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Abstract. Two-electron emission from an atom is considered. Based on the Hulth’en-
Kohn dynamical variational principle the effective charge seen by the ejected electrons
are determined for a certain type of trial wave functions. Validity of the elaborated
approach is assessed by calculating fully differential cross section (FDCS) for
electron-impact double ionization of helium. The relatively small momentum transfer (q
= 0.5 a.u.) at 2 keV impact energy and equal energy sharing between ejected electrons
(5eV, 10eV, 20eV) provides reasonable kinematical conditions for application of the
First Born Approximation (FBA). The calculated five fold differential cross section
(FDCS) is in reasonable agreement with the corresponding experimental observations.
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Introduction

The study of the single and double ionization processes of atoms and molecules by collisions
with electrons or positrons is of great interest in astrophysics, plasma physics and radiation
physics and also in other sciences such as life science. Such processes are fundamental to the
understanding of the mechanism of multiple ionizations and of the role of electron correlation.
The double ionization of helium is the most interesting case for the theory because in addition to
the projectile only two electrons interact with the nucleus. In order to explore the details of the
reaction mechanisms the most suitable experiments are those which detect in coincidence all
three electrons present in the final state. These so-called (e, 3e) experiments are very difficult to
perform due to the low count rates involved but are now possible due to the progress in the
techniques of multi-particle detection [1-10].

The main difficulty which arises in the theoretical study of single and multiple ionization
of atoms by electron impact is related to the solution of the many-body problem. Several
sophisticated methods such as exterior complex scaling [11], time dependant close coupling [12],
convergent close coupling [13], R-Matrix theory [14] and the 3C model [15] have been
elaborated. These theories were mostly successful in predicting cross sections for the ionization
of hydrogen or helium but encounter some problems describing double ionization of helium
[16,17]. Recently in [18] it was shown that the second Born approximation was needed for
describing the experimental observations on double ionization of helium by 600-700 eV electron
impact. This has been proved further in [19] showing that at the intermediate energy (640 eV)
the second Born approximation works quite well for the double ionization of helium by using the
closure approximation with particular values of the average excitation energy w . The big shift
of the binary peak found experimentally in [18] is well reproduced showing that the TS2
mechanism is very important in this case. A comprehensive review of double ionization
processes is given in [20].

The most frequently the used methods consider the electrons that are involved in the
ionization process as independent particles. The total wavefunction is represented as an
antisymmetrized product of one-electron wavefunctions. The elaborated approaches can be
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derived into two main groups which are briefly presented hereafter. In the first one, the electron
or electrons ejected from a target are described by the Coulomb continuum wavefunctions with
the charge unity for single ionization, and with the charge of a residual ion for multiple
ionization. In the second one, each of the active electrons is considered as a particle moving in
the effective Coulomb field created by the nucleus of a target together with the other electrons
involved in the ionization process. This Coulomb potential is described by an effective nuclear
charge experienced by the ejected electrons. So in the first group the screening effects are
perfectly ignored while in the second one these effects are taken into account.

Different methods have been employed to estimate the variable charges characterizing
the effective Coulomb field. For double ionization a simple empirical method has been suggested
in [21] and the effective charges experienced by the two outgoing electrons have been estimated.
In [22] the total potential is represented in terms of two-body interactions and then the
asymptotic relation between momentum and position vectors of the outgoing electrons is used.
This approach has been employed in [23] with a modified derivation of the effective charges
which are chosen to satisfy the physical situations in certain limiting configuration of the
outgoing electrons and to interpolate them smoothly.

Perhaps the most well-known variational approximation in quantum mechanics is the
Ritz method to obtain approximate energy levels of bound quantum systems [24]. Utilization of
the variational principle for continuum spectrum problems has been done later. For the simplest
one dimensional problem relevant to the continuum spectrum the variation method initially was
formulated by Hulthen [25]. Independently, Tamm [26,27] formulated the variation method in a
form close to Hulthen’s result. In the same period Kohn [28,29] enlarged the method for the
generalized scattering problems. The first works where a dynamical variation method has been
proposed for studying the electron-hydrogen atom collision reaction belong to Su-Shu-Huang
[30-32]. Later, Massey and Moiseiwitsch [33] significantly improved the results of Su-Shu-
Huang. They treated the inelastic processes in electron hydrogen atomic [34] and electron helium
atomic collision reactions [35]. The results achieved during the further years have been collected
and discussed in a well known monograph of Mott and Massey [36].

The aim of this study is to show how it is possible by use of the Hulthen-Kohn variational
method for calculating the scattering amplitude [37-39] to introduce the effective charges seen
by the ejected electrons in electron-impact double ionization of helium and using these effective
charges to calculate the corresponding FCDSs. We treat each of the ejected electrons as a
particle moving in an effective field created by the nucleus of the target together with another
ejected electron. The novelty of such a treatment is that the effective charges seen by the ejected
electrons are determined by the Hulthen-Kohn dynamical variational principle. Recently the
same method was successfully applied for electron-impact single ionization of hydrogen [40].
Unless otherwise indicated, atomic units are used throughout the paper.

Theory

The total Hamiltonian of the electron-helium atom system can be represented as
H :—%A+ H, (6 F) +V (1)

where the kinetic energy operator of the incident electron isA/2, ﬁois a Hamiltonian describing
helium atom before and after ionization and V =—Z/r+1/|[F —F|+1/|[F —F| represents the

interaction between the incident electron and helium. I and r,, are the position vectors for the

incident and the two target electrons respectively. Z is the charge of the alpha particle.
As for discrete energy levels, the dynamical variational principle is based on the variation
of a functional. For wave vectors EO,ES and |Za,12b corresponding to the incident, scattered and two
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ejected electrons, respectively, the functional describing the double ionization process is given
by [29-31]

C=[[[w: (-, 7,55 )(H -E)¥ (7, T.5,1,)drdrdr, (2)
Here ¥ and ‘P, are the wave functlons of the colliding system in the initial and final states,
respectively, E is the total energy and i, i are the unit vectors directed along wave vectors |ZO
and |ZS. Wavefunctions W and ¥, are the exact eigenfunctions of Hamiltonian (1).

When Fl tends toward infinity, ¥ and ‘', have the proper asymptotic form
corresponding to the process under consideration [38]

e,ko e|kr eik”r
‘I—’iz(z @ (F.5) ZF,J fig, 1) @, (F, T —+jF, (R, A)®@, (F,K)~—de |, (3a)
T
e,,gsr B eikjr o . eikgr
sz (L.5) ZFfJ fig, 1) @ (1, r)T+Ing(—ns,n)CDg(r1,r2) p de. | (3b)

In (3) q)j (r, 2)and o (T, 2) represent the wave functions to the discrete and to the continuum

spectrum of Hamiltonian I:IO. Equation (3a) shows that . is the sum of the plane wave
propagating in the ﬁi direction and of the outgoing spherical waves whose amplitude in the -
direction are F; (fiy,fi)andF,, (M, ). Similarly, equation (3b) shows that y _ is the sum of the
plane wave propagating in the —f, -direction and of the outgoing spherical waves with

amplitudes F(-A,,f)and F (-A,A). In asymptotic representation (3) the possibility of

exchange between the scattered and ejected electrons is neglected. Inclusion of the exchange
effects into the calculating scheme requires consideration of the additional asymptotic forms
with the exchange amplitudes [37].

The integral in (2) has to be convergent. When the wave functions vary in (2), the
convergence of the integral can be achieved if wave vector g changes simultaneously when

changing @, (T,, T, ), so that condition
2

[T, (5.5 o, (5. 5 e, +- = € @

will be fulfilled [35]. In that case, the divergent terms will vanish in the integrand in (2).
Let us now consider variation of functional (2) conditioned by such variations of wave
functions . and P; that maintain unchanged the asymptotic form of the wave functions and

A~

change the amplitudes. Taking into account that ¥, and  are the exact eigenfunctions of H
we obtain

SC(Fy,-A,) :——m[qf A(O¥,)-o%,A(¥ ) |drdr,dr (5)

The integral in the right side of equation (5), containing Laplacians can be transformed into a
surface integral by Green’s theorem. Consequently,

5E(ﬁ0,—ﬁs):—%m[wf g(é‘Pi)—é‘Pig(‘I’f)}deﬁdfz (6)
S
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In (6), the integration is carried out over the surface S of a sphere the center of which is located
at the origin of coordinates and the radius of which ris so large that wave functions ¥ _and

V. get their asymptotic form on the surface of the sphere.

Substituting asymptotic wave functions (3) into (6) and calculating the corresponding
integrals as it is done in [37,39] we come to the following condition

N o o o
§L(no,—ns)=4—”2[Fﬁ(no,ns)—Fﬁ(—ns,—no)+5Fif(no,ns)]. (7)

According to the reciprocity property of the amplitude [37], the first and second terms are equal
in the right hand side of equation (7). Taking this into account we obtain that the variation of

functional 5|_( ) is proportional to the variation of the amplitude:
§E(ﬁ0,_ﬁs) = (27[)‘”2 SF, (ﬁo,ﬁs). The latter equation can be rewritten as
SL(f,,~7i,) =0 (8a)
where
L(ﬁo,—ﬁs)zFi ( o S) Ar® L( S). (8b)

It follows from (8a) that L(ﬁo,_ﬁs) is stationary with respect to small variations of wave

functions Y, and V. in the neighborhood of correct ones. Therefore, functional L(ﬁo,—ﬁS )can

be expected to be relatively insensitive to the precise shape of the wave functions, and the use of
reasonable trial functions ¥ and y® leads to a good approximation for L(ﬁ “f )
i f

L(fiy,—7, ) = LY (f,, -7, ) = F,“ (7, A, ) — 472° L (y, -7, ). ©)
The amplitude is determined to be equal to functional L(ﬁ ) [35-37]. In that case we have
Ry (Mo, fi,) = R (7,11, ) — 47 ”J“I’“) i, T, ( )‘P“) iy, 7., T, 7 ) drdrdr,. (10)

The cross section and the trial functions

In the present work, we treat the double ionization within the FBA by using a 2CWG
model [41-42]. In this model, the two ejected electrons are described in terms of Coulomb waves
together with a Gamow factor to take into account the repulsion between them whereas plane
waves are used for treating the incident and the scattered electrons. It was then shown that
introducing the Gamow factor into the cross section calculations allowed reproducing the
dominant angular behavior of the differential cross sections [43]. Among the Shake-off (SO),
Two stepl (TS1) and Two step2 (TS2) double ionization mechanisms the (SO) mechanism
which consists in a single ionization of one of the target electrons - the other one being simply
ejected due to the relaxation is considered only.

The FDCS for double ionization of helium by electron impact is given by

6(5)2 dSG _kkk|f|
dQ,dQ,dQdEdE, k"

where d0_dQ, do, denote, respectively, the elements of solid angles for the scattered and the

ejected electrons a and b whereas the energy intervals of the ejected electrons are represented by
dE, and dE,. f, isthe transition amplitude and in general is determined by (10).

According to the above mentioned description of the scattered and ejected electrons the
initial state trial function can be represented as W = e‘kof/(z 2@ (%,1,). Here ®O (£, )
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is the wavefunction for the initially bounded helium atom and is represented by a Hylleraas-type
accurate wavefunction [44]

o0 (7,7,)=C, (e—arl_ﬁl’z +eanpn )[1+ 1] (11)
Ci being the normalization factor and ri, the electron-electron distance, o = 2.2077, 8 =1.4368,

y =0.2934. The energy of the initial state given by this function is E =-2.901419a.u. This

energy is 99,94% of the energy given by more sophisticated correlated wavefunction (see the
14" row of the table I in [45]) which is used in a recent treatment of double ionization of helium
by electron and positron impact [19]. Therefore, wavefunction (11) on one hand reasonably
treats the radial as well as the angular correlations between target electrons and on the other hand
significantly facilitates the calculation of the matrix element. We also use a wavefunction which
only includes the radial correlation (the wavefunction (11) with ¢ =2.1832, 5 =1.1885

and y = 0). The energy of the initial state given by this wavefunction is E = -2.875661a.u.

As final state trial function one can choose W =e"/(27)** ®©* (r,r,) where the
approximate BBK wavefunction [46] in its general orthogonalized form with respect to initial
state trial wavefunction ®{ (T, T,) is such that

O (7.5) =0 (7.5)- < (t)‘q)(t)> V(). (12)

oY (,1,)= %[\PE(Ea’ri)\yg(ﬁbir’z)"*_qlg(kb’ﬁ)\Pg(kalfz)}(o(

and repulsive Gamov factor o
(p(iﬁa—ﬁbi):e”/”akbr(l—i/iﬁa—ﬁbi). (14)

Y. (Ee, F) is the hydrogen-like exact wavefunction for the continuum state

\Pc(IZ”,Fi):Wexp(iﬁﬂﬁ)r(l—inﬂi)exp( 71, /2) 1 F ('77;,., — (k 4 +kﬂr,)) , (15)

K -kbi), (13)

a

normalized to the three dimensional delta function in momentum space with M= Zi/ku

u=ab 1=12. Zi are the effective charges seen by the ejected electrons.
Substituting the trial wave functions ¥ and ¥ determined by use of (11) and (12)
into (10) and taking into account equation (4), we obtain for the transition amplitude

F, (Ry,f,) = fpy = —(27) <d)“)L h.f) ‘exp iqr;) )

+exp(igh, )| @ (7. 5,))
This is just the FBA for double ionization of helium by electron impact.

Equation for the effective charges

The effective charges seen by the ejected electrons can be determined from the stationary
property of the amplitude. Considering Z, as variational parameters, the stationary condition (8a)

My, N /dZ =01=12 (i =1, 2) to find the effective charges. Thus in

our treatment we assume that the bound electrons experience the charges determined according
to the equation (11), whereas the ejected electrons see the effective charges determined from the
stationary property (8a).

yields equation dF
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The transition amplitude defined by equation (16) is a complex quantity. Therefore, condition
dF, (ﬁO’ﬁs)/dZi =0 gives four equations for two Z.. Generally speaking, four equations

cannot be satisfied by only two variables. This disadvantage can be removed by (i) stipulating
that F, (ﬁo,ﬁs) as well as its complex conjugate value Fif*(ﬁo,ﬁs) are not equal to zero and by

(if) taking the sum of two terms, where one is dFif(ﬁo,ﬁs)/dzi =0 multiplied by

Fif*(ﬁo,ﬁs)and another is dF”*(ﬁo,ﬁs)/dzi =0 multiplied by F, (ﬁo,ﬁs)' In this way, we
obtain two equations for one unknown effective charge Z.
L \2
d|Fif(n0,ns) ~
dz,
Equation (17) contains the kinematical variables. Hence, this equation determines the

momentum-dependent, dynamically-screened effective charges which are experienced by the
two ejected electrons.

(17)

Results and discussion

We focus on a scattering geometry with highly asymmetric energy sharing between the scattered
and two ejected electrons. In this case the possibility of exchange between the scattered and two
ejected electrons can be neglected.

Figure 1 shows FDCS for a projectile electron energy 2 keV and equal energy sharing
between ejected electrons E, = E, =5eV,10eV,20eV [5]. The momentum transfer is q = 0.5au.

This momentum transfer _ belongs to the so-called intermediate regime between the dipole
regime for g <<1 and impulsive regime for g >>1. The momentum vectors of the ionized

electrons are lying in the plane defined by incoming and outgoing projectile momenta, so-called
coplanar scattering geometry.

As both ejected electrons have the same energy, _ symmetry with respect to exchange ¢®
(01, 02) = (02, 01) is present and the diagonal line 61 = 02 is, in all cases, a line of reflection
symmetry of the cross section. We also observe that the regions on the plots which correspond to
nearly parallel ejection of the two electrons give very small FDCS values, which is physically
reasonable because of Coulomb repulsion. This is ensured by the presence of the Gamow factor
(14). The orthogonality of the final state function is conserved due to equation (12) but the norm
is destroyed because of the presence of the Gamow factor, and thus the results cannot be
considered as absolute. In the same time also the experimental data are not on an absolute scale.
Therefore, the comparison between experiment and theory can only concern the structure of the
cross section pattern. We observe that all theoretical curves reveal the symmetry around the
momentum transfer direction (for the sake of clarity see perpendicular lines in lower left panel of
the figure 1. The pink dot in the color electronic version corresponds to the momentum transfer
direction) which is the well known feature of the first Born theory. The well pronounced two
peak structure of the FDCS along with all kinematical conditions is well explained in the dipole
regime by the binary and recoil maxima [10].
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Figure 1: Contour plot for FDCS for projectile electron energy 2 keV and equal energy sharing
between ejected electrons. The momentum transfer q = 0.5qu. First column E,=E, =5eV.,

second column E, =E, =10eV third column E, =E, =20eV . Upper panel’s row represents

the experiment from [5]. Here due to the detector deadtime only the angular ranges inside the
solid circular lines have full detection efficiency. Lower panel’s row represents the present
results. Pink dot corresponds to momentum transfer direction. Mutually perpendicular lines are
the symmetry lines of FBA.

In figure 2 we present the calculation with fixed nuclear charge Z=2 seen by the ejected electrons.
Upper panels correspond to the case when y=0 in formula (11) meaning that only radial
correlation between target electrons are kept in the initial state wavefunction. Lower panels show
the results when y#0 and thus radial as well as the angular correlations between target electrons
are taken into account in the initial wavefunction. The final double continuum state
wavefunction remains the same as in the previous case. As it is clear from figure 2 the main
characteristic features of the FDCS are kept. But if we look at the ratio of binary and recoil peaks
heights we see that in the cases E, = E, =10eV,20eV this ratio reveals better agreement with the

experimental observation when angular correlation between target electrons are taken into
account (second and third lower panels in figure 2) rather than in case of only radial correlation
(second and third upper panels in figure 2). In case of g, = E, =5ev the situation is just an

opposite. The calculation of the FDCS with the effective charges seen by the ejected electrons
described above improves the ratio_ of the binary and recoil peaks heights towards the
experimental observation for g, = g, =5ev ejected electrons energies, but underestimates this

ratio for E, = E, =10eV,20eV energies (see the lower row in figure 1). It has
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Figure 2: The kinematical conditions and panel’s distributions are the same as in figurel. Upper
panel’s row represents the results obtained by use of y=0 in formula (11). Lower panel’s row represents
the calculation with formula (11).

to be also mentioned that at E, =E, =20eV the calculation show relatively small back-to back

emission pick (6, = 45°,6, ~ 225" in the lower right panel of figure 1) which is not case for the

calculation with fixed Z=2 nuclear charge and is in a good accordance with the experimental
observation.

Of course there is still significant difference between experiment and theory. We attribute
this disagreement to (i) incomplete description of the double ionization process even in this
highly asymmetric energy sharing in the framework of the FBA. This is clearly demonstrated by
the systematic shifting away of the recoil pick from the Born symmetry line in the experimental
observation. This shift is often interpreted as a non-first Born effect. ii) very important issue is
the correct choice of the initial and final state wavefunctions. Our choice of the wave functions
was dictated by the facilitation of the task of calculation of FDCS. This is necessary because the
finding of the roots of equation (17) is very time consuming numerical procedure. It is obvious
that there is only one possibility to calculate FDCS analytically when only radial correlation
between target electrons are taken into account in the initial state and 2C wavefunction with or
without Gamov factor represents the final double continuum state. But in this case the results
obtained by the above described method are very poor: the two-peak structure of the FDCS is
replaced by only one very pronounced peak which has no physical significance. This result once
again confirms the experience that a balanced treatment of correlation is necessary in initial and
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final states in order to achieve good results with approximate wavefunctions [23]. However, our
interest here is the demonstration of the validity of the elaborated scheme of calculation of
effective charges for double ionization processes. We clearly understand that facilitation of the
trial wavefunctions can cause the loss of important physical effects. At this stage we only
pretend that at least qualitative agreement with the experiment can be achieved by use of
wavefunctions described above. But the advantage of the proposed method with respect to other
methods is that the calculation scheme is based on rigorous mathematical method and can be
considered as parameter-free method.

Finally, it is worthwhile to list some advantages of dynamical variational method for
treatment of the electron impact double ionization process: i) the effective charges are introduced
naturally as a variational parameters. ii) Determination of the effective charges is based on the
exact quantum mechanical principle without any empirical assumptions.

Conclusion

In conclusion, a parameter-free method based on the application of the Hulth’en-Kohn
variational principle for the transition amplitude has been developed and FDCSs have been
calculated for electron-impact double ionization of the helium atom. The examination of the
obtained results allows us to think, that the approach elaborated in the present work is easy for
realization, it leads to the agreement with the experimental results and therefore, can be
successfully used for the calculation of FDCS for electron-impact double ionization of multi-
electronic atoms. Note that the additional calculations which should be carried out in this case
are related with the calculation of the overlap integrals between the initial and final state
wavefunctions of the spectator electrons.
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