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Fragmentation of positronium in collision with He atoms: A classical theoretical approach

L. Sarkadi*
Institute of Nuclear Research of the Hungarian Academy of Sciences (ATOMKI), H-4001 Debrecen, P.O. Box 51, Hungary

~Received 15 January 2003; published 10 September 2003!

The classical trajectory Monte Carlo method was applied to the description of the fragmentation of the
positronium ~Ps! in collision with He atoms. The collision system was simplified to a three-body system
consisting of the electron and the positron of the Ps, as well as the He atom that was considered as a
structureless particle. The interaction of thee2 and e1 with the He was approximated by a static, fully
screened Coulomb potential. The calculations were carried out for collision energies 13, 18, 25, and 33 eV. The
obtained total break-up cross sections and the longitudinal energy distributions of the emitted positrons were
compared with the recent experimental results of Armitageet al. @Phys. Rev. Lett.89, 173402~2002!#. The
present theory overestimates the measured cross sections by a factor of 1.6–2.5, but it correctly reproduces the
peak found by Armitageet al. in the positron spectra at about half of the residual Ps energy.
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I. INTRODUCTION

Recently Armitageet al. @1# reported the first measure
ment of the absolute breakup cross sections for the fragm
tation of the positronium~Ps! in collision with He atoms in
the energy range between 13 and 33 eV. In addition to
measurement of total cross sections, they determined als
longitudinal energy distributions of the emitted positrons
remarkable feature of the obtained positron spectra is a p
appearing just below 50% of the residual Ps energy (Eres
5EPs26.8 eV). The peak was interpreted as an analogy
the electron loss to the continuum~ELC! peak appearing in
the energy spectrum of the electrons ejected in the forw
direction in ion-atom~atom-atom! collisions. In the latter
collisions the cusp-shaped peak is centered at an energy
corresponds tove5vp ~hereve andvp are the velocities of
the electron and projectile, respectively!, i.e., the peak is
formed by those electrons that travel together with
projectile.

Because of the large similarity between the positron em
sion following the collisional fragmentation of the Ps and t
ELC process, in the following we briefly summarize th
main properties of the cusp-electron emission in atom
collisions.

The above-mentioned ELC process may take place w
the projectile ion~atom! has bound electron~s!. During the
collision the projectile may lose its electron~s! with a small
kinetic energy as a result of ionization by the target ato
The electrons originating from the projectile are cente
aroundve5vp in the spectrum measured at forward angl
An other related process leading to a cusp in the elec
spectrum is a special kind of ionization of the target by
projectile, calledelectron capture to the continuum~ECC!.
ECC can be viewed as a continuation of the electron cap
into high-lying bound states~Rydberg states! of the projectile
over the ionization threshold.

The phenomenon of the electron cusp has received m
attention in the physics of energetic ion-atom collisions sin
its discovery@2#. The great interest is explained by its pro
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erties of fundamental importance. Both ELC and ECC le
to the population of the low-energy continuum states arou
the projectile, i.e., the formation of the cusp is athreshold
phenomenon@3,4# which is governed by the Wigner thresh
old law @5#. Another general feature of the cusp is that it is
result of final-state interaction between the emitted elect
and the outgoing projectile~see, e.g., Ref.@6#!. The theoret-
ical description of the cusp is a great challenge. The prop
ties of the peak~intensity, width, asymmetry, etc.! are
strongly affected bythree-bodyeffects due to the interaction
between the three collision fragments~electron, target, and
projectile! in the outgoing phase of the collision@7#.

For collisions involving positrons, the first pioneering e
perimental study of the cusp phenomenon was carried ou
Kövér and Laricchia@8#. These authors bombarded a m
lecular hydrogen target with 100-eV positrons, and detec
the scattered positrons and the ejected electrons in co
dence. The observation angle for both particles was 0°
broad peak appearing in the coincident energy spectrum
the electrons provided clear evidence for the existence of
electron capture to the continuum states of the positron p
jectile. ~More correctly, in this case one should call this pr
cess as ‘‘mutual capture of the electron and positron i
each other’s continuum states.’’! The observation was fol-
lowed by several theoretical investigations@9–12#. The the-
oretical interest towards the positron-induced ECC can
explained by the fact that the kinematics of the collision
positron projectile is completely different compared to th
of the heavy-particle projectile. For ion~atom! impact the
deflection of the projectile is negligibly small, and therefo
the ECC events are concentrated around 0°. Furtherm
the energy loss of the projectile is also negligible in this ca
This leads to a pronounced cusp atve5vp in the direction of
the incident beam. On the contrary, for positron impact
kinematics is much more complicated, the projectile scat
to large angles, and its energy loss is not negligible. T
resulting cusp is not so sharp, and it is distributed ove
large angular range. This means that for the theoretical
scription of the positron-induced ECC the inclusion of t
full three-body kinematics is even more crucial than f
heavy particles.

In the experiment of Ko¨vér and Laricchia@8#, the ECC
©2003 The American Physical Society06-1
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L. SARKADI PHYSICAL REVIEW A 68, 032706 ~2003!
peak for positron impact was found to be centered in
electron spectrum also at about half of the residual ene
Eres/2 ~in this caseEres5Ee12I , where I is the ionization
energy of the target!. This suggests a similarity between th
positron-induced ECC process and the formation of the p
itron peak observed by Armitageet al. @1# in the collisional
fragmentation of the Ps. Searching for a common feature
the regarded collisions, we may assume that in both ca
highly excited bound states of the Ps can be formed:
positron impact the positron may capture a target elec
into states of high principal quantum number, while for t
collisions of the Ps with atoms the excitation of the Ps m
lead to such states. Since there is a smooth transition
tween the bound and continuum states, we may also ass
capture or excitation tounboundPs states. If the energy o
such states is small@with respect to the center of mass~c.m.!
of the Ps#, then the relative motion of thee2 and e1 is
primarily determined by their mutual interaction, and it
less affected by the field of the target—we may speak ab
the continuum states of the Ps in this sense. The small r
tive energy of thee2 and e1 means that the two particle
share the residual energy equally, i.e., their kinetic ene
with respect to the target isEres/2.

Armitageet al. @1# compared their measured total break
cross sections with the predictions of two theories: T
model of Biswas and Adhikari@13# based on the Born ap
proximation, and the coupled-state calculations carried
by Blackwoodet al. @14#. Good agreement was found wit
the latter theory. However, the authors could not compare
obtained longitudinal energy distributions of the emitted p
itrons with theory, because there were no existing calcu
tions. In this paper we report on a work in which different
properties of thee2 and e1 emission following the colli-
sional breakup of the Ps have been determined by usin
classical theoretical approach, namely, theclassical trajec-
tory Monte Carlo~CTMC! method.

II. THEORY

In the description of the collisions of the Ps with He a
oms we considered the He atoms as structureless parti
i.e., we assumed that the fragmentation of the Ps is prima
determined by the dynamics of three particles: thee2 ande1

of the Ps and the ground-state He atom. This simplificat
~that can be justified by the ‘‘compact’’ character of the H
atom due to its large first excitation energy and ionizat
potential! also means that we neglect any inelastic effe
due to virtual and real excitations of the He target during
fragmentation. As a further consequence of considering
target as a structureless particle is that the exchange inte
tion between the electrons of the He and the electron of
Ps cannot be included in the model.

In a Ps-centered reference frame the fragmentation of
Ps due to its collisions with He atoms can be viewed as
ionization of the Ps atom by the impact of He projectile
The description of the breakup of the Ps in thereversed
collision system He→Ps ~instead of considering the direc
collision system Ps→He) has the advantage that in this ca
the process is an analogy of the ionization of atoms
03270
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heavy-particle impact. On the basis of this analogy, one
treat the problem of the collisional break-up of the Ps
using the theoretical methods worked out for the descript
of the heavy-particle-induced ionization of atoms. Let
consider the simplest case, the ionization of the H atom b
structureless heavy particle. If in a model developed for
latter process the three-body kinematics is taken into acco
exactly, one can use the same model for the calculation
ionization cross sections for the He→Ps system, simply by
replacing the H target atom by the Ps. Performing such
culations, final breakup cross sections for the Ps→He colli-
sions are obtained by transforming the ionization cross s
tions to the projectile-centered reference system.

In this work we used the three-dimensional, three-bo
version of the CTMC method@15,16# for the description of
the He→Ps collision. Details of our procedure applying th
CTMC method to the treatment of various atomic collisio
processes can be found in previous works@17–22#, therefore,
here we summarize only the main points of the theory. T
method is based on a numerical solution of Newton’s cla
cal equations of motion under randomly chosen initial co
ditions. From the point of view of the present investigatio
CTMC has the particularly important advantage that
three-body dynamics of the collision is exactly treated by
method.

Since our CTMC computer code is applicable to partic
of arbitrary masses, we could use it for the Ps target a
without any modifications. We note that the present stud
problem of the energy distribution of the emitted positro
following the fragmentation of the Ps is related to the pro
lem of the momentum distribution of therecoil ions in
atomic collisions: The role of the recoil ion following th
ionization of the Ps is played by the positron. In a previo
work @22# we successfully applied CTMC to the interpret
tion of the results of a recoil-ion experiment@23#.

The equations of motion were solved with the followin
interactions between the three particles. Thee2 and e1 of
the Ps interacted through a pure, attractive Coulomb fo
Concerning the interaction of thee2 ande1 with the struc-
tureless He projectile, we expressed it in the form of a sta
fully screened Coulomb potential~in atomic units!:

V~r !5q
ZP~r !

r
. ~1!

Hereq51 or 21 for interaction with thee1 or e2, respec-
tively. The screened nuclear chargeZP(r ) of the neutral He
atom was deduced from the model potential developed
Greenet al. @24# on the basis of Hartree-Fock calculation
This latter potential determines the interaction energy of
electron in an atom or ion, and has the following gene
form:

V~r !5q
Z2~N21!@12V~r !#

r
, ~2!

whereN is the number of the electrons in the atom~ion!, Z is
the nuclear charge, and
6-2
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FRAGMENTATION OF POSITRONIUM IN COLLISION . . . PHYSICAL REVIEW A68, 032706 ~2003!
V~r !5$~h/j!@exp~jr !21#11%21. ~3!

h andj are parameters determined by energy minimizati
The interaction energy between thee2 and the neutral He
atom can be obtained by applying Eq.~2! to the (e21He)
system, i.e., forZ52 andN53. This yields

V~r !5q
2V~r !

r
. ~4!

Comparing Eqs.~1! and ~4!, we have

ZP~r !52 V~r !. ~5!

From Eq.~3! one can see thatZP(r ) takes the nuclear charg
of the He at the origin,ZP(0)52. For r @r c[1/j the
screened nuclear charge vanishes exponentially,ZP(r )
}exp(2jr), i.e., the potential defined by Eq.~1! has a short
interaction range. In our calculations we usedh andj values
given by Garveyet al. @25#, h51.067 andj51.188.

We note that the use of a potential of the same form
the e2 and e1 is probably a rough approximation. In add
tion to the electron-electron exchange effect, in our mo
we also neglect the dynamical polarization of the He ato
This latter effect is expected to be different for thee2 and
e1, leading to a further asymmetry in the strength of t
interaction. However, we emphasize the model characte
the present calculations. Equation~1! with the screened
nuclear charge~5! gives account of the main features of th
interaction of thee2 and e1 with the He atom: The two
interactions are of opposite sign, close to the nucleus of
atom they are Coulombic, and far from the nucleus th
vanish exponentially.

Concerning the choice of the random initial paramete
we followed the general procedure proposed by Reinh
and Falco´n @26#. The integration of the motion was started
a distance of about 100 a.u. between the projectile and
c.m. of the Ps. After the collision the check of the conditio
for the exit channels~excitation, ionization! was made also a
a separation of about 100 a.u. To fully account for the po
collision interaction effects, in the ionization channel the
tegration of the trajectories was continued over distan
of 105 a.u.

The number of collision events considered in the simu
tion at a given incident Ps energy was typically 105. For the
differential analysis of the fragmentation process~depen-
dence on the emission energy and angle of thee2 ande1)
106 trajectories were required, in order to achieve a satis
tory statistical accuracy. In CTMC the transformation of t
results from the reversed collision system to the direct on
simple: One has to perform a velocity transformation on
trajectories.

By using the standard procedure of CTMC, from t
transformed trajectory data we determined the total
breakup cross sections

s'2p
bmax

Ntraj
(

j
bj

( i ) , ~6!
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cross sections differential with respect to the longitudin
energy of the emitted positrons,

ds

dEz
'2p

bmax

NtrajDEz
(

j
bj

( i ) , ~7!

and cross sections differential with respect to the energy
angle of the emittede2 ande1,

d2s

dE dV
'

bmax

NtrajDE~cosqmin2cosqmax!
(

j
bj

( i ) . ~8!

In the above expressionsNtraj is the total number of trajec
tories calculated in the impact-parameter range (0,bmax). bj

( i )

is the actual impact parameter when the criterion of the i
ization is fulfilled—in Eq.~6! without any further condition,
in Eq. ~7! with the condition that the longitudinal positro
energy is betweenEz and Ez1DEz (Ez is defined as1

2 vz
2 ,

wherevz is the projection of the velocity of the positron on
the direction of the incident Ps beam!, and in Eq.~8! with the
condition that thee2 or e1 is emitted with an energy and
polar angle that lie in the intervals (E,E1DE) and
(qmin ,qmax), respectively.

III. RESULTS AND DISCUSSION

In Fig. 1 the total breakup cross sections obtained by
present CTMC calculations for Ps→He collisions are com-
pared with the experimental data and other theoretical p
dictions. The present theory overestimates the measured
by a factor between 1.6 and 2.5, depending on the Ps ene
Interestingly, the shape of the CTMC curve is very similar
that obtained by Biswas and Adhikari@13# in the Born ap-
proximation: Both theories predict the maximum of th
breakup cross section to occur atEPs'20 eV, in disagree-
ment with the coupled-state theory of Blackwoodet al. @14#

FIG. 1. Total breakup cross sections for Ps-He collisions a
function of the Ps energy. Experimental data: full circles, Armita
et al. @1#. Theories: solid line, CTMC~this work!; dashed curve,
Born approximation~Biswas and Adhikari@13#!; dash-dotted line,
coupled-state theory~Blackwoodet al. @14#!.
6-3
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FIG. 2. Longitudinal energy distributions o
the positrons emitted in Ps-He collisions forEPs

513, 18, 25, and 33 eV. The experimental da
~full circles, Armitageet al. @1#! are normalized
to the maxima of the theoretical curves calculat
by the present CTMC model. The normalizatio
factors are 3, 2, 2, and 1.3 forEPs513, 18, 25,
and 33 eV, respectively. The vertical dotted lin
shows the expected peak positionEres/2.
-

s-
nt
a

th
C
C

itr

ic
te
en
th
en
r
r

w

in

n

r

ny
her
id-
y a

m
lso
el
am
ting

ri-
eV
Ps
u-
art
with
The
o a

-
the
he
that shows a maximum atEPs'32 eV. The experiment sup
ports the latter theory.

In Fig. 2 the longitudinal energy distributions of the po
itrons are compared with the corresponding experime
data for Ps energies 13, 18, 25, and 33 eV. Since we
mainly interested in the shapes of the distributions, in
figure the experimental data are normalized to the CTM
cross sections at the maxima of the distributions. CTM
seems to give a correct description of the measured pos
spectra. It reproduces the peak occurring atEres/2, support-
ing in this way the mechanism similar to ELC in atom
collisions. The width and asymmetry of the peak predic
by CTMC show a reasonable agreement with the experim
A remarkable achievement of this simple model is that in
calculated distributions one can observe the same tend
as in the measured ones: With decreasing collision ene
the peak becomes less pronounced and even disappea
EPs513 eV.

One can see from Fig. 2 that the measured peaks sho
shift from the expected position to lowere1 energies. The
shift can be understood considering that these longitud
energy spectra are integrated distributions over thee1 emis-
sion angle, and assuming that the angular distribution is
sharply peaked at 0°. Armitageet al. @1# estimated from the
observed shifts that the breakup positrons are probably
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leased within an angle of 20° at higher Ps energies.
The CTMC results show also a shift of the peak atEPs

518 eV, but forEPs525 and 33 eV one cannot observe a
shift of the calculated peaks. However, there is anot
source of the shift of the peak position that was not cons
ered in the calculations. The experiment was carried out b
Ps beam having an energy spread of about 5 eV@full width at
half maximum ~FWHM!#. The energy spread of the bea
gives rise not only to a broadening of the peak, but a
to a shift. This is demonstrated in Fig. 3 by our mod
calculations carried out for the case of the 18 eV be
energy. We simulated the experimental Ps beam consis
of nine monoenergetic components with energiesEPs
514,15, . . . ,22 eV. Weassumed a Gaussian intensity dist
bution of the components with a maximum energy of 18
and a FWHM of 5 eV. We ran the CTMC code for each
energy. The obtained longitudinal positron energy distrib
tions are displayed in the upper part of Fig. 3. The lower p
of the figure shows the average of the spectra calculated
the Gaussian intensity weights of the beam components.
convolution with the energy profile of the Ps beam leads t
further shift of the peak~in addition to the effect of the finite
angular distribution! due to the fact that the low-energy com
ponents contribute to the sum with larger intensities than
high-energy ones. According to Fig. 3, the inclusion of t
6-4
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FRAGMENTATION OF POSITRONIUM IN COLLISION . . . PHYSICAL REVIEW A68, 032706 ~2003!
energy spread of the Ps beam in the calculations resulted
significant improvement in the description of the measu
distribution.

For a better understanding of the collisional fragmentat
of the Ps, in Fig. 4 we plotted the doubly differential cro
section~DDCS! values obtained by CTMC for thee1 and
e2 emission in a three-dimensional logarithmic represen
tion. The incident Ps energy is 18 eV. The distribution
both particles has the form of saddle surface, having
minimum around 90° and two maxima at 0° and 180°. T
e1 emission is confined to a small angular range in the f
ward direction. The DDCS values steeply decrease ab
20°, in agreement with the estimation of Armitageet al. @1#.
The peak at 180° is very small, the probability of thee1

emission in the backward direction is smaller by two ord
of magnitude than in the forward direction. On the contra
for e2 the backward emission is more enhanced, though
directional asymmetry is not so large in this case: Along
ridge of the distribution the DDCS values depend on
weakly on the emission angle.

On the basis of Fig. 4 we may outline the following pi
ture of the Ps fragmentation. The collision of the Ps with

FIG. 3. The effect of the energy spread of the Ps beam on
longitudinal energy distribution of the positrons ejected in 18
Ps-He collisions. Upper part: distributions calculated by the pres
CTMC model for EPs514,15, . . . ,22 eV. Lowerpart: solid line,
weighted average of the calculated distributions; full circles, exp
mental data of Armitageet al. @1#.
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He can be viewed as a scattering of quasifreee2 ande1 on
the target atom. The different energy and angular depende
of the DDCS seen in the figure for thee2 ande1 emissions
indicates that the two particles scatter differently. The dom
nant scattering of thee1 in the forward direction means tha
this particle is emitted viasoft binary collisions with the
target characterized by small momentum transfer. The dep
dence on the emission energy is mainly determined by
initial velocity distribution~the Compton profile! of the e1

in the Ps. On the contrary, the distribution seen in Fig. 4
thee2 emission can be attributed tohard binary collisions of
thee2 with the target in which the large momentum trans
leads to large-angle scatterings. Particularly, the peak at 1
can be explained as the result of a backscattering of the
sifree electrons from the He atom. The soft collision of t
e1 and the hard collision of thee2 occurring simultaneously
with the target mean that the fragmentation of the Ps ta
place predominantly via the interaction of thee2 with the He
atom, and in the process thee1 plays only the role of a
spectator particle.

The question arises: Why thee2 and e1 behave differ-
ently in the fragmentation process? A possible answer to
question is as follows. In the range of the regarded imp
energies the collision is adiabatic. When the Ps approac

e

nt

i-

FIG. 4. The dependence of the DDCS on the emission ene
and angle of the positrons~upper part! and the electrons~lower
part! for 18 eV Ps-He collisions~present CTMC results!.
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L. SARKADI PHYSICAL REVIEW A 68, 032706 ~2003!
the target, the motion of thee2 and e1 is distorted by the
increasing interaction between these particles and the
atom. The Ps becomes polarized: thee1 is repelled and the
e2 is attracted by the screened Coulomb field of the targ
As a result of the polarization, on average thee2 stays closer
to the target nucleus than thee1, i.e., the probability that the
e2 undergoes hard collisions with the He atom increas
This means that the breakup of the Ps takes place domina
via the impulsive ejection of thee2. The e1 interacts with
the target mainly in distant, soft collisions, which leads
breakup with smaller probability.

A decisive check of the present CTMC model would
the measurement of the longitudinal energy distribution
the emitted electrons, in the same way as it was done for
positron emission in the experiment by Armitageet al. @1#.
CTMC predicts a significant difference between the distrib
tions belonging to thee2 ande1 emissions. This is shown in
Fig. 5 where we plotted our CTMC results forEPs518 and
33 eV. In the longitudinal energy distributions of the ele
trons one can also observe a peak, but it is less pronou
and significantly shifted fromEres/2. For EPs518 eV the
peak is only a small hump sitting on a steep background
low-energy electrons. The enhancement of the low-ene
part of the spectrum~in comparison with the positrons! is
due to the enhanced electron emission at angles around
~see Fig. 4!, considering that the longitudinal velocity com

FIG. 5. Calculated longitudinal energy distributions of the po
itrons ~solid line! and electrons~dashed line! ejected in Ps-He col-
lisions for EPs518 eV ~upper part! and 33 eV~lower part!. The
vertical dotted line shows the expected peak positionEres/2.
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ponent of those electrons is close to zero. The small peak
be explained by the maxima of the DDCS appearing at
and 180°. The dominant contribution to the peak comes fr
the backward electron emission.

For EPs533 eV the difference between the distributio
for the two particles is smaller. One may expect that w
increasing Ps energy thee22e1 difference disappears com
pletely. This means that the energy and angular depend
of the DDCS seen in Fig. 4 for thee2 emission will probably
be similar to that seen for thee1 emission. For high impac
energies the picture of quasifree scattering of thee2 ande1

on the He target is better founded. The polarization of the
by the target is negligible in this case, both thee2 ande1 are
expected to be released predominantly in the forward dir
tion with mean energyEres/2 and with an energy distribution
determined mainly by the initial velocity distribution~the
Compton profile! of the particles in the Ps.

As it was discussed in Sec. II, one of the most questi
able approximations applied in the present model is the
of the potential given in Eq.~1! for the interaction of thee2

and e1 with the He target atom. The detailed study of th
problem is outside the scope of the present work. Never
less, an interesting question emerges about as how s
tively the CTMC results depend on the parameters of
potential. One expects a strong dependence on thej param-
eter that determines the interaction length by the relations
r c51/j, therefore we checked the sensitivity of the model
this parameter. We changed the value ofj from 1.188 to 2
~i.e., reduced the interaction lengthr c from 0.841 to 0.5 a.u.!,
and repeated the calculations forEPs518 and 33 eV.

As a result of using a shorter interaction length the cr
sections reduced significantly, as is seen in Fig. 6 where
gitudinal energy distributions obtained from the calculatio
with r c50.841 and 0.5 a.u. are plotted. In parts~a! and~b! of
the figure~positron emission! we also plotted the experimen
tal data, but now without normalizing them to the theoretic
cross sections. Comparing the distributions belonging tor c
50.841 and 0.5 a.u., one may conclude that the main
tures predicted by CTMC for the fragmentation of the
remain the same when the interaction length is changed.
33 eV impact energy the shapes of the distributions are
most identical. The shapes of the spectra are also simila
EPs518 eV, although the peak in the positron spectrum o
tained forr c50.5 a.u. is less pronounced and shows a lar
shift compared to the peak belonging to the longer inter
tion length. The same behavior can be observed for the s
hump in the electron spectrum at 18 eV impact energy.

The use of a shorter interaction length resulted in a c
siderable improvement of the present model regarding
reproduction of theabsolutevalues of the measured singl
differential cross sections. This indicates that for the tre
ment of the Ps1 He collisions, one probably cannot useh
and j values that were determined by atomic structure c
culations. However, the uncertainty of the calculated cr
sections is large due to the applied approximations~classical
treatment, three-body approximation, neglect of the
change effect, the dynamical polarization of the He targ
etc.!. Therefore, from the present CTMC results it is hard
draw any firm conclusions on the potential.

-
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FIG. 6. Longitudinal energy distributions o
the positrons@panels~a! and ~b!# and electrons
@panels~c! and~d!# ejected in Ps-He collisions fo
EPs518 eV @panels~a! and ~c!# and 33 eV@pan-
els ~b! and~d!#. The curves are results of CTMC
calculations carried out with different values o
the interaction length for the potential given b
Eq. ~1!: solid line, r c50.841 a.u.; dashed line
r c50.5 a.u. For positron emission the expe
mental data of Armitageet al. @1# are also plotted
~full circles!.
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Finally, we briefly discuss the limitations of the prese
model. In the past three decades a considerable effort
been devoted to clarify the background and the domain
validity of the CTMC method in the field of ion-atom colli
sions ~see, e.g., Refs.@27–30#!. It is a commonly accepted
view that CTMC is particularly suitable for the treatment
the collisions in the range of intermediate velocitiesv
;1 a.u.), i.e., in the case of large perturbations. The app
priate quantum-mechanical description in this velocity ran
is the coupled-channel method. This latter approach is, h
ever, limited in practice by basis-set incompletness. On
other hand, below and above the ionization maximum
quantum-mechanical perturbation theories give a better
scription than CTMC in those cases when the ionization
an atom is induced by a small perturbation. For a given c
lision system the strength of the perturbation can be cha
terized by the transferred momentum and the impact par
eter. Typically, for weak perturbations the ionization proce
is characterized by small momentum transfers and/or la
impact parameters. Under such conditions the ioniza
takes place predominantly via nonclassical dipolelike tran
tions, consequently, for weak perturbations CTMC under
timates the ionization cross sections@29#.

Concerning the present study, the velocity range is id
03270
t
as
f

o-
e
-

e
e
e-
f
l-
c-
-

s
e
n
i-
s-

al

for the use of CTMC. The impact parameters which give
dominant contribution to the breakup cross section of the
are typically smaller than~or comparable to! the Bohr radius
of the Ps. The perturbation is large, in the impulsive co
sions large amount of momentum is transferred on averag
the electron ~positron!. Accordingly, the application of
CTMC is well justified.

A serious limitation of the present model is that it is
three-body approximation to the full, five-body collisio
problem. The improvement of the model by including t
electrons of the He target in the calculations would not be
easy task due to the fact that multielectron atoms are cla
cally unstable with respect to autoionization~see, e.g., Ref.
@31#!. Regarding also the nonclassical effect of the electr
electron exchange, a complete description of the proces
expected only by quantum-mechanical calculations. In t
respect it is interesting to compare the present CTMC mo
with the coupled-state theory of Blackwoodet al. @14#. The
latter theory is a complete description in that sense tha
includes all the five particles and all interactions betwe
them. The expansion of the collision wave function conta
22 Ps states and one He state. Among the Ps states the
19 pseudostates for the representation of the continuum
the Ps. The description of He by one state~the 1s state!
6-7
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implies that—like in our model—the excitation and ioniz
tion of the target~real or virtual! are excluded in the calcu
lations. Blackwoodet al. @14# used their model for the cal
culation of total ~integrated! scattering cross sections
According to Fig. 1, the predictions of the coupled-sta
model for the total ionization cross section are in good agr
ment with the experiment. However, Blackwoodet al. @14#
did not determinedifferentialcross sections for the fragmen
tation of the Ps, therefore one cannot compare the pe
mance of the two models in reproducing the longitudin
energy distributions of the positrons measured by Armita
et al. @1#. It is a question whether the model of Blackwoo
et al. @14# is suitable for the calculation of differential cros
sections. In ion-atom collisions it has been realized rece
~see, e.g., the review by Kirchneret al. @32#! that in coupled-
states calculations the representation of the continuum
pseudostates leads to spurious oscillations of the excita
amplitudes. Furthermore, it is a further question whether
number of the pseudostates used by Blackwoodet al. @14# is
sufficient to reproduce the rapid changes of the DDCS fo
in the present CTMC calculations for the emission of t
positrons and electrons~see Fig. 4!.

IV. CONCLUSIONS

A three-body version of the CTMC method was applied
the present work to interpret the experimental data obtai
by Armitage et al. @1# for the fragmentation of the Ps i
collisions with He atoms. The calculations were carried
for collision energies 13, 18, 25, and 33 eV. The model s
ys

.J

to

03270
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nificantly overestimates the total break-up cross sections
the same time, it correctly reproduces the peak observe
the experimental longitudinal energy distribution of the em
ted positrons atEres/2, supporting the idea of a peak forma
tion mechanism similar to ELC in atomic collisions.

The dependence of thee2 and e1 ejection on the emis-
sion energy and angle was also investigated. A stronge2-e1

asymmetry was found for the doubly differential cross s
tions at low impact energies. This behavior was explained
the polarization of the Ps atom in the incoming phase of
collision. The asymmetry is expected to diminish at hi
impact energies.

According to the calculations, a significante2 – e1 dif-
ference is expected to occur also in the longitudinal ene
distributions of the ejected particles. CTMC predicts a pe
also in the electron spectrum, but it is less pronounced
shows a larger shift fromEres/2 than the corresponding pea
in the positron spectrum. An experiment is suggested
which the longitudinal energy distribution of the electro
emitted in the fragmentation of the Ps would be measure
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