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CHARGE TRANSFER IN HIGH-ENERGY ATOMIC COLLISIONS
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Abstract: In the.framework of thé'distorted—wéve Born
approximation (DWBA), a éimple analytic éx—
'p:essionvis obtained for electron capturé
cross sections . in high-eneréy collisions.
'Reasons for the stfiking agreément'beﬁween

“a : _ .theory &nd éxperiment are presented.
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1. Introduction

The theory of charge transfer in high-energy atomic

colliSions has remained an intriquing ploblem over a long

period of time. Extensive rev1ews of thJs subject can be

. found in articles by McDowell and Coleman (1970), Mapleton

.(1972), Bransden (1972); and by Massey and Gilbody (1974);

Different methods have been used to predict electron trans-

fer cross settions, but the success in explaining cross

'sections does not by itself constitute a criterion of the

validity of a theory. In fact, Greider and Dodd (1966)

 have pointed out'that the,DWBA-is_queStionablevas a first

approximation to rearrangement scattering.' In this note,
we show that the conditions for the validity of DWBA are

considerably relaxed in the high energy limit.

2. The formalism’

The differential cross section for the capture of a
targetfelectron by a positive ion is

de” Wi .3 Nk
d,Q_ "- Fﬁ%;é%Sz . I 7}91

‘where k; and «k; are the initial and final relative

“momenta of the colliding particles in the initial and final

states,/NL_andg/vf being their respective reduced masses.

In DWBA, the prior form of the transition amplitude is

givcn by

ﬂ»»« dw,a 7(“’*( w;(«-) v, kP(r )6 )

(1)

(2)
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In eq. (2), Wk and T, are respectively the co-ordinate

vectors of the electron relative to the residual particle

(target minus electron) and to thevpositive ion. VZC? and'

V% ﬁb) represent the bound states of the electron in its A
1n1t1al and final system. 7$E PT ) and %% (T') describe i
the relatlve motlon of the colliding partlcl;s in the B
initial and final states, Wi and T; being the respective

channel Vectdts.' The Coulomb interaction between the posi-

tive ion.and the'residgal perticle (target minus electron)

1s exp11c1tly utilized in constructing the distorted wave
functlons CKéz(qt) ' and‘ CVGQ(T . 'The perturbation

causing the transition is therefore
2

v 2 e -

where Zéﬁ% is the effective charge of the positive ion,

and Vi denbtes the Coulomb interaction between the electron
‘and the positive ion.

In momentum space, eq. (2) reads

—_— ( ~ (—)Xz —-x
= Jdpdpy “P 3 qﬁ(m )sb(pf LB,
where we have introduced the FOUrier transforms .
-3/2 S - . -
(+)(.;) _ (ZT') Sd - ,X(;é)(i.’) 5)

and \ ' . v
- 0T 7

i RN -3/2 2 —I'P"T >
.»]b&q)) = (21)" ] jd'r e, SPL(T) |
The function '5{(;3) is defined by

’QT)(/J) (ZTC) Sa'r -'P [ \/(T) \f)f(’l 7

(6)
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jectile and the electron respectively.

and m refer to the masses of the target,’the pro-

In the high-energy limit the momentum wave functions
-

+) &) =
Ak% (P') and ’V% (f;) are strongly peaked around Pu 'h
and ’? kf ' respectlvely. If at these values of the
momenta the functions qm' and ¢# are not zero, one may
replace the varlables F,, and - Pf in ¢L and qsf by the

values Al and &+ The_resultlng expression for the

transition amplitude becomes

(1)’ (ﬁ;, (’E; M im M i { i)
"’?T_o) Yy, (7<0)

The assumption ueed in deriving-eq.(S) is that" the momen—
vtum‘distribution of the hound statee is much widér and more
slowly.varyihg than the spread of the scattering wave-
packets. If the bound state wave'fuhction has nodes; the

peaking approximation becomes invalid in the wvicinity of the

nodes,: but it should not affect the evaluation of the total

cross section. In order to verify the nature of the spread-
ing .of the scattering wave packet, we used the represent-

ation of «{:a(ﬁ) given by Bethe and Salpeter (1957), which is

valid at high energies, and found that even'after the sub-

traction of the delta function tern, (&*P), the remaining

term is still very strongly peaked over p i

The transition amplitude, eq.(8), depends upon the value
of the scattering wave functions at r = 0. At r = O, these

functions are dominated by the Coulomb repulsion between

(8)
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target and projectile. At these distances, the effect of
the electron-ion interaction is negligible, and the question
of the best‘auxiliary potential, which according to Greider

and Dodd is important for the convergence of the DWBA, does

not enter into eq. (8).

Insertlng (8) into (l) and u81ng the result that
2. 2T
7(4 (+=0) = (
I l exp ( 27132) -1

where Z 1s the Sommer feld parameter

2
g =T Ee ;

At QQC\'T

w1th zi and Zf repreoentlng theAcharges of the collldlng

partlcles and v their relative ve1001ty, one obtains for

the total cross section

6= e[ 2’”?‘]

exp (270y) -

where C{BK is the Brinkman-Kramers cross section. The

effect of screening on the estimate of the'crOSs section

was 1nvestlgated in the case of proton- hydrogen atom col-

1131on. A screened Coulomb potential (Jackson (1962))

of the form

U('r)- _ exp(—o(*r) (1 + ~—_

where &{ is twice the inverse Bohr radius, was used to
calculate the scattering wave functions. It was found
that at a proton energy of 100 keV,:the'erosS section

showed a 1% deviation from eq. (ll).

o

(9)

(10)

(11)

(12)
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In the one-electron apprOXiﬁation, the average.Brinkman-
Kramers cross sectidn for an electron cappure froh a
. hydrogen-like target ffom.ah initial state with principal
quéntum number'ni into an empty hydrogen-liké shell of
principalquantum ﬁumber ng is given by (McDowell and

/

Coleman, page 379)
o : | s s 2 |

BK 287 %% ki K¢ n;' (13)

= _ . ) 5
5[ R+ 2k (k4 ) (K*-K)* ]

-

where

&,: NLN}/W;

and. _ L (14)
o= - Zege 1 . a=1¢,f ,
| o R he o ng 7 7
Approximation (11) should remain valid as lohg as the
electron cioudbdoes not'get deforméd during the collision-
with the ion,'i;e., if
Ty ¢ 1 - )

3.’Cdmparisbn with experiment

The total cross section for electron capture:at high
energies is obtainédvbylsumming 6’BX in eq. (13) over all
values_of ne and by inserting the result inAeq.(ll). For
‘'a proton incident:oh hydrogen, the condition Tp %1
means thét fll)‘should be vélid for proton ehergies'ek—
ceeaing'zso keV. In figs. 1 and 2, the théoretical pre~'
dictions are shown for tﬁe_reaction

HY + H(1s) — T_QH(&@) + Hf

/
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Also plotted are fhe.experimental results for protons
incident on Hé multiplied by 0.5. It is, however, not
obvious that.the hydrogen molecule could be considefed

as equivalent'to two independent hydrogen atoms. Tuan

and Gerjﬁoy (1960) showed that in the high-enerqgy limit
‘the ratiovof pharge‘transfer from atomic.hydrogén to charge
transfer from H2 téndéAtowards a‘value between 0.6 and 0.7.
In spite of the scatter in the experiméntal points, we can
see from the figures that a scaling factor between 0.6 and
0.7 will improve the agreement between the high-energy DWBA
(11) and the measuied capture cross sections.

In order to avoid the problem’ of scaling factors, we
invéstigated the nonresonant electron capture invproton*
helium collisions: _

H' 4 He (1) — Z H(E) + > He (WP
| | n,2 n', e’
:In this reaction the high-energy approximation (11) should |
be vaiid for proton energies exceéding 1000 keV. We note
that the simultaneous transfer of one He eleétron and the
Couloﬁb excitation of ﬁhe remaining'electron is not in—.

cluded in DWBA, but as a second-order process it should not

be important at high impact energies..By comparison  with cor-

related two-electron wave functions, Bransden and Sin Fai

Lam (1966) fOund'that the single-elgctron wave function which

belongs to Zé%é = 1.6875 is adequate for the calculation of

electron capture in helium. We therefore used this effect-

ive charge to calculate the intrinsic momentum Ki.-The cal-

culated cross sections are compared with the experimental

cross sections in table 1.

\
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4. Conclusion

The non—relaﬁivistic high-enerqy DWBA approximation (11)
reproduces very well the experimental situation in the
energy ranges under consideratioﬁ. This agreement is, of
course, no proof for thg}reliability of the theory. Never-
theleSs, it should be realized-that the DWBA capture rate
in the case of 10.5 MeV protons on He is in accordance with
the result of more advanced scattering methods as described
by Begum eﬁ al. (1973). The high—energy'electron transfer
is not only a test for the correctness of the scattering
theory used in a calculation, but it simultaneously probes
the asymptotic tail of the momentum distribution of the
bound electron. Since ﬁartree—Fock calculations are not
very sensitive to the asymptotic region of the electron
momentum distribution, the reliability of theoretical
‘capture cross sections for complex targets will be ob-

scured: at high energies.
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TABLE 1

Total cross sections & EX (eg. (13)) and Ef(eq.(ll)) for

electron capture by protons from helium.

J

E ‘ 5’BK 6 & (experiment)
1.063 - 11.37°7 1.227° (2.9+0.4) > a)
2.45 11.877 2.9177 (3.2t0.4)77 a)
2.99 "3.8177 1.0877 (1.2:0.1)77 a)
- 5,41 12.479 . 4.977° (5.420.6) 2 a)
6.45 . 4.427° 1,937 (2:0.4) 7 b)
10.5 2.52710 1.32710 (1.2:0.4) 10 b)

Proton energy E in MeV, cross sections in 10-16cm2.
+ super : '

The swbscript indicates the power of ten by which
the number is to be multiplied. N
a) Welsh et al. (1967)

b) Berkner et al. (1965)
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FIGURE CAPTIONS
Total cross sections for electron capture by

protons from atomic hydrogen. Curve 1: Impulse

approximation (Coleman and McDowell 1965).

Cu}ve 2: Contihuum distorted wave method

(salin 1970). Curve 3: High-energy DWBA limit
(eq. (11)). Curve 4: Brinkman-Kramers approxi-

mation (eq. (13)). Experiméntal results: & -

" Barnett and Reynolds 1958, QA Welsh et al. 1967,

a Schryber 1968, O williams 1967, © Toburen

et al. 1968.

- Total cross sections for electron capture by

protons from atomic hydrogen. Details as in

fig. 1.
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