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ABSTRACT

The Jacobi and Poincaré shape transitions are very promising way to investigate the shape of
the nucleus. The presented here quasi-phenomenological approach allows to estimate the
experimental conditions which are necessary to observe these phenomena. The static energy
minimum gives the spin ranges and the fissility of atomic nuclei soft for the shape transitions
and available experimentally. Dynamical effects taken into account through the solving
collective Hamiltonian for zero-point vibration estimation, changes the spin rages for the
shape transitions. The static deformation of the nucleus constrained by the minimum of
energy for given spin has been enhanced to dynamical nuclear shapes permitted by the zero
point energy. The large amplitude vibrations around the static deformation gives the
ensemble of nuclear shapes possible to be observed.
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1. INTRODUCTION

The symmetries and the shape transition problem fascinated humanity since
carly times of the history. In particular, Colin Maclaurin, a mathematician of the
seventeen century showed that with increasing velocity of rotation, an originally
spheroid begins flattening with resulting oblate shapes. These theoretical studies
were followed by Carl Gustav Jacob Jacobi. He provided the mathematical
arguments, according to which a flat rotating object such as the Earth, could change
its shapes with increasing velocity of rotation and deform towards the elongated,
prolate shapes at the fast enough rotation [1]. The critical values of rotation velocity
at which objects change its shapes has been called *bifurcation point’. Following this
discussion, a French mathematician and astronomer Jules Henri Poincaré suggested
another possibility for the shape changes, namely, from the left-right symmetric
prolate to the left-right asymmetric pear-like shapes [2]. These phenomena predicted
originally for astronomical objects were predicted to exist in micro-scale physics —
in nuclei [3].

The calculations whose results are presented below address exotic shape
transitions of fast rotating nuclei. The total energy of the nucleus depends on its
shape. The ground state deformation is estimated usually by finding the set of
deformation parameters, which gives the lowest possible energy. The energy in the
ground state defines the mass of the nucleus. There exist various methods of
calculating the nuclear masses with precision varying slightly from one approach to
another, e.g. Hartree-Fock-Bogoluybov method, macroscopic-microscopic method
[4, 5, 6] or the Energy Density Functional methods [7, 8, 9]. Each of this approaches
could predict various properties of the static nuclei but the description of the highly
excited systems is usually more challenging.

In this article the main focus will be to address the behavior of hot nuclei. At
sufficiently high temperatures one can use the macroscopic nuclear models since the
shell effects are known to vanish with increasing temperature. We will use one of
the recent macroscopic nuclear model realizations in the form of the Lublin-
Strasbourg Drop (LSD) [10, 11]. In this approach the parameters are adjusted to the
nuclear masses whereas at the same time the fission barriers of the heavy nuclei are
well reproduced. The implementation of this approach within the Thermal Shape
Fluctuation Model well describes the shape of the effective strength function of the
Giant Dipole Resonances (GDR) in hot rotating compound nuclei. Therefore it
allows to suggest that the same approach will be suitable to study the shape
transitions other than the Jacobi shape transition [12].

The intrinsic components of the macroscopic energy of the rotating nucleus are
the energy terms associated with the volume-, surface-, Coulomb-, curvature- and
rotation contributions which are derived from the geometrical properties of the
nucleus. An additional concept which helps to reproduce the fission barriers in the
medium-mass nuclei is the one of the congruence energy; although its microscopic
origin is not well under control, the associated term gives the strongest extra binding
energy for the nuclei in which the numbers of neutrons and protons are equal [13].
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The Jacobi shape transitions, which are manifested by changing the deformation
of the object from oblate, through triaxial to prolate when spin increases, has been
investigated theoretically [15] and experimentally [14, 16, 12, 17, 18, 19]. However,
the Poincaré transitions from a left-right symmetric — to asymmetric objects are
challenging experimentally; so far a few theoretical estimates can be found e.g. in
[20, 21, 22].

2. POTENTIAL ENERGY SURFACES

As it is well known, the nuclear energy depends generally on the geometrical
shape. The experimental observables, which can help to constraint the potential
energy of the nucleus are the mass and the fission barrier heights; one can also
indirectly use the information about the fission fragment distributions and the total
kinetic energy spectra.

One of the standard, convenient parametrizations of the nuclear surface is based
on using the spherical harmonic Y.« basis:

Movar A
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where function ¢{{n,,}} assures the volume conservation condition. The
deformations ¢y ,—0 # 0 lead to axially symmetric shapes. The pear-shape
deformations are obtained with ¢vx—3,,—0 7 U. As the center of coordinate space is
not always equivalent to the center of nuclear mass, the Huygens—Steiner theorem
is applied for rotation.
In this article we use a phenomenological parameterization of the so-called
congruence energy term [cf. [23] and references therein]:
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where
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The Wigner energy term, W, is parametrized as in [24], i.e.:
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where Cy = 10 MeV and W = 42 MeV.

Figure 1 shows the difference of the fission barrier heights (left) and the energy
minima (right) calculated with and without congruence energy term. The potential
energy was minimized over axial even and odd ) parameters up to A = 12. The lowest
energy at any given spin defines the yrast line. The fission barier height is defined as
the difference between the saddle point and energy in the potential minimum.
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Calculations show that the non-axial deformation parameters are less important
[23]. The fission barier heights obtained with congruence energy are always lower.

Figure 1: The difference of the Bérrier heights (a) and minimum (;f energy (b) obtained with
and without congruence-energy term in function of the spin for 70, 76Se, "Br, 50, %Mo, 173Lu,
22%Ra and **Cf.
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Figure 2: Fission barrier heights at L=0 h for 0-7Ge, Br, ***Mo, "Lu. The barrier
heights for the calculation made with and without the congruence energy included compared
to the experimental data (the error bars are shown but too small to be visible) [25, 26, 27, 28]

The full effect of the congruence term on physical observables such as the
fission barriers is displayed in Fig. 2. There exist sufficiently many nuclei for which
the experimental fission barriers are known in the actinide and heavy nuclei but in
the medium mass nuclei only a few results can be found. As we are mostly
interested here in the medium-mass nuclei, Fig. 2 shows the barrier height for only
one heavy nucleus as a reference point. The barrier heights for heavy nuclei are
almost not affected by adding the congruence term in the form proposed in Eq. (2).

More tests and discussion about the new form of congruence energy are
available in Ref. [23].

3. JACOBI AND POINCARE TRANSITIONS

The procedure of finding nuclei and spin ranges in which the shape transitions
take place begins with the calculation of the macroscopic energy in
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a multidimensional deformation space, for each angular momentum separately. The
calculation are done for a set of {a.,} deformations, where A =2.3....,12 and
=10, and, additionally, the quadrupole non axial parameter «s» is taken into
account. This choice ensures that we consider a sufficiently rich set of axially
deformed nuclear shapes. Looking for the Jacobi transitions, we have minimized the
energy over deformation parameters A = 3,....12 and projected the energy onto the
2D-space (cxao, cra2), cf. Fig. 3.

The Poincaré shape transitions are manifested by symmetry-breaking in which
the left-right symmetric shape become left-right asymmetric. It is convenient to
illustrate such transformations using projections onto the 2D quadrupole-octupole
space of variables a;zq and ajo. The total energy is minimized over A = 4,....12 and
a2y deformation parameters and projected on (¢va0, <v39) plane as shown in Fig. 4.

As an illustration: For the 1:2Mo one finds that the Jacobi transition begins at
spin L=50 h and terminates around L=74 h. This shape evolution is followed by the
Poincaré transition, whose upper spin limit is limited only by the vanishing of the
fission barrier.
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Figure 3: The total energy maps illustrating Jacobi shape transitions in "Mo. The horizontal
line correspond to prolate shapes, whereas the straight lines with positive and negative
inclinations correspond to oblate shapes. The minimum of energy (dark blue) is moving from
oblate shapes (spin around L ;=50 k) to more and more elongated triaxial shapes (spins
around 64-72 h) to prolate deformation (above spin L=74 h). In the boxes the yrast energy
values are marked.
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Figure 4: The total energy maps, illustrating the Poincaré shape transitions ''“Mo. Plot

shows evolution of the minimum from octupole aso =0 L. =76 h up to az > 0.6 for
spins above L=84 h. In the boxes the yrast energy values are marked.

The nuclear deformation of the minimum of energy read out from maps (Fig. 3
and 4) are interpreted as the most probable static deformation for the given spin.
Figure 5 presents the critical spin, for which the nucleus starts changing its shape
from oblate to prolate by the non axial shapes — the Jacobi shape transition [12].
This starting point for the Jacobi transition for small fissility parameters is very
weakly dependent on the congruence energy but it changes with the increasing the
fissility of nuclei (red squares and blue dots). The end of Jacobi transition is
manifesting in present calculations by the switching on the octupole deformation
and other odd X parameters (e > 0.05). The appearance of the octupole distortion
of the fast rotating nucleus we would like to call: Poincaré shape transition [20, 21].
For heavy nuclei with huge fissility the nucleus does not persist spin high enough to
observe the octupole deformation in the equilibrium shape. Other explanation can be
the microscopic properties of heavy nuclei, which play the major role in the total
energy. The very low spins of such nuclei still allow the existence of the shell and
pairing effects. The potential energy maps (Fig. 3,4) suggest that in certain cases the
energy changes very little whereas the deformation varies considerably around the
absolute minimum. This leads to the large amplitude oscillation of the nuclear
shape; such a motion can be conveniently described with the help of the collective
Schrodinger equation:
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Here, ¥ is the collective nuclear potential calculated using the Liquid Drop
Model, B = |det[B;;] is the absolute value of the determinant of the covariant



DYNAMIC EFFECTS AND LARGE... 63

representation of the mass tensor. This expression is in fact the quantum version of
the Hamiltonian with the classical kinetic energy as in:

g _ 1 class, sd o2
Toluss, = E Z B;J,’ ((1)0 [ (6)
i

where the symbols {#'} represent the collective coordinates defining the equation
of the nuclear surface. The inertia tensor must appear here in its covariant form in
which case it is expressed in the units of MeV-s®.
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Figure 5: The critical spin for nuclei with mass A=40-200 when the nonaxiality start
changing (beginning of Jacobi transition) and the spin when the octupole deformation is
switched on (a3 > 0.0% — beginning of the Poincaré transition). The dotted line gives the
onset for Jacobi shape transition and dashed line roughly estimates the onset for Poincaré
transitions. ¢xap > 0.05
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Figure 6: The dispersion of the dynamic quadrupole axial and non-axial deformation
parameters displayed as a function of angular momentum and compared to static values for
"*Mo and constant inertia corresponding to 2 = 1 MeV for L=0.

The tensor of inertia enters into the Hamiltonian in Eq. (5), and also through the
‘reinterpretation’ of the probability of finding the system in the curvilinear space.
The latter probability is given by

d Py (ex) = Wi (e} W o (ex) /B3] dov (7)

where ¥ are the solutions of the collective Schrodinger equation
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Here we do not calculate microscopically the inertia tensor and introduce the
approximation by setting: B, a2, = Basg.aue, and neglecting the non-diagonal term,
Bss.so = Begg.nes. Using the collective wave-functions, we calculate the most
probable (‘dynamic’) quadrupole deformations, {eaq.cts0)dy,.. Our goal will be to
compare the so obtained dynamic deformations to the static deformation,
(e¥p0.v02)star, the latter corresponding to the minimum on the potential energy
surface. We may select as a measure of the most probable value of a given shape
coordinate, <, the associated r.m.s. values, &, defined by

(n.%\,':> = f("1(‘?‘1’,:({'\')O‘?XN‘I’”((}) — (i‘,\“ = ("}.%\ﬂ)' (9)

The quantum character of the collective motion implies that each nuclear
deformation should be associated with the probability density function F(«) so that
the considered probabilities of finding the nucleus in a given ‘shape interval’,
[x — dex. v 4+ da are given by

dPla) = 2| T (e)*da. (10)

where 2da denotes the associated volume element in the deformation space.
Consequently, a description of the nuclear motion in the shape space can be
obtained through the expected values of the deformation, but also with the help of
the spreading of the probability distribution described using the quadrupole
dispersion coefficients:

(an

The probability distribution is associated with the varying flatness of the energy
landscapes in terms spin-dependent quantities: @»g and o3 as well as @y and on.
The quadrupole-octupole dispersion parameters are:

Fa0 = y/ (05y) — {0yy)? and a9y =

(“%0) — o). (12)

and estimated using Eq. (9). The potential energies in the case of the two-
dimensional solutions using «, and «3i, were obtained in such a way that at each
{e¥20, evs0}, the minimization was performed over «»; as well as the axial symmetry
deformations e, for 4 < A < 12. Figure 7 shows the influence of the collectivity
on the range of spins with non-zero octupole deformations. The static prediction
gives spin L=76 # as the beginning of the Poincaré transition.

When the zero point vibrations are taken into consideration, the dynamical
deformation of the nucleus is changing within some range. This effect allows to
expect lower critical spins for each transition than it was predicted in static case. The
static limit for angular momentum is lowered almost by ten units. The discussion if
Jacobi and Poincaré transitions are following each other or they could coexist in
some range of spin is still open.

T2 =
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Figure 7: The dispersion of the dynamic octupole deformation displayed with the static
deformation for the shapes on yrast line for ""Mo. When the octupole deformation is
switched on (3 > (.05 — the Poincaré transition).

4. SUMMARY

The formula for the shape dependent congruence energy reproduces better the
heights of the fission barriers. The fission barrier heights (Fig. 5) are reproduced
significantly better for medium mass nuclei when the congruence energy is used.

The first estimates of the range of the nuclear fissility in which the Jacobi and
Poincaré shape transitions are obtained with the help of the static deformations.
These estimates provide rough experimental consitions for investigations of the
Jacobi or Poincaré shape trasitions. The solution of the collective Schrodinger
equation allows to take into account the large amplitude motion and to predict the
dynamical deformations and their dispersion.

Similarly to '*°Cd described in Ref. [23], also for '"*Mo changing the average
mass tensor does not influence the spin range for Poincaré transition but only the
magnitude of the dispersion of the deformation parameter. The dynamic effects
taken into account bring new and more realistic estimations of the variety of shapes
expected for hot, rotating nuclei.
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	//
	Figure 1: The difference of the barrier heights (a) and minimum of energy (b) obtained with and without congruence-energy term in function of the spin for 70, 76Se, 75Br, 90, 98Mo, 173Lu, 228Ra and 252Cf.
	/
	Figure 2: Fission barrier heights at L=0 / for 70, 76Se, 75Br, 90, 98Mo, 173Lu. The barrier heights for the calculation made with and without the congruence energy included compared to the experimental data (the error bars are shown but too small to be visible) [25, 26, 27, 28]
	The full effect of the congruence term on physical observables such as the fission barriers is displayed in Fig. 2. There exist sufficiently many nuclei for which the experimental fission barriers are known in the actinide and heavy nuclei but in the medium mass nuclei only a few results can be found. As we are mostly interested here in the medium-mass nuclei, Fig. 2 shows the barrier height for only one heavy nucleus as a reference point. The barrier heights for heavy nuclei are almost not affected by adding the congruence term in the form proposed in Eq. (2). 
	More tests and discussion about the new form of congruence energy are available in Ref. [23].
	3. JACOBI AND POINCARÉ TRANSITIONS 
	The procedure of finding nuclei and spin ranges in which the shape transitions take place begins with the calculation of the macroscopic energy in a multidimensional deformation space, for each angular momentum separately. The calculation are done for a set of / deformations, where / and /, and, additionally, the quadrupole non axial parameter / is taken into account. This choice ensures that we consider a sufficiently rich set of axially deformed nuclear shapes. Looking for the Jacobi transitions, we have minimized the energy over deformation parameters / and projected the energy onto the 2D-space /, cf. Fig. 3. 
	The Poincaré shape transitions are manifested by symmetry-breaking in which the left-right symmetric shape become left-right asymmetric. It is convenient to illustrate such transformations using projections onto the 2D quadrupole-octupole space of variables / and /. The total energy is minimized over / and / deformation parameters and projected on / plane as shown in Fig. 4. 
	As an illustration: For the /Mo one finds that the Jacobi transition begins at spin L=50 / and terminates around L=74 /. This shape evolution is followed by the Poincaré transition, whose upper spin limit is limited only by the vanishing of the fission barrier. 
	/
	Figure 3: The total energy maps illustrating Jacobi shape transitions in 112Mo. The horizontal line correspond to prolate shapes, whereas the straight lines with positive and negative inclinations correspond to oblate shapes. The minimum of energy (dark blue) is moving from oblate shapes (spin around L/=50 /) to more and more elongated triaxial shapes (spins around 64-72 /) to prolate deformation (above spin L=74 /). In the boxes the yrast energy values are marked.
	/
	Figure 4: The total energy maps, illustrating the Poincaré shape transitions 112Mo. Plot shows evolution of the minimum from octupole / L/=76 / up to / for spins above L=84 /. In the boxes the yrast energy values are marked.
	The nuclear deformation of the minimum of energy read out from maps (Fig. 3 and 4) are interpreted as the most probable static deformation for the given spin. Figure 5 presents the critical spin, for which the nucleus starts changing its shape from oblate to prolate by the non axial shapes – the Jacobi shape transition [12]. This starting point for the Jacobi transition for small fissility parameters is very weakly dependent on the congruence energy but it changes with the increasing the fissility of nuclei (red squares and blue dots). The end of Jacobi transition is manifesting in present calculations by the switching on the octupole deformation and other odd / parameters (/). The appearance of the octupole distortion of the fast rotating nucleus we would like to call: Poincaré shape transition [20, 21]. For heavy nuclei with huge fissility the nucleus does not persist spin high enough to observe the octupole deformation in the equilibrium shape. Other explanation can be the microscopic properties of heavy nuclei, which play the major role in the total energy. The very low spins of such nuclei still allow the existence of the shell and pairing effects. The potential energy maps (Fig. 3,4) suggest that in certain cases the energy changes very little whereas the deformation varies considerably around the absolute minimum. This leads to the large amplitude oscillation of the nuclear shape; such a motion can be conveniently described with the help of the collective Schrödinger equation: 
	/ (5)
	Here, / is the collective nuclear potential calculated using the Liquid Drop Model, / is the absolute value of the determinant of the covariant representation of the mass tensor. This expression is in fact the quantum version of the Hamiltonian with the classical kinetic energy as in: 
	/ (6)
	where the symbols / represent the collective coordinates defining the equation of the nuclear surface. The inertia tensor must appear here in its covariant form in which case it is expressed in the units of MeV·s2. 
	/
	Figure 5: The critical spin for nuclei with mass A=40-200 when the nonaxiality start changing (beginning of Jacobi transition) and the spin when the octupole deformation is switched on (/ – beginning of the Poincaré transition). The dotted line gives the onset for Jacobi shape transition and dashed line roughly estimates the onset for Poincaré transitions./
	//
	Figure 6: The dispersion of the dynamic quadrupole axial and non-axial deformation parameters displayed as a function of angular momentum and compared to static values for 112Mo and constant inertia corresponding to / MeV for L=0.
	The tensor of inertia enters into the Hamiltonian in Eq. (5), and also through the ‘reinterpretation’ of the probability of finding the system in the curvilinear space. The latter probability is given by 
	/ (7)
	where / are the solutions of the collective Schrödinger equation 
	/ (8)
	Here we do not calculate microscopically the inertia tensor and introduce the approximation by setting: /, and neglecting the non-diagonal term, /. Using the collective wave-functions, we calculate the most probable (‘dynamic’) quadrupole deformations, /. Our goal will be to compare the so obtained dynamic deformations to the static deformation, /, the latter corresponding to the minimum on the potential energy surface. We may select as a measure of the most probable value of a given shape coordinate, /, the associated r.m.s. values, /, defined by 
	/ (9)
	The quantum character of the collective motion implies that each nuclear deformation should be associated with the probability density function / so that the considered probabilities of finding the nucleus in a given ‘shape interval’, / are given by 
	/ (10)
	where / denotes the associated volume element in the deformation space. Consequently, a description of the nuclear motion in the shape space can be obtained through the expected values of the deformation, but also with the help of the spreading of the probability distribution described using the quadrupole dispersion coefficients: 
	/ (11)
	The probability distribution is associated with the varying flatness of the energy landscapes in terms spin-dependent quantities: / and / as well as / and /. The quadrupole-octupole dispersion parameters are: 
	/ (12)
	and estimated using Eq. (9). The potential energies in the case of the two-dimensional solutions using / and /, were obtained in such a way that at each /, the minimization was performed over / as well as the axial symmetry deformations / for /. Figure 7 shows the influence of the collectivity on the range of spins with non-zero octupole deformations. The static prediction gives spin L=76 / as the beginning of the Poincaré transition. 
	When the zero point vibrations are taken into consideration, the dynamical deformation of the nucleus is changing within some range. This effect allows to expect lower critical spins for each transition than it was predicted in static case. The static limit for angular momentum is lowered almost by ten units. The discussion if Jacobi and Poincaré transitions are following each other or they could coexist in some range of spin is still open. 
	/ / / 
	Figure 7: The dispersion of the dynamic octupole deformation displayed with the static deformation for the shapes on yrast line for 112Mo. When the octupole deformation is switched on (/ – the Poincaré transition).
	4. SUMMARY 
	The formula for the shape dependent congruence energy reproduces better the heights of the fission barriers. The fission barrier heights (Fig. 5) are reproduced significantly better for medium mass nuclei when the congruence energy is used. 
	The first estimates of the range of the nuclear fissility in which the Jacobi and Poincaré shape transitions are obtained with the help of the static deformations. These estimates provide rough experimental consitions for investigations of the Jacobi or Poincaré shape trasitions. The solution of the collective Schrödinger equation allows to take into account the large amplitude motion and to predict the dynamical deformations and their dispersion. 
	Similarly to 120Cd described in Ref. [23], also for 112Mo changing the average mass tensor does not influence the spin range for Poincaré transition but only the magnitude of the dispersion of the deformation parameter. The dynamic effects taken into account bring new and more realistic estimations of the variety of shapes expected for hot, rotating nuclei.
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