens ia replaced by one of the series of
atandard dinphragms, which have centrally locatad
circular openings with known diameters. Thae
reading of the light meter is faken, and the dis-
tance £7, from the diaphragm to the bafile covering
the light-zensitive slement is measured. This
operation is repeated for several of the standard
diaphragms so selected that readings of the light
meter are obfained throughout the same range of
readings that were observed for the warious
matked apertures of the lena. The brightness
of the source and the sensitivity of the light meter
are kept unchanged throughout both parts of the
experiment. To insure constancy of brightness of
the aource, A constant voltage tronsformer is
used 0 maintain a constant voltage for the lamps
that illuminate the broad uniform source. To

1 Tem lemses (1, and 12 to 3, nel ) wors calibsted in this manner. The
remaining 10 lenses wers callbratad with ihe diaphragm ring moving in tha
claging dirsation only in aooordane: with (e reoomnoendatipn contaimned n
Hoport Mo, 0 of tbe Suboomamitles o Lens Callbeation of Lba Boaety of M.
thon Fleturs Englomrt oo Hov, & L1M7,
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minimiza error, two sets of data are taken for both
the lens and the series of standard diaphragms, g0
intermingled that random fluctuations in the
brightness of the light source and in the sensitivity
of the light meter can be neplected.

Fdeally, the diameters of the standard dia-
phragm openings should be z0 chosen that the
same series of f-numhers are present in both
phases of the experiment. Too, the distance, I,
should equal the equivalent focal langth, ¥, of the
iens. In practice, however, it has proved to be
more convenient to let D differ from F and to place
more reliance upon the ratio, I¥A4, where 4 is the
diasmeter of the circular opening in a standard
diaphragm. When a wide variety of lenses are
being calibrated, as is the case in this cxperiment,
it is simpler to eompute the f~nuraber of the stand-
ard diaphragm from the ratie, D/4, and to deter-
mine the performance of the conventional series
of f-numbers from the eurve of light meter reading
versus f-number than to attcmpt to reproduce the
conventional set of f-numbers by appropriate
gelection of values of I and A.

The fnumber for a lens is defined by the equa-
tion

f-numher=27.%-zr {1}

where o is the angle between the sxis and the ex-
treme ray of the cireular conical bundle tranamitted
by the lens. In the case of the standard dia-
phragm, the relation connecting the measurad
quantitics £ and A s

D 1
A Tt a @
Accordingly, the values of the f-numbers for the
atandard diapheagms can readily be compufed
from the known values of A, A eufficiently
accurate determination of the f-number can be
made with the aid of a curve, ruch as is shown in
fizure 1. To produes this curve, the values of
the quantity, Foumber —D{A, are plotted as &
fupction of Df4. Haenece, for a pgiven wvalue of
D}A, the inerement that must be added therete o
yvield the f-number can be easily read from the
graph. For values of DA greater than 15, the
values of D/A and f-number are equal for all
practical purposes, sinea their difference iz fess than
0.1 percent.
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Ficuvne 1. Colfbrotion curwe for compuling f-number of

slandard disphragms when the value of DfA i krown,

III. Results of Measurement

When the values of the scale deflections of the
Hght meter are plotted against the f-numbers of
the standard digphrapme on legarithmic paper,
the resulting curve is a straight line with & slope
nearly equal to 2. The fact that the slope is not
exactly 2 may be attributed to a slight departure
from linearity of the response of the light meter
to varying amounts of light indicated on the
receivar, Thiz eurve, shown as eurve 1 in figure
2. chows the relation between the scale deflectiona
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SCALE DEPLESTION ON LIGHT METER
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Fiauenm 2. Scale doflection on Hght mater versns f-number.
Corvd 1 B for, the etanderd daphrame, Curre 21s for the lene Gnder tedk.
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of the light moter and the f-numbers of an ideal
lans.

In o like manoer, the values of the meale deflec-
tion of the light meter are plotted against the f-
numbers of the actual lens on the same curve
sheet. The resulting curve, desighated curve 2
in figure 2, is a straight line parallel to eurve 1,
but displaced laterally therefrom. This displace-
ment shows in o striking manner the effect of
light lossez in the actual lens. A faivly close
approximation of the relative light transmission
of the nctual lens st a given f-number can be made
at onee, gs it iz simply the ratio of the ordinates
of curve 1 and curve 2 for the given f-number.

It must be mentioned that while curve 1 is
always u atraight line, this is & consequence of
its accurately determined Fnumbers, On the
other hand, the f-numbers for curve 2 are read
dircetly from the lens markings aod are subject
to & variety of errors that will he discussed later
in the paper. Ag & result of these random and
systammatic errors, the points for curve 2 come-
times do not fall as close to the straight line
drawn as could be desired. This s especially
noticeable at the small apertures associatad with
the large f-numhers. However, these varintions
in no way interfers with validity of the final re-
gilts, but are in fact helpful in tracking down
etrors in the f-oumbers.

The values of the calibrated f-numbers for the
actunl lens may be readily obtained from these
curves, The ecalibrated f-number iz a term used
to designate the fnumber of an ideal lens (i. e,
a lens having 10{-percent transmittance} trans-
mitting the same amount of light that is transmit-
ted by the actual lens at & given marked F~number.
The terms T-aperture ratio or T=top [3, 7, 8] and
equivalent sperture ratio [1, 2] are other desig-
nations of this samc quantity. To determine the
calibrated F~rmmber, the value of the scalo deflec-
tion for a given marked f-number of the actual
lena iz noted, and the value of the f-number of
the ideal lens, for which the same scale deflection
is obtained, is read from curve 1. Thia has been
done for 20 lenses covering a wide range of focal
lengths and f-numbers. The results are listed in
table 1,

The unususl values of marked F-numbers,
which are listed in the first column, result from
assigning o .calibrated fnumber Lo the maximum
stop opening for each lens. The maximum stop
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Tanre 1. Mezsured caluee of ihe calibraied f-number for sach eafue of the marked f-pumber for each of 20 fenaes kaving focal
lengihs thal range From 0.5 lo 1.5 dnches
Lame mumber ... L b4 a 4 ] i T & 2 1
11, (L] 1.0 X | L& 1] I a0 30 3.0

Nomhal focal logth (i) o sierann s

Marked Fnambey

CALIBRATED fNTMEER

Lems mommbser. . laiao 11 12 13 14 1% L.} 17 [E 1 20
Nomlioal teal legs (), oee oo 4.0 .0 0 1.0 3.5 3 1% M0 .0 4.6
Marked fnumboer CALIHRATED FNUMRBER




opening of & lens quite frequently does not fall in
.the commonly accepted series of marked fnum-
bers, although the remaining marked f-numbers
of the lens usually do. The calibrated f-numbers,
in most instapces, are larger -then the marked
fnumbers, This is as expected, because it ie
known that some of the light incident on the front
purface of & lens is lost as & result of reflection
back in the ohject space or by abeorption in the
glass. The considerable differences in the cali-
brated F-numbers for a given roarked Ffmumber
indicate sappreciable differences in the light-
transmitting qualities of the various lenses.
This is illustrated in figure 3 where the calibrated
Fnumbers are plotted on semilogsrithmic paper
for 10 lenses. The values are given for the murked
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Fiauns 3. Depariure of the calthrated f-number from the
marked f-number o {14, 718, and 5f18 for 10 fenees.

Tha Une sparathons shown are equal 1o one stop-openlng.

J-numbers, 4, 8, and 18. Departures as great ae
one-third stop-opening are indicated in many in-
stances. Ar the departures may ba in either
direction from the marked stop-opening, it ia
pussible to gelect two lenses such that, on using
each for the same scene at the same marked stop-
opening, the effective difference in exposure is
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equal to that produced by a change in excess of
cne full stop-opening, The fact that some lenses
have calibrated F-numbers less than the marked
stop-opening muy seam anomalous in that it
indicates a transmittance grapter than unity,
This is, however, for the most pari, an indica-
tion of errors in the marked stop-opening and
will be discussad in more detail in a later sestion.

Lens 7 iz of especial interest in that the indi-
cated stop-openings are marked in T-stops, con-
sequently the values of the calibrated f-numbers
are quite close to the marked f-numbers. Lenszes
2,8 7,9, 11, and 20 have coated surfaces to
reduce reflection losses. The gain in transmit-
tance is definitely present but i somewhat
chacured in table 1, because the marked aperture
ratioa fraquently differ Irom the true geometric
aperture ratio,

The fact that the calibrated f-number vories =o
much from lens to lens for the same nominal
f-number gives support te the proposition that
all lengea should ba so marked that differences in
light-transmitting properties ara negligible for a
given f-number. Thizs can be done from the
curves shown in figure 2 by reversing the pro-
cedure used in deriving the information reported
in table 1. The deflaction of the light meter for
a givan f-number of the ideal lens is noted on
curva 1, and the fnumber of the actusl lens,
whith will yield the same deflection, iz read from
¢urve 2. This can alzo be done by plotting the
calibrated fnumber for a lens listed in table 1
aguinst the marked f-number on logurithmic
paper. The marked f-number for a given cali-
brated f-number can then be read direcily from
the graph. This bhas been done for the same 20
lcnses, and the resulis are listed in tohle 2. Ths
table shows the proper settings in terms of the
marked f-number, so that each of these lensea
will vield uniform perfermange for each of u series
of calibrated F~numbers.




TasLE 2. Seilings of the slop-openings i lerms of the marked Faumber {o yield o serfes of calibrated fonumbers corresponding
o 160-pereent lronasmitlonce for sach of B0 [enges having focal lengthe thol range from 0.6 to S7.5 inches

BT T 1 Lo o 1 |l b4 3 4 B 3 7 B L m
Toorninal foeal keogth (od . ____ 0.5 [iN .} 1.4 L4 1.8 2.0 a0 -0 3.0 A6
Calibrated fmomber BETTINGS IN TERME OF MAERERD fNUTMBER
b3 48 2T 2,38 11 242 L 4:11 2 4% X I
a8 3. o 4 D& 384 383 83 4.05 350 ENT F &
B2 &, 0 b B bAT 5 TE 533 8.02 5 5 B [N
8 10 kA | 8, 57 7. 58 8,88 778 B 83 F&--3 178 [ X}
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Nominal foeal brgth (L .. oeeiumivnnn iannnananas [N ] 1] .5 11,4 135 145 5.0 D 30.0 0.5
Calibratad f-oumher EETTINRGE IN TERMEB OF MAREED f-NUMEER—Cootlousd
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IV. Sources of Error in the Nominal
f-Number

In addition to the light loszes in the lens arising
from sbsorntion and reflection, there are several
gources of error that affect the reproducibility in
the amount of light reaching the focal plane at a
given gtop-opening. The first of these iz back
lagh in the iris-disphragm-stop and results in
differences in light transmission, dependent upon
the manner in which the digphregm is set at a
given stopopening. The second error iz &n actual
error in the markings themselves and may arise
from errors in aperture, errors in equivalent focal
length, or ervors in both at the same time. Tho
haclk lash error varies for each lens, whereas tha
error in f-mmarkings coniributes te variations in
performence when several different lenses are in
vse for the same type of work.

1. Errcr in Setting the Lens at a Given FNumbez
When the diaphragm ia set at & given f-oumber,
there iz an appreciakle difference in the amount
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of light passed by the lens, dependent upon the
direetion of movement of the diaphragm contral.
The error arieing from this source has been in-
vestigated, sand the results are listed in takle 3 for
several lenses. This backlash error is determined
by two methods. In the first method, the lens is
mounted on a stand, and the cdges of the dia-
phragm are illuminated from the rear of the lens
k¥ a fixed source. Photographs of the stop-
opening are made with an auxilisry camera placed
in front of the lens. Each stop-opening is photo-
graphed for the condition of the setiing being
made with the diaphragm closing and with the
diaphragm opening. Prints are made of thesa
negatives, and the srea of each image is measured
with a planimeter. Lot the area of the image,
taken for the condition when the eetting is made
by closing the diaphragm, be A,; and the area of
the image for the same stop openibg, taken for the
condition when the setting is made by opening the
dinphragin, be A, Then the ratie A fA, is
sccepted as the ratio of the relative lluminations

Jonrned of Reasarch




in the axial region of the foeal plane when the lens
is vsed under identical lighting eonditions lor
these two provesses of setting the lena at a given
F-number.

TabLE 3. Rolics of refafive ifumination in the azéel region
af the foesl plane for lenaes woed under identical Nghting
cenditiony, asilings being made with the dinphrapm conirol
manng to elose and with the digphrogm conirod maving e
open the fene

Eatln of llght tansmlssions dis-

phrag cloaing (o diaphrayan opening
Equivalent focal lnpth | Foingl —
Flanimetor | Light meter| Welghted

Aglda LyfEs | &versge

m.

[ f.5 101 LM L5
11 1. 102 1,02
18 Loz L L8
1. 8 {z Lig LOT LG8
2 108 111 1,10
1) L1 "Lod 1.9
[ 111 L LW
1L 1.Dp 1.00 L0
1 L8 102 L
2 1.08 L4 L
e - Lot L.06 106
L L] L 1D Lod 112
7] LM L LM
IL 1.0 L0y 100
18 L1 L8 102
2 P LS L 1,05
£ 108 L1l L
45 L.0B L14 1.13
Li{d LIE 1,16
12,8 oL L& 100
14 Lid 1.8 108
% P L 142 1.8
o) Lotk .08 LG8
45 1.08 L2 1,03
L] 108 LO7 107

In the second method, the data taken in section
IT1 is treated in such manner az to zeparate the
licht meter readinge L. taken for the condition
of the setting being made with the diaphragm
closing, and the light meter readings for the same
stop opening L, taken for the condition of the
setting being made with the diaphragm opening,
Then the ratio £./L, is accepted as the ratio of
the amounts of light passing through the lens for
these two conditions and is comparable to 4./4,
obtained by the first method.

The vslues of these ratios are tabulated in
tuble 3 for a seriez of stop-openings for four lenscs,
The differences by the two methods result mainly
from the fact that & greater nutnber of sots of datn
iz used in the determination of £./L,. The third

Calibredion of f-Numbarn

column gives the weighted average with a weight
of 4 piven to L./L, and a weight of 1 given to A./4,
It is noteworthy that this error arising from back-
lash varies for 1 to 2 percent af the larger stop-
openings to as high as 10 to 26 percent for the
smaller slop-openings. It iy eloar that error from
thie cause can be avoided by always making the
diaphragm setting in the same manner, and prefer-
ably in the direction of closing the diaphragm.
There still remains the random error of making
the setting, even if care iz taken to move the con-
trol always in the aame direction, This error is,
however, smzll in eomparison to backlash crror,
and it is belioved that it should be negligible for
the careful worker at the larger stop-openings and
perhaps rising to approximately one-fonrth of the
backlash error for the smaller stop openings.

2. Errers in the Eristing (Geometrical £Number
(a) At W]l npartare

The true geometrical f-number ia obtained by
dividing the equivalent focel length of the lens
by the diameter of the effective aperture. It is
therefore obvious that errors in the value of the
equivalent focal length and the effective aperture
will be reflected by errors in the f-oumber. Tahls
4 lists the nominal and measured vaiues of equiv-

TasLe 4. Comporison of neminal and messured volues of
epuivmlend focal lempld and effeclive aperture for « repre-
gentafive prowp of leneca

Lo | henE ™ YT s | BActive ST |pigere
matnber nkenl Im
facal APErLIre
Nrmiosl | Measured| kngth | Blominal | Magsired
Mm@ m Pereent Mm A Parcentl
) ) . 12, 3% —-1.2 4. 88 T.07 T4
. I 12p [ ) LN} 500 Loy 1.1
: S a6 o5, M 1l 11N 13, B4 2.1
| S L0 H.m i 129 14, 06 B E
- E - 4, 0 £, 6 - % 1481 14, i .o
.0 &1, w +L4 18 K 4. 82 +50
.8 T, 52 -0 5 590 M, W —ie
15,0 75 & .4 i 7.3 2.1
T O 7502 M| a8 F - —01
T2 N - 25 80 M —32
10L& A2 -1 in 53 L LN: Y 18
1T & 180.81 1.B WLk .13 1R |}
j[=/N] 10}, 63 on M M. 17 —i1
oTe Y. BS PR | %2 FLA ! a2
Ha G 551,50 I8 15 T2 .1 -7
4,1 44,14 —h3 4 12 41, =04
I L1 R 1% -1 LFR:r) 1, 1 =1.3
8 ... i 1R HIn. 54 -7 &5, 42 B, 40 -7k
mwo__. T80 THG, -7 0, B .8 I =30
- | S 1,005 | L, 2040 | ) R R I
|
3017




slent focal length and effective aperturs, In
those instances, where the nominal focal length
was given in inches, conversion has heen made to
millimeters. The nominal values of effective
aperture are computed from the values of nominaf
foeal length and nomins] fnumber. Examination
of this table shows that the measured value of the
equivalent focal length is within 42 percent of
the nominal focal length for 15 of the 20 lensea.
The average departurs for the entire 20 lenses in
+1.7 percent. The errors in effective aperture

are a8 high as +8 percent, with an average for 19
" lenges of &4 percent. Nine of the nineteen lenses
show errora in sffective aperture in excess of +3
percent. It is doubiful i the errors in focal
length can be brought below 12 perceni during
the process of menufacture, but it does seem that
the error in aperture at the maximum aperture
could als be redueced to 2 porcent.

Ag a result of these departures of the measured
valuea of the equivalent foeal length 2nd effectiva
aperture from their nominal values, appreciable
errors in the Fpumber are produced. This is
shown in table 5, which hista the nominal end men-
gured f-numbers for the same group of lenses. The
errora in the f-nnmbers range from —6.8 to +11.1
pereent. The effoct of these errors in terms of
relative transmittance is shown in the last column.

Tapie 5. Nominol and megsured values of the f-number for
o representalive growp of lemaes

fmomber
Nominal [ PError in | Belative
Leny nomber iyrd | Mg | UG w
Numiml* sured

e Prveemd
e 115 18 LT -8 115
T 2.1 n .62 i3 LY}
T 36 4 14 L9 —L8 1.0
L 1640 ry 3.497 =11 1
L T o 7 2,2 4.4 o
L0 A 2,42 ] 1,08
5,8 1 2,07 -b Y 1,13
¥h. 0 F R 2,7 —1H 1,4
Ti.0 3 2. 60 on L0
.2 30 I 1.1 0.8
DL & 25 5 4 0.9
1T B % [N ] 1.4 a9
1503 -2 4T &2 b
Fr1 N ] [ A1 T.% -l £ 1.
Hib B 8.3 1.1 it i1
L. T 1149, 1 '8 1o, 12 B 5 B
I e 162, 4 11,0 11,13 12 R:
1B e acran 4.4 1.0 .78 1 _BY
1 bR 1L 6 12 za .8

These values of relative transmittance show that,
neglecting [oszes in the lena, the difference between
nomingl fpumber and true geomeiric f~numher
may alone produce deviations of aa much as 19
percent between the expected and actual values
of the amount of light passed by the lens, It must
be emphasized that these differences are present at
maximum stop-opening where the offective aper-
ture is that of & true circular opening and not that
of a many-sided opening, which is operative when
the aperture is determined by the iris diaphragm.
In & out of 19 casea, the relative transmittance
deviates from unity by 10 percent or more, which
may produce significant differences in expospre
time in sgme instances of use.

(b) Errors in the marked f-numbers at rednoed apartgras

It iz clear that errors of the type deseribed in the
preceding section are also present for all of the
tuatked fnumbers. Because the aperture formed
by the usual many-leaved iris diaphragm is a poly-
gon, the sccuracy of determining the diameter of
the effective aperturs is somewhat less than that
for the full aperture, where the limiting opening is
cireular, Where the number of lenves is greater
than six, two diameters at right angles to cne
another are measured, and the average is con-
aidered to be the diameter of a circular opening of
the same area. For those diaphragms having four
to six leaves, the area is computed from two or
three diameters, and the diameter of the equivalent
circla is used in computing the fnumber. It is
beliaved that the f-number abtainad in this manner
is correct within 32 percent for the amall £
numbera and rising t¢ +4-5 percent on the average
for f-oumbers greater than 22,

The errors in the f~number markings for twelve
lenses are shown graphically in figures 4, 5, and 8,
whore the marked fnumhera are plotted as ordi-
netes and the trne (messured) f-numbers are
plotted as abscissae. The dotted line with slope
of unity passing through the origin is the line upon
which the marked fnumbers wonld Lie if thers
werg ne eitor in the markings. The poinis are
plotted on logarithmic paper, se that one may see
at a glance what the magnitude of the error is in
terma of fractions of a stop-opening. For exampla,
in the case of lens 3, fizure 4, the true Fnumbey
corresponding to the fonumber markad 16 15 12.9.
This error of marking is elearly shown on the graph
to exceed ono-helf stop. For lens 10, figure 5, at

Joarnal of Research




4 %
LENS M| ’ LEME W22 Ful
o e o FE8 (a2 aN /
/ / coafED -
113, y
P J V4
1] ,i' -
a7 / P
v /o
i w ,_,/“/.;m TRANSMITTANCE 7{ D83 TRANGMITTAMGE
c v ! X
5 o =
: ., | 74
s | / L
2 d 2 zd  * =T B R T R . B S T I T 2.
E’“ 7 %4
% oo s . LENS Bk e
_EJ é‘ﬂLETﬂ;I L // 12T FSGN /
I 4 //?;
=
§ L2 ¥ é’ /"E a
a7 u“/ :E <
an zEl//
7/ 067 TRANSMIT TANCE -—y{:d:—cm TRANSM TTANCE
ul_ :.J " r
7 7
2af— g
% Y
14 Y TR TR ¥ AT R TRy =y v A TR TV R % AR T STy Ol ] 3

TRUE F- mmBER
Fiaure &4, Merked and colibrated safucs of f-number versug irue geometric f-number,

Thett ¢ircler Indirate the marked fonmbers, nad the crosses indicate tha calibraied Spurnbirs, The circles would fall wpon b doktad dimgonal line If marked
sud {rue foumber werd sqoal  The svoesad wnld tall upon tha dotied Jos iF (b wnstiktance wam 100 percant,  The sepavatiog of the dotted- and solld-lns

- ¢Tmrves Fives L measars o (he tranamittancs of the lens. The abeps in the net oques! cor stop-opening for ready appraigsl of diMorenees in Imctlons of & Stop-
opeaing, -

Calibration of F-Numbmws
AORITO 48 &




L
e LENE W8 U LERS Mn A

(2% I+T.30M 4’ iy //
-

1

.
pe)
-‘?://A-u:: TRAMEMITTAMGE 7/ a5 THANSHT TANCE
r
s

B8

\E
N
N

T~
o

18D LK LT

MARAKED AND CALIBRATED VALLIES OF IMICATED F-NUMBER
4
5
b
I
g
7

) -
4
]
d

" Vs
» LEnE MO {/ LENS mMO3 /
[ERRTEY // s TS A,f
LA Bl

e X

1 r/ L /}J'/
¥ },r/;,A
1.5} / f =
A" 77 .
i /}ﬁ -/

o i/' D55 TRARSITTANGE 7, A= OTE TRANEMTTANGE
a7 i v L

T i
Ficuez 5. Marked ard colibraled valuea of fonumber seraus frue gesmelrie f-tiumber,

Tt pirales Indicats the marked fFomnbers, snd ¢he oroases indicate the calibraled fowmbers, T'he olrelss woold (B npon the dogeed diagonsl e iT oparked
A frrn S berp wers sqnal.  The croases wroakd fall upon the dotted lne ir (e rananidt i ware 100 perosnt, The sgparation of the Jotled- sad selid-lioe
SAEves gived & messurs ofF the tranemitienca of the lang, The steps o the net & sl one aap-prenltg fop taady appestonl of Aifsraoosd o frectioos of e stap-
opealng.

310 Jowrnat of Research




- | /J// Mot /‘IK/
e4.01 'lft“: :?}Ieu lfrE?r? Frilam I, -
)’_/
40 3 - —
L/ ¥
20 Y 2
S 3
zesl e i
. ! x§/ =
E ol v %4
: g/ e I /A—
E ILH. ‘..-"":/’ /? -]
% “_K/T‘J’
" 7
w ”ﬁ'
5 92 1A D 226 320 430 SAG M AT A0 1B G0 226 A20 450 MO BOD
>
hd. Krl
] | izl v
o LEKS WLIT A LENS HOIN At
a' Irk 1AM, / p et 1=30m i/ '/
% cao ﬁ /.-—""
[=]
; i rd i <
“0 ra
f}(/.r"f /K r/
20 —~ )I" ] 7
228 ’x'/ i
e, x
71: T THAMNSNIT TANCE —71 /ém TRANINITTANCE
{1+ 7 s /}{
nk ;} /
L Z % L
BT RO T N5 A5 A5 300 TAr R0 0 WD IZE 320 atD AT 90 Tea0

THUE F- HUWHER

Frounk 8. Morked and cafibrated weluer of f-nwmber perans frue geometric forwmber,
The ¢irtles indlcais (ha marked Frmmbers, and tha aroases indisste Ko ealibraked Fooambers. The circles wenld Sl opon the dottad dagpona) Lina B ourked

and troe foamisers were aqual.  The orecpes woukd fall upen the dokiad lioe I ths tranamittance were 100 peroeny.  The separation of the dotbed- and solid-1ine
crved ghves & measureof the iransmittancs of thelene.  The plaps it ihe pet squal 0neatop-opening farready appralsnl of difavendcd o ioactioos of & stop-ponig.

Calllwation of f-Numbers 3l




Ji16, the true f-number is 18.4, or more than one-
half stop in the opposite direction. For lens 12,
figure 6, the values of marked and true f-number
are very close together throughout the range of the

V. Measurement of Traonsmittance

1. Transmittance at Full Aperture

It is possible, on the hasis of the information
obteined in the course of this experiment, to
determine the licht transmittance of the lens
itealf. It must be emphaaized, however, that the
transmittance 80 determined is the ratio of the
amount of light passing through the lens to the
asmount of light incident on the front surface of the
lene, and doea not differentiate between image-
forming snd non-image-forming light. There ure
two ways of making this determination. The first
method yields the nominal {ransmittance, and is
simply the equare of the ratio of the nominal
J-number and the ideal fnumber that gives the
game deflection on the light meter. Yalues ob-
taitied by thie method are listed in tabls 6, under
the heading of nominal transmitience. Sinee no
engnizance iz teken of the errors in the nominal
fnumber, the nominal transmittance is affected

Taeis 6. Nominad and acfusl salues of the transmitlanece
at full aperiure for o represendodive grouwp of lemees
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by the ertor in fnuinber, n= well as hy reflaction
and absorption losses in the [ens.

The second method yields the actual transmit-
tance and is the square of the ratio of the measutred
and calibrated fnumbers. Since this method
rules out the arror m F-number, the actial trans-
mittance is affected only by reflection and absorp-
tion losses m the lens.

It i interesting to consider lenses 16, 17, 18, and
1%. These wre all of the same type. having 8
glass-air aurfaces, but ranging in focal length from
16.5 to 30 ina. The nominal fransmittance for
these four lenses variea from 0.59 to 0.85, whereas
the actual transmittance i Blmost invariant,
changing from 0.67 to (LG8,

The effect of antireflecting coatings on the lens
surfaces ¢an be seen in this table. Tenses2 3,7,90,
snd 11 are coated, and all have trensmittances
that exceed 80 percent. Only one, 5, of the un-
conted lenses has a transmittance above 80 percent,
and the temaining 13 lenses have transmittances
ranging from 62 to 75 percent, with one lene (1)
falling as low as 54 percent. The antireflecting
coatings inerease the tranamittance by 25 percent
or more. Even so, consideration of the actusl
values of the transmittance shows that 10 percent
or more of the incident light iz still lost by the
coated lens. This is not surprising when it iate-
membered that antireflecting films usually yield
close to 100 percent transmittance for only one
wavelength of light. Accordingly, when a broad
region of the spectrum is covered, as iz the case for
white light, the transmittance measured is the
average for the whole region.,

The fact that the values of transmittance ob-
tained by this procedure are affected in some small
amount by the presence of nenimage-forming or
peattered light eannot be considered a8 important.
It 1z improhabls that markedly different velues
would be obiained by the nse of collimated light
incident on the front surface of the lens during the
experiment. In any comparison between the
broad source method of measuring tranemittance
or celibrating a lens and the collimated light
method, it is unlikely that light scattered by the
lens will produce appreciable difference in the end
result. The beoad source fills the lens with light,
giving rise to & greater amount of scatiered light.
However, the diaphragm in the foeal plane rigidly
restricts the measured scattered Jight to that fall-
ing within a small area. The collimator system, ot
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lenst for the larger aperture, lluminates the inner
surface of the barral with light at small angles of
incidenee faverable for refloction. All the light
that is scattered and emerpes from the lana ia eval-
uated by the detector. It is difficult to sny which
will give the most weight to scattered light,  Cer-
tainly for a wall-constrncted lens, the differences
in tesults obtained by the two methods will be
small. For » lens purposely made to reflect the
light from the mount, the result is open to question.
Howewer such lensos do not constitute a threat,
becanse they would not make satisfactory phoio-
graphs. The extended source does give n measuro
of the light (some of which is zcattered), which will
beincident on a central area of the film whan photo-
graphing a subject with s ressonably average il-
lumination over the entire field. The collimator
method gives a measure of the light available over
& ceniral area of the film, plus all scattered hght,
when photographing a relatively emall bright
source on & darck pround.

2. Average Transmittonce for All Apertures

The value of tranamittance obtsined in tha
preceding section ia a Teliable one for full aperture,
but, since & lens is frequently used at reduced
stop-opening, it iz advantageous to consider a
method of determining average tranamittance
throughout the entire range of siops. This is
done by plotting the calibrated f-number against
the true j-numbers as has been done for 12 lenses
in figures 4, 5, and 6. ‘The crosses show the rela-
-tion thus obtained. It iz clear that these crosses
lia on & straight line, shown as & solid line, parallal
to the dotted diagonal line. I the crosses fell on
the dotted line, it would indieate s transmittance
of 100 percent. As it is, the displacement of the
tolid line from the dotted line gives at once a
measure of the aversge transmittance for all
aperturea. This has been computed from the
curves, and the value of the averape transmtiance
for all apertures is shown for each of the 12 lenaes
in the proper figure,

It is worthy of mention that this method of
plotting the resulis of measuretnent serves the
dual purpose of showing the consistency of the
method of calibration and the reliability of the
meaaured wvalues of true fnumher. Errors in
either operation would cause the c¢roeses to fall
nway from the solidline curve. The fact that
these deviations are small indicates that both

Callbeation of f-Numbors

calibrated and true fnumbers have been quite
accurately assigned.

VI. Summary

The preacnt aystem of marking the diaphragms
stops, in terma of the geometric f-number, is
aubject to serions deficiencies so far as uniform
performance for lenses set at the same marked
stop-opening ia concerned. Decisions regarding
the proper exposure time to use at # selected stop-
opening may be in error by 410 parcent for & lens
whose surfaces do not have antireflaction coatings, -
and by even.preater amounts for a lens whose
surfaces do have antirefloction coatings. These
errors arise from differences in the reflection and
absorption losses in the lens elements themselves,
departures of the measured from the nominsl
focal length, and departures of the measured
diaphragm openings from the nominal diaphragm
openings. .

A method iz described whereby a lens can be
calibrated by a lizht meter in terms of an ideal
lena, 20 that the veriation in axial llumination in
the focal plane need not exceed 42 percent in
using different lenses set to the same calibrated
stop-opening,
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