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This is the Final Report of work at the Lunar and Planetary Labora- 

tory, University of Arizona, Tucson, Arizona under NASA Contract NSR 03- 

002-04.8 for the fourteen-month period ending June 30, 1968. 

represents the Status Reports f o r  the periods December 1, 1967 to June 

30, 1968 and July 1, 1.968 Lo March 31, 1969. 

documents describe the effort for the Final Report period: 

It also 

The following two proposal 

1. OAO-APT Program Plan, 14-month period (May 1, 1967 - June 30, 

1968). 

2. Addendum, OAO-APT Program Plan dated July 11, 1967. 

These documents, References 1 and 2, respectively, are attached to this 

report, and they are outlined below. 

OAO-APT Program Plan and Addendum 

1. OAO Systems Studies 

A. Mission Definition 

B. Telescope Design 

C. Fine Pointing 

11. Photopolarimeter Development 

A. Optics 

B. Data Handling 

C. Configuration 

111. Fine Error Sensor Evaluation Program 

A .  Laboratory Tests 

B. Telescope Use 

IV. Fourier Spectrometer Development Program 

A ,  Configuration Design Study 



V. Ground-Based Photometry Program 

VI. Ground-Based Polarimetry Program 

The results of work completed under the 14-month Program Plan are 

given in accordance with the above outline. 

I. OAO SYSTEMS STUDIES 

During the spring of 1967, the University of Arizona was invited to 

participate in a HASA program to draft scientific specifications for a 

man-attended, permanent, orbiting astronomical observing facility. The 

group of astronomers formed by NASA for this task was designated the 

"Astra Advisory Committee". 

Forbes participated in the Astra Committee and, together with R, E. 

Danielson of Princeton, prepared the Report of the Astra Advisory Commit- 

tee, Ref. 3,  attached to this report. The OAO Systems Studies work areas 

of Mission Definition, Telescope Design, and Fine Pointing are discussed 

in detail in this reference, The University of Arizona Experiment Pack- 

age (AEP) is also presented in Ref. 3 (Appendix B-3) and is submitted to 

NASA as fulfilling the work outlined under Section I, OAO Systems Studies, 

in the OAO-APT Program. 

As part of the OAO-Systems Studies F, P. 

11. PHOTOPOLARIMEm DEVELOPMENT 

A. Optics 

The optical configuration for the Arizona Experiment Package (AEP) , 
is contained in R e f .  3 (Appendix B-3). 

meters to obtain faint source ultraviolet measurements from 1050 A to 

5000 A and moderate resolution multiplex spectroscopy from 1400 A to 3500 A, 

a high spatial resolution photometry system is described and is intended 

for operation in the 1600 A to 6000 A region. 

In addition to filter photopolari- 
0 

0 0 0 

0 0 
The latter capability would 
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be possible if the AEP were placed in orbit in an Astra Observatory on 

which diffraction-limited optics and precision pointing were employed. 

Use of man in the Astra program would extend the high resolution cap- 

ability to photography and this is described in the AEP description (Ref. 

3, Appendix I3-3) 

A s  part of the optics studies at the LPL, we have determined the 
0 0 

birefringence of MgF2 in the wavelength region 1299 A to 3000 A by com- 

bining our measurements of a Double Rochon Prism (Ref. 4) with the long 

wavelength index of refraction measurements made by R. Davis of the 

Smithsonian Astrophysical Observatory and T. Teska of the LPL. The 

results are.presented for the first time in Figure 1 of this report. The 

index of refraction as a function of wavelength appears in Figure 2, As 

described in Ref. 4, we now have two ultraviolet polarization analyzers 

capable of performing on-axis polarization measurements from shortward 

of 1294 A to the visible wavelength region. 

quality obtained with the D.ouble Rochon Prism has been shown to be superb 

in that : 

0 
The ultraviolet surface 

1. no absorptions occur in the birefringence measure- 

ments shown in Figure 1: 

2. optical contact of elements in the ultraviolet has 

been achieved; and 

the birefringence of MgP2, more than surface quality, 

determines the effectiveness of the material for use 

in the ultraviolet as a polarization analyzer. 

3. 

Many of the optical elements to be used in a future AEP experiment 

We have examined require high quality ultraviolet reflective surfaces. 
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both t h e  long t e r m  s t a b i l i t y  and u l t r a v i o l e t  surface qua l i ty  of t he  highly 

s t a b l e ,  nickel  coated, aluminum a l loy  Tenzaloy ( R e f .  5 ) .  Contrary t o  

repor t s  of other  c a s t  aluminum a l loys ,  such as 356T6 (Ref. 61, Tenzaloy 

has proven t o  be extremely s t a b l e  and s u i t a b l e  f o r  l ightweight te lescope 

o p t i c a l  systems. Reference 7 ,  a t tached t o  t h i s  r epor t ,  descri5es the  per- 

formance of two te lescopes which have 60-inch f / 2  aluminum primary opt ics .  

In  order t o  inves t iga te  fur ther  t he  s t a b i l i t y  of Tenzaloy, we fabricated 

during t h i s  repor t ing  period two lightweight (15.8 l b s  each) ribbed, 14 x 

22 inch e l l i p t i c a l  f l a t s  (see Fig. 3 ) .  With t h e  exception of t h e  choice 

of a l loy  these  mirrors were i d e n t i c a l  t o  f la ts  used previously i n  con- 

junct ion with the  NASA Ames Convair 990 high-al t i tude program. While' 

these Tenzaloy aluminum mirrors r e t a i n  t h e i r  two-wave f igure  as shown i n  

Figure 4 ( e n t i r e  mirror sur face)  under a l l  a i r c r a f t  environment conditions,  

t h e  two 356T6 aluminum mirrors  which they replaced were found t o  have warped 

more than 200 wave within a &-inch diameter. 

Tenzaloy f lats prepared as samples during t h i s  report ing period were 

a lso examined f o r  surface qua l i ty .  Through cooperation with D r ,  H. E. 

Bennet of t h e  Michelson Laboratory, t h e  re f lec tance  as a funct ion of wave- 

length has been measured. 

d i s t r i b u t i o n  of sur face  i r r e g u l a r i t i e s  i s  Gaussian, t h e  rough surface 

should s c a t t e r  normally incident  l i g h t  according t o  t h e  r e l a t i o n  (Ro - R ) /  

Ro = ( 4 ~ 5 / A ) ~  where R is  t h e  amount of l i g h t  t h e  rough sample would r e f l e c t  

at  normal incidence, R 

According t o  Bennet, "If we assume t h a t  t h e  

i s  the  re f lec tance  of a pe r fec t ly  smooth sample of 
0 

t h e  same material, and 5 i s  t h e  root mean square roughness. 

can be used t o  ca l cu la t e  t he  sca t t e red  l i g h t  as a function of wavelength 

f o r  t h e  35 A rms rough surface:  

T h i s  r e l a t i o n  

0 
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0 
Wavelength ( A )  R/Ro 

2000 0 e 9528 0.0472 
5000 0.9923 0.0077 
8000 0 * 9970 0.0030 

10 9 000 o e 9981 0 0019 
20,000 0 9995 0 e 0005 
50 , 000 0 9999 0,0001 

Note t h a t  i n  t h e  u l t r a v i o l e t  a t  2000 1 t h e r e  i s  about 5% sca t t e red  l i g h t ,  

but t h i s  amount decreases rapidly.  

i s  only 0.3% sca t t e red  l i g h t ,  and there i s  eyen less at longer wavelengths." 

B. Data Handling Processes 

0 
In  t h e  near in f ra red  at 8000 A there  

Under t h e  present  cont rac t  the  data handling techniques employed with 

rap id  scan polarimetry have been ref ined.  

memory mul t i sca le r  previously reported (Ref. 8) has shown that mult iscai-  

i ng  techniques a r e  e l ec t ron ica l ly  f e a s i b l e  f o r  t h e  accumulation of rap id  

scan polar iza t ion  data .  During t h i s  repor t ing  per iod,  s u f f i c i e n t  in f ra -  

red polar iza t ion  da ta  were obtained on t h e  objec ts  l i s t e d  i n  Table I t o  

allow a n  extensive ana lys i s  of t h e  rap id  scan polar iza t ion  approach. 

data  were recorded on magnetic tape ,  described previously (Refs. 9 and lo), 

The multichannel delay-line 

The 

and then multiscaled i n  t h e  laboratory.  

was fed  i n t o  an IBM 1130 computer and operated on by a two pass program, 

developed under t h e  present cont rac t ,  t o  compute t h e  percentage polar i -  

zat ion and phase angle f o r  each star f o r  each f i l t e r  observed. 

fu ture  sa te l l i t e  containing Arizona u l t r a v i o l e t  polarimetry experiments, 

such computer programs would be used, e i t h e r  i n  t h e  observatory or on t h e  

ground, t o  determine t h e  polar iza t ion  charac+?eris t ics  of observed objects  , 

Approximately one-third of t h e  inf ra red  da ta  has been processed t o  date, 

and sample preliminary in f r a red  polar iza t ion  r e s u l t s  appear i n  Table 11. 

T h i s  work w i l l  be completed under t h e  present follow-on cont rac t ,  and 

The r e s u l t i n g  punched paper t ape  

In  any 
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papers describing the entire technique and results will be prepared at 

that time. 

Additional studies for the use of multiscaling techniques have been 

applied to rapid scan spectra summation. The multiscaler is used to add 

repetitive spectra thereby suppressing noise introduced in any single scan. 

Reference 11, attached to this report, is a draft of a paper showing the 

effectiveness of the technique. The abstract for Ref. 11 follows: 

An infrared spectrometer using a rotating, circular, 

The reso- 
variable-thickness interference filter has been used to 
obtain spectra of planets and late-type stars. 
lution of these spectra is of the order Gf 100. 

These spectra seem to show a positive luminosity 
effect with respect to CO in normal M stars. 
variables observed exhibit stellar steam absorption. 
NML Cygnus and NML Taurus show extremely red enerm 
distributions and that of NML Cygnus may be essentially 
"flat" over the region covered by our observations. 

Two Mira 

C. Configuration Redefinition 

The redefinition of the Arizona Experiment Package is presented in 

detail in Appendix B-3 of Ref. 3, the Report of the Astra Advisory Com- 

mittee, referred to in the OAO System Studies section of this Report. 

111. FINE ERROR SENSOIi EVALUATION PROGIiAM 

The fine error sensor evaluation effort at the LPL under this con- 

tract has proven to be fruitful scientifically as well as technologically. 

Our extensive studies to optimize an observatory offset tracking design 

for the Arizona Experiment Package (AEP) were first reported in the Arizona 

Photopolarimetw Telescope (APT) Experiment Description of May 1965 and 

more recently in "Faint Star Tracking", Ref, 12, attached to this report. 

During this reporting period we have successfully used the offset tracker 

systemo shown in Figure 5 ,  to guide our 60-inch telescope in offset to 
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TABLE I 

F i l t e r  Effective Wavelength 

Obj ecL Observed 

MMLI Cygnus 

B Peg 

B And 

a Tau 

a 0x5. 

B Gem 

w C e t  

a A r i  

B Peg 

a Per 

83 m a  

CIT 10 

54 Leo 

6 Boo 

C I T  6 

VCV n 

6 Per 

+ 31 104 

a Boo 

R Leo 

CTT 7 

C I T  8 

+ 32 1x09 6 Oph 

Mars g H e r  

V e n u s  0: Her 

BS 2289 C I T  3 

BS 2190 CIT 5 

RS C n c  a Gem 

Mercury 

R C r A  BS 6242 

cx C r A  c2 Sgr 

CIT 9 

C I T  11 

CIT 12 

Lc CeI? 

li UMa 

NML Tau 

u Sag 

a Hya 

8 CrB 

E Her 

X 

X 

X 

X 

X 

X .  

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

- 

K 
2.25P 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

- 

L 
_I 3.51 

X 

X 

X 

X 

X 

X 

X 

X 

X 

- 
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TABLE 11. Sample Preliminary Polar izat ion Results 

U 
_c_ 

F i l t e r  % p  0 F i l t e r  %P 

J 
H 
K 
L 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 

NML Cy us 

3.00 
77 

.26 
-----E?- 

4.1 - 5  
L , 3  .4 

Nfi Taurus 
.9L .20 
.91 .12 
.49 .22 

VCVn 
L__ 

98 .13 
43 13  

.I7 .18 
_I_ CIT 6 (Jan 67) 

I.. 70 L.24 
1.87 .22 
1.15 3.5 

CIT 6 (Feb 67) 
2.32 1.60 
1.73 .29 
1.17 .25 

Mars (Jan 67) 
Pls 

I.. 28 16 
2.12 .17 
2.45 .23 

Mars (Feb 67) - 
61 .10 

1.05 .10 
I.. 50 17 

Venus (Feb 67) 
P 

1.40 14 
89 25 

e 98 23 
6 Per 

2.23 13 
1.04 .12 
69 e 1 5  

+31 1049 (Jan 67)  
.42 .I4 
0 72 .14 
.03 .14 

.26 .12 

.62 .09 

+31 1049 (Feb 6 7 )  

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

J 
H 
K 

Standard Sta r s  

a O r i  (Jan 67) 
* I 5  .21 
23 .21 
30 .22 

15 .11 
15  16 

R Leo (Jan 67) 
_I_ 

.36 * 25 

.18 .13 
13 15 

R Leo (Feb 67) 
I_u) 

17 09 
1 5  13. 

(. 06 18 

* 09 * 19 
.18 .16 
.20 .15 

v UMa 

B And 
_II 

.11 

.26 20 

.28 .16 
Iu_ 01 Tau (Dec 66) 

72 .16 
.78 .I5 
.42 .18 

a Tau (Jan 67) 
P 

0 35 . LO 
.10 . LO 
.10 .20 

K 55 e 22 
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obtain in f r a red  po la r i za t ion  and in te r fe rometr ic  data .  Also, F. F. Forbes 

pa r t i c ipa t ed  i n  tt NASA-ERC pro jec t  t o  generate a Design C r i t e r i a  P4onograph 

on space-borne star t r acke r s .  While t h i s  work w a s  at no expense t o  t h i s  

contract  two s ign i f i can t  papers , (References 13 and 141, r e su l t ed  which 

g rea t ly  simplify t h e  determina;tion of star c h a r a c t e r i s t i c s  when used as 

star t r acke r  t a r g e t s .  The abs t r ac t  for  t h e  more extensive of t hese  two 

papers, R e f .  14, i s  as follows: 

The photodetector responses t o  t h e  r ad ian t  energy inc i -  
dent 011 t h e  Ear th ' s  atmosphere from t h e  964 b r igh te s t  stars 
north of dec l ina t ion  -20' a r e  presented f o r  t h e  S-1, 4 ,  11, 
17, and 20 and B i a l k a l i  photocathode mater ia l s  and for t h e  
s i l i c o n  de tec tor .  The computations for  these  da ta  are based 
on recent  Lunar and Planetary Laboratory 13-color narrow- 
band f i l t e r  photometry. Photodetector response da ta  for 67 
navigational stars, based on e z i s t i n g  U B V R I J  photometry f o r  
stars south of dec l ina t ion  -20 , a r e  a l s o  included. 

A. Laboratory Tests  

We have used tes t  systems of t h e  f i n e  e r r o r  sensor (see Figure 6 )  t o  

demonstrate successfully i n  t h e  laboratory t h a t  t a r g e t s  generating only a 

f e w  photoelectrons per  second at t h e  t r acke r  image d i s sec to r  anode may be 

tracked. This r e s u l t  i s  shown i n  t h e  photographs of Figure 7. The labora- 

t o r y  system shown i n  Figure 6 has been used t o  simulate t h e  observatory 

closed-loop system i n  t h a t  a mechanical connection w a s  made between t h e  

micrometer s tage ,  vhich pos i t ions  an a r t i f i c a l  star, and t h e  telescope 

dr ive  motor sha f t .  This technique has proven use fu l  not only because it 

allows us t o  check t h e  e n t i r e  system under closed-loop laboratory condi- 

t i o n s  but a l s o  because it af fords  an  opportunity t o  optimize dynamically 

system t i m e  constants. The laboratory t e s t  system w a s  a l s o  used t o  t e s t  

our s p i r a l  acquis i t ion  scan design. The design and tes t  r e s u l t s  of t h e  

acquisi . t ion system are presented i n  Ref. 1 5  of t h i s  repor t .  

-9- 



€3. Telescope Use 

The o f f s e t  guider,  shown i n  Figure 5 a t tached t o  an LPL 60-inch t e l e -  

scope, has been used continuously as t h e  prime te lescope dr ive  source fo r  

o f f s e t  operation. That i s ,  a photometer o r  interferometer  placed at t h e  

foca l  plane of t h e  60-inch telescope has been ab le  t o  measure near ly  inv i -  

s i b l e  objec ts ,  such as t h e  NML Cygnus objec t ,  when 

vided t h e  r i g h t  ascension and dec l ina t ion  dr ive  s igna ls  f o r  t h e  te lescope 

from s igna ls  from another star, off-axis from t h e  IWL Cygnus object  and 

br ight  enough t o  t r ack  i n  t h e  v i s i b l e .  Further ,  t h e  t racker  has been used 

t o  provide e r r o r  s igna l s  t o  dr ive  t h e  te lescope f o r  prec ise  interferometer  

t h e  t r acke r  vas pro- 

measurements of t he  planet  Venus by modifying t h e  t r ack  scan so t h a t  it 

extends j u s t  beyond t h e  i l luminated crescent of t h e  planet .  The t racking  

accuracy seems t o  be seeing l imi ted  f o r  t racking  Venus as it i s  fo r  s t e l -  

lar  t a r g e t s .  

F ina l ly ,  t he  t racker  has been used i n  t h e  following unique manner: 

When t h e  image d i s sec to r  gain i s  reduced, t h e  t r acke r  i s  capable of gen- 

e ra t ing  su i t ab le  te lescope dr ive  e r r o r  s igna ls  from spec i f i c  f ea tu res  on 

the  Lunar surface i n  a way not unl ike t h a t  of t racking  e i t h e r  a f a i n t  star 

surrounded by a f a in t - s t a r  background or a b r igh t  star during full-day 

l i g h t .  

and t h e  only requirement i s  t h a t  some cont ras t  ex i s t  i n  t h e  region scan- 

I n  a11 th ree  cases t h e  t r acke r  centers  upon t h e  l i g h t  cen t ro id ,  

ned by the  t r ack  scan, While using t h e  t racker  as a lunar  f ea tu re  t r acke r ,  

we have observed t h e  following cha rac t e r i s t i c s :  

1. There a r e  probably over 100 su i t ab le  f ea tu res  on t h e  lunar  
surface a t  f u l l  moon which w i l l  allow d i r e c t  or o f f s e t  t r ac -  
king t o  an accuracy of b e t t e r  than 1 sec (approximate seeing 
l i m i t  ) - providing, therefore  prec ise  d i r e c t  lunar  t racking.  
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IV . 

2, The t racker  p re fe r s  fea tures  away from t h e  terminator to -  
ward the  br ight  limb so t h a t  shadow motion o r  apparent 

sequence. 
, br ight  fea ture  motion near t h e  terminator i s  of no con- 

3. An il luminated c r a t e r  r i m l e t  of a small c r a t e r  appears 
t o  the  t racker  as a small planet  near crescent phase 
and provides an excel lent  t r ack  e r r o r  s igna l .  

The lunar  feature t r acke r  performs as well during E a r t h  
day as it does at night because it senses feature-to- . 
background cont ras t  only. However, dust  f l ecks  on t h e  
t r acke r  op t ics  can give very pronounced s igna ls .  These 
s igna l s  have reversed log ic  and a re  r e j ec t ed ,  Rever- 
s ing  t h e  log ic  would allow us t o  check t h e  system sta- 
b i l i t y  and t o  t r ack  on a - dark feature. 

4. 

5 .  When t h e  t r acke r  i s  d i rec ted  toward t h e  Moon and turned 
on, it hunts i n  a pin-bal l  machine fashion f o r  a s u i t -  
ab le  t a r g e t .  If it i s  too  near t h e  br ight  l i m b  where 
no t a r g e t  exis ts ,  it w i l l  d r i f t  toward t h e  l i m b  and run 
around, u n t i l  a br ight  limb fea ture  i s  found. 

In  conclusion, a wobble system has been i n s t a l l e d  i n  t h e  t r acke r  

which allows spec i f i c  o f f s e t s  t o  be in se r t ed  so t h a t  t he  te lescope can 

be automatically accurately posit ioned between two adjacent port ions of 

sky, This i s  p a r t i c u l a r l y  usefu l  f o r  double beam inf ra red  photometry and 

interferometry,  

FOURIER SPECTROMETER DEVELOPMENT PROGRAM 

The effect iveness  of a multiplex spectrometer i n  an observatory sat- 

e l l i t e  o r  a t  a ground-based observatory depends on t h e  following two pro- 

perly-designed and fabr ica ted  i t e m s :  

1. Multiplex spectrometer optimized f o r  desired wavelength 

range reso lu t ion  and environment. 

2. Sui tab le  means t o  acquire ,  s t o r e ,  and process in te r fe ro-  

grams which, when properly operated upon i n  t h e  computer, 

w i l l  y i e l d  spec t ra  with t h e  desired reso lu t ion  over t h e  

wavelength range se lec ted ,  
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During t h i s  report ing period we have s tudied both areas  i n  depth,  

with t h e  r e s u l t  t h a t  we now possess a t  t he  LPL t h e  necessary working 

computer programs t o  generate high qua l i ty  spec t ra  su i t ab le  f o r  publ i -  

cat ion.  We have inves t iga ted  two multiplex spectrometer designs t h a t  

would be capable of obtaining u l t r a v i o l e t  spectra .  

A .  Configuration Design _ _ _ _ D s  Stu&. 

One possible  configurat ion f o r  a Fourier Spectrometer appears i n  

Ref, 3 (Appendix B-3). 

meter are shown i n  Figures 8a and 8b. 

than 100 cm-’ i n  the  wavelength range from 1400 A t o  3500 A. The an t i -  

c ipated reso lu t ion  as a funct ion of wavelength i s  presented i n  Figure 9 

Optical schematics f o r  t h i s  Fourier Spectro- 

The reso lu t ion  i s  designed t o  less 
0 0 

where t h e  reso lu t ion  i s  shown 

is  b e t t e r  than 2 A from about 

In  an e f f o r t  t o  increase 

0 

0 
t o  be approximately 55 cm-’ at  1770 A and 

1450 A t o  1950 A.  

spectrometer transmission and reso lu t ion ,  

0 0 

we have a l s o  examined t h e  extension of t he  Michelson interferometer i n t o  

the  u l t r a v i o l e t  wavelengths. 

Figure 10. 

8a and 8b have been successful ly  fabr ica ted  f o r  t h e  v i s i b l e  and near u l t r a -  

The design which w a s  considered i s  shown i n  

Although prism spectrometers similar t o  t h a t  shown i n  Figures 

v i o l e t  wavelengths, t h e  Michelson interferometer appears t o  ho ld ’ the  most 

po ten t i a l  f o r  use i n  t h e  u l t r a v i o l e t .  

t i o n  of LO t o  20 cm-’ i s  a t t a inab le .  

of comparable reso lu t ion  and t h e r e  i s  a fu r the r  advantage i n  t h a t  fo r  t h e  

most p a r t  r e f l e c t i v e  op t i c s  may be used, 

t o  extend t h e  usefulness of t h e  spectrometer i n t o  t h e  vacuum u l t r a v i o l e t ;  

s p e c i f i c a l l y ,  an appropriate  u l t r a v i o l e t  beam sp l i t t e r  must be devised. The 

p r inc ipa l  advantage of t h e  interferometer shoim i n  Figure 10 i s  t h a t  t h e  

Our s tud ies  ind ica te  t h a t  a resolu- 

This i s  competitive with instruments 

Considerable e f f o r t  w i l l  be needed 

beam s p l i t t e r s  a r e  interchangeable and t h i s  allows the  various in te r fe ro-  
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meter elements t o  be s tudied independently. The f ab r i ca t ion  and t e s t i n g  

of t h i s  device w i l l  be t h e  primary objec t ive  of our follow-on e f f o r t  a t  

t h e  LPL. 

It should be noted t h a t  our in te r fe rometr ic  program has been delayed 

by eight  months because funds due Ju ly ,  1968 d id  not arrive u n t i l  March, 

1969. 

a r r i v a l  da te  i s  September 1, 1969. 

However, an interferometer has now been purchased and i ts  expected 

We have been successful i n  measuring infrared s t e l l a r  spec t ra  with a 

Michelson interferometer not purchased under t h i s  cont rac t .  The o p t i c a l  

schematic f o r  t h i s  8 em-' reso lu t ion  PbS instrument i s  shown i n  Figure 11 

and a photograph appears i n  Figure 12. With t h i s  device we have iden t i -  

f i e d  t h e  c r i t i c a l  elements i n  a Michelson interferometer tha t 'mus t  be per- 

fec ted  f o r  u l t r a v i o l e t  use. In  addi t ion  t o  using t h i s  interferometer t o  

study t h e  techniques i n  p r a c t i c a l  s te l lar  in t e r f e roxe t ry ,  we have obtained 

s ign i f i can t  s c i e n t i f i c  data .  Three publications,  References 16,  17, and 18, 

attached t o  t h i s  repor t  and with abs t r ac t s  below, represent work t h a t  w a s  

supported i n  p a r t  by t h i s  cont rac t  and t h i s  was acknowledged i n  t h e  papers. 

Reference 16 ABSTRACT 

The hwnan eye senses only a s m a l l  f r a c t i o n  of t h e  t o t a l  
energy reaching our planet from d i s t a n t  ob jec ts .  Moreover, t h e  
r ad ia t ion  i n  t h e  in f r a red  wavelengths longer than  those seen by 
t h e  eye i s  p a r t i a l l y  blocked by our atmosphere; and t h e  sho r t e r  
u l t r a v i o l e t  wavelengths cannot be detected by even t h e  most sen- 
s i t i v e  ground-based instruments. However, t h e r e  a r e  'windows ' 
i n  t h e  in f r a red  through which astronomical ob jec t s  can be viewed 
with spec ia l ized  equipment. Already the  existence of very cool 
stars, possibly pro tos ta rs  or  preplanetary systems i n  t h e  pro- 
cess of formation, has been suggested by in f r a red  astronomers 
who have discovered objec ts  t h a t  are r e l a t i v e l y  br ight  i n  t h e  
in f r a red  but extremely f a i n t  i n  t h e  v i s i b l e  wavelengths. Infra-  
red  techniques may a l s o  shed l i g h t  on those powerful sources of 
r ad ia t ion  known as quasars. In  1964 one of us (Johnson) made 
t h e  f i rs t  recording of t h e  in f r a red  emission from quasar 3 C  273 
and found it t o  be i n  excess of t h a t  expected - an observation 
which l i k e  so many i n  t h e  f i e l d  of quasars remains so far 
unexplained. 
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Reference 17 - ABSTRACT 

We 'have made inf ra red  spectroscopic observations of 21 
stars, using a rapid-scanning MicheAson interferometer .  The 
ran e of wavelength i s  from 1.2 u (-8200 cm-I) t o  2.6 v (3900 
em-?), and t h e  reso lu t ion  i s  8 cm-l. A l l  spec t r a  have been 
corrected fo r  atmospheric ex t inc t ion  
of equal-al t i tude photometric t r ans fe r s  from standard objec ts .  
The atmospheric transmission correct ions are based upon a 
Lunar spectrum obtained from the  NASA Convair 990 J e t  A i r -  
c r a f t  a t  an a l t i t u d e  of 41,500 f e e t .  The corrected ground- 
obtained spectrum of a O r i  w a s  checked by an a i r c r a f t  spec- 
trum of the  same star,  showing t h a t  t h e  ex t inc t ion  correc- 
t i o n s  are va l id .  

mostly by the  method 

Only four stars, all. Mira var iab le  stars, showed s igni-  
f i c a n t  amounts of steam absorption i n  t h e i r  spec t ra ,  
e x i s t s  a co r re l a t ion  of t h i s  absorption with long- wavelength 
(9-14 11) in f ra red  excess f o r  g ian t  stars, but not f o r  super- 
g ian ts  * 

There 

Reference 18 ABSTRACT 

An inf ra red  spectrum from 1.4 v (7000 em-') t o  4.0 p 
(2500 cm-l) has been obtained f o r  t h e  M.IL Cygnus inf ra red  
star. 
The s t ruc tu re  of t he  EO bands around 4300 cm'l ind ica tes  
a temperature of 2000 K. A s  before,  a l a rge  inf ra red  
excess, compared t o  those of g ian ts  of t h e  same tempera- 
t u r e ,  was found. A broad absorption a t  3300 cm-' (3.03 11) 
was found; t h i s  absorption may be due t o  i n t e r s t e l l a r  i ce .  

A rapid-scanning Michelson interferometer  was used. 

GROUND-BASED PHOTOMETRY PROGRAM 

The Sta tus  Report f o r  t h e  period May 1, 1967 t o  Xovember 30, 1967 

ou t l ines  t h e  progress made i n  t h e  ground-based photometry program during 

t h a t  i n t e r v a l  of t i m e .  

after November 39, 1.967 because of  a lack of funds. 

possible  t o  complete the  work with funds from t h e  National Science 

Foundation. 

Band Photometry of One Thousand Bright Stars", i n  which t h e  support of 

A t  t h e  request of  NASA t h i s  program w a s  curbai led 

Fortunately,  it was 

The r e s u l t s  are contained i n  Ref. 19, "Thirteen-Color Narrow- 
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VI. 

NASA i s  acknowledged. The abs t rac t  of Ref. 19 follows: 

I n  t h i s  report  our previously published eight-color photo- 

The f i n a l  system 
metry, obtained with a RCA 1P21, i s  combined with new red- 
in f ra red  photometry obtained with a RCA 7102. 
of t h i r t e e n  colors  pyovides two sample points  i n  the  continuum 
above t h e  Bahner discont inui ty  and two points  below; s imi la r ly  
it gives four sample points above t h e  Paschcn discontinuity.  
The wavelength range of t he  photometry extends from 0.33 Lo 
1.10 1.1. We have derived from recent l i t e r a t u r e  an absolute 
energy ca l ib ra t ion  f o r  the thirteen-color photometry. 

GROUND BASED POLARIMETRY PROGRAM 

The progress made i n  the  ground-based po la r ime tq  program from May 1, 

1967 t o  November 30, 1-96" i s  contained i n  t h e  Status  Report covering t h a t  

period of time. After November 30, 1967 it was necessary t o  c u r t a i l  t h i s  

work, a t  NASA's request ,  because of a lack of funds; and no addi t ional  

papers have been published. 

-15- 



.. . 

REFERENCES 

1. 

2. 

3. 

4, 

OAO-APT Program Plan (1 May 67 - 30 June 68). 
Addendum, OAO-APT Program Plan, dated 11 July 1967. 

Report of the Astra Advisory Committee, July 1968. 

"A Polarizer for the Vacuum Ultraviolet", Applied Optics .... 6, Eo. 6, 

June 1967, (D.L. Steinmetz, W.G. Phillips, M, Wirick, and F.F. Forbes). 

5 .  Tenzaloy is an aluminum alloy produced by the American Smelting and 

Refining Co. It is composed of 7.5% zinc, 0.6% copper, 0.4% magnesium, 

and the balance aluminum. 

6.  S.P. Maran, paper presented at 124th meeting of the American Astron- 

omical Society at Williams Bay, Wisconsin (1967 ) . 
7. F.F. Forbes "Large Aperture Aluminum Alloy Telescope Mirrors", Applied 

Optics, '7, July 3.968, 

"Multichannel Delay-Line Memomy for Scientific Data Accumulation" , XI11 
Rassegna Internazionale Electroniea e Nucleare , Rome 

8. 

835, June 1966, 

F.F. Forbes. 

"The Infrared Polarization of the Moon", Communications of the Lunar _I 

and Planetary Laboratory, No, 113, 9 November 1967, (F.F. Forbes and 

P.A. Welch). 

"The Infrared Polarization of the Infrared Star in Cygnus", The Astro- 

physical Journal, 147, No. 3, March 1967, (P.F. Forbes). 

"Stellar and Planetary Spectra in the Infrared from 1.35 u to 4.10 p", 

17 March 1969, (F.F. Forbes, W. Stonakey, and H.L. Johnson), in press, 

"Faint Star Tracking", 3 September 1968, '( F .F . Forbes ) . 

9. 

10. 

11. 

12. 

-16- 



- REFERENCES (continued) 

13. "S te l l a r  Photometric Data fo r  Various Photocathode Materials", 

Applied Optics, March 1969, (F.F. Forbes and R , I .  Mi tche l l ) .  

14 a "S te l l a r  Photometric Data f o r  Six Different Photocathode Materials 

and t h e  S i l icon  Detector", Communications of t h e  Lunar and Planetary 

Laboratory, No. 142, 15 December 1968, (F.F. Forbes and R .  I. Mi tche l l ) .  

15. S p i r a l  Acquisition Scan System. 

16. "Infrared Astronony" , Science Journal ,  Apr i l  1968, (F .F. Forbes and 

H.L. Johnson). 

11 17. S t e l l a r  Spectroscopy, 1.2 t o  2.6 p", Communications of t h e  Lunar and 

Planetary Laboratory , No. 113 , August 1968, (H.  L. Johnson I. Coleman 

R . I .  Mitchell ,  and D.L. Steinmetz). 

18. "The Inf ra red  Spectrum of t h e  m4L Cygnus Object", Ap.  J, 

December 1968, (H.L. Johnson). 

Thirteen-Color Marrow-Band Photometry of One Thousand Bright S ta rs" ,  

Vol. 154, 

19. 

Communications of t h e  Lunar and Planetary Laboratory, - No. 132, February 

1969, (R.1. Mitchell  and H.L. Johnson). 

-17- 



. .+.. 

e 1.2 .I4 .I6 
.015 

.8 I 

.010 

x +I 
.I 20 . 22 24  .26 .2 .30 

* 

Based OBI cfOUbh? rOChQf7 
prism data, Teska's an 
Davis's index. Adjusted 
to tit feska's data at.27p 

a 

3 

Figure 1. 



\
 

-I ..
 

n 

P
.
 

0
 
3
 

I 













J
 

I 

I I 

I 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
 

0
0

0
0

0
0

0
 

0
0

0
0

0
0

0
 

0
0

0
0

0
0

0
 

0
0

0
0

0
0

0
 

0
0

0
0

0
0

0
 

P 

d 
a3 



/ 

I 

1 
.... 
.... 

I 3 

.- 

E
 

I 



Max Resolution for wig F2 
! Pol. InfePfePorneter for 

I crn thickness change 

D 

Figure 9.  



/ 

F 

ii 

\ 5 

.
 __ 

I 
'., 

I
,

 

I 

0
 

&
- 



I 1 iI I/ I 
'
-
 I 

0
 

I- o
 

.w
 

P
 

LLO 
'
D
 

I 

ii 

I 

P 

i 
4 

*
,

 

,' i 
/ 

I 

E 



IY
 

W
 

t- W
 
H
 

J
O

 
a

E
 

Z
W

 
. '3LI 

z t- 

LT 
W

 
c- 

2
0
 

W
K

 
IY

W
 

W
L

L
 

' 
L

L
IY

 
w

w
 

E
l- 

w
w

 
V

Z
 

5
 

v
) 
z
 

w
 

w
 

I
 

c, 3
 

a
 

5
 
a
 

-I 

W
 

V
 

2
 

W
 

W
 

LL 
W

 
(L

 

x
 

a
 r
 

c
 

_1 I i I 'I 




