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Abstract: A generalization of the continuum distorted wave method of Cheshire is
made for proton — negative ion electron capture collisions. The attractive
Coulomb interaction of the partners in the Initial state is fully taken into
account in this method. For reasons of simplicity of derivations, the gene-
ralization is given on the p+H~™ system. The cross section for this reaction
is calculated 1n continuum distorted-wave-Born approximation.

1. Introduction

It became clear, in the last few years'3, that the continuum distorted
‘wave method of Cheshire? is one of the most adequate theoretical appro-
aches to high-energy ion-atom collisions. This is a consequence of the inclu
sion of the coupling between the discrete and continuous states of the sys-
tem in the Cheshire’s method.

So far the Cheshire’s method has been applied to ion-atom charge ex.
change collisions of a positive structurcless ion with a neutral atom. In this
paper we shall generalize this method to charge collisions involving a posi-
tive and a negative ion. In this case the Coulomb interaction in the initial
channel plays a very important role, and we shall show how this interaction
can be fully taken into account by the continuum distorted wave method.
For definiteness, we shall consider the reaction

* Chargé de recherches au C.N.R.S.
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H*+H (1s) > H®m) +H@™Y), (1)

but as we shall see later, the results are valid also for more general situa-
tions. We shall calculate the cross section of the reaction (1) in the energy
range above 25 keV where the continuum distorted wave approximation
(CDWA) is supposed to be valid. Unfortunately, in this energy range there
are no experimental data for this reaction. However, for the inverse reaction
there exists a measurement by Mc Clure and a comparison between our
theory and his results has been published elsewhere?.

2. General theoretical considerations

We shall treat the problem with the impact parameter method, describing
the relativé motion of the protons by

R=0+7t, @

where R is the position vector of the incident proton in respect to the nu-
_) . .
cleus of H™, v is the relative velocity and p is the impact parameter. If

- -
x; (i =1, 2) and s; are the position vectors of the two electrons with respect
to the nucleus of H- and the incident proton, respectively, then the following
relations are evident

S=%—R (=12
- L I ¢ 1 - 1 i
rl=—2—(,t£+$,-)=——2-i+.t‘=—2—f_{+ S 3)

- = - . .
In this work we choose R, r; and r, as independent variables. So we are led
to the time-dependent Schriodinger equation (atomic units are used)

H—i2D ¥R T 0 =0, @
with the Hamiltonian
1 1 1 1 1 1 1 1
e U e U e —_— =
H 7 Vi—3 Vs xS X S5 + X TR ©)

The solutions of the equation (4) should satisfy appropriate boundary con-
ditions. In the final state we have two non-interacting H atoms. The corres-
ponding channel Hamiltonian is
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1 1 11
=H— = —— P — 2
H=H—Vj=—5 Vi—5 Vi—D— . ©6)

As V; decreases at infinity faster than R~!, the final wave function can be
written as

Ry -, rr g 4 L
O (71, £ D) = @i (S)) @Y (%) exp (i (e + &) L —
)
e T L o TR >
»--z-wv r+ -:z——v fl*—“a“v'f} a0y (r, 7y 1),
where @, and g, are the eigen-functions and eigen-energies of hydrogen atom
in state nl. The above asymptotic wave function satisfies the equation

H—i2 o770 =0. ®)

In the entrance channel the situation is not so simple because of the pre-
sence of the Coulomb attraction. This interaction should be fully taken into

account in the asymptotic wave function @; (r,, 7:, t), i. e. it is solution of the
equation

I . ¢ — —
(Hi—i—lw)'h{ﬁ. r, =0, 9
with
1 1 1 1 1
IR v 2F SR v 2% S T
H; = 3 v, sz 5 xz+ . (10)

The explicit form of @, is

® (7 7 ) = (7 75 ) exp {— In WR—w|])}, (1
= = . | =— i = i
=@ (x, x) exp {—ie t——zvr,—*ivr,--Tvlt},

where ¢~ and ¢~ are the wave function and the energy of the negative ion.
So, the boundary conditions for the solutions of the equation (4) are

lim ¥;* = lim &, lim ¥~ = @. (12)

t—>—o0 t—>—oc0 t—>+
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Now the transition amplitude for reactions of the type (1) has the form

b (p) = lim <@y | ¥i*) = lim (¥;” | o). (13)

f—>o0 t=—>==00

+
Introducing the distorted waves X;; in an analogous manner as in Che-
shire’s work?, from the second part of (13) one obtains

4+ co
4
b(p)=—ijdt<wf' | H—i-2 % a9

where
lim X." = lim ‘I’ [’ .
l=p—00 o o]

3. The choice of wave functions

The distorted wave function of the entrance channel we represent in the
form

Xt = Qo 7 OL S, (15)
with

L;(_s’l}=N(v)1F1(%, 1,ivs +ivs),

(16)
i ]
N W) =I'(l—;-)exP('7-
Having in mind the equation which L; (;:) satisfies
1 1 1> . 0 -
e U 22— — 4 — —_i—) L. -
( 2 vl $|+ 2(1’ V]) 1 af)LI(Sl) 0:
we obtain using (9) and (4)
i 1
H—i-d )X == B VI Li— V, L, 0 — —u L. an
a t 2 5y

This expression we can replace in (14).
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For the final state wave function ¥,~ we shall use simply @, (continuum dis-
torted wave Born approximation). One can also replace ¥;~ by X, defined
in an analogous way as X;* (full distorted wave approximation) but in re-
actions like (1) the distortion effect of this channel are not expected to be
significant.

Therefore, the transition amplitude for reaction (1) is

-+ oo
b(p) = ifdt 5d7=d?z¢:'{-%9;(zva)£a + VLV

- (18)
1
+?zﬂ.’L.'}.
or more explicitly
+ oo
iAet iy
blg)=ildte wpr - wfyr v s
e s jd"id-"ze l[q)nf(;l)fpnt EAY IR

1
Vi~ (qx;.-;z) Vil (;T) + ;z-q)” &: xﬁL;(m}: Ae=gy+ e g

The last term in (19) is zero in the absence of the intcraction between the
clectrons. It describes the capture reaction as arising from the interaction
of incident proton with electron 2, which is correlated with thc »activee«

Y ISR S N U W | 1 | |_o
Wd 200 360 4060 SCO 600 700 800 500
ElkeVl

Fig. 1. Charge exchange cross sections in p4H~ collisions. £ is the total cross
section given by formula (24).
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clectron 1 in the function ¢~. Therefore, we may assume that the contri-
bution of this term in the transition amplitude is small and we shall neglect
it. More support to this neglection follows also from the fact that at high
energies the capture probability is mainly sensitive to the behaviour of the
wave function of the captured electron close to the nucleus of the initial
atom or ion.

We have chosen as negative hydrogen ion wave function that of Silverman
et al.9

o Fux) =N {exp(—ax—bx) + (1 «>2)},
(20)
a=1039, b=028, ¢ =—05133.

4. Results and discussion

The calculations of the cross section ¢ (n!, n’ I’) for reaction (1) are made
using the Fourier transform method?. The cross section is given by

o nl, n'l’)=2-;:jndn|R(_1;)|2, @)

v

= >—> 22
R =Tlﬂ jd‘se”‘" b (o), @2

where ;;is a vector in the ?plane. With b (p) from (19) the above integral
can be easily calculated. From the expression (22) one immediately sees that

R (—Tl)) will be zero unless I = 0. A non-zero contribution for I’ =« 0 would be
obtained by introducing angular correlations in ¢~. Such a wave function is
also given by Silverman et al.® but the non spherical termn in this function
is very small. In the energy region we are interested in, the main contribu-
tion to the cross section comes from n’ = 1 and n’ = 2. This is a consequence

of thc small overlap of the function g, (?1) with term exp (—ax;) in (20),
and has been confirmed by the calculations. Therefore we have only plotted
on Fig. 1 the cross sections ¢ (ls, 1s) and ¢ (1 s, 2s). We have investigated
the variation of ¢ (nl, n’I’) with n! (for nl =15, 2 s, 2 p) and found that for
high energies (E > 50 KeV) the Oppenheimer’s n~? rule holds.
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Table
E (KeV) o (2s,1s)/0 (1s,1s) @ (2s,2s)/c (1s,25) o (2p, 15)/c (15, 15)
S 1.55 0.34 12.7

25 0.437 0318 0.976

50 0277 0.169 0.405

75 0207 0.177 0.275

100 0216 0211 0.222
500 0.131 0.131 0.051
1000 0.121 0.121 0.031

For small energies (E < 50 KeV), the influence of the parameter Ag¢ 041
the ratio ¢ 2!, ' I')/c (1 s, W’ I’) becomes important and the Oppenheimer’s
rule is violated (see the Table). But in this energy range, the continuum dis-
torted wave approximation is not supposed to be valid. Therefore for the
cross section T for all transitions

= Zz (i, n'l), 23)

nl nl’

in view of the preceding discussion, we have

= Z{c(nl, 1s) +o(nl, 25)}:

nl

=g(ls, 1s)+ 1.616{6(25, 1s)+ac@2p, ls)} +
(24)
+o(ls, 2s) + 1.616{0-(25, 2s)+e6(2p, Zs)}.

The result for X is plotted in Fig. 1.
We note that our previous considerations of the reaction (1) can be easily
extended to arbitrary negative ions.
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NMPEMHH HA EJIEKTPOHOT OO HETATHBHHTE BOOOPOAHH JOHH
KOH BEP3HTE NNPOTOHH

P. K. JAHEB
HucturyT 3a ¢H3HKa, Beorpan

A. CAJIEH
Yuupep3aurer Bo Bopnro, Bopao

CoapxHuHa

H3aspuieHo e o6GonuityBaHe Ha MeToAaTra Ha AedOPMHPAHHTe KOHTHHYYMCKH
6GpaHOBH KOH CJyyaj OT Kora B3aHMOJeJCTBYBaT efeH NMO3HTHBEH H efeH Hera-
THBEH JoH. BHTEH MOMEHT BO 0Boa OGOMUITYBaHe NnpercTaByBa ()aKTOT LITO BO
HOYETHOTO COCTOJaHHe EeKCIJIHLHTHO ce jaByBa A0Jro-noretrHata KysioHoBa HH-
TepaKlHja Koja Mopa Aa ce 3edMe Bo nmpeABHA. Bo KCcHeYyHOTO COCTOJaHHE HH-
TepaKlHjaTa Mel'y HeyTpaJIHHTe aTOMH onara MHOry no6p30 CO pacTOjaHHETO.
IIpHCyCcTBHETO Ha ABa aKTHBHA €JIEKTPOHA BO CHCTEMOT HCTO TaKa JOBegyBa [0
onpejeJieHH MaTeMaTHYKH Npo6JeMH KOH BO [ocera npoy4yBaHHTe peaKLHH
01 0BOJ BHA (eAHO-eJeKTPOHCKH CHCTEMH) He ce MojaByBaJe.

Be3 HHKaKBH orpaHH4YeHHJa Ha ONUITOCTa Ha MeToJaTa, Taa € H3JI0¥EeHa Ha
NMPHMEpPOT Ha peaKUHjaTa

p+H -H@®nl)+ H@)

‘IHj MpeceK € MpecMeTHAT 3a pa3HH clelH(HKAlHH HAa KBaHTHHTe GpoeBH n [ il
n’l’, Kak0o H BKYNHHOT Npecek 3a HCTaTa.





