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Nucleus production since the 50s F'\IR iI= 5= i
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UNILAC — UNIversal Linear ACcelerator F'\IR =5 1l
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. MUCIS, HLI (ECR, RFQ, IH) ‘ ) S
p to U, up to coulomb barrier 108 MHz FoillStripper
BV LEBT
. " ‘~~-7/f—-—.
@/ HSI (RFQIH1,H2) ™~ =% Poststripper (Alvarez, Cav.) TK /7

E- —TTVEREE RS _————-—r«r:‘. (o-o-loo

1
Gas Stripper 9a* " N\

Equipment procured in
from 1969, transformers in
1970

PIG »

First experiments 1975

GSI Helmholtzzentrum fir Schwerionenforschung GmbH S. Pietri, 15th Nordic meeting on Nuclear Physics 05.05.2026 3



Ship + UNILAC — New elements and new isotopes
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From 1990, new machine

UNILAC as injector
SIS18 = allows 18 Tm

18 Tm for 238U
= 200 MeV.U if U28+

good for intensity

= 1000 MeV.U if U73*
higher energies
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Reactions F'\IR == 1

Productions mechanisms used;:
Fragmentation Projectile

momentum spread of fragment increases with
number of nucleus abrated

for production, target always Be (or C)

« Fragment
20, O

Fission,
high angle and momentum due to repulsion. Effect
notable at 1 GeV.U

Target either Pb for coulomb fission or Be for
fragmentation fission

Mechanism always present, Pb fissions at high

momentum e
Fission

Projectile

Fission
Fragments
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Separator : FRagment Separator (FRS)

Separation: Bp-AE-Bp
first selection : Bp « (A/Q).By
degraders: AE : Bp’ = Bp- f(Z?).
second selection on Bp’

|dentification: Bp-AE-TOF

Bp from magnet set rigidity, positions
at focal planes and ion optic
coefficients

By from TOF

Q from AE in MUSIC (lonisation
chamber) with correction 3
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Several experiments, using broad acceptance F'\IR iI= 5= 1L

Abstract

Nuclear Physics A

Volume 616, Issues 1-2, 14 April 1997, Pages 352-362

ELSEVIER

Projectile fission of 238U was investigated at a bombarding

energy of 750 A-MeV using Pb and Be targets. The fully

stripped forward emitted fragments from Ti to Cs were

Identiﬁcation Of more than d analyzed with the Fragment Separator (FRS) and
100 new iSOtOpeS from 238 U unambiguously identified by their energy-loss and time-

of-flight. The magnetic selection of the largest momenta

proj eCtile fiSSiOIl and beamS Of acted as a trigger of the low-energy fission component.
neutron_rich nuclei at BRENDA More than a hundred new nuclear species were identified

including the 78Ni, for which a cross-section of 300 pb was

M. Bernas !, P. Armbruster 2, S. Czajkowski 2, C. Donzaud , H. Geissel 2, measured.
F. Ameil 2, Ph. Dessagne 3, C. Engelmann 2, A. Heinz °, Z. Janas 4, C.

Kozhuharov 2, Ch. Miehe 3, G. Miinzenberg 2, M. Pfiitzner 4,

C. Bocksteigel °, K.-H. Schmidt 2, W. Schwab 2, C. Stéphan ?, K.

Simmerer 2, L. Tassan-Got L...B. Voss °
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Current isotope discoveries F'\IR iI= 5= 1L

Lab
Berkeley
B Darmstadt
I RIKEN
Dubna
[ Cambridge
B CERN

Argonne
Michigan State
GANIL

[l Oak Ridge

[l Other

I Unknown
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RIKEN Big-RIPS, very high intensities F-\lR iI=5= Il

Big Rips is second generation in flight spectrometer, like Super-FRS, 2009
Uses Bp — AE — Bp —AE —Bp method

U intensity higher at Riken than GSI, hard to go much further with increase
iIntensitiy

| |
I ] I: Oom =&
|| @ m am "
L] IF: ]
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GSl uses higher energies

Charge state issue for in flight fragmentation
In flight fragmentation requires matter in
spectrometer :

detectors for identification
degraders for separation

Energy (MeV/u)
g

Higher Z higher electron pick up
Higher Z more energy loss

Z identification, based on 2x Q measurements
(10% charge state 1% miss identification)
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Charge state — or why we need 800+ MeV.U F'\IR iI= 5= 1L

Nuclei in matter:
faster it goes more chance to loose electrons (>few 10 Mev.U)
more charged it is higher chance to capture electrons

passing through matter creates an equilibrium of those two effects
@1500 MeV.U for Uranium in matter =» 73% 23892+, 2504 23891+ 204 23890+ = SIS100
@ 900 MeV.U, for Uranium in matter = 46% 238U%2*, 43% 238U°1+, Q0p 23890+
@ 600 MeV.U, for Uranium in matter =» 21% 238U9%2*, 499 23891+ 2800 2380+ .
@ 300 MeV.U, for Uranium in matter =» 10% 238U9%2*, 17% 23891+ 70% 2380+ .
@ 150 MeV.U, for Uranium in matter =» 0% 238U9%2* 10% 2389+, 73090 2380+ .

=> for 212Pb after target
@900 MeV.U for Pb in matter = 71% 212Pp82* 2504 212Ppp8l+ = 204 212p[p80o+
@600 MeV.U for Pb in matter = 49% 212Pp82* 4204 212Pp8l+ = 804 212pp80o+
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Example comparison 2014, U primary beam F'\IR iI=5= Il

Charge state reach next focal plane with A/Q = A/(Z-1)

Could strip again in the detectors b

Big RIBS (345 MeV.U on Be setting Sn)J. Phys. Soc. Jpn., s
Vol. 79, No. 7 T. Ohnishi et al. '

Nio 1
FRS (750 MeV.U on Be, Sn setting), S411 October 2014 |
Setting in the Sn region, FRS 5 _
‘ T 19
¥a Y35 3627

Z measured at final focal

T PR LR R PR A L
252 254 2.56 2.58 26 262 2.64
AoQ of fragments
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2009 — same machine, but higher duty cycle

FAR ==

In preparation of FAIR duty cycle of SIS18 increased by more than 1 order of

magnitude (faster ramping magnets) =» decide to do again U+Be experiment

Physics Letters B

Volume 717, Issues 4-5, 31 October 2012, Pages 371-375

Discovery and cross-section A"t
Using the high-resolution performance of the fragment

measurement Of ne"Itro n- separator FRS at GSI we have discovered 60 new neutron-

l‘ich isotopes in the element rich isotopes in the atomic number range of 60 < Z < 78.
. The new isotopes were unambiguously identified n

range from HEOdymlum to reactions with a 28U beam impinging on a Be target at 1

platinum with the FRS

GeV/nucleon. The production cross-section for the new
isotopes have been measured down to the pico-barn level
J. Kurcewicz ® & &, F. Farinon @ !, H. Geissel ° ®, S, Pietri %, C. and compared with predictions of different model
Nociforo %, A. Prochazka ® b, H. Weick 9, ).5. Winfield %, A.
Estradé ° %, PR.P. Allegro ¢, A. Bail %, G. Bélier %, ). Benlliure f, G.
Benzoni 9, M. Bunce ", M. Bowry " R. Caballero-Folch |, L
Dillmann ®, A, Evdokimov @ ®, J. Gerl ©...Ph. Woods "

calculations. For elements above hafnium fragmentation is

the dominant reaction mechanism which creates the new

isotopes, whereas fission plays a dominant role for the
production of the new isotopes up to thulium.
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2017 — submit new proposal for news isotopes F'\IR iI= 5= 1L

Production around Os difficult with U, better with Pb

Last experiment with upgraded SIS18 were decay experiments with long
extraction (10 s)

New isotope search, combined with masses and beta-life times

% el | L ety et e e b it m
5 rAEEEEEEEEEEEEEEEEEEEEEEEEEEEN . Stable nucleij
80 {10 0 50 5 O
T e - =
e e O [ e CEE . Bl Mass and half life known
:......-........-._ I—_'I—_I'B-'-'- E:l . MaSS known
NN EN IR et e ]
m L LT P T T T T 1 el . Half life k
-ANENEEEEEEEEEEN .. : ___ nairlite known
w11 T 11 P e E‘E:EI é . .
nEFANAEEETEEN . i .~ Already discovered isotopes
m | 1111 b .. L] | . .
csENEENET NN 2] i I:l New isotopes, this proposal
:-....D " == _I_"_I
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Neutron number
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solar abundance (Si = 10°)

—
S

1—

Interest in the region

FAR E=x

B life times, masses and existence =» linked to R process studies

Solar System Isotopic Abundances

AN

ﬂ-' Anders & Grevesse 1989
He
b @® even A
| 0 ® oddA

0 50 100 150
mass number A = N + Z
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Evolution of shell structure in exotic nuclei - Otsuka, Takaharu et al. Rev.Mod.Phys. 92 (2020) no.1, 015002 arXiv:1805.06501 [nucl-th]

60 -.-’_
40=- -';: b
20- 1-{

- 3 ' ' '
O 20 40 60
number of isotopes

Yl

The nuclear chart as a function of m
number, N and Z. Each nucleus is
specified by £ and N. Blue square:
Exotic nuclei experimentally observe
are shown by light-brown squares, v
squares denote those predicted by ¢
\cite{koura2005}. The Li nucleus i
A possible path of the r process is i
by the green arrows. Inset: Number
exotic nuclei as a function of Z bas¢
\cite{koura2005}. The light and dark
with two-neutron separation energy
respectively. Adapted from

\citet{otsuka_nobel otsuka_nuppec}

= stable nucei

@ " Linucleus

’ R process path

28 2028 50
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FRS in configuration for S468 experiment F'\IR iI=5= Il

Active
Stopper

FRS lon Catcher
)
| ~
scil: Wl \'»,
Degrader MUSIC \

/
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First setting calibration

208pp, for detector calibration

199 Py 200 P,

Pb

FAR 1 ==

27N 209

3206 Py 'Pb?10Pb 2! Ph?"2 Ph
T1/197 71| 198 7| | 199 T |200 7] | 201 T | 202 7} :’”"TI 207 T} |208T) 209 [210T] 211 T

Au " Au " Au
Ancillary: ion catcher

ng 1o Hgﬂ;m Hg2% Hg?"” Hg?% Hg2® Hg?'® Hg
e R
"I

205Au, for mass measurement and
mass tagging

P
1

9 v“- Ptﬁlﬁ_PT 501 pIJ',’.-‘U? Pt 203 pt 20
1
. . > el b
W BRI 194 195 196 IW Ir

19¢ 200 201 202 031, 204 205
98| 199 | 200 201 |I’| .u” .k,»lr 204 | 205
Ble ' Os Ele]'* Os 1% Os 1% Osl

Reﬁlu Re]w Rew}"

=T
Os/f OSVH\ OS")K\‘)
Re'®Re™

2 0s?% Os
l—.
*Re'™?

' Re

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH

S. Pietri, 15th Nordic meeting on Nuclear Physics

05.05.2026 18



First setting calibration

208pp, for detector calibration

205Au, for mass measurement and
mass tagging

Ancillary: ion catcher

FWHM: 510 keV

n MRP: 380 000
3 201 204Ay
<
N
» 10-
€
=}
o]
o

o— 1 1 V* Lul " 1

203.975 203976 203977  203.978
Mass-to-charge ratio / (u/e)

Abbildung 13.16.: Mass measurement inside the Ion Catcher’s MR-TOF-MS, taken from [29, 112], which shows
the mass-to-charge ratio on the x-axis and the counts on the y-axis. The ***Au isotope could be

clearly identified by closing the S4 slits to -8 mm and 12 mm.
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First setting calibration

208pp, for detector calibration

205Au, for mass measurement and

mass tagging
Ancillary: ion catcher

91 (e (X193 e 194 (e 195 l:». 197 (e 198 x,w__yr_»n_Jym 202
Problem unseen: when increasing i e R e

intensity slits were not closed

FAR s
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192"".' REERTH 194 | 195 196 | :

" PR 1% Ppi1* Pp2% P

Pt 206 = 207 = 208
25y
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oiéééAu’é’e&}F\g + ﬁept;s;hioning

(as1,0max) 7, = 8

IRRRE RRLR

%
3
e}
@
z
O
£
£
3
=
g 7
&

Mass-to-charge ratio / (u/e)

Abbildung 13.16.: Mass measurement inside the Ion Catcher’s MR-TOF-MS, taken from [29, 112], which shows
the mass-to-charge ratio on the x-axis and the counts on the y-axis. The ***Au isotope could be

clearly identified by closing the S4 slits to -8 mm and 12 mm.
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190\ setting F'\IR iI= 5= 1L

First main fragment setting
Goal mass measurement

)
04t 265 P

sed
03 1 25

3 99r z
5 F 193W Setting 0
P -
§° 78—
& [
g f
E 76—
§ [ 10
74— -
[
72
F | K
- |
70— =% |
E |
r %
68—l L PR | Loa sl o | |
252 254 25 258 26 262 264 266

Correcled mass-to-charge AQ

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH S. Pietri, 15th Nordic meeting on Nuclear Physics 05.05.2026 21



Maximum Charge Qmax

193Ta, for beta lifetime

s 193Ta Setting
E
76?- T -
i : S
CE
72[L— L E b ‘.
[ LI ':g.
0 Ak g
;L . g aas -.5:;:.
68—
[. Py PR (G vy Py | " " L
254 2.56 258 26 262 264

Corrected mass-to-charge A/Q
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Main new isotope search setting: 1°Lu F'\IR iI= 5= 1L

% PhI'= Phi = PhIc By
T ST {198 71199712
2le]'% Hg

19 Au "% Au
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179 y{1%0 | yi18t | yfte2 Lui® Luj'® Ly ] 2y
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Maximum Charge Qmax

Main new isotope search setting: 1°Lu F'\IR iI= 5= 1L

‘”Hg"“Hg Hogalgle?® Hg?

u 205 Au ?tk-Au 207 Au 208 Al 209 A

199 lr 200 |I' 201 |f 202 Ir 203 |r 204 |r 205 |l'
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1
87\ 188 \p\y 189 \p\7 190\p\y 191 \pyy 1927y 1935\ 194 Wrm'-V\Tm"W 197\

- 190Lu Setting.
76— i
74—
72— "
70— :
68— e A
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Maximum Charge Qmax

Main new isotope search setting: 1°Lu F'\IR iI= 5= 1L

Pb % P 'Y Pph 19 Pp 199 pp 200 pp201 ph202 Ph 203 Ph Zialiele)

- 190Lu Setting. . . .. . .
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- - /.
74 B d i 80,00%
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72 [ SN E 70,00% i
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Mass measurement results F'\IR I=5= 1

Preliminary results:
=» 11 direct mass measurements, including:
@ 3 for the first time: 204Au, 205Au, 200|r

@ 7 first direct mass measurements

FWHM: 510 keV
% MRP: 380 000
- 0.7
§ Preliminary
€ 0
§ = n ASS ACCURACY (V)
0] 1 11 11 "ILI T i) = ;::: i
Mass-to-charge ratio (arb. units) ‘ '40' !E. E 14;5:1‘:0
B 60s u <200
Preliminary O =:‘::p:m«m”
g o 907(5) keV* O unknown Mass
= 4 > I
> 2058y 205mp
‘:3 (3/24) (11/2-) -Large-sca_le nllappln-g of_ mass surface
2 % in the region is of high importance.
3
S D Amanbayev, K. Mahajan' W. Plass, et al., in
0 | (RTINS AT Ty T TTR Ty — preparatlon

Mass-to-charge ratio (arb. units)
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Results S468 new isotopes F'\IR iI= 5= 1L

Despite Covid and burnt platic(s) we claim 5 new isotopes discovered
(submitted to Phys. Lett. B) 184Tm, 19°Ta, 198W, 200Re, and ?°1Re

Experiment April 2020, submission April 2026 (second analysis needed)
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Results S468 new isotopes F'\IR iI= 5= 1L

Despite Covid and burnt platic(s) we claim 5 new isotopes discovered
(submitted to Phys. Lett. B) 184Tm, 19°Ta, 198W, 200Re, and ?°1Re

Experiment April 2020, submission April 2026 (second analysis needed)
in the mean time publication from FRIB

l\\"le l?«':{Tln lMin 157yb “’“Lu
| counts | counts | counts | counts | counts
2024 discovery | 29 7 27 3 | 5
confirmed in S468 30 5 13 1 6

Table 6.1: Comparison of the counts of the isotopes during in the first discovery in 2024
[71] and the S468 experiment. H. Roesch PhD

[71] O. B. Tarasov et al. “Observation of New Isotopes in the Fragmentation of 198Pt
at FRIB”. In: Physical Review Letters 132.7 (2024), p. 072501. por1: 10.1103/
PhysRevLett.132.072501.
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Results S468 new isotopes F'\IR iI= 5= 1L

Despite Covid and burnt platic(s) we claim 5 new isotopes discovered
(submitted to Phys. Lett. B) 184Tm, 19°Ta, 198W, 200Re, and ?°1Re

Experiment April 2020, submission April 2026 (second analysis needed)
in the mean time publication from FRIB

lh"le l?«'ZSTln lh’(iyb IHTyb l!l()Lu
| counts | counts | counts | counts | counts
2024 discovery | 29 7 | 27 3 | 5
confirmed in S468 30 5 13 1 6

FRS stlll_competlng with last generation facilities!

N H. Roesch FPhD

[71] O. B. Tarasov et al. “Observation of New Isotopes in the Fragmentation of 198Pt
at FRIB”. In: Physical Review Letters 132.7 (2024), p. 072501. por1: 10.1103/
PhysRevLett.132.072501.
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Results S468 new isotopes F'\IR iI= 5= 1L
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[71] O. B. Tarasov et al. “Observation of New Isotopes in the Fragmentation of 198Pt
at FRIB”. In: Physical Review Letters 132.7 (2024), p. 072501. por1: 10.1103/

PhysRevLett.132.072501.
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New facility being installed

New ring : SIS100
100 Tm, = 2.5 GeV.U 23828+
5. 10% U per spill

New separator

FRS SFRS
stage 2 3
BrTm 18 20
dp/p 1% 2.5%
xangmrad |7.5 40
yangmrad |[7.5 20
resolving P |1500 1500
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Experimental and B sxing focthy
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New facility being installed

New ring : SIS10C

Transmission

FAR ==

100 Tm, = 2.5 Ge '™

5. 10% U per spill 904

80 -4

New separator .. -
2

— B0 -

C 4
£

FRS SFRS @ %77

stage 2 3 g 40 -
BrTm 18 20 =

S -

dp/p 1% 2.5% p= )

xangmrad |7.5 40 20 -

yangmrad |[7.5 20 10 4

resolving P |1500 1500 i 1
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Machine Super-FRS for ES and commissioning F'\IR iI= 5= 1L

Super-FRS Bp — AE — Bp —AE —Bp spectrometer with higher acceptance

pre and main
separator

. ES: Early Science
\*’ Next steps: after 2028

Energy-Buncher

) Spectrometer
SC dipole

high-energy
branch (ES)

§c short multiplet
Ring Branch
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Super-FRS — general overview, changing 238U to 2'2Pb F'\IR iI= 5= 1L

Pre-separator

Supply building,
lab, control room

Pre-target
Focusing system

Low Energy Branch

A g aea

Yield (pps/mm)

|
3e+5
P (MeVic)

FHF2, HEB cave,
R3B NUSTAR

Main separator

Ring branch,
not ES

Yield (pps/P (MeVic))
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Status Super-FRS F'\IR iI= 5= 1L

Installation ongoing

Aim beam commissioning
end 2027

First physics runs 2028
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Latest developement F'\IR iI= 5= 1L

5th February 2026, fire

An old 1970 transformer burnt when switched
on for pre-testing

Fire on the supply gallery, accelerator intact

Transformer was planned to be replaced in
two years as judged being critical

New instrumentation being developed

Staged reparation/replacement is discussed
with ministry, JSC, MAC and internal Task
Force.

Start FAIR beam commissioning in 2027, first
physics runs 2028 with high intensity, high Z
high intensity in the following year(s)
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Super-FRS vs FRS for new isotopes search

Calculations from ideas of experiments

FAR ==

Transmission Pl P 193 u 34 u 55T u 156 u BT
FRS 17% 20% 18% 17% 13% 10% 5%
S-FRS 23% 35% 41% 41% 40% 30% 22%

Table 1: transmission along an isotopic chain, comparing FRS to Super-FRS with the same amount of
matter present in degraders and standard FRS detector suit or Early Science detectors for Super-FRS.

Obijective: U fragmentation, higher Z (need the high energy of SIS100)

Third objective: proton rich U fragments, use higher separation of Super-FRS
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Collaborators F'\IR === 1

Production of New Isotopes Near the Heavy-element Nucleosynthesis Path

S. Pietri**, H.A. Riisch-Kabadayl*‘*h*“, 1. Enders?®, T. Grahn®¢, J.-P. Hucka™¢, T. Kurtukian-Nieto"#, M. Luoma®€, A.M. Bruce",
T. Dickel™, E. Haettner®, C. Hornung?, D. Kostyleva®, W.R. Pla®, H. Weick®, J. Wirtz*", J. Zhao®, H.M. Albers®,
D. Amanbayev“*“’i, S. Ayet San Andres’, J. Aystu‘l'e, S. Bagchi“", S. Beck®', J. Benlluire*, J. Bergmzlnni, Z. Brencic"",
H. Geissel*?, F. Greiner?, L. Grof', M.N. Harakeh™, A. Heinz", C.E. Jones™, N. Kalantar-Nayestanaki™, A. Kankainen®<,
A. Kelic-Heil?, B. Kindler®, G. Kripko-l(om:z“‘i"‘, N. Kuzuminchuk®, B. Lommel®, K. lehajan“'i, I. Miskun!, A. Mistry®,
A. Mollaebrahimi®i, I. Mukha®, G. M'Linzenberga~2, M. Pfiitzner”, Zs. PodolydkP, S. Purushotaman®, C. Rzlpp{)ldr, P.H. ReganP4,
J.L. Rodrfguez-Szinchezk‘S, C. Scheidenberger“’“’i, H. Simon®, J. Taieb™, Y.K. Tanaka™', H. Térnqvist*, M. ‘v’ence]j', J. Vesic',
1.S. Winfield®?, M. Winkler?, for the Super-FRS Experiment Collaboration

Letter of Intent new Isotope Search at Super-FRS

S. Pietri!, T. Grahn??, J. Wirtz'#4, A. Ali', A. Anders!, J. Hetzel', V. Isensee!, D. Kallendorf'-#, E.
Kazantseva!, A. Bruce®, J. Enders*, T. Dickel!, R. Gebel!, T. Kurtukian®, H. Simon!, D. Urner?, H.
Weick!, M. Winkler!...to be completed and the Super-FRS EC,
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FAR ==
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Charge state — or why we need 800+ MeV.U F'\IR iI= 5= 1L

Nuclei in matter:
faster it goes more chance to loose electrons (>few 10 Mev.U)
more charged it is higher chance to capture electrons

passing through matter creates an equilibrium of those two effects
@1500 MeV.U for Uranium in matter = 73% 238U°%2*, 2505 238°1+ 200 23890+ .. SIS100
@ 900 MeV.U, for Uranium in matter = 46% 238U%2*, 43% 238U°1+, Q0p 23890+
@ 600 MeV.U, for Uranium in matter =» 21% 238U9%2*, 499 23891+ 2800 2380+ .
@ 300 MeV.U, for Uranium in matter =» 10% 238U9%2*, 17% 23891+ 70% 2380+ .
@ 150 MeV.U, for Uranium in matter =» 0% 238U9%2* 10% 2389+, 73090 2380+ .

=> for 212Pb after target
@900 MeV.U for Pb in matter = 71% 212Pp82* 2504 212Ppp8l+ = 204 212p[p80o+
@600 MeV.U for Pb in matter = 49% 212Pp82* 4204 212Pp8l+ = 804 212pp80o+

GSI Helmholtzzentrum fir Schwerionenforschung GmbH S. Pietri, 15th Nordic meeting on Nuclear Physics 05.05.2026 40



New facilities broad new regions discovered F'\IR iI= 5= 1L

Berkeley
[ Darmstadt
Il RIKEN
Dubna
[ Cambridge
Il CERN
I Argonne
B Michigan State
B GANIL
[l Oak Ridge
[l Other
[l Unknown
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... to answer how F'\IR === 1
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