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A LABORATORY MEASUREMENT OF METEOR LUMINOUS EFFICIENCY* 

by J. F. F r i i c h t e n i c h t ,  J. C.  S l a t t e r y ,  and E. T a g L i a f e r r i  

ABSTRACT 

The luminous e f f i c i e n c y  T ~ ,  as defiped i n  meteor theo ry ,  has  

been determined by measuring t h e  t o t a l  r a d i a n t  energy from luminous 

t ra i ls  produced by i n j e c t i n g  high v e l o c i t y ,  sub-micron d i ame te r ,  i r o n  

p a r t i c l e s  i n t o  gaseous t a r g e t s .  The high v e l o c i t y  p a r t i c l e s  were ob- 
t a i n e d  from a n  e l e c t r o s t a t i c  p a r t i c l e  a c c e l e r a t o r  and t h e  v e l o c i t y  

and mass of each p a r t i c l e  w a s  measured p r i o r  t g  e n t e r i n g  t h e  gas .  

P a r t i c l e  v e l o c i t i e s  ranged from about 1 5  km/sec t o  40 km/sec. I n  
t h i s  v e l o c i t y  range,  t h e  p a r t i c l e s  a re  completely vaporized wh i l e  

s u f f e r i n g  small decelerat ion,which is  a l s o  t h e  case f o r  most n a t u r a l  

meteors.  

means of a c a l i b r a t e d  p h o t o m u l t i p l i e r  tube.  

The t o t a l  r a d i a n t  energy from t h e  t r a i l  w a s  determined by 

The luminous e f f i c i e n c y  i n  t h e  s p e c t r a l  band 3400-6300 A f o r  

an  a i r  t a r g e t  and i r o n  p a r t i c l e s  was found t o  be n e a r l y  cons t an t  over  

t h e  v e l o c i t y  i n t e r v a l  from 20 t o  40 km/sec, 

wi th  t h e  t h e o r e t i c a l  t reatment  of 'dpik f o r  meteors  w i th  g r e a t l y  

d i l u t e d  comas. 

is about two o r  t h r e e  t i m e s  l a r g e r  than 'dpik 's  p red ic t ed  va lue .  

20 km/sec t h e  r e s u l t s  are i n  good agreement wi th  t h e  va lue  g iven  

r e c e n t l y  by Verniani .  

v e l o c i t y  dependence. 

v e l o c i t i e s .  

Th i s  is i n  agreement 

However, t h e  average va lue  of T~ was about 0.005 which 

A t  

However, Vern ian i ' s  r e s u l t s  i n d i c a t e  a l i n e a r  

Hence t h e  agreement d e t e r i o r a t e s  a t  higher  

* 
Supported by NASA under Contract  NASw-1336. 



A LABORATORY MEASUREMENT OF METEOR LUMINOUS EFFICIENCY 

by J. F. F r i i c h t e n i c h t ,  J .  C .  S l a t t e r y ,  and E. T a g l i a f e r r i  

1. INTRODUCTION 

The q u a n t i t y  meteor luminous e f f i c i e n c y  T is de f ined  by t h e  ex- 
S 

p r e s s i o n  

T v2 dm/dt 1 1 = - -  
S 2 s  

where I is  t h e  in s t an taneous  luminous i n t e n s i t y  
S 

of t h e  meteor t r a i l  i n  

t h e  s p e c t r a l  range s ,  m and v are t h e  mass and v e l o c i t y  of t h e  meteoroid,  

and dm/dt i s  t h e  ra te  of mass l o s s  of t h e  meteoroid. It i s  g e n e r a l l y  

assumed t h a t  t h e  primary mechanism of mass loss is by evapora t ion  of atoms 

from t h e  meteoroid s u r f a c e  and t h a t  t h e  luminous t r a i l  arises from t h e  de- 
e x c i t a t i o n  of c o l l i s i o n a l l y  e x c i t e d  meteor atoms and a i r  molecules ( o r  

atoms).  

l a r g e  enough t o  ensu re  t o t a l  meteoroid v a p o r i z a t i o n  wh i l e  i t  s u f f e r s  

n e g l i g i b l e  d e c e l e r a t i o n .  For t h i s  s p e c i a l  case, Eq. (1) can be i n t e g r a t e d  

d i r e c t l y  y i e l d i n g  

For high i n i t i a l  v e l o c i t i e s ,  t h e  k i n e t i c  energy p e r  meteor atom is 

1 2 
E = T  - m  v - s s 2 0 0  - TS Eo 

where E 

r ange  s and E 

atmosphere. 

is t h e  t o t a l  r a d i a n t  energy from t h e  meteor t r a i l  i n  t h e  spectral  

i s  t h e  k i n e t i c  energy of t h e  meteoroid be fo re  i t  e n t e r s  t h e  
S 

0 

A s  expressed i n  Eq. ( 2 ) ,  T~ i s  dimensionless  and simply r e p r e s e n t s  

t h e  f r a c t i o n  of meteor k i n e t i c  energy converted t o  r a d i a n t  energy. 
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Astronomers t r a d i t i o n a l l y  expres s  meteor i n t e n s i t y  i n  terms of photographic 

o r  visual magnitudes and t h e  va lue  (and dimensions) of T~ must be a d j u s t e d  

accordingly.  Throughout t h i s  r e p o r t ,  w e  u se  T a s  given i n  Eq. (2) and w e  

deno te  t h e  expe r imen ta l ly  measured luminous e f f i c i e n c y  by T ~ .  
S 

I n  o r d e r  t o  deduce t h e  meteor mass from photographic r e c o r d s  of t h e  

t r a i l s ,  T must b e  known. A t  p r e s e n t ,  T is  not known wi th  a high degree  

of confidence.  

processes  involved. 

number of d i f f e r e n t  atomic s p e c i e s  and they  a l l  i n t e r a c t  w i t h  atmospheric  

molecules. Add t o  t h i s  t h e  f a c t  t h a t  each atom s u f f e r s  m u l t i p l e  c o l l i s i o n s  

b e f o r e  reaching equ i l ib r ium wi th  t h e  atmosphere and i t  can be seen t h a t  t h e  

number of p o s s i b l e  e x c i t e d  l e v e l s  becomes enormous. 

S S 
This  stems from t h e  complexity of t h e  atomic c o l l i s i o n  

I n  t h e  g e n e r a l  case, t h e  meteoroid is composed of a 

Numerous a t t empt s  u t i l i z i n g  s e v e r a l  d i f f e r e n t  approaches have been 

made t o  so lve  t h i s  problem. 
0' 1 Opik 

atmosphere as desc r ibed ,  f o r  example ,  by McCrosky and Soberman, 

Jewel1 and win em ax^,^ and Ayers . l  

e f f i c i e n c y  t o  meteor d e n s i t y  f o r  a number of photographic meteors and, by 

then  assuming a v a l u e  f o r  t h e  d e n s i t y ,  ob ta ined  v a l u e s  f o r  t h e  luminous 
6 

e f f i c i e n c y .  Both V e r n i a n i ' s  paper and a r e c e n t  review a r t i c l e  by Romig 

c o n t a i n  ex tens ive  b i b l i o g r a p h i e s  p e r t a i n i n g  t o  t h e  g e n e r a l  problem of 

determining meteor luminous e f f i c i e n c y .  

These range from t h e  a n a l y t i c a l  approach of 

t o  t h e  use  of r o c k e t s  t o  produce a r t i f i c i a l  meteors  i n  t h e  e a r t h ' s  
2 

5 Verniani  determined t h e  r a t i o  of luminous 

I n  t h i s  paper,  w e  d e s c r i b e  an  a t t empt  t o  de t e rmine  T by a l a b o r a t o r y  
S 

measurement. 

sub-micron diameter ,  s o l i d  i r o n  p a r t i c l e s  i n t o  low p r e s s u r e  g a s  t a r g e t s  

and measuring t h e  t o t a l  luminous energy emi t t ed  from t h e  t r a i l  as t h e  par- 

t i c l e  vapor i zes  i n  t h e  gas .  The mechanism of producing t h e  luminous t r a i l  

i n  t h e  l a b o r a t o r y  experiments i s  t h e  same as t h a t  f o r  n a t u r a l l y  occur r ing  

meteors.  Furthermore, t h e  p a r t i c l e  material ,  i r o n ,  is  one of t h e  more 

important elements found i n  m e t e o r i t e s .  The main d i f f e r e n c e s  between t h e s e  

experiments and n a t u r a l  meteor phenomena are t h e  s i z e  of t h e  pa r t i c l e  and t h e  

a b s o l u t e  g a s  pressure i n  t h e  t a r g e t  chamber. S ince  t h e  luminous t r a i l  arises 

from r e a c t i o n s  on an atomic scale,  t h e  d i f f e r e n c e  i n  pa r t i c l e  s i z e  appea r s  

The experiments are implemented by i n j e c t i n g  h igh  v e l o c i t y ,  

2 



t o  be of no consequence. 

c u l t  t o  assess. 

is such t h a t  c o l l i s i o n a l l y  e x c i t e d  atoms o r  molecules probably de -exc i t e  b e f o r e  

s u f f e r i n g  a d d i t i o n a l  c o l l i s i o n s .  

The e f f e c t  of higher  gas  p r e s s u r e  is more d i f f i -  

Na tu ra l  meteors  occur  a t  a l t i t u d e s  where t h e  mean f r e e  p a t h  
t 

This  may not be t h e  case f o r  t h e  l a b o r a t o r y  
I experiments where t h e  p r o b a b i l i t y  of c o l l i s i o n s  between e x c i t e d  atoms is  in- 

c reased  because of t h e  higher  gas  p re s su re .  

sys t ema t i c  e r r o r  i n  t h e  measured luminous e f f i c i e n c y  could be introduced by 

t h i s  e f f e c t .  

o r d e r  t o  f u l l y  e v a l u a t e  t h e  a p p l i c a b i l i t y  of t h e s e  experiments t o  t h e  

o b s e r v a t i o n  of n a t u r a l  meteors.  

It is conceivable  t h a t  a 

Add i t iona l  a n a l y t i c a l  and experimental  work w i l l  be r equ i r ed  i n  

2. EXPERIMENTAL TECHNIQUES AND PROCEDURES 

2.1 TOTAL LUMINOSITY MEASUREMENT 

The t echn iques  u t i l i z e d  i n  t h e s e  experiments are q u i t e  similar t o  t h o s e  

desc r ibed  by S l a t t e r y  and F r i i c h t e n i c h t 7  i n  t h e i r  paper on i o n i z i n g  p robab i l -  

i t i e s  and on ly  a b r i e f  review w i l l  be given he re .  

mental  a p p a r a t u s  is  shown i n  F igu re  1. 

ob ta ined  from an e l e c t r o s t a t i c  par t ic le  a c c e l e r a t o r 8  which c o n s i s t s  

p r i n c i p a l l y  of a 2-mill ion-volt  Van d e  Graaff gene ra to r  and a charged par- 

t i c l e  i n j e c t o r .  and charge q of each p a r t i c l e  used i n  t h e  

experiment -are determined by means of d e t e c t o r s  which have been desc r ibed  

e l  sewher e. 9’10 

v o l t a g e  p u l s e ,  t h e  ampli tude of which i s  p r o p o r t i o n a l  t o  t h e  pa r t i c l e  charge 

w h i l e  t h e  d u r a t i o n  g i v e s  t h e  p a r t i c l e  t r a n s i t  t i m e  through t h e  d e t e c t o r .  

Although t h e  p a r t i c l e  v e l o c i t y  can  be obtained from a s i n g l e  d e t e c t o r ,  t h e  

accuracy is  improved by measuring t h e  t r a n s i t  time of t h e  p a r t i c l e  between 

two d e t e c t o r s  placed a l a r g e  d i s t a n c e  (Q 100 c m )  a p a r t .  This  is  accomplished 

by t r i g g e r i n g  t h e  sweep of an o s c i l l o s c o p e  by t h e  s i g n a l  from t h e  f i r s t  de- 

t e c t o r .  The s i g n a l  from t h e  second d e t e c t o r  i s  d i sp layed  on t h i s  sweep and 

t h e  t i m e  i n t e r v a l  between t h e  Star t  of t h e  t r a c e  and t h e  l ead ing  edge of t h e  

s i g n a l  from t h e  second d e t e c t o r  g i v e s  t h e  t r a n s i t  time between t h e  two 

d e t e c t o r s .  

A s k e t c h  of t h e  experi-  

The h igh  v e l o c i t y  i r o n  p a r t i c l e s  are 

The v e l o c i t y  v 
0 

The ou tpu t  s i g n a l  from one of t h e s e  d e t e c t o r s  is  a r e c t a n g u l a r  

The p a r t i c l e  charge q i s  p ropor t iona l  t o  t h e  amplitude of t h e  

3 



o? 
W 

3 3 

r 

r- 
5 a\ 

1 
w > 

4 



s i g n a l  from t h e  second d e t e c t o r .  

L 
s Given v and q ,  t h e  p a r t i c l e  mass m is  c a l c u l a t e d  from 1 / 2  mvo = qV 

0 0 
1 where V is the t o t a l  a c c e l e r a t i n g  v o l t a g e  of the Van d e  Graaff gene ra to r .  

Only a small f r a c t i o n  of t h e  t o t a l  f l u x  of p a r t i c l e s  from t h e  accel- ' e r a t o r  is  compatible w i t h  a given set of experimental  c o n d i t i o n s .  Because 

of t h e  method of charging,  t h e  p a r t i c l e  v e l o c i t y  is  a f u n c t i o n  of mass, and 

an adequate  s e l e c t i o n  of s a t i s f a c t o r y  p a r t i c l e s  can be made by r e q u i r i n g  

t h a t  t h e  p a r t i c l e  v e l o c i t y  l i e  i n  some predetermined i n t e r v a l .  

accomplished by t h e  p a r t i c l e  parameter s e l e c t o r  shown i n  F igu re  1. 

d e v i c e  pe rmi t s  s e l e c t e d  p a r t i c l e s  t o  e n t e r  t he  experiment wh i l e  a u t o m a t i c a l l y  

r e j e c t i n g  a l l  o t h e r s .  One of t h e  p a r t i c l e  d e t e c t o r s  used i n  t h i s  u n i t  a l s o  

p rov ides  t h e  t r i g g e r  p u l s e  which s tar ts  t h e  o s c i l l o s c o p e  sweep. 

Th i s  is 

This  
I 
i 

A f t e r  t r a v e r s i n g  t h e  v e l o c i t y  measuring range,  t h e  p a r t i c l e s  e n t e r  

t h e  gas  t a r g e t  r eg ion  by passing through t h e  i s o l a t i n g  channels  of a one- 

s t a g e  d i f f e r e n t i a l  pumping system. 

by 1 cm long and a p r e s s u r e  of s e v e r a l  t e n t h s  Torr can be supported i n  t h e  

t a r g e t  chamber without apprec i ab ly  a f f e c t i n g  t h e  main a c c e l e r a t o r  vacuum 

which i s  nominally 1 0  Torr.. The p res su re  i n  t h e  t a r g e t  chamber is  ad- 

j u s t e d  by means of a p r e c i s i o n  v a r i a b l e  l eak  c o n t r o l  and i s  cont inuously 

n o n i t o r e d  wi th  a P i r a n i  gauge, The c o r r e c t  p r e s s u r e  t o  be used is  f i x e d  

by rhe requirement t h a t  t h e  p a r t i c l e  b e  completely vaporized while  w i t h i n  

t h e  c o n f i n e s  of t h e  t a r g e t  chamber and was determined by t r i a l  and e r r o r  

t o r  d i f f e r e n t  r anges  of p a r t i c l e  v e l o c i t i e s .  

The channels are 0.100 inch  diameter 

-5 

Upon e n t e r i n g  t h e  t a r g e t  g a s ,  t h e  p a r t i c l e  is  heated t o  t h e  vapori-  

z a t i o n  p o i n t  by c o l l i s i o n s  wi th  t h e  t a r g e t  gas  molecules.  

mass of a pa r t i c l e  which e n t e r s  t h e  g a s  with a v e l o c i t y  vo and d e c e l e r a t e s  

t o  a lower v e l o c i t y  v i s  given by 

The remaining 

where )I, I', and 5 are ,  r e s p e c t i v e l y ,  the hea t  t r a n s f e r  c o e f f i c i e n t ,  t h e  
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drag  c o e f f i c i e n t ,  and t h e  l a t e n t  hea t  of vapor i za t ion .  Choosing repre- 

s e n t a t i v e  v a l u e s  f o r  A ,  r ,  and 5 ,  i t  can be shown t h a t  m = .01 m f o r  a par-  

t i c l e  dece le ra t ed  from an i n i t i a l  v e l o c i t y  of 40 km/sec t o  a f i n a l  v e l o c i t y  

of 38.4  km/sec. I n  o the r  words, f o r  h igh  i n i t i a l  v e l o c i t i e s ,  t h e  p a r t i c l e  i s  

almost completely vaporized whi le  s u f f e r i n g  n e g l i g i b l e  (o r  a t  least  sma l l )  

dece le ra t ion .  It should be noted t h a t  t h e  preceding express ion  i s  v a l i d  

r e g a r d l e s s  of t h e  magnitude of t h e  p a r t i c l e  mass. However, t h e  range  of 

a p a r t i c l e  i n  t h e  gas  is  mass dependent and t h e  p r e s s u r e  i n  t h e  chamber 

must be ad jus t ed  t o  i n s u r e  t h a t  t h e  p a r t i c l e  vapor i zes  e n t i r e l y  wh i l e  s t i l l  

i n  the t a r g e t  chamber. 

1 / 2  m v 

0 

For small d e c e l e r a t i o n  vo vf and w e  take 
2 as t h e  k i n e t i c  energy a v a i l a b l e  f o r  producing r a d i a n t  energy.  

0 0  

The t o t a l  r a d i a n t  energy emitred from t h e  vapor iz ing  p a r t i c l e  was 

determined by means of a c a l i b r a t e d  RCA 6199 pho tomul t ip l i e r  t ube  (PMT). 

The PMT was pos i t ioned  wi th  i t s  a x i s  perpendicular  t o  t h e  a x i s  of t h e  pa r -  

t i c l e  beam and a t  a d i s t a n c e  of 30 cm from t h e  nominal c e n t e r  of t h e  beam 

a x i s .  The a x i s  of t h e  PMT w a s  l oca t ed  Q, 4 cm downstream from t h e  e n t r a n c e  

ape r tu re  of t h e  t a r g e t  chamber. A one-inch wide s l o t ,  which extended t h e  

f u l l  l ength  of t h e  t a r g e t  chamber (% 31  cm), served as t h e  viewing p o r t .  

In  a d d i t i o n  t o  t h e  main PMT, s i x  o t h e r  PMT's ( t h r e e  on e i t h e r  s i d e  of t h e  

t a r g e t  chamber) were pos i t i oned  along t h e  l e n g t h  of t h e  t a r g e t  chamber. 

These gave a measure of t h e  l e n g t h  of t h e  luminous t r a i l .  

The PMT bases  were wired i n  a convent iona l  manner wi th  t h e  photo- 

cathode a t  a nega t ive  h igh  v o l t a g e  and t h e  anode a t  ground. The c u r r e n t  

from t h e  main PMT w a s  e f f e c t i v e l y  i n t e g r a t e d  a t  t h e  anode by i n s t a l l i n g  a 

small capac i to r  i n  pa ra l l e l  wi th  a l a r g e  anode r e s i s t o r .  The RC t i m e  c o n s t a n t  

a t  t h e  anode was f ixed  a t  % 10 msec which w a s  v e r y  long compared t o  t h e  t i m e  

i n t e r v a l  over which r a d i a t i o n  w a s  emi t ted .  

t h e  p u l s e  appearing a t  t h e  anode of t h e  PMT w a s  p r o p o r t i o n a l  t o  t h e  t o t a l  

r a d i a n t  energy produced by t h e  vapor iz ing  par t ic les .  

t h e  o t h e r  s i x  PMT's were s e n s i t i v e  t o  in s t an taneous  luminous i n t e n s i t y .  The 

output  s i g n a l s  from a l l  of t h e  PMT'S were f ed  t o  broad-band emitter fo l lower  

c i r c u i t s  and then t o  t h e  a p p r o p r i a t e  r eco rd ing  o s c i l l o s c o p e s .  

Thus, t h e  v o l t a g e  ampli tude of 

I n  c o n t r a s t  t o  t h i s ,  

The s o l i d  ang le  subtended by t h e  photocathode of t h e  main PMT is  a 



f u n c t i o n  of p o s i t i o n  along t h e  a x i s  of t h e  p a r t i c l e  beam as i s  t h e  

in s t an taneous  i n t e n s i t y  of the t r a i l .  The t o t a l  r a d i a n t  energy i n c i d e n t  on 

the photocathode is g iven  by I(x) Q(x) dx where I ( x )  is  t h e  i n t e n s i t y  and 

R(x) is  the subtended s o l i d  a n g l e  a t  each point  a long  t h e  t ra i l .  By assuming 

cons t an t  p a r t i c l e  v e l o c i t y ,  t h e  i n t e n s i t y  v a r i a t i o n  as a func t ion  of p o s i t i o n  

can be  determined by t h e  u s e  of Eq. (1) providing t h e  end p o i n t  of  t h e  t r a i l  

is s p e c i f i e d .  The end p o i n t  of t h e  t ra i l  was i d e n t i f i e d  f o r  each p a r t i c l e  

by means of t h e  6 PMT's s t a t i o n e d  a long  t h e  t r a j e c t o r y  of t h e  par t ic le .  It 

was assumed t h a t  t h e  luminous t r a i l  ended a t  t h e  p o s i t i o n  of t h e  PMT which 

d i d  no t  g i v e  a d e t e c t a b l e  output  s i g n a l .  The i n t e g r a l  was eva lua ted  f o r  

each of t h e  six p o s s i b l e  end p o i n t s  and a s u i t a b l e  c o r r e c t i o n  was made t o  

the measured pu l se  height  from t h e  PMT t o  account f o r  t h e s e  e f f e c t s .  The 

extreme va lues  of t h e  c o r r e c t i o n  f a c t o r  d i f f e r e d  by only  about 10% so t h e  

i n a b i l i t y  t u  s p e c i f y  p r e c i s e l y  t h e  end point  of t h e  luminous t r a i l  does not  

i n t roduce  an  apprec i ab le  e r r o r  i n  t h e  f i n a l  r e s u l t s .  

J 

I n  sununary, f o r  each experimental  event photographic r eco rds  were 

made from which p a r t i c l e  mass and v e l o c i t y ,  t h e  r a d i a n t  energy i n c i d e n t  on 

the viain P m ,  and t h e  l e n g t h  of t h e  luminous t r a i l  could be obta ined .  The 

v a r i o u s  p u l s e  ampli tudes and t i m e  i n t e r v a l s  were measured t o  four-f  i g u r e  

a c c u r a c y  by means of a Tele-reader p ro jec to r .  Following r educ t ion  of t h e  

raw d a t a ,  an a p p r o p r i a t e  c o r r e c t i o n  was made t o  t h e  r a d i a n t  energy measure- 

ment t o  account f o r  d i f f e r e n c e s  i n  t r a i l  l eng th .  

2 - 2  RESULTS OF TOTAL LUMINOSITY MEASUREMENTS 

The d a t a  obta ined  from t h i s  set of experiments are shown g r a p h i c a l l y  

i n  F igu res  2 through 5 f o r  t a r g e t  gases of a i r ,  n i t r o g e n ,  oxygen, and argon. 

Here,  t h e  q u a n t i t y  Q/m 

v e l o c i t y  f o r  each p a r t i c l e .  

be  measured a t  t h e  anode of t h e  PMr i f  a l l  of t h e  r a d i a t i o n  from t h e  t r a i l  

WJS i n c i d e n t  3n t h e  photocathode of  the tube and is obta ined  by mul t ip ly ing  

r h e  measured charge by an appropr i a t e  s o l i d  ang le  c o r r e c t i o n  f a c t o r .  

i s  p l o t t e d  as a f u n c t i o n  of t h e  i n i t i a l  par t ic le  
0 

Q r ep resen t s  t h e  i n t e g r a t e d  c u r r e n t  t h a t  would 

L t  can be  seen  t h a t  Q is  a measure of t h e  luminous energy emanating 

trom t h e  t r a i l .  However, t h e  measured charge does no t  uniquely d e f i n e  t h e  

7 
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Figure  2 .  The quan t i ty  Q/mo as  a f u n c t i o n  of v e l o c i t y  f o r  i r o n  p a r t i c l e s  
and an t a r g e t  gas .  
i n t eg ra t ed  c u r r e n t  a t  t h e  anode of an  KCA 6199 PMT c o r r e c t e d  f o r  
100% l i g h t  c o l l e c t i o n  e f f i c i e n c y .  
PMT was 7 . 8  + 1.8 x 104 amperes / jou le .  
t h e  magnitude of t h e  es t imated  random e r r o r s .  

mo i s  t h e  p a r t i c l e  mass and Q i s  t h e  

The r a d i a n t  s e n s i t i v i t y  of  t h e  
The e r r o r  b a r s  i n d i c a t e  
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Figure  3 .  The q u a n t i t y  Q/mo as a func t ion  of v e l o c i t y  f o r  i r o n  p a r t i c l e s  and 
a n i t r o g e n  t a r g e t  gas .  
i n t e g r a t e d  c u r r e n t  a t  t h e  anode of an  F.CA 6199 PMT co r rec t ed  f o r  
100% l i g h t  c o l l e c t i o n  e f f i c i e n c y .  
PMT was 7 . 8  2 1.8 x lo4 amperes/ joule .  
t h e  magnitude of t h e  est imated random e r r o r s .  

mo is t h e  par t ic le  mass and Q is t h e  

The r a d i a n t  s e n s i t i v i t y  of t h e  
The e r r o r  b a r s  i n d i c a t e  
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Figure 4. The q u a n t i t y  Q/mo a s  a f u n c t i o n  of v e l o c i t y  f o r  i r o n  p a r t i c l e s  and 
an oxygen t a r g e t  gas .  
i n t e g r a t e d  c u r r e n t  a t  t h e  anode of a n  RCA 6199 PMT c o r r e c t e d  f o r  
100% l i g h t  c o l l e c t i o n  e f f i c i e n c y .  
PMT was 7 . 8  2 1.8 x 104 amperes/ joule .  
t h e  magnitude of t h e  e s t ima ted  random e r r o r s .  

mo is t h e  p a r t i c l e  mass and Q is t h e  

The r a d i a n t  s e n s i t i v i t y  of t h e  
The e r r o r  b a r s  i n d i c a t e  I 

10 



lxlol: 

8.r 

6.( 

4. ( 

3.( 

2.( 

1 '  

8. C 

6.C 

1x10 

4. c 

3. c 

2.0 

10 1x10 

ARGON - TARGET 

0 
0 

0 
0 0 

0 . 0 .  
0 

0 

I I 1 I I I 
15 20 25 30 35 40 45 1 ! 

VELOCIN (KWSEC) 

F i g u r e  5. The q u a n t i t y  ()/Q as a func t ion  of v e l o c i t y  f o r  i r o n  p a r t i c l e s  
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i n t e g r a t e d  c u r r e n t  a t  t h e  anode of an  RCA 6199 PMT c o r r e c t e d  f o r  
100% l i g h t  c o l l e c t i o n  e f f i c i e n c y .  
PMT w a s  7.8 & 1.8 x 104 amperes/ joule .  
t h e  magnitude of t h e  est imated random e r r o r s .  
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i nc iden t  energy because of t h e  s p e c t r a l  response c h a r a c t e r i s t i c s  of t h e  PMT 

and the  s p e c t r a l  d i s t r i b u t i o n  of r a d i a t i o n  from t h e  t r a i l .  The conversion 

of Q t o  a r a d i a n t  energy measurement i s  d iscussed  i n  succeeding s e c t i o n s  of 

t h i s  paper. For t h e  d a t a  g iven  i n  F igures  2 through 5 ,  Q was determined 

us ing  an RCA 6199 pho tomul t ip l i e r  t ube  wi th  an S-11 spectral  response.  The 

measured s e n s i t i v i t y  f o r  monochromatic l i g h t  a t  4530 A w a s  7 . 8  2 1.8 x 1 0  

coulombs/joule.  

4 

The dependence of Q/mo on p a r t i c l e  v e l o c i t y  appears  t o  be q u i t e  

similar f o r  a l l  of t h e  t a r g e t  gases  and t h e  mean va lue  of Q/mo a t  a g iven  

p a r t i c l e  v e l o c i t y  d i f f e r s  by no more than  a f a c t o r  of two f o r  a l l  of t h e  

gases .  Q/mo appears t o  be c o n s i s t e n t l y  g r e a t e r  f o r  n i t r o g e n  than  f o r  oxygen 

a t  equal  v e l o c i t i e s .  Within t h e  s c a t t e r  of t h e  d a t a  p o i n t s ,  t h e  r e s u l t s  ob- 

t a ined  with a i r  a re  c o n s i s t e n t  wi th  t h i s  observa t ion .  The r a t e  of change 

of Q/mo wi th  v e l o c i t y  appears  t o  be smal le r  than  p red ic t ed  by contemporary 

meteor theory,  a t  l eas t  f o r  v e l o c i t i e s  above 20 km/sec. However, t h e  t h r e e  

d a t a  po in t s  below 20 km/sec f o r  t h e  n i t rogen  gas  t a r g e t  i n d i c a t e s  t h a t  t h e  

v e l o c i t y  dependence may be s t ronge r  a t  low v e l o c i t i e s .  

The p r i n c i p a l  source  of random e r r o r  i n  t h e s e  experiments  is  i n  t h e  

measurement of p a r t i c l e  charge q, which d i r e c t l y  a f f e c t s  t h e  p r e c i s i o n  t o  

which mo i s  known. 

charge d e t e c t o r  range from about  t h r e e  t o  one a t  h igh  p a r t i c l e  v e l o c i t i e s  

t o  b e t t e r  than t e n  t o  one a t  t h e  low v e l o c i t y  extreme. The probable  e r r o r  

i n  determining q ranges  from an  es t imated  - + 15% a t  h igh  v e l o c i t i e s  t o  & 5% 

a t  low v e l o c i t i e s .  

than t 2% and t h e  a c c e l e r a t i n g  v o l t a g e  is  known t o  about  5 1%. 

a random error i n  mo of 2 20% a t  h igh  v e l o c i t i e s  and about  2 10% a t  low 

v e l o c i t i e s .  

Typ ica l ly ,  s i g n a l / n o i s e  r a t i o s  f o r  s i g n a l s  from t h e  

Random e r r o r s  i n  t h e  measurement of vo a re  probably less 

This  y i e l d s  

Poss ib l e  sys temat ic  e r r o r s  which e f fec t  t h e  a b s o l u t e  accuracy  of t h e  

p a r t i c l e  mass measurement a r i se  from t h e  measurement of t h e  inpu t  capac i t ance  

and g a i n  of t he  p reampl i f i e r  used wi th  t h e  charge  d e t e c t o r ,  t h e  a b s o l u t e  

c a l i b r a t i o n  of t h e  Van de  Graaff a c c e l e r a t i n g  v o l t a g e ,  and t h e  l e n g t h  of t h e  

v e l o c i t y  measurement range. It is  es t imated  t h a t  t h e  t o t a l  sys t ema t i c  e r r o r  

i n  these q u a n t i t i e s  is  l e s s  t han  15%. 

12 
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The a b s o l u t e  s e n s i t i v i t y  of t h e  main PMT was measured a t  4630 A by 
I 

t h e  use  of an Eppley s p e c t r a l  r a d i a n c e  s tandard i n  con junc t ion  wi th  a narrow 

pass-band i n t e r f e r e n c e  f i l t e r .  The est imated probable  e r r o r  i n  t h e  measured 

a b s o l u t e  s e n s i t i v i t y  i s  16%. The main PMT was n o t  c a l i b r a t e d  i n  p l a c e  nor 

w a s  t h e  o r i e n t a t i o n  of t h e  tube  wi th  r e s p e c t  t o  t h e  e a r t h ' s  magnetic f i e l d  

t h e  same i n  t h e  c a l i b r a t i o n  f a c i l i t y  as i t  was i n  t h e  experimental  con- 

f i g u r a t i o n .  The PMT was magne t i ca l ly  sh i e lded ;  n e v e r t h e l e s s  a probable  

e r r o r  of - + 5% i s  assumed t o  be a r easonab le  e s t i m a t e  of v a r i a t i o n s  i n  

s e n s i t i v i t y  due  t o  o r i e n t a t i o n  and l o c a t i o n .  The sys t ema t i c  e r r o r  i n  t h e  

measurement of i npu t  capac i t ance  and g a i n  of t h e  emi t t e r - fo l lower  is esti-  

mated t o  be less than  - + 2% which y i e l d s  a t o t a l  sys t ema t i c  e r r o r  of fi 23% 
f o r  t h e  r a d i a n t  energy measurement. 

4 

I 
I 

I -  

Although a s t a b i l i z e d  high v o l t a g e  power supply w a s  used on t h e  main 

PMT, t h e  app l i ed  v o l t a g e  w a s  cont inuously monitored wi th  a d i g i t a l  vo l tme te r .  

The maximum u n d e t e c t a b l e  v o l t a g e  v a r i a t i o n  w a s  about & 0.05% which r e s u l t s  i n  

a n e g l i g i b l e  v a r i a t i o n  i n  e l e c t r o n  ga in .  The random e r r o r  a s s o c i a t e d  wi th  

reading t h e  p u l s e  amplitude from t h e  photographic record of t h e  PMT ou tpu t  

s i g n a l  is  est imated t o  be 5 3%. 

The o t h e r  s i x  PMT's were c a l i b r a t e d  on ly  on a r e l a t i v e  b a s i s  u s ing  an 

All of t h e s e  PMT's were set  f o r  u n - f i l t e r e d  tungs t en  f i l amen t  l i g h t  source.  

equal r a d i a n t  s e n s i t i v i t i e s  by a d j u s t i n g  t h e  v o l t a g e  a p p l i e d  t o  t h e  tubes.  

The PMT's a l l  r ece ived  t h e i r  v o l t a g e  from a common supply,  but t h e  t o t a l  

v o l t a g e  a p p l i e d  t o  each tube w a s  a d j u s t a b l e  by means of po ten t iome te r s  i n  

series wi th  t h e  vo l t age -d iv ide r  networks. 

was p e r i o d i c a l l y  checked wi th  a d i g i t a l  vo l tme te r  t o  check s t a b i l i t y .  

The v o l t a g e  a t  each photocathode 

From t h e  preceding d i s c u s s i o n ,  t h e  t o t a l  es t imated random e r r o r  i n  

de t e rmin ing  Q/m 

v e l o c i t i e s .  

v a l u e  of m . The s c a t t e r  of t h e  d a t a  p o i n t s  shown i n  F igu res  2 through 5 

a p p e a r s  t o  be compatible wi th  t h e  est imated random e r r o r s  a l though a few 

p o i n t s  show marked d e v i a t i o n s .  On t h e  average, t h e  scat ter  i s  somewhat 

g r e a t e r  t han  t h a t  observed i n  t h e  ion iz ing  e f f i c i e n c y  experiments w e  have 

performed ( s e e  Ref. 7 )  which u t i l i z e d  e s s e n t i a l l y  t h e  same b a s i c  equipment 

ranges from about - + 23% a t  high v e l o c i t i e s  t o  5 13% a t  low 
0 

The random e r r o r s  are  due l a r g e l y  t o  t h e  u n c e r t a i n t y  i n  t h e  

0 
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w i t h  similar est imated random e r r o r s .  

be a t t r i b u t a b l e  t o  some s u b t l e  p r e s s u r e  e f f e c t .  

s u f f i c i e n t  evidence a v a i l a b l e  from t h e s e  experiments t o  assess any sys t ema t i c  

d e v i a t i o n  due t o  v a r i a t i o n s  i n  t a r g e t  g a s  p re s su re .  

The s l i g h t l y  l a r g e r  d e v i a t i o n s  may 

However, t h e r e  i s  no t  - 

Assuming t h e  spread i n  t h e  d a t a  p o i n t s  i s  due s o l e l y  t o  random e r r o r s ,  

s t a t i s t i c a l  averaging y i e l d s  a v a l u e  of Q/mo good t o  & 38% over t h e  e n t i r e  

v e l o c i t y  range. 

v a r i o u s  sys t ema t i c  e r r o r s  d i scussed  above. 

The major u n c e r t a i n t y  i n  t h e  average v a l u e  is due t o  t h e  

2.3 SPECTRAL CHARACTERISTICS OF THE LUMINOUS TRAIL 

I n  t h e  preceding s e c t i o n ,  t h e  experimental  r e s u l t s  were expressed i n  

terms of t h e  q u a n t i t y  Q/m . 
of r a d i a n t  energy, t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  luminous sou rce  must be 

de f ined .  Accordingly, a supplementary experiment designed t o  meet t h i s  ob- 

j e c t i v e  was undertaken. 

i n t e n s i t y  i n  fou r  narrow wavelength bands of a segment of t h e  luminous t r a i l .  

The experimental  techniques were b a s i c a l l y  t h e  same as t h o s e  desc r ibed  

p rev ious ly ;  t h e  only d i f f e r e n c e  being in t h e  t a r g e t  chamber assembly. 

6199 PMT's equipped wi th  Op t i c s  Technology narrow pass-band f i l t e r s  were 

used as  r a d i a t i o n  d e t e c t o r s .  The RC t i m e  c o n s t a n t  a t  t h e  PMT anodes w a s  

ad jus t ed  so t h a t  t h e  amplitude of t h e  ou tpu t  s i g n a l  w a s  p r o p o r t i o n a l  t o  t h e  

in s t an taneous  i n t e n s i t y  of t h e  l i g h t  source.  The f o u r  PMT's were mounted 

with t h e i r  axes perpendicular  t o  t h e  a x i s  of t h e  luminous t r a i l  and they  

viewed a segment of t h e  t r a i l  % 2 c m  long. 

t h e  u n - f i l t e r e d  PMT's were determined i n  p l a c e  by measuring t h e  r e l a t i v e  

s i g n a l  amplitudes due t o  r a d i a t i o n  from t y p i c a l  luminous t ra i l s .  

r e l a t i v e  s e n s i t i v i t i e s  of t h e  filter-PMT combinations were ob ta ined  by 

f o l d i n g  t h e  known s p e c t r a l  t r ansmiss ion  c h a r a c t e r i s t i c s  of t h e  f i l t e r s  i n t o  

t h e  spectral  response c h a r a c t e r i s t i c  of t h e  PMT's. 

response f o r  each PMT. The areas under t h e  r e s u l t i n g  cu rves  were t aken  as a 

measure of t h e  s e n s i t i v i t y  (when c o r r e c t e d  f o r  v a r i a t i o n s  i n  e l e c t r o n  g a i n )  ; 

t h e  f u l l  width a t  h a l f  maximum was ?, 150 A. 

t h e  output  s i g n a l  from a given PMT was due t o  monochromatic r a d i a t i o n  a t  t h e  

peak of t h e  s p e c t r a l  response curve de f ined  by t h e  product  of t h e  f i l t e r  and 

I n  o r d e r  t o  expres s  t h i s  q u a n t i t y  i n  terms 
0 

This  w a s  accomplished by measuring t h e  r e l a t i v e  

RCA 

The r e l a t i v e  s e n s i t i v i t i e s  of 

The 

We assumed a nominal S-11 

F u r t h e r ,  i t  w a s  assumed t h a t  

I 
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S-11 s p e c t r a l  c h a r a c t e r i s t i c s .  

and 5940 A. 
The wavelengths chosen were 4040, 4350, 5320, 

4 

Data were ob ta ined  f o r  a l l  t h e  t a r g e t  gases  over t h e  f u l l  r ange  of 

. p a r t i c l e  v e l o c i t i e s .  To w i t h i n  t h e  accuracy of t h e  experimental  e r r o r s ,  no 
d i s c e r n a b l e  d i f f e r e n c e s  i n  s p e c t r a l  shape were observed f o r  t h e  d i f f e r e n t  

t a r g e t  g a s e s  nor d i d  the d a t a  e x h i b i t  an  a p p r e c i a b l e  sys t ema t i c  v a r i a t i o n  

w i t h  i n i t i a l  p a r t i c l e  v e l o c i t y .  

and a i r  t a r g e t s  were lumped t o g e t h e r  and t h e  r e s u l t s  are p resen ted  i n  

F igu re  6. 

a f u n c t i o n  of wavelength. 

and t h e  e r r o r  b a r s  are computed s t anda rd  d e v i a t i o n s  f o r  t h e  r a t i o  of s i g n a l  

amplitudes.  

s t a t i s t i ca l  v a r i a t i o n s  i n  s i g n a l  ampli tude due t o  very small s i g n a l  l e v e l s  

observed w i t h  t h e  f i l t e r e d  PMT's. P a r t  of t h e  v a r i a t i o n  might a l s o  be due 

t o  a sys t ema t i c  but  small change of t h e  spectrum wi th  par t ic le  v e l o c i t y .  

The l i n e  drawn through t h e  p o i n t s  is a f r e e  hand s t r a i g h t - l i n e  f i t  t o  t h e  

d a t a  p o i n t s  and g i v e s  ou r  b e s t  estimate of t h e  s p e c t r a l  d i s t r i b u t i o n  of l i g h t  

from t h e  luminous t r a i l .  

cu rve  is  p r o p o r t i o n a l  t o  t h e  t o t a l  r a d i a n t  energy and f a i r l y  l a r g e  d e v i a t i o n s  

i n  s l o p e  can be t o l e r a t e d .  For example, i f  one assumes an  extreme c a s e  of 

c o n s t a n t  l i g h t  i n t e n s i t y  a t  a l l  wavelengths, t h e  d i f f e r e n c e  i n  areas under 

t h e  cu rves  would on ly  be about 60%. 

O2 , Accordingly,  a l l  t h e  d a t a  f o r  t h e  N2, 

Here w e  p r e s e n t  t h e  relative i n t e n s i t y  of t h e  luminous t r a i l  as 

The d a t a  were normalized t o  t h e  p o i n t  a t  4040 A 

The r e l a t i v e l y  l a r g e  e r r o r s  are a t t r i b u t e d  p r i n c i p a l l y  t o  

It should be pointed ou t  t h a t  t h e  area under t h e  

2 .4  CALCULATION OF LUMINOUS EFFICIENCY 

Assuming t h a t  t h e  r a d i a n t  energy a t  some wavelength h i  is given by 

Eai = f(A i) Eo and that t h e  s e n s i t i v i t y  of t h e  PMT a t  t h e  same wavelength 

i s  g iven  by Shi = g(Xi) S o ,  t h e  charge c o l l e c t e d  a t  t h e  anode of t h e  PMT 

due t o  r a d i a t i o n  a t  hi  i s  

15 



WAVELENGTH l(ANGSTR0MS) 

Figure 6. Spectral  d i s t r ibu t ion  of l i g h t  from luminous t ra i l s .  The 
intensi ty  was determined a t  t he  indicated points  and normalized 
t o  the  point a t  4040 A. Each point gives  t h e  average value f o r  
measurements conducted with t a rge t  gases of nitrogen, oxygen, 
and a i r  over the  veloci ty  range 20 - 40 lan/sec. The e r r o r  ba r s  
give the  calculated standard deviat ions f o r  each point. 
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Where f(Xi) i s  f ( h )  evaluated a t  X i  and g(Xi) i s  g(A) a l s o  evaluated a t  X i ,  

Eo is  t h e  r a d i a n t  energy from t h e  t r a i l  a t  some wavelength. 

s e n s i t i v i t y  of t h e  PMT a t  a s p e c i f i e d  wavelength. Here g(A) corresponds t o  

t h e  S-11 s p e c t r a l  response c h a r a c t e r i s t i c  of t h e  PMT and f ( h )  is t h e  s p e c t r a l  

d i s t r i b u t i o n  of l i g h t  from t h e  t ra i l  as i l l u s t r a t e d  i n  Figure 6 .  

charge a t  t h e  anode due t o  r a d i a t i o n  of all wavelengths is t h e  i n t e g r a l  of 

Eq. (4) over  a l l  wavelengths,  i .e. ,  

S is t h e  
0 

The t o t a l  

The t o t a l  r a d i a n t  energy from the t r a i l  is given by 

x 

El imina t ing  E from t h e s e  two equa t ions  and so lv ing  f o r  Ex g i v e s  
0 

This  e x p r e s s i o n  h a s  been i n t e g r a t e d  g r a p h i c a l l y  from 3400 A t o  6 3 0 0  A y i e l d -  

i ng  f o r  a f i n a l  r e s u l t  

= 1.54 x Q J o u l e s  , 
EX 

4 
f o r  So = 7 . 8  x 10 coulombs/joule a t  4630 A. 

Using t h i s  conversion f a c t o r ,  t h e  a i r ,  N2, and O2 d a t a  are shown 

i n  F i g u r e s  7 ,  8 ,  and 9 where t h e  luminous e f f i c i e n c y  T~ as  de f ined  by 
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Eq. (2) is p l o t t e d  as a f u n c t i o n  of p a r t i c l e  v e l o c i t y .  The wavelength band 

t o  which t h e s e  v a l u e s  of T~ apply extends from 3400 t o  6300 A .  

Since  t h e  p a r t i c l e  k i n e t i c  energy, equal  t o  t h e  product of p a r t i c l e  

- cha rge  and a c c e l e r a t i n g  v o l t a g e ,  can be measured more p r e c i s e l y ,  

i s  only  about 5 19% i n  c o n t r a s t  t o  an es t imated  

With t h e  except ion of a few i s o l a t e d  p o i n t s ,  

t h e  es t i -  

mated random e r r o r  i n  T 

u n c e r t a i n t y  of & 23% i n  Q/mo. 

t h e  s c a t t e r  i n  the d a t a  appears  t o  be  c o n s i s t e n t  w i th  t h e  es t imated  un- 

c e r t a i n t i e s  i n  t h e  measured q u a n t i t i e s .  Systematic  e r r o r s  l ead  t o  an un- 

c e r t a i n t y  i n  t h e  average v a l u e  of T a t  a given v e l o c i t y  of perhaps 2 40% 

excluding sys t ema t i c  e r r o r s  due t o  assuming t h e  spec t ra l  d i s t r i b u t i o n  i s  

not  v e l o c i t y  dependent.  

X 

X 

3 .  DISCUSSION OF RESULTS 

A c r i t i c a l  review of a l l  of t h e  a t tempts  made t o  determine meteor 

For t h e  sake of luminous e f f i c i e n c y  is  beyond t h e  scope of t h i s  r e p o r t .  

comparison, w e  a r b i t r a r i l y  accept t h e  r e s u l t s  of Verniani'  as r e p r e s e n t a t i v e  

of contemporary work i n  t h i s  f i e l d .  

ob ta ined  from a r t i f i c i a l  meteors  ( p a r t i c u l a r l y  t h e  work of McCrosky and 

As discussed  by Vernian i ,  t h e  r e s u l t s  

L 
Soberman ) are compatible  wi th  h i s  r e s u l t s  i f  a l i n e a r  v e l o c i t y  dependence 

of T i s  assumed. Our r e s u l t s ,  however, appear t o  support  t h e  r e s u l t s  of 
1 '6pik 's  most r e c e n t  a n a l y t i c a l  study. 

S 

The most s t r i k i n g  f e a t u r e  of our r e s u l t s  i s  t h e  f a c t  t h a t  T~ i s  

n e a r l y  c o n s t a n t  from about 20 t o  40 km/sec f o r  a l l  of t h e  t a r g e t  gases .  

Within the l i m i t s  of t h e  experimental  e r r o r s ,  T~ a c t u a l l y  appears  t o  dec rease  

s l i g h t l y  w i t h  inc reas ing  v e l o c i t y .  

who p red ic t ed  a s lowly decreas ing  va lue  of T 

v i s u a l  range)  wi th  v e l o c i t y  f o r  meteors  with g r e a t l y  d i l u t e d  comas. The 

d i l u t i o n  of t h e  coma is a measure of t h e  f requency of c o l l i s i o n s  between 

meteor atoms and a g r e a t l y  d i l u t e d  coma i m p l i e s  t h a t  c o l l i s i o n s  of t h i s  t ype  

produce n e g l i g i b l e  r a d i a t i o n .  

t o  c o l l i s i o n s  between meteor atoms and atmospheric  molecules .  

t a t i v e  arguments and a c a l c u l a t i o n  of t h e  d i l u t i o n  f a c t o r  as suggested by 

This  is  i n  complete agreement wi th  z p i k  

(luminous e f f i c i e n c y  i n  t h e  
V 

I n  o the r  words, t h e  r a d i a t i o n  i s  due s o l e l y  

Both q u a l i -  
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Opik i n d i c a t e  t h a t  a g r e a t l y  d i l u t e d  c.~.:-a i s  produced i n  our  work. 

I n  o rde r  t o  compare t h e  r e s u l t s  of our work w i t h  a p i k ' s  on a quant i -  

c 
t a t i v e  b a s i s ,  a conversion f a c t o r  r e l a t i n g  T~ t o  t h e  spectral  range  f o r  

which T 

t h e  s p e c t r a l  d i s t r i b u t i o n  g iven  i n  F igure  6 and assuming t h a t  t h e  v i s u a l  

range extends from 4200 t o  5800 A g i v e s  a conversion f a c t o r  of % 2 ,  i . e . ,  

6 p i k ' s  T 

wider spectral  range used i n  t h e s e  experiments.  

r e s u l t  would p r e d i c t  v a l u e s  of T 

40 km/sec. 

of T = 0.005. Thus, t h e  t h e o r e t i c a l  and experimental r e s u l t s  d i f f e r  by a 

f a c t o r  of two o r  t h ree .  

p o s s i b l e  sys temat ic  experimental  e r r o r s  d i scussed  above. 

a s s i g n  a probable  e r r o r  t o  h i s  v a l u e s ,  b u t ,  i n  view of t h e  complexity of t h e  

problem, t h e  e r r o r s  may be apprec i ab le .  Also,  t h e  va lue  of t h e  convers ion  

f a c t o r  used t o  o b t a i n  T from T 

t h e  luminous t r a i l .  For example, i f  t h e  magnitude of t h e  s l o p e  of the curve  

shown i n  Figure 6 is  increased  by 20% (which i s  wi th in  t h e  range of expe r i -  

mental  e r r o r s ) ,  t h e  conversion f a c t o r  becomes t h r e e  r a t h e r  t han  two. Another 

f a c t o r  which might a f f e c t  t h e  r e s u l t s  i s  t h e  a b s o l u t e  t a r g e t  gas  p re s su re .  

However, ap ik  i n d i c a t e s  t h a t  i nc reas ing  t h e  p r e s s u r e  ( i . e . ,  dec reas ing  t h e  

c o l l i s i o n a l  mean f r e e  pa th)  would tend t o  lower t h e  luminous e f f i c i e n c y .  If 

p r e s s u r e  p lays  an important r o l e ,  t h e  d iscrepancy  between experimental  and 

t h e o r e t i c a l  va lues  would l i k e l y  be increased .  

has  been measured must be s p e c i f i e d .  A c a l c u l a t i o n  made assuming 
X 

must be m u l t i p l i e d  by a f a c t o r  of two t o  t a k e  i n t o  account  t h e  
V 

Using t h i s  f a c t o r ,  Opik ' s  

= 0.002 a t  20 km/sec and T~ = 0.001 a t  
X 

These va lues  are  t o  be compared t o  t h e  average  measured v a l u e  

X 

This  d i f f e r e n c e  may no t  be  excess ive  i n  view of t h e  

8 p i k  does  not  

i s  s t r o n g l y  dependent upon t h e  spectrum of 
X V 

From h i s  work, Verniani  g i v e s  as a b e s t  estimate f o r  cometary meteors  
-10 

P P 
'r = 5 x 10  v where T i s  t h e  luminous e f f i c i e n c y  i n  t h e  photographic  

range and v is  measured i n  cm/sec. 

t a ined  f o r  both b r i g h t  and f a i n t  meteors .  To a f i r s t  approximation T = 

T and, t h e r e f o r e ,  no c o r r e c t i o n  f o r  d i f f e r e n t  spectral  response  i s  r equ i r ed .  

I t  i s  gene ra l ly  assumed t h a t  on ly  heavy elements  ( i . e . ,  i r o n )  c o n t r i b u t e  t o  

e x c i t a t i o n  processes .  According t o  Vern ian i ,  t h i s  y i e l d s  t h e  r e l a t i o n s h i p  

( T p )  Fe  From t h i s ,  V e r n i a n i ' s  r e s u l t s  g i v e  'Ix = 0.0065 

a t  20 km/sec and 'r = 0.013 a t  40 km/sec. Unless  t h e  a b s o l u t e  gas  p r e s s u r e  

p l a y s  a s i g n i f i c a n t  and systematic r o l e  i n  our exper iments ,  t h e  agreement 

between our r e s u l t s  and those  of Vern ian i  i s  n o t  good, p a r t i c u l a r l y  wi th  

The l i n e a r  v e l o c i t y  dependence w a s  ob- 

P 

X 

6 . 5  (Tp)cometary . 
X 
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r e s p e c t  t o  t h e  v e l o c i t y  dependence. I n  terms of magnitudes, however, t h e  

disagreement is no worse than t h e  discrepancy noted between our work and 

Opik's p red ic t ed  value.  
* * ,  

A d i r e c t  comparison between our r e s u l t s  and those  obtained by 

a r t i f i c i a l  meteor programs cannot be made because of t h e  d i f f e r e n t  v e l o c i t y  

ranges.  McCrosky and Soberman g i v e  T % 0.004 a t  10  km/sec f o r  a s t a i n l e s s  

steel  a r t i f i c i a l  meteor. 

dec rease  apprec i ab ly  u n t i l  t h e  v e l o c i t y  f a l l s  below 10 km/sec. 

t h e  case, the r e s u l t s  of McCrosky and Soberman may w e l l  be  i n  agreement wi th  

our  r e s u l t s .  

2 
p ..- 

According t o  Opik, the  luminous e f f i c i e n c y  does not  

I f  t h i s  is 

4 .  CONCLUSIONS 

The q u a n t i t y  luminous e f f i c i e n c y  T~ has been determined exper imenta l ly  

f o r  microscopic  i r o n  p a r t i c l e s  a t  v e l o c i t i e s  ranging from 20 t o  40 km/sec. 

It w a s  found t h a t  ' I ~  i s  e s s e n t i a l l y  independent of v e l o c i t y  over  t h i s  range 

which is  i n  agreement wi th  Opik 's  theory  f o r  meteors  w i th  g r e a t l y  d i l u t e d  

comas. 

t h a t  ' I ~  i n c r e a s e s  l i n e a r l y  wi th  v e l o c i t y .  

s p e c t r a l  range  from 3400 t o  6300 A is 0.005 which is g r e a t e r  by about  a 

f a c t o r  of 2 o r  3 than  Opik's va lue  cor rec ted  f o r  t h e  d i f f e r e n t  s p e c t r a l  

ranges  covered by h i s  theory  and our  experiment. 

of t h e  t h e o r e t i c a l  problem and t h e  est imated sys temat ic  e r r o r s  of t h e  exper i -  

menta l  r e s u l t s ,  t h e  r e s u l t s  may w e l l  be  i n  good agreement. 

This  r e s u l t  is i n  disagreement with t h e  gene ra l ly  accepted viewpoint 

The average va lue  of T~ over t h e  

Considering t h e  complexity 

The most s e r i o u s  fundamental problem a s s o c i a t e d  wi th  i n t e r p r e t i n g  

t h e  r e s u l t s  of t h e s e  experiments has  t o  do wi th  t h e  a b s o l u t e  gas  p re s su re .  

I n  our  experiments  t h e  t a r g e t  gas  p re s su re  is s i g n i f i c a n t l y  g r e a t e r  t han  f o r  

n a t u r a l  meteors.  

a f f e c t  i f ,  indeed,  such a n  e f f e c t  e x i s t s .  Future  experiments w i l l  be  under- 

taken  t o  assess t h i s  problem. 

A t  p re sen t  t h e r e  is u n s u f f i c i e n t  d a t a  t o  observe a p r e s s u r e  

F i n a l l y ,  w e  should poin t  ou t  t h a t  t h e s e  r e s u l t s  are  a p p l i c a b l e  only 

t o  t h e  g r e a t l y  d i l u t e d  coma case. For compact comas, Opik p r e d i c t s  t h a t  

23 



the luminous e f f ic iency  should increase with ve loc i ty .  

general agreement with the l inear ve loc i ty  dependence for bright meteors 

assumed by most workers i n  the f i e l d  and supported by Verniani's recent work. 

This e f f e c t  is i n  

c. 
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