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I. INTRODUCTION 

Under NASA Contract NAS9-4948 an experimental program has  been  completed 

t o  determine t h e   e f f e c t s  of elevated  temperature  and  space  environmental 

radiat ion on Apollo window materials. The materials examined were fused 

s i l i c a ,  Corning Code 7940, Ultraviolet  Grade; Vycor, Corning Code 7913, 

Optical  Grade; aluminosilicate  glass,  Corning Code 1723. Measurements 

were made of the  transmittance and  index  of r e f r ac t ion  of these 

materials as a function of  wavelength at room and elevated  temperatures 

p r io r   t o   i r r ad ia t ion .   Af t e r   i r r ad ia t ion  at a dosage  chosen t o  simulate 

a 30 day  Apollo  mission, the  transmittance measurements were repeated. 

Index of refract ion measurements were made on the   i r rad ia ted  samples 

only at room temperature as no change in refractive  index was observed, 

within experimental error, as a r e su l t  of i r r ad ia t ion .  Because signi- 

f i c a n t  changes in transmittance were observed a f t e r   t h e  30 day equivalent 

i r radiat ion,  a second s e t  of  samples was  subjected t o  a 3 day  equivalent 

dose  and a t h i r d   s e t   t o  a 0.3 day  equivalent  dose.  Within  experimental 

error ,  no change in  transmittance was  observed a f t e r   t h e  0.3 day 

equivalent  dose. 

Graphs  of transmittance vs wavelength are   presented  for   the sample 

materials at room temperature showing t h e   e f f e c t s  of the  var ious  ant i -  

ref lect ion  coat ings employed and the   e f f ec t s  of t h e  30 day  and 3 day 

space  equivalent  irradiation  doses. The e f f e c t  of elevated  temperatures 

on t ransmi t tance   for   bo th   i r rad ia ted  and non-irradiated  samples i s  

presented in t abu la r  form. 
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The results of  index  of  refraction measurements f o r   i r r a d i a t e d  and 

non-irradiated samples are given as a function  of  wavelength and temperature 

i n   t a b u l a r  .form . 
The extinction  coefficient  for  the  uncoated,  Apollo window materials 

was calculated from t h e  measured values of transmittance and  index of 

refract ion  for   both  non-irradiated and i r r ad ia t ed  samples. The extinction 

coeff ic ients  as a function of  wavelength  are  given in   t abu la r  form. 

11. LITERATURF: SURVEY 

1. I n t  roduc t ion 

A search was made of the  l i terature   (both  journals  and reports)  

for  radiation  coioration  information of use in the  present  study.  Par- 

t i c u l a r   a t t e n t i o n  w a s  directed  toward  electron,  proton and u l t r av io l e t  

e f f e c t s  on var ious  fused  s i l icas  and glasses.  The chief  object of t h i s  

survey was to   i den t i fy   t hose  phenomena which a r e   l i k e l y   t o  be important 

in the  experimental program, t o  determine which interact ions of those 

phenomena a r e   l i k e l y   t o  be s ignif icant ,  and t o  prepare a theo re t i ca l  

s t ructure  on  which the  experimental  results  can  be  systematically  assembled 

and  understood. 

The coloration of glasses by  ionizing  radiation i s  well known. Many 

studies have  been made of the  fundamental  processes  occurring and  have 

a l so  been  directed  towards  such  engineering  needs as rad ia t ion   res i s tan t  

g lasses   for   ho t -ce l l  windows and solar-cell   covers,  and  permanently 

radiation-colored  glasses  for  radiation  dosimetry.  Recent  surveys of t h i s  

field  include  an  annotated  bibliography'  issued  by  the  Radiation  Effects 

Information  Center; a similar compilation2 for  infrared  materials  includ- 

ing  fused  s i l ica   glasses;  a bibliography on quartz, and a bibliography 
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on g l a ~ s e s . ~  Measurement programs of pa r t i cu la r   i n t e re s t   t o   t he   p re sen t  

application  include an Apollo window material r ad ia t ion   t e s t ing  program 

at Atomics International  (unfortunately  the  report  on t h i s  program5 is 

not dis t r ibuted  outs ide Atomics Internat ional) ;  and a NASA study of t h e  

e f f ec t  of 1.2 and 0.3 MeV electrons on the  transmission  of a variety  of 

opt ical   mater ia ls .  Another  bibliography i s  concerned  with  expected 

rad ia t ion   e f fec ts  on the   op t ics  of an orbiting  solar  observatory.  Experi- 

ments on rad ia t ion   e f fec ts  on materials  for  aerospace  enclosures were 

reported6b  by  Chinn e t  al ,  and  on solar   cel l   covers   by Campbell. 

6 

6a 

6c 

2. Mechanisms by Which  High Energy  Radiation  Produces  Optical  Effects 

Exposure to   ionizing  radiat ion  can  affect   opt ical   propert ies   in  a 

number of ways. These  include  'optical  absorption  produced  by  the  introduc- 

t i o n  of color   centers ;   addi t ional   l ight   scat ter ing;  changes  of refract ive 

index;  fluorescence which may be  introduced  into  previously  non-fluorescent 

materials;  and  thermoluminescence which may occur a f t e r   i r r a d i a t i o n .  It 

i s  usefu l   to   d iv ide   the  mechanisms of introduction of these   e f fec ts   in to  

two classes;   ionizat ion  radiat ion  effects  and displacement  radiation 

e f f ec t s .  The f irst  c l a s s  i s  associated  with  excitation and de-excitation 

of electrons due to   i on iza t ion  and can  be  produced  by  low-energy radiation 

such as so f t  X-rays,  low-energy electrons,  o r  even  energetic  ultraviolet  

photons.  Typical mechanisms by which ionization  effects  cause changes i n  

opt ica l   p roper t ies   a re  : 

a. Trapping  of  electrons or holes,  produced  by  the  radiation,  in 

defect  centers, which may already  be  present or produced  by 

i r r ad ia t ion .  The c l a s s i c  examples a re   t he  F ceqters i n  the  

a lkal i  halides.  Because  of their   d isordered  s t ructure ,   g lasses  
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are ve ry   sub jec t   t o   t h i s  mode of coloration, which  can often 

be  produced by u l t r av io l e t   l i gh t .  

b. Change  of valency of an impurity  ion  by  capture of a hole o r  

electron. Examples include  subst i tut ional  aluminum in quartz 

which i s  responsible f o r  much of the  colorat ion.  7 

Changes in   op t ica l   p roper t ies ,   resu l t ing  from i r rad ia t ion ,   a re   a t t r ibu t -  

ed to   ion iza t ion   e f fec ts ,  even when t h e i r   d e t a i l e d  mechanism i s  unknown, 

if they can  be  produced  by  low-energy radiat ion and i f  they can be 

reversibly removed by  optical   bleaching o r  mild  thermal  treatment  (see 

below). A typ ica l   case  of t h i s   k ind  i s  provided  by  changes in  absorption 

in   quartz .  The magnitude  of ionizat ion  radiat ion  effects  i s  determined 8 

by  the  ionization  energy  deposited  in  the sample,  and f o r  equivalent  doses 

and  dose r a t e s  i s  e s sen t i a l ly  independent  of the  nature and  energy  of  the 

radiation. The equivalence  of  electrons, fast protons, and y rays ( i n t e r -  

act ing  via   e lectrons produced) when compared i n   t h i s  manner i s  well 

established,  and  ionization  energy  deposition  rates  by  various  types and 

energies of radiat ion  are  known reasonably  well. 9 

Chemical rad ia t ion   e f fec ts   a re  a special   case of ionizat ion  effects  

and  are  associated with the  breaking and  rearrangement of chemical  bonds. 

Typical examples are  cross-linking and bond breaking of  polymers. Effects  

of t h i s  type  are  important i n  materials such as s i l i ca   g l a s ses  because the  

bonds are  partly  covalent and not  completely  ionic. 

Displacement radiation  effects  are  associated  with  the  displacement 

of atoms  from t h e i r   l a t t i c e   s i t e s .  They r e s u l t  from a c lose   co l l i s ion  of 

a fast particle  with  the  nucleus of an atom, giving  the atom  enough 

energy to   d i sp lace  it from i t s  l a t t i c e   s i t e .   T y p i c a l  mechanisms by which 

displacement  effects  produce  optical  changes  include: 

4 



a. Introduction  of  defect  levels in the  forbidden gap of an  in- 

sulator.   Optical   absorption  can  then  take  place  by  excitation 

of an electron from the  center   to   the  conduct ion band o r   t o  a 

higher  excited state of  the  center, or of an electron from t h e  

valence  band to   the   cen ter .   S ince   e lec t ronic   exc i ta t ioa  i s  

involved,  the  observation of optical   absorption w i l l  depend upon 

whether the  levels   involved are f u l l  or empty of electrons.  

Cases of this  kind  include  vacancies in Mg0,lo and many centers 

in semiconductors; 

b . Broadening  of t h e  band  edge,  extending  the  optical  absorption  to 

longer  wavelengths.  This  effect i s  well  known in many semi- 

conductors; 

c.  Introduction of l igh t   sca t te r ing  from disordered  regions 

produced  by energetic  interactions ("stars" from  high-energy 

protons) ; 

d. Perturbation of the   se lec t ion   ru les  i n  a c rys ta l   near  a defect, 

thus   sh i f t ing   the  wavelength of a t r ans i t i on .  An example i s  the  

Q! center   in  a l k a l i  ha l ide   c rys ta l s .  

Displacement  radiation  effects are very  sensit ive  to  both the  type and 

the  energy  of  the  radiation  concerned. The displacement  properties  of 

atoms i n  a so l id  can  be  characterized  reasonably  well  for a given  mater- 

i a l  by the  threshold  energy below  which an atom w i l l  not  be  displaced. 

Hence, f o r  a fast nuclear   par t ic le   to   cause a displacement, it must have 

a m i n i m u m  threshold  energy, which w i l l  depend upon the  mass of the  par- 

t i c l e  and t h e  mass of the  struck  nucleus.  Following  the intial displace- 

ment, the  displaced atom may  move through  the  material and col l ide  with 
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other  atoms, displacing some of them u n t i l  all of the  displaced atoms come 

t o  rest; t h i s  mechanism causes   defects   in   the material. These  defects, 

including  vacant si tes and interstitial atoms, may then  migrate,  either 

at the  i r radiat ion  temperature  or upon annealing at a higher  temperature. 

This  process may r e su l t   i n   t he   ann ih i l a t ion  of the  defect,  o r  i n   t h e  

formation  of a complex defect  with  an  impurity atom dready   present  i n  the  

material .  

For the  case where the  fast nuc lear   par t ic le  i s  an  electron,  displace- 

ments a re  produced  by the  Coulombic (Rubherford)  interaction between the  

electron and the  atomic  nucleus,  with a cross  section  independent of 

e lec t ron   energy   for   re la t iv i s t ic   e lec t rons  (> 1 MeV).  The d i s t r ibu t ion  

function of the  energy E of the  primary  recoil  atom in a Coulombic co l l i s ion  

i s  propor t iona l   to  E , so t h a t  most of t h e   r e c o i l  atoms produced have  low 

energies. The t o t a l  number of displaced atoms can  be  roughly  estimated  by 

dividing  the  energy of t he  primary  displaced atom by  twice  the  atomic  dis- 

placement threshold  energy.  Electrons  with  energy  of  approximately 1 t o  

2 MeV thus  tend  to   displace  only one  atom and  form  simple  defects,  while 

co l l i s ions  of higher  energy  electrons ( 5  t o  50 MeV) r e s u l t  in an average 

displacement of several  atoms  and may give  different ,  more complicated, 

aggregate  defects. 

-2 

For protons, Coulombic (Rutherford)  scattering i s  also  the  chief 

mechanism f o r  producing  defects at low energies (< about 20 MeV). Since 

protons i n  t h i s  energy  range  are  nonrelativist ic,   the  cross  section  for 

Rutherford  scattering  decreases  with  increasing  proton  energy as 1/E, a 

r e s u l t  which i s  confirmed  experimentally. Low-energy protons  are  thus 

responsible   for  most of the  displacement  -effects damage in the  unshielded 

space  environment,  but  effective  shielding i s  possible. 
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A t  higher  proton  energies  (but  beginning at -10 MeV), it i s  necessary 

t o  a l low  for   the   e f fec ts   o f   nuc lear   e las t ic   sca t te r ing ;  i.e., scat ter ing 

involvhg  the  short-range  nuclear  forces,   rather  than  the Coulombic Fnter- 

actions.   This  additional  contribution  can be  es t imated  fa i r ly   accurately 

us ing   the   op t ica l  model of the  nucleus  and  the numerous experiments on 

various  elements;  the  cross  sections  vary  only  slowly  with  atomic number. 

A t  higher  proton  energies,  nuclear  inelastic  processes  (nuclear  reactions) 

are  also  important.  These  add to   t he   c ros s   s ec t ions  and  change the  momentum 

of r e c o i l  atoms. Protons  with  energies  greater  than -100 MeV may produce 

another mode of interaction:  nuclear "star" production.  This  spallation 

reaction i s  violent enough t o  produce a marked e f f ec t  on the number of 

displacements  produced, in sp i t e  of a rather  low interaction  cross  section 

(-1 b f o r  500-MeV protons). This  ex t r a   e f f ec t  can  be  considered as two 

mechanisms: (1) The production of  lower  energy "star secondary''  nucleons. 

These  produce additional  displacements and a re   r e l a t ive ly  more effect ive 

than  the  primary  protons  because  the  protons of the star secondary  nucleon 

have higher  scattering  cross  sections and i t s  neutrons have a more effect ive 

interact ion mechanism. ( 2 )  Displacement  of atoms by the  recoi l ing  res idual  

nucleus;   th is  may displace a very  large number of  atoms before coming t o  

r e s t .  

Calculations made at General Atomic indicate that  (1) i n  comparison 

with  the  primary beam, t h e  s tar  secondaries  can  be  neglected, (2)  because 

the  recoiling  nucleus  produces  several  thousand  displacements,  this 

process  has a considerably  higher  over-all   efficiency of  displacement 

production  than a l l  other  processes  involved  in star reactions combined. 

Complete simulation of the  displacement  effects of space  radiation  thus 

needs careful  consideration of e lectron and proton  energies and flux, since 
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exact  duplication i s  not  possible.  Establishment of correlat ion among 

proton,  electron,  and  neutron damage rates at various  energies  has  been 

under   theoret ical  and  experimental  study at General Atomic f o r  Ge and S i .  

For Ge, the   ca lcu la t ions   p red ic t ,   fo r  30-MeV proton, a defect-introduction 

r a t e  of 20 t imes   t ha t   fo r  30-MeV electrons.  For carrier-removal and l i f e -  

time  changes on samples  with a va r i e ty  of  dopings,  the  measured  values  range 

from 13 t o  40. 

11 

A t h i r d  mechanism for  formation of defects is, in  a sense,  intermediate 

t o   t h e  two aforementioned mechanisms. Ion iza t ion   e f fec ts  in some materials 

can resul t   in   the  displacement  of atoms.  This i s  well known in the  

formation of color  centers in alkali  halides.  Continued  format  ion of F 

centers  involves  . the  displacement  of  negative  ions  to  leave  vacancies,  

but  displacements  can  be  achieved  with  radiation  that  cannot  cause them 

d i r ec t ly ,  e .g., 50-kV x-rays. The de ta i l ed  mechanism i s  s t i l l  uncertain, 

but may involve an Auger e f f e c t  or the  energy of electron-hole  combination. 

The process i s  of a typically  ionization  type,   e.g. ,  work at General Atomic 

has shown that  equal  F-center  generation i s  produced  by soft  x-rays or 

by 30-MeV electrons  deposit ing  the same ionization  energy. 

12 

These mechanisms d i f f e r   g r e a t l y   i n   t h e i r   r e l a t i v e   e f f i c i e n c i e s   f o r  

producing  opt ical   effects .  For example, if expressed in terms  of  the number 

of e lec t ron   vo l t s  needed on the  average t o  form a defect  (although  this i s  

not   real ly  a fair  method of presentation),  optical  absorption  introduced 

by  ionizing  processes w i l l  require  only a few  electron  volts.  An example 

i s  t h e   i n i t i a l  range  of coloration  of KC1,  where approximately 80 eV are  

required  per F center formed.  Ionization-type  processes  leading t o  d i s -  

placement  of atoms, such as t h e   l a t e r   s t a g e s  of  coloration  of KC1, require 

of  the  order of 1000 e V  per F center.  Displacement  effects of a f a i r l y  
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simple  nature, as, f o r  example, those  produced  by 4.5 MeV e lectrons i n  Si, 

require, when expressed in  these  terms,  approximately 1.5 MeV per  defect.  

Fortunately, .   for  irradiation  by  protons  and  electrons at the   doses   to  be 

experienced in  the  Apollo mission,  the  effects  expected t o  be  produced a re  

all of ionization  type, as will be  discussed  further below. This makes 

simulation much simpler  since it i s  only  necessary t o  reproduce  the 

ionization  energy  deposition. 

3. Annealing  of  Radiation  Effects 

The rad ia t ion   e f fec ts ,  once introduced,  are  apt t o  disappear in 

several  ways. One i s  by  thermal  annealing.  Annealing  of t h i s  kind  occurs 

f o r   v i r t u a l l y  a l l  types  of  radiation damage, and o f t en   i n  a se r i e s  of 

discrete   s teps  as the  temperature i s  raised. 

Many optically  absorbing  centers  introduced by i r radiat ion  can be 

bleached  by  optical  illumination, a process known as optical   bleaching. 

It should  be  mentioned that   opt ical   b leaching,  and cer ta in   types of 

thermal  bleaching, may remove the  colorat ion from a crystal ,   but  may not 

leave it in the   s t a t e  it w-as in before   i r radiat ion.  To give a specif ic  

example, i r r ad ia t ion  may produce  vacancies i n  a material  via  displacement 

e f f ec t s .  These may be f i l l e d  with  electrons and  absorb l igh t .   Opt ica l  

bleaching may remove these  electrons,  but  leave  the  vacancies. The vacancies 

can  then  be  f i l led  by any  type  of  ionizing  radiation,  not  necessarily one 

capable of  producing  displacement e f f ec t s ,  so that the  material  i s  now 

much  more readi ly   color izable  . 

4. Combined Effects  of  High Energy  and Ultraviolet   Radiation 

Optical   radiation,  especially tn the   u l t rav io le t ,   can   a l so  produce 

color i n  transparent materials. For  glasses t h i s  i s  known as s o l a r i ~ a t i o n ~ ~ :  
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t h i s   p rocess  i s  d iscussed   fu l ly  i n  another  section of t h i s   r epor t .  

Combbed  exposure t o  irradiation  by  high  energy  charged  particles and 

by   u l t r av io l e t   l i gh t  may thus  give  both  effects,   the  l ight  bleaching  color- 

a t i o n   t h a t  would be  produced  by the  high  energy  particles,  and also possibly 

producing  solarization. In  addition,  synergistic  effects  are  possible,  

f o r  example,  where a center i s  formed by  the  displacement  effects of high 

energy  particle  irradiation, and f i l l ed   wi th   e lec t rons  o r  holes  produced 

by   the   u l t rav io le t   i r rad ia t ion .  For the  mater ia ls  and  circumstances  of 

i n t e re s t   i n   t h i s   r epor t ,   syne rg i s t i c   e f f ec t s  of t h i s   k i n d  were not  expected 

t o  be  important,  since  ionization  type  radiation  effects  produce  electrons 

and  holes which are probably similar t o   t h o s e  formed  by u l t r a v i o l e t   l i g h t .  

There  could  be  interaction  effects if, f o r  example, the  ionizing  radiat ion 

produces  electrons and holes  throughout  the  material. These become trapped 

t o  form trapped  electrons and hole  centers.   Ultraviolet   radiation may 

produce e f f e c t s   c h i e f l y  at c e r t a i n   s i t e s  in the   mater ia l ,   to  produce, f o r  

example, a trapped  hole and free  e lectrons which could  preferent ia l ly  

destroy  the  hole  centers produced  by  the  ionizing  radiation.  Effects of 

t h i s  kind do not  appear t o  have  been reported  for   opt ical   mater ia ls ,   but  

synergis t ic   effects   of   e lectrons and u l t r av io l e t  light have  been  reported 

for  thermal  control  coatings of the  type  used on spacecraft,  including a glass .  

14 

5 .  Effects  of Vacuum 

Many oxide  and  tungstate  materials show enhanced co lo r i zab i l i t y  when 

i r r ad ia t ed  in vacuum. This i s  associated  with lo s s  of  oxygen. An oxygen 

atoms i s  l o s t  from the  surface,  which, i n  the   c rys ta l ,  had  been an O= ion. 

There a re  two e l ec t rons   l e f t  in t h e   c r y s t a l  which e n t e r   s i t e s  and  form color 

centers.  Since  they  are  mobile,  the  coloration  can  occur  throughout  the 

bulk  of   crystal .   This   effect  i s  most  marked with  radiation of  low penetration, 



such as soft   electrons,   ultraviolet   photons,   etc. ,  and may thus be important 

in the  present   appl icat ion.  

6. Dependence on Dose and Dose Rate 

Many of  the  effects  described above are expected t o  depend  on the  

t o t d  radiation  dose  administered and  on the  dose rate used. 

A typ ica l  form f o r  the  curve or' concentration  of  optically  absorbing 

centers   versus   to ta l   rad ia t ion  dose  has an in i t i a l   r ap id ly   r i s ing   po r t ion  

followed  by a more slowly  r ising  portion. I n  some materials, a saturation 

of the  optical   absorption i s  seen; in other  cases, a decrease i s  observed 

a t  high  doses. The sa tura t ion   e f fec ts  may a r i se  from t h e   f i n i t e  concen- 

t r a t i o n  of an impurity  necessary t o  form the  center o r  from radiat ion 

annealing. A decrease may also  be due to   radiat ion  anneal ing o r  t o  changes 

in the  electronic  occupation of the  center  being  observed. A t  the   re la t ive ly  

low doses t o  be  used i n  t h i s  program, the function may be assumed t o  be 

l inear ,   but  measurements  should  be made at about   the   to ta l  dose l eve l  

expected t o  be  encountered. A t  very  high  doses,  ionization  effects may 

saturate  and displacement  effects become controll ing,   but  these  levels  are 

not  expected t o  be  of  any  importance  here. 

Variation of optical   absorption with t he   r a t e  at which the  dose i s  

administered i s  a l so  a common occurrence. Two types of  such  "dose r a t e  

e f fec ts"  may be distinguished.  In one, t he   e f f ec t  i s  due merely t o  a 

spontaneous  annealing, at the  temperature of i r r ad ia t ion  and  measurement, 

of the  degradation  produced  by  irradiation. An amount of the  degradation 

i s   l o s t ,  depending on the  lapse of  time  between  introduction of damage 

and  measurement; if s igni f icant  loss  occurs  during  the  irradiation  time, 

there  will pla in ly  be a dose-rate  effect .   This  process  can  be  identified 
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by  s tudying   the   fur ther   recovery   tha t   occurs   a f te r   the   end   of   i r rad ia t ion .  

A second  type of dose-rate  effect  occurs when the re   a r e  two  competing 

processes f o r  damage formation,  with  different  functional dependences 

on  dose-rate,  via  such  Fntermediate  quantities as the  instantaneous  con- 

centration  of  electrons and  holes  produced  by  the  irradiation. A t  low 

dose-rates ,   th is  last type of mechanism i s  not  expected t o  be  important. 

7. Simulation  of  the Space  Environment 

A s  indicated above, exact  simulation of t he  space  environment i s  

not  possible.  Reasonable  simulation  for  the  purposes  of  this program can 

be made using  the  following  considerations.   First ,   the  expected  radiation 

exposure i s  evaluated  using  the  Apollo  mission  profile. The overwhelming 

source  of  radiation i s  the  passage  through  the  trapped  radiation  belts,  

unless a s o l a r   f l a r e  i s  encountered.  For  electrons,  essentially a l l  the 

energy l o s t   i n  passage  in o r  through  the window material  i s  l o s t  as 

ionization. The  same appl ies   to   the  protons which show any  appreciable 

penetration.  For 1 MeV protons i n  S i02   for  example, the  theory of Lindhard 

shows that in excess of WO of the  energy i s  l o s t  as ionization. A s  the 

proton  slows down, the  las t  portion of i t s  energy i s  used  chiefly in 

producing  displacements. 

1 5  

Since  ionizat ion  effects   are ,  as shown below, of chief  importance 

in the window materials  considered in t h i s  program,  and s ince  they  are  so 

much  more e f f ic ien t   energe t ica l ly  in producing o p t i c a l  changes  than  are 

displacement  effects,  simulation i s  best  achieved on the  basis  of  comparing 

ionizat ion  effects .  A suitable  experimental  procedure i s  t h e n   t o   i r r a d i a t e  

with  the  energetic  particles,   using  energies  that   correspond  to a t y p i c a l  

range in the  window mater ia l   for   the  space  radiat ion  to  be encountered. 
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The par t iculate   radiat ions  should be conducted i n  vacuum, t o  include  any 

e f f ec t  of oxygen loss .  Proton  irradiations  should  be  conducted f irst ,  so 

as t o  produce  any  displacement e f f e c t s  (even if s m a l l )  first, so t h a t  

changes, in any centers formed by displacement  effects, by subsequent 

ionization  effects,   can  occur.   Similarly,   the  irradiations  with  ultra- 

violet   l ight   should be at t h e  same time as, or follow  those  with  charged 

par t ic les ,   to   a l low  opt ica l   b leaching   e f fec ts   to   occur .  

8. Coloration of Glasses 

The coloration of transparent  materials by i r r ad ia t ion  has been 

studied most intensively in crys ta l l ine   mater ia l s ,   par t icu lar ly   the  a lkal i  

halides where many specif ic   defects  - color  centers - have  been distinguish- 

ed  and have  had their   structure  determined. An example i s  the F center, 

which i s  an electron  trapped in a negative  ion  vacancy. Many other  centers 

a re  due t o  trapped  electrons or trapped  holes. 

Work on the  coloration  of  glasses has concentrated, as far as 

fundamental  studies  are  concerned, on fused   s i l i ca   S i0   g lasses ,   to  compare 

them w i t h  s ingle   crystal   quar tz  on t h e  one hand and  with  si l icate  glasses 

on the   o ther .   In   addi t ion ,   the   e f fec ts  of impurities have  been  examined. 

2 

Glasses have an inherently  disordered  structure  but t h i s  need  not 

correspond t o  "defects" in c rys t a l s .  A formalism for   descr ibing  the 

structure  of  glasses i s  provided  by the  network  theory  of  Stevels. 

This  t rea ts   S i02   g lass  as an i r r egu la r   a r r ay  of Si0  tetrahedra,  as com- 

pared to   t he   va r ious   c rys t a l l i ne  forms of Si02 which are b u i l t  up of 

regular  arrays of the  Si02  tetrahedra.  Each  oxygen  atom serves t o  bond 

("bridge") two s i l i c o n  atoms  and the  s t ructure   has   large  inters t ices .  

When m e t a l  oxides  such as N a  0 a re  added t o  Si02 t o  form a s i l i ca t e   g l a s s ,  

16 

2 

2 
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the  excess oxygen ions are taken up by  the network  by t h e  replacement  of 

one br iding oxygen ion  by two non-bridging  ions. The added metal  ions 

en te r  Fn nearby interstitial pos i t i ons   t o  maintain charge  neutrality. 

Similarly, an impurity  such as aluminum may be  incorporated  into  the 

network in place of a S i  atom: to   enter   "subst i tut ional ly ,   charge 

n e u t r a l i t y  must be  conserved  by  the  incorporation of an i n t e r s t i t i a l  alkali 

metal  ion, e.g., N a  o r  L i  . This  formalism  enables many of the  observations + + 

of e f f e c t s  of i r r ad ia t ion  upon g la s ses   t o  be  systematized  and  has  been  used 

for example, t o  relate''  such apparently  diverse  properties as the  short  

wave limit of optical   transmission f o r  a g l a s s  and i ts  co lorabi l i ty   by  

ionizing  radiat ion.  The network defect  formation has a l so  been  used16 t o  

r e l a t e   t he   co lo r s  produced in different  glass  compositions.  

In  general ,   irradiation  of a glass  produces  optical  absorption  over 

wide regions of t he  spectrum,  generally more in tense   in   the   u l t rav io le t  

than i n  the  infrared.  This absorption  can  usually  be decomposed i n t o  a 

number of broad  bands.  These  bands  are  generally  treated as having a 

Gaussian  shape,  described  by  the  expression 

18 

@(E) = a& e -(4 l n 2 / U 2 )  (E-Eo)2 

where Eo i s  t h e  photon  energy at the peak, U i s  t h e  fu l l  width at half 

m a x i m u m ,  am t h e  absorption at the  m a x i m u m  and cr(E) the  absorption f o r  

photons  of  energy E. The Gaussian  shape i s  thought t o   a r i s e  from differences 

in the  surroundings of centers of nominally  the same kind, as well as from 

thermal  broadening. The observed  widths  are  large, w i t h  values of U being 

typ ica l ly  0.5 t o  2 eV. Sharp  absorption  lines would be expected t o  be 

produced  by i r rad ia t ion   on ly   for   g lasses  doped with  re la t ively  large 

amounts  of special   impurit ies,  such as rare   ear th   ions,  and do not  appear 
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t o  have  been  reported. "Zero-phonon" absorption, which gives rise t o  

sharp line absorption by certain color  centers i n  c rys t a l s  such as MgO 

has  not  been  observed in glasses. 

The concentration of color  centers,  e.g.,  trapped  electrons  producing 

an observed  band of a c e r t a h   i n t e n s i t y  i s  given  by  Smakula's  equation 

Nf = 0.87 x 1017 % n/(n2 + 2)2 

where N i s  the  concentration of centers  per cm , f the   o sc i l l a to r   s t r eng th  

of the  center   (usual ly   not  measured, but  generally may be  taken t o  be in 

the  range 0.1 t o  1) and am i s  the  absorption  coefficient at the  peak. 

This  relationship  can be used t o  give a semi-quant i ta t ive  feel   for   the 

number of  trapped  electrons, o r  of impurity atoms,  involved i n  a given 

absorption. 

3 

Some of the  absorption  bands  found in   fused   s i l i ca   a re   assoc ia ted  

with  impurities and o thers   wi th   in t r ins ic   s i tes  in the  pure  Si0  network. 

The distinction  has  been made possible   by  the  avai labi l i ty  of very  pure 

synthe t ic   fused   s i l i cas  such as Corning 7940. These are  made by  fusing 

syn the t i c   s i l i ca  powder made from chemically  purified  volati le compounds 

such as SiC14 and show no absoprtion  bands in the   v i s ib l e  when i r r ad ia t ed .  

For example, a dose  of 10l6 2 MeV electrons/cm2 was stated21 to produce no 

v is ib le   co lora t ion .  

2 

.1-9,20 

A n  intense  violet   color  i s  found in i r r a d i a t e d   s i l i c a s  of  lower puri ty .  

Examples are glasses made from fused  natural  Quartz which contains uncon- 

t r o l l e d   i m p u r i t i e s   i n   t h e  0.1% range  and show a typical   "swir ly"   pat tern 

of violet  coloration,  corresponding t o   d i s t r i b u t i o n  of  impurity in the melting 

process, and Vycor, which contains   impuri t ies   in   the 0.01% range  since it 

i s  made by  fusing  together  the  porous silica l e f t   a f t e r   o t h e r   o x i d e s   i n  a 
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glass axe leached out chemicslly. Vycor  shows an intense  but uniform 

colorat ion  on  i r radiat ion.   This   violet   color  i s  associated  with an 

absorption  band at -5300A which is a t t r i b u t e d   t o  alumFnum impurity. The 

process  occurring  has  been  definitely  identified, for the  band  occurring 

6 

0 

at the  same wavelength in single crystal   quar tz ,  as the  ionizat ion of 

subs t i tu t iona l  Al ion  by  correlating 22, 23, 24 electron  spin  resonance measure- 

ments with  the  changes i n  optical   absorption  spectra produced  by i r rad ia t ion  

and bleaching. 

I n   f u s e d   s i l i c a ,   t h i s  band  has  been shown2? not t o  occur in  material  

in ten t iona l ly  doped only  with aluminum, or only w i t h  a univalent  ion 

such as l i th ium  but   to  be very  intense i f  both A 1  and L i  are added. This  

again  supports  the  view that the   e f fec t  i s  due t o  A 1  subs t i t u t ing   fo r   S i :  

the  L i  i s  needed t o  maintain charge  neutrality. The role  of impurities 

i s  a l so  discussed  by Byurganovskaya and Orlov. 26 

Absorption i n  the  vis ible   region produced i n  pure  synthetic  si l icas 

by i r r ad ia t ion  i s  very s m a l l  and due ch ief ly   to   the   long  wavelength tai ls  27 

of  absorption  bands  produced in the   u l t r av io l e t  and associated with centers  

produced in the  pure Si0 network.  Reactor  irradiation i s  a l so  s ta ted  by  

Levy28 t o  give a very weak absorption band at about 6000~ .  

2 
0 

The ch ief   u l t rav io le t  band i s  at 2l5OA and i s  general ly   referred  to  
0 

as the  C band. This  band,  which can become very  intense and  can  have a 

t a i l  in the   v i s ib le ,  27’28 can  be  formed  by  ionizing  radiation in pure  fused 

s i l i c a .  The growth i s  slow  but uniform wLth  dose f o r  Corning  fused s i l i c a  

but may  show an in i t i a l   r ap id   r i s e ,   fo l lowed  by  slow  growth for   o ther  

s i l icas .27 It can  be  bleached  opt ical ly   by  ul t raviolet   l ight ,   but   this  

bleaching may resul t   in   increased  absorpt ion at longer  wavelengths. 

Thermal  annealing  of t h i s  center was found  by  the same workers27 t o  be 
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rapid and v i r t u a l l y  complete at 350-40O0C. They also studied  neutron 

e f fec ts  on Corning  fused silica and f ind   tha t   the   co lora t ion  i s  l e s s   e a s i l y  

annealed.  Burther,  irradiation  with  neutrons  followed  by  snnealing at 

700°C leaves  the s i l ica  uncolored  but more easily  colorable  by  subsequent 

gamma i r r a d i a t i ~ n , ~ ~  suggesting  that  in t h i s  extreme case  there is’ a 

cooperative  effect  between  displacement  and  ionization  effects. Levy 

found a similar enhancement by  neutron  irradiation. He studied  the 

efficiency  with which the  band i s  formed Over the  temperature  range from 

-1W0C t o  +17OoC and  found that   the   absorpt ion produced fa l ls  with  Increasing 

irradiation  temperature.  Since he found  appreciable l o s s  of absorption 

on standing at room temperature   af ter   i r radiat ion,  it i s  not  clear how 

much of t h i s  change with  temperature i s  due t o  thermal  annealing  during 

irradiation.  Arnold and C o n ~ p t o n ~ ~  a l so  found a similar e f fec t  of temperature. 

Their  studies  extended down t o  4OK. They  compared the   e f fec ts  of i r rad ia t ion  

on Corning 7940, which includes some OH impurity and Corning 7943, an “infrared” 

grade  of synthet ic   fused  s i l ica  from  which water  has  been  carefully removed. 

For each  glass,  they  found a tenfold enchancement of  the  2150 band on 

i r r a d i a t i n g   a t  77OK rather  than 300°K, and they  found that 7943 showed 

about  three  times  higher  coloration at 2150 than 7940. 7940 showed a band 

at 2570A on i r r ad ia t ing  at 77OK, which was not  found  in 7943. The water 

impurity seems t o  reduce  the  colorabili ty of  fused  si l ica  but the mechanism 

i s  unknown. The same authors made a careful  study of the  mode of  format  ion 

of the  defect  responsible  for  the 2l5OA band. The dependence  of formation 

r a t e  on the  energy  of  the  electrons  used  for  irradiation showed c l ea r ly  

that  ionization-type,  rather  than  displacement-type,  processes  are  involved. 

This was confirmed  by  using  X-rays, which cannot  produce  displacement e f f ec t s  

but which d id  produce the  2150 absorption band,  and continued t o  do so on 
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prolonged  exposure,  reaching  estimated  concentrations  up t o  -5 x lo1' per cm . 
The energy  required  to  form the  center  was found t o  be -5800 eV at 3OO0K 

if the   osc i l la tor   s t rength  i s  taken as unity.  (The authors   a lso  implici t ly  

assume t h a t  none are l o s t  .) The center is not  formed Fn crys ta l l ine  quartz 

unless the   s t ruc ture  is  damaged by  neutron bombardment. 

3 

These resul ts   taken as a whole ind ica te   tha t   th i s   absorp t ion  band, the  

most important i n  pure  fused  s i l icas ,  i s  due to   the  breaking of a Si-0 bond. 

The  two atoms are thought t o   r e l ax   apa r t  and t o   t h e n  form  an .electron trap. 

It i s  important t o  note t ha t  th i s   defec t ,  as well as those due to   impur i t ies ,  

i s  formed by  ionization-type  processes.  There  are  other  absorption  bands 

formed i n  the  far ul t raviolet30 which a l so  appear t o  be due t o   d e f e c t s   i n  

t he  pure  Si0  network  and t o  be  formed  by  ionization  processes. It would 

a l so  appear that the  water impuri ty   in   synthet ic   fused  s i l icas  such as 

2 

Corning 7940 i s  benef ic ia l  in reducing  coloration, and t h a t  7940 rather  

than 7943 should  be  used in a radiation  environment. 7943 (but  not 7940) 

was found t o  show an  absorption band at 2l5OA a f t e r  exposure t o   u l t r a v i o l e t  

l i g h t .  

0 

31 

The coloration of other  glasses  (borosil icate,   aluminosil icate,   etc .) 

i s  discussed  in  the  general   bibliographies.  1,2,4, 6 While detai led  s tudies  

have not  been made, the  coloration i s  found t o  be due to   i on iza t ion   e f f ec t s .  

The growth  curves,  i .e.,   the  optical  absorption  vs  radiation  dose, were 

studied  by Levy.18 Typically, a region of rapid growth occurs at low 

doses ;   th i s  saturates at -3 x 10 rads and i s  followed  by a slower l i nea r  

increase w i t h  dose.  Similar  results are reported  by  Nelson and  Crawford, 

and  by  Byurganovskaya  and Orlov, 26 who also poin t  out t ha t  some absorption 

7 

27 

bands in technical  glasses  decrease upon i r rad ia t ion .  Ef fec ts  on a number 

of different  glasses  are  reported  by Kreidl and Hensler. 32 

18 



9. Other  Effects on Glasses 

a) Radioluminescence 

Materials exposed to   ion iz ing   rad ia t ion  emit l igh t ,  from  Cerenkov 

radiat ion and  radioluminescence. However, t he   i n t ens i ty  of light emitted 

i s  a function of the  instantaneous  dose rate. S ince   th i s  i s  low in the  

space  environment, no interference with viewing i s  expected from t h i s  

cause,  even in the  dark and during  passage  through  the  trapped  radiation 

be l t s .  High pur i ty   fused   s i l i ca  a l so  shows lower radioluminescence i n  the   v i s ib l e  

than any other   glass   or   t ransparent   mater ia l   invest igated at General Atomic. 33 

b)  Induced  Fluorescence 

Many glasses ,   no t   o r igha l ly   f luorescent ,  show induced  fluorescence 

a f te r   i r rad ia t ion ,  and this   property  has  been  used as a dosimeter. Even high 

pu r i ty   fu sed   s i l i ca  shows th is   e f fec t   a f te r   neut ron  bombardment34 (< 5 x 10 17 n cm) 2 

and  emits a red,  orange, or green glow  on exposure t o   u l t r a v i o l e t   l i g h t .  

This   effect  i s  not  expected t o  be  important  because of the  low  exposure  doses 

f o r  displacement  effects and  because it i s  un l ike ly   t o   i n t e r f e re  w i t h  normal 

viewing in   dayl ight .  

c)  h t  iref lect   ion  coat ings 

Doses of  up t o  1013 30 MeV electrons/cm* have been shown at 

General t o  have no e f f ec t s  on multi- layer  dielectric  coatings of 

the  type  used  for   ref lect ive and ant i ref lect ive  coat ings.  

d) Thermoluminescence 

After irradiation,  glasses  can  store  energy which cam be  released 

as a burst  of l i g h t  on the  f i r s t  subsequent  increase in temperature. Thermo- 

luminescence (TL) of various  types  of  fused  silicas  has  been  discussed in 

de ta i l   by  Arnold.36 The TL of Corning  fused s i l i c a  i s  reported  by him t o  
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be   eas i ly  measurable on  heating t o  9o°C &ter e q o s u r e   t o  a low dose  of  X-rays 

at room temperature.   Ultraviolet   l ight can cause a similar e f f ec t .  -11, 

on the other  hand, reports  no TI, from  apparently similar material after 

exposure t o  high  doses  of  radiation. The importance of TL i s  t h u s   d i f f i c u l t  

to   es t imate ,   s ince it depends on knowing t h e   r a t e  of  temperature  r ise  that  

may be  experienced.  Since  this i s  unlikely  to  be  large  during  dark  viewing 

per iod  occurr ing  af ter   i r radiat ion at a low  temperature (all these  conditions 

are  necessary) it i s  f e l t   t h a t  TL i s  unimportant. 

25 

e )  Changes i n  Refractive  Index 

The refract ive  index and the   op t ica l   absorp t ion   a re   re la ted   for  

any  system  by t h e  Kramers-Kronig relat ion.  The r e f r ac t ive  and dispersive 

properties of transparent  materials  are dominated  by the  contribution from 

the  intense  absorption bands  found at the   u l t rav io le t   t ransmiss ion   l imi t .  

It i s  thus  generally assumed t h a t  changes in re f r ac t ive  index,  produced  by 

i r r ad ia t ion  and associated with the  comparatively weak absorption  Sands 

introduced, must be  negligibly small. That t h i s  i s  not  the  case has recent ly  

been  demonstrated  by  workers37 a t  Frankford  Arsenal and NBS, who showed tha t  

gamma or e lec t ron   i r rad ia t ion  of several  common glasses can  produce increases 

or decreases of  up t o  2 X 10 i n  the  index of refract ion,   for   doses  of up 

t o  1015 2 MeV electrons.  Presumably the   cont r ibu t ion   to   the   re f rac t ive  

index i s  appreciable,   even  for  relatively weak absorption  bands, at 

frequencies  near  the  absorption band  because  of t h e   f a c t o r  (w - wo) in 2 2  

t h e  denominator  of t he  Kramers-Kronig relat ion,  where o i s  the  frequency 

of l i g h t  at which the  refract ive  index i s  b e h g  considered, and wo i s  the  

frequency of the peak  of the  absorption  band  concerned. 

-4 
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The only  attempt at quantitative measurement and in te rpre ta t ion  of 

t h e  change  of refractive  index due t o  a color   center  i s  i n  an unpublished 

paper  by  he  finds a f r ac t iona l  change in index of   refract ion 

An /n of  about 10m2ar where cz i s  the  absorption  coefficient  (per cm) . 
This change was s u f f i c i e n t   t o  produce marked changes in the  ref lectance 

( the   quant i ty   tha t  he measured). 

111. EXPERlMENTAL 

1. Samples 

After  discussions  with  personnel of the  Vehicle  Design Group of 

Grumman Aircraf t ,   the   mater ia l s   to  be u t i l i z e d  in th i s  study were deter-  

mined t o  be W grade,  fused  silica  (Corning 7940) , aluminosil icate  glass 

(Corning 1723) and Vycor (Corning 7913). The l a t t e r   r ep resen t s  a l a t e  

substitution  by  Apollo  Project  personnel  for  the  originally  selected 

Plexiglas.  

After an unusually  long  delivery  delay,  four  prisms and eight 

"window" samples  of  each material  were fabricated t o  the dimensions shown 

in Figure 1. The prisms were u t i l i zed  i n  measuring the  index of refract ion 

while  the "window" samples were used t o  measure transmission. The thick-  

nesses of the  transmission samples were se l ec t ed   t o  conform to   t he   bes t  

available data (as of December, 1965) on the  thicknesses of the comparable 

ma te r i a l s   u t i l i zed   i n   t he  Apollo window sandwich. 

The transmission samples were coated  by  Optical  Coating  Laboratory, 

Inc. in accordance  with  Apollo  specifications (OCLI  Spec. 11-001) and the  

scheme denoted  by  Figure 2. The prisms were coated on one side w i t h  a 

re f lec t ive   l ayer  of  platinum. 

factured  by  the Hanovia Liquid 

Liquid  Bright  Plat inum Paint No. 5 manu- 

Gold Division  of  Engelhard  Industries was 
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SPECIFICATIONS OF PRISMS AND SAMPLE WINDOWS 

NUMBER : 

FUSED SILICA ALUMINO VYCOR 
( U.V. ORAOE SlLl CAT E 

c-7940, r o p a w m  - c - - ~. 17 23 .. - C-7913 "- 1 
PRISMS 4 4 

I 
~~ ~ ~ 

WINDOWS 6 6 

SIZE AND FINISH 

PRISMS 

1.500 1 
I 

MATERIAL I A IN 

C- 7940 
C- I723 
C-7913 

0.700 
0.230 
0.1 2 5  

SIDES "a" TO BE P U N 0  WITHIN x/4 AND OPTICAL 
FINISH OF X/4 , & NO D-LINE OTHER SURFACES 
UNFINISHED. 

FIG. I : WINDOW  AND PRISM DIMENSIONS 
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VYCOR 
(C-7913)  

H E A R  COATING ON SAME 
SIDE AS  OTHER  COATING 

SEE NOTE ( I IDE B A N D   H O T  MIRROR COAT 

WIDE  BAND  HOT  MIRROR 
COATING  -SAM E SIDE AS 

\ Mg F2 COAT I NG 

LMg F2 COATING-DEPOSIT 
ONE SIDE ONLY 

ALUM IN0 SlLlCAT E 
( C  -1723 1 t-----2. 9 II - 

SE I N O T E  I THE SIDES  SHOULD 
B E  PLANAR TO WITHIN 
OPTICAL Q U A L I T Y  
WARPAGE I S  CRITICAL 

I "  

HEAR  COATING  ON  ONE  SIDE  ONLY 
SEE NOTE ( I  1 

I 

FIG. 2 : COATING  ARRANGEMENT-WINDOW SAMPLES 
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sprayed on  one face of the  prism  with a Paasche  Airbrush, after which t h e  

coating was cured at high  temperature.  Platinum was selected  to   withstand 

the  temperature  cycling  required  in  measuring  the  refractive  index. 

Figure 2 shows the  manner in which the  transmission samples were 

coated  by OCLI. Three types of   coat ings  are   ut i l ized i n  the  fabr icat ion 

of t he  Apollo window and were evaluated  during  the  course  of  this  study: 

(1) A single layer magnesium fluoride.anti-reflectance coating, (2)  a 

multi- layer  blue-red  reflection  coating a d  (3) a high-eff ic iency  ref lect ion 

reducipg  coating  (per  North American Aviation,  Inc ., specif icat ion MA 0201- 

0415, revision C,  dated 1 5  Apri l  1965 and private  conversations  with Mr. D. 

Morelli of Optical  Coating  Laboratory,  Inc.) . The f i rs t  of these  coatings 

i s  used on the  outer  surface of the  outer window, t h e  second  type on the  

inner  surface of the  outer window and the   t h i rd   t ype  i s  used on both  surfaces 

of t he  two inner windows. All coatings were guaranteed t o  conform t o  Apollo 

specifications by OCLI. It should be noted  that  according t o  North American 

specif icat ions a l l  coatings  are  designed  for  use at an  incidence of 45 

while  the  transmission measurements made in the  laboratory were at an 

incidence  angle of 9 . 

0 

0 

2. I r r a d i a t i o n   F a c i l i t y  

The contribution of the Space  Science  Laboratory  Radiation  Physics 

Group of  General Dynamics Convair t o  t h i s  study  consisted of simulating  the 

radiat ion environment t o  which the Apollo materials would be  subjected 

during  the performance of a typ ica l   miss ion   to   the  moon and return.  

The Dynamitron Accelerator  provided beams of electrons and protons 

at an appropriate  energy and flux  density  to  simulate  the  space  environment.  

High in t ens i ty  mercury arc lamps were used t o  provide  the  solar-ultraviolet  

radiat ion  pat tern.  
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Brief descriptions  of  the Dynamitron Accelerator   used  for   the tests, 

es t imates   of   the   par t ic le  flux (electrons and  protons),  the  experimental 

arrangement,. e t c .  are presented below. 

a. Accelerator   Electr ical  Design 

A s  shown i n  Figure 3, t he   bas i c   c i r cu i t  of the Dynamitron i s  

a s e t  of  cascaded rec t i f ie rs   capac i t ive ly   coupled   to  a powerful r-f 

osc i l la tor   wi th  a frequency  of 300 kc. Two large  e lectrodes  just   ins ide 

the  cyl indrical   outer   tank d r a w  power from t h e   o s c i l l a t o r  and  induce an 

r-f po ten t i a l  in a s e t  of  corona  rings  just  inside  the  electrodes. Thus, 

direct   current  f lows  through  the  stack of r e c t i f i e r s   t o   e s t a b l i s h  a large 

DC potent ia l  at the  output.  

One advantage of  operating at radio  frequencies i s  t h a t   t h e  Dynamitron 

requires no large  capaci tors   to   s tore   energy between  cycles  and  the  output 

i s  smoothed. Consequently, s t a t i c  energy  storage i s  not  significantly 

g rea t e r   t han   i n   e l ec t ros t a t i c  machines; accidental  spark breakdowns are 

not  violent  and do not damage r e c t i f i e r s  or beam tube. 

A l a rge   t o ro ida l   co i l  i s  connected i n   p a r a l l e l  w i t h  the  driving 

electrodes;  electrodes and co i l   func t ion  as a resonant   tank  c i rcui t .  

The driving r-f o s c i l l a t o r  i s  a conventional  (and  highly  reliable) 

modified  Hartley  type. The unit i s  separately housed in an a i r - t i gh t ,  

water-cooled  enclosure  and  connected  by  cable t o  t h e  DC generator, which 

conta ins   the   osc i l la tor   t ank   c i rcu i t   (co i l  and electrodes).  A high- 

pressure gas d i e l e c t r i c  (SF ) between resonant   c i rcui t   and  rect i f iers  

provides DC insulat ion and r-f coupling. Along the ax i s  of t he  system 

runs an  evacuated  acceleration  tube, which for electron  acceleration  has 

a tungsten  cathode at i t s  high  voltage  terminal. For positive  ion  accelere 

6 

I .:. 

25 



FILTER HIGH VOLTAGE 
CAPACITANCE D.C.  TERMINAL 0.6. LOAD 

(E LECTROW BE AM 1 

RECTIFIER 
COUPLING 
CAPACITANCE 

COUPLING 
CAPACITANCE 

CHOKE 

R'F'  B 
RESONANT INDUCTANCE 

TUBE @ 1 OSCILLATOR 

FIG. 3 DYNAMITRON  ACCELERATOR 
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t i o n   t h e   p o t e n t i a l  i s  reversed. 

For  production of protons, a universal  ion source  of our design 

was subst i tuted f o r  t h e  commercial  source  provided  by  Radiation Dynamics, 

Inc . 

39 

b . Accelerator  Experimental Arrangement 

A block  diagram showing the  experimental  arrangement i s  shown 

in Figure 4. The electron o r  proton beam at the  required  energy i s  extracted 

from the  accelerator  and a f t e r   t r ave r s ing  a beam tube  approximately 7 ft 

long, i s  deflected  through 90' by an analyzing magnet i n t o  an ultra high 

vacuum chamber which houses t h e  window mater ia l   to   be  bombarded. This 

chamber i s  maintained a t  an  operating  pressure of under 8 X 10 Torr 

by a Varian  ion pump. 

-8 

The ultra high vacuum section i s  isolated from the power  vacuum in 

t h e  magnet  chamber by  an a luminum f o i l .  I n  addition  to  maintaining a 

d i f f e r e n t i a l  of two orders of magnitude in pressure,  the aluminum f o i l  

also  transmits  the  high  energy  proton and electron beam through it. The 

k ine t i c  energy  and  current  degradation  experienced in passing  through  the 

f o i l   a r e  of course much grea te r   for   the   p ro tons   than   for   the   e lec t rons .  

Thus, for   e lec t rons ,   the  beam has t o  be extracted from the  accelerator  at 

1.025 MeV t o  permit  degradation down to   the   des i red   va lue  of 1 MeV energy 

a t  the   t a rge t  sample. (The energy  degradation was estimated  by  integrating 

the  individual   losses   through  f ive  separate  aluminum f o i l s  of equal  thickness 

that  are  equivalent in t o t a l   t h i c k n e s s   t o   t h e   a c t u a l  foil used.)  Likewise, 

for   p ro tons ,   the   fo i l   th ickness  w a s  1.1 x i nches ' and   t he   i n i t i a l  beam 

energy 2 MeV. Calculations  are  given  below to  es t imate   the  operat ing 

cur ren t   requi red   to   ge t   the   sugges ted   par t ic le   f lux   to   the   t a rge t   mater ia l s .  



i I c3 

I 
I 

05 

I 

3 M e V  
ACCELERATOR 

ANALYZING MAGNET 

1 %  T O R R  I 

44 PART IC LE 8 EAM 

ULTRA HIGH VACUUM 
STATION FOR APOLLO 
WINDOWS 

FIG. 4 EXPERI  MENTAL ARRANGEMENT- DYNAMITRON  ACCELERATOR 
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c.  Estimation of Pa r t i c l e  Bombardment  Time 

Proton flux desired p = 3 X 10 /cm / sec  

Total  charge = p x e = 3 x lolo x 1.6 x lom1' 

10 2 

= 4.8 x IO-' Coul/cm 2 

Beam s i ze  - - 3*" dia;  A = 49.5 cm 

BTot a1 = 49.5 cm2 x 4.8 x 10" Coul/cm 

= 2.38 x Coulombs. 

2 

Maximum available 
proton  current = 1.55 x 10 amp. -10 

Duration of bombard- 
ment, t = 2.38 x 10-7 

= 1580 secs. 

Ut i l iz ing   the  same technique  the  electron bombardment time w a s  ca l -  

culated. The available  current w a s  6.6 x 10 amp.  Bombardment time t o  

obta in   the   des i red   to ta l  flux of 2.5 X 10 /cm /sec = 300 secs. 

-8 

12 2 

d. Beam Collimation and  Alignment 

The primary  electron beam after  passing  through t h e  aluminum 

foil i s  sca t te red   in to  a large cone, resul t ing i n  a considerable  fraction 

of t he   cu r ren t   h i t t i ng   t he  walls of the beam tube  instead of t he   t a rge t .  

The  beam spread w a s  considerably  reduced  by  inserting an aperture.  This 

collimating  aperture was found t o  be  unnecessary f o r   t h e  beam of protons. 

e .  The Particulate  Radiation Environment 

The beam energy  density  calculated above was based on t h e  

calculated  radiation environment t o  which t h e  Apollo  materials would be 

subjected  while on a model ApoUo t ra jectory  obtained from the  Apollo 

Experiments  Guide, 15 June 1965. The calculation assumed an incl inat ion 
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of 30' between e a r t h   o r b i t a l   t r a j e c t o r y  and the  equator. As shown in 

Table I a nominal two e a r t h   o r b i t s  on e x i t  and reentry was assumed. 

The calculated  par t iculate   radiat ion  Levels  which would be  encountered 

by  Apollo i n  passing  through  the  radiation  belts  are  contained in Tables I1 

and 111. The integrated  proton  f lux was c a l c u l a t e d   t o  an e a r t h   a l t i t u d e  

of 24,000 N.M. while   the  integrated  e lectron  f lux was ca lcu la t ed   t o  an 

a l t i t u d e  of  18,000 N .M. The calculat ion was performed fo r   ex i t i ng  passage 

only  and  doubled t o  simulate  exit  and  reentry.  This  resu1t.s in a higher 

(more conservative)  dosage  since  earth  exit   trajectories w i l l  r e s u l t  in  

longer  dwell   t imes  within  the  radiation  belts  than  the  reentry  trajectory.  

The electron  dose was calculated from data prepared  by  Aerospace 

Corporation as of 31 January 1966 and presents  the  projected 1968 electron 

environment. Above 6,000 N .M. al t i tude  these  values  represent median 

values  but  can  fluctuate up or down by a f a c t o r  of 5 to 10. The proton 

data i s  from t h e  same source and i s  current as of 1 5  May 1965. These values 

should be stable  with  time  except  for  solar  cycle  changes which a l so  e f f ec t  

the   e lec t ron  data. 

The particulate  radiation  associated  with a so la r   par t ic le   event  

(solar   f lare)   consis ts   predominant ly  of protons  with  energies  lying 

between 1 MeV and a few GeV. The values  used in this  study  are  contained 

i n  Table IV and represent  the  worst  conditions  that  could  be  found  for 

any t h i r t y  day  period on record. 

Galactic cosmic rays  are a negl igible   contr ibut ion  to   the  radiat ion 

environment.  Solar wind contributions  are also probably  negligible  by 

comparison to   t he   o the r   r ad ia t ion  phenomena since  energies  encountered 

a re  from 1 t o  5 kilovolts  although one could  encounter a number of 

d e n s i t i e s   i n  amounts such as 1014 t o  1015 pa r t i c l e s .  
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Table I 

Assumed Mission Trajectory  Character is t ics  Summary 
Apollo-Saturn 500 Series  Mission 

Phase Description 

Li f tof f  

Earth Orbit   Insertion 

Begin  Translunar  Injection on 

- ~ 

Second Orbit 

Begin  Coast to   Transposi t ion 

Je t t i son  S-IV B and Begin  Coast t o  
Lunar Orbit   Insertion 

~~~ .~~ . ~ 

Begin Lunar Orbit   Inser t ion 

LEM/CSM Separation on  Second 

Begin  Coast t o   I n i t i a t i o n  of 

Orb it 

Powered Descent 

Begin Powered Descent 

Touchdown 

Begin Powered Ascent on 20th 
~ "_ - . " 

CSM Orbi t  

Begin Docking 

Begin Lunar Orbit  Coast t o  
Transearth  Injection 

Je t t i son  LEM 
Begin  Transearth  Coast 

J e t t i son  SM 

Entry 

E a r t h  Landing 
". ~ 

Elapsed 
Time 

(Hours) 
bPProx) 

0 

0.2 

3 -0 

3.1 
3 08 

64.3 
68.1 

68.4 

69.4 
69 -5 

- - - .". " 

104.3 

105 -3  
105 *7 

106.2 
109.2 
198.0 
198 3 
198.6 

Alti tude 
Nautical 
Miles 

0 

100 

106 

,167 
6,206 

10 3* 
83 .l* 

83 . l* 
49,534 ft* 

O* 

0" 

82.9" 
83 -9" 

83.4* 
83.4* 

2,447 
380,760 f t  

0 

* 
Lunar  a l t i t ude  (measured above the  landing s i te  radius).  

Flight  azimuth of 500 series  missions = 72 degrees. 
Earth  parking  orbit = 1 t o  3 revolutions - nominal i s  2 revs. 
Translunar  phase lasts 60-80 hours. 

Velocity 
f t / s ec  

1,340 - 
25,580 - 
25,555 - 

35,621 - 
21,994 - 

8,431 
5,279 

5,178 

5,587 
3.6 

15 

5,276 
5 , 279 

5 ,  282 

8,013 
28,160 
36,048 

25 

"500 

--c 2.14 

- 610 

-8,627 
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Table I1 

Protons ( t o  24,000 NM Altitude) 

Energy (MeV) 

1 5  t o  30 
30 t o  50 
above 50 

# Encountered on Exit From # Encountered on Exit and 
.. 

E a r t h  Orbit (prot/cm2) Reentry ( prot/cm2) 

9.178 x lo8 
3 4 2 9  X lo7 
6.451 x lo6 
1.715 x 10 6 

Table I11 

Electrons  ( to 18,000 IiM Altitude) 

# Encountered on Exit From 
Ear th  Orbit  ( elect/cm2) 

4.309 X 10l2 

7.637 x lo1' 
1.765 x loll 
6.394 x 10" 
3.211 X lolo 
1.731 X lolo 

10 1.039 x lo 
6.086 x lo9 
3.771 X 10 9 

2.320 X lo9 
1.451 x lo9 
9.230 X 10 

8 
8 
8 
8 
8 
8 

8.205 X lo7 

5.934 x 10 

3.855 x 10 
2.554 x 10 

1.713 X 10 

1.176 X 10 

5.880 x 10.' 

32 

1 1 1 1  
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# Encountered on Exit  and 
Reentry ( elect/cm2) 

8.618 x 
1.528 x 1ol2 
3.530 x 10 11 

1.279 X 10l1 
6.422 x lolo 
3.462 x l o l o  
2.078 x l o l o  
1.216 x l o l o  
7.542 lo9 
4.640 x lo9 
2.902 x 10 9 
1.846 x lo9 
1.187 X 10 9 

8 

5 .lo8 x 10 8 

3.426 x 10 8 

7.710 X 10 

2.352 X 10 8 
1.641 x 10 8 
1.176 X 10 
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Table I11 (Cont .) 

Electrons  ( to 18,000 N4 Altitude) 

# Encountered on Ekit From 
Earth Orbit (elect/cm2) 

4,163, X lo7 
3.234 X lo7 
2.568 X lo7 
2.006 X 107 

1,692 x lo7 
1.389 X lo7 

1.221 X 107 

1,099 x lo7 
9.510 x 10 6 

8 1.651 x 10 

# Encountered on Dit an( 
Reentry  (elect/cm2) 

8.326 X lo7 
6,468 X lo7 

5.136 x lo7 
4.012 X 107 

3.384 X lo7 

2.778 X lo7 

2.442 X lo7 
2.198 X 107 

1.902 x 10 6 

8 3.302 X 10 

Table N 

Estimated Integral Flux (prot/cm ) f o r  Dates Shown 2 

r I 
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f . Ultraviolet I r rad ia t ion  

The General E lec t r i c  AH-6 lamps used t o  simulate the  W environ- 

ment were c&librated using a Cary 14 Spectrophotometer, an integrat ing 

sphere, and a GE 6.6A/T4Q/lC/-2OOW tungsten-iodine lamp calibrated  by N.B .S. 

(See  Figures 5, 6, 7, and 8). The calibrated  tungsten-iodine lamp was 

positioned 43 cm from a one inch  diameter  opening in the  integrating  sphere 

t o  reproduce  the  distance at which the  lamp was original ly   cal ibrated.  The 

integrating  sphere was used to   insure   tha t   the   en t rance  s l i t  of the  spectro- 

photometer was uniformly  illuminated,  and to   insure   tha t   the   d i f fe rence  in 

shape  and s i ze  between the  standard lamp and the AH-6 did not  introduce 

e r rors .  

41,42 

The  lamp and  sphere were enclosed  completely t o  prevent light from  any 

other  sources from entering  the  sphere. The in t e rna l  walls of the  enclosure 

were painted  with  f lat-black  paint  to  prevent  reflected  l ight from the  source 

from entering  the  sphere.  Only direct   i l luminations were recorded. 

The in tens i ty  of  i l lumination  for  the  calibrated lamp was measured 

for wavelengths  from 0 . 2 2 ~  t o  0.40,. The conditions  of  the  original 

cal ibrat ion,   specif ical ly   current  and orientation, were duplicated and the  

resu l t ing   in tens i ty  was recorded on a s t r ip   cha r t .  The AH-6 lamp was 

then  placed at the  same posit ion and i t s  in tens i ty  measured  on the  same 

s t r ip   char t   over   the  same wavelength  band. Knowing the  irradiance of the  

cal ibrated lamp as a function of  wavelength  (from N.B.S. data accompanying 

the  lamp), and t h e   r a t i o  of i n t ens i t i e s  as a function of  wavelength  (from 

the   s t r ip   char t ) ,   the   i r rad iance  of the AH-6 lamp w a s  determined  for all 

wavelengths  from 0.22 t o  0 . h .  The relat ionship i s  described  by  the 

e quat  ion 
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FIG. 7 WATER-COOLED  GENERAL ELECTRIC AH-6 HIGH 
INTENSITY MERCURY ARC SOURCE  WITH QUARTZ 
MANTLE AND VELOCITY TUBE,ADAPTED TO 
VACUUM OPERATION 
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bands were compared (see Table V),  a technique which eliminates the  need 

f o r  a computer calculation. 

The to t a l   i r r ad ia t ion   o f   t he  lamp in the  0.22 t o  0 .40~  spectrum 

div ided   by   the   to ta l   i r rad ia t ion  of the sun f o r   t h e  same range  gives an 

equivalent sun va lue   for   the  lamp. However, in the  study  of  the  effects 

of radiat ion on materials,  the  energy of the  interacting  photons  are 

important as well as t h e   t o t a l  number of  photons,  and  the  energies  of 

the  photons,  of  cow-se,  vary  with  the  wavelengths. Thus one mill iwatt  

per cm2 of 0 . 3 ~  radiat ion is not  the same as one milliwatt  per cm2 of 

0 . 2 ~   r a d i a t i o n  as far as the  deter iorat ion of materials i s  concerned. 

It i s  because  of t h i s   e f f e c t   t h a t   r a d i a t i o n s  of  wavelengths  greater  th& 

0 . 4 ~  are  essentially  ignored. Also, spec t ra l  mismatches ex i s t  between 

the sun and t h e  lamp being  used t o  simulate  the sun. Hence, the  lamp 

spectrum i s  not a simple  multiple of the  solar spectrum. The real   equi-  

valency  between  the lamp and the  sun would thus  vary  depending upon the   e f f ec t s  

being measured  and the  nature of photon  energies  with  respect t o   t hose   e f f ec t s .  

Since  these  relationships are not known, the  real equivalency  cannot  be 

determined. However, for   those   e f fec ts  which exhibi t  a lower  frequency 

cutoff   or   threshold  level ,  it can  be assumed t h a t  any effect  seen  with 

a low energy  photon will occur  with a higher  energy  photon. Thus, if the 

averaging  of  the  radiation  energy  of  the lamp i s  done i n  such a way t h a t  
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Table V . Calculated  Equivalent Sun Hours from G.E. AH6 Lamp 

Wavelength Lamp (1) (2)  
Sun $ of ES x Fraction Average 

Band Irradiat ion  I r radiat ion Sun’s Power of  Sun’s Power  Quantum Energy 
Micron Watts/cm2  Watt s/cm2 Lamp/sm i n  Band in   t he  Band i n   t h e  Band, ev 

-22 - .24 

.24 - .26 

.26 - .28 

.28 - -30 

.30 - .32 

.32 - .34 

.34 - -36 

.36 - .38 

.38 - .40 

0 0063 

0.0437 

0.0387 

0.0705 

0.1320 

0.0627 

0.0331 

0.1179 

0.0412 

0.5461 

0.000098 

0.000154 

0.000434 

o.001008 

0.001442 

0.002156 

0.002338 

0.002548 

o .002436 

0.012614 

(1 )d i s t ance  of 2.5 inches from lamp 

( 2 )  A t  one Astronomical  unit 

64.286 

283.766 

89.171 

69.940 

91.540 

29.082 

14.790 

46.272 

19 913 

0.78 

1.22 

3.44 

7.99 

11.43 

17 09 

18-53 

20.20 

19 * 31 

99.99 

0.50 

3.46 

3.07 

5.59 

10.45 

4.97 

2.74 

9.35 

3.85 

43.98 

5 -39 

4.96 

4.59 

4.28 

4.00 

3.76 

3.54 

3 -35 

3.18 

Ratio of watts/cm2 over  spectrum = 0.5461 
0.012614 



the  energy  associated  with  the  higher  energy  photons I s  always  used t o  

fill in the  gaps Fn the  spectrum  for  the  lower  energy  photons, a mFnimum 

equivalent Sun value will be  established. The 43 t o  44 equivalent sun 

value (ES) calculated in  Table V f o r  an e f fec t ive  lamp distance of 2.5 

Fnches meets t h i s  minimum value  requirement, at least  within  the  chosen 

wavelength  bands  used Fn the   calculat ion.  The  column  "Lamp/Sm" in 

Table V indicates  how the  ES value may vary if spec i f ic   e f fec ts  were 

l imi ted   to   spec i f ic   ranges  of wavelengths.  These ES values would be more 

appropriate where the  cutoff  frequency was high, or where resonance o r  

peak absorption was occurring. 

An assumption was made t h a t   t h e   e n t i r e   u l t r a v i o l e t  range was essent ia l ly  

effect ive,  and tha t   t he  ES value  could  be  essentially  represented by a r a t i o  

of t o t a l   i r r ad iance .  With t h i s  assumption,  the ES value at a distance of 

8.5 inches,  the  actual working distance of the lamps, was  ca lcu la ted   to  

be approximately 3.75. With  two  lamps being  used, a t o t a l  of 7.5 ES would 

yield  approximately an ES value of 7 on a surfac.e  tipped at 22+O. 

These  mercury a rc  lamps are   not   ident ical   wi th   respect   to   their  

i n t ens i t i e s ,  and  degrade  with  age.  Variances as large  as  20% would be 

expected due to  these  causes.  Because of these  potential   errors,   small  

f ac to r s  such as transmission  losses  through  the vacuum chamber  windows  were 

not  calculated. The la rger   e r rors  were kept t o  a minim- by  replacing  the 

lamps  approximately  every 24 hours. 

g. Sample Chamber 

A major f ac to r  in the  design of t h i s   f a c i l i t y   h a s  been the  

u l t rav io le t   i r rad iance  of the  sample. The flux density of t he   pa r t i c l e  

beam i s  essentially  constant  with  increasing  distance from the  source 
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since  the beam i s  paral le l ,   but   the  W radiation  proceeds from a point 

source  and i t s  power density  decreases as the  Fnverse  square  of  the 

distance f r o m  the  source. 

The initial aim was t o   c r e a t e  a W device  with an acceleration 

f ac to r  of 10 which  would permit  the  completion  of a 30 day  equivalent 

exposure in 3 days. The bel ief  was tha t  such  an  acceleration would not 

in t roduce   i r rad ia t ion   ra te   e f fec ts   in to  the degradation mechanism nor 

would it violate   the  accelerator 's  m i n i m u m  cur ren t   l eve l  in supplying 

the  necessary  particulate flux density. 

As an   a l te rna t ive   to   the   use  of the  GE mercury a rc  as a W source, 

tungsten-iodine lamps  were investigated  since  they  operate at very  high 

temperatures and emit s ignif icant   quant i t ies  of W radiat ion,   the  spectrum 

of  which i s  a smooth continuum similar t o   t h a t  of the  sun. However, 

calculations of t h e i r  W irradiance  indicated  the  necessity for using a 

large number of these lamps at short   distances from the   t a rge t ,  making 

it impossible t o  achieve  simultaneous  particulate and W i r rad ia t ion .  

The final decision was t o  use 2 mercury-arc  lamps at a distance of 

approximately 8.5 inches from the sample t a rge t  as discussed in 

Section 111, 2.f. 

In   the   idea l   case   the   par t icu la te  and W radiations  should  str ike  the 

samples  simultaneously  and  from  the same direct ion  but   the   constraints  

imposed  upon a laboratory  simulation  obviate t h i s  procedure  since one 

radiat ion beam would  have t o  be transmitted  through  the  other  beam's 

source in such  case. If the W source was of suf f ic ien t  power t o  permit 

i t s  removal an appreciable  distance from the   t a rge t   o r  if it radiated a 

p a r a l l e l  beam, both beams could  be  caused t o  impinge  normally on the 

42 



samples.  But for   current ly   avai lable  W sources   these  cr i ter ia   are   not  

met. To cause  both beams t o  imphge on the  window sample as c l o s e   t o  

perpendicule;rity as possible, it was decided t o  have each beam s t r ike  

the  sample with a n  incident  angle  of 22=$' off   the  normal, as i l l u s t r a t e d  

In Figure 9. 

The sample holder was designed  with  eight  posit ions,   six of which 

hold  prism  and window samples  (each  position  holds a prism and coated 

window sample  of a different   mater ia l ) ,  one of  which i s  for  the  Faraday 

cup and the last holding  three  uncoated window samples t o  be i r rad ia ted  

end-on f o r  a transverse damage t e s t .  The sample  wheel i n  the  chamber i s  

shown in Figure 10. Figure 11 presents a plan  and  side view  of the 

ro ta t ing  sample holder. No fabricat ion problems were encountered in bui ld-  

ing  the sample holder  dish, which was made of alumhum t o  reduce  the  load 

on the  cant i levered  shaf t .  

Two high  pressure  mercury  arc lamps,  General  Electric A-H6 were 

mounted ex te rna l   t o   t he  vacuum system,  approximately 8.5 inches from 

the  sample target  (Figure 7). Mounting the  lamps externally  permitted 

lamp replacement  during a t e s t  run without  interruption o r  subjection of 

the  samples t o  atmospheric  pressures  (Figure  12). 

The u l t r av io l e t  beam was directed  through a window in the vacuum 

chamber. The  window was G.E. Type 106, W transparent  quartz  (greater 

than 9% transmission down t o  0.2p). A s  noted,  the beam impinged  upon 

the specimen at an  angle of 22.5 from  normal. 0 

The arrangement  of number, type,  distance  and  angle  resulted in an 

equivalent  sun  value of  approximately 7 .  (Section 111, 2 .b. discusses  the 

determination of the  equivalent sun value and i t s  re la t ion   to   the   s imula t ion  

of actual  space  environment .) Each lamp was individually  controlled and 
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they  were assumed t o  be point  sources of l i g h t  at the  distances  being  used. 

The  vacuum system f o r   t h e   f a c i l i t y  was a 4-00 l i t e r / s e c  V a r i a n  ion 

pump with  a '12 X 18 i n c h   s t a h l e s s   s t e e l  chamber (see Figure 13). Except 

for teflon  coated  wire  leads f o r  the  Faraday cup  and  Viton "0" r ings on 

the  isolat ion  valve,  all materials in the  chamber were low  vapor  pressure 

inorganics  (metals o r  glass) .  Rough pumping was done by the Dynamitron 

pumps. A common fo re  pump was used t o  obviate a d i f fe ren t ia l   p ressure  

across  the aluminum f o i l  window, which could  cause i t s  rupture.  After 

the  absolute  pressure was reduced  below the  rupture  pressure of t h e   f o i l ,  

the  connecting  roughing  line was closed and a l i qu id  Ng so rp t ion   puq  

completed the  rough pumping.  The pressure at which t r a n s i t i o n  was made 

from  mechanical to   adsorp t ion  pumping was suf f ic ien t   to   p revent  pump o i l  

from  migrating i n t o  the  chamber and into  the  samples. The ultimate vacuum 

capabi l i ty   with  the  ion pump was in the 10-l' t o r r  range. 

3. Index of Refraction Measurements 

a. Method 

The index  of  refraction  of  uncoated  Apollo window materials 

was measured using  the m i n i m u m  deviation  technique. Measurements  were made 

t o  determine  the  apex  angle  of  the  prism and the  m i n i m u m  deviation  angle 

as a function of  wavelength.  These  measurements were made at room temperature 

and elevated  temperatures on non-irradiated  samples and at room temperature 

on i r rad ia ted  samples. 

A collimated beam i s  incident on the sample prism. The collimator 

is adjusted so that   the   entrance and ex i t  s l i t  are  in coincidence. The 

prism i s  ro ta ted  until the  coated  face i s  perpendicular t o   t he   i nc iden t  
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beam i n  which posit ion  the  energy emerglng  from t h e  exit s l i t  i s  a m a x i m u m .  

The prism i s  then  rotated until the  uncoated face is  perpendicular t o   t h e  

incident beam and another m a x i m u m  obtained. The angular difference between 

these two posi t ions of the  prism i s  the  apex angle 0 of the  prism. 

Next; the  prism i s  ro ta ted  until energy  of  wavelength A i s  a m a x i m u m  

at t h e   e x i t  s l i t .  In this   posi t ion,   incident   energy of  wavelength X enters  

the  entrance sl i t ,  i s  collimated, i s  re f rac ted  a t  the  uncoated  prism  face, 

i s  re f lec ted  at normal  incidence at the  coated  prism  face, i s  refracted 

again at the  uncoated  face, and retraces  the  incident  path,  emerging at 

the  coincident   exi t  s l i t  (Figure 14) .  The angular difference between t h i s  

posi t ion and the  posi t ion at which the  uncoated  face i s  perpendicular  to 

the  incident beam i s  the  m i n i m u m  deviation  angle #. 
From Sne l l  ' s l a w  we have 

b. The Apparatus 

A Perkin-Elmer model ll2UG grating  spectrometer was  modified 

and  used as the  col l imator .  To obtain  coincidence  between  the  entrance and 

ex i t  slits, the  opt ical   path  length from the  col l imat ing  parabola   to   the 

e x i t  s l i t  had t o  be lengthened. This  was accomplished  by  inserting two 

mirrors (% and M ) i n  the   op t ica l   pa th  from the   ex i t  s l i t  to   the   parabola  

(Figure 15). Only half   the  entrance and ex i t  s l i t s  are  used.  Incident 

energy  enters  the  upper  half of the  entrance s l i t ,  passes  over  mirror %, 
and i s  re f lec ted  and  collimated  by  the  parabola M2. After   re f lec t ion  at 

the sample, the  coll imated beam i s  focused  by  the  parabola and i s  re f lec ted  

by % and M3 onto  the  exi t  s l i t .  Parabola M2 i s  adjusted  to   focus  the 

3 
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entrance sl i t  simultaneously on i t s e l f  and on t h e   e x i t  slit;  and t h e  

angular positions  of 5 and M are  adjusted so the   en t rmce  and e x i t  s l i ts  

a re  in coincidence.  This  adjustment i s  made as follows. The parabola M2 

i s  s l i g h t l y   t i l t e d   t o  permit a f r ac t ion  of the  energy  returning  to % t o  

pass  over  the  top of %. When an o p t i c a l  f la t  i s  positioned  perpendicular 

to   the   co l l imated  beam, the  energy  passing  over 9 forms an image of t he  

entrance s l i t  at the  entrance s l i t ,  and the  port ion  ref lected by Ml forms 

an image of the  entrance s l i t  at t h e   e x i t  s l i t .  M and M are  adjusted 

so t h a t  when t h e   i m g e  at the  entrance s l i t  i s  in coincidence  with  the 

entrance s l i t ,  the image at t h e   e x i t  s l i t  i s  in coincidence  with  the 

e x i t  s l i t .  The grat ing i s  removed from the  instrument  and  the  grating 

drive i s  not  used  for  the  angular measurements. 

3 

1 3 

To accommodate high  temperature measurements, a water  cooled  cylindrical 

vacuum tank  containing a concentric  insulated  heater  core was  used. The 

heater was made of  platinum  wire. A fused   s i l i ca  window at one end of  t h i s  

tank  permitted  the  collimated beam t o   e n t e r  and leave. The axis of t he  

tank i s  para l le l   to   the   co l l imated  beam.  The sample prism i s  mounted  on 

a holder  within  the  heater  core. The holder w a s  made of Grade A LAVA 

manufactured  by  the American  Lava Corporation.  This  material was chosen 

for i t s  low thermal  coefficient of expansion,  (about  the same as t h a t  of 

Apollo window materials)  i t s  low thermal  conductivity, and i t s  mechanical 

strength at high  temperatures. The shaft  of the  prism  holder i s  coupled 

t o  a copper drive  shaft  which passes  through  the  bottom of the  cyl indrical  

vacuum tank  through aa O-ring  seal. The v e r t i c a l   ( r o t a t i o n a l )  axis of the 

prism  holder i s  perpendicular t o  

of the  prism was controlled by a 

prism  holder  shaft. An Imperial 

the   ax is  of the  tank. The angular  position 

precis ion  rotary  table   coupled  to   the 

No. 8216 ul t ra   p rec is ion   ro ta ry   t ab le  
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with an indexing accuracy  of k5 seconds was employed. 

The three  angular positions (coated face, uncoated face, and re f rac t ion  

angle) were determlned as follows. The wavelength  drive  assembly  for a 

Perkin-Elmer Model 12 spectrometer was modified  by  substituting a drive 

motor whose speed i s  1/4 rpm.  The modified  drive  assembly was coupled 

t o  the drive of the   ro ta ry   t ab le .  The reduced  speed  of the  dr ive  resul ted 

in a scale of  approximately 2 seconds ofmc  per   mil l imeter   paper   t ravel  of 

t h e   k e d s  and  Northrup  recorder  used  with  the  Perkin-Elmer  spectrometers. 

Further,  the  drive  speed was suf f ic ien t ly  slow t o  permit  reading  the  rotary 

table  angular  posit ion on i t s  vernier d i a l  every  second  of  arc. Ten second 

markers were placed on the  recording  chart  by m u a l l y  operating  the  pip- 

marker switch on the  wavelength  drive  assembly while observing  the  vernier 

d i a l .  The detector  output was processed in the  manner commonly used w i t h  

the  Perkin-Elmer Model 12  spectrometer. 

The prism  position was manually  adjusted to   t he   ang le  at which the  

coated  face was approximately  pe'rpendicular to   the   co l l imated  beam.  The 

drive  assembly was then engaged  and the  prism was slowly  scanned  through 

the  angle at which i t s  coated  face was perpendicular  to  the beam. When 

perpendicular,  the  energy emerging  from the   ex i t  s l i t  i s  a m a x i m u m  with 

resu l tan t  maximum pen deflection. In t h i s  manner we obtain a recording 

similar i n  appearance t o  a spectrometer  recording with angular  calibration 

superimposed  by  the  manually  energized 10 second  pip-markers. A similar 

recording i s  obtained  for  the  uncoated  prism  face. For all wavelengths 

l e s s   t han  2 microns,   the  spectral   l ines of a General  Electric AH-4 mercury 

lamp with  envelope removed were used f o r  wavelength  calibration. The 

spectrum was scanned  by the drive  assembly with added ca l ibra t ion  markers 

resu l t ing  in a recorder  trace similar t o  that of a conventional  prism 

spectrometer. Above 2 microns,  narrow band in t e r f e rence   f i l t e r s ,  in 
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conjunction  with a globar  source, were used   for   the  wavelength cal ibrat ion.  

From 0.2 t o  0.6 microns a E 8  phototube was used a8 the   detector .  Above 

0.6 microns .a thermocouple  detector  with CsBr WFndOw was used. The angular 

posi t ions of the  prism faces and refraction  angle were determined  from 

the  center  of t he  peaks on the  recorder  trace.   Linear  interpolation was 

used  between the  10 second  markers. 

A thermocouple was Fnstalled on the  inside of the  heater wall close 

t o  the  prism.  This  thermocouple was cal ibrated  by  instal l ing a second 

thermocouple i n  a hole  dri l led  through a sample prism, and measuring 

prism  temperature  versus heater wall thermocouple  temperature.  Platinum- 

Platinum +lo$ Rhodium thermocouples were used  with a O°C reference  junction. 

A Leeds  and  Northrup  type K-3 Universal  Potentiometer was  used t o  measure 

thermocouple emf. 

c.  Experimental  Error 

A s t a t i s t i c a l   a n a l y s i s  of a l l  data  taken was used t o  determine 

the  experimental  error. Both a systematic and non-systematic  error were 

encountered. 

The non-systematic  error  arises from random noise in the  detectors  

and amplifiers,  from temperature  fluctuations in the  sample and instrument, 

from vibration, and  from s t a t i s t i c a l   f l u c t u a t i o n s  in the  rotary  table   readout .  

An analysis of 178 coated  face measurements showed a Gaussian  distribution 

with a standard  deviation oc = 2.28 seconds  of  arc.  Similarly  for  the 

uncoated  face, 179 measurements resul ted in a standard  deviation ouc = 2.62 

seconds.  For  the  refraction  angle 87 measurements resul ted in a standard 

deviation or = 3.47 seconds. I n  reducing  the data, the  es t imated  error  i s  

ad = 0.50 seconds. The e f fec t ive   e r ror   resu l t ing  from the  observer  manually 
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energizing  the  pip-marker at 10 second in te rva ls  i s  est imated  to   be 

(TO 
= 0.20 seconds. 

The systematic  error was determined by comparing the  results of 

reproducibi l i ty  measurements.  Twenty-three  such  comparisons  were made. 

Reproducibility in the  index of r e f r ac t ion   fo r  a given  prism  under  the 

same environmental  conditions was found t o  range  from -62 t o  +59 X lom5- 
The 23 values 

as expected. 

i s   2 1  x 10-5. 

indicative of 

deviation and 

obtahed  within  this  range  are  not  Gaussian  distributed, 

The mean absolute  deviation 16 fo r   t hese  23 measurements I nl 
A study  of  the data indicated that  t h i s  value i s  more 

the  experimental  systematic  error  than  the  standard 

SO was used. The systematic  error arises pr incipal ly  from 

the  extreme difficulty  encountered in rese t t ing  and  maintaining  the  prism 

f ixed   wi th   respec t   to   the   op t ica l   ax is  of the  instrument.  Small  vibration, 

temperature  changes,  expansion  of  the  prism  holder w i t h  temperature, 

change in  parabola  focus with prism and sample c e l l  window temperature, 

and rotary  table  accuracy all cont r ibu te   to  t h i s  e r ror .  

A s  shown in  Table VI, the  estimated  experimental   error  in  refractive 

index 6 = 23.2 x 10 . -5 
n 

4. Trmsmittance Measurements 

a. Method 

All room temperature  transmittance measurements were made on 

a Cary Model 1 4  spectrophotometer from 0.2 t o  2.5  microns and on a Beckman 

IR4 spectrophotometer  from 2.5 t o  15 microns. In the  overlapping  spectral 

range, 2 t o  2.5 microns,  of these two instruments  differences in t rans-  

mittance of &$ were observed. 
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TABLE VI 

Error in Refractive Index  Measurements 

- 
1 6nl = mean ab solute deviation 

uC 
= 2-28" 

= 2.62" 

= 3.471' 'r 

ad = 0.50" 

=0 
= 0.20" 

u, = n(cot @ u + cot 8 ue) 6 

n % 1.5 

Id 37O 

e = 25' 

Experimental  Error bn = 23.2X10-5 
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The Apollo window transmittance samples are th i ck  samples. The 

thicknesses  used were: fused s i l i c a ,  Corning Code 7940-1.784 cm; 

Vycor, corning  code 7913-0.378 cm; aluminosilicate glass, corning code 

1723-0.595 cm.  When a th i ck  sample. is  placed in  the sample beam  of a 

spectrophotometer, it mater ia l ly   a f fec ts   the  beam geometry. In  general, 

spectrophotometers  use a focused  rather  than a collimated beam in the  

sample  compartment. The refract ing  propert ies  of a th i ck  sample a l t e r  

t he  beam geometry  and the   resu l t ing  measured transmittance.  Spectro- 

photometer  manufacturers  attempt t o  minimize the   t h i ck  sample e f fec t  

by  incorporating  optical  systems which a re   r e l a t ive ly   i n sens i t i ve   t o  

the  change in beam geometry  caused  by a th ick  sample. The opt ica l  systems 

employed vary from manufacturer t o  manufacturer and one expects  different 

measured values of transmittance depending upon the  particular  instrument 

used. 

Elevated  temperature measurements were made using a single  pass system 

i n  which a focused beam was employed. The sample was a l t e rna te ly  moved 

i n  and out of the  beam.  The beam was passed  through a Perkin-Elmer Model 

12  prism monochromator and t h e   r a t i o  of the   in tens i ty  measured with  the 

sample i n  and out  of t he  beam w a s  i n i t i a l ly   t aken  as the  transmittance of 

the  sample at a par t icu lar  wavelength. 

Early in the  program it was established that the   t h i ck  samples  used 

were d ra s t i ca l ly   a f f ec t ing   t he  measured transmittance  values. Measurements 

at a given  wavelength were not  reproducible  within 1@ in transmittance. 

The posi t ion of t he  sample in the  beam and the  angle of the  sample normal 

t o   t h e  beam axis were c r i t i c a l .  

Neither  time  nor funds permitted  the  design and construction of a new 

vacuum tank-heater  core  for  use  with  the  spectrophotometers  used at room 
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temperature.  Alternatively, it was decided t o   r e f e r  all measurements t o  those 

made at room temperature  with  the  spectrophotometers. 

b High Temperature  Transmittance  Apparatus 

The op t i ca l  schematic of the  high  temperature  transmittance 

apparatus i s  shown in Figure 16. The vacuum tank  contains a heater  core 

Fn which the  transmission sample i s  placed. The tank  slides  along i ts  

axis on machined ways. The tank axis i s  perpendicular t o   t he   i nc iden t  beam 

axis. The tank may be  positioned  along i ts  axis   to   enable  measurement of the  

beam in tens i ty  at a given  wavelength for  the  following  conditions  (Figure 17) : 

(1) I1 - i n t ens i ty  through  tank windows, (2) I2 - intensity  through  tank 

windows and uncoated sample in tank, ( 3 )  13, I4 - intensity  through  tank 

windows and coated sample i n  tank (one o r  two coatings  depending on par t icu lar  

sample). It was determined that   the   incident  beam in tens i ty  I w a s  suf f ic ien t -  

ly   s tab le   over   the   shor t   t ime  requi red   to  make a se t  of measurements at a 

given  wavelength. 

A Perkin E l m e r  Model 99 monochromator with  calcium  fluoride  prism was 

used as the  wavelength  determining  element.  This monochromator was  c a l i -  

brated by conventional means. A 1228 phototube was used as the  detector 

f o r  wavelengths less than 0.6 microns.  For the  longer  wavelengths a thermo- 

couple  detector  with CsBr  window was  employed. The detector  output was  

processed in the  normal manner f o r   t h i s  monochromator and in tens i ty  w a s  read 

d i r ec t ly  from the  s t r ip   char t   recorder .  In the  W region of the  spectrum, 

a Beckman No. 8333 hydrogen discharge lamp was used as a source. In the  

v i s ib l e  and infrared  region, a General  Electric DXW, 1000 w a t t ,  Sun G u n  

was used. These are continuum sources and the  wavelength at which a given 

measurement was made was determined  by  the monochromator drum se t t ing .  
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c. High Temperature Sample Transmittance 

Sample and reference intensities were measured f i rs t  at room 

temperature. Then the   t ank  sample was brought up t o  temperature T and the  

in t ens i ty  measurements  were repeated.  In  addition, sample  and reference self 

emission  intensit ies,  I and I6 (Figure l7), were measured. From these 

measurements,  sample transmittance at temperature T, referred t o   t h e  room 

temperature  Cary 14  and Beckman IR4 measurements, could  be  determined. 

5 

The procedure which fol lows  for  computing the  hot  sample transmittance 

i s  necessary  because as the  sample i s  heated t o  a temperature T, several  

effects  occur.  A t  high sample temperatures,  the  tank window temperature 

rises  appreciably  changing  their  transmittance at a given  wavelength. I n  

addition,  geometrical  changes may occur in the  system as a r e su l t  of window 

warpage o r  bending and expansion in the  tank and external  reference  structure.  

Finally,  at high temperatures  both  the windows and  sample emit energy, 

par t icu lar ly  in the  infrared. This  energy must be removed from the sample 

t ransmit ted  intensi ty  and from the  reference  intensity  (no sample in beam) 

to   ob ta in  a t rue   va lue   for   the  sample transmittance. 

Though it was  or iginal ly   planned  to  chop the  incident beam ahead  of the  

vacuum tank  to  el iminate  self   emission, it was  found that s t r a y  light was 

a major  consideration in the  model 99 monochromator when i ts  irrternal chopper 

was not employed. Time prohib i ted   u t i l i za t ion  of a double  chopping scheme 

with a high  speed  chopper at the  source,  associated  amplifier and detector, 

in add i t ion   t o   t he  model 99 in te rna l  chopper. 

The hot sample transmittance was computed in   the  fol lowing way. Primed 

q u a n t i t i e s   r e f e r   t o   i n t e n s i t i e s  measured when the  sample and tank were hot. 

Unprimed q u a n t i t i e s   r e f e r   t o  measured intensi t ies   with  tank and sample at 

room temperature.   Intensit ies  are  those  designated in Figure 17. 



When the  tank and sample are at elevated  temperature,  the measured 

sample transmittance i s  

Here self  emission  has  been  subtracted  from  both  the  hot sample in tens i ty  and 

the  hot  reference  intensity.  It i s  assumed t h a t  changes in tank w i n d . 0 ~  

transmittance  and  geometry  affect  both sample  and reference beams equally. 

With the  system at room temperature,  the measured  sample transmittance i s  

But t h i s   va lue  must equal   the room temperature  values  obtained  with  the 

Cary 14  and Beckman IR4 spectrophotometers. The system correct ion  factor  i s  

therefore   the   ra t io  T /T where T is  the  transmittance measured at room 

temperature  with  the  spectrophotometers. The corrected  value of the  hot 

sample transmittance i s  then  given by 

R S  R 

For the  coated  samples, I I and I;, are   subst i tuted for I’ i n  (3).  This 

simple  relation was programmed f o r  computer calculat ion of the  high  temperature 

sample transmittance as a function  of  wavelength. 

3 2 

d.  Experimental  Error 

The experimental   error  for  the Cary 14  and Beckman IR4 room 

temperature  transmittance measurements was  found as follows.  Five  samples 

of Corning Code 7940 f u s e d   s i l i c a  were cut  from  the same piece of r a w  

material and processed  identically. Room temperature  transmittance measurements 
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were made on all f i v e  samples. The mean value of T at each  wavelength 

and the   deviat ion from t h i s  mean f o r  each  sample was computed. A 

s ta t is t ical .   analysis  of t h i s  data indicated a Gaussian  distribution  with 

standard  deviation 0 = 0.54%. Noise on the  spectrophotometer  traces i s  

estimated t o   r e s u l t  in an  observation  error in reading  the  transmittance 

values whose standard  deviation is  Do = o.$. 

h 

h 

From the  index of refract ion measurements, it i s  possible   to   calculate  

the  maximum possible sample transmittance as a function of  wavelength. 

This value Tmax i s  arr ived at by  considering  that   only  reflection at the 

sample-air  interfaces  affects  transmission.  Absorption in the  sample i s  

assumed zero. Under these  conditions 

In  the  t ransparent   (vis ible)   region of the  spectrum, the  Cary 14  

transmittance  values were found t o  be  consistently 0.5% higher  than Tma. 

This   systematic   error   is  most probably due t o   t h e   t h i c k  sample e f f ec t .  

For  the room temperature  transmittance measurements the  estimated 

experimental  error i s  therefore 

4-0.5 * 0.5w . 
In   the   case  of the  high  temperature  transmittance measurements, an 

addi t ional   error   ar is ing from  inaccuracies in the  measurement of the  

intensi t ies   in   equat ion (3) must be  considered.  Taking  the  variation  of 

(3) w i t h  respect 

6T 

T '  
h 

- =  

t o  all quant i t ies  

6TR 611 612 - 
TR I1 I2 

+ - - - +  

one has 
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Below 2 microns (self emission was only  found in the   in f ra red  beyond 2 microns), 

normalizing  the  reference t o  1, I1 I; a 1, I; a I2 a TR, Ti TR and 

I’ = I; = 0 .  In th i s   reg ion  (4) becomes 5 

The in t ens i ty  measurements made with  the  high  temperature  transmittance 

appasatus  have an estimated  standard  deviation u = 0 . 5 6 .  Using t h i s  I 
value   for   the  61 Fn ( 5 )  one has 

6 T l  +.5 * m i n  (TR = 0) 

6Ti +.5 f 1.5% max (TR = .9) . 
Above 2 microns, I1 1; 1, 1; - 12 TR, Ti; Ir TR, I; - I; 0 - 9 -  Under 

these  conditions (4) becomes 

6Tj; = ( 6TR - 612 + 61; - 6 I l . )  + TR[ 611 - 1 .l( 61; - 61;)], h > 2 microns. 

( 6 )  

Using 61 = uI = O.5@, one obtains 

6T; +.5 f 1.1% m i n  (TR = 0 )  

6TX 
- +.5 f 1.@ max (TR = .9) . 

It w a s  observed t h a t   t h e   s e l f  emission in t ens i ty  of some of the  coated 

samples was apparent ly   greater   than  that  of t he  uncoated sample in the  region 

X > 2.5  microns.  This r e s u l t s  in an impossibly  high  transmittance  of  the 

coated sample. In these  cases,  the  coated sample transmittance was adjusted 

to   cor rec t   for   the   increased   emi t tance  of the  coating.  Adjusted  values  are 

indicated by  an a s t e r i sk  i n  the   r e su l t s .  

The experimental   error in sample transmittance is summarized i n  

Table VII. 
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TABLE VI1 

Error  i n  Transmittance Measurements 

Systematic   error   in  room temperature measurements + 0 . 5 6  

Nonsystematic e r r o r   i n  room temperature measurements ax = 0.54$ 

Observation  error in room temperature measurements 0, = 0 . 2 6  

Experimental  error in room temperature measurements 6T =. +.5*.6$3 

Systematic  error in high  temperature measurements + 0 . 5 6  

Standard  deviation in in t ens i ty  measurements 

Standard  deviation in reference  transmittance 

uI = 0 . 5 6  

aR = o .60$ 

Experimental  error in high temperature measurements 

6 ~ '  = +.5 f 1.1% min ( T ~  = 0 )  x 
h 

x > 2 microns 
6T' = +.5 f 1.9$ max (TR = -9 )  
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5. Extinction  Coefficient  Calculations 

The ext inct ion  coeff ic ient  as a function of wavelength  and 

temperature was Calculated  for  Apoll.0 window materials from the  experi-  

mentally  determined  values  of  refractive  index and transmittance. The 

re la t ion  

connects  the  transmittance T, reflectance R, sample thickness t and 

absorption  coefficient 01. The reflectance of a material  of re f rac t ive  

index  n i s  given  by 

Assuming t ha t  exp(art) >> R2 e-(&), which i s  equivalent to   neglec t ing  

interref lect ions,  (11) becomes 

Solving for at one has 

Because of interreflections,   the  value of crt thus  obtained i s  somewhat too 

s m a l l .  A computer is  programmed to  increase ort i n  s m a l l  s t e p s   u n t i l  a 

value  of Crt i s  found which s a t i s f i e s  (11) . Final ly   the  ext inct ion 

coeff ic ient  K is  

The quant i t ies  T 

t of the  samples 

found  from at by  the  re la t ion 

K=-W . 
and n  have  been  measured as a function of X and the  thickness 

was  also measured. 
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This method of determbing  ext inct ion  coeff ic ient  suffers from the  

same drawback encountered when one calculates  absorptance  from reflectance. 

That is, a small e r r o r  in reflectance,  when the  ref lectance i s  high, 

r e s u l t s  in a la rge   e r ror  in absorptance.  Similarly, when the  transmittance 

i s  high, a s m a l l  e r r o r  in transmit tance  resul ts  in a la rge   e r ror  in 

ext inct ion  coeff ic ient .  The s i tuat ion  here  is  considerably worse than 

encountered in the  reflectance-absorptance  analogy as we here  deal  with 

a logarithmic  function. From (14) and (15) one f i n d s   f o r   t h e   f r a c t i o n a l  

var ia t ion  i n  K 

6K [*(Le) 6n + "1 
n T  6x 6 t  - =  K +X"t. 

d-1 16n2 

The contribution of t he  last two terms is  very small. However, i n   t h e  

transparent  region of the  sample, the  argument  of the logarithm i s  1 

(no absorption,  only  reflection) which means the  denominator  of the  f i r s t  

term is  very small of the  order lo-* t o  The e r ro r  in the   re f rac t ive  

index measurements was shown t o  be  very small, of the  order 10 , and 

c o n t r i b u t e s   l i t t l e   t o   t h e  f i rs t  term.  But, t he   e r ro r  in sample transmittance 

measurements was shown t o  be much larger ,  of the order 10 . One eas i ly  

sees   that   errors  in K of 106 are  indeed  obtained  under  these  conditions. 

In fac t ,  a 46 e r ro r  in K i n  the  high  transmission  region  requires a 

precision in the determination of T of  about 0.1%. In  contrast  an e r ro r  

of .Ol$ in n r e s u l t s  in an e r ro r  of on ly  .004$ in K. 

-4 

-2 

I n  summary, the  computed values of ext inct ion  coeff ic ient  must be 

viewed with  caution. In t he   u l t r av io l e t  and infrared  regions, where the  

sample transmittance is  low, the   e r ro r  in K is  small, 1 t o  8. However, 

in the  vis ible   region,  where  sample transmittance i s  a maximum the   e r ror  

in K may be  several  hundred  percent. In those  cases  (visible  region of 
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spectrum) where the observed  transmittance T was greater   than  the maxim 

possible  transmission 16 n (1i-n) based on r e f r ac t ive  index, the  value  of 

T was reduced so as t o  be s l i g h t l y  below t h i s  maximum possible  value. This 

i s  necessary to   i n su re   t ha t   t he  argument of  the  logarithm i s  greater   than 

uni ty  or a negative  extinction  coefficient  ( impossibil i ty) results. The 

reduct ion  in  the observed  value  of T was always  within  experimental  error. 

2 4 

IV. RESULTS AND CONCLUSIONS 

1. Refractive  Index 

The r e s u l t s  of the  refractive  index measurements are given i n  

Tables V I 1 1  through  XIII. For fused  silica,  within  experimental  error, 

the room temperature  results  before  irradiation, Table V I I I ,  agree well 

with  those  of M a l i t ~ o n . ~ ~  The rate of change of n w i t h  temperature  for 

fused   s i l i ca  l i e s  between the values  given  by M a l I t s ~ n ~ ~  and L. Prod'homme 

and within  experimental  error  agrees  well. The l i n e a r  change i n   r e f r a c t i v e  

index with temperature  for  fused  si l ica as reported  by L. Prod'homme i s  

verified.  Values  of n and  (dn/dT)/ C for  non-irradiated  aluminosil icate 0 

g las s  and  Vycor are given i n  Tables I X  and X. An attempt was made t o  

measure the refract ive  index  of  Corning  code  1723 aluminosil icate  glass 

a t  826Oc. This i s  above the annealing  point, 710 C, f o r  this  g l a s s  and 

deformation  of  the  prism  rendered  the measurement impossible. The rate of 

change of  refractive  index with temperature was not  found t o  be constant 

for t he  Vycor sample over  the 800 C temperature range considered. Though 

containing a very  high  percentage  of  fused  silica,  the  difference  in this  

cha rac t e r i s t i c  from that of  the fused s i l i c a  sample i s  probably due t o  

impuri t ies   present   in  Vycor. 

44 

44 

0 

0 

69 



Measured  values of refractive  index  before  and  after  the 30 day 

space  equivalent  irradiation f o r  the  three  materials  are  presented  in 

Tables M through XIII. Within  experimental error, no change  of  re- 

fractive  index as a result  of  the 30 day  irradiation  can  be  concluded. 

This  is  not  surprising  as  the  expected  magnitude  of  the  change  in  re- 

fractive  index  due  to  radiation  exposure  is  about 1/4 the  experimental 

error.37  Certainly  one  may  conclude  that  no  change  in  refractive  index 

due  to  irradiation  occurred  to  the  3rd  decimal  place  for  any  of  the 

materials  tested.  Further  refractive  index  measurements  on  irradiated 

samples  either  at  higher  temperatures or after  shorter  exposures  were 

deemed  unnecessary  as a consequence  of  the 30 day  exposure  results. 

Only a very  slight  darkening  of  the  fused  silica and Vycor  prisms 

was  noticed  after  the 30 day  irradiation.  Charged  particle  discharge 

patterns,  Lichtenberg  figures,  were  clearly  visible  in  the  aluminosilicate 

glass  sample  only. 

2. Transmittance 

Figures 18 through 28 present  the  results  of  the  room  temperature 

transmittance  measurements  made  with  the  Cary -14 and  Beckman IR-4 spectro- 

photometers.  These  figures  were  reduced  from  tracings  of  the  spectrophoto- 

meter  recordings.  One  observes a sizeable  reduction  in  transmittance  of  all 

three  materials  in  the  ultraviolet  region  of  the  spectrum  and  very  little 

change  in  the  infrared  region.  The  lowered  transmittance  of  the  coated 

samples  after  irradiation  follows  that  of  the  uncoated  samples  indicating 

that  the  increased  absorption  results  mainly  due  to  changes  in  the  bulk 

material  rather  than  the  coatings.  Little  visible  darkening  was  noted  in any 
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of the  irradiated  samples.  Charged  particle  discharge  tracks  were  noted 

on ly .  in the aluminosilicate  glass sample which  had  been  subjected  to  the 

30-day  space  equivalent  irradiation  dose. 

The  results of the high  temperature  transmittance  measurements for non- 

irradiated  and  irradiated  samples  are  presented  in  Tables XTV through XIX. 

Measurements  were made at 526'~ and 826'~ for  all  samples.  One  must  view 

with  caution  the  results  for  the  coated  samples.  The  anti-reflectance 

coatings  begin  to  deteriorate  in  the  neighborhood  of 55OoC and 10 mm Hg. 
This  deterioration  manifests  itself  in  color  changes  in  the  coatings  and 

flaking  off  of  the  coatings  from  the  bulk  sample.  The  degree  of  deteriora- 

tion  is a function  of  time at a given  temperature  and  pressure. No attempt 

was  made  during  the  course of  transmittance  measurements  to  bring  all  samples 

to  the  measurement  temperature  in a uniform  manner,  nor  to  hold  the  samples 

at a given  temperature  for  the  same  period  of  time.  Therefore,  the  results 

of  the  transmittance  measurements for a coated  sample,  depend  upon  the  state 

of  the  coating  at  the  time  the  measurement  was  made.  One  cannot  correlate 

the  resultant  transmittance  at 8260c, for  example,  between  an  irradiated 

and  non-irradiated  coated  material,  as  the  state  of  the  coating  may  be 

quite  different.  Further,  attempts  to  correlate  the  measured  transmittance 

at 526'~ and 826'~ for a coated  sample  suffer  the  same  difficulty. 

-4 

The  results  of  all  the  transmittance  measurements  agree  qualitatively 

with  what  one  would eqect. The  effect of ionizing  radiation  in  lowering 

the  transmittance  in  the  ultraviolet  region  is  clearly  demonstrated.  The 

lowering  of  transmittance  in  the  infrared  region  as  temperature  is  increased 

is  also  evident.  Since  no  attempt  was  made  to  separate  the  effects  of  irradia- 

tion  by  ultraviolet  photon,  electrons, and protons,  one  can on ly  view  the 
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gross e f f e c t s  of the  radiation  exposure.  Increased  optical.  absomtion 

i n   t h e   u l t r a v i o l e t   r e s u l t i n g  from ionizing  radiation  lowers  the  transmittance 

i n  the  W arid visible region of the spectrum, but  apparently  the  increased 

absorptance  of  the u l t r a ~ o l e t  bands i s  no t   su f f i c i en t ly   h igh   t o   a f f ec t  re- 

f r ac t ive  index.  Because the  high  temperature  transmittance measurements were 

made a t  specific  wavelengths  rather  than  over  the  entire  transmission band, 

it was not   possible   to   ver i fy   the  shif ts   in   the  infrared  absorpt ion  bands 

reported  by Edwards.45 However, the  decrease  in   t ransmit tance  with tempera- 

t u r e  a t  the W band  edge  and i n  t4e infrared i s  c l ea r ly  demonstrated. 

3. Extinction  Coefficient 

The ext inct ion  coeff ic ients   for   the  Apollo window materials as a 

function  of  temperature are given i n  Tables XX through XXV. Values are 

given  for  both  non-irradiated and the 30-day space  equivalent irradiated 

samples. The ext inct ion  coeff ic ient  was computed f o r   t h e  uncoated sample 

only as th i s   cons tan t  has no meaning f o r  a coated sample. Measured values 

of  transmittance  and  refractive  index were used f o r   t h e  computation. 
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TABU VIII. Fused SiUca-Corning Code 7940, Ultraviolet  
Grade-Refractive  Index VS. Temperature, Non- 
Irradiated.  

n n (dn/dT)/OC n ( dn/dT) /OC 
x 6 828'~ 6 

Microns 26Oc  471' C x 10 x 10 

0.23021 
0.23783 
0.2407 
0.2465 
0.24827 
0.26520 
0.27528 
0.28035 
0.28936 
0 29673 
0.30215 
0.3130 
0 33415 
0.36502 
0.40466 
0.43584 
0.54607 
0.5780 
1.01398 
1.12866 

1.36728 

1.66e 
1.701 
1 981* 
2.262" 
2.553* 
3 .OW 
3.245* 
3 *37* 

1.254* 

1.47W 
1.52452 

1.52034 
1.51496 
1.51361 
1 50970 
1.50865 
1.50023 

1.49425 
1.49121 
1.48892 
1.48738 

1.48000 

1.49615 

1.48462 

1.47469 
1.46978 
1.46685 
1.46028 
1 45899 
1.45039 
1.44903 
1.44772 
1.44635 
1.44524 
1.44444 
1.44307 
1.44230 

1.43430 
1.42949 

1.41353 
1.40990 

1.43863 

1- 41995 

1.52908 

1.52201 
1 51774 
1.51665 
1.50763 

1.52332 

1 - 50327 
1.50143 
1.49818 

1.49407 
1.49584 

1.49126 
1.48633 

1 47575 

1.46575 

1.45562 
1.45426 
1.45283 
i.45140 

1.44961 
1.44799 
1.44733 
1.44361 
1- 43933 

1.48089 

1.47248 

1.46429 

1.45031 

1.43450 
1.42495 

1.41501 
1.41893 

+ 19.6 
+ 18.8 
+ 18.9 
+ 18.1 
+ 18.0 
+ 16.6 
+ 16.0 
+ 16.2 

+ 15.6 
+ 15.7 

+ 15.1 
+ 14.9 
+ 14.2 
+ i4.0 
i- 13.4 " 12.7 
+ 12.3 
+ 11.9 
+ 11.8 
+ 11.8 
+ 11.5 

+ 11.6 

+ 11.3 

+ 11.3 
+ 11.3 

+ 11.5 

+ 11.4 
+ 11.4 

+ 11.1 

+ 11.2 

+ 11.2 
+ 12.2 

1.53584 
1.52985 
1.52832 

1.52289 
1 52391 

1.51351 
1 50899 
1.50691 
1.50358 

1.49942 
1.49641 
1 49135 
1.48563 
1.48033 
1.47716 

1.45960 

1.50112 

1.47004 
1.46870 

1.45820 
1.45700 
1.45549 
1.45440 
1 45352 
1.45174 
1.45140 
1.44734 

1.43854 

1.42243 
1.41915 

1.44306 

1.42877 

6n = 23X10m5 

6(dn/dT) = 0.F10-6 

* 
Wavelength determination  by naxrow band In te r fe rence   f i l t e rs .  

+ 19.3 
+ 18.6 
+ 18.3 
+ 17.7 
+ 17.8 
+ 16.5 
+ 16.0 
+ 15.8 

+ 15.2 
+ 15.0 

+ 13.6 
+ 13.2 
+ 12.9 
+ 12.2 
+ 12.1 
+ 11.5 
+ 11.4 

+ 11.4 
+ 11.4 

+ 15.4 

+ 14.7 
+ 14.1 

+ 11.6 

+ 11.3 
+ 10.8 
+ 11.3 
+ 10.9 
+ 10.9 
+ ll.3 
+ 11.0 
+ 11.1 
+ 11.5 
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x 
Microns 

TABLE IX. Aluminoscilicate  Glass-Corning Code 1723- 
Refractive  Index  vs.  Temperature, Non- 
irradiated. 

n 
28Oc 

n ( dn/dT)i°C 
526'~ x 10 

0.36502 
0 . 40466 
0.5780 
1 . 01398 
1.12€?66 
1.36728 

1.66~ 
1.701 
1.981* 
2.263 

2 . 665* 

0.43584 
0.54607 

1 . 47@ 
1 . 52452 

2 *55Y 

1.57645 
1.56914 
1.56487 

1.5 4260 

1.53814 

1.55548 
1.55366 

1.54101 

1 53687 
1.53619 
1.53476 

1.53044 
1.53408 

1.52643 
1.52181 
1 5 1998 

+ ll.1 
+ 10.2 
+ 9.8 
+ 9.0 
+ 8.8 
+ 8.2 
+ 8.1 
+ 7.9 
+ 7.9 
+ 7.9 
+ 8.0 
+ 7.9 
+ 8.0 
+ 8.0 
+ 8.1 
+ 8.4 
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x 
Microns 

0.26520 
o .28936 
0 29673 
0.30U5 
0.3130 
0 33415 
0.36502 

0.54607 
0 -5780 
1.01398 
1.12866 

1.36728 

1.660* 
1.701 
1.981* 
2.26~ 

0.40466 
0.43584 

1.254* 

1.470* 
1.52452 

2-553* 

TABLE X. Vycor-Corning Code 7913, Optical Grade- 
Refractive  Index vs. Temperature, Non- 
i r radiated.  

n 
28Oc 
1.49988 
1.49074 
1.48851 
1.48694 
1.48416 

1.47415 
1 A6925 

1 47949 

1.46628 
1.45960 
1.45831 
1.44968 
1 A4831 
1.44677 
1.44554 
1.44422 

1.44206 
1.44137 

1.44356 

1- 43750 
1.43298 
1.42825 

n 
526Oc 
1 50799 
1.49831 
1 49587 
1.49423 
1.491U 
1.48622 
1.48065, 
1.47547 
1.47234 
1.46544 
1.46407 
1.45526 
1.45373 

1.45095 
1.45222 

1.44965 
1.44896 
1.44750 
1.44677 
1.44291 
1.43839 
1.43373 

( 1 /OC 

x10 
6 

+ 16.3 
+ 15.2 
+ 14.8 
+ 14.6 
t 14.2 
+ 13.5 
+ 13.1 
+ 12.5 
+ 12.2 
+ u.7 
+ 11.6 
+ ll.2 
+ 10.9 
+ 10.9 
+ 10.9 
+ 10.9 
+ 10.8 
+ 11.0 
+ 10.8 
+ 10.9 
+ 10.9 
+ 11.0 

n 
826'~ 
1.51438 
1.50418 
1.50164 
1.49990 
1 49679 
1.49158 
1.48570 
1.48027 
1.47708 
1.46992 
1.46849 
1.45924 
1 45779 
1.45627 
1.45  504 
1.45370 
1.45306 
1.45157 
1.45088 
1 .44702 
1.44258 
i .43824 

+ 18.2 
+ 16.8 
+ 16.5 
+ 16.2 
+ 15.8 
+ 15.2 

+ 13.8 

+ 12.9 
+ 12.8 
+ 12.0 
+ ll.9 
+ ll.9 
+ 11.9 
+ 11.9 
+ 11.9 
+. u.g 
+ 11.9 
+ li.9 
t- 12.0 
+ 12.5 

+ 14.5 

+ 13-5 

6n = 23x10-5 

6( dn/dY) = 0 .  7X10-6 

qavelength  determination by narrow  band in t e r f e rence   f i l t e r s .  
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TABLE X I .  Fused  Silica-Cornkg Code 7940, Ultraviolet  Grade- 
Effect  of 30 Day Space Equivalent  Irradiation on 
Refractive  Index. 

x n n An 
Microns 26%  26Oc 

Non-irradiated  irradiated x lo5 
30 day  dose 

o .23021 
0 23783 
0.2407 
0.2447 
0.2465 
0.24827 
0.26520 
o .2700 
0.27528 
0.28035 
0.28936 
0.2930 
0 - 29673 
0.30215 
0.3130 
0.33415 
0.36502 

0.54607 
0.5780 
1.01398 
1.12866 

1.36728 

1.660* 
1.701 
1.981" 
2.262* 

3.00 * 
3.37 * 

0.40466 
0.43584 

1.254* 

1.470* 
1.52452 

2 553* 

3.245* 

6n = 23X10'5 

1.52034 
1.51496 
1.51361 
1.51081 
1 50970 
1.50865 
1.50023 
1.49839 
1.49615 
1.49425 
1.49121 
1.49021 
1.48892 
1.48738 

1.48000 
1.47469 

1.46685 
1.46028 
1 45899 
1.45039 
1.44903 
1.44772 
1.44635 
1.44524 
1.44444 
1 44307 
1.44230 
1.43863 
1.43430 
1.42949 
1.41995 
1. k1353 
1.40990 

1.48462 

1.46978 

1.52037 
1.51502 
1.51363 

1 50974 
1.50869 
1.50028 
1.49831 
1.49616 

1.51075 

1.49429 
1.49123 
1.49023 
1.48895 
1.48741 
1.48460 
1 47997 
1 47473 
1.46981 
1.46689 
1.46025 
1.45900 
1.45040 
1.44901 
1.44760 
1.44633 
1.44513 
1.44445 
1.44296 
1.44228 
1.43859 
1.43426 
1 42939 
1.41962 
1.41351 
1 40997 

+ 3  
+6 
+ 2  
- 6  
+ 4  
+ 4  
+ 5  
- 8  
$ 1  
+ 4  
+ 2  
+ 2  
+ 3  
+ 3  
- 2  
- 3  
+ 4  
+ 3  
+ 4  
- 3  
+ 1  
+ 1  
- 2  - l2* 
- 2  - ll* 
+ 1  - ll* 
- 2  - 4" 
- 4* - 10* 
- 33* 
- 2* 
+ 7* 

*Wavelength determination by narrow band in t e r f e rence   f i l t e r s  . 
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TABLE XII. Aluminosilicate  Glass-Cornbg Code 1723-Effect 
of 30 Day Space Equivalent  Irraciation on 
Radiative Index 

x 
Microns 

. "  

0 33415 
0.36502 

0.54607 
0.5780 
1.01398 
1.12866 
1.36728 

1.660* 
1.701 
1.981* 
2.26~ 

2.665 * 

0.40466 
0.43584 

1.52452 

2*553* 

n 
26Oc 

Non-irradiated 

n 
26Oc h 

I r rad ia ted  X 1-05 
30 day  dose 

-. 

1 57851 + 15 
1.57108 + 15 
1.56421 + 16 
1.56014 + 14 

1 9  54943 + 15 
1.53866 + 12 
1 53712 + 1-3 
1 53430 + 11 
1-53233 + 9  
1.53101 + 23* 
1.53024 + 10 

1.55111 + 11 

1.52669 + 21* 
1.52266 + 21* 
1.51805 + 27* 
1.51609 + 31* 

*Wavelength determination  by  narrow band in t e r f e rence   f i l t e r s .  
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T!ABLE XIII. VycorCorning Code 7913, Optical  Grade-Effect 
of 30 D a y  Space Equivalent  Irradiation on 
Refractive  Index 

n  n 

x 28OC  28Oc An Microns Non-irradiated  Irradiated 
30 day dose X 105 

0.26520 
0.28936 
0 29673 
0.302l5 
0.3130 
0 33415 
0.36502 
0.40466 
0 A3584 
0.54607 
0.5780 
1.01398 
1.12866 

1.36728 

1.660* 
1.701 

2 . 2 6 ~  

1.254* 

1. 470* 
1.52452 

1.981* 

2-553* 

1.49988 
1.49074 
1.48851 
1.48694 
1.48416 
1947949 
1.47415 
1.46925 
1.46628 
1.45960 
1.45831 
1.44968 
1.44831 
1.44677 
1.44554 
1.44422 

1.44206 
1.44137 

1.43298 
1.42825 

1.44356 

1 43750 

1 50013 
1.49093 
1.48869 
1.48707 
1.48426 
1.47964 
1.47426 
1.46932 
1.46637 
1.45969 
1.45843 
1.44984 
1.44838 
1.4469 
1 A4565 
1.44437 
1.44365 
1.44219 
1.44145 
1.43762 

1.42835 
1 43307 

+ 25 
+ 19 
+ 18 
+ 1 3  
+ 10 
+ 15  
+ 11 
+ 7  
+ 9  
+ 9  
+ 12 
+ 16 
+ 7  
+ 13* 
+ 11 
+ 15* 
+ 9  
+ 13* 
+ 8  
+ 1% 
+ F  
+ 10* 

6n = 23X10-5 

*Wavelength determination by narrow band in t e r f e rence   f i l t e r s .  
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FUSED  SILICA-CORNING CODE 7940 ,U .V .GRAM-  EFFECT  OF IRRADIATION ON TRANSMITTANCE AT 26°C . WBHM COATING, SAMPLE THICKNESS 1.784CM 
A - MICRONS 

BEFORE  IRRADIATION 
AFTER 30 M Y  EQUIVALENT DOSE I 
AFTER 3 DAY EQUIVALENT DOSE"" 
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X - MICRONS FIGURE 21 
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TBLE XIV. Fused Si l icaCorning  Code 7940, Ultraviolet Grade- 
Transmittance vs. Temperature, Non-irradiated 

Uncoated M g F 2  Coating WBHM Coating 
x T T T T T T T T T 

Microns 26OC  526OC  826Oc  26OC  526OC  826OC  26Oc  526OC  826Oc 

0 2303 
0 2379 
0.2407 
0.2447 

0.2480 
0.2465 

0.2653 
0.2700 

0.2805 
0.2968 

0 2753 

0.3023 
0.3127 
0 3133 
0.3342 

0.4048 

0.5461 

0.3651 

0.4358 

0 * 5771 
0 5792 
1.014 
1.129 
1.368 
1.530 
1-693 
1.no 
2 .ooo 
2.200 
2.300 
2.500 
2.600 
2.800 
3 .ooo 
3 -200 
3.400 
3.600 
3.800 
4 .OO 

84.0 82.4 84.8 86.2 83.5 
86.3 85.6 86.1 88.5 84.4 
86.4 86.7 84.4 88.7 86.1 
87.1 86.6 86.2 89.0 86.0 
87.5 86.3 85.2 89.0 85.1 
87.4 85.5 85.8 89.1 84.9 
87.2 88.2 88.6 88.5 87.6 
87.3 87.8 88.4 88.5 87.2 
87.4 88.0 87.9 88.3 86.8 
87.5 88.3 87.7 88.3 86.5 

90.6 89.3 90.1 90.1 87.6 
90.7 90.4 90.5 91.5 88.6 
91.7 91.3 91.0 91.6 89.6 

92.6 92.0 91.8 92.4 91.4 

92.8 92.3 92.3 94.1 92.8 

93.0 92.0 92.6 95.1 92.6 

9 . 0  91.1 89.4 90.0 88.7 

92.5 92.5 92.0 92.3 90.2 

92.7 91.7 94.4 93.4 91.7 

92.9 92.0 93.4 94.9 93.2 

93.0 93.4 92.4 95.1 94.0 
92.5 91.9 91.6 93.4 93.5 
92.6 91.5 91.2 93.5 92.5 
86.0 86.0 85.2 86.0 86.5 

93.0 92.4 91.1  93.8 93.4 
92.1 9.0 89.7  92.6 90.5 

92.7 91.3 91.2 93.3 91.3 
93.0 91.5 91.0  93.8 92.0 

46.5 43.9 41.7 46.5 43.9 
80.0 72.7 67.4 80.0 73.2 
88.9 52.2 47.9 88.9 53.1 
80.7 35.9 32.4 80.7 35.9 

2.9 o 0 3.9 0 

65.9 43.3 28.5 66.0 42.8 
64.3 39.1 28.0 64.3 39.1 
20.5 8.7 2.3 20.5 9.7 
4.5 0.8 o 5.0 4.1 
2.0 0 0 2.0 0 

55.5 27.5 15.0 55.5 27.5 

60 .o 
62.8 
63.8 
65.3 
67.4 
66.4 
72.6 
72.3 
73 -4  
75 -6 
77.8 
79.4 
81.3 
81.9 
79.2 
88 .o 
84.6 
78.8 
73.6 

72.2 
88.1 
91.2 
85.6 
92.7 
93 .o 
92.1 
90.2 

69.3 
50.8 
36.6 
0 

15  -9 

74 .O 

42.9 

29 .o 
29.1 
8.2 
3.1 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
5.2 

78.7 
87.6 
91.6 
91.6 
2.0 
1.2 

14.6 
57.1 
69.4 
69.4 
86 .o 
43 .o 

88.9 
80.7 
0 

21.4 
35 -5 
53.5 
19.5 

3.9 
2.0 

64 .O 

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 

2-3  0 
48.7 7.8 
66.9 26.8 
72.5 22.6 
73.4 23-7 
1.1 2 .o 
0 0.5 

10.5 1.8 
44.6 9.8 
59.3 15.6 
63.0 18.2 
69.9 23.3 

58.6 23.1 
37.4 19.2 
22.6 15.5 
0 0 

20 .o 8.4 
34.8 18.0 
33.4 23-7 
9.2 15.2 
5.7 o* 
0 0 

32.8 14.0 

sr(26Oc) = + .5 .6$ 
6 ~ (  526Oc, 826'~) = + .5 * .* (rR = 01,  x < 2 microns 

+ .5 f 1.546 ( T R  = .9), X < 2 microns 

+ .5 f l.l$ ( T ~  = 0),  X > 2 microns 
+ .5 1.9 (rR = .9), X > 2 microns 
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TABLE XV. 

x T 

Microns 26Oc 

Fused. Silica-Corning Code 7940, Ultraviolet  Grade- 
Transmittance  vs.  Temperature,  After 30 .Day Space 
Equivalent  Irradiation 

Uncoated Me2 Coating WBHM Coating 
T T T T T T T T 

526'~ 826'~ 26Oc 526'~ 8.26'~ 26Oc 526OC 826'~ 

0.2303 
0 - 2379 
0.2407 
0.2447 

0.2480 
0.2465 

0.2653 
0.2700 

0.2805 
0.2968 

0.2753 

0 3023 
0.3127 

0.3342 

0 .U48 
0.4358 
0.5461 
0 5771 
0 * 5792 
1.014 

0 -3133 

0.3651 

1.129 
1.368 
1.530 
1.693 

2.000 
2.200 
2.300 

1.710 

2.500 
2.600 
2.800 
3.000 
3.200 
3.400 
3.600 
3.800 
4 .ooo 

58.9 61.3 
61.5 62.2 

63.1 66.9 

65.1 69.9 

66.3 70.9 
66.9 70.2 
70.2 72.7 

62.0  64.7 

63-7 67.5 
64.0 68.9 

66.0 n.4 

71.3 74.1 

73.4 76.4 
73.1 76.7 

75.4 77.2 
77.9 80.8 

83.3 85.9 
82.0  84.1 

86.0 89.7 
86.5 89.9 
86.6 89.5 
90.5 86.9 
90.5 88.0 
87.4 85.8 
91.6 89.6 
91.7 90.2 
91.7 89.5 
91.0 89.5 
41.8 38.8 
80.3 73.0 
55.2 14.4 
24.0 9.8 
1.0 1.1 
55.0 27.4 
68.8 45.5 
63.0 40.4 
20.0 8.3 
3.5 0 
2.0 0 

55 -3 
58.8 
57.8 
59 -9 
59.7 
59.4 
64.1 
64.7 
64.7 
66.7 
69.6 
69.6 
71.2 
'71 5 
74.4 
77.5 
81.9 
80.6 
83.4 
84.2 
84.8 
91.4 
91.9 
89.3 
93 -2 
93 -8 
93 -6 
93 -0 
36.8 
70.8 
29.1 
8.6 
1.1 
18 .o 
31.9 
24.3 
2.9 
0 
0 

61.6 
64.5 
64.8 
66.3 
66.5 
66.9 
68 .o 
68.4 
68.6 
69.1 
71.9 
73.5 
74.7 
74.9 
76.7 
79.2 
84 .O 
85.2 
88.7 
89.3 
89.4 
91.4 
91.8 
87.4 
92.5 
92.5 
92.6 
91.7 
41.8 
80.3 
55 -2 
24 .O 
1 .o 
54.6 
69 .o 
63 .o 
200.9 
5 -0 
2-3 

62 .o 
62.8 

66.2 
68.2 
68.9 
69.9 
70 -7 
70.3 
70.2 
72 .O 

64 .O 

72.8 
74.7 
75 -1 
76.6 
80.8 
84.6 
86.5 
90 04 
90.6 
90.8 
87.5 
88.5 
85.8 
89.6 
90.7 
go .o 
89 .o 
38.8 
72.5 
13.9 
10.2 
2.1 
27.4 
44.5 
39 -9 
9.1 
2.8 
0 

41 .O 
44.2 
46 .O 
47.1 
47.3 
47.9 
54.6 
56.2 
56.4 
59.6 
60.6 
60.6 
61.9 
61.6 
63.2 
61 .o 

61.2 
70.6 
72.3 
72 .o 
92.5 
93 -0 
90.4 
95.9 
95.4 
94.2 
94.1 
37.6 
70.8 
29.7 
9.4 

19.1 

25.2 
8.7 

61.4 

0 

33 -0 

5.1 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
9.5 
78.1 
80.3 
87.8 
88 .o 
2.4 
1.3 
1.5 -0 
54 .O 
72.7 
73 -0 
86.3 
41.8 
72.3 
55-2 
22 .o 
1 .o 
24.2 
40.2 
52.5 

2.9 
2 .o 

17 .o 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
3 -8 
55 -1 
77.3 
83.4 
81.2 
1.6 
1 .o 
9.7 
k8 .o 
63.6 
67.8 
74.7 
31.6 
62.9 
6.1 
8.1 
0 
22.1 
39.9 
36.6 
8.7 
2.8 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
10 .g 
33.6 
35 -2 
31-7 
1.1 
0 
0 
0 
0 
0 
34.8 
16.4 
34.4 
16.2 
5.3 
0 
13.8 
26.6 
23.8 

O *  
0 

3.w 

6~(26OC) = + .5 f .6$ 
6T(526',  826OC) = + .5 f .% (TR = 0), A < 2 microns 

+ -5  f 1.5$ ( T ~  = .9), h < 2 microns 

+ .5 f 1.1% (TR = 0), A > 2 microns 
+ .5 1.s (TR = .9), A > 2 microns 
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TAELE XVI. Aluminosilicate Glass-Corning Code 1723-Transmittance 
vs . Temperature,  Non-irradiated 

Uncoated HEA Coating 
A T T T T T T 

Microns 26OC 526'~  826'~ 26OC 526'~ 826OC 

0,3342 
0.3651 
0.4048 
0.4358 
0.5461 
0 5771 
0 5792 
1.014 
1 . ~ 9  
1.368 
1.530 
1.693 
1.710 
2.000 
2 . 200 
2.300 
2.500 
2.600 
2.800 
3 .oo 
3.200 

3.600 
3.800 

3.400 

4 -00 

17 03 
70.6 
88.7 
89.8 
91.1 
91.4 
91* 3 
87 -3 
87.6 
88.9 
89.2 
89.2 
89.2 
89.0 
82.3 
84 .O 
76.2 
70.0 

2.0 
3.0 
6.9 
5 -0 
0.6 
1.5 
1-05 

0 
0 
0 

0.5 
27.6 
74.4 
86.8 
90.4 
91.7 
93 *2 
86 .O 
86.8 
89.3 
88 -3 
87.3 
88.4 
89.0 
80.8 

56 07 
83.1 

50.6 
0 
0 

7.5 
5.5 
0 
0 
0 

0 
0 
0 
0 

7 90 
46.4 
71.0 
89.1 
92.4 

87.4 
91.5 

86.5 
87.8 
88.2 
88.7 
87.7 
87.4 
73.5 
78.7 
47.6 
40.7 

0 
0 

6-5  
4.6 
0 
0 
0 

0 
0 

0.4 
14.2 
63.4 
88 -7 
93.4 
95 e3 
95 03 
95.3 
85.5 
83 *5 
80.5 
81.3 
81 -4 
81.4 
81.3 
75 -3 
76 -9 
68.5 
61.0 
1.1 
2.0 
6.6 
3.3 
0.6 
1.5 
1.5 

6~(26OC) = + .5 f .6$ 

6~(526Oc, 826'C) = + .5 f .% (TR = 0), A < 2 microns 
+ .5 f 1.5% (TR = .9), A < 2 microns 

+ .5 f 1.1% (TR = 0), A > 2 microns 

+ .5 f l.% (TR = .9), A > 2 microns 

0 
0 
0 

0.5 
23.2 
72.2 
86.3 
91.5 
93 -4 
94 =9  
84.4 
83 -9 
83.2 
81.9 
81.9 
83 .O 
83.5 
77 -4 
78 -7  
54.4 
49.8 

0 
@ 

7.2* 
5 *7 
0 
0 
0 

0 
0 
0 
0 

2 *9 
22.6 
46 .O 
70.8 
74 .O 
73 -0  
89.0 
87.5 
87- 3 
86 .2 
85.2 

83 -3 
69-7 
74  07 
45 -7 
39.6 

84.7 

0 
O* 

6.8* 
3.2 
0 
0 
0 
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TABU XVII. Aluminosilicate Glass-Corning Code li'23-Tranmittance 
VS. Temperature, After 30 Day Space Equivalent 
I r radiat ion 

Uncoated HEA Coating 
A T T T T T T 

Microns- . . - -~ - 26OC 526'~ 8 2 6 O c  - . .  26OC 526'~ 826OC 
0.3023 
0.3127 
0,3133 
0 4342 
0.3651 
0.4048 
0.4358 
0.5461 
0 5771 
0 5792 
1.014 
1.129 
1.368 

1.710 

2.300 
2.500 
2.600 
2 .a00 
3 .ooo 
3.200 

3.600 
3.800 

1.530 
1.693 

2 .oo 
2.200 

3.400 

4 .OW 

0 
0.3 
0.4 

10.5 
56 -9 
78 *3 
83.6 
88 .O 
88 .7 
88.7 
86.7 
87.0 
87 .o 
88.5 
03 a7 
88.7 
88.6 
80.5 
82.6 
74.5 
67.4 
1.0 
2.6 
5.9 
5 -0 
0.5 
1- 5 
1.0 

0 
0 
0 
0 

23.4 
68.4 
80.8 
87.9 
88 .O 
88.2 
86.6 
87.0 
86.7 
88 .O 
88.8 
89.1 
88.5 
78 09 

69.6 
80.2 

59.1 
0 
0 

4.0 
5.7 
1.5 
0 
0 

0 
0 
0 
0 

6.1 
43.4 
66 .O 
86.3 
89.6 
88.3 
86.0 
87.0 
86.4 
89.2 
89.5 
89.4 
88.7 
76  a7 
78.1 
64.8 
53 -7 

0 
0 

4 .O 
5 - 1  
0 
0 
0 

0 
0.2 
0.3 
8.4 

47.0 
79.5 
86 .4 
91.6 
92.5 
92.5 
85.3 
03 07 
82.0 
81.4 
81.3 
81.3 
80.5 
74.9 
76.1 
69. 5 
62.6 
0.5 
2.6 
5 -9 
5 *o 
0.5 
0.6 
0 

0 
0 
0 
0 

20.1 
68.4 
80.8 
89.6 
90.2 
90.5 
84.5 
83 e 3  
81.2 
82.2 
82.5 
81.7 
83.2 
74 *5  
76.2 
66 .O 
57.0 

O* 
O* 

7 -7 
5 -0 
1.5 
0 
0 

0 
0 
0 
0 

3.1 
31.1 
57 04 
85 *7 
88.4 
87.1 
86 .O 
83 09 
82.2 
83.4 
83 -3 
84.3 
82.4 
73 -3 
73.1 
61.8 
51.8 

0" 
O* 
7.1" 
4.4 
1.5 
0 
0 

6~(26Oc) = + .5 * .6$ 

6T( 526Oc,  826OC) = + .5 f .C& (TR = 0), h < 2 microns 

+ .5 f 1.5$ ( T ~  = .9), h < 2 microns 

+ .5 f 1.1% (TR = 0), A > 2 microns 

+ .5 * 1.9% ( T ~  = .9), h > 2 microns 
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TABU3 XVIII. Vycor-Corning Code 7913, Optical  Grade-Transmittance 
va !lkrnperature, Mn-irradiated 

Uncoated HEA Coating WBHM Coating 
h .T T T T T T T T T 

Microns 26Oc 526'~ 826 '~ 26OC 526'~ 826OC 26OC 526OC 826OC 

0.2303 
0 2379 
0.2407 
0 . 2447 
0 . 2465 
0 -2480 
0.2653 
0 . 2700 
0.2753 
0.2805 
0.2968 
0.3023 
0.3327 
0 3133 
0 4342 

0.4048 
0.4358 
0 . 5461 
0 5771 
0 - 5792 
1.014 
1.129 
1.368 
1.530 
1-693 
1.710 

2.300 
2.500 

3 .om 
3.200 

3.600 

0.3651 

2 .ooo 
2 0200 

2.600 
2 -800 

3 .400 

3.800 
4.000 

1.4 
6.1 
7 -4 
9.5 

10 00 
10.7 
14.5 
16.5 
19.1 
22.6 
39.6 
44 .O 

60.8 
78.0 
90.0 
92.7 
88.1 
93 00 
93.0 
93 -0 
92.5 
92.5 
91.5 
92 *7 
93 -0 
93.0 
92.0 
82.6 
86.5 
77.0 
59.0 
2.0 

49.5 
58.3 
43 .O 

0.9 
7-0 
2.5 

60.3 

0 
0 
0 
0 
0 

0.5 
9.0 

10.6 
14.4 
16.9 
28.1 
30.5 
41.4 
42.1 
57  06 
75 -6 
85 .9 
83.3 
90.5 
89.5 
90- 5 
90.3 
89.8 
87.9 
88 .6 
89.4 
90.0 
88 .O 
74.1 
77.1 
57-3 
36.1 
4.1 

36 *7 
43 .6 

0 
0 
0 

29.1 

0 
0 
0 
0 
0 

0.2 
1.0 
1.6 
2 *7 
4.5 

22.2 
27 .o 
41.3 
41.8 
56.4 
79.8 
92.7 
89.0 
96 -7 
96.5 
96.5 
88.6 
85 .4 
79 .6 
81.2 
81.9 
81.9 
81.5 
74.5 
76 -3 
71.7 
57-6 
2.0 

43.5 
53 -2 
43.0 
2.0 
7.0 
3.3 

0 
0 
0 
0 
0 
0 
0 
0 
0 

4.4 
11.3 
14.5 
23.6 
25.1 
42.9 
73.0 
90.5 
88.5 
95 -8 
96.8 
95 -7 
90.4 
85.3 
91.9 
82 .O 
82 .8 
82.5 
82.5 
73-0 
75.2 
60.8 
39.3 
3 -7 

38.8 
47.4 
34  .4 

0 
6.W 
0 

0 
0 
0 
0 
0 

0. 5 
0.6 
0 
0 

2.5 
5 -9 
7 -6 

16.6 
16.8 
28.2 
30.2 
45.9 
62.5 
71.5 
69.3 
70.3 
90-9 
89.8 
84.4 
83.4 
83 -2 
83.8 
81.4 
68.9 
72 .o 
54.6 
35 *6 

@ 
35 -7 
42.1 
29.6 

0 
4 .ox 
0 

A < 2 microns 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

82.5 
86.0 
90.1 
88.5 
88.5 
7.0 
4.8 

15  -7 
83 .O 
90.0 
90.0 
86 .O 
74.5 
80.8 
65.1 
57 06 
1.0 

20.5 
34.5 
35 05 
0.9 
7.0 
2.5 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

44.4 
68.1 
86.7 
88.3 
86.1 

1.7 
0.5 

38.5 
76 03 
75 -1 
72 -9 
74 -9 
69,8 
67.6 
55.9 
38.9 
2 02 

36 .4 
47.9 
30.9 

0 
6.0* 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2.4 

31.1 
13 .o 

20.8 
20.7 

0 
0 

9.7 
17.5 
24.7 
24.5 
32 .o 
31.6 
33 -0 
29.8 
19.9 
0.2 

26.1 
34 .O 
26.6 

0 

0 
5.2 * 

+ .5 f 1.5s (TR = -9), h < 2 microns 
+ .5 * 1.1% ( T ~  = 0), h > 2 microns 

+ .5 f ~ . S ( T ~  = .9), > 2 microns 

" 
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T B I E  XM. Vycor-Corning Code 7913, Optical  Grade-Warmnittame 
YS. Temperature, After 30 Day Space Equivalent 
I r r ad ia t ion  

Uncoated HEA Coating WBHM Coating 
A T T T T T T 1 T T 

Microns 26'12 526'~ 826'~ 26'~ 526'~ 826'~ 26OC 526'~ 826OC 
0.2303 
0 2379 
0.2407 
0.2447 

0.2480 
0.2465 

0.2653 
0.2700 

0,2805 
0 -2753 

0.2968 
0.3023 
0.3127 
0 3133 
0.3342 

0.4048 
0.4358 
0.5461 
0.5771 
0.5792 
1.014 
1.129 
1.368 

1.710 

2.300 
2.500 
2.600 

3 .ooo 
3 -200 

3.600 
3 -800 
4 .ooo 

0.3651 

1.530 
1-693 

2.000 
2.200 

2.800 

3 -400 

1.0 
3.8 
5.0 
6.4 
7.0 
7.4 
11.1 
12.7 
14 -8 
17.5 

31.7 
48.1 
48-3 

30.0 

66.5 
80.5 
86.0 
87 .o 
90.5 
90.7 
90.8 
90.7 
92 .o 
87.4 
92.4 
93.0 
93 -1 
92 .o 
80.5 
85.0 
79.5 
61.0 
1.0 
47.0 
56-5 
44.0 
1.2 
6.5 
2.0 

0 
0 
0 
0.6 
1.9 
2.2 
10.8 
12.7 
15.4 
17.1 
27 -7 
28.1 
41.2 
40.1 
57- 5 
74.2 
83 -1 
86.2 
90.3 
89*9 
90.5 
89.8 
90.0 
86.2 
91.3 
92.4 
92.6 
91.0 
77.0 
83 -0 
69.6 
45.3 
1.5 
40.0 
49.7 
37.3 
0.5 
2 -7 
0 

0 
0 
0 
0 
0 
0 
6.1 
8.0 
10.5 

21.7 
22.6 
33 -7 
33 -6 
49.8 
70.8 

13 -1 

83 -9 
87.0 
91.0 
91.2 
91.8 
90.3 
91.4 
86.9 
91  -4 
92.4 
91.7 
91.4 
79.1 
80.9 
62 .o 
47.2 
1.7 
36.6 
44.1 
31.3 
0 
5.3 
0 

0 
0 
0 
0 
0.1 
0.1 
0.8 
1.4 
2.3 
4.0 
17.0 
24.3 
34.4 
34.5 
47.6 
69.0 
84.2 
88.3 
94 .O 
94 .o 
94.0 
90.0 
86.6 
82.9 
81.6 

82.5 
82.3 

82.4 

65-5 
79.1 
71.4 
52.5 
2 -2 
45.0 
52.5 
36.0 
1.0 
5.2 
3 -2 

0 
0 
0 
0 
0 
0 
0 
0 
1.1 
4.3 
10.1 
12.4 
21.7 
21.6 
38 -7 
66.3 
83.1 
86.8 
93 -0 
92.1 
92.1 
86.7 

87.7 
82.1 
83.1 

81.8 

84.5 

82.4 

69.9 
75.6 
65.7 
43.4 
1.6 
37.7 
46.9 
36  09 
0.9 
8-2 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
1.3 
3 -2 
4.9 
10.6 
11.1 
18 -7 
28.2 
52.8 
69.6 
76.2 
77-3 
77.9 
89.8 
88.4 
81.1 
83.8 

83.6 
83.2 
73-1 
73.9 
58.1 
40.1 
2.2 
36.2 
41.7 
30.3 
O* 
5.3 
0 

84.2 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

61.6 
63.9 
69.1 
72.0 
72.1 
7.0 
3.7 
17.0 
86.5 
87.8 
87.9 
85.1 
63.5 
83.0 
61.0 
51.0 
2.0 

33 -0 
20.5 

26.5 
0.6 
4.1 
2.0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

38.6 

80 -3 
80.3 
80.9 
1.5 
1-5 
29.6 

63 -3 

76.4 
77.0 
73.7 
75 *6 
67.4 
66.8 
59.0 
40.1 
0.9 
34.1 
46.5 
31.4 
0.9 
9.1. 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
2.1 
15.9 
35-8 
17.0 
14.4 
0 
0 

11.6 
23-7 
28 -2 
29.1 
39.0 
38.5 
38.2 
35 -1 
24.8 
0.3 
27.8 
37.0 
29.8 
0" 
0" 
0 

ST(26OC) = + -5 f .6$ 
ST( 526'~~  826'~) = + .5 f .% (TR = 0) , A < 2 microns 

+ .5 f 1.5% ( T ~  = .9), h < 2 microns 

+ .5 f 1.1% (TR = 0), A > 2 microns 

+ .5 f 1-s (TR = .9), A > 2 microns 
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TABU XX. Fused Si l icaCorning Code 7940, Ultraviolet  Grade- 
Ektinction  Coefficient VS. Temperature,  Non-irradiated 

h m lo8 Kx lo8 
Microns 26Oc  526'~ 

Kx lo8 
826OK 

0.23021 
0 23783 
0.2407 
0.2465 
0.24827 
0.26520 
0.27528 
0.28035 
0 29673 
0 030215 
0.3130 
0-33415 
0.36502 
0.4&66 
0.43584 
0.54607 
0 . 5780 
1.01398 
1.12866 

1.36728 

1.660 
1.701 
1.981 
2 -262 
2-553 
3 -00 
3.245 
3 037 

1.254 

1.470 
1.52452 

9.ll4 
6 -708 
6 . 702 
5 589 
5-785 
6.706 
6.809 
6.853 
3 -714 
2.942 
2 *992 
0.4464 
0.5292 
0.6137 
0 5937 

0.7354 
4 0679 
4 0833 

0.8787 

12.83 
51.26 
6 -901 
6 =557 
4 -999 
5.264 
15 049 
402.5 
888.8 
76.1 
395  09 
563 -9 

10.82 
7 309 
6.67 
6.844 
7.953 
5.108 
5 0719 
5 0459 
1.849 

3 189 
0.5008 
1.300 
2.277 
1 334 
2 -873 
1 187 
6.962 

4 A27 

10.11 
20.66 
50.41 
45.30 
15 092 
16.82 
12.41 
34  -63 
448.7 
835.4 
1644. 
1079 
1196 . 

3 0271 
2.880 
0.8251 
1.490 
1.u1 
1.141 
3 183 
1.502 
8.064 
11-35 
22.02 
55-55 
46.22 
16 .n 
18.68 
20.03 
36  -89 
553-9 
968.1 
2453. 

1768. 
1674. 
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TAEJU XXI. Fused Silica-Corning Code 7940, Ultraviolet Grade- 
Extinction  Coefficient  vs. Temperature, After 
30 Day space  Equivalent  Irradiation 

A m lo8 m lo8 Kx lo8 
Microns 26OC 526'~ 826OC 

0.23021 
0 23783 
0 . 2407 
0.2465 
0 -24827 
0.26520 
0.27528 
0.28035 
0.29673 
0.30215 
0.3130 
0 33415 
0.36502 
0.40466 
0.43584 
0.54607 
0.5780 
1.01398 
1.12866 

1.36728 

1.660 
1.701 
1.91 
2.262 
2.553 
3.000 
3.245 
3.37 

1.254 

1.470 
1.52452 

I 

51-42 

49.24 
47.01 

42.50 
43.12 
40 . 18 
37 10 
37 -84 
35 -75 
32.23 
28.81 
22.23 
27.21 

46 *79 

47 33 

26.23 
24 -76 
9.050 
7 509 

14.00 
26.96 
23 -33 

1.400 

1- 956 
1.848 

5.048 
447 -7 

20l l .  
2209. 
1526 . 
1753 



TABLE XXII. Aluminosilicate Glass-Corning Code 1723- 
B t i n c t i o n  Coefficient vs. Temperature, 
Non-irradiated 

h m lo8 
Microns 26Oc 

Io( lo8 
526OC 

0,33415 
0 -36 502 
0.4&66 
0.43584 

0.5780 
1.01398 

0.54607 

1.12866 
1.36728 

1.660 
1.701 
1.981 
2 262 
2.553 
2.665 

1.52452 

737 09 
120.6 
l-2 039 
6.829 
2.258 
2 *734 

61.75 
64 19 
52.28 
52-51 
57 0 9 4  
59.83 
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TABU XXIII. Aluminosilicate  Glass-Corning Code 1723- 
Extinction  Coefficient VS. Temperature, 
After 30 Day Space Equivalent  Irradiation 

h 
Microns 

0.33415 
0.36 502 
0.4O466 
0.43584 
0 . 54607 
0 - 5780 

1. E866 

1 . 524  52 
1.660 

1 . 01398 

1.36728 

1 701 
1.981 
2,262 
2 553 
2 -665 

x% lo8 m108 
28OC 526'~ 
961.1 3035. 
225 9 657 -8 
79-62 150.8 
48 -36  67.26 
25 .& 24 95 
20-75  25-90 
71 07 71 .o4 
74 53 72 079 
91.65 95 -87 
68.51 77 77 
70.38  65.44 
72.57 59 92 
89 -96 90.02 

346 -7 426 -2 
888.5 1170. 

1792 2324. 



TABLE. XXIV. Vycor-Corning Code 7913, Optical Grade-Extinction 
Coefficient VS. Temperature, Non-irradiated 

h Kx lo8 m lo8 
Microns 26Oc 526'~ 

x)c lo8 
8260c 

0.26520 
0 -29673 
0.30215 
0.3130 
0.33415 
0.36 502 
0 -40466 
0.43584 
0.54607 
0.5780 
1.01398 
1.12866 

1.36728 

1.660 
1.701 
1.981 
2.262 
2 553 

1.254 

1.470 
1.524 52 

1097 * 
657.6 
613.2 
430.0 
234 -2 
78.80 
22.09 
51.20 
11-35 
15.06 
35-71 
48.40 
54 76 
85.82 

79.65 
49 95 
47 -95 

100 . 1 

114.2 
649.5 

2866. 

1297 
741  -7 
703 .4 
521.5 
332.2 
155.1 
65  -39 
99 31 
31-41 
39-90 
68.70 
90.49 

116.2 
173 00 
190.5 
169.1 
161.8 
146.4 
254.1 

1001. 
3648. 
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TABLE XXV. Vycor-Corning Code 7913, Optical  Grade-Extinction 
Coeff i c i en t  VB. Temperature, After 30 Day Space 
Equivalent  Irradiation 

h 

Microns 

0 . 26  520 
0 . 29673 

0.33415 
0.36502 

0.30215 
0.3130 

0.40466 
0.43584 
0.54607 
0.5780 
1.01398 
1.12866 

1.36728 

1.660 
1.701 
1.91 
2.262 
2-553 

1.254 

1.470 
1.52452 

m lo8 m lo8 m lo8 
. . .  26Oc . 526'~ 826OK 

1182 . . . -~ ~ - 
11% . 1514 . 

703 -0 751.6 903 02 
681.0 756 5 894.1 
429.9  540.1  665.4 
233 -4 334 04 434.6 
109 -2 170. 5  205 5 
66 077 93 -66 85.41 
62.01 69.07 59.52 
34 36  35  023 25 -09 
34 -08 39.05 20.34 
64.31  82.63 68.70 
38.64 87 59 48.62 
81.41  127  -7 101.5 

196.1 232.0 205 9 
173 -2 211.3 197  *6 
42 -01 76.14 69.41 
28.20 56  056 52.62 
25.65 40.21 52.10 
78 -78 118.8 96 36 

580.8  725.9  744 07 
1509. 2693 - 2909- 

I 
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