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Convergence and completeness of the pseudostate expansion for proton-hydrogen collisions
in two-center close-coupling calculations

Nobuyuki Toshima
Institute of Applied Physics, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan

~Received 28 August 1998!

The completeness and convergence of the pseudostate representation of continuum states are studied for
ionization of atomic hydrogen by proton impact within the framework of the two-center atomic-orbital close-
coupling method. Three types of two-center expansions are compared: Pseudocontinuum states are used~a!
both on the target and on the projectile,~b! only on the target, and~c! only on the projectile. Satisfactorily
consistent ionization cross sections are obtained for the three expansions at intermediate energies, though the
latter two show much slower convergence. This implies that pseudocontinuum states on a center can comple-
ment the states on another center to some extent even though they are localized. Expansion~c! fails to converge
at high energies within a realistic CPU time, while both treatments~b! and~c! reveal a deficiency arising from
the lack of symmetry at low energies below a few keV. The converged theoretical ionization cross sections are
larger than the available experimental data by 20% at a collision energy of 50 keV.@S1050-2947~99!00303-0#

PACS number~s!: 34.50.Fa, 34.70.1e
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I. INTRODUCTION

It is a standard procedure to use square-integrable pse
continuum states@1,2# for the representation of ionizatio
channels in the two-center close-coupling calculations@3#
because real continuum states, which have finite overlap
bound states on the opposite center even in the limit of i
nite separation, give rise to an essential difficulty in the
terpretation of transition probabilities after the collision h
finished. The close-coupling formalism is based on the va
tional principle@2,4# so that the addition of a new basis fun
tion should always lead to improvement of the trial wa
function and hence we expect that the usage of pseudo
tinuum states on both the centers is a better description
the usage only on a single center. Despite this expecta
the two-center atomic-orbital close-coupling formalism po
sesses inherent problems even for the simplest systemp
1H(1s).

One problem is the instability of individual excitation an
capture cross sections that occurs when pseudocontin
states are used on both centers@5#. Kuang and Lin@6# attrib-
uted the instability to the simultaneous use of pseudoc
tinuum states on the two centers and proposed to use t
only on one center following the work of Slim and Ermola
@5#. Their interpretation, however, was unable to clarify t
following nature of the cross sections. When pseudoc
tinuum states are used only on the target, excitation c
sections are stable and well behaved, but capture cross
tions remain unstable. If one uses pseudocontinuum st
only on the projectile instead, excitation cross sections
come unstable. It is not possible to make both excitation
capture cross sections stable simultaneously by this pres
tion. Another embarrassing point is that their ionization cro
section forp1H(1s) collisions seems to have converged
a different value from the cross section of the full two-cen
calculations. Furthermore, both of the two theoretical ioni
tion cross sections disagree with the measured values@7,8#
PRA 591050-2947/99/59~3!/1981~7!/$15.00
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around a collision energy of 50 keV, where the ionizati
cross sections take their maximum values.

Toshima@9# showed that the unphysical oscillatory stru
tures of the cross sections as a function of energy is cau
by a strong coupling between bound and pseudocontinu
states belonging to different centers. The discreteness o
pseudocontinuum states enhances the coupling excess
when the momentum matching occurs with a bound state
evidence of this interpretation it was demonstrated that
spurious structure tends to be less prominent as the de
of the pseudocontinuum states becomes higher since the
plings with adjacent pseudocontinuum states averages
coupling with the matched state. This interpretation a
clarifies why only excitation cross sections are stable
pseudocontinuum states are used only on the target. The
nificance of the strong coupling induced by the moment
matching had been recognized before by Readinget al. @10#
in their charge-transfer calculations based on a single-ce
expansion. They proposed another procedure to remedy
difficulty arising from the discreteness of the pseudoco
tinuum states. In theirmethod of deltas, the average is taken
over each energy interval between adjacent pseudo
tinuum states.

Mathematically, atomic eigenstates on a single center
form a complete set and we do not need any continuum s
on another center for the representation of an ionization p
cess. Simultaneous usage of wave functions on different c
ters may bring about an unfavorable problem of overco
pleteness. This is not the case for the practical numer
calculations, in which we can use a limited, too small to
called complete, number of basis functions for the exp
sion. The addition of basis functions to another center ac
erates the convergence of the expansion drastically, as
been often demonstrated in the calculations of quan
chemistry. When the collision velocity is smaller than t
typical orbital velocity of the active bound electrons, th
electronic state during the collision can be simulated well
an adiabatic molecular orbital. It is generally recognized t
1981 ©1999 The American Physical Society
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a single-center expansion of a diatomic-molecule electro
wave function is not satisfactory unless one uses a h
number of basis functions. In addition, usage of pseudoc
tinuum states only on one center violates the reflection s
metry of the wave function for symmetric systems such
p1H(1s).

In this paper we study the convergence problem of
two-center expansion for the pseudostate representatio
the semiclassical impact parameter close-coupling form
ism. Three types of expansions are used to see quantitat
the completeness of the pseudocontinuum states: the
two-center expansion~a! in which pseudocontinuum state
are used on both the centers and the reduced two-cente
pansions~b! and ~c! in which pseudocontinuum states a
used only on the target or on the projectile, respective
similarly to Kuang and Lin@6#. To supplement the calcula
tions we also make a comparison with the single-center
pansion, which was recently revived by Fordet al. @11#.
Atomic units are used unless otherwise stated.

II. NUMERICAL METHOD

The numerical procedure of the present close-coup
method is the same as the one used in previous pa
@12,13#. The relative motion of the heavy particles is d
scribed classically by a rectilinear trajectory with a const
velocity v in the impact-parameter representation. The tim
dependent two-center electronic wave function is expan
in a standard way as

C~r ,t !5(
i 51

NT

ai~ t !c i
T~rT ,t !1 (

i 5NT11

N

ai~ t !c i
P~r P ,t !,

~1!

wherec i
T(rT ,t) andc i

P(r P ,t) are the target and the projec
tile atomic orbital with appropriate electron translation fa
tors attached andrT , r P , andr are the electron coordinate
measured from the target nucleus, the projectile nucleus,
the coordinate origin, respectively. The quantization axis
the atomic states is chosen to be perpendicular to the c
sion plane so that the set of wave functions with quant
numbersl 1m even is decoupled from the set withl 1m
odd. The initial state being the ground state withl 5m50,
we couple only the states withl 1m even. The eigenfunc
tions of each center are further expanded in terms of
Gaussian-type orbital~GTO! basis functions as

wnlm~r !5(
n

cn
nl e2anr 2

r l Yl m~ r̂ !, ~2!

where the nonlinear parametersan are generated as a mod
fied geometrical progression and the coefficientscn

nl are de-
termined so as to diagonalize the atomic Hamiltonian of
target and the projectile. It is not essential for the pres
study whether the basis functions are constructed from
Gaussian or the Slater orbitals. Although the bound states
also represented approximately as a linear combination
GTOs, the energy eigenvalues are accurate enough to re
the states as exact.

Substitution of the wave function~1! into the scattering
Schrödinger equation gives coupled differential equatio
ic
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which are solved numerically at each impact parameter w
sufficient care to keep the overall numerical inaccuracy c
fined to cross sections smaller than 1023 after integrating the
transition probabilities over the impact parameters. In or
to achieve this level as a whole, the inaccuracy in each s
has to be much smaller than the total standard. For insta
since all the integrals associated with the coupling ma
elements are obtained analytically owing to the advantag
the GTO representation, the accuracy of the matrix eleme
is always better than ten digits. The differential equations
solved by the Runge-Kutta-Verner method with 1026 accu-
racy.

III. RESULTS

Hereinafter we classify the basis functions by the num
of states on each center. For instance, T197P50 denotes
it contains 197 states on the target and 50 states on the
jectile. We have the following cases.

~a! Full two-center expansion. The present author has re
ported some calculations of the full two-center expansion
proton-hydrogen collisions in previous papers. Among th
the largest basis set, though ionization cross sections are
shown in the paper, is T161P161, which consists of
bound states and 111 pseudocontinuum states withl <4 on
each center@9#. To see whether the contribution ofl 55
states is small enough, calculations are done adding 3h
states on each center~T197P197!. The ionization cross sec
tions of the two basis sets are compared in Table I. T
difference is about 1% at the lowest energy of 1 keV a
decreases as the collision energy increases. At 50 keV, w
the ionization cross sections become largest, the differenc
less than 0.3%. As a further check of the convergence
making the energy spacings between adjacent pseudo
tinuum states smaller, even larger basis set T289P289 ca
lations are executed at three energies near the cross-se
maximum point and the cross sections are also shown
Table I. This set contains 112 bound states and 177 pse
continuum states on each center and all the energy levels
shown in Table II. The cross sections of T289P289 are cl

TABLE I. Ionization cross sections in cm2 for p1H(1s) at 50
keV.

E ~keV! T161P161 T197P197 T289P289

1 5.220310220 5.161310220

2 3.681310219

4 2.603310218 2.630310218

7 9.831310218

15 4.471310217 4.548310217

25 1.087310216 1.097310216 1.074310216

35 1.558310216 1.570310216

50 1.782310216 1.787310216 1.778310216

75 1.634310216 1.638310216

100 1.395310216 1.396310216 1.376310216

150 1.032310216 1.036310216

200 7.612310217 7.750310217

400 4.085310217 4.108310217

800 2.277310217 2.288310217
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TABLE II. Energy levels of the 289 basis functions.

l 50 l 51 l 52 l 53 l 54 l 55 l 56

20.5000
20.1250 20.1250
20.0555 20.0555 20.0555
20.0312 20.0312 20.0312 20.0312
20.0200 20.0200 20.0200 20.0200 20.0200
20.0139 20.0139 20.0139 20.0139 20.0139 20.0139
20.0102 20.0102 20.0102 20.0102 20.0102 20.0102 20.0102
20.0078 20.0078 20.0078 20.0078 20.0078 20.0078 20.0078

0.0067 0.0040 0.0099 0.0124 0.0149 0.0113 0.00
0.0247 0.0188 0.0391 0.0508 0.0653 0.0603 0.04
0.0603 0.0487 0.1041 0.1422 0.1994 0.2059 0.16
0.1281 0.1063 0.2413 0.3515 0.5477 0.6322 0.58
0.2539 0.2138 0.5249 0.8268 1.4569 1.8999 2.02
0.4837 0.4114 1.1086 1.9127 3.8763
0.8991 0.7713 1.3375 4.4284
1.6451 1.4260 2.3158
2.9814 2.6201 4.8373
5.3774 4.8119
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to those of T197P197. We have also compared the trans
probabilities of the three sets as a function of the imp
parameter and verified that they are hardly distinguishabl
a plotted figure.

~b! Pseudocontinuum states only on the target. At first the
pseudocontinuum states on the projectile are removed f
the basis sets that were used for the full two-center calc
tions before. Generally, the ionization cross sections
tained are smaller than those of the full two-center calcu
tions by 10–15 % at a peak energy of 50 keV, in agreem
with the results of Kuang and Lin@6#. For example, the
T197P56 basis set gives 1.548310216 cm2. However, we
realized that the ionization cross sections increase furt
though rather slowly, if we add more pseudocontinuu
states on the target; the previous calculations did not ach
convergence. It is important to notice that we need lar
angular-momentum states to make the expansion conve
if we use the pseudocontinuum states only on a single ce
In Table III we show how the ionization cross section a
collision energy 50 keV increases for an increasing ma
mum number of the angular momentum. At higher energ
the contribution of the large-angular-momentum compone
becomes less important and we can obtain more easily c
sections consistent with the full two-center calculations. T
largest calculations T462P20, which includes 35 bou
states withn51 –5 and 427 pseudocontinuum states w
l 50 –8 on the target and 20 bound states withn51 –4 on
the projectile, requires much longer CPU time th
T161P161. If we add then55 bound states on the projecti
~T462P35! to make the number of the bound states on e
center equal, the CPU time becomes even longer, tw
longer than that of T462P20. An interesting feature we fou
is that the convergence is improved and accelerated if we
a small number of pseudocontinuum states on the projec

~c! Pseudocontinuum states only on the projectile. The
convergence behavior is similar to case~b! at low energies.
When the collision energy is not higher than 50 keV, nea
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the same number of pseudocontinuum states are neede
convergence as in case~b!. Namely, T20P462 calculation
give ionization cross sections similar to T462P20 at low e
ergies. If we add some pseudocontinuum states on the ta
the convergence is also improved greatly. The different
ture from expansion~b! is that the convergence becom
quickly worse at high energies. When the projectile veloc
is much larger than the average velocity of the target ini
bound electron, only high-lying pseudocontinuum sta
matching in momentum with the target initial state can
excited and the distribution of the partial cross sections te
to spread to larger angular momenta.

We compare the transition probabilities of the five calc
lations, T462P20, T197P69, T197P197, T69P197, a
T20P462 at 50 keV, where the 69-state set consists o
bound states ofl 50 –3 and 29 continuum states ofl
50 –1. Figure 1 shows three of them. We do not present
probabilities of T462P20 and T20P462 there since th
are almost identical to the total ionization probabiliti
of the other three calculations. Integrated ionization cr

TABLE III. Ionization cross sections of expansion~b! in cm2

for p1H(1s) at 50 keV. Pseudocontinuum states are included o
on the target center.

l max Basis function Ionization cross section

5 T197P56 1.548310216

6 T218P20 1.574310216

T361P20 1.642310216

7 T258P20 1.616310216

T283P20 1.650310216

T399P20 1.711310216

8 T417P20 1.713310216

T440P20 1.719310216

T462P20 1.733310216
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sections of the five basis sets are 1.733310216,
1.761310216, 1.787310216, 1.752310216, and 1.748
310216 cm2, respectively. We see that only the partition
the ionization into the two centers changes, keeping the t
sum of the ionization probabilities nearly invariant. This im
plies that the physical interpretation of ionization to the t
get or to the projectile continua is insignificant, as it is for t
real continuum states that spread over both centers. W
the collision energy is not high, the ionized electron enco
ters both nuclei while leaving their Coulomb forces. Such
continuum state possesses more or less a two-center ch
ter and thus the single-center expansion based on squ
integrable functions does not work effectively. High-angul
momentum partial waves are required if we try to expan
localized distribution in terms of wave functions of a diffe
ent center. The distribution of partial cross sections at
keV are plotted as a function of angular momentuml in Fig.
2. It is clearly demonstrated that the distribution extends
larger angular momenta when we expand the electronic w
function only by single-center pseudocontinuum states
Table IV all the energy levels of the largest 462-state ba
set are shown. As easily recognized, the state densitie
l >3 are chosen to be higher than those of the 289-s
basis set. A high density forl >3 is needed to get goo
convergence for expansions~b! and ~c!.

As the collision energy increases the effective interact

FIG. 1. Ionization probabilities as a function of the impact p
rameterb at a collision energy of 50 keV.b is in atomic units.
Dotted lines and dashed lines are the components of the ioniza
to the target and to the projectile pseudocontinuum states, res
tively, and solid lines are the total sum. The figures are
T197P69, T197P197, and T69P197 in order from top to bottom
al
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time between the projectile and the electron becomes s
and the wave functions of the electron tends to show
single-center nature around the target. The distribution c
tered on the target corresponds to a wave packet mo
with a velocity v if it is described in the projectile frame
Only high-lying pseudocontinuum states on the projec
can represent such a wave packet at high energies. Sinc
energy spacings between discretized continuum states
come larger as the energy eigenvalue increases as show
Tables II and IV, it quickly becomes difficult to represent th
target-centered continuum states only by the projec
pseudocontinuum states.

Before and after the collision the target and the projec
atoms are separated far from each other so that the overla
localized wave functions of different centers is negligib
small. In this situation all the basis functions are orthogo
and none of them can be replaced by other members.
fact that the same ionization probabilities and cross sect
are obtained at low and intermediate energies whichever
ter the pseudocontinuum states are placed on indicates
the ionization is determined in a confined region where wa
functions on different centers have a sizable overlap with
linear dependence on each other. This is also the reason
reliable ionization cross sections can be obtained us
square-integrable pseudocontinuum states.

Some of present theoretical ionization cross sections
compared with measured values@7,8# in Fig. 3. All the two-
center calculations show satisfactory mutual agreement
low 200 keV. T20P462 underestimates the ionization cr
section above 200 keV and quickly becomes worse as
collision energy increases because this basis set does
contain abundantly high-lying continuum states that are
quired for the momentum matching. At 400 keV the ioniz
tion cross section of T20P462 is 4.272310218 cm2, which
is smaller than the other theoretical values by one orde
magnitude. If we add high-lying matching states to it, t
ionization cross section increases to 3.156310217. Although
the value is improved drastically, it is still smaller than th
other theoretical values. For better agreement we need b
functions of larger angular momental .8. In T462P0 the
same pseudocontinuum states are used as in the two-c

-

on
ec-
r

FIG. 2. Distribution of partial ionization cross sections as
function of the angular momentum at a collision energy of 50 ke
The solid line with circles is for T462P20 and the long-dashed l
with triangles is for T20P462. The dotted line with crosses and
short-dashed line with squares are, respectively, the target-ce
and the projectile-center components of T197P197 calculations
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TABLE IV. Energy levels of the 462 basis functions.

l 50 l 51 l 52 l 53 l 54 l 55 l 56 l 57 l 58

20.5000
20.1250 20.1250
20.0555 20.0555 20.0555
20.0312 20.0312 20.0312 20.0312
20.0200 20.0200 20.0200 20.0200 20.0200

0.0020 0.0041 0.0041 0.0037 0.0021 0.0086 0.0046 0.0032 0.0
0.0415 0.0162 0.0235 0.0157 0.0134 0.0229 0.0163 0.0172 0.0
0.1404 0.0247 0.0273 0.0336 0.0310 0.0455 0.0352 0.0464 0.0
0.3764 0.0617 0.0732 0.0605 0.0586 0.0821 0.0668 0.1107 0.2
0.9205 0.1280 0.1631 0.1010 0.1024 0.1422 0.1210 0.2581 0.5
2.1517 0.2460 0.3382 0.1626 0.1732 0.2424 0.2157 0.6089 1.6
4.9205 0.4557 1.3569 0.2571 0.2884 0.4120 0.3847 1.4784 4.6

11.175 0.8287 2.7067 0.4032 0.4782 0.7027 0.6916
1.4955 5.4446 0.6310 0.7945 1.2084 1.2608
2.6966 11.105 0.9887 1.3280 2.1021 2.3418
4.8815 1.5559 2.2394 3.7095
8.9036 2.4633 3.8187
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calculations~T462P20!. The single-center calculations giv
overestimated cross sections below 100 keV and the
agreement with other theoretical cross sections beco
more serious as the collision energy decreases. This tend
was reported by Fordet al. @11# before. When projectile
states are not included in the basis set at all, the target
tinuum states try to compensate for the projectile wave fu
tions. Fordet al. claimed that their ionization cross sectio
should be regarded as an electron-removal cross section
contains both ionization and electron capture. We show
Fig. 4 the electron-removal probability of the single-cen
calculations at 1 keV. For comparison we also show

FIG. 3. Ionization cross sections forp1H(1s) collisions. The-
oretical cross sections: solid line, T161P161; long-dashed l
T462P20; short-dashed line, T20P462; dotted line, single-ce
calculations of T462P0; cross, T20P496 in which matching-ene
states for 400 keV are added to T20P462. Experiment: solid squ
and solid circles with error bars are from Shah and Gilbody@7# and
Shahet al. @8#, respectively.
s-
es
cy
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hat
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e

electron-capture probabilities of the two-center calculatio
T197P197. Evidently, the ionization~electron-removal!
probability of the single-center calculation bears a close
semblance to that of the electron capture of the two-ce
calculation, though the absolute values are rather differ
The shape of the ionization probability curve of T197P197
singly peaked and quite different from the other two both

e,
er
y
es

FIG. 4. Top: ionization~electron removal! probability of the
single-center calculation of T462P0.b is in atomic units. Bottom:
electron capture probability of the two-center calculati
T197P197. Both are for a collision energy of 1 keV.
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TABLE V. Excitation and capture cross sections of T197P197 in cm2 for p1H(1s) at low energies.

E ~keV! Cross section 2s 2p 3s 3p 3d

1 excitation 4.863310219 2.281310217 1.944310220 2.479310219 2.113310219

capture 4.741310219 2.286310217 2.065310220 2.463310219 2.096310219

4 excitation 5.064310218 3.258310217 1.457310219 1.249310218 2.257310218

capture 4.525310218 2.644310217 6.199310220 1.393310218 2.040310218
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shape and in magnitude. Since the real ionization probab
is several orders of magnitude smaller than the electr
capture probability, it does not affect the shape of
electron-removal probability of the single-center expansi
From this comparison we see that the target pseudo
tinuum states can also simulate projectile bound states.

Near the peak position of 50 keV, all the two-center c
culations are well converged. Nevertheless, the theore
cross sections are generally larger than the measured v
@7,8# by 20% there. It is not easy to specify the cause of t
disagreement from the theoretical side. We just state tha
measurements are not absolute but the cross sections are
malized to the Born cross section at a high energy.
should comment also on a fact that some previous clo
coupling calculations showed better agreement with the m
surements. If we use an insufficient number of pseudoc
tinuum states, the ionization cross sections are gene
underestimated and we happen to see better agreemen
instance, if we truncate the expansion~b! at l 55 as we do
for T197P56, the ionization cross section obtained beco
much closer to the measurements.

Toshima@12# pointed out that the contribution of the pro
jectile pseudocontinuum is not negligible even at the M
region and explicit inclusion of those states in the two-cen
close-coupling basis set makes the ionization cross sec
larger than the Born cross sections. We also confirmed
finding in the present calculations. However, ionization cr
sections are dependent on the choice of projectile pse
continuum states. If one of the eigenenergies of the projec
pseudocontinuum states is located near the matching en
the contribution of the projectile continua is drastically e
hanced and the population of the target continua is also
creased through a back coupling. As a result, the total
ization cross exceeds that of the Born approximation by 1
or so at 1 MeV. If all the pseudocontinuum states stay
away from the matching energy, the obtained ionizat
cross section is smaller than the Born cross section. For
ample, the matching energy is 16 a.u. forE5800 keV.
Since the highest eigenenergy of the basis set of T161P
~see@9#! is 3.54 a.u., the momentum matching does not oc
for this basis set at 800 keV and as a result the ioniza
cross section does not exceed the Born cross section
ty
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310217 cm2. As discussed by Toshima@9#, the discrete-
ness, which is more prominent for high-lying pseudoco
tinuum states, may enhance the population of the match
projectile continuum states excessively. Although the ioni
tion cross sections are probably overestimated when mom
tum matching occurs with target bound states, it is still
open question whether the real ionization cross section
larger or smaller than the Born cross section at high energ

We have been mainly interested in the ionization cro
sections so far. There is one important thing to note about
symmetry between the excitation and the capture cross
tions. When the collision energy is low enough to neglect
electron translation factor, the excitation cross section t
target state with quantum numbers (n,l ,m) should be equal
to the capture cross section to the projectile state with
same quantum numbers. At such a low energy, the electr
state is well approximated by the molecular orbital of H2

1 .
The initial state H(1s) is expressed as a sum of 1ss and
2ps states with equal weights 1/A2. The lowest state 1ss
departs from other molecular states quickly as the inter
clear distanceR decreases while the 2ps state increases an
tends to correlate to other excited states@2#. Since the energy
differences between the 1ss state and the others are ve
large, 1ss contributes little to transitions to excited molec
lar states and only the other counterpart 2ps can induce
transitions. The target and the projectile ground states
equally populated in the 2ps molecular state so that trans
tion probabilities to a target state and a projectile state w
the same quantum numbers (n,l ,m) become equal. We can
see this tendency clearly in Table V in which excitation a
capture cross sections at low energies are compared fo
basis set T197P197. However, if we use an asymmetric b
set, the symmetry is inevitably broken to some extent.
place of T462P20 we here use T462P35, which contains
equal number of bound states on each center, to see the e
arising only from the asymmetry of the continuum states.
shown in Table VI, the asymmetry is more serious f
smaller cross sections. If we use pseudocontinuum st
only on the target, we can get more easily stable excita
cross sections at intermediate collision energies, but the s
metry breaking instead introduces inconsistency to the r
TABLE VI. Excitation and capture cross sections of T462P35 in cm2 for p1H(1s) at low energies.

E ~keV! Cross section 2s 2p 3s 3p 3d

1 excitation 4.162310219 2.280310217 1.930310220 1.849310219 2.180310219

capture 5.102310219 2.299310217 2.621310220 1.811310219 2.050310219

4 excitation 5.389310218 3.234310217 1.581310219 1.316310218 2.286310218

capture 4.504310218 2.712310217 6.803310220 1.403310218 1.982310218
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tion between the excitation and capture cross sections. W
a pair of cross sections differ from each other by a la
amount, at least one of them is incorrect.

In the close-coupling formalism all the states used for
expansion are fully coupled so that an error arising from
broken symmetry between excitation and capture cross
tions may introduce an unfavorable effect to the ionizat
cross sections. The symmetry of the molecular pseudoc
tinuum states constructed from asymmetric basis function
also broken. However, it is rather difficult to estimate qua
titatively how large the effect is on the ionization cross s
tions. Further investigation is needed for the influence of
broken symmetry on the ionization processes.

IV. SUMMARY

Three types of two-center expansions are investigated
performing large-scale close-coupling calculations
proton-hydrogen collisions. The basis functions are increa
until convergence is achieved and satisfactorily consis
en
e
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n
n-
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-
-
e

y
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ed
nt

ionization cross sections are obtained for the three exp
sions in the energy region below 200 keV. The pseudoc
tinuum states constructed from the square-integrable fu
tions by the diagonalization of atomic Hamiltonians can
regarded as complete for the description of the ionizat
process in this energy region. The expansion in which
pseudocontinuum states are used only on the projectile
to converge at high energies within a realistic CPU time.
the other hand, at the low-energy region below a few ke
the symmetry between the excitation and capture cross
tions is broken if we use pseudocontinuum states only on
center. The full two-center expansion achieves converge
most easily and hence the required CPU time is much sho
than that of the other two expansions.
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