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Low-energy quenching of positronium by helium
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Very-low-energy scattering of orthopositronium by helium has been investigated for the simultaneous study
of elastic cross section and pickoff quenching rate using a model exchange potential. The present calculational
scheme, while it agrees with the measured cross section of Sketlsdy reproduces successfully the param-
eter 1Z., the effective number of electrons per atom in a singlet state relative to the positron. Together with
the fact that this model potential also leads to an agreement with measured medium energy cross sections of
this system, this study seems to resolve the long-standing discrepancy at low energies among different theo-
retical calculations and experimental measuremégts050-294{09)09006-X]

PACS numbd(s): 34.10+x, 36.10.Dr

Studies on positronium{Ps) impact scattering have forming a para-Ps atom by electron exchange. This process
gained momentum these days due to the availability of thés termed pickoff quenching. From the experimental pickoff
ortho-Ps beam in the laboratory and its vast applicationafiuenching rate the paramet&Z 4 can be extracted. Theo-
potential coupled with the present inadequate and inconcluretically *Z.« can be calculated from the wave function of
sive understanding of its interaction dynamics with matterthe Ps-He systeW (r,,,s,;r1,S1;r2,S,:r3,S3), wherer and
[1]. Ps scattering by neutral targets has posed a challenge soefer to position and spin, the suffixrefers to the positron,
theoreticians on a proper accounting of experimental data eandi=1,2,3 refers to the electrons. Following Barker and
most existing theoretical works disagree with the major exBransden7,13], the amplitude for finding the positron and

perimental trend. one of the atomic electrons in a relative singlet state is
The discrepancy figures prominently in the Ps-He system
where there are many theoretical and experimental studies. D(ryir1:r2,82;r3,53) ={x0(Sp,S1)|¥), ()

The medium-energy experimental cross section shows a de-

clining trend with decreasing ener@g] from a peak around Wherey, is the singlet wave function. The paramet@ is

20 eV for Ps-He scattering. A similar trend is also observediven by

in Ps-H, and Ps-Ar systemf2,3]. This trend, which is sup-

orted by the recent measurement of Skaksesl.[4], could 15 _ _ 2

got be rgproduced in most theoretical predictiphis9]. At ZEﬁ_Sgn drgdr1dradrs(rp=r) [ @[ @

low energies, these theories and experimédtst, 10,11 on

the Ps-He system are inconsistent with each other and alsthe factor 3 appears as each of the three electrons of the

among themselves. For illustration, the zero-energy crosBs-He system contributes equally ..

sections calculated on Ps-He by different authors vary from Unlike the scattering cross sections, which are determined

3.3 A2 [12] to 16.54 A? [13] while the measured values from the asymptotic part of the Ps-He wave function, the

range from 2.30.4 A2 (at 0.915 eV [4] to 11+3 A2  parameter'Z is sensitive to the Ps-He wave function at

(between 0 and 0.3 e\[10]. Pointing out the very reactive short distances and its correct evaluation in a theoretical cal-

nature of Ps scattering and its associated convergence difftulation should provide a sensitive test about its realistic

culties, a prescription for the generation of a nonlocal modehature. There is considerable discrepancy between theory

exchange potential has been advocated recently and appliedd experiment in the value of the parametary. The

successfully to different electron-impagérgets H, Heand  experimental measurements have yieldéd s=0.108

Ps-impacfitargets: H 14,15, He[16], H, [17], Ar, Ne[18]) +0.01[13,19, 1Z.4=0.135+0.068[7,20], and 1Z.4=0.25

scattering problems using static exchange to three-Ps-state25 % [7,21], whereas different static-exchange calcula-

models. The three-Ps-state calculation for Ps-He predicts #ons have yielded values ranging from 0.02 to [517,13.

lower zero-energy cross section of 2.422 A16]. Compared to other exchange potentials, the present scheme
In this work we shed light on the above-mentioned dis-leads to a substantially weaker repulsive exchange potential

crepancy in the Ps-He system in conjunction with a determiand it is expected that the present scheme will lead to a larger

nation of the parametetZ.;, which denotes the effective value of 1Z4 in the Ps-He system as is demanded by experi-

number of electrons per atom in a singlet state relative to thenents[19-21].

positron. The incident ortho-Psg)l atom in a triplet state In the static-exchange approximation the Ps-He wave

with a lifetime of 142 ns can decay into three photons and igunction is represented by the following antisymmetrized

more stable than its para counterpart in a singlet state with product of the internal wave functions of Psj1 ¢pdr;

lifetime of 0.125 ns for a two-photon decay mode. However,—r ), and singlet He(41s), ¢u(r2,rs), with a wave func-

in its interaction with matter, the positron of Ps can find antion of relative motionF,(R), and a suitable spin function:

atomic electron in a spin-singlet state and the two can be

annihilated by a two-photon decay mode without really V= Appdt) prer2,r3) Fi(R) x(81,S2,S3,Sp), 3
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whereR=(r,+ry)/2, t=r,—r,, Ais the antisymmetrizer, 16
k the incident Ps momentum, andthe spin function.
On expandind=(R) in partial waves,

©

Fk(R)=LZO (2L+1)(kR)"IF (R)P (cos8), (4)

whered is the angle betweek andR, the following integro-
differential equation is obtained from the Sctiimger equa- |
tion: L S

Elastic Cross Section (10 -16 cm2)

o

d2 . L(L+1) Energy (eV)

FL(R
IR 2 L(R)

FIG. 1. Angle-integrated Ps-He cross section at low positronium
energies: present momentum transfer from static-exchange model
_ * , N 24 o (dashed ling present elastic from static-exchange maddell line);

JO VU(RR)F (RHR™dR’, ) elastic from static exchange of RgT)] (dashed-dotted lineof Ref.

[13] (dashed-double-dotted lineof Ref. [8] (dashed-triple-dotted
line); theory of Ref[5] (crosg; experiments at 0 eV, 0.15 eV, and

where V| (R,R’) is the nonlocal exchange potential. The ! e
L ) ge p 0.9 eV of Refs[11,10,4, respectively(solid circle.

asymptotic boundary conditions fdét, (R) and F (R) are
given by

4a, i,
S 3 R f g

Kkk'j

B(kf 1ki) =

) exp(ikR)
Fr(R) ~ eX[I(IkRCOSG)-i-f(H)T, (6)

R— 0

XexpiQ-r)¢,(r)dr

R—

x f SEOEXHIQ-t2) gpdt)dt, (13

whered, is the scattering phase shift, and the scattering am-
litude f(6) is given b
plitude £(6) is given by with Q=ki—k;, V(p,q)=~B(p,a)/(27%), and
- exp(ié,)siné T2 2 | p2
o= <2L+1)%mc039). ® D i = [K{/A+ o+ B2, (14
L=0
where ¢,(r) is the «th function of thejth electron for the

. _ 3/ .
The total elastic and momentum transfer cross sections afdomic ground state, andp{t) =3 %exp(- B/ The di-
given by rect potential for this problem is zero, and there is a change
of sign in the spin-triplet Ps-He potential below. The partial-
wave configuration space nonlocal potential of Eg) is

7ulk?)= [ 110 d0, 9  given by
2 2 ro (o
VL(R,R')=<;) f J p?dpedqju(pPRIVL(P.A)jL(aR)
O'm(kz)zf |f(6)]%(1—cosh)dQ, (10 0oJo a5
respectively. Some of the experiments provide only a low-2and
energy momentum-transfer cross section and hence we also L
calculate this observable in this study. V,(p,q)= _Trzf dxPL(X)V(p,q), (16)
We employ a He(41s) wave function of the following -1
form:

wherex is the cosine of the angle betwepmndg. Although
bre(T2,T3) = Un(F2)Us(T3), (11)  the model exchange potentidl6) has been found to be sat-
isfactory for calculating scattering cross secti¢as], it is
interesting to investigate if it is also effective in the calcula-
ui(r)=>, a.d.qr), (12)  tion of finer scattering observables, such as the parameter
~ 1Z5. A scheme for the calculation ofZ.; for He wave
functions of type(11) is given by Fraser and Kraidy 3] and
with ¢,;(r)=exp(—a,)Yq. In the present calculation we we employ the same in the present calculation.
use an accurate two-term parametrization of @g) [22]. In First we show our results for the low-energy elastic and
momentum space the model exchange potential has the falhomentum-transfer cross sections in Fig. 1 together with
lowing form [16]: those obtained from other theories and experiments. Our trip-
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FIG. 2. The parametetZ at different positronium energies: FIG. 3. The parametetZ 4 versus scattering length of various

calculation including angular momenta=0,1,2 of Ref.[13]  calculations denoted by a solid circle and labeled by reference num-

(dashed-dotted line of Ref. [7] (dashed ling calculation forL  pers[5,7,13. The present result is labeled ByR]; full line denotes
=0 of present modgffull line); the experimental points denoted by g linear fit.

solid circle, diamond, and cross taken from R¢i9-21, respec- ] )
tively. sion, consequently the previous calculations have led to un-

usually large triplet scattering lengths compared to the

) ) present work. This is most clearly exhibited in a correlation
let Ps-He scattering length is Oy compared to 1.3%  exhibited in Fig. 3, where we piotZ versus the triplet
obtained by Drachman and Houst¢s]. The discrepancy scattering length of different calculations. The larger the
among various results is apparent in this plot. The three exscattering length, the smaller is tA&.. This correlation is
perimental results for cross sectiop¥10] shown by solid  similar to different correlations observed in the study of Ps-H
circles vary from 2.3 & [4] through 7.45 A [11] to  scattering in Ref[15].
11 A2[10]at0.9 eV, 0 eV, and 0.15 eV, respectively. Itis  We next comment on two aspects of the present calcula-
difficult to reconcile these three experimental results in aion. First, we used a two-term helium wave function. We
theoretical model. Previous static-exchange calculationalso repeated our calculation with the one-term helium wave
[7-9,13 except those of Ref(16] all tend to support the function of Ref.[9] and the five-term wave function used in
largest cross section of RdfL0]. The model calculation of Ref. [16]. The results for both the cross section atifly
Drachman and Houstolb] denoted by a cross in Fig. 1 is suffer insignificant change with the change of wave function.
consistent with the experiment of R€L1]. This discrepancy For 1Z, the different results are within the error bar of Ref.
has been patrtially resolved in the study of R&B], where it  [19]; for the cross section they are also within the error bar of
has been demonstrated that the present model exchange [Ref.[4]. Hence we do not believe the present results are so
tential is unique in being able to reproduce experimentapeculiar as to be of no general validity. Second, we per-
cross section$2,3] up to medium energiegabout 60 eY  formed anL =0 calculation for'Z.. At experimental ener-
fairly well. Other theoretical calculations are unable to repro-gies less than 0.03 eV, the effect of higher partial waves is
duce[7,8,13 the experimental trend of a total cross sectionpractically zero(well within the error bar of Ref[19)]); at 1
at different energies with a minimum around 5.1 eV. TheeV this effect is quite small.

present elastidfull line) and momentum-transfefdashed From the consideration above, we believe the present
line) static-exchange calculations are consistent with the exstatic-exchange calculation as well as the previous calcula-
periment of Skalsegt al. [4]. tions[16] using the same exchange potential provide a real-

Next we perform ars-wave calculation for the parameter istic account of very-low-energy Ps-He scattering. However,
1Z. In Fig. 2 we plot the results for the present calculationthe precise agreement of the static-exchange calculation with
of 1Z. at different energies. For comparison we also plotexperiment is expected to be incidental. For a complete un-
the results of a previous calculation by Barker and Bransdederstanding of this problem, higher excited states of both Ps
[7] and by Fraser and Kraidj13] and the existing three and He should be incorporated in the model. The inclusion of
experimental data. Although Drachman and Houg&indid Ps excitation channels has been foué] to decrease the
not calculate'Z.4 at different energies, their low-energy low-energy cross sections and we might need to refit the
value of 0.1 is in reasonable agreement with the present rdew-energy cross sections by changing the parameters
sult of 0.11 and the experiment of Refd9,20. The three and/org of the potential in Eq(14), as in Refs[15,16.
experimental results with error bars cover the range of 0.07— In conclusion, we have used a recently suggested nonlocal
0.31 for 1Z 4. Of the three experiments, the one by Duff andmodel exchange potentigl4—17 and applied it to the study
Heymann[19] with the smallest error bar might be the most of Ps-He scattering at low energies. We have critically ex-
accurate. amined the static-exchange calculation to see if it can ac-

The much too small values diZ4 obtained in previous count satisfactorily fof16] the measured cross sections of
calculations[7,13] seem to be a consequence of a muchRefs.[2,4] and the “measured” value of the paramete,
stronger(exchanggrepulsion in the elastic channel of these of Refs.[19,20. The present calculation is in reasonable
models. This is reflected in the zero-energy cross section aigreement with the calculation of R¢6]. However, it is
the scattering length of these calculations. For a repulsivelifficult to reconcile the present calculation with the experi-
potential the low-energy cross section increases with repulment of Ref.[21]. In a previous study16], the present ex-
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change potential has been found to reproduce the low- tavhich demonstrates that the smaller the scattering length, the
medium-energy cross sections of Ref&,4] well. This, larger is the value of!Z.. This correlation is similar to
coupled with the present study, seems to indicate that thdifferent correlations observed recently between the low-
17 . measurement of Reff19] and the high- and low-energy energy Ps-H observabl§s5].

cross-section measurements of R¢®.and[4] are consis-

tent with each other as well as with the present calculation We thank Professor B. H. Bransden for suggesting this
which possibly provides a faithful description of low-energy investigation, and for his helpful comments and encourage-
Ps-He scattering. We observe a correlation betwegegand  ment. The work was supported in part by the CNPg and
the triplet scattering length of various calculatiaifsg. 3), FAPESP of Brazil.
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