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Spin-isovector giant resonances induced by„n,p… reactions on heavy nuclei
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Double differential cross sections from the120Sn(n,p)120In and 181Ta(n,p)181Hf reactions at 298 MeV and
the 238U(n,p)238Pa reaction at 318 MeV have been measured for excitation energies up to 50 MeV in the
residual nucleus. These data, together with the previously published data from the90Zr(n,p)90Y and
208Pb(n,p)208Tl reactions at 198 MeV, have been analyzed for spin-isovector resonances of multipolarities less
than 7, using the multipole decomposition method. The strengths due to spin-isovector excitations of multipo-
larity less than 4 have been extracted. The anomalous behavior of the extracted spin-isovector quadrupole
strength with target mass number is discussed with reference to the calculations of Leonardiet al. The cross
section due to quasifree processes was calculated and subtracted from the data. The data after this subtraction
were reanalyzed for spin-isovector resonances and the strengths due to multipolarities up to 3 were extracted.
The strengths due to spin-isovector dipole and octupole excitations were compared to values calculated, for
1\v transitions only, using the sum rules of Macfarlane. The behavior with target mass number is well
represented by these sum rules.@S0556-2813~98!06706-5#

PACS number~s!: 25.40.Kv, 24.30.Cz, 27.60.1i, 27.70.1q
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I. INTRODUCTION

Since the advances made in both accelerator and det
technology in the 1970s enabled the collection of cha
exchange reaction data at intermediate energies, nume
studies of such reactions have been reported. However
majority of these studies have concentrated on the Gam
Teller resonance. Most of the published data from such
actions have been obtained using targets from the lower m
region of the periodic table, and the cross section induced
these reactions on light to medium mass nuclei is domina
by this resonance. The large neutron excess in heavier
ments suppresses this resonance in neutron-induced ch
exchange reactions, due to Pauli blocking. Hence the s
of such reactions allows one to examine the gener
smaller response due to resonances of higher multipolar

Recent neutron charge exchange reactions on heavie
gets have been reported@1,2# at bombarding energies of 9
and 98 MeV. Unlike the reactions reported here, reaction
such low energies cannot be considered to be simple d
reactions and, therefore, the analyses in those studies
complicated by the necessity of removing the multistep c
tribution to the cross section. Further, the strength ratio
the spin-flip and isospin-flip components to that of the no
spin-flip and isospin-flip components of the nucleon-nucle
interaction at 100 MeV is only of the order of 2:1, whereas
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is in excess of 10:1 in the region of 200–300 MeV@3#.
Therefore, the data presented here provide an unambig
study of the spin-isovector resonances of interest. Fina
the data presented here are of higher resolution than thos
other studies, allowing structure to be observed in the m
sured cross sections.

Numerous theoretical studies of both (n,p) and (p,n) re-
actions have also been published. These, too, concentr
on the Gamow-Teller resonance, but some also attempte
calculate the cross section due to all processes. An in
comparison between these calculations and the data f
(p,n) reactions showed close agreement. However, sim
calculations@4–6# compare poorly with the data obtaine
from the 90Zr(n,p) 90Y reaction @7,8#. All of these calcula-
tions underestimate the cross section beyond 20 MeV e
tation, indicating an inadequate treatment of the quasif
cross section, which dominates the response at higher e
tation energies. This failing is also seen in the calculations
the inclusive90Zr(p,n)90Nb cross section of Osterfield, Cha
and Speth@9#. The calculations of the inclusive90Zr(n,p)90Y
cross section also underestimates the widths of the r
nances. Wambach@10# attributes this to the to the inclusio
of only collisionless Landau damping, which becomes uni
portant for heavy nuclei, rather than collisional dampin
Hence the theoretical treatment of (n,p) reactions needs to
be improved.

The purpose of this study is to extend the data from (n,p)
reactions to the heavy mass region of the periodic table
order that improved theoretical treatments may be tes
3191 © 1998 The American Physical Society
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across the periodic table, especially in the region where
Gamow-Teller resonance is not dominant.

The new data presented here consist of the cross sec
induced by (n,p) reactions on120Sn and181Ta at a bombard-
ing energy of 298 MeV and238U at 318 MeV. In order to
provide a self-consistent data set, the previously publis
@7,8# data from (n,p) reactions on90Zr and 208Pb at 198
MeV were reanalyzed with the new data.181Ta and 238U
were included to provide data from nonspherical nuc
while 181Ta is also an odd-even nucleus.

II. EXPERIMENTAL DETAILS

The experimental details for the measurements of
90Zr(n,p)90Y and 208Pb(n,p)208Tl, reactions are given else
where@11#. The new measurements for this work were c
ried out using the TRIUMF charge exchange facility in t
(n,p) mode. The relevant components of the facility a
shown in Fig. 1 and are described in more detail in Ref.@12#.
Neutrons are produced by the7Li( p,n) reaction using a pro-
ton beam of several hundred nanoamps incident on a ta
of thickness 220 mg/cm2. The nominal beam energy for th
120Sn(n,p)120In and 181Ta(n,p)181Hf reactions was 300
MeV, while that for the238U(n,p)238Pa was 320 MeV. The
resulting neutron beams were approximately 2 MeV lowe
energy than the proton beam due to theQ value of the
neutron-producing reaction.

The protons from the (n,p) reactions on the targets o
interest were passed through two sets of drift chamb
which provided a measurement of position and direction
each proton as it entered the medium resolution spectrom
~MRS!. After momentum analysis in the MRS, the proto
were detected in series of drift chambers at the focal plan
the spectrometer. For a given magnetic field setting of
MRS, protons were detected over an energy range co
sponding to approximately 50 MeV excitation in the residu

FIG. 1. Schematic diagram of the charge exchange facility
TRIUMF.
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nucleus. The initial neutron beam had a resolution of
proximately 1.3 MeV, while energy losses in the targets
sulted in an increase in the overall resolution to about
MeV.

The secondary target, detailed in Ref.@13#, consisted of
up to six layers of target material, each mounted betw
wire chamber planes, which allowed identification of the t
get layer from which each proton originated. This identific
tion allows the measured proton energy to be corrected
energy losses in the subsequent target layers. The last t
layer in the stack was of polyethylene (CH2), and the cross
section for production of protons from the1H(n,p)n reaction
on the hydrogen in this target was used to normalize
reaction cross section. The details of each stack of targets
given in Table I.

The targets were mounted on a wheel which carried t
other target stacks. One of the other stacks consisted of
empty frames before a single CH2 target, which provided
information on experimental background. The third sta
consisted of six polyethylene targets and provided inform
tion on the relative neutron flux and detector efficiency a
function of target position.

The detection efficiency of the MRS as a function of pr
ton momentum was determined by varying the magne
field such that the proton groups from the stack contain
six CH2 targets traversed the focal plane. This measurem
also provided the momentum and energy calibrations for
spectrometer.

Since the angular acceptance of the spectrometer is
proximately 4°, while the difference between the angles
which the spectrometer was set was approximately 3°, th
is a large overlap in proton scattering angles obtained. As
scattering angle of each proton is calculated from its traj
tory through the detector system, the data may be regrou
into smaller angular ranges than the spectrometer angles
vide. The data were regrouped into ranges approximately

t

TABLE I. Composition of secondary target stacks.

Position Material
Thickness
(mg/cm2)

a 120Sn 561.7
b 120Sn 560.3
c 120Sn 555.6
d 120Sn 442.8
e 120Sn 438.8
f CH2 46.7
a 181Ta 410.99
b 181Ta 407.91
c 181Ta 406.11
d 181Ta 404.95
e 181Ta 406.13
f CH2 89.25
a empty
b 238U 886.11
c 238U 890.58
d 238U 884.48
e 238U 883.37
f CH2 92.39
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wide, such that there were approximately 104 events in each
spectrum. The mean scattering angles derived are show
Table II. These scattering angles may be contrasted with
angles at which the spectrometer was set: 0°, 2.5°, 5°,
12°, and 16° for120Sn; 0°, 2.5°, 5°, 8°, and 12° for181Ta;
and 0°, 2.5°, 5°, 8°, 11°, and 16° for238U.

After corrections for the various detector efficiencies a
variation of neutron flux and energy loss for each tar
layer, the data are then corrected for the experimental b
ground. This background arises from protons which origin
from the gas in, and the mylar entrance windows to,
multiwire proportional counters between the targets. T
spectra used for this correction are obtained from the ta
stack containing empty frames and must be corrected for
energy losses and straggling which occur for protons p
duced from the targets of interest.

The neutron beam produced by the7Li( p,n) reaction is
not truly monoenergetic, but consists of a sharp peak
lowed by a long tail in energy which has an intensity p
MeV of about 1% of that in the peak. The spectra are c
rected to remove the effects of this tail by an iterative p
cess, which results in negligible correction at low excitati
energies, but results in a correction of about 30% at 30 M

The resulting spectra are then converted to absolute c
section using the yield from the1H(n,p)n reaction in the
polyethylene target and the cross section from this reac
calculated from measured phase shifts@14#, at each labora-
tory scattering angle. This correction is detailed in Ref.@11#.

During the calibration from detector plane position to e
citation energy in the daughter nucleus, the energy increm
for the data is chosen. This choice is arbitrary, and in t
case 1.5 MeV increments were chosen as this is appr
mately the energy resolution of the experiment.

III. DATA ANALYSIS AND RESULTS

The resulting spectra show very little structure and mu
in the absence of theoretical predictions, be analyzed u
the multipole decomposition method@15#. This method as-
sumes that the measured angular distributions may be
equately described as an incoherent sum of cross sec
with various spin and parity transfers:

d2s

dVdEexpt
5(

DJp
CDJp

d2s

dVdE
~DJp!.

TABLE II. Mean laboratory scattering angle for the targe
shown.

120Sn 181Ta 238U

Angle
^u&

~deg!

Error
^u&22^u2&

~deg!

Angle
^u&

~deg!

Error
^u&22^u2&

~deg!

Angle
^u&

~deg!

Error
^u&22^u2&

~deg!

1.33 0.42 1.24 0.36 1.64 0.41
2.90 0.57 2.82 0.62 2.91 0.31
5.02 0.58 5.05 0.64 4.66 0.62
7.07 0.53 6.99 0.47 7.01 0.60
9.45 0.90 9.04 0.60 9.52 0.94

12.51 0.76 11.50 0.95 12.65 0.81
15.89 1.37 13.69 0.29 16.03 1.25
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In principle, the sum should run over all allowed spin a
parity transfers consistent with the properties of the init
and final states, with the coefficientsCDJp determined by
fitting the data. However, most of the data were measure
only seven angles, so that a maximum of six terms only m
be reliably fitted to the data.

For a given angular momentum transferDL, total angular
momentum transfersDJ5DL, DL61 are possible. Previou
studies@16,11# have shown that shapes of the appropri
angular distributions were sensitive mainly to the value
DL, rather thanDJ, and that a suitable shape for a givenDL
could be obtained using an incoherent sum of the sha
from the threeDJ values.

A. DWIA calculations

Distorted wave impulse approximation~DWIA ! differen-
tial cross sections were calculated using the programDW81

@17#, which sums the contributions from the various partic
hole configurations coherently. The transition amplitud
were calculated@18# using simple harmonic oscillator wav
functions. The configuration space was restricted to62\v
from the proton and neutron Fermi surfaces. Only the str
gest few transitions, comprising greater than 80% of the to
strength, for eachDJp, were considered in order to limit th
computational difficulty of these calculations. The amp
tudes were normalized such that the sum of the squares
unity, and so the oscillator length does not appear.

The optical model potentials~OMP’s! used in this work
were calculated using the theory developed by Hu¨fner and
Mahaux @19# and refined by von Gerambet al. @20#. This
theory associates the OMP with the self-energy of a nucl
propagating through nuclear matter. The codeOPMOD @21#
was used to generate pointwise potentials using the nuc
charge distributions given by De Vrieset al. @22# and the
Paris nucleon-nucleon potential@23#.

DWIA calculations were made for eachDJp value up to
DL<3 andDJ5DL for DL54,5,6 at excitation energies o
from 0 to 30 MeV, in 5-MeV increments, in the residu
nucleus. As mentioned earlier, each of the appropriateDJp

angular distributions, for a givenDL<3 at each excitation
energy, was summed incoherently to produce the sha
used in fitting the data. Further, a shape representing co
butions from higher multipolarities was constructed from t
incoherent sum of theDL54, 5, and 6 angular distributions

Raywood @7# has shown that strength due to spi
isovector monopole~SIVM! and Gamow-Teller~GT! excita-
tions in a heavy nucleus, where both can contribute sign
cantly, cannot be extracted unambiguously via a multip
decomposition analysis. This is because the shape of
SIVM angular distribution can be simulated by the incoh
ent sum of the GT distribution with that of a higher mult
polarity. Since very little Gamow-Teller strength is expect
in (n,p) reactions on heavy nuclei, due to the large neut
excess, only angular distributions from SIVM excitatio
were used in this analysis. Hence allDL50 strength is at-
tributed only to SIVM excitations.

B. Multipole decomposition

The multipole decomposition method relies on the
sumptions that the angular distribution of each multipolar
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3194 57S. A. LONG et al.
is distinguished by the angle at which it peaks and that
angle is primarily determined by the orbital angular mome
tum transfer of the transition. It is further assumed that th
is no interference between the multipole transitions.

Thus the angular distribution at a given excitation ene
is analyzed on the basis that it consists of an incohe
combination of the angular distributions of the possible m
tipoles. This can be written as

S ds

dV D
expt

5(
L

aLS ds

dV D
L

,

whereL is the orbital angular momentum transfer associa
with each of the resonances,aL is the relative strength of the
individual multipoles and depends only on excitation ener
and the (ds/dV)L are the theoretical DWIA angular distr
butions for each multipolarity. Therefore, the analysis co
sisted of finding the variousaL values over the range o
excitation energies obtained, for each of the experime
targets.

In order to produce a self-consistent data set, both
90Zr(n,p)90Y and 208Pb(n,p)208Tl data at 198 MeV, of Ray-
wood @7# were reanalyzed, together with the new data p
sented here. The data were only analyzed to 30 MeV exc
tion in the daughter nucleus in order to easily compare
results with those obtained after the quasifree cross sec
had been subtracted~see below!. The results of this analysi
are shown in Fig. 2–6. The errors associated with this an
sis are discussed in a separate section later.

However, it should be noted that these figures are rec
structed from the analyses of the angular distributions at e
energy increment. These angular distributions were fit
very well by the incoherent combination of theoretic
DWIA angular distributions of multipolarity less thanDL
57. The apparently poor fits at the largest scattering angl
90Zr, 208Pb, and238U are due to the truncation of theDL
values used in the fitting process. The apparently poor fi
the 181Ta data at 9° is due to the data lying between
angles at whichDL53 and theDL.3 distributions peak~7°
and 11°, respectively!.

The integrated cross sections for all of the multipole co
ponents present in each of the targets are summarize
Table III. These were derived by summing the cross sec
of each component present in each excitation energy
The resulting angular distributions of energy integrated cr
section were then fitted with the angular distribution for ea
component to produce a normalization factor for the to
cross section given byDWBA81.

The results from the reanalysis of Raywood’s data
very consistent with his analysis. Significant strength fro
all multipolarities less than 4 was found across the m
range analyzed here. Strength due to multipolarities gre
than 3 was found in all of the data, but was not resolved i
particular multipolarities.

These results are also qualitatively similar to those
Condéet al. @1# and Ringbomet al. @2#, although more struc-
ture can be seen in the results presented here.

Most of the spin-multipole cross section found was d
tributed fairly evenly up to 20 MeV, with little evidence fo
general concentrations of strength. However, there is str
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evidence for giant spin-dipole resonances at low excitat
energies in all of the data.

One feature of the cross sections extracted in this anal
is that the spin-isovector quadrupole~SIVQ! (DL52) cross
section varies considerably with the targets studied. This
havior is most apparent when one compares the cross se
extracted from the two deformed nuclei studied. In the c
of 181Ta, the SIVQ excitations dominate the spectra, wh
there is negligible cross section of this multipolarity evide
in 238U. Further, a negligible SIVQ was extracted from th
analysis of90Zr, while both120Sn and208Pb show significant
SIVQ contributions.

Other analyses have also found anomalous SIVQ stren
The analysis of El-Katebet al. @24# found that SIVQ excita-
tions dominated the55Mn(n,p) reaction, while similar reac-
tions on 56Fe and 58Ni showed very little SIVQ strength
Vetterli et al. @25# also found significant SIVQ strength i
the 54Fe(n,p) reaction, although this also includes contrib
tions from higher multipolarities. Such a large variation
strength within such a small region of the periodic tab
makes generalization of SIVQ behavior across the perio
table very difficult.

FIG. 2. Results of the multipole decomposition of the data fro
the 90Zr(n,p)90Y reaction. The data are represented by the verti
error bars, and the contribution deduced for each multipolarity
shown as the filled histogram bars. The strength deduced for s
isovector monopole reactions at each excitation energy bin is sh
as a diagonal fill sloping left to right. The contribution due to sp
isovector dipole excitations is shown as the right to left diago
fill. The spin-isovector quadrupole contribution is shown as hatc
bars, while that due to spin-isovector octupole excitations is sho
as the vertically filled bars. The contribution deduced for excitatio
of multipolarity greater than 3 is shown by the horizontally fille
bars. Note that the data at laboratory angles of 17.3°, 19.4°,
22.3° were also analyzed, but the results are not shown here.
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FIG. 3. Results of the multipole decomposition of the data fr
the 120Sn(n,p)120In reaction. See Fig. 2 for an explanation of th
symbols used.

FIG. 4. Results of the multipole decomposition of the data fr
the 181Ta(n,p)181Hf reaction. See Fig. 2 for an explanation of th
symbols used.
FIG. 6. Results of the multipole decomposition of the data fro
the 238U(n,p)238Pa reaction. See Fig. 2 for an explanation of t
symbols used.

FIG. 5. Results of the multipole decomposition of the data fro
the 208Pb(n,p)208Tl reaction. See Fig. 2 for an explanation of th
symbols used. Note that the data at laboratory angles of 17
19.9°, and 22.6° were also analyzed, but the results are not sh
here.
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Leonardi et al. @26# have investigated the fact that th
SIVQ strength present in the90Zr(p,n) reaction is much
smaller than that predicted by random phase approxima
calculations. Leonardiet al. found that the presence of a low
lying 0\v quadrupole state in90Nb together with the intro-
duction of nonlocal components to the interaction can s
press SIVQ strength in this reaction. Leonardiet al. also
found that the SIVQ strength induced by neutron charge
change reactions is enhanced by this mechanism. Su
mechanism may explain the anomalous SIVQ strength in
other targets. If the presence of the low-lying rotational st
is taken to mean collectivity in the (p,n) daughter, then this
mechanism may be generalized to state that strong S
excitations will be found in (n,p) reactions on targets with
collectivity in the (p,n) daughters.

Applying this generalization to the targets studied he
neither90Nb nor 238Np shows collectivity through rotationa
level structure or coherent particle-hole wave functio
while 120Sb and181W are strongly collective nuclei and208Bi
shows some signs of collectivity.

C. Quasifree cross section

While the cross section for intermediate-energy scatte
is dominated by giant resonances at low excitation energ
the quasifree interaction dominates the high-excitati
energy region. These excitations involve energy transfer
2\v or greater. In the intermediate-excitation-energy regi
the cross section due to quasifree scattering underlies
structure due to 1\v giant resonances.

Several authors@27,11,28# have used empirical function
fitted to the data to account for this cross section. This
proach is not applicable to most of the spectra analyzed
due to the absence of sharp features. Rather, the quas
component is calculated from a purely theoretical basis.

Developed by Esbensen and Bertsch@29# and Smith and
Wambach@30#, this theory is based on the nucleon-nucle
cross section having the form

d2s

dVdE
5Neff(

T,S

k8

k
tr$ f TS* ~qW ! f TS~qW !%STS~q,v!.

Here the sum is over the spin and isospin transferred to
nucleus.STS is the nuclear response function in the spin a
isospin channel, andf TS is the spin and isospin piece of th
free NN amplitude. The trace is over both projectile a
target nucleon spins, normalized such that tr(s i)50 and

TABLE III. Integrated cross sections for each of the multipo
contributions, obtained by multiplying the DWIA total cross secti
for an appropriateDJp by a normalization factor.

Integrated cross section~mb!

Target DL50 DL51 DL52 DL53

90Zr 2.9 0.47 0.11 0.20
120Sn 1.8 1.4 1.4 0.87
181Ta 1.2 0.92 1.8 0.66
208Pb 1.7 1.4 1.1 3.9
238U 1.0 1.5 0.21 5.1
n

-

x-
a

e
e

Q

,

,

g
s,
-
of
,
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-
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ree
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e
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tr(1)51. Neff , is the effective number of nucleons seen
the projectile and is determined from the in-medium to
NN cross sectionsNN . While sNN is calculated@38#, the
calculated cross section is subsequently normalized to
data.

In order to easily incorporate the surface-peaked natur
the probe-nucleus interaction, Esbensen and Bertsch de
oped the slab model, in which the nucleus is modeled a
semi-infinite slab of nuclear matter. The probing field, giv
by

uqW~rW !5eiqW •rWe2sT~b!/2,

confines the scattering to the surface. This field is genera
using only the absorptive part of the optical potential.

Smith and Wambach@31# have extended this theory t
include two-particle–two-hole~2p-2h! excitations and have
found that this improves the agreement with the data. Un
tunately, the inclusion of such multistep processes gre
increases the computational complexity of the calculat
and was not undertaken here. However, these authors re
@30# that ‘‘The two step cross section . . . produces a flat@ie
smooth# background which steadily rises from 0 to about
mb/sr/MeV at 60 MeV excitation energy.’’ Multistep pro
cesses were, therefore, included empirically by adding a q
dratic, which peaked beyond the maximum measured exc
tion energy, to the calculated cross section.

Since the theoretical calculations were performed un
the assumption of the slab model, the calculated 1p-1h q
sifree cross sections do not incorporate the binding energ
the struck nucleon. Therefore, these calculations were sh
in excitation energy by the binding energy of the proton
the daughter nucleus. Note, however, that this shift in ene
introduces uncertainty regarding the possible double co
ing of the 1\v quasifree excitations. It can, therefore, b
regarded as no more than a phenomenological way of tr
ing the quasifree cross section. The calculated spectra w
then interpolated to the same excitation energy bins as
data.

A preliminary comparison between the calculated qua
free cross sections and the data suggested that all of the
section above 25 MeV in excitation was due to quasif
processes, because of the similarity in shape. Therefore
data above 25 MeV were fitted with a linear combination
the calculated 1p-1h quasifree cross section and an empi
function, the latter representing the multistep contributions
the quasifree cross section. This can be represented as

S d2s

dVdED
expt

5N1S d2s

dVdED
calc

1N2@C22~C1B2X!2#,

X>25 MeV,

where N1 and N2 are normalization parameters,X is the
excitation energy,B is the proton separation energy, andC is
the maximum measured excitation energy. The quasi
cross section was set to zero for excitation energies less
the proton separation energy.

This procedure has the advantages that~i! there are only
two independent parameters in the fitting procedure and~ii !
the shape of the quasifree cross section under the da
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independent of any assumed giant resonance structure.
results of these fits at laboratory angles of about 1° and
are shown in Fig. 7. Here the overall fit is represented by
solid lines, the fitted cross sections of the single-step p
cesses are shown as the dashed lines, and the empirical
tions are shown as dotted lines. The overall fits show ex
lent agreement with the data in the region above 25 MeV
excitation, where the cross section at small scattering an
is dominated by the empirically fitted cross section. T
agreement between the data and the fit at these energies
gests that the assumption made for the shape of the mult
contributions to the quasifree cross section was reasona

The excitation region between 19 and 25 MeV, which w
not included in the fitting procedure, also shows excell
agreement between the fit and the data. At small angles
quasifree cross sections peak at about 20 MeV excitat
The agreement between the data and the fit in the re
between 19 and 25 MeV justifies shifting the calculated cr
sections as described earlier.

The only conclusion that can be drawn from these res
is that the formalism of Smith@32# does produce a goo
representation of the shape of the quasifree cross sectio
nucleon-nucleus scattering.

FIG. 7. Comparison between the fitted quasifree cross sec
and the data at laboratory angles of approximately 1° and 12°.
data are represented by the error bars, while the overall fit is sh
as the solid lines. The relative contributions of the calculated
empirical components are shown as the dashed and dotted
respectively. Note that, in most cases, the calculated cross se
and the total fit are nearly identical at 12°.
he
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D. Multipole decomposition without the quasifree cross section

Consider now the components of the spectra which do
fall under the heading of ‘‘quasifree scattering.’’ From th
discussion in the previous section, this data set is confine
excitation energies below 19 MeV and, as noted, is not
counted for by the quasifree scattering calculations. Tha
we now refer to transitions in which the struck nucleon ca
not be considered as free. In other words, we are now re
ring to transitions which leave the neutronwithin the single-
particle well which now represents the final nucleus. This
true whether we are referring to the incident neutron c
tured into the nuclear potential or the neutron of thep→n
transition within the target nucleus. Such states are just
single-particle states which give rise to the giant resona
phenomenon in nuclear structure calculations where the
sidual interaction is taken into account.

Thus, to some approximation, subtracting the quasif
component from the total data set will give a series of spe
which are the sums of the giant resonances of varying m
tipolarity. In terms of the nuclear structure of the residu
nuclei, the spectra remaining after this subtraction are su
of 1p-1h 1\v transitions of multipolarity 0–3. To put this
another way, the subtraction of the quasifree cross section
described, is in fact a phenomenological way of obtain
the contributions of the 1\v giant resonances to the cros
sections. It must be emphasized, however, that the resu
this subtraction cannot be regarded as giving more tha
rough estimate of these giant resonances. The fact tha
contributions of the variousL values are determined again b
a multipole decomposition process merely adds weight
this statement.

The data resulting from the subtraction of the quasif
component were analyzed in the same manner as desc
earlier. The results of this analysis are shown in Fig. 8. T
total cross sections of the various multipoles~up to DL53!
found in each of the targets are summarized in Table IV.
now wish to compare these results, for theDL51 and 3
transitions, with calculations using the Macfarlane sum ru
@33# for charge exchange reactions.

E. Comparison with sum rules

Macfarlane@33# has developed sum rules obtained fro
the energy moments of multipole strength functions. Th
sum rules may be compared with the total strength extrac
from data such as those described in the previous sec
Macfarlane began with the strength function

G~E!5(
f

d~E2Ef !u^ f uM j
LuO&u2,

whereO is the ground state,f labels the eigenstates of th
residual nucleus,E is the energy, andM j

L is a multipole
operator of total angular momentumj and multipolarityL.
For isovector excitations, the operator is

M j
6L5(

i 51

A

mj
L~ i !t6~ i !,

wheret6 is the isospin-raising or lowering operator.
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In order to obtain an expression for the total strength of
excitation, in which the ground state structure only ent
through orbit occupation numbers, Macfarlane used two
sumptions: first, that the angular momenta of the prot
and neutrons separately couple to zero total angular mom
tum in the target ground state and, second, that sin
particle ~and the corresponding single-hole! wave functions
with the same orbital and total angular momentum numb
but different principal quantum numbers, are orthogonal. T
second assumption is exact in the mean-field limit, while
first assumption should only be good for doubly closed sh
nuclei.

In the case of (n,p) reactions, the resulting sum rule fo
the total strength of a particular multipole operator can th
be expressed in terms of the reduced matrix element of
operator and the fractional neutron and proton occupa

FIG. 8. Results of the multipole decomposition of the data fr
the (n,p) reactions on each of the targets~as indicated! after sub-
traction of the quasifree cross section, at laboratory angles of
proximately 1° and 5°. The data are represented by the vertical e
bars, and the contribution deduced for each multipolarity is sho
as the filled histogram bars. The strength deduced for spin-isove
monopole reactions at each excitation energy bin is shown a
diagonal fill sloping left to right. The contribution due to spin
isovector dipole excitations is shown as the right to left diago
fill. The spin-isovector quadrupole contribution is shown as hatc
bars, while that due to spin-isovector octupole excitations is sh
as the vertically filled bars. The contribution deduced for excitatio
of multipolarity greater than 3 is shown by the horizontally fille
bars.
n
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e-
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numbersnr
n andnr

p . Within a spherical basis, the sum ru
for a particular multipolarityL is given by

SL5
1

~2L11! (
rr8

u^r8ir L@YL3s# j ir&u2nr
p~12nr8

n
!,

r5~nl j !, L>0.

In order to compare these sum rules with the experime
data referred to in the previous section, and summarize
Table IV, calculations were made only of the strength of t
1\v excitation for the dipole and octupole excitations~DL
51 and 3! in the targets used in this work. The reduc
matrix element above becomes

^r8ir l@Yl3s# j ir&5
1

2
A6

p
ĵ 8Ĵl̂l̂ ĵ Cl0l0

l 80 5
l 8

1

2
j 8

l
1

2
j

l 1 J
6

3E
0

`

Rn8 l 8~r !Rnl~r !r l12dr.

Using the relation

S l

0

l

0

l 8

0
D 5

~21! l 2lCl0l0
l 80

l̂ 8
,

harmonic oscillator radial wave functions obtained fro
Lawson@34#, the simplifications for the 9-j symbol given by
Brink and Satchler@35# and the ground state occupatio
probabilities given by Bleuleret al. @36#, the radial matrix
element was evaluated for each of the targets of interest h

Figure 9 shows the comparison between the results of
calculation and the experimental results given in Table IV.
this comparison, it was assumed that the cross section
proportional to the strength and that theA dependence of the
proportionality could be neglected. Since the calculatio
were not made in absolute units, they were normalized to
data, excluding only those data from the181Ta(n,p)181Hf
reaction. Given the limitations of the calculation and the
sumption that subtraction of the quasifree cross section f
the data leaves only the cross section due to 1\v transitions
only, the agreement is surprisingly good.

It should be noted that, for comparison with the181Ta
data, the sum rules were calculated for182W. This case gives

TABLE IV. Integrated cross section for each of the multipo
contributions, after subtraction of the quasifree cross section.

Integrated cross section~mb!

Target DL50 DL51 DL52 DL53

90Zr 1.6 0.33 0.13 0.045
120Sn 0.39 0.72 0.93 0.61
181Ta 0.19 0.28 0.75 0.58
208Pb 0.33 0.48 0.70 1.6
238U 1.2 0.46 0.20 2.3
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the worst comparison of all the targets, which is not surp
ing since182W has neither a proton nor neutron shell close
thereby drastically breaking the first assumption in Macf
lane’s treatment. Furthermore,181Ta is a known nonspherica
nucleus, and therefore the angular distributions used in
multipole decomposition are more dubious than for the ot
nuclei. Further, the deformation of this nucleus will spre
the strengths to a greater extent than the other nuclei.

The 238U nucleus is generally regarded as nonspher
and quadrupole deformed, because of the presence of
tional bands in its energy level scheme. However, the pre
results indicate a much largerDL53 component than the
DL52 component and raise the question of whether ro
tional bands could be generated by such an admixture.

F. Uncertainties in the results

1. Angular distribution shapes

As described earlier, the inputs used in calculating
angular distributions were the free nucleon-nucleon force
parametrized by Franey and Love@37#, optical model poten-
tials calculated using the method of von Geramb@38#, and
transition densities of select transitions calculated within
harmonic oscillator basis.

Raywood @7# has found that the use of the nucle
density-dependent form of the two-nucleont matrix @38#
from the Paris potential@23# produces negligible difference
in the angular distributions. The effects of using sucht
matrix in the calculations for this work were not tested
detail. However, it is expected that the results found by R
wood are general and that any variation would be insign
cant.

The optical model potential strongly influences the cro
section at small angles for transitions which transfer gre
than zero angular momentum. The absence of elastic sca
ing data at the bombarding energies used in this work ne
sitated the use of theoretical calculations of the optical mo
potentials. While it is felt that the method of von Geram
produces the best results possible, alternative poten

FIG. 9. Comparison between the calculated sum rules~squares!
and extracted spin-isovector dipole and octupole strengths,
subtraction of the quasifree cross section~circles!.
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could strongly influence the amount ofDL50 strength
found.

The transitions used in calculating the various angular d
tributions were selected such that greater than 80% of
total transition strength was exhausted. However, the tra
tion densities were calculated within a simple harmonic
cillator basis. The use of a more realistic basis could infl
ence the actual transition amplitudes and, hence, influe
the actual transitions used. Alfordet al. @16# has shown that
the choice of transition used to model the giant resona
can influence the angle at which the angular distribut
peaks and, hence, the multipole strength deduced. Howe
Alford et al. used only a single transition, while this wor
uses a coherent sum of several 1p-1h transitions in each
culation. Thus the small differences in the cross section
to each particular transition choice are not resolved in t
work.

Figure 10 shows the individualJp shapes forDL51 tran-
sitions in90Zr and238U at an excitation energy of 0 MeV. In
each case, the shape forJp502 peaks at a smaller angl
than the other two shapes. Comparison between the two
gets shows that the difference between the shapes decr
with increasing atomic number. However, it should be no
that the shapes have been normalized to a standard
value in the diagram, whereas they were summed to ob
the overall shape without normalization. As theJp502 peak
cross section is approximately 60% that of theJp512

shape, the overall shape used in the multipole decomp
tions is most like that of theJp512 shape. This effect is
also seen in quadrupole and octupole shapes.

The effect of summing the variousJp shapes is to pro-
duce overallDL shapes which are broader than the in
vidual components and peaked close to theDJ5DL shape.
However, the limited angular resolution of the data p
cluded using individualJp shapes in the multipole decom
position.

The shapes used for the various multipole resonance
the multipole decomposition of90Zr and 238U at 0 and 20
MeV are shown in Fig. 11. As can be seen, at low excitat
energies the various shapes are well differentiated. Howe
as excitation energy increases, the differences in shape
come less well defined due to distortion of the incoming a
outgoing waves. In each case, the shape used to repre
monopole excitations becomes more like that used to re

ter

FIG. 10. Angular distributions used to model the spin-isovec
giant resonances in90Zr ~left! and 238U ~right! at an excitation en-
ergy of 0 MeV. TheJp502 shape is represented by the solid lin
and the dashed line represents theJp512 shape, while theJp

522 shape is shown as the dotted line.
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sent higher multipolarities, as the peak at 0° decreases, w
the secondary peak increases slightly. The shapes use
higher multipolarities also become less well differentiat
due to the increasing cross section at small angles.

The effect of changes of angular distribution shape w
excitation energy is that the multipole decomposition meth
used is less reliable in separating the various multipole c
tributions at high excitation energies. The results at ener
below 10 MeV should be reliably given by this metho
while the errors induced by this behavior are impossible
quantify in the absence of more realistic angular distrib
tions. The contributions of both monopole and dipole tran
tions in each target are predominantly in the region below
MeV, and therefore these results will be less affected by
behavior than the quadrupole and octupole strengths der
from the multipole decompositions presented here.

2. Quasifree cross section

The results presented earlier are strongly influenced
the choice of quasifree cross section used, especially the
excitation-energy shape. The calculated cross section
here, like all calculations of the continuum cross section,
not treat Pauli blocking at all. This could have significa
effects at low excitation energies and the small angles u
However, the shapes used here are very similar to those
by other authors; therefore, in the absence of more real
calculations, the results presented here are comparable.

The results presented here are integrated over excita
energy up to approximately 25 MeV. The exact excitati
energy to which the strength was summed was prima
determined by that energy beyond which all of the cro
section was attributed to quasifree processes. While the
tribution from multipole resonances to the cross section
this region is expected to be small, this analysis may und
estimate the total strength by neglecting any such contr
tion.

3. Summary

Various factors contribute in a nonquantifiable manner
systematic uncertainties in the results presented here.

FIG. 11. Multipole resonance shapes used in the multipole
compositions of90Zr ~left! and238U ~right! at excitation energies o
0 MeV ~top! and 20 MeV~bottom!. The monopole shape is show
as the solid line, the dipole as the dashed line, the quadrupole a
dash-double-dotted line, and the octupole as the dotted line.
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factors which would be expected to most influence the
sults are the actual shapes used in the decomposition pro
and the low-excitation-energy profile of the continuum cro
section.

Given the limitations of the shapes used in the decom
sition process itself, those cases where only a small amo
of strength, primarily quadrupole and octupole strength, w
found may be in error by as much as a factor of 2. Howev
the error associated with the amount of dipole strength fo
may be as low as 20%, given the large contribution it ma
to the overall spectrum and the small ambiguity it present
the decomposition process.

Special mention needs to be made of the ambiguity
separating theDL50 strength into monopole and Gamow
Teller contributions. Throughout this analysis, all of th
DL50 strength has been assigned to monopole transiti
However, the amount of Gamow-Teller strength in this ma
region is expected to be small, and therefore the error a
ciated with this simplification should be small. Furthermo
Raywood @7# has shown that the strength associated w
higher multipolarities does not depend significantly
whether Gamow-Teller or monopole transitions are used
the DL50 component.

IV. DISCUSSION AND CONCLUSION

This work presents the first self-consistent analysis of d
from neutron-induced charge exchange reactions on he
targets, at intermediate energies, for evidence of sp
isovector giant resonances. While many authors have
sented analyses of other such data, they have concentrat
Gamow-Teller resonances and have, therefore, only con
ered reactions on light to medium mass targets in their s
ies. The heavy targets used for this work preclude stro
Gamow-Teller excitations due to Pauli blocking in nuc
with large neutron excesses. The absence of strong Gam
Teller resonances in the data used here facilitates the se
for resonances of higher multipolarity, such as spin-isovec
dipole and quadrupole resonances, as well as the s
isovector monopole resonance. The targets studied here
the mass number range from 90 to 238 and include
nonspherical nuclei and an odd-even nucleus.

The presence of strong Gamow-Teller resonances has
masked deficiencies in previous theoretical studies
intermediate-energy charge exchange reactions. While
croscopic calculations of (p,n) spectra reproduce th
Gamow-Teller resonances quite well, they fail to adequat
model the spectra at higher excitation energies. Microsco
calculations of (n,p) spectra also fail due to systematic u
derestimation of the widths of other spin-isovector gia
resonances. The failures of these calculations are due to
fects common to both (n,p) and (p,n) reactions, namely,
inadequate treatment of the quasifree cross section and
clusion of collisional damping in calculating resonan
widths within the random phase approximation~RPA!. This
study extends the mass range of reactions against which
proved microscopic calculations may be tested.

Spin-isovector dipole~SIVD! excitations dominate the
spectra for all targets. Analysis of the data from all targ
show evidence for compact SIVD resonances at excita
energies between 5 and 15 MeV in the residual nucleus.
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All of the reactions studied here show significant stren
due to SIVM excitations. It should be noted that all of t
strength fromDL50 excitations is attributed to monopo
resonances, since the contribution from Gamow-Teller re
nances is expected to be small. In general, the extra
DL50 strength shows little evidence for compact res
nances.

Analysis of most of the data presented here shows l
contribution due to SIVQ excitations relative to that of sp
isovector octupole~SIVO! excitations. However, these con
tributions are about equal in the case of the120Sn(n,p)120In
reaction, and the contributions of quadrupole excitations
the 181Ta(n,p)181Hf reaction exceed those due to octupo
excitations. This result is most noticeable when one co
pares the data from the two deformed targets stud
namely, 181Ta, where SIVQ strength may exceed SIV
strength by more than 100%, and238U, in which negligible
SIVQ strength was found, but SIVO strength dominates
spectra at larger angles.

Leonardiet al. @26# have proposed a mechanism where
the existence of a low-lying 0\v 21 quadrupole state in the
(p,n) daughter nucleus, together with the introduction
nonlocal components in the interaction, can produce la
amounts of SIVQ strength in (n,p) reactions on the sam
target. While Leonardiet al. only studied this effect in90Zr,
if the mechanism is stated more generally as ‘‘targets w
strongly collective (p,n) daughters produce large amounts
SIVQ strength in (n,p) reactions,’’ it may explain this be
havior.

Strength due to spin-isovector excitations of multipolar
greater than 3 was found in all of the reactions studied h
However, this strength was not resolved into individual m
tipolarities.

Most of the strength above 15 MeV excitation in the r
sidual nucleus may be attributed to quasifree reactio
These interactions were considered to be excitations of
or more nucleons into the continuum or spin-isovector ex
tations of several\v. The cross section due to such reactio
underlies that due to the spin-isovector excitations of inte
here and was subtracted from the data for some of this an
sis. While many authors have used empirical functions
represent this cross section, the absence of distinct fea
below 15 MeV in the data analyzed here precludes
method.

The quasifree cross section calculated by Smith@39# was
used here, although it was found that the addition of a slo
increasing empirical function was needed to fit the data
high excitation energies. This calculation is based on
theory developed by Esbensen and Bertsch@29# and Smith
and Wambach@30,31# and assumes a slab model of t
nucleus. While the slab model is an improvement over
Fermi gas model of the nucleus, in that it limits the respo
to the nuclear surface, it fails to account for the bindi
energy of the struck nucleon in finite nuclei. Pauli blocki
is also not treated by this theory, which may result in
overestimation of the cross section at small excitation en
gies. It should be noted that the calculation used in t
analysis considers only single scattering, while Smith a
Wambach@31# have shown that inclusion of two-step pr
cesses increases the cross section at large excitation ene
The empirical addition used here was proposed as anad hoc
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method of correcting for this deficiency. However, this ad
tion was not needed at scattering angles greater than
which indicates that it corrected for other deficiencies in
calculation. Nonetheless, the model used for this analys
very successful in describing the quasifree cross section
has the benefit that it requires only two free parameters t
the data at each scattering angle.

After subtraction of the quasifree cross section, the d
were again analyzed for spin-isovector excitations. The
tracted SIVM and SIVD strengths were considerably le
than those extracted before the subtraction. The extra
SIVQ and SIVO strengths were not reduced to such exte
and, therefore, were effectively enhanced by subtraction
the quasifree cross section.

After subtraction of the quasifree cross section, the
tracted SIVD and SIVO strengths follow the trend with ma
number predicted by Macfarlane@33# within a factor of 2 at
each individual point. This close agreement shows that
calculated cross section adequately modeled the quasifre
sponse of the nuclei studied, and any deficiency must
highly systematic with mass number. It should be noted t
the formalism developed by Smith@32# may be used with
more realistic models of the nucleus, and the success of
calculation here certainly indicates that further investigat
using such models is warranted.

In summary, the data presented here span the high-m
range of the periodic table and comprise an excellent data
for testing improved calculations of such spectra. These d
contain little Gamow-Teller strength due to Pauli blockin
and, hence, allow a closer study of spin-isovector excitati
of other multipolarities. Spin-isovector dipole strength dom
nates the spectra of all targets studied here. However, sig
cant spin-isovector monopole strength was found in all t
gets. The formalism of Smith@32# promises to provide a
good calculation of the quasifree cross section. Smith
indicated that improved calculations should include the f
lowing.

~a! Inclusion of multistep processes in which the proje
tile has quasielastic collisions with more than one tar
nucleon. Smith has shown that the inclusion of such p
cesses can have a large effect on calculations for charge
change reactions. This is because the charge exchange
volving the isovector part of theNN amplitude, occurs on
only one collision, while the other collisions may involve th
larger isoscalar amplitude. Further, the different orderings
the collisions must be included, increasing the contribut
further.

~b! Collisional damping, which corresponds to the co
pling of 1p-1h to many-particle–many-hole configuratio
through the action of the residual interaction. Unfortunate
the second RPA formalism, which was developed to inclu
this effect, becomes numerically unfeasible except for lig
nuclei.

~c! The use of an optimal frame in which to evaluate t
two-body amplitudes. This simplifies integration over t
struck nucleon’s momentum, upon which the quasifree cr
section should depend. When such a frame is used, the
fective laboratory kinetic energy can vary from the true
netic energy by as much as650%. Such large variations
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will have similarly large effects on energy-dependent am
tudes.

~d! The use of full distorted waves in the calculation
the response.
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