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We study the *He** +He differential ionization problem using the two-electron wave-packet convergent close-
coupling (WP-CCC) method. We present the results for doubly differential cross sections for ionization in terms
of the angle and energy of the emitted electrons at intermediate collision energies. In this energy region, coupling
between all reaction channels and electron-electron correlation effects are of considerable importance. These are
fully accounted for in the WP-CCC approach. Overall, our results are in good agreement with the available
experimental data and other theoretical calculations. We also discuss the saddle-point ionization mechanism for

this collision system. It is concluded that this mechanism is not justified in the intermediate-energy region.

DOI: 10.1103/g9bl-vzqv

I. INTRODUCTION

Electron production in collisions of protons and bare ions
with helium has been intensively studied over the last sev-
eral decades. In particular, ionization of He by He?* ions
has been a topic of discussion in a number of works (see,
e.g., Refs. [1-8]). Most of the works for He?* +He collisions
focused on providing integrated cross sections, however there
are a few works available for differential ionization [9-15]
and electron capture [16,17]. Although several attempts have
been made to investigate two-electron processes such as
double-ionization [2,4] and transfer-ionization [15,18], even
the single-electron processes have not been completely under-
stood, especially at the level of differential cross sections.

Barna et al. [6] applied a single-center atomic-orbital
coupled-channel method to describe the ionization process in
terms of total cross sections (TCSs) for He?*+He collisions
above 600 keV/u, which showed good agreement with the
experimental data available in this energy region. Moreover,
two versions of the classical trajectory Monte Carlo (CTMC)
method were tested. However, these approaches were not as
successful as the close-coupling method. Another method ap-
plied was based on time-dependent density-functional theory
(TDDFT) by Baxter and Kirchner [7] that uses two different
models, the correlation-integral model of Wilken and Bauer
(WB) and an independent-electron model (IEM). The TDDFT
WB method showed better agreement than the TDDFT IEM
one. The TCS for ionization were also studied by Terekhin
et al. [8] using the three-body continuum distorted-wave
(CDW) method with an eikonal initial state (EIS). Overall, all
these theoretical approaches described the experimental data
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of Refs. [1-5] on the integrated cross sections reasonably well
(see, e.g., Ref. [19]).

In terms of the singly differential cross sections (SDCS),
most of the works were devoted to studying electron-capture
cross sections for He>*4+He collisions rather than ionization.
Several theoretical approaches have been applied to reproduce
the experimental results of Schoffler et al. [17]. Zapukhlyak
and Kirchner [20] employed the two-center basis generator
method based on the IEM, Velayati et al. [21] applied the
CDW approach using the EIS and eikonal final-state (EFS)
descriptions, the three-body and four-body Coulomb-Born
distorted-wave approximations were applied by Ghanbari-
Adivi and Ghavaminia in Refs. [22] and [23], and Jana
etal. [24] applied the distorted-wave approximation within the
four-body formalism. The theoretical results showed different
levels of agreement with the experimental data.

Bernardi et al. [10] presented the calculations based on
the CDW and CTMC approaches along with the experimental
results for the SDCS for ionization at 50 and 100 keV /u. The
EIS approximation was employed within the CDW method.
Both theoretical approaches described the measurements rea-
sonably well.

Depending on the considered collision energies, various
theoretical methods have been applied to the calculation of
doubly differential cross sections (DDCS) for the He>*+He
collision system. At high energies, where charge-transfer
cross sections can be several orders of magnitude smaller
than that for ionization [19], different forms of the Born
approximation are applicable. Gayet and Salin [25] stud-
ied the amplitudes for ionization at high energies and
showed that the Born approximation can be reliable starting
from 0.75 MeV /u. The plane-wave first Born approximation
(PWBA) was applied by Szabd et al. [26] to study the DDCS
for 0.5 MeV /u He?’*+He and He?* + Ne collisions at the
backward ejection angles. For the helium target, their results
showed good agreement with the available experimental data.

In the intermediate energy range, where the speed of the
projectile is comparable to the orbital speed of electrons, more
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sophisticated theoretical approaches are needed to properly
describe the underlying processes. Irby et al. [9] studied the
DDCS as a function of the speed and angle of the ejected
electron at 100 keV /u both experimentally and theoretically.
In their theoretical approach, they used the CTMC method.
Although slight differences were seen between the predicted
positions of the peak of the DDCS at an ejection angle of
17°, the calculations agreed reasonably well with their own
measurements.

Later, in the work of Bernardi et al. [10], the CDW-EIS
approach was applied to calculate the DDCS for ionization
for the 100 keV/u *He** 4+He collision system as a function
of the electron ejection energy at several ejection angles from
0° to 90°. For small ejection energies, considerable discrep-
ancies were observed between the experimental data and the
CDW-EIS results at ejection angles of 0° and 10°, where the
theoretical results underestimated the experiment by a factor
of 3. Furthermore, at large ejection energies, the CDW-EIS
results overestimated the experiment at all angles.

Unlike the p + He differential collision system, where
experiments were well-described by theoretical approaches
(see Refs. [27-29] and references therein), for the four-body
differential problem of He?*+He collisions, there are some
noticeable discrepancies even between the independent sets of
experiments. Here we investigate the DDCS using the wave-
packet convergent close-coupling (WP-CCC) approach. One
of the advantages of the approach in application to differential
ionization processes is the possibility to investigate electrons
ejected with arbitrary energy and into any angle. Moreover,
in the process of ionization, we are able to distinguish the
contributions of direct ionization and electron capture to the
continuum, which can explain the emergence of some interest-
ing features seen in the behavior of the differential ionization
cross sections [30].

The WP-CCC approach has been employed to study colli-
sions of fully stripped ions (such as protons, He?*, C®*) with
helium for a wide-range of projectile energies. A single-center
version of the approach applied to collisions of antiprotons
and energetic protons with helium showed good agreement
with the available experiments [31]. Later, a more com-
prehensive two-center WP-CCC approach, which takes into
account the coupling between all possible reaction channels
and electron-electron correlations, was developed and ap-
plied to the four-body p + He scattering problem to calculate
the integrated cross sections for all one-electron processes:
electron capture, elastic scattering, target excitation and ion-
ization, over a wide range of incident energies [32]. Very good
agreement was observed in comparison with the available ex-
periments and other theories for all considered processes. The
WP-CCC method has also been applied to calculate singly and
doubly differential cross sections for one-electron processes in
p + He collisions in Refs. [27-30,33]. Again, the calculated
cross sections agreed with the experimental data very well.
Overall, it was concluded that the WP-CCC approach can
accurately describe the differential picture of all one-electron
processes taking place in p + He collisions at the levels of
integrated, singly, and doubly differential cross sections.

The method was also extended to collisions of heavy pro-
jectiles with He. The integrated cross sections were presented
in Ref. [19] for electron capture, elastic scattering, target

excitation, and ionization in He?T+He collisions for the
incident energies from 10 keV/u to 5 MeV/u, with partic-
ular emphasis on the intermediate energies. The obtained
results agreed well with the available experimental data for
all considered processes. Very recently, the two-electron and
effective one-electron WP-CCC approaches were employed
to investigate the singly differential cross sections in the
He?"+He collision system at intermediate projectile ener-
gies [34]. It was the first comprehensive calculation of the
singly differential cross sections for all one-electron processes
taking place in He>*+He collisions. Despite some discrep-
ancies observed between the WP-CCC calculations and the
experimental data for electron capture at 60 keV /u, the overall
agreement was very good.

In this paper, we present the results, obtained using the
WP-CCC method, for the DDCS for *He2t +He collisions in
comparison with experiments and other available theoretical
calculations. Moreover, we discuss the so-called saddle-point
(SP) mechanism in ionization proposed by Irby et al. [9]
and Gay er al. [12], which suggests that ejected electrons of
velocities around vsp find themselves stranded on the potential
saddle between the residual target ion and outgoing projectile,
where

Up

14+ (gp/q)"*’

with vp being the projectile speed and gp and gt are the
charges of the projectile and the residual target ion, respec-
tively. Since for the collision system of interest we have
gp =2 and gr = 1, according to the saddle-point ionization
theory, the electrons ejected with speeds v, ~ vsp = 0.41vp
should give a dominant contribution to the doubly differential
ionization cross section. We test this claim.

Unless specified otherwise, atomic units (a.u.) are used
throughout this paper.

(D

Usp

II. WAVE-PACKET CONVERGENT
CLOSE-COUPLING APPROACH

Within the WP-CCC approach, the total scattering wave
function W is investigated by solving the full Schrédinger
equation

(H—-—E)¥ =0, 2

where H is the Hamiltonian corresponding to the four-body
He?" +He system, and E is the total energy. We expand the
scattering wave function in terms of N target-centered and M
projectile-centered pseudostates in the form

N
WY Fu(0)y r1, ra)e™”
a=1

M

1 -
+ E ; [gﬂ(pl)wg(xl)l/fo(l‘z)ek P

+ Ga(p) W (x2) Yo (r1 )e™0P2], 3)

where ] is the helium wave function, 1/f§ is the wave func-

tion of the He™ ion, and ¥ = ¥ is the ground-state wave
function of the residual target ion, He™. The indices o and
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B denote the full set of quantum numbers representing the
corresponding states in the He>* +He and He* 4+ He* chan-
nels, respectively. The vectors | and r, (respectively, x; and
x,) are the position vectors of the helium electrons with re-
spect to the target (respectively, projectile) center, o is the
position vector of the projectile relative to center of mass of
the target atom, and p, (p,) is position vector of the system of
projectile and the first (second) electron relative to the residual
helium ion (see Fig. 1 of Ref. [19] for the Jacobi coordinate
system). Furthermore, k, is the momentum of the projectile
relative to the target and kg (and kyg) is the momentum of
the formed He™ ion relative to the residual target ion in the
corresponding channels. The expansion coefficients F, and
Gp in the asymptotic region after the collision represent the
transition-probability amplitudes.

The He wave functions are obtained by numerically solv-
ing the corresponding Schrodinger equation for the He atom
within the frozen-core approximation, while analytic forms of
the wave functions are used for the He™ ion. The pseudostates
representing the continuum are constructed using the wave-
packet approach [35], where the continuum is discretized into
a number of bins. In each bin, we integrate the target (or pro-
jectile) continuum wave functions to obtain the corresponding
wave-packet pseudostates. The corresponding positive-energy
pseudostates together with the negative-energy eigenstates
form bases for the projectile and target centers used in
expansion (3).

We note that in this expansion, unlike for the traditional
atomic-orbital close-coupling methods, the total scattering
wave function does not require the so-called electron-
translation factors. The problem with these factors is that they
can be chosen in infinitely many ways [36]. See Ref. [37] for
more discussion.

We insert expansion (3) into Eq. (2), then we use the
semiclassical approximation and neglect the terms that vary
slowly with time because they are negligible. Prior to the col-
lision, we have t = —oo and ¢ = 0 corresponds to the closest
approach of the projectile ion. This approximation allows us to
write a temporal dependence F,(0) & F,(¢,b) and G,(p,) ~
Go(py) = Gy (t, b), where the impact-parameter vector b is
chosen to be perpendicular to vp, the initial velocity of the
projectile. Finally, successively multiplying all the terms first
by

YTy, r)e e,
and then by
Y @D Wo(ra)e™ 1P i (en) o (ry e o P2

Integrating over the variables r| and r,, we obtain a system of
differential equations for the expansion coefficients:

M

N M
iFu+iY GuKly =Y FDL,+ Y Gy0Oly,
p=1 a=1 p=1

N M N M
DIITIRED SATIE S A=A ot
a=1 p=1 a=1 p=1

o« =1,2,....N, B =12,...M, @)

where dots over the coefficients denote their time derivatives.

For the full details of the exchange matrix elements K, PE ol '
T

oo’

K;,a, and Qg,a, and direct matrix elements D
Dg, 4» refer to Ref. [19].

This system of differential equations is solved for each
impact parameter b, subject to the initial boundary conditions

p
Lﬂ,ﬁ, and

a=1,...,N,
B=1,...,M, (5)

Fa(—OO, b) = 8&,1sa
Gs(—00,b) =0,

because initially the He atom is in the ground state. The
solutions Fu(¢t,b) and Gg(t,b) represent the transition-
probability amplitudes as t — 400, i.e., the direct-scattering
and electron-capture transition-probability amplitudes are
Fy (400, b) and Gg(+00, b), respectively.

For the initial channel, we set g; =k;. For the final
channel, q5 =k, for direct scattering, and q5 = kg for
electron capture. Then, using the impact-parameter transition-
probability amplitudes, we find the amplitudes for direct
scattering (DS), ]ﬁs, and electron-capture (EC), Tf]jfc, in mo-
mentum space as

o0
T25(q,. ) = 2mivpe™ / dbbIF;(b) — 87i1m(q1b),
0
(©)

Ty, ;) = 2mivpe™? /O dbbGy(b)ulgib), (D)
where m is the magnetic quantum number in the final chan-
nel, ¢¢ is the azimuthal angle of g q1 is the magnitude
of the perpendicular component of the momentum transfer
9=9;—9q;=(; —q7) + (q; — q) 1, Jn is the Bessel func-
tion of the mth order, and Fy(b) = ™% F;(+00, b), G (b) =
€™ G (400, b), with ¢ being the azimuthal angle of b. For
more details refer to Ref. [36].

These are used to find the amplitudes for direct ionization
(DD,

TR qr.q) = Y _ {0V ])TR (g7 4. ®)

tm

and electron capture into the continuum (ECC),

Tf}%cc(%’ q5.49;) = Z (¢%|¢§)Tf]§‘c(qfﬁ q;)- )

tm

Here ¢ and m are the orbital and magnetic quantum numbers
of the wave packet corresponding to the final state f, k& (3¢)
is the momentum of the ejected electron relative to the target
(projectile) nucleus, ¢, (¢,.) is the corresponding true contin-
uum state of He (the hydrogen-like He™ ion).

As the DI and ECC amplitudes from the target and the
projectile centers are defined in different frames of reference,
they cannot be combined straightaway. To combine the ampli-
tudes with the same projectile momentum, we first transform
the ECC amplitude into the laboratory frame as 3 = k — vp.
Then, the fully differential cross section (FDCS) is given as

d3aion _ /‘Lz qrk
dE.dQ.dQ;  (2n)° ki

+|TEC(k — vp. g, q)|).  (10)

(|Tf?l(’c’ qfv qi)|2
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where u is the reduced mass for the He?* +He channel, E, =
K2 /2 is the energy of the ejected electron, Q, = (6., ¢.) and
Q= (0, ¢y) are the solid angles of the ejected electron and
the scattered projectile, respectively. In the laboratory frame,
the momentum transfer g is replaced by g — k. Therefore,
perpendicular component ¢, is substituted with (g — k), in
calculating the integral in Eq. (7). We note that this choice
of the incoherent combination of the transition amplitudes
is consistent with the definition of the total ionization cross
section in the close-coupling formalism, where the ioniza-
tion cross section is obtained by summing the integrated
cross sections for target excitation into the positive-energy
pseudostates and electron capture into the continuum of the
projectile.

Then, we can define the DDCS for ionization in ejection
angle and energy

d*c d’c
= dQ. (11)
dE.dS2, dE.dQ.d2
This is not the only way of presenting the angular dis-
tribution of emitted electrons. The doubly differential cross
sections can also be presented in the forms
d’c d*c
dvdQ,  dE.dS,

(12)

and

d*c 1 d?c
2o (13)
dv, v, dE.dS2,

where v, is the ejected electron velocity.

III. DETAILS OF CALCULATIONS
AND CONVERGENCE STUDIES

The size of the target and projectile bases, as well as
all other numerical parameters, were increased systemati-
cally until results converged. In the expansion shown in
Eq. (3), the target and projectile centers are described by
the corresponding N and M pseudostates, respectively. For
simplicity, in calculations we set N = M. For the DDCS
to converge, bound states up to principal quantum number
nmax = 8 and 35 wave-packet bins were used. Orbital an-
gular momentum up to £y,x = 6 was used. The distribution
for the discretization bins to form the wave packets was
nonuniform, making the more sensitive energy region denser
and using a smaller number of pseudostates in the remaining
part.

Calculations were performed for impact parameters up to
10 a.u., which was found to be sufficient for the probabilities
of all processes to fall off several orders of magnitude from
their respective maxima (see Fig. 1). The projectile position
along the z axis was incremented from zy;, = — 300 a.u. to
Zmax = 300 a.u. for all impact parameters, where 1000 expo-
nentially distributed z points were used with the density being
greatest at the origin. In Fig. 1, we present the weighted ion-
ization probability bP(b) as a function of the impact parameter
b for 100 keV/u *He** +He collisions. The plotted data are
the results in the impact-parameter range 0—10 a.u. for the val-
ues £max = 0, ..., 6. The figure demonstrates the behavior of
the ionization probability depending on the impact parameter,

100 ; ;
£qeho00o0000q ;maxzo T
o e, Imax:1 s
N I Y Imax=2
!k N R /nax:3 |
\ R ,max:;1
L3 \-\ - . ax—
’; ? \ . Eax:6 °
< b : . .
E a2 \ |
@ 10° ¢ X .
= " .
© ‘\» .
1073 i\.\ .
104 - :
0 2 4 6 8 10

impact parameter (a.u.)

FIG. 1. Convergence of the weighted ionization probability
bP(b) for 100 keV /u *He?" +He collisions as a function of impact
parameter b with increasing €., the maximum orbital angular-
momentum quantum number of included states.

and it also shows the convergence of the probabilities in terms
of £max. We can see that they converge very well. Furthermore,
the probability declines sharply with the increase of the impact
parameter, and it falls off more than three orders of magnitude
already at 10 a.u. Increasing by,,x, the maximum of the impact
parameters, further (up to 20) did not show any differences
for the generated DDCS. This allows us to conclude that, at
this collision energy, setting b, = 10 is reasonable. Similar
conclusions were drawn for 250 keV /u.

Convergence of the results was checked in terms of all
basis parameters such as the maximum principal quantum
number and number of discretization bins, however here we
demonstrate the convergence only with respect to the maxi-
mum orbital angular momentum because it appeared to be the
most challenging one to establish. The DDCS differential in
ejected-electron energy and angle, calculated using Eq. (11),
for single ionization (SI) in 100 keV /u *He?* +*He(1s%) —
3He?* +*He™ (15) 4+ e collisions are presented in Fig. 2 for
ejection angles of 10°, 30°, and 70°, where €.« is increased
from 0 to 6. We observe varying levels of convergence de-
pending on the ejection angle considered. For the ejection
angles of 10° and 30°, the results converge very well and
the difference between the £,,,x = 5 and £,,x = 6 results is
negligible. In the ejection angle of 70°, the results are also
convergent up to 200 eV. For the other angles not shown in
Fig. 2, the convergence pattern is similar. Even in the worst
case, the deviation between the ¢,,,x = 5 and £,,,x = 6 results
is within 30% for all ejection angles and energies. The data,
which we are going to compare our results with, are all avail-
able in regions where WP-CCC results have demonstrated
very good convergence. Therefore, we present the £;,,x = 6
results as our final ones.

IV. DOUBLY DIFFERENTIAL CROSS SECTIONS
FOR IONIZATION

Figure 3 presents the DDCS results for ionization in
100 keV/u *He?* +He collisions as a function of ejected-
electron energy in comparison with the corresponding exper-
imental [9-12,14,15] and theoretical data [9,10] at several
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FIG. 2. Convergence of the doubly differential cross section for ionization in 100 keV /u *He** +He collisions as a function of the ejected-

electron energy with increasing £,,,x at various emission angles.

fixed electron ejection angles from 10° to 90°. We note that, at
some angles, the experimental results are provided for the total
electron emission (TEE), which includes cross sections for all
emission processes, such as single and double ionization, as
well as transfer ionization and excitation ionization. They are
denoted with stars (*) after the experiment name. The present
results are expected to slightly underestimate these data. We
notice an overall good agreement between the results. At the
ejection angles of 20° and 45°, agreement between the WP-
CCC results and the experimental data of Martinez et al. [15]
is very good for SI of the target. Also, from that set of exper-
imental data, we can see the difference between the SI cross
sections and the TEE ones. It shows that, for this collision
energy, SI is the dominant electron emission process, which
is especially true for smaller ejection angles. We note that
the difference in the shape of the WP-CCC results and the
experimental TEE measurements of the Bariloche group at
other angles is of a similar nature. In comparison with the
other theoretical results, our results are in good agreement
with the CDW-EIS calculations [10] for emission angles of
30° and 50°. However, for 10° and 17° some discrepancies are
seen. They are especially noticeable at the smallest emission
energies, where the CDW-EIS results underestimate all other
results.

We also observe that there are some discrepancies between
the two sets of experimental data by Gay et al. [12] and
Bernardi er al. [10] at 10° and 20°, and between the data of
Irby et al. [9] and Bernardi et al. [10] at 17°. The WP-CCC
data align more closely with the data of Bernardi in terms
of shape than those of Gay and Irby. Bernardi et al. [13], in
their response to Ref. [12], mentioned that the measurements
of Gay et al. [12] were not sufficiently reliable to make direct
comparison with their data in Ref. [10]. Later, DuBois [14]
reported the results that are consistent with those of Bernardi.
They proposed that the data of Gay er al. [12] might be
affected by the possible contamination of the He?* beam by
HJ ions. They also showed the difference between the DDCS
results obtained by the 100 keV/u Hi and 100 keV/u He*"

beams, which was considerable. Overall, it was concluded
that the measurements of Irby et al. [9] and Gay er al. [12]
were in error. For electron emission into 80° and 90° only the
WP-CCC results are shown because there are no experimental
or theoretical data to compare with for ejection angles larger
than 70°.

The WP-CCC cross sections and typical contributions from
the DI and ECC components are shown in Fig. 4 for 10°, 30°,
and 70°. The cross sections show a local minimum for the
angles up to 30°. It emerges due to combination of the ECC
and DI components, according to the definition of the FDCS
in Eq. (10), and reflects the fact that the two components peak
at slightly different electron emission energies. This minimum
could, to a certain extent, be an artifact of the incoherent
combination of amplitudes used in this work. Note, however,
the magnitude of the local minimum is comparable with, if
not smaller than, the difference between the independent mea-
surements (see the 10°, 17°, and 20° panels in Fig. 3). Starting
from 45°, the DI component peaks in the forward direction,
and the ECC one has a maximum at around 30 eV, and this
remains reasonably consistent across all ejection angles. An
example is shown for 70° ejection angle. As the electron
ejection angle increases, the second maximum first takes the
shape of a shoulder and then disappears. We can see that this is
due to the falloff in the ratio of the ECC and DI peaks, which
is almost 1 at 10° and is very small at 70°.

In Fig. 5, we present DDCS for SI at the collision energies
of 250 keV /u for the electron ejection angles from 0° to 20° as
a function of ejected-electron speed in three different formats.
The results are compared with the experimental results of
DuBois [14] available only at 15°. The experimental data are
for the TEE, however, as we mentioned above, this compari-
son is justified by the fact that SI is the dominant process in
electron emission at intermediate energies. The left column
presents the ionization cross section differential in the speed
and angle of the ejected electron using the form shown in
Eq. (12), the middle column is differential in the energy and
angle by Eq. (11), and the right column is differential in the
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FIG. 3. Doubly differential cross section for ionization in 100 keV/u *He*" 4+-He collisions as a function of ejected-electron energy
at various emission angles. The present WP-CCC results are represented by the red solid lines. The experimental data are from Bernardi
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FIG. 4. Doubly differential cross section for ionization in 100 keV/u *He*" +He collisions as a function of ejected-electron energy at
various emission angles. The present WP-CCC results are shown together with their DI and ECC components.

velocity of the ejected electron by Eq. (13). In all panels the
DI and ECC components of the WP-CCC cross sections are
also shown. We note that, at 15°, as published in the original
paper [14], at low electron velocity the data points are very
congested making accurate extraction of the original values
impossible. This may have affected the quality of the digitized
data below v./vp = 0.2. We observe very good agreement
with the experimental data across the whole range of electron
emission energies. Not surprisingly, agreement is good for all
three representations of the DDCS, as the agreement in one
should be reflected in the other formats as well. The purpose
of comparing the results with the experiment in three ways
is to show that the choice of the format is immaterial, and it
is demonstrated in Fig. 5. However, depending on the way
the DDCS is presented, certain parts of the space may be
enhanced or, alternatively, suppressed. From the right panels,
we can see that the third format of the DDCS (d?c /dv,) is
not very convenient for presenting physical results because it
blows up in the part of the kinematic region corresponding to
the emission of low-energy electrons, obscuring the rest of the
collision space. This is due to the 1/v, factor in its definition
[see Eq. (13)].

Irby et al. [9] performed measurements and CTMC cal-
culations of the DDCS at ejection angle of 17° and collision
energies of 60, 100, and 120 keV/u. They observed that
d’o /dv.dS, for the fixed ejection angle has a maximum
when plotted as a function of the ejected-electron speed.
They proposed that the peak is formed because of the denser
electron distribution in the so-called saddle point of the heavy-
particle interaction potential in the postcollisional system.
It was also stated that, for p + He collisions, the saddle-
point speed is vsp = 0.5vp, and for He**+He collisions it
shifts to vsp = 0.41vp. This point is shown in Fig. 5 using
a vertical line. Later, Gay et al. [12] supported this idea
by providing the results of their further measurements and
calculations. However, this topic has remained controver-
sial [13—15]. Bernardi et al. [13] suggested that the results
presented by Gay et al. [12] were insufficient to allow a

reliable comparison with their experiments and with the theo-
retical models. This view was supported by DuBois [14] based
on experimental data for differential electron emission in H™
and He* collisions with helium, who suggested that the He?*
measurements by Gay et al. [12] were in error. For detailed
justification of this claim, see Ref. [14]. Howeyver, the idea of
saddle-point ionization persisted [38] (see also Refs. [39,40]).

Figure 5 shows that the saddle-point ionization theory is
not justified. If the electron is ejected in the forward direc-
tion, all three representations of the DDCS have a maximum
at v,/vp = 1, which is due to ECC. In addition, dza/dve
peaks at v, = 0 as well. As the emission angle increases, the
magnitude of the ECC peak sharply reduces while its position
moves to the left away from the v, /vp = 1 point in all three
representations. At the same time, the magnitude of the DI
peak in d*c /dv.dRQ. and d*c /dE,dS2. slightly reduces while
its position does not change. As a result, the relative contribu-
tion of the DI component grows as the angle increases. At 5°
the DI and ECC components become comparable leading to a
double-peak structure. The DI component starts to dominate
and becomes responsible for the single-peak structure starting
from 10°. At 25° and above, the ECC component falls so much
that even the shoulder seen in d?o /dv,d2, and d*o /dE.d <2,
at 10°, 15°, and 20° becomes hardly noticeable (not shown).
Thus, the position of the peak in the net DDCS shifts to the DI
peak position because the ECC component of the ionization
cross sections quickly drops in magnitude as a function of the
emission angle. We conclude that the peak in d*c /dv.d<2.
and d?o /dE,dS, for ejection angles above 10° is purely due
to direct ionization. Thus, our calculations confirm the picture
of differential ionization of helium induced by He?* impact
that is based on the experimental measurements by Bernardi
et al. [10,11], Martinez et al. [15], and DuBois [14]. In the
recent work of Spicer et al. [30], a similar conclusion was
drawn based on the results provided for the p + He system.
The saddle-point mechanism of ionization was thoroughly
studied for intermediate-energy collisions. The doubly dif-
ferential cross sections for ionization for 52 and 103 keV
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collisions showed no sign of the saddle-point mechanism. It
was concluded that the saddle-point ionization proposition at
intermediate energies was not justified. The results presented
here fully support this conclusion.

V. SUMMARY AND CONCLUSIONS

To summarize, we investigated the ionization cross sec-
tions differential in ejection energy and angle for the
intermediate-energy *He?* +He collisions using the four-
body WP-CCC method. At 100 keV /u, the energy distribution
of electrons were presented for ejection angles from 10° to
90° and were compared with the available experimental mea-
surements. There are discrepancies in the experimental data
presented by Gay et al. [12], Irby et al. [9], and Bernardi
et al. [10] at small ejection angles. Our results showed bet-
ter agreement with the latter ones. Overall, at other ejection
angles the WP-CCC calculations agreed well with experi-
ment, especially with the data of Martinez et al. [15], where
agreement was very good. We also presented the DI and ECC
components of the cross sections and found that at small ejec-
tion angles the ECC peak is responsible for the appearance of
the second maximum. As the ejection angle increases, the con-
tribution from the ECC component diminishes and becomes
negligible. We also presented the doubly differential cross
sections for 250 keV /u at the ejection angles between 0° and
20°. The results at 15° were compared with the corresponding

experimental measurements of DuBois [14], and they showed
excellent agreement. We presented the results in three differ-
ent forms which enabled us to analyze the saddle-point theory
of ionization for the *He*" +He system proposed by Irby
et al. [9] and Gay et al. [12]. According to this proposition,
the peak of ionization cross sections should be located at v, =
0.41vp, independent of the ejection angle. However, as in the
case of p + He collisions [30], our results showed that it does
not hold. The position of the ECC peak gradually moves to
the left from v, = vp and its magnitude drops with increasing
ejection angle until it becomes negligible in comparison with
the DI peak.
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