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The semi-inclusive correlator for a J =1/2 bound-system, composed by A spin-1/2 fermions, is
linearly expressed in terms of the light-front Poincaré covariant spin-dependent spectral function,
in valence approximation. The light-front spin-dependent spectral function is fully determined by
six scalar functions that allow for a complete description of the six T-even transverse-momentum
distributions, suitable for a detailed investigation of the dynamics inside the bound system. The
application of the developed formalism to a case with a sophisticated dynamical content, like 3He,
reaches two goals: (i) to illustrate a prototype of an investigation path for gathering a rich wealth
of information on the dynamics and also finding valuable constraints to be exploited from the
phenomenological standpoint; (ii) to support for the three-nucleon system a dedicated experimental
e↵ort for obtaining a detailed 3D picture in momentum space. In particular, the orbital-angular
momentum decomposition of the bound state can be studied through the assessment of relations
among the transverse-momentum distributions, as well as the relevance of the relativistic e↵ect
generated by the implementation of macroscopic locality. A fresh evaluation of the longitudinal
and transverse polarizations of the neutron and proton is also provided, confirming essentially the
values used in the standard procedure for extracting the neutron structure functions from both
deep-inelastic scattering and semi-inclusive reactions, in the same kinematical regime.

I. INTRODUCTION

A fully relativistic treatment is needed to describe
hadronic bound systems, when high energy processes
are studied and/or a high degree of accuracy is re-
quired. Among the phenomenological e↵orts to imple-
ment a Poincaré-covariant description of a bound system,
we recall the proposal in Ref. [1], where the light-front
Hamiltonian dynamics (LFHD) [2–7] was adopted in or-
der to obtain the light-front (LF) spin-dependent spec-
tral function, whose diagonal elements yield the distribu-
tion probability to find a constituent with given spin, LF
momentum and (o↵-shell) energy, inside the bound sys-
tem. The spectral function is primarily used to study
the nucleon momentum distributions in nuclei, but the
formalism can be notably extended to a hadronic bound
system and, as it will be illustrated in detail, to eventu-
ally obtain the six T-even transverse momentum distribu-
tions (TMDs) [8]. Through the latter quantities, one can
achieve a detailed description of the system, much richer
than the one given by the usual distribution in terms of
the constituent momentum |p| in the lab frame. As a
matter of fact, one can address the correlations between
spin and momentum, substantially deepening our under-
standing of the inner dynamics. For the nucleon, TMDs
(see, e.g., [9–19]) are the object of impressive theoreti-
cal and experimental e↵orts, both in semi-inclusive deep
inelastic scattering (SIDIS) and in Drell-Yan processes
(see, e.g., [20–28] and [29–31], respectively). In particu-
lar light-cone models and phenomenological approaches

for the TMDs have been used, e.g., (i) to study the three-
dimensional nucleon structure [32–38], (ii) to address the
nucleon-spin puzzle [39] and (iii) hence to disentangle
the contributions of di↵erent angular-momentum com-
ponents to the spin of the nucleon [40, 41]. Let us notice
that the nucleon, namely a spin 1/2 system, is composed
by three quarks, in valence approximation. Therefore, in
this approximation, the approach we have elaborated in
LFHD can be applied both to the nucleon, as a system
of three quarks, and to 3He or 3H, as systems of three
nucleons.

The application of our formalism to the three-nucleon
system has a twofold benefit. On one side, it allows
one to illustrate a realistic example, with specific fea-
tures of TMDs and constraints among them that can
be traced back to the inner dynamics, e.g. the impact
of the orbital-momentum content generated by the in-
teraction. On the other side, it establishes a first the-
oretical basis for supporting future experimental e↵orts
aiming to investigate the TMDs of 3He, and eventually
construct a 3D tomography of the nucleus in momentum
space. In a nucleus with total momentum P in the lab
frame, TMDs describe the nucleon distribution as a func-
tion of x = p+/P+ 1 and of the transverse momentum

1 For the definitions of the kinematical variables of the LFHD used
in this paper, the reader can refer to Ref. [1]. Let us only
recall here that the light-front components of a four vector v
are (v�, ṽ), where ṽ = (v+,v?) with v± = v0 ± n̂ · v and v? =
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<latexit sha1_base64="lKrqprgQBF4xXXrZ/sgtb6tBlXQ=">AAAB+3icbVC7TsNAEDzzDOEVoKQ5ESHRENkIAWUEDWWQyAM5JjpfNuGUO9u6WyNFlr+CFio6RMvHUPAv2MYFJEw1mtnVzo4fSWHQtj+thcWl5ZXVylp1fWNza7u2s9sxYaw5tHkoQ93zmQEpAmijQAm9SANTvoSuP7nK/e4jaCPC4BanEXiKjQMxEpxhJt25I3WfHDupN6jV7YZdgM4TpyR1UqI1qH31hyGPFQTIJTPGdewIvYRpFFxCWu3HBiLGJ2wMbkYDpsB4SRE4pYexYRjSCDQVkhYi/N5ImDJmqvxsUjF8MLNeLv7nuTGOLrxEBFGMEPD8EAoJxSHDtciaADoUGhBZnhyoCChnmiGCFpRxnolxVk0168OZ/X6edE4azlnDuTmtNy/LZipknxyQI+KQc9Ik16RF2oQTRZ7IM3mxUuvVerPef0YXrHJnj/yB9fENEgyUng==</latexit>

[fm�1] <latexit sha1_base64="FO1b+55O7Qg8StUNihOlj+RXI5Y=">AAAB83icbVC7TsNAEDyHVwivACXNiQiJKrIRAsoIGspEIg8psaLzZRNOOZ+tuz1EZOULaKGiQ7R8EAX/gm1cQMJUo5ld7ewEsRQGXffTKa2srq1vlDcrW9s7u3vV/YOOiazm0OaRjHQvYAakUNBGgRJ6sQYWBhK6wfQm87sPoI2I1B3OYvBDNlFiLDjDVGo9Dqs1t+7moMvEK0iNFGgOq1+DUcRtCAq5ZMb0PTdGP2EaBZcwrwysgZjxKZtAP6WKhWD8JA86pyfWMIxoDJoKSXMRfm8kLDRmFgbpZMjw3ix6mfif17c4vvIToWKLoHh2CIWE/JDhWqQNAB0JDYgsSw5UKMqZZoigBWWcp6JNK6mkfXiL3y+Tzlndu6h7rfNa47popkyOyDE5JR65JA1yS5qkTTgB8kSeyYtjnVfnzXn/GS05xc4h+QPn4xuIgZGH</latexit>x

<latexit sha1_base64="f765kWv44IiKVpPAGS9hO5VHZRM=">AAACEXicbVDLSgNBEJz1bXxFPYowGAQFCbtB1GPQi0cFo4FkE2bHjg7O7g4zvcGwyclP8Cu86smbePULPPgvTtY9aGKdiqpuqrsCJYVB1/10Jianpmdm5+YLC4tLyyvF1bVLEyeaQ43HMtb1gBmQIoIaCpRQVxpYGEi4Cu5Ohv5VF7QRcXSBPQV+yG4i0RGcoZXaxc1OK1WDnfu9frML3NJ22lSg1aDfquzSdrHklt0MdJx4OSmRHGft4lfzOuZJCBFyyYxpeK5CP2UaBZcwKDQTA4rxO3YDDUsjFoLx0+yNAd1ODMOY2ngqJM1E+L2RstCYXhjYyZDhrRn1huJ/XiPBzpGfikglCBEfBqGQkAUZroXtB+i10IDIhpcDFRHlTDNE0IIyzq2Y2MIKtg9v9Ptxclkpewdl73y/VD3Om5kjG2SL7BCPHJIqOSVnpEY4eSBP5Jm8OI/Oq/PmvP+MTjj5zjr5A+fjG3GEnY0=</latexit>
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Overview

IoT (Internet of Things): universe of smart things
interconnected (smart cars, smart homes, smart cities,
industrial IoT) → nowadays they require power
sources that are:

1 miniaturized
2 independent
3 ecologically sustainable (green)

Energy harvesting: process of collecting energy from
external sources (solar, thermal, eolic, osmotic, kinetic,
mechanic, electromagnetic, vibrational)

1 conversion from environmental to electric energy
2 storage in capacitors and batteries
3 self-power supply of wireless devices (directly

available energy)
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Innovative development

Exploration of new crystalline materials which exhibit piezoelectric properties:
direct piezoelectric effect: the application of a force or a vibration on the
crystal produces an electrical voltage (piezogenerator effect)

Mechanic 
strain

Electric  
tension

Direct  
piezoelectric  

effect

1 lead-free → biocompatibility
2 proof of concept of the device → use of 10 µm

microcrystals → energy conversion gain that increases
one order of magnitude compared to cantilevers

matrix of pillars (forest)
matrix of ribbons (array)

3 piezoelectric characterization of the single crystal at
microscales and nanoscales → calculation of d33 and
k33 coefficients using a new measurement setup
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Advantages and drawbacks of PZT

Lead zirconate titanate

Pb[ZrxTi1−x ]O3 0 ≤ x ≤ 1

Pb-based ceramic piezoelectric material
perovskite structure
ferroelectric and pyroelectric properties
advantages:

1 high energy conversion gain
d33 = 650 pC/N k33 = 0.75

2 extensive industrial use at macroscales
drawbacks:

1 pollutant for the environment
2 toxic (non-biocompatible)
3 need of a polarization process (poling)
4 very fragile on micro- and nano- structures
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Alternative materials to PZT

1 Barium titanate: BaTiO3

perovskite structure
d33 = 190 pC/N k33 = 0.5

2 Sodium potassium niobate: K1−xNaxNbO3

perovskite structure
d33 = 190 pC/N

3 Zinc oxide: ZnO
wurtzite structure
d33 = 11 pC/N k33 = 0.4

advantages:
1 biocompatibility
2 good piezoelectric performances
3 low cost
4 suitable for the creation of micro- and nano- structures
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Main aim of the research project

selection and synthesis of Pb-free piezoelectric materials
realization of an innovative device at micro- and nano- scales which can transform
efficiently the energy coming from environmental vibrations in electric energy

1 pillars forest → piezoelectric crystals
2 IDE Micrux integration → tracks of electrical contacts at the base → collection

of the transverse E field when the pillar is stressed mechanically at the top
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Methodology - I

1 theoretical study and comparison of various materials
2 comparison of the materials piezoelectric properties implemented in micro-

and nano- structures
3 designing of the microstructured device on pillars or ribbons array

CAD software
4 study of the device electromechanic behaviour

numerical finite elements simulations (FEA)
Eulero-Bernoulli dynamics
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Methodology - II

1 chemical synthesis of micro- and nano- piezoelectric crystals
bottom-up techniques: hydrothermal synthesis + ultrasonic sonication

2 physical and chemical characterization of the material
EDX spectroscopy
scanning electron microscopy (SEM)
Brillouin spectroscopy (BLS)

3 integration of the pillars forest on the substrate with electrical contacts
4 development of a measuring system of the crystalline materials piezoelectric

coefficients and costants at micro- and nano- scales
atomic force microscopy (AFM)
Kelvin probe + micromanipulators
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Methodology - III

1 characterization of the device performance in terms of the vibrational energy
harvesting → laboratory setup:

shaker
accelerometers
spectrum analyzers

2 integration of the generator with the power management electronics +
performance test at the company WISEPOWER s.r.l.

3 possibility of applying the idea and technology to an industrial setting (patent)
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Thanks for the attention!
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