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Bright interior of nuclei viewed by « particles: High order eikonal expansion
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The possibility of observing a bright interior in the nucleus “viewed” by intermediate energy alpha particles
(E,=172.5 MeV}, as a probe for thé@Ni nucleus, previously predicted by applying only a first-order non-
eikonal correction and one simple optical model potential was confirmed. The first-, second-, and third-order
noneikonal corrections to the Glauber model were incorporated in three arbitrary different nominal optical
potentials and the effects of switchirigff/on) the Coulomb potential were studied. The role of corrections in
the effective potentials and also the results of calculations of the imaginary part of the phase shift functions for
the different optical potentials used were discus$860556-28137)01107-3

PACS numbdps): 25.70—z, 24.10.Ht

Although quantum chromodynami¢é®CD) is considered It seems that this sensitivity has no simple explanation.
to be the most probable candidate for building a unifiedRecently, Ingemarsson and|&&[6] have studied this prob-
theory of strong interactions, the baryons and their propertielem for the scattering of medium energy alpha particles using
are still very useful and remarkably effective in describingan optical potential9] which reproduces the elastic scatter-
the gross properties of nuclei and the mechanisms of nucledg with the **Ni nucleus. The basic idea was to find an
interactions. In addition, recent investigations with differenteffective potential, corrected by a first-order NE Wallace
probes have been focused on the study of the fine peculiari10] t-matrix expansion, which is equivalent to taeroth-
ties of the nuclear structure and also reaction mechanismgrder potential used in Glauber eikonal model calculations
Indeed, a few papers published a short time ago in this jourk}1]- One of the exciting and interesting resuits of these au-
nal were devoted to the investigation of the effect of non-thors was the observation of a bright interior “viewed" by

eikonal (NE) corrections to the Glauber approach in nuclearig);"; 'p\)/lar;t}cises |1|n their in;:lraction t\.Nith th?Ni. m.JCI?L.’S at
reactions at intermediate energisge, e.g.[1-7]). This re- 5 MeV[6]. However, two questions of principal impor-

flects the increasing attention to these NE corrections Witﬁance.arlse from the above result_: Is it a consequence of
selecting a special type of the optical potential? Moreover,

the p_erspectlve Qf obtaining some new |nformat|on on thenow much will it be affected by the application of more
reaction mechanlsm's. Moreover, this is cons!stent with th‘?‘ligher-order(higher than the first oneNE corrections? The
contemporary trend in nuclear theory to investigate these pe;aqant work provides a further test of the above interesting
cullarmes_ of intermediate energy nuclear react|_ons, and iMzoq it obtained in6]. We developed higher-order NE correc-
portant signals may come from this energy region. igns in the effective optical potentials in order to investigate

Further, the understanding of nuclear density distributiongne role that they can play in the details of both the real and
within nuclei, using different electromagnetic and hadronicimaginary parts of the optical potential for a wide radial
probes, is considered one of the most interesting and fundaange from the nuclear surface towards the nuclear interior.
mental problems in contemporary nuclear physics. The infor- Using intermediate energy alpha particleE, £172.5
mation we can get about the nuclear charge and matter digdeV) as a probe for the’®Ni nucleus, eikonal and first-,
tributions and their radial sensitivity strongly depends on thesecond-, and third-order NE corrections were developed to
inherent properties of the used probe. One of the earlieshvestigate their consequences on the details of both the real
strongly interacting probes was the low energy alpha particlend imaginary parts of an effective optical potential and they
which had been used by Rutherford in his famous experiwere applied to a wide radial range from the nuclear surface
ment in 1911. Some features, besides its strong absorption towards the nuclear interior. Three arbitrary different nomi-
the nuclear surface, favor the alpha particle as the onlyal optical potentials were used and the effect of switching
composite-particle probe for investigations of nuclear den{off/on) the Coulomb potential was studied. Substantial re-
sity distributions. These are its high binding enefggusing  ductions in the absorptive parts of the effective potentials
it to behave like an inert particle in the considered energywvere preserved. The results were confirmed by calculating
region and a small size together with its zero spin and isosthe imaginary part of the phase shift functig(b) in every
pin. case.

For medium energy alpha particles, strong absorption in We chose three different nominal optical potentials, all of
the nuclear surface plays a dominant role, thus leading to them reproducing the elastic scattering data of 172.5 MeV
characteristic diffraction pattern for the angular cross sectionalpha particles from thé®Ni nucleus[9]. These potentials
The large-angle behavior is sensitive to the details of the reare (WS)1(WS)?, (WS)2(WS)?!, and (WS)2(WS)? where
optical potential over a wide radial region from the nuclear(WS)Nr and (WS)N! are usual Fermi functions for the real
surface towards the interidsee the review article by Batty and imaginary parts of the Woods-Saxon potential, respec-
et al. [8] and references thergin tively, and the powerslg andN, take the value 1 or 2. The

0556-2813/97/5@)/554(4)/$10.00 56 554 © 1997 The American Physical Society



56 BRIEF REPORTS 555

TABLE I. Optical potential parameters for the+ >Ni scatter- Basas
ing [9]. 30¢ 0

1 7 1
N \\yéﬁﬂ(wsy(wsy_
E,=172.5 MeV S N
Potential Wg rs ag W, r a, § 20 S¥ /'.’I \\ *
type Mev) (fm) (fm) (MeV) (fm) (fm) e e /\‘7&
Siop==""" /)

(WSt (WS)t  111.47 1.248 0.792 22.73 1.564 0.580
(W92 (WS)!  140.34 1.379 1.266 2514 1.458 0.766
(WS)? (WS)?2  149.76 1.340 1.336 2555 1671 1.123

effect of switching(off/on) the Coulomb potential on the
results was studied.

According to Wallace/10], the expansion of the phase
shift function y(b), as a power series in the strength of any
potential possessing spherical symmetor at least ap-
proaching zero at large distances as rapidly as the Coulomb
potentia), in the impact parameter representation is given in
the following compact form:

i
x,(b)= 2 x"(b),

n+1

bao a1]"(> ., . .
Kb kK f,xv (rdz, 01 2 35 456 78 910
1) r (fm)

k(n+1)!

wh_ereb is the impact paramete, is the reduced mass, and i 1 The radial dependence of the imaginary parts of
k is the momentum in the c.m. systemic=1). The i order potentiald) (r). (The orders of potentials are shown by
Zemth_'orde,r term in this ?Xpans'qn IS thg Glauber e'k@al numbers. Curves wijthout(with) dots represent the calculations
a straight-ling phase shift function while the corrections i, (without) a Coulomb potential.

given by higher-order terms correspond to NE effects. The

phase shift function(j(b) is given by 1 B e
 h3__ 4
. +35b &bs} f_mv (rdz, 4
Xj(b):_Ef, U,(rdz, 2
3 2 3
“ d 5 _d 1 .d
(3) () — Y20 ~ .3 4
with Umm (m T ar e T A
. 6)
i
Uj(r)zgo u(r), The first optical potential we have applied was a standard

six-parameter Woods-Sax@WS) optical potentia[9] with
first-order form factors for both the real and imaginary parts
(WS)Y(WS)* which reads as follows:

n

e AR
= G 2 ] 0 @

opt

V(N ==V (n=iv™(r), VvV ()=VF(1) -V, (6

wherer(r) is a new “effective” potential of thgth order.
As explained by Wallacgl0], the calculations including NE
corrections up to thgth order are equivalent to those ob-
tained by using simple eikonal calculations wlthJ(r) as
given by Eq.(3). Further, because of the tedious expansion Vopt(r):W
of Eq. (3) and rather complicated mathematical expressions ~ ®'

due to the appearance of higher-order derivatives, it suffices

to show in a symbolical form both the third-order terms of  However, since it is known from some microscopic cal-
the phase shift functiony(b) and the effective potential cyjations[12] that the radial shape of the real part of the

where

r—D_\?
1+expa—R") , DRJ:erlAl’?’. (7

R,

R,1

U(r) as follows: alpha-nucleus optical potential is different from the WS
4 5 shape and can be well parametrized by a squared-WS func-
@py=—| 2|12+ 1—1bi+b2(9— tion, we used a squared-WS optical potentialS) >(Ws) ™.
X 2k’/|4 " 4 " ob db? Moreover, a more complicated optical potential was applied
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FIG. 2. Same as in Fig. 1 for the real partsjtf-order poten- FIG. 3. Impact parameter dependence of the imaginary parts of
tials U (r). jth-order phase shift functior;gj(b). The notation as in Fig. 1.
i

with both squared real and imaginary form factors As has been explained in R€i6], the decrease in the
(WS)%(WS)?. The parameters of these potentials are given inmaginary part of the first-order effective potential at small
Table I. values ofr is attributed to the term containing the product of
The Coulomb potential was taken to be a painparticle  the real and imaginary parts of the Woods-Saxon potential.
interacting with a uniforrlr/lly charged spherical core of the(For the more complicated potentials used in the present
radiusRC with RC= 1.34AT [12]: work this is also true; see the dotted curves in Fig.How-

ever, in our higher-order NE corrections this simple picture

ZPZTe2 r\2 is no longer valid since the imaginary part is rather a com-
V (r)= 3—-[=| |, rs=R, (8)  plicated function of both the real and imaginary parts of the
c 2R R c . . 20 .
c c used optical potential but the decrease in its value is also
) preserved for small values of
Y _ Z.Z.e R We add that the absorption gradually increases until its
c(r)_ ro r=Re. ©) maximum value in the nuclear surface and substantially de-

creases in the central region of the nucleus. It is noticed that

To illustrate the effect of higher-order NE corrections, wethe maximum value of absorption for the third-order NE cor-
have calculated both the real and imaginary parts up to theection was greater and also displaced towards the nuclear
third-order effective potentidl (r) as given by Eq(3), for ~ surface as compared to the first-order one for the optical
our chosen set of arbitrary optical potentials. Figure 1 showgotential(WS?t)(WS?) [see Fig. 1A)], while it was equal to
the imaginary part of these potentials in the eikorjakQ)  or less than the first-order correction in the case of the
and first- (=1) and third-order {=3) NE corrections(For  (WS)?(WS)! and (WS)?(WS)? potentials, respectively.
simplicity, the results of the second-order NE correction aréMoreover, the Coulomb potential plays an important role in
not shown). In addition, the effect of switchingon/off) the  the results, especially in the central region of the nucleus
Coulomb interaction on the results was studied. It is to bewvhere its inclusion into the calculations lessens the absorp-
noted that our results in Fig.(A) are consistent with those tion in the central region of the nucleus, as was also shown
of Ref.[6]. We note that there is a dramatic change in theearlier in Ref.[6].
imaginary part in all orders of NE corrections for the whole  Figure 2 shows the real parts of the eikonp+Q) and
set of optical potentials used. In the traditional optical modeffirst- (j)=1 and third-order j=3) NE corrections of the ef-
it is assumed that the imaginary part of the potential is refective potentials for all arbitrary optical potentials chosen.
sponsible for the absorption process in a nuclear reactiorAgain, drastic changes were noticed, especially in the central
and its shape should not be affected by the real part. region of the nucleus. It is to be noted that the third-order NE
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correction increases the depth of the real part of the optical It is to be noted that the imaginary part of the phase shift
potential as compared to the first-order NE correction. Thidunction y.(b) increases, for all orders of NE corrections,
property is preserved for the whole set of optical POtentialsespecialIyJ for the third-order correction where the Coulomb
However, to test the predictions of E(), in Fig. 3 we  potential was eliminated, at large values of the impact pa-
illustrate the impact parameter dependence of the imaginangmeterb; i.e., the absorption increases. At the same time,
parts of the phase shift functiop (b) for the whole set of  for small values ob the absorption decreasésee Fig. 3
selected optical potentials for different corrections. For allThis confirms the predictions and the treatment based on the
the types of potentials and orders of corrections used, it igffective optical potential given by Eq3).
observed that for smaller values of the impact parameter the As a consequence of this drastic decrease in the imaginary
inclusion of the Coulomb potential increases the correspondsart of the effective potential in the central region of the
ing imaginary part of the phase shift function as compared toucleus, the mean free path of the alpha particle becomes
its value when the Coulomb potential was eliminated. Thidarger in this region and it can probe these deep nuclear
fact shows the important role that the Coulomb potentialevels and “see” the exotic and fine peculiarities of the
plays, not only peripherally, but also in the interior region of nuclear structure, e.g., the variations of the density in the

the nucleus. center of the nucleus, as discussed by Battgl. [8].
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