
PHYSICAL REVIEW C 67, 054320 ~2003!
Measurement and microscopic analysis of the11B„p¢ ,p¢ … reaction at EpÄ150 MeV.
I. Inelastic scattering
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Cross sections and analyzing powers for the11B(pW ,p8) reaction have been measured using a 150-MeV
polarized proton beam from the AGOR cyclotron at KVI. For the stronger inelastic transitions, also spin-flip
probabilities have been extracted. To predict cross sections and spin observables a microscopic~coordinate
space! model of elastic scattering has been used, whereas for inelastic scattering calculations were performed
in the distorted-wave approximation. In the model calculations a medium-modified two-nucleon effective
interaction was used and nuclear structure information was obtained from shell-model calculations in a com-
plete (012)\v model space for parity-conserving transitions and a 1\v shell-model description in the case
of parity-changing transitions. With the help of these model calculations, spin-isovector parts of theM1
strengths for the negative-parity states at excitation energies of 2.125 MeV (Jp51/22), 4.445 MeV (Jp

55/22), 5.020 MeV (Jp53/22), and 8.920 MeV (Jp55/22) have been extracted and compared to known
Gamow-Teller strengths for the analog transitions to11C.
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I. INTRODUCTION

Over the last decades, medium-energy proton scatte
has been established as a valuable tool for the study
nuclear structure in general and the study of spin-isos
excitations in nuclei in particular@1–4#. The latter makes use
of the energy and momentum-transfer dependence of the
ferent spin-flip and non-spin-flip parts of the effective inte
action between the incoming proton and the target nuc
@5#, which, especially in the energy range between 140
400 MeV and under forward scattering angles, results in
enhanced sensitivity to spin-isospin transitions. This selec
ity for a certain mode of excitation has also been exploited
this work to study the spin-isovector parts of theM1
strengths for transitions to low-lying states in the oddA
nucleus11B.

As described by Raghavanet al. @6–8#, the 11B isotope
can be used as target material in experiments aiming at
determination of the flux of high-energy8B decay neutrinos
that are produced during the proton-proton fusion chain
the center of the sun. In the proposed setup, neutrinos
simultaneously be observed via neutral-current~NC! excita-
tion of nuclear levels in11B and the subsequent detection
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g rays emitted by the deexciting nucleus or via charg
current~CC! scattering of electron neutrinos to states in
mirror nucleus11C which are then detected by a coinciden
of the electron produced in the reaction andg rays emitted
during deexcitation:

NC,n1 11B→n81 11B* →n81g1 11B, ~1!

CC,ne1 11B→e21 11C* →e21g1 11C. ~2!

This detection scheme allows one to measure the total~flavor
independent! neutrino flux and the electron-neutrino flux s
multaneously and in the same experimental setup.

The extraction of neutrino fluxes from count rates requi
a knowledge of the NC excitation strengthslNC and the CC
excitation strengthslCC. The charged-current excitatio
strength is given by@7,9#

lCC5B~F !1S gA

gV
D 2

B~GT!5
614767

f t
, ~3!

wheregA /gV51.26460.002@10# is the axial-vector to vec-
tor coupling ratio,B(F) is the Fermi transition strength an
B(GT) the Gamow-Teller transition strength. For th
ground-state transition11B → 11C the logft value is known:
ln ft53.6 @11#, and the resulting CC excitation strength
lCC51.54. The transitions to excited states in11C are domi-
nantly of Gamow-Teller type andB(GT) strengths for these
states have been measured by Taddeucciet al. @12# and
Grimes et al. @13#. In standard electroweak theory, at lo
momentum transfers, NC excitations proceed only by
isovector axial-vector current@14# and the excitation
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strengths can be derived from measured spin-isovector p
of the M1 strengthsB(stz)↑ using

lNC5S gA

gV
D 2 4p

3 S 2

gp
s2gn

sD 2

B~stz!↑, ~4!

wheregp
s55.586 andgn

s523.826 are the proton and neu
tron sping factors, respectively. According to Ref.@6#, the
NC and CC excitation strengths are connected by a sim
proportionality 4lNC5lCC. Effects such as meson-exchan
currents~MECs! @15,16# might, however, modify this rela
tion.

Raghavan and Pakvasa@7# used input from shell-mode
calculations to extractB(stz)↑ values for the levels in ques
tion from measured radiative widths@11#. The systematic
uncertainties inherent to this approach and the discrepan
that arise when theB(stz)↑ strengths extracted this way a
compared to measured Gamow-Teller strengths, make it
sirable to obtain information on the spin-isovector parts
the M1 strengths from another, independent experime
technique. Because of its selectivity for spin-isospin exc
tions, medium-energy inelastic proton scattering offers s
an opportunity.

In this paper we present results of a study of inelas
excitation of 11B using a polarized proton beam at an inc
dent energy of 150 MeV. In Sec. II, the experimental pro
dure will be described and the obtained results will be co
pared to other available data. The calculations used
describe the data will be presented in Sec. III and an in
pretation of our data will be discussed in Sec. IV. A summ
and conclusion is given in Sec. V. In addition to the study
inelastic transitions, the data also reveal effects of depo
ization for elastic scattering. These data and their interpr
tion will be given in a forthcoming paper@17#.

II. EXPERIMENTAL PROCEDURE AND DATA
REDUCTION

The experiment was performed at the AGOR facility
the KVI using a 150-MeV polarized proton beam. Scatte
particles were momentum analyzed in the Big-Bite Sp
trometer~BBS! @18# and detected in the focal-plane detec
and focal-plane polarimeter systems built by theEUROSUPER-

NOVA Collaboration@19#. This detection system consists
three major building blocks: a focal-plane detection syst
~FPDS!, a focal-plane polarimeter~FPP!, and a scintillator
system. The FPDS consists of two vertical drift chamb
~VDC’s! mounted parallel to the focal plane of the BBS a
separated by 23 cm along the central ray with which th
form an angle of 39°. Each chamber has anX plane and aU
plane with the wires of theU plane tilted by 32.9° with
respect to the vertical direction. The focal-plane polarime
is located downstream of the FPDS and consists of four m
tiwire proportional chambers~MWPC’s! and a carbon ana
lyzer with a thickness of 5 cm. Each MWPC consists of anX
and aY plane with a wire spacing of 2.5 mm. Event trigge
are provided by the scintillator system that consists of t
planes with five scintillator paddles in each plane. One
these planes is located before the carbon analyzer and
05432
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other one downstream of the last MWPC.
The in-beam polarimeter~IBP!, described in Ref.@20#,

was used to determine the polarization of the proton bea
coming from the AGOR cyclotron. It is located in the high
energy beam line leading to the experimental area. The
of this experiment were taken over a period of five da
during which the beam polarization was measured roug
three times a day. Each IBP measurement consisted of a
where the transition units and hexapoles of the polarized
source were turned off to ensure a strictly unpolarized be
@21# and a second run where the three different beam po
izations produced by the ion source were measured. The
ues for the polarization were (7662)% for spin up, (274
62)% for spin down. For the situation where the hexapo
were on, but the transition units were switched off, the
maining polarization in this mode was (861)%, which we,
nevertheless, will denote as ‘‘spin off’’~cf. Ref. @20#, for
more details see Ref.@17#!.

Data were taken at a number of spectrometer angle
steps of about 2° between 5° and 28° alternately on
20.1 mg/cm2 thick self-supporting11B target with an enrich-
ment of 99.5%@22# and on a 9.0 mg/cm2 thick natural car-
bon target. Data from the12C measurements were used
cross check our experimental results against measurem
from groups at other laboratories@23–26# and, therefore,
provide a possibility to verify the correct functioning of th
detector systems and of the analysis procedure applied in
work. Although no information from the FPP is required
determine cross sections and analyzing powers, the pola
eter was kept running during most of the measurements.
additional data were used to determine spin-flip probabilit
for elastic scattering off11B and for some of the more
strongly excited inelastic transitions. The beam from the
clotron was stopped in a Faraday cup, positioned inside
magnet chambers of the spectrometer at small scatte
angles and inside the scattering chamber for large scatte
angles (QBBS.9°). Thecurrent from the Faraday cup wa
integrated and, together with the dead time of the da
acquisition system, monitored throughout the experiment

Using calibration data obtained during a measurem
with a sieve slit mounted at the entrance of the spectrome
the target coordinatesd, q t , andw t were calculated from the
focal-plane coordinates of the particles. The anglesq t andw t
are the horizontal and vertical scattering angles of the p
ticle relative to the central ray through the BBS andd is the
relative magnetic rigidityd5(Br2Br0)/(Br0), whereBr0
is the rigidity of the central ray. Using this information, th
kinetic energy and the full scattering angle in the laborat
system have been reconstructed. The upper left panel in
1 shows the horizontal angleq t plotted against the resulting
kinetic energy for 150-MeV protons scattered from11B at a
spectrometer angleQBBS510°. Vertical lines observed in the
plot correspond to states in11B with the ground state at the
highest energy. Events outside the area enclosed betwee
horizontal dashed lines are rejected to reduce instrume
background. The energy spectrum of the scattered proton
shown in the upper right panel of Fig. 1. The elast
scattering line, which at this angle is located at an ejec
energy of 149.55 MeV, has been scaled down by a factor
0-2
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The full width at half maximum of the peak atEx52.125
MeV, which corresponds to the first excitedJp51/22 state,
is about 100 keV. By plotting the vertical target anglew t
versus the horizontal angleq t , one obtains an image of th
opening of the spectrometer~see Fig. 1, lower left panel!.
For the determination of the solid angle, however, th
angles have been converted into spherical coordinates
polar and the azimuthal scattering anglesu and f, respec-
tively. By plotting the azimuthal versus the polar angle, o
obtains a spherical representation of the BBS opening
shown in the lower right panel of Fig. 1. In this represen
tion the angular acceptance of the spectrometer can be
vided easily into strips with a well-defined scattering an
u j and solid angleDV j5sinujDuDfj , as indicated in the
figure.

A. Polarized-beam cross section

To extract cross sections from the accumulated data,
counts collected in a certain solid angle binDV j and energy
bin DEi have to be corrected for the measured dead time
the setup, for the reconstruction efficiency of the VDC’s a
for the integrated charge. In case of a polarized-beam m
surement this must be done separately for each of the p
ization states of the beam. For a certain polarization stak
inside thei th energy bin and thej th solid-angle strip, the
corrected number of counts per unit chargeCk i j then be-
comes

Ck i j 5
Nk i j

~12Dk!QkY
, ~5!

whereNk i j is the uncorrected number of counts,Dk is the
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FIG. 1. Plots produced from a measurement in which 150-M
protons have been scattered from11B at a spectrometer angl
QBBS510°. The states observed in the upper right panel have b
identified using Ref.@11#.
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measured dead time of the system,Qk is the integrated
charge from the beam dump, andY is the VDC efficiency
that was typically 96%.

A problem that surfaced during data analysis is that the
density for a fixed scattering angleu j decreases when goin
in the nondispersive plane from the central region of
BBS opening to the upper or lower edge of the acceptan
Quantitatively, the hit density in the central region of th
angular acceptance differed by up to 15% from the ove
density observed inside a solid-angle strip belonging to
certain scattering angleu j . For a proton beam of polarizatio
pW k5(0,py

k,0), the variation of the cross section due to t
analyzing power of a particular nuclear reaction is given

ds

dV
~u j ,f!U

k

5
ds

dV
~u j !U

0

@11py
k cosfAn~u j !#, ~6!

whereds/dV(u j )u0 is the cross section for an unpolarize
beam. The resulting variation in the hit density at a sp
trometer angleQBBS55° can be estimated, assuming valu
py50.7, An(5°)50.36 ~corresponding to the analyzin
power of elastic scattering from12C, see Fig. 3, right panel!,
and an azimuthal coverage ofufu<40°, to be about 4%. At
larger spectrometer angles the effect due to the analy
power becomes smaller because of the decreasing azim
coverage of the BBS. For instance, atQBBS521°, where the
analyzing power of the elastic scattering reaches its m
mum value ofAn'0.9 andufu<11°, the effect is only abou
2%. The experimentally observed variations can, therefo
not be explained by the reaction mechanism, but must h
an instrumental origin, most likely caused by an inefficien
of some of the scintillator paddles, during this particular e
periment. To correct for the effect, an additional factorj j has
been introduced, defined by the ratio of the central to
overall hit density inside a certain solid angle strip, such t
the corrected number of counts per unit charge becomes

Ck i j 5
Nk i j j j

~12Dk!QkY
. ~7!

Because the factorj j is averaged between the spin-up a
spin-down phases of the beam polarization, which ha
roughly the same magnitudeupyu but opposite signs, it is
ensured that only the instrumental effect is corrected for
not the real physical variation due to the analyzing pow
An(u).

Figure 2 shows the kinetic-energy spectrum of the doub
differential cross section for 150-MeV polarized proto
scattered from11B at QBBS510°. To extract angular distri-
butions of cross sections and analyzing powers of the
served states, the energy spectra at each angleu j and polar-
izationpW k were fitted using the codeFIT @27#. The line shape
is approximated by a Gaussian with an exponential tail
wards lower energies. The area under thel th peak in a spec-
trum corresponds to the differential cross section of a cer
excited state at the scattering angle and beam polarizatio
which the spectrum was taken and will be referred to
ds/dV(u j )uk

l .

en
0-3
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B. Analyzing power and unpolarized-beam cross section

The analyzing powerAn(u) of a particular nuclear reac
tion can be determined by performing measurements w
different beam polarizationspy

1 and py
2 . Dividing the cross

sections given by Eq.~6! for the two polarization states, on
obtains

ds

dV
~u j ,f!U

1

l

ds

dV
~u j ,f!U

2

l 5
11py

1 cosfAn~u j !

11py
2 cosfAn~u j !

, ~8!

which, when averaging over the azimuthal intervalDf j , re-
sults in
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FIG. 2. Double-differential cross section of the reacti
11B(pW ,p8)11B at QBBS510° as a function of the kinetic energy o
the ejectiles. At the top of each panel, the scale for the excita
energy in11B is given. Experimental data are represented by his
grams while the solid lines result from a fitting procedure as
scribed in the text. The spin assignments of the states have
taken from Ref.@11#.
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ds

dV
~u j !U

1

l

ds

dV
~u j !U

2

l 5
11py

1^cosf& jAn~u j !

11py
2^cosf& jAn~u j !

~9!

with

^cosf& j5
1

Df j
E

Df j

cosfdf. ~10!

Solving Eq.~9! for An(u j ), one gets

An~u j !5

ds

dV
~u j !U

1

l

2
ds

dV
~u j !U

2

l

ds

dV
~u j !U

2

l

py
1^cosf& j2

ds

dV
~u j !U

1

l

py
2^cosf& j

.

~11!

Once the analyzing power of a particular reaction is know
the unpolarized-beam cross section of that reaction can
calculated from any of the polarized-beam cross sections

ds

dV
~u j !U

0

l

5

ds

dV
~u j !U

k

l

11py
k^cosf& jAn~u j !

. ~12!

C. Results and comparison with existing data

Angular distributions of cross sections and analyzi
powers with center-of-mass angles in the range of
<uc.m.<31° in the 11B case and 4°<uc.m.<29° in the 12C
case have been extracted from the data. For11B, all positive-
and negative-parity states@11# up to theJp55/21 state at an
excitation energy ofEx59.274 MeV have been analyze
with the exception of the 1/21 state at 6.792 MeV. As will be
mentioned in Sec. III B, theB(E2) strength for the transition
to the 7/22 state at 6.743 MeV is much larger than th
B(E1) strength for the transition to this 1/21 state. This is
also consistent with the results from Hasselgrenet al. @28# in
their analysis of (p,p8) scattering from11B at a bombarding
energy of 185 MeV and with the measured and calcula
angular distributions for this peak as presented for this w
in Sec. III C. The peak at 6.7 MeV will therefore be treat
as the 7/22 state located atEx56.743 MeV. In case of the
negative-parity states, the BBS acceptance has been div
into four 1° bins, while for the weaker positive-parity stat
the angular bins of a setting were joined to form one 4°
in order to gain sufficiently high statistics. The overall sy
tematic uncertainty of the measured cross sections, wh
accounts for errors in dead-time corrections, in the calcu
tion of inefficiencies and acceptances, and in the integra
charges and target thicknesses, is assumed to be about

A comparison of elastic cross-section and analyzin
power data extracted from the12C measurements to existin
datasets measured in Orsay@24# and at IUCF@26# is shown

n
-
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in Fig. 3. While there is excellent agreement between
cross sections observed at the different laboratories, the
lyzing power measured at IUCF at an incoming proton
ergy of 160 MeV lies slightly above the data measured at
and 150 MeV at Orsay and KVI, respectively. This can
explained by the energy dependence of the elastic-scatte
analyzing power in this angular region, which reaches
maximum at about 200 MeV@29#. Figure 4 shows two ex-
amples for cross sections of inelastic transitions in12C. Data
taken at KVI are compared to datasets measured in Or
one in the late 1960s@23# and one in the mid 1970s@25#.
While there is good agreement between the KVI data and
latter measurement, the older Orsay data indicate a sub
tially higher cross section.

Figure 5 shows the results for elastic scattering on11B
compared to the only other available elastic-scatter
dataset obtained near our bombarding energy, which
been measured at Orsay@30#. There is good agreement be
tween the analyzing powers of the measurements, while
cross sections at smaller angles differ substantially.

For the inelastic transitions there are two more datase
an incoming proton energy of 185 MeV, both measured
Uppsala@28,31#, which can be used to compare with o
data. Figure 6 shows measured cross sections for a num
of negative-parity states in11B as a function of the trans
ferred momentumq. This representation allows an easi
comparison of datasets at different incoming proton energ
While there is agreement between the KVI data and the U
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FIG. 3. Differential cross section~upper panel! and analyzing
power~lower panel! for elastic scattering of protons from12C. The
Orsay-74 and IUCF-83 datasets have been taken from Refs.@24#
and @26#, respectively.
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sala measurements for some of the states and mome
transfers, the older measurements generally yield hig
cross sections for the analyzed states. Two experimental
cumstances may play a role in this respect. First, the o
measurements suffered from a poor energy resolution, wh
has been 350 to 450 keV in the Uppsala case and 700 to
keV during the Orsay experiments. This makes it difficult
separate some of the states, for instance in the case o
5/22 state at 8.920 MeV and the two nearby positive-par
states at 9.185 and 9.274 MeV, which are observed as
peak. Second, in contrast to the KVI experiment where
self-supporting boron target was used, the older meas
ments were performed using pressed powder targets encl
between aluminum or mylar foils. Protons scattered from
additional material cause an instrumental background in
energy spectra, which may not always be easy to sepa
from the relevant excited states in11B.

III. CALCULATIONS

We will now describe the results of model calculatio
that have been performed to reproduce the measured d
ential cross sections, analyzing powers, and spin-flip pr
abilities. The main ingredients of the calculations, name
the effective nucleon-nucleon interaction and the shell-mo
wave functions, were tested by comparing calculated res
to measured elastic cross sections and electromagnetic
sition strengths~see Secs. III A and III B, respectively!.
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FIG. 4. Differential cross sections for inelastic scattering of p
tons from12C to theJp521 state atEx54.439 MeV~upper panel!
and the Jp511 state at Ex515.11 MeV ~lower panel!. The
Orsay-68 and Orsay-76 datasets have been taken from Refs.@23#
and @25#, respectively.
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A. Choice of the effective nucleon-nucleon interaction

Several effective nucleon-nucleon interactions have b
tested by comparing elastic scattering cross sections and
lyzing powers calculated using a microscopic folding opti
potential to experimental results. The12C(p,p) reaction at a
proton energy of 150 MeV has been chosen as a test
because, contrary to the11B(p,p) reaction, no higher multi-
poles contribute to the elastic scattering cross section. In
case the necessary input from nuclear shell-model calc
tions is limited to the specification of the ground-state d
sity matrix of the target nucleus. The optical potential h
been generated by folding the effective interaction with
ground-state density matrix~for details see, e.g., Ref.@32#!.
Occupation numbers of the single-particle states can be
culated in a 0\v model space using theOXBASH shell-model
code@33#. The resulting average number of particles in ea
orbit is: 1s1/252, 1p3/253.267, and 1p1/250.733 and it is
equal for protons and neutrons. Occupation numbers
tained in a complete (012)\v model space have also bee
tested, but did not produce a significant difference in
results obtained using a microscopic folding optical pot
tial. The single-particle wave functions were calculated us
a harmonic oscillator potential. The range parameterb of this
potential can be estimated from the root-mean-square ch
radius (̂ r 2&)1/2 of the nucleus using@34#

~^r 2&!1/25bA5Z24

2Z
. ~13!
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FIG. 5. Differential cross section~upper panel! and analyzing
power~lower panel! for elastic scattering of protons from11B. The
Orsay-68 dataset has been taken from Ref.@30#.
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For 12C a radius of 2.47 fm has been assumed@35# leading to
b51.68 fm.

Four different effective interactions were used in the c
culations. As an example of a freet-matrix interaction, the
parametrization of Franey and Love@36#, which has been
extensively used in the analysis of proton-scattering exp
ments, has been chosen. Another approach is based
g-matrix type interactions, which include medium effects
the description of the nucleon-nucleon scattering. Th
have, among others, been provided by Von Geramb@37#,
Nakayama and Love@38#, and by the Melbourne group; se
e.g., Dortmans and Amos@39#. The most recent of thes
medium-modified interactions is the one provided by t
Melbourne group. It has been shown to perform well on
large number of target nuclei@40# and over a wide range o
incoming proton energies@29#. As shown in Fig. 7, the Mel-
bourne interaction yields a very close description of t
shape of the differential cross section while overestimat
its magnitude by about 20% for scattering anglesuc.m.
<30°. In contrast, the other interactions overestimate
measured cross section by up to a factor of 2, especi
towards smaller angles. In case of the analyzing power
best agreement is obtained using Von Geramb’s interact
Generally speaking, the medium-modified interactions re
in a closer description of the data than the freet-matrix pa-
rametrization of Franey and Love.

Because the use of the Melbourne interaction results
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FIG. 6. Differential cross sections for inelastic scattering of p
tons from 11B to several low-lying states. The Orsay-68, Uppsa
64, and Uppsala-69 datasets have been taken from Refs.@30,28,31#,
respectively. Excitation energies and spin assignments have
taken from Ref.@11#.
0-6



t
to
fo

n
er
ine
n

he
ra
r

on
th

th
ity

p
u

s
to

el

of
b-

ly to

ns.
ns.

nic-

en

he
del
BA

ore

-

e-
in-
d
r-
ay,
of
tal

ted
e-

re-
n-

ion
om
se

MEASUREMENT AND MICROSCOPIC . . . . I. . . . PHYSICAL REVIEW C67, 054320 ~2003!
the closest reproduction of the shape and magnitude of
differential cross section, which is important when trying
extract transition strengths from the data, it will be used
all distorted-wave Born approximation DWBA! calculations
presented in the following sections.

B. Choice of the model space

Microscopic distorted-wave calculations of inelastic tra
sitions or of higher multipole contributions to elastic scatt
ing require one-body transition densities that can be obta
from the nuclear shell model. The shell-model calculatio
presented here were performed using theOXBASH code@33#,
which comes with a wide variety of parametrizations of t
residual nucleon-nucleon interaction for different configu
tion spaces. To find out which of these parametrizations
sult in a suitable description of the transitions in questi
electromagnetic transition strengths calculated from
model wave functions are compared to results from (e,e8) or
g-decay measurements available in the literature@11,41#. Be-
cause of the different configuration spaces required for
description of transitions to negative- or positive-par
states, these two cases will be investigated separately.

1. Parity-conserving transitions

Parity-conserving transitions can be described in a sim
0\v model space using the parametrizations of the resid
interaction provided by Cohen and Kurath@42#. A more re-
alistic description, especially of electric quadrupole tran
tions, can be obtained by extending the model space
(012)\v configuration.

The different parametrizations are referred to by lab
CKII for the 0\v and MK3W for the (012)\v model
space. The CKII interaction is identical to the (8216)2BME
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FIG. 7. Microscopic calculations of the differential cross sect
and analyzing power for elastic scattering of 150-MeV protons fr
12C compared to the experimental results. The ‘‘Orsay-74’’ data
is taken from Ref.@24#.
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interaction from Ref.@42# while the MK3W interaction is
constructed from a number of different parametrizations
the residual interaction for each of the participating su
shells. The latter interaction has been applied successful
the analysis of inelastic proton scattering from12C @43#.
Table I gives an overview of measuredB(Ol) values@11#
versus results of the two different shell-model calculatio
Bareg factors and free charges were used in the calculatio
The radial matrix elements were computed using harmo
oscillator wave functions withb51.69 fm ~obtained from
Ref. @35#!. Generally, there is a poor agreement betwe
measured and calculated transition strengths. For theB(M1)
values both calculations yield similar results, while t
B(E2) strengths are better reproduced in the larger mo
space. The one-body transition densities used for the DW
calculations of parity-conserving transitions are theref
calculated using the MK3W interaction.

2. Parity-changing transitions

Transitions to positive-parity states in11B require calcu-
lations in at least a 1\v model space, allowing for the exci
tation of nucleons from the 1s to the 1p and from the 1p to
the 2s and 1d shells. A suitable parametrization of the r
sidual interaction in this model space is the SPSDMWK
teraction, which, like the MK3W interaction, is constructe
from a number of other parametrizations. The MK3W inte
action itself may also be used and allows, in a restricted w
also for 3\v-type excitations. The results of the two types
shell-model calculations are compared to experimen
B(Ol) values from Ref.@41# in Table II. As for the parity-
conserving transitions, the matrix elements were calcula
with bareg factors and free charges. Except for the positiv
parity states atEx59.185 MeV andEx59.274 MeV the
SPSDMWK interaction produces better results and is, the
fore, used in the DWBA calculations of parity-changing tra
sitions in Sec. III C 2.

C. Inelastic scattering from 11B

Because of its nonzero ground state spinJp53/22 and
isospinT51/2, inelastic transitions to states within11B al-

TABLE I. Experimental B(Ol) values for parity-conserving
transitions in 11B @Jp(g.s.)53/22# from Ref. @11# compared to
OXBASH results. Units aree2fm2l for B(El) values andmN

2 fm2l22

for B(Ml) values.

B(Ol)↑SM

Ex CKII MK3W
~MeV! Jp Ol B(Ol)↑expt 0\v (012)\v

2.125 1/22 M1 0.5460.04 0.94 1.10
E2 2.660.4 0.88 1.50

4.445 5/22 M1 0.8060.03 0.78 0.67
E2 21.365.30 8.91 16.0

5.020 3/22 M1 1.1560.04 1.38 1.18
6.743 7/22 E2 3.760.9 1.08 3.68
8.920 5/22 M1 0.74960.004 0.49 0.361

E2 1.661.2 0.0003 0.042

t
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ways consist of at least two different multipole contributio
DJ which, in turn, are made up of a number of possib
combinations of orbital momentum transferDL, spin trans-
fer DS, and isospin transferDT. The allowedJLSTcombi-
nations follow the usual selection rules for angular mom
tum coupling with the additional restriction that the orbit
momentum transferDL has to be even for parity-conservin
transitions and odd for parity-changing transitions. Table
gives an overview of the allowedJLST combinations for
transitions to the first excited negative- and positive-pa
states in11B.

The calculated contribution of a particularJ transfer to a
certain transition depends on the shell-model wave functi
of the initial and final states and on the relevant parts of
effective nucleon-nucleon interaction. The total cross sec
is given by an incoherent sum over the cross sections of
different multipole contributions

ds

dV
5(

DJ
S ds

dV D
DJ

~14!

and the analyzing power and spin-flip probability are giv
by

An5S ds

dV D 21

(
DJ

~An!DJS ds

dV D
DJ

, ~15!

TABLE II. Experimental B(Ol) values for parity-changing
transitions in11B from Ref.@41# compared toOXBASH results. Units
aree2fm2l for B(El) values andmN

2 fm2l22 for B(Ml) values.

Ex Jp Ol B(Ol)↑expt B(Ol)↑SM

~MeV! SPSDMWK MK3W
1\v (113)\v

6.792 1/21 E1 (3.9660.48)31024 3.5131024 1.2731023

7.286 5/21 E1 (3.7160.29)31023 6.5231023 1.2031022

7.978 3/21 E1 (1.0060.13)31023 4.1231023 8.1631023

9.185 7/21 M2 9.364.1 3.32 10.61
9.274 5/21 E1 (9.661.9)31024 1.5531022 3.0531023
05432
-
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y

s
e
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Snn85S ds

dV D 21

(
DJ

~Snn8!DJS ds

dV D
DJ

. ~16!

Because of the poor reproduction of experimentally obser
transition strengths by the shell-model calculations~see
Tables I and II! the magnitudes of the different multipol
contributions to the measured cross sections may not be
dicted correctly by the DWBA calculations. If the multipol
parts of a certain transition are renormalized to fit the o
served cross section, the resulting scaling factors can be
to estimate corrections to the calculated transition streng
~see Sec. IV!.

Table IV gives an overview of allowed multipole contr
butions to the observed transitions and the scaling fac
extracted in the analysis. The experimental data and the
obtained from microscopic DWBA calculations of negativ

TABLE III. Examples of allowed JLST combinations for
parity-conserving transitions and parity-changing transitions in11B.

Ji
p53/22→Jf

p51/22

Type DJ DL DS DT

M1 1 0 1 0
1 0 1 1
1 2 1 0
1 2 1 1

E2 2 2 0 0
2 2 0 1
2 2 1 0
2 2 1 1

E1 1 1 0 0
1 1 0 1
1 1 1 0
1 1 1 1

M2 2 1 1 0
2 1 1 1
2 3 1 0
2 3 1 1
ntial
given for
t

TABLE IV. Scaling factors obtained by fitting calculated multipole contributions to measured differe
cross sections. The systematic error of the quoted numbers is about 20% unless a range of values is
a certain scaling factor. The abbreviation ‘‘n.c.’’ means that the particularJ transfer gives no significan
contribution to the observed cross sections.

Ex

~MeV! Jp DJ50 DJ51 DJ52 DJ53 DJ54 DJ55

2.125 1/22 0.3 0.7
4.445 5/22 0.5 0.75 n.c. n.c.
5.020 3/22 n.c. 0.47 0.3 0.6
6.743 7/22 0.7 n.c. n.c. n.c.
8.920 5/22 1.2 0.5 n.c. n.c.
7.286 5/21 0.1–1 0.2–0.3 0.7 <0.3
7.978 3/21 <1 <0.5 n.c. <0.8
9.185 7/21 0.5 0.5 n.c. n.c.
9.274 5/21 <0.4 n.c. 324 n.c.
0-8
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and positive-parity states, using theDWBA98 code @44# and
the microscopic wave functions mentioned above, will
discussed in the following paragraphs.

1. Negative-parity states

Figures 8 and 9 display the measured angular distribut
of cross sections, analyzing powers, and spin-flip probab
ties for the negative-parity states together with fits obtain
from the calculated multipole contributions to each state. T
experimental values for the spin-flip probabilitySnn8 have
been corrected for a small systematic offset, as discusse
Ref. @17#.

The magnitudes of the multipole contributions to a cert
state were fixed by a ‘‘fit-by-eye’’ procedure to the observ
cross section. There were two reasons not to use an a
matic leastx2-fit routine for the fit. First, the focus of the
analysis is on the extraction ofM1 strengths from the dat
and it is therefore necessary to get a good description of
data points at the most forward scattering angles, while
automatic fit weighs the data points by their statistical err
only. Second, the manual procedure allows us to take
account the additional information provided by analyzi
powers and spin-flip probabilities in cases where there is

d /d [mb/sr] An Snn’
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FIG. 8. Transitions to the first four negative-parity states in11B.
Only J transfers that give a significant contribution to the observ
angular distributions are plotted. Excitation energies and spin
signments have been taken from Ref.@11#.
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ambiguity in the fit of the cross section data. We estimate
uncertainty of the fitting procedure to be about 10%. T
gether with the systematic uncertainty of the measured c
sections~see Sec. II C! the error on the resulting scalin
factors displayed in Table IV is about 20%.

Over the observed angular region, the cross section
most of the negative-parity states are governed exclusiv
by the M1 and E2 parts of the transitions. In case of th
Jp53/22 state atEx55.02 MeV it was possible to fix also
the DJ53 part which gives a significant contribution to th
spin-flip probability at larger angles. It is seen from Fig.
that indeed the state atEx57.6 MeV shows an angular dis
tribution that can be described by a pureDJ52 transition,
supporting the assumption that this peak is theJp57/22

state located at 6.743 MeV.
A special case is the state atEx58.56 MeV for which

Ajzenberg-Selove gives a tentative assignment ofJp53/22

@11#. The steep rise of the cross section towards small an
indicates that the transition is predominantly ofE0 type.
Because the shell-model calculations presented here do
produce a theoretical candidate for this state~see also Ref.
@45#!, one-body-transition densities that have been calcula
for a 01→01 transition in 12C have been used to produc
angular distributions of a pureE0 transition. As can be see
in the upper part of Fig. 9, the shapes of the resulting cur
are in good agreement both with the experimentally obser
cross section and the analyzing power. The assumption
the transition is governed by theDJ50 contribution and the
assignment of aJp53/22 spin and parity to the state i
therefore confirmed.

2. Positive-parity states

The good energy resolution and high statistics of the d
presented in this work made it possible to observe for
first time positive-parity states in11B using inelastic proton
scattering. Because the parity-changing transitions are m
weaker than those excitations that conserve parity, the

d
s-
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FIG. 9. Same as Fig. 8, but in this case for transitions to
negative-parity states atEx58.560 andEx58.920 MeV in 11B.
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V. M. HANNEN et al. PHYSICAL REVIEW C 67, 054320 ~2003!
traction of the spin-flip probability was only feasible for th
strongest of the four observed positive-parity states, i.e.,
state atEx57.286 MeV.

Figure 10 displays results of the analysis together with
from the DWBA calculations. Compared to the parit
conserving transitions, more of the possibleJ transfers to a
certain state play a role in the observed angular region. T
makes it impossible to obtain an unambiguous determina
of the magnitudes of the multipole contributions for a tra
sition. Therefore, most of the scaling factors listed in Ta
IV are given as a range or a limit on the contribution of
certain multipolarity to a state and the fits displayed in F
10 have to be regarded as examples for possible descrip
of the measured angular distributions. For a clear determ
tion of the multipole contributions to transitions to positiv
parity states in11B, experimental data over a wider angul
range than covered in this experiment are required.

IV. DISCUSSION

The main interest in the present work lies in the extract
of the spin-isovector parts of theM1 strengths for transitions
to low-lying negative-parity states in11B. Because of the
number of possible combinations of orbital momentum tra
fer, spin transfer, and isospin transfer, which contribute
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FIG. 10. Same as Fig. 8, but in this case for transitions
positive-parity states in11B.
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each transition in11B ~see Table III!, the extraction of tran-
sition strengths from measured differential cross sections
quires additional knowledge of the structure of the transit
operators and of the strengths of the terms of the effec
nucleon-nucleon interaction corresponding to the differ
parts of these operators. In the following sectionsM1 and
E2 type transitions to negative-parity states in11B will be
investigated and arguments will be given as to which parts
the respective operators dominate these transitions. In
IV B, extracted spin-isovector parts of theM1 transition
strengths will be compared to Gamow-Teller strengths
tained from 11B(p,n)11C measurements@12,13#.

A. Extraction of M1 strengths

It is possible to express the operator for magnetic dip
transitions in terms of isospin-dependent and isosp
independent contributions@46#, using

O~M1!5
mN

2 (
k51

A

$@~12tzk!gp
s1~11tzk!gn

s#sWk ~17!

1@~12tzk!gp
l 1~11tzk!gn

l # lWk%. ~18!

Inserting numerical valuesgp
s55.586, gn

s523.826, gp
l 51,

andgn
l 50 for theg factors, transitions strengths for the di

ferent components of theM1 operator can be calculate
from shell-model wave functions~see Sec. III B!. Table V
gives an overview of transition strengths of select
negative-parity states in11B calculated by applying either th
complete M1 operator @B(M1) f ull #, the spin-dependen
parts only @B(s1stz)#, or specifically the spin-isoscala
@B(s)# and spin-isovector@B(stz)# parts of the operator.

To get an insight into the influence of the effectiv
nucleon-nucleon interaction on the nature of the obser
M1 transitions, the momentum-transfer dependence of
different parts of the interaction has to be known. For t
and for further discussion we consider the Love-Franey
fective two-nucleon interaction@5#, since the medium-
modified Melbourne interaction used heretofore is qu
complex to display. The Love-Franey components are q
similar though to the zero density elements of the Melbou
force.

The orbital parts of theM1 transition density couple only
to the spin-orbit parts of the effective interaction@47#, de-
noted astLS and tt

LS , respectively. As both of these force

TABLE V. M1 transition strengths calculated from shell-mod
wave functions of selected negative-parity states in11B using dif-
ferent parts of theM1 operator.

Ex B(M1) f ull B(s1stz) B(s) B(stz)
~MeV! Jp (mN

2 ) (mN
2 ) (mN

2 ) (mN
2 )

2.125 1/22 1.10 1.65 0.042 1.17
4.445 5/22 0.67 1.05 0.022 0.77
5.020 3/22 1.18 1.35 0.032 0.97
8.920 5/22 0.36 0.26 0.008 0.36

o
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rapidly drop to zero at small momentum transferq, the con-
tribution of orbital excitations to the observedM1 transitions
can safely be neglected at forward scattering angles~at a
proton energy of 150 MeV and for excitation energies bel
10 MeV a momentum transfer ofq50.5 fm21 corresponds
roughly to a scattering angle of 10°). This has been c
firmed by Petrovichet al. @47#, who compared results ob
tained from inelastic electron scattering to results fro
(p,n)-type measurements. These authors explain that tra
tions that proceed mainly by the orbital part of theM1 op-
erator were observed with the (e,e8) reaction but the corre
sponding transitions to analog states in the mirror nu
have not been observed with the (p,n) reaction.

The most important parts of the effective interaction
spin-flip excitations at forward angles are the central isov
tor force and the isoscalar tensor part of the interaction
noted astst and t̄ T, respectively, see Ref.@5#. The experi-
mentally observed cross sections are proportional to
squares of the relevant parts of the effective interaction
the limit of zero momentum transfer, the ratio of isovector
isoscalar contributions to the transition strengths due to
nature of the interaction therefore becomesutst / t̄ Tu2
5u160/105u252.3. However, the excitation of low-lying
isoscalar magnetic dipole strength through thet̄ T term of the
effective nucleon-nucleon interaction is usually hindered
nuclear-structure effects, as has been observed in the ex
tion of the Jp;T511;0 state relative to theJp;T511;1
state in 12C at excitation energies of 12.7 and 15.1 Me
respectively@48#. To check this for the11B case, the contri-
butions of the central (C), spin-orbit (LS), and tensor~T!
parts of the effective nucleon-nucleon interaction to the to
M1 cross sections of some of the observed transitions h
been calculated with the one-body transition densities
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FIG. 11. Contributions of the central (C), spin-orbit (LS), and
tensor ~T! parts of the effective nucleon-nucleon interaction,
given by Franey and Love@36#, to the total calculatedM1 cross
sections of selected negative-parity states in11B.
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tained with the MK3W interaction~see Fig. 11!. At forward
scattering angles all of the observed transitions are do
nated by the central part of the nucleon-nucleon interact
Contributions of the tensor force are about an order of m
nitude weaker for scattering angles below 5°. For the extr
tion of B(M1) values from the present measurements at
ward angles, it will therefore be assumed that the obser
magnetic-dipole transitions are of purely spin-isovector
ture.

To deduce theM1 transition strengths from the measur
cross sections, we multiply the spin-isovectorM1 strengths
calculated from shell-model wave functions with appropria
scaling factorssexpt/sDWBA ~see Table IV! obtained from
the analysis of experimental angular distributions giving

B~stz!expt5B~stz!SM3
sexpt

sDWBA
.

Table VI gives an overview of the results. A comparison
the results obtained in this work to spin-isovector parts of
M1 strengths, which have been calculated from radiat
level widths by Raghavan and Pakvasa@7#, is given in Table
VII and exhibits a very poor agreement between the tw
There are several possible reasons for this disagreement
extraction ofM1 strengths from measured level widths r
quires theM1/E2 mixing ratios to be known. These are su
ject to rather large experimental uncertainties@49,50# or, in
the case of theJp51/22 state atEx52.125 MeV, are not
known at all@the B(E2) value for the transition to this stat
has not been determined from radiative widths, but has b
deduced from the208Pb(11B, 11B8) reaction @51##. Further-
more, the calculation of the spin-isovector contributions
the total ofM1 strengths from radiative widths is hindere
by the contributions of the orbital parts of the transition o
erator, which cannot be neglected in these kinds of meas
ments. The ratio of spin and orbital contributions to the o

TABLE VI. Results to determine the spin-isovector parts of t
M1 strengths.

Ex B(stz)SM ds/dV(0°)expt B(stz)expt

~MeV! Jp (mN
2 ) sexpt/sDWBA ~mb/sr! (mN

2 )

2.125 1/22 1.17 0.3060.06 0.4660.09 0.3560.07
4.445 5/22 0.77 0.5060.10 0.5560.11 0.3860.08
5.020 3/22 0.97 0.4760.09 0.5860.12 0.4660.09
8.920 5/22 0.36 1.2060.24 0.7660.15 0.4360.09

TABLE VII. Spin-isovectorM1 strengths obtained in this wor
compared to results deduced from radiative widths.

Ex B(stz)expt B(stz)
~MeV! Jp (mN

2 ) (mN
2 )

2.125 1/22 0.3560.07 0.6360.05
4.445 5/22 0.3860.08 1.0360.10
5.020 3/22 0.4660.09 1.0260.04

aFrom Ref.@7#.
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served transitions is estimated using shell-model w
functions. As the total of theM1 strengths extracted from
those wave functions is for most of the states not in go
agreement with the measurements~see Table I! it cannot be
expected that this ratio is predicted correctly.

B. Comparison to measured Gamow-Teller strengths

In a simple picture, where effects such as MECs@15# are
neglected, there is a direct relation between the sp
isovector parts of theM1 strength of a transition and th
Gamow-Teller strength of the analog transition to the mir
nucleus@16#

B~GT!

B~stz!/mN
2

5
8p

3~gIV
s !2

^TiTzi161uTfTz f&
2

^TiTzi10uTfTz f&
2

, ~19!

with gIV
s 5(gp

s2gn
s)/2. Inserting the proper initial and fina

isospins for the states in question, this ratio becomes

B~GT!

B~stz!/mN
2

5
8p

3~gIV
s !2

^ 1
2

1
2 21u 1

2 2 1
2 &2

^ 1
2

1
2 10u 1

2
1
2 &2

'0.76. ~20!

Table VIII shows a comparison of Gamow-Teller strengths
the values obtained from the above-mentioned proportio
ity. The states atEx54.319 and 4.804 MeV as well as a
Ex58.105 and 8.420 MeV in11C have been observed as
doublet in the experiments of Ref.@12# and combined
Gamow-Teller strengths are therefore given for these sta
In case of the second doublet, the complete quoted Gam
Teller strength is attributed to theJp55/22 state. This is
confirmed by the observation that the transition to theJp

53/22 state atEx58.560 MeV in 11B, which is the analog
of theJp53/22 state of the doublet, is predominantly ofE0
nature~see Sec. III C 1!.

Figure 12 gives a graphical representation of the comp
son between spin-isovector parts of theM1 strengths and the
Gamow-Teller strengths, including the results obtained
Raghavan and Pakvasa@7#. Judging from the figure, the re
sults of the analysis of inelastic proton scattering are in be
agreement with the measured Gamow-Teller strengths
the data points extracted from radiative widths. This find
may, however, be modified by the inclusion of MEC effec

TABLE VIII. Spin-isovector parts of theM1 strengths in11B
compared to experimental analog Gamow-Teller strengths for t
sitions to excited states in11C.

Ex in 11C
~MeV! Jp B(GT)a B(GT)b

B(stz)expt

30.76/mN
2

2.000 1/22 0.4060.03 0.2860.06 0.2760.05
4.319
4.804

5/22

3/22 0.9660.06
0.6860.15
0.3760.08

0.2960.06
0.3560.07

8.105
8.420

3/22

5/22 0.4460.01 0.3360.07

aFrom Ref.@12#.
bFrom Ref.@13#.
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Using relation~4! and the value ofgA /gV51.26, the ex-
citation strengthlNC was calculated on basis of the values
B(stz)expt as listed in Table VII. The values forlNC are
0.1160.02, 0.1160.02, and 0.1460.03, for the transitions
to the states at 2.12, 4.45, and 5.02 MeV, respectively. Es
cially, for the last two transitions the value forlNC is much
smaller than that listed by Raghavan@7#, which means that
the total yield per weight of boron for the important trans
tions to the states at 4.45 and 5.02 will be a factor o
smaller than that mentioned by Raghavan.

C. Extraction of E2 strengths

E2 transitions caused by electromagnetic probes proc
via the electric operatorO(ELML

). When using free nucleon

chargesep and en the transition strengths for these excit
tions depend on single-particle matrix elements between
ton states only. Hadronic probes, however, induce transiti
both between proton states and between neutron states
different operators have to be used to evaluate the w
functions of initial and final states. Following Ref.@52#, the
operatorsO(LST) for the four possible combinations o
orbital-momentum transfer, spin transfer, and isospin tran
~see Table III!, which contribute to the observedE2 transi-
tions, are given by

n-
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FIG. 12. Spin-isovector parts of theM1 strengths compared to
Gamow-Teller strengths. The plots are produced usingB(GT) val-
ues from Ref.@12# ~upper panel! and from Ref.@13# ~lower panel!.
In the upper panel the data are summed for the states atEx54.3 and
4.8 MeV and atEx58.1 and 8.4 MeV to allow a comparison wit
Ref. @12#. See Table VIII for details.
0-12



n
o

d

rv
on
in
u
ec
ns
o
th
fo

on
on
n
n

up
a
u

tr

ted
le
-

the

ing
-

ak-

d
-
due
ex-
of

.
re-

east
is-
i-
of

to
tro-
to
the

el

ed

MEASUREMENT AND MICROSCOPIC . . . . I. . . . PHYSICAL REVIEW C67, 054320 ~2003!
O~200!5 (
k51

A

r k
2Y2M~ r̂ k!,

O~201!5 (
k51

A

r k
2Y2M~ r̂ k!tzk ,

~21!

O~210!5 (
k51

A

r k
2@sW k^ Y2M~ r̂ k!#2 ,

O~211!5 (
k51

A

r k
2@sW k^ Y2M~ r̂ k!#2tzk .

To get an insight into the importance of the different spin a
isospin parts of the transitions, Table IX gives an overview
the E2 matrix elementsM(LST)5^ f uuO(LST)uu i & of the
observed states calculated from appropriate shell-mo
wave functions~see Sec. III B!. From a comparison of the
matrix elements it becomes apparent that all of the obse
transitions are dominated by the isoscalar non-spin-flip c
tributionM(200). This dominance of the isoscalar non-sp
flip part is a consequence of the nature of the resid
nucleon-nucleon interaction inside the nucleus. In a coll
tive picture isovector transitions involve a motion of proto
against neutrons whereas for isoscalar transitions they m
in phase. The energy needed for isovector excitations
require a separation of protons and neutrons is there
higher than that needed for isoscalar excitations@53#. Similar
arguments hold for the spin part of the observedE2 transi-
tions.

At a momentum transfer ofq50.9 fm21, which corre-
sponds roughly to the position of the maxima of theE2 cross
sections, the largest contributions to the effective nucle
nucleon interaction are given by the central isoscalar n
spin-flip part and by the spin-isovector tensor compone
both being approximately equally strong. Those compone
coupling to the isoscalar spin-flip matrix element are s
pressed by a factor of 4 relative to the above-mentioned p
of the interaction and the isovector non-spin-flip contrib
tions are more than a factor 30 weaker.

The actual transition strengths are related to the ma
elements by

B~E2ST!5
M~LST!2

2Ji11
b4 ~22!

TABLE IX. Matrix elementsM(LST) of the observedE2 tran-
sitions calculated from shell-model wave functions.

Ex ~MeV! Jp M(200) M(201) M(210) M(211)

2.125 1/22 22.394 20.692 21.377 1.006
4.445 5/22 25.150 0.413 21.130 0.674
5.020 3/22 2.538 0.826 0.219 0.027
6.743 7/22 24.216 21.547 0.209 21.442
8.920 5/22 0.374 0.103 0.259 0.002
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with b being the harmonic-oscillator parameter. Calcula
values for theE2 transition strengths are displayed in Tab
X, where the columnB(E200) refers to isoscalar non-spin
flip strengths and columnB(E200111) gives the combined
transition strengths, which are obtained when also taking
spin-isovector matrix element into account.

To deduce experimental values of theE2 transition
strengths, the calculated results are multiplied with scal
factorssexp/sDWBA found in the analysis of the experimen
tal angular distributions~see Table IV!. Again, values in
Table XI are given either assuming that the observedE2
transitions are of purely isoscalar non-spin-flip nature or t
ing into account the spin-isovector contribution also.

V. SUMMARY AND CONCLUSION

Inelastic transitions to all known@11# positive- and
negative-parity states in11B up to theJp55/21 state at an
excitation energy ofEx59.274 MeV have been analyze
with the exception of the 1/21 state at 6.792 MeV. The ex
traction of parity-changing transitions has been possible
to the good energy resolution and high statistics of the
perimental data and makes this the first observation
positive-parity states in11B using inelastic proton scattering

Measured angular distributions were compared to the
sults of fully microscopic DWBA calculations. As11B has a
nonzero ground-state spin, each transition contains at l
two different multipole contributions. Calculated angular d
tributions for the different multipolarities of a certain trans
tion were fitted to the experimental data, providing a set
scale factors~see Table IV! that were subsequently used
obtain experimental estimates of the corresponding elec
magnetic transition strengths. Unlike the transitions
negative-parity states, which are mostly dominated by

TABLE X. E2 transition strengths calculated from shell-mod
wave functions.

Ex B(E200) B(E200111)
~MeV! Jp (fm4) (fm4)

2.125 1/22 11.83 3.97
4.445 5/22 54.73 41.34
5.020 3/22 13.29 13.57
6.743 7/22 36.67 66.05
8.920 5/22 0.29 0.29

TABLE XI. E2 transition strengths extracted from calculat
B(E2ST) values and experimental scaling factors.

Ex sexpt

sDWBA

B(E200)expt B(E200111)expt

~MeV! Jp (fm4) (fm4)

2.125 1/22 0.760.1 8.361.7 2.860.6
4.445 5/22 0.860.2 41.068.2 31.066.2
5.020 3/22 0.360.1 4.060.8 4.160.8
6.743 7/22 0.760.1 25.765.1 46.269.2
8.920 5/22 0.560.1 0.1560.03 0.1560.03
0-13
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M1 andE2 contributions, the transitions to positive-pari
states usually contain three relevant multipole contributi
over the observed angular range. This hinders an unamb
ous determination of the individual multipole contributio
to these transitions and the corresponding scaling factors
therefore given in the form of ranges or upper limits. A sp
cial case is given by the transition to the negative-parity s
at Ex58.560 MeV for which Ajzenberg-Selove@11# gives a
tentative assignment ofJp53/22. The steep rise of the cros
section towards small angles indicates that the transitio
predominantly ofE0 type, which would confirm this spin
and parity assignment. The observedE2 transitions are pre
dominantly of isoscalar non-spin-flip type, although the pr
erence for one particular mode of excitation is not as clea
in the case ofM1 transitions.

There is a marked discrepancy when spin-isovector p
of theM1 strengths from the analysis presented in this w
are compared to results that were obtained by Raghavan
Pakvasa@7# from an analysis of radiative-width data~see
Table VII!. The reasons for this discrepancy are related to
model dependences inherent to the extraction of transi
strengths from the different types of experimental data. T
extraction ofM1 strengths from measured level widths r
quires the knowledge ofM1/E2 mixing ratios that are sub
ject to rather large experimental uncertainties@49,50#. Also,
the orbital part of theM1 operator cannot be neglected
measurements with electromagnetic probes. The ratio of
and orbital contributions to the observedM1 strengths has
therefore been estimated by Raghavan and Pakvasa@7# from
shell-model calculations. Taking the isovectorM1 strengths
from the present analysis, we find that the yield for t
flavor-independent detection of neutrinos using transition
.
n
,
ve

e

C.
e
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the 4.45- and 5.02-MeV states in11B will be a factor of 2
smaller as calculated by Raghavan@7#.

For an independent measure of the quality of the extrac
M1 strengths a comparison has been made to Gamow-T
strengths that have been determined from (p,n)-type experi-
ments @12,13#. In a simple picture, where effects such
meson-exchange currents are neglected, there is a direc
lation between the spin-isovector parts of theM1 strength of
a transition and the Gamow-Teller strength of the ana
transition to the mirror nucleus@see Eq.~20!#. Judging from
Fig. 12, the results of the analysis presented in this work
in better agreement with the measured Gamow-Te
strengths than the values estimated by Raghavan and
kvasa@7#.
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