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We propose a unified mechanism of electron capture, induced by the field of the target ion core, 
into the continuum by a fast neutral atom. We show that in the process of scattering of two atoms 
virtual capture of an electron of the fast atom into a bound state of the ion core is possible. This 
reduces the screening of the nucleus of the atom and results in a Coulomb interaction potential 
between the free electron and atom: V, - Z ,  (R,  E, )/r ,  with the effective charge Z, , which is 
proportional to the probability of electron capture into a bound state of the ion core and depends 
on the internuclear separation Rand the collision energy E, (r ,  is the distance between the free 
electron and the nucleus of the fast particle). We discuss the influence of the effective potential V ,  
on the intensity and shape of the peak in the energy spectra of electrons ejected at O" as a function 
of the collision energy. 

1. INTRODUCTION 

Electron capture into low-lying states of the continuum 
in collisions of different ions with atoms has been investigat- 
ed in detail, both experimentallyi-' and theoretically.'-' It 
has been shown that as soon as the velocity of the ejected 
electron approaches in magnitude and direction the velocity 
of the scattered charged particle a sharp peak appears in the 
energy spectra of the electrons ejected at O". At the peak the 
velocity of the scattered particle is equal to the velocity of the 
ejected electron.'."ifferent theoretical methods for de- 
scribing the interaction of the electron with the scattered 
charged particle explain qualitatively the experimental data 
obtained.'-' When the interaction of the heavy charged par- 
ticles in the final state is taken into consideration, the peak in 
the energy distribution of the electrons becomes significant- 
ly n a r r ~ w e r . ~  The shape of this peak and the dependence of 
its position and width on the collision kinematics have been 
investigated in detail in experiments on ionization of inert- 
gas atoms by protons and multiply charged ions.'38 

Ionization collisions of neutral atoms have not been 
studied nearly as well. Recent experiments,"-' in which the 
ejected electron and the charged state of the scattered parti- 
cle were recorded by the coincidence method, have shown 
that when positively charged atomic particles as well as neu- 
tral atomic particles are present in the final state for H-Ar, 
He-He, and He-Ar collisions at 75 keV, a peak is observed 
in the energy spectra of the electrons emitted in the forward 
direction. In addition, for neutral atoms the peak is even 
somewhat narrower than for positively charged scattered 
ions. At the same time, it has been observed in experiments 
with 0.15-2.5 MeV H -  and H +  ion beams passing through 
thin carbon films that the peak in the spectra of electrons 
accompanying H atoms is strongly suppressed at zero ejec- 
tion angle. I '  

Different theoretical models have been proposed in or- 
der to describe the observed phenomena. In Ref. 13 the peak 
observed for neutral atoms is associated with the presence of 
a low-lying virtual state in the ejected electron + scattered 
atom system in a long-lived excited state. In particular, it is 
proposed for the system e-He that the helium atom is in a 

metastable 2'Sstate, for which the electron scattering length 
is quite long, which is a necessary condition for the appear- 
ance of a narrow peak in the electron energy distribution. In 
Ref. 14 the explanation of electron capture into the continu- 
um of the neutral atom is based on the assumption that in a 
collision of atomic systems intermediate autodetached dou- 
bly and triply excited states of the negative ions He-** and 
Hep*** can form, and when these states decay electrons 
which are quite slow relative to the scattered neutral atom 
are ejected. In order to check these models it is necessary to 
perform additional investigations which would confirm the 
possibility of the formation of a significant number of meta- 
stable atoms in the beam or negative ions in intermediate 
resonance states. 

In Ref. 15 an attempt was made to obtain, on the basis of 
the impulse approximation, a peak at small ejection angles 
for atoms in the ground state. It was shown that a wide peak 
forms for v ,  = v, where v, and v are, respectively, the veloc- 
ity of the ejected electron and the velocity of the scatter par- 
ticle. The appearance of this peak is explained by the pres- 
ence of a long-range attractive polarization potential 
V,,, -a/rt ,  where a is the dipole polarizability of the atom, 
between the free electron and the scattered atom. In Ref. 15, 
however, the fact that the scattering of the electron by the 
atom can depend strongly on the character of the dynamic 
screening of the nuclear charge of the fast particle,'' which 
charge changes under the action of the ion core of the target 
atom, is neglected. 

In the present paper we consider the effect of the target 
ion core on electron capture into the continuum of a fast 
neutral atom which modifies the effective interaction poten- 
tial between the free electron and the scattered atom. It is 
shown that in the scattering process virtual capture of an 
electron from the fast atom into the bound state of the target 
ion core is possible and this decreases the screening effect of 
the electrons of the scattered particle and modifies the 
effective interaction potential between the free electron 
and the scattered atom, whose asymptotic form is 
V, - - Z ,  (R) / r , ,  where Z, ( R )  is the effective charge of 
the fast particle and R is the separation between the nuclei. 

452 Sov. Phys. JETP 75 (3), September 1992 0038-5646/92/090452-05$05.00 @ 1992 American Institute of Physics 452 



The influence of the effective potential V, on the intensity 
and shape of the peak in the energy spectra of electrons eject- 
ed at O" as a function of the collision energy is discussed. The 
atomic units e = f i  = m = 1 are employed. 

2. BASIC FORMULAS 

Consider the collision of two neutral atoms: 

as a result of which the target atom A: is ionized and three 
free particles are formed in the final state: the scattered atom 
A:, the target ion core A,+, and an electron e ejected into a 
low-lying state of the continuum of A:. In what follows, in 
constructing the wave function of the final state q j  ' we 
neglect the perturbation of the distribution of the electrons 
in bound states of A: and A: by the field of the free electron. 
In this approximation, we represent \V:-- ' as follows: 

wherexi- ' andxb - ' are, respectively, the wave function of 
the subsystem A: + A: and the wave function of the free 
electron, r, is the collection of coordinates of the electrons in 
%bound state, r are the coordinates of the free electron, and 
A is the antisymmetrization operator. We substitute the 
function (2)  into Schrodinger's equation and integrate its 
right- and left-hand sides together with the functions '. 
Then, neglecting the nonlocal short-range exchange poten- 
tial," we obtain an equation for the wave function x:, I: 

[-ivO R-i/ZV r2+Vc(R, r)]  xr.(-)  (R, r) =Exe(-) (R, r) , ( 3  ) 

where V, (R,r) is the interaction potential between the free 
electron and the atom A: and the ion A,+, averaged over the 
states of the bound electrons for fixed values of R and r: 

where r, and r, are the coordinates of the free electron rela- 
tive to the nuclei of A: and A: with charges Z,  and Z , ,  
respectively, r are the coordinates of the free electron rela- 
tive to the center of mass of the system A: +A,+;  and, 
E = k '/2 is the kinetic energy of the electron. 

For R $1 the wave function xi- ) can be represented 
approximately in the form of the expan~ion '~  

where 

dK exp ( ~ K R )  T,:-"(I<, K,) 
.I: (R) = 2p J - , y=a,  B. 

(2nI3 I{:-K2-i0 

Here the indices a and fl describe the channels for single- 
electron excitation of the atom A:(a) and capture of one 
electron from the state f of the atom AqCf) into the bound 
statep of the target atom AY(p); pa, $,,and p,, lC'p are the 

wave functions of the bound states of A:(a), A,+, and 
A,+, AY(p), respectively; xf is the asymptotic wave func- 
tion of the system A:V) + A,+; T j; ' is the transition am- 
plitude from the state f into the state y; K, and Kf are the 
relative momenta of the atoms in the channels y and f ;  and, 
p is the reduced mass of the heavy colliding particles. We 
note that in the expansion (5 )  the contribution of many- 
electron transitions, the excitation or ionization of the ion 
A under the action of the atom A:, as well as the small 
asymptotic terms describing the ionization of the atom A: 
and decreasing with distance as 1x1-"'", where 
/XI = (R * + r2) ' I2  (Ref. 18), is neglected. 

If the expansion (5)  is limited only to the asymptotic 
stateXf, then after averaging in Eq. (4)  we obtain the usual 
static interaction potential. The next terms in the expansion 
(5 )  describe the perturbation of the asymptotic state xf by 
the interaction of the atom A: with the ion A,+. For what 
follows, it is convenient to represent the integral (6)  in cylin- 
drical variables: 

where 

and Q, is the transverse component of the transferred mo- 
mentum. We note that the poles at K , ,  = (P, - iO) 
make the main contribution to the integral Ti, '. Its value is 
easily obtained by closing the integration contour and apply- 
ing the residue theorem: for t > 0 the contour is closed in the 
upper half-plane and for t < 0 the contour is closed in the 
lower half-plane. In this case the integrals over the addi- 
tional sections of the contour are higher order infinitesimals. 
Taking into consideration the fact that the amplitude T iy ' 
decreases rapidly with increasing Q, and setting 
P,, = K,, - Q :/2K,, we obtain 

( - )  
.If (p, t )  = i sign ( f )  e s p  (-iK,~lI1 I )A:;' (p, t )  . (8  

where 

Since T $ ' -p-O& 1 for t > 0 (the backscattering case), we 
set Ai , - ' (p , t>O)=O.  If t<O and l & ( t l < p ,  then 
exp(i Q: It 1/2p) z 1 and A  I,, '@,t) = A  i; ' ( p ,  - 0 )  is the 
quasiclassical amplitude of the transition f -  y. In the region 
It I $p the expression (8 )  describes a spherical wave. 

We now examine in greater detail the effective potential 
V, (R,r).  In averaging the expression (4)  over the coordi- 
nates of the bound electrons, we take into account the fact 
that the wave functions pa and $, describe states with Z,  
and Z,  - 1 electrons bound relative to nuclei with Z, and 2, 
electrons, respectively, while the wave functions p, and 1C,,3 
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describe states with Z, - 1 and Z, electrons bound relative 
to nuclei with charges Z, and Z,, respectively. Calculating 
the averages in the expression (4)  with the wave function 
(5)  and the transition amplitude (8)  at distances greater 
than the dimensions of the region of localization of the atom- 
ic electrons, we obtain 

where 

Prxc(p,  t ) =  I .  P. . . (p . I )=  r, , * p , ( p , t ) , 2 .  
01 R 

(10) 

It is obvious from the formulas (9)  and (10) that in the 
presence of interaction of A: and A,+ the electron charge 
density is redistributed, as a result of excitation and charge 
exchange at finite internuclear distances, between the atoms 
A: and A,+ in a manner such that the total effective charge 
of the system A: and A,+ remains unchanged, and for long 
times It 1 <,u the charge Z,(p,t) a It I - '  and the charge 
Z,(p,t)-1. Ift<Oand ItI4,u, thenP,,,(p,t) andP,,,(p,t) 
are virtually independent of t and determine, respectively, 
the probability of excitation and charge exchange in the in- 
teraction of A: and A,+. In the region t >  0 the charge 
Z, (p,t) = 0. Here the perturbation of the state of the atom 
A: Cf) by the field of the free electron is neglected. This ap- 
proximation is quite well-founded, since, as follows from Eq. 
(9),  the polarization potential determining the magnitude of 
the perturbation, decreases asymptotically much more rap- 
idly than does the potential - Z, (p,t)/r,. 

We represent the approximate solution of Eq. (3 )  with 
the interaction potential (9)  in a form analogous to the wave 
function of an electron in the field of two constant charges:'' 

( -1  (-1 
xc = e x p ( i k r ) @ k t  ( ~ { ( p ,  t ) ,  rr)@k., ( v ,  (p,t),r,), (11) 

where 

( -1 1-1 
Ur ( v ,  r) = f, (v) ,F,  ( - i v ,  I ,  - ikr--i l<r),  

zt (P, t )  z, ( ~ 7  t )  
r1(p,  t ) =  - , V , ( p ,  t ) =  - 

kc k,' ' 

and exp(ikr) describes the motion of the electron relative to 
the center of mass of the system A: + A,+. The distorting 
factors a:; ' and ' take into account the perturbation 

of the plane-wave continuum as a result of the interaction of 
the electron with A,+ ion and the A: atom, where k ,  and k6 
are the momenta of the electron relative to A,+ and A:, re- 
spectively. 

As follows from the formula ( 1 I ), the effect of the field 
of the target ion core A," on the state of the electron in the 
continuum can be both direct and indirect. The indirect ef- 
fect of the ion A,+ on the electron results from the perturba- 
tion of the atom A:, due to which the electron density in the 

system A: + AT is redistributed and the screening of the 
nuclear charge of the atom A: is reduced. If the indirect 
effect of the charge of the ion A: on the electron is neglect- 
ed, then in the formula ( 11 ) we must set Z, = 0 and Z, = 1. 
It should be noted that the approximation ( 1 1 ) is valid when 
the charges Z, and Z, vary slowly in time, i.e., 

The total ionization amplitude, obtained with the elec- 
tron wave function ( 11 ), can be represented as a sum of two 
amplitudes, corresponding to the contributions of different 
sections of the trajectory with t < 0 and t > 0: 

where 

Here a: is the Born amplitude of ionization and Qll and KeIl. 
are the longitudinal components of the transferred momen- 
tum and the momentum of the electron relative to A:. If the 
dependence of the charge Z, on the impact parameter p is 
neglected in the transition from the region t < 0 into the re- 
gion t > 0, i.e., Z, (p )  zZ, (O), and the change in the charge 
Z, is also neglected, then the doubly differential ionization 
cross section describing the angular and energy distributions 
of the electrons ejected in collisions of neutral atoms is given 
by the expression 

where ( d  2a/dEe dfl, ), is the ionization cross section in the 
Born approximation, and the factor F, = a1 1 + K, (0)  l 2  ac- 
counts for the increase in the ionization cross section as a 
result of the capture of an electron into the continuum of the 
neutral atom. The factor F, -TZ, (0)/2k : -0 and F, -+ 1 
for large values of k : . 
3. DISCUSSION 

The results of the calculations of the distribution of the 
effective charge Z, as a function of the impact parameter p 
for different He0-He+ collision energies are presented in 
Fig. 1. To simplify the calculations, we included only two 
bound states in the expansion (5): the ground state of the 

FIG. 1. Distribution of the effective charge Z,  as a function of the impact 
parameterp for different He0-He+ collision energies. The curves 1,2, and 
3 correspond to collision energies of 100, 300, and 500 keV. 
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FIG. 2. Energy distributions of the intensity I of the spectra of forward- 
ejected electrons for different Heo-He" collision energies: 100 ( a ) ,  300 
(b), and 500 keV (c). Present calculations: solid lines-theoretical inten- 
sities ( 13); dashed lines-the Coulomb normalization factor of the state 
of the continuum of an electron in the field of a charge Z ,  = 1; dot-dashed 
line-the results of Ref. 15. The experimental data were taken from Ref. 9: 
a-He+-He; 0-He-He. 

atom A: and the ground state of the atom A:, neglecting the 
excitation of the atom A: and electron capture into excited 
states of the atom A:. The capture amplitude was calculated 
in the approximation of intermediate states of the contin- 
uous spectrum.20 The calculations show that the effective 
charge Z,  is concentrated near the internuclear axis, i.e., at 
p = 0, and as the impact parameter increases the effective 
charge monotonically decreases together with the probabili- 
ty of capture of an electron from the atom A: into a bound 
state of the atom A:. The charge 2, also decreases as the 
collision energy increases. 

The results of calculations of the intensity of the spectra 
of forward-ejected electrons for different Heo-Heo collision 
energies are presented in Fig. 2. In comparing with the ex- 
perimental data of Ref. 9 (Fig. 2b), the theoretical intensi- 
ties ( 13), minus the background formed by Born transitions, 
were averaged over the ejection angle with angular resolu- 
tion AQ, = 3.5" (solid lines). One can see that the capture of 
an electron into the continuum of the neutral atom can lead 
to the formation of a sharp peak in the energy spectra of the 
forward-ejected electrons. For comparison, the dependence 
of the Coulomb normalization factor of the state of the con- 
tinuum in the field of the charge 2, = 1 (dashed lines) as 
well as the results of Ref. 15 (dot-dashed line) are shown in 
Fig. 2. One can see that the width To of the peak in the case of 

collisions of neutral atoms can be both greater and less than 
the width T +  of the peak in the case of collisions with a 
charged particle. For collision energies of 100, 300, and 500 
keV we have l?+/T, = 1.2, 1.4, and 0.7, respectively. At 300 
keV the experimental value is r+/l?,, = 1.6. The calcula- 
tions show that the narrowing of the peak in the electron 
energy spectrum is caused by the interference of ionization 
amplitudes on different sections of the trajectory of the fast 
particle. 

The results of the present calculations are in good 
agreement with the experimental data in the central part of 
the peak, though in the wings appreciable differences are 
observed, probably due to the fact that the dependence of the 
charge Z, on p was neglected. Obviously, as the effective 
charge decreases with increasing impact parameter, the in- 
tensity in the wings of the peak decreases. As the collision 
energy increases, the intensity of the peak and the magnitude 
of the interference oscillations of the contour decrease at the 
same time as the effective charge Z, decreases. The small 
asymmetry, associated with the presence of the factor 

- iZ5 (0 ) /k  :, 
( 1 - k /Qll 1 in the expression for F, , in the peak 
gradually decreases with increasing collision energy to the 
extent that the longitudinal transferred momentum Q in- 
creases. 

4. CONCLUSIONS 

In this paper we have thus proposed a mechanism, dif- 
ferent from previously discussed me~han i sm, '~ - ' ~  for the 
formation of the peak observed in the energy distributions of 
electrons ejected in the forward direction in ionization colli- 
sions.'-'' We have shown that the target ion core, whose 
presence results in distortion of the electron distribution in 
the fast particle in the final state and in a corresponding 
modification of the interaction potential between the free 
electron and the scattered atom, plays an important role in 
the electron capture into the continuum of the neutral atom. 
When the virtual capture of an electron of the scattered atom 
in the bound state of the ion core is taken into account, the 
screening of the nuclear charge of the atom is reduced and a 
Coulomb interaction potential, in which the nuclear charge 
is proportional to the probability of electron capture and 
depends on the internuclear distance, appears. The presence 
of such an interaction between the free electron and the scat- 
tered atom leads, in turn, to the formation of a narrow peak 
in the energy distributions of forward-ejected electrons; this 
agrees qualitatively with the experimental results.' In con- 
trast to Ref. 13, the present study predicts that as the colli- 
sion energy increases, the intensity of the peak will decrease 
and oscillations of the contour will appear in the wings at low 
collision energies. 

The present model can be checked experimentally by 
investigating the dependence of the height of the peak on the 
collision energy. We also note that the experimental data of 
Ref. 9 reveal that the width of the observed peak depends on 
the structure of the target atom. The proposed model is con- 
sistent with these results, since the character of the interac- 
tion of the free electron and the scattered atom depends sig- 
nificantly on the target ion core, in particular, on the 
particular shell of the target atom from which the electron is 
ejected into the continuous spectrum. As far as the results of 
Ref. 12 are concerned, the observation of strong suppression 
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of the peak is probably associated with the spatial delinea- 
tion of the region of formation of convoy electrons in the 
solid and their subsequent transport and capture into the 
continuum ofthe fast atom at  the exit from the target. Under 
these conditions the virtual capture of an electron from the 
fast atom into the bound state of an atom of the medium is 
unlikely. 
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