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I - INTRODUCTION 

In recent years a large number of nuclear models and theories have 
been developed. 

The great advantage of the collective models is their simplicity. 
The rotation-vibration model of BOHR and MOTTELSON ) allows us to relate large 
amounts of nuclear data to only a few collective degrees of freedom. The inte-
racting boson model of ARIMA and IACHELLO ) can even predict many fine details 
of nuclear spectra with only a few parameters for a mass region. However, a 
purely collective model necessarily neglects many nuclear degrees of freedom. 

The shell model, especially as developed by McGRORY )»inclu
des all the degrees of freedom associated with the valence nucléons. If one 
could eliminate the necessity of having to introduce an inert core, this would 
probably be the best method. 

In a microscopic theory of collective motion, one attempts ta combine 
the advantages of both the shell model and the collective model. Many such at-
temps are based on the pairing-plus-quadrupole model. This model allows one to 
treat spherical, deformed, and transitional nuclei within the same microscopic 
theory. It has even been extended to very high spin states by FAKSSLER et al. ). 
However, this model suffers from the same problem as the shell model : the use 
of an inert core means that many nuclear degrees of freedom are neglected. Also, 
different parameters for different mass regions are needed. 

The most impressive microscopic theories are based on the Hartree-
Fock-Bogolyubov treatment of density-dependent forces, especially as developed 
by GOrtNY et ni.') Here, all nucléons are treated as active nucléons and the 
spectrn of nuclei in different mass regions have been calculated without any 
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fitting parameters ).However,the computation time is so large that it is 
difficult to search for higher order terms in the coupling of collective and 
microscopic motions. 

The computation time is reduced considerably in the deformed shell 
model developed by NII5S0N et al. ) Here also all nucléons are treated as acti
ve nucléons. The dynamics of the five-dimensional quadrupole motion has also 
been included and the spectra of several, even-even nuclei have been calculated 

o 
by ROHOZINSKI et al. ) Hovver, when they found that agreement with experiment 
was not satisfactory, they introduced a number of fitting parameters per nu
cleus. 

The dynamic deformation model is in principle quite close to the 
NILSSON model as developed by ROHOZINSKI et al. But instead of introducing fit
ting parameters, we have attempted to improve each and every step of the method 
of calculation*- ). It has been shown that the gross features of the collec-

12 2^0 tive spectra of even-even nuclei ranging from C to Pu are reproduced by 
the dynamic deformation model without any fitting parameters ). However, fine 
details of the observed spectra require further improvements of the model. 

Towards this end, we apply another test to the same model in the pre
sent study. Can this single model explain three seemingly different types of 

12 shape co-existence proposed previously : spherical op-oh and deformed )2p-2h 
shapes in 0, spherical and prolate-deformed minima in the potential energy 
surface ) of Se, ground state shape and fission isomer shape * ̂ Jof 2 °Pu? 
Of these three nuclei, only the nucleus '"Se is off the line of beta-stability. 
Still, some comments will be made concerning the future directions in the stu
dies of nuclei far from stability. 

The basic philosphy behind the dynamic deformation model and our 
improvements have been discussed in two publications ). Further improvements 
and applications were presented at the RHODOS conference ). These are reviewed 
briefly in sect.2. 

The calculated potential energy surfaces and collective spectra of 
0, Se, and Pu are discussed in r.ect.3, where comparison with experiments 

is also given. Our conclusions and comments are given in sect.lt. 

http://sect.lt


2 - DYNAMIC DEFORMATION MODEL 

2.1. General philosphy 

A general nuclear wave function can be written as 

where x....x. are the nucléon variables, O....0L. are deformations (collective 
variables) referring to the nucleus as a whole, and r is ah index for different 
microscopic wave functions |> . If the number of deformations II is set to zero, 
the wave function (1) reduces to a conventional shell model wave function. On 
the other hand if one sets the index r to i.ero, then one gets a collective mo
del wave function. 

With r • 1, the equation (1) represents a HILL-WHEELER16) generator-
coordinate wave function. The dynamic deformation model (DDM) represents a 
practical approximation to the generator-coordinate method. Instead of working 
with the integrated wave function of eq.(l), one works with the product wave 
function 

It would appear from eq.(2) that one has introduced some extra or 
spurious degrees of freedom since the microscopic wave function already con
tains all the degrees of freedom. This is the case with all the static defor
mation models which neglect the dynamics and deal only with the potential ener
gy of deformation. 

The DDM includes the major effects of the differences between the 
integrated (eq.1) and the product (eq.2) wave functions. Admittedly, it is done 
in a somewhat roundabout way. We do not work directly with the generator-coor
dinate wave functions since they become too complicated when all nucléons are 
treated as active nucléons and when as many as nine collective variables are 
introduced. Instead, we start with the cranking approach ). It is argued that 
thr microscopic wnvefunctiono are defined in a rotating (intrinsic) system at-
lrtrhn.1 i.i um MiirOmn. TrniinrnrmnMpii •.•» I.hn laboratory (Inb) nyntem introduces 
I ii tf| •miilniiiT ni* Mir .If-fi II'IHMI iimn HIM! hlnH.li» riiM'j/y l.nrnm inl.ii M»e> lltmJlto-

http://hlnH.li�
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nian (see Ref. ) for a new derivation). The kinetic energy terms are quanti
sed. Then, the potential energy is identified with the zeroth order term in 
an expansion in the non-locality parameters (a! -a.)» ii « 1,11), of the gene
rator-coordinate energy < J | | i >. The kinetic energy terms are identified 

18 with the second order terms in the same expansion ). The collective parts of 
the wave functions, the functions f(a.....CLj of eqs.(l) and (2), are determined 
by solving the collective SCHRODIHGER equation associated with the quantized 
collective Hamiltonian. Although we work in practice with the product wave 
functions (2), the final wave functions have the proper integrated form of eq. 
(1). 

As regards the deformations, we employ nine of them - five quadrupole 
deformations (lab system : 0 2 _ ?, 0 g ^ B^, 8 2 1, 6^ ; intrinsic system : 
shape deformations B and y, and EULER'S angles 4,6,^0, and four pairing defor
mations (proton energy gap, neutron energy gap, proton Fermi energy, and neu
tron Fermi energy). The time-dependence of the four pairing deformations does 
not appear explicitly in the final collective Hamiltonian, since the Bogolyubov 
conditions (H-. « 0, L . » E a a) are employed at each time, but the time-
dependence of the pairing deformations gives important contributions to the 
mass parameters. These contributions are particularly important for the low-
energy 0 states, for instance those in the Ge nuclei ), and in Se (see sect 

0 
3). These contributions have been neglected by R0H0ZINSKI et al. ) There are 
many other important differences which will be mentioned, where appropriate, in 
the following review of the main steps of the DDM. 

2.2. Microscopic Hamiltonian 

The microscopic Hamiltonian employed in the DDM is written as 

H - H + V (3) 
sp res, 

H - T • U , (J») 
sp sp sp 

V • V —U *v V » 
res nucleon-nucleon 8p<v pairing. (5) 

The average single-particle potential U is approximated by the mo
dified oscillator potential of Nilsson. The same potential is employed by 
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ROHOZINSKI et a l . ) , but they employ different potential parameters for d i f fe 
rent nuclei while we keep a l l the paraaeters fixed for a l l nuclei. In fact , 

Q 
the saae single-particle levels and wave functions calculated previously ) have 
been employed for nuclei ranging from A * 12 to A « 2U0 ) and for the nuclei 
discussed in the present paper. 

2.3. Treatment of Pairing 

The particle-hole channel of the pairing interaction is neglected by g 
ROHOZINSKI et al. ) (as by other people employing the BCS theory), but it is 
included here in our modification ) of the BCS theory. This channel leads to a 
blocking type of effect even in even-even nuclei. It allows us to remove the 
inherent divergence in the usual cranking expressions for the mass parameters, 
since the quasiparticle energy never vanishes in our theory. 

Important effects of our inclusion of the time-dependence of the four 
pairing deformations have been mentioned above. 

2.4. Potential energy of deformations 

The potential energy of deformations is written as 

V - Vm • «U • «V p • « E p r o j (6) 

Except for the additional last term, this expression is formally the same as 
that in the STRUTINSKI method1**) employed by ROHOZINSKI et al. But each term 
ÎB calculated in a different vay. For the first term V_„, we employ the droplet 

19» model of MYERS and SWIATECKI ) instead of the liquid drop model used in most 
such calculations. The five droplet model functions (surface, Coulomb, curva
ture corrections) of deformations are calculated ext 
points of a $,Y mesh (B • 0.0 - 0.8, Y • 0° - 60°). 

20 ture corrections) of deformations are calculated exactly ) for all relevant 

The shell correction energy, 6V of eq.(6), is calculated via the 
STRUTINSKI method. Since the usual accuracy of this method (̂  0.5 MeV) is not 
good enough for our study of the spectra of different nuclei, a careful study 
of the convergence properties has been made. Instead of the convergence of oU 
calculated at the potential minimum, we determine the convergence of 



where W(S,Y) is a suitably chosen weight function ). 

The pair correction energy, 6V of eq.(6), is calculated ) in the 
modified BCS theory mentions briefly above. 

The projection correction energy, 65 • of eq.(6) has previously 
been proposed by the present author ). It can . •» considered to be a genera
lization of the rotational projection term, - < .T >/(2$)t for which a new 
argument has recently been given by GOODMAN' ). Our argument is very simple. 
Write the total Hamiltonian as 

Then, we have 

and 

where 

H ' Hint + Tcoll. ( 8 ) 

Hint- H- Tcoll' ( 9 ) 

V - < H. . > « <H> • 8E ., (10) 
mt proj " 

6E . » - < T ,, >. (11) ! 
proj coll ' 

The quantized form of the collective kinetic energy is written 

(12) T^^î^fcàr/^h* 
where 8 is the inverse of the mass parameter matrix of the classical kinetic 
energy, 1/2 X B 4 6 , and B is the determinant of B . Eqs.(n) and (12) 
can be combined to 
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For the low-energy spectra of even-even nuclei, the seniority zero states are 
employed for the microscopic states j >. For such states, ve have ̂ | ~ ~ | ^ ~ 0 , 3*(*r Hence, eq. (13) becomes 

Since ve employ nine deformations, eq. (lb) yields a nine-dimensional projec
tion correction. For the case of one-dimensional rotations, this term reduces 
to the familiar form mentioned above. 

2.5. Mass Parameters 

Although expressions for the mass parameters (B of eqs.12-lli) are 
essentially of the cranking type, there are important differences due to our 
inclusion of the particle-hole channel of the pairing interaction. Additional 
effects come from the differences in the single-particle model (see 
sect.2.2), and from the inclusion of pair fluctuations, that is the time-depen
dence of the pairing deformations (see :ect. 2.1). 

2.6. Collective Hamiltonian 

The collective Hamiltonian is written in the lab system as 

HC " V * Tcoll' { 1 5 ) 

where T . . i s given by eq.( l2) with a restricted to the five quadrupole de
formations. In the intrinsic system, th is Hamiltonian becomes 
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I. is the component of the nuclear angular momentum operator along the intrin-
sic-k-axis, and â is an abbreviation for <3'kk, the diagonal matrix element 
of the moment of inertia tensor. 

The collective SCHRODINGER equation is written as 

<* J I M * X 

where I is nuclear angular momentum, N is its projection along the lab-Z-axis, 
and K is the projection along the intrinsic - Z'(k * 3)-axis. Since #_, the 
rotational part of f_N, is a linear combination of standard D - functions, one 
needs to compute only the two-dimensional functions A T i r(B,y). Still, it is not 

ill 
a trivial problem since the microscopically calculated potential and inertial 
functions are extremely complicated functions of B and y . Hence, we have stu
died this problem over the past sixteen years and have continuously strived 22 to improve the numerical method originally proposed ) in 1963. Later improve-
ments ) have allowed us to expand the method to higher vibrational bands 
and to higher I values. 



- 9 -

3 - SPECTRA OF { 6 0 . 7 2Se. AMD 2*°Pu 

3.1. Parameters of the calculation 

All parameters except one ar«- the same as those employed for the 
12 2U0 calculation of the low-energy spectra of 25 nuclei ranging from C to Pu 

(see Table I of Ref. ) for the parameters). The one exception is the 
8TRUTIHSKI width parameter which is now {as also in Theory II of ref. )) de
termined via a computer search of the convergence of the weighted shell cor
rection energy of eq.(7). 

As previously, no effective charges are employed and none of the 
parameters is varied to fit the experimental data. 

3.2. Ground State Properties 

The calculated ground state shapes and energies are given in Table I. 
A comparison with other theoretical or experimental shapes is not given since 
different groups use different definitions of deformation. Our values of 8 m£ n» 
Y ._ correspond to the HILL-WHEEIZR definition of quadrupole deformations em-min rt 

ployed in our calculation ) of the single-particle basis. 

Our values of 0 , y are obtained via the relations 
rms' 'rms 

where |gs> is the ground state solution of the collective SCHRODIHGER equation 
(18), and the wave function deformat5ons 8 f, v . are related to the microsco
pically calculated quadrupole moments via the relations 

-R, = l .2A / 3 F ^ ? (?HP 
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Table I gives the calculated ground state energy E and its compo
nents in such a way that the energy can be compared directly with the observed 
mass excess energy AM. The calculated energy is defined as 

E^A = <IA\ v0+v + i ^ t l a ^ 

where V . is the energy at the lowest minimum of the potential energy surface, 
•D* E.711M i» t n e energy of zero-point motion. The constant V is given by 

Vo * M n H *1\P * Espherical droplet 

Signer electron binding, (28) 

where M , M„ are the neutron, H-atom mass excess energies (see ref. ) for 
their values and for the definitions of the other terms). 

The quantity E-» of eq.(27) is defined such that it would be the 
droplet energy if our deformation values and the corresponding functions of 
deformation (surface, Coulomb,...) were used, and if the shell correction (6U) 
and the pairing correction (ÔV) were not included. In contrast to the droplet 
model, where empirical functions for 6U and 5V are used, we calculate them 
microscopically. Also, we include the projection correction 6 E _ . as well as 
the zero-point-motion energy £._. The last two have opposite signs, but they 
do not quite cancel and the net contribution is 3.2 MeV, - 2.9 MeV, - 2.0 MeV 
in 1 6 0 , 7 2Se, 2l*°Pu, respectively. 

For the sake of comparison, we also give in Table I experimental 
values ') as well as theoretical values of MYERS y), GIROD ), DECHARGE end 
GOGNY5), and HERGER and OIROD 2 7), when available. 
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Our first comment ia that it is not correct to include the projec
tion correction (This type of correction is called zero point energy by 

28 GOEKE and REINHARD ). But ve prefer to call it projection correction partly 
because it is a generalization of the rotational projection - < < P > / (2*) 
and partly because the term zero point energy is more appropriate for 
E_ p M( * < H > - V . ) which has the standard value of 1/2 hu for each degree 
of freedosi for harmonic vibrations.) 5E . but not the energy of zero point 

proj °* 
motion E___, as is often done in deformed Hartree-Fock calculations (for ins-Z"^o 16 tance* réf. ))• If this were done for 0, the ground state energy would be 
wrong by «x. 1*0 MeV. Hote that the HFB energy5) quoted in Table I for 0 is 
for spherical HFB and includes neither 6E . nor E_._,. 

proj ùrn 
Secondly* it is also not correct to include E„vu via solution of 

^ ^ 16 the collective Hamiltonian but to ignore 6E ..If this were done for 0, proj 
then again the ground state energy would be wrong by *v 1»0 MeV. 

As regards the amounts of ÔE . and E„_„ in 0»they may seem 
proj ùtn _g 

surprisingly large but our ÔE . is very close to the HFB value of GIROD ) , 
while our E Z P M is in fact considerably reduced compared to the harmonic 
vibrator value 

which we find to be 91.3 MeV for l 6 0 . 

Table I shows that our calculated ground state energies agree with 
experiment within *v 1.1» MeV. The agreement in Pu within 11 keV is sur
prisingly good. 

3.2, Potential Energy Surface and the Spectrum of 0. 
The calculated potential energy suiface, V(0,Y)» ot 0 is given 

in Fig.1. Its lowest minimum occurs ut the spherical shape. However* the 
dynamics puts the ground stato hk.U MeV above the spherical minimum and the 
corresponding ground state wave function peaks at B • 0.18* Y • 1»6° and has 
even larger $ value (see table 1).This is in qualitative agreement with rms ip 
the dincovery of BROWN and ORKEN ) that the deformed component was larger 
• 1'- ., 1", 
in I' Mi/111 ill O . 
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The potential energy surface of fig.1 also exhibits a secondary 
minimum at 6* 0.1i5, y « 0° which is 8.8 NeV above the first (spherical) 
minimum and 1.6 MeV below the barrier at 10.k HeV (6 * O.k. y « 0°). However, 
this secondary minimum is completely washed out by the dynamics. The calcu
lated spectrum (see Pig.2) does exhibit a low-lying 0 g state at fc.1 NeV which 
although a 8-vibrational type of state is much more deformed than the ground 
state. The calculated b.1 NeV state has a 8 of 0.81» compared to 0.1»6 for 

rms 
the ground state. This state is lowered from the value 73 NeV (for harmonic 
vibrations around spherical shape) by the anharmonic dynamics caused partly 
by the anharmonicity of the potential but largely by the anharmonicity of 
the six inertial functions,the three aass parameters for 0-, gy-.y-vibrations 
and the three moments of inertia. For instance, the mass parameter BQQ in
creases from 0.1 NeV~1 at 0 "\. 0 to 1.2 x 105 MeV _ t at 8 * 0.7. Such sharp 
changes are caused by the fact that the single p rticle levels move up and 
down with deformation quite steeply in this region of light nuclei. They 
cause sharp changes in the pairing energy gap which remains zero until 8 t> 
0.$ but then rises sharply to 1.9 NeV at 8 * 0.6 and then vanishes again 
at 8 * 0.8. 

30 Comparison with experimental ) level energies and decay widths 
(see fig.2) shows that the dynamic deformation model reproduces the main 
features. The first excited state has 1 * 0 . The second excited state which 
has- I • 2 decays mostly to the excited 0 state rather than the ground sta
te. It decays to the 0' state with a B(E2) value of 17 W.U. which is smal
ler than the experimental value of 30(5) W.U. but is lirge enough to indi
cate that the two states are quite deformed in accordance with the idea of 
shape-coexistence ). In fact, the calculated B__ values (given in paren-

16 theses in fig.1) indicate that all the calculated states of 0 are deformed 
and that all of them have different average deformations, but there is a 
sharp increase in 0__ in going from the ground state to the 0' , 2 states 
of * 0 . 

72 3.3. Potential Energy Surface and the Spectrum of Se 
72 The calculated potential energy surface, V(0,y), of Se is given 

in fig. 3. The lowest minimum occurs for an oblate shape (8 * 0.1»1, y • U8°) 
which is 5.b MeV belo* the spherical barrier. Dynamics gives a zero-point 
energy of 1.9 MeV (see table 1) which means that the ground state energy 
contour is close to the 2 MeV contour of the figure. 



- 13 -

72 The potential energy of Se exhibits a secondary minimum for a 
prolate shape (B • 0.^3, y • 6°) which is 2 MeV above the oblate minimum 
and C.5 MeV below the barrier in the y direction. 

The calculated spectrum is compared with experiment ) in Fig.U 
and in Table 2. Because of the two well-defined minima in the potential 
energy, we obtain five bands two of which belong to the oblate minimum (8, 
&_), two to the prolate minimum (p,B ) and one (y) is common to both of o p 
them. 

72 The in-beam gamma-ray energies and relative intensities in Se, 
following the ,2p) reaction at 1*5-5 MeV, observed recently by the 

32 UNISOR group at Oak Ridge ) are quite complicated and have not been placed 
definitely (at the time of writing the present paper) into a level scheme. 
However, if we assume the two K • 0 bands proposed by LIEB and KOLATA ) to 
be the definitive ones (which arc the ones employed for the experimental 
values in fig.U and in Table 2), then we have to conclude that although the 
present calculation gives coexistence of two very different shapes, both 
shapes are too deformed - the first one by i» 80 % and the second one by i» 
50 % (according to the square roots of the ratios of the theoretical and 
experimental B(E2; 2 + 0) values). Furthermore, in that case the calculated 
ground state minimum is too oblate (Q_ > 0 rather than < 0).But, if we were to 
identify the observed I • 2,U,6,8,10 members of the lower band with the cor
responding members of the calculated "-band, we would get the comparison in 
the columns EX, TH(Y) of table 2. This is not to suggest that the experimen
talists have missed a whole band (We mention here that the calculated 
intensity ratio for E2 transitions for the decay of the lowest 2 states is 
given by : 

but that small amounts of additional mixing between the calculated 6- and 
Y- bands could give values much closer to the experimental ones. Such mi
xing could be caused for example, by higher order terms in the coupling 
hct.wivn collective and micro: copie motions. 
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In fact, the sain feature of the shape coexistence proposed by 
HAMILTON et al. ) is reproduce here. The calculated first excited 0 state 
has a large deformation (0 » 0.53» see fig.'») and cones at 1.173 MeV 

rns 
(which is to be compared with the experimental value of 0.937 MeV). It has 
a prolate charachter in agreement with the theoretical calculation via the 
GHEUSS-GREINER approach, as reported in ref. ). 

240 3.4. Potential Energy Surface and Shape Coexistence in Pu 

The calculated potential energy surface is given in Pig.5. For 
the purpose of clarL cation, we give here a Vvs.g plot rather than a con
tour plot in the B~Y plane.The 0 values represent the path of steepest 
descent . The corresponding y values are given in the top portion of 
fig.5. Note that here we are interested in describing the energy along the 
fission path which should be determined not only by the potential energy 
but also by the changes in the mass parameter along the fission path. Hence, 
we plot in fig.1 the quantity 

where | gs > is the ground state solution of the collective Hamiltonian, and 
< g s I Tcoll I g 8 "*« * B a short-hand notation for the value of the kernel of 
the 0-Y integral calculated at a point on the $-v mesh. Integration of 
Veff(S) of eq. (30) over all the mesh points gives the ground state energy, 
as indicated in fig.5« The calculated 0 states associated with the second 
and third minimum are also indicated in the figure. All energies are given 
with respect to the ground state energy (rather than the pot.min.) in accor
dance with the convention used in fission studies ' ). 

Comparison with experiment 3 _ ) and with the theoretical values 
are given in table 3. The present calculation gives three minima instead 
of two as found in previous calculations, ) but the compilation of EWBANK et 
al. *) gives two fission-associated 0* states at 2.8(2), 3.0(2) MeV. 

Comparison in table 3 shows that the calculated "moment of inertia" 
in ton itmal.l by about a factor of P. Of couroe, the true observable is not 
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the moment of inertia but the energy spacing in a rotational band which 
depends not only on rotations but also on 6~Y vibrations and on higher or
der terms in collective-microscopic coupling. The two can sometimes cancel 
to give the impression of an ideal rotor. We have included the coupling 
between rotations and $-v-vibrations but not the higher order terms in the 
collective-microscopic coupling (caused in our language by the fact that 
T . . acts on both the col lect ive and the microscopic parts of the wave 
functions and thus can cause coupling between r » 0,2,1»,... quasiparticle 
states) . These terms could also influence the calculated B(E2; 0 + 2) value 
which is at present too small by a factor of two. 

Note that we have not introduced the f ission type of coordinates 
(&j. or two-centers). Hence, our calculation i s probably not re l iable beyond 
the second minimum. But the present results indicate that these extra de
grees of freedom are not essential for studying the spectroscopy associated 
with the second minimum, that the main features can be reproduced within 
the traditional Hamiltonian for f ive dimensional quadrupole motion provided 
the'full dynamics i s taken into account. 

4 - CONCLUSIONS AND COUNTS 

The three different kinds of shape coexistence proposed previously 
for 0, Se, and Pu are a l l reproduced by the present version of the 
dynamic deformation model within the same model and without any f i t t ing pa
rameters. Ve conclude that the combination of the dynamics of the nine-
dimensional quadrupole and pairing motions with a large space microscopic 
calculation provides a rather powerful tool for studying practically a l l 
even-even nuclei. 

This success keeps us from the temptation to vary one or more para 
meters in order to improve the f i t to the experimental data. The present 
study suggests the following l ine of improving the theory without making i t 
too time-consuming : Include higher order terms in the collective-microsco
pic coupling by taking into account in a more complete way the fact that the 
col lect ive kinetic energy operator can act not only on the co l lect ive part 
but also the microscopic part of the total wave function. A small step in 
this direction has already been taken by including the *E . . term. A more 
detailed treatment would require the coupling of 0,2,1»,... quasiparticle 



- 16 -

states in a more direct vay. This coupling has been included at present only 
indirectly via the dynamics. 

The present study suggests a few warnings which night be useful 
for studies of nuclei far from stability. Since many of these nuclei are 
quite short-lived, the spectroscopy is much more difficult compared to sta
ble nuclei. Hence, the correct placing of the observed Y rays into a level 
scheme is going to be much more challenging. 

As regards the 2 member of the ground state band, one has to keep 
in nind that 

i) it is not always the lowest 2 state (for example in 0), and that 

ii) it may not always be the 2. state decaying to the ground state by the 
largest transition intensity. For example, in the present calculation 

72 for Se, the 2 state decays by an intensity t> 200 times larger than 
72 -hat of the 2 state. This may not be true for Se, but it could happen 

© 
in other nuclei. 

The first excited 0 state is not always the band-head of the B-
vibrational state. 

i) It can be associated with a shape quite different from that of the ground-
state - for example, as in Se(as already pointed out by Hamilton et 
al. 1 3)). 

ii) In Y~s°ft nuclei, it is also possible that a strong interaction between 
two y-phonons may lower the YY0(hy • 2, K * 0) band below the B-band. 
Such a 0 state would have a ratio of B(E2; 0* •*• 2 )/B(B2; 0 * 2») » 1 . 

As regards the 2 member of the Y~band, one has to keep in mind 
that it is not always the second 2* state (which could belong instead to the 6-
band if the nucleus is much softer in B than in Y» o r which could belong 
to a different shape). In order to distinguish between the 2„ and the 2 0 

Y P 
states, it would be best to measure the spectroscopic quadrupole moments 
since Qg • - Qg • - Qg in the rotational limit. But this may be difficult 
to do for nuclei far from stability. It might be easier to use the criterion 
that while a 2 state should have a substantial B(E2) value to the 3 y state 
and almost none to a 0- state, the 2 g state should be connected to a 0- ra
ther than a 3 y. 
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The present studies also suggest a warning concerning the inter
pretation of the potential energy surfaces. Dynamic effects can wash out 
the potential minima(for example, in our calculation for 0)as well as 
create additional minima in the effective potential energy surface (for 
example, in our calculation for Pu). 

Finally, it is not surprising in our view that shape coexistence 
occurs so often in atomic nuclei. After all, nuclear shape represents not 
only a useful collective property but also a measure of configuration mixing. 
Ho one is surprised if different nuclear states have different configuration 
mixings. What is surprising is that almost three decades have passed since 
the first discussion of the dynamics of deformations by BOHR ), yet so many 
physicists still cling to the idea of a fixed nuclear shape for each nucleus. 
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TABXE 1 - GROOND STATE PROPERTIES OF 1 6Q, 7 2Se. and 2 4°Pu 

PM 7~ ^ 

, 6 o Se 2 4 0 P » 

Potential 
Aain 0.0 0.409 0.200 

M i n i » • in ov 48* 0* 

Ground State 
Arm 0.464 0.395 0.217 

Wave Function 
i Yms 14* 37' 13* 

Ground State 

Energy and 

i t s components 

(MeV) 

hm 1.119 -63.151 53.852 
Ground State 

Energy and 

i t s components 

(MeV) 

6V -7.640 -0.558 -0.095 
Ground State 

Energy and 

i t s components 

(MeV) 

*V p 0.0 -0.222 -1.610 

Ground State 

Energy and 

i t s components 

(MeV) 
" p r o j -41.237 

(-39.7)c 
-4.777 -2.903 

E BFM 44.400 1.881 0.867 

E g . -3.358 
( -3 . i f 

-66.822 50.111 
(59.5)P 

Droplet Model 
Value (MeV) AM* -68.51 50.76 

Experimental 
, Mass Excess (MeV) AK> -4.737 -67.893 50.122 

a) Values calculated by Myers, (Ref.19). 

b) Vapstra and Bos, Atonic Data Nuclear Data Tables J7. (1976) 476 . 
c) HFB values taken from Ref.26 (*Eproj <>* '60)t 

Ref.5(E of , 6 0 ) , and Ref.27 (240pu). 
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TABLE 2 - PROPERTIES OF Se 

Values in columns TH(6)» TH(Y) refer to the saae calculation 
but two different interpretations of the observed lowest 2+,4+ 
6+,8+, 10+ states . See the text for dircussion . The states 
Op, 2p refer to the experimental 937, 13i7 keV states, respectively. 

TH (•) EX- TH U ) 

Quadrupole Moments (e.b) 

-0.32 (5) -0.73 «2 0.64 -0.32 (5) -0.73 

Q2 *P 
-0.86 -0.86 

B (E2) Values (e2 . b 2) 

0.036 (4) 0.016 2 -r Og 0.114 0.036 (4) 0.016 

4 _r 2 0.174 0.082 (18) 0.133 

*>-r 4 0.205 0.081 (7) 0.264 

8_»6 0.234 0.127 (16) 0.176 

10 .-*. 8 0.262 0 151 ( + 2 4 > 0 , 1 5 1 (-18) 0.472 

0p-*2 
2p-r2 
2p-*0g 
2p-»0p 

0.00002 
0.0022 
0.00097 
0.192 

0.0280 (52) 
0.129 (28) 
0.00084 (18) 
0.087 (23) 

0.275 
0.0078 
0.00097 
0.192 

* K.P. Lisb and J.J. Kolata, Phys. Rev. CIS, 939 (1977) . 



TABLE 3 - STATIC AND SPECTROSCOPIC PROPERTIES 
ENERGY SURFACE OF 2*°P« • 

ASSOCIATED WITH MINIMA AND BARRIERS IN THE POTENTIAL 

I Minimum I Barrier II Minimum II Barrier III Minimum 

EX.* 
TH. 

EX.d 

TH. 
EX.* 

TH. 
BX.d 

TH. 
EX.f TH.C 

EX.* b c EX.d 

a c EX.* c BX.d 

a c EX.f TH.C 

/» 0.20 0.39 0.44 0.51 0.57 

r<dag.) 0 6 17 20 14 

2i/H 2 (MeV-1) uo 102 86 300 298b 158 204 
1 

E (MeV) 0.0 0.0 0.0 5.7 4.5 4.8 2.8 1.3* 2.7 5.5 4.0 7.4 3.0 3.5 

2_».0 (keV) 43 96 20 32 258 
i 

*-»2 (keV) 99 196 47 68 - —1 
61 1 

6-** (kev) 153 281 73 145 41 

8_*6 (kaV) 203 356 99 281 127 

B 5 K ) 2 2 *2 _» 0 (eZ . b*) 2.7 1.5 2.5 3.5 

Qj (e.b) •2.5 -4.0 -3.8 

a - M.R. Sckmorak, Nucl. Data Sheata 20, 218 (1977) 
b - A. Sobicsevski, S. Bjtfrnholm, and K.Poaoraki, 

Nucl. Phye. A202. 274 (1973). 
c - Present calculation . 

d - R. Vandenboach, Ann. Rev. Nucl. Sci. 27, 1 (1977) . 
a - Value, calculated by Nix et al., as reported in Ref. d . 
f - W.B. Eubank, T.A. Ellis, and M.R. Schmorak, Nucl. Data Sheets 

26, J (1979) . 
-•&••• 
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FIGURE CAPTIONS 

FIGURE 1 : Contour plot of the theoretical potential energy surface of 0. 
The lower left corner of the triangle corresponds to the spherical 
shape (8=0). the lower right corner corresponds to the deformed-prolate 
shape (0 « 0.8, y » 0°), and the upper corner corresponds to the 
deformed-oblate shape (0 » 0.8, y « 60°). 

FIGURE 2 : Theoretical and experimental positive parity spectra of 0. Numbers 
along the vertical arrows give the Y-ray transition widths in w.u. 
Numbers in parentheses along horizontal lines give the calculated 
0 values. The experimental data are taken from Ref. 30. rms 

72 FIGURE 3 : Contour plot of the theoretical potential energy surface of Se. 
See caption to fig. 1 for the 0,y values. 

FIGURE k 

FIGURE 5 

72 Theoretical and experimental positive parity spectra of Se. 
Numbers in parentheses under the calculated band-heads give the cal
culated 8 » Y,__ values. The experimental levels are taken from 

rms rms r 

Ref.31. 2U0 Theoretical effective potential energy function of Pu. The 
function given here includes effects of dynamics via eq. (30) of 
the text. A cut of the 0-y dependent function along the path 
of steepest descent is given in the lower part of the 
figure , while the corresponding y value for each 0 is given in 
the upper part of the figure. The I » 0 solutions of the collective 
Hamilton!an associated with the three minima are shown. 
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