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Reviews 

Dissociative recombination of electrons and molecular ions 
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The existing techniques for the calculation of the dissociative rccombination (DR) of 
electrons and molecular ions were compared. The advantages of the method of mtdtichannel 
quantum defect (MQD), in which equations are formtdated directly for the T-matrix of 
collisions and the tmitarity of the scattering S-matrix is thus ensured, were demonstrated. 
The effect of molecular rotation and of the nonadiabatic electron-rotation coupling on the 
e-  + H2 + ~ H* + H reaction was investigated. A procedure was suggested based on the use 
of the adiabatic approximation (with respect to the nuclear rotation) in the near-threshold 
area while taking into account the contributions of the excited vibronic states of the Rydberg 
conlplex formed in an intermediate stage of the reaction. It is notable that the partial rate 
constants (and the corresponding cross-sections) are very sensitive to the initial rotation 
excitation. However, the temperature-averaged rate constants under equilibrium conditions 
are only slightly affected by rotation. 

Key words: dissociative recombination, Rydbcrg states, rotation motion, configuration 
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Introduction 

Dissociative recombinat ion (DR) of  electrons and 
molecular  ions, i.e., the formation of  neutral fragments, 

XY + + e-  -,, X + Y, (I) 

is one o f  the fundamental  phe, lomena of  atomic and 
molecular  physics. The DR reactions are known to play 
an important  role in the chemical  processes occurring ill 
the upper layers of  the Earth atmosphere and during 
combust ion and thermonuclear  synthesis, ill the phe- 
nomena  characterizing the properties of  steady-state and 
decaying weakly ionized plasma, and also in the chemi-  

cal processes occurring in gas lasers. It is these facts that 
account for the considerable interest of  researchers in 
DR reactions. Ill recent years, particular attention has 
been concentrated on the study of  the processes occur-  
ring in the hydrogen plasma and ill the noble gas 
plasma, which is due to the necessity to solve such 
problems as transformation of  electrical and nuclear 
energy into light, the search for new active media, and 
tile development of a new generation of  recombinat ion 
lasers. 

Researchers who study ionized states have to solve 
problems relating to various fields of  physics. Many of  
these problems are a~ociated with the microscopic prop- 
erties of  plasma, i.e, with the states of  a tomic and 
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molecular  species and with the e lementary  processes 
involving them. These propert ies depend substantially 
on the presence of  positively charged molecular  ions, 
since reactions involving these species even at low con- 
centrat ions can lead to a noticeable increase in the rate 
of  d isappearance  of  the volume charge ill a decaying 
plasma. The lat ter  is accompanied ,  as a rule, by the 
formation of  excited a tomic  fragments followed by emis-  
sion. Thus, the recombinat ion  of  electrons and ions 
determines tire ionizat ion structure of  a plasma, and the 
recombinat ion spect rum,  in turn, provides the necessary 
information on the physical condi t ions in the medium in 
which the emit t ing species are located. 

The history of  the investigation of  DR reaction ( I )  
dates back several decades.  By now extensive informa- 
tion on this subject has been accumulated ill the litera- 
ture; 1-18 nevertheless,  many important  aspects still re- 
main scarcely studied. This refers, for example,  to the 
question of the effect of tile vibrational and rotational 
excitat ion of  ions on the rate of  the DR. 

The exper imental  studies dealing with e lec t ron- ion  
recombinat ions  can be divided convent ional ly  into two 
main types: de te rmina t ion  of  the rate constant  for the 
recombinat ion based on the observations of  the decay of  
separate componen t s  of  the plasma and the measure-  
ment  of  tile cross-sect ion of  the process using the tech-  
nique of  intersecting beams. 7 However, the measure-  
ment of  partial cross-sect ions of  recombinat ion  is com-  
plicated by the fact that,  for beams, no reliable methods 
for detect ing the initial and final states o f a  recombining 
system exist. Therefore,  the cross-sect ions observed are 
averaged over the energy spread ill e lectron beams and 
over tile initial d i s t r ibu t ion  of  ions over vibrational and 
rotational states, which hampers  the direct comparison 
of  experimental  and theoret ical  results. 

The deve lopment  and perfection of  lasers that can be 
modified and the deve lopment  of  new methods for the 
measurements  suggest that the microscopic parameters  
of  reaction ( I )  will be studied in detail  ill the near 
future. This imposes heavy demands  on the existing 
theory,  and, especial ly,  on the studies of  processes in- 
volving simple d ia tomic  ions XY +. Tile positive ion H2 + 
is tile most promising in this respect, since the hydrogen 
molecule  has only one low-lying doubly excited repul- 
sive state I£g+(2pou)2 , whose term intersects the ion 
potential  near the equil ibriunl state. Ill addit ion,  the 
molecular  ion of  hydrogen is apparent ly  one of  the few 
objects for which precise quan t tml -mechanica l  calcula-  
tions are possible. Note that before the development  of  
tile methods of  intersecting beams,  it has been extremely 
dimcul t  to obtain reliable exper imental  data concerning 
the reactions involving H2 +, because this ion is chemi-  
cally reactive and efficiently forms heavier cluster ions 
H,, ÷ (n ;z 3) in a plasma. 7 Therefore,  the chemical  
nature of  the ions part ic ipat ing ira reactions should be 
specially checked.  

The overall cross-sect ions  of  the e -  + H2 + recombi-  
nation have been measured repeatedly using the beam 

method; jg-z4 tile results obtained 19-zz dif fered from 
one another w i th in  an order o f  magnitude and did not 
reflect ti le resonance structure o f  t i le energy dependence 
typical o f  reaction ( I ) .  The latter was discovered for the 
first t ime il1 more recent studies, z3-z4 carried out using 
the technique of  combined beams. To explain this ef- 
fect, it has been suggested z5 that the resonance structure 
is due to the indirect DR process, whose model  de- 
scription has been reported in a number  of  known 
studies, z6-28 According to these views, an incident  elec- 
tron loses its energy due to the vibrational excitat ion of 
the ion core and is captured to the Rydberg state of  the 
neutral molect, le, which can ei ther  become autonomous  
( inelast ic e lectron scat ter ing) ,  or  predissocia te  (DR 
reaction). In later studies, z9.3° it has been shown that 
nar row re sonances  are formed wi th in  the energy 
dependence  of  the cross-sect ion of  DR, their  widths 
being much less than the distance between the Rydberg 
levels. 

A further important  feature of  react ion ( I )  is the 
jumpwise decrease ill the cross-sect ion oil passing over 
the threshold of  the vibrational excitat ion.  This effect is 
due to the crowding of  resonance levels near the thresh- 
old of  the closed channel  and is associated with the 
disappearance of  the resonance contr ibut ion  on going to 
the open channel ,  which is typical of  Cou lomb  interac- 
tion. 31-35 Experimental  evidence for this effect has 
been reported more recently. 36 

An alternative approach to the descr ipt ion of  the 
e -  + H2 + recombinat ion,  corresponding to a direct 
mechanism of  t rapping of  the electron to the diabatic 
repulsive state of  the neutral molecule ,  has been sug- 
gested by O ' M a l l e y .  37 Since the repulsion term inter- 
sects the set of  Rydberg states, the lat ter  are predis- 
sociative states and can be treated as resonances,  i.e., 
they carl be described within the framework of  the 
theory of  resonance scattering. 38-42 This fact is very 
significant for the elucidat ion of  the mechanism of the 
DR reaction and,  in particular,  for tile de terminat ion  of 
relative probabil i t ies of  the formation of  final states. 
However,  the approach developed by O ' M a l l e y  37 can be 
regarded as acceptable only ill the case where the cou- 
pling of  the Rydberg states with the ionizat ion con- 
t inuunl is extremely weak and se l f - ionizat ion occurs via 
the dissociative state (double transit ion).  

Ill the general case, the DR reaction occurs both as 
the direct t ransit ion to the dissociative cont inuum and 
via the formation of  intermediate  complex  XY** tol- 
lowed by its decomposi t ion  to tile dissociative state. The 
ampli tudes corresponding to these transi t ions interfere 
with one another ,  which restrlts in a fairly complex 
dependence  of  the reaction cross-sect ion on energy. If 
the molecular  ion XY + exists in the ground vibrational 
state (v = 0), the nearest closed channel  (v = I) plays 
the crucial role in the formation of  the reso,lance struc- 
ture of  the dissociation spectrum in the energy region 
below the threshold of  its vibrational excitat ion.  Due to 
the states of  this channel ,  an infinite set of  Fano-  



Dissociative recombination of  electrons and molecular ions Russ.Chem.Bull., Vol. 45, No. 6, June, 1996 1267 

Feshbach resonances arise, which are described by the 
following equat ion (near  an nth resonance EnD: 

c~(E) = ~0(E) (x +q)2 2 ( E -  E r)  x = - -  (2) 
I + x 2 ' In 

Here I-. is the width of  this resonance and q is the 
profile index. The sequence of  the resonances is clearly 
regular: the same mul t ip l ier  n 3 character izes the de- 
c rease  in the  wid ths  F, ,  in t i le  in tens i t i e s  l ,  = 
(rt/2)q2cfo(Er)F,, and in the distances between the reso- 
nances following an increase ill tile number  n of  the 
level of  the closed channel .  This regularity can be vio- 
lated due to resonances of  far Rydberg series (v > 1) or 
of  the quasidiscrete  states o f  valent (non-Rydberg)  con- 
figurations. The channels  of  self- ionizat ion and predis- 
sociat ion compete  with each other. 

T h e  next impor tant  aspect,  whose investigation is 
needed to unders tand the mechanisms of  the DR reac- 
tions, is the dependence  o f  the cross-sect ion on the 
initial vibrational exci tat ion o f  the XY + ion. The picture 
of  the phenomenon  depends  substantial ly on the mutual 
ar rangement  of  the ionic and dissociative terms and is 
largely de te rmined  by the behavior  of  the Franck- -  
Condou  factors, incorporated in the expression for the 
ampl i tudes  of  the direct  transit ion.  Thus, the task of  the 
theory amounts  to adequate  descript ion of  these two 
mechanisms of  recombina t ion ,  i.e., to a correct  calcula-  
tion of  the main parameters  included in expression (2). 
This problem can be solved most systematical ly in terms 
of  two approaches to the DR theory,  namely,  the method 
of  configurat ion interact ion (CI) 40,41 (and its subse- 
quent  general izat ion 43,44) and the method of  mul t ichan-  
uel quantum defect (MQD) .  in the latter case, two 
principal ly different variants should be distinguished: the 
two-s tep procedure  z9,45 and its modif icat ions 46-48 and 
the procedure  of  the coll ision T-matr ix .  49-s4 The latter 
method,  as shown below, is much s impler  for calcula-  
tions and combines  the advantages of  the two above 
approaches.  At first glance,  the approaches  developed 
are not related to one another ,  or  a relationship can be 
followed only between some of  them. To develop a 
unified concept ,  these approaches  need to be analyzed 
from a certain general s tandpoint .  

The present paper  is devoted to a comprehensive 
descr ipt ion of  reaction ( 1 ) and to the study of  the effects 
of  various factors on the dynamics  of  this process. Tile 
existing theories are discussed in detail ,  and a rigorous 
correla t ion between them is established. In view of  the 
necessi ty  to take into account  a large number  of  
rovibronic closed channels  of  motion,  a special proce- 
dure has been nsed that allows successive refinement of  
the results obta ined by including addit ional  closed chan-  
nels. Note  that none of  the theories considered took into 
account  the rotat ional  mot ion  of  the XY + ions, which is 
especial ly significant for hydrogen-conta in ing  systems. 
Investigation of  the tempera ture  dependence  of  the rate 
constant  of  this reaction under  essentially nonequilibrium 

condit ions,  in which rotation is significant,  is no less 
important  for understanding the physics of  the processes 
occurring in the Iow-temperatnre plasma. The main 
at tention is devoted to these problems. It should also be 
noted that our calculations (unlike those carried out 
previously 47) take into account both the direct  transi- 
tions caused by the dependence  of  the qtlanttlm defect 
on the interatomic distance and the transitions via the 
dissociative continuum. The latter were found to b e  
fairly significant for the e -  + H2 + system. Our  results 
obtained for this system are compared with tile uumeri-  
cal data obtained previously by other  researchers43,44, 47 
and with experimental  results. 23-z4 

T h e  integral  var iant  o f  the  M Q D  t h e o r y  

The general properties of  scattering processes and 
reactions are normally described using the S -mat r ix  
relating the initial /-states of  the system (when the 
colliding species are separated by an infinite distance) to 
the final f -s ta tes  corresponding to the removal of  reac- 
tion products to infinity. The modules of  the elements  of  
this matrix squared I<,1s[/>12 determine  the probabil i t ies 
of  transitions from states i into states f. The sum of  the 
probabilities of  all the possible transitions is strictly 
equal to I, which is ensured by the condit ion of  unitarity 
of  the S-mat r ix  (SS + = I). 

Along with the S-matr ix ,  for the descript ion of  reac- 
tions (or inelastic transitions), it is convenient  to intro- 
duce the T-opera tor  of  collisions, related to the matrix 
by the expression S = I - 2tT. The T,q elements ,  like S/~, 
are symmetrical  with respect to the i and f indices and 
do not depend on the choice of  the coordinate .  They are 
related to a physically observable value, viz., the effec- 
tive cross-section of  the reaction (or scattering),  which 
is defined as the ratio of  the number  of  transit ions per 
unit t ime to the density of  the flux of  the incident  
species (ill the system of  the center  of  inertia),  i.e., 

n 2 
,~: = ~-? IS,::l 

where k i iS the initial momen tum of  the coll iding 
species. 

in the quantum theory of  collisions, two main mecha-  
nisms of  the interactioq of  species, viz., direct  and 
resonance mechanisms,  are clearly distinguished. The 
former is character ized by short t imes of  interact ion (of  
the order of  t ime Xr required for the flight through the 
character is t ic  reaction area). The lat ter  ( resonance)  
mechanism is accompanied by trapping the species by a 
target and is characterized by longer t imes x >> .t,. In 
conformity with the uncertainty principle,  tile ftmc- 
tional manifestations of  these mechanisms,  in part icular,  
the dependences  of  the cross-sections on the energies of  
the colliding particles, are essentially dissimilar.  The 
direct mechanism is described by a smooth energy de- 
peqdence,  whereas the resonance mechanism accounts 
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for sharp outbursts  in the cross-sections,  which is caused 
by the existence of  special condi t ions  for the formation 
of  the in termediate  complex.  

The format ion of  the in termediate  complex may be 
due to various reasons. On tile one hand, the complexes 
are formed due to excitat ion of  the inner degrees of  
freedom of  the target by the incident  species, so that the 
incident  species is t rapped by a potential  well. In the 
literatttre, the state of  these complexes  is usually re- 
ferred to as Feshbach- type  resonance. On the other  
hand, this may be due to overcoming the tutmel barrier, 
which separates the reactants from the region ill which 
the intermediate  complex is formed. The state of  the 
latter is referred to as shape resonance. Iq this case, the 
energy of  the incideqt species should correlate with the 
energetic structure of  the in termediate  complex,  and 
this finally leads to the sharp resonance dependence  of  
the cross-sect ions of  the processes. 

The previously suggested 49-5't approach to the solu- 
t ion of  the problem of  movement  of  a slow (or weakly 
bound)  electron in the field of  the XY + ion can be called 
the integral variant of  the M Q D  theory,  since it is based 
on the rearranged L ippman- -Schwinge r  eqt, atious for 
the collision T-opera tor .  Owing to the separable struc- 
ture of  the Cou lomb Green  flmction, these integral 
equations are reduced to a set of  algebraic equations for 
the e lements  of  the T-opera tor ,  for which the dissocia- 
tive channels  are taken into account  just as the scatter-  
ing chalmels.  These significant propert ies  automatical ly  
ensure the unitari ty of  the scattering S-mat r ix  in any 
basis set of  the mot ion channels  taken into account,  
which guarantees a control led  accuracy of  calculations 
in the method of  strong coupling.  

in this case, the f imdamental  set of  equations as- 
sumes the following form (h = m e = e = 1): 

T = t - i t ) - ' . [  pXplT + tY'lc)(c I t-L--X ~3) 
p ~ ~,(E) ' 

where IP) and Ic) are wave fimctions for open (p) and 
closed (c) mot ion  chamlels;  E is the total energy of the 
system (with respect to the ground state of  tile XY + 
ion); L(E) is tile diagonal  matrix that specifies the 
spectrum of  eigenvalues o f  the energy for closed chan-  
nels and the discrete energy levels for isolated valence 
configurat ions,  i.e., Lee = tan~vc(E) for the Rydberg 
chamlels  and kcc = E - E c for the valence configura- 
tions (v c is the effective principal  quantum number,  and 
E e are character is t ic  energies of  the valence configura- 
tion levels). Tile IP) wave functions for the open chamlels 
are normal ized by tile condi t ions  ( p ] p ' ) =  ~ 6 ( E -  E'). 
The real t -opera to r  describes tile electron scattering on 
the ion core with a l lowance for tile interact ion with 
vale,lee (non-Rydberg)  configurat ions and obeys the 
equat ion 

t = V + VG0(E)t, (4) 

in which the Green  opera tor  (Go) is a slow ftmction of 
energy E and contains  no pole features of  a Coulomb 

center.  The opera tor  V includes the interact ion with the 
ion core and configuration interaction.  

It should be noted that equations s imilar  to (3), both 
without and with al lowance for tile dissociative clm,mel,  
have been obtained previously (see Refs. 49, 50 and 
Refs. 51--53,  respectively). The spectrum of  the eigen- 
values of  energy is specified by the poles of  the T-matr ix  
and is de termined from a uniform eqt,ation whose right- 
hand side contains  no free term t. hi this case, the 
scattering T-matr ix  is replaced by the opera tor  of  the 
displacement  of  levels x. The solution of  Eq. (4) call be 
represented as follows: 

t= t '°' +Lpgv vdE, 
E -  EI~ ' (5) 

(symbol P means integration in terms of  the priqcipal 
value). The t ~°~ opera tor  in Eq. (5) describes the electron 
scattering on an isolated ion core without a l lowance for 
the configuration coupling,  and the wave functions 113) 
specify the adiabat ic  basis of  the dissociat ive con-  
figu rat ion. 

Equation (3) are formally exact and describe all the 
types of  nonadiabat ic  coupling in the Rydberg states of 
the XY** complex.  However, if the I(clVI13)1 << 1 in- 
equali ty holds,  which is the case for most diatomic 
molecules,  aqd the ~ = ao/R ¢ parameter  is small  (a 0 is 
the ampl i tude  of  tile zero vibrations, R e is the equilib- 
rium intera tomic distance),  one may restrict the consid-  
eration to a finite nt, mber of  vibronic states in the set of  
Eq. (3) by using the method of  strong coupling.  The 
al lowance for the relationship between the electron mo- 
tion and rotation is, in the general case, quite cumber-  
some. Therefore,  ill the analysis of  the solut ions of 
Eq. (3), it is expedient  to use methods  involving the 
successive inclusion of  the vibrational and rotational 
degrees of  freedom into the general scheme,  i.e., to 
separate the problem into two stages, in the first stage, a 
tradit ional  adiabatic s tatement  of  the problem should be 
considered,  without accot, nt of the relat ionship with 
rotation, while in the second stage, the rotat ional  mo- 
tion should be included in the general scheme.  On the 
basis of  the characteris t ic  features of  the adiabat ic  pic- 
ture of  the phenomenon,  the overall number  of  rovibronic 
channels  of  motion,  needed for adequate  descr ipt ion of 
reaction ( I ) ,  can be efficiently reduced. 

Compar i son  o f  various versions o f  the theory of  M Q D  

To establish a relationship between tile existing theo- 
ries of  MQD,  it is convenieqt  to use the integral variant 
outl ined above. First of  all, let us show how the correla-  
tion between the approaches of  Seaton 3s,ss and Fano s6 
can be elucidated from Eqs. (3) and (4) and let us 
analyze the possible ways for combining these approaches. 
i f  we restrict ourselves, for convenience,  to a single- 
chanqel  case (the elastic scattering e -  + XY+), the 
ampli tude (which is related, by definition, to the t -matr ix  
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by the equali ty T = t l l  +it] - t )  c a ,  be expressed in 
terms of  the scattering phase 6: 

T = - s i n 6 c  i~. 

Tire known Seaton relat ionship between the scatter-  
ing phase and the magni tude of  the qtmntum defect 6 = 
rtl.t 35 follows from the above expression. 

To derive the G a i t i l i s - - S e a t o ,  34,ss equat ion,  which 
relates the S -mat r ix  to the general ized X-matrix for 
open channels  

So ,  , = X o o  --  X o c ( X c c  - -  e-2ixvc) - I x  . . . .  (6) 

we introduce,  by analogy,  a general ized T~°)-matrix, 
which can be writ ten,  using our  designations,  as follows 

T ~°' = t -  it~.lq)(qlT ~°' 
q 

(all the q-chantlels  o f  the system are assumed to be 
open).  Using the general idea of  modificat ion of  set 
(3) - - (4) ,  we obtain the following opera tor  equation: 

T = T ( ° ' +  T(°)~'.lq)(q~cotnv q + iIT 
q 

Thetl,  if we use the relationship between the X-matrix 
and the collision T-mat r ix  (X = I - 2tT (°1) a , d  take 
into accottnt the fact that the expression in square 
brackets is equal to 2i l l  - e-2'tiVql-t, it is an easy matter  
to obtain relat ionship (6). 

By using the same formal expedient ,  the operator  
Eq. (3) and (4) can be replaced,  on the other  hand, by 
the equivalent  set of  equations:  

q 

N 

R = t + t £1qcXqc~o t r t veR .  
q 

In this case, the st tmnlat ion is taken over both open 
(qO) and closed (q':) cha:mels.  The matrix R thus intro- 
dt¿ced coincides,  to accuracy of  the s ig , ,  with the reac- 
tance Seaton matrix. 55 Compi l ing  then a sequence of  
relat ionships for the Roo, Ro~, and Rcc matrices based 
on the second equation we obtain the expression 

Roo(LO = too + tocltamtv c - tccl-ltoc. 

Equation (3) and (4) can also be written in the 
following form: 57 

q 

T = T' + "I" t l  qcXqe }cot, veT" 
q 

Thus, we obtain the relationship between tile required 
T-matr ix  and tile T 'oo (of  tile NoX N O rank), T 'cc  (of the 
Ncx N c ra ,k ) ,  and T 'oc  (of  the NoX N c rank) submatrices:  

Too = T~,+ T~ltan r tv¢-  T~cl-lTco, (7) 

where Tcc = tee - itcoT~x. This relationship follows 
from the equation constructed on the basis of  physically 
open channels.  Expression (7) is apparent ly  the most 
compact  way of  writing the formally general  matrix- 
relationships in the M Q D  theory. In addit ion,  the reso- 
nance structure of  the transition ampli tudes can be more 
clearly followed here. At the same time, expression (7) is 
also more general ,  since it takes into account  the reac- 
tive channels and interacting quasi-s teady states of  arbi- 
trary type; for example,  this equation makes it possible 
to describe processes occurring in the presence of  an 
external field, periodic in time. s7 

Note also that in the comple te  basis set of  rotational 
and vibrational states, o ther  forms of  Eq. (3) also exist. 
In the system of  coordinates  connected with the axis of  
the molecule,  which we consider  here for the sake of  
simplici ty,  the basis set of  the channel  functions is 
represented by tire vibrational states Iv) and is comple te ,  
i.e., the condi t ion Y..Iv)(v I = 5(R - g') is fulfilled, where 
R is the interatomic distance. In this case, the t -mat r ix ,  
in conformity  with the foregoing, is represented by the 
function -tannl~(R).  I f we formally introduce the matrix 
"F = T sin -~ 7t,~ (here ,~ = ~ - I~) and mult iply the left- 
and r ight-hand sides of  Eq. (3) by the matrix cosn6, 
then for the problem of  the eigenvalues of  the energy of  
the e -  + XY + system (with a fixed rotation axis), we 
obtain the following operator  equation: 

Elsin rtft cos 7tv~ + cos,t~sin ,tv~l I~Xvl = 0 ,  
v 

which is wholly equivalent to the set of  algebraic equa-  
tions obtained in the MQD method 46-4s,58 for the 
vibronic spectrttm of  a Rydberg molecule. 

In the  d e t e r m i n a t i o n  o f  the s ca t t e r i ng  T-  or  
S-mat r ices  and of  the wave functions of  a cont inuous  
spectrum, sttbstantial methodological  differences arise. 
In previous stttdies, 46-48 the set of  homogeneous  equa-  
t i o , s  for the f lmdamental  scattering phases has been 
solved, and the results have been used to construct  the 
complete  S-matr ix  and the wave functions. In our  ap-  
proach this task is much simpler.  The T-mat r ix  and the 
discrete spectra are determined directly from Eqs. (3) 
and (4), and the wave fimctions of  the cont inuous  
spectrum are constructed on the basis of  s imple ( l inear 
with respect to T) relationships. In a comple te  basis set, 
both approaches lead, naturally, to coinciding results. 

Note also that the operator Eq. (3) involves an ap-  
proach s9-61 in which the technique of  cont inued frac- 
tions has been developed; this technique is used for the 
inversion of  the Jacobian matrices arising during tire 
description of  the rovibronic interaction. This approach is 
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based on the use of  the generalized adiabatic principle. 6z 
To pass to lhe expressions obtained previously, 59-61 it is 
sufficient to multiply the right- and left-hand sides of  
Eq. (3) by t - I  and lo lake into account the relation 

I - 'T  = ~ t - '  Iv)(vJT obeyed in the cornplete basis set. The 

possibili'ty of  the reverse transition has been noted in a 
study published previously. 61 

Thus, it can be c la imed that all tire above statements 
of  the theory of  M Q D  for the e -  + XY ~ system (in the 
comple te  basis set of  the inner states of  the XY + ion) are 
wholly equivalent and differ only in the method of  
parametr izat ion.  From our  viewpoint ,  the integral vari- 
ant of  the M Q D  method 't9-54 is the most universal: it is 
more comple te  than the Seaton method,  55 since, along 
with the S-mat r ix ,  it makes it possible to determine  the 
wave flmctions and tire Green  flmction of  a system, and 
is s impler  than the Fano method 56 (in particular,  be- 
cause when the integral equat ions (3) and (4) are used. 
b o u n d a r y  c o n d i t i o n s  are a u t o m a t i c a l l y  taken into 
accot, nt). 

Thus, on the one hand, the integral variant of  the 
M Q D  method (with al lowance for the dissociative chan-  
nel) used in the present study combines  the merits of  the 
two main approaches  considered above ,43,,I,I;46-48 and, 
on the other  hand, it is more general  and more compact ,  
since it: 

- -  permits al lowance for the direct coupling between 
discrete states (cf Refs. 43, 44); 

- -  uses the S-rnatr ix (cf Refs. 47, 48), which is 
unitary at any number  of  the channels  taken into ac-  
cottnt, and requires no cumbersome procedure for the 
de te rmina t ion  of  the Rmdamenta l  phases; 

- -  takes into account ,  in the t -matr ix  (5), the v --, v" 
s tep-by-s tep  transit ions through the dissociative con-  
tinut, m and the d ~ d transit ions through the Rydberg 
state. 

Dissociative recombination of electrons 
and molecular ions 

Let us juxtapose quanti tat ively tire approaches to the 
DR theory under  considera t ion and compare  the nu- 
merical  results obtained using these approaches in rela- 
tion to the reaction 

H2+(vi) + e- --~ l l2**[Izg+(2POu)2] --+ 
H'(21) + H( Is) ,  

(8) 

where v i is tire initial vibrational state of  the ion. We 
chose exactly this (the simplest)  quan tum-mechan ica l  
object since, for this species,  all the necessary param-  
eters of  the theory are rather well known. Therefore,  this 
compar ison  can serve as a sort o f  test for the reliability 
o f  the theory.  

The H 2 molecule  is known to possess one low-lying 
doubly excited state IEg+(2pcru) 2, whose propert ies have 

E (awl 

0.1 

-0.  l 

-O. I  

-0 .2  

3 

\ \ J ' f  I 

R (au) 
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I I I 

1 2 3 R (au) 

Fig. !. Potential curves of the H 2 molecule near the ionization 
threshold'IT: It 2 (Xlzg) (/); H2 + (Iscr~,) (2); H 2 (l~g(2p~g)2) 
(3); H 2 (IZg(2p%2SCrg) (4); H2 + (2pou) (5). 

been rather comprehensively discussed ill tile li tera- 
ture. 6,63 Its potential  curve U~(R) intersects tile ion term 
U,(R) in the vicinity o f t h e  Re* = 2.65 au point (Fig. I), 
located between the right classical turning points of  the 
ground and of  the first excited vibrational states (near 
the v = I state). This means that the cross-sect ion of  
reaction (8) should be small for v i = 0 and should 
increase substantially with increase in v i. 

it is also known that in the Rydberg H2** complex,  
formed in an intermediate  stage of the process,  it is 
mostly the ndcrg(tXg +) series, in which the angular  mo-  
mentum of  the electron / = 2 is a "good" quantum 
nunlber,  that predissociates. 47 Since the previous calcu- 
lations carried out for this reaction (see, for example,  
Refs. 29, 30, 40, 42--44,  and 47) were based on the use 
of  the adiabatic (with respect to the rotat ional  motion)  
approximat ion,  we shall initially pattern our behavior  on 
this si tuation,  i.e., consider  the molect l lar  axis during 
the collision to be fixed and operate  in the coordinate  
system linked to the molecule.  Therefore,  the main task 
of  our study is to elucidate the role of  the vibronic 
exchange through the dissociative cont i lurum in the 
formation of  the resonance structure of  the cross-sect ion 
of  reaction (8). 
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C r o s s - s e c t i o n  o f  t h e  e -  + l l z  + r e a c t i o n .  T h e  c o m -  
p l e t e  cross-sect ion of  a DR reaction trader tile condi-  
tions considered is written in the following way: 

¢¢~,,i (c) = 2_.~c gS ~-~ I"(/a)" P ' I 2 / A ' ~  [l[~vi t t~'l] ' (9) 

where c is the energy of  the electron (related to tile total 
energy o f t h e  system E = c + E,,), E~ is the energy of  the 
vibrational exci tat ion of  the ion; g~" is the statistical 
weight of  the initial state with the specified spin S, and 
TF, vl (ta) is the partial reaction ampl i tude  for the /A wave 
of the incident  e lectron,  de termined,  in conformity with 
expression (3), from the following set of  equations 

o 1 )̂ ,f~vT(l̂ ) = [nv'(t̂ ),. + )-"^(/))corn(re + !tt/A)Tv(v,v , 
v' 

(/A) rcv + .  o ~T{IA) ]~{/^1. vv' = "l(IAlv¢ + ~.  t,,,,..cot ( ¢. lalA! ' v " v '  - -  
v" 

_ _  ; , ( I A ) T ( I A )  

(10) 

in wltich, owing to the weakness of  the configuration 
coupling,* the matrix e lements  have the following form 
(hereinafter ,  the indices /A are omit ted):  

t,,,,. .(o, + I PI d e , ,  
= t~,.. ~ E - E p  

t(O)ll 
×f ( , , )  t~° =v"° +-l P~ -7". ~ - X ~ . - - ~  

where 

t~! = -(v Itanl~(.~^ - I.tT^)l v')- 

The T ~ . e l e m e n t s  in Eq. (10) are symmetr ical  with 
respect to the indices and character ize  the ampli tudes of  
inelastic scattering of  electrons.  The diagonal t~, ele-  
ments,  which are quadrat ical ly  small in this basis set 
with respect to the configurat ion coupling,  are absent. 

The t,,~. e lements  in Eq. (I 1) are presented as sums 
of two addends,  one of  which is due to the interaction 
with the ion core,  and the other  describes mixing of  the 
Rydberg series with the dissociative cont inuum.  To de- 
termine its explici t  form, it is convenient  to use the 
quasi-classical  approximat ion  and to write tvv. as 

t~. = t~! + ~P~ Vf~(R)xv(R)Xv'(R) dR 
E - U~(R) 

(12) 

where VI~(R ) denotes  the electronic part of  the configu- 
ration interact ion,  and Xv stands for the vibrational wave 
function of  the ion. According to Eq. (12), the adiabatic 

* The magnitude of the configuration coupling is determined 
by the particular features of tile electronic structtlres o f  mol -  
ecules .  Examples of thoroughly studied e-  + XY ÷ systems 
( X y  + = H2 +, N2 +, N O  +, 0 2  +, etc.) indicate that it is actually 
small (i.e., the V~O values are small compared to unity), r/ 

quantum defect ~' t^, far from the point of  intersection 
Re* of  the Rydberg and dissociative terms, differs front 
tile diabatic one P/A by tile following value: 

a"'^ = ~" a rctan l U---I-~-~ j . (13) 

which leads to a downward shift of  tile position of  the 
Rydberg term along the energy scale. Tile magnitude of .  
this shift is -61a/n3; therefore, the al lowance for the 
coupling with the dissociative continut,  m shotfld be 
most clearly manifested for resonances with small prin- 
cipal quantum number,  i.e., for the series corresponding 
to the vibrationally excited states of  the ion core. 

The off-diagonal matrix elements tv, ,. in expression 
(12) describe the ampl i tudes  of  the v - ,  v" transit ions to 
the ionization cont inuum and the vibronic cot, piing in 
closed channels.  Since the vibronic transitions are char-  
acterized by a small ~ = ao/R ¢ parameter ,  it can be 
shown that, to accuracy of  the second derivative la')A 
and to terms that are second degree with respect to V~, 
the greatest contr ibut ion is made by single-qt, antum and 
two-quantum transitions. An intportant role is played by 
the second addend in expressions (I I) and (12), caused 
by tile interaction with tile dissociative cont inuum.  For 
example,  for the first six vibronic Rydberg series, dag of  
the H 2 molecule (v = 0 to 5), the e lements  of  the 
t(°l-matrix calculated out the basis of  the data reported 
previously 47,64 are equal to 

t01 (°) = - 0 . 0 0 6 ,  t12(°) - - -0 .008 ,  123 (°) = - 0 . 0 1 5 ,  (14) 

t34 (°) = - - 0 , 0 1 2 ,  t45 (°) = - - 0 . 0 1 3  

(ti le diagonal elements are small). The effect o f  the 
dissociat ive c o n t i n u u m  is c lear ly  demonstrated by 
Table l , w h i c h  presents the e l e m e n t s o f t h e t - m a t r i x  for 
these series. It is seen that their  absolute magnitudes 
increase wi th  increase in the vibrat ional exci tat ion,  the 
diagonal elements t~.  being changed to the greatest 
degree. 

Table 1. Matrix elements tvv' for the dag-series or the H 2 
molecule calculated from formula (11)* 

V" V 

0 I 2 3 4 5 

0 - 0 . 1 6 9  - 0 . 0 8 9  - 0 . 0 4 5  - -  - -  - -  
I - 0 . 0 8 9  -0.233 -0.125 - 0 . 0 7 8  - -  - -  
2 -0.045 -0.125 -0.472 -0.230 -0.  I I0  -- 
3 -- -0.078 -0.230 -0.414 -0.177 -0.143 
4 -- -- - 0 . I I 0  -0.177 -0.424 -0.198 
5 . . . .  0.143 - 0 . 1 9 8  - 0 . 4 8 8  

Note. Data from Refs. 47 and 64 and c = 0.02 eV were used. 
" The dashes mean that the values are small with respect 
to 10 -3. 
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Let us proceed now to the calculation of the cross- 
section of reaction (8) and compare the existing Immeri- 
cal data with one aqother. Since the electronic part of 
the configuration interaction VI~ depends only slightly on 
the interatomic distance R, the tnatrix elemelds Vv~ 
(describing the coupling of the states of the H2** Rydberg 
complex with the dissociative con t inuum)  can be repre- 
sented as Vv~ = Vl~(Re)ctvf ~, where Ctvfl 2 = (vii3) 2 are the 
F r a n c k ~ C o n d o n  factors depending on the energy E, 
which have been calculated in the quasi-classical ap- 
proximation. The Morse potential with the previously 
reported 64 parameters was used for the vibrational wave 
fimctions of the H2 + ion, and the data obtained by 
Nakashima et al. 47 were used for the dissociative term. 

A comparison of the results of calculations carried 
out previously 43,44,47 with experimental rest, Its z3 and 
with the dependences  obta ined  by us using Eqs. 
(9)--(12) is presented in Fig. 2 (see a--c).  It follows 
from Fig. 2 that with increase in the initial vibrational 
excitation (vi = 0 to 2), the cross-section actually mark- 
edly increases. The cont inuous thick line denotes the 
cross-section for the direct transition to the dissociative 
IT_.g+ state, while the cont inuous thin line corresponds to 
the results of our calculations carried out in the seven- 
channel  approximation (see Fig. 2, lines I and 2, re- 
spectively). In Fig. 2, d (curve 6), we present a com- 
parison with the experimental dependence,  23 for which 
the distribution over the initial states for v i = 0, I, and 2 
was specified as the I : 2 : 2 ratio. The results of the 
calculations were added according to this (in other 
studies, ~3,47 an additional averaging over the energy of 
electrons was carried out). The same figure (curve 5) 
shows the results obtained by Hickman with the use of 
the Bardsley forntalism (Hickman ~'t did not take into 
account the interaction of closed channels).  

in the MQD theory, 43,~7 this interaction is taken 
into account;  however, the calculation of the tvv. ele- 
ments in Eq. (I I ) does not take into account the contri-  
bution of the secoqd term, responsible for these transi- 
tions. For this reason, the dependences  shown in 
Fig. 2, a,b (curves 3 and 4; see Refs. 43 and 47) have a 
clear-cut "antiresonance" character, which is consistent 
with the small values of the profile index q in Eq. (2). In 
the integral variant of the MQD theory used by us, the 
vibrotfic transitions through the dissociative cont inuum 
have been successively taken iqto accouqt. Therefore, 
our results are closer to those obtained previously ~3 in 
terms of the Bardsley formalism (which contain typical 
Fano- -Feshbach  maxima, along with dips). 

Despite the fact that the results of the calculations 
discussed differ from one another,  they all reflect the 
most typical feature of DR, namely,  the presence of 
clear-cut resonance structure of the cross-sections. The 
resonances are so narrow that they have been virtually 
imperceptible in the experiment with combined beams, zs 
The dependence obtained by Hus et al. z4 looks some- 
what more graphic; however, they gave no clear infor- 
mation on the distribtttion fimction of the ion beam over 
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Fig. 2. Dependences of the cross-section of the e-  + H2+(vi) 
I-1"(21) + H(Is) reaction on the energy of the electron c: 

v i = 0 (a); v i = I (b); v i = 2 (c); cross-section averaged in 
the I : 2 : 2 ratio for v t = 0, I, 2, respectively (d): cross- 
section of the direct transition to the dissociative state (I); 
calcuhltion in terms of the integral variant of the MQD 
method (2); calculation in terms of the two-step MQD method 43 
(3); the same 4"/ (4); calct, lation by the CI method 4't (5); 
experimental rest, Its z3 (6). The arrows denote the resonance 
n,v-states. 

tile vibrational states with v i = 0 and I. The fact that the 
initial state of molecular ions in beams is difficult to 
detect results in the experimental pattern being more 
complex and in the specific features being smoothed. 
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Nevertheless,  the dip in the exper imental  curve z3 (see 
Fig. 2, ,4) indicates that the (5,5), (6,3), and (10,3) 
ant i resouances contr ibute  to the formation of  its struc- 
ture+ 

The effect  o f  the dissociat ive  cont inuum.  To eluci- 
date the character is t ic  features of  the effect of  the 
vibronic mixing with the dissociative channel  on the 
formation of  the resonance structure,  let us compare  the 
partial cross-sect ion al+0(c ) found previously 47 (we have 
used the results of  this study) with the dependence  
calculated from Eqs. (9) - - (12)  without al lowance for the 
second term in Eqs. (11)--(12)  (when the elements  
given by (14) are taken as tvv. ). The results of  this 
calculat ion are shown in Fig. 3, in which line / denotes  
the cross-sect ion found without  taking this coupling into 
account ,  line 2 corresponds to the results of  our previous 
calculat ion (see Fig. 2, a),  and line 3 represents the 
dependence  taken from the literature. 47 

The greatest interest is aroused by the (4,4) reso- 
nance level, whose posit ion is defined as 

I 
E,,,. = -,,.,'c(°) + ~n3 arcta n t ~ ,  (15) 

where En,v (°) corresponds to the resonance Rydberg 
level, not perturbed by interact ion with dissociative co,z- 
t inuum, the energy of  which is 0.1264 eV. Allowance 
for the configurat ion coupl ing gives E4, 4 = 0.0685 eV. 
Thus, the presence of  the dissociative cont inuum results 
in a d isp lacement  of  the resonance level by 0.0579 eV+ 
This interact ion also has an effect on the shape of  the 
contour  of  the resolmuce line, leading to its deformation 
caused by a variat ion of  the resulting self-decay width. 
The total width may be both smaller  or greater  than the 
uonper turbed one,  depending on the ratio of  the param- 
eters of  a par t icular  system. 17 In the case of  an isolated 
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Fig. 3. Comparison of the cross-sections of the e-  + H2+(v~) 
--+ 11*(21) + H(Is) reaction calculated with (I) and without (2) 
allowance for the vibronic coupling with the dissociative con- 
tintmm with the results obtained previously. 47 

resonance (for example,  for the (4,4) level), the result-  
ing width increases. According to Eq. (15), the magni-  
tt,de of  the shift of  a level rapidly decreases with in- 
crease in n; therefore, the posit ions of  the perturbed E,,.,, 
and nonperturbed E,,.v (°) resonances for the (n , I )  series 
(with the principal quantum number  n > 8) differ only 
slightly from one another.  

The analysis carried out by us indicates that the 
theory of  M Q D  (including its various modificat ions)  is 
the most consistent procedure for the mathemat ical  ~ 
investigation of  reaction (I) .  The main drawbacks of  the 
two-step Guist i  method z9,45-48 are due to the violation 
of  the unitarity of  the S -mat r ix  in a limited basis set, 
which substantially hampers  the investigation of  the 
whole set of  processes occurring in the e -  + XY + system 
in a unified concept.  The integral variant of  the theory 
of  MQD,  49-54 which was formulated directly for the 
collision T-matr ix  and requires no addit ional  cumber-  
some procedures for the construct ion of  the scattering 
S-mat r ix  is free of  this drawback. The question of  the 
unitarity of  the matrix is crucial ,  because it is associated 
with the strict correspondence between the various reac- 
tion channels  rather than with the inaccuracy of  the 
theory. At the same t ime,  in relation to reaction (8), 
none of  the theories under  considerat ion give a consis- 
tent descript ion of  the phenomenon,  since they do not 
take into account the rotational motion of  the H~ + iotas, 
which is rather significant for this reaction. 

The role of  nonadiabatic  eooupl ing with rotation 
in the DR reaction (8)  

Let us consider  tile nonadiabat ic  coupling between 
the electronic and rotational motions in the general 
Scheme (3)- - (4)  and its role ill DR (8). We will take 
into account  that the contr ibut ions of  channels with v = 
0 and v >_ I can be considered in various approximations.  
For  states with v = 0 below the threshold of  the rota- 
tional excitat ion of  the ion, Bno 3 > I, where B is the 
rotational constant  (for H2 +, B -- 1.3 • 10 -4 and n o > 30). 
Here we come across an essentially nonadiabat ic  sitt, a- 
tion. Conversely,  for v > I at low energies, Bn3v << I, i.e., 
the adiabatic approximat ion is properly fulfilled. 

Therefore,  the calculation can be divided into two 
stages: in the first stage (when states with v > I are taken 
into account)  we shall consider  the t radi t ional ly adia-  
batic s ta tement  of  the problem (with no al lowance for 
the coupling with rotat ion),  and in the second stage, we 
shall include the rotational motion.  Based on this ap- 
proach we obtain 

T = T 0~ + T ¢ ' ~ I  NoXNotcot ltVt¢o T ' (16) 
N 

T <' = t + t Y'+l ̂ vX^v Icot xvvT <t) - 

- i t~.] i3Xl3 IT(l) ' (17) 
13 



S, and on the initial vibrational v t and rotat ional  N i 
states. The averaging is carried out in terms of  the 
Boltzmanll  distribution at the rotational tempera ture  7~ 
(B is the rotational constant) .  The normal iza t ion  con- 
slant 0 = I/ZSrol(Ti), where ZSrot(Ti) is the rotational 
statistic sum, 65 depending on the tempera ture  of  the 
ions T i. We studied the case of  low temperat t ,  res T i << (,~ 
((0 is the frequency of  vibrations of  the XY + ion); 
therefore,  the state with v = 0 is tile only  open channel 
in the {~.~} vibrational basis set. 

The partial cross-section of  the DR react ion for the 
initial state of  the XY + ion (vi = 0, Ni) is expressed ill 
terms of  the e lements  of  the T-matr ix  of  mult ichannel  
scattering: 

According to Eq. (16), the al lowance for the rotation 
(N is the rotat ional  quantum number)  in the channel 
with v = 0 requires the prelin]inary determinat ion  of  the 
adiabatic submatrix;  however,  the latter is not a true 
adiabat ic  scattering T "d matrix,  because Eq. (17) con- 
tains no term corresponding to the input open channel.  
Note that Eq. (16) is t ransformed into an equation for 
.pd in the above- threshold  region (regarding the rota- 
tions ill the channel  with v = 0), ill which the relation- 
ship cotnvNo = --i  holds for all N. Therefore,  a simple 
correlat ion exists between T (I) and 1 TM expressed by the 
opera tor  relationship:  

T ad = T Om - i T(I)lAo)(Aol Tad. 

The T (t) and T "~d matrices are determined in the 
system linked to the axis of  the molecule.  The transition 
of  the matrix e lements  to a laboratory system of  coordi-  
nates is carried out rising the unitary matrix U (see 
Refs. 56, 58). 

The set of  algebraic equations based on Eq. (16) for 
the required Tql ~ matrix with a l lowance for tile molecu-  
lar rotation has the following form: 

T~.I~ = ANo.I~ + ~.. BNo.No 'cOt nvNo'TNo',fl, (18) 
N '  

in which the fol lowing designations have been intro- 
dt,ced: 

BNo.No' = ~(AoIT(I)I Ao) Utv^U^N," 
A 

Here AI~ is the projection of  the angular momentum of 
the electrons in the p-channel. 

Expressions (18) have a clear physical sense. In fact, 
the value Aql ~ describes a purely adiabatic process in 
which the projection of  the electron angular momentum 
A onto the molecular axis is retained, i.e., A = A~. 
Mix ing of states with different A occurs as a result of 
nonadiabatic coupling with rotation (which is due to time 
second term in Eq. (18) with coefficients Bqq), when 
scattering channels with a different symmetry (A # AI0, 
which are not predissociative under the adiabatic motion 
conditions, are involved in the reaction. Their  contribu- 
t ion to the process is determined, according to Eq. (18), 
by the elements of the rotation matrix U and depends 
substantial ly on tile total angular  momen tum J and 
O i l  g. 

The comple te  cross-sect ion of  reaction ( I )  giving 
a tomic  fragments in a specified channel  II~), averaged 
over the initial rotational states of  the XY + ion, can be 
written as 

~13 = ~.0(Ti)exp[ BNi(N'+I)IoSo0 
NiS Ti ,*iNi(c), (19) 

where the partial cross-section os~ v, Ni depends on the 
energy of the electron c, on the total 'spin of  the system 

= _ _  ( j / )  2 

E Jl  (20) 

~/cm 2 

10-15- 

Here J is tile fidl angular  momentun l  of  tile system 
comprising the orbital m o m e n t u m  of  the electron / and 
the rotational angular moment t ,  m of  the nuclei N in the 
XY + ion, and E = I~: + BN(N+ I)] is the total energy or 
tile system. 

Figure 4 presents the partial cross-sect ions for reac- 
tion (8), calculated using the data 47 on the diabatic 
quantun] defect lat^ and tile dissociative IEg+-term ac- 
cording to Scheme (18) and Eq. (20), as well as in the 
adiabatic approximat ion with respect to rotation. The 
calculat ion was carried out in the s ix-channel  approxi-  
mation taking into account  five vibronic (v = 0 to 4) 
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10-19 
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20B 
I 

I 

10 2o ~ ~ i 
0.01 0.03 0.05 0.07 0.09 ¢/eV 

Fig. 4. Dependence of the partial cross-sections of re~lction 
(8) on the electron energy c: calculation taking into account 
the rotation for the initial state (N i = 0) (I); adiabatic ap- 
proximation (2); published rest,Its 47 (/). The vertical dashed 
lines mark the excitation thresholds for the rotational states 
with N = 2 and 4. 
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and oue dissociative channel. In addition, rotation in 
the channel with v = 0 was taken into accout. Thus, 
seven channels with N i = 0, eight chamlels with N i = 2, 

and ten channels with N i = 4 were included in scheme 
(18). It follows from Fig. 4 tlmt the cross-sections cal- 
culated both taking and not taking into account the 
molecular rotation are close to each other, although 
their resonance structures are dissimilar. The cross- 
section found with allowance for the nonadiabatic cou- 
pling with the rotation is characterized by the presence 
of additional Fano-Feshbach resonances converging to 
tile excitation thresholds for the rotational states with 
N = 2 and 4 (i.e., 6 B and 20 B, respectively). Figure 4 
(curve 3) also shows the cross-section calculated in the 
len-clmqnel approximation 47 (neglecting the inelastic 
vibronic transition through the dissociative continuum). 
Furlherntore, the Guisti formalism, 4s in which the con- 
dition of  uuitarity of  the S-matrix is violated in a limited 
basis set, was used in this study. 

The effect of  the initial vibrational excitation is 
shown in Figs. 5 and 6, which present the temperature 
dependences of  the partial cross-sections and the corre- 
sponding rate constants 

kfl(T e, Ni) = E~fl,oN i (e) ex - e, (21) 

T e is the temperature of  electrons for three rotational 
quantt, m numbers N i = 0, 2, and 4. As N i increases, the 
dependences shift to the left along the electron energy 
scale by the value of  the tltresltold of  the vibrational 
excitation B N ( N  + I). In addition, for Nl = 2, the 
cross-section and the rate constant increase by an order 
of  ntagnitude compared to those for the nonexcited 
state. It is also noteworthy that for N i = 4 at T e ~ 102 K, 
in the region of  energies making the main contribution 
to Eq. (21), where the cross-section a13,o4(e) increases 
(see Fig. 5), the partial rate constant follows a tempera- 
ture dependence wlticlt differs appreciably from the law 
~ Te-I/2 

In Fig. 7, the overall cross-sections of  reaction (8), 
averaged over the initial rotational states with the 
Boltzmauu equilibrium distribution (19), are compared 
with those measured previously, z4 This comparison is 
presented as an illustration and reflects the main charac- 
teristic feature of  the cross-seetioq of  this reaction, 
namely, the presence of  resonance structure, since in 
the study cited, 24 no sufficiently clear selection over the 
initial vibrational states of  the ion beant (contai,ting a 
mixture of  states with v = 0 and I) or cltecking of  the 
impurity with v = I was carried out. For a more detailed 
comparison,  information on tire real distribution fuqc- 
tion over the initial vibrational states, found in the 
previous paper, z4 is required and the initial vibrational 
state (vj = I) needs to be included in the calculation 
scheme. 

Tire dependences of  the overall rate constant for 
reaction (8) on tire ion T i and electron T~ temperatures 

6B 
I 

~/cm2 I 

10-14 

10-'° l ' II I1 [ 

10 -17 I i l l  ~'t ! 

10-18 I ! ' 

10_19 i !l 

0.01 0.03 0 05 

20B 

I 

0.07 

3 

1 

0.09 
~/eV 

Fig. 5. Partial cross-sections of reaction (8) for N i = 0 (I), 
2 (2), 4 (3). The vertical dashed have the same meaning as 
those in Fig. 4. 

k13( T e, Ti)" I 0-8/cm 3 s-I 

10 

~a -'-'-'--t~ 2 

1 

90 140 190 240 ~ K  

Fig. 6. Temperature dependences for the partial rate constants 
(kfl (T e, T i) of reaction (8) calculated from formnla (21) for 
mi = 0 (1), 2 (2), 4 (3). 

are presented in Fig. 8, which indicates that the higher 
the temperature of  the electrons, the less pronounced 
the dependence of  the rate constant on T i and that the 
initial rotational excitation has only a slight effect on the 
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o / c n l  2 
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10-16 

10 -17 ) i 
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Fig. 7. Dependences of the overall cross-sections of reaction 
(8) on the electron energy (E). The continttous line corre- 
sponds to averaging over the initial rotational states with the 
Boltzmann distribution (19); the dots show experimental re- 
s t i l t s ,  14 The vertical lines denote the errors of  the measure- 
l l l e n t .  

profi le  o f  the curve.  The  m a x i m a  of  these curves lie at 7] 
-- 200 K. Af ter  that ,  s m o o t h  decay is observed,  which is 
due to a speci f ic  feature  o f  the behav io r  o f  the rotat ional  
statistic sum in Eq. (19): 

Z,ot(Tj)= Y'. ( 2 N + l ) e x p [  BN(N+I) 1 
N =02... 7"/ ' 

which is p ropor t iona l  to 7 i s tar t ing from -102 K for the 
pa r a -mod i f i c a t i on  o f  the mo lecu l a r  hydrogen  ions. 65 

Let us cons ide r  the d e p e n d e n c e s  presen ted  in Fig. 6 
in terms of  the  genera l ly  accep ted  views, approx ima t ing  
the partial rate cons tan t s  o f  r e c o m b i n a t i o n  (21) in a 
finite t empera t t t r e  range T¢ (as is usual ly  dol ie  66,67) by 
an exponen t i a l  funct ion:  

( 7-< ]--"(",' 
kn(T<, Ni) = (INA ~ )  (22) 

aild use this func t ion  to carry out numer i ca l  es t imates  
for par t icu la r  types o f  transit ions.  The  values of  the 
coef f ic ien t  ot and the  exponen t s  x for N i = 0, 2, and 4, 
toge the r  with the T e ranges i n  which  app rox ima t ion  (22) 
is appl icable ,  are listed in Table  2. it is seen that with 
increase i,i N / the partial  cons tants  kf~(T e, Nt) marked ly  
increase.  T h e  e x p o n e n t  x for the overal l  cons tan t  kf~ 
(averaged ove r  Ni) is c lose to the expe r imen t a l  value,  
a l though the  ot value  ca lcu la ted  by us is ~3-fo ld  smal le r  
than the  observed  one ,  which is exp la ined  by the pres- 

ko( Ti, TD • I 0 -8 / c ,u  3 s-I 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 i i I 
0 100 200 300 

E/K 
Fig. 8. Two-temperature dependenccs k(Te, Ti) of the overall 
rate constant of reaction (8) calculated from the formula 

*,(T<.T,)={ 2.1 /o,(T,,,:)expf-#/~.d~. wit,, the  ave r -  
t ' ~ T 2 )  o t It)  

aged cross-section (19) and for the initial data taken from the 
literattire 47 at Te/K = 300 (1); 250 (2); 200 (3); 150 (4); 
~00 (5); 50 (6). 

Table 2. Coefficients ct N. and exponents x(Ni) in- 
corporated in expression (s22) for the H2+(o,Ni) + e -  
-+ H*(21) + lt(Is) reaction 

N i or" 10-7/cnl 3 s -I x T,JK 

0 007 0.28 100--300 
2 0.44 0.50 100--300 
4 0.76 -0.11 100--150 
4 0.76 0.04 150--300 
° 0.80 0.44 100--300 

* Tile values for the overall recombination constant 
averaged over the initial rotational distribution (19) 
at T i = 210 K. 

ence  o f  v ibra t ional ly  exci ted states with v i = I and 2 in 
ion beams  used iu the previous paper,  z3 The re fo r e ,  the 
parameters  given in Tab le  2 make  it possible to carry 
out  kinet ic  calc t , la t ions ,  using expression (22) as a work-  
ing formula.  

C o n c l u s i o n  

Tile process o f  fo rmat ion  o f  neutral  f ragments  in the 
in te rac t ion  o f  e lec t rons  and mo lecu l a r  ions ( D R  ( I ) )  is 
in s o m e  sense an analog o f  a chemica l  reac t ion ,  s ince it 
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is accompanied  by reorganizat ion of  species. The pro- 
cess involves in termediate  formation of  a Rydberg XY** 
complex character ized by an extremely complex and 
rich stnlcture of  self- ionizat ion and predissociation states. 
The diversity of  forms of  the nonadiabat ic  coupling and 
of the interference structt, re in various physical manifes- 
tations of  the Rydberg states of  the XY** complexes 
makes them especial ly significant. For this reason, DR 
is not only of  interest in itself but is also a tool that can 
be used for testing modern methods of  the quantum 
theory of  scattering and of  chemical  reactions. 

The critical analysis of  the existing calct, lation meth- 
ods and the comparison of  the results obtained by various 
ntetltods carried out in this study indicate that the method 
of MQD,  in which equations are formulated directly for 
the "observed" collision T-matr ix  and the unitarity of  the 
scattering S-matr ix  is checked at each step of  the calcula- 
lions, is the most consistent and efficient technique for 
the investigation of  DR and of  the whole set of  processes 
giving Rydberg complexes.  The unitarity (as the con- 
stancy of  the number of species before and after scatter- 
ing) is one of  the most important  criteria of  the reliability 
of the tlteory. Many approximations (for example,  Born, 
pulse, adiabatic,  etc.) do not possess this property. The 
tmitarity of  the S-mat r ix  has also not been ensured in the 
previously developed theory of  DR. 't3 

Within the f ramework of  the unitary theory of  M Q D  
we studied for the first t ime the effects of  rotation and of  
the nonadiabat ic  e lec t ron-ro ta t ional  coupl ing on reac- 
lion (8); we suggested a procedure that makes it possible 
to simplify substant ial ly the calculat ions,  while main- 
raining the main specific features due to the molecular  
rotation. The partial rate constants  (and also the corre- 
sponding cross-sect ions)  were found to be fairly sensitive 
to the initial excitat ion.  At the same t ime,  the t ime- 
averaged rate constants  are affected only slightly by the 
rotational mot ion under  equilibriunt condit ions.  

The next stage of  the development  of  the theory is 
the need to study high ionic temperatures  at which more 
highly excited rotat ional  states are involved in the pro- 
cess and the Coriolis  interaction with the dissociative 
configurations begins to be manifested. One more stage 
due to tile current  state o f  the theory is also necessary; 
this is the a l lowance for the effect of  the nledium on the 
Rydberg complexes and on the processes involving them. 
The Rydberg molecules  are character ized by large sizes 
(R ~100 A at n ~10); therefore,  their  interact ion with 
their own gas or a buffer gas is manifested even u,tder 
condi t ions of  high rarefaction. 

This work was carried out with the financial support 
of  the Russian Fot ,ndat ion for Basic Research (Project 
No. 93-03-4700).  
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