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Abstract: Negative-parity levels in the doubly even N = 82, 2 nuclei, with 3.0 MeV 2 Ex 5 6.0 
MeV are described in an extended unified-model approach, where neutron hole states in the 
2 = 50, N = 82 closed shell core, (i.e. 2d+-‘, 3s+- I, 2dg- l, lgt-I) are coupled to the low-lying 
levels (E, $ 2.0 MeV) of the odd-neutron N = 83, 2 nuclei. This particular configuration space 
of generalized neutron particle-hole states (GNPH) is particularly suited for describing nega- 
tive-parity levels obtained in proton inelastic scattering through isobaric analogue resonances 
(IAR), corresponding to the N = 83, 2 low-lying nuclear levels. Level schemes as well as 
partial decay widths and angular distributions are calculated and compared extensively with 
the available experimental data. Also spectroscopic factors, as well as wave functions, deduced 
from the experimental results are studied in detail. Thus in the cases of lj6Xe, 138Ba, 140Ce, 
14*Nd and 14%rn, some of the important neutron particle-hole configurations can uniquely 
be determined in the energy region 3.0 MeV 2 E, s 6.0 MeV. 

1. Introduction 

Nuclear levels in the N = 81 and N = 83 nuclei have been calculated in a weak- 
coupling picture originally suggested by Bohr and Mottelson I), with the assumption 
of a shell closure at N = 82 [ref. ‘)I. Results from elastic proton scattering through 
isobaric analogue resonances (IAR) 3 - ’ “) as well as from neutron transfer reactions 
[refs. “-l’)] are consistent with a weak-coupling idea of describing ground state 
and low-lying levels (E, 5 2.0 MeV) in the N = 81 and N = 83 nuclei. Nuclear-struc- 
ture information concerning higher lying levels in the doubly even N = 82 nuclei 
(3.0 MeV < E, < 6.0 MeV) can be obtained from inelastic proton scattering through 
IAR ’ 9-32), (d, t) and (d, p) reactions in the N = 83 and N = 81 nuclei, respective- 
ly. The negative-parity levels thus obtained in the doubly even N = 82 nuclei are 
fed selectively in (p, p’) reactions on separate resonances, suggesting a weak-coupling 
description, in which neutron hole states are coupled to the low-lying N = 83 nu- 

+ “Aangesteld navorser” of the NFWO. 
tt “Aspirant” of the NFWO. 

216 



GENERALIZED NEUTRON p-h STATES 217 

clear levels. For the N = 83 nuclei, as well as for the N = 81 nuclei, a unified-model 
description has been given *, 33) where the properties of the low-lying states are 
discussed. The calculation of partial decay widths from the IAR to negative-parity 
levels in the doubly even N = 82, Z nuclei and of angular distributions for the in- 
elastically scattered protons through IAR, can be used as a better test of the wave 
functions. Calculation of these observables can also be used to identify the rather 
pure generalized neutron particle-hole (GNPH) states among the excited negative- 
parity levels observed experimentally. In sect. 2 we construct the wave function de- 
scribing the IAR states in an extended unified model (EUM) and study the possible 
decay modes, with special application to 14’Ce as well as the necessary formulae to 
study angular distributions of inelastically scattered protons. In sect. 3 the EUM 
is developed further in order to describe negative-parity levels in the doubly even 
N = 82 nuclei and the parameters occurring in the model are also discussed. In 
sect. 4 application is made to the level schemes, partial decay widths, angular dis- 
tributions and spectroscopic factors of the doubly even N = 82 nuclei, in the energy 
region 3.0 MeV < E, -c 6.0 MeV. Finally, conclusions are drawn about the existence 
of the GNPH multiplets in the doubly even N = 82 isotones, and on the validity of a 
weak-coupling picture for coupling neutron hole states to the parent (N = 83, Z) 
low-lying levels. 

2. IAR wave function 

2.1. UNIFIED-MODEL DESCRIPTION 

Assuming a unified-model description for th,z low-lying levels in the N = 83 nuclei, 
one can describe each state as 

IN = 83, Z; J,M> = c&J, 00; J)aJ+M(v)@) 

+ c cp(jp, NR; J)[aL(v) 0 %&~I~), (2.1) 
j, Na1 R , , 

where 16) represents the vacuum state given by the physical ground state of the N = 
82, Z nucleus, p distinguishes different states of the same value J, u,:(v) creates a 
neutron in the single-particle state (j, m) and QiRMn creates an N quadrupole 
phonon state with angular momentum R and projection MR. The expansion coeffi- 
cients ca(jp, NR; J) are obtained after diagonalizing the particle-core interaction ‘) 
for states of spin J in the N = 83 nuclei. The isobaric analogues of these low-lying 
levels can b: given as 

1 N = 82, Zf 1; J, M),,, = (2To + 1)-*{c&J, 00; +&~)/a) 

x(-l> jh+J-l[~jfh(~) o [a”j,,(v) O IN = 83, Z; J~)lrlJ,v}~ (2.2) 
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where jP has to be summed over the angular momenta of the shell-model states above 

the N = 82 closed shell and j, over the shells below the N = 82 closed shell; a;,(~) 

creates a proton in the single-particle state (j, m), the isospin of the N = 82, Z core is 

denoted by T, and the time-reversed annihilation operator is given by ci,,, 3 

(- l)j+n’aj, _m. 

2.2. DECAY MODES 

The three components in eq. (2.2) correspond to different proton decay modes 

of the IAR to levels in the final doubly even N = 82, Z nucIei. 

(i) The first term describes decay in the proton elastic channel by emission of a 

proton in the single-particle orbit J, M. The partial decay width is calculated as 

(2.3) 

where r:p. denotes the decay width for a hypothetical analogue resonance of pure 

single-nucleon character 36). A spectroscopic factor for elastic proton scattering 

can be defined by 

r;‘, = r~p’sp,p(JB). (2.4 
Thus with the calculated values of rip., spectroscopic factors can be deduced from 

the experimental data and be compared to the spectroscopic factor S,, p obtained in 

neutron stripping to the final N = 83 nuclei. In table 1, a comparison is made be- 

tween S,, p, S,, p and the theoretical values as calculated from eq. (2.1) in a unified- 

model description for the nuclues r4rCe. 

TABLE 1 

The spectroscopic factors as obtained from neutron stripping reactions (S,, & compared to spectro- 
scopic factors from elastic proton scattering (S,,,) and the theoretical values, given by lc,(j,, OO;_i,)j’ 

in 14’Ce 

CM:“) 
Jr I s d,D 

“> b, 

S,,, 

‘) 9 ‘) 

Theory 

0.0 H- 3 
0.66 +- 1 
1.14 _& - 1 
1.37 
1.38 ) 

Q- 5 

1.50 s- 3 
1.69 I- 3 
1.74 #- 3 
1.81 Q - 1 
1.98 

0.89 0.74 0.86 0.86 0.67 
0.42 0.55 0.42 0.42 0.29 
0.38 0.66 0.28 0.28 0.25 
1.20 (0.6) 

0.30 0.30 0.21 0.27 0.23 
0.15 

0.38 0.26 0.25 0.25 0.22 
0.12 

0.88 
0.51 
0.62 
0.52 
0.33 
0.27 
0.08 
0.30 
0.30 
0.22 

“) Ref. 16). b, Ref. 35). ‘) Ref. 5). d, Ref. 36). “) Ref 34) . . 
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(ii) Th,: second term describes decay to phonon excitations a;&) of the N = 82, 

z core nucleus, which can be identified - at least for the one-phonon state I”, = 2: - 

with pure proton excitations 37), Decay to the highly collective Zz = 2;) state 

gives as the partial decay width 

rg,“,“(2:) = C r;f.2& JcB(jp, 12; J)I’. 
jp 0 

(2.5) 

These experimental, inelastic (p, p’)2&, data 38, 3 “) are a severe test for the unified- 

model description of the N = 83 nuclei, in which the lowest single-neutron excitations 

are coupled to the I: = 2;i, g uadrupole vibrational state of the core. In table 2, 

the theoretical amplitudes cs(jp, 12; J) are given for the lowest six excited states in 

141Ce and compared to the experimental results as obtained from the Erlangen 

group 38, 3 9.). 

TABLE 2 

The amplitudes c~(‘i,, I,fl; Jr) from unified-model calculations, compared to the experimental am- 
plitudes obtained from inelastic polarized-proton scattering on “+“Ce (theoretical values given 

between brackets) 

E,(B) 

WeV) 
Ja" 

- 
0.66 &I,- 

1.14 &,- 

1.53 $<I,- 

1.79 I e(2)- 

1.86 $@)- 

1.88 %(z,- 

c&i, &Vi Jr) 

ran=ol + (g.s.) 1,” = zI!~‘+ (E, = 1.596 MeV) 

j=_i, 3P+ 3P+ 24 2f+ 

c CD2 
I,j,l 

0.63 -0.12 -0.12 -0.05 
(0.72) (-0.15) (-0.20) (-0.08) 
0.49 0.34 -0.43 

(0.79) (0.44) (-0.29) 
0.55 -0.29 -0.17 -0.41 

(0.52) (-0.18) (0.17) (-0.15) 
0.33 0.21 -0.47 

(0.28) (-0.04) (-0.02) 
0.32 0.26 -0.13 -0.23 

(0.55) (0.17) (-0.26) (-0.06) 
0.49 0.12 0.22 0.06 

(0.53) (0.22) (0.19) (-0.17) 

-0.61 
(-0.60) 

0.51 
(0.70) 
0.73 

(0.87) 
0.23 

(0.71) 
-0.33 

(-0.67) 

0.80 

0.55 

0.85 

0.91 

0.31 

0.41 

(iii) The third term describes the decay to configurations that show a neutron hole 

in the physical N = 82, Z core state. These configurations [a”j,(v)@lN = 83, 2; 

J,)],, are referred to as generalized neutron particle-hole states (GNPH). In general 

they contain in addition to a neutron-particle-neutron-hole configuration, also more 

complicated admixtures that derive from the collective excitations involved. They 

form a complete set for the expansion of the N = 82, Z states. 

Experiments at Heidelberg 22-28), the University of Texas ’ 9f 20), ANL 21) and 

the University of Montreal 29 - 32), show a quite selective feeding of higher-lying 

(3.5 MeV < E:“’ < 6.0 MeV), negative-parity levels in in,:lastic proton scattering. 
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Neutron-hole excitations should be present in these final states, that can be reached 
by proton emission from the third component of eq. (2.2). Expanding the final states 
in terms of the GNPH, one obtains 

IN = 82,Z; LW = 2 W,,, J,; 1) 
jh,J, B 

X [a”jh(v) 0 IN = 833 2; J~)]IM* 

The third component of eq. (2.2) can be rewritten as 

(2.6) 

(2T0+1)-‘~~5,~ ($$)i(-l)j.iJ-rd&h,, J,; 1) 

x [a,;(n) 0 IN = 82, Z; L>],,. (2.7) 

The partial decay width to a final level I, then becomes 

ry(I,) = c 21+1 

jh (25 + 1)(2& + 1) 
r::RM(.A,, J,; 01”. (2-8) 

Through the experimental determination of angular distributions the emission of 
d- or s-wave protons can be distinguished and even the separate amplitudes 
~&(j,, , Ja ; Z) can be obtained 23* 28). 

2.3. ANGULAR DISTRIBUTIONS 

The differential cross section for proton scattering from an I” = O+ ground state, 
through a resonance Ja, is given by ““) 

$S)[O’ -+ I,] = &(JB) 

(10, Ja) 4(E -Eres(Jg))2 + Ct,(J,) 
km, 

x c ~~JBpk(cos e), 
k=O(even) 

(W 
with 

(2.10) 

/1 h2n 2Jfl I-;; 
Jp- ____ 

PO -&es(J~) &(JB) T 
(2.11) 

&J+., s) = (_ 1)‘+2J 21+1 2~ W.LJ_LJ; Ik) 

x Z(Z, JEo J; +k)Z(Z, j, 1, j,; $k)(T;;T;Ti;T;)f 

x cos (g;;;; - g;;>. (2.12) 

Here riip. and rfjp. denote the single-particle width and single-particle phase re- 
spectively. The elastic width for the resonance Ja is given by F$ and the total width 
by r,,,( Jg). The W and Z coefficients are defined in ref. 40). 
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After integrating eq. (2.9), one obtains on top of the resonance 

Q,(o+ 3 1,) = 4rM@Y (2.13) 

The single-particle phases have been calculated with the program HANS 41), which 
is based upon the method of Zaidi, Darmodjo ’ “) and Harney 36). The ampJitudes 
d,(lj, J, ; I) are obtained in the GNPH modeI. Calcuiating and studying the angular 
distributions and their systematic behaviour in detail, one can obtain a better under- 
standing of the high-lying negative-parity states in the doubly even N = 82 isotones. 

3. The extended unified model (EUM) 

3.1. HAMILTONIAN 

For a description of the wave functions for the final states in the doubly even 
N = 83, 2 nuclei with negative parity and neutron particle-hole nature, one can 
construct a model Hamiltonian in terms of a weak coupling of a neutron-hoJe state 
to the low-lying levels in the N = 83, Z nuclei. One could, however, also couple 
neutron-particle states to the low-lying levels in the N = 81, Z-nuclei. 

The first alternative turns out to the best suited for a description of the levels that 
are observed in proton inelastic scattering through IAR in doubly even N = 82, Z 
nuclei (see appendix A). The total Hamiltonian can be written as 

H = H,+H,+H,~+H,_,+H,_,+V~_h, (34 

where Hc describes the Iow-lying collective excitations of the N = 82, Z-core, H,(Hf,) 
the neutron single-particle (-hole) states, IJp_,(H, -,) the interaction of the particle 
(hole) motion with the surface vibrations of thn core and Vb_h the residual particle- 
hole interaction. The residual interaction HamiItonian can be rewritten more ex- 
plicitty, in second quantization, as 

where the normal product ;Y(. . .) is defined with respect to the core ground state 
Id>. As neutron p-h interaction, the Sussex matrix elements 42) have been calculated 
for the configuration space chosen, i.e., pe(l?f;, 3p+, Ih,, 3p,, 2f+} and 1@2d,, 

3s,, 2d,, Jgz]. 

3.2. BASIS FUNCTIONS AND DIAGONALTSATION 

The problem now is finding the eigenfunctions (N = 82, Z; I&Q and energy 
eigenvalues E’p’ of the Hamiltonian (3. l), with 1 N = 82,Z; I&> expanded in eigen- 
functions of the zero-order HamiJtonian H = H, + HP -t Hk, as 

x [zj,(v) 0 Cajfp(v) 0 Q,GFJJIIM16)* (3.3) 
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The secular equation then becomes 

j, jh% R i&Sjpr WJ; W<L 0 Cj,, 0 N’R’IY; IMI 
I 3 * , 

~,-,+%,-c+~p-hljh 0 [j, 0 N&; IM) 
+ sjhh’ 6jpjp’ ~NNJ ERR* 8JJ,(Ejp + Ejj, + (N + S)~UZ)) 
= E:“)f,( j,,,[ j,,, N’R’],,; I), (34 

where Ejp and gjjh represent the single-particle and single-hole energies, respectively. 
It is now possible to use a representation of particle (hole)-core coupled states, 

which diagonalises part of the residual interaction in a unified-model description for 
the N = 83, 2 (N = 81, 2) nuclei. In eq. (2.1) a unified-model description was 
introduced for the N = 83,Z nuclei. The expansion coefficients ca(jp, NR; J) and the 
eigenvalues o$~’ follow from the equation 

(H,+H,_,+H,)jN=83,2; JBM)=o>B’IN=83, 2; J&V). (3.5) 

With the coefficients cs(jp, NR; J) thus obtained, one can then construct the GNPH 
states used as basis vectors in the expansion (2.6) for the N = 82, Z nuclei. They are 
defined by 

j,, N, R 

In this basis, part of the residual interaction, i.e., Hp-c is diagonal, and the terms 
Hh _-c + Vp_h remain to be diagonalized for a description of the negative-parity levels 
in the doubly even N = 82 nuclei. Expanding as in eq. (2.6) in the new set of basis 
wave functions, one obtains for the coefficients da, the secular equation 

+ ~jhjh, 6JJ, 6p,r(0$” +~j,)} = E:“‘d,( j,. 3 J;I, ; I). 

A relation between the coefficients cg, da and f, exists 

f,(j&, , NRIJ; I> = 5 A(_&, J,T; 9&, , NR; J). 

(3.7) 

(3.8) 

The non-diagonal matrix elements can be reduced further as 

<j,. 0 J;I,; IMlH,-,+ Vp-hljh 0 J,; IM) 

= j, ,c, JJ(2J + 1)(25’ + 1))“(25, + l)( - 1)j’ +jp’+jL+jh’ 

j;, k’,‘R’ 

x cp(jp, NR ; J)cpF(jpp, N'R';J') ((-l)J+J' (; ;I ;') 
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6j,j,'0.5~~hw~(-1)J'+3((2j~+1)(2j~'+1)," 

x (ir ;, ;l)(h$ ;) [(-l)R<NR]]b:]]N’R’)+(-l)R’ 

x (N’R’llb:IINR)]d;:e: -d,,,6,,. 
(:, x :: I 

. 1 
I R’ J1\ 

j,, j,, J’ 1 

(3.9) 

The numerical values of the required boson c.f.p. (NR]]6; ]]N’R’) are given in ref. 43). 

The first part of the interaction matrix element contains the contribution from the 

hole-core coupling and the second part of the residual particle-hole interaction. The 

2f;, Zf;, 3P+ 3P,, Ih, orbits are taken as neutron-particle states and the 3s,, 2d,, 

2d,, Ig; orbits as neutron-hole states. Up to three quadrupole phonons are taken into 

account. The value of the lowest GNPH energy (cf. eq. (3.7)) is equal to c@)+E;~~ 

for all doubly even N = 82,Z nuclei and was taken as B,(N = 82,Z) -B, (N = 83, 

Z), where B,,(N, 2) denotes the neutron separation energy in the nucleus (N, 2). 

These values can be obtained from the mass tables of Wapstra and Gove 44). 

3.3. PARAMETERS 

In order to evaluate better the agreement between theory and experiment, we are 

going to discuss the underlying parameters of the model i.e. particle-core and hole- 

core coupling strength as well as the unperturbed energies wJs and ~jjh used. The bare 

particle (hole)-vibrational coupling strength can be given as ‘, 45* 46) 

- __ B(E2; 2+ -+ o+>+. (3.10) 

The radial matrix element is estimated to be (raYjar> z 50 MeV [refs. ‘* “‘)I or 

can also be calculated by means of a Woods-Saxon average potential to be of the 

same order of magnitude 48). Th e t ransition probabilities can be deduced from the 

underlying core vibrational motion (doubly even N = 82 nuclei). 

Another, equivalent expression + for the coupling strength is 

(3.11) 

with pz, the rms deformation parameter in the vibrational motion (pz = (5ti(~/2C)“), 

f Eq. (3.11) leads to a coupling strength for the particle-vibration coupling <raV/ar>~~/(Z;i+l), 
which is consistent with the coupling strength, defined as n,(r,) in ref. 49), up to two small differ- 
ences: (i) the <r”> normalization, which however is compensated for by the form factor rA occurring 
within the single-particle part of the interaction (rAYA,) as used in ref. 49); (ii) the isospin dependence 
I +Zt,(N-2)/A, which is further discussed in ref. @). 
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TABLE 3 

Estimates for the coupling strength E2 in the N = 83 and N = 81 nuclei by using eqs. (3.10) and 
(3.11) (indicated by theory I and theory II, respectively) 

N= 83 

N= 81 
Theory I 

Theory II 

1.30 1.40 1.50 1.40 1.20 

1.20 1.20 1.20 1.20 1.10 

2.3kO.7 b, 1.9710.3 s) 2.05+0.25 b) 1.45f0.25 ‘) 

1.26 “) 1.35 ‘) 1.31 d) 1.7hO.3 ‘) 1.20 ‘) 

A comparison with the best fit values for these nuclei is given in the first and second row. 
“) Ref. so). b, Ref. 51). ‘) Ref. 52). “) Ref. s3). ‘) Ref. s4). r) Ref. 55). 
*) Ref. se). 

as can be determined directly in (p, p’) or (CI, cc’) inelastic scattering experiments. 
Effects of residual interactions 49), neglected in this approach, can be included in a 

renormalization of the bare coupling strength thus obtained. As no large renormaliza- 
tion effects are expected 4g), we have fitted C2 in order to obtain as good agreement 
as possible in the N = 83 and N = 81 nuclei. As one can see in table 3, the best fit 
values for t2 agree very well with the theoretical estimate. For the unperturbed 
energies oJg, the experimental excitation energies of known levels in the N = 83 
nuclei with E, 5 2.0 MeV and definite J” values are used, as indicated in fig. 1, 
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Fig. 1. The experimental excitation energies for the low-lying levels in the N = 83,Z nuclei with 
definite Jpn assignments, for i3’Xe up to 14’Gd. The shaded regions are obtained by extrapolating. 
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whereas for Ejjh, the centroid values 57) for the different neutron-hole states as 
measured in neutron pick-up reactions by Jolly and Kashy, are used. 

3.4. TRUNCATION EFFECTS 

As the J” = 3’ ground state and the J” = $’ first excited state in all N = 81, Z 
nuclei are almost pure single-neutron hole states, as follows from the spectroscopic 
factors 33), one might wonder whether the residual hole-core interaction would not 
be much smaller than the neutron hole-particle interaction. In order to study these 
effects, we have diagonalized in the basis of GNPH states, the residual interaction 
H,,_C+ VP-, in two different two-step processes: 

(i) First a diagonalization of H,,_= is performed and in the obtained new basis 
Vp_h is diagonalized afterwards. 

(ii) First a diagonalization of VP_,, and afterwards, in the new basis, a diagonaliza- 
tion of H,,-c is performed. 

I In “phiHhcore “p-h “h-core $h+Hh-core In 

MeV 

I 

I- 

2- 

2- 

1- 

0- 
3- 

2- 

1- 

4- 

2- 

3- 

5- 

&- 

3- 

Fig. 2. Diagonalization results for 140Ce for the lower negative-parity neutron particle-hole states. 
The spectra labeled VP_,, and Hh_c result from diagonalizing only these two parts of the residual 
interaction, while the column V,_,+H,,_, represents the spectrum for the complete residual inter- 

action. 
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The results, in the case of 14’Ce, are shown in fig. 2, for the 12d;‘@&,), (3s;lO 
&;,), [2d;1@3&), 13~;~@&,) and 12di’@&;,,) multiple& One observes that 
diagonalization of VP-,, already contains the most important contribution from the 
residual interaction and mainly results in a shift to higher excitation energies. The 
approximation of neglecting Hh_= as made by Wurm et al. ‘“), is a reasonable first 
approximation, but in order to obtain a more quantitative description, both parts 
of the residual interaction should be taken into account. 

4. Level schemes, partial decay widths, angular distributions and spectroscopic factors 

for the doubly even N = 82 nuclei 

For all N = 82 nuclei, in figs. 6, 8, 10, 13, 14 and 16, the theoretical level schemes 
are given and compared to the experimental data on energy and feeding through the 
IAR. Also, the positive-parity levels, calculated in a two quasi-particle (2QP) cal- 
culation 3 ‘), as well as collective levels, obtained from coupling the one-quadrupole 
and one-octupole vibrational states 58) are given. In cases where the spectroscopic 
factors are available (Sp, p or S,, ,, ). these data are extensively discussed and compared 
with the theoretical results. 

Although separate groups of levels are fed through the SC;, and+(,, IAR, a better 
test on the structure of the final, negative-parity levels in the doubly even N = 82 
isotones is offered by a calculation of partial decay widths and the systematic changes 
of the widths for inelastic proton scattering through the lowest two IAR states 
(figs. 3 and 4). 

For both the s(I, and $(y, resonances, the partial decay widths are stable in going 
from 13’jXe to 142Nd, when placed relative to the experimental I” = 4- lowest 
level with definite neutron particle-hole nature (in the theoretical calculation, the 
lowest I” = 3- level is taken as reference level). The partial decay width to the 
I” = 4(1, level is always reproduced with too small a value, whereas the widths to the 
other levels 1: = 2(<, , 3(&, 3(J), 4~;) and 5~;) are reproduced very well. Via the $(y, 
resonance, the Zz = l(y, and 2(,, levels are fed dominantly, as well theoretically as 
experimentally. Here, unique assignments cannot be made, although the overall 
distribution of inelastic proton strength is reproduced fairly good. 

By using formulae (2.9)-(2.12), it is also possible, with the knowledge of the 
wave functions, to calculate angular distributions. In fig. 5 the systematics of 
angular distributions through the $(<, IAR is shown for all doubly even N = 82 
isotones. There is good agreement in general, although for the ZI = 3,) level, there 
is more structure in the experimental results, whereas the 1: = 3(,, calculated dis- 
tribution curves in the opposite direction as compared to the experiment. 

The general overall agreement of the calculated partial decay widths and angular 
7 - distributions through the z(1j IAR, and the calculated level schemes with experiment, 

clearly show the occurrence of rather pure GNPH states in all doubly even N = 82 
isotones for 1: = 4(1,, 4(2,, 5(,, . 
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Fig. 3. Experimental and theoretical partial decay-width systematics on the Hi,,- state. 

The levels Zi = 3,)) 3(>, and 2(;, however, are strongly mixed states built from the 

12di’@%(,,), (3s~;‘@j(1,) and j2di10$G,) GNPH configurations. 

3- The angular distributions for the xC1) IAR are more diversified and special attention 

has been given in comparing experimental data and theoretical results. 

The nucleus ‘36Xe. The levels with E, 5 5.0 MeV, excited through the z(y,, +(y, 

and &<, IAR are compared with the theoretical calculations in fig. 6. The reversed 

order, as obtained from the lowest Zz = 3,) and 4(1, levels, is characteristic for all 

other doubly even N = 82 nuclei, when compared to the experimental situation. 
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Fig. 4. Experimental and theoretical partial decay-width systematics on the $C1,- IAR state. 

The I” = l-, 2- doublet, strongly excited through the 3;) IAR in all doubly even 

N = 82 isotones is reproduced rather well theoretically. This concerns the excitation 

energy, the partial decay widths, as well as the angular distribution (fig. 7). The ex- 

perimental I” = 2- assignment to a level at 4.71 MeV is shown to agree best with the 

Zt = 1,) calculated level, a fact which is also shown in the partial decay-width 

calculation (fig. 4). This suggestion was also made some time ago by the Heidelberg 

group. From eq. (2.4) and the measured proton partial decay widths lgP *‘), spec- 

troscopic factors S,, p can be obtained and are compared with the theoretical results 
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parison with the theoretical results. 
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MeV 

t- 

82 
EXPERIMENT THEORY 

GNP-H 2QP 
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Fig. 6. Comparison of experimental data and theoretical calculation. Each column of experimental 
levels is headed by the IAR through which they are mainly fed. The theoretical spectra result from 

(i) GNPH calculation; (ii) 2QP calculation 37); (iii) collective, negative-parity levels 58). 

TABLE 4 

Spectroscopic factors S,, f), (3~3) and S,,, L1, (2d+) for negative-parity levels in ‘36Xe compared to the 
theoretical values 

(i&) I” s p,p’ (39) 
exp. “) th. 

s ,a, r/ @+I 
exp. “) th. 

3.26 3-> (5_) 
3.78 3-, 4- 
3.87 3-, 4- 
4.06 3- 
4.27 2- 
4.38 (3_), 4- 
4.45 1-, 2- 
4.54 !-, 2- 
4.71 2- 
4.82 1- 

0.07 
0.08 
0.24 
0.48 
0.06 
0.64 
0.29 
0.51 
0.07 

0.03 
0.01 0.87 
0.33 0.81 
0.40 0.07 

0.21 
0.86 0.05 
0.05 0.21 
0.42 0.13 
0.01 0.06 

0.66 

0.92 
0.51 
0.94 
0.75 
0.02 
0.86 
0.08 
0.04 
0.62 

The onderlined spin values are used in extracting spectroscopic factors. 
“) Refs. I** 19). 
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5 

Fig. 7. Angular distributions for 136Xe on the .$(I,- IAR. The heavy full line indicates the theoretical 
result. Experimental data points 20) and the experimental fit, using eq. (2.9), are also indicated. 

in table 4. Generally, there is good agreement. For the higher-lying levels, mainly 
fed through the $G,, C2) IAR, no unique assignments could be made. 

The nucIeus . ’ 38Ba In the case of 138Ba, levels are fed through the &y,, &, and 
+(A, IAR. These are shown in fig. 8. In this case, the reaction 13’Ba(d, p)‘38Ba in- 
dicates 21) the possibility of direct feeding from the J” = 3’ ground state of 13’Ba 
(mainly a 2di 1 neutron-hole state) to GNPH configurations in the final, negative- 
parity levels ]2d; ‘@J, ; I-). In the transfer reactions, a I,, = 1 and I, = 3 transfer is 
clearly observed to Ievels in the energy region 3.5 MeV 6 E, 2 6.0 MeV that are 
also fed in the proton decay of the &,, &<, and +(<, IAR. The measured spectroscopic 
factor for lj transfer in a neutron stripping reaction from the $6, ground state in 
13’Ba is calculated as 

$i”‘(~;i,) = I(N = 82, z; IJWI[a;(v) @ (N = 81, z; $;‘,,>I; IM12, (4.1) 

or more explicitly 

$J’(&> = I C k(.h, NR; 4+)f,(jh[_L NJ%<; 1) 
jh,N,R,J’ 

x 2(2J’+l)+W(jJ’+j,; R1)12. (4.2) 
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Fig. 8. See caption to fig. 6. 

The expansion amplitudes k,(j, , NR; 3’) and f,(j,,[j,, NR] J’; Z), defined in eq. 

(3.8), describe the N = 81, 2 and N = 82, 2 nuclei, respectively. 

If the 4’ ground state is mainly considered as a pure 2di t neutron-hole state, eq. 

(4.2) reduces to 

sj;‘(S;,) = I c 4(2d,, J,; 1)~~ (J, 00, J)l’. 
B (4.3) 

In fig. 9, these spectroscopic factors are compared to the experimental data “) and 

show good agreement. This comparison clearly indicates the neutron particle-hole 

nature of the higher-lying negative-parity levels. 

The nudeus 14’Ce. It can be shown that most negative-parity levels below E, x 5.0 

MeV can be understood in terms of a coupling between GNPH states, built on the 

lowest J” = $-, $- and +- N = 83 levels, as shown in fig. 10. 

In table 5, wave functions for the lowest three I” = 3- and lowest two I” = 4- 

levels are compared with experimental data ‘*) and show good agreement both for 

the magnitudes and the relative signs. The Z”, = 5(;, level observed is an almost pure 



T
A
B
L
E
 
5
 

A
m

pl
itu

de
s 

of
 t

he
 e

xp
er

im
en

ta
l 

an
d 

th
eo

re
tic

al
 

w
av

e 
fu

nc
tio

ns
 

fo
r 

th
e 

lo
w

es
t 

th
re

e 
I k

 =
 

3-
 

an
d 

lo
w

es
t 

tw
o 

I*
 

=
 

4-
 

le
ve

ls
 

In
 a 

31
- 

32
- 

Id
;-

‘@
&

,,-
.\ 

0.
78

4 
0.

69
 

0.
27

 
0.

62
 

23
 

4 

Is
+-

‘@
SC

Ij
-i

 
-0

.5
53

 
-0

.6
2 

0.
68

8 
0.

64
 

7 
5 

Id
+-

’ 
@

&
1,

->
 

-0
.2

4 
0.

06
 

-0
.6

53
 

0.
38

 
8 

16
 

Id
,-

‘@
?&

->
 

<
 

0.
15

 
0.

11
 

<
 

0.
15

 
0.

10
 

jd
p-

‘@
;C

,,-
> 

-0
.1

2 
0.

15
 

0.
02

 
0.

02
 

2 
4 

Id
+-

‘@
&

,,-
\ 

-0
.0

8 
-0

.0
1 

-0
.1

7 
13

 
2 

33
- 

41
- 

0.
25

 
0.

23
 

0.
92

7 
0.

96
3 

15
 

5 

0.
45

 
0.

21
 

0.
36

5 
0.

06
 

5 
5 

0.
5 

-0
.8

5 
2 

<
 

0.
5 

0.
26

 
<

 
0.

15
 

-0
.1

2 

0.
45

 
0.

17
 

0.
08

 
0.

08
 

10
 

2 

0.
3 

0.
09

 
<

 
0.

15
 

0.
03

 
2 

42
- 

-0
.3

74
 

-0
.0

71
 

5 

0.
89

6 
0.

93
9 

5 

<
 

0.
15

 
-0

.0
4 

0.
24

 
0.

07
5 

2 

<
 

0.
15

 
-0

.1
1 

O
nl

y 
th

e 
m

os
t 

im
po

rt
an

t 
G

N
PH

 
co

nf
ig

ur
at

io
ns

 
ar

e 
gi

ve
n.

 
T

he
 

ex
pe

ri
m

en
ta

l 
va

lu
es

 
ar

e 
gi

ve
n 

at
 t

he
 l

ef
t 

(e
xp

er
im

en
ta

l 
er

ro
r 

in
 

th
e 

se
co

nd
 

ro
w

) 
an

d 
th

eo
re

tic
al

 
va

lu
es

 a
t 

th
e 

ri
gh

t. 



234 K. HEYDE et al. 

‘37Ba(d,p)‘38 Ba 

EXI? 

I I=3 

2.0- 
_I+- 3_ -5- 

1.0 - EXP 
3- -2‘ 

0. T c ‘;, 1 1 ’ 
3; 

I.0 - 3;- 
3; 36 

3 - 2 2; 
THEORY 

Fig. 9. The spectroscopic factor S(2J+1)/(2j ,,+l) for neutron stripping from 13’Ba to negative- 
parity levels I, in the final doubly even 13*Ba nucleus (for I, = 1 and I, = 3) as compared to the 

theoretical values. 

12di10J(1,) GNPH state, which is confirmed by the selective feeding of this level 

through the $Cy, IAR. The lowest I”, = 2,) level contains the 12d; 10$C:,) GNPH 

state with an amplitude of 0.85 whereas the 13s; I@ 3Cy,) GNPH state occurs with an 

amplitude of -0.37. The penetrability of the s-wave proton is strongly enhanced over 

d-wave proton emission, resulting in a stronger feeding of this I”, = 2,) level through 

the $U, IAR, a fact which is also observed experimentally 24* ““). As is also shown in 

fig. 11, the theoretical angular distribution through the $U, IAR towards the 1: = 2;) 

level is in good agreement with experimental data. The 1: = 2G, level is mainly the 

12dL1@+(y,) configuration, whereas the close-lying I”, = l(;, level mainly consists 

of the 13~~‘@3~<,) configuration with small admixtures of the j2di1@$(1,), 

12di1@+(1,> and 13~3~03;,) configurations. These results also agree with the very 

strong feeding of the close-lying 1: = l&, and 2,) levels through the $(<, IAR. 

This doublet, not resolved in the experimental angular distribution (fig. 11) is 

reproduced very well in the theoretical calculation. The assignment of theoretical 

values to experimentally observed levels becomes more difficult to establish for the 

higher-lying states (E x 2 4.5 MeV), but is still possible in some cases by considering 

results obtained from angular distributions. 

At E, = 4.34 MeV, and I” = l- level is observed, strongly excited through the 

SC;, IAR, which can be interpreted as the theoretical I”, = l(3) level, which is mainly 
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Fig. 11. Same caption as fig. 7, but for 14Te. 

a 12d; ‘O$<,) GNPH state (amplitude -0.85), with a big admixture of the 12di1@ 
*cl ,> configuration (amplitude -0.46). In the angular distribution measurements, 
at the relevant excitation energy, good agreement is obtained when the I”, = lu, 
and the 0,) levels are taken into account. At still higher excitation energies, a group 
of levels (4.485 MeV, 4.538 MeV (3-) and 4.580 MeV (2-)) is shown to agree with 
the theoretical angular distribution as obtained from the 1: = 1;) +20, + 3&) levels. 
For the lowes three I” = 2- states, one finds that up to E, = 4.6 MeV, 50 % of the 
total I~s,~@&, ; 2-) strength is missing; therefore an I” = 2- state at E, = 4.748 
MeV is assigned with a large 13s; ’ @$Cy,> component, a fact also confirmed in the 
theoretical calculation where a I”, = 2(4, level at E, = 4.82 MeV with 13s,r@$(1,; 
2-> strength of 46 % is reproduced. The angular distribution for the +(1, IAR, as 
shown in fig. 12, to a level at 4.34 MeV (l-) can be explained by the 1: = lCJ,+OC;, 
assignment, whereas the 4.45 MeV, 4.48 MeV doublet, also fed via the j$u, resonance, 
can be explained as a superposition of the 1: = l(i), 2(3, and 3(3) levels. A I” = l- 
level, excited at 4.77 MeV, is reproduced in its angular distribution with a wave 
function consisting of the 13~3 ‘@c,> (amplitude 0.60) and 12d;1@+Cy,) (amplitude 
0.59) GNPH configurations. 

The nucleus 142Nd. In the case of 14’ Nd, it is possible to compare the early Heidel- 
berg data 22-28), obtained with a resolution of 35-50 keV with the very recent results 
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Fig. 12. Same caption as fig. 7; but on the &(,,- IAR for 14”Ce. 

from the Montreal group 29-32), measured with a resolution of 15 keV (see fig. 13). 

There seems to be some disagreement between assignments made by the Montreal 

group and the Heidelberg group. Taking into account the improved resolution of the 

former, one can resolve these difficulties (see appendix B). Also, the reaction 143Nd 

(d, t)‘42Nd has been performed for I = 0 and 1 = 2 neutron pick-up from the 

J” = $- 143Nd ground state. This leads to final negative-parity levels in 142Nd and 

again shows clearly the neutron particle-hole nature of these final levels. 

The experimental level scheme, as fed through the $(y, IAR, is compared in fig. 14 

with the theoretical negative-parity levels from a GNPH description, with the levels 

resulting from coupling the quadrupole and octupole vibrational states ‘s) ([2+03-l 

Z- = I-, 2-, 3-, 4-, 5) and with th e relevant unperturbed GNPH configurations. 

Connections between levels are made on the basis of spectroscopic factors, partial 

decay widths and angular distribution measurements. Spectroscopic factors for the 

reaction ’ 43Nd(d, t) 142Nd given by the expression 

S$) = Id&&, 5;,; Z)12, (4.4) 

are compared in table 6. The larger spectroscopic factors compare well with the 

theoretical values, although in the case of I” = 3- and 5-; the latter are too large. 

Therefore, in this nucleus, the Zz = 3(i) assignment is difficult to make. There occurs 

a fragmentation between the I” = 3- (3.574 MeV) and the I” = 3- (3.710 MeV) 
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Fig. 14. Levels in 142Nd that are fed strongly through the HC1,- IAR and consist mainly of the 
GNPH configurations /3s3-r@3HC1,-> and 12dt-r @zC1,-> are compared to the experimental, 

negative-parity levels. 

TABLE 6 

Spectroscopic factors for neutron pick-up (S,, t (3~~) and S,, t (2d;)) for the levels fed through the 
&,- IAR of 143Nd, and compared to the theoretical values 

(2V) x3,, (s+) 
exp. “) th. 

&,t ($1 
exp. “) th. 

3.244 4- 0.01 l&O.005 0.03~0.01 
3.295 4- 0.14 SO.02 0.59*0.04 0.92 
3.366 3- 0.31 _CO.O8 0.47 0.4910.16 0.37 
3.413 5- 0.14 
3.574 3- 0.15 *0.01 0.06&0.06 
3.598 5- 0.05 
3.705 5- 0.4610.03 0.93 
3.710 3- 0.13 10.01 0.32 0.50 
3.779 3- 0.015*0.005 0.032iO.01 
3.830 2- 0.095 
3.870 4- 0.53 50.09 0.86 0.18*0.18 0.015 
3.908 2- 0.26 0.72 

“) Ref. 31). 
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levels, with nearly equal spectroscopic factor Sr,, ,(3s+), i.e. 0.17 +O.Ol and 0.16 +O.Ol, 
respectively. This fact can be explained qualitatively by coupling the 13s; ‘&&, ; 
3-) GNPH configuration to the close-lying [2+@3-]3- collective level, with a 
resulting fragmentation of the 13s; ‘O&;, ; 3-) strength 59). The collective states, 
however, have spectroscopic factors that are smaller by an order of magnitude in 
comparison to the strong excited neutron particle-hole like, negative-parity levels. 
The agreement of levels excited through the 3; ) IAR is quite good (fig. 15), as most 
levels are reproduced theoretically. 

Analysis of the levels I” = l-, 2-; the splitting of the ]2d;r @ 3;); Z”) (I” = O-, 
l-, 2-. 3-) and ]3s;‘@‘3;,; Z”) (I” = l-, 2-) 1 eve s 1 and the location in excitation 
energy, can be made due to the better energy resolution as obtained by the Montreal 

“2Nd(p ,p’l 3/; resonance 

- 180” 

Fig. 15. Same caption as fig. 7; but for “+‘Nd. 
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group In the case of i4’Nd and ‘44Sm, the total cross section (mb) has been mea- 
sured on the I- 2(1j, j;, , &, and $(y, isobaric analogue resonances by the Montreal 
group. These numbers are also calculated and compared with the experimental results 
in tables 7 and 8. As a general remark, one finds that levels strongly excited experi- 
mentally on the IAR, are also strongly fed in the theoretical calculations, so that 
I,” assignments up to E, = 5.2 MeV can be made on this basis. 

The nucleus f44Sm. In 144Sm. feeding from negative-parity levels through the 

3,& 4&, $1, and SC;, IAR was observed recently 3 “) (fig. 16). Concerning the lowest 
I” = 3- and 4- levels observed with a strong neutron particle-hole character, at 

TABLE 7 

The theoretical cross section otot (O+ -+ I,) on different IAR states to final levels Zdl, compared with 
the experimental data for ‘?Sm 

Energy _ 
J” a;- Ot- g+- CT+- 

WW exp. th. exp. th. exp. th. exp. th. exp. th. 

3.310 
3.362 
3.393 
3.405 
3.530 
3.671 
3.724 
3.734 
3.849 
3.869 
3.890 

z-, 4- 
3-,4- 
Q-,2-) 
(3_) 
(3_) 
(5_) 

41- 
3,- 

2.84 
3.17 
0.20 
0.34 
0.47 
0.26 
0.78 
0.59 
1.68 
0.50 
0.18 

1.14 
3.36 

0.32 
0.14 
0.18 
0.25 
0.25 

0.01 
0.03 

0.28 
0.12 
0.15 
0.23 
0.14 

0.42 
0.15 
0.50 
0.28 
0.18 

0.44 
0.22 

[0.13] 
[0.13] 

0.38 0.33 0.27 

[0.26] 1.04 [0.84] 
[0.15] 0.46 [0.54] 
0.01 1.70 0.94 
0.01 1.58 1.46 
0.05 0.18 0.11 
0.02 0.78 0.20 

0.18 
0.14 
0.22 

0.17 

0.27 
0.01 0.24 
0.14 0.31 

0.31 
0.30 0.35 

0.10 
0.29 

0.35 
0.05 
0.71 

0.28 

0.35 

0.48 

0.54 

0.17 

0.10 
0.14 
0.30 

0.04 0.66 
0.42 

0.11 0.24 
0.13 
0.25 

0.50 
0.01 0.16 

q-+2-1 
(3_) 

132-1 
132-1 
42- 
51- 

[1.14] 
[1.14] 
2.40 
0.48 

(4_) 
(4-3 5-) 
(I-) 
(3-9 5-) 
(-t1-, 2-) 
(2-y 1-) 
2-, 1- 
l_-, 2- 
(3-) 
(l-+3-) 

121-1 
121-1 

3.974 
4.121 
4.245 
4.265 
4.504 
4.607 

0.36 
0.14 
0.08 0.22 

0.12 

0.05 

0.03 
0.24 
0.27 
0.20 
0.01 
0.04 

0.49 
0.22 
0.21 

22- 

11- 

34- 

( 

13- 

+ 

33- 

01- 

23- 

37- 

27- 

39- 

I 

IS-- 

16- 

h- 

3 - 

1 

2;: 

210- 

0.01 
4.716 
4.760 
4.983 
5.063 
5.079 
5.110 

(0-j 
(2-j 
(3_) 
(2-) 
(3_) 
(l-) 

(0-P 1-) 
(F, 3-) 
(l-, 2-) 

0.01 

5.156 
5.161 
5.211 

Numbers between square brackets give the probability that configuration interaction distributes the 
theoretical value over the indicated levels. When more than one spin is given, the underlined value 
is believed to be the more probable. 
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TABLE 8 

Theoretical cross section nlot (O+ --f I,) on different IAR states to final levels I,, compared with the 
experimental data for 142Nd 

Energy J” O$.- at- O?z- cs- 

WeV) exp. th. exp. th. exp. th. exp. th. exp. th. 

3.295 
3.366 
3.413 
3.423 
3.574 
3.598 
3.705 
3.710 
3.870 
3.908 
4.117 
4.141 
4.328 
4.382 
4.417 
4.495 
4.598 
4.745 
4.809 
4.824 
4.841 
4.896 

3.63 2.81 0.01 
4.00 6.17 0.13 0.06 

0.59 0.45 0.06 

4-, 3- 41 
3-, 4- 31- 
(5-) 
(l-) 
(3_) 132- 
(5-) 
(5_) 
(3-) ,::I 

(4-) 42- 
(2-) 21- 
2-, 1- 22- 
A-, 2- 11- 
(1-3 2-) lz- 
(l-,2-) ls- 

(3-) 33- 
(0-) 01- 
(2-) 23- 
(1-2 2-) 14- 
(0-3 I-) 
(2-y 1-) 
(0-) 
(1-) l,- 

0.44 
0.07 

1 1.50 [2.73 
0.12 
0.83 2.09 

] 1.06 [2.73 
3.97 5.61 
0.17 0.53 

0.02 
0.01 
0.01 
0.07 
0.04 

] 0.47 [0.47] 
0.33 0.07 
0.89 1.72 
2.85 1.76 0.10 
2.22 2.92 0.05 
0.75 0.44 0.22 
0.39 0.05 0.13 
0.27 0.52 
0.10 0.15 0.28 
0.59 1.66 

0.32 0.47 
0.53 
0.29 
0.44 

0.17 0.63 

0.05 

] 0.47 LO.471 0.10 0.55 

0.11 
0.03 0.12 
0.08 0.20 
1.32 
0.26 
1.08 
0.05 0.40 
0.49 
0.03 0.34 
1.14 0.38 

0.25 

0.62 0.17 

E, = 3.310 MeV and 3.362 MeV, respectively, there seems to be a reversal in excita- 

tion energy as compared to the situation occurring in thelighter N = 82 nuclei. The 

qualitative agreement is again quite good, but in order to give unique assignments, 

comparison of experimental data with theoretical values, for partial decay widths as 

well as angular distributions, is necessary. 

In the nucleus, on the +(y, IAR, the agreement between theory and experiment 

is very good (fig. 17). According to the assignment for the I” = 2- (3.974 MeV and 

3.724 MeV) levels, the I”, = 2,) level agrees best with the higher-lying 3.974 MeV 

level, which is also in agreement with the position of the corresponding I” = 2- 

level in 14’Nd. The I” = l-, 2- doublet is again reproduced, although for the 1: = 

1,) level, the curving is opposite to the experimental situation. For the higher-lying 

I” = 3- (4.504 MeV),Z” = l-+3- (4.607 MeV),I” = O- (4.716MeV)andI” = 2- 

(4.760 MeV) levels, the agreement is good, which enables us to locate the different 

members of the 12di’@$C;,) and 13~?‘@:~<,) GNPH configurations in ‘44Sm 

amongst the other negative-parity levels. 

In the case of 144Sm, even the SC;, IAR was analysed with the possibility of identi- 

fying some I” = I-, 2- and 3- levels in the energy region 4.5 MeV 5 E, 2 5.5 

MeV, with some confidence in the agreement between theory and experiment. 
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Fig. 16. See caption to fig. 6. 

4.1. SYSTEMATICS OF LOW-LYING GNPH CONFIGURATIONS 

By careful studying the partial decay widths and angular distributions of inelasti- 

cally scattered protons through the $(A,, $(J,, +(y, and $U, IAR in the doubly even 

N = 82 nuclei 136Xe, i4’Ce, 142Nd and 144 Sm, it became possible to locate experi- 

mentally some of the low-lying, negative-parity GNPH configuration i.e. ]2d~‘@3~~,), 

J~s+~@&,>, ]2d;10+G,), 13s,‘O3~,> (also ]2di’@&,) in the case of r4’Ce, 

ref. ‘“)) (fig. 18). In the case of i4’Ce the experimental assignments are unique and 

the agreement with corresponding, theoretical energy spacings of the GNPH multi- 

plets is very good; although the I” = O- level is not observed experimentally. In 

the case of 142Nd there is more fragmentation of the GNPH configurations and in 

some cases (I” = 3-) an assignment of the strongest GNPH configuration is difficult. 

This occurs mainly because the levels I” = 2-, 3-, 4- and 5-, formed by coupling 

the collective quadrupole and octupole vibrational states to [2+@3-]Z-, are found 

in the energy region of the unperturbed ]2di1@$(<,) and ]3~~~@$~~,) GNPH 

multiplets j ‘). 

For 144Sm, an analogous situation occurs with much difficulty to assign the I” = 2- 

member, containing most of the ]2di ‘@$cl,; 2-): GNPH configuration. We assign 
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‘LLSm(p,p’) 3/2 resonance 

Fig. 17. Same caption as fig. 7; but for “%m. 

this to the 3.976 MeV (3-, 5-+l-, 2-) and 4.121 MeV (l-, 2-) levels, with also 

quite good agreement between theory and experiment concerning angular distribu- 

tions for the I” = 2- level through the $(i, IAR. 

In both 142Nd and ‘44Sm the GNPH multiplets, based on the tc<, parent state of 

the N = 83 nuclei, are easily located and reproduced theoretically. 

In figs. 19 and 20, the experimental and theoretical energy systematics of the 

lowest, negative-parity levels of definite neutron particle-hole nature are given, relative 

to the lowest 4- state with strong GNPH character, for levels fed through the %(Y,, 

$(A,, &, IAR (and also through some higher-lying IAR, if available). 

The following general trends are observed: 

(i) Referred to h 1 t e owest Z” = 4- level, a group of levels formed out of the 

12d; ’ @& ,) and 13s; ’ 03, ,) GNPH configuration is observed, with only very small 
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138Ba ‘42Nd ‘““srn 

Fig, 19. Experimental energy sysfematics for the lower negative-parity levels in going from +;xI? 
to ‘““Sm. relative to the lowest 1” = 4- level. 

THEORY 

“‘Nd 

-.- ‘. _.~ Lyme...:. ~~ 2‘ 
._" - _I_ ".- __ ._e-- -\ 

L‘ 
I_ _ _.-- -. _. ‘r, ,, 3- 

5 __.“I -- -- L- ___Iw_..__ 3- 

Fig. 20. Same caption as for fig. 19 but for the theoretical energy levels, and relative to the lowest 
fn = 3- level. 
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changes in relative excitation energies, when considered as a function of Z. This 

trend is also reproduced theoretically. 

The excitation energy of this I” = 4- level, however, is gradually decreasing from 

E, = 3.18 MeV in i3(jXe to E = 3.36 MeV in ‘44Sm. This can be understood from 

the observation that the I” = i- level is mainly a 12d, ‘@,%,,) GNPH configuration. 

The J” = 3-- ground state of each N = 83, Z nucleus mainly consists of the 2f;- 

neutron single-particle orbit I3 - “). The separation energy of the neutron particle 

in the 2f, orbit increases faster with filling of the proton orbits than the separation 

energy of the neutron hole in the 2d, orbit in the N = 81, 2 nuclei does 33). 

(ii) A second, systematic effect is the gradual increase in excitation energy of a 

group of levels, in the theoretical calculation (I: = O(y,, l(;,, l(y), I,,, 2(2,, 2,,, 

3&)). In the experimental systematics, this Z-dependence is observed, at least for the 

1: = I(;,, 2(J, doublet. The origin of this effect can be understood, as these levels are 

constructed out of the 12di’@2(1,) and 13sa1@3<,) GNPH configurations. The 

first excited J” = SC;, state, as observed in the N = 83, Z nuclei, is mainly con- P 
strutted from the collective quadrupole vibrational state 12f:,, 12; 3->, for which the 

excitation energy E,(2&,) in the doubly even N = 82, 2 nuclei, is increasing grad- 

ually with Z in going from ‘36Xe to ‘44Sm. This argument can serve at last for the 

1; = lc<,, 7- doublet as an explanation for the systematic increase in excitation ‘(2) 
energy with Z. 

(iii) From the mixing between GNPH configurations, one observes the lowest 

I” = 4- and 5- levels to be nearly pure 12d;‘@(q,) configurations. The I: = 3,) 

and 3(2) states however, are strong mixtures of the (2d;1@$~~,) and )3sii@$(<,) 

configurations, whereas the 1,” = 3a, is nearly pure (2d;‘@$,,). The 1:: = 4(q) is 

nearly pure 13s~‘@3~~,) and the Zi = O,, mainly (2di*‘@$(Tj). 

5. Conclusion 

Inelastic proton scattering through IAR substantially extends the information on 

nuclear structure to higher-lying negative-parity levels in the energy region 3.0 MeV 

2 E, 2 6.0 MeV. These reactions have the advantage that 

(i) Spectroscopic factors between excited states in both the target nucleus (N = 82, 

Z) and the parent nucleus (N = 83, Z) can be obtained. 

(ii) Through a ngular distribution and partial decay-width measurements, the 

amplitudes and even signs for the important GNPH configurations can be determined. 

In describing high-lying, negative-parity levels in the doubly even N = 82 isotones 

136Xe, 138Ba, 14’Ce, 142Nd and 144Sm, and extended unified-model treatment was 

considered where neutron-hole states are coupled to the low-lying levels (E, 2 2 

MeV) of the odd-neutron N = 83 nuclei. Wave functions, expanded in the GNPH 

basis, served to calculate partial decay widths and angular distributions for in- 

elastically scattered protons through the lowest s-, +-, f- and $- IAR states. 
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Good agreement is obtained in all cases, especially in studying the systematic 

behaviour of decay properties through the s(1, and +G, resonances. 

In the case of 142Nd, a careful study made it possible to remove apparent dis- 

crepancies between earlier (p, p’) work, performed by the Heidelberg group and more 

recent, high resolution work from the Montreal group. 

Finally, in i 4 ‘Ce, ’ 42Nd and ’ 44Sm, it was possible to locate, with much confidence 

in the experimental level schemes, the GNPH multiplets based on the SC:,, $(y, (and 

*(<, for r4’Ce) low-lying N = 83 levels. 

The very simple picture of weak-coupling neutron hole states to the low-lying levels 

in the odd-neutron N = 83 parent nuclei is exhibited in the doubly even N = 82 

isotones. 

For the heavier isotones: 142Nd and 144Sm through rapid lowering of the octupole 

vibrational state; the [2+@3-11- levels are’obtained in the energy region of the 

unperturbed ]2d; 1 0$(J) ) and 13s; ’ @,,) GNPH configurations, thus causing con- 

figuration mixing to occur and also enlarging the level density of negative-parity 

levels, fed through the IAR states. 

A more detailed treatment, in which both GNPH, collective and 2QP proton con- 

figurations are considered in a unified-model picture in order to treat mixing more 

carefully is in progress 5g). 

One of the authors (K. H.) is grateful1 for a NATO grant which made possible his 

stay at Utrecht, where this study was started. He also wishes to thank Dr. A Heusler 

and Dr. J. P. Wurm for kindly supplying the single-particle decay widths and 

phases, as well as Dr. L. Foster and Dr. L. Bimbot for allowing us to make use of 

experimental results prior to publication. 

Appendix A 

The reason for describing negative-parity levels in the doubly even N = 82, 2 

nuclei in a basis where a neutron hole is coupled to the low-lying N = 83, Z particle 

states, rather than in a basis where a neutron particle is coupled to the low-lying 

N = 8 I, Z hole states can be given as follows: 

In the N = 83, Z nuclei, the single-particle energy separation is given approxi- 

mately by I&j - %r+] z ho,, with ttw2 equal to the quadrupole phonon energy (the 

I” = Of to 2+ energy separation in the doubly even N = 82, Z nuclei), for (nrj) 

~{3p*, 3p,, lh,), whereas in the N = 81, Z nuclei the condition (E3St-E2d+( < h02 

is fulfilled. 

A perturbation theory argument then gives for the wave functions of the low-lying 

J” = +-, 3-, $-, $- and p- levels 
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important contribution derives from 

Iqpi) = 12f,, 2+; jm), 1%) = lj, 0’ ; jm), 

ho2 + E2fg -ej, which is a very small energy (-_ 0.1-0.2 MeV) in 

this particular case. This shows that for the states J” = &-, $-, 9-, P- and 8- the 

collective configuration 12f+-, 2+; jm) is strongly admixed, a fact which is also ob- 

served in the experimental data: the reactions 14-1*) gXs,(d, p) and 38, 39) $Xs2 

(P, P’)%2(2;:)). 
For the N = 8 I nuclei, however, a nearly pure single-hole state J” = 3’ is observed 

as first excited state in all N = 81, Z nuclei 33 ). Negative-parity levels in the doubly 

even N = 82 isotones, mainly constructed out of the I(nrj)-* 03,,)GNPH configura- 

tion with (nQ)-‘~{2dil, 3~;~) can also conveniently be described as the 12f+OJG,) 

GNHP configuration (J~,E($,, St,}) with .I&, describing positive-parity states 

in the N = 81, Z nuclei, because the 26 neutron single-particle configuration is 

strongly present in the SC<, N = 83, Z ground state. This is the case for the I,” = 5,, , 

4,,, 4(;,, 3,,, 3& and 2(;,, states. 

All low-lying levels in the N = 83 nuclei, exc’ept the SC;, ground state, contain 

strong admixtures of the collective quadrupole vibrational state. Such states require, 

in the GNHP description, many configurations. Both descriptions are related by 

IL ’ 0 J,; IW = j,;,, JFRca(j,, NK; J>k,(.h 9 NR ; J’) 

x i(2J i l)(ZJ’ + l))“W(j, J’J j,; RI))1 j, 0 Jr/; IM), 

where cs and k;, are the expansion amplitudes for the J; and J’T low-lying levels 

in the N = 83, 2 and N = 8 1, Z nuclei, respectively. 

As an example, the 1: = 2(J, level in 14’Ce, described as -0.21~3sf’@~~,; 2-) 

-0.9412dq1@$,,; 2-) +0.1712d;‘@+,,; 2-), decomposes in the GNHP basis 

into many components 0.66)3p,@$,) -0.3412f~@~,) -0.2812f~@$~;) -0.25 

12fi@$(+2,) -0.2212f5@$&) -O.l312f,@$&,). Also the I”, = 1;) level, which in 

the GNPH basis is nearly a pure (3s Y’ 0 3 - T(1)) level, fragmentates in the GNHP basis 

as 0.6613p+@$,) +0.4012f+@+&;j +0.31(2f%@$&,) -0.24/2f,O$(:,) -t 9.24 

13p~@i)~,). The lowest Zz = O<, level, described as 0.4313s,;O:,,) -0.89 

12d?10$(1,), becomes 

12P*O$2,). 
-0.5813p,@$G, ) -0.4712f@$:,,) +0.3213p,O+;:,) +0.28 

These exampies clearly show the ability to describe the negative-parity levels as 

simply as possible, in a scheme where neutron-hole states in the N = 82 core are 

coupled to the low-lying N = 83, Z nuclear levels. 

Appendix B 

In the case of 142Nd there seems to be some disagreement between spin assign- 

ments made by the Montreal group and by the Heidelberg group, hereafter referred 
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to as (M) and (H), respectively. A level at 3.558 MeV, assigned as 5- + collective 
by the latter, is given as a doublet of 3.574 MeV (3-), 3.598 MeV (5) by the former. 
Also, the 3- assignment at 3.68 MeV (H) seems to correspond to a 3.705 MeV 
(5-1, 3.710 MeV (3-) doublet. Furthermore, in the work of the Montreal group; 
the I” = 2- level with largest 12da ‘C&&,) GNPH configuration is found at 3.908 
MeV, whereas (H) gives an I” = 2- assignment to a level at 3.77 MeV and a col- 
lective assignment to a level at 3.88 MeV. 

These three discrepancies, however, are due to the bad resolving power of the 
Heidelberg experiments and can be understood as follows; 

(i) By adding th e angular distributions, as observed on the .&l, IAR, to the final 
levels I” = S- (3.598 MeV) and I” = 3- (3.574 MeV) (M) the result compares with 
the angular distribution corresponding to the I” = 5- assignment as made by (H), 
(see fig. 21). A further confirmation of this statement follows because via the 4;) IAR, 
at E, = 3.558 MeV (H), an angular distribution is obtained which agrees very well 
with the I” = 3- (3.574 MeV) angular distribution (M), as shown in fig. 22. 

7/F resonance in’&‘Nd 

-. K MUDERSBACH 

100- 

5-13 7051 
K MUDERSBACH 

3-13710) 

-__.-------i-i 3.598) 
I I - . a 1 

90” 1200 150” I80 90” 120” 150” 180’ 

Fig. 21. Discrepancies on the fCl,- IAR in 142Nd. The thick full line is the sum of the separate 
Montreal data, whereas full lines indicate results from the Montreal group. The experimental data 

points and experimental fit (dashed line) originate from the Heidelberg group. 

(ii) By adding the I” = 5- (3.705 MeV) and I” = 3- (3.710 MeV) angular dis- 
tributions through the sty, IAR, the angular distribution as measured by (H) at 
3.68 MeV with an f” = 3- assignment is nicely reproduced. (fig. 21). 

On the 3;) TAR, only the 1” = 3- level is observed, with a good agreement 
between the Montreal data and the Heidelberg data (see fig. 22). 
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Fig. 22. Same caption as for fig. 21, but on the s,,,- IAR in 14’Nd. 

(iii) Concerning the I” = 2- assignment, one can observe a very good agreement 

between the angular distribution through the $(I, IAR, to the 3.88 MeV level, 

assigned as collective (H), and the summed distribution of the 2X(3.825 MeV), 

4- 

1) 
2) 
3) 

4) 

5) 

6) 
7) 
8) 

9) 

10) 

11) 
12) 
13) 
14) 

15) 

(3.870 MeV) and 2- (3.908 MeV) levels as obtained by (M) (fig. 22). 
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