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1. Introduction 

Almost from the very first empirical evidence of direct reactions in 

nuclei, experiments on the inelastic scattering of hadrons from C have 

provided benchmarks in both experimental and theoretical studies. It was 

not surprising therefore that with the advent of intermediate to high energy 

particle beams, and that of the IUCF in particular, many studies of 1 2C 

reactions were made. Inelastic proton scattering data from 1 2 C have been 

measured at 120 MeV> , 155 MeV3»3> , 200 MeV»> , 400 MeV*> and at 800 MeV«-<» 

in recent times. Most of these data have been analysed using a distorted 

wave approximation and with a standard, Love-Franey two nucleon t-matrix9) . 

The spectroscopic information used has usually been obtained from the Cohen 

and Kurath nuclear structure study 1 0 ) (positive parity states) and from that 

of Millener and Kurath11) for the negative parity states. The resulting 

predictions invariably require scaling to match observed cross-section 

strengths, some of which are not consistent with those required when the 

same spectroscopy is used to fit electron scattering form factors. 

Two recent developments have renewed interest in these transitions. 

The first is the use of large basis structure models to define transition 

spectroscopic amplitudes and the encouraging results their use gave in anal

yses of data for the 2\ transition in 1 2C in particular12'13'. The second 

is the use of an energy and density dependent t-matrix1'*' derived from the 

Paris potential15' by a solution of the Bethe-Goldstone equation in nuclear 

matter. This t-matrix has been used in analyses of inelastic scattering16'17' 

but only of isoscalar natural parity transitions. Significant density de

pendent effects were found in those studies. Thus we have used a variety of 

(microscopic) nuclear structure models in analyses of our 12C(p,p') data to 

ascertain density dependent signatures and to test aspects of these models 

as a prelude to a more comprehensive study of the density dependent two-

nucleon t-matrix in direct reaction theory. 



Section 2 of the paper describes the experimental details, while 

Section 3 discusses the analysis of the elastic scattering data. Section 

4 sets out the inelastic scattering analyses, whose; results are presented 

and discussed in Section 5. The conclusions are given in Section 6. 

2. Experimental Details 

Mylar and polystyrene targets were used to obtain spectra for the 
12C(p,p') and 160(p,p') reactions initiated by 135 MeV protons. By so 

doing the individual * 2C and 1 6 0 transitions could be readily identified. 

Some of the 1 S 0 data have been reported previously18' where other aspects 

of the experiments are given. Target thicknesses of 8.8 and 9.6 mg/cm2 

and of 10.36 and 10.37 mg/cm2 were used for the polystyrene and mylar tar

gets respectively. The beam of 135 MeV protons was provided by the Indiana 

University multi-stage Cyclotron Facility (IUCF) and directed on to the 

target placed at the centre of the 60 cm scattering chamber. The scattered 

protons were momentum analysed by the quadrupole-dlpole-dipole-mulcipole 

(QDDM) magnetic spectrograph, and detected at the focal plane by a position-

sensitive gas proportional counter19'. This detector was followed by a pair 

of plastic scintillators, respectively h and h inch thick, which were used 

for particle identification. A valid event consisted of a triple coincidence 

of the signals from the three detectors, once the plastic scintillator pulses 

confirmed detection of a proton. The signals were processed by an on-line 

Harris 6024/4 computer. 

The 3% momentum bite of the QDDM spectrograph corresponds to an energy 

bite of 6 to 7 MeV at the incident proton energv (135 MeV). A full range of 

excitation from 0 to 20 MeV was obtained at most angles by using four over

lapping bites. A composite spectrum at 30 , obtained by splicing four 

measured spectra together is shown in figure 1. 
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Measurements were made at laboratory angles between 8 .and 72 , usu

ally In 2 steps. Between 8 and 36 a Faraday cup within the scattering 
chamber was used for charge collection and integration, while an external 
cup was used for laboratory angles between 24 and 72 ; the 12 overlap 
allowing a check of consistency between the internal and external cup data. 
The results agreed well. In general an overall experimental energy resolu
tion of about 70 keV was obtained with a solid angle of 1.008 msr. 

Peak areas were extracted from the spectra using the IUCF program 

FITIT. For states above 10 MeV in excitation the polystyrene target 

spectra were used exclusively to obtain 1 2C peak areas, but for the 4 

lowest states both the mylar and the polystyrene target data were used. 

The resultant differential cross sections are estimated to be accurate, on 

an absolute basis, to about ± 17. given the consistency between results 

from runs with the different targets. The differential cross-sections for 

the ground and 4.44 MeV states agree well with the systematics of other 

measurements of the 12C(p,p') reaction at 122, i60 and 200 MeV beam 

energy 1 7' 2 0', apart from the elastic scattering at the four lowest angles 

and hence these four data points have been replaced by values interpolated 

from the systematics of these other IUCF data30* . 

In this paper experimental differential cross-sections and their anal

yses are presented for scattering to states of 1 2C at 0.00 MeV (0 ; T • 0), 

4.44 MeV (2+; 0), 7.65 MeV (0+; 0), 9.64 MeV (3~; 0), 12.71 MeV (1+; 0), 

14.08 MeV (4+; 0), 15.11 MeV (1+; 1), 16.11 MeV (2+; 1), 16.58 MeV (2~; 1) 

and 18.3 MeV (2~; (0)) excitation. These states are identified in figure 1. 

Other peaks are evident in the spectrum but have not been analysed because 

either the data are sparse or there are difficulties in extracting the peak 

areas reliably. 



3. Elastic Scattering Data and Analysis 

It is well known20' that the "effective" optical potential for inter

mediate energies deviates from the usual Woods-Saxon shape with this devia

tion most notably affecting large angle scattering predictions. However, 

the effect upon the distorted wave functions (optical model potential wave 

functions) is not so severe as to preclude use of the standard potential to 

obtain wave functions for use in our distorted wave analyses of inelastic 

<-~ So the elastic scattering data have been analysed by using a standard 

optical model potential, viz 

V(r) - V c(r) - V Rf R(r) - i Wjf^r) 

+ (!f/mTrc)2(Vs+iWa) i / r h j L f g ( r ) | l-a (1) 

with radial form factors of Woods-Saxon type i . e . 

1/ -1 
f x ( r ) - [ l + exp ((r - r / 3 > / a x ) ] (2) 

and the Coulomb potential , V (r ) , of a uniformly charged sphere of radius 
V, r A i . As WLth other optical model analyses 3 1 ' of intermediate energy data 

re la t iv i s t i c kinematics have been used. We have also used some earlier 

analysing power data 2 2 ' measured at 135 MeV incident energy in the search 

for a best f i t parametrization of the optical potential . 

The parameter search was init iated using the parameter set obtained 

from other e last ic scattering s tud ie s 2 1 ' and with a Coulomb radius fixed 

at 1.394 fffli as deduced from electron scattering d a t a 2 3 ' . The search for 

a best f i t resulted in the parameter set given in Table 1. The reaction 

cross section i s calculated to be 221 mb, agreeing with the empirical value 

of 222 t 7 mb 2 0' . The calculated differential cross sections and analysing 
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powers are compared with the data in figures 2(a) and 2(b) respectively. 

The fit to the differential cross-section data is very good and the main 

features of the measured analysing power are reproduced. 

4. Inelastic Scattering Theory 

In the distorted wave approximation, differential cross-sections for 

inelastic scattering from nuclei are determined from transition amplitudes 

that have the form 

,-H (<*) M . (a) 
Tif " I J l J 2 INa <2 Jf+ 1>"* < W l J f M f > S j l l ^ (3) 

in which the chosen (microscopic) models of nuclear structure define the 

spectroscopic amplitudes, 

s ( a ) 

JlJ2l 
(a) 

j f j ? j i i ji 
(4) 

that weight two body matrix elements, 

n(a) - L . , ( - ) J 1 ~ m i < J1J2 »i-«2ii-N > 
J 1 J 2 

< x ( _ ) * ( o ) | t | j 4 ( x < + ) * ( c ° } > , (5) 

in which Y are the distorted (optical model) waves, <p, are the single 
jm 

nucleon bound states (harmonic oscillator functions with an oscillator 
«. m. s. 

length of 1.7 fm wire used which give a ground state J charge radius of 

2.39 fm in a good agreement with the experimental value 2 3'). J^r is the 

antisymmetrlzation operator and t is the relevant t-matrix to promote the 

transition. 



Various microscopic models of both the nuclear structure and the two 

nucleoh t-matrices have been reported in the literature and we will compare 

the predictions obtained by using a number of these models. All calcula

tions were done using modified versions of the code DWBA70a**' . For 1 2C 

excitation, the Z coefficients required by this code relate to the spectro

scopic amplitudes defined in the tables by 

Z?B ). - UJ.+I)- 1 * s ; a > _ (6) 
J1J2 f J1J2-J*: 

(a) The two-nucleon t-matrices. 

Three model t-matrices were used in our calculations and are identi

fied by the labels PD, PF and LF. The first two have been derived from the 

Paris two-nucleon potential and are the Paris density dependent and Paris 

free forces respectively1**' whilst the latter is the parameterization of 

the free nucleon-nucleon t-matrix by Love and Franey9' . 

The PD force11*' was obtained by solving a Bethe-Goldstone equation 

for various nuclear matter densities in which the Paris potential18' is the 

underlying two nucleon interaction. For finite nuclei, the force was trea

ted in a local density approximation29'. For zero matter density (equiva-

lently, zero local fertni momentum) the Bethe-Goldstone equation reduces to 

the Lippmann-Schwlnger equation and the PD force to the free t-matrix of 

the Paris potential, PF. 

All three t-matrices are parametrized as a (complex) sum of Yukawa 

form factors involving central, tensor and spin-orbit terms, with the PF 

and LF being energy dependent but only the PD being also density dependent. 

They have been tabulated for a set of incident energies and we have used 

the 150 MeV PF and PD sets and the 140 MeV LF set in our calculations. 



(b) Nuclear Structure Models 

There have been many studies of the 1 2 C spectrum and transition rates 

ranging from the simplest TDA through RFA to more sophisticated shell model 

studies. Of the latter, that of Cohen and Kurath10' (CK) was particularly 

successful and is the basic positive parity spectroscopy used here. To 

study the negative parity state excitations we have made p-s-d shell model 

calculations using the Millener and Kurath matrix elements11' (MK). 

Both the CK and MK models, however, give limited basis calculations, 

and as such necessitate core polarization corrections to transition rates. 

In an attempt to reduce such corrections we have used two large basis 

models determined from an axially symmetric, minimal energy Hartree-Fock 

reference determinant. The first, identified as the PHFBA12' , considers 

the ground, 2} and 4i states of 1 2C as projected states from that reference 

determinant. The second, designated as the PHM model 1 3', involves a multi-

particle basis space formed by taking a complete set of particle-hole 

excitations upon the reference determinant and using them to diagonalise a 

'shell model' Hamiltonian for l 2 C . Both have been used previously in anal

yses 1 2' 1 3' of (p,p') and ('e,e') data from selected transitions in 1 2 C but 

never with a density dependent t-<"atrix. 

The resultant proton spectroscopic amplitudes for the transitions to 

be considered are given in tables 2 through 8. The corresponding neutron 
T 

amplitudes are related to these by a factor (-) f. Their salient character
istics will be discussed in the next section along with (p,p*) predictions 
arising from their use in distorted wave approximation calculations. 

5. Results and Discussion 

(i) The 2 + (4.44 MeV) State. 

Of all nuclear transitions perhaps this has been the most extensively 

studied empirically and theoretically. Not only is the y-decay rate very 

well known but so are both the longitudinal and transverse electron scatter

ing form factors as well as differential cross-sections, analysing powers 
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etc. taken with a variety of nuclear projectiles and at a variety of 
23) 

incident energies. Pion and Kaon inelastic scattering are more recent 

additions to the empirical data set on this 2 state. These data have been 

analysed using a range of microscopic and macroscopic (collective) models 

of nuclear structure and reaction theories. By comparing analyses of the 

complementary (p,p') and (e,e') data26' it was possible to identify strong 

and weak points in large basis model structures (spectroscopic amplitudes) 

of this reaction. In those studies 1 2' 1 3' the PHFBA and PHM models were used 

specifically. Thus the spectroscopic amplitudes for these models, as well 

as for the (small basis) CK model are given in table 2 only for complete

ness. Our use of these wave functions in the analyses of the 135 MeV 2\ 

data will allow a more confident assessment of t-matrix properties. To 

this end, and with the results shown in figure 3 (a), the CK Model spectro

scopic amplitudes were used to calculate the differential cross-section 

using the PD, PF and LF t-matrices. As with all the results to be presented, 

no arbitrary scaling has been made either to 'best fit' the data or in 

accord with any enhancement approximation for effects such as core polari

zation. 

There are distinctive differences in both magnitudes and shapes 

between these results. The LF result, as is the case when the same force 

and wave functions were used to analyse 120 MeV data1' , has a dominant peak 

in good agreement with the data but a fall off with momentum that is too 

severe. A very slight 'shoulder' in the predicted cross section shape 

occurs in the region of 50 . The result obtained using the PF (non-density 

dependent> force has a smaller peak magnitude and a more pronounced shoulder 

than that of the LF result. But the shape of the data is best reproduced 

by the PD result which has the smallest peak magnitude and most pronounced 

shoulder of all three results. Thus the nett result of using the CK 



- 10 -

structure and PD force is a cross-section in very good agreement with the 

data albeit a factor of two too small at most angles. Our findings concur 

with previous analyses17' of 122, 160 and 200 MeV data made usirg the PD 

t-matrices and the CK wave functions. 

But the CK spectroscopy must be enhanced by core polarization effects 

and, from analyses of the longitudinal electron scattering form factor261 as 

well as the B(E2) value, a factor of two enhancement is expected. Large 

basis models of nuclear structure need little core polarization corrections 

as is the case when either the PHFBA or PHH were used 1 2' 1 3' . The results 

for these models with the PD force are shown in figure 3 (b). Clearly, and 

with no arbitrary scaling, the PHFBA result is in excellent agreement with 

the data while the PHM result slightly overemphasizes the shoulder region. 

Thus in this 2 transition, whilst the Op-shell (CK spectrum) accounts for 

the bulk of transition strength, the core polarization effects, mostly from 

excitations In, the s-d shell, are very significant. This transition is 

sensitive only to the isoscalar, non-spin-flip central and isoscalar spin-

orbit forces so that other transition data must be analysed to investigate 

other components (the isovector terms, the tensor force etc.) of the t-

matrix. 

(ii) The 4 + (14.08 MeV) State. 

In contrast to the 2\ state, this 4} state has had very little 

attention in reaction analyses. Energy systems tics tempt one to identify 

it as the 4 member of the ground state rotation band but the CK model 

(which predicts the 0i and l\ members) cannot give a 4 state as a single 

particle-hole excitation upon the ground state at all. A 4 state can be 

projected in the PHFBA and PHM schemes and the resultant spectroscopic 

amplitudes are given in table 3. Clearly the Op to Of terms dominate in 

what should be a relatively weak transition. Some credence for these wave 

functions is evident from figure 4 in which the predicted longitudinal 

(e,e') form factor is compared with the sparse data27'. Indeed the PHFBA 
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result, it would seem, defines an appropriate (electromagnetic) transition 

form factor. Use of this and the PHM transition form factors in DWA anal

yses of the (p,p') data are less successful as is evident in figure 5 (a). 

It would seem therefore that the excitation of this 4 state by hadron 

scattering is influenced by significant higher order effects. To estimate 

this possibility we have made coupled channels calculations in a collective 

rotational model of the 0-2-4 band in the code ECIS 2 8 ). Such calcula

tions were successful in an analysis of 800 MeV data7'. The results of our 

135 MeV calculations are shown in figure 5 (b) with the data compared to a 

pure hexadecapole deformation (8?»0.0, Si+*0.05), a pure second order quadru-

pole (82"-0.6, 6^-0.0) and a mixed (S2"-0.6, 6^*0.05) coupling calcula

tions. Two step terms in which the 2\ state couples to the U\ did not 

affect predictions greatly but would be needed if an optimal fit to the data 

were sought. Clearly the simple hexadecapole (8i+) result is similar to that 

determined by the microscopic model calculations (figure 5 (a)) and the 

second order (@|) effects are larger. Such higher order contributions are 

not included in the microscopic models of the transition form factor whence 

any attempt3' to fit data from this transition with a simple [0p,}2 ^7/2^ 

amplitude is not sufficiently realistic. 

Finally e note that when compared with the 2; transition calculations, 

the 4 calcul cions show a reduced density dependence effect as could be 

anticipated since the 4 transition form factor peaks at a larger radius 

than that of the 2; excitation, and hence in a region of lesser density, 

(iii) The 3~ (9.64 MeV) State. 

This state is the lowest negative parity state in 1 2C for which the 

s-d shell must be included in any model space. Two model calculations are 

used. The first is the MK model in which we have used the Millener and 

Kurath matrix elements in a full p-s-d shell model calculation. The 

second is the larger basis space PHM model. The comparison of the 
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spectroscopic amplitudes for the 3 excitation, given in table 4, shows that 

the expanded oasis model has removed strength from the dominant 0p_,~ to 

Od.._ single particle transition. This is a much larger variation in the 

strength of the dominant component than found for the 2 state and results 

in comparable predictions for the B(E3) value of 205 and 190 e 2fm 6 respec

tively. Thus the transition strength has been rearranged with practically 

no resultant core polarization due to the increase (from MK to PHM) in basis 

space. The longitudinal electron scattering form factors for these two 

models are shown in figure 6. Clearly neither model of the transition ade

quately explains the data 2 9' just as neither give a close estimate of the 

measured B(E3) (742 e 2fm 6) 2 :" . Thus for this 3~ excitation the PHM model 

has not provided the core polar .zation corrections necessary to enhance the 

MK predictions of electromagnetic transition amplitudes. It will not be 

surprising therefore to find that the (p,p') cross-sections predicted by 

the MK and PHM models are comparable. 

In figure 7 (a) we compare the results of three calculations (for the 

PD, PF and LF forces) with the data. The MK model of nuclear structure was 

used in each calculation, and it is evident that the variations between the 

results found using the CK spectroscopy in the 2\ data analyses are repeated 

herein but on a lesser scale. Depression of the peak magnitude as one goes 

from the LF through PF to the density dependent, PD, case is now of 10 to 

20% as is the increase in the 'shoulder* region. Nevertheless the density 

dependent signature as well as the enhancement one might anticipate for core 

polarization corrections favour the PD t-matrix. Indeed an overall increase 

of 50% on the PD result gives an excellent fit to the data. However,, this 

increase is rather less than one might expect given the electron scattering 

results. In this case only the PHM large basis model is available to seek 

reduction of core polarization effects and the resultant cross section is 

9hown in figure 7 (b). It is clearly a good fit to the shape of the data 

but underestimates the strength as yet by some 25%. Again we find a lesser 

scaling than (e,e') demands. 



- 13 -

It is worth noting that a modification of the oscillator energy can 

modulate the non-density dependent results slightly in the direction of the 

density dependent results shown here. Perhaps the use of energy and state 

dependent (single nucleon) oscillator lengths is an ad hoc approximation to 

this effect, 

(iv) The 1 + (T»0) 12.71 MeV and 1 + (T=-l) 15.11 MeV States. 

The analyses of the transitions to these two magnetic dipole stages 

are considered together because the CK model wave functions alone will be 

u*sed. The relevant spectroscopic amplitudes are listed in table 5. The 

PHM model study13' did provide spectroscopic amplitudes for these excita

tions but both the resulting B(M1) and electron scattering form factors did 

not improve upon the CK model predictions. Indeed, the CK predictions of 

0.C14 and 2.77 (u N
2) for the isoscalar and isovector B(M1) values compare 

quite favourably with the experimental values of 0.045 and 2.78 (u N
2) re

spectively so that one might expect the simple spectroscopy to be reasonable. 

Again the PD, PF and LF t-matrices were used to obtain differential 

cross-sections and the isoscalar and isovector results are shown in figure 

8 (a) and 8 (b) respectively. 

These are not the first calculations to so convincingly fail to ex

plain (p,p') transition data to the isoscalar 1 state. Indeed calculations 

using the CK model spectroscopy and the LF force in analyses of data taken 

at 120 MeV> and at 200 MeV»» fail to reproduce the shape of the differen-

tial cross-sections in a similar way. It is to be noted that analyses of 

higher energy data5'® were more successful. By comparison, the isovector 

transition- predictions are very good at low momentum transfer whereas all 

the calculations fail (by decreasing too rapidly) at larger scattering angles. 

Again we note that the CK plus LF force analyses1'2'<*> of other intermediate 

energy data give similar results. 

Our results again demonstrate a marked structural variation between 

the LF and PD predictions passing through those of the PF t-matrix. The 

isoscalar tensor and spin-orbit components dominate the T*0 state excitation 
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whilst the isovector spin-flip central force (for forward scattering -«gles, 

< 20 ) and the isovector tensor force dominate the T»l state excitation. 

Clearly therefore, a proper explanation of the observed data will be inval

uable in establishing the propriety of the required two-nucleon t-matrix. 

It seems that the CK model spectroscopy of these 1 states is just 

too simplistic for large moment jn transfers. Unfortunately a first attempt 

to improve upon this (the PHM model) did not help matters. However, it is 

now known that the PHM scheme effectively had too small a Op-shell splitting 

(v) The 2 + (T-l) State at 16.11 MeV. 

As with the magnetic dipole states, chis isovector quadrupole exci

tation is not collective. One may expect the dominant transition strength 

to be in the Op shell so that the CK model of nuclear structure is reason

able for this transition. The spectroscopic amplitudes are given in table 

6. The numbers in brackets are the relevant Op shell amplitudes as given by 

the PHM model 1 3 ). Using the CK spectroscopic amplitudes an̂  isovector B(E2) 

value of 5.8 e2tm* for the ground state transition results and electron 

scattering form factors are overestimated36' . The full PHM calculation 

gives a marked suppression of the electromagnetic properties not only due 

to the reduction in the Op shell spectroscopic amplitudes from the CK values 

but also because of strong cancellations between various contributions. In 

fact the PHM model gives a B(E2) value of just 0.02 e2fm*. Clearly then 

this 2 excitation is very sensitive to nuclear structure and fhus, the 

lack of a good fit to the (p,p') data as shown in figure 9, no matter which 

t-matrix is used, is not surprising. 

Differences between the LF, PF and PD calculation results are again 

evident and of the form already discussed, again due to the central force at 

forward angles and to the tensor force for large (> 30 ) angles. Further

more, and as with the dipole transition analyses, our calculations all 

overestimate the low q (small angle) data and underestimate the high q data. 
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Similar effects have been observed in analyses of (p,p') data tak-;n at 

other incident energies1f2'**' . The peak overestimation of our PD predic

tion is consistent with that in (e,e') analyses whereas the LF result 

requires a larger reduction, 

(vi) The 2" CT-1) State at 16.58 MeV. 

This unnatural parity state has only two significant spectroscopic 

amplitudes according to the MK model of nuclear structure. They are listed 

in t»ble 7 and their use in DWA calculations gives the results depicted in 

figure 10. The results found using the LF, PF and PD t-matrices show 

marked differences with the density dependent (PD) force giving a good 

representation of the observed data but overestimating it by a factor of 

two. The tensor force dominates contributions in these calculations. How

ever, the spectroscopic amplitudes have opposing phases and thus predic

tions are very sensitive to details of the (tensor) force. It is not sur

prising therefore, that of all the transitions we study, this one shows the 

largest discrepancy between the LF and either the PD or PF results. 

At other incident energies1z2/40 data have been ana sed using the 

LF force and equivalent nuclear structure. The results are all 3 to 5 times 

larger than data, 

(vii) The Possible 2~ (T-0) State at 18.30 MeV. 

In their analyses of 200 MeV data from the excitation of this state, 

Comfort et al.*° , using the CK and MK models of nuclear structure, favoured 

a 2 spin parity assignment based upon a comparison of differential cross-

section shapes. However, in their analysis of 155 MeV data, Buenerd et al. 3 

used RPA spectroscopy and gave a 2 assignment. 

Using our MK model, and assuming a 2i T-0 assignment (for which the 

spectroscopic amplitudes are given in table 7), the differential cross-

sections found using the LF, PF and PD forces are compared with the data in 

figure 11(a). In this case, density dependent effects are not severe with 
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all forces giving predictions that are reasonable in shape bat overestima

ting the transition strength by a factor of 3. Despite this, the 2 T>0 

assignment is the most likely as the PD differential cross-sections for 

other candidates (CK and MK model spectroscopic amplitudes were used) are 

dissimilar to the data in shape as well. They are displayed in figure 

11(b). The 0 , 2 and 3 assignments are clearly inappropriate whilst the 

2 T=l possibility is unlikely, in view of a recent analysis of 800 MeV 

analysing power data8'. 

(viii) The 0 + (T-0) State at 7.65 MeV. 
19 + 

Of all the transitions in ^C, the excitation of the 0 state at 

7.65 MeV is the least likely to be explained by simple spectroscopy and 

reaction mechanisms. Substantial 4p-4h components in its wave function may 

be anticipated. Nevertheless we have used the CK and PHM models of spectro

scopic amplitudes, as well as the phenomenological amplitudes of Ingemarsson1 

found by fitting electron scattering form factors,once again to compare 

t-matrix model predictions. The spectroscopic amplitudes are listed in 

table 8. The three models of nuclear structure are quite distinctive in 

this case with CK describing the O2 excitation by rearrangement within the 

Op shell, the phenomenological model by simple 2hu excitations from the 0s 

and Op orbits while r.he PHM model is a complicated mixture of Ohio and 2ho 

excitations. The phenomenological spectroscopic amplitudes are scaled by 

0.6 from those specified by Ingemarsson30' since, by so doing, the resulting 

EO transition amplitude of 4.40 fm2 compares favourably with the measured 

value 3 1' of 4.38 fm2. 

Likewise, by using this 0.6 scaling the transition density for the 

monopole excitation compares favourably with that deduced by Kamimura32' 

from the resonating group method. Those transition densities are also com

pared in figure 12 with that determined from the PHM model and, trivially, 
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with that of the CK model (identically zero). The unusually large Os to Os 
component in the PHM model is responsible for most of the difference between 
the results. 

The (p,p') predictions obtained using the (modified) Ingemarsson > 

spectroscopic amplitudes are compared with the data in figure 13 (a). The 
density dependent effects are most evident in these results (when one com
pares the PF and PD predictions) with the 30% reduction of strengths at 
forward angles being the largest variation in all transitions studied. The 
predictions obtained using the PD force and the CK and PHM nuclear structure 
information are compared with a two phonon coupled channels calculation 
(0j •*• 2i •*• 0? with 6 2 • 0.6 obtained by fitting the 2j data) in figure 
13 (b). The CK result is clearly of no consequence but not so the PHM 
prediction. Indeed given the results shown in figure 13, it is conceivable 
that a good model spectroscopy for this transition may be feasible. Of 
course higher order reaction processes cannot be ruled output the simple 
two phonon model, which was successful at lower energy 3 3' , gives a less 
satisfactory fit to data than the DWA calculations obtained with either 
the PHM or modified Ingemarsson nuclear structure models. 

This excitation is most sensitive to the central force components 
since not only does the tensor force contribute nothing at all to the trans
ition amplitudes but also the low (zero) angular momentum transfer minimises 
the spin-orbit effects. Furthermore predictions are very sensitive to the 
choice of single particle bound state wave functions, and cross-section 
magnitudes, in particular for this 0 2 excitation, are reduced noticeably by 
use of Woods-Saxon wave functions. 
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6. Conclusions 

Nine differential cross-sections measured in the 1 2C(p,p T) 

reaction for an incident energy of 135 fieV have been analysed using, in the 

DWA, a number of nuclear structure models (large and small basis space 
l 

calculations) and three distinct:'' e models of the two nucleon t-matrix 

While all t-matrices consisted of central, tensor and spin-orbit components, 

each being a (complex) sum of Yukawa functions, their parameter values were 

obtained by quite different procedures. Of these, that labelled FD is most 

preferred on theoretical grounds, and o^r analyses of the 1 2C reaction data 

bears out that preference. In almost every case we found a clearly improved 

result when the PD force was used instead of the (140 MeV) Love-Franey model 

t-matrix. 

Pure density dependent effects were delineated by comparing the PD 

force results with those obtained using the PF force - a "free" two nucleon 

t-matrix solved as for the PD force but with zero (k_*0) density. The den

sity dependent effects were most marked for reactions involving small 

angular momentum transfer values (I) and rapidly decreased with increasing 

I until very minor differences between the PF and PD results were found for 

I of 4. By themselves the analyses of the 0 2 and 1 transitions would not 

be convincing evidence for the density dependent effects albeit that their 

inclusion improves the 'fits' to data. However, the fit to the 2\ transi

tion data for which we have reliable models of nuclear structure leaves 

little doubt. The structure variation between PF and PD results in this 

case are of 10-20% but completely in line with observed data. 

We have some confidence, therefore, that this PD force is sufficiently 

realistic to enable our analyses to be used critically in assessment of 

nuclear structure and thus a large basis (shell model) calculation is now 

required to improve the understanding of transitions to most states in 1 2C. 



- 19 -

Acknowledgement 

The Melbourne experimental group (S.F.C., R.S.H., G.G.S., B.M.S., V.C.O.) 

wish to acknowledge the hospitality of the then Director of the Indiana 

University Cyclotron Facility (Dr. R.E. Pollock) during the visits when 

these measurements were made. Two of them (S.F.C. and R.S.H.) are indebted 

to the University of Melbourne for support in the form of a Research 

Scholarship. 



- 20 -

References 

1. J.R. Comfort, G.L. Moake, C.C. Foster, P. Schwandt, C D . Goodman, 
J. Rapaport, and W.G. Love, Phys. Rev. C24_ (1981) 1834. 

2. J.R. Comfort, R.E. Segel, G.L. Moake, D.W. Miller, and W.G. Love, 
Phys. Rev. C23 (1981) 1858. 

3. M. Buenerd, P. Martin, P. de Saintignon, and J.M. Loiseaux, 
Nucl. Phys. A286 (1977) 377. 

4. J.R. Comfort, G.L. Moake, C.C. Foster, P. Schwandt, and W.G. Love, 
Phys. Rev. C26 (1982) 1800. 

5. J.L. Escudie, S.M. Austin, A. Boudard, C. Bruge, A. Chaumeaux, 
L. Farvacque, D. Legrand, J.C. Lugol, B. Mayer, P. Belery, P.T. 
Debevec, Tr Delbar, J-. Deutsch, G. Gregoire, R. Prieels, J.M. 
Cameron, C. Glashausser, and C.A. Whitten, Phys. Rev. C24 (l.'dl) 
792. 

6. M. Haji-Saeid, G. Igo, F. Irom, J.B. McClelland, G. Pauletta, C.A. 
Whitten, C. Glashausser, W.D. Cornelius, J.M. Moss, H.A. Thiessen, 
M.A. Franey, M. Gazzaly, and W.G. Love, Phys. Rev. C25 (1982) 3035. 

7. G.S. Blanpied, G.W. Hoffmann, M.L. Barlett, J.A. McGill, S.J. Greene, 
L. Ray, O.B. Van Dyck, J. Amann, and H.A. Thiessen, Phys. Rev. C23 
(1981) 2599. 

8. J.M. Moss, C. Glashausser, F.T. Baker, R. Boudrie7"W.D. Cornelius, 
N. Hintz, G. Hoffmann, G. Kyle, W.G. Love, A. Scott, and H.A. 
Thiessen, Phys. Rev. Lett. 44_ (1980) 1189. 

9. W.G. Love and M.A. Franey, Phys. Rev. C24 (1981) 1073. 

10. S. Cohen and K. Kurath, Nucl. Phys. 73 (1965) 1. 

11. D.J. Millener and D. Kurath, Nucl. Phys. A255 (1975) 315. 

12. K. Amos and I. Morrison, Phys. Rev. C^9 (1979) 2108. 

13. K. Amos, I. Morrison, R. Smith, and K.W. Schmid, Aust. J. Phys. J4_ 
(1981) 493. 

14. H.V. Geramb and K. Nakano, to be published in Proc. of Conf. on 
"The Interaction between Medium Energy Nucleons in Nuclei", 
I.U.C.F. (.1982) Ed. H.0. Meyer 

15. M; Lacombe, B. Loiseau, J.M. Richard, R. Vinh Mau, J. Cote\ P. Pires, 
and R. de Tourreil, Phys. Rev. C21_ (1980) 861. 

16. J. Kelly, W. Bertozzi, T.N. Buti, F.W. Hersman, C. Hyde, M.V. Hynes, 
B. Norum, F.N. Rad, A.D. Bacher, G.T. Emery, C.C. Foster, W.P. Jones, 
D.W. Miller, B.L. Berman, W.G. Love; and F. Petrovich, Phys. Rev. 
Lett. 45. (1980) 2012. 

17. M. Hugi, W. Bauhoff, and H.0. Meyer, Phys. Rev., in press. 



- 21 -

R.S. Henderson, B.M. Spicer, I.D. Svalbe, V.C. Officer, G.G. Shute, 
D.W. Devins, D.L. Friesel, W.P. Jones, and A.C. Attard, Aust. J. 
Phys. 32 (1979) 411. 

V.C. Officer, R.S. Henderson, and I.D. Svalbe, Bull. Am. Phys. 
Soc. 20 (1975) 1169. 

H.O. Meyer, P. Schvandt, W.W. Jacobs and J.R. Hall, Phys. Rev. 
in press. 

J.R. Comfort and B.C. Karp, Phys. Rev. C2U (1980) 2162. 

J.M. Dickson and D.C. Salter, Nuovo Cim. £ (1957) 235. 

F. Ajzenberjj-Selove and C.L. Busch, Nucl. Phys. A336 (1980) 1. 

R. Schaeft^r and J. Rayr»cl, unpublished. 

H.V. Geramb, FJ\. Briev.i, and J.R. Rook, Lect. Notes in Physics, No.89 
(Springer, Berlin, 1979), p./o*- , 

J.B. Flanz, R.S. Hicks, B-A. Lindgren, G.A. Peterson, A. Hotta, 
B. Parker, and R.C. York, Phys. Rev. Lett. ̂ 1_ (1978) 1642. 

A. Nakada, Y. Torizuka, and Y. Horikawa, Phys. Rev. Lett. Z7 (1971) 
745. 

J. Raynal, unpublished. 

H. Crannell, Phys. Rev. 248 (1966) 1107. 

A. Ingemarsson, Physica Scripta 20 (1979) 180. 

H. Crannell, J.T. O'Brien, and D.I. Sober, in Int. Conf. on Nuclear 
Physics with Electromagnetic Interactions, Mainz, 1979 cont. paper 
3.6. 

M. Kamimura, Nucl. Phys. A351 (1981) 456. 

G.R. Satchler, Nucl. Phys. A100 (1968) 497. 



- 22 -

Table 1: Standard optical model parameters for 
the elastic scattering of 135 MeV protons from 1 2C. 

*R 

16.54 MeV 

1.230 fm. 

0.784 fm. 

10.26 MeV 

1.313 fm. 

0.540 fm. 

W_ 

2.99 MeV 

-2.25 MeV 

0.888 fm. 

0.432 fin. 

1.394 fm. 
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Table 2: Protcn spectroscopic amplitudes for excitation of the 2 (T=0) 
4.44 MeV state in 1 2 C . 

j x j 2 CK PHFBA PHM 

0d3 0sx 0.114 0.170 

0d5 Osj 0.128 0.184 

Op 3 Opi 1.200 1.086 0.935 

1P3 Opi 0.054 0.141 

0f5 Opi 0.045 0.025 

OP! Op 3 -0.792 -0.804 -0.845 

0p3 0p3 -0.490 -0.549 -0.654 

lPl 0P3 -0.095 

lp3 Op 3 -0.069 

0f5 Op 3 0.074 

0f7 0p3 0.064 0.121* 

0d3 IS! 0.025 

Osx 0d3 -0.209 -0.203 

lSj 0d3 -0.028 

0sx 0d5 0.234 0.211 

l S l 0d5 0.029 

Op 3 lPl 0.097 

Opi lp3 -0.131 

0p3 1P3 -0.043 -0.055 

Opi Of 5 0.056 0.101 

Op 3 0f5 -0.088 -0.108 

Op 3 Of 7 0.197 0.225 

lp3 0f7 0.031 
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Table 3: Proton spectroscopic amplitudes for excitation of the 4 
(T-0) 14.08 MeV State in 1 2 C . 

jj j 2 PHFBA PHM 

0d5 0d5 0.018 0.018 

0d5 0d3 -0.027 -0.038 

0d3 0d5 0.027 0.037 

0p3 Of? -0.103 -0.144 

0p3 Of 5 
0.251 0.326 

Of? 0p3 -0.037 -0.078 

Of? Opi 0.082 0.147 

1P3 Of 5 0.011 0.046 

1P3 Of ? 0.015 

0f5 Op 3 -0.045 -0.100 

Of 5 Of 5 0.011 

Opi Of? -0.192 -0.246 

lPl Of 7 0.028 

0g9 
Osi -0.013 

Osi 0g9 
-0.047 
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Table 4: Proton spectroscopic amplitudes for the excitation-of the 3 (T»0) 
state at 9.64 MeV in l 2C. 

j l ^2 
PHM MK 

0 p 3 0 d s 
0.666 0.997 

Op 3 0 d 3 -0.621 -0.569 

Opi 0 d 5 0.599 0.487 

0 s L Of 5 0.109 

0 s 1 0f 7 -0.077 

0 p 3 0 g 9 
-0.093 

l s l 0 f 5 0.015 

l s l 0 f ? -0.011 

Of 5 0d 3 -0.019. 

0f ? 0d 3 0.011 

0f 7 0d 5 -0.025 

l p 3 
0d 3 -0.079 

!P3 0d 5 0.096 

l p 3 
Og, -0.012 

!Pl 0d 5 0.067 
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Table 5: CK model proton spectroscopic amplitudes for the i s o s c a l a r 
r«l) 1 exc i ta t ions in 1 2 C at 12 .7 i an (T»0) and i sovector (T-

15.11 MeV r e s p e c t i v e l y . 
and 

Jl J2 T=0 T*l 

Opi Opi 0.053 -0.071 

Op 3 Opi -0.880 -0.845 

Opi 0p3 -0.434 -0.416 

0p3 0p3 -0.017 -0.093 
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Table 6: Proton spectroscopic amplitudes for the excitation of the 
2 + (T-l) 16.11 MeV State in 1 2C 

Jl j 2 CK (PHM) 

Opi Op 3 0.180 (0.354) 

Op 3 Opi -1.074 (-0.393) 

0 p 3 
Op 3 -0.096 (-0.725) 
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Table 7: Proton spectroscopic amplitudes for the excitation of the 
2" (T=l) and the possible 2" (T=0) states in 1 2 C at 
16.58 and 18.3 MeV. 

Jl J2 T-l T-0 

Osi 0p3 - 0.026 

0p3 
0d5 0.637 -1.152 

Op 3 Isi -1.083 -0.203 

Opi 0d5 - 0.211 

Opi 0d3 - -0.023 

* r t 



T 
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Table 8: Proton spectroscopic amplitudes for the e x c i t a t i o n - o f the 

0 2 s t a t e at 7.65 MeV i n 1 2 C . 

Jl J2 CK INGE. PHM 

Osi Osi 

Opi Opi -0.468 

0p 3 . Op 3 * 0.331 

Osi 191 
Opi IPI 
Op 3 lp3 

1P1 Opi 

1P3 Op 3 

Isi 1*1 
IPI IPI 
1P3 1P3 

0.185 

0.382 

-0.216 

-0.248 

O.127 

0.209 

0.169 

0.210 

-0 .278 

0.021 

0.042 

0.019 

0.041 
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FIGURE CAPTIONS 

Fig. 1 A typical spectrum at a scattering angle of 30 obtained by splicing 
spectra from four spectrograph bites. 

Fig. 2 The results of a standard optical model analysis of the elastic 
scattering of 135 MeV protons from 1 2 C compared with (a) the differ
ential cross-section, plotted as a ratio to the Rutherford cross-
section, and (b) the analysing power data of ref. 22. 

Fig. 3 Results for the inelastic scattering of 135 MeV protons exciting the 
2j (4.44 MeV) state in 1 2C. The CK model wave functions were used 
with the three nrodel t-matrices (PD, PF and LF as identified in text 
to obtain the results shown in (a) whilst the PD force and the PHFBA 
and PHM structure models were used to obtain the results given in (b). 

Fig. 4 The longitudinal form factor for the 4 (14.08 MeV) state in 1 2C 
compared with the PHFBA and PHM model results. 

Fig. 5 Analyses of the 4j (14.08 MeV) state excitation iiT'12C(p,p') at 
135 MeV using (a) a DWA calculation with the PD force and PHFBA and 
PHM nuclear structure models and (b) a coupled channels calculation 
as described in the text. 

Fig.6 The electron scattering longitudinal form factor for the 3 (9.64 
MeV) state compared with the MK and PHM model predictions. 

Fig. 7 Differential cross-sections for the excitation of the 3 (9.64 MeV) 
state in 1 2C. In (a) the results using the MK model of structure 
and the three t-matrices are shown while in (b) the PHM structure 
and PD force calculation is compared with data. 

Fig. 8 Isoscalar (a) and isovector (b) 1 excitation data and analyses using 
the CK model nuclear structure and the model t-matrices as listed. 

Fig. 9 Analyses using the CK spectroscopy and different t-matrices of the 
excitation of the 2 , T-l state at 16.11 MeV in 1 2C. 
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10 Differential cross-section comparisons for 135 MeV (p,p') to the 2 
isovector state in 1 2C at an excitation energy of 16.'58 MeV. 

11 Analyses of the data from inelastic scattering of 135 MeV protons 
to the 18.3 MeV state in ' 2C. The MK assigned 2 2 T>0 state prescrip
tion and various t-matrices were used to obtain the results shown in 
(a) while in (b) are the results obtained using the PD t-matrices 
and nuclear structure from other nearby states in the MK and CK 
spectra. 

12 Transition densities for the 0 2 state in 1 2C at 7.65 MeV. 

13 Inelastic scattering of 135 MeV protons exciting the 0 2 (7.65 MeV) 

state in 1 2C. The Ingemarsson wave functions and the PD, PF: and LF 
t-matrices were used to obtain the results shown in (a) while the 
PD force with CK and PHM nuclear structure models in DWA calculations, 
and two phonon coupled channels calculation, were used to obtain the 
results given in (b). 
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