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Ionization of atomic hydrogen by antiproton impact
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~Received 12 November 1999; published 17 May 2000!

The ionization and excitation cross sections of atomic hydrogen with antiprotons are calculated using the
close-coupling method, where the wave function is expanded by atomic states only on protons. The resulting
total cross sections are in good convergence and in agreement with other calculations based on the close-
coupling method with considerably large basis set. The angular distribution of ionized electrons is calculated
by substituting the obtained wave function in the close-coupling method into the integral form of the transition
amplitude. Above 100 keV, the angular distributions of ionized electrons are compared for proton- and anti-
proton impacts.

PACS number~s!: 34.50.Fa
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I. INTRODUCTION

Experimental research using slow antiprotons (p̄) has
been studied at the Antiproton Decelerator~AD! of CERN.
A user group namedASACUSA Collaborationis going to
produce an ultraslowp̄ beam and use it for atomic collision
or spectroscopies at AD@1#. The cross sections for atomi
collisions using a slowp̄ projectile will be measured with
small uncertainties in the near future.

The collision of p̄ with atomic hydrogen is considere
important where a heavy negative-charged particle colli
with the simplest atomic system. For collision energy bel
the ionization threshold, the protonium (p̄p) formation be-
comes dominant. In the present work, we consider collis
energies above 1 keV where the protonium formation is n
ligible and the impact-parameter method is valid@2#. Since
the electron capture does not occur in the case ofp̄ impact,
which greatly differs from thep impact, the expansion of th
wave function in terms of atomic orbitals centered only
protons is likely to work well. While such a calculation wa
reported by Hallet al. @3#, we try to develop a similar ap
proach to the one-center close-coupling~CC! calculation
with larger basis sets. Here we show the cross sections
the ionization and the excitation inp̄1H collisions. The
present total ionization cross section is compared with o
authors’ results with comparatively large-scale calculatio
@3–5,7#. Some partial contributions for the ionization cro
section and the differential cross sections~DCS’s! are shown
with respect to the ejection angle of ionized electrons.
integral form for the transition matrix is adopted to calcula
the DCS’s using the wave function resulting from the C
calculation. In addition, the angular dependencies of ioni
electrons for thep6-impacts are compared above 100 ke
Atomic units are used unless otherwise stated.

II. THEORY

Let R denote the position vector ofp̄ from p. In the
impact-parameter method@2#, the internuclear motion is
classically treated asR5b1vt with impact parameterb, a
collision velocityv that is perpendicular tob, and timet. The
electronic motion is described by the solution of the tim
1050-2947/2000/61~6!/062712~5!/$15.00 61 0627
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dependent Schro¨dinger equation

Fh~r !1V„r ,R~ t !…2 i S ]

]t D
r
Gc~r ,R!50, ~1!

wherer is the position vector of the electron from the proto
andh is the Hamiltonian of atomic hydrogen. The interactio
betweenp̄1H is given by

V521/R11/ur2Ru. ~2!

The total wave function is expanded as

C5(
i

ci~b,t !f i~r !exp~2 i e i t !. ~3!

Here f i is an atomic wave function with energye i , and it
can be written as

f i[fnlm5Snl~r !@~21!mYlm~ r̂ !1Yl ,2m~ r̂ !#/A2~11dm,0!,
~4!

whereYlm are the spherical harmonics. For the coordina
r5(x,y,z), the z-x plane is taken on the collision plane in
volving b andv and thez axis is chosen alongv. Since the
Hamiltonian is symmetric under the reflectiony→2y, and
the electronic state is in the ground state before the collis
the angular part off i is symmetric under the reflection.

The radial functionSnl is expanded using the Sturmia
functions as

Snl~r !5r lexp~2ar !(
k

akn
( l )Lk

2l 12~2ar !, ~5!

whereLk
2l 12 are the associated Laguerre polynomials anda

is an arbitrary constant. The coefficientsakn
( l ) are determined

by the variational calculation for the Hamiltonian of atom
hydrogen. The Sturmian functions for orbital angular m
mentum l contain contributions from all bound and con
tinuum states with the same angular momentum. They
orthogonal and free from overcompleteness, which are o
encountered when using Slater orbitals. In addition, the c
vergence of expansions can be studied in a systematic m
ner with an increasing number of basis functions@8#.
©2000 The American Physical Society12-1



sio

on

r

tiv
ne

m

ve
e-
ed

is

n 11
th
with

hal
are

ill
are

. 1.

asis
the

by
re

th

A. IGARASHI, S. NAKAZAKI, AND A. OHSAKI PHYSICAL REVIEW A 61 062712
By substituting Eq.~3! into the Schro¨dinger equation~1!,
we have coupled equations with respect to the expan
coefficients.

i
d

dt
ci5(

j
exp@ i ~e i2e j !t#^f i uVuf j&cj , ~6!

where

^f i uVuf j&5E dr f* Vf j . ~7!

The above-coupled equations are solved with the initial c
dition ci(b,2`)5d i ,1s . The cross section into statei
[(n,l ,m) is given by

snlm52pE db bPnlm~b!, ~8!

wherePnlm(b)5ucnlm(b,1`)u2 is the transition probability
into statei at impact parameterb. The total cross sections fo
ionization and excitation are calculated by

s ion5(
nlm

8

snlm ~9!

and

sexc5(
nlm

9

snlm , ~10!

respectively. In the above equations,(nlm8 means the sum
over states withenlm>0 and(nlm9 the sum over states with
enlm,0, excluding the initial state.

Though the total ionization cross sections are obtained
a sum of excitation cross sections in the states with posi
energies in the CC calculation, the DCS’s cannot be obtai
with respect to the momentumk for ionized electrons,
namelyds/dk. To overcome this, we use the integral for
for the transition amplitude

Tk~b!52 i E
2`

1`

dt^exp~2 i ekt !fkuVuc&, ~11!

FIG. 1. Convergence behavior in the present calculations for
total ionization cross section. 263 states forl 50 –5 (s), 477 states
for l 50 –8 (n), 699 states forl 50 –8 (h), and 478 states forl
50 –12, m50 –2 (3).
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wherefk is the Coulomb wave function normalized as

^fkufk8&5d~k2k8!. ~12!

c is the total wave function that is approximated by the wa
function in Eq.~3!. This is hereafter referred to as the int
gration method. The differential cross section for the ioniz
electron momentum is given by

ds

dk
5E dbuTk~b!u2. ~13!

III. RESULTS

A. Cross sections for the ionization and the excitation

We set the exponenta50.6 in Eq. ~5!. Four different
basis sets are used in the present study:~a! 263 states forl
50 –5, ~b! 477 states forl 50 –8, ~c! 699 states forl
50 –8, and~d! 478 states forl 50 –12, m50 –2. For the
partial wavel, the typical number of Sturmian functions
152 l for the basis~a! and~b! and 212 l for basis~c! and~d!.
The atomic energies of the hydrogen atoms are better tha
digits for the n51 –3 manifolds. Some of the states wi
negative energies represent the Rydberg states; those
positive energies represent the continuum. All azimut
components allowed for the orbital angular momentum
coupled in the basis~a!, ~b!, and~c!. The contribution from
high m is strongly suppressed for slow collisions, which w
be shown in Sec. III B. Though azimuthal components
restricted up tom52 in the basis~d!, it is actually the largest
basis for low energies.

The present ionization cross sections are shown in Fig
The cross sections in the bases~a!, ~b!, and ~c! are in good
agreement above 25 keV. With decreasing energy, the b
~a! deviates from other cross sections. The results of
bases~b! and ~c! agree well above 2 keV. The basis~d! is
more reliable below 2 keV. The results of the bases~c! and
~d! are in good agreement at 1 keV. Thus the basis~c! shows
good convergence above 1 keV.

The present ionization cross section in the basis~c! is
compared with other calculations and the data measured
Knudsenet al. @9# in Fig. 2. The present cross sections a
tabulated in Table I. Hallet al. included 273 states forl
50–5 in their one-center CC calculation@3#. Schiwietzet al.

e
FIG. 2. Total ionization cross section inp̄1H. calculations:

Present (3), Hall et al. @3# (s), Schiwietzet al. @4# (n), Wells
et al. @5# (h), and CDW-EIS model@7# ( ). Measurement:
Knudsenet al. @9# (d).
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@4# also carried out one-center CC calculation using 3
states@3#. The results of present work, Hallet al., and Schi-
wietz et al., which are calculated using the one-center C
method, are all in good agreement. On the other hand, W
et al. solved the Schro¨dinger equation directly on the three
dimensional lattice@5#. The cross section of Wellset al. is
about 10% larger than that of one-center CC calculatio
which is consistent with their estimation. Discussion on
accuracy of the lattice calculations are found in Refs.@5# and
@6#. The CDW-EIS calculation@7#, which is a high-energy
approximation, is valid only above 100 keV. The data m
sured by Knudsenet al. @9#, which have large error bars fo
lower collision energies, differ considerably from the resu
of CC calculations. The new measurements of cross sect
in p̄1H are being awaited.

Figure 3 displays the excitation cross sections inton52
and 3 sublevels, the total ionization cross section, and
total excitation cross section. The excitation cross secti
also show good convergence among the present four b
sets. They agree well with the excitation cross sections
Hall et al. @3#. As for the total cross sections for excitatio
and ionization, they are comparable around 100 keV, and

TABLE I. The present cross sections are given in 10216 cm2

for the ionization ofp̄ impact and for the electron removal ofp
impact, which are calculated by the CC method or by the integ
tion method.

p̄ impact p impact

Energy~keV! CC Integration CC Integration

1 1.17
2 1.26
5 1.37 1.80
10 1.40
25 1.39 1.50
50 1.25 1.32 2.70 3.16
100 1.00 1.00 1.44 1.49
200 0.68 0.67 0.78 0.78
500 0.34 0.34 0.35 0.35

FIG. 3. The excitation cross sections inton52 and 3 manifolds,
and total cross sections for the ionization and the excitation. Pre
(3); Hall et al. @3# (s).
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ionization is dominant for low energy, owing to the char
cancellation of target protons by the close collision ofp̄.

B. Partial dependencies in the ionization cross sections

The impact-parameter dependencies for the excitation
ionization for energies at 5 and 100 keV are shown in Fig
respectively. We can notice from the figure that the pro
abilities for the excitation have a longer tail than those
the ionization. The ionization probabilities are dominant
small impact parameters.

Figure 5 shows the fractions of partial wavesl and the
azimuthal componentsm for the ionization cross sections a
1 keV and 100 keV. There is a good convergence withl at
100 keV. On the other hand,l convergence is not so good fo
1 keV; however, the contributions obtained by assign
high values ofm decrease rapidly. Therefore the states
having higher values ofl with smaller values ofm need to be
considered for slow collision. It means that the electro
cloud spreads considerably along the incident direction
its distortion in the perpendicular direction is relative
small. The negligibility of highm is useful in reducing the
amount of calculation at low energy, since the computat
for slow collision is time consuming owing to the oscillatio
of exp(iDet)5exp(iDe/vv̂•R) in Eq. ~6!.

-

nt

FIG. 4. Impact-parameter dependencies of transition proba
ties at 5 and 100 keV for the ionization and the excitation. To
ionization by the CC method ( ). Total excitation by the CC
method (•••). Total ionization by the integration method in Eq
~11! (s).

FIG. 5. The fraction of partial contributions in the ionizatio
cross sections ion at 1 and 100 keV.~a! The fraction for each partia
wavel, s l /s ion •s l5(nm8 snlm . ~b! The fraction for each azimutha
component,sm /s ion . sm5(nl8snlm .
2-3
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C. DCS with respect to the electron ejection angle

We calculated the ionization cross section forp̄1H using
the integration method in Eq.~11! for several collision ener-
gies between 5 and 500 keV. The total wave function
approximated using the CC calculation in the basis~c!. The
Coulomb wave function is expanded in terms of part
waves up tol 58.

If the wave function with the CC calculation is suffi
ciently exact, the two calculations, namely the CC and
integration method, should give the same ionization cr
sections. The ionization cross sections that were calcul
using the two methods are tabulated in Table I. The t
methods revealed a reasonable agreement above 25
however, disagreement is comparably large at 5 keV.
impact-parameter dependence calculated with the integra
method is also included in Fig. 4. The probability for 5 ke
is larger than 1 at small impact parameter. On the other h
the CC calculation, in which the unitarity is automatica
satisfied, is in good convergence, and its impact-param
dependence would be reliable even at 5 keV. However,
use of such a wave function in the integration method m
lead to too large of a cross section for low energy, which
often the case with perturbation methods. Thus the inte
tion method requires higher accuracy for slow collision.

The DCS’s with respect to the electron ejection angl
are shown in Fig. 6 for the collision energies between 25
200 keV. The backward ejections are prominent for low
energies. The DCS’s in the forward direction are small
100 and 200 keV, where the collision velocity is faster th
the orbital velocity of atomic hydrogen.

The electron removal cross section inp1H are also in-
cluded in Table I to verify the validity of the present integr
tion method for thep impacts. Since the charge-transf
channels are neglected in the present CC calculation,
wave function is not accurate for energies where the elec
capture is tolerable in the removal cross section. The con
bution of the electron capture is about 10% in the elect
removal at 100 keV@10#.

Figure 7 shows the comparison of the DCS ofds/du for
p6 impacts for collision energies 100, 200, and 500 ke

FIG. 6. The differential ionization cross sectionsds/dVk for

25–200 keV inp̄1H collisions.
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respectively. Hereu denotes the electron ejection angle. T
DCS of the CDW-EIS model calculated in the present wo
is also included for comparison@11#. the cross sections fo
p6 impacts become similar with increasing energy, as
pected. The agreement of DCS’s between the present
gration method and the CDW-EIS model is surprising forp̄
impact, because the CDW-EIS model is a simple distort
wave method. As for thep impact, the DCS’s of the integra
tion method, which include the electron capture, are sligh
larger for small angles than those of the CDW-EIS mode
100 and 200 keV. The peaks ofds/du for thep impacts are
located at smaller angles than those of thep̄ impacts. The
difference in the DCS for the ejection angle is simply e
plained by the postcollision interaction, namely, the inter
tion after the projectile passes through the target proton.
electrons are pulled in the forward direction for thep impact
and pushed back in the opposite direction for thep̄ impact.

IV. SUMMARY

The cross sections forp̄1H collisions are calculated us
ing the one-center CC method with pseudostates abov
keV. The total cross sections for excitation and ionizati
have shown good convergence in terms of results. The i
gral form for the transition matrix is used to calculate t
differential cross sections with respect to the ionized elect
momentum. The total ionization cross sections of the in
gration method are too large at low energies due to the
tarity violation at small impact parameter. It gives reasona
cross sections above 25 keV for thep̄ impact and above 100
keV for thep impact. Owing to the postcollision interaction
the electron tends to be ionized in the incident direction
the p impact and emitted in larger angles for thep̄ impact.

FIG. 7. The comparison of differential cross sectionsds/du for
p61H collisions for energies 100 keV, 200, and 500 keV, resp

tively. u is the electron ejection angle.p̄ impact: present integration
method ( ); CDW-EIS model (s). p-impact: present integra
tion method (•••); CDW-EIS model (d).
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