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Zero degree polarization transfer measurements for the13C„p¢ ,n¢ …13N reaction at 197 MeV
and empirical Gamow-Teller strength distribution
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In this paper, we present differential cross sections and complete sets of polarization transfer coefficients,

Di j , obtained in the13C(pW ,nW )13N reaction studied at zero degree and at 197 MeV incident proton energy. The
complete set of polarization observables is used to obtain the Fermi and Gamow-Teller~GT! cross section
contributions in the ground state transition, which are then used to deduce GT transition strengths. The sum of
the GT strength up to 20 MeV of excitation is compared with shell model calculations. In the region between
20 to 46 MeV of excitation, the differential cross section has been separated in spin and nonspin components.
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I. INTRODUCTION

Experimental studies of the (p,n) reaction at intermediate
energies have provided extensive information on isove
modes of excitation in nuclei. Specifically, empirical propo
tionality factors have been used to relate 0° (p,n) differen-
tial cross sections to the Fermi~F! and Gamow-Teller~GT!
strengths for the corresponding transitions@1#. Subsequently,
studies of nuclides throughout the Periodic Table have es
lished that the Gamow-Teller strengthB(GT), integrated up
to about 20 MeV excitation energy, is only a fraction of t
strength estimated in the same energy region from nuc
structure calculations for light and medium mass nuclei
from the sum rule limit for heavy nuclei@2,3#. More recently
Wakasaet al. @4# have studied the Gamow-Teller strength
90Nb in the continuum via multipole decomposition analy
of the 90Zr(p,n)90Nb reaction at 295 MeV. TheB(GT)
strength integrated up to 50 MeV yields a value (9365)%
of the minimum value of the sum rule.
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A direct method of probing the spin-transfer character
a given transition is measuring polarization transfer obse
ables. These observables are, in general, less sensitiv
distortion effects than are differential cross sections or a
lyzing powers. They are easier to interpret and extrem
useful in studies of the location of Gamow-Teller streng
@5#. Such measurements have been performed at the Ind
University Cyclotron Facility~IUCF! with energies up to
200 MeV, at the Los Alamos National Laboratory Neutro
Time Of Flight ~NTOF! facility @6#, with energies up to 800
MeV and at the Research Center for Nuclear Physics
Osaka, Japan with energies up to 400 MeV@7#.

Mirror-state transitions betweenT5 1
2 nuclei have been a

favored testing ground for Gamow-Teller studies beca
parent and daughter states differ only in isospin projecti
The transition rate between mirror states is the incohe
sum for the Fermi and Gamow-Teller components. All t
Fermi strengthB(F)51 and a fraction of the GT strengt
appears in the mirror state transition, while the remain
part of the GT strength is located in excited states. In gen
only a small fraction of the total GT strength is contained
the mirror-state transition. Measurements of GT strength
tribution in C isotopes using the (pW ,nW ) and/or the (p,n) re-
action have been reported by Goodman@8# and Rapaport@9#.
In this paper we present differential cross section and a c
plete set of polarization transfer coefficients for t
13C(pW ,nW )13N reaction at 0° obtained using the INPOL@10#
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facility at IUCF. The data were obtained with 197 MeV pr
tons, and we present results up to 46 MeV of excitation
13N. The complete set of (pW ,nW ) polarization transfer coeffi-
cients for the ground state~g.s.! transition, is used to obtain
the fraction of the GT contribution to the zero degree diff
ential cross section.

II. EXPERIMENTAL METHOD AND DATA ANALYSIS

The experiment was performed using the Indiana Neut
POLarization~INPOL! facility at IUCF. Polarized protons
with an energy of 197 MeV were focused on a self-suppor
(8964)% isotopically enriched13C target with a total thick-
ness of 146 mg/cm2. The enrichment of the target was me
sured with an inductively coupled plasma mass spectrome
For completeness, a short description of INPOL is presen
while more details may be found in Ref.@10#.

The high intensity polarized ion source~HIPIOS! @11#
was used to provide 70% polarized proton beams with int
sities up to 380 nA in subnanosecond pulses separate
about 170 ns. The beam polarization was cycled betw
‘‘normal’’ and ‘‘reverse’’ at 30 s intervals. Superconductin
solenoids located in the proton beam line were used to
cess the proton spin polarization so as to have on targe
ther of the three spin states, normal (N̂), sideways (Ŝ), and
longitudinal (L̂). The settings on the solenoids take into a
count the precession caused by the swinger magnets. Va
of the proton beam polarization were continuously measu
with beamline polarimeters located immediately after the
perconducting solenoids@12#.

Dipole magnets, located after the target were used to
cess the longitudinal neutron spin into a direction norma
its momentum in order to make the longitudinal compon
measurable in the neutron polarimeters. To correct for p
sible geometrical polarimeter asymmetries, superconduc
solenoids located after the target were used to flip the n
tron spin direction.

A large volume neutron polarimeter located in the 0° ne
tron beam line was used to measure the polarization of n
trons emitted in the13C(pW ,nW )13N reaction. The polarimete
consists of four parallel detector ‘‘planes’’ oriented perpe
dicular to the incident neutron flux. Each 1 m2 ‘‘plane’’
consists of ten scintillators each 10-cm high, 10-cm thi
and 1-m long. The front two scintillator planes are used
neutron polarization analyzers. Time, position, and pul
height information from front and back planes are used
kinematically selectn1p interactions, and to provide th
analyzing power to measure the neutron polarization. T
plastic scintillators in front of these planes are used to
charged particles. Intrinsic time resolution of about 300
full width at half maximum~FWHM! and position resolution
of about 4.5 cm~FWHM! are usually obtained. The neutro
flight path to the first plane of these detectors was meas
to be 159 m.

Neutron energies were measured by time-of-flight fro
the target to the front detector with an overall energy re
lution that depends on target thickness and that was a
600 keV ~FWHM! for the studies of13C at 197 MeV inci-
02460
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dent proton energy. In a separate experiment at 160 M
incident proton energy and at 0° on a thinner13C target
(50 mg/cm2), the neutron energy resolution was about 2
keV. This additional study was done to attempt to reso
weak and close lying transitions in13N.

Absolute differential cross sections were obtained us
the method described in Ref.@10#. Briefly, the product of the
neutron detector efficiency for double scattering and the n
tron absorption in air and other material over the 159
neutron flight path, was measured empirically using
7Li( pW ,nW )7Be reaction under similar experimental condition
The 0° differential cross section for this reaction is w
known from activation measurements in the energy ra
between 80–800 MeV@13#. The neutron energy dependen
for these normalization factors has been obtained previo
@10#. Uncertainties in the measured cross sections listed
the tables are only statistical. To obtain absolute uncert
ties one needs to add in quadrature a 7% error due to un
tainties in target thickness, enrichment of13C and neutron
polarimeter efficiency.

In Fig. 1, we present 0° spectra obtained at proton in
dent energies of 197 MeV~top spectra! and at 160 MeV
~bottom spectra!. The latter spectra was obtained in a pre
ous different experiment. The better energy resolution
tained at the lower incident energy permitted a clear sep
tion of the excited states in13N at 8.92 and 9.48 MeV@14#
which were not resolved at the higher energy.

Fitting of the spectra was performed with the line-sha
fitting code ALLFIT @15#, a versatile fitting program suitabl
to analyze spectra in a large variety of nuclear reactions f
large range of excitation energy. The search code emplo
Poisson rather than a Gaussian goodness-of-fit criterion.
fitting function was chosen to be composed of a backgro
B(x) and a sum of individual peaksyi(x), such that

y~x!5B~x!1(
i 51

n

yi~x!, ~1!

FIG. 1. Zero degree excitation energy spectra for
13C(p,n)13N reaction obtained atTp5197 MeV ~top! and atTp

5160 MeV ~bottom!. The solid line represents the sum fitting
the data. Individual peak-fits are shown as dotted lines.~See text,
Sec. II.!
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TABLE I. Experimental differential cross sections and polarization transfer coefficientsDi j for the
13C(pW ,nW )13N reaction atTp5197 MeV andu lab50°. All errors indicated as superscripts are statistical on
The excitation energy values are from Ref.@13# except for the state with a superscript ‘‘a,’’ which
characterized in this work as a GT transition. The excitation energy values with a superscript ‘‘b’’ corre
to states withT53/2.

Ex(MeV)(Jp)
sc.m.(0°)
~mb/sr! DNN DSS DLL sumDi j

0.00 ((1/2)2) 3.902 20.063 20.00820 20.082 20.154

3.50 ((3/2)2) 10.774 20.322 20.332 20.362 21.013

8.92 ((1/2)2) 1.492 20.197 20.405 20.415 21.0010

9.48 ((3/2)2) 0.772 20.4912 20.298 20.299 21.0717

10.83((1/2)2) 1.071 20.347 20.325 20.485 21.1410

11.74 ((3/2)2) 3.513 20.354 20.272 20.473 21.096

13.5a ((1/2)2; (3/2)2) 1.085 20.2419 20.2412 20.3518 20.8329

15.06b ((3/2)2) 1.603 20.255 20.204 20.416 20.869

18.17 ((1/2)2) 0.271 20.3223 20.2317 20.6627 21.2239

18.96b ((3/2)2) 0.081
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where x is the laboratory neutron energy. The backgrou
function is a polynomial of up to third order and can conta
continuous segments for targets with a decay threshold. E
peak can be described as the convolution

yi~x!5I i~x! ^ Ri~x! ~2!

of an intrinsic line shapeI (x) with a resolution function
R(x) which represents the effects of neutron spectrom
resolution, target thickness, and beam properties. The s
dard resolution function consists of an asymmetric hyp
Gaussian in the central region plus exponential tails@16#.
States with negligible intrinsic width were described by t
resolution function alone. States with non-negligible wid
were described by Lorentzian line shapes convoluted w
the resolution function.

The fitting procedure was started by fitting the grou
state transition, which corresponds to a well isolated pea
obtain the best parameters for the corresponding line sh
Then the spectrum obtained at 160 MeV was fitted up to
MeV excitation energy by locking positions of known e
cited states in13N @14# with quantum numbers correspondin
to GT transitions. Including the g.s. transition, a total of ni
excited states are listed in13N that meet that criterion@14#.
The natural widths for the 8.92 and 11.74 MeV states are
and 530680 keV, respectively. These widths were added
quadrature to the experimental resolution~190 keV! to prop-
erly fit the shape of these peaks. One additional small pea
13.5 MeV with a different line shape corresponding to
larger width was needed to obtain an overall lowerx2 for the
entire fitted energy region. Although there is a state at 1
60.2 MeV with a natural width of 6500 keV reported i
Ref. @14#, it is reported with aJp5(3/2)1 that corresponds
to a dipole (DL51) transition. We believe that the sta
excited in the (p,n) reaction is not the one listed in th
above reference. A preliminary analysis of (p,n) data taken
at other angles, 6° and 9°, indicates that the observed t
sition has anL50 character, and we assign it here as a
transition based on its angular distribution shape andDi j
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values~see Table I!. The same set of excited states were us
in the fitting of the 197 MeV data, also up to 20 MeV exc
tation energy, both for the differential cross section analy
and for the polarization transfer analysis. Typicalx2'6.7
per degree of freedom were obtained. Figure 1 shows re
sentative fitted spectra obtained at 160 and 197 MeV.

A. EXPERIMENTAL RESULTS

The method outlined in the previous section has be
used to fit all the states observed in the 0°13C(pW ,nW )13N
spectra up to an excitation energy of 20 MeV. Beyond t
excitation energy, only a smooth continuum cross sect
characterizes the spectrum. We present the spectrum up
MeV of excitation in Fig. 2. In the region between 20 and
MeV of excitation, a correction had to be applied to the d
to account for a small fraction~approximately 5%! of the
proton beam energy delivered on target about 60 ns l
than the primary beam. The IUCF cyclotron operates a
frequency close to 35 MHz, which yields a proton pul
separation of about 29 ns. For the (p,n) time-of-flight ex-
periments, we ran INPOL selecting one-in-six beam puls
to provide proton pulses separated by about 170 ns. H
ever, the pulse selection is imperfect and satellite pe
sometimes appear from the proton bursts that are not c
pletely rejected. In this case a superimposed satellite s
trum appears on the main neutron time-of-flight spectrum
a high excitation energy region. The satellite spectrum w
subtracted and the beam current integrator was correcte
account for the fraction of the proton beam not in the m
pulse. The results are displayed in Fig. 2. Because of
continuum character of the 0° differential cross sect
above 20 MeV of excitation, we decided to sum the yields
energy bins of 2.5 MeV and to obtain the differential cro
section as well as theDi j coefficients in that manner.

As indicated earlier, the enrichment of13C in the target
was (8964)%. Thus the target contained 11% of12C. Spec-
tra obtained with anatC target, 99%12C, were properly sub-
tracted and the results are shown both in Figs. 1 and 2.
8-3
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X. WANG et al. PHYSICAL REVIEW C 63 024608
main contribution of the12C is due to its g.s. which has th
sameQ-value as the13C(p,n)13N transition to the 15.1 MeV
excited state.

The top of Fig. 2 shows the differential cross secti
while the other three sections of the figure show values
DLL , DSS, andDNN , respectively. Up to 20 MeV of exci
tation the values forDi j obtained from the fitted spectra a
presented, while results in energy bins of 2.5 MeV are sho
in the region between 20 and 45 MeV of excitation. T
DNN(0°) values should be equal to theDSS(0°) values since
both transverse directions are identical. The experime
DNN(0°) values are consistent with the correspond
DSS(0°) values, pointing the high reliability of the prese
measurements. TheDLL values, which are negative up t
about 20 MeV of excitation, become close to zero at hig
excitation energies and in some regions small but posit
The energy region up to 20 MeV is characterized by sim
values approximately20.33, of all the Di j coefficients,
while above 20 MeV of excitation the transverse coefficie
are close to20.2 and the spin longitudinal coefficients clo
to 0.0. The sum of theDi j coefficients for all the observe
transitions up to about 20 MeV of excitation is close to21.0,
in agreement with these transitions being GT transitions.

III. EXTRACTION OF THE GT STRENGTH

In their study of the (p,n) reactions on the mirror nucle
13C and 15N, Goodmanet al. @8# have pointed out that the
major (1/2)2→(3/2)2 transitions are strongly quenche
relative to the (1/2)2→(1/2)2 mirror transitions. This resul
strongly disagrees with simple shell model expectations.
g.s. mirror transitions are an incoherent sum of the rates
the Fermi and Gamow-Teller components. Since all

FIG. 2. Zero degree excitation energy spectra for
13C(p,n)13N reaction obtained atTp5197 MeV is shown in the
top frame. The other three frames representDi j coefficients. In
these frames, the dash line corresponds to the canonical valuDi j

521/3 for GT transitions. Data up to 20 MeV excitation corr
spond to values obtained by fitting individual peaks shown in
top frame while data above 20 MeV represent integrated value
2.5 MeV bins.
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Fermi strength is contained in the mirror transition, the m
suredb-decay ft value is used to obtain the empirical G
strength. The g.s. cross section in mb/sr is decomposed
its Fermi and GT contributions. These values are then
vided by the corresponding Fermi andb-decay GT strength
to obtain the Fermi and GT unit cross sections,ŝF andŝGT,
respectively.

Goodmanet al. @8# have used the empiricalŝGT to nor-
malize the (p,n) cross section in GT units. Measurements
the spin-flip probabilitySNN are used to give an independe
determination of the GT fraction in the g.s. cross section

Comparison of the g.s. GT strength to a shell model tr
sition strength results in a quenching of 0.66, which is co
sistent with the quenching observed in other nuclei@2#. How-
ever, the calculatedB(GT) value of the strongest transition
that to the 3.50 MeV excited state, is nearly a factor o
larger than the value deduced from the (p,n) measurements
This issue has also been studied by Watsonet al., @17#, and
they point out that for odd-nuclei targets the renormalizat
of the GT operator needed for (p,n) reactions is different
from that needed forb-decay. These authors introduce a
effective (p,n) GT operator that includes matrix elemen
with coefficients empirically obtained from a least-squares
to known transitions in nuclei withA<18 @18#. The calcula-
tions indicate that the mirror g.s. transition appears 1
larger in (p,n) than if it were exactly proportional to theb
decay GT value. They therefore question the conclusi
reached by Goodmanet al. We revisit this problem in the
next paragraphs.

The normalization of the 0° (p,n) differential cross sec-
tion in GT units is a delicate issue for13C(p,n)13N reaction.
If we follow the procedure indicated by Goodmanet al. @8#,
the present results agree well with those reported in that
erence. However, the effective (p,n) GT operator suggeste
in Ref. @17#, includes coherent terms which do not appear
the b-decay GT calculation. Thus, such a normalizati
would be erroneous.

There are several possible alternatives to obtain the
unit cross section which will be discussed in detail later. O
possibility would be to compare the empirical (p,n) cross
section to the shell model calculated value for the strong
transition at 3.5 MeV. The advantage of this method is t
the calculated value is rather insensitive to theoretical
sumptions with respect to the operator used~see below and
Table II!. However, this comparison would not be in th
spirit of previous studies that have relied mainly on empiri
results. Another approach is to use the transition to theT.

53/2 excited state in 13N(15.1 MeV ) for which the
b-decay GT strength may be inferred from theb-decay of
13B. A third possibility is to obtain the Fermi and GT con
tributions to the mirror g.s. transition, and normalize t
Fermi to itsB(F)51 strength value. Then, use the empiric
ratio betweenŝGT and ŝF obtained for even nuclei by Tad
deucciet al. @1# to obtainŝGT.

In the next few paragraphs we present the results of so
of these normalizations, but first we discuss the empiri
method used to obtain the Fermi and GT contributions to
0° g.s. mirror transition cross section.
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e
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A. F and GT contributions to the g.s. mirror-state transition

The complete set of (pW ,nW ) polarization transfer coeffi-
cients reported here for the first time on a13C target, gives us
a unique method to obtain the Fermi~nonspin! and Gamow-
Teller ~spin! components in the g.s. mirror-state transitio
Using Eq.~7! ~See Sec. III F! and theDi j values from Table
I, we get that the fraction of nonspin cross section in
mirror g.s. transition is 2161%. Thus the GT fraction in the
ground state transition is 7961%.

Values for this fraction have been obtained by other
thors at incident proton energies between 50 and 200 M
Sakaiet al. @7# have reported data at 50 and 80 MeV. Ta
deucci et al. @1# have reported data at 120, 160, and 2
MeV, and Watson and Du,@19# at 135 MeV. All the data are
presented in Fig. 3, where the solid line has been obta
with the expression@8#

f GT5@11B~F!/BM~GT!R2#21, ~3!

whereR5Ep /Eo with a fit valueEo,M5(4763) MeV, and
M refers to the mirror g.s. transition. TheEo,M value is dif-
ferent fromEo55560.4 MeV reported by Taddeucciet al.
@1# as determined from the14C(p,n)14N reaction at incident
energies between 50 and 200 MeV. We believe that the
crepancy is due to the nonproportionality between theb-
decayB(GT) and the corresponding 0° (p,n) cross section
for the 13C(pW ,nW )13N(g.s.) reaction.

B. THEORETICAL EVALUATIONS OF THE B„GT…

The mirror g.s. transition for the13C(p,n)13N reaction
contains a significant component of thep1/2→p1/2 particle-
hole transition. This is sometimes called a ‘‘jackknife’’ tra

TABLE II. Shell model calculations forB(GT) and B(p,n)
values for the13C(p,n)13N reaction. The calculations assume
\v 1p transitions, and we used the WBT interaction with t
OXBASH code.

Ex(MeV)(Jp)
B(GT)

free
B(GT)

eff
B(p,n)

eff

0.00 ((1/2)2) 0.228 0.1746 0.3265
3.77 ((3/2)2) 2.068 1.3444 1.2530
8.795 ((1/2)2) 0.4631 0.2976 0.2525
10.85 ((3/2)2) 0.4712 0.3003 0.2666
13.17 ((3/2)2) 0.2279 0.1509 0.1438
13.645 ((3/2)2) 0.4355 0.2854 0.2934
14.387a((3/2)2) 0.4434 0.2849 0.2545
17.235 ((3/2)2) 0.002 0.0018 0.0023
17.701 ((1/2)2) 0.0000 0.0002 0.0015
18.084 ((3/2)2) 0.0019 0.0012 0.0011
19.191a ((1/2)2) 0.0054 0.0042 0.0091
22.802a ((3/2)2) 0.0002 0.0001 0.0000
24.050 ((1/2)2) 0.0009 0.0006 0.0006
27.552a ~~3/2!2! 0.0004 0.0003 0.0002
Sum 4.348 2.846 2.805
02460
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sition where the change in angular momentum and
change in spin have opposite phases,j i5 l 21/2→ j f5 l
21/2.

We have performed calculations to obtainB(GT) values
for transitions in the13C(p,n)13N reaction. The shell-mode
codeOXBASH @20# was used to calculate the one body de
sity matrix elements~OBDME!. Only 0\v p→p transi-
tions are included. The OBDME values were obtained us
the interaction derived by Warburton and Brown~WBT!
which was obtained by a least-square fits to 51 1p-shell and
165 cross-shell binding energies@21#. The following types of
B(GT) calculations were performed:

~a! Using an operator representing the free-nucle
B(GT).

~b! Using an effectiveB(GT) operator which is essen
tially the same as~a!, but using an empirical quenching ob
tained from a comparison between calculations using~a! and
experimentalb-decay results for Gamow-Teller matrix ele
ments forA<18 decays@18#.

~c! Using an effective (p,n) operator. This operator in
cludes effects of the nuclear medium and has been expre
via deviations from the free-nucleon values with empiric
coefficientsds , d l , and dp . For free nucleonsds50. In
calculations for GTb decay when one usesds , d l , anddp ,
ds is most important andd l anddp are small. However, for
(p,n) transitionsdp has an empirically enhanced value com
pared to theb-decay operator@17#. The dp coefficient is
particularly important for the ‘‘jackknife’’ transition which
enters into the g.s. mirror transition. Thus, these calculati
for matrix elements involved in the (p,n) reaction shouldnot
be confusednor labeledB(GT) values which are intrinsic to
GT operators. The empirical values for theds , d l , anddp
coefficients forb-decay are taken from Ref.@21# and the
enhanced value ofdp for (p,n) reactions is taken from
Ref. @17#.

The results of these calculations are indicated in Table
The sumB(GT) is about the same for the last two colum
and is about 65% of the value predicted with the free nucle

FIG. 3. Fraction of Gamow-Teller differential cross section f
the 13C(p,n)13N(g.s.) at 0° versus proton beam energy,Ep . See
text for equation used to represent the solid curve. The data p
indicated with a solid circle is from the present work. See text
other references.
8-5
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X. WANG et al. PHYSICAL REVIEW C 63 024608
GT operator shown in the first column. However, values
specific transitions are not the same, particularly for the
transition. On the other hand, the strong transition to the
MeV state, mainly a (1/2)2 to a (3/2)2 transition, has simi-
lar strength in theb decay and in the (p,n) calculations.
This comparison between the shell model calculated va
indicates that there is something special about the mi
transition and that using the g.s.b-decayB(GT) to normal-
ize GT strength in (p,n) reactions may not be correct.

C. Distorted wave calculations

Differential cross sections andDi j coefficients were theo
retically obtained with microscopic distorted-wave impul
approximation~DWIA ! calculations. These were done usin
the computer code DW81@22# in which the knock-out ex-
change amplitudes are treated exactly. The three basic in
dients needed in this code, are briefly outlined below.

The free nucleon-nucleon interaction parametrized
Franey and Love@23# was used as the interaction betwe
the incident and struck nucleons. The set of interaction
rameters reported atEp5210 MeV were used in the DWIA
calculations. A more recent parametrization developed
Love @24# produced almost identical results.

The OBDME, obtained as described in the previous s
tion, were used for the nuclear structure part. Harmonic
cillator ~HO! wave functions were assumed for the sing
particle states. In DWIA calculations for light nuclei, th
center of mass corrections are important. These correct
were made as described by Bradyet al. in the Appendix of
Ref. @25#. A reduced HO size parameterbo51.87 fm was
used to calculate single particle states. This reduced HO
parameter is based on the analysis of the transverse
factor obtained from the (e,e8) scattering on13C @26#.

Distorted waves for incident an outgoing nucleons w
calculated using optical model potential~OMP! parameters
obtained from proton elastic scattering data for12C @27#. The
energy dependence of OMP parameters was taken into
count as suggested in Ref.@27#. The isospin effect as well a
the Coulomb correction potential were applied to the OM
parameters for describing the unpaired nucleon@28#.

Using the procedure described in Ref.@1#, we have calcu-
lated the function F(q,v) whereq is the momentum transfe
andv is the energy loss. This was done for each excited s
calculated from the shell model with the correspond
OXBASH OBDME. The curve representing the set of valu
as a function of energy lossv is shown in Fig. 4. This
function is used to extrapolate the measured 0° differen
cross section at a particularq and v to that value atq5v
50 in order to normalize the differential cross section
units of GT strength. It is clear from the figure that a corre
tion of almost a factor of 2 at an excitation energy of abo
30 MeV would be needed. This large correction and its
trinsic uncertainty estimated to be at least 10–15% due
uncertainties in OMP parameters and other parame
needed in the calculations, renders questionable the us
this procedure at high excitation energies.
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D. The unit GT cross section andB„GT… values

The measureds(q,v), DL50, DS51, zero degree
(p,n) differential cross sections may be written in a facto
ized expression@1#:

s~q,v!5F~q,v!* ŝGT~Ep ,A!* B~GT!, ~4!

where F(q,v) is the calculated function used to extrapola
the cross section to its value at (q50,v50), and which goes
to unity in the limit of zero momentum transfer and ener
loss. The symbolŝGT represents the unit GT cross sectio
To normalize the measured (p,n) zero degree differentia
cross section in GT units, the value forŝGT(A,Ep) which
depends on atomic mass numberA, and incident energyEp ,
must be known. It may be calculated if the correspond
B(GT) strength for that transition is empirically known from
its b-decayf t value. In the present case, the mirror transiti
which is a mixed Fermi and Gamow-Teller transition, has
b-decayB(GT)50.20260.016@14#. The present spin trans
fer measurements indicate thatf GT50.7960.01 is the frac-
tion of GT cross section in the mirror transition, i.e., it has
cross section of 3.0860.04 mb/sr. Thus, we obtainŝGT

515.260.8 mb/sr andŝF50.8260.04 mb/sr for the GT
and F unit cross sections respectively. The unit GT va
may then be used to calculate the corresponding
strengths for other GT transitions. Following this procedu
the present GT results are similar to those presented in
@8#. However, as indicated in the previous paragraph, t
normalization method may not be correct for th
13C(p,n)13N reaction.

The cross section could also be normalized to the str
gest GT transition calculated from the shell-model, in th
case the transition to the 3.50 MeV excited state. Using
average value from the last two columns in Table II, we g
ŝGT58.660.4 mb/sr. However, this result is model depe
dent and is not truly an empirical result.

Another approach would be to use the transition to
T.53/2 state at 15.1 MeV excitation in13N. A GT strength
for that transition may be inferred from theb decay of13B.
However, there is some difficulty involved in getting th

FIG. 4. Correction function F(q,v) obtained using DWIA cal-
culations for the shell model excited states in13N.
8-6
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correctB(GT) which is associated with the well known ra
asymmetry for mirror decays in theA512 andA513 sys-
tems @29#. Taddeucciet al. @1# estimate a valueB(GT)
50.2360.01 for the transition 13C(p,n)13N(15.1 MeV)
where the uncertainty assigned to this value comes from
rate asymmetry. The spectrum shown in Fig. 1 clearly in
cates the excitation for that transition. However, t
12C(p,n)12N(g.s.) transition has the sameQ value as the
13C(p,n)13N(15.1 MeV) transition, and it has a differentia
cross section about four times larger. Thus, a small adm
ture of 12C in the 13C target makes a large uncertainty in t
13C(p,n)13N(15.1 MeV) differential cross section. Milden
bergeret al., @30# report a valueŝGT59.860.8 mb/sr for
the 13C(p,n)13N(15.1 MeV) transition also studied at 20
MeV incident energy. This value is consistent with t
present result,ŝGT58.561.0 mb/sr. In the present study
larger uncertainty is assigned to the cross section for
transition, because of the uncertainty in the admixture of12C
in the target.

Alternatively an empirical approach can be employed
cases where there is no knownb-decay information for the
transitions measured in the (p,n) reaction. This approach
consists of normalizing to the Fermi transition and using
empirical ratio between unit GT and unit F cross sectio
obtained with even targets in the (p,n) reaction @1#. This
ratio is the square of (Ep /Eo) whereEo555.060.4 MeV.
Using ŝF50.8260.04 mb/sr for the g.s. mirror transition
we deduceŝGT510.560.5 mb/sr.

The last three results forŝGT (8.660.4, 8.561.0, and
10.560.5 mb/sr) are not too different from each other, b
quite different from the first value,ŝGT515.260.8 mb/sr.
We choose to useŝGT510.560.5 mb/sr to reportB(GT)
values for the GT transitions studied in this paper. This va
does not rely on an absolute shell-model calculation, ag
with the value for theT. transition to the 15.1 MeV excited
state in 13N, and, as mentioned above, it has been obtai
with the method used in cases where the (p,n) reaction does
not excite states with knownb-decay information but where
there is information for the IAS transition. This new valu
ŝGT510.560.5 mb/sr also indicates a smooth atomic nu
ber A dependence ofŝGT. See Ref.@1#.

We reportB(GT) values for excited states observed
this study in Table III. The measured cross sections extra
lated toq5v50 are indicated in the first column. These a
the center of mass cross section values from Table I divi
by F(q,v). The GT value for the g.s. transition is that fro
b-decay. The sumB(GT) for these states is about 54%
the value calculated using the free-nucleonb-decay interac-
tion in the shell model.

E. Additional GT strength

The question of the ‘‘missing’’ GT strength has receiv
much experimental and theoretical attention over the p
few years. Two physically different mechanisms have be
proposed to explain this quenching of the total GT streng
In the first, theD(1232) isobar nucleon-hole states (DN21)
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couple into the proton-particle neutron-hole (pn21) GT
states resulting in a part of the GT strength being mov
from the low excitation region to theD excitation region at
around 300 MeV excitation@31–33#. The second mechanism
is nuclear configuration mixing,@34–36# in which energeti-
cally high lying two-particle, two-hole (2p2h) states mix
with the low-lying 1p1h GT states, and shift GT strengt
into the energy region beyond the main peaks of the
region. With this mechanism, the ‘‘missing’’ GT streng
would actually be located in the physical background bel
and beyond the main GT region, in the present case abov
MeV of excitation in13N. The ‘‘missing’’ GT strength ques-
tion does not have an easy empirical answer because
0° (p,n) differential cross section above 20 MeV of exc
tation is usually continuous and structureless. Bertsch
Hamamoto@35# have performed a perturbative calculatio
for the mixing of GT strength with 2p2h configurations at
high excitation energies. They found that about 50% of
total GT strength could be shifted into the region of 10–
MeV excitation energy for the nucleus90Zr. Using a multi-
pole decomposition~MD! analysis and a complete set o
polarization observable at 0°, Wakasaet al. @4# have studied
the 90Zr(pW ,nW )90Nb reaction at 295 MeV. Their results ind
cate that approximately 90% of the Ikeda sum rule@37#,
3(N2Z)530, has been located up to 50 MeV of excitatio

In Fig. 2, we show the 0° double differential cross secti
and a complete set of polarization transfer observablesDi j as
a function of excitation energy. The laboratory coordina
are defined so that the normal,N̂, direction is normal to the
scattering plane, the longitudinal,L̂, direction is along the
direction of momentum transfer and the sideways,Ŝ, direc-
tion is given byŜ5N̂3L̂. The sum of theDi j coefficients
are presented in the middle part of Fig. 5, sum which for G
transitions should be equal to21.0. This is in agreemen
with the observation that all fitted states up to 20 MeV

TABLE III. Zero degree differential cross section extrapolat
to q 5v 5 0 and empiricalB(GT) values for the13C(p,n)13N
reaction. Uncertainties in the c.m. cross sections are only statist
An 8% uncertainty is estimated in theB(GT) values, mainly from
the uncertainty in the unit GT cross section. The excitation ene
with a superscript ‘‘a’’ corresponds to aT53/2 state. TheB(GT)
for the g.s. transition denoted with a superscript ‘‘b’’ is theb-decay
value.

Ex(MeV)(Jp)
s(q5v50)

~mb/sr! B(GT)

0.00 „(1/2)2
… 4.002 0.20b

3.50 „(3/2)2
… 11.164 1.06

8.92 „(1/2)2
… 1.642 0.16

9.48 „(3/2)2
… 0.862 0.08

10.83„(3/2)2
… 1.221 0.12

11.74„(3/2)2
… 4.083 0.39

13.5 „(1/2)2; (3/2)2
… 1.294 0.12

15.06a
„(3/2)2

… 1.954 0.19
18.17„(3/2)2

… 0.351 0.03
Sum 2.35
8-7
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excitation, as shown in the top part of the figure, are
transitions. Above 20 MeV of excitation, we have added
Di j results from the spectra that have been sorted in 2.5 M
bins. It is clear from the figure that, in this energy regio
there are nonspin transfer transitions that contribute to
sum of theDi j coefficients to be greater than21.0. For pure
nonspin transitions the sum should be13.0.

In the excitation energy region between 8 and 18 MeV
continuum background was needed to fit the spectra, as
at the top of Fig. 5. In order to assess the character of s
background, we have sorted the data into bins of 0.5 M
and obtained the respectiveDi j values. The sums of thes
Di j coefficients are shown at the bottom of Fig. 5 and are
approximately equal to21.0 indicating that in this region the
excitations are predominantly spin transfer transitions.
excitation energies above about 18 MeV, the sum of theDi j
takes values between20.3 to20.4. Thus, if we assume tha
in the region underneath the resolved GT states~8 to 18
MeV! the excitations are just GT transitions, an addition
B(GT)50.66 units is obtained. Adding this GT strength
the one obtained for well resolved states, we obtain 3.01
units or about 69% of the value predicted by the shell mod
It is very likely that more GT strength lies above 20 MeV
excitation. However, we do not have a reliable method
sort the possibleDL50, DS51 components of the differ
ential cross sections in this smooth energy region wh
other spin-flip resonances dominate. In addition, a la
F(q,v) correction factor is needed to obtain the GT streng
which carries a large uncertainty. Charge exchange reac
data taken on the same target and at about the same e
@38# indicate that the dipole excitation in13N peaks around
22 MeV of excitation. For these reasons, we prefer to dec
pose the region between 20 and 50 MeV of excitation
terms of spin-flip and nonspin-flip cross sections. Nevert
less, an upper limit of GT strength in that region is estima
in next section.

FIG. 5. Sum of all theDi j coefficients as a function of excitatio
energy. The middle panel shows values obtained from individ
peak fitting in the excitation energy region up to 18 MeV. T
bottom panel presents values between 8 and 20 MeV of excita
obtained from data that have been binned in 0.5 MeV energy b
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F. Polarization observables

At 0° and within the plane wave impulse approximatio
~PWIA!, there are simple relationships between theDi j ’s and
the spin transfer character of the transition@39,40#. For spin
flip transitions (DS51), the sum of theDi j coefficients is
equal to 21. Since the transverse coefficients are equ
DNN5DSS5DT , we may write

23DT~0°!1DLL~0°!521. ~5!

Similarly for nonspin flip transitions, we have

23DT~0°!1DLL~0°!53. ~6!

In the region of excitation between 18 and 46 MeV, som
fraction of the excited states seems to have a nonspin
character. This may be better visualized by decomposing
0° double differential cross section intoDS51 andDS50
partial cross sections. In addition, theDS51 differential
cross section may be separated into spin-transverse and
longitudinal partial differential cross sections which perta
to the tensor character of the reaction@41#. These partial
cross sections@42# at 0° are expressed simply as

I o5
1

4
I u~112DT1DLL!, ~7!

I q5
1

4
I u~122DT1DLL!, ~8!

I p5I n5
1

4
I u~12DLL!, ~9!

with the condition

I u5I o1I q1I p1I n , ~10!

whereI o , I q , I p , andI n correspond, respectively, to the sp
independent, spin longitudinal, and the two spin transve
partial cross sections.

The middle panel of Fig. 6 displays the percentage of
zero degree double differential cross section character
with spin transfer (DS51) in open circles, and the percen
ages of the spin independent (DS50) double differential
cross section are presented in closed circles. Except for
mixed Fermi and GT g.s. transition, only in the excitatio
energy region above about 18 MeV, is there an apprecia
~about 15%! percentage of spin independent excitation. T
bottom panel of Fig. 6 presents the percentages of spin tr
verse and spin longitudinal double differential cross sect
with the condition that twice the spin transverse cross sec
plus the spin longitudinal cross section is equal to the s
dependent differential cross section. The data indicate t
within error bars, the longitudinal and either of the transve
double differential cross sections have equal magnit
throughout almost the entire excitation energy region a
lyzed in the present study.

The spin dependent zero degree double differential cr
section above 20 MeV of excitation, may be used to obt
an upper limit of the GT strength in that energy region. W

l

n
s.
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ZERO DEGREE POLARIZATION TRANSFER . . . PHYSICAL REVIEW C 63 024608
will do that in the assumption that spin multipole resonan
higher thanDL50 are not excited at zero degree, which
explained above is not the case. We have calculated the
ergy integrated differential cross section in 2.5 MeV bin
extrapolated the cross section toq5v50 and obtained the
corresponding GT strength. Up to 48 MeV of excitation t
sum GT strength amounts to an additional 2.4 GT un
However, part of the zero degree differential cross sectio
this energy region corresponds to multipoles higher thaL
50, that will reduce the above sum GT strength value.
do a complete analysis for the GT strength in this region,
also required to have empirical data from the13C(n,p)13B
reaction, which undoubtedly would show spin depend
cross section in this excitation energy region.

IV. CONCLUSIONS

We have presented double differential cross sections
spin transfer coefficients for the13C(pW ,nW )13N reaction ob-
tained at 0° withEp5197 MeV. The data are used to obta
GT strength for all the observed transitions as well as
estimate GT strength in the ‘‘background’’ region up
about 20 MeV. Comparing the results to a shell model c
culation we estimate that we have obtained about 69% of
total shell model estimated GT strength. Above 20 MeV
excitation, contributions of spin independent different
cross section as well as longitudinal and transverse
transfer have been obtained. In Fig. 7, we compare the
strength observed in individual peaks to that of a shell mo
calculation with an effective operator that quenches the
GT strength to 60%. The shell model calculations were d

FIG. 6. Decomposition of the zero degree double differen
cross section. In the middle panel open circles indicate the perc
age of spin-flip cross section while the closed circles indicate
percentage of spin independent cross section. In the bottom p
the spin dependent double differential cross section has been
composed in the percentage of spin longitudinal~closed triangles!
and spin transverse~open squares! double differential cross section
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using only 0\v particle-hole excitations, and thus, as e
pected, the calculations concentrate the strength to low ly
states. It is very likely that a calculation using more exte
sive model space would agree better with the empirical
sults.

The present GT results agree well with quenching o
served in other nuclei, so it is likely that the method us
here to normalize the measured cross section to GT stre
could be successfully applied to other odd-even nuclei.
believe that in cases such as this one, in which the transi
is of the ‘‘jackknife’’ type, the 0° charge exchange differe
tial cross section is not proportional to theb-decay matrix
element. We believe that to estimate the unit GT cross s
tion, more reliable results are obtained using the kno
Fermi transition strength, its measured 0° cross section
the empirical relationship@1# between unit GT and unit F
cross sections. This approach may solve the long stan
discrepancy reported between even-even and odd-even
gets used in (p,n) reactions to obtain unit GT cross section
The present ŝGT510.560.5 mb/sr indicates a smoot
atomic numberA dependence for this quantity, reported
Ref. @1#. These unit GT cross sections are used to empiric
obtain GT strength distributions in nuclei which have impo
tant applications, such as neutrino detection@43#.
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