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Theoretical confirmation of the experimentally observed phenomenon [Knudsen et al., Phys. Rev. Lett.

105, 213201 (2010)] of target structure-induced suppression of the ionization cross section for low-energy

antiproton-molecular hydrogen collisions is given. To this end a novel time-dependent convergent close-

coupling approach to the scattering problem that accounts for all possible orientations of the molecular

target, has been developed. The approach is applied to study single ionization of molecular hydrogen on

the wide energy range from 1 keV to 2 MeV with a particular emphasis on low energies. Results for the

orientation-averaged total single ionization cross section are compared with available experimental data

and good agreement is found at low (< 20 keV) and high (> 90 keV) energies. A minor discrepancy is

found within a small energy gap near the maximum of the cross section.
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Interest in antiproton-impact ionization of atoms and
molecules has been growing recently [1]. One of the rea-
sons for this development is the relevance of these pro-
cesses to radiotherapy and oncology (see, e.g., Ref. [2] and
references therein). In addition, the precise knowledge of
energy loss by antiprotons due to ionizing collisions is
important to research within the ALPHA Collaboration at
CERN on antihydrogen formation and trapping for testing
the CPT invariance [3] and gravitational behavior of anti-
matter at rest [4–6]. This knowledge is crucial also for the
upcoming Facility for Antiproton and Ion Research (FAIR)
[7] at GSI, where hydrogen is expected to be one of the
dominant residual-gas molecules.

Measurements of the cross section for single nondisso-
ciative ionization of molecular hydrogen have been per-
formed on a wide energy range from 2.4 keV to 1.6 MeV
[8–10]. In particular, Ref. [10] experimentally established
that at very low energies the cross section is suppressed and
falls proportional to the projectile velocity. This was in a
sharp contrast to the behavior of corresponding atomic
cross sections [11–13].

The antiproton-molecular hydrogen collision system is
of great interest from a fundamental point of view as well.
It is the simplest prototype of ion-molecule scattering due
to the relative simplicity of the target and the absence of the
electron capture channel. However, in contrast to antipro-
ton collisions with hydrogen [14] or helium [15] atoms,
collisions with molecular hydrogen represent a greater
challenge to theory due to the existence of additional
degrees of freedom. The lack of spherical symmetry, which
stems from the multicenter nature of the target, represents
an additional challenge for both structure and subsequent
scattering calculations. Consequently, the orientation of
the molecular axis with respect to the direction of the
incident antiproton plays a pivotal role in the reaction
dynamics.

A number of theoretical approaches to the problem have
been developed [16–20]. The complexity of the many-body
Coulomb problem requires the use of certain approxima-
tions. In all available studies the antiproton motion was
treated semiclassically by means of straight-line trajecto-
ries. This approximation iswidely used in ion-atomand ion-
molecule collisions. Its validity was recently demonstrated
for antiproton collisions with atomic hydrogen and helium
using a fully quantum-mechanical approach [21,22]. The
main differences between theoretical approaches to �p col-
lisions withH2 come from approximations made in order to
simplify the description of the molecular hydrogen target.
The earliest approaches employed a spherical effective one-
electron approximation with the use of model potentials
[16,17,19]. The main criteria in these approaches was to
reproduce a reasonable binding energy by tuning model
parameters. Not surprisingly, the approaches that use
spherical potentials formodelingH2 as a one-electron target
are not sensitive to differentmolecular orientations. Despite
some success at high energies all the approaches with the
effective one-electron description of the molecular target
produce total cross sections for single ionization signifi-
cantly larger than experiment at energies below 20 keV.
Recently, following application to the H2

þ molecular ion
[23,24], studies with amore accurate description ofH2 have
been developed where the contributions of both electrons
and both nuclei of the molecular target were taken into
account using the Born-Oppenheimer approximation
[18–20]. The approach of Pindzola and co-workers
[19,20] also allows for two-electron processes, such as the
double ionization of H2 and single ionization leaving the
residual target H2

þ in any of the possible bound states.
However, even these sophisticated approaches do not agree
with experiment at low energies.
Thus, the remarkable result experimentally established

in Ref. [10] about the low-energy suppression of the cross
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section is not only quite unlike the observed behavior of
corresponding atomic cross sections but in a sharp contrast
to the results from the sophisticated theoretical calcula-
tions as well. In their recent review of the state of the art of
antiproton-impact ionization of atoms and molecules, the
authors of Ref. [1] emphasize the fact that even the most
advanced theoretical calculations of ionization of molecu-
lar hydrogen disagree with the low-energy measurements
of Ref. [10] and that the current state of affairs is not
particularly clear. Using a simple adiabatic picture of
ionization it has been suggested [1,10] that the reason for
the suppression of the molecular cross section is due to a
mechanism where, as the projectile comes close to one of
the target nuclei, the closest electron moves toward the
other nucleus, where it can stay bound until the departure
of the projectile. This hints that it is the molecular structure
which causes the suppression. However, the aforemen-
tioned elaborate two-electron molecular calculations have
not been able to confirm the target structure-induced sup-
pression of ionization evidenced by the experimental data.

We aim to resolve this disagreement between theory and
experiment by utilizing a newly developed time-dependent
approach, which is based on the ideas of the convergent
close-coupling (CCC) method [25,26]. A novel and impor-
tant feature of the method is that it accounts for all possible
molecular orientations in an ab initio fully analytic man-
ner. In contrast to the previous implementation of the CCC
method for antiproton-atom collisions based on the exact
time-independent Schrödinger equation for the total scat-
tering wave function [21,22], here we follow the com-
monly used semiclassical formalism [27] and solve the
time-dependent Schrödinger equation for the electronic
part of the total scattering wave function. This is due to
the fact that for atomic collisions involving heavy particles
like antiprotons, the fully quantum-mechanical [22,28] and
semiclassical (see, e.g., Refs. [29,30]) approaches give
practically the same results in the entire energy range of
practical interest, while the former requires significantly
larger computational resources.

We define the laboratory frame where the incoming
antiproton with velocity v is along the Z axis with the
origin at the center of the molecular axis d. In this frame
the relative motion of the antiproton is approximated
with a straight-line trajectory RðtÞ ¼ bþ vt, where the
impact parameter b points along the x axis. We expand
the total (electronic) scattering wave function in terms
of pseudostates �� according to �ðt; r1; r2; b;dÞ ¼P

�A�ðt; b;dÞ expð�i��tÞ��ðr1; r2;dÞ, where r1 and r2
are the position vectors of the electron 1 and 2, respec-
tively, �� is the energy of the pseudostate ��. The expan-
sion coefficients A�ðt;b;dÞ define the probability of
transitions into electronic bound and continuum states.
The pseudostates �� describing the target are constructed
via diagonalization of the H2 Hamiltonian in a set of
antisymmetrized two-electron configurations built from

Laguerre one-electron orbitals. The calculations are per-
formed for each target symmetry characterized by the
projection of the total orbital angular momentum m, parity
�, and spin s. For antiproton scattering from the ground
state of H2, only states with s ¼ 0 are required.
With this representation of the total scattering wave

function the semiclassical Schrödinger equation can be
transformed into a set of coupled-channel differential
equations for the time-dependent coefficients A�ðt; b;dÞ,

i
dA�ðt;b;dÞ

dt
¼ X

�

A�ðt;b;dÞh��jVðt; r1; r2;b;dÞj��i

� exp½ið�� � ��Þt�: (1)

Equation (1) is solved with the initial conditions A�ðt0 ¼
�1; b;dÞ ¼ ��0, as the target is initially in the ground
state �0. The time-dependent interaction of the target
electrons and nuclei with the projectile in the laboratory-
fixed frame is given by

Vðt; r1; r2; b;dÞ ¼ �1=jRðtÞ � d=2j � 1=jRðtÞ þ d=2j
þ 1=jRðtÞ � r1j þ 1=jRðtÞ � r2j:

In contrast to atomic targets, which are spherically
symmetric, for collisions with molecular targets the set
of coupled equations (1) has to be solved for a given
orientation of the molecule specified by vector d. In order
to find orientationally averaged transition probabilities
calculations have to be performed for a large number of
molecular orientations, which is computationally expen-
sive. For this reason, in all previous studies that account for
the multicenter nature of the target, the calculations were
limited to only three orthogonal molecular orientations
[18–20].
We have developed an alternative approach. Briefly, we

express the matrix elements and time-dependent coeffi-
cients in Eq. (1) in the form where their molecular
orientation-dependent parts are factored out according to

A�ðt;b;dÞ ¼
X
��

A�
��ðt; b; dÞD��

�;m�
ð�d; 	d; 0Þ; (2)

h��jVðt; b;dÞj��i ¼
X
��

V ��
��ðt; b; dÞD��

�;m��m�
ð�d; 	d; 0Þ;

(3)

where A�
��ðt; b; dÞ are the probability amplitudes inde-

pendent of the molecular orientation and D��
�;m�

ð�d; 	d; 0Þ
is the Wigner rotation matrix [31]. The expansion indices
are limited by the maximum allowed total orbital angular
momentum.
We substitute the expansion (2) into Eq. (1) and integrate

over all orientations of the molecular axis d, using prop-
erties of the Wigner D functions. After some algebra, the
following coupled differential equations for the molecular-
orientation-independent part of the scattering amplitude
A�

��ðt; b; dÞ can be derived
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i
dA�

��ðt; b; dÞ
dt

¼ X
�

exp½ið�� � ��Þt�
X
LM

A�
LMðt; b; dÞ

�X
sq

2�þ 1

2Lþ 1
CLM
��sqC

Lm�

�m�sm��m�

�V ��
sq ðt; b; dÞ; (4)

with CLM
��sq denoting the Clebsch-Gordan coefficients [31].

This set of equations is solved subject to the initial con-
ditions A�

��ðt0 ¼ �1; b; dÞ ¼ ��0��0��0. This bound-

ary condition now also implies that at infinite distances
the antiproton does not feel the anisotropic nature of the
molecular target.

The present target structure calculations (see below) are
performed utilizing the Born-Oppenheimer approximation
with the internuclei distance fixed at the ground-state
equilibrium value of d ¼ 1:4 a:u:. In this approximation
the orientationally averaged cross section for single ion-
ization of H2 can be found from the amplitude defined in
the expansion (2) with the use of the orthogonality prop-
erties of the Wigner D functions


 ¼ X
�2½���0�

X
��

2�

2�þ 1

Z 1

0
jA�

��ðt ¼ þ1; b; dÞj2bdb:

(5)

The cross section for a particular molecular orientation can
be calculated by combining all A�

��ðt; b; dÞ according to

Eq. (2). The consistency of the results for orientation-
dependent cross sections calculated from solving Eq. (4)
with those that are obtained from direct solution of Eq. (1)
has been checked. Further details of the approach including

the definition of V ��
��ðt; b; dÞ will be given elsewhere.

The calculations presented below have been performed
with Z � vt from �100 to þ100 a:u: at all energies. The
accuracy of the final results for the orientationally averaged
ionization cross section has been checked by performing
calculations with several structure models that differ in
the value of maximum orbital angular momentum lmax

and a number of one-electron Laguerre functions Nl.
Convergence to within 5%, across the entire energy range,
has been achieved with the target model consisting of 674
states, where lmax ¼ 4, Nl ¼ 20� l, and the Laguerre
basis exponential falloff 2. In the present calculations we
have included all H2 target states with the maximum value
of angular momentum projection mmax to be equal to lmax.
To improve the accuracy of calculations, the Laguerre 1s
orbital was replaced with the H2

þ 1s
g state, which is

obtained via diagonalization of the H2
þ Hamiltonian in

the same Laguerre basis. The full set of antisymmetric
two-electron configurations comprises two separate sets.
In the frozen-core (1s, nlm) configurations, one electron is
limited to the 1s orbital of the H2

þ ion, while the other
occupies any of the Laguerre orbitals (nlm). The other set
takes all possible (n0l0m0, nlm) configurations with

principle quantum numbers of Laguerre orbitals n0 and
n � 3. The frozen-core configurations allow for a square-
integrable representation of the target continuum and they
allow for coupling to the ionization channels in the scat-
tering calculations. The primary reason for inclusion of the
(n0l0m0, nlm) configurations is to increase the accuracy in
accounting for electron-electron correlations in the ground
and low-lying excited states. With this basis, the ground-
state energy was �1:164 97 a:u:, which compares well
with the accurate value of �1:1745 [32]. We have also
checked the consistency of the calculations obtained using
the present code with the previous fully quantum-
mechanical results for the helium target [22], by taking
the internuclear separation to zero (i.e., considering He as
the united atom limit of H2).
In Fig. 1 we compare our results for the total cross

section for antiproton impact single-ionization of H2 with
the experiment [8–10], the effective one-electron calcula-
tions of Refs. [16,17], and two-electron calculations of
Refs. [18,20]. The model calculations with an atomic
hydrogenlike description of molecular hydrogen can give
reasonable agreement with experiment at energies above
200 keV. One can see that present calculations that accu-
rately include contributions from all molecular orientations
are in good agreement with all measured data except on a
small energy region from 20 to 90 keV. A comparative
study of effects arising from averaging over all orientations
will be given elsewhere.
After single nondissociative ionization, the residual ions

of H2
þ can dissociate before they reach the detector, pro-

vided they are in the vibrational continuum states. We
estimate the fraction of the H2

þ ions in the vibrational
continuum using the Franck-Condon factors for transitions
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FIG. 1 (color online). The total cross section for single ion-
ization of H2 by antiprotons. Present CCC results are compared
with the experimental data of Refs. [8–10], the one-electron
calculations of [16], and two-electron calculations of Ref. [20]
with (I) and without (II) allowance of excited Hþ

2 states, and the

calculations of Ref. [17,18] with an effective one-electron (I) and
full two-electron (II) treatments of the target.
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from the ground vibrational level ofH2 into the all negative
energy vibrational levels of H2

þ [33]. We get that at most

1.7% of the residual H2
þ ions may dissociate before reach-

ing the detector. A similar estimate gives 0.5% for the D2
þ

ions used in the experiment. Thus, possible excitation of

the vibrational continuum has little influence on the ex-
perimental result.
Though the CCC method gives the correct position of

the maximum in the cross section, the experimental points
exhibit a somewhat sharper maximum. Note that we did
not include the vibrational degree of freedom. We assumed
that the interaction time is much less than the period of
vibrations. However, we have done a series of calculations
with the internuclear distance varying from 0:85d to 1:15d
and got linearly increasing cross sections. Thus the result
presented in Fig. 1 at the equilibrium d is fully equivalent
to the one that would follow from averaging for all possible
internuclear distances. On the other hand, as mentioned
above, for accurate results we had to solve our equations
for Z ranging from �100 to þ100 a:u:, meaning that the
interaction time is comparable with the period of vibrations
in the ground state. Allowing for a time-dependent inter-
nuclear distance may improve the results.
In Fig. 2 we compare the present total cross section for

single ionization of molecular hydrogen with those for
single ionization of helium and atomic hydrogen at low
energies as a function of the projectile velocity. The cal-
culations accurately describe the behavioral change in the
cross sections depending on the target structure as the
velocity diminishes, exhibiting a strong suppression of
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FIG. 2 (color online). The total cross section for single ion-
ization of H2, He, and H by low energy antiprotons. The curves
are the CCC calculations. The experimental data for H are from
Ref. [12], for He from Refs. [11,13], and for H2 from
Refs. [9,10].

FIG. 3 (color online). The electron distribution dynamics in antiproton collisions with H and H2 at 1 keV. The snapshots are taken
at impact parameter b ¼ 1 a:u: and several representative values of Z ¼ vt. The corresponding projectile position is shown by gray
(red online) dots. The protons are shown by black dots.
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the cross section for the molecular target, in agreement
with the data [9,10]. In order to see the differences in
ionization mechanisms for the atomic and molecular tar-
gets we have calculated the distribution of the clouds for
the active electron during the collision process. For this we
first calculated j�ðt; r1; r2; b;dÞj2, integrated over the coor-
dinates of the passive electron r2. Then we integrate over
the y component of the coordinates of the active electron r1
and plot the result in the scattering plane as a function of
the x and z components of r1. For H it was only necessary
to integrate j�j2 over y. The final probability distributions
for each case have been normalized to the highest intensity.
The electron distribution clouds are shown in Fig. 3 at the
lowest velocity (0.2 a.u. corresponding to 1 keV) for anti-
proton collisions with H andH2. The snapshots are taken at
impact parameter b ¼ 1 a:u: and several representative
values of Z ¼ vt as indicated. The dynamics of the elec-
tron distribution for H is similar to the one seen in
Ref. [34]. Differences are due to the fact that our cloud
includes all states, both negative and positive energy ones,
while Ref. [34] plotted only the part corresponding to
ionization. The general feature of the cloud dynamics for
H does not change much at low energies, leading to a
relatively flat cross section as a function of energy com-
mensurate with the Fermi-Teller limit [35]. The second and
third rows in Fig. 3 depict the dynamics of the electron
cloud for H2 when the molecular target is oriented parallel
and perpendicular to the direction of the projectile, respec-
tively. They clearly show that whenever the antiproton
approaches one of the protons, the electron takes a refuge
at the other proton. This makes knocking out the electron
more difficult, leading to suppression of the cross section.
The effect tends to increase with the reduction of the
projectile velocity as the electron has more time to escape.
Therefore, the cross section for H2 falls almost propor-
tional to the velocity. We do not show the orientation when
the target is perpendicular to the scattering plane. The
situation here looks somewhat similar to the H one; how-
ever, as the projectile approaches, the cloud is distributed
symmetrically with respect to the scattering plane. The
results described above support the qualitative explanation
given by Ref. [1].

There is a probability that some momentum will be
transferred directly to one of the protons. This is most
likely to happen when the molecular target is oriented
perpendicular to the direction of the projectile; see Fig. 3.
A simple estimate shows that, say for b ¼ 1 a:u:, an addi-
tional energy of about 1 eV can go to the vibrational states
of Hþ

2 through this mechanism. This means that states

lying within 1 eV lower than the vibrational continuum
may get lifted to the continuum. Then the Frank-Condon
estimate for excitation of the vibrational continuum
increases to 10% (8% for D2

þ). This effect is larger at

smaller impact parameters. However, when calculating
the cross section the transition probability at a given impact

parameter is multiplied by the impact parameter [see
Eq. (5)]. The latter reduces the contribution of the pro-
cesses occurring at small impact parameters. Nevertheless,
it would be interesting to investigate this effect
quantitatively.
In conclusion, we have developed a novel time-

dependent convergent close-coupling approach to the
antiproton-impact ionization of H2, which accounts for
all possible orientations of the molecular target. The
approach is valid at all energies, and significantly improves
the agreement between theory and experiment, though
some discrepancies remain. We have presented the first
quantitative confirmation of the experimentally observed
phenomenon of target structure-induced suppression of the
ionization cross section for low-energy antiproton-
molecular hydrogen collisions.
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