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Transition operators for the collision of two clusters composed of an arbitrary number of charged and
neutral particles are represented as a sum of pure Coulomb and Coulomb-modified short-range operators.
Sandwiching this relation between the corresponding channel states, correct two-fragment scattering
amplitudes are obtained by adapting the conventional two-body screening and renormalization procedure.
Furthermore, integral equations are derived for off-shell extensions of the full screened amplitudes and of
the unscreened Coulomb-modified short-range amplitudes. For three particles, the final results coincide with
those derived previously in a different approach. The proposed theory is valid for pure Coulomb scattering
as well as for systems containing, in addition, two-body interactions of short range.

NUCLEAR REACTIONS N-body scattering theory for charged particles. Scat-

tering amplitudes for two-fragment collisions defined via screening and renor-

malization procedure. Derived effective two-body integral equations. Formal-
ism also applicable to atomic problems.

I. INTRODUCTION

In recent publications three-body scattering pro-
cesses with two'™? or three* charged particles have
been investigated by employing the quasiparticle
method® which consists in replacing the original
three-body integral equations by fully equivalent
Lippmann-Schwinger (LS)-type matrix equations
for effective two-body operators. By making use
of the close analogy between this effective two-
body formalism and the well-established genuine
two-body Coulomb theory, scattering amplitudes
for (in)elastic and rearrangement collisions of two
fragments could be defined, and at the same time
manageable integral equations for their calcula-
tion have been obtained.

In the present paper we develop an alternative
approach which is based on the fundamental opera-
tor relations between the relevant quantities of the
problem. Hereby, the previously derived expres-
sions for the on-shell scattering amplitudes are
reproduced in a direct and transparent manner.
Consequently, their generalization to collisions of
two fragments consisting of an arbitrary number of
charged particles® ! becomes straightforward.
We, moreover, show that these amplitudes may
again be calculated from manageable integral equa-
tions. .

The general idea of our procedure can be stated
in the following way. As suggested by the results
of Refs. 1-4, which are very much in accord with
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physical intuition, a cenfer-of-mass Coulombd po-
tential, acting between the total charges of the two
fragments concentrated in their respective centers
of mass, is introduced besides the original Cou-
lomb interaction. We then derive a representation
of the full transition amplitude as a pure center-of-
mass two-body Coulomb amplitude, plus a Cou-
lomb-modified short-range transition operator
sandwiched between the bound state wave functions
of the fragments and between the two-body Cou-
lomb scattering states associated with their rela-
tive movement.

As in Refs. 1 to 4 the derivation of this repre-
sentation is first performed for screened Coulomb
potentials. Applying then the usual two-body re-
normalization and limiting procedure,'®™'° the oc-
curring two-body Coulomb scattering amplitudes
and states go over into the corresponding, explic-
itly known, unscreened quantities. However, no
renormalization is needed when performing the
zero-screening limit in the Coulomb-modified
short-range transition operator sandwiched be-
tween bound states. For, in this expression there
occurs, besides any short-ranged potentials, the
difference between the original Coulomb interac-
tion and the center-of-mass Coulomb potential.
Expanding this difference into a multipole series
with respect to the relative distance of the two
fragments, the first nonvanishing term is the
dipole term. Since it decreases sufficiently fast
for large spatial separations, the transition to in-
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finite screening radius, indeed, poses no problems
in this amplitude. Of course, the justification of
the multipole expansion rests on the localization
property of the cluster wave functions.

The screening technique used to define the rele-
vant transition amplitudes represents also an ap-
propriate practical method. For, it allows us to
apply any method of short-range collision theory
to calculate first the screened scattering amplitudes,
and then to perform after renormalization the zero-
screening limit, e.g., numerically.?® One of these
short-range methods is the quasiparticle approach of
Ref. 5 which has the advantage of providing us with
exact integral equations for off-shell extensions of
the two-fragment amplitudes considered. Hence,
we describe its application to the present problem,
reproducing in this way the integral equations
given for three particles in Refs. 1-4, and deriv-
ing their generalization to arbitrary particle num-
bers. In addition, the quasiparticle method leads
to a second approach which is based on integral
equations directly for the unscreened Coulomb-
modified short-range transition amplitudes.

The paper is organized as follows. The simple
example of the scattering of two particles interact-
ing via short-ranged plus Coulomb potentials is
recalled in Sec. II. Two-fragment collisions of
three particles are dealt with in Sec. III, utilizing
the close structural analogy of the three-body
formalism of Ref. 5 with the two-body theory. The
generalization to the scattering of two fragments
built up of an arbitrary number of charged partic-
les is contained in Sec. IV. Quasiparticle equations
for the full screened amplitudes and for the un-
screened Coulomb-modified short-range ampli-
tudes are described in Sec. V for three, and in
Sec. VI for N particles.

II. TWO-BODY COLLISIONS

We recapitulate in this section some aspects of
the scattering theory of two charged particles’ in
a way which suggests straightforward generaliza-
tion to two-fragment arrangement collisions with
an arbitrary number of (charged) particles.

A. Operator relations

Let the Hamiltonian H® be composed of the
kinetic energy part H,, a short-ranged potential
VS, and a screened Coulomb potential V%,

H® =H +VS + VR, 2.1
with R denoting the screening radius. Then, the

full resolvent, the free, and the “Coulomb-dis-
torted free” resolvents, are given by

CH®(2)=(z= Hy= VS = VR) 1 =(z - H®)™1 (2.2)

Go(2)=(z2-H,)™*, (2.3)
G*(z)=(z2—-H,- V). (2.4)

Factoring out from G® the resolvents G, and G¥,
respectively, and from GF the resolvent G,, by
means of

G® =G, +G0T‘R’Go , (2.5)
G® =GR +GRTSEGR | (2.6)
"GR =G, +G,T?G,, (2.7)

the full transition operator 7®, the Coulomb-
modified short-range operator 75, and the pure
Coulomb transition operator TF are introduced.
These definitions emphasize the basic fact that ap-
propriate singularities of the Green’s functions
have to be removed when going over to T opera-
tors. Moreover, the fundamental interrelationship

TE =TR + (1+TRG)TS®(1 +G,TF) (2.8)

is obtained in a particularly simple manner by
equating the right-hand sides of (2.5) and (2.6), and
by replacing the occurring resolvent G® by the
representation (2.7). Let us recall, however, that
the definitions of the various T operators via Eqs.
(2.5)-(2.7) are equivalent to the more conventional
ones

TR =S + VR + (VS + VR)GEAVS + VF), (2.9)
TSR =yS '+VSG(R) Vs y (2.10)
TR=VR+ VRGRVR. (2.11)

B. Zero-screening limit

We are now going to perform the zero-screening
limits of the transition amplitudes obtained by
sandwiching the operators (2.9)-(2.11) between
plane waves |p). This is unproblematic for TS®
since in its definition (2.6) the singularities of G®
corresponding to the Coulomb-distorted free move-
ment of the particles are separated off from G®.
In fact, the explicit representation (2.10) shows
that the full resolvent G'® appears in
(P’'| TSR(E +i0)|p) between states VS|p) which are
normalizable and smooth under appropriate condi-
tions on VS. Thus, the existence of the limit R
~w, which is denoted by (p’|TS¢(E +i0)|p), is
guaranteed for all values of the initial and final
momenta.

In contrast, the amplitudes T® and T% are ob-
tained by extracting from the respective Green’s
functions only those singularities which correspond
to the undistorted free relative motion. Since such
an unperturbed movement does not exist in the
presence of unscreened Coulomb potentials, the
performance of the limit R -« requires the well-
known renormalization procedure.!®™!® In fact, the
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momentum representation of the relation (2.8)
takes on the energy shell [p’=p=(2uE)2, with
being the reduced mass] the form

(p'| T™(E +i0)|p) = (P’| T*(E +40)|B)
+ (B | TR (E +i0)[pg?)
(2.12)

with the screened Coulomb scattering states de-
fined according to

[P =[1+G,(E +i0)TR(E £40)] |D) . (2.13)

When these wave functions are multiplied by the
appropriate renormalization factors Z7V2(p), and
the amplitude (p’|TR(E +40)|p) by Z *(p), the un-
screened Coulomb scattering states |pS*’) and the
Coulomb amplitude T¢(p’, p), respectively, are re-
covered in the zero screening limit. (For in-
stance, in the case of exponential screening, VF(r)
=e,e, exp(-7/R)/r, we have Z,(p)=exp[-2ie,e,(1n/
p)In2pR — C)]. Here, e, is the charge of particle
i, and C=0.5772. ..the Euler number.) Hence, the
limit R =« exists in both terms on the right-hand
side of Eq. (2.12) after renormalization by Zz ' (p),
thus providing the full transition amplitude for a
short-ranged plus an unscreened Coulomb potential
according to

T(’,5) =T°(®",0) + (P& | TS°(E +i0)|pL") .
(2.14)

C. Integral equations

These considerations immediately suggest two
different approaches of how to proceed in practice.
One of them consists in solving the partial-wave
LS equations for 7® and T® for finite values of
R, and subtracting the result of the latter from
that of the former. Summing up these partial-wave
contributions yields the Coulomb-modified short-
range amplitude in the (screened) Coulomb repre-
sentation, {p4 ™| TS®(E +40)|p%). Renormalizing
then by Z, !(p) the corresponding on-shell ele-
ments, and repeating the calculation for succes-
sively increased values of R, the transition to
large (“infinite”) screening radii is performed
numerically.??

Alternatively, we can calculate directly the un-
screened Coulomb-modified short-range amplitude
occurring in (2.14) by making use of the LS equa-
tion

TSC=yS + ySGeTse (2.15)

and of the analytically known Coulomb wave func-
tions. Equation (2.15) follows from (2.6) or (2.10)
in the zero-screening limit which exists according
to the above discussion.

In both methods we then have to add the explicit-

ly known Coulomb amplitude T¢(p’,p) in order to
get the full amplitude via (2.14).

III. SCATTERING AMPLITUDES FOR TWO-FRAGMENT
COLLISIONS OF THREE CHARGED PARTICLES

For short-ranged potentials the three-body the-
ory was formulated in Ref. 5 in structural analogy
to the two-body case. The same concept is now
being used to extend the considerations of Sec. II
to three particles interacting via potentials with
Coulomb tails. We remark that the pure Coulomb
scattering is contained as a special case in our
treatment. ‘

A. Operator relations

The interaction in the total Hamiltonian
H® =H,+Y VS+y VE=H,+ VS +VF (3.1)
7 Y

is assumed to be a superposition of short-ranged
pair potentials VJ and screened Coulomb potentials
Vy acting between particles @,B#y (here and in
the following, the familiar cyclic notation is used).

Let us introduce, in addition, the screened Cou-
lomb interaction v% between particle a and the
center of mass of particles g and y. In coordinate
space this potential reads

va(Pe) =eoles +e,) fE(Pu)/Pa s (3.2)

with Ea denoting the corresponding relative coor-
dinate, and e, eg, e, the charges of the three par-
ticles.?!™2® The screening function f%(p,) has to be
suitably chosen, e.g., exponentially decreasing.
Now, the full resolvent, the channel, and the Cou-
lomb-distorted channel resolvents, are introduced
as

G®(z)=(z - Hy- Y VS = Y VA
Y Y

=(z=H®)™, (3.3)
GEN2)=(z=Hy-V5—VE)L, (3.4)
g82)=(z=Hy- V5 -V§-v5)™". (3.5)

We emphasize that in two-fragment reactions of
the three particles the channel resolvents (3.4) and
(3.5) play the same role as the resolvents (2.3) and
(2.4) in the two-elementary particle case. This
fact suggests defining the full transition operators
U'R), the Coulomb-modified short-range operators
UsE, and the pure center-of-mass Coulomb opera-
tors t&, in analogy to Eqgs. (2.5)-(2.7), via

G =83, G +GERURGP (3.6)
G = bgog i +aRUSER » 3.7

g =GP +GPIEGP. 8.8)
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Equating the right-hand sides of (3.6) and (3.7) and
inserting the representation (3.8) of g% we end up
with the fundamental relation

USP =65t B+ (1 +123GP)USR(1+G P EE)  (3.9)

which generalizes Eq. (2.8).

We mention that in writing the definitions (3.6)
and (3.7) of UFR and USF, respectively, we have
followed the idea of Ref. 5, namely to introduce
transition operators by extracting subsystem sing-
ularities from the full resolvent in a most sym-
metric way. Similarly to Egs. (2.9)-(2.11), the
various transition operators can also be represent-
ed in the explicit forms

UR) =53 GR 1+ VR + TR g BT E) (3.10)
U =Bpa(£5) 7 + (VR = 0f)

+ (VP - B R (TR -0f), (3.11)
L =va+ 0GRV - (3.12)

In (3.10) and (3.11) the channel potentials V{® act-
ing between the colliding fragments are

VS VR_Z VS+Z VR

yEA y#o(

(R) VS +VR

(3.13)

And, as usual, we have &, =1- §;,. Note, that the
lack of symmetry of (3.10) under interchange of @
and B is only apparent. For, we have §3,G{™
+ VR =55, GEP 1+ VP . A similar remark applies
to (3.11). Of course, as in any short-range theory
we could work also with unsymmetric post and
prior transition operators®® U{®*, which are re-
lated to U via UR) =55,GLR™1 + USR* =85,GEP ™!
+U§®". Analogously, post and prior operators
Us’“ can be defined according to U§R =8,,(g%)™
+USE* =85, (gB) + USE~. ALl these operators
yield the same on- shell amplitudes when introduced
in the respective expressions of relation (3.22)
given below.

B. Zero-screening limit

The limit R - is now investigated for the on-
shell matrix elements of (3.9) between channel
states?’

[®0m) = Pom)da) (3.14)

belonging to the energy Eq, =qo2/2My +Eyy. Here,
|¥oam) is the mth bound state wave function of the
pair (B,y) with binding energy E,,, and the plane
wave |q,) describes the free motion of particle @
relative to this bound state (M, is the correspond-
ing reduced mass). To simplify the notation the la-
bel R is suppressed on the states (3.14) and on the
energies to which they belong.

Let us first consider the action of

[1+4 GEE £ 10 E(E g 0)] = [1+ g B (E gy £10)08
(3.15)
on |®,,). For this purpose we associate with the
operators v¥, G&z), and gZ(z), which act in the
three-body space, potentials v, “free Green’s
functions” g, ,(z), and “Coulomb Green’s functions”
8X%(z), respectively, which are restricted to the
relative momentum states |q,). I.e., we define?®

V8 | Yom) | o) = | Yom ) 98 |0 5 (3.16)
ﬂo,a(z)=( - 2sz2 > , (3.17)
gg(z)=<z— 2%’4‘2 -ng)-l, (3.18)

where Qa are the relative momentum operators
with eigenstates |q,). Moreover, two-body Cou-
lomb transition operators are defined by

t2(z)=b2 +vBgR(z)pE .

All these quantities satisfy, of course, the usual
resolvent and transition operator LS equations as
known from the two-body theory.

With these definitions we find

=1om) [1+ 08 (g i0)p2] 13

2 2
= em) [+ 80,0 izO)tR(z";l 2i0) |1
'¢'am >w( chx> = lwam)IQa (3'20)

That is, [1 +G(aR)(Ea,,, +i0tR (Egp+ zO)] acts on
|®4m) as a Mgdller operator wi') with respect to
|4,), mapping the latter onto screened Coulomb
scattering states Iq‘*’ ) which characterize the
Coulomb-distorted free movement of the two frag-
ments. We furthermore see that

(AN Yeunl tE(E g +70) [ Peem ) |G
=6 ,m ( At [t B(go®/2M,, +10) | 4o
=8, (4 [ 0544 %)
55, do) (3.21)

represents the screened two-body Coulomb scat-
tering amplitude for particle « off the center of
mass of particles 8 and y. Sandwiched between
channel states (3.14), our basic relation (3.9) con-
sequently reads on the energy shell

@BI <¢Bn,U(R)(Eam"'lo),‘pam),qa)
=68016nmt (q&rqot)
+<qB<R)l<¢’ﬂn|

(3.19)

[1+g5(

& (Eam +i0)[Yam) |453R) -
(3.22)
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Proceeding as in Sec. II, we first demonstrate
that the limit R -« can be performed without any
problems in the effective two-body operators
(Ygnl US Bl am?, the resulting unscreened quantities
being denoted by (g, | USE | om). This is easily
demonstrated with the help of the explicit repre-
sentation (3.11) which yields

(5l Yol USF | Yeim ) | )
= (qp [ Yanl [Bpe(@8) 7+ (VP = )] [Youm ) | A )
+{ A1 Ygal T = vRIGR (TP ~ 08)| Youm) |8 -
(3.23)

As in the momentum representation of the corres-
ponding two-body equation (2.10), the full Green’s
function G*® occurs here between states (V{®

= v8)|Yam) | 8o ) Which are normalizable, a proper-
ty which is shared even by their zero-screening
limits (V= vS)| dom)|ds). This is obvious for the
short-ranged part VS of

7 C - S C C _717S . J/C C
Vu—va—z V7+E:Vy—va—Va+Va—va,
y#*a y#a

2 (3.24)

but holds for the Coulomb terms, too. For, in po-
sition space the contribution of the latter is

<a, <E ) zpam>lqa>
=[eqesr, ™ = po ) +eqey (rg ™ = po )]

.\ elaba
X 1 om (T Wz— , (3.25)

with the relative coordinate 'f., between particles
o and B8 being expressed as a linear combination of
E(X and i:ou

- m

-y r, (ao,B8,y cyclic) (3.26)

and similarly for T (see Fig. 1). For sufficiently
fast (e.g., exponentially) decreasing bound state
wave functions y,,(F,), a multipole expansion of
7, ! and 757" in powers of p, ! is justified. Thus,
in fact, the first nonvanishing terms of (r., -1

eq eq €q

% eaep/ry ge, eyl/rg %em(@aoey)/mIl
+ -
* 3
: eg+ey

ey

FIG. 1. Graphical representation of the difference be-
tween the Coulomb channel interaction Vﬁ and the Cou-
lomb potential vg acting between particle @ and the cen-
ter of mass of particles g and v, in position space [cf.
Eq. (3.25)].

—po Y) and (57 = p, ") are of the order p, "2
Therewith the proof of our statement is completed.
Consequently, when the screening radius goes to

infinity, divergencies can originate in (3.22) only
from the two-body amplitudes t2(q/,q,) and scat-
tering states [q‘*’ Y. These divergencies, however,
can be eliminated by the renormalization proced-
ure of Sec. II. In fact, with the renormalization
factor Z, ;(g,) defined as in the two-body case,*”
we obtain the on-shell two-body Coulomb amplitude
for scattering of particle « off the center of mass
of particles g8 and y via

£ G Za p ™ (0) ~ £3(EE, G s (3.27)
and the corresponding Coulomb scattering states
via

]q‘*’ “/2(%) ~ ]q‘“ . (3.28)

Thus, multiplying the whole equation (3.22) by
'l/z(qB)Z Y2(g,), we arrive in the limit R — at
the representation

HmZ342(q 55 | Wap| USR (E gy +i0) [0 | )
R— o
-1/2(%)

= 6Ba6nmta(Qéu aa)
+{ B Py | USS (Eoom +80) [ Yom) | 4510
=T, am(@5s Aa) (3.29)

for the transition amplitudes describing two-frag-
ment processes of three charged particles.

Of course, our formalism remains valid if one
of the bound particles in the incoming and outgoing
states is neutral. This case has been discussed in
detail in Ref. 3. Only the corresponding charge
has to be set equal to zero in the above formulas.
Furthermore, Eq. (3.29) simplifies considerably
if the bound state or the elementary particle in the
initial or in the final state is neutral. Then, the
pure Coulomb amplitude is absent and the corres-
ponding Coulomb scattering state has to be re-
placed by a plane wave. If, in particular, both in
the initial and in the final state, one of the frag-
ments is neutral, the limit R -« exists in the ar-
rangement amplitudes without renormalization,
i.e., no screening is necessary at all and conven-
tional short-range scattering theory is applicable.?®

Let us emphasize that the basic result (3.29) is
valid also for pure Coulomb scattering, i.e., if
V$=v5=vS=0. For, our treatment yields also in
this case a splitting of the interaction between the
two fragments into a part which is of short range
[cf. Eq. (3.25)] and the long-ranged Coulomb po-
tential bS. In other words, even without short-
ranged pair potentials Vf our formulation of two-
fragment collisions of three particles is structur-
ally equivalent to the genuine two-body problem
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with a Coulomb plus a short-ranged interaction,
as discussed in Sec. II.
IV. GENERALIZATION TO N-PARTICLE SYSTEMS

For two-fragment collisions the formalism de-
veloped in Sec. III can be extended to arbitrary
particle numbers in a straightforward manner.®

A. Operator relations

We denote by «, b, ... two-fragment partitions of
N distinguishable particles 1,2,..., N. Then, the
total Hamiltonian

H® =Ho+2 ij+$ ij=HO+VS+VR (4.1)

with the short-ranged potentials V $; and the
screened Coulomb potentials V¥, is spht accord-
ing to

HB =H,(1R)+.I72R) , . (4.2)
into a channel Hamiltonian

HE <Ho+ 3, (V+
(H)ca

VE)=H,+VS+VE 4.3)

and the channel interaction

VR= 3 (VS +V

i<j
(ij) ¢a

=VS+VE, (4.4)

Here, as usual, (§j)C a means that both particles ¢
and j are contained in the same fragment of the
partition a.

Denoting by }3,, the relative coordinate between the
centers of mass of the two clusters of fragmenta-
tion a, we define as in (3.2) the Coulomb interac-
tion v® between them. In position space it reads
explicitly

-> e.e
E(B)= D, S rE(p,). (4.5)
i<j pa
(i) ea

That is, it is obtained by replacing in all potentials
V%, which occur in the Coulomb part V¥ of the
channel interaction, the relative coordinates be-
tween particles 7 and j by the center-of-mass vari-
able p,. This allows us to introduce, besides the
resolvents G® of H®, and G(® of H{®, the gen-
eralization of the Coulomb-distorted channel resol-
vent (3.5),

g5@)=(e-H® - v])™. (4.6)

Then, analogously to (3.6)-(3.8), transition op-
erators are defined as follows:

G® =6,,GR) + GR UR G, (4.7
G® =5, g%+ gRUSRGR (4.8)

=GP +G P RG®, 4.9)

Their interrelationship is expressed by an equation
similar to (3.9),

U =5,t %+ (1+t5GEVWUSR(1+G P tR),  (4.10)

For the various transition operators, explicit rep-
resentations can again be derived which are of the
form (3.10)-(3.12), with @, 8 replaced by a, b.

B. Zero-screening limit

Sandwiched between channel states belonging to
the energy E,, Eq. (4.10) becomes, by means of a
generalization of the arguments leading to Eq.
(3.22),

(Gl USP(E, +10) [, 14,
=6ba tf(aa,v au)

+ (B RKP USEE, +i0) [ 4,0 ]4)) . (4.11)

Here |y,) = |9 |98y is a product of the bound
state wave functions of the two asymptotically free
fragments of partition @, and §, their relative mo-
mentum. In order to simplify the notation the
quantum numbers characterizing the bound states
are suppressed. Furthermore, t&(q’,q,) denotes
the two-body on-shell amplitudes for screened
Coulomb scattering of the total charges of the two
clusters situated in their respective centers of
mass, and [§{*)) are the corresponding scattering
states. Note that both quantities go over for infin-
ite screening radius into their unscreened counter-
parts t£(q),q,) and [G¢%), respectively, after hav-
ing been subjected to the usual fwo-body renormal-
ization procedure [compare Eqs. (3.27) and (3.28)].

Thus, it remains to be shown that the zero-
screening limit exists for the matrix elements of
the Coulomb-modified short-range transition op-
erator between channel states,

(G2 USE 9D |92 | (4.12)

Making use of their explicit representation, Eq.
(3.11) with q, b substituting @, 8, we recognize that
for R — the full Green’s function G occurs sand-
wiched between normalizable states which in posi-
tion space read as

(Bal(EP(ED| (Vo= 0D 95 19 180

Z [VE)+e e tri} = ph)]
i<

(ij)ze
a3
a

X Zp(l)(x( 1))¢(2 )(x(Z ))W .

(4.13)
Here, XP collectively denotes the internal vari-
ables of cluster kof the partition a. Note that the
relative coordinates ¥;; between particles i and j
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are given as a sum of p, and a linear combination
UX® ,xV) of the internal variables,

T, =4p,+ UXP, X)), (4.14)

In view of the strong decrease of the bound state
wave functions y*(x%’), again a multipole expan-
sion of 7;;” in powers of p,”! is justified, so that
the first nonvanishing term of (r;,™* — p,”!) is of the
order p,"2. This, however, implies that USC sand-
wiched between channel states exists without
screening. Consequently, after renormalization
the zero-screening limit of both terms on the
right-hand side of Eq. (4.11) exists, providing us
with the two-fragment transition amplitude

T (a5 ) =0,,tS(ay, E,.)
+ Q21 s | USE(E, +30) [ 9,133
(4.15)

represented as a superposition of a pure Coulomb
two-body amplitude and a Coulomb-modified short-
range amplitude in the Coulomb representation.

We finally mention that the discussion at the end
of Sec. III concerning neutral fragments and the
pure Coulomb problem carries over directly to the
present general case.

V. INTEGRAL EQUATIONS FOR TWO-FRAGMENT
SCATTERING AMPLITUDES: THREE-BODY CASE

The screening procedure used in Sec. III to de-
fine scattering amplitudes for two charged par-
ticles, one of which is composite, can also serve
as a means to perform practical calculations. We
may, indeed, evaluate for finite R the on-shell
amplitudes (3.22)

T§R o m(8h5 Q) = A < Y| UFHE gy +0) | Y [ G
(5.1)

with the help of any method known in short-range
multichannel scattering theory. Subtracting from
(5.1) the screened Coulomb amplitude (3.21) ob-
tained by means of a two-body LS equation, and re-
normalizing this difference, the transition to infin-
ite screening radius can be performed numerically
(cf. the corresponding discussion at the end of Sec.
II). In this way we arrive at the correct Coulomb-
modified short-range transition amplitudes occur-
ring in (3.29)

Tgnc’ am(a'B, aot)
= (G5 21 Yol USS (Ecum +10) Y cm) AT ) - (5.2)

Adding the explicitly known two-body center-of-
mass Coulomb amplitude, the full transition ampli-
tudes Tg,,am(d%, de) are obtained according to
(3.29).

One special method to calculate the two-frag-~
ment amplitudes (5.1) is provided by the quasipar-
ticle approach®+2® which is particularly well suited
for the present problem. For, it yields exact inte-
gral equations directly for transition operators
sandwiched between two-body bound states, i.e.,
for effective two-body amplitudes the on-shell ele-
ments of which coincide with the expressions (5.1).
And just for such amplitudes our zero-screening
procedure has been established.?® We, therefore,
describe in the following the application of the
quasiparticle concept to N =3.

A. Quasiparticle equations for the full amplitudes

The transition operators U§Y defined by (3.6) or
(3.10) fulfill the Faddeev-type integral equations®

UG =BaGo ™+ 8y TSP GoULR! . (5.3)
Y

Here, T;R’ is the two-body 7T matrix (2.9) for sub-
system y read in the three-body space. Following
the treatment of Ref. 5 (see also Ref. 29) we de-
compose T;’” into a sum of N, separable terms and
the rest 7/(®):
Ny
T{P(g) =
7,8

+T)R(z). (5.4)

Making use of this representation the three-body
equations (5.3) are reduced exactly to effective two
two -body equations of the Lippmann-Schwinger type
which can be written in matrix notation as

T(R) =(R) +'U(R)go<r(R) . (5.5)

l ‘Pyr(z » A'y,rs(z)((p'ys(Z* ) l

Here, the elements of the amplitude, potential,
and free Green’s function matrices are defined by

T hmam(@) = (@pa(z ¥)| Go(2)UER (2)Go(2) | @ m(2)) , (5.6)
Vfam(@) = (@pn(e*)| Gy (R)U g (2)Go (2) | @ om(2)) , (5.7)
go:ﬂn,am(Z)zéﬁaAa,nm(Z)- (5-8)

The operator USF) occurring in (5.7) satisfies Eq.
(5.3) with T‘f’ replaced by T/®:

UpP =83aGo™ +2, 83y T{ ™G U3 % (5.9)
Y

In praxis, the splitting (5.4) is usually based on
a splitting of the potential
Ny
ViR =vy+ Vf:Z; [Xy Ayl Xye [+ V3B (5.10)
£
Then, |g,,(z)) is related to the form factor |x,,),
which itself may be energy dependent, via

[0y (2D =[1+ T4 (2)Go(2)] | xyr) (5.11)

with
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TSR =vi® + v RGTI R, (5.12)

And the inverse of the matrix A, is given by
[A,72)],s= 8,500 7 = { Xyr| Go (&) | @)s(2)y . (5.13)

It is advantageous to choose the form factors |x7,>
orthogonal to the bound states |, ,):

Ayr{ Xysl ¥ym) =06, fOr r=1,..., N, (5.14)

at the binding energies £,,,, m=1,...,n, with n,
<N,. Then the corresponding bound state poles
show up only in the diagonal elements A

Y ymm
- - - S, (2)
(ajla,, .m(2)la,) =0, - q,) yam-
yi=y Y y Znyz/ZMy—Eym

(5.15)

with S, ,(z) being, in general, a complicated func-
tion of z which, however, as a consequence of
(5.14), becomes unity for z =q72/2M7+}f,,,,. Conse-
quently, the quantities

Thmeom(@f, Qo) = (A5 T R em(E om +0)[ Qe )

withn=1,...,nand m=1,...,n, labeling two-
body bound states, coincide on the energy shell
with the transition amplitudes (5.1). In other
words, solving Eq. (5.5) numerically and proceed-
ing as described after (5.1), we end up with the de-
sired arrangement scattering amplitudes for three
charged particles. This procedure corresponds to
the first practical approach described at the end of
Sec. II.

B. Modified off-shell extension of the full amplitude

For the generalization of the second practical
approach it proves convenient to introduce another
off-shell continuation of the amplitude (5.1). It is
defined by a LS equation of the form (5.5), but with
G, replaced by a more appropriate free matrix
Green’s function g,. Namely, for indices enumer-
ating the two-body bound states, §, is chosen to
have only diagonal elements which are of the sim-
ple structure of a genuine two-body free Green’s
function, i.e., of the form (5.15) with §, ,,(2) =1
for all values of z. In other words, we define the
elements of g, via

GﬂacanQ,a(Z —Eam), for =1,..., ng

§o;pm,am(2) = or m=1,...,n,

So:pm,am(z), otherwise, (5.16)

with g, ., given by (3.17). Multiplying (5.5) from
thé right by G,8, ', we obtain again a matrix
equation of the Lippmann-Schwinger structure

FR =B L DR G FR (5.17)

for the matrix operator

FB =g (R)G & -1 (5.18)

which contains the simpler free matrix Green’s
function g, instead of G,.

From the above mentioned properties of G, and
g, it follows that all elements (Go8,™"),m With m de-
noting a two body bound state vanish, when applied
onto |q,) at the corresponding channel energy E,,,
exceptthe one with n =m which, infact, has the val-
ue one. Therefore, on the right-hand energy shell,
7® coincides with 7

(5.19)
In other words, 7® and 7® represent different
off-shell continuations of the amplitude (5.1). A
relation similar to (5.19) holds true also between

O® and V®., Henceforth, we will work with Eq.
(5.17) instead of (5.5).

for m=1,...,n,.

C. Quasiparticle equations for the unscreened Coulomb-
modified short-range amplitudes

The two-body structure of the quasiparticle equa-
tions (5.5) and (5.17) suggests generalizing also
the second practical approach described at the end
of Sec. II. As mentioned above, the form (5.17) is
particularly convenient for this purpose. In order
to be able to perform all algebraic manipulations
as in the genuine two-body case, an effective two-
body Coulomb potential matrix 5 and an amplitude
matrix t® are associated with the operators (3.16)
and (3.19) by means of

0o Opmvk, for nand m

5m.am = bound state indices
0, otherwise (5.20)
and
50 nmtf(z2 = Eyp), for n and m
iy am@)= "bound state indices

0, otherwise. (5.21)

To introduce nonvanishing elements in these ma-
trices only for bound state indices is suggested by
the desire to reproduce the on-shell relation (3.22)
for the physical two-fragment amplitudes which
are characterized by these indices [compare Eq.
(5.27)]. The other T, ,, in (5.6) for which » and
m do not correspond to bound state indices, are
purely auxiliary quantities, introduced in order to
improve the accuracy. Hence, no renormalization
procedure, and consequently no splitting of the
form (3.22), is needed for these terms. In this
context it may be helpful to recall the argumenta-
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tion employed in Refs. 3 and 4. There, by inspect-
ing the kernels of the effective two-body integral
equations, it was found that, due to the absence of
physical-sheet poles in the effective propagators
for nonbound state indices, no overlap with the
singularity of b% in the zero-screening limit can
occur. Consequently, no renormalization proced-
ure is necessary in these unphysical channels.
The Coulomb resolvent matrix corresponding to
the definitions (5.16), (5.20), and (5.21) is then in-
troduced by the conventional two-body relation

§R=§o+§o‘£n§o ’ (5.22)
or equivalently by
8% =8, +8,5%g". (5.23)

Then, in complete analogy to (2.8), a Coulomb-
distorted short-range amplitude 7 5% is defined via

T® =R+ (1+RG,)TSR(1 + gIF). (5.24)
Introducing a potential matrix US® by means of
VR =pSR L HR (5.25)

we find that this amplitude satisfies the integral
equation

TSR =rUSR+USR§E7‘SR. (5.26)

The definition (5.24) is closely related to (3.22),
as becomes transparent by going over to the ex-
plicit notation. Indeed, for bound state indices
n=1,...,ngand m=1,...,n, it reads
TR (@) =800 0 umtZ(z = B o)

+[(1+th(z - Eg,)80, 5z - Bp,,)]

X Tﬂfam(Z)[l +go'a(z _Eam)tg(z - Eam)] .

(5.27)

Taking into account (3.20) and (3.21), we see that
both the left-hand side and the first term on the
right-hand side of (5.27), when sandwiched between
plane waves (agl and |q,), coincide on the energy
shell with the corresponding terms of (3.22). This
implies on-shell the equality of the respective sec-
ond terms, too, namely

/B(.R)(<d)ﬂn[ (Eotm+ ZO),z/)am)lqg,)R
= < q,( )ITBn.am(Ecxm +10) lq(+)

From the investigation leading to Eq. (3.29) we
know that the states (q4 3| and |a$'%), multiplied
by Z'l/2 (¢p) and Z /z(qu) respectively, go over
for R -« into the unscreened Coulomb scattering
states. Furthermore, as has been shown in Sec.
I, thislimit can be performed immediately in
(Yol USE(E m +30)| o), and consequently due to
the equality (5.28) the same holds true for the
quantity TB,, om(E o + 10). Denoting the zero-screen-

(5.28)

ing limit of the latter by TB" C m(Eqm+i0) we,
therefore, end up with the representation

TBn um(qsyqa) (q,( )lTﬂn,am(Eom"'zO ,q(+)
(5.29)

for the unscreened Coulomb-modified short-range
transition amplitude (5.2).

An integral equation for 75€ itself now follows
directly by letting R go to infinity in Eq. (5.26). In
this way, we arrive at the generalization of Eq.
(2.15),

75C=0SC +vSCgeyse, (5.30)

Here, the Coulomb-modified short-ranged potential
matrix

VSC =P - §¢ (5.31)

and the Coulomb Green’s function matrix g¢ are
given by Eqs. (5.25) and (5.22), respectively, after
having switched off the screening.

Let us briefly comment on the relation between
the present approach and the one developed in Refs.
1-4. There, we demonstrated explicitly that US¢
does not contain contributions of infinite range.
From this fact the validity of Eq. (5.30) and, as a
consequence, the existence of 75€ could be infer-
red. Alternatively, in the present paper we started
by directly proving the existence of T°€ from which
then the validity of the integral equation (5.30) fol-
lowed. However, whether Eq. (5.30) is also useful
for practical calculations depends on properties of
its kernel which go beyond those required for prov-
ing its validity. In fact, since US€ is still of fairly
long range it is even questionable whether the ker-
nel VS €§C falls into that class for which standard
integral equations theory is applicable. Certainly
further mvestlgatmns are needed to clarify this
point.

For convenience we present our result (5.30) in
explicit notation,

Tﬂ,, am( )= UB" am(z) + Z Dgn‘fyr( z)

yours
X 85, 5T 85um (2), (5.32)
with
Vg, om (&) = 80 0,mbS , fOr m o m
bound state
Vfriam(2) = indices
Vgp,am(z), otherwise, (5.33)
and
0800485 (2 = Eq), for nor m
05n,am(2)= bound state indices

So;pn,am(2), otherwise. (5.34)
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We mention that from (5.21) and (5.27) it follows
immediately that the full unscreened amplitude
T, am €quals 75°,  if neither » nor m denote two-
body bound states, i.e., if n#1,...,7g and
m#1,...,n,. This is consistent with the fact that
(5.32) goes over into (5.5) in this case. Solving
Eq. (5.32) we therefore obtain, besides the full
amplitudes for unphysical channels, the Coulomb-
distorted amplitudes 75¢ gn,am fOr physical channels
enumerated by n(m)=1,...,n3(n,). Sandwiching

|

-,

(0521 T5mam@)1 4570 = (GHS VB am () [GE7E

- - 1
+y fd3 "(ql 2|VELC ") -
7Z:r= 2y (a5 31 V8 @) aye T —q;’Z/zM

Jeq

Y r ,s=n7,+ 1

and a similar relation with (q" 2| replaced by
(qj| for the elements with n=1n,,,,...,Ng.

A final remark concerns the case of attractive
Coulomb forces in one or more subsystems. As-
sociating to each of the infinitely many two-body
bourd states a separable term in (5.4) would blow
up the system of equations (5.5). In this case, it
might be preferable to represent by separable
terms in (5.4) only the dominant bound states, in
particular those which are explicitly considered in
the special physical situation, and to absorb the
remaining ones via T; into the definition of Up,,
cf. Eq. (5.9). Whether the quasi-Born series,
which perturbatively determines the effective po-
tential U, and consequently also V5S¢, then still
converges deserves further investigation.

D. Modified screening procedure

In the above definitions of three-body transition
operators and effective two-body' amplitudes all
Coulomb potentials had been screened before ap-
plying the renormalization and limiting procedure.
From the reasoning following Eq. (3.22) we know,
on the other hand, that such a screening is actually
required only for the center-of-mass Coulomb po-
tential v§ when it is being used to define the two-
body amplitudes tS and the scattering states
|@¢*%). In contrast, for the definition of the Cou-
lomb-modified short-range amplitudes 75€ we
could have worked from the very beginning with
unscreened Coulomb potentials.

This fact has already been utilized in the second
approach where, as shown in Sec. VC, the un-
screened amplitude 7€ is obtained directly as
solution of (5.30). But we expect that also the
first practical approach, based on solving Egs.

I( )l'UB"

the latter ones between (2| and [GS')), the full
unscreened arrangement amplitudes are obtained
via (5.29), (5.2), and (3.29).

This procedure is considerably simplified if the
Coulomb interactions b;’ between the colliding clus-
ters are repulsive. For, inserting the spectral
decomposition of gc( -E ) occurring via (5.34) in
Eq. (5.32), we obtam relatlons which directly yield
off-shell continuations of the amplitudes (5.2). In
fact, we have for m=1,...,n, and n=1,...,n4

”( )'?"yf am z),q(+)
Yr

@A) oy ys@X @y | T55am(2) A5 L) (5.35)

r

(5.5) or (5.17), can be simplified in a correspond-
ing manner. Indeed, according to the above con-
siderations, the screening of the Coulomb interac-
tion is expected to be unnecessary in most terms
of the effective potential (5.7). To make this ex-
plicit we introduce the modified effective potential

VR = USC 4 R (5.36)

which originates from (5.25) by replacing the Cou-
lomb-modified short-ranged part VS® by its zero-
screening limit VS€. The representation (5.31) al-
lows us to write (5.36) in the form

VR =0 — §° +pF (5.37)

which clearly shows that O® is obtained from the
unscreened potential U by screening only its long-
ranged contribution 5€.

Inserting U® instead of O® in (5.17), a new
screened amplitude T® is defined as

FER = TR L TRG TH® (5.38)

Making use of the splitting (5.36) of V‘® we obtain
the representation

TR =B 4 (1+15§)TR(1 +g,t7), (5.39)
where 75 is given as solution of
TSR =0SC 4 (SCGRTSE, (5.40)

Since this relation which contains the screening
only via §®, goes over into (5.30) for R -, its
solution becomes identical with 75€ in this hmit.
Comparison of (5.39) and (5.24) then reveals that
F® and T® lead to the same unscreened ampli-
tude (3.29) when subjected to the. renormalization
and limiting procedure. In other words, the first
practical approach discussed in Sec. V A yields the
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same on-shell arrangement amplitudes when being
based on the solutions of (5.38) instead of (5.5) or
(5.17). However, the amount of work required for
the numerical solution is drastically different for
both types of equations. For, when solving Eqs.
(5.5) or (5.17) the full effective potential has to be
recalculated every time the value of R is increas-
ed. This, however, is a most time-consuming
task. In contrast, when Eq. (5.38) is used the bulk
of U® namely, VS€, has to be computed only once
(for a fixed energy) since the R dependence resides
solely in the trivial term p®. Therefore, the pro-
cedure described in the present section represents
a considerable simplification of the first practical
approach.

In addition, the present version is even more
closely related to the corresponding method in the
genuine two-body problem. Namely, as is the case
there, only that part of the potential T has to be
screened which behaves like a pure Coulomb po-
tential in the 7elative two-fragment coordinate,
whereas VS, which is of shorter range with re-
spect to this variable although it contains two-body
Coulomb potentials, remains unscreened.

Sections VD and VC, therefore, contain the
most natural generalizations of the first and the
second practical approach discussed for the two-
body case in Sec. II.

V1. INTEGRAL EQUATIONS FOR TWO-FRAGMENT
AMPLITUDES: N-BODY CASE

The method discussed at the beginning of Sec. V
for N =3 can be extended immediately to arbitrary
particle numbers. First, the screened amplitude
(4.11),

T$P@;, d,) = (G310, U E, +i0)[9,)1d,), (6.1)

is calculated for finite R by means of any method
applicable for purely short-ranged interactions.
Subtracting from it the center-of-mass Coulomb
amplitude ¢#(q/,q,) yields, on account of (4.11),
the screened Coulomb-modified short-range ampli-
tude. Renormalizing the latter, and repeating the
calculation for increasing values of R, the zero-
screening limit is approached numerically. By
this procedure we end up with the unscreened
Coulomb-modified short-range amplitude

T35 @ G0 = (@1 Pol USAE,+40)[4,) 1372, (6.2)

and according to (4.15) with the full unscreened
scattering amplitude T,,(q}, 4,)-

Particularly appropriate for the calculation of
the screened amplitude (6.1) is the generalization
of the three-body quasiparticle method to N-body
problems proposed in Ref. 30. For, it replaces in
(N - 2) steps the original operator identities for

US® by exact equations for off-shell extensions (%’
of the effective two-body amplitudes
(Zpbl U(R) E +lo ‘zpa>1

TR =0 + Z;'oaf’ Sosca T« (6.3)
C,

For details of the definitions of the effective poten-
tial U'® and “free Green’s function” g, we refer to
Ref. 30. There it is also shown that on the energy
shell the physical reaction amplitude (6.1) can be
obtained via

T49(@;, d,) = (G5 | T 55 E, +30)|d,) - (6.4)

Therefore, solving Eq. (6.3) and proceeding as
discussed after Eq. (6.1), represents the N-body
generalization of the first practical approach de-
scribed in Sec. II. We remark that this method
may again be simplified along the lines described
in Sec. VD.

Of course, the second approach developed in
Sec. VC can be extended to arbitrary particle
numbers, too. For this purpose, it is again ad-
vantageous to work with, instead of (6.3), an equa-
tion containing the simpler free Green’s function
matrix g,, with elements

84 80,0(2 —E,), for b or a denoting

Bosba= bound state channels
Go:0a» Otherwise. (6.5)
Here
Q 2\~1
80,4(2) = (z - ﬁ:) (6.6)

is a genuine two-body free Green’s function which
acts on the relative momentum states |§a> only
[cf. Eq. (3.17)]. Multiplication of (6.3) with
God, ! results in the N-body analog of (5.17):

TR =04 +2 0450 T (6.

Since we assume G, to be chosen such that it dis-
plays the same pole behavior as ﬁo (compare the
discussion in Secs. VA and V B for the three-par-
ticle case), the solution 7® =T™® G § ! of (6.7)
equals T® on the right-hand energy shell.

Next we introduce a two-body Coulomb potential
bf describing the interaction between the charges
of the two colliding fragments concentrated in
their centers of mass, which is related to the N-
body operator (4.5) according to

CHEALOERCHICA LA EW
=07(d;~d,). (6.8)

The corresponding two-body Coulomb resolvent
g® and Coulomb transition operator t? are
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gf(z)=<z— % - nf)-l (6.9)

and
tR - DR l)IRGRDR , (610)
a a a9%a%a

respectively. With the help of these quantities we
define for bound state channels a and b an effective
two-body amplitude T5F, in analogy to (5.27), via
TR (z)=6,tR(z-E,)
+ [1+t5(z - )90 sz Eb)]
X ‘Isba 2 [1 +g0:a(z - Ea)tf(z - EAa” .
(6.11)

For g or b not characterizing bound state channels,

the first term on the right-hand side of (6.11) and
either the right or the left bracket in the second
term are missing. Sandwiching (6.11) between
plane waves (q}| and |q,) and comparing with
(4.11) we see that the left-hand sides and the first
terms on the right-hand sides of both equations,
respectively, coincide on the energy shell. Gen-
eralizing the argumentation following (5.28), we
infer that the zero-screening limit of 75%, which
we denote by 75€, is indeed related on the energy
shell to the Coulomb-modified short-range ampli-
tude (6.2) according to

T35, 4,) = (421 T3S

An integral equation directly for 75¢ is now
easily derived. For this purpose we introduce the
zero-screening limits of the potentials (¥’ and
v®, and of g%, to be denoted by 0,,, vS, and gf,
respectively. As in (5.33), the short-ranged part

VSC of U is obtained by subtracting from the latter

(E,+40)|q¢* (6.12)

the long-ranged Coulomb contribution,
Vo= 050, for g or b denoting
V8= bound state channels
(6.13)

Familiar algebra, then, leads immediately to the
generalization of (5.32),

0,,, otherwise.

SC _aySC scgC S C
Tba =V +vac 8ca 7‘tla .
c,d

(6.14)
Here the elements of the matrix Coulomb Green’s
function g€(z) are defined by [cf. Eq. (5.34)]
85,85z —E,), for bor a denoting
bound state channels

(6.15)

85,(2) =

So:sa(2), otherwise.

Solving (6.14) we, therefore, get without any
screening procedure an amplitude 75¢. When
sandwiched between the explicitly known two-body
Coulomb states (q,’, )} and Iq‘*’ ), it yields via
(6.12) the Coulomb-modified short-range amplitude
(6.2), and then by means of (4.15) the full transi-
tion amplitude T,,(q}, d,)-

As emphasized in Sec. VC this method is sim-
plified considerably if the Coulomb potential ¢ is
repulsive. For, insertion of the spectral decom-
position of the Coulomb Green’s function g€ oc-
curring in (6.15) results in an integral equation
directly for

T5(d4 4,0 = (45
which we need not write down explicitly since it

generalizes the three-body equation (5.35) in an
obvious way.

[73E1as2), (6.16)
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land, Amsterdam, 1970).
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%6We mention that in Refs. 3 and 4 the operators nf,
89,o> €tc. have been denoted by Vg“, G§a, etc.

*In the special case of exponentially screened Coulomb
potentials

vR®,) =eqylegt ey) exp(— pa/R)/ pys -
the renormalization factor has the form

Z o, 1lay) = expl—2ieyleg+ e, )M/ q,(In 294 R — C)],
cf. the two-body analog in Sec. II.

%This has also been pointed out by I.. D. Faddeev in
Three Body Problem in Nuclear and Parvticle Physics,
edited by J. S. C. McKee and P. M. Rolph (North-Hol-
land, Amsterdam, 1970), referring to A. M. Veselova,
Vestn. Leningr. Univ. 4, 148 (1968).

®E. 0. Alt and W. Sandhas, Phys. Rev. C 18, 1088
(1978). -

30p, Grassberger and W. Sandhas, Nucl. Phys. B2, 181
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