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Isospin character of low-lying states in 56Fe
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Low-lying states in56Fe, up to an excitation energy of about 4 MeV, have been investigated by means of
inelastic proton and deuteron scattering experiments atEp565 and 400 MeV and atEd556 MeV, respectively.
Measured cross sections and analyzing powers have been compared with coupled-channels calculations using
collective form factors; calculations in both the Schro¨dinger and Dirac formalisms have been carried out for the
proton data. For each probe, the matrix elements have been deduced for transitions from the ground state and
from the 21

1 state to six quadrupole (21) states to one octupole~31
2) and two hexadecapole~41

1 and 42
1)

states. The obtained matrix elements and the previous values fromg decay or electron inelastic scattering have
been used to evaluate the isospin character of the transitions. To discuss the quadrupole mixed-symmetry states
in 56Fe, the deduced neutron (Mn) and proton (Mp) components of the matrix elements, or equivalently the
isoscalar (Ms) and isovector (M v) parts, have been compared with theoretical calculations based on the
neutron-proton interacting boson model and on the shell model evaluated in a fullf -p configuration space.
@S0556-2813~96!04006-X#

PACS number~s!: 27.40.1z, 21.10.Hw, 25.40.Ep, 25.45.De
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I. INTRODUCTION

The experimental determination of the isospin charac
of nuclear transitions, namely, the evaluation of the neut
(Mn) and proton (Mp) transition matrix elements, can b
used more effectively than the total matrix elements (M ) to
test nuclear structure calculations.

Bernsteinet al. @1# determined the ratioMn/Mp for the
first 21

1 states in closed single-shell nuclei, and showed t
proton ~neutron! closed shell nuclei haveMn/Mp greater
~lesser! thanN/Z. Collective excitations with equal contri
butions from neutrons and protons are isoscalar in chara
with a ratioMn/Mp very near to theN/Z value.

The determination ofMn,p for the transitions to the 21

levels can add important information on the quadrup
mixed-symmetry (ms) @2# or scissor state (2ms

1 ) predicted by
the neutron-proton interacting boson model~IBA-2! @3#, and
which correspond to the out-of-phase motion of part of
neutrons against part of the protons.

*Present address: Toshiba ULSI Laboratory, Kawasaki 2
Japan.
530556-2813/96/53~6!/2718~14!/$10.00
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The presence of mixed-symmetry states in vibration
A'100 nuclei has been suggested@4# from the comparison
of proton and deuteron data measured at nearly the s
bombarding energy per nucleon (E/A).

In the past, two experimental results supported the pr
ence of such theoretically predicted 21 states in56Fe. From
the detection of an enhanced magnetic dipole transition
theg decay of low-lying 21 levels towards the 21

1 state, Eid
et al. @5# suggested that the lowest quadrupole mixe
symmetry strength in56Fe is shared almost equally by th
22

1 and 23
1 states located at 2.657 and 2.960 MeV of exci

tion energy, respectively. Similar conclusions have be
drawn by Hartunget al. @6# through the measurement of in
elastic electron scattering.

A slightly different result has been predicted by Naka
et al. @7# through the inspection of the wave functions of th
21 states in56Fe evaluated in a large-scale shell-model c
culation@8#. They concluded that the 22

1 state at 2.657 MeV
and the 24

1 state at 3.370 MeV share a large fraction of t
mixed-symmetry strength.

In this paper, we report a determination of the transiti
matrix elementsMn andMp for the first six most strongly
0,
2718 © 1996 The American Physical Society
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53 2719ISOSPIN CHARACTER OF LOW-LYING STATES IN56Fe
excited quadrupole~21) states, for one octupole~31
2) state

and for two hexadecapole~41
1 and 42

1) states in56Fe. For
this purpose, we present the results of three high-resolu
inelastic scattering experiments on56Fe, two taken with po-
larized proton beams at bombarding energies of 65 and
MeV, respectively, and one with deuterons at 56 MeV. Sin
a complete measurement of theg decay among the low-lying
21 levels in 56Fe is available@9#, it is possible to evaluate
Mn andMp from four probes. The same is possible for th
31

2 state by considering the results from (e,e8) scattering
@10#. This reduces the uncertainties intrinsic in the use
only two probes.

Our determination ofMn andMp for the six excited 21

states in56Fe can supply a stringent test for two theoretic
calculations available in the literature for56Fe in the frame-
work of the shell model by Nakadaet al. @8# and of the
IBA-2 model by Rikovska and Stone@11#.

To deduce transition matrix elements from the inelas
scattering of hadrons two points must be considered.
first is the experimental requirement of high-energy reso
tion, which is only available with the use of a magnetic spe
trograph, to resolve states at higher excitation energies.
cently, making advantage of high-resolution, Pignanelliet al.
determined@12,13# the isospin character of many excitation
at low energies in someA'100 nuclei@12# and in the Nd
isotopes@13#. The second concerns coupled-channels~CC!
analyses, in which the number of channels to be included
the calculations and the use of transition potentials deri
from a folding procedure should be treated with special c
tion. Only for states with a low multipolarity and a stron
collective strength is it sufficient to use@14# a reduced CC
scheme which includes two-step transitions through the m
relevant states, such as the 21

1 and 31
2 states, and simple

transition potentials obtained by deforming@deformed opti-
cal potential~DOP!# the optical model~OM! potential.

Some other uncertainties in deducingMn/Mp have been
found@15# for the values extracted from the 400 MeV proto
data. For this reason the proton data at the two bombard
proton energies have been analyzed in the present work
in the Schro¨dinger and in the Dirac formalisms.

II. EXPERIMENTAL METHOD AND RESULTS

The inelastic scattering experiments were performed
the Research Center for Nuclear Physics~RCNP! in Osaka.

Beams of 65 MeV polarized protons and of 56 MeV de
terons were extracted from the AVF cyclotron. The prot
beam polarization was around 70% and its intensity w
about 12 nA. The deuteron beam intensity was kept aro
60 nA. The target used was a self-supporting56Fe foil with a
thickness of 1.05 mg/cm2 and an isotopic enrichment greate
than 99%. Scattered particles were analyzed by using
magnetic spectrograph ‘‘Raiden’’@16# and were detected by
a two-dimensional position-sensitive proportional coun
system@17#. To maximize the energy resolution, the sol
angle of the spectrograph was set to be 3.2 msr and
kinematic line broadening was compensated. A final ene
resolution of about 30 keV full width at half maximum
~FWHM! was obtained for both particles. An example of t
obtained energy spectra is reported in Fig. 1 of Ref.@18# for
both particle beams. Most of the relevant excited states u
ion
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the 31
2 level atEx54.510 MeV have been analyzed in thi

paper. Following the energy scheme of56Fe in Ref.@9#, we
identified the peaks corresponding to the ground sta
~0g.s.

1 ), six 21 states atEx50.846, 2.657, 2.960, 3.370,
3.602, and 3.832 MeV, the 31

2 state, and two 41 states at
Ex52.085 and 3.123 MeV. No appreciable excitation wa
recognized for the 26

1 state reported in Ref.@9# at
Ex53.748 MeV. The 23

1 (Ex52.960 MeV! and 25
1

(Ex53.602 MeV! levels were not separated from their re
spective neighbors 02

1 at Ex52.942 MeV and 03
1 at

Ex53.598 MeV. The same happens for the 24
1 (Ex53.370

MeV! level, which was not resolved from the 61
1 state at

Ex53.388 MeV. A preliminary analysis of these low-energ
experiments has been presented elsewhere@18#.

In addition, the (pW ,p8) experiment atEp5400 MeV was
carried out at the ‘‘new’’ ring cyclotron facility at RCNP. A
polarized proton beam produced by an atomic-beam-type
source was accelerated to 65 MeV with the AVF cyclotro
The beam was injected into theK5400 MeV ring cyclotron,
and further accelerated to 400 MeV. Beam polarization
around 80% and intensities of about 1 nA were kept duri
the experiment. The beam extracted from the ring cyclotr
was transported to a self-supporting56Fe target with a thick-
ness of 43 mg/cm2 ~99.9% isotopic enrichment!. Scattered
protons were analyzed by using the magnetic spectrogra
‘‘Grand Raiden’’ @19# operated with an opening angle o
68.5 mrad horizontally and of620 mrad vertically. Its
focal-plane counter system consists of two multiwire dri
chambers~MWDC’s! @20#, each with an effective area of
1150 mm3 45 mm, and two plastic-scintillation counter
placed behind the MWDC’s. The MWDC’s have a detectio
efficiency greater than 99%, and an intrinsic position res
lution of 200mm. The ray-tracing technique was applied t
determine the scattering angles at the target from the arri
positions and incidence angles of scattered protons at
focal plane after particle identification. The available ener
resolution was strongly dependent upon the coupling para
eters between the two cyclotrons and upon their stabili
Energy resolutions of about 40 keV FWHM were obtaine

FIG. 1. Energy spectra for the inelastic scattering of 400 Me
protons at the scattering angles of 11.28° and 18.45°. The sta
analyzed in this paper are indicated. Different relative yields a
observed for the 23

1 state at the two scattering angles compared
those for its neighboring 22

1 and 24
1 states.
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2720 53R. DE LEOet al.
for only a few hours. Instead, most of the experiment w
run with a resolution of about 100 keV. Two examples
energy spectra with good energy resolution are reported
Fig. 1. The 23

1 level shows an angular behavior differe
from that of the 22

1 and 24
1 levels. Referring to the leve

scheme of56Fe, even with 100 keV of energy resolution, th
situation of resolving the doublet states analyzed in this
per is not worse compared with that of the two present
periments at lower energies.

The yield of each peak in the spectra was converted i
cross sections using the target thickness, the solid angle,
the collected charges. The systematical uncertainty in
normalization factor~UNF! of the experimental cross sec
tions has been estimated to be of the order of 10%.
analyzing powers, this error is much smaller due to the c
cellation of these uncertainties. Measured cross sections
analyzing powers for the elastic scattering, for the six 21

levels, and for the 31
2 , 41

1 , and 42
1 states are presented i

Figs. 226. The error bars on the data points in the figur
represent only statistical errors.

FIG. 2. Differential cross sections~left side! and analyzing pow-
ers~right side! for the 0g.s.

1 , 21
1 , and 31

2 states in56Fe determined
in the proton elastic and inelastic scattering at 65~top part! and 400
~bottom part! MeV. The experimental data are shown by the so
circles. The curves are the results from CC calculations in
Schrödinger~solid line! and Dirac~dashed and dotted lines! formal-
isms. The solid and dashed curves refer to the OM parameters
Table I. The dotted curves refer to the EDAD-1 potentials in R
@22#. The first derivative form factors (d8 FF! are used in all the
calculations. The solid curves fitted to the 21

1 and 31
2 cross sections

atEp5400 MeV are normalized using a normalization factor of 1
~see text!.
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III. COUPLED-CHANNELS CALCULATIONS

A. Fits of the 0g.s.
1 , 21

1 , and 31
2 data

Both the CC and the DOP model have been used to eva
ate the coupling constants (b) of the direct and two-step
excitations. The calculations have been carried out by us
the codeECIS88 @21#.

Hintz et al. @15# used the Schro¨dinger (S) equation and
the DOP model to deduce theMn/Mp ratio in the neighbor-
ing nucleus58Ni from the proton data at bombarding ener
gies around 400 MeV. They found lowerMn/Mp values
compared to the results obtained from the data at the bo
barding energies below 100 MeV and at 800 MeV. One po
sible explanation@15# could reside in the strong variation of
the shape of the absorption term of the OM potential with th
bombarding energy. Its volume term, weaker than the s
face one at low bombarding energies, becomes dominan
high energies and is determined from the elastic scatteri
At Ep5400 MeV, the elastic scattering is sensitive to th
inner part of the nucleus, while inelastic scattering is st

id
he

rom
f.

.2

FIG. 3. Differential cross sections for the 0g.s.
1 , 21

1 , 31
2 , and

other five 21 levels from the deuteron elastic and inelastic scatte
ing atEd556 MeV. The experimental data are shown by the sol
circles. The curves are from the Schro¨dinger CC calculations with
coupling constants from Table II and refer to the 0g.s.

1 -21
1-2 i

1 cou-
pling for the 2i.1

1 levels, and to the 0g.s.
1 -21

1-31
2 coupling for the

0g.s.
1 , 21

1 , and 31
2 levels. The solid curves through the 21

1 , 31
2 ,

24
1 , and 25

1 data are the results of the calculations usingd8 FF’s.
The dotted~solid! curves through the 22

1 , 23
1 , and 27

1 data are the
results of the calculations using thed8 FF’s ~mixed d8-d9 FF’s!.
The dotted curve for the 24

1 state is obtained by excluding the
contribution of the excitation of the unresolved 61

1 level.
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53 2721ISOSPIN CHARACTER OF LOW-LYING STATES IN56Fe
sensitive to the nuclear surface through the surface peak
of the transition potentials. Therefore, the use of a volum
absorption potential for analyzing the inelastic scatteri
data at 400 MeV could lead to incorrectMn/Mp values.

These marked changes in the shapes of the potentials
not appear in the Dirac (D) formalism. In fact, potentials
derived@22# in this formalism vary slowly without any large
dependence on target mass~from 12C to 208Pb! or bombard-
ing energy~in the range 2021040 MeV!. At present, the
Dirac OM potentials are used to reproduce@23# the proton
inelastic scattering data to the same extent as the Schro¨dinger
potentials. For this reason, as well as to compare results fr
the two methods, the 65 and 400 MeV proton data have b
analyzed in this work both within theS and theD formal-
isms.

In this work, we confine our studies to the excitation o
low-spin states excited by only light-mass projectiles. The
fore, we do not expect@14# appreciable anomalies in the
Mn/Mp values extracted in this paper by using the DO
model.

FIG. 4. Differential cross sections~left part! and analyzing pow-
ers~right part! for five 21 states in56Fe determined in the inelastic
proton scattering atEp565 MeV. The experimental data are show
by the solid circles . The curves are obtained from the CC calcu
tions in the Schro¨dinger ~solid and dotted lines! and Dirac~dashed
line! formalisms. The dotted curves through the 22

1 , 23
1 , and 27

1

data are obtained usingd8 FF’s, and the solid and dashed curves a
the results obtained by taking into account ad8-d9 mixing. All the
curves through the data of the 24

1 and 25
1 states are obtained using

d8 FF’s. The solid and dashed curves through the data of the4
1

state include a contribution due to the excitation of the unresolv
61

1 level.
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To reduce uncertainties in the OM parameters, w
searched for new OM parameter sets in a CC scheme
which the 0g.s.

1 state was coupled to the strongly excited 21
1

and 31
2 levels. The inclusion of these two levels is of par

ticular importance for the imaginary potentials which are a
fected by CC effects and influence the extraction of couplin
constants. We used first derivative (d8) form factors~FF’s!
and searched for theb values of the 0g.s.

1 -21
1 and 0g.s.

1 -31
2

transitions, and of the 21
1-21

1 reorientation terms. No link
between the two quadrupoleb ’s was made in these searches
In fact, Ballesteret al., @24# in the analysis of a56Fe(a,
a8) experiment, showed that both the asymmetric-rotor an
the harmonic-vibrational models give similar results for th
fits of the 0g.s.

1 and 21
1 cross sections. In the first-order ap-

proximation, the reorientation term due to the 21
1-21

1 transi-
tion is small and is neglected in both models.

The starting values for the proton Schro¨dinger OM pa-
rameters at 65 MeV were taken from the systematic param
eters given by Noroet al. @25#. The calculations with these
parameters underestimated the elastic cross section by ab
10%. The final parameter values listed in Table I minimiz
the chi-square (x2) value for fitting the cross sections and
analyzing powers of the 0g.s.

1 , 21
1 , and 31

2 states without
renormalization factors~NF51.0!. The results are shown by
the solid lines in Fig. 2. They differ from those of Ref.@25#

n
la-

re

2
ed

FIG. 5. Differential cross sections~right! and analyzing powers
~left part! for the five 21 states in56Fe determined in the inelastic
proton scattering atEp5400 MeV. The explanations of symbols
and lines are the same as in Fig. 4. The absolute magnitudes of
solid and dotted curves given by the Schro¨dinger calculations have
been decreased by a factor of 1.2~see text!.
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2722 53R. DE LEOet al.
only in the depth and radius of the volume imaginary pot
tial. The error~4%) on NF reported in Table I is an estim
tion of the uncertainty in normalizing theory to experime
and it has been used to get the uncertainties of the trans
matrix elements. The extractedb values are presented i
Table II.

For the analysis of the deuteron data, the initial OM p
rameters were taken from the mass-energy nonrelativ
systematics of Daehnicket al. @26#. Also, in the deuteron
case, the final values~Table I! do not require a renormaliza
tion of the experimental data. The obtained fits are show
the upper part of Fig. 3.

In the framework of the Schro¨dinger equation, no OM
parameter set was available for proton scattering data
56Fe at Ep5400 MeV. The parameter search was star
from the SN set of Ref.@15# obtained from58Ni(p,p8) data
at Ep5333 MeV. To operate theECIS88 code at 400 MeV,
we used relativistic kinematics and we included 100 par
waves in the calculations. In the initial stage of the pres
analysis, it was found that a renormalization of cross secti
was necessary to minimize, with the same OM parameter
the x2 values of both the 0g.s.

1 cross section and analyzin
power data. A good fit could only be achieved with a N
value increased to 1.2. The obtained final set minimizes
the x2 values of the 21

1 and 31
2 data ~see Table I!. The

results are shown in the lower part of Fig. 2 as solid lin

FIG. 6. Cross sections and analyzing powers for the 41
1 and

42
1 states in56Fe determined in scattering of 65 MeV polarize

protons~upper four parts!, 400 MeV polarized protons~lower four!,
and 56 MeV deuterons~central two!. The solid and dashed curve
are the results of the Schro¨dinger and Dirac calculations, respe
tively.
en-
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The obtainedb values are listed in Table II. We checked the
validity of the adopted OM parameters in other searche
which gave similarx2 and NF values in spite of different
initial sets~P1 and P2 in Ref.@15#!. The obtained NF value,
well beyond our UNF estimation~10%), is similar to those
reported by Joneset al. @27# in the Schro¨dinger DOP analy-
sis for the inelastic scattering of polarized protons from
12C atEp52002700 MeV.
The Dirac formalism does not require any renormalizatio

to fit the 400 MeV experimental cross sections. The resul
are compared in Fig. 2 where the dotted lines represent t
fits to the 400 MeV elastic channel data evaluated with th
average potentials EDAD-1 ~energy-dependent,
A-dependent! of Ref. @22#. The dashed lines in Fig. 2 repre-
sent a fit to the proton data with theD potentials. As dis-
cussed in Ref.@22#, only the scalar and vector, both real and
imaginary, and Coulomb potentials have been considere
The tensor terms are neglected. TheD potentials obtained at
the two bombarding proton energies are listed in Table I. Th
shapes of their Schro¨dinger-equivalent potentials are pre-
sented in Fig. 7. Only the real potential shows a somewh
different shape at the two energies~see the solid and dashed
lines in Fig. 7 for 65 and 400 MeV protons, respectively!.

The volume integrals of the different potentials and the
radial moments for thed8 andd9 form factors are reported in
the second part of Table I. For the proton probe, theWv
imaginary part is the dominant term of theS potential at 400
MeV. The radial ratio*Wv,tr(r ,d8)r 2dt /*Wv(r )dt is, how-
ever, nearly 50% lower than that of the dominant real (V0)
potential at 65 MeV. The real scalar (V0) and vector (Vs)
terms are dominant in theD potential. Their radial ratios are
nearly constant at the two proton energies.

The resultingb ’s from these searches for the excitation o
the 21

1 and 31
2 levels have been reported in the first lines o

Table II. In particular, the direct coupling constant for the
21

1 level has an opposite sign with respect to its reorientatio
term, indicating a prolate shape for56Fe, as found in Ref.
@24#.

B. Results of CC analyses of higher 21 levels

The vibrational model predicts that, in presence of anha
monicities and other effects, theE2-E2 two-phonon quadru-
pole excitations can be split@28# over many 21 states and
mixed with other configurations. A fragmentation of the two
phonon component is also predicted by the quasipartic
phonon model~QPM! @29# and has been observed in the Nd
isotopes@13#. In addition, many of the 2i

1 states analyzed in
the present work are linked byg decay@9#; a complete CC
scheme may require one to include all theg-connected
states.

A test result to examine the amount of two-step contribu
tions to the cross section and analyzing power of a 2i

1 state
atEx53 MeV is reported in the top and middle parts of Fig
8 for the cases of inelastic proton scattering at 65 and 4
MeV, respectively. The same coupling constants have be
used at the two energies. The solid curves represent the
rect excitation of this 2i

1 state from the 0g.s.
1 state with a

d8 transition FF. The dotted lines show the contribution o
the two-step~indirect! excitation via the 21

1 state. The sig-
nificant differences between these lines delineate the sen

d

s
c-
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TABLE I. Schrödinger (S) and Dirac (D) optical model param-
eters~depths in MeV, lengths in fm! used in the CC calculations
described in the text for the threep, d, andp400 probes. The signs
of the potentials~Woods-Saxon shapes! are as used in the code
ECIS88 @21# in the ‘‘external form factor model.’’ In the Dirac for-
malism the potentials are scalar real (V0) and imaginary (Wv),
vector real (Vs) and imaginary (Ws), and tensor real (Vs0) and
imaginary (Ws0). The renormalization factors of experimental cros
sections required by these OM potentials are denoted as NF. Nu
bers in parentheses indicate the estimated errors and refer to the
decimals of the value. In the middle part, the volume integrals
the different potentials~in units of 103 MeV fm3) and of the quad-
rupole moments of theird8 andd9 FF ~in units of 103 MeV fm5)
are reported. In the lower part, their relative multipole matrix el
ments in units of the coupling constant@see Eq.~1!# are given~in
e fml).

pS dS p400,S pD p400,D

V0 36.09 78.7 22.16 -438.5 -335.9

r 0 1.190 1.180 0.980 1.045 1.044

a0 0.726 0.784 0.845 0.635 0.646

Wv 8.36 7.95 60.80 11.88 2.33

r v 1.127 1.486 0.918 1.206 1.565

av 0.729 1.014 0.664 0.308 0.220

Vs 0.0 0.0 0.0 338.1 248.0

r vs 1.056 1.038

avs 0.606 0.614

Ws 3.28 4.014 0.0 -21.14 -40.14

r s 1.349 1.452 1.216 1.060

as 0.459 0.618 0.638 0.721

Vs0 5.99 3.58 0.832 0.0 0.0

r vs0 1.073 1.125 1.172

avs0 0.621 0.448 0.665

Ws0 -3.45 0.0 0.0

r ws0 0.984

aws0 0.655

r c 1.3 1.4 1.2 1.2 1.2

NF 1.00~4! 1.00~4! 1.20~7! 1.00~4! 1.00~7!

*V0(r )dt 17.84 39.56 7.35 -146.5 -112.8

*V0,tr(r ,d8)r 2dt 108.1 241.5 34.80 -684.2 -528.4

*V0,tr(r ,d9)r 2dt 176.3 383.1 49.33 -1119 -859.3

*Wv(r )dt 3.60 8.04 14.93 5.10 2.12

*Wv,tr(r ,d8)r 2dt 19.95 79.03 57.30 27.05 18.41

*Wv,tr(r ,d9)r 2dt 31.95 124.08 87.92 51.88 36.34

*Vs(r )dt 0.0 0.0 0.0 114.1 80.41

*Vs,tr(r ,d8)r 2dt 0.0 0.0 0.0 534.0 366.9

*Vs,tr(r ,d9)r 2dt 0.0 0.0 0.0 889.5 605.5

*Ws(r )dt 2.07 4.00 0.0 -10.56 -14.71

*Ws,tr(r ,d8)r 2dt 18.46 42.41 0.0 -63.92 -73.50

*Ws,tr(r ,d9)r 2dt 26.35 59.00 0.0 -109.3 -115.5

M (E2,d ’ !/b 174.5 197.7 115.7 138.3 134.8

M (E2,d ’’ !/b 279.8 308.3 172.5 212.4 207.3

M (E3,d ’ !/b 1048 1310 606.0 726.1 733.6

M (E3,d ’’ !/b 2005 2417 1042 1404 1309

M (E4,d ’ !/b 6604 9278 3445 4025 4266

M (E4,d ’’ !/b 14489 19476 6564 8830 8498
tivity of calculations in estimating direct and two-step pro-
cesses in the data. The differential cross sections for the
direct excitation are more oscillating than those for two-step
contributions. In search procedures this will result in smaller
correlation errors for the direct contributions. The oscillation
pattern of the direct excitation increases with increasing the
bombarding energy from 65 to 400 MeV. The indirect con-
tribution becomes relatively stronger, slightly exceeding the
minima of the direct one, indicating that two-step processes
are important for a correct description of the inelastic proton
scattering even at 400 MeV.

The 2i
1 reorientation term and the contributions from

other 21 states~not shown in the figure! are smaller and
have angular distributions very similar to the dominant
21

1-2 i
1 term shown by the dotted curves. These contributions

were not included in the search because of their indistin-
guishability from the 21

1-2 i
1 term. Thus, the 21

1-2 i
1 b ’s ex-

tracted in the present analyses will include all these contri-
butions and should be treated as effectiveb values.

In addition, as shown by Ballesteret al., @24# 56Fe dis-
plays a hexadecapole vibration mode which affects primarily
states withJp541 and 61, and, to a lesser extent, also the
Jp521 ones. This 21

1-2 i
1 , L54 contribution is shown with

the dot-dashed lines in Fig. 8. It is very similar to the 41
1-

2 i
1 , L52 contribution, which is not reported here.
The major uncertainty in the fits of the data for the higher

21 levels comes from the ambiguities in determining the
radial shape of form factors. These levels are not always
completely collective and reproduced by a surface-peaked
d8 FF. In particular cases@4,12,13#, better fits are obtained
by a mixing ofd8 andd9 FF’s. This mixing is also suggested
by the vibrational model, in which second-order couplings
are assumed@28# as ad9 FF. Similarly the IBA model as-
sumes@30# a d9 FF for the part of the transitions conserving
the number ofd bosons.

Differences in cross sections and analyzing powers pro-
duced byd8 and d9 FF’s ~dashed lines! can be seen in the
upper parts of Fig. 8 for 65 and 400 MeV protons, respec-
tively. The latter have been evaluated with a coupling con-
stant reduced by a factor of 20 compared to that of the solid
curves. The cross sections and analyzing powers of the two
contributions tend to go out of phase at backward angles.

In general, in the analysis of these 2i.1
1 data, first we have

considered a ‘‘simple’’ CC scheme with only three (0g.s.
1 ,

21
1 , and 2i

1) states,L52 transitions, and without the 2i
1-

2 i
1 reorientation term. We searched for theb ’s of the two

0g.s.
1 -2 i

1 and 21
1-2 i

1 transitions, keeping the 0g.s.
1 -21

1 and
21

1-21
1 terms fixed at the values from the previous analysis.

When any of the three probe data was not sufficiently repro-
duced, we added ad9 FF to the direct excitation, or intro-
duced other coupled channels. We did not include thed9 FF
in two-step transitions because of their large uncertainties.
The final CC scheme should give acceptable fits for the ex-
perimental data of all the three probes, and theb values for
corresponding transitions should be consistent.

The final CC fits for the higher five 21 states in56Fe are
reported in Figs. 326 for both theS andD formalisms. The
extracted coupling constants are listed in Table II with un-
certainties which include only the correlation errors.
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TABLE II. Coupling constants (bl) corresponding to the lowest possible multipoles (l>2! for the indicated transitions and for the three
probes (p, d, p400), deduced from the CC calculations described in the text. TheS andD symbols refer to the Schro¨dinger and Dirac
calculations, respectively. Numbers in parentheses are the correlation errors resulting from CC calculations. The signs of the param
those used inECIS88 @21# in the ‘‘external form factor model.’’

Jin
p-Jfin

p b (pS) b (dS) b (p400,S) b (pD) b (p400,D)

0g.s.
1 -21

1 -0.218~7! -0.183~11! -0.248~26! -0.271~7! -0.255~16!
21

1-21
1 0.185~67! 0.182~80! 0.220~120! 0.225~70! 0.202~91!

0g.s.
1 -31

2 -0.156~9! -0.108~6! -0.206~12! -0.190~10! -0.196~14!
0g.s.

1 -22
1 -0.049~3! -0.036~4! -0.030~6! -0.049~2! -0.032~6!

0g.s.
1 -22

1 a -0.006~3! -0.003~4! -0.016~2! -0.012~2! -0.015~2!

21
1-22

1 -0.259~21! -0.180~52! -0.269~114! -0.177~50! -0.252~79!
0g.s.

1 -23
1 -0.029~2! -0.020~3! -0.066~6! -0.047~2! -0.053~3!

0g.s
1 -23

1) a 0.011~2! 0.009~1! 0.023~2! 0.019~2! 0.014~1!

21
1-23

1 0.122~41! 0.088~45! 0.108~67! 0.070~46! 0.102~48!
0g.s.

1 -24
1 -0.051~4! -0.031~3! -0.075~5! -0.060~2! -0.076~6!

21
1-24

1 -0.073~30! -0.070~38! -0.100~65! -0.092~42! -0.120~102!
21

1-61
1 -0.28~7! -0.20~5! -0.40~10! -0.40~10! -0.40~10!

0g.s.
1 -25

1 -0.045~2! -0.028~3! -0.052~6! -0.052~2! -0.052~4!

21
1-25

1 -0.040~25! -0.043~30! -0.102~81! -0.053~25! -0.072~80!
0g.s.

1 -27
1 -0.019~4! -0.024~3! -0.023~5! -0.013~4! -0.023~5!

0g.s.
1 -27

1 a -0.004~2! 0.002~1! 0.004~3! -0.014~2! 0.004~3!

21
1-27

1 -0.202~120! -0.063~27! -0.661~142! -0.102~60! -0.691~148!
0g.s.

1 -41
1 a -0.016~4! -0.011~2! -0.022~3! -0.021~3! -0.020~3!

21
1-41

1 0.451~121! 0.313~22! 0.582~71! 0.472~49! 0.714~116!
0g.s.

1 -42
1 -0.088~5! -0.053~5! -0.118~6! -0.109~5! -0.110~7!

aSecond derivative form factor.
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With the simplified scheme, the calculations for bo
cross sections and analyzing powers of the 22

1 level are
partly out of phase with respect to the experimental d
expecially for 400 MeV protons~see the dotted lines in Figs
325 where only theS calculations are reported!. Attempts to
improve the fits with the inclusion of a 41 level or aL54,
21

1-22
1 contribution in the CC scheme were not success

An improvement was instead achieved by including ad9 FF

FIG. 7. Schro¨dinger equivalent of the Dirac potentials of Tab
I. The real and imaginary central potentials are given on the ri
side. The spin orbit potentials are shown on the left part of
figure. The solid and dashed lines are the potential shapes fo
and 400 MeV protons, respectively.
th

ata
.

ful.

in the direct excitations~see the solid and dashed curves in
Figs. 325 for theS andD calculations, respectively!.

The 23
1 state has an angular distribution very differen

from those of the other 21 states. This could be due to the
presence of a contribution from the unresolved 02

1 level.
This state can be a member of theE2-E2 two-phonon triplet
and therefore strongly excited. A calculation of this indirec
contribution, arbitrarily normalized, is reported with the dot
ted lines in the bottom part of Fig. 8 together with the data o
the 02

1-23
1 doublet ~solid circles! at 65 MeV protons. The

direct excitation of the 02
1 state from the 0g.s.

1 has been es-
timated using Satchler’s surface vibration model@31# and the
result is shown by the solid lines. Some improvement i
fitting the 02

1 cross sections of other nuclei was obtained i
Refs. @12,28,32# by folding Satchler’s mass FF with a
density-dependent effective interaction. After the folding th
resulting transition potentials are quite similar to ad9 FF.
The result of a direct excitation using this FF is shown~ar-
bitrarily normalized! by dashed lines.

The cross sections calculated for the three possible ex
tations of the 02

1 level show oscillation patterns stronger than
those of the data. Thus any contribution to the doublet shou
come from a highly improbable strong destructive interfer
ence of these contributions. A similar interference is require
by the analyzing powers, since the calculated contribution
have large values between 10° and 30°, not observed exp
mentally.

We therefore assumed that the 02
1 level is weakly excited

and that the peak atEx52.942 MeV is mostly due to the
23

1 state. Our assumption is confirmed by the 20 MeV deu
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53 2725ISOSPIN CHARACTER OF LOW-LYING STATES IN56Fe
teron inelastic scattering data taken@33# in München at one
sample angle~29°) with a resolution sufficient to resolve th
23

1 and 02
1 levels. The yield of the 02

1 level has been found
to be approximately one sixth of that of the 23

1 state at that
angle. The experimental data for the 23

1 state are compared
with the theoretical calculations obtained by using only fir
derivative form factors@see the dotted lines in Figs. 325#.
Good fits have been obtained only for the deuteron data.
addition of ad9 FF, with opposite sign with respect to that o
the d8 one, improves the fits for all three probes@see the
solid (S) and dashed lines (D) in Figs. 325#.

The 24
1 data are reasonably reproduced by using thed8

FF’s ~dotted lines!. At backward angles, contributions from
the unresolved 61

1 level are expected. The 61
1 state is pre-

sumably excited by two-step processes through the 41
1 ,

42
1 , and 21

1 levels. The largestL52 contribution through
the 42

1 state was found to be small even at backward ang
when we evaluated its contribution using theb value de-

FIG. 8. Calculated cross sections~left side! and analyzing pow-
ers ~right side! for a 2i

1 state in 56Fe atEx5 3 MeV, excited by
inelastic proton scattering at 65~top part! and 400 MeV~middle
part!. In these two parts of the figure, the solid and dashed cur
represent the direct~from the 0g.s.

1 state! excitation of the 2i
1 level

with the d8 andd9 form factors, respectively. The dotted and do
dashed lines are the two-step contributions for excitation via
21

1 state withL52 andL54 angular momenta, respectively. In th
bottom part of the figure, the solid points represent the experime
data for the unresolved 23

1-02
1 doublet atEx52.960 MeV and

Ep565 MeV. The curves correspond to the three different calcu
tions: the direct excitation of only the 02

1 state, with the Satchler’s
surface vibration FF~solid line!, and with ad9 FF ~dashed line!,
and indirectly through the 21

1 level with ad8 FF ~dotted line!.
t-

he
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les

duced from theg decay experiment. AnL54 contribution
through the 21

1 level improves the fit for the 24
1 state as

shown by solid (S) and dashed (D) lines in Figs. 325.
The 25

1 data from the three probes are satisfactorily r
produced by usingd8 FF’s. The results are also shown by th
solid (S) and dashed (D) lines in Figs. 325.

The 27
1 analyzing power data from the 65 MeV proton

experiment require ad9 contribution in the direct excitation.
For 400 MeV protons, no satisfactory fit could be achieve
even when we tried to employ sign combinations of th
b ’s different from those required by 65 MeV proton and 5
MeV deuteron data. A possible reason could be due to t
poor quality of the data.

C. Fits of 41 data

The 42
1 level is the most strongly excited one among th

hexadecapole states. It is nicely fitted by only a directd8 FF
@see the solid (S) and dashed (D) lines in Fig. 6#. Indirect
contributions are extremely weak and have not been includ
in the calculations because the fits are not significantly im
proved.

The angular distributions for the 41
1 state are different in

shape from those for the 42
1 level. Hexadecapole directd8

FF calculations are completely out of phase with respect
the data. When we take into account ad9 FF direct contri-
bution in the calculations, the 400 MeV cross section is we
reproduced, but negative analyzing powers are predicted
backward angles for the 65 MeV data. The addition of a
indirect contribution for the 41

1 excitation is sufficient to
give good fits for all the data@solid (S) and dashed (D) lines
in Fig. 6#. Based on this analysis, the 41

1 level is concluded
to be mostly a pureE2-E2 two-quadrupole-phonon state.

IV. TRANSITION MATRIX ELEMENTS

The mass transition matrix elements are derived from t
coupling constantsb ’s by using the expression

M ~ i !~El!5
A

2
bl

~ i !
*Vtr~r !r ldt

*V~r !dt
, ~1!

where (i ) refers to the probe, (p,p8) or (d,d8) reactions.
The reduced transition probabilities are obtained from t
matrix elements by using the expression

B~ i !~El,Ji→Jf !5
uM ~ i !~El!u2

~2Ji11!
. ~2!

The M values obtained by using Eq.~1! for the three
probes and for the two (S andD) formalisms are listed in
Table III. The quoted errors include only theb correlation
errors from Table II and those on the NF values from Tab
I. These errors, mainly due to data analysis, usually domin
over statistical and systematical ones, except in the few ca
of very good fits to the experiment.

No error has been included for the absolute value of t
cross sections~UNF!, because the extractedM ’s are some-
what insensitive to it; in fact these quantities are determin
mainly by the ratio@see Eq.~1!# of inelastic to elastic cross
sections.
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TABLE III. Multipole matrix elements~in e fml) for the lowest possible multipoles (l>2! for the indicated transitions, formalisms
(S,D), and for the three probes (p, d, p400), deduced from Table II and Eq.@1#. The quoted errors include the correlation errors from Tab
I and the NF uncertainties in Table I.

Jin
p-Jfin

p M (pS) M (dS) M (p400,S) M (pD) M (p400,D)

0g.s.
1 -21

1 38.06 1.2 36.26 2.1 28.76 2.9 37.56 1.0 34.46 2.2
21

1-21
1 32.36 11.7 36.06 15.8 25.46 13.9 31.16 9.7 27.26 12.2

0g.s.
1 -31

2 163.46 9.2 141.56 8.7 124.86 7.5 137.96 7.2 143.86 10.3
0g.s.

1 -22
1 10.26 1.0 8.06 1.5 6.26 0.8 9.36 0.5 7.46 0.9

21
1-22

1 45.26 3.6 35.66 10.3 31.16 13.3 24.56 6.9 34.06 10.6
0g.s.

1 -23
1 2.06 0.7 1.26 0.7 3.76 0.7 2.56 0.5 4.26 0.4

21
1-23

1 21.36 7.2 17.46 8.9 12.56 7.8 9.76 6.3 13.56 6.5
0g.s.

1 -24
1 8.96 0.8 6.16 0.7 8.76 0.6 8.36 0.4 10.26 0.8

21
1-24

1 12.76 5.2 13.86 7.9 11.667.5 12.76 5.8 16.2613.8
21

1-61
1 18496 464 18556 466 13786 348 16106 403 17066 435

0g.s.
1 -25

1 7.86 0.5 5.56 0.7 6.06 0.8 7.26 0.4 7.06 0.6
21

1-25
1 7.06 4.4 8.56 5.9 11.86 9.4 7.36 3.5 9.76 10.8

0g.s.
1 -27

1 4.46 0.9 4.16 0.7 1.96 0.8 4.86 0.7 2.36 0.9
21

1-27
1 35.26 21.0 12.46 5.4 76.56 16.4 14.16 8.3 93.26 20.0

0g.s.
1 -41

1 2326 58 2146 39 1446 20 1856 27 1706 26
21

1-41
1 78.76 21.0 61.96 4.5 67.46 8.2 65.16 6.8 96.36 15.6

0g.s.
1 -42

1 5816 35 4926 47 4066 22 4396 22 4696 32
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A modification of Eq.~1!, with the atomic massZ instead
of A/2 in Eq. ~1!, defines the ‘‘modified’’ version of the
elements which are often used@28# to compare transition
rates deduced from hadron scattering with those from el
tromagnetic~em! measurements. The comparison of the m
trix elements obtained from the three probes is reported
Fig. 9. The matrix elements for the direct excitations fro
the 0g.s.

1 state to the six 21 states and to the 41
1 , 42

1 , and
31

2 states are presented in the top part of the figure. T
matrix elements for their two-step excitations from the 21

1

level are also presented in the bottom part. TheM values
from the em experiments are shown with the solid circle
TheM values obtained from our work are shown with th
squares, and downward pointing and upward pointing t
angles, for 65 MeV protons (p), 56 MeV deuterons (d), and
400 MeV protons (p400), respectively. The results from the
S andD formalisms are shown by the solid and open sym
bols, respectively. The correspondingS andD matrix ele-
ments agree with each other within errors in most of th
cases. But for the experimental data atEp5400 MeV, the
S matrix elements are always lower than theD ones, while
an opposite situation, with smaller differences, is shown
the squares in Fig. 9 for the 65 MeV proton values. TheM
values for a given transition, slightly displaced on thex axis
according to increasing sensitivity of the probe to target pr
tons, show an approximately linear trend with negativ
slopes which indicate that the analyses of these data al
the detection of the isovector components.

The two-step values of the three hadron probes, which
shown in the bottom part of Fig. 9, are more scattered th
the direct ones. This reflects the fact that a reliable determ
nation of two-step matrix elements is difficult. In genera
their uncertainties are larger than those from em experime
~solid circles!, in contrast with those in the upper part of th
figure. These larger errors are probably due, as anticipated
the adoption of a simplified coupling scheme, the omissi
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of the reorientation terms, and the reduced oscillation patte
of indirect contributions compared to the direct ones.

For a more detailed comparison of the transition matr
elements derived by the different probes, Eq.~1! is subdi-
vided into neutron and proton components and, furthermo
into dynamic and static parts. Denotingbp(n)

( i ) as the normal-
ized (bp

( i )1bn
( i )51) interaction strengths of thei probe with

the target neutrons and protons, andMp(n) as the proton
~neutron! matrix elements, we have

M ~ i !~El!5bp
~ i !Mp1bn

~ i !Mn . ~3!

The bn/bp values are assumed to be proportional to th
volume integrals of the central isoscalar and isovector pote
tials (V01Vt)/(V02Vt). Mp(n) are linked to the transition
operatorsQp andQn , which are evaluated by nuclear mod
els, through the polarization chargesep anden :

Mp~n!5ep~n!Qp1en~p!Qn . ~4!

The isoscalar and isovector matrix elements are obtain
as

Ms5
Mn1Mp

2
, ~5!

M v5
Mn2Mp

2
. ~6!

For electric transitions, an em probe like the (e,e8) scat-
tering org decay is only sensitive to the proton transition
bp
(em)51, bn

(em)50. The inelastic scattering of low-energy
protons and of 200 MeV negative pions@1# has the maxi-
mum sensitivity to neutron transitionsbn

(p)50.75,
bp
(p)50.25. Inelastic scattering of isoscalar particles like de
terons or alphas has equal sensitivity to neutron and prot
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transitionsbp
(d)50.5, bn

(d)50.5. The inelastic scattering of
low-energy neutrons and of 200 MeV positive pions
mostly sensitive to proton transitionsbp

(n)50.75,bn
(p)50.25.

At higher energies, proton scattering decreases its sensiti
to neutron transitions. At 400 MeV, to our knowledge, the
is no measurement of the volume integrals of the isosca
and isovector parts in the OM potential. We assume the
values from an effective nucleon-nucleon interaction deriv
from phenomenological nucleon-nucleon scattering amp
tudes. By averaging the values in Fig. 1 of Ref.@34# and in
Fig. 7 of Ref.@35#, we getbn

(p400)50.55,bp
(p400)50.45. These

values indicate that at 400 MeV proton scattering is mos
isoscalar. A 5% of uncertainty has been estimated for the
bn
(p400) andbp

(p400) values and considered in the extraction o
theMp,n matrix elements.

Equation~3! suggests that at least one pair of probes
needed to determineMp andMn . With the data from the
three probes measured in this work (M (p), M (d), M (p400)),

FIG. 9. Comparison of the multipole transition matrix elemen
for the indicated 21, 41, and 32 states in56Fe. In the upper and
lower parts, the direct~from the 0g.s.

1 state! and indirect~from the
21

1 state! matrix elements are shown, respectively. Squares, a
downward pointing and upward pointing triangles stand for the va
ues deduced from the scattering of 65 MeV protons, 56 MeV de
terons, and 400 MeV protons, respectively. The solid and op
symbols correspond to the results from the Schro¨dinger and Dirac
calculations, respectively. The solid circles for the 21 and 41

1 states
are the values deduced from the transition matrix elements in
g decay study of Ref.@9#. The solid circle for the 31

2 state is
obtained in the (e,e8) scattering work@10#.
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and with the em values (M (em)) available in Refs.@9# and
@10#, we can determineMp and Mn from six pairs. Best
accuracy is obtained@1# by a pair in which one probe is
mostly sensitive to proton transitions and the other to neutr
transitions. Since pairs with nearly the samebn/bp ratio have
a low sensitivity~which is proportional to the difference be-
tween thebn/bp values of the two probes!, we disregard the
determination ofMp andMn from the pair@p400,d#. In the
order of decreasing sensitivity, the remaining five pairs a
@p,em#, @p400,em#, @d,em#, @p,d#, and@p,p400#. The number
of evaluations increases to 10 when we take into account
M (M (pS), M (pD), M (dS), M (p400,S), M (p400,D)) values from
the two different formalisms (pS , pD , dS , p400,S , p400,D).

Figure 10 shows the results from the ten evaluations
Mp andMn for the most important 0g.s.

1 -21
1 transition. Large

deviations among the deducedMp andMn are found in pairs
in which the p400,S probe is involved. The origin of these
deviations arises from the imaginary potential~see Table I!,
which is the dominant term of thep400,S OM potential, and
which is responsible for the lowM (E2)/b value in Table I
compared to that of thepS andd probes. This value, in spite
of the highestb value observed by thep400 probe among the
S evaluations, makesM (p400,S) very low and very near to the
M (em) value. Instead, theM (p400,S) value is expected to be
nearly equal to theM (d) ~reported asM (dS) in Table III! one,
since the isospin sensitivity is nearly equal for thep400 and
d probes. The upper line of Fig. 10 shows the weighte

ts

nd
l-
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FIG. 10. The proton (Mp , circles! and neutron (Mn , squares!
matrix elements for the 0g.s.

1 -21
1 transition deduced from the indi-

cated ten evaluations. The weighted average from all the evalu
tions is reported in the highest line.
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TABLE IV. Weighted averages for protonMp and neutronMn transition matrix elements~in e fm
l) for the lowest possible multipoles

(l>2! for the indicated transitions. The values deduced from the following pairs of total matrix elements,@M (p),M (em)#, @M (p400),M (em)#,
@M (d),M (em)#, @M (p),M (d)#, and@M (p),M (p400)#, have been included in the averages. The total matrix elements have been taken from
@9,10# for the em probe, from the averages of theM (p,S) and M (p,D) values in Table III for thep probe, and from theM (dS) and
M (p400,D) values in Table III for thed andp400 probes, respectively.

Jin
p-Jfin

p Mp Mn

0g.s.
1 -21

1 32.76 0.4 39.46 0.9
21

1-21
1 23.06 1.7 34.46 7.8

0g.s.
1 -31

2 128.16 8.9 158.16 7.0
0g.s.

1 -22
1 4.76 1.6 11.36 0.9

21
1-22

1 12.66 1.6 42.16 4.5
0g.s.

1 -23
1 2.26 0.1 2.66 0.4

21
1-23

1 9.16 1.3 17.66 4.7
0g.s.

1 -24
1 6.56 0.9 9.36 0.6

21
1-24

1 8.96 3.1 14.06 4.5
0g.s.

1 -25
1 3.86 1.3 8.96 0.6

21
1-25

1 5.26 2.6 7.86 3.3
0g.s.

1 -27
1 2.86 0.7 5.16 0.6

21
1-27

1 9.56 2.5 25.06 8.1
0g.s.

1 -41
1 1456 94 2266 55

21
1-41

1 52.56 3.1 76.66 7.5
0g.s.

1 -42
1 4096 109 5386 52
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averages ofMp andMn for the 21
1 direct excitation. These

averages are scarcely influenced byM (p400,S) because of its
uncertainty.

TheMp andMn weighted averages for all the transitio
are reported in Table IV. The values obtained from the ab
reported five pairs of probes have been included in the a
ages. The means of theS and D determinations has bee
taken asp probe values@M (p) 5 (M (pS)1M (pD))/2#, only
the Dirac determination asp400 ones (M (p400) 5 M (p400,D)).
The averaging of the obtained fiveMp’s andMn’s has been
made by taking the inverse of the squared uncertaintie
weights. The results are weakly affected when theM (p400,S)

values are also used@M (p400) 5 (M (p400,S)1M (p400,D))/2#, or
when we assume different weights in the averages. This
gests that we can obtain rather reliableMp,n values by using
several probes. The values for the quadrupole states giv
Table IV are displayed by the solid circles in Fig. 11. Th
figure, which is subdivided in direct~left! and two-step~right
side! values, displays the determined averages ofMp , Mn/
Mp , andM v/Ms . In theMp part, theM

(em) values from Ref.
@9# have been also reported with open triangles. The ag
ment between theMp’s here deduced and theM

(em) values is
generally good. The straight lines drawn in the second
third parts of Fig. 11 correspond toN/Z and to thee asym-
metry parameter, respectively. All the deducedMn/Mp val-
ues lie above theN/Z line, indicating that neutron transitio
amplitudes dominate the excitation of the quadrupole st
in 56Fe. A similar behavior is observed for theM v/Ms values
with respect to the asymmetry line. The highestM v/Ms
value is around 0.4 for direct transitions, and is around
for two-step transitions.

The direct excitations of the 21
1 , 23

1 , and 24
1 levels are

mostly isoscalar. Those of the 22
1 , 25

1 , and 27
1 states have

an appreciable isovector component. The summed isove
quadrupole strength detected in all the six 21 states amounts
s
ove
ver-
n

as

ug-

n in
is

ree-

and

tes

0.5

ctor

toM v ' 12e fm2, the isoscalar toMs ' 64e fm2. Among
two-step processes, only the 22

1 and 27
1 excitations have an

isovector contribution.
From this analysis we suggest that the quadrupole mixe

symmetry strength in56Fe is split among the 22
1 , 25

1 , and
27

1 states. TheM v isovector strength in these states is 20%
of theMs isoscalar strength of the symmetric 21

1 state.
TheM v/Ms ratio for the 31

2 , 41
1 , and 42

1 levels is 0.10
6 0.04, 0.196 0.07, and 0.146 0.13, respectively. These
values are weak and similar to that of the 21

1 level. Thus, it
is concluded that the excitations of the most strongly excite
states of56Fe with low multipolarities are due to isoscalar
transitions.

V. MODEL CALCULATIONS OF TRANSITION
MATRIX ELEMENTS

The transition matrix elements discussed in the previou
paragraph and their isovector contents are compared with t
predictions from the shell model@8# and from the IBA-2
model @11#.

The shell model calculation by Nakadaet al. @8# assumes
40Ca as a doubly magic inert core, and considers the follow
ing configurations: (0f 7/2)

142k (0 f 5/21p3/21p1/2)
21k with

k50,1, and 2. Thek52 configuration, which results in a
large configuration space, has been found to play an essen
role in considering the effects of pairing and deformation
The spectrum of56Fe resulting from this calculation is re-
ported in Fig. 12 along with the experimental energies of th
studied levels and of the first states of other positive multi
polarities. The excitation energies of 21 levels are quite well
reproduced at least up to the 26

1 state. The electric transition
properties are deduced in Ref.@8# by assuming the ratio
ep/en51.56 for the quadrupole effective single-particle
charges. The calculated values~open circles! are compared



e
e

is

o-

-

ted

els

u-
en

ri-

s
o

ed.
n
ter

u-

d
ch
ns
e

i-

ts
m-

.

53 2729ISOSPIN CHARACTER OF LOW-LYING STATES IN56Fe
to the experimental values~solid circles! in Fig. 11. The
calculated directMp’s are very near to the experimental va
ues, showing a good reproduction of the proton part of
transitions. The calculated values forMn/Mp and M v/Ms
suggest that there is an isovector content in the direct e

FIG. 11. The proton transition matrix elements (Mp), the ratios
of neutron to proton matrix elements (Mn/Mp), and the ratios of
isovector to isoscalar (M v/Ms) quadrupole matrix elements. Thos
for the direct~left part! and indirect~right part! excitation of the
21 states in56Fe are displayed. Weighted average values dedu
in this paper are reported with the solid circles. Values from
g-decay work@9# are shown with the open triangles. The op
squares are the predictions from Ref.@11# in the IBA-2 model. The
shell-model calculations of Ref.@8# are given by the open circles

FIG. 12. Experimental excited levels in56Fe and those calcu
lated in the framework of the IBA-2 and shell models.
l-
the

xci-

tation of the 22
1 , 24

1 , 25
1 , and 27

1 levels. These findings
mostly agree with our experimental results except for th
24

1 state. However, the signs of the isovector parts for th
direct excitation of the 25

1 level and of the 22
1 indirect one

are opposite to the results of the present analysis.
The IBA-2 calculations of Rikovska and Stone@11# deal

with the even isotopes of iron fromA556 to 62. The closure
N5Z528 (56Ni! is not considered for the severe truncation
to the boson space, since the configuration space allowed
too small to predict all the 21 states here analyzed. The
48Ca closure is instead assumed which allows for three pr
ton particle bosons for56Fe instead of the one proton-hole
boson in thef 7/2 shell orbit, leaving all the neutrons in the
p fg shell orbits. The IBA-2 Hamiltonian parameters calcu
lated in Ref.@11# depict 56Fe very close to the SU~3! limit
for the deformed rotor nuclei. These parameters are repor
here, for convenience, in the usual notation:e51.32,
k520.36, xn521.3, xp521.2, c(0,2,4)n50.0,0.0,0.0,
c(0,2,4)p50.9,0.6,0.1,x15x3520.26, x250.13. The com-
parison between experimental and calculated energy lev
~Fig. 12! suggests that only the three lowest 21 states are
well reproduced. The excitation energies of higher 21 states
are overestimated. From the states above the 24

1 level it is
moreover difficult to get the correspondence between calc
lated and observed levels. The em properties have be
evaluated in Ref.@11# by assumingep/en5 1 for the quad-
rupole effective boson charges. A valueep/en5 1.6 was as-
sumed in Ref.@6# for the analysis of the first three 21 charge
transition densities of56Fe. A higher value ofep/en51.9 is
determined in Ref.@36# if the SU~3! limit is assumed for
56Fe, and from the formulaep/en5(MnNn2MpNp)/
(MpNn2MnNp) in Ref. @37#. These values result in strong
isovector contents, which are not consistent with our expe
mental results. A lower valueep/en51.2 has been found to
give a sufficient description of theMp’s for the first three
21 states and of theM v/Ms values of the 21

1 , 22
1 , and

24
1 levels ~open squares in Fig. 11!.

VI. CONCLUSIONS

The results of the inelastic scattering of polarized proton
at 65 and 400 MeV and of deuterons at 56 MeV, leading t
the excitation of low-lying states in56Fe, have been pre-
sented. Scattered particles have been magnetically analyz
For 400 MeV protons, good energy resolution has bee
achieved by the newly constructed magnetic spectrome
‘‘Grand Raiden.’’

Experimental data have been described by the CC calc
lations within the Schro¨dinger and Dirac formalisms. De-
formed OM transition potentials derived by adding first- an
second-derivative form factors have been used. The approa
has been shown to satisfactorily reproduce the cross sectio
and analyzing powers of the transitions for each of the thre
probes investigated. Thed9 contribution is necessary in the
analysis of the 22

1 , 23
1 , 27

1 , and 41
1 data. It is added to the

d8 contribution with a different sign for the 22
1 and 23

1

cases, while it is the only necessary contribution for the d
rect excitation of the 41

1 level.
From these analyses, the transition matrix elemen

M (El) have been deduced and compared among the

e
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selves. TheM (El) values extracted from the 400 MeV pro
ton data using the Schro¨dinger formalism are lower than
those derived from the other probes. The Dirac formalis
predicts higherM (El) values than the Schro¨dinger one at
400 MeV, but slightly lower at 65 MeV. The energy depen
dence ofM (El) from the Schro¨dinger potentials, first ob-
served in Ref.@15#, deserves more careful investigation
Moreover, one would like to understand to which extent t
M (El)’s deduced from Dirac potentials are energy indepe
dent.

The comparison of theM (El)’s deduced in this paper
from the data obtained with the three probes to those fr
g decays or (e,e8) scattering has been used to deduce t
neutron and proton components of the matrix elements.
particular, the isospin character of the excitations of six 21

levels has been determined. The 23
1 level, which shows an

angular dependence different in shape from that of the ot
quadrupole states, is excited by isoscalar transitions. Isos
lar are also the transitions leading to the 24

1 state. The direct
excitations of the 22

1 , 25
1 , and 27

1 levels contain an appre-
ciable isovector component. These levels share 60% of
detected quadrupole, isovector strengthM v . The most
strongly excited quadrupole, octupole and hexadecap
states~21

1 , 31
2 , and 42

1) in 56Fe have isoscalar characters
TheMn/Mp andM v/Ms values extracted in this work for

the quadrupole transitions have been compared with IBA
-

m

-

.
he
n-

om
he
In

her
ca-

the

ole
.

-2

and shell-model calculations. It has been found that b
models correctly predict the isospin character of the dir
excitation of the 21

1 and 22
1 levels, but fail for many of the

other quadrupole transitions.
Our findings about the location of the quadrupole mixe

symmetry strength in56Fe agree with those of Refs.@5–7#
only for the 22

1 level. Some discrepancies have been fou
for the location of other levels with weaker mixed-symme
strengths. These differences indicate the difficulties to loc
the mixed-symmetry strength in nuclei near to the SU~3!
limit, where this excitation mode is supposed@2# to be
weaker with respect to nuclei near to the O~6! limit. For a
better understanding of the mixed-symmetry mode in
A'60 mass region, the experimental determination ofMn/
Mp for the quadrupole states in the neighboring nuclei
56Fe would be extremely useful.
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