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Mechanisms of double ionization of atoms by electron impact
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Recent high-energye(3e) experiments indicate that the one-step mechar{istmake-off procegss insuf-
ficient. We have performed aab initio calculation that takes into account all the two-step mechanisms of
double ionization. This calculation uses the second Born approximation and correlated wave functions for the
initial bound state. We show that the two-step processes are not negligible and must be added to the one-step
process with the production of interference terfi®&l050-29478)51002-5

PACS numbd(s): 34.80.Dp

I. INTRODUCTION mechanisms without any free parameter.

Double ionization of neutral atoms by electron impact is
due to different processes, namefy, a direct process con- Il. THEORY
sisting of the ejection of two electrons without any internal
rearrangement of bound electrons diglan indirect process
resulting in an ejection of a single inner-shell electron fol-
lowed by Auger decay. We consider here the direct proce
that involves the so-called shake-¢80), two-step 1(TS1) tion (FDCS in the standard Born approximatid] is writ-

and two-step ZTS2 mechanism$l]. We restrict this study : :
to the case of high incident energy, which allows us to de-ten as(atomic units are used throughput

scribe the incoming and scattered electrons by plane waves.
This restriction corresponds to the kinematic conditions used 5o

We investigate the case of the double ionization of helium
where the incoming and scattered electrons are (thstr
Senergies vary between 1 kd'9] and 5 keV[2,3]) and can be

described by plane waves. The fivefold differential cross sec-

: . . ! kk ik

in the latest experiment,3]. The SO process is a single — 512 IMgo+ Mg+ Mrsd?,
interaction between the incident electron and one target elec- dE,dE,dQ,dQ,dQ, Ki

tron [1,4]. It leads to a first ejected electron. This first ion- @)

ization is followed by a relaxation process due to the sudden
change of potential that is responsible for a second ejection. _
This one-step mechanisthecause there is only one interac- Where df), qﬂl' and d{}, denote, respeciively, the (_ale—
tion between the incoming electron and the targen be ments of solid angles f_or the scattered and the two ejected
described by the first Born approximatif]. The so-called glectror;]s. The Ienzrgy intervals are rspresentedfﬁyanz

TS1 procesg1] consists of a first interaction between the 9E2- The lamplt# esslg/l S'(I?élMTSlc; _?gz Mrs2 corres_lg_)kc‘)n 5CS
incoming electron and one target electron. It leads to a firstespectively, tg.t el " d?‘? | pro.ces;es. h N
ejected electron that interacts with another target electrorf/@S measured in 1989 in a difficult experim¢0], where

This second interaction leads to an ejection of another bounf{'€ three electronéihe scattered and the two ejecten the
electron. This TS1 mechanism is described by the secon al state were detected in coincidence. These experiments

Born approximation because two interactions are involvedConstitute the best way to investigate finer details of the

The so-called TS2 proce$s] takes into account two inter- mechanisms of the double ionization. The SO process leads
actions between the incoming electron and the target. Thi?
first is concerned with the collision of the incoming electron

with one target electron. Then the intermediate scattered

electron interacts with another target electron. These two in- . — _ RN Ri Kot Fr Fo)eiks ol — E+ 1
) . . : o) i (Ky,Kp;F,)€ =
teractions can be incorporated in the second Born approxi- 2@ o |Fod
mation too. 1 i
Up to now there has been no calculation that includes +T‘ d/i(Flyfz)eiki'F0>, 2)
these three mechanisms. Popeival. [6] have studied the [Fod

TS1 mechanism when both ejected electrons have high en-

ergy. They have used some approximations and a free pa- oL .

rameter in their formalism. They have included interferencewherek;, ks, k;, andk, denote, respectively, the momenta
effects by adding the SO and TS1 amplitudes. Very recentlyof incident, scattered, the first, and second ejected electrons.
El Mkhanter and Dal Cappellf7,8] have performed aab  The initial-state wave function of heliung,(f;,f>) is that
initio TS2 calculation without any free parameter. They haveof Silvermanet al. [11], which includes both radial and an-
also considered the interference effects by adding the SO arglilar correlations. The final-state wave function is the ap-
the TS2 amplitudes. In this work we consider all the threeproximate Brauner-Briggs-Klar wave functigbDal Cappello
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et al.[12]), which describes each ejected electron by a Cou
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been studied by several authdisee, for instance, Popov

lomb wave function and includes the repulsive Gamow facet al. [6] and El Mkhanteret al. [13]). The TS1 process
tor. This Gamow factor takes into account the Coulomb in-makes use of the second Born approximat{@mweed [4],

teraction between each ejected electron. Equat®nhas

dk

MTSl:_( )Z / (2mKE—K

2
_ (rl,rz)e'k r0>

|r01| | 2

o
g R

Popovet al. [6])

(CHERP))

1 % F r — e N N .‘.-
—|r»12|w(n“<ka;rl,rz)><l/f<n (R, :FyFp)eks o

©)

wherel , represents the energy necessary to eject one target electron leaving the residudl inritsiground state ang,
is a product of an ingoing or outgoing Coulomb wave functi@rhich represents the first intermediate ejected elegtron

multiplied by the wave function of the Heatom. This term

is difficult to calculate since it involves the product of three

Coulomb waves. It needs a long time, even on a fast comgitiiera six-dimensional numerical integratiprand so only the

casen=1 case is investigated. The TS2 process lead8}to

dkb . - -
= — (=) ? \aiks To iKp o >
Mrs2 )2 J 2m K-k 2|n]< (ka,rp)e Fod e ¢n(r2)>
X p(|ky— k2|)<¢( klarlvrz)elkb fol - |r01| Tod i rl,rz)elk r°>
dkb . Bl I A I
(=) ? \aiks o iKp o >
( )2 J 2 )3[k2 _2|n] <¢'f (klarl)e |F01| e lpn(rl)>
X§0(|kl k2|)<¢'( k21r1 rz)elkb ol — — |r01| |r02| l/’l(rlyrz)elk r0> (4)
|
with
(|ki—Ko|) =™ (1~ i£yp) B e
and
1 0+
S (6)
k1=K
Equation(4) represents well the successive interactions of 3510 4
the incoming electron with two target electrons. The inter- **
mediate scattered electron, described here by a plane wa
e'ko'To, collides with the last bound electrdf or 2) after a

first ionization without 6=1) or with simultaneous excita-

tion. Because of these two successive interactions in the TS2

FIG. 1. The fivefold differential cross sectigfhDCS in atomic

mechanism, the symmetry around the momentum transfefy s for the ,3e) double ionization of helium in coplanar geom-
ki — ks is broken. We note that the same result is obtained bytry. The incident, scattered, and ejection energies are 5000, 4901,

using the second Born approximation to descrie2€) col-
lisions at low incident energy14]. The evaluation of the

integral overd Rb or dE (for the TS1 processeeds a great
amount of card15] since the integrand is singular whif
=k2—Kk2-2l,, ki=k?-Kk3-2l1,, Ki=Kk*-K2-2l,, Kk,
=K, , ky=Ko, ky=Ks in Egs.(3) and (4).

and 10 eV, respectively. The scattering angle is 1°. One ejected
electron is detected along the momentum transfer direction, while
the other is detected at variable angles. The FDCS is plotted in
polar coordinates as a function of the directilap of the second
ejected electron. The incident electron is moving along xhe
axis. —, SO mechanism;--, SO and TS1 mechanisms; -..-..- SO,
TS1, and TS2 mechanisms.
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FIG. 2. Same as Fig. 1 except for the ejected enerfies

_ - i . FIG. 3. Same as Fig. 1 except for the ejected ener@es
=15eVande,=5eV. Th? fasFer ejected electron is detected along=5 eV andE,=15¢eV. The slower ejected electron is detected
the momentum transfer direction.

along the momentum transfer direction.

Il RESULTS detected opposite the momentum transfer direction. This the-

To our knowledge, up to now nce(3e) experiments on oretical finding is important and could be checked in experi-
helium have been performed. We use here the same kinéaents in the near future.
matic conditions of Lahmam-Bennagii al.[2], who recently Figure 3 shows another case of unequal energy sharing
measured the FDCS of the double ionization of noble gased=;=5 eV, E,=15 eV). Here the slower ejected electron is
(argon and neon The scattered electron is fast and is de-detected along the momentum transfer. The symmetry
tected at a low angle. Each ejected electron has low energground the momentum transfer is broken again but the shift
(E,=E,=10eV). All of these €,3e) measurements are co- is small. It seems that the SO and TS1 contributions are the
planar: the scattering plane that contains the vedoasdk, ~ MOSt important. We also notice that the TS1 mechanism is
is characterized by the azimuthal angbe=0. We investi- important when the direction of the faster ejected electron is
gate the case where one ejected electron is detected along fhgtiParallel to that of momentum transfer direction.
momentum transfer, while the second ejected electron is de-
tected at variable angles. This situation is very sensitive to IV. CONCLUSION
the mechanisms used to describe the double ionization be- \yq paye calculated the fivefold differential cross section
cause the contributions of SO and TS1 are symmetrical Withy¢ o o¢(ron-impact double ionization of helium for high inci-
regard to the direction of the momentum transfer, wheréagen ang low ejection energies. In this calculation we have
the contribution of TS2 is not symmetrical. It has beeny,en account of all the contributions of one-step and two-
shown|[2,3] that for r_10b|e gases this symmetry arou_nd thestep mechanisms. We have also included the accurate corre-
momentum transfer is broken for equal energy sharing. Weyia \wave function for the initial state and pairwise Cou-
now find that in the present case of the double ionization Oj,p, jnteraction between the two ejected electrons and the
helium this symmetry is broken too, even for unequal €nergy,, i the final state. We have shown that the TS2 mecha-
shar_mg. . nism is important in the case of equal sharing as has been

Figure 1 shows the case of equal energy shariBg ( opserved in recent experiments. We have also found that the
—E,=10 eV). The symmetry around the momentum transfefrgy mechanism is the most important process for unequal

is broken and it is not possible here to say that one mechgsqrqy sharing when the direction of the faster ejected elec-
nism is more important than another. All the mechanisms; g, is opposite that of momentum transfer.

contribute significantly. This seems to contradict the obser-
vation of McGuire[16], who estimated that the total cross
section in the TS1 and the TS2 mechanisms is negligible at
high incident energy €5 KeV). We would like to thank A. C. Roy for helpful discussions

Figure 2 exhibits a case of unequal energy shariBg ( and comments. The work was partially supported by the
=15eV, E,=5¢eV). The faster ejected electron is detectedEEC Capital Humain et Mobilit§Grant No. ERBCHRX-
along the momentum transfer direction. We observe that th€T93-0350. We also would like to thank the Centre Na-
symmetry is broken too. We notice that interference effectdional Universitaire Sud de CalcyCNUSQ for providing
destroy the amplitude where the slower ejected electron ifee computer time.
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