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2e” transfer and excitation formalism in ion-atom collisions at high energies
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An analytical expression for the transition amplitude is obtained by means of the continuum distorted-wave
approximation of Cheshire, in order to study the double capture and excitation process. The Dodd-Greider
formalism is used to provide a way of connecting the diagrams in the subseries by introducing an intermediate
channel. This expression, so derived, is a rigorous first-order term of a perturbation series.
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I. INTRODUCTION the transfer excitation for the case dfS+ H collision, who
observed the effect of the interference between RTE and
A great deal of work on the simultaneous transfer andNTE modes. Atomic units are used throughout unless other-
excitation occurring in ion-atom collisions has appeared inwise stated.
recent years: Shakeshaft and Sprudh Tanis et al. [2],

Brandt[3], Feaginet al. [4], Itoh et al. [5], Swensoret al. Il. THEORY
[6], Tanis[7], Stolterfohtet al. [8], Hahn[9], Zouroset al. his f i id hvd lik il
[10], and Gayet and Hanssghl]. In this formalism, we consider a hydrogenlike projectile

é/yith a nuclear charg&p and a helium atom or a heliumlike

The process of transfer and excitation appears as follow >N target of nuclear char the collision mav be written
the two-electron transition in which a target electron is trans- 9 r, y

ferred and a projectile electron is excited at the same time.2° follows:
R_ecently, gfour-body approach is derived by means of the (7, e1)+(Zr.e; .65)—(Zp,e1 &, ,83)*** + 77,
continuum distorted-wave treatment of resonant and non- (1)
resonant modes, where a doubly excited state is formed on o o o
the projectile, which invokes a two-electron process at thavheree; is the electron initially bound to the projectile,
lowest order of perturbation. ande; are the electrons initially bound to the target.
In this work, we study a different approach by using the ~The complete Hamiltonian may be written as
continuum distorted-wave formalispd2] which is presented _ _
at the first order of a five-body perturbation series. Three- H=Hi+Vi=H+Vr, )

electron transition is necessary for transfer and excitatioqllvhereHi andV, (H; andV;) are, respectively, the Hamil-

processes to occur in atomic collisions. A large number ofgnian and the perturbation interaction in the initigihal)
observations and several reviews of transfer excitation argnhannel.

ler [16]).
In the sample, transfer and excitation proc€&miset al. S| , Zr Zp 1 1, Zp

[2]) discovered a resonance in the total cross section. The Hj=-—
observed resonance was interpreted as an inverse Auger pro-
cess(or dielectronic recombinationin which the projectile 1 _, (Zp—1)(Z1—2)

electron is excited by interaction with a captured target elec- - TVH + E— (©)
tron. This process occurs when the kinetic energy of the pro- Ki :

jectile electron matches the transition energy, i.e., a resonant _ _
condition in the collision velocity. This process has been \/i:ZPZT Zr ZP+ ! Zp+i_w
referred to as resonant transfer and excitatRfE). In some Xy Sz Tl Sz T3 ri

cases RTE dominates the total cross section for transfer ex- 4)
citation. Pepmilleet al.[17] observed a nonresonant process
for transfer and excitatiofNTE) occurring when the transfer

L D VX P
f=22my i Xp X3 Tz 2pp s

and for the exit channel,

and excitation occur due to an independent interacti@es 3 1 Zo 1 1 1
arka[18]) of the two electrons with the nuclear charggs Hi=— E 2—V§+ — |+ —F+ —+—— 2—fo
and Z; of the projectile and the target, respectively. Thus, j=1iemg TS 12 Taz T2z 2ps
RTE is a process with electron correlation and NTE is an (Zp—3)Z
uncorrelated process. Other applications have been tested in P T, (5)
this direction, for instance, Bachaat al. [19] have studied s

voZh T I T (Zem3zm
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P(Mpr, Zr) R

Mz, Z)

FIG. 1. P (T) is the projectile(targe} nucleuse; is the electron
initially bound to the projectile nucleus, ande; are the electrons
initially bound to the target nucleus.

The coordinates are represented in Figs. 1 and 2:

S$1=S,
$=5,+0(1/Mp),
$=S+0(1/Mp),

X1=Xq,

X2=X3,
X3=X3+O(1/M7),

R=r;i+O(1/M+)=—r;+O(1/Mp).
In expressiong3) and(5),

M Mer o1 1T

Mp
EN VI

pi=(Mp+1)(Mr+2)/M,

M, z) R

T, Z1)

FIG. 2. Representation of coordinates S;, X3, r; andr; with
respect to the center of magSDM).
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 Mp+j-1

mfj— MP+J y J:1,2,3,

pi=(Mp+3)M1/M,

whereM =M+ Mp+ 3.
We introduce two versions of the kinetic-energy operator
for the relative motion of particles:

3
1 1 1
Ct g2t w2 N T o2
Z,U,I i ZIL,LlVSl ;2 2m” ij
T= (7)
1 51

In the configuration space, the wave function of the
(H;) in the initial (resp fina) channel isd; (®¢), thus one
has

Hi®=EP;, 8
Hd=Ed, )
where
Di(r;,8;,%2,X3) = @p(S1) @1(Xa, Xa) Fiy (1), (10)
Pi(re,51,8,%) =Vi(S1,5,5) F_ (T1), (11)
k? k?
E=p tei=p, ter (12)

In the frame of the center of mass of the whole systkm,
(k¢) is the momentum of the reduced particle in the entrance
(exit) channel.

iki ., are the Coulomb functions normalized to

(2m)38(k—Kk'), expressed by
fiki(ri):N:—iqu‘Fiki°ri)1F1(_i)\i ;1;+ikiri_iki'ri),
(13
Foy (r) =Ny exp(—ike-r) F(+iNg 1 —ikerg+ike-ry),
(14)

where
. . T
Ngi f:F(lin\i'f)exr{ - E)\iyf),
)\i:(Zp_ 1)(ZT_2)/U,

)\f:(Zp_S)ZT/U,

v is the relative velocity oP andT.

In the initial channel,pt (@p) is the target(projectile
bound state with the energy (ep). In the final channell;
are the excited states on the projectile.

It appears clearly that in the Dodd-Greid@6] formalism
post and prior forms of matrix elements are
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Tt =(@|Uji|@y), (15) 1 f
| o vif=—3, m_Vsj‘I’f'Vsj(\I,_ 23
_ _ 4 my
Tir =(P¢[Uj[Dy) (16) J .
and one has to first order of perturbation, ::’g:tr;gnaln independent function of the coordinates of the
Ulr=w; T(Vi=W))(1+g; V), (17) Note also that only small values ef contribute signifi-
cantly to the amplitude since the electros X stays on the
Ur=(1+g;V)H(Vi-W) e, (18) projectile. Therefore, we can write

where the Green functiorgs, are given by X1=|R-s|=
These two choices, associated with the approximatioxy of

l
Oy =(E—H+uv,*ie)” Eq. (22), become

Here,v, is an intermediate potentialy; andW; are distort-
zT<zp 1)

3
ZX—T =0.

ing potentials, E—T—g— (24)

o =1+g/ W,
We take the first form of Eq.7) for T , then the solution

w; =1+g; W;, is a product of three Coulomb wave functions.

whereg;; are defined by the following expressions: he =Ny Ny Ny explik-ri+iksy-xo+iks-X3)

0 1=(E—H;—W, *ie) " X 1F1(iN; 1 —ikri—ik-ry)
We may see that for obtaining the transition amplitude X1F1(ikz;1—ikoXp—ika- X3)
expression, we have the liberty to choose fqii) or (18). X Fq(ing;1;—iksXs—iks Xa), (25)

The electronic interactions always appear in the distorted-
wave equation for the initial channel in the integral equationyhere the wave vectots k,, andks are entirely determined
Ut by the asymptotic conditionsee the Appendix

In order to avoid the mathematical difficulties, it is impor-  For X,, X3, andr; simultaneously largeh; must have

tant to take form(18) in which the electronic interactions the asymptotic behavior g}F"k (r;) and the energy must be
term is introduced in the equation of the final excited state.

In order to calculatél;; given by expressiolil6), let us
set

14)=(1+0, V)| Py).

In the limit e=0 and from Eq.(2) andg, , {; and®;
satisfy the equation

19

(E-H+v i) =vxPy).
We chooses, an operator such that
vy P1)=0 (20)
and for|¢;) the form
14 )=V ¢(s1,%,89)Ny ).
From choiceq20) and(21), Eq. (19) may be written as

(21)

Z+Zp 1 1. i+
R X, %X X3

\I’f E_T_Sf_ h{—i—vx(‘l'fh{)

3

1 _
+2, VsV Vshi =0.

22
Zm (22

‘conserved.
These conditions transform expressi@®) as follows:

hy =NR(N7)%e, " Ty (i Li— ikt —ike-r);Fy
(=iINT L —iuXo—iV-X9) 1 F1(—=iNT;1;—ivXg
—iv-X3), (26)
where
A=Z1(Zp—D)lv,
N=Ztlv,
Ny=T(1—ixy)e ("D
N7 =T(1+irg)e’ (T2,
Let us now set
|Ai+>:wi+|q)i>-
In the limit e=0, one has
(E—H;—W))|A;")=0. (27

Let us now choose, as an operator, when it is applied to Let U;=V;—W; and|A;")=|¢pery;").

an arbitrary functiorf, one has

Expression27) becomes
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(E-H-U)|A{)=0 yi =NG(Np)2el T (—iny Liikire+ik-re)
from the first form(7) of the kinetic-energy operatar and XF1(iNp;liivs,+iv-s))
through the two following choices: o ]
(i) The operatotJ; is such that applied to a functidn it XaFa(iNp;Liivss+iv-s), (30
gives
1 1 1 1 Zy Zy where
Uf=|l—4+—————- —+ —|f
ro riz S2 S3 X3 R
3 1 f )\p:(Zp—l)/U,
-2, — Vo Vy | — 28
= m; X](PT XJ(QDT) (28)
+_ i (mI2)\ +_ N *
(i) The functiony;" is independent of coordinates of the Np=T(1=irp)e P and Ny =(Ny)*

electron 1, then it satisfies the equation:

Z1(Zp—1) Zp—1 Zp—1
7(Zp )+ P i P
R S, S3

The motion of nucleus is reduced to the terpmpp )2~
y; =0. (Gayet[21]). However, in the eikonal approximation, the
(29 factor (upv)?™~, [where \y=Z(Zp—1)/v] also features
the interaction betweehand (P+e€), and may be ignored in
Now, the second version of E7) is introduced into Eq. the evaluation of the total cross section which depends on
(29), it appears clearly that this equation can be separatedT;;|?.
The solution is Finally, the transition amplitude may be written as

E-T—g-—

TE=<£F|Ui|A?>=(N?N$)Zf dRdrdrodrs(upv)*WWF (s;,s,,55)e" ki fitke )
X1 F1(INT;L5ivXo+iV-Xo)1F1(INT; 1jivXg+iV-X3)
X{Vep(s1) er(X1X2)1F1(iNp;Liivs,+iv-$5)1F1(ikp; Liivsg+iv- ;)

—@p(S1)1F1(iNp ;1;iv33+iv-sS)VX2<pTV321F1(i)\p;1;ivsz+iv.sz)

—op(s)1Fa(iNp;Liivsy+iv-5) Vi o7V 1Fi(iNp;Liivsz+iv-sp)}, (31
|
where tributions from resonant and nonresonant transfer and exci-
tation. It is also worthwhile to mention that, according our
1 1 1 1 Zy Z . ~ calculations, the mode NTE can always be considered as an
V= r_+ s e X—+ =) and Np=(Ny)*. uncorrelated process, it could be evaluated through an inde-
12 Mz S22 S3 X

pendent electron model.

2Ny . . For the sake of completeness we would like to point out
Note that the factor gpv)”" may be omitted in the at 5 dominance of multiple electron capture over single

expression of total cross section which is not influenced byantyre in close collisions, which are relevant for excitation,
the internuclear interaction. This remark suggests that thfas peen reported by Andriamonjestal. [22] and

ir)ter'action does not contribute to the double capture and eXschlachtergt al.[23]. Note that the double Auger process is
citation. a known and established phenomeri@arlson, and Krauss
[24], and Aberg[25]), a consideration of an invariance under
IIl. CONCLUSION time reversal leads to a new process. Resonant capture of
two (or more electrons with a correlated excitation of a pro-
In summary, we may conclude that expressi8h) repre-  jectile electron, i.e., doubléor multiple) RTE, was postu-
sents a transition amplitude form of a first-order perturbationated by Warczakget al. [26] and Liesen.et al. [27] as a
for the double transfer and excitation collisions. There argossible explanation for the origin of structures observed in
other versions of;; which are, from the computational point the impact parameter dependence of characteristic x-ray
of view, very involved. In this work, we have only exposed emission.
the more adequate form of the transition amplitude. In a future publication, we can test this formalism, for
We may see that resul81) of T;; contains coherent con- instance, H-like G with N, where the capture of two target
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electrons and the simultaneous excitation of dfshell  whereX,;=x, andX;=x3—[1/(M1+1)]x,.
electron of the projectile. Introducing the expressio5) of r¢ into Eq.(29) and by
identification, one has
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APPENDIX
Mt ks ki
In this appendix we show how the solutibin Eq. (25), k3:(MT+ 2) EM—’ E:U- (A8)
can be reduced to forrf26) and we also confirm that the L
energy Is conser_ved. _ _ In the limit (M,, My)—% hy may be rewritten as expres-
The asymptotic behavior df; , that is, that ofF_, (r),  sjon (26).
implies In order to verify the conservation of the energy, we re-
_ place the wave vectols k,, andk; in Eq. (A4), we obtain
he =7 (ro), (A1)
ki kP Mi(Mp+1)+2M ki
N 2pr 2pg (Mp+3)(My+2)  2p¢°
Xa—, In Eq. (A3), the constant may be evaluated by remarking
X g 00 that{; contains¥¢(s;,s;,s3), thus only small values dof,
8 ' S, ands; give an appreciable quantity to the functiép .
This condition imposes the following phase conditions: Under these considerations the constaimt Eq. (A3) is
_kf'rf:k'ri+k2'X2+k3'X3, (AZ) given by
Z
_)\fln(_kfrf+kf'rf)+C:_)\Nln(_kiri+ki'ri) C:—TTIn,u,?.

+AoIn(—=koXo— Ky X5) o S
In a way similar to that of the solutidm; , it is easy to show

+N3In(—ksX3—ks- X3), that the asymptotic conditions for" ,i.e.,
A3
") yi = Fii (1), (A9)
wherec is a constant.
The energy must be conserved, ri—o,
ki k* ki K3
_f:_+ 2 +_3’ (A4) S,—»,
2ps  2pi 2Mi;  2myg
S;— ™,
the vectorr; may be written in a more convenient form
enable us to verify the conservation of energy. In this case, it
Fo=— (Mp+1) - M X is necessary to use the following relation:
 (My+3) " (M+3)(M+1) 72
(Mp+3) " (Mp+3)(Mr+1) M M 1 1
_ M X (A5) M2 M2\ M2 2 M3
(Mp+3)(M+2) 7% (A10)
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