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Studies of in-beam Gamma Spectroscopy and
Next-generation Gamma Detector Array at HKU
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Abstract: Exploring the evolution of shell closures and examining the magicity of extremely exotic nuclei
are the main research interests of HKU (University of Hong Kong) experimental nuclear physics group.
The group has employed in-beam gamma-ray spectroscopy technique to investigate the vanishing of N=20
magicity in **Ne (N = 20) and the strong magicity in nuclei around "®Ni (Z=28, N=50). The approved
future’s experiment on spectroscopy of °3:°Ca, proposed by HKU, will give quantitative information for the
“magic index” of N=34 and shell evolution toward N=40. The next goal is to investigate the structure of
1008y (N = Z =50), particularly the energy of the first 27 state, and the low-lying states in the neighboring
nuclei. '°°Sn lies on the proton drip-line and on the astrophysical rp-process path. Characterizing the
magicity of '°°Sn and the nature of single-particle states in its neighboring nuclei is therefore essential
to the fundamental understanding of nuclear forces and nucleo-synthesis. To-significantly increase the
data statistics for our physics goals, HKU group has prepared the upgrade of gamma-ray spectrometer
DALI2 with 30% more Nal(T1) detectors integrated into a new array configuration. On the other hand,
next significant insights into the structure of nuclei would require new gamma-ray detection array capable
for higher precision gamma-ray spectroscopy. HKU group-in collaboration with IMP and CIAE therefore
proposes to construct a new-generation gamma-ray detection array based on the novel scintillator LaBrs(Ce)
to explore the new physics in nuclei far from the valley of stability. Utilizing the radioactive beams at the
Chinese large-scale facilities such as the Heavy Ion Research Facility in Lanzhou (HIRFL) in IMP and
the future’s High Intensity heavy-ion Accelerator Facility (HIAF), this novel LaBrz(Ce) array would lead
to a significant boost to the frontiers of exotic-nuclei research, which will guide scientists towards the
comprehensive and even beyond-traditional understanding of nuclear forces and nucleosynthesis.
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1 Introduction

Nuclear physics encompasses the quest to under-
stand the origin, structure and evolution of matters in
the universe. The properties of atomic nuclei govern
the creation and evolution of the chemical elements
from deuterium to uranium through nuclear reactions

(1,21 A complete un-

in the stars and stellar explosions
derstanding of the structure of atomic nucleus is essen-
tial to elucidate the nuclear astrophysical processes in
the nucleonsynthesis.

Atomic nucleus is a many-body system composed
of neutrons and protons. The current models predict
the existence of approximately 7,000 different nuclei
with all possible combination of protons and neutrons.

So far, 3,000 different nuclei have been discovered, in
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which only 300 form stable nuclei and exist in na-
ture, as displayed in the nuclear chart (Fig. 1). The
wealth of nuclear interactions and their interplay in
a nucleus (such as spin-orbit interactions, three-body
forces, Isospin T'=0 and T = 1 pairing interactions)
lead to very different nuclear structures in various re-
gions of the nuclei chart, making it remarkable in the
world of quantum physics.

The “magic number” is the most fundamental
quantity governing the nuclear structure. The concept
of nuclear magic number (2, 8, 20, 28, 50, 82 and 126)
in nuclear structure was introduced by the discovery
of particularly stable nuclei with specific proton (Z)
and neutron numbers (N)®4. By examining a large
number of precise experimental data close to the (-
stability, these magic numbers were then recognized
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as a consequence of underlying nuclear shell structure
given by a mean field potential plus a strong spin-orbit
interaction!® % as the discovery of the 1963 Physics No-
bel Prize. Along this direction, a vast amount of nu-
clear data was then interpreted simultaneously. There-
fore, nuclear magic numbers are regarded as corner-
stones to the studies of nuclear physics. However, the
magic numbers marking the complete filling of a nu-
clear shell are well established for stable nuclei, but
are not universal over the nuclear chart.
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Fig. 1 (color online) Nuclear chart. The horizontal and

vertical axes represent N and Z, respectively.

The recent experimental works exploiting radioac-
tive ion beams revealed that the nuclear shell struc-
ture sometimes changes drastically towards the ex-
otic nuclei (with unbalanced  N/Z ratios), giving rise
to the emergence of “new” magic numbers while the
“classical” may vanish. Well-known examples are the
weakening or even disappearance of shell closures oc-
curs in neutron-rich nuclei at N=8, the new N=16

240[678]7 and the neutron N=20
34,36,38)[4[9]

magic number for
shell gap quenching in And the more re-
cent work in heavier nuclei demonstrates the weaken-
ing of the N=28 shell closure in *2Sil**~%) and the new
magic number N=32 in 52Cal'3l and N=34 in **Calt4.
These surprising discoveries challenge our understand-
ing in the fundamental nuclear interactions and reveal
the novel aspects of nuclear forces such as tensor and
three-body forces!*> 1%l which play dominant role in
nuclei.

Verifying conventional /new magic nuclei and evo-
lutions of shell closure far from the S-stability are thus
the main subjects in modern nuclear physics to ad-
vance the knowledge of fundamental forces and bench-
mark theories describing nuclear structure. In partic-
ular, “doubly magic” nuclei are of importance as they
provide a reasonable scheme for nuclear shell models
to truncate their configuration space by assuming an

inactive doubly magic core. This truncation makes

it feasible to calculate properties of complex nuclei in
the vicinity of doubly magic cores. Besides advancing
the nuclear structure models, a better understanding
and predictability of nuclear forces are also crucial to
understand how the properties of the nucleon-nucleon
forces impact the abundance curve and the synthesis

of heavy elements in the universel!> 2!

2 Physics goals

The research interest of HKU group is to explore
the evolution of shell closures and examine the magic-
ity of extremely exotic nuclei with classical magic num-
bers in heavier mass regions. Our group has employed
in-beam gamma-ray spectroscopy technique with di-
rect reactions to investigate *°Ne (N = 20) and the
nuclei around “®Ni (Z=28, N=50). Our *°Ne result
clearly indicates the vanishing of N =20 magicity with
large intruder pf configuration; while in “"Ni spectrum,
the observed ~ 2.5 MeV gamma transition coupled
with low-lying states implies the core-excited states
which suggests the relatively strong magicity at Z = 28
and. N = 50 (papers in preparation). The %%773Co
(Z=27) spectrum in analysis will provide information
about the development of deformation in the mass re-
gion southeast of °®Ni and investigate the shell evo-
lution between N=40 and N=50 on the less-proton
side of Z=28. Also, the *"9°Kr (Z = 36) spectrum in
analysis can also shed light on the nuclear deformation
mechanism. On the other hand, the approved future’s
experiment on spectroscopy of >>5456Ca, proposed by
our group, will give us the spectroscopic factor to quan-
tify the probability of the ground state being a closed
shell (“magic index”) at N=34 and the systematics
study of the first 2% state for shell evolution toward
N = 40. All these experimental data will serve strin-
gent constraints to establish reliable theories for un-
derstanding of nuclear forces.

Our next goal is to investigate the structure of
10089y (N=Z=50), particularly the energy of the first
27 state, and the low-lying states in the neighbor-
ing nuclei (1°'Sn, %2Cd, 29:'%In) via in-beam gamma
spectroscopy technique using RIKEN facility. 1°°Sn,
the heaviest existing self-conjugated nucleus, has long
been an interesting topic because of its unique nucleon
number. Both neutron and proton number N = Z =50
are magic numbers in the valley of stability. It is there-
fore expected that 1°°Sn behaves as a doubly magic nu-
cleus. Experimental information on °°Sn is however
scarce due to its extremely low production cross sec-
tion. Only recently, the decay properties of the 1°°Sn
ground state have been studied in detail®™ but no
excited state of '°°Sn has been identified so far. This
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nucleus serves as a launching point for nuclear shell
models to probe the A = 100 nuclei around proton
drip line. In addition, the identical proton and neu-
tron numbers make °°Sn an ideal case to study the
proton-neutron interaction with both isospin channels,
T = 0 and 1, in details, which has been suggested
to play an important role in the nuclear structure of
lighter N = Z nuclei*®! Located on the path of
rapid proton capture process (rp-processes) and at the
proton drip-line, 1°°Sn is also considered as a key nu-
cleus in nuclear astrophysics. In order to describe the
nucleo-synthesis in thermos-nuclear explosions, and in
particular, to determine the highest mass number that
can be produced in the rp-process, nuclear structure
information on A ~100 nuclei is required.

One of the first observables, together with mass
and half-life, that gives indication on the structure in-
formation of the even-even nuclei is the energy of the
first 2% excited state (Ex(27)). We therefore aim at
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Fig. 2 (color online) (a) Excitation energy of the first 2¥state along the Sn isotopic chain calculated[??].

measuring the location of the first 27 excited state of
1008y to infer the magicity of Z=50 and N=50 simulta-
neously. Several theoretical predictions for the energy
of the first 2% state are summarized in Fig. 2. All
calculations predict a high energy, between 3.7 and
5.2 MeV, similar to the double magic '*?Sn nucleus
and significantly higher than for the tin isotopes be-
tween N=50 and 82. However significant differences
between the different calculations can be observed in
Ex(27) as well as the general excitation spectrum of
1005y, According to large-scale shell model calcula-
tions, the Ex(27) in °°Sn lies somewhere between 3
and 5.2 MeV[2:21 On the other hand, Ey(27) of 3.7
and 5.2 MeV are predicted using the relativistic quasi-
particle random-phase approximation formalism based
on Hartree-Fock!??! or relativistic Hartree-Bogoliubov
mean field®3. An experimental determination of the
value of Ex(2%) is therefore essential in clarifying the
underlying driving forces.
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Also

plotted are shell-model predictions (dashed line), HF-RPA calculations®? and experimental values (crosses).

(b) Predicted excitation spectra for 1°°Sn. (see text)

In addition to the excitation energy of the first
27 state, the location and occupation of single-particle
and hole orbits give valuable information on the magic-
ity of a nucleus. These single-particle orbitals can be
probed by studying the neighboring odd-even nuclei.
In the case of 1°°Sn, we are particularly interested in
the low-lying excitations of °In and '°'Sn. These nu-
clei should be described as a single proton hole (%°In)
or single neutron particle (1°!Sn) outside the presum-
ably doubly magic core °°Sn. Excited state spec-

troscopy of these nuclei will probe the single-particle

orbitals, and give information on the rigidity of the
core 1998n by comparison with theoretical predictions
and extrapolations (Fig. 3(a)). We therefore aim at
the identification of all low-lying single-particle and
hole levels outside of *°°Sn.

Along the Sn isotopic chain, it has recently been
discovered that the ground state of '°*Sn (Z =50, N =
51) has spin and parity 7/27 4. This is in contrast
to the heavier Sn isotopes where the ground state is
known to be 5/2%. Furthermore this inversion of the
5/2% and 7/27 states in 1°*Sn was not expected from
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(color online) (a) Single particle/hole energies for *°°Sn. Levels are labeled by. their energies Es, and shown
relative to the middle of the gap Ar, which accounts for Coulomb shift AE. between protons and neutrons

[21]

(b) Neutron single particle orbitals relative to the ds /o level for N=51 isotones**)(see text).

earlier shell-model calculations. The measurement of
an excited state in 1°'Sn (J=5/2" at 172 keV)?4 sug-
gests an inversion of the d5,, and g7/, single-neutron
levels at N = 51129,
10191 are only tentative and no other excited state

However spin|assignments in

has been identified so far. The evolution of neutron
single-particle orbitals as a function of proton number
is shown in Fig. 3 (b). Phenomenological (labeled GG)
as well as realistic G-matrix based predict a rise in en-
ergy of the 3s1 /5 and 2d3/» with respect to the 2d5 /5 or-
bital as the magic proton number Z = 50 is approached.
This behavior is so far experimentally not confirmed
as single-particle like states in °°Cd and °!Sn remain
unknown. %°Cd has been extensively studied through
fusion evaporation reactions, and a number of high
spin states are established. Single-particle like states,
however, are unknown, and therefore more experimen-
tal information on the N =51 nuclei close to 1°°Sn is
highly desired.

3 Experimental technique

While fuller fundamental understanding of nu-
clear forces and nucleosynthesis would be achieved (eg.
around °°Sn region) via in-beam gamma spectroscopy
technique using the DALI2 Nal(T1)-based gamma-ray
spectrometer[%] at RIKEN, the next significant new
insights into the structure of nuclei would then require
new gamma-ray detection array capable for higher pre-
cision gamma-ray spectroscopy.

Gamma-ray spectroscopy study at relativistic

beam energies with the current state-of-the-art detec-
tion array is hampered by either the lack of either the
energy resolution of the currently available Nal(T1)
based or the efficiency of the high-purity Ge based
gamma-ray spectrometers, as shown in Table 1. Re-
cently, with the rapid development of scintillation de-
tector technology, new material LaBr3(Ce) has entered
the market that greatly surpass traditional scintillators
in terms of energy resolution (2% FWHM at 1 MeV),
time response (<500 ps), and efficiency as well as de-
tection rate capability. The high efficiency is essential
to construct the level schemes with multiple v-decays
from -+ coincidence detection. Due to its highly re-
duced price compared to Ge material, LaBrs(Ce) is
an excellent choice to build a spectrometer. A 4w
LaBrs(Ce)-based gamma-ray spectrometer will open
a very broad field of nuclear structure studies, so far
inaccessible. It also allows scientists to fully exploit
and utilize beams of exotic nuclei for research rang-
ing from basic nuclear structure studies over nuclear
astrophysics to applied nuclear physics.

Table 1 Comparison of the characteristics of different
detectors.

Intristic energy res/

Crystal type Time res./ns

(1 MeV, %)
NalI(T1) 7 5
CsI(Na) 8 Poor
HPGe 0.2 ~ 10
LaBr3(Ce) 2 0.2
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The HKU group is currently in collaboration with
the Nuclear Structure Group at the Institute of Mod-
ern Physics (IMP) of CAS and the China Institute of
Atomic Energy (CIAE) for the design and construc-
tion of this novel LaBr3(Ce)-based gamma-ray spec-
trometer. We propose to construct a new-generation
gamma-ray detection array based on the novel scintil-
lator LaBr3(Ce) to explore the new physics in nuclei
far from the valley of stability. This whole array at the
first-phase consists of 100 LaBr3(Ce) crystals, provid-
ing exceptionally high energy resolution (3%) and full-
energy peak efficiency (15%) for 1 MeV gamma-rays
as well as excellent timing resolution (300 ps). The
full-energy peak efficiency is the GEANT4 simulation
result based on the detector size and the configuration
of 100 crystals. This state-of-the-art array would be
the world’s only large-scale LaBr3(Ce) array with supe-
rior gamma-timing-energy resolution, significantly en-
hancing the gamma-ray detection ability in the mea-
Utilizing the radioactive
beams at the Chinese large-scale facilities such as the
Heavy Ion Research Facility in Lanzhou (HIRFL) in In-
stitute of Modern Physics and the future’s High Inten-
sity heavy-ion Accelerator Facility (HIAF), this novel
LaBrz(Ce) array would lead to a significant boost to
the frontiers of exotic-nuclei research, which will guide
scientists towards the comprehensive and even beyond-

surements of exotic nuclei.

traditional understanding of nuclear forces and nucle-
osynthesis.

4 Summary and outlook

Currently, other countries such as US and Japan
have to continue their development of HPGe array
started years ago and have very limited resources
for the recently achievable novel LaBrs(Ce) crystals.
By carrying out this proposed project, China there-
fore would take a lead worldwide in the application
of LaBr3(Ce)-based detector technology, opening a
very broad field of nuclear structure studies which so
far is inaccessible. In addition, the proposed novel
LaBrz(Ce) array will have broad applications on nu-
clear medicine, such as gamma imaging etc. This pro-
posed LaBr3 would sufficiently promote China inter-
national impact and influence on nuclear physics re-
search.
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