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Outline of the presentation

¢ Polarized gamma beams at ELI-NP

** Molecular nuclear structure and discrete symmetries
¢ Electromagnetic probes

¢ Polarizability and active modes

¢ Depolarization ratio and character identification

** The case of 12C and more exotic structures
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DISCLAIMER:

It is perfectly clear to us that molecular models of nuclei are FUNDAMENTALLY
DIFFERENT from molecular physics, where the Born-Oppenheimer approximation
is valid and one can think of nuclear motion as a small vibration, happening only
close to the minimum of a very deep potential energy surface (in molecular
energy scales).

Nuclei have large kinetic energy <T>, comparable to the potential energy <V> and
the zero point motion inside the P.E.S. is a large fraction of the well depth,
therefore there are LARGE FLUCTUATIONS around the equilibrium points and we
SHOULD NOT EXPECT that the vibrational levels are deeply lying in the potential
well, at most they can be weakly bound states, close to threshold, or more
probably resonances in the continuum!

Dispite this, it is instructive to look at
1. the normal modes, i.e. the «best» internal coordinates
2. symmetry-adapted vibrational orbitals
3. the energy scale and structure of the vibrational levels



d- Extreme Light Infrastructure
N |

With the advent of the new facility in Romania, beams of high brilliance,
focused, polarized gammarays produced with Inverse Compton Scattering will
become available with energies ranging from 0.2-20 MeV

Gamma beam parameter Value
Energy [MeV] 0.2-195
Spectral density [ph/s/eV] 0.8 —4-10°
Bandwidth rms [%0] =0.3
#Photons/shot within FWHM bdw. < 2.6-10°
#Photons/s within FWHM bdw_ = 83-10°
Source rms size [um] 10— 30
Source rms divergence [urad] 25-200
Peak brilliance [Nyy/s-mm mrad™0.1%bdw] 10%°— 107
Pulse length rms [ps] 07-1.3
Linear polanization [%o] - 09
Macro repetition rate [Hz] 100
Number of pulses/macropulse 32
Pulse—to—pulse separation [ps] 16

From C. Ur, AIP Conference Proceedings 1645, 237 (2015)



One can shoot linearly polarized gamma rays (Electric field oscillating in a given
direction constant in time) of appropriate energy (tuned to match the resonances
of interest) and observe the outcoming gammas of the same or different energies

with a polarizer/analyzer.
Z
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Polarz.

If the nucleus posseses a definite geometrical symmetry (i.e. if there is
an underlying discrete group structure), very strict selection rules apply.

Experimentally the polarization can be measured with another inverse Compton
scattering, but I’'m not sure about efficiency and angular degradation of the results.




Let me open a one-slide parenthesis:

Also destructive photo-disintegration can be useful is one can measure the
coincidence of three alphas (charged particles) and reconstruct the energy of
the resonant state.

12C+y—>3 a
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Another modality is a continuous scan in energy that can correlate anincrease
in 3 oL cross-section with the population of a state. Here polarization might give
differences in the oL / 6// ratio.




Depolarization ratio

One can measure the so-called depolarization ratio
between intensities, by turning the analyzer/polarizer
of 90 degrees, i.e.:
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Figure 8.6. Parallel and perpendicular Raman scattering.
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as a tool to determine which modes are totally
symmetric modes. In fact from the theory of Raman
scattering

0 <p SZ for polarized bands
(symmetric modes)
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(non-symmetric modes) Figure 8.8. Polarized light scattering by a sphere.

even with a randomly oriented sample. Figures from book by P.Bernath



Depolarization ratio : 3 chemical example

I

This kind of measuments of p = — are absolutely standard in optical

Iy

spectroscopy (where polarizers and analyzers are easy to do and handle).
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Figure 2: Polarized Raman spectra of CCl,.

Figure from D.Tuschel —Spectroscopy (2014)




Depolarization ratio
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But these ideas on experiments with polarized gammas are useful only if the
electromagnetic transitions between eigenstates of the system satisfy certain
strict requirements (selection rules).

Different . : :
ri Discrete Precise selection
geometric — symmetry group = rules

arrangements of
equilibrium points

Practicum:

Decide arrangement of N particles

This means 3N-6 d.o.f (or 3N-5 d.o.f. for linear arrangement)
Identify the underlying discrete group structure

Find the character under transformations of the group I,
Subtract translations and rotations to single out character of
vibrational modes T,

|dentify patterns of totally symmetric modes

Check models against measures of intensities — Eureka !!



Algebraic cluster model for 3 alphas

Bijker and lachello have clearly demonstrated the succesfull application of the ACM, or
algebraic cluster model, to the vibrational-rotational spectrum of alpha-alpha
conjugate nuclei like 12Cand 160.
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FIG. 2. Comparnison between the low-lying experimental spec-

trum of 2C [12] and that calculated using Eq. (6) with 4=7.0, B
=900, C=07, and D=0.0 MeV_ States with uncertain spin-parity
assignment are in parentheses.



PRL 113, 012502 (2014)
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Evidence for Triangular Dy, Symmetry in 12C
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This lovely paper confirms the assignation of the 5- stateat 22.4(2) MeV to the g.s.

band of an equilater triangular structure.

Note the uncommon spin-parity of bands (the doublet 4+/ 4- has a natural
explanation in terms of D3h symmetry!).




Tetrahedral shapein 16 Oxygen

Bijker, lachello
PRL112, 152501 (2014) &
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FIG. 1. Schematic spectrum of a spherical top with tetrahedral
symmetry and @y = a» = w5, The rotational bands are labeled
by (v, v5, v5) (bottom). All states are symmetric under 5.



They use a somewhat simplified notation based on the
permutation (sub)groupsS; and S, of the full discrete groups D5,
and T, respectively , but the essence is the same.
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Many other models for 12C propose that the triangle is not equilateral, or that the
configuration is perhaps a linear chain (Morinaga) or maybe that the bands might
have different symmetries, therefore | have set forth to determine all possible
outcomes and the patterns that can be predicted are intended as a guidance as to
which configuration is right and the tell-tale method is clearly through
measurements of the depolarization ratio in Raman-like experiments of nuclear
fluorescence that will be feasible at ELI-NP.

The next slide shows a table with:

» Geometric arrangment and its discrete symmetry

» A determination of the normal modes

» How the emitted intensities of these modes will behave under analysis of
depolarization ratio
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v | have suggested to use the highly polarized monochromaticgammarays
that will be available at ELI-NP as a tool to study the molecular vibrations
of clusterized nuclei, taking as a definite examplethe 12C nucleus as
composed of 3 a particles.

v’ | believe that, if a measure of depolarization ratio could be done in a sort
of Raman nuclear fluorescence experiment, this would yield precise
patterns of vibrational spectra, that will correlate directly with a given
geometric configuration possessing a discrete point-group symmetry.



A few pointsfor discussion

e if the g.s. rotational band contains the same multipolarity that one is
trying to excite in the vibrational bands, this is also to be included in the
above patterns.

* in principle the degree of polarization might be close to 3/4 also for
polarized (A) bands, therefore it might become hard to distinguish
between them

* non-cluster degrees of freedom might come into play at a certain energy,
thus blurring the picture

* in nuclei with a cluster structure including t or h clusters, the interplay with
single-particle orbits around a molecular center might also be very relevant

* | guessa BEC gas would show no geometric arrangments (no equilibirum
points) and would behave as an L=0 state (a sphere), thus offering only 1
such bands of A type (polarized).



Table lI: The Mulliken symbols used to describe the symmetry species of point groups

including their meaning with respect to molecular symmetry

A Symmetric with respect to principal axis of symmetry
B Antisymmetric with respect to principal axis of symmetry
E Doubly degenerate, two-dimensional irreducible
representation
T Triply degenerate, three-dimensional irreducible
representation
g Symmetric with respect to a center of symmetry
u Antisymmetric with respect to a center of symmetry
Symmetric with respect to a C, axis that is perpendicular
1 (subscript) to the principal axis. Where there is no such axis the

subscript indicates that reflection in a  plane of
symmetry is symmetric.

Antisymmetric with respect to a G axis that is
2 (subscript) perpendicular to the principal axis. Where there is no
such axis the subscript indicates that reflection in a

. plane of symmetry is antisymmetric.

, (prime) Symmetric with respect to reflection in a
horizontal plane of symmetry
« (double prime) Antisymmetric with respect to reflection in a

horizontal plane of symmetry

From D. Tuschel — Spectroscopy
MolecularSpectroscopy workbench (2014)



9° International Workshop on

Quantum Phase Transitions
in Nuclei and Many-body Systems

Padova (ltaly) — 22-25 May 2018

* Experimental signatures & data
* Quantum phase transitions in nuclei
*  Transitional nuclei & shape coexistence

*  Shell evolution
* Excited states phase transitions
* Phase transitions in atomic, molecular and other domains

** Practical info and contacts:
Web-site: http://agenda.infn.it/event/gptn9
Email: gptn9@pd.infn.it




