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nobody knows how to teach
physics, or to educate people—
that's a fact, and if you don't like
the way it's being done, that's
perfectly natural.

It is nothing short of a miracle that
modern methods of instruction
have not yet entirely strangled the

: . . . Albert Einstein
(Nobel prize1965) holy curiosity of inquiry (Nobel prize1921)

Richard P. Feynman
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Precision Experiments at Heavy-lon Storage Rings

1.Heavy-ion storage rings: Why? Where? How?
a) Introduction to nuclear structure and astrophysics
b) Production and separation of radionuclides
c) Storage, cooling, and manipulation of beams
2. Mass spectrometry of exotic nuclides
3. Radioactive decays of highly-charged ions
4.Reactions for nuclear astrophysics
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Only via an experimental confirmation a
hypothesis becomes a theory

HYPOTHESIS EXPERIMENT

NEW KNOWLEDGE
ESTABLISHED THEORY

"The first principle is that you must not
fool yourself and you are the easiest

to fool."
person to foo N
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Fundamental Interactions
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exciting about 2\ (>
atomic nuclei? I}

Electromagnetic

‘ Protons
Nucleons

Fermions
. Neutrons (S=1/2)
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Atomic nuclei — natural results of the
complex “game” of complex
interactions in a complex quantum

many-body system composed of two
types of fermions
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OrRriGINS OF THE ELEMENTS
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This periodic table depicts the primary source on Earth for each element. In cases where two sources contribute fairly equally, both appear.



Nuclear Chart: Stable nuclei
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Nuclear Chart: Magic numbers
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Nuclear Chart: Known nuclides

Proton number (Z)

126

Radionuclides created in terrestrial
laboratories via nuclear reactions
(fusion, fission, spallation, transfer,
fragmentation, multi-nucleon
transfer, ....)

Neutron number (N)
—
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lower energy

A=16

Nuclear Chart: Known nuclides

higher energy

AsTRUM

Transition
probability

Matrix element
Jor the interaction
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Proton number (Z)

Nuclear Chart: What is not yet known?

Dripline is a border beyond which
nuclei are unbound in respect to
emission of 1...n nucleons

S Sps Saps --Change sign 82

AN

Terra incognita
Nuclei expected to exist

About 5000 nuclei

J.Erler,etal., Nature 486, 509 (2012)
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—
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Nucleosynthesis Processes

P-processes

S
3 Slow neutron capture
§ S-process 82
g :
E Rapid proton capture

rp-process

126

e ,.-“
.','

Hydrogen to silicon
burning

% Rapid neutron capture

r-process
Neutron number (N)
—
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Proton number (Z)

H to Si burning

Li-Be-B
CNO+p/a
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Nucleosynthesis Processes (best known)

p-process: ~2000 nuclei g,

s-process: ~400 nuclei

\ r-process: ~5000 nuclei
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Nucleosynthesis Processes

P-processes

S
,&é Slow neutron capture
3 S-process 82
g :
E Rapid proton capture

rp-process
Masses — determine the

126 pathways
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Hydrogen to silicon
burning

Lifetimes — determine the
elemental abundances

% Rapid neutron capture

r-process Nuclear reaction rates

Neutron number (N)
—
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NASA/Dana Berry

Nucleosynthesis Processes

126

Hubble Gallery
NASA, ESA,
J. Hester, A. Loll

ALMA
(ESO/NAOJ/NRAO)
Hyosun Kim et al.

Hubble Gallery, NASA, ESA H E L M H 0 LTZ =1




s process: slow n-capture and - decay near valley of stablllty at kT = 30 keV
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The Hertzsprung-Russell diagram

Asymptotic Giant Branch stars
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Nucleosynthesis Processes

P-processes
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Rapid-proton capture process (rp-process)
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Normalized amplitude

Multi-Messenger Astronomy
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Nucleosynthesis Processes

P-processes

S
,&é Slow neutron capture
3 S-process 82
g :
E Rapid proton capture

rp-process

e Majority of nuclei of
“ interest are short-lived

50

Hydrogen to silicon
v

burning

>

.7,

They need to be produced
in nuclear reaction

% Rapid neutron capture )
(rare isotopes)

r-process
Neutron number (N)
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Solar Element Abundances
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Production and separation of exotic nuclei
ISOL IN-FLIGHT

“Souree” O Q O
Source

Production == ==
Target

Electromagnetic

Separator
Separation time ~1s <1ps <1us
Energy 10-100 keV 50-1500 MeViu

] Stopper
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Post 4 4 Post
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Storage Collider
High-Resolution Rings
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Heavy-lon Induced Reactions

K
@ - . —
1OOSn

Fragmentation
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Radioactive lon Beam FaC|I|ty at GSli
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Production Cross-Sections for Tin-Isotopes

Tip< 1
nuclides of interest today are
gz ~as a rule-
. p,(1) (e.€)
> short-lived
o <> (ee)
o - o) (p.P)
> 102 = 4 -8 fragmenation ] and
- fission
] —1 <r> (p,p)
100 ¢ — ;
. S _| lifetime have tlny
mass
10?2 —
— —] productlon cross-sections
107 &= L 1 L L L L =
100 110 120 130 140
Mass number EPACS, ABRABLA codes implemented in LISE++
“ére FAIR Conceptual Design Report (2002)
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Fragment Separator at GSI

About 1000 nuclear species

1000

FRS

sfr 3
'ﬁk rr TERT S 500
: <
-ffﬂ: -
250
Kinetic energies — hundreds of MeV/u o . . .
00 2200 AJZ (sftli).(; 2600
Tracking provides trajectory — flight path .,
Time—of—flight provides A/Q . - - @
lonization detectors provide Z “u vl
Pb
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Fragment Separator at GSI
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Atomic Charge States at Relativistic Velocities

Bohr criterion: Largest ionization cross section atvic=vg/c=aZ

Uranium Vk/C = 0.67 Exn=~ 330 MeV/u =———

Y 91 ) 89 88
charge state

GLOBAL, CHARGE codes implemented in LISE++
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Issue which we have to deal with is velocity!

nuclides of interest today are
--as a rule--
short-lived
and
have tiny

production cross-sections
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Heavy-lon Storage Rings - Versatile Instruments
Dedicated beam preparation and manipulation techniques

Nuclear reaction inevitably leads to large
momentum spread of the secondary beam

Beam cooling - high quality beams
(laser, electrons, stochastic)

. . N
Storage - efficient
)\ use of rare species

\ Small production rates of secondary beams
Accumulation techniques

Nuclear reaction at high energy, whereas
astrophysical reactions are at low energies

A huge trap — more than 100 m Adjustment of kinetic energy
circumference, aperture size — 25 cm (acceleration or deceleration)
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i - ingle-particle sensitivity
| - High revolution frequencies
- Broad-band measurements

a ’A ' 1

Photos: M Lestinsky, A. Zschau, GSI; IMP Lanzhou; RIKEN



Charged Particle Motion in Magnetic Field

Bewegungsrichtung

2
m-v
F,. =
P
3 \
s m - v
- =B-r
_ q Lorentz Force
Centipetal Force
r - Radius
Velocity!!! q - Charge
v - Velocity
m - Mass

B — Magnetic induction
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Storage ring vocabulary

Reference orbit A trajectory in the machine of a reference particle, that is particle
? with
Sollbahn * r=y=s=0
S , 4\; Curvilinear coordinate system
y ‘ 5 A dr s — reference orbit / sollbahn
3\“ Trajectories of all other particles are

n treated relative to the reference particle
‘ 0T, 0Pz, 0Y, Oy, 08, 0P

D\~

ol | Since all deviations are small, momentum
\ can be expressed as angle
Abb. 4.1. Standardkoordinatensystem (xr,y, s) px — x/ 5p - 5a;./ p _ y/ 5p _ 5y/
) r — y Py — ’ y
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Storage ring vocabulary

lattice ? To store ions, a set of magnetic elements such as dipoles,
quadrupoles ... is needed which form the lattice of the ring
- . ’.-‘ - \
P,(,.(l()h (E2) - ettt , / : : —
* ‘ ;
hadron physics -" / \
experiments @ % /
‘ ‘

Crystal Barrel (E1) I

Compton- ;
Polarimeter v l
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Storage ring vocabulary

emittance ? Storage rings have a limited acceptance which can be expressed in
terms of the beam emittance € and momentum spread Ap

e=7-0x-0p=m-0x- 0x

é Z //;(Z ol Z;ua,h‘@ «S / Civteonr af/””{fw&?&%
A?x A | 4

—

ez T BBE)X T pe

A%y L
~52 |+ k() y =0

&

po — bending radius of the reference orbit

Ky(s) and K(s) are focusing functions which are tabulated for dipoles, quadrupoles etc
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Storage ring vocabulary

Courant-Snyder Liouville's law states that emittance is strictly conserved under the
Invariant? action of conservative forces.
2
~ (a/ = f =y R = O (SR P e .
/b
\ 2

A% A+ [f}
FoTEEAT

o(s), B(s), y(s) — Twiss functions/ Optical
functions / Betatron functions / Lattive
functions / Amplitude functions
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Storage ring vocabulary

Betatron The ions move on periodic orbits around the ideal trajectory 's'
oscillations (“Sollbahn”), performing betatron oscillations. The number of
and tune ? betatron oscillations per revolution is the tune Q.
1 1]
| N /W l <) { i
Design orbit [eB »\ \ 7
\ \ [ [\ \ |
‘w‘lkl \ l‘ ;‘Aﬂ» \
\ One possible on- sl N H l ‘| o \ —
momentum particle | ) |'1 \ ll\
trajectory —v,.,‘},‘ i | \\ \Mr = } \
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Storage ring vocabulary

resonance?  Due to imperfections of magnetic fields, misallignents etc., the particles
should move on not-repeating trajectories. This implies, that tunes are highly
irregular numbers. Tunes like Q=N, N/2, N/3, N/4 ... - cause resonances
leading to beam loss.

o T Toom Tuning does not demand a
e AR AN o e =7 study of “tunology”, but rather
S A N4 1 the right feeling and the
Ui :r .1 experience of decades
£ . ]
WA N o .
| ep mGmmaim O 1 To save the beam, avoid
> Ll =0 ]\ 1 any crossing of lines
18.4 fec=—
How to do so, if the ions get
18.2 acc(de)celerated ??
18
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Lost planet or lost beam —all t

Sol .

he same physics

2002 05 26 13:05:16 CET

bs {app) may = 4.83 (-20.38)
Clags: G2V

Orbit of a former planet Ceres was
periodically influenced by Jupiter

3rd Kepler’s law: T4/a3 = const.

1AU=15-108km, Tg=1y
ay=152,a8,=520, Ry=0.29
dc = 2.77, " RCJ =0.53

Follow Sol
FOV: 26 30° 48.0"

[Speed: 0.000 mis
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Storage ring vocabulary

S)_/nc_hrlotrond Acceleration/deceleration is only possible if a change
zlrilr?%pc;ra’?n in momentum transfers into a change of frequency.

(Synchronisation)

- ( SB%E

f%i’n} z’efuuczég
- /»omea'ﬁfm @M/MA&M %y«ép
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CERN Facility

CMS

LHC

LHCb

ALICE { \ North Areag
..........
SPS
HiRadMat A ATLAS
\
AD  ELENA
— BOOSTER
U
C o, O
n_TOF
PS
<
LINAC 4
2020 »
, ) LEIR
1094 | =

AWAKE
REX/HIE
> — East Area
LT . CLEAR
» 1
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Cooling techniques applied at ion rings

Lasers

Electrons

Stochastic

transfer of momentum

mixing of temperatures

self-correction
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Stochastic Cooling of Secondary Beams
Self-correction of the trajectory

COSY-

Simon van der
Meer
1925 - 2011

Why do you need to send the signal to the opposite
side of the ring? Why cannot one simply wait until the
beam comes back after full revolution?

ﬂ Sample of particies

__ld

Nobel prize 1984: S. van der Meer and C. Rubbia
erc

Photos from the Nobel Foundation archive.




Stochastic cooling (self-correction of trajectory)

long. Kicker

T
//
Combiner- q
Station .
transv.

position in
phase space

e

Stochastic cooling is in particular efficient for hot ion beams
Cooling time T scales as N;,, / bandwith Fritz Nolden 2023*
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Electron Cooling of Secondary Beams

| T N
r@ o high voltage platform 2 ;_l

The cross-section for recombination of electrons with
highly-charged ions diverges at zero relative velocity.
Why stored ions do simply not recombine and get lost

from the ring?




Electron cooling (Coulomb cooling)

Cooling by electrons can be treated in analogy to energy loss of ions in matter
dE 7’

What acts against cooling ? dx m.v

2

w0 | | | a) Intra beam scattering
lon-ion scattering

b) Collisions (scattering) of ions with the
residual gas atoms

—14 C) Charge exchange losses of the ions in
collisions with the residual gas atoms or
cooler electrons

d) Space charge limit

o
S F
L
=}

—40 —20

All processes (a - d) scale with Z2 of the ion
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Electron cooling (phase transition)

ESR: circumference = 104 cm
For 1000 stored ions, the mean distance amounts to about 10 cm

a)

At mean distances of about 10 cm and larger intra- A
beam-scattering disappeared '

g - °’ ¢ ]
73 E =
? v '1\11/3{ Coulomb
108 _E:..Og"'\ E crystalls
: ¢ h in PALLAS
: ring

-
(o)
[e:)

102 104 108

o

T. Schatz, Nature 412 (2001) 442

Number of Stored lons

M. Steck et al., PRL 77 (1996) 3803 HELMHOLTZ ==mux




