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(Received 14 February 1996; accepted 16 April 1996

A formalism is developed for evaluating probabilities and cross sections for multiple-electron
transitions in scattering of molecules and clusters by charged collision partners. First, the molecule
is divided into subclusters each made up of identical cenf@iemg. Within each subcluster
coherent scattering from identical centers may lead to observable phase terms and a geometrical
structure factor. Then, using a mean field approximation to describe the interactions between centers

we obtainA,~ 3 I1,€ 5:(A,k. Second, the independent electron approximation for each center may
be obtained by neglecting the correlation between electrons in each center. The probability
amplitude for each center is then a product of single electron transition probability amplitudes,
a|y, i-e. A ~Il;aj, . Finally, the independent subcluster approximation is introduced by neglecting
the interactions between different subclusters in the molecule or cluster. The total probability
amplitude then reduces to a simple product of amplitudes for each subcsstHi A, . Limitations

of this simple approximation are discussed. 1©96 American Institute of Physics.
[S0021-960606)00728-3

I. INTRODUCTION events occur is the simple product of the individual probabil-
ity, P, andP,, for each event, i.d?,,= P, - P,. Thissimple

Understanding interactions of few and many electronidea was used to describe the dynamics of individual atoms
systems is central to detailed understanding of physical angghteracting with heavy ions 25 years &joand a quantum
chemical properties of microscopic and macroscopic atomiderivation of such a result was first given in 1974 key
and molecular systems. Even on the scale of individual atapproximation required for such an independent electron ap-
oms, detailing the nature of both static and dynamic observproximation is to neglect the electron—electron correlation
ables is limited by the difficulty of evaluating few and many which interconnects the independent electron probabilities,
electron effects. In general, the larger the system the greatér; and P,. This independent electron approximation for
the difficulty. While, in principle, properties of micro- and atomic scattering has been generalized to systems with arbi-
macro-structures depend on atomic properties, in practiceary numbers of electrons undergoing transitions, and has
understanding large atomic and molecular systems is limitebeen widely tested experimentafiyit is usually valid for
by the lack of methods that are simple enough to be used faxtomic collisions in which electron correlation is weak and
large systems of atoms and molecules. The purpose of thike interaction is sufficiently fast that complex correlated
paper is to define a dynamic independent particle model foprocesses are unlikely.
interactions of molecules and clusters with charged collision  For transitions of a single electron treating interactions
partners. Our model describes multiple electron transitionsof molecules with charged particles in terms of independent
We also address when and how well such a simple indeperatomic electrons was discussed sometime ago by Landau and
dent particle model works. Liftshitz,* by Zare® and also by Tuan and GerjudyHow-

The simple independent electron approximation is nowever, understanding and analysis of interactions of molecules
widely used to describe atomic collisioh® Some reactions and clusters often involves transitions of more than one elec-
of simple molecules with fast ions have also beentron. A more specific example of a case in which multiple
described™ In this paper we introduce an independent par-electron transitons may be significant is Coulomb
ticle model for molecules interacting with charged particles,explosiond®=*° in which a molecule or cluster is quickly
so that one may, under certain conditions, evaluate probabilstripped of some of its electrons and breaks into mutually
ties, cross sections and reaction rates for systems of motepulsive fragments. So processes involving multielectron
ecules in which more than one electron is active. Our methotransitions are clearly of interest. Nevertheless, until now
yields a probability for multi-electron transition that is ex- most theoretical descriptions of such molecular dynamics
pressed as a simple product of independent single centdnave been limited to systems in which there is a single active
single electron probabilities. electron® In this paper we introduce a method to describe

Classically the probabilityP4,, that two independent collisions in which many electrons may undergo transitions.
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McGuire et al.: Dynamics of molecules and clusters 1847

The basic idea of this paper is to set forth a method to Cs
evaluate multiple electron transition probabilities and cross .
sections in large molecules and clusters interacting with _A_

charged particles using an independent electron approxima-

tion where whatever happens to one electron does not influ-

ence the other electrons. The electronic wave function for an . L . ) o .
atom or center is written as a simple product of single or- C G
thogonal electron wave functions, each of which evolves in- .v\>

dependently. Atoms or centers with the same wave functions 7,

may be grouped into subclusters. In these subclusters the

interactions between these atoms or centers are neglected. Cy Cy
However, the transition amplitude is taken to be a sum of .
transition amplitudes for each atom or center with a transla- . 1 . ) g .

tional phase. Finally the subcluster wave functions are mul-
tiplied together independently to form the electronic wave

o

function for the final molecule or cluster. While most mol- . .Co
ecules are not of this form, the methods we develop may be
applied to many molecules using sensible combinations of "'cz

one or all of the three primary approximations we develop in
this paper. The purpose of this paper is to determine under

FIG. 1. A cluster of atomic centers in a collision with a projectile of charge,

what conditions such S|mple approximations are valid. Math'z , and velocity,v. In the target cluster there are four identical subcluster

ematically and physically it is sensible to begin with the ¢, centers, two subclustee, centers and one subclus@g center.
exact Hamiltonian for the full molecule or cluster and break

it down to the level of independent electrons in successive
approximations. That is how we proceed.

The limitations of our independent particle approach de—f lied foll First. ind dent ;
pend on the validity of the approximations we employ, orm are appiied as follows. FIrst, independent center ap-

namely largely neglecting electron correlation and exchangeo_rommatt;]on IS eltppl|gd to the sudbclu;stirhm wh|c|? cortrelatlg_n
While use of these approximations simplifies the many bod mong the centers Is averaged out. 1he resufting transition

problem both mathematically and conceptually, effects sucﬁmpIitUde is given as a product of amplitudes for each of the

as chemical bonding that depend on correlation and eycenters. Optional geometrical factors are also considered.

change, which are often important in molecular dynamics,second’ independent electron approximation is used within

will not be fully accounted for in our methods. On the othereaCh center, reducing the transition amplitude on each center

hand, our approach may provide a conceptually simple anﬁf’ a product of amplitudes for single-electron transitions.
' h

analytically convenient method to understand the dynamic eg,_a?hex?mtp:\(; IS given _to |:!ustra'::§ th”e concept? d(;:t_vel-
of multi-atom, multi-electron systems. oped in the first two approximations. Finally, generalization

to the whole cluster is made by treating subclusters indepen-
dent of each other, yielding the total transition amplitude as a
Il. THEORY product of individual subcluster amplitudes.

Consider a molecule or cluster denoted by
C'i'lcglz . .ClN' . .CEN where C:\" is one of N different
subclusters. The subcluster of kindis composed byN,  A. Exact formulation
identical centersCI‘ (1=<k=N,). Each center has one or
more electrons. It is the activity of one or more of these(ez
electrons in which we are interested. In our model both the
static and the dynamic properties of these electrons will be  H=K+V+H,,. )
defined within each center independently. Each cemér, '
of the subclustel has the same nuclear charge and Here
nuclear mas#1,, and its center of mass is located a distance
R from the center of mass of the molecule. Each individual
center,C,, carriesn, electrons. This molecule interacts with
a projectile of charg&p and massv, moving at a velocity o o
v, as illustrated in Fig. 1. is the kinetic energy of the projectile in the center of mass of
For clarity, we use the following development. We beginthe moleculg, V the interaction of the projectile with the

with the Hamiltonian describing a particular subcluster ofSubcluster given by
identical centergdatomg. The formally exact transition am- N, y
plitude is derived. Then, successive stages of approximation _ 4 1

) i iy ) V=2Zp>, 2 K Kij [
aimed at reducing the transition amplitude to a manageable =1 | IR-Rf| &1 |R=Rf=r/|

The Hamiltonian of a subclustdr, using atomic units
=h=m,=1) and working in the laboratory system, is

VZ
="2m @

()

J. Chem. Phys., Vol. 105, No. 5, 1 August 1996

Downloaded 15 Jan 2013 to 131.252.76.164. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



1848 McGuire et al.: Dynamics of molecules and clusters

. . whereE is the total energy of the system aNg" (V¥;) is
the exact solution of Eq.7) with correct outgoingincom-
ing) conditions corresponding to the eniigxit) channel.
1;‘/. In order to separate the projectile motion from the elec-
tronic motion we introduce eikonal phases to describe the
scattering between the projectile nucleus and each of the nu-
. clei of the subclustef® In the entry channel we write

N

B V= k]‘[ exp{i¥|n[ki|R—RH—ki-(R—Rf)]}}
=1

EiZ
X Xexp[ikioR}exp{iT]zpr. (6)

_— . . In the same way, for the exit channel we write
FIG. 2. Definition of coordinates used in the text. The center-of-mass of the
N
' ZpZ, K
[T exp —i —In[k{R—RY
k=1 v

cluster is denoted “cm”. The center shown above corresponds to the upper

left C, center in Fig. 1. The index Knot shown runs over different sub- Vo=

clusters(e.g.C, andC, in Fig. 1). The index k runs over members of the f f
same subclustefe.g. K runs from 1 to 4 in the subcluster containing 4

C,'sin Fig. 1. The index i runs over the electrons in a given cef¢eg. in

the above figure the index i runs from 1 to 4 —k¢-(R— RII()]]

exp[ikf~R}eXp{ i évf—z] /A
f
)

whereR is the position of the projec_ti_le with resp(_ect to the |n Egs.(6) and (7) k;=Mv andk;=M;v; denote the initial
center of mass of the m0|eCL|i|e gnkj' is the coordinate of and final momenta of the projectile respectively. AlZois
theith electron of the centeC; with respect to its nucleus, the component oR in the direction of the vectov and we

as illustrated in Fig. 2. have introduced the energiesand ¢; that satisfy
Also, in Eq. (1) Hy, is the Hamiltonian of the static

2 2
subcluster of type | given by, _ k_. _ ki
E= 2M+e,——2Mf+ef. (8)
N V2 n VZ i . I . . .
H EI RK 2‘ e Z, Working within the eikonal approximation, we apply th"e op-
ol - 2M, +i:1 T T r"lﬂ erator H—E) on¥;":” given by§6) anQ(?).and th_e Schro
dinger equation for the electronic motion is obtained
18 1 i 2 g
+5 > kT (He'_lﬁ vii =0, ©)
2||=_1 [ret =
+*
(70 where the Hamiltonian governing the evolution of the elec-
Np N 1 le n Z, trons in the subclusteH, is defined as
+ s —=+ -
1 =1 | 2|R-R)| = [RI-Ri=1 Mo ZpZ,
(1%Kk) He=Hg +V— 2, ——=Hg +V’ (10)
’ =1 |R—R(| '
n
+ 1 — ! — (4 and ¢ is the time dependent wave function with correct
2i=1 R+ =Rl=r{| outgoing and incoming conditions that describes the elec-

tronic motion. The Born-Oppenheimer approximation is used

k . . .
In order to develop a model with independent centers, wé@nd we regard th& as fixed. Next it is assumed that the
regard the first line in Eq(4) above as the sum of the Hamil- Projectile motion may be treated classméﬂlgo that the pro-
tonians of each individual center that belongs to the subclug&Ctile trajectoryR(t) is well defined. The simplesbut not
ter I. Line two contains the sum of the interactions betweerjn® only possiblgtrajectory isR(t) =b+vt, whereb is the
these atomic centersi) nucleus—nucleus interaction be- impact parameter of the projectile relative to the center of
tween CK and C!, (i) the interaction term between the Mass of the molecule. . , _
nucleus ofC}‘ and the electrons of!, and (iii) electron— In Eq..(lo)_ the potentlar\/ is the sum of the mter{;\ctlons
electron interactiorfor correlation between electrons ag¥  Of the projectile with each of the target electrons given by

and those ofC} .

Np oy Ny
g . L , A
The Schrdinger equation to solve is given by VD YD YV/LE) Y Y — (11)
k=1i=1 =151 [R(O =R =
(H-BE)¥¢~=0, (9 If we define

J. Chem. Phys., Vol. 105, No. 5, 1 August 1996
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n . In order to obtain the independent center approximation
Vi=, Vi (120 we introduce an average potentiaZ{(rk'), so that the
=1 HamiltonianH, given by Eq.(4) is approximated by
and 2
N N, V n V k|
| K,i
Ho = SV ——+7/ r
vi=3 Vi (13 o=2 | Taw & | T2 U
e o1 S —k——m-l =>h 20
V'=V,. (14) 26 TR | [T M (20)

It is now advantageous to work in the intermediate represen- _
tation where one may take advantage of the fact that thwhere the term=;7(r{') results from the following ap-
eigenfunctions oHg, are known(or nearly known. In the  proximation

intermediate representation the evolution operbk(r,ty) is n, N,
governed by E P = 2 [ < S |- - s |
CdU(tty) e (};b |RI=Rf=r|
i ——=V'(1)U(t,tp), (15
dt 1M 1
where +§| 1|RJ+I'II | >}1 (21)
V'(t)=eMuty’e Mo, (16)

where ( ) denotes averaging of the interactions between
centers by mean field approximation. Let us note that it is not

i I necessary to include the nucleus—nucleus interaction be-
tron (or single centerterms due to the correlation interac- tweenC',‘ andC{ in Eiy/-(r:(,i) if the nuclei of the centers are

tions between the electrofsr centers. Equation(9) may be regarded as frozen during the collision.
formally solved using the time ordering operatdy, namely Then, theh, , terms defined in E¢(20) are indeed single

t center operators satisfyingh, ,,Hy,]=0. Recalling that
U(tte)=T ex;{—if V' (t)dt|. P fyingh, «,Ho, g
to

HereV'(t) is not a sum of single electrdior single center
operators becausgy, in Eq. (4) is not a sum of single elec-

(17 v,==V¥ from Eq.(13) we have using Eq(16) that

N

oty v.kv.e—‘Hov"}EE Vi), (22)
k=1 k=1

The probability amplitude for transition of electrons in the
asymptotic initial statep; to the asymptotic final statg; of

the molecule or cluster is found by projecting the full elec-
tronic wave function of Eq(9) satisfying initial boundary WhereVi(t) now operates on a single center.

Vi(t)=

conditions, ;" , onto the asymptotic electronic wave func- US'”Q Eq.(17) for the evolution operator, one now has,
tion ¢¢, namely**® Ny
_ _ s k
A=( i) =(r]U(+0,)] ). ag ~ Vb=Ut=T ex’{ & ) i
The probabilityP(b) for a transition frome; to ¢; is given N,
by the absolute square &, and the corresponding cross =11 ukt,to), (23)
section is found by a two dimensional integration over the k=
impact parametel, namely, where
— — 2 t
f P(b)db f |A2db. (19 U:‘(t,to)zTex;{—ift Vr(t)dt} (24
0

This result holds for an arbitrary number of centers and an _ o
arbitrary number of electrons. It is formally exact. Succes-Now the centers evolve independently. Then, the initial wave
sive approximations to Eq$17) and (18) are developed in function of the subclustdr ¢, i, can be written as a product

the the next subsections. of wave fUﬂCtIOI’]S(pk,(R ) of hy, (the subindexi indicates
the initial state of centeC, ky
B. The independent center approximation N
k
In this subsection we decouple the centers within each i :kll eki(RY). (29

subcluster. Also we include the optional possibility of ex-
pressing the probability amplitudd, , for each subcluster as Assuming that the final state of each one of the centers of the
a sum of products of the probability amphtudets,,, for  subclusted is known, the final wave functio,; reads

electronic transitions on each constituent cer@, In this N,
sum phases due to the translation between the centers are bi H oi(RY), (26)
retained.

J. Chem. Phys., Vol. 105, No. 5, 1 August 1996
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1850 McGuire et al.: Dynamics of molecules and clusters

wherekf indicates the final state of cent€<. From Egs.

(18), (23), (25), and(26) we have that E PH exp{ —iQrinRI A (D). (33
ﬁ RK ﬁ RK Equation(33) is the main equation of this subsection. The
il ) xi(RY) phase terms lead to the geometrical structure factor as dis-
N cussed in Sec. lll. C.
|
=TI AkRD, 27 . .
k=1 C. The independent electron approximation
where In this subsection we shall remove the interaction be-
. - . tween electrons on each independent center and
A(RY) =(eii(RDIU{(t,to) [ @ii(R))- (28)  obtain the independent center independent electron

approximatiorf->7+18

As we did in subsection B we introduce an effective
potential so that the single center Hamiltoniar, given by
Eq. (20) is approximated by

At this point we have simply expressed the subcluster prob-
ability amplitude as a simple product of probability ampli-
tudes for each of the constituent centers.

Let us now assume that the transition from stajeto

stategy; can be distinguished while we ignore in which of n V2 el
the N, identical centers it has occurred. The probability am-  p  =» | — +Vef(rk h Z h| "y (34)
plitude A, in the subclustet is then evaluated as e 2

where the ternE, V(r{') gives a mean field approximation
—E pkHl Alk(R'l‘), (29 to the non-local electron-electron interactions, namely,

indi S k.| S okl L 1
where the operatoEpP indicates the sum over all the pos- > V1) )= 7+ 5 2 |—k—|_—rk—|
sible permutations between the transitidds—kf and the =1 =1 (,%.) '

centersCF of the subcluster in which they occurred. For (35)

example, ifN;=2 then Eq.(29) reads In Eq. (34) the kinetic energy of the nucleus center has been

neglected. This is valid in high velocity collisions for heavy

{A,l A,2(R )+A,1(R )A,Z(R )} (30 projectiles where the collision is sufficiently fast so that the
centers are effectively frozen in place during the collision.
Let us now consider the single center probability ampli- ~ From Egs.(12) and(17), and using the fact that, , are

tude,A,k(R'f) corresponding to the transitiap,;— ¢¢. The  single electron Hamiltonian terms, the evolution operator
amplitudeA,, evaluated aR} and as a function of the im- given by Eq.(24) reads

pact parametds, is related to another amplitude evaluated at n
some other pointR,, in space by a phase due to translation  UK(t,t,)= 11 Url(t,to), (36)
in time 21°-2namely =1
o where
Ai(R)=€""1A(Ry), (3D :
where Url(t,tg)=T exp{—iJ't VEl(t)dt|. (37)
0
k_ ~k/pk
61 =Qz(Riz = Roy), (32 Now the Hamiltonian of cente!E',‘ given by Eq.(34) is a sum

with le( thez component of), the momentum transferred to of independent term.s for each.electron. Then, the electronic
the projectile in the transitiop;— ¢y;. Thez axis is taken ~Wave flunct|on for this centepy is a product of wave func-
parallel to the velocity of the incoming projectile at large NS ¢y for each electronl, As a consequence, the probabil-
distances. Also, Ru Ro,) is the z component of ity ampl|tudeA|k is a product of single electron probability
(RK—Rg). Here we choose thR, as the center of mass of amplltude%\lk, namely

the molecule and seRy=0. For a given centerCI , the

|
impact parameter i\ (0) is the impact parameter of the A|k=H (i UF (Lt oky =11 al,. (39)
projectile relative to the nucleus o, i.e. bf\=b—R} =1 =1
where R:‘L—Rk Rk For heavy projectiles wittM>m,, The effects of the exchange symmetry of electrons have not

one hasQ¥=Qk.. whereQmln is the minimum momentum been taken into account in E38). In atomic collisions,
transferred to the projectile. If an excitation process takeshese effects have been considered by Reading and?%ord.
place in centeC we have thaQX,;,=AE¥2v whereAEXis At high collision velocities these exchange effects are often
the energy gain of the electrons in the transitigg— ¢y small and then may be neglected. It is often the case in large
and in the electron capture ca@éﬂn:vlz — AE¥v, asgiven many electron systems that there are “passive” electrons
by McDowell and Colemar? which are not relevant to the processes under study. If these
From Egs.(29) and(31) we obtain “passive” electrons are decoupled from the “active” elec-

J. Chem. Phys., Vol. 105, No. 5, 1 August 1996
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EENNE p+H, (45°0%)

500 keV
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-------- n=2
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FIG. 3. Electron capture cross sections differential in projectile scattering angle by 500 keV protons ©@agture into ground state=1 and the first three
excited statem=2—4 are included. The molecular orientation is space fixed at 45° with respect to the beam direction in the collisig@°pdairauthal
angle. The dips reflect interference patterns arising from scattering centers as described by the geometrical structure factor.

trons under consideration, then the total probability for allany desired sophistication, since our formulation only asserts
possible final states of the decoupled passive electrons surtise concept of independent particle model and does not pre-

to unity and their presence may be neglected.

clude in any way how the transition amplitudes can be ob-

Finally, the independent center, independent electron apgained(they may even be taken from experimental data if so

proximation is obtained from Eq$29) and(38)

1 N, N
A= PLL exl=iQnREHT aibd. (39

As a consequence of the approximations made in obtainin
Eq. (39), this expression is only valid for electronic transi-
tions from the inner shells of each one of the centers of th
target(see discussion Sec. )l

D. An illustrative example

to a class of homonuclear molecules such as N,, Cg,

desired.

Shown in Fig. 3 is the cross section differential in pro-
jectile scattering angle for capture into states of principal
quantum numbera=1 to 4. The molecular orientation is at

5° with respect to the beam axilote that information on
e scattering angle may be obtained either indirectly from
éhe impact parameter dependence of the transition amplitude

or directly from the wave picture, see Sec. Ill)Mnterfer-

ence patterns in the form of sharp dips can be seen in the
scattering angle. They are due to the geometrical structure
factor describing scattering phases from identical centers.

The two successive approximations derived from theMore complicated structures are expected for subclusters of
preceding two sections for a given subcluster are applicablgore than two centers, where our method may be used for

etc. In this subsection we give an example illustrating a few

concepts developed so far.

We calculate electron capture fron} Hy protons. Here

the independent electron approximation becomes exact Sin(f%n
there is only one electron on each certératom). The cross
section for a space-fixed orientation of the molecular axi
may then be expresséas a product of the atomic cross
section for capture from the H atom and the geometrica{
structure factofsee Eq.(39) and Sec. Il G. The capture

cross section from atomic hydrogen is calculated by a firs
order method known as the Oppenheimer—Brinkman—
Kramers approximatio” This approximation has been

used?® for studying electron capture as a function of the di-

E. Large systems

ix] as given by,

rection of the internuclear molecular axis, and agreement

with experiments detecting Coulomb fragments was found.

qualitative analysis.

N NN
Ho=2 Ho,l"'E > W k-
=1 =1 k=1

(K#1)

To complete the theoretical formulation, in this subsec-
we shall develop the independent subcluster approxima-
. tion where the wavefunction of the electrons in each of the
Sifferent subclusters evolves independently from the others.
The total Hamiltonian for the static molecule consists of
he sum of the individual subclustel), (4) and their inter-
actions between each othéf; « [see Eq(Al) in the Appen-

(40)

Details of the derivation closely mirror those in subsec-

We note that it may also be calculated by other methods dfions B and C and can be found in the Appendix. The main

J. Chem. Phys., Vol. 105, No. 5, 1 August 1996
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result is that the total transition amplitudg, for the mol-  bonding energy between subclusters is smaller than the bind-
ecule is again reduced to a product of transition amplitudesng energies of the electrons to each center, then this inde-
A, for each subcluster wheW,  is averaged or neglected pendent subcluster approximation may yield qualitatively ac-
N curate results. For example, this independent subcluster
AEH A, . (42) approximation may be applied to tightly bound electrons in
i=1 each subcluster of a diffuse molecule or cluster, where the

The above result is strongéire. has fewer approximations distancer' of the elgctron from the atomic nucleus is small
than the results presented in subsections B and C. If at thig°Mpared to the distand®, —Ry| between subclusters. If
point theA, can be evaluated, then E@1) can be used to the bonds can be well approximated by an overlap of single

find the final transition probabilities and cross sections forSl€ctronic wave functions from each subcluster, then these
the molecule or cluster, and the further reduction to indi-8ffects may be represented by mean field potentials to obtain

vidual centergas illustrated in Fig. lLis not needed. suitable electronic wavefunctions. _

If, on the other hand, the independent center, indepen-  Different subclusterge.g. theC, andC, subclusters in
dent electron approximations are successively carrie19- 1 are regarded as dl;tlﬂgUlshabIe atomic centers. This
through, the total transition amplitude for the molecule maymeans that, for example, in,B the 2H and the O are con-

be similarly obtained from Eq<€29), (39), and (41) sidered separately. An electron is either associated wjth H
or O. In our approximation such an electron is not shared

N n
1 : ' between different subclusters. However, if two or more cen-
~ - _ink pk Ik . ,
A= ,1:[1 N|!; Pkﬂl expl ~iQuminRi; |H1 a(0). (42 yors are the same.g. two H’s in an H subclustey, then one
) . does not distinguish with which atomic center an electron is
Equations(33), (39), and(42) are the central results of this 5qqqciated. In the case where two or more identical centers

N

paper. are in different subcluster@.g. CH—OH has an H in both
CH; and OH we have neglected the symmetry terms in the
I1l. DISCUSSION identical centerge.g. H that are within different subclusters.

This is sensible if the subclusters are not too tightly packed.
We point out, however, that there are many molecules that
The many body problem is difficult due to the coupling do not fit our description easily. DNA, for example, has
between the constituent particles in a system of particles. It immany identical atoms which are not sensibly grouped to-
this coupling(or correlation which we have eliminated by gether due to their geometry. And ingl,g it might not be
averaging or simply neglecting it. In our independent centesensible to consider {land Hg as subclusters of identical
independent electron approximation a molecule or cluster istoms because of their geometry. On the other hand it is
treated as a collection of independent centers composed often obvious how to apply the approximations we use on a
independent electrons. However, molecules are often morease by case basis.
than a collection of independent atoms and atoms more than Let us consider a specific example of unexpected success
a collection of independent electrons. The advantage of aaf the independent subcluster approximation. If a molecule
approximation such as ours is that it is sufficiently simpleor cluster has a subunit, e.gCZC%)?’, which has strong
that it may be applied to collisions in which many constitu- bonds and which occurs repeatedly, then the wave function
ent particles undergo transitior(®.g. multiple excitation, for this subunit is not expected to be well represented by a
ionization and transfer of electrons, constituent centers, etc.product of single center wave functions. In addition, signifi-
Moreover, agreement of our results with experimental obsereant interference between the repeated subunits is likely if
vations can often be significantly improved by sensible apthe subunits are not well separated. Based on this example
plication of a mean field approximation to various correla-one would not expect the independent center approximation
tion interactions and combination with other compatibleto work particularly well for collisions of bare ions with the
methods such as use of simple shake efféétsnodel simi-  molecule H or collisions of H with atoms. Nevertheless,
lar to ours, but confined to single electron transitions, is disthere is some evidentethat total cross sections for colli-
cussed in the well known text of Landau and LiftsHitz. sions of ions with H can be determined to within a factor of
Nonetheless, we wish to emphasize that such simple modeta/o with this simple mode{with modified binding energigs
are not in general expected to be accurate for molecules @nd the interference patterns for a two electron transition,
clusters in which interactions between the various centers amamely transfer-excitation, may also be determined within a
significant. In particular chemical bonding and electron corfactor of two. Proposed experimental studfeS of colli-
relation, which are often important, are neglected or at bessions of I{ ions with atoms will further test the usefulness
approximated in our development. Thus, we expect applicaef this simple approximation.
tion of this simple model to give only qualitative results in The independent electron approximation within each
cases where interactions between the centers are not releenter is valid if the electron—electron correlation is rela-
tively weak. tively weak within each center. This approximation generally
Our independent subcluster approximation is expected ts not well justified for the outer atomic shells with many
be valid when interactions between the subclusters are smaitrongly correlated electrons, although use of mean field po-
In particular, if the subclusters are well separated so thatential or a screened nuclear charge may yield much better

A. Many body effects
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results than calculations or estimates done without any cong/k=Q.Rf. At this point Eq.(44) is equivalent to Eq(19)
sideration of the electron—electron interactions. The indepenysing Eqs.(31)—(33) because the integral ¢T(Q,)|? over

dent electron approximation does give good agreement faf, gives the same total cross section as the integral of
single and multiple electron transitions of inner-shell elec-| A(b)|? overb. If the transverse momentum transféy, , is

trons with the condition that the binding energy be increasegeglectede.g.Q, <Q,), thens/ = & given by Eq.(32) and

with the degree of ionization if the electrons are not quicklythe approximations that follow. The fact6x, is the same as
removed. We also note that the independent electron aRpe well known geometrical structure fadd?” obtained for
proximation may in some cases apply to electrons localized|yggjcal scattering of waves froly identical centers. Such
between individual atoms. The effects of electron exchangg gy cryre factor has also been used to analyze neutron scat-
terms due to the Pauli principle often seem to be small €Spzing from heavy nucle®® where the cases of ideal lattices,

cially for high velocity collisions. The reason for this is N0t oytais with thermal disorder and liquids are considered. It
well understood. Predictions of specific cases that exhibifg easily shown that aR*—0, GNIHNEJ and asR*—,

strong exchange effects have been Fr@d’*“ these systems gN —N,. The first limit is fully coherent and the latter is
have not yet been observed experimentally. More detailed ™'
fully incoherent.

discussions of the independent electron approximation i - ) )
There are a few additional points concerning these

atomic collisions is given elsewheté®? _ _ F _ _
phases we wish to note. First, addition of phases is consistent
with the addition of energies. In the case of independent
multiple transitions on a single center the probability ampli-
Another approximation that we have used is to neglectyde is a product of independent amplitufies). Eq.(38)] so
the internal motion of the centers. That is, vibrations andhat the total phase is the sum of the individual phases. Each
rotations of the molecule are neglected following B21). If  phase is linear in the transition energy as discussed after Eq.
the time of the collision is shorter than the time of rotation (32). The total transition energy is the sum of the individual
and vibration, then this approximation may be justified, andransition energies. So the total phase for multiple transitions
the centers may be regarded as frozen during the collisioninyst be the sum of the individual transition phases in the

This is a key assumption in the impulse approximation forindependent particle approximation. Second, if the mass,
many particle systems discussed in detail by Goldberger angk ~ of each of the centers is the same, then

Watson? While inclusion of vibration and rotation may be 30 =Q,2 (R, —Ry,) =0 since SMKRf—Ry)=0 be-
possible, in this paper we assume that the collision velocityayseR, is the center of mass. If some of the masses differ
the electrons within the molecule or cluster. In some cases {{on-zero constant phase. Third, our phases occur because our
may be appropriate to average over the rotati¢aatl vibra-  symmetrization gives a superposition of single electron

B. The frozen approximation

tional) motion of the cluster or molecule. atomic wave functions. Any superposition may lead to phase
) contributions. Finally we note that in most cases where mul-
C. The geometrical structure factor tiple transitions occur it is easier to approximately evaluate

The physical nature of the phase terms in Bf) may  A(B) thanT(Q) using our method becausgQ) is not a
be more easily understood by transforming from the impacgimple product of simpler terms.
parameter representation to the wave picture. The probability ~ The effect of the interferences due to the identical nature
amplitude A(b), is generally related to the transition matrix, Of the centers are observable as illustrated in Figf-'3:

T(Q), by the relationship, A(b)=1[e® PT(Q)dQ, , Such observations may be useful in testing the limits of ap-

whereQ, is the component of the momentum transf@r, plicability of our approximations.

perpendicular to the asymptotic velocity of the incoming par-

ticle. Following this transformation, the amplitudg of Eq. D. Long range interactions

(33) is given by The interaction that causes the transitions of the target
N, electrons,V’, was taken in Eqs(10) and (11) to be the

T|=T|(0)(2 e—iQ~R:<>’ (43 Coulomb interaction between the projectile and the target
K electrons, namely- Zp/|R(t) —Rf—r{'| . All of the interac-

tions of the projectile with each of the nuclei are, in prin-
ciple, included in the phase terms of the full wave functions
in Egs.(6) and (7). An alternativé’ that is equivalent in an
exact calculation is to use Zp/|R(t)— RS — |+ Zp/
|IR(t)—R}|, which pairs off the projectile—electron interac-
tion with a projectile—proton interaction in the target

) ) o nucleus. That is, the interaction that produces the electronic
whereGy, is a geometrical structure factor containing inter- yransitions may be taken to be a short range interaction. This
ference between th, identical centers ando, is the dif-  eliminates the Coulomb tail which can lead to mathematical
ferential cross section for scattering from a single centerand numerical difficulties. If there are more protons than

C,. Here, GNI=N|+EE':lEj>kcos(5|’j—5,’k), where  electrons in the targdi.e. Z,>n,), then the extra Coulomb

whereT,(0) is the transition amplitude for a single center,
C,, located atRy=0. The cross sectioo, differential in
Q, is proportional to the square af, so that

N
. k
dO'NIZdO'||kZl e_IQAR||ZEdO'|GNI, (44)
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terms may be included in the determination of the trajectoryply replace the square of the projectile nuclear chaZgie,
R(t). In this latter approach if the target is neutral there areby the square of an effective chargéf,”z(Q), which de-
no Coulomb phases at large distances and the trajectorpends on the momentum transf€}, of the projectile. For
R(t), is determined by the short ranged static potential of thesmall Q which corresponds to collisions at distances large
total target charge density. In general the target electron mazompared to the distance of the projectile electrons from

tion decouples from the projectie motion to order their nucleuszgff 2—>(Zp— np)?, so that the projectile acts as

(Mg orpit/ Mpv) L a point particle of chargez,—n,). For largeQ where the
projectile electrons are well separated from the projectile

E. Simple binomial distributions nucIeus,ZSff 2—>Z§+ n,, which corresponds to independent

) - o . scattering by the various charged particles on the projectile.
It is often the case that there are transitions with |dent|ca|30th limits are physically sensible. In particular, for one

(or nearly so probabilities. This may occur because the giactron projectile ions in their ground state,

probabilities are nearly the same for physical reas@ng. zeff 2=Z§+1—22p/(1+Q2/22p)2. Extension to many

- . . p
electrons in the same atomic shelOr one may wish 10 gjectron projectiles has also been considérachile this re-

neglect the symmetrization of the quantum wave functiong; is rigorously valid only within the limitations of first

and treat the system as a collectionfidentical classical ,ger perturbation theory in the wave picture, a relatively

particles. Then a binomial coefficient may be &%Hto_ _simple model containing the same physically sensible limits

count the number of equivalent ways in which a transitionjg e4sily obtained by making a classical transformation from

occurs. That is, e.g. there is a factor §§j @iving the number the momentum transfef), to the impact parameteb, and

of different ways in _vvhich n transitions occur d equiva- using ngf(b) in place of the corresponding bare charge,

lent centgrs. Also, .S|mplg sum rules may be used to _removgp, in the probability amplitude of Eq19) and the approxi-

from active consideration electrons one may wish Omations that follow. It should be noted, however, that the

bypass” correct scattering probability may not exceed unity, and that
a rigorous first order amplitud&3%is given by a convolu-

F. Further simplifications tion over a virtual impact parametds;, of the probability

t amplitude for a point charg&(b’), overZ,‘iﬁ(b’—b).

i Extension of our methods to projectiles that themselves

have multiple centers may also be possible. In limiting cases

where the projectile centers are well separated or very com-

s Ppact, it is valid to neglect interactions between centers on the

means that the evaluation of many electron transitions ma?lr_get and.interact.ions between centers on the projectile and

be simplified. Second, as a relatively crude approximationt include interactions between centers of the target and the

simple shake terms, which lead to some additional final statBrI€ctile. Symmetry between like centers on the projectile

transitions, may be introduced by using different non-and target may also be included.

orthogonal basis sets for the asymptotic initial and final state

single electron static wave functioh3:his may be useful for IV. SUMMARY

cases where final state rearrangement of the electrons causes We have considered a molecule or cluster with

Two practical points may be worth noting. Firs
Ben-Itzhak® has shown that under certain conditions first
order perturbation theory may be correctly used to evaluat
the single electron amplitudea}k, even when the system
interacts strongly with a highly charged projectile. Thi

some of the multiple transitions in a reaction. Nc=3\N, centersC, [Sec. Il A]. This molecule or cluster
is denoted by::’flcgz .. .C:\" .. .CEN, wherec:\lI denotes a
G. Non-localized projectiles subcluster ofN, identical centersC,. The key approxima-

. : . . tions are as follows.
In this paper we emphasize the interaction of a molecule

or cluster with a heavy charged point particle. In many casesl) The independent subcluster approximati@®ec. Il B:

of physical and chemical interest, the projectile may carry  The interaction between different subclusters is ne-
electrons’®*~32In these cases rigorous application of our  glected so thaA~II\'A, .

methods is more difficult because the classical trajectory of2) Coherent scattering from identical centers within sub-
the incoming projectile, introduced above H4l), is not clusters[Sec. Il B]: Scattering of the wave fronts of the
well defined since the wavelength of the projectile electrons  projectile from multiple identical independent centers is
may be comparable to the size of the interaction region. Also included  within  each  subcluster so that
a}ppllcatlon qf the independent electron approximation is dif- A= (1N} EPPHE':lei 5|kA|k(bI‘), where SpP is the
ficult, especially for neutral, or nearly neutral projectiles, be-
cause often it is not sensible to neglect the interaction be-
tween the electrons on the target with the electrons on th%)
projectile since this interaction leads to screening of the
nuclear chargeZ,, of the projectile by then, projectile
electrons which may be significaht! This problem has
been solvet®>®2 in first order perturbation theory in the Our independent center independent electron approximation
wave picture. In this first order approximation one may sim-(ICEA), in the absence of the coherence terms in step 2

permutation operator. Thé:‘ phase terms are related to
the usual geometrical structure factor.

The independent electron approximati@ec. Il C: The
correlation between electrons within each center is ne-
glected so thaf ~II""  aj,, andsf~=" s}
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above, corresponds to a simple generalization of the statiby the sum of interactions with individual subclusters Eq.
Hartree product wave function to a dynamic probability am-(14)

plitude using a single basis sdt$}. The more complete N

time-dependent Hartree—FodRDHF) approximation is a V'ZE v (A2)
dynamic generalization of the static Hartree—Fock approxi- =

mation that fully includes the effects of electron symmetry.
TDHF is evaluated variationally for each time during the
scattering event, so théi#} changes continuously with time.
While TDHF is a less approximate uncorrelated limit of
multi-particle scattering than our ICEA, TDHF is more dif- N

ficult to implement than our simpler ICEA. Ho= |21 Ho, . (A3)

Each subcluster will evolve independently if the interac-
tion between thenW,  is replaced by a mean field approxi-
mation, or simply neglected. In the latter case we have

With this approximation, we have using Ed.6) that

V. CONCLUSION N

A method has been developed for evaluating probabili- V/(t):e'HotV’e_'Hot:Zl [elMorty e o]
ties and cross sections for multiple-electron transitions in the
interaction of molecules or clusters with various charged N
partners. The probability amplitude, as well as the transition 521 Vi(1), (A4)
probability, is expressed as a product of independent center
probabilities including phase terms for identical centerswhereV (t) now operates on a single subcluster.
Each of the probability amplitudes for the atomic centers  As was done in Secs. || B and C Eq23) and(36), one
may then be expressed as a product of amplitudes for each ofay factor the evolution operator for the molecule as
the independent electrons. In this independent center inde- N
pendent electron approxmatlon we neglect_ correlation and Utty) =T ex;{ —iE V,(t)dt}
some exchange effects which are important in many molecu- =1
lar systems. On the other hand large systems may be de-
scribed simply.

to

N
I exp[—iftv,(t)dt}
=1 t

0
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Within the present approximation, the initiéfinal) as-
APPENDIX: GENERALIZATION TO LARGE SYSTEMS ymptotic electronic wave function of the cluste;(¢), is
written as a product of single subcluster wave functions,

This Appendix contains details on independent subclusz,;(¢), i.e.

ter approximation presented in Sec. Il E. The Hamiltonian

for the static molecule as expressed in E@b. and (40) N
includes interactions between subclust&, , given by ¢"f=|1:[1 Pii.f - (A6)
W =1§ & { VApA% _% Z Then, from Eqs(A5) and(A6) using the orthogonality of the
K2E = |R:‘— Rl & |Rt‘— Rl —rl'| ¢,'s and single cluster nature of th operators, one has for
N the final result used in Sec. Il E, EGl1) that
_ E Zx N N N N
SR -RU A=<H i 11 Ui(tto)| T1 ¢.i>EH A (A7)
- =1 =1 1=1 1=1
+2 R R R 17K (A1)  and
Ar=(¢1|U,(t,10)] ). (A8)

The four terms in Eq(A1) describe, in their respective order,
the nuclear—nucleaffirst term), nuclear—electron(second Here A, is the probability amplitude for a particular transi-
and third, and electron—electroffourth) interactions be- tion in the subcluster of type I. EqA7) is obtained for
tween subclusters and K. Accordingly, the interaction of ionization and electron capture processes in the case that we
the whole molecule with the projectile will also be replacedcan identify in which subcluster the transition occurs.
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