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Abmact The exper imenta l  t o t a l  c ross  s e c t i o n s  f o r  e l e c t r o n s  s c a t t e r e d  
by carbon d i o x i d e  and n i t r o g e n  molecules i n  t h e  energy range 500-3000eV 
were measured by t h e  t r a n s m i s s i o n  techn ique  and a r e  r e p o r t e d  i n  t h i  s  
paper. The apparatus,  exper imenta l  techniques and p o s s i b l e  s o u r c e s  o f  
e r r o r  a r e  d iscussed i n  d e t a i l s .  Comparison o f  t h e  p resen t  exper imenta l  
da ta  w i t h  t h e  r e s u l t s  ob ta ined  th rough  t h e  a d d i t i o n o f  t h e  i n t e g r a l  e las -  
t i c  c ross  s e c t i o n  and t h e  c a l c u l a t e d  semi- empir ica l  i o n  i z a t  i o n  c ross  
s e c t i o n  i s  made and shows a  good agreement. These are the  f i r s t  r e p o r t e d  
measurements of t h i s  k i n d  f o r  e l e c t r o n  beam energ ies  above 1600 eV f o r  
n i t r o g e n  and above 600 eV f o r  carbon d i o x i d e .  

1. INTRODUCTION 

The goal o f  t h i s  paper i s  t o  p resen t  rneasurements o f  t h e  t o t a l  

cross s e c t i o n  ( e l a s t i c  p l u s  i n e l a s t i c  c01 1  i s i o n )  o f  e l e c t r o n s  s c a t t e r e d  

by n i t r o g e n  and carbon d i o x i d e  i n  t h e  energy range between 500 and 3000 

eV. 

I t  i s  w e l l  know t h a t  exper imenta l  r e s u l  t s  a r e  u s e f u l  f o r  

t e s t i n g  t h e o r e t i c a l  formal isms.  The t o t a l  cross s e c t i o n s  f o r  e l e c t r o n -  

-atom s c a t t e r i n g  i n  the  i n t e r m e d i a t e  and h i g h  energy range a r e  p a r t i c u -  

l a r l y  impor tan t  t o  t e s t  t h e  v a l  i d i t y  o f  t h e  fo rward  d i s p e r s i o n  r e l a t i o n  

f o r  e lec t ron- a tom s c a t t e r i n g  proposed by Gerjuoy and K r a a l l  . These as-  

pec ts  a r e  d iscussed i n  d e t a i  1  by Blaauw e t  aZ1". 

Experimental r e s u l t s  a r e  impor tan t  a l s o  i n  s o l v i n g  p r o b l e m s  

concern ing app l  i c a t i o n s  i n  areas such as plasma p h y s  i c s  a n d  a s  t r o -  

phys ics ,  where t h e  r e s u l t s  shou ld  lead  t o  a  b e t t e r  u n d e r s t a n d i n g  o f  

atrnospheric phenomena such as aurora1 processes and the  atmospheres o f  

o t h e r  p l a n e t s .  

Most o f  t h e  r e s u l t s  descr ibed  i n  t h e  l i t e r a t u r e  have been ob- 

t a i n e d  f o r  low energy e l e c t r o n s  (up t o  a  few hundred e l e c t r o n  -v01 t s )  . 



The r e s u l t s  obtained up t o  1971 have been d i s c u s s e d  i n  thc! r e v i e w  

a r t i c l e  by Bederson and ~ i e f f e r ~ .  For the n i t rogen molecule, Ellaauw et 

aZ2 ' \ ,  obtained r e s u l t s  f o r  the t o t a l  cross sec t ion  (TCS) i n  the energy 

range between 15 and 750 eV. Another group5 extended the energy range 

t o  1600 eV. The apparatus i s  described by Dal ba et aZ6. The r e s u  1 t s  

reported i n  the present paper extended the  energy range o f  t he  TCS of 

n i t r ogen  up t o  3000 eV. For the carbon d iox ide  molecule, desp i te  the 

i n t e r e s t  i n  cross sec t ion  data t o  understand a t m o s p h e r  i c p r o c e s s e s ,  

there are  no TCS measurements  a b o v e  5 0 0  eV, and the p r e s e n t  r e -  

s u l t s  a re  the  f i r s t  reoorted t o t a l  cross sec t ion  i n  the e n e r g y  r a n g e  

consi dered 

Regarding the theoret- ical aspects, the d i  f f e r e n t  i a 1  e l a s t i c  

cross sect ions, DECS, f o r  the e1 ectron-mo1 ecule scat ter ing has been success- 

f u l l y  t rea ted i n  the intermediate energy range by the incoherent renor- 

malized mu l t i cen t re  po ten t i a l  model (IRMPM) 7 - 1 0 .  On the o ther  hand, the 

t o t a l  i n e l a s t i c  cross sect ions (TICS) has been studied systernat ical ly  by 

Inokut i  et aZ1 and E!onham12, using Bethe's theory13'14.  

I n  the f o l l o w i n g  sec t ion  we descr ibe b r i e f l y  the  experimental 

set-up, the  var ious sources and the estimated magnitude o f  the exper- 

imental e r ro rs .  Some theo re t i ca l  aspects o f  t o t a l  cross sect ion,  the re -  

sults obtained and a discussion are a l so  included. 

2. EXPERIMENTAL 

The e lec t ron  sca t te r i ng  apparatus i s  housed i n  a s i n g l e  vacuum 

chamber pumped w i t h  a 6" o i l  d i f f u s i o n  pump w i t h  a l i q u i d  n i t r ogen  trap. 

The u l t i m a t e  pressure i ns ide  the apparatus'5"6 i s  around 5 x 1 0 - ~  t o r r .  

l n  o rder  t o  measure the t o t a l  cross sec t ion  the technique o f  

the  e lec t ron  t ransmission through gases was used. An e lec t ron  gun.pro-  

duces a s tab le  beam o f  energy between 20 and 3000 eV. The primary elec-  

t r o n  beam cur rent  i s  measured by an electrometer and i s  approximately l0 

n* over most o f  the energy range. The cur rent  becomes stable a f t e r  th ree 

hours of operat ion.  bhen the energy i s  changed, the e lec t ron  gun i s  re- 

-adjusted t o  g i ve  a maximum cur rent .  

To avoid dev ia t ions  o f  the e l e c t r o n  beam t r a j e c t o r y ,  a 

Helmholtz c o i l  reduces the magnetic f i e l d s  ins ide  the chamber t o  less 



than 10 mGauss. The equipment i s  made o f  aluminium a l l o y  and brass t o  

avoid s t ray  magnetic f i e l d s .  

The c o l l i s i o n  chamber i s  a c y l i n d e r  80 mm i n  l e n g t h  and the 

entrance and e x i t  apertures are  both 0,8 mm i n  diameter. The acceptance 

angle i s  0.57 degrees a t  the e lec t ron  detector .  The e l e c t r o n  beam i s 

co l l ec ted  i n  a Faraday cup a f t e r  the e x i t  s l i t .  

The pressure i n  the c o l l i s i o n  chamber i s  measured by a Shulz-  

-Phelps type sensor. TheShulz-Phelps gauge i s  ca l i b ra ted  a g a i n s t  a 

capaci tance manometer. The cal  i b r a t  ion measurements are made w i t h t h e  

pressure between 0.015 and 0.07 t o r r .  A p l o t  o f  the values o f  the press- 

ure  read through the capacitance manometer measurements versus thevalues 

given by the Schulz-Phelps gauge r e s u l t s  i n  a s t r a i g h t  l i n e .  

bhen the primary e lec t ron  beam i s  s tab le ,  the gas i s i n t roduced  

i n  the c011 i s i o n  chamber and the t ransmi t ted  cur rent  and pressure are  

measured. The t o t a l  cross sec t ion  i s  re la ted  w i t h  the measu red  quan- 

t i t i e s  as: 

where 0 i s  the t o t a l  cross sect ion,  I i s  the t ransmi t ted  current ,  N 

i s  the number densi t y  o f  p a r t i c l e s  (atoms o r  molecules) i n  the scat-  

t e r i n g  volume, which i s  r e l a t e d  t o  the  pressure and R i s  the  length  o f  

the sca t te r i ng  chamber. I, i s  the primary e l e c t r o n  beam cur rent  and 

s ince i t  i s  constant, the p l o t  o f  l o g  I against  pressure ( i n  t o r r )  a l -  

lows u s t o  ob ta in  the  t o t a l  cross sec t ion  from the grad ient  o f  the  

s t r a i g h t  l i n e  times a constant f ac to r .  Assuming the idea l  gasbehaviour, 

t h i s  constant f ac to r  i s  - T/7730, where T i s  the temperature i n  the  

absolute scale. 

3. SOURCES OF ERROR 

I n  t h i s  sec t ion  we w i l l  discuss var ious systematic and random 

s t a t i s t i c a l  e r ro rs .  However, the s is temat ic  e r r o r  i n t r o d u c e d  by the 

und iscr iminat ion  between the  t ransmi t ted  and s c a t t e r e d  e lec t rons  a t  

small angles i s  discussed separately i n  the  sec t ion  of the resu l t s .  

The main sources o f  the experimental e r r o r  are:  

a) primary e lec t ron  beam f l u c t u a t i o n .  To minimize t h i s , t h e  e lec t ron  gun 

i s  turned on three hours before s t a r t i n g  the  data acqu i s i t i on .  I n  our 



experiments the maximum f l u c t u a t i o n  i s  around 2%; 

b) pressure reading. For each measurement, the pressure i ns ide  the scat-  

t e r i n g  chamber i s  kept  s tab le  and there fore  the  e r r o r  c o n t r i  b u t i o n  i s  

due t o  the pressure reading. A d i g i t a l  mul t imeter connected to  the press- 

ure meter a l lows readings w i t h i n  a maximum accuracy o f  0.5%; 

c) temperature. The temperature reading i s  taken i n  two p laces ,  a t  the  

gas i n l e t  t ubu la t i on  and near the e x i t  aper ture  o f  the c o l l i s i o n  chamber. 

For both cases the  readings were always the same as the ambient: tempera- 

ture .  For the var ious sets o f  experiments the temperature va r i es  between 

22O t o  28'~, nevertheless t o  ob ta in  the t o t a l  cross sec t ion  i n  eq. (1) , 
O the value i s  assumed t o  be 25 C. 

The combined standard dev ia t i on  o f  the e r ro rs  i s  estimated by 

the fo l l ow ing  expression: 

where pi and Ap. a re  the experimental parameters and the stanclard devi-  
'L 

a t i ons  respect ive ly .  The d e r i v a t i v e  3u/api i s  a n a l i t i c a l l y  c a l c u l a t e d  

by equat ion (1). The e r r o r  i n  the  t o t a l  cross sec t ion  i s  approximately 

4.2%. 

An add i t i ona l  e r r o r  o f  1.5% i n  the t o t a l  cross sec t ion  (TCS ) 

has been estimated due t o  o ther  sources o f  random e r r o r s  such as the  

f l u c t u a t i o n  on the  primary beam energy, spurious magnetic f i e l d  and de- 

loca l i zed  gases. Therefore an o v e r a l l  estimated standard d e v i a t i o n  i s  

approximatei y 6%. 

4. THEORY 

The t o t a l  cross sec t ion  i s  def ined as a sum o f  i n t e g r a l e l a s t i c  

cross sec t ion  (IECS) and the  t o t a l  i n e l a s t i c  cross sec t ion  (TICS) . The 

IECS i s  obtained by i n t e g r a t i n g  the  d i f f e r e n t i a l  e l a s t i c  cross sec t ion  

(DECS) over a11 the  s c a t t e r i n g  angles. The DECS values used are  the 

ca lcu la ted r e s u l t s  by Lee and F r e i t a s  f o r  e lec t ron- l i nea r  moleculescat-  

t e r i n g u s i n g  the  r e n o r m a l i z e d m u l t i - c e n t r e p o t e n t i a l  rnode17'10.  The 

agreement v e r i f i e d  between these theo re t i ca l  values of DECS and exper- 

iment, f o r  n i t r ~ ~ e n ~ ' ' ~  and carbon dioxide17, i s  i n  general, w i t h i n  the 

experimental uncer ta in t ies .  



The d i f f e r e n t i a l  i n e l a s t i c  cross sec t ion  i s  g iven by: 

where do2/(&&) i s  the cross sec t ion  r e l a t i v e  t o  the energy loss E and 

observat ion s o l i d  angle R .  The fac to r  f(E,K) i s  the general ized o s c i l -  

l a t o r  st rength,  k  i s  the inc ident  e lec t ron  momentum, kn i s  the  scat-  

tered e lec t ron  momentum and K i s  the i n e l a s t i c  momentum transfer .  (dõ/dR)q 

i s  the Rutherford cross sec t ion  and i n  atomic u n i t s  i t  i s  w r i  t t e n  as 

4/K4, 

x = (k2 +I$ - 2kkn cor 0 ) l" (4) 

where 0 i s  the sca t te r i ng  angle. Using Bethe theory13, i t  i s  poss ib le  

t o  w r i t e  the TICS 11'12 as : 

where Z i s  the atomic number. Inokut i  e t  aZ" have ca lcu la ted thequan- 

t i t i e s  M tot, Ctot and y f o r  severa1 atoms and there  a re  no c a  1 c u -  
t o t  

l a t i o n s  f o r  the  molecules under study. However, i t  i s  v e r i f i e d  t h a t  ex- 

perimental i o n i z a t i o n  cross sect ions have been determined by Rieke and 

Prepejkal l 8  f o r  energies above 0.1 MeV. These experimental values can 

be f i t t e d  t o  an expression s i m i l a r  t o  eq. (5) : 

where fi i s  the inc ident  e lec t ron  ve loc i  

l i g h t .  Consequently, the semi-empirical 

t y  d i v i ded  by the v e l o c i  t y  o f  

parameters M and C can be ob- 

ta ined f o r  N2 and C02 and they are  respect ive l  y, M' =3.74 and ~=34.84;  

~ ' = 5 . 7 5  and C =57.91. 

Although the experimental values o f  the t o t a l  i o n i z a t i o n  cross 

sect ions used i n  the f i t t i n g  procedure were obtained f o r  energies above 

0.1 MeV, i n  t h i s  work eq. (6) w i t h  the given semi-empirical parameters 

i s  extended t o  the energy range o f  our i n t e r e s t  i n  order t o  est imate 

ain. Besides, s ince the TICS i s  the  sum of the i on i za t i on  c r o s s  sec- 

t i o n  and d i s c r e t e  e x c i t a t i o n  cross sect ions,  the value obtained from eq. 

(6) i s  incomplete. 



In  the next sec t ion  the values obtained by t h i s  procedure w i l l  

be compared t o  the experimental data. 

5. RESULTS ANO DISCUSSION 

For n i t r ogen  and carbon d iox ide  molecules, the t o t a l  cross sec- 

t i ons  have been reported using both, t i m e- o f - f l i g h t  technique and e lec-  

t r o n  transmission method. I n  general. the r e s u l t s  obtained through the 

t ime- of- f l  i gh t  technique agree w i t h  the r e s u l t s  o f  t h e  t r a n s m i  ss i o n  

technique. 

I n  the intermediate energy range there  are  resu l t s ,  f o r  n i t r o -  

gen, measured by Blaauw e t  a21s2 a t  energies up t o  750 eV, Dalba e t  aZ6 

up t o  1600 eV and by Hoffman e t  aZI9 up t o  700 eV, us i  ng the transmission 

technique. For carbon dioxide,  there are  the experimental r e s u l t s  re-  

ported by Kwan e t  a l Z 0  up t o  500 eV. 

Table 1 shows our experimental d a t a o f  t o t a l  c r o s s  s e c t i o n  
- 

(TCS) f o r  e  -ni  trogen and e--carbon d iox ide  i n te rac t i on  i n  compari son 

w i t h  the  r e s u l t s  o f  other authors. I n  the same t a b l e  we a l s o  show the 

i n teg ra l  e l a s t i c  cross sec t ion  (IECS) f o r  both gases. I n  f i g u r e  1 the 

experimental values o f  the TCS are  displayed i n  comparison w i t h  thesemi 

-empir ical  values o f  TCS obtained through the add i t i on  o f  the  IECS w i t h  

ain ca l cu la ted  w i t h  eq. (6). 

One notes tha t  our experimental values o f  the t o t a l  cross sec- 

t i o n  fo r  n i t rogen between 500 and 1100 eV agree w i t h i n  6% w i t h  the re-  

s u i t s  obtained by Oalba e t  az6. Over 1100 eV the  d i s c r e p a n c i e s  a r e  

l a rge r  and Dalba's r e s u l t s  l i e  always above. At 500 eV the sum o f  the  

theo re t i ca l  i n teg ra l  e l a s t i c  cross sec t ion  (IECS) o f  Ja in  e t  a2I0 and 

the a value obtained using eq. (6) i s  15% lower than the present re-  i n 
s u l t s  and a l so  lower than o ther  experimental values. A t  800 eV t h e  

theo re t i ca l  cross sec t ion  i s  6% lower. 

For carbon dioxide,  a t  500 eV the present r e s u l t  agrses w i t h  

the  experimental resul  t o f  Kwan e t  aZZ0. bhen compared w i  t h  the  i n -  

teg ra l  e l a s t i c  cross sec t ion  (IECS) ca lcu la ted by Botelho e t  a;!21 p lus  

ú f rom equation (6) , the discrepancy i s  around 4% a t  500eV arid r i s i n g  i n 
t o  17% a t  1500 eV. Using the experimental i n teg ra l  e l a s t i c  c rosssect ion  

(IECS) o f  Iga e t  a~~~ and úin (eq.(6)), exce l l en t  agreements w i t h  the  

r e s u l t s  o f  the present work a t  500, 800 and 1000 eV are v e r i f i s d .  



Table 

tegra 

l a r  n 

1 - Absolute values o f  the t o t a l  cross sec t ion  

e l a s t i c  cross sec t ion  (IECS) f o r  e lec t rons  sca 

trogen and carbon d iox ide  ( i  n a2) . 

(Tcs) and o f  i n -  

t t e r e d  by molecu- 

T C S  IECS TCS 
1 ,r--- - 
Preseni 

work 
i o f  fmann 
si aZ19 

3.46 
3.10 
2.83 

Jain e t  Presen 
a z 1 0  1 work 

Kwan e: 
az2 

5.16 

I  ECS - - 
Iga e;  
azZ2 - 
2.98 

2.31 

1.92 

The discrepancies between the values o f  the  present work and 

the experimental data o f  Oalba e t  aZ6 f o r  n i t r ogen  can be a t t r i b u t e d  t o  

the aperture s i z e  used i n  the  sca t te r i ng  chamber. The f i n i t e  s i ze  o f  

the apertures o f  the apparatus causes the absence o f  e lec t ron  a t t e n u -  

a t i o n  a t  small angles and consequently the decrement o f  the measu red  

t o t a l  cross sect ion.  Therefore exper imental ly ,  the t o t a l  cross sec t ion  

i s  def ined when the l i m i t i n g  angle o f  acceptance o f  the detec tor  iszero.  

The e r r o r  caused by t h i s  f a c t o r  has been s tud ied i n  our pre- 

v ious paper'6 f o r  e lectron-argon sca t te r i ng .  I n  t h a t  study we had v e r i -  

f i e d  tha t  the forward sca t te r i ng  i s  energy dependent and cont r ibu tes  

from 3 t o  17% when the impact energies v a r y  from 500 t o  3000 eV. As- 

suming tha t  the behaviour o f  n i t r ogen  and carbon d iox ide  i s  c l o s e l y  the 
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F i g .  1 - Absolute values o f  the t o t a l  cross sec t ion  f o r  
e lec t rons  scat tered by molecular n i t r o g e n : * t h e  preserit 
work; A Dalba e t  a l 6 ; + r  Blaauw e t  aZ2; O H o f f m a n  e t  
a219; A Ja in  e t  a 2 I o  + o. . Carbon d iox ide :  the  pre- 
sent work; V Kwan e t  a ~ ~ " ;  o lga e t  a l Z 2  + a and O 
Botelho e t  a121 + a i n 

i n '  

T O T A L  C R O S S  S E C T I O N  

4 8 

9 1  O .  

same as argon, the maximum c o n t r i b u t i o n  o f  t h i s  systematic e r r o r  i s  es- 

t imated t o  be 17% f o r  a11 energies, there fore  the  maximum o v e r a l l  ex- 

perimental e r r o r  becomes 23%. 

At h igh  energies the t o t a l  e l a s t i c  cross sec t ion  c a n  be ob- 

ta ined using the, üorn Approximation and can be w r i t t e n  as23:  



where k i s  the inc ident  e lec t ron  momentum and s i s  the magnitude o f  the 

momentum t rans fe r  vector ,  Z i s  the  atomic number and F ( s )  i s  the  atomic 

X-ray form fac to r .  Adding equat ion (5) t o  equation (7) and neg lec t ing  

terms O (k-') , the t o t a l  cross sect i on  can be wr i  t t e n  as: 

k2 utot = A  l og  k2 + B 

The graph o f  k2 atot versus Iog  k2 w i t h  our experimental values i s  a 

s t r a i g h t  l i n e a n d a  l eas t  square f i t  g ives A=-48.655 and B = 799.48 
f o r  n i t rogen,  and A = 110.38 and B = 227.82 f o r  carbon dioxide,  where 

k2 i s  i n  t2 and otot i n  8'. 

6. CONCLUSION 

I n  t h i s  paper experimental measurements o f  the t o t a l  cross sec- 

t i o n  o f  e lec t rons  scat te red by molecular n i t r ogen  and carbon d íox ide  

are presented f o r  energies from 500-3000 eV. For energies above 1600 

f o r  N p  and above 600 f o r  C02 the values o f  TCS are  reported by the f i r s t  

t ime t o  our knowledge. 

There i s  a systematic e r r o r  a r i s i n g  from the f i n i  t e  a n g u l a r  

reso lu t i on  and t h i s  e r r o r  i s  quoted t o  be 17% f o r  a11 impact energies 

and the maximum overal  1 experimental e r r o r  i s  23%. S i nce the e f f e c t  due 

t o  the forward sca t te r i ng  i s  energy dependent and increases w i t h  the i n -  

crement o f  the energy, the above quoted e r r o r s  might be overestimated 

a t  the  lower impact energies. 
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Resumo 

Foram medidas as SecçÕes de Choque Total  (sCT) para o espalha- 
mento de e lé t rons  de energias en t re  500 a 3000 eV t ransmi t idos  através 
de n i t r ogên io  e d ióx ido  de carbono. E d e s c r i t o  o aparelho u t i l i z a d o  na 
obtenção dos resul tados experimenta i s, a técnica u t  i 1 i zada e possíveis 
fontes de er ros .  Os dados experimentais da Secção de Choque T o t a  1 são 
comparados com resultados teó r i cos  obt idos  a p a r t i r  da soma da secção 
de choque d i f e renc ia l  e l á s t i c a  integrada aos valores semi-empiricos da 
secção de choque t o t a l  de i o n i z a ~ ã o  e com valores experimentais da SCT 
disponíveis.  Para o n i t r ogên io ,  acima de 1600 eV e para o d ióx ido  de 
carbono, acima de 500 eV. estes são os pr imeiros resul tados reportados 
na 1 i t e ra tu ra .  


