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Positron-hydrogen scattering at low intermediate energies
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We apply the coupled-channel-optical method for positron-hydrogen atom scattering at energies just above
the ionization threshold to 40 eV. The rearrangement positronium channels are treated in the close-coupling
method that includes the atomic target states. The neglect of the continuum is taken into accourdabvia an
initio optical potential model. Physical observables such as ionization, positronium formation, and total cross
sections are presented together with elastic and positrong)ntifferential cross sections.
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Its undeniable that experimental developments in the fieldk’¥ | T|kW )
of positron-hydrogen atom scattering had made major strides

in the 1990s[1-5]. Most of these experimental measure- = (k"W [VO[kW,)
_me_nts_had reported_ total, positroniu(_ﬁs) forma_ltion and . ,,<k"1'a'|VQ|k"‘1’a~><k"‘Pa~|T|k‘l’a>
ionization cross sections from low to high energies. As far as + 2 d°k

we are aware, there are no differential cross sedtiv@S)

( E(+)_ En— Ek"2>
measurements done yet on the positron-H system. Although 2

we have seen much work on the low-energy redién 8], (K'W | VK" D g} (K" D | TIKP )
there has been a lack of theoretical studies for positron- +> | a3 1 (1)
hydrogen atom system, especially, in the intermediate and B (E(+)—gﬁ,,—zk"2)

high energiedsee Rajagopal and Ratnavéf] for a discus-

sion on other theoretical worksRecently, we have seen fur- (k’¢5/|T|k‘I’a>

ther work by Kar and Manddl10] and Janev and Solovev

[11] that have added newer results for positron-H scattering  =(k'® g [VIkV¥ )

at intermediate energies. Kar and Mandal have comprehen- , " "

sively studied the Ps@E) DCS for a large range of interme- +> d3k,,<k D 5| VK" ) (K" | TIKP )
diate energies using the Schwinger variational method. They a” (E(+)_8 L Ek”z)

found very interesting features in the DCS that has motivated “2

our present report. The advanced adiabatic watko some- (K" ® 4 |VK"® g} (K"D oo T|KP )
times called as “hidden-crossing theopydf Janev and So- +>, | d%” b b £ =

lovev has also shown fair agreement with available experi- B (E(+)_8B”_ %k”2>

mental and theoretical methods for Ps formation and
ionization cross sections. 2
The present paper extends the work of Rajagopal and Rat-

navelu[9] and will concentrate on the lower intermediate

energies that range just above the ionization threshold tpositronium_states,_respectively. The generic t&fns used
A . ..~ "to label the interaction between the different classes of chan-
about 40 eV. We will also report total cross sections, ioniza-

i " 4 Ps f i . q Inels and the details of thé? can be found in Ref[9].
lon Cross sections, and s formation Cross sections and also tp,q following calculations were performed in the present
elastic and Ps(d) DCS and compare where, available with

experimental and other theoretical data. Woéké(3,3): The n=1 and 2 hydrogen (& 2s, and %),

The theoretical details of the coupled-channels opticakiates are included in the close-coupling expansion together
method(CCOM) had been presented in the work of Rajago-ith the Ps(5), Ps(), and Ps(D) states.
pal and Ratnavel(i9] and the full formalism of the close- CCO(3,3: The continuum potentials for the sils,
coupling(CC) method can be found in Refsl2,13. Essen-  1s.2s, 1s-2p, 2s-2s, 2s-2p, and -2p are used within
tially, the Schralinger equation for the positron-hydrogen the CQ3,3). At energies below 30 eV, only thesils,
atom system can be transformed to a set of coupleds-2s, and Is-2p continuum channels were used.
momentum-space Lippmann-Schwinger equations for a pos- CC(6,3): Here then=1,2 and 3 (5, 2s, 2p, 3s, 3p, and
itron with the momentunk incident on a hydrogen atom in 3d) hydrogen states are included in the expansion together
stateWV, (atomic units are used throughpuaire with the three physical Ps €1 2s, and 2o) states.

In the above equation¥ , andd ; are the hydrogen and
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FIG. 1. lonization cross sections for positron-hydrogen atom FIG. 2. Total positronium formation cross sections for positron-
scattering. Theoretical data: CC&8) (solid), CCQ3,3) (dash,  hydrogen atom scattering. Theoretical data: CE® (solid),
CC(28,3) (dot), and CCRO0,3) (dash-dok, experimental data: Jones CCQ3,3 (dash, CC(28,3) (dot), CC(30,3) (dash-dox, and
et al. (squares Schwinger Model {): experimental data: Zhoet al. (squares

and Hoffmannret al. (triangles.
CCO6,3): The continuum potentials for the sils,

1s-2s, 1s-2p,2s-2s, 2s-2p, and P-2p are used within the ~Cross se_ctions for pos?tron-hy_drogen scattering in this energy
CC(6,3). At energies below 30 eV, only thesils, 1s-2s, 'egime is being described quite well.
and 1s-2p continuum channels were used. In Fig. 2, we show the CC@®,3) and CCQ3,3) total Ps

The similarity of the nomenclature betwen the C@@§)  cross sections with the Ce8,3), CCE0,3) and the
and CCn,n) is due to the fact that in both cases the totalSchwinger calculation of Kar and Mandal0] (we will term
wave function for the system is expanded in the closeit as the Schwinger modelThe experimental measurements
coupling basis[13] and in the CCOf,n) case, the con- ©Of Zhouet al. [2] and Hoffmannet al. [5] are also shown.
tinuum optical potentials are explictly included in thv& Although all theoretical models show the general trend, there
[see right-hand side of Eq1)]. are nevertheless diﬁerence;. The two experimental measure-

We follow the procedure of Ratnavelu, Mitroy, and Stel- ments also show vast differences below 20 eV. The
bovics[14] by implementing a five-panel composite mesh soSchwinger model only gives the Ps{lcross section and is
that sufficient grid density is generated near botheétieH ~ shown here for comparative purposes. In comparing the
and Psp on-shell momenta. We have obtained converged>chwinger model with the close-coupling models suggest
results using 56—68 quadrature points for all energies. Théhat the contribution of the higher As¢ 2) states to the total
Ps formation rearrangement terfisee Eq(35) of [13]] are  Ps formation cross sections are still significant for energies
included up toJ=22 for all energies studied. In the CCO below 40 eV. The differences between the CCO models and
calculations, the optical potentials were included to a maxithe larger CC28,3) iswithin 5-10 % forE>20 eV. Below
mum J=J, (WhereJ,,=24 at 40 eV. These are supple- 20 eV, there is a dramatic drop between the present models
mented with the C@®,3 partial-wave T matrices until and other works. This difference could mainly be due to the
J=Jmax (at 40 eV, fa=36). smallerP space used in the CCO calculations as the present

In Fig. 1, we display the present calculations G6Q) CC(6,3) shows the same trend. We note that the present data
and CCQ@3,3 for the ionization cross section$CS). We below 17 eV seems to be closer to the data of Hoffmann. The
also show the CQI8,3) calculations of Mitroy[7] and the e.xcellent' agreement between the Schwinger-model Cross sec-
CC(30,3) calculations of Kernoghaet al. [8]. The experi- t"?”S[Wh'C,h excludes the Psg? and Ps(P)] at all energies
mental measuremenf8] are also shown. Our present ICS Wlth Zhou’s total Ps cross sectlon:_; will dlsappear if they
supercedes the earlier reported wp@ki1] at 30 eV and 40 !nclude.Ps(z) and Ps(®) cross sections. Thus, it would be
eV. This has been due to improvements in the numerica'lmeresung,to see further work fpr an acgurate stud_y of the Ps
aspects of the calculations. Nevertheless, the differences afE0SS Sections at these lower intermediate energies. To pro-
minor. Our present data show similar qualitative trends as th¥'de an idea of the quality of the present work, we can com-
experimental measurements of Joeesl. [3] and the theo- Pare the Ps(9) of the CCQ6,3) with the Schwinger model.

retical works of Mitroy[7] and Kernogharet al. [8]. There At about 1?-8 eV the CC@®,3) gives a Ps() cross section
are some differences in detail f@<27 eV between the Of 2.38rag (while Schwinger model's at 13.6 eV is
present work and the other theoretical data. Considering-3997ag). At 30 eV, the CC@6,3 cross section is
these differences in treating the continuum by the varioud.477ra§ and the Schwinger model is 1.3745. At 40 eV,
theoretical methods, it is quite evident that the qualitativewe find the differences become small@CO(6,3): 0.819
and to some extent the quantitative features of the ionizatiomag and Schwinger: 0.775&1?,). This provides ample jus-
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tification that the CCO calculations are quite reliable Eor
>20 eV.

The calculated total cross sectiofiBCS) are shown in
Fig. 3, in general, the optical potential enhances the cross
sections. The dramatic effect is seen at around the peak of
the TCS and just above the ionization threshold. Here, the
CCQ(6,3 and the CC@B,3 enhances the TCS by about
30-40%. The sharp peak in the TCS at around the
17-18 eV region is plausibly due to the insuffici€éhspace
used in the present calculations. At other energies, the effects
of the continuum is less spectacular but still very significant.
This suggests that the CCO is probably modeling the con-
tinuum quite well at the energies just above the threshold.
The closer agreement between experimental data of Zhou
et al.and the larget-2 models suggests that the present CCO
calculations should show better TCS with a lar§espace.

Our CCQ6,3) DCS for the Ps(%) are shown with the

FIG. 3. Total cross sections for positron-hydrogen atom scatterSchwinger calculations at 13.8, 20, 30, and 40 eV in Figs.

ing. Theoretical data; CC®,3 (solid), CCQO3,3) (dash, CC(28,3)
(dot), and CCR0,3) (dash-do; experimental data: Zhoet al.
(squares
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4(a) and 4b). We have chosen not to depict the CB(3) as
it will clutter the figures. Essentially, there are some differ-
ences in magnitude between the G6@) and CCQ3,3) but
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FIG. 4. Ps(5) differential cross sections for positron-hydrogen atom scatteririg) dt3.82 eV,(b) 20.41 eV,(c) 30 eV, and(d) 40 eV.
Theoretical data: CC@®,3) (solid), CC(6,3) (dash, and Schwinger modeHot).
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FIG. 5. Ps DCS for positron-hydrogen atom scattering at various  FIG. 6. Elastic DCS for positron-hydrogen atom scattering at
energies using the C36,3). various energies using the CC&B).

. . Ing at low intermediate energies ranging from just above the
the same trends are observed. In general, we find the fir reshold to 40 eV, The largdr? models and the present

minima predicted by Kar and Mandal is also present at al : X

these energies but the depth of this minima becomes sh ?Cecu) d?;ggsotrr;?;léhﬁ] (iggtltnaur;gl gfp?a:ﬁgﬂ)yﬁ gﬁi l:ﬁgscco
lower as the i_ncident energy increase_s. The inter_esting_ asp ﬁies amab initio optical potential for the continuum. Thus,

of the DCS given by Kar and Mandal is that the first minimayy o ¢|ose agreement between theory and experiment for the
is very prominent even at 40 eV as it was at 13.6 eV. Thqcg gyggests that both methods are doing quite well. The
second minima at the backward angles as predicted by thggest disparity between the present calculations and the

Schwinger model is not clearly observable by our modelsye theoretical data #<20 eV for the total Ps cross
except at 13.8 eV. To further illustrate the trend of the OUrgetions is very glaring. The present results for the total cross
DCS, we exhibit the CC®,3) DCS only in Fig. 5. For pur-

. sections also suggest that a largespace CCO calculation
poses of clarity, the DCS at 13.8 eV and 20 eV have beefq 14 he needed.The differential cross sections calculated

magmﬁed ten timgs.. As we go from 13.8 eV to 20 eV, Weor the Ps(X) formation is highly interesting as is the elastic
find the forward minima becomes shallower and the positio S

of the minima moving to small angles. At 30 eV, this is still '

evident with a wider but very shallow minima. At 35 and 40 K.R. would like to acknowledge the funding of this

eV, there exists a shoulder in the region between 30°—-40° project by the Malaysian IRPA Grant No. 09-02-03-0382 and
For completeness, we also show the GEQ elastic thank Dr. Jim Mitroy for the use of his close-coupling pro-

DCS at 13.8 eV, 20 eV, 30 eV, and 40 eV in Fig. 6. We gram. The authors also thank Professor P. Mandal and Pro-

clearly observe a deep and wide minima at about 50° for théessor S. Kar for their data. This paper was written when

13.8 eV case. At 20 eV, we only observe a shallow troughK.R. was spending his sabbatical ledfrem University Ma-

and for 40 eV, we see no trace of this minima. laya) at the Department of Physics and Astronomy, Univer-
In conclusion, we have performed a series of coupledsity of Oklahoma under the sponsorship of the NSF Grant of

channels-optical calculations for positron-hydrogen scatterProfessor Mike MorrisorfPHY-0071031.
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