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SECTION I INTRODUCTION

This TR documents the theory, development, and operation of
the Air Force Weapons Laboratory (AFWL) Scanning Interferometer.
s The theory behind the Scamning Interferometer (refs. 1 and 2) is briefly
discussed along with computer plots of expected results. Then the ex-
perimental configuration used at the AFWL is presented along with the
. results obtained for various degrees of defocusing aberrations. The
TR is concluded with a brief discussion of conclusions and potential
applications of the Scamning Interferometer to optical system measurement.
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SECTION I1 THEORETICAL BACKGROUND

The following is a brie. discussion of the theoretical basis for
the Scanning Interferometer. First, the formalization for the normalized
Point Spread Function, or Impulse Response, of an optical system is developed.
Then it is shown how this Impulse Response can be scarmed to yield an Edge
Response which can be mathematically manipulated to yield the Optical Trans-
fer Function (OTF) of the optical system.

Figure 1 is a typical aperture imaging system where X, ¥ is the
object plane, a, b is the aperture plane, and x',y' is the image plane.
Let a limiting ray from the axial point 0 of the object intersect the
aperture plane at a height R. Other rays are devoted with rectangular
coordinates a,b in the aperture plane by the normalized coordinate

L

The complex amplitude, ¥ (x',y'), in the image plane due to a point source
located at x ,y in the object plane is given by the Fresnel-Kirchoff
diffraction integral over the normalized aperture

: ik (h+£) ;
o6 3] = -u;Rz {pf e [cos (nh) ; coS (nfﬂ. dedn (1)
2n

d

where K= r

The quantity A is the amplitude of the point source, R is the radius of
the aperture, » is the wavelength of the light, the quantity in brackets
is the obliquity factor which is never greater than unity nor less than
zero, h is the distance from the source to a point in the aperture plane,
and f is the distance from the aperture plane to the image plane.

The paraxial approximation is made based on the assumptions

that the distances z, and z, are much greater than the maximm linear
dimension of the aperture, and that in both the object and image planes
only a small region about the z axis is of interest so that the distances
z, and z, are much greater than the maximum linear dimension of these
regions. Thus, the obliquity factor is set to unity and the quantities

h and f in the denominator of equation (1) equal z and z, , respectively.
The quantity h+f in the exponent, on the other , is very sensitive to
small changes in f and h and approximations must be made very carefully.

To simplify the exponential, the Fresnel approximation of replacing
the quantities h and f by the first two temms of their respective
binomial expansicn is used. Upon substituting and algebraically rearranging
the exponential, we have:

S LA (O 2 : vty e
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Where D is defined by:

: TR T e L 3 ¥ gy A i
R R ORS B e Rl SHR sl ¢ | |
oy - g
g .
Also defined are the normalized coordinates in the object plane '
» % Yo © 34

and in the image plane

Thus, equation (2) can be rewritten as:

s 2 -i2n 5(u'+uo) B A )
pQ'v',uv) = Dg A( &, n) e g T dgdn (3)
..1..

=

&

where the aperture function A ( g&,n ) is equal to the unitary phase
factor g( £,n ):

T 1 g0 1
1]:R |(‘Z-1"'Z'2)(€*'n)"';'

g(E,n) € s (4)

where £ n are within the aperture and g(&,n) = 0 otherwise. At this point
in equation (4), we have introduced an imaging element. This element has
a focal length f. The new aperture function g(g,n) now contains the 1/f
term. From this point on, we are considering an imaging system with well
defined conjugate object I, and image I; planes. (u'v',ug v )

is, within the constant D, the Fourier ‘f'ransfom of g (&,n

Our system is linear and the quantity |y(u'v',uyvy)|?represents the
unnormalized Point Spread Fimction of our imaging system. The normalized
Point Spread Function, or Impulse Response, of our system due to a point
.source located at x, , y, in the image plane is defined to be:

tyrt 2
Stavt ) = H et ®




The denominator represents the total energy in the point spread function
and is equal to | D|2 Ap . Ap is the area of the unnormalized pupil.

:{. -i2n ;;u'wo) +£ (v'ovoﬂ

1
S'v',uv)) =+ g(g,n)e - dgdn

™

i.

(6)

This equation clearly relates the normalized Point Spread Function to the
normalized variables of this imaging system.

Having defined the Impulse Response, the Edge Response Function is now
defined and its relation to the MIF is shown. Recall that the image dis-
tribution for an extended object is given by the convolution integral (ref. 1):

-«

Ii(u'v') -/[ Io(uovo) S (u°¢ u’, e v') duo dvo (N
Let the object distribution be independent of the y direction. Then:

Ii(u') -f Io(uo) h (uo +u') dvo (8)

whera Io(u) = 1 when u = o
I,(u) = o otherwise

Next, the Line Spread Function h(u') is introduced:
h@') =f S(u'v')dv’ (%)
For the deviation of equations (8) and (9), see the appendix.

We infer that the frequency response of this system to one dimensional
objects is the Fourier Transform of the Line Spread Function (ref. 3):

S(ug) = j h@') e 220" qu' (10

Where u, is the normalized spatial frequency variable and represents a
sinusoidal contrast object independent of the y direction,

I,(ug =Sin (u,). (11)

Now consider an edge oriented parallel to the y' axis in the image plane.
The integrated flux of the point spread function which passes the edge
as of function of spatial position x' is called the Edge Response Function.




BQu') = fh(u')du' -}“(( S(u' v')dv) du' (12)

Using the above double integral representation, i.e., the Edge

Response Function, the edge sums in the y' direction at a particular x'.
Solving the inner integral then moves to a new x' which complies with the
requirements of the outer integral. There obviously exists a simple
relationship between the Line Spread Function h(u') and the Edge Response
Function E(u) namely:

h(u') = dE(u)/du’'. (13)

Thus, the measured Edge Response Function can be differentiated to
determine the Line Spread Function. A Fourier Transform of the Line
Spread Function gives the OTF perpendicular to the edge of the optical
system under test. (Refs 2 and 3)

Computer codes to model the above and to produce point spread functions,
line spread functions, Edge Response Functions and OTF's have been developed.
Figures 2 through 11 show some of these functions for varying degrees of
defocusing aberrations present in the aperture function.

Figures 2 through 6 are the point spread functions for varying
amounts of defocus. All the peak intensities are normalized to 1 which
is the maximum value of the perfect (zero defocus) point spread function
(figure 2). These figures may be compared with figure 16 which shows actual
photographs of experimentally produced point spread function. Figure 11
shows the predicted Edge Response Functions (ERF) all normalized to the
same integrated energy in the point spread function. Only figure 17 shows
the experimental ERF for a perfect beam. The predicted line spread
functions (LSF) of figures 7 through 11 may be compared with the
experimentally derived LSF of figures 17 through 21. Here one sees
excellent agreement between theory and experiment. Finally, the
predicted OTF's (figure 13) can be compared to the experimental
OTFs of figures 22 through 27. Here again there is good agreement with
any discrepancies due to the difficulty in obtaining pure defocus of the
desired degree uncoupled with other aberrations, primarily astigmatism.
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SECTION III

EXPERIMENTAL CONFIGURATION

The layout of the AFWL Scanning interferometer is shown below | -
in figure 14. The electronics block diagram is shown in figure 15. -
The HeNe laser beam from the laser is expanded to a 150 mm diameter

by a Tropel Model 280-150 beam expander. Then, to further insure B
input beam quality, the expanded beam is apertured to a 25 mm diameter 7
before being passed through a diffraction limited 150 mm diameter 4
focusing lens. After passing through the lens, the beam strikes the 7
scanning mirror prior to reaching focus at the quadrant detector.

The scanning mirror scans the beam in any desired axis across the
detector and the output of the detector is the Edge Response Function.
The Edge Response Function is then electronically differentiated to
yield the Line Spread Function which is then digitized and sent on to
a PDP-11 computer. In the computer, the Fourier Transform of the
digitized Line Spread Function is obtained and this transform is the
Optical Transfer Function of the system.

Prior to operation of the Scanning Interferometer, a microscope
objective is placed at the focus of the lens so that the Airy Disk
pattern can be examined. Then the optical system is adjusted to insure
that the initial input beam is aberration free.

R e 7350 7 LV e 43
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SECTION IV
EXPERIMENTAL RESULTS

Typical Airy Disk patterns are shown in figure 16 for beams with defocus
aberratons of 1/2, 1, 3/2, and 2 wavelengths. The theory predicts that for
1 and 2 wavelengths of defocus, the intensity on axis of point spread function
is zero which agrees with the experimentally observed PSFs, figure 16.
One sees that for the 1 wavelength PSF, the measured LSF shows a minima on
¢xis and the computed also shows this minima. From the other experimental
PSF, one can predict maximas and minimas in the measured LSF and see that
they compared exactly with theoretically predicted LSFs. It is instructive
to compare the theoretical OTFs of figure 13 with the OTFs generated by
Fourier transforming the measured LSFs, figures 22 to 27, for the same degrees
of defocusing aberration.

Figure 17 shows the Edge Response Function and the Line Spread Function
for an aberration free, ''perfect" beam. Figures 18 through 21 show the
line Spread Function for defocusing of 1/2, 1, 3/2, and 2 wavelengths.

There is no loss of generality with respect to higher order aberration.
Defocusing was chosen since known amounts of defocus could be put into the
AFWL laboratory optical system. It is very difficult to put in single higher
order aberrations without also coupling into other higher aberrations.

The Fourier Transforms which correspond to these figures are shown in
figures 22 through 27 respectively and are summarized in figure 28. All
of these figures for the experimental results can be compared with figures
2 through 13 and figure 26 which present the results of theoretical calcula-
tions for the same aberrations.
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Figure 17. Measured LSF/ERF for Perfect Beam
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Figure 22: Measured OTF for Perfect
Beam

Figure‘23: Measured OTF for 1/4 Wave
Defocus
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Measured OTF for 1/2 Wave
Defocus

Figure 24:

Figure 25: Measured OTF for 1 Wave
Defocus
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Figure 26: Measured OTF for 1 1/2
Wave Defocus
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Figure 27: Measured OTF for 2 Wave
Defocus

Attt Yo SO N 000 A i MR LR b vl 3

T —




*8N2039(
9ABM T = 9 ¢{SND0J3Q SABM Z/€ = G $S5ND0JI( SAEMN
T = 4 {8n003Ja( @aBN Z/T = € {SND03aQ dAeM #/T = ¢

fweag 309313J = T °SUOTIDUNY IIFJSuBl] UOFIBINPOK :g7 SInd14

00S OSb O00b O0GE ©00c 0SCe 002 0SI 00! 0§ 0

i ~N—
N

N\




e

SECTION V
CONCLUSIONS AND APPLICATIONS

The primary conclusion of these experiments is that the scanning
interferameter is a viable tool for determination of the OTF and PSF
of an optical system. Since it is virtually impossible to miss an edge,
the scamning interferometer showed itself insensitive to misalignment
(especially compared to a circular hole scammer). It is very simple and
does not require large expensive complicated detector arrays. This is
very significant at the far infrared where detectors are not abundant but
are exgensive. By using a rapidly rotating chopping edge or mirror (as
was used in the laboratory setup), ERFs, PSFs and OTFs can be generated
from 1 to 4k Hz. If the beam is rotated or the edge is rotated, then
two dimensional PSF and OTFs can be generated using a single detector.

Besides being a simple method of finding PSF and OTFs for optical
systems, the scamning interferometer technique finds application in
diagnosing the far field pattern (PSF) of high energy laser beams. The Cycle
III Beam Angle Sensor (BAS) already provides x and y ERFs which are currently
wasted information. From this information, the laser far field pattern (PSF)
along the x and y axis can be generated in addition to the OTF. A simple
modification to the BAS, suggested by Mr. Norbert Schnogg of the Perkin Elmer
Corporation, is to rotate the beam into the BAS using a K prism. With the beam
rotating, the edge scamner will produce two-dimensional PSF and OTF. A
data rate of 300 Hz can easily be accomplished. Laser beam quality
measurements can be obtained from the two dimensional PSFs. In addition,
if one keeps track (in time) of a moving edge with respect to the
detector along the x and y axis one can determine linear tilt information
over the full detector field of view. This tilt scheme uses a single
detector instead of the expensive quad cell as is aurrently being used
in Cycle III. Thus, in the current BAS the components are already
present to determine system OTF along two orthogonal axis and beam
quality. These parameters can be determined with only the addition of
minicomputer processing and with no major hardware modifications. For
Cycle IV, the BAS will incorporate the K prism and provide two-dimensional
far field beam quality and linear tilt measurements, (ref. 4). This
allows us to remove the current optical diagnostic system saving volume

~ which can now be used for a hog spot tracker.

28
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SECTION VI
FUTURE STUDY AREAS
The ERF slopes become steeper as defocusing decreases, figure 12. By
jittering focus on the laser beam into the BAS, it can generate a change
in ERF slopes.

AFWL is in the process of studying a series of functions related to
the amount of aberration in the aperture function in the following way:

Ly
S d"Ex') (2, ,
Sn = rz—_ri-f —drg((f—llh no (14)
i
L 1 h(x") |2,
S, *+1 = tz—Lj_[ —d-nix’-f-)-ldx no (15)
1 .

where n is an integer,

E(x') = Edge Response Function
h(x') = Line Spread Function
L ,1p are the threshold or gate level.

L and L; are important and are variable. A small spot diamter containing the
same energy as a large spot diameter will have smaller values of Ij and Ly .
Thus, the shape of the LSF is taken in consideration when determining Sn.

The above equation differs from Muller and Buffington, and Ertezas'

(ref 5) sharpness index in the following ways:

a. The system is looking at images of a point (point spread function)
not extended objects.

b. The basic unit is the edge response function not the intensity
distribution of an extended source.

c. Finally, the I; and L, vary as the point spread function tightens
up. Thereby, Sn senses PSF shape which is just as important as slope of
the PSF.

Since this scheme is being contemplated to do laser beam clean up, one
is interested in the image of a point and the variance from the perfect Airy
pattern. One is not interested in extended objects. All lasers appear to
eminate from point sources (or more typically aberrated point sources);
therefore, it is the PSF and LSFs that are important.

29/30




APPENDIX

The basic physical optics imaging equation is:
L (,v') = f[ 1 (uo,v) S(u, + u', v, +v') dudv, (A1)

where all the variables are defined in the text of this TR. In words,
equat:.on (A1) says the image I is equal to the convolution of the object
distributicn I with the optical system point spread functio 5.

Next, we define the object distribution to be a verticle line
independent of the y direction, located at x = o,

where Ig(uy) = K when uyy = o
Io(ug) = o otherwise
Now equation (Al) reduces to:
') =K f S(u', vg)dv, (A2)
At the conjugate planes of an imaging system, v and v' are not inde-
pendent but related by paraxial imaging relationships.
therefore
Vo= mv' (A3)

dvg = mdv' (A4)

and

m = magnification between object and image.
Using equations (A3) and (A4), equation (A2) is
I;@') =mf S@',mv')dv (AS)

Normalizing to unity magnification (i.e., Z; = Z, ), equation (AS) is

L) = L Sw',v') dv' (A6)
Equation (A6) is identical to equation (9) in the text and is known as the
Line Spread Function h(u'),

h@') = I, @") (A7)

The imaging equation for a line object is now a one-dimensional convolution

Ii(u’) = f Io(uo) h(u0 + u') du, (A8)

K}

:




Gasal et

Equation (A8) is identical to equation (8) in the text.
Furthermore, since I_(u) has a value only at u, = o, equation
(A7) normalized to unity ﬁagﬁification reduces to
~h@') =L, = f S@',v') dv' (A9)

A more rigorous definition of a line object distribution than was
used in the above discussion can be obtained by using the Dirac delta
function d(uo) defined as

Io(“o) = 6("‘0)., e (A10)
where 8(u,) = { 0 ogherwise

In addition, the function has the following fundamental properties:

t
._I; S(uo) duo =3 t+e (A11)
f h(uo) 8(u'+u ) duo = h(u') (A12)

-

at each point of continuity of h(u

Line Spread Function h(u') as equation (A8).
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J. The authors feel no further insight
into the physics will be obtained 8)' using the Dirac delta function; however,
using equations (A9) through (All) will result in the same definition of the

B ——
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