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Double ionization of helium by multicharged ions with impact energy 1.4 MeVlamu
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We interpret recent experimental data on double ionization of helium by impact of ions with

charges between 15 and 44. An independent-electron model is used. It is shown that quantitative
agreement can be obtained when the "saturation" efect in the single-electron ionization probabili-

ty is accounted for at small impact parameters.

Measurements on double ionization of He by fast mul-
ticharged ions have been performed by a number of au-
thors. ' The interest in these processes lies in two
different aspects. The first one is to check whether double
ionization can be interpreted in the framework of an in-
dependent electron model. As the ground state of helium
is a singlet state, in the independent-electron model the
single- and double-ionization cross sections may be writ-
ten as

a, =2rr„pdp2PI(p) ll —PI(p) l,
oD =2m„pdpP('(p),

(la)

(lb)

where PI(p) is the probability of ejecting a single electron
in a collision with impact parameter p.

The second aspect lies in that double ionization can be
expected to be much more sensitive to "saturation"
effects as the charge of the projectile increases. By satu-
ration we mean that, for large projectile charges Zp, the
single-ionization (respectively double) cross section in-
creases more slowly with Zp than the Zp (respectively
Zp) behavior predicted by the Born approximation to
Pl(p). This can be generally correlated to situations
where the Born values for PI(p) approach or exceed unity
over some range of impact parameters. In this case, ex-
pression (la) is meaningless. An example of such a situa-
tion is given here (see Fig. 1). For fast collisions, PI(p)
decreases slowly with impact parameter due to the impor-
tance of the dipolar term in the ionization probability (i.e.,
the electron is ejected preferentially with angular momen-
tum I =1). As a consequence, the single-ionization total
cross section is determined by distant collisions where the
capture probability is small and saturation effects are rel-
atively weak. Conversely, as shown in Fig. 2, the impor-
tant impact-parameter interval shrinks for double ioniza-
tion which increases the weight of small impact parame-
ters where saturation effects are much stronger, as demon-
strated below (Figs. 1 and 2). Since the saturation effects
are strongest for small impact parameters, which dom-
inate the double-ionization cross section, it is clear that
crD will show a larger deviation from Born approximation
than a~.

In the present work we evaluate by a nonperturbative
method the double ionization and single ionization by ions
with charge between 15 and 44 at an impact energy of 1.4
Me V/amu.
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FIG. 1. Single-electron ionization probability Pz(p) as a
function of impact parameter for Z~ 15: (a) MEDOC, (b)
Born. The Born values are larger than unity for p & 2.5 a.u. We
have not plotted them since perturbation theory is then mean-
ingless.

To be consistent with the independent-electron model,
we describe the active electron target interaction through
a potential VT(r). The initial and final electronic states
are defined with the same potential. Instead of using the
numerical Hartree-Fock potential, which leads to very
good agreement with experiment, we have used for con-
venience an analytical VT(r). Our results are not sensi-
tive to the precise form of potential chosen. To calculate
the Born values for PI(p), we have transformed the T ma-
trix elements, calculated similarly as in Ref. 5, to impact-
parameter-dependent probabilities through the usual
Hankel transform. Up to five partial waves have been in-
troduced for the final continuum states, which was enough
to reach convergence after integration over ejected e1ec-
tron energies.

Alternatively, we have carried out a nonperturbative
calculation using a method first employed by Cheshire
and Sullivan. This method consists of solving the time-
dependent Schrodinger equation for one electron in the
projectile and target potentials through a multipole ex-
pansion defined on one center (MEDOC), in the target
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FIG. 2. Probability time impact parameter for single (S) and
double (D) ionization of helium as a function of impact parame-
ter for Z~ 15. Ps 2P;(p)[1 —P&(p)], PD Pj(p). The quan-
tities plotted (pPs and pPD) are the integrands in the definition
of the total cross sections (I).

frame

q (r, t ) =Q Yt (8,y)Lt (r, t ), (2)

where r (r, 8,&) is the electron vector with respect to the
target. We then get coupled partial differential equations
in r and t of the form

+i +Rt (r t) Lt (r t)
2 dr dt

= g Lt. (r, t)Rt', , (r, t), (3)
I 'm '

which we solve by a finite-element method.
The most important feature of the MEDOC method is

its nonperturbative nature in the sense that it involves no
limitation on the strength of the electron-projectile in-
teraction, but only on the angular momentum transfer to
the electron. Furthermore, it enforces unitarity; hence,
"saturation" effects can be accounted for.

The MEDOC method has two limitations: (i) It can be
expected to be accurate only when the charge-exchange
channels do not play an important role. For high enough
energies, it has been shown that saturation effects appear
at small impact parameters even in the absence of appre-
ciable capture. However, if the charge is large enough,
capture is so important that no reasonable ionization
probability can be determined without accounting for the
competition with capture channels. Therefore, we have

evaluated the capture probabilities with the continuum-
distorted-wave (CDW) approximation. For Z =20, we
get a total capture probability of 0.05 for p=0.5 with a
rapid decrease for larger impact parameters. For Z =36,
the capture probability is hard to calculate since it occurs
mostly in highly excited states. For p =0.5 we get a prob-
ability of 0.13 to capture an electron into the n =13 state.
Furthermore, the capture probability decreases more
slowly as p increases. Therefore we think that capture is
certainly very important for Z=36 and 44. We cannot
expect a quantitative answer when neglecting the capture
channels. (ii) We have limited the partial-wave expansion
to l =1. This approximation is discussed further below.

Results are given in Table I together with the experi-
mental values. For single charge exchange we also give
the Born contribution for l =2-4. We see that it is much
smaller than that for I =0-1 when Z~ (20. However, it
is quite important for Zp 36 and Zp 44 Therefore,
limiting our expansion to l =1 is certainly subject to criti-
cism in these cases. Nevertheless, as we neglect capture
as well, it was not worth the effort to introduce more
terms in (2).

Results for double ionization are in very good agree-
ment with experiment for Zz =15 and 20 where our
MEDOC calculations should be considered as accurate.
The Born values are off by an order of magnitude in the
case of Zp 15 and by a factor of 20 for Z~ =20. This
can be understood by looking to the ionization probabili-
ties as given in Figs. 1 and 2. The double-ionization cross
section is much more sensitive to the small impact param-
eter range where the saturation effects are maximum.

In conclusion, we think that our results show that the
experimental data of Ref. 3 are compatible with an in-
dependent electron model if the single-electron ionization
probability accounts for the saturation effects when the
charge of the projectile increases. For the largest projec-
tile charges (Z~ =36), the competition with capture chan-
nels needs to be evaluated to get a more quantitative
agreement.

TABLE I. Ionization cross sections by impact of ions with charge Z~ at 1.4 MeV/amu (in cm ).

Zp

1

1S
20
36
44

(a)
Born

6
—17

3 6
—15

6 4
—15

2.07-'4
1

—14

(b)
MEDOC
O-O, I)

3
—15

2.03
3 9 —15

4 g
—15

Single ionization
(c)

Born
(l & I)
1.78
3.96
6.96
2.26-"
3.37

(d)
(b) + (c)

2.7

8.17 '5

(e)
Experiment

2.60
S.72-"
7.21-"

(a)
Born

S 7
—20

9 6
—14

Double ionization

(b)
MEDOC

3 0 —16

4 g
—16

1.4-"
2 0 —15

(c)
Experiment

2.91
S 4

—16

7
—15

2 3
—15
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