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We present the details of a novel approach to the treatment of Coulomb effects in atomic and nuclear
reactions of the three-body type in which two of the particles are charged. Based on three-body integral
equations the formalism allows the practical calculation of elastic, inelastic, rearrangement, and breakup
processes with full inclusion of the Coulomb repulsion or attraction in a mathematically correct way. No
restrictions need to be made concerning the form of the short-range interactions between the three pairs. A
particular virtue of our method lies in the fact that it corroborates, and gives precise meaning to, the
intuitively anticipated conception of how to describe such reactions.

NUCLEAR REACTIONS Three-body scattering theory. Coulomb effects when

two of the particles charged. Screening and renormalization approach. Quasi-

particle method. Defined scattering amplitudes for elastic, inelastic, rearrange-

ment and breakup processes, and scattering wave functions. Derived practical
integral equations for these quantities.

I. INTRODUCTION

Modern investigations of nuclear reactions in-
volving three fragments are often based on three-
body integral equations originating from the work
of Watson,! Faddeev,? Mitra and Bhasin,® Amado,*
and Sitenko and Kharchenko.® Although this for-
malism is quite general, it nevertheless has one
important shortcoming: Long-range forces can-
not be easily accommodated. For practical pur-
poses this is a serious drawback since in the
majority of nuclear reactions at least two charged
fragments are taking part. As long as the latter
remain bound both in the initial and in the final
state, one may treat such processes by the meth-
ods of ordinary (short-range) scattering theory.
However, in most circumstances it will happen
that at least two charged particles separate as-
ymptotically. In fact, these are just the reactions

preferred by experimentalists for obvious reasons.

Then one must face the question of how to treat
the long-range Coulomb potential in the frame-
work of three-body integral equations theory.®

In the present paper we restrict ourselves to
three-body processes in which only two charged
particles participate, i.e., the Coulomb force
acts in one subsystem only. In order to de-
scribe such reactions, essentially two distinct
approaches have been developed previously which
attempt to formulate three-body integral equations
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in the presence of the Coulomb force. The one
proposed by Noble® and by Bencze® consists in
deriving three-body integral equations similar to
those known in ordinary (short-range) theory, with
the Coulomb potentials occurring only in the “free”
Green’s functions and the two-particle transition
operators constituting the inhomogeneity and the
kernel. In this way well-defined equations are
obtained, however, with kernels which are un-
pleasant three-body operators. Therefore, they
do not appear to be useful for practical applica-
tions. Indeed, in order to make this scheme
manageable, drastic and uncontrollable approxima-
tions had to be made.°"??,

Another approach has been put forward by
Veselova,'® who investigated the Faddeev equa-
tions for screened Coulomb potentials. After
isolating those two-body quantities which generate
the Coulomb singularities in the zero screening
limit, she explicitly inverted the corresponding
part of the Faddeev kernel. By that procedure
she arrived at three-body equations having a ker-
nel which can be constructed in terms of two-body
transition operators and which is well behaved in
that limit. However, the latter property could be
shown only for negative energies, i.e., for en-
ergies below the breakup threshold.

In the following we present another rigorous ap-
proach which combines the advantages of both
above mentioned formalisms. It leads to integral
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equations for elastic, inelastic, rearrangement,
and breakup amplitudes the kernels of which are
well defined for all energies and can be calculated
from the genuine two-body amplitudes.

Our theory exploits the great similarity between
the present problem and that of the scattering of
two charged elementary particles. Their close
relationship is most clearly exposed by formulating
the three-body problem as an effective two-body
one. This is accomplished by the quasiparticle
formalism of Alt, Grassberger, and Sandhas
(AGS)** which, therefore, appears to be ideally
suited for the following investigations.

Following Ref. 13 we use a screened Coulomb
potential. For the scattering of fwo charged par-
ticles the screening approach leads for finite val-
ues of the screening radius to well-defined scat-
tering amplitudes and wave functions. However,
the transition to amplitudes and wave functions for
an unscreened Coulomb potential cannot be per-
formed in a straightforward manner. Indeed, it
requires the renormalization procedure con-
jectured by Dalitz'® and developed by Gorshkov'®
and others.” ™ In Sec. II this approach to two-
charged-particle scattering is presented in some
detail since our treatment of the three-body prob-
lem closely follows these lines. Section HOI con-
tains the discussion of the scattering of one neu-
tral and two charged particles, in a model in which
we assume that the pairwise short-range forces
are rank-one separable potentials, and that the
Coulomb force is repulsive. The simplicity of this
model enables us to explain our method in a de-
tailed and transparent manner. We demonstrate in
particular that the renormalization procedure out-
lined in Sec. II can be taken over directly in order
to define amplitudes for elastic, rearrangement,
and breakup processes, as well as scattering wave
functions. The above mentioned restrictions are
removed in Sec. IV where we allow for arbitrary,
in particular local, short-range interactions and
also for attractive Coulomb forces.

It should be mentioned that the simple three-body
model discussed in Sec. III has already been made
the basis of a numerical investigation of elastic
proton-deuteron scattering by the present authors.
First results for quartet effective range para-
meters and S-wave phase shifts were reported in
Ref. 20, whereas the first results for pd cross
seetions have been published in Ref. 21, A full
analysis of pd scattering is in preparation.??

II. SOME ASPECTS OF THE SCATTERING OF
TWO CHARGED PARTICLES

It is well known that many results in (short-
range) two-particle-scattering theory do no

longer hold for long-range forces of which the
Coulomb force is the most important and, there-
fore, the most thoroughly investigated example.
Since the difficulties arising in the three-body
problem under consideration turn out to be simi-
lar to those encountered for two-charged-particle
scattering we start by recapitulating the relevant
aspects of the latter. This also serves to fix our
notation.

A. Pure Coulomb scattering

Let us first concentrate on the scattering of two
particles via a pure Coulomb potential Vg,

Velr)=g/r. (2.1)

The corresponding transition operator satisfies
the Lippmann-Schwinger (LS) equation

Te(2)= Ve +VoGol2)To(2) (2.2)

with G4(2)=(z = P?/2u)™", pn being the reduced
mass.

For the following it proves convenient to intro-
duce off-shell scattering states |P(z)) and off-
shell Mgller operators Q¢ (z) via

Pc (2)) = c(2)[D)
=[1+G,(2)T(2)]IB), (2.3)

where z=E2%/2u +i0 is supposed not to be cor-
related to the energy E,=p2/2u associated with
the plane wave |p).

Although the off-shell matrix elements of T,
the on-shell amplitudes T-(}’,P), and the cor-
responding on-shell scattering states | p{) are
explicitly known, they suffer from the well-known
diseases.?® We mention only those which are rele-
vant for the following.

(i) The matrix elements (B'|T.(E%/2u +0)|D)
are well defined for p, p’ #k, excluding the for-
ward direction, but do not have a limit when
either p or p’ or both tend towards their on-shell
value k. This is due to the occurrence of char-
acteristic diverging factors. Similar divergences
show up also for the scattering states |po(E2/2u
+i0)) in the limit p going to k.

(ii) The partial wave series

E 2;;1 P, (cos6) T¢, (%) (2.4)

1=0

does not converge'®+* (as a function) for any value
of the scattering angle 6 due to the slow decrease
of the “Coulomb phase shifts” with increasing 1.
This indicates that problems might arise in three-
and more-particle scattering if a partial wave de-
composition of the Coulomb amplitude or potential
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is used.

The origin of these and related difficulties lies
in the fact that the kernel V G,(z) of the LS equa-
tion (2.2), and G,(z)V of the LS equation for
|Bo(2)), is highly singular for energies z=k?/2p
+10. This is apparent in momentum space where

. . i pg/m?
@ |VeGo(R?/2 +i0)|B) = ® —pY(kZ+i0—p?)

(2.5)

Inspection shows that for on-shell values of the
momenta p=p’=Fk, the singularities of the free
Green’s function and of the Coulomb potential coin-
cide.?®

This problem can, however, be avoided by
screening the Coulomb potential, i.e., by re-
placing V.(r) by a potential®®

Vo) =g exp(-»/R)

(2.6)
r

The corresponding transition operator T g(z) ful-
fills the LS equation (2.2) with V. replaced by V.
Similarly, the off-shell Mgller operator Q4(z) and
scattering states |Py(z)) are defined in analogy to
Eq. (2.3) as

lf’n(z» =QR(Z)I§>
=[1+Go(2)TR(2)1D) . 2.7

Since Vg is of short range for finite R all results
of conventional scattering theory are valid. In
particular, Qz(%2/2u +i0) becomes the conven-
tional Mgller operator mapping the plane wave
states |B) with p=F onto the scattering states |5 {*’),

IB5)) = Qe (E2/21 £i0)| D)5

= |[Pr(®?/20 £10)),-5 - (2.8)

In order to recover the case of scattering via
genuine Coulomb potentials the screening radius
R has to become infinite. The performance of this
limit is trivial except for the on-skell scattering
amplitude and the physical wave functions due to
the occurrence of violent oscillations.*¢"'” How-
ever, it has been shown in Refs. 16-19 that these
oscillations can be isolated for R - < in the form
of a diverging phase factor Z,

TP, B E2/21 + i0|p=prei

R_’mzn(k- M)Tc(ﬁ;ﬁ)h =k (2.9)
and

FIBR e R 232 (B, w)E B )y (2.10)

The quantities 7,@’,P) and (F|pL*’) appearing

on the right-hand side of Eqs. (2.9) and

(2.10) are the genuine on-shell Coulomb ampli-
tude and scattering wave functions which we are
looking for. Writing Z, as

Z (%, ) =exp[2igpR(Fk, u)],

the phase ¢ can be determined for arbitrary
screening'® in the limit of large R. In the special
case of exponential screening considered here it
takes asymptotically the familiar form

¢or(E, u)=-n(n2kR - C). (2.12)

As is customary we have introduced the “Coulomb
parameter” n with n”! =1+ka, (+for repulsion,

—for attraction), a,=1/u|g| being the Bohr radius
of the system. C=0.5772---is the Euler number.

(2.11)

B. Coulomb scattering in the presence of short-range potentials

What we have discussed so far remains essen-
tially unchanged if in addition to the Coulomb in-
teraction short-range forces®” are present, too.
We are, thus, again forced to screen the Coulomb
potential. Denoting the additional short-range po-
tential by V,, the total interaction is

VR -y 4V, (2.13)

and depends on the screening radius R. The same
holds true also for the corresponding amplitude
T® which can appropriately be split into a sum of
two terms

TR =T +T(®. (2.14)

The first of them, Tg, is chosen as the solution of
the LS equation (2.2), with V, replaced by V,, and
describes, therefore, the scattering by the
screened Coulomb potential alone. The quantity
T{®, conventionally called Coulomb-modified
strong amplitude, is given according to the two-
potential formula by

TE(2) = [ 1+ T(2)G,o(2)]V,[1+Gol2)T R (2)]

= QL (z*)V,[1+Go(2)T®(2)], (2.15)

with Q4(z) defined in Eq. (2.7). This form sug-
gests introducing a quantity #%’(z) via
T{®(2) = QL (¥R (2)Qg(2) . (2.16)
Then straightforward algebra leads to the equa-
tion
t(B)(2) =V, + V. Gr(2)tR)(2) (2.17)

which demonstrates that t%’ is essentially deter-
mined by the short-range part of the interaction.
Here, Gg(z) is the full Green’s function for a
screened Coulomb potential
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Grl2)=(z =Ho- V).

The representation (2.16) allows an intuitive
physical interpretation. Namely, for on-shell
values of the momenta p=p’ =k, it becomes

@'|TR (B2/2 +i0)|B)

=@ (E?/21 - i0)t B (B2/2u +10)

(2.18)

X Qp(R?/2u +10)|D)

= @UOEAR (B2 /20 +i0)|BY)), (2.19)

expressing the Coulomb-modified strong amplitude
by means of the matrix elements of the operator
t{® in the (screened) “Coulomb representation.”
In order to recover the scattering by an un-
screened Coulomb potential again the limit R - «
has to be investigated for T, and also #&, and

T(R)(-ﬁly ﬁ; 52/2“' +10) R':’m R( E; H)[Tc(ﬁ', 5) +Tsc(5'7

=ZR(E’ H)T(ﬁ',ﬁ) .

In other words, the amplitude describing the scat-
tering off a short-range plus an unscreened Cou-
lomb potential also follows from T‘®) by asymp-
totically factoring out the phase factor Z.

The results (2.20) and (2.21) are of consider-
able practical importance, in that they provide us
with a recipe for numerically determining the full
unscreened amplitude defined above. It consists
in calculating first at some value of R the screened
Coulomb-modified amplitude T'% and to “re-
normalize” its on-shell element by Z (%, u).
This procedure has to be repeated for increasing
R until the asymptotic value, which is the un-
screened Coulomb-modified amplitude T, is
reached. To it we then add the analytically known
unscreened pure Coulomb amplitude T.. This
yields according to Eq. (2.21) the desired ampli-
tude T. In practical tests it turned out that for
proton-proton scattering stable results could be
obtained in this way already for R ~30 fm.

III. SIMPLE THREE-BODY MODEL FOR SCATTERING
OF ONE NEUTRAL AND TWO CHARGED PARTICLES

In the present section we are going to describe
how the scattering of two charged particles re-
viewed in Sec. II has to be modified when a third
neutral particle is present in addition. In order to
keep the presentation as clear as possible we will
assume for the moment that the short-range forces
acting between the three particles are described
by separable potentials of rank one. Complica-

the full transition operator T'®. In this limit the
kernel of Eq. (2.17) does obviously not develop a
singularity of the type (2.5). Consequently all
matrix elements @' |t{&(E2/2u +i0)|P) tend
smoothly towards their unscreened counterparts.
Thus taking into account the large-R behavior
(2.10) of the scattering states, we obtain from
(2.19) for p=p'=F

(B TR (R2/2u+i0)[B)
B2 Z o By w)T oo (6, B3 % %/2p +10)

= /= B s
=Z (B, u) (DL {2 (7“—+w>|pg>> . (2.20)

Here T . (p’,D; B%/2u +10) is the Coulomb-modified
strong amplitude for an unscreened Coulomb po-
tential. This result together with Eq. (2.9) im-
plies that also the full amplitude (2.14) behaves
for on-shell values of the momenta as

D;k2/2u +i0)]

(2.21)

-

tions arising from higher rank separable poten-
tials or from local ones (including finite size cor-
rections) will be dealt with in the next section.

A. Two-body input and kinematics

Let the particles 1 and 2 be charged (with
charges Z,e and Ze) and particle 3 be neutral.
According to our assumption the potentials for the
three subsystems are

Vo= Xad el Xol 5 (3.1a)
V3:|X3>x3(Xs|+VR, (3.1b)

where we take the (point-) Coulomb potential?® to
be screened as in Eq. (2.6), with g=Z2,Z,¢*>. The
corresponding subsystem amplitudes are?® [recall
Egs. (2.14) and (2.16)]

Tz =| Xa) B ol2a)Xal » (3.2a)
T{P (23) = T pl2a) + Q53] xo) Bg(25) x| Rr(25) ,
(3.2b)

for @=1,2,

fora=1,2,

with z, denoting the energy of the subsystem of

the two particles g and y. In order to distinguish
energy-dependent two-body operators to be read

in the two-particle space from those in the three-
particle space, we characterize from now on the
former by a caret. Furthermore, for notational
simplicity we do not indicate any energy depen-
dence of the form factors | x,). Then the Coulomb-
distorted form factor occurring in Eq. (3.2b) can
be expressed in momentum space as overlap be-
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tween | x;) and the off-shell scattering state (2.3),
(Bl o) = (Bre)] x)- (3.3)
Finally, we have for ¢ =1,2
BoM2a) =2a™ = (XelGolz o)l Xa) (3.42)
and,?° as follows most easily from Eq. (2.17),
By™Mzs) =27 = (x61G R (20| o) (3.4b)

with Gg(z) given by Eq. (2.18).

In this section we consider a situation where in
each channel precisely one stable bound state
exists. This requires the particles 1 and 2 to be
equally charged. The cases of oppositely charged
particles and of channels with no bound states will
be treated in the next section (the latter aspect is
relevant, e.g., for proton-deuteron scattering).
Then we can write Egs. (3.4) as

N 8a(z4)

ol2e) = , a=1,2,3, (3.5)
Rg— Lo
Hereby, E, is the two-particle binding energy of

pair (8+y), and 8,(z) is defined as®®

(3.6)
33(33) = [<X3|GR(E3)6R(Z3)l X3>]-1 .

Note that for all three subsystems 3,(E,) equals
the normalization integral of the bound state wave
function in subsystem « and is conveniently set
equal to 1,

S Egp=1, fora=1,2,3. 3.7

In order to investigate the system of the three
particles we make use of the quasiparticle for-
malism which reduces the three-body problem to
an effective two-body one. First we will discuss
elastic and rearrangement scattering, then the
breakup processes.

To begin with let us introduce some notation. We
consider three particles with masses m,, m,, and
mgy and momenta K,, k,, and &, in the total center-
of-mass system. The reduced mass of particles
B and y will be denoted by u,:

U-ct-l =mﬁ-l+m7-1’ (38)

and their relative momentum by

- m E -m E
=y B TRy
B (3.9)

Furthermore, we denote the reduced mass of
particle o and the system of particles (8 +y) by
Mg,

M =mo "t + (mg +m )7, (3.10)

and the corresponding relative momentum by

q - (m6+my)Ea_mc‘E8+E7) .
« Mo +mg+m,

(3.11)

In what follows we will often encounter another
type of genuine two-particle system. It consists
of a particle of mass m, and momentum k,, and
another “particle” of mass (mg +m ,) and momen-
tum (kg +K,) with no intevnal structure or motion
of the constituents. The free Hamiltonian of this
two-body system is @ ,2/2M,, where Q, is the
relative momentum operator acting only in the
subspace spanned by the eigenstates |§,) with
eigenvalues given by (3.11), Q,|§.) =4 ,/d.)-

In order to distinguish operators acting in this
two-particle system from those discussed above
and in Sec. II the former will be characterized by
an index®! Q. For instance, the free Green’s
function is

éoo(za):(za‘Qaz/zMa)-l; (3-12)
whereas
GAzo)=(20-QuY/2M -V ™ (3.13)

is the total Green’s function for the system of
particle @ and “particle” (8+7y) interacting via a
screened Coulomb potential V;’.A The corresponding
transition operator, denoted by T'3(z,), satisfies
the LS equation (2.2) with V, replaced by V§, and
ao by é(?y

Tzo)=VE+V 268z )Tz.), (3.14)
and yields in momentum space the (screened)
Coulomb scattering amplitude for the considered
two-particle system, (@,|T8(z.)|d4)
=T9d",d . 20). In analogy to Eq. (2.7) the off-
shell Mgller operator

02 =1+G3z )Tz ,) (3.15)
is introduced which, when applied to the free
states |q,), yields the corresponding (off-shell)
scattering states |G, z(z)). The latter are for
24=0s/2M,+0 and g, =7, the on-shell states
[compare Eq. (2.8)]

(G %) = 18 0.2 (@2/2 Mo £10)) = R2(F%/2 M, £10)|d)
(3.16)

describing the scattering of particle o off the
“center of mass of particles 8 and y.”

_ Later on we will need the on-shell amplitudes
TR(@%, Gos %/2M, +i0) and wave functions [§(2),

in the limit R - . Recalling that both of them are
genuine two-body quantities we can immediately
take over the results (2.9) and (2.10). Denoting
the corresponding counterparts for an unscreened
Coulomb potential by an index C, we have for
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qq iq:x =0y
T @, o3 7%/2 My +i0)

R’_\’-’w ZR(‘Tcha)i‘g(q:x: ﬁa) (3.17)
and
82 87, 5 2R P @ MAE LYo o7, - (3:18)

B. Elastic and rearrangement scattering

Even under the simplifying assumptions about
the short-range interactions, detailed in Eqs.
(3.1), in the present problem the strictly local
Coulomb potential occurs in subsystem 3. Hence
a formalism for describing three-body processes
is needed which allows us to fully take into account
local parts of the interactions. This is the case in
the AGS quasiparticle approach!* which, therefore,
represents the adequate tool for the following in-
vestigation. As was shown there the quasiparticle
equations for elastic and rearrangement scattering
are

T(ﬂRot) ='U(Bch) + Z 'U(B‘;) 90:7T(7Ra) ’ (3~19)
Y

where we have explicitly indicated the dependence
on the screening radius R. All quantities occurring
here are still operators with respect to the plane
wave states describing the free motion of one
particle and the bound system of the other two in
the initial and the final state. In fact,

TR) (@5, 80 = @5l 4R (E+i0)|F,) (3.20)

are just the physical bound-state scattering ampli-
tudes if the momenta g, and ¢} are equal to their
on-shell values g, and g4, respectively, defined
by means of

E=Ey=G2/2M+Es=E=4.2/2M,+E,. (3.21)
The effective free Green’s function G, is es-
sentially®® determined by A, of Eq. (3.5),

@&lgo;a(‘z)lqc) = G(q'a - aa)(z - qaz/zMa - Ea)-l
= @GSz —E )Nd o). (3.22)

For the second equality use had been made of Eq.
(3.12).

Due to the assumed separability of the nuclear
potentials and the fact that the (nonseparable)
Coulomb potential?® V, acts in one subsystem
only, the effective potential V¢® has the following
exact and closed representation®®

@’Bl’o(aka)(z)qu>= [SB(Z - qlez/zMﬂ)]l/z(‘i'aK XBl{EBa[Go(z) + (653 + 6(13 +‘5535a3)G°(Z)TE(Z)GO(Z)]

+ 6ﬁa5a3Go(Z)TR(z)Go(z)}| X zx)[aa)[ga(z - ‘Iaz/z Ma)]llz

[as usual, Bg,=(1-05,), and Golz)=(z - H,)™* is
the three-particle free Green’s function]. The po-
tential VF depends on the screening radius R via
the screened Coulomb amplitude T (and in an un-
essential manner via §3, as discussed above®?).
The individual terms on the right-hand side of

Eq. (3.23) are represented in diagrammatical form
in Fig. 1.

We will now proceed as follows. First we demon-
strate that the kernel of Eq. (3.19) becomes, in the
limit R~ «, as singular as for the genuine two-
particle case [cf. Eq. (2.5)]. Then the most singu-
lar part of the kernel will be isolated in such a

(3.23)

I

form that the renormalization procedure discussed
in Sec. IT can be taken over directly.

As indicated, the effective free Green’s function
(3.22) has precisely the form of a genuine two-
particle free Green’s function taken at a two-par-
ticle energy z,=z - Ea. This becomes even more
apparent for physical three-body energies z =
Go’/2My+E o +10 in which case z ,=7,%/2M, +i0.
Then Eq. (3.22) reduces to 2M (% |(7 .2 +i0
- Qaz)-llqn)'

What remains to be shown is that V%) (%, §,; 2)
reveals in the limit R — « the same singular be-
havior as the two-body Coulomb potential. As

+ +

‘—_'Y—'J
(a) (b)

i!?c%
+ +

(c) (d)

FIG. 1. Diagrammatical representation of the exact effective potential (3.23). Semicircles indicate the form factors.



17 COULOMB EFFECTS IN THREE-BODY REACTIONS... 1987

suggested by Fig. 1 this can originate only from Y
diagram d. In fact, its most singular part in the
limit R - « has analytically the form

8508 asValh - 8oR o 8as 2) (3.24) B g B
VR
N o

with V; being the genuine two-particle screened
Coulomb potential. The term (3.24) is graphically a

represented by Fig. 2. The decisive point to note FIG. 2. The part (3.24) of the effective potential (3.23)
is that due to its locality the screened Coulomb which arises from diagram (d) of Fig. 1 (with o = 3)
potential Vg, as it occurs in Eq. (3.24), depends and gives rise to the longest-range contribution of V()
only on the momentum transfer from the (charged) in the limit R — «.

particle a to the center of mass of pavticles 3 and
y. Consequently, Vg(d,-4,) can be identified
with the matrix elements of the operator V§ in-
troduced in Eq. (3.13) which directly describes R (8%, 80 2)=[S0(2 = qo/2/2M) M F o (@, § o 2)
the Coulomb interaction between particle o and

nonlocality resides is defined by

X S _ 2 1/2
the center of mass of g and y, VR4, -§,) [Salz ~q.°/2M0)] (3.25)
=@,|v3|§,). The factor R, in which the whole with
|
. Ak x5(K)xo(K+D,)
Foldy, 805 2) = G, & . 3.26
e f[kz/zua-(z-qf/zMa)][(k+Da)2/2Ma_(z"an/ZMa)] ( )

[

In the last equation we have introduced Rl 8 T2/2Ma+E ) =1 (3.28)
D"sz/(mB"LmY)(q:’_q“) (3.27) holds. Thus, indeed, the kernel of Eq. (3.19) does
which is, apart from a mass ratio, the momentum exhibit in the limit of zero screening the same
transfer from the charged particle « to the other singular behavior® as the two-particle kernel
charged particle 8. (2.5) but only in the relative momentum variable
The quantity F(d%,d,; z) has a simple physical 4, between particle o and the center of mass of
interpretation. Namely when the absolute values particles 8 and y. In the Appendix it is proven that
of the momenta §, and §, coincide with the on- all other contributions to ’U%R; are less singular
shell momentum @,, then F (4%, q,;7.2/2M,+E,) than the term (3.24), implying that in coordinate
is just the body form factor of the bound system space they decrease faster than the Coulomb po-
@, normalized to unity for ﬁa=0. This fact, tential for large distances. These observations
together with Eq. (3.7), immediately shows that will allow us to take over the screening procedure
for §, =4, and g,=7,, when the singularities of for two-charged-particle scattering sketched in
Ve@% -4,) and of the effective Green’s function Sec. II.
(3.22) coincide, In order to investigate the behavior of

|

[R (@, 8 os 2) — 1] we introduce for @ =1,2 an auxiliary function B, depending only on the magnitudes of the
momenta §, and @',

3 )|2[& —n'? Q - 2 /
Ba(q:x’ Qa;Z)I f[ d kl Xa(k)l [Sa(z qa/zMa)Sa(z qa /ZMG)]I 2

k220~ (2 - q22M K%/ 2 g~ (2 - g 2/2M )] (3.29)
|
Comparison with the definition (3.6) of S, shows and for arbitrary ¢, =q,
that half on shell
Bo(@h T3 E o +10) = [Su(E o +10- q2/2M )]/, Ba(§ oy 95 2) = R4, T 2) - (3.31)

(3.30) With the help of B, we decompose R (4%, d.;2),
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taking into account Eq. (3.28), as follows®":

Ro@h 03 2)=1+[Buldh des2) - 1]
+ [Ra(qagﬁa; Z) - Ba(q:x’qct;z)] .
(3.32)

The foregoing discussion makes clear that the
first bracket of (3.32) vanishes if g4,=¢4,=74, and
the second bracket if §4, =4,.

We are now in the position to detail the singu-
larity structure of that part of the kernel of Eq.
(3.19) which originates from (3.24). Inserting
there the splitting (3.32) we recognize that the

and

first term of it gives the most singular contribu-
tion. The second and the third terms are less
singular on account of the fact that either the pole
of G, o Or that of the Coulomb potential Vp (in the
limit R - ») are killed off. We are, therefore, led
to the following decomposition of the effective po-
tential v®’

v =0 + 0 S, (3.33)
with
{’(RJ (q'a’qa;z)z6Ba5aSVR(q:x—qa)
~6801 ozs(qa‘v lqa> (3-34)

VER @5, Tas 2) = [Sp(z - 48/2M)8a(z - 4.2 /2 M) 2 @51 X8/ {Bp el Gol2)+ Go(2)T (2)Go(2)]

+ 6BozEcL:;Go(z)[TR(Z) -Vr ]Go(z)}l Xa>|qa>

+ GBQEQSVR(G:X - qa){[Ba(qlcu qa; Z) - 1]+ [Roz(q,ou ﬁu;l) - Ba(q:x’ qa; Z)]}. (3~35)

Equation (3.33) provides the desired separation of
the effective potential into a long-range part

('U(R)) which describes the pure (screened) Coulomb

scattering of the charged particle o from the cen-
ter of mass of particles g and v, and a shorter-
range contribution (‘U’“”). The former is depicted
diagrammatically in Fig. 3.

Thus we are in a situation analogous to that en-
countered in Sec. II for the genuine two-particle
scattering and can repeat the development starting
with Eq. (2.13). Applying again the two-potential
formalism leads to the following decomposition of

the effective two-body transition operator T4},

T(R)_T(R)+T(R) (3.36)

sC,Ba *

Here, the operator 7% is defined by a LS equa-
tion with potential V(%)

Q
VR

0 § a

FIG. 3. Genuine two-body (screened) Coulomb poten-
tial V% between charged particle o and the center of
mass of particles g and y identified as the most singu-
lar part of the diagram displayed in Fig. 2, and con-
stituting © ‘®), Eq. (3.34).

r

F(R) _ (R HR) g(R)
TBIL)_‘U(BOZ"'Z vﬂy 90:71701
Y

=0+ 7® g, R, (3.37)
Y

and the quantity 7{® by

‘1.-(55:2)'Ml= Z 1+7®g )BYUI(R)(1+QOT(R))6
y$é
(3.38)

Both terms (3.37) and (3.38) are easily inter-
preted. For this purpose we define an amplitude
T r(z) via

7R)(2) = 6508 o5 Tx(2) (3.39)

making use of the specific structure (3.34) of
V(R Equation (3.37) can then immediately be
transformed into an equation for T(z), which in
momentum space reads as [recall Eq. (3.22)]

Tn(a'w th;Z) = VR@L "ﬁu)

fds ” VR(qa q”)T *Z} c()z)
E ) qllz/zM

(3.40)
This, however, coincides with the momentum
representation of the LS equation (3.14) at a two-

particle energy z,=2z - E‘a. Thus for physical
three-particle energies (3.21), we have z,
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=g,2/2M ,+10 so that

R(qmqwz q /2Ma+E +10)
=@ |T2G.2/2M,+i0)|d,)  (3.41)

equals the screened Coulomb amplitude for fwo
particles of masses m, and (mg +m,).

The second amplitude (3.38) will be called Cou-
lomb-modified strong amplitude in analogy to
expression (2.15) in the genuine two-particle case.
Let us rewrite it in order to make its structure
more transparent. The first step is to recognize
that, if we define a quantity Q® as

Q8 (2)=[1+84(2)T ®(2)] e (3.42)

then it takes, because of the structure of 7 (® dis-

cussed above, the explicit form

5§g(z—zi:a), for a+3,

QR (2) = (3.43)

1, for @=3.

Here Q3(z - E ) is the “off-shell” Mgller operator
introduced in Eq. (3.15), at a two-particle energy

«=2 - E,. Thus for physical energies z =7,’/2M,,
+E ,+i0, the Mélleroperatorﬂ"( +2/2M , +i0) maps
the plane waves |q,) with ¢, =7, onto the scat-
tering states®® |§(' %) [recall Eq. (3.16)].

In analogy to Eq. (2.16) we then define an opera-
tor £{¥(z) via

TR 1o (2) = QR (M)t R) ()RR (2) (3.44)

which by simple algebra can be shown to fulfill
t(R)Ba(z) 'U'(R)(Z)-l- Z'U'(R)(Z)Q(R)(Z)f(c,m(z)

(3.45)

Here the similarity to Eq. (2.17) is emphasized by
the notation

S0:3(2)=G3(z -E,), fory=3,

(3.46)

where GQ(z E ;) is the screened Coulomb Green s
function (3.13) at a two-particle energy z,=2— E
On the energy shell Eq. (3.44), therefore ex-
presses the Coulomb-modified strong amplitude
T(R) (4}, §,) as the matrix element of #&’,_ in the

sC. Bnt sCy Ba
“(sc reened) Coulomb representation”

738 6a(@h, Go; E+i0)
=@nR |t s E+i0)[G5)R) . (3.47)
Now the decomposition (3.36) of the effective

two-body amplitude together with (3.39) and (3.44)
makes the execution of the limit R -« a simple
task. As discussed in Sec. II and at the beginning
of Sec. III, after renormalization the two-particle
amplitude (3.41) approaches on the energy shell
the corresponding pure Coulomb amplitude [cf.
Eq. (3.17)]. Consequently we find from Eq. (3.39)

lim Zg . /2(q3,

R

X ZR.a-llz(‘_ia,Ma) = Tc,ﬂa@é’ a.a)

MpT{R (G}, Ay E +i0)

- o~ -

=68a6a3T8(q :u qa) ’ (3.48)

where for the sake of compact notation a quantity

Ze(@osM,), for a#3,
ZR.u(EI—w Ma)=

1, for a=3,

(3.49)

has been introduced, Z being the renormalization
factor defined in Sec. I [cf. Egs. (2.11) and (2.12)].

Next we investigate the large-R behavior of
7{®. For this purpose we recall that the kernel
of Eq. (3.45) for #%’ does not show in the zero
screening limit a singular behavior of the type
(2.5), as has been discussed above. The implica-
tion is that #{%’ is well béhaved in this limit.
Hence in Eq. (3.47) only the scattering states
Ic]f:')R) for @ =1 and 2 develop diverging factors
which are, according to Eq. (3.18), known to be
the same as in the two-body case. Thus, after
having renormalized the on-shell amplitude (3.47)
the limit R -« can be performed

limZ, , g, pM )Tsc, eu(?l 8 Ga; E+i0)
R—®

XZgo M (qgsM,)

=T 50, 5a(Af das E +10)
= (A2 1120 E+ 10T, (3.50)

yielding the Coulomb-modified strong amplitude

corresponding to an unscreened Coulomb potential.
Finally, recalling Eq. (3.36) we have proven

that on shell the limits

lim Z, ;™ /*(g4,

R

x ZR. a-l /2(¢7ay Ma)

M )T §E(q}, G, E +i0)

={7, .Ba(qé’qm)"’ T c.aa(Qm do; E+i0)}
Toa(df Qy) (3.51)
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FIG. 4. The final result (3.51) for the elastic and
rearrangement amplitudes. The first diagram on the
right-hand side represents the two-body Coulomb am-
plitude (3.48) for the scattering of the charged particle
a off the center of mass of the other two particles. The
second diagram illustrates the Coulomb-modified strong
amplitude (3.50), with the initial and final state Coulomb
distortions being characterized by a shaded blob.

exist, and equal the amplitudes for elastic and
rearrangement scattering of one neutral and two
charged particles, interacting via short-range and
uhscreened Coulomb potentials. Their represen-
tation as a sum of the two contributions (3.48)
and (3.50) is depicted in graphical form in Fig. 4.
We would like to emphasize that this approach
provides us not only with a correct but also prac-
tical formalism for calculating Coulomb correc-
tions in three-body systems; as demonstrated
in Refs. 20-22. The decisive point is that, as for
the scattering of two charged particles, the Cou-
lomb-modified strong amplitude 7', can be cal-
culated via a partial wave expansion of, e.g., Eqgs.
(3.50) and (3.45). To this amplitude we then have
to add coherently the analytically known two-
particle Coulomb amplitude which in not calculable
by a partial wave expansion (cf. the discussion at
the beginning of Sec. II), in order to obtain the
full amplitude via Eq. (3.51).

C. Breakup reactions

Let us envisage the situation of particle a im-
pinging on the bound pair (6+y) leading to three
free particles. The corresponding amplitude
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7{B(®’,q’; q,) can be written as matrix element
of an effective transition operator 7{¥’ between
plane waves describing the relative motion of the
incoming and outgoing particles,

o0, @5 Q)= (0, @ | 742 (E +i0)[G,) . (3.52)
This is the physical amplitude if the absolute

values of the momenta p’, ¢’, and g, are equal to
their corresponding on-shell values defined by

E=E,=3,%/2M +E =E}=p"/2u+7'%/2M . (3.53)

The relative momenta (p’, q’) can be chosen as
any one of the three equivalent sets (p{,q;), (B},
q;), or (P}, ;) defined in Eqgs. (3.9) and (3.11).

As is well known' the three-body breakup op-
erators 7$® can be calculated either by quadra-
ture from the elastic and rearrangement ampli-
tudes 74X

T4E(2)= 03B @)+ 2 0E ()8, o) TSR (@),  (3.54)
B

or with the help of the integral equation
T42(2) = V{2 (2)+ 2 TH(2)S0a@VSP(@) . (3.55)
B

The elastic and rearrangement potentials (¥’ and
amplitudes 7{%’ are those discussed in the pre-
ceding subsection, and §,,, is the effective free
Green’s function (3.22). For separable nuclear
potentials considered in this section [cf. Eq. (3.1)]
the effective break-up potential V¥’ can again be
given in an exact and closed form.3® For this
purpose it is most convenient to choose as the
final-state variables those characterizing channel
3, since the relative momentum between the two
charged particles is then simply f){, In this case
we have’®®

VSRS, Tds T s 2)= @4 1(B | [1+ Tr(2)Go(2) Hx o) |0
x[Sy(z - q,2/2M,) 12, (3.56)

or when we make use of the off-shell Mgdller op-
erators and scattering states, defined in Eq. (2.7),

Vog (B3, 435 Aas 2)= (@5 (B2 | QL% | xar T u) [Solz — g 2/201,) P2

= <5:; |@;(Z*—qg2/2M3)<a:; |Xay Ehx) [§a(z - qa2/21wa)]1/2

= (B3, r(z* = q2/2M,) [Q3 | Xas Qo) [Sulz - qo2/2M )]/2.

The various terms occurring in the definition
(3.56) are graphically displayed in Fig. 5. Note
that on the energy shell the breakup potential
(3.57) becomes simply [recall Eq. (3.7)]

(3.57)

I
Voa (B3, 455 Uas E+40)= (T3 | (BLR [Xer A o) (3.58)

and vanishes for o =3 due to energy conservation

(@'’ corresponds to the first two diagrams of
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U (IO N

FIG. 5. The exact effective breakup potential (3.56) represented in diagrammatical form.

Fig. 5).

Our discussion of breakup processes will be
based on Eq. (3.54), although all results could be
derived also from Eq. (3.55). When the splitting
(3.36) of TR is inserted in Eq. (3.54) it induces
a similar decomposition of T¢%’

Ooa »
TR =T+ T8, (3.59)
with
T =0+ L0 S0, T (3.60)
and
“’ig.’oa:;Uéf)go;e‘fég,’sa . (3.61)

_In order to interpret the transition operator
7{® we make use of the form (3.39) for 7{%’ and
of the definition (3.42) of Q'®’, to write

T{R(2) =0 R (2) Q8 (2) . (3.62)

In momentum space this expression becomes, for
on-shell values of the momenta, g;=g3, pi=p, qa
=g,, very simple and transparent [recall Eq.
(3.58) and the remark following it],

TSR (B2, Q55 0 o3 E +140)
=By [ @5 (B 1B )

X [Sy(Eq+i0- g3 /2M ) 2@E, [G5))
(3.63)

with K and k’ being the well-known linear combin-
ations of 4} and 4. It involves only a quadrature
of genuine two-body screened Coulomb scattering
wave functions and represents the pure screened
Coulomb breakup.

The Coulomb-modified strong breakup amplitude
7¢{&), can be handled in analogy to the nonbreakup
case. Inserting expression (3.44) for 7{%),, into
Eq. (3.61) suggests the introduction of the breakup
analog of (3.45) via

T4 )00 (2) = Q2% )10 (2)RF(2) . (3.64)
It is related to ¢{&),, via

1R ()= D [xa) [Sa(2) /285 P ()t B, (2)  (3.65)
8

with §5®’ defined by Eq. (3.46). We remark that
by making use of the integral equation (3.45) for
&), , we obtain immediately an integral equation*°

(R)
for ¥sc.oa

146 0o = 2 IXaMSale) /28570
+ 2 1850 (3.66)

which would, of course, also follow if the integral
equation (3.55) for the breakup amplitude 7¢%’
were used as a starting point. When writing Eq.
(3.64) in momentum space its structure becomes
again transparent. Indeed, for on-shell values

of the momenta the Coulomb-modified strong
breakup amplitude is given as

T8 (B, 445 Q0 ; E+i0)

=(Q (P53 |£B oo (E+30) [ 7R) (3.67)

clearly displaying the (screened) Coulomb distor-
tion of the plane waves describing the relative
motion of the different two charged particles in
the initial®® and final states.

The transition to unscreened Coulomb potentials
is now as obvious as for the nonbreakup case.
Since the kernel of Eq. (3.66) contains only the
potential partv 4%’ which has no infinite range
contributions, the limit to zero screening in

(%), can be performed as it was the case for
t{8), .. Thus the only quantities where divergen-

ces for R -« occur in Egs. (3.63) and (3.67) are
the genuine two-body scattering states |5;f;;) and
[G&%). We can, therefore, again apply [using
Egs. (2.10) and (3.18)] the renormalization pro-
cedure described above to find that on the energy
shell*!

lim Zp2(ph, ) TSR (D5, 443 A o3 E +i0)
R—>

X ZR, a-llz(aa’M a)

- -, -)

=7¢,0a(Ps A33 g

=843¢a5 | (B33 [Xa)Sa (B +i0) /2[4 L)) (3.68)
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and

lim Zp ™ 2(ph, pa) T8 0o (D5, 435 Ay E +140)

R—>w

X Zg, o ?(Gor M)
Tsc,oa(-ﬁ:;’a;;aa;E+io)
= (@ KBLRN 0 E+30) [T S ). (3.69)

Here T, ,, and 7. ,, are the pure Coulomb and
the Coulomb-modified strong breakup amplitudes
for unscreened Coulomb potentials. The diverging
phase factors Z and Z, , are defined in Egs.
(2.11) and (3.49), respectively. Putting these re-
sults together, we have proven that also the on-
shell element of the full breakup amplitude (3.59)
tends after renormalization towards the physical
breakup amplitude for an unscreened Coulomb
potential

lim Z™/%(ps, ny)T o5

R—>e

3> q31 qa,E+10)

XZpo a0y M)

=17 ¢, 00 (B3 455 da)
*+ Toc, 00D A3 A o3 E+10)]

- Toa(ﬁé: a;) qd« ) . (370)
Equation (3.70) is represented in diagrammatical
form in Fig. 6.

That this approach to breakup reactions is also
practical will be demonstrated in a later publica-
tion. The decisive point is here as in the non-
breakup case that the Coulomb-modified strong
amplitude 7, ,, can be calculated, e.g., by means
of a partial wave expansion of (3.69) together with

O

+

Eq. (3.65) or (3.66). And the pure Coulomb break-
up described by (3.68), which would not be ob-
tainable by a partial wave expansion, can, how-
ever, be evaluated, e.g., by quadrature of analyt-
ically known two-body Coulomb scattering wave
functions.

D. Scattering states

Sometimes it is desirable to work with scattering
wave functions instead of with scattering amplitudes.
We, therefore, discuss how the formalism de-
veloped above can be implemented in a wave
function approach to three-body processes.*
Let |¥{%_  z) denote a scattering state charac-
terized by a channel state |¢,)|d,), with |¢,)
being the bound-state wave function of pair
(B+7) and q , being the channel relative momen-
tum. In the quasiparticle approach it can be ob-
tained as a sum of three terms,*

&% »)= 2 GolE o+ E0YOSE (B +i0) [ ¥R )

(3.71)
Here we have introduced the effective two-body
states [¥(®! ), which are defined as

|‘I'f=f;a 8<Xal‘l'a.aa,n>
[68a+ go,B(E + lO)T(R)(E + 10)] |qa
(3.72)

They represent that part of the scattering wave
function in which particles @ and y, with a,y #8,
emerge as a correlated pair (spectator wave func-
tions), and are obviously only vectors in the rela-
tive momentum space of the two colliding frag-

T o

tsc 2

N

o o §

FIG. 6. The final result (3.70) for the breakup amplitudes described as a sum of the pure Coulomb and the Coulomb-
modified strong breakup amplitudes (3.68) and (3.69), respectively. The large shaded blob has the same interpretation
as in Fig. 4, whereas the small one indicates the Coulomb distortion between the charged particles 1 and 2,
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ments. Note that Eq. (3.72) can be interpreted as
a mapping of the plane waves [ﬁa) onto the effec-
tive two-body scattering states by means of effec-
tive two-body Mgller operators, as has been em-
phasized in Ref. 43. With the help of the integral
equation (3.19) for 7‘® one easily derives'**3%
an equation for these effective states,

|‘I’(R )B“53a|Qa>+go a(Eq +10)
xz VSRUE , +10) [ ¥ D ), (3.73)

Recall that in all equations (3.71)—(3.73) the mag-
nitude of the momentum q , is fixed by the on-
shell condition (3.21) to the value |q,|=g,. In-
serting in Eq. (3.72) the splitting (3.36) for the
amplitude T gf’ leads to the following expres-
sion3®

RS IPRL AL
+ERUE o+ 101 E)ga(E o +10) [T ()R)  (3.74)

in which the long-range Coulomb distortion of the
two incoming fragments is explicitly separated
out by means of the (screened) Coulomb scattering
states |§$ ) introduced in Eq. (3.16). The effec-
tive two-body operators §§*’ and #{%);, are defined
by Eqgs. (3.46) and (3.45), respectwely When
making use of the latter equation one can easily
rewrite Eq. (3.74) into an integral equation for

(R)
lq’a,i B>

|‘I'f:f;a %6 Oga Ié,‘:.’n> + 8§ E, +10)

XL VEPE O ), (3.75)

which we could have derived also from the integral
equation (3.73). Note that this result is nothing
else than a distorted wave representation of the
effective two-body states, with only the shorter-
range part U’‘® of the effective potential v‘®’
occurring in the kernel.

The limit R - « is now most easily investigated
by means of Eq. (3.74). We simply have to recall
that, as discussed after Eq. (3.49), &, is well
behaved in that limit. Furthermore, the screened
Coulomb Green’s function G occurring in gi®
for B=1,2 [recall the definition (3.46)] goes over
into the unscreened one. Thus there remains
only the singular behavior arising from the
screened Coulomb scattering states |q"’ ). Tak-
ing into account Eq. (3.18) we can conclude that
after renormalization we obtain in the limit R -«
the effective two-body wave function for an un-
screened Coulomb potential,3®

lim ZR a-llz(qa’M )I\I,(R)

Rw a.ia
= |‘Ilu,ﬁa>8
=850 |G 500+ 85U, + 10030 (B4 +10) [T L0 -
(3.76)

Going back to the definition (3.71) for the screened
three-body scattering state [¥{'; ) we find

lim ZR, a-l /2(§a7 Mm) I‘I’fx:)ﬁar R)

R—=»

= ZG (E,+i0)Vi3(E, +zO)|\Ilm'qa

= |wCh) (3.17)
which provides us with the desired three-body
scattering wave function for an unscreened Cou-
lomb potential. In the last step explicit use has
been made of the form (3.56) for V¥’ to show
that

Go(2)VER (2) = GR(2) | x)[Sal2) /2 . (3.78)

And in the limit R -« the genuine two-body Green’s
functions G goes over into G..

It is worthwhile pointing to an interesting fea-
ture of the Coulomb scattering wave function con-
structed in our approach; namely, inspection of
Eq. (3.76) reveals that the spectator wave functions
(P4 I‘I’a,q )s show the typical Coulomb- type behavior
in the two- fragment relative variable pB, starting
at the threshold of channel 8 (for f=1,2). The
Coulomb-type behavior which occurs in the vari-
able T/ between the charged particles 1 and 2 for
energies above the breakup threshold is only in-
troduced when going over to the full scattering
wave function (pj, T5 [¥{'% ). The explicit separa-
tion of these effects mlghg be advantageous for
practical applications.

Similar equations can be obtained for the state
|‘Ilf,,fl ) which is asymptotically characterized by a
free wave |zp )|qa) and incoming spherical waves,
and for the states |¥{*’) characterized by the
plane waves |P,q). Three-body bound-state wave
functions follow, of course, from Eq. (3.71) in
the limit R — «, with the effective two-body states
calculated from the homogeneous version of Eq.
(3.72).

IV. THREE-PARTICLE SCATTERING WITH
GENERAL SHORT-RANGE TWO-BODY POTENTIALS

In the preceding section we have developed a
formalism for describing the scattering of three
particles two of which are charged, but with the
restrictions that the short-range forces are rep-
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resented by rank-one separable potentials and that
the Coulomb force is repulsive. These limitations
are now shown to have been only of technical na-
ture. We, indeed, demonstrate that the formulas
derived before are valid, with unessential mod-
ifications, also for general short-range inter-
actions and for attractive Coulomb potentials.

Two important differences to the simple case
discussed in Sec. III emerge when general two-
particle interactions are admitted. First, ex-
citation of the bound systems in the initial and/or
final state becomes possible. Secondly, there
may also occur “channels” which do not corres-
pond to asymptotically allowed configurations.
This happens either if the energy is not high
enough (energetically closed channels), or if the
situations described by them are no physical chan-
nels at all (the latter will be termed unphysical
channels; a well-known example is the “channel”
p+d* in proton-deuteron scattering where d* de-
notes the neutron-proton pair in the 'S, state). Asis
shown below the unphysical and the closed physical
channels pose no problem whatsoever. Thatis, the
need for generalizing the formalism developed in
Sec. III is caused solely by the occurrence of the
physical, energetically allowed channels.

For the following investigation we employ again
the quasiparticle formalism of Ref. 14.

A. Repulsive Coulomb force

We first treat the situation of two equally charged
particles which is of paramount interest for nuclear
reactions.

1. Two-body input

Starting from arbitrary short-range two-body
potentials V; we decompose them into a separable
part and a remainder V]. Thus for =1 and 2 we
have

No
Ve =Z IXar)AarO(ar‘ +Va.

rsl

(4.1a)

In subsystem 3 consisting of the two charged par-
ticles 1 and 2, the (screened) Coulomb force?® V,
acts in addition to V3. Since we require V, to be
repulsive only the short-range force V3 is capable
of producing bound states. Thus a suitable decom-
position of the subsystem potential V, is*

N3
V= E [ Xar XspXap| + V5 + Vg . (4.1b)
rul

The subsystem amplitudes corresponding to these
potentials are®

Ny

Ta@a)= 2 |Bay@a)By, po(2aXBay(2d)] +Th(zq),

r,8sl

(4.2)
with 7%, fulfilling the LS equations
T4 (20) = V2, + V4Go(2q) T (24), for a=1,2,
(4.3a)
T(z5) = (V4 + V) + (V4 + Ve)Golz)Ti(z,) . (4.3b)

For the following it proves advantageous to rewrite
Eq. (4.3b) in analogy to Eq. (2.14) in order to ex-
plicitly display the pure Coulomb contribution.
This is again accomplished with the help of the
two-potential formula yielding

fg(za):f‘n(za)+§'Iz(z;)?;c.3(za)ﬁn(za)- (4.4)

Here f‘R(z) and Qg(z) are the transition operator
and the off-shell Mdller operator for a screened
Coulomb potential, introduced in Eq. (2.7), and
f;c';, fulfills the LS equation (2.17) with the short-
range potential V4. The form factors |3>a,(z,,)) oc-
curring in Eq. (4.2) are defined for @=1 and 2 by

[&a,(za)) =[1+% (2, )éo(za)]l Xar s (4.5a)
and for a=3 by

l a’ar(za» = [1 + f3'3(‘33)60(""3)] | Xar)
= Q@1+ 80,5(2.)C £ (20)] | Xop)  (4.5b)

[Gg is the screened Coulomb Green’s function
(2.18)]. Finally, the elements of the matrix A,
are determined by

[&a-l(za)]n = K‘"'lﬁ,’ - (Xar | éo(zu)l 30!0 (Z,,))
(4.6)

for a=1,2,3.

Let us make a few remarks. The first one con-
cerns the number of separable terms in Eq. (4.1).
Assume the existence of n, stable bound states in
subsystem a. Then for the quasiparticle approach
to be applicable the number N, of separable terms
in the decomposition (4.1), which determines the
size of the matrix equation (4.14) below, must be
at least as large as n, so that the remainder V/,
is too weak for producing any bound states. How-
ever, in practical applications it might be ad-
visable to choose N, >n, (this aspect is discussed
in detail in Ref. 46). Then these additional se-
parable terms give rise to (N, —n,) “unphysical”
channels. The second remark concerns the special
case that the short-range potential in subsystem
« is a separable potential of rank M,. The sim-
plest possibility*’ is to choose N, =M, which im-
plies V¢ =0. From Egs. (4.3) it then follows that
T, =0 for @=1and 2, and 74=7,. This situation
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is clearly included in the above formalism. Fi-
nally, we draw the attention to a simplifying
change in notation as compared to Sec. III. In con-
trast to the convention observed there, any im-
plicit dependence of various subsystem quantities
on the screening radius is no longer indicated by

a superscript R. That is, only a subscript R is
used, as before, to label the pure screened Cou-
lomb quantities.

In order to proceed further it is necessary to
briefly recapitulate®® the properties of &a(z). Let
us denote the binding energies and wave functions
of the n, posstble bound states in subsystem o
byE and |¢,,), r=1,...,n, (1, <N,), respec-
t1vely We assume that the first n, separable
terms in (4.1) are adequately chosen so that all
bound state poles of fa show up in ./Sa, i.e., f‘;
is nonpolar. For the following it proves advan-
tageous to require for the form factors the con-
ditions*

xu,(xa,‘zp,,,) =8, forv=1,...,N,, 4.7)

vlghich imply the subsequent relations at the energy
E

[0 ar) =GolBay )1+ T4 (Ey )G 0By )] | Xar
=60(Ear)l$ay(EAa')) . (4.8)

As a consequence of (4.7), ﬁa_"(zu) behaves for z,
in the neighborhood of a binding energy E,, as

- ~F 8,0
Aa,,,(z,,)'“,\,“'"—-—mf“-, form=1,...,n,-
Ra= Bam

(4.9)

That is, the matrix 30, contains the bound state
poles only in its first n, diagonal elements; all
other matrix elements 5‘,',3 being, therefore, non-
polar. In order to clearly expose this important
fact we rewrite these terms as [cf. Eq. (3.5)]

(2g)= (z)

ar

for r=1,...,n, (4.10)
with

Su,r(Ear)zls (4~11)

leaving all other elements of 3,, unchanged.

2. Elastic, inelastic, and rearrangement scattering

Also for arbitrary short-range two-body inter-
actions the elastic, inelastic and rearrangement
amplitudes Tgnym(G3,ds) can be expressed as ma-
trix elements of effective two-particle transition

@40, (@) |Ea) = (85 | (Bgn(z*

—45°/2Mp) |Gy (2)U} 4 (2)Go(2) | o (2 — 40 2/2M,)) | T -

operators between plane wave states

TR @5, da) =04 | TR m(E +i0) 4o . (4.12)

Here the relative momenta of the two fragments
in the initial and the final states are restricted to
their on-shell values qj =74, and ¢, =4, defined
by

a A Tun’ &
E:E;":%%?+EB":E¢,M:—Q§4M:+EW. (4.13)

The indices » and m denote collectively all quantum
numbers which are necessary for a complete
characterization of the subsystem bound states,
and are numbered by 1,...,n, for m and by
1,...,ng for n.

The transition operators T$%),  fulfill the multi-

Bn,am
channel, effective two-body LS equations

T(R) (Z):-U(R) (Z)

Bn,am Bn,am
+Z fz:l éf.)rk(z)go.r kl(z)(r'r(tR&m )
.‘Uénn,,am(z)
D) 2 T (2)S i, 1 (VO (2)

y =i
(4.14)

Note that the dimension of these matrix relations
is determined by the numbers Ng and N, of sep-
arable terms in Eq. (4.1). According to our con-
vention the ng X n, physical amplitudes occupy the
upper n, rows and n, columns of the matrix T§¥)

Bn, am

The effective free Green’s function G, is given by*

2)|qa) = 6@ - Qa)Bq, (2 - q42/2M,),

(4.15)

generalizing Eq. (3.22). From the above discus-
sion of the singularity structure of 5 follows that
the diagonal elements (3, | Sy a, u z)|q¢> are pro-
portional to (z - q,>/2M, E(,,k)'1 for k=1,...,n,,
whereas no other element can become polar.

The effective potential ‘Uéf’m is now much more
complicated than in Sec.IIl. In fact, it is itself
determined by the solution of an integral equation.
Let the three-body operators U}, fulfill Faddeev-
type equations with the nonpolar subsystem ampli-
tudes T, introduced in Eq. (4.2):

<a<'x l gr); a,kl

U ‘5Ba Z 687T’GOU;¢:

Then the matrix elements of Uj, between the mod-
ified form factors (4.5) yield V¥, . via

(4.16)

(4.17)
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We mention, however, that it is not necessary to
solve the integral Eq. (4.16) exactly. Instead,
expanding Ug, in powers of T} and inserting it in
the definition (4.17) yields a practical calculational
scheme, the so-called quasi-Born expansion of the
effective potential®! (the question of the conver-
gence of the quasi-Born series for short-range
potentials is discussed in Ref. 46). In the present
investigation we are, however, interested only in
the problems arising from the additional action

of the Coulomb force between the two charged par-
ticles.

Let us briefly sketch the further procedure which
follows closely the one employed in Sec. III. We
first demonstrate that for R -« the kernel of the
LS Eq. (4.14) develops a “Coulomb-type singular-
ity.” When investigating its most singular part
we will find that, despite the formal complications
due to the complexity of V®) and G,, it can be
isolated in a form which very much resembles Eq.
(2.5). Thus again the renormalization approach
presented in Sec. II can be applied to define the
physical amplitudes for the various scattering
processes with an unscreened Coulomb potential.

From the preceding discussion of the pole struc-
ture of G, it is evident that a singular behavior of

drdt (& z* - QZ/ZM )3 (E+Da;z-q,,2/2M“)

the kernel

Kimum @)= D VsnB2(2)G 05 0, rm(2) (4.18)
r
in the limit R =« can occur only for values of the
index m specifying the physical channels®?; i.e., it
suffices to consider m in the range from 1 to n,.
In the Appendix we demonstrate in detail by
iterating Eq. (4.16) for U{, that only one term of
the resulting quasi-Born expansion of V*® can
become as singular as the Coulomb potential in the
zero screening limit. It is, in fact, the direct
generalization of Eq. (3.24), graphically repre-
sented by diagram d of Fig. 1 and analytically
given by the expression

OsaOasV R4 = Ga)F g, (@4 T3 2) - (4.19)

Denoting the momentum space representation of
the modified form factors by

<E|&>am(z ‘qaz/zMa» =%am&; g - qaz/ZMG)
and by
(Bonlz* - qi2/2M,) | R =32, (k; 2* - q12/2M,)

the quantity F, .. (0%, Gs; 2) is defined by [cf. Eq.
(3.26)]

Fo,um@ Qas
a'm,.(Qouqa’ f[k2/2“a (z—q&z/ZIW k+

with 'I’)a introduced in Eq. (3.27). By combining the
result (4.19) with the form (4.15) for g, [recall Eq.
(4.10)], it becomes apparent that this part of the
kernel (4.18) exhibits for R == a singular behavior
which is characteristically similar to the kernel
(2.5) for two-charged-particle scattering.

We point out that for on-shell values of the mo-
menta, |q4|=74, and |qo| =Fam 1, m=1,...,
n4), which make the channel energies E, and E,,,
equal [ef. Eq. (4.13)], the quantity
Fo,m(@a,04; E o, =EL,) is the transition form factor
leading from the bound state m to the bound
state n of the pair (8+7) [to derive this result use
must be made of the relation (4.8)]. The elastic
form factors Fy, ,n@4, da; Eqn) are, as usual,
normalized to one for zero momentum transfer.
This fact enables us to further simplify the most
singular part of the kernel (4.18).

To do so it is necessary to investigate in more
detail that part of &%), which arises from the
potential term (4.19). In a compact notation it can
be written as

o)/ 2 = (2 —q,°/2M,)] ’ (4.20)
:
bpaBad R @l — 8a) (2 - 402/2M, - By )
X R, nm(@4;da; 2), (4.21)

where we have introduced the smooth nonpolar
function

Ryynm( @5, 8032)= 37 Fon(l, 845 2)
r
x 8a.rm(‘z - qaz/ZMa)

X(2-q,2/2M,—E (4.22)

am) .

We first of all note that no Coulomb-type singulari-

ties can occur in the nondiagonal terms of (4.21).

In the case of nondegenerate energy levels, if

E .+ E,, for n # m, the on-shell momenta Tam

and qa,, are d1fferent Thus, the singularities of
V(4. -d,) for R~ and of [z q.2/2M Eam] 1

do not coincide on the energy shell. For de-

generate levels where ¢, equals 7,, for n# m,

the nondiagonal elements of R, ,, even vanish on
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shell. For, in the sum in Eq. (4.22) only the con-
tribution with » =m survives due to the pole be-
havior (4.10) of A ,,, but then F_ .. vanishes due
to the orthogonality of the bound-state wave func-
tions. Accordingly only the diagonal terms of
(4.21) remain to be investigated. Here we know
from the above discussion [ recall Eq. (4.11)] that
for q;=0, and |8, [=anm

R gy mn( 8 Qo Eam) = Fa, mn (U Qa3 Eam) =1 -
(4.23)
This suggests the following decomposition®?
R gm( 8l Qa3 2) =Bt [ Ry mml Qs Qs 2) = O]
+[ Ry nm{ @l Qa3 2)
= R, nm(@a) Qa3 2)] -

The first bracket on the right-hand side vanishes
for n=m and |q,|=q,. for physical energies z
=E .+ i0, whereas the second one vanishes for
9, =§,. Thus, inserting the decomposition (4.24)
in (4.21) we find that its first term gives rise to

the most singular part of ¥X‘®  which we denote
FR)

(4.24)

chiﬁ,)am (aé, aa; Z) = 6aa6a36anR( a'a - ?la)
X [Z - qaz/zMut "Ehcyzm]-1
= bﬂagaaénm<a¢; lVSG(?(z - Eam) l-q..m>
(4.25)

[for the occurrence of VY see the discussion fol-
lowing Eq. (3.24)] . We recall that here the range
of m is restricted to the values 1,...,n,. This re-
sult entails, in complete analogy to Sec. III, a
splitting of the kernel X‘®) into two terms,

K am(@) =K ) o m(2) + 3480 (@) (4.26)
I

Q28(z -E,,) for a=1,2, and m =1,...,n
Q5Nz)=<1 for a=1,2 and m=n +1,...,N_,

1 for a=3.

It represents an off-shell (screened) Coulomb
Mgdller operator for the (open) physical channels
describing the scattering of one of the charged
particles relative to the center of mass of the
other two. With its help we find the integral
equation

F38 anmam(@) = (2¥)3G 00 (2G0T (2%)

R)t )
£ @) 2 (TR, amle) -
14

(4.34)

the first of which becomes as singular in the zero
screening limit as the genuine two-body kernel
(2.5) while the second one is well behaved.

We, therefore, can apply the machinery de-
veloped in Sec. III also to the present general
case. This is most easily done for

Nﬂ
FaR) (2)= Z T(SR")'“'(Z)QO; a.rm(z)

Bnyam
r=1

(4.27)

for which the LS equation (4.14) takes (in matrix

notation) the simple form
F(R) = 50(R) +x(E) S:(R)=5c(R)+ G (R) J(R) A (428)

Use of the decomposition (4.26) then allows F¢®?
to be written as a sum of two terms

FRI=G B GR) (4.29)
Here & (®) is defined by the LS equation
FRIZRFR) 4 RAR) F(R) = RAR) . FR) Fo(R) , (4.30)

which is quite simple on account of the structure
of its kernel (4.25). Hence its solution is easily
found to be [ cf. Sec. I, Egs. (3.39)-(3.41)]

gtﬁﬂ)

nyam

(2) =8, 48430, T8(2 - E, )Gz - E,,) ,

Ba a3 nm

m=1,...,n, (4.31)

o

with the quantities 79 and G? introduced in Egs.
(3.14) and (3.12), respectively.

The second term F (&’ then admits a representa-
tion analogous to Eq. (3.38). Here, however, we
aim immediately at the LS equation fulfilled by
(&), For this purpose it proves convenient to
generalize the distortion operator (3.42) as

QR (2)=[1+FB (2%)] 0 o0, (4.32)
or explicitly [ recall Eq. (3.15)]
(4.33)

The above results can be converted into rela-
tions for the transition amplitudes by multiplying
them from the right with G~'. In the case of Eq.
(4.29) this leads to the decomposition

TRY(z) = FR)(2) + T(B) (2) . (4.35)

From Eq. (4.31) then follows that on the energy
shell (4.13)

(@ | TR, (E+i0)|,)

= 6Ba aaéan}?( a:!y aa; aamz /2Ma +20) (4.36)
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for the (open) physical channels (m=1,...,n,).
And the Coulomb-modified strong amplitude 7§’
can again be written as the matrix element of an
operator t{&’ in the (screened) Coulomb representa-
tion

<a§ ] T(sRc): gn, am(E +10) Iaa )

(GGt B (E+i0)|T)) . (4.37)

'Oé(,f:‘m&g(z - Eam) for a=1,2and m=1,...,n

Z KT (8,0 + FR) )= KpR) . for a=1,2, and m=n_+1,... N,
rr

(®) =
Kemom 0T @a=3 .

With the help of Eqs. (4.36) and (4.37) the per-
formance of the limit screening radius R going to
infinity is an easy task. Renormalizing the on-
shell amplitudes for the (open) physical channels
T (%, do; E+i0) and T8 o, (35,3, E +10)
with the phase factors Z, ,~'/%g},,M,) and
Zp,o ! (G ym,M,), introduced in Eq. (3.49), we
find that they tend for R -« towards the pure two-
body elastic Coulomb amplitudes and the Coulomb
modified strong amplitudes, respectively, for
unscreened Coulomb potentials. The same holds
true, of course, also for the full amplitude (4.35).
We, thus, have succeeded in generalizing the for-
malism of Sec. III B to arbitrary short-range po-
tentials leading toa well-defined theory of elastic,
and rearrangement processes including Coulomb
effects.

3. Breakup reactions

Breakup processes can be treated in analogy to
Sec. III. Again we start from an equation which
expresses the breakup amplitudes by means of the
nonbreakup operators [ cf. Eq. (3.54)]

TR (2)=0&) (z)

Oyaxm Oyam

Ng
DD VEEN2) Gy, 4, e () TR (2)
B

ryS =1

(4.40)

The amplitudes for the transition from the two-
fragment configuration (a,m) to the final three-
free particle channel is then given by the matrix
elements of 7§8) between the corresponding plane
wave states

The scattering states® |q$),) with ¢, =g,,, have
been defined in Eq. (3.16). The quantity ¢{&) ., ,m
fulfills for m=1,...,n, a LS equation of the type

(3.45) with an effective potential
VAR n(2) =GR () CRe - Bt (4.38)

containing only the shorter-range Coulomb con-
tributions, and a kernel

o

(4.39)

o

TR (D7, 05q,) = (D", Q' | T$R)(E+i0)|,) ,
(4.41)

provided the momenta fulfill the on-shell condition

—_ n 5;2 ;I'rz
E=E,,= qam2/2Mu+Eam=Eg=ﬁ- * 5

(4.42)

Here {p’,q’} can be any one of the equivalent sets
of momenta {p’,,q,} defined in Egs. (3.9) and
(3.11). However, since particle three is neutral,
the choice {55 ,a\;} is the most appropriate one.
The nonbreakup amplitudes T{F%,,, and the effective
free Green’s function §,;, .. are those discussed
before.

Similar to the rearrangement potential (4.17) al-
so the breakup potential V{®)  is defined® by the

Oram

solution U], of the Faddeev-type equation (4.16),
(82,8 [0 (2) [
= (D1, 83| Usa(2)Go(2) | @ gmlz - 402/2M )Y |T,)

(4.43)

It is important to realize that the expression (4.43)
contains the long-range distortion of the motion of
the outgoing two charged particles 1 and 2. The
latter can be explicitly extracted by making uise

of the following relation®

Uge =85 4Gyt +(1+ T{G,)U}, (4.44)

which holds for arbitrary . Choosing 8=3 and
taking into account the form (4.4) for the remainder
amplitude T, the quantity U;,(2)Gy(2) | (2)) can
be written as [ recall Eq. (4.5)]
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UL 4(2)Gy(2) | @ (@) = (%) [L+ WSo(2)] | Xam)
(4.45)
with
W?:a =ts,c.3GR [ éaa + U:*:uco(l + T&Go)]
+8,,TLGo+ Y, BoUss G TiGy(1+ TLG,)
B

(4.46)

Here Q is the off-shell Mgller operator intro-
duced in Eq. (2.7). The virtue of this decomposi-
tion is that W] +#0 only if the remainders V of
the short-range forces, definedinEq. (4.1), donot
vanish.® We thus end up with the following repre-
sentation of the breakup potential (4.43),

(67, % [Vem (@) ]da)
= {55,z (e* =%/ 2M,) |G |[ 1+ W 36(0)] [Xam? 80

(4.47)

which explicitly displays the (screened) Coulomb
distorted wave for the outgoing charged particles
1 and 2.

Let us remark that for W], =0 the expression
(4.47) is the generalization of the simple pure Cou-
lomb breakup potential used in Sec. III, to the case
of many subsystem bound states. As discussed
there, the contribution with « =3 vanishes on the
energy shell due to energy conservation. The term
proportional to W], depends on the remainder sub-
system amplitudes T/ and can be made sufficiently
small. Therefore, a practical method for cal-
culating these corrections is obtained by expanding
Eq. (4.16) for U!,, occurring in Eq. (4.46), into
powers of T[. This procedure leads to the quasi-
Born expansion of the effective potential.

We now proceed as in Sec. III. Introducing the
decomposition (4.35) of the rearrangement ampli-

1E) 0, am(@) =3 W1o(2) X an)So; arnml@) GOz = Eqp)]~*

Ng

53D

nyr=1

with m=1,...,n,. We only mention that an in-
tegral equation can also be derived directly for
t &), am» generalizing Eq. (3.66).

The transition to an unscreened Coulomb poten-
tial for the breakup amplitudes (4.50) and (4.52)
proceeds now along the familiar lines. First we

recall that (&), is well behaved in the zero

[1+W], (2)] lxﬁn) 90;8,”(3)[1+5 ® )(z)]B'ryﬂrt.(sICa:)Bnam(z)

tudes T§F) . in the right-hand side of Eq. (4.40)

we are led to a similar splitting of T¢F),,

(R) — q(R) (R)
To.am - To. am + TsC;

(4.48)

Oyam *

Here the first term is defined as

T2 () =2 (X

Ng -
cT T S R (2))
> |

nyr =1

(4.49)

Taking into account the result (4.36) for T R s
we obtain on the energy shell®®

TR) (1,8 ;T ys E +10)
=B, (& | BT | A, amlE +10) | ) -

For a concise notation we have introduced the ab-
breviation (for m=1,...,n,)

(4.50)

No R
AO,um(z) =Z lxun)g 03 a.nm(z)[GOQ(z - Earn)]"1

(4.51)

which is nothing else but a peculiar off-shell con-
tinuation of lxum) . Thus the amplitude (4.50)
represents the pure (screened) Coulomb breakup
amplitude, generalizing the expression (3.63).
The Coulomb-modified strong breakup amplitude
7<8), am contains the whole effect of the short-
range interactions. For on-shell values of the
momenta, g}=q},p.=b), do =dam, it can be
brought into a form similar to Eq. (3.67)
T8 ov am( B3, 4f3 U3 E +10)

SC; 0y am
=(@ | B |1 B) ), amE+10) |G 1)) . (4.52)

The operator ¢ (&) . (z) can be determined from
the corresponding nonbreakup operator ¢ (&), ()
introduced in Eq. (4.37), by means of

(4.53)

T

screening limit. The same holds true also for
t{&) . .msince, as inspection of Eq. (4.53) reveals,
for on-shell values of the momenta the poles from
the effective free Green’s function $, can never
coincide with the singularity of the potential V in
the limit R—~e. The implication is that in this

limit all matrix elements (p},q;|¢(&) .n|d,) tend
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towards the corresponding expressions calculated
with an unscreened Coulomb potential. In other
words, the singular behavior for large R in the
on-shell amplitudes (4.50) and (4.52) arises ex-
clusively from the scattering states (p' - ’| and
|§¢2) (for a=1and 2). But in this case we know
how to proceed. Namely, the amplitudes have
to be renormalized by Zg*/*(p;, 1;) and

Zg o' *(qomyM,), defined in Egs. (2.11) and
(3.49). Taking afterwards the limit R — we obtain
the pure Coulomb breakup and the Coulomb-modi-
fied strong breakup amplitude, respectively, for
an unscreened Coulomb potential. The same holds
true then also for the full breakup amplitude

TR p!,4!;3,) on account of Eq. (4.48). These
results generalize Eqs. (3.68)-(3.70). According-
ly, we have at our disposal a well defined theory
for calculating breakup processes for arbitrary
two-body short-range potentials.

‘ PR o
amQ,

o = (0

and fulfill the integral equations

r=1

N
9522 8= Oauon ) + 2y SospurrBanti0) T

=1 v

For physical states the absolute value of the mo-
mentum q,, has to be equal to its on-shell value,
q, =‘—1um’ which is related to the channel energy
E,, via Eq. (4.13).

We could now proceed as in Sec. IIID. However,
in order not to duplicate the previous derivation
we start from another point of view; namely, by
inserting Eq. (4.55) in Eq. (4.54) it follows that the
full scattering states are simply given as

Vo 1) = Go(Eqm+i0)T$) (E, +10) )
(a#0), (4.57)

where T{F)  is the breakup operator defined by

Eq. (4 40) and ch| 4 om- We can now take over
directly the results of the preceding subsection. In-
sertion of the decomposition (4.48) of T¢R) in the
right-hand side of Eq. (4.57) leads to two terms the
first of which is according to (4.49) and (4.51)

equal to
GR(Eam +i0)A01 am(Eum+ io) ‘a(;.}2> With qa =-q_um .
(4.58)

The second contribution depends on the breakup

operator tsc, 0,am Vid
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4. Scattering states

We, finally, generalize the discussion of the
scattering states in Sec. III D to arbitrary short-
range interactions. Let l‘I’am ia, ) Deascattering
state characterized by an incoming two-fragment
channel state |¥,,)|q,). It can be expressed in
analogy to Eq. (3 1) by the set of effective two-
body states |¥{®)= )., (spectator states) ac-
cording to

am'qa

iz e Z GolE g+ 10)VEE(E o +10) (W B2 ) g,
(4.54)

with m=1,...,n, andn=1,...,N;. The latter are
defined by the analog of Eq. (3.72),

N

>

(4.55)
, VR (Bam+10) X2 )y - (4.56)
f
Ggp(E,, +i0)t &) (E,a+i0)|q%)) with g, =:1w,, .
(4.59)
Thus for the full scattering state we obtain
w6 5 R =GR(E gm+10)
x [ 0y am(E +i0) + tgg.’o. am(Eam+ 1’0)]
x 1857% (4.60)

This representation makes the performance of
the zero-screening limit a simple task. We only
have to take into account that ¢{§), ., is well be-
haved in that limit approaching the breakup opera-
tor #{2),, «m calculated for an unscreened Coulomb
potential. Also G goes over to the unscreened
Coulomb Green’s function G.. By making use of
Eq. (3.18) we thus conclude that®®

l'im ZR,a-llz(aam’Ma)l‘I’“) )

R amdys R/
®

=Go(E, , +I)[ A am +10)

0y am
1300, am(Ean+ 0] [3£,2)

=¥z

(4.61)
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i.e., knowledge of the breakup operator £{3), ..
allows the determination of the full scattering
state. But we emphasize once more that also the
generalizations of Egs. (3.74)-(3.77) to the case
of arbitrary short-range two-body interactions are
easily derived. We finally remark that since the
structure of Eq. (4.61) is identical to the one of
Eq. (3.77) together with (3.76), the discussion
following Eq. (3.78) concerning the Coulomb-type
behavior of the scattering wave function can be
taken over without any change.

B. Attractive Coulomb force

If the two charged particles 1 and 2 are oppositely
charged the treatment of the subsystem 3 has to
be slightly modified. For, in addition to the bound
states arising from the short-range part V§ if
there are any, we have the infinity of Coulomb-
type bound states. Thus the subsystem interaction
V3=V$+V, must be decomposed as

N3

V3= E Nap) AselXar [+ V3 (4.62)

r=1

where, in contrast to Eq. (4.1b), the separable
terms account for the first N, bound states of the
full potential V,. The amplitude T, corresponding
to the rest potential V. can, however, again be

rewritten in the form (4.4), the operator ¢/; ,
fulfilling the LS equation (2.17) with the short-
range potential V§-2 3, |x;,) A5, {Xs, | - And,

per constructionem, f‘3’ contains only the bound-
state poles at energies Egn for n> N,, the other
ones (n <N,) residing in A;. With this proviso

the whole development of the previous subsection
can be repeated, leading again to a correct defi-
nition of the various three-body scattering am-
plitudes and wave functions for energies below

the (N, +1)-th threshold (inthe breakup regionN,is
infinite, of course).

V. DISCUSSION

In the preceding sections we have presented a
formalism for describing the scattering of one
neutral and two charged particles which interact
via arbitrary short-range potentials plus, in ad-
dition, the long-range Coulomb force. This ap-
proach which is based on the quasiparticle for-
mulation of the three-body problem, could be
proven both to be mathematically correct and to
actually provide us with the desired physical scat-
tering amplitudes. The starting point was the
observation that the Coulomb contributions to the
occurring effective two-body potentials, which
describe the scattering of one charged particle off

the correlated pair of the other two, can be de-
composed very naturally into an infinite-range
and a shorter-range part. The former can be in-
terpreted as the Coulomb interaction between the
charged particle and the center of mass of the
other two (uncorrelated) particles (a type of in-
teraction which has to be introduced artificially
in conventional approaches) and has exactly the
same form as in the genuine two-charged particle
scattering. Consequently, the methods developed
there for handling the long-range distortion could
be taken over directly to the three-body case.

The present formalism is valid for all types of
processes which can occur in a general three-
body system, at all energies. It, moreover, sub-
stantiates the physical picture conjectured in-
tuitively for these reactions. In order to clarify
this remark let us envisage once more the situation
where one of the charged particles impinges on
the bound system of the other charged and the
neutral particle. The infinite-range part of the
effective potential between these two fragments
gives rise to a distortion of the incoming plane
wave converting the latter into a Coulomb scat-
tering state. At this stage the neutral particle
plays, as expected, no role (except by defining a
characteristic reduced mass for the two fragments).
For finite distances the three particles undergo
complicated interactions due to shorter-range
Coulombic effects and due to the genuine short-
range forces. In case the final state consists
again of only two charged fragments a final state
Coulomb distortion, similar to the one in the
initial state, takes place. If, however, three free
particles are produced, then only the movement
of the two charged ones will be influenced by the
long-range Coulomb force resulting in a Coulomb
scattering state for these twoparticles. Of course,
in addition we always have the pure Coulomb
(“Rutherford”) contributions.

This separation of the amplitudes for all pos-
sible processes into a pure Coulomb and a
Coulomb-modified strong part in our approach is
also desirable from a practical point of view. For,
the latter can be calculated as in ordinary short-
range theory by means of integral equations which
are one-dimensional after partial wave projection.
Note, however, that nowhere a partial wave ex-
pansion of the two-body Coulomb T matrices which
occur in the effective potentials needs to be made.
The first (pure Coulomb) parts of the amplitudes
are not obtainable from angular momentum pro-
jected expressions, the reason being the non-
convergence of the partial wave expansion. How-
ever, for the nonbreakup amplitudes the pure
Coulomb contribution is just the genuine two-par-
ticle Coulomb amplitude which is analytically
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known. And in the breakup case it can be obtained,
e.g., by quadrature of explicitly known two-body
Coulomb scattering wave functions. We mention
that a similarly simple structure results also for
the effective two-body (spectator) scattering wave
functions from which the full scattering wave func-
tions can be constructed.

An important point is the wide range of applica-
tion of this method. The most obvious candidate
is proton-deuteron scattering for which first
numerical results are already available.?°%!
Further results will be presented in a subsequent
publication.?? Other interesting candidates are
electromagnetic and weak processes in the (p, p, n)
system. But our treatment of the Coulomb force
can be implemented straightforwardly in any N-
body theory provided that only two charged frag-
ments occur in the initial and the final state. This
opens up a host of other possibilities. Some of
them which could be handled with present-day
numerical experience are the four-nucleon sys-
tem (d+d, p+3H, and n+3He going over to all
possible final states including four free particles)
and three-body models of complex nuclear reac-
tions with two of the fragments involved being
charged [e.g., (d,p), (d,pn), (p,pn), ..., reac-
tions®®]. Other applications lie in the field of
atomic and molecular processes (z+H, ion-ion-
neutral atom scattering, ...). Methods for actually
performing such calculations will be described
in Ref. 22.

It is worthwhile pointing to the interesting pos-
sibility that reactions of the type mentioned above
might allow us to learn something about the (short-
range) two-particle forces. This hope is based
on the fact that here we have the rare opportunity
to investigate the interference between the known
Coulomb and an unknown (short-range) interaction
in the same subsystem. For instance, for theppn
system the strong off-shell sensitivity which impedes
testing charge symmetry in nucleon-nucleonscat-
tering® might carry over to an off-shell sensiti-
vity of various proton-deuteron observables.

We, moreover, touch upon the question of ex-
tending this approach to the scattering of three
charged particles. It is quite obvious that the
formalism presented in this paper can without
any additional complication be extended to three-
charged particle scattering for nonbreakup reac-
tions (at any energy). The breakup into three free
charged particles®® which is not so obvious is
presently under investigation.

A final remark concerns the simplicity and the
physically convincing structure of the final re-
presentations (4.35)-(4.37), (4.48), (4.50), (4.52),
and (4.61), which indicates that here a very gen-
eral feature of the charged-particle collision

problem is displayed. In other words, the final
results are independent of the quasiparticle method
used for their derivation. This aspect is clarified
in a Mgller operator approach based on time-
dependent scattering theory which is the content

of a publication under preparation.

APPENDIX

We have to prove the assertion that the most
singular part in the limit R -~ of the kernel of
the LS equation (3.19) arises from the contribution
(3.24) to the effective potential (3.23), and in the
general case of the LS equation (4.14) from the
part (4.25). For this purpose the singularity struc-
ture of the various terms occurring in the de-
finitions (3.35) and (4.26) of V' and X', respectively,
has to be examined. It is obvious that in the pres-
ent context we need not care about the singular-
ities which exist even for short-range potentials.>®
Rather, only those are of interest here which arise
in the zero screening limit for on-shell values of
the momenta where §, has its poles. The result
of this investigation will be that none of the terms
of U’ shows a singular behavior of the “dangerous”
type (3.24) but only a more harmless one (the
latter is termed “not dangerous”), and similarly
for X’. In order to simplify the notation the un-
essential factors [ S,(z — ¢2/2M)S,(z — 2/2M )]/
are omitted. Throughout this Appendix we con-
sider R to be infinite. This is indicated by a
superscript « on the effective potential.

We proceed in two steps. In the first one we
deal with the simple model discussed in Sec. III
(separable short-range potentials of rank one,
repulsive Coulomb force), and investigate term
by term the various contributions to U’. There-
upon, it is demonstrated that in the general case
treated in Sec. IV, taking intoaccountnonseparable
rest terms 7, and attractive Coulomb forces does
not alter the conclusions.

The effective potential UV’ of Eq. (3.35) is gra-
phically represented in Fig. 1 except for diagram
(d) in which T has to be replaced by T, - V, (the
contribution proportional to V is just the singular
part (3.24)). Let us start with the first of the
diagrams (b) [diagram (a) does not contain Coulomb
effects at all]. The corresponding expression is

X3P 4)¢s B 2)
z = pocz/z‘-kx - qaz/ZMot ’

(A1)

where the relative momenta Bg , P« are, according
to Eq. (3.9), linear combinations of the external
momenta, pj = -Gy =M/ (m, +m,Jqs and B,
=mg/(mg +m,)q, +q4. The Coulomb-modified
form factor is defined by

v(ﬂb&m) (afh aa; Z)= 58016013
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d kTC(pouk Z = qa2/2twq )Xq(E)
(Z - kz/zl-‘-a - qaz/ZMa)

(A2)

bo(Po3 2) =

and reduces at the on-shell point, z =E +70 with
E given by Eq. (3.21) and |q, =74, to

- A% T (o, K; Ey xo (K
¢(x(pa;E)=f Ec;ip—kz/Zuo)( ( ) . (As)

ErXEBIXaBa) T (B, D, 2 - F/2M,)

Since the two-body binding energy E‘a is negative
the Coulomb amplitude appears here for negative
energies where it is nonsingular (except for the
singularity in forward direction which, however,
is smoothed out by the integration). Consequently
¢« (Da; 2) is not dangerous. The same holds true
for the second diagram of (b).

Next we consider graph (c) of Fig. 1. Its ana-
lytical representation is

v(gt"!m) (a;B’aa;z):gBaE%-ﬁ_omf (Z—

with

B'B=E+m7/(my + My )y  Po = —E-my/(m5+myv)aa,

and

57 =aor +n1n/(mc( +mB)E .

P32/2ue - q’ﬁz/ZMB) (Z - paz/ZUu - qaz/zMOl)

(A4)

57' = -aé' m o/ (mg, +mB)E,

On the energy shell the denommator in (A4) becomes simply (E‘B— p2/21u ) Eq - po’/21Ly), i.e., it can never

p E+10 k2/2M
(£a)[PR and zba(pa) <pa [GolEq) X «

vamsh In other words, TP,
U PB =(Xa ,G

) is integrated over With the bound state wave functions
Furthermore, when qB and qa are fixed by the on- shell

condition, the momenta p7 and p can never reach their respective on-shell values where Tc(py, py, E+30

- k2/2M would pick up a smgular phase factor. Due to these reasons 'U(c'”)(qﬁ, 05 2) is not dangerous.
There remains finally graph (d) to be examined, w1th Te replaced by 7o - V.. Denoting this contribution

by U 8:=) we obtain [with pg = —K-m, /(mg+m,)q,, Pa=—K=-m,/(mg+m, )qy, D) =04 +ms/(my +m ),

and p7 =Qy + My /(Mg +m K]

akX (prx )Xot (pot)(TC - Vc)(py ) p‘r 32— k2/2M7

v Eg"m)(aﬁ, aa" z)= 0paOus

By means of arguments similar to those employed
for V¢ it can be shown that also ¥’{4+*) is not
dangerous. However, it is rewarding to investi-
gate in more detail the behavior of (A5) on the
energy shell, i.e., for values of z, G'B, and q,
fixed by the relation (3.21). In fact, from the
hypergeometric function representation®® of the
Coulomb amplitude oné can derive

(Te= VB, bys E+i0-E2/2M)
1% %l =0 [ - %l (a6)

Consequently V4% (44, qu; E +i0) behaves for
small momentum transfer as [q/ - q,/~! times a
nonlocal and nonsingular function of g/ and q,
being, therefore, not dangerous.®

This proves our assertion. It is a simple but
useful exercise to check the arguments of the
Appendix ina perturbation expansion of the Coulomb
amplitude f‘c for simple, e.g., Yamaguchi, types
of form factors for which the integrals can be
done analytically.5*

= &%/ 20 - @2 /2M )2 = po? 210 — 4.2 /2M,,)

(A5)

|

The demonstration that for general (e.g., local)
two-body short-range potentials no other term
except (4.19) of the effective potential (4.17)
displays for R -« a Coulomb-type behavior can
be performed in close analogy to the above dis-
cussion. For this purpose we iterate the integral
equation (4.16) for Uj,,

U’Ba =SB<XGO-1 + Z gﬂygyaT;
Y

+ 2 By 0y BeaT)GoTL + o ", A7)
»e

insert this series in the defining Eq. (4.17) of the
effective potential, and collect terms of equal
power in TJ (quasi-Born expansion). The zeroth
order contribution does not contain the Coulomb
interaction at all. In first order the generaliza-
tions of V™ to V4 are produced, the only dan-
gerous one of these being just the term isolated
in Eq. (4.19). The fact that many bound states
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may occur (either due to the short-range or due
to an attractive Coulomb force) requires only
trivial modifications of the arguments used above.
When second order terms in T, are finally in-
troduced it is apparent from the multiple scat-
tering structure that no two consecutive scatterings

via the Coulomb potential V. can occur; That is,

when, say, y =3 implying Coulomb scattering of
particles 1 and 2, then € must be different from
3, i.e., T! represents a short-range scattering
amplitude. In addition Tj is integrated over and
thereby smoothed out. The same holds true for
any higher order term of the series expansion
(AT).
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