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We investigate the state-specified capture process of antiprotons by helium. Freezing one of the two

electrons, we reduce this four-body rearrangement problem into a three-body problem. The capture cross

sections are calculated by solving the Chew-Goldberger-type integral equation. Differing from the capture

of antiprotons by hydrogen atoms, the bumpy structures are revealed in the total angular momentum

dependent capture cross sections. Further analysis shows that the bumps arise from the partial channel

closing due to the removal of the energy degeneracy in the antiprotonic helium.
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The interaction of antiprotons ( �p) with matter is one of
the hot topics in recent atomic physics since the discovery
of long lifetime antiprotonic helium [1,2] and the produc-
tion of cold antihydrogen atoms [3,4]. The capture of
antiprotons by helium is a typical Coulomb four-body
rearrangement problem. The full quantal and nonperturba-
tive solution of this problem is still out of the reach of the
current high-power supercomputers. Thus, several groups
have studied the capture of antiprotons by hydrogen atoms,
which is a Coulomb three-body rearrangement problem, by
various approaches such as the classical trajectory
Monte Carlo (CTMC) method [5], the time-dependent
wave packet (TDWP) method [6], and other quantum
methods [7,8]. The state-specified capture cross sections
of antiprotons by hydrogen atoms have been obtained
recently by a time-dependent method [9,10]. The advan-
tage of this method is that by rewriting the time-
independent scattering equation into a time-dependent
one, the complicated boundary condition is converted
into an initial condition which can be easily imposed.
Although such theoretical studies provide an under-
standing of the capture processes, it is very difficult to
compare the calculations with the helium experiments
quantitatively.

Recently, the capture cross sections of antiprotons by
helium ions were calculated by Cohen [11] using the
CTMC method and by Sakimoto [12] using the TDWP.
However, the results differ from each other significantly,
especially in the low collision energy region. Thus, the
applicability of the classical mechanics at such low ener-
gies seems doubtful, especially for the motion of the
electron. Furthermore, while the total capture cross sec-
tions of antiprotons by many-electron atoms have been
obtained by the CTMC method [5,13], the state-specified

capture cross sections have not been provided yet.
Meanwhile, the low energy antiproton beam (around
30 eV) will be available for the experiment to study the
capture of antiprotons by helium soon [14]. The state-
specified capture cross sections are very important to ana-
lyze the decay processes of antiprotonic helium.
Unfortunately, such information is not available yet. In
this Letter, we will report our theoretical studies on the
state-specified capture of antiprotons by helium.
Because of the numerical difficulty, we have to adopt

various approximations to make the problem solvable. The
primary approximation here is to assume that one of the
two electrons in the helium is considered passive and
frozen into the ground state of the complex of the helium
nucleus and antiproton. Within this approximation, the
problem is reduced to the tractable Coulomb three-body
problem, which can be solved by the method recently
developed by us for the capture of antiprotons by hydrogen
atoms [9,10]. To our surprise, unlike the smooth total
angular momentum (L) dependent capture cross sections
by hydrogen atoms, the L-dependent capture cross sections
by helium show anomalous bumpy structures. Further
studies show that the bumps arise from the partial channel
closing due to the removal of the energy degeneracy in the
antiprotonic helium. For the convenience of later discus-
sion, we define a channel as a combination (n, ‘), where n
and ‘ are the principle and angular momentum quantum
numbers of the antiproton bound to the helium ion,
respectively.
The Hamiltonian of the collision system with a passive

electron frozen into the ground state of the complex of the
helium nucleus and antiproton can be written as (atomic
units, m ¼ e ¼ @ ¼ 1, are used hereafter unless otherwise
stated)
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where �p is the reduced mass between the helium nucleus

and antiproton, me the mass of electron, and R and r the
vectors from the helium nucleus to the antiproton and the
active electron, respectively. We choose the helium nucleus
as the center of the coordinates. The mass polarization
effect is not important in the low energy region in such
coordinates. UðRÞ is the effective potential of the antipro-
ton moving in the combined field of the helium nucleus and
the passive electron in the ground state and it can be
calculated from the following equation adiabatically,

Ha�ðrb;RÞ ¼ UðRÞ�ðrb;RÞ;
with �ðrb;RÞ the associated adiabatic wave function, rb
the coordinates of the passive electron and

Ha ¼
�
� 1

2me

r2
rb �

2
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þ 1

jR� rbj �
2

R

�
: (2)

VeffðrÞ is the effective potential to describe the active
electron interacting with the Heþ ion. We choose VeffðrÞ
as a six-parameter model potential [15], which is cal-
culated from the density functional theory with the opti-
mized effective potential [16]. Such an approximated
Hamiltonian H ensures the correct forms for the initial
channel (a helium atom and a free antiproton) as well as for
the final channel (an antiprotonic helium and a free elec-
tron). Within the above approximations, the state-specified
capture processes of antiprotons by helium are analyzed in
the similar way to the case of the capture processes of
antiprotons by hydrogen atoms just by replacing the
antiproton-proton interaction and the electron-proton in-
teraction in the latter by UðRÞ and VeffðrÞ, respectively.
Note that the validity of using an adiabatic potential UðRÞ
has been discussed in Ref. [17]. Here, we define the Heþ
ground state energy as zero for UðRÞ when R ! 1. The
Hamiltonian of the incident channel and the corresponding
interaction are now expressed as

Hi ¼ � 1

2me

r2
r þ VeffðrÞ � 1

2�p

r2
R; (3)

Vi ¼ 1

jR� rj þUðRÞ; (4)

and the initial wave function is

�iðr;RÞ ¼ c 1sðrÞeik0�R: (5)

Here, c 1s is the helium 1s wave function with the eigen
energy �1s and k0 is the initial momentum of the antiproton
in the center-of-mass frame. The incident energy is given
by Ec ¼ k2

0=2. The scattering wave function is of the form
of the time integral equation as

�þð0Þ ¼ �i � i
Z 0

�1
eiðH�EÞte�tVi�idt; (6)

with � a positive infinitesimal number to represent the
adiabatical switch on of the interaction Vi and E ¼ Ec þ
�1s, the total energy of the system. The time integral of
Eq. (6) is performed using the partial wave expansion and
the details can be found in our previous works [9,10]. With
the scattering wave function�þð0Þ in hand, we can obtain
all the detailed information of the collision system, includ-
ing the state-specified capture cross sections.
Figure 1 shows the total angular momentum

L-dependent capture cross sections (the solid curve). As
L increases, the capture cross sections first increase in an
irregular manner, reach the maximum at L ¼ 38, and then,
drop sharply. This global feature is similar to the capture of
antiprotons by hydrogen atoms. Unlike the hydrogen case,
however, the present cross sections show the anomalous
bumpy structures. In Fig. 1, we also plotted the partial
contributions when the ejected electron is in different
angular momentum states, namely, ‘e ¼ 0 or 1. Because
the contribution from the ‘e ¼ 0 channel dominates the
overall cross sections, the anomalies appearing in the cross
sections are closely related to the dips appearing in the
partial cross sections for ‘e ¼ 0 (depicted by the dashed
curve). In other words, the antiproton is mainly captured
into states with the angular momentum ‘ equals the total
angular momentum L. By the way, it is notable that the
present calculations seem more difficult than those of the
hydrogen case due to the larger reduced mass �p and the

larger effective nuclear charge of helium. To check the
numerical accuracy, the simulation conditions such as the
number of grids, the size of the space, and so on, have been
varied. As a result, it is convinced that the anomalies
manifested in Fig. 1 are insensitive to the changes of these
parameters. Thus, the anomalies are ascribable to a certain
physics, not due to the numerical inaccuracy.
Although the capture process of the antiprotons by

hydrogen atoms and helium atoms are similar to each other
within the present approximation, the energy structures of
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FIG. 1 (color online). The L-dependent capture cross sections
of antiprotons by helium at 10 eV incident energy.
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protonium ( �pp) and antiprotonic helium ( �pHeþ) are differ-
ent. Replacing the Coulomb potential in the former by the
effective potentialUðRÞ in the latter, the energy degeneracy
assigned by n and ‘ is removed. Figure 2 shows the energy
structures of antiprotonic helium. The bound states in
Fig. 2 are embedded in the continuum states with the
antiproton in a lower excited state and the electron in a
continuum state. So the bound states are actually auto-
ionized and the formed highly excited antiprotonic helium
can decay into a H-like protonium due to the Auger pro-
cess. Since we focus on the first step, the formation of the
antiprotonic helium, we will ignore the decay processes.
Apparently, for a given n, the energy increases as the ‘
increases. Lower ‘ states can penetrate into the deeper
inner region than higher ‘ states due to its lower centrifugal
potential barrier, resulting in lower binding energies for the
lower ‘ states with the same n.

As shown in Fig. 2, the energy curve for a given n and
different ‘ crosses over with the total energy (dashed
straight line in Fig. 2). The crossover positions are in
good agreement with the dip positions in the total
L-dependent capture cross sections in Fig. 1. Let us focus
on n ¼ 47 as an example to show the origin of the dips.
With the 10 eV incident energy, the antiprotons can be
captured to n ¼ 47 and ‘ � 11 due to the energy conser-
vation. This means that this channel is open for the capture
to ‘ � 11 states and is closed for the capture to ‘ � 12
states. This fact would allow us to speculate that the
manifestation of the anomaly around L� l ¼ 12 is attrib-
uted to the channel closing of the states with l � 12. Here,
the channel closing means that for a given n the capture
process is forbidden when the ‘ is larger than a critical
value. This speculation is more clarified by comparing the
situations between the cases of the hydrogen and helium
targets. In the former, all channels with n ¼ 47 and differ-
ent ‘’s contribute to the capture cross sections because of
the energy degeneracy, and the capture cross sections as a
function of L show no anomaly. In contrast to this, in the
latter, the states with n ¼ 47 and l > 11 do not contribute

to the capture cross sections, leading to the dip. In a similar
way, it is shown that the next dip corresponds to the closing
of channel 46 at L ¼ 23, and so on. In general, the partial
inelastic scattering cross sections exhibit cusps when the
incident energies cross a new threshold since the cross
sections differ significantly for the energies below and
above the threshold. Here we see the cusps from a different
aspect, i.e., the cross sections as a function of the ‘ for a
given incident energy and n.
Figure 3 shows the state-specified capture cross sections,

where the gradated trace is depicted in the (n, ‘) plane. The
antiprotons are mostly captured to the region around
n� 42 and ‘� 38 states, which is much higher than that
of the hydrogen case.
From our present calculation, we obtain all the detailed

capture cross sections �L
n‘. In Fig. 4 we show the ejected

electron energy distribution, given by,

Pð�Þ ¼ d�

d�
¼ X

L;n;‘

�ð�� �Ln‘Þ�L
n‘: (7)

Here �Ln‘ is the ejected electron energy associated with the
antiproton captured to the (n, ‘) states with the total
angular momentum L. The �-function is replaced by
�ðxÞ ¼ expð�x2=�2Þ=ð� ffiffiffiffi

�
p Þ with � the energy resolution.

The details of the convoluted spectra depend on the energy
resolution. As an example, we choose � ¼ 0:5 eV. In
Fig. 4, we see that the ejected electrons mainly distribute
in the low energy region (<10 eV) and peak around 1 eV.
For lower incident energy (Ec ¼ 2:0 eV), plateau struc-
tures appear around 3, 5, and 8 eV. Further analysis shows
that such structures are associated with the anomalies
discussed above regarding Figs. 1 and 2 in the capture
cross sections. For the higher incident energy (20 eV),
the ejected electron energy distribution changes smoothly,
implying that the anomaly is less significant for the high
incident energy. This observation is due to the fact that the
antiproton can be captured into higher (n, ‘) states with
denser energy levels, where the channel closing contribu-
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FIG. 3 (color online). The state-specified capture cross sec-
tions normalized to the total capture cross section for 10 eV
incident energy.
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FIG. 2 (color online). The energy levels of antiprotonic he-
lium. The horizontal dashed line is the total energy for 10 eV
incident case.
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tion is less important. The energy distribution Pð�Þ is
expected to be measured in the future experiment [14].
The measured electron spectra could also possibly arise
from the Auger decay of the antiprotonic helium which is
ignored here.

Finally, we compare our total capture cross sections with
the existing results obtained by the CTMC method.
Figure 5 shows the cross sections as a function of the
incident energy. Our cross sections are between those by
helium atoms and Heþ ions calculated by CTMC method
[11,13]. Our results are in agreement with the CTMC
results in the relatively higher energy region (Ec �
20 eV), whereas in the lower energy, both of the CTMC
results are larger than ours. It is inferred that this discrep-
ancy is due to either (a) the failure of the CTMC method in
such a low incident energy region or (b) the appreciable
contribution of the capture-induced excitation of the bound
electron. The second issue suggests the possibility of
breakdown of the passive electron approximation assumed
throughout this Letter. It will be necessary to implement
the calculations incorporating the capture-induced excita-
tion process in the future. The anomalies observed in the
present calculations are associated with the removal of the
energy degeneracy and this phenomenon should exist even
in the full quantal nonperturbative calculation without any
approximations.

To summarize, we have studied the state-specified cap-
ture processes of antiprotons by helium in the low collision
energy region by approximating the Coulomb four-body
rearrangement process to the associated three-body re-
arrangement process. The total angular momentum depen-
dent capture cross sections by helium show anomalous
behavior due to the nondegenerate energy levels of the

antiprotonic helium for the given principle quantum num-
ber n and different angular momentum l. More specifically,
the anomalies originate from the channel closing due to the
energy conservation.
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FIG. 5 (color online). The total capture cross sections of anti-
protons by helium atoms (solid curve) and hydrogen atoms
(dashed curve). The capture cross sections by helium atoms
(filled squares) and helium ions (open squares) calculated by
the CTMC method [11,13] are also plotted.

 0

 20

 40

 60

 80

 100

 120

 0  2  4  6  8  10

P
(ε

) 
(a

.u
.)

 

 Electron Energy (eV) 

2.00 eV
8.00 eV
15.0 eV
20.0 eV

FIG. 4 (color online). The ejected electron energy distributions
due to the capture of antiprotons by helium at different incident
energies.
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