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Transfer excitation processes in ion-atom collisions at high energies
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A theory of ion-atom and ion-molecular collisions at high energies is formulated in which the
projectile ions undergo simultaneous electron transfer and excitation (TE). A unified description of
both resonant and nonresonant processes is presented. The resonant mode (RTE) is mediated by
one of the target electrons, which excites the projectile and at the same time is captured by the pro-
jectile ion, thus forming a doubly excited intermediate state of the projectile ion. In the impulse ap-
proximation, this is related to the dielectronic recombination process in electron-ion collisions. The
same doubly excited states can also be formed by one of the target electrons and the target core, in-

teracting with the projectile ion in which the target core does the exciting and the electron is simply
transferred. This is a nonresonant process (NTE), although the projectile is again left in a doubly
excited state. We propose here still another mechanism for the formation of doubly excited states,
UTE. The new process involves two target electrons in a nonresonant way, just as in the NTE, such
that the electron that excites the projectile is left in the continuum, as viewed in the projectile rest
frame. Some of the experimental evidence for these reactions is discussed.

I. INTRODUCTION

where TEX represents TE with emission of one or more
photons and TEA represents TE with one or more Auger
electron emissions. Analogous definitions apply for simi-
lar labels used later. In particular, the resonant com-
ponent of (1.1), RTE, is compared with the dielectronic
recombination (DR) process in electron-ion collisions, as

Az+ ( A(z I)+)se RF

( A (z —1)+ )ee ( A (Z —1)+ )w4 +
~( A +)+e', RES

(1.2)

where RE denotes resonant excitation and RES for RE
scattering. That is, in the projectile rest frame in (1.1),
the target B simply provides a beam of free electrons (and
the core b) for the process (1.2). Thus the analysis of
RTE has been carried out rather successfully in impulse
approximation by folding the DR cross sections over the
target Compton profile. The DR process (1.2) has re-
ceived much attention recently because of its importance
in the study of high-temperature laboratory and astro-

Much experimental effort has been expended' in re-
cent years to understand the transfer excitation (TE) pro-
cesses in high-energy ion-atom and ion-molecular col-
lisions in which the projectile ions ( A'+) (i) are excited
while one of the target electrons is transferred to the pro-
jectile to form a doubly excited state (d) of the projectile
(A' "+)**.Schematically for a target atom (or mole-
cule) B, TE is described as

A ++B (A ' +)**+B+, TE

( A (Z —1)+ )se ( A (Z —1)+ )s+ TFX

~(A +)+e', TEA .

physical plasmas. Direct measurement of the DR cross
sections has proved difficult, because of their small mag-
nitude. Nevertheless, several careful experimental mea-
surements using the electron-ion crossed and merged
beams have been reported recently, ' all of which in-
volved intrashell excitations. On the other hand, most of
the reported DR measurements involving intershell exci-
tations have been of the RTE type, and the agreements
between experiments and theory, with allowance for the
possible field effect, have been excellent in all cases.

The nonresonant modes of (1.1), NTE, can also create
doubly excited states (d), where one of the target elec-
trons is simply transferred to an excited state of the pro-
jectile, while core b excites the projectile. A couple of
precise NTE data' have been available for some time,
but detailed theoretical study is lacking. This process
manifests itself as a broad peak at relatively low energy,
as a result of convolution of the capture probability
which decreases with energy and the excitation probabili-
ty which rapidly increases with energy and levels off.

In the course of analysis of RTE, '" especially for the
systems S' +, Ca' +, and Nb '+ on He and Hz targets, it
was noted' that the high-energy end of the RTE cross
sections was unusually high and unexplainable by any
available physical mechanisms. A detailed analysis was
then carried out to determine whether the field of the tar-
get core b may affect the cross section in this energy re-
gion. " The effect was too small to explain the discrepan-
cy, because of the presence of a fast Auger decay channel
which was independent of the high Rydberg states (HRS)
formed during the capture. A new mechanism, the un-
correlated transfer excitation (UTE), involving at least
two electrons of He, was' then proposed to explain this
anomaly. In UTE, two target electrons are actively in-
volved in the creation of doubly excited projectile states;
one electron excites the projectile and is left in the contin-
uum, as viewed in the projectile rest frame, while the
second electron is simply captured, as in NTE, to form a
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doubly excited state of the projectile. It has the correct
threshold energies. Some additional evidence for the
presence of UTE is reported, ' but a detailed theoretical
analysis is needed.

In view of increasing experimental activities in recent
years, it is of interest to formulate the TE problem once
more and provide a calculationally tractable procedure
for the analysis of the existing data. Since TE is a
higher-order charge exchange process involving at least
two or more electrons, the calculations are di%cult to
perform, and the theory has thus far been unable to pro-
vide a quantitative understanding of the experiments, ex-
cept in the case of RTE, where the precise DR cross sec-
tions and impulse approximation are used to analyze the
data, with surprisingly successful result. On the other
hand, an initial attempt by Feagin et ah. ' and a more
heuristic approach of Brandt' are the only available
theory of NTE. We present here a general theoretical
framework for the treatment for all three phenomena,
RTE, NTE, and UTE, and cast the theory in a form suit-
able for applications. The theory sorts out in a unified
way the three different modes of TE and facilitates their
comparison. Proliferation of different channels present in
this many-particle collision system warrants a systematic
development of the theory. The principal result is con-
tained in Eq. (3.1), with the individual cross sections
given by Eqs. (3.6), (3.22), and (3.25). Details of the ap-
plication of (3.6) for RTE have already been reported,
while (3.22) and (3.25) for the NTE and UTE are being
applied in the study of the reactions for the specific sys-
tems (Si"+ + He and Ca' ++H2, He).
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FIG. 1. Coordinate system used for the reactions described
in (2.1). The initial state, and the intermediate and final states,
respectively, require two different sets of orthogonal coordinates
because of the electron rearrangement. The center of masses of
8, 3', and 8' are exaggerated in the figure; their effect on the
bound states of the respective electrons is small.

II. BASIC FORMALISM: ELECTRON
TRANSFER COLLISIONS

In order to simplify the discussion of the direct and ex-
citation transfer reactions and still to include all the pro-
cesses discussed in Sec. I, we consider a simple three-
electron collision system A +B (see Fig. 1)

(a +e, )+(b+e, )+e2
(2.1a)

H„, =HM+H~+D =H+D, HM=K+ V

(E —8„,)'0", f' =0, (2.2)

+AB ++a1 +b2++b3 +2'B'++a 1 ++a2++b3
(2.3)

V= g(V„+V„;)+ g V; +V,„,

~here the matter and radiation field Hamiltonians are
defined as

(a +e, ) +( b+e~ +e 3)~ (a+e, +ez)+(b+e3)+y
(2.1b)

(a+e, +e2)**+(b+e3),
and

XX &~k(ak ak +a—. ak
k a

(2.4)

(a+e&+e2)'*~ A'+y

~A+e2,

(2. lc)

(2. ld)

' 1/2
e 2m A'

m cok

3 —i k. r,
&& g (p;.e a„~e '+H. c. ),

A =(a+et), B=(b+e2+e3), A'=(a+e, +e2)**,
=(b +e3), where a and b denote the ion cores of A and
B, with all the spectator electrons included implicitly in a
and b. The target system B can be either an atom (such
as He, Ne, Ar, Kr, etc. ) or a molecule (such as H2), but
we simply refer it as atom in the following. In actual ap-
plications, the effect of the spectator electrons as well as
their Pauli exchange must be correctly included. The
Hamiltonian of the system is given by'

(2.5)

In (2.3)—(2.5), we have K„~ equal to relative kinetic ener-
gy for the systems 3 and B, K,

&

= kinetic energy for elec-
tron 1 in the center of mass c.m. of 3; K», K,2, and
K„.z are similarly defined. For the bound states, the
difference between the c.m. of (b +3) and b for electron
2, for example, is negligible, but such difference may be
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important for continuum orbitals where it can generate a
translation factor. In addition, Hz is the radiation field
Hamiltonian and D represents the electron-radiation field
coupling. In the actual calculation, the electric dipole
coupling in the position representation will be sufficient.
(The quantized radiation field Hamiltonian Hz and
electron-radiation coupling D are convenient in correctly
treating the radiative emission, radiative widths, and ra-
diative cascades. A completely consistent theory cannot
be formulated without them. ) The effect of the radiation
channel becomes very large when highly charged ions are
involved.

For the TE process, we set

H=H, + V„c=i or f (2.6)

with, for the initial state,

Hi K+ Va]+ Vb2+ Vb3+ V23+ Ui +Hg

V; —V12 + Vb1+ V13 + ( Va2+ Va3+ Vab Ui )

and, for the final state,

Hf =K+ Va]+ V 2+ V&2 b3 f
Vf V13+ V23+ Va3+ Vbl+ Vb2 Vab Uf

(2.6a)

(2.6b)

(H, E)4&,~ =0—, (2.7)

where, for example, we have the product functions for
the electronic, ionic core, and radiation parts for each
channel c =i or f as

tIt;x = tttz (1, )$21 (2b, 3b )u; (R&21,K; )tp(a, b) IO),

Nfx =it ~,(1„2,)$21.(3b )uf(R& 21 Kf )tp(a, b)lk ), (2.8)

and qr(a, b) is the internal wave functions of the cores a
and b In (2.8), IO. ) and lk ) denote the zero and one-
photon states, respectively, with ai, IO) =0 and
lk ) =a„ IO). The index X denotes the presence of one
or more photons in the channel. Similarly, in the follow-
ing, the presence of one or more Auger electrons will be
denoted by subscript A.

The amplitude for the process (2.1) is given in the dis-
torted wave approximation (DWA) and in the post form
by

(2.9)

Since projectile A is usually highly stripped, its Coulomb
effect on the electronic orbitals of B should be properly
taken into account. We incorporate this distortion by in-
cluding the distortion potentials U, in H, . In Eq. (2.6), K
is the total kinetic energy operator of the system. The
channel wave functions for (2.1b) and (2.1d), for example,
are defined, for each channel Hamiltonian H, with
effective distortion potentials U„by

tIItot P tIIP (Q F Q )
—1F P @tot

=P +'—G"' ~F P%'
i I tPt i i

(2.10)

where Ft t E Htpt and PiFtptPi+j 0 It was shown
previously' that the full Green's function G"'~ may be
expanded as

G tot g —
Q (F ) 1Q

= G "+G "WG "+
where

G =[Q;(F+iI',~/2+iI '„ /2)Q, ]

(2.11)

(2.12)

and where W is the residual interactions not contained in
6", and F:E H—. I—n Eq. (2.12), I; and I '„" are the
Auger and radiative widths operators. ' Note that
(Q;F„,Q;) '&Q;(F,«')Q;. Thus T~~; of (2.9) may be
rewritten as

Tj~~; =
& pf +fP~ ID I p; +P&+ & pf +fP~ IDG'V,

I p, q,'&

+ & Pf %f~ I
DG WG "V; P; tII, ) +

—TREC + TTEX + Tcascade
fX —i fX —i fX —i (2.13)

[The algebra involved in the derivation of Eqs.
(2.10)—(2.13) is straightforward and we simply refer to
Ref. 16 for the details. ] The first term in Eq. (2.13) corre-
sponds to the direct radiative capture without excitation
(REC stands for radiative electron capture), while the
second term provides the TE amplitudes of interest here.
All the other higher-order terms represent cascade con-
tributions. The third term in (2.13) will be important in
the discussion of NTE and UTE amplitudes given in Sec.
III.

Obviously a similar description can be given for Tf~
by replacing the operator D in (2.13) by Vf, thus we have

Tf"„,= &PfefP„I vflp, e,'&+&PI, qf'„I vf G"v, Ip, ~;&

+ & pf%'fg I Vf G H~G V~ Ip;tII', &+
Tipniz + TTEA + TCascade

fA —i fA —i fA —i (2.14)

The first term describes the collisional ionization of the
target B without electron transfer, and the second term
gives the TEA amplitude of interest here. In the next
section, we will analyze these two amplitudes TEX and
TEA in detail.

It should be noted that in (2.14), both the initial and
final state interactions V; and Vf appear, except in the
first term. In particular, the V; term is essential in
correctly describing the three different TE processes in a
consistent way. In Ref. 14, however, the interaction Vf
appeared on the right with P;, which does not contain the
RTE component corresponding to the interaction V, 2.
The same difficulty occurs with T of (2.13), where one
then has to put a portion of V&2 T ad hoc. This is not
consistent and difficult to implement.

where 4", ' is the solution for the full Hamiltonian H, ,
In terms of the projection operators for the initial projec-
tile state P, and its complement Q;, we have, ' with
P;+Q, =l, ,

III. TRANSFER EXCITATION PROCESSES

The TEX and TEA amplitudes given by Eqs. (2.13) and
(2.14) will now be analyzed, with special attention paid to
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the resonant mode associated with the Green's function
G", in which case these two amplitudes can be treated by
an identical procedure. Therefore, in the following, we
will derive the result first for TEX, and later convert it to
TEA. %'e denote the initial and final distorted wave
functions P; q"; and pf q'f' simply by e; and ef. Noting
that

5(EK/21Uf )y~u')(uf f

and E=—E'+E,' for the ions and the electrons, respective-
ly. Finally, we then have

TRTEX ( .k D .O)
1

E' E„'—+il /2

Vi V12+ Vbl+ V13+( Va2+ a3+ Vab Ui ) X(q „~v„~q.u, ) . (3.&)

from (2.6), we have

Tg~"; =(C'f~lDG "V; I+; &

—TRTEX( V )+ TNTEX( V )

+ TUTEX( V )+ (3.1)

A. Resonant transfer excitation

We first analyze the resonant mode of the TE ampli-
tude mediated by VI2 in V;,

We analyze below in some detail the amplitudes for the
three processes, RTE, NTE, and UTE. In order to bring
out clearly the difference between RTE and UTE, we ex-
plicitly assumed in (3.1) that electron 2 is transferred
from 8 to 3, while electron 1 in A is excited. Therefore
the potentials in the brackets in (3.1) denote the interac-
tions that cause the initial excitations.

This amplitude describes the process in which one of the
target electrons excites the projectile and at the same
time the same electron is captured by the projectile, thus
forming an intermediate state of doubly excited reso-
nance state. Subsequently, this state will decay by emit-
ting radiation (or Auger electrons. )

Following Brandt, ' the RTE cross section in impulse
approximation is given by

Ae,aRTEx —grrRTEx g pr (p )FD+(1 d )
1

(3.6)

where the target Compton profile 8 z is defined by

~s(p, ) —= f dp j.If'(p) l' (3.7)

In Eq. (3.6) the RTE cross section is defined in terms of
the DR cross section which is given in the form

Tf+ i ( @f+—lDG '
V12 I @;& (3.2)

cr R(i ~d)= V, (i ~d)co(d)6(e, )(mao), (3.8)
e, ( )

where N; and 4f~ are given by Eq. (2.8). The Green's
function G" of Eq. (2.12) may be separated into two parts
by convolution'

where V, and co(d) are the excitation-capture probabili-
ties and fluorescence yields, respectively;

V, (i ~d ) = (gd /2g, ) 3,(d ~i ) by detailed balance
l

g~ a « n)G12(n)dr—i co(d) = r'„(d)/[r, (d)+ r„(d)]
(3.9)

where

g„(E ri) = (E ri —K„K—, —V„—V—„—V—„
—V —V —V —V )ab bi b2 b3

and

G12 = (2) —K„K,2 HI1 ——V„—V, 2
—V—, 2

+ 1 r:~/2+ 1 r'„~/2) -' .

G —G, (E,')5,
where

(3.4)

This particular separation of G into the purely electronic
part corresponding to the system A ' and the rest of the
ionic part is convenient for the discussion of the RTE
amplitude, where the ionic core b and electron 3 assume
the spectator role. Note also that we chose the Hamil-
tonian H of the form H,O, =Hf+ Vf+D for the inter-
rnediate states d, since electron 2 is transferred to the
core a by V&2 during the excitation transition i ~d. A
slightly different separation of 6" will be introduced for
the NTE and UTE amplitudes, because the nuclear core
b and electron 3 play a more crucial role there. The final
projection in (3.1) puts the ionic core states of G on en-
ergy shell, so that we have effectively

for the statistical weights gd and g, , A, is the Auger tran-
sition probability for the intermediate state d decaying to
the particular final state f, and 1 „and I, are the radia-
tive and Auger widths of the level d. The resonance
profile 5 is given by

I /(2m)

(E,' E„') +I /4— (3.10)

e +he, /2
o (i~d)= J cr (i~d)de, ' . (3 11)

e —he /2

Here, Ae, is a small energy bin chosen arbitrarily. We
note that the projectile energies EL in the laboratory
frame can be very large, —100 MeV, such that the elec-
tron energies of the target system in the projectile rest
frame match the kinetic energies e, involved in DR. The
actual EL near the resonances can have a large spread

Here E,'=e„+e, for the initial state binding energy of
electron 1 and the kinetic energy of electron 2 in the pro-
jectile rest frame.

Usually, there are many intermediate resonance states
(d) which are available for the TE processes. In the iso-
lated resonance approximation, ' we can simply group
them together in small energy bins as'
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due to the Compton profile.
In exactly analogous way, we have the amplitude for

the resonant TEA process in which the resonant state
(d), formed as in RTEX of (3.5), now decays by an Auger
electron emission. The cross section is then simply given
by

Obviously, core 6 plays a crucial role in exciting electrons
in the projectile A, so that the separation of G" into two
parts as was done in Eq. (3.3) is not convenient for the
present purpose. For NTE (and later for UTE), we do
not have the usual resonance energy constraint of the
type present in RTE. Instead, the NTE amplitude may
be analyzed in terms of G" as'

—REA
cr, g=Wi](p, )o (i ~d )

d I

(3.12) G"-=— g E —gG, gdq, (3.15)

where ]T (i~d) is the energy-averaged resonant exci-
tation cross section

cr (i ~d) = V, (i ~d )g(d)6(E,' Ed )(7ra—o),
e, (J7 )

where

g =(E—g —Kb —
Vb

—V, —V, 3
—V

with the Auger yield g defined by

g(d) -=1 —co(d) =I,'(d)/I (d) .

The form (3.13) was used earlier' in the analysis of the
0 + data'

Gbl =(ri —K„b —K, l
—K, q

—V, l
—V, 2

—V]2

—V, 0+i I —']'/2)

The difference between (3.16) and (3.3) is mainly in the ki-
netic energy term in G». With the final state projection
by 4f~, we have

B. Nonresonant transfer excitation.
G'-G,",n' . (3.16)

Unlike in the RTE process where one single electron
does the exciting as well as the transfer, an alternate
mode which can produce the same intermediate state is
possible; that is, the target core b can excite the projec-
tile, while one of the target electrons can be transferred.
This mode is termed NTE. From Eq. (3.1), the NTE am-
plitude is given by

Further reduction of Gb, (E) is given by

I

Gbl =(2n) eI —3/'2 ' ~'b ~'b dK G ~ (3.17)

Tfx i & +fx I
—bl bl I

(3.18)

which essentially contains the same G",2 used in RTE.
We finally have

Tfx &+fx IDG ' V„—, I @, (3.14) Thus

TfNx — =r f "p])'ia(p)&])'iA " IDIO'A 0&, , &O'A e ""IVb]I@Ae
d

(3.19)

where the crucial term is the one with V». It contains
both the excitation and transfer; that is, the excitation via
V„, and the capture by the overlap of l(]A,z in ]]]]„.and the
continuum electron wave function contained in
exp(iK, RAl]). Since the projectile ion is charged, its
effect on the electronic wave functions for electron 2 in B
in the initial state cannot be ignored; we set

iK, .R & AiK, RA, b+ik, . r2 iK, R. A,b.
where u, is the distorted continuum function. [The same
procedure was followed in the case of RTE in Eq. (3.6)
when we replaced the RTE amplitude in terms of the cor-
responding DR amplitude. ] Using a product form of the
wave function, the V» dependent part of the T can
be written as

i(Q P).R ~ rb —
1

Vbl dRA'be ( e Zb )Irl RA'b I

The NTEX cross section is then given by
2

NTEX " TNTEX 2

2~ ~2 Q,„

where

Q=K; —Kf, JR=MAMl]/(MA+M~),

Qmin Ki, 6—ea l ea ] ebp
2E;

max

(3.21)

&qA, le'"'lu, & &pA ]lv, l(Q —P rl, )l&A]&

—=C, F~,
where

(3.20)

and thus

I
T ""I'=4&~(d)f wg(p)lc, (p)l'IF~(g, p) I'dp

d 0

(3.22)
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In general, for a neutral target B, Zb ~1. Preliminary
calculation for the Si"++ He case indicated that the
cross section given by (3.21) is of right order of magni-
tude, with only a few low-lying states included. A simi-
lar result was obtained earlier for the S' + + He sys-
tem. ' A more detailed calculation is in progress. The
NTE cross sections are generally peaked at low EL and
decreases as EL is increased, because the capture proba-
bility decreases with increasing energy while the excita-
tion probability increases sharply at threshold and then
levels off at higher energies. The NTE contribution can
be sizable in the energy region where RTE is dominant
and the RTE-NTE interference effect can also be studied.

In most cases, the C, factor in (3.20) turned out to be
very sensitive to the orthogonality of p„2 and u„espe-
cially for p very small. To avoid this problem, we have
rewritten C, as

C. Uncorrelated transfer excitation

TUTEx —( q IDG I V I(P ) (3.23)

Since there are two electrons (e2 and e3) present in our
model (2.1), it is also possible to have these two electrons
to create the same intermediate state as in RTE and
NTE; here e3 assumes the role of core b in the NTE pro-
cess and may excite the projectile A, while e2 can be
transferred. Thus the physical picture involved here is
very much like that in NTE. However, the excitation by
e3 now requires a minimum incoming kinetic energy, as
in any other excitation process, unless there is a strong
correlation between e3 and b. This in turn dictates the
threshold energy for this mode to occur at energies just
above the RTE peak. The UTE amplitude may be writ-
ten, from Eq. (2.8), in an analogous way to the NTE am-
plitude, as

where

X (c'le' '2a Ic )

Z &p'rp

~lr2

fg b(E Tl)G123('9)d'9

with

g.b
=«n I:~ b V~ i I'b2 V» I'.b I'23

and

(3.24)

&~ 2
—&.

CI
e

—V, H+i I'~—l2)

I'.2
—I'i2

where the Schrodinger equation for the bound state is
used, as

Z'

~2a

This can further be simplified as

r I- r6 =6 i236"=6 i2g3 ~

where

~~3=( ~.3+ Vi3) .

and where the closure approximation was introduced for
the Green's function Gz 2. This expression for C,

' is
much less sensitive to the distortion of u, . It is important
to note here that the change C, to C,

'
in (3.19) is also ob-

tained by going to one higher-order term in (2.13); the
term with two G"'s in (2.13) gives the same C,

' when ap-
propriate approximations are introduced in 6"and W.

The excitation probability Fz can be calculated using
Born approximation for the nuclear motion of core b rel-
ative to core a. However, at low energies where the rela-
tive velocity U, is lower than that of a typical orbital ve-
locity of the electrons U, in A (or more appropriately
e, (5f, = transition energy for inelastic scattering, where
e, is the relative kinetic energy of an electron in B) the
adiabatic correction has to be introduced; no excitations
are possible if the perturber a moves too slowly. This is
similar to corrections to impulse approximations. We
thus have

F~ F~=F~exp( —Af, le, ) .

This correction turned out to be important in getting the
NTE peak at low energies to come out correctly. Details
of the calculation are planned to be given elsewhere.

The corresponding cross section is then given by

UTEx
g f I

TUTEx
I
2q dq ( a )2' k& ~ min

(3.25)

where

q;„=k, —kf (for electron 3),

and

9'max= ~
~

I
T"""I'=4&~(d)f ~&(p) ~~(q, p) lc, (p) I'

d 0

x IF, (q,p) I dp, (3.26)

where we assumed again that q is nearly perpendicular to
p, (=p here). F, is the collisional excitation amplitude,
analogous to Fz in Eq. (3.20). The capture part C, is the
same as that used in NTE, and may be replaced again by
C,'. As noted above, from energy conservation, the UTE
process should have the threshold at the ionization limit
(n = ~ ) of the RTE process, provided electrons 2 and 3
are not correlated and if we neglect their binding energies
initially in B. (For the correlated case, however, we ex-



2956 YUKAP HAHN 40

pect an enhancement of the RTE-type cross sections by
the contribution of the UTE mode at lower energies. )

In actual applications, the distortion effect of the two
electrons in 8 by the projectile field of a is very impor-
tant, and we may conveniently replace (3.25) by

a; „= ro J dp 8'~ A, (d'~i )~(d)lC,'l (rrao),k' 2g,

(3.27)

where the capture probability lC,'l is identical to that in
the NTE case, while 3, is an analytic continuation of the
Auger probability 2„ in which one of the bound state
electrons is placed in the continuum with energy e,', thus
the excitation probability 3, . This is the same as the
quantum defect theory procedure, and our MATRIx code
easily handles its evaluation. The intermediate state d
finally formed involves the excited state d' of A plus one
of the electrons in 8 captured to A in order to form 3'.
Another electron 3 in 8 is "in the continuum" as seen in
the 3' rest frame; this electron 3 may still be bound to b
or may be free.

IV. APPLICATIONS

%'e briefly summarize the current status of the TE
measurements and theoretical analyses which have been
carried out.

(i) RTE. For the latest experimental review, we refer
to Tanis paper' on RTEX, where the states (d) formed in
RTE decay by x-ray emissions. The following ions have
been studied: Si"+, S' +, Ca' ' +, and V' + in
which the 1s electron excitation was involved, and
Nb '+ in which the L-shell electron excitation of the
Ne-like system was measured. The theoretical interpreta-
tion of these systems in terms of DR was given in a series
of publications. '' More recently, some additional ionic
systems were studied; Ge ' '+, S' +, and F ' +. In all

cases, the agreement between theory and experiments
were excellent, all at the level of +10% or better. In ad-
dition, a state-by-state RTE was also studied' in which
the Auger electrons emitted during the stabilizing stage
of the states d were detected (RTEA). The theoretical
analysis' provided reasonable ratios for the various reso-
nance peaks corresponding to different term-split states
of d, but improved measurements as well as more refined
theoretical calculations of the Auger transition probabili-
ties are needed to bring the RTEA process under control.
Very recently, an additional way of measuring the RTE
was proposed, in which two x rays emitted during the
decay of the states d were detected in coincidence.
Theoretical analysis of this process requires however
somewhat different cascade sequences than that for the
RTEX or DR type, so that RTEX provided a new insight
into the DR-like cascade process. ' Considering the
difficulty of measuring such double coincidence x rays,
the agreement was excellent in the energy dependence of
the cross section peaks as well as their overall magni-
tudes.

(ii) NTE. There are two explicit experiments reported
on the NTEX, for the projectile systems Si'' and S' +,
on the He and H2 targets. ' Preliminary analysis was re-
ported, ' ' which gave the correct energy dependence12,22, 23

of the cross section but not its magnitude. The NTE pro-
cess is dominant for lighter projectile ions, such as He,
where the NTE and RTE peaks often overlap, and their
interference effect can be sizable. An attempt is being
made to provide a more realistic theoretical estimate of
this process at low energies using a coupled-channel ap-
proach, but it would be more difficult to carry out such
calculations for complex systems with many electrons
and at high energies. Preliminary result of our calcula-
tion gives a cross section maximum of the order of 10
cm, which is consistent with the observed data. A more
detailed analysis 1s in progress 22'23
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FIG. 2. Evidence for the presence of the UTE process is indicated. The experimental points are from Refs. 1 and 2, while the
theoretical curves are taken from Ref. 5.
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(iii) UTE. As noted in Sec. I, in the course of the
analysis of the RTE process in S' +, Ca' + and Nb '+, it
was found that' " the experimental data consistently
showed a large shoulder on the high-energy side of the
RTEX peak corresponding to the KLM, KLN, etc. , tran-
sitions, where there were no apparent resonance contri-
butions expected (Fig. 2). As a possible explanation of
this anomaly, the effect of the core field of B on the
RTEX cross section was estimated, " with negative re-
sult. The reason for this was due to the presence of an
additional strong Auger channel of the type KLL involv-
ing the original 2s spectator electron in the Li-like projec-
tile. The KMM and KMN excitation modes also contrib-
ute in the high-energy tail region, but again because of
the additional cascade Auger channels present, which are
of the types LMM, LMN, etc. , their effect is expected to
be small, even with possible field enhancement. Subse-
quently, a new process UTE was proposed to explain this
phenomena. More recently, the experimental group at
Oak Ridge National Laboratory (ORNL) has seen a simi-
lar phenomenon' in the F + + He and F + He systems.
Theoretical effort to treat this process in detail is under-
way, along with the NTE work.

In all three modes considered above, the actual calcula-
tion requires extensive numerical work, because of a large
number of intermediate states which contribute to the to-
tal cross section. For RTE, we have already set up a de-
tailed DR-type code plus a folding subroutine for the
Compton profile for different target systems. Recently,
we have modified this code to handle the problems
specific to the NTE and UTE cases. Some preliminary
results have already been obtained for the Si and S pro-
jectiles on He and H2, for which earlier experimental data
are available. A detailed report of this result is planned
to be given later.

V. DISCUSSION

Ion-atom and ion-molecular collisions at high energies
leading to RTE, NTE, and UTE are not only of intrinsic
interest as the first multistep charge exchange process,
but can also provide valuable information on the DR and
other related processes where often the cross sections are
too small for direct measurements. The relationship be-
tween the ion-atom and electron-ion collisions in a unified
treatment' can be useful in correlating various scattering
data. Thus RTEA versus resonant scattering, RTEX
versus DR, and inner-shell excitation Auger decay
(ISEA) versus excitation-Auger ionization in electron-ion
collisions, are some of the examples. ' Many of these
processes can be analyzed using the same Green's func-
tions and the same folding procedure. In particular, the
UTE amplitude is closely related to that for the NTE.
We are dealing here essentially with a five-body problem
and focusing on a complicated set of processes requiring
second- and third-order amplitudes; the theory is very
complicated and requires many drastic approximations.
The final form of the theory presented here seems to
correctly reAect the basic physics involved and describe
the all three modes of TE in a unified way.
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