Nobelium with Laser Light

For the first time, this technique was now extended to precisely measure the optical excitation of
atomic levels in the atomic shell of three isotopes of the heavy element nobelium, which contain

102 protons in their nuclei and do not occur naturally. [27]

In the case of several light nuclei, experimental confirmation of the individualism or family
nature of nucleons will now be simpler, thanks to predictions presented by Polish physicists from
Cracow and Kielce. [26]

The identification of the magic number of six provides an avenue to investigate the origin
of spin-orbit splittings in atomic nuclei. [25]

Now, physicists are working toward getting their first CT scans of the inner workings of
the nucleus. [24]

The process of the sticking together of quarks, called hadronisation, is still poorly
understood. [23]

In experimental campaigns using the OMEGA EP laser at the Laboratory for Laser
Energetics (LLE) at the University of Rochester, Lawrence Livermore

National Laboratory (LLNL), University of California San Diego (UCSD) and
Massachusetts Institute of Technology (MIT) researchers took radiographs of the shock
front, similar to the X-ray radiology in hospitals with protons instead of X-rays. [22]

Researchers generate proton beams using a combination of nanoparticles and laser
light. [21]

Devices based on light, rather than electrons, could revolutionize the speed and security
of our future computers. However, one of the major challenges in today's physics is the
design of photonic devices, able to transport and switch light through circuits in a stable
way. [20]

Researchers characterize the rotational jiggling of an optically levitated nanoparticle,
showing how this motion could be cooled to its quantum ground state. [19]

Researchers have created quantum states of light whose noise level has been “squeezed”
to a record low. [18]

An elliptical light beam in a nonlinear optical medium pumped by “twisted light” can
rotate like an electron around a magnetic field. [17]

Physicists from Trinity College Dublin's School of Physics and the CRANN Institute,
Trinity College, have discovered a new form of light, which will impact our
understanding of the fundamental nature of light. [16]
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Light from an optical fiber illuminates the metasurface, is scattered in four different
directions, and the intensities are measured by the four detectors. From this
measurement the state of polarization of light is detected. [15]

Converting a single photon from one color, or frequency, to another is an essential tool in
quantum communication, which harnesses the subtle correlations between the
subatomic properties of photons (particles of light) to securely store and transmit
information. Scientists at the National Institute of Standards and Technology (NIST)
have now developed a miniaturized version of a frequency converter, using technology
similar to that used to make computer chips. [14]

Harnessing the power of the sun and creating light-harvesting or light-sensing devices
requires a material that both absorbs light efficiently and converts the energy to highly
mobile electrical current. Finding the ideal mix of properties in a single material is a
challenge, so scientists have been experimenting with ways to combine different
materials to create "hybrids" with enhanced features. [13]

Condensed-matter physicists often turn to particle-like entities called quasiparticles—
such as excitons, plasmons, magnons—to explain complex phenomena. Now Gil Refael
from the California Institute of Technology in Pasadena and colleagues report the
theoretical concept of the topological polarition, or “topolariton”: a hybrid half-light,
half-matter quasiparticle that has special topological properties and might be used in
devices to transport light in one direction. [12]

Solitons are localized wave disturbances that propagate without changing shape, a
result of a nonlinear interaction that compensates for wave packet dispersion. Individual
solitons may collide, but a defining feature is that they pass through one another and
emerge from the collision unaltered in shape, amplitude, or velocity, but with a new
trajectory reflecting a discontinuous jump.

Working with colleagues at the Harvard-MIT Center for Ultracold Atoms, a group led by
Harvard Professor of Physics Mikhail Lukin and MIT Professor of Physics Vladan Vuletic
have managed to coax photons into binding together to form molecules - a state of
matter that, until recently, had been purely theoretical. The work is described in a
September 25 paper in Nature.

New ideas for interactions and particles: This paper examines the possibility to origin the
Spontaneously Broken Symmetries from the Planck Distribution Law. This way we get a
Unification of the Strong, Electromagnetic, and Weak Interactions from the interference
occurrences of oscillators. Understanding that the relativistic mass change is the result
of the magnetic induction we arrive to the conclusion that the Gravitational Force is also
based on the electromagnetic forces, getting a Unified Relativistic Quantum Theory of all
4 Interactions.
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Probing nobelium with laser light

Sizes and shapes of nuclei with more than 100 protons were so far experimentally inaccessible. Laser
spectroscopy is an established technique in measuring fundamental properties of exotic atoms and their
nuclei. For the first time, this technique was now extended to precisely measure the optical excitation of
atomic levels in the atomic shell of three isotopes of the heavy element nobelium, which contain 102
protons in their nuclei and do not occur naturally. This was reported by an international team of scientists
from GSI Helmholtzzentrum fiir Schwerionenforschung, Johannes Gutenberg University Mainz (JGU), the
Helmholtz Institute Mainz (HIM), TU Darmstadt, KU Leuven in Belgium, the University of Liverpool in the UK
und TRIUMF in Vancouver, Canada. Nuclei of heavy elements can be produced at minute quantities of a few
atoms per second in fusion reactions using powerful particle accelerators. The obtained results are well
described by nuclear models, which suggest the nuclei to have a bubble-like structure with lower density in
their center than at their surface. The results were published in a recent article in Physical Review Letters.

Atoms consist of a positively charged nucleus surrounded by an electron shell. The inner electrons
penetrate the volume of the nucleus and thus atomic level energies are influenced by the size and shape of
the atomic nucleus. A difference in size of two different atomic nuclei resulting, for example, from a
different number of neutrons results in a small shift of electronic energy levels. Precise measurements of
these energies are possible using laser light. Energy shifts are traced by varying the frequency and
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correspondingly the color of the light required to excite electrons to higher energy levels. So far, this
method could only be applied to isotopes of lighter elements which are produced at larger production
rates and whose atomic structure was already known from experiments with abundant long-lived or stable
isotopes. Nuclei of elements above fermium (Fm, Z=100) can be produced at minute quantities of a few

atoms per second in fusion reactions and generally exist only for at most a few seconds. Therefore, their
atomic structure was so far not accessible with laser spectroscopic methods.

In the current experiments, nobelium isotopes were produced by fusion of calcium ions with lead at the
velocity filter SHIP at GSl's accelerator facility. To enable laser spectroscopy, the high energetic nobelium
atoms were stopped in argon gas. The results are based on a preceding experiment also conducted at GSI,
exploring the atomic transitions of nobelium (No). The chemical element with atomic number 102 was
discovered about 60 years ago. The recent experiment investigated the isotopes No-254, No-253, and No-
252, which differ in the number of constituent neutrons in their nuclei, with laser spectroscopy. The rates

available for the experiment reached values below one ion per second for the isotope No-252.

Inner part of the gas-filled optical cell for laser spectroscopy of nobelium isotopes: the fusion products
enter the cell through a thin Mylar foil (I.) before being stopped in the gas and captured on a filament wire
(r.). Heating the ...more
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From the measurements of the excitation frequency for the individual isotopes, the shift in color of the
required laser light was determined for No-252 and No-254. For No-253, the fragmentation of the line into
several hyperfine components induced by the single unpaired odd neutron was also resolved. The sizes and
the shapes of the atomic nuclei were deduced from using theoretical calculations of the atomic structure of
nobelium, which were carried out in collaboration with scientists from the Helmholtz Institute Jena in
Germany, the University of Groningen in the Netherlands, and the University of New South Wales in
Sydney, Australia. The results confirm that the nobelium isotopes are not spherical but are deformed like an
American football. The measured change in size is consistent with nuclear model calculations performed by
scientists from GSI and from the Michigan State University in the USA. These calculations predict that the
studied nuclei feature a lower charge density in their center than at their surface.

i Tl

The experimental spectra from the laser spectroscopy of the three nobelium isotopes are shown in front of
the calculated charge density distribution of No-254. Credit: Sebastian Raeder, GSI Helmholtzzentrum fir
Schwerionenforschung

Thanks to these pioneering studies, further heavy nuclides will be accessible for laser spectroscopic
techniques, enabling a systematic investigation of changes in size and shape in the region of heavy nuclei.
These experiments are so far only possible at GSI and allow for a unique in-depth understanding of the
atomic and nuclear structure of the heaviest elements. The results also play a role for the future facility
FAIR (Facility for Antiproton and lon Research), which is currently under construction at GSI. The same
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techniques and methods could also be employed in the low-energy branch of FAIR's super fragment
separator. [27]

The chances of detecting clumps in atomic nuclei are growing

What do atomic nuclei really look like? Are the protons and neutrons they contain distributed chaotically?
Or do they perhaps bind into alpha clusters, that is, clumps made up of two protons and two neutrons? In
the case of several light nuclei, experimental confirmation of the individualism or family nature of nucleons
will now be simpler, thanks to predictions presented by Polish physicists from Cracow and Kielce.

Any high school student worth his salt knows exactly what an atomic nucleus looks like: a conglomerate of
randomly distributed protons and neutrons (i.e. nucleons). Physicists themselves, however, do not have
such clear-cut ideas. In 1931, only 20 years after the discovery of the atomic nucleus, the first suggestions
were put forward that protons and neutrons in atomic nuclei merge into helium nuclei, that is, into
groups of two protons and two neutrons, often called alpha clusters. Atomic nuclei are, however, structures
that are so extremely small and difficult to study that although almost a century has passed since the first
predictions, it still has not been possible to explicitly confirm the occurrence of alpha clusters within them.

The lowering of energy in physical systems favours the merging of structures into groups. This powerful,
universal mechanism occurs in nature on all size scales: quarks combine into mesons or baryons, atoms into
molecules, stars into galaxies, and galaxies into groups of galaxies. In the case of atomic nuclei, computer
simulations suggest that, e.g., the nucleus of beryllium °Be contains two alpha clusters and one neutron
(the whole complex would look like a dumbbell). In the 2C carbon nucleus, there should be three alpha
clusters (the shape of the nucleus would thus be triangular), four in oxygen ¢0 (here the nucleus would
resemble a pyramid), 10 in calcium “°Ca and 14 in nickel **Ni.

In 2014, scientists from the Institute of Nuclear Physics of the Polish Academy of Sciences (IFJ PAN) in
Cracow, in collaboration with physicists from the Universidad de Grenada, presented a method of detecting
traces of the original structure of atomic nuclei in the distribution of velocities of particles diverging from
the points of ultrarelativistic collisions of light atomic nuclei with a shield made of heavy nuclei, such as
lead 2%8Pb lead or gold ®’Au. Those predictions focused on methods of detection of alpha clusters in 12C
carbon nuclei.

"In our latest publication, written together with physicists from the Institute of Physics at the Jan
Kochanowski University in Kielce, we present more detailed predictions concerning the possibility of
observing traces of alpha clusters in atomic nuclei. We show how these clusters could be detected in
subsequent nuclei, not only carbon 2C, but also beryllium 7Be and °Be and oxygen *¢0," says Prof. Wojciech
Broniowski (IFJ PAN, UJK).

The method of detecting alpha clusters in atomic nuclei, described in the publication distinguished by the
editors of Physical Review C, is based on an interesting relationship. Heavy atomic nuclei, even if they were
to consist of alpha clusters, are so large that with good approximation, they can be treated as quite
homogeneous spheres. When a light atomic nucleus strikes such a nucleus at an ultrarelativistic velocity
(thus very close to the speed of light), the collision energy is so great that for fractions of a second, protons
and neutrons disintegrate into quarks and the gluons that stick them together. The likely result is a quark-
gluon plasma, the most exotic state of matter.
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"In our work, we note that if the light atomic nucleus is not homogeneous, the cloud of quark-gluon
plasma created as a result of the collision is deformed. Its shape will at least to some extent correspond to
the shape of the light nucleus. Plasma will therefore spill over in all directions, but in different directions at
slightly different speeds," explains Dr. Maciej Rybczynski.

The quark-gluon plasma cools down so fast that its direct observation is not currently possible. After just a
few femtoseconds (millionths of 1 billionth of a second), the quarks and gluons merge again into particles in
a process called hadronization.

"In the directions in which the quark-gluon plasma flows slightly faster, we can expect slightly higher
particle velocities caused by hadronization. So if we record momenta of particles diverging from the point
of collision with sufficient precision, we are potentially able to extract information about the shape of the
nucleus that has struck the shield from minor differences. In addition, this information will concern nuclei in
the ground state," explains Milena Piotrowska, Ph.D. student at UJK.

The research of physicists from the IFJ PAN and UJK, co-financed by Polish National Science Centre grants,
provides specific theoretical predictions. The next step now belongs to the experimental physicists working
on high-energy accelerators, such as the Super Proton Synchrotron (SPS) or Large Hadron Collider (LHC) in
the European CERN organization or Relativistic Heavy-lon Collider (RHIC) in the American Brookhaven
National Laboratory. Since experiments confirming the lumpy structure of atomic nuclei do not require the
expansion of currently operating apparatus, it will be possible to carry out these experiments within the
next few years. [26]

Scientists discover the secret behind the stability of carbon isotopes
A magic number is a number of protons or neutrons in the nucleus of an elemental particle that results in
much greater stability than that of nuclei with other numbers of protons or neutrons.

The magic numbers of nuclei are partly determined by the spin—orbit coupling force, which is related to
the spins of the protons or neutrons in a nucleus. The spin—orbit coupling force was introduced by Nobel
Laureates Maria Goeppert Mayer and J. Hans D. Jensen in 1949 to explain the splittings of quantum states
of protons or neutrons. Its actual nuclear force origin is still not fully understood.

Researchers have identified that the magic number of six is particularly important because it should allow
the origin of spin—orbit coupling to be thoroughly investigated. However, the existence of an atomic species
with a magic number of six had not been confirmed.

Now, an international research team led by Osaka University has changed this situation by identifying a
species of carbon—an essential element for life—that possesses a proton magic number of six. They
conducted experiments that allowed them to measure the radii of protons in the nuclei of different carbon
isotopes (isotopes have the same number of protons but different numbers of neutrons in their nuclei).
Interestingly, the different carbon isotopes displayed very similar proton radii. They published their findings
in Nature Communications.
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Figure 2. Evidence for a proton magic number of six (indicated by blue arrows) obtained through systematic
evaluation of experimental data. (a) Mass-independent proton radius, (b) electronic transition probability,
(c) proton shell gap, and ...more

"Combining our radii measurement results with nuclear charge radii, electric quadrupole transition rates,
and atomic mass data allowed us to identify a carbon isotope with a predominant magic number of six"
study first author Dinh Trong Tran says.

To help understand the experimental results, the researchers conducted computational calculations.
Calculated proton radii agreed well with experimental values. The spin—orbit splitting of the carbon isotopes
was also investigated by analysis of experimental and theoretical data for the energy to add or remove

a proton from the nucleus of each isotope.

"Our analysis clearly demonstrated that large spin—orbit splittings exist universally for atomic nuclei,"
corresponding author Hooi Jin Ong explains. "In addition, the magic number of six is as prominent as that of
other identified magic numbers."
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Figure 3. lllustration of spin—orbit coupling force. Atomic nuclei gain extra stability when the angular orbital
momentum and spin of a proton or neutron are in the same direction. Credit: Hooi Jin Ong

The identification of the magic number of six provides an avenue to investigate the origin of spin—orbit
splittings in atomic nuclei. The team's findings increase fundamental knowledge of the spin—orbit force,
the origin of the magic number of nuclei, and nucleus stability, representing a contribution to eventual

comprehensive understanding of nuclear physics. [25]

The nucleus—coming soon in 3-D

Physicians have long used CT scans to get 3-D imagery of the inner workings of the human body. Now,
physicists are working toward getting their first CT scans of the inner workings of the nucleus. A
measurement of quarks in helium nuclei demonstrates that 3-D imaging of the inner structure of the
nucleus is now possible.

Nathan Baltzell is a postdoctoral researcher at the Department of Energy's Thomas Jefferson National
Accelerator Facility in Newport News, Va. He says this successful measurement is one of the first steps
toward imaging nuclei in a new way.
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"It's a proof-of-principle measurement that opens up a new field — imaging nuclear structure in three
dimensions with GPD tomography," he says.

He explains that GPDs, or generalized parton distributions, provide a framework that, when combined with
experimental results, allows nuclear physicists to complete a 3-D rendering of the building blocks of
subatomic particles, such as the proton, neutron, and now, even the nucleus.

GPDs are already being applied to 3-D imaging studies of protons and neutrons at Jefferson Lab. These
studies are helping researchers understand how quarks and gluons build protons and neutrons. Now,
Baltzell and his colleagues want to open a new window into the structure of the nucleus by extending this
GPD tomography technique to nuclei.

"We've done these kinds of studies of quarks and gluons inside protons and neutrons for quite a while," he
says. "But in a nucleus, where you have multiple neutrons and protons together... We don't quite know how
the behaviors of quarks and gluons change and how they move together differently when you put them in a
nucleus."

The experiment was conducted in 2009 at Jefferson Lab's Continuous Electron Beam Accelerator Facility, a
DOE Office of Science User Facility. In it, electrons were beamed into the nuclei of helium-4 atoms.

"We started with helium-4 as our proof of principle for this study," Baltzell says. "We chose helium-4
because it is a light nucleus, relatively dense, and spinless. These characteristics make it experimentally
attractive and the theoretical interpretation much simpler."

The experimenters were interested in the roughly 3,200 events they recorded of the electrons interacting
with individual quarks inside the nuclei. For each of these events, the outgoing electron, the helium nucleus
and a photon given off by the individual quark were all recorded.

"To make a precise measurement like this, you want to measure everything that comes out. This is the first
time we measured all of the particles in the final state," Baltzell adds.

The result of the experiment was published last fall in Physical Review Letters.

Now that the researchers have shown that this technique is feasible, the collaboration is taking the next
step to continue these studies with the new capabilities afforded by the upgraded accelerator and
experimental equipment at Jefferson Lab. A new experiment has already been planned to begin the long
process of actually composing that 3-D image of the internal quark-gluon structure of the helium-

4 nucleus. [24]

How are hadrons born at the huge energies available in the LHC?

Our world consists mainly of particles built up of three quarks bound by gluons. The process of the sticking
together of quarks, called hadronisation, is still poorly understood. Physicists from the Institute of Nuclear
Physics Polish Academy of Sciences in Cracow, working within the LHCb Collaboration, have obtained new
information about it, thanks to the analysis of unique data collected in high-energy collisions of protons in
the LHC.
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When protons accelerated to the greatest energy collide with each other in the LHC, their component
particles - quarks and gluons - create a puzzling intermediate state. The observation that in the collisions of
such relatively simple particles as protons this intermediate state exhibits the properties of a liquid, typical
for collisions of much more complex structures (heavy ions), was a big surprise. Properties of this type
indicate the existence of a new state of matter: a quark-gluon plasma in which quarks and gluons behave
almost as free particles. This exotic liquid cools instantly. As a result, the quarks and gluons re-connect with
each other in a process called hadronisation. The effect of this is the birth of hadrons, particles that are
clumps of two or three quarks. Thanks to the latest analysis of data collected at energies of seven
teraelectronvolts, researchers from the Institute of Nuclear Physics Polish Academy of Sciences (IFJ PAN) in
Cracow, working within the LHCb Collaboration, acquired new information on the mechanism of
hadronisation in proton-proton collisions.

"The main role in proton collisions is played by strong interaction, described by the quantum
chromodynamics. The phenomena occurring during the cooling of the quark-gluon plasma are, however,

so complex in terms of computation that until now it has not been possible fully understand the details of
hadronisation. And yet it is a process of key significance! It is thanks to this that in the first moments after
the Big Bang, the dominant majority of particles forming our everyday environment was formed

from gquarks and gluons," says Assoc. Prof. Marcin Kucharczyk (IFJ PAN).

In the LHC, hadronisation is extremely fast, and occurs in an extremely small area around the point of
proton collision: its dimensions reach only femtometres, or millionths of one billionth of a metre. It is no
wonder then, that direct observation of this process is currently not possible. To obtain any information
about its course, physicists must reach for various indirect methods. A key role is played by the basic tool of
guantum mechanics: a wave function whose properties are mapped by the characteristics of particles of a
given type (it is worth noting that although it is almost 100 years since the birth of quantum mechanics,
there still exists various interpretations of the wave function!).

"The wave functions of identical particles will effectively overlap, i.e. interfere. If they are enhanced as a
result of interference, we are talking about Bose-Einstein correlations, if they are suppressed - Fermi-Dirac
correlations. In our analyses, we were interested in the enhancements, that is, the Bose-Einstein
correlations. We were looking for them between the pi mesons flying out of the area of hadronisation in
directions close to the original direction of the colliding beams of protons," explains Ph.D. student Bartosz
Malecki (IFJ PAN).

The method used was originally developed for radioastronomy and is called HBT interferometry (from the
names of its two creators: Robert Hanbury Brown and Richard Twiss). When used with reference to
particles, HBT interferometry makes it possible to determine the size of the area of hadronisation and its
evolution over time. It helps to provide information about, for example, whether this area is different for
different numbers of emitted particles or for their different types.

The data from the LHCb detector made it possible to study the hadronisation process in the area of so-
called small angles, i.e. for hadrons produced in directions close to the direction of the initial proton beams.
The analysis performed by the group from the IFJ PAN provided indications that the parameters describing
the source of hadronisation in this unique region covered by LHCb experiment at LHC are different from the
results obtained for larger angles.
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"The analysis that provided these interesting results will be continued in the LHCb experiment for various
collision energies and different types of colliding structures. Thanks to this, it will be possible to verify some
of the models describing hadronisation and, consequently, to better understand the course of the process
itself," sums up Prof. Mariusz Witek (IFJ PAN).

The work of the team from the IFJ PAN was financed in part by the OPUS grant from the Polish National
Science Centre.

The Henryk Niewodniczanski Institute of Nuclear Physics (IFJ PAN) is currently the largest research institute
of the Polish Academy of Sciences. The broad range of studies and activities of IFJ PAN includes basic and
applied research, ranging from particle physics and astrophysics, through hadron physics, high-, medium-,
and low-energy nuclear physics, condensed matter physics (including materials engineering), to various

applications of methods of nuclear physics in interdisciplinary research, covering medical physics,
dosimetry, radiation and environmental biology, environmental protection, and other related disciplines.
The average yearly yield of the IFJ PAN encompasses