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Abstract

Cross sections and analyzing powers for the nB(p,p') 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. A fully microscopic distorted-wave analysis of the

elastic and inelastic data has been made, using density-dependent effective interactions and input

from shell-model calculations in a complete (0+2) h~u> model space for normal parity transitions and

in a 1 Uw model space for non-normal parity transitions. With the help of these model calculations

spin-isovector Ml strengths for the negative-parity states at excitation energies of 2.125 MeV

. \F = 1/2"), 4.445 MeV (J* = 5/2~), 5.020 MeV (Jn = 3/2~) and 8.920 MeV (J* = 5/2") have

been extracted and compared to known Gamow-Teller strengths for the analog transitions to n C .
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I. INTRODUCTION

Over the last decades medium-energy proton scattering has been established as a valuable

tool for the study of nuclear structure in general and the study of spin-isospin excitations in

nuclei in particular [1-4]. The latter makes use of the energy and momentum-transfer de-

pendence of the different spin-flip and non-spin-flip parts of the effective interaction between

the incoming proton and the target nucleus [5] which, especially in the energy range between

140 and 400 MeV and under forward scattering angles, results in an enhanced sensitivity

to spin-isospin transitions. This selectivity for a certain mode of excitation has also been

exploited in this work to study the spin-isovector Ml strengths for transitions to low-lying

states in the odd-A nucleus U B .

As described by Raghavan et al. [6-8], the U B isotope can be used as target material

in experiments aiming at the determination of the flux of high-energy 8B decay neutrinos

which are produced during the proton-proton fusion chain in the center of the sun. In the

proposed setup, neutrinos can simultaneously be observed via neutral-current excitation

(NC) of nuclear levels in U B and the subsequent detection of 7-rays emitted by the de-

exciting nucleus or via charged-current (CC) scattering of electron neutrinos to states in its

mirror nucleus U C which are then detected by a coincidence of the electron produced in the

reaction and 7-rays emitted during de-excitation

(1)

. (2)

This detection scheme allows to measure the total (flavour independent) neutrino flux and

the electron-neutrino flux simultaneously and in the same experimental setup.

The extraction of neutrino fluxes from count rates requires a knowledge of the NC exci-

tation strengths X^c a n d the CC excitation strengths Xcc- The charged-current excitation

strengths is given by [6, 9]

(?A\ 6^±1 (3)



where QAIQV = 1-264 ± 0.002 [10] is the axial-vector to vector coupling fatio, B{F) is the

Fermi transition strength and B{GT) the Gamow-Teller transition strength. For the ground-

state transition n B —> UC the ft value is known: log ft = 3.6 [11], and the resulting CC

excitation strength is XCc = 1-54. The transitions to excited states in n C are dominantly of

Gamow-Teller type and B(GT) strengths for these states have been measured by Tadeucci et

al. [12] and Grimes et al. [13]. In standard electroweak theory, at low momentum transfers,

NC excitations proceed only by the isovector axial-vector current [14] and the excitation

strengths can be derived from measured spin-isovector Ml strengths B{arz) t using

where gs
p = 5.586 and g^ = —3.826 are the proton and neutron spin ^-factors, respectively.

According to Ref. [7] the NC and CC excitation strengths are connected by a simple propor-

tionality 4AJVC = ^cc- Effects like meson-exchange currents (MEC) [15, 16] might, however,

modify this relation.

Raghavan and Pakvasa [6] used input from shell-model calculations to extract B(arz) t

values for the levels in question from measured radiative widths [11]. The systematic un-

certainties inherent to this approach and the discrepancies which arise when the B(arz) t

strengths extracted this way are compared to measured Gamow-Teller strengths, make it

desirable to obtain information on the spin-isovector Ml strengths from another, indepen-

dent experimental technique. Because of its selectivity for spin-isospin excitations medium

energy inelastic proton scattering offers such an opportunity.

In this paper we present results of a study of inelastic excitation of n B using a polarized

proton beam at an incident energy of 150 MeV. In section II, the experimental procedure

will be described and the results obtained will be compared to other data available. The

calculations used to describe the data will be presented in section III and an interpretation of

our data will be discussed in section IV. A summary and conclusion is given in section V. In

addition to the study of inelastic transitions, the data also revealed effects of depolarization

for elastic scattering. These data and their interpretation will be given in a forthcoming

paper [17]. The detailed description of the method used to determine spin observables is



subject of yet another publication [18].

II. EXPERIMENTAL PROCEDURE AND DATA REDUCTION

The experiment was performed at the AGOR facility of the KVI using a 150 MeV polar-

ized proton beam. Scattered particles were momentum analyzed in the Big-Bite Spectrome-

ter [19] and detected in the focal-plane detector and focal-plane polarimeter systems built by

the EUROSUPERNOVA collaboration [18, 20]. This detection system consists of three major

building blocks: a focal-plane detection system (FPDS), a focal-plane polarimeter (FPP)

and a scintillator system. The FPDS consists of two vertical drift chambers mounted parallel

to the focal plane of the BBS and separated by 23 cm along the central ray with which they

form an angle of 39°. Each chamber has an X-plane and a U-plane with the wires of the

U-plane tilted by 32.9° against the vertical direction. The focal-plane polarimeter is located

downstream of the FPDS and consists of four multi-wire proportional chambers (MWPC's)

and a carbon analyzer with a thickness of 5 cm. Each MWPC consists of an X and a Y

plane with a wire spacing of 2.5 mm. More details on the performance of these detector

systems will be given in a forthcoming publication [18]

The in-beam polarimeter (IBP), as described in Ref. [21], was used to determine the

polarization of proton or deuteron beams coming from the AGOR cyclotron. It is located

in the high-energy beam-line leading to the experimental area. The data of this experiment

were taken over a period of five days during which the beam polarization was measured

roughly three times a day. Each IBP measurement consisted of a run where the transition

units and hexapoles of the polarized ion source were turned off to ensure a strictly unpolar-

ized beam [22] and a second run where the three different beam polarizations produced by

the ion source were measured. The values for the polarization were (76 ± 2) % for spin up,

(-74 ± 2) % for spin down, and (8 ± 1) % for spin off (cf Ref. [21], for more details see Ref.

[17])

Data were taken at a number of spectrometer angles in steps of about 3° between 5° and

28° alternately on a 20.1 mg/cm2 thick self-supporting U B target with an enrichment of



99.5% [23] and on a 9.0 mg/cm2 thick natural carbon target. Data from-the 12C measure-

ments are used to cross check our experimental results against measurements from groups at

other laboratories [24-27] and, therefore, provide a possibility to verify the correct function-

ing of the detector systems and of the analysis procedure applied in this work. Although no

information from the FPP is required for the determination of cross sections and analyzing

powers, the polarimeter was running during most of the measurements and the analysis of

the additional data was used for the states with the largest cross sections (in the present

case those with a negative parity and at low excitation energies).

The beam from the cyclotron was stopped in a Faraday cup, positioned inside the magnet

chambers of the spectrometer at small scattering angles and inside the scattering chamber

for large scattering angles (QBBS > 9°). The current from the Faraday was integrated

and together with the dead time of the data-acquisition system monitored throughout the

experiment.

Using calibration data obtained during a measurement with a sieve slit mounted at the

entrance of the spectrometer, the target coordinates 5, #< and <pt are calculated from the

focal-plane coordinates of the particle. The angles dt and <pt are the horizontal and vertical

scattering angles of the particle relative to the central ray through the BBS and 6 is the

relative magnetic rigidity S — (Bp — Bpo)/(Bpo), with Bp0 being the rigidity of the central

ray. In this way the kinetic energy and the full scattering angle in the laboratory system

have been reconstructed. The upper left panel in Figure 1 shows the horizontal angle $t

plotted against the resulting kinetic energy for 150 MeV protons scattered from n B at a

spectrometer angle QBBS — 10° • Vertical lines observed in the plot correspond to states in
11B with the ground state at the highest energy. Events outside the area enclosed between

the horizontal dashed lines are rejected to reduce instrumental background. The energy

spectrum of the scattered protons is shown in the upper right panel of Figure 1. The elastic-

scattering line, which at this angle is located at an energy of 149.55 MeV, has been scaled

down by a factor 40. The FWHM of the peak located at E = 147.43 MeV, which corresponds

to the J7r = l/2~ state, is about 100 keV. By plotting the vertical target angle <pt versus

the horizontal angle #f one obtains an image of the opening of the spectrometer (see Figure



1, lower left). For the determination of the solid angle, however, these angles have been

converted into spherical coordinates: the polar and the azimuthal scattering angles 0 and

4>, respectively. When plotting the azimuthal versus the polar angle, one obtains a spherical

representation of the BBS opening as shown in the lower right panel of Figure 1. In this

representation the angular acceptance of the spectrometer can easily be divided into strips

with a well denned scattering angle 6j and solid angle AQj = sinOjABAfy, as is indicated

in the figure.

A Polarized-beam cross section

To extract cross sections from the accumulated data, the counts collected inside a certain

solid angle bin AQj and energy bin AEi have to be corrected for the measured dead times

of the setup, for the reconstruction efficiency of the VDC's and for the integrated charge.

In case of a polarized-beam measurement this has to happen separately for each of the

polarization states of the beam. The corrected number of counts per unit charge CKij, for

a certain polarization state K inside the ith energy bin and the j t h solid-angle strip, then

becomes

with NKij is uncorrected number of counts, DK is the measured dead time of the system, QK

is the integrated charge from the beam dump and T is VDC efficiency which was typically

96% [18].

A problem that surfaced during data analysis is that the hit density for a fixed scattering

angle 8j decreases when going from the central region of the BBS opening to the upper or

lower edge of the acceptance. Quantitatively, the hit density in the central region of the

angular acceptance differed by up to 15% from the overall density observed inside a solid-

angle strip belonging to a certain scattering angle Br The variation of the cross section due

to the analyzing power of a particular nuclear reaction is, for a proton beam of polarization

PK— (0,p£,0), given by

do ,„
(1+pK

y COS MniOj)) (6)
0



with $fi the cross section for an unpolarized beam. The resulting variation in the

hit density at a spectrometer angle QBBS = 5° can be estimated, assuming values py =

0.7, An(5°) = 0.36 (corresponding to the analyzing power of elastic scattering from 12C,

see Figure 2, right panel) and an azimuthal coverage of \<p\ < 40°, to be about 4%. At

larger spectrometer angles the effect due to the analyzing power becomes smaller because

of the decreasing azimuthal coverage of the BBS. For instance, at GBBS = 21°, where

the analyzing power of the elastic scattering reaches its maximum value of An « 0.9 and

\(f>\ < 11°, the effect is only about 2%. The experimentally observed variations can, therefore,

not be explained by the reaction mechanism, but must have an instrumental origin, most

likely caused by an inefficiency of some of the scintillator paddles, during this particular

experiment. To correct for the effect, an additional factor £j has been introduced, defined

by the ratio of the central to the overall hit density inside a certain solid angle strip, such

that the corrected number of counts per unit charge becomes

^ ~ (i - DK)QKT • ( 7 j

Because the factor ^- is averaged between the spin-up and spin-down phases of the beam

polarization, which have roughly the same magnitude \py\ but opposite signs, it is ensured

that only the instrumental effect is corrected for and not the real physical variation due

to the analyzing power An(6). The double-differential cross section for a proton beam of

polarization pK is then given by

dQdEy = 0.266 • 10~3 • -A aKIJ mb

sr MeV• ] • (8)

with A is the target mass [g/mol], // is the target thickness [g/cm2], Aty is the bin in the

solid angle [sr] and AEi is the bin in the energy [MeV].

To extract angular distributions of cross sections and analyzing powers of the observed

states, the energy spectra at each angle 6j and polarization pK are fitted using the code FIT

[28]. The line shape is approximated by a gaussian with an exponential tail towards lower

energies. The area under the nth peak in a spectrum corresponds to the differential cross

section of a certain excited state at the scattering angle and beam polarization at which the

spectrum was taken and will be referred to by |£(#j) •



B Analyzing power and unpolarized-beam cross section —

The analyzing power A{6) of a particular nuclear reaction can be determined by perform-

ing measurements with different beam polarizations py and py. Dividing the cross sections

given by equation 6 for the two polarization states one obtains

I + Pi COS ,

which, when averaging over the azimuthal interval A(f>j, results in

with
1 r

n^-r— / cos^#. (11)

Solving equation 10 for A(6j) one gets

Once the analyzing power of a particular reaction is known, the unpolarized-beam cross

section of that reaction can be calculated from any of the polarized-beam cross sections via

(13)

C Results and comparison with existing data

Angular distributions of cross sections and analyzing powers with center-of-mass angles

in the range of 4° < 9cm < 31° in the U B case and 4° < 9^ < 29° in the 12C case have

been extracted from the data. For n B , all positive and negative parity states [11] up to

the J* = 5/2+ state at an excitation energy of Ex = 9.274 MeV have been analyzed with

the exception of the l / 2 + state at 6.792 MeV, which lies too close to the much stronger

7/2~ state at 6.743 MeV to be resolved. In case of the negative parity states, the BBS

acceptance has been divided into four 1° bins, while for the weaker positive parity states
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the angular bins of a setting were joined to form one 4° bin in order to gam sufficiently high

statistics. The overall systematic uncertainty of the measured cross sections, that accounts

for errors in dead-time corrections, in the calculation of inefficiencies and acceptances and

in the integrated charges and target thicknesses, is assumed to be about 10%.

A comparison of elastic cross-section and analyzing-power data extracted from the 12C

measurements to existing data-sets measured at Orsay [25] and at IUCF [27] is shown

in Figure 2. While there is excellent agreement between the cross sections observed at

the different laboratories, the analyzing power measured at IUCF at an incoming proton

energy of 160 MeV lies slightly above the data measured at 156 and 150 MeV at Orsay and

KVI, respectively. This can be explained by the energy dependence of the elastic-scattering

analyzing power in this angular region which reaches its maximum at about 200 MeV [29].

Figure 3 shows two examples for cross sections of inelastic transitions in 12C. Data taken at

KVI are compared to data-sets measured in Orsay, one in the late sixties [24] and one in

the mid seventies [26]. While there is good agreement between the KVI data and the latter

measurement, the older Orsay data predict a substantially higher cross section.

Figure 4 shows the results obtained for elastic scattering on U B compared to the only

other available elastic-scattering data-set in this energy region, which has been measured at

Orsay [30]. There is good agreement between the analyzing powers of the measurements,

while the cross sections at smaller angles differ substantially.

For the inelastic transitions there are two more data-sets at an incoming proton energy

of 185 MeV, both measured in Uppsala [31, 32], which can be used to compare with our

data. Figure 5 shows measured cross sections for a number of negative parity states in

n B as a function of the transferred momentum q. This representation allows for an easier

comparison of data-sets at different incoming proton energies. While there is agreement

between the KVI data and the Uppsala measurements for some of the states and angles,

the older measurements generally yield higher cross sections for the analyzed states. Two

experimental circumstances may play a role in this respect. Firstly, the older measurements

suffered from a poor energy resolution, which has been 350 to 450 keV in the Uppsala case

and 700 to 800 keV during the Orsay experiments. This makes it difficult to separate some of

9



the states, for instance, in the case of the 5/2 state at 8.920 MeV and the two nearby positive

parity states at 9.185 and 9.274 MeV which are observed as one peak. Secondly, in contrast to

the KVI experiment where a self-supporting boron target was used, the older measurements

were performed using pressed powder targets enclosed between aluminum or mylar foils.

Protons scattered from the additional material cause an instrumental background in the

energy spectra, which may not always be easy to separate from the relevant excited states

in n B .

III. CALCULATIONS

We will now describe the results of model calculations which have been performed to re-

produce the measured differential cross sections, analyzing powers and spin-flip probabilities.

The main ingredients of the calculations, namely the effective nucleon-nucleon interaction

and the shell-model wave functions, are chosen by comparing calculated results to measured

elastic cross sections and electromagnetic transition strengths (see sections III A and III B,

respectively).

A Choice of the effective nucleon-nucleon interaction

Several effective nucleon-nucleon interactions have been tested by comparing elastic scat-

tering cross sections and analyzing powers calculated in a microscopic DWBA framework to

experimental results. The 12C(p,p) reaction at a proton energy of 150 MeV has been chosen

as a test case because, contrary to the nB(p,p) reaction, no higher multipoles contribute to

the elastic scattering cross section. In this case the necessary input from nuclear shell-model

calculations is limited to the specification of the ground-state density of the target nucleus.

The optical potential is generated by folding the effective interaction with the ground-state

density (for details see, e.g., Ref. [33]). Occupation numbers of the single-particle states can

be calculated in a Ohco model space using the OXBASH shell-model code [34]. The resulting

average number of particles in each orbit is: lsi/2 = 2, lpz/2 = 3.267 and lpi/2 = 0.733

and it is equal for protons and neutrons. A calculation of the 12C ground-state density in a

10



complete (0 + 2) hu model space has also been performed, but did not produce a significant

difference in the DWBA results. The single-particle wave functions were calculated using

a harmonic oscillator potential. The range parameter b of this potential can be estimated

from the root-mean-square charge radius ((r2))1/2 of the nucleus using [35]

For 12C a radius of 2.47 fm has been assumed [36] leading to b = 1.68 fm.

Four different effective interactions were used in the calculations. As an example of

a free r-rnatrix interaction, the parameterization of Franey and Love [37], which has been

extensively used in the analysis of proton-scattering experiments, has been chosen, (/-matrix

type interactions, which include medium effects in the description of the nucleon-nucleon

scattering, have been provided by Von Geramb [38], by Nakayama and Love [39] and by

the Melbourne group; see, e.g., Dortmans and Amos [40]. The most recent of these density-

dependent interactions is the one provided by the Melbourne group. It has been shown

to perform well on a large number of target nuclei [41] and over a wide range of incoming

proton energies [29]. The Melbourne interaction yields a very close description of the shape of

the differential cross section while overestimating its magnitude by about 20% for scattering

angles ^ < 30°. In contrast, the other interactions overestimate the measured cross section

by up to a factor of two, especially towards smaller angles. In case of the analyzing power

the best agreement is obtained using Von Geramb's interaction. Generally speaking, the

density-dependent interactions result in a closer description of the data than the free r-

matrix parameterization of Franey and Love.

Because the use of the Melbourne interaction results in the closest reproduction of the

shape and magnitude of the differential cross section, which is important when trying to ex-

tract transition strengths from the data, it will be used for all DWBA-calculations presented

in the following.

11



B Choice of the model space

Microscopic distorted-wave calculations of inelastic transitions or of higher multipole con-

tributions to elastic scattering require one-body transition densities which can be obtained

from the nuclear shell model. The shell-model calculations presented, were performed using

the OXBASH code [34] which comes with a wide variety of parameterizations of the residual

nucleon-nucleon interaction for different configuration spaces. To find out which of these pa-

rameterizations result in a suitable description of the transitions in question, electromagnetic

transition strengths calculated from the model wave functions are compared to results from

(e, e') or 7-decay measurements available in the literature [11, 42]. Because of the different

configuration spaces required for the description of transitions to negative- or positive-parity

states, these two cases will be investigated separately.

1 Normal-parity states

Transitions to normal-parity states, i.e. states with the same parity as the ground state,

can be described in a simple 0 TULO model space using the parameterizations of the residual

interaction provided by Cohen and Kurath [43]. A more realistic description, especially of

electric-quadrupole transitions, can, however, be obtained by extending the model space to

a (0 + 2) Tuo configuration.

The different parameterizations are referred to by their labels used in the OXBASH input

which are CKII for the 0 hu and MK3W for the (0+2) Tuv model space. The CKII interaction

is identical to the (8 — 16)2BME interaction from Ref. [43] while the MK3W interaction is

constructed from a number of different parameterizations of the residual interaction for each

of the participating sub-shells. The latter interaction has successfully been applied to the

analysis of inelastic proton scattering from 12C [33]. Table I gives an overview of measured

B(OX) values [11] versus results of the two different shell-model calculations. Bare p-factors

and no effective charges were used in the calculations. The radial matrix elements were

computed using harmonic-oscillator wave functions with b = 1.69 fm (obtained from Ref.

[36]). Generally, there is a poor agreement between measured and calculated transition

12



strengths. For the B(M1) values both calculations yield similar results^while the B(E2)

strengths are, as expected, better reproduced in the larger model space. The one-body

transition densities used for the DWBA calculations of transitions to normal-parity states

will therefore be calculated using the MK3W interaction.

2 Non-normal-parity states

Transitions to non-normal-parity states require calculations in at least a 1 fwj model space,

allowing for the excitation of nucleons from the Is to the lp and from the lp to the 2s and

Id shells. A suitable parameterization of the residual interaction in this model space is the

SPSDMWK interaction, which, like the MK3W interaction, is constructed from a number

of other parameterizations. The MK3W interaction itself may also be used and allows, in

a restricted way, also for 3 huj-type excitations. The results of the two types of shell-model

calculations are compared to experimental B(OX) values from Ref. [42] in Table II. As

for the normal-parity states, the matrix elements were calculated with bare ^-factors and

no effective charges. Except for the two states with the highest excitation energies, the

SPSDMWK interaction produces better results and will be used in the DWBA calculations

of non-normal-parity transitions in section III C 2.

C Inelastic scattering from n B

Because of its non-zero ground state spin J* = 3/2" and isospin T = 1/2, inelastic tran-

sitions to states within n B always consist of at least two different multipole contributions

A J which, in turn, are made up of a number of possible combinations of orbital momentum

transfer AL, spin transfer AS and isospin transfer AT. The allowed JLST combinations

follow the usual selection rules for angular momentum coupling with the additional restric-

tion that the orbital momentum transfer AL has to be even for normal-parity transitions

and uneven for non-normal-parity transitions. Table III gives an overview of the allowed

JLST combinations for transitions to the first excited negative- and positive-parity states

in n B .

13



The calculated contribution of a particular J-transfer to a certain transition depends on

the shell-model wave functions of the initial and final states and on the relevant parts of the

effective nucleon-nucleon interaction. The total cross section is given by an incoherent sum

over the cross sections of the different multipole contributions

da ^ f da\

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

Because of the rather poor reproduction of experimentally observed transition strengths by

the shell-model calculations (see Tables I and II) it is not to be expected that the magni-

tudes of the different multipole contributions to the measured cross sections are predicted

correctly by the DWBA calculations. Instead the multipole parts of a certain transition are

renormalized to fit the observed cross section and the resulting scaling factors are used to

correct the calculated transition strengths (see section IV).

Table IV gives an overview of allowed multipole contributions to the observed transitions

and the scaling factors extracted in the analysis. The experimental data and the fits obtained

from microscopic DWBA calculations of negative- and positive-parity states will be discussed

in the following paragraphs.

1 Negative-parity states

Figures 6 and 7 display the measured angular distributions of cross sections, analyzing

powers and spin-flip probabilities for the negative-parity states together with fits obtained

from the calculated multipole contributions to each state. As for Dnni in elastic scattering

from 11B, the experimental values for the spin-flip probability Snni have been corrected for

a small systematic offset as discussed in Ref. [17].

The magnitudes of the multipole contributions to a certain state were fixed by a 'fit-by-

eye' procedure to the observed cross section. There were two reasons not to use an automatic

14



least x2-fit routine for the fit. Firstly, the focus of the analysis is on the-extraction of Mi-

strengths from the data and it is therefore necessary to get a good description of the data

points at the most forward scattering angles, while an automatic fit weighs the data points

by their statistical errors only. Secondly, the manual procedure allows to take the additional

information provided by analyzing powers and spin-flip probabilities into account in cases

where there is an ambiguity in the fit of the cross section data. The uncertainty of the fitting

procedure is about 10%. Together with the systematic uncertainty of the measured cross

sections (see section IIC) the error on the resulting scaling factors displayed in Table IV is

about 20%. Over the observed angular region, the cross sections of most of the negative-

parity states are governed exclusively by the Ml and E2 parts of the transitions. In case of

the Jn — 3/2" state at Ex = 5.02 MeV it was possible to fix also the AJ = 3 part which

gives a significant contribution to the spin-flip probability at larger angles.

A special case is the state at Ex = 8.56 MeV for which Ajzenberg-Selove gives a tentative

assignment of J* = 3/2~ [11]. The steep rise of the cross section towards small angles indi-

cates that the transition is predominantly of E0 type. Because the shell-model calculations

presented here do not produce a theoretical candidate for this state, one-body-transition

densities which have been calculated for a 0+ —>• 0+ transition in 12C have been used to

produce angular distributions of a pure E0 transition. As can be seen in the upper part of

Figure 7 the shapes of the resulting curves are in good agreement both with the experimen-

tally observed cross section and the analyzing power. The assumption that the transition is

governed by the AJ — 0 contribution and the assignment of a Jn = 3/2~ spin to the state

is therefore confirmed.

2 Positive-parity states

The good energy resolution and high statistics of the data presented in this work made

it for the first time possible to observe positive-parity states in n B using inelastic proton

scattering. Because the non-normal-parity transitions are much weaker than excitations to

normal-parity states, the extraction of the spin-flip probability was only feasible for the
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strongest of the four observed positive-parity states, i.e. the state at Ex =.7.286 MeV.

Figure 8 displays results of the analysis together with fits from the DWBA calculations.

Compared to the normal-parity transitions more of the possible J-transfers to a certain

state play a role in the observed angular region. This makes it impossible to obtain an

unambiguous determination of the magnitudes of the multipole contributions for a transition.

Most of the scaling factors listed in Table IV are therefore given as a range or a limit on the

contribution of a certain multipolarity to a state and the fits displayed in Figure 8 have to

be regarded as examples for possible descriptions of the measured angular distributions. For

a clear determination of the multipole contributions to non-normal-parity transitions in n B

experimental data over a wider angular range than covered in this experiment are required.

IV. DISCUSSION

The main interest in the present work lies in the extraction of Ml strengths for transitions

to low-lying negative-parity states in n B . Because of the number of possible combinations of

orbital momentum transfer, spin transfer and isospin transfer which contribute to each tran-

sition in n B (see Table III), the extraction of transition strengths from measured differential

cross sections requires additional knowledge of the structure of the transition operators and

of the strengths of the terms of the effective nucleon-nucleon interaction corresponding to

the different parts of these operators. In the following sections Ml and E2 type transitions

to negative-parity states in n B will be investigated and arguments will be given as to which

parts of the respective operators dominate these transitions. In section IV B, extracted Ml

transition strengths will be compared to Gamow-Teller strengths obtained from nB(p, n)nC

measurements [12, 13].
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A Extraction of Ml strengths

It is possible to express the operator for magnetic dipole transitions in terms of isospin-

dependent and isospin-independent contributions [44], using

O(M1) = if £ {[(1 - rzk)g; + (1 + rzk)g°n] sk (18)
1 k=i

To get insight into the influence of the effective nucleon-nucleon interaction on the nature

of the observed Ml transitions, the momentum-transfer dependence of the different parts of

the interaction has to be known (see, e.g., Ref. [5]). The orbital parts of the Ml transition

density couple only to the spin-orbit parts of the effective interaction [45], denoted as tLS and

t^s, respectively. As both of these forces rapidly drop to zero at small momentum transfers

q, the contribution of orbital excitations to the observed Ml transitions can, at forward

scattering angles, safely be neglected (at a proton energy of 150 MeV and for excitation

energies below 10 MeV a momentum transfer of q = 0.5 far1 corresponds roughly to a

scattering angle of 10°). This has been confirmed by Petrovich et al. [45], who compared

results obtained from inelastic electron scattering to results from (p, n)-type measurements.

Transitions which proceed mainly by the orbital part of the Ml operator were observed with

the (e, e') reaction but the corresponding transitions to analog states in the mirror nuclei

have not been detected with the (p, n) reaction. Inserting numerical values gs
p = 5.586 and

#* = —3.826 for the p-factors and applying s = a/2, the spin parts of the Ml operator

become
A

O(M1) = ff £(1-76dk - 9.41 ukrzk) , (19)

which shows that the isoscalar part of the operator, which goes with a, is a factor 5.3

weaker than the isovector part going with arz. The effect of this ratio is illustrated in Table

V which gives an overview of transition strengths calculated from shell-model wave functions

(see section IIIB) of selected negative-parity states in n B applying either the complete Ml

operator (B(Ml)fuu), the spin-dependent parts only {B{a + CTTZ)) or specifically the spin-

isoscalar (B(a)) and spin-isovector (B{GTZ)) parts of the operator.
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The most important parts of the effective interaction for spin-flip excitations at forward

angles are the central isovector force and the isoscalar tensor part of the interaction denoted

as taT and tT, respectively, see Ref. [5]. The experimentally observed cross sections are

proportional to the squares of the relevant parts of the effective interaction. In the limit of

zero momentum transfer, the ratio of isovector to isoscalar contributions to the transition

strengths due to the nature of the interaction therefore becomes \taT/t |2 = |160/105|2 = 2.3.
rj-i

However, the excitation of low-lying isoscalar magnetic dipole strength through the t term

of the effective nucleon-nucleon interaction is usually hindered by nuclear-structure effects,

as has been observed in the excitation of the J*; T = 1+ ; 0 state relative to the Jn;T = 1+; 1

state in 12C at excitation energies of 12.7 and 15.1 MeV, respectively [46]. To check this for

the n B case, the contributions of the central (C), spin-orbit (LS) and tensor (T) parts of the

effective nucleon-nucleon interaction to the total Ml cross sections of some of the observed

transitions have been calculated (see Figure 9). At forward scattering angles all of the

observed transitions are dominated by the central part of the nucleon-nucleon interaction.

Contributions due to the tensor force are about an order of magnitude weaker for scattering

angles below 5°. For the extraction of B(M1) values from the present measurements at

forward angles it will, therefore, be assumed that the observed magnetic-dipole transitions

are of purely spin-isovector nature.

There are two ways to convert measured Ml cross sections into transition strengths. The

first method applied, is to multiply the spin-isovector Ml strengths calculated from shell-

model wave functions with appropriate scaling factors <Texp/aDVfBAL (see Table IV) obtained

from the analysis of experimental angular distributions giving

S ^ W i = B{<JTZ)SM x -^5L- . (20)
°"DWBA

The second possibility relies on the proportionality between 0° cross sections and transi-

tion strengths which has been demonstrated by Goodman el al. [47] for the extraction of

Gamow-Teller strengths from (p, n) type experiments and which has also been applied to the

extraction of spin-isovector Ml strengths from (p,p') measurements [1]. In this approach
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the 0° cross section is given by

do ,„„.
(21)

where No is a distortion factor correcting for the effect of the nuclear mean field on the in-

coming and outgoing plane-wave states, Var is the spin-isovector effective interaction strength

in the limit of zero momentum transfer and ( / | and \i) specify the final and initial states

of the target nucleus, respectively. The relation between the square of the spin-isovector

matrix element and the transition strength is given by [44]

1 (9l-9n\2 3
B(arz) =

+ 1 V 2 ) 16TT

which, when combined with equation 21, results in

da

(22)

^ j ^ J ; ^ p ( 0 ) . (23)

The distortion factor is defined as the ratio of distorted-wave cross sections and plane-wave

cross sections at 6 = 0°
_ da/dn\DWBA(0°)

D da/d£l\PWBA(0°) [AV

and can be calculated using the code DWBA98 [48]. For the states in question the distortion

factor ranges from 0.50 to 0.52. At an incoming proton energy of 150 MeV, the spin-isovector

effective interaction strength VaT has a value of 160 MeV fm3 [5]. The 0° cross sections of

the states in question are obtained from the fits to the experimental angular distributions

displayed in Figures 6 and 7.

Table VI gives an overview of the results of the two different methods of extracting the

spin-isovector Ml strength from the measurements. Except for the J* = 5/2~ state at

Ex = 8.920 MeV, where the value obtained from the 0° cross section is considerably larger,

the results of both methods are in good agreement.

A comparison of the results obtained in this work to spin-isovector M l strengths which

have been calculated from radiative level widths by Raghavan and Pakvasa [6] is given in

Table VII and exhibits a very poor agreement between the two. There are several possible

reasons for this disagreement. The extraction of M l strengths from measured level widths
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requires the M1/E2 mixing ratios to be known. These are subject to rather large exper-

imental uncertainties [49, 50] or, in the case of the Jw = 1/2" state at Ex = 2.125 MeV,

are not known at all (the B(E2) value for the transition to this state has not been deter-

mined from radiative widths but has been deduced from the 208Pb(uB,uB') reaction [51]).

Furthermore, the calculation of the spin-isovector contributions to the total Ml strengths

from radiative widths is hindered by the contributions of the orbital parts of the transition

operator, which can not be neglected in these kinds of measurements. The ratio of spin

and orbital contributions to the observed transitions are estimated using shell-model wave

functions. As the total Ml strengths extracted from those wave functions is for most of the

states not in good agreement with the measurements (see Table I) it can not be expected

that this ratio is predicted correctly.

In case of inelastic proton scattering experiments uncertainties arise from the taT part

of the nucleon-nucleon interaction, which enters squared into the extraction of the spin-

isovector Ml transition strengths (see equation 23), and from isoscalar contributions to the
_rp

transition strengths due to the ta and t parts of the nucleon-nucleon interaction, which

have been neglected.

B Comparison to measured Gamow-Teller strengths

In a simple picture, where effects like meson-exchange currents (MEC) [15] are neglected,

there is a direct relation between the spin-isovector Ml strength of a transition and the

Gamow-Teller strength of the analog transition to the mirror nucleus [16]

B(GT) Sir

with g\y = (gs
p — <?£)/2. Inserting the proper initial and final isospins for the states in

question this ratio becomes

B(GT) _ STT ( l i i - H i - i ) *

B{OTX)/& ~ 3(g}vy <HlO|H>2 ( j

Table VIII shows a comparison of Gamow-Teller strengths to the values obtained from the

above-mentioned proportionality. The states at Ex = 4.319 and 4.804 MeV as well as at
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Ex = 8.105 and 8.420 MeV in n C have been observed as a doublet in the experiments of

Ref. [12] and combined Gamow-Teller strengths are therefore given for these states. In

case of the second doublet the complete quoted Gamow-Teller strength is attributed to the

j * = 5/2~ state. This is confirmed by the observation that the transition to the Jn = 3/2"

state at Ex = 8.560 MeV in n B , which is the analog of the Jn = 3/2~ state of the doublet,

is predominantly of BO nature (see section III C1).

Figure 10 gives a graphical representation of the comparison between spin-isovector Ml

and Gamow-Teller strengths, including the results obtained by Raghavan and Pakvasa [6].

Judging from the figure, the results of the analysis of inelastic proton scattering are in better

agreement with the measured Gamow-Teller strengths than the data points extracted from

radiative widths. This finding may, however, be modified by the inclusion of MEC effects.

C Extraction of E2 strengths

E2 transitions caused by electromagnetic probes proceed via the electric operator

O{ELML)- When using free nucleon charges ep and en the transition strengths for these

excitations depend on single-particle matrix elements between proton states only. Hadronic

probes, however, induce transitions both between proton states and between neutron states

and different operators have to be used to evaluate the wave functions of initial and final

states. Following Ref. [52], the operators O(LST) for the four possible combinations of

orbital-momentum transfer, spin transfer and isospin transfer (see Table III) which con-

tribute to the observed E2 transitions are given by

(27)
A

0(200) = *£r2
kY2

k=l
A

O{210) = '£rl[ft®Ym
k=i

M{h), 0(201)

(ffc)]2,O(211)

A

fc=l

A

= Y,rl[ft<
k—l

ih) rzk

5 Y2M(rk)h Tzk •

To get an insight into the importance of the different spin and isospin parts of the transi-

tions, Table IX gives an overview of the E2 matrix elements M(LST) = (f\\O(LST)\\i)

of the observed states calculated from appropriate shell-model wave functions (see section

IIIB). From a comparison of the matrix elements it becomes apparent that all of the ob-
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served transitions are dominated by the isoscalar non-spin-flip contribution .M(200). This

dominance of the isoscalar non-spin-flip part is a consequence of the nature of the residual

nucleon-nucleon interaction inside the nucleus. In a collective picture isovector transitions

involve a motion of protons against neutrons whereas for isoscalar transitions they move in

phase. The energy needed for isovector excitations which require a separation of protons

and neutrons is therefore higher than that needed for isoscalar excitations [53]. Similar

arguments hold for the spin-part of the observed E2 transitions.

At a momentum transfer of q = 0.9 fin"1, which corresponds roughly to the position of the

maxima of the E2 cross sections, the largest contributions to the effective nucleon-nucleon

interaction are given by the central isoscalar non-spin-flip part and by the spin-isovector

tensor component, both being approximately equally strong. Those components coupling to

the isoscalar spin-flip matrix element are suppressed by a factor four relative to the above

mentioned parts of the interaction and the isovector non-spin-flip contributions are more

than a factor 30 weaker.

The actual transition strengths are related to the matrix elements by [54]

with b being the harmonic-oscillator parameter. Calculated values for the E2 transition

strengths are displayed in Table X, where the column B(E2QQ) refers to isoscalar non-spin-

flip strengths and column B(E200+n) gives the combined transition strengths, which are

obtained when also taking the spin-isovector matrix element into account.

To deduce experimental values of the E2 transition strengths, the calculated results are

multiplied with scaling factors Cezp/cbwBA found in the analysis of the experimental angular

distributions (see Table IV). Again, values in Table XI are given either assuming that the

observed E2 transitions are of purely isoscalar non-spin-flip nature or taking into account

the spin-isovector contribution also.
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V. SUMMARY AND CONCLUSION

Inelastic transitions to all known [11] positive- and negative-parity states in UB up to

the J* -= 5/2+ state at an excitation energy of Ex = 9.274 MeV have been analyzed with

the exception of the l /2+ state at 6.792 MeV which lies too close to the much stronger 7/2~~

state at 6.743 MeV to be resolved. The extraction of transitions to non-normal-parity states

has been possible due to the good energy resolution and high statistics of the experimental

data and makes this the first observation of positive parity states in n B using inelastic

proton scattering.

Measured angular distributions were compared to the results of fully microscopic DWBA

calculations. As n B has a non-zero ground-state spin, each transition contains at least two

different multipole contributions. Calculated angular distributions for the different mul-

tipolarities of a certain transition were fitted to the experimental data, providing a set

of scale factors (see table IV) which were subsequently used to obtain experimental esti-

mates of the corresponding electromagnetic transition strengths. Unlike the transitions to

negative-parity states, which are mostly dominated by the Ml and El contributions, the

transitions to positive-parity states usually contain three relevant multipole contributions

over the observed angular range. This hinders an unambiguous determination of the indi-

vidual multipole contributions to these transitions and the corresponding scaling factors are

therefore given in the form of ranges or upper limits.

A special case is given by the transition to the negative parity state at Ex = 8.560 MeV

for which Ajzenberg-Selove [11] gives a tentative assignment of Jn — 3/2~. The steep rise

of the cross section towards small angles indicates that the transition is predominantly of

E0 type, which would confirm this spin assignment.

The scale factors obtained in the analysis of the experimental angular distributions have

been used to extract Ml and El transition strengths from the data via equation 20. Another

possibility to determine Ml strengths from the data is given by the proportionality of

the Ml part of the 0° cross section and the transition strengths (see equation 23). The

results of both methods are compared in table VI and are in good agreement with each
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other. Due to the properties of the effective nucleon-nucleon interaction and because of

nuclear structure effects which suppress contributions due to the isoscalar tensor part of

the nucleon-nucleon interaction, the extracted Ml strengths are to a good approximation

of purely spin-isovector type. The observed E2 transitions are predominantly of isoscalar

non-spin-flip type, although the preference for one particular mode of excitation is not as

clear as in the case of Ml transitions.

There is a marked discrepancy when spin-isovector Ml strengths from the analysis pre-

sented in this work are compared to results which were obtained by Raghavan and Pakvasa

[6] from an analysis of radiative-width data (see table VII). The reasons for this discrepancy

are related to the model dependences inherent to the extraction of transition strengths from

the different types of experimental data. The extraction of Ml "strengths from measured

level widths requires the knowledge of M1/E2 mixing ratios which are subject to rather

large experimental uncertainties [49, 50]. Also, the orbital part of the Ml operator cannot

be neglected in measurements with electromagnetic probes. The ratio of spin and orbital

contributions to the observed Ml strengths has therefore been estimated by Raghavan and

Pakvasa [6] from shell-model calculations. In case of inelastic proton scattering experiments

from n B uncertainties arise 1) from the taT part of the nucleon-nucleon interaction, which

enters squared into the extraction of the spin-isovector Ml strengths (see equation 23), and

2) from isoscalar contributions to the transition strengths due to the ta and t parts of the

nucleon-nucleon interaction, which have been neglected.

For an independent measure of the quality of the extracted Ml strengths a comparison

has been made to Gamow-Teller strengths which have been determined from {p, n) type

experiments [12, 13]. In a simple picture, where effects like meson-exchange currents are

neglected, there is a direct relation between the spin-isovector Ml strength of a transition

and the Gamow-Teller strength of the analog transition to the mirror nucleus (see equa-

tion 26). Judging from figure 10, the results of the analysis presented in this work are in

better agreement with the measured Gamow-Teller strengths than the values estimated by

Raghavan and Pakvasa [6].
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and Orsay-76 data-sets have been taken from Refs. [24] and [26], respectively.
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The Orsay-68, Uppsala-64 and Uppsala-69 data-sets have been taken from Refs. [30], [31]

and [32], respectively. Excitation energies and spin assignments have been taken from Ref.

[11].
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FIG. 6: Transitions to the first four negative-parity states in UB. Only J-transfers -which

give a significant contribution to the observed angular distributions are plotted. Excitation

energies and spin assignments have been taken from Ref. [11].
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FIG. 9: Contributions of the central (C), spin-orbit (LS) and tensor (T) parts of the effective

nucleon-nucleon interaction as given by Franey and Love [37] to the total calculated Ml cross

sections of selected negative-parity states in n B .
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FIG. 10: Spin isovector Ml strengths compared to Gamow-Teller strengths. The plots are

produced using B(GT) values from Ref. [12] (left panel) and from Ref. [13] (right panel). In

the left panel the data are summed for the states at Ex = 4.3 and 4.8 MeV and at Ex = 8.1

and 8.4 MeV to allow a comparison with Ref. [12]. See Table VIII for details.
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TABLE I: Experimental B{0\) values for n B (Jw(gs) = 3/2~) from the literature [11]

compared to OXBASH results. Units are e2/m2A for B(EX) values and /j,2Nfm2X~2 for B(MX)

values.

Ex F OX B(OX)texP

(MeV) CKII MK3W

2.125 1/2- Ml 0.54 ±0.04 0.94 1.10

E2 2.6 ±0.4 0.88 1.50

4.445 5/2- Ml 0.80 ± 0-03 0.78 0.67

E2 21.3 ±5.30 8.91 16.0

5.020 3/2- Ml 1.15 ±0.04 1.38 1.18,

6.743 7/2- E2 3.7 ±0.9 1.08 3.68

8.560 3/2- Ml 0.073 ± 0.007 0.020 0.030

8.920 5/2- Ml 0.749 ± 0.004 0.49 0.361

E2 1.6 ±1.2 0.0003 0.042
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TABLE II: Experimental B(OX) values for n B from the literature [42] compared to OXBASH

results. Units are e2fm2X for B{EX) values and fi2
Nfm2X~2 for B(MX) values.

Ex J* OX B{OX)^exp B(OX)fsM

(MeV) MK3W SPSDMWK

(1 + 3) hw 1 hu

6.792 1/2+ El (3.96 ± 0.48) x 10"4 1.27 x 1(T3 3.51 x 10~4

7.286 5/2+ El (3.71 ± 0.29) x lO"3 1.20 x 10~2 6.52 x 10"3

7.978 3/2+ El (1.00 ±0.13) x 10"3 8.16 x 10~3 4.12 x 10~3

9.185 7/2+M2 9.3 ±4.1 10.61 3.32

9.274 5/2+ El (9.6 ± 1.9) x 1(T4 3.05 x 10~3 1.55 x 10"2

TABLE III: Examples of allowed JLST combinations for normal-and non-normal-parity

transitions in n B .

i = 3/2- -> Jf = 1/2

type

M l

E2

AJ

1

1

1

1

2

2

2

2

AL

0

0

2

2

2

2

2

2

AS

1

1

1

1

0

0

1

1

AT

0

1

0

1

0

1

0

1

i = 3/2- -> Jf = 1/2+

type

El

Ml

AJ

1

1

1

1

2

2

2

2

AL

1

1

1

1

1

1

3

3

AS

0

0

1

1

1

1

1

1

AT

0

1

0

1

0

1

0

1
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TABLE IV: Scaling factors obtained by fitting calculated multipole contributions to mea-

sured differential cross sections. The systematic error of the quoted numbers is about 20%

unless a range of values is given for a certain scaling factor. The abbreviation 'n.c.' means

that the particular J-transfer gives no significant contribution to the observed cross sections.

Ex J* AJ = 0 AJ = 1 AJ = 2 AJ = 3 AJ = 4 AJ = 5

[MeV]

2.125 1/2-

4.445 5/2"

5.020 3/2- n.c.

6.743 7/2" - - 0.7 n.c. n.c. n.c.

8.920 5/2-

0.3

0.5

0.47

-

1.2

0.7

0.75

0.3

0.7

0.5

—

n.c.

0.6

n.c.

n.c.

—

n.c.

—

n.c.

n..c.

7.286 5/2+ - 0 . 1 - 1 0.2 - 0.3 0.7 < 0.3

7.978 3/2+ < 1 < 0.5 n.c. < 0.8

9.185 7/2+ - - 0.5 0.5 n.c. n.c.

9.274 5/2+ - < 0.4 n.c. 3 - 4 n.c.

TABLE V: Ml transition strengths calculated from shell-model wave functions of selected

negative-parity states in n B using different parts of the Ml operator.

Ex Jn B{Ml)fuU B(a + OTZ) B{a) B(OTZ)

[MeV] % % 2 &

2.125 l/2~ 1.10 1.65 0.042 1.17

4.445 5/2- 0.67 1.05 0.022 0.77

5.020 3/2~ 1.18 1.35 0.032 0.97

8.920 5/2- 0.36 0.26 0.008 0.36
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TABLE VI: Results of the two discussed approaches to determine the spin-isovector Ml

strengths.

Ex Jw B(arz)SM ^ i k m(°°^xP B{arz)expA B(<7Tz)exp,2

[MeV] \p?N} [mb/sr]

2.125 1/2- 1.17 0.30 ±0.06 0.46 ±0.09 0.35 ±0.07 0.37 ±0.07

4.445 5/2- 0.77 0.50 ± 0.10 0.55 ± 0.11 0.38 ± 0.08 0.45 ± 0.09

5.020 3/2- 0.97 0.47 ± 0.09 0.58 ± 0.12 0.46 ± 0.09 0.48 ± 0.09

8.920 5/2- 0.36 1.20 ± 0.24 0.76 ± 0.15 0.43 ± 0.09 0.64 ± 0.12

TABLE VII: Spin-isovector Ml strengths obtained in this work compared to results deduced

from radiative widths.

Ex r B{arz)exp.x B(aTz)exp.2 B(ar2)a)

[MeV] K] \fN] [»%]

2.125 1/2- 0.35 ±0.07 0.37 ±0.07 0.63 ± 0.05

4.445 5/2- 0.38 ± 0.08 0.45 ± 0.09 1.03 ± 0.10

5.020 3/2- 0.46 ± 0.09 0.48 ± 0.09 1.02 ± 0.04

a) Prom Ref. [6]

TABLE VIII: Spin-isovector Ml strengths in U B compared to experimental analog Gamow-

Teller strengths for transitions to excited states in n C .

Exin
llC J*

[MeV]

2.000 1/2- 0.40 ± 0.03 0.28 ± 0.06 0.27 ± 0.05 0.28 ± 0.05

4.319 5/2- 0.68 ± 0.15 0.29 ± 0.06 0.34 ± 0.07

4.804 3/2- } 0.96 ± 0.06 0.37 ± 0.08 0.35 ± 0.07 0.36 ± 0.07

8.105 3/2- -

8.420 5/2- } 0.44 ± 0.01 - 0.33 ± 0.07 0.49 ± 0.09

a) Prom Ref. [12]

b) From Ref. [13]
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TABLE IX: Matrix elements M(LST) of the observed E2 transitions calculated from shell-

model wave functions;

Ex [MeV] Jn M(200) M(201) M{210) M{2U)

2.125 1/2" -2.394 -0.692 -1.377 1.006

4.445 5/2" -5.150 0.413 -1.130 0.674

5.020 3/2" 2.538 0.826 0.219 0.027

6.743 7/2- -4.216 -1.547 0.209 -1.442

8.920 5/2- 0.374 0.103 0.259 0.002

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

Ex F B(E200) B(E200+u)

[MeV] [/m4] [/m4]

2.125 1/2" 11.83 3.97

4.445 5/2- 54.73 41.34

5.020 3/2- 13.29 13.57

6.743 7/2- 36.67 66.05

8.920 5/2- 0.29 0.29

TABLE XI: E2 transition strengths extracted from calculated B(E2ST) values and experi-

mental scaling factors.

p B(E2Oo+u)exp

[MeV] [fm4] [fmA]

2.125 1/2- 0.7 ±0.14 8.3 ±1.7 2.8 ± 0.6

4.445 5/2- 0.75 ± 0.16 41.0 ± 8.2 31.0 ± 6.2

5.020 3/2- 0.3 ±0.06 4.0 ± 0.8 4.1 ±0.8

6.743 7/2- 0.7 ±0.14 25.7 ±5.1 46.2 ± 9.2

8.920 5/2" 0.5 ±0.10 0.15 ±0.03 0.15 ±0.03
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