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ABSTRACT

The .double -scattering correction ‘to the - ioh<ion
double folding interaction is  c¢alculated fer . the 170 4+ 1%p

-system. The multiple seattering thedry ‘was ‘employed ~£or the

purpose. The effect of thie correction on’ the total réactien
croes sBection ‘at intermediate ‘energies {~100 MeV/nueleon) ‘wag
found te ‘be less than 10%. : :




Microscopi¢c approaches to the lon-=Ian thenti?l
invariably employ the single or double folding prescription
At intermediate energies, the multiple scattering theory

cbnstitutes an excellent 2framework within which the optical
potential can be discussed ’ The expansion invelved is in
~ascending order of correlation. The first-order term in this
expansion is, in the context of heavy-ions, the usual "tp,p,"
expression, whiech constitutes the above mentioned double
folding potential. Of course, in contrast to the usually
employed DF potential, the "tP192" interaction carries a well
defined energy dependence. Further its reactive content is
well established in single nucleon knock out. N

During +the last few years, several authors have
addressed the question of whether the imaginary part of
"tpxﬂz" appropriately corrected for the Pauli principle does
account reasonably well for the total reaction cross section of
heavy ions at intermediate energies“ The analysis of the
momt recent datsa on C + c at E ¥ 100(MeV/nucleon)/
SOO(HeV/nucleun)’). does indicate that the "tpxpz" interaction
is reasonably adequate, On the other hand, cne knows that high
order terms in the multiple scattering expaneion of the optical
potential should play a role at not too high energies. In fact,
RayT). has shown that in preoton-nucleus scattering the second-
order term {(double scattering contribution) contributes
appreciably to the scattering. In fact, one of the conclugions
reached by Ray is that an over-simplified application of the

ttp interaction for proton-nucleus may result in a
fortuitously good agreement with data. Several effects are to
be considered. It is our aim in this paper to assess the

importance of the second-order, double NN scattering
contribution to the ion~ion interaction in so far as the total
reaction cross section is concerned. Our application will be
restricted to intermediate energies where the multiple
scattering theory is expected to work best. For the purpose
of completeness, and the presentation of a general rtheoretical
framework, within which corrections to the first order
approximation may ‘be constructed and discussed, we present
below the essential ingredients of this approach.

The Hamiltonian for the projectile nucleon-target
nucleus system is written as,

ff?‘7a'¢_ Hy + v

2w

H = -

(1}

where HN is the target nucleus Hamiltonian sand V is the
intersction between the incident nucleon and the target
nucleus, which can be written as a sum of individual nucleon-
nucleus interactions

V= Z_ Ve
A=t (23

The solution of the scattering problem is represented by  the
full nucleon-nucleon T-matrix :

1

_— T, (3)
E-(H-v)ess :

where E is the C.M. energy
facilitated by the dscomposition

The solutioen of {3 ) is

T = ;E::_ ?SF&-(E?JI';L-(E'J (4f

with

2= Vs Vi Z, .- (€
E;fu J P E-—(‘F-V)fA? v .
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substituting (4} into (3} gives

n |
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H-v)raE J#d ‘ (6)

The set of eguations, 4-6 constitutes the basis of the multiple
scattering series, which results in the following

T=2_2,(e)+2_ T, (€) G, (6J
_ . c—  Cput I — e .
“ “, J#4 E-(H-v)rae {7)

At this point it is important to emphasize that < . are not
two=-body projectile-nucleon transition matricés; the propagator
1/(E=(H-V)}+i €)= G (E) contains the full nuclear Hamiltonian HN
{see eq. (1}) and consequently T; is an{A4+1)=-body operator.

The usual procedure is te replace Toi by the
corresponding, nucleon-nucleon T-matrix in free space
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The corrections to the replacement T +t reside .  in corrections



to the free Green's function {the replacement of an (A+l)
operator by a twe-body operator, and the use of the C.M. energy

of the p+A system in the p+N system (this is reasonable if
A=Y << 1)),

The stage is now set for the obtention of the optical
potential operator which is formally defined by the eguation

Po T
E"" u‘_k“ (9}
2 ™

T = V+ vV

where Pn = l?°><?ni. is the projectioen operator, onto the
target nucleus ground state, and KA representse the kinetic
energy of the C.M. of the nucleus. Thus

V= T(5)-T(€) g,, (e) T((—')'i

= X e)+ 2 A€ f(t-‘)w (10)
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The ground state matrix element of V gives wus the optical
potential for elastic syattering. viz

Nie)= < w0l VIR 00>

= (9”}3 g(’?*"ﬂ'-;)\//z',;,&) (11}

the first order potential obtained from eq.10 reads

@B~ EIX (), K, ;¢€)
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where ¢, is the target nucleus density matrix, which is related
to the density by

(13}

E' = - X (R~ fa )
4 "MN
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The next step 1s to set Py = 0 in 1, wich results in the "to"
expression

Rie)= ApG) AR ke
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The last form ignores offishell effects. It has . the
advantage of supplying a ~model indeﬁendent_ procedure for
discussing nucleon-nucleus - elastic scattering. The Tremctive
content of v %1 as is known, is guasi-free knock-out.

It is toc be expected that the impulse approximation
form of v(l). eg. {14) would be valid at intermediate proton
energies {E 3 200 Mev), at these energies, the nucleon—nucléon
gcattering is practically purely elastic {except for very small
bremsstrahlung emission}. At higher energies, pion production
becomes important. Clearly medium effects modify this picture
to some extent (e. g. shifting the pion production threshold to
lower energies). Further, these same nuclear medium effects

like Pauli blocking. Ferm: motion of the target nucleus, bring

about changes in the form of AR Avalidity of a1mpulse
approximetion) as ‘well as make higher order correctibns,
related to nucleon-nucleon correlations, more important.

Amcng the numerous corréctions_required for a better
treatment of the scattering process, the second corder, double-
gcattering, effect seems to be the easiest to estimate.

This term looks like, -in momentum space {unsing the
free nuclecn-nucleon t—matrix as basic'input}
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Several approximations are ustally empio&ed“to simplify the

above, Use an average nuclear excitation energy in ‘the  free

Green function, E = E = T, employ CIOSure to get rld of the
a ] )

S= Z - lo><01

1}

and employ the eikonal {high energy: approximation in




evaluating the Green's function. Introducing the two particle
correlation funcetion

PH)(H';; = S'\? (%,.. na)ZZ SeroA) SR

A(A -ty A=t lga
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one can thus write an approximate form for +the double
scattering contribution, which in coordinate space looks like

) (XAp) ( ) Reo ™V “
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{(18)
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whare (1) is the first-order "t " potential and RCORR ie the

two-particle =orrelation length, given by

R = FJ ( R) o{(f?-ﬁ?)

CORR ™ —_——r———— (19)

P _f(n)

where a further assumption on the quantity "P(z)/pp" hat been
made namely that it depends only on the relative separation
between the two nucleons and not on their individual positions.
In the absence of tno-bogy gorrslations, Rgopp = O. In generel,
it is expected that P’ (r',r) would approach the no-correlation
form at aeparetions larger than the hard core radius ( ~ 0.4 fm)
at smalleyr separations P . ©. Thus R = 0.4 f

¥e see clearly from our estimate for V'? that the
multiple scattering series is an.- expansion in order of
correlation. The third and ‘higher order terms, would depend on
three and many body correlations. No simple expressions are
found for these terms.

Our recipe for the second-order nucleus-nucleus
potential (double scattering, contribution) is to perform. a2
symmetrized single folding with the projectile and target
densities. This in turn suggests

. 4 =, o
Uy, (M=~ 28 Reguel | [, (2-75] Tpy (R0 o
{20)

+ L A(;?n)]fA{n)a(n'

where Vé;i(rJ is the nucleon-nucleus (A, "t " eype aptical
potential discussed earlier. -
A more refined treatment of RcoRR presented by Ray
shows that it dis actually composed of four distingt
contributions. :

R + R + R

- R
cgar =  Pauat Rsnn PSR C.m. (
21)

where, following Boridy and Fesbachﬂ). RPMHJ is related te the
Pauli exclupsion principle correlatiens, Rgnpp is related to the
short range dynamical correlations and Rpgy is connectesd to a
combination of Pauli and short-range . dynamic terms. Finally
Rg.M. arises form center of masse correlations. We give .below
the approximate exgress;ons for these four contributions to
RCORR derived by Ray ’.

-R =_L|_4—,§4i] 3 il : '
PALT ™ LT 4 "atliok (m 1+§5;Ek§(ni

-R .-.L[l—_ Jm XTB
SRD
A A] oty 88 {22)

Rosp = -3 :
psr = 4 [ A }mxflm'[-fse(h?w 4 )]
"F{c,r‘-'= - =2 + -—‘} 4£

where the parameters A, kg{r), B, b, £c are the target mass

numbers, local Fermi momentum, finite range parameter gof
nucleon-nuecleon elastic t-matrix, shbrt—range dynamical
correlation parameter and the effective "carrelation length®,
respetctively. We should mention +that B exhibits a non-

negligible energy dependence: 0.66 at ELAB = 100 MeV and
dropping to about 0.1 at EpL4R = 2200 MeV.

We have evaluated the second order {double
scattering) correction to the tp g, + Potential, aceording to
Eq. (20), with Rporp 2iven by Egs. {22) for the system 1% g. 1%
at the fellowing lab engrgies per nucleon 100, 200, 300 and 500
MeV, In figure 1, we show the radial distributions of the
? cogg order correction to the optical potential for the

c C system at the above energies. For comparison, we alse
show the contribution ef the dominant, "tplgz", DF, potential
at 100 MeV/nucleon. The range of the second-order potential is
appreciably shorter than that of the first one owing %o the
higher-order density dependence; "{toy” a;" vs. "l{tp3z)} o,v. It



is interesting to note that the imaginary part of the optica!
petential changes =sign at 100 MeV/nucleun namely, W : is
regenerative whereas at the other cited energies it is
absorptive. We (?Tould ?ggess, though, that the summed
contributions of W and W are guaranteed to be absorptive,.

In our caleculation we Hhave used Pauli-<blocking
corrected nucleon-nuclean total cross-sections9 « The Pauli
blocking effect was, however, better treated here than in ref.
(9), as we, here, used an energy~dependent Oyn+ when performing
the average. Further, we have alsoc taken into account the
Pauli-blocking of the projectile nucleons (2)

Owing to the fact that the radial average of V is
0.3 of that of vit + it is expected that the effect of V(z) in
the total reaction cross section is small. We have verified
this by evaluating, within the WKB approximation the total
reaction cross section of l%g+t2¢ using V 15+V 2 for an
optical potential and have found a less than 10% influence
with respect to the calculation with only V'*’ included. In our
calculation we have included the Pauli blogking effect
mentioned above, and performed an adequate average over the
Fermi motion of the nucleons.

In conclusion, we have calculated in this paper the
double scattering contribution te the ion-ion double folding
potential. We have found that this correction is of shorter
range than the dominant DF interaction. The energy dependence
cf the calculated correction is quite important in the sense
that the potential changes character from regenerative at E =
100 MeV/nucleon to absorptive at higher energies: The effect of
this double scattering contribution on the total reaction cross
section was found to be less than 10% at %Jm = 100 MeVY/nucleon.
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Figure Captions

Figure 1:

Fipgure 2:

The real part of the double NN scattering
contribution te the ion-ion potential at four
laboratory energies per nucleon: 100 MeV {dashed
curve), 200 MeV (dotted curve), 300 MeV (dashed-dotted
curve) and 500 MeV (dashed-double dotted curve). For
reference the usual double-folding potential is shown
by the full curve. ’

Same as in Figure 1 for the imaginary part. Note that
the potential at 200 'MeV .is regenerative. ‘The ‘W{Im V)
equivalent +to the deuble folding model, mnamely Im
"tp,p, " shown. in the full curve was calculated for

.comparison.
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