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INTRODUCTION. -

Different arguments supporting the interest of (p, ™ ) reac-
tions have been already given in a previous paper(l) in which (p, )
reactions on light nuclei at 38 MeV incident energy have been stu-
died.

The analysis has been done in PWBA taking into account
four possible direct reaction mechanisms(2). Given the results
obtained, the necessity of taking into account the interferential
terms has been suggested. Here we will outline how the interfe-
rence has been evaluated starting from simple models.

In Section I the expressions of the (p, &) differential cross
sections for the pick-up (PU), knock-out (KO), and heavy particle
pick-up (HPPU) mechanisms will be explicitely developed as an
extension of a formalism already known(3+ 4, 5{

Moreover the expression of the differential cross section for
the heavy particle knock-out (HPKO) mechanism will be given.

On the ground that the four mechanisms take a part at the sa
me time in the reaction, the differential cross section will be esti
mated taking into account also the possible interferential terms.

In section II the basical assumptions and approximations will
be discussed.

(x) - Now at Istituto di Fisica del Politecnico di Milano.*

C.2
@D
i



In Section III computational details of the method used will

be given.

In Section IV the results will be reported.

SECTION I, -

We report at first a list of the symbols adopted in the for-

mulas:

~

b

~

,:.
el

o)

-

b

vl
2
g
"

x particle mass ,

reduced masses of the system in the initial and final
states,

momenta of the incident and emitted particles,
reduced mass of the pair xy (x and y indicate a particle) ,

binding energy of x+y ,

‘(z/u,xy Bxy/ﬁ2)1/2 ;

reduced width in Teichman Wigner units ,

spins of target, residual nucleus and core, with z com-
ponents mp, mg, ma,

orbital angular momenta, with z components mp, m¢, m .,
total angular momenta with z components /(‘Lp, Mt
z components of intrinsic spins ,
cut-off radii ,
overlap integrals
CM coordinates of particle x ,
relativga coordinates of x and y partircles .

coordinates of the light particles with respect to the cen-
ters of mass of T and R ,

angular coordinates of T with respect to the reference
system ,

internal coordinates of nucleus N ,

internal wave function of cluster x in the nucleus N.



I.1.-PU differential cross-section.
The reaction proceeds as
T+p = (R+t)+p = R+(p+t) = R+ KX
T consists of a nucleus R bound to a triton considered as a particle
of mass 3, charge 1 and spin 1/2 without internal structure.

The effective interaction acts between the proton and the tri
ton.

The differential cross-section is given by :
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where TSUm is the transition matrix element :
p

TR
PU > - Zz - i -
TvmemR= <%(PR' Tt 'g 'fR)\V(rp*rt)l L}ji(;ff' I‘p'—)?T)>

LP is the final state wave function ; l, is the initial state wave

function; V(?p—?;c)‘ is the effective interaction potential.

In plane wave approximation one may write :
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p%(? -?) is the internal wave function of the & particle conside-
red EPS a triton plus a proton. '

From the position vector diagram

t one gets :
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The target nucleus wave function may be written :

T AR 4 gr =g
Yp(FRe T3 ) = Pp(FR-T) PR(fR) (f)t(ft)'

’DT ) is the wave function of the target nucleus considered as
a trlton bound to the residual nucleus.

If the interaction between the triton and the residual nucleus
is represented with a trirectangular potential well (the Coulomb
interaction is neglected), having assumed a jj spin coupling one
writes :
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Then the transition matrix element may be written
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where O, is the degree of overlapping between the internal wave
functions of the triton when bound in the ©{ particle and in the tar-
get nucleus.

In zero range approximation the following quantity is usually
introduced(®

D° = 8I(hZ/24
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when ﬂtR is real, ‘711; is given by
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T(Q. 4. R) = QRj)_{QR) + C(AR)|(QR) ,

h{t) (i oR)

Cl(/bR)=-i/$R (1
H

(i/AR)
I-a — -
Q =k (Mp/Mp) - kg

j.(x) are spherical Bessel functions of order 1 and h(l)(x) are sphe
rical Hankel functions of the first kind and order 1.

[.2.- KO differential cross - section.
The reaction scheme is
T+p = (Q+&)+p = (C+p)+ K =R +
that is the target nucleus consists of a core bound to an o particle

considered as a single particle of mass 4, charge 2 and spin 0 wit-
hout internal structure.

The residual nucleus consists of a proton bound to the same
core.
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SECTION III. -

Taking into account the four mechanisms, the differential
cross-section has the following expression :

2
it Z } +PU, HPKO)+N2(TKO+THPPU)\

with
TP L B 0% W
ke K 2QIpFI)

The quantities T are the matrix elements (2), (8), (11), (12),
N7 and Nz are coefficients proportional to gltot and 0 gldob,\
respectively. These quantities depend only on the assumed nuclear
structure s-o that eltot is the same for Tpy and TapPkO and
le GI&OO‘V is the same for Tigo and Typpy -

The four matrix elements are indipendently calculated as
funi:tmns of the cut-off radii with glt' Ot' _le' 91&. O, equal to
unity

The calculations start with the parameters V, set roughly
equal to values already given.

To make the best-fit analysis one defines the merit function:
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G't(Qi) and G“S(Qi) are respectively the calculated and experimen-
tal differential cross-sections, p (9;) is a weighting factor which
normally is set equal to 6'8(9 ) : in this way the contribution of each
term to Xz is independent from the absolute value of the cross-
section. If one wants to stress the importance of some part of the
angular distribution one may change the p(#;).

The calculated cross-section is
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having set :
s 65(8;)

LY K

The fitting procedure must minimize na with respect to

the parameters Ny, Nz, and the cut-off radii for each mechanism.

All the possible combinations of the four cut-off radii are
taken into account and for each of them the best value of 'X,z is
determined.

The first step is to solve the following equation with respect
to Ny giving to N; a set of values in a given range

2
d X 2 1 3 9 2
—_— = —— +2c. + +
N, 4K _5_ p2 b,N, +2¢,N]N, + ab.N{N,

1 By

2 3 s s} C
4 3aiciN1N2+ biciNl - biNZTi - ciNlTi = 0

A set of coupled values of N, and N, is obtained: one chooses
the values giving the smallest X2." With tﬁis value of Ny one solves
the following equation

Y 9 1 3 2 2
e, = Z\-—E SLaiNl+2ciN1Nz+ai]oil\111\T2 4
2 p:
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In the same way as before, one determines the new coupled
values N and Ng. This procedure is carried on until in two succe
sive 1terat10ns the relative X 2 differ by an amount less than a
fixed & value (generally we set £ =0, 01).

For each combination of the 4 cut-off radii the X2 is deter-
mined and among these values the smallest one is choosen.

The Vg values are not really fitting parameters but the code
provides the possibility to modify them through some scale factors
introduced in the input data.

To save computational time we proceded in the following way.
At first we examined the combinations of only two processes, more
precisely PU+HPPU. This was done for a large range of radii and
we took the results as an indication to limit the values of the radii
to be handled.

With a limited set of radii for PU and HPPU and with the com
plete set of radii for KO we started again the best-fit procedure. At
this point we changed, if necessary, the scale factor for the VKO
value, Then limiting very strictly the number of KO radii too, we
introduced the complete set of HPKO cases changing, if necessary,
the scale factor for the VgiPhO value.

It is evident that this procedure may in a sense limit or in-
fluence the result, but for these preliminary calculations we did
not deem necessary a greater effort.

SECTION 1V, -

. Some (p, o) reactions on light nuclei at 38 MeV incident ener-
gy(l) have been analyzed with the criterion exposed.

The results are shown in Figs. 4, 5, 6 for the nuclei 9Be ,
llB. 160y,

An extensive search was not made : the fitting was performed
until sufficiently good fits were obtained, to see the possibility of
using such procedure.

To point out the importance of the interference term, that
has been often disregarded, in Fig. 7 one case is shown as an ex-
ample. The interference contribution is not at all negligeable and
may substantially change the angular distribution.

The results of a fitting procedure are not unique in the sense
that more than one group of free parameters (cut-off radii) can give
acceptable curves. As the cut-off radii cannot be directly correlated
with known properties of nuclei, it is difficult to fix a priori their
range of variability. One would need some criterion to choose at
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FIG. 4 - 9Be(p,o()el_.i at Ep=38 MeV from ref. (1);
the curve is the result of a fit with the following
cut-off radii: RPU=5. 4 fm, RHPKO=4. 2 fm;

Rio=5.4 fm; Rgppy=4. 8 fm. Nj =0. 17, N,=0. 16.
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FIG. 5 - '1B(p,«)%Be at E_=38 MeV from ref. (1);
the curve is the result of a fit with the following
cut-off radii: Rpy71=3.2 fm; RH =3.4 fm;

PU < PKQ ’
RKO=4:. 3 fm, RHPPU=3. 4 fm. Nl‘_'%. 27, N2=O. 29.
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FIG. 6 - 160(p,o¢)12N at E_=38 MeV from ref. (1);
the curve is the result of a fit with the following
cut-off radii: Rpy; =3.8 fm; Ryprgo =4-6 fm;
RKO:& 6 fm; Rgppy=4-4 fm. Nl =0. 25, N2=0. 14,

100~ ' —
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FIG. 7 - The solid curve is the same as in
fig. 5 for 11B(p,x)®Be; the doshed curve is
a plot of the interference term.
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least roughly these values.

Probably this would be possible from the analysis of experi-
mental results at various energies and for neighbouring nuclei.

For the cases here examined we did not follow any particular
criterion to choose the cut-off radii: we let them vary from about
3 to about 7 fermis.

The coefficients Ny and Ny obtained are of the same order
for 9Be and 11B while for 160 N; is smaller than N,. This
seems to be contradictory with what one would expect ]frorn the
hypothesis on the @& cluster structure of this nucleus.

To be sure that such result could not be due to the particular
procedure adopted, the fitting was repeated starting with the two
mechanisms KO + HPKO, adding then PU and HPPU,

The results practically coincide; this means that they are
indipendent from the way followed for the fitting procedure.

The cases here examined are too limited, moreover it is
beyond the scope of this work to try to give physical significance
to the numbers obtained.

CONCLUSIONS. -

The type of considerations here exposed do not claim to be
conclusive, neither do they give definite results. '

Starting on the hypothesis that the use of PWBA may be accep
table at least as tentative and that different reaction mechanisms
partecipate to this kind of reactions we have tried to see the impor
tance of the interference terms.

The exact evaluation of these terms is strictly bound to the
relative precision with which the matrix elements for the different
processes are calculated. With the used approximations the inter- .
ference terms are therefore only indicative, but they seem to have
a noticeable importance,.

Certainly a greater number of experimental results, toghether
with a deepening of the theoretical bases, should allow to extract
useful informations on nuclear structure and on nuclear wave func-
tions from the analysis of (p, ®\) angular distributions.
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