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A theoretical investigation is made of one-and two-electron charge exchange in collisions between an atom 
and an ion of the same element, the latter with two missing electrons. It is shown that the probability of 
one-electron exchange in the case when the initial term crosses the final ground-state term is half the 
usual probability for reasons of symmetry: the atom and ion are identical. The occurrence of term 
crossing in this system alters the physical nature of resonant two-electron exchange. There is a new 
channel for two-stage exchange of two electrons. The first electron is released on the first pseudocrossing 
of terms and the second on the second pseudocrossing. In the case of crossing with terms of the excited 
state, this exchange occurs if the excitation is transferred during the time between the two 
pseudocrossings. The experimental cross section for the exchange of two electrons in a collision of a 
negative hydrogen atom with a proton can be ascribed completely to this new channel. 

PACS numbers: 34.70. + e 

1. We shall consider the exchange of one and two 
electrons in slow (v  < 2 x 10' cm/sec) collisions between 
an atom and an ion of the s ame  element but with two 
missing electrons: 

( l a )  

( l b )  

I t  i s  found that the symmetry resulting from the fact that 
the particles A and A* represent  the s ame  element has 
an important influence on the physical nature of these 
processes and their  effective c r o s s  sections. 

The exchange of one electron, process ( la) ,  i s  non- 
resonant and due to the crossing of the energy t e rms  of 
the initial and final states. The  exchange of two elec- 
t rons is a resonant process and i t s  probability in the 
absence of one-electron t e rm crossing has already been 

However, the occurrence of such crossing 
greatly a l te rs  this  process.  

The absolute magnitude of the te rm repulsion respon- 
sible for  the two-electron exchangezpS i s  considerably 
l e s s  than the splitting in the one-electron exchange. 
Therefore, when an atom approaches an ion, the one- 
electron exchange may occur ear l ie r .  Th i s  would seem 

to block the two-electron exchange channel ( lb)  to an ex- 
tent increasing with the  probability of the one-electron 
exchange during the collision time, i.e., the t ime inter- 
val between two passages of an atom through the same 
pseudocrossing. In  fact, the situation is different. 
When the probability of the one-electron exchange is 
high, new ways of exchanging two electrons become pos- 
sible: 

7 ~ +  + A+ -+ A++ + A, (2a) 
A + A++ 

LA+ + (A++)* - (A+)* + A+ - A++ + A, (2b) 

which will be investigated below; i t  should be noted that 
the chain of events (2) occurs  during the s ame  collision. 

Let  u s  assume that, in the process (2b), the probabil- 
ity of a nonadiabatic transition on pseudocrossing of one- 
electron t e rms  is small. Then, after  the f i r s t  passage 
of the atom through this pseudocrossing, an electron i s  
very likely (probability -1) to be  captured by the ion. If 
there  is no event up to the second passage through the 
pseudocrossing, the probability of the electron returning 
to the atom a s  a result  of the second pseudocrossing is 
equally high and the probability of one-electron charge 
exchange is low. If excitation is exchanged between the 
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two passages through the s ame  quasicrossing, the f i r s t  
electron can no longer return to the atom since i t  i s  now 
in the ground state. The  probability of finding the sec- 
ond electron a t  the same adiabatic t e rm a s  the f i r s t  
electron is equally high, i.e., the second electron i s  
t ransferred to a new atom. This  gives r i s e  to the two- 
electron exchange. 

This  simple discussion i s  sufficient t o  show that, a t  
low collision ra tes ,  the effective two-electron exchange 
c ros s  section of the channel (2b) may be l a rge r  than the 
one-electron charge-exchange c r o s s  section o r  the 
c ros s  section of the channel (1). This  i s  explained by 
the relatively large splitting of the t e r m s  responsible 
for the transfer  of excitation. F o r  example, when the 
dipole transition (A+)*  -A+,  i s  allowed for, the split- 
ting decreases proportionally to R-3  (R i s  the internu- 
c l ea r  distance), whereas the splitting responsible for  
the two-electron exchange decreases  e x p ~ n e n t i a l l y . ~ . ~  

2. The  probability of two-electron exchange in ac- 
cordance with the direct  channel ( lb) ,  like the probabil- 
ity of the one-electron exchange, i s  due to dephasing of 
the even and odd quasimolecular s tates,  governed by the 
difference between their  energies (we have in mind here 
the parity in respect  of inversion of the coordinates of 
al l  the electrons a t  the center  of the molecule AA++) .  
Komarov and Yane? report  the asymptotic result  that, 
f o r  large internuclear distances R -a, this  difference 
between the energies decreases  proportionally to 
e x p ( - % a ) ,  where cr = (21,)"~ and I, is the f i r s t  ioniza- 
tion potential of the atom A. I t  should be s t ressed  that 
the  argument of this exponential function does not in- 
clude the second ionization potential, although we a r e  
dealing with the two-electron exchange. This  result  i s  
due to crossing transitions of electrons in which the en- 
ergy of each of them changes3 (but the total energy re-  
mains constant). Such a transition occurs only a s  a re-  
sult of the electron-electron interaction, which reduces 
the preexponential te rm by the factor R - 3  (Ref. 3). 

The  c ros s  section of the two-electron exchange is1 

where a, i s  the difference between the energies of the 
even and odd states,  associated with the simultaneous 
exchange of two electrons between atoms. I t  was calcu- 
lated earlier.2.3 

A t e rm of the A +AH system may intersect  (generally 
speaking, excited) t e rms  of the system A++(A+)*. If 
the two-electron exchange radius R, in Eq. (3) exceeds 
the distances a t  which the crossing takes place, the in- 
fluence of the one-electron exchange on the two-electron 
process is small  and, in this case,  Eq. (3) applies. In 
the opposite case,  the two exchange processes  should be 
considered simultaneously, as below. 

3. We shall f i r s t  consider the ca se  (2a) of the cros-  
sing of the t e r m s  of the system A +AH with the ground- 
state t e rm of the  A++A+ system, when both A+ ions a r e  
in the ground state. We have to consider here  the inter- 
action between three  terms:  two t e rms  of the A +A++ 
system-the t e r m s  even E+(R)  and odd E -  ( R )  relative to 
the inversion of the coordinates of the two electrons a t  

FIG. 1. Crossing of the initial state of the A+AM system 
with the final ground state of the A++A+ system. 

the center  of the quasimolecule, i.e., a t  the point which 
halves the internuclear axis-and one t e rm E,(R) of the 
A'+A+ system, which has a definite parity, ei ther  + o r  
- (it i s  assumed that the ground s ta te  of the A+ ion is 
not degenerate). These t e rms  a r e  represented schema- 
tically in Fig. 1 a s  a function of the collision time. We 
have to consider only that s tate of A++A+ whose spin is 
equal to the spin of the atom A because the total elec- 
t ron spin is conserved in the nonrelativistic approxima- 
tion. F o r  example, fo r  part icles A with two excess 
electrons (in addition to those in the filled shells), the 
spin of two electrons i s  ei ther  ze ro  o r  unity. Conse- 
quently, in the A++A+ system, we have to consider 
ei ther  the singlet o r  triplet s tates,  and the singlet s ta te  
i s  even relative to inversion a t  the center  of the quasi- 
molecule, whereas the tr iplet  t e rm is odd. Figure 1 
shows the ca se  of the even state of A'+A+. The  odd 
s ta te  i s  described by al l  the formulas given below if + 
is exchanged with -; all  the conclusions st i l l  apply to 
this case. 

In general, the tr iplet  s tate of the A+ +A+ system, 
which i s  odd relative to inversion, also interacts  with 
the odd s ta te  of the A +A" system. This  interaction is 
of the spin-orbit type; i t  is weak and we shall ignore i t  
f o r  la rge  interatomic distances. 

We shall divide the t ime axis  into five intervals, a s  
shown in Fig. 2. The  one-electron charge exchange oc- 
c u r s  in the intervals I1 and IV. In  the  interval I for t - --, the initial conditions correspond to an A +A++ 
collision: 

FIG. 2. Crossing of terms with an excited state of the 
A++ (A+)* system. 
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The quasimolecular functions a ,  reduce, in the limit 
R - m, to combinations o f  the atomic functions *,, ,, cor- 
responding to the case when both electrons are near the 
nucleus I or 11: 

Y* 4 L(YI*Y,I). 
Y2 

(5) 

For identical atoms, the center o f  the quasimolecule 
coincides with the center of gravity. Therefore, the 
parity in respect o f  inversion i s  retained for the whole 
collision. This means that only the states of the same 
parity interact with one another. States o f  different par- 
ity are not mixed. However, this conclusion i s  not self- 
evident and we shall demonstrate it. In the adiabatic 
basis o f  wave functions, a transition i s  governed by the 
matrix elements of the derivative a/at, i.e., by the 
quantities 

Here, q i s  the set o f  coordinates of all the electrons. 

The derivative aa+/at has the same parity as the func- 
tion being differentiated because the parity o f  the func- 
tions is conserved at any moment t. Hence, it follows 
that the matrix elements vanish. (+ ( a/at 1 -) = 0, so that 
the + and - functions are not mixed. 

Let w be the probability o f  a nonadiabatic transition 
for a single passage through a pseudocrossing. In the 
region 111, subject to the initial condition (4), the wave 
function i s  then 

I-rn 'I, +(,) ~ . ~ x p { - i ~ ~ + a t ~ - i i ~ ~ ~ t ~ ] + ~ ~ . c x p { - i j  ~ - a t r ] ;  

Here, *tl are the moments o f  passage through a pseudo- 
crossing. 

Similarly, i f  we consider the system passing through 
a pseudocrossing at a time +t, when the particles f ly  
apart, we obtain the probability o f  the two-electron ex- 
change during the whole collision ( A  +A++-AU+A): 

Ps=sina (T) 

where the phases x , ,  are 

The phase X ,  determines the contribution o f  a simultan- 
eous jump o f  two electrons. I f  this phase is small, Eq. 
(7) reduces to 

The interference phase X, i s  large i f  it is goverened by 
the Coulomb displacement of the term E,: (E, - E + )  
ocR-I i f  the crossing occurs in the asymptotic range of 
large interatomic distances. Therefore, averaging Eq.  
(10) over a small interval o f  the impact parameters 
~ p ,  we find that 

When the probability o f  a nonadiabatic transition is w 
-0,  the formulas (10) and ( 1 1 )  reduce to 

In the limit w - 0,  the even component o f  the A +A+' 
system most probably follows the adiabatic term E+ - E, - E + .  In this case, the dephasing o f  the quasi- 
molecular + and - states and the exchange of two elec- 
trons are goverened only by the phase difference E,  
- E + ,  which i s  reflected in Eq. (12) .  

The probability P ,  of  the one-electron charge ex- 
change throughout the whole collision i s  

P , = ~ ( I - o )  [l+cos xi]. (14) 

Averaging this expression over the small interval Ap, 
we obtain 

This quantity is half the usual value because, in the 
symmetric A +A++ case, half the colliding atoms are in 
the noninteracting state @ -. The result (15) i s  only valid 
for a collision o f  an atomic particle A with a corres- 
ponding ion A++, which has two electrons less, when the 
A++A+ state i s  practically the only one. For example, 
in an A +A+++collision, even after one-electron charge 
exchange to the ground state, A +A+++-A++A+', the re- 
sultant particles are different so that the At+A++ quasi- 
molecule has two (+ and -) degenerate states in the lim- 
it  R -a, for each value o f  the total spin and charge ex- 
change is possible to either of these states. 

I f  w - 1, the system jumps a pseudocrossing without 
being affected by it and then the probability o f  the two- 
electron charge exchange (7)  tends to the earlier val- 
ue'? 

It follows from Eqs. ( 1 2 )  and (13) that, in the case o f  
adiabatically low collision rates so that w - 0, the e f -  
fective cross section for the two-electron exchange is 
o, - r r ~ f  /2 ( R ,  is the pseudocrossing radius) and it i s  
greater than even'the maximum one-electron charge ex- 
change cross section to the ground state, irrespective 
o f  the term splitting AE, = E - - E+ responsible for the 
two- electron exchange. 

W e  can thus see that the symmetry o f  the molecules 
formed as a result of a collision has a considerable in- 
fluence on the probabilities of exchange of one and two 
electrons. 

The above results are derived on the assumption that 
the laws governing the changes in the phases of the 
adiabatic states, i.e., the functions E(t) ,  change pre- 
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cisely a t  the pseudocrossing moments dl. This  i s  just- 
ified if the s ize  of the region where the exact adiabatic 
t e rms  differ greatly from the unperturbed t e rms  is 
small  compared with R,. This  condition i s  satisfied if 
the repulsion of t e rms  in a pseudocrossing is small  
compared with E, - E ,  for  p s R , ,  which i s  clearly valid 
because (E, - E , )  a R- '  and the repulsion of the t e rms  
is exponentially small  for  la rge  values of R,. 

4. We shall now consider the case  (2b) when the 
t e rms  of the initial system c r o s s  the t e r m s  of the A+ 
+(A+ )* excited states. In  this case, the atomic parti- 
c les  a r e  in different s tates and, therefore, quasimolec- 
ular  s tates a r e  always degenerate relative to inversion, 
i.e., there a r e  always even and odd s ta tes  with the same 
energy in t h e  l imit  R -- [even if the atomic excited 
state (A+ )* i s  not itself degenerate]. 

Let  us  assume that the atomic excited s ta te  (A+)* i s  
not degenerate. In this case,  the t e rms  behave a s  
shown in Fig. 2. Applying the above procedure, we ob- 
tain the probability of the two-electron exchange: 

where AE, is the splitting of the t e rms  responsible for  
the excitation t ransfer  A++ (A+ )* -(A+)* +AC, which oc- 
c u r s  during the motion of the particles between two 
pseudocrossing moments it,. It  i s  assumed that the 
splittings E -  - E +  a r e  much smal ler  than the matrix ele- 
ment of the one-electron exchange, so  that the  repulsion 
of the t e rms  and the probability of the one-electron 
transition w a r e  the s ame  for  the + and - states. Aver- 
aging the interference t e r m s  has already been car r ied  
out in Eq. (17). 

The  probabilities of the  one-electron charge exchange 
under conditions such that the excitation remains  on the 
part icle which is initially a doubly charged ion, PI,, and 
in the case  when it remains a t  the other particle, P,,, , 
a r e  

~,~=o(i-o) [ I + C O S  x, cos ~ ~ 1 ,  (18) 

where the phases x , ,  a r e  

The  total probability of the one-electron charge ex- 
change is P,  =PI, +P,,, =2w(l -  w), which differs from 
the preceding case  because the final quasimolecular 
s tate is now, like the initial state, doubly degenerate 
(+ and -). 

In the general case  of crossing with N t e r m s  of the 
A +A* system, the formula (17) becomes 

+- 
P ~ ~ = ~ , ~ , ~ .  . . w.. sin2 (t J AE,  at)  

-- 
1 I h  

+ ~ W , z o : . . . ~ ~ , ( i - w , ) ' ~ i n 2  [ j A E . d t + ; ;  - j A E : " ~ ] .  (22) 
I-I 1. -1. 

We shall now consider the above expressions for  the 
charge-exchange probabilities. ?he f i r s t  te rm in Eq. 
(17) is the probability of direct  charge exchange in ac- 
cordance with Eq. (1). I t  is w2 t imes  sma l l e r  than the 
usual probability because of the presence of the one- 
electron charge-exchange channel. In  the range of 
adiabatically low ra t e s  w - 0, even the direct  channel i s  
closed. However, a second channel then opens up: the 
second t e rm in Eq. (17) becomes more  important. This  
second channel is also important for  w -1 - w because 
the splitting of the t e r m s  resulting in excitation t ransfer  
is usually grea ter  than the two-electron exchange split- 
ting I U21 > ( AE, ( .  

I t  i s  worth noting some analogy a s  well a s  the differ- 
e n c e  between the simultaneous jump of two electrons 
from one part icle to another, represented by the chan- 
nels  (1) and (2). In  both channels, the t ransfer  of two 
electrons occurs  apparently through the outer  orbits  of 
the atoms and, therefore, we have AE, a e x p ( - 2 a ) ,  
except that, in the channel (2), the two electrons a r e  not 
t ransferred simultaneously. After the f i r s t  charge ex- 
change in the region 11, the atoms move in the region I11 
and excitation transfer  takes place: the  electron re- 
maining a t  the f i r s t  atom becomes excited and the elec- 
t ron transferred to an excited orbit  of the ion drops to 
the ground state. In the region IV, a second electron i s  
then transferred again to the outer  orbit.  

5. We shal l  now consider the ca se  of a collision of a neg- 
ative hydrogen atom with aproton, H- + H+ , for  which the 
two-electron charge-exchange c r o s s  sect ionwas deter-  
mined-experimentally4 in  the relative energy range 50- 
190 e~ o r  a t  relative velocities v ~1.5-2.5 x107 cm/sec 
(4.07-0.12 a.u.). F o r  this case,  the t e rm splitting of 
the direct  channel is3 

This  expression has a maximum a t  R 7.4 and i t s  value 
i s  then ~ E ~ ( 7 . 4 )  =2.7x10-5 a.u. Such smal l  splitting 
means that, even if the direct  charge exchange does oc- 
cur,  this will happen outside the asymptotic range of the 
interatomic distances. 

We shall now est imate the probability product 
4 . .  . w2.,, which occurs  in the f i r s t  t e rm of Eq. (22) and 
which represents  the probability of the evolution of the 
system in accordance with the channel (1). The  ionic 
te rm H -  +H+ c ros ses  three  t e r m s  of the H(ls)+H*(n) 
system with n =4, 3, and 2. The  crossing with the n = 4  
level can be ignored a s  too distant. We shall est imate 
the probabilities w3 and w2 using the Landau-Zener 
model: 

o-exp [ --- ; ":='=I. (24) 

According to the &potential model of a negative ion, 
the charge exchange occurs only to one of the n Z  degen- 
e r a t e  states. Using the parameters  R2 = 11.1, 6E2 
= 1.00 eV, R ,  =35.6, and 6E3 =0.0165 eV, obtained earl-  

we have 

for  the ca se  when the radial velocity i s  vrad = u 
(P < R2 3). 
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If the phase difference required for  the direct  charge- 
exchange process i s  accumulated a t  p -1 a.u. (or  -a,,, 
which i s  the Bohr radius), then, subject to allowance 
for weakening by a factor wiw2,  = 5.5 x we can esti- 
mate the contribution of the direct  channel to the total 
two-electron charge-exchange c r o s s  section, which 
gives the value o,(v = 0.1) S 5 x 10-l9 cm2 two o rde r s  of 
magnitude l e s s  than the experimental c r o s s  section: 
o,,,(v = 0.1) (4 * 2) x 10-l7 cm2. Consequently, in this 
case,  the whole c ros s  section i s  goverened by the sec- 
ond channel. 

We shall now est imate the c r o s s  section for  the two- 
electron exchange H -  +H'-H'+H-, in accordance with 
the second channel for the case  when v =0.1 and we shall 
do this using the second t e rm of Eq. (17). The  contribu- 
tion of the te rm H*(n = 3 )  can be ignored and allowance 
need only be made for  the crossing with the t e rm 
H*(n =2), which is characterized by (1 - w ) ~  = 1. We can 
then s e e  that the probability of the two-electron ex- 
change is simply equal to the probability of the exchange 
of excitation in a t ime between -tl and +t,: 

The application of Eq. (17) to the c a s e  under consider- 
ation requires further discussion because the excited 
states ~ * ( n )  a r e  degenerate. This  application is possi- 
ble if there is no mixing of the degenerate s ta tes  and 
this will be assumed here. The  probability (26) be- 
comes -1 for  the impact parameters  p < R2 = 11.1% (the 
trajectory i s  assumed to be rectilinear), so  that (ac- 
cording to Ref. 6, AE, = 2d12/R3) 

where Idl2 l 2  is the square of the matrix element of the 
dipole moment: I d1212 = I($,, Ir cose I $2J l 2  =0.551 for  
the 2p0 - I s  transition in the hydrogen atom. Estimating 
the c r o s s  section from o -raipg/2, where po i s  the im- 
pact parameter  for  which the phase (26) becomes equal 
to n/2, we o b t a i n a ( ~ = 0 . 1 ) = 3 x 1 0 - ' ~ c m ~  ( ~ ~ ~ 2 . 6 ) .  The 
degenerate s ta tes  a r e  most likely to be mixed in the p 
-po case,  so that the probability of charge exchange de- 
c r eases  by a factor of n2.  We then obtain p -7.5 x10-l7 
cm2, which i s  close to the experimental value ( 4 i 2 )  
x 10-l7 cm2. These  est imates indicate that the two-elec- 
tron exchange H -  +H+ -H'+H- does indeed occur in ac- 
cordance with the  channel (2b). The exact theoretical 
value of the c r o s s  section can be obtained by solving the 
many -level problem. 

The author is grateful to 0. B. Fi rsov  for  discussing 
the topics considered in the present  paper. 
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