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Abstract: A generalization of tbe continuum distorted wave method of Cheshire is 
made for proton - negative ion electron capture collisions. The attractive 
Coulomb interaction of the partners in the initial stale is fully taken into 
account in this method. For reasons of simplicity of derivations, the gene­
ralization is given on the p+H- system. The cross section for this reaction 
is calculated in continuum distorted-wave-Bom approximation. 

1. lntroduction

lt became clear, in the last few years1, 2J, that the continuum distorted
:wave method of Cheshire3> is one of the most adequate theoretical appro­
aches to high-energy ion-atom collisions. This is a consequence of the inclu 
sion of the coupling between the discrete and continuous states of the sys­
tem in the Cheshire's method. 

So far the Cheshire's method bas been applied to ion-atom charge ex, 
change collisions of a positive structurcless ion with a neutral atom. In this 
paper we shall generalize this method to charge collisions involving a posi­
tive and a negative ion. In this case the Coulomb interaction in the initial 
channel plays a very important role, and we shall show how this interaction 
can be fully taken into account by the continuum distorted wave method. 
For definiteness, we shall consider the reaction 

* Charge de recherches au C. N. R. S.
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H+ + H- (1 s2) -+ H (n l) + H (n' I') , (1) 

but as we shall see later, the results are valid also for more general situa­
lions. We shall calculate the cross section of the reaction (1) in the energy 
range above 25 keV where the continuum distorted wave approximation 
(CDWA) is supposed to be valid. Unfortunately, in this energy range there 
are no experimental data for this reaction. However, for the inverse reaction 
there exists a measurement by Me Clure41 and a comparison between our 
thcory and his results has been published elsewhere51. 

2. General theoretical considerations

We shall. treat the problem with the impact parameter method, describing 
the relative motion of the protons by 

-+ 

-+ -+ -+ 
R = p + v t , (2) 

where R is the position vector of the incident proton in respect to thc nu-
-+ cleus of H-, v is the relative velocity and p is the impact para me ter. H 

-+ -+ 
X; (i = 1 ,  2) and s, are the position vectors of the two electrons with respect 
to the nucleus of H- and the incident proton, respectively, then the following 
relations are evident 

-+ -+ -+ 
S; = X; - R, (i = 1 ,  2) 

(3) 

-+ -+ -+ . . b s l dIn this work we choose R, r1 and r2 as mdependent vana les. o we are e 
to the time-dependent Schrodinger equation (atomic units are used) 

(4) 

with the Hamiltonian 

1 1 1 1 1 1 1 1 H = - - 'v .2 - - 'v i - - - - - - - - + - + - (5) 2 2 X1 S1 X2 S2 X12 R 

The solutions of the equation (4) should satisfy appropriate boundary con­
ditions. In the final state we have two non-interacting H atoms. The corrcs­
ponding channel Hamiltonian is 
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(6) 

As V1 decreases at infinity faster than R- 1 , the final wave function can be
written as 

(7) 

where <!>ni and E„1 are the eigen.functions and eigen-energies of hydrogen atom 
in state nl. The above asymptotic wave function satisfies the equation 

(H . a > _. _. 1 - 1 aT <l>t (r1, r21 t) = O. (8) 

In the entrance channel the situation is not so simple because of the prc· 
sence of the Coulomb attraction. This interaction should be fully taken into- -
account in the asymptotic wave function <I>; (r1, r21 t), i. e. it is solution of the 
equation 

with 

1 1 1 1 1 
H; = - - v i2 - - vi2 - - - - + --.2 2 X1 X2 X12 

The explicit form of <I>; is 

- - -+ -+  ; 
41; (ri, r21 t) = n1 (r1, r21 t) exp { v ln (v R - v2 I t I ) }•

(9) 

(10) 

(1 1) 

where <p- and E- are the wave function and the energy of the negative ion. 
So, the boundary conditions for the solutions of the equation (4) are 

lim q,/ = lim <I>; , 
t-+-ao t-+-ao 

lim q,1- = <1>1 •
I-++ .., 

(12)
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Now the transition amplitude for reactions of the type (1) has the form 

b (p) = lim ((1)1 I '.l't) = lim ('I',- I (l)i). ( 13) 
l-+oo t-+-oo 

+ 
Introducing the distorted waves x,-;; in an analogous manner as in Che-

shire's work31, from the second part of (13) one obtains 

+ oo

b (p) = - i J d t <'I',- I CH - i ; 1 > x,+> ( 14) 

-oo 

where 
lim X/ = lim 'I'/.

1-+-oo 

3. The choice of wave functions

The distorted wave function of the entrance channel we represent in the 
form 

with 

N (v) = r (1 - ..!..) exp ( 2-r. ).
V V 

-+ 
Having in mind the equation which L1 (s1) satisfies 

1 1 1 .... . a -
(- - V i2 - - + - (v 'v 1) - 1 -) L- (s1) - O 2 s, 2 a , · - · 

wc obtain using (9) and (4) 

This exprcssion we can replace in (14). 

(15) 

( 16)
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For the final stale wave function w,- we shall use simply '1.>t (continuum dis·torted wave Born approximation). One can also replace 'I!( by X( defined
in an analogous way as X/ (full distorted wave approximation) but in re· actions like ( l ) the distortion effect of this channel are not expected to be 
significant. 

Therefore, the transition amplitude for reaction ( I ) is 

-oo

or more explicitly 

-oo 

1 + - n- L- },
S2 

I I 

( 18) 

(19) 

The last term in ( 19) is zero in the absence of the intcraction between theclectrons. It describes the capture reaction as arising from the interaction of incident proton with electron 2, which is correlated with thc »activc« 

I I 
200 300 

I I I 
'80 500 600 

I I I • 100 aoo soo 
E!ktVI 

Fig. 1. Charge exchange cross sections in p+H- collisions. I: is the total cross 
section given by formula (24). 
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clectron 1 in the function ep-. Therefore, we may assume that the contri­bution of this term in the transition amplitude is small and we shall neglect 
it. More support to this neglection follows also from the fact that at highenergies the capture probability is mainly sensitive to the behaviour of the
wave function of the captured electron close to the nucleus of the initialatom or ion. 

We have chosen as negative hydrogen ion wave function that of Silvermanet al.6> 
-+ -+ cp- (x1, x� = N { exp (- a .t1 - b x2) + (1 +--+ 2) },

(20) 
a =  1 .039, b = 0.283, E- = - 0,5133. 

4. Results and discussion

Thc calculations of the cross section a (n l, n' l') for reaction (1) are madeusing the Fourier transform method3>. The cross section is given by 
00 

a (n l, n' l') = 2 1t J TJ d TJ I R �) I 2, 

-+-+-+ 1 r -+ i11 p  R (11) = 2 1t J d p e b (p),

(21) 

(22) 

-+ -+ ·where T) is a vector in the p plane. With b (p) from (19) the above integralcan be easily calculated. From thc expression (22) one immediately sees that-+ 
R (T)) will bc zero unless l' = O. A non-zero contribution for l' ;ć O would be 
obtained by introducing angular correlations in cp-. Such a wave function is 
also given by Silverman et al.6> but the non spherical tenn in this function 
is vcry small. In the encrgy region wc are interested in, the main contribu­
tion to the cross section comcs from n' = 1 and n' = 2. This is a consequence 
of thc small overlap of the function <i>n'o (x� with term exp (- a x2) in (20), 
and has been confirmed by the calculations. Therefore we bave only plotted 
on Fig. 1 the cross sections a ( l  s, l s) and a (1 s, 2 s). We bave investigated 
the variation of a (n l, n' l') with n l (for n l = 1 s, 2 s, 2 p) and found that for 
high energics (E > 50 KeV) the Oppenheimer's n-3 rule holds. 
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Table 
E (KeV) " (2s, 1s)/'1 (ls, 1s) " (2s, 2s)/a (ls, 2s) r, (2p, ls)/'1 (ls, ls) 

s 1.55 0.34 12.7 
25 0.437 0318 0.976 
so om 0.169 0.405 
75 0.207 0.177 0.275 

100 0.216 0.211 0.222 
500 0.131 0.131 0.051 

1000 0.121 0.121 0.031 

For small energies (E < 50 KeV), the influence of the parameter A E o·.1 
the ratio a (2 l, n' l')la (1 s, n' l') becomes important and the Oppenheimer's rule is violated (see the Table). But in this energy range, the continuum dis­
torted wave approximation is not supposed to be valid. Therefore for thecross section l: for ali transitions 

l: = .L.L a (n l, n' l'),
ni n'I' 

in view of the preceding discussion, we bave 

l: == .L { a (n l, 1 s) + a (n l, 2 s) } =
,,, 

= a (1  s, 1 s) + 1.616 { a (2 s, 1 s) + a (2 p, 1 s) } +
+ cr (1 s, 2 s) + 1 .616 { a (2 s, 2 s) + a (2 p, 2 s) }· 

The result for l: is plotted in Fig. 1 .  

(23) 

(24) 

We note that our previous considerations of the reaction (1)  can be easilyextended to arbitrary negative ions. 
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TIPEMHH HA EJIEKTPOHOT OJ:{ HErATHBH HTE BOJ:{OPOJ:{HH JOHH 
KOH BP3HTE IlPOTOH H  

P. K. JAHEB 
HHCTHTYT 3a q>H3HI<a, BeorpaA 

A. CAJIEH
Ymmep3HTeT BO Bop]{O, BOPAO 

C O A P >K H H a

H3BpweHo e o6onwryBaHe Ha MeTOAaTa Ha ACq>Opi'.1HpaHHTe KOHTHHYYMCKH 
opaHOBH I<OH cny'laj OT I<Ora B3aHMOAeJcrayaaT e,l\eH n03HTHBeH H e]leH Hera­
THBeH jOH. Bureu MOMeHT BO OBOa ooonwryBaHe npeTCTaByBa cpaKTOT WTO BO 
IIO'leTHOTO COCTOjaHHe eKcnnHQHTHO ce ja8y8a AOnrO-AOMeruara Hy,10H08a HH· 
repaKQHja Koja I\IOpa Aa ce ael\le 80 npe,llBHA. Bo KCHP.'lHOTO COCTOjaHHe HH· 
repam:\Hjara Mefy ueyrpanuure aroMH onafa Mnory no6p3o co pacrojaunero. 
IlpucyCT8HeTO Ha ABa aKTH8Ha eneKTPOHa 80 CHCTel\lOT HCTO TaKa Jt08e,lly8a AO 
onpej{eJieHH MaTeMaTH'IKH npo6neMH KOH 80 AOCera npoy'ly8aHHTe peaKQHH 
O;t OBOj 8HA (eAHO-e,,eKTPOHCKH CHCTeMH) He ce nojaeyaane. 

Bea HHKaK8H orpaHH'lenuja Ha onurrocra na MeTOAara. taa e Hanomeua na 
npuMepor ua peaKQHjara 

p + H- -+ H (u l) + H (u' l') 

'IHj npeceK e npecMeTHaT 3a pa3HH CIICQHq>HKaQHH Ha K8aHTHHTe 6poeBH tJ l li 
11' l', KaKO lf 8KynHHOT npeceK aa HCTaTa. 




