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Abstract

The process of electon capture to arbitary excited state in fast pro-
ton-atom collision is considered. The initial bound state wave function is
taken in one-parameter variational form which permits the calculation of
the capture amplitude and the cross section to be done in closed analytical
form. Some cross section calculations » are performed for p + He(1s*) —
— H(ns) + Het (1s) reaction and comparison is made with the experimen-
tal data and other theoretical calculations.

1. Introduction

The electron capture to the excites states in heavy particle collisionS
has attracted recently great attention, as it has been shown that thiS
process dominantly influences the structure of charge exchange cross sec-
tion [1—3]. Poluektov and Presnyakov [4] have shown that this process
is an important intermediate reaction channel which producess oscilations
in the total cross section at low energies. At higher energies the charge
exchange cross section varies smoothly with the impact energy which is an
indication that the role of intermediate channels is small and the reaction
proceeds via direct electron transitions. Nevertheless, there exists experi-
mental evidence that the probability of the electron capture to excited states
in ion-atom collisions at high energies is large enough and direct electron
transitions to these states contribute considerably to the total capture cross
section. Moreover, the cross sections of such processes have been mesured
recently directly [2, 3] and these experimental data need theoretical inter-
pretation.

In this work we shall study electron capture to excited states in
proton-atom collisions at high energies. We shall restrict ourselves to the
energy range where the first order perturbational method is applicable
(E < 25 KeV). We shall consider the case of light atoms where the one-
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parameter Slater type wave function has an integer effective principal
quantum number which permits to carry out the calculations in closed
form. Theg circumstance that the final state in this case is a hydrogenic
one anable us to perform the sumation of the relevant matrix element
over the angular and magnetic quantum numbers for a given principal
quantum number.

In the next Section we give our theoretical derivations of the elec-
tron capture amplitude and the cross section, and in Section 3 we give
some numerical results. Atomic units (A = m,=e =1) will be used thrug-
hout this work.

2. Derivation of the cross section expression

Let us consider one-electron capture process from an atom A in
state ,,i to a state (nlm) in fast collisions with protons, i.e. the reaction

p + A() — H(nlm) + A4+ n

-> - )
If with r, and r, we designate the position vectors of the ,.active
(i. e. transient) electron relative to the nucleus of atom A4 and the proton,
then the interaction in the system can be represented in the form

> > > 1 > >
V{(rg rp R)y=—-——+U(r, R) )
rb¥

. . . 1 . .
where R is the internuclear distance, —— is the electron-proton interac-
b

-> -
tion and U(r,, R) is the rest of the interaction in the system. It was
shown by Oppenheimer [5] that the contribution of the second term in (2)

. . . . m .
to the transition matrix element is of order of magnitude " where m is

the electron mass and M is the reduced mass of the proton and ion A+
In the case of reactios (1) we have always M >> m, so that to the first or-

der of magnitude in '%, the transition amplitude for the process (1) is
(see Ref. 6. p, 427);

M > > > 1 5> > >
F (6, @)Z“;]e”q Q1) 1Ij'f(rb)gIF:'("a)d"ad’b- 3
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. In (3) we have introduced the following notations

M, M,

. = 2alh oy M, My=M, “
MM, ! » )
> - -> - -> ->
g = A—-ki—kf, 0=k w__M_b_kf . )
M, + 1 My+1

-> ->
where k; and ks are the relative momenta in the initial and final state.

Y, and ¥ are the electron wave functions in these states. We mnote that
the integral in (3) is in. fact a product of two unnormalized Fourier
transforms

£i@) = f T W (rydr, (6a)
2/(0) = f o Cr Wy dry (6)
rp

Taking this into account, the cross section for electron capture from
state ,,i* to a state (n/m) is found to be

MiMf _k_f~

o (i| nlm) =
(i| nlm) o K

T 21 - -
f f | FA@DP 1gAQ) R sin0dode  (7)
0 0

where
Mi:(_jwa-‘-l)Mb , M — (Mb+1)Ma (8)
M,+ Mp+1 M,+ My, +1
In order to perform the integration in (7) it is convenient to trans-
>
form the integral into an integral over a plane in the g space. If we take

- ->
the z-component of ¢ in the direction of k;, then the components ¢, gy
and g, are connected with the angles 6 and ¢ by the relations {7]

M
=_—k¢sin® coso, = —kysin® sino, =@ k. —krcosO.
9x “Kf %, dy f % 4z Mo f
©

a
With this transformation, the integral in (7) can be transformed into a
surface integral

fL[q(e,cp)]sinededcpz%zf L@dS - (10)
f S
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where the equation of the surface § is

. M, 2 M,
P+t gt =ki— (———a ) K2+ 2krq ——9 . 11
y T M, + 1 4 My + 1 (an

-
We can now esealy transform the integral over dS into an integral over
dq. dqy, and get the expression

-0
s = [ 1@t @randy. )

At large energies we have k; =~ ks = v, where v is the relative velocity of
the colliding patricles. In the case of reaction (1) the final state wave fun-
ctions ¥y== Y, are well known, and their unnormalized Fourier trans-
forms g,;,, can be found esealy.

Moreover, for given principal quantum number », the following
summation rule holds for these Fourier transforms [8]

n—I1

] 4
2 anzn,(Q)P:g—n— N — (13)

=0 m=0 : n (Q2 + n‘2)2

Using this formula we can average the cross section o (/| nlm) over
the quantum numbers / and m of the final state and for the averaged
cross section obtain '

“+ e
4 > dq, d
G(ik">)szf'f(q)’2@£%' (14)

In the binding energy of the electron in its initial state is — y2/2, then the

> -
vectors ¢ and Q (which are in fact momentum transfers) have the follo-
wing projections :

— y .Y2 + n~—2

=lgn gy |=— T 15
q {qx qy [ 5 2 :,} ( a)
-> y Y2 — n—2

) PR A e 15b
0 {qx y [2 Jr‘ » ]} (15b)

so that the energy conservation is preserved
Y =0t 4, (16)
Now, to carry out the integration in (14) one should calculate the

>
Fourier transform f(g) of the initial state wave function. In one-electron
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approximation the simpliest wave functions are the Slater type one-para-
meter variational wave functions [9], given by
@py e

V() =
i(r) (@2

e Y Y (8, 9) (17)

where v is varitinal parameter, n* is the effective principal quantum num-
ber and Yy,, (8, ¢) are normalized spherical harmonics. For n* = 1,2 and

-
3 for f;(g) we obtain

23 lf2 512

T ey "
oo 2jW1/2Y5/2 [ 4y . ] 19)
$ »Vf3 (P 4ed | v+ ¢
fap = i BmiEyTR o :_1 5 (20)
4 1/24,9/2 2
P il [ L S S 1], (21)
WOE+er [+ ¢ e
fop = —1i2 (@)x/z 7Y I . | ] (22)
15 (.Y2+ q2)3 (.{2_{_ q2)4

Using these expressions in (14) and the energy conservation relation (16),
for the corresponding cross section we obtain

AR A
O(ist<n>) = “5“’1'37;%5“ > (23)
27y’ [16 1
Sy = o [ 2 (24)
3n® v2 (35 | 7B* 35 5‘{2
2%\{ F(6 9 i
Gapi<u>) = 757 (3351‘(8) > (25)
2wy [ (16 48y 16(6P—1) 1
G(asicn > AR
Gr<n )= o v2{35[ e g 78 35 5 26)

” 28 7y 36y2
Gprans) =~ [ 2E +
Napl<n>) = 1578 2 {q (737 88 0° )

ir (i)[ 65 _ 1yIr(s) | 36y 1“(8.5)]}’ @)
2 B6-5 r(8) p7-5 I‘(9) 38.5 r(lo)
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where I'(x) is gamma function and ¢, and 8 have the following forms

.

q§ — i [vz —2(y2— n=?) + MJ (28a)
4 v
- L [vz b 20—y o (* —; :1—2)2 ] (28by

For vy =n =1 (proton-hydrogen atom collision, capture to the ground
state) from (23) we obtain the well known Brinkman-Kramer formula (10].

It is of some interest to investigate the high energy asymptotic be-
haviour of the above cross sections. At high energies the parameters {3
and g,* behave as v2, so for n*s— n andn*p transitions we have

o(n*s|<n>)~ -t O (v ™), 29
v>w p3y
s(n*pl<n>)~ + O(v—15), 30)

V—>oonv

We see that she cross section for electon capture from a p-state decreases
more rapidely than that for capture from an s—state. We also see shat in
both cases the variation of the cross section with the principal quantum
number of the final state is »—3, which is a demostration of the known
Oppenheimer’s rule.

3. Electon capture to 2s and 3s states in fast proton-helium atom collisions

In the preseeding Section we have derived some general formulae for
electron capture to an excited state in proton collisions with light atoms.
Now we shall apply this results to proton-helium atom collisions with elec-
tron capture to 2s and 3s states. We shall treat the two electrons in the
helium atom as distinguishable and for both of them capture probabillity
is equal.

Therefore, the cross section for capture of either electron should be
multipled by a factor of two. The one-parameter variational wave functon
of the ,,active electron we take in the usual form [9]. The corresponding
Fourier transform is

fHe(9) = = BLRS y — 1,6872. 31)

1_
ot
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The Fourier transfrms g(Q) corresponding to the hydrogenic 2s and 3s
wave functions are

gzs(Q)er[ ‘ ‘ ] No= Qi =102, (%)

240 (2 + QY

1 a b cq®
+(0) = N, _ 33
8(0) 3[oc§+ ¢ Gdror T @y | @ +Q2)3] o

With these expressions for f(g) and g(Q) the cross sections for capture to
25 and 3s hydrogenic states in p+ He (ls?) collisions are

2NHeN >l 1 L L
T Qwy [592 3p3 753]’ 9
_ 2N N3 @ +2b | ab
T 2y {Sﬁi * 3@2 T Tl T 9@2 +
s ( 2¢ ac ._bc 2
S (763 to T T %3) +
3\[2¢T(6.5) , 2acT (1.5  2bcT(8.5)
r{=
- ( )[B?S r® | 8°rE)  BRrao)
2¢% 4,2 T(8.5) 2 T(5/2) T'(7.5) (35)
B3° T(10) ] 87° T(10) }
where
9 2
si'=i— [vz—z(yz~oc?)+—~——(* v;"') ] (i=2,3) (362)

1
2=7 [v2 +2 (P —a) + (—Yv—z“i] (36b)
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Electron capture to 25 and 3s states in p — He collisions. Ful curves represent present

results; curve M — calculations of Mapleton [11] for 2s; O — experimental results of

Jaecks et al [2] for 25 and @, A — experimental results for 3s of Hughes et al [3] and
Ford and Thomas [1], respectively.
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Using (34) and (35) we have computed the cross sections 6, and oy,
in the proton energy range of 25 KeV to 300 KeV. The results of the calcu-
lations are*on Fig. 1 (ful lines). The dashed curve M on the figure is the
result of Mapleton [11] for capture to 2s state. In his calculations the

term U (;:1, 1?) in the interaction (2) was also included. The experimental
data for capture to 2s state are taken from Jaecks et al, [2], (open circles),
and for 3s state are those of Ford and Thomas [1] (triangles) and Hughes
et al [3] (points). The comparison shows that the first order perturbational

> >
theory with neglected U(r,, R) term in the interaction overestimates the
capture cross section for a factor of about two to three in the considered
energy region. In the energy range below 80 KeV the inclusion of the

> >
term U(r,, R) leads to even higher cross sections (see curve M). The
agreement between the theory and the experimental data can be improved

not on the line of taking into account the interaction term U(;:,, R) but
using more exact one-electrons wave-functions. Namely, the correlation effect
between the two electrons in helium atom are too strong and the one-para-
meter variational wave function does not include much of this correlation.
One can use for this purpose many-parameter variational wave function of the
Hartree-Fock type, but then no more stmple analytical formulae can be
obtained. Our calculations of electron capture cross sections to 2s and 3s
states demonstrate that even with the simplest variational wave functions
one can obtain reliable results for electron capture to excited states.
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3AXBAT HA EJEKTPOHOT BO IIOBYJIEHH COCTOJBU
IIPX BP3UTE CYIUPU HA TIIPOTOHMTE CO ATOMUTE

]
P. K. Janes, Huctiuiiyiti 3a dusuka, Beaipag
Jb. Ileimikoscku, Dusuuky uHCIIURym, Ckoiije

Ancrpakr

Ce mpoyuyBa mpouecoT Ha eJeKTPOHCKHOT 3aXBaT Bo IIOOYAEHH co-
CTOjOM TpH Op3uTe CYyaMpH Ha NMPOTOHHTE CO JIECHHTE ATOMH. Bpanosara
($yHKIMja Ha HOYETHATAa COCTOjOa ce 3eMa BO BUA Ha eIHomapaMeTapcka
BapnalloHa (YHKUMja ITO OBO3MOXYyBa AMILTHTYHATAa H HPECEKOT Ha IPO-
necuTe Ja ce MPEeCMETHAT BO aHamuTH4ka (opma. Hekou npecmeTHyBama
Ha e(pUKaCHHOT IIpecek Ce M3BPIIEHH 3a peakuujata p -+ He (152) — H(ns) +
+ Het (ls). Ce BpIm cnopelyBalbc Ha JOOHMEHHTE PE3ydATaTH co eKcrepu-
MEHTAJIHUTE NOJATOLM M IOPYTUTE TEOPHCKH NpPeCMETHYBalba. :




