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Angular distributions of the ¢ross section for the
elastic and inelastic scattering of protons have been measured
at four isobaric analog resonances of the *¥Sm + p system and
at two off-regonance energieg. Spectroscopic information about
the 7/2y, 3/2;, 1/2; and 5/2) states of the parent nucleus
1%5sm is extpacted, with the core !*%Sm in the states 03, 2},
31, 41 and 2. The analysis includes direct and fluctuating
non-resonant processes. The direct scattering amplitude is
obtained from a coupled channel treatment. Different methods
for the calculations of the single-particle widths have been
employed. The experimental spectroscopic amplitudes were
confronted with nuelear structure calculations based on the
particle-vibrater model. Both the liquid drop model and the
quasi-particle random phase approximation were used to describe
the vibrator. The caleculations based on the later model show
good agreement with the experimental results.

NUCLEAR REACTIONS 1%%Sm(p,p'), E=8.5-14 MeV,
enriched targetsf measured o(E_,98); experimental
and theoretical 1*55m spectrosPopic amplitudes.
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1. INTRODUCTICN

Several experimental studies of the ischaric
analog resonances.in the 14%Sm + p system {(!%5Eu) have been
repor-{:edl"L+ SO far.. In these works infermation about energies,
widths, spins and parities of the resonances, associated with
the low-lying states of the parent nucleus 1%53m, were obtaineﬁ
through the analysis of elastic excitatien functions. A few
works appear in the literature on inelastic decays, namely,
several highly excited particie-hole gtates in 1*%8m were
studied by Martin et al.3 while the decay to the first excitec
2* state was anélysed by Clement et ar.t employing the DWBA

prescription to account for the non-resonant scattering.

In the present work we analyse the elastic .and
inelastic decays of the isobaric analog resonances in 1*%Smep
system associated with four low~lving states of the parent
nucleus '*%Sm. We consider the inelastic decays to the 2;,
3y, 41 and 2; states of 1%8m, as the experimental data
reported by Martin et al.3 clearly indicates that all of then
play an important reole in building up the wave functions of
the considered parent nucleus states. We make use of the
coupled channel formalism for treating the direct non-rescnant
scattering. In additien, we also include the fluctuating
non-resonant contributions to the cross-section (Hauser-Fesh-
bach). This effeet is usually ignored since the fluctuating
decay occurs preferentially through the open neutron channel,
turning negligible the fluctuating contribution in the proton

channel: This, however, is not the case for the first two




isobaric rescnances in the 1%%Sm + p system, since they lie

near the neutron threshcld.

The determination of spectroscopic amplitudes
involves theoretical estimates for-singlewpartiéle resonance
amplitudes (gSp) and it was established by Harney and Weiden-
mﬁller5 that the results may vary appreciably depending on the
approach employed in treating the abscrption in the T -states.

In the present work we calculated the single particle rescnance
amplitudes using four different approachess_lo . The application
of sum rules to the spectroscopic amplitudes resulting from the
various approaches for gSP provides us a check on the reliability
of the various methods, along with a test of consistency for the

experimental spectroscopic ampiitudes.

Theoretical prediections for the spectroscopic amplitudes
are cbtained in the framework of the particle=-vibrator mcdel
and compared to the experimental values. The vibrator_is described
at first by a liquid drop and later on treated within the quasi-

particle random phase approximation (QRPA).

3T. EXPERTMENT

The experiment was performed at the Universidade de
Sao Paulé, Pelletron-8UD accelerator laboratory. Angular dis-
Tributions of the elastic and inelastic cross sections of protons.
scatrtared by !%“Sm were measured at the beam energies ¢.315,
10,205, 10.905 and 10.985 MeV. These values are egual or very

close to the energies of the fipst 7/2#, 3/2—, 1/27 and 572"

analog vesonances in the !*%Sm + p system. The 7/2” resonance was
located by locking for the maximum yield of the protons leaving
144gn in the neutron particle-hole states>. The angular distributions

o)

were measured in 10° steps from @ = 40% to 1569°. In order

Lab
to obtain informations about the non-resconant background ad-
ditional angular distributions were cbserved at 8.50 and 14.00

. . _ o] o _ o
MeV, in the Intervals: eLab = 307 to 1607 and BLab = 407 to
168° respectively, in steps of 10°., At these energies contri-

butions from resonant scattering vanish.

The detection system consisted of three surface
barrier detectors, positioned 10° apart, each of which
subtended a solid angle of about 1 msr, The resolution of the

detectors was improved by water cooling them to 0%.

The targets were prepared by vacuum evaperation of
86% enriched *%Sm, from a mixture of Smp03 and La, allowing
the simulitanecus evaporation of Sm and reduction of La to Lagls.
The target thicknesses were of nominally 300 and 200 ug/em?.
The thicker targets were used for the measurements at 14.00 MeV
thus mantaining the energy loss in the target at about § keV
for all bombarding energies. The overall energy resolution was
apout 25 keV . The absclute cross-section normalization, accurate
to about 5%, was determined from the elastic scattering data by
comaprison to coptical model cross-section calculations at
forward angles where the optical model is a simall correction
to Rutherford scattering. The errors bars on the data roints

indicate only statistical error.




III. ANALYSIS OF THE EXPERIMENTAL DATA.

The analysis consisted of two parts. First the non-

resonant (background) scattering was studied at off-resonance

energies. and then used as a basis to extract an inter-polated

background in the analysis of the resonance.

The data at 8.5 MeV and 14.0 MeV allowed the analysis
of the non-resonant scattering. From the elastic scattering we
determined the optical potential parameters and fheir enargy
dependence. These parameters were also tested in the analysis
of the inelastic scattering data. In addition "best values" for
the deformation parameters involved in the description of the
direct inelastic scattering were cobtained from the literature.
Since at 8.5 MeV few neutron channels are open for the compound
nucleus decay, a significant éontribution in the proton channels

is present (neutren threshold v+ 7 MeV).

Fits of the elastic angular distributions at 14.0
MeV and 8.5 MeV, using the optical potential parameters listed

Initial values for the
3,11

in Table 1 are shown in Fig. 1.

optical parameters were cbtained from Ref and the fits were

12 The measured

done using the optical medel ccde MAGALT
backangle cross sections at 8.5 MeV are somewhat higher than the
shape elastic prediction, sinée fluctuating processes
are contributing. Such processes should be even more

pronouﬁced in the inelastic cross sections. Wwith Fhe assumption

of a linear energy dependence for the real potential depth, V,

we cbtained the relation

V =-0.5§ E, + 58.6 MeV,
where Lp is tne incident particle éneigy in the Lab frame.
The surface imaginary potential depth, WS’ was .assumed to be

independent of the energy.

The inelastic background comes from both
direct and fluctuating processes.,. The direct inelastic
scattering can be described as resulting from the excitation
of the surface vibraticnal modes of the spherical target
nucieus !%%Sm. This kind of scattering is essentially

characterized by the deformation lengths

where BA is the deformation parameter for the vibrational

mode . For each radius of the optical potential (Coulomb RC,

real volume R , surface imaginary RS) a corresponding defor-
N

mation parametear (Bf, B?, Bf) is defined, such that

The deformation lengths are already available in the literature

from analyses of inelastic angular distributions at several




13-16

energies For tie 2; state several Gz-values, which
differ significantly with each other, have been reported.
Comparison: between the ex?erimental inelastic angular distribution
at 14 MeWV: and coupled. chrannels calculations, using ECIS codel7,
shgugq,that;the best agreement is achieved witn the 52—value
of. Larson et al (& =-0146'fm)16. The result for tnis value
of 62 is ilustrated. im Fig.2.

Fig. 2 also shows the 8.5 MeV experimental inelastic angular
distribution compared to that calculated for Gé = 0.4 fm
Here tne fluctuation centribution accounts for most of the cross
section. At this eneréy only the neutron and proton channels are
significaht for compound nucleus decay. A Hauser-Feshbach (H.F.}
calculation for proton decay of the compound nucleus involves the

4dg o L

and: BEu optical potentials and the levels and level density

parameters of these same nuclei. Level density estimates are

. - 4
always uncertain and information .on the low lying states of 14 B

i,
on which a H.F. calculation critically dependé, is sparce. As a
consequence tae predictions of H.F. calculations in our work are
reliable only in order of magnitude and tine H.F. contribution was
taken as an additive isotropic cross section to be treated as a
fitting parameter in tiwe inelastic slattering analysis. The
validity of this rests on the isotropy of the H.F. contribution

in the proton channel. For protons the combined centrifugal and

Coulonmb barriers drastically inaibit the partial waves with £# 0.

£
Taking o‘lz 0.17 mb/sr nicely fits the 8.5 MeV inelastic

data as is shown in Fig. 2.

The Ht and 2; states may be interpreted as being
built up from.two harmonic quadrupole phonons. This description
is illustrated in Figures 3a and 3b and has been used in
a coupled channels calculation (ECIS), with 65 = 0.46 fm, at
30 MeV, since at this energy it is possible to compare the
results with the data of Larson et'al.16. The calculated
cross sections were about 50 times smaller than the measured
cnes. This fact indicates that the anharmonic effects, shoﬁn
in Fig -, . 3¢ which are not included in the coupled channels
calculation, should play an important role. These effects can
be taken into account by introducing new "effective" deformation
parameters B; and B; and treating the 4; and 2; states as .ons
phenen excitations, corresponding to . the new effective amplitudes
(see Figures 3d.and 3e). Within this apprecach, that was
adopted throughout this work, the experimental data wefe well
described. The deformation lengths for all the studied states

are presented in Table 3,

Neglecting the fluctuating contribution to the
cross section, the scattering at the resonances energies

is described through the scattering matrix:




: © dir i(¢d+¢c.) L giJ el gl e
SCC' = Scc‘ -e —l , (3'1)
vV E-E_ +iT '
Jv 2 JU

where o = {2,5;T}; with. (2,3} the orbital and total angular
momenta of;the incident proton and. T the spin of the larget:

IU is the spin of the v-th resonance; ¢c = §C + o+ ¢§, where
Z_ is the real optical medel phase shift, UE the Coulomb phase
shift and-wi' the resonance mixing or asymmetry phase; EJ. and
‘ . . ' v
?j are the energy. and total width of the Jvf reéoﬁance; respec-
U -

tiVely.'.The resonance {(or escape) amplitudes, g(Jvc), are

related to the-spectroscopic'amplitudes, 8(c, Jv}’ and partial

width5, fJ c ,through the relations
Lt

. ".g(Jchy
o(e, T} = (3.2)
i sp
. g. {J\J"c)'f
and
I‘J\).rc - Iq(J\J'c)i . ' ’ . . (3.3)

where g?pru,c) are the singlé particle amplitudes in channel
c,. at the'J;f résohance-energy.

dir

The: direct amplitude Scc'

was determined from the
analysis. of the off-resonance data presented in the previous
section, The fit of the elastic croés section invelves as para-
meters thy thé.elastie.partial width Fg , the energy EJ and

AY v

zotal width:rJ of the rescnance. With these parameters deter-
M

mined from the analysis of.elastic scattering the remaining pa-
rameters, in the inelastic angular distributions fits, were the
inelastic partial widths. The fluctuating centributicn to the
cross section was obtained as a fitted additive parameter to the

crogs section described by the S matrix.

The fluctuating contributions to the elastic cross
secticn at the resonance enercies were estimated throuéh Hauser-
Feshbach calculations, using the code CINDYlg. We have used the
level density narameters of Gilbert and-Cameronl9 and the ontical
betential of Bechetti and Greenleesgo for 144Eu. It turned out
that in all the cases the elastic fluctuating cross section was

of the same order of magnitude as the experimental error, and

hence was disregarded.

The elastic scattering at the resoconances of intevest
has been exfensively studied. This fact enabled us to employ
B . : 1-4
the resonance parameters available in the literature . The

best cheice of resonance parameters, EJ ,'TJ , and elastic

. v v
partial widths, FJu, was determined through the reanalysis of
. . . . k3 .
the 170° elastic excitation funection of Marouchian et al.” . It

was alsc possible to determine the asymmetry phases during this
procedure. The code ANSPECZl was employed in calculating the
excitation function. The resulting fits can be seen in Fig.

4 and the corresponding final parametrization is presented
in Table 3. These same parameters were used to calculate the
shown with

elastic angular distributions




the measured cross-sections in Fig. 5. From these

angular-distributions .a determination was. made of the difference

AE

h
=
|
bl

(3.u4)

where E is the beam energy during the experiment. The value of
AE was varied within'é 5 keV interval {(the uncertainty in local-
izing the resonances) and the AE value which provided the best
descriptions of the experimental angular distributions was the

one adopted (see Table 3y,

Thé H.P; calculation of fhe inelastic fiuctugting
contribution indicated that tﬂié précess»is.felevaﬁt only at the
two fipst resconances energies {7/2;_and.3/21); Its omission
results in distortions in {he fits.aé will be illuétrated later
on. As before, these céntributioﬁs.are treated as a free additive
parameter to the cross section obtained from the scattering

matrix .

The- direct amplitude was obtained by the code
22 .
JUPITOR emnloving the varametrization defined in the analysis
of - the non-resonant data. Modifications were made to JUPITOR so

that COULOMB' excitation could bé included in the 47 background

amplitgde, The-optical-ph&ses were calculated with the code ANSPECzl.

The: angular distributions to the 2; ’ 4; and 2; states
L 144, . ' g
of S were fitted at the four resonances. The analysis of the
31 angular distributions was carried out onlv at the first

resonahce, since at the remaining‘ energies the data

- 11 -

" were masked by contaminants., Besides the parameter introduced

to account for the fluctuating contribution the only
free parameters still undetermined for these fits were the
inelastic partial amplitudes TJ

v,eo
3
estimated for each of four resonances (Calculation I in

Initial parameters were

section 4). Search for best parameters was made at each
resonance, using a modified JUPITOR code. During this procedure,
for a particular resonance the parameters previously obtained

for the remaining resonances were included in the calculations.
Reiteration through the set of resconances was continued until

the values of the parameteérs stabilized. The resulting values

are presented in jables 4 to 7. The corresponding fits are
compared to the data in Figs. 6 to 9. The fits are satis-
factory at all the rescnances. and it can be seen from these
figures that the experimental data of the 7/2 and 3/2 resonances
are frequently better reproduced by inclusion of the fluctuating
cross section. In particular, the improvement of the fit obtained
by considéring the fluctuating contribution in the case of the
2:'state at the 7/2: resonance is especially vemarkable. This

is consoling since major fluctuating contribution was expected

i

in just this state.

The determination of the spectroscopic amplitudes
from experimental values of g(Ju,c) involves the calculation
of single particle escape amplitudes gSP(Jv,c). As was
extensively discussed by Harney and Weidenmﬂller5 , the dif;

ferent approaches for gsP available in the lj_'!:ez:*z;m‘cur'e6_g

- iz -




lead to considerablely different results. In the present work

the single particle escape amplitudes were calculated using

four different methods: Thompson, Adams and Robson6 (TAR) ;
Zaidi, Darmedjc and Hs.r’ney7*B {ZDH}3; Mac Donald and Mekjiang
and de.Toledo Pizalo.. The results obtained with the two first

methods' are shown as a function of the emerging proton energy
in Fig. 10. The method of de Toledo Piza gives results which

are systematically about 10% greater than those obtained with

the ZDH method, while the method of Mac Donald and Mekjian provides
gSp values which are always much smaller than that obtained

with TAR method. It should be peinted out that the differences
between the values furnished by the warious methods are accentuated
as the energy of the scattered proton increases. In othar words,
a# the energy approaches that of the elastic scattering at the
resonances of interest (™ 10 MeV), the discrepancies increaée,

and therefore the elastic amplitude, 8(xj, I=0, Jv), turns out

to be the most affected one.

Tables 8 +to 11 present the spectroscopic amplitudes
that result from the experimental values of the inelastic partial
widths (both with and without considering fluctuating
contributions) and from the valuss of single particle escape
widths obtained with the TAR and ZDH methods. In fact, considerable
differences arise for e(zj,0+,Jv) as a consequence of using the
approaches of TAR or ZDH. These difference become less

significant as we consider inecreasingly excited core states.

The sum rule,

204
LA 5 I P A - B (3.5)
R},In

- 13 -

was used as a consistency test for the analysis and for the cal-

culations of gSP. Table 12 presents the values of ,.Z_8%

E],In
corresponding to the results showed in Tables 8 to 11 . It

is observed that, when the single particle escape widths calculated
with the TAR method are employed,the condition (3.5Y is cnly fulfiled-for the
5/2  state. The inclusion of the fluctuating contribution reduces

the value of 82, but the difficulty still subsists. The

)
zj,In
situation is greatly improved when the ZDH method is used; in this
case the sum rule (3.5) is satisfied for all the states. It
should be stressed, however, that the sum rule test cannot throw
light on the necessity of including the fluctuating contribution.
This may be understood by observing that the reduction of the
spectrescepic amplitude for the core ground state, in general
the largest one, is what allows the sum rule to be observed when
employing gSP values obtained with the ZDH method. Thus the test
looseé its sensitivity to the small values of spectroscopic
amplitudes associated with the core excited states and these are
the ones which are affected by the inclusion of fluctuating

contributions.

We should remark that emplcoying the gSP values
caleulated through the method of de Toledo Piza the sum rule
is still obeyed and the resulting values of B(Ej,In,J:) are

similar to that obtained with the ZDH method.




v. CALCULATTIONS AND DISCUSSION

Theoretical spectroscopic amplitudes were obtained
by diseribing the nucleus !*53m in the particle-vibrator model.
The simpler apprcach of a harmonically-wibrating liquid drop
was first. adopted. for the vibrator (Model I). Subsequently,
the quasi-panticle. random: phase. approximation (QRPA) was employed
{(Model II}; it is supposed that the zesidual interaction consists

of a pairing force plus a separabie multipolar interaction.

A = Model I: Particle-Vibrator Model with a Liquid Drop.

Vibrator
The Hamiltonian for the nucleus *9%5m is written:

vib * Hsp + Hint (4.1}

where H_ .. describes the liquid drop Lt gm:

H ., = § hu [NA + % (2};+1)J (4.2)

with-ﬁmx and NA the energy and number of phonons with multi-

polarity A. The single-particle Hamiltonian Hsp in the cccupation

rapresentation is given by:

+
Hsp = i £5 %3m f5m _ (4.3)

where agm(ajml is the criation (anihilation) operator of a

neutron in the ijm orbital, j and m beeing respectively the an-
gular momentum and its projection in the z-axes, and e, are

the eigenvalues of HSD. The interaction, H between the

int?

particle and the vibrator is represented by

3 (Bw % A
2 A+l + . 1o A R +
Hoe =" 4 [——“ oo, + MY ) T <uma itk o)y, (2) |Hame>al  a.
int P -ZCJ\J Lt Au A1 'jlm:l.;_ x Al §1my " oMy
Jaitz. (4.4)
where CA is the mass parameter of the Vibrator;
b is the creation {anihilation) operator of a

Ay
phonon with multipolarity A;

| im> are the eigenfunctions of Hsp,
ki{r} represents the radial dependency of the interaction

and YAu(f) ara spherical harmonics.

The relation between CA and the deformation parameter BA in-

troduced in the last section, is given by

By y 7 e |
5}\ = I:(2?\+1) {“’2-.6;}1[ (4.5)

The eigenfunctions of fthe total Hamiltonian are
obtained treating H &8 a perturbation and adopting the

unperturbed basis

F3(N2TaNsT4)I,TM> = ) (ijM-IgJM)-|jm>|N212N313,1M > (4.6}

I
l'rlMI

The vector INzQNalhIMI> represents the state of the vibrator
with N, quadrupole phonons ccupled to I, and N3 octupole phonons

coupled to I; where Ip and I; are coupled to I. The coeffiecients

...16_.




. _. . . g . ._IV . ) Ny
bf the expansion of the parent nucleus wave function, [E",IM> ,

in this basis - are just the desiredrspectroscopic amplitudes:
2”08 = | cv(j(NzIZNaIa)'i';,Jm -Ij(N;--IzNal_a)‘I;Jﬁ> _ '(4'.51_
and
0(Lj.r, I3} = Cv(j(Nzlszalj)II#M) . - (4.8)

A calculation (Calculatioﬁ_i} wifhin-tﬁis model was
carried out by allowing for the .coupled neutron six single
particle orﬁitals: 2f7/2, 1i13/2,_3p3/2, 3p1/2,.1h9/2 and 2f5/2,
whose energies are preéénted in Table 13. For the radial
matrix element, the estimation of Booth et alh?s', was adopted,

viz,
<k({r)> = 50 Mev - .

Lore yibrational-states“withﬁup_to three. quadrupcle phoncns
(a4, 3}.and up- to two octupole phonons (Ni-é 2) were considered.
The fellowing exéerimental_values of hmA and.sA were employed

{(see previous gecqticn),

0.070

#

hws -

1.66 MeV ' L B2

0.108

1]

R g

"

1.81 Mev v Ba

411 basis vectors with unperturbed energies smaller than 7.0 MeV

were considered.

This model provides us with no information about
the microscopic structure of the.core:(particlé—hole excitatidné).
Furthermore, it Is implicity assumed that the HT and ?; states
correspond to two quadrupole phonons excitations, which is
perhaps too strong a supposition. As a consequenée the
aorresponding amplitudes "in the parent wave functions zare eXpected

to be too small.

. B - Model II: Quasi-~Particle Random Phase Approximation

In this model we start with a microscopic shell

medel Hamiltonian,

- : (4.9)
H Hsp * Hies !
in.which the residual interacticn, Hres> involves a short range
component represented by the pairing force and a long range
compenent represented by multipelar interactions. The QRPA
treatment of this problem has been discussed in detail by

24 and we refer the reader tc this work for a detailed

Ruiz et al.
review and notaticn. Here we only describe our calculations for

i4%%3m and 1%53m nuolei.

The multipolar interaction constant X, is given by
the secular equation
1 r

- 1 i . T2
= = 5. |P X
Xy 23 JZE_ (31322r]21

1 . 1 ]
. B, - , ESNET el
EJJ E:}2 ﬁwl'l E}I je mA'l

{4.10)




were

. 1/2
B, = ['(ej - e ? w A ] , (4.11)

are the. independent quasiparticlé energies; € is the
chemigax;pqtential.and_ﬂ:rgpresents.the~energY‘gap.
The quantity B {j; J, A) is.defined as

) -1 .
B(313ax) = (2A%1) z"(UEEV; U, ¥

Y .
CoregT1EN e [ 32> (4.12)
32532 3 M A

where-Uﬁ,and'Vj are, respectively; the vacancy and occupation
numbers.. For a given: value of X, the secular eguation (4.10})
presents: several: roots; ﬁmi (assigned by i), corresponding

to.theﬂsame-k and. different Ah,i , given by

-2 3 ~-1 1 eox A Zr_ i3
Fapp— S N IGER P T A e S T R
LR RN A 2 3132 . (B FB3, Moy, 5)

FY i

i : (4.13)
(E. +E. —-fuw .)4:E
Ju ¥z AR

The: QRPA. formalism allows us to coﬁsidarqthe;two 2+;core gtates

as corresponding to twe distinct . one-vhonon excitations (one

coliective, the other not) with amplitudes given by the first
' . - +

Two roots of the secular equation. - The 3; and 4, states were

also rfreated as one-phonon excitations.

Figure 11 shows the hehaviour of X# and AA as a
funetien of Tiw,, for A = 2, 3 and, H. Thése,fun@tions were
calculated with the. single. varticle energies: for. protons -and
neutrons taken frem Refs.. 25-27.and listed imr Table L3.
Harmonic-oscillafor wave functicns were used in the calculation

of the :aﬁial matrix;eleménts-qf:the inteﬁéction.

Solutions ©f the gap equations for the protons (open shell),

c N . 28 .
with A = 1.26 MeV obtained from binding energies , simul-

and G:

taneously Ffurnished the values for Ep

m
n

3.20 Mev ,

Q
]

0.132 MeV

The conditien that the solutions of (4.10) cor-

respond to the experimental energies of the 2?, 37 and 4:

states result in the values of the multipole interaction constant
XA,presented in Table 14. From this value of ¥2 the second
root, fwp 2 7 2.62 MeV, Qas cbtained which corresponded closely
to the experimental valué 2.42 MeV., Table 14 alsoc shows the
amplitudes represented by A;?i' These quantities can also be
estimated from the experimental values of BA’ presented in the

previous section, through the relation

B
<k> A
A = (4.14)
A s (2)\+‘I)12

. ' 1
Using <k> = 50 MeV and <r’> = [3/(3+n)]R, with R = 1. 2 A'/3
fm (A = the mass number of the nucleus), relation (4.1u)
provides us with the empirical values of the amplitudes, AimP '

. Ard

listed ianahle t4. From the table we note that both estimates

give similar values for As: and As . On the -ether hand, AE%l is

- . Eiije .
considerably greater than AZ,E ;while Ag?z is significantly

fT% - Thus one concludes that the QRPA model well

smaller than A
describes the structure of the 3] and 4? states but furnishes too
much collectivity to the 2; state at the expenses of the Z;

state. To account for this effect we employed the empirical.
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values of Ap,; and A,,,. Moreéver, up to two quadrupcle phonons'
of the first kind were considered, while for the other vibrational
fields only one phonon states were taken into account. The
results obtained within this framework will be labeled as Cal-

i’ .

culation Ii.

Ancther calculation (Caleulation III) was performed
within the QRPA model using the same configuration space and the
same parametrization as in the previous case, except that here
we have employed the empirical values of the energies ﬁwk and of

the coupling constants A Furthermore, in this case we used the

x
estimate {k% = 50 MeV.
In both QRPA caleulatiocns the spectroscopic amplitudes

were evaluated by means of Eg. (4.23) of Ref. 2U4.

Figure 4 compares the 1%%Sm gpectrum obtained from
the above mentioned calculations with the experimental onel+ , It
is cobserved that the low energy spectrum is always well reproduced
with the exception of the 1/21 state, which lies too low in energy
within the two later calculations. The better agreement with the
experimental daté achieved with the first caleculation is ascribed
to the utilization of single-particle energies of Heyde et 4126 )
which were obtained by fitting the low energy spectrum, within

model I.

The calculated spectroscopic amplitudes are presented
in Tables 8 to 11, where théy can be compared to their ex-
perimental values. All three calculations provided similar values
for the spectroscopic amplitudes asscciated with elastic scattering

e(zj,0+,JE) and, in general, a reasonable agreement with the ex-

‘perimental values  was obtained.

The amplitudes associated Qith the 2? state, B(lj,Zt,J:),
resulting from different calculations are quite similar, reflection
the equivalency among the corresponding model descripticns. For
5v = 3/27, 1/2; and 5/27] levels a satisfactory agreement bGetween
theoretical aﬁd experimental results is obtained. One should nete
however that, although an agreement is observed within the ex-
perimental errors for the 1/2] state, the theory predicts in this case
a major contribution of the component with 2 = 93/2 relative to
the f7/2 component, while the experimental results show an inverse
behavicur. In the case of the 7/2] state the theoretical and ex-
perimental values of a(f7/2,_2:, 7/27) disagree significantly with
each other when the fluctuating contribution is neglected.

Inclusicn of this process affects mostiy only the forgoing amplitude,
reducing it tc half of its previcus value. The resulting agreement .
then achieved between theoretical and experimental values is quite

satisfactory.

Within Model T it is not possible to account for the
inelastic secattering to the 3; state. On the otheér hand, Calculations

II and III, performed within the QRPA framework, give rise to quite

- similar results for the theoretical amplitudes 8(s;, , 37, 7/29)
- 2

and e(dglz, 3;, 7/2;), which agree with the experimental data.

The description of the H; state is different in each
calculation. As it was expected calculation I provides too small
amplitudes, especially for the 772I and 3/2; states. In addition,
no one of the calculaticns was able to reproduced the signs of the
spectroscopic amplitudes.for the 5/2; state and Calculation TIT

systematically furnishes amplitudes which are twice as large as those
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VI.

of caleculation III., It is this latter calculation which best agrees
with experiments. The B(p3/2,4{,7/21) amplitude agrees with Cal-

culation I, when the fluctuating contribution is neglected. But,
when this effect is included, the “experimental value" of the for-
going amplitude is preduced by a factor of two, thus falling

into agreement with Calcuwlationm III.

The 2; state is very badly described within Model I,
since the thegretical amplitudes turn out *o be, in most cases, too
small and with wrong signs in comparison with the experimental
values. It should be stressed that inclusion of the fluctuating
contribution for the cere state is essential for getting an
agreement between experimental and thecretical walues. The amplitudes
which are mostly affecfed {producing even the necessary changes in
the signs} are.&C57/2,2;17f2;) and 8(93/2,2;,3/21). The inclusion_
of "the: fluetuating process is also responsable for the veducticn
of.the_a(f7[212;;3/2z).and e(p1/2,2;,3/2;) amplitudes and the increase
of .the G(fﬁ/é,ZZ,SIZI} amplitude producing in this way a good
agreement between theoretical predictions and experimental values.
Finally, for the 1/2; state we observe that the theoretical
amplitudes 9(33,2;,1/2;) are close to the experimental values, while

for the 5[2;;sta:e none of the calculations was able to reproduce

correctly. the: signs. of the. experimental amplitudes.

CONCLUSION

From an analysis of proton angular distributions at
four isobaric analog rescnances of the !*%Sm + p system we have
extracted spectroscopic informations about the corresﬁonding
low-lying states of the l'_*5Sm nucleus. Among these results .

_23_

. +
only those relative to the OI and 2; core states have been

available in the literature® * and even these presented
inconsistencies which were attributed to the adopted description
of the backgrouﬁdu'. The data repofted by Martin et al'.a
suggested to us that configurations involving the 37, Hi and

2% states of '*%Sm should be relevant in building up the

parent state wave functions and this was cornfirmed by the

corresponding spectroscopic'information that was obtained for

the first time in the present work.

An appreciable effort was invested in order to cbtain

a precise description of the background. The direct secattering

was treated within tlie coupled channel approach which was

preferabie to the usual DWBA representaticn. The fluctuating
contribution was alsc taken into acceount, and proved to be
relevant at the first two resonances, especially for the

. +
scattering to the 2} and 2} states of ***sm.

The magnitudes of the-spectroscopic amplitndes extracted from
the experimental data depend, in addition, on the method employed in the
estimate of the single-particle escape amplitudes. The amalysis performed here
suggests that the method of Zaidi, Damodjo and Harney]’8 and that of Toledo

10

Piza™", could be more realistic that those of Thompson, Adams and,RobsonE and

of Mac Donald and Mekjiang.

The experimental spectroscopic amplitudes were

compared to calculations based on the particle-vibrator model,

with the vibrator approximated at first by a liquid drop, and

then treated within the QRPA. With the last representation =z

good agreement was
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diways observed; while for the liquid drep vibrator this did
not ocecur, especially for the 3] and 2: core states, This
showed the importance of considering the micreoseopic structure
of the core. The agreement observed between the experimental

and theoretical spectroscopic amplitudes when the fluctuating

contnibution is taken into account is guite impressive, pointing

out the necessity of inecluding this contribution in the
description of the background for the *"“Sm + p system apg
aiving credence to our nrocedure. It would be of interest to
indenendently calculate the fluctuation contributions to the
cross sections and so avoid the uncertainties arising from
ad+iusting their values. However rigorous calculations reguire
level infermation not nresently available,
and pose theoretical difficulties because of interaction .
between. the analog resonances and the T° states resnonsible

for the fluctuation cross—section.
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FIGURE CAPTIONS:

Figure

Figure

Figure

1. Elastic angular distributions at 8.5 and 14.0 MeV.
The form of the optical potential is
v -3 a_
U(r')—VC V-f(r,RN,aN) i WS'dr f(r,RS,aS)+

e G )l &

me) T ar f(r,RSO,aSO), where f(r,R,a} is

the usual Saxon-Woods form. The parametrization

correspending to the fits is presented in Table 1.

2. Inelastic angular distribution of the cross section

for the 2? state at 8.5 and 14.0 MeV. The solid cuvves

correspond to the total cross section. At 14.0 MeV

only direct processes contribute and the curve cor-
responds to the coupled channel calculation with

6, = 0.46 fm. At 8.5 MeV the solid curve results

from adding the direct contributien calculated in
the same way (dashed line) to the fitted compound

nuclsus contribution (0.17 mb/sr).

3. Grafical representation of the excitation mechanism
for the 2; and 4? two-quadrupole phonon states.
Within Model I, which does not include the anharmonic
effects, the 2; and 4; states are attained only via
two-steps processes shown in graph (a). However,

when cne considers alse the contributions from the

second derivative of the optical potential, the

term gives rise to the excitations sketched i» graph

(b). Diagram (c) shows the excitation of the two-

guadrupcle phonon states through the anharmonic

effects induced by the particle-phénon coupling.This
type of excitation of the 2; and M¥ states can be
simulated by effective A=2 and A=4 vibraticnal fields
as illustrated in graphs (d} and {(e), respectively.
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Figure

Figure

Figure

Figure

Figure

Figure

Fits to 170° elastic excitation function over the &
analysed resonances.
is presented in Table 3.

Rescnant elastic angular distributions. The para-
metrization corresponding to the fits is presented

in Table 3.

Fits to the resonant angular distributions for the
27 state. Tor the 7/2] and 3/2; rescnances the
dashed (s0lid) lines correspond to the fits obtained
by disregarding (considering) the fluctuating con-

tribution.

Fit to the resonant angular distribution for the 3;
state at the 7/2, resonance. The dashed {solid)
line correspond to the fit obtained by disvegarding

(considering) the fluctuating contribution.

Fits to the rescnant angular distribution for the u?
state, For the 7/2] and 3/2, resonances the dashed
(so0lid) lines correspond to the fits obtained by
disregarding {considering) the fluctuating contri-

bution.

Fits to the resonant angular distribution for the 2;
state. For the 7/2] and 3/2, resonances the dashed

(s0lid) lines correspond to the fits obtained by dis-
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The corresponding parametrization

Figure

Figure

Figure

10.

11,

1z.

regarding (considering) the fluctuating contri-

bution.

S8ingle particle escape amplitudes calculated by

6 (s0lid lines) and ZDH7’8

the methods of TAR
(dashed lines) as a function of the emerging proton

energy.

Behaviour of the functions S, (@} and Al(w) as a
function of thé energy hmA near the first roots of
the secular equation (4.10)3 huw, = 1.66 and 2.62 MeV,
fiwy = 1.81 MeV, fwy, = 2.19 MeV. The dashed vertical

lines indicate the unperturbed enérgies of two quasi-

particles.
lilxper’j.rnenta}.'+ and calculated energy levels of
1%53m. The spectra indicated by (1), (2) and (2)

were obtained by Calculations I, If and TIT

respectively.
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The real.nntgntial denth is aiven by V=V, ¥ E&LMgv,where

Dptical model paramcters.

1.

TABLE

ipeidont narticle eneray in the Lab frare,

is tan

Bp i

(MeV)

5,766

6.2

9.02

0.55 6.552

59.60

6.290

0,7113

0.8703

5,709

44
. Deformation lengats for 1 Sm states.

3

Ao

21,T i
FR VL) <

=
The 5A values are taken from Ref. 16.

I: Eexcit. A ﬁl
(MeV} {fm)
2t . 1.861 2 : 0.45
27 1,811 3 0.87
43 2,191 4 0.33
23 2.423 2 0.2¢9

TABLE 3. Resonance narameters and elastic partial widths. The
guantity AE is defined as the difference between the beam
and resonance anergies (Lab frame) . The vnarameters of taose
resonances marked by * were taken from Ref. 4 and used in
hackground for the other resonances (see Fig.4). The 7/21
resonance snergy (2.251 MeV) is taken from Ref.3, The energies

of the 3/21, 1/21 and 5/21 resonances are relative to 9.251 eV,

T Iy

0.7113

a7 B (CM) Al ro ¥y AE
‘ (Me¥) (keV) . (keV) (keV)
/2] 9. 251 49 7.8 0° 6
/87 19.135 70 22.0 ~ §° 0
9/2; * 10.690 47 0;7
172, ' 10,835 90 31.5 8° -5
5/2] 10,904 51 4.1 0° 5
8/2, * 11.040 50 0.3
7/2, * 11.120 38 1.7
3/2, * 11.220 52 9.7
5/3; * 11,240 45 6.9




TABLE 4. Partizl widths for the 7/2; resonahce. All the wi
are dgiven in keV unities.

the fluctuating contribution are indicated by {I).

obtained by including this contribution are indicated by (II).

The values obtained hy disrecardino

Those

£
. T r T Y

I s ipp Tyl vldaypd,) Tfyya L b Tles, I Ty 10 Wy T (mbgers

oy Teerrerian srareaneans P8R0 iiiiiiiess sesiesrass sessrreres

(1} serreninns ansinniaes O0BER0.05 - G ADRLOE  cyiaiiasay Gi00240. 06 e
YIL ieenenens seevsergse G013EL0E G AI10:06  uieyieiees 0.00380.01 0, 10%0.08
5t 0.7240.86  0.0520.08  civsarnrs sssvresar eteeesress areds ——
YOI 0.8820.07  0.04%0.01  siiiivess eesreense wesecseses srsenerees  Due0to.01
Mo Seriateer aresiest G.1130,03 0.1140,08  0.005%0.0% 0,003%0.01 ———ee—m
MIDD cieiiiee eeeeens DuI520.02  0.0320,01 . 0.004%0.00 — . 5,02580, 903
$F01) . 0.0820.08  0.1430.08  ausianinss 0408 20,00 ————e
2 3 7 TN 0.6420.01  .iii.uien. 0,08 20,01 0,025t0, 007

0, 003t¢0.01

TABLE 5. Partial widths for the 3/21 rasonance.

are oiven in keV unities.

All the widths
The notation is the same as in Table

4,
r{ 1) ¢ r)or &) rf L} sc
I, fr/z. n PaserIn P1s,0 % s/t T trbgar)
"o} N £ 7T D
+ (1) 2.49:0,2 0. $2£0.1 0. 37:0.1 0.0780,]  ———
16X1) 2.5050,04  0.21%0.05 0.35%8,01  p,072%0.1 o.02720, 007
PRl 2.0923.02  ciruvanins arerenaner D.00320,08 —
K(rr} GuO720.02 cuvnssanss avaveasesr  0,0008%0.001 G. 0080, 004
of (I} C.O003E5.52 0.00880,] 0.3720,08 el el
2(II) 0.000%5.01 £.34 20,02 G.01%0.01 . 0.022%0, 005

TABLE

A1l the widths

6. Partial widths for the 1/2

are given

in keV unities.

notation is the same as in Tahle 1.

Tn Tl Ty L) MRy, T wMfs, I
' $1.524
2% 133808 3.0a%0.4
b 1.3810.4 - ...l
i 0.360,04  ...... . 0.1420.05
TABLE

All the widths are aiven in

7. Partial widths for the 5/21 rasonanco .

keV unities.

notation is the same as in Tahle 4,

. ;
Te Tyl TByLTl . Mpy, 1) LTI
LM 4211

# F.6220.5  0.53:0.5 0,4120.2 0.2320.05
o G.2020.04  £.00120.007 .......

2 5.0520.02  5.1620.0¢  G.000%5.00] —a
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TABLE 8. Spectroscopic amplitudes for tae 7/21 state of Si.

The results obtained from the fits that disregard

(consider) the fluctuating contribution are indicated

by TAR (TARNC) when the single particle escape widths
are ewvaluated with the TAR method6 and by ZDH (ZDENC)
when they are calculated with the ZDH method7’8 . We
have indicated by CI, CII and CIIT the model calculations
I, IT and III, respectively, which are described in the
next section.

9{',,!,rn,r/a;i 8!4,4af“-?/3:1 8L, T 7/8 flPay X T/ e(b,,z.r“,?xai} X LN

L]
riR 0.0420.10
1):4 0.2530,08
X of 0.92
e 0.85
crr. e. 00
TAR -0, 58£0, 06 ~0.20t0.93 v.03%0.2
308 -0, €820, 04 -0.26¢0.03 p.0280.2
rARNE =0,2820,05 -g. roip. 02 2,050, 2
zosrC 3} -0, 2520.05 -2,179,02 0, 0420.1
er u, 28 -a.15 . =0.04
I -0, 28 -0.14 -0.04
errr -0.25. -0.14 ~0.04
Y5 -0.20%0. 02 -0.0040.0¢ -
zo8 «0. 1713, 01 “0,080,05
TABNC ~¢.1845.02 -g.20t0. g2
IDANC' 8] =P.1530.03 0,880, 08
er
eI ~g.18 0. 11
cxix 0,18 -a,13
raz 0.38%0. 06 g.13t0.02 0.03%0,1 - 0.0420.2
o7 0.3020.05 * B21%0.02 0.02:0.1 0.0¢20.8
TARNC 0.48%0.03 6.0720.02 0. 08t0. 08
s088C € 0. 8580, 02 o.0sa,02 0. 0510, 08
cr 8,04 0,02 0,02 8,01
o 2.18 0.10 011 0.07
cme .08 0,05 0.05 N
TaR 0, 8720,J ~0.17%0.03 : o.84%0.2
wa 0. 1780, 1 -0.1¢%0.03 0.2080.1 "
rARRC -0.0846,08 ~0.0940. 02 0.3a%0,1
youEe -0.0340.08 =0.0720.02 0.5320,1
H
ct 0. 003 =0.09 0.008
eIr =0.08 -0, 08 002
e

=0,09. ~8.08 .02

TABLE 9.

The notation 1s the same as in Table 8.

145

Snectrosconic amnlitudes for the 3/21 State of Sm.

“I

8 €f1,22,.3/05).

Bivs,;,0l,a 30870 Bfp1, L0578

8 {5,050 3/3y)

n
A% 2.8120.07
1.0 0.4140.05
*
al
cr g. 71
[ 44 0.67
CIIz 070
TAR 0,750,080 =0.25¢0.0¢ =8, 21480, 04 =p.13:0,2
ZoA ~0.60t0,05 =0.17x0,08 ~8.7320.08 ~0.1130.2
fARKC =0,75¢0.01 ~0,110.08 =0.1420,01 g, 2820, 2
2DENC -0.82¢0,01 -0, 00 0. 02 =0,1148. 01 -0, 110,28
+
‘l
er ~0,61 -0.18 -0.13 -0.08
err -0. 55 -8.17 -0.18 8,07
[543 =0,59 0,17 ~0.33 -8.08
TAR 0.1920. 04 0.0420.1
oy o.16£0,04 0.0320,1
TARRC 0.17:0.05 0.G2:0.03
zoasc 0.14t0.04 8.02+0.03
+
h
[ 2,08 oved
cn £.23 9.16
[ ¢4 .12 ¢.08
TAR -0. 0420, 2 G. 0062 0,08 ~0.18L0.01
208 -0,058 0.2 o, 00428,05 -8, 150,01
TAREC -0,88720.07 -0.1580.82 -0, 044 6,03
zoaxc -0.055£0.08 -0.1220.02 0. 030,03
+
1,
er 0.14° o5 ‘o5
eIr -0.13 -0.08 -0.0F
744 -0.08 ~8,08

=¢.18




145

TABLE 10. Snectrosconic amnlitudes for the 1/2 State of Sm. 145
The notation is the same as in Table 3. TABLE 11. Spectroscopic amplitudes for the 3/2 state of Sm.
The notation is the same as in Table 8.
B BIr1) 0 r /5T Bloa, uT,2787) Bipr, oI 17600 Bffs, 11480 i - C - —
n ‘ 187,02 1/3 P37, 0 272, P1yysTys 175y 8yt 12 I, 8079y oTua8/3]) Bpy,,.1,,5/070 I YRE MY rY B€fsy, 0T, 8720
2 ¢.9180.12 AR ' 0,240,117
[T ) G 8020.09 . toE D.3880,09
+ 4"
[ =4 .
eI 0.78 er . 0.87
314 0.72 [ 4 9 .50
cHE 0.7? cIIL 0. 45
TAR a. 230,10 =0.6430,2 TAR 9,870, T0 0.1540,1 =-2.13t0.08 ~0.2750.04
o8 O 18:0.08 ~0.52:0.1 e 0.5330.18 8.1140. 1 -8, 1040, 04 0. 14%0,03
£ 44 LH a.83 a.12 -0.11 -0,10
ot 0.47 .20 eIt 0.68 &.12 -0.18 -0, 15
o1t 0,50 ] (211 o.78 , .25 3 I 0,14 . =011
eI 0,85 . -0.2e° TAR 0.19%0,04 ) 0. 00880, 02
raR —0.2610.08 . rpH . 8.0818,02 0.00520, 01
fis -8.2120,08 © o1 'y -0.75 ~0.08
" €17 -@.17 -0.18
! CIII ~0. 08 ~0. 08
er 0. 24
oIt . dd TAR 0.31230.04 =0.0920,028 2.001x0, 04
P ~0.32 2pg 0.08:0,83 ~0.08s0.02 8.00120. 03
- L d
tAR o.1420,02 =-0.10%0. 04 1 3 =¢.07 - ~0,12 .03
08 0.1120,01 -0.26%9. 05 544 ¢.03 . 8.08 =0.05
" R [43 2,03 0,08 -0, 06
24 2 =8,11 2.90
cIT .10 -0, 08

)19 s22 . - =020
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TABLE 12. The sum S;_ 8 (£J,Inr Jd ) for each .gtudied
23,1

Eta;e. The notation is the same as in Table 8.

I
Jv.

2/27 3/2] Con/E 5427

TAR 1.60%0.36 1.35:0.33 1.41:0.30 1.08%0.20
ZDE 1.05:0.35 0:82:0.32 0.85%0.20 0.66%0.07
TARNC  1.39:0.27 1.3280.24 ‘
ZDENC  0.91:0.20. 0.81%0.22

TABTE 13. Single particle energies for neutrons and protons.
The gaps between tae saells were obtained from the differences
for the corresnonding closed shell nuclei

Q yn "%y OF Yp Ty

(Qxy renresents the thresnold for the {x,vy) reaction). The

values of € n i were taken from Refs. 25-27.
ntg © 105 (WEVTRONS) snzgfpﬂaroﬁs)

(MeV) (HeV)

Zfs/z 2,250 9.904
Py/2 1.800 10.77
35,4 ] 1.210 g.49
1o /g 1.350 5.92
1233/3 1.500 8.30
2f7pm, 0.200 6. 30
2dg /s TS.78 1.7
331/2 ~4.20 1.45
thy1/2 -2, 94 " 1,30
77 -5.15 0.00
19,2 -5.94 ' -0.70
199 ' -10.56 -5.48
2Pys2 ~11.28 -5.58
2P3s9 ~12.67 _ —7. 48
Fese ~-12,78 —7. 98

1f7/2 ’ ~15.75 ~16.96




TABLE 14. Calculated values of the coupling constants, Ay
and theoretical and empirical wvalues for the
particleuphonon vertix amplitudes, AA'

- th enp
R . . . .
a i Y, i AL X AL \
(MeV) (MeV/fm2})  (MeV/fm*) (MeV/ £ )
2 1 1,661 145 = 1070 0.07y 0.053
‘ -5
3 1 1,811 2.84% x 10 0.012 0.01y
-6
4 1 2,191 0.80 = 10 D.0012 0.0011
-3
4 2 2.67 1.45 = 10 0.015 0.030
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