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Abstract

А theoretical investigation is made of one-and two-electron charge ех-
change in coliisiorrs Ьеtvrееп ал atom and an ion of the same element, the
iatter with two missing electrons. It is shown that the probability of one-
еlесtrоп exchange in the case when the initial term crosses the final ground-
state term is half the usual рrоЬаЬiliф fоr rеаsопs of sуmmеtrу: the atom
and ion аrе identical. The occurrence of term crossing in this system al-
ters the physical nature of rеsопапt two-electron exchange. Тhеrе is а пеvr
channel for two-stage ехсhапgе of tvro еlесtrопs. The first electron is те-
Ieased on the first pseudocrossing of tеrms and the second оп the second
pseudocrossing. In the case of сгоssiпg with terms of the excited state, this
exchange оссurs if the excitation is transferred drrring the time between the
two pseudocrossings, The experimental сrоss section for the exchange oftwo
electrons in а collision of а negative hydrogen atom with а proton сап Ье
ascribed completely to this пеvr channel.

Introduction
Recently at studying slorv collisional рrосеssеs of elementary пuсlеаr systems (.Е/+,

Н- , Н{) evidences of an essential rоlе of correlation interaction of еlесtrопs rvere
obtained [1]. As а rule ones connect the nature of such correlations vrith instant
СоulоmЬ interaction of electrons Ьу means of the complicated proced,ure of wave
functions symmetrization. However this symmetrization is а consequence of exis-
tence of the spin magnetic moments of electrons. An attempt to take into account
directly the contribution of spin-spin and retardation interactions of active elec-
trons into cross section of а two-electron сhаrgе exchange at slow collision between
the negative hydrogen ion and proton is made in the рrеsепt woTk.

Besides that we shall consider mutuаl influence of the exchange of one and tмro
electrons on each оthеr in slow collisions Ьеtvrееп an atom and ап ion ofthe same

80

INF,LuEI.{CE оF SупдпдЕтR\- C}]i

еlеmепt but \^rith t\л,,о nrissirrl :

А+А-- .

)

It is found that the s)rmпеtг\- :
rерrеsепt the same eletnetlt i.,a,

these processes and their effec t
Tlre ехсhапgе of one eiect.

crossing of the energ}, tertrrs crl

electrons is а rеsопапt process
tеrm crossing has alreadi- beei
crossing greatly alters this ргt_,, ,

Tlre absoiute magnitude c,f
exchange [3., 4] is considerabir- .,

Тhеrеfоrе, \пrhеп an аtош &рDгi_

earlier. This \nrould seem to t_,j

extent increasing with the ргr_
collision time, i.e., the titne iltic
same pseudocrossing. Irr fact. :

the one-electron exchange rs iri
possible:

л+

л+
А+А++ a\\

which \л,,ill Ье investigated iэe.c,,

occurs during the same collisr,:,l
Let us assume that. irr tiie

transition оп pseudocrossitlg,_,i
passage of the аtоm tlrrougli ti__

bility л,, ] ) to ье сарturеd br_ t 1_

through the pseudocrossillg. ti't
as а result of the second ps€il
опе-еlесtrоп charge ехсhапgе is
passages thrоugh the sal]le quas
the atom since it is no\\- irr t h e g

еIесtrоп at the sаmе adiabatic
second еlесtrоп is trапsfеrгеd ir,

exchange.
This simple discussion is sl_

effective two-electron exchatlge l
the one-electron charge-exclrat.:
(1). This is explained Ь}. the ге:
the transfer of excitation. Fог t
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is allorMed foT, the splitting decreases proportionally to R-3 (Л is the iпtеrпuс]еаr

distarrce), vrhеrеаs the splitting responsible for the two-electron exchange decreases

exponentially [3, 4].

T\Mo-Electron Exchange: Channel (2а)

We shall first consider the case (2а) of the crossing of the terms of the system

л+ л++ rvith the ground-state tеrm of the ,4+ * 1+ system, when both ,4+ ions

але in the ground state. \ме have to consider hеrе the interaction betrTeen thrее

tеrms: t,wolerms of the А * 1++ system - the terms even Еr(-R) and odd Е"(R)
relative to the inversion of the coordinates of the two electrons at the center of

the quasimolecule, i.e., at the point which halves the internuclear axis - and one

terrrr.Eg(R) of the .4+ * Д+ system, 'which hаs а definite parity, either u оr 9 (it

is assumed-that the ground state of the,4+ ion is not degenerate). we have to

consider only that state of А+ + А+ whose spin is equal to the spin of the atom А
because the total electron spin is сопsеrчеd in the nonrelativistic approximation.

Fоr example, fоr particles / with tlпo excess electrons (in addition to those in the

filled shells), the spin of two electrons is either zero оr unity. Consequently, in
the ,4+ + ,4+ system, ,we have to consider either the singlet or triplet states, and

the singlet state is ечеп relative to inversion at the сепtеr of the quasimoleclrle,

rmhereas the triplet tеrm is odd. Тhе odd state is described Ьу all the forrrru.las

given below if g is exchanged with u; all the conclusions still apply to this case.

In general, the triplet state of the ,4+ * ,4+ system, which is odd relative to

inversion, also interacts чrith the odd state of the -4+А++ system. This interaction

is of the spin-orbit type; it is vreak and rve shall ignore it for lаrgе interatomic

distances.
Тhе initial conditions correspond to ап А + А++ collision:

V("*r,iz,t) ^ ja хГz

The quasimolecular fun
of the atomic functions \t'

пеаr the nucleus а оr Ь:

Г -i i Egdt' -i i E.dt'1 
/ л \

l Vп("*r, r-z)e -со * Ф,(ir, iz)e -Ь l (3)

L 
у\ -/ 

]

ctions Фп,,, reduce, in the limit R -+ оо, to combinations

а,ь corresponding to t}re case \\rhеп both electrons аrе

(4)

single passage
the wаче firnc-

Iгrгт-,tтЕIýсЕ оF SrrirtrtETp.\" -

Нете, *tr аIе the mo)I}el]i: ,_

Similarly, if rb,e соllsiоег :.

*tt rvhen the particles fl,,- е

exchange during the rтit,эlе ,],

Р2- sin2 (Xr _ rz')
\2,1

where the phases Xt.u аге

*|,t

lr.
La

The phase Xz dеtеrпil]еs tire
If this phase is smaIl. Eq. , f;

Dъ
-ll ^v

T}re interference phase \i. i,

of the tеrm Ео: Еа - Е s ^! J

1аrgе interatomic distallces.
the impact раrаmеtеrs _\.,.

\\,Ihеп the probabilit1, of а ]l
(9) reduce to

In the limit Lo -+ 0. ti.e :
fоllоц,s the adia,batic ieill
quasimolecular 9 alld ?,i s:зi
Ьу the phase differellce Е

The probabilitr- Р1 of :i
collision is

Averaging this expressioi_ _

Vg,, : lV,(ir, ir) +Vь(й ,iz)llrП
Let а Ье the probabitity оf а nol}adiabatic transition for а

through а pseudocrossing. Srrbject to the irritial condition (3),

tion is then

(;) ''' * п(i,, iz)e

t,

{ E,l dt'
_yl

--1-Ф("*r,iz,t)ffi

+ ( ' - '\ "' Фо(r-t ,T-z)" 
n-i u'dt'-i

\2)
i Eod,t' 1 -i i Eud"t'_fr l +Фr(rr,r-2)е -ЭС, т 

\/'2
(5)
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This quaлtity is half the usual value because, in the symmetric ,4 +,4++ case, half
the colliding atoms аrе in the noninteracting state V.,.

If чо -+ 1, the system jumps а pseudocrossing without being a,ffected Ьу it and
then the probability of the twoelectron charge exchange (6) tends to the earlier
value [2, 3, 4]:

INF,IчЕI\тсЕ оF SyrtrIETp}

bilities. The first teгtli л__ ]

in ассоrdапсе \\,ith Eq. ' 
:

because of the prese}lce r:,: :,

of adiabaticall5, 1olr- гаtеs
second channel therr opelis
tant. This secol]d ciratrtre, _,

the terms resulting irr excit

In the gепеrа1 case оi t]l,c;

(15) Ьесоmеs

рД -,.,2,,,2 ,,,?-.il-,]I-2 W|W2. . *_\

,^r

+ 

' 
,?r3.. *;_

k-1

Т\мо-Еlесtrоп Exr
tive Hydrogen Io

ЦIе shall 1]o\^r сопsidеr tile
proton , Н- + Н+, fоr ri-ll1

determined ехреriйепt aili-
velocities t, t 1.5 - 2.5 х ii
generalized Breit ореrаtоr 

i

AEr = ,.

This expression has а tnaxl
10-5 a.u. Such small spirt:,
оссur" this will lrappell оu:

WЪ shall noц.I estitrrate
the first tеrm of (16). atlcl ,

system in ассоrdаllсе ri-i: i,

three tеrms of tlre f/, 1 ..

the d-potential rпоdеl ,:rf с

the п2 degenerate states

бЕп(R) - 4т-\Ъл, Г
п-I i

1-0 тп--,

Pz;i sin2 (+) (14)

It follows from Eqs. (10) and (11) that, in the case of adiabatically Iow collision
rates so that о -+ 0, the effective cross section for the two-electron ехсhапgе
is о2 -+ TR2rl2 (Л1 is the pseudocrossing radius) and it is greater than even
the mахimum one-electron сhалgе exchange cross section to the ground state,
irrespective of the term splitting 

^EL 
: En - Eu, responsible for the two- electron

exchange.
\Ме can thus see that the symmetry of the molecules formed as а result of а

collision has а considerable influence оп the probabilities of exchange of one апd
trvo electrons.

The above results are derived on the assumption that the laws governing the
changes in the phases of the adiabatic states, i,e., the functions .E(t), change

рrесisеlу at the pseudocrossing moments *t1. This is justified if the size of the
region vrhеrе the exact adiabatic terms differ greatly frоm the unperturbed terms
is small соmралеd vrith Br. This condition is satisfied if the repulsion of terms in
а pseudocrossing is small соmралеd with Еr, - Eg,u fоr р ý Л1, rvhich is clearly
va^lid because Ео - Eg,u - Л-1 and the rерulsiоп of the terms is exponentially
sma,ll for large values of Л1.

T\Mo-Electron Exchange: Channel (2Ь)

We shall now consider the case (2Ь) when the tеrms of the initial system cross the
terms of the А+ + (,4+)- excited states. In this case, the atomic particles аrе in
different states and, therefore, quasimolecular states аrе аlчrауs degenerate relative
to inversion, i.e., there are alrvays ечеп and odd states with the same епеrgу in
the limit Л -+ оо (even if the atomic excited state (,4+)* is not itself degenerate).

Let us assume that the atomic excited state (А+)* is not degeneTate. Applying
the above рrосеdurе, чrе obtain the probability of the trмо-еlесtrоп exchange:

рG) + (1 - &J)2 sin2

(15)
where А.Е2 is the splitting of the tеrms responsible for the excitation transfer
,4++(Д+)- -+ (,4+)-+А+, which occurs during the motion of the particles between
tvrо pseudocrossing moments at1. It is assumed that the splittings En - Eu ахе
muсh smaller than the matrix element of the one-electron ехсhалgе, so that the
repulsion of the terms and the probability of the опе-еlесtrоп transition c,.l аrе the
sаmе fоr the g and u states. Averaging the interference tеrms has already Ьееп
carried out in Eq. (15).

Ш'^r, 
dt'+;},\Ezr,1,:ц)2siп2 (*_[ b'to-,)
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whеrе еб is the binding епеrgу of external electron in unperturbed negative ion,
and ,Е,, : - 22 l2п2 аrе Coulomb епеIgу levels of H-Iike ion with пuсlеаr charge Z.
The function ф19 сап Ье expressed through the confluent hypergeometric function:

г--;-
ф.о(т): I h,"* (_;) FFn _1..2.т). (19)

Values of tеrms splitting бЕ"(Л) in the quasicrossing points Л,, for considered
system Н- + fr* аrе given in Table 8, The crossing with n:4level can Ье
ignored as too distant: Лп : 283.005 a.u. We shall estimate the probabilities с.lз

and cu2 using the Landau-Zener model:

Llз :0,99з, а2 _ 0,074

radial velocity is urad, ж 1J - 0.1 а.u.

of the СоulоmЬ orbits r,.. - 2п2 f Z , positions of quasicross-
бЕп(Лr) - 2^En(Rr) of terms fоr the s,vstem Н- + Н-r.

\ъъъъъъtъъъъ\\ь\ýýýýiý

Тhе арр\iсъ\iов ot E{r. \

discussion because the excit
possible if there is по mixing
The probability (21) Ьесошt
(the trajectory is assrrmed tl

цlhеrе ldrrl' is the sql.lаге ]r

l (Ф,, Ir cos 9lФrо. ) I' - 0.5; ,

Estimating the сrоss sectiotl
ц,h,iсh the phase (21) becotlrt
(ро N 2.6). The degetrerate s

that the probabi}it), of сirагqс
j t^-l 7.5 х 10-17 спr2. rr-iricir .

These estimates irrdicate til:
does indeed оссur itr ассогiа
of the cross sectiotr са11 iэе ,,
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Using the parameters Лr, and бЕп represented in Table 8! we }rave

(20)

(21)

for the case rvhen the

Table 8: The radiuses
ings .R, and splittings

п тпl а.u. R,n, a.u. бЕп(f,r), a.u.
1

2

3

4

2.0
8.0
18.0
32.0

2.\17
10.279
35.92 1

283.005

I.652 х 10-r
1.876 х 10-2
2.3\8 х 10-4
7.L23 х Та-27

Ifthe phase difference required fоr the direct chargeexchange рrосеss is accumu-
lated at р - 1 a.u. (оr - о6, which is the Воhr radius), then, subject to allowance
fоr rveakening Ьу а factor а|ч! : 5.5 х 10-3, vле сап estimate the contribution
of the direct channel (1Ь) to the total two-electron сhалgе-ехсhапgе cross section,
which gives the value оl{ч:0.1) S 5 х 10-19 сm2, two orders of magnitude less
than the experimental cross section: ouro(u:0.1) а: (4*2) х 1g-lz сm2. Conse-
quently, in this case, the vrhоlе сrоss section is governed Ьу the second channel.

\ме shall now estimate the cross section for the tvro-electron exchange Н- +
fI+ -+ Н+ + Н- , in ассоrdапсе vdth the second channel (2Ь) for the case rMhen
о : 0.1 and vrе shall do this using the second tеrm of Eq. (15). The contribution of
the term Н*(п - 3,а.,з а: 0.993) сап Ье ignored апd allowance need only Ье made
for the crossing Trith the term fI*(zl:2), ,which is characterized Ьу (1 -ш)2 = 1.
we сап then see that the probability of the tvrо-еlесtrоп exchange is simply equal
to the probability of the exchange of excitation in а time betrveen -t1 and *t1:

t6]

[7]

[8]

Р@ ry sin2 .iEzdt)(:|,
[9]

[10]
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