PHYSICAL REVIEW A, VOLUME 62, 062708
Differential and partial cross sections of elastic and inelastic positroniumhelium-atom scattering
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Scattering of positroniuniP9 by a helium atom has been investigated in a three-Ps-state coupled-channel
model including Ps(4,2s,2p) states using a recently proposed time-reversal-symmetric regularized electron-
exchange model potential. Specifically, we report results of differential cross sections for elastic scattering and
target-elastic Ps excitations. We also present results for total and different partial cross sections and compare
them with experiment and other calculations.

PACS numbds): 34.10+x, 36.10.Dr

Scattering of the exotic orthopositronium atom with athe above Ps(4,2s,2p) cross sections to yield the total cross
long lifetime (142 ng by neutral gas atoms and molecules is section, which is compared with experiment.
of fundamental interest in both physics and chemistry. Re- The theory for the coupled-channel study of Ps-He scat-
cent high-precision measurements of positronilite scat-  tering with a regularized model potential has already ap-
tering by H, N,, He, Ne, Ar, GH,(, and GH,,[1-6] have  peared in the literaturgr,12,13,15. It is worthwhile to quote
enhanced theoretical activify—11] in this subject. Due to the relevant working equations here. For target-elastic Ps-He
internal symmetry the direct static Born potential for elasticscattering we solve the following Lippmann-Schwinger scat-
and even-parity transitions for these processes is zero ardring integral equation in momentum space for the total
exchange correlation plays an important role in a correct deelectronic doublet spin state:
scription at low energiegl0,11].

Recently, we suggestefil2] a regularized nonlocal f K. kK=8B, (k'k)
electron-exchange model potential with a single paran@ter _ _
and used it in a successful study of Ps scattering by H dk” B,/ (kK" KD, (K"K)
[13,14, He[12,19, Ne[15], Ar [15], and H, [16,17]. Our N ~ Jﬁ ki"/4_ K"2/4+10

results were in agreement with experimental total cross sec-
tions[1,3], especially at low energies for He, Ne, Ar, ang. H (1)
In our initial calculations we used a nonsymmetric form of . o -
the model exchange potential for Ps scattering HyL#], He wheére the full Bé’m amplitud® ™ is given by 5, (k" k)
[12], and H, [16]. Subsequent studies yielded improved re-=9, ,(k'.k)—g,, (k’,k), with g° and g the direct and
sults with a time-reversal-symmetric form of the model po-exchange Born amplitudes arid the scattering amplitude.
tential for Ps scattering by HL3] and H, [17]. For Hit was  The quantum states are labeled with the indicesferring to
found[13] that the symmetric potential yielded excellent re-the Ps atom. The variablés k', k”, etc., denote the appro-
sults forSwave singlet Ps-H binding and resonance energiegriate momentum statek, is the on-shell relative momen-
in agreement with accurate variational calculatipt®). The  tum of Ps with respect to He in channel. We use units
symmetric potential also led to very good resylt$] for #Z=m=1 wherem is the electron mass. The differential
low-energy cross sections for Ps scattering by He, Ne, Argross section is given by
and H, in excellent agreement with experimei. ,

The problem of Ps-He scattering is of relevance to both (d_‘7> :k_|f7 (k' k)[2 @)
experimentalists and theoreticians. Theoretically, it is the aQ/ , ke
simplest of all Ps-scattering problems, and has reliable ex- '
perimental cross sections. Once a good theoretical under- FOr the He ground state, the space part of the Hartree-
standing of this system is obtained, we can try to understanfiock (HF) wave function is given by W(ry,rp)
the problem of Ps scattering by complex atoms and mol=[¢(r1)¢(rz)]. The position vectors of the electrons age
ecules. With this objective we reinvestigated the problem ofndr,, ande is taken to be in the fornp(r)==,a,¢,(r),
Ps scattering by He at higher energies using the timewhere¢,(r) are the atomic orbitals.
reversal-symmetric form of the exchange potential. We con- The direct and exchange Born amplitudes are, respec-
sider a three-Ps-state coupled-channel model witfively, given by[12,15
Ps(1s,2s,2p) states for calculating different elastic and in- 4
elastic cross sections of Ps-He scattering. We calculate the D N o *
various Ps-He differential cross sections that are of great 9y (e ki) QZ[Z Kz,:'/ aKaK/f Pur)
interest to experimentalis{®], in addition to the different

angle-integrated partial cross sections. The differential cross . %

sections carry detailed information about the scattering pro- XexpiQ-r)d(rdr [ X, (1)

cess. Cross sections for higher excitations and ionization of

Ps are calculated by the Born approximation and added to X[2i sin(Q-t/2)]x,(t)dt (3)
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wherel and |’ are the angular momenta of the initial and FIG. 1. Differential cross sectiofin units of ag) for elastic

final Ps states, the initial and final Ps momentakar@ndk Ps-He scattering at the following incident Ps energies: 20 eV
’ o dashed-dotted line 30 eV (dashed-double-dotted line40 eV
Q=k;—k;, a/2 anda?,/2, andB? and B2, are the binding (dashed-dotted line 30 eV (dashed-double-dotted lined0 e

L ! . (dashed-triple-dotted ling60 eV (full line), 80 (long dashed ling
energy parameters of the initial and final He orbital and P4 100 eV(short dashed line

states in atomic units, respectively, a@ids the only param-

eter of the potential. Normally, the paramef®is taken to be  cross section and inelastic differential cross sections for scat-
unity, which leads to reasonably good res[d5,17,23.  tering to Ps(2)He(1sls) and Ps(®)He(1sls) states at
However, it can be varied slightly from unity to get a precisedifferent energies.

fit to a low-energy observable. This variation 6fhas no In order to show the general trend of the differential cross
effect on the scattering observables at high energies whegections, we perform calculations at the following incident
the model exchange potential reduces to the Bornpositronium energies: 20, 30, 40, 60, 80, and 100 eV. We
Oppenheimer exchange potentiaB]. In the present study exhibit the differential cross sections for elastic scattering at
we use the valu€=0.84 throughout. This value & leads these energies_ in Fig. 1. In Fi_g_s. 2 and 3 we show the inelas-
to a very good fit of the elastic Ps-He cross section with thdiC Cross sections for transition to Ps)He(1sls) and
experimental value of Skalsest al. [3]. This exchange po- Ps(2)He(1sls) states. From all these figures we find that,
tential for Ps scattering is considergt?] to be a generali- as expected, the differential cross sections are more isotropic

zation of the Ochkur-Rudge exchange potential for electrordt low energies where only the low partial waves contribute.
scattering 20]. At higher energies more and more partial waves are needed

After a partial-wave projection, the system of coupledto achieve convergence and the differential cross sections are
equationi]_) is solved by the method of matrix inversion. A more anisotropic. The small oscillation of the differential
maximum number of partial wavek,,, is included in solv- ~ Cross sections at larger angles and energies is due to numeri-
ing the system of coupled equations. The differential ancFal difficulties.
angle-integrated partial cross sections so calculated are aug-

1071

mented by Born results for higher partial wavks J,,. A e ot o
maximum of 40 Gauss-Legendre quadrature points is used in N} 3 >
the discretization of each momentum-space integral. The cal- 3‘ [

107

culations are performed with the exact Ps wave functions and
the HF orbitals for the He ground stdt2l]. Although it is
relatively easy to obtain converged results for angle-
integrated partial cross sections, special care is needed to
obtain converged results for differential cross sections at
higher energies. Coverged results for partial cross sections
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Differential cross section (units of

are obtained fod,,,= 30 at all energies. To obtain conver- 107 SN g0ev
gent differential cross sections, we need to tdkg= 150 oj008vA L
partial waves at 100 eV. Howevel,,,,= 30 is sufficient for e ™3
obtaining convergent differential cross sections at 20 and 30 PYi s 4 NI R IR BRI BT MO
ev. 0 30 60 9 120 150 180

Here we present results of Ps-He scattering using a three- Scattering angle (degree)

Ps-state  model that includes the following states: gig. 2. Differential cross sectiofin units of a2) for inelastic
Ps(1s)He(1sls), Ps(Z)He(1sls), and Ps(P)He(1sls).  ps-He scattering to Ps¢PHe(1s1s) state at the following incident
The Born terms for the excitation of He are found to be smallps energies: 20 eVdashed-dotted line 30 eV (dashed-double-
and are not considered here in the coupled-channel schembtted ling, 40 eV (dashed-triple-dotted ling60 eV (full line), 80
First, we present the elastic PsjHe(1sls) differential  (long dashed ling and 100 eV(short dashed line
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[=Ps(&x+2p)], inelastic Ps (Zn>2), and Ps ionization
cross sections. The total cross section calculated from these
partial cross sections is also shown in this plot and compared
with the experiments of Reff1,3] and the total cross section
of the 22-Ps-stateR-matrix calculation of Ref.[8]. The
agreement between theory and experiment is quite good up
to 70 eV. The target-inelastic processes ignored in this work
are supposed to play an important role at higher energies,
which may be why the agreement of the present results with
experiment deteriorates above 70 eV. There exists qualitative
disagreement between the present total cross section and that
of the 22-state calculation of Ré8], on which we comment
below.
o 0 Scaﬁg,ing aﬁg,e (dlg?ee) 150 180 As the Ps-He system is of fundamental interest to both
theoreticians and experimentalists, it is appropriate to com-
FIG. 3. Differential cross sectiofin units of a3) for inelastic  pare our results critically with those of other theories and
Ps-He scattering to Psp2He(1s1s) state at the following incident  experiments. The only other recent experiment on Ps-He is

Ps energies: 20 e\{dashed-dotted line 30 eV (dashed-double- e one by Nagashimet al.[4], who obtained the cross sec-
dotted ling, 40 eV (dashed-triple-dotted ling60 eV (full line), 80 tion of (13i4)77a(2, for an average energy of 0.15 eV, in

I hed li 1 \(sh hed li L . . . .
(long dashed ling and 100 eMshort dashed line striking disagreement with the present calculation yielding

Recently, Garneet al.[5] have provided an experimental 2.5877aé at 0.9 eV as well as with the experiment of Skalsey
estimate of average differential cross sections across the eft al. [3] who obtained (2.6 0.5)7aj at about 0.9 eV.
ergy range 10 to 100 eV with respect to any process in Ps-He The independent experiment on measureni2g} of the
scattering for forward scattering angleédo/dQ)=(34  pick-off quenching rate of Ps on He can be u¢ed] to
+12)x10"%° m? sr*1:(121t43)a§ sr 1. However, it is resolve the stalemate. It is argu¢a3] that a large low-
not possible to make a meaningful comparison between thnergy Ps-He elastic cross section implies a large repulsive
present differential cross sections and the experimental est®xchange potential between Ps and He atoms in the elastic
mate of Garneet al. channel. In the presence of a large repulsive potential it will

We calculate the different angle-integrated partial crose difficult for the Ps atom to approach the He atom. Con-
sections for Ps-He scattering. In addition to the Bsz4,2p) ~ Sequently, one will have a small value for the pick-off
cross sections calculated using the coupled-channel metho@uenching rate. From a study of the pick-off quenching rates
we also calculate the higher PsP>2) excitation and Ps ©f different models, we concludef23] that a small low-
ionization cross sections using the Born approximation witleN€rgy cross section, as obtained by us, will lead to a large
the present exchange potential. These results are shovpick-off quenching rate in agreement with experiment. The

in Fig. 4, where we plot angle-integrated elastic, Rs-@)  large low-energy cross sections obtained in other theoretical
models[7,8,10,1] will lead to a much too small pick-off

guenching rate in disagreement with experiment. The present
low-energy cross section and the experiment of Skadsey.

[3] are consistent with the pick-off quenching rate measure-
ment[22]. It would be difficult to reconcile the low-energy
cross section of Nagashima et pd] and other theoretical
results [7,8,10,11 with the measurement of the pick-off
quenching rate.

We note that a model calculation by Ped@d|, per-
formed before the experiment of Skalsstyal. [3], is also in
reasonable agreement with the present calculation and low-
energy experiments. The model of Peach was constructed by
fitting to known positron-heliun{25] and electron-helium
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L :=.~ - i [26] scattering data.
oldly Y-S s In Table | we compare the results for the angle-integrated
0 2 40 60 8 100 partial cross sections to P{,2s,2p) states of different the-

Positronium Ei . : .
ositronium Energy (eV) oretical calculations. The present Ps|Born cross sections

FIG. 4. Partial and total cross sectiofis units of 10726 cr?) are much smaller than the Born-Oppenheimer cross sections
of Ps-He scattering at different Ps energies: Bs(tlashed-triple- [19] used as input to close-coupling] or R-matrix [8]
dotted ling, Ps (1= 2) (dashed-dotted linePs (7>n>2) (dashed- schemes. There have been different static-exchange calcula-
double-dotted ling Ps ionization(dashed ling total (full line),  tions on Ps-He since the 19608,8,10,13. These calcula-
total from Ref[8] (full line with crosse} and data points with error  tions yielded similar results and in the static-exchaf(ge)
bars from Refs[1,3]. column of Table | we quote the recent cross sections of Refs.
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TABLE I. Angle-integrated Ps-He partial cross sections in unitﬁag at different positronium energies.
EB, first Born approximation with present exchange; BO, first Born approximation with Born-Oppenheimer

exchangéd7]; SE, static exchange of Reld,8]; 3St, three-Ps-state with present exchange; 22St, 22-Ps-state
R-matrix calculation of Ref[8].

Energy EB BO SE 22St 3St 22St
(eV) Ps(1s) Ps(Xx) Ps() Ps(ls) Ps(ls) Ps(is) Ps(ls) Ps(x) Ps(p) P92) Pq2)

0 15.82 14.6 13.2 3.34

0.068 15.33 132 14.4 13.0 3.15

0.612 1211 98 12.9 2.75

1.088 10.04 78 12.1 11.3  2.48

1.7 8.08 59 11.3 2.18

2.448 6.38 44 10.5 9.4 1.88

4.352 3.91 23 9.0 1.26

5 3.39 8.6 7.1 1.00

5.508 3.06 0.070 1.44 0.96 0.071 1.15 1.22 0.24
6 2.79 0.091 1.78 8.1 6.1 0.97 0.083 1.35 1.43 042
6.8 2.42 0.100 1.89 12 7.7 0.96 0.074 1.47 1.54

8 1.99 0.097 1.77 7.1 4.8 0.92 0.056 1.45 1.51 0.50
10 1.51 0.080 1.48 6.7 3.8 0.84 0.048 129 134 051
15 0.86 0.048 0.97 3.0 4.8 24 0.63 0.042 091 095 0.44
20 0.56 0.031 0.70 1.7 3.6 15 046 0.032 0.67 0.70 0.31
30 0.29 0.016 0.43 0.6 2.0 1.0 0.27 0.017 0.42 0.44 0.18
40 0.17 0.0094 0.30 0.22 0.7 0.8 0.17 0.010 0.30 0.31 0.12
50 0.11 0.0061 0.23 0.11 0.0067 0.23 0.24

60 0.079 0.0042 0.18 0.04 0.08 0.077 0.0045 0.18 0.19

80 0.043 0.0023 0.13 0.007 0.01 0.042 0.0024 0.13 0.13

100 0.026 0.0014 0.10 0.001 0.002 0.026 0.0014 0.10 0.10
150 0.010 0.0005 0.06 0.010 0.0005 0.06 0.06

[7,8]. Although these SE cross sections are much smalleglectron-exchange model potential recently suggested by us
than the corresponding Born-Oppenheimer cross sectiongand successfully used in other Ps scattering problems. We
they are much larger than those of the present calculatiomresent results for differential cross sections at several inci-
The 22-Ps-stat® matrix calculation[8] yields elastic cross dent Ps energies between 20 eV and 100 eV for elastic scat-
sections marginally smaller than the SE cross sections, andti€ring and inelastic excitation to Ps(2p)He(1sls) states.
seems unlikely that a “converged®-matrix calculation will ~ We also present the angle-integrated partial cross sections
lead to elastic cross sections comparable to the present oné§ld compare them with those of other calculations. The
However, the measured pick-off quenching rg2é] favors present total cross sections are in agreement with data of
[23] a weak exchange potential and small Rg(gross sec- Refs.[1,3]. However, t_here is alarming discrepancy between
tions at low energies, and future measurements of Iow'-[he present cross sections and th_ose of conventiinadtrix
energy Ps-He elastic cross sections will decide which of th&S] @nd close-coupling7] calculations. These latter calcula-
results are more realistic. Although the present elastit)Ps lons are in agreement with a recent measurement of low-
cross sections are much smaller than those ofRimeatrix < o' 9Y ¢f0SS sections by Nagashmfaal. [4]. At low ener-
calculation, the reverse is true for the excitation cross secd'es: the present elastic cross sections are much too small
tions to the P&Q) states as can be seen in Table |I. The Iargecompared _to tr&oselof Reft,8]. Howe(\j/er, th_e present toltgl 20
Ps excitationand Ps ionizationcross sections of the present cross section deve OpsS a pronounced maximum nhear 15—
calculation and the small low-energy elastic cross sectiongv as can be seen in Fig. 4 in agrgement with the general
are collectively responsible for the construction of the pro_experlmgntal trenQS]. The cross section qf Re8] .does.not
nounced peak in the total cross section shown in Fig. 4 neat}ave thls behavior. Although comparison with pick-off
15-20 eV, in agreement with the experiments of REf3. quenching measurement d4@e] at low-energy fa_lvor$23]
and[3]. This peak is also present in the calculation of Peacﬁ[he results of the present_m(_)del, further precise measure-
[24] and is clearly absent in the close-coupliif§ and 22- ments of total and F®) excitations at low energies will fi-
Ps-stateR-matrix analyse$8]. Similar peaks also appear in nally resolve the stalemate.
the total cross sections of Psyldnd Ps-Ar scatteringp]. The work was supported in part by the Conselho Nacional
To summarize, we have performed a three-Ps-statde Desenvolvimento—Ciefito e Tecnolgico, Fundaao de
coupled-channel calculation of Ps-He scattering at low and\mparo aPesquisa do Estado déGRaulo, and Financia-
medium energies using a regularized symmetric nonlocatiora de Estudos e Projetos of Brazil.
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