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ABSTRACT

ip;é'scattering-theary is used to develop a

Several important medlum effects such.

are 1nc1uded The second order double

for the calculation of the heavy-ion total

tq_that of o

I. INTRODUCTION

In recent years the total reaction cross section of

1-6)

heavy ions has become. the focus of extensive thearetical and

experimentai7'1m attention. On the theoretical side, microscopic

calculations have been performed within both the (tp102)2)

Lax approximation ahd the mdre exact G-matrix fnrmulation4)

A major emphasis has been allocated to the discussion of the
degree of transparancy in the heavy ion system, and:how this is:
traced to the nucleon-nucleus scattering. A basic input_in

these calculation is the nucléon-nucleon elastic t-matrix

appropriately modified to take'into account nuclear medium

effects in both projectile and target.

Since at intermediate energies these medium effects
can be taken into account as corrections added a posteriori to
the free nucleon-nucleon t-matrix, one may use this exhaustively
studied object in the calculation of G- Owing to the linear
relation involving the total nucleon-nucleon cross section and
the Imt, through the optical theorem, the energy variation af
c?N is accordingly quite relevant for the purpose. In particular

the discussion of the reaptive cantent of % whether fer nucleon- -

-nucleus or nucleus-nucleus systems beecomes intimately related
NN -
T -

To set the stage for action we shaw in Fig. (1) the

already extensively exhibited c#N vs center of mass energy,



A

for-thea"pp and pn systems'D:wWe note that o?n about twice as
flerge'as o?p or o?n ~at’ small energies. At intermediate
energiee.they become comparable, Ignoring the very small
bfemsstrahlung emission, the cross sectlon o?n at E[ <280 MeV
3 is: practloally 100% elastro scatterlng The-first reaction

) chennel, namely-one pion productien, opens at E ~ 280 MeV,

Lab
.ﬁollowed”at: Elap = 330 Mev ‘by the two-pion production cross section,
etc... Thus in the energy range O<E< 280 MeV the nucleon

' nucieon o total reaction cross section is just the one-pion
productron cross section 1ntegrdﬁﬁ GWﬂ'aEﬂB- This is shown in

FlguIE (2)

In fact,.what is plotted are the productlon Cross

seotrons for the isospin T=1 'and T=0 states. Therdamlfumtlmm

and  gg(7=0} = 2ogp - ng- then give the relevant

) shucieon'oross_section. As a result, one finds, at least
.ihithefenergynregime* E, < 580 Mev  (i.e. before reaching the
two pion prooucrion'threshold)  tha£' P is about 0.62% of
ogpg For the purpose of completeness, we also shaw, in Fig.(3),
the twe pion productlon cross-sections o (np -+ npn+n') and
g (pp #-ppr-n ). These cross sections are orders of nagnltude
smaller than the one-p;on production cress-sectian. .
_—Fleerly, the threshold energies for one-, and two-
pign prodyorion_proceSSes in the free nucleon-nucleon.system

are significantly reduced in magnitude in the nucleon-nucleus

and more so in the nucleus-nucleus systems, owing to nuclear

5.

medium effects as recent experimental findings have shmﬂ;thhiS
faot; however does not necessarily indicate that gualitative
considerations concerning the reactive context of nucleon-
nuoleus'(tp) and nucleus nucleus (tp1p2) interactions, respec-
tively, cannot be made’ u51ng as-'a guldellne the nucleon rnucleon
reaction cross seotlons dlscussed so far

. Accordingly we can aflrm that the reactive content
of the tp and tpgpé interactions is_preoominantly single

nucleon hmchmm1aat_low energies, and/or one-:or two-pion

‘production at intermediate'energiesf -éleerly'the excitation of

collective degrees of freedom are not accounted for. in elther
of the interacticns mentloned above. Thus 1t becomes quite
important to 1nvestlgate the energy range in which the "tp, 92"
interaction is the. domlnant component of the ion-ion potentlal
‘The Vehlcle through whloh the ahove can -be accom-
pllshed 1s the multlple scatterlng descrlptron This theory,
ftot only supplies a uonvenlent Framework through which the
simple Lax potentlal can.be derrved'and discussed, but it also
makes possible the construcfion of higher order corrections

whloh may contrrbute srgnrfloantly te- o. at lower energies.

R
It is the purpose of th;s Report to investigate the
significance.of the;"tp192?_--1nteractlon for the total reaction
¢ross section of heaiy;iohs}:tgofh?nuclear medium effects and
higher—order,_mulriplegécettering confributions, are discussed.

The principal aim’ié'co”di3cover the energy range in which this




.b.
interaction (at least its reactive content}, approximates well,
the interaction between two nuclei. Recent studiesZ), have

suggested that even at low energies (E < 15 ﬂﬁ!) the "tp, p,"

interaction reproduces well the total reaction cross section.
As we shall see later im this Report this is not so on account
af the fact that several important reaction channels, not

accounted- for by the "tp192" potential, whose major reactive

channgi.is:sigg;e;nucleon knockout in both projectile and target

nuﬁlei;:bgcume»inczeésinglyJimpqrtant as the energy is lowered.

¢ the one-channel theory of o
'3',,ue-assé55*the-importance of using

7 f_-,générériiatfbn is collected in an appendix. 1In
Chapter IIT we: present a summary of the multiple scattering
tﬁeorylappiﬁﬁniatE”to'heavy ion collisions.

f-ﬁ? ythg,fiist;qrder "tpipz“ interaction as well as the

‘qOUbléfscattepidgfcontributions dre then derived

.“Ihéﬁimaginaiy part of the "tp,p," interaction is

’1ygdi§g@ssédrin Chapter IV. A very careful analysis of

auliqbfbckingfin the  context of heavy ions is also presented

in this:Chapter. Calculation of Og: - for several HI systems

is then presented in Chapter Vv, with a comparison with the data

12, 12

made for C+ “C. The effect of the identity of the particles

on o is also discussed. Finally, in Chapter VI, several

R
concluding remarks are presented.

A number of appendices relevant for the discussion
presented in the different Chapters of the Report are collected

at the end.
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II. THEQRY OF THE ‘TOTAL REACTION CROSS-SECTION

In- thlS Sectlon we' present the full details of the
thearetlcal structure of the total Teaction cross section. The

-relatlnn between op and the underlylng 1maglnary part of the

DDthBl potentlal is most’ generally and ea51ly obtalned using
_the-generallzed optical theorem, Th;s we;do'first; we then

" turn to the discussion of 9% within several limiting cases

and approkitwatiens, in particular the eikonal expression for
o is fully investigated.’
Let us first consider the Lippmann-Schwinger Equation

for the optical T-matrix which describes elastic scattering

TV aVEDT S

where G(+)

with HU belng the free Hamlltonlan In Eq (II. ), V"denetes

the complex optical potentlal
We-multiply ‘Eq. (II. 1) from the rlght by 17 'and

from. Ieft by V™' to obtain

TR 'br)

\/-i = TH o G ey ‘ _ (11.2)
. C ] ) ’ k] .

'fnﬁpi hggthe'seme procedure'for'theﬁcdmplex

conjugate versiehibﬁ'(11.1) gives

: ' _
.-T—TT Kva (V—V )ﬂ -—amT SCE-H YT

is the free propagator or Green functlun__:_(E-li+f€)

W9

4

+

- 3 :
VAR T + G (e ' (II.3)

H

Subtracting (II:3). frem (II.2) results in the fellowing

~1 + - - = ) . ) '
. + - (II.4)
T_ T =V -V ol § (e H,)
the last term in Eq. (II.4) is just the differsice Géf?(s)-cé’)(ﬁ).
We now multiply Eq. (II.a) from the left by"'-_T't and from the
right by T to get, after usihﬁ-the relations. T = V9(+) and
+ ey :
07T hen o)

when 'is'tﬁe”Mﬁiiet;wave-operator,

o). .
(IL.5)

We are now in a position te derive the}ohfitéi‘theorem which
relates the imaginary part of the'fcrward ecattEring amplitude

to the. total cross sectlon Indeed ‘taking the on-shell matrix

element (1n plane waves) of (II 5} leads, 1mmedlately to (k'=k)

B T ey < g v D

_em-shelf L
,_,_;m,uh 451.\ IT?‘E’;,‘&'}%_Z'), (11.6)
2 @Ry B 2p

on-shell

Using now the relation between T and the elastic
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scattering amplitude f,

on—--&l’\{ﬂg

- M (e, ®) (I1.7)

) = -
je(k’ ’ Py i A

we obtain

ko9 ) Ny T
4T T0 Fkor =BGy | TV [0S +d2 [$ aeo] (1 e)
k E Tk E _
k ' _
which is the generalized optical theorem we are-sééking;' Sincé

on the righ-hand- side, we have the total cross-seetion,  and

do . :
Idﬂ (ﬁ;i is the angle integrated elastic.cross-sectiony-weﬁ
can immediately identify the first term on the iigﬁt;hQnﬁrgidé
to be just the total reaction craoss sectiaon.

=k gy eSS G
Op = _ekf-@ﬁ‘ ¥y > R

In the above derivation of U through the use of
the optical theorem, we did not pay attention to the long range
Coulomb interaction. This, however, poses no fundamental problem

as one can generalize the optical theorem, in such a way as. to

have Im{f(0)~-f. . (0)] on the left-hand side of Equation

and J-dﬂ Bf(ge>|2 - |fRuth(k,9)|2} as the second term}pn iﬁé '

right hand side of the same eguation. In the. above expréssidhé,_ '

fRuth(D) is the Rutherford scattering amplitude. The first

.11,

term, namely o, (see Equation (II.9)), is unchanged. For full

R
detalls of the above generalization we refer the reader to

1) and Hussein et. al.TZ).

Haldeman and Thaler For completeness,
an alternative, more direct, derivation of 9p using_theru§q§l
WIomskiaﬁ argument is presented in Appendix I.

Equation (II.9) can be straightforwardly partial-

wave expanded yielding

E
[ V&

e @ L+1) ']; - (11.10)

an
=
»
S

with the elastic channel transmission coefficients Ty » given

by

-

_[; = SHE _Jf!ﬁf@,r)r/lfﬁ]v(f)} (II.11)

T\.Z

o
where ¢R(k,r) is the exact partial wave, radial, wave function,

which is a solution of the faqial_ﬂptipal Schiﬁdinger equation

(with the full V). OF course the following relation holds

between T, and the'eldétic_S-hétrik.
' - 2 - T anaw
”1; = 1-1]8,] - o - -12)

In the large-numher—of—partialfwaves Fimit, and

under semiclassical conditions, one may répléce_the partial

Wave sum by an integral and £ by kb-—% » with b being
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the impact parameter. Thus Eg. (II.10) becomes

fbc!b TC b) o (II.13)
;

'Lhéavy ion féaqt;oné; it has been
ce'a.strohg absorption radius Re &
b-integral abéve in the sense that

_I_( 6(5354‘ b) (11.14)

 Eq.. (EI.14) implies the limit of infinite absorption (large Imv)

. and. zero absorption for -b >Rs 5 & case hardly

'fﬁhyﬁiﬁal,systemsu It does, however, constitutes
et ap nbgihatioh for f{b). It is important

,_éqéi'fhat Ry 4. is energy dependent ta
_§QJQ@b;Sarrier restriﬁtion. Usually Rs.a.

) ' : ' ©(I1.15)

b;5arejthe position;éhd'heighf-of the Coulomb

f.\ag:

_'l;f?' -

- is the center of imass energy. With (II.15),

oy becomes. .-

.. + 3 o, VB -
GR. = RB Li - T> | o (11.16)

R » does account well for

heavy ion total reaction cross sect;on-data_Up to center of mass

The abeove expression for o

‘energy per nuclean about one fouTth the Fermi energy (e# = 37 Mev).

At higher energies, the data start dropping'off'until an ED%ESl
af about 140 Mev {(roughly egqual to the piagn régt mass) is reached

after which op

rises again. Thi§ ¥ébt,éleaf1y;shbws-fhat a
great amount of tfansharanty'ié.affained‘étjinfermédiﬁfe energies,
and the question arises aswh°§ f0-relate;:he trangﬁarancy to
more fundamental physical aﬁanfifieggssuch as-fhe.nﬁcleondubledn
total cross section. The vehicle through which this is accomplished
is the explicit connection between T(b) of Eq. (I.13) and

the elastic channel optical potential, as Eq. (II.11} Implicitly
dictates. The optical potential itself is constructed from
muyltiple scattering theory.as will be discussed in Section ITI.

In terms of the complex phase shift which specifies,

5, namely S = exp(2i8), we may write

Viy oL - QKF(_Q.gl (b}) (ILT?ff

where 6I(b) Im&(b). Within the J,W.K.B. approximatiﬁﬁ;

have for the phase shift
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bt [ )

i 2 et el )
- jdr ‘/k - l“'ﬂ) ] ' (11.18) -

r./’—
Y
v

where _r1 is the turnlng polnt and T

U_ k_
1maglnary part of 6 is ebtalned 1mmed1ately '

S (£} = f4r \7/[/, !(I‘f/).. ";édgci/{f)J —1-(%“_2 .l.-'.'_sy(r‘))

(g-(r’)) R (11.19)

where

tan O crh =~%:Imvtr") [k _‘:q_*ﬂr 2/“ L ReVers ]

(11.20)

At sufficiently high energies, in the sense of  V/E <. 1, one

may expand (II1.19) to first order in ImV, e obtain

. B .
S = R O d 't j;W\\/(P )
T TE 3
[k. )((X'H) ‘ZARe\/(H]
T
l x (11.21)

.15,

which may be considered as a precursor of Glauber <{or the
Eikonal) formula, since with the use of cylindrical coordinates
rt=(z,b) and ignoring ReV(r') in the square root, one may

write

SI {(b) :—;’: iﬁz’c fJZZ'I T V(/.b;'*_z,z) (11.22)

The above expression is to be cﬁntrasted with that given ih
Eg. (II.21), in that the fdrmer involves a Freé trajéctory for
the incident particle (using classical language) whereas the
latter moves on a trajectory determined by the combined Coulomb
plus ReV{r) potentials.

We nqté that Sl(b) should behave as a function
of impact parameter, similarly to that of imv(b) . 1In fact,

if we make the approximation. ImV = --WD@(R-r‘),. we obtain

SI“O) :IWEE‘WOJRL"V B(r-1)  ane

The difference between {II.23) and that gbtained with a Waod-
Saxon form for ImV is concentrated at the surface region,

The transmission coefficient T(b) ,

Eg. (II.17) is then given by

T(b) = 4 - zxp[—-_’.z.%"‘_/z R f'"l J (1I.24)
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It is cledr from the above formula that the
depehdenhe*oﬁ T(b) on E and consequently that of GR- is
determined from the dependence of Wy on E. If deCE% , the
energy dependence of T(b) 1s washed out. On the other hand
if wOoC'E%oNN(E) ; - then the energy-dependence of T(b) 1is
excluéiveiy dete;mined by the ene;gy:dependence of UNN(E),
as will be fully discussed later. 'ObviDUsly,hthe.above simple

Tule, changes as the energy 1is lowered sinee an extra energy-

.dependence will emerge fram the factor (h - J?_‘.!if_l - M 21,\/“'))
. re

im Eq. (II.21). Further nuclear medium effects, eﬂg. Pauli
blqéking, introduces further energy debendehce. These guestions
wiii.bé-éully addressed in the next Sectioh. .

Though.very'schemétié,-the expression abtained for
T(by, Eq. (II 24) using the square well model for Imv{r),
Stlll serves to exhibit several: 1nterestlng features of oy -
U51ng Eg. (II.24) in Eq. (II.13), we obtain for GR(E)

o \-—7_2/)
0, (€) = Trgl[_i _g Lzlr2tpe

_ (I11.25)
(2r/x )" J

where X = kw'. is -the mean free path. This equétion was first

15)

derlved by Bethe Tao correct for the Coulomb barrier effect

one merely replaces. (EI.25) byt8)-

L7,

i o 2R A
e =T ng (i #_2 1~ (1 +ZRE/}-) € / ;
O (2Re/n)? o
where RE =R * o

Eguation (II.26) may be cchpﬁ;gd#wiﬁ hthegpungly--

fancy-factor,

geometrical formula (II.16) and thus t q@f;é'

T, defined by

g = we: (1~ )(1 7 (11.27)
R £ ( | EL
can be immediately extracted
Tﬂ.zli”(i+iﬁs/1)e
- . RS © (I1:28)
2 y S
(22 /2)" SR
Figqure (4} exhibits the behaVJ.our Df T vs T ' _ '
BEg. {I1.28) identifies the physmal paraneter ‘that determlnes the value
2R
of T, namely {MXE] .  For large _TE’ namely X << 2R, we

obtain for T,

2 2 _ e ) : CIL:
T %/,ZKE e

and accordingly, the totél'réaéfian7pf@;SéSeéfidh?hééoméﬁl?

proportiondl o fhé“édffvcé?'*

T e -
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o

A v,
.~ Trzi (1_--2..&-)(1_-6-’5-

3@ for nuclean-induced reaction

&L A
” ( A :/3+ Ai’-* )_1 for fon-ion collisions

The above result is characteristic of strongly interacting

systems characterized by short X such as hadron-nucleus. On
) 2R
the other hapnd in the other extreme, namely AE << 1 (implying

long mean free path X  compared to the effective diameter of

the interacting system), we obtain

T xa-3(EF).

giving thus Eur.théftatal reaction cross section the following
from which is propbrtinnalAto the effective volume of the

system 
op wx p°
()
X A

'.cg‘(ﬂib} ﬂ”Azé)J

for a nucleon—inducedreactBM1{II.32)

for ion~ien collisions

The A-behaviour of"aR in Eg. (II.32) is typical of weakly
interacting probes with a nuclear target. Examples are electron—
and photon-induced reactions. The mean free hath in these cases

is quite Iong owing to the weakness of the underlying slectro-

(II.BD).

.19,

magnetic interaction, Accordingly, the whole nucleus is "seen"
in the process of the collision, in contrast to hadron-induced
reactions, where only the surface nucleons participate in the
callision process.

Clearly, the above picture depends on energy, in
the sense that weakly interacting probes behave, at higher’
energies, like hadrons {(in the photo-nuclear case this is
commonly referred to as the véctor—mesan-dominance phenomenm18)).
It seems obvious now (Egq. (1)) that very hadron-like processes,
such as ths ion-ion col;ision discussed here, behaye at inter-
mediate energies, like weakly interacting systems owing to the
diminishing value , at these energies, of the total nucleon-
nucleen cross section, the basic microscopic quantity for these
systgms. In the next sections we investigate, within more

realistic calculations, the behaviour of a and T as a

R
function of the combined radius of the heavy-ion system.

So far we have discussed the total reaction cross
section within a one-channel (optical) description of the
elastic scattering process. In many instances, a more general
description of nuclear abseorption, based on coupled channels
theory, is called for. Thus, in the following we present such
a- description for. the purpose of completeness and in order to
develop a theoretical framework through which improvements upon

the multiple scattering calculation, presented in the bulk of

this paper!can be aventually made.
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We intfoduce now the projection operators, P P

o o’
and Q; Wﬁich‘nruject out, respectively, the elastic channel,
the ditectly}éﬁdgiéd nonelastic channels and the closed chanrels
(fusion}ﬁ THe eliﬁinatidn of the Q-subspace and the energy
averége'penﬁonméd*SUEsequedtly, results in an effective P +P

éounTéd]channals; The aim now is to evaluate the total reaction

_crdss_seét*”

1an for the elastlc element of the T-matrix

o 'hecomes new- 1n5,ead.of Eq. (1.1

P:T?P,;:Fo b s -";VP’ G:+)'P ’ TF, (II.33)

whichumayﬁélsﬁ be written in the following equivalént form

(I1.34)

(II.35)
Wﬁéﬁ#Jﬁfdﬁ+)ﬁ' ‘is thé effective, exact propagator in the p'-
‘subspace.

0f. ceurse the‘discussiun presented earlier following
Eq. (II.1) can be immediatély applied to Eg. (II.34), with the
only diﬁférenca-that the structure of the effective optical

ﬁotential opeﬁétar u is now fully eéxhibited in Eg. (EI.BS).

_ opt
Using Eg. (II.35) in (II.5}, which we write now as

.21,

K - o
b lT— T+)P. :;:Qf”&( Uope= Uo-{vt) ﬁ+P — (II.36)

R PT Sce-HORTE

Gf)
em— )f’.

we have

+
b(T-T )t —m*”r» (

+r" r (v;. g p 'VF, - (h\/rsfrvr))szn

—-zvm,)a—rp Sce- H, )PTP (11.37)

Assuming now thEt'thé PéP" éﬁppiing interaction
is Hermitian V . _= (%) T, which is a reasbnaéle approximation
if we consider that the - eFFect of ‘the averaged out Q- space
results mostly in an 1maglnary contrlbutlon to the dlagonal.

terms, U . and 8]

Py Py p'p!

(whlch appears in IT. 34).
have, for the second term on the RHS of Eq. (II.37), the

Follow1ng

path, v, (pq
1.
= ey vp[ﬂam}‘_ I‘PP LT
wl
+29 ¥ (Ugyy

9’);

- 15 r) Pw,ﬂ""po

o)
(’}'{)Er FJVP Qro

(I1.38)

- The above result issa consequence of an identity satisfied by

)
the Green function P g P Using the fact that the Moller
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operator defining the channels p' is

)
f,_;f”p = P§’+P VP, Qﬁ;):?a (1I.39)

we..can now write for _Tp_-T-r , EQ. (I11.36), the following

. o Mo
expression

S _‘_ -Y &)
T-T = e :( U"P’c Uart)”ﬂ' P
—hf?;ﬁ: F ( LJ¢F¢ L)opf ) kjl P

-zmz‘_fﬁ. =V P iq’ 75§ ce- H,,)<\PI,H’VP.52P°

— 2Wa ‘ = ]
- P"*T Fo g' te HQ)P:F)’*’ (11.40)
The défigapibnrnf-the total reaction cross section
can now be accqqg;ishedzusingaexactly the same steps followed

in deriving Eg. (I1.9). Then

cn

S _fg_;[q/,, | L u""wp>+2<tﬁ, IL..U e, !Lh)]

, (II.41)
.#‘.Cgi

where: Ub- represents the direct reaction contribution to Tr
and: corresponds to the third term on the RHS of Eg. (II.40).

The'first_ferm in the above equation represents absorption in

the: Py and p' channels owing to coupling to the closed

.23,

channel subspace and thus corresponds to fusion. The above
general expression for the fusion cross section has recently
been used in discussing heavy ioh fusion at low energies where
coupled channels effects seem to be important19“21)
Clearly Eq. (II1.41) is,in principle,equivalént to
Eg. (II.9), as long as the optical_pétential used in the latter
represents the exact interaction in the eiastic channel, The
decomposition of o

into two distinct terms, namely o and

R

% is, however, guite useful in discussing the reactive

F

content of microscopically derived optical potentials. The
"tp1p2" interaction analysed fully in the following Chapters:
represents but cne term in O - This may well be the demimant
term at intermediate and high energies. However, at lower
energies, we expect that o

and the other terms in ¢ such

F D
as imglastic channels, to bé by far the dominant térms in op
The derivation of the above result using the Wronskian is |
presented in Appendix I.

To end this Chapter, we comment briefly on the
possible need of using a relativistic.description of heavy-ion

elastic scattering especially at E /A > 200 MeV, where

C.M.
reéent research in proton-nucleus scattering seem to indicate
the starting point in such a deseription in the optical Dirac
equation with a combined scalar and time compenent vector

potentials employed as an interactionzz).

Our aim here is to assess the importance of the
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relativistic effects on Oq - For the purpose we have evaluated

40 2085423 1he details of

9 for proton scattering on *SCa and _
this - caleulation is presented fully in Appendix III. Our
results-indicate.ve:y little difference between the relativistic
and non- relat1v15t1c OpsS . we therefpre reach the conclysion
that a-non;relatiVEStlc calculation of o for heavy ions at
energiesfﬂﬁ-tu' Eq w. /P = 800 MeV, should be guite adequate.
In Section III we discuss in detail the non-relativistic

"toypy" interaction.

r9091ved great attentlon recently

:-.;u*ﬁ:f_;( Byo= ey
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II1-1. THE PROTON-NUCLEUS.“tpv INTERACTLION

In this-smmseatkm*wa,613cuéé*in:graat”detailsEthe

microscopit ﬁualehn;nucieUS'Bﬁtitéijpa ential. We do this for

two reasons"' The flrst 1s that

A 51mple flrst trlal guesr_ “oF the

f |

wﬁefé 'Vtr'-rj is a properly antlsymmetrlzed progectlle nucleon-

':target nucleon 1nteract10n and p(r’ ) -1s - the single partlcle
'(cla551cal) dens1ty of the target nucleus (obtalned from e.g.

- ‘Hartree=Fock calculation). Clearly the above expression is not ant:;ely '
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corréct since, firstly, U is real whereas the optical potentisl
must .be complex to account for the non-elastic processes, and
second;y;_VCr,rf}' cannot. be used as it contains singular
cqmpnnent;;(the "hard. core™) at' T<0.4 fm. What is used instead
of‘%vf;;r!)*‘is angapprpgniate:effacfive potential, {or G-matrix)

is,smpbthedﬁout, in favor of density

hﬁosei: hardﬁc
diégendence :(abisen SNCE,T)) .

-Aﬁha :_éntly.diFﬁeient method, usually applied at

hiéﬁé::gngrqié§jis~tg_fqrmulate the problem within a multiple
scatﬁeringgﬁpamawmnk; Here: one. has as an input, the nucleon-
nuclegant-matpix~Cégnerally off the energy shell). In this
Dabet;'we;ugeﬁtﬁiéaratter approaeh, both in nucleon- and
nuq@ausﬁnucléus scétt&riﬁgg ‘For- the purpose of coﬁpleteness,
and*tﬁe;ﬁréseqtation.ofkafgeneral'framework, where ecorrection
tokfirﬁ£¥d:ﬁb;,ggpzﬁximatiqn may be constructed and discussed,
we: present ﬁelqwmthg.essential ingredients of this approach24k
*Thehﬂam;ltonian for the projectile nucleon-target

nucleus: system:is: written as,

. -
_H,:--l..V =+ H + V (111.1)
a&m- N '
whépee;HN. is-the-target nucleus Hamiltoniam and Vv is the
interaction between the incident nucleon and the target nucleus,
which can be writfen as a sum of individual nucleeon-nucleus

interactions.

.27,

A
\VJ :Z VPL (III.2)
L= .

The solution of the scattefing.prdbiem is represented by the

fuzll nucleon-nucleus T-matrix

{(I1I11.3)

1= \/ -+ b/ = (H.~\<)-b££ -T-

where E 1s the C.M. energy. The solution of (3) is facilitated

by the decomposition

T = Zyl’i ey M ce) (111.4)
L

L

with

T = V. 1 r. |
pu Vp;, -+ \/;L e (H-V)+ie Ch (II1.5)

Substituting (4) into (3} gives
1 4 '
(6) = 1 4 —pe T . (e)
’yll- e ”“-(H"V)'l‘t E%_ P4 17_1. _ (III.s)_
L

The set of equations (4)-{&) constitutes the basis of the

multiple scattering seriEs which. results in the follewing



T = tha‘s’ +ZT 3 1 _T (&

€-(H -\/_) +E P2

- ’?b
o IRV SR ' {(I11.7)

At this-pqiﬁt it s iﬁﬁpztaht to emphasize that Tpy are nat

two-body: projec ucleon transition macrices; the propagator

rntaine  the full nuclear Hamiltonian Hy

(séegEggfiki equently t; is a (A+1)-body operator.
S The usual procedure is to replace Tpy by the
coriééhundihgfnubkéqn-nucleon T-matrix in free space

'l':(E) s

t.e) (1I1.8)
P P

Tthcor%éationsftb'the replacement 1=t resides in corrections

to the free Green Functlon A{the replacement of an (A+1)operator

‘hy & two-body operatar, and to the use of the C.M. energy of

1

the: p+1 system‘ln the p-N!system (which is reasonable if A << 1).

The- stage is.now set for the obtention of the

(III.9)

whe;g<-ho.s.fﬁdp<¢0| +is the-prfojection operatol onto the target
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nucleus ground state, and .KA represents the kinetic energy of

the C.M. of the nucleus. Then

V=TT JwTee) + ===

Z-t (E) +Z ‘tce‘) —__T—-h?v ” 'L—ce)
1.¢3 A

- - - - , (I1II.10)

The ground state state matrix element of V gives us the

optical potential for elastic scatté:}ng;:yis

Ve

u

< 1:',.;4/, 0| ‘17“5‘0 o>

t c) 6 5 SEE Y
where Bi' is the center-of mass: mmnannmmci the ta:get nucleus, and k- is the

momentum of the projéctile. The- first ordér potent1a14ebta1ned from Eg.
(ITI.10) reads

, 2 . b
‘\)ffiﬁﬂﬁ ;E) = A f%%}cfz(ﬂi—% 5}’})# (15",1!";5)

@r)- SC'E'-!- '2) 17(15:

-

where 4% is the target nucleus dénsity matrix, jﬁiﬁha

related to the density by

ft%} = __i_ﬁi G p+g ) '
CL) _
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i = %% , R, = K- (Rwpy  on

st
S

1

»

~ AR+ R
E,_ E — (B+h )2/{ (gt m )

i

The next step is to set ?51 =0 in t, which.results in. the

"tp" expression

«u)
v (R, E;e) = Af'(lﬁ)t ﬁ-rz‘,/,‘_k’,';{-:)

% Af(‘}) A (o=0" E) 11

The last form ignores opff-shell effects. It has'the advantage
of supplying a model indpendent procedure for'discussing nucleon—
nacleus eiastic scaftering. The reactivetcontent of V(1), as
is Rnown, is quasi-free knock-ougs). It is to be e;pected that

the impulse appreximation form of V(i)rEQ-(IIIJ4) would be valid

at intermediate proion energies (Ep z 2OO MeV)- AL these energies,.

the nucleon-nucleon scattering is-bfactically purely elastic
{except for very small bremsstrahlung emission). At higher
energies, plon production becomes important. (EC AL 130 MeV),
This is clearly seen from Fig. (1}, showing: the total reaction

cross section for the free nuclesn-nucleon system. - Clearly

medium effects modify this pictuze to- some extent (e.g. shifting
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the pign production threshold to lower energies). Further,
these same nuclear medium effect 1ike Pauli blocking and pemmi
motion of the-target nucleus, bring ahout.chaqgés.in the fofm

of V(1). (yalidity df impulse approximafion) as wéll_as'make_
higher order correctioné, reiated to nUcleon;nucleon correlations,
more important.

Among the.numerqus corrections requiréd_for.aﬁbette;
treatment‘of the scatterihg process, the second order,'dauble-?
scattering, effect seems. to be the easiest to estimate.

This term logks like, in momentum space (uSihg;the__

free nucleon-nucleon t-matrix as. basic inpet)zsr

<JE:O qu(z 1% Z Z zf @T)a

L=t 4%
LEolt ¥y -
e A

rE3
E—-__E__ — Et+LE
am

(III.15)

Several approximations are usually employed to simplify the

above. Use an average nuclear exctiation epergy in the free

Green function, Eu - Eu é E, emplay closure to get rid of the
50 £ I - |[02<0| , and employ the eikonal (high energy abproxi-
o a

mation)in evaluating the Green's function. Introducing the

two particle correlation. function
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' A
(- . -r._. — Rz R | - el
..'zc)?”;?"): ACIA'—.DIU{ Cr,,...y;})}_, Z,;cr—rt-)g(rfa&)

t=) 11
W h ey dF e AT
AILI.16)

" one: can then wrlte an approxlmate form for the double scatterlng

contrlbutlon, whlch in coordlnate space looks llke

) . l?l. :'.  ; "L . ._(U 2 . . S =
v" (P) CE - ....E—é— (?_.)-(p) QC_DY.‘F‘- . (I-II-._T?)

where v is the First-order "tp" potentisl-and Ragrp: . is

the two-particle correlation length,:giﬁenfﬁyf

LE olcr r) ©(111.18)
(r‘ ¥1) -

.'ﬁﬁete=atfufthEr*assumﬁtion on the-quantlty 'p(T}?pp has been
made; namely that’ 1t depends only ‘on the relative separatlon
between the two nucleons and not.on thelr 1nd1v1dual positions.
Inutheaabsenceqqf:two—bodyﬁcorrelatLoney,Rcorf;e 0.. In

' (23 '

'generali_it:is expected: that ¢ ,T)Y  would approach the
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no-correlation form at separations larger than i of the
hard core radius (~ 0.4 fm). At smaller separations p(2) =0.
Thus RCOI‘I‘. = - 0.4 fm .,

The estimate giveh above for R . is very crude.

26)

COTT:

A more refined, treatment cf R i presented by Ray”

'COTT .
that it is actually composed of four distinct contributions.

ARy i

a)“e:ovlr = ;z

"RnuLfdt

where, fpliowing:BQriBQ,ahd :is:re£5£ed:tb the

ton piinciple b _tis'relateq”tg the
. is -connectéd to a
‘teri.  Finally

ations. We .give below

e “"'ééi
Rcorr. derived byﬁRay S
]. ) 5; 3 - j_- .

?T;;(fif;ém
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where the parameters A, kF(r), B, b, L, are the target mass
number, local Fermi mementum, finite range parameter of nucleon-
nucleon elastic t-matrix, short-range dynamical correlation
para@étgf-and=the-effective "eogrrelation length", rexpectively.
We shpulﬁ_héntian«that B exhibits a non-negligible energy

= 1060 MeV  and drepping to abgut 0.1

depengqcs;.qgss.gt ELAB

8t E| g = 2200 MeV.

B
' IWQ haye;é&aluated 'Rcorr , according to Egs. {(III.19)

12

and {EII.20) for the system p+ “C at several proton laboratory

energies. The results are presented in Fig. {5). ‘As can be

segn-iq;this'ﬁigufe the dominant cantributions to R arise

corer.,
Fru@fthéiEauﬁi}anq;centgr.oﬁ mass- correlations. Further, the

valggsﬂdﬁ th&{calculateﬂﬁ R aver a wide Iangé of proton

corr.

'enexgies>apﬂrnxfmat85rcloSely-the very simple estimate for Renrr

giyépaaa:;ier,-pamely_ -0.417 fm,

. _ We- seer clearly from our approximate form for V(z)
Eq};(IIIJTG.thaisphe multiple scattering series is an expansion
in order of}currelation., The third and high order terms, would
depend on three and many body caorrelations. No simple expressions
is found for these-terms.: In the next sub-section we shall

employ'the”above theoretical developments for the caleculatien

of the ien-ion interaction at intermediate energies.
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I1I-2. NUCLEUS-NUCLEUS "tp1p2" INTERACTION

Once the nucleon—nucleus_potentiai operator is
constructed, the coiresponding nucleus-nucleus potential can
in principle, be obtained, with due care to antisymmetrizatien
by a folding procedure, 1In discussing heavy ion reactions at
low energies, it has been custdmary to émploy the double folding
grescription in ccnjunction with an effective nucleon-nucleaon
interaction (G-matrix) whichfcontains most of the nuclear medium
effects. A more thoraugh discussion of ihis has been given by
Satchler and Love, who.write far the fon-fon real potential -

the following

We V =f¢/'f ?’F:j’fﬁ)ff?:) ) (7, = R+7-7 )
' 1 = _

(I11.21)

where 17 is given by the M3y

| ST, ~as,
0T s = 6308 2" _y9g, .8 +d fe7
v, 257, | e

with
3
T =-£2 Mer P
]
The last term in the abgve expression for TJ’ takes into account

the nucleon exchange effects. No energy dependence is present

in the above expression. 0f course at higher energies, above



(.z) S
,j,, A (77 =,--E- O“(E)ff(r){;(r-rﬁ d7
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should be replaced by the more appropriate nucleon-nucleon G -
or t-matrix, which, when inserted in the double folding integral
above, would determine thHe energy dependence of the reswvlting,
complex ion-ion detential. Thus, following the discussion of

the previous. section we write

- (L)
B (r) ooz g ; -y " {-_d/
?/]}:.2'} teo=o E}fa'?-’ JZCHJ’;&O r
' 2/ — aa
=-4x & L (4= -'E‘fdr’ (F) pCr-77)
T Je »e) "'): J;z (I11.22)

k._z N )

where fNN, is thé nucleon-nucleon scattering amplitude, With

the- help of the aptircal theorem, we may now obtain the imaginary
a:

part of ‘Lr

=/

2

(II1,23)

whibh is ciearly just the proton- nucleus imaginary interaction
folded onto the projectile density.

/
~ The real part of 1I/
A Az

{r) , which would correspond

; to the 1ntermedlate energy version of the double folding inter-

action, can be obtained from the systematics of Re FNN' One

7.

usua]ly'writeszs)

e £ = o I f) | (T11.24)
AN / 3
:/fmjpﬁ;,L k N,.;/;-rr) QKPE Xyw 9 *1

The parameter g/ depends on the nueleon energy, attalnlng the..

LAB
In table I we present the values of the‘physical parame

value of 0.06 at E = 800 and beconing: negative at

determine f, at several Lab. energies. As a-coﬁ$QQQEﬁ¢éf§f
Eg. (IIT.24 ) -and table I, the real part of 'd;,; at E/N=.
. <

= 1000 should become attrdactive. We turn now to the banmderatmn

of the second-order (double scattering) contribution to*the,lon;f 1'

ion potential.

Our recipe fer this contribution is_togpéffbfmfé -
symmetrized single folding with the projectile.andvtgrgétﬁ--
densities. This then suggests-

A; A;_ 4’“ Cor‘)"

: z. - o
. . gt .
v mE)pan AF
M A (. aisy
€ ‘ :
where CLZJﬁ {r) is the nucleon-nucleus (A1) v{p" type optical
g :

potential discussed earlier.

We have evaluated the second order (double scattering)

~a
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correction to the "tp1p2" potential, according to Eg. (III.25 ),

with R given by Egs. (III.19), (III.20) for the system 'Zc . 'Z¢

‘COTE.
at the following.lLab. energy per.nucleon-10C, 200, 300 and SOQ

MeV. In Figures 6 and:7,we show the radial distributions of the .

second grder correction to the_egtical_potential_for the 1_ZC+12C

system: at the-aﬁnve energies. For comparison, we also show the”

contrlbutlan of the domlnant to pz", bF, potential at 100$EV/N.

The- range of the second drder potentlal is apprec1ahly shorter
than~that‘df the-f;pst.one owing to the hlgh-order_denslty
dep.ea,d.enee_;.}_"("..tp-T)zp-z;,_“- vs. "ty dey " 29).It is interesti-ng _to-.
note:. that thefimaginary=part of optical pdtential.changgs.at

(2)

100° Me¥/N namely, W is regenerative whereas at thenother

cited energies it is”absorntive. We should stress, though, that
(1 and w(?)

(2)

the summed contributions of W is guaranteed to be

absarptiﬁe} The above behaviour of W is a consequence of
the folding’fdrmula (III.25 ). Using explicitly the form of

qfi) Eq. (IIT.20), we have .

A P 58 I

A ARl
{2) _ : 2 2 (111.26)
_ £ 2z . N\
I = sk [Reorr] (1) 07, <f"'ff‘*:‘ ";L J:', ”
Z 2

A

A; Tz ..;. [

o be_descfibed_later,

-_12

@ :
* have found that 2)' has a less than 10% influence on o

(11r1.27)
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[6-5)

Therefore % being linear in Ref {and correspondingly in the

v

parameter ol is attractive in ‘the energy range

(2.)

100< E <800 MeV and repulsive at g _ > 1000 MeV.Tn contrast Zamm U7

LAB
behaves.as_(u2—1) and thus is regenerative'at thase energies
where a_>1 and abeorptive at the other energies where a<0.
The sum _/_m Q/—O)-;- J_m 'I)_ is guaranteed to be always
negatlve (absorptlve) as unltarlty requlres

' In_oun caldu;atlon af. the ion-ion optical petential

we have used Pauli-blocking

' corrected nudleon-nucledn total cross sections. The full details

of the etructure.dt e (@flvﬁp ?)r(z)) , which is used

ister for the calculation of . oy, are given in the following

section. . Here we may mention that owing to the fact that the
. (23’ ) :
volure integral of ﬁyr - is. 0.3 of that of Q)r , it is

. . (2

expected:that the effect of 22“ on  op is small. We have
verified thls by evaluating; within the JWKB approximation
discussed 1n Section II, the total reaction cross section of

: ' ) {z
C +12C using ﬂ)_ .1?' ) for an optical potential and

R

. G,
_wlth respectuto the calculation with only 1)' included. In

dur'ealculatidn, to be descfibed.fully in Section IV, we have
included -the Pauli—blocking_effect mentioned above, and performed
an apprdpriate average over the fermi motion of the nucleons in

the projectile and target.
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Iv., THE IMAGINARY PART OF THE "tp1p2“ INTERACTION

In this Section we develop further the theory of
théfiﬁéginaryfpart-of the ien-ion potential discussed in the

pféwiﬁﬁ5-$ébtinn¢ Iﬁ particular we investigaté the effect of

Pauli"b Gékihg fh=thefp0tential and the consequent effect on

thé;méanﬁﬁn]_ path. Ethér’medium effects such as the binding
ehéréj; uFf-sﬁéiiaEFféCts and. the non-locality of the potential
will also ﬁé-_b-éﬁi_gﬁ-ly discussed.

'.Ag we have seen in the previous Section, the
imagiﬁaiy'parffof the 4tpnp8" interaction, can be written in

. the. following form:

Wt’-é‘?' =i £ gm K F PR FITH (Iv.1)
;1) G;'_(&') d ( r)j;

where E and ’kN are the energy and momentum per nucleon,

respectively, and o-r is the nucleon-nucleon tetal cross

NN

section. The Pauli blocking is included in the abeve expression

for W, by modifying (reducing) o T According teo Kikuchi

NN.°
.ahdﬁKamaiéoa”this'entails substituting c&k above by an average
.'crﬁégn$éé§idnygi¥ggng} _ {for the case of praten-nucleus
'scéttqﬁ;'gyJ
'“Ayu. ‘ &; . P’ I ,
0Tty = — . |d fdﬁ- 2k G- (%) (Iv.2)
%8 F
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where it is assumed that k1 is the momentum of the'projedtile

nuclean, kF is the Fermi momentum of the target, ﬁz is the

momentum of a target nucleon, dR' is the element of solid.angie
that defines the direction of the fimal relative momentum ks
kK is the initial relative momentum and G&N(ﬁ,ﬁ') is the
differential NN cross section. The integrals appearing in
Eq. (IV.2) take into account the Pauli blocking through the
restriction imposed on [kl < ke and on o . Assuming. an

1 T

isotropic angular distribution u(ﬁ,ﬁ') = 47 cNN(k) , one is

then able to . derive for EQL » the fellowing simple expressioéj}

AR . AAS = f{
O‘; (€) = o‘_; (&) P( _éf_) (IV.3)
7
with
- = _ i
p 1 = X R N
(x) = ' (Iv.4)
7 z iy 2 > !
.’L*EX-I-—EX(J—-X ) X 2L

In obtaining Eq. {IV. 3) , it is assumed that the free nucleon-
nucleon total cross section is independent of energy, which is a
reasonable assumption at energies above 100 MeV. Assuming an
energy dependence which is proportienal to the inverse of:the

energy, P(x) attains the following form P(X} 2 i—-j_{X
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For the nucleus-nucleus interaction, Eq. (IV.1),
the incorporation of the Pauli blocking effect intg 0&% is’
more involved since beth projectile and target nuﬁleons are
Pauli blocked. No simple expressions far P{x) is obtained in
this case and only through numerical integrations is one able
to obtain G .

" of the .calculation are given in Appendix IV

The pertinent. formulae as well as the details

The above consideration of Paulil blocking is made
in nuclear matter. In actual finite nuclei, we invoke two
straightforward modifications on the results obtained sg far:

the local density approximation, which renders dependent

F
on the radial distance, through kelo(r)),

:t'/s '
‘éF = (-':;—- Tzf'“”) (1v.5)

and:secondly, we use an average nucleon-nucleon cross section.

For nucleon- nucleus scattering we have

T [0-2 T, vz, ] /8 e

where N refers to n or p according to whether the incident
nucleon is proton or neutron, respectively. 1In the absence of
Pauli blocking, one expects from Eg. ( I¥.6) that QEnerally.
<0$&> is larger than-the free p-p or n-n ¢ross secfian. Of.

course for N=Z nuclei,

43

gy =3 @ 7 )

(IV 7)

?J-(O;_”” d""/‘)P(._a)

the symmetrized 0¥N relevant for nucleen<nucleus scatter;nghas the me

G = BB e 0,
LA

2164 2;)?‘22(?? aj 0_

Since w1th1n the local- den51ty approx1mat10n=

and <UNN> are r- dependent ‘the expression for h

becomes

ey = E IR D (e Py "/
WCE)Y) = ,éN e/f‘J; J;

To take a befier account of the: surface, we ha

32} o .
$2 _ /3 25000) (PR Ny o
]q;: £r} _e,(..j—-—z T ‘f(r)_- 'f'—z—( :;:_... v

k (r} to become




.44.

e £ .is-of the order af 0.1. The above form of ke is

emhloyed-in the calculation of W Eg. (IV.8 )., The

5Ferm1'mcmentum of each nucleus has been determined using Eq.

(IV 9 ) by d1v1d1ng the space nccupled by the nucleus into

.aull blecklng modified N-N cross

: behav1our ef GFP and dNP-vs. k . Also shown are thie free

EF,J , kF,z’ were uysed for the purccse.of
jures (10) and (11) are shown the effective
J:"ﬁli'cfleus-nucle_'us scatterin_g, for different
) ee figures, one can see clearly that the
"EEU~;g g cecticn'in the'velues of the o,s is greetec

.3in5the_nucleus;nucieus systems than that in the nucleon-nucleus

systems‘éf7nignér energies. At lower energies ‘the situation is

-:,invertedquite dresticelly. in fact=at k< k', the effective

_,_een crcss sect;ons in-the nucleon nucleus case

approaches zero. On the other- hend,-at these low energies

-thetnucleus nucleus 'UNP_ and »cpp‘

so’ due tc the increased role of the surface nucleons that still

is non- negllglble This is

xhaye enough energy owing to Fermi motion which enables them to

(8 and 9) we  present the

leferent values of the Ferm1 mementum of
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scatter nucleons into the -Pauli-allowed anguiar region.

It is commonly.assumed that the total nucleon-nucleon
cross section in-free spacé'is'elowly varying function of energy
and is conseguently repiaced by-a constant Such a procedure

is used, e.q. to derlve the Peull—modlfled cross section, Eq.

(1v.3). However, An- the energy region-of interest to - us, the

energy dependence of the free icross sections is quite strong

and has to be taken 1nto acccunt, as we have done here.

We .are now In afp051tlen to caleulate W. In figure
(12) and {13) we Dresent oud results'for two systems Also shown is the
W evaluated w1th the free c#& ; for comparison. Ciearly Pauli
blocking reduces greatly the strength of W at lower energies
as expected, At intermediate and high energies the PauLfblcddng
effect is reduced in importance, énq W approaches the one with
free g&k . We should mention tnet at low energies, other
reacticns mechanisms beeidee single nucleon knockout come into
play rendering our calculated W with Pauli blocking.certainly
smaller than the W extracted from adjustment of the total
reacticn cross section, This we discuss fully in the next
Section. To take into account the effect of these  other
mechanisms, ane hes to have a model for ¥ which accounts for
the excitation of collective surface excitation, as well as for

fusion,
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. V. CALCULATION: OF o, FOR SEVERAL HEAVY ION SYSTEMS

R

- ‘Hawing: obtained the microscopic ion-ion potential

p@n _Lan;we¢QIsnu55'the degree. of transparancy in these systems
atb;égis§:g¥atgd&tu.the mean free path, as discussed

qualitgxiygigaih¢5ection‘II.' Amother related question which is

addreségﬁiheré}istthe dependence. af. gg On the effective radius

of fﬁa”systémﬂahd-hbw»this depenadence- changes with energy. In-

_our calcula,lun we. also include the second-order double NN

scattenlng potentlal discussed: in Sectiun III.
' ‘The expression.we use for 9 is the WKB one given

in Egs. (II:13), (II.17) and. (IT.21), namely

withi 6'(b) _given by Eq. (II.19), and evaluated for the tey o,
-pctentlal discussed in the Section III, with the Pauli blocklng

effects fully. 1ncorpurated as done in Section IV.
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The expression we use for %q contains the effect

of refraction arising from the real part of the heavy ion

3)

interaction potential It also ¢ontains an improvement over

-the treatments of other authors in that we include, besides the

usual nuclear medium corrections, the second-order dqupié
scattering component disqussed in'Seétiqn III.
We have calculated o for saﬁeral&heavy+ien.systems;

12 12CF

R-
ranging from light, such-as.the_very“extensiveiy:sﬁudied

208Pb +208Pb . Uur aim;in this, is not so much

€+
to the very heavy
the reproduction of the existing data, but,rather to pin down

the energy region in which.the “tpp"™ interaction approximates:

well the complex ion-ioh”potéhtia;L-withg;ts;rgacti@e;éontent

being predominantly single~ -and dquble7gycleon khﬁgkuut (single

knoekout and double kno&kout being fesp étively éséoﬁiéted—with
the imaginary parts of the 31ngle scatterlng “tg o™ and double
scattering "(tp1) 1nteract10ns) Agiwe shall see, at low:
energies, where Pauli blocklng.greatly redUces.ﬁhe stfengfh of‘
the imaginary part, as. we have seen 1In th@ prev1ou5 Seection,

the calculated total Teaction Cross sectlon, according to Eqg.
(v.1 ) becomes much sma)ler than.the;ggta, as it should, since
no account is taken of nuclear surfaqe-iﬁélastic excitation,
fusion and other proces'se's.which-do'rﬁ'ih'ate %R at'these energies. -

In Figure 04) we present the result for 2C+ '%¢

C+
The full curve represents the result obtalned with Eg. ( V.1 ),

including the Coulomb and the real part of the nuclear potentials,
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In the enefgg'range 100 < E. < 800 MeV/A the agreement with
the data is reasonable., At lower energies, hawevei, QuT ca;cu-
.lation underestiﬁates the data by a factor which could be as
large as 2 at E. . ~ 10 MeV/A. The dashed curve réﬁbéseht
the result without Vv, and V. and with no Pauli blockihg

The Fact that this curve approximates very well the data is
clearly fortu1tuous The crosses shawn represent the result_af
nuclear matter calculation reported by Faessler €t él.]*}?}i&ﬁié'
calculation seems to come close to our calculation whén Eﬁéﬁliz
blocking is taken into account, but with no Vy and Ve'(shOWn
as dashed-detted line). It is important to notice tHat'bbth

Pauli blocking and nuclear + Coulomb refractive effects afe guite

insignificant at higher energies. Thus it is in the low energy'

regime that the theory gets its maJor check. Df ‘course ;t-ls
exactly at these energies, where other nuclear processes,-ﬁdf.
dctounted for by the "tpp" interaction, start ceming into pléy,
as already discussed, These processes g:aduaily'fill-in the
gap between the calculated microscopic 9 éndﬁfhe.data. : of
these, incomplete fusion and deep inelasticfﬁfgéESses;'-are“' 
prabably the most important at 5 < E < 15_Méﬁlﬂ; foilnweu.by
complete fusion. Inelastic and transfér_reaéfidns aszwell as
other quasi-elastic processes always contribute with Qarying
weights, depending on energy.

We have also calculated o “for- other systems. 1In

12 40 40 40

Figs. (/#6)-(22), we show our result for, €+ Ca, Ca+ Ca,

‘:scatter;ng;

ion ‘system

useful to establlsh f1r5t the connectlon between our caleulated

results for OR and the geometrlcal formula glven by Eq (II 16)

ar =

(v.2)
g.
We have considered the following systems '2C + 20%pp, “Oca 2080
o . R i T SEUR I
907 +208p Gng 208py , 2085, 4y cﬁ”* : 10, ‘200, 400 and

600 MeV. To zéprcducejfhe thébretiéél“vaiues of Op with

g. {V-2 ), we were Torced t0 use'the following small vdlues of

1/3
2

and 1,26 fm reépectively, for the four systems mentioned abave.

the radius parameter f_ (R = 1 (A% +al?), 1,22, 1,26, 1,26,
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These values for r, are considerably smaller than We see clearly that the transparancy factor ranges in value
what one might expect if the geometrical iimit of o has been from about 50% for the lightest system to about 27% for the
reached by these systems. Such limit is usually specified by heaviest one.
the streng abserption radius which gives for r,=1,5 fm. 1In In our calculation of 9r presented so far, we did
fact to reproduce the available 12C+§2C data, shewn in Fig. not take into account the effect of statistics in the identieal
{(14) at Pav“ = 5 MeV, we need to use T, =1.57 fm. It is projectile target systems. We now discuss this point, and
therefore. clear that these systems do exhibit a large degree of, present estimates of the effect.
tranéparanpyfri(EQ;_(II.??)) as. was suggested by several The elastic scattering amplitude f(8) should be
authors. HQW#MQQ,.dne-has.to be careful when assessing this writien as
transparanﬁnyingegthere is a strong dependence on the value —_—

. ALY, -SENC ! _L- 8
of 1, For example according to Bohlen et al.’P) there 30' (#) = Jl 8y + T ) 30 (T-8) (V.a)
o 12, 12 Ec.u A
is.a-12% y-in: €+ 'TC at ——ﬁ—; = 12 MeV whereas

Dﬁ V#iéS where T=4+(-) for boson (fermions), and I is the intrinsic

stem; ffémﬂfﬁe:fagt that these authors use different values for spin of the partners and s denotes the chamnel spin s .=

the stréng:aﬁsgibt;un radius parameter in Eq. (V.2). = 0,1,2,....21 . In what follows we take the case of two bosons

- _'ﬂg.p?gséﬁt new our calculation of T, based on our with I=0 (e.g. 120}. Thus, through the application of the.
theoretical results, which we compare to the following eguation optical theorem to T(8), and with P, (8) = (-)x?z(n—a) , We )
obtain

o = Fg-f({l_l/}_g_ )(_1_7—) (v.3) so o
k & Eciy 5—; . ILE Z(cg,(,f_/) [:Z _f_(__)!] ?; {v.5)

with a radius parameter r_, pf about 1.5. Far the '2c. % R = _

system this parameter is slightly larger (r0= 1.57). In Table which can be written, in the impact parameter representa#ion, as

(IEJ We: show: our results faoz 2¢ +120, 12¢ +208Pb, 40cq . “Oca

and ZOBPb +208

o _
E
Pb at — - 50, 100, 200, 300 and 500 Mev. O_;2 (E) = szd[, b [1 + cos (leé-yz)_].T(b.)
' o _ (v.6)
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where we have used (1) = cosmz and l-r% = kb .

Let us now evaluate the above expression in the

sharp cut off model, namely

TG = @ Ch-b) ' wn

where b, is the-Céulomb modified sharp cut off radius. Then

T (F ) = (v:8)
Cii () = (V.9}
AT =

Steats

ﬁf¥;1015_.".

In the above expression represents the correction to

. %tat .
T .arising'f;om'the-identity-of_ﬁhe:particles.

'In'tablé I we present the”values of .Aqgt;£   fof
several identical heavy ion systems at several C,M.LEhéfgies
per nucleon. We see clearly Ehéi Aoyt centribUteéréf'mﬁst
~about 5% at these energies. At higher energies the éfﬁéct is
even smaller. Tﬁus? for all practical purposes, we,can?ignbre
Aostat . Thg use of the more realistic T7T(h), ih Eq.-(]zli )

does not change appreciably the above conclusions.

‘matter, G-matrix calculation is performed
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VI. CONCLUSIONS

It is quite obvious-frdm-ouf_résults presented in
the previous Chapters, th#t-the_"tp1p2“—interaction, corrected
for by Pauli blocking and tigher-order multiple scattering
effects, is only adehuate-For accounting the absorptive -
content of the HI interaction, in a limited energy dpﬁain,
contrary.to several recent claims 2)! This energy iégion is
dominated by single and/or double nucleon knockout procésSes.

At lower energies the Pauli blocking, though slightly weakened
by the attractive nuclear interaction, reduces significant;y

the contributions of thesé processes to the total reactibn_cross
seetion., This is also the conclusion reached when a nuclear

'y

To account for Oq at % < e, severai”cnaqh§$sj'

related principally to mean field effects, such as-stidn;_
incomplete fusion, deep inelastic, nuclear quasi~elé§t1ﬁféﬁd

particle transfer channels, have to be added to the knockout
4)

channel. This has been partially made by Faessler ’. Maore

work is clearly needed.
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APPENDIX I -~ DERIVATIGN OF op FROM THE WRONSKIAN

In this Appendix, we suphly a derivation of %q

using explicitly the optical $chrodinger equation

T z ! . ¢ -
__.-L_"_ v \*)1‘_‘_&/___1'“]) kl,"') —

&) (A.I.1)
2 u £ ¥)_

where we take W>0' to describe absorption. From (A.I.1} one

can immediately derive the equatidh for Tlux conservatien,

i:‘J[é?;é?'-céﬁ}. -] .<< q)gri\A/'quGE; ' (A.T.2)

where J in the probability current
* o e )
J = j—-“’ Ty —F¥)y] (A.1.3)
JEiLg o
ADpl-}'ing.’Ga_uss' theorem .to the LHS of (A.I;?); we have then .
B i T : ) -+ o
'IJ_"{A :7‘—% <¥ “/\”_Ll’> (A.1.4)

where the integral is over any surface surrounding the.inter—
action, in a region where the potential has vanished. Eq. (A.I.4}
simply says that the net radial flux is net zero because of
absorption. The total reaction cross section is defined as the

net inward radial flux given.by the LHS of (A4.I.4) devided by
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2
the incident flux |¢(*)l

v, where v is the asymptotic

relativexvelpqity

;I.‘?_f!ﬁ_ o2 <\p‘+])b\l} | e

If we choose the normallzatlon of w( } to be {¢(+)|' =1 we

obtain our expresslcnufor ap Ed. (IE 9)

Oy = Z- <<?f ,L«/ ’4: :; q\ﬁ&1LJ 'q;f§> (2.1.6)

We leave it to the reader to,cqnyinga:hiﬁseifnthax Eq. (A.I.4)

can be writtenm in the more-familiéi_ogtical-théqpem form,

)

‘“t Imfeo) ff‘(a)l aln :: <“f’(+),b\/l (AT,

where‘thé*f1r§t‘térm'is‘the“tﬁtal'crdss‘égﬁtianand*théﬁéébond
the tofai elasfic Cross séction..ﬂCleaIly_(A.I.s) is cansiétent
with (A.I1.7). o . |

The extention of tné;dbdﬁé:qdnéideratibns to coppledﬁ
channels is straighfforward. LQQﬁéad.of Eq; (A.I.)i.we nowﬂhavé

to consider the foliowing

Y ) | s &) i" Ara
‘_‘}i, !:’724/ // ) /,(r/ E'?‘: ZV ?70 | (A.1.8)
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© where W fepresents the'absorptive potential in |¢(+)>., ' )
R ' 0 cr,—__k_. —rz(\P]'UN‘ >]+G" BCYS SETP I
inthe limit Vo= 0- R E

Ao

GauSsi-thecrem then gives

o _ where op describes tEE~di;§ét;cﬁanﬁélsicdﬁtributipn.
~f34K = i—- <E” IwWARTS

=

2 Im <LP:H\V°j G:)Vjolq’e > (A.1.9)

'The seccnd term or: the left hand- side represents the contribution
to JJ dﬁ arlslng from the: channels J ,coupled to the entrance

channel Th15 term: can be. further decomposed, as was shown in

3 iChapter II,'1nt0 a genuine open channels contrlbutlon and closed

.channels contr1but10ns (fusion}. In fact, taking VDj to be

ILP =G Im(i‘; o;gg*))

__ZJ<\E+‘)V ( = ><+ DVM H,

"<"’ i G WG \/'“ H’ >

= =TT j't<: \k;” ’t/ . rqi 5 l

“"Z.<l‘l’;wl W. IL"H-)> (R.I.10)
S

1

 Acca:ding1y, (A.1.6) becomes now
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(WKB) S(Eikonal)
I L

APPENDIX II - CGMPARISDN BETWEEN 6 AND

In this short Appendix we present a comparison
between the imagihéry part of the nuclear eléétic'phase shift

caleulated within the eikonal approximation, Eq. (1I.22),

te) =
S- (L) =-—T:.~5_E-;._)';: dz W (\/ b2t D (A.II.1)
Tr h k-
—

with the more precise one obtained within the WKB approximation,

Eg. (IT.19)
S = J\d (.;——F~U6r))+wcT)]M8"’J
(A.11.2)
":ﬂ'«)«- 8'“"'-"'-_ : : __'\&J:cr- /)
E-Ze0 L)

for several . cases, involving the 12.,12¢ system, using U(r')=0

for simplicitg;__ﬁauauds=53xnn form was employed for W(r')

. — i,
Wer) = - (A.II.3)

r v — o
L+ exp(L=Tc=)

with a=0.6 fm and Roz 8.0 fm. WD was varied,

The results. are presented in figure (23). cClearly
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the higher energy is the better agreement one obtains between
the two expressions., In the applications described in this
paper, we have-always employed the WKB expression with the

real part of the potential taken intoc account.
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APPENDIX IIT - RELATIVISTIC, DIRAC, FORM OF THE TOTAL REACTION

- CROSS SECTION

_Thg;diScuSsioh.and calculation of o presented in

Was“baseﬂ“on~ﬁnh-rélativistic scattering theory. In

ffbw & relat;v;stlc Dlrac optlcal equatlon In particular, spin

'l:lpul"rlzatlon and rotation seem. quite clearly to requ;re for

 'the1r descrlptlon, such a relat1v1st1c theory. One would also

b '11ke tu check whether such a relat1v1st1c theory will 1nFluence

at’ component, Vg , and the fourtn
”Qij. The matrices &

-cur component vector wave-

o. 8%
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Vo= Ua-i W,

(A.ITL.2)

VO = Uo —_“"'wq
Eg. (A.III.1) can be rewritten as

L7, (e- \/.,) —iY.p f-(m-:f\/s W= o | R.ITL3)

obtained frdm'the}usual-relations, iy = Yﬁﬁ P P B. We. now.

perform the usual manipulations of multiplying Eqg. (A.III}B):-

from the left by ¥ ='¢fy4 and constructing its cdnjugateﬂﬁi;h=

the subseguent myltiplication from the left by ¢, te abiginf_

finally

PLO(EV) =T F— (O =0
FLAED-TF VDm0 s

the usual Wronskian argument used in Appendix I now'suppliééfQSS

the continulty equation

VI =Pty i) e

with

" .- s _ | |
é} =1 vy Y , | 1,'- (A.II1.7)

the-hadrbnic_current.
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Integrating Eg. (A.11I.&) over a large volume and

using Gzuss's theorem, gives us

[ AR = 2T g )1y e

s

where ‘the integral is over a suﬁfaceasu:fnundi

the potential,
in a region where the potential has complatély,yan£$ﬁedizénd
describes the net inward flux due. to absofﬁtion'Tw # b ,.W #0).
"y

REVERIE
in normallzed to. unlty) ~gives the total

Dividing this flux by the incident current
(assuming that (%)

reaction cross section

HJ

g = — 9—*@g§i‘{gg
¢ o 1

(+)

We remind the reader agéin that'-- %" -is a scattéring vector

wave functian.
€q. (A.III.9) can be fqrtheriréduced-to a'Fdfm more

convenient for numerical evaluation We-.do this. by exp1101tly

(+)

writing ¢ in terms of lts upper (large) and luwer (small)

camponents,

b3
LFH')__ E 4+ m
N\ &2m

+ WSH'> (A.IIE. 9)-

(A.II1:10) .
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where

A = E«-mvas -Vy s and Ug satisfies the reduced Dirac

equation

(6_—.-;;7"—-5‘?]3‘_!:‘——&41—\/ —--\/)’LLS:O (A.I.I-I....H_)

Ey o

with Eq. (A.III.10), og » Eq. {A.I11.9), becomes

57’“’"[fa’r(bd—;-w)u u,  +

C Ha Xm

~fu, - w)( TP u) f_ﬁf_ rp 'u_;) } )

Using the fact that (Ws-Wg)/[Al% = 2 (o' —at™1) | we can,
after performing one integration by parts and using Gauss®
theorem on the second term on the RHS of Eg. (A.III.12), write

for ag the fallowing surface integral

0p = - ‘HXJCM 2 (%_";_’1 Fp ) +

il

—l

HZ

which reduces, in the appropriate s-+o 1limit, where A+E+m =

A a
M ?F‘us)T ] (A.IIT.13)

(1+v)m, to the final expression .
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G'é_ — W‘I;’l?'-d’ fo(,ﬁ} ﬂe (ug anavp M:) B.TIT. 1&) o
: S 00

Equ (A.1II.14) could have been obtained directly from the first

R =
Our derivation above Berves as a check of the

(#.111.9) namely from the identification o

EF'EQ- (A.fII 9). In the following, we evaluste
s Fadyin the elkonal (small- angle) limit.
The 81k0na1 approx1mat10n to (+) or U of Eq.

‘TI;E) or (AL IIT. 11), ha's been recently discussed by Amado

'et al _ “Here we' derlve an 51konal form -for o startlng with where X, are Dirac SPlnals_a

R 1
(A LT ). We f‘ollow the notatmn of Ref. (39. - equation .

Wlthln the 31k0na1 approx1mat10n to ug, , we have,

=L
It
bﬂ
TL
H
AU L
o R
-+
<
9
=y
9
=<

as T ad
P ey (A.I11.15) :
SV g }
: Risdnd In Eq. {A.1I1.%9) the central v (r
. ) . T S A - ) action are: en b iee- E j
Using €q. (A.II1.%5) in Eq. (A.1II.74), we obtain given by ( | a:
_ \/ (r) (r) + __Vu-)
U (A.ITI.16) 1!
Vo) = el Lo
rge surface surrounding the intersction ¢ .'.:ajkf% c{r'

_pdtehtigl,”keﬂmay take for it two planes perpendicular to the

B | and % = . (kik+), the aver ind- fnal mementa.
z-axis ‘at” z = teo ., MWe thus have - B o 3
" Defining thez- _“0. e alﬂng the dlrEDtan of
"%, the eikonal phasé'fé(ib' “tan be wrltten as
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Using Eq. (A.EEI.22) in Eg. (A.III.18), we can write down

immediately for |u |? (B,z) the following

ba)= chxr’ [— 2Lm S Eﬂ“)] X, (A.III

We remipqlthe reader that S 1is an operator in spin space.

Let us introduce the guantities

F = E-V, 2 . (A.TII.
N = wm — \/s (_f,_g) (A.III.

Then Egs. (A.IIT.17), (A.III.20) and (A.III.21) give us for

trra . @O
Gp = Qfs[fcf_b_(i.-é )]xs (A.III.
where
CP(E) =4ZCI;) "4’55‘;) a. (gxf; )  (ALLIX.
and:

oA = / Ja™u f
- j;_)/CCb,%’)-i.-\{,'b(b,%) [a’- bxh—-tkef)}m'nl'

22)

.23)

24)

25)

26)

27)
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& (D)

<

b
! 2 2
= e—— I —
a5 I‘Z‘f m (NS F?)

¢ (b = b fd%~rm[

Frnl 3 (F—HU)]

(A.III.28)

(AITT: 29)3"

At this point it is worth mentioning. that the quantltles C# (b)

and qb » are related to the thigkness funqt;pgs,

andg tSD(E) of Amado et al.(sﬁ, defined by

b = St J

. (b T dz [N Fhet m)
_ =il jda’ L2 (Fan)

t, ) = =% = Yo

Thus

()= a®e t (b)

b ()= aRe k)

LB

(A, I11.30)

(A.II1.31)

(A.I11.32).

(A.II1.33)

Going back to £g. (A.III.26), we note first that we can write

it as

G ® A [faﬂla(

& h) _4; Lr) &bxk
)]z,
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= x [Io\b(i ec b)mkc# ct,)-f-?.(gxg)ecgbi

o AR b (b)) ] X

= &-7‘C QC-: [fbc“"(i - e#z( C'MQ‘ 49!:0(!’)) ] xs

= a,TcJ‘lo c“o(.’L - e Eh(b) caall ci:s b ))

(A.III.34)

-The'téfm.inv01wiﬁg* 5.6 xk does not contribute to the b-integral
due. to Symmgtiyfabﬁut'the z-axis, Eq. {A.III. 34) can alsg be

written as (Egs. (A.EI1.32) and (A. III.33))

2&-& q%)

G,R : e couﬂ.;z&tsgb)) (A.III.B%)

Eq. (A III 35) is the principal result of this sectien. It
eXpresses ”&R'_ln the usual form of an impact parameter integral
invoiﬁing_"teIatlvxstlc" transmission coefficients given by

% 1 é&t o2 cosh 2Re :l:so(b) (A.111.36)

‘It;iéhélgiﬁithat the exact form and details of T(b) would be
Cirrelevant - if the nucleon-nucleus scattering is dominated by a
black disk-type. abscrption. In such a case T(b) would be

représehtablé as
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T = @ (bR ) | (A.III..:‘;T-)J

where QEDCx)is the step function, and .Ré is a characteristic

absorption radius. If Eq. (A.III.37), is used o becomes the

R

simple geometrical limit,

o, = 77:7%: R ~ ._.'(;\..11;'.33.'}
If the above wére-true, not too much:phyéiésiwoﬁid'
be extracted frdﬁ .OR;— LUCkily.tbtél réaction cross sééfﬁdh
datz of proton-nucleus systems-af intemediate eneigiés,éxhibit
major deviatidns.from the black disk result Eq.'(A;III.BB).
Nuelei become quzte transparent to nucleons at lntermedlate
energlesz), .and the quantlty that measures thls nuclear-;
transparency in details is given by . T(b) _0f.Eq:’(A.III.36).
Therefore detailed evaluation'aﬂd-digcﬁﬁsidn of T(b) {énd_fhe

resulting o is clearly called far. This has been  done using

R
the conventional non-relativistic theory by Digiacems, DeVries
and Pengz). In the following we present our Tesult for. -and

discussion of 9 within the Diraé-eikénal:treétmentIpresented
in this section,
Before nresentlng ur results e warn ‘the reader that

tc(b) 15 111 defined fcr proton scatterlng because of the

'nreéence-oﬁ the long range Coulomb'potentlal which is present

in v (r). This difficulty can be dealt with easily by 'some
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appropriate modification of the integral involved. The details are
given in Appendix I of Ref.23). Here we only cite the final Coulomb-

modified, bub. finite, I

> Rt
b(i'—e- e'C." Cgﬂ.&&,?&tgéb)) (A.II1.39)

- o
Ny sz 2 % 5

: j\'_d‘t@-;-f--i-&'-ml—% (A.III.40)
C Yoo Yl

A :E)—_ﬂF(E;E’;E) |z 452 L (A.III.41)

6fi£ct?exgression for op. 1In fact, with the

wplitude. F(K,K';E) derived by Amado et

(A.III.42)

£ |
. -'i:-J;(r?,b»)-(e‘ C"d’%-ts'o(w _1) (A.ITE.43)

T +.(b)
l__,z_ :szdb b :];(%_lo} e° Al t:o_( b) (A.II1.44)

1.

a = iE-?'], and JO and J?, are ordinary Bessel functions,
Eq. (A.III.41) results in exactly the expression for -0 given
in Eq. (A.III.35).

For charged particle scattering, Eqg. (A.III.41)
ylelds infinite values for both terms on the RHS. However, a
generalized aptical theorem can be derived for the purpose ang’

it does supply a means of Calculating'cg,

o, = i%‘ Tm[ FCRK5E) —E(E,E;E)]

—t e )

_S L lE(EE/& E)'?:‘ | FClyley E)'.illl 4 (a.11.4s)

where Fe is the point Coulomb seattering amplitude. In a
way, the procedure we employ amounts to basically calculating
the difference F—FC in the form of an impact-parameter

integral, which yields completely convergent results. -

NUMERICAL RESULTS

In what follows we present the results of our

calculation of op s Eg. (A.III.39), for p 2400, and p +208Pb,

in the proton energy range 10 < E;3 < 1000 Mev. We take for the
proton-nucleus optical potential, the impulse-approximation
Dirac optical interaption for spin-saturated nuclei, has the

gengral form34)



T2,

af a . | | |
Lel Uy, [k = -4 [Farpep+3, 1 g p o]
= \/; ) + \4(%) (A.111.48)

In Eq. (A.III.IuS),'FS and FV are the scaiar and vector pieces
of the Lorentz-invariant N-N amplitude, respectively, and

Py and Py are the scalar and veéctor form factors of the
target nucleus, given by |

—_

¢
_ tg. T
5;0‘3) = <0"Z € ]0> (A.T11.47)
1 .

e
£,00) =<o| 37, e Bn

The above densities can be better visualized when written in

configuration space,

. e_m' ' .
fop = <012-:,_b;££(r'l?t.) 0> S;I}’;(k) 'LP““”) (A;III.&?)
) ¢K5- T’ _
S = <ol.z,5(l:7':.) 10>EZ“P&)"|/ (r)  (A.111.50)
v < ¥ ‘x

where we find a¢-sums are over occupied single particle states.

Writing in terms of its upper and laower campanents, -

IO> (A.1I1.48)

'-enérg§7rangeféﬁﬁsidééed;ithe}Fdﬁfiér;tréhéﬁéﬁ@jﬁfﬂEdf"(ﬁhiil

elativistic.

by MeNeil et a1 34) yo

and- F"V(-fcj)".'x“:FV('U)"' in-Eq.

‘In‘this limit, which is quite ressonable

yields a local poteritial in configuration space, with its y-

dEpendeﬁte CQmpletely'specified by"pé(r)f and pv{r). Wed

‘therefore write

Sl e f*._ o .. ® A e
\7;1('\«_) ';"\/o’"‘e')'_f\,'m': (Uo"E) —1 Mi{e;) fvc\-) (A.111.55)
_.whéré' 3- .and:'g represent the shape of the densities and

S v
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they are both normalized to unity in the central region. McNeil

et a1.>¥ o)
are both ©.16 fm'B.

presented their results for Ug(E). wg(E). U

and 'wgfﬁ} at a radius where p. and

5 Py
Tthe-vglues,qﬂ the. densities,. cerrespond to a Fermi momentum,

ko = 1.37fw”'. It is found: that We

"QrﬁCanentiqn, Eg, (A.EEE.2), that the scalar interaction

is negative, implying,

aﬁiVé,wheieas the wvector one is absorptive. Their

valdes hume,out comparable, with wg(E) a bit larger than wg.
Ali“q%ﬁthﬁseuresultsﬁa:e in accord with phenomenological

o . : . . . ., 38
findings. The.abdve results were.also confirmed by Horowitz )

_ -?Tgimed%, g EQ.
'(Aiiifﬁ39§,:“ ggults.of{Mcuéil et al., as presented

20

*tﬁgﬁqéhéity-shape of ?98ph  we have

in:their figure 1. :F

‘Ehiﬁaﬁamaﬁgrs:fixed in accordance with

_léc:, nasqgttgting, which basically

 va j rfbns.f'wé,hége; however set b(r) = B, (1)
fof“all r:.- Tﬁé“rgﬁius; R, andidiffuseness, a , parameters
-. . .7. L 2 ) N . N
for 2%8ph . are?

aoté is usuallyfparametrized as

'in = (?_ 4'“ij/kf)/th.4;6397(&f7£)/éz]_

. Thedensity ‘shapeof -

(A.III.58)
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with w = -0.1017, R = 3.669 fm, & = 0.584 fm.
The results ape'presented in Figures @%and 25. It

is clear from the figyres that the comparison of our o in

the energy range . 100 <.E_<;jDQO~MeV , with the dataZ),is as

good as the one chtained  w \h thé_ncnrelativistiv theory. This

R for heavy-

'th-fhe_conventional nanzelativistic

finding convinqéﬁ;us_that_ leulation of o

ions presented in-'this paper

"teg e, " potenfial 3h¢u1Qﬁh¢v
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APPENDIX IV - PAULI BLOCKING EFFECTS ON THE NUCLEUS ~NUCLEUS
' TOTAL CROSS SECTION

1. CALCULATION OF ENN(E) FOR NUCLEON-NUCLEUS SCATTERING

In the first part of this Appendix, wé review thé
calculation of ENN in nucleon-nucleus scattering. Although
this has been discussed extensively by several authors, we feel
that a full review is necessary as a preparation for the calcu-
lation of ENN in the nucleus-nucleus case, presented in the
second part of this Appendix.

The average cross section of two nucleons, one of

which is Fodnd with mamentum k2 is given by

i NN, o ey
- (A.TV.1)
o = a7 (q,9")

where VF = 31Tk is the volume of the Fermi sphere repre-
2 2

senting the target nucleus (labeled here by 2), and UM%E;EI

is the free nucleon-nucleon cross section, which depends on the

relative momenta g = E1'E2 and §' = Kiuﬁg , before and after
the collision, respectively, where K is the incident nuclecn

1

momentum., When using Eq.(A.IV.1) one normally employs far UNN

T
an empirical form, which is valid for fixed target nucieons.

To correct for this, namely for the fact that ¥,40, one
- =
|k -, |
1742

H
Ky

inserts a transformatign factor, giving thus

A7

—_— 1_
S

Clearly, 'Pauli-blocking “enters thf0ugh fhe-hié§t

1k | > k |k > ke ;'.of ?‘274'§ 2kF :
G (ALIV.2)
T : o

It

takes the form,’ in the energy region where o

g =

(RITVa3)

Using now energy and mumentum cunservatlon we can recast the

above eguation into the follow1ng-fqrm_

k +k __k +k;_._—
O: = = {A.IV.4)
Vi
After 1ntegrat1ng over gt &nd Y, we obfaih, ﬂSSUﬁiﬂg.-g%.=
L) i = ' E
NN . . . .
= M tne f.‘?l_l?-wmg_ |
Z:f.. T 14 2
— Oy Uyt — kg |
k,g VF;- 1 T

where the lower 1imit of integration, obeys, k$-+k§ > 2kF'.
’ 2
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T .
cNN(q) is &

canstant, %5 , which results in the following simple expression

It is a usual practice to assume that

for oy -
ks B>k
B e 2
& E 'l,_'i') ] P E

=

3%? {IVi3, Iv.4), mentioned in Section IV.
'ficatigﬁ.we envisage in this paper, we
cal’energy-dependent CQL(q) . Far this

_Qqnﬁgniant'fo:m for the evaluation of ENN is

agﬁ. élent, relation

'Ar nmzr _m_afa;z_ b1y

{Pa(,uf.t,

-rictidns imposed by the conservation laws and
are contained: implicitly in the solid angle
Bove: form-af- ENN; is the one which is most
;éhiertofthe:iunrinn‘Case.

In:.the: caleulation of the integral f.dn one resorts

; tn;geometrlcal arguments. Pauli blucklng, within the Fermi gas

”~model used here, 1mp11es a restrlctlon on the lengths of the

.79,

vectors k; and ks , as visualized in figure (26a) . The

mamenta ﬁ1 and Kz define the total momentum ZE = K3+k2

and the relative momentum 23.: §1-§2, with E specifying the
center of the secattering sphere and E- its radius, as indicated
in figure (26b), the conservation of linear momgntum implies

fixed ﬁ . From energy bonservation,uwe¢QISU-Have ?? Kz = ?{['
, which implies a constant, radlus for the scatterlng

sphere. Imposing now Pauli blocking, glves

—/

B = 1P+T | > ke

o ., (8.1v.8)
P-9 1 > ke

2

=t
o~
fl

which implies that the amount of solid_aﬁgle-nnt'allawed is as

indicated in figure (26c) by the dashed area. Thus. dn

= 47 - Qa , which when inserted in Eq. (A.TV.7 ) YIEldS the
closed expression, Eg. (ap,Iv.6 ), if a constant c (q) ‘is used.
The solid angle portion R i€ given by (obtained

directly from £q. (A.IV.8))

O = gnr - 2% (/é/ 7‘-/@, ‘"R/é;-) ) - Aav.s)
21 ‘;Zlb SRR



.80.

2. CALCULATION OF EﬁN(Ej FOR NUCLEUS-NUGCLEUS SCATTERING

In the nucleus-nuclehs case, the calculation of
ENN(E) involves the considerations of three spheres; the twao
Fermi spheres representing -the prqjeétile and target nuclei ‘and
the seattering sbhexe, determined by the momentum and energy
conservation laws and the Pauli primciple, in clase analogy
with the considerations presented in the first part of this

Appendix,

The starting expression for EﬁN in the nucleus-

-nucleus case is

T
O (s, ke, ) = — folt‘ 2%, 28 Tan(®)
VF. V";_ !

PR

.l doL (A.1v.10)
.Paul{'

Where v = Eﬁrk3 and V = i1Tk2 being the Fermi volume
FT 3 FT F2 3 F2
af: the projectile and target nuclei, respectively and 2q =
= jﬁl -ﬁ2-+E| with k denoting the relative momentum per
nueleon.. In figure (27a) we present the three momentum spheres
alluded te above. Using similar arguments as those discussed
in the first part of this Appendix, leads us to conclude that

the region ngt allowed by the Pauli exclusion principle in the

nucleus-nucleus case, is the one shown as the shaded region in

" figure (27b);-

where 8, and - @ - ar
cones and.’ . @ . Tepresent
;sectibhsﬁf-wpé?§ﬁlidz

-as was' done ‘earlier.

L A1van)
';(;{h. _ 3 : .
wﬁére 'ff””
cor 8 b
#7 % 2 by AR
. C(ALIV.13)
() E}h = B
and
p = k, +hk
g = _Ez —-E_‘——k\’ (A.'I.v..m)
o= K -7
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The evaluation of ® is tedious but straightfurward39). We

give below the pertinent expressions. 7Two possibilities arise

o) A /
R o= 25 (8.8,,8) +2 50 (70, 8 ,4,)
) . B, +8, > (A.IV.15)

DT =aSy (5, 8,8) , 98 +o LT (AIV.16)

where the angle @ is given by

(A.IV.17)

‘The. solid angle ®; has the fellowing values,

= o b=, +8, T (AIv.18)

ST G o ¢Cr?é}d ]

Geon | o2 — com o com P ]
2 &,

; e
[Cor %#ﬁ*boﬂti zcon95w7%‘¢a>é

(A.IV.19)

) Q. =, ) > ,8=2[8-2] (nav.20)

&
[~
d)..Qi = 32, , % <& ,_:9_< [ﬁ_gﬁ_.-%/ (A.IV.21)

The first case above. represents the situation where ho inter-
section of the two conic sections, & and b, occur.

We would mention that it may happem in..somg. cases,
for several values of p, g and 'kF1 . the.busiﬁeqﬁgqgﬁiqhs

above attains unphysical values {(>1). Thﬁse.éasééqétg._

Uop+q -<'k|_.
2 Jr—ql kg

p) _qga.dihg;-i
;e Dy St
' (A.1v.22)

Db +4 <kg , conB <L

wlb-al >kg e Ay >4

Under the conditions 1 and §‘wé mérely set J:dﬂ equal to zero,
since the scattering sphere in this case is ;?¥&;ted inside the
Fermi sphere of gither thertarget or projectile nucleus. If,
on the other hand, cos _ > 1 and cos , > 1 (conditions 2

and 4) then two possilities are considered

P>9 —s 2, =0 |
b-al ke (A.1v.23)
2 F <-i — _leJ (gﬁ)éi - -t
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b>¢ — 0, =,
(AL IV.24})

=] >k |
_ b <i — _D.Pm&wm&b,e) ~o

The cases 8,=0 and ?, represent the situation when the
' écaEEEring sphere does not intersects the Fermi spheres.

In.Eq.- (A.IV.10) the average nucleon-nucleon cross

section EQN"clearly depends on the Fermi momenta ke and
v . 1
ke ~ which are related to the matter densities according to 32)
T . 4
-hp(r) = (?-E'fﬂ? +3—f(i__) {(A.IV.25)

WhéféiEﬁéiggéﬁﬁd}ﬁéfm*amounts to'a surface correction with £
aboqf Okﬁ;! .

o .:: .:;n,ﬁﬁruééiéql&tion of 0y, we have used the'abpve
expression for EF',

and ke~ in £g. (A.IV.10), which was
evaluated numerically.

simple analytic expression, such
~as given in Eq. (IV.3 ) for the nuclesm-nucleus case, was
Fouhd,”eﬁén'ih thé limiting'cése of canstant free nucleon-nuclean

‘total cross
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TABLE CAPTIONS

Table 1. The parameters of the NN amplitude according to Eg. .

(IIT.24). From Ref. {(26}.

Tablke 2. The percentage transparancy for '%cC + '2¢ , 12¢ ¢+ 2%8pp,
“’Ca + *°Ca and 2°%pb + 298phL, at several center

of mass energies. See text for details.

Table 3. The identical- particle correction of the total reaction
cross sections of the systems '2C + !2¢c , *fca + *Ca ,

Zr + *%Zr and 2°%pb + 2°®pPh. See text for details.
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FIGURE CAPTIONS

Figure

Figure -

Figure

Figure

Figure

Figure

Figure

Figure

1. The total cross section of the NN system vs labora

7.

8.

tory energy (from Ref. 11}).

The angle-integrated. one-pion production cross
section for the NN system (from Ref. 11).

The angle-integrated two-pion production cross-sec
tion for the NN system (from Ref. 11).

The fransparency factor vs %% {(Eg. (II.28}}.

The correlation distance Rcorr.

See text for details.

vs laboratory

energy for the p+12C system.

The real part of the second order nucleus-nucleus
potential at four laboratory energies; 100 MeV/N
{dashed curve), 200 MeV/A (dotted curve), 300 MeV
{dashed~dotted curve)l and 500 MeV (dashed-double

dotted curve). For reference, the usual double-—

folding potential is also shown (full curve).

The imaginary part of the second-order nucleus-nu-
cleus potential (same as Filg. 6). The potential
equivalent to the double folding potentiai, namely

Im "tp,pz“:is also exhibited (full curve).

The Pauli blocking-corrected total proton-proton
¢ross section in the proton-nucleus system, for
several values of RF2 (t?e target Fermi momentqm).-
Also shown is the free UPD

Figure'

Figure
Figure

Figure

Figure

Figure

Figure
Figure

Figure

Figure
Figure

Figure

9.

12.

13.

15.
16.

17.

18.
19.

20.
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Same as Fig. 8 for the neutron-proton total crdss
section in the proton-nucleus system.

Same as Fig. 8 in the nucleus-nucleus system.
Same as Fig. 9 in the nucleus-nucleus system.

The imaginary part of the "tp,p," interaction. for

12C+12C: &) with Pauli blocking; b} without

Pauli blecking.

208 208

Same as Fig. 12 for the Ph+ Pb system.

12 2

C+1 C vs
Full curve includes Pauli blocking plus

The total reaction cross section for
ECM/A.
refractive effects, dashed-dotted curve corresponds
to w with no refractive effects, and dashed curve
represents claculation with the free Ggw, The: data
points were collected from the experimental papers
cited in the reference list (Refs. 7—10)._ 

Same as Fig. 14 for 12C+2OBPb.

Same as Fig. 14 for 208Pb+208Pb.

Same as Fig. 14 for 12C+40Ca {nc calculation with

W only is shown; see text for details).

40 40

Same as Fig. 17 for Ca+ Ca.

Same as Fig. 17 for 1'2(:',+90Zr.

Same as Fig. 17 for_902r+902r.



Figure 21. Same as Fig. 17 for 40Ca+208Pb.

Figure 22. Same as Fig. 17 for 90Zr+208

Pb.
Figure 23. The imaginary phase shift calculated -according to
' the WKB approximation (full curve} and the Eikonal
approximation (dashed curve): a} Ec M =10 Mev, : o ] .
=10 MeV, W_=50 MeV; o T ' T

W.=5 MeV; b) E : -

o C.M. £ a @ a S
€) Ey \ =100 Mev, W, =5 Mev; d) E. =100 Mev, _ LAB pp pp o] B pn . po pn -
W°_=50' MeV. : ) (MeVv) (mb.) (fm?) “(mb } ) 4 f‘rqg) -

Figure 24. Total reaction cross-section for‘p+4QCa calculated
with the relativistic, Dirac, description {Appendix .
ITJ. The data points were taken from the references 150 28.7 1.53 0.57 50.2 0.96 0.58.

100 33.2 1.87 0.66 72.7 1.00 0.36

200 23.6 1.15 0.56. 42.0  0.71

cited in Ref. (23).
Figure 25. Same as Fig. 24 for p+2%8pp. . : 325 24.5 0.45 0.26 36.1 0.16 036
' . : . 425 27.4 0.47 0.21 33,2 0.25 . .B.27
Figure 26. The geometrical realization of Pauli blocki in e
e g roan, reatiss e g 550 36.9 0.32 0.04 35.5 -0.26 .. 0.085
the nucleon-nucleus system: a) restrictions on . )
the momentum vectors; b) the allowed scattering 650 42.3 0.16 0.07 37.7 -8.35 0.09
sphere and ¢) the Pauli forbidden rggidn {dashed 800 47.3 0.0¢ 0.09 37.9 -0.20 0.12
area). See Appendix IV for details. ' o
: - 1000 47.2 -0.09 0.as 39.2 -0.46 0.12 .
Figure 27; Same as. Fig. 26 for the nucleus—-nucleus system: 2200 4.7 -0.17 0.12 42.0 ~  =0.50 0.14

a) the three "spheres” describing the scattering

region in momentum space, and b) the Pauli
forbidden regicn {(dashed area). See Appendix IV

for details.
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