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1.0 INTRODUCTI O

This is the Final Report and Metrology Report prepared under Lawrence
Livermore Laboratory Subcontract 9936205, X-ray Microscope Assemblies. The
purpose of this program was to design, fabricate, and perform detailed
metrology on an axisymmetric grazing-incidence x-ray microscope (XRMS) to be
used as a diagnostic instrument in the Lawrence Livermore Laser Fusion
Program. The optical configuration chosen for this device consists of two
internally polished surfaces of revolution: an hyperboloid facing the object;
and a confocal, co-axial ellipsoid facing the image. This arrangement is known
as the Wolter Type-I configuration. The grazing angle of reflection for both
surfaces is approximately 1°. The general optical performonce goais under this
program were to achieve a spatial resolution in the object plane in the soft
x-ray region of approximately 1 micron, and to achieve an effective solid col-
lecting angle which is an appreciable fraction of the geometric solid collect-~
ing angle.

In the initial phases of this program, optical designs characterized
by three different magnifications (9X, 22X, and 50X) were studied in various
degrees of detail, The 9X optical design was extensively ray-traced in order
to evaluate the adequacy of a baseline set of surface tolerances. In light of
the ray tracing results, some of the baseline tolerances were medified and two
additional tolerances were added to the set. Some ray tracing runs of the 50X
design were performed to verify that the results of the 9X ray traces could be
scaled to other magnifications. The 22X design was finally selected for fabri-
cation in order to exploit the existing lawrence Livermore diamond turning
capabilities. That is, Lawrence Livermore Laboratory had previously diamond-
turned x-ray microscupes to the 22X design, and an additional 22X wnit in this
series was produced for this program. In this way, a highly symmetrical sur-
face shape and an accurate surface profile were established before any optical
polishing and figuring were begun. It was then the purpose of the polishing
and figuring to smooth the relatively rough loc2l surface left by the diamond
turning and to improve the accuracy of the surface profile shape.

The nominal optical parameters of the 22X design are 1isted as follows:

Object Distance: 300 mm
Image Distance: 6600 mm
Collecting Solid Angle (Geometrical): 4.2 x 10-4 steradians



Radius at the Hyperboloid-Ellipseid Junction: 20.0617 mm
Grazing Angle of Reflection: 1.0°.
Other dimensions of the nominal design are showm in Figure 2.3.

The structural material of the diamond-turned unit supplied by LLL was
No. 1018 cold rolled steel with a surface coating of electroless nickel. The
final diamond turning, and the subsequent polishing and figuring, were all
done within the electroless nickel layer.

Polishing and figuring were performed at Random Devices, Inc., George-
town, Massachusetts. In the polishing and figuring phase, local profile errors
left from the diamnd-turning process were removed and the local surface
finish was vastly improved. Local azimuthal slope errors were probably smooth-
ed as well, although azimthal measurements of the surface before polishing
was begun were not made, so a clear comparison cannot be made. An attempt was
made to correct the larger scale symmetry errors left from the diamond-turning
process. This was not particularly successful because of the very slow rate of
change of the symmetry shape which was achievable with the figuring methods
that were used here, and because the primary emphasis was placed on improving
the profile figure and the surface smoothness.

Preliminary x-ray measurements of the imaging properties of the unit
delivered under this contract have been made at LLL. From verbal communica-
tions, these measurements indicate that the spatial resolution of this XRMS is
several times better than any previous axisymmetric unit tested, and that the
effective collecting solid angle (as indicated by the time required to make a
given exposure) is about an order of magnitude improved over previous units.

In this report, Section 2 describes the ray tracing and tolerance
study which was performed on the various optical designs considered under this
program

Section 3 briefly describes the Calibration Plan and the preliminary
design of an x-ray calibration facility.

Section 4 describes the fabrication of the XRMS delivered under this
program.

Section 5, the Metrology Report, dgscribes the seasurements made on
the final optical surfaces, as well as the processing and interpretation of
the metrology data. These measurements indicate that the effective collecting
solid angle is Vimited by the variation in average slope (aR(8)) tolerance and
the axial slope (dS/dx) variations, whereas the spatial resolution is limited
by the aR{o) variations alone.



2.0 RAYTRACING AND TOLERANCE STUDY

furing the initial phase of this contract, an extensive seriey of
optical ray tracing runs were made to determine the adequacy of the values
assigned to the various optical surface tolerances and allowable misalign-
ments. The raytracing was done using a computer program, RAYTRAC, which was
in part developed under this contract. This program and its operation are
described in detail in the RAYTRAC MANUAL, Visidyne Document Number V1-560,
October, 1980.

The nominal optical design used for the tolerance str:dy was that of a
9% unit shown in Figure 2.1. (A1) dirensions are in millimeters). Several
runs were also made on the 50X design of Figure 2.2. Comparison of correspond-
ing runs on the two designs showed that the aberration sizes in the image
plane could be scaled in proportion to the image distance. Thus, the results
of these raytracing runs can also be applied to the 22X unit, shown in Figure
2.3, vhich was vltimately delivered under this contract.

The initial set of optical surface tolerances used as a starting point
for this study is listed in Column A of Table A, on page 21. This set of toler-
ances was provided to Visidyre, Inc, by LLL. In the course of approximately
50 raytracing runs, the effects on the imaging properties of surface errors
within these tolerance limits were investigated. Genmerally, surface deforma-
tions or misalignments of the full amplitude listed in Column A and also of
half that amplitude were used in these runs. In all cases, it was found that
the overall size and also the RMS radius of the resulting image spot scaled
linearly with the amplitude of a given deformation. For several of the
deformations, the image size could be cecreased by shifting the image plane.
For these cases, miltiple raytracing runs were made in order to locate the
optimm image plane and minimum image spot size.

From the results of the raytracing runs, a set of Tolerance Summary
Sheets, shown in Figures 2.4 through 2.14, were made up. (In the case of the
a5(x) profile tolerance, both Figures 2.8 and 2.5 are applicable). In each of
these diagrams, the form of the surface deformation and the dimensions used to
quantify it appear in the upper left. Sketches of the form of the resulting
image and a sample spot diagram from the RAYTRAC output are shown in the Tower
left. These spot diagrams come in either of two forms: a Calcomp plot in
which the ray striking points are represented by small X's; and a line printer
plot in which the number of rays striking in any given lipe printer bin is
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given by an integer from 1 to 9 appeariag in that bin. (If more than 9 rays
strike 2 given bin, a letter of the alphabet js used, in accordance with the
code given in the RAYTRAC Manual, page 69). On the right side of each Toler-
ance Summary Sheet is a plot of the RMS radius of the image and also of some
tharacteristic image dimension {(called Dimension A or Full Radius A) versus
the amplitude of the surface error or misaligmment. (In Figures 2.13 and
2.14, because of the form of the image, the full radius happens to be equal to
the ®MS radius). In the cases of Figures 2.6, 2.9, 2.11, and 2.12, an image
plane shift was required to minimize the image size, and in these cases a com-
panion plot of optimum image plane shift af versus ampiitude of the surface
error appears at the lower right.

The deformations or misalignments for the runs which are summarized in
the Tolerance Summary Sheets were all applied to the ellipsoid alone. How-
ever, several other runs were made with deformations applied to the hyperbo-
Yoid in order to verify that the effect on the form of the image was the same.
Also, a run (Number 84) was made combining out-of-roundness, variation of AR
with 6, and axial tilt of the ellipsoid to show the effects of superimposing
several surface errors. The resulting PMS radius of the image, referenced back
to the object plane, was 0.65 microns. This compares to a calculated RMS radi-
us of 0,94 microns vhen the RMS radii for the separate deformations, found in
earlier runs, were added in quadrature. The discrepancy is probably due to
the fact that the effects of the three deformations are not entirely indepen-
dent. The original output from Run Number 84 was previously supplied to LLL.

Raytracing runs vere also made on the nominal, undeformed 9X optical
design in order to verify that RAYTRAC would give the expected point image an
axis and to investigate the imaging properties of the system for off-axis
object points. Figure 2.15 on page 19 is a plot of the resulting RMS image
radii (referenced back to the object plane) wversus object point position,
assuming a planar image surface. The blur sizes are mainly due to the effects
of coma and field curvature.

2.1 PRevisions to the Tolerance Table
From the results of the raytracing, from discussions with LLL
personnel, and from discussions with the optical fabricator, Random Devices,
Inc., concerning what tolerance levels were feasible and what levels were not,
a set of revised tolerances were arrived at. These are listed in Colum B of
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Table A. The first seven tolerances, the Optical Component Tolerances, refer
to the ellipsoid and hyperboloid individually, whereas the last four, the Opti-
cal System Tolerances, refer to the matching and alignment of the ellipsoid
and hyperboloid as a pair.

The first Optical Component Tolerance, the 1.4 micren out-of-roundness
tolerance, was decreased to 0.5 microns in Column B because, at the 1.4 micron
level, this tolerance would use up a substantial amount of the total tolerance
budget (see Figure 2.4) and because the optical fabricator felt that there
would be no problem holding to a substantially tighter roundness tolerance.
The dR/de tolerance was left at 0.8 microns/cm because of uncertainty at the
time of the level of smoothness in the azimuthal direction which could be
achieved in oractice. The AR tolerance was tightened to +2.0 microns because
the previous valve of 7.0 microns would require a substantial shift in image
piane position, and would, by itself, result in an RMS radius in the object
plane in excess of 1.0 micron (see Figure 2.6). Also, the vendor felt that a
tighter tolerance could be achieved., The tolerances on #R{e), aS(x), and
d5/dx were 1eft at their previous Jevels because these were considered io be
near tl‘}e timit of what could be achieved. The RMS surface roughness was left
at 55 A, with the agreement from the optical fabricator that he would attempt
to do substantially better than this on a best effort basis.

The first of the Optical System Tolerances, on the consistency of
radii, was left at +13 microns in order to allow the fabricator some freedom
to remove material during lapping and polishing. Tighteming this tolerance
would have had 1ittle impact on the imeging performance, since the RMS radius
corresponding to the full 13 micron allowable deviation is only .07 microns
{see Figure 2.11). The tolerance on the radjus of the conic intersection was
tightened from +350 microns to 13 microns for mechanical rather than optical
reasons. That is, it was felt that the absolute tolerance on the radius
should be comparable to the 13 micron tolerance to which the radii of the tw
parts must match, rather than being much larger than that tolerance. Finally,
from the results of the raytracing, it was felt necessary to add two more
alignment tolerances: & tolerance on axial tilt of the ellipsoid with respect
to the hyperboloid of 0.2 arc seconds; and a tolerance on the allowable later-
al translation of the axis of the ellipsoid with respect to the axis of the
hyperboloid of 0.2 microns.
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2

ONE COMPONENT FROM THE AXIS OF THE OTHER)

TOLERANCE DESCRIPTION TOLERANCE_MAGNITUDE
TOLUMN A ] COLUMN B ] COLUMN C UNITS
ROUNDNESS (Ryny - Ryqp) 1.4 0.5 0.5 Microns
9R "~ (MAXIMUM SLOPE ERROR ABOUT A CIRCUMFERENCE) 0.8 0.8 0.4 Microns/cm
R (DEVIATION OF THE AVERAGE AFT RADIUS MINUS 7.0 +2.0 | +2.0 Microns
THE AVERAGE FORE RADIUS FROM THE NOMINAL =
VALUE) |
A R (98) (VARIATION OF 4R WITH 03 THAT IS, .033 .033 | .033 Microns
OPTICAL AR,.y - AR
COMPONENT MAX MIN
TOLERANCES | A S (X) (DEVIATION OF THE ACTUAL SURFACE PROFILE | .01l 011 | .01t Microns
FROM THE IDEAL PROFILE IN PLANES CONTAIN-
ING THE OPTICAL AXIS)
d>  (DEPARTURE OF THE ACTUAL LOCAL SLOPE FROM THE | .022 022 | .p22 Microns/em
IDEAL LOCAL SLOPE IN PLANES CONTAINING THE
OPTICAL AXIS)
RMS SURFACE ROUGHNESS 55 55 20 A
_———— ——e
CONSISTENCY OF RADII {ACTUAL DIFFERENCE IN THE +13 +13 .+13 Microns
RADII OF THE HYPERBOLOID AND ELLIPSDID IN THE .
NOMINAL PLANE OF INTERSECTION)
OPTICAL RADIUS OF CONIC INTERSECTION (DEPARTURE OF THE +350 13 13 Microns
SYSTEM ACTUAL RADIUS OF CONIC INTERSECTION FROM THE IDEAL
TOLERANCES | VALUE)
AXIAL TILT (TILT OF THE AXIS OF ONE COMPONENT WITH| None 0.2 0.2 Arc sec
RESPECT TO THE OTHER)
LATERAL TRANSLATION (TRANSLATION OF THE AXIS OF None 0.2 0.2 Microns

TABLE A. DOPTICAL TOLERWCES




Later in the program, when final figuring and polis.ing were about to
begin on the 22X unit which was delivered under this contract, two final
changes to the toleranc: table were made, as shown in Column { of Table A,
The dRjae tolerance was tightened to 0.4 microns/cm because, by this time, it
was recognized that azimuthal slope errors could impose an ultimate limit on
the resolution by blunting the otherwise sharply peaked point spread function
which wuld result if 211 the other tolerances were satisfied. The other
change was to reduce the RMS surface roughness tolerance from 65 to 20 K in
order to decrease scaitering and increasa the effective collecting solid angle
of the x-ray microscope. Both of the finil changes were made on a best-effort
basis,
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3.0 CALIBRATION PLAN AND PRELIMINARY LESIGN OF CALIBRATION FACILITY

An x-ray calibration plan, wvreviously supplied to LLL, was formulated
during this program. The purpose of the Calibration Plan was to devise a way
to measure the shape of the point spread function in the soft x-ray region for
several field positions within the field of view, and to devise a method for
measuring effective reflection efficiency (or effective collecting solid
angle) at several energies in the soft x-ray range. In addition, preliminary
drawings of a x-ray calibration facility were made, and a scanning electron
microscope, to serve as a point x-ray source, was purchased. These items have
been previously delivered to LLL.

23



4.0 FABRICATION

The 22X unit which was delivered under this contract wzs originally
diamond-turned at Lawrence Livermore Laboratory, and then polished and figured
at Random Devices, Inc., Georgetown, Massachusetts. A special measuring sys-
tem, called the Scanner, was used at Random Devices for in-process monitoring
of the surface figure and smoothness. The Scammer is described in Section
4,1, and the figuring and polishing process is described in Section 4.2.

4.1 Description of the Scanner

The Scanner makes measurements of the profiles of optical sur-
faces by detecting small displacements in the position of a HeNe laser beam
reflected from the optical surface as that surface is moved past the laser
beam. The input beam is fixed, and, ideally, the mechanical mounting of the
piece under test is arranged so that the output beam is also fixed when the
desired surface profile has been achieved. Thus, the Scanner gives a null
measurement or nearly a null measurement for the correct surface figure.

As shown schematically in the plan view of Figure 4.1, the laser
beam first passes through a set of beam cefining components: lens Ly and aper-
tures Al, Az, and A3. It is then focussed down to a 50 micron diameter spot on
the optical surface under test by lens LE' R weak lens Ly can be translated
along the laser beam axis to make fine adjustments in this focus. A set of
small planar mirrors My, Mp, and M; rounted within the fixed Optical Probe
Assembly are used to deliver the beem to the optical surface, and then to
extract the reflected beam and direct it toward the cetectors. A cylindrical
lens L5 may be placed as shown to compensate for the beam divergence normal to
the plane of the diagram due to the strong azimuthal curvature of the surface
under test. L5 was used for some measurzments, and deleted for others.

To make a profile measuremesnt along a path approximately parallel
to the optical axis (that is, to make en axial scan), the piece under test is
moved along a very shallow circular arc defined by the two linear air bear-
ings. This circular arc, which is a portion of a figure called the best fit
slope circle, is produced by deliberately misaligning the Tinear air bearings
from their nominal plane-parallel orientation, as shown. The radius and posi-
tion of the center of the best fit slope circle are chosen so as to minimize
the angular excursions of the reflected laser beam as the optical surface is
moved through an axial scan. (The best fit slope circle is an approximation
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to the profile of the optical surface in which the slope differences, rather
than the linear displacements, have been minimized. The calculated radii of
the best fit slope circles for the 22X unit are 67.109 meters and 62.025
meters for the ellipsoid and hyperboloid, respectively. Minor rotations of the
box beam structure with respect to the air bearings as the beam moves in the
required arc are permitted by means of the flex pivots, as shown. By making
the box beam relatively long and spacing the linear air bearings far apart,
the system was made insensative to the irregularities and variations in clear-
ance in the ways of the air bearings, because, with the air bearings widely
spaced, such irregularities would produce only very small angular tilts of the
optical surface. The box beam and rotary air hbearing are supported in the
vertical direction {normal to the diagram) by a set of air bearing cushions,
which are not shown.

The box beam structure was driven along the slope circle by 2
lead screw, which was flexibly coupled to the box beam. The position of the
box beam, and thus of the optical surface, was detected by a limear variabie
transformer, the signal from which was used to drive the abscissa coordinate
of the chart recorder on which the scans were plotted.

Small angular motions of the reflected beam in the plane of Fig-
ure 4.1 were detected by pairs of discrete silicon detectors in the detector
plane. Later in this program, the discrete detectors were replaced with a
silicon quadrant detector, with the outputs of the quadrants tied together in
pairs. In either case, the output signals, after passing through preampli-
fiers, were differenced and alse summed in analog circuits. The difference
was then normalized by dividing by the sum. The resulting signal as a func-
tion of time was a measurz of the changes in slope of the optical surface as
it was moved past the laser beam focus. This signa)l was integrated in am
analog circuit to give the surface profile, which was then plotted on a chart
recorder. Typical plots produced with the Scanner are shown in Section 5.
The magnification was on the order of 200,000X, so that 0.3 inches on a Scan-
ner trace in the ordinate direction represents an opticai surface feature
about 1 microinch high.

The calibration window shown in Figure 4.1 was used to measure
the magnification of the Scanner. This glass window, which was .022 inches
thick, could be tilted through an angle of 10°, resulting in a latera! trans-
lation of the reflected laser beam of .0013 in. in the detector plane. Over
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the 10.25 in. optical lever arm from the optical surface to the detector
plane, a .0013 in. displacement corresponds to an angular shift in the laser
beam of 26.2 arc sec, or to an angular change on the optical surface of 13.1
arc sec, Thus, by tilting this window, the angular sensativity of the Scamner
was measured, and, by integration, the scale sizes or magnifications of the
profile scans were determined from the calibration ramps which accompany the
various sets of scans.

Another thin plate, the cam-driven window shown in Figure 4.1,
could be inserted into the reflected beam to give a null measurement even if
the desired profile of the optical surface could not be adequately approxi-
mated by the slope circle arc. The tilt of the plate was varied as the axial
scan wes mde by means of a cam which was linked to the axial motion of the
test piece, thereby laterally displacing the beam with time in a controlled
way. By properly contouring the cam, deviations of the ideal surface from the
best fit slope circle could be compensated for, giving a null measurement
(that is, a straight Time plot) vhen that ideal surface profile was achieved.
For this program, the ellipsoid and hyperboloid profiles were adequately
approximated by their respective slope circles, and this window was not
required, '

In addition to axial scans, the Scanner could also make scans in
the azimuthal direction in order to measure the roundness profile. This was
done by rotating the detector assembly 90° in order to detect reflected beam
motions normal to the plane of Figure 4.1. Then, with the box beam fixed, the
rotary air bearing was driven in rotation, while the chart recorder pen moved
at constant speed in the abscissa direction. The rotary position of the test
piece was recorded on these scans by a set of tic marks which were added to
the scans using an optical rotation sensor which detected the passage of a set
of reference marks located on the periphery of the air bearing. Typical
azimuthal scans are also reproduced in Section 5. The magnification of these
scans is about 20,000X.

In the course of this program, many mcdifications and improve-
ments were made to the Scammer. In any future program, the following
rodifications would be desirable:

1.  Replacement of the present laser with one having a stable output
beam, or, alternatively, provision for an effective system to
stabilize a time-varying beam.
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2. Replacement of the present electronics with a stable set of out-
put electronics, preferably based on digital logic, with some
capability for real time data reduction.

3. Provision for an optical reference surface of known profile which
could conveniently be moved into position and scamned whenever
calibration of the overall curvature (sagittal depth) of the Scan-
ner traces was desired. -

4.2 Figuring and Polishing

The figuring and polishing process was laborious, with many set-
backs and unexpected problems. Progress was irregular, with periods of weeks
when there was no measurable progress or when the surface figure or polish
actually seemed to deteriorate. Much ingenuity and patience was necessary at
Random Devices, Inc., to overcome these difficulties and eventually produce a
successful unit.

In order to figure and polish the diamond turmed unit supplied by
LLL, a special lap-mounting mechanism was devised and built. The purpose of
this mechanism was to position the polishing lap properly on optical surface
and oscillate it in a controlled way in the axial direction as the x-ray micro-
scope rotated on the rotary air bearing of the Scanmer. The osciliaticns were
adjustable in length, speed, and axial position. The lap pressure was also
adjustable. The mechanism was designed so that the lap could rotate with the
optical surface about the optical axis (that is, in the azimuthal direction)
for a small distance at the ends of the strokes. However, the mechanism was
very stiff with respect to azinsthal rotations of the lap relative to the arm
to which it was attached, so that very narrow laps could be used without the
lap tipping sideways. Finally, a controlled moment could be applied to the
l1ap to concentrate the polishing action at the fore or aft end of the lap, in
order to correct the slope symmetry errors of the surface. This moment could
be automatically varied with azimithal position by means of an adjustable cam

mechanism.

After receipt from LLL, the diamond turned 22X unit was mounted
on the air hearing of the Scanner, where it remained until finished, (An
advantage of the Scamner design is that the work piece does not have to be
removed when changing from the polishing mode to the measurement mode)}. Init-
ial scans showed that the local surface was relatively rough, with .05 to .07
micron local irregularities.

28



The ellipsoid was figured and polished first. In the course of
this operation, all of the numerous degrees of freedom available to the
optical fabricator were called into play. The hardness and composition of the
lap were varied frequently to achieve various effects on the surface. The
shape and width of the lap was changed often. The lap pressure and Tap moment
were varied. Various polishing compounds pressed into the lap in various ways
were used, although for the ellipsoid a standard .06 micron polishing compound
was used most frequently. Occasionally, the Scanner would give unrepeatable
or suspect results, and re-alignment or modification was required. Figuring
was finally completed when the Scanmer traces indicated that the aS deviations
had been reduced to .003% micronﬁs {or .0070 micraons, peak-to-peak), and the
surface was smooth to at least 20A, as averaged over the Scamner spot size.

Although experience with the ellipsoid no doubt aided in figuring
the hyperboloid, the hyperboloid presented some new problems of ifs own. Some
of these problems were probably related to the fact that, because of the much
steeper average cone half-angle for the hyperboloid compared to the ellipsoid
{2.8° vs 0.8%), the rate of change of the azimuthal curvature encounted by the
polishing 1ap is much greater as it is tramslated axially within the hyperbo-
loid. At one point in the process, further improvement in the local surface
finish ceased entirely. The problem was believed to be caused hy excessive
acidity of the .06 micron polishing solution, promoting uncontrollable chemi-
cal removal of material faster than the more controllable mechanical removal.
The pH of the solution was varied, and other polishing compounds (Tizox 1300
and two grades of Ludox) were tried at various pH levels before progress
resumed.

Polishing was terminated on the hyperboloid when the Scanner
traces indicated that the surface profile was within .010 microns, peak-to-
veak. At this point, the ellipsoid was again polished briefly to bring its
surface smoothness up to the level of the hyperboloid.

The results of the final surfeze measurements on this unit are
reported in Section 5.

29



5.0 METROLOGY REPORT

After completion of figuring and polishing, a series of axial and azi-
muthal scans were made on the ellipsoid and hyperboloid., These are reproduced
in Figures 5.2 through 5.20. For reference pruposes, two scans were also made
on an LLL-Supplied cylindrical mirror from a Kirkpatrick-Baez x-ray micro-
scope, as reproduced in Figure 5.1. The apparent sagittal depth of this -8
mirror over an 0.5 inch baseline is .32 + .08 microinches, as measured from
one of these traces. (The error brackets come from an estimate of the uncer-
tainty in the sagitta due to the apparent noise in the trace). This trace was
made while the Scanner was set to the ellipsoid slope circle, vhose radius is
67.109 meters. Over the same 0.5 inch baseline, the calculated sagitta of this
slope circle is 11.83 microinches. Then, assuming that the Scanmer was in fact
set perfectly to the nominal slope circle radius, the measured sagitta of the
K-8 mirror is 11.83 + .32 = 12.15 * 08 microinches, which corresponds to a
radius of curvature of 65.3 + 0.4 meters. This value should be compared to the
radius of curvature of this mirror measurad by other means.

Figures 5.2 through 5.5 are the axial scans of the ellipsoid at the
0%, 90°. 180°, and 270° azimuthal positions, respectively. Figure 5.6 is a
repeat of the 0% position to check reproducibility. Fiqures 5.7'through 5.9
are the azimuthal scans of the ellipsoid at the small end, mid-plame, and
large end, respectively. Figures 5.10 through 5.13 are the axial scans of the
hyperboloid at 0°, 90°, 180°, and 270°, respectively. In Figure 5.14, these
scans are repeated in a different order. Figures 5.15 through 5.17 are the
azimuthal scans of the hyperboloid at the small end, mid-plane, and large end,
respectively. Finally, in Figures 5.18 through 5.20, these azimuthal scans
are repeated"at higher vertical and horizontal magnifications.

In this report, Figures 5.1 through 5.20 have been reduced somewhat
from their original sizes. The original scale can be reconstructed from the
reference lengths found in the margins of Figure 5.1. A1l subsequent scan
dimensions found in this report apply to the scans in their original, unreduc-
ed size.

A total of 91 of these scans were selected to be used in further analy-
sis. These are the ones marked with an arrow and a rectangular box containing
a scan identification number ranging from 0100 to 8302. These selected scans
were digitized by Envirodata Corporatiton, Chelmsford, Mass., and the coordin-
ates of the digitized data points were recorded on a 9 track wagnetic tape in

30



MI9(35 Seans A LLL K B
Minov ((ylindrical)

i
; !
o
376 -"\[u. inch. )
|
{ Some i |
-S'Cﬁh. ag LR
ol wel Scims)
L
r__’________———'—\ x‘ll
' fo)(f:a( SC(n\S:
. . o ]
\. FIM.( ﬁ’MASLM ézmid,_ m&a( A
o5 ABX KK/VL)) botton,

LLL Piﬁmyhc‘-%trhel
[nit #L4 | Final | e
gfo)/mm'r\j and 50 ’(‘f}‘\nj ﬁ;;::;&f
bt Romdon Jeviaw s, | | metalon e
Meas ety onyist

tope
I3
o fasis numbaed O /A"&,//
‘@M”é i'\‘ﬂ l\ M »

)

oL L
///mi't“ '//

/Z,

s

FIGURE 5.1
e &, ---> ek
3



O vt S

( g

L
}\ ’W
Y

!

I¥)
Wi

6$.75°¢ 350 inches Ferﬂ.i;\ck
FIGURE 5,2
amg U-13° ] . o
Se_mi.” 3‘-.3. 3.5 . ='*54,‘,,‘, A’%cw\u% =0

AMS Ped, -:.% e :‘”/fl"& ‘ 32 E“I'PSOIH'.



3 J:VI.S"M//()O’H'{:

0

K5 34

FIGURE 5.3
- ‘ 0
Seans 1-10: A%fbn(,\‘u\ :cio

hean Sag. 41 o = 3 purin, .
RMS Pev, =, (S, :J:{;‘-ﬂ' 33 E”'FMJ,



@ )4 [z

9%

oy

g . __

L |

S ——

s~ Ty
‘;\‘ 1

_F"Q

? J'-V‘;,‘(Mj 100 'I.Ll(‘i'

h b

%

L4S’ 331
Soans |12} A”z‘.’mu’ﬂ'\ :]b‘O’

Mean Sa :4.')-mw\,=.5'0/u‘ﬂ. FIGURE 5,4
RmS v?tv.-‘,s“gulnm.:,bfn,“'q. ‘ 31; E-/[,'Pgdfd




=
[
~N
=
&

By e §$¢ 05 % ‘0"ﬂ

7 i
\J
”¢ (,

;

3

3
! (Llh th

)

|f

¥ avis ?mj//o‘f,'!t

Azimath =30
340 Elligsaid

FIGURE 5.5 35



T S nn =82\ Cr l | .
@ ( ?2:9 %«T idda'v..ejnes /azki)etw). H{ﬁ ’ ¥

i ——3
e R
A T
; — _

> ~
5 —

5 s ,346
FIGURE 5.5

Repest it 0° rimath

Seams (-7 .
Mean 5‘q3=3.§mm:,‘{'d/u.|'n, E“\VS(J\A,.

3
RMS Dey. -’-,50“1"5. = 06 441, ;



< lE

Lo san length

-(tan 2‘10)-'7'43 % [0"": P

a3, 9x 5%, 790 !
R Y

# Rs rﬁd"bﬁ' "F
Surfoig,

150

21500 -

29° P
L .
[arr NokhAL T <o ,a190 inckes//.u‘ncf«\
! 122y =10"vier
FIGURE 5.7

Ellipsed,
ﬂ_p 10 r‘:\ff\ At‘n fron. Small End



W
i/

L‘}i;l\\* \N‘X
LS
S ))
J ]
v/

'—\’\ — '\"'”"_\-'\‘\‘}

0% o

y‘ Py, .13 mcl\.es[/unck
T 12 o /iomrer FIGRES.8 Ellipsod
. / e 38 - .M;A’c?f&.'



) Vil
NN
\\| A

/
7

10202 inchespuinch

i3 D’V//b'rl“—

39

" FIGURE 5.9 Ellipseid

‘ 010 !'nb’_»\ in Frau-_\ Large End



@

( Scanner wag re-eenfaed

befre O @, @, 204 @)

Tl . .

i ;I , 2 *\\ \
—— ! =
Bt e "
== 7/ / T~ ™S
. ’;CC —-—-3 I‘ F—‘\—.‘* \\ 4 N
___l—J / \,_.__’\ - -

P e rsetpm, * ~

/

o ; ‘\.- \.\ \‘ -
-a: 2T em— - \‘ >

T ——, -, ~
] ; \ \\' \ -

2

AP inchesfpiinh

40

G T
.'. L~ . - —--- ‘“H:
{1
-~y
—r . ,/.
- /
/
//
4
/ (}044
75 DIV fae
/0* tice HYPeppst A o°
FIGURE 5.10



/3%

FIGURE 5.11

n

HYCERBOLA  Gp°




s

.29

6% DWW/ 1yt gy
AN HYPERBOLA  1gpe

FIGURE 5.12
42



@ 1) f50

514 /250

HYPERBOLA  270°

FIGURE 5.13
B



0
2
130
270
’ o / ’ |
yD
/ 206
6% D 100 pr HYPERBALA

Fow AFT dfwf ofas/’h'ms‘.
FIGURE 5.4 W '



| 1

[
I~

RGN

-,
N
N

w O

1224 D\ %0 HYPERBOLA SMALL END (0;10 wmch in
A2IMUTHAL From end),
~ FIGURE 5,15 45



13 ‘Dnv//b .

L020F
HYPERBELA  CENTER
FIGURE 5,16 'ﬁ ZIMUTHAL

S|



NER AR BT
: H ‘*’:] 2
AV Y] 2. <

7
)
é

20°

G'/('Du’ '0200 ,\'*\Cl‘e.f/}u;\ft\
124 20/ HYPeRBotA  LARGE EnDd (Linch fa

FIGURE 5,17 WAZtMumA(_ from end)



Loty Aa el 8T's 3uNold

30

N —
R GEDerTw e

poeed Suipy gy \\ﬁ
T -0/ %8

ANI VWS yy oY DIAN Alg n\“\
,@M MMN
N
\\ v P~
A Earg

\'\...
w...or_ N\N/ o
I NN
WN...*WS v

[xo1g]

T ke i



61'5 WMo aw\
» ne 9
AVWHLAWIZY !

PRILVID W rwIIDIAH

<1’




/f{'»/ ¥

PYH Loonrzy
dV3 >53yWV7. -

0Z'S ¥noI1d

W20 M2d4H

Vo roagers

R —




the EBCDIC Code at 800 BPI. This tape was then used as the data file which
was read by the programs and subroutines described below in course of replot-
ting and extracting statistical data from the metrology scans.

Digitizing began and ended at the dot marks for the axizl scans, and
at the crosses for the azimuthal scans.

5.1 The Metrology Computer Programs

Initial reduction and replotting of the metrology data was per-
formed using two computer programs: SCANNAX, for the axial scans; and SCANNAZ
for the azimuthal scans. Both programs incorporate three subroutines,
ENVIRDT, FSTSCN, and SCANRD, which are used to read, unpack, scale, and store
in the central memory data from selected regions of the data tape. The subrou-
yines, as used with both SCANNAX and SCANNAZ, are identicil except for their
dimension statements.

Program Jistings for SCANNAX, SCANNAZ, and the three subroutines
are contained in Appendices A and B of this report. The operation of the sub-
routines is explained within their respective 1istings. The general operation
of SCANNAX and SCANNAZ is described below.

5.2 Description of Program SCANNAX

Referring to the program listing for SCANNAX in Appendix A, the
input quantities from the data deck are read in the section between program
Tines 5 and 306. These quantities are described in the program between lines
35 and 85. On line 32 a three digit number, equal to 111, and called IND for
Indicator, is printed out. Similar numbers are printed throughout the pro-
gram, and are used to indicate where the program stopped if the calculation
was terminated because of an error. The selected region of the data tape is
then read at line 89, using the three subroutines, and the X (abscissa) and Y
(ordinate) coordinates of the data points on the selected scans are stored in
arrays XA and YA. The region of the tape to be read is specified by the input
quantities LMIN and LMAX, which are four digit scan identification numbers
found in the rectangular boxes next to the original SCANNER traces. The
Reorder Routine beginning on line 110 is used to rearrange the order of the
scans in the XA and YA register if the all the axial scans at a given azi-
muthal angle were made and digitized as a group. If, on the other hand, the
azimuthal angles were alternated (that is, 0°, 90°, 180“, 270°, Q°, 90°, 180°,
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etc.), the Reorder Routine is bypassed by means of the input quantity REODR.
Beginning on Tine 165, the empty regions of arrays XA and YA are filled by
repeating the data a second time if only half of a data set (24 axial scams
instead of 48) is available. Beginning at line 180, the scans are zeroed in
the X (abscissa) direction by subtracing the X coordinate XMIN of the first
digitized data point on a scan from the X coordinates of all the other points
along that scan.

Lines 200 to 390 of SCANNAX contain a series of routines which
are used to shift corresponding scans into alignmeat in the X direction so
that they may be co-added properly. In this section, the First Interpolation
routine calculates an evenly-spaced set of points along each scan from the
original unevenly-spaced set, and stores them in register YB. The interpolat-
ed scans are then leveled and filtered to remove the low spatial frequencies.
Then, cross correlations are calculated for various pairs of corresponding
scans as a function of relative X position as one curve of each pair is slid
past the other. The X position corresponding to the maximum of each of these
cross correlation functions is then found. It is then used to shift the cor-
responding scan, which is still stored in original form in arrays XA and YA,
jnto proper register in the X direction. If the cross correlation routine
does not work properly with a given data set {see Section 5.4) andfor if the
Scanner traces are in proper alignment to begin with, the entire section from
program lines 204 through 397 can be bypassed using the input parameter CCOR.
(See Vine 203).

The Second Interpolation routine, beginning on line 395, computes
a new set of evenly-spaced points from the original unevenly-spaced set for
each of the now-aligned traces, and stores these sets in array YB. Beginmning
an line 425, the least squares best fit straight line for each trace is found.
These best fit lines are then used to reduce all scans to zero average slope
ard zero average Y position beiween program lines 455 and 470. The scans at
this point are finally ready to be averaged and inter-compared. Corresponding
scans are averaged point-by-point between lines 480 and 495. Then, from lines
495 through 525, the RMS deviation of each scan from its corresponding average
scan is computed, point by point, and 2lso the six largest individual devia-
tions, ERROR(IJ, MA, MB), of the given scan from the average scan are found
and stored. In lines 530 through 555, similar quantities are computed with
respect to the corresponding average scans from the first half of the data set
{first day) ard from the second half {second day).
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In SCANNAX Tlines 560 through 620, local slope distribution histo-
grams are computed and printed out from the leveled, interpclated, averaged
scans. The Tlocal slopes are computed in arc seconds over baselines of 1, 2,
and 4 of the interpolation intervals DELTA. For all runs, DELTA was set equal
to .020 inches on the Scanner trace, which is approximately .002 inches mea-
sured along the surface. These calculated local slope values are then distri-
buted among the bins in the slope distribution histogram, depending on their
absolute magnitudes. The number in each bin is counted and printed out in the
Slope Distribution Tatles, along with a running total of the number in al
previous bins. To increase the angular range of the S$lope Distribution Tables,
the bin widths are increased in a regular manner from a minimum of 0.15 arc
seconds to a maximum of 8.3 arc sec as the maximum of the slope goes from 0.0
to 79.6 arc seconds.

In Tines 620 through 640, the average scans are prepared for plot-
ting by scaling them to the nominal magnification of the LLL Cleavite Surface
Analyzer and by adding in the best fit slope circle curvature which had been
mechanically subtracted out of the original traces by the Scanner mechanism.
In lines 650 through 730, the computed scan statistics (RMS deviations and
largest individual deviations) and various other computed quantities and input
parameters are printed out. Finally, in lines 730 through 785, the six averag-
ed scans are plotted using the Control Data Corporation UNIPLOT routine.

5.3 Description of Program SCANNAZ

SCANMAZ performs processing and plotting of the azimuthal scans
which is quite similar to that performed on the axial scans by SCANNAX. For
this reason, only thi major ways in which SCANNAZ differs from SCANNAX will be
described here. The program listing for SCAMNAZ is found in Appendix B.

The first major difference is found in lines 75 through 95 of
SCANNAZ. Here, the azimuthal scans are re-arranged within arrays XA and YA in
order to group them correctly for further processing. This is necessary be-
cause the toree subroutines which read the data tape were designed for use
with SCANNAX, and therefore arrange the scans in 12 groups (NB=1 through 12)
of 4 scans each (MA=1 through 4). However, the azimuthal scans consist of 6
groups (MB=] t:rough 6) of 6 scans each (NA=1 through 6).

At Tines 120 through 135, the azimuthal scans are stretched or
compressed in the X direction to match the length of the first scan, as well
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as being zeroed in the X direction. The amount of stretch is inversely pro-
portional to the length of the original scan as measured between the first and
last tic marks. This is necessary because the speed of the rotary air bearing
was not well controlled, wherecas the X translation of the chart recorder pen
was a constant.

The next major difference is the absence of the Cross Correlation
Routines and the associated First Interpolation, Leveling, and Shifting Rou-
tines. These are not needed because the digitizing of each azimuthal scan was
begun at the first reference tic mark on each scan. Thus, once the X coordin-
ate of this first digitized point in each scan is subtracted from the X co-
ordinates of the other points in that scan, all scans are moved into proper
alignment.

In lines 260 through 290, the amplitude AMP and phase angle PHSE
of the best fit sinusoid to each of the average scans is found. The best fit
sinusoids are then subtracted away from the average scans before computing the
scan statistics which compare the first half of the data (first day) to the
second half (second day). They are also subtracted in preparing the scans for
final plotting. This is necessary because the true azimuthal surface shape
would otherwise be masked by the sinusoid resulting from imperfect centering
of the piece on the air bearing. It is justifiable because it is, in fact,
equivalent to properly centering the piece.

In lines 335 through 360, the final averaged scans are re-scaled
and transformed to polar form in order to match them to the format of the LLL
Indiround Traces.

5.4 Results of the SCANNAX and SCANNAZ Computer Runs

The results of the metrology data computer runs are shown in Tab-
les B through L and in Figures 5.21a through 5.27c.

During the initial runs of Program SCANNAX on the Scanner traces
for this unit, it was found that the cross correlation routine was not wrking
properly. The routine did find reasonable shifts in the X direction for a few
of the traces. &enerally, however, the cross correlation functions increased
or decreased very slowly and monotonically across the entire cross correlation
interval, and therefore the routine selected the largest possible positive or
negative shifts. Since the cross correlation routine had been tested and had
worked properly in the past, the problem was believed originate in Scanner
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traces themselves. Specifically, the traces for this unit were believed to be
too smooth and featureless for the routine to produce meaningful cross correla-
tion maxima. At the time this problem arose, it was also noted that, because
of the order in which the traces were made and digitized, they were already in
good alignment in their original form. Therefore, it was decided to bypass the
Cross Correlation Routine and its associated routines by setting the input
parameter CCOR in SCANNAX to 0.0,

Table B lists various input parameters and results from the
SCANNAX run on the axial scans of the ellipsoid. Most of the input parameters
listed in the top three Tines of this table are described in the program 1ist-
ing. FACTOR 1 and FACTOR 2 are both equal to unity because only one half of a
nominal data set was taken, and consequently the data set for the "first day"
was identically equal to that for the "second day". X SCALE and Y SCALE,
which are used to scale the Scanner traces up to the size of the Cleavite Sur-
face Analyzer traces, are calculated from the measured scales (XMAG and SMAG)
of the Scanner and from the nominal scale factors of the Cleavite system which
had been used during previous measurements of other x-ray microscopes. The
values of C1 and C2, which are constants used in adding the slope circle curva-
ture back into the final plots, were calculated from the known radiﬁs and posi-
tion of the center of the slope circle and the nominal scale factors of the
Cleavite system. SMAG, the Y magnification of the Scanner traces, was calcula-
ted from the expressios:

SMAG = X,MAE tan_p

Here, XMAG is the X magnification of the Scanner (found by dividing the length
of the trace by the length of the optical surface), n is the measured slope
angle of the relevant calibration ramp, and & is the angle on the optical sur-
face which corresponds to 2. That is, & is the actual slope on the optical
surface of a feature which would have the same slope on the Scanner trace that
the calibration ramp has. The angle o is equal to 6.34 x 10“5 radians, which
is one half the angle subtended by the .0013 inch sideways displacement of the
laser beam produced by tilting calibration window through 10°, divided by the
optical lever arm length of 10.25 inches. (The lever arm length is the dis-
tance from the optical surface to the detectors, measured along the optical
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path). If a particular calibration ramp corresponds to a window tilt of only
5¢ instead of 10¢, a value for s of 3.17 x 1072 radians was used instead.

The main body of Table B lists various characteristics of the
individual axial scans of the ellipsoid. The first two columns identify the
individual scans, with the first digit (1 through 6) giving the number of the
scan within its scan group (there are 12 scan groups, total), the letter A or
B designating whether the scan is part of the data from the "first day" or the
"second day", and the azimuth colum indicating the angular position at which
the scan was made. Since the data for the first and second days are identical-
1y equal here, note that corresponding pairs of Tines in this table are identi-
cal, For instance, the line for Scan 1A at 0.0° is the same as Scan 1B at 0.0°.

JMIN is the amount each scan was shifted in the X direction in
the initial registration, where the X coordinate of the first digitized point
in the scan was subtracted from the X coordinates of all the other points. The
two XPEAK columns tabulate the positions of the peaks of the cross correlation
functions at the beginning and ends of the scans. Since the cross correlation
routines were bypassed here, these columns are zero. The AVERAGE SLOPE Colum
Tists the slope of the best fit straight line for each scan before the scan
was leveled. ’

The final seven columns in Table B list the RMS Deviations in
microns of each separate scan from the average of all six scans within the
corresponding scan group, and also the six largest individual deviations which
were found. These statistics illustrate the repeatability of the §canner
traces. The RMS Deviations are typically less than .0010 microns, orolm, with
the largest value in this column being .00142 microns, or about 14A, The six
largest deviations are typically 2 to 4 times larger than the corresponding
RS value. The largest single deviation found is .0046 microns. Thus, in terns
of scan-to-scan repeatability, Table B indicates that the Scarner performance
is quite adequate for the purposes of this project.

Table C is & comparison of the average scans of the "first day"
to those of the "second day" for the axial measurements of the ellipsoid.
Since the two data sets were identical, the differences are all zero, as ex-
pected. This table is reproduced only to indicate that certain parts of the
SCANNAX program were functioning correctly. The entries in the corresponding
tables for the azimthal scans of the ellipsoid and the axial and azimuthal
scans of the hyperboloid were all found to be zero as well, and are not repro-

duced here.
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Tables D, E, and F are the slope distribution tables for the
axial scans of the ellipsoid in which the slopes are computed over one inter-
polation interval (.020 inches on the scamner trace), two intervals, and four
intervals, respectively. These tables were made up from the Scanner traces
after they had been interpolated, leveled, and averaged. The turned-down edges
at the two ends of the optical surface were deleted from the sampling area for
these tabulations. Here, the columns labeled NBR contain the number of calcula-
ted slope values falling within each slope bin, the TOTAL columm gives the
running total, and in the NORM NBR column the number NBR has been divided by
the angular bin width to give a measure of the normalized contribution within
that bin. The similarity of the three tables for 1, 2, and 4 intervals indicat-
es that the characteristic wavelengths of the surface features on the averaged
scans were long compared to the interpolation interval. No surface slope
errors greater than 2.3 arc seconds were found. These results are discussed
further in Section 5.5.

The corresponding results of the SCANNAX run on the axial scans
of the hyperboloid are found in Tables G through J. The RMS Deviation and
Largest Deviations Tisted in Table G are of the same order of magnitude as the
corresponding statistics for the ellipsoid, although values aré noticeably
smaller here, indicating that the Scanner was probably more stable during the
scans of the hyperboloid. The largest RMS Deviation found is .00084 microns,
and the largest single deviation is .0040 microns. The axial slope distribu-
tions for the hyperboloid in Tables H, I, and J have slightly narrower central
peaks then those of the ellipsoid, but also have significantly longer tails,
with the largest slope errors which are listed approaching 10 arc seconds.

The averaged axial Scanner traces of the ellipsoid and hyperbo-
loid, scaled to the nominal magnification of the LLL Cleavite System and with
the slope circle curvatures added in, are plotted in Figures 5.21 and 5.22,
respectively. Figures 5.21a through 5.21d are the ellipsoid scans correspond-
ing to the 0°, %0°, 180°, and 270° azimuthal positions, respectively. (These
position angles are referenced to the x-ray microscope mounting hole pattern
in Figure 5.23). The horizontal magnification with respect to the optical sur-
face for the original version of these plots is 19.46 X and the vertical
magnification is 98960 X. For this report, these plots have been reduced some-
what. On the originals, the divisions on the abscissa and ordinate scales were
1 cm apart. One division on the abscissa scale equals 0.1037 cm on the optical
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surface, and one division on the ordinate scale equals 0.101 microns on the
optical surface. For all of the axial ptots, the large diameter of the surface
is on the left and the small diameter is or the right. With the exception of
the turned-down edges these plots are quite featureless. This is to be expect-
ed, since the original Scanner traces show that the local irregularities are
only a few tenths of a microinch in height, which would be a few tens of mils
on these plots. The magnification in the vertical direction could, of course,
simply be increased. however, at a magnification high enough to bring out the
local surface features, the plots would be badly distorted by the highly exag-
gerated slope circle curvatures. Instead, the axial scans have been rep]otted
in Figures 5.24a through 5.25 at a higher magnification, 1 x 100 X on the
original plots, and the slope circle curvature has been removed. Thus, onme
ordinate division here equals .(l microns on the optical surface.

The results of the SCANNAZ processing of the azimuthal scans of
the ellipsoid are listed in Table K. Among the quantities tebulated at the top
of this table, FCTR1 through FCTR6 are scale factors to compensate for varia-
tions in the Scanner magnification normal to the optical surface from scan
group to scan group. X SCALE is the azimuthal scale factor, chosen to scale
the length of the processed Scanner traces fo the approximate circunference of
a typical LLL Indiround trace. Y SCALE is used to adjust the Scanner magnifica-
tion normal to the optical surface to that of the Indiround device. SMAG once
again is the ¥ magnification of the Scanner traces with respect to the optical
surface. The AMPLITUDES and PHASES are those of the best fit sinusoids which
were fitted to, and then subtracted from, the averaged traces during the
course of the computer run.

The first column in Table K list the scan group number. The
traces in Scan Group 1 were are made 0.10 inches from the small end of the
ellipsoid. The Group 2 traces were made at the mid-plane. The Group 3 traces
were made 0.10 inches from the large end. In Groups 4, 5, and 6, the data for
Groups 1, 2, and 3 were simply repeated. The RMS deviations and the six
largest deviations for each scan are listed in the last seven columns of this
table. The RMS deviations are typically about .012 microns, and the largest
individual deviation which was found is .045 microns.

The corresponding listing for the azimuthal scans of the hyperbo-
loid is found in Table L. Once again, scan Groups 1, 2, and 3 were made 0.10
inches from the small end, at the mid-plane, and 0.10 inches from the large
end of the hyperboloid, respectively.
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The processed azimuthal scans of the ellipsoid and hyperboloid
are plotted in Figures 5.26 and 5.27, respectively. The radial magnification
in these plots, in their original form and also as reproduced here, is 50,000
X, corresponding to .050 in. per microinch. The azimuthal position angles on
these plots are referenced to the hole pattern on the face of the x-ray micro-
scope in Figure 5.23.

5.5 Discussion of the Metrology Results

In this section, the results of the metrology performed an the
22X unit are compared to the acceptable tolerance Timits listed in Column  of
Table A (see page 21), and an estimate of the size of the resulting point
spread fuction is made. The individual tolerances are compared to the resuits
of the metrology data as follows:

1. Tolerance on Roundness (RMAX - RM}N)' From Figures b5.26a
through c, which show roundness errors magnified by 50,000X, the average out-
of-roundness of the ellipsoid was determined to be 0.39 microns. This is with-
in the roundness tolerance of 0.5 microns listed in Column C of Table A. ihe
corresponding RMS radius of the image due to this roundness error is 0.17 mic-
rons, as determined from Figure 2.4. (Strictly speaking, Figure 2.4 applies
only to the simplest out-of-roundness model. However, Figure 2.4 will be - od
here even though the out-of-roundness profile in this case is somewhat more
complex.) The average out-of-roundness of the hyperboloid from Figures 5.27a
through ¢ is 0.16 microns, and is well within the tolerance iimit. The corres-
ponding RMS image raduis from Figure 2.4 is 0.07 microns.

2. Tolerance on dR/d® {Maximum Slope Error about a Circumfer-
ence). From the roundness plots of Figures 5.26a through ¢, the maximum azi-
muthal slope error on the ellipsoid is probably found at the 20° azimuthal
position in Figure 5.26a. (The indent at the 135° position would appear to be
more serious, but azimuthal slope 2rror measurements show that it is compar-
able to the error at 20°.) At the 20° position, dR,d. is 0.23 microns/cm or
4.7 arc seconds, which is within the allowable tolerance of 0.40 microns/cm.
The average dR/de error on the ellipsoid is considerably less than this, and
is estimated to be about 2 arc seconds or 0.10 microns/cm. The maximum dR/de
error on the hyperboloid is probably found at the 345° position in Figure
5.27b, and corresponds to 0.12 microns/cm or 2.4 arc seconds.
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More detailed data on the azimithal slope errors of the
hyperboloid are found in the high magnification Scanmer traces of Figures
5.18, 5.19, and 5.20. A short computer program adapted from the Slope Distribu-
tion Routine of SCANNAX was written in order to process one of these scans,
Number 8201 of Figure 5.19. Only one trace was processed because all seven of
these traces are quite similar to one another. Number 8201 was chosen because
it is one of the midplane traces, and should be quite representative of the
overall hyperboloid surface. The resulting slope distribution is found in Tab-
Te M. In this table, NBR is the number of mils along the Scanner trace which
have an azimuthal slope error within a given range. Thus, 374 mils or 0.374
inches of the surface have an azimuthal slope error between 0.20 and 0.4Q ave
seconds. TOTAL is the running total, and reaches a maximum of 8328 because the
Scanner trace was 8.3 inches long, From the TOTAL column, it can be seen that
515078328 or 62% of the surface of the hyperboloid has azimuthal ervors of
less than 1.8 arc seconds, and that 7642/8328 or 92% of the surface has errors
of less than 3.1 ar¢c seconds.

fn expression for the image full width at half maximum
{referenced to the object plane) due to the azimuthal slope ervors has bean
derived by R. Price of LLL:

FWHH = 2.6 o0aT

where o is the grazing angle of reflection, 0 is the object distance, and AT
is twice the standard deviations of the azimuthal slope errors of the ellip-
soid and hyperboloid added in quadrature. From the above discussion, reason-
able values for the standard deviations of the azimwthal slope errors of the
hyperboloid and ellipsoid are 1.8 and 2.0 arc seconds, respectively. Then, the
calculated FWHM is 0.36 microns, and the radius at half maximum due to the
azimuthal slope errors is 0.18 microns.

3. Tolerance on BR. No precise measurements of the average
slopes were made. However, because of the jpherent accuracy of the diamond-
turning process and because very little material was removed during polishing
and figuring, it is expected that the surfaces are well within the 2R toler-
ance of +2.0 microns.

4. Tolerance on aR{e). This surface error for the ellipsoid can
be measured by superimposing Figure 5.262 onto Figure 5.26c, translating the

9

SR |

E
1’
|




| SLOPE DISTRISUTION TASLES .
SLOPE(SEC)  WeR  TOTAL  SLOPE ,

8,500 el al 1
268 228
2 274
I pL?
obLiD N "
6ch 1258
623 WE23T T T
L1 279
871 971
o 7eh 28772 - ;
1.148 1etu8 i
1713 3au? !
T 1657 g7 T "I
1308 gig !
1,8"1 1.6 1 |
T T gy T TRy T - h
2,184 105
722 7TaL
T T 2082 T - 75 S
578 7682
J.008 12819
T 173 gt et
3.619 l.619
EL] srae
- 4,211 [ %3 b )
164 R232
4.874 1,371
- 15 - amzg !
G.67E €805
E1) 822y
R - Y T T TR e T T
4720
7.732R 12378
B * g0 7T T o -
8.2%6 t.785
S 27,
- 9 L1 T TG T
" _R724
17,755 1.,78¢
- . s R a1 et e
1201"5 1‘.1'3:‘
. Ry
T T, TR IR Y 44 T
2 832¢
15,487 15,487
e +1] T e
17.4128 174478
i] Av2p
19,813 - ’ -1
J £328
22,718 Z1s38
A et pgag T m mm e -
2h . 740 2L,747

. TABLE M
AZIMUTHAL SLOPE DISTRIBUTION FOR THE HYPERBOLOID AT MIDPLANE

s e e e o o e e 4 6 ATam L ket e e et i TV e e 2 e



two figures to the best-centered position, and measuring the resulting varia-
tion in the radial gap between the two profiles. This variation is about 5.5
m on the plots, which corresponds to 0.11 microns on the optical surface, as
compared to the tolerance value of 0.033 microns. Thus, this symmetry error
exceeds the allowed tolerance by a factor of 3.3. Extrapolating the plot on
Figure 2.7, this symmetry error should correspond to a RMS image radius in the
object plane of 2.2 microns. By superimposing Figures 5.27a and 5.27c, the
corresponding AR{8) value for the hyperboloid is 0.18 microns, corresponding
to an RMS radius of 3.5 microns. Thus, the AR(e) measurements on both surfaces
seriously exceed the allowed tolerance limits.

5. Tolerance on 4AS{x). From Figures 5.24 and 5.25, both the

ellipsoid and hypertoloid surface profiles appear to be convex with respect to
the ideal straight line prcfiles by about 0.010 microns (peak-to-peak). This
corresponds to a AS(x) error of 0.005 microns (plus or minus), and is thus
within the aS(x) tolerance limit of 0.011 microns. From Figure 2.9, this 0.01
micron convexity on the ellipsoid corresponds to an RMS radius in the object
plane of (.35 microns, and to an accompanying increase (0.75 mm) in the image
distance needed to achieve optimum focus. Then, the convexity of the hyperbo-
Toid would produce an equivalent increase in the RMS radius and an additional
0.75 m increase in the image distance.

6. Tolerance on dS/dx. The axial slope distribution for the
ellipsoid in Table D shows that the maximum slope errors found were as large
as 1.9 arc seconds or 0.08 microns/cm. This considerably exceeds the tolerance
Yimit of 0.022 microns/cm. However, the table also shows that siope errors of
this size are quite rare, and that 854/956 = 89% of the surface is within 0.86
arc seconds {0.04 microns/cm) and that 558/956 = 58% of the surface is within
0.47 arc seconds (0.023 microns/cm). The 0.47 arc second value, which cor-
responds 1.4 microns in the object plane, will be taken to be an estimate of
the RMS radius due to the ellipsoid axial slope distribution.

The corresponding axial slope distribution for the hyperbo-
loid in Table H shows a small mumber of slope errors extending up to a value
of 10 arc seconds. Reference to Figures 5.252 through d indicates that these
large slope errors come from the turned-down edge on the small end of the
hyperboloid which was, unfortunately, not excluded from the region of the sur-
face over vhich the metrology data was reduced. However, 611/944 = 65% of the
length of the surface was within 0.65 arc seconds, corresponding to 1,9 mic-
rons in the object plane. This 1.9 micron value will be taken to be an
estimate of the RHS radius due to the hyperboloid axial slope distribution.
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7. Tolerance on RMS Surface Roughness. From Figures 5.24 and
5.25, the apparent local roughness averaged over the 50 micron Scanner spot
size appears to be less than 5A, peak-to-peak. However, details on this scale
could have been lost in the digitization process. Referring to unprocessed
Scanner traces, such as Figures 5.2 and 5.10, the surface roughness appears to
be less than 0.5 mm peak-to-peak as measured on the original, unreduced
traces. This corresponds to about 15A, peak-to-peak, and thus is well within
the 204 RMS tolerance Jimit. Because of the relatively large size of the Scan-
ner saspling spot, true measurements of the surface roughness weuld have to be
made by other means, such as by x-ray measurements.

8. The Optical System Tolerances. MNo direct, precision measure-
ments of the last four tolerances were made under this program. However, be-
cause of the inherent accuracy of the diamond-turing process, and because of
small amunts of material removed during polishing and figuring, it is expect-
ed that these tolerances were satisfied. Some indication of the axial tilt and
Tateral translation might be found by making intercomparisons of various sets
of the original Scanner traces. However, such intercomparisons would require a
confidence in the 1level of the Scanner stability which is probably not
Jjustified.

The various estimates of the RMS radii found above are added in quadra-
ture as follows to give an overall estimate of the RMS image radius, as refer-
enced back to the object plane:

R s (172084 08+ 2.2 4 3,87 4 38 435 24 12 4 19712

A A T A t
Ellip. Ellip. Hyper, Hyper., ‘ Hyper.
Roundness and aR(e) 45(x) a/5/dx
Hyper.
dR/do
Hyper. Ellip. ENip. Ellip.
Roundness AR(eg AS(;S dS/dx
R = 4.8 microns

s
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No contribution for local surface roughness was included here because the sur-
face roughness was not characterized sufficiently to make a quantative esti-
mate of its effect. The dR/de value used above was the calculated radius at
half height rather than the RMS radius. However, since the point spread func-
tion due to dR/de errors is expected to be rounded rather than sharply peaked,
the RMS radius and the radius at half height are expected to be roughly
comparable.

By far, the largest contributions to the overall RMS radius are
the aR(8) and dS/dx errors. It is therefore these errors (as well as the
effects of the local surface roughness) uich will limit the effective solid
collecting area of this unit when it is used in applications requiring high
spatial resolution, in the range of a micron or two. On the other hand, since
the point spread function due to the dS/dx errors is very sharply peaked in
the center, the spatial resolution will probably be limited by the &R(8)
errors alone. Eliminating the contributions of the dS/dx errors from the above
calculation, and also the contributijons of the AS{x) errors which would also
give a sharply peaked distribution, the value of ers is reduced to 4.1 mic-
rons. This should be a measure of the spatial resolution of this unit. How-
ever, preliminary x-ray measurements at LLL indicate that the spatial resolu-
tion is substantially better than vould be predicted from this value. The prob-
able explanation is that, when the effects of a symmetry error such as &R(e)
are combined with a small amount of surface scattering in the plane of inci-
dence, the resulting point spread function is still sharply peaked in the
center.

Because of the relatively large AR(6) symmetry errors found in
this unit, using it in the apertured mode (with the entrance aperture reduced
to a sector in azimuth) should result in a substantial improvement in image
quality.
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1. K1zt gI5y®  K2=0,Thy®  KI¥zt,l4y* _IFACTOR 13=*yFE.b.> {FATY
10F ")"e‘f‘ L)
6€h5 1229 WRITEL6,10 1) XS(‘LE.KOFS'.VQCLE.L.L.CZ.VUF‘\I’-SHAG
e e 1276 FOPMAT(gHT 00 ] SCALE="* FESET=*,FH.7, ¥ SCALE
- o A=® FTa5 4% c:--.l-'?.s o rzv.ra s ." ¥ OFFS: tx'.Fn.S. ) )
1° SHMAG=",F8e1)
I . MPITEL641237) INTVL.XHAG . o _ _
e N 1227 FOIHATLAN, 5K ¢ THITPYALIS T T, ¢ UHAG=4,F7 .4
HPITE th 1240 )
o 128 FORMATLIH. ¥ . .
WETITTE (heli20}
WFTTE (6,125 )
e iie—_.. &¥5 .. 1250 FOPHATL® sgaN_ _!,_Z_!NUL" XHIN XPEAK XPEAK AVERAGE
1 PHS ST1¥ LARGS-SY NEVTATITNS®)
HFITE th412672
. L 126 Foemave» GR NUP tDFGREES)Y LSTAF T) (Snn SLOPE
' 2 nev=)»
6ar HPITE (6,.3297)
1297 FAOMAT (22%,* L 44THNCHES 01y SCANNER TRACESINY i . tetattcet e

IFONS ON THE DPTIEAL SURFAGE NIV INI=Y
NN 127+ Na=1l. &
DO 178" NT=1.12

L2238.50

P AGL

12
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PEAGZAN SCATHIAX Tt Th arT =t FTY o, Feb1TF Wws 1/4% 19..3452

‘68 IFINALEAL3) AZ= .
IFINALENG2) A 72 o
TFIHA, 1, %) A 7218 ..
TIFIHNALEQ L) AT=P7 1
HB3I=NB=-6
83" | . . . IFINR LT, 7Y Hdfiskn
IFNTLGT &Y GO TO 1753
HRTTC (6412350 MrMaAZ 3 XATHAINA JHAY e YPFAK (L NA L NGD s XPEARKLI2JNAHBY &
e o s ARG NR)y PHS QUANYY,y ETCO0PIL HAL 3Dy Z2FC2AZ, HAHOD
1EPDD°i3.LD HRYy EPROP LU yNAD)y ZSFRPCF (5 4HAyNR )y, ZRROP(GsNA,HM
695 1291 FOPHATIDY, IZ2s1X %A%, 65Xy FOely MY FB.b3y3Xy, FHBa3s Xe FHa3e 3IX,
. 1F 7«5y 3%y F7e5: 6Xy 6FB.0)_ R . e e et e o
GO TO 12A-
LEFZ HF‘IT'-' (6+41292) HAN A7, XMIHINALNIYs XPEAK (1oNASH) I XPEAK (2, NA,NDY ,
R . AUNALNINy PHSIHA,NRY, £5FCCLL NARHIY, EDOORLIZ, NA,MIY,
T2 lERQnD(igNA.NB). EFROP +NA+HNEY, ERPOF (5 NAME ) ERROF (6 NAZNB)
1292 FOAMATIZ2X, T241X¢*N%, B, FGals UXsFB 43Xy FH,3s uXe FE.3, 3IX,
L AF TSy %y FTa99 BYy BFBaLY __ . _ e e e =
L2A7 CONTTIRUE
127 CNUTIRUE
SO 1.5, B LMBITE A, 121
- o HMPITZ(6,1200)
HPITE (Hqa1210)
Aupxrece;x‘ul
HR (6t
711 1367 FO’HAT(" chPlPISCN OF AVERAGE FIFST DAY SCANS WITH AVEFRAGE SECO
AN NAY SCANS®)

z
]
-y
-
in
-
»
M
-
w
-
W3
bt

1310 _FDIMATI® AZINUFH __ RS DEVIMIGRONS) SIX LAFGEST OEV (MICRONS) _
3

HeITE (6,t2u40)
N0 1721 HA=1eb

IFINALEN.2) AZ=90,
2 . . _ . IF(MAEN.2) A?=18¢en0
22700
HPITI (B ,223.) AZ,FHSENA,13), ERROIFL1,MA,13)y ERFROR(2eNAsLIDy
1E2300 (3,HA 130y ERRORG4 ) NApLIdy EFPOF (5 3HA 13} 9SRRORIGpNALLT) : i
1TIC FORMATCIX, FSaely EKgFGetey 10Xy BF 74 4)
725 1327 CO!ITINU-

(
HOXT" (b‘l. gl.‘l‘

T . T — - - .
734 écce T ) :

THN=126

HPITE (6427000
TALL PLET =cuTt

1520

Nogn qEBTZAL PICTYPE FI
CALL PLGTS
ESTANLYSH FIRST OPTGTH.
— e e . . CapLr FLOT(l.!-S L
nn i%< - Tus
L0 & N2aW THE AXES,
TITLELLY=] W ~A¥TS(CH)

3]

PLGE

13
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PROGRAN SCANHAX Tus L orT=y FTIN .60633F JesuLl/AL 13.18.50
TF(H. N2 ) TETLZ €20 =1 "M, SET A,
TFENAENa2) TITLT L2V 31 H 5¢T Ay 9
e IFENLEN,3) (21=1 8, 18 B R _
745 TIFtNLEDLY Tia a, 27
IFINGEN.RD EAZVZITHWLSET Ry 1
e . _ L XFNLEQLE) LEC2) By, 9 _ _ P L -
TFIR.EN. 7Y LT (2 18
IFtN.EO.R) nrncz)::cn.\.cr A, 27
8 TITLFATI=1E A7 ELLIP o e
IFicukvE, GT.:. SN TIVLE(3IT=10HY AZ HYPER
CALL AXISETe” 90a o TITLE+=304 354 dstatylalylend
. e CALL AXTISHENG] 404t 25HY-AXIS (712099 HICFONS/OIVY 3 €25 ¢15eC ¢ 90eb9@ady
.
754 C FTLL THE XC &MN YC PEGISTERS, WITH REVEFSTON IN THE X~-DICECTIAN,
I + S AND CONYTST TQ CM., o L
HAaN=& R
IFUHLLE.LG) NA=H
nm.ul.um-tz.sc.: T T . ot om
ZYA(H NANB)I® (2.540
X ?®S . - P
>
wn
774
7S YGEKIF) 2y o0
KGB=K1=-2
e e S "‘(K‘"’_zﬁga - AR e o J
CALL LINEANC,YC ¢ =Kt (1250400
C ESTARLISH THE N: YT ORIGIN.
I £ B CALL FLOTE4Se Yypatig=3) _ o
'150F CONTIAUE
€ CLOSE THE MEUTPAL PICTU3IE FILE.
e o CALL PLOTH3.040424992) S I, T, P
HPITE (R ,1216G) - -
7as WETTIM (6,121 )
N L. HPITIFER,12100 B . _ R R
STIP - T ) o -
€MD

PAGE
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APPENDIX B
PROGRAM LISTING FOR SCANNAZ,

ENVIRDT, FRSTSCN,
AND_SCANRD

B-1



10

18

20

30

35

]

4s

55

PROGRAM SCANMNAZ Tur7u oPY=3 FTN L.6+433F De/1G/82 16.08.32 PA

PROGRAM SCANNAZEIMPUY ,OUTPUT, TAPES=INPUT.TAPES20UTPUT, TAPE1Ll)
OTHENSION XACSS0+€E,120,YAE350,6:02), YBU3SD, €6}, XCL3I50),
AYCL3500, ARNS (7,63, ERRORIG 7,460y THAXI6H.9) s HSTOGPI& .9},
1AMP 6D, PHSELE)

[+3
C READ INPUT QUANTITIES
c

READ(S5420) CURVE « ALMIN,ALHRX
10 FORWATIIF10.5)
READ(S5,15) DELTA
15 FORMATIF10.5)
LHIN=ALHINe, 00001
LHAX=ALMNAX+.00801
READ(5,17) SCANS
17 FORMATIFL10.5)
READ(S,23) FCTRLy FCTRZ FCTRI, FCTR4s FCTRS, FCTRE
23 FORMATI6F10.5)
READ(S,25) XSCLE XOFST
25 FORMATI2F10.5%
) READE5,30) YSCLE s YOFST.SMAG
30 FORMAT(Z2F10.5,F10.1)
Gcee
IND=421
WRITE 16,2080)
2000 FORMATI(6X 413}

IND

VP TNIB TIPS SIS L OGS YT IS SBIVSESERS
BUUS ST RSN LIST RIS INBI LTS SSTONBET S

CURVE=14.8 FOR ELLIPSOID OR 2.8 FOR HYPERBOLOIOD.

LMIN IS THE HIN YALUE OF LABEL OF SCANS TO BE READ INTQ WMEMORY.
LMAX IS THE MAX VALUE OF LABEL.

DELTA= EINTYERPOLATICH INCREHENT (X DIRECTION).

SCANS IS THE NMUMBER OF TRACES TO HE READ FROM THE DATA TAPE.
"CALLONWED VALUES ARE 13.0 AND 36.81}.

T=INDEX OF PDINTS ON A GIVEN SCAN AS READ FROM THE DATA TAPE.

FCTRZ THRU FCTRE ARE SCALE FACTORS TO AOJUST THE THE Y SCALES
OF THE NB=2 THRU 6 SGCANS TO THE 3CALE OF THE NBxi SCANS. FCTR1
{FOR wNo=i? IS 1,.800.
XSCLE AND YSCLE ARE SCALE FACTORS TO ENLARGE SCANNER TRACES TO
THE SCALE OF THE INDIROUND TRACES. :
XOFSY AND YOFSY ARE OFFSETS TO PROPERLY POSITION FINAL PLOTS
ON PAGE.
SHAG IS THE MNAGNIFICATION DOF YHE SCANNER TRACES (EQUAL 10 1/8),
AVP AHD PHASE ARE CONSTANTS IN A SINUSOIO MHICH IS SUSTRACTED FROM
THE SCAN OROINATE IH ORDER TO DECREASE THE EFFECTS OF DECENTERING.

¢ »w
PR BSBVVSBBRBIIBININL

READ THE DATA TAPE FROM LABEL=LMIN TO LABEL=LMNAX.

A0OOO00ORONRNONNNCNRNNANAONODODD
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3]

60

PROGRAM SCANNAZ 74774 OPY =1 . FTN 4.6¢433F Dus1D/81

CALL ENVIRDY (LMINy LHAX XA YA,NA,NB)
HRITEtG6,121G}

(1]
23
2]
[2]

6%

70

7%

DONONOOONDONO

%0

95

oo

o

105

o000 Qn

1190

IND=112
HRITE 16,2000) IND

THE X AND ¥ COORDIMNATES OF POINTS ON THE SCANS HAVE BEEMN
READ FROM THE DATA TAPE., AND ARE STORED IN REGISTERS XALI,NA.NB)»
YA{I NAJNB).

ANOTHER SET OF REGISTERS YB(MyNAWNB) IS USED
FOR STORAGE 0OF INTERMEOIATE RESULTS.

RE-NUHBER THE ARGUNENTS OF THE ARRAYS XA AND YA TO HMATCH THE FORM
OF THE AZIMUTHAL SCANS INSTEAD OF THE AXIAL SCANS.

NO & NA=1,9
DO 42 NA=g.4
HBAzHA+ (4% (NB=-2))
ABAzNBASE .8
NNB=HBA/6
ABAB=ABA-NNB
IF(ABAB.GT.0.01) NHHB=NNDB+1
HNASNBA-(E®INND-1))
.xz. - -— . N - - .
W& IxTea |
TFCAXALT o HALHBY aL To 0.0013 cAND. IVALTyNANB) LT .8.002)) GO TO 46
AALT s NHA S NNDY = AALT JNANB)D
"YA(Te RHANNB) = VA (1 NALNB)
IFINB JEQs 1) GO TO 45
AA(Ts HASNB)= 0.8
YAIT NA NEI=
&5 GO TO &&
46 INXXENNA,NNB) =[-1
TTIMXX IS THE NUMBER OF OATA POINTS IN THE SCAN, AS ORIGIMALLY
DIGITIZED.
42 CONTINUE
48 CONTINUE

THE INDICES OF XA AND YA ARE NOW RE-MUMBERED TO HATCH THE FORM OF
THE AZIMUTHAL SCAN SEQUEMNCE, WIYH NA @1 70 6) BEING THE INDEX OF
A SCAN WITHIN A GROUP AND NB (1 TO 6} BETNG THE SCAN GROUP NUMBER.

IF THE NUMSER OF TRACES REAOD FROM THE DATA TAPE IS ONLY 18 INSYEAD
OF 36 (THMAY IS, IF SCANS=18.8), THEN FILL THE EMPTY REGISTERS
BY REPEATING THE 1B TRACES A SECOND TINE,

TFISCANS.GTe25-.00 GO TO &7
DO 33 NB= 3,3

NNGB=ND+3

D0 35 NA=1,6
THAXCHA o HABEY = THXXCHA (NEDY
IHHXs THXX (NA, NBD

DO 37 T=1,IMAX

XACIs NA+NNOBB) =XA € Ty NA g NO)

16.08.32

NV
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Ot v 11«

1ns

p -4 ]

125

1390

13S

1.0

165

1540

155

164

165

178

PROGRAM SCANNAZ Tu/77h oPT =1 FTN 4,6%4L33F gsL/710/781

YACTI o RA L, NKEBY =YA LT, HA ,NB}Y
CONTINUE
CONTYNUE
CONTY NUE

SUBTRACT OFF THE X~ZERG VALUES XMIN, AND AOJUSY THE LENGTH OF ALL SCANS

TO MATCH THE LENGYTH OF THE FIRST SCAN INA=HNB=1l.

THMX= THXZ (1.1
FSCAN=XACIMX s a2 0=XALLsd41)
DO 58 NB=1,6
DO 60 HA=1,6
IHM)= ITHXX INAe NOY
NMIN= XA (1 sNA. ND)
SCANL=NA{ 11X o HA o NB) ~XHIN
FACTR2FSCAN/SCANL
DO 70 Imi.INMX
AATT Gy HASNBI= EXACT, NA NBI~NHMINI*FACTR
IFIVALI o NANBY . LE. 04B) YAII NANB)= D.D01
ALSO, MIKE ALL HEGATIVE AHD ZERO VALUES OF YA EGUAL TO +.081.
CONTINUE
HAKE INEITIAL VALUE OF XA LESS THAN 0.8. STHIS IS MEGESSARY
FOR INTERPOLATION ROUYINE TO WOR
IFEXATLNAND)oGEs 8o@) XA(1sNAHE. s~ o841

"CONYTHUE

CONTINUE

IND=183
WRITE (6,2608) ING

IHVERPOLATION ROUTINE .
(COMPUTE HEM EVENLY SPACED SETS OF POINrS X&y Y8 FROM THE ORIGIMAL

37
3%
33
[
[+
[
o
c
'Y 4
[+
4]
c
[
(Y ]
52
[H{r "
[
c
[+]
[+
c
[+
[

518
s28

538

UNEVENLY SPACED SETS XA.YA. (THE VALUES OF X8 ARE NOT SVOREO
EXPLICITLV.ES

00 S0@ NB=1,6

DO S8S NA=1,6

THHta THXX {NAs HBD

WHHX=XA (T HHXe HA ¢ NB)

L=y

Ja2

M=

A=2=DELTA

Xa)XeDELTA

H=Meg

IFIXeGE. XHNX) GO VO 584

JFUCX o GEL XALL (NAHBDI) JAHD. (X LE<XATJ,NA,NB})) GO TO 530
I=Tey

J=Je ]

GO0 TO0 S28

XAT=UAL Ty HANBY

YATxYACTy NA NS

IFCIYATL To0.0001). AND . (YALZ.GT.-8.00810} GO VO 584
V=VAT S LAVALIe NANB) YA IS UX-XAX IV /U NA LD, HA, NDI-XAT)

16.08.32 PAG
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175

160

185

190

155

285

210

215

220

225

PROGRAM SCANNAZ TL/TY OPT =4 FTN %.6+L33F d6/10/81 16,08, 32

ALL

C

Qon0na

a28
2a0

<
cccc

YBUW, HA ,NBI=Y
G0 TOo 5190
MSTOP (NA ¢ KBIaM-1
MSTOP IS THE NYMBER OF INTERPOLATED POINTS ALONG THE SCAN.
GORNTT NUE
CONTINUE

TNHD=114
WRITE {6, 20800) IND

INO=L 15
WRITE tas20000 NG

REDUCE ALL CURVES YO ZERO SLOPE ANO ZERO LEVEL, ANOD ¢
HULTIPLY BY THE SCALE FACTORS FCTRL THRYU FCTRG6.

DD 788 NB=1,E

IFINB.EQ.1} FCTR=FCTRL

IF(NA.EQ. 2} FCTR=FCTRZ

IF(NB,EQ.3) FCTR3FCTRI

IFINB-EQ.&} FCTR=FCTWY

IF(NB,EQ.5) FCTR=FCTRS

IFIRY.EQ.6) FCTR=FCTRG

00 785 HAwi.6

HHH=HSVOP ENR, NB)

SLANT = (79 CHKH JHA o NB 3~ VB UL o HA, NB ) ) /L CHHH-1} *DELTA)
OSLANT=OELTASSLANT

ZLVL=YB (1 .NA, NA)

00 788 Mai,MHM

Y@CH, KA M EI=CYB (M, NALNBI - 2L VL ~ (H~1 ) SOSL ANT) SFCTR
CONTINUE

CONTINUE

COMTYNUE

1NDa116
WRITE (6420002 IND

SCANS ARE NOW REOUCED YO COMPARABLE SLOPE LLEVEL, ANO
REGISTRATION, ANO ARE SVTORED INM REGISTERS YBIM,NA(NB).

0-ADD AHD AVERAGE CORRESPONDING SCaNS.

00 8080 N8a1.6

HMXX=MSTOP (1410

00 820 H=1 MHXX

YACH, 1+ HA)=YB (M. 1,NB) +¥BCH, 2, NB) + VB EH 3 ,NB) + Y B H, &, NB) + VBN, 5, NB) +
LYBEM,64NB )

YACtH, 1 o NBISVA (M, 1 NO) 6.0

CONTTNUE

CONTINUE

IND=13L7

Pl
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e

9-4

230

235

240

245

250

255

260

265

27y

2rs

280

285

PROGRAM SCANNAZ Tar 7% orT=g FTN Le64433F dur30/781 16.08.32

aaon

oaan

HWRITE (6420000 IND

CONPUTE RHS DEVIATION OF INDIVIDUAL SCANS FRON THE CORRESPONDING AVERAGE
SCANS NITHIN A GIVEN DAY,ANO ALSO THE SI. LARGESTY BEVIATIONS.
(CONVERT OQUTPUT UNITS 70 HICRONS DN (HE OIPTICAL SURFACE)}.
HWAT=HHAX=-10
DO 980 NEB=1.6
D0 910 NA=1,6
DSuUM=0.0
00 920 H=1,H1XX
OEV=YBI{H,NAJNB) ~YA{H,1,NB)
IF(M,LY.20) DEV=0.0
IFIN.GT.HXY) DEV=xD.0
' DSUH=DSUH «DEV*DEV
YAIH,2 NEVDEV
928 CONTINUE
" DOSUH=DSUH/IHMXX-18)
RHS (NA,HNBD)= (256400, 0/SHAGH®*SART (DDSUM)
DO 9735 TJd=xl.6
ERRRR=0.0
DO 930 M=1,HNXX
YH=ADS (YA (Ms2 yNB})
IF{YM.LT.ERRRR} GO TO 930
THOEX =M
ERRRR=YW
930 CONTINUE
ERRORl!J.NA.NBl:VAIxNaEx-Z.Nal'lZSkno.nlsnAG)
YACINDEX,2sMN82=0,0
925 CONTINUE
910 CONTINUE
900 GONFINUE

PR
FIND THE BEST FIT SINUSI00S 70 EACH OF THE AVERAGED SGANS.

00 95C NB=1.6
TA=0.0
T8=0+0

DO 970 M=1 . ,MMXX
THETAZ6.,2832%*M/HHXX
YY2YA(He L L HO)
S=SIN{THETA)
C=00S ({THETA)
TA=TA+YY*C
TB=TB+C*C
TC2TIC+0*S
TD=TD+YVeS
TE2TE+S%S

970 CONTINUE
B=1TB*TO-TA*TG? 7/ { TE*TB=TC*TC)
A={YA-B*TCI/TH
AHP{HB)=SQRTLA®AC+B®*R)
ARG=~AsB

" PHSEIND)= ATANIARG)

IF(B.LT. 0.0) PHSE (NB! > PHSEINB) 3,141 59

PAGE
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290

295

300

395

3te

ns

320

325

330

333

348

PROGRAH SCANNAZ THr/ T4 oPT=1 FTN 4,6+633F 06710781 L6.08.32
c THE BEST FYT SINUSOID IS
[H ASGCOSCTHETA) ¢B2S INITHE TA)D= AHP* SIN(THETA=PHSE) »
950 CONTINUE
[
£cCce
IND=118
HRITE (6.2800) IND
C CAHPUTE RMS OEVIATION BETYHEEN AVERAGE SCANS OF FIRST DAY ANO THE
c CO-RESPCHOING AVERAGE SCANS OF YHE SECOND OAY, ARD ALSO THE
c SIX LARGEST DEVIATIONS BETHEEN EACH PAIR OF SCANS.
c ALSD, SURTRACY OFF THE BESY F1V SINUSJOD TO DECREASE THE
[ FLUCTUATIONS IN ¥ OUE TO DECENTERING. GCONVERT QUTPUT UNITS TO
c MICRONS ON THE OPTICAL SURFACE.
c

HXY=MMXX=10
DO 1000 NB=1,3
OSUM=0.9
NBN=NBs S
ANPAE ANP ENBY
AMPB = ANP I NBH)
PHSA= PHSE (NB)
PHSB= PHSE (NBN )
DO 1010 H=i,HHXX
THETA=6. 2832*H/7MN XX
PHIA=THETA-PHSA
PHIBa THET £-PHSB ’
DEV= YA (M 1,NBNI~ ANPB SINI(PHIB) -(VA(MeleNB) ~ANPA®STNI(PHTIAY)
IFtM.LT 100 OEV=0.0
IF(H, CTaHXY] OEN=8.9
OSUHSDSUN «DEV *DEV
YALM, I NBI2DE Y
1018 CONTVINUE
ODSUH=DSUM/(HHRX =18 )
RHS(7 yHBIx (25480, 0/ SHAG ) *SQRT tDDSUN)
DO 1829 1431, 6
ERRRRaU %
0D 1030 Mal MHXX
YHuABS (YA (H.3 JNBT D
IFIYMLT.ERRRRS GO YO 1639
THOEX =M
ERRRR = ¥
1038 CONTYINUE
ERROR (T Dy 7oNB P uYA (TNDEX+3,NBI® 125400, 8/ SHAG)
YAUINDEX +3(NBI=8.0
1028 CONTINUE
1800 GONT I NUE

IND=1 39
WRITE 16,2080 IND

c
G RE-COMPUTE THE AVERAGE SCANS TO MATCH THE INDIRCUND TRAGES BY

c CHANGING SCALE FACYORS AND TRANSFORMING YO POLAR COORDINATES.
G ALSO, SUBTRACT OFF THE BEST FIV SINUSJIOD YO DEGCREASE THE

c FLUCTUATIONS IN ¥V DUE TO DECENTERING.

c

NS=QELTA® xSCLE

eRGE




3%5

350

3%

365

are

3rs

38

39

395

PROGRAM SCANNAT Th/Th JPY =g FTIN w.be433F

00 1108 Nf=l, ¢
RADR{DELTATIHHXK~1)*XSCLE) 76,2032
AMPPRsAMP NS
PHASExPHSEING )
00 1110 MalMHXX
THETA={(R-1LI® XS} /RAD
PHISTHETA=-PHASE
OReAREP*S THIPHEY
RADIUSaRADSIEYAIN & ,NB) IR} "YSCLED
HERE, RADIUS IS RADS( ..} &KATHER THAN RAO-C...) BECAUSE THE
AZIMUTHAL SCANS ART INI'IPNE‘EU AS HAVING METAL AAOYE THME
SCAM LIME RATHMER THAN GELD
RACM, L. HOI=XOFST S (llﬂlUS'SlN(fllETlii
YACMy 1 N8I YOFST~ (RAQTUSTCOSITHETAWD
1110 CONTINUE
1100 CONT INUE
THE FINAL PROCESSED SCANS ARE MHON IM REGISVERS XACH.1,HA)
AND YA (ML ANGY .

aad

c
[
(]
]
ccce

180-228

MRIVE (o 20000 IND
(1]
T PRINT OUTPUT QUANTITLIES,
<

HREFE 6,1 280}
1200 FORNATIIH D

1240 FORMATLINED
JFICURVE . GT.1.30) GO VO 1259
MRITE(6,12%5) DELTA, FCTRL, FCTR2 ,FCTRI, FCTIRH,FCTRS, FCTRE

12385 FORMATIIX® PROGRAN SCANNAZ
1FCTRL THRU FCTRGI =2, 6F0, &)
GO TO 12358

SURFACE ELL IPSE

1270 MRITVE 16.12%57) DELVA: FCTul, FCTR2 .FCTRI, FCYRG.FCTRS, FCYIRG
SURFACE MYPERBOLA DELTA=®,F?.%,*

1287 FORMATIAX® PROGRAM SCANNAZ
1FCTRL THRU FCTRG) 2% ,6F8.0}

1250 WRITE (6,1281) ASTLE, XOFSF, YSCLE,YOFSY, SphaG

12¢1 FORMAT (AW AN %X SCALE®®,,FR.%5,* X DFFSET=®,F.)Y,*
17.5¢% ¥ OFFSETe®,F6a3,* SHAGE®,FB.1)

IPHSEL 13, PHSECEZ), PHSE(IV, PHSECLD, PHSEES), PHSELS)
1259 FORMATE3HD,IX" AMPLITUDES ® ,6F7 .6, PHASESw® ,6F7.5%)
MRITE (6, 12400
WRITE (641 218)
WRITE (6412800
1288 FORHATHE® SCANM SCAN MWUMBER OF fans
LIATIONS®}
WRITE t6&.1201)
1281 FORNATI® CROMA NUMBER LNTRPOLATD OEVIATION®)Y
HWRITE (6,41 BN}
1284 FORMATI® (ND) THA)
IL SURFAECEINIEINI®)

POINTS

DELVAR® FT. .4, ®

O8/10782 16.08.32 PaAGE
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PROGRAM SCANMAZ Th/Th OPT =4 FTN 8.60433F

TELNA. T, €1  MUXL =MuNL ey
IFINB.EQ.6) XNCIMXXL}=XCIHXAW)I~§.39
IFINB.EQ.8&) VOLIHXNLYwYC LHXXNR)

C
ccce
IND=122
WRITELG,2008) END
C PLOT THE DATA.
CALL LINE(NGe YCo-HXNL 422,8.,00
C ESTABLISH THE NEXT ORIGIN.
CALL PLOTI25.040.8.~3)
1599 CONTINUE
C CLOSE THE NEUTRAL PICTURE FILE.
CALL PLOTI8.0+0.8,997
HRITE (6. 12100
HRITE (&.1210)
SToP
EnND

S6/18/81
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SUAROUT INL

EHNIPDT TursTu aPT =t FIH «,60u33F

0 O0OO0OOANNNNOODOIOOONND

o0

o0

30

SURNRDUT INE ENVEIROT SULHIHN,LMAX, XA,YA, NA HA)
VEISION & 02.27.79
DENNTS J » DUNE, VISIOYNE ING, AURLINGTON, MA, 617-273-2820
THIS HODULE READS , UNPACKS » AHO SCALES DATA FOR A GROUP OF
SCANS STORED ON MNAGNETIG TAPE. ENVIPODATA CORP.
CCHELMS EQRily, HA, ©L7-255-8131) ENCONES THE MAGHETIC
TAPE DATA WITH THE FOLLOWING FORHAT2
9 - TRACK .
800 OPI .
NO LABELS . .
LOGICAL RECORD LENGIH = 80 CHARAGVERS .
PHYSICAL RECORE LENGTH = 2400 CHARACTERS . AHD
BLOCKTNG FACTOR = 30 RECORDS PER DLOCK .
INPUT PARAMETERS & LHMIN , LMAX
QUTPUT RARAMETERS 1 XAUINASND} , YALXI,NA,NB)
WHERE MAX I IS &0O0 ,
NA = 1 TO & v AND
NAB = 1 TO 12 .
SUPPORT MODULES 1t
FRSTSCHNIBUFy IWORD 4L NINLLHAX, L ABEL +HPTS, XA, YA)
SCANRDOCLABEL, NPTS yNAyNB oBUF ¢ THORD 4 X A4 YAD
BUF IS A kKNRD BUFFER 240 (18=-CHARACTER) HORDS LONG
IHORO POINTS TO THE NEXT USEABLE WORD IN THE BUFFER.
THE MOOULE USES CDC FTIN DUFFER IN . UNIY , ANUO DECOOE STATZHENTS.
DIMENSION XA(350, 6912 » YA(ISU6+121 4 BUF (260
THITIALIZE BUFFER AND POINTER
IHORD = 4
DUFFER THNI 1, 0) €BUF (1) , BUF{240) )
IFCUNTIT R 1 «EQe O ¥ STOP ZFENVIRDT O
PRINT ®, zIMORD = #, IMORD
SEARCH TFIPEL FOR FIRST SCAN
COLLECY, SCALE , SVORE ASSOCIATED DATA
CALL FRSTEICN (BUF s ITHORD LHINy LMAX JLABEL yN7TSy XA, YA NALNB)
CONTINUE
COLLECT DATA FOR SCANS 2 TG H (MAX N IS LXLZ)
READ LAREL , NPTS
DECODE €80, 901, BUF (IWQRD)} JOTA,LABEL,HNPTS
IHCRO = IHGRD + 8
PRINT % 2LABEL NPYIS,INDRD®,LABEL,NPTS,INORD
20

If (INQRO LHE. 241l } Go
REFRESH BUFFER AND REINITIALIZE POINTER
BUFFER IH 1+06) (BUFCLd, BUF (24L0))
1F (UNIT ¢ 1) «EQ. o) STOP » ENVIRDT 2r
IHORO = 1
CONTEINUE

1S SCAN LABEL IN RANGE.

IF CLABEL «GT. LMAX } GU TO 50
TNCREMENT BUFFER PDINTERS HNA ANOD NB
IF {NA .€G. &} GO TO 30

NA = HA+ 1

GO 70 4@

CONTINUE

HA = 3

NB = NB ¢ 1

CONTINUE

PRINT ® ,£NAJNB r,NA.,ND

COLLECT, SCALE, AND STORE ASSOCIATED SCAN DATA

v /1t /781

16.08.32
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SUBROUTINE ENVIRDY TLus74 oPY=1 FTN b.6%&33F

60 [+
S0
[
c
o 65 [
;i
o 901

e

CALL SCANRD (LABEL.NPTS,NA,NB.BUF yTHORD ,XA,VA)
IF t€ LAAEL .EQ. LMAX D, AND. ( NA .EQ. & )) GO TO 50
PROGEED TO PROCESS NEXT SCaN

G0 YO 10

CONTYINUE

ALL SCANS, WHOSE LABELS ARE IN RANGE, RESIDE IN
ARRAYS XA AND Ya.

THE ¥OTAL NUMBER OF SCANS IS & X N8 .

RETURN

FORMAT {12 +20X oI %s 39X, 1I5)

END

furi10/81

16.08. 32
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SUBROUTTNE FRSTSCH (BUF, INOPN LHIMN.LHAX JLABEL «NPTS.XAY¥AJHA HB)
DIMENSIGN XA 350464121 4 YAL3IS50 612} , GUF L24LOY
VERSION 2 02.27.79
DENNTS J ® DYDE, VISIOYNE INC, BURLINGIGN., MA, 617-273-2820
THEIS MODULE SEARCHES THE HAGHNEYIC TAPE FROW ERVIRODATA
CORP. TO FIND THE FIRST SCAN MHOSE LABEL LIES TN
THE RANCGE CMIN TO LHMAX. THE DATA POINTS FOR THIS SCAN
ARE SCALEL AND STOREG IN ARFAYS XA ANU X8 . THE
BUFFER POINTERS NA& AND ND ARE INITISALIZED -
CONTINUE
DECODE {80, 901+ BUF (THORD)? IOTALLABEL,NPTS
IHCRD = IWORD »
PRINT .20 ABEL +NPTSs ITHORD#,,LABEL sHPYS, INMDRD
IF (IMORD JKE. 26 1) 6o TO 20
REFRESH BUFFER AND INITIALIZE POINTER , IWORD

BUFFER TN 1+D) WBUF 113, BUF 1240}
TF(UNITC ll «EN. 0} SYOPSFRSTSCN 12
IRORD =
PRINT ©® tIHOﬂD %4 INQORD
CONTINDE

IS CURRENT SCAN LAREL IN RAHGE.
IF tLABEL .GE. LHIN)Y GO YO SO
CALCULATE INOEX OF THE NEXT AVAILADLE BUFFER WORD » NXTWRO
HXTWRE = IWORD & %RPIS + ZERO FIw
NZ = {NPTS/B) & &
JF (NZJ.MHE. NPTSY HNZ = NZ « 8
NXTWRO = INORD & N
REDEFINZ (HORD ACCORDINGLY
IFINXTHRC JLEe 2680 GO YO M
SCAN OCCUPIES PARTS OF 2 OR HMORE OLUGKS.
BUFFER IN ¢ 1,0) (QUFLLY, BUF (2u0N)
IF QUMTTC 1) +EQs 0) STOP ¢ FRSYSCN 2 2
IHORD = NXTWRO - 2ab
PRINT *, £IMORD », IWOFD
IFATHLEPND.LE.240) GO TGO %0
NXTHRD= THCRD
60 10 2%
CONT T NUE
IHORD = HXTWRPD
PRINT *, £ IWCADS ,IKORD
CONT I NUE
SEARGH UNSUCCESSFUL THUS FaP
FEYCH HEXY SCAN AND TRY AGAIN
GO YO0 10
CONT I NUE
LABELS FOF THE NEXY GROUP OF SCANS QGCCUR
IN VHE RANGE LMIH TO LHAX
HA YIS THE &ZIMUTHAL POSITION INDEX RANGING FROM 1 TQ &
IS THE SCAN GROUP INDE X PANG ING FPDM 1 TO 12
NA = g
W = 1
COLLECT AN SCALE (OATA PQINTS Fon THE FIRST SCAN
SYORE POINTS TN APRAYS XA AND
CALL SCANFD (klUEL.NPTScNA.NB.BUF.!HOkn.XA.Vll
RETURN
FORNATETZ2 LN T4 4398, 15D
END

PALE
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T HODRD = NXT WRD

SURROUT THE SCANPD Th/ T oPT =% FTIN 4.6%438F 0b/s10r8) 16.08.32

SUARODUT INE SCANRD (LABEL HPTS NA NRLBUF IHORD XA, YA}
VERSTION 2 Q22779
DENNTS 2 W QUOE, VISIDYNE INMT, BURLINGTOMN, M, 617-273-282(0
THIS HOOULE LOCATES THE HPTS DATA PQINTS FOR ONE SCAN
HWITH THE GIVEN LABEL. THE POINTS ARE SCALED AND STORED
IN AQRAYS XA AND YA, THE BUFFER POINTERS HA AND NB
ARE UPDATED ACCORDINGLY.
DIMENSION KACISN; 65320 4 YAL3BS0+64220 , BUF L2401}
CALCIULATE TNDEX OF FHE HEXT AVAILABLE DUFFER HORD
NZ = (NPYS/8) * @
1FEtNZ «NEe NPTS) NIz N2 ¢+ &
HXTWRO = IWORD N2
SCAN POINTS ARE DlUlnED 8Y 1000 PRYDF TO STORAGE IN
ARIAYS XA AND YA .
IF INXYWRD .LE. 200 Go To 1o¢
PRINT®, #SCANPD=-NZ, NXTHRO s+ NZs HXTWRD
SCAN DCCUPIES PARTS OF 2 BLOCKS
COLLECT F JRST PORTION FROM PRACK EHND OF BUFFER
13241 -I%0FD
DECOUE { &80 s 2022 BUFCTWOROID (XACS NALHNB) , YALJ,NALNBD,» J=

11.10
AUFFER IN ¢ 1,03 (BUF(1), BUF (2401
TFEUNTITC 1 «EQ. D} STOPASCANRD 1«
1Mar0 = HNXTWRD - 240

IFLINCRD .LE. 240) GO TO 9
ENTIRE CONTEMTS AF AUFFI2 8L ONGS TO CURRENT SCAN.
CONTINUE
IP1=Teg
IMAX=Y + 260
DECODE ¢80 ,902 ,BUF L1 8} IXALIoHA HBS ,YALI,NAJHDY, J=]1P1,IHAX)
BUFFER TNT1,0) (AUF(1)}, BUF L240))
IF dUNTYE1) .EQs OF STOP 2 SCANRD 2 #
THORDa IWCRD-240
I=IHAX
IFIINCRD .GT . 240> GO TD S
CONT T NUE
COLLECT REMAINNER GF SCAN FROM FRONT END
OF REFRESHED OUFFER
1P = lei
THAK = I ¢ THORD ~ 1}
OECONEL 80 , 902, BUF (1Y)
1 IXALSHAND) s YACSI,NA, NBY s J = IPL,THAX)
GO YD 2D
CONT T NUE
SCAN IS WHOLLY cnnrlruzn IN nuFFER .
IHAX = NXIHWRD - YWOR
OECONDE ¢ ¢0 , 902, BuF(luunOil
IRAEINAHDY YA LI NALNBY ¢ = L, IHAX)

CONTI NUE

RETURN
FORMATIIZ 10X 515, 39X, ISH
FOPHAY ¢ 16 t 3PFS.DY) . OP )
EmD
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