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THE SOURCES OF EARLY TELLER  LIGHT'^ , 

Lee. W ;  P a r k e r  

Radiation L ~ h o r a t o r y ~  University of California 

Livermore ,  California 

ABSTRACT 

A semiquantitative description i s  given of wh2t may  be expected to  

give r i s e  to  the ea r ly  Telle; light. ~ e v ~ r z l  possible sources  a r e  con-. 

s ide ied ,  namely, b a l d  emiss ion  f r o m  excited molecules and continua due 

to  recombination, brerr-s s trahlung, and Cei-snkov radiation. It i s  shown 

that the band emiss ion  i s  strongly predominant. 

The gamma radiation f rom a t o m b  ,causes the a i r  to  glow brightly 

a t  considerable distances f r o m  the bomb. This  phenomenon i s  well.known . . 

by the name "Tel ler  light.? The glow i s  knowntb begin immediately (we l l .  . 

within a shake)' af ter  gamma irradiat ion of the a i r ,  ' and. has  an apparent 

br ightness  of the o rde r  of that of the sun. Almost nothing i s  known quan- 

tixatively about the m e c h a n i ~ m s  involved in the a i r  er~l iss ion,  but i t  i s  

reasonable to  assume that Compton electrons a r e  pr imar i ly  responsible.  

A few conceivable mechanisnls a r e  considered in  this paper .  

Assuming all  sources  a r e  generated by the gamma- rays  via  Compton 

events, severa l  things occur immediately following the ejection of a molec-  

u lar  e lectron by a gamma-ray .  . The Compton electron itself emi ts  a visi- .  

ble  light continuum through the b r e m s  strahlung and Cerenkov radiation 

p rocesses  in the a i r  ( the la t te r  occurring for  e lectron 'energies '  above 20 

Mev) . The Compton electron a lso  ionizes and excites the a i r  molecules,  

but in the Mev region this  effect  is relatively inefficient s o  that other,  pro-  

cesses ,  such a s  the Auger effect ,  contribute in producing ionizationc a.nd 

excitaticns at  ve ry  ea r ly  t imes ,  i. e .  , well within a shake. After  seve ra l  

shakes,  the p r i m a r y  C;ompton eiecti-on will have slowed down and begun, to  

gencrate  sources  copiously through ionization and excitation. 

.L CF 

A theoretical t reatment  of the t ime and space distribution of the a i r  glow 
will be preseiited in a paper now being prepared  by the author and J .P.  

, 

Wesley. 



In addit.ion to the excitations that the p r imary  Conlpt.:n electron 

can  produce, there a r e  two other ways in  which, excitations can occur within . 

a shake af ter  the Compton electron i s  created.  A molecule having a hole 

- in  i t s  L shel l  can be left  in  the excite.d s ta te  of the ion. IA; 2artiCillar, N2 
t 

,can become excited N and cmit  the F i r s t  Negative bands. The .3ther pas- 
2 . . 

sibility is that the hole occurs  in  the K shell ,  the highly probable resu l t  
1 

being the ejection of a i n ~ n o e n e r g c t i c  Auger electron. . The Auger electron 

expends i t s  energy, which i s  of the o rde r  of 400 P-.J for  nitrogen and 500 ex.; 

f o r  oxygen, producing excita,tions and ionizations, and t r a v e r s e s  i t s  range,  
- 3 which i s  about 10 zni, in  a t ime of the o rde r  of 10 second, i. e -  . z e r o  

t ime for  the present  purposes.  . Excited molec~ l l e s  can a lso  resu l t  f rom 

recombination of molecular  ions and electrons into highly excited s ta tes ,  

but this effect i s  relativeiy weak. This recombination a lso  contributes to  

the continua. . . 

After a t ime 10 to  100 shakes the s t r eak  pictures  indicate very. l i t t le  , 

emission,  although it i s  known that complicated mechanisms exis t  which 

can replenish the excited s tates ,  in  par t icular ,  the nitrogen aft.erglow, 

which i s  not well understood. 

Using orde r-of -magnitude es t imates ,  the relative importance of the 

var ious sources  mentioned will be obtained. A meen  energy of 2 Mev 

will be attributed to  the gamma-rays  ( o r  Compton electrons) .  ' . 

BREMSSTRAHLUNG 

2 
The bremsstrahlung ra te  i s  given by Heit ler  a; follows. 

The energy emitted per  unit t ime,  per  unit e lectron cu r ren t  density 

incident on a single atom, and in the frequency interval dv i s  

where E o i s  the energy (including r e s t  energy) of the incident electron, T o 

i s  the electron kinetic energy, r i s  the c lass ica l  e lectron radius (2.. 8 2  X 
0 ii)- 1 3  

cm) ,  and the number 29.. 5 h a s  Seeli es t imated f rom Hei t le r  ' s  F ig .  14. 

The above expression i s  a c r o s s  section t imes  an energy and gives,  when 

multiplied by the atomic densit;- and the electron velocity, the energy 



emission rate  by a single Compton electron into the frequency range dv . 
b 

Thus, i f  T = 2 Mev, Eo = 2 . 5  Mev, d(hv) = 3 ev a s  the spec t ra l  intervzl 
0 

available .to detection, Z = 7, e lcztron veiocity = C ;  and the atomic density = . -  . 19 2 X 10. , the ernissi.on ra te  becomes 

6 = 1. 3 X 10 ev  pe r  second. 

If isotropic emission i s  a s s u m e d , .  the emissivi ty  i s  this number divi,ded 
5 .  by d.rr , o r  19 ev pe r  second pe r  s teradian.  If ?: = the d e ~ s i t y  of Comp- 

5 C 3 
ton electrons,  the emissivity becomes 10 N ev  pe r  second p e r  c m  per  

C 

steradian.  

CZRENKOV RADIATION 

Cerezkov radiation can occur in  a i r  f o r  e lectron energies  above 20 

hiev; and has  the peculiar property of being sharply defined in  directions 

of' emission.  The light i s  .emit ted in  a cone of semi -  angle 8 given by 

1 case=- , 
PP 

where (3 = v/c, v i s  the electron velocity, and p i s  the 'index of refract ion 

which f o r  air at  N .  T .  F.  i s  1.00029. The c r i t i c a l  energy iE ) is that fcr 
C 

which (3p = i. and i s  20 Mev for  a i r  a t  N .  T .  P. .. F o r  energies  considerably 

in excess  of 20 Mev, the energy 10,ss i s  independent'cf energy and i s  about 
11 

4 ev per  cm.  This lo s s  ra te  corresponds to 1. 2 X 10 e v  pe r  secondl 

giving the dependence of angle on energy. The range of 8 is, therzfore,  

as E goes f rom E to  infinity, 
C -. 

Since the gamma- ray  distribution drops off rapidly with energy, the 

cone angles of significance a r e  those which a r e  << 1/40 radian. The 



Sorapton electrons produced by gamma-rays in the vicinity of 20 Mev hzve, 

on the other hand, an angular distribution with a sp read  of the o rde r  of 0. 1 

radian about the gamma- ray  direction. That  i s ,  :he angular sprzad  of the 

Compton electrons i s  g rea te r  tnan the sp read  in directions of emiss ion  

f r o m  an individual Compton electron. Therefore,  the Ccrnpton electrons. 

can  be considered as .  radiatini, iil the io rward  directio; only while their 

angular distribution governs the intensity observed, -.T.-hlch i s  es t imated , 

by the following geometr i ra l .  argument.  

light ' 

to-car2 . 

observer  

source  

Le t  'the remote observer  receive light f r o m  points along a l ine-  

of-sight which passes  within a distalice x of the source.  . Consider a 

point C along the l ine-oi-sight at  which a gamma- ray  f r o m  the source  

undergoes a Compton cvent. This gives r i s e  to  a Compton e lec t ron  

which has  a probability g(8)dS2 of moving toward the observer  and within 

the solid angle dS2. The light energy emitted into dS2 f r o m  a unit volume . . 
at C i s  proportional to  the density of Compton electrons c rea ted  at C 

with energies  above 20 Mev, multiplied by the p r ~ ~ b a b i l i t y  distribution 

function gdS2. 

If the light emitted f r o m  unit volume at C into unit solid angle about 

the obse rve r ' s  direction i s  the '"emis sivityU j, the .intensity c;bs e zved will 

be given by the line integral (omitting retardat ions) :  

.@.ctually, the functiori g i s  energy dependent and integrations a r e  

required over both energies  and ~ r i g l e s ,  which a r e  coupled through the 

conservation laws. A rigorous calculation would involve a complicated 

integration, the labor  of which i s  unjustified for  the present  purpose.  



An orde r  of magnitude can be obtained by uncoupling the epergy and angle 

integrations.  I t  will be assumed that the intensity can be written approx- 

imateiy a s  

-.vhere S' i s  the number of: gamma rays  of energy above 20 Mev emitted 

( i n  a shor t  burs t )  by .the source ,  X '  i s  the Cornpton mean f r e e  path for 

20-Mav gamma- rays  in  a i r ,  g(8) i s  the Compton electron angular d i s t r i -  

bution function c o r r e s p o n d i ~ g  to a 20-hIev gamma-ray ,  and c i s  a ,mean 

Cerznkov emiscion.rat ,e f o r  the Compton electrons (taken to be 1. 2 x 10 
11 

ev p e r  second). The angle integral .  .:.?as evaluated roughly and has  a value 

of about 4. 

In  o r d e r  to  makc a comparison between the Cerenkov and b r e m s -  ' 
- 

strahlung intensit ies,  i t  w.ill be convenient to represent  the .b remss t r ah -  

lung effect in t e r m s  of an eiiecilve intensity bbser'ved along a line-.of- sight 

charac ter ized  by the distance x. F o r  2-Mev Compton electrons the 
3 

bremss t rah lung emissivi ty  ( isotropic) ,  fo r  one electron p e r  c m  , i s  10 5 

3 
ev  p e r  second per  c m  pe r  s teradian.  If S i s  the number of gamma- rays  . 

above approximately 2 Mev emitted by the source ,  and X i s  the 2-Mev 

Compton mean f r e e  path, the emiscivity at  a distance x i s  about 

S( lo5) 
2 

ev pe r  second p e r  ~ m ~ ~ e r  s teradian.  
4rrx X 

Multiplying this  by x a s  an effective. thickness gives an intensity: 

S( lo5)  I " -  2 
b 4 ~ x 1  

ev pcr  sccond pc r  c m  p c r  s te radian ,  

Thus, 

Using t h e  gamma- ray  energydis t r ibut ion  function N(E)dE = S o ~ e - ~  ( E  in  

Mev), we obtain 

and 



The ra t io  
X is -.- ( 200) = 0. 1.5. 
?;I ( i300)  

Thus, 

The effect of Cerenkov radiation may,  therefore ,  be comparable with that 

of b rems  strahlung in  producing the continuum, since,  conside ring the 

roughness or' tile calculation, they a r e  not many o rde r s  of magnitude .apart .  

RECOMBINATION 

Another co1lt:l:iSution to  the continuum a t  ear ly  t imes  i s  made by the 

recombination of relatively slow ( a  few ev) electrons with ions.  The fas t  

Compton electrons themselves cannot participate but they produce a t  ear ly  

t imes  a few slow electrcjns in  icnizing collisions with a i r  molecules.  The 

-4ugcr electrons a l so  make ionizing collisions. The electrons ejected f r o m  

the niolecules~ in  the ionizing collisions will have a i e a n  energy of only a 

few ev, regard less  of the energy of the inc ident  electron. The curves  
4 given by Mott and Massey f a r  atomic hydrogen show a peak energy for  . 

the ejected electrons of about 5 ev. This  value will be assumed to be the' 

right o rde r  of  magnitude fr?r the nitrogen and oxygen niolecules. If these 

5-ev electrons a r e  assumed to come to  thermal 'equi l ibr ium instantly, the 

ra te  of recombination can be obtained using a recombinatioli coefficient 
- 1 5 

a extrapolated ( a - v  ) f r o m  those calculated by Bates et  a1. The i-alue 
3 thus obtained for  a i s  10- c m  /sec.  T h e r e  remains  the task  of e s t ima t - .  

ing the iiiitidl deusily uf e lectrons (and ions).  ' 

The number of ionizations produced in  0. 1 shake by a 2-Mev Compton 

electron will be est imated using the c r o s s  section 

i n  whichu i s  1 . 2 ~  10 - l6  c m  2 , the c r o s s  section for  the i o ~ i z a t i o r .  s f  ?! 0 / 2 
0 ( o r  0,) by 700-ev electrons,  and assumin? that the c r o s s  section hes  t5e 

L. 
- 

!nE e n e r g y  depencience f o r  optically allowed t ransi t ions,  i. e . ,  cr - - E ( r e f e r -  
2 ence 6, p. 145). This gives a value CJ crn . Vsing 3 X 1019 f o r  

the rr.olecular density and c for  the electron velocity, the number of ioni- 

zations produced in 0. 1 shake by a Compton electron i s  3 X 1019 X 3 x 10 10 

10 -19 , 
= 100 ionizations. 



The Auger electrons,  on the other hand, will t r a v e r s e  their  ent i rc  

range in z e r o  t ime and expend about 33 ev per  ion pa i r .  They can resul t  

only f r o m  inner  - shell  ionization in the Compton process ,  whicl: cccurs  

with a probability 2/7 for  i~ i t rogen  and 1/4 fo r  oxygen. A n  Auger electron 

f r o m  nitrogen occurs  with a probability (4/5) ( 2/7) 2nd can produce a.bout 

400/33 12 ion pa i r s ,  while one f rom oxygen occurs  with a probability 

(1/5) (1/4) and can produce about 500/33 15 ion pa i r s .  The average 

number of ion pa i r s  produced by Auger electrons resulting f r o m  Compton 

events i s  therefore  about 4 ye r  CorrLptor_ event. Thus,  the p r imary  Comp- 

ton electrons end the Auger electrons cooperate in  producing ionization a t  

ea r ly  t imes .  F o r  comparison purposes,  tho  number 100 will be used fo r  

the number of unbound electrons p e r  Compton e -~en t .  If N i s  the electron 
e 

(and ion) density at  z e r o  t i r~ le  in a plasma,  the number of recombinations 
2 2 , .  2 

\ p e r  second pe r  c m 3  will be given by N a/( l+i\le at)  = N a; and i f  a pho- 
e e 

ton of mean  energy 3 ev  is eiilitted pe r  recombination, the emissivi ty  will 

c ev  per  second p e r  cm"  pe r  s teradian.  
4Tr 

3 
At. a point where N Compton events pe r  c m  have occurred,  the 

C 

recombination emissivi ty  will be g i v z ~ ,  for. 1 0 0  electccns p e r  .Compton 
- l o N  2 

event; by 2 . 4  X 10 
3 

etr pe r  seco2.d p e r  c m  pe r  st'er.adian. Divid- 
C 

ing this number by the bremsstrahlung emissivi ty  due to  N Compton 
5 C 

events pqr cm3, which is " 10 N gives for  the rat io  of recombination 
c1 

and bremssti-ahlung emissjvi t ies  

But this number will usually be very much sma l l e r  than unity. Hence the 

role of recoinbination i s  k i n o r  in  the production of the cdntinuum. 

BANDS 

t 
In  t ime-resolved spec t rograms,  N2 and N2 bands appear  promin- 

ently .and occur ,  within the t ime resolution available, a s  ear ly  a s  any 
, 

continuum. . The ear ly  band emi'ssivjty can be est imated,  therefore,  

if i t  i s  assumed t o  be proportional to the number of excitations of N 
2 

molecules that can be produced in, say, 3. ! shake. This number i s  to 



be divided by 1 shake, the o r d e r  of magnitude of the lifetime df the upper 

s ta te .  Excitations can be produced in  nitrogen molecales  in  the followil~g 

y a p :  

1) Inelastic collisions with the p r imary  Compton electrons.  

2) I n e l a s t i c  collisione with Auger electrons.  

3) Di rec t  excitation of 14' through ihe creat ion 02 an i - s h e l i  
2 

vacancy in N by a Compton evect.  
2 

4) Electrsrl-ion recsn~bina t iona  i ~ t o  highly excited s ta tes .  

This will be shown to be a negligible effect. 

Theye a r e  cross-sect iol l  data  available for  the excitation of the K t 
3, 

F i r s t  Negative bands hy electroiis of energ ies  up to  ,200 ev incident on N 
7 2' 

A paper b y s t e w a r t  gives the c ross - sec t ion  behavior a s  r i s i ~ l g  r8pidiy 

above 20 ev to  i t s  maximum value of about 10 
2 - c m  a t  abc;: 100. +v, and 

subsequently drop6ing off slowly with increasing energy (onl'y A 2070 drop  

at  200 ev). 

Since the re  a r e  no such data available for  the collisional excitation 
t of N2j and since N bands a r e  experimentally a s  prominent a s  N bands, 
2 

' + 2 
a calculation based on the excitation of N only should give the right o r d e r  

2 
of magnitude. 

1) Assuming the .c;;xcitatiun cross-sec t ion  i s  (approximatzly) 

(i. e . ,  s i rni lar  t o  the preceding ionization calculation) the number of exci- 

tations produced by the p r i m a r y  Compton electron in a t ime  8.  1 shake will 

be given by 

2) The Auger electrons,  however, have energies '  (400-500 ev) only 

slightly above those fo r  which the measurements  have 'been made.  More-  

over,  the c r o s s  section drop: off s o  s ! o M ' ~ ~  f r o m  100 ev  to  200 ev  that the 

assumption of a constant c r o s s  section for  energies  up to  500 ev should not 

resu l t  in a g r o s s  overest imate.  Therefore ,  the number of zxcitations pro-  
, . 

duced by an Auger electron as i t  t r a v e r s e s  i t s  range i s  approximately 



. where a i s  the excitation c r o s s  section, N i s  the molecular c!ensif,y, and 
t - - 1 il a 

R i s  the range. Using ti- 10 19 
cm2, N = 3 X 10 , and R " l o - '  cm a s  a. n 

u computed f r o m  the ge the  energy-loss  formula,  the mean nuz:5er of e x - ,  . 
\ 

citations pe r  Compton event i s  

3) The creat ion of an L- shei l  vacancy in N occurs  with a prob- 
2 

ability (4/5)[5/7) = 0. 6 per  Comptor: event iri a i r .  The probability that the 
t N ion i s  left  In the proper  excited s tate  i s  unknown, but the.posit ions of 
2 

t the excited potential curves for  N, suggest that i t  should be high. Thus, 
L 

the numberof 'exc i ta t ions  pe r  Cornpton e~:en+ due to  this  effect should be 

only slightly l c s  s than 0.  5. 
t 

The total  number of excitations of N per  Compton event, discount- 2 
ing the effect o f  recombinztion,. is therefore a l i t t le under 4. 

The N emission,  about which the re  ex is t s  l i t t le i f  any quantitative 
2 + .  information, occurs  strongly and concomitantly with the N emission,  and 

2 
the number of N 2  excitations should not differ by an order  of magnitude 

t f r o m  the number of N excitations. Hence, -the 'number of excitations of 
t 

2 
both N and N will' be'.(c.onservatively) est imated to be 5 pe r  Compton event. 2 2 
Thus, i f  N i s  the Compton event density, the density of excitations resu l t -  

C 

ing in band emiss ion  will be.given by 5 K . 
C 

There  remains  the question of the excitations via electron-ion r e -  

combination, i. e .  , process  { $). T o  conclude that this  i s  a negligible effect, 

we need only to  show that recombination proceeds a t  a ra te  much lower 

than the rat:  of radiative depopulatioil of the "initially" established exci- 

tations. The word "initial" i s  intended to  be synonymcus with "ear lyq '  a s  

used previously. Thus,  if  Ne = 100 N is the initial e lectron density a s  
C -13' 

es t imated in the section on the recombination continuum, and i f  a = 10 

i s  the recombination coefficient, the recombination ra te  will be of the o rde r  

of 
2 2 3 N a = N recombinations per  c m  pe r  s e s .  

e C 

Bl-~t the de - excitation ra te  -.vi!l be, assuming an initial excitation density . 

- 8  5 N and a l i fe t ime of i O  seconds, of the o rde r  or' . 
C 

3 5 x l o 8  ?; de-excitations per  c m  per  sec .  
C 



- l a  
which i s  expected t o  be very  small  c o i -  The  ra t io  of these i s  2 X 10 

Nc, 
pa red  with unity. 

Therefore ,  thz ear ly  band er l i ss iv i ty ,  assuming an energy 3 ev 'pe r  

piioton, will be 

( 3 ) ( 5 ~ 1 0 ~ ) ~  c 8 3 
10 Nc ev  per  second pe r  c m  pe r  s teradian.  

4lT 

The ear ly  (within 0. 1 shake) tmiss iv i t ies  due to  the various sources  
3 have been est imated a s  follows ( in  units ev per  second per  c m  . per  a te ra-  

3 dian, v:ith N = the numbe: of Corn.pton events in a i r  per  c m  ): 
C 

Bands 8 
: 10 Nc 

5 ~ r e m s s t r k h l u n ~  and Cerenkov continua : 10 N 
C 

Re combination continui.im : negligible 

On those spectrograrr-s where a continuum appears  (briefly), the 

ra t io  of energies  in the bands and the cont inuum,seems not inconsistent 

with the above. 
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