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ABSTRACT

A micrédensitomeﬁer'with a He-Ne laser light soﬁrce was con-
structed using commercially available optical components and scanning
stage. Electronic control'and data recording circuitry was custom
made for this project. Scanning spots of 1.5 um to 3.8 um diameter
were achieved. Several objects were scanned including a razor blade
ledge, an edge on Kodak 649F film, two Ronchi rulings and several
samples of uniformly exposed x-ray film. The operation of the
apparatus is described. A simplified theory is presented. Representa-

tive results of processing the collected data are shown.

ix



CHAPTER 1
INTRODUCTION

The concept of a microdensitometer is not new. In fact, the
firgt article to,desgribe such a device appeared in 1912. In Annalen der
Physik, P. P. Koch propesed "a recording microphotometer" for use in
measuring spectrographic plates. Thus, evenkthouéh the basic idea is
more than half a century old, better understanding of the various
aspeéts of microdensitometer operation is still unfolding. The initial
understanding of the optical processes involved was based on paraxial
(geometric) optics. This remains the logical point to begin an under-
standing, but we quickly find situations and cases where geomeﬁric
approximations fail us oxr, worse yet, lead us astray. To improve our
understanding we must add to geometrical optics the considerations of
physical optics. Physical optics among other things allows us to set
more meaningful limits on achievable sampling aperture sizes. Next,
it is uSeful'to bring the techniques of linear systems to beér on the
problem. We get a feel for the overall system behavior by cascading an
optical field through each optical element to the next from sourcé to
detector.

The comparatively recent understanding of partial coherence is
also an applicable topic, from which we drawvthe quasi-monochromatic

approximation for the case of a coherent light source as well as the



idea of effective incoherence for the noncoherent case. A related area
in which there is clearly room for more understanding is in our attempt
to characterize the sample mathematically. A typical mathematical modeéel
often postulated is a thin, nonscattering pure. absorber. Actﬁal photo-
graphic film has thickness, does scatter light and introduces phase
changes. Treating any of these actual properties makes the problem
very complicated analytically and leaves us with numerical solution as
the only real option. The amount of calculation necessary for this
option is very large and even then yields solutions only for the given
case.

This investigation has confirmed some of the theoretically
proposed properties of microdensitoheters, verified some of the knowns

and considered some of the as yet unknown properties.



CHAPTER 2
" SYSTEM OVERVIEW

A microdensitometer extracts information important to the
opticist from transparent photographic layers. The first charac-
teristic of the data so obtained is suggested by the name of the
instrﬁment; that is, density is measured over a very small sampling
aréa. (The statement may seem inconsistent since density is defined
as a macroscopic guantity.) The second characteristic of the micro-
densitometer data is that the location of each sampled area is
precisely known with respect to the other sampled areas.

The data so obtained has been influenced by the optical pro-
perties of the microdensitometer used to make the measurement. To
obtain the information that was actually contained in the photographic
sample we must be able to remove from the measured result the bias and
contributions introduced by the microdensitometer itself. This is
possible only if the relationship between the actual sample and the
measurement result is a linear one.

When constructing a microdensitometer from'scratch, we are able
to fix some of the optical properties of the system by selecting the
optical components and by specifying the physical layout of the
apparatus. The choices that we make are guided by the abo&e desire for
linearity, and by the ph&sical limitations placed on us by the weight,
sizé) shape, etc. of the actual components (see Appendix A).

3



Once the densitometer is constructed and aligned the data

collection and analysis process has several basic steps common to most

analyses:

1. The sample is suitably mourited.

. 2. The choices of sampling aperture, sample interval and number of

sample points are made depending on the characteristics of thé

sample and the information desired as final result.

3. The apparatus is focused, the

recorded.

3

4. The transmission distribution
by deconvolving the apparatus

data.

5. The transmission distribution

further to obtain information

sample is scanned and the data is

of the sample itself is obtained

characteristics from the measured

of the sample is then processed

about the optical system'that

produced the image recorded on film--or perhaps to obtain

information about the photographic process itself, when

characteristics of the original image-producing optical system

are known.

The step from theory to practice requires that we construct a

system that encompasses more than just the optical system. In Fig. 2.1

we show the actual automated system in its entirety.



Figure 2.1. System diagram of microdensitometer with automatic data collection.

Light source, He-Ne laser
Spatial filter
Influx objective

Scanning stage,
Carl Zeiss, 0.5 pm/step

Efflux objective

Photodiode, SGD-100A
Amplifier,
Amplifier,

variable gain

Analog-to-digital converter
and digital output circuitry

Digital tape recorder.
TI-733, recorded data

Scanning stage digital
control circuitry

Keyboard, TI-733, to
input new scan control
commands.

Digital tape playback.
TI-733, new scan commands



For purposes of description the system has four subsystems: the
light source, the optical subsystem, the light detecting, digitizing and

recording subsystem, and. the scanning stage and stage control subsystem.

Light Source Subsystem

The light source is-a Spectra Physics Model 236 He-Ne laser,
which is filtered by a Gaertner spatial filter with a 10X objectiye and
a 25-um pinhole. After 3 hours warmup, the laser's light power output
was found to be sufficiently stabie that no stabilizing apparatus needed
to be addéd to the laser.

It was found that no compensating circuit was needed to sample
the laser output power and correct the gathered data for changes in
laser output. However, in thg course of this study two such circuits
were evaluated and discaéded. Both circuits sampled the output péwer of
theklaser with an SGD-100A photodiode. The re;ulting analog signal
suitably scaled was used as the reference for 100% transmission. The
analog signal corresponding to the actual light passing through the
sysﬁém and saméle was then compared to the reference signai. The first
circuit u%ed an analog subtraction of the logrithms of both reference
and signal. The system required constant adjustment. The analog
modules were made by Optical Electronics, Inc. The second circuit that
was constructed used a Burr Brown Research analog divider module. The
reference signal was fed to the denominator input while the signal input
was fed to the numerator input. it'was noted that very slight changes
in the reference (denominator) caused misleédingly large changeé in the

final result. This characteristic behavior seems to commonly be
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"hidden" in the specific;tion of divider circuits. The thoroughly warmed
up uncompensated laser produced a light source stable enough for this
investigation. Other workers in tﬁe field (Hoeschen and Mirande, 1977)

have reported similar findings.

Optical Subsystem

The optical system is discussed thoroqghly in Chapter 3. As an
overview, the influx portion of the optical system focuses the source
illumination at a reduction on the sample being séanned. Some of the
focused light is transmitted by the sample undgr investigation. The
efflux portion of the optics images the irradiated portion of the sampie
on the detector or collects the transmitted light and sends it to the
detector (nonimaging).

Light Detecting,.Digitizing
and Recording Subsystem

The light that has been transmitted is the sample radiance
distribution. It is this quantity that we are interested in as a means
of determining what the transmission of the sample was. The quantity

. we are able to detect is power incident on the SGD-100A photodiode. An
analog current is generated when light falls on the diode. We buffef

- and scale the analog signal appropriately using an SSS~725C instrumenta-
tion amplifier and a 72741P operational amplifier.— Though we could
record the result in analog form, we are ultimately interested in pro-
cessing the result digitally on an available computer. Therefore,

we choose to digitize the: analog signal at this point and record it in a



digital format, on one of the tape drives of the Texas Instrument TI-733
terminal. To'process the date we laeer go on line to a digital com-
puter and send the data to the computer in digital format, without fhe
need for further signal processing.

Digiesl circuitry, built by the authox, triggers the A/Drcon-
'version and ‘gates the result out in serial digitai format to printer
and/or digital tape recorder on the TI-733. That circuitry is discussed
in detail in Appendix B. In the course of constructing the electronics,
the digitizing characteristics of the enaloghto—digital (A/D) converter
made by Varadyne Systems were investigated. The results of that

‘investigation are discussed in Appendix C.

Scanning Stage and Stage ContrquSubsystem

The scanning stage is a Carl Zeiss Model 47 34 81 microscopeA
scanning stage. It is capable of motion in both x and y directions with
step size of 0.5 um and maximum stepping rate of 200 steps/minute. The
stage, servo motors and driver electronics are all supplied by Zeiss
as a unit. The unit was delivered wired for 220 VAC. Changing power
transformer Jjumpers allows theAstage to be used with 120 VAC. The
stage driver circuitry moves the 'stage one step in the +x, -x, +y or -y
diredtion for every TTL-compatible square wave pulse applied to one of
‘four separate digital inputs on the driver electronics chassis. The
stage motion is open loop; that is, a pulse is applied to the
appropriate input and the stage moves one step. There is.ﬁo feedback
mechanism (shaft encoders, etc.) other than watching gross stage move-

ment to verify that the motion has occurred.



Digital circuitry built by the author pulses the scanning stage
driver circuit, keeps track of the current position of the sfage and
accepts new inputs of direction, step size and current scan line limit
. from the TI-733 keyboard or prerecorded tape played on the TI-733 "play-

back" cassette tape drive. The circﬁitry is discussed in Appendix B.



CHAPTER 3
OPTICAL SYSTEM

Microdensitometers exist in various configurations, sizes and
shapes. Figure 3.1 shows the most general configuration and the
associated nomenclature proposed to the ANSI Working Group on

Microdensitometry by C. S. McCamy (1966).

[ SOURCE
SOURCE CONDENSER
SOURCE APERTURE
i INFLUX OCULAR
<£E3>1 INFLUX OBJECTIVE
(IRRADIATED REGION)

I
i--H SAMPLE

(SCANNING APERTURE)
fN . EFFLUX OBJECTIVE

C\¥V> EFFLUX OCULAR
SENSOR APERTURE
<3Ez> SENSOR CONDENSER
(b SENSOR

Figure 3.1. General microdensitometer optical system
with associated nomenclature.

(Swing, 1973, Fig. 1, p. 187)

10



‘It is not nécessary that each miérodensitometer contain all of
these components. However, in comparing one device to another it is
convenient to use the standardized name in referring to the components
that are contained.

The microdensitometer that we will analyze using thé above
framework has as its light source a Spectra Physics Model 236 He-Ne
laser. Weingartner (1971), in an article in Optik, suggests the laser
as a microdensitdmeter light source. A major advantage that he points

out explicitly is that a high flux density is available in the light

11

probe when a laser source is used. Another advantage of a laser source

is that the beam's radiance profile is Gaussian. Citing Kogelnik and Li

(1966), Hoeschen and Mirandé (1977, p. 460) stressed that "even

) with.defocusing, the radiance distribution retains its Gaussian
profile." As we will also see in the following analysis, the
rotationally symmetric character of the Gauss function allows us to
separéte some integrals that would otherwise be particularly difficult
to handle.

The approach and notati'on for the following mathematical
discussion derives from Swing's definitive paper "Microdensitometer
Optical Performance: Scalar Theory and Experiment" (1976a), as well as
an_unpublished suéplemént'to this paper (Swing, 1976b); Beran and

Parrent's book Theory of Partial Coherende (1964);vand Parrent and

Thompson's book Physical Optics Notebook (1969).

It is common practice when analyzing the system to replace the

schematic of actual optical components, Fig. 3.1, with a mathematically



idealized optical model, shown in Fig. 3.2. Swing (1976a) has dubbed

this model the "effective system."

- source aperture; a - influx optics; w - sample plane;

JT- efflux optics; ~ - /mage pZalie azzd sensor aperture.

Figure 3.2. Mathematically idealized optical model of

a microdensitometer, the "effective system".

(Swing, 1976a, Fig. 1, p. 560)

The microdensitometer described in this chapter uses standard

microscope objectives available from Rolyn Optics Company in Arcadia,

California. The objectives are used on axis with the aperture centered

about a line that is normal to the Zeiss scanning stage (see Figure A.1l,

p- 83) ¢

12



13
In this configuration it is reasonable to make the following

assumptions:

‘1. The optical system is stationary.
2. Gaussian (paraxial) approximations are adequate.

3. The thin lens equations can be used:

Leiop
z

2

L L | (1)
1 1 1

_—+.___=—

E2 E2 f2

4. The objectives are essentially diffraction-limited with
circular pupils.
5. The sagittal approximateion (which follows from the paraxial

' approximation) applies.

The light source is an He-Ne laser, so it is reasonable in our
use of the theory of partial coherence to use the quasi-monochromatic
approximation.

An additional approximation must be made to make the mathematicsl
model traétable in closed form. That approximation considers the
photographic material to be a grain-free, nonscattering, thin, continuous
distribution of transmittance. With this approximation we have
departed from what we know to be the physical case. However, this is
the most reasonable approach since it allows a mathematiéal solution,
the results of which can be qualified later to include the effects of

the grain and other actual characteristics of the photographi¢ material.
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The fundamental basis for what follows is ultimately the
Fresnel~Kirchoff diffraction theory devéloped as it applied to

partially coherent propagation in Theory of Partial Coherence (Beran

and Parrent, 1964) and Optical Sciences courses 206 énd 322. The
notation followed here is Swing's (1976a,b).

Having accepted the paraxial and sagittal approximations, we
can propagate the mutual coherence in our effective syétem from bne

plane to another by multiplying by the complex exponentials:

exp{ik(pl4ql)2/2d}exp{—ik(p2‘q2)2/2d} (2)

where p is an image point, g a source point, and d the distance

between source and image planes. We then propagate the mutual coherence
through a leqs by multiplying by the pupil function of the lens and by
phase factors that account for_the converging effect of the lens on

the incident wavefront:

F(p,)F* (p2)ex‘p(—ikplz/Zf)exp(ikp22/2f) (3)

The propagation of the mutual coherence from the source (where
it is denoted by Po(ul,uz)) to the sensor (where. it is denoted by

F(xl,xz,e) is described by the following integrals:
P(x1,%2,8) = f To(ul,uz)-t(ul)-t*(uZ)

Mutual coherence function I' incident on the source aperture
t in the u plane.
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s explik(ay-n;)2/221} expl-ik(ap-yp)2/227}

Propagating the mutual coherence from the source
plane u to the first lens in the a plane.

Fy(ay) Fi*(ag) exp(-ika1?/2f1) exp(ikap?/2£1)

°

Pupil function of the lens F and phase factors to
account for the converging wavefront due to the
lens in the o plane.

o exp{ik(wy-a1)%/2z,} exp{~ik(wp-07)2/225}

Propagating mutual cocherence from the lens in -
the o plane to the sample in the w plane.

o

$(wy=0) ¢*(wp-6)

Radiance characteristic ¢¢* of the sample being

examined where 6 is the distance that the sample

has been shifted from a chosen origin to account
" for the scanning motion of the microdensitometer.

»

exp{ik(81-w1)2/28} exp{-ik(By-w2)%/281}

Propagating the mutual coherence from the sample
‘plane w to the lens in the B plane.

2

F»(81) Fp*(8,) exp(-ikB12/2f,) exp(ik8;?/2£,)

Pupil function F of the second lens and phase
factors to account for the converging wavefront
-due to the lens in the B plane.

explik(x1-81)2/285} exp{-ik(kz-sz)z/Zgz}

4

Propagating the mutual coherence from the lens
in the B plane to the sensor in the x plane.

°

m(xy) m*(xp) dpy dpp day dap dwy dwp dB; d8; )

Irradiance characteristic mm* of the sensor aperture
in thé x plane.



le

The détector, an SGD-100A photodiode, is sensitive to

irradiance rather than amplitude, so we form the limit

I(x,x,8) = I(x,9) and integrate over the area of the detector:

I(8) = f I(x,0) dx (5)

When using the expression in equation (4) for T (x,x,8) we obtain:

1(6) = J T (upsg) tley) t%(ug) exp(ikui®/2z;) exp (-ikuy?/221)
»J ISRCED; exp{ikalz(1/2%1-1/2f1+1/222)}exp{—ikul(ul/zl+w1/zz)} day
‘J F1*(ap) expl-ikap?(1/2z1+1/225-1/2£,)} explikap (wyp/zp+us/z1)} dog
op (W1-6) 0% (Wp-8) exp{ikw12(1/2z2+1/251)} exp{-ikw,2 (1/2z,+1/281)}
QJIFZ(Bl) exp{ik61261/251—1/2f2+1/252)} exp{-1kB; (w1/&1+x/&2) } dBlv

°J Fo*(By) exp{-ikBp2(1/281-1/2£,+1/285)} exp{ikBy (wp/E1+X/E2)} dB2

an(x) m*(x) dup duy dwy dwy dx (6)
When the lenses are in focus, the eguations
1 1 1 1 1 1
—+ === and =+ === 1
z; zp I £l £ o (1)

simplify the integra;s over aj, Gy, B1 and By to
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I(e) = f T o(usup) tlun) t*(u2) exp{ik (u12-up2)/221}

of,Flﬂal) exp{-ikaj(u1/z1 + wi/2,)} doy

°J Fy*(ap) explikas (up/z; +lw2/zz)} das
"op(w3-0) ¢*(wp-8) exp{-ik/2 [fwlz-WZZ)/Zz + (wy%-wp?)/81]}
J Fg(Bﬁ exp{-ikBy(w1/&1 + x/&3) 1} dBy
°f Fo*(B2) explikBp(wp/&1 + x/E1)} dB
*M(x) duy dup dwy dwp dx - . (7
We can siﬁplify this equation further by the following arguments
of scale. The approximation

exp {ik(u1%-p22)/22;} = 1 (8)

is reasocnable since the source aperture size is on the oxrder of ten
micrometers (a spatial filter pinhole) while the distance z; is on
the order of 100 millimeters (microscope. standard conjugates).

Similarly,bthe approximation for the quadratic
exp {ik/2 [(wq2-wp?)/zp + (wi%-wp2)/g1]} = 1 (9)
is reasonable since the portion of the sample being measured is on the

order of micrometers while the distances 2z, and £; are on the order

of millimeters.
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Thus, the irradiance in the sensor plane is

I(6) = f Fo(ul,uz) tluy) t*(up) ¢(wi-0) ¢*(wp-6)
°M(X) %l[wl/KZZ + Ul/AZI) %l*(WZ/AZZ + ﬂz/le)
v Y] .
*Fp(X/AEp + wi/AE1) Fo*(X/AEp + Wo/AE)

,°du1 dUZ dWl dW2 dx (10)

as is shown by Swing (1976a}.

We are interested in this quantity for those measurements where
our‘primary concern is with resolution, as when measuring edgeskor
periodic structures, such as Ronchi rulings.

We are also interested in the spectrum of the image that is

given by the Fourier transform of I(9):

To) = f I(8) exp (-2wice) de (11)

In equation (10) the only terms 'containing 8, the distance that the
sample has béen shifted, are the two ¢ terms representing the sample
radiance distribution. We group the 8 terms after substituting

equation (10) into equation (1l) to obtain:
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Py = | ryGm) tn) w0 M
v A%
"'F.l(.wl/}‘ZZ + ].11/7\21) Fl*(WZ/)\Zz + UZ/AZI)
Fo (x/hEy + wi/AE)) Fo*(x/AEp + wa/AED)
m[ ¢(wy-9) ¢*(wo-6) exp(-2micH) d6
.duy dyp dwy dw, dx : (12)
For the moment we will consider only the 6 integral and refer to it

as Integral 1. If we replace the two © terms representing the sample's

radiance characteristic by their Fourier transforms,

(wp-0) = f $(n") expl+2mi(w;-8)n'} dn’
| (13)
¢*(wp-6) = f $*(n) exp{-2mi(wp-6)n} dn
the 0 integral then becomes:
Integral 1 = f j $(n') exp{2ri(wi-6)n'} dn'
°[ $*(n) exp{-2mi(wy-0)n} dn
cexp{-2nico} de (14)

When we collect terms in 6 we have:

Integral 1 = j %(n') exp{2miwin'} [ %*(n) exp{-2miw,yn}

-[ exp{-2ni6(n'-n+as)} do dn dn' (15)
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We recognize the integral over 6 as an intergral representation of

a delta fuhction of the form:
§(x-x') = f exp{-2mip(x-x")} du (16)

(Lighthill, 1959).
The sifting property of the delta function allows us to do the

integral over n', yielding:
Integral 1 = f g(m-c) exp{2niwy(n-0)}

'?'5* (n) exp{-2miw,n} dn (17)

Using this result for the 8 integral in equation (12) gives:
. .
To) = J To(ul,U2) tuy) t*(up) M) Fylwi/izp + ui/Azi)

°%1*CW2/XZZ'+ uo/Xz1) %2CX/KE2 + wi/XE7) %z*Cx/kgz + Wo/XE7)

'J%(H-U)GXP{ZW1W1CH-G)}g*(n)exp{-Zwiwzn}dn dujdupdwidwodx (18)
Grouping terms in wj and in wp yields:

o) = f T (u1,be) (1) £ (up) M(x) $(n-0) §*(n)
ef %l(wl/kzz + u1/Arzy) %z(x/xgz + wi/A&1) exp{2niw;(n-o)} dw;

»J.%l*(wz/XZ2+u2/Azl) ?2*(x/xgz+wz/xgl) exp{—Zwinn} dwodujdusdndx (19)
Using the same procedure as before, we consider the integral
over wi, replace the %1 and %2 terms with their Fourier transforms
and regroup terms in wj in hopes of finding a delta functién camou-

flaged in the eguation. Thus,
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Integral 2 = J f F1(z') expl{2mi(wy/Azp+uy/rz1)c'} dz!
°J Fo(z) exp{2mi(x/Agp+wi/2E7)C} dt

cexp{2ri(n-o)wy} dw;

f Fl(c')~eXp{27riu~lc~‘/>\zl}
J Fo (g) exp{2nixz/Agn}

oj exp{27i(c'/Azo+z/AE1+n=0)wy} dwydgdg'  (20)

The sifting property of the delta function again allows the

evaluation of one integral, in this case the integral over g':

Integral 2 = f F1[-sz/E1 - Xzz(n-c)] F,(2)

cexp{ (2miny/Az1) [F022/E1-225 (n-0)] } expl2micx/Ag,} dz (21)

Similarly, for the integral over w, in equation (19),

Integral 3 J j Fi*(z")exp{-2mi(wy/Azp+us/Az1) gt}
°J Fo*(g)expl{-2mi(x/Agg+wy/AE 1) g}dL

/°exp{#2ﬂiw2n} dW2

f F1*(g') exp{-2riuyc'/Az;}
‘f Fo*(z) exp{-2wixz/A&,

=J exp{=2ni(g'/Azp+g/Ag +n)wy} dwodzde! (22)



Again, the sifting property of the delta function yields:

Integral 3 = f Fi*[-z22/81 - nizy] Fp*(2)

cexp{ (-2miuy/rz1) (-2z2/81-nrzp) } exp{-2mixg/Ag,1} dg (23)

So as not to confuse the variable of integration in Integral 2 with

that of Integral 3, let f = ':
Integral 3 = J Fi*(-C'ZZ/El-nKZZ)-Fz*(C')
cexp{ (-2miny/Azy) (-g'zp/E31-nAzp) } eX§{~2ﬁixc‘/n§2} dg' (24)
Substituting Integral 2 and Integral 3 into equation (19) yields
o) = f I oGupsiz) (1) t*(u2) M(X) §(n-0) §*(n)
;J Fi{-2z9/81- zp(n-0)} Fplz}
cexp{ (2miny/Az1) [~222/81-225 (n-0)] }
cexp{2mizx/Agy} dg
JECENDEIER RS
°eXP{C-2Wiu2/K21)C-C‘szil-nlzz)}

cexp{-2mixc'/AEy} dg' duj du, dn dx (25)

Now grouping terms in x, u; and up, we have,

22
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To) = fFl[—czZ/al-xzzcn-ojjl F1*[z'2z5/E1-nAz5]
Falc] Forlc'] §(n-0) ¥*(n)
f M(x) exp{2mix/Af,(z-2")} dx
f FQ(.}ll,U2) t(uy) t*(u2)
-exp{ (2rin1/Az1) [F225/E1-Azp (n-0)] }
°e.xp{(_—2'rri'uz/‘>\21)(,-—;'Zz/gl—n_lnl} dujdp, dndzdz' (26)

The sampling aperture is created in one of two ways. The most
common technique, called "image scanningf cqnsiders the sampling
aperture to be the reduced image of the sensor aperture in the sample
plane. In this case the sample is illuminated by the influx optics over
an afea larger than the sampling aperture.

When we "sample scan” we create the sampling aperture by
projecting the source aperture onto the sample itself. This is the
method used in this project. Swing (1976a, -p.582) notes that "very
few microdensitometers employ this mode of operation." The lower limit
to the size of the sampling aperture is the impulse response of the
ihflux,optics since thé effective aperfure is the sampling aperture
itself: that is, the actual reduced spot in the image plane of the
influx objective. The detail on the sample (usually the photégraphic

image on the negative) is convolved with the sampling aperture directly.

The efflux optics collects the flux passing through the sample being

scanned and relays that flux to the sensor.
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In this case we can make a simplification if we assume that the

sensor aperture is wide enough to collect all the flux of interest.

It then contributes a constant attenuation to the flux,

)

M(x) = constant

and its spectrum is a delta function,

Mlcr-2)/28] = s(z'-z)

Thus the term in equation (26) becomes

(J M(x)exp{ (-27ix/Ag,) (gt-g)} dx = ﬁ[(c'-C)/KEQJ

while equation (26) itself becomes

s(z'-2)

o) = -J Fl[‘sz/il’kzz(ﬂ-ﬁ)lxFi*[izz/El-ﬂkzzl_

Fy[z] Fpr[z] $(n-0) $*(n)
°J Foﬁul,U2) t(uy) t*(up)

sexp{ (2miny/Az1) [~£29/81-225 (n-0)] }

cexp{ (~2mipny/Az3) (~225/81-nA29) } duiduy dndg

27

(28)

In the case of the spatially filtered laser source used in this

project we can argue that the Gaussian profile of the laser beam has

an amplitude so close to zero before the source aperture is reached

that the term representing the source aperture radiance distribution

can be taken to be 1 for all points of interest. The size of the

source is then contained in the I term of the eguation’
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1 1 v
rolersuz) = A% exp(eu®/w A" exp(-up?/w®) 0 (29)

When this term is substituted for T in equation (28) the integrals over

M1 and Uy separate, yielding
s X
Integral 4 = j AZZ exp(—ulz/wzzj
cexp{ (2miny/Az1) [-222/E1-225 (n=0)]} dy;
5 2/, 2
f Ay exp (-up2/w; )

cexp{ (-2miny/Az1) (-22zp/&1-nAz3) } dug (30)
We recognize these integrals as the Fourier transforms of a Gaussian

and its complex conjugate. Thus, equafion (28) becomes
%(,0) = J'#l[-sz/gl‘)\Zz(ﬂ-O)j Fl*[CZZ/El—nAZ'z:]
F2[e] F2*[c] §(n-0) $x(n) &
"eXP{-'[‘CZz/MlEl-Zz(ﬁ—<;~)~/’21:{2/w12}
nexp{—[—czz/legl-nzz/zljz/wzz} dn dz (31)
Equation (31) relates the spatial frequency spectrum at the sensor to

the spatial frequency spectrum of the sample. Application of this

equation to specific cases is done using numerical integration.
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CHAPTER 4

RESULTS

Four microscope objectives of better than average quality were
this investigation. They were: one 20X objective (NA 0.45),
objectives (NA 0.25) , and one 5X objective (NA 0.18). They

specified as "plan" or flat field. They were obtained from

Rolyn Optics Co., Arcadia, California 91006. Figure 4.1 reproduces

the objectives' specifications from the Rolyn catalog.

r #ri

O il
STOCK# X E.F.L. W.D. N.A.
80.3515 5:1 32.0 19.0 0.18
80.3520 10:1 16.0 4.6 0.25
80.3525 20:1 9.0 0.7 -—
80.3550 40:1 - 0.3 —

Figure 4.1. Microscope objective specifications.

(Optics for Industry, Catalog 77,
1977, p. 56)
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The smallest obtainable Gaussian light érobe produced by each
of the objeétives was investigated as follows. One of the 10X objec—-
tives was chosen as the collecting optic and mounted in the ﬁpper
microscope carrier. A Gillette "super stainless" razor blade was
mounted on the Zeiss scanning stage in the location normally occupied
by'the photographic negative or slide. The razor blade was scanned
across the focused spot produced when each of the remaining objectives
was mounted in the lower microscope carrier as the influx optics.

The ragor bléde was moved in 0.5 um steps.

Figure 4.2 shows the measured results as the razor blade was
scanned in 0.5 ym increments toward and away from the focused spot
produced by the 20X objective. Figures 4:3 and 4.4 show the measured
results for the 10X and 5X objectives respectively. The plots have
been normalized to a value of 1.0 for an unobstructed light path.

The spot widths which can be estimated from the plotted values justify
the assumption that the optics are diffraction limited. Table 4.1 com-—
pares the measured spot sizes to the theoretically expected values.

A computer program was wfitten_to calcqlate the area under an
ideaeraussianhsurface of revolution. The ideal surface is cut by a
plane perpendicular to the‘x axis and the area under the surface
to the left of the plane is plotted as the plane is moved from -x to
+x values. The best fitting computer—-generated profile is super-
impésed on each of the measured curves. The computer-generated pro-

files were chosen to have a good fit along the portion of the measured

27
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a. Scanned in the +x direction.

Results of scanning a razor blade across the Gaussian
spot produced by the 20X microscope objective.

Scan object: Gillette super stainless razor blade
Influx objectvie: 20X (NA 0.45)

Efflux objective: 10X (NA 0.25)

Number of data points: 512

Distance between data points: 0.5 ym.
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b. Scanned in the -x direction.

Figure 4.2, Continued.
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Figure 4.3.
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a. Scanned in the +x direction.

Results of scanning a razor blade across the Gaussian
spot produced by the 10X microscope objective.

Scan object: Gillette super stainless razor blade
Influx objective: 10X (NA 0.25)

Efflux objective: 10X (NA 0.25)

Number of data points: 512

Distance between data points: 0.5 ym.
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Scanned in the -x direction.

Continued.
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Figure 4.4.
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ARRAY ELEMENT NO.
a. Scanned in the +x direction.

Results of scanning a razor blade across the Gaussian
spot produced by the 5X microscope objective.

Scan object: Gillette super stainless razor blade
Influx objective: 5X (NA 0.18)

Efflux objective: 10X (NA 0.25)

Number of data points: 512

Distance between data points: 0.5 m.
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Table 4.1. Diffraction limit vs actual spot size.

Influx Y ' " Measured"
NA R = > A D = 2R ) Diametex
0.18 _l.76 um - 3.52 um 3.8 um
0.25 1.27 um 2.53 um 2.9 um

0.45 0.70 um 1.41 um - 1.5 um
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curve showi?g a fraction of a transmifted flux between 0.1 and 0.9.
The departure of the measured curve aﬁ top or bottom is an indication
of the amount of nonlinearity introduced by the microdensitometer
system due to scattered light, diffraction effects, vignetting, flare,
etc. Figures 4.5} 4.6 and 4.7 show the computer profiles superimposed
on Figures 4.2a, 4.3a and 4.4a, respectively.

Because of the reasonable fit of the measured result to the
computer—generated ideal curve for the cases of the 5X and 20X objective,
we might have expeéted the 10X objective to produce better agreement
near the endpoints. Swing (1976a, P. 564) reports otherwiset The curves
presented here sﬁpport Swing}s contention that "matched numerical
apertures do not lead to linear system response except when the sample
has no frequency content (i.e., the sample is a uniform distribution'
of optical density.)"

The razor blade was ;eplaced as scan object by an edge on film
provided by Professor P. N. Slater. The edge is a contact print of
a razor blade made on 35 mm Kodak 649Frholographic.negative film.

Three curves of measured data obtained from the film edge are shown in
Figures 4.8, 4.9 and 4.10. The 20X objective was chosen as the influx
.objective in order to obtain the smallest light probe. Figure 4.8
shows the results of scanning the film edge using the 5X objective as
the efflux objective. The apparent width of the film edge is 3.3 um.
The fluctuations in the plo£ at the high transmission portion of the

graph are probably due to grains that cause fog in the unexposed portion

o
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Computer generated curve of the area under an ideal
Gaussian surface versus razor blade position super-
imposed on Figure 4.2a.
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Figure 4.6. Computer generated curve of the area under an ideal

Gaussian surface versus razor blade position super-
imposed on Figure 4.3a.
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Figure 4.7. Computer generated curve of the area under an ideal
Gaussian surface versus razor blade position super-
imposed on Figure 4.4a.
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Results of scanning a film edge across the Gaussian
spot produced by the 20X microscope objective.
Efflux objective is the 5X microscope objective.

Scan object: Edge on Kodak 649F holographic film
Influx objective: 20X (NA 0.45)

Efflux objective: 5X (NA 0.18)

Number of data points: 512

Distance between data points: 0.5 ym.
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20.00 40

Results of scanning a film edge across the Gaussian
spot produced by the 20X microscope objective.
Efflux objective is the 10X microscope objective.

Scan object: Edge on Kodak 649F holographic film
Influx objective: 20X (NA 0.45)

Efflux objective: 10X (NA 0.25)

Number of data points: 512

Distance between data points: 0.5 ym.
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Figure 4.10.
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FILE 23
F EDG

10 um

Results of an independent scan of the film edge
under the same conditions as Figure 4.9.

Scan object: Edge on Kodak 649F holographic film
Influx objective: 20X (NA 0.45)

Efflux objective: 10X (NA 0.25)

Number of data points: 512

Distance between data points: 0.5 um.
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of the negative. Figures 4.9 and 4.10 are'thé results of écanning the
same edge using the 10X objective as the collecting optic. The film
edge again has an apparent width of 3.3 um.

The peak evident at the high transmission end of the edge was
evident in the razor blade scans with the microdensitometer similarly
configured (influx objective = 20X, efflux'objective’= 10X). However,
such a pronounced local minimum adjacent to the peék did not appear in
ﬁhe razor blade cése.

To verify the gréss-characteristics of the microdensitometer,
two Ronchi rulings providea by Mr. Richard Sumner of the Optical Sciences
Center were scanned. The scan pattern consisted essentially of two
scans normal to the rulings. Each scan contains 512 data points. The
first scan is in the +x direction with 2.5 um between data points. The
second scan is in the -x direction but displaced from the first by 25 um
in the v direction. No directien-dependent differences'werevexpeétéd
and none were observed. Figure 4.11 shows the results of scanning a
Ronchi ruling that has 100 lines/inch or 1 line per 0.254 ﬁm. With a
data‘point ever? 2.5 ym we would expect to see one period'of the :uling
completed in 101.6 data points or 5 periods completed in 508 data points.
-Figure 4.12 shows the results of scanning a Ronchi ruling having 300
lines/inch Qr’l line per»070847 mm. We would expectvto»seé a ruling
period every 33;87 data poiﬁts or 15.1 perioﬁs across the 512 data
points sampled. .The figures present the data in zero mean format with
the highest transmission peak normalized to 1.0. Note that the abscissa

does not divide the figures at the midpoiht between maximum and minimum
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a. Scanned in the +x direction.

Results of scanning a Ronchi ruling containing
100 lines/inch across the Gaussian spot produced
by the 20X microscope objective.

Scan object: Ronchi ruling, 100 lines/inch
Edmund Scientific #30518

Influx objective: 20X (NA 0.45)

Efflux objective: 10X (NA 0.25)

Number of data points: 512

Distance between data points: 2.5 ym.
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b. Scanned in the -x direction.

Figure 4.11, Continued.
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a. Scanned in the +x direction.

Results of scanning a Ronchi ruling containing
300 lines/inch across the Gaussian spot produced
by the 20X microscope objective.

Scan object: Ronchi ruling, 300 lines/inch
Edmund Scientific #30513

Influx objective: 20X (NA 0.45)

Efflux objective: 10X (NA 0.25)

Number of data points: 512

Distance between data points: 2.5 ym.
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Figure 4.12, Continued.
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values. Closer inspection reveals that this is largely because the duty

cycle of the ruling is not 50%, and partly because of the presence of

.. the peaks at the ebges of the transmission maxima. These peaks can be

* manifestations of the diffraction effect at the 6paque edge but can also
be caused in part by physical changes in the glass at the transmission
- boundary. |

To establish confidence iﬁ the Fourier transform routine, the
data obtained bf scaﬁning the Ronchi rulings was analyzed by a program
that windowed the data within 10% of first and last data point with an
elevated cosine function, calculated the FFT of the resulting input
.array and plotted the results. The transform of the windowed data in
.Figure 4,11 is shown in Figuxe 4.13. Similarly, the transform of the
" data shown in Figure‘4.l2 appropriately windowed is given in Figure 4.14.
We expect the fransform to resemble the transform of a square wave to
the extent that the finite sample of the Ronchi ruling approximates a
square wave. The actual transform agrees well with the expected result.
The correct fundamental frequency and its third, fifth and seventh
harmonics are observed. -The relative amplitude of each component is
within reasdnabie agreement Qith the expected value. A smal; amount of
each even harmonic is present; this is because the duty cycle of the
Ronchi ruling is not exactly 50%. The frequency components have some
width rather than beiné delta functions at the ap?ropriate frequencies;
this is as we would expect owing to the finiteness.of the data sample.

A sample of Dupont Cronéx~x—ray £ilm wés provided by Dr. Hans

Roehrig of the Optical Séiences Center. Thé film had been exposed
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a. From transmission in (@) of Figure 4.11,

Power spectrum of the transmission data of the

100 line/inch Ronchi ruling shown in Figure 4.11.
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b. From transmission in (b) of Figure 4.11.

Figure 4.13, Continued.
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Power spectrum of the transmission data of the
300 line/inch Ronchi ruling shown in Figure 4.12.
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using the "Lo Dose" film screen system under the following conditions:
80 kVp, 0.25 mAs; 107 inch, 1.3 mm focal spot. The resulting negative
had a uniform density'of epproximately 1.18. Several scans were made
of different locations on theée sample. On initial scans of the sample,
clipping occurred at 10 or more points in a 512 data-point run,
indicating that the photodicde-instrumentation amplifier combination
or the A/D converter had become saturatedf The laser source was polar-
ized and a sheet of polaroid material was used to reduce the amount
of light available to the system to a value that would guarantee that
the photodiode-instrumentation amplifier combination would not saturate.
The sample was scanned without recordihg data, and the A/D converter
input voltage was monitored on a voltmeter. The gain of the operaeional
amplifier was adjusted so that the maximum value that occurred in this
pfeliminary scan caused an input of appfoximately 8.0 V at the A/D
input. By this adjustment, a voltage 75% in excess of the-expected
minimum value could occur without saturating the detection and digitizing
circuits and thereby invalidating the data. -The mean of the data was.
suﬁtracted‘from each data peint in a data set, and the -data was normel*
ized so that the maximum value was 1.0.

| To investigate the repeatability of measurements we recorded a
scan sequence which produced the rectangular scan pattern diagramed in
Figure.4.15 on a cassette. This scan sequence collected 10 data peiets
2.5 um apart in the +y direction, then 512 date points 2.5 um apart
in the -x direction and finally 20 data pdints 2.5 uym aparﬁ in the =y

‘direction returning the stage to the origin.
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«

Figure 4.15. Rectangular scan pattern.

Two independent rectangular scans were made of the same section
of film without any adjustment made to the equipment. The 5.2 data
points in the +x direction from each of the two scans are plotted in
Figures 4.16 and 4.17. The 512 data points in the -x direction from
each of the two scans are plotted in Figures 4.18 and 4.19. Major peaks
occur in the same spatial positions. Corresponding peaks in Figures
4.16 and 4.17 are numbered to aid in comparing the figures, as are
corresponding peaks in Figures 4.18 and 4.19. The amplitudes do not

match exactly, but the difference in amplitude can be accounted for by
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Results of scanning a sample of Dupont Cronex
x-ray film in the +x direction of the scan
pattern shown in Figure 4.15.

Scan object: Dupont Cronex x-ray film
Uniform exposure using "lo dose" system
80 kVp, .25 mAs, 107", 1.3 mm focal spot
Influx objective: 20X (NA 0.45)
Efflux objective: 10X (NA 0.25)
Number of data points: 512
Distance between data points: 2.5 ym.

54



Transmitted Flux

Figure 4.17.
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Results of an independent scan of the same area on
the Dupont Cronex sample in the +x direction as shown
in Figure 4.15. No adjustment was made to the appa-
ratus between the scans which acquired the data
presented here and in Figure 4.16.

Scan object: Dupont Cronex x-ray film
Uniform exposure using "lo dose" system
80 kVp, .25 mAs, 107", 1.3 mm focal spot
Influx objective: 20X (NA 0.45)
Efflux objective: 10X (NA 0.25)
Number of data points: 512
Distance between data points: 2.5 ym.
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Results of scanning a sample of Dupont Cronex x-ray
film in the -x direction of the scan pattern shown
in Figure 4.15. This data is from the same data set
as that presented in Figure 4.16.

Scan object: Dupont Cronex x-ray film
Uniform exposure using "lo dose" system
80 kvp, .25 mAs, 107", 1.3 mm focal spot
Influx objective: 20X (NA 0.45)
Efflux objective: 10X (NA 0.25)
Number of data points: 512
Distance between data points: 2.5 ym.
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Figure 4.19.
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Results of an independent scan of the same area on
the Dupont Cronex sample in the -x direction as shown
in Figure 4.15. No adjustment was made to the appa-
ratus between the scans which acquired the data
presented here and in Figure 4.18.

Scan object: Dupont Cronex x-ray film
Uniform exposure using "lo dose" system
80 kVp, .25 mAs, 107", 1.3 mm focal spot
Influx objective: 20X (NA 0.45)
Efflux objective: 10X (NA 0.25)
Number of data points: 512
Distance between data points: 2.5 pm.
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the slightest differencg in the y position as the x scan-is being made.
The grainh pattern is random; thusra slight y displacement means that on
a scan in the x direction the edge of some . grain mighﬁ be encountered
that had not been encountered by the light probe at the corresponding
position in the previous scan, -yielding a lower peak. Similarly, a
grain on the other side of the scan path might not be encountered or iess
of it may block the area of the light probe, yielding a higher peak.

In any event, for the system to be useful, some measure of repeatability
is'pecessary° Figures 4.16 and 4.17 together with Figureé'4.18 and

4.19 demonstrate that the overall chafacter of the data remains the
same and corresponding peaks are identifiable if notlidentical.

To determiﬁe whether the difference could be attributed
indisputably to some "play" or imprecision in thé sﬁage drive mechanism
in the diréction opposite. to the direction of the long scan, a scan
tape was made which recorded 512 data points in the +x direction and
512 data points in the -x direction five times each. Figures 4.20
and 4.21 show two of the scans in the -x direction in principle over the
same4512 data points. Muﬁh closer amplitude agreeﬁent was achieved in
this caSe where there was no scan motion :in the y direction. The
result does suggest that the scanning stage precision is on the order of
some fraction of the grain clumping size éﬁd thué that we can use this
system té obtain meaningful results in scanniné negatives of this type.

The results of the five scans in the +x direction were averaged
and the average Qas plotted in Figure 4.22. Similarly, the five scans

in the -x direction were averaged and the average was plotted in
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Figure 4,20.

59

FILE 14
DDVI1E

J VIV,

250 ym

200.00 300.00 400.00 500

0.00
ARRAY ELEMENT NO.

10

Results ofthe first scan of a sample of Dupont Cronex
film in the +x scan direction. The scan pattern con-
sisted of 5 scans in the +x and -x directions each of
522 points with no scan motion in the y direction.

Scan object: Dupont Cronex x-ray film
Uniform exposure using "lo dose" system
80 kVp, .25 mAs, 107", 1.3 mm focal spot
Influx objective: 20X (NA 0.45)
Efflux objective: 10X (NA 0.25)
Number of data points: 512
Distance between data points: 2.5 ym.
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Figure 4.21. Results of the second scan of the sample of Dupont
Cronex film in the +x direction. This data is from
an independent scan in the same data set as that
plotted in Figure 4.20.

Scan object: Dupont Cronex x-ray film
Uniform exposure using "lo dose" system
80 kVp, .25 mAs, 107", 1.3 mm focal spot
Influx objective: 20X (NA 0.45)
Efflux objective: 10X (NA 0.25)
Number of data points: 512
Distance between data points: 2.5 ym.

60



Transmitted Flux

Figure 4.22.
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Results of averaging the 5 scans in the +x direction
from the data set created by the scan pattern that

consisted of 5 scans in the +x and -x directions each
of 512 points with no scan motion in they direction.

Scanobject: Dupont Cronex x-ray film
Uniform exposure using "lodose" system
80 kvp, .25 mAs, 107", 1.3mm focal spot

Influx objective: 20X (NA 0.45)
Efflux objective: 10X (NA 0.25)
Number of data points: 512

Distance between data points: 2.5 pm.
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Figure 4.23. We expect these figures to‘be syminetric reflections of
one another. Corresponding peaks are numbered.to aid in coﬁparing the
two figures.

The measured transmission data in Figures 4.22 and 4.23 was used
as input td a program ﬁhat calculatesvthe power spectrum of the random
grain distribution (Wiener spectrum). The measured data is windowed
by the eleva?ed_cosine window of Figure 4.24 to remove the discontinui-
ties at the beginning and end of the-aata sample, |

The cosine window is applied to the data podints within 10% of
the endpoints. To reduce aliasing, the data is Smoothed’by averaging
adjacent data points together. The power at each spatial fregquency éom—
ponent is obtained by squaring the real and imaginary componénts of the
array returned by the fast Fourier transform subroutine. The power
curvekis norﬁélized so that the area under it is 1.0 in order to aid in
comparison of one curve to another. The resulting power curve is then
"Hanned" using weights 0.25, 0.50, 0.25 to obtain the results plotted
in Figures 4.25 and 4.26. .Although similar, the two curves are not
identical. The diffgrences in the two curves reflect the amount of
imprecision in the measurement broceSS and the roundoff error inrthe
¢alculations. Figures 4.27 and 4.28 show plots'of the same Wiener
spectrum calculétion sequence applied to. a similar but completely
independent set Qf data from the samé x-ray film sample. The plots have
éimilar characteristics but c¢learly will not overlay one another
identically. The qualities that we_bbserve in these plots is what we

would expect. Similar characteristics among plots leads us to conclude
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Results of averaging the 5 scans in the -x direction
from the data set created by the scan pattern that
consisted of 5 scans in the +x and -x directions each
of 512 points with no scan motion in they direction.

Scanobject: Dupont Cronex x-ray film
Uniform exposure using "lo dose" system
80 kVp, .25 mAs, 107", 1.3mm focal spot

Influx objective: 20X (NA 0.45)
Efflux objective: 10X (NA 0.25)
Number of data points: 512

Distance between data points: 2.5 ym.
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Elevated cosine window applied to the data.
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Figure 4.25. Wiener spectrum of the data shown in Figure 4.22.
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Wiener spectrum of the data shown in Figure 4.23.
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Wiener spectrum of data obtained from the same sample
of x-ray film as those shown in Figures 4.22 and 4.23
but independent of those data.



]

POWER

=}

© o0

RELATIVE

Q0©°

0O

Figure 4.28.

68

FILE

SCAN

FXVFH

AREA

39 1/mm

Wiener spectrum of another independent set of data
obtained from the same sample of x-ray film as those

shown in Figures 4.22 and 4.23.
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that we are measuring tﬁe same qualities in the film saméle from one
daté set to -the next. Completely dissimilar'plotsvwéuld sdggest that
our measurements were hot;valid in somevfﬁndamental éense fthat is, the
apparatus is not capable of measuring the desired quality), or that the
measureﬁents were sé impreciée—or unreéeatable as to ﬁake the results
- meaningless. Completely identical plots would suggest that we were not
- seeing results due to thévgrains on the sample (a random process) but
rahtef seeing some underlying artifact of the measurement process.

We shall assume'that.the graih_noise that we are investigating
is isotropic in characteﬁv - To obtain a better.estimate of the true
noise spectrum we can average the spectfa obtained from each of six sets
of independent data. Figure 4.29 shows such an average... As expected,
"the standard deviation of the spectral componeﬁts is larxge Being_qn
the order of their mean throughout the SpeCtrum" and "the estimate is
not bad 'on the average'". (Wagner and Sandrick, 1979, p. 525).

In fact, the resu;ts obtained from averaging only t&o indepen-
dently obtained powervspectra yvields a gquite similar result. Such an .
average is plotted in Figures 4.30 and 4.31. The pronounced peakA
occurring at 3 lines/mm in Figures 4.29 andi4.31 is probably quantum
méttle of the screen-film system. Wagher (1977) reports mottle in
similar screen-film systems fallinQIOff by 4 lines/mm.

A,density wedge was made on 35 mm Kodak 5063 safety film by
contact priﬁting a glass neutral density wedge on the film. The
‘neutral'density wedge. was made by cutting a wedge»shape from a block of

neutral density glass. A wedge os imilar shape cut from clear glass was
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Average of the Wiener spectra from six independent
data sets all taken from the same sample of Dupont
Cronex x-ray film.
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Figure 4.31. Average of a different two of the six independent

Wiener spectra that were averaged to give Figure
4.29.
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cemented to the neutral density glass wedge to remove any optical phase
differences that would otherwise have been introduced by the difference
in glass thickness along the wedge. Figure 4.32 shows the physical

setup used to make the contact print. The glass neutral density wedge

was obtained from Mr. David Thomas, Optical Sciences Center, University

of Arizona.

Figure 4.32. Physical setup used to make a film
density wedge.

The resulting neutral density wedge on film was scanned taking
data points every 100 ym. The resulting plot of transmission versus

position on the film is shown in Figure 4.33. The figure shows that
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Figure 4.33. Results of scanning the film density wedge on Kodak 5063 film with
the spot produced by the 10X microscope objective. The efflux
objective was the 20X microscope objective.
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the dynami¢ range of the filﬁ was exhausted since the cﬁrve smoothly
approachés a‘line}df zéro slope:at the low tranSmissién eﬁd of thé_curve
and a line of zgro slope on the}average at the high transmission ehd_of
the curve. The dynamic range»éf the microdensitometer itself has ﬁot
been exhausted,'és dan be seen.from fluctuations in the plot throughout
the range of measurement and from the absence of any horizontal straight
line‘portions in the plot which would indicate clipping.

| The. density of each end of the film density wedge was measured
’usingAa Mécbeth densitometer Model TD402 (S/N 80120). The minimum
'denéity on thevfilm densify wedge measured 0.40 and the maximuﬁ
density measured<2.l6. Adjusting the maximum transmission value éo
'that fhe average of the high transmission fluctuations corresponds to a
density of 0.40 and scaling the rest of thetdafa by the same factor
yields the density curve shown in Figure 4.34. The Macbeth densitometer
measures a maximum density of 2.i6 while the fesult'of the microdensij
tometer scan indicates a maximuﬁ density of 2.74. The difference is
due go some scatﬁered light being lost in the microdensitometer case,
resulting in é measured density highef than the actual sample warrants.
The scattering éf-light by'théisilver grains iﬁ a photographic negative
was studied by Andre Callier in 1909. He used Q for the ratio. of the
speculaf density to the diffuse density of a negative, and it has thus
become kno@n‘as the Callier Q factor.

The density value obtained with the microdensitometer has a

speculaxr character‘that allows both absorption and scattering to

contribute to the measured density. In the diffuse measurement the
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Figure 4.34. A plot of D = -1n(k”) versus position on the film for the data shown

in Figure 4.33. The maximum transmission end of the data was scaled to
give a Dmin = 0.40 in agreement with the value measured using the

Macbeth densitometer. The remainder of the data was scaled by the
same factor.
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density‘is-dug to absorption only. ‘The ratio éf the density valﬁe
obtained using the microdensitometer (2.74) to tﬁe density value -
measured dn the Macbeth denéitometer (2.16) is 1.27. That resﬁlﬁ is

reasonable since the typical range of the Callier Q factor is 1.2 to 1.9.



CHAPTER 5
CONCLUSIONS

In the process of conducting the experiments that yielded the
results and conclusions of Chapter 4, several conclusions of a general

nature were arrived at.

Experimental Overhead

Cohsiderable overhead in time and resources is involved in the 
experimental process. Digressions into topics not directly related to
the principai question are not only uﬁavoidable, they are neceéssary.

As a first example, during the construction of equipment for this pro-
ject, some. time was spent learning machine shop techniques.thét had no
direct connection withrthe primary optical considerations. Second, the
design, constructicn,rand ﬁroubleshogting of the electronics connected
with the éroject took at least twice'thé amount‘of time initially .
estimated. The reason for the extensive troubleshooting and redesign of
some circuiis was the removal of errOrs‘of ele;tronic origin, which
would have invalidated the experimeﬁtél results. This type of effort;

- although necessary, is not nearly as rewarding as efforts that lead to
refinemehts in the precision of accuracy of the measurement. Finally}

cbmputer hardware maintenance and softwave debugging time proved to be

an unexpected burden. The author made three hardware repairs, and
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others using the computer also maae several significaﬁt repairs or
upgrades to the machine durihg the ;ifespan of the project; A plot sub—-
.routine provided by the aqmputetjmanufacturér had several unclear
aspects and wasvpoofly documented. Considerabie time was lost in
gaining an understanding of the program by studying theVSOurce code

line'by line.

- Hardware and Software Documentation

D0cumentation for software or hardware is absolutely essential.
The software plot routiné that was used requiréd much extra time to
understand due to the lack of an adequate explanation of its operation.
Similarly, the causes of a problem evident on the Zeiss sc¢anning stage
was lbng»undiscovered due to the lack of documentation. rThe stage seemed
to lose several stepping pulses whenever the direction of étepping was
.réversed. The problem was a lower-than-adequate supply voltage present
at the sérvo motor drivinghcircuits._ The voltage was not at its proper
level because the dﬁal voltage jumper on the power‘transformer primary
was configured for 226 V (European) operation, but the system was being
used on a 117 V circuit. The source of the error was not-diécovered oxr

even suspected until Zeiss provided German schematics and documentation.

Human Factors

In the initial electronic circuit design a very compact and
elegant format was. devised for packing information into 8-bit data bytes;

Although this format allowed some information to be exchanged at the



‘maximum data rate from the standpoint of the éoméuter terminal, it~
added unnecessary complication from the standpoinﬁ of the human
,oée;ator. In retrospect, a différent design wouldshéve been just as
easy to construct and chh less obscure to underétand° ‘The less
coﬁpact data format would have added to the data transfer time by as
much as 50%, but that additional time would have»been offset by ease

of operation.

Leéacy

Because the amount of experimental overhead is usually high,
all aspects of the reseérch project must be conducted with an eye
toward being of éosSible use in the Ffuture.

Equipment.or circuitry designed for a specific task. may not be
suitable for some requirement in the futufe. Furthermore, the task at
hand might be unduly cémpromised by attempting to make a circuit so
theral that it will have future use.. By contrast, the choice of a
sfandard, well known technology‘is liiely to have future>payoffs in
ferms of time and effort required for a new application. For éxample,
this project used TTL digital integrated circuiﬁs in the scan control
and data recording electronics. Although the state-of-the-art has
moﬁed from mediuﬁ scale integration in TTL integrated circuits to very
large scale integration in microprocessors, obsoleting the current
circuitry itself, much of the understanding and many of the techniques

learned carry over directly.
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Doéumentation is paramount to uﬁderstanding’a system. When a
concept has beéﬁ grasped, it Will save signifiéant tiﬁe if the baéics
of-the.idea and of the thdught process used to épproach the idea ére
documented succinctly and completely for.future feference withiﬁ ﬁﬁe
project. Documentation in longhand with freehand éketches is sufficient
for this purpose. The need for this typé of ddcuﬁenﬁation applies
equally to mathematical or bhysical concepts, mechanical aiignment
procedures, electronic circuitr§ operation, or computer software

function.



APPENDIX A
MICRODENSITOMETER PHYSICAL CONSTRUCTION

This appendix describes aspects of the physical‘construction
of the mibrodensitometer. Figuré A.l showé.a_scale drawing of tﬁe
component layout in the.apparatué. | |

The various components were mounted on é 1/2-inch~thick
aluminum back blate. The back plate is bolted to five cinder blocks
that are epqxied to one aﬁother. * This total méss'becomes a vibration-
damping mechénism. The‘béck plate was drilled and tapped for 10-32
screws. 'Mountiﬁg blocks were  drilled and reamed to'allow standard
optional'bench mounting rods to be secured to the mounting blocks and
the ﬁounting'blocks to bevsecured to the back plate in a solid yet
easily chaﬁggable way.

Trahsiation mounts and an inverted-V optical bench used in a
previous vertical mockup wefe not satisfaétory, The many degrees of
freedom in that system allowed the whole opticél setup to sag and become
misaligned.

A suitable descripﬁibn of the current mount would be "solid
tinkertoys." The system is easily reconfiguied, vet while a con-
figuration is being used it is solid.

A Spectra Physics Model 236 He-Ne laser is used as a source of
coherent light at 6328 i._ Light from the laser is polarized. A

polaroid sheet is inserted in the light path-éhead of the spatial
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Figure A.l. Microdensitometer component layout.

A.
B.

Laser

Front surface mirror
Spatial filter
Lower microscope carrier

Extension tube

Influx objective

Zeiss scanning stage

H.

M.

Servo motors, 0.5 um/step
Efflux objective
Upper microscope carrier

Eyepiece tube

' Photodiode, S-100A

Sensor focusing mount

Amplifier, buffer



Figure A.I.

Microdensitometer component layout.
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filter, to attenuate light from the source when a high transmission of
thé sample would otherwise allow the detedtor—instrumentation amplifier
combination to saturate.

The need to mount the Zeiss scanning stage in a horizontal
orientation was .the only deSign constraint of néte. The Zeiss stage
is capable df moving ih 0.5 Um sSteps in both x and y direétidn. The
Vhorizontal orientation of the stage allows Ehe gravity vector to be
normal to both scanning motions. In this case néither scanning servo
motor 1is férCed to act égainst gravity.

The spaCé immediaﬁely ben;athpthe Zeiss stagé is cluttered with
struts;, ser&é motor housings, and various pivots and AAjustment screws
to allow the scanﬁing stage to be leveléd. The microsbope carrier is
the most cbnvenient'and practical mount, and we did hot want to replace
it with some other specialized, nonstandard, one-bf—a;kind mount;
However, cantilevering a mount for the carrier out from the back plate
and up under the stagé wasAnot satisfactory. The long moment arm of
the cantilever tendea to sag.causing the optics to become misaligned.
In addition‘its'susceptibility‘to vibratién_was a large enough draw-
‘back to offset any advantage to be gained from keeping the standard
“microscope carrier. A simplersolution ailowed us to avoid the -canti-
lever while kéepinq the standard‘micrdscope carrier.

‘In the apparatus aescribed here the carrier under the stage-
-was inverted and the eyepiece tube removed. An extension tube was
made that has interior threads at one end to match the threads of an

objective and exterior. threads at the other end to matéh the threads
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in the carrier (see Figure A.2). The extension tube was screwed into
the carrier and the ébjective was screwed into the otﬁer'end of the
v exteﬁsion.tﬁbe1 rThe carrier itself coﬁld then be mounted firmly to the
back plate well beiaw the obstructions under the stage, but the
extension tubé allowed the influx objective to easily come within its
working d;stance of the sample being>scanned.

The spatial filter was moﬁnted as close as pfécticable'undér
the carrier. VThus the typical wbrking conjugates are apbrokimately
maintained.

The interior of the extension tube was spray painted flat
" black in an attemﬁt to feduce flare light that might be caused 5y
;g;aﬁcing'reflection from the aluminﬁm'sidé wails of_the tube. We
'notéd that at glancing incidence even "flatf paint is reflectivé°

 Richard Sumnér of the Optical Sciences Center suggested the
‘besﬁ solution in the form of a sheet of "poliiex"m polishing lap. Even
at glancing angle the politex is. flat black. The material is spéngy,'

thus easily bent, and the back of the material is pfegummed, all
desirable characteristics.

A cofrectly sized rhomboid was cut from a sheet of the
‘materiél and rolled to fit inéide the extension tube; Iﬁ this Way the
._seam where the two edges of the material met spiraled ﬁp the tube,

- thus reducing any one-sided anomaiy that the seamrmight otherwise

. have caused (see Fig. A.3).
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(b) Actual configuration, carrier
inverted with objective
extension tube and no eye-
piece tube.

Figure A.2 Influx optics mount.
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Microscope objective
Microscope carrier
Eyepiece tube

Extension tube



Rhomboid of
"Politex"

Rhomboid rolled
inside extension tube

Figure A.3. Extension tube lining to reduce flare.

Rhomboid of "politex"

Location of politex in extension tube
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APPENDIX B
SYSTEM CIRCUITRY

The electronic circuitry aSSociated~with the microdensitometer
falls naturally into two categories based on function: - the Zeiss écané-
ning stage control circuitry, and the digitizing and data recording
circuitry. fhe author coﬁstructed the scan control and digital record-

ing circuitry using LSI and MSI TTL circuits.

Scanning Stage Control Circuitry

Before a photographic sample can be scanned, it must be
mounted oﬁ the Zeiss scanning stage and the optics must be manually
adjusted. The sample is then pésitioned so that:the physical location
being probed is the first data point desired. The operator must then
input to the stage control circuitry:A (1) the desired number of steps
between the data points, (2) the scanning direction (x or y), and (3) the
location of the final data peint in the current scan line; The physical
distance between data points must be integer multiples of 0.5 um, up
to a maximum of 255 half-micrémeter steps or 127.5 um. The maximum
travel per scan line 1s 65,535 half-micrometer steps or 32,767.5 um.
" The physical limit of the Zeiss travél is 75 mm.

Parameters are input to the stage control circuitry by means of
the keyboard of the Texas Instrument Model 733 Data Terminal or through
"playback of a prerecorded digital cassette tape in the data terminal's

"playback" cassette drive.
88
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The format of the parameter input sequence is shown in Figure B. 1.

Direction L.
Control Current Scan Limit Control
Mode & Steps

A0 Tead
o7 ik

SV T
O3

Sapniuge ©AEuTe
SWa CRANEES @S
ETTIEN BRoeg

epg™ ShgniSicnem

cog¥wall 8
B oyl Amodlgos Ty

R NE e of Brers
MOS® BaCORTBTe™ NPT

O e ten
Tans” SdgosTicme ™ Nt ola

g

Figure B.1l. Parameter Input Format

The function of the first two control characters is to aid in
the readability of recorded data. The carriage return and line feed
cause the input parameters of a new scan to appear on a new line in the
recorded data.

The direction and number of 0.5 um steps between data points
are contained in the third and fourth characters. The ASCII characters
sent to the stage control circuitry are made up of 7 binary bits each.

Figure B.2. shows the characters in detail.
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Character 3 Character 4

. logical "1" indicates
Bit 7 ] . \
"x" direction

. logical "1" indicates
Bit 6 . . Unused
"y" direction

logical "1" indicates

Bi
it 5 trace mode /
\ \
Bit 4 ﬁ:itni;g?:fiiazzts) Least significant
£ mb £ st hex nibble (4 bits)
Bit 3 or number o s.eps for number of steps
between data points. )
/ between data points
Bit 2
Bit 1
/
Figure B.2. Bit definitions of character

3 and 4.

Eight binary bits are required to denote the number of steps
between data points in the allowable range 0 to 255. Of these eight
bits the four of higher order are bits 1 through 4 of the third
character. The low order four bits are bits 1 through 4 of character 4.

As shown in Figure B.2., bits 5, 6, and 7 of character 3 also
have meaning. When bit 7 is logical "1" the control circuitry inter-
prets this to mean scan in the x direction. When bit 6 is logical "1"
the character is interpreted as a command to scan in the y direction.
When bit 5 of character 3 is logical "1" the "trace" mode is active.
Further description of the trace mode is deferred until the second sec-

tion of this appendix.
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Characters 5, 6, 7 and 8 in the parameter input format load a
binary value into registers of the stage control circuitry which set a
limit to the number of sheps that may be taken in the current scan
direction. The maximum allowable number 6f steps is 65,535, which
requires 16 bits of binary storage. The 16 bits are loaded in oxder of
most significant,hex-digit (4 bits) to least significant hex digit by
the low order four bits of characters 5, 6, 7 and 8. Bits 5, 6, and 7
of'charactersb5, 6, 7 and 8 are ignored.

Character 2 is always control=S (device control 3), which is
interpreted by the TI—733.as a coﬁmand to. turn off the cassette, which
is in playback mode. fhe cassette always sends one character following
the control-S. In this case it is a backward apostrophe, which is
received by the stage controi circuitry and ignored although it is seen
upon visual inspection. kSeeing the backward apostrophe confirms for the
operator that control-S has been sent.

"Figure B.3. shbws the ASCII character set,. annotated to high-
light the modes and features of programming the control circuihry-
described in this séc;icn.

Figure B.4 shows an example of a. scan coding worksheet annctated
to highlight the méthod used in determining the appropriate ASCII.
characters to be sent in order to cause thefdésireq scanning motion to

occur.
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0 0 0 1 1 1 1
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ETX # 3 C S c $
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ETT1 GS - - M 1 m 1
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SI us N / ? (o] ) i M #

Allowable Data Bytes

PRINTABLE CHARACTER

PRINTER CONTROL CHARACTER
W///////A AUXILIARY DEVICE CONTROL CHARACTER

| " 1CODES GENERATED BY KEYBOARD. BUT NO ACTION TAKEN

Figure B.3. ASCII character set.

4+ scan x direction
scan y direction
enter trace mode
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Example of

ae/o

00/0
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scan coding worksheet.
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The Digitizing and Data -
Recording Circuitry

The Zeiss scanning stage steps from one data point to the next
in a manner determined by the parameters input to the scanning stage
control circuitry described above. At each desired data point the light
that passes through the system and sample causes an analog signal when
received at an SGD-100A photodiode. The scanning stage is_stopped
during the measurement. A selectable delay.is introduced betﬁeen the
‘ last pulse to the scanning stage and a "start conversioh" pulse to the‘
A/D convérter. The system clock is inhibitea until the A/D converter
signals "conversion complete”. A 12 bit binary value corresponding to
the light through the system is latched into two shift registers.

The follewing sequence of events occurs in the data collection
process:

"1l. The currenf scanning stage position is compared with the desired

limit infthe current scan line (raster).

2. 1If the limit has not been reached, a pulse train corresponding
to the desired number of 0.5 um steps between data points is
sent ﬁo the appropriete Zeiss stepping motor driver input.
Physicelly there are four inputs, corresponding to +x, -x,
+y, and -y. The Zeiss scanning stage is limited to a stepping

rate of 200 pulses per second.

3. After the stage has moved the appropfiate number of steps, a

selectable delay is initiated. The delay is used to allow



95

mechanical vibration due to stage motion and analog transients

in the photodetector circuitry to be damped.

A start conversion pulse is sent to the A/D converter (Varadyrie
syStems‘Model ADC-M12B2D3). The system clock is inhibited until

the A/D conversion is complete.

The 12—bit_binary result of the A/D conversion is divided into
two six-bit bytes and latched into shift registers. The 12-

bit binary result is sent to the TI-733 as two ASCII characters,
which can be recorded on the "record" cassette drive. The |
ASCII characters for c¢control codes, upper and lower case -
alphabet, numerals and punctuation are composed of 7 bits. The
lower six bifs of_each transmitted character are determined by
the binary value from fhe A/D conversion. The seventh bit is
generated by inverting bit six. This confines the recorded data
to that region in the ASCII chart occupied by numbers,
punctuation, and upper case alphabet (see éigure B.3). Bit 6
and 7'a£e never both zero; thus‘there is no possibility of
sending a control code (having special meaniné) to the com-
puter-during data transfer.. Likewise, bits 6 and 7 are never
botﬁ logical "1", so there is never the possibility of send-
ing the delete character (decimalil27). A data separator is
sent between each two related ASCII characters torpreclude data
scrambling in‘the event a character is lost. The data separator
is hardware seiectable.and is curiénﬁly'a tilda:(%). The output

has the form shown in Figure B.Sa.
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Digital data output format

Figure B.5.
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When the desired limit of the current scan line (raster) has
been reached, the output format is modified. The last data
point in a scan line.contains-additional characters, which
correspond to the current x stage position, the current y ;tage
position, two characters for operator verification and a control
character to start the playback cassette. Figure B.5b.shows the
output format. When the lést daté>point in the current line is
reéched, all 9 characters are sent to the TI-733 terminal. 1In
this case a lower-case "x" 1s used as the data separator. The
lower~case "e" allows the operatér'to verify thaf the "device
control 1" chéracter is about to be sent. Device control 1 is
interpreted by the TI-733Aés the "start playback cassette”

command.

The playback caésette, or the operatof using the keyboard, loads
a new scan direction: number of steps between data points and
binary limit for the next scan lipe into the scanning stage
control circuitry. The first two data points of'a>new line
contain the first seven ASCII characters shown in Figure B.5b.
The first two characters are A/D values, the second two are
current x position, the third pair are currept y position and
the data separator is lower-case "x". The operator is able

to confirm that the correct number of steps is being taken in
the desired direction by investigating the change in the x and

y current position characters. When the "trace" bit shown in
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Figure B.2 is set, the seven-character output format displaying
A/D value as well as current x and y position is used for the
output of all data points. The trace bit would ndrmallyvbe
used for system checkout or trouble shooting only,; since it more
than doubles the time necessary to transmit each data point to

the computer at some later time.



- APPENDIX C
ANALOG TO DIGITAL CONVERTER LINEARITY

An important link in the process .of obtaining data in digital
form from the microdensitometer is the conversion of an analog signal
into a digital format.

| Light passing th?ough the system and sample and incident on the
.photodeteétor causes a current to flow. A buffer amplifier and a scaling
amplifier withyadjustable gain isolate the photodiode from the input
ioad of an analog to digital converter module, "ADC-M series" made by
Varadyne Systems. The A/D-converter generates a twelve bit binary ,
signal which corresponds to thebinput voltage. It is important to
verify that the binéry restlt is an accurate representation of the
analog inéut to insure that no biasing or weighting of the data is
anomalously introduced at this point in the data collecting process.

Thevoutput from a FLUKE 343A DC voltage calibrator was fed to
the input .of the A/D converter module. The voltage calibrator was
warmed up and then stepped in 1 volt .steps from O te 14 volts. The
data wés recorded on the TI-733 printer by the digitizing and recording
circuitry described in Appendix B. The results obtained are presented

in Table C.1.

The agreement between the expected value and the experimentally

obtained value is very good. In addition, the recorded results were
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observed to be stable over seve:al'collecting cycles of the digitizer
which would indicate that the analog to digital converter did not

introduce random noise.

Table C.1.
e R S & e vt
Volt ) 5
0 B@ 000000,/000000 2 0
1 ,D 000100,/101100 300 300 0
2 XI © 001601/011000 600 600 0
3 CN 001110,/000011 899 900 0.11
4 (R 010010/101000 1192 1200 0.67
5 sW 010111/010011 1491 1500 0.60
6 F\ - 011100/000110 1798 1800 0.11
7 3 space 100000/110011 2099 2100 0.05
8 Vs 100101/010110 2390 2400 0.42
9 @* 101010,/000000 2688 2700 0.44
10 1. 101110/100001 2977 3000 ©0.76
11 c3 110011/000011 3267 3300 1.00
12 cs 111000,/000011 3587 3600 0.36
13 #< 111100/100011 3875 3900 0.64

14 ?? ‘ 111111/111111 4095 off scale
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