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1 Introduction 

We report here on the first detailed study of intermediate energy proton scattering from die 
nucleus 1 0B. Elastic scattering from this nucleus is of interest since, as die ground state has a large 
non-zero spin (,T=3+), contributions to the elastic scattering involving angular momentum transfers of 
up to AJ=6 are possible. In particular, the scattering from the quadrupole component should be sig
nificant as the ground state of this nucleus is highly deformed, as shown by the large static quadrupole 
moment1) of 8.47±0.06 e-fm2. Such enhanced proton quadrupole scattering for 9Be (J=3/2) has already 
been observed2), and is found to give a significant contribution to the cross section and, more 
importantly, the analysing power. 

In the simplest shell model description, the odd N, odd Z 1 0 B nucleus represents in LS coupling 
a half filled lp shell. Thus, we can expect a rather complex structure of the ensuing states and a larger 
tiian usual level density at low excitation energies. Indeed, the experimental evidence1) supports tins 
latter contention, where nine natural parity states with excitation energies less than 6 MeV are observed. 
The fact that only one unnatural (negative) parity state is found below 6 MeV further supports the 
validity of the structure of the natural parity states being due essentially to rearrangement of nucleons 
within the lp shell. With this in mind, the predictions of the intermediate coupling interactions of 
Cohen and Kurath3) can be immediately compared to the experimental data. Obviously as many of 
tiiese normal parity levels were included in the original fitting procedure of Cohen and Kurath their 
energies are overall well described. A more stringent test of the calculated wavefunctions is to be 
found in a study of the electromagnetic transition probabilities, (J-decay rates, static moments and in 
the scattering cross sections obtained with simple probes, such as with the (e,e') and (p,pO scattering 
reactions. A survey of the available data1) shows that a small quantity of form factor data as well as 
numerous reduced transition probabilities exist A comprehensive tabulation of the Ml and E2 
transition matrix elements is given by Barker4). The experimental strengths of the B(M1) values are 
observed to range over several orders of magnitude (of order 1 to 1(T* of the Weisskopf value of 1.8 \iN), 
depending on the particular transition. The same is true of the experimental B(E2) values, where the 
variation is over the range of 0.1 to 20 times the Weisskopf value 1.3 e2-fm4. 

A quantitative comparison of the experimental and theoretical transition probabilities by War-
burton et al.5) has highlighted several major discrepancies. In particular, these authors found that the 
magnitudes of the E2 and Ml matrix elements, as well as their phases, for the three y-decay transitions 
2.15 MeV(/*;r = l;0)-> 0.72 MeV(2;0), 3.59 MeV(2;0) •-> 0.00 MeV(3;0) and 
3.59 MeV(2;0) -> 0.72 MeV(l;0) were not reproduced by the Cohen and Kurath interactions. Indeed, 
for several Ml transitions associated with the J*=l+ and T states, and for several E2 transitions there 
was serious disagreement. In order to test the sensitivity of the Ml matrix elements to the wavefunctions 
employed in their determination, Warburton et al. perturbed the two (1;0) and (2;0) states. To do this, 
the wavefunctions representing the two physical (1;0) and (2;0) levels of 1 0B were taken to be a linear 
combination of the two appropriate shell model wavefunctions based on the (8-16)2BME interaction 
of Cohen and Kurath; the justification for this being the small energy difference between each pair of 
like states (experimentally, AEX=1.44 MeV and 2.33 MeV for the (1;0) and (2;0) states respectively). 
With a 16% in intensity admixture of the "other" wavefunction good agreement with the experimental 
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Ml matrix elements resulting in a change in the theoretical values of °n order of magnitude, or more, 
could be achieved. The correct relative signs for the Ml and E2 matrix elements could also be obtained. 
A qualitative understanding of this dramatic change has been given by Kurath6), where the wave-
functions are represented in terms of their LS-coupling orbital permutation symmetry, which for the 
low lying levels is the symmetry [42]. The mixing introduced by Warburton et a/.5) is found in this 
representation to result in wavefunctions which are more nearly eigenfunctions of the orbital angular 
momentum L, and the projection of this momentum on the nucleus symmetry axis KL. Because of 
this, the selection rules for AL and AKL are more relevant than before the mixing of the wavefunctions. 
The large differences in the strengths for û e various Ml and E2 transition probabilities then follow 
from the selection rules (AL=AKL=0 for Ml transitions and AKL=0 for E2 transitions6). 

Barker4) has confirmed the abo\c phenomenological investigations by specifying a suitable 
interaction based on the Cohen and Kurath (6-16)2BME interaction3). Three empirical interaction 
parameter sets are derived. The first two alternative sets (herein labelled as / and II) were ootained 
by requiring a good fit to the energy difference between the (1;0) states, and to the Ml matrix element 
connecting these states. They both involve two modifications to the Cohen and Kurath two-body 
matrix elements. As expected, the resulting interactions of Barker are found to give eigenstates for 
the (1;0) and (2;0) states similar to those arising from the mixing introduced by Warburton et al., and 
interpreted by Kurath. The third parameter set (III) is based on also fitting observables associated with 
the 8Be nucleus which were known to be pai ticularly sensitive to the specific two body matrix elements 
modified in set II. Barker concludes that the interaction parameter sets I or III give an improved 
representation of the 10B Ml and E2 transition probabilities and matrix elements. They are found to 
also give a description of the neighbouring mass A=9 and 11 energy level schemes comparable in 
quality to the original Cohen and Kurath predictions. 

It is therefore of interest to compare these improved wavefunctions with data other than elec
tromagnetic transition probabilities. This provided the original motivation for the present proton 
inelastic scattering measurements, where the nucleon-nucleon interactions employed in the 
microscopic description of nucleon inelastic scattering are now sufficiently established that quantitative 
comparisons with data can be made. This is particularly so if the nuclear structure can be independently 
probed by electron scattering, where the nature of the interaction is known. Specifically, it may be 
hoped that the proton scattering data are sufficiently sensitive to the wavefunctions to help clarify the 
shell model interaction to be used; at least insofar as testing the validity of using the Barker modifi
cations over the original Cohen and Kurath imeractions. 

2 The Proton Scattering Measurements 

The proton scattering data were obtained immediately after the upgrade of the medium resolution 
spectrometer (MRS) facility at TRIUMF, in Canada. This vertically orientated spectrometer consists 
of a quadrupole and 60° dipole magnet configuration, and is shown schematically in figure 1. 
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Owing to die large (~1 MeV) intrinsic energy spread in the extracted cyclotron energy, reasonable 
momentum resolution has been achieved by rotating and then balancing the momentum dispersed 
beam at the target position with the spectrometer dispersion. This dispersed nature of the beam leads 
to a physically large beam distribution at the target in the spectrometer bend-plane (x) direction. 

The detection system consists of a crossed pair of small multi-wire drift chamber detectors placed 
before the entiance to the quadrupole magnet (the Front End Chambers or FEC's), and two sets of 
double multi-wire drift chambers lying slightly above, and nearly parallel to, the anticipated focal 
plane of the spectrometer. These are deliberately oriented close to 45* to the primary ray exiting the 
spectrometer, and are indicated in figure 1. The design and characteristics of these top end Vertical 
Drift Chamber (VDC) detectors are based on those constructed by Bertozzi et al?). Each VDC detector 
pair leads ultimately to (x,y) co-ordinates for each particle traversing them, and thus to a nominal 
point of intersection with the focal plane. The FEC detectors result in a single (x,y) co-ordinate pair 
which facilitates in the projection backwards onto the originating point of the target. The FEC also 
defines the acceptance solid angle. Apart from these several wire chambers, a series of ten overlapping 
scintillator paddles are positioned beyond the topmost VDC detector (see figure 1), and are used in 
particle identification and as a portion of the acquisition trigger requirement. 

A measure of the beam intensity, and the beam polarisation when relevant, is provided by an 
in-beam polarimeter upstream of the scattering chamber. This measures the left and right scattering, 
at a fixed angle, from a thin polythene target. The number of scattered events for u given polarimeter 
target depends on the total charge transmitted by the beam, and the polarimeter is independently 
calibrated against a Faraday cup. 

Provision is made for a reduction in the processed event rate beyond that achievable by changes 
in the beam current by two methods. Firstly, a prescaler can scale the number of event triggers that 
are processed, and, secondly, a thin and narrow veto scintillator can be positioned between the two 
VDC detectors near to the high momentum edge of the focal plane. The output of this scintillator is 
put in anti-coincidence with the event trigger, and acts to reject, or veto, events with a chosen particle 
momentum. This veto scintillator is used to stop the elastically scattered proton events from swamping 
the computer and is necessary in the present experiment since the inelastic scattering cross sections 
are usually substantially smaller than the elastic scattering cross section. 

In order that compensation for the dead time of the system is made, a pulser triggered occasionally 
by the it:-beam, polarimeter is used to generate electronic "events" in each vf the scintillators and wire 
plane cU tec • o:s. These are treated in the same manner as real particle events by t̂ .e acquisition system. 
Hence, the number of recorded to the number of initiated pulser events defines the live time fraction 
of the ystem. It is noted that the effect of the prescaler is automatically accounted for as the number 
of pul ,er events is also scaled by the same factor. 

Owing to the severe aberrations of the spectrometer, it is necessary tc .ollect full information 
about each event (the so called event mode procedure), and to fine tune the t'>cal plane spectra by an 
off-line analysis. Thus, for each event a sequence of scalars, ADC's and TDC','. are interrogated. The 
majority of the TDC's correspond to timing signals associated with the detector wire planes, where 
each wire is connected to a separate TDC. 
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2.1 Experimental Details 

Because of the nature of the data acquisition, much of the specifics of the experimental detail 
depend on the off-line sorting conditions that are applied. In particular, the solid angle involving the 
scattering angle acceptance is adjusted in software. This is also the case with the achievable energy 
resolution. In such cases, typical values will be specified below. 

Data were taken at laboratory scattering angles between 15" and 61", but used the unpolarised 
proton beam with an energy of 200 MeV. This angular range was covered in steps of 2* at angles 
forward of 22* and 4° at the larger scattering angles. The scattering angle acceptance was adjusted (in 
software off-line) between 1* at the forward angles, and 3" at the larger angles, with this being 
determined by the small number of counts in the inelastic scattering reaction peaks. Together with 
this, a solid angle between typically 1 and 2.5 msr was used, and was determined using the rectangular 
aperture defined by the FEC window. This was despite the extended nature of the beam distribution 
at the target (Ax~30 mm fwhm), since the target-FEC separation is relatively large. 

A self supporting 1 0B target was constructed at the Chalk River laboratory using boron powder 
(enriched to 96.2% , 0B) bound in polyethylene. The cross sectional area of such a target was typically 
4x5 cm2. Thethicknessofthe10Btargetusedinthedatarunswas 13 mg/cm2. The method of preparation 
of the target means that there are U B and I 2C impurities present and reaction peaks corresponding to 
each of these nuclides are found. The I 2C impurity was determined by comparing the measured impurity 
1 2C cross sections to data obtained at 200 MeV using the IUCF spectrometer8), and found to be 6.7%. 
This impurity implies a content of 89.7% and 3.6% for the 1 0B and n B nuclides respectively. 

Beam currents throughout the runs varied between 1 and 30 nA. These values were limited by 
the count rate capacity of the acquisition system and by the particle rates, particularly in the FEC and 
VDC detectors. At angles between 16° and 20*, large prescaler values were needed even though the 
beam current was only 1 to 3 nA. At other scattering angles the prescaler was also used in conjunction 
with higher beam currents necessary for a more stable beam. Two sets of data are obtained for angles 
between 16° and 22°; those without the veto scintillator in order that the elastic scattering data were 
recorded (hereinafter labelled non-veto data), and those with the veto scintillator (labelled veto data). 

Apart from measurements v.uh the 1 0B target, several sets of data with polythene and mylar 
targets were obtained. The reasons for this are two-fold. Firstly, these were used so that the positions 
of possible 1 2C and 1 6 0 contaminant peaks could be readily located. These data were obtained at 46°. 
Secondly, the acceptance (i.e. the efficiency) along the focal plane is not known and needs to be 
measured. 

There are two clusters of low energy states in I 0B in which the level spacing is quite small1). 
The first consists of states at excitation energies of 5.11,5.16 and 5.18 MeV, and the second contains 
the states at 5.92, 6.03 and 6.13 MeV. Hence, owing to our interest in the 5.92 MeV (2+) state we 
aimed to achieve a resolution sufficient to resolve the second triplet of states. 

Finally we note that the energy resolutions obtained aftei off-line analysis varied, depending on 
the quality of the beam at the time of data collection, and the severity of the sorting conditions used. 
Typically the best resolution (fwhm) obtained varied between 110 keV and 240 keV, with these values 
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being determined, where possible, from the measured width of the B(p,p0) peak. The achieved res
olution is therefore somewhat larger than that necessary (<100 keV) to completely resolve the second 
triplet of states centred at 6.0 MeV excitation energy. 

2.2 Data Reduction 

Off-line analysis is essential in order that complete corrections for the spectrometer aberrations 
can be made and, thus, achieve the best possible resolution. In such an analysis, two-dimensional 
density plots of die position along me focal plane against each of the trajectory parameters are generated. 
The trajectory parameters of interest here are the FEC x and y positions, the target position in the 
bend-plane direction x„ and the bend and non-bend plane angles, 6^ and <|> respectively. This enables 
die aberrations, which show as a dependency of the focal position on these quantities, to be corrected 
for. It is found mat corrections to second order in the x and y positions, to fourth order in 6^, and 
linear in x{ and <|> are necessary. Full details are given by Lewis9). 

As the applied corrections are only valid over a limited range of each variable, die resultant 
aberration corrected particle spectrum is obtained by selecting scattering events for which each tra
jectory parameter lies widiin a specified window. In each case, a proton event is validated by die 
energy from the ejectile deposited in me top end scintillators and by the time of flight from the FEC 
to these scintillators, and clean separation of such protons from other reaction products and the 
background is generally possible. 

Because of die large scattering angle acceptance, the median scattering angle is not immediately 
obvious. This angle can, however, be readily obtained from a momentum calibration of the appropriate 
resultant particle spectrum, which shows reaction peaks corresponding to me 1 0 , 1 IB and 1 2C nuclei. 

A major concern is in the determination of die normalisation factors needed for converting peak 
areas to differential cross sections. In particular, losses in the detection system and rejections in the 
sorting procedure need to be ascertained. 

Three types of event can be distinguished in each of the eight wire planes which make up the 
three drift chamber boxes (the FEC has two planes for each direction). These are (i) a valid event, (ii) 
a missing event and (iii) a multiple event. The second corresponds to a true inefficiency of the detector 
in that part of the wire plane does not respond as it should to a passing charged particle, and the third 
corresponds to more than the one single particle (originating from either a reaction at the target, or 
from the background) simultaneously traversing a wire plane. Typically, for each of the eight wire 
planes inefficiencies of <1% and 5% for missing and multiple events, respectively, are found. Hence 
a total eight plane efficiency of ~61% is implied. 

Scattering events that are accepted into the chosen solid angle may be rejected from the final 
spectrum, even though they are likely candidates, because of the sorting conditions. Such events still 
need to be enumerated. This sorting efficiency in the present applications lies between 70 and 90%. 

Finally, the acceptance correction needs to be determined. By comparing scattering cross 
sections in the present analysis with other independent data, and as a function of die reaction peak 
position along die focal plane, it is possible to identify the end regions of the focal plane for which the 
spectrometer acceptance drops away. This has been done using the data obtained with the polythene 
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and mylar targets, each of which has a known thickness and composition, and for which data from 
IUCF for the 12C(p,p') reactions at 200 MeV incident energy are available8). The target thicknesses 
were 20 mg/cm2 (polythene) and 21 mg/cm2 (mylar). This data comparison is consistent with a constant 
acceptance in the region of the focal plane used in our measurements, however with a reduced value 
of 75%. This acceptance factor is included in the derived normalisation factors. 

23 Confidence in the Deduced Cross Sections 

The accuracy of the efficiencies is estimated from the statistical accuracy of the numbers of 
valid and invalid events counted. Thus, the wire chamber efficiency has a very small error, due to the 
large number of events considered. 

The total sorting efficiency is estimated to be consistent to ~2% and, together with other 
approximations made in the sorting procedure, results in an estimated uncertainty of 5% to be added 
in quadrature to the uncertainties arising from the statistical accuracy in the resultant peaks areas. This 
gives the overall relative accuracy of each datum point. These are the uncertainties shown with each 
cross section value. 

As comparisons have been made to the 12C(p,p') cross sections obtained with the IUCF spec
trometer, die accuracy of that data, both statistical and absolute (5%), has been taken into account 
The effect of this, together with uncertainties in the polythene and mylar target purities (~1%), the 
thicknesses of these targets (5%) is to give the overall absolute accuracy in the above acceptance as 
9%. With the determination of the boron target composition it is necessary to also use the IUCF 
12C(p,p') data, and we obtain a final uncertainty in the 1 2C contribution of 6%. This then leads to 
uncertainties in the 1 0B and "B contributions of 0.5% in each case. The absolute uncertainty in the 
cross section data is obtained by including the individual uncertainties in the target purity (as above), 
the , 0B target thickness (5%), the acceptance (9%) and the instability in the polarimeter charge 
monitoring, which is estimated to be 3%. With these values, the final absolute uncertainty is given to 
be approximately 11% for each of ihe deduced 10B differential cross sections. 

2.4 Peak Area Extraction 

A typical particle spectrum is shown in figure 2. Whilst the excitation region in 1 0B covered by 
these spectra is from the ground state to 16 MeV, the excitation region in 1 0B of interest extends to 
just beyond 6 MeV. In this region the spectra show little, or no, background contribution. Beyond 
this excitation energy, corresponding to exceeding the proton separation energy in 10B at 6.59 MeV, 
the background increases and no prominent structures are found. Inspection of the energy levels of 
10B ') shows that beyond this energy the level density becomes much higher, with many of the states 
having large widths. Therefore, given the relatively poor resolution of the present data, peaks corre
sponding to the excitation of states in this region are not identifiable. 

The two closely spaced groups of states, centred at ~5.1 MeV and ~6.0 MeV, are populated but 
are not resolved. All other states in I 0B below 6.6 MeV are populated, albeit weakly, and are easily 
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identified. The dominant structure, apart from the proton elastic scattering peak, at all angles corre
sponds to die 6 MeV cluster of states. Impurity peaks corresponding to die U B and 1 2C target con
stituents are present, and in die latter case can be readily identified by comparison widi die polythene 
and mylar target data at die appropriate angles. 

A momentum calibration of die , 0 B peak positions utilising die nominal MRS scattering angle 
value is sufficiendy accurate to allow identification of die peaks corresponding to excitation of die 1 0B 
nucleus, as well as die n B and 1 2C impurity peaks. Thus, we can identify peaks corresponding to die 
n B ground, 2.12,4.44 and 5.02 MeV states, and die 1 2C ground, 4.44 and 7.65 MeV states. In die case 
of die nB(5.02 MeV) and 12C(7.65 MeV) states the peaks are only found at the larger scattering angles, 
and then are very weak. 

A detailed momentum calibration of each spectrum results in an excellent linear fit to all peak 
positions and at die same time determines die median scattering angle, and results in derived excitation 
energies consistent to widiin 10 keV. The difference in die centroid scattering angle for each MRS 
position and its nominal value is due to die variable setting of die FEC y window, but is typically 
within 1*. 

In fitting the peak shapes a gaussian witii matched exponential tails gives a good representation 
of the actual , 0B peak shapes. This peak shape is determined from the proton elastic scattering peak, 
if non-vetoed, or from a simultaneous fit to several 1 0B peaks, if there is no elastic peak present. In 
either case, the same peak shape and width is suitable for all 1 0B peaks. Since the correct kinematic 
correction is made only for the 1 0B levels, die shapes of the n B and I 2 C peaks will be the result of 
convoluting die above determined reference peak with a "top hat" function which represents the residual 
kinematic variation. T his convolution is predetermined analytically and the resultant peak shape has 
been included in the analysis least squares fitting code. The effect of this convolution on both the 
shape and width of the resultant peak is not large at forward angles, where the scattering plane 
acceptance is kept to ~ 1 \ but becomes sizable at larger angles where the acceptance is increased to 
-3°. 

Finally although the states making up the two clusters centred at 5.1 MeV and 6.0 MeV in , 0B 
cannot be resolved with the achieved resolution, inspection of the centroid position of the 6.0 MeV 
cluster (5.92, 6.03 and 6.13 MeV) suggests that it predominantly arises from the population of the 
6.03 MeV state. All three states in diis cluster have a small natural width (<6 keV) and the observed 
peak widths are similar to the measured resolution at each angle, suggesting that only one of the three 
states is dominating the cluster. The peak position is also consistent with the excitation energy of the 
6.03 MeV state. Lastly, the shape of the measured cross section is in fair agreement with that predicted 
for the 6.03 MeV transition. 

Similar conclusions cannot be made regarding the 5.1 MeV cluster of states (5.11, 5.16 and 
5.18 MeV) and, in particular, about the contributions from the positive parity states at 5.16 and 
5.18 MeV. This is because of the large natural width of the 5.18 MeV state (110 ±10 keV) and the 
extreme proximity of the states in relation to the obtained resolution. 

In summary, cross section data have been obtained for the following states of 1 0B: 
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0.00 M e V (J*;T=3+;0), 0.72 MeV (l+;0), 1.74 M e V (0+;l), 2.15 M e V (l+;0), 3.59 MeV (2+;0), 
4.77 M e V (3+;0), 6.03 M e V (4+) and 6.56 MeV (4?). 

3 The Theoretical Description of Nucleon Inelastic Scattering 

The transition amplitude in the microscopic distorted wave approximation (DWA) model for 
nuclear excitation from the state with total angular momentum J ; to the state J f is of the form10) 

7>= I ( 2 / / + l ) - , / 2 { / I / M l J V | / / M / > ^ / ^ ™ (1) 

and represents a weighted summation of the matrix elements 

A#fiw = Y.ir-f'^Qj^-m.M-N) 

x(xrCl' l^k ( + ) C!)- (2) 
This matrix element is composed of the continuum distorted waves %, and %t describing the 
projectile/ejectile - nucleus relative motion, the single nucleon (a=proton or a=neutron) bound state 
wavefunctions $% for nucleons in the initial or final nuclear state, die antisyrnmetrisation operator SI, 
and the /-matrix operator t which mediates the transition. 

The spectroscopic amplitude in (1) for nuclear excitation from the single particle orbital with 
angular momentum j , to the orbital j 2 with a total angular momentum transfer I is the weighting 
amplitude 5J"'7. This amplitude is the reduced matrix element") 

Sti^W^KxaJT^j)- (3) 
where the single particle-hole pair creation operator in (3) is defined as 

K x % ^ = £<->*""(/-,;>, -rrn \I-N)xd^a^ (4) 

and the ct and a are the usual particle creation and annihilation operators respectively. 
The summation in (1) implies that the overall transition cross section is a coherent combination 

of the contributions of each angular momentum transfer I. As discussed by Glendenning12), this does 
not happen and the overall cross section is correctly given as an incoherent summation of the individual 
multipole contributions. In doing this, the transition amplitude corresponding to a single value of I is 
given by 

T'i^ .JLQJ/+ lTm(J,IM, N | JfMf) S » # A f » m (5) 

and results in the partial differential cross section ^ , and t'ie composite cross section 

do_ do 
dQ-}jn,- ( 6 ) 

The code DWBA8413) has been used to calculate the differential cross sections based on the 
above transition amplitude for comparison with the data. This is a modified version of the code 
DWBA7014) but incorporates an incoherent summing of the individual total angular momentum transfer 
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contributions, as well as relativistically based kinematics. The first aspect of these changes is important 
in this present application since with the non-zero target spin (F=3+) each of the studied transitions 
results from several allowed values of I. 

In these codes the spectroscopic amplitudes are numerically introduced to the calculation via 
the Z-coefficients, which are expressed in terms of the above spectroscopic amplitudes Sj^as 

3.1 The Two-nucleon /-matrix 

The need for the inclusion of medium effects on the effective interaction in the incident proton 
energy range of 100 to 200 MeV has now been well established1 5 1 6 , 1 7 1 8). Thus, in all cdculations to 
be presented here, use has been made of the density dependent form of the N-N interaction. Although 
many modem microscopic calculations are based on the Paris potential, we have chosen, for reasons 
to be made clear in §4.4, the density dependent form of the Bonn interaction, as parameterised by 
Nakayama and Love19). 

It has been questioned by Cheon et A/. 2 0 , 2 1 ) whether the identification of the density dependent 
/-matrix as the proper N-N interaction in inelastic scattering is appropriate, and from macroscopic20) 
and microscopic21) considerations show that an additional term should be included in the interaction 
for such transitions. The derivation of this extra term is appropriate where the transition potential 
results from a deformation of the ground state matter density distribution. The second of these papers 
gives this additional term, p • dt(p)/dp, where t(p) is the density dependent r-matrix, for scalar-isoscalar 
(S=0,T=0) and scalar-isovector (S=0,T=1) transitions. The effect is to essentially double the strength 
of the contribution arising from the rmclear density to the interaction used with the inelastic excitation 
calculations20) compared to that used for establishing elastic potentials. The general validity of this 
rearrangement term has been established by Kelly et a/.47) during their recent work on empirical density 
corrections. 

Although it seems appropriate to include the corrections of Cheon et al., in the case of the 
10B(p,p') scattering this is complicated by the J=3 spin of the 10B ground state. Thus, each observed 
transition is in general the result of several total angular momentum transfer values, which incorporate 
both spin scalar and vector modes of population. This precludes the use of the corrections developed 
by Cheon et al. as indicated in their papers since they are only appropriate for scalar transitions. On 
the other hand, the density dependent effects associated with this contribution should be borne in mind 
when comparing the theoretical to the experimental cross sections. From a comparison of the effects 
of using density dependent and free N-N interactions15,16) it can be concluded that primarily a reduction 
in the forward angle theoretical cross sections is to be expected. 

Since the major motivation of the present analysis is an investigation of the spectroscopy of the 
observed nuclear states, and following the above discussion, the density dependent Bonn t-matrix 
without the additional corrections of Cheon et al. has been chosen as the mediating interaction in the 
calculations to be presented. 
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3.2 Models of Nuclear Structure 

In the introduction we discussed the Jiree structure models which will be used to describe the 
natural (positive) parity transitions, and to generate the spectroscopic amplitudes required in (1). Each 
of these models is limited to nucleon rearrangement within the hall filled lp-shell. 

The first of these models arises from the effective two body interactions of Cohen and Kurath3). 
We have adopted the (8-16)POT parameter set, hereinafter labelled CK, in the present spidy. The 
spectroscopic amplitudes corresponding to this interaction have been tabulated for all the lp nuclei 
by Lee and Kurath22) and are given separately for proton and neutron excitations in an LS coupled 
form. The jf/'-recoupled amplitudes are the appropriate form for use in the present calculations. The 
other two structure models are the Barker4) sets I and in. The spectroscopic amplitudes associated 
with these latter two interactions were supplied privately by Dr Barker. 

All three sets of amplitudes are listed in tables 1 and 2. Only neutron amplitudes here have been 
tabulated, since for T=0 target nuclei, as in the present application, the proton and neutron amplitudes 

T 

differ only by the sign (-) ' with T f being the iiMal state isospin. 
3.3 Realistic Single Particle Bound State Wavefunctions 

It is a common practice to use the algebraic oscillator singie particle radial wavefunctions in 
microscopic inelastic scattering calculations, even though these radial functional forms are known 10 
be inferior. Rather, radial wavefunctions based on a Woods-Saxon well, and giving the proper 
behaviour at large separations, should be used. 

Unlike for nucleon transfer, where the binding energies which will determine these wave-
functions for each orbital are automatically obtained, here they are not immediately obvious. Con
veniently, however, such a function for the lp 3 / 2 shell has been experimentally obtained by Hicks et 
a/.23) from a study of the 10B( 1.74 MeV, J*;T=0+; 1) electron inelastic scattering transverse form factor. 
As noted by these authors, within the lp model space and with one-body operators, the transverse form 
factor is simply related to the Fourier transform of the lp 3 / 2 radial wavefunction. The deduce! 
wavefunction is well modelled as a Woods-Saxon wavefunction, and the potential well capable of 
reproducing their experimental radial form is given in table 3. Note that no spin-orbit potential need 
be included in this potential. This wavefunction is approximately an average of the proton and neutron 
radial wavefunctions, and it is noted by Hicks et al. that when the differing binding and coulomb 
energies are taken into account the resulting proton and neutron wavefunctions are very similar and 
lie within the error band on the average wavefunction. Thus we use their average wavefunction for 
each type of nucleon. In order that we get a well depth of 91 MeV a binding energy of 7.09 MeV for 
the lp 3 / 2 orbital is required. The same potential well geometry has also been adopted to define the 
lp 1 / 2 orbital radial wavefunction, and a binding energy of 4.95 MeV (deduced from the ,3C—>12C+n 
separation energy) is used in this case. This results in the well depth included in table 3. 

It is important to note that the above Woods-Saxon wavefunctions are defined with respect to 
the centre of mass of the core (A-l) nucleus. This is not the usual definition which is with respect to 
the centre of mass of the A particle nucleus. It is straightforward to rescale the core relative wave-
functions to obtain these centre of mass wavefunctions. With reference to figure 3 we have that 
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and 47tJ<t>^(ri4)r^drrt = 4n J < > L ( ^ ) 4 ^ (8) 

Thus we obtain the expression for the recoil correction; 

It is necessary to include the above recoil correction when using DWA codes. The reason for 
this is that no differentiation between the centres of mass of the nucleus A (to which the incoming and 
outgoing distorted waves are referenced) and of the core with mass (A-l) (to which ths single particle 
wavefunctics are referenced) is made in the code, although the theory correctly does make the dis
tinction. It is assumed in the code that all radial vectors are referenced with respect to the centre of 
mass of the nucleus A. Hence, since we have explicitly core relative wavefunctions we need to 
transform these into nucleus A relative wavefunctions to conform to the convention of the code. An 
option for this is provided in the DWBA84 version of the code and follows the method of Blok and 
Kunz24), where these authors show that the procedure above is correct for the direct component of the 
transition amplitude, and approximately correct for the exchange component with the proviso that the 
nucleon-nucleon interaction be of short range. 

4 Fitting the Elastic Scattering Data 

As indicated ia the introduction, unlike 0 + ground state nuclei, here, because of the 3 + spin-parity 
of the 1 0B ground state, it is possible to have elastic scattering occurring with non-zero total angular 
momentum transfers {i.e. I now written as AI>0). 

Although angular momentum conservation allows all multipoles up to AI=6, by being restricted 
to the lp model space we can expect contributions to this cross section from the AI= 1,2 and 3 multipoles, 
as well as from the usual AI=0 monopole. These multipole contributions can be considered to arise 
from scattering from the non-spherical components of the nuclear matter distribution. Obviously, the 
inclusion of these (incoherent) higher multipoles may have an effect on the shapes of the measured 
angular distributions and, in particular, the differential cross section can naively be expected to increase 
in magnitude with scattering angle over that expected for scattering from a spherical nucleus. 

The effect of non-zero rr.ultipole contributions in eiastic scattering is most clearly seen in the 
electron elastic scattering form factors for non-zero spin nuclei. These form factors can be directly 
related via their fourier transforms to the charge distribution or currents in the target nucleus. Transverse 
(FT) and longitudinal (FJ form factors for a selection of lp nuclei are given by Rand etal.25) (FT:6 ,7Li, 
'Be, , o n B , 14N), Stovall et al.26) (FL: l o n B ) and Hicks etal?) (FT: , o n B ) in which the importance of 
the higher order multipoles is evident. The longitudinal form factor data for 1 0B are shown in figure 
4, along with the expected monopole contribution. This form is based on using harmonic oscillator 
wavefunctions, with a shell model oscillator length of a„=1.65 fm. It is clear from this figure that 

-»* •. 'lU-i ' i t (9) 
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quadrupole scattering component, in particular, is important in the (e,e) reaction. Indeed, as the 
quadrupole deformation of the 1 0B ground state is large27) we can also expect a similarly significant 
quadrupole component in the 10B(p,p) scattering cross section. 

Two general approaches to fitting the elastic scattering cross section are feasible. The first is 
to empirically fit the data by adjusting the parameters defining a standard optical model potential. 
Such a method will automatically compensate for any non-zero multipole contribution, however the 
parameter set thus obtained can be expected to reflect this through larger radial and diffuseness 
parameters than would be normally expected. A more physical approach is to explicitly include the 
AI>0 multipole scattering amplitudes with the usual AI=0 component. The base optical potential 
obtained in this manner should then be consistent with those obtained from analyses of nearby spherical 
nuclei. It is this latter approach which we choose to follow. 

Previous reported studies of the 10B(p,p) elastic scattering reaction have been confined to beam 
energies of less than 50 MeV1). Therefore, as the importance of the quadrupole scattering component 
will be reduced except at very large scattering angles these earlier parameter sets provide little guidance. 
Given this, we have chosen to base our specification of the (spherical) potential on a local 
(non-relativistic) microscopic optical potential derived by folding the 1 0B ground state matter dis
tribution with the N-N interac^on. Calculations and comparisons to 12C(p,p) elastic scattering data 
by Rikus et a/.28) show that such a microscopic potential is capable of reproducing the general features 
of the cross section and analysing power data at energies between 120 and 400 MeV. Further, the 
microscopic potentials generated in this manner have a real central term which is not of the usual 
Woods-Saxon shape, but rather includes a repulsive surface component which becomes increasingly 
more important with beam energy. 

The code OPMOD29) has been used to generate the "folded" optical potential. This code follows 
the theoretical descriptions given by Rikus et a/.28) and by von Geramb30), and folds the density 
dependent Paris interaction with a given point nucleon matter distribution. This distribution for 1 0B 
is obtained from the electron elastic scattering longitudinal form factcr data of Stovall et al.26), which 
can be directly related to the nuclear matter density distribution, albeit in a model dependent manner. 
We assume with little error that for this Tz=0 nucleus the point neutron density is equivalent to the 
point proton density. 

4.1 Specification of the Density Distribution 

In their electron scattering analysis, Stovall et al?6) model a harmonic oscillator density dis
tribution to match the data, which cover the momentum transfer region up to 3 fm'1 (see figure 4). The 
harmonic oscillator density n-jodel derives from the use of oscillator wavefunctions for these light 
nuclei, and was shown many years ago to be adequate for use with the lp nuclei over the limited range 
of momentum transfers then sampled by the data (see ref.3 1) for a summary). In this model we have 

Po(0 = P« 8«,-1l+a 

where 
lit-% (10) 
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a2 = \^j.a2

0, (11) 

a = (12) 
a 2+-ao(a 2-ao 2) 

and 
Z - 2 

«o = — • (13) 

Note that we have ignored the proton size component as we deliberately factor this out of the 
experimental form factor. In deducing a suitable density distribution, we have re-analysed the form 
factor data using this model to define the Born monopole component of the longitudinal form factor. 
The calculation of the quadrupole contribution is discussed in the following section. 

4.2 The Quadrupole Longitudinal Form Factor 

To determine this contribution, a more realistic approach than offered by the harmonic oscillator 
model has been adopted. This calculation is based on using the (8-16)POT interaction of Cohen and 
Kurath3) and the correctly shaped Woods-Saxon radial wavefunctions introduced in §3.3. These radial 
wavefunctions will affect, in particular, the form factor in the high momentum transfer region. An 
electron scattering code, based on the algebra of de Forest and Walecka32) has been used to generate 
these more realistic shell model based form factors. We note that before comparison with the data, 
the theoretical form factors (L=0 and L=2) each need to be multiplied by the experimental proton form 
factor33). The monopole component above has been adjusted by the usual34) centre of mass correction 
term. This does not need to be done for the quadrupole component since we explicitly start with 
core-nucieon relative radial wavefunctions. 

Using the Woods-Saxon radial wavefunctions, together with the Cohen and Kurath (8-16)POT 
spectroscopic amplitudes appropriate for the 1 0B gs-*gs AI=2 angular momentum tranrfer, we find 
that the static quadrupole moment and the form factor IF2(q2)l2 are grossly underpredicted. The static 
quadrupole moment has been calculated35) from the theoretical reduced B(E2;J—>J) value, with J=3, 
giving ?4 value of 4.76 efm2. This is to be compared to the experimental value of (2f=8.47±O.06 efm2. 
It is clear that significant quadrupole enhancement is needed in order that each of the observables is 
correctly given. This is not unexpected since it is well known that the lp model space severely 
underestimates quadrupole deformation. 

A method of incorporating effective charges into the calculation via a scaling of the appropriate 
spectroscopic amplitudes has been given by Lee and Kurath22). The 

"i(LS)—•"2(20) spectroscopic 
amplitude in the LS coupled representation is the important amplitude in the calculation of both the 
form factor and the quadrupole moment. Thus, by adjusting this amplitude we can ensure that the 
model spectroscopy reproduces the experimental quantities. In fact, the three model spectroscopies 
under consideration all give the AI=2 amplitude A^o as the only one of any importance, so that the 
enhancement of this amplitude is nearly equivalent to simply scaling the calculated E2 form factor or 
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quadrupole moment to match the experimental data. The same enhancement factor will then be 
applicable to the same part of die AI=2 multipole component in die microscopic calculation of the 
I0B(p,p) elastic scattering cross section. 

43 The Fit to the Longitudinal Form Factor 

The longitudinal form factor data of Stovall et A/. 2 6) are fined with the expression 

l f ^ 2 C=^{ i F o(^ao) lL + Yl^ 2 ) lU (14) 
where HO refers to the simple Born approximation harmonic oscillator model form factor and SM 
refers to the shell model quadrupole component. A factor Vyscales die AI=2 spectroscopic amplitudes, 
of which A2(20) is die dominant one. In (14) we have allowed for a scaling of die data (by die factor 
N). This is based on me observation tiiat die experimental data is slighdy higher than die calculated 
form factor at low (£1 fm'1) momentum transfers, which as we expected tends to unity at q=0. At 
tiiese low transfers the calculated form factor is model independent and is essentially determined only 
by die nuclear charge radius. The large radiative corrections, background effects and distortions only 
handled using effective momenta as applied by Stovall et al. suggest mat such a factor is plausible. 
Both y and N are adjusted, along witii the harmonic oscillator lengtii a,,. 

We also note that all momenta are effective momenta, and for consistency witii more recent 
form factor data to be used below are based on an equivalent radius of Re=3.195 fm. The value adopted 
by Stovall et al?6) is difficult iO assess but appears from tiieir diagrams to be about 3.17 fm). 

A least squares fit results in the values 
a 0 = 1.606 ± 0.025 fm 

y=3.20±0.57 (Vy= 1.79 ±0.16) 

and W = 0.923 ±0.045. 
The results of this fit are shown in figure 5. We can also independently determine ao from the RMS 
charge radius26) 

whence, using (r2),^ = 2.44 ± 0.06 fm *) and (r2)^olon =0.861 ± 0.047 fm 3 3 ) , we obtain 

a0= 1.635 ± 0.048 fm 

in excellent agreement with the least squares determined value. As well, the static quadrupole moment 
calculated with die ( A ^ ) spectroscopic amplitude enhancement factor Vy> 8.52±0.76 efm2, is now 
in good agreement with the experimental value27) of 8.47±0.06 e-fm2. Thus we may have confidence 
in the deduced model dependent density distribution, 

4.4 Determination of the Optical Potential 

Although the AI=2 multipole is die most important, the AI=1 and 3 contributions at least should 
also be determined. We can again use the Cohen and Kurath amplitudes listed in table 1, however in 
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this case we do not expect to need to apply any enhancement factors. These wavefunctions can be 
tested by comparing the calculated electron scattering transverse form factors and the calculated ground 
state static magnetic dipole moment with the experimental data. Transverse form factor data exist for 
momentum transfers up to 3 fm"1, and comparing this data to the (M1+M3) transverse form factor 
predicted using the de Forest and Walecka32) algorithms, it can be concluded that the Cohen and Kurath 
wavefunctions are adequate. Such a comparison is shown in figure 6. As with the quadrupole com
ponent of the longitudinal form factor, only the correction for the finite size of the proton has been 
applied to these calculated form factors. The form factor data are taken from the tabulations of Hicks 
et a/.23) and Rand et al.25). In each case the data are plotted against the effective momentum q e ( r deduced 
using the radius R,.=3.195 fm. The static dipole moment resulting from using these wavefunctions 
(1.82 nN) is also in good agreement with the experimental1) value of 1.80065±0.00001 ^ N . 

The full elastic scattering cross section results from including the AL>0 multipoles with the 
monopole component which is calculated using this optical potential. In each case these additional 
AIM) multipoles have been calculated using the code DWBA84 with the density dependent 210 MeV 
Bonn potential, the A^o) amplitude enhanced (increased by a factor of 1.79 (=V3.20)) spectroscopic 
amplitudes of Cohen and Kurath3) as tabulated by Lee and Kurath22) (see also table 1), and the 
Woods-Saxon single particle wavefunctions described earlier. 

We are now in a position to fit the proton elastic scattering data. Since our aim is to obtain a 
potential which results in a good fit once the higher multipole components are accounted for, and to 
have a suitable optical potential to use in the calculation of the inelastic transition cross sections, the 
initial optical potential parameter set is, for convenience, derived from the microscopic folded potential 
generated using the Paris density dependent interaction. The pointwise potential resulting from the 
numerical folding procedure has been modelled in the following manner. The real central part is 
represented as the sum of an attractive Woods-Saxon and a repulsive surface peaked gaussian well. 
It is found that this gaussian shape better represents the microscopic potential well than does the use 
of a first derivative Woods-Saxon form. The imaginary central part is well modelled by an absorptive 
Woods-Saxon well, whilst the real and imaginary spin-orbit components are, except at radial positions 
inside one Fermi, well modelled by attractive and absorptive Thomas forms {i.e 1/r times a first 
derivative Woods-Saxon form) respectively. This parameterisation, labeUedfolded, is summarised in 
table 4. As desired, little difference in the resultant elastic scattering cross sections based on the 
pointwise and the modelled potentials exist. 

The composite elastic scattering differential cross section is obtained from 
da dc do ^nndo do „ ^ 

where OMP refers to the optical potential based cross section. The distorted waves necessary in the 
microscopic determination of the AI>0 contributions are generated from the (spherical) microscopic 
potential, which in the first instance is the folded poteniial of table 4. 
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An iterative approach is then adopted. The first estimate of the non-zero multipole contribution 
is determined using the parameterised microscopic OMP to generate the distorted waves. We then fit 
the summed cross section (eq. (16)) to the data by varying the optical potential parameters. The 
procedure is then repeated until convergence is obtained. Convergence is expected since the distorted 
waves, although important, act only indirectly on the calculated cross sections. 

An excellent fit to the data can be obtained with only moderate changes to most of the initial 
potential parameters. The main parameters found to change are the imaginary central well depth and 
those defining the position and width of the (repulsive real central) gaussian term. This potential, 
labelled B, is included in table 4, and the fit to the data is displayed in figure 7. The overall data 
normalisation parameter has been kept constant at unity. A fit to the elastic scattering data, using the 
Paris N-N interaction for deriving the non-zero AI partial cross sections, leads to a significantly worse 
fit This is due to a larger predicted AI=2 partial cross section. 

5 The Inelastic Transitions - Comparison with Theory 

Consideration will now be given to the transitions to six natural parity states below the proton 
separation energy (at 6.58 MeV), viz., atO.718 MeV (JYr=l+;0), 1.740 MeV (0+;1.), 2.1.54 MeV (l+;0), 
3.587 MeV (2+;0), 4.774 MeV (3+;0) and 6.025 MeV(4+). One unnatural parity transition at 6.560 MeV 
(4?) is observed but is not considered further. The previous highest energy ?i which high quality 
proton induced inelastic excitation of I 0B has been observed was at 30 MeV by de Swiniarski et al?1). 
The 185 MeV data of Haselgren et a/.38) are of inadequate resolution and will not bs considered further. 
With an energy resolution of between 25 and 35 keV (fwhm), all states below 6.5 MeV excepting the 
cluster of states centred at 5.1 MeV were, in the lower energy measurements, resolved. The relative 
strengths of the measured forward angle cross sections at this low energy are similar to those observed 
by us at 200 MeV, and the inelastic excitation region of the spectra are dominated, as here, by the 
6.025 MeV transition peak. 

As already indicated in the introduction, angular momentum conservation together with the 
r=3 + spin-parity of the 1 0B ground state lead, in general, to several total angular momentum transfers 
AI contributing to each transition. Thus, if we limit the active nucleon model space to the lp shell, 
the transitions to the final state of spin-parity J* can proceed via the following momentum transfers; 
AI=3 (0+), AI=2 and 3 (1+), AI=1, 2 and 3 (2+), AI=0, 1, 2 and 3 (3+) and AI=1, 2 and 3 (4+). Only in 
the case of a 0 + final state is there a unique angular momentum transfer value. The importance of the 
extra multipoles in the elastic scattering cross section has already been demonstrated. 

Before considering the specific transitions, it is noted that the use of the Paris or the Bonn N-N 
interaction leads, for each of the studied inelastic transitions, to similar magnitude cross sections, but 
the Paris interaction is arbitrarily not considered further. This choice is based primarily on the better 
quality fit to the elastic scattering data achieved with the Bonn interaction. 

5.1 The 1.740 MeV f=0% T=l State (Isovector Transition) 

The 0+ spin of this state imposes that there be only one allowable AI transfer value, AI=3. As 
well, the largest p-shell L transfer value is limited to AL=2, thus requiring that this transition be also 
AS=1. With a final state isospin of T=l, this then represents a spin-flip isospin-flip transition, and the 
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proton scattering cross section should be sensitive to the vector-isovector {i.e. y^ , vLSx and vTx) 
components of the N-N interaction. As previously indicated in §3.3, electron scattering M3 transverse 
form factor data exist for this transition, and as there is only a single spectroscopic amplitude in the 
chosen model space, the lp 3 / 2 radial wavefunction is essentially predicted by these data. Hicks et al.23) 
find that if the model space is expanded to include Ifica excitations, then a simple 5% reduction in the 
lp3/2—>lp3/2 transition amplitude (10% in the M3 form factor squared) results, but that the shape of the 
predicted form factor is not changed significantly. Thus, this transition is the most completely specified 
of all those u ider consideration. 

The strength of this single lp transition amplitude, and thus a test of the three model spectro
scopies, can be deduced from a comparison of the calculated and experimental strengths of this M3 
form factor. E-ich of the three shell model interactions results in essentially the same value for the 
calculated amplitude (see table 2), which is sufficient to reproduce most of the strength of this form 
factor. It is noted, however, that a small increase in die amplitude is necessary in order that the best 
fit be obtained. Allowing for a small contribution from one pion exchange39) as noted by Hicks et 
al?3), an ad hoc increase in the Bl amplitude by a factor of about 1.14 is warranted (increasing the 
strength cf the neutron amplitude from -1.115 to -1.271). The result of such a calculation using this 
enhanced spectroscopic amplitude is shown in figure 8, where the form factor based on the deduced 
radial wavefunction of Hicks et al.73) is compared to the data of Hicks et al. and Ansaldo et at.40). It 
is found then that the theoretical B(M3t) transition rate based on the empirically enhanced amplitude 
is larger than the rather uncertain experimental value shown in table 5 by a factor of 1.7. The amplitudes 
associated with the various models are listed in table 2. 

The theoretical proton scattering cross section based on the slightly enhanced spectroscopic 
amplitude is shown in figure 9. A reasonable representation of the data is obtained, but with the forward 
angle data being underpredicted by a factor of about two. The shape of the calculated cross section 
in the angular region less than 40° is, however, correctly modelled, with the angu'ar placement of the 
peak cross section matching the experimental position. Density dependent effects are small as 
expected16) for large Al transfer transitions. From the comparison with the transverse form factor, 
which tests the lp shell wavefunction out to ~4 fm'\ we can conclude that the disagreement found for 
this transition is most likely due to some inadequacy in the N-N interaction. We comment however 
that normally magnetic transitions are more heavily quenched than found in this electron scattering. 

Also shown in figure 9 are the Bonn 210 MeV central, spin-orbit and tensor contributions (direct 
and exchange amplitudes) to the calculated cross section. The 200 MeV Paris interaction gives similar 
results for both the shape and magnitude of the individual components of the cross section. The cross 
section is dominated by the central component at very low momentum transfers and by the tensor part 
at larger transfers. A similar situation for 135 MeV proton scattering, based on an early version of the 
Love-Franey interaction, has previously been noted by Lindgren et air) for several unnatural parity 
stretched configuration transitions and by Bauhoff et al.16) for the 15.11 MeV(l+) isovector transition 
excited by the 12C(p,p') reaction at 200 MeV. 
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The agreement with the d^ta can be substantially improved if the important (density dependent) 
isovector tensor interaction strengths V r tarc increased by the reasonable factor of 1.2. Such a scaling 
effectively increases this component of the N-N interaction in the momentum region around 1.5 fin"1, 
as sampled by our data. As shown in figure 10, the shape and the strength of the calculated cross 
section now matches the data except at the lowest and highest scattering angles. 

It should be noted that the strength of the 210 MeV Bonn isovector tensor force has already been 
considered by Nakayama and Love19) for the 200 MeV incident energy proton induced isovector 
transitions to the 15.11 MeV and 16.11 MeV states of 1 2C. They suggest, however, that the isovector 
tensor component is already a little too strong (-10%). The Bonn group48) have over the last two years 
indirectly increased this component by increasing the n coupling strength in order to fit the crucial 
3S,/3D, phases and mixing. On the other hand, recent 3-body proton on deuteron experiments49) favour 
the original weaker Bonn tensor force. Three body binding calculations also prefer the weaker tensor 
component48,49), otherwise stnxig 3-body forces need to be introduced. 

5.2 The 0.718 MeV and the 2.154 MeV J*=l+ States 

As indicated in the introductory discussion as to the reason for the present experiment, these 
two states do not appear to be well described by the Cohen and Kurath wavefunctions, since several 
of the electromagnetic matrix elements for transitions associated with these states are poorly repro
duced. Phenomenological mixing of the two CK eigenvectors does lead, however, to a much improved 
description of these observables. Shell model interactions specific to 1 0 3 and which are based on a 
better description of the 0.713 MeV state, in particular, have been determined by Barker4). The body 
of E2 and Ml matrix elements deduced using these "improved" interactions (specifically sets 1 and 
3) are shown by Barker to be in better agreement with the data than is possible with the Cohen and 
Kurath wavefunctions (see table 3 in ref.4), and table 5 herein), whilst the 1 0B level positions are left 
essentially unchanged. 

The cross section data for the 0.718 and 2.154 MeV transitions as measured with the present 
experiment are shown in figures 11 and 12. It is immediately clear that the cross sections are overall 
quite dissimilar in strength and shape. For angles greater than 40° the cross sections do have similar 
shapes, however for smaller angles the 2.1 S4 MeV transition cross section flattens out, whereas the 
0.718 MeV transition cross section increases. Thus, we find that the 0.718 MeV transition has a peak 
cross section about 50% greater than for the 2. J 54 MeV transition. 

The theoretical cross sections for the 0.718 MeV transition calculated using the three spectro
scopies CK, Bl and B3 are shown in figure 11. The spectroscopic amplitudes are from table 2. It is 
apparent that the composite cross section (being the incoherent sum of the partial cross sections) is 
approximately unchanged as we change from the CK to the Bl and B3 spectroscopies. In each case 
we find that this composite cross section is significantly weaker than the data, with the calculated peak 
cross sections being only one third of the experimental value. The shapes of the theoretical and 
experimental cross sections, although qualitatively similar, drop at differing rates with angle. With 
either set of Barker amplitudes we obtain AI=2 and AI=3 partial cross sections of similar strength. 
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Further, little difference between the Bl and B3 based cross sections exist. This is not so for the CK 
spectroscopy, which predicts mat the 0.718 MeV transition is dominated by the AI=2 partial cross 
section. 

If we now consider the 2.154 MeV transition, the opposite holds. That is, based on the CK 
wavefunctions this transition is strongly AI=3 in nature. The results for the three spectroscopies are 
shown in figure 12, and die spectroscopic amplitudes are included in table 2. As with the 0.718 MeV 
transition, the cross sections determined using the Bl and B3 amplitudes are very similar, and the 
dominance of the AI=3 component suggested by the CK model is retained. Indeed, the AI=3 component 
for this transition is roughly the same for each of the three interactions. Further, the composite cross 
sections are all similar and in substantial agreement with the shape of the experimental cross section, 
however the strengths are too weak. 

It is clear that the predicted shapes and strengths of the cross sections for the above two transitions 
are essentially the same. The mixing of the CK wavefunctions introduced by Warburton et a/.5) also 
leads to very similar cross sections. In each case, the total cross section has roughly equal contributions 
from the AI=2 and AI=3 transfers. This is in contrast with the data, which as noted above, display 
significant differences between the 0.718 MeV and 2.154 MeV transition cross sections. 

An independent test of the wavefunctions resulting from the various shell model interactions is 
tocompare the experimental electromagnetic transition probabilities and form factor data fortransitions 
connecting the ground state and these states with the theoretically derived values. For the two transitions 
under consideration, these data consist solely of B(E2) rates. The B(E2) values, calculated using the 
Woods-Saxon radial wavefunction introduced in §3.3 and for the Cohen and Kurath (8-16)POT and 
the Barker Bl and B3 spectroscopies, are included in table 5. The experimental data are taken from 
the compilation of Barker4). In all cases the resulting theoretical values are smaller than the experi
mental values by a factor of about three, or more. 

It is commonly found that the lp shell model space is insufficient for describing deformation 
effects. To circumvent this shortcoming, the deficiencies in the calculated B(E2) rates are often 
accounted for by the inclusion of effective charges. As already done for the quadrupole contribution 
to the elastic scattering cross section, the I(LS)=2(20) amplitude in the LS coupling representation can 
be scaled so as to reproduce the observed B(E2) rate. Lee and Kurath22) have shown that if this 
amplitude is increased in line with the y-decay rate, then the observed pion scattering cross sections 
for several lp nuclei can be explained. Note that the chain of recouplings jj—>LS, enhance LS and 
LS->jj is involved. Alternatively, rather than adjusting just the A2(2o) amplitude, we can scale the 
complete set of AI=2 amplitudes by a common value (the same squared as necessary for the B(E2) 
rate). Since many of the transitions under consideration have significant I(LS)=2(21) and 2(11) 
amplitudes, the two approaches will result in differently shaped cross sections. The necessary A^o, 
scale factors for each transition are included in table 5. With the Bl spectroscopy the values 1.67 and 
1.53 for the 0.718 MeV and 2.154 MeV transitions respectively are obtained. 
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Results based on the Bl interaction and incorporating the above enhancement factors are shown 
in Figures 13 and 14 for the 0.718 MeV and the 2.154 MeV transitions respectively. Figures (a) 
corresponds to a scaling of the A ^ , amplitude, and (b) to an overall scaling of the AI=2 partial cross 
section by the square of this factor. Clearly, the strength of the experimentally observed 2.154 MeV 
cross section is matched by increasing the AI=2 partial cross section by this factor of 2.34, although 
the calculation in which the single amplitude A ^ is increased still results in a cross section which 
falls under the data. The two methods result in similar theoretical cross sections for die 0.718 MeV 
transition. In diis case, the shape of the forward angle experimental cross section is reproduced, 
although the predicted itrength is still too low by a factor of two. 

Little can be said of the AI=3 component of either transition. An increase in die strength over 
that already given by die Bl or B3 interactions would lead to an improved match with die 2.154 MeV 
data and in this sense tile CK interaction gives the better result, whereas for the 0.718 MeV transition, 
the data are strongly suggestive of the dominance of the AI=2 component of the cross section as any 
of the interactions (after scaling of the amplitudes) predicts. Given the poor quality of the match with 
the strength of the 0.718 MeV transition, even after enhancement has been included, it is not possible 
to differentiate between die tiiree interactions. 

5.3 The 3.587 MeV r = 2 + State 

Tne perturbation procedure applied by Warburton et al.5) for the mixing of the two lowest (l+;0) 
states of Cohen and Kurath was also found to improve the electromagnetic properties connected with 
this T state. In this case, the second predicted (2+;0) state corresponds to the observed 5.920 MeV 
level, however no proton scattering data for the transition to this latter state could be obtained. The 
theoretical results for the 3.587 MeV transition are shown in figure 15, and correspond to the use of 
the three model spectroscopies. The spectroscopic amplitudes are listed, along with tiiose for the 
5.920 MeV transition, in table 2. Two features arc immediately obvious; the cross section is dominated 
by die AI=2 component, which has roughly the same strengdi and shape for each spectroscopy, and 
the AI= 1 contribution is radically different for the CK and die Barker interactions. No data are available 
for the angular region most sensitive to this latter component, however, so that no conclusions based 
on the present experiment are possible. The Bl interaction correctly reproduces the B(M1) transition 
rate whilst the other interactions lead to too large a value. We can expect then that the AI= 1 component 
will be only of importance at the very forward angles. The predicted B(M1) transition rates for the 
three models are included in table 5. 

The magnitude of the predicted cross sections are all too low by a factor of about two, although 
the shape of the dominant AI=2 component does match the shape of the data. This good a^eement 
between the shapes is shown in figure 16, where the data are compared with the theoretical cross 
section determined by enhancing the AI=2 partial cross section by this factor of two. The need for 
such enhancement is in contradiction with the value implied from a comparison of the B(E2) transition 
probabilities. In this case, the B(E2) rate as predicted by the Bl interaction, with no enhancement of 
the AI=2 amplitudes, is in good agreement with experiment (see table 5), with the B3 interaction 
predicting a slightly worse (smaller) value, followed by the prediction based on the CK spectroscopy. 
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The effect of mixing the Cohen and Kurath wavefunctions is to reduce the AI=1 contribution whilst 
slightly increasing the contribution from the AI=2 component. The results are very similar to those 
based on Bl wavefunctions, and shown in figure 15(b). 

5.4 The 4.774 MeV J*=3+ State 

This transition is, in principle, the most complicated owing to there being the full four (within 
the lp model space) possible angular momentum transfer values, however all three spectroscopies 
predict insignificant contributions from the AI=0 and AI=l components. The results using each 
interaction are shown in figure 17 and the spectroscopic amplitudes are as listed in table 2. 

The AI=3 partial cross section is in each case of similar strength and matches quite adequately 
the shape of the data. The AI=2 component is predicted to be of comparable strength to the AI=3 
partial cross section. As shown in table 2 the CK and Bl interactions lead to similar spectroscopic 
amplitudes, and consequently to similar B(E2) rates (see table 5) and proton scattering partial cross 
sections. All three models substantially overpredict the experimental B(E2) rate, however, by a factor 
of ten or more. If the A ^ ) amplitude is quenched by a factor of 0.27 (suitable for the B1 interaction) 
in line with this discrepancy, and thus effectively removing the AI=2 contribution to the cross section, 
this transition can be classified as being essentially pure AI=3 in character. This is shown in figure 
18. This isoscalar AI=3 transition cross section is dominated by the spin orbit pan of the force, so that 
the tensor scaling introduced for the 1.743 MeV transition is of little consequence for this transition. 

5.5 The 6.025 MeV J*=4+ State 

It has long been recognised42) that the 6.025 MeV state is the second member of the K=3 rotational 
band based on the 1 0B ground state. It is not surprising, therefore, to find preferential excitation of this 
state at our energy of 200 MeV or at the previous lower energy of 30 MeV, as already noted. At both 
these energies this state has a cross section obviously an order of magnitude larger than any other. In 
the collective type analysis undertaken by de Swiniarski et al?1) deformation parameters, PL, for several 
of the low excitation energy transitions were deduced, of which the largest, with pVO.95i0.04, was 
for the 6.025 MeV transition. 

As the lp model space is obviously inadequate for describing quadrupole deformations, as 
confirmed by the need for fairly large AI=2 enhancement factors when describing several of the 
transitions so far considered, it is anticipated that all three model spectroscopies under consideration 
will dramatically underpredict the strength of this transition as well as the electromagnetic properties. 
Both reduced transition probabilities and longitudinal electron scattering form factor data exist. The 
experimental and theoretical B(E2) and B(M1) rates are listed in table 5 from where the B(E2t) rate 
connecting the ground and 6.025 MeV states (21.2 e2-fm4) is observed to be large (the Weisskopf unit 
for 1 0B is only 1.3 e2fm4). The B1 calculated values of the B(E2) rate need to be enhanced by a factor 
of 3.90 in order to match the experimental value. This corresponds to enhancement of the Bl &2W) 
LS coupling amplitude by a factor of 1.97. 
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The longitudinal form factor data of Fricke et a/.43), Spamer et a/.44) and Ansaldo et al.w) are 
compared to the distribution calculated using the Bl spectroscopic amplitudes in figure 19. Also 
shown is the result in which the A^o, amplitude has been enhanced in line with the above observations. 
Good overall agreement is found when this enhancement factor of 1.97(=V3.90) is included, and 
indicates the suitability of the enhanced transition density, at least out to ~2 fm"1. The spectroscopic 
amplitudes used in these calculations are listed in table 2. All three spectroscopies, whilst showing 
the dominance of the A^^ amplitude, also lead to similar values for each of the other amplitudes. 

Comparison of the theoretical cross sections based on the CK, Bl and B3 spectroscopies with 
the proton scattering data is made in figure 20. The dominance of the AI=2 component is apparent 
but, as expected, its strength is substantially smaller man the data. With the inclusion of the A ^ , 
enhancement determined from the B(E2) and form factor data, the agreement is improved, as shown 
in figure 21 for me Bl spectroscopy, and the shape of the experimental cross section data forward of 
40* (~2 fin"1) is well matched by the calculation. A discrepancy in the strengths of a factor of 2 is, 
however, still present at most scattering angles. It will be recalled that the present data may include 
contributions from the closely positioned, and unresolved, 5.920 MeV (2+) peak. Therefore, we have 
also included in figure 21 the meoretical composite differential cross section for the 5.920 MeV 
transition based on the Bl spectroscopy. This is shown by the heavy solid line. An enhancement 
factor of 1.56 for the A ^ ) amplitude, as derived from a comparison of the theoretical and experimental 
B(E2) rates, has been included in this calculation. Clearly, this transition is an order of magnitude 
weaker than that represented by the data and as such is not expected to contribute any significant 
strength to the measured cross section. We note in passing that, as with the other ,P=2+ transition to 
the 3.587 MeV state, the AI=1 component is expected to only become important at scattering angles 
smaller than 10°. All three interactions predict similarly sized B(M1) rates, and AI=1 partial cross 
sections. The present poor resolution measurements would be expected to sense this only at forward 
angles. Unfortunately no forward angle (p,p') data with which to test the predictions are available. 

Given the large quadrupole enhancement needed, extended basis calculations of the spectroscopy 
associated with the 4+ state should provide a better description of this transition. Account of the 
deformation of 1 0B has been taken in extended basis calculations by Bouten and Bouten45). These 
wavefunctions are able to reproduce the magnitudes of the ground state magnetic dipole and electric 
quadrupole static moments, whilst the B(E2) transition rates apart from those associated with the (2+;0) 
3.587 MeV state are better reproduced than with wavefunctions limited to within the lp shell. In 
particular, the B(E2;gs—»4+) rate is in better agreement with the experimental value than for the lp 
shell predictions listed in table 5. Good agreement with the elastic scattering longitudinal form factor 
is also obtained46), especially over the momentum range in which the quadru pole componentdominates. 

The electron inelastic scattering longitudinal form factor determined using the Bouten and 
Bouten wavefunctions has been compared to the available data4 0 , 4 6) and good agreement in shape and 
magnitude is found. The result is similar to that phenomenologically achieved by enhancing the A^,,, 
amplitude, as done above. It would be interesting to observe the result of using their wavefunctions 
in determining the (p,p') cross section, however the actual microscopic description of the Bouten and 
Boutcn PI IF wavefunctions was not published. 
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6 Summary and Conclusions 

Differential cross sections have been measured for 200 MeV incident energy proton scattering 
from 1 0B. Prior to these measurements the most complete set of inelastic scattering data was available 
at 30 MeV incident energy and, for elastic scattering, at 50 MeV. With a final resolution which varied 
between 110 keV and 240 keV, it has been possible to obtain significant data for the levels of 1 0B 
below the proton separation energy of 6.6 MeV. Beyond this excitation energy the natural widths of 
the closely spaced proton and, beyond 8.4 MeV, neutron unbound levels broaden and no isolated 
structares existed which would allow data extraction. 

Although two clusters of peaks, centred at 5.1 MeV and 6.0 MeV, are observed, the contributing 
peaks could not be resolved with the available resolution. It is concluded, though, that the latter of 
these clusters primarily corresponds to excitation of the collectively enhanced 6.025 MeV state of 1 0B. 
The other states are observed to be only weakly populated at 30 MeV. 

Analysis of the natural (positive) parity transitions leading to the 0.718 MeV (1+), 1.740 MeV 
(0+), 2.154 MeV (1+), 3.587 MeV (2+), 4.774 MeV (3+) and 6.025 MeV (4+) final states has been 
performed. As is usual, this analysis is based on the non-relativistic microscopic distorted waves model 
but in which the underlying interaction is the recently available density dependent Bonn N-N inter
action. 

Two specific aspects of 1 0B are of interest in the present analysis: firstly, the large angular 
momentum (J=3) of the ground state allows several multipoles within the lp-shell to contribute to the 
observed transitions; of particular importance is the contribution to the elastic scattering cross section 
from the quadrupole deformation of the 1 0B nucleus: secondly, the y-decay matrix elements or transition 
probabilities are found, in most instances, not to be reproduced by the standard lp shell interactions 
of Cohen and Kurath3). This is particularly so for the transitions involving the lowest (rt;T)=(l+;0) or 
(2+;0) states at 0.718 MeV and 2.154 MeV respectively. The agreement was shown by Warburton et 
al.5) to improve if each lowest pair of (1;0) or (2;0) wavefunctions resulting from the CK interaction 
were phenomenologically mixed together. An equivalent but more satisfying approach adopted by 
Barker") was one in which the interaction was specifically modified, and thus the wavefunctions, so 
as to describe the nuclei lying near to the centre of the lp shell. 

The elastic scattering data are modelled as the incoherent summation of a spherical optical model 
based cross section and the possible AI=1, 2 and 3 partial cross sections. These latter three cross 
sections are determined microscopically, using an appropriate density dependent N-N interaction with 
transition densities based on those of Cohen and Kurath. 

A feeling for the appropriateness of the CK spectroscopy can be found from a comparison of 
the theoretical and experimental quadrupole and dipole static moments, and the electron elastic 
scattering form factors. The importance of the quadrupole contribution to the longitudinal form factor 
is clearly seen in such a comparison. It is also clear that the AI=2 amplitudes, specifically the A 2 ( 2 0 ) 

amplitude in the LS coupling representation, need extensive enhancement beyond the CK estimate in 
order that the experimental strength of this component be reproduced. These enhanced amplitudes 
are used in defining the AI=2 proton scattering partial cross section, and as the quadrupole static moment 
along with the longitudinal form factor are excellently reproduced, we can have confidence in the 
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strength of this partial cross section. Each of the other AI= 1 and 3 amplitudes is correctly given in the 
CK model, but the resulting partial cross sections are of little consequence to the full elastic scattering 
cross section. 

An iterative procedure, in which the optical potential is adjusted (and, thus, also the distorted 
waves necessary in the microscopic description of the non-zero multipole components) results in an 
adequate representation of the elastic scattering cross section data. The significance of the contribution 
from quadrupole scattering is clearly seen in this approach. The above calculations have been based 
on the density dependent Bonn 210 MeV N-N interaction. 

Each of the inelastic transitions under consideration is found theoretically to be dominated at 
times by either the AI=2 or AI=3 multipoles, or by a mixture of them. The one example in which only 
a single contribution can occur is for the 1.740 MeV (0+) transition. A comparative study of the 
theoretical and experimental transition probabilities indicates that each of the three interactions con
sidered underpredicts the strength of several of the B(E2) rates for the observed transitions, and thus 
also the predicted AI=2 partial cross sections for these same transitions. The major discrepancy is for 
the transition to the 4.774 MeV (3+) state, for which all spectroscopies result in too large a B(E2) value. 

Data which test ihe AI=3 multipole contributions are available only for the 0+, T=l 1.740 MeV 
transition, and consist of the B(M3) transition rate and the transverse M3 form factor. This latter set 
of data has previously been used by Hicks et a/.23) to deduce the relevant lp 3 / 2 radial wavefunction. 
All the calculations presented have adopted their radial form, which is well modelled by a Woods-Saxon 
wavefuncuon. Each of the spectroscopies has a similar value for the single (lp3A?—>lp3/2) amplitude, 
which is found to be qualitatively correct. An empirical determination of the amplitude based on a 
comparison to the M3 form factor data results in a somewhat increased value. It is interesting, therefore, 
to find that the proton scattering cross section for this transition is poorly reproduced by the microscopic 
DWA calculation. Neither is the result sensitive to the density dependence of the interaction save that 
it must be included, as anticipated from previous experience16). As this transition is both spin and 
isospin flip in nature, the cross section is sensitive to these components of the N-N interaction. In 
particular, the tensor isovector component is of significance. An arbitrary scaling of this latter com
ponent (at each density) by a factor of 1.2 does result in a good match with the data. The validity of 
such an increase in the strength of this component of the force needs to be independently tested, given 
that the work of Nakayama and Love19) suggests that a reduction of about 10% could be desirable. 

The other transition for wnich the AI=3 component is dominant is to the 4.774 MeV (3+) stare. 
The three interactions lead to similar values for the AI=3 spectroscopic amplitude. The CK and the 
Bl interactions also result in similar AI=2 amplitudes, and this shows in similar B(E2) and AI=2 partial 
cross sections for this transition. The B3 interaction gives the smallest B(E2) and partial cross section, 
however in all cases the predicted B(E2) rates are far too large in comparison with the experimental 
value. If the A2(20) amplitude is reduced in line with this observation then the AI=2 partial cross section 
is reduced to insignificance, and the AI=3 component alone accounts for the strength and shape of the 
present data. 
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For each of the above two transitions, viz. to the 1.740 MeV (1+) and the 4.771 MeV (3*) states, 
the three model spectroscopies result in similar strengths for the important lp3/2-»lP3/2 amplitude, so 
that no differentiation between the interactions can be made. 

Two transitions are predicted to be dominated by the AI=2 component; these being to the 
3.587 MeV (2+) and the 6.025 MeV (4+) states. Again, the three interactions lead to B(E2) rates of 
similar strength, and cross sections of similar strength and shape. With both transitions, the AI=1 
component is expected to become important at forward angles (0„,<10*), however no data exist in this 
angular region at present. The Bl interaction correctly reproduces die measured 
B(M1 :gs-»3 587 MeV) transition rate, with the other interactions predicting a larger value, whilst all 
three interactions correctly give the B(M1) rate for the 6.025 MeV transition. 

Although each interaction, especially the Bl interaction, predicts approximately correct B(E2) 
rates for the 3.587 MeV (2+) transition, the predicted AI=2 partial cross section based on die same 
amplitudes underpredicts the data by a factor of two. An arbitrary scaling of die partial cross section 
by this factor would result in a good match with the data. 

The data for the 6.025 MeV (4+) transition are an order of magnitude larger dian for any of die 
other inelastic transition cross sections. Not unexpectedly, the lp shell amplitudes cannot reproduce 
the magnitude of these data, which are stronger by at least a factor of six. This disagreement is not 
completely remedied when the appropriate A 2 ( 2 0 ) amplitude is enhanced by the factor of 1.97 suitable 
for reproducing die B(E2) rate and the longitudinal form factor data. The predicted cross section still 
falls short of the data by a factor of two, however the shape of die experimental cross section forward 
of 40* (or 2 fm'1) is correctly reproduced. The correctness of the proton part of the transition density 
has been tested out to this same momentum transfer value via comparison with the available form 
factor data. 

Of particular importance are the two (l+;0) states at 0.718 MeV and 2.154 MeV. The appro
priateness of the CK interac'ion has been questioned because of its inability to describe the several 
Ml y-decay rates associated with these states. At the present bombarding energy, we observe that the 
differential cross sections for population of these two states are quite dissimilar in the region of the 
forward peak. None of the spectroscopies can account for the strength of the peak cross section for 
the 0.718 MeV transitions. Better agreement is reached for the 2.154 MeV transition, although the 
predicted cross section is still too low. 

It is observed that the CK interaction predicts the 0.718 MeV transition to be dominated by the 
AI=2 component, and the 2.154 MeV transition by the AI=3 component. The Bl and B3 interactions 
give similar results to one another and, along with the results based on arbitrarily mixing the CK (l+;0) 
wavefunctions suggested by Warburton et a/.5), predict a more equal mixture of the two components 
for each of these transitions. 

The predicted B(E2) rate for each of the observed transitions is too weak, with the CK interaction 
resulting in the worst agreement. After enhancement of the A 2 ( 2 0 ) amplitude so as to reproduce the 
experimental 2.154 MeV B(E2) rate, the agreement with the proton scattering data improves in 
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sympathy. The calculated shape of this cross section is in good agreement with the data, but the strength 
is still too weak. That the AI=3 component is important in reproducing this shape, is suggested by all 
three spectroscopies. 

For the 0.718 MeV (0 )̂ transition, the importance of the AI=2 component is demonstrated, 
especially after enhancement of the A ^ j amplitude, where although the predicted cross section remain s 
too weak, the shape of the experimental data forward of =40° is well reproduced. The position of 
the peak in the experimental cross section is well reproduced by the theoietical AI=2 partial cross 
section. 

On the question of the most suitable shell model interaction to use, the present cross section data 
indicate no clear preference. The three spectroscopies considered all need enhancement of the AI=2 
amplitudes in order that electromagnetic B(E2) transition probabilities be reproduced, and similar 
enhancement is necessary in order that any agreement widi the present data is achieved. It is found 
that the Barker set 1 (B1) interaction gives overall a good account of the measured cross sections once 
the known inadequacies are approximately compensated for. The same can be concluded of the set 3 
(B3) interaction, which leads to rather similar results. The Cohen and Kurath interaction (CK 
(8-16)POT) also tends to give an equally reasonable description of most of the data. Based on a 
comparison of the predicted and experimental electromagnetic transition rates4) for the 10B nucleus, a 
preference for either of the Barker interactions over the CK interaction follows. Clearly, more data 
over a larger angular range (in particular to more forward angles), especially for other observables 
which are sensitive to different selections of the various possible multipole contributions, are needed. 
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Table 1 Neutron (and proton) spectroscopic amplitudes for the 1 0B gs—»gs transition 

Table 2 Neutron (and proton) spectroscopic amplitudes for inelastic excitation from the 1 0B 

r=3* ground state 

Table 3 lp orbital single particle Woods-Saxon wells 

Table 4 Optical model parameters used in die DWA calculations 

Table 5 Experimental and theoretical reduced transition probabilities for electromagnetic 
excitation from the J*=3+ ground state 
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Table 1 
Neutron (and proton) spectroscopic amplitudes") for 

the , 0 B gs-»gs transition 

AI ji jf CK (8-16)POT CK scaled") Barker Set 1 Barker Se 

0 1P3/2 lP3* 3.500 3.500 3.464 3.446 
0 lPl/2 lPl/2 0.664 0.644 0.713 0.739 
1 IPse 1P3/2 2.062 2.062 2.054 2.049 
1 lP3/2 lPl/2 -0.219 -0.219 -0.169 -0.167 
1 lPl/2 lP3/2 0.219 0.219 0.169 0.167 
1 lPl/2 lPl/2 -0.039 -0.039 -0.013 0.000 
2 !P3/2 !P3/2 -1.184 -2.102 -1.075 -1.010 
2 !p3/2 ^ 1 / 2 1.152 2.070 1.212 1.303 
2 lPl/2 lP3/2 -1.152 -2.070 -1.212 -1.303 
3 1P3/2 lP3/2 0.751 0.751 0.666 0.513 

*) Proton or neutron excitation spectroscopic amplitudes S(j jf;AI) as defined in eq. (3) 
*) CK(8-16)POT AJCJO) LS coupling amplitude scaled by 1.79, other amplitudes unchanged 
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Table 2 
Neutron (and proton) spectroscopic amplitudes') for 
inelastic excitation from the , 0B J*=3+ ground state 

AI J, jf CK (8-16)POT") Barker set l b) Barker set 3b) Barker set lc) 
scaled 

Ex=0.718 MeV (1+;T=0) 

3 lp 3 / 2 lp 3 / 2 -0.766 1.238 -1.207 1.238 
2 lPic lp3/2 0.180 0.000 -0.977 0.266 
2 lp 3 / 2 lPi/2 1084 -0.964 0.048 -1.230 
2 lp3/2 lp 3 / 2 -0450 0.229 -0.280 0.495 

Ex=1.740MeV(0+;T=l) 

3 lP3/2 W 1.094 -1.115 1.072 -1.271d) 

Ex=2.154MeV(l+;T=0) 

3 lp 3 / 2 lp3/2 -1-512 -1.307 1.247 -1.307 
2 lPi/2 lp3/2 -0.331 -0.436 -0.543 -0.286 
2 lp 3 / 2 lP:,7 -0.245 -0.559 -0.422 -0.709 
2 lp3/2 lp3« 0.676 0.725 0.680 0.875 

Ex=3.587 MeV (2+;T=0) 

3 1P3/2 lP3/2 0.257 0.388 -0.412 0.388 
2 lPl/2 lP3/2 -0.118 0.054 -1.014 0.063 
2 lp3/2 lPl/2 -1.090 -1.054 0.038 -1.063 
2 lP3/2 lP3/2 0.108 0.250 -0.267 0.259 
1 lPl/2 lPl/2 -0.078 -0.234 0.264 -0.234 
1 lPl/2 1P3/2 0.379 0.332 0.420 0.332 
1 1P3/2 lPl/2 -0.392 0.340 0.282 0.340 
1 1P3/2 lP3/2 0.026 0.074 -0.083 0.074 



Table 2 (cont.) 

Ex=4.774MeV(3+;T=0) 

3 1P3/2 1P3/2 1.048 -1.099 1.117 -1.099 
2 lPl/2 1P3/2 0.402 -0.377 0.799 -0.112 
2 !P3/2 lPl/2 -1.177 0.952 -0.239 0.687 
2 1P3/2 1P3/2 -0.351 0.241 -0.289 0.506 
1 lPl/2 lPl/2 -0.046 0.104 -0.149 0.104 
1 lPl/2 1P3/2 0.166 -0.152 0.020 -0.152 
1 1P3/2 lPl/2 0.115 -0.101 -0.127 -0.101 
1 !P3/2 lP3/2 0.013 -0.033 0.047 -0.033 
0 lPl/2 W -0.067 -0.015 -0.028 -0.015 
0 lP3/2 1P3/2 0.047 0.010 0.020 0.010 

Ex-5.920MeV(2+;T=0) 

3 1P3/2 lP3/2 0.284 -0.154 -0.147 -0.154 
2 lPl/2 *P3/2 0.247 -0.360 0.373 -0.433 
2 !P3/2 lPl/2 -0.044 -0.345 0.327 -0.272 
2 !P3/2 1P3/2 0.441 -0.374 -0.391 -0.447 
1 lPl/2 lPl/2 -0.173 0.131 0.140 0.131 
1 lPl/2 1P3/2 -0.032 0.167 1.315 0.167 
1 1P3/2 lPl/2 1.262 -1.338 -0.164 -1.338 
1 1P3/2 lP3/2 0.055 -0.041 -0.044 -0.041 

Ex=6.025 MeV (4+) 

3 1P3/2 1P3/2 -0.453 -0.555 -0.623 -0.555 
2 lPl/2 lP3/2 1.034 1.030 2.063 2.148 
2 JP3/2 lPl/2 -2.129 -2.101 -1.012 -3.219 
2 1P3/2 lp3/2 0.292 0.327 0.357 1.445 
1 lPl/2 1P./2 -0.849 -0.809 0.397 -0.809 
1 lPl/2 1P3/2 -0.356 -0.430 0.754 -0.430 
1 lPs/2 lPl/2 0.000 0.000 0.000 0.000 
1 1P3/2 1P3/2 -0.174 -0.173 -0.188 -0.173 

*) Neutron excitation spectroscopic amplitudes S(j jf;AI) as defined in eq. (3); 
T 

proton amplitudes are given by (-) 'xS^jfjAI) 
b) Spectroscopic models described in the introduction. 
c^ Barker set 1 A^Q, LS coupling amplitudes scaled by the factors included in table 5 (col

umn 7), other amplitudes unchanged 
d) Empirical determination based on the Bl amplitude and comparison to the M3 trans

verse form factor 
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Table 3 
lp orbital single particle Woods-Saxon wells') 

orbital EB(MeV) V R (MeV) R (fm)b) a(fm) 

!P3/2 

lPi/2 

7.09 
4.95 

-91 
-83.3C) 

1.59 
1.59 

0.90 
0.90 

*) Geometries taken from Hicks et al. ) 
b) R is the potential well radius, not the radius parameter 
c) The depth is adjusted so as to give the specified binding energy. 
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Table 4 
Optical model parameters used in the DWA calculations 

Parameter V R r R a R V G r G ao V I TJ &I V s 0 r v s o aVso " s o rwso awso r c 
set (MeV) (fm) (fin) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm) 

folded*) -11.277 1.444 0.621 8.073 0.656 1.121 -30.101 0.937 0.732 -3.672 0.926 0.644 0.910 0.951 0.705 1.46 
B b ) -12.954 1.431 0.660 7.823 0.452 0.869 -23.243 0.881 0.670 -4.232 0.926 0.644 1.200 0.951 0.705 1.46 

*) Parameterisation of the microscopic folded (monopole) optical potential based on Paris density dependent interaction 
b ) Optimised parameterisation based on the density dependent Bonn 210 MeV interaction, as discussed in §4.4 

The potential V(r) is of the form used in D W B A84, where 

V(r} = VRf(XR) + VGg <XG) + i • VflX,) -1 
* Y i f , df(xvso) .„, df(xW50y 

Vso — z +1 Wso — 1 • O + Veoul(r, rc), 
K

s o dr ^ir'so dr 

and the Woods-Saxon and Gaussian wells respectively are given by 

/ (X i ) = [ l + e x p ( X i ) ] - 1 and *(X,.) = exp(- (JQ 2 ) with X{ = (r - rtA 1 / 3 )/a, 

The coulomb potential Vcotd is that of a uniformly charged sphere of radius r,A 1/3 



Table 5 
Experimental") and theoretical6) reduced transition probabilities for 

electromagnetic excitation from the J*=3+ ground state 

E x (JVD Experimental1) CK (8-16)POT Barker set 1 Barker set 3 Bl 
Ayzo) scale (MeV) (Bl) (B3) factor 

B(E2t) (e2-fm4) 
0.718 l+;0 1.81±0.03 0.816 0.646 0.770 1.67 
2.154 l+;0 0.699±0.081 0.138 0.297 0.265 1.53 
3,587 2+;0 0.87±0.25 0.536 0.837 0.788 1.02 
4.774 3+;0 <0.04 0.730 0.568 0.275 <0.27 
5.164 2+;l 0.36±0.10 0.0211 0.0339 0.0242 3.26 
5.920 2+;0 0.15±0.03 0.230 0.0616 0.0472 1.56 
6.025 4 + 21.211.0°) 5.494 5.496 5.407 1.97 

^ ~ 1 Q? (e-fin2) 8.47±0.06 4.759 4.785 4.951 1.77") 

B(MlT) (\xl) 
3.587 2+;0 (3.6±2.0)xlOJl 4.36xl0 3 2.63X10"4 9.05X10"4 

4.774 3+;0 (5±3)xl05 6.31xl06 4.77xlOc 1.53x10s 

5.164 2+;l (3.4±0.9)xlQ-2 0.282 8.38xl03 0.0214 



Table 5 (cont.) 

B(Mlt)(ni) 
5.920 2+;0 0.038+0.007 0.0175 0.0221 0.0216 
6.025 4 + (6.9±2.8)xl0"3 6.77xl03 5.11X103 5.27X103 

Mf (Jl.v) 1.801 1.812 1.826 1.824 

0.718 
1.740 
2.154 
3.587 
4.774 
5.164 
5.920 
6.025 

l+;0 
0+;l 
l+;0 
2+;0 
3+;0 
2+;l 
2+;0 
4+; 

530-J.i20c) 

1920+190°) 

11.58 
675.6 
45.12 
1.304 
21.68 
1138 
1.592 
4.050 

B(M3t) 04-fm4)) 
30.25 
701.7 
33.72 
2.971 
23.84 
1509 

0.4681 
6.080 

28.75 
648.7 
30.69 
3.350 
24.63 
1469 

0.4265 
7.661 

") 
b ) 
c ) 
d ) 

Experimental values are derived from Table 2 of Barker4) 
Theoretical values determined using the Woods-Saxon lp radial wavefunctions of Hicks era/.2 3), as described in text 
Experimental values from Table 2 and Table 3 of Ansaldo et a/.41) 
Factor of 1.79 used with CK amplitude in fitting (e,e) longitudinal form factor 



Figure 1 A schematic diagram of the TRIUMF medium resolution spectrometer, showing 
the position of the FEC and the arrangement of the top end VDC detectors. The 
two sets of trigger scintillators, and the position of the veto scintillator, are also 
shown. 

Figure 2 Final scattered proton spectra for the 10B(p,p) and (p,pO reactions at 0 ^ = 22°. 

Figure (a) shows the strong proton elastic scattering peak and the peak at 6.0 Me V. 
Figure (b) enhances the weakly populated states. The arrows indicate the posi
tions of the n B (solid) and 1 2C (dashed) impurity peaks. 

Figure 3 The co-ordinate system appropriate for describing a nucleon / within the nucleus 
A=C+1. The centre of mass of the nucleus A relative to the origin of the shell 
model potential describing the motion of particle i is defined by RCM, and the 
position of particle i by r^. The vectors r^ and r^ define the position of the 
particle relative to the core A-l and centre of mass of the whole nucleus A, 
respectively. 

Figure 4 The calculated 10B(e,e) longitudinal form factor and the data of Stovall et al. 
(St66). The solid curve shows the spherical component calculated with harmonic 
oscillator model and the oscillate parameter ao=l .65 fm. The quadrupole con
tributions as determined using the shell model amplitudes of Cohen and Kurath 
and harmonic oscillator radial wavefunctions with ao=1.65fm (dot-dashed 
curve), and with the Woods-Saxon radial wavefunctions of Hicks et al. (Hi88) 
(dashed curve), are also shown. 

Figure 5 The calculated 10B(e,e) longitudinal form factor and the data of Stovall et al. 
(St66). The dot-dashed cirve shows the least squares fit to the data, as described 
in the text. The solid curve represents the spherical component based on the 
harmonic oscillator model and an oscillator parameter of ao= 1.606 fm, whilst the 
dashed curve shows the quadrupole contribution calculated using the enhanced 
Cohen and Kurath (A^o)) amplitudes and the Woods-Saxon radial wavefunctions 
of Hicks era/. (Hi88). 

Figure 6 The calculated I0B(e,e) transverse form factor and the data of Hicks et al. (Hi88) 
and Rand et al. (Ra66). Each component is based on the amplitudes of Cohen 
and Kurath, and the Woods-Saxon radial wavefunctions of Hicks et al., as 
explained in the text, with the Ml and M3 contributions indicated by the solid 
and dashed curves, respectively. The total form factor is shown by the dot-dashed 
curve. 

Figure 7 The present 10B(p,p) elastic scattering cross section data, and the least squares 
fit resulting from adjustments to the folded optical potential and higher multipoles 
based on the Bonn interaction. The resulting potential, set B, is included in table 
4. The multipole contributions are separately indicated, with the (incoherently) 
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summed cross section shown by the solid curve. The AI>0 multipoles are based 
on the amplitudes of Cohen and Kurath, with the A^,,) amplitude being enhanced, 
as described in the text. 

Figure 8 A comparison of the 1.740 MeV M3 transverse form factor data of Hicks et al. 
(Hi88) and Ansaldo et al. (An79) with the form factor calculated using an 
empirically deduced IP3/2—»lp3/2 spectroscopic amplitude and the Woods-Saxon 
radial wavefunction of Hicks et al.. The resulting amplitude has a unique 
magnitude of 1.271 

Figure 9 A comparison of the present 10B(p,p') differential cross section data with the 
theoretical cross section based on die empirically deduced lp3/2-»lp3/2 spectro
scopic amplitude and the Woods-Saxon radial wavefunction of Hicks et al. 
(Hi88). Also shown is the decomposition of the theoretical cross section showing 
contributions from the central (short dashed curve), spin-orbit (dot-dashed curve) 
and the tensor (long dashed curve) components (direct and exchange) of the 
density dependent Bonn 210 MeV interaction. The full cross section is the 
coherent combination of these components. 

Figure 10 The decomposition of the theoretical cross section, as in figure 10.4, but with the 
tensor isovector component V T T scaled by a factor of 1.2. The coherent sum of 
the three components is shown by the solid curve. Note the improved fit to the 
data. 

Figure 11 Differential cross sections for the excitation of the 0.718 MeV (l+;0) state. The 
dashed curves show the AI=2 contribution, the dot-dashed curves show the AI=3 
contribution, with the summed cross section being shown by the solid curves. 
Figure (a) corresponds to use of the Cohen and Kurath spectroscopy, with (b) 
and (c) corresponding to the Barker set 1 and set 3 spectroscopies, respectively. 

Figure 12 Differential cross sections for the excitation of the 2.154 MeV (l+;0) state. The 
curves are as in figure 11. 

Figure 13 Differential cross sections for the excitation of the 0.718 MeV (l+;0) state. Figure 
(a) is based on using the enhanced A2<2o) amplitude, and (b) is based on an increase 
of the whole AI=2 partial cross section by 2.79, as described in the text. The 
dashed curves show the (enhanced) AI=2 contribution, the dot-dashed curves 
show the AI=3 contribution, with the summed cross section being shown by the 
solid curves. 

Figure 14 Differential cross sections for the excitation of the 2.154 MeV (l+;0) state. Figure 
(a) is based on using the enhanced A2(20) amplitude, and (b) is based on an increase 
of the entire AI=2 partial cross section by 2.34, as described in the text. The 
curves are as in figure 13 
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Figure 15 Differential cross section for the excitation of the 3.587 MeV (2+;0) state. The 
long dot-dashed curves show the AI=1 contribution, the dashed curves show the 
AI=2 contribution and the short dct-dashed curves show the AI=3 contribution. 
The summed cross section is, in each case, shown by the solid curve. Figure (a) 
corresponds to use of the Cohen and Kurath spectroscopy, with (b) and (c) 
corresponding to the Barker set 1 and set 3 spectroscopies, respectively. 

Figure 16 The differential cross section for the 3.587 MeV (2+;0) transition. The theoretical 
cross sections are based on the set 1 amplitudes of Barker, with the AI=2 partial 
cross section being empirically enhanced by a factor of two, as described in the 
text. The curves are as in figure 15. 

Figure 17 Differential cross sections for the excitation of the 4.774 MeV (3+;0) state. The 
long dot-dashed curves show the AI=1 contribution, the dashed curve show the 
AI=2 contribution and the short dot-dashed curves show the AI=3 contribution. 
The very weak AI=0 contribution is shown by the long dashed curve. The summed 
cross section is, in each case, shown by the solid curve. Figure (a) corresponds 
to use of the Cohen and Kurath spectroscopy, with (b) and (c) corresponding to 
the Barker set 1 and set 3 spectroscopies, respectively. 

Figure 18 The differential cross section for the 4.774 MeV (3+;0) transition. The theoretical 
cross sections are based on the set 1 amplitudes of Barker, with the AI=2 partial 
cross section based on the enhanced (by a factor of 0.27) A2(2o) amplitude, as 
described in the text. The curves are as in figure 17. The dominance of the AI=3 
component is clear. 

Figure 19 The E2 10B(e,e') longitudinal form factor for the excitation of the 6.025 MeV 
(4+;0) state. The data are from Ansaldo et al. (An79), Fricke et al. (Fr65) and 
Spamer (Sp66), and the curves are theoretical predictions based on the set 1 
amplitudes of Barker (dashed cu"ve), and these Barker amplitudes with an 
enhanced A2(20) amplitude (solid curve), as described in the text. 

Figure 20 Differential cross section for the excitation of the 6.025 MeV (4+;0) state. The 
long dot-dashed curves show the AI=1 contribution, the dashed curves show the 
AI=2 contribution and the short dot-dashed curves show the AI=3 contribution. 
The summed cross section is, in each case, shown by the solid curve. Figure (a) 
corresponds to use of the Cohen and Kurath spectroscopy, with (b) and (c) 
corresponding to the Barker set 1 and set 3 spectroscopies, respectively. 

Figure 21 The differential cross section for the excitation of the 6.025 MeV (4+;0) state. 
The set 1 amplitudes of Barker have been used, with the A2a0) amplitude being 
enhanced, as explained in the text. The curves are as in figure 20. Also included 
as the heavy solid cuive is the composite cross section for the 5.920 MeV (2+;0) 
state calculated using the set 1 amplitudes of Barker with an enhanced A2(20) 

amplitude. 
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