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Isospin character of low-lying states in *°Fe
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Low-lying states in>®Fe, up to an excitation energy of about 4 MeV, have been investigated by means of
inelastic proton and deuteron scattering experiments, at65 and 400 MeV and d&,=56 MeV, respectively.
Measured cross sections and analyzing powers have been compared with coupled-channels calculations using
collective form factors; calculations in both the Safirger 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 2/ state to six quadrupole (3 states to one octupok8;) and two hexadecapol@; and 4;)
states. The obtained matrix elements and the previous valuesyfidegaay 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 neutroM(,) and proton M,) components of the matrix elements, or equivalently the
isoscalar M) and isovector §1,) parts, have been compared with theoretical calculations based on the
neutron-proton interacting boson model and on the shell model evaluated in fagfutbnfiguration space.
[S0556-28186)04006-X

PACS numbd(s): 27.40+z, 21.10.Hw, 25.40.Ep, 25.45.De

I. INTRODUCTION The presence of mixed-symmetry states in vibrational
A~100 nuclei has been suggesféd from the comparison
The experimental determination of the isospin characteof proton and deuteron data measured at nearly the same
of nuclear transitions, namely, the evaluation of the neutromyombarding energy per nucleo&/A).
(Mp) and proton M) transition matrix elements, can be | the past, two experimental results supported the pres-
used mcl)re effectively th‘i’m Ith(_e total matrix elemer) (10 e of such theoretically predicted 2tates in®Fe. From
test nuclear structure calculations. ; . o
. : : the detection of an enhanced magnetic dipole transition in
Bernsteinet al. [1] determined the ratid1,/M, for the . 9 P .
' + . . . he y decay of low-lying 2 levels towards the P state, Eid
first 2; states in closed single-shell nuclei, and showed thatt :
proton (neutron closed shell nuclei havéM /M, greater ctal. [5] suggested that the lowest quadrupole mixed-
A symmetry strength irf’Fe is shared almost equally by the

(lessey thanN/Z. Collective excitations with equal contri- 77, :
butions from neutrons and protons are isoscalar in charactefz 2"d % states located at 2.657 and 2.960 MeV of excita-
tion energy, respectively. Similar conclusions have been

with a ratioM /M, very near to theéN/Z value. X
The determination oM, , for the transitions to the 2~ drawn by Hartunget al. [6] through the measurement of in-
levels can add important information on the quadrupoleelastic electron scattering. _
mixed_symmetry (ns) [2] or scissor state @ predicted by A Sl|ght|y different result has been predlcted by Nakada
the neutron-proton interacting boson modaA-Z) [3], and et al. [7] through the inSpeCtion of the wave functions of the

which correspond to the out-of-phase motion of part of the2* states in>*Fe evaluated in a large-scale shell-model cal-
neutrons against part of the protons. culation[8]. They concluded that the,2state at 2.657 MeV

and the 2 state at 3.370 MeV share a large fraction of the
mixed-symmetry strength.
"Present address: Toshiba ULSI Laboratory, Kawasaki 210, In this paper, we report a determination of the transition
Japan. matrix elementsM, and M, for the first six most strongly
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excited quadrupol¢2 ™) states, for one octupok8;) state 600
and for two hexadecapol@,; and 4;) states in°%Fe. For 0,
this purpose, we present the results of three high-resolution 400
inelastic scattering experiments 6fFe, two taken with po-
larized proton beams at bombarding energies of 65 and 400 200
MeV, respectively, and one with deuterons at 56 MeV. Since

)]
a complete measurement of th@lecay among the low-lying & 03
2% levels in *°Fe is availablg9], it is possible to evaluate 3
M, andM, from four probes. The same is possible for the © 750 0"
3, state by considering the results froms,¢’) scattering s00 b

[10]. This reduces the uncertainties intrinsic in the use of
only two probes. 250}
Our determination oM, and M, for the six excited 2

ok

states in%®Fe can supply a stringent test for two theoretical Excitation Energy (MeV) >
calculations available in the literature féfFe in the frame-

work of the shell model by Nakadet al. [8] and of the FIG. 1. Energy spectra for the inelastic scattering of 400 MeV
IBA-2 model by Rikovska and Stor{d 1]. protons at the scattering angles of 11.28° and 18.45°. The states

To deduce transition matrix elements from the inelasticanalyzed in this paper are indicated. Different relative yields are
scattering of hadrons two points must be considered. Thebserved for the 2 state at the two scattering angles compared to
first is the experimental requirement of high-energy resoluthose for its neighboring 2 and 2; states.
tion, which is only available with the use of a magnetic spec-
trograph, to resolve states at higher excitation energies. Réhe 3, level atE,=4.510 MeV have been analyzed in this
cently, making advantage of high-resolution, Pignare¢ll.  paper. Following the energy scheme $Fe in Ref.[9], we
determined 12,13 the isospin character of many excitations identified the peaks corresponding to the ground state
at low energies in somA~100 nuclei[12] and in the Nd  (04), six 2* states atE,=0.846, 2.657, 2.960, 3.370,
isotopes[13]. The second concerns coupled-chanr@l€) 3,602, and 3.832 MeV, the 3state, and two 4 states at
analyses, in which the number of channels to be included iz, =2.085 and 3.123 MeV. No appreciable excitation was
the calculations and the use of transition potentials derivegecognized for the 2 state reported in Ref[9] at
from a folding procedure should be treated with special caug _3 748 MeV. The %L (E,=2.960 Me\} and 25+
tion. iny for state; V.Vith a I.OW multipolarity and a strong (éx=3.602 MeV levels were r)1<0t separated from their re-
collective strength is it sufficient to ug&4] a reduced CC pective neighbors D at E,=2.942 MeV and § at

scheme which includes two-step transitions through the mo%
= ) =3.598 MeV. The same happens for thg E,=3.370
relevant states, such as thg¢ and states, and simple % : X
v . ¢ 5 mp MeV) level, which was not resolved from the; 6state at

t iti tentials obtained by deformifdef d opti-
ransition potentials obtained by deformipgeformed opt E,=3.388 MeV. A preliminary analysis of these low-energy

cal potential(DOP)] the optical mode(OM) potential. :
Some other uncertainties in deducivg,/M, have been experiments has been presented elsewfise

found[15] for the values extracted from the 400 MeV proton [N addition, the f,p’) experiment aE,=400 MeV was
data. For this reason the proton data at the two bombarding@'ried out at the “new” ring cyclotron facility at RCNP. A

proton energies have been analyzed in the present work bof¥plarized proton beam produced by an atomic-beam-type ion
in the Schidinger and in the Dirac formalisms. source was accelerated to 65 MeV with the AVF cyclotron.

The beam was injected into tike=400 MeV ring cyclotron,
and further accelerated to 400 MeV. Beam polarization of
around 80% and intensities of about 1 nA were kept during
The inelastic scattering experiments were performed athe experiment. The beam extracted from the ring cyclotron
the Research Center for Nuclear Phy(IRENP in Osaka.  was transported to a self-supportiftfe target with a thick-
Beams of 65 MeV polarized protons and of 56 MeV deu-ness of 43 mg/crh (99.9% isotopic enrichmentScattered
terons were extracted from the AVF cyclotron. The protonprotons were analyzed by using the magnetic spectrograph
beam polarization was around 70% and its intensity wasGrand Raiden” [19] operated with an opening angle of
about 12 nA. The deuteron beam intensity was kept around=8.5 mrad horizontally and of-20 mrad vertically. Its
60 nA. The target used was a self-supportifige foil with a  focal-plane counter system consists of two multiwire drift
thickness of 1.05 mg/cfand an isotopic enrichment greater chambers(MWDC's) [20], each with an effective area of
than 99%. Scattered particles were analyzed by using th#150 mmX 45 mm, and two plastic-scintillation counters
magnetic spectrograph “Raider{16] and were detected by placed behind the MWDC'’s. The MWDC's have a detection
a two-dimensional position-sensitive proportional counterefficiency greater than 99%, and an intrinsic position reso-
system[17]. To maximize the energy resolution, the solid lution of 200 um. The ray-tracing technique was applied to
angle of the spectrograph was set to be 3.2 msr and thdetermine the scattering angles at the target from the arrival
kinematic line broadening was compensated. A final energypositions and incidence angles of scattered protons at the
resolution of about 30 keV full width at half maximum focal plane after particle identification. The available energy
(FWHM) was obtained for both particles. An example of theresolution was strongly dependent upon the coupling param-
obtained energy spectra is reported in Fig. 1 of REf] for  eters between the two cyclotrons and upon their stability.
both particle beams. Most of the relevant excited states up tBnergy resolutions of about 40 keV FWHM were obtained

II. EXPERIMENTAL METHOD AND RESULTS
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FIG. 2. Differential cross sectioriteft side and analyzing pow- FIG. 3. Differential cross sections for the;g), 27, 3;, and

ers (right side for the ngs, 27, and 3 states in*°Fe determined  other five 2" levels from the deuteron elastic and inelastic scatter-
in the proton elastic and inelastic scattering alt® part and 400  ing atE4=56 MeV. The experimental data are shown by the solid
(bottom part MeV. The experimental data are shown by the solid circles. The curves are from the Sctinger CC calculations with
circles. The curves are the results from CC calculations in theoupling constants from Table Il and refer to thésgyl*_zr cou-
Schradinger(solid ling) and Dirac(dashed and dotted lingformal-  pling for the 2", levels, and to the QST2I'31_ coupling for the
isms. The solid and dashed curves refer to the OM parameters frog* . 2- and 3 levels. The solid curves through thg 2 37,
Table I. The dotted curves refer to the EDAD-1 potentials in Ref.2 " and 2t data are the results of the calculations usiHgeF's.
[22]. The first derivative form factorsq FF) are used in all the  The dotted(solid) curves through the 2, 25 , and 2 data are the
calculations. The solid curves fitted to thg 2nd 3] cross sections  results of the calculations using th& FF's (mixed &'-8" FF’s).
atE,=400 MeV are normalized using a normalization factor of 1.2 The dotted curve for the ;2 state is obtained by excluding the

(see text contribution of the excitation of the unresolved Gevel.
for only a few hours. Instead, most of the experiment was IIl. COUPLED-CHANNELS CALCULATIONS
run with a resolution of about 100 keV. Two examples of _ s _

energy spectra with good energy resolution are reported in A. Fits of the Oy, 27, and 3; data

Fig. 1. The 2 level shows an angular behavior different  Both the CC and the DOP model have been used to evalu-
from that of the 2 and 2; levels. Referring to the level ate the coupling constants3) of the direct and two-step
scheme of®Fe, even with 100 keV of energy resolution, the excitations. The calculations have been carried out by using
situation of resolving the doublet states analyzed in this pathe codescisss[21].
per is not worse compared with that of the two present ex- Hintz et al. [15] used the Schdinger (S) equation and
periments at lower energies. the DOP model to deduce thé,/M, ratio in the neighbor-
The yield of each peak in the spectra was converted inténg nucleus®®Ni from the proton data at bombarding ener-
cross sections using the target thickness, the solid angle, arges around 400 MeV. They found lowe /M, values
the collected charges. The systematical uncertainty in theompared to the results obtained from the data at the bom-
normalization factor(UNF) of the experimental cross sec- barding energies below 100 MeV and at 800 MeV. One pos-
tions has been estimated to be of the order of 10%. Fosible explanatiori15] could reside in the strong variation of
analyzing powers, this error is much smaller due to the canthe shape of the absorption term of the OM potential with the
cellation of these uncertainties. Measured cross sections amgmbarding energy. Its volume term, weaker than the sur-
analyzing powers for the elastic scattering, for the six 2 face one at low bombarding energies, becomes dominant at
levels, and for the 3, 4/, and 4, states are presented in high energies and is determined from the elastic scattering.
Figs. 2-6. The error bars on the data points in the figuresAt E,=400 MeV, the elastic scattering is sensitive to the
represent only statistical errors. inner part of the nucleus, while inelastic scattering is still
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FIG. 4. Differential cross sectior{feft part and analyzing pow- FIG. 5. Differential cross sectionsight) and analyzing powers
ers(right pary for five 2* states in°®Fe determined in the inelastic (left par} for the five 2" states in°°Fe determined in the inelastic
proton scattering &,=65 MeV. The experimental data are shown proton scattering aE;=400 MeV. The explanations of symbols
by the solid circles . The curves are obtained from the CC calculaand lines are the same as in Fig. 4. The absolute magnitudes of the
tions in the Schidinger (solid and dotted linesand Dirac(dashed  solid and dotted curves given by the Satiirger calculations have
line) formalisms. The dotted curves through thg 225 , and 2 been decreased by a factor of 1see text
data are obtained usingj FF's, and the solid and dashed curves are
the results obtained by taking into accouné’as” mixing. All the To reduce uncertainties in the OM parameters, we
curves through the data of the 2and 2 states are obtained using searched for new OM parameter sets in a CC scheme in
&' FF’s. The solid and dashed curves through the data of fhe 2 which the ] state was coupled to the strongly excitefl 2
state include a contribution due to the excitation of the unresolved,,q 3, levels. The inclusion of these two levels is of par-

p
61 level. ticular importance for the imaginary potentials which are af-

cted by CC effects and influence the extraction of coupling

" - f
sensitive to the nuclear surface through the surface peakin : R s
of the transition potentials. Therefore, the use of a vqumeﬁmStantS' We used first derivativé'] form factors(FF’s)

absorption potential for analyzing the inelastic scattering®?d Séarched for thg values of the gs21 and G5-3;
data at 400 MeV could lead to incorrelt,/M , values. transitions, and of the -2 reorientation terms. No link
These marked changes in the shapes of the potentials dgtween the two quadrupofgs was made in these searches.
not appear in the Diracl) formalism. In fact, potentials N fact, Ballesteret al, [24] in the analysis of a®Fe(a,
derived[22] in this formalism vary slowly without any large @) experiment, showed that both the asymmetric-rotor and
dependence on target magomm °C to 2°®Pb) or bombard- the harmonic-vibrational models give similar results for the
ing energy(in the range 261040 Me\). At present, the fits of the (g < and 2/ cross sections. In the first-order ap-
Dirac OM potentials are used to reprodJ@s] the proton  proximation, the reorientation term due to the-2; transi-
inelastic scattering data to the same extent as the 'Siclyer  tion is small and is neglected in both models.
potentials. For this reason, as well as to compare results from The starting values for the proton Schioger OM pa-
the two methods, the 65 and 400 MeV proton data have begi@meters at 65 MeV were taken from the systematic param-

analyzed in this work both within th8 and theD formal-  eters given by Noret al. [25]. The calculations with these
isms. parameters underestimated the elastic cross section by about

In this work, we confine our studies to the excitation of 10%. The final parameter values listed in Table | minimize
low-spin states excited by only light-mass projectiles. Therethe chi-square %) value for fitting the cross sections and
fore, we do not expecfl4] appreciable anomalies in the analyzing powers of the ;Q 2], and 3 states without
M./M, values extracted in this paper by using the DOPrenormalization factorsNF=1.0). The results are shown by
model. the solid lines in Fig. 2. They differ from those of Rg25]
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The obtained3 values are listed in Table Il. We checked the
validity of the adopted OM parameters in other searches
which gave similary? and NF values in spite of different
initial sets(P1 and P2 in Ref.15]). The obtained NF value,
well beyond our UNF estimatiofil0%), is similar to those
reported by Jonest al.[27] in the Schrdinger DOP analy-
sis for the inelastic scattering of polarized protons from
12C atE,=200-700 MeV.

The Dirac formalism does not require any renormalization
to fit the 400 MeV experimental cross sections. The results
are compared in Fig. 2 where the dotted lines represent the
fits to the 400 MeV elastic channel data evaluated with the
average potentials EDAD-1 (energy-dependent,
A-dependentof Ref.[22]. The dashed lines in Fig. 2 repre-
sent a fit to the proton data with tHe potentials. As dis-
cussed in Refl22], only the scalar and vector, both real and
imaginary, and Coulomb potentials have been considered.
The tensor terms are neglected. Theotentials obtained at
the two bombarding proton energies are listed in Table I. The
shapes of their Schdinger-equivalent potentials are pre-
sented in Fig. 7. Only the real potential shows a somewhat
different shape at the two energigee the solid and dashed
lines in Fig. 7 for 65 and 400 MeV protons, respectiyely

The volume integrals of the different potentials and their
radial moments for thé’ and 6" form factors are reported in
the second part of Table I. For the proton probe, g
imaginary part is the dominant term of tBgotential at 400
MeV. The radial ratiofWU,U(r,&’)rzdr/fWU(r)dr is, how-

FIG. 6. Cross sections and analyzing powers for the ahd ever, nearly 50% lower than that of the dominant re&})(

4} states in%Fe determined in scattering of 65 MeV polarized POtential at 65 MeV. The real scala¥) and vector )

protons(upper four parts 400 MeV polarized protondower foun,  terms are dominant in the potential. Their radial ratios are

and 56 MeV deuterongentral two. The solid and dashed curves nearly constant at the two proton energies.

are the results of the Schtimger and Dirac calculations, respec-  The resultings’s from these searches for the excitation of

tively. the 2] and 3; levels have been reported in the first lines of
Table Il. In particular, the direct coupling constant for the

only in the depth and radius of the volume imaginary poten2" level has an opposite sign with respect to its reorientation

tial. The error(4%) on NF reported in Table | is an estima- term, indicating a prolate shape f6fFe, as found in Ref.
tion of the uncertainty in normalizing theory to experiment[24).

and it has been used to get the uncertainties of the transition
matrix elements. The extractefl values are presented in
Table Il.

For the analysis of the deuteron data, the initial OM pa- The vibrational model predicts that, in presence of anhar-
rameters were taken from the mass-energy nonrelativistionicities and other effects, t2-E2 two-phonon quadru-
systematics of Daehnickt al. [26]. Also, in the deuteron Pole excitations can be spli28] over many 2 states and
case, the final valuegable |) do not require a renormaliza- mixed with other configurations. A fragmentation of the two-
tion of the experimental data. The obtained fits are shown ifPhonon component is also predicted by the quasiparticle
the upper part of Fig. 3. phonon mode(QPM) [29] and has been observed in the Nd

In the framework of the Schdinger equation, no OM isotopeq 13]. In addition, many of the 2 states analyzed in
parameter set was available for proton scattering data othe present work are linked by decay[9]; a complete CC
*®Fe atE,=400 MeV. The parameter search was startedscheme may require one to include all theconnected
from the SN set of Ref.15] obtained from®®Ni(p,p’) data  states.
at E,=333 MeV. To operate thecissscode at 400 MeV, A test result to examine the amount of two-step contribu-
we used relativistic kinematics and we included 100 partiakions to the cross section and analyzing power of‘astate
waves in the calculations. In the initial stage of the presenat E,=3 MeV is reported in the top and middle parts of Fig.
analysis, it was found that a renormalization of cross section8 for the cases of inelastic proton scattering at 65 and 400
was necessary to minimize, with the same OM parameter sebjeV, respectively. The same coupling constants have been
the x? values of both the S.)s. cross section and analyzing used at the two energies. The solid curves represent the di-
power data. A good fit could only be achieved with a NFrect excitation of this 2 state from the Q_s. state with a
value increased to 1.2. The obtained final set minimizes alsé’ transition FF. The dotted lines show the contribution of
the x? values of the # and 3, data(see Table ). The the two-step(indirech excitation via the 2 state. The sig-
results are shown in the lower part of Fig. 2 as solid linesnificant differences between these lines delineate the sensi-

Ja/\;\Od buizAouy

| E,=65 MeV 47,
T26 40 60
F £,=56 MeV 47,

do/dQ (mb/sr)

1620 36
FE,=400 MeV 47,

Jamog bulz-/aouv (us/qu) uyp/op

B. Results of CC analyses of higher 2 levels
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TABLE I. Schradinger (S) and Dirac Q) optical model param-
eters(depths in MeV, lengths in fijnused in the CC calculations
described in the text for the thrge d, andp,gg probes. The signs
of the potentials(Woods-Saxon shapesre as used in the code
ecissg[21] in the “external form factor model.” In the Dirac for-
malism the potentials are scalar redlyf and imaginary \,),
vector real ¥/s) and imaginary ), and tensor real\(y) and
imaginary Wyy). The renormalization factors of experimental cross
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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-

sections required by these OM potentials are denoted as NF. Nun‘i[i.b'%tion becomgs relative!y stronger, slightly exceeding the
bers in parentheses indicate the estimated errors and refer to the [d8inima of the direct one, |nd|cat.|ng that two-step processes
decimals of the value. In the middle part, the volume integrals ofare important for a correct description of the inelastic proton

the different potentialéin units of 10 MeV fm?) and of the quad-
rupole moments of theis’ and §” FF (in units of 16° MeV fm®)

are reported. In the lower part, their relative multipole matrix ele-

ments in units of the coupling constdisee Eq.(1)] are given(in
efm?).

Ps ds Pa4oos Pb Paoop
Vo 36.09 787 2216 -4385 -3359
ro 1.190 1.180 0.980 1.045 1.044
ag 0.726 0.784 0.845 0.635 0.646
W, 8.36 7.95 60.80 11.88 2.33
r, 1.127 1.486 0.918 1.206 1.565
a, 0.729 1.014 0.664 0.308 0.220
Vs 0.0 0.0 0.0 338.1 248.0
Fos 1.056  1.038
a,s 0.606 0.614
W, 3.28  4.014 0.0 -21.14 -40.14
rs 1.349 1452 1.216  1.060
as 0.459 0.618 0.638 0.721
Voo 5.99 358  0.832 0.0 0.0
Foso 1.073 1125 1.172
a,s0 0.621 0.448 0.665
Wqo -3.45 0.0 0.0
I wso 0.984
Ay 0.655
re 1.3 1.4 1.2 1.2 1.2
NF 1.004) 1.004) 1.2Q7) 1.004) 1.007)
IVo(r)dr 17.84 3956 7.35 -1465 -112.8
JVou(r,6')r?dr  108.1 2415 3480 -684.2 -528.4
IVou(r,6")r3dr 1763 3831 49.33 -1119 -859.3
W, (r)dr 3.60 8.04 1493 5.10 2.12
JW, «(r,8)rdr  19.95 79.03 57.30 27.05 18.41
JW, ((r,8")r?d7 3195 124.08 87.92 51.88 36.34
JVg(r)dr 0.0 0.0 0.0 1141  80.41
JVsu(r,8')rédr 0.0 0.0 0.0 534.0 366.9
JVsu(r,8")r?dr 0.0 0.0 0.0 889.5 605.5
TW(r)dr 2.07 4.00 0.0 -1056 -14.71
JWgu(r,8)r2dr  18.46  42.41 0.0 -63.92 -73.50
JW, o(r,8")r2dr  26.35  59.00 0.0 -109.3 -1155
M(E2,8)/8 1745 197.7 1157 1383 13438
M(E2,6")IB 279.8 3083 1725 2124 2073
M(E3,8)/8 1048 1310 606.0 726.1 733.6
M(E3,8")IB 2005 2417 1042 1404 1309
M (E4,8)/8 6604 9278 3445 4025 4266
M (E4,5")IB 14489 19476 6564 8830 8498

scattering even at 400 MeV.

The 2" reorientation term and the contributions from
other 2" states(not shown in the figureare smaller and
have angular distributions very similar to the dominant
21 -2;" term shown by the dotted curves. These contributions
were not included in the search because of their indistin-
guishability from the Z-2;" term. Thus, the 2-2;" B’s ex-
tracted in the present analyses will include all these contri-
butions and should be treated as effectB/@alues.

In addition, as shown by Ballestet al, [24] *°Fe dis-
plays a hexadecapole vibration mode which affects primarily
states with”=4" and 6", and, to a lesser extent, also the
J™=2" ones. This Z-2;", L=4 contribution is shown with
the dot-dashed lines in Fig. 8. It is very similar to thg-4
2,", L=2 contribution, which is not reported here.

The major uncertainty in the fits of the data for the higher
2" 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
&' FF. In particular case#4,12,13, better fits are obtained
by a mixing of 5’ and 8" FF’'s. This mixing is also suggested
by the vibrational model, in which second-order couplings
are assumefi28] as aé” FF. Similarly the IBA model as-
sumeg 30] a 8" FF for the part of the transitions conserving
the number ofd bosons.

Differences in cross sections and analyzing powers pro-
duced bys’ and 8" FF's (dashed linescan 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 thesg.2 data, first we have
considered a “simple” CC scheme with only three;g(_)

21, and 2") states,L =2 transitions, and without the;2

2" reorientation term. We searched for tf§és of the two
04s-2 and 27-2;" transitions, keeping the 3-2; and

2, -2, terms fixed at the values from the previous analysis.
When any of the three probe data was not sufficiently repro-
duced, we added &” FF to the direct excitation, or intro-
duced other coupled channels. We did not includedh&F

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 ghealues for
corresponding transitions should be consistent.

The final CC fits for the higher five 2 states in>°Fe are
reported in Figs. 3 6 for both theS andD formalisms. The
extracted coupling constants are listed in Table Il with un-
certainties which include only the correlation errors.
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TABLE Il. Coupling constants@,) corresponding to the lowest possible multipoles=(2) for the indicated transitions and for the three
probes 0, d, psod, deduced from the CC calculations described in the text. Stamd D symbols refer to the Schdinger and Dirac
calculations, respectively. Numbers in parentheses are the correlation errors resulting from CC calculations. The signs of the parameters are
those used irecises[21] in the “external form factor model.”

Jrar B B9 B(Pacos) B(Po) B(Pacop)
0g5-27 -0.2187) -0.1831)) -0.24826) -0.2747) -0.25516)
2,-21 0.18567) 0.18280) 0.220120 0.22570) 0.20292)
0g5-31 -0.1549) -0.1086) -0.20612) -0.19q10) -0.19614)
04525 -0.0493) -0.0364) -0.0306) -0.0492) -0.0326)
0452, ° -0.0063) -0.0034) -0.0162) -0.0122) -0.0152)
2,-25 -0.25921) -0.18052 -0.269114 -0.17750) -0.25279)
0523 -0.0292) -0.0203) -0.0646) -0.0472) -0.0533)
0,525 2 0.0112) 0.0091) 0.0232) 0.0192) 0.0141)
2,-23 0.12241) 0.08845) 0.10867) 0.070/46) 0.10248)
0g5-24 -0.0514) -0.03%3) -0.0755) -0.06Q2) -0.0766)
2,-2; -0.07330) -0.07039) -0.10065) -0.09242) -0.1201102
27-67 -0.297) -0.205) -0.4010) -0.4010) -0.4010)
0525 -0.0452) -0.0283) -0.0526) -0.0522) -0.0524)
2,-2¢ -0.04Q25) -0.04330) -0.10281) -0.05325) -0.07280)
0527 -0.0194) -0.0243) -0.0235) -0.0134) -0.0235)
045-27 2 -0.0042) 0.0021) 0.0043) -0.0142) 0.0043)
27-25 -0.202120 -0.06327) -0.661142) -0.10260) -0.691(148
0gs-47 2 -0.0164) -0.01%2) -0.0223) -0.0213) -0.0203)
2,-4f 0.451(121) 0.31322) 0.58271) 0.47249) 0.714116
0gs-42 -0.0885) -0.0535) -0.1186) -0.1095) -0.11Q7)

8Second derivative form factor.

With the simplified scheme, the calculations for bothin the direct excitationgsee the solid and dashed curves in
cross sections and analyzing powers of the Rvel are  Figs. 3-5 for theS andD calculations, respectively
partly out of phase with respect to the experimental data The 2; state has an angular distribution very different
expecially for 400 MeV protonssee the dotted lines in Figs. from those of the other 2 states. This could be due to the
3—5 where only theS calculations are reportedAttempts to  presence of a contribution from the unresolvefl Bvel.
improve the fits with the inclusion of a4level or aL=4,  This state can be a member of thg-E2 two-phonon triplet
2;2; contribution in the CC scheme were not successfulgng therefore strongly excited. A calculation of this indirect
An improvement was instead achieved by including’&F  contribution, arbitrarily normalized, is reported with the dot-

ted lines in the bottom part of Fig. 8 together with the data of

0 F 04 the 0y -25 doublet(solid circles at 65 MeV protons. The
02 g direct excitation of the § state from the @_s. has been es-
e o T AN timated using Satchler’s surface vibration mojdd] and the
-, real cent. ..Im. s.o. - abs - .
S ok 0 [ e result is shown by the solid lines. Some improvement in
2 ; fitting the 0 cross sections of other nuclei was obtained in
= —0.2 Refs. [12,28,32 by folding Satchler's mass FF with a
a density-dependent effective interaction. After the folding the
%) -0.4 real s.o. . o . . .
o [ resulting transition potentials are quite similar tosa FF.
8 -0.6 | The result of a direct excitation using this FF is shotan
S bitrarily normalized by dashed lines.
° i -08 The cross sections calculated for the three possible exci-
a E . . .
-50 | 1 tations of the § level show oscillation patterns stronger than
6o : those of the data. Thus any contribution to the doublet should
- il | [ 1 |

e 2 e T e o come from a highly improbable strong destructive interfer-
ence of these contributions. A similar interference is required
r (fm) by the analyzing powers, since the calculated contributions
FIG. 7. Schidinger equivalent of the Dirac potentials of Table N@Ve large values between 10° and 30°, not observed experi-
I. The real and imaginary central potentials are given on the righfnentally. _ .
side. The spin orbit potentials are shown on the left part of the We therefore assumed that the Gevel is weakly excited
figure. The solid and dashed lines are the potential shapes for 68nd that the peak &,=2.942 MeV is mostly due to the
and 400 MeV protons, respectively. 25 state. Our assumption is confirmed by the 20 MeV deu-
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. . duced from they decay experiment. Ai.=4 contribution
2% E,=65 MeV g AN through the Z level improves the fit for the 2 state as
: JAS shown by solid 8) and dashedl) lines in Figs. 3-5.

The 2; data from the three probes are satisfactorily re-
produced by using’ FF’s. The results are also shown by the
solid (S) and dashedd) lines in Figs. 3-5.

: LN C The 25 analyzing power data from the 65 MeV proton
T EmrY T T experiment require @ contribution in the direct excitation.
For 400 MeV protons, no satisfactory fit could be achieved
even when we tried to employ sign combinations of the
B’s different from those required by 65 MeV proton and 56
MeV deuteron data. A possible reason could be due to the
poor quality of the data.

(2%, £,=400 MeV

C. Fits of 4™ data

Jsomod buizAjpuy

The 4 level is the most strongly excited one among the
hexadecapole states. It is nicely fitted by only a di@cEFF
[see the solid $) and dashedd) lines in Fig. §. Indirect
contributions are extremely weak and have not been included
in the calculations because the fits are not significantly im-
proved.

The angular distributions for thej4state are different in
shape from those for the,4level. Hexadecapole dired’
. FF calculations are completely out of phase with respect to
L L the data. When we take into account’a FF direct contri-

20 40 60 o ) S
O, (deg) bution in the calculanons, the 40(_) MeV cross section is well
reproduced, but negative analyzing powers are predicted at

FIG. 8. Calculated cross sectiofieft side and analyzing pow- backward angles for the 65 MeV data. The addition of an
ers (right side for a 2 state in>°Fe atE,= 3 MeV, excited by indirect contribution for the 4 excitation is sufficient to
inelastic proton scattering at op par} and 400 MeV(middle  give good fits for all the datgsolid (S) and dashedd) lines
pard). In these two parts of the figure, the solid and dashed curveg Fig. 6]. Based on this analysis, thef4eve| is concluded

represent the diredfrom the ngs_ state excitation of the 2 level to be mostly a pur&2-E2 two-quadrupole-phonon state.
with the 8" and §” form factors, respectively. The dotted and dot-

dashed lines are the two-step contributions for excitation via the
2] state withL =2 andL =4 angular momenta, respectively. In the
bottom part of the figure, the solid points represent the experimental . . .
data for the unresolved {20; doublet atE,=2.960 MeV and The mass transition matrix elements are derived from the
E,=65 MeV. The curves correspond to the three different calculacoupling constant@’s by using the expression
tions: the direct excitation of only the;Ostate, with the Satchler’s

y e, A o IVe(n)rdr

Cross Section (mb/sr)

20 40 80

IV. TRANSITION MATRIX ELEMENTS

surface vibration FRsolid ling), and with ad” FF (dashed ling M(i)(E)\)z —ph—T (1)
and indirectly through the 2 level with a8’ FF (dotted ling. 270 [v(rydr
teron inelastic scattering data taki88] in Miinchen at one where () refers to the probe,p,p’) or (d,d’) reactions.

Samp|e ang|é29°) with a resolution sufficient to resolve the The -reduced tranSitiOl:W prObab”itieS Qre obtained from the
22 and O levels. The yield of the § level has been found Matrix elements by using the expression

to be approximately one sixth of that of thg tate at that IMO(EN)|2

angle. The experimental data for thg 2tate are compared BO(EN,J;—J¢)=
with the theoretical calculations obtained by using only first-
derivative form factorgsee the dotted lines in Figs—%].
Good fits have been obtained only for the deuteron data. Th
addition of as” FF, with opposite sign with respect to that of
the &' one, improves the fits for all three probgsee the

(23+1) - @

The M values obtained by using Eql) for the three
5robes and for the twoS and D) formalisms are listed in
Table 1ll. The quoted errors include only thg correlation
. : L errors from Table Il and those on the NF values from Table
solid (S) and dashed lines)) in Figs. 3-5] , . These errors, mainly due to data analysis, usually dominate

The 2, data are reasonably reproduced by usingdhe \r statistical and systematical ones, except in the few cases
FF's (dotted line. At backward angles, contributions from very good fits to the experiment.
the unresolved  level are expected. The 6state is pre- No error has been included for the absolute value of the
sumably excited by two-step processes through the 4 cross section§UNF), because the extractéd’s are some-
45, and 2 levels. The largest =2 contribution through what insensitive to it; in fact these quantities are determined
the 4, state was found to be small even at backward anglemainly by the ratiofsee Eq.(1)] of inelastic to elastic cross
when we evaluated its contribution using tfevalue de- sections.
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TABLE lIIl. Multipole matrix elements(in e fm*) for the lowest possible multipoles\&2) for the indicated transitions, formalisms
(S,D), and for the three probep{d, psoy), deduced from Table Il and EffL]. The quoted errors include the correlation errors from Table

I and the NF uncertainties in Table I.

3T M (P9) M (d9) M (Pacos) M (Po) M (P40op)
0gs-21 38.0+ 1.2 36.2= 2.1 28.7= 2.9 37.5= 1.0 34.4% 2.2
21-27 323+ 11.7 36.0+ 15.8 25.4+ 13.9 31.1+ 9.7 27.2* 12.2
0g5-31 163.4= 9.2 141.5= 8.7 124.8= 7.5 137.9x 7.2 143.8+ 10.3
04525 10.2= 1.0 8.0+ 1.5 6.2+ 0.8 9.3+ 0.5 7.4+ 09
2,-25 452+ 3.6 35.6= 10.3 31.1+ 13.3 24.5+ 6.9 34.0= 10.6
0523 20= 0.7 1.2+ 07 3.7= 0.7 25* 05 42+ 0.4
2,-25 213+ 7.2 17.4= 8.9 12.5+ 7.8 9.7+ 6.3 13.5* 6.5
0gs-24 8.9+ 0.8 6.1+ 0.7 8.7+ 0.6 8.3+ 0.4 10.2+ 0.8
27-2; 12.7% 5.2 13.8* 7.9 11.6+7.5 12.7+ 5.8 16.2+13.8
21-61 1849+ 464 1855+ 466 1378+ 348 1610+ 403 1706+ 435
0gs-25 7.8+ 05 55+ 0.7 6.0+ 0.8 7.2+ 0.4 7.0+ 0.6
2,-2¢ 70+ 4.4 8.5+ 5.9 11.8+ 9.4 7.3+ 35 9.7+ 10.8
0g5-27 44+ 0.9 41+ 0.7 1.9+ 0.8 48+ 0.7 2.3+ 09
21-25 352+ 21.0 12.4+ 5.4 76.5= 16.4 14.1+ 8.3 93.2= 20.0
0gs-41 232+ 58 214+ 39 144+ 20 185= 27 170+ 26
2, -41 78.7= 21.0 61.9+ 4.5 67.4= 8.2 65.1* 6.8 96.3= 15.6
0gs-47 581+ 35 492+ 47 406= 22 439+ 22 469=* 32

A modification of Eq.(1), with the atomic masZ instead  of the reorientation terms, and the reduced oscillation pattern
of A/2 in Eq. (1), defines the “modified” version of the of indirect contributions compared to the direct ones.
elements which are often usg¢@8] to compare transition For a more detailed comparison of the transition matrix
rates deduced from hadron scattering with those from elecelements derived by the different probes, Et. is subdi-
tromagneticdem) measurements. The comparison of the ma-ided into neutron and proton components and, furthermore,
trix elements obtained from the three probes is reported iimto dynamic and static parts. Denotibﬁ()n) as the normal-
Fig. 9. The matrix elements for the direct excitations fromized (bg)+bﬂ)=1) interaction strengths of thieprobe with
the 0y ¢ state to the six 2 states and to the 4, 4, , and  the target neutrons and protons, alt),y as the proton
3, states are presented in the top part of the figure. Théneutron matrix elements, we have
matrix elements for their two-step excitations from thg 2
level are also presented in the bottom part. Thevalues
from the em experiments are shown with the solid circles.
The M values obtained from our work are shown with the ~ The by/b, values are assumed to be proportional to the
squares, and downward pointing and upward pointing trivolume integrals of the central isoscalar and isovector poten-
angles, for 65 MeV protonsp), 56 MeV deuteronsd), and  tials (Vo+V)/(Vo—V;). M, are linked to the transition
400 MeV protons P40, respectively. The results from the OperatorsQg, andQ,, which are evaluated by nuclear mod-
S andD formalisms are shown by the solid and open sym-€ls, through the polarization chargesande,:
bols, respectively. The correspondifgand D matrix ele-
ments agree with each other within errors in most of the M = €p(m Qp+€n(p)Qn - )
cases. But for the experimental datakg=400 MeV, the The isoscalar and isovector matrix elements are obtained
S matrix elements are always lower than theones, while
an opposite situation, with smaller differences, is shown by

M@(EN)=b'My+b\'M,,. 3

the squares in Fig. 9 for the 65 MeV proton values. e M, +M

values for a given transition, slightly displaced on thaxis MS=TP, (5)
according to increasing sensitivity of the probe to target pro-

tons, show an approximately linear trend with negative M-—M

slopes which indicate that the analyses of these data allow M,=———" (6)
the detection of the isovector components. 2

The two-step values of the three hadron probes, which are . " . ,
shown in the bottom part of Fig. 9, are more scattered than ' OF lectric transitions, an em probe like tred’) scat-
the direct ones. This reflects the fact that a reliable determit—ere'nr]‘g ory decay is only sensitive to the proton transitions
nation of two-step matrix elements is difficult. In general, By =1, b"™=0. The inelastic scattering of low-energy
their uncertainties are larger than those from em experimenfaotons and of 200 MeV negative piop$] has the maxi-
(solid circles, in contrast with those in the upper part of the mum  sensitivity to neutron transitionsb{®=0.75,
figure. These larger errors are probably due, as anticipated, bip):0.25. Inelastic scattering of isoscalar particles like deu-

the adoption of a simplified coupling scheme, the omissiorterons or alphas has equal sensitivity to neutron and proton
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FIG. 10. The proton M, circles and neutron K,,, squarep
matrix elements for the {1-2; transition deduced from the indi-

indi + in56
for the indicated Z 4", and 3 states in Fe. In the upper and  5teq ten evaluations. The weighted average from all the evalua-
lower parts, the directfrom the Q; statg and indirect(from the  jions is reported in the highest line.

27 statg matrix elements are shown, respectively. Squares, and
downward pointing and upward pointing triangles stand for the val-and with the em valuesM (®™) available in Refs[9] and
ues deduced from the scattering of 65 MeV protons, 56 MeV deuf10], we can determinéM, and M,, from six pairs. Best
terons, and 400 MeV protons, respectively. The solid an_d opeRccuracy is obtainefil] by a pair in which one probe is
symbols correspond to the results from the Sdimger and Dirac mogstly sensitive to proton transitions and the other to neutron
calculations, respectively. The solid circles for the @&nd 4 states transitions. Since pairs with nearly the saméb,, ratio have
are the values deduced from the transition matrix elements in the |\, sensitivity(which is proportional to the c?ifference be-
v decay study of Ref[9]. The solid circle for the 3 state is tween theb, /b, values of the two probaswe disregard the
obtained in the €,e’) scattering work10]. . P .
determination oM, andM, from the pair[ p,g0,d]. In the

- (d)_ (d)_ : : . order of decreasing sensitivity, the remaining five pairs are

transitionsby”=0.5, b’ =0.5. The inelastic scattering of [p.en, [ Paoo.eml, [d,en, [p.d], and[ p.pagg). The number

low-energy neutrons and of 200 '\ﬂ)ev p05|t|(\’/)§a PIONS IS ot evaluations increases to 10 when we take into account the
mostly sensitive to proton transmorhé =0.75,b,;”=0.25. M (M®9, MPo) M9 M(Paoos M (Pacop)) values from

At higher energies, proton scattering decreases its sensitivitgz]e two different formalismsg
to neutron transitions. At 400 MeV, to our knowledge, there -

FIG. 9. Comparison of the multipole transition matrix elements

Po, ds, Paoos, Paoop)-
Figure 10 shows the results from the ten evaluations of

301 andM , for the most important D.-2; transition. Large
and isovector parts in the OM potential. We assume thesg P " P S).s. 1 g

. . ; . OSeviations among the deducht}, andM, are found in pairs
values from an effective nucleon-nucleon interaction derive

from phenomenological nucleon-nucleon scattering ampli-- which the psgos probe is involved. The origin of these

tudes. By averaging the values in Fig. 1 of Ré&4] and in deviations arises from the imaginary potenfis¢ée Table),

. (Paoo) (Paoo) which is the dominant term of thp,oos OM potential, and
Fig. 7 of Ref.[35], we geth, ™" =0.55,b,***=0.45. These hich is responsible for the lowl (E2)/3 value in Table |

values indicate that at 400 MeV proton scattering is mostlycompared to that of thps andd probes. This value, in spite
isoscalar. A 5% of uncertainty has been estimated for thesgf the highes}B value observed by the,q, probe among the
bf]p“oo) and bf)p“oo) values and considered in the extraction of S evaluations, make® (P«09 very low and very near to the
the M, , matrix elements. M©™ value. Instead, thév(P4os) value is expected to be
Equation(3) suggests that at least one pair of probes isearly equal to th&/1(® (reported asv (% in Table IlI) one,
needed to determin®l, and M,. With the data from the since the isospin sensitivity is nearly equal for fhg, and
three probes measured in this workd ), M@, M(Ps«0) ~ d probes. The upper line of Fig. 10 shows the weighted
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TABLE IV. Weighted averages for protdd , and neutrorM, transition matrix elementn e fm Ny for the lowest possible multipoles
(A=2) for the indicated transitions. The values deduced from the following pairs of total matrix elefdii®s,M €M7, [ M (P40 M M7,
M@ MEMT TMP) MD] and[MP M(P00], have been included in the averages. The total matrix elements have been taken from Refs.
[9,10] for the em probe, from the averages of tNEPS and M(PP) values in Table IIl for thep probe, and from thev(“s and
M (Pa00:P) values in Table Il for thed and p,,, probes, respectively.

Jr-ar M, M,
0gs-21 327+ 04 39.4+ 0.9
27-27 23.0= 1.7 344+ 7.8
0g5-31 128.1+ 8.9 158.1+ 7.0
0gs-27 47+ 16 11.3+ 0.9
27-25 126+ 1.6 42.1+ 45
04523 22+ 0.1 2.6+ 0.4
27-23 9.1= 13 17.6+ 4.7
0524 6.5+ 0.9 9.3+ 0.6
27-27 89+ 3.1 14.0+ 4.5
0gs-25 38+ 13 8.9+ 0.6
2/-2¢ 52+ 26 7.8+ 3.3
0gs-27 2.8+ 07 5.1+ 0.6
27-23 95= 25 25.0+ 8.1
0gs-41 145 = 94 226+ 55
27-47 525+ 3.1 76.6+ 7.5
0gs-45 409 + 109 538+ 52

averages oM, andM,, for the 2] direct excitation. These toM, ~ 12 e fm?, the isoscalar tdls ~ 64 e fm?2. Among
averages are scarcely influenced MyP409 because of its two-step processes, only thg 2and 2; excitations have an
uncertainty. isovector contribution.

The M, andM, weighted averages for all the transitions ~ From this analysis we suggest that the quadrupole mixed-
are reported in Table IV. The values obtained from the aboveymmetry strength irf®Fe is split among the 2, 22, and
reported five pairs of probes have been included in the aveR states. TheM, isovector strength in these states is 20%
ages. The means of tfe and D determinations has been of the M isoscalar strength of the symmetri¢ Ztate.
taken asp probe ValueiM(p) = (M(pS)+M(pD))/2], Only The MU/MS ratio for the q, 42—, and 4;— levels is 0.10
the Dirac determination &g ones MP«d = MPaon)). 1 04 019+ 0.07, and 0.14= 0.13, respectively. These
The averaging of the obtained fi\,’s andM,’s has been  yjues are weak and similar to that of thg ®vel. Thus, it
made by taking the inverse of the squared uncertainties 3§ concluded that the excitations of the most strongly excited

weights. The results are weakly affected when M&409 o405 of56Fe with low multipolarities are due to isoscalar
values are also usgd (P40 = (M (Paood +M(P400p))/2], or  transitions.

when we assume different weights in the averages. This sug-

gests that we can obtain rather reliabg , values by using V. MODEL CALCULATIONS OF TRANSITION

several probes. The values for the quadrupole states given in MATRIX ELEMENTS

Table IV are displayed by the solid circles in Fig. 11. This

figure, which is subdivided in dire¢left) and two-stegright The transition matrix elements discussed in the previous

side values, displays the determined averagesgf, M,/ paragraph and their isovector contents are compared with the
My, andM /M. In theM , part, theM ™ values from Ref.  predictions from the shell mod¢B] and from the IBA-2
[9] have been also reported with open triangles. The agregnodel[11].
ment between thil,'s here deduced and thé(®™ values is The shell model calculation by Nakadaal.[8] assumes
generally good. The straight lines drawn in the second and®Ca as a doubly magic inert core, and considers the follow-
third parts of Fig. 11 correspond t/Z and to thee asym-  ing configurations: (€,)** % (0fs,1paplpyp)?t* with
metry parameter, respectively. All the deduddd/M, val- k=0,1, and 2. Thek=2 configuration, which results in a
ues lie above th&l/Z line, indicating that neutron transition large configuration space, has been found to play an essential
amplitudes dominate the excitation of the quadrupole statele in considering the effects of pairing and deformation.
in *%Fe. A similar behavior is observed for the,/M values  The spectrum of®®Fe resulting from this calculation is re-
with respect to the asymmetry line. The highédt/M;  ported in Fig. 12 along with the experimental energies of the
value is around 0.4 for direct transitions, and is around 0.5tudied levels and of the first states of other positive multi-
for two-step transitions. polarities. The excitation energies of 2evels are quite well
The direct excitations of the;2, 25, and 2; levels are  reproduced at least up to thef Ztate. The electric transition
mostly isoscalar. Those of the;2 2., and 2 states have properties are deduced in RdB] by assuming the ratio
an appreciable isovector component. The summed isovecter,/e,=1.56 for the quadrupole effective single-particle
quadrupole strength detected in all the six &ates amounts charges. The calculated valuéspen circley are compared
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tation of the 2, 2;, 22, and 2 levels. These findings
mostly agree with our experimental results except for the
2, state. However, the signs of the isovector parts for the
direct excitation of the 2 level and of the Z indirect one
are opposite to the results of the present analysis.

The IBA-2 calculations of Rikovska and Stohkl] deal
with the even isotopes of iron from=56 to 62. The closure
N=z=28 (**Ni) is not considered for the severe truncation
to the boson space, since the configuration space allowed is
too small to predict all the 2 states here analyzed. The

2+1 _2+i

M, (e fm?)
Dq__
o0
O 20
o
O _—e_

_ “48Ca closure is instead assumed which allows for three pro-
[ ton particle bosons foP®Fe instead of the one proton-hole
a ST 3 boson in thef,, shell orbit, leaving all the neutrons in the
3 E pfg shell orbits. The IBA-2 Hamiltonian parameters calcu-
S 2r 2 lated in Ref.[11] depict *’Fe very close to the S@3) limit
= Eg ﬁ o for the deformed rotor nuclei. These parameters are reported
tre o 1 here, for convenience, in the usual notatioe=1.32,
[ oo i k=-0.36, x,=—1.3, x,=—12, Go24,=0.0,0.0,0.0,
0.6 F——————— 06 C(0.2.4x=0.9,0.6,0.1,y;=x3= —0.26, x,=0.13. The com-
oal + o4 . parison between experimental and calculated energy levels
w | C (Fig. 12 suggests that only the three lowest 2tates are
S o2k g 0.2 | well reproduced. The excitation energies of highértates
~ ZH S i are overestimated. From the states above theedel it is
s 0 a e o Or moreover difficult to get the correspondence between calcu-
02 [ o oo [ lated and observed levels. The em properties have been
o o = evaluated in Ref[11] by assuminge,/e,= 1 for the quad-
-0.4 —1- -0.4 rupole effective boson charges. A valegle,= 1.6 was as-

C L1 1 L I N R '

2020252425252, 212,232,2,2 2, sumed in Ref[6] for the analysis of the first three*2charge
transition densities oP’Fe. A higher value ok, /e,=1.9 is
determined in Ref[36] if the SU3) limit is assumed for

*Fe, and from the formulae,/e,=(MN,—MN,)/

FIG. 11. The proton transition matrix elementd (), the ratios
of neutron to proton matrix elementd1(/M,), and the ratios of
isovector to isoscalarM,/M¢) quadrupole matrix elements. Those (MpN,—M;N,) in Ref. [37]. These values result in strong
for the direct(left pary and indirect(right pary excitation of the  jsovector contents, which are not consistent with our experi-
2" states in>®Fe are displayed. Weighted average values deducedhental results. A lower value,/e,=1.2 has been found to

in this paper are reported with the solid circles. Values from thegive a sufficient description of thi p'S for the first three

vy-decay work[9] are shown with the open triangles. The OPeNn 5+ ciates and of thel /M. values of the 2 2 and
squares are the predictions from Rf1] in the IBA-2 model. The + vios | R
2, levels(open squares in Fig. 11

shell-model calculations of Relf8] are given by the open circles.

to the experimental valuetsolid circles in Fig. 11. The
calculated direcM ,’'s are very near to the experimental val-
ues, showing a good reproduction of the proton part of the The results of the inelastic scattering of polarized protons
transitions. The calculated values ft,/M, and M /M, at 65 and 400 MeV and of deuterons at 56 MeV, leading to
suggest that there is an isovector content in the direct excthe excitation of low-lying states i°Fe, have been pre-
sented. Scattered particles have been magnetically analyzed.
For 400 MeV protons, good energy resolution has been
6 achieved by the newly constructed magnetic spectrometer

VI. CONCLUSIONS

SHELL EXP. 1BA-2 »” “Grand Raiden.”
5r 2% Experimental data have been described by the CC calcu-
=, %Zv ;i lations within the Schidinger and Dirac formalisms. De-
27, 2:2 ‘6, formed OM transition potentials derived by adding first- and
e g*h* g‘; e 30 second-derivative form factors have been used. The approach
g‘ 52" 2+: éi; has been shown to satisfactorily reproduce the cross sections
Sot e, 4, and analyzing powers of the transitions for each of the three
probes investigated. Th&' contribution is necessary in the
N 2 analysis of the 2, 25, 27, and 4/ data. It is added to the
8’ contribution with a different sign for the 2 and 2;
OF 0 o cases, while it is the only necessary contribution for the di-

rect excitation of the 4 level.
From these analyses, the transition matrix elements
M(EN) have been deduced and compared among them-

FIG. 12. Experimental excited levels i#fFe and those calcu-
lated in the framework of the IBA-2 and shell models.
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selves. TheM (EMN) values extracted from the 400 MeV pro- and shell-model calculations. It has been found that both
ton data using the Schdnger formalism are lower than models correctly predict the isospin character of the direct
those derived from the other probes. Thg Dirac formalismexcitation of the g and 22+ levels, but fail for many of the
predicts highetM (E\) values than the Schdinger one at  other quadrupole transitions.
400 MeV, but slightly lower at 65 MeV. The energy depen-  Qur findings about the location of the quadrupole mixed-
dence ofM(EA) from the Schrdinger potentials, first ob-  symmetry strength irf®Fe agree with those of Reff5—7]
served in Ref.[15], dgserves more careful |_nvest|gat|on. only for the 25’ level. Some discrepancies have been found
R/I/IorEe;)v,era oge Wg?rldr::kgirto undternsttiard tro WE'Crh e)i(rtznt thnefor the location of other levels with weaker mixed-symmetry

(EX)’s deduced fro ac potentials are energy indepe strengths. These differences indicate the difficulties to locate
dent. . . .

the mixed-symmetry strength in nuclei near to the(3U

The comparison of théM(EN)’s deduced in this paper . . . N )
from the data obtained with the three probes to those fronlfm't’ whe_re this excitation '?‘Ode IS Supp"?@?ﬂ to be
weaker with respect to nuclei near to th€é6Dlimit. For a

v decays or ¢,e’) scattering has been used to deduce th . o :
neutron and proton components of the matrix elements. I?ietter understanding of the mixed-symmetry mode in the

particular, the isospin character of the excitations of six 2 ~60 mass region, the experlmental dgtermlnatlom/qf .
M, for the quadrupole states in the neighboring nuclei of

levels has been determined. Th§ fevel, which shows an 56Ige would be extremely useful
angular dependence different in shape from that of the other y '
guadrupole states, is excited by isoscalar transitions. Isosca-
lar are also the transitions leading to thg &tate. The direct
excitations of the 2, 22, and 2 levels contain an appre-
ciable isovector component. These levels share 60% of the The authors like to thank N. Hama for helpful suggestions
detected quadrupole, isovector strength,. The most on Dirac calculations, H. Nakada for information on the shell
strongly excited quadrupole, octupole and hexadecapolmodel calculations, and G. Graw for th8Fe(d,d’) spec-
states(2;, 37, and 4) in 56Fe have isoscalar characters. trum taken atEy=20 MeV. One of us(R.D.L.) acknowl-
TheM,/M, andM,/M; values extracted in this work for edges the hospitality received at RCNP during his stay in
the quadrupole transitions have been compared with IBA-Dsaka where most of the present calculations were done.
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