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Double electron capture and the angular distribution of ejected electrons
in Ne +-He collisions
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Double-electron-capture cross sections to individual doubly excited states and autoionizing elec-
tron spectra at Axed angles for Ne +- He collisions are calculated and analyzed for collision energies
from 20 to 80 keV jamu. An independent-electron approximation is adopted where the amplitudes
for double capture are derived from the antisymmetrized product of single-electron-capture ampli-
tudes properly weighted with configuration-interaction coefBcients. By choosing the quantization
axis to be perpendicular to the collision plane, we also study the propensity rule for the M distri-
bution of the cross section for each doubly excited state. The electron spectra at 0' are compared
with experiments. At 80 keV/amu collision energy, our theoretical spectrum agrees with experiment
very well. At lower energies, the agreements are not as good, but the dominant features are well
predicted.

PACS number(s): 34.10.+x

I. INTRODUCTION

Double-electron-capture processes in collisions of mul-
tiply charged ions with atoms and molecules at low en-
ergies have been studied extensively in the past few
years, in part due to the wide availability of highly
charged ions, e.g. , from electron-cyclotron-resonance and
electron-beam ion sources in different laboratories. Ex-
periments have been performed with many different ion
projectiles, covering from fully stripped species to ions
with a few core electrons and collision energies varying
from a few keVjamu or less to about 100 keV/amu.
Most high resolution experiments measure the spec-
tra of the autoionizing electrons at a fixed angle [1—6];
experiments measuring x rays have also been carried
out [7]. In general, the angular distributions of the
ejected electrons or the photons are not measured ex-
cept for a few cases. From the theoretical point of view,
the double-capture process involves two active electrons.
With highly charged ions as projectile, the two electrons
are usually captured to high-lying doubly excited states
where the principal quantum numbers of both electrons
are relatively large. This means that a large number of
states are populated in the collision. Although the close-
coupling method appears to be the most appropriate ap-
proach for studying such collisions, the number of states
to be included in such a calculation is very large and it is
not realistic to carry out such calculations with present-
day computers. Calculations of double-capture cross
sections based on solving the two-electron Schrodinger
equation in a close-coupling calculation have been lim-
ited to only low-lying doubly excited states, such as the
(2, 2) doubly excited states [8,9]. Calculations beyond
the (2, 2) manifold usually involve additional approxima-
tions. The molecular-orbital expansion method has been
used to calculate the total cross section in low-energy
collisions [10]. But this method has been used only to
calculate the total cross section to each state. The cross

sections to each magnetic substate are usually not cor-
rect. Thus a direct comparison of this calculation with
the experimental spectrum is not possible. The classi-
cal overbarrier model and its variants have been used to
estimate double-electron-capture cross sections, but the
model has not been applied to state-selective partial cross
sections. Recently, Posthumus, Lukey, and Morgenstern
[11] considered the magnetic substate distribution using
the classical overbarrier model. The model was shown to
interpret fairly well the measured angular distributions
for collisions of C + and 0 + on He, but poorly for 0 +
and N + on H2. Although the classical overbarrier model
was expected to be valid for very low collision velocities,
we will show that their model actually applies better to
the velocity matching region.

Double differential cross-section measurements (in an-
gles and energies) of N7+, Os+, Ne +, and other pro-
jectiles on He [12] showed that the scattering angles of
the projectile in double electron capture are larger than
those of single electron capture. This suggests that the
two electrons could be captured sequentially where the
projectile has to come closer to the target to capture
the second electron. This two-step mechanism also sug-
gests that the electron-electron correlation may not play
a major role during the capture process, although it is
crucial in describing each doubly excited state. In the
collision of C +-He, the electron-electron correlation has
been claimed to be important in double capture to the
(2, 6) manifold [13]. But the total cross section of cap-
ture to the (2, 6) manifold is much smaller than that to
the (2, 3) manifold. We do not expect the independent
electron model to be applicable to weak processes.

Because of the slow collision velocities and the post-
collision interaction effect, previous high-resolution ex-
periments on double electron capture often do not sepa-
rate each individual state very well within the (3,3), (3,4),
and other manifolds. Recent experiments of Ne +- He by
Raphaelian et aL [6] at relatively high collision energies
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were able to distinguish most of these states. These data
provide impetus to examine the validity of the indepen-
dent electron model for double-capture processes at the
state-selective level and calculations are made to compare
the calculated ejected electron spectra with measured re-
sults. In this work we employ the independent-electron
model to calculate the double-capture cross sections and
the 0 electron spectra of Ne +- He collisions at rela-
tively high collision energies, from 20 to 80 keV jamu [6]
to assess the validity of this version of the independent
electron model.

II. THEORETICAL MODEL

A. The independent-electron model

The time-dependent Schrodinger equation for a two-
electron collision system is

projectile and the target in Eq. (2.3) are obtained by fit-
ting to the experimental energy levels of Ne + (ls2nl) and
He(lsnl), respectively. In our approach, Vj»(r) is chosen
to be the same for each of the single-electron-capture
processes while two different potentials Vz (r) were used
for the target. For the first electron a He model poten-
tial was used; for the second electron a pure Coulomb
potential —2jr was used. The use of different model po-
tentials for the successive capture processes predicts that
the dominant double-capture states are those in the (3, 3)
and (3, 4) manifolds, consistent with data from Os+- He
and Ne +- He collisions. This is also inline with the clas-
sical overbarrier model, where the more tightly bonded
electrons are allowed to relax. If a single He potential
is used for both electrons, the dominant double capture
will be mostly to the (4, 4) manifold, in disagreement
with the experiments. To obtain single-electron-capture
amplitudes, Eq. (2.3) is solved using two-center atomic
orbitals in a close-coupling expansion at each impact pa-
rameter b. At the end of the collision, the one-electron
wave function on the projectile can be expressed as

——&1 ——72+ V&("~) + V&(») + &&("~) + V&("2)
1 2 1 2

P(r, t + oo) = ) a„( (b)q„( (r)
num

(2 4)

~ 0—i —4(rq, r2, t) = 0
Ot

where g ~ (r)'s are the eigenfunctions of
Ne7+(1s nlm). The two-electron wave function on the
projectile after the collision is the (anti) symmetrized
product of the two one-electron wave functions

(2.1)

a-~-(l )a'. i (l')C(rg, r 2t m oo) = A
n, L,m, n'l'm'

&& 4'realm (r1 )4 n'l'm' (r2) ~

(2 5)

Since the initial total spin is zero, only singlet states are
populated. This symmetrized wave function is then pro-
jected onto the eigenstates of Nes+(1s2nl, n'l'), which
are obtained by using the conventional configuration-
interaction (CI) method. The modulus square of the
amplitude gives the probability of populating a partic-
ular doubly excited state at impact parameter b. After
integrating over the impact parameter plane, the total
capture cross section to each doubly excited state is ob-
tained.

B. The atomic parameters of doubly excited states

In constructing our CI wave functions for the doubly
excited states of Ne +, we use the same one-electron or-
bitals (of Ne +) as those used for the basis functions in
the close-coupling expansion. These basis functions are
obtained by diagonalizing the single-electron Hamilto-
nian of Ne + using Slater-type orbitals. The two-electron
basis functions are constructed by the (anti) symmetrized
product of these one-electron basis functions with proper
total angular momentum. The CI coeKcients are de-
termined by diagonalizing the Hamiltonian of the two-
electron system

(2.2)4(rq, r2, t) = P(rq, t)P(r2, t),

where the single-electron wave functions satisfy

1 2 . 0
2

——V' + V&(r) + V&(r) —i P(r, t) = 0. —
Bt

(2.3)

In actual implementation, the model potentials of the

where V (r) and Vz (r) are the potentials of the projectile
and target, respectively. In the velocity range of interest,
the close-coupling method is the most suitable approach.
However, the dominant double-capture process of Ne +-
He collisions are to populate doubly excited states of the
(3, 3) and (3, 4) manifolds. There are already 114 states
if we consider only the doubly excited states in the (3, 3)
and (3, 4) manifolds. To include also all the important
single capture, excitation, and ionization channels, the
number of states that need to be included in the close-
coupling expansion will become prohibitively large. In
addition, if the independent-electron model can describe
the double-electron-capture process reasonably well, it
will serve to support the two-step mechanism in a certain
energy range for describing double-capture processes for
certain systems of multiply charged ions colliding with
atoms.

If the electron-electron interaction 1jrq2 can be re-
placed by screening potentials, the two-electron two-
center Schrodinger equation can be separated into two
one-electron equations, which we can solve using, say,
the close-coupling method. Thus, in this independent-
electron model, the two-electron wave function can be
written as the product of two one-electron wave func-
tions [14,15]
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Table I gives the absolute values of the energy levels of
Ne +(1s23l3l') and Ne +(ls 3l4l') in order of increas-
ing energies. The fIuorescence yields for these states
are essentially zero [4] so these doubly excited states
will undergo autoionizing decay either to Ne +(ls 2s)
or Ne7+(ls 2p). This results in two groups in the emit-
ted electron spectra separated by 16.02 eV, the energy
difference between Ne +(1s22s) and Ne7+(1s22p) states. P:-

C. The "natural frame" coordinate system

Experimentally, it is convenient to choose the beam
direction as the quantization axis. This is the most ob-
vious coordinate system with cylindrical symmetry when
the scattering angles of the projectile or the target are left
unmeasured. But from the theoretical point of view, each
collision event has a well-defined scattering plane and a
more "natural" coordinate system is to choose the quanti-
zation axis to be perpendicular to the collision plane, de-
fined by the incident direction and the vector of the scat-
tered particle. In the semiclassical treatment as employed
in our calculation, this scattering plane is defined by the
beam velocity v and impact parameter b, as shown in
Fig. 1. The x axis is along the direction of projectile
velocity v', and the y axis along the impact parameter b;
the quantization axis, the z axis, is along the direction
perpendicular to the scattering plane. Using this coordi-
nate system, it has been found that in the energy range
where the collision velocity is comparable to the orbital
velocity of the electron, the dominant magnetic substate
populated is the m = —l substate [16]. By constructing
double-electron-capture amplitudes from single-electron-
capture amplitudes with reference to the same quantiza-
tion axis, it becomes very straightforward in predicting
the dominant doubly excited states formed in these col-
lisions. In actual calculation, the amplitudes are first
calculated with the beam axis as the quantization axis.
The amplitudes with respect to the natural frame are
then obtained by a simple rotation.

FIG. 1. The "natural" coordinate system. The x axis is
chosen along the beam direction v, the y axis along the direc-
tion of impact parameter b, and the z axis, the quantization
axis, is pointing out of the paper.

III. B.ESULTS

A. State-dependent double-capture cross sections
at 80 keV/amu

To understand double-capture probability using the in-
dependent electron model, it is useful to examine first the
single-electron-capture probabilities or amplitudes. In
Fig. 2 we show the single-capture probabilities to in-
dividual magnetic substates, where the quantization axis
is perpendicular to the scattering plane: (a) and (b) for
electron capture to the n = 3 and n = 4 states for Ne +-
He collisions and (c) and (d) for Ne +-He+ collisions at 80
keV/amu collision energy. Note the vertical scale for Fig.
2(d) is much smaller than that for Fig. 2(c). So the sec-
ond capture is mainly to n = 3 and the capture to n = 4
is negligible. Since the parity of the initial state is even,
only those states with I + m =even are populated. We
only label those states with large capture probabilities,
although all the states are included in the figure. One
notices that for the two successive capture events, the
dominant states populated are those with m = —l. The
probabilities of populating the m = —l+ 2 substates are
much smaller. The first capture is mostly to 3p i, 3d

TABLE I. Energies of doubly excited states of Ne +(1s 3l, nl). States are ordered according to
the energy in atomic units.

No. (3l, 3l') E—
1 S (1) 7.078
2 'D (1) 6.833
3 P (1) 6.825
4 D (1) 6.664
5 S (2) 6.630
6 D'(2) 6.618
7 F (1) 6.470
8 G'(1) 6.440
9 D' (3) 6.386

10 P (2) 6.376
11 S'(3) 6.168

No. (3l, 4l') E—
1 S'(1) 5.516
2 P (1) 5.488
3 D'(1) 5.417
4 F (1) 5.354
5 P'(1) 5.332
6 P (2) 5.326
7 D'(2) 5.316
8 F (2) 5.267
9 D (1) 5.260

10 P (2) 5.250
11 F'(1) 5.228

No. (3l, 4l') E—
12 D (2) 5.224
13 S'(2) 5.203
14 D'(3) 5.198
15 F'(2) 5.196
16 G (1) 5.172
17 P'(2) 5.164
18 G'(1) 5.163
19 D (3) 5.118
20 D'(4) 5.115
21 F (3) 5.111
22 P (4) 5.078

No. (3l, 4 l') E—
23 G'(2) 5.072
24 D'(5) 5.068
25 F (4) 5.056
26 H (1) 5.036
27 P (5) 4.998
28 S'(3) 4.984
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FIG. 2. Single-electron-capture probabili-
ties at the collision energy of 80 keV/amu.
(a) Ne +-He capture to n = 3; (b) Ne +-He
capture to n = 4; (c) Ne +-He+ capture to
n = 3; (d) Ne +-He+ capture to n = 4. Only
substates with large probabilities are labeled.

Impact parameter b (a.u. )

[Fig. 2(a)], 4d q, and 4f s [Fig. 2(b)], while the second
capture is mostly to 3d 2 with a small portion of ap
[Fig. 2(c)]. From the single-capture probabilities in Fig.
2, it is clear that the dominant double-capture channels
will be the (3, 3) and (3, 4) manifolds. The total cross sec-
tions depend on the overlap of the probabilities in Figs.
2(a) and 2(c) for the (3, 3) manifold, or Figs. 2(b) and
2(c) for the (3,4) manifold. Since the probabilities of cap-
ture to high-angular-momentum states with m = —l are
much larger than those of low-angular-momentum states,
one expects immediately that doubly excited states with
large magnetic quantum numbers M = mq+m2 (with re-
spect to the natural frame) are populated predominately.
This in turn implies that high-angular-momentum dou-
bly excited states are mostly populated in the collision.
This conclusion can be drawn even without carrying out
actual calculations. Note that it is not possible to make
such a conclusion if the quantization axis is chosen to
be along the beam direction where the probabilities for
populating different magnetic states are comparable.

In Fig. 3, we give the total double-electron-capture
cross section to each individual doubly excited state in
both the (3, 3) and (3, 4) manifolds for collisions at 80
keV/amu. The cross sections are plotted according to the
energies of doubly excited states, which are given in Ta-
ble I. For example, the eleven states in the (3, 3) manifold
are ordered as S'(1), ~D (1), P (1), D (1), S'(2),
D'(2), E (1), G (1), ~D (3), P (2), and S'(3) in

increasing energies. For each state, we also indicate the
cross sections for the magnetic substates. The shaded
part is for M „, where M „= L if vr = (—1) an—d
M „= L+ 1 if n = (—1)+—+~, the unfilled part repre-
sents the cross section for the I= M + 2 substates,
and so on. The. cross section for all of the states are
plotted, but some are too small to be seen. One notices
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FIG. 3. Total double-electron-capture cross sections of
Ne +-He to individual doubly excited states in (a) the (3, 3)
manifold and (b) the (3, 4) manifold at the collision energy
of 80 keV/amu. The shaded area is for M = M „and the
open area is for M = M „+2 where M is de6ned in the
text. All the other M components are essentially zero.
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clearly that for each doubly excite&i state the dominant
magnetic substate which has the largest double-electron-
capture cross section (the shaded bars) is M . There
is a small contribution from M + 2. All the other
M's are practically not populated. The propensity rule
for single electron capture is thus rejected in the double-
electron-capture process. Because of the propensity rule
for single electron capture, the projection of the wave
function to doubly excited states becomes much simpler.
There is normally one dominant term plus other small
terms. Since experiments usually do not measure the
scattering angles of the projectile or the recoil target, in-
formation for the magnetic quantum number distribution
is not obtainable directly from these experimental data.

From Fig. 2 we can easily understand why there are
only two dominant peaks E and G', the two states

with the highest angular momenta, in the (3, 3) manifold
[Fig. 3(a)]. These two states are mostly single configu-
ration with

F ) = 0.983 3p3d) +
i G') = 0.986 3d3d) + (3.1)

The first single electron capture results in 3p ~ or 3d
substates and the second single electron capture is to
3d 2. The 3p i and 3d 2 substates couple to form E,
while the two 3d 2's give G . For the same reason, only
those states with high angular momenta are populated in
the (3, 4) manifold, G (1), F (3), G'(2), and H (1)
IFig. 3(b)]. The cross sections of capture to L & 2 states
are generally very small at this energy. The CI wave
functions for the E, G', and II states are given in
the following:

I'+ (1)) = 0 8351»4f) —o 42913p4d) + o 26213d4p) + 0.12113d4f & +

1

E (2)) = 0 4321—3s4. f) —0.59613p4d) + 0.59713d4p) —0 27613d. 4f) +

1'G (1)) = o 78613p4.f) —o.54213d4d) + ",

E (3)) = 0.06713s4f) + 0.58213p4d) + 0.72013d4p) + 0.22013d4f) +

1'G'(2)) = 0.52413p4 f) + 0.792 3d4d) + (3 2)

I'+ (4)) = —o »11»4f) —o 27213p4d) —0 05513d4p) + o.88713d4f) + ",
1'H (1)) = o 94313d4f) .+
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FIG. 4. The same as Fig. 2, but at 20
keV/amu collision energy.
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oscillate versus impact parameters.
In Fig. 4 we show single-capture probabilities to n = 3

and n = 4 states versus impact parameters for both
Ne +-He and Ne +-He+ collisions at 20 keV/amu. As
in the case at 80 keV/amu collision energy, the second
single capture to n = 4 is negligible. The propensity
rule still holds, though not as profound as at higher colli-
sion energies. We notice that there are more oscillations
in the probabilities. We also notice that the probabil-
ities of capturing to low-angular-momentum states are
comparable to those of high-angular-momentum states,
though they are still smaller. The probabilities for the
first capture to 3p q, 3d 2, 4p j, 4d 2, and 4f q are the
dominant ones [Figs. 4(a) and 4(b)]. For the capture
from He+, the probabilities to 38, 3p q, and 3d 2 are
also of the same order [Fig. 4(c)]. Recall that double-
electron-capture amplitudes are obtained by the prod-
uct of the two successive single-electron-capture ampli-
tudes properly weighted by the configuration-interaction
coe%cients. This means that there will be more states
populated, as shown in Fig. 5, but the higher-angular-
momentum states are still the preferred ones. Further-
more, states with M~~ are dominantly populated, as
seen by the dominance of the shaded area in each bar.
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IV. EJECTED ELECTRON SPECTRA

A. Theoretical model
FIG. 5. The same as Fig. 3, but at 20 keV/amu collision

energy.

Combined with Fig. 2 it is easy to see which states should
be populated.

B. State-dependent double-capture cross sections
at 20 keV/axnu

At relatively higher collision energies, double elec-
tron capture populates pre ferentially high-angular-
momentum states. When the projectile is moving rel-
atively fast, the captured electron has no time to be re-
captured by the target ion. This is refIected from the
smooth capture probabilities versus impact parameters.
Because capture occurs at large internuclear separation,
the electron will gain a large angular momentum. As
the collision energy decreases, the electron has time to
oscillate between the projectile and target centers. This
results in a relatively wide range of angular momentum
for the captured electron and the capture probabilities

The doubly excited states formed in the double-
capture process will decay either through autoionization
or by emitting photons. Most experiments so far mea-
sure the autoionizing electron at fixed angles. In order to
compare our theoretical calculations directly with exper-
iments, we need to calculate the emitted electron spectra
at fixed angles. For the doubly excited states formed in
the capture process in Ne +-He collision, the radiative de-
cay is negligible compared to the autoionizing decay [4].
Thus in our calculation, we take the fIuorescence yield to
be zero, meaning that there is no radiative stablization.

Due to the slow collision velocities, the doubly excited
states formed in the collision autoionize in the electric
field of the receding target ion. Because of this post-
collision interaction (PCI), the position and the shape of
the autoionizing electron spectra will undergo shift and
broadening, respectively. There are several theoretical
models to account for the PCI effect in the literature. In
this work, we will follow van der Straten and Morgenstern
[17], where the line shape for each individual state is
given. At each impact parameter, or scattering angle
of the projectile, the electron spectrum is then given by
[2,18]

I(8) = 2vr ) ) ) f (s, sl )a)~(b)47r ) e'i "+ ' ~ l(nLM~~V~~~~nlqsI lq) ) (lql2rnqrn2~LM)Y&*, , (0, P)
n, l1 M m1m2
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where al~(b) is the double-capture amplitude to the
doubly excited state ~aLM) [n denotes the approxi-
mate quantum numbers (K, T)~] at impact parameter
5, f (e, el. ) is the PCI line-shape function

,

( 2q
(vt' (1+e2) sinh(vrq/v) )

Kg 2 —1x exp 1 + —tan
2v 7c

500
g

400—
C/3
C/3

cL ~ 300—
z'. Q
C) .—~ —200—

CD
L

LU

I

80 keV / amu

I

(a)

(4.2)

qarg(f) = —— ln " + —ln(l + e„)
v ( 2 ) 2

, ( 1E ~ (—tan ' —— ———arg I' 1+i—") & ')
where I'„ is the natural width, e„= 2(e —eL, )/I'„, q =
Q(1 —v/~v —vo~)& Q the charge of the PCI inducer, v
the velocity of the projectile, and vo the velocity of the
emitted electron in the emitter frame. One notices that
the Stark effect, which mixes the neighboring resonance
states, is not included in this PCI model.

In Eq. (4.1), the quantization axis is chosen to be along
the beam direction, the same as that in the experiment.
Since the scattering angle of the projectile was not mea-
sured, we need to integrate over the azimuthal angle P
and the impact parameters to obtain the electron spec-
tra at each Axed angle 0. In our actual calculation of
the d.ecay amplitudes, we use the partial decay widths
calculated by Bachau et a/. [19], while the phases are
calculated by us.

I—
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B. Ejected electron spectra
at 80 keV/amu collision energy

In the collision of Ne +-He, the two electrons are
mainly captured to the (3, 3) and (3, 4) manifolds. These
doubly excited states undergo autoionizing decay to ei-
ther Ne +(ls 2s) or Ne +(1s 2p). Since Ne +(1s 2s)
and Ne +(ls 2p) states are separated by 16.02 eV, each
manifold will result in two groups of peaks associated
with decay to the two final states. In Fig. 6, we show
the experimental electron spectra measured at zero d.e-
gree [6] and the comparison with our theoretical electron
spectra at 80 keV/amu collision energy. The theoretical
spectrum has been convoluted according to the experi-
mental resolution. The electron energy is measured from
the emitter frame. In the theoretical spectrum, the en-
ergy shifts of the emitted electron due to the PCI effect
are small at this collision energy. So they are not taken
into account in our calculation.

There are four groups of peaks in the spectrum: (a)
(30—54 eV), corresponding to Nes+(1s23l3l') states de-
caying to Ne +(ls 2p); (b) (46—70 eV), correspond-
ing to Ne +(ls23l3l') states decaying to Ne +(1s 2s);
(c) (72—87 eV), corresponding to Ne +(ls 3/41') decay-

10—
0
20 40 60 80

ELECTRON ENERGY (keV)

100

FIG. 6. (a) Experimental and (b) theoretical electron
spectra at 8 = 0' from the decay to Ne +(ls 3/3/') and
Ne +(ls 3/4/') doubly excited states of Ne +-He collision at
80 keV/amu. The theoretical spectrum has been convoluted
according to the experimental energy resolution. The electron
energy is measured in the emitter frame.

ing to Ne +(ls22p); and (d) (88—103 eV), correspond-
ing to Nes+(ls23l4/') decaying to Ne7+(1s22s), respec-
tively. Because the decay of Ne +(ls23l5l') states to
Ne +(ls 2p) covers an energy range of 91—110 eV, over-
lapping with (d), the part of the spectrum above 90 eV
becomes much more complicated and will not be consid-
ered further. The dominant groups of peaks are those
decaying to Ne +(ls 2p) because the average partial de-
cay rate of these two manifolds is about five times larger
than the decay to Ne +(ls22s).

Prom Fig. 6 we notice that the agreement between the
theory and experiment is very good. At this collision en-
ergy, the PCI eKect is not important and individual peaks
are very well separated. The two large peaks at 47.1 and
48.0 eV correspond to the I" and G' states in the (3, 3)
manifold decaying to 2p. The two small peaks at 43.1 and
49.4 eV on both sides of the large ones are ~D'(2) and
~D (3), respectively. The four large peaks at 82.7, 84.1,
85.2, and 86.2 eV correspond to G'(1), ~P (3), G'(2),
and ~H (1) states in the (3, 4) manifold decaying to 2p.
For the weaker states, quantitative comparison becomes
more difIicult because of noises in the experimental sig-
nals. For the large peaks, even the relative heights, or
the relative cross sections, also agree well with the exper-
iment. The excellent agreement between the theoretical
calculation using the independent-electron model and the
experiment confirms that at this collision energy, electron
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correlation does not play an important role in determin-
ing the formation of the dominant doubly excited states
in the Ne +(1s 3l3l') and Ne +(ls 3l4l') manifolds, al-
though it may be important for the very weak channels.

C. The angular dependence
of the ejected electron spectra

Since the doubly excited states formed in the double-
electron-capture process are in general aligned, we would
expect a variation in the intensity of the electron spec-
tra in difFerent detecting angles. In Fig. 7 we plot the
electron spectra of the (3, 3) manifold at three difFerent
angles, 0 = 0, 45', and 90 measured in the emitter
frame. The electron intensity is maximum at 0 = 0
and minimum at 0 = 90 . The intensity of the E and

G peaks is about twice as large at 0 = 0 than that
at 0 = 90 . This can be understood from the M dis-
tribution in total cross sections of these states. In the
coordinate system shown in Fig. 1, only the M = —L
components are populated, with a very small fraction of
other M's (see Fig. 3). When we rotate the quantization
axis to that of the beam direction, the ~M~ = 0, 1 com-
ponents will be the dominant ones. The decay of these
magnetic substates prefers 0 = 0 [18]. We point out that
the strong preference of the M = —L component of the
doubly excited states formed with respect to the quanti-
zation axis in the natural frame implies that the ejected
electron will show strong orientation dependence if the
scattering angles of the projectile or of the recoil ion are
measured in coincidence with the angular distribution of
the autoionizing electrons.

D. Electron spectra at 20 keV/amu collision energy
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FIG. 7. Theoretical ejected electron spectra at different de-

tecting angles from Ne +(ls Bl3l') doubly excited states re-
sulting from the collision of Ne +-He at 80 keV/amu collision
energy.

In Fig. 8 we show the experimental electron spectrum
[6] measured at 0 for incident energy at 20 keV/amu.
Two theoretical spectra were calculated, one treating the
electron spectrum from each doubly excited state coher-
ently [Fig. 8(b)]. In order to show the effect of significant
interference from difFerent states at lower energies, we
also carried out a calculation where the contribution from
each doubly excited state to the spectrum is treated in-
coherently, and the result is shown in Fig. 8(c). One no-
tices that the overall agreement between the theoretical
and experimental spectra is still quite good. Comparing
with the spectrum at 80 keV/amu, there are more peaks
at this collision energy. The high peaks are still those
associated with high angular momenta, but states with
L = 1, 2 are also populated, though relatively weaker.
The intensity of the states in the (3, 4) manifold becomes
significantly stronger than those in the (3, 3) manifold,
while at 80 keV/amu they are about the same. The I"
and G' states decaying to 2p are still the largest peaks
for the (3, 3) manifold. The peak at 49.4 eV actually con-
sists of the decay from two states D (3) and iP (2). For
the (3, 4) manifold, in addition to the four major peaks
between 82.7 eV and 86.2 eV similar to those observed at
80 keV/amu, an additional peak due to the decay of the
E (1) state at 77.5 eV becomes much more pronounced.

These major features are identical to the experimental
data. However, there are noticeable difI'erences in the
relative height of the peaks. For the (3, 3) manifold, the
two most pronounced peaks are those of E at 47.1 eV
and G' at 48.0 eV. In the experimental spectrum, Fig.
8(a), the I" intensity is higher than that of G, but the
theoretical spectra shown in Fig. 8(b) gives opposite rel-
ative strength. The difFerence in the relative strength of
the two peaks between the experiment and the theoreti-
cal calculation is actually due to the PCI efI'ect according
to the present calculation. To show this, we perform a
calculation where the interference between the states is
excluded. The electron spectrum from such an incoher-
ent sum is shown in Fig. 8(c) where the relative intensity
between the two peaks is seen to be in agreement with
experiment. This PCI efFect also a8'ects the part of the
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FIG. 8. The same as Fig. 6, but at 20 keV/amu collision
energy. We also plot the theoretical spectrum shown in (c),
assuming that there is no interference due to individual states.

V. SUMMARY AND CONCLUSIONS

In this paper, we have calculated and analyzed the
state-selective double-electron-capture cross sections and
the angular dependence of the resulting autoionizing elec-
tron spectra for Ne +-He collisions at energies of 20 to
80 keV/amu using the independent-electron approxima-
tion. The calculated electron spectra at 0 are in gen-
eral agreement with experiments in that all the major
peaks from the dominant doubly excited states populated
are well reproduced in the calculation. At 80 keV/amu,

spectrum corresponding to the (3, 4) manifold, though
not as much as to the (3, 3) manifold, because the line
widths are narrower in general for the states in the (3, 4)
manifold.

the calculated relative electron intensities of the major
peaks are also in agreement with experiment. At 20
keV/amu, the agreement is not as good in terms of the
relative intensities, but the overall features of the spec-
tra are also reproduced by the calculation. These re-
sults indicate that for the present collision system, the
independent-electron approximation is capable of ex-
plaining the dominant doubly excited states formed
in the double-electron-capture process, and that the
electron-electron interaction does not play an essential
role in the electron capture process, although electron
correlation is explicitly included in the calculation of dou-
bly excited states. The agreement between our theo-
retical spectra and experiment is less desirable for the
collision energy at 20 keV/amu. At this energy, the
post-collision-interaction eKect is more important and
the interference &om neighboring states is significant.
We have shown that the treatment of PCI eKect can
change the electron spectra at the lower energies and
thus the disagreement between the theoretical calcula-
tion and experimental electron spectra can be due to the
failure of the independent-electron model or the treat-
ment of the PCI eÃect. Note that in the present model
the post-collision efFect of each state is treated sepa-
rately. This is possible only if the states are well sep-
arated. In the present case, the energy separations be-
tween several neighboring states are smaller than the
autoionization widths of the states and a more com-
pleted yet complicated treatment of the PCI e8'ect is
needed. Thus the discrepancy between theory and ex-
periment cannot be attributed to the failure of the
independent-electron approximation directly, although
one expects that electron correlation to play a more im-
portant role for collisions at lower energies and for states
with smaller cross sections.

By choosing the natural frame coordinate system
where the quantization axis is perpendicular to the scat-
tering plane, we have shown that states with M = —L are
strongly preferred in the double-capture process. This
is the direct consequence of the propensity rule deduced
from the single-electron-capture probabilities [16]and the
independent-electron approximation. It is also shown
that states with higher angular momenta are preferred.
By studying the energy dependence, we also showed
that doubly excited states with high-angular-momentum
states are populated preferentially at higher energies,
while states with lower angular momentum are also pop-
ulated at lower energies. This propensity rule and an-
gular momentum of the doubly excited states formed in
the double-capture process was discussed in an extended
classical over-barrier model by Posthumus, I ukey, and
Morgenstern [11], but the model was designed for very
low collision energies, in contradiction with the conclu-
sion from our actual quantum-mechanical calculation.
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