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Positron-impact ionization of helium in the distorted-wave polarized-orbital method
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The total cross sections for positron-impact ionization of helium are evaluated by using the
distorted-wave polarized-orbital method taking into account the effects of screening and final-

channel distortion. The present results are in fair agreement with other elaborate theoretical calcu-
lations and experimental results.

I. INTRODUCTION

The total cross section (TCS) for the positron-impact
ionization of helium was measured by Suekoa, ' Diana et
aI., and Fromme et al. Apart from the semiempirical
estimates of the TCS for e -He ionization given by
Griffith et al. and Willis and McDowell, the first
quantum-mechanical calculation for the process was car-
ried out by Basu et al. They represented the incident
positron by a distorted wave and used two models of
final-state wave function. They also reported the first
Born results for the process. The most elaborate theoreti-
cal calculations for e+-He ionization were performed by
Campeanu et al. They studied in detail the effect of
initial- and final-channel distortions and also the effect of
screening in the final state of the ionizing system on the
TCS. They found that although the effect of initial-
channel distortion on the cross section is marginal the
effects of final-channel distortion and screening are very
pronounced.

Khan and Ghosh used a distorted-wave polarized-
orbital method to study the positronium formation cross
section in e+-He scattering and their results are in fairly
good agreement with the experimental results of Diana et
al. They found the effect of the matrix elements arising
from the distorted part of the target wave function (Tem-
kin' ) to be very important. But Basu et al. have not
considered the matrix elements arising from the distorted
part of the target wave function. In the present calcula-
tion we have employed the distorted-wave polarized-
orbital method of Khan and Ghosh to study the
positron-impact ionization of helium in the energy range
30—150 eV of the incident positron. The wave function
of the incident positron contains the effect of the dipole
polarization potential and has the exact polarizability.
We have also taken into account the effect of final-
channel distortion, which was not considered by Basu et
al. In the present calculation we have used an analytical
Hartree-Fock helium ground-state wave function (Byron
and Joachain" ) which is more accurate than the simple
one-parameter wave function used by Basu et aI. In or-
der to study the effect of screening in the final state of the
ionizing system we have used two models of final-state

wave functions. In the first model (M I) we have
represented the wave function of the scattered positron
by a plane-wave distorted in the field of the helium atom
and that of the ejected electron is obtained by the method
of polarized orbitals (Sloan' ). In order that the full-
screening model is consistent (Campeanu et al. ) we have
taken the maximum value of the energy E, of the ejected
electron as (E; —V;,„)/2, where E, is the energy of the
incident positron and V;,„ is the ionization potential of
the target. In our second model (M2) for E, (EF (E& is
the energy of the scattered positron), our final-state wave
function is the same as that of model Ml, but for E, )Ef
we have represented the ejected electron as an attractive
Coulomb wave in the field of double positive charge (e
and He ) and the scattered positron as a repulsive
Coulomb wave in the field of unit positive charge, since in
this case the slowly moving positron screens the residual
He ion (Campeanu et al. ).

II. THEORY
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Let r, , rz, and r, be the position vectors of the incident
positron and the bound electrons with respect to the nu-
cleus. The polarized-orbital wave function for the system
of the incident positron and the helium atom is given by

g, (r, , rz, r, ) = [u(r2)+4 „,(r, , rz)]

X[u(r3)+N „(r,, r3)]F(r, ),
where F(ri) is the wave function of the incident positron.
N „,(r, , rz) is the distorted part of the target wave func-
tion. In the framework of the dipole approximation it
takes the form '"
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and

u„. (r)=(Z )'~ exp( z—r)( ,'Z r—+r), (4)

(r2r3)=u(r2)u(r3)

with Z =1.594. The value of Z is chosen so that it
gives the exact polarizability. A number of authors
(Srivastava and Kumar, ' Srivastava et al. , ' ' and Khan
and Ghosh ) have used the C),( calculated in the dipole
approximation to calculate the polarization potential and
have obtained results which are in fair agreement with
the experimental results and rigorous theoretical results
in the case of electron- and positron-impact excitation of
helium and positronium formation in positron-helium
scattering. +H, (r2, r3) is the wave function of the helium
atom, which we have taken as the analytic wave function
of Byron and Joachain, "

u (r) =N[exp( a—r )+6 exp( /3—r )]Yoo(r), (6)

with %=2.6049754, +=1.41, /3=2. 61, and 6=0.79.
Now returning only the first-order terms in (1), we get

i/(, (r, , r2, r3)=[+„,(r, , r3)+u(r2)+~, ((r(, r3)

+u(r3)N „(r,, rz)]F(r, ) . (7)

The total cross section for e -He ionization is given by

Q= f f dkf dk, (kilk, )lf;„„~
where k, , kf and k, are the momenta of the incident pos-
itron, scattered positron, and ejected electron, respective-
ly. The ionization amplitude f;,„ is given by

f;,„=(2~)
(gk (Zf, ri)i/(f(rz, r3)~ V(r, , r2, r3) ~i/(, (r&, r&, r3)) .

(9)

V(r &, r2, r3 ) is the interaction potential between the incident positron and the helium atom,

1

r, —r, /

1

/r, —
r3/

(10)

yq (Zf, r, ) is the wave function of the scattered positron. Zf is the effective charge around the scattered positron.f
i/(f ( 1 z r3 ) represents the wave function of the final state of the e -He+ subsystem. It is made orthogonal to NH, ( rz, r3 ):

)(i)f(r2, r3)=2 ' [u(rz)[yk (Z„r3)—(yk (Z„r')lu(r') ~u(r3)]+(rq~r3)]

yk (Z„r) is the wave function of the ejected electron, Z, is the effective charge around the ejected electron, and
e

u(r) =4&2 exp( —2r ) Yoo(r) (12)

is the wave function of the He+ ion. The wave function F(r& ) of the incident positron is decomposed into partial waves
as

u((k, , r, )

F(r, ) = k, '~~ g (21, +1)i 'exp(i 5( )

I. =0 r&
(

P( (cos(k, .r, ) ), (13)

where l, is the orbital angular momentum quantum number of the incident positron. The radial part u((k;, r, ) of the
I

wave function of the incident positron is obtained by solving the differential equation

d2

dr

l;(l;+1) —2V(r, ) u((k, , r& )=E,u((k, , r, ),r2
1

I I

(14)

with

V, (r)= V, = V„(e -He)+ V„„.
V„(e -He) is the static potential of the e -He system and V „( is the dipole component of the polarization potential,

(16)

V „,)r)=(u(r') ),
)

@ „,(r, r'2
r —r' (17)

We have decomposed yi, (Zz, r) (A, =f or e ) into partial waves as

4 „(~,G( (k Z (r)(
y„(Z(,r)= g g i '
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E&=—,'k& is the corresponding energy and V& is the po-
tential acting upon the particle. We have taken Z, =2,
Zf =1, V, = —2/r, and Vf =1/r for E, )Ef in model
M2.
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III. RESULTS AND DISCUSSIONS
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FIG. l. Total cross section Q in units of mao for positron-
impact ionization of helium. The curves are the following:
curve A, present model M2 results; curve B, present model M1
results; curve C, DW2 results of Basu et al. (Ref. 6); ~, experi-
mental results of Fromme et al. (Ref. 3); A, experimental re-
sults of Diana et al. (Ref. 2).

d2

dr

1~(lq+ 1) —2V&(r) GI (k&, Z&, r)
r

(19)

where nI is the corresponding phase shift. For E, &Ef
in models M1 and M2 the radial wave functions
G& (k„Z„r) for the ejected electron are singlet exchange

e

polarization functions for the scattering of electrons by
the singly ionized helium obtained by the method of po-
larized orbitals (Sloan' ). For E, (Ef, in both models
M1 and M2, the wave function of the scattered positron
is calculated in the same manner as the wave function of
the incident positron because we have assumed full
screening of the residual He+ ion by the ejected electron.
In model M1, E, is always less than Ef and the max-
imum value of E, is —,

' (E; —V;,„).
In model M2 for E,, )Ef the radial part G~ ( &k, Z&, r)

of yz (Zz, r) satisfies the differential equation

In order to calculate Q we have taken adequate care re-
garding the convergence of Q with respect to the angular
momentum quantum numbers I, , lf, and l, of the in-
cident positron, scattered positron, and the ejected elec-
tron, respectively. The maximum value of 1, was taken
to be 5. The maximum value of I, was varied from I, =8
for E, =30 eV to l, =20 for E,-=150 eV. As a check of
our program we have reproduced the CCA, CPT, and
CPE results of Campeanu et al.

In Fig. 1 we have plotted Q calculated in the two mod-
els M1 and M2. We have shown in Fig. 1 the experimen-
tal results of Fromme et al. and Diana et al. together
with the DW2 results of Basu et al. Our results using
model M1 are very close to the DCPT3 results of Cam-
peanu et al. and those corresponding to model M2 are
close to the DCPE3 results of Campeanu et al. and can-
not be distinguished in the scale of Fig. 1. This is expect-
ed because the final-state wave function used in model
Ml is very similar to that of the DCPT3 model of Cam-
peanu et ajt. , and that of model M2 is very close to the
model DCPE3 of Campeanu et al. In Table I we have
tabulated our present sets of results together with
DCPT3, DCPE3, and DW2 results. Diana and co-
workers are refining their method of measurement of Q
and will repeat their work on positron-impact ionization
of helium. ' The apparent agreement of the results of
Basu et al. with the experimental results of Fromme et
al. is rather accidental. They have used a very simple
helium atom wave function, and as they themselves have
mentioned, the use of the analytic Hartree-Fock wave
function for helium results in a variation of 4—16% in
their results. Moreover, they have not taken into account
the matrix elements arising from the distorted part of the
target wave function. Our present results agree with
more elaborate theoretical results and are in fair agree-
ment with experimental results of Fromme et al. This
agreement is not accidental and it shows that, as in the
case of positronium formation in e -He scattering, in

TABLE I. Total cross sections Q for positron-impact ionization of helium in different approxima-
tions. The results are given in units of mao. E; is the energy of the incident positron.

Q (units of mao)

E; (eV)

Present results
Model Model
Ml M2

Results of Ref. 7
DCPT3 DCPE3

Results of Ref. 6
DW2

30
40
60
80

100
120
150

0.0580
0.2104
0.4274
0.5205
0.5453
0.5344
0.5182

0.0604
0.2127
0.4372
0.5375
0.5669
0.5576
0.5425

0.0578
0.2100
0.4246
0.5130
0.5356
0.5296
0.5105

0.0585
0.2113
0.4337
0.5298
0.5569
0.5506
0.5315

0.0797
0.2522
0.4464
0.5067
0.5067
0.4903
0.4545
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positron-impact ionization also the matrix elements aris-
ing from the distorted part of the target wave function
play a crucial role. We also note that with the increase of
the incident positron energy the present results tend to
overestimate the experimental results. This feature of the
distorted-wave polarized-orbital method has also been
observed in electron-atom scattering. ' This is due to the
fact that with increase in energy of the incident positron,
the adiabatic approximation becomes inaccurate.
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