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Molecules / matter /
cells / organisms

Heavy elements

Light atoms and
elements
light nuclei

Protons / neutrons

Quarks / elektrons



Big physics questions é F-\lR == I

What are the limits for existence of nuclei?
Where are the proton and neutron drip lines situated?
Where does the nuclear chart end?

How does the nuclear force depend on varying proton-to-neutron ratio
What is the isospin dependence of the spin-orbit force?
How does shell structure change far away from stability?

of the nuclear many-body system?
How are complex nuclei built from their basic,

and what are their properties?
What is the origin of the heavy elements’>

FAIR GmbH | GSI GmbH 3



é requiring information F-\|R == 1
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Reactlons in stellar envwonments |
Equation of State e
Limits of existence . = *
Lifetimes ~ 7. &%
Masses ,

P, values

Fission

e with theory support
for impact. v

| Ove"rarchin‘g' physics case:
the creatlon of the (heavy)
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NUSTAR sub-collaborations F-\lR == I

Experiment Description

HISPEC/ In-beam g-spectroscopy at low and intermediate energy, n-decay,
DESPEC high-resolution ¢, b-, a-, p-, spectroscopy

MATS In-trap mass measurements and decay studies

LaSpec Laser spectroscopy

R3B Kinematically complete reactions with relativistic radioactive beams

Large-scale scans of mass and lifetimes of nuclei in ground and

ILIMA isomeric states

Super-FRS EC High-resolution spectrometer experiments
SHE Synthesis and study of super-heavy elements
ELISe(*) Elastic, inelastic, and quasi-free e-A scattering
EXL(*) Light-ion scattering reactions in inverse kinematics

(*y NESRrequiredi al t ernati ve/ i ntermedi ate ANnoperationo wit!
SHE at GSI
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The NUSTAR toolbox T a complementary approach

\ ILiMma
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oeSPE( | LaSpecy PR mars 3B SRE
Super-FRS EC N e 7
// /‘/
Super-FRS HISPEC/
LaSpec MATS R3B ILIMA SHE
EC DESPEC P
. dressed ions, . bare ions, precision mass of
Masses Q-values, isomers . L unbound nuclei ;
highest precision mapping study SHEs
. ground state and resonance width, bare ions,
Half-lives ps...ns-range . . £€S. . da
iIsomers ns...s decay up to 100ns ms éyear
. interaction x- interaction cross
Matter radii . :
section sections
Che_l_rge charge-cha_nglng mean square radii charge-chapglng mean square radii
radii Cross sections Cross sections
Single- high resolution, high-resolution magnetic evolution of shell quasi-free evolution of shell
. . s knockout, short- . shell structure of
particle angular part i ctray | amothents, nucl. str., pairing int., closures, pairing
. range & tensor SHEs
structure momentum spectroscopy spins valence nucl. . corr.
correlations
Collective electromagnetic guadrupole dipole response, changes in
; o halo structure . :
behavior transition strength moments fission deformation
EoS polarlzablllt.y,
neutron skin
bound mesons, .
. ) rare and exotic .
Exotic hypernuclei, . . . exotic decay
e.m. and patrticle n-rich hypernuclei
Systems nucleon modes
decays
resonances

FAIR GmbH | GSI| GmbH

FAIR ==

y s



b ;5' ‘o
!

~ OGSIFAIR, Zeitrausch



-




FAIRT 2028 and beyond F-\lR =R

APPA Laser

SN oM FAIR 2028
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= First Science +
m— Next steps

after 2028

—— MSV completion
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= [Fjrst Science +

m— Next steps

—— MSV completion
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L onizozs

FAIR 2028

after 2028

NUSTAR at the Super-FRS (R®B, Super-FRS EC and DESPEC) with SIS100 beams,
plus SHE experiments at UNILAC and ILIMA at the low-energy rings of GSI

11
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FAIR FS++LEB

HISPEC/
DESPEC

Understanding the3' ,
r-process abundance peak &#
by studying neutrofrich 4
iIsotopes towards the
N=126 shell closurand
their groundstate and

decay properties First Science)

R3B

Super-FRS EC
DESPEC FAIR ES/FS
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Kinetic Energy [MeV/u]

FAIR/Super-FRS
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| Coulomb excitation
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r’ NUSTAR sub-collaborations and members F-\IR === I

>640 NUSTAR members
(incl. students,
engineers)

I L

HISPEC/
DESPEC z 641fooreogi(?5terledi r:e:nlfe?s ninte
2

SupeFFRS 34 (incl. students, etc.)
‘ MATS ~ 428 senior members
EC (PhD holders w/o Russia)
179 . > 140 institutes from 35 countries

Status: March 6, 2025 e _7

FAIR GmbH | GSI GmbH 15



NUSTAR Collaboration senior members FAIR i===1r

NUSTAR collaboration senior members (PhD holders without Russia) for collaboration common fund from
HISPEC/DESPEC, MATS, LaSpec, R3B, ILIMA, Super-FRS EC

USA ® Hungary > 1000 | isted nintereste
> 640 registered members (incl. students, etc.)
~ 428 senior members (PhD holders w/o Russia)
> 140 institutes from 35 countries (w/o Russia)

21% 1.6%
Sweden others

2.8% 9.6%
® Romania

3.0%
® Poland

3.0%
» Finland
3.0%

® |India
3.5%

Secured funding and expression of interest in
funding

Germany
33.2%

428 senior
members
(PhD holders)

- Chig‘a Japan United
3.7% 4.00/?: Kingdom
rance

50, Italy | Spain. 9.3%
7.2% 7.9%

Status: March 6, 2025
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NUSTAR Collaboration senior members FAIR i===1r

NUSTAR collaboration senior members (PhD holders without Russia) for collaboration common fund from
HISPEC/DESPEC, MATS, LaSpec, R3B, ILIMA, Super-FRS EC

USA " Hungary
21% 1.6%

Sweden others

> 1000 | isted fAnintereste
> 640 registered members (incl. students, etc.)
~ 428 senior members (PhD holders w/o Russia)

2.8% 9.6% > 140 institutes from 35 countries (w/o Russia)
¥ Romania < A fund ; _ . _
3.0% Sy ecured funding and expression o interest in
® Poland 33.2% funding

3.0%

= Finland 428 senior _
3.0% members o
® India (PhD holders)
3.5%
m China : L i
3.7% Japan Uinliee Indian partner institutes:

4.0% '
?:rance Kingdom

50, Italy | Spain. 9.3%
7.2% 7.9%

BARC Mumbai, IIT (ISM) Dhanbad,
lIT Roorkee, IIT Ropar, IUAC Delhi,
PU Chandigarh, TIFR Mumbai,
Status: March 6, 2025 Univ. Delhi, VECC Kolkata
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NUSTAR management F-\lR === 1

Board of Representatives (elected by Collaboration Board)

Giovanna Benzoni Michael Block Lola Cortina Timo Dickel Zsolt Podolyak
(INFN Milano) (GSI/HIM/Mainz, (IFIC Valencia) (GSI) (Univ. Surrey,
Deputy Spokesperson)
Spokesperson)

Resource
Coordinator |

Technical S8
Coordinator ' A

Helena Albers (GSI/FAIR) Alexander Herlert (GSI/FAIR)

FAIR GmbH | GSI GmbH 19



NUSTAR project status (score card)

FAIR ==

NUSTAR : : Date Test/
TDR |Costo ¢ Funding Construction _ o
sub-system completion [ Commissioning

Cave infrastr.
HISPEC/DESPI
MATS

LaSpec

R3B

ILIMA
Super-FRS EC

ES/FS

98.4%

value weighted

Change since report 2024 I +0.0%

FAIR GmbH | GSI GmbH

Early and First Science (ES / FS)

1618 N B 12/2026
11150 [ I 1172025 [
2 | I 057202+ [ S

o7 NN B 0¢/>02! I

32,754
+15.0

95.4%

secured

+0.0%

64.6%

value weighted

+2.1%

09/2027 -

12/2026
12/2025 [0
57.2%

value weighted

+0.3%
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NUSTAR Construction MoU i final version FAIR i===1r

A Version from July 1, 2024 TR ot P T

A Final version i endorsed by funding
agencies at 13" FAIR-RRB meeting
for the Collaboration in the Construction of the Nuclear

A CO | | ectl O N Of S I g N at u reS I N p ro g reSS Structure, Astrophysics, and Reactions (NUSTAR)

Experiments at FAIR

Memorandum of Understanding

between

the Facility for Antiproton and lon Research in Europe GmbH, hereinafter referred to
as “FAIR GmbH",

C-MoU signatures

the member institutions of the NUSTAR Collaboration, hereinafter referred to as
“Member Institutions”,

together with the corresponding Funding Agencies

; Preamble
not yet signed (a)  The Member Institutions of the NUSTAR Collaboration and FAIR GmbH agree
to collaborate in order to perform experiments and thus to gmdy fundamental
] d ro ppEd ou t aspects of nuclear structure physics, nuclear astrophysics, and nuclear

reaction physics. The NUSTAR experiments shall be jointly constructed by the
Member Institutions and established at FAIR. Within NUSTAR, several sub-

in p re pa ration collaborations have been formed, which are responsible for experimental
5 4 O(V components as described in the corresponding work packages.
. 0 Wlth FAIR / GS| (b)  FAIR GmbH and the GSI Helmholtzzentrum fir Schwerionenforschung GmbH,
herinafter referred to as “GSI GmbH?", jointly represent the Host Laboratories.
Wlth | n Stltut e (c)  This MoU covers the construction period of the NUSTAR experiments and is

labelled as “C-MoU" in the following.

. (d)  The Technical Design Reports (TDRs) document the basis for the construction

u SIgHEd of the NUSTAR experiments. The TDRs are subject of approval by the FAIR
management, following the recommendation of the FAIR Expert Committee

CF on |y Experiments (ECE). Moreover, FAIR monitors the construction costs of the
NUSTAR experiments and their funding together with the Funding Agencies

via the Resources Review Boards (RRBs).

(e) In 2007, an Interim MoU was signed by some of the Member Institutions to
plan the construction of the NUSTAR experiments. It was updated in 2011 with
a Pre-Construction MoU in order to affirm the intention of the Member
Institutions to build the NUSTAR experiments and, in particular, to declare the
responsibilities for the construction of the different NUSTAR experimental

24%_—

0.8%
2.4% / 4.8% Status: April 2025

NUSTAR C-MoU 111 July 1, 2024

FAIR GmbH | GSI GmbH
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NUSTAR Construction MoU T final version

Version from July 1, 2024

A Final version i endorsed by funding
agencies at 13" FAIR-RRB meeting

A Collection of signatures in progress

share
comment / status

country (senior
members

wait for details for some institutes

Germany 32.3% BMBF sighed (one signed)
United Kingdom 9.0% UKRI-STFC signed
Spain 7.8% wait for details
Italy 7.4% INFN signhed
France 5.7% CNRS signed CEA: wait for details

USA 40%  mostlynosignawreor CFcontributon

Japan 3.8% wait for details (two signed)
China 3.6% wait for details
India 3.3% wait for details
Poland 3.3% wait for details
Finland 3.1% HIP signed
Sweden 3.1% VR signed wait for de(t;l:se fsoirg snoerg;a institutes
Romania 2.6% ISS: signed IFIN-HH: signed IFA: wait for signature

FAIR GmbH | GSI GmbH
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NUSTAR Collaboration Memorandum of Understanding

Memorandum of Understanding

for the Collaboration in the Construction of the Nuclear
Structure, Astrophysics, and Reactions (NUSTAR)
Experiments at FAIR

between

the Facility for Antiproton and lon Research in Europe GmbH, hereinafter referred to
as “FAIR GmbH",

and

the member institutions of the NUSTAR Collaboration, hereinafter referred to as
“Member Institutions”,

together with the corresponding Funding Agencies

Preamble

(@) The Member Institutions of the NUSTAR Collaboration and FAIR GmbH agree
to collaborate in order to perform experiments and thus to study fundamental
aspects of nuclear structure physics, nuclear astrophysics, and nuclear
reaction physics. The NUSTAR experiments shall be jointly constructed by the
Member Institutions and established at FAIR. Within NUSTAR, several sub-
collaborations have been formed, which are responsible for experimental
components as described in the corresponding work packages.

(b) FAIR GmbH and the GSI Helmholtzzentrum fur Schwerionenforschung GmbH,
herinafter referred to as “GSI GmbH?", jointly represent the Host Laboratories.

(c) This MoU covers the construction period of the NUSTAR experiments and is
labelled as “C-MoU" in the following.

(d) The Technical Design Reports (TDRs) document the basis for the construction
of the NUSTAR experiments. The TDRs are subject of approval by the FAIR
management, following the recommendation of the FAIR Expert Committee
Experiments (ECE). Moreover, FAIR monitors the construction costs of the
NUSTAR experiments and their funding together with the Funding Agencies
via the Resources Review Boards (RRBs).

(e) In 2007, an Interim MoU was signed by some of the Member Institutions to
plan the construction of the NUSTAR experiments. It was updated in 2011 with
a Pre-Construction MoU in order to affirm the intention of the Member
Institutions to build the NUSTAR experiments and, in particular, to declare the
responsibilities for the construction of the different NUSTAR experimental

NUSTAR C-MoU 111 July 1, 2024
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/A About 2 MEUR to be collected for
cave infrastructure components

A cCall for Funds in progress

u still required
1in the pipeline
M available

FAIR GmbH | GSI GmbH

NUSTAR Construction Common Fund (C-MoU) FAIR i===1r

Example: Infrastructure for local cryogenics in HEC
Connection from/to
FAIR Cryogenics
\ / ,
/

P

Feed Box End Box
for Multiplet of Branch G

23



FAIR & GSI Integrated Schedule FG\iR = == i
Il

2024

2025 2026 2027 2028

. . o~ : "N :
from new FC(

Injector Controls Upgrade: finalization

=]

)

Controls & BI Digitization UNILAC, SIS18, ESR, Cryring, HEBT

issioning _ Regular Operation of tech. buildings Infrastructure

SFRS HMZommissioni

HEBT & SIS16BS HWCommissio

ES Beam
Commissioning

FS Beani ‘
Commissioni%o

| Version Q1 2025

FAIR GmbH | GSI GmbH 24




FAIR & GSI Integrated Schedule FG\iR = == i
Il

2024

2025 2026 2027 2028

. . o~ : "N :
from new FC(

Injector Controls Upgrade: finalization

=]

)

Controls & BI Digitization UNILAC, SIS18, ESR, Cryring, HEBT

issioning _ Regular Operation of tech. buildings Infrastructure

2
2

Cryo issi 7 |
HETES HuCommissioning | NI RES 4

SFRS H\@ommissioni ES Beam ssioning and
Commissioning

* sFRs Cooldain. s

HEBT & SIS108S HWCommissio FS Beanryiy
Commissioni¥ig

15100 Cooldown

| Version Q1 2025
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FAIR GmbH | GSI GmbH

Xﬁ R3B in Cave C of GSI (Phase-O) F_\IR == I

A Full integration test and experiment runs in Cave-C

A Move fully commissioned systems to FAIR High-Energy Cave

26
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R3B experiment/collaboration F-\lR =% | 1

Complete kinematics, fixed target experiment to study Reactions with
Relativistic Radioactive Beams with high acceptance, resolution and efficiency

CALIFA NeuLAND
MechanicalStruture New support platform
Detectionsystemcovering

(90-24 degpolar)

See talk:
Lola Cortina

(€] WAD) Tracking detectors
L3T (DSSSD) Delivered in 2016 S_ilicon detectors
Fully operational Fiber detectors 2019
Gas detectors 2020

FAIR GmbH | GSI GmbH
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\Neutron
detector

FAIR GmbH | GSI GmbH

SN N @ e

detector
array

High-resolution in-flight
and decay spectroscopy

4 Germanium |

FAIR ==

The experiments - various
configurations of state-of-the-
art detector systems - will
address multiple questions in
nuclear structure, reactions,
and astrophysics.
Complementary information
will be obtained by means of
high-resolution in-flight
spectroscopy (HISPEC) and
stopped-beam decay
spectroscopy (DESPEC) at
the FRS of GSI and at the
Super-FRS facility at FAIR.
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HISPEC/DESPEC physics goals

Shedding light on the evolution of shell structure and exotic nuclear shapes in uncharted nuclear
territory :
Spectroscopic information for the nucleosynthesis of heavy nuclei -,';-E"'

U GSI/FAIR provides unique opportunities for key N~126 nuclel —E""
Towards a full picture of the beta-decay process around third r-process peak " T
Nuclear structure around 1°°Sn (and 132Sn)

p>X

Close to 100Sn

Comprehensive decay information from key Crossing N=126

nuclei at secondary beam yields as low as

V oneion per hour Rare-earth region

A Sensitive to nuclear lifetimes spanning
V. 13 orders of magnitude (10ps-100s) _
A Measurement of 229 :
V any mode of nuclear decay =29 ,  Neso See talk:
= v Jurgen Gerl

FAIR GmbH | GSI GmbH 30



Primary

beam Secondary

beam

/ Dipole
magnet

Production
target

DESPEC Setup Overview

S1

Degrader

The MOdular Neutron
SpectromeTER
(MONSTER)

.

HI iy
Hispe( 1
/\

FAIR ==

A Exotic beams delivered by the FRagment Separator (FRS)
A lons stopped inside DESPEC setup
A Flexible, modular detector suite tailored to physics goals

BEta-deLayEd Neutron
detector (BELEN)
48 3He cylindrical counters

FAIR GmbH | GSI GmbH

Decay Total Absorption
o-ray Spectrometer (DTAS)
Nal(Tl) modules

A.K. Mistry et al., The DESPEC
setup for GSI and FAIR,
NIM A, 166662 (2022)

DESPEC
Ge Array
Spectrometer
(DEGAYS)

LaBr;(Ce) modules
(FATIMA)

31



DEcay GAmma Spectrometer - DEGAS F_\lR == I

Technological challenge: \&,\ﬁ”
AEncapsulated HPGe crystals in a cryostat with electrical cooling.
AMinimal thermal losses
AHigh vacuum
Alntegrated front-end and
Almaging capability
A...

GSI - Germany
TIFR/Univ. Delhi - India
 JSI - Slovenia

Complex components

FAIR GmbH | GSI GmbH 32



MOdular Neutron SpectromeTER - MONSTER FAIR i==—=1r

MONSTER for DESPEC@ FAIR \,L_
A100 ( & gj nj)quid scintillator based ToF detectors %SPE(_I
AExcellent time resolution s

AVersatile mechanical set-up
A15 detector units made by VECC and in use

CIEMAT - Spain
VECC Kolkata 1 India
Univ. Valenciai Spain
JYFL Jyvaskyla - Finland | ,‘f ??

Goal: Energy spectra of b-delayed neutrons using
b-0-n coincidences in most exotic nuclei

FAIR GmbH | GSI GmbH
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e Xﬁ Overview of ES/FS at the Super-FRS

Key focal planes of the Super-FRS:

A FMF2 mid-point of Super-FRS main separator
A FHF1 (Super-FRS tunnel)

A and FHF2 (HEC) along high-energy branch

FAIR GmbH | GSI GmbH

FAR ==
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2~ NUSTAR High-Energy Cave FAIR ==

Cave C at GSI
25m x 10m = 250 m?

HEC at FAIR
60m x 20m = 1200 m?

FAIR GmbH | GSI GmbH
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GLAD with new control system

CALIFA with 832 new R3B

crystals in the
Backward Barrel

New beam diagnostic

LH,-target with different
piping and safety system

TRT with new barrel
geometry and 4 x more
acceptance

FOOT in-beam tracker
with new electronics

FAIR GmbH | GSI GmbH

” 4

PAS with full angular
coverage and operation
In vacuum

NeuLAND significantly
more double-planes

New HI Fiber tracker

TOF-D with a new in
vacuum operation

Courtesy: R. Gernhauser, R3B
36



Handover HE Cave
ready for Handover from
I nstal |l q Super-FRS

Cave empty 01.06.2026

As soon as HEB cave is
Aemptyo, handoa
Super-FRS, installation of
R3B can start

Mi11 SFRS 03/2027

M12 SFRS 12/2027

1)  Mobile wall

2)  Cryo Distribution Line

3) Local Cryo

4)  Racks and cables (machine)

5)  Multiplet (inc. connections to media)
6) Experiment Infrastructure

7)  GLAD
8) CALIFA\ Relocation of GLAD to

9)  Network High-Energy Cave _
) takes ~ 12 months - _ ? Experiment Infrastructure

10) N EU LAN D B(-20)-1(-20) : LO30EGELD- OK FFB (61) .

11) CIOS|ng Of OUtSlde Wa" XES84201 m Y: 177,336 m Z: 195,639 M

*Estimated dates - details being worked out in LCM Workshops
FAIR GmbH | GSI GmbH 37
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7”3 First NUSTAR experiment at FAIR (2028) I{:;B FAIR ==

R3B setup in the high-energy cave S —
Focusing on: gl }T G

A N e Utro n S kl n m e aS U re m e ntS . 2‘6\?:"/,’
A Fission

Make use of improvements:

A Super-FRS transmission

A Maximum gain for light to
medium-heavy nuclei

A Cleaner beams

NeulLAND

R3B specific improvements
A longer TOF => identification to high mass

A better angular resolution

39
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Neutron skin and dipole polarizability

RB FAR x= =it

Most precise constraints on the neutron pressure around saturation density from
measurements of neutron skins and dipole polarizabilities

0.16
B 208
P, Pb
u.14_$\
0.12— ‘Interior Baryon Density Elastic scattering
‘= 01— Neutron removal
— — Extracted from PREX _
2 0.08 Isotope shift
gL
% l].ﬂﬁ-__ o SREL RN R -p --------
= - =P, data ch
0.04— -...=. 2-parameter Fermi fit == N
- R i iRy
0.02— b
L Weak skin - ‘
O_I - | L 111 | L1 11 | | | L1 1 1 | | I:I : | - | | | L
0 1 2 3 4 5 6 7 8 9 10

radius r [ fm |

PHYSICAL REVIEW LETTERS 126, 172502 (2021)

FAIR GmbH | GSI GmbH

Relatively low 238U intensity
needed
-> sufficient for ~ 132Sn

Important for the
Understanding of
neutron stars

40



"3~ Fission I{?,B FAR ==

Pu JW [V AAJVU W
Np M VLA
y O MMMM]IiMIM
Pa AAAMHAMMMMMNOOO00
Th ANNANNNANNAANAMHMLOMMNOO0O0
Ac AﬂkkkﬂkﬂAMAAAAAmMOOOOOOO
Ra  LAAJAJAJANAVAJAJLAJLAEAL AOMOOOOO:.:
WA 000 QOR0R0R000 e o
AULATAJALAL JOLIH I H I 0 0 0 pn
ANA NA OO0 e 0 0 A
NANANO Qi3 0 00 po
NOIA ST e @ @ B
n MW e e Py
N T e e Tl Important forr Process
| K Te @ Hg A
measured Z (red) and A (green) fission yields in actinides and pre- actinides together with the neutron-rich (dark
blue circles and dots) and other nuclei (light blue circles) that can be investigated at FAIR

FAIR GmbH | GSI GmbH
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Early Science: Compact setups FHF1/FMF2 FAIR i==—=1r

T Courtesy S. Pietri
HE |
ESPE\L
) FHF1
Super-FRS EC
Super-FRS EC cvpp  FHFL

) FMF2 ‘/ \ \
e
HeC

Super-FRS EC Setups

FAIR GmbH | GSI GmbH

43



