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Zero degree polarization transfer measurements for the13C(|5,ﬁ)13N reaction at 197 MeV
and empirical Gamow-Teller strength distribution

X. Wang, J. Rapaport, M. PalarczjkC. Hautala, and X. Yang
Ohio University, Athens, Ohio 45701

D. L. Prout
Department of Physics, Kent State University, Kent, Ohio 44242

. Van Heerdeh
Indiana University Cyclotron Facility, Bloomington, Indiana 47405

R. Howes and S. Parks
Ball State University, Muncie, Indiana 47306

E. Sugarbaker
The Ohio State University, Columbus, Ohio 43210

B. A. Brown
Michigan State University, East Lansing, Michigan 48824
(Received 18 September 2000; published 22 January)2001

In this paper, we present differential cross sections and complete sets of polarization transfer coefficients,
Dy; , obtained in the'*C(p,n)**N 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(E&dllecross 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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[. INTRODUCTION A direct method of probing the spin-transfer character of
a given transition is measuring polarization transfer observ-
Experimental studies of thep(n) reaction at intermediate ables. These observables are, in general, less sensitive to
energies have provided extensive information on isovectodistortion effects than are differential cross sections or ana-
modes of excitation in nuclei. Specifically, empirical propor-lyzing powers. They are easier to interpret and extremely
tionality factors have been used to relate 0g,n) differen-  useful in studies of the location of Gamow-Teller strength
tial cross sections to the Ferr) and Gamow-TellefGT) [5]. Such measurements have been performed at the Indiana
strengths for the corresponding transitiph Subsequently, University Cyclotron Facility(IUCF) with energies up to
studies of nuclides throughout the Periodic Table have estal200 MeV, at the Los Alamos National Laboratory Neutron
lished that the Gamow-Teller streng#{GT), integrated up Time Of Flight (NTOF) facility [6], with energies up to 800
to about 20 MeV excitation energy, is only a fraction of theMeV and at the Research Center for Nuclear Physics in
strength estimated in the same energy region from nucledpsaka, Japan with energies up to 400 M&V.
structure calculations for light and medium mass nuclei or Mirror-state transitions betwe€eh= 3 nuclei have been a
from the sum rule limit for heavy nucl¢®,3]. More recently ~ favored testing ground for Gamow-Teller studies because

Wakasaet al.[4] have studied the Gamow-Teller strength of Parent and daughter states differ only in isospin projection.
9Nb in the continuum via multipole decomposition analysisThe transition rate between mirror states is the incoherent

of the %°Zr(p,n)®Nb reaction at 295 MeV. The(GT) sum for the Fermi and Gamow—Te_IIer components. All the
strength integrated up to 50 MeV yields a value %  F€rmi strengthB(F)=1 and a fraction of the GT strength
of the minimum value of the sum rule. appears in the mirror state transition, while the remaining
part of the GT strength is located in excited states. In general
only a small fraction of the total GT strength is contained in
*permanent address: Henryk Niewodnicgidn Institute  of the mirror-state transition. Measurements of GT strength dis-

Nuclear Physics, 31-342 Krako Poland. tribution in C isotopes using thep(n) and/or the p,n) re-
"Permanent address: U.S. DOE Remote Sensing Laboratory, L&Ction have been reported by Goodnighand Rapaporft9].
Vegas, NV 89115. In this paper we present differential cross section and a com-
*Permanent address: University of the Western Cape, South Afplete* set of polarization transfer coefficients for the
rica. 13C(p,n) N reaction at 0° obtained using the INPQ10]
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facility at IUCF. The data were obtained with 197 MeV pro-
tons, and we present results up to 46 MeV of excitation in

13N. The complete set off(, ﬁ) polarization transfer coeffi-
cients for the ground stafg.s) transition, is used to obtain
the fraction of the GT contribution to the zero degree differ-
ential cross section.

13C(ﬁ’ ﬁ)lzN 8 = 0°
E, = 197TMeV

— 3
T. =}

do /dQdE
(mb/sr 100keV)

3
N I E, = 160MeV
Il. EXPERIMENTAL METHOD AND DATA ANALYSIS @g 2+
cB - _s

The experiment was performed using the Indiana Neutron %g gL /T> T
POLarization(INPOL) facility at IUCF. Polarized protons ﬁg J\ AJ\ h
with an energy of 197 MeV were focused on a self-supported = g Lal. Y, .V e
(89+ 4)% isotopically enriched®C target with a total thick- 0 2 4 6 8 10 12 14 16 18 20
ness of 146 mg/cf The enrichment of the target was mea- Ex(MeV)

sured with an inductively coupled plasma mass spectrometer.
For completeness, a short description of INPOL is presented, FIG. 1. Zero degree excitation energy spectra for the
while more details may be found in R¢fL0]. 13C(p,n)**N reaction obtained af,=197 MeV (top) and atT,

The high intensity polarized ion sourd®lIPIOS) [11] =160 MeV (bottom. The solid line represents the sum fitting to
was used to provide 70% polarized proton beams with intenthe data. Individual peak-fits are shown as dotted lii€se text,
sities up to 380 nA in subnanosecond pulses separated Igec. 1)
about 170 ns. The beam polarization was cycled between
“normal” and “reverse” at 30 s intervals. Superconducting dent proton energy. In a separate experiment at 160 MeV
solenoids located in the proton beam line were used to prencident proton energy and at 0° on a thinn€C target
cess the proton spin polarization so as to have on target e(50 mg/cnt), the neutron energy resolution was about 200

ther of the three spin states, normdl)( sideways §), and  K€V. This additional study was done to attempt to resolve

longitudinal (I:). The settings on the solenoids take into ac—Weak and cIo;e Iymg transitions 'W.N' . .
count the precession caused by the swinger magnets. Valu sAbSOIUte dlffergnua! cross sections were obtained using
of the proton beam polarization were continuously measure e method descnb(_aq in R¢AL0]. Briefly, the p_roduct of the
with beamline polarimeters located immediately after the syfeutron detector efficiency for double scattering and the neu-
perconducting solenoidd 2] tron absorption in air and other material over the 159 m
Dipole magnets Iocated. after the target were used to pr peutron flight path, was measured empirically using the
) ) 1 i . . . ., 2 7 . . . . .y
cess the longitudinal neutron spin into a direction normal to Li(P,n) ‘Be reaction under similar experimental conditions.
its momentum in order to make the longitudinal component'he 0° differential cross section for this reaction is well
measurable in the neutron polarimeters. To correct for posknown from activation measurements in the energy range
sible geometrical polarimeter asymmetries, superconductirlPet‘Nee” 80-800 MeY13]. The neutron energy dependence
solenoids located after the target were used to flip the nelor these normalization factors has been obtained previously
tron spin direction. [10]. Uncertainties in the measured cross sections listed in
A large volume neutron polarimeter located in the 0° neuthe tables are only statistical. To obtain absolute uncertain-

tron beam line was used to measure the polarization of nei}l®S 0ne needs to add in quadrature a 7% error due to uncer-
trons emitted in the'3C(p,n)'3N reaction. The polarimeter tainties in target thickness, enrichment B and neutron
consists of four parallel detector “planes” oriented perpen—pOI"’mmeter efficiency. R . o
dicular to the incident neutron flux. Each 12rtiplane” In Fig. 1, we present 0° specira obtained at proton inci-
consists of ten scintillators each 10-cm high, 10-cm thickderlt energies of 197 MeVtop spectra and at 160 MeV

and 1-m long. The front two scintillator planes are used agbottom Spectra The latter spectra was obtained in a previ-

neutron polarization analyzers. Time, position, and pulse%ﬁeﬂ'f;?ﬁg Igﬁeerr:nmceiggnIZﬁe?etterérenQi?{g]g ;ejggjrt'gg g;_
height information from front and back planes are used tq gy p P

) : 13
kinematically selectn+ p interactions, and to provide the t'%?cﬂfvtvhe?eeﬁg'tt?gssotstee; ;T meatr]%ﬁgraennde%ss MeV14]
alnalyzing pol:/ver o m]:aasuref tT]e neuTron polarizatic()jn. Thirl Fitting of the spectra was performed with fhe line-shape
plastic scintillators in front of these planes are used to tag... SR i
charged particles. Intrinsic time resolution of about 300 pgtgtmg code ALLFIT[15], a versatile fitting program suitable

full width at half maximum(FWHM) and position resolution analyze spectra.in a large variety of nuclear reactions for a
of about 4.5 cm(FWHM) are usually obtained. The neutron large range of excitation energy. The search code employs a
) : Poisson rather than a Gaussian goodness-of-fit criterion. The

Ilcl)ggé plz;tg :rc]) the first plane of these detectors was measuretﬂting function was chosen to be composed of a background

Neutron energies were measured by time-of-flight fromB(X) and a sum of individual peakg(x), such that
the target to the front detector with an overall energy reso- n
lution that depends on target thickness and that was about X)=B(x)+ (X 1
600 keV (FWHM) for the studies of'3C at 197 MeV inci- yx)=B(x) .21 Y, @)
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TABLE I. Experimental differential cross sections and polarization transfer coefficptdor the
3C(p,n) N reaction aff ;=197 MeV andé,,,=0°. All errors indicated as superscripts are statistical only.
The excitation energy values are from REE3] except for the state with a superscript “a,” which is
characterized in this work as a GT transition. The excitation energy values with a superscript “b” correspond
to states withT =3/2.

O'C.m.(oo)

E,(MeV)(J7) (mb/sp Dan Dss D, sumD;;
0.00 ((1/2)) 3.9¢ —0.06° —0.008° —0.08? -0.15"
3.50 ((3/2)) 10.77 -0.32 -0.3% —0.36° —-1.023
8.92 ((1/2)) 1.4 -0.19 —0.40° —0.41° —1.00%
9.48 ((3/2)) 0.77 —0.49%2 -0.29° -0.29° —1.07"7
10.83((1/2)) 1.07 -0.34 -0.3% -0.48 —1.14%
11.74 ((3/2)) 358 -0.35" -0.27 —0.47 -1.0¢
13.5% ((1/2)"; (3/2)7) 1.08 —0.24'° —0.24%? —-0.35'8 -0.83°
15.08 ((3/2)7) 1.60° -0.25° -0.20* —0.418 -0.86°
18.17 ((1/2)) 0.27 -0.32% —-0.23" —0.66%7 —1.22%
18.96 ((3/2)7) 0.08

wherex is the laboratory neutron energy. The backgroundvalues(see Table)l The same set of excited states were used
function is a polynomial of up to third order and can containin the fitting of the 197 MeV data, also up to 20 MeV exci-
continuous segments for targets with a decay threshold. Eadhtion energy, both for the differential cross section analysis

peak can be described as the convolution and for the polarization transfer analysis. Typigg~6.7
per degree of freedom were obtained. Figure 1 shows repre-
Yix)=li(x)®Ri(x) (2)  sentative fitted spectra obtained at 160 and 197 MeV.

of an intrinsic line shapd(x) with a resolution function
R(x) which represents the effects of neutron spectrometer
resolution, target thickness, and beam properties. The stan- The method outlined in the previous section has been
dard resolution function consists of an asymmetric hyperysed to fit all the states observed in the 63(:(5,5)13[\1
Gaussian in the central region plus exponential tBll§].  spectra up to an excitation energy of 20 MeV. Beyond that
States with negligible intrinsic width were described by theexcitation energy, only a smooth continuum cross section
resolution function alone. States with non-negligible widthcharacterizes the spectrum. We present the spectrum up to 46
were described by Lorentzian line shapes convoluted wittMeV of excitation in Fig. 2. In the region between 20 and 46
the resolution function. MeV of excitation, a correction had to be applied to the data
The fitting procedure was started by fitting the groundto account for a small fractioapproximately 5% of the
state transition, which corresponds to a well isolated peak tproton beam energy delivered on target about 60 ns later
obtain the best parameters for the corresponding line shapghan the primary beam. The IUCF cyclotron operates at a
Then the spectrum obtained at 160 MeV was fitted up to 2@requency close to 35 MHz, which yields a proton pulse
MeV excitation energy by locking positions of known ex- separation of about 29 ns. For thp, k) time-of-flight ex-
cited states in*N [14] with quantum numbers corresponding periments, we ran INPOL selecting one-in-six beam pulses,
to GT transitions. Including the g.s. transition, a total of nineto provide proton pulses separated by about 170 ns. How-
excited states are listed itPN that meet that criteriofl4].  ever, the pulse selection is imperfect and satellite peaks
The natural widths for the 8.92 and 11.74 MeV states are 23@ometimes appear from the proton bursts that are not com-
and 53680 keV, respectively. These widths were added inpletely rejected. In this case a superimposed satellite spec-
quadrature to the experimental resolutid®0 ke\) to prop-  trum appears on the main neutron time-of-flight spectrum at
erly fit the shape of these peaks. One additional small peak &t high excitation energy region. The satellite spectrum was
13.5 MeV with a different line shape corresponding to asubtracted and the beam current integrator was corrected to
larger width was needed to obtain an overall lowéifor the  account for the fraction of the proton beam not in the main
entire fitted energy region. Although there is a state at 13.pulse. The results are displayed in Fig. 2. Because of the
+0.2 MeV with a natural width of 6500 keV reported in continuum character of the 0° differential cross section
Ref. [14], it is reported with al™=(3/2)" that corresponds above 20 MeV of excitation, we decided to sum the yields in
to a dipole AL=1) transition. We believe that the state energy bins of 2.5 MeV and to obtain the differential cross
excited in the p,n) reaction is not the one listed in the section as well as thBj; coefficients in that manner.
above reference. A preliminary analysis @f,) data taken As indicated earlier, the enrichment 6fC in the target
at other angles, 6° and 9°, indicates that the observed tramvas (89 4)%. Thus the target contained 11% HC. Spec-
sition has arlL.=0 character, and we assign it here as a GTtra obtained with &¥C target, 99%'°C, were properly sub-
transition based on its angular distribution shape &8qd tracted and the results are shown both in Figs. 1 and 2. The

A. EXPERIMENTAL RESULTS
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Fermi strength is contained in the mirror transition, the mea-

mE o SC(m N sured B-decay ft value is used to obtain the empirical GT
§§ 0 0° (’;"): 19T MeV strength. The g.s. cross section in mb/sr is decomposed into
Sy ’ its Fermi and GT contributions. These values are then di-
%E 0 [\ ALA ‘ vided by the corresponding Fermi addecay GT strength
NS to obtain the Fermi and GT unit cross sectioms,and o,
s _0.2 O A respectively. )
D S L Goodmanet al. [8] have used the empiricatgr to nor-
. 08 malize the p,n) cross section in GT units. Measurements of
g _o.g Y S SN A the spin-flip probabilitySyy are used to give an independent
L e determination of the GT fraction in the g.s. cross sections.
> 09 Comparison of the g.s. GT strength to a shell model tran-
S _og AR P et e e T sition strength results in a quenching of 0.66, which is con-
B sistent with the quenching observed in other nui@&i How-
0 4 8 12 16 20 24 28 32 36 40 44 48 ever, the calculateB(GT) value of the strongest transition,
E.(MeV) that to the 3.50 MeV excited state, is nearly a factor of 3

larger than the value deduced from therf) measurements.

FIG. 2. Zero degree excitation energy spectra for theThis issue has also been studied by Watsbal, [17], and
3C(p,n)**N reaction obtained aT,=197 MeV is shown in the they point out that for odd-nuclei targets the renormalization
top frame. The other three frames represBnt coefficients. I of the GT operator needed fop(n) reactions is different
these frames, the dash line corresponds to the canonical Balue from that needed foB-decay. These authors introduce an
=—1/3 for GT transitions. Data up to 20 MeV excitation corre- offective (o,n) GT operator that includes matrix elements
spond to values obtained by fitting individual peaks shown in theyith coefficients empirically obtained from a least-squares fit
top frame yvhile data above 20 MeV represent integrated values ilﬂo known transitions in nuclei with<18[18]. The calcula-
2.5 MeV bins. tions indicate that the mirror g.s. transition appears 1.87
larger in (p,n) than if it were exactly proportional to the
decay GT value. They therefore question the conclusions
reached by Goodmaat al. We revisit this problem in the

main contribution of the*?C is due to its g.s. which has the
sameQ-value as the'3C(p,n)**N transition to the 15.1 MeV
excited state. next paragraphs.

The top of Fig. 2 shows the differential cross section  the pnormalization of the 0° n) differential cross sec-
while the other three sections of the figure show values fo{o 1 in GT units is a delicate issue f67C(p,n) XN reaction.

Di., Dss, andDyy, respectively. Up to 20 MeV of exci- ¢ e follow the procedure indicated by Goodmanal. [8],
tation the values foD;; obtained from the fitted spectra are e present results agree well with those reported in that ref-
presented, while results in energy bins of 2.5 MeV are showR e ce. However, the effective,n) GT operator suggested

in the oregion between 20 and 45 MeV Oof excitation. Thej, ref [17], includes coherent terms which do not appear in
Dyn(0°) values should be equal to thes{0°) values sincé e g decay GT calculation. Thus, such a normalization
both transverse directions are identical. The experimentg},,,id be erroneous.

Dnn(0°) values are consistent with the corresponding  There are several possible alternatives to obtain the GT
Ds{0°) values, pointing the high reliability of the present it cross section which will be discussed in detail later. One
measurements. ThL.L yalues, which are negative up to possibility would be to compare the empirica, () cross
about 20 MeV of excitation, become close to zero at highegection to the shell model calculated value for the strong GT
excitation energies and in some regions small but positiveyansition at 3.5 MeV. The advantage of this method is that
The energy region up to 20 MeV is characterized by similaiihe calculated value is rather insensitive to theoretical as-
values approximately—0.33, of all the Dj;; coefficients, s mptions with respect to the operator ugsee below and
while above 20 MeV of excitation the transverse coefficientsrgp|e ). However, this comparison would not be in the
are close to-0.2 and the spin longitudinal coefficients close gpjrit of previous studies that have relied mainly on empirical
to 0.0. The sum of th®;; coefficients for all the observed |egyits. Another approach is to use the transition toTthe
transitions up to about 20 MeV of excitation is close-t®.0,  _3/2 excited state in 13N(15.1 MeV) for which the
in agreement with these transitions being GT transitions. B-decay GT strength may be inferred from tBedecay of
138, A third possibility is to obtain the Fermi and GT con-
. EXTRACTION OF THE GT STRENGTH tributions to the mirror g.s. transition, and normalize the
In their study of the ,n) reactions on the mirror nuclei Fermi to itsB(F)=1 strength value. Then, use the empirical

13C and 15N, Goodmanet al. [8] have pointed out that the ratio betweenrg; and &prtained for even nuclei by Tad-
major (1/2) —(3/2)" transitions are strongly quenched deucciet al.[1] to obtainogr.

relative to the (1/2) —(1/2)" mirror transitions. This result In the next few paragraphs we present the results of some
strongly disagrees with simple shell model expectations. Thef these normalizations, but first we discuss the empirical
g.s. mirror transitions are an incoherent sum of the rates fomethod used to obtain the Fermi and GT contributions to the
the Fermi and Gamow-Teller components. Since all thed® g.s. mirror transition cross section.
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TABLE II. Shell model calculations foB(GT) and B(p,n)
values for the®C(p,n)®N reaction. The calculations assume 0
hew 1p transitions, and we used the WBT interaction with the
OXBASH code.

B(GT) B(GT) B(p,n)
E,(MeV)(J7) free eff eff
0.00 ((1/2)") 0.228 0.1746 0.3265
3.77 ((3/2)) 2.068 1.3444 1.2530
8.795 ((1/2)) 0.4631 0.2976 0.2525
10.85 ((3/2)) 0.4712 0.3003 0.2666
13.17 ((3/2)) 0.2279 0.1509 0.1438
13.645 ((3/2)) 0.4355 0.2854 0.2934
14.387((3/2)7) 0.4434 0.2849 0.2545
17.235 ((3/2)) 0.002 0.0018 0.0023
17.701 ((1/2)) 0.0000 0.0002 0.0015
18.084 ((3/2)) 0.0019 0.0012 0.0011
19.19F ((1/2)7) 0.0054 0.0042 0.0091
22.802 ((3/2)7) 0.0002 0.0001 0.0000
24.050 ((1/2)) 0.0009 0.0006 0.0006
27.552((3/2)) 0.0004 0.0003 0.0002
Sum 4.348 2.846 2.805

A. F and GT contributions to the g.s. mirror-state transition

The complete set of,n) polarization transfer coeffi-
cients reported here for the first time ort3¢ target, gives us
a unique method to obtain the Ferfnionspin and Gamow-
Teller (spin components in the g.s. mirror-state transition.
Using Eq.(7) (See Sec. Ill Fand theD;; values from Table

I, we get that the fraction of nonspin cross section in the,

mirror g.s. transition is 2t 1%. Thus the GT fraction in the
ground state transition is 791%.
Values for this fraction have been obtained by other au

thors at incident proton energies between 50 and 200 MeV,
Sakaiet al. [7] have reported data at 50 and 80 MeV. Tad-
deucciet al. [1] have reported data at 120, 160, and 200

MeV, and Watson and D{i19] at 135 MeV. All the data are

presented in Fig. 3, where the solid line has been obtaine

with the expressiof8]

for=[1+B(F)/By(GT)R*] 1, ©)

whereR=E,/E, with a fit valueg, = (47+3) MeV, and
M refers to the mirror g.s. transition. THg, , value is dif-
ferent fromE,=55+0.4 MeV reported by Taddeucet al.
[1] as determined from th&C(p,n)*N reaction at incident

PHYSICAL REVIEW C 63 024608

BC(p, A)1BN (g.5.)
0.8
g 0.6 -
g
04 - 4)
0.2 +
0 ) 1 Il . t Il
40 80 120 160 200

Beam Energy(MeV)

FIG. 3. Fraction of Gamow-Teller differential cross section for
the *3C(p,n)**N(g.s.) at 0° versus proton beam energy,. See
text for equation used to represent the solid curve. The data point
indicated with a solid circle is from the present work. See text for
other references.

sition where the change in angular momentum and the
change in spin have opposite phasg¢ss|—1/2—j;=I
-1/2.

We have performed calculations to obt&0GT) values
for transitions in the'3C(p,n)**N reaction. The shell-model
codeoxBASH [20] was used to calculate the one body den-
sity matrix element§OBDME). Only 0w p—p transi-
tions are included. The OBDME values were obtained using
the interaction derived by Warburton and BrovwwWBT)
which was obtained by a least-square fits to ptshell and
165 cross-shell binding energigal]. The following types of
B(GT) calculations were performed:

(@ Using an operator representing the free-nucleon
B(GT).
~ (b) Using an effectiveB(GT) operator which is essen-
tially the same asa), but using an empirical quenching ob-
tained from a comparison between calculations usagnd
experimental3-decay results for Gamow-Teller matrix ele-
@ents forA<18 decayd418].

(c) Using an effective |§,n) operator. This operator in-
cludes effects of the nuclear medium and has been expressed
via deviations from the free-nucleon values with empirical
coefficients 65, 6, and 6,. For free nucleonsss=0. In
calculations for GT3 decay when one use%, 6, andé,,

Jds Is most important and, and 6, are small. However, for
(p,n) transitionss, has an empirically enhanced value com-
pared to theg-decay operatofl17]. The &, coefficient is
particularly important for the “jackknife” transition which

energies between 50 and 200 MeV. We believe that the disenters into the g.s. mirror transition. Thus, these calculations

crepancy is due to the nonproportionality between fhe
decayB(GT) and the corresponding 0°p(n) cross section

for the 3C(p,n)*3N(g.s.) reaction.

B. THEORETICAL EVALUATIONS OF THE B(GT)

The mirror g.s. transition for thé3C(p,n)®*N reaction
contains a significant component of tpe,— p,,, particle-
hole transition. This is sometimes called a “jackknife” tran-

for matrix elements involved in thg(n) reaction shoulahot
be confusedhor labeledB(GT) values which are intrinsic to
GT operators. The empirical values for thg, ¢, and d,
coefficients forB-decay are taken from Ref21] and the
enhanced value ob, for (p,n) reactions is taken from
Ref.[17].

The results of these calculations are indicated in Table II.
The sumB(GT) is about the same for the last two columns
and is about 65% of the value predicted with the free nucleon
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GT operator shown in the first column. However, values for 1

specific transitions are not the same, particularly for the g.s. 1 (F, 7Y N

transition. On the other hand, the strong transition to the 3.5 ’

MeV state, mainly a (1/2) to a (3/2) transition, has simi- —~ 09

lar strength in theB decay and in thed,n) calculations. ?L

This comparison between the shell model calculated values = 08 |

indicates that there is something special about the mirror R T

transition and that using the g,8-decayB(GT) to normal-

ize GT strength in §,n) reactions may not be correct. 0.7

C. Distorted wave calculations 0.6 0 1'0 ' 20 20

w(MeV)

Differential cross sections ard};; coefficients were theo-
retically obtained with microscopic distorted-wave impulse FIG. 4. Correction function Ff{,») obtained using DWIA cal-
approximation(DWIA) calculations. These were done using culations for the shell model excited states'fiN.
the computer code DW8[122] in which the knock-out ex-
change amplitudes are treated exactly. The three basic ingre- D. The unit GT cross section andB(GT) values
dients needed in this code, are briefly .outlined beIO\_N. The measureds(q,0), AL=0, AS=1, zero degree
The free nucleon-nucleon interaction parametrized by, ny giferential cross sections may be written in a factor-
Franey and Lovg23] was used as the interaction between;,qq expressiofil];
the incident and struck nucleons. The set of interaction pa-
rameters reported &,=210 MeV were used in the DWIA o(q,0)=F(q,0)* (}GT(Ep ,A)*B(GT), (4
calculations. A more recent parametrization developed by
LO\_II_T][M] produced aI.most |dent|ca! resu_lts. . where F@, ) is the calculated function used to extrapolate
e OBDME, obtained as described in the previous sec: . . = i
tion, were used for the nuclear structure part. Harmonic os'Ehe cross section to its value a£0.0=0), and which goes
o . ' . to unity in the limit of zero momentum transfer and energy
cillator (HO) wave functions were assumed for the single A . .
particle states. In DWIA calculations for light nuclei, the loss. The symbobgr represents the unit GT cross section.

center of mass corrections are important. These corrections® "0rmalize the measured f) zero degree differential

were made as described by Braelyal. in the Appendix of ~ Cross section in GT units, the value fozr(A,E;) which
Ref. [25]. A reduced HO size parametbr=1.87 fm was depends on atomic mass numerand incident energi,,
used to calculate single particle states. This reduced HO siZ8USt be known. It may be calculated if the corresponding

parameter is based on the analysis of the transverse forf(CT) strength for that transition is empirically known from
factor obtained from thee(e') scattering on'3C [26] its B-decayft value. In the present case, the mirror transition

. . . which i mixed Fermi an mow-Teller transition, h
Distorted waves for incident an outgoing nucleons were chisa ed Fermi and Gamow-Teller transition, has a

calculated using optical model potenti@MP) parameters /-decayB(GT)=0.202+ 0.016[14]. The present spin trans-

. . ) fer measurements indicate thigdt=0.79+0.01 is the frac-
obtained from proton elastic scattering data fe [27]. The tion of GT cross section in the mirror transition, i.e., it has a

energy dependence of OMP parameters was taken into ac- ) -
count as suggested in RE27]. The isospin effect as well as 0SS section of 3.080.04 mb/sr. Thus, we obtaiorgy
the Coulomb correction potential were applied to the OMP=15.2£0.8 mb/sr ando¢=0.82+0.04 mb/sr for the GT
parameters for describing the unpaired nuclg28. and F unit cross sections respectively. The unit GT value
Using the procedure described in Riff], we have calcu- may then be used to calculate the corresponding GT
lated the function Ff,w) whereq is the momentum transfer Strengths for other GT transitions. Following this procedure,
andw is the energy loss. This was done for each excited statfe present GT results are similar to those presented in Ref.
calculated from the shell model with the correspondingl8]. However, as indicated in the previous paragraph, this
oxBASH OBDME. The curve representing the set of values'}?rmahz?gon method may not be correct for the
as a function of energy lose is shown in Fig. 4. This C(p.n)™N reaction.
function is used to extrapolate the measured 0° differential The cross section could also be normalized to the stron-
cross section at a particularand o to that value afg=w gest GT transition calculated from the shell-model, in this
=0 in order to normalize the differential cross section in¢ase the transition to the 3.50 MeV excited state. Using the
units of GT strength. It is clear from the figure that a correc-average value from the last two columns in Table I, we get
tion of almost a factor of 2 at an excitation energy of aboutogr=38.6-0.4 mb/sr. However, this result is model depen-
30 MeV would be needed. This large correction and its in-dent and is not truly an empirical result.
trinsic uncertainty estimated to be at least 10-15% due to Another approach would be to use the transition to the
uncertainties in OMP parameters and other parameterf. =3/2 state at 15.1 MeV excitation itfN. A GT strength
needed in the calculations, renders questionable the use fifr that transition may be inferred from thgdecay of 1°B.
this procedure at high excitation energies. However, there is some difficulty involved in getting the
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correctB(GT) which is associated with the well known rate TABLE Ill. Zero degree differential cross section extrapolated
asymmetry for mirror decays in the=12 andA=13 sys- 10 d = = 0 and empiricalB(GT) values for the'*C(p,n)**N
tems [29]. Taddeucciet al. [1] estimate a value3(GT) reaction. Uncertainties in the c.m. cross sections are only statistical.
=0.23+0.01 for the transition 13C(p n)13N(15 1 MeV) An 8% uncertainty is estimated in tHyGT) values, mainly from

where the uncertainty assigned to this value comes from th@e uncertainty in the unit GT cross section. The excitation energy
N .. with a superscript “a” corresponds to B=3/2 state. TheB(GT)
rate asymmetry. The spectrum shown in Fig. 1 clearly indi- L : PO
o - for the g.s. transition denoted with a superscript “b” is {helecay
cates the excitation for that transition. However, the

- lue.
12C(p,n)'2N(g.s.) transition has the san@ value as the o

BC(p,n)N(15.1 MeV) transition, and it has a differential o(g=w=0)
cross secti_on about four times larger. Thus, a small admixEX(MeV)(JW) (mb/sp B(GT)
ture of ¥2C in the 13C target makes a large uncertainty in the
Bc(p,n)N(15.1 MeV) differential cross section. Milden- 0.00((1/2)7) 4.00? 0.2¢
bergeret al, [30] report a valueogr=9.8+0.8 mb/sr for 3-50((3/2)7) 11.16' 1.06
the 13C(p,n)3N(15.1 MeV) transition also studied at 200 8-92((1/2)") 1.64 0.16
MeV incident energy. This value is consistent with the9-48((3/2)7) 036? 0.08
present resultyer=8.5+1.0 mb/sr. In the present study a 10-83((3/2)") 1.22 0.12
larger uncertainty is assigned to the cross section for thigl-74((3/2)7) 4.08° 0.39
transition, because of the uncertainty in the admixturé?ef ~ 13-5((1/2) ; (3/2)7) 1.2¢* 0.12
in the target. 15.06" ((3/2)7) 1.95* 0.19
Alternatively an empirical approach can be employed in18-17((3/2)") 0.35" 0.03
cases where there is no knoy@idecay information for the Sum 2.35

transitions measured in thep,() reaction. This approach

conste o Formalng o e e banaiion and 1210 Msoupie o the proton parice neuonholer( ) GT
. : . . ; resulting in rt of the GT strength being mov

obtained with even targets in the,f) reaction[1]. This states resulting in a part of the GT strength being moved

o _ from the low excitation region to thA excitation region at
ratio is the square off,/E,) whereE,=55.0-0.4 MeV. around 300 MeV excitatiof31-33. The second mechanism

Using o¢=0.82£0.04 mb/sr for the g.s. mirror transition, s nyclear configuration mixind34—3€ in which energeti-
we deducergt=10.5£0.5 mbl/sr. cally high lying two-particle, two-hole (@2h) states mix
The last three results forgr (8.6+0.4, 8.5-1.0, and  With the low-lying 1plh GT states, and shift GT strength
10.5+0.5 mb/sr) are not too different from each other, butinto the energy region beyond the main peaks of the GT
quite different from the first valueygr=15.2+0.8 mbl/st. region. With this mechani_sm, the “”.“55‘”9” GT strength
We choose 10 uséer=10.5-0.5 mblsr to reporB(GT) would actually be I(_)cated in _the |_ohy5|cal background below
values for the GT traGrIsitions studied in this paper. This val and beyond the main GT region, in the present case above 20
paper. This valuqay of excitation in*N. The “missing” GT strength ques-
does not rely on an absolute shell-model calculation, agre

Son does not have an easy empirical answer because the
with the value for theT .. transition to the 15.1 MeV excited -, : : ; ;
state in'°N, and, as m>enti0ned above, it has been obtaine (p,n) differential cross section above 20 MeV of exci-

with the method din where t reaction d tion is usually continuous and structureless. Bertsch and
€ method use cases where peng eaction does Hamamoto[35] have performed a perturbative calculation
not excite states with knowfA-decay information but where

o . . . for the mixing of GT strength with g2h configurations at
there is information for the IAS transition. This new value high excitation energies. They found that about 50% of the

0cr=10.50.5 mb/sr also indicates a smooth atomic nuM-total GT strength could be shifted into the region of 10-45
ber A dependence ofgr. See Ref[1]. MeV excitation energy for the nuclew®Zr. Using a multi-
We reportB(GT) values for excited states observed inpole decompositiofMD) analysis and a complete set of
this study in Table Ill. The measured cross sections extrapgeolarization observable at 0°, Wakaesaal. [4] have studied
lated toq=w=0 are indicated in the first column. These arethe %97y(p,n)?*Nb reaction at 295 MeV. Their results indi-
the center of mass cross section values from Table | dividegate that approximately 90% of the Ikeda sum r[8g],
by F(q,®). The GT value for the g.s. transition is that from 3(N—z)=30, has been located up to 50 MeV of excitation.
pB-decay. The sunB(GT) for these states is about 54% of |n Fig. 2, we show the 0° double differential cross section
the value calculated using the free-nuclgdmlecay interac-  and a complete set of polarization transfer observabless

tion in the shell model. a function of excitation energy. The laboratory coordinates
are defined so that the norm&\, direction is normal to the
E. Additional GT strength scattering plane, the longitudindl, direction is along the

The question of the “missing” GT strength has receiveddirection of momentum transfer and the sidewaysdirec-
much experimental and theoretical attention over the pagion is given byS=NxL. The sum of theD;; coefficients
few years. Two physically different mechanisms have beerare presented in the middle part of Fig. 5, sum which for GT
proposed to explain this quenching of the total GT strengthtransitions should be equal te1.0. This is in agreement
In the first, theA(1232) isobar nucleon-hole state§N 1) with the observation that all fitted states up to 20 MeV of
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o F. Polarization observables
[ 1Be(s 713
wTe 2 F C@ )N ° s . . .
$s 9=0° E,=197TMeV At 0° and within the plane wave impulse approximation
N:g 1L (PWIA), there are simple relationships betweenhgs and
3 A /\JL/\ the spin transfer character of the transit[@&9,40. For spin
B oo WLl A S flip transitions AS=1), the sum of theD;; coefficients is
- 1 equal to —1. Since the transverse coefficients are equal,
8 O P Dyn=Dss=D+, we may write
-1 = —'4—.1'—'——,— ——————————————— °
P P 2XD+(0°)+D (0°)=~—1. )
1 - . .
s Similarly for nonspin flip transitions, we have
] . . P
L P o * v s .
R S ettt 0 2XD1(0°)+ D, (0°)=3. (6)
E 6 ;1 é 1é 1‘6 2|0 2|4 2I8 3é 3L6 4b 4‘4 48 In the region of excitation between 18 and 46 MeV, some
E.(MeV) fraction of the excited states seems to have a nonspin flip

character. This may be better visualized by decomposing the
FIG. 5. Sum of all théDj; coefficients as a function of excitation 0° double differential cross section intoS=1 andAS=0
energy. The middle panel shows values obtained from individuapartial cross sections. In addition, theS=1 differential
peak fitting in the excitation energy region up to 18 MeV. The cross section may be separated into spin-transverse and spin-
bottom panel presents values between 8 and 20 MeV of excitatiofbngitudinal partial differential cross sections which pertain
obtained from data that have been binned in 0.5 MeV energy bingo the tensor character of the reactiptll]. These partial
cross sectionf42] at 0° are expressed simply as

excitation, as shown in the top part of the figure, are GT 1
transitions. Above 20 MeV of excitation, we have added the lo=—1,1+2D1+D_|), (7)
Djj results from the spectra that have been sorted in 2.5 MeV 4
bins. It is clear from the figure that, in this energy region,
there are nonspin transfer transitions that contribute to the [ _}| (1-2D;+D(,) (8)
.. q_4 u T LL/»

sum of theD;; coefficients to be greater thanl.0. For pure
nonspin transitions the sum should #8.0.

In the excitation energy region between 8 and 18 MeV, a =1 nzllu(l_ D.), 9
continuum background was needed to fit the spectra, as seen 4
at the top of Fig. 5. In order to assess the character of such
background, we have sorted the data into bins of 0.5 MeV"
and obtained the respecti\®; values. The sums of these ly=lo+lqg+1,+1,, (10
Dj; coefficients are shown at the bottom of Fig. 5 and are all
approximately equal te-1.0 indicating that in this region the wherel,, I, |,, andl, correspond, respectively, to the spin
excitations are predominantly spin transfer transitions. Foindependent, spin longitudinal, and the two spin transverse
excitation energies above about 18 MeV, the sum ofhe  partial cross sections.
takes values between0.3 to —0.4. Thus, if we assume that ~ The middle panel of Fig. 6 displays the percentage of the
in the region underneath the resolved GT staf®do 18 zero degree double differential cross section characterized
MeV) the excitations are just GT transitions, an additionalwith spin transfer AS=1) in open circles, and the percent-
B(GT)=0.66 units is obtained. Adding this GT strength to ages of the spin independenA $=0) double differential
the one obtained for well resolved states, we obtain 3.01 GTEross section are presented in closed circles. Except for the
units or about 69% of the value predicted by the shell modelmixed Fermi and GT g.s. transition, only in the excitation
It is very likely that more GT strength lies above 20 MeV of energy region above about 18 MeV, is there an appreciable
excitation. However, we do not have a reliable method tolabout 15% percentage of spin independent excitation. The
sort the possiblAL=0, AS=1 components of the differ- bottom panel of Fig. 6 presents the percentages of spin trans-
ential cross sections in this smooth energy region whereerse and spin longitudinal double differential cross section
other spin-flip resonances dominate. In addition, a largavith the condition that twice the spin transverse cross section
F(qg,w) correction factor is needed to obtain the GT strengthplus the spin longitudinal cross section is equal to the spin
which carries a large uncertainty. Charge exchange reactiotependent differential cross section. The data indicate that,
data taken on the same target and at about the same enengithin error bars, the longitudinal and either of the transverse
[38] indicate that the dipole excitation it*N peaks around double differential cross sections have equal magnitude
22 MeV of excitation. For these reasons, we prefer to decomthroughout almost the entire excitation energy region ana-
pose the region between 20 and 50 MeV of excitation inlyzed in the present study.
terms of spin-flip and nonspin-flip cross sections. Neverthe- The spin dependent zero degree double differential cross
less, an upper limit of GT strength in that region is estimatedsection above 20 MeV of excitation, may be used to obtain
in next section. an upper limit of the GT strength in that energy region. We

ith the condition
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FIG. 6. Decomposition of the zero degree double differential . .
cross section. In the middle panel open circles indicate the percent- FIG. 7. Empirical GT strength¢Table I, third column are
age of spin-flip cross section while the closed circles indicate thé:ompared to those_f_rom a shell model calculati@able I, third
percentage of spin independent cross section. In the bottom pan‘é?lumr)' The empirical g.s.B(_GT) corresponds to that from
the spin dependent double differential cross section has been g&-decay- All others are from this work.
composed in the percentage of spin longitudif@sed triangles
and spin transvers@pen squar@siouble differential cross section. Using only Giw particle-hole excitations, and thus, as ex-

pected, the calculations concentrate the strength to low lying

will do that in the assumption that spin multipole resonancestates. It is very likely that a calculation using more exten-
higher thanAL=0 are not excited at zero degree, which assive model space would agree better with the empirical re-
explained above is not the case. We have calculated the efults.
ergy integrated differential cross section in 2.5 MeV bins, The present GT results agree well with quenching ob-
extrapolated the cross sectionde- w=0 and obtained the Served in other nuclei, so it is likely that the method used
corresponding GT strength. Up to 48 MeV of excitation thehere to normalize the measured cross section to GT strength
sum GT strength amounts to an additional 2.4 GT unitscould be successfully applied to other odd-even nuclei. We
However, part of the zero degree differential cross section irbe”eve that in cases such as this one, in which the transition
this energy region corresponds to multipoles higher than s of the “jackknife” type, the 0° charge exchange differen-
=0, that will reduce the above sum GT strength value. Tdial cross section is not proportional to tifedecay matrix
do a Comp|ete ana|ysis forthe GT Strength in this region, it iselement. We believe that to estimate the unit GT cross sec-
also required to have empirical data from thRe(n,p) B tion, more reliable results are obtained using the known
reaction, which undoubtedly would show spin dependenFermi transition strength, its measured 0° cross section and
Cross section in this excitation energy region_ the empirical relationShiFﬁl] between unit GT and unit F
cross sections. This approach may solve the long standing
discrepancy reported between even-even and odd-even tar-
gets used inf§,n) reactions to obtain unit GT cross sections.

We have presented double differential cross sections antihe present (}GT: 10.5+0.5 mb/sr indicates a smooth
spin transfer coefficients for th&C(p,n)*N reaction ob- atomic numberA dependence for this quantity, reported in
tained at 0° withE,= 197 MeV. The data are used to obtain Ref.[1]. These unit GT cross sections are used to empirically
GT strength for all the observed transitions as well as tebtain GT strength distributions in nuclei which have impor-
estimate GT strength in the “background” region up to tant applications, such as neutrino detec{i48.
about 20 MeV. Comparing the results to a shell model cal-
culation we estimate that we have obtained about 69% of the
total shell model estimated GT strength. Above 20 MeV of
excitation, contributions of spin independent differential The authors would like to acknowledge the careful work
cross section as well as longitudinal and transverse spidone by Bill Lozowski in preparing the targets used in these
transfer have been obtained. In Fig. 7, we compare the GTuns, and also the crew of the IUCF Cyclotron. We also
strength observed in individual peaks to that of a shell modelvould like to thank J. J. Kelly for providing us the code
calculation with an effective operator that quenches the fre@LLFIT. This paper was supported in part by the National
GT strength to 60%. The shell model calculations were doné&cience Foundation.
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