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The 154Sm(dW ,t) reaction at high energy resolution (n,g), average resonance capture~ARC!, and coinci-

dence measurements were performed to study the deformed nucleus153Sm. Strength distributions from (dW ,t)
and completeness forI p5

1
2

2 and 3
2

2 states up to 1500 keV from ARC provide one of the first detailed tests
of the interacting boson fermion model~IBFM! in a deformed nucleus in a multiorbit environment. For
negative parity states the model accounts for the large number of low spin~ 1

2
2, 3

2
2! states much better than the

Nilsson model since the even-even core in the IBFM calculations automatically includes excited vibrational
states. The IBFM calculations also predict (d,t) spectroscopic factors better than the Nilsson model with
pairing and Coriolis mixing. Neither the IBFM nor the Nilsson approach can explain the low lying positive
parity states. The IBFM calculations show that for certain combinations of parameters, the monopole term in
the boson-fermion Hamiltonian has more than a scaling effect: it can attenuate the Coriolis mixing~energy
staggering!. Finally suggested improvements in the treatment of pairing in the IBFM are made.
@S0556-2813~98!50106-9#
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Low lying Nilsson states in deformed odd-A nuclei have
been well studied. However, there is little interpretation
higher lying levels (>0.6 MeV) where core excitation
come into play, because the quality of the data rapidly
creases with increasing level density and model descript
of such complex excitations are complicated.
570556-2813/98/57~6!/2781~5!/$15.00
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It is the purpose of this Rapid Communication to addre
both these issues in a detailed study of153Sm. In the first
place, high resolution (d,t) spectroscopy, including studie
with polarized beams, complemented by complete spect
copy using the average resonance capture~ARC! technique,
was used to develop an extensive level scheme that inclu
R2781 © 1998 The American Physical Society
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many levels, often with small cross sections, that may den
core-excited configurations. Secondly, we use these resu
carry out one of the first detailed tests of the interact
boson fermion model~IBFM! for a deformed nucleus in a
multi-j space@1#.

The polarized (dW ,t) transfer reactions were performed

FIG. 1. Parts of the (dW ,t) and 2 keV ARC spectra. The uppe
panel shows reduced ARC intensities, the cross-hatched band

note the relative intensity range of1
2

2, 3
2

2, and 1
2

1, 3
2

1 states ac-
cording to Monte-Carlo calculations of the ARC process.
te
to

g

the Tandem accelerator of Munich. The sensitivity of ne
tron pickup reactions to the Nilsson expansion coefficie
Cj ,L

K and hence to Nilsson quantum numbers also implies
states with very smallCj ,L

K coefficients or states involving
predominantly vibrational core excitations may be miss
Thus the transfer data were complemented with the non
lective (n,g) reaction, in the ARC@2# mode and withgg
coincidences both performed at the HFBR at Brookhave

The (dW ,t) reaction was measured atEd525 MeV on en-
riched~99.2%! 154Sm targets of thickness 150mg/cm2. The
tritons were analyzed in the Q3D spectrograph with a h
resolution@6 keV full width at half maximum~FWHM! for
~dW ,t!# focal plane detector@3#. The ARC data were taken
with a pair spectrometer at neutron energies of 2 keV and
keV on targets of enriched152Sm ranging from 2 to 20
grams. Parts of the (dW ,t) and the 2 keV ARC spectra ar
shown in Fig. 1. The figure also shows the reduced A
intensities (I g /Eg

5) and their classification into two band
corresponding to1

2
2, 3

2
2 and 1

2
1, 3

2
1 levels @4#.

The analyzing power angular distributions~asymmetry! in
the 154Sm(dW ,t) reaction~see Fig. 2! provide reliable deter-
mination of I p values because of the significantly differe
patterns forI 5L1 1

2 and I 5L2 1
2 transfer and complemen

the L assignments from a (p,d) reaction of Blasiet al. @5#.
In Fig. 2 the behavior of theI p51/22 and theI p53/22

~both L51! transitions are compared. The distorted-wa
Born approximation~DWBA! calculations reproduce bot
the angular distributions of the cross section and the as
metries reasonably well. Except for about 20 levels of ve
low cross sections theI p values of the;150 states observe
below 2 MeV could be identified. The ARC data provid
detection of all12

2,3
2

2 levels below 1500 keV.
These data lead to several changes in previousI p assign-

ments@6–10# and to the discovery of a number of new leve
up to 2.2 MeV @11#. Interesting is the observation of tw

de-
FIG. 2. Cross sections and analyzing powers forI p51/22, I p53/22 states, and the doublet ofI p51/22 andI p53/22 states at 404 and
405 keV. The solid lines show calculations performed with the codeCHUCK @4# in the DWBA limit.
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anomalously high peaks in ARC at energies of 405 keV a
127 keV, which result either from incomplete resonance

eraging or suggest nearly degenerate doublets of1
2

2, 3
2

2

states. For the 405 keV level the (dW ,t) asymmetry supports a
doublet structure as it requires at least a 30% contribu
from I p5 1

2
2 ~see Fig. 2!. A reinspection of early Bent Crys

tal data@7# shows transitions in agreement with a1
2

2 state at
404.15 keV and a3

2
2 state at 405.46 keV. This is also su

ported by thegg coincidence data. For a doublet structure
127 keV there is no direct support from thegg coincidence
and Bent Crystal data.

Our aim is to compare the observed states with IBF
calculations. For transitional nuclei such as153Sm the variety
of collective core states contained within the IBFM sugge
the appropriateness of that model. In the IBFM the even-
nucleus is a system of a single valence fermion in the sin
particle orbit j space coupled to the even-even core with
its bosonic excitations. The Hamiltonian is

H5Hee1HF1H int , ~1!

whereHee represents the even-even core, calculated with
IBM-1 @12#, HF accounts for the single nucleon energi
HF5( jm« j ajm

† ajm with creation ~annihilation! operators
ajm

† (ajm) of nucleons in valence orbitals of energy« j . The
boson-fermion interactionH int consists of quadrupole
quadrupole, exchange, and monopole-monopole terms

FIG. 3. Comparison of experimental energies with the IBFM
1
2

2 and 3
2

2 states. Levels are correlated taking into account
experimental band structure and the calculated wave functions
d
-

n

t

s
d
le
ll

e

H int5HBF
Q 1HBF

E 1HBF
M ~2!

with HBF
Q 5(

j j 8
G j j 8@Q~2!~aj

†ãj !
~2!#0

~0! ,

HBF
E 5(

j j 8
(
j 9

L j j 8
j 9 @d†ãj #

j 9@ d̃aj 8
†

# j 9
0
~0! ,

HBF
M 5(

j
Aj@dj

†d̃j #0
~0!@aj

†ãj #0
~0! ,

andQ(2) is the usual IBM@12# quadrupole operator.
For 153Sm the large number of relevant single partic

orbits necessitates that one reduce the number of parame
Scholten and Blasi have written the interaction strength i
simplified form based on microscopic arguments@13#. Then
the boson-fermion interaction@14# is fully specified by three
interaction strengthsG, L, andA ~related to the parameter
BFQ, BFE, and BFM of the codeODDA @15#!. The remaining
parameters arex in the boson quadrupole operator, and t
strength of the fermion pairing interaction which was used
the BCS to relateG, L, and A to their specific values for
each orbit.

The core nucleus152Sm was calculated with the cod
PHINT @15# taking the parameters from Ref.@16#. The cou-
pling to the octupole vibration is neglected, i.e.,p or f
bosons are not included. An important and unique feature
these IBFM calculations was the inclusion of theh11/2 orbit
from the neutronN550– 82 shell. Because of the restrictio
of the codeODDA @16# to five spherical single particle orbit
the very high lyingp1/2 orbit was neglected. Comparing fou
and five single particle calculations we convinced oursel
that in the low energy spectrum~Ex<1.6 MeV! the effect of
neglecting thep1/2 orbit on calculated excitation energies
minor. Nevertheless the present study shows that an
proved and expanded IBFM code is needed to allow m
comprehensive calculations.

r
e

FIG. 4. Comparison of the number of1
2

2 and 3
2

2 experimental
states~solid line! with the IBFM ~dot-dashed line! and the Nilsson
model ~dashed line!.
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FIG. 5. Comparison of observed and calculated (d,t) spectroscopic factors.
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The single particle energiese j were taken from the spheri
cal limit of usual Nilsson calculations with minor modifica
tions ~Eh11/2

50.0, Ef 7/2
55.0, Eh9/2

55.2, Ep3/2
56.4, and

Ef 5/2
56.9 MeV!.

Variations of BFE and BFQ correlate to changes of
Fermi surface and the deformation. The parameter va
BFQ50.4 MeV, BFE52.8 MeV, and BFM520.9 MeV give
a reasonable reproduction of the observed level struct
Contrary to common perception, the monopole term does
merely scale the energies. For these parameters it also
trols the staggering inK5 1

2 bands and, in effect, acts like a
attenuation of Coriolis mixing. This feature deserves furth
microscopic study for other sets of parameters.

In the IBFM the positive parity states are based on
spherical orbitss1/2, d3/2, i 13/2, andg9/2. Due to the angular
momentum couplings inH int there is no mixing ofs1/2,d3/2
with i 13/2. This prohibits meaningful comparison of expe
mental positive parity cross sections for13

2
1 states with

IBFM calculations. For the energies, however, we find tha
is impossible to reproduce the large splitting~734 keV! of
the 3

2@651# and 1
2@660# orbits @6#. A complete Nilsson calcu-

lation @11#, which includes main shell (DN52) and Coriolis
mixing, also fails to reproduce this separation. The sa
feature was observed in155Gd and was not reproduced i
calculations by Soloviev@17#.

For the negative parity states the completeness in1
2

2 and
3
2

2 states provides a stringent model test. In fact, in the
ergy region below 1.6 MeV, as shown in Fig. 3, the IBF
reproduces these states reasonably well. There is nearly
correspondence in the number of levels, although, abov
MeV, the IBFM energies tend to be calculated high. T
may be quite reasonable since, if octupole core excitati

were added to the IBFM a few additional1
2

2, 3
2

2 levels,
formed by couplingK502 and 12 excitations to the posi-
tive parity Nilsson orbits from thei 13/2 shell, would appear in
that energy region. Note that the Nilsson model accounts
less than half of the observed states. This again suggests
many of the observed12

2, 3
2

2 states have significant cor
vibrational components as also shown in the (p,d) study of
@5# ~see Fig. 4!.

The calculation of (d,t) spectroscopic factors with th
program SPEC @13# does not require additional paramete
except that an IBM calculation of the target nucleus154Sm is
needed: This was done with parameters similar to those
e
es

e.
ot
on-

r

e

it

e

-

1-1
1

s

or
hat

or

152Sm. The IBFM calculations do not give the1
2

2 cross sec-
tions because of the neglect of thep1/2 orbit. Since in the
codeODDA pairing occupancies are calculated forspherical
states allK projections of a givenj orbit in the deformed
states have the same occupation probability. For thep3/2 and
f 5/2 orbits this implies that the codeODDA usesU2'1 which
is unrealistic for lowK states near the Fermi surface
153Sm. Therefore, with this treatment of pairing and t
structure of the single particle transfer operator the pres
implementation of the code cannot give reliableI p5 3

2
2 and

5
2

2 cross sections. The pairing issue, however, is not sev
for the h11/2, h9/2, and f 7/2 orbits and the comparison of th
respective experimental and theoretical cross sections in
5 shows good agreement. For the strong low-lying sta
IBFM calculations reproduce the spectroscopic factors be
than those obtained with the Nilsson model with pairing a
Coriolis mixing @11#. Moreover, the IBFM also predicts
number of states with small spectroscopic factors~marked
with a cross in Fig. 5!. Due to the high sensitivity of the Q3D
spectrometer and the low background in the spectra,I p

5 7
2

2, 9
2

2,11
2

2 states with low cross sections have been
tected in the same energy range.

In summary, the combination of the high resolution
particle transfer reactions, the polarization measureme
and the completeness provided by ARC, leads to an ex
sive set of data up to 1600 keV in153Sm. This allows one of
the first detailed studies of the IBFM in a multi-j case for a
deformed nucleus. Deformed nuclei, and multi-j sets of
single particle levels, have been used before in the IBFM
the combination of a nearly full set shell~five single particle
orbits! and a deformed nucleus have seldom if ever be
tackled. Calculations of12

2 and 3
2

2 states give the correc
number of states~far more than in the Nilsson model! and
reasonable predictions of the energies. The excess s
have small (d,t) cross sections and occur at energies near
region of vibrational states in the core nucleus indicating t
they involve core coupled excitations. ForI p5 7

2
2, 9

2
2, 11

2
2

the (d,t) spectroscopic factors are well described by t
IBFM. The often ignored monopole interaction term in th
IBFM can be important in affecting the energy staggering
low K bands. For the positive parity levels the large emp
cal separation of bands with predominantly12@660# and
3
2@651# configurations stemming from the same single p
ticle orbit, i 13/2, is reproduced neither by the Nilsson mod
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nor by the QPA calculations of Soloviev@17#, nor by the
IBFM. Finally, this study points to the importance of im
proving the existing IBFM codes to include more single p
ticle orbits, a better treatment of pairing, and an improv
form for the single particle transfer operator.
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