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A systematic analysis of nuclear structure and neutron interaction data for I2C was carried out in

the framework of the soft-rotator model. The model was firstly applied to analyze the low-lying collec-

tive level strucure of the 12C nucleus, which turned out to be very successful. The intrinsic wave

function obtained in such an analysis was then used to construct the coupling potentials in the coupled-

channels formalism to calculate the neutron total and scattering cross sections. The quadrupole de-

formation parameter obtained in the present analysis was 0.164, which was much smaller in the

absolute sense than the value used in the symmetric-rotator, vibrator model employed frequently in

the past, i.e., = 0.6. When averaged over the /? -vibration function, however, the present result yields

an effective quadrupole strength of about the same scale as the previous studies due to softness of the
l2C wave function with respect to j3 2 degree of freedom. The soft-rotator model was found to be very

successful in reproducing both the structure and neutron scattering data consistently for the first

time in this mass region.

Keywords: Collective Band Structure, 12C, Soft-rotator Model, Coupled Channel Calculation,

Neutron Inelastic Scattering Cross Sections
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1. Introduction

The 12C nucleus has attracted a good deal of attentions from both the fundamental physics and

applications points of view. On the fundamental side, the collective nature of 12C has been offering a

very good tests for nuclear structure and reaction theories. The 12C nucleus shows both rotational and

vibrational characters in the low-lying level scheme, although such a structure is not as prominent as

the case for heavier nuclei.

The excited states of 12C have been discussed by wide variety of models in previous works such as the

shell-model[l], a-cluster model[2] and by the resonating group method[3]. On the other hand, neutron

scattering data have been studied mostly by the symmetric-rotator, vibrator model in the past (see for

example the work by Meigooni et al.[4] and Olsson et al.[5]). The absolute value of the quadrupole

deformation parameter found in the analysis of scattering data was as large as 0.6, which is beyond

the values that have been found recently in the physics of "super" deformed nucleus. It is therefore

a matter of big interest whether or not the frequently employed model is applicable in such a very

deformed region. Anyway, until now, no consistent attempt has been given, to the authors' knowledge,

to describe the low-lying collective level structure and neutron scattering data in a unified framework.

From the applications point of view, the neutron scattering from carbon is very important to assess the

neutron-induced absorbed dose in tissue because carbon is one of the four main elements of human tissue.

Furthermore, the neutron-carbon interaction is crucially important to evaluate correctly respoonces of

many kinds of neutron detectors since carbon is very often the major constituent of such devices.

The purpose of this work is to give a consistent description of the collective nuclear structure and

neutron scattering properties of 12C in the framework of the soft-rotator model. This model was

developed as an extention of the Davydov-Chaban model[8] which takes account of the /?-vibration in

non-axial soft rotational nuclei. Here, the word "soft" denotes, for example, a possibility of stretching

during the rotation. The present version of the soft-rotator model includes the non-axial quadrupoe,

octupole and hexadecapole deformations, and the /%-, /%- and 7- vibrations[9, 10, 11, 12, 13]. This

model has been extensively applied for similar analyses in heavier mass region. However, this theory

has never before been employed for the analysis of the mass region as light as carbon.

We have performed an analysis of nuclear level scheme of 12C in terms of the soft-rotator model,

which determined the intrinsic carbon wave function. Nextly, this wave function was used to construct

the coupling potentials in the coupled-channels formalism in an analysis of neutron scattering data

in the energy region of 20 to 40 MeV. We have selected this energy region partly because there is a

prominent resonance structure below this energy region which makes the concept of the optical model

rather ambiguous, and partly because there is not much neutron scattering data which covers a wide

angular region above this energy range.

Details of the soft-rotator model analysis is explained in the following sections. Then, some discussions

on the results are given, which is followed by the conclusion.

- 1 -
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2. Analysis of the collective nuclear structure of 12C

We assume that excited states observed in even-even non-spherical nuclei can be described as a

combination of rotation, /3-quadrupole and octupole vibrations, and 7-quadrupole vibration. Instant

nuclear shapes that correspond to such excitations can be presented [14, 15] in a body fixed system as

l ^ ^ \ (1)
11=2,4 J

To simplify the calculations, we assume that internal octupole variables satisfy additional conditions

= h±3 = 0, 632 = 63-2, (2)

which are admissible in case for first excited states[16].

The Hamiltonian H of the soft-rotator model consists of the kinetic energy terms for the rotation of the

non-axial nuclei with quadrupole, octupole and hexadecapole deformations, the /V, 7-quadrupole and

octupole vibrations, and the vibrational potentials ignoring a coupling between the 3 vibration modes.

Considering nuclei that are rigid with respect to ocutupole transverse vibrations, the Hamiltonian can

be written in the form [9]

where

(4a)

** = -*&(*£)• (4c)

The symbol Tr denotes the operator of deformed nuclear rotational energy expressed in terms of the

angular momentum operator /< and principal moments of inertia,

3 ft 3 to.Tr = £ * =

Here Jt- stands for the principal moments of inertia in the direction of i-th axis in the body-fixed system

due to quadrupole, octupole and hexadecapole deformations depending on A=2, 3 and 4, respectively.

The symbol Ii denotes the projection of the angular-momentum operator on the i-th axis of the body-

fixed coordinate, #20 denotes the quadrupole equilibrium deformation parameter at the ground state

- 2 -
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(G.S.), and B\ the mass parameter for multipolarity of A. The eigenfunctions $ of operator (3) are

denned in the space of six dynamical variables: 0 < fa < oo, -oo < fa < oo, ^ < 7 < ("+1)*, 0 < 61 <

2n, 0 < e2 < tr and 0 < 03 < 2TT, with the volume element dr = /9^||sin37|d^2<i^3d7<Wi sin02d02d03.

Here 0\ =• 5^ 0\iiP\u ia the measure of nucleus deformation with multipolarity A.

For nuclei of shape determined by Eq. (1), jjx^ are given by

= 4B2/3
2sin2[7-(2/3)7rz]

T(3) _ ^ cos2 ™ sin 2»?

43) = 4B3/33
2(icoS

27?-^sin2 J ,

7(3) _

Jj* = b2

44

462
2 + b\4 - | - ^ 6 4 2 6 4 4 ) ,

44) = 4B4(2b2
42

with b4/J that can be presented [17]

640 =

642 =

644 =

(\/7/12cos«J4 + J ,

- x/7/12sin<54 COS74) ,

(6a)

(6b)

(6c)

(6d)

(6e)

(6f)

(6g)

(7a)

(7b)

(7c)

with r), S4 and 74 -parameters determining non-axiality of ocutupole and hexadegcapole deformations.

For the sake of convenience let's rewrite tT:

TT =
I?

(8)

where j ^ — J^/4Bx0l, a\2 = (B\/B2)(0\/02)2- To solve the Schrodinger equation we expand Eq.

(8) around the minima of the potential energy of quadrupole and octupole vibrations, i.e., #20, 7o and

(ho:

Tr =

(7 ~ 7o)

o
-4O320

030

±^30 P20

3 -
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B
2O420

03=030

03=030

P2O + (9)

where a^o = (B\/B2){0\o/feo)2 and ± at feo denotes that we bear in mind that even-even octupole

deformed nuclei must have two minima ±(830 of the potential energy that correspond to two symmetric

octupole shapes. These nuclei are characterized by the double degeneration of levels, which is washed

out as a result of tunneling transition through the barrier separating those nuclear shapes with opposite

values of octupole deformation [18, 19].

In the zero-order approximation the operator of nuclear rotation energy is identical to that Tr of a

nucleus having quadrupole deformation, provided that the principal moments of inertia are redefined

reflecting account of octupole and hexadecapole deformation. Let us change variable fe = fee and

assume that in the new variables, the potential energy of octupole vibrations assumes the form

<>1

Owing to centrifugal forces caused by nuclear rotation, equilibrium octupole deformations are trans-

formed due to the fe = fee in direct proportion with the increase of fe. It is shown in [20] that, along

with the choice of potential in the form of Eq. (10), this enables us to reproduce various patterns of

level-energy intervals observed experimentally for positive and negative parity bands of even-even nuclei.

Let us solve the Schrodinger equation in the zero-order approximation for the expansion of the

rotational-energy operator fr. Assuming that $ = (Z^2 /^3 )/y/sin3'yu, we arrive at

ft2 d2u d2u d2u

2B20
2

I?

a32jf}
03=010

1=70
03 ="30

The quadrupole and octupole variables in (11) are now separated, and the function u can be factorized.

Thus we have

u = ^ ( f t ^ e V ^ J e ) , (12)

where

< W = C^[Xnff3(T^±Xn,3(rr)], (13)

? (14)

Here, Xnff3(T^) are oscillator functions that satisfy the equation

>±), (15)

where the frequency is given by u>f = h/(B3fj,
2), np3 = 0,1,2, •• • and cng3 is the normalization constant.

The superscript ± on the eigenfunctions specifies their symmetry under the transformation to —*• — ô-

- 4 -
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Nuclear states of positive parity are described by symmetric combinations of the oscillator functions,

while states of negative parity are represented by antisymmetric combinations.

The function ip±(02,7,Q) satisfies the equation

h202 dH* h2 d2^ h2 1 <X I2

__ «_ . ̂2B2 "2=020
7=70

- 0, (16)

where E*fi — hu}((np3 + 1/2) ̂  <$n is the energy of octupole longitudinal surface vibrations, and 2dn is

the energy splitting of a doubly degenerate level due to the tunneling effect.

The only difference between equation (16) and the analogous equation (considered in detail in [9]) for

vibrational and rotational state of positive parity in non-axial deformed even-even nuclei is due to the

necessity of taking into account the dependence of the eigenfunctions of the rotation operator Tr on the

parity of the states under consideration. If K is even (as in our case), these functions have the form

MJ*, (17)
K>0

where

\IMK,±) = ((2I + l)/(l6n2(l + 6K0)))
1'2[DI

MK(e)±(-l)>D'M_K(e)], (18)

the symbol Dl
M±K (0) being the rotation function. In even-even nuclei, rotational bands formed by

positive parity levels are described by the wave functions \IMK, +) of a rigid rotator, which transform

according to the irreducible representation A of the D<i group. Bands formed by negative-parity levels

with even K are described by the functions \IMK, -) that realize the irreducible representation Bi of

the same group [20].

Using the results from [9], we can obtain the eigenvalues of the nuclear Hamiltonian predicting the

energies of rotational-vibrational states (with allowance for the quadrupole and octupole deformability

of an even-even nucleus in the zero-order approximation of TV expansion) in the form

,»,a + 1/2) x (4 -

where e* = ̂ -E^ , and PfTn n is a root of the equation

] (20)

where huo, fi02O, A*70 and 70 are the model parameters to be adjusted to reproduce experimentally-

known band structures. The fto>o parameter denotes an overall scale factor of the level energies, fxp20,

^7o and n€ are related with the elasticity constants of 02-, 1~ and octupole vibrations, respectively,

5
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and 70 is the equilibrium point of the 7-vibration. Other quantities in the above equation are to be

determined in the following way.

The quantity efT is the eigenvalues of the asymmetric-rotator Hamiltonian[21, 22] with principal

moments of inertia redefined by equation (9), which is written by

Tr*fUr = 4r*Mr- (21)

The quantity vn^ is determined by a system of the following two equations corresponding to the boundary

conditions for 7-vibrations, and n7 is the number of the solution as vn^ is growing.

N/2 /TT \]
0

(22)

where vVn (y) denotes a solution of an oscillator equation

being a linear combination of two standard non-linear solutions

(23)

(24)

with DVn^ -well known Weber function (see [23]). vfTn^n n is determined be boundary conditions

(22), but in this case, one of the boundaries is at infinity, and this reduces the possible solution of

equation (23)

vv{y) = cvDv(y), (25)

so that vfTn n is determined by equation

4 -
p± = 0. (26)

At last we can write the nuclear wave function

C

K>0

(7 - 70) (27)

with

(28)

which denotes the equilibrium deformation of the stretched rotating nucleus for state ITn^np3 and

.±4
(29)

6 -
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with H0iIrn being the nucleus softness for this state. The correction AEfTn n n to the energy of

rotational-vibrational states due to linear terms of expansion (9) can be easily calculated by perturbation
theory. If we consider n03 = 0 ( as states with np3 > 1 lie above the experimentally resolved) this
correction is given by

AE

, (30)

where

I 'r 'n 'n '
02 "03

xD,
' ' ' '"Ws"^

-1/2

1 -1/2

• ( 3 DT 03 02

The formulae explained above were applied for a description of the low-lying collective levels of 12C

to get the nuclear Hamiltonian parameters. The experimental level scheme was taken from [26] and is

shown in Fig. 1. Rotational bands in the case of 12C are not very prominent. Nevertheless we could fix

two lower levels of ground state rotational band, 0+ (0.0 MeV) and 2+ (4.44 MeV), and 3 + (20.56 MeV)

to be the level of if « 2 band. This allowed us to obtain the values for ftu>0> Mftwn 7o which showed

that 2+, K « 2 can be assigned to the experimentally measured level with energy 17.6 MeV, the spin

of which is not measured. The calculated energy is 17.55 MeV. The experimentally measured 0+ (7.65

MeV) level in our scheme appears to be a band head K = 0, np2 = 1, with predicted energy of 7.72

MeV. The 4+ ground state rotational band level is suggested to be at 13.7 MeV, while the experimental

energy is 14.08 MeV. A level with spin 2+ , K = 0 and np3 = 1 is predicted by our model with energy

11.94 MeV; we think it can be attributed to one of the experimentally measured levels with energies

16.11 and 15.4 MeV, having no spin assignment, as we see no other assignment possibility. One can see

that our model permits the description of all the experimentally measured levels of positive parity up

to 20 MeV, except those 1+ , which are not considered (are not of collective nature). We also included

3~ (9.64 MeV) in our consideration. The calculated energy is adjusted by varying the parity energy

splitting parameter 6n/J3. Comparison of calculated and experimental level scheme is presented in Fig.

1. The resulting nuclear Hamiltonian parameters are shown in Table 1.

- 7
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3. Analysis of neutron interaction data

The soft-rotator wave functions determined in the analysis of low-lying level structure as described

in the previous section can be utilized as a base for building a coupling scheme for a coupled-channels

calculation to describe the nucleon-nucleus interaction for 12C. As usualy, non-spherical optical potential

is taken in a standard form

V(r) = -VRfR(r) - i \4WDaD£-fD(r) + WV/v(r)l + (~) Vso~f.o(r)aL, (32)

I dr J \HnCj r dr

with the form factors

fi = [l+expir-Ri)/*]-1, i = R,V,D,so, (33)

whose radii are given by the expression (1). The symbols i = R,V,D and so denote the real volume,

imaginary volume, imaginary surface and real spin-orbit potential, respectively. Each of the potential is

expanded in a Taylor series considering /?£ to be a small parameter following the recipes of Tamura[24]

for vibrational nuclei, and taking account of the nuclear shape determined by Eq. (1). More spesifically,

writing Eq. (1) as R = RQ + SR where SR = Ro^fixpYxp, the potential can be expanded in a

straight-forward manner as
max

V(R) = V(Rc) +
dR* t\

(34)

The coupling potential Vcoupie is the matrix element of the second term of this expansion between 2

different soft-rotator model states, and is written in the form

max t

<=1 n = 0 Xfi

Here, »'''(r) are the optical potential derivatives, and the Q*x '''-operator reflects the non-axiality of

the nucleaus and the transformation to the space fixed system. We have ignored a term like fivfh&i

because usually such a cross term is not significant. The max in the expanstion was taken to be 4.

The difference between the calculated coupling potential (and thus the coupling strength) in our model

and the rigid rotator approach can be understood as following. Powers of /?£, and functions of 7 in

Q*£L a r e averaged over wave functions of appropriate initial |i) and final |/) states to obtain the

coupling. Usually (»|/?£, I/)//?£ is grater than unity and the enhancement is growing for softer nuclei.

As (i|/3£|/) is not equal to (i|/?/,|/)' and more (i|/?£|/) values differ for different i and / , models using

/3L -constant or effective in coupling schemes calculations do not take into account redistributions of

coupling strength for different channels predicted by our model, and describe the dynamic of interaction

with the simplification described.

We have included in our coupled-channels (CC) analysis the data at 28.2 MeV from JAERI[25], and

other recent neutron scattering data above 20 MeV from Ohio [4], Uppsala [5] and Michigan State

Universities [6]. More detailed information about the data involved in the analysis can be found in

Table 2.

One can see that we did not include available data with neutron interaction energies below 20 MeV.

For such energies, energy loss even for the first 2+ (4.44 MeV) excited level decreases the neutron energy

- 8 -
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in the outgoing scattering channels to the region with prominent resonance structure in the total cross

section and can influence the results of the analysis. We assumed that the interaction of neutrons with
12C proceeds only via direct mechanism for the chosen energy region. Five levels (0+, 2+ , O2", 3~, 2̂ ")

coupling scheme was used in CC calculations, as preliminary numerical results showed that the inclusion

of additional levels influences the results by less than experimental errors of the data involved. The

coupling scheme appearing and used in our calculation is shown on Fig. 2. We must emphasize that

various bands are coupled not only with the ground state band, but also with each other. The significant

feature of this scheme is the natural existence of coupling between the levels of different bands without

additional assumptions. Such a feature is absent in most of the previous analyses[4, 5].

The optical potential parameters were searched for by minimizing the quantity x2i defined by

x2 = l ^

h \ Aa<°^ ) \N + M

where N number of experimental scattering data sets, Ki number of angular points in each data set, M

number of energies, for which experimental total cross section data[27] is involved. The evaluated total

cross section was fitted to the experimental value to improve the optical parameter search. The optical

potential parameters allowing the best fit of experimental data are presented in Table 3.

Within the optical parameter search, the parameters of the nuclear Hamiltonian were fixed except for

fiyo which was adjusted to fit the scattering data, since it was impossible to determine this parameter

by analyzing the level scheme, as no levels with n7 > 1 are observed in 12C.

One can see that total cross-section of 12C in the energy region 15-55 MeV (Fig. 3) and experimental

scattering data (Fig. 4-7) are described reasonably well by our model. We think that angular distribu-

tions of neutrons scattered by 0̂ " (7.65 MeV) and 3~ (9.64 MeV) levels are much better described than

by Meigooni et al.[4] This proves that our nuclear Hamiltonian wave functions for these states are more

reliable than the simpler model employed frequently.

4. Analysis of B(E2) data

The 7-transition probability B(EX) of soft rotator model can also be calculated. For instance B(E2)

calculated in homogeneously charged deformed ellipsoid approximation accounting linear terms of inner

&2/i dynamic variables (higher terms can be taken into consideration, see [21]) is

{
x [<n7| cos7|n;> [{I'2K'0\IK) + (-l)' '(/'2 - K0\IK)8K0]

n;) [(I'2K'2\IK)SK,K'+2

. (37)

One can see that comparing with the rigid model our B{E2) is enhanced by the factor J2 the square of

the already discussed integral over /?2 variable guiding the enhancement of coupling strength. As in case

- 9 -
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of coupling probabilities of 7-transition from and to different levels are enhanced differently coupling

with the rigid rotator model.

We compared the B(E2) transition probability with the experimental data. Our model predicts

0.00418 e2b2 while the experimental value is 0.0041e2b2[28]. Considering the fact that no parameter

was adjusted to calculate this quantity, the agreement can be marked to be fantstic.

5. Discussion

According to the microscopic 3a cluster model[2, 3], the Of, 2f (4.44MeV) and 4f (14.08MeV) are

classified to form a ground state rotational band with a compact 3a-cluster configurations around an

equilateral triangle. Although the present model does not take account of such a-cluster structure, the

classification into a rotational band is also achieved in our model. The energy of the 4f state is slightly

less than the one expected from the rigid rotor model if the moment of inertia is calculated according

to the energy of the 2+ state. The soft-rotator model accounts for such a stretching effect, as shown in

Fig. 1. Firthermore, the a cluster model suggest a strong K-mixing in the 2j and 3 + states, which is

in good agreement with the present result because of the large 70 value.

In previous works[4, 5], the symmetric rotational model was employed to analyze the neutron scatter-

ing data, and 12C was assumed to have a large oblate deformation (fe « -0.6), which is in good accord

with the microscopic a cluster model[3]. On the other hand, there is no symmetry axis in the present

tri-axial model. Indeed, the non-axiality parameter has a large value (70 = 0.3210) compared with the

case for actinide, so the axial symmetry is broken to a large extent in 12C. Therefore, the present model

gives a different picture of 12C nucleus compared with the symmetric rotational model, namely, it has

a smaller, prolate, quadrupole deformation as the equilibrium shape of the ground state. We have tried

to find a possibility of getting a negative quadrupole deformation by changing the 70 parameter. We

could obtain as good a fit as the result obtained by using the parameters explained previously to the

level structure data with a value of 70 = 2.82, which gives a negative quadrupole deformation in our

model through the factor j32 cos(70). We could also get a good fit to the elastic and inelastic scattering

to the first excited 2+ state with this 70 value as the one with the previous parameter set. However,

the fit to the other states became drastically worse, an example of such is shown in Fig. 7 as the broken

curves for the 3~ level. In our model, the sign of the quadrupole deformation has a big impact on the

inelastic scattering to, e.g., the octupole state, through the coupling term fofis which is absent in all of

the previous analyses[4, 5]. Our model, which includes all of these cross-band coupling terms explicitely,

strongly suggests that the quadrupole deformation must be positive. We understand that the positive

quadrupole deformation is in contracdition to the results of microscopic RGM calculation[3]. On the

other hand, the prolate deformation obtained in our analysis is in good accord with the concept of the

"linear-chain structure" of 3 a particles proposed for the excited states of 12C long ago by Morinaga[29].

Possibility of such a shape is also mentioned by Uegaki et al.[2] Our model (and all of the previous

analyses[4, 5]) does not allow 12C nucleus to change from the oblate to prolate deformation as the

- 1 0 -
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excitation energy changes. Therefore, the prolate deformation we obtained presently may indicate that
12C nucleus is represented, when averaged over many states, by a prolate shape inspite of the proposed

compact equilateral triangular shape for the ground state. Furthermore, an analysis of the spin-flip

probability in proton inelastic scttering, which is sensitive to the sign of the quadrupole deformation,

is not necessariry consistent with the oblate deformation (see Fig. 2 of Ref. [30]). Anyway, we must

conclude that a small prolate quadruple deformation is required as the equilibrium shape of the ground

state of 12C in the context of the soft-rotator model to describe the level structure, B(E2) and neutron

interaction data consistently in a unified framwork.

We discuss in detail our calculations of scattering data for 4+ (14.08 MeV) level. This level was

included in our scheme, additional coupling associated with this level is shown on Fig. 2 by thin lines.

The result of calculations is in Fig. 8. They are by 25% higher than those calculations of [4] and describe

experimental data very well. Now we are coming to the main point of our discussion - the advantage of

our model.

We can compare the absolute value oi fa = 0.6 [4] with our (0+|/32|2+) = 0.57. The results almost

coincide for the 2+ (4.44 MeV) state, but if we compare /3| and (0+|/?2|4+) that mainly determine

one step excitation of the 4+ state, our value is approximately 30% higher and (0+|/?2|2+)(2+|/32|4+)

determining two step excitation of the 4+ state is ~ 10 % higher than those given in the rigid rotator

model, that leads to 25% higher prediction of 4+ scattering data compared with the rigid rotator model.

Our (O+Î f |0+) value determining one step excitation of the 0+ (7.65 MeV) level is 20 % lower than /3f

[4] and (0+|/?2|2+)(2+|/?2|0+) determining two step excitation strength is 2.5 times lower. Accounting

for this difference result in a fine description of angular distributions of neutrons scattered by the 0+

level. Thus the present model predicts a redistribution of coupling strength better compared with the

model adopted in Ref. [4]. This allowed us to describe experimental angular distributions for the 0+

level without including 2+ level, which is not experimentally identified, in the coupling scheme as needed

in calculations without the coupling strength redistribution^]. It is the result of the stretching of a soft

rotating 12C nucleus incorporated in the present model. Furthremore, we did not need to adopt the

channel-energy dependent coupling potential, which was required in the rigid rotator model in Ref. [4],

to reproduce the 2+ and 4+ member of the ground state rotational band.

It is also possible to compare the value (0+1/#3|3~) = 0.404 with the rigid 03= 0.51 from Olsson et al.[5]

We see that they coincide with reasonable accuracy. It is easy to account for the smaller value obtained

in the present work. In the present model, such coupling terms as (0+|/32/?3|3~) and (0+|/34/?3|3~) are

included, which are absent in the analysis by Olsson et al.[5] Furtheremore, we did not need to include

the reaction mechanisms such as diffuseness oscillation and potential depth oscillation which were used

by Meigooni et al.[4], to describe the cross sections leading to the vibrational bands.

The total, elastic scattering and inelastic neutron scattering cross sections to various collective bands

in 12C were described in a unified manner in terms of the soft-rotator model, which can describe the

collective level structure very well, without introducing any other reaction mechanisms which require

additional parameters and hence make the discussion rather ambiguous.

- 11 -
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6. Concluding remarks

The soft-rotator model was applied to analyse the collective nuclear level structure of 12C. Taking

account of the non-axial quadrupole, octupole and hexadecapole deformations, and quadrupole and

octupole vibrations, the level structure of 12C was reproduced successfully by this model. The intrin-

sic wave function thus obtained was then used to calculate the coupling potentials to be used in the

coupled-channels theory, which yielded also satisfactory results when applied to neutron scattering data.

The "equilibrium" quadrupole deformation was found to be 0.164, which then gives an "effective" de-

formation of 0.57 when averaged by the /32 oscillation function. This fact shows how the 12C is soft

in such a degree-of-freedom, a feature that is not incorporated in the rigid-rotator model frequently

employed. The B(E2) value was also reproduced quite well by the model without any parameter ad-

justment. Therefore, we can conclude that the soft-rotator model gives a unified description of nuclear

structure and neutron scattering data not only for the actinide nuclei (where this theory has been inten-

sively applied) but also for such a light mass region as the lp shell nuclei. Continuation of such analyses

performed in this work for other nuclei will be of great importance for the understanding the collective

nature of nuclei, and also from the applications point of view.

The sign of the quadrupole deformation was definitely required to be positive in our model which

takes account of all the cross-band coupling terms explicitely; a feauture absent in previous works.

The interpretation of this result may leave a room for a controversy. We think that it is related with

the proposed linear-chain structure of 3 a particles for excited states, or at least a kind of "effective"

shape when averaged over many states. Such a new interpretation may, we hope, lead to a better

understanding of the nature of this and other nuclei in this mass region, where only little is known to

date.
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Table 1: The nuclear Hamiltonian parameters which are adjusted to reproduce the experimental level

scheme

hojo = 4.2825

/ifto = 2.7943 /z70 = 0.1303 7 o = 0.3210

a32 = 0.2213 74 = 0.00021 S4 = 0.5205

a42 = 0.1469 fie = 0.9083

r? = 0.02101 Sn = 1.7221

Table 2: Experimental scattering data involved in CC optical analysis

Reference

Olsson et al.[5]

Meigooni et al.[4]

Yamanouti et al[25]

Niizeki et al.[7]

Winfield et al.[6]

Interaction Energy (MeV)

20.9

22.0

20.8

22.0

24.0

26.0

28.2

35.0

40.3

Spin, parity, energy of the excited level

0+(0.0) 2+(4.44) 0+(7.65) 3~(9.64) 4+(14.08)

O O 0

O O 0 O

0 O O

0 O O O

O 0 O O •

O O 0 O

O 0 O

•

o

o- data used for potential parameter adjustment

•- data used for comparison only

1 5 -
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Table 3: The optical potential parameters allowing the best fit of experimental data

Vfl = 53.11 - 0.436E

7.350 -0.145E E < 23

4.015 + 0.0043(£ - 23) E > 23

3.743 - 0.021£ E < 23

3.260 + 0.057(E - 23) E > 23

V,o = 6.65

rR = 1.1935 aR = 0.552 + 0.00318E

( 0.336 + 0.0034S E < 23

0.4142 E > 23

rv - 1-1971 av = 0.311 + 0.00255JS

r.o = 1.2001 a.o = 0.559

#20 = 0.164 &0 = Ihoeo = 0.0433 ft = 0.116

Strength and incident energy E in MeV; radii and diffusenesses in fm.
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Fig. 1: Comparison of experimental and calculated level schemes. Thick lines show experimental levels

described by the soft-rotator model.
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E0
E2
E4

E2

4+

E4

Fig. 2: Coupling scheme employed in the present calculation. Thick arrows show coupling used in the

parameter search procedure. Thin arrows additional coupling arising when 4+ (14.08 MeV) level is

added used.

- 18 -



2.5

2.0 -•

I 15
0

CO
V)
V)
2
O

0.5

I

— — %

« i

Total

i i

cross

! ' 1

section of 12C

Present

I Finlay et«

s , i

al. I

i

10 30 40
En (MeV)

>
tn
2
s

Fig. 3: Comparison of experimental and calculated 12C total cross section.



JAERI-Research 97-059

161 O 1 0 ms i r T i [ i i i i \ r 1 i i |

= 20 8 Mev Ground State
(x1014)

20.9 MeV
(x1012)

I I

50 100
0cm (cleg.)

150

Fig. 4: Comparison of experimental and calculated angular distributions for elastically scattered neutron.

Solid line : Present calculation, Closed circles : Olsson et al.,squares : Meigooni et al., open circle :

Yamanouti et al., open triangle at 35 MeV : Niizeki et al., and triangle : DeVito
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Fig. 5: Comparison of experimental and calculated angular distributions for neutrons scattered by 2+

(4.44 MeV). Assignment of the experimental data are the same as Fig. 4 in this and subsequent figures.
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Fig. 6: Comparison of experimental and calculated angular distributions for neutrons scattered by Oj

(7.65 MeV).
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Fig. 7: Comparison of experimental and calculated angular distributions for neutrons scattered by 3

(9.64 MeV). The solid lines show the calculated results with the parameters in Tables 1 and 3, while the

broken curves correspond to a calculation with negative quadrupole deformation (see text for details).
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Fig. 8: Comparison of experimental and calculated angular distributions for neutrons scattered by 4+

(14.08 MeV).
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