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ABSTRACT

It is possible to use a two coherent point sources target, with , 
a separation much greater than the resolution limit of a diffraction- 
limited. lens, to determine the best focus of a photographic system. The 
interference pattern formed is a function of the focus error. Measure
ment of its characteristics (fringe period, fringe number, etc.) for dif
ferent focus errors should indicate the best focus. Since the measure
ment is made at a long distance from focus, there is no ambiguity as to 
the direction of the best focus position relative to the film.

An experiment, where known focus errors were introduced on both 
sides of a visual best focus for a two coherent point sources target, was 
designed and carried out, for a 3$ mm camera system, to determine the 
usefulness of such a method.of best focus determination. : A comparison 
test was made against a standard resolution versus focus error method.

The experiment showed an unambiguous best focus within an error 
of 10 microns. The focus position was unambiguous because the final rela
tionship studied was linear, and only one value was obtained. In general 
the new method appears to be faster, simpler, cheaper, and more accurate 
than the standard resolution method, and does not require special instru
mentation oh the camera being tested.



. INTRODUCTION• > - - ■

One of the well known methods for determining the quality of a 
photographic image is by means of its resolving power (Mees and James 
1966, pp. 5>1U~520), For optimum resolving power, as well as for the 
best overall definition of the photographic system, the focusing is very 
critical. There is a certain tolerance in focusing over which there is 
no apparent change in the size or sharpness of the image, but beyond 
which deterioration begins to take place. This defines the depth of 
focus. An unambiguous determination of the position of the region of 
focus is required. One way to obtain this is to make a series of expo
sures at different focus positions and then select the one with the high
est resolution as the one that is the best focus. This is lengthy, de
pends largely on the observer, and requires a range of focus positions 
to be used one of which must include the best focus.

An alternative in the problem of best focus relative to the posi
tion of the film at the time a picture is taken, is.to get the informa
tion from the geometry of the system and the use of a specific object.
The idea is to use two coherent point sources, at a given separation S, 
as a target. These point sources will.cause separated overlapping wave
fronts to be propagated toward the image plane of a lens system. A 
fringe pattern is formed in the overlapped region of the wavefronts. It 
is analogous to the fringe pattern from a double aperture interference



system (Young's fringes)} where the point sources images act as effective, 
point sources. Measurement of the period of the fringes should indicate 
the distance, a, between the plane where the fringes were recorded and 
the focal plane, which is the origin of the effective sources. The number 
of fringes within the pattern should also be a function of the focus er
ror and counting of them should indicate it.

For an object distance (1^) much greater than the focal length of 
a diffraction-limited lens (f), the diameter of the light beam (d) at a 
distance (a) from the focal plane can be determined from a consideration 
of Fig. 1. Using similar triangles,
(1) d/a = D/f,
(la) d = aD/f,
(1b) d = a/F,
where F is the f/number.

By imaging two coherent point sources with this lens, for the
condition 1 »  f, the geometry of the new physical situation is summari- ° .

zed in Fig. 2. An amplified view of the overlap region of Fig. 2 is shown 
in Fig. 3- This is needed to obtain a relation between the separation of 
the light beam centers and the other parameters defined in Fig. 2. Again 
using similar triangles,
(2) sa/(f-a) = s/f,
(2a) s = (f-a)s/f,8.
where s^ is the separation of the light beam centers at a distance a from 
the focal plane. This is illustrated in Fig. U as a front view of a plane 
through a.
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Fig. 1. Diameter d of a Light Beam.
For an object at infinity the diameter of the light beam after 

oassing through the lens is given by d=a/F, where a is the defocus from 
the focal plane and F is the lens f/number.

cx —

Fig. 2. Imaging Two coherent point sources for 1q»  f.
V.hen the object distance (1 ) is much greater than the focal

length (f), two coherent point sources at a separation S will be imaged
at around the focal plane with a separation s. The wavefronts emerging
from the lens will have an overlap c and their centers will be separated
bv s at a distance a from the focal plane, a

Fig. 3. Wavefronts' Overlap in Image Space.
Amplified view of the overlap region of Fig. 2.
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1

Fig. U. Front view of the overlap Region at plane through a.
The shaded area is the overlap c between the light beams at a 

distance a from the local plane.

c

■f i l»r» pi

Fig. 5. Interference of Two Point Sources at a Distance a.
If the ooint sources image are considered as effective point 

sources they will interfere at a plane through a in a form analogous to 
Young s Experiment.
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The shaded area in Fig. ii is the overlap (c) between the two 

light beams. This overlap can be expressed as a function of the separa
tion of the centers (-s ) and the diameter (d) of the beams. From Fig. it,
(3) c = d/2 - x,
(3a) c = d/2 - (s^ - d/2),
(3b) c = d - s&, for d >'■ s .

Using equations (1b), (2a), and (3b) the overlap (c) is expressed 
in.terms of the defocus (a), the image separation (s). and the f/number - 
(F):
(3c) c = a/F - (f-a)s/fo.
This equation is valid only for the condition of overlap, namelys 
(U) a/F > (f-a)s/f,
(iia ) a/F > s - ( as/f),
(l|b) a/F ^  s, since f »  a,
(Uc) a ̂  sF.

A different interpretation of the physical situation presented in 
Fig. 2 is to consider the point sources images as effective sources as 
shown in Fig. 5* This situation is analogous to Young's Experiment 
(Halliday and Resnick 1961, pp. 902-906), where the fringe period is 
given by P = Ag/h, where

A - wavelength of the radiation used;
g - distance between the double apertures and the screen; 
h - separation of the apertures.

Using the notation of page U the fringe period is given as
(5) P = Xa/s.



The number of fringes (n) within the pattern can"be expressed as 
a function of the lens parameters as follows:
(6) n = c/P,

/(Aa/s ),
(6b) n - (a/F - s)/(Aa/s),
(6c) n ̂  s/FX - s2/Aa,
(6d) n = s/X(l/F ~ s/a),
(6e) n = s/AF (1 - sF/a), ..
(6f) n = sNm(1 - sF/a),
•where is the cut-off frequency of the lens.

Since the period (p) and the number of fringes (n) within a 
fringe pattern are a function of the defocus (a), as shown by equations 
(5) and (6f), both of them could be used to determine the best focus of 
a photographic system. From a time consumption point of view the fringe 
counting method seems superior to other methods available, but.the accu
racy of the technique must be found first. For this and for the period 
measurement method tests have to be conducted to determine the usefulness 
of them. The experimental values should be compared with the theoretical 
ones| and the best focus obtained should be compared with a value- from a 
well known technique of best focus determination.

The derivations in this introduction presume aberration free wave
fronts . Presence of small aberrations will alter the shape of the 
fringes somewhat as test is analogous to shearing interferometry of wave- 
front. However, although this is a very important part of the general 
theory, at the present this is out of scope of the following study.

(6a) n = fa/F - (f-a)s/f



Still time was taken to study the best focus determination methods' for 
off-axis imaging. (See Appendix B.)



PROCEDURE

During the first part of the study the important factor was to 
set up a photographic system that would image two coherent point sources 
on the focal plane5 in order to find out if a defocus£a from the focal 
plane would show as a certain fringe pattern on the film plane. There
fore, it was felt that, to begin with, a simple photographic system would 
do the job. Then as the experiment progressed on to higher accuracy re
quirements a more sophisticated system would be set up. A 35 mm Honeywell 
Pentax, single lens reflex camera with an F/l»U, Super-Takumar lens was •
the main component of the preliminary system. This set up turned out to

' • .be satisfactory for the accuracy requirements of the whole experiment.
Starting with the .35 mm camera, the proper distances were deter

mined in order to select the necessary equipment. The determination of 
the maximum conjugate distances was done by finding the range of useful 
values for the separation of the point sources object (S) and the point 
sources image (s). A plot of equations (5) and (6f) for fringe period 
(P) and fringe number (n), respectively, as a function of the defocus 
(a) provided a rough way of getting the proper range. These graphs. Figs. 
6 and 7, showed that a change in point sources image separation (s) from 
0.01 to 0.10 mm was large enough to produce a distinct set of parametric
curves to study. Also the maximum separation of the point sources object
(S) was taken as a desirable value of 5*0 mm. For these conditions of 
object and image size, and since the object distance (1 -) was going to .

8



9

i
3-

■ao
Z
&
A-

O'0f
VU.

-10

100100 SCOzoo 400300
D e f o c u 3 ,

Fig. 6. Fringe Period (P) versus Defocus (a) Theoretical Curves.
The relation P = Aa/MS was plotted as a function of the defocus

(a) for various values of pinhole separation (S), wavelength of radiation
(A) of 0.63 and demagnification (M) of 1AU.
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Fig. 7• Fringe Number (n) versus Defocus (a) Theoretical Curves.
The relation n = MSN^jj - (MSF)/aJ was plotted as a function of 

the defocus for various values of pinhole separation (S), demagnification 
(M) of l/UU, lens cut-off frequency (N ) of 317 lines/mm, and f/number 
(F) of 5. ”
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be much larger than the lens focal length (f), a. relation between object, 
distance and focal length was obtained as,
(7) io = 50.0 f.
This was done by asswing maximum values for the object and image point
sources separation, and using the fact that the magnification is given by

. . . '
M - s/S ='f/l . Since a lens of 50 mm focal length was going to be used,
from (7) an object distance of 2.5 meters was required. This set the lim
it for the shortest useful optical bench. Another important factor that 
entered into the selection of the proper magnification was the fact that . 
the size of the point sources images must be smaller than the Airy disk 
of the lens (Mees and James 1966, p. 507) in order to act as effective 
point sources. This was accomplished because the diameter of the Airy 
disk, given by 2.UUF, came out as 0.1; mm versus 0.1 mm for the size of 
the point sources images, S =, 5»0 mm and M = 1/50.

An f/number of about 5 was- chosen as a desirable value for the 
light cone, since the lens could be considered as substantially perfect
when stopped down to this extent. . (A separate test was planned for the
case when aberration is present.)

As shown in the Introduction, the procedure of defocusing con
sisted of moving the film plane a distance ± a from the focal plane, A- 
mong the problems that had to be solved were the degree of change of de
focus («&a) that was to be studied and how to measure it. With the use of 
the 35 mm camera another problem was added, that of whether a change in: 
the lens position for a fixed film, plane would be equivalent to a change "
in the film plane for a fixed lens position.
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By plotting the theoretical curves for fringe period and fringe 
number for different values of point sources image separation (s), as 
shown in Figs. 6 and 7, a feeling was obtained for a proper value of de
focus change («6a). This value was selected as. 100 ± 1 pm, since it was 
felt that such a magnitude was large enough to produce a significant 
change in fringe period and number. It was also an easy magnitude to 
measure. A dial gauge was chosen to make the measurements, but the way 
of using it with the 35 mm camera was unclear at the moment. :• ,

Fig. 8 shows the relation between object distance and image dis
tance for a 35 mm camera when 1q>> f. Using this figure it can be shown 
(see Appendix A) that a longitudinal, displacement of the lens to the 
left, by rotating the lens barrel, of r units is approximately equal to a 
displacement of the focal point from the film plane. Thus by displacing 
the lens the same effect is obtained as when moving the film plane. 
Therefore, the same theory applies in both cases.

The first technique for measuring the defocus consisted of plac
ing a dial gauge in contact with the lens barrel. Then when the lens 
was moved along the optical axis the displacement was shown by the gauge. 
But the vibrations introduced while cocking the shutter made it impos
sible to get accurate readings. The second technique used consited of 
selecting a visual best focus for two coherent point sources at a given 
object distance. Then marking this position on the camera (aQ) and seven 
other positions on both sides at intervals of 100 microns. These defocus 
positions were marked after measuring the proper distance with a vernier 
caliper from the camera back to the front of the lens barrel. This
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 f

(b)

Fig. 8. 33 nun Camera System.
(a) Camera focused at object distance where lo»  f.

(b) Camera focused at 1q - a, where a is the defocus.

"DiS c Ckle m

Fig. 9. Defocus Positions.
Seven defocus positions were marked on each side of a visual 

best focus (aQ). The Focusing Ring and the Distance Index Mark were 
used to change the defocus position.
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technique proved to be effective and 15 defocus positions (see pig. 9) 
were available for study.

With the defocus measurement problem solved, the next considera
tion was to select an appropriate film and to determine the correct expo
sure. The main factors in selecting the type of film were a need for a 
high degree of enlargement and easy availability from the Optical Sci
ences 1 photo graphic Darkroom. The problem of determining the correct 
exposure for any film selected was different because every defocus posi
tion required a different exposure, A shorter exposure was needed for 
best focus position than for one away from best focus. These considera
tions led to the selection of Kodak plus-X Pan film (ASA 125), but after 
being unable to get the right exposure time a change was made to a finer 
grain film, Panatomic-X (ASA 32). After being unsuccesful in obtaining 
the proper exposure by varying the camera shutter speed dial, it was 
clear that the intensity of the laser beam had to be reduced. The first 
technique tried consisted of keeping a constant exposure time (1/60) and . 
varying the beam intensity by means of the relative rotation of two Polar
oid filters, one attached to the laser tube and another fixed in front of 
the laser beam. This, with a lot of difficulty, gave the right exposure, 
but the repeatability was very poor. Continuing in,this track, neutral 
density filters were considered in combination with a fixed Polaroid 
filter. Exposure and repeatability came out excellent, but the filters • 
were too cumbersome. This led to a Kodak Photographic Step Tablet Mo. 2 
which was easier to work with and gave a much.better repeatability
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in controlling the exposure. At this stage the system as shown in Fig» 10 
was ready to generate data.

The external aperture shown in Fig. 10 was added to the system 
because during the preliminary tests, conducted to obtain the proper ex
posure, it was clear that the pentagonal shape of the camera diaphragm 
was causing deleterious diffraction effects on the exposures.

Film processing was done following Kodak recommendations. It was 
developed in Kodak Microdol-X 1:3 at 72°F for 12 minufes in a nitrogen 
burst tank with agitation every 15 seconds» The fixing was done under the 
same conditions with Kodak Rapid Fixer for U minutes®

An American Optical compound microscope with a xlOO power was 
used to determine or examine the exposures in order to select the proper
ones. A IQx filar micrometer eyepiece (AO) was used with the microscope
(lOx objective) to measure the fringe period, point sources image sepa
ration, and pinholes separation.

Since a radiation of 0.63 microns (He-Ne Laser) was used as a 
light source, to keep all the work in the same region of the spectrum a . 
Kodak Wratten filter 25A was used in front of the lens when making expo
sures of the USAF Resolution Test Chart.

The point sources were mechanically produced. Two pinholes, made 
on aluminum foil with a needle, were placed in front of the laser beam in 
such.a way as to get the point sources. Different pinholes were prepared 
for each separation used.



Fig. 10. Experimental Set Up.
The final experimental set up, as shown in pages 16 and 17, 

consisted of a 35 mm Honeywell Pentax, single lens reflex camera with 
an F/1.U, Super-Takumar lens (A); a 12 mm diameter external aperture(B) to provide an effective F/1i..2 system; a set of two pinholes (c) 
at separations of I4.O6, 7̂ 8, and 120lt microns; a polaroid filter and 
Kodak Photographic Step Tablet No. 2 .(D); a He-Ne C. W. gas laser (E) 
and a 3 meters "I" beam optical bench (F). The object distance (1 ) . 
from lens to pinholes was 2.2 meters. 0



Fig. 10a. Experimental Set Up.



Fig. 10b. Experimental Set Up.



RESULTS AND ANALYSIS

One result of the preliminary exposure tests was a change from 
the method of best focus determination by counting the number of fringes 
(n). Although it was possible to count the fringes, a difference of less 
than one fringe was difficult to estimate accurately. Figure 7 shows 
that, for a given separation of the point sources image (s^), the fringe 
number (n) does not change abruptly after a certain defocus value for s^ 
less than O.Oit mm. Therefore, small changes in defocus, like the ones 
being studied, bring smaller changes in the number of fringes. Since it 
was difficult to descriminate between the small difference in the number 
of fringes, the value obtained for best focus was inaccurate. These 
facts weighted considerably in placing the full attention on the second 
method of best focus determination; fringe period.measurement.

During the preliminary tests a pinhole separation of 7U8 pm was 
used. Now this same separation (Sg) was going to be used under control 
conditions to study the. fringe period behavior throughout the 15> defocus 
positions previously chosen. A test using a 1951 USAF Resolving Power 
Target (MIL-STD-150a 1959) with a Kodak Wratten filter # 25a was used as 
a control. The data was to be compared with theoretical values in ob
taining the best linear fit. Before starting the exposures the fringe 
pattern on the film plane was studied in detail.

A microscope was placed behind the camera and focused on the film 
plane. It was readily verified that a departure (Aa) from best visual

18
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focus (aQ) introduced a series of fringe patterns with a characteristic 
fringe period (P^). There was a range of defocus values from a^ over 
which no apparent change of the image took place« At around +100 microns 
fringes, started to appear clear and sharp in a pattern of about 260 
lines/mm. Since the resolution of Panatomic-X is around 200 lines/mm, 
fringe patterns for defocus values of around ±200 microns from aQ were 
expected to be.recorded for a pinhole separation of 7k8 microns. (See 
Tig. 11 for an illustration of the fringe patterns obtained with a dis
placement of a units ,on both sides of aQ.)

Figure 12 shows a plot of fringe spacing versus defocus for the 
experimental and theoretical values (S=7l|.8 ̂ m). Fringe patterns for defo
cus, values of less than 300 microns were not measurable. This fact and 
the large departure of the curves at large values of defocus led to a re
measurement of the defocus positions. This time the camera was placed on 
a level surface on such a way that the lens barrel was in contact with a 
dial gauge (762 microns total travel and 12.7 microns/division) as shown 
in Fig. 13. Then by rotating the lens barrel until one of the already 
marked defocus positions was in front of the exposure indicator (see Fig. 
9), setting the dial gauge to zero reading, and then by rotating the lens 
barrel to the "next position the defocus change (Aa) was directly read 
from the gauge. These values of defocus change were way off the intended 
100 microns.(see Table 1). A plot of the theoretical and measured values 
of period using the new values of defocus, Fig. 1k} showed better agree
ment, but still the departure at the extremes was noticeable.



Fig. 11. On-axis Focus Series.
A displacement of ± a. from the focal plane, when imaging two 

coherent point sources for 1 » 1f, causes a fringe pattern with a char
acteristic fringe period to appear at each plane. Where 1 and f stand 
•for object distance and lens focal length respectively.



Fig. 11. On-axis Focus Series.

rv>O
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Fig. 12. Measured Fringe Period (P) versus First Set of Defocus 
Positions.

The first set of fringe period measurements for a pinhole sepa
ration (s) of 7U8 >m were plotted versus a set of defocus positions at a 
100 Jim interval. The departure of the measured curve from the predicted 
one led to a remeasurement of the defocus positions.



22

(b)

Fig. 13. Defocus Change (aa) Measuring Technique.
(a) Top view of dial gauge in contact with lens barrel. By

changing the defocus nosition the defocus change is read directly from
the dial gauge. (b) Front view of dial gauge scale.
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Fig. lii. Measured Fringe Period (p) versus Second Set of Defocus 
Positions.

After remeasuring the defocus oositions the fringe period 
values from Fig. 12 were replotted versus the new defocus position 
values. Still the difference between predicted and measured value 
was very large.
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Table 1. Defocus position values.

a7 a6 a* a ^ a 3 a2 a1 a0 a1 a2 a> au a5 'a6 a7
Predicted* 700 600 500 k0° 300.200 100 0 100 200 300 Uoo 500 600 700

Actual . 711 606 U95 W  >03 20li 108 0 91 178 26U 337 IflU 518 582
"’'All measurements in microns.

On the same roll of film exposures were made of the resolving-
power test target at each defocus position. A plot of the resolving pow- 
er versus defocus, Fig. 15, put the best focus to be between a and aQ 
defocus positions. The fact that the best focus did not come right on a^, 
but to the left of it, gave a new idea for curve fitting. Instead of 
trying to compare the measured values to the predicted ones, all the val-. 
ues for fringe period were plotted on the same set.of axis as the resolu
tion ' values and the points were fitted with the best straight line. This 
-line crossed the abscissa axis (defocus) at around 50 pm left of a^ (see 
Fig. 16). Therefore, a unique method for getting the best focus was- 
found. As Fig. 16 shows the best focus obtained by both methods came 
very close to each other, 50 and 55 pm. Also, since the relationship 
between fringe period and defocus is linear, not all the defocus values 
had to be studied to find the best focus. From there on only three defo
cus positions on each side of a^ were. used.

In order to determine if the best focus for the given object was 
unique as the theory had predicted, a second control test was run using 
three sets of pinholes separation. Values of U06, 7U8, and 12014. microns 
were used this time (S^, Sg, and.S^). For the resolution test target
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Fig. 15. Resolving Power versus Defocus Curve.
A series of exoosures through a range of defocus values was run 

on a 1951 USAF Resolution Test Chart with a Wratten filter 25A. The re
solving power in lines/mm was plotted versus the defocus in microns.. A 
best focus of -50 pm is shown by the curve. (Each data point is an aver
age from two resolution determinations.)
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Fig. 16. Best Linear Fit for the Fringe Period Measured Values when a 
Pinhole Separation of 7U8 pm is Used.

By fitting the data points, for fringe period versus defocus 
values, with the best straight line a difference of less than 5 pm be
tween best focus values was obtained. (For the resolution curve the
ordinate represent lines/mm x 10.)
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additional defocus positions were added around the values that gave the 
maximum resolution in the first control test. The results of the new test 
was a value of ItO microns left of a^ (see Fig. 17) for all three linear 
curves and the resolution curve.

It is clear that one of the most important results was the tech
nique of data analysis or curve fitting. Prior to the start of the labo
ratory work a decision was made as to how to analyse the data. Because 
the relationships between, fringe period and fringe.number versus defocus 
were derived prior to any experimental work,'the plan was to plot the 
measured values and to compare them to a plot of the predicted .ones. This 
among other things would have shown the accuracy of. the method. But this 
approach had the implied assumption that the best focus position for a 
given object distance was known precisely. Then, the first set of data 
for fringe period and resolution showed that the chosen "visual best fo
cus" was not the actual best: focus. Therefore, trying to fit the data in
to a linear relationship passing through the origin (a^), as the predic
ted curve, was no longer valid^ Instead, a decision was made to fit the 
data points with the best straight line and independently of the predic
ted curve. This turned out to be a very useful solution. Whether this is 
the best approach for an operational application is not clear. A combina
tion of the two techniques is likely to be required.
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Fig. 17. Best Linear Fit for the Fringe Period Measured Values of Three 
Different Sets of Pinhole Separation.

A common best focus value of -US microns was found, n , results 
from S (separation of the pinholes) equal to L06 jim; @ , results from 
S=7Uti pm; £md a , results from 8=120U pm. (Each data point for the reso
lution curve represent an average value from two measurements.)



ERROR DETERMINATION

Since the best focus came to be that point where the best 
straight line through the data points crossed the abscissa axis, then the 
error present in the value came from: (1) focus position measurement,
(2) fringe period measurement, (3) film plane movement between frames, 
and (U) prejudices of the operator. Precautions were taken to minimize 
these sources of error. Also different tests were conducted to determine 
the magnitude of the experimental error»

In measuring the focus positions three individual measurements 
were made at each one. An average value was used for each position in 
plotting the data and an average standard deviation of 10.6 microns was 
calculated. If the error in defocus position is taken to be of the same 
magnitude and direction for each position, as a simple case, then the er
ror in the best focus value was of the order of 10.6 microns.

The magnitude- of the error for the other sources was determined 
in terms of fringe period measurements» In order to express this error
in terms of defocus error the following mathematical manipulation was
done. Since the fringe period is given by P = Aa/s, considering A and s 
as constants, differentiating gives,
(8) dP = (Vs)da,
(8a) dP = (A.a/s)da/a,. ' ‘ . ■
(8b) dP/P = da/a,
(8c) da = (dp/p)a.

29
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Relation (8c) was used in determining the defocus error of the last three 
sources of error, and expressing these on the common basis of focus posi
tion error.

The fringe period was measured using an American Optical filar 
micrometer eyepiece at a magnification of xlOO and with an accuracy of . 
1.2 pm/division. Both from a theoretical as well as from a practical 
standpoint the measurement of fine fringes should be more difficult than 
for broad ones. It .should be expected .that a larger error will be pres
ent for the first case. This is especially true when measuring with an 
instrument whose accuracy depends largely on the conditions of .the human 
eye. Since in the Study three separation of pinholes were used, the 
change from U06 to 120U pm separation brought a pattern of finer and 
fainter fringes. As predicted the measurement of these fringes was more 
difficult in practice| the eye was getting tired faster than for the 
other two set of fringe patterns (see Fig. 18). A test was conducted to 
determine the defocus error in' measuring one fringe pattern of each sepa
ration of the pinholes. This test showed. Table 2, that the error for 
the finest fringes was as suspected the largest.

To determine the error due to the movement of the film plane, a 
test was conducted where exposures of the same defocus position were made 
on different film frames. Since it was expected that the error due to 
this source, to be significant, be of a larger magnitude than the one due 
to the measurement of a single pattern, a smaller error would have dis
qualified the test. It turned out that the error was smaller and it was 
concluded that there was a constant error in one of the tests (compare 
Tables 2 and 3)«



Pig. 18. Fringe Patterns for Three Different Pinhole S@ts.

An increase in the separation of the pinholes (S) brings in 
finer and fainter fringes. This makes it more difficult to measure the 
fringe period or separation between the fringes.
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g. 18. Fringe Patterns for Three Different Pinhole Sets. 
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Table 2. Defocus error in measuring one fringe pattern.

s n P dP a da

U06 15 '37.75 0.42 711. 7.9

7U8 15 19.21 0.44 . 711. 16.3

1204 12 io,5i 0.52 711. 35.2

"All measurements are in microns.

Table 3, Defocus error due to film plane movement.

S n . P dp a da

406 4 35.3 0.12 711. . 2,5

748 9 18.7 0.26 711. 10.0

1204 3 10.5 0.60 711. 40.5
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These facts made it necessary to conduct a third test. This time a series 
of patterns of the same defocus position were measured for difference 
within a pattern and between patterns on different frames for separa
tion, The results show an error in defocus of 9,2 microns within a frame 
and 11.0 between frames. Although this result came from only one type of 
fringes ̂ the conclusion is- good for alls the error in measuring is of the 
same magnitude or larger than the other sources of error. Therefore, the 
variability of the operator measurement was more significant in affecting 
the best focus value. This error for 8^ can be put at about 10 microns.



CONCLUSION

A displacement of ± a from the image plane of a diffraction- 
limited lens imaging two coherent point sources> at an object distance 
much larger than the lens' focal length, was observed to produce a fringe 
pattern at a plane through ± a. The fringes. Figs. 11 and 18, were dou
ble slit or Young's type fringes. Since both the number of fringes (n) 
and the period of the fringes (p) were a function of the displacement or 
defocus (a) from the focal plane, keeping other parameters constant, both 
methods were tested as means of determining the best focus.

A method of finding the best focus by counting the number of
fringes on a series of fringe patterns was tried. Although it seemed
easier or simpler to find it this way, the method failed when it was not 

• r
possible .to get an accurate count of the number of fringes on a given
pattern. There was no use in trying to estimate a fringe. number of less 
than one, because a best focus from such a data wouldn't have been accu
rate. ' This problem wasn't totally unexpected, since for the values of 
pinholes separation (S) used the plot of fringe number versus defocus, 
Fig. 7j flattens out around 700 pm. Use of larger values of S, to get 
advantage of a higher slope of the curves, would had meant finer and 
fainter fringes which would had been difficult to measure accurately.

A second method consisting of measurements, of the period of a • 
series of fringe patterns turned out to be effective in finding the best 
focus. Since the relationship between the period and the defocus was 
linear, the best straight line through the data points gave the best

34
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focus as the POINT where the line crossed the abcsissa axis.' This tech
nique contrasts with the standard resolution method for best focus deter
mination where the gaussian like curvilinear relation makes it uncertain 
where the peak of the function - the best focus - is located. Also, 
since the data points came out of a series of measurements on a series of 
fringe patterns, the new method is an objective one. This is not the 
case for the resolution technique, where the pattern that is or isn't 
resolved depends on a subjective evaluation. For tests conducted using 
three different pinhole separations (1|06, 7U8, and 1201; pm) both methods
gave a best focus within 5 microns from each other.

.

The uncertainty in the best focus value came out different for 
each pinhole separation used. Theoretically this shouldn't have been the 
case, but it turned out that the error in measuring the finest fringes 
(S^) was about times larger than for the broadest ones (S^). Since 
this was more a result of the instrument used in measuring and of the 
operator's measuring repeatability rather than a fundamental difference 
between different fringe widths, the intermediate width fringes were used 
for an indication of the error in the best focus. This choice was also 
supported by the fact that for this fringes more data was available. 
Therefore, the uncertainty of the fringe period technique for best focus 
was put at 10 pm, but with the understanding that this value should be 
lower or higher depending on the width of the. fringes if a filar microme
ter eyepiece is used for measuring the period. Other techniques of 
reading a better average fringe spacing will obviously affect this result.
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The technique of getting the best focus, for a given object dis

tance, using the period of a fringe pattern has one important character
istic— room for a lot of improvement. With more sophisticated equip
ment the method could be improved considerably. As it stands right now, 
the method appears more accurate, objective, faster, and probably less 
expensive than a standard resolution test. It also gives a best focus 
from a small number of exposures or the distance to the best focus plane 
from one exposure. ■



APPENDIX A

PROOF THAT LENS AND FILM DISPLACEMENT ARE EQUIVALENT

For an object distance much greater than the focal length of a 
diffraction-limited lens a displacement r of the lens is approximately 
equal to a displacement a of the focal point. This is proved making use 
of the thin-lens equation (Martin 1959? pp. 26-28) and refering to Fig. ■ 
19. From Fig. 19a, using the thin-lens equation,
(1) 1/1^ = V i 1 + Vf,
(la) l' = l^f/ff + 1^).

From Fig. 19b,
(2) I/I2 = 1/12 + 1/f,
(2a) 12 = l2f/(f + 12).

1 1 -But since 12 = l.| - r and Ig = r + 1̂  - a, then,
(2b) r + 1* - a = (1̂  - r)f/(f + 1̂  - r). . - . .
Using (la),

(2c) r + l^f/(f + 11j - a = (11 - r)f/(f + 1̂  -or).
Rearranging terms and dropping the subscripts for generality,

(2d) ' (f + 1 - r)|r + lf/(f + 1) - a] = (1 - r)f,
(2e) fr + lf2/(f + 1) - fa + Ir + l2f/(f +1) - la - r2 - rlf/(f + 1)

+ ra = If - rf.
Since r and a are much smaller than the magnitude of 1 and f, then ra and 
r can be taken as approximately equal to zero. Therefore, (2e) turns to,
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(b)

Fig. 19. Displacement of Lens is Approximately Equal to Displacement of 
Focal point.

For 1 >> f, a disolacement r of the lens for a fixed film posi
tion is aooroxiinately equal to a displacement a of the film plane lor a 
fixed lens position.



(2f) fr(f + 1) + If2 - fa(f + 1) + lr(f + 1) + l2f - la(f + 1) - rlf
lf(f + 1) - rf(f + 1),

(2g) f2r + frl + If2 - f2a - fal + Irf + l2f - laf + l2r. - rlf - If2
2 2 2 - l a  - I f  + rf + rfl = 0,

(2h) 2f2r + 2frl - af2 - 2afl + l2r - l2a = 0,.
(21) 2f2r/l2 + 2fr/l - af2/l2 - 2af/l + r - a = 0.
But since 1 is much larger than, f, about U5 to 1, then the first four 
terms of (2i) are approximately equal to zero. Therefore,
(2j) r = a.



APPENDIX B

OFF-AXIS IMAGING

Although in this study a low value of aberrations was presumed - 
some time was taken to examine the behavior of the fringe period best 
focus method in the presence of a larger value of aberrations. This was 
done by imaging off-axis and running a best focus series on a coherent 
point source target> using the .same technique as for the on-axis case. 
Also a resolution test (off-axis) was run as a control. The off-axis ef
fect was accomplished by rotating the 35> mm camera around a vertical axis 
through it. Angles of 5 and 12 degrees were used. Pinhole separation of 
7U8 and 120U microns were employed.

Examination of the exposure series for the point sources showed 
astigmatism in the system. The fringe patterns to the left of best focus 
came out as horizontal ellipses while those to the right looked like ver
tical ones (see Fig. 20). This Was clearly astigmatic behavior of the 
system. . •

Just as was done for the on-axis case, a plot of the fringe peri
od versus defocus was correlated with a resolution versus defocus curve. 
Due to the astigmatism in the system, the resolution of the vertical bars 
was used for correlation since the fringes were also vertical.

As Figs. 21 and 22 show, this time there was poorer agreement 
between the two best focus determination methods than for the aberration

itO



Fig. 20. Off-axis Focus Exposure Series.
The astigmatism introduced into the photographic system by going 

off-axis caused the fringe patterns to be deformed from circular shape or 
form into elliptical shape. Since the fringe period is different on both 
sides of best focus, the best focus determination technique is not.as ac-. 
curate as for the on-axis case.
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Fig. 21. Best Linear Fit for Fringe Period Measured Values at 5° 
Off-axis.
Q Plot of resolution and fringe oeriod values versus defocus for
5 off-axis imaging. The best focus from each test came out different, 
a result of the astigmatism in the system. *, results for S (pinhole 
separation) equal to 7U8 Jim; a, results for 5=12014 >im.
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Fig. 22. Best Linear Fit for Fringe Period Measured Values at 12° 
Off-axis.

An increase in the difference between best focus values took 
place with an increase of the off-axis (eccentricity) angle.
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Fig. 23. Change in the Difference between Best Focus Values as a 
Function of the Eccentricity Angle.

plot of the best focus values, from both methods, versus the 
eccentricity angle (0, 5, and 12 degrees were studied). The data points 
were fitted with the best second degree curve to show the departure
between best focus values as the eccentricity increases. ----, result
for resolution method; ___, result for fringe period method with S=7U8
pm; result for S=120a pm.
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free case. The best focus value came out different between methods, and 
also between pinhole separations. This is shown in Fig. 23 where the 
difference between best focus values for a change in the eccentricity an
gle was plotted for each best focus method.

The area,of the presence of a large value of aberrations in the 
system has to be studied more carefully. Then the capabilities of the 
new technique for applications will be better understood. At this stage 
of experimentation it can be said that an increase in astigmatism de
creases the accuracy in predicting the best focus. It is possible that 
diagnosis of the lens errors can be accomplished by measurement of the 
fringe shape. - ■
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