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Fragmentation of positronium in collision with He atoms: A classical theoretical approach
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The classical trajectory Monte Carlo method was applied to the description of the fragmentation of the
positronium (P9 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 the and e™ 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 Armitagal. [Phys. Rev. Lett89, 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 Armitaget al. in the positron spectra at about half of the residual Ps energy.
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[. INTRODUCTION erties of fundamental importance. Both ELC and ECC lead
to the population of the low-energy continuum states around
Recently Armitageet al. [1] reported the first measure- the projectile, i.e., the formation of the cusp ighaeshold
ment of the absolute breakup cross sections for the fragmemhenomenori3,4] which is governed by the Wigner thresh-
tation of the positroniungP9 in collision with He atoms in  old law[5]. Another general feature of the cusp is that it is a
the energy range between 13 and 33 eV. In addition to theesult of final-state interaction between the emitted electron
measurement of total cross sections, they determined also tlaad the outgoing projectilésee, e.g., Ref.6]). The theoret-
longitudinal energy distributions of the emitted positrons. Aical description of the cusp is a great challenge. The proper-
remarkable feature of the obtained positron spectra is a peales of the peak(intensity, width, asymmetry, efc.are
appearing just below 50% of the residual Ps enerBys( strongly affected byhree-bodyeffects due to the interactions
=Eps— 6.8 eV). The peak was interpreted as an analogy obetween the three collision fragmen(electron, target, and
the electron loss to the continuuiELC) peak appearing in  projectile in the outgoing phase of the collisigi].
the energy spectrum of the electrons ejected in the forward For collisions involving positrons, the first pioneering ex-
direction in ion-atom(atom-atom collisions. In the latter perimental study of the cusp phenomenon was carried out by
collisions the cusp-shaped peak is centered at an energy th&bver and Laricchia[8]. These authors bombarded a mo-
corresponds te.=v, (herev, andv, are the velocities of lecular hydrogen target with 100-eV positrons, and detected
the electron and projectile, respectively.e., the peak is the scattered positrons and the ejected electrons in coinci-
formed by those electrons that travel together with thedence. The observation angle for both particles was 0°. A
projectile. broad peak appearing in the coincident energy spectrum of
Because of the large similarity between the positron emisthe electrons provided clear evidence for the existence of the
sion following the collisional fragmentation of the Ps and theelectron capture to the continuum states of the positron pro-
ELC process, in the following we briefly summarize the jectile. (More correctly, in this case one should call this pro-
main properties of the cusp-electron emission in atomicess as “mutual capture of the electron and positron into
collisions. each other’s continuum state$.The observation was fol-
The above-mentioned ELC process may take place whelowed by several theoretical investigatioi®s-12]. The the-
the projectile ion(atom has bound electrdg). During the  oretical interest towards the positron-induced ECC can be
collision the projectile may lose its electi@hwith a small  explained by the fact that the kinematics of the collision for
kinetic energy as a result of ionization by the target atompositron projectile is completely different compared to that
The electrons originating from the projectile are centeretf the heavy-particle projectile. For iofatom impact the
aroundv=v, in the spectrum measured at forward anglesdeflection of the projectile is negligibly small, and therefore,
An other related process leading to a cusp in the electrothe ECC events are concentrated around 0°. Furthermore,
spectrum is a special kind of ionization of the target by thethe energy loss of the projectile is also negligible in this case.
projectile, calledelectron capture to the continuu@ECC).  This leads to a pronounced cuspgt=uv , in the direction of
ECC can be viewed as a continuation of the electron capturghe incident beam. On the contrary, for positron impact the
into high-lying bound stateRydberg statgf the projectile  kinematics is much more complicated, the projectile scatters
over the ionization threshold. to large angles, and its energy loss is not negligible. The
The phenomenon of the electron cusp has received muatesulting cusp is not so sharp, and it is distributed over a
attention in the physics of energetic ion-atom collisions sincdarge angular range. This means that for the theoretical de-
its discovery[2]. The great interest is explained by its prop- scription of the positron-induced ECC the inclusion of the
full three-body kinematics is even more crucial than for
heavy particles.
*Email address: sarkadil@atomki.hu In the experiment of Keer and Laricchia[8], the ECC
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peak for positron impact was found to be centered in théneavy-particle impact. On the basis of this analogy, one can
electron spectrum also at about half of the residual energyreat the problem of the collisional break-up of the Ps by
E,od2 (in this caseE,s~E.+—1, wherel is the ionization using the theoretical methods worked out for the description
energy of the target This suggests a similarity between the of the heavy-particle-induced ionization of atoms. Let us
positron-induced ECC process and the formation of the possonsider the simplest case, the ionization of the H atom by a
itron peak observed by Armitagat al. [1] in the collisional  structureless heavy particle. If in a model developed for the
fragmentation of the Ps. Searching for a common feature ofatter process the three-body kinematics is taken into account
the regarded collisions, we may assume that in both caseactly, one can use the same model for the calculations of
highly excited bound states of the Ps can be formed: foionization cross sections for the HePs system, simply by
positron impact the positron may capture a target electromeplacing the H target atom by the Ps. Performing such cal-
into states of high principal quantum number, while for theculations, final breakup cross sections for the-fr¢&e colli-
collisions of the Ps with atoms the excitation of the Ps maysions are obtained by transforming the ionization cross sec-
lead to such states. Since there is a smooth transition béions to the projectile-centered reference system.
tween the bound and continuum states, we may also assume In this work we used the three-dimensional, three-body
capture or excitation tenboundPs states. If the energy of version of the CTMC methofll5,1€ for the description of
such states is smdlwvith respect to the center of mag&sm,)  the He—Ps collision. Details of our procedure applying the
of the P§, then the relative motion of the™ ande* is CTMC method to the treatment of various atomic collision-
primarily determined by their mutual interaction, and it is processes can be found in previous wdrké—22, therefore,
less affected by the field of the target—we may speak aboutere we summarize only the main points of the theory. The
the continuum states of the Ps in this sense. The small relamethod is based on a numerical solution of Newton'’s classi-
tive energy of thee™ ande* means that the two particles cal equations of motion under randomly chosen initial con-
share the residual energy equally, i.e., their kinetic energylitions. From the point of view of the present investigations
with respect to the target i§,.42. CTMC has the particularly important advantage that the
Armitageet al.[1] compared their measured total breakupthree-body dynamics of the collision is exactly treated by the
cross sections with the predictions of two theories: Themethod.
model of Biswas and Adhikafil3] based on the Born ap- Since our CTMC computer code is applicable to particles
proximation, and the coupled-state calculations carried oudf arbitrary masses, we could use it for the Ps target atom
by Blackwoodet al. [14]. Good agreement was found with without any modifications. We note that the present studied
the latter theory. However, the authors could not compare thproblem of the energy distribution of the emitted positrons
obtained longitudinal energy distributions of the emitted pos{ollowing the fragmentation of the Ps is related to the prob-
itrons with theory, because there were no existing calculalem of the momentum distribution of thescoil ions in
tions. In this paper we report on a work in which differential atomic collisions: The role of the recoil ion following the
properties of thee™ ande™ emission following the colli- ionization of the Ps is played by the positron. In a previous
sional breakup of the Ps have been determined by using work [22] we successfully applied CTMC to the interpreta-
classical theoretical approach, namely, thassical trajec- tion of the results of a recoil-ion experimefis3].
tory Monte Carlo(CTMC) method. The equations of motion were solved with the following
interactions between the three particles. Eheande® of
the Ps interacted through a pure, attractive Coulomb force.
Il. THEORY Concerning the interaction of tre ande™ with the struc-
In the description of the collisions of the Ps with He at- tureless He projectile, we expressed it in the form of a static,
oms we considered the He atoms as structureless particldlly screened Coulomb potentigh atomic units:
i.e., we assumed that the fragmentation of the Ps is primarily
determined by the dynamics of three particles:e¢heande™ Zp(r)
of the Ps and the ground-state He atom. This simplification V(n=g——. @
(that can be justified by the “compact” character of the He
atom due to its large first excitation energy and ionizationHereqzl or —1 for interaction with thee* or e~, respec-

potentia} also means that_ we neglect any inelastic _eﬁeCt§ively. The screened nuclear chargg(r) of the neutral He
due to virtual and real excitations of the He target during theatom was deduced from the model potential developed by
fragmentation. As a further consequence of considering thgy eenet a1, [24] on the basis of Hartree-Fock calculations.

target as a structureless particle is that the exchange interagpis |atter potential determines the interaction energy of an
tion between the electrons of the He and the electron of thg|actron in an atom or ion. and has the following general

Ps cannot be included in the model. form:

In a Ps-centered reference frame the fragmentation of the
Ps due to its collisions with He atoms can be viewed as the 7 (N—1)1-Q
ionization of the Ps atom by the impact of He projectiles. V(r)=q —(N-D[1- (r)],
The description of the breakup of the Ps in tleversed r
collision system He-Ps (instead of considering the direct
collision system Ps>He) has the advantage that in this casewhereN is the number of the electrons in the atéion), Z is
the process is an analogy of the ionization of atoms bythe nuclear charge, and

@
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n and ¢ are parameters determined by energy minimization.
The interaction energy between tee and the neutral He
atom can be obtained by applying E&) to the €~ +He)
system, i.e., foZ=2 andN=3. This yields
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Comparing Egs(1) and (4), we have —-— Blackwood et al.
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: ® Experiment, Armitage et al.
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From Eq.(3) one can see thap(r) takes the nuclear charge Positronium energy [eV]
of the He at the origin,Zp(0)=2. For r>r.=1/¢ the _ .
screened nuclear charge vanishes exponentiaiy(r) FIG. 1. Total breakup cross sections for Ps-He collisions as a

function of the Ps energy. Experimental data: full circles, Armitage

exp(—4), i.e., the potential defined by Edl) has a short et al. [1]. Theories: solid line, CTMQthis work); dashed curve,

Interaction range. In our calculations we usgdndé values g i ationBiswas and Adhikar[13)): dash-dotted line.

given by Garveyet al. [25], »=1.067 andé=1.188. :
We note that the use of a potential of the same form for oupled-state theoriBlackwoodet al. [14]).

thee™ ande* is probably a rough approximation. In addi-

tion to the electron-electron exchange effect, in our mode

we also neglect the dynamical polarization of the He atom.

This latter effect is expected to be different for the and do b

e”, leading to a further asymmetry in the strength of the —— a2 N () (7)

interaction. However, we emphasize the model character of dE, NugAE, T

the present calculations. Equatiq) with the screened

nuclear chargé5) gives account of the main features of the and cross sections differential with respect to the energy and

interaction of thee™ and e with the He atom: The two angle of the emitteé™ ande”,

interactions are of opposite sign, close to the nucleus of the

atom they are Coulombic, and far from the nucleus they d’c _ Drmax S b

vanish exponentially. dEdQ  NygAE(COSTyin—COSTma) 57 )
Concerning the choice of the random initial parameters,

we followed the general procedure proposed by Reinholgh the above expression,; is the total number of trajec-

and Falca [26]. The integration of the motion was started at i ies calculated in the impact-parameter range {Q). b]_(i)

a distance of about 100 a.u. between the projectile and thg he actual impact parameter when the criterion of the ion-
c.m. of the Ps. After the collision the check of the conditions;

ization is fulfiled—in Eq.(6) without any further condition,
for the exit channelgexcitation, ionizatiohwas made also at a.(6) y

. in Eq. (7) with the condition that the longitudinal positron
a separation of about 100 a.u. To fully account for the post—energy is betweel, and E,+ AE, (E, is defined askv?
collision interaction effects, in the ionization channel the in- 9 : zo z’

; . ; ; . whereuv, is the projection of the velocity of the positron onto
tegration of the trajectories was continued over dlstancelshe direction of the incident Ps bearand in Eq.(8) with the
of 10° a.u. '

. . . . condition that thee™ or e' is emitted with an energy and a
The number of collision events considered in the simula- oy

tion at a given incident Ps energy was typically’ 18or the pglar gngle that tl.le Im the intervals&(E+AE) and
differential analysis of the fragmentation proceskepen- (Fmin; Ima), respectively.
dence on the emission energy and angle ofeéheande™)
10° trajectories were required, in order to achieve a satisfac- Ill. RESULTS AND DISCUSSION
tory statistical accuracy. In CTMC the transformation of the
results from the reversed collision system to the direct one i
simple: One has to perform a velocity transformation on theE
trajectories.

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

ross sections differential with respect to the longitudinal
nergy of the emitted positrons,

®

In Fig. 1 the total breakup cross sections obtained by the
resent CTMC calculations for PsHe collisions are com-
ared with the experimental data and other theoretical pre-
dictions. The present theory overestimates the measured data
by a factor between 1.6 and 2.5, depending on the Ps energy.
?nterestingly, the shape of the CTMC curve is very similar to
that obtained by Biswas and Adhikdti3] in the Born ap-
proximation: Both theories predict the maximum of the
o%ZwbmaXE b (6) breakup cross section to occur Bt~20 eV, in disagree-

Niraj 5 ment with the coupled-state theory of Blackwoetdal. [14]

032706-3



L. SARKADI PHYSICAL REVIEW A 68, 032706 (2003

80 :
nbd @

Ep, =136V ]

(b)

b E, =18eV 1
so'f- Pe ]

s Experiment,

SoF Armitage et al.]

S wb —— CTMC ] ]

© : ]

8 £ 1

§ sof ] 1

® :

o 20f ]

S 1ok E ] ] FIG. 2. Longitudinal energy distributions of
k3] [ ] the positrons emitted in Ps-He collisions fép.

D L : E X s

3 ol i . ; ; T ; i g ; }$$I$$ =13, 18, 25, and 33 eV. The experimental data
2 0 5 10 15 15 20 (full circles, Armitageet al. [1]) are normalized
<_3 40 T T T T to the maxima of the theoretical curves calculated
IS © ) ] by the present CTMC model. The normalization
g : ] : ] factors are 3, 2, 2, and 1.3 f@p=13, 18, 25,

2 50 f Ep=25¢eV ] E, =336V and 33 eV, respectively. The ygrtical dotted line
'g 1 : ] shows the expected peak positiBpd2.

S ] 20 T

£

n

20

10

. i RIPISL N : T8 HT
0 5 10 15 20 %5 0 5 10 15 20 25 30
Longitudinal positron energy [eV]

that shows a maximum &p¢~32 eV. The experiment sup- leased within an angle of 20° at higher Ps energies.
ports the latter theory. The CTMC results show also a shift of the peakEat

In Fig. 2 the longitudinal energy distributions of the pos- =18 eV, but forEps= 25 and 33 eV one cannot observe any
itrons are compared with the corresponding experimentashift of the calculated peaks. However, there is another
data for Ps energies 13, 18, 25, and 33 eV. Since we arsource of the shift of the peak position that was not consid-
mainly interested in the shapes of the distributions, in theered in the calculations. The experiment was carried out by a
figure the experimental data are normalized to the CTMGCPs beam having an energy spread of about pfeN/width at
cross sections at the maxima of the distributions. CTMChalf maximum (FWHM)]. The energy spread of the beam
seems to give a correct description of the measured positrogives rise not only to a broadening of the peak, but also
spectra. It reproduces the peak occurrind=gt/2, support- to a shift. This is demonstrated in Fig. 3 by our model
ing in this way the mechanism similar to ELC in atomic calculations carried out for the case of the 18 eV beam
collisions. The width and asymmetry of the peak predictedenergy. We simulated the experimental Ps beam consisting
by CTMC show a reasonable agreement with the experimendf nine monoenergetic components with energiEgg
A remarkable achievement of this simple model is that in the=14,15 ... ,22 eV. Weassumed a Gaussian intensity distri-
calculated distributions one can observe the same tendengytion of the components with a maximum energy of 18 eV
as in the measured ones: With decreasing collision energsind a FWHM of 5 eV. We ran the CTMC code for each Ps
the peak becomes less pronounced and even disappearsedergy. The obtained longitudinal positron energy distribu-
Eps=13 eV. tions are displayed in the upper part of Fig. 3. The lower part

One can see from Fig. 2 that the measured peaks showdt the figure shows the average of the spectra calculated with
shift from the expected position to lower" energies. The the Gaussian intensity weights of the beam components. The
shift can be understood considering that these longitudinatonvolution with the energy profile of the Ps beam leads to a
energy spectra are integrated distributions overethemis-  further shift of the peakin addition to the effect of the finite
sion angle, and assuming that the angular distribution is nadngular distributiondue to the fact that the low-energy com-
sharply peaked at 0°. Armitage al. [1] estimated from the ponents contribute to the sum with larger intensities than the
observed shifts that the breakup positrons are probably rérigh-energy ones. According to Fig. 3, the inclusion of the
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FIG. 3. The effect of the energy spread of the Ps beam on the

longitudinal energy distribution of the positrons ejected in 18 eVand angle of the positron@ipper pait and the electronglower

Ps-He collisions. Upper part: distributions calculated by the prese%aro for 18 eV Ps-He collisiongpresent CTMC resulis
CTMC model forEp~=14,15...,22 eV. Lowerpart: solid line,

weighted average of the calculated distributions; full circles, experi-
mental data of Armitaget al. [1]. He can be viewed as a scattering of quasigeeande™ on
the target atom. The different energy and angular dependence
energy spread of the Ps beam in the calculations resulted inaf the DDCS seen in the figure for tee ande™ emissions
significant improvement in the description of the measuredndicates that the two particles scatter differently. The domi-
distribution. nant scattering of the* in the forward direction means that
For a better understanding of the collisional fragmentatiorthis particle is emitted viasoft binary collisions with the
of the Ps, in Fig. 4 we plotted the doubly differential crosstarget characterized by small momentum transfer. The depen-
section(DDCS) values obtained by CTMC for the” and  dence on the emission energy is mainly determined by the
e~ emission in a three-dimensional logarithmic representainitial velocity distribution(the Compton profileof the e*
tion. The incident Ps energy is 18 eV. The distribution forin the Ps. On the contrary, the distribution seen in Fig. 4 for
both particles has the form of saddle surface, having onéhee™ emission can be attributed bard binary collisions of
minimum around 90° and two maxima at 0° and 180°. Thethee™ with the target in which the large momentum transfer
e” emission is confined to a small angular range in the fordeads to large-angle scatterings. Particularly, the peak at 180°
ward direction. The DDCS values steeply decrease abovean be explained as the result of a backscattering of the qua-
20°, in agreement with the estimation of Armitagfeal. [1].  sifree electrons from the He atom. The soft collision of the
The peak at 180° is very small, the probability of teé e’ and the hard collision of the™ occurring simultaneously
emission in the backward direction is smaller by two orderswith the target mean that the fragmentation of the Ps takes
of magnitude than in the forward direction. On the contrary,place predominantly via the interaction of tbe with the He
for e the backward emission is more enhanced, though thatom, and in the process the plays only the role of a
directional asymmetry is not so large in this case: Along thespectator particle.
ridge of the distribution the DDCS values depend only The question arises: Why the ande™ behave differ-
weakly on the emission angle. ently in the fragmentation process? A possible answer to this
On the basis of Fig. 4 we may outline the following pic- question is as follows. In the range of the regarded impact
ture of the Ps fragmentation. The collision of the Ps with theenergies the collision is adiabatic. When the Ps approaches

FIG. 4. The dependence of the DDCS on the emission energy
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ponent of those electrons is close to zero. The small peak can
_ be explained by the maxima of the DDCS appearing at 0°
; \ Eps=18eV ] and 180°. The dominant contribution to the peak comes from
80 - \\ § ] the backward electron emission.
F ] For Eps=33 eV the difference between the distributions
B0 : — CTMC, positron ] for the two particles is smaller. One may expect that with
[ — — CTMC, electron ] increasing Ps energy tlee —e* difference disappears com-
pletely. This means that the energy and angular dependence
of the DDCS seen in Fig. 4 for thee emission will probably
. be similar to that seen for the™ emission. For high impact
1 energies the picture of quasifree scattering oféheande™
. on the He target is better founded. The polarization of the Ps
0 by the target is negligible in this case, both #eande* are
. . — . . . expected to be released predominantly in the forward direc-

: ] tion with mean energ¥,.42 and with an energy distribution
determined mainly by the initial velocity distributiotihe
Compton profilg of the particles in the Ps.

As it was discussed in Sec. Il, one of the most question-
able approximations applied in the present model is the use
of the potential given in Eq1) for the interaction of the™
ande® with the He target atom. The detailed study of this
] problem is outside the scope of the present work. Neverthe-
] less, an interesting question emerges about as how sensi-
tively the CTMC results depend on the parameters of the
potential. One expects a strong dependence or {he&ram-

100 Fy

40

20 F

Singly differential cross section [10™® cm?® V™)
o
[4)]
o
@
N

0 5 10 15 20 25 30 eter that determines the interaction length by the relationship

Longitudinal positron/electron energy [eV] r.= 1/¢, therefore we checked the sensitivity of the model on
o o this parameter. We changed the valuefdirom 1.188 to 2
FIG. 5. Calculated longitudinal energy distributions of the POS-(j.e., reduced the interaction lengthfrom 0.841 to 0.5 a.i,

itrons (solid line) and electrongdashed ling ejected in Ps-He col-
lisions for Epe=18 eV (upper pant and 33 eV(lower par). The
vertical dotted line shows the expected peak posikuy?2.

and repeated the calculations f6ps~18 and 33 eV.

As a result of using a shorter interaction length the cross
sections reduced significantly, as is seen in Fig. 6 where lon-
gitudinal energy distributions obtained from the calculations
the target, the motion of the™ ande™ is distorted by the with r.=0.841 and 0.5 a.u. are plotted. In pa@sand(b) of
increasing interaction between these particles and the Hihe figure(positron emissionwe also plotted the experimen-
atom. The Ps becomes polarized: #ieis repelled and the tal data, but now without normalizing them to the theoretical
e~ is attracted by the screened Coulomb field of the targetcross sections. Comparing the distributions belonging.to
As a result of the polarization, on average éestays closer =0.841 and 0.5 a.u., one may conclude that the main fea-
to the target nucleus than te€, i.e., the probability that the tures predicted by CTMC for the fragmentation of the Ps
e~ undergoes hard collisions with the He atom increasessemain the same when the interaction length is changed. For
This means that the breakup of the Ps takes place dominant88 eV impact energy the shapes of the distributions are al-
via the impulsive ejection of the™. Thee" interacts with most identical. The shapes of the spectra are also similar for
the target mainly in distant, soft collisions, which leads toEp~18 eV, although the peak in the positron spectrum ob-
breakup with smaller probability. tained forr .=0.5 a.u. is less pronounced and shows a larger

A decisive check of the present CTMC model would beshift compared to the peak belonging to the longer interac-
the measurement of the longitudinal energy distribution oftion length. The same behavior can be observed for the small
the emitted electrons, in the same way as it was done for theump in the electron spectrum at 18 eV impact energy.
positron emission in the experiment by Armitageal. [1]. The use of a shorter interaction length resulted in a con-
CTMC predicts a significant difference between the distribusiderable improvement of the present model regarding the
tions belonging to the™ ande™ emissions. This is shown in reproduction of theabsolutevalues of the measured singly
Fig. 5 where we plotted our CTMC results fBp=18 and differential cross sections. This indicates that for the treat-
33 eV. In the longitudinal energy distributions of the elec-ment of the Pst+ He collisions, one probably cannot uge
trons one can also observe a peak, but it is less pronounceshd ¢ values that were determined by atomic structure cal-
and significantly shifted fronE4J2. For Epc=18 eV the culations. However, the uncertainty of the calculated cross
peak is only a small hump sitting on a steep background o$ections is large due to the applied approximati@teassical
low-energy electrons. The enhancement of the low-energyreatment, three-body approximation, neglect of the ex-
part of the spectruniin comparison with the positronss  change effect, the dynamical polarization of the He target,
due to the enhanced electron emission at angles around 9@tc). Therefore, from the present CTMC results it is hard to
(see Fig. 4, considering that the longitudinal velocity com- draw any firm conclusions on the potential.
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Finally, we briefly discuss the limitations of the presentfor the use of CTMC. The impact parameters which give the
model. In the past three decades a considerable effort haminant contribution to the breakup cross section of the Ps
been devoted to clarify the background and the domain oére typically smaller thafor comparable tpthe Bohr radius
validity of the CTMC method in the field of ion-atom colli- of the Ps. The perturbation is large, in the impulsive colli-
sions(see, e.g., Ref§27-30). It is a commonly accepted sions large amount of momentum is transferred on average to
view that CTMC is particularly suitable for the treatment of the electron (positron). Accordingly, the application of
the collisions in the range of intermediate velocitias ( CTMC is well justified.
~1 a.u.), i.e., in the case of large perturbations. The appro- A serious limitation of the present model is that it is a
priate quantum-mechanical description in this velocity rangaghree-body approximation to the full, five-body collision
is the coupled-channel method. This latter approach is, howproblem. The improvement of the model by including the
ever, limited in practice by basis-set incompletness. On thelectrons of the He target in the calculations would not be an
other hand, below and above the ionization maximum theeasy task due to the fact that multielectron atoms are classi-
guantum-mechanical perturbation theories give a better desally unstable with respect to autoionizatisee, e.g., Ref.
scription than CTMC in those cases when the ionization of31]). Regarding also the nonclassical effect of the electron-
an atom is induced by a small perturbation. For a given colelectron exchange, a complete description of the process is
lision system the strength of the perturbation can be chara@xpected only by gquantum-mechanical calculations. In this
terized by the transferred momentum and the impact paranrespect it is interesting to compare the present CTMC model
eter. Typically, for weak perturbations the ionization processwith the coupled-state theory of Blackwoed al. [14]. The
is characterized by small momentum transfers and/or largkatter theory is a complete description in that sense that it
impact parameters. Under such conditions the ionizatiorincludes all the five particles and all interactions between
takes place predominantly via nonclassical dipolelike transithem. The expansion of the collision wave function contains
tions, consequently, for weak perturbations CTMC underes22 Ps states and one He state. Among the Ps states there are
timates the ionization cross sectior9]. 19 pseudostates for the representation of the continuum of

Concerning the present study, the velocity range is ideathe Ps. The description of He by one stétke Is state
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implies that—like in our model—the excitation and ioniza- nificantly overestimates the total break-up cross sections. At
tion of the target(real or virtua) are excluded in the calcu- the same time, it correctly reproduces the peak observed in
lations. Blackwoodet al. [14] used their model for the cal- the experimental longitudinal energy distribution of the emit-
culation of total (integrated scattering cross sections. ted positrons aE,.42, supporting the idea of a peak forma-
According to Fig. 1, the predictions of the coupled-statetion mechanism similar to ELC in atomic collisions.
model for the total ionization cross section are in good agree- The dependence of the ande® ejection on the emis-
ment with the experiment. However, Blackwoetial. [14]  sion energy and angle was also investigated. A stong "
did not determindalifferential cross sections for the fragmen- asymmetry was found for the doubly differential cross sec-
tation of the Ps, therefore one cannot compare the perfotions at low impact energies. This behavior was explained by
mance of the two models in reproducing the longitudinalthe polarization of the Ps atom in the incoming phase of the
energy distributions of the positrons measured by Armitageollision. The asymmetry is expected to diminish at high
et al. [1]. It is a question whether the model of Blackwood impact energies.
et al. [14] is suitable for the calculation of differential cross  According to the calculations, a significast — e™ dif-
sections. In ion-atom collisions it has been realized recentlyerence is expected to occur also in the longitudinal energy
(see, e.g., the review by Kirchnet al.[32]) that in coupled-  distributions of the ejected particles. CTMC predicts a peak
states calculations the representation of the continuum bsilso in the electron spectrum, but it is less pronounced and
pseudostates leads to spurious oscillations of the excitatioshows a larger shift fronk .42 than the corresponding peak
amplitudes. Furthermore, it is a further question whether thén the positron spectrum. An experiment is suggested in
number of the pseudostates used by Blackwebadl.[14] is  which the longitudinal energy distribution of the electrons
sufficient to reproduce the rapid changes of the DDCS foun@mitted in the fragmentation of the Ps would be measured.
in the present CTMC calculations for the emission of the
positrons and electror(see Fig. 4.
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