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Abstract.

The correlation function between two emitted electrons has been calculated as a
function of their momentum difference for double ionization of the 1s2s excited He
atoms by fast ion impact. A simple quantum mechanical approach is developed to
take into account the dynamics of two-electron ejection as well as the effects of electron
exchange and correlated electron motion in the final state. A clear difference between
the correlation functions of excited and ground state targets is reported.
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1. Introduction

The role of electron correlation in ion - atom collisions has been extensively studied,
experimentally as well as theoretically for more than two decades (see e.g. McGuire
1997) mainly on the basis of total cross section mesuraments. Due to the recent
development of multi-electron - ion-momentum spectrometers with large momentum
acceptance (Dérner et al 2000) differential measurements have become feasible (see
e.g. Bapat et al 1999, Bapat et al 2000, Keller et al 1997) and, moreover, intensity
interferometry methods (Schulz et al 2000) are applicable for the first time to study
electron correlation in double ionization processes. Within this method two kinds of
intensity distributions, I.,. and I,,..r, for double ionization are determined. The first
intensity, 1., refers to the probability distribution of finding two electrons with a certain
momentum difference Ap = |p; —po| after double ionization of a single atom, while I;;;
is the emission intensity at identical Ap taking two completely uncorrelated electrons
from different ionizing collision events (so-called event mixing mode, see also Boal et al
1990). Their ratio, the so called correlation function R(Ap) = I.or(ApP)/ Luncor(Ap) — 1,
characterizes to what extent two emitted electrons are correlated. For two completely
independent electrons R = 0, correlation favoring for the electron emission at certain
momentum difference R > 0 and R < 0 for those Ap where the electron emission is
suppressed. According to its definition the correlation function R(Ap) extracts from the
experimental data information concerning the relative correlated motion of two emitted
electrons.

So far both the experimental as well as theoretical investigation of correlation
functions (Schulz et al 2000, Feuerstein et al 2001, Schulz et al 2001, Gerchikov and
Sheinerman 2001) have been carried out for ground state targets. According to the
experimental study of Schulz et al (2000) the correlation function is, as expected,
largely determined by electron-electron correlation effects, but it was found to be
essentially unaffected by the collision dynamics. Thus, measurements of R have revealed
close results for projectiles with different charges and velocities, i.e. at very different
perturbations. Furthermore, our previous study of double ionization from the ground
state shows that the correlation function is also quite insensitive to the choice of the
target atom. All together, it was finally concluded that the observed features in the data
are dominated by electron-electron correlation in the final continuum state rather than
in the initial state (Schulz et al 2000, Gerchikov and Sheinerman 2001). The main force
that governs the relative motion of two escaping electrons is their Coulomb interaction.
Two other contributions to the correlation function, the exchange processes between the
two emitted electrons and the electron correlation in the initial state, seem to be less
important.

As was suggested by Schulz et al 2001 the initial state could affect the correlation
function by defining the initial separation for the correlated motion of the two electrons
during the ionization. The characteristic initial interelectron distance is determined by
the size of the target atom. In our previous work we used He and Ne target atoms in
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the ground state whose sizes are actually very close. Therefore, it is quite natural that
a similar behavior of the correlation functions is revealed. Another shape of R function
can be expected, however, in the case of an excited target whose size is much larger
than the size of the atomic ground state. Indeed, in this case escaping electrons will
start their correlated motion from a larger initial separation.

The influence of other contributions to the correlation function should also be
different in the case of an initial excited state. In the excited atom electrons may occupy
non-equivalent states and, consequently, the initial wave function of the two emitted
electrons can have a different symmetry depending on the total electron spin. This
changes the interference between ionization amplitudes originating from an exchange
of escaping electrons. On the other hand the fact that two electrons populate quite
different electronic states leads to a suppression of the interference effect in comparison
with the case of an initial ground state where both target electrons are identical. The
considerable difference between the electron levels which are occupied in the excited
target will also reduce the correlation in the initial state.

Thus, the study of double ionization of excited states can give valuable additional
information about electron correlation in multi-ionization processes, improve our
understanding of the nature of different contributions to the correlation function and
their relative importance. However, as far as we know, such investigations have not been
carried out so far. In order to guide future experiments, we consider the 1s2s states of
the helium atom as a simple example of an excited target. This two-electron system
can initially be in the 1S singlet or 3S triplet state. We have calculated the correlation
function taking into account electron-electron interaction in the final continuum state
and exchange between the two ionized electrons. We do not include into our treatment
electron correlation in the initial state. This contribution to the correlation function of
the ground state was found to be not very essential (Gerchikov and Sheinerman 2001).
So we expect it to be small also for the excited states where the two electrons are well
separated in both space and energy.

Similarly to our previous work (Gerchikov and Sheinerman 2001) where we
considered double ionization of the helium ground state we restrict ourselves to the
case of fast ion—atom collisions with small Born parameter. It allows us to describe
the interaction of an incoming ion with the target atom in the Born approximation
which simplifies considerably the calculation of the ionization cross section. We will
demonstrate that in this case the double ionization of the excited target atom nearly
exclusively occurs via knock-out of the inner 1s electron and shake-off of the outer
2s electron. Moreover, because of the high velocity of the projectile, typically impact
parameters much larger than the target size are essential for the ionization process. This
fact allows us to calculate the ionization cross section in the dipole approximation (see,
for example, Berakdar and Klar 1993). It should be noticed that from the technical point
of view a calculation of double ionization cross sections for excited atoms turns out to
be much more complicated than in the case of initial ground state. In the latter case the
relatively small size of the initial target state allowed us to introduce some simplifications
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for the continuum two-electron wave function (Gerchikov and Sheinerman 2001) which
made it possible to derive an analytical closed expression for the ionization cross section.
Unfortunately, in the case of the excited 1s2s state of helium, these simplifications can
not be applied due to the large radius of the outer 2s electron orbit and time consuming
numerical calculations are necessary. However, these calculations can be simplified if
we take into account that the radius of the inner 1s electron orbit is much smaller than
the radius of the outer 2s electron state.

Using these approximations we have calculated the correlation function for the
considered process, analyzed its behavior and studied the role of different contributions
to electron correlation. Our investigation shows that electron correlation in double
ionization of excited states is mainly caused by the interaction of two ionized electrons
in the final state. The role of the exchange process between the knock-out and shake-
off electrons as well as the correlation between unequal electrons in the initial state
turn out to be considerably less important compared to our calculations for initial
ground state (about the role of the initial state correlation see, also, Kheifets et al
2000). The increase in size of the excited atom in comparison with the ground state
causes considerable alterations in the behavior of the correlation function. The obtained
difference between correlation functions of excited and ground state targets is larger than
the achievable resolution of intensity interferometry methods. Therefore, we hope that
future experimental studies could verify our theoretical predictions. Furthermore, the
observed dependence of the correlation function upon the initial target state might make
it possible to use intensity interferometry methods as an effective tool for the diagnostics
of atomic and molecular states.

The paper is organized as follows. In section 2 the basic definitions are given
together with a detailed description of the evaluation of the double ionization cross
section. In section 3 the results of the present calculation, comparison with the
corresponding data for the initial ground state targets, analysis and discussion of the
different contributions to electron correlation are presented. The atomic system of units
le| = me = i =1 is used throughout.

2. Method of calculation of the correlation function

Let us consider double ionization of the excited helium atom in a collision with the fast
multi-charged ion A:

A+ He*(152s) — A+ He*™ +e(py) + e(p2), (1)

where vectors p; and ps denote the momenta of the two escaping electrons. The
probability distribution ®(p;, p2) for the emission of two electrons with momenta p;
and p» can be expressed via the differential cross section of this process d°o/dp; dpo:
1 d®o
Otor dp1dpy

®(p1, p2) =

(2)
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where o, 1s the total cross section for double ionization

dbo
ot = dp; dps . 3
Otot /dp1 dps P1 ap2 ( )

We are interested in the correlation function R which is determined in accordance
with (Schulz et al 2000 and references therein) the experimentally measured intensities:
I.o-(Ap) of double electron emission in the same ionization event and Iyyco-(Ap) of two
uncorrelated electrons ejected in two independent ionization events as a function of
momentum difference of the emitted electrons Ap = |p; — pa:

Icor (Ap)
Iuncor (Ap)

Intensities ., and I, which are meant as a probability distributions can be calculated
with the help of the probability distribution for double ionization (2) by integration over

R(Ap) = ~1. (4)

the ejected electron momenta with a fixed momentum difference Ap:

Loy (Ap) = (Ap)? / (p, p+ Ap) dpda, (5)

Tuneor (Ap) = (Ap)? / G(p + Ap) G(p) dp dSayp . (6)

where G(p) is the probability distribution for momentum of a single electron emitted
in the double ionization

G(p) = /‘P(p, p')dp’. (7)

We will consider the case of sufficiently fast ions in which the Born parameter
is much smaller than unity, Q/v < 1, where () and v are the projectile charge and
velocity, respectively. Then, we can describe the interaction between the fast heavy ion
of mass M and the target atom in the first Born approximation. In the framework of
this approximation, the wave functions of the incoming and outgoing ion with momenta
P and P’, respectively, are given by plane waves and the differential cross section is

d®o M? P!

= [ = |T:*dQp 8
dpldpg 47T2P|f| P ()

where T%; is the double ionization transition amplitude:

20 Q Q

r |r—ra|_|r—rb|

Ty = <‘I’ (ra,rp) - € U (r,, 1) - > .9

Here r, r, and r, are the positions of the projectile ion and the two target electrons,
respectively; two electron wave functions Wy, 5, and U describe the final and initial
state of the target electrons. The transition amplitude T%; contains the interaction of
the projectile ion with the nucleus of the target atom and its two electrons.

The further evaluation of the ionization amplitude (9) will be performed within the
dipole approximation (see, for example, Berakdar and Klar 1993). This approximation
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can be applied because in this paper we will consider the actual experimental situation
when the projectile velocity is rather high, v > ) > 1, while the momenta of the
detected electrons are restricted. Therefore, the minimum value ¢,,;, of the transferred
momentum q = P — P’ is small. Indeed, the minimum momentum transfer, ¢, is
determined by the ratio of the transferred energy AE and the ion velocity v:

AE 1

~ "o (p}/2+ p3/2 + E*T), (10)

Qmin =

where E?T is the total binding energy of both electrons in the target atom. Due to
the high velocity of the projectile ion, ¢, turns out to be much smaller than the
characteristic momenta of atomic electrons ¢g,; ~ 1. On the other hand, the differential
cross section (8) decreases rapidly with the increase of g. Therefore, the most important
transferred momenta ¢ belong to the region ¢,,;, < ¢ << g4 corresponding to processes
occurring at impact parameters p larger than the size of the target atom, p ~ r > r,, 1.
Under these circumstances the dipole approximation can be applied to calculate the
ionization cross section. In this case the differential cross section can be presented as:

d®o qdqdyp
Lo - [
dp; dp- A v
where the ionization amplitude is given by
4 % exr
Ty = qu /dra dry Uy, b, (Ta, 1) [A(Ta + 1)) \Il,(lt )(ra,rb) , (12)

and ¢, is the azimuthal angle of the vector q with respect to the direction of the incoming
ion.

In order to calculate the matrix element (12) we need to define the two-electron wave
functions of the initial and final states. For the initial 1s2s excited state of the He atom
we use the Hartree-Fock (HF) wave function which is written as the antisymmetrized
product of the single particle 1s and 2s HF wave functions ¢, and (y:

\I’Eﬁx) (Ta,Tp) = %[9015(1'(1) * pas(Tp) + (_1)59018(1'11) *pas(ra)], (13)

where S is the total spin of two-electron system which is equal to S = 0 for a singlet
initial state and S = 1 for a triplet initial state. Single electron wave functions ¢ describe
the electron motion in the HF self-consistent mean-field potential of the target atom but
do not take into account electron correlation caused by the residual interaction. Thus,
using HF wave functions (13) we neglect electron correlation in the initial state.

The HF single particle wave functions can be approximated by exponential functions
suitable for the following calculations:

Pu(r) = Z B} exp(—p{7); (14)

where v = 1s,2s; n = 2 or 3 for v = 1s or 2s, respectively; By and 3} are given in Table
1. The accuracy criterion of such an approximation of HF wave functions proves to be
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better than x* < 107®. Note , that the single particle HF wave functions ¢, (r) (14)
are different for the singlet and triplet states. Mainly it concerns the outer, 2s, electron
shell which is less tightly bound in the case of 'S helium than in S helium resulting in
a larger radius of the 2s orbit for the singlet compared to the triplet state (see Table 1).

For the final state of two emitted electrons we take the correlated double continuum
BBK wave function with correct asymptotic behavior. Such a wave function has been
used by a number of authors for the description of atomic ionization processes (see,
for example, Garibotti and Miraglia 1980, Brauner et al 1989). Note, though having
the correct asymptotic behavior, the BBK function provides only an approximate
description of the real two-electron continuum wave function inside the target atom.
Nevertheless, the use of the BBK function in the case of ground state He provided a very
good agreement of the calculated correlation function with experimental data (Gerchkov
and Sheinerman 2001). The result is connected with the fact that calculations, based on
the use of the BBK wave function, give a good description of the momentum distribution
of electrons ejected in double ionization process (Maulbetsch and Briggs 1993, 1994),
though such a calculations do not necessarily yield the correct absolute values of the
cross sections (McGuire 1997, Lucey et al 1998, Briggs and Schmidt 2000). However,
the correlation function defined by (4) depends upon the momentum distributions and
is not sensitive to the absolute values of the cross sections. The BBK wave function is
a product of two Coulomb waves, ¢p, (r,), describing the electron motion in the field
of the doubly charged nucleus and the factor Fj,;(pi2,ra) which takes into account the
interaction between escaping electrons. This factor is approximated by the product of
a so-called Sommerfeld factor Fy,,, and a confluent hypergeometric function

. 1
Fmt(Pu; I‘ab) = FSom(§12) : 1F1(1512, 1, —§(p12 Tab + P12 I'ab)) ) (15)

where r,, =r, — ry, and p;s = p; — p2. The Sommerfeld factor Fy,,(£12) is equal to

Fsom(&12) = (1 —i&1a) exp(—m&12/2) and &9 = 1/|p1 — pof, (16)

where I'(x) is the Gamma function. The antisymmetrized two-electron wave function
of the final state is written as

1
\I]P1P2 (I‘a, rb) = E [Ent(pIZ’ rab) ¥p1 (I‘a) " Ppo (rb)+

+(=1)° Fin (P12, Ta) 9p, (1) - 9, (Ta)] (17)

where S is the total spin of two emitted electrons, and the single electron wave functions
¢p, are equal to the Coulomb waves in the field of the doubly charged nucleus:

©p, (r) = (2 7r)_3/2 * Fsom(&) - 1F1(i&;, 1, —i(pir + pir)) - exp(ip;r) , (18)

where F,y, is given by Eq. (16) with & = —2/p;.
It is essential for the further evaluation of the ionization amplitude (12) that the
average radius of the 2s electron orbit is much larger than the radius of the 1s orbit
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ros > r15. The 1s electron is located at an average distance r;s ~ 1a.u. from the
nucleus whereas the 2s electron is located at the larger distance o5 ~ 5 a.u. Therefore,
we can approximate the vector r,, = r, — rp in the argument of the interaction factor
Fini(P12,Tap) in Eq. (17) by the radius vector of the outer electron: r,, = r, if the
index a corresponds to the 2s electron and r,, = —r; in the opposite case, a = 1s.
Thus, we neglect the coordinates of the inner-electron in the interaction factor Fj,; of
the final wave function. This simplification can be also justified because the dependence
of the interaction factor Fj,;(pi2,Tq) upon the inner electron coordinate on the scale
of the inner orbit does not actually affect the correlation function. This feature of
the interaction factor has been proven in our previous paper where we considered the
ionization of the helium atom from the ground state. That work demonstrated that
the spatial dependence of Fj,;(pi2,Tas) on the scale 14, ~ 1la.u. is not essential for
the behavior of the correlation function R and, thus, r, can be put equal to zero if
the ground state is considered. However, this is not valid for the excited 1s2s state
whose outer radius ros > la.u. and the spatial dependence of Fj,;(p12,Te) upon
the coordinates of the outer electron should be properly taken into account. This
circumstance makes the evaluation of the ionization amplitude much more complicated
than in the case of double ionization from the ground state. Note that in the latter case
it was possible to derive an analytical closed expressions for the ionization amplitude
(12) and differential cross section (11).

Nevertheless, even in the case of an excited target atom, the coordinates of the
inner electron can be neglected in the argument of Fj,;, which will considerably simplify
our further calculations. Indeed, it is easy to see that if we assume that Fj,; depends on
the coordinates of outer electrons only, the BBK wave function actually reduces to the
product of the single electron wave functions and, therefore, the ionization amplitude T;
splits into the products of the uncoupled single particle matrix elements corresponding
to the ionization of 1s and 2s electrons. Note that correlation is still present in amplitude
through the dependence of the interaction factor Fj,; upon the momentum difference
Ap. There are two types of single particle matrix elements entering the expression for
Ty;: the overlap integrals of the final and initial wave functions corresponding to the
shake-off amplitudes and the dipole matrix elements corresponding to the knock-out
amplitudes. Thus, within the Born approximation, double ionization is represented as
a knock-out process of the first target electron and a shake-off of the second.

The large difference between r9s and ry; radii leads to another simplification. In
this case the probability for the shake-off ionization of the inner electron proves to be
negligibly small. Indeed, the influence of the outer electron on the deep 1s electron state
is not essential. Therefore, it is unlikely that the knock-out of the 2s electron could result
in shake-off ionization of the 1s electron. This fact can be seen from the properties of
the electron wave functions. According to Table 1, the 1s HF wave function ¢q4(r) is
close to the simple hydrogenic 1s wave function. Therefore, the shake-off amplitude for
the 1s state, i.e. the overlap integral of the 1s and continuum wave functions (@p|p1s), is
negligibly small because of orthogonality of the initial ¢, and continuum wave functions



Electron correlation in double ionization of excited helium by fast ion tmpact 9

¢p which both correspond to the electron motion in the unique field of the doubly
charged nucleus of the target. Neglecting this matrix element, we derive from Egs.
(12)-(18) that the ionization amplitude is equal to

47 Q)
Tyi = 7[(% a1 @) (Ppy [Fipy (P21, )| @25) +
+ (=1)% (pp, la- 1] 01s) (0p1 [Fine(Prz,1)| 024)] (19)
where py; = —p12 and knock-out and shake-off amplitudes are equal to
(o la-1l 1) = [ 65,0) (@ 1) (o) di: (20)
(p; [Fini(Pijs T)| ©25) = / p, (T) Fipy (Pij, 1) pas(r) dr (21)

respectively. According to the expression (19) the double ionization of the helium atom
in the process under study is considered as the knock-out of the 1s electron by ion impact
followed by the shake-off of the 2s electron which is influenced by both the field of a
doubly charged ion and the field of an emitted electron. The two terms in the ionization
amplitude (19) correspond to the exchange between the two escaping electrons with
momenta p; and ps.

The knock-out amplitude (20) can be evaluated analytically using the partial wave
expansion of the Coulomb wave ¢, (Messiah 1970), resulting in:
4f1 Fsom(&) (@ P;) AL (pi) ; (22)

(¢p: ld-T| p15) = —

2 1s
AP (py) = Z B}* (1+i¢) ﬁ—_ exp [2 &; arctan ( = >] . (23)
p ((B*) + p})? B
Evaluating the shake-off matrix element (21) we first perform analytically the
integration over the modulus of the vector r. The result of such an integration, the
function J(p;, pij , 07, ), is presented in the Appendix. Then, integration over the
solid angle €2, is carried out numerically:

* 1 S
(p: [ Fimi(Pijs T)| p2s) = ) Fsom(&12) Fsom (&) AZ (Pi, Pij) ; (24)
Azs pz; ng Z B / pZ: pij ’5237 Qr) er . (25)

Substituting the matrix elements (22) and (24) in the transition amplitude (19)
and evaluating the integration in Eq. (11) over dq we obtain finally for the differential
ionization cross section the following expression
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6 2
dli . = (%) I (ﬁj:) |Fsom (1) Fom (&) Fsom (€02)|” X

S S S S 2
x |A}*(p1) A3’ (P2, P21) P14 (—1)% AP (p2) A5 (P1, P12) PL2|” - (26)

Here p112 = p12 — ep(ep - p12) are the projections of the electron momentum vectors
onto the plane perpendicular to the direction of the incoming ion, and the unit vector
ep = P/P is oriented along the direction of the incoming ion.

The minimum value of the transferred momentum, ¢, is given by Eq. (10).
The maximum value, ¢4, is determined by the condition of validity of the dipole
approximation and can be estimated from the inequality: |[(¥, |Qmaz - T|@1s)| S
|{¢p | p15)]- Our numerical calculations show that In(gmaes/¢min) does not strongly vary
in the considered momentum range and only slightly changes the correlation function.
Therefore, it can be replaced by a constant.

It should be noted that the expression (26) obtained for the differential cross section
is determined by the sum of two amplitudes which differ by the exchange of the escaping
electrons. Each amplitude is given by the product of the matrix elements describing
the ejection of a 1s electron by momentum transfer from the projectile ion, i.e. by the
knock-out process, and the ejection of a 2s electron due to the change of the atomic
field, i.e. by the shake-off process. The latter mechanism proves to be influenced by the
Coulomb field of the first ejected electron. These factors determine the behavior of the
correlation function R and provide the main contribution to electron correlation in the
double ionization process.

3. Results and analysis

We have calculated the correlation function R for double ionization (1) of excited helium
atoms in collisions with fast, v = 60 a.u. , carbon ions C*%. We choose this projectile
because it had been used before in experimental and theoretical studies of electron
correlation in double ionization of the helium ground state (Bapat et al 1999, Bapat
et al 2000, Keller et al 2000, Schulz et al 2000, Feuerstein et al 2001, Gerchikov and
Sheinerman 2001). A rather high value of the projectile velocity v = 60 a.u. and a
small value of the Born parameter /v = 0.1 justify the employed approximations for
this collision system. The correlation function R (4) has been calculated according
to Egs. (2)-(3) with the differential cross section given by Eq. (26). It is useful for
better understanding of electron correlation in double ionization of excited helium also
to compare the obtained results with the corresponding data for the helium ground state
(Gerchikov and Sheinerman 2001).

In order to give more insight into the double ionization mechanism we have plotted
in Fig. 1 the intensity I., multiplied by the total cross section o, which corresponds
to the differential cross section do/dAp = opleor (see Eqgs. (2, 3, 5)). The solid line
corresponds to the singlet, 1S | initial state of the target while the dashed line shows
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do /dAp for ionization of the triplet state, S. For comparison we also plot in another
scale do/dAp for ionization of the ground state of the helium atom (dotted line). We
plot do/dAp in arbitrary units because our approach does not yield correct absolute
values of the cross sections (see Section 2).

Obviously, the value of the cross section is quite sensitive to the symmetry (or to
the total spin S) of the target electrons. The total cross section o, for double ionization
of the triplet initial state is two times larger than for the singlet state. It results from
the interference between two terms in the ionization amplitude 7; (19) (see also Eq.
(26)) which differ by the exchange of escaping electrons. Note, that in spite of the
big difference between the cross sections, the two interfering terms are not comparable.
Actually, one of them is several times smaller than the other. Thus, the leading term
is the same for both, triplet and singlet amplitudes, and, that is why the shapes of
1., for triplet and single states are similar, though the interference with exchange term
alters the magnitude of the cross section. The following qualitative consideration might
explain why the triplet cross section is larger. The sign of the interference, whether it
is constructive or deconstructive, depends upon the momentum vectors of two emitted
electrons. The configuration of the electronic momenta that favors most effectively
the correlated electron emission is governed by the following two tendencies. On the
one hand the momentum difference Ap should not be too small, otherwise electron
emission will be suppressed by the Coulomb repulsion (see Fig. 1). On the other hand
the knock-out and shake-off amplitudes for each ejected electron rapidly decreases for
large momenta p > 1 as a function of p. The competition of these two tendencies
results in a preferable electron emission into opposite directions. For such a momentum
configuration the interference according to Eq. (26) will favor the triplet state. Indeed,
it is easy to see that, for example, for pure back-to-back emission with equal momentum
the differential cross section equals to zero for the singlet state exactly.

Although the employed approach does not provide the correct absolute values of
the ionization cross section, it allows us to compare their relative values. Obviously, the
value of do/dAp for the excited state is much larger than for the ground target state
due to the large radius of the 2s orbit. Roughly speaking, the ionization cross section
of the excited state and, consequently, the value of do/dAp increases as the square of
the outer electron’s orbit radius.

The overall behavior of all of the curves are quite similar apart from the observation
that the maxima of do/dAp are shifted, most pronounced for the ground state where it
is observed towards larger values of Ap. The main features, i.e. the strong maximum
between Ap ~ 1.5a.u. and 2a.u. and the rapid decrease of do/dAp at smaller and
larger Ap values can be easily understood by taking into account that the intensity of
the electron emission is strongly suppressed for small Ap (Ap < 1a.u.) by the Coulomb
repulsion between escaping electrons with close momenta. In this region the dependence
do /dAp is governed by the Sommerfeld factor (16). In the region Ap > 2.0 a.u. the cross
section decreases, vanishing at large Ap because of the small probability of electron
emission with a large momentum in the knock-out process ( small values of momentum
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transfer ¢ are essential in fast collisions) and in the shake-off process as well.

In Fig. 2 we present the correlation function R(Ap) for the singlet (solid line) and
triplet (dashed line) 1s2s states together with the correlation function for the ground
state (dotted line). Fig. 2 shows that the overall shape of correlation functions are
generally similar. The reasons for such a behavior are the same as for the differential
cross section discussed above. Its detailed analyses has been done in our previous work
(Gerchikov and Sheinerman 2001). In the present paper we will focus our attention
on the distinct difference between the correlation functions corresponding to excited
and ground initial states and less pronounced but still visible differences between R
for the exited states. The maximum of R(Ap) for the excited states at Ap ~ 1.8 a.u.
becomes higher and narrower and its position is shifted towards smaller values of Ap
compared to the ground state. Note that the correlation function was found to be
rather insensitive to the details of the description of the ground state electron wave
function. Gerchikov and Sheinerman (2001) investigated this by choosing of different
approximations for the initial 1s? ground state wave function of helium. Having this in
mind, the obtained difference between the R functions of excited and ground state are
considerable, exceeding the resolution of the existing experimental techniques (Schulz
et al 2000) and, therefore, may be distinguished in future experiments.

It should be also noticed that the correlation function is less sensitive to the total
spin S of emitted electrons than do/dAp. Spin determines the sign of the interference
between the direct and exchange ionization amplitudes in Eqgs. (19, 26) and, therefore,
the difference between the singlet and triplet R functions characterizes the role of this
interference in the electron correlation. In the case of the ground state its contribution to
the correlation function was considerable (Gerchikov and Sheinerman 2000). However,
for the excited state this contribution is less important. This effect of ”interference
suppression” can be explained by the large difference between 1s and 2s electrons
in comparison with identical 1s electrons of the ground state. Nevertheless, Fig. 2
demonstrates the clear difference between the singlet and triplet correlation functions
in the region where Ap is larger than the position of the maximum. Hence, the singlet
and triplet R functions may be distinguished in experiments with sufficiently small
statistic errors.

As it has been found before, the most important contribution that can explain
the behavior of the R function in the case of an excited target is the Coulomb
interaction between the emitted electrons. The significance of this contribution is
connected with its role in the formation of the maximum in the R(Ap) dependence.
The strong Coulomb repulsion between escaping electrons with similar momenta leads
to anticorrelated electron emission at small Ap. With the increase of Ap the influence
of this factor decreases which results in the sharp increase of R(Ap) at the left shoulder
of the maximum. The anticorrelation effect of the Coulomb repulsion is most effective
in the range of Ap where the kinetic energy of the relative motion of the two emitted
electrons Ap?/4 is smaller than the potential energy of their Coulomb interaction 1/r .
Indeed, this region is forbidden for the classical motion and, therefore, the probability
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that ionization events occur here should be small. The most probable value of the
initial separation ry, can be estimated by the averaged interelectronic distances in the
target. Thus, our rough estimation Ap ~ /4/ry, for the right edge of this region can
be associated with the position of the maximum of the correlation function.

One can propose the following qualitative interpretation of this assumption. Let
us consider the ionization process as a sudden transition from the bound to continuum
states. The potential energy of the interelectronic repulsion 1/r,, at the instant of the
actual ionization event corresponds to the most probable value of the emitted electron’s
kinetic energy in their center of mass frame Ap? /4. Consequently, the initial state could
affect the correlation function by setting the initial separation r,, for the correlated
motion of two electrons during the ionization. The increase of the excited state radius
decreases the potential energy of the Coulomb repulsion at the instant of the ionization
which in turn makes the left shoulder of the maximum sharper and narrower. Finally, it
shifts the position of the maximum towards smaller values of Ap. Also one may note the
small difference between the positions of maxima of the singlet and triplet correlation
functions. It reflects the same tendency discussed above. The increase of the 2s orbit
radius for the 1S state compare to the 3S state shifts the position the maximum for the
singlet R function slightly to the left with respect to the triplet R function. Though we
have to note here that such a small momentum shift, less than 0.1 a.u., is close to the
accuracy limit of the employed approximations.

In order to verify this qualitative explanation of the behavior of the R function we
performed the simulation calculations based on the approach developed in our earlier
work (Gerchikov and Sheinerman 2001). We note that the interelectronic distance 7,
which governs the Coulomb interaction of escaping electrons enters expressions for the
correlation function via the argument of the Fj,;(pi2,re) factor in the BBK wave
function (17). We replaced the actual vector ry, in the expression (15) for Fj,; by a
parameter « which simulates the average separation of emitted electrons:

. i
Fint = Fsom(&12) - 1F1(i&12, 1, —iplza) . (27)

According to this definition, the factor Fj,; which describes the interaction of ionized
electrons is a function of the momentum difference only, Fj,; = Fiui(p12). Then, we
calculated the correlation function R (4) for different values of the parameter o using
the new expression (27) for Fj,; instead of Eq. (15) in the Eqs. (19-21) for ionization
amplitudes. In Fig. 3 we present the results obtained for two values of the parameter
a: a = 0 (dash-dotted line) and « equal to the average electronic separation (rq) in
the initial target state (dashed line). For the singlet state (rq) = 5.16 a.u. (Fig. 3a)
and for the triplet state (ry) = 4.56 a.u. (Fig. 3b). For comparison we plot in Fig. 3a,b
the exact correlation function (solid line) calculated according to Eqs. (2-3) with the
differential cross section given by Eq.(26). In Fig 3a we also show by the dotted line the
correlation function calculated for the ground state using the approximate Eq. (27) with
parameter o = (r4) = 1.5 a.u. (Gerchikov and Sheinerman 2001). We do not compare
the ground state and excited S state correlation functions in Fig. 3b because due to the
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different symmetry of the singlet and triplet states the interference between direct and
exchange ionization amplitudes has a different character and as such the comparison is
less informative than in Fig. 3a. Note here, that in the case of the ground state the
variation of the parameter « in the interval 0 < a < 1.5 a.u. does not actually change
the correlation function. It means that the approximation (27) provides the proper
accuracy for calculations in the case of the initial ground state. It should be noted, that
if one uses the value of parameter a = 0 then an interelectron interaction is taken into
account by the Sommerfeld factor Fgym,(&12) solely. Such an approximation has been
used in a number of sudies of double ionization of ground state targets (Maulbetsch and
Briggs 1993, 1994, Hda et al 1994, Dal Capello et al 1995, Lamy et al 1996, Keller et
al 1997, 2000, Sheinerman and Schmidt 1999, Schulz et al 2000).

Fig. 3 demonstrates that the main factor which determines the behavior of the
correlation function is the initial separation between the escaping electrons. Indeed, in
spite of the difference between the shapes of 2s and 1s wave functions the dotted and
dash-dotted curves corresponding to 1s? and 1s2s singlet initial states with similar «
parameters are very close (see Fig. 3a). On the other hand increase of the initial electron
separation in the 1s2s state simulated by the parameter « = (r,;) (dashed line) changes
the shape of the correlation function and brings it closer to the results of the exact
calculations (solid line). It proves our conclusion that the Coulomb repulsion between
ionized electrons together with their initial separation explains the alteration of the
correlation function due to the increase of the initial excited state radius. It should be
noticed that though the approximate (27) reproduces the main trends of the evolution
of the correlation function it can not provide the high accuracy of the calculations for
the initial excited state especially in the singlet case and more precise calculations using
Eq. (26) are necessary.

4. Conclusion

A simple quantum mechanical approach within the first Born and dipole approximation
has been developed to calculate the correlation function for double ionization of the
excited helium atom. In such an approach the double ionization is dominated by the
knock-out of the inner electron by the projectile ion and the shake-off of the outer
electron. The electron correlation taken into account in our approach includes the
electron interaction of the final state and the exchange process between the knock-out
and shake-off electrons. We demonstrate that the correlation function in the case of
the excited target differs from the correlation function for ground state ionization. The
main factors which transform the correlation function pattern are the Coulomb repulsion
between escaping electrons and the increase of the excited state radius. The initial
state affects the correlation function by defining the initial separation for the correlated
motion of the two electrons during the ionization. The reported dependence of the
correlation function upon the radius of the excited state can be verified experimentally
since the alteration of the correlation function exceeds the existing resolution of intensity
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interferometry methods. If our theoretical predictions can be verified experimentally it
will open the opportunity to apply intensity interferometry methods for diagnostics of
atomic and molecular targets.
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Appendix

The radial part of matrix element (21) is defined as

J(pi, Pij » B, &) = /dT r? exp (=B +ipir) X

21 . 1 1
X 1 F1(—, 1, i(pir +pir)) - 1F1(=—, 1, = (pi;r + pijr)) - (A1)
Di D12 2

We will employ the following notations:

) . 1
Ak = Br +ipiey; di =1i(p; + pier); dy = §(p12 + pijer);
9% i dy dy
‘ (Ae = di) (A\x — da)

a ——
Di P12
Using recurrence relations (see Bateman and Erdelyi 1953) we express each of the

(A.2)

confluent hypergeometric function in the Eq.(A.1) as a linear combination of three
confluent hypergeometric functions with the second parameter equal to 3. Then the
integrand in the Eq.(A.1) includes the sum of nine terms that can be developed using
the Nordsieck relation (Nordsieck 1954, see also Landau and Lifshitz 1977):

J = / exp(—Az) 27 Fy(a, v, k2) 1 Fi(d, vy, K'2)dz =
0

—T(NAFY TN = k) (A= k)Y L F (Oz, o, v, oo k’]; ](f;\ — k’)> (A.3)

with v = 3. The obtained hypergeometric functions can be transformed using the
Gauss relations for adjacent functions (Bateman and Erdelyi 1953). As a result we have
obtained the linear combination of the two hypergeometric functions:

J(pzapzj aﬂk; Qr) =x1 QFI(a; b+ 17 37 ZZ) + xo - 2F1(Cl+ ]-; b; 37 ZZ) . (A4)

The coefficients of this linear combination are expressed by a number of recurrence
relations:
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t

53

S5

9 _
t t i

Bi=ty — b ¢ 2-b

TR e T b—a)(1—Z))
=s3+s 1-2b+(b—0)Z g =85+ s b2
T+ (Zi- )’ A+ (Zi-)
. N 1-2b+(b—a+1)Z ; N b—2
=S4+ s ; =S¢+ S
TR+ (zi-ny TR+ (Z-)
s—r+r1_2a+(a_b_1)z' o = a—2
T I T +a)(Z-1)
=r +r1—2a+(a—b) Sg=Tg+T a2
(I N7 R (A T A T
et 1-2a+(a—-b+1)Z; = ety a—2
S +e@z-y T T P (+a) (2 -1)]

ab+1)b
ro= (Cl + )(l( + ) )\q+b+1 ()\ . dl)fafZ ()\7, . d2)7b72;

2 i '
ro=—(a+1)ab(b—1) N (N —dy) "2 (N —dy) ™7

_ (a4 Da(b-1)(=2) 4 a2 b
r3 = 5 )\Z ()\Z — dl) ()\Z — dg) y

ra=—a(a—1)(b+1)bAT (N —di) (A —do) "

rs=2a(a—1)b(b—1) AT\ —d) (N —dy) Pt
re =—a(a—1)(b—1)(b—2) N2 (N —d)) ™ (N — dy)™";

ry =

(a — 1) (a _22) (b + 1) b )\?erfl ()\Z _ dl)fa ()\z _ d2)7b72 ;

rs=—(a—1)(a=2)b(b— 1A (X —di)™ (N —da) ™7

(a=1)(@=2)(b-1)(—2) 43 - o
5 AV (O — dy) (A — dy)

9 =

16

(A.5)

(A7)

(A.8)
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Figure Captions

Fig. 1: Differential double ionization cross section do/dAp as a function of momentum-
difference for 100 MeV/amu C°" + He(1s2s) collisions. Solid and dashed lines
correspond to the singlet and triplet initial states of excited He, respectively. The
dotted line shows do/dAp times 50 for the initial ground state of He calculated in
(Gerchikov and Sheinerman 2001).

Fig. 2: The correlation function R for 100 MeV /amu C°" + He(1s2s) collisions calculated
for the singlet (solid line) and triplet (dashed line) initial states of excited He. The
dotted line shows R for the initial ground state of He calculated in (Gerchikov and
Sheinerman 2001).

Fig.3: The correlation function R for 100 MeV /amu C®* + He(1s2s) obtained using the
approximate (27) for the two values of parameter & = 0 (dash-dotted line) and
a = (rq) (dashed line). The data for the singlet, 1s2s(1S), and triplet, 152s(35),
excited states are presented in Fig. 3a and Fig. 3b respectively. For the singlet
state the initial electron separation is (re) = 5.16 a.u. and for the triplet state
(rep) = 4.56 a.u.. Solid lines represent the exact correlation function calculated
according to Eqgs. (2)-(3) with the differential cross section given by Eq.(26). In
Fig. 3a we also show the correlation function calculated for the ground state (dotted
line) using the approximate (27) with parameter ov = (rg) = 1.5 a.u. (Gerchikov
and Sheinerman 2001).

Table Captions

Table 1 Parameters B; and f3; for the approximation (14) of the single particle HF ¢, and
95 wave functions.
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Table 1
LS 35
1s 28 1s 28

B1]5.515| 2.072 | 5.674 | 2.379
£ 11.976| 0.778 | 2.004 | 0.774
B510.100 |-1.3686 [-0.009 | -1.984
By 13.360 | 0.4678 | 5.104 | 0.538
B3| - 0.507 - 0.655
B3| - 2.868 - 2.0437
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