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Scales

Density scale
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solid states , / /
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How to probe (sub)nuclear matter?

. - j(_@_2001\4@me

=10MeV/c —p» Az ~20fm Nucleus
=100MeV/c —P» Az ~2fm  Nucleons
p=1000MeV /c —B» Ax~0.2fm Quarks
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Forces 1n nuclel

two protons, 1 fm apart

1. Strong interaction (QCD) scale: 1

- responsible for nuclear binding
- alpha decay, nuclear fission and fusion processes

2. Electromagnetic interaction scale: 0.01

- correction to binding energies, N>Z for heavy nuclei
- gamma decay of excited states

3. Weak interaction scale: 0.0000001
- nuclear beta decay Not only the effective S'l'r‘ong
- mirror symmetry violation force, but also e.m. and weak
interactions play an important
4, Gravitational interaction scale: 10-36 role in understanding nuclear
physics!
- forget it!
Wy
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Nuclear potential (start with NN potential)
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NN potential, phenomenological structure

Most general two-body potential under those symmetries
(Okubo and Marshak, Ann. Phys. 4, 166 (1958))

Central term

Van = Wr)+Veor-00+Vi(r)m 12+ Vor(r)(o1 - o2)(T1 - T2)
+Vis(r)L -8+ Vg (r)(L - S)(r1 - 73)- Spin orbit
+Vr(r) S12 + Vo (r) S12(m1 - T2) « Tensor

+higher terms in L and p

S12 = 3(01 - F) (02 - 7) /1% — 01 - 02
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The Yukawa theory of nuclear forces

S. Tomonaga, H. Yukawa, and S. Sakata in the 1950s.

From:

H. Yukawa,
Proc. Phys.
Math. Soc.
Japan 17, 48
(1935).

In analogy with the scalar potential of the electromagnetic feld,
a function Uz, 7,2 ¢ is inlroducd to deseribe the field between the
neutron and the proton. This,function will satisfy an equation similar
to the wave equation for the electromagnetic potential.

Now the egnation

(1)

has only static solution with central syminetry except the additive

and the multiplicative constants. The potential=6f force between the
neutron and the proton should, however, not be of Coulomb type, but
decrease more rapidly with distance. It can be expressed, for example,

by

—~
o
—

4+ Oor

where ¢ is a constant with the dimension of electric charge, i.e., cm.*

gec.”t gr.¥ and A with the dimention em,™*

Sinee this function is n slatie solution with central symmetry of the

wave equation

(3)

let this equation be assumed to be the correet equation for I in vacuum.
In the presence of the heavy particles, the U-field interacts with them
and canses the transition from neutron state to proton state.
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Effective potentials 1n nuclei

N-N potential

effective one-body potential
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Quarks & Gluons

\

Quantum Chromodynamics

(QCD)

J

chiral symmetry, 3NF,
lattice QCD ab-initio calcs

"Nucleons & Bosons |

Nucleon-nucleon forces,
baryons and meson

interactions
. )

L shell model, SEMF, ...

Nuclei

Effective potentials,
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Limits of nuclear
existence

W
28 neutrons’

0o Shell

Ab initio Model
few-body

calculations No-Core Shell Model

%

Towards a unified
description of the nucleus
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What to measure?
€e
its weight its size its life-time/decay

Y
e -
% &

its shape its e.m. properties its mood (state)
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Masses determine the atomic and nuclear binding
energies reflecting all forces 1in the atom/nucleus

— binding energy

MAtom = N.mneutron + Zem proton + Zem

(Batom Bnucleus)/ CZ

. S A=A i i kvi - center for advanced
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Empirical mass formula

.5%3 o'o 8

OQ. OQ. OQ %@‘Q%%

Volume Surface Coulomb Symmetry Pairing




y per nucleon (MeV)

o
o

Binding ener

Semi-empirical mass formula
(Carl Friedrich von Weizsaecker, 1935)

Liquid drop model

2(Z-1) (A-22)
Ep=ayA-agA?’® -a —a, 0(A, Z
10
l(:)o i“FC | ll()qn
’:‘Hc : = e
‘ T o
ﬁSSIOn
0 ' Liquid drop model provides a
= qualitative description of some
= of the bulk properties of the
4t @ nucleus, such as the binding
E energy
3
5 2He But what about the “magic”
201 humbers? Other models are
' needed, such as the shell model...
% 50 100 150 200 250

Number of nucleons, A (mass number)
Copyright @ 2005 Pearson Prentice Hall, Inc.
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Model difference / MeV

Model differences

r-process

Sn=0

10
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Nuclear and astrophysics meet
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Mass spectrometry for nucleosynthesis

90 Nuclear masses (binding energies)
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Mass-measurement techniques

Penning trap Storage ring

Extraction

From the FRS

magnet

/'

Hexapole-
magnets

Fast kicker
magnet

Electron
cooler

. ESR .
EE g 7] g.@

- s >

g é }3 J \

0 25 Sm

T I

Particles nearly at rest in space Relativistic particles
v/ Ions cooled v’ Long storage times
¢/ Single-ion sensitivity v/ High accuracies
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Equation of motion 1n a Penning trap

—> — Ly =
plus Lorentz force: F = —eOV(I)(r) +vxB

equation of motion: E = _eo(ed)(r) +7X§) + m?: 0

axial oscillation

2e,U .. 2e,U
020-Z+mz=0 w, = 020
md, md,

radial oscillation

substitution: w, \/wf w?
_ . W, = + —
u=x+iy 2 4 2
2
€ . 0)
w.=—B 1. —Z 1=
- o] - 5 u+y=0 o, |02 o

u (t) = uoe'i“” 2 4 2

Z or axial
frequency

modified
cyclotron
frequency

magnetron
frequency



Penning trap at work

-

AN B~
0, C
> \
e i
- Total / (’0-{‘ \ \",,

The free cyclotron frequency is inverse
proportional to the mass of the ions!

An invariance theorem
2 — 2 2 2 —
saves the day:  @g~ = QT +®, W, =0, T 0

L.S. Brown, G. Gabrielse, Rev. Mod. Phys. 58, 233 (1986).
K. Blaum, Phys. Rep. 425, 1 (2006).

@, =qgB/m



Penning trap measurement

400 |,
360 |
320 [

280 |
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Mass measurement 1n a storage ring
At Af 1 A(m/q) . v? Av
t f v m/g (% <]
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* Isochronous Mass A reumerence 108
’)/ — f}/t ‘:\p/\ Maximum Bending Power 10 T.m

Spectrometry i [
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“l 4 Triplettlenses II[
E 4 Duplettlenses !
L ]
l 8 Sextupolelenses 1}
Magnet Power Dipole 3.7 kA at 1.6 kV
=

I Field Ramp max. 1 T/s
o S C I l Ott Iﬁ j ] Mas S A’U ‘ , RF Acceleration 2 Cavities at 5 kV
Frequency Span 0.8 — 5 MHz =

uoiysod 1981

Spectrometry v ;f; T e 2

! Bakable to 300° C
- Beam Diagnosis 12 Position Monitors I[
I 1 DC Transformer |

= 1 fast Transformer =
- = 3
1 Profile Harp ,‘\|
1 Faraday Cup
> 1 Beam Scraper A,
TG O

o o o o 5 S P e
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Mass measurement in a storage ring

SCHOTTKY MASS SPECTROMETRY _________ [SOCHRONOUS MASS SPECTROMETRY

Injection Injection

(m/q) =ha S
> ! —
/v
Schottk (m/q), Electron
Noise- lyckups - Cooler
: TOF-Detector

AV, —
Cooled Fragments \' . 0 yt ]_;Y Hot Fragments
L 4
Stochastic Af 1 A(m/Q) . Av
+ F - ¥ mlq T (1- 2) Isochrc_)nous
Electron optics

cooling



ILIMA

o

Using storage rings

Schottky Mass Spectrometry (with cooling): T,,> 1 s

Isochronous Mass Spectrometry: T,, > 10 ps

resolving power ~ 10°
accuracy ~ 30 pu, 1.e. ~ 30 keV

E:w university of kvi - center for advanced
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Schottky Mass Spectrometry

Intensity / arb. units
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EC and decay in ESR

cooling, 2 EC and 2 3"-decays

Am/m = 3.7x10°
4.9 MeV
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Shell structure of nuclei

.. . . . : 1 1 kvi - center for advanced
Nuclear physics in the era of radioactive ion beams university of e
é&ﬂgg groningen radiation technology



Ain MeV

—15

CX

cm

~ D
XA
SRS **e
ot
o St
o &
. .0\0) >y o
(YD D
AP

CXYOON
.

40

-

80 100
Neutronenzahl N

| |
120 140 160



82n | keV

Two-neutron separation energies

SZn = BnucI(ZsN) o BnucI(ZaN'z)
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Mean-field model of nuclei

The Inter-nucleon Potential

Spacing between nucleons, r

n Exchange

e

EHeavy Meson Exchange

Effective

Quark Exchange interaction

Ph. Chomaz

Nucleons in a self-consistent

mean-field

Nuclear physics in the era of radioactive ion beams
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Validity of Mean Field Concept

J. Cavedon et al., Phys. Rev. Lett. 49 (1982) 978.

0.010 T T T T I T T T I T T T T l T T T T l T T T T
0.008 —— Hartree-Fock —
= i
§ 0008 [— _]
| ]
' i
o, L -
§ 0004 = -
Q i
<] -
0.002 — —
0.000 it —t
0 10
radius (fm)

Electron Scattering
Charge density difference between 296Pb and 25Tl

206Pp and 2°5TI differ in IPM by one 3s ,,, proton
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Coincidence electron measurements
- e

A S
e Detector < A

Hut

Hadren Spectrometer

Bcamdine

Experimental Hall A at Jefferson Lab



Basic kinematics

k,k' . p,p',q - 4-momenta of particles
v - energy transfer
g - 4-momentum transfer

M - mass of proton p
W - invariant mass of p'

. P =p+tq
@)= (0 + 9)* <1 TpoHg>
“W2 M2 =My =—Q?
> Q% =M>+2Mv— W?
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Single-particle structure

3727

independent 6.2 Oped ™ S(h)
partic/e; picture :

correlations

0 60 80
E, [MeV] — [Saclay data for 160]

.. . .. : i i kvi - center for advanced
Nuclear physics in the era of radioactive ion beams =~, university of e or a
L groningen radiation technology




Single-particle structure

independent
particle; picture

— — correlations

- —— ()p“
0ps)

-—05 ()¢

Deviation from the independent-particle picture:
Correlations: Configuration mixing,
Coupling to collective phonons
Short-range correlations — high momenta
— reduced single-particle strength

(occupations, spectroscopic factors)

14
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Mean Field Theory
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Direct reactions for (one-) nucleon removal

~n
|=|
\ —

transfer — pickup
Epeam = 5 - 30 AMeV complex

transfer — stripping
Eicam = 5 - 30 AMeV

one-nucleon removal
E,cam = 50 - 500 AMeV

wisiueyossw uoi}oeay

"simple”

quasifree scattering
Epcam = 200 - 1000 AMeV
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Energy (SSD) [Channels]
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Quasi-free scattering

Incoming Particles
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Outgoing Particles
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Spectroscopic factors for neutron-proton asymmetric nuclei

weakly bound strongly bound
nucleons nucleons
T |1SI L L l LI l LU l LI | L I L L I LI L I LI l I
1.0 } Spectroscopic strength -
L %BB - c,: Theory (Eikonal + Shell M) | 9
0.8 |- *si " [ - .
c f t - B Origin
- 31 N -l
= | o o 01, W |1 unclear
S 06 | | Ll FC 08 2164 |
I - <5 Wi Maf ié . !
s L F} { s 1 1sospin
m i 51V EGBPb 12C b/Ni
04l y s | dependence
i n Rs (e,e'p): AS:SD-Sn Ar |
- ® R_p-knockout: AS=S -5, QBS% 1 of
i —_ o Rs n-knockout: AS:Sn-Sp 32p A Correlatlons
' O T W S NN Y TN N U T N T W M N W W O NN S M S N N SO W N Y U A | ?
-20 -10 0 10 20 !
AS (MeV)

Figure from Alexandra Gade, Phys. Rev. C 77, 044306 (2008)
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Reactions with Relativistic Radioactive Beams

Large-acceptance measurement I@B
Heavy fragments
—

I* [ | I Neutrons ‘
\ / / Target /
Tracking detectors: Neutrons \ | \

Protons

/-Tays Large-
Exotic beam from Neutrons  ,cceptance
Super-FRS Protons  dipole

AE, x, vy, ToF, Bp _ _
High-resolution measurement

The R3B experiment:

+ identification and beam "cooling" (tracking and momentum measurement, Ap/p ~104)

» exclusive measurement of the final state:
- identification and momentum analysis of fragments
(large acceptance mode: Ap/p~10-3, high-resolution mode: Ap/p~10-4)
- coincident measurement of neutrons, protons, gamma-rays, light recoil particles

» applicable to a wide class of reactions

* I 4
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Reactions with Relativistic Radioactive Beams
R°B

RIB from ach:_t-:‘a rtgaence
Super-FRS S ' "
dipole magnet

 Target
* Tracker
e Calorimeter

Neutrons

fragments

R3B Start version;
2014
Protons
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The Collective Response of the Nucleus: Giant Resonances

Electric giant resonances

Monopole
(GMR)

Dipole
(GDR)

Quadrupole
(GQR)

Isovector

Isoscalar

1008

Photo-neutron
Cross sections

10 12 14 16 18 20 22 24 26 28

O
8

Cross section (mb)

65Cll
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il i

ik !

“¥(v,n) *(v,2n)

8

®) 00

250
200

Cross section (mb)

10 12 14 16 18 20 22 24 26 28 30
T T T T T v T

T(’y, n) f (7,2n) t (7,3n)

8 10 12 14 16 18 20 22 24 26 28

Berman and Fulz, Rev. Mod. Phys. 47 (1975) 47

—

¥,n) ¥(7.2n) (ram*t T T

E, (MeV)
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Kinematics for inverse reaction for °°Ni

1 L
— ———
*Ni(o,00) E=50 MeV/u
®Ni(,o) E =200 MeV/u
Ni(o,0)  E =400 MeV/u

------ E* =10 MeV

Erecoil [MeV]

uu| |||||u|| IIIIlLLI] |||||m] ||||L|i||_|j_Lu.IlIILLu.lIJLLu.uIILLLI.llILLu.uIILI.I

*“NiCHe,t) E=5
*NiCHe,t) E=200 MeV/u
“NiCHe,ty E

______ E* =10 MeV

_|_|_L|_|_Ll|] IIIII|,||,| IIIIILIJ,| LIl

80 100 120
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ISGMR/ISGDR channels in 3°Ni with (a0 )

*Ni(o,0.") E =200 MeV/u
B ISGMR
10° & ‘
E . ISGDR
102 = \\ e(“'=20°
- ol 6M=10°
10 E_ . , oM=z0
e E. =19.5 MeV
- FWHM=5.2+0.5 MeV
10" &= q E_= 30 MeV
= ®FWHM=10.841.9 MeV
, -« [ T B
0 § 80 100




Nuclear physics

uonisod 1981e]

Setup (@ ESR

Circumference 108 m

Maximum Bending Power 10 T.m

Magnets 6 Dipoles, 1.6 Tesla
4 Triplettlenses

4 Duplettlenses

8 Sextupolelenses

Magnet Power Dipole 3.7 kA at 1.6 kV

Field Ramp max. 1 T/s

RF Acceleration 2 Cavities at 5 kV

Frequency Span 0.8 — 5 MHz =]

Vacuum Operational 10™ Torr

Bakable to 300° C

Beam Diagnosis 12 Position Monitors

1 DC Transformer
1 fast Transformer

1 Profile Harp

1 Faraday Cup

1 Beam Scraper

SY4 WoJj suol

of /
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The new ESR Scattering chamber

1t DSSD

& i(Li)S ond DSSP

:: ! §f
DSSD: 128x64 strips, (6%6) g=

cm? 285 um thick

. Si(Li): 8 pads, (8x4) cm?,
6.5 mm thick

. active vacuum barrier

. moveable aperture to
Improve angular resolution

Wy
.. . .. = i i kvi - center for advanced
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First results with radioactive beam
%Ni(p,p), E = 400 MeV/u

S
(62

S
o

energy in MeV
— — D "] w w
o o1 O m O O

(&3]

lab angle in degree

Ly
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First results with radioactive beam
e Elastic p-scattering off °°Ni (E105), M. von Schmid
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GSI and FAIR overview
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Improvements over the present

Primary beams:
- Factor 100-1000 over present intensities
Secondary beams:

- Broad range of radioactive beams up to 1.5-2
GeV/u; factor of 10000 improvement in
intensity with respect to the present facilities
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Conclusions and outlook

Many unanswered questions will be addressed with
the new generation facilities.

Various aspects of nuclear matter (sizes, shapes,
interactions, limits of stability etc. etc.) will be
studied in the coming years.

Understanding the structure of nuclei and the forces
governing them will also give clues on how the stars
are formed and evolve.

Many laboratories capable of producing intense
radioactive beams have come online or are 1n the
process of building.

State-of-the-art detection techniques are being
developed to go to the extremes
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Thank you!
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