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Abstract 
* 132,134,136,138n ^ . • «..,.«.,, A low-lying state of Ba, strongly excited in the 

scattering of 20 MeV a-particles at 175°, is identified as the first 3 

octupole vibrational state in each case. Angular distribution measure

ments for a-particle scattering to this state and the well known first 
,+ « . „ . 132,134,136,13a,, fc lfc. . .. _ 
2 state in Ba are in agreement with harmonic-vibration 

coupled-channels predictions. Deformation parameters are obtained, and 

the deduced isoscalar transition ~ates are compared with measured 

electromagnetic transition rates. The first 3 states of 
132,134,136,138 £ . , „ „.,„ „ „_, 

Ba are found to be at excitation energies of 2.070, 2.251, 

2.57.9 and 2.879 MeV respectively. A state in Ba at an excitation 

energy of 1.948 MeV is tentatively identified as the first octupole-

vibrational state in this nucleus. 
NUCLEAR REACTIONS 130 132 134 ,136 ,138 3a! a ,<*') , E = 20 MeV, 
9 = 175° measured a(E 

a. 
)• 130 ,132 ,134 ,136 ' 1 3 8 B a deduced levels. 

132 ,134 136,138 , 
aa v a,a > £ = 20 I *fev; me asur ed a(E ,,*>, * ( E 3 , 6). 

135 ,134 136,138„ Ba deduced J ,7T,2. t&2 i 
3 -
-3 • Enr iched targets. 



1. Introduction 
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Low-lying octupole vibrational states, with spin and parity 

J =3 , have been identified in a large number of nuclei across the 

periodic table. It is known that these states are of a collective 

nature and are strongly excited in the inelastic scattering of charged 

particles. The inelastic scattering of a-particles, analysed within 

the framework of an appropriate collective model, is a well established 

method of determining the spins and parities of excited states of even-

mass nuclei . The identification of the first 3 states in 
132,134,136,138„ . . ,, • „ • ^ * • ,.u • 

Ba from (a,a') experiments is reported in this paper. 

The stable even-mass barium isotopes span a transitional region, 

from nuclei with clear rotational features (e.g. ' Ba) to thnse 
138 with a closed neutron shell at N =82 (e.g. Ba) which exhibit 

properties more consistent with a spherical shape. In this context 

it is of interest to determine the systematic variation with mass 

of the properties of the lowest-lying 3 states in the barium isotopes. 

Prior to this work the excitation energy of the first 3 states had been 

positively established in only two of the even-mass barium isotopes, 
. 136 o . . 2-4). , 138 n . . 4,5), namely Ba[refs. ] and Ba[refs. ]. 

The experimental work described here is in two distinct parts. 

Firstly, the elastic and inelastic scattering of 20 MeV a-particles 
- 130,132,134,136,138,, . t , . , 
from E3 was measured at a laboratory angle of 
174.9°, following a technique used previously in this laboratory 

6,7) on other nuclei . In each case a peak seen in the spectrum in 

the excitation energy ranye 1.9-2.9 MeV w^ 3 identilied as a possible 

octupole-vibrational level on the grounds of its selective population 

relative to neighbouring states. Secondly, in order to establish the 

spin and parity of these levels the angular distributions for the elastic 
* • • , „ • ^ ( 1 n „ „ _. 1 - 132,134,136,138„ 

and inelastic scattering of 20 MeV a-particles from Ba 
were measured and compared with coupled-channels predictions obtained within 



the framework of the harmonic vibrational model. In addition to the 

level under consideration and the ground state, angular distributions 

we.-e also obtained for scattering to the first 2 level of each isotope. 

Isoscalar transition rates were calculated from the resultant deformation 
8) lengths using the formalism of Bernstein , and tnese were compared 

with the electromagnetic transition rates obtained from Coulomb 
9) excitation 

In sect. 2 the experimental procedures are reported, and in 

sect. 3 the energy level identification and angular distribution 

analyses are described. In sect. 4 the spin-parity assignments 

are discussed, together with the comparison of the deduced isoscalar transition 

rates with the electromagnetic transition rates. Finally, a brief summary 

and conclusion are given in sect. 5. 

2. Experimental Procedure 
4 Beams of 20 MeV He ions from the ANU 14UD Pelletron accelerator 

were used to bombard isotopically enriched targets of BaC£_ evaporated 

onto thin carbon backings. The isotopic compositions of the targets 

are given in table 1. 

2.1 ENERGY LEVELS 

Energy spectra of the a-particles scattered from 
130,132,134,136,133,, _ . . „ ^ , 

Ba were obtained at a mean scattering angle of 
1 74.9° using an annular silicon surface-barrier detector. Because 
„. 130,132,134„ _ ^ . , . .,. , 135,137„ 

tne Ba targets contained sigmficam- amounts of Ba 

(see table 1), energy spectra for the latter were also obtained to 

permit identification of contributions from these isotopes. 
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2.2 ANGULAR DISTRIBUTIONS 

Angular distributions for the a-particles scattered from 

' ' ' Ba were measured between laboratory scattering angles 

of 25° and 115° using an Enge split-pole spectrograph with a position-

sensitive gas-filled proportional counter at the focal plane. Similar 

measurements on Ba were not performed because of the complexity of 

the a-particle spectra resulting from the poor isotopic enrichment 

of the Ba targets (see table 1). The counts in the elastically 

scattered peak of the isotope under investigation were monitored with 

a silicon surface-barrier detector fixed at 90°. Absolute differential 

cross-sections were obtained by normalising the counts in the elastic 

peak of the isotope of interest to the monitor counts and assuming 

that, at 25°, elastic scattering is entirely Rutherford. With this 

method,measurements of the total number of particles incident on 

the target, the target thickness, and the Enge spectrograph and 

monitor detector solid angles were unnecessary. 

3. Results 

3.1 ENERGY LEVELS 

Spectra of 20 MeV a-particles scattered at 174.9° are shown 

in fig. 1. An energy calibration for each spectrum was obtained from the 

plastically scattered groups arising from the isotope under investigation 

and from ' CI and from the groups corresponding to the 2\ states of 

the isotopes of interest, the excitation anergias of which are accurately 

known. For each of the spectra obtained, the peaks at low excitation 

energy could be attributed to known barium states. The most prominent of 
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these have been labelled in fig. 1. Levels due to scattering from 

barium isotopes other than the one of interest are visible; for 

example in the Ba and Ba spectra, peaks due to scattering from 
1 3 8 r > 

Ba are prominent. 

The candidate for the 3j level for ' ' Ba is also shown in 

fig. 1. This preliminary identification was made on the basis of a 

comparison with the ' Ba spectra where the known 3̂  levels were 

strongly excited in comparison with neighbouring states. The 
1 ,2 134 excitation energies of these states in * Ba and Ba were found to 

130 be 2070 ±5 keV and 2251 ± 5 keV respectively, and for Ba the 

candidate 3} was found to be at 1948 ±5 keV. In the present work 

the 3x states in ' Ba were found to have excitation energies 

2529± 5 keV and 2879± 5 keV respectively, in good agreement with the 
2) previously published values of 2531.8 + 0.5 keV [ref. ] and 2880.94 ±0.11 keV 

[ref. ] respectively. A level seen in Ba at an excitation energy of 

2254.63 keV following the B-decay of La [ref. ] has been identified 

as 3 t but the evidence for this assignment appears tenuous. The error 

quoted for the excitation energies is due principally to the uncertainty 

in the anergy calibration, including a small contribution for energy 

loss in the target. Target thickness was measured by bombarding the 

target with a 40 Me" o beam, and by assuming the elastic counts are 

due solely to Rutherford scattering. 

3.2 ANGULAR DISTRIBUTIONS 

Figure 2 shows a typical ct-particle spectrum at 90° , obtained 

with the Enge spectrograph. Spectra obtained at more forward angles 

were generally of poorer quality, partly because the 3 peak was 

relatively weak, especially between 40° and 60°, and sat on the 
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low energy tail of the barium elastic peak whose intensity increased 

rapidly with decreasing angle. Also, intense elastic ard inelastic 

scattering from chlorine, oxygen and carbon obscured the 3̂  peak at 

some angles between 30° and 80°. This added to the difficulties in 

getting good data in this angular region. In addition, the cross-

section tor the 3i state was found to drop rapidly around 40° - 60°. 

The angular distributions for elastic scattering are shown in fig. 3, 

and the 2^ and 3^ angular distributions are shown in figs. 4 and 5, 
132 134 respectively. For the isotopes Ba and Ba the appropriate 

excited states have been labelled 3j, although confirmation of these 

assignments is the subject of this study. The relative paucity of 

data at small angles in the 3̂  angular distributions is apparent 

and results from the experimental difficulties outlined above. 

However it was considered that the distributions were adequate 

for the purposes of the present investigation. The curves shown 

in figs. 3, 4 and 5 are the results of coupled-channel calculations 

described below. The principal contribution to the error bars 

shown was statistical uncertainty in the peak areas. 

The i rocedure adopted to obtain the theoretical cross-sections, 

to be compared with the measured angular distributions, was first to 

determine the parameters of an optical model potential for each 

barium isotope by means of a least squares fit to the elastic scattering 

data alone. The resultant potentials were then used, unmodified, in 

vibrational-model coupled-channels calculations, with only the relevant 

deformation parameters for each isotope being adjusted to obtain a 

least-squares fit to all the elastic and inelastic scattering data. 

It should be noted that one could have obtained further improvement 

to the fit to the inelastic angular distributions by also allowing 

adjustment of the optical model parameters within the coupled-channels 

calculations. However, it was felt that such detailed optimisation, 
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apart from requiring a significant increase in computing effort, would 

have been beyond the purpose of the present study, which was to establish 

the consistency of the measurad angular distributions with a 3~ spin-parity 

assignment. 

The form of the optical potential used was 

„ -1 „. -1 U(r) = V (r) - V(l + e x) - iw(l + e x ) , c 
where 

(1) 

x = (r - R )/a and x' = (r - R )/a , (2) 
V V W W 

with 

R = r A ^ / 3 . and R - r A?; 7 3 ^ , (3) 
v v target w w target 

and where V (r) is the Coulomb potential of a or.iformly charged sphere of 

radius R = r A^ ,_ . As a starting point for the searches to fit the c c target 
4) elastic scattering data, the potential used by Barker and Hiebert 

138 for the analysis of the scattering of 50 MeV o-particles from Ba 

was used. The Coulomb radius parameter was retained at r = 1.40 fm 

throughout, but all other optical model parameters were adjusted. The 

resultant optical model parameters are given in table 2, together with 

the "alues of x 2/N ( N being the number of data points) obtained in the 

elastic scattering fits. These values serve as a measure of the relative 
132 quality of fits. As is discussed later, the potential for Ba should 

be treated with caution as the elastic scattering data in that case 

included significant unresolved contributions from the heavier barium 

isotopes. The potential parameters for the other cases showed relatively 

small (̂  10%) isotope variation, with the exception of a systematic 

reduction in the absorptive potential parameters r and a as the closed 

neutron shell at J Ba is approached. Further calculation, which 
4) constrained the geometry parameters to those of ret. (i.e., r = 1.40 fm, 

a =0.52 fm, r = 1.33 fm and a = 0 . 4 9 fm), were carried out and, while 
V W W 
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accounting reasonably well for the general decrease of elastic 

cross-section with angle, the fits were of distinctly poorer quality. 

For example, in the case of Ba, x2/N was increased by a factor of 

approximately three, with V and W changing to 264 and 14.6 MeV 

respectively. 

Coupled-channels calculations, using the potentials of table 2, 

*ere then performed using the computer code ECIS79 [ref. ] . 

Calculations were made for the three state system (ground state, 2^ and 

2\), with the 2\ and 3^ states modelled as single phonon excitations. 

The coupling matrix elements were generated in a second-order harmonic 

vibrational model, with ^11 parts of both the nuclear and Coulomb 
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potentials deformed. For simplicity it was assumed that the Coulomb 

and nuclear deformation parameters were identical. For each isotope 

the deformation parameters B2 a n d 83 were adjusted to obtain the 

minimum-x2-value fit to the elastic and inelastic data. The S2 and 

63 values so obtained are presented in table 3, together with the 

X2/N values for the fits to the total data sets. The resultant 

predicted angular distributions are compared with the data in 

figs. 3-5. It can be seen that the general characteristics of the 

data are quits well described, with the dominant feature of the 3 

prediction being a strong Coulomb-nuclear interference minimum between 

50° and 60°, in good general agreement with the measured angular 

distributions. 
132 Predictions were also made for scattering from Ba using the 

potential derived for Ba. This was carried out because the Ba 

elastic scattering data included significant unresolved contributions 
138 from the heavier barium isotopes, in particular Ba which comprised 

28% of the total. For these predictions (broken lines in figs. 4 and 5) 

the S2 and 83 parameters (table 3) were determined by fitting only the 

inelastic data. As can be seen, this yielded a superior fit to 

these data, with $2 reduced by about i5%. 

Finally, it might be expected that, when using a potential 

determined from elastic scattering alone in a calculation which 

explicitly includes some of the inelastic channels, there should be 

a compensating correction to the absorptive potential. Analyses in 

which W was arbitrarily reduced by approximately 20% yielded comparable 

predictions to those shown in figs. 3-5, with deformation parameters 

approximately 5% smaller than those given in table 3. 
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4. Discussion 

4.1 SPIN AND PARITY ASSIGNMENTS 

In order to assess the sensitivity of the angular distribution 

predictions to the spin-parity assignment of the state near 2.5 MeV, 

a number of alternative coupling schemes, consistent with a strong 

collective excitation, were investigated. Coupled-channels calculations 

were concentrated on the isotope Ba as a typical case in this mass range, 

with the 2 i state modelled as a quadrupole phonon and the 2.529 MeV 

level modelled as a (i) 3 (L = 3 phonon), (ii) 4 (L = 4 phonon) , 

(iii) 0 (two L=2 phonons) , (iv) 2 (two L = 2 phonons) and 

(v) 4 (two L = 2 phonons) state. Of these (iii), (iv) and (v) provided 

predictions which were clearly unsatisfactory. However, cases (i) and 

(ii) gave essentially equivalent fits, both being characterised by a 

strong interference minimum at around 50° - 60°, with only weak structure 

predicted at larger angles. A strong argument against a 4 assignment 

for the 2.070 MeV state in Ba and the 2.251 MeV state in Ba is 
9) provided by the results obtained from coulomb excitation of these nuclei 

In the course of that work i c was shown that, if these levels were treated as 

4 states in the analysis of the data, then the B(E4;0 ->4 ) values were 
132 134 

60 ± 10 and 65±10 Weisskopf units (W.u.) for Ba and Ba respectively. 
These are significantly larger than previously measured B(E4;0 -*• 4 ) values. 

12> Endt gives a recommended upper limit of B(E4) = 30 W.u. for the 

91-150 mass region, with the B(E4) values for collective states being 

typically 2 - 13 W.u. 

Thus, although the angular distributions on their own do not 

constitute proof of a 3 spin-parity assignment for ihe two levels 

in question, we believe that when taken in conjunction with the 

above consideration cf transition rates they do provide very strong 

evidence for these assignments. 
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4.2 TRANSITION RATES 

The isoscalar (IS) transition rate for (a,a') scattering is 
8) . given by 

G(IS,i) = F(R) (ZS )2(3+2,)2/[47T(2Ul)] (4) 
m 

where Z is the atomic number of the target nucleus, I is the angular 

momentum quantum number of the transition, and F(R) is a factor given 
8) in Bernstein's tables which corrects for the use of a more realistic 

Fermi density distribution instead of the distribution with a sharp cut

off used in deriving equation (4). The mass deformation parameter 8 
m 

is given by 

B R = 8 5R u (5) 
m m it w 

where R is the equilibrium radiua of the mass distribution. Table 4 

shows IS transition rates, calculated from the deformation parameters 

02 and 83 (see table 3), and electromagnetic transition rates, 
9) G(EZ) in Weisskopf units, obtained from coulomb excitation with 

12 

C ions. An error of ±10% is associated with the 82 and 83 values, 

estimated largely on the basis of uncertainties in the parameters of the 

optical model potential. The last column of the table compares the two 

transition rates. It is obvious that G(IS,£) is consistently less than 
138 138 

G(E2.) , particularly for Ba. The small value for Ba arises in part 
138 from the small value of r obtained in the fit to the Ba elastic scattering. 

w 
Re-examination of this fit indicated that this parameter was only noorly 
determined by the fit. However, even if the larger value of r were used 

instead of r in equation (5) the ratio G(IS,2.)/G(E£) would still only increase w 
to approximately 0.39 and 0.50 for the 2\ and 2\ states, respectively. 

The values G(IS,Z=2) = 5.6 s.p.u. and G(IS,-?-=3) = 11.6 s.p.u. obtained 
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4) in the similar work by Barker and Hiebert (using 50 MeV a-particles) 

are closer to the measured G(EJC) values, but still significantly 

smaller. Thus, although part of the deviation of the ratio G(IS,£)/G(E£) 

from unity obtained in the present work at 20 MeV bombarding energy 

may be due to the assumed reaction mechanism, there is supporting 
4) 138 

evidence that the ratio is less than one for Ba. The present work 

indicates that this is also the case for the other, more deformed 

barium isotopes. Other N = 82 nuclei, namely Ce [ref. ] and 
144 r 14)i 

Sm I ref. ] , are also found to have G(IS)/G(E£) significantly less 

than unity. 

In general, the IS transition rates as measured in (a,a') 

experiments will equal the measured electromagnetic transition rates 

if the relative neutron and proton contributions to the IS rate are 
r 8), in the ratio N/Z li :. J . In the harmonic vibrational model this 

condition is satisfied as one assumes that the mass and charge 

distributions have the same form and the neutrons and protons move 

together. The deviation of the ratio G(IS,i)/G(E?,) from unity may 

be a probe of the breakdown of that assumption. Indeed the limited 

applicability of the harmonic vibrational model for the barium isotopes 

should not be too surprising as they are generally thought to belong 

to a mass region between "good" vibrators sucn as palladium and 

cadmium and rotators such as the deformed rare-earth nuclei. 

5. Summary and Conclusions 

The measured angular distributions for the scattering of 20 MeV 

d-particlec from the even-mass barium isotopes have been compared with 

coupled-channel predictions obtained within the framework of the 

harmonic vibrational model. Octupole vibrational states (J = 3") of 
132 134 

3a and Ba have been identified at excitation energies 2.070 MeV and 
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2.251 MeV respectively, and the spin and parity assignment of the 
— 136 13fl 

first 3 states in Ba and Ba has been confirmed, with excitation 

energies 2.529 MeV and 2.879 MeV respectively. Evidence for the 

collective nature of these states was obtained from their preferential 

excitation in the scattering of 20 MeV a-particles at 175 . From 
* „u «. 132,134,136,138n 

comparison of the spectra for Ba with the spectrum 
for Ba obtained under these conditions, a state in Ba, with 
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excitation energy 1.948 MeV, is tentatively assigned a spin and parity 3 . 

On theoretical grounds one expects a splitting of the octupole 

scrength in strongly deformed nuclei . However, even for the lightest 

barium isotope studied, there is no evidence to suggest that this 

occurs, although the lowering in excitation energy of the 3\ state 

as N is reduced from Ba to Ba is indicative of an increase in 

octupole softness. This contrasts with the behaviour found in a 
198 208 comparable range of nuclei, Hg to Pb, where the excitation energy 

of the octupole vibrational state was found to be remarkably uniform , 
198 — 

although in the case of Hg a splitting of the "3i level" into a 

closely spaced doublet was observed. 

The consistent finding that G(IS ,l)/G{El) <1 for both 1 = 2 

and it = 3 transitions is taken as an indication that the harmonic 

vibrational model is of only limited applicability in this mass 

region, and supports the application of more sophisticated approaches 

(for example, anharmonic vibrational and triaxial models) to 

describe the properties of the barium isotopes. 
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TABLE 1. 

Isotopic abundances (%) of barium targets 

I isotope Target 

130 Ba 132 Ba 134 Ba 136 Ba 138 Ba 

130 
132 
134 
135 
136 
137 
138 

37.61 ± 0.20 
0.90 ± 0.02 
3.56 ± 0.08 
6.31 + 0.08 
5.58+ 0.10 
6.52 ± 0.20 
39.52 ± 0.25 

0.16 ± 0.05 
48.0 ±0.2 
6.2 ±0.1 
6.9 ±0.1 
5.4 ±0.1 
5.3 ±0.1 

28.0 ±0.2 

<0.01 
<0.01 

73.4 ± 0.1 
15.2 ± 0.1 
4.0+ 0.1 
2.0± 0.1 
5.3+ 0.1 

<0.05 
<0.05 
0.07 

0.81 + 0.05 
92.9 ±0.1 
1.75 ± 0.05 
4.54 ± 0.05 

<0.01 
<0.01 
<0.01 
<0.02 
<0.02 

0.20 + 0.02 
99.80 + 0.02 

Isotopic compositions of the targets were taken from the assays provided bv 
the supplier. Oak Ridge National Laboratory. 
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i 

TABLE 2. 

Optical Model Potentials [E (lab.) =20.0 MeV] 

Target V(MeV) ry(fm) av(fm) W(MeV) rw(fm) aw(fm) x2/N 

1 3 2 B a 209 1.43 0.63 18.8 1.42 0.86 1.2 
1 3 4 B a 182 1.41 0.56 20.8 1.48 0.77 8.3 
136 

Ba 203 1.40 0.57 18.4 1.17 0.44 2.2 
1 3 8 B a 184 1.38 0.58 19.1 1.05 0.32 4.0 
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TABLE 3. 

,s c c 132,134,136,138n Deformation parameters for Ba_ 

Mass 8 2 83 X /N 

132 a) 0.13 
b) 0.11 

134 0.13 
136 0.09 
138 0.05 

0.07 16 

0.07 8 

0.08 7 

0.07 11 

0.07 6 

132 
a) Using Ba potential from table 2 

134 
b) Using Ba potential from table 2 
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TABLE 4. 

Excitation energies and transition strengths in the barium isotopes 

Mass S ta te E 
X 

(MeV) 

G(IS,£) 
( s . p . u . ) 

G ( E £ ) a ) 

(W.u.) 
G( IS ,£) /G(E£) 

1 3 2 b ) 2t 0 .461 23 .3±4 .7 4 1 . 1 ± 0 . 8 0 .57±0 .11 

3i 2.070 9 .3±1 .9 24 .3±3 .0 0 .38±0 .08 

134 2t 0.605 30 .0±6 .0 32 .6±0 .5 0 .92±0 .18 

h 2 .251 13 .4±2 .7 2 0 . 4 ± 2 . 5 ' 0 .66±0 .13 

136 2t 0 .820 1 0 . 7 ± 2 . 1 1 8 . 7 ± 0 . 5 0 .57±0 .11 

h 2.529 6 . 4 ± 1 . 3 2 0 . 2 ± 2 . 3 0 .32±0.07 

138 A 1.435 2 .5±0 .5 11 .0±0 .3 0 .23±0 .05 

37 2.879 4 .9±1 .0 1 6 . 8 ± 1 . 6 0 .29±0.06 

a) Ref. 9 ) 

134 
b) Obtained using the result based upon the Ba potential, 

as given in table 3. 
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FIGURE CAPTIONS 

Fig. 1 Energy spectra for elastic and inelastic scattering, at 174.9 , 
* -,„ „ ., ^- -i * 130,132,134,136,138,, ^ 

of 20 MeV a-particles, from Ba targets. The more 

prominent inelastic scattering peaks are labelled by the corresponding 

excitation energy and by the barium isotope responsible. The excitation 

energies were obtained from energy calibrations as described in the text and 

are accurate to ±5keV or better. Note the reduced ordinate scales for the 

elastic peaks and that the energy dispersions of the spectra are not all the 

same. 

Fig. 2 Position spectrum of a-particles scattered into the magnetic 

spectrograph at 90 from a Ba target. The more prominent peaks are 

labelled as described in the caption of fig. 1. Note the reduced ordinate 

scale for the elastic scattering peak. 

Fig. 3 Angular distributions for elastic scattering of 20 MeV a-particles 

from ' ' ' Ba. Statistical uncertainties are smaller than the 

data points. The curves are the results of the coupled channels calculations 

described in the text. 

Fig. 4 Angular distributions for inelastic scattering of 20 MeV a-particles 
132,134,136,138,, . . J-. „+ ^ from Ba, populating the 2^ state in each case. The curves 

are the results of the coupled channels calculations described in the text. 

Fig. 5 Angular distributions for inelastic scattering of 20 MeV a-particles 
- 132,134,136,138„ , ^. ^ - ^ 
from Ba, populating the 3̂  state in each case. The curves 
are the results of the coupled channels calculations described in the text. 
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