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The 5V(d,?He)®'Ti charge-exchange reaction has been investigated at an incident energy of 171 MeV and
scattering angles near 0°. The two protons in #S3(pp) state(denoted as’He) were both momentum
analyzed and detected by the same spectrometer and detector. Spectra with a resolution of aboutfi25 keV
width at half maximumhave been obtained allowing identification of many level$kifi with high precision.

The GT' strength distribution for transitions to levels up to about 6 MeV of excitation energy has been
extracted. The results are compared with a large-scale shell-model calculation in thé $hkll.
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Charge-exchange reactions usingn)- and (h,p)-type At some of the new radioactive ion beam facilities, triton
probes at intermediate energieE/A>100 MeV/u) have beams at sufficiently high energies have become available,
widely been used to study spin-isospin-flip excitations in nu-and the (n,p-type charge-exchanget,tHe) reaction with
clei (Ref.[1] and references thergirin the limit of vanish-  improved resolution appears to be a competitive f@al13).
ing momentum transferAL=0,g=0) these transitions are The present experiment studies the case of the proton-odd
referred to as of Gamow-Tellé6T) type. They are directly nucleus 1V, using the (l,°He) reaction to obtain GT
connected to the weak nuclear transitions with the additionastrength distributions. The unbound diproton system is re-
advantage that they can probe excitation energies, which aferred to as?He, if the two protons couple to anS,,
inaccessible to the ordinary weak beta decay. T=1 state. Experimentally, th&S, state is selected by lim-

Transitions in the3™ direction (GT") from pf-shell nu- iting the relative energy of the two-proton system to 1 MeV,
clei are of astrophysical interest as they provide importantvhich is usually already guaranteed by the limited accep-
input to the modeling of the explosion dynamics of a mas-ance of the spectrometer. Howevet,{He) reaction experi-
sive star. The electron captufeC) process, which predomi- ments are complicated due to the coincident detection of the
nantly populates GT states in the daughter nucleus, deter-two correlated protons in the presence of an overwhelming
mines the rate of deleptonization and, ultimately, thebackground originating from deuteron breakup. But as the
explosive power of a supernova. The importance of thé GT reaction mechanism ofd(?He) forces a spin-flip, the reac-
strength distribution for stellar EC was first recognized bytion is even more selective than,p) and (,%He) reactions,
Bethe et al. [2]. Later, in the parametrization of Fuller, where non-spin-flip transitions can compete. A good basis for
Fowler, and NewmaiFFN) [3] the EC rates for nuclei in the describing the interaction of a nuclear probe at intermediate
mass rangé=45-60 were systematically estimated. Theseenergies is given by the effective nucleon-nucleon interaction
tabulations are now being replaced by the results of moderof Love and Franey14], which shows that in the kinematics
large-scale shell-model calculatiops5] and a detailed con- region of low momentum transfer ther part of the interac-
frontation with the experimental results is of considerabletion is by far the dominant term. This has recently been
importance for the supernova physics. A review of the fieldconfirmed for the @,?He) reaction through experiments on
of nuclear weak-interaction processes in stellar evolution ig-shell andsd-shell nuclei[15-18.
given in Ref.[6]. The experiment was carried out using the ESN-BBS setup

GT transitions in theB™ direction (GT ) have exten- of the AGOR facility at KVI Groningerf19,20. Deuterons
sively been studied by means gf,0) and CHe,t) charge- of 171 MeV were delivered by the superconducting cyclo-
exchange reactiong7-9]. These experiments generally tron AGOR. Beam line and Big-Bite magnetic spectrometer
yielded spectra with good resolution, making the extractionBBS) were set up in dispersion-matched mode to ensure
of B(GT") relatively straightforward. On the other hand, optimum energy resolution. The spectrometer was set to
high-resolution studies of GT transitions are significantly ®ggs=0°. Beam currents were measured with a Faraday
more difficult. Typical resolutions of the pioneering, ) cup inside the spectrometer and ranged between 0.5 and 1.5
experiments at TRIUMF were of the order of 1 ME10,11.  nA. Two self-supporting'@V foils (99.75%°V) with thick-
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FIG. 1. Excitation energy spectrum f8fV(d,?He)®'Ti. The spectrum has been corrected for the acceptance of the spectrometer as
detailed in Ref[21]. The data were taken at a spectrometer setting of 0° covering a center ofmmagsngular range between 0° and 1°.
The energy resolution is 125 ke WHM). S, andS,, denote the proton and neutron separation energies, respectively.

nesses of 1.5 mg/cinand 4.3 mg/crhy respectively, were action atg=0 and can be obtained from Refd4,23. The

used as targets. Reference measurements were taken wittgligtortion factorNy, is usually determined by calculating the

12C target(98.9%. The two outgoing protons were momen- ratio between the distorted-wave and plane-wave cross sec-

tum analyzed by the BBS and detected in coincidence witfiions. The proportionality of cross sections @0 and

the ESN detector. The ESN detector is a focal-plane deted3(GT) for composite probes over a wide mass range is, e.g.,

tion system consisting of two vertical drift chambers and ashown in Ref.[9]. For the (,’He) reaction an additional

set of four multiwire proportional chambers as an additionafactor must be included, because here the cross section de-

tracking detector. Referend@1] describes in detail how pends on the range of integration over thee internal en-

(d,’He) experiments with the BBS-ESN setup are being perergy [18], which is taken between 0 and 1 MeV.

formed and analyzed. The cross sectiodo(g=0)/d(} is obtained by extrapo-
The excitation energy spectrum, which was measuredating the measured cross sectionge-0 using a DWBA

with the 1.5 mg/crf target covering scattering anglés, ,  (distorted-wave Born approximatipmodel calculation:

=<2°, was used to determine the peak positions with high

precision. Tr21e f}tt}hg .of the pe_:aks was done manually sup- do(q=0) _ 0calc(4=0) doex(©,q) )

ported by ay“ minimizing algorithm of the programiT [22]. FTo) Tend ©,0) ETo) . (2

For this particular target an energy resolutibi of 110 keV cale

full width at half maximum(FWHM) was obtained for all

peaks. Excitation energies up to the neutron separation en
ergy of about 6.4 MeV were considered. The analysis waé'ed out with the codexccBA [24]. The one-body transition

repeated with the excitation energy spectrum from thedensmes were calculated in the formalism of normal modes
4.3 mglcn? target. Because of the high statistics vauireOassummg collective wave functions. These are regarded as

tions ofv-particle-sr-hole states. Optical model
with the thick target, the scattering angle could now be conSUPETPOS
fined to ©,, <1°. The corresponding excitation energy Parameters frond -+ 58Nii at 170 MeV[25] were used for the

spectrum is shown in Fig. 1AE was about 125 key €ntrance channel, and for the exit channel a global optical
(IE)WHM) g potential forp+51V was extrapolated to 82 MeY26]. The
For thé f,p) and (p,n) elementary charge-exchange re- range of scattering angles and excitation energies considered
actions at intermediate energies the measured cross sectior{;@re corresponds to momentum transfps to 0.14 fm *
or the extrapolation t@=0 in Eqg. (2), the calculauons

connected to the GT strengffi,8]:
ot yield a factor that varies between 1.11EBt=0 MeV and

The DWBA calculations for the present analysis were car-

de(q=0) 2k 1.49 atE,=6.3 MeV.
s i B B N J2 B(GT) (1) Although charge-exchange reactions néx=0° selec-
2| g, ' Proer . . . o
dQ Th i tively proceed via GT transitions, there are usually small

contributions from higher multipoleksee, e.g., the ground
Here,J,, denotes the volume integral of the spin-dependenstate(g.s) transition in Fig. 1. To identify transitions with
isovector central part of the effective nucleon-nucleon interAL=1, we employed the following procedure: The peak
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TABLE I. Spectroscopic information anB(GT) values. This table compares data from the present experifdenbted as expwith
compiled data from Ref27] and the results from a shell-model calculati&M). The experimental excitation energies were extracted from
the spectrum presented in Fig. 1. The numbers within the brackets in this column denote the statistical errors in the B&§Gdiyitslues
are given in units wherB(GT)=3 for the decay of the neutron. The errors R{GT") account for the statistical error and, in the case of
individual transitions, for ambiguities in the fitting procedure. The systematic error, which is given by the uncertainties in the correction for
the ?He detection probability, the extrapolationde-0, and the error 68(GT") in Ref.[28], is evaluated to be 15%.L ;, is the minimum
transfer of angular momentum for the transition under consideration.

E. MeV) AL, B(GTT)yx 1073 E. (MeV),J™ B(GTTyx 1073 B(GT),,,
B(GT

(exp) (Ret. [27]), J7 (exp) (sM) (sM) (Dsu
0.00(1) 0.00, 3/2~ 2
1.16(1) 1.17, 172 2
1.46(2) 1.44,7/2° 0 606 1.59,7/2~ 47 1.3
1.57(1) 1.57,(5/2)~ 0 1.55,5/2~
2.15(1) 2.14, 512~ 0 75+ 6 2.08, 5/2~ 110 0.7
2.33(1) 234, 11727 2
2.72(3) 2.73,(7/2,9/2) 0 2.82,9/2~

2.69, 7/2 0
2.90(3) 2.92, (5/2,712)” 0 57°+5 2.90, 52~ 47 1.2

292,127 2
3.04(3) 3.06, (7/2,912)” 0 3.36,7/27; 3.169/2~
3.16(2) 3.17, 3/2~ 2
3.62(1) 3.62, (5/2-9/2)~ 0 17710 371,72 211 0.8
3.77(1) 3.77, 927 1
4.09(1) 4.10, (7/2,9/2) 0 410972
4.23(3) 4.19, (5/2-9/2) 0 T4+6 3.89,5/2 83 0.9
4.44(2) 4.46 (0) 444,712
4.87(1) 4.89, (5/2-9/2)~ 0 24120 4.81,5/2" 400 0.6
4.99(3) 4.99; 5.00 (0) 10124
5.11(3) 5.14, (5/2,7/2) 0 49=+15 5.09, 7/2~ 55 0.9
5.24(3) 5.21 (0) 5.22,7/27 )
5.42(2) (0) 5.53,7/2~
5.54(2) (0) 5.59,9/2~
5.78(3) (0) 288+12 5.68,5/2~ 179+12 1.6
5.95(3) (0) 5.68,9/2~
6.14(3) (0) 577,912~
6.25(3) (0) 6.33,5/2~

8Possible contribution oAL=2.

positions from our fit were compared with spectroscopic in-ter of several weak transitions betweBn~4.5 MeV and
formation from the literatur¢27]. Given the level density in £ ~6.3 MeV is assigned tentatively. For weak transitions
>!Ti and the good energy resolution, the correspondence bgghich could not be resolved completely the summed strength
tween the peak centroids with compiled data was unambigusf a group of neigboring levels is given. We estimate the
ous in most cases. The states that hafeexcluding aAL  uncertainty of the relative cross section in the interval 0
=0 transition were not considered in the fi(GT") dis- <E <6.3 MeV to be about 10%. This uncertainty accounts
tribution. The results are presented in Table I. The groundor the Monte-Carlo simulation that corrects for the limited
state of the initial(i) nucleus®V has J7=7/2", thereby  2He detection probability of the experimental setup and the
allowing GT transitions td{=5/2", 7/2", and 9/2 . Spec-  extrapolation toq— 0 with the DWBA calculation. We also
troscopic information is available for’'Ti up to E, considered the statistical error and, for individual peaks, an
=5.22 MeV, whereas discrete levels upEg~6.3 MeV are  additional error due to ambiguities in the fitting procedure.
indentified in the present analysis. Because of the restricted For the calibration oB(GT") we used therf,p) reaction
information on high-lying levels ir'Ti, the AL=0 charac- measurement o’V at TRIUMF [28] as a reference. We
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FIG. 2. Comparison betweeB(GT) distributions derived from .1." 0.3 r _

the experimental cross sections measured in hp)(and d,?He) = "V large-scale shell-model 1

reactions orPV. The points indicate the result from thév(n,p) 9 [ calculation ]

experiment at TRIUMF[28]. The histogram was obtained after 0 0.4 .10 vvnir i

folding the experimentaB(GT) spectrum of Fig. Jtop) with a 0 1 2 3 4 5 6 7

Gaussian of 900 keWVFWHM) in order to compare with the TRI- Ex [MeV]

UMF data. The dashed line indicates the maximum excitation en-

ergy considered in the present analysis, as this defines the onset of FIG. 3. Comparison between thd,{He) reaction resulttop)

a flat continuum response in the spectrum. The arrow denotes thgnd the shell-model calculatigivottom). The error bars in the top
position of the centroid of the GT resonance as predicted by FFNfigure indicate only the statistical errors. The relative strengths of

) ) transitions within the marked groujisee Table )l represent a pos-
assume that then(p) experiment gives the summed strengthsjpe interpretation of the spectrum in Fig. 1.

S(GT) of the GT' response whose fine structure is resolved

through @,?He). A different prescription for calibrating the calculations one finds little strength above 6 MeV of excita-
strength using thed,°He) probe at 170 MeV has been given tion energy, which seems to be in accordance with our ex-
in Ref. [18] for the masse#\=12 andA=24. However, a perimental observation. Table | presents the results of the
simple extrapolation tAA=51 may not be reliable without calculations for the strongest transitions. Assignments of ex-
having further data points in the medium-weight mass regiorperimentally determined GT states to those theoretically cal-
and was therefore not attempted. The calibration was pekulated were done on the basis of proximity in excitation
formed for 0<E,<5.0 MeV, because in this excitation en- energy, spin, parity, and the size of tBéGT) values.
ergy range theAL=0 transition strength can be extracted In Fig. 3 the experimental outcome is compared with the
with high accuracy for both experiments considered hereshell-model prediction, showing excellent agreement. It is
Referencd 28] reportsS(GT")=1.2+0.1 for E,<8 MeV. interesting to compare the results with the early calculation
Limiting E, to 5 MeV gives S(GT")=0.9x0.1. The of Fuller, Fowler, and Newma}8]. In the framework of the
B(GT") spectrum derived from the'V(n,p) experiment is  independent-particle model, a GTransition from>V/(g.s)
shown in Fig. 2. The figure also contains the result of thecorresponds to a transformation of the valence proton in the
present analysis, which was folded with the,i§) experi- (1f;,) subshell to a neutron in the {4, subshell. The
mental energy resolution to allow a direct comparison. simple single-particle model fot'V (g.s) is corroborated by
We note that GT strength from®V has been measured the fact that its static magnetic momenpt£5.15uy) [27] is
in a (p,n) reaction study29]. In a (p,p’) experimen{30] a  close to the Schmidt valugu(=5.79u,). FFN assume that
bump was observed at excitation energies where isospirmost of the strength is concentrated in a collective state,
analog states to the GT transitions should appearE{  which is the GT resonancé&TR). The energy of the GTR
=10 MeV). The spin-flip character was subsequently demabove the ground state is given by the difference of the
onstrated by polarization measuremef84]. However, no  single-particle energies between thepgr) and the (s,
individual transitions could be resolved in a high-resolutionsubshells. Furthermore, one has to take into account the
(e,e") experimen{32]. particle-hole repulsion energy which must be paid when el-
A shell-model calculation has been performed in the comevating the neutron from its ground state to the GT resonance
pletepf shell employing the KB3G interactidi33]. B(GT™) state. These considerations yiélg=3.83 MeV for the cen-
values were obtained adopting the Lanczos method with 10ffoid of the GTR[35]. The centroid of the GT strength de-
iterations for eachd{. As Ofiw shell-model calculations termined in the present experiment is at#04 MeV con-
overestimate the experimental GT strength by a universdirming the intuitive estimate of FFNsee Fig. 2
factor, we have scaled the GT strength by this factor (3.74) To conclude, we have measured G$trength from the
[34]. The result is shown in Fig. 8bottom). From these odd-Z nucleus®V up toE,~6 MeV in the daughter nucleus
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SITi with an energy resolution of about 125 keV. The datadone on the basis of angular distributions and a multipole
have been compared with the prediction of a large-scalecomposition.
shell-model calculation. An interpretation in terms of the
single-particle model is given.

In order to determine absolute GTstrength independent
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