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Differential cross sections for inelastic scattering of neutrons to numerous levels in ' Fe have
been measured at incident neutron energies of 11 and 26 MeV. The data have been analyzed in
terms of a collective model using a distorted-eave Born approximation as well as a fuH coupled-
channels treatment. Analysis has also hen performed with a microscopic folding model using an
energy- and density-dependent effective interaction. Both collective and microscopic analyses have
also been applied to inelastic proton scattering in the same energy region in order to extract informa-
tion on the isospin nature of the measured excitations.

I. INTRQDUCTIQN

Nucleon inelastic scattering is potentially a very power-
ful probe of nuclear structure. At sufficiently high in-
cident energies, strongly collective states are preferentially
excited. The isospin composition of these excitations may
be investigated through a comparison of proton and neu-
tron inelastic scattering. One topic of special interest in
this regard has been the identification of isovector defor-
mations which occur at or near the shell closures, in par-
ticular for the first 2+ excited states in singly-closed-shell
nuclei. The core polarization models of Brown, Madsen,
and collaborators 3 have provided a formulation for
understanding these effects, and detailed experimental re-
sults have been published for the shell closures 1V=50
(Ref. 4) and Z =50 (Ref. 5).

The aim of the present work is to study these effects for
'ssFe, and in particular to investigate whether or not the

observed isovector effects at shell closure ( Fe, X=28)
are appreciably changed by adding a single pair of neu-
trons outside the cloesd sheH ( Fe), and whether or not
these effects are observed in higher excited states includ-
ing states of higher multipolarity (e.g., L =3).

As is the case for many nuclei, inelastic proton scatter-
ing measurements resolving low-lying states in ' Fe
have been carried out since the late 1960's, ' whereas
neutron scattering measurements have been limited by
resolution and background difficulties to elastic scatter-
ing, or at best have included inelastic scattering to the
first excited states which are well separated in energy
from the ground state. " ' However, the Ohio Universi-
ty beam swinger time-of-flight (TOF) facility' with its
extremely low background, high count rate, and excellent
resolution (&&/E-1—2%) permits the practical mea-
surement of inelastic neutron scattering crisis sections to
states previously observed only arith charged particles.
The number of states for which the isospin may be stud-
ied is thus greatly increased.

In the present work, differential cross sections for a
number of low-lying states in both ~'s Fe have been mea-

sured at incident energies of 11 and 26 MeV. At 11 MeV
eight inelastic levels have been measured for s Fe, while
eleven have been measured for Fe. At 26 MeV, six in-
elastic states have been measured for s~Fe, while only two
states were strongly excited in ssFe.

The analysis of the present data and the comparison to
available proton scattering data has been carried out in
three steps. First, a standard collective model distorted-
wave Born approximation (DWBA) analysis has been per-
formed using optical model potentials derived from a pre-
vious analysis of elastic scattering at these energies.
Second, a full coupled-channels analysis has been per-
formed including all states observed to be strongly excited
by direct reaction. Finally, a microscopic folding-model
analysis has been carried out using a density-dependent ef-
fective interaction derived from nuclear matter calcula-
tions in order to calculate scattering in the DWBA.

II. EXPERIMENTAL TECHNIQUES

The measurements were made using the Ohio Universi-
ty Tandem Van de Graaff accelerator and beam swinger
TOF spetrometer, which has been described in detail else-
where. Details of the specific neutron sources, scatter-
ing samples, and neutron detectors used are given in Ref.
15, which describes the analysis of elastic scattering data
from the satne isotopes. In summary, a pulsed and
bunched deuteron beam was incident upon a deuterium
(tritium) gas target producin~ 11 MeV (26 MeV) neutrons
via the H(d, n) He [ H(d, n) He] reaction. Separated iso-
tope satnples of ' Fe were placed —14 cm from the
neutron source, and the scattered neutrons were observed
in a sevenfold array of liquid scintillator detectors at a
flight path of 13 m. Neutron —gamma-ray pulse-shape
chscrimination ~as used, and a monitor detector, placed at
a fixed angle relative to the zero degree line, observed the
direct flux of neutrons from the gas target.

The effective energy resolution in the TOF measure-
ments was sufficient to resolve a number of low-lying lev-
els in both nuclei. The resolution at 11 MeV was -200
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keV full width at half maximum (FWHM) and -430 keV
FWHM at 26 MeV. Measurements were taken both with

the scattering sample present and with the so~pie re-
moved in order to subtract background. Figure I shows
typical sample-in and sample-out spectra for s Fe(n, n') at
11 MeV. As can be seen, the signal to noise ratio is very
good due to the excellent shielding and colhmation pro-
vided by the beam swinger facility, with the only impor-
tant contribution to the sample-out spectrum coaxing
from the ever-present elastic scattering of neutrons from
air surrounding the sample.

Figure 2 shows a typical background-subtracted spec-
trum for Fe(n, n') at 26 MeV. The yields under the vari-
ous inelastic peaks have been extracted using a least-
squares peak fitting program which allows skewed shap-
ing to account for both multiple scattering and for the
low-energy tails which are typical of the large-volume
scintillation detectors.

Table I summarizes the states for which differential
cross sections were extracted. In cases where the experi-
mental resolution was insufficient to distinguish known
nuclear levels, a comparison ~as made mth previously
published proton scattering measurements in order to
determine which levels were excited.

To normalize the relative cross sections thus obtained,
the main detectors were placed at 0' in order to measure
the flux per monitor count which would have been in-
cident upon the scattering sample. The data were then
corrected for the anisotropy of the neutron source reaction
and for the relative efficiency of the neutron detectors,

I efficiency[Eit (0')]/efflciency[Ea (8)]I,
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FIG. 2. Background subtracted time-of-flight spectrum for
Fe{n,n') at 26 MeV at a lab angle of 35',

TABLE I. Inelastic levels for which differential cross sec-
tions were measured in the present work. An asterisk indicates
spin and parity assigned to the same state observed in (p, p'),
even though in the present measurement the state was not
resolvable from what are assumed to be very weakly excited
neighboring states.

which was measured in an independent experiment.
While the source anisotropy correction was on the order
of 2—3%, the relative efficiency correction for neutrons
scattered inelastically to energies well below that of the in-
cident beam was as much as 40%.

Finally, the cross sections were corrected for flux at-
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FIG. 1. Sample-in and sample-out time-of-flight spectra for
s Fe(n, n'} at 11 MeV at a lab angle of 110'.
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TABLE II. Best fit optical model panLmeters from elastic scattering analysis. {In all cases Vso ——6.2,
rso ——1.09, aso =0.75. )

Nucleus

11
26

1.19
1.19

0.633
0.638

0.0
2.0

7.48
5.50

1.25
1.23

0.608
0.668

11
26

48.56
44.03

1.19
1.19

0.660
0.653

0.0
0.16

7.44
7.18

1.25
1.13

0.609
0.735

tenuation in the sample, for finite angular geometry, and
for multiple scattering using the Monte Carlo code MUI;
c&T.'s The final data reflect uncertainties due primarily
to counting statistics enhanced by the uncertainty of the
peak fitting procedure. Typical errors range from less
than 10% for strongly excited inelastic states to as much
as 30% for very weakly excited states. However, the
overall normalization of the data is known to ~ 3% due
to the small uncertainties in the 0' Aux and the detector
relative efficiency.

TABLE IG. Calculated compound nuclear contributions to
scattering states at 11 MeV are compared with the measured
cross sections.

III. REACTION-MODEL ANALYSIS

A. Spherical optical model

The starting point of the analysis is the optical model
potential used to describe the elastic scattering data. Both
conventional phenomenological as well as microscopic
optical-model analyses of elastic scattering from these iso-

topes at 20, 22, 24, and 26 MeV have been presented in
Ref. 15. The results of a best-fit phenomenological opti-
cal model search on the 11 MeV data are shown in Fig. 3.
A tabulation of the best-fit optical model potential paratn-
eters for elastic scattering from both isotopes at 11 and 26
MeV is given in Table IL

As a check on the accuracy of the overall normalization
of the measurements, the graph of Fe(n, n} also includes

Nucleus

54Fe g.s.
2)+ (1.41 MeV)

4(+ (2.55 MeV)

2q+ (2.96 MeV)

23+ (3.17 MeV)

Q+ (3.30 MeV)

43+ (3.83 MeV)

4g+ (4.05 MeV)

45+ (4.27 Mev)

Measured
cross

section
(mb)

1467.39
42.03
7.66

17.07
9,31
8.00
6.82

7.81

7.59

CN
calculation

(mb)

0.98
3.62

4.20
3.24

3.19

3.75

3.77

3.69
3.62

10~.

11 NeV

J3
~ 103

"D

b

Elastic Sc t t er ing

56pe g,s,
2)+ (0.85 MeV)

4)+ (2.09 MeV)

22+ (2.66 MeV)

23+ (2.96 MeV)
++ (3.12 MeV)

2g+ (3.37 MeV)

25+ (3.60 MeV)

2q+ (3.83 MeV)

43+ (4.12 MeV)

27+ (4.40 MeV)

3~ (4.51 MeV)

1478.81

82.53

5.71

7.30
4.80

10.63

12.46
6.44
5.47

7.66
6.37

22.90

0.74

2.82

3.27

2.48

2.42
3.02

2.35

2.30
2.26
2.76
2.14

2.65

1OO
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FIG. 3. Differential cross sections for elastic scattering of 11
MeV neutrons from ~ ~Fe are compared to best-fit phenomeno-
logical optical model calculations. The value of Wick's limit is
calculated from the total cross section of Ref. 17.
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a point for der/dQ(0') calculated according to Wick's
limit based upon the value for the total cross section of

'Fe from a recent compilation. ' lt is noteworthy that a
I.egendre polynomial fit through the differential cross sec-
tion data not including the point at 0' (not shown} agrees
with Wick's limit at 0' to within 2%. This agreement also
holds true at 26 MeV, and gives confidence in the overall
normalization of all the cross section data.

S. Coxnpound nuclear contributions

The plethora of weakly excited states which were mea-
sured at 11 MeV is due not only to improved resolution at
that energy, but also to the contribution of compound nu-
clear (CN) reactions to the cross sections. Since the pur-
pose of the present work is to analyze these excitations in
terms of direct reaction theories, it is necessary first to
calculate the CN contributions to each inelastic state.

These calculations were performed using the Hauser-
Feshbach model including Porter- Thomas width-
fluctuation corrections in the computer code HELLENE. "
Open channels included all discrete levels of known spin
and parity as well as continuum levels for the (n, n'),
(n, p), and (n, n) reactions. The energies, spina, and pari-
ties of the discrete levels as well as the level density pa-
rameters for the continua were taken from a recent
evaluation of neutron-induced reactions on ' Fe. '

Calculated CN contributions to the measured excitation
in the 11 MeV experiment ranged from less than 0.1% for
elastic scattering to more than 50% of some of the weakly
excited states. A summary of the calculated (integrated)
cross sections is given in Table III.

The procedure for analyzing the 11 MeV data was,
therefore, to subtract the CN contribution from the mea-
sured differential cross section data and then to analyze
the difference in terms of direct reaction theory Finall.y,
the sum of the CN and direct reaction calculations is
compared to the actual experimental data.

CN contributions at 26 MeV are negligible.

C. 0%'BA analysis

The inelastic cross sections were analyzed in the
distorted-wave Born approximation using a vibrational
model with complex form factors, viz. ,

where U is the optical potential from the elastic scattering
analysis and L is the angular momentum transfer to the
state of interest. The transition amplitudes w re calculat-
ed in the computer code DWUcK4 (Ref. 19) as

y( —) g(+ )

where the X's are the (distorted) wave functions in the en-
trance and exit channels calculated from the optical po-
tentials (with the exit-channel potential adjusted for the
ejectile energy appropriate to that channel).

The values of pI were determined by renormalizing the
calculated DWBA cross sections for best agreement with
the experimental data. The results of the calculations are
sholem in Figs. 4—7.

In general the agreement between the data and calcula-
tions is quite reasonable. However, there is an anomaly in
the results for the first 2+ states for both '~6Fe at 26
MeV. The shmp rise in the measured cross sections at
forward angles (8&25') is uncharacteristic of an L=2
angular distribution. This will be discussed further in Sec.
V.

Table IV contains a summary of the deformation pa-
rameters obtained in the DWBA analysis. Notably, for
every state (in both nuclei} which was measured at both 11
and 26 MeV, the value of p obtained at 11 MeV is lower
than the value obtained at 26 MeV. A possible explana-
tion is that the Hauser-Feshbach calculations have overes-
timated the CN contributions to the inelastic cross sec-
tions at 11 MeV.

D. Coupled-channels analysis

Because of the uncertainty in the magnitude of the
direct component of the excitations at 11 MeV, a full
coupled-channel (CC) analysis was only performed on the
26 MeV data. However, since the aim of a coupled-
channels analysis is to include all states whose couplings
with the ground state are strong, it seems adequate to in-
clude only those states which were observed to be excited
at 26 MeV.

Because of its energy level structure, 54Fe has been con-
sidered a vibrational nuc1eus. In the simplest picture, the
first 2+ state (2+i, E,=1.41 MeV) is a one-quadrupole-
phonon excitation and the 4i+ (2.54 MeV), Oz+ (2.56 MeV),
and 22+ (2.96 MeV) states are two-quadrupole-phonon ex-
citations. However, if such a harmonic vibrational model
is applied to ~Fe(n, n') at 26 MeV, the magnitudes of the
4~+ and 22+ cross sections are grossly underpredicted.

If one wishes to remain within the framework of a vi-
brational model, this indicates the presence of anharmoni-
city in the quadrupole excitations, and the need for a
hexadecapole-phonon component in the 4i+ state. The
presence of a second 4+ state (4&+, 3.83 MeV) may be ac-
commodated as the combination of one-hexadecapole and
two-quadrupole phonon configurations that is orthogonal
to the 4i+ state. Finally, the existence of two strongly ex-
cited 3 states (3i, 4.78 MeV and 3z, 6.40 MeV) may be
most simply explained by assuming that these are orthog-
onal linear combinations of one-phonon (octupole) and
two-phonon (quadrupole-octupole) excitations.

Thus the vibrational-model analysis of Fe(n, n') in-
volves the coupling of 0&+-2i+-4i+-2q+-4&+-3& -3i in which
each of the excited states is an orthogonal combination of
one- and two-phonon excitations, and includes quadru-
pole, octupole, and hexadecapole deformations. The cal-
culations were performed using the code Ecis79. Aside
from the optical-potential parameters, this simple model
contains six parameters which were adjusted to fit the
data; they are the three deformation parameters pi, p3,
and p& and the mixing coefficients for the states of each
of the three spins. The analysis began from the optical
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PIG. 4. Differential cross sections for inelastic scattering of
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ponent only; solid hnes are the sum of direct and compound nu-
clear contributions.

10O
5 (4 5I MeV)

10
0 30 120 150 18060 90

6 (deg3
FIG. S. Differential cross sections for inelastic scattering of

11 MeV neutrons from Fe are compared with D%SA calcula-
tions. Dashed hnes show the calculations of the direct com-
ponent only; solid lines are the sum of direct and compound nu-
clear contributions.
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FIG. 6. Differential cross sections for inelastic scattering of 26 MeV neutrons from ' Fe are compared with D%'BA calculations
(dashed lines) and coupled-channels calculations (solid hnes) for (a) the 2+ states„(b) the 4+ states, and (c) the 3 states.

potential of Table II, but the values of V~ and $V& were
varied to ensure a fit to the elastic scattering data in the
coupled-channels calculation. For the results shove here,
V~ ——44m 24 MeV and W~ ——4.SS MeV were used. The re-
sults of the calculations compare quite favorably with the
data and are shown in Fig. 6. A summary of the defor-
mation parameters and descriptions of the wave functions
of the excited states in terms of one- and two-phonon
components is given in Table V.

The structure of low-lying states in Fe characterizes it
as a deformed or rotational nucleus. ' The recent mea-
surement of a static quadrupole moment for the first 2+
state (2i+, E =0.85 MeV) supports this model.

However, the present measurement of the strongly ex-
cited 3 state (3i, 4.51 MeV) carmot be described in a

~

~

urely rotational model. The coupled-channels analysis of
Fe therefore involves a rotation-vibration model in

which the 3 state is described as the octupole vibration
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E. Microscopic 0%'SA calculations

We have recently presented calculations of inelastic
scattering cross sections in a microscopic DNA ap-
proach, in which entrance- and exit-channel optical paten-
tials as well as transition form factors are calculated con-
sistently in a folding model using the energy- and
density-dependent r matrix of Brieva and Rook. 6' ~ The
transition density for a particular inelastic transition is
calculated in a Tassie model based upon the ground state
charge distribution measured in elastic electron scattering,
with the proton transition density p„(r) being normalized
to the value of 8(EL) measured by Coulomb excitation or
inelastic electron scattering. In the simplest hydrodynam-
ic assumption, the neutron transition density may be
found from the relation

I I

ii pt~(" ) = ptr(r ) (3)

io-L

lo
0 30 60 90

8, (c}eg)
120 )50 180

FIG. 7. Differential cross sections for inelastic scattering of
26 MeV neutrons from Fe are compared with D%'BA calcula-

tions (dashed lines) and coupled-channels calculations (solid

lines).

of a qm»&+pole-deformed nucleus. Starting with the
optical potential of Table II, the values of Va and Wn
were varied for an optimum fit to the elastic scattering
data The v.alue of P2 was varied for an optimum fit to
the 2i+ state, and the magnitude of the reduced matrix ele-
ment between the ground state and the 3i state was
varied for an optimum fit to that state. The results of the
calculations are shown as the solid line in Fig. 7. The fi-
nal values of the adjusted parameters are Vz ——43.82
MeV, Wn ——6.59 MeV, Pz ——0.245 MeV, and P3=0. 177.

%'hile the agreement between the calculations and the
data is reasonable in all cases, it can also be seen from
Figs. 6 and 7 that there is very little difference in the an-
gular distribution shapes predicted by the simpler D%'BA
calculations and the full coupled-chaimel results. Furth-
ermore, the data do not show a preference for any of the
subtle differences between the two calculations. The mag-
nitude of Pz for Fe is about 10% greater in the CC than
in the DWBA calculation, which is of the order of the un-
certainties in determining this parameter. For Fe, Pi is
20% greater in CC than in DWBA, but in this case the
models employed were different (rotational versus vibra-
tional). We conclude that it is justifiable to study these
low-lying excitations in ' Fe via the DWVSA without the
need to resort to the full coupled-channels formalism.

Within the context of this model, this is equivalent to say-
ing that the ratio of neutron and proton transition matrix
elements M, /M~=X/Z. Of course, such a relation is
only expected to be valid in the absence of strong isovec-
tor effects such as those which may be present due to shell
closure, e.g., in Fe, which is a single-closed-shell nucleus
with iV=28.

In fact, the conclusion of our earlier work is that Eq.
(3) is not valid for the 2+i transition in Fe. In order to
fit consistently both proton and neutron inelastic scatter-
ing to this state, the model requires that M, /M~
=0.8+O. l.zs This will be addressed in more detail in Sec.
IV. We have now extended the microscopic DWBA
analysis testing the assumption of Eq. (3) to the 22+, 3i,
and 32 states in Fe.

For the 22+ state in Fe there are two values in the
literature of 8(E2:0+~2+)=225+10 e fm (Ref. 28)
and 136+23 e fm (Ref. 29). Use of the former value (ob-
tained from inelastic electron scattering) to normalize the
proton transition density, along with Eq. (3) to calculate
the neutron transition density, led to good agreement with
the measurements for this state. The results for (n, n') are
compared to the present work in Fig. 8(a) and the results
for (p, p') are compared to the data of Van Hall et al.9 at
17.2, 20.4, and 24.6 MeV in Fig. 8(b).

Calculations were also performed for the two 3 states
in s4Fe. Using the assumption of Eq. (3) with the values
8(E3:0+~3 )=6670 e fm and 8(E3:0+~3' )=8960
e fm, the predicted cross sections are consistent with
both the present neutron measurements and with the pro-
ton measurements of Eccles et al., as shown in Figs. 9
and 10. The only measured 8(E3) values, ' determined
from electron scattering over a limited q range, are 4390
e fm for the 3i and 6110 e fm for the 32 states; these
values are about 30% smaller than those required to fit
the nucleon-scattering data.

The microscopic model was also applied to the 2I+ and
3i states in ~ Fe. The value of 8(E2:0+~2i+)=1022
e fm, obtained in a recent Coulomb excitation measure-
ment, yields reasonable agreement with both neutron and
proton scattering data, using Eq. (3) to relate the neutron
and proton densities. These results are shown in Fig. 11.
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TABLE IV. Deformation parameters obtained from D%BA analysis of the present work. The ra-

dius parameter was r& ——1.19 fm.

Incident
energy
(MeV)

2+) (1.41 MeV)

4)+ (2.55 MeV)

22+ (2.96 MeV)

23+ (3.17 MeV)

42+ (3.30 Mev)
43+ (3.83 MeV}

4+ (4.05 MeV}

45+ (4.27 MeV)

3) (4.78 MeV)

32 (6.40 MeV}

11

26

26

11

26

11

11

11

26

11

11

26

26

0.179+0.002

0.193+0.020

0.079+0.012
0.124+0.020
0.107%0.010
0.121+0.019
0.06920.006

0.078+0.016
0.080+0.010
0.122+0.010
0.097%0.005

0.078+0.015
0.141+0.009

0.167+0.020

56Fe 2&+ (0.85 MeV

4+& (2.09 MeV

2q+ (2.66 MeV)

23+ (2.96 MeV)

42+ (3.12 MeV)

24+ (3.37 MeV)

25+ (3.60 MeV)

2q+ (3.83 MeV)

43+ (4.12 MeV)

27+ (4.40 MeV)

3& (4.51 MeV)

11

26

11

11

11

11

11

11

11

11

11

11

26

0.252+0.018
0.292+0.020

0.079%0.013
0.062+0.007

0.040~0.016
0.110+0.009
0.095+0.012
0.063+0.012
0.047+0.006
0.100+0,010
0.059+0.017
0.200+0.015
0.201+0,020

The two reported measurements of 8(E3:0+~3 ), both
from electron scattering, are discrepant (10370 e fm6

from Ref. 28 vs 16600 e fm from Ref. 30). The larger
of these values is about 30% less than the value of 23 200
e2fm required for a reasonable fit to the magnitude of
the neutron and proton scattering data, as shorn in Fig.

State

2+

22+

4+

3$

32

One-phonon
component

—0.500

+ 0.866
—0.819

+ 0.574

+ 0.766

+ 0.643

Two-phonon
component

+ 0.866

+ 0.500

+ 0.574

+ 0.819

+ 0.643
—0.766

TABLE V. Parameters used in the coupled-channels analysis
of supe(n n') at 26 MeV The deformation parameters were

Pq ——0.212, P3=0.185, and P4 ——0.139.

12; the assumption of Eq. (3) was again employed.
The shapes of the angular distributions for the 2+ and

3 excitations in both nuclei are rather well reproduced
by the calculations. The magnitudes are well predicted
for the 2+ excitations. However, even though there are
discrepancies in the 8(E3) measurements, the calcula-
tions for the 3 states appear to underestimate the data by
about 30%. This result is consistent with the findings in
related work ' that the Brieva-Rook interaction underesti-
mates the cross sections for the lower 3 states in ' 0 and

Pb at low energies ( & 30 MeV}; in these cases detailed
electron-scattering transition densities were available, and
the agreement at higher energies (40—60 MeV) was ac-
ceptable. In principle, nucleon scattering is sensitive to
more details of the shape of the transition density than the
8(EI } values, which are a particular radial moment of
the density. A goal of the microscopic calculations is to
develop a reaction model that is reliable enough to yield
this information, and the results for the 2+ excitations are
encouraging. However, the apparent lack of consistency
between the two multipolarities in the energy range of the
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FIG. 10. Microscopic DWBA calculations of scattering to
the 32 state (E„=6.40 MeV) in Fe are compared to the neu-
tron data of the present work and the proton data of Ref. 6.
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present work shows that further investigations of the
qu~3ity of the effective interaction, the adequacy of the
exchange approximation, and the influence of the distort-
ing potential will be required.

IV. NEUTRON-PROTON COMPARISON

The isospin character of a particular excitation may be
investigated by comparing neutron and proton inelastic
scattering measurements. A quantitative description of
the isospin nature of an excitation is usually expressed as
M, /Me, the ratio of neutron and proton transition ma-
trix elements, which are defined by

M~(p) =— ptr f f p (4)

11MeY (n, n')

10

0
10

10
19.1 N)e V (p, p')

~ Ref. 6

%yyf
& &&ee&eeyq

0 20 &0 60 80 100 120 140 160 180

e, (deg)
FIG. 12. Microscopic D%'BA calculations of scattering to

the 3~ state {E =4.51 MeV) in Fe are compared to the neu-

tron data of the present cwork and the proton data of Ref. 6.

for a transition of multipolarity A, .
The deformation parameters p ~ and p» extracted

from DWBA analysis (or, more properly, the deformation
lengths 5~ =Rp~ and 5» ——Rp», where R is the radius
of the optical potential) may be used to calculate
M„ /Me. In the limit that 5 =5», the quantity
M„ /Me N/Z. ——

Table VI is a summary of the values available in the
literature for P» for low-lying excitations in ~ '~ Fe.
Most of the weakly excited 2+ and 4+ states have only
been measured at one energy (49.4 MeV) by Mani.
However, Mani's values of p» are 20—50% lower than
those obtained in more recent measurements of the
strongly exrited states. This msts doubt upon the reliabil-
ity of Mani's data in a proton-neutron comparison, and
makes it impossible to perform such a comparison for any
of the weakly excited 2+ and 4+ states. We recall that
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TABLE VI. Deformation parameters from the 1iterature for D%BA analysis of ~ 5 Fe(p, p').

Incident
energy
(Mev)

2)+ (1.41 MeV}

4,+ (2.55 MeV)

22+ (2.96 MeV}

23+ (3.17 MeV)
++ (3.30 MeV)

43+ (3.83 MeV)

44+ (4.05 MeV)

4g+ (4.27 MeV)

3( (4.78 MeV)

3, (6.40 MeV)

17.2
18.6
20.4
24.6
35.2
49.4
49.4
17.2

20.4
24.6
49.4
49.4
49.4
49.4
49.4
49.4
18.6
49.4
18.6

0.15 +0.01

0.16 +0.01

0.16 +0.01
0.15 20.01

0.16 +0.01

0.130+0,013
0.050+0.005

0.14 +0.01

0.13 +0.01

0.13 +0.01

0.098+0.010
0.047+0.005

0.03320.003

0.052%0.005

0.024+0.002

0.045+0.005

0.13 +0.01

0.069+0.007

0.16 20.01

1.15'

1.25b

1.15'

1.15'

1.16'

1.20'

1.20d

1.15'

1.15'

1.15'

1.20'

1.20

1.20

1.20"

1.20d

1.20d

1.25b

1.20d

1.25'

"Fe

'Reference 9.
bReference 6.
'Reference 10.
dReference 7.
'Reference 8.

2+ (0.85 MeV)

2+ (2.66 Mev)
2+ (2.96 MeV)

42+ (3.12 MeV)
2+ (3.37 MeV)

25+ (3.60 MeV)

2g+ (3.83 MeV)

43+ (4.12 MeV)

3) (4.51 MeV)

17.2

19.1
20.4
24.6

35.2
49.4
49.4
49.4
49.4
49.4
49.4
49.4
49.4
19.1
49.4

0.26 +0.01

0.28 +0.03
0.26 +0.01

0.24 +0.01

0.245 %0.025
0.20 +0.01

0.06 +0.01

0.02 +0.01

0.087+0.009
0.06 %0.01
0.05 %0.01
0.03 +0.01
0.045 +0.005

0.20 +0.04
0.154+0.15

1.15'

1.25b

1.15'

1.15'

1.16'
1.20'

1.20'

1.20'

1.20'

1 20'

1.20'

1.20'

1 20'

1.25b

1.20'

the parameters P ~ extracted from the present 11 MeV
analysis for both ' Fe(n, n') are consistently less than
the corresponding values obtained in the 26 MeV analysis.
This was attributed to an overestimate of the compound
nuclear contribution to our measured cross sections at 11
MeV. For Fe we are left, then, with a comparison be-
tween the values of P ~ from the present 26 MeV analysis
and the values of P~~ from the literature (excluding those

at 49.4 MeV) for the 2~+, 22+, and 3~ states. For the latter
two states it can be seen that 5 =5~~. For the first 2+
state, on the other hand, clearly 5~ &5 . Usmg the
values 5 =0.868+0.09 from the 26 MeV analysis and

5~~ =0.62+0.02 from the average of the literature values,
one may calculate M, /M~ =0.78+0.07. While the abso-
lute value of this number is somewhat uncertain (since the
values of 5~ and 5~~ come from totally separate analy-
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ses), it is a manifestation of the closed neutron shell in

Fe, which suppresses the neutron contribution to the
first 2+ transition. For Fe, comparison of the values of
5~ and 5»» for both the 2i+ and 3i excitation in Fe
seems to indicate that 5 =5»» in both cases.

To investigate whether channel coupling modifies the
values of M„/M» obtained above, the coupled-channels
analysis described in Sec. III was extended to the proton-
scattering data of Van Hall et al. for Fe at 17.2, 20.4,
and 24.6 MeV. For Fe, the phonon-mixing vibrational
model yielded an average value of 5»»

——0.865+0.04 com-

pared to the value 5 =0.953+0.05 from the 26 MeV
analysis. This results in the value M, /M»=0. 89+0.06
for the 2i+ excitation, which is slightly larger than the
value obtained in DWBA, but consistent with it. For

Fe, the rotational model applied to the proton data led
to the conclusion that P»» =P =0.245+0.005, confirm-
ing the conclusion that M, /M»=N/Z for this excita-
tion.

As pointed out in Sec. III, the density-dependent fold-

ing model analysis of scattering to the 2+ and 3 states
measured at 26 MeV was consistent with the value

M„/M»=N/Z for all except the first 2+ excitation in
Fe, where M, /M» =0.8+O. l.is

The work of Brown and Madsen' on singly-closed-
shell nuclei predicts that P ~ &P» for a closed neutron-
shell nucleus, and their one-parameter schematic core po-
larization model yields a valuei2 of M, /M»=0. 844 for
the 2i+ state in s Fe, which is significantly different from
the collective model value M, /M» N/Z = 1.0——8. At the
same time, a recent extension of their model to open-shell
nuclei predicts that the strong isovector effects at shell
closure disappear rapidly with the addition of a few nu-

cleons outside the closed shell. 3i The present analysis is in
agreement with these predictions.

V. SUMMARY

The inelastic neutron scattering data measured with the
Ohio University beam-swinger time-of-flight facility on

Fe are of sufficient quality to allow a search for
proton-neutron transition density differences to several ex-
cited states by comparison with proton scattering. The
analysis has been carried out in a microscopic 0%'BA ap-
proach, in which the neutron and proton transition densi-
ties are a direct input to the calculations, and also in a
conventional DWBA model in which the transition form
factor is related to the deformation of the optical poten-
tial. Coupled-channel calculations were also performed
for the conventional model.

The microscopic folding model DWBA analysis using
the Brieva-Rook interaction reproduces the angular-
distribution shapes and magnitude of 2+ excitations quite
well, with transition densities that are consistent with
electron-scattering and Coulomb-excitation results. The
shapes of 3 angular distributions are given correctly, but
the magnitudes predicted with transition densities normal-
ized to electromagnetic results are lower than the data by
roughly 30%.

Both the collective and microscopic model comparisons
of neutron and proton scattering are in agrectnent that the

2i+ excitation in Fe is dramatically affected by shell clo-
sure, and that P ~ &P»» (i.e., that M, /M» &N/Z}. Both
analyses are also in agreement that such a shell-closure ef-
fect is not in evidence for several higher excited states in

Fe. Furthermore, shell-closure effects are not observed
for either the 2i+ or 3, states in Fe, where only two neu-
trons are present outside the closed shell.

The present analysis is in agreement with the core po-
larization models of Brown and Madsen' and, as far as
the 2i+ states in Fe are concerned, is also in agreement
with the lower energy neutron scattering analysis of De-
laroche et al. '3 However, our conclusion that the 2&+ exci-
tation in ~6Fe does not exhibit an isovector component in
the deformation parameter disagrees with the conclusions
of Orihara et al. i and Maeda. 3' Their analysis of
ssFe(p, n} Co to the excited analog 2+ state concludes
that Pi /Po-3 for this excitation. On the other hand, the
present work, and in particular the consistent coupled-
channels analysis in which the same deformation parame-
ter can be used to describe both proton and neutron
scattering to this state, implies that Pi /Po ——1. One possi-
ble source of this disagreement may be that, while it is
demonstrated in Ref. 34 that two-step processes in the
coupled-channels formalism are essential in reproducing
the measured (p,n) cross sections, such processes were ig-
nored in their extraction of the isovector deformation pa-
rameter pi. As pointed out by Madsen and Brown, s such
an extraction of Pi is impractical because the amphtudes
for the two-step mechanisms are both large and out of
phase with the direct term.

The present analysis has shown that while a coupled-
channel analysis describes the data well, the main features
of the data are adequately described by the DWBA.
Channel-coupling effects on the shapes of the angular dis-
tributions are subtle, and the deformation parameters are
only slightly altered from their DWBA values.

Finally, there is one glaring disagreement between the
measured neutron scattering data and all the various
forms of analysis. The sharp rise in the forward angle
measurements of the 2i+ cross sections for both ' Fe at
26 MeV is not reproduced by either the collective-model
or the microscopic-model analysis. We are confident that
the measurements are correct, and that the cross sections
do indeed exhibit the indicated behavior. The inelastic
cross sections were extracted using a simultaneous peak-
fitting procedure in which all peaks in a given spectrum
were assumed to have the same shape as the elastic peak.
The absence of background and the quality of the resolu-
tion of the first 2+ state from the ground state at 25 MeV
may be seen in Fig. 2. %Guile this spectrum was taken at a
lab angle of 35', the resolution at more forward angles was
only slightly worse. In every case the peak of the first 2+
excitation was clearly visible in the spectrum, and any un-
certainties introduced by peak fitting are included in the
error bars shown. The possibility of elastic multiple
scattering contaminating the region of the 2+ peak was
eliminated by performing Monte Carlo calculations of
TOF spectra for the given experimental conditions. These
calculations allowed for downscattering of the neutron en-
ergies. The calculations showed no effect in the region of
the 2+ peak, but did affect the low-energy tail of the elas-
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tic peak shape as expected. It should also be noted that
unexpectedly large forward-angle, first-excited-state cross
sections at E, ~20 MeV are not limited to the cases of
4'ssFe. Recent measurements of the first 3 state in

Pb at E„=20 and 22 MeV exhibit the same behavior.
In that case the large excitation energy (2.625 MeV) pre-
cludes any questions of resolution or elastic contamina-
tion.

Comparison with other measurements to the states in
Fe is impossible, as no other data exist for either

(n, n') or (p, p') at lab angles less than 20'. One possible
explanation is that all of our calculations treat the nonlo-

~sty of knockout exchange in a zero-range approxima
tion. It would be interesting to see whether a calculation
with a model wave function and an exact treatment of ex-
change could resolve this discrepancy.
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