
ingdom

PHYSICAL REVIEW A, VOLUME 65, 032715
Positron scattering by the negative hydrogen ion
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Results are presented fore1 scattering by H2 in the impact energy range 0<E0<10 eV. These include
integrated cross sections for Ps formation in the 1s, 2s, and 2p states, as well as in an aggregate of states with
n>3, and for direct ionization. Differential cross sections for Ps formation in the 1s, 2s, and 2p states are
also exhibited. The calculations are based on a coupled pseudostate approach employing 19 Ps pseudostates
centered on thee1. It is found that Ps formation in the 2p state dominates that in the 1s or 2s states below 8
eV, that formation in states withn>3 exceeds the sum of then51 andn52 cross sections above 2.5 eV, and
that direct ionization outstrips total Ps formation above 6.3 eV. The threshold law (E0→0) for exothermic Ps
formation, which includes the cases Ps(1s), Ps(2s), and Ps(2p), is shown to be 1/E0.
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I. INTRODUCTION

Positron (e1) scattering by the negative hydrogen io
(H2) is of interest for several reasons. First, it is the pro
type of all positron-negative ion scattering reactions. Seco
it is an important channel@1# of the fundamental four-body
system Ps1H which is presently receiving much attentio
@2,3# as a result of recently acquired experimental capab
to make positronium~Ps! beams@4#. Third, it is of astro-
physical importance in that the reaction

e11H2→Ps1H ~1!

should be a noticeable contributor to observed electr
positron annihilation linewidths in transition regions of pla
etary nebulas where there is a significant concentration
H2 ions @5–7#. Fourth, the development of ion storage rin
which has led to a breakthrough in the study of electr
negative ion scattering@8# brings much closer the day whe
measurements of positron-negative ion scattering bec
feasible. Finally, the radiative recombination reaction,

e11H2→PsH1g ~2!

is, in principle, a possible route for the production of t
exotic compound positronium hydride~PsH! @5,7#.

We are aware of only two other papers which calculatee1

scattering by H2 @6,9#. Both calculations are perturbative i
approach and restrict themselves to Ps formation in thes
ground state leaving the H atom also in its 1s ground state,
see Eq.~1!. In @9# the Coulomb-Born approximation~CBA!
was used to calculate the cross section at six incident e
gies between 20 and 500 eV. In@6# the CBA is again used bu
various ‘‘orthogonalization’’ corrections to it are also consi
ered, results are quoted only at the four incident energie
0.1, 0.5, 1.0, and 100 eV.

Our purpose in this paper is to study the important lo
energy region from 0 to 10 eV. Our emphasis is again on
formation, but no longer restricted to ground-state formati
we consider Ps formation in the 1s, 2s, and 2p states, as
well as in an aggregate of states fromn53 upwards. How-
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ever, we continue to assume that the resultant H atom,
Eq. ~1!, is left in its ground state. It turns out, as we shall s
later, that Ps formation in the 2p state, rather than 1s, is
dominant below 8 eV. In the energy region 0–10 eV, pert
bative methods are not appropriate, so we adopt a coup
pseudostate approach@3#. The use of pseudostates also e
ables us to take account of the direct ionization reaction

e11H2→e11e21H~1s!, ~3!

which for impact energies above 0.755 eV, the binding
ergy of H2 @10#, is in competition with the Ps formation
process~1!. We present both integrated, and for Ps form
tion, differential cross sections.

While the use of pseudostates in calculations ofe1 scat-
tering by neutral atoms has been highly successful@3,11–
13#, their deployment ine1 scattering by weakly bound
negative ions requires some thoughtful caution, the sam
true for electron scattering by such ions@14#. The difference
lies in how a target electron perceives the relative importa
of its interaction with its parent nucleus and fellow electro
versus its interaction with the incident projectile. Under t
assumption that we are not dealing with asymptotic con
tions of high-impact energies or large-impact parameters
is the latter which is overwhelmingly dominant for weak
bound negative ions. For example, the Coulomb potentia
an incidente6 at the target nucleus exceeds the binding
ergy of H2 if the separation distance is less than 36 a.u.@15#,
by contrast, this distance is reduced to 2 a.u. in the case
neutral H target. The ‘‘attention’’ of a weakly bound electro
in a negative ion under nonasymptotic conditions is theref
very much centered upon the motion of thee6 projectile.
Consequently, a treatment based on target centered p
dostates@16# is doomed to slow convergence@14,17#. This
situation is more acute for positrons than for electrons si
the attractive~repulsive! interaction of a projectilee1 (e2)
pulls ~pushes! a weakly bound target electron into a strong
~weaker! interaction with it. These considerations lead us
expand the collisional wave-functionC in terms of pseu-
dostates centered on thee1, i.e., in terms of Ps pseudostate
©2002 The American Physical Society15-1
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McALINDEN, BLACKWOOD, AND WALTERS PHYSICAL REVIEW A 65 032715
keeping only one H2 channel, that being the entrance cha
nel of thee1 incident upon the H2 bound state.

II. THEORY

We expand the collisional wave-functionC as

C5F~r p!c2~r1 ,r2!1(
a

$Ga~R1!fa~ t1!c0~r2!

1Ga~R2!fa~ t2!c0~r1!%. ~4!

Herec2 is the H2 bound-state wave function,c0 is the 1s
ground state of the H atom and thefa are Ps states. Th
vector r i(r p) denotes the position vector of thei th electron
~positron! relative to the nucleus of the H2 ion. The vectors
Ri[(r p1r i)/2 and t i[r p2r i then give the Ps center-of
mass position and internal coordinate, respectively. The
fa consists of both eigenstates and pseudostates of Ps
pseudostates are constructed so that together with the e
states they diagonalize the Ps Hamiltonian

HPs~ t![2¹ t
22

1

t
, ~5!

i.e.,

^fa~ t!uHPs~ t!ufa8~ t!&5Eadaa8,

^fa~ t!ufa8~ t!&5daa8 . ~6!

The set consists of 1s, 2s, 3s to 7s, 2p, 3p to 7p, 3d
to 7d, and 4 f to 7 f states, where a ‘‘bar’’ distinguishes
pseudostate from an eigenstate. This set of 22 states has
used previously to investigate Ps scattering from H, He,
Ar @1,2,18,19# and is given explicitly in@19#. It derives from
a set of H pseudostates,ca , used earlier by van Wyngaarde
and Walters@20# to study electron scattering by atomic h
drogen. Thefa andca are related by

fa~ t!5
1

A8
caS t

2D , ~7!

the energyEa of fa @see Eq.~6!# being exactly one half of
that of the correspondingca . The primary purpose of the
pseudostates in the setfa is to represent the Ps continuum
in this case ionized states of H2 in which the detached elec
tron has come under the influence of the projectilee1. The
pseudostates also take into account discrete states of Ps
than 1s, 2s, and 2p.

For c2 we have used the approximation@13#

c2~r1 ,r2!5N@c̄~r1!c0~r2!1c̄~r2!c0~r1!#, ~8!

in which one of the two electrons is placed in the H(1s)
orbital c0 while the other electron moves in a more diffu
s-state orbitalc̄ built out of a linear combination of the bas

r ne20.8r n50,1, . . . ,9. ~9!
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The orbitalsc̄ andc0 are not orthogonal and the normaliz
tion constantN is given by

N51/A2~11^c0uc̄&2!, ~10!

where we assume thatc̄ andc0 are individually normalized.
Determination of the coefficients of the basis~9! through
application of the variational principle gives a binding e
ergy of 0.362 eV, i.e., just less than one half of the exact2

binding energy@10#. This is the best that can be expect
from a split-shell function involving onlys orbitals @21#.

Finally, we note that the expansion~4! only permits the H
atom in Eqs.~1! and~3! to be left in its 1s ground state, this
is a restriction in our approximation. Amongst other thing
this restriction rules out physical effects such as the van
Waals force in the Ps1H channels. It should also be ob
served that the expansion~4! is symmetric in the electron
coordinatesr1 andr2. Under the nonrelativistic Hamiltonian
~11!/~12! the total electronic spin must be conserved, a
since we consider a positron incident upon an electronic s
singlet state, i.e., H2, we need only consider electronic sp
singlet scattering. In this spin state the spatial part of
wave function must be symmetric underr1↔r2 interchange.

The Hamiltonian for our collision system may be writte

H52
1

2
¹p

21HH2~r1 ,r2!1Vp~r p ;r1 ,r2! ~11!

or equivalently,

H52
1

4
¹R1

2 1HPs~ t1!1HH~r2!1VPs~R1 ,t1 ;r2!

52
1

4
¹R2

2 1HPs~ t2!1HH~r1!1VPs~R2 ,t2 ;r1!, ~12!

where

HH2~r1 ,r2![2
1

2
¹1

22
1

2
¹2

22
1

r 1
2

1

r 2
1

1

ur12r2u
~13!

is the H2 Hamiltonian,

Vp~r p ;r1 ,r2![
1

r p
2

1

ur p2r1u
2

1

ur p2r2u
~14!

is the interaction between thee1 and the H2,

HH~r ![2
1

2
¹22

1

r
~15!

is the Hamiltonian for atomic hydrogen, and
5-2
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VPs~R,t;r ![S 1

UR1
1

2
tU 2

1

UR1
1

2
t2rU D

2S 1

UR2
1

2
tU 2

1

UR2
1

2
t2rU D ~16!

is the interaction between the formed Ps and the residu
atom. Coupled equations for the functionsF andGa in Eq.
~4! are obtained by substituting Eq.~4! into the Schro¨dinger
equation and projecting withc2(r1 ,r2) and fa(t1)c0(r2).
These equations have the form

~¹p
21k0

2!F~r p!52V~r p!F~r p!

14(
a
E Ka~r p ,R1!Ga~R1!dR1,

~¹R1

2 1pa
2!Ga~R1!54(

a8
Uaa8~R1!Ga8~R1!

14E Ka* ~r p ,R1!F~r p!dr p

14(
a8

E Laa8~R1 ,R2!Ga8~R2!dR2,

~17!

wherek0 is the momentum of the incident positron

k0
2

2
1«25E5

pa
2

4
1Ea1«0 , ~18!

«0 («2) is the energy of the H (H2) statec0 (c2) andE is
the total energy,

V~r p![^c2~r1 ,r2!uVp~r p ;r1 ,r 2!uc2~r1 ,r2!& ~19!

is the static potential of the H2 ion,

Uaa8~R1![^fa~ t1!c0~r2!uVPs~R1 ,t1 ;r2!ufa8~ t1!c0~r2!&
~20!

is the direct Coulomb interaction between the Ps and th
atom,

E Ka~r p ,R1!Ga~R1! dR1

5E
fixed rp

c2* ~r1 ,r2!

3~H2E!Ga~R1!fa~ t1!c0~r2!dr1dr2 ,

~21!
03271
H

H

E Ka* ~r p ,R1!F~r p!dr p

5E
fixed R1

fa* ~ t1!c0* ~r2!

3~H2E!F~r p!c2~r1 ,r2!dt1dr2 , ~22!

where * stands for complex conjugation, and

E Laa8~R1 ,R2!Ga8~R2! dR2

5E
fixed R1

fa* ~ t1!c0* ~r2!

3~H2E!Ga8~R2!fa8~ t2!c0~r1!dt1dr2 .

~23!

Ka(r p ,R1) is the Ps formation/destruction kernel, whi
Laa8(R1 ,R2) represents electron exchange between Ps
the H atom. Although our H2 state~8! is approximate, we
use the exact H2 energy of 0.755 eV@10# for «2 in Eq. ~18!,
also in operating with the Hamiltonian H in Eqs.~21! and
~22! we assume that, see Eq.~11!,

HH2c2~r1 ,r2!5«2c2~r1 ,r2!, ~24!

where, again,«2 has its exact value. The coupled Eqs.~17!
are solved by conversion to partial-wave form, followed
application of theR-matrix technique@22,23#. Partial waves
corresponding to total orbital angular momentumJ from 0 to
20 are included in the calculations presented here.

The Eqs.~17! are solved subject to the boundary cond
tions

F~r p! →
r p→`F11

a2

i ~k0r p2k0•r p!Geik0•rp1 ia ln(k0r p2k0•rp)

1 f ~ r̂ p!
eik0r p2 ia ln(2k0r p)

r p
, ~25!

Ga~R1! →
R1→`

ga~R̂1!
eipaR1

R1
, ~26!

wherea521/k0 and unit vectors are indicated by a ‘‘hat.
The form~25! represents thee1 incident with momentumk0
in the Coulomb field of the H2 ion. In Eq.~26! Ps emerges in
the statefa in the non-Coulombic field of the H atom. From
Eqs. ~25! and ~26! the differential cross sections for elast
scattering and Ps formation are given by

dsel

dV
5u f u2, ~27!

dsa
Ps

dV
5

pa

2k0
ugau2. ~28!

We denote bysel andsa
Ps the corresponding integrated cro

sections@24#. Because of the long-range character of t
5-3
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McALINDEN, BLACKWOOD, AND WALTERS PHYSICAL REVIEW A 65 032715
Coulomb field,sel is in fact infinite. The ionization cross
section, s ion, is calculated using the usual prescriptio
@11,19,25,26#

s ion5(
a

f asa
Ps, ~29!

where f a is the probability that the statefa overlaps the Ps
continuum. The factorf a is most conveniently calculate
from

f a512(
nlm

u^fnlmufa&u2, ~30!

where the sum is over all bound~orthonormal! eigenstates
fnlm of Ps. For Ps formation in bound states other th
1s, 2s, or 2p ~i.e., n>3) we calculate an aggregate cro
section,sn>3

Ps , from

sn>3
Ps 5 (

aÞ1s,2s,2p
a

~12 f a!sa
Ps. ~31!

The binding energies of Ps(1s) and Ps(n52) are 6.8 and
1.7 eV, respectively. Since they exceed the binding energ
H2 ~0.755 eV!, Ps formation in these states is exotherm
i.e., Ps can be formed at any impact energy. In the cas
exothermic Ps formation ine1 impact on neutral atoms it ha
been shown@27# that the Ps formation cross section becom
infinite as 1/k0 ask0→0. The argument is simple. For exo
thermic formationpaÞ0 whenk050. In the limitk0→0 the
amplitudega becomes purelyS wave, is nonsingular and
unless through some exceptional accident, nonzero. It
follows immediately from Eq.~28! thatsa

Ps diverges as 1/k0.
In the case of a negative ion, however,ga becomes singula
as 1/Ak0 with the result thatsa

Ps diverges as 1/k0
2 . This point

has been appreciated by Drachman@7,28#. That ga diverges
as 1/Ak0 may be seen by examining the first-order pertur
tive approximation to Ps formation, i.e., the Coulomb-Bo
approximation. In this approximation@see Eqs.~12!, ~17!,
~18!, ~22!, and~26!#

ga52
1

pE e2 ipa•R1fa* ~ t1!c0* ~r2!VPs~R1 ,t1 ;r2!

3xc~k0 ,r p!c2~r1 ,r2!dR1dt1dr2 , ~32!

wherexc is the incidente1 Coulomb wave@29#

xc~k0 ,r p!5e2pa/2G~11 ia!eik0•rp

3 1F1~2 ia;1;ik0r p2 ik0•r p!. ~33!

In the limit k0→0, the confluent hypergeometric functio
1F1 remains finite but the ‘‘density of states’’ facto
e2pa/2G(11 ia) diverges as 1/Ak0 @30#. An interesting dif-
ference on the case of a neutral atom is that this 1/Ak0 di-
vergence is present in every partial-wave contributing to
~33! @29#, consequently, the amplitudega does not become
pure S wave in the limit k0→0. Unlike the neutral atom
03271
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situation, therefore the very low-energy differential cro
section~28! is in general nonisotropic.

III. RESULTS

We present calculations in the impact energy range 0 to
eV. Our results for Ps formation are shown in Fig. 1. A
indicated in the previous section, the exothermic cross s
tions for 1s, 2s, and 2p formation become infinite as 1/k0

2,
or equivalently as 1/E0, as the impact energyE05k0

2/2 tends
to zero. At very low energies these cross sections may th
fore be characterized as

sa
Ps5

Aa

E0
pa0

2, a51s,2s,2p, ~34!

where we calculate thatA1s556.7, A2s571.5, and A2p
5265 whenE0 is measured in electron volts. The limitin
form ~34! gives the calculated cross section correct to with
5% out to 1.4, 0.4, and 0.15 eV, respectively, for 1s, 2s, and

FIG. 1. Positronium formation cross sections:~a! Ps(1s); ~b!
Ps(2s); ~c! Ps(2p); ~d! Ps(n>3).
5-4
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2p. It is clear from these numbers that the 2p formation
cross section is by far the dominant one in the low-ene
regime. However, with increasing impact energy the 1s cross
section exhibits the slowest rate of fall with the result tha
exceeds the 2s and 2p cross sections beyond 0.7 and 8.0 e
respectively, being factors of 5 and 1.4 larger by 10 eV. T
2s cross section is everywhere smaller than the 2p cross
section by a factor of roughly four.

Figure 1~d! shows an aggregate cross section,sn>3
Ps for Ps

formation into bound states with principle quantum numb
greater than two. This cross section has been extracted
the Ps pseudostates according to Eq.~31! and has a threshold
at 0.49 eV corresponding to the lowest-energy pseudos
(3p). It rises rapidly from threshold, reaching a maximum
99 pa0

2 at 2.3 eV, and subsequently declining to 11.9pa0
2

at 10 eV. Figure 2 comparessn>3
Ps with the sum of the

1s, 2s, and 2p formation cross sections. Figure 2 als
shows that Ps formation in states withn>3 is dominant
above 2.5 eV and at least up to 10 eV.

Despite the fact that Ps formation into the 1s ground state
is not the dominant process at low energies, it is still
interest to compare our 1s results with the earlier calcula
tions of Straton and Drachman@6#. This is done in Table I.
Depending upon the approximation, they obtained a rang
values differing by over a factor of 30. As Table I show
their smallest values are still about 50% larger than what
have obtained here.

Let us now turn to direct ionization, the competing pr
cess to Ps formation above 0.755 eV. Figure 3 shows
calculated ionization cross section@see Eq.~29!#. In this fig-
ure it is compared with the total Ps formation cross secti
i.e., the sum of the 1s, 2s, 2p, and n>3 Ps formation
cross sections. We see that ionization begins to excee
formation above 6.3 eV. Our calculated ionization cross s
tion has a maximum of 88.6pa0

2 at 4.3 eV, which is over a

FIG. 2. Comparison of Ps formation cross sections: das
curve, Ps(1s12s12p); solid curve, Ps(n>3).

TABLE I. Ps(1s) formation cross sections (pa0
2).

Straton and Present
Energy~eV! Drachman@6# ~range! work

0.1 904–30 400 567
0.5 178–5760 116
1.0 82.5–2690 57
03271
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factor of 2 larger than the maximum of the correspond
electron-impact cross section@14,31#, this is consistent with
our expectation of a stronger averagee1-target interaction
than e2-target interaction, see Sec. I. A tabulation of o
ionization cross section is given in Table II.

Besides integrated cross sections, there is some intere
differential cross sections for Ps formation@6,9#. In Figs. 4 to
6 we show a sample of our results for differential Ps form
tion in the 1s, 2s, and 2p states fore1 impact energies of
0.1, 1.0, and 10.0 eV.

d FIG. 3. Direct ionization and total Ps formation cross sectio

TABLE II. Direct ionization cross section,s ion, as calculated
from Eq. ~29!.

Energy~eV! Cross section (pa0
2)

0.8 14.29
0.9 17.58
1.0 19.94
1.2 23.96
1.4 27.50
1.6 32.71
1.8 38.77
2.0 45.25
2.2 52.18
2.4 58.90
2.6 64.97
2.8 70.22
3.0 74.58
3.2 78.05
3.4 80.62
3.6 82.30
3.8 85.20
4.0 86.98
4.3 88.55
4.6 86.86
5.0 81.91
5.5 75.13
6.0 70.19
6.5 66.32
7.0 65.23
8.0 64.68
9.0 63.58

10.0 61.91
5-5



0
ul
is
on
to
t

ll
ss
re
o
tio

is
th
e

he

,
of
d

n
ig
rd

rated
le

1
-

as

al
e

ted

ich
tion

McALINDEN, BLACKWOOD, AND WALTERS PHYSICAL REVIEW A 65 032715
Figure 4 exhibits the Ps(1s) cross section. At all three
energies this cross section is strongly forward peaked. At
and 1.0 eV there is a clear shoulder structure in the ang
region 50° to 80° and a small but almost imperceptible r
towards 180°. This is different from the results of Strat
and Drachman@6# at the same two energies which tend
show a dip near 70° and a much larger ratio of backward
forward scattering although the greatest scattering is sti
the forward direction. At 0.1 and 1.0 eV our differential cro
section is effectively negligible beyond 125° and 100°,
spectively. By 10 eV, Fig. 4~c!, the shoulder structure is n
longer visible on the scale of our graph and the cross sec
is essentially confined to angles less than 40°.

The Ps(2s) differential formation cross section, Fig. 5,
also strongly forward peaked and largely restricted to
angular range 0° to 30°, although there is some structur
larger angles. At 0.1 eV the forward 2s cross section is al-
most an order of magnitude larger than its 1s counterpart,
Fig. 4~a!, but by 10 eV is about five times smaller, Figs. 5~c!
and 4~c!, as we might expect from the relative sizes of t
corresponding integrated cross sections at 10 eV.

Different from the others, the 2p cross section at 0.1 eV
Fig. 6~a!, rises from the forward direction to a maximum
about 3000a0

2/sr at 20°, this is followed by secondary an
tertiary maxima at 60° and 120°, respectively, and the
small rise towards the backward direction. By 1 eV, F
6~b!, like the others, the cross section is strongly forwa

FIG. 4. Differential Ps(1s) formation cross section.
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peaked and the secondary maximum has now degene
into a shoulder in the region 40° to 50°, with negligib
undulatory structure at larger angles. By 10 eV, Fig. 6~c!, we
find a sharply peaked forward cross section similar to thes
case, Fig. 4~c!, but with a slightly higher forward cross sec
tion and a noticeably narrower peak.

The patterns seen in Figs. 4 to 6 are similar to what w
obtained in the alkali metals@27#, in particular the forward
rise and 20° peak in the low-energy 2p cross section, Fig.
6~a!.

It is also of interest to see how the individual parti
waves contribute to Ps formation. In Table III, therefore, w
list the partial-wave cross sections,sa

Ps(J,L), for a
51s, 2s, and 2p formation at 0.1 eV. Here,J is the total
orbital angular momentum andL is the orbital angular mo-
mentum of the outgoing Ps. The corresponding integra
cross section,sa

Ps, is given by

sa
Ps5(

J,L
sa

Ps~J,L !. ~35!

The table is truncated at values ofJ where the higherJ cross
sections are less than 0.1pa0

2. We see that Ps(1s) formation
is dominated by theJ52 wave (D wave! with lesser but
comparable contributions fromJ51 and 3. TheJ50 (S
wave! cross section is comparatively small, a pattern wh
we have grown used to seeing in ground-state Ps forma

FIG. 5. Differential Ps(2s) formation cross section.
5-6
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@32# and which has been explained within the framework
the hidden crossing theory fore1 –H(1s) scattering as being
due to a destructive interference effect@33#. In the present
context we note that this theory also explains the promine
of D-wave Ps formation ine1 –H(1s) scattering as construc
tive interference. For Ps(2s) formation the major contribu-
tions, of similar size, come fromJ52, 3, and 5, with
minima atJ51 and 4. For Ps(2p) formation the dominant
wave isJ55, L54, closely followed byJ54, L53, and
further behindJ56, L55; J51, L50, andJ53, L52,
in that order. Except forJ52, we see that

s2p
Ps~J,L5J11!,s2p

Ps~J,L5J21! ~36!

as we might expect from propensity. From the pattern
partial waves in Table III we might anticipate more structu
than is seen in the differential cross sections of Figs. 4 to
Indeed, there is more structure, but on a comparatively n
ligible scale.

Drachman@28# has pointed out that near thresholde1

1H2 cross sections might be estimated using quantu
defect theory from resonances in the Ps1H system which lie
just below that threshold. Using the lowestS-wave reso-
nance, which couples only to the Ps(1s)1H(1s) channel, he
estimated anS-wave Ps(1s) formation cross section o
(0.2660.8)/k0

2 pa0
2. At E050.1 eV, where our calculation

indicate that the limiting form~34! still accurately applies,
this gives anS-wave cross section of (35611) pa0

2, in ex-

FIG. 6. Differential Ps(2p) formation cross section.
03271
f

e

f

6.
g-

-

cellent agreement with Table III. This is perhaps not surp
ing since the same approximation used in the present p
has also been applied to Ps1H scattering@1# where it gives
a very good description of the Rydberg resonance struc
converging onto thee11H2 threshold, i.e., that structure i
implicit in the present calculation.

IV. CONCLUSIONS

Using a relatively simple split shell wave function~8! for
H2, but treating it as if it were exact, Eq.~24!, with the exact
binding energy of 0.755 eV@10#, we have calculated
1s, 2s, 2p, and aggregaten>3 Ps formation cross sec

TABLE III. Partial-wave cross sections for Ps(1s), Ps(2s), and
Ps(2p) formation at 0.1 eV.

~a! Ps(1s)
J L Cross section (pa0

2)

0 0 36.1
1 1 122.3
2 2 282.8
3 3 103.9
4 4 20.0
5 5 1.5
6 6 0.3

~b! Ps(2s)
J L Cross section (pa0

2)

0 0 43.7
1 1 24.7
2 2 186.2
3 3 163.3
4 4 46.6
5 5 183.4
6 6 64.4
7 7 2.5

~c! Ps(2p)
J L Cross section (pa0

2)

0 1 13.0
1 0 200.6
1 2 37.0
2 1 58.8
2 3 71.7
3 2 166.1
3 4 85.9
4 3 719.9
4 5 11.1
5 4 865.1
5 6 5.6
6 5 417.2
6 7 0.4
7 6 47.7
7 8 0.0
8 7 1.5
8 9 0.0
5-7
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tions, as well as the direct ionization cross section, fore1

impact on H2 in the energy range 0 to 10 eV. For this pu
pose we have used a coupled pseudostate expansion w
the pseudostates have all been centered on thee1.

There are several obvious ways in which these calc
tions could be refined. First, and most obvious, would be
use of a highly accurate H2 target wave function, e.g., that o
Pekeris@34#. Second, our treatment of ionization could
improved. Our approximation describes ionization as
charge-exchange process in which the loosely bound ta
electron is transferred into a continuum state of Ps. Suc
representation, with a finite number of pseudostates, ca
be correct asymptotically in impact energy or angular m
mentum. Under these asymptotic conditions ionization
best described as a direct process with the ionized elec
being centered on the target rather than thee1. For these
reasons we have confined ourselves to impact energies b
10 eV in the hope that nonasymptotic encounters of thee1

with the H2, where charge exchange is a more appropr
description of ionization, are dominant. Furthermore,
stated in Sec. I, our emphasis has been on Ps formatio
this context we have stressed the importance of allowing
the competition between Ps formation and ionization. Ho
s

nd

in

-

l-
-
0

l.,

. A

n

.

P.
d
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ever, this competition is restricted to the charge excha
regime where our present treatment of ionization should
satisfactory. Generally speaking, though, there is scope
further study of direct ionization as a process in its ow
right. A third refinement would be the removal of the a
sumption that the H atom is left in its ground state when H2

is ionized, either directly or through Ps formation, see E
~1! and ~3!. Ps(1s) and Ps(n52) formation with excitation
of the atom to then52 state become possible at impa
energies of 4.16 and 9.26 eV, respectively, direct ionizat
with H(n52) excitation starts at 10.96 eV.

The refinements outlined above will require further dev
opmental work. It is not at all obvious that they will alte
substantially the results presented in this paper, espec
those for Ps formation. For the moment, the present pa
represents a major advance in our knowledge of thee1 –H2

system.
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