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INTRODUCTICN

This account attempts to discuss the design re-
quirements for the construction of an interferometer
spectrometer having a resolution of greater than 0.1
ecm -1 for operation in the near infrared reglon (2 - .
microns) (nano meters) and being capablce of perfori-
ing to this resolution at both ambient temperature

and at 77° K (L/N temperature).

Y
These requirements impose very sevépe design

problems in regard to materials selectlion and materials
handling. Machiné tolerances have to be pushed to

the extreme of the state of the arts, and these toiei-
ances must te maintaincd through abnormally large
temperature excursions. Many of the pleces have to

be held to flatnesses of LU x J.O"6 inch per 5 Inches,
and 3imiiar tolerances have to be held for parailer.o.an.
Fortunately, absolute dimenslon can be mev with normda.
machine toierances in many instances by the use of

careful design techniques.,
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DesFani and fabrieate ciign crescliition Siaw;
r.itrosern interferonicter cpectrorieter suitable for
usedn ‘tne dzkboratory and in a valloon corne pecl=
e, for the purpose of naking measurenents in the
nectral region of two (2) to fourteen (1L) nicrons
of an extended scurce Lhaving a temperaturce of approx-—
irately 2009 K.

0f fundamental importance 1s that tic design
concept shculd bLe such as to nake 1t possible for

lie Instrument to stay in suustantial alignment after
havinge veen cooled to the liquié nitrogen in a suiltable
cryogenic enclosure. Thils nas made 1t mendztory that
very close attention be given to the choiceiof materials
and to favrication techniques.

As one of the important and critical elements
in the optical configuration, the beamsplitter nount
recciveu considerable attention. UBecause of the dis-
similar materials interface requirement and the con-
sequent tnerral expansilon proovlem, we have settled

on a modification of the spring loaded mount which

ve previously designedG arnd used to good advantage.

sl




The instrument has beer. fabricated almost entirely

from A-2 steel. This is g raverlal with which we have

had

considerable experience and success.




PRELIMIJARY RUSLARCH AND INVESTICGLTION

The primary requilrement under this contract was
to deslgn an interferometer which would be capable *
of operation in a liquid nitrogen temperature environ-
ment and would be capable of producing a resolution of
0.1 cm~! in the 4 to 15 mlcron spectral region. It
was decided at the outset, that a 2 inch anerture
instrument would pe sultable to the anticipated mission.
This instrument was to te furnished with a sultable
laser fringe monitorinp gystem and a white light
monitoring system. Ve started our design considerations
by studying all of the various interferometric con-
figurations which appeared to be applicable to our
requirements. Our studles brought us to a considera-
tion of two systems. The first system that we con-
sidered was a straightforward interferometer on which
we nave had considerable working experience. IDEALAD
had previously designed and built a one (1) inch

]

aperture 2 cm optical path difference instrument for
operation at approximately 10 degrees Kelvin and in

a vibrational environment produced by 2 sounding

rocket. ‘This instrument was produceu under the >




auspices of DNA ancd ARPA cortracts and was intended

for the measurement of Clasc I aura and Class III

aura.

The total system was 1inteprated into a cryo-
genlc package by Honeywell Radiatlion Labs znd further

incorporatea into a payload configuration for rocket
flight.

To quote the "HIRIS EXPERIMENT", AFGL~OP-TM-02

Report; "The interferometer appears to have worked
extremely well durlng all phases of the flight; there-~
fore, excellent first-of-its-kind data were obtained

not only durlng the vertical vlewlng time but at all

other aspects as well. Emission spectra of the at-

mospheric specles CO, at 2325 enL (4.3 um) and
g !

667 cm"1 (15 u m), 03 at 1042 em~1 (9.6 u m) and NO

at 1786 em~t (5.6 u m) were obtained with resolution

of two wave members." From this previous experlence

we hoped to galn sufficient information to point the

direction in which we should proceed in attempting

to bulld the instrument required under this contract.
It should be pointed out that the contract required

a two (2) inch aperture instrument and a resolution

of better than 0.1 em~l., After having reviewed all

of the information we had obtained from our previous

experience we decided that it would be appropriate to
investigate the possibillity of using a cat's eye

configuration for this mission.

The necessity for



a substantial increase in path length and aperture
requirements were major factors in promoting this
Judgement. Ve therefore embarked upon an in-depth
study of the optical properties of this system.
endeavor resulted in a FORTRAN IV programmed ray

of the optical configuration. This program made
sirplifying 2ssumptions and was accomplished in
doubtle precision. We initizlly wrote the program in
BASIC, but the results were unacceptable. The degree
of precision we could get produced graphical errors
in the plotted outputs that were intolerable. The
FORTRAN program solved this problem.

What we were desirious of determining was what
the effects of movement of the small mirror in the
system vis-a-vis the large mirror would have on the
wave front distortion. The program was therefore set
up in such a fashion as to make it possible to move
the small mirror in respect to the large mirror in any

direction and determine what the effect of this would

be on the wave front. In most cases (all cases so far

as know) studies of this kind have attacked the




problem of determnining the Lest locatlion of the

small mlrror in respect to the large mirror when 1t

is assumed to be preciscly on the optical axls of the
system. As 1t turns out, the best place to place

tnis mirror, as demonstrated by Consienier and others,
is at the circle of least confusion of the large
mirror. This 1s not altogether surprising. However,
tnese studies do not demonstrate what the effect would
be on the system wave front 1f the small mirror were
to be moved longitudinally away from the optical

axis. In the normal course of events, 1t 1is certainly
fair to make the on~axls assumption, there belng no
reason to belleve that, once adjusted for the
position, the adjustment would not be maintalned.

In our case such an assumptlon would be inappropriate,
since we are involved in a system which has to undergo
substantial temperature change. This temperature
change, in turn, can produce undesirable thermal
distortions with the possibility of effecting the
geometry of the optical components vis-a-vis each
other. Since it 1s essentlally lmpossible to antic-
ipate, to the degree necessary, how these effects

will manifest themselves, it 1s only prudent to







has a very cinple optiecasl coniluratlon, lug; bl
it 1s very critical in recarad tcoc tilli, & ninus.

We wished to determine through our ray ilrace
analysis the sensitivity of alignment of the cat's-eye
optical components. In a2ddition to this, we also
wisned to determine a set of practical parametlers
in terms of the focal lengths of the large and small
rirrors in the cat's-eye system. This information
was necessary in order to be able to have some 1ldee
as to how large, or better still how small, main-
taining a 2 inch aperture, we could afford to make
the system and accomplish a minimum of distortion
of wave front as it passes through the system.

The results of these investigations showed that we
could build a confipuration of sufficiently small
dimensions as to be acceptable. Further, it also
demonstrated that by choosinpg the focal lengths of
the two optical components wisely, we appeared to
be able tc arrive at a design which was not unduly
sensitive to the exact placement of each mirror in
respect to the other.

The analysis of the cat's-eyc optlical system

compares a set of twenty or more equally spaced

-l]l-




rays on a dlianmeter cf the system aperture tc the
optical path length of the central ray, ana deter-
miines the optical path diflerence. This optical
path ulfference 15 then pletted as a funciion of
distance from the central ray. The result Is a
plot of wave front distortion aé a function of
distance from the cptical sxls. Just how this
worrvs 1s best understecd Ly studylng the erclosed
frapns wuleh show ¢n eacn indlvidual graph the
wave front distortion as a function of pnsition of
the large and small mirrors when one granh is con-
pareu tc the other. We were sufflciently impressead
with the results of this study to feel that for a
two-inch aperture interferometer having a total
optical path difference 1in cxcess of 10 cumi, we
would be well advised to go with the cat's-eye
system. 7“0 date, all of the data that's been
taken and all of the observations that we have been
able Lo make on the system would tend to confirm
tae vallialty of thls declsion,

vurdine this neriod of time we also considered

tre possibility cf adapting the system to utilize




fileld wicening tecnniques, it zypearcd at the sutset
to te a valid linc of endeaver since the instrument

would be requirea to view extended sources. VWe did

not, however, pet deeply intc this matter, bLefore it
became abundantly clear to us that because of

material considerations and the general state o
the art, plus prohibitive cost factors, that we would

nave to abandon this area of study.

S0




SASL DLOSIGIH COHUFIGURATIOCH

The base nounting plate of the interferometer
is an extremely important element in the tctal
interferoretric configuration. It nas to Le so
designed as to support the varicus optlcal and
mechanical elements of the interferometer in their
correct position 1in respect Lo one another and at
the sare time it has to be able to maintain this
geonetry through the requirec temperature excursion.
In particular, this base plate niust support the fixed
cat 's-eye mounting configuration, the beamsplitter
mounting configuration, the movable cat's-eye
configuratiocn and the linear motor configuraticn.
All of these elemernts must be mounted to the base
plate and the method of mounting must be such as
to induce essentially no stress or strain into any
of the support members. In order to accomplish
these requirements, the base casting was first of
all designed in a vox-like configuration having ribs
placed under all of the optical support members, a
nodifieu egp crate or horiey comb type construction.
This construction would, it was hoped, provide
rigidity in the mounting plate and at the same

time reduce its weight and thermal capacity and

i




preserve the inteprity of tie geometry of tae total
interferometric systen., Alfter this fundamental
desipgn philosophy had Leen structured, preliminary
mechanical drawings werc worzced up. These arawings
were sent to a number of different foundries for
pricing and comments., [Finding someone who could
cast the base plate proved Lo ve no small task.
Finally, we were able to locate one concern who
represented that they could pour the castins 1f we
were willling to make certain modificaticns to our
design drawing. The gist of thelr reguested changes
meant increasing all dimensions in order to insure,
after the required machining, a sound casfing. We
were very agreeable. The casting as we received

it from the foundry appeared to be very sound and
so0 machining on it was started. The size of the
casting as received was such as to require at least
25% of all the material from all of the exposed
surfaces te removed. Thls was to insure that we
would be able to eliminate all casting blow holes,
imperfections that might be in the casting. This
turned out to be a long and tedious process. low-

ever, 1t was a satisfying one in that when the cast-
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ing was conpiectely renzh unachineu, we found 1t to
be, in every respect, sound. We sent the casting
out to have it magna fluxed in order to lnspect

for any structural defects and found that the casting
was in excellent condition. After this inspecticn
process vas completed, additional machining was
done on 1t to bLring 1t to near print size and 1t
vas again sent out to be reannealed and marna
fluxeu & second time. Dotnh of these processes
produced successful results. The final standard
imachining was done to brinpg the plece Lo exact
print size. Ve then subjectea the casting to a
liquid nitropren vath. 7This 1s a rather norrendous
procecure, The thermal shock Yo the nplece is
raxirized and the net result is a rcasonallie con-
fidence that there will, at least, be ne catastrophlc
fallure as a result of lowering the teomperature to
liguid nitrogen in the normal way. When the plece
l.ad ceascd to cause the llquld nitroren to Loil for
a half hour period, 1t was brought Lack tc room
temperature using infrarca lamps. Ve then checked
for any dlstortion. %his was cdone by placing the

plece on a grerite siab and checking for dinmensional




changes and varpage by conmparison to simllar data .
taken before the immersion into the liquid nitrogen
bath. lo distortions were evidenced by this procedure,
and we proceeded to have the nounting pads for the
optical coumponents hand scraped to bring them to a
flatness and parallelism, all surfaces to all other
surfaces, of at least 50 x 10-6 inches per 6 inches.
The casting was again subjected to the lliquid nitro-
gen dip process, and testec again for any cdistortions.
it passeu this test and was then ready for mounting

of the cptical components.

4 £

s




CAT'5 LY TULLS

The design of the cat's eye tube confipuration
was predicated on the informatlon achieved by the
geometric ray tpace to which ve nave already made

mention. The study of the ray trace determined the

focal lengths of the small and large mirrors. A

sultable mechanical mounting arrangement had to be
developed in order to be able to place these two
mirrors on precisely the same optical axis and
separate them by the required distance. At the
outset 1t was decided to use what essentially amounts
to a telescope type mounting arrangement . The main
mounting filxture, the tube, required for this type
ol arrangement had of necessity to be made from

A-2 steel., This meant starting from a solld plece
of material sawed from billet stock and then turned
and bored and reamed to the exact size required.
Special support Jjigs and fixtures were needed to
pore lightening holes in the movinpg cat's-eye tube,
while at the same time causing no deformation to
1¢ts pgeometry. The reason for doing thls was to
jcwer the welprht for better dynamic performance.

It was only done to the moving tube.




*

The end cap was designed to spring load the
main (large) mirror up against a shoulder accurately
machined to a given depth in the tube. This was .
required in order to know precisely where the front
surface of the mirror, when mounted, would be in

respect to the back surface of the mirror nount

fixture,.




ELECTRICAL FIXTURLS

The cat's-eye supporting fixture, used in con-

Junction with the slide-way carriage system, is
fitted to support the movable slugs in the positional
transducer and the moving magnet employed in the
tachometer. A mounting plate fixture carrying the
n~csitional transducer and the tachometer coil 1is
located directly below the sllde~-way carriage system.
This mounting plate is arranged so that it can be
moved a small distance back and forth in the direction
of the slide motion in ordepr to be able to achieve
precise centering of the positional transducer's
electrical center with the mechanical center of the
movable slide carriage. Provisions have also teen
made on this structure to mount a subsidiary fiducial
determining device to accomplish the necessary logic

for coherent addition of interferograms.




SERVO CONTROL

The servo system used to control the silde moticn,

is a modified type 2 system, having posicional and

rate feecback. The operation of the electronics is

as follows:

A loglc system develops a step functicn L=u(t) upeon

command. This command may origlnate from a cemputer,

2 sinmple toggle switch or 1t may be internnlly ren-

erated by a comparitor system which recoynlzes the

slide motion and points as a function o the nutput

of thie linear positional transducer.

The step function E=u(t) is interratecd by &

(4%

precision analop, integration system. The ocutput

of thls intepgrator is a ramp function, the rate

of

rise of which 1s a function of the Lime censtant

c¢f vhe inteprator and the value of L. "hnhe value

cf I 35 continuously adjustable by meanz »f & ten

turn pot. This pot 1s known as the velocliy pot.

If further adjustabllity 1s requireu, it can be

accomplished uy changing the RC time constant of

the precision integrator. The ramp voltapre, thus

generatecd,

1s the command signal to whicenh the servo
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must respond.

At start up, the system logic forces the slide
to the HOLD position as determined by the output
voltage of the positional transducer and a comparitor
circuit. At thils point the positional transducer
is disconnected from the feedback circuit by the
action of sweep status signal and 1s replaced by
what amounts to an F.M. to D.C. converter whose
output is integrated. The input signal to this
part of the system 1s the output from the laser
monitoring system. The result 1s a ramp outrut from
the integrator, which 1s an accurate measure of
the position of the moving mirror cat's eye slide
system. If this signal does.not match exactly the
sanple command sipnal previously described, the
error sirnal, which is the difference between these
two signals, forces the power amplifier either to
increase or decrease 1ts output or chanpge its
polarity to correct for the error condition. The result
of this is that the drive motor 1s constantly
adjusting 1its force output in an attempt to correct
for any changes in frictional profile or input load

functions such as vibrations, acoustical forces, etc.

2%




= N—

This position feedback system just descrited works
quite welil for the low frequency responce of the
system. llowever, 1t 1s Inadequate to handie the
hirher !requenclies to whicnh the systen nmay be exposed
Consequently we have added rate feedback in two forms .
The first method utilizes a conventional magnetic

rate renerator. Thls system generates & voltage 1.

accordance with the equation:
d dx

I 1 -

N = . dt nd i{ a-ﬁ-

where dd@ a Adx
In other vords, the time rate of change »f the flux
is equal, to within & proportionality constant, ©.
the veloclty cf the moving nirror slide This
system e¢xnibits some deviatZon from the above, ve-
cause of flux leakage. Thils, and the inherent tinc
coristant of the LR relationshlp of the tachometer c¢o (1l
make 1t desirable to Introduce another feedvack mecharisr
which will compensate for these urawbacis.

cuch a system 1s a phase-lork loop his syster
uses the output from the laser monitoriry system

and acts i the conventional fashion to stavtiituve

this frequency by generating a signal proporticna.




to the laser frequency. This signal is fed back

in tie same fashion as the tachometer signal. One
might wonder why the necessity for the tacrhometer
signal using tne magnet circuit? The principal
reason 1 tnat the phase-lock loop system is sensi-

tive to frequency only, and not to dircction of

ruotlon, whereas the tachometer 1s.

&) They conplement cach other nicely, and

) the dynamic range (capture range) of the phase-
lecck locp 1s relatively small, whereas tle capture
range of the magnetic tachometer is, if tnc tern
1s appropriate, essentially infinite.

Unaer fly-tack conditions the sweep status
sigral dlsconnects the F.M. to D.C. system and
reconnects the position transducer system, which
tuen commands the slide to move to the hold position,
which 1s determined by the setting of the resolutison
pot. The resolution pot determines at what point
the voltage from the positional transducer will fire
& conpariter system whose ocutput forces tiie systen
irtc the LOLD position where 1t stays awaiting

(e

ancther CTARY command. Tnis completes & data

-2~
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taking cycle. The unit can also be placed in a
continuous mode where the same signal from the
comparitors, which produces a HOLD command, gen-
erates a START command, keeping the unit in a
state of continuously scanning. Finally, a manual
override to the command signal generated in the
form of a potentiometer adjustable output voltage

can be used to manually position the slide mechanism,

This is a useful feature when maklng tests for optical

alignment of the instrument.




RAPID-STEPPING SCLuME STUDY

{ Introduction
One of the advantages that the technique of Iourier

spectroscopy can realize, 1s obtalned by nultiplexing
the observation of all spectral elements in a single in-
terferogram nmeasurenent. This nultiplex advantage cones
into a full effect only when the scintiliation noisec in
tne neasurement is well suppressea. Three schemes are
commionly used at present for suppression of the scintil-
latlon noise. fThey are the scheme of (1) ratio-recording,
(2) internal modulation, and (3) rapid scanning. The
first scheme works on the principle of amplitude cancel-
lation, while the second and third work on that of fre-
guency discrimination. It has bLeen proven that these
three schemes work reasonably well for thils purpose. 0o
conclusion hés been reached at prescent to answering “he
gquestion of whiéh of the fregucncy discrimination schemes,
tne internal niodulation or thie rapid scanning, has over-
all vetter characteristics. 7The primary concern of the

‘" present study does not fall into examination of this

gquestlion. The study conducted for thls report is to

crarmine the scheme of rapld-stepping, by which elther

tne schere of the internal modulation or of the ra:id

scanning can be implemented without making any funda-

tiental design change.

29lhi=
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vasic Design Problem of the Rapld-Stepping Scheme

Generally speaking, the servo-control scheme
which accommnodates the step-and-hold drive of the cat's
eye interferometer, can be uivided into two parts. The
servo-ccntrolled notion of the entire cat's eye assermbly
can be nade to have a clow response, while a control with
a fast response can be bullt to achieve a flne posi-
tional adjustment of the secondary mirror which is very
siwall ard ligsnv. Ly conmbtindng these twe motor systems,
tiie overall drive can attain tnc servo control cherac-
teristlics necessary for the rapld-stepping. The mechani-
cal structure of the cat's eye Interferometer would
exhibit -0 baslec weakness toward 1implementine the ranid-
steppling nwovement.,

Phase-licdulated Signal

The control system for the step-and-hold drive
would be found cornvenient to use if 1t has the fol-
lowing specifications:

(1) The position accuracy during the holding period
is a value much smaller than the reference laser wave-
length,

(2) Yhe stepping distance may take any value, not
llmited to some exact mulitlples of the refcrence laser
wavelengtii,

(3) Both the stepping and holding period are con-

trolled under the sane servo logic. 7That is to

=07=




say, the interfcrometer appears to step hy holding
action when the poslitioning serve crror 1s larige.
The ¢rror becomes small, as the Interferometer
approaches thc null position. Iio distincilve d1f-
ference exists in the servo action between the
stepping and the holding perilcd.

The present study 1s to search the logic
scherie which accommodates the servo action specified
zoove. Ure epror signal in such a scheme gonerates
= cortain guantity which varies linearly with the
crror dlstance all the way even veyond a single frinee
¢istance of tne reference iine. The minimum resolution
clement contairned in the error signal nmust be much
fincr than & single fringe dilstance.

Several schenes have been bullt already for
accomplishing such a servo-controlled actlica. Thesc

servo logics are essentlally constructed on the nhas

V]
2
()

modulatesd sinusofdal sipnal with a certain hipgh
carrier frcauency (or sinrle sideband modulated signal).
Thic sifnal can Le expressed by

5 = A cos 277(ft -¥)

where £ 1s the carrier freauency, and ¥ is the phase,




varying linearly with the servo error (including
the s sign). Incidentally, the ordinary interference
fringe signal belongs to a special form of this sighal

given by

and

P= ox
The simplest electronic circuit which 1is com-
mercially readily avallable for extracting the phase
information @ from the phase modulated signal,

A cos 2T (ft-pP), is the up~down counter. Its usage is

T
pd.t

illustrated in Figure 1.

T 0
A cos 2Ift ———3 | UP-DOWII
A cos 2/(ft-®) —> | COUWTER

Reset at t=0

Fipgure 1
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PM3S Systems Already iIn Use

l. Two-liine method.

This methed uses two laser lines cof siipntly dif-
ferent frequencies which are excited fron & single
plasma tube. Their frequenicy difference Ls 1ized.

When a detector observes thcse two lines, 1T jterierates
the difference frequency f at its outpul. The system

1s designec In such a way that two lines strike diiferent
arms of the interferometer, onc spectral line to a fixeu
arm and another to a movable arm. liow the line atriking
the movablic arm has its optical frequency shifted by
v/c, in addition to the constant difference {, if the
optical path 1s changed at a rate of v. Therefore the
detector which sees these two lines returnec from the
Interferoneter, repisters Instantaneously a new value
for the difference frequency given by {(+ v/e¢). 1In

other words, the P!NMSS 15 peneratea, given vy
s=A cos 27 (ft + v/c)

Yhen the movable arm 1s moving at a spnced of A/sec.,
the freguency shift is exactly 1 liz. Thus vhe resolution .
unit 1s 1A . he Up=Down counter shown in Fipure 1 does

not repister a change of 1 count at s output unless

the movable arm moves more than the ..tance of i




The method, therefore, can detect the movement not only
in distarice but also in direction. For our applicaticn,
it 1s inmportant that both laser lines are well stabilized.
The stabilizaticn of the difference frequency only 1s not
sufficient. This system inherently falls to monitor the
path difference chanfe much smaller than 1A. The rethod
1s in principle insensitive to the intensity fluctuation
contained in these two laser llnes.

2. Polarimetric Method

This method uses a sinple laser line. The optical
circuit is bullt in such a way that the plane of rolari-
zation at the output of the interferometer rotates
linearly with the optical path difference. This output
which 15 linearly polarized, 1s rotated by a spinning
halfwave plate (at the spinning frequency of f) to
renerate the PlIGS.,

3. Interferometer liodulation !‘ethod

This method also uses a sinpgle laser line. The
interferometer path difference 1s modulated at a freouency
f. Two slgnsls which are in auadrature relaticn to ench
cther, are renerated

s] =A cos 217 £t cos Y

and

85 =A sin 2J] t sin@ .

«3]~




They are then combined to form the PMSGS.
The llethod Studied

The method adopted for the present study is to use
the intensity information obtainable in the interferencc
fringe signal. The phase anple @ within a complete
frinre cycle 1s determined from tw2 sirnals which are in
quadrature. The interferoueter path differcrice is modu-
lated by a hich freauency. The 1ntensity fringe sirnal
is syunchroncusly detected for peneration ¢f the two
quadraturc sifnals. Jeveral circults for normalizing
thelr amplitude and for removal of their btias offset

are necessary for pmenerating the sipnals piven by
sy =A cos @
and

S5 =, sin @ .
Change of the nhase P can be detected as shown in

Takble I. Therefore the Interferometer drive direction

i3 known all the time.




TALLE I

Determination of Interferometer Drive Deflection

51 57 bsy v
+ + + +
+ + - -
+ 3 = +
+ - + -
- S - +
- - + -
- + + +
- + - -

Signals 81 and 82

FIGURE 2




After thesce two quadraturce sipgrnels are ~cnerated,

the phase anple @ can be detected using velitofe de-

tectors. The PMSS 1s generated usine the dipital loric.

The systen 1s structured as shown in thne tlock diagran

of Fipure 3.
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GRAPH #1

SYSTLEM GCALE IFFACTOR = 1

POCITION OF REF. LIUL = 0

RADIUS OF' CURVATURL OF CO.CAVL MIRROR = 10
RADIUS OI' CURVATURL OF CONVZX IMIRROR = 20.02
X DISPLACCMENT OF CONVLX !MIRROR = 0

Y DISPLACEMENT OF .COJVEX IKIRROR = 0

DIAMETLER OF CONCAVL MIRROR = 5,00

HUMBER OF POINTS DLSIRED = 100
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GPRAPH #2

SYSTEM SCALLE FACTOR = 1

PCSITION OF REF. LINE = 0

RADIUS OF‘CURVATURE OF CGJCAVL MIRROR = 10
RADIUS OF CURVATURL OF COJVEX MIRROR = 20,02
A VISPLACLMENT OF CONVLX I'IRROR = 0

Y DISPLACEMENT OF CONVLX MIRROR = ,0002
DIAMEZTZR OF COUCAVE MIRROR = 5.0

AUHBER QOF POINTS DLSIRED = 100
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GRAPH #3

SYOSTw GCALE FACTOR = 1
POSITION CI' REF. LIIC = 0

RADIUS OF CURVAYURE OF CONCAVL MIRROR = 40

RADIUS OF CURVATURL OF CO:VLEX MIRROR = 20
K DISPLACLIEZJT OF COJVEX IMIRROR = 0

Y DISPLACEMET OF COHVEX I1IRROR = -,0002
DIAMLTLR OF CO.JCAVE MIRROR = 5,0

JUHMBLR OF POINTS DuSIRED = 100
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GRAPH #U

SYSTLM SCALL FACTOR = 1

POSITION OF REF. LIJE = 0

RADIUS OF CURVATURE OF COWCAVE MIRROR = 40
RADIUS OF CURVATURL OF CO.VEX MIRROR = 20.02
X DISPLACEMIJT OF COIVLIX MIRROR = 0

Y DISPLACZMENT OF COJVELX MIRROR = .0004
DIAMUTER OF CO.dCAVE MIRROR = 5.0

AUMBLER OF POINTS DESIRED = 100
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GRAPH #5

OYSTal GCALw FACTOR = 1

POSITIO.J OF RilM. LING =0

RADIUS OF CURVATURL OF COICAVLE HMIRROR = 40
RADIUS OFF CURVATURL OF CONVEX MIRROR = 20.02
X DISPLACLMINY OF COMVEX MIRROR = 0

Y DISPLACZIENT OF COJVEX MIRROR = -.00014
DIAMETER OF COICAVE IIIRROR = 5.0

JUMBER OF POINTS DESIRED = 100
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GRAPH #06

SYSTe!l SCALE FACTOR = 1

POSITION OF ReF. LI!lL = 0

RADIUS OF' CURVATURL OF COUCAVE MIRROR = Lo
RADIUS OF CURVATURL OF CONVLX MIRROR = 20.02
X DISPLACLNLAT OF COIVEX MIRROR = 0

Y DISPLACEMENT OF CONVLX "IRROR = ,000¢
DIAMCTLR OF CO.ICAVE MIRROR = 5,0

HUMLZR OF POIJTS DLSIRED = 100
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GHAPIL #17

SYSTLEM SCALE FACTOR = 1

POSITION OF REF. LIIiL = 0
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GRADLL #1€

SYSTiZil SCALE FACTOR = 1
POSITIO! OF RLF, LINE = 0
RADIUS O CURVATURL OI* CONCAVL WIRBRODR = 40

RADIUS OF CURVATURL OF COJIVLK 'HIRROR = 20.02

/]

£ DISPLACLMLAY OF COJVII "TIRROR £
L0006

Y DISPLACLIL.IT OF CONVLX IRROR
DIAMLETELR OFF COJCAVL MIRROR = 5.0

JUMBER OF POLJTS DuSIRLD = 100
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SYOUWEM OCALE FACTOK = 1

POSITION OF RLEF, LIJC = 0

RADIUS CFF CURVATUTI. OF COJCAVE MIRROR = 40
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GRAPL #10

SYSTLIT GCALL TFACTOR =
POSITIC. OF RLF. LILiil = 0O
RADIUS OF CURVATURL OF COICAVE MIRROR = 10
; OF CURVALTURE OF CONVEX IMIRROR = 20.02
A DIOPLACINLAT OF COdVLAI !IIRROR 0

Y DIGPLACLIELY OF CONVEX 1IRROR

DIAMLTLR OF COJCAVL !MIRROR = 5.0
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GRAPIL #11

SYSWEM GCALL FACTOR = 1

)

OSITIOIN OF REF. LIUL = 0
RADIUS OF CURVATURLE OF COJCAVLE IMIRROR = 40

RADIUS OF CURVATURE OF CO.VEX MIRROR = 20,02

X DISPLACEMENT OF COJVEZX MIRROR 0

Y DISPLACEMEIT OF CONVEX IMIRROR

-.001
DIAMLTER OF CO.CAVLE MIRROR = 5.0

JUMBER OF POINTS DESIRLD = 100
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