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Overview:

L1: Introduction
RIB production
ISOL and in-flight fragmentation
Primary beams
Next generation separators
Importance of instrumentation

L2:
In-flight fragmentation in
North America
Asia
Europe
(plus some other highlights)
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Staff scientist at the Gesellschaft fur Schwerionenforschung (or, just GSI).

Masters in Mathematics (with Physics) from Durham University, followed by a year
working at the DSTL.

PhD in Nuclear Physics from the University of Edinburgh 2009-2013 (N~Z, A~60 nuclei).
Postdoc at Argonne National Lab (ANL) 2014-2015 (GRETINA, GAMMASPHERE, FMA).

Postdoc at GSI in SHE chemistry group 2015-2019 (reaction mechanisms for SHE
formation).

2019-today in Nuclear Spectroscopy Group, Project Lead for NUSTAR and
Group Leader for NUSTAR Experiment Coordination
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1. Associative learning (or, learning by association)
— Visual association

1. Repetition

1. Write it down!

NewsScientist (an 2) ¢

News Features Newsletters Podcasts Video Comment Culture Crosswords | This week's magazine

Health Space Physics Technology Environment Mind Humans Life Mathematics Chemistry Earth Society

Mind

Writing things down may help you
remember information more than
typing

Writing words down increases connectivity linked to memory and learning between
different areas of the brain, with the same not being true when things are typed out on a
computer

By Chen Ly
] 26 January 2024

f X in &« & @
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facility

Uk d) /fa'silati/ usoy) /ia'siladl

facility noun (BUILDING)

@ ic)

a place, especially including buildings, where a particular activity happens:

« a nuclear research facility

« a military facility facilities
« a new sports facility PIERRY TR}  Add to word ist =

the buildings, equipment, and services provided for a particular purpose:

« shopping facilities

* medical facilities

s sports facilities the faCIIItleS

phrase

[plural ]

a polite way of referring to a toilet in a public place:

» use the facilities There is no running water in the annex, so students have to go over to
the main buildings to use the facilities.

https://dictionary.cambridge.org

24 23rd STFC Nuclear Physics Summer School (2026)
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How can the nuclei be produced?

How many do | need for statistical

Which beam species? Stable or . ege
significance?

radioactive?

Are the right states populated?
Do the ions need to be 8 Pop
reaccelerated? Or

. . ,
slowed down? Are appropriate targets available?

. R
Do | have the right instrumentation? Are the nuclei short-lived:

Do | need separation? Or
How long do | need to measure? identification? Or both?

What level of cleanliness is required?
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How can the nuclei be produced?

How many do | need for statistical

Which beam species? Stable or . ege
significance?

radioactive?

Are the right states populated?
Do the ions need to be 8 Pop
reaccelerated? Or

. . ,
slowed down? Are appropriate targets available?

Is the right expertise available?

: R
Do | have the right instrumentation? Are the nuclei short-lived:

Do | need separation? Or
How long do | need to measure? identification? Or both?

What level of cleanliness is required?
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= Past ~century - about 4000 isotopes discovered, 118 chemical elements

= Most undiscovered territory on the neutron-rich side

- 1935 327 isotopes

2015

Proton number

184

Neutron number

Modified from Adamian et al., Eur. Phys. J. A (2020) 56:47

_,,_‘-"'! .. 1958 ~1500 isotopes

~4000 isotopes

first artificially-induced nuclear reaction!

Rutherford
4He + 14N N 18F*% 1H + 170
N
nuclear fission
N\
8000
7000 - heaVY‘ion
N 5000 accelerators,
i )
L fusion
O 5000 N
5 MNT
©n 4000 reactions
€ 3000
S5
= 2000
1000 P :
¥ First RIB
07 :
1920 194
\4
spallation/

W fragmentation

light-ion accelerators

Year

) 19l60 1980 2000 2020 2040 20‘60 2080 2100
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cesses

...typically, half-lives get shorter when moving away from stability Schatz, J. Phys. G: Nucl. Part. Phys. 43 (2016) 064001
e Stable nuclei
p-process
...-. c e
212Hg 213Hg o] C
.. ‘ §
pr=100% B-=100% a s0
ﬁ n? Pn?
S
200Au 210Au b=
2 vp-process /
Ay g i g g ﬁ , Suernova EC process
Z 28| s [P-Process
206Pt 207Pt 208Pt v
- 20 Sy ’__ - Pluclt_el known
it s At — I Neutron star crust® eXist
2031Ir 2041r 2051r te 33 v USIOT}-" ; process
p-=100% I;:u:n l;::o:u 2 :il! _
2 g 20 28 50 82 126
Number of Neutrons
_

https://www.nndc.bnl.gov/

= Nuclear physics data across the nuclear chart are critical for
the understanding of stellar processes

Vast areas remain undetermined

-> State-of-the-art techniques and new facilities!
And what about reactions?
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Sources Excited states after nuclear disintegration
Coulex (Coulomb excitation) EM excitation, stable beams or RIBs
Fusion-evaporation reactions Neutron-deficient nuclei, high-spin states
Fusion-fission reactions — Neutron-rich nuclei
Direct reactions Removal or pickup e.g. (d,p), (p,d)...
MNT (multi-nucleon transfer) More exotic, neutron-rich nuclei
Fragmentation Very exotic nuclei, RIBs
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reaction
mechanism

powerful separation/
accelerator identification

-
i-..
-
l‘"

ams (RIBs)

Challenges with RIB

production:
low cross sections short half-lives
contamination
minimise time
; highest-intensity between production and
beams, efficient experimental setup
\ 4
.| Fragmentation o
B Fusion excellent selectivity,
e low-background conditions
B Fission

Adamian et al., Eur. Phys. J. A (2020) 56:47
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Rare Isotope Facilities World-Wide

\P’.:-' : -
,—-’
in-la-Neuve *
GSIF

ér 4 -4

X e RN SRR MY A 1S P [10 kW)
iy, &&‘!-\ o~ LU DSy >

C - g~ OsakaRIBs

o, B

Spiral / Spiral Z5

LBNL Rk ' ) ‘ﬁ) ' RIKEN
\ . RIBF (1oo KW)
CARIF (
® ISOL-type Facilities b
= In-Flight-type Facilities iThemba®*

University of Sao Paulo ANUSOLITAIR

* planned or in construction
Eur. Phys. J. Plus (2025) 140:638
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= Spallation/fission/fragmentation followed by
chemical/physical processes to extract desired nuclei

= Products thermalised and separated

= Beams produced at very low energies (60 keV)

= Sometimes mono-isotopic!

Transfer tube Ion source

Isotope / isobar
separator

Thick, hot target
Production beam

ISOL

Radioactive ion beam

Relativistic fragmentation/fission of heavy nuclei
on targets

> 50 MeV/u - production of cocktail beams
containing several species

Separator for separation and identification - long
time of flight (~100s ns)

Target

In-Flight method

Heavy ion
beam

Degrader

Selected ion

Fragmt:nt Experiment
separator
[
=
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v (Relatively) high cross sections

v" No need for re-acceleration

v’ Rates can be higher

X Short-lived species might not be accessed easily
X Refractory elements difficult

X Isobaric contamination

Transfer tube Ion source

Isotope / isobar
separator

Thick, hot target
Production beam

ISOL

Radioactive ion beam

><><><<\<\<\

Cocktail beam: many nuclei can be studied at once
Larger range of lifetimes possible

Measurements possible with very few ions

Low cross sections

Rate limitation

Limitations due to ToF

Target

In-Flight method

Heavy ion
beam

Degrader

Selected ion

Fragmt:nt Experiment
separator
[
=
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e First ISOL beam - 1951 at the Niels Bohr Institute in Denmark
(Kofoed-Hansen and Nielsen, Phys. Rev. 82 (1951) 96)

Short-Lived Krypton Isotopes and Their
Daughter Substances

0. KoroED-HANSEN AND K. O. NIELSEN

o e e e N AP RoperAatell « Two-stage method:
(Recelved Fobruary 9,:1931) » Deuterons accelerated by a cyclotron impinged on a target to
HE isotopes Kr%, Kr%, Kr®, and their daughter substances produce neutrons
have been investigated. Krypton formed in fission of ur- ] .. .
anium was pumped through a 10-m long tube directly from the * Neutron-induced fission in secondary uranium target

cyclotron into the ion source of the isotope separator. The
cyclotron and the isotope separator were operated simultaneously,
and the counting could begin immediately after the interruption of

More ISOL facilities came online in the following years
1964 - ISOLDE established...

the separation. The rubidium and strontium daughter substances e o e S
were separated chemically; strontium was precipitated as car-
bonate. Half-lives were measured and an absorption analysis of goTc 90Tc 9iTc 92Tc 97Tc | 98Tc

the radiations was carried out. The results are given in Table 1.
91Mo 94Mo 95Mo 96Mo 97Mo

TaBLE I. Observed radiations,
93Nb 94Nb

Isotope Half-life Radiation Egmox Spectrum 92zr R
Krs? 3.18 min (2.6) B v 4.0 Mev Complex 89 :
Krw 33 sec (33) By 32 Mev  Complex Kr 3.15(4) min
.74 min Y .7 Mev omplex 2
Kra 10 sec (9.8) 8=, ¥ probable ~3.6 Mev Complex 90Kr 3232(9) S 868
Rb% 100 sec B v 4.6 Mev Complex
Rb% 14 min B,y 3.0 Mev Complex “0Rp 158(5) S 85Rb

83Kr 84Kr



= Choice of primary beam species can have a huge effect
= Example: development of 2°8Pb primary beam at RIBF RIKEN
= Production cross sections for nuclei of interest (N~126, Z~75) from 23U and 2°®Pb are comparable, but:

Pm Prog. Theor. Exp. Phys. 2026 061D01 (12 pages)
DOI: 10.1093/ptep/ptag082

First Observation of 22 Exotic Isotopes Using a
208pp Primary Beam at the RI Beam Factory

co
o

N. Fukuda @', S. Michimasa ®%", H. Suzuki'*, Y. Shimizu®, H. Takeda ®?,

Y. Togano!, M. Yoshimoto !, Y. Yanagisawa!, K. Kusaka !, M. Ohtake!, H. Sato ©®!,
T. Sumikama @', K. Yoshida!, S. Motomura @', H. Baba ®!, Y. Ichinohe’,

N. Kitamura ©@%%! K. G. Tanaka®!, K. Kasai®!, D. Suzuki ©23! N. Imai ©*,

R. Yokoyama®, Y. Yamamoto®, S. Hanai®, Y. Funasaka®, R. Tsuchiya’, N. Matsuoka”!,
N. Fukunishi', and H. Sakurai ®!

r-process
path

Proton Number
S

o]
o

No fission product
contamination ->higher-purity
beams!

| | |
110 120 130

|
90 100
Neutron Number
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= Example: neutron-rich rare-earth nuclei studied at RIBF using high-intensity U beams

. . . 170
" Region accessed using primary “°Er beam @ 1 GeV/u at GSl G.X. Zhang et al. / Physics Letters B 799 (2019) 135036

30
[ (a) 168Dy (EURICA) Z% 10 T1,=0.57(7) ps
% | 2S
~ 20t ) 3 N :
— | 0 2 4 6 8
@ ! Time [ps]
2 10}
o !
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z 2400 : -
% 2200
E 2000 ——
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1400 ; g\e,‘@‘
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1000 %—
800 ;—
6005:_\]‘
400
Beam energy also matters..... 3 LY NN BPREIN B SV M
y ‘ T R oo 1200
E enerqy (keV)

. : PhD work of J. Bormans, J.E.L. Larsson
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Layout of the GSI FRagment Separator (FRS)

Be production target

B

Fi

=P

primary beam B
(e.g. 28U at 1 GeV/u)

= ‘Cocktail beam’ of ions produced in fragmentation
reactions.

= Transmission typically 20-70% for fragments.

= High-energy primary beams - excellent separation, 5-18 Tm
magnetic rigidities.

» Magnetic spectrometer - uses Bp-AE-Bp selection method.

20m

LAM

secondary beam
(e.g. 100s MeV/u)

FRS Optical Elements:

» Four stages, each with a 30° bending dipole.

» Quadrupoles for focussing.

» Correction of aberrations with sextupoles.

» Steerers deflect the beam in the vertical direction.
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Lorentz force qU X B equal to centrifugal force for ions travelling perpendicularly to a homogeneous magnetic field:

mu? A

A
’ Bp=py—uc = Bpxpygz
q
where 3 = v/c is the fraction of the speed of light.

Slits at the intermediate focal point ‘cut’ the acceptance and remove unwanted ion species based on their magnetic
rigidities.

FLorentz —

Second stage of separation achieved by a wedge-shaped degrader system at F2 - ions deposit energy in the degrader
with a Z?dependency (Bethe-Bloch). Velocities (and therefore Bp) change depending on Z. F.

AL

In the last step, the final 2 dipole stages perform another Bp filter (i.e. Z selection).

lecture 1



= Several detectors through the separator measure the position, ToF and Z of the transmitted ions.

Time Projection Chambers (TPCs) at
F2 and F4 measure the position.

Gas-filled chamber, vertical drift
velocity. Excellent position resolution
(~1mmin x, ~0.5mm iny).

Plastic scintillator detectors

positioned at F2 and F4 measure
the time-of-flight (ToF).

High efficiency, excellent time
resolution (~40ps). Typically
~1mm thick.

MUIti Sampling lonisation
Chambers (MUSIC) at F4 measure
the atomic number Z.

Gas-filled chamber, free electrons

created in gas ionisation
proportional to Z2.
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il

69 m

" gain factor
Bpmax = AP/p | ADy AD, reps(?#é?g %o 132g,
FRS 18Tm  1.0% 213, t13mrad = 1500 1 1

Super-FRS 20Tm 25% 40, t20 mrad | 1500 5 10
oiman e | 250 20 000

FRS at FAIR

Among world’s most powerful separators for exotic
nuclei
Three branches to address different physics cases
* Low-energy branch (High-resolution in-beam
and decay spectroscopy, precision experiments
with thermalised exotic nuclei, colinear laser
spectroscopy,...)
» High-energy branch (reactions with high-
energy radioactive beams)
* Ring branch (isomeric beams, lifetimes,

masses,...) Energy
2 Buncher
» (LEB Spectrometer)
Low-Energy
B h
Super-FRS p——

High-Energy Branch
Main-Separator 058,
Pre-Separator

(HEB Spectrometer)

Production Ring Branch

Target S50m

Focusing
System

f Driver

Accelerator
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Increased transmission

Specialised beam instrumentation for high rates
Exotic beams from protons to uranium up at high
energy for excellent particle identification at high
masses

High-resolution spectrometer
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Pre-separation stage critical for high beam
intensities and beam cleanliness
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— Example: a century of evolution for gamma-ray detection

tation

108
s GRETA & AGATA | o
@ : Ge 1 10° 2
fg P tracking arrays‘- 1073
£ 10 A\ Y / 0.
0 | o)
2 102 rast S AGATA Phase 1 [l GRETINA §
T ras 15%%“6"‘:3 EUROBALL [N GAMMASPHERE| 104 S
g 1079r il ] L
S (Intensity 2>-0= 1) / Compton-Suppressed e
§ 10-4F &= Ge arrays i CCE‘
B e b i e i TESSA, HERA, NORDBALL, 2~
10 20 30 40 50 60 8m, GaSp, EUROGAM |10 &
Spin (%
Discovery of PR / . %
Radioactivity Small Ge(Li) arrays 0 O
| Ge(Li) —10
Geiger-Muller Nal
: Absorbers 1_1 1 l 1

1900 1925 1950

Year

1975 2000 2025 2050

Wyss and Riley, Vol. 32, No. 2 (2022) Nucl. Phys. News
S. Akkoyun et al., NIMA 668 (2012) 26-58
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VANDLE - neutron TOF array

DEGAI (HPGe, LaBr, CeBr) §

Decay Total Absorption DESPEC Ge Array
y-ray Spectrometer (DTAS) | Spectrometer (DEGAS)

The MOdular Neutron
SpectromeTER (MONSTER)

Nal(Tl) modules

https://fds.ornl.gov/
https://fds.ornl.gov/initiator/

: Implantation
FAst TIMing Array LaBr;(Ce) XSISi - silicon array
| modules (FATIMA) YSO-Segmented
BEta-delLayEd Neutron detector (BELEN) AK. Mistry et al., The DESPEC setup for GSI and Scintillator

48 3He cylindrical counters

FAIR, NIM A, 166662 (2022)
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GASP coaxial HPGe det. Of GALILEO

With new digital electronics: Newly
. Preamplifiers refurbished
digital sampling triple CLUSTER
- Preprocessing det. ..
. DAQ Pt
% SPES LNL
Possible ancillary detectors: /
K * HPGe Clover/Cluster detectors AGATA array @ LNL

* GALILEO coaxial detectors
* Modified NEDA Neutron detectors
* TRACE Silicon detectors ll.\ _
* Fast responding LaBr3:Ce det. for fast time

\ measurements

~ * Large volume LaBrs/BaF;, for TAS

W

Courtesy of G. Benzoni S. Akkoyun et al. / Nuclear Instruments

and Methods in Physics Research A
668 (2012) 26-58
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-lived states

P.H. Regan et al., J. Phys: Conf. Ser. 620 (2015) 012005

= Nuclear states have a huge range of lifetimes, > 30 orders of magnitude. o I ' . | ]
= Main techniques for short lifetimes: I 1ps s, | g ) LaBiry(Ce) ]
> Recoil Distance Doppler Shift method (RDDS) P ZEXE \ ]
» Doppler Shift Attenuation Method (DSAM)  — 2.0x10% |
> ‘Fast timing’ with LaBr;(Ce) detectors — <1lps % 2000 [ s * o5 I N
5 20d0° | CeBry ]
a . .
> 10s ps 2 Son0 \\/\\M
3 5.0x102 -
© 2'0"1%25 | | ! |

HPGe or LaBr;(Ce)? o 0o 1400
= Direct timing methods (e.g. DSAM) - high energy resolution needed. i o +~§,PG.G e |
= Fast timing methods involve time differences between detector pairs - ¥ | 2 & e e |
time resolution below the intrinsic detector resolution is possible. 10° | . | Jf‘“ﬁ“*‘—l**ﬁ«w.:

= Ge detectors are semiconductors (need to be cooled!) - very small gap 200 Sy ay energ);o(okoeV) =

between conducting and valence bands (E gap = 0.67 eV!) 1 keV
produces 300 electrons! Energy resolution scales with 1/sqrt(yield)
= LaBr3(Ce) detectors have significantly worse energy resolution, but

Figure 1 Comparison of LaBr;(Ce), CeBr; and HPGe spectra of long-lived fission fragments of protons on uranium.
The main lines identified in the HPGe spectra arise from the decays of %zr, Y, 1°Rh, ¥Sb, *Cs and **Ce decays.

Table 1. Comparison of main properties of Ge and LaBrjy detectors of same volume.

. . . Ge LaBr
much better timing properties than HPGe. ?
Energy range keV to MeV keV to MeV
Abs. Eff.(at 2,54cm from source)[6] 107! to 1072 2.107! to 5.1072
| Deloncle et al., J. Phys.: Conf. Ser. 205 (2010) 012044 Rel. Eff. (@1.33MeV) 75% 143%
Energy resolution 1% to 1%0 20% to 3%

Typical time response
Time resolution

250 ns (risetime)
20ns to 5ns [7]

16ns (scint. decay time)
200 ps(@511keV) [10, 11]
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Discussion point: experiment design

Goal: to start thinking like an experimental physicist!

What are the main considerations when designing a nuclear physics experiment? Start with
the question “Which physical phenomena or science questions am I trying to address?”.

Note: physics goals can be vague or even fake — the idea is to start the thought process about the
key points and not to worry about the details.

Think about and discuss all aspects (examples):

How can the nuclei of interest be produced? (beams, targets)

Do energy or intensity play an important role?

How clean do the conditions need to be?

How will I identify reaction products?

Will I populate the correct states?

Do I have the right instrumentation at the ready for the goal observables?
Do I have the right expertise to carry out the measurement?

How long will I need to measure?

How will I gain access to beam time?

If there is time, take the points above and try to make an outline of how you would construct a
proposal for beamtime.

¢ How can the choice of parameters (e.g., beam, target, number of shifts, instrumentation,...)
be justified?
How to balance potentially high-impact goals with experimental feasibility?
What other important aspects should be mentioned in a proposal? Will this change
depending on the target facility?
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