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Synthesis of chemical elements in the Building blocks of life: Production of carbon
COSMOS and oxygen in stars
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Neutron star mergers: equation of state, Matter in the interior of Earth and of large
strong force, neutron rich nuclei planets
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FAIR Accelerator facilities F-\IR === 1

s First Science + SIS100 CBM
First Science ++

s Rest FAIR Start Version

— (S| existing facility

SIS100 primary beams:
10%s Au up 11 GeV/u
10%s C, Ca, ... upto 14 GeV/u
10%Y/s p up to 29 GeV/u

p-linac
-

2018 start of FAIR Phase-0 at
upgraded GSI facilties

2023 concrete construction completed

2024 start of accelerator installation

2027 first experiments with SIS18 beam

2028 start of operation with SIS100

» ) 3
- /
& &0 L N . .
' ~ ‘ )| : Timeline
/ /Ay, W
‘/‘, ““(/
/, A > ///,
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Secondary beams:
exotic nuclei via in-flight
fragmentation and fission
highly charged nuclei
anti-protons GSI facilities continue operation
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Current prospects F-\IR iI=5= Il

APPA Laser

s First Science

after 2028

First Science +

e—] Next steps

mssssm MSV completion

Continuation of APPA, CBM
and NUSTAR experiments
in existing facility

APPA, NUSTAR and PANDA
investigate options for further
experiments at green lines
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FAIR Start of installations F-\IR === 1

Ongoing installation work

Future

SIS100

SIS100 S ¢ . [, - -,
Q12024 ' TN

%

HEBT N @ S-FRS
Q22024 | " o1 20
\ J
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FAIR Detector R&D and construction F-\IR === 1

uction

CBM detectors (pre-)prod
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FAIR Phase-0

Research program at upgraded GSI accelerators F-\IR
I= =1L

7 3 «
=

FAIR Phase-0 started in 2019

up to 90 % speed of light

heavy-ion
synchrotron
SIS 18

lon species: H*,..., U%%*

linear PHELIX
accelerator M-branch

UNILAC \ 76

Fragment
Separator

HHT

storage
ring ESR

X0
Stepwise approach to FAIR science: atomic-, plasma-, SHE HITRAP
biophysics, materials reasearch, nuclear structure, hadron H‘_”‘F’ES
physics, dense matter physics Cave A ™ miniCBM
Commissioning and operation of upgraded GSI accelerators R3B
g P P9 CRYRING —>o

and newly built FAIR detectors

Education and training of early career researchers

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH
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Primary beams

Biophysics: Cosmic ray simulator F-\IR I= =1L
At FAIR nearly the full space spectrum will be Schuy et al.. TfOnt- Phys. 2020
reproduced and used for experiments with Funded by &=

biological tissues, shielding, and microelectronics
A hybrid active-passive method to produce a " . )

4 cHvep nodtop . superposmon of radlatlon fields
mixed radiation spectrum similar to the cosmic

ray spectrum in deep space will be used rarget

—————————————— modulator and energy exchange - — — — — — - - - - - - - -

Irradiation 3: 400 MeV/u *Fe

3D ripple filter tested at HIT |(Heidelberg) for producing
mixed fields in a water phahtom

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH QNP 2024 - Yvonne Leifels July 8th, 2022
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Materials Research
Irradiation under high pressure

Beam collimation

(200 pm)

Raman
spectroscopy

Samples Under
High Pressure

Optical
Microscopy

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

Intensity [a.u.]

FAR ==

Bi-1 Bi-I
I I 1 1
J J Bi-NWNWs - 35 nm - 2.5 GPa
EUR pristine
= 0.5E11 ions/cm? ——— =
1.0E11 ions/cm?2 ———
o) 1.5E11 ions/cm? ——
O 2.1E11 ions/cm?
C
%
DAC - H
= ,..(&s
(@)
£
(7))
(v}
(b}
| -
(&)
£
Bi-II
1 ! | |
50 100 150 200 250 300

QNP 2024 - Yvonne Leifels

Wavenumber [cm™]

July 8th, 2022 17



Plasma physics
High energy density studies F-\IR I= =1L

PRIOR — heavy ion radiography Plasma diagnostics with lasers

Small wrist watch (left) imaged with 975 MeV/u Carbon beam (right).

(2mm mono Csl, PCO Edge 5.5 CLHS).

Spatial resolution performance of
heavy-ions worse than protons but
sufficient for physics experiments
Improved density contrast for 975
MeV/u Carbon for certain target
areal densities -
Contrast advantage depends on —
beam energy i PR"@EAI

GSI Helmholtzzentrum fir Schwerionenforschung GmbH QNP 2024 - Yvonne Leifels July 8th, 2022 18

Combination of PHELIX laser with heavy-ion beams
Volumetric heating by heavy-ion pulses
‘ Diagnostics with laser-driven x-ray sources
Broadband x-ray spectrum, based on the enhancement of
continuum emission by radiative recombination



CBM/HADES - Scientific goals at FAIR

Location of chiral cross over

W. Fu, J. Pawlowski, F. Rennecke,
Phys.Rev.D 101 (2020) 5, 054032, arXiv:1909.02991

180 I , I B I . I
-‘ H_B:2 I "#823 #_824
160 % &« . R = . r i
e ' : .-'. ’ o ",‘ ".'
140 e SN .
120 s
100 = fRG-DSE: Gao et al. i
wwwnn - fRG: Fu et al @
fRG: inhom B
80 H. v DSE: Gao et al. @ & .
DSE: Fischer et al. L ol
60 HE=E Lattice: wB ’ & @ i
Lattice: HotQCD
@ freezeout: STAR &2
40H <« freezeout: Alba et al. -
@ freezeout: Andronic et al.
20 1 > freezeout: Becattini et al. i
&] freezeout: Vovchenko et al.
# freezeout: Sagun et al.
O I I | |
0 200 400 600 800 1000

tp [MeV]

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH QNP 2024 - Yvonne Leifels

FAR ==

Systematically explore QCD matter
at large baryon densities
with high accuracy and rare probes.

T. Galatyuk, https://github.com/
, {galatyukinteraction_rate_facilities, 2022
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https://github.com/

HADES@FAIR Phase-0
=- production in Ag+Ag @ Vs = 2.55 GeV

FAR ==

Over four weeks,

HADES collected

14 billion central Ag+Ag

events @ Vs = 2.55 GeV

= hyperons detected 15

via the decay chain:

= AT —Hp T 1T 10
excellent background

suppression by using artificial
neural networks

Significance slightly
below 50, yet clear signal
above background

25

Counts

5

Canonically extended SHM model predicts strong
dependence of canonical radius R and ®/=" ratio
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HADES PhD Thesis

B HADES Ag+Ag

¥ STAR Au+Au

¥ STAR Au+Au (FxT, 2022)
THERMUS GCE
THERMUS R, = 3.2 fm
THERMUS R, = 4.2 fm
THERMUS R; = 6.2 fm

0

HADIES
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Original from: Phys.Lett.B 831 (2022) 137152

reaction Vs Tiab
(GeV) | (GeV)
pp - KtK*E™p 3.247 3.7
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Hypernuclei at HADES: Ag+Ag@-\s = 2.55 GeV F-\IR I= =1L

M 2 2.4“*10-G 2 _10‘
Information on A(A)N(N) 2 EEADES oo PN EERDIES v
] ) ] ;'é 2 Ag+Ag |5, = 2.55 GeV 2 39;'\%1/ VSun z 25(-” ?eV
interactions important for 8" Sorargon oy tzosss | & ot ooy 169 111
. 1'6; S!gn.a.\ / Background = 0.42 5:— ngn'a_l / Background = 0.58
understanding of neutron stars Lt -
Characteristics o+
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~_ C .t.l : ¥ STAR Au+Au g_ N E_ Ag+Ag |5y, = 2.55 GeV —=— Reflected Yield
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10 10°

10°
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Hypernuclei at FAIR F-\IR =5

Information on A(A)N(N) interactions 7 N
17 AN
important for understanding of @

neutron stars
Characteristics
lifetime and binding ener
size and deformation

HADIES

HADES Ag+Ag@\s = 2.55 GeV:

Lifetime of (249 + 21 £ 30) ps compatible
with free A lifetime measured

excitations 2 F o
g -8 ¥ ¥ > > @ > e @
super-halos PO T
z (ST | $8 g & Y T & T &
@ :Q‘ o] (y\ 6; :[-s ?‘}‘ 913' V\:'; ‘J’} $
300—
| —— S—
L = ) $ — E 3
Furth . t 200{— Rl —
urther experiments - E}
T . - o F ¥ -~
WASA@Super-FRS (binding energies, 100: @5 + &S &6 E ‘5?‘“
I — _® @'\ G;',Eb 3
spectroscopy) - T gF JESE &
. . : N &
HYDRA@RS3B (binding energies, radius) T T T ST
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Charm production
In pp/pA collisions at SIS100 with CBM

Jhy production
Cross section = 1 nb at 30 GeV/c (Vs=7.5 GeV)
Large and uniform reco eff. 5-30%
Strong background suppression (Kinematic-fit)

Scientific questions

Influence of internal charm of proton on cross
section close to threshold?

J/y-N interaction with multiple gluon exchange
with proton

Forward (t=0) J/y do/dt related to J/y—N scattering
amplitude, and nucleon mass via trace anomaly

J/y-N interaction related to pentaquark searches
J/yp in-medium characteristics

comparing pp to pA/AA-reactions

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH QNP 2024 - Yvonne Leifels
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Signal Cross Section [ub]
pp = pp] /(= ee) 1072 (x0.06 BR)

Reco Efficiency pCBM: pp - ppJ /¢

04

Jiy > e'e H
e Do amdp(Ep0 J. Ritman et al.
0.35| = p (€")>0.5 and p (€)>0.5
p:(e‘)>1 Oand p:(e')>1 0 F F N (G S I)
D, (€")>1.5 and p,(€)>1.5

03

025

0.2

0.15

0.
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CBM-TDR value = 5%

0.05
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0
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22
plGeVirc]

Expected reconstructed exclusive
events / Day @ 30 GeV/c, 0 =103 b
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Exotic beams

NUSTAR: Investigating properties of exotic nuclei F-\IR I= =1L

/{4"’”
126
Stable nuclei
.- n
Alpha-decay

r-process

# e

Known nuclei

. ....0 L
Fission®ses. s

o
"

Subsequen‘t\\
beta-decay

\ Terra Incognita

B~v)

(n,y)
(B v, EC)
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Production, identification and

separation
Super-FRS
in-flight fragmentation/fission

Properties being measured
masses
half lifes
mass/charge radii
single particle structure
collective behavior
equation of state of asymmetric
nuclear matter

exotic systems (hyper nuclei)
July 8th, 2022 24



Exotic beams
NUSTAR: Investigating properties of exotic nuclei F-\IR I= =1L

Production, identification and

separation
Super-FRS
in-flight fragmentation/fission

Subsequent ™,
beta-decay

Properties being measured
masses
half lifes
mass/charge radii
single particle structure
collective behavior

Ne-Na Cycle. /s

(Nmy(h . .
. b equation of state of asymmetric
ur ' 5 » z ‘s ;'i?‘ J ”'7 & b
Yoo & = ¥w . GLAD Magnet@RIB . nuclear matter

Bang

exotic systems
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DESPEC set-ups prepared for
Phase-0 and ready for Early/First Science

s
s \wvide AIDA -

D'ESPC igh—reg'olutibn set—up ith

novel DEGAS Ge detectors

o

ﬂl

FAR ==

DESPEC High- eff|C|ency set-up with
DTAS Total Absorption Spectrometer

203"' 203,204Pt 204Au
20203, ZOGAU, 207Hg
203pt 202y

Full B-y TAS & B(GT)
spectros. measurement

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

Pt, Ir, Os chain 207 AU 5
up to N=127 205p1 o

T, & B-delayed  Full B-y

n emission spectros.

QNP 2024 - Yvonne Leifels
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Os, Re to 205]r g
N=129 2030s,,,
20:LW127
T, & B-delayed  Full B-y
n emission spectros.
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NUSTAR / R3B set-up for kinematically
complete measurements of nuclear reactions F-\IR I= 5= 1L
[ NeuLAND)

Inverse kinematics

Scattered
Target proton  Proton A-2 residual F A I R
Y s
@ o @ (p.2p)
LT »\\§‘ :\BE: partner 16C beam 3 ,, Y

S

WA oR  recoil
Wi neutron

Knocked-out proton

residual
fragment

recoil 3
proton RB

1.8

JLAB (e+A) conclusion: Protons more
correlated in neutron-rich, stable nuclei
Open questions

effect of mass ratio or asymmetry?
development towards large N/Z

FAIR Phase-0 experiment at R3B

heavy-to-
light ratio
trata

(%))
g
Q
2
3
?
Q
ol
3
.‘o
| 3
(1=

Tl

1.4]

Neutrons

High-momentum fraction

changing N/Z at similar mass _ E
kinematically complete measurement - sepe/iC
. 27 12
using 12C, 16C beams pECAIME _Pb/uC
1.0 1.2 1.4 1.6

A. Corsi et al. R3B Neutron excess, N/Z
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NUSTAR
First R3B experiment

Neutron skin measurements constrain
symmetry energy at p,
parity violating electron scattering

PREX@JLAB Collaboration
6Phys. Rev. Lett. 126, 172502

0.1
208
Py Pb
0.14 :i\
0.12 :,_ Interior Baryon Density
0.1
~ Extracted from PREX
0.08 =
Y —
- — P, data
004~ <. 2-parameter Fermi fit
= Ren ot Rw
0.02— /
B Weak skin/;
o_lLJJlAJAlllJlAlJLllllJJJljl:L l IIIIIIII 3
0 1 2 3 4 5 6 7 8 9 10

radiusr [ fm |

FAR ==

Precise constraints on the neutron pressure
around saturation density from
measurements of neutron skins in Sn
isotopes

dipole polarizability

neutron removal R3B

T T T L IR =

08 T ' R
........ ARy, = 0.286 fm E 4 14 ™
0.7 B --- ARy, =0.235fm u 4 3
- ol 0 /% B o
S o6 — AR, = 0.176 fm %l‘iu E N

© : ---GDR (systemat.) /¥ we=——po 3
= Py 2 = —
E 3.4
= 4 @ +
EE:

30 4 —

19 =
1o @
Jx X
4= 2
1. £
J0 o

E [MeV]
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Beam Energy (MeV/u)

Storage rings
Atomic Physics F-\IR I= =1L

SPARC Precision physics by trapping and storage of higly charged ions

10° 1 S
14
10° 1 @ i J—
= = s
102 - Cooling a key to precision
: .
s 2
10° >
14 5
o a
10" 14
10-2 — oo o . . . . . .
< @ ‘/ Radiative corrections in the non-perturbative regime
=2 '::: ‘ Correlated multi-body dynamics for atoms and ions
10° 4 <« Precision determination of fundamental constants
10°] W Influence of atomic structure on nuclear decay properties

Astrophysics with stored highly charged ions

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH QNP 2024 - Yvonne Leifels

4 hydrogen )

/=1
E,=13.6eV
Z:a«l

uranium ion

=92
E, = 132 keV
\_ o~ 1 W,
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Precision measurement
of intrashell transitions in He-like uranium in ESR

FAR ==

Validity check of QED in extremely strong electromagnetic fields

R. Loetzsch et al. Nature 625, 2024, 673, doi: s41586-023-06910-y

circulation

Electron
cooler

g injection

X-ray CCD

[

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

QNP 2024 - Yvonne Leifels

nlature He-like U
Ge crystal 3 o Theory
> )é_éﬁgrﬁg? @ EL u Pa;t experiment ° 2000, ref. 45
9 4 This work (] 2009, ref. 30
& Rt o 2023, ref. 12
Li-like U 3 (E ? —e— MCDE
2 Outer —e ' = ' 2009, ref. 30
_ =~ spectrometer E E 7Y
Zinc target I

49.5 50.0 50.5 51.0 51.5 52.0
Energy (eV)

experimental and theoretical values for the intrashell
transitions (absolute energy and energy differences between
He- and Li-like ions of 1s,,,2p5,J=2 — 15,,2S,,,J=1).
result is factor of 6 more precise compared to former study
and probes 2nd order radiative corrections.

Q SORBONNE
b UNIVERSITE &

Friedrich-
e HIJENA APPA Soa-e - (AQF
Universitat | sttt Jena ErUM-FSP T05 T
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https://www.nature.com/articles/s41586-023-06910-y

Mass measurements in storage rings F-\IR I= =1L

investigation of isomeric states
102 individual injections into ESR 72 32+
decay of "°™Ge3?* is clearly
observed

V'\g/' !

Power Spectral Density (arb. units)

0+
691 keV —15 —10 -3 0 5 10 l5lLlMF)
7232+ 0+ Af ("%2Ge**) (kHz) [6f = 108 (Hz)] 20 .o
[ =) L’.‘A“
e "\/L::j
P
D. Freire-Fernandez, W. Korten, R.J. Chen, et al. arXiv:2312.11313 S[oar € -
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http://arxiv.org/abs/2312.11313

Reaction studies in storage rings F-\IR iI=5= Il

How did supernovae contribute to the - GIt;;Lus(etél). e L
-y . = Xe , —— __,--—""—
element composition of the solar system? 5 e o Z
= 3~
challenging nuclear cross section measurements are E 1’;‘32 ] zi'é - =
needed on radioactive nuclei 5100} s E
a new experimental scheme for (p,y) reactions g £
established in the ESR storage ring g B
2
1st measurement of 124Xe(p,n) G
10

new background-free detection method & maximized
sensitivity
(p,n) reaction now generally accessible for experiment
stronger constraints for underlying nuclear physics
models

1st radioactive beam measurement
reliable data for *8Te(p,y) and 8Te(p,n)

» analysis on-going

0
GOETHE L \ [E)en] . o : .~
Gsu o Sorrum Nucg\'R“ o ol recoil detection in UHV at high efficiency
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Summary and outlook

Primary and secondary beam capabilities at
FAIR opens up a wealth of different physics
opportunities

strong interaction studies in pp and pA reactions

QCD phase diagram at high densities

equation of state of neutron-rich matter

characteristics of exotic nuclei

astrophysical relevant reactions

high-precision tests of QED

materials under extreme conditions

International FAIR community looks forward to
continued explotation of the FAIR facilities on
the GSI campus and...
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Summary and outlook

Primary and secondary beam capabilities at
FAIR opens up a wealth of different physics
opportunities

strong interaction studies in pp and pA reactions

QCD phase diagram at high densities

equation of state of neutron-rich matter

characteristics of exotic nuclei

astrophysical relevant reactions

high-precision tests of QED

materials under extreme conditions

.... looks forward to

Start of experiments at
Super-FRS with SIS18 beams

Start of experiments with SIS100
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Current prospects F-\IR iI=5= Il

APPA Laser

s First Science

after 2028

First Science +

e—] Next steps

mssssm MSV completion

Continuation of APPA, CBM
and NUSTAR experiments
in existing facility

APPA, NUSTAR and PANDA
investigate options for further
experiments at green lines
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CBM - Scientific goal

180

140
120

Location of chiral cross over

W. Fu, J. Pawlowski, F. Rennecke,

Phys.Rev.D 101 (2020) 5, 054032, arXiv:1909.02991

160 bl s

- fRG-DSE: Gao et al.
w fRG: Fu et al

1 fRG: inhom

w DSE: Gao et al.

DSE: Fischer et al.

1 Lattice: WB

Lattice: HotQCD

freezeout: STAR

freezeout: Alba et al.
freezeout: Andronic et al.
freezeout: Becattini et al.
freezeout: Vovchenko et al.

freezeout: Sagun et al.
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FAR ==

Strange and charmed particle
production thresholds
in pp - collisions

reaction Vs Tab
(GeV) | (GeV)

pp - K Ap 2.548 1.6
pp - K*K pp 2.864 2.5
pp - KTKtE™p 3.247 3.7
pp » K*K*K*0™n | 4.092 7.0
pp — AApp 4.108 7.1
pp > E Etpp 4.520 9.0
pp - 2~ 0% pp 5.222 12.7
pp = J/¥ pp 4,973 12.2
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