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Inelastic scattering of 28.0 MeV protons on°®Fe
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The elastic and inelastic scattering cross sections of 28.0 MeV prototfEemre measured. The results are
analyzed in the framework of the coupled channels formalism. The nuéfEeshas been described in the
literature to be soft regarding vibrational as well as asymmetric rotational motion. The analysis has therefore
been done in terms of two collective models, i.e., the harmonic vibrational model and the asymmetric rotor
model. In the vibrational model it was necessary to include the one-phonon components in the wave functions
of the two-phonon 2 and 4" states while in the asymmetric rotor model the contributions due to the higher
multipole moments 8,4,8.4,) Were found to be significant in the excitation of thg 4nd 4 states.
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INTRODUCTION Rolled self-supporting 85@g/cnt-thick spectroscopically
pure metal foil of the natural irof91.8% °°Fe) was used as
The low-lying levels of nuclei in the f-2p shell region the target. The scattered protons were detected withE (
manifest the collective features intermediate between the-E) telescope consisting of 30@m AE surface barrier de-
harmonic vibrators and the rigid rotors. This behavior is borntector and 5-mm $Li) detector. The angular distribution
out by the enhanced electromagnetic transition probabilitiesvas measured in the angular range between 28.5 and 65° in
and the large static quadrupole moments for the first fewsteps of 2.5°. Figure 1 shows a typical proton energy spec-
excited states. The static moments provide a sensitive me&um of the outgoing protons at 62.5°. At forward angles, the
sure for the deformation of the nuclear surface. The measureontamination peaks frodfC and®0O were present but were
ments of the static quadrupole moments°6fe and®®Fe  clearly separated from the peaks of interest.
indicate the prolate deformation for these two nuglei3].
The BE(2) values for the 2—0; and 4 — 2] transitions
are large which indicate these nuclei to have the collective =~ COUPLED CHANNEL ANALYSIS AND RESULTS
excitationg 4,5]. Ballesteret al.[6] have reported the results
of the inelastic scattering of 25 Me¥ particles on°®°Fe.
They analyzed the data with the coupled channel method and The first step was to search for a set of optical model
tried to reproduce the angular distributions of thg,22; , parameters to fit the expenmentall elastic cross section using
47, and 4 states within the framework of the asymmetric the Woods-Saxon form of the optical potential as given be-

rotational modelARM) and 2, 25, 4, , and 3 excited
states in the framework of the harmonic vibrational model \/(y)—(—v+iw)(1+e) 1—idaWp-d/dr(1+e) !
(HVM). Their results for higher states were not reliable due

to the poor energy resolutiof250 keV) of the detector and +V s(hlm_c)?-(L-S)-1r-d/dr(1+e) 4+ Veou,
the large statistical errors.

De Leoet al.[7] have investigated the low-lying states in
Fe by means of inelastic proton and deuteron scattering
experiments. The scattered particles have been analyzed &
using the magnetic spectrograph. They extracted the negativ
values of the deformation parameters in the framework of soof-
coupled channel calculations indicating an oblate deforma-
tion for this nucleus, while the value of the deformation pa-
rameters given by Ballestet al. for the 2] state indicated a
prolate deformation. We have therefore analyzed the data t
remove the present ambiguity about prolate or oblate defor-
mation and to get the information regarding the higher mul-
tipole moments in this nucleus. In this work we could resolve
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The 28 MeV proton beam from the 15 UD Pelletrn at  FIG. 1. A typical energy spectrum of the scattered protons from
NSC, New Delhi, was used for the present experiment®®Fe atg=62.5°.
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FIG. 2. The theoretical and experimental differential elastic F|G, 3. The experimental and theoretical differential inelastic
scattering cross section for the 28.0 MeV protons from ¥ffee. scattering cross sections for thg 3tate withBys=0.16.

where consistent with the earlier measurement of Ballestel.[6]
e=expl[r—R(0',4")]/a}. indicating a pr_olate deformation of this state. Thg Qtate_ _
was analyzed in terms of the octupole one phonon transition
The initial fitting was made by the starting values of optical (0; —3;) and the phonon amplitudg,; was found to be
potential parameters for protons from Perey and P¢8¢y equal to 0.16. As shown in Fig. 3, the HVM gives a good
but the final values of the parameters were obtained by findescription for the 3 state.
tunning of the parameters to fit the elastic scattering cross An attempt to describe the,2 state (2.657 MeV} by
sections. Figure 2 shows the best fit of the experimental elag4VM considering this to be a pure two phonon state with
tic scattering cross section using the final optical model pag,=0.19 was not successful. The calculated angular distri-
rameters given in Table I. The coupling to th¢ 2tate was bution for this state was much smaller than the experimental
included while calculating the elastic cross sections. The desne. As the next step, we used the anharmonic vibrational

tails of the fitting procedure are given elsewhgdg model (AVM ) to reproduce the experimental cross section of
the 2, level. According to Tamurfl2], the observed anhar-
Inelastic scattering monicities are accounted for by assuming the wave function

The calculations of the differential cross sections for thel© be composed of both the two phonon and the one phonon

various excited states were performed by a coupled channgfnp"tUdes’

method using the computer codelsss [10,11]. The large |1y=sin 3|} 200+ COS¥|) 191,

static quadrupole moments and enhanced transition prob-

abilities are the signature of the rotational behavior of thewhere y, is the mixing angle which determines the relative
%%Fe but the excitation of the;3(4.51 MeV) state is a typical  contribution of the one and the two phonon amplitudes. The
signature of the vibrational nature. Due to the co-existence ofleformations are written as

the rotational and vibrational motions, the inelastic scattering _

data was analyzed both in terms of the ARM and the HVM Ba1=Bo28INy,,

prescriptions.
Boin= Bo COSY,,

where 3,, represents the amplitude of the one phonon tran-
In the vibrational model the 2 (0.846 Me\) state was sition from 21+ to two phonon states of angular momentlum
analyzed considering it as a one phonon quadrupole statand B,,» represents the one phonon amplitude from the
The value of theBy, was deduced to be-0.19 which is  ground state to the two phonon states with angular momen-
tum I, while B, represents the one phonon amplitude from
TABLE I. Proton optical model potential parameters. 0; to 27 state in the pure HVM.

The experimental angular distributions of thg Ztate

Vibrational model

Potential DepthMev) Radius Diffuseness (2.657 MeV) and Z (2.96 Me\) states were analyzed as
Real 54,73 1.100 0.813 two phonon state with a one phonon mixing. These fits are
Volume imaginary 9.39 1.370 0.516 shown in Fig. 4 and the values of the resulting deformation
Surface imaginary 1.51 1.370 0.516 parameters are tabulated in Table Il. Our results for the de-
Real spin orbit 4.73 1.142 0.433 formation parameters of the;2and 2 states are more in
Coulomb 1.110 agreement with the results of De Lebal. except the sign of

the deformation.
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FIG. 4. The experimental and theoretical inelastic scatterin

phonon quadrupole and one phonon hexadecapole excitation.
The coupled channel calculations for these states are shown
in Fig. 5 with By4(4,)=0.02 andBy4(4,)=0.09. Table Il
shows the comparison of our results with the data obtained
In addition to the quadrupole and octupole one-phononsarier. Our results for thejdand 4 states are in agreement
states, the # state(2.085 MeV) and the strongly excited# it the results of De Lecet al. within the experimental
state(3.123 Me\) were also analyzed as a mixture of two errors except the sign of deformation which is found to be

positive in our case.
TABLE II. Deformation parameters 6fFe obtained with vibra-

Hexadecapole-vibrational state

tional model CC calculations. ASYMMETRIC ROTATIONAL MODEL
Transitions Deformations Present result Héf. Ref.[7] The nucleus®Fe also shows some of the properties of a
permanently deformed asymmetric shape, therefore the exci-
9s-2 Boz 0.192) 0.20 —0.2187) tation of the low-lying states may also be treated within the
gs-Z Boz 0.041) —0.06 —0.0493)  framework of the asymmetric rotor modgl3,14. In this
gs-% Boz 0.041) —0.0292)  model the shape of the nucleus is given by
gs-4 Bow 0.021) —0.0164)
9s-4 Bow 0.091) —0.0885) R(Q)=Ro(1+2, .8\ Yru(2")
gs-3 Bos 0.162) 0.15 —0.1569)
with
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FIG. 6. The experimental differential inelastic scattering cross

sections and the coupled channel ARM calculations with
(07-27-25-47) couplings(a) for the 2 state withB,,=0.18 (b)

for the 2 state with8,,=0.18 andgB,,=0.08 (solid line) and
Boo=—0.18 andB,,=—0.08 for(dashed ling

Bru=Br—u-
For quadrupole deformation
B2o0=B2C0SY,,
B22=B2-2=1W2B;siny,.
For hexadecapole deformation
Bao= B4 COSY3,
Baz=Ba—2=1W23,SiNy3COSY,,
Bas= Ba-4=1IW2B4sinyzsiny,.
The parameters; and y, depend on the amplitude of the

direct transitions from the ground state to three states of
K™=07", 2%, and 4" bands.

Ground-state band

In this band we could resolve;2and 4 states clearly.
We analyzed the P state with the coupling scheme
0;-27-2,-4,-4; . The 2 state was well reproduced with

FIG. 7. The experimental differential inelastic scattering cross
section and the coupled channel ARM calculations with
(0F-27-25-47-43) couplings(a) for the 4; state, dashed curve
with B8,,=0.18 andB,,=0.0; solid curve with3,,=0.18 and
B4o=0.02 (b) same for the 4 state, dashed curve witlB,,
=0.18, B840=0.02, B4,=0.0 and solid curve with3,,=0.18,
B40=0.02, andB,4,=0.08.

B>,=0.18 as shown in Fig.(8 which is in agreement with
the result of Ballesteet al. The experimental cross sections
for the 4, state were fitted by introducing thg, term in the
optical model potential with8,,=0.02 as shown in Fig.(d).

vyband (Kzt=2"%)

We considered the 2 state as a band head of tle
=2"% yband. The nuclear shapes in the ARM are defined in
terms of theB and y values. Using the p-2,-25-4; -4,
coupling channels, the best fit was obtained w8+ 0.20
andy=24.5° for the 2 and 2 states as shown in Fig(ify.
One can see thaé,<0 does not reproduce the; 2data as
predicted by Ballesteet al. It is important to note that we
need to introduce a comparatively larger value of B
equal to 0.08 to reproduce the data of the gtate as shown
in Fig. 7(b). The deformation parameters obtained for the
different excited levels are tabulated in Table Ill. It is signifi-
cant to note that thg,, value(0.08 was found to be roughly
four times larger as compared B, (0.02). Ballesteet al.
without including theB,, deformation, have reproduced the
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TABLE lIl. Deformation parameters ofFe obtained by asym- model and the asymmetric rotor model. The values obtained

metric rotational model. for the deformation parameters from the two models are
close within the experimental errors. Th¢ 2nd 3, states
Parameters Present work REB] data was well reproduced by the first order HVM but to
oo 0.182) 017 reproduce the angular distributions of 223, 4] , and 4
Bon 0.081) states, it was necessary to consider the a_ldmlxture of one
Buo 0.021) phonon direct excitation to th_ese states beS|d_es the two pho-
Bar 0.081) 0.065 non components in the vibrational wave functions.

The ARM, on the other hand, reproduces the angular dis-
tributions of the § , 2{, 2, , 4/, and 4 states with the
N ) , ) , ) introduction of the higher multipole deformations,, and
4, state by including only340Y 4o term in the potential with Ba4,. The values of,,=0.08 was found to be significantly
,84=_0.065, but this value oB, has overpredicted the cross larger as compared t6,,=0.02 for this nucleus. This was
sections for the # state by about ten times. However, our ghserved earlier if®Er nucleus also and therefore seems to
values ofB49 and B4, are consistentexcept the sign of de-  pe characterstic of the nuclei which are soft tojtigeforma-
formation with the values obtained by De L&t al. with the 0. Our results for hexadecapole strength fgr dnd 4
vibrational model including one phonon transition from thestates and quadrupole strength fgr,22; , and 2 states are
ground state. This b_eha\{ior of a largg, value, typi_cal .for in agreement with the results of De L&t al. but differ in
the nuclei soft toy vibrations, was also seen earlier in the sign indicating the prolate deformation for these states rather
rare earth nuclei15]. than the oblate deformation as predicted by him.
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