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FOREWORD 

This r epor t  i s  the  f i n a l  repor t  on NASA Contract N o .  

NASr 65(13)/14-003-913 which is a preliminary phase of an 

experiment t o  attempt the  de t ec t ion  of deuterium i n  t h e  s o l a r  

photosphere by accura te ly  recording the  p r o f i l e s  of t he  Ha and 

H Fraunhofer l i n e s .  B 
The work c a r r i e d  out  has been d i r ec t ed  t o  the  r e a l i z a t i o n  

of a system capable of achieving the  required accuracy and s t i l l  

s m a l l  enough t o  be i n s t a l l e d  in  a high f l y i n g  a i r c r a f t  o r  balloon 

package. 

The s t a f f  of I I T  Research I n s t i t u t e  apprec ia tes  t h e  

opportuni ty  of conducting t h i s  research i n  the  i n t e r e s t  of 

advancing the  s t a t e  of t h e  ar t  i n  observa t iona l  methods i n  

s o l a r  physics .  
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Gordon Henderson 
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Optics Research 

Approved by: 

wr&i& C .  W .  T e r r e l l  

D i r e c t o r  
Physics Research 
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I I T  R E S E A R C H  I N S T I T U T E  

iii 



ABSTRACT 

Two optical systems have been investigated, each of 

which showed potential capability of providing a system 

capable of measuring the D/H ratio in the sun's atmosphere 

by observing the Ha Fraunhofer line. These were: 

(i) An optical system consisting of a pair of Fabry-Perot 

interferometers in series which are scanned coherently. 

interferometers are preceded by a narrow band interference 

filter. 

The 

(ii) An optical system consisting of a single Fabry-Perot 

interferometer in series with a scanning monochromator of the 

grating type. The interferometer and monochromator are 

scanned coherently. 

i l f  R E S E A R C H  I N S T I T U T E  
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I. INTRCDUCTION 

In order to improve on attempts made to date on the 

problem of the existence of solar deuterium, two main goals 

must be achieved : - 
(i) An improvement in the accuracy of the measuring 

system. 

The removal of the cloaking effect of telluric 

water vapor absorption lines in the wings of the 

Ha profile. 

(ii) 

To achieve the first goal, the use of photoelectric 

detectors is required. The detection system should have a 

digitized output and be automatically compensated for 

variations in atmospheric transmission. Moreover, the electronic 

amplification system should have an accuracy of 1 part in 10 

and be compensated for  long term drift to the same accuracy. 

Concomitant with the accuracy requirement is t h a t  of wavelength 

specification to the same order of accuracy as that of the 

signal measurement, i.e. 1 part in 10 . The second goal imposed 

the constraint on a system design that the instrumentation 

must be of such weight and dimensions that it can be installed 

in an aircraft or balloon. 

4 

4 

The application of the Fabry-Perot interferometer to 

absorption spectroscopy entails a special problem which does not 

occur in emission spectroscopy. This problem related to the 

suppression of unwanted contributions to the measured signal 
I l l  R E S E A R C H  I N S T I T U T E  
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from t h e  continuum in t h e  neighborhood of the absorpt ion l ine  

under study. Two approaches t o  achieve t h i s  suppression are ,  

(a) t h e  use of a f i l t e r  and a second Fabry-Perot i n  tandem 

wi th  the  first and, (b) t h e  use of a g ra t ing  monochromator 

operat ing a t  low r e so lu t ion  t o  l i m i t  t h e  s p e c t r a l  region under 

study. Each of t h e  above mentioned approaches has been evaluated 

in t h e  present  program t o  f ind  which would be t h e  b e t t e r  f o r  

t h e  s o l a r  deuterium measurement. Method (b) appears t o  be more 

amenable t o  p r a c t i c a l  achievement. However , because of t h e  

p o t e n t i a l  of method (a) for  high r e so lu t ion  absorpt ion 

spectroscopy in  genera l ,  t h i s  method should be f u r t h e r  developed. 

B r i e f l y ,  the m a i n  advantage of the  mul t ip l e  in te r fe rometer  

system is due t o  t h e  much higher  luminosity-resolving power 

product of t h e  Fabry-Perot in te r fe rometer  compared t o  any 

o t h e r  d i spe r s ive  system. 

a mu1 t i p l e  Fabry- Per0 t interferometer  s ys t e m  employing 

magnetos t r ic t ive  scanning w i l l  provide an important technique 

f o r  high r e s o l u t i o n  absorpt ion spectroscopy a t  low l i g h t  l e v e l s .  

In this  respec t  t h e  development o f  

11. OPTICAL SYSTEMS STUDY 

A.  Double Fabry-Perot Interferometer  System 

A study of t h e  off-band suppression a v a i l a b l e  wi th  

var ious  combinations of Fa bry- Perot in te r fe rometers  and 

f o r e f i l t e r s  r e su l t ed  i n  a decis ion t o  design t h e  system t o  

comprise: 

I l T  R E S E A R C H  I N S T I T U T E  
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A 10A halfwidth f o r e f i i t e r  centered on Xa a t  6562 .88;  

A scanning Fabry-Perot in te r fe rometer  of  6A Free 

Spec t r a l  Range and a f ines se  of 30, giving a 

reso lu t ion  of 0.2A; 

A second scanning Fabry-Perot in te r fe rometer  of 

13.75A Free Spec t r a l  Range and a f i n e s s e  of 30, 

giving a r e so lu t ion  of 0 . 4 6 A .  

used i n  tandem these in te r fe rometers  have an 

e f f e c t i v e  instrumental  funct ion given by 

1 
I =;<- [(l:il)L] [ ( 1 ~ ~ ~ ) ~  [ (l+F1 Sin' a1/2) (1+F2 Sin' a2/2) 

where T1, T2 a r e  the  respec t ive  t ransmissions,  , 

R1, R2 a r e  the  respec t ive  ref lectances of the  i n t e r -  

ferometer p l a t e s ,  and 

F1, F2 a r e  the  respec t ive  f inesses  of the i n t e r -  

ferometers.  

Table  1 below shows the  r e l a t i v e  magnitude of t he  

in te r fe rometer  combination f o r  severa l  se lec ted  order  i n t e r v a l s .  

I I T  R E S E A R C H  I N S T I T U T E  
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I Table 1. Transrnit tance F u n c t i ~ n  for Twn Fshry- - ;'r~:t 

Interferometers 

;; ' I  
I '  

I '  

I 1  

I 1  
1 1  
J I  
r \  
I \  

~ ~ ~~ ~ 

A B 

Ah b 1  (l+F1 Sin 2 b 1 / 2 )  (1+F2 Sin 2 62/2)  1 
32 

1 :  
' I  
I I  ' \  

3A 7T 2.4~10 3 78.5 9. 8x102 4 . 2 5 ~ 1 0 ~ ~  

6A 2 7 ~  1 157.0 2.3~10 3 4 . 3 5 ~ 1 0 ~ ~  

9A 37r 2. 4x103 235.5 2.04~10 3 2 08x10- 

12A 47-r 1 314.0 3. 66x102 2.74~10- 

18A 67r 1 471.0 1 . 6 3 ~ 1 0  6.14~100~ 3 

I - \ ,  , 1 1  \ .  \ ,- -~ 
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When the instrumental function of the combination is 

combined with the narrow pass forefilter, the result is the 

overall transmission of the complete system. Table 2 shows 

the resulting system instrumental function. T (AA) is the 

normalized transmission of the forefilter whose halfwidth is 

1OA. 

Table 2. Transmittance Function for Two Interferometers 

and a Forefilter of Halfwidth 10A 

1 
7 

3A 4.25 loo7 0.81 3.4 

6A 4.35 0.38 1.65 

9A 2.08 0.10 2.08 x 

12A 2.74 0.03 8.2 

18A 6.14 loo4 0.008 4 . 9  

When two or more Fabry-Perot interferometers are used in 

tandem, there exist spurious maxima, or "ghosts" in the 

intensity pattern due to reflections between parallel faces of 

I l l  R E S E A R C H  I N S T l f U T E  
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the different interferometers. 

prevention have been treated in detail recently by J. Schwider 

(Entkopplungsmoglichkeiten von Fabry-Perot Interferometern; 

Optica Acta, Vol. 12, No. 1, p.65, Jan 1965). The method 

employed in this work is somewhat similar to that of Geusic and 

This so-called coupling and its 

Scovil referred to by Schwider. Figure 1 shows the arrangement 

used. With the method of scanning employed in this work, viz. 

magnetostriction, a problem arose in that it was difficult to 

maintain the transmission peaks of the two interferometers 

exactly in alignment. This problem was investigated and an 

apparently promising solution was tried. This consisted of 

using a common linear ramp generator for the two interferometers, 

followed by two low noise feedback amplifiers, one for each 

interferometer. 

replaced by a temperature compensated strain gauge placed across 

the interferometer gap so that any tendency for the spacing 

change between the plates to depart from linearity was 

counteracted by the negative feedback effect. Possible sources 

of non-linearity are thermal drifts and non-linearity of the 

magnetostrictive coefficient. Figure 2 shows a schematic 

representation of the electronic control system. 

The feedback resistor in each amplifier was 

Figure 3 shows a photograph of one interferometer with a 

gauge in position. The adjacent gauge is one of the temperature 

compensating gauges. 

The arrangement of a pair of Fabry-Perot interferometers is 

shown in Fig. 4 and a photograph of the system is shown in Fig. 5.  
I l l  R E S E A R C H  I N S T I T U T E  
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Figure 1 ,  showing arrangement used to prevent coupling between 
Fabry- Perot interferometers i n  tandem. 
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F I G .  3 PHOTOGRAPH O F  STRAIN GAUGES FOR CONTROLLING SCAN 
OF P R I S M  INSTRUMENT 
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A difficulty experienced with the controi system was the 

amount of thermal drift which the system suffered. The design 

of the strain gauge bridge attempted to compensate for thermal 

effects by placing a thermal compensating gauge adjacent to each 

active gauge, the compensating gauges making up the complete 

bridge circuit together with the active gauges. 

ment however did not succeed 

This arrange- 
I 
I in eliminating thermal drift com- 

pletely and further work on the systemwas stopped in order to 

evaluate the alternaiiive system described below. 

B. Fabry-Perot Interferometer and Grating Monochromator 

A sketch of the optical arrangement is shown in Fig. 

6, and Fig. 7 shows a photograph of  a breadboard model of the 

actual system. Synchronous scanning was achieved by connecting 

the scanning motor of the monochromator to the ramp generator 

which controls the scanning rate of the Fabry-Perot Interfero- 

meter. 

instrument. Fig. 8 shows a block diagram of the electronic con- 

trol system. The scanning motor of the monochromator was con- 

nected to the potentiometer by appropriate gearing, and the 

The monochromator is a Jarrell Ash 1/2 meter Ebert type 

output of the potentiometer was used as the control signal for 

the interferometer system. The potentiometer output replaces the 

ramp generated by the scalers in the control system described 

in Fig. 2. 

The optical performance of the system is illustrated in 

Figs. 9a-9d. Figure 9a shows the intensity distribution from a 
I I T  R E S E A R C H  I N S T I T U T E  
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photomultiplier 

aperture 

I 

soiar image on 
aperture 

r 4 

focussing lens 

Fabry- Perot 

quarter wave plate 
and polarizer 

Fabry Perot 

f i l ter  

c o 11 ima tor lens 

Figure 4 .  Showing present arrangement of two Fabry-Perot 
Interferometers i n  tandem 
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.Ill- - .  . 

FIG. 5 PHOTOGRAPH OF BREADBOARD MODEL OF DOUBLE FABRY-PEROT SYSTEM. 
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continuum source such as a tungsten ribbon filament lamp. The 

tungsten lamp intensity distribution approximates that of a 

blackbody and, at a temperature of 2000"K, the intensity variation 

with wavelength of a blackbody is 0.01% per A at h6500A. 

over a 10A interval, the intensity of a tungsten lamp at about 

3000°K may be regarded as constant to 0.1%. Fig. 9b shows the 

distribution of intensity transmitted by the monochromator. 

To achieve this form of transmission function, one of the slits 

of the scanning monochromator is made wider than the other. 

Figure 9c represents the multiple transmission function of the 

Fabry-Perot interferometer alone. 

Hence, 

Figure 9d shows the transmission 
\ 
function of the scanning monochromator-interferometer combination. 

A. the monochromator and interferometer are scanned together the 

pa sbands keep in step on the wavelength so that, effectively, 

the [spectrum is scanned by an instrument with a single narrow 

instrqmental function as represented by Fig. 9d. Figures 10a 

\ 
1 
and 10b show the various actual traces obtained using the bread- 

board model, a Keithley Model 417 picoammeter,and Moseley XY 

recorder. Figure 10a is a trace of the cadmium A6438A emission 

line obtained from an Osram lamp. The discharge was focussed 

on the entrance slit of the monochromator and the Fabry-Perot 

scanned the line while the monochromator was kept fixed at the 

wavelength of the cadmium source, i.e., A6438A. The trace 

obtained was effectively the transmission function or 

instrumental profile of the Fabry-Perot since the line wdith of 

the cadmium emission line was negligible cmpared to the 
I l l  R E S E A R C H  I N S T I T U T E  
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e) Aperture Transmitting Central Order 
f) Field Lens 
g) Photorrmltiplier Tube. 

! 
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a 

e d C 

b 

Fig. 8. Block diagram of monochromator and interferometer 
scanning system. 
a) Monochromator g) Interferometer coils 
b) Gear Train 
c) 10 turn Potentiometer 
d) Operational amplifier 
e) apera’tional amplifier 
f) Power amplifier 

h) Strain gage bridge 
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Figure gc 
Figure 9d 
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Intensity distribution of tungsten ribbon filament 
lamp over short wavelength interval. 
Passband of monochromator operating at low resolution 
with mismatched entrance and exit slits. 
Passbands of Fabry-Perot interferometer 
Passband of monochromator and interferometer together. 
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inst rumental  p r o f i l e .  From Fig.  10a it can be seen t h a t  t h e  

f i n e s s e  of t h e  Fabry-Perot was 2 1  and, s ince  t h e  f r e e  spectral  

range w a s  5A, t h e  instrumental  funct ion w a s ,  t he re fo re ,  0 . 2 4 A .  

Fig.  10b shows a trace of t h e  transmission func t ion  of t h e  

Jar re l l -Ash  Scanning Spectrometer used as a monochromator 

i l luminated by a tungsten ribbon fi lament lamp and set a t  A6438A. 

The d ispers ion  of t h e  instrument w a s  6 4 A / m ,  and matched entrance 

and exi t  s l i t s  of 2 4 p  were used. The t ransmission funct ion of 

t he  monochromator was then explored using t h e  Fabry-Perot by 

holding t h e  monochromator f ixed  a t  h6438A and scanning t h e  

Fabry-Perot. Unfortunately,  wi th  the monochromator ava i lab le ,  

it was not  poss ib le  t o  mismatch the  entrance and e x i t  s l i t s  i n  

order  t o  provide a f la t - topped  p r o f i l e .  The d e s i r a b i l i t y  of 

f l a t t e n i n g  t h e  top  of t h e  p r o f i l e  of the monochromator i s  t o  

r e l a x  t h e  to le rance  requirement on t h e  synchronous scanning. 

This prel iminary inves t iga t ion  was simply intended t o  tes t  the  

f e a s i b i l i t y  of t h e  system and so the  lack of t h e  f la t - topped  

I 

The advantages t o  be gained by system (B) over, f o r  

ins tance ,  a s imple  g ra t ing  spectrometer,  may bes t  be described 

i n  terms of the  luminosity r e so lu t ion  product,  AQR, where A i s  

t h e  e f f e c t i v e  aperture ,  52 i s  t h e  s o l i d  angle of acceptance of 

system and R i s  t h e  r e so lu t ion  of t h e  instrument.  Consider 

t h e  h a l f  m e t e r  Ebert  spectrometer used i n  t h e  present program. 

The e f f e c t i v e  aper ture ,  A ,  is t h e  area of t h e  g ra t ing  and t h e  

s o l i d  angle  of acceptance,  R, is given by S / fZ ,  where S i s  t h e  

I I T  R E S E A R C H  I N S T I T U T E  
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area of t h e  entrance s l i t  and f i s  the f o c a l  length of t h e  

co l l imat ing  mirror .  To obta in  a given r e so lu t ion  wi th  t h e  

spectrometer operat ing alone, a s p e c i f i c  s l i t  width i s  requi red  

and, hence, S i s  f ixed .  For example, the  d ispers ion  of t he  

instrument,  using a 300 grooves/mm grat ing,  i s  64A/mm i n  t h e  

f i r s t  order ,  and an instrumental  funct ion of 0.2A requ i r e s  a 

s l i t  width of about 3 ~ .  The value of 0.2A used is ,  i n  fac t ,  

below t h e  l i m i t  of r e so lu t ion  of the  Jarrel l -Ash instrument with 

t h i s  g r a t i n g  but,  f o r  t h e  purpose of t h i s  comparison, t h i s  may 

be ignored. I f  now system (B)  i s  used t o  ob ta in  t h e  same 

instrumental  funct ion,  w e  can ca l cu la t e  t he  gain i n  luminosity 

over t h a t  given by the  spectrometer alone. I n  system ( B ) ,  t h e  

spectrometer operates a t  low re so lu t ion  ( i . e . ,  l a rge r  s l i t  

width) as a monochromator. 

Fig.  10B, which shows t h e  instrumental  p r o f i l e  of t h e  monochromator 

f o r  a s l i t  width of 2 5 ~ ,  obtained with a r e s o l u t i o n  of s l i g h t l y  

g r e a t e r  than 0.2A. Since t h e  a rea  S and t h e  luminosity are 

d i r e c t l y  proport ional  t o  t h e  s l i t  width, system (B)  r ep resen t s  

a ga in  of s l i g h t l y  g r e a t e r  than 8 t i m e s  i n  t h e  luminosity f o r  

t h e  same reso lv ing  power. 

w i l l  probably reduce t h i s  value t o  about 7 .  

t h a t  t h e  r e a l i z a t i o n  of t h i s  gain r equ i r e s  matching the  Fabry- 

Perot  o p t i c s  t o  those of t h e  monochromator i n  order  t o  use a l l  

t h e  l i g h t  t ransmi t ted  by t h e  monochromator, i .e . ,  t h e  Fabry-Perot 

system w i l l  operate  a t  f/9. 

W e  may use t h e  result obtained i n  

The transmittance of t h e  Fabry-Perot 

It may be noted 

W e  have the re fo re  a s i g n i f i c a n t  

I I T  RESEARCH I N S T I T U T E  
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Fig. loa. Trace obtained from cadmium lamp at A6438A through 
monochromator and Fabry-Perot interferometer. 

/ 

Fig 

/ 
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l o r  -' 

\ 
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increase  i n  t h e  luminosity r e so lu t ion  product using t h e  Fabry- 

Perot together  with t h e  monochromator. 

Extending t h e  above d iscuss ion  t o  determine t h e  ga in  of 

system (A) over (B) ,  consider t h e  o p t i c a l  system shown i n  Fig.4. 

The e f f e c t i v e  aper ture  A f o r  t h i s  sys t em i s  given by the  use fu l  

ape r tu re  of t h e  Fabry-Perot interferometer  p l a t e s  which i s  about 

1/2 t h a t  of t h e  g r a t i n g  i n  system ( B ) .  

The t ransmit tance of t h e  second interferometer  w i l l  reduce 

t h e  luminosity of s y s t e m  (A) by about 20% relative t o  ( B ) .  

The optimum s o l i d  angle  subtended by t h e  c e n t r a l  order 

ape r tu re  of t h e  scanning Fabry-Perot has been given by 

R.  Chabbal (J. de Recherches du C.N.R.S. N o .  24, 1953) and 

J. Jzcquinot (Rep. Prog. Phys. p.267, 1960) as 2rRo,where Ro 

i s  t h e  r e so lv ing  power of t h e  instrument.  

Ro = h / a h  = - 6563 - - 32815. 0.2 

Hence, 

Due t o  t h e  limb darkening of t h e  sun i t  w i l l  be necessary 

t o  view only an area of t h e  so l a r  image l imi ted  t o  t h e  c e n t r a l  

10% of t h e  s o l a r  diameter.  

length,  an aper ture  of approximately 0.25 c m  diameter i s  required 

t o  select t h e  c e n t r a l  10% of t h e  d i s c  diameter.  I f  t h e  

Using a te lescope of 178 c m  f o c a l  

I I T  RESEARCH I N S T I T U T E  
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col l imator  i n  Fig.  4 has a f o c a l  length of 50 cm, then t h e  s o l i d  

angle subtended by t h e  aper ture  i s  

= .- = 1.94 x ster. “ = F  4 x 5 0  

The r e l evan t  s o l i d  angle f o r  s y s t e m  (A) i s  t h e  smaller 

of t h e  t w o  ca lcu la ted ,  v i z .  1.94 x 10’’ ster. 

s o l i d  angle of acceptance,  R, given by t h e  area of t h e  s l i t  i n  

use.  The s l i t  width i s  2 5 ~  and t h e  height i s  25 mm 

System (B) has a 

l imi ted  t o  t h e  c e n t r a l  10% of t h e  s o l a r  image diameter,  i . e . ,  

0.25 cm. 

and (A) thus:  

W e  can now compare t h e  iuminosi t ies  of systems (B) 

The f a c t o r  of 0.8 accounts f o r  t h e  a d d i t i o n a l  t ransmission 

f a c t o r  cont r ibu ted  by t h e  second Fabry-Perot i n  ( A ) .  

system (A) has a luminosity gain over (B) by a f a c t o r  of about 

30 times f o r  a similar reso lu t ion .  

Hence, 

lit R E S E A R C H  I N S T I T U T E  
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Conclusions 

The design considerations of a new method of attack on the 

problem of measuring the D/H ratio in the Solar photosphere have 

been investigated. Two feasible approaches have been investi- 

gated in detail, each capable, in principle, of fulfilling the 

requirements of the measurement. It is interesting to note that 

each of the systems investigated has general applications to 

high resolution spectroscopy in the field of astrophysics. 

example, a system comprising a grating spectrograph and pressure 

scanned Fabry-Perot interferometer has been used by G. Mt'nch 

at Mount Wilson Observatory. Dr. Mtunch is considering scanning 

the interferometer and spectrograph together. The interface 

problems associated with the pressure scanned interferometer 

should permit consideration of the magnetostrictive scanning 

system. The project leader will discuss this possibility 

with Dr. MYinch in October 1966. The general applicability 

of a system of Fabry-Perot interferometers in series has been 

well demonstrated by the PEPSIOS instrument (Purely Interferometeric 

High-Resolution Scanning Spectrometer) of the University of 

Wisconsin group. 

other than variation of pressure; since, due to adiabatic heating 

and the slow scan rates allowable with the pressure system, 

there is a limitation to its applicability. 

For 

There i s  a case, however for a scanning system 

I 

Further development of the systems discussed in this 

report would be of benefit to observational astrophysics. 
i 
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