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Positron scattering by the negative hydrogen ion
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Results are presented fei” scattering by H in the impact energy rangesOE,<10 eV. These include
integrated cross sections for Ps formation in tee 2s, and 2o states, as well as in an aggregate of states with
n=3, and for direct ionization. Differential cross sections for Ps formation in #)eZs, and 2 states are
also exhibited. The calculations are based on a coupled pseudostate approach employing 19 Ps pseudostates
centered on the*. It is found that Ps formation in thep2state dominates that in thes br 2s states below 8
eV, that formation in states with=3 exceeds the sum of thre=1 andn=2 cross sections above 2.5 eV, and
that direct ionization outstrips total Ps formation above 6.3 eV. The thresholdHgw: Q) for exothermic Ps
formation, which includes the cases Ps),1 Ps(%), and Ps(p), is shown to be H,.
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[. INTRODUCTION ever, we continue to assume that the resultant H atom, see
Eq. (1), is left in its ground state. It turns out, as we shall see
Positron €") scattering by the negative hydrogen ion later, that Ps formation in the@state, rather thansl is

(H7) is of interest for several reasons. First, it is the proto-dominant below 8 eV. In the energy region 0—10 eV, pertur-
type of all positron-negative ion scattering reactions. Secondyative methods are not appropriate, so we adopt a coupled-
it is an important channdll] of the fundamental four-body pseudostate approa¢B]. The use of pseudostates also en-
system Ps$H which is presently receiving much attention ables us to take account of the direct ionization reaction
[2,3] as a result of recently acquired experimental capability
to mgke .positroniun('Ps) beams[4]. Third, it is of astro- et +H —e*+e +H(1s), @)
physical importance in that the reaction

et+H —PstH (1)  which for impact energies above 0.755 eV, the binding en-

ergy of H [10], is in competition with the Ps formation

should be a noticeable contributor to observed electronprocess(l). We present both integrated, and for Ps forma-

positron annihilation linewidths in transition regions of plan- tion, differential cross sections.

etary nebulas where there is a significant concentration of While the use of pseudostates in calculation® bfscat-

H™ ions[5-7]. Fourth, the development of ion storage ringstering by neutral atoms has been highly succesigil1—

which has led to a breakthrough in the study of electron-13], their deployment ine* scattering by weakly bound

negative ion scatterinfB] brings much closer the day when negative ions requires some thoughtful caution, the same is

measurements of positron-negative ion scattering becomteue for electron scattering by such igrist]. The difference

feasible. Finally, the radiative recombination reaction, lies in how a target electron perceives the relative importance
of its interaction with its parent nucleus and fellow electrons
e"+H —PsH+vy (2)  versus its interaction with the incident projectile. Under the

assumption that we are not dealing with asymptotic condi-

is, in principle, a possible route for the production of thetions of high-impact energies or large-impact parameters, it
exotic compound positronium hydrid®sH [5,7]. is the latter which is overwhelmingly dominant for weakly

We are aware of only two other papers which calcuégte  bound negative ions. For example, the Coulomb potential of
scattering by H [6,9]. Both calculations are perturbative in an incidente™ at the target nucleus exceeds the binding en-
approach and restrict themselves to Ps formation in the lergy of H™ if the separation distance is less than 36 EL8],
ground state leaving the H atom also in its ground state, by contrast, this distance is reduced to 2 a.u. in the case of a
see Eq.(1). In [9] the Coulomb-Born approximatiofCBA)  neutral H target. The “attention” of a weakly bound electron
was used to calculate the cross section at six incident enein a negative ion under nonasymptotic conditions is therefore
gies between 20 and 500 eV.[I8] the CBA is again used but very much centered upon the motion of teé projectile.
various “orthogonalization” corrections to it are also consid- Consequently, a treatment based on target centered pseu-
ered, results are quoted only at the four incident energies afostated16] is doomed to slow convergen¢&4,17. This
0.1, 0.5, 1.0, and 100 eV. situation is more acute for positrons than for electrons since

Our purpose in this paper is to study the important low-the attractive(repulsive interaction of a projectile® (e™)
energy region from 0 to 10 eV. Our emphasis is again on Ppulls (pushega weakly bound target electron into a stronger
formation, but no longer restricted to ground-state formation(weakej interaction with it. These considerations lead us to
we consider Ps formation in thesl 2s, and 2 states, as expand the collisional wave-functio# in terms of pseu-
well as in an aggregate of states frams 3 upwards. How- dostates centered on tkeé, i.e., in terms of Ps pseudostates,
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keeping only one H channel, that being the entrance chan-

nel of thee™ incident upon the H bound state.

Il. THEORY

We expand the collisional wave-functioh as

\If:F(rpW(rl.rzH; {Ga(Ry) balty) Pho(r2)

+Ga(R2) dalta) ho(ra)}. (4)

Here ™ is the H bound-state wave functiony is the 1s
ground state of the H atom and tl#e, are Ps states. The
vectorri(r,) denotes the position vector of thith electron
(positron relative to the nucleus of the Hion. The vectors
Ri=(r,+r))/2 and t;=r,—r; then give the Ps center-of-

mass position and internal coordinate, respectively. The seb/
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The orbitals@and o are not orthogonal and the normaliza-
tion constaniN is given by

N=1/V2(1+ (ol $)?), (10

where we assume thgtand i, are individually normalized.
Determination of the coefficients of the bag® through
application of the variational principle gives a binding en-
ergy of 0.362 eV, i.e., just less than one half of the exact H
binding energy[10]. This is the best that can be expected
from a split-shell function involving onl orbitals[21].
Finally, we note that the expansio#) only permits the H
atom in Egs(1) and(3) to be left in its Is ground state, this
is a restriction in our approximation. Amongst other things,
this restriction rules out physical effects such as the van der
aals force in the PsH channels. It should also be ob-

&, consists of both eigenstates and pseudostates of Ps. TREVed that the expansiad) is symmetric in the electron

pseudostates are constructed so that together with the eigefRordinates, andr.

states they diagonalize the Ps Hamiltonian

prz—V?—%, (5)
ie.,
(¢a(D)|HpdD)|dar()) = Eadaa,
(ba()]bar (1)) = Baar - (6)

The set consists ofs] 2s, 3sto7s, 2p, @to % 3d
to 7d, and 4f to 7f states, where a “bar” distinguishes a

pseudostate from an eigenstate. This set of 22 states has been
used previously to investigate Ps scattering from H, He, and

Ar [1,2,18,19 and is given explicitly if19]. It derives from

a set of H pseudostateg, , used earlier by van Wyngaarden
and Walterd20] to study electron scattering by atomic hy-
drogen. Thegp, and ¢, are related by

o= L (i)
d’a( )_\/glzba 2/

the energyE, of ¢, [see Eq.(6)] being exactly one half of

that of the corresponding,,. The primary purpose of the
pseudostates in the sét, is to represent the Ps continuum,
in this case ionized states of Hn which the detached elec-
tron has come under the influence of the projeaile The

()

pseudostates also take into account discrete states of Ps other

than 1Is, 2s, and 2.
For ¢~ we have used the approximatifh3]

Y (re,r2) =N[g(r) do(ro) + g(ra)o(r)], (8

in which one of the two electrons is placed in the (1
orbital o while the other electron moves in a more diffuse

s-state orbita@ built out of a linear combination of the basis

©)

re %% n=0,1,...,9.

Under the nonrelativistic Hamiltonian
(11)/(12) the total electronic spin must be conserved, and
since we consider a positron incident upon an electronic spin
singlet state, i.e., H, we need only consider electronic spin
singlet scattering. In this spin state the spatial part of the
wave function must be symmetric undgr—r, interchange.
The Hamiltonian for our collision system may be written

1

A="3

V,2)+HH7(T1,V2)+Vp(rP;rl'rZ) (D
or equivalently,

1 2
H=— 7 V&, +Hpdt1) +Hu(r2) + Vpd Ry tir2)

1
== V&, T Hpdt) HHU(r) + VedRa tpiry), (12)

where
’ _ 1l 11t
H-(re,ro)= AR A A Py—
(13
is the H Hamiltonian,
V( ) ! ! ! (14)
Fpifq,f)=—— —
Pipe L2 Mp |I’p—l’1| |I’p—l’2|
is the interaction between the and the H,
Hy(r)= 1V2 ! 15
H(r)=_§ T (15

is the Hamiltonian for atomic hydrogen, and
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1 1
Vpd R, t;r)= 1 1
‘R'f‘zt ‘R'f‘ Et—l’
1 1 16
R 1'[ R t o
—3f Rt

is the interaction between the formed Ps and the residual H

atom. Coupled equations for the functiofsand G, in Eq.
(4) are obtained by substituting E@#) into the Schrdinger
equation and projecting witly (rq,r,) and ¢,(tq) ¥o(ro).
These equations have the form

(Vo+KGF(rp)=2V(rp)F(ry)

+4§ f Ka(rp,R1)Ga(Ry)dRy,

(V& +PDGa(R) =42 Uaa(R1)Gar(Ry)
+4f K3 (rp,Ry)F(rp)dr,

42 f Laa(R1,R2)Gar(Ro)dRy,
(17

wherekg is the momentum of the incident positron

k3+,Ep§
Ko, -_g_Pa

2 4+Ea+80,

(18

gg (e7) isthe energy of the H (H) statey, (¢~) andEis
the total energy,

V(rp) = (ri,r)|[Vp(rp;r,r)|¢ (re,rp)) (19

is the static potential of the Hion,

Uaa (R1)=(a(t) ¥o(r2) |Ves( Ry, t1:12)| dar (t1) tho(r2))
(20

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

f Ka(rp,R1)Ga(Ry) dRy

:f YE(ry,r)
fixed n

X(H—E)Ga(Ry1) ¢a(ty) ho(rp)drqdry,
(21

PHYSICAL REVIEW &5 032715

J Ka (rp,Ry)F(rp)dry,

f da(t) g (1)
fixed Ry

X(H=E)F(rp) ¢ (rq,ry)dtydr,, (22

where * stands for complex conjugation, and
J Laa’(RlaRz)Ga’(RZ) dRZ

:f_ da(t) P (ra)
fixed Ry

X(H=E)Ga/(Ry) ¢ar (1) tho(r,)dtydr,.
(23

Ka(rp,R1) is the Ps formation/destruction kernel, while
L.a(R1,R,) represents electron exchange between Ps and
the H atom. Although our H state(8) is approximate, we
use the exact H energy of 0.755 eV10] for £~ in Eq. (18),

also in operating with the Hamiltonian H in Eq®1) and

(22) we assume that, see EdJ),

HH—l//_(rl,rz):é‘_‘//_(rlvrz),

where, againg ~ has its exact value. The coupled E{E7)
are solved by conversion to partial-wave form, followed by
application of theR-matrix techniqud 22,23. Partial waves
corresponding to total orbital angular momentdifiniom O to
20 are included in the calculations presented here.

The Eqgs.(17) are solved subject to the boundary condi-
tions

(29)

rp— 2
F(rp) — |1

+ - eiko-rp+iaIn(korpfko-rp)
i(Korp—Ko-rp)

eikorp— ia In(2kor )

(), (25
p
Rj—o . eipaRl
Ga(R1) — ga(Ry) (26)

Ry '’

wherea= —1/ky and unit vectors are indicated by a “hat.”
The form(25) represents the™ incident with momentunk,

in the Coulomb field of the H ion. In Eq.(26) Ps emerges in
the statep, in the non-Coulombic field of the H atom. From
|'I‘:‘qs. (25) and (26) the differential cross sections for elastic
scattering and Ps formation are given by

do_el

g 1% (27)
da_PS p
d0 2k |9l (28)

We denote byr®' andozsthe corresponding integrated cross
sections[24]. Because of the long-range character of the
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Coulomb field,ae' is in fact infinite. The ionization cross situation, therefore the very low-energy differential cross
section, ¢'°", is calculated using the usual prescription section(28) is in general nonisotropic.
[11,19,25,28

IIl. RESULTS

ion_ P . . .
o= ; faos®, (29 We present calculations in the impact energy range 0 to 10
eV. Our results for Ps formation are shown in Fig. 1. As

continuum. The factorf, is most conveniently calculated tions for 1s, 2s, and 2 formation become infinite as kg,

from or equivalently as H,, as the impact enerdgy,= k§/2 tends

to zero. At very low energies these cross sections may there-
fore be characterized as

fa=1—% [ bl D)2, (30)

A
_ , ob=""nal a=1s,2s,2p, (34)
where the sum is over all boun@rthonormal eigenstates Eo
¢nm Of Ps. For Ps formation in bound states other than _ _
1s, 2s, or 2p (i.e., n=3) we calculate an aggregate cross'/here we calculate thaf;s=56.7, A,=71.5, and Ay,
section.oFs ... from =265 whenE, is measured in electron volts. The limiting
1On=3, form (34) gives the calculated cross section correct to within

5% out to 1.4, 0.4, and 0.15 eV, respectively, fer 12s, and

ohis= X (1-fofs, (3D

a L o o o
a+1s,25,2p E
The binding energies of Ps§l and Psf=2) are 6.8 and 102 L @ 4
1.7 eV, respectively. Since they exceed the binding energy of
H™ (0.755 eV, Ps formation in these states is exothermic, 10 L N
i.e., Ps can be formed at any impact energy. In the case of
exothermic Ps formation ia* impact on neutral atoms it has . F ]

been show27] that the Ps formation cross section becomes 10 bt 1

infinite as 1k, asky—0. The argument is simple. For exo-

thermic formationp,# 0 whenky=0. In the limitk,— 0 the 10" g1
amplitude g, becomes purel\& wave, is nonsingular and, (b) 7
unless through some exceptional accident, nonzero. It then 10° E .
follows immediately from Eq(28) that agsdiverges as k.
In the case of a negative ion, howevegy, becomes singular 10" b 4
as 1Akg with the result that=>* diverges as k. This point
has been appreciated by Drachnj@R8]. Thatg, diverges o Lot v 11 A

as 14/k, may be seen by examining the first-order perturba-
tive approximation to Ps formation, i.e., the Coulomb-Born
approximation. In this approximatiofsee Eqs.(12), (17),
(18), (22), and(26)]

Cross Section (units of naoz)
)

1 , 10° 1

0a=— _J e~ a1t (1)) 45 (1) Ved Ry ty:r o) 3

ar 101 2

X Xc(Ko.rp) ™ (rq,r2)dRdt dry, (32 RN S R R B

where y. is the incidente™ Coulomb wave29] 100

Xc(Ko,Tp)=€ ™2 (1+ia)e o ’s 80 3

X1F1(_ia’;1;ik0rp_iko'rp). (33) 60 __

40 .

In the limit ky—0, the confluent hypergeometric function .

.F, remains finite but the “density of states” factor 20 3
e "?I'(1+ia) diverges as 3/kq [30]. An interesting dif- )

0 2 4 6 8
Energy (units of eV)

—
o

ference on the case of a neutral atom is that thigg/di-
vergence is present in every partial-wave contributing to Eq.

(33) [29], consequently, the amplitudg, does not become FIG. 1. Positronium formation cross sectioria) Ps(1s); (b)
pure S wave in the limitk,—0. Unlike the neutral atom Ps(X); (c) Ps(2); (d) Ps(=3).
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Cross Section (units of naoz)

0 2 4 6 8 10
Energy (units of eV)

Cross Section (units of naoz)
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Y
Q

—_
o

PHYSICAL REVIEW &5 032715

E \ Ps Formation

rin | L 1 L 1 s 1

lonization

2 4 6 8 10

Energy (units of eV)

FIG. 2. Comparison of Ps formation cross sections: dashed FIG. 3. Direct ionization and total Ps formation cross sections.

curve, Ps(%+2s+2p); solid curve, Pg{=3).

factor of 2 larger than the maximum of the corresponding

2p. It is clear from these numbers that th@ 2ormation

electron-impact cross secti¢t4,31, this is consistent with

cross section is by far the dominant one in the low-energy,r expectation of a stronger averagé-target interaction

regime. However, with increasing impact energy tlsecloss

than e™ -target interaction, see Sec. |. A tabulation of our

section exhibits the slowest rate of fall with the result that itjonization cross section is given in Table II.

exceeds theand 2 cross sections beyond 0.7 and 8.0 eV,

Besides integrated cross sections, there is some interest in

respectively, being factors of 5 and 1.4 larger by 10 eV. Theyitferential cross sections for Ps formati®9]. In Figs. 4 to

2s cross section is everywhere smaller than the @oss
section by a factor of roughly four.

Figure 1d) shows an aggregate cross secti@ﬁg3 for Ps
formation into bound states with principle quantum number
greater than two. This cross section has been extracted from
the Ps pseudostates according to B4) and has a threshold
at 0.49 eV corresponding to the lowest-energy pseudostate

6 we show a sample of our results for differential Ps forma-
tion in the 1s, 2s, and 2 states fore* impact energies of
0.1, 1.0, and 10.0 eV.

TABLE |I. Direct ionization cross sectiony°", as calculated
from Eq. (29).

(%). It rises rapidly from threshold, reaching a maximum of

Energy(eV) Cross section #a(z))

99 wag at 2.3 eV, and subsequently declining to 11::@13
at 10 eV. Figure 2 compares’s . with the sum of the 0.8 14.29
1s, 2s, and 2 formation cross sections. Figure 2 also 0.9 17.58
shows that Ps formation in states witt=3 is dominant 1.0 19.94
above 2.5 eV and at least up to 10 eV. 12 23.96
Despite the fact that Ps formation into the dround state 1.4 27.50
is not the dominant process at low energies, it is still of 16 32.71
interest to compare ourslresults with the earlier calcula- 1.8 38.77
tions of Straton and Drachmd®]. This is done in Table I. 2.0 45.25
Depending upon the approximation, they obtained a range of 2.2 52.18
values differing by over a factor of 30. As Table | shows, 2.4 58.90
their smallest values are still about 50% larger than what we 2.6 64.97
have obtained here. 2.8 70.22
Let us now turn to direct ionization, the competing pro- 3.0 74.58
cess to Ps formation above 0.755 eV. Figure 3 shows our 3.2 78.05
calculated ionization cross sectipsee Eq(29)]. In this fig- 34 80.62
ure it is compared with the total Ps formation cross section, 36 82.30
i.e., the sum of the 4, 2s, 2p, andn=3 Ps formation 3.8 85.20
cross sections. We see that ionization begins to exceed Ps 4.0 86.98
formation above 6.3 eV. Our cglculated ionization cross sec- 43 88.55
tion has a maximum of 88.arag at 4.3 eV, which is over a 46 86.86
) ) ) 5.0 81.91
TABLE I. Ps(1s) formation cross sectionsm@g). 5.5 7513
Straton and Present 22 ;g;g
Energy(eV) Drachman 6] (range work 70 65.23
0.1 904-30400 567 8.0 64.68
0.5 178-5760 116 9.0 63.58
1.0 82.5-2690 57 10.0 61.91
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800 6000 y——T—T—T——T—
600 i (2) 0.1eV T
4000 .
400 i }
2000 .
200 . ]
0 0
~ 200 — 600 T
£ L J
& 150 <
5 5 400 —
£ 2 J
g 100 5
2 S 200 .
g 50 3 ]
S 0 3 0
12 T T T
60 I T I T I T I I I
(c) 10eV T (c) 10eV
40 — 8 N
20 - 4 7
. . . 0 | 1 | L | 1
0 . : : 0 50 100 150

0 50 100 150
Angle (deg.) Angle (deg.)

FIG. 4. Differential Ps(%) formation cross section. FIG. 5. Differential Ps(2) formation cross section.

Figure 4 exhibits the Psg) cross section. At all three _peaked and the _secondary maximum has now dege.n'erated
energies this cross section is strongly forward peaked. At O.th "l" shoulder in thelreglon 40| t035016 V\<|/thF.ne%I,|vg|bIe
and 1.0 eV there is a clear shoulder structure in the angulgffdulatory structure at larger angles. By 10 eV, i@) Bwe

region 50° to 80° and a small but almost imperceptible ris ind a sharply peake_d forwgrd cross section similar to the 1
towards 180°. This is different from the results of Straton®2S®: Fig. &), but with a slightly higher forward cross sec-

and Drachmar6] at the same two energies which tend to tion and a noticeably narrower peak. -

show a dip near 70° and a much larger ratio of backward to The patterns seen in Figs. 4 to 6 are similar to what was
forward scattering although the greatest scattering is still a?btamed n ;che aquh metak27], in particular the .forwa.r d
the forward direction. At 0.1 and 1.0 eV our differential crossS¢ and 20° peak in the low-energy Zross section, Fig.
section is effectively negligible beyond 125° and 100°, re—6(a)'

spectively. By 10 eV, Fig. @), the shoulder structure is no It is also of interest to see how the individual partial

longer visible on the scale of our graph and the cross sectio}’,’(aves contnb.ute to Ps formation. Irj TabFI)e 11, therefore, we
is essentially confined to angles less than 40°. ist the partial-wave cross sectionsr,{J,L), for a

The Ps(2) differential formation cross section, Fig. 5, is — 1S 28, and 2 formation at 0.1 eV. Here] is the total
also strongly forward peaked and largely restricted to the'Pital angular momentum aridis the orbital angular mo-
angular range 0° to 30°, although there is some structure &pentum of thepsogtgqlng Ps. The corresponding integrated
larger angles. At 0.1 eV the forwardsZross section is al- CrOSS sectiong”, is given by
most an order of magnitude larger than its dounterpart,
Fig. 4(a), but by 10_ eV is about five times sm_aller,_ Figéchh UZSZ E O'ES(J,L). (35)
and 4c), as we might expect from the relative sizes of the JL
corresponding integrated cross sections at 10 eV.

Different from the others, the®cross section at 0.1 eV, The table is truncated at valuesdivhere the highed cross
Fig. 6(a), rises from the forward direction to a maximum of sections are less than 0.11-a3. We see that Ps@) formation
about 300Qa(2)/sr at 20°, this is followed by secondary and is dominated by thel=2 wave © wave with lesser but
tertiary maxima at 60° and 120°, respectively, and then a&omparable contributions frod=1 and 3. TheJ=0 (S
small rise towards the backward direction. By 1 eV, Fig.wave cross section is comparatively small, a pattern which
6(b), like the others, the cross section is strongly forwardwe have grown used to seeing in ground-state Ps formation
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3000 TABLE Ill. Partial-wave cross sections for P€)1 Ps(%), and
Ps(2p) formation at 0.1 eV.
2000 (@ Ps(1s)
J L Cross section£a3)
1000 0 0 36.1
1 1 122.3
0 2 2 282.8
3 3 103.9
’51500"""' 4 4 20.0
“';o (b) 1eV 5 5 15
5 1000 — 6 6 0.3
£ ] (b) Ps(2) )
2 J L Cross section £a,
3 500 - tap)
o~ - 0 0 437
5 0 IR R 1 1 24.7
2 2 186.2
100 771 71 3 3 163.3
(c) 108V~ 4 4 46.6
1 5 5 183.4
7] 6 6 64.4
- 7 7 2.5
] (c) Ps(2p)
] J L Cross section £a3)
[P IR B
0 50 100 150 0 1 13.0
Angle (deg.) 1 0 200.6
_ _ _ _ 1 2 37.0
FIG. 6. Differential Ps(p) formation cross section. 2 1 58.8
[32] and which has been explained within the framework of g g 1;2'1
the hidden crossing theory fef” —H(1s) scattering as being 3 4 85'9
due to a destructive interference eff¢éd8]. In the present ’
context we note that this theory also explains the prominence 4 3 719.9
of D-wave Ps formation ie™ —H(1s) scattering as construc- 4 5 111
tive interference. For Ps& formation the major contribu- 5 4 865.1
tions, of similar size, come fromd=2, 3, and 5, with 5 6 5.6
minima atJ=1 and 4. For Ps(@) formation the dominant 6 > 417.2
wave isJ=5, L=4, closely followed byJ=4, L=3, and 6 7 0.4
further behindJ=6, L=5; J=1, L=0, andJ=3, L=2, 7 6 41.7
in that order. Except fod=2, we see that ; 3 (1).2
oh(J,L=J+1)<o5(J L=J-1) (36) 8 9 0.0

as we might expect from propensity. From the pattern of
partial waves in Table Il we might anticipate more structurecellent agreement with Table Ill. This is perhaps not surpris-
than is seen in the differential cross sections of Figs. 4 to 6ing since the same approximation used in the present paper
Indeed, there is more structure, but on a comparatively nedias also been applied to Psl scattering 1] where it gives
ligible scale. a very good description of the Rydberg resonance structure
Drachman[28] has pointed out that near threshad  converging onto the™ +H™~ threshold, i.e., that structure is
+H™ cross sections might be estimated using quantumimplicit in the present calculation.
defect theory from resonances in thet?4$ system which lie
just below that threshold. Using the loweStwave reso-
nance, which couples only to the Psj# H(1s) channel, he
estimated anSwave Ps(%) formation cross section of  Using a relatively simple split shell wave functi¢8) for
(0.26+0.8)/k3 ma3. At E,=0.1 eV, where our calculations H~, but treating it as if it were exact, EQR4), with the exact
indicate that the limiting form34) still accurately applies, binding energy of 0.755 eV10], we have calculated
this gives anSwave cross section of (3511) waé, inex- 1s, 2s, 2p, and aggregatm=3 Ps formation cross sec-

IV. CONCLUSIONS
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tions, as well as the direct ionization cross section,€or  ever, this competition is restricted to the charge exchange
impact on H in the energy range O to 10 eV. For this pur- regime where our present treatment of ionization should be
pose we have used a coupled pseudostate expansion wheasgtisfactory. Generally speaking, though, there is scope for
the pseudostates have all been centered or the further study of direct ionization as a process in its own
There are several obvious ways in which these calcularight. A third refinement would be the removal of the as-
tions could be refined. First, and most obvious, would be th&yumption that the H atom is left in its ground state when H
use of a highly accurate Htarget wave function, e.g., that of s jonized, either directly or through Ps formation, see Egs.
Pekeris[34]. Second, our treatment of ionization could be (1) and (3). Ps(1s) and Psf=2) formation with excitation
improved. Our approximation describes ionization as Df the atom to then=2 state become possib|e at impact
charge-exchange process in which the loosely bound targghergies of 4.16 and 9.26 eV, respectively, direct ionization
electron is transferred into a continuum state of Ps. Such gjth H(n=2) excitation starts at 10.96 eV.
representation, with a finite number of pseudostates, cannot The refinements outlined above will require further devel-
be correct asymptotically in impact energy or angular mo-gpmental work. It is not at all obvious that they will alter
mentum. Under these asymptotic conditions ionization issypstantially the results presented in this paper, especially
best described as a direct process with the ionized electrapgse for Ps formation. For the moment, the present paper

being centered on the target rather than éfie For these represents a major advance in our knowledge ofetheH™
reasons we have confined ourselves to impact energies beloystem.

10 eV in the hope that nonasymptotic encounters ofethe

with the H™, where charge exchange is a more appropriate

descrip_tion of ionization, are dominant. Furthermore_, as ACKNOWLEDGMENT

stated in Sec. |, our emphasis has been on Ps formation. In
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the competition between Ps formation and ionization. HowNO7424 and GR/MO1784.
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