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A m a  Vibrat ional  l y  averaged ro ta t iona l  l y  e l as t i c  and Inelast ic cross 
sections f o r  electron-H2 scat ter ing are calculated i n  the 0.6 -' 15 eV 
energy range. I n  the present study, the in te rac t  ion potent ia l  forrned by 
s t a t i c ,  exchange and po la r i za t ion  cont r ibut ions i s  employed to  solve 
the scat ter ing equat ions a t  seven internucl  ear d  i s  tances. The cross 
sections, obtained v i a  an adiabat ic nuc le i  approximation, are cornpared 
w i t h  avai lablèexperimental  data. The good agreement suggests that  the 
present method can be extended to  more complex systems. 

1. INTRODUCTION 

Electron scat ter ing by gaswus atoms and molecules has been a 

subject o f  considerable theoret ica l  ' and experimental2 i nves t i g a t  i o n  

dur ing the past decade. Undoubtedly, the hydrogen rno lecu le iscer ta in ly  

the most studied target  f o r  a number o f  reasons: because o f  i t s  s irn- 

p l  i c i t y ,  some sophis t icate ab - i n i t i o3 -5  ca lcu la t ions are cornputational- 

l y  feas ib le  f o r  H 2  whereas they are p rac t i ca l l y  in t rac tab le  f o r  more 

compl icated systems. Therefore the electron-H2 i nteract  ion becomes an 

indispensable t es t  f o r  most theoret ica l  formulat ions. On the other 

hand, because o f  i t s  smal 1  reduced mass, the v i  brat ional  and r o t a t  ional 

energy leve ls  o f  t h i s  molecule are s u f f i c i e n t l y  spaced and t h i s  par- 

t i c u l a r  i t y  a l  lows the experimental determinat ion6-' o f  the cross sec- 

t ions f o r  pure e l a s t i c  scatter ing, pure r o t a t i on  exc i ta t io i l  and v i -  

brat ional - ro ta t ional  exc i ta t ion  o f  the molecule by e lect ron impact i n  

a  wide energy and angular range. This k ind of e x p e r i m e n t a l  study i s  
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a lso d i f f  i cu l  t t o  be performed f o r  more compl icated molecular systems. 

Regarding the e l a ç t i c  and ro ta t iona l  exei t a t i on  c r o s s  sec- 
1 0- 1 2  t ions, most o f  the ca lcu la t ions have been performed a t  the equi- 

1 ibrium internuclear distance o f  H2. However, the recent exper  imen ta  1 

resu l t s  o f  the v ib ra t iona l- ro ta t iona l l y  e l a s t i c  and v ib ra t iona l- e las t i c  

ro ta t iona l- exc i ta t ion  cross sections j u s t i f y  a more elaborated c a l  cu -  

l a t i o n  where the v ib ra t iona l  averaging can be introduced. 

I n  the present study, the v ib ra t iona l  l y  resolved d i f f e r e n t i a l  

and in tegra l  cross sections f o r  e l as t i c  and ro ta t iona l  exci t a t i on  scat- 

te r ing  are calculated and p r e s e n t e d  i n  t h e  energy  r ange  between 

0.6-15 eV. 

I n  sect ion 2, we b r i e f l y  present the theories used. The ca l -  

culated resu l t s  are compared against experimental data i n  sect ion 3. 

This comparison serves as a check to  the theory used. Final  l y ,  i n  sec- 

t i o n  4 we present the conclusion. 

2. THEORY 

I n  the f ixed-nuclei  (FN) body-frame (BF) f o r m u l a t i o n ,  the 

single-channel Schrodinger equation f o r  e lect ron molecule scat ter ing can 

be w r i t t en  as 

where k 2  i s  the energy o f  the incident electron i n  rydbergs and 
' i n t  

represents the e f f ec t i ve  in te rac t ion  potent ia l  betweenelectron and ml- 

ecule. In  t h i s  ca lcu la t ion,  the in te rac t ion  potent ia l  i s  composed by the 

s t a t i c ,  exchange and po la r i za t ion  contr ibut ions. In  the s i  n g l  e center 

par t ia1 wave expansion, eq.1 can be reduced t o  a set  o f  coupled rad ia l  

equations. The expansion i s  truncated a t  some number o f  channe l s  N ,  

which must be determi ned through convergence stud ies. The resul t ing set 

o f  N coupled equations has the form 

where p i s  an NxN solut ion rnatrix, the columns o f  which correspond t o  
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the l i nea r l y  independent so lu t ion  vectors that  are regular a t  t heo r i -  

gin.  The so lu t ion  matr ix  depends on the good quantum number A, which 

corresponds t o  the pro ject ion o f  t'he e1 ectron o rb i  t a l  angular momentum 

along the internuclear ax is  vector R. However, t h i s  label i s  omit ted 

since the equations are not coupled i n  A. 
+ 

I n  eq.(2), L i s  a diagonal Nxllrrnatrix and has the elements 
+ + 

R(!L+1)6RR1 1 i s  the N x N  u n i t  mat r i x  and U i s  an N x N  p o t e n t i a l  m a t r i x  
$ 

w i t h  i t s  RR' element, def ined as 

Eq. (2) i s  solved under the usual boundary condi t i o n  a t  the o r i g i n  

and p m a t r i x  asymptot i c  boundary condi t ion i. e., 

The coupled eq. (2) i n  the BF-FN theory are solved numerically using an 

integral-equat ion algor i thm . 
In  th i s  case, eq. (2) i s  converted i n t o  a coupled in tegra l  form 

G' and G~ are respect ively 

and 

The numerical so lu t  ion o f  the eq. (6) has been d iscussedI3 else- 

where. I t  i s  important to  note that  i f  the in te rac t ion  p o t e n t i a l  i s  

f u l l y  l oca l ,  eq.(6) can be solved non- i terat ive ly ,  however i f  the non 

local  exchange terms are treated exact ly,  an i t e r a t i v e  i n t e g r a l -  
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equation a lgor  i thin should be used. ~ o r r i s o n ' ~  suggested t h a t  eq. (2) can 

be w r i t t e n  as 

+ 
where ?(r) i ?  the  l oca l  p a r t  o f  the  i n t e r a c t i o n  po ten t i a l  and ~ ( r )  i s  a  

non- local exchange term expressed as 

3 

To so lve  eq. (8), the  zeroth-order s o l u t i o n  o f  f ( r )  i s  obtained using 

on l y  the  l oca l  p a r t  o f  the  i n t e r a c t i o n  po ten t i a l ,  i.e., 

then the mth i t e r a t i o n  f o r  the  physical  s o l u t i o n  i s  ca l cu la ted  from 

(m-l Ist  i t e r a t e  as 

(1 o) 

the  

and $-' provides a  l oca l  form o f  the exchange term. Eq. (1 1) can be 

solved i n  a  usual manner. However, expressing the exchange c o n t r i b u t i o n  -- 1 
i n  a  l oca l  form Wf impl ies t h a t  one should deal w i t h  the s ingu lar -  

i t i e s  which occur a t  the  o r i g i n  and a t  the  nodes o f  the sca t te r i ng  func- 

t i on .  To avoid these numerical d i f f i c u l t i e s  we have introduced a modi- 

f i e d  vers ion i n  which an a u x i l i a r y  exchange c o n t r i b u t i o n  term i s  de- 

f i ned as 

where the aulçiZiury .function $(r)  i s  re la ted  to  the physicai! soZutwn 

by a constant t ransformat ion 

?(r) = U(P, k2 (m) 1 - I  (1 3) 

as o r i g i n a l l y  def ined by Morrison. 
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- 
l n  our ca lcu la t ion,  W(p) i s  t reated as an inhomgeneous term to  

solve the in tegra l  equation. 

where I' and I' are the a u x i l i a r y  matrices defined by 
I 

(1 5) 
o 

and the K-matrices can be determined d i r e c t l y  from the asymptotic values 

o f  the a u x i l i a r y  I-matr ices as 

where 

I n  pract ice, the zeroth-order so lu t ion  o f  the aux i l i a r y  function 

:(')(r) i s  obtained so lv ing eq.(l4), using on ly  the loca l  pa r t  o f  the 

in te rac t ion  po ten t ia l .  (r) i s  then used t o  ca lcu la te  the non-local 

exchange con t r ibu t ion  through eq. (1 2) and the i te ra t  i ve  procedure goes 
-f 

through. The mth- i terat ion physical so lu t ion  f (r)  and the k - matrices 

are obtained using the mth i te ra t ion  um(r) and eqs. (13) and (16). I n  

the s t a t  ic-exchange approximation the present in tegra l  equation algor-  

i thm reproduces the K-matrices elements obtained by ' other theoret ica l  

methodsl 4. 

I n  the present study, the FN-BF scat ter ing equations are solved 

f o r  seven internuclear distances from 0.8 t o  2.0 a, w i t h  the in te rva l  

o f  0.2 a,. At each internuclear distance the s t a t i c  po ten t ia l  i sder i ved  

from a SCF wavefunction f o r  H2 which i s  calcuiated using a 5s Z p l 4  Car- 

tesian Gaussian basis. W i  t h  t h i s  basis, one obtains the ground stateSCF 

-energy a t  the equi l ibr ium distance (R = 1.4006ao) o f  1.1330a.u-The 
eq 

Hartree-Fock 1 i m i  t f o r  t h i s  geometry i s  -1.13363 a.u.. Because o f  the 

r o l e  played by the electron-quadrupole in te rac t ion  i n  the ro ta t ional  ex- 

c i t a t i on ,  the R-dependent quadrupole moment o f  the molecule q(R) i s  o f  

pa r t i cu l a r  importante. I n  tab le  1, we show the obtained resu l t s fo r  q(R) 
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Tab.1 - The quadrupole moments o f  H 2  as a 
funct ion o f  internuclear distances 

K.W.: Kolos and ~ o l n i e w i u ( r e f .  19). 

as a funct ion o f  the internuclear distances. These values compare favor- 

ably wi t h  the theoret ica l  resul t s  calculated by Kolos and ~ o l n i e w i c z ' ~ ,  

using a sophist icated conf igurat ion- in teract ion method. 

I n  the low energy range ( E <  13.6 eV), t h e  i n c l  u s i o n  o f  the 

po la r i za t ion  po ten t ia l  i s  essent ial  t o  ca lcu la te  the electron-mo1 ecu l  e  

scat ter ing cross sections. Recently, a  parameter-f ree non-penet r a  t i o n  

p o l a r i z a t i o n  p t e n t i a l  o f  H, has been calculated by Gibson and Mor- 

r i ~ o n ' ~ - "  . At the equi l  ibrium distance, the authors performed an ana- 

l y t i c  f i t16 o f  t h i s  potent ia l .  I n  the present study, t h i s  ana l y t i ca l l y  

f i t t e d  form i s  used t o  solve the scat ter ing equations f o r  a11 internu- 

c lear  distances, however varying only the d i p l e  p o l a r i z a b i l i t y  of H, 

as a  funct ion o f  R. 

The scat ter ing equations are solved f o r  e igh t  symnetries 

and 

The number o f  the partial-wave expansion depends on the inc ident  energy 

and i s  truncated a t  R For the sake o f  computational time, the 
max=12' 

exchange e f f ec t  i s  t reated exact ly only f o r  R 6, through the i t e r a t i v e  

procedure; however, f o r  R > 6, the K-matrix elements are obtained using 

only the local  par t  o f  the potent ia l  , through the non-i t e ra t i ve  method. 
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This  approximation i s  expected t o  be reasonable s ince the c l a s s i c a l  

t u rn ing  p o i n t  o f  the  scat tered e lec t ron  f o r  R  > 6, because of  the  cen- 

t r i f u g a l  b a r r i e r ,  i s  located i n  t h e  reg ion whsre the ta rge t  e l e c t r o n i c  

dens i ty  i s  low, the re fo re  the exchange e f f e c t  i s  small.  

I n  f a c t ,  i n  some t e s t  runs, one notes tha t  t h e  K - m a t r i x  e l -  

ements K R R ,  f o r  R, R' >, 6 obtained i n  t h i s  manner d i f f e r  o n l  y a f ew 

percent f rom those ca l cu la ted  i t e r a t i v i l  y .  

Having ca lcu la ted the FN-BF K-matrices f o r  each i n t e r n u c l e a r  

d istance, the  corresponding R-dependent T-matrices a re  obtained by 

and consequentl y, t he  v i  b ra t i ona l  exci  t a t i o n  T-matr ix elements TV +v,  
are  obtained v i a  a R- in teg ra t i on  i n  the i n t e r v a l  between 0.6s R 6 2 . 4 a o  

using a Simpson gradra ture  wi  t h  200 g r i d  po in ts .  The ground s t a t e  v i -  

b ra t i ona l  wavefunction xo needed i n  the R- in teg ra t i on  i s  ca l cu la ted  nu- 
+ 

merical  l y  wi  t h  the ~ o o l e y ' ~  a l g o r i  thm, using the H2 ground s ta te  (x' C ) 
g 

p o t e n t i a l  curve ca l cu la ted  by Kolos and ~ o l n i e w i c z ' ~ .  The e r r o r s  

caused by the  i n t e r p o l a t i o n  o f  the  T-matr ix e1 ements and the  numerical 

i n t e g r a t i o n  a r e  be l ieved t o  be small s ince the 2'-matrix elements vary 

smoothly w i t h  R. 

The v i b r a t i o n a l l y  e l a s t i c  d i f f e r e n t i a l  cross sect ions a r e  c a l -  
2 o 

cu la ted i n  a j t bas i s  expansion , i n  which the componen ts  o f  t h e  

sca t t e r  i ng ampl i tudes a r e  c 1 ass i f ied accord ing t o  the angular momen tum 

t rans fe r red  du r ing  the c01 1 i s i on .  

With t h i s  change o f  representat ion,  t he  electron-molecule sca  t t e r  i ng  

cross sect ions can be expressed as an incoherent sum over j and a r e  t 
more e f f  i c i e n t l y  evaluated than i n  the usual manner, thus 

where 
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and 

where rn and rn are p ro jec t  
t t ' 

axes, respect ively.  

ions o f  j along the laboratory andmolecule 
t 

To ca lcu la te  the ro ta t iona l  exci t a t i on  cross sections, the adia- 

bat ic- nuc le i  approximation (AN) has been used i n  the present study. I t 

has been shown recent ly  that  the AN approximation breaks down a t in- 

c ident  energy near the ro ta t iona l  threshold. Nevertheless, the energy 

range covered i n  t h i s  work (0.6 - 15 e ~ )  i s  f a r  enough from t h i s  region 

and the AN approximation i s  expected t o  be val  id10 except a t  very smal 1 

angles. Within the AN approximation, the ro ta t iona l  e x c i t a t i o n  cross 

sections can be expressed as 

where c( j , j j ; )  i s  an algebraic coe f f i c ien t ,  and f o r  t rans i t i ons  involv-  

ing a 'C s ta te  o f  a l i near  molecule, c ( j j t j t )  takes the simple form 

where c ( j j t j 1  ;O01 i s  a Clebsch-Gordan coeff  i c i en t .  

3. WESULTS AIUD DISCUSSION 

An e l as t i c  scat ter ing process resu l t s  from d 

states which are not resolved dur ing the experiments 

measured cross sections f o r  i t i s  the average 

i f f e r e n t  ro ta t iona l  

, t h e r e f o r e  the 

where P i s  the f rac t iona l  population o f  the jth ro ta t iona l  leve l .  A t  
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room temperature, the f r a c t  ional  occupancies o f  ro ta t i ona  1 l eve l s  a re  

0.13, 0.66, 0.12 and 0.09 f o r  j =  0, 1, 2 and 3 and n e g l i g i b l e  f o r  

h igher leve ls .  Using these occupancy f rac t i ons ,  our ca lcu la ted r e s u l t s  

a re  a i s 0  averaged: i t has been observed t h a t  t he  e l a s t i c  cross sect ions 

depend weakly on the i n i t i a l  r o t a t i o n a l  s ta tes  (<6%). 

I n f i gu res  1 and 2, the r o t a t i o n a l  l y averaged pure e l a s t  i c  (v=v' 
and j=j l  ) cross sect  ions a re  compared agai ns t the r o t a t i o n a l  ly-resolved 

experimental resu l t s  o f  L inder and schmidt4. 

One observes an exce l l en t  agreement between theory and exper- 

iment i n  the e n t i r e  energy range. For impact energies'below 2 eV, the 

d i f f e r e n t i a l  cross sect ions a r e  essent ia l  l y  backward pea k e d  and they 

become more and more forward peaked w i t h  the increase o f  the  impact en- 

ergy. At  0.6 and 1 . O  eV our ca lcu la ted resul  t s  agree wi  t h  the experimen- 

t a l  data wi t h i n  the quoted er rors ,  except f o r  sca t te r i ng  angl es l a rge r  

than 100'. A t  1.5 eV the good agreement i s  observed i n  the e n t i r e  an- 

gu la r  range. 

I n  f i gu res  3 and 4 we compare the ca lcu la ted r o t a t i o n a l  1 y un- 

resolved v i b r a t i o n a l l y  e l a s t i c  d i f f e r e n t i a l  cross sect ions against  the 

experimental resul  t s  obtained by Shyn and sharp21, Nishimura e t  a~~~ and 

Sr ivastava e t  i n  the energy range between 2 eV and 15 eV. 

Fig.1 - D i f f e r e n t i a l  cross sect ions f o r  the  r o t a t i o n a l l y  averaged pure 
e l a s t i c  sca t te r i ng  of  e lec t rons by H p  a t  0.6, 1.0 and 1.5 eV. l h e  cal-  
cu la ted r e s u l t s  ( s o l i d  l i n e )  and the  experimental data (open s q u a r e s )  
obta i ned by L'i nder and Schmid t. 



Rwim Brasileira de Ffsica, Vol: 18, no 3, 1- 

F ig .3  - D i f f e r e n t i a l  cross 
sections f o r  the ro ta t iona l  l y  
unresolved v ib ra t iona l  e l a s t i c  ... v elect ron scat ter ing by H2 a t  
2 .0 ,  3 .0,  4.0 and 5 eV. The 
ca lcula ted r e s u l  t s  ( s o l  i d  
l i n e )  , the exper imenta l  re- 
su l ts  a r e  from NFsh imura  e t  
a2 (pluses),  Srivastava e t  a2 
(c;cn t r iangles)  and Shyn and 
Sharp (dark dots) 

Ang I e  (degrees) 

446 
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120 
Ang l e (degrees) 

Fig.4 - Same as f ig .3 ,  a t  in- 
c ident energies o f  6.0, 8.@,10.0 
and 15.0 eV. 

The calculated r o t a t i ona l l  y unresolved resul t s  were obtained 

through a sumnation over the f i n a l  ro ta t iona l  states and averaging over 

the i n i t i a l  states. 

One notes that  there i s  a good agrsement betweenthecalculated 

resul t s  and experiment. General l y ,  our resul  t s  agree very wel l wi th the 

data obtained by Srivastava et aZ23, f o r  the e n t i r e  energy and angular 

ranges. Nevertheless, i n  the small scat ter ing angles the experimental 

o f  Nishimura et aZZ2 1 i e  above the calculated resul t s  data. An the 

contrary, the data o f  Shyn and sharpZ1 are above our resu l t s  a t  large 

scat ter  ing angles. However, the d i screpancies between the theory and 

experiment diminish w i t h  the increase o f  the impact energy. 

I n  f ig .5 ,  the comparison o f  the calculated i n t e g r a t e d  rota- 

t i o n a l l y  unresolved v 

perimental data o f  S r  

et a ~ * ~  i s  shown; one 

ib ra t iona l  l y  e l as t i c  cross sections wi t h  the ex- 

ivastava e t  aZ23, Shyn and sharpZ1 and Nishumura 

can note that  there i s  an overa l l  agreement be- 
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1 O 
Energy íev) 

Fig.5 - Integrated v i b ra t i ona l l y  e l as t i c  cross sections 
f o r  e lect ron H p  c011 is ion.  The calculated r o t a t i ona l l y  
unresolved resul t s  (sol  i d  1 ine) and ro ta t iona l  l y  e l as t i c  
resul t s  (dashed 1 ine) . The ex~er imenta l  resul t s  f o r  the 
r o t a t i ona l l y  e l as t i c  scat ter ing o f  Linder and Schm id t  
(cresses) , the ro ta t iona l  l y  unresolved resul t s  o f  S hy n  
and Sharp (open t r iangles)  ; Nishimura e t  a2 ( ~ l u s e s )  and 
Srivastava e t  a2 (dark dots).  

tween our resu l t s  and experiment. I n  the same f igure, we have  also 

shown the calculated pure e l a s t i c  resul  t s  i n  comparison aga i ns t t h e  

r o t a t i ona l l y  resolved experimental resu l t s  o f  Linder and s c h m i d t 4 ;  

again, a  good agreement i s  observed. The major d  i s c r e p a n c i  es 1 i e  i n  

the incident energies below 2 eV and not exceed 5%. 

I n  f igures 6 and 7 we compare the calculated r o t a t i o n a l  ex -  

c i t a t i o n  cross sections ( j = l + j 1 = 3 )  o f  H2 against the e x p e r i m e n t a l  

data of Linder and Schmidt4; one observes that  the agreement between 

theory and experiments i s  very good. 
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3.5 eV - 
. O  

h 
I 
v> 
\ 
N O a 0.4. 

Fig.7 - Same as f i g .6 ,  a t  8.0 and 10.0 eV. 

1.5 eV 

c. 
I 

i i g . 6  -V ibra t iona1 l y  e l a s t i c  
r o t a t i o n a l  e x c i t a t i o n  ( j = l  + 
-+ j 1 = 3 )  d i f f e r e n t i a l  c r o s s  
sect ions f o r  e l e c t r o n - H 2  
sca t te r i ng  a t  1.5, 3.5, 4.5 
and 6.0 eV. The ca l cu la ted  
resu l  t s  (sol  i d  1 ine) and ex- 
perimental data o f  L inder and 

O - 
Y 

0.2. '-...:'... - 
8 
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- 
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U 
Q) 
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The major discrepancy occurs a t  the  impact energy o f  1.5 eV and 

even i n  t h i s  case the  d i f f e r e n c e  does not  exceed 30%. The comparison 

o f  the  in tegra ted cross sect ions f o r  two r o t a t i o n a l  e x c  i t a  t i o n s  o f  H2 

(j=O -+ j 1 = 2  and j = l  4 j1=3)  i s  a l s o  made aga ins t  the data obtained by 

Gibson from the Swarm experiments, and the comparison i s  shown i n f i g .  

8; i n  both cases the agreement i s  exce l len t .  

o. 1 L 
O 5 .I o 15 

Energy ( e ~ )  

Fig.8 - In tegra ted cross sec- 
t i o n s  f o r  the pure ro ta t i ona l  
exci  t a t i o n s  o f  H2 by e lec t ron  
impact. The c a l c u l a t e d  r e -  
sul  t s  (sol i d  1 ine) and the ex- 
per imental resu l  t s  o f  G i  bson 
(dark dots)  and L i  n d e r  and 
Schmidt (open sauares) . 

4. SUMMARY AND CONCLUSIONS 

The ca lcu la ted v i b r a t i o n a l l y  e l a s t i c ,  r o t a t i o n a l l y  unresolved 

and resolved cross' sect ions and the  r o t a t i o n a l  exc i  t a t i o n  c ross  sec- 

t i ons  o f  H2 by low energy e lec t ron  impact have been reported. I n  the 

present study, a  stat ic-exchange-polar izat  ion  po ten t i a l  i s  used and the 

sca t te r i ng  equation i s  solved by an i t e r a t i v e  i n teg ra l  equat ion method 

where the exchange e f f e c t  i s  t rea ted exact ly .  

The ca lcu la ted resu l  t s  present good agreement when compared 

aga ins t  experimental data reported i n  the l i t e ra tu re ;  the major d i s -  

450 
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crepancy observed re fers  to  the lower energies and the smal I a n g u l a r  

range. The discrepancies seem t o  r e f l e c t  t ha t  the p o l a r i z a t i o n  e f f e c t  

i s  s t i l l  no t  adequately included. On the o ther  hand, t h e  g e n e r a l  l y  

good agreement w i t h  experiments, p a r t i c u l a r l y  i n  the inc ident  energies 

above 4 eV shows the p o s s i b i l i t y  o f  extending the present t h e o r y  t o  

more complex systems. Studies i n  t h i s  d i r e c t i o n  are  under way. 
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As secções de choque d i fe renc ia l  e i n t e g r a l  do espa l  hamento 
de eletrons de baixa energia (0,6 - 15 eV) por mol&ula de hidrogênio, 
foram calculadas. Neste estudo, o potencial de interação formado po r  
contribuições do t i po  estático- troca-polarização é u t i l i zado  para resol- 
ver as equações do espal hamento onde o e f e i t o  de troca é tratado exata- 
mente. Foram calculadas secções de choque para espal hamento v i  brarota- 
cionalmente e lás t i co  e vibracionalmente e lást ico,  rotacionalmente ine- 
l á s t i co  (j=O, j ' = 2  e j = l ,  j ' -3) .  Os resultados obtidos mostram boa con- 
cordância com os dados experimentais, o que sugere a possivel ex tensão  
do presente método para sistemas moleculares mais complexos. 
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