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ABSTRACT 

The cross sect ion f o r  the  dissocia t ion and ionizat ion of' t he  HZ 
molecule by e lect rons  and protons i s  ca lcula ted using a method i n t ro -  

duced by M. Gryzinski. 1 
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I n  t he  evaluation of thermonuclear experiments such a s  E X - 1  and EX-2, 
+ 

it i s  necessary t o  know the  cross sect ion f o r  the  dissocia t ion of t he  H, 

molecule by e lect rons  and protons. 

These cross sections a r e  known only i n  Born approximation2'3 and a re  

thus somewhat unrel iable  a t  low energies. Also the  Born calcula t ions  a re  

unsat is factory i n  t h a t  they include only the  contribution t o  the  dissocia-  

t i on  from the  f i r s t  excited. s ta te  i n  the  case of e lect rons  and from the  

f i r s t  mid second excited s t a t e s  i n  t he  case of protons. 

M. ~ r ~ z i n s k i '  has recent ly  introduced a formalism f o r  ca lcu la t ing  the  

ionizat ion and exci ta t ion of atomic systems by charged-particle impact. 

Since t h i s  theory appears t o  give r e l i ab l e  r e su l t s  i n  t he  low-energy region 

where the  Rnrn  approximation i s  not  accurate, it i s  used here t o  ca lcu la te  
+ 

t he  cross sect ion f o r  the  dissocia t ion and ionizat ion of the  H2 molecule by 

both e lect rons  and protons. The Gryzinski approximation i s  one i n  which t h e  

dissocia t ion cross sect ion includes the  contribution from a l l  excited s t a t e s  

including the  ionized s t a t e .  

. The r e su l t s  a r e  compared with the  Born approximation resu l t s .  Appreci- 

able  differences a re  found between the  present calcula t ion and the  Born ap- 

proximation i n  t he  case of d issocia t ion by electrons,  bu t  only minor 

di f ferences  a r e  found i n  the case of d issocia t ion by protons. 

I n  an appendix the  ionizat ion of the  H2 mo le~u le  by protons i s  t r e a t ed  

b r i e f l y  &Id, compared with experimental resu l t s .  

11. METHOD OF CALCULATION 

I n  doing the  calcula t ion we follow very c lose ly  the  work of Gryzinski, 

he r e ina f t e r ' c s l l ed .1 .  A l l  t h e  formulas below a r e  impl ic i t  i n  I, bu t  they a r e  
7 

reproduced here because i n  some cases they a re  not given e x p l i c i t l y  i n  I and 

i n  some cases they d i f f e r  from those given i n  I because of an a lgebraic  

e r r o r  i n  the  published tex t .  The notation w i l l  be the  same a s  t h a t  used 

i n  I. 



We l e t  a(&) be t he  cross  sect ion f o r  a  co l l i s i on  between an incident  

charged p a r t i c l e  and a  f r e e  e lect ron such t h a t  the  incident  p a r t i c l e  under- 

goes an energy l o s s  AE. Then, using subscr ipts  1 and 2 t o  denote quan t i t i es  

associa ted with the  t a r g e t  e lect ron and the  incident  pa r t i c l e ,  respectively, 

we consider t h e  two cases of an incident  e lect ron and an incident  heavy 

p a r t i c l e .  

Assuming t h a t  t he  f r e e  t a r g e t  e lect ron has an i so t rop ic  ve loc i ty  d i s t r i -  

bution, we have i n  t h e  case of an incident electron,  i .e . ,  m l  = m2, 

while i n  t h e  case of an incident  heavy pa r t i c l e ,  i .e . ,  IQ >>ml ( the approxi- .  , 

mation 'involved here i s  t h a t  E2 >> El), 

where 

'z = charge of incident  pa r t i c l e ,  



The cross sect ion f o r  a  co l l i s ion .wi th  energy t r ans f e r  g rea te r  than u, 

Q(U, vl, v2), may be wri t ten  

AE max 

&(u,v1v2) = 1 ' o(&) 

u  

where 

& = E2 i f  ml = Q 
max 

Carrying out the  in tegrat ion we have i f  m, = m2 



and i f  m 2  >> m l  

where 

For t he  purpose of numerical, computation it i s  convenient t o  rewri te  

Eqs. 4 and 5 e x p l i c i t l y  i n  terms of the  ve loc i t i e s  v l  and v2 and t o  use 

atomic un i t s ,  i.e., u n i t s  such t h a t  ml = %.= e = 1. I n  these  units Eq. 4 
becomes 



becomes and Eq. 5 

&(u,v1v2) 

Equations 6 and 7 were derived on the  ba s i s  of two-body co l l i s i ons  be- 

tween f r e e  par t i c les .  Following I we now assume t h a t  these equations may 

s t i l l  be applied i f  t he  t a rge t  e lect ron i s  bound. The ve loc i ty  v l  i s  a 

pa r t i cu l a r  ve loc i ty  of the  bound e lect ron and the  r e s u l t s  a r e  t o  be averaged 

over the  quantum mechanical ve loc i ty  d i s t r i bu t i on  of t he  bound electron.  We 

fu r the r  assume t h a t  a pa r t i cu l a r  quantum mechanical energy l e v e l  of the  

bouid e lect ron cannot be excited unless the  energy t r ans f e r  is  greater  than 

the  exc i ta t ion  energy of t h i s  l eve l .  

Using these  assumptions we can now ca lcu la te  the  ionizat ion and dissocia-  
F + 

t i o n  cross sect ions  f o r  the  Hz molecule. I n  the  calcula t ion t he  molecular 

protons a r e  considered t o  be f ixed force centers  and a c l a s s i c a l  average over . 
+ 

molecular or ienta t ion i s  performed. Since no spectra  from the  K molecule 

a r e  observed, all excited s t a t e s  of the  e lect ron must lead t o  dissociat ion.  

Thus t he  dissocia t ion cross  sect ion may be i den t i f i ed  with the  t o t a l  cross 

sect ion f o r  exci t ing a l l  s t a t e s  of the  molecule including the  ionized s ta tes .  

This exc i ta t ion  cross section may be obtained d i r e c t l y  from Eqs. 6 and 7 



-6 - 

by s e t t i n g  u equal t o  t h e  first exc i ta t ion  energy of the  molecule and aver- 

aging over t he  ve loc i t y  d i s t r i bu t i on  of the  bound electron.  

Using the  Q from Eq. 6 t h e  cross sect ion fo r  d issocia t ion by e lect rons  

i s  given by 

and using the  Q from Eq. 7 the  cross sect ion f o r  d issocia t ion by protons i s  

given bylc 

L = v2 (? - 1) o r  0 whichever i s  l a r g e r  

2< 

where 

+ ul = energy of the  first excited s t a t e  of the  % molecule, 

f ( v l )  = ve loc i ty  d i s t r i bu t i on  of e lect ron i n  the  ground s t a t e  of 1 

the  2 molecule. 
I *- 

The lower l i m i t  i n  Eq. 8 i s  zero because ' i n  t he  case of an incident  

e lec t ron  the  maximum energy t r ans f e r  is  independent of the  velocity. ,of  the  

t a r g e t  electron.  Thus an incident  e lect ron i s  capable of exc i t ing  all 

components of the  ve loc i t y  d i s t r i bu t i on  o r  none of them. I n  the  case of an 

inc iden t  proton t he  maximum energy t r ans f e r  i s  

Wince f (vl )  goes t o  zero very rapidly  as v l  ge t s  large,  t he  contribution 
t o  t he  i n t e g r a l  from l a rge  vl ,  where our Q i s  incorrect ,  i s  negligible.  



and since t h i s  increases with vl the  incident  p a r t i c l e  may be capable of 

exc i t ing  some components of t he  d i s t r i bu t i on  bu t  not  all of them. Thus i n  

Eq. 9 one must include only those vl such t h a t  

The ionizat ion cross sections a r e  given.by the  same expressions as the  . , 

dissocia t ion cross  sect ions  with ul replaced by the  ionizat ion energy. I n  
+ 

defining t he  ionizat ion of the  H2 molecule we use the  v e r t i c a l  ion iza t ion '  

energy 29.9 ev. 

Note t h a t  Eq. 7 does not depend on the  m a s s  of the  incident  p a r t i c l e  and 

var ies  as  the  charge of the  incident p a r t i c l e  squared so  i n  these respects  

our cross sect.ions agree with t he  Born approximation. On the  o ther  hand, 

i n  the  high-energy l i m i t  Eqs. 6 and 7 give a cross sec t ion  t h a t  goes as 

1/$ while the  Born approximation cross  sect ion - which i s  known t o  be cor- 

r e c t  - goes as 1/v$ Jn e. 'l9111s t h e  present calcula t ions  cannot be t r u s t ed  

a t  very high energies. 

111. VELOCITY DISTRIBUTION 

The ve loc i ty  d i s t r i bu t i on  which occurs i n  Eqs. 8 and 9 i s  obtained 

by using t he  usual L.C.A.0 wave f u n ~ t i o n . ~  The wave function, @, may be 

wri t ten  



Taj 'b 
- cu&l l l i~~e~es  uJ? Llle r1ecL.t-uli w l L 1 1  resyGc.1; t o  the molecular 

protons 

R = equil ibrium separation dis tance between t h e  molecular protons. 

To f i nd  the  ve loc i t y  d i s t r i bu t i on  we take the  Fourier  transform of $ 

.+ 
and average 4*(G1) 4(vl) over molecular or ienta t ions;  i. e., over a l l  angles 

of x, t o  obta in  



s i n  vlR 
f (v l )  = 2N2 +;(vl) I 

The quant i ty  b2(vl) is, of course, j u s t  t he  ve loc i ty  d i s t r i bu t i on  of an N 
elect ron i n  the  ground s t a t e  of a hydrogen atom with nuclear charge z. 

I V .  RESULTS 

The cross sect ions  f o r  d issocia t ion and ionizat ion by e lect rons  a re  

shown i n  Fig. 1. I n  Fig. 2 t he  dissocia t ion cross sect ion i s  compared t o  

the  Born approximation r e s u l t s  of ~ v a s h . ~  The two Born curves correspond t o  

using no electron-electron exchange and t o  including the  p r i o r  exchange terms. 

The use of the  post  exchange terms give a peak which i s  considerably l a r g e r  

than those shown i n  the  f igure.  

The present calcula t ion gives a somewhat smaller cross  sect ion than t he  

Born approximation, pa r t i cu l a r l y  a t  the  lower energies. I n  par t i cu la r ,  i f  

the  present calcula t ion i s  a t  a l l  cor rec t  the  l a rge  peaks due t o  exchange 

a r e  completely f i c t i t i o u s .  Of course, exchange e f f ec t s  a r e  not included i n  

the  calcula t ion done here, b u t  ~ r y z i n s k i l  has calcula ted the  ionizat ion of 

the  H2 molecule by e lect rons  using t h i s  theory and obtained very good agree- 

ment with the  eqe r imen ta l  r e su l t s .  

I n  Fig. 3 the  cross  sect ions  f o r  d issocia t ion and ionizat ion by protons 

a r e  shown. Also shown i s  the  dissocia t ion cross sect ion obtained by Born 

approximation.3 The two cross sect ions  a r e  i n  reasonable agreement over t he  

veloci ty  range considered, bu t  t h i s  does not  necessar i ly  mean t h a t  t he  cross  

sections can be t rus ted.  One expects t h a t  the  Born approximation i s  in -  

accurate a t  the  lower ve loc i t i es ,  and the  agreement of t he  present calcula-  

t i o n  with the  Born approximation may only mean t h a t  both a r e  inaccurate. 

It might a l so  be mentioned t h a t  E. ~ e r j o $  has estimated t he  ionizat ion 
+ 

cross  sect ion of H2 by protons and obtained much l a rge r  values a t  t he  low 

ve loc i t i es  than those shown i n  Fig. 3. 



Fig.1. Dissociation and Ionization of H ~ +  by Electrons. 



Fig. 2. Dissociation of H;'. by Electrons. 



Fig. 3. Dissociation and Ionization of H: by Protons 



The author wishes t o  thank Dr.  F. S. Alsmil ler  f o r  many h e l p f u l  d i s -  

cussions on t h e  Gryzinski theory and t o  thank M r .  G. North f o r  h i s  a i d  i n  

doing the  numerical computations. 



Appendix - 1 

IONIZATION OF THE H2 MOLECULF: BY PROTONS 

+ 
Because there  i s  no da t a  on t he  dissocia t ion and ionizat ion of H2 by 

protons with which t o  compare our calculations,  we ca lcu la te  here t he  

ion iza t ion  of t he  H2 molecule by protons and compare our r e s u l t s  with t he  

experimental data. 

To ca r ry  out  t he  ca lcu la t ion  we need the  d i s t r i bu t i on  function of an 

e lec t ron  i n  the  IE2 molecule. Since Q, Eq. 7, i s  a slowly varying function 

of v1 we can ge t  a quick est imate of t he  cross sect ion by using the  simple 

d i s t r i b u t i o n  f o r  

f o r  t he  Hz molecule. This i s  the  d i s t r ibu t ion . func t ion  used i n  I .- with 

good r e s u l t s  - t o  ca lcu la te  t h e  ionizat ion o f . t h e  H2 molecule by electrons.  

The cross sec t ion  obtained by using Eq. 12 i n  conjunction with Eqs. 6 

and 9 i s  shown i n  Fig. 4. Also shown i n  t he  f igure  a r e  some representa t ive  

experimental As can 'be seen, the  calculated values a r e  always 

too  low. 



Fig. 4. Ionization of H2 by Protons. 
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