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Topics include:
Theoretical and Experimental Nuclear Physics and Nuclear Astrophysics

Goals of the school

The school will be held every two years in summer and it is intended for
graduate students and young researchers who are interested in the fields
of subatomic physics. It aims: (1) to promote and encourage talented
young physicists and students and build an efficient linkage of young
researchers with the other international colleagues; (2) to exchange ideas
and share information in depth research on typical problems at the
forefront of contemporary developments in nuclear physics; (3) to
deepen the future research cooperation and strengthen the interaction
between theoretical and experimental studies; (4) to present the most
recent research results; (5) to stimulate contact between the people and
promote the culture exchange and communication of young generation.
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nuclear structure), S.G. Zhou (lTP,\Chlna, ‘Properties and synthesis of superheavy elements)
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Date and Place

The lectures will begin in the morning of August 27, and end in the
afternoon of August 31. The school is hosted by Peking University in
Beijing.

Tour and Other:

A half-day excursion is planned. We can also help to book tickets for
sightseeing to other cities in China after the summer school. Please tell
us your requests when you send back the registration form.

Registration Fee and Local Fees

(1) Local expenses are covered and no registration fee is charged for
the lecturers; (2) For the participants, fees for registration and local
expenses in total are US$500; (3) Supports for local expenses and/or
registration fee are available upon application; (4) The accompany
person should pay US$200 for the welcome party, m banquet, and
culture events. 3

Those who are interested in participation shou-} thc‘
registration on the website www.jenp.org
Dr. H.Z. Liang, Dr. L.L. Li, and Dr. L. Liu
isssp@jcnp.c_)_ré
http://www jenp.org/
School of Physics,
Peking University, Bd’ljing 100871, China
Tel.: 86-10-62767013 Fax: 86-10-62765620
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FOR NUCLEAR PHYSICS

Beijing, ISSSP 2011

“Precision Mass Measurements of
Short-Lived Radionuclides
PART 1 - BASICS”

Klaus Blaum
August 29, 2011
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Introduction and methods

Principle of Penning trap and storage ring
mass spectrometry (see talk by Prof. Zhang)

Setup and measurement procedure

Precision measurements of nuclear
masses and their applications




Introduction
and
Motivation
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Extraction

From the FRS
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Electron
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=) To the SIS

particles at nearly rest in space relativistic particles

* jon cooling * long storage times
* single-ion sensitivity * high accuracy




General physics & chemistry

Nuclear structure physics

- separation of isobars

Astrophysics

- separation of isomers

Weak interaction studies

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Metrology - fundamental constants
Neutrino physics
CPT tests

QED in highly-charged ions

- separation of atomic states

Experimental
setups

e
General physics & chem&]KATRIN-TRAP ’

Nuclear structure physics

- separat

CSRe/ESR

Astrophysics

“separg” TRIGA-TRAP

Weak int ti tudi :
eakK Interaction studies |SOLTRAP

Metrology - fundament SHIPTRAP
Neutrino physics

Sources: CPT tests
Accelerator or reactor based THe-TRAP
radioactive beam facilities QED in highly-charged ior
and electron beam ion traps. separation 5. PENTA-TRAP

CERN IMP/GSI MPIK TRIGA

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS
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In operation since 1989 1999 2004 2009

(rest under construction) Storage rings for MS




Principle of
storage ring and
Penning trap
mass spectrometry

MAX PLANCK INSTITUTE
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B. Franzke, H. Geissel & G. Miinzenberg, Mass Spectrometry Reviews 27 (2008) 428

Cooled Fragments Hot Fragments




PENNING trap
Strong homogen.
magnetic field
Weak electric 3D
quadrupole field

Typical freq.
q=¢€
m=100u
B=6T

— f=1kHz
£. = 1MHz

MAX PLANCK INSTITUTE
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(3) TOF measurement

MCP
- Detector

A

(2) Energy conversion

1 Centroid:

l,_ 149
{"2rm®

Mean time of flight / us
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“Ga 1,=324s
o 1 2 3 4 5 6 7 8 9
Excitation frequency £ - 1445125 / Hz

(1) Excitation of the
ion motion

Determine atomic mass from frequency ratio fc,ref _ m-m,

with a well-known “reference mass”. fc mref = ﬂ7‘9
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project start @ TRIGA: 01/08
start data taking: 05/09

| 'mIGA b

" G. Hampel
B\ " Eberhardt
% N: Trautmann

steady 100 kW,
pulsed 250 MW,
neutron flux 1.8x10"" / cm?2s

Nucl. Instrum. Meth. A 594, 162 (2008)

TRIGA-LASER

W. Nortershdauser

TRIGA-TRAP

MAX PLANCK INSTITUTE
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Carbon cluster
ion source

Surface
ion source

Beam analysis

7 T magnet

Cryostat /
4K Electronics

TOF-ICR
Detectors

Purification trap:

» Cleaning of unwanted
ion species by buffer-
gas cooling

Preparation of a mono-
isotopic ion bunch

Precision trap:

* High-precision mass
measurements with
single ions




Performance
- Sensitivity
- Resolution
- Precision
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ion signal mass/frequency spectrum

Amplitude

A

>
'

>y v

Z(v)
very small ,»FT-ICR*
signal ~fA Fourier-Transform-

lon Cyclotron Resonance

Induced current: | 4=172 r,/D-o-q
(Schottky et al. ...)
Signal / Noise S/N~1/T"2

i\ Operation of traps and electronics at cryogenic (4 K) temperature.




Schottky - m, mHf Ta W

detection in a
storage ring

!
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Stored ion beam

142Pm59+
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160's

frequency -

EC-decay

o
142Nd 59+

t=28.48s &

time after injection (320 ms/spectrum)

Discovery of new isotopes

| 142 5y 59+ & .
= and isomers.

Revmg{%n'reqaé?my—zzlf%ﬁz kHzZ) Revolution frequency — Hf: Phys Rev. Lett. 105 (2010) 172501

Schottky &5 ® Narrow band
detection ina [ VI 3 FT-ICRin a
storage ring 9§ [E "” i) ' _ Penning trap
' ' T=4K

P=55mW
en = 400 pV/VHz
in < 2 fA/VHz

v, = 600 kHz

Stored ion beam

' 142y 59+ 5142 Pm59+
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Isomerism in e8Cu:

6 721.6 keV as produced
by ISOLDE

IT 84%

1"y \/
/\X B 16%
68Cu X B 100%

g: T,=311s isolation of the
m: T1/2 = 3.75 min 1+ ground state

mean TOF (us)

O+

682[‘] isolation of the
6- isomeric state

Resolving power of excitation: R = 107

MAX PLANCK INSTITUTE
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= Population inversion of nuclear states

15 25 30 35
foxe - 1338940 (Hz)

= Preparation of an isomerically pure beam
K. Blaum et al., Europhys. Lett. 67, 586 (2004

Eex = 402(10) keV

—(13/2¥)

— (13/27)
— (13/2%)

Meantime o flight /us

L (9/2) X
“Seg: (T,>150ms)

Tl 402(10) op0s 75(21) s
~ o (9/2°) +
o X (9124

5 Gf2) 388 55;2*)
364 T (3/2*) 366 5/27)

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

tentative level scheme
including new isomeric

S E1 2

e : —4 a2 apy Statein ®5Fe’2
61 65 67
26 F€35 26 F €39 26 F€4)

LEBIT (MSU) M. Block et al., Phys. Rev. Lett. 100, 132501 (2008)




Applications:

Test of
nuclear mass models

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS
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MASS UNCERTAINTY (keV)
[ ] u=< 1
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1.2% 2.2% H 4=zu <12
O 12= u < 60
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O 200<u
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MASS ACCURACY (keV)
[ ] u=<1
H 1su=< 2

B 2su=< 4

B 4= u<12

O 12=u < 60

60 = u <200

0 200su

- Extrapolated Mass

Test of nuclear mass models

Sp=0 r-process  Sn=0

A

/A

T 7770 70 77

Audiob
== Haus1988
" Haus1988
= Coma1988
" Haus1988

{LLELELN NN L BRI I

= Tach1988
Span1988
=" Jane1988

= Mass1988
= Dufl1994
= Lira1976
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Model difference / MeV

\

= Abou1992
= Moll1995
= Myer1996
7 Dufl1995

Known masses

AT et N T TN

70 80 90 100 110 120 130

N (Z=55)




Isobaric Multiplet Mass Equation

Mass formula for multiplets of nuclear states with
same mass and isospin

A =33, 7 = 3/2 quartet:

T=3/2

—

M=a+ bT,+cT,?

Commonly used
quadratic form

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

ISOLTRAP (ISOLDE), JYFLTRAP (Jyviskyl3)

Most stringent test of IMME

O Ground state quartets
% Excited state quartets
A Ground state quintets

g E
o bigtad

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

10 20 30 40 50 60
A

ISOLTRAP measurements 2002: New status: K B.etal, Phys. Rev. Lett. 91, 260801 (2003).
- BAr with v(m)=044keV A =33, 7 =3/2 quartet: d =-0.13(45) keV

— 32Ar with u(m)=1.8 keV A =32 T=2 quintett ¢ =-0.11(30) keV




Lecture |

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Beijing, ISSSP 2011

“Precision Mass Measurements of
Short-Lived Radionuclides
PART 2: APPLICATIONS”

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Klaus Blaum
August 30, 2011
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Applications:

Nuclear structure
studies

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

N\
X S . .
B Applications of precision masses

High-accuracy mass measurements allow one to determine the atomic
and nuclear binding energies reflecting all forces in the atom/nucleus.

— binding energy

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

neutron b Z°rnproton v Z'é’n
- (Batom + Bnucleus)/c

electron
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150 155 160 165 170
mass number

SHIPTRAP: First direct mass
measurement beyond the proton dripline.

C. Rauth et al., Phys. Rev. Lett. 100, 012501 (2008)

M. Dworschak et al., Phys. Rev. Lett. 100, 072501 (2008)
W. Geithner et al., Phys. Rev. Lett. 101, 252502 (2008)

J. Hakala et al., Phys. Rev. Lett. 101, 052502 (2008)

new ISOLTRAP data
T T T — T T T 1 T T " T T T T T T
12|4 1:|26 1éB 130 132 134 136 138 140 142 144
Neutron Number

CPT/ISOLTRAP/JYFLTRAP/LEBIT/TITAN:
Investigation of shell closures, halos, ...

B. Cakirli et al., Phys. Rev. Lett. 102, 082501 (2009)

D. Neidherr et al., Phys. Rev. Lett. 102, 112501 (2009)
J.S.E. Wieslander et al., Phys. Rev. Lett. 103, 122501 (2009
S. Naimi et al., Phys. Rev. Lett. 105, 032502 (2010)

MAX PLANCK INSTITUTE

FOR NUCLEAR PHYSICS

Nuclear mass measurements

—o—S, (32<Z<44
—o—S, (Z=36)
+ ISOLTRAP

Nuclear charge radii measurements

54 T

"3 = 42 (M)}
Z=41 (Nb)
z=40@n [
z=39(Y)
z=38(sn) |

Z=37 (Rb) |

’> (fm”)

o<r

Z=36(Kn |

Jyvaskyla |

End of phase transition region reached:
critical-point boundary

Kr masses: Phys. Rev. Lett. 105, 032502 (2010)
ISOLTRAP (|SOLDE) Kr charge radii: Phys. Rev. Lett. 102, 222501 (2009) FURIOS (IGISOL)
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[~ Ref., e.g., R.B. Cakirli, et al., PRL94(2005)092501
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p-n interactions are sensitive to the spatial overlaps
of the proton and neutron wave functions

\j Experimental proton-neutron interaction

MAX PLANCK INSTITUTE
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Noise power density [arb. u.]

ESR (GSI)




® Newly measured data

Proton number

I 100 - 150 250 — 300
Bl 150200 300 - 350
200 — 250 .,35.;.
1 1 1 | 1 1 1 1 I 1 1 1 1 : 1 1 1 1 : 1 1 1 1 : 1 1 1
125 130 135 140 145
Neutron number
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For even-even nuclei
6Vpn(Z,N) = %[{B(Z,N)—B(Z,N—2)}—{B(Z—2, N)—E(Z—E,N—2)}]

ESR (GSI) L. Chen et al., Phys. Rev. Lett. 102, 122503 (2009)

® Newly measured da

REVIEW
LETTERS

Akt putiiabed weet wiing 27 MARCH 2009

Proton number

MAX PLANCK INSTITUTE
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For even-even nuclei .

8Vpn(Z,N) = [{B(Z.N)—-B(Z,N

American Physical Society Volume 102, Number 12

ESR (GSI) L.Chenetal., Phys.ReV. —c... .co, ccccue \mvun,
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MAX PLANCK INSTITUTE

Excellent agreement on a few 10 keV level!

D. Neidherr et al., PRC 80, 044323 (2009)
ISOLTRAP (ISOLDE) M. Stoitsov et al., PRL 98, 132502 (2007)

M. Block et al., Nature 463, 785 (2010) 252 253 254
M. Dworschak et al., PRC 81, 064312 (201 IN“ N“ 1“0
CHART OF THE NUCLIDES 10 1501 10 ot 10 e

2445 0 s FRtE 162m 92y

M 82881 (13 qee | BAATOR (100K
R Eex120(1g) | EHTAUOE
SF=32 2 (8%

MAX PLANCK INSTITUTE
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Mean timg& of flight / us

253N o2+

T T T T T T T T T
-1 0 1

Excitation frequency / Hz - 850012
y SHIPTRAP (GSI)




Direct mass measurements on No and Lr

M. Block et al., Nature 463, 785 (2010)
M. Dworschak et al., PRC 81, 064312 (201
CHART OF THE NUCLIDES

M;eaﬂn ToF / us

-10 -5 0 5 10

Exc. Frequency + 843324.5 / Hz

Where is the predicted
“island of stability“?

166 168 170 172 174 traizes el

MAX PLANCK INSTITUTE
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4 256Lr radionuclide with lowest yield ever
WIE measured in a Penning trap (2 ions/minute)

Applications:

Investigation of
nhuclear halos
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characteristic properties of nuclear halos
large matter radius weakly bound increased charge radius

il 9Lj +2n
——= 375keV

3/2-—— OkeV

11 probing halo

neutron — nucleus interaction

Expler‘imenf
Interaction cross section (Tanihata)
Greens-Funct. Monte-Carlo Calcul.
Fermonic Molecular Dynamics
No-Core Shell Model

RN

MAX PLANCK INSTITUTE
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Nuclear Charge Radius (fm)

COLLAPS
(ISOLDE)

Be Isotope 1"Be: Phys. Rev. Lett. 102, 062503 (2009)

»Size“ and structure determination of the neutron halos in 1:12Be

Investigation of nuclear halos

... via nuclear mass (binding energy) and
charge radii measurements!

68He
P. Mueller et al., PRL 99, 252501 (2007)
V.L. Ryjkov et al., PRL 101, 012501 (2008)

o.MLj:
R. Neugart et al., PRL 101, 132502 (2008)
M. Smith et al., PRL 101, 202501 (2008)

11Be:
W. Nértershauser et al., PRL102, 062503 (2009)
R. Ringle et al., PLB 675, 170 (2009)

17Ne:

1"Be = 10Be + n

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Borromaéische Ringe

Argonne, GANIL, GSI, ISOLDE, TRIUMF
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... via nuclear mass (binding energy) and
charge radii measurements!

68He
P. Mueller et al., PRL 99, 252501 (2007)
V.L. Ryjkov et al., PRL 101, 012501 (2008)
9,11 j-
R. Neugart et al., PRL 101, 132502 (2008)
M. Smith et al., PRL 101, 202501 (2008)

11Be:
W. Nértershauser et al., PRL102, 062503 (2009)
R. Ringle et al., PLB 675, 170 (2009)

17Ne:
W. Geithner et al., PRL102, 252

ML/

1"Be = 10Be + n

Borromaéische Ringe

Argonne, GANIL, GSI, ISOLDE, TRIUMF
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Applications:

Nuclear astrophysics




MAX PLANCK INSTITUTE

FOR NUCLEAR PHYSICS

Nuclear astrophysics

Why is iron so much abundant than heawer
. elements-such as gold’? :

Why are there heavy elements at all and how
did they come into existence?

MAX PLANCK INSTITUTE

FOR NUCLEAR PHYSICS

Nuclides at the rp-process path
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PRL 102, 252501 (2009) PHYSICAL REVIEW LETTERS 26 JUNE 2009

Quenching of the SnSbTe Cycle in the rp Process

V.-V. Elomaa,"* G. K. Vorobjev,™” A. Kankainen,' L. Batist,” S. Eliseev,™" T. Eronen,' J. Hakala," A. Jokinen,'
I.D. Moore,' Yu.N. Novikov,™ H. Penttild,' A. Popov.2 S. Rahaman, ¥ J. Rissanen,' A. Saastamoinen,' H. Schatz,*
D. M. Seliverstov,” C. Weber,"¥ and J. Aysts'

'Department of Physics, Uml.(rur\ Uj J‘umh."a Post Office B()L 35, FI-40014, Finland

» BBEE
s BE JYFLTRAP (IGISOL)

or &0
o C.Weber et al., Phys. Rev. C 78, 054310 (2008)
V.-V. Elomaa et al., Phys. Rev. Lett. 102, 252501 (2011)
E E. Haettner et al., Phys. Rev. Lett. 106, 122501 (2011)
,,‘-3"" 3' 2 PBUIBIAETNHNML LM F. Herfurth et al., Eur. Phys. J. A 47, 75 (2011)
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Star bursts pinned down

Ora of tha mEin uscartairtas intha bur=up of X-rry DUt from neutron Btars hee bean rHmawad withtha ]
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injection from
CSRmvia RIBLLZ

Ea—
JSFRNNS

internal gas-jet
target

electron cooler

~

possible positions
for new time-of-fight

/ detectors

present
time-of-flight
|

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

detector
5G

1 I |
612 613 614 615 616 617
Revolution time (ns)

Rate of 7'Kr was just 2 ions/day
New masses: 3Ge, 6°As, 67Se, and "'Kr

CSRe (IMP, Lanzhou)
X. Tu et al., Phys. Rev. Lett. 106, 112501 (2011)

Observed Solar Abundances

Model Calculation: masses from
ETFSI-Q Pearson et al. 96

Same but with new masses

T T E
T,=1.35; n =1%10% ]

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Abundances after g—decays

70 77 84 91 98 105
Mass number A

ESR (GSI) B. Pfeiffer, GSI Report 2006-03




Applications:

Neutrino physics

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Is the neutrino a Majorana or Dirac particle?

2V2EC (T, ,>102%y) 0v2EC (T,,,>103%)

1 I
—— =C xm2 x |M|? x |¥1e]? x |¥ae|? x
= MP 332 W g

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

SHIPTRAP (GSl), JYFLTRAP (IGISOL), ISOLTRAP (ISOLDE)




D
A Neutrino-less double EC (0v2EC)

Is the neutrino a Majorana or Dirac particle?

2v2EC (T,,,>102%y) 0v2EC (T,,>10%%)

1

119

Ik
(Q — Bap — E,)? + 3T2

=C xm2 x |[M|? x |¥1]? x [¥ae|? x

0v2EC might be resonantly enhanced (T;,~102%)
(Z,A)

two orbitay e-’ecrrons

Caplyre of excited electron shell

IT

BZh

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Contribution of Penning traps:

Search for nuclides with 4=(Q,,—B,,-E,) < 1 keV
by measurements of Q,, —values

(Z-2,A)

at ~100 eV accuracy level

2EC - transition

A4 (old), keV

A4 (new), keV

T,pem? yr

152Gd — 152Sm

-0.2(3.5)

0.9(0.2)

102

164 RN 164Dy

5.2(3.9)

6.81(0.12)

1030

180y s 180HFf

13.7(4.5)

12.4(0.2)

1077

10°

1526d
t

-
o
N

—_ —_ N
[an) o o
ES tn @

enhancement
halized to “*Fe

164,
Er

17}, =~ 10% (

2
1eV

vears
mgaa

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Iifmy,;=1eV 30 kg for 1 capture event a year

If my,;=0.1eV 3 tons for 1 capture event a year

152Gd can be used for a search for 0v2EC




my= 1 eV/ic?

Eq=18589.8(1.2)eV - Ep

my =0 eV/c?

-5 -1

3 2
E,-E, (cV)

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

\H—;He+e +V Q=18 589.8 (1.2) eV :
AT < 0.2 K/d at 24°C

We aim for: 6Q(3T93He) =20 meV ABB<100ppt/h Ax<0.1um
dm/m = 7-10-12 THe-TRAP (MPIK)

First 12C4+/160Q6* mass ratio measurement at dm/m_... = 4-10-'" performed.
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Nuclear structure studies

Isospin Symmetry
Pairing

Exotic decays
Fundamental
Interactions

=y

i

I_,_r —

T

Mass surface covered
with the time-resolved
Schottky Mass

Spectrometry 82

r-process
path

Mass surface covered
with Isochronous Mass
Spectrometry

Magic Numbers
Shell Evolution

t——— 28
- 20 Halos and Skins I
8

~ 1100 ESR mass measurements

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Future trap/ring/laser facilities at FAIR

s .
~7ad p-LINAC

W,

NUSTAR
Nuclear
Structure &
Astrophysics
with rare isotope
beams, x10000

Plasma Physics

Atomic Physics

Dedicated
storage rings
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i 4

// // Super-FRS

S15S100/300

y __,’:— Rare Isotope N

Production Target ’i

HITRAP

Antiprotc

; \ /f Productic Penning traps

5/ LaSpec
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MATS
Penning traps




MAX PLANCK INSTITUTE
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.. Eur. Phys. J. ST 183, 1-123 (2010)

y European Physical Soclety

@ REcmied b

Special Topics

D. Rodriguez, K. Blaum and W. Nértershauser
MATS and LaSpec

High-Precision Experiments Using lonTraps and

Why is iron so much
abundant than heavier
elements such as gold?

Why are there heavy
elements at all and how did
they come into existence?

MAX PLANCK INSTITUTE

FOR NUCLEAR PHYSICS

Breathtaking results in the precise determination of
nuclear masses have been achieved!

Masses reveal new nuclear structure
phenomenon (nuclear quantum phase transition)

Masses are of utmost importance for reliable
nucleosynthesis calculations

First direct mass measurements above uranium
bridge the gap to the island of stability

Discovery of a suitable candidate for 0v2EC search s

Development of novel and unique storage devices
(CSRe, The-Trap, PENTATRAP, MATS)

... and many more!
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Thanks

Edmund Myers (FSU); Georg Bollen / Rian Ringle (LEBIT / Michigan State
University); Guy Savard / Jason Clark (CPT / Argonne National
Laboratory); Michael Block (SHIPTRAP / GSI Darmstadt); Wilfried
Nortershauser / Szilard Nagy (TRIGA-SPEC / Mainz, COLLAPS / CERN);
Christine Weber (MLLTRAP / LMU Munich); Hans Geissel / Yuri Litvinov /
Christoph Scheidenberger (ESR / GSI Darmstadt); Susanne Kreim /
Burcu Cakirli (ISOLTRAP / ISOLDE-CERN, MPIK); Jens Dilling (TITAN /
TRIUMF Vancouver); Juha Aysté / Tommi Eronen/ Ari Jokinen
(JYFLTRAP Jyvéskyld); Xinwen Ma / Xu Hushan / Yuhu Zhang /
Xiaolin Tu (IMP Lanzhou)

Thanks a lot for the invitation
and your attention!

Email: klaus.blaum@mpi-hd.mpg.de
WWW: www.mpi-hd.mpg.de/blaum/
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Prof. Dr. Sydney Gales, GANIL, CEA/DSM-CNRS/IN2P3, France

Content of the lectures at the International summer school on subatomic physics
Aug 2011, Beijing (China)

Title: GANIL-SPIRALZ2: A new generation of Radioactive lon Beam Facility
Physics Highlights and Technical Challenges

Abstract: GANIL presently offers unique opportunities in nuclear physics and many other fields that
arise from not only the provision of low-energy stable beams, fragmentation beams and re-accelerated
radioactive species, but also from the availability of a wide range of state-of-the-art spectrometers and
instrumentation. Current research topics include ;the key nuclei to our understanding of the origin and
structure of matter in the universe, neutron halos, modification of shell structure investigated around closed
shells (N=8,20,28,40), the nucleus as a laboratory for study of fundamental interactions and fusion and
fission studies with very heavy ion beams (Xe , U) and the Vamos spectrometer. A few examples of recent
highlights are discussed in the present paper.

With the construction of SPIRAL2 over the next few years, GANIL is in a good position to retain its world-
leading capability. As selected by the ESFRI committee, the next generation of ISOL facility in Europe is
represented by the SPIRAL2 project to be built at GANIL (Caen, France). SPIRAL 2 is based on a high
power, CW, superconducting LINAC, delivering 5 mA of deuteron beams at 40MeV (200KW) directed
on a C converter+ Uranium target and producing therefore more 10" fissions/s. The expected radioactive
beams intensities in the mass range from A=60 to A=140, will surpass by two order of magnitude any
existing facilities in the world. These unstable atoms will be available at energies between few KeV/n to
15 MeV/n. The same driver will accelerate high intensity (100*A to 1 mA), heavier ions (Ar up to Xe) at
maximum energy of 14 MeV/n. Under the 7FP program of European Union called *Preparatory phase*, the
SPIRAL2 project has been granted a budget of about 4M€ to build up an international consortium around
this new venture. The status of the construction of SPIRAL?2 accelerator and associated physics instruments
in collaboration with EU and International partners will be presented.

Keywords: physics with secondary radioactive beams, in flight and Isol methods. Superconducting Linac
Accelerator and target ion source systems. Nuclear structure and reactions far from stability, detectors and
instrumentation.

PACS: 25-60.-t, 29.17. +w, 29.27.Eg, 25.85.-w

Outlines of the lectures

1. Introduction: Nuclear Physics : The Science and the International context
2. The keys questions in the emerging field of “exotic nuclei”
3. Physics with secondary radioactive beams
4. GANIL-SPIRAL1 :the facilities

5. Physics Highlights

6. SPIRAL2 Facility

6.1International Context
6.2 Beams and Detectors

1. Physics Opportunities with high-intensity stable-ion and Rl beams
2. Status of the Construction of SPIRAL2
3. Conclusions & Long(er) Range Plan

Main References

Books
1) A.Bohr and B.Mottelson Nuclear,Structure, vol .2,editor Benjamin,New-York 1975
2) G.R.Satchler, Direct Nuclear reactions ,Oxford University press ,New-york (1983)

31



Major conferences Proceedings
1)  First Int conf on Radioactive beams ,Berkeley ,Oct 1989,ed by WD  Myers ,
J.Nitschke, E.B .Norman ,World Scientific ,1990
Second Int conf on Radioactive beams , Louvain la Neuve ,aug 1991 ,ed Th.delbar,Adam
Third Intconf ...l MSU(USA) edited by D.Morrissey 1994
2) Nuclei at the limits of stability ,
A.C. Mueller and B. M.Sherill, Ann .Rev.of Nucl and Part .Science 43(1993)529
3) Nuclear Physics to day
S.Gales Nuc.Phys A654(1999)19-33
4) Exotic nuclei :Recent highlights and perspectives
A.C.Mueller Nucl.Phys.A654(1999)235c¢
5) Reactions with radioactive beams
I.Tanihata ,Nucl.Phys A654(1999) 235c
6) Superheavy elements
S.Hofmann ,Nucl.phys.A654(1999) 252¢c
7) Theoritical aspects of science with radioactive beams
J.Dobaczewski and W.Nazarewitz,Phil.trans.R.Soc.London A(1998)356,2007
8) Nuclear structure and reactions studies at SPIRAL
A.Navin,F.De Olieveira Santos,P.Roussel-Chomaz and O.Sorlin
J.Phys.G:Nucl.Part.Phys.38(2011)024004
9) www.scholarpedia.org/article/
GANIL-SPIRAL-SPIRAL2: A Heavy ion beam European Large scale facility for the
French and International community

8 www.ganil-spiral2.eu/

Some Phys Rev.Lett references

9. A. Lemasson et al., Phy. Rev. Lett.103(2009) 232701

10. B.Bastin et al., Phys.Rev.Lett.101(2008) 092501

11. L. Gaudefroy et al .,Phys. Rev. Lett.102 (2009) 092501

12. D. Suzuki et al., Phys.Rev.Lett.103 (2009) 152503

13. D. Jacquet, M. Morjean, Progress in Particle and Nuclear Physics 63 (2009) 155-185

14. M.Morjean et al., Phys.Rev.Lett.101(2008) 072701

15 A. Shrivastava et al., Phys. Rev.C80(2009) 051305

16.www.ganil.fr/research/developments/spiral2/

14. www.eurisol.org

15. cordis.europa.eu/esfri/publications.html

16. H. Savajols et al. S3, SPIRAL2 Technical Proposal
www.ganil.fr/research/developments/spiral2/collaborations.html

And give a look to the web site of NUPECC (European coll committee for NP)
At www.nupecc.org and the associated review reports ( see publications)
a. Nuclear Physics in Europe :Highlights and Perspectives ed .by S.Gales et al
(dec 1997 and new editions 2001,2007, 2010)
b. Radioactive Nuclear beam facilities beams ed by B.Jonson,
J.Vervier ,A.C.Mueller (april 2000)
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Outlines

1.Introduction: Nuclear Physics : The Science:

The keys questions in the emerging field of “exotic nuclei”
2.Physics with secondary radioactive beams
3.GANIL-SPIRALI :the facilities

4. Physics Highligths

5.SPIRAL? Facility
5.1 International Context
5.2 Beams and Detectors

5.3 Physics Opportunities with high-intensity stable-ion and RI
beams

6. Status of the Construction of SPIRAL?2
7.Conclusions & Long(er) Range Plan
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The cathode ray tube: a "complete accelerator at home
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AND ALL THIS IN VACUUM Figure from a 4
CERN Website i

Science Pillards of GANIL-SPIRAL2
2 . What are the limits of the heaviest elements?

Wﬁﬁé; @ / 2\;
‘-“‘* a@
N /O

S
7

lifetimes > 1y

What are the limits of stability,
Exploration of terra incognita, neutron
rich region,haloes and skin,vanishing
shells,new decays, new shapes

made in the Universe
Astrophysics

International summer shcool on Subatomic

Physics—Beijing Aug 27-31 2011

Sydney Gales
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A new landscape Far of Stability
A huge discovery potential

Key nuclei for
stellar processes are far
from stability

Limits of existence

al summer shcool on Subatomic

Sydney Gales

x no spin
very diffuse orbit around the
surface hamonic  exotic nuclei valley of
neutron drip line  oscillator hypernuclei [-stability

Neutron number N ——»

Modifications of mean field .
and residual interactions Evolution of shell structure towards

by e.g. diff rf i '
y e.g. diffuse surface 8Ni and 132Sn (Skln)

Study using light-ion transfer reactions — (p,d), (d,3He)
» measure properties of bound and unbound states
s EX, |7, SFE
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sta S transmuted the atomlc nuclei mto
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NuPECC W& 2000
lext generation of RIB facilities should aim at intensities 1000 times higher thar
in the facilities presently running or at the commissioning stage.
Two truly complementary facilities based respectively
on the « In flight and Isol » methods are needed to cover

the foreseen physics issues,and they should be second to none world-wide”

Projectile Fragmentation ISOL

Transfer tube Toa soure

[~

Thick, hot target
Production bea~

Isotope / isobar
separator

Heavyion

| Thin production Postaccelerator
target Radioactive ion beam SPIRALZ T
@GANIL
FAIR “
@GSI

Radioactive ion beam

11
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Aliclear reaction

cross-sections
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intensities
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molecules
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capture

Reaction cross-sections ,energy and
needed rates for secondary RIB

breakup correlations
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Interaction Cross Sections
at ~800A MelV/

1400
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I' Ah Interdlsmpllnary Large Scale
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for the French ,European and

Internatlonal Communltles
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Production of intense Heavy Ion beams : Ion source

Example of the ECR source
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6.6x16cm - ’ 3 "hl .
= Gas ein ¢ 3 ?
- 2 11+
+ 3 20+
H q »h } H;»
(Vakuum) ! n 0 l._ s i | \ |I5.J.g:'|: A
=l @.._ 10 cM L T U T N SR A R EEE R
exapol) ! Analyzmg field

High current sources: e.g. > 10 mA U4
and also > 100 mA p

‘hot plasma’

Transparency from a lecture by
O. Boine-Frankenheim, GSI
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Properties of Cyclotrons

The frequency of revolution, the so-called cyclotron
frequency has to be constant

v=1/T == B, /2mtm,

showing the link between mass, field and frequency, _
note, that this can be used for high-precision nuclear mass
measurements

but the formula, even more importantly, also suggests how to
overcome the initial relativistic effects in a cyclotron (starting
around 20 MeV for a proton):

the relativistic mass increase with increasing =v/c of

m=y m,, y=(1-B?)"""* can be compensated by
correspondingly increasing the magnetic field in order to
maintain the frequency v constant, this can be done by shap
the poles (see figure) and adding "trim coils", such an
accelerator is called an isochroneous

cyclotron,

a cyclotron typically has 1-4 accelerating cavities, = The factor K is often used

with an energy gain of up to a few hundred keV to describe a cyclotron's
characteristics

thus the beam typically makes hundreds of turns 5
in the accelerator, and the turn separation is rather Wii/A =48 (B, p)* (Q/A)
small or

° Wia/A = K (Q/A)?
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The K=590 cyclotron of the PSI (Zurich)
facility is a 8 separated sector
machine with 4 accelerating cavities
. The injection energy of 70 MeV is
provided by another cyclotron —
Started in 1970

The exceptional experience

gained at PSI allows now to

approach an intensity of

almost 2 mA (> 1MW of beam
power world record for a SSC)

accelerating cavity sector magnet

SRC World’s First and Strongest
K2600MeV RIKEN -Started 2007
Superconducting Ring Cyclotron B

400 MeV/u Light-ion beam
345 MeV/u Uranium beam
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GANIL

| GRAND ACCELERATEUR NATIONAL D'IONS LOURDS |

First beam in 1983

STABLE BEAMS
fromCto U

* energies up to 95 A.MeV

« intensities up to 2.10"3 pps (6
kW)

VAMOS

EXOGAM
ORION

RIB production schemes

* in-flight method : SISSI, LISE

* ISOL method : SPIRAL (SIRA)
*Inverse kinematics: HI+C target

Up to 10000 hours of stable and
radioactive beams per year |
600 users/year (40% outside of France)
Operation budget |
(without salaries): IM€/year

ici. . : 60 24
. C . (PPS) : 10 3x10 5x10 1010

SPEG

G4

Primary Beams:
Ion: e Ve 86gr 238y

Multi-Beam Operating Mode:
4 experiments in parallel

""‘*\-‘». {-:-\", **

D5 | High Energy Beam GANIL [24, 95] MeV/A

D3

LISE ME: after a stripper, one
charge state is sent to the D1

D2 room =>the medium

SIRa energy exit [3.7,13.7] MeV/A

D1

o co2

irrsup IRRSUD: low energy
beam irradiation line

[0.3,1.0] MeV/A

Ly L3 A\l L2
\.. [ \ 7
‘. o spectro ?ﬁ'

SPIRAL css2 Css1 co1

Internatiqng




Ion Source

Heavy-Ion Stable
Beam

ECRIS

"& / Target &

Ion Source

Containe

SPIRAL operation

(http://www.ganil.fr/operation/available_beams/radioactive_beams.htm)

Table of elements

i 1l i v v v Vil Vil
1 H . He
, HER 7 elements, 40 isotopes B CNOFE N
3 Na Mg Al 8i P S8 Cl Ar
4 K CaSc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
5 Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te | Xe

SPIRAL scientific production 2001 — 2008 :
70 physics articles
12 PhD Thesis
53 technical articles
7 PhD thesis

Recent overview article:
Navin Alahari et al.
J. Phys. G: Nucl. Part. Phys. 38 (2011) 024004.
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SPIRAL1 operating mode:
4 experiments in parallel

High Energy Exotic Be
D5 [1.2, 25] MeV/A “

=
=
(=
= D3
= LISE
N
=
(=]
= D2
8 SIRa
=
2 D1
= el C02
\ 13 N L2 \¢.
: o \L‘m‘ CARY IRRSUD
"; A P e 8
- >
2 SPIRAL CSS2 Ccss1 co1 §
= (7))

Heavy ion beams ,among the most intense
in the world
From Carbone to Uranium
0 to 95 MeV/n
“Exotic” Beams In Flight and/or
SPIRAL 0-25 MeV/n
An ensemble of detectors and spectrometers
rather unique
In the world !!
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Neutrons

International summer shcool on Subatomic
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H. Rousseau, Forét Vierge ... N
10 9
©
L2 , o
510 15 20 25 30 35 40 45 50 55 60 65 70 75 8082 %
Protons 'g
>
(7}
A Typical Experiment with RIB (@ Ganil
/ MUST: VY. Blumenfeld et al., NIM A366 (1999) 298 —
CATS: S. Ottini-Hustache et al., NIM A431 (1999) 476 s
Proton target oo \|
2 __Radioactive_______ |, _____ - = —\
E < 2000
£ o O “| SPEG
< o\ : N eiatny
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> Hydrogen 7: the most “exotic” nuclear system
ever observed

4 ‘Be | 7Be | 5Be | *Be |19Be|!1Be|12Be *Be|14Be
SLi | ®Li | 7Li | 8Li | °Li |1°Li{ "Li 1

y4 3He |*He|5He |°He|’He ®He|°He '"He
g H |’H |3H | “H | H

Advantages:
- Thick target

. - detection efficiancy 100%
- angular coverage 4n
- Very low energy threshold

Principle :
- 3D imaging of the reaction

- Identification of products

MAYA target-detector
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From MAYA active target 3D detector

=0
;«é wall of Si

1 fJ detectors —~ 10

— 20
anode: A, 55
plification o e QM.
area egmented - -

| cathode 30

12C(8He,’H->3H+4n)"*N

30

24

18 : 2 H observed

cross section (ub/sr)
i
i

10 5 [ 5 10 15
excitation energy (MeV)

M. Caamario et al., Phys. Rev. Lett. 99, 062502
(2007)
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_Revisiting two proton radioactivity with TPC

B.Blank et al
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Universal Magic Numbers Mayer and Jensen (1949)
SEEER
Shells N=28

b
!
s
\ g, R : 3
: 2 8 20 28 50
T - g : Neutron Number
28 2028 50 82 126
‘ Neutron Number 42$i
The study of the exotic nuclei revealed that the picture of '"magic number" has to be W,

refined...
At N=28, the 48Ca is "magic" (spherical) but different experimental ~N=28
observations lead to the conclusion that the deformation plays an
important role when Z<20.
- strongly deformed #2Si

- spherical-prolate shape coexistence in S ° %

I) Motivations and goals “Key nucleus” 42Si

Vol 4356 Jur

l ETTE F\L‘) “ To Nature (MSU 2005)

‘Magic’ nucleus ?2Sij

J. Fr Idn‘ann I Wndnnhnvnr . A Gade?, I. T. Baby', D. Ba . B, A, Br Own . C. M. Ca mpbﬂll 1. M. Cnnk GRAMS ACCELERTEUN NANONAL 0ONS LOURSS
P. D. Cottie' .« E. Diffender fqz . D.-C. Dinca®, T. G asm achﬂ-r’ P G. Hansen” l< wW. Kemper', J. I. Lecousy” USRS CRROION: M
. H. Olliver”®, E. Rodriguez-Vi jaitez?, J. R. Terr ry”, ). A. Tostevin' & K. Yoneda® |

- 2"d Fragmentation

AE

R &

ag > 42g;j s .(ﬁ"’

422G

Secondary beams
SISSI
| #Ca>*“S | Gamma Ball

SPEG (£~100%)

60 A.MeV
* I(48Ca) ~ 4 pAe -

* First

Fragmentation

Collaboration GANIL,IPNO,LPC Caen,SPhN/Dapnia
IFIN Roumanie, Univ Bonn, Univ Paisley, FLNR/JINR
Univ Surrey, IPHC, Univ Madrid
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GANIL “in flight” 4“Si Results
N=28 shell

GANIL+SISSI
« In beam gamma
Spectroscopy »

© ---Ca
Ly

E(29 = 765225 keV

Sydney Gales

B. Bastin, S. Grévy et al.
PRL99,022503 (2007)
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New Frontier with 238U intense beams and
silicon wall (res) drift chambers (X,Y) VAMOS —EXO_GAM

VAMOS

(AE)

233 (6.1 AMeV) + C:
Inverse kinematics :

Fission fragments forward focused
=> higher acceptance

Fission fragments with high velocity S
=> Z identification X\¥

Z — AE-E
Velocity — ToF, reconstructed path
M — TKE, Velocity

M/Q — Bp, Velocity

30<Z<60 AZIZ ~1.5%
70<M <160 AM/M ~ 0.6 %

beam
(10° pps)
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The cvclotron frequency v formula

Properties of Cyclotrons

ﬂ V=qB,, /2tm, ]

showing the link between mass, field and frequency,
note, that this can be used for high-precision nuclear mass measurements

but the formula, even more importantly, also suggests how to overcome the initial
relativistic effects in a cyclotron (starting around 20 MeV for a proton):

the relativistic mass increase with increasing f=v/c of m=y - m,, y=(1-p*"* can
be compensatedby correspondingly increasing the magnetic field in order to
maintain the frequency v constant, this can be done by shaping the poles (see
figure) and adding "trim coils", such an accelerator is called an isochroneous

cyclotron,

Unfortunately, a cyclotron can not have any
direct focusing elements inside and that for
flight paths which exceed kilometers

The way to overcome partially the absence of

vertical focusing, is to use alternate gradient

focusing by passing in successively in sectors of
strong and weak (or zero fields.) called Sector
Separated Cyclotrons
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ISOL
at the highest power levels

One stage :direct use of charged particles,
minimize dE/dx (low Z, high E at 1 GeV max. 100 -
200 kw)

Two stage :use neutral particles in second
stage, i.e. neutrons & photons
for neutrons 5 MW of proton
beam (like spallation source)

Combine also (fragmentation + gas collec-
tion scheme) is also in this class

Sydney Gales
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lifetimes > 1y
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2p3 Physics Highligths

infinis

Search for New Super-Heavy Elements@GANIL
Z=120 via fusion of Ni+U reaction — Coll IPNO Orsay-GANIL

" o Modification of the
acancy creation in T = 7 characteristic X-ray
inner electronic shells Filling of the vacancies with X-ray ug

during the fusion emission at energies characteristic of
process the nucleus atomic number

s
@ > a-> @ >G>

Fusion

energies (adiabatic
adjustment of the
electron shells)

4 4N 6.6 MeViA

B2
Random coincidence co
Background subtraction

Fission Fragment
In coincidence
with X-ray

Clear evidence for
a X-ray energy
Corresponding at
Z=120 compound
system
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1961 Goldanski predicts 2 protons radioactivity

‘ correlatad protons free protone

energy

]
E
=
~—
]
=
=)
)
=R
C v
o
S A
S —
= P
2~ distance to centre of nucleus
S (@
E o
=]
g < ?He emission:
— 2T
2 o
3
= 0 Signatures: »
S @ ' : 8
=0 * equal proton energies? 5
- -
s .2 » angle correlation between protons? >
5% -- :
s = S
— [ n
1C . : RS week endin
i PRL 99, 102501 (2007) PHYSICAL REVIEW LETTERS ?SEPT:’EI\-;BEI;Ig:ﬂOT
E First Direct Observation of Two Protons in the Decay of ¥°Fe with a Time-Projection Chamber
0 1. Giovinazzo,' B. Blank.! C. Borcea,"* G. Canchel,' 1.-C. Dulnuz}'.: C.E. Dcmunchy.1 F. de Oliveira Santos,” C. Dossat,”
S. Grévy.? L. Hay."" J. Huikari.' S. Leblance.' 1. Matea.! J.-L. Pedroza.' L. Perrot.? J. Pibernat.' L. Serani.!
C. Stodel,” and J.-C. Thomas®
'Centre d’Etudes Nucléaires de Bordeaux Gradignan-Université Bordeaux 1-UMR 5797 CNRS/AN2P3, Chemin du Solarium, BP 120,
F-33175 Gradignan Cedex, France
3 2Grand Accélérateur National d’lons Lourds, CEA/DSM-CNRS/IN2P3, Bvd Henri Becquerel, BP 55027, F-14076 CAEN Cedex 35,
o= France
E *DAPNIA, CEA Saclay, F-91191 Gif-sur-Yvette Cedex, France
8 (Received 5 March 2007: published 7 September 2007)
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Cross section of astrophysical interest 18F(p,a)150

Need to know rates of reactions creating and destroying 1F

First direct measurement at GANIL via
Spectroscopy of 19Ne using the reaction H(18F,p)18F
E ~ 4 AMeV
2x104 pps 8F (a new beam at GANIL) Purity > 97 %

o 18 18 Orsay, LPC Caen,
H(*F,p)*°F o“;lltg\ll} B =y Lok
s Data of PRC 70 (2004)

* Try to confirm the
existence of a hew
broad %+ state in 1°Ne

ds/dw (mb/sr)

International summer shcool on Subatomic
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fSortSas/s021
E 0N 167(p. a) kinematics and emecqy losses
v ‘
A broad 18F )15
A known state at ~0.6 MeV " WL%N H(*8F,a)0
state ? UJ[J |
| \
|
. - ' J '
Other states detected in H(*®F,a)°0 & LW | ST "

EXOGAM physics highlight

92Pd: evidence for a new spin aligned np coupling

scheme
End-point of the N=Z line and the heaviest doubly-

magic core (190Sn)
S.p. properties wrt 1%°Sn core

Ideal « laboratory » for neutron-proton
correlations in identical orbitals

Isovector (T=1, 1=0) and (T=0, I=1)
isoscalar np pairing sscd
End point of the rp process path in .., s
X-ray bursts and steady-state
hydrogen burning on
accreting neutron stars
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92pd: evidence for a new spin aligned np coupling scheme

*B Cederwall, F. Ghazi-Moradi, T Back, A Johnson, J. Blomqvist, E Clément, G. de
France, R Wadsworth et al e

s it it s

EXO GA M - N Wa I I 'D IAMAN T: Evidence for a spin-aligned neutron—proton paired

The power of the coupling — =
=4 001@
My
EXOGAM: 11 v—‘-‘-LU
. — 6) 253
le‘;%f,f fepw . (o) 874 KeV g o ©)
o TOr ﬁ 1ol °
= m , 750
o 0 f
Q 15-©) §12 keVgate ® ¢ @) Q1786
DIAMANT: 80 0
CsI(T)) dets. e, , ~ 101 (@) 750 keV gate
' 5
~ 0
02
The Neutron Wall: %01_—
50 liquid scintillator g,

=

detectors. e, ~23%

Upgrade SPIRAL 1
ﬁ GANIL 2015 study
grodp New beams from SPIRAL 1

o TABLEAU PERIODIQUE DES ELEMENTS

Developments driven by physics cases
11 LoIs were examinated at the last
PAC meeting (11/03/2010)

Already existing beams

19Ne1+, 35Ar1+

Modifying the target configuration
18Xg, 120Xg, 15C

Alkali beams

8|_i1+7 21Na1+, 37K1+, 38K

Metallic beams
“'My“\ “*S‘“’lfﬁ(‘,- p(,l"“d "e(’-LHD 25p\[1+, 28Mg, 38Ca*, 41ScT+, 68Se
Non metallic beams
- Mw tﬂvftf 20p(1+/n+) 30p, 31G1+ 33C|(1+/n+)

FEBIAD as first priority: VADIS (MoU ISOLDE)

Sydney Gales
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AGATA physics campaigns 2010-15

)

pir;

AGATA MoU: at least 25% at GANIL, GSI and LNL
Campaigns decided by AGATA Steering Committee

2010/11 2012/13
- LNL - GSI/FRS
25 ATC 25 ATC + 5 ADC

2014/15
- GANIL/SPIRAL2
~10 ATC + 5 ADC

AGATA-5 + PRISMA AGATA-10 @ FRS
total eff. ¢ ~ 6% total eff. € >10% AGATA-15 + VAMOS

totaleff. € >15%

International summer shcool on Subatomic
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Heavy-Ion Stable
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SPIRAL operation

(http://lwww.ganil.fr/operation/available_beams/radioactive_beams.htm)

Table of elements

| i v v vl Vi Vil

H . He
Ui Be 7e|em¢nts, 40 |sqtoP?s B CNOFE N

3
2 - iy
3 Na Mg Al Si P S Cl Ar
4
5

K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb Sr Y Zr Nb Mo Te Ru Rh Pd Ag Cd In Sn Sb Te | Xe

SPIRAL scientific production 2001 — 2008 :
70 physics articles
12 PhD Thesis
53 technical articles
7 PhD thesis

Recent overview article:
Navin Alahari et al.
J. Phys. G: Nucl. Part. Phys. 38 (2011) 024004.

Sydney Gales

Heavy ion beams ,among the most intense
in the world
From Carbone to Uranium
0 to 95 MeV/n
“Exotic” Beams In Flight and/or
SPIRAL 0-25 MeV/n
An ensemble of detectors and spectrometers
rather unique
In the world !!
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Neutrons

International summer shcool on Subatomic

Physics—Beijing Aug 27-31 2011

H. Rousseau, Forét Vierge ... N
10 9
©
a . o
510 15 20 25 30 35 40 45 50 55 60 65 70 75 8082 %
Protons _g
>
(1)
A Typical Experiment with RIB (@ canil)
6,8He inverse kinematics reaction
CATS: S. Ottini-Hustache et al., NIM A431 (1999) 476 -
Proton target o \|
2 __Radioactive_______ )\ _____ - = |
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% e Ol ! SPEG
g ¢0 L J muu:l(::x:n::zmmm
/)
=
S
2
S
o
: 0
m h 10 X 30 40 50 &0 o
1 @\ | X ()
5)
g 2 |
E < st :
% %D 7 EM "| LEMZ
< : Enm ke " '-',.‘5‘.‘.‘
2 i e 2
o . R b =
T I s
=-2 [ T >
o 2 I e e e
s = S
— [ n

63




International summer shcool on Subatomic

Physics—Beijing Aug 27-31 2011

0
Ly
©
(O)
>
()
c
)
>
n

0
- o3k
5
-
-
g
5°F
g Elastic
o b+ -+
He(p,p)*He'
ok (YRl E, = 10.9 MeViA
E L E'(2)=18Me¥
£ | Inelastic W\,
3 i\
% S. Karataglids et ol T \
S 'L Shel-model calculations
_ no halo
T
IOQDII.;I.I‘IO.I.;I».“L. '3”'
©_, (deg)

A. Lagoyannis et al PLB 518 (2001) 27

SHe (p,p’) halo or skin?
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Universal Magic Numbers Mayer and Jensen (1949)

50 82
Neutron Number

28 2028

126

Proton Number

Shells N=28

M

2 B 20 28 50
Neutron Number

The study of the exotic nuclei revealed that the pic

refined...

At N=28, the “8Ca is ""magic" (spherical) but different experimental

42$i
ture of "magic number" has to be W,

N=28

observations lead to the conclusion that the deformation plays an

important role when Z<20.

nEanre

LETTERS

vorsame e 2ooswemerereee TQ Nature (MSU 2005)

‘Magic’ nucleus *2Si

P. D. Cottle', E. Diffenderfer’, D.-C. Dinca

1. Fridmann', I. Wiedenhéver', A. Gade”, L. T. Baby', D. Bazin’, B. A. Brown®, C. M. Campbell’, J. M. Cook”,
%, T. Glasmacher”, P. G. Hansen”, K. W. Kemper', J. L. Lecouay”,
WW. F. Mueller®, H. Olliver®, E. Rodriguez-Vieitez”, J. R. Terry”, J. A. Tostevin' & K. Yonada”

oQ

International summer shcool on Subatomic

Physics—Beijing Aug 27-31 2011

I) Motivations and goals “Key nucleus” 42Si

- 2"d Fragmentation

4“g > 428

SISSI

Secondary beams

| “Ca->“s

‘ Gamma Ball

60 A.MeV
* I(48Ca) ~ 4 pAe -
* First
Fragmentation

Collaboration GANIL,IPNO,LPC Caen,SPhN/Dapnia
IFIN Roumanie, Univ Bonn, Univ Paisley, FLNR/JINR
Univ Surrey, IPHC, Univ Madrid

65
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SPEG (£~100%)
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GANIL “in flight” 4“Si Results

N=28 shell

GANIL+SISSI
« In beam gamma
Spectroscopy »

© ---Ca
Ly

Endd_30

E(29 = 765225 keV

B. Bastin, S. Grévy et al.
PRL99,022503 (2007)

International summer shcool on Subatomic

Physics—Beijing Aug 27-31 2011

Sydney Gales

Physics opportunities
and
Status of the SPIRAL2 Project

Outlines
5.SPIRAL?2 Facility

5.1 International Context
5.2 Beams and Detectors

5.3 Physics Opportunities with high-intensity stable-ion and RI
beams

6. Status of the Construction of SPIRAL?2
7.Conclusions & Long(er) Range Plan
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The frontiers of nuclear science today
require new tools, technologies, and
accelerators. The guest is to understand
the origin, evolution, and structure of
the visible matter in the universe.
Radioactive Ion Beams are central to
this quest worldwide. GANIL is one of
the leading facilities worldwide.

31 2011
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The linac is a resonance accelerator

e An RF (80-120 MHz) source is used to generate an electric field
in a region of a resonant metallic structure

@ The particles of the beam need to be localized in bunches and
properly phased with respect to the field so that the beam is
accelerated

2
) ge s,

In order to keep acceleration along the linac this

synchronism condition needs to be maintained.

bunches Electric field

Sydney Gales
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.J2£1 136 M€ Construction in 2 Phases _'Ce:].
< ¥ 2006-2014 Phase 2 2014-2015

7 RIB production Building
& DESIR

Phase 1 2013
Accelerator & S3, NFS

, Investment (with 10%

*| contingencies): 136 M€
CNRS, CEA, Local Region

C|V|I constructlon 2011 = 2014 Total cost: 196 M€ (136+60

Manpower)
Phase 1 permlt granted In the investment budget 26M€ are
expected to come from EU and
110ct 2010 international partners
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SPIRAL 2 New Detectors

MoU - text ready

MoU and Consortium agreement — preparation

rrrrrrrrrrrr

Phase 1

Collab. Agreement — preparation

B S MoU - preparation

PAi{IS

3 new experimental halls:
NFS, S3, DESIR
New generation of existing
detectors:
ACTAR, EXOGAM2,FAZIA,
GASPARD, NEDA, PARIS
Large EU project:
AGATA

Phase 2

MoU —
preparation

/ EXOGAM 2

NEDA %
1 B

MoU - revue

MoU - revue

Mentification

station with Bgam from SS:‘",“H"“!-
tape

“LUMIERE BESTIOL ™

Beam from

Production building

Crane access B Ejectronics

Desk
== ACCESS

i mbiamd oy sibimi mba

E © = n aenticat Iillnllllrr‘i‘i

T T
p k- I ] ]
ama: anman! i1 770N 2 bl

11000

W Final focal point

»-»-»-r'- iswd I
up:mmmf -
Wm iLawenemvi _
branch I_l [
MAmimnmimdysimn A aleiominn o Macs Qamaeabane ¥ -
WIDTTISTIUN AUTITUIG Wiass otpaiailul T s =

GASPARD ACTAR & GET
| PARIS Gamma Array Particle Array FAZIA Sb““{\ s _3:?6 o
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International Collaborations

VoA

PN E, Bucharest

I I BARC,TiFR

Bombay

G MoU/LIA/LEA signed
5 C} MoU under preparation
: ENew detailed agreements

16 signed (LEA*, LIA**, MoU***) agreements
3 agreements under preparation:

*MoU with GSI (FAIR)

*MoU with Bilbao (RIB production module)

LINAC Stable beams for the Day 1 SPIRAL2 Phase 1 experiments*)
Based on the recommendations of SPIRAL2 SAC for the Lol

Energy = 0.75'1 5 Ton(s) Energy Range hlhtnm.l;? Date of R "
A.MeV oSl | (MeV/nueleon) ':p":;- availability™" e
: NFS beam line;
1000 Fro S L CUR e B S 'H" 20-33 2-10 December 2012 | Intensity with fast
- h 1/100
[ o ;FZPII::;m line;
100 | \\\t‘”“““‘-—-._ A:PHOENIX Ag=6 e 1020 210 | December2012 | Intensity with fast
E \ ““"-m.h__..\ chopper 1/100
E r— NFS beam ling;
F o
L i P He® 10-20 2-10 December 2012 Intensity with fast
- 10 L A-PHOENIX A/q=3 chopper 1/100
< : \ > > i 5.7 >10” | February 2013 $3 beam line
o F
— L 186+ yid | arir D o i
E 1 o GANIL Taday \ ?\\\ (0) 5-7 =10 February 2013 S3 beam line
‘5 E \ \ 2Ne 5-7 =107 February 2013 S3 beam line
@ 0.1 r \ D't 4-5 >10"" February 2013 $3 beam line
]
\ \ TES0o 10 B
: PHOENIX-V2 A/g=3 N\ g2 5.7 >10" | November2013 | 3 beam line
I g 5-7 =107 November 2013 S3 beam line
0,01
£ ] "
0 20 40 60 80 100 120 140 —— = :
Ca 5-7 =10 November 2013 S3 beam line
A SN 4-14 >1" November 2013 S3 beam line

*) The parameters indicated in this table are the first and the best approximations that can be done today.
**) Based on the order of magnitude of the expected best currents extracted from a high performance,
fully operational, 28 GHz ECR Ion source.

http://pro.ganil-
spiral2.eu/spiral2/spiral2-beams
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on Subatomic

| Momentum:-Achro

REPUBLIQUE FRANCAISE

MINISTERE
DE LENSEIGNEMENT SUPERIFLR
ET DE LA RECHERCHT

excellence » (EQUIPEX)

international Jury

SHE and N=Z Physics

Momentum dispersive

I
Rrane Achromatic

point

Energy dispersive
plane

Target I'

Mass Separator

NIM B 266, 4162 (2008) Detection set-up

Mass dispersive
plane

Hot Off the Press!
L e

Breaking News

Call for proposals « Equipments of

107 physicists, 30 institutions, 12 countries
Management Board
Hervé SAVAJOLS - GANIL, France (Project

76 Projects selected (all disciplines) leader)Antoine DROUART - Irfu/SPhN (CEA),

France (Spokesperson) Jerry A. NOLEN -

out of 336 projects ranked by an Argonne National Laboratory, USA

(Spokesperson)

S3 Funded 8M€

proton number

neutron number

Sydney Gales

Proton Dripline & N=Z
nuclei

Lol_Day1_6, Lol_Day1_8,
Lol_Day1_9 Lol_Day1_11,
Lol_Day1_17

» Tests of Shell Model

» Single-Particle structure

» Development of Collectivity

» Shape coexistence
Lol_Day1_3, Lol_Day1_4,
Lol_Day1_18

» Ground-State Properties
Lol_Day1_10

» Standard Model

2 Lols signed by 170 physicists

2 Requested beam time : 380 days
m

Light RIB

S3 Lol Physics objectives

FISIC

project
| Day1_1

Heavy and
Sunarheavwv

Heavy and
Superheavy

Elements
Lol_Day1_2
> Synthesis
» Spectroscopy and
Structure
Lol_Day1_5
> Ground-State Properties

. | Neutron-Rich
N-rich nuclei outside

fission peaks N uc|ei
Lol_Day1_7
> Single-Particle
structure
» Quenching of Shell
Gaps
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VHE-SHE

Production of SHE with Z=106-108-

110-112 Isotopic exploration
40-48C 4 + 238  278-286442* 40:"Ca+23"U9275'283112+3,4n
S3 (I=10ppA) > } -
36-40Ar + 238 274-278pg* 20evt/week/pb i 4

32-36g 4 238 270-274Hg*
28-30Gj + 238 266-26839*

= N R o i @ s
" At the crossing road for - EENE e ST
S |

Reaction of synthesis : :

o Link hot to cold fusion o SR T - —

o Isospin dependent reaction ' B .-
mechanism studies

o X-section systematics

Decay properties :

o K-isomers

o SF decay (T half-lives)

o Alpha decays (Qa & half-lives)

Trans-actinide chemistry
GS properties

0 Mass measurements ...

ST ET

(higher Z)
actinide
targets

5 ingeel
154 155 156 157 188

Deformed nuclei
40Ar+238U->274Ds (+4n) > 2"Hs + a
S3 (I=50ppA) > 190evt/week@o,=2pb

-

Neutrons For Science (NFS)

Physics Fission
. * Minor actinides, main isotopes
Collaboration topics . Cross section

* Neutron spectrum, multiplicity
Prompt fission gammas
Detailed A and Z distributions

50 physicists, 18 institutions, 8

countries Delayed neutron yields and
Spokespersons: precursor characteristics
Xavier Ledoux, CEA/DIF/DPTA/SPN, France Scattering

+ Secondary neutron energy and
angle differential cross sections
 Inelastic scattering
Fusion reactors

Stanislav Simakov. FZK. Germany

Schematic layout

Astrophysics
1E+8

——WNR
—n-tof
——NFS 5 m 50 pA

= - - 'NFS 20 m 12 pA

:‘? 1E+6 + —— Geel-fast

£ —— Geel-Mod

2

w

s

a 1E+4 1

w

Full cost
(w/o building): 0,4 M€ 1Ea , _ . .
0,001 0,01 0,1 1 10 100
Energy (MeV)
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ISOL Rare Isotope Beams at SPIRAL 2

Up to 2.3 kg HD UC, , d4oMev)+ Con+™u
z
I ' mnnn :n-i-:“ »
ﬁ: ||l230%¥c Up to 10 fiss./s e
doutorons [l S [ 42
40 MeV
I neutrons
- SmA 1+ n+ >10" 710" fissions
200kW [ Few kW (Source b m— i s
S . =" S . courevvreseec SO >10°/ 10" fissions
B >10°/10" fissions
[ Converter J. Benlliure N
1+
|:> S mmmmmpy Fission fragments
g Co ter

1+

@. :> IECEA IS mmmmmp c.g. °Be(n,a) He 10%pps
1+
:> ([>'8N|S )y Fission fragments

HI 1+
> EArRlis mmmmd c.g. 4150, 1C, 10106

Acceleration of RIB - Beam Energies from
CIME

Beire (T)

b Qfm= 0.15 100 n20+ 0
I Bk pemessmmesns B Rl R o Tt Plateform
- 14¢Lam+. ’ ms 2BHOW p
15 f ' -’]3gsn30+ Olge A0 L 4 Limitation
[ ‘ /e 60 kV
14 E _.r"'f /
- . Beam Energy Intensity * 0
13 | . (MeV/u) (pps)
: 132820+ 6.0 2x10°
12 ' 328n2t 6.7 2x10°
[ ! g2 73 1.7x10° s
_ L1 f S 1.2x10% g =
Lower Energies : L /1sn gy ax108
tt / 1snt 94 X108~ 7
0,9 ' : / g 2+ f . Nk
F. Chautard ; 4 o He
L ERE—n. A i e e P et e &t
1 Froun Frax
07 F :
2 4 75 12 24
Beam Energy (MeV/A)
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Regions of the Chart of Nuclei AcceSS|bIe
with SPIRAL 2 Beams ¢ o

N=Z nuclei

Fusion reaction with
n-rich beams

Proton number, Z

Fission products

Deep Inelastic Reactions with RIB/stable beams

Neutron number, N
Neutrons for science

EHigh Intensity Light RIB Atomic & solid state physics
“Haloes and Cluster Radio biology & Isotope

A production
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SPIRAL 2: Advanced ISOL RIB facility

SPIRAL 2: Experiments with RIB at low cross sections
and very exotic nuclei at few MeV/nucleon

10"

P .
P ~a

10" o .
FRIB EURISOI” ~ Kr

. 10"
+ Direct prod. SPIRAL2 1nb

107 — — — — e — — — — —

x Post-acceler.
10°

10°

Fusion- evap., D

&
Coulex, direct reactio>

{1 SR o — — — — — — —

Yield, pps

10° —— SPIRAL 2

10° | === EURISOL —
—w— HIE REX ISOLDE Today

10* —

—+— REX ISOLDE

1 0'.‘
86 88 90 92 94 96 98

A Ex.: At 1nb 1 nucl./day via fusion-evaporation
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Exploring isospin degrees of freedom with SPIRAL1 & SPIRAL2 beams

Examples of post-accelerated RIB with intensity = 10° pps

Beam 54Ni 73Ni
N/z 0,92 1,61
Max. Energy AMeV 15 9
Beam 121Xe 146Xe
N/Z 1,24 1,70 _
Max. Energy AMeV 12 8

N=40

Energy: 1.5 - 9 A MeV for Fission-Fragment RIB

In the following:

5.S8tatus of the Construction of SPIRAL?2
6.Conclusions & Long(er) Range Plan
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A large National & International
Collaboration
French Partners CEU)

DSM Ifu/SPhN
CEN de Bordeaux-Gradignan DSM Irfu/SIS
Centre de Spectro. Nucléaire et Spectro. de Masse DSM IfU/SENAC
Orsay
Institut de Physique Nucléaire Orsay SN It/ EDI
Institut de Physique Nucléaire Lyon DSM - Saclay Expertise
Institut Pluridisciplinaire Hubert Curien Strasbourg DAM DPTA DASE et DP2I
Laboratoire Accélérateur Linéaire Orsay DEN Expertise
Laboratoire de Physique Corpusculaire de Caen F

DPSN Expertise
Laboratoire de Physique Nucléaire et de Hies
Energies Paris y
Laboratoire de Physique Subatomatomique et de E l-\N ( ‘
Cosmologie Grenoble D ' arcel Jacquemet

The first days of the civil construction of Phase 1
Phase One Construction

Underground level: - 9.50 m Neutrons for Science

#iExp Area | + LINAC

Area (NFS)
R A & Multipurpose
. g Injector area (Q/A 1/3) Research Area (SRI)
~— _ . Frooroom for QAYS ¢ 0 cting g‘ Bl mantr

LINAC

...: 4 ! . - -
I

Beam to the
PRODUCTION target

v

133m

SPIRAL 2 Phase 1
Civil engineering started
Status April 22,2011




Accelerator

4 Mid-"08 — End-"10
IPN Orsay SC acc
Irfu Saclay

Edd ’09 —March’11
rfu Saclay :p,d injector

«mid 08 — March ‘11
LPSC Grenoble HI injector

Heavy-ion injector of LINAC

LPSC, IRFU
GANIL, IPNL

Tests in Grenoble

- 1806+ and 36Ar'2* beams reached Day 1 intensity (210pmA)*at Phoenix
V2 at LPSC Grenoble

» Tests of metallic beams (Ca, S, Si, Ni) started
+ Tests of the new generation SC ECR A-Phoenix source in the coming

7




Accelerator

[0 [TTITHT

= ’ Irfu Saclay

¥

Deuteron line

Low-energy beam line 2
(d, p, He beams) being
equipped

Accelerator

Magnetic measurements

Series manufacturing by Tesla (U
-




Accelerator

1PN Orsay

SC Cavities Type B

Status:
All cavities delivered and tested:
1st Cryomodule delivered in December

1.E+09

1.E+08

Tests of the SC cavities of type B at IPN Orsay

MBO1 Giia
“#MB02 Erentrude
WMBO3 Vénéna
+MB04 Colette
AMBOS Sylvana
©MB06 Richarding
®MBO7 Pézenne
4 MB08 Ursula
+MB09 Thelma
AMB10 Praxéde
®MB11 Daniéla
©MB12 Ghislie
#MB13 Sybille

MB14 Bienvenue

ME15 Maeva
+MB16 Bédachonne

0

IeW) S

3 4 5 6 7 8 9 10 1 12
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Detailed design of the RIB building

RFQ Cooler &
High-resolution
mass separator

RIB Production

. module
P"“‘;g,\—\\ X

50-200 kW
Graphite
Converter

g Primary beam

80




Conclusions & Long(er) Range Plan

¢ SPIRAL2 among the top priorities for the EU nuclear physics (NuPECC roadmap
2010)

* The civil construction of the SPIRAL?2 Phase 1 started!
* Detailed design of the buildings SPIRAL2 Phase 2 to be ready in 2012.

* New detectors for SPIRAL2: R&D work and signatures of MoU entering in a final
phase (to be accomplished by December 2011 as the EU SPIRAL?2 PP deliverables)

* The first years of physics defined in:

* 22 Letters of Intent for Day 1 experiments with high-intensity stable-ion beams
with SPIRAL?2 Phase 1 (NFS and S3 facilities) regularly updated & evaluated

* 53 Lols for Day One experiments at SPIRAL?2 with RIB submitted recently
(December 2010)

* FUSTIPEN (Theory US-France collaboration) started on 01/10/2010, inauguration
& workshop January 18-19, 2011: M. Ploszajczak and W. Nazarewicz among the
leaders

* European initiative in Theory in progress

* SPIRAL2 Week 2012 Caen,Jan 27,2012 (420 part in2011, 400 participants in 2010) 4

GANIL facility beyond 2015: 2+1options

Post-acceleration of RIB (fission-
fragments) to 150 AMeV

piral2. 2#F

tional summer shcooj
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0
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EURISOL @ GANIL.....20207?

SPIRAL2 will give a real advance in the technology of high power
accelerators to GANIL and is an excellent step towards the next
generation EURISOL . Possible and cost effective upgrade of SPIRAL2

O :

Wis 5 e T

International sun»zer shcool on Subatomic

Sydney Gales

Civil engineering

SPIRAL2 ,May 20 2011 -10m Underground Floor Aug 2011

Infrastructure
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International summer shcool on Subatomic

Physics—Beijing Aug 27-31 2011

83

ISOL
at the highest power levels

One stage :direct use of charged particles,
5 minimize dE/dx (low Z, high E at 1 GeV max. 100 -
E 200 kW)
=
E Two stage :use neutral particles in second
= = stage, i.e. neutrons & photons
£l for neutrons 5 MW of proton
E’ g beam (like spallation source)
£ %” Combine also (fragmentation + gas collec-
2 tion scheme) is also in this class
sE F
g . 8
s .2 Y
gz :
S = 2




AGATA physics campaigns 2010-15

AGATA MoU: at least 25% at GANIL, GSI and LNL
Campaigns decided by AGATA Steering Committee

2014/15
- GANIL/SPIRAL2
~10 ATC + 5 ADC

2012/13
- GSI/FRS
25 ATC + 5 ADC

2010/11
- LNL
25 ATC

AGATA-5 + PRISMA AGATA-10 @ FRS
total eff. ¢ ~ 6% total eff. € >10% AGATA-15 + VAMOS

totaleff. € >15%

International summer shcool on Subatomic
Sydney Gales

Physics—Beijing Aug 27-31 2011

RIB and nuclei far from stability
accessible with SPIRAL1 & SPIRAL2

Energy range of SPIRAL1 & 2 ISOL RIB :

< 60keV and 1-15 MeV/nucl. e
82 . ;
— ’ SHE
e Bl ol In-flight S3
flight -
--------- In-flight S3

+ SPIRAL
with new RI

a
s

OL & in-flight RIB from transfer and
deep inelastic Reactions
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DESIR Facility

106 physicists, 34 institutions, 16 countries

Collaboration Spokesperson:
Bertram Blank, CENBG, France

GANIL liaison: Jean-Charles Thomas

Laser

room DESIR Layout Topics:

e)........ - vy . 17/04/08 H
e TUMEREN, o *nuclear fine structure

*charge radii & moments
*masses, ion-purification
*weak interaction studies

Tools:

*keV RI Beams

*decay spectroscopy

*laser spectroscopy
sion/atom trapping

Meeiting

i p— —— DESIB time-line
ofoom eesmon B Desk * design: 2007 - 2010
Beam from SPIRALY ~ ° ™ m—coses » construction: 2012-13
« commissioning: 2014-15

Beam from
Production building

-
rd

Kitchen

(on top of CR)| |

European Roadmad -ESFRI Process 2006

Nuclear Physics

FAIR &SPIRAL2
Selected!

Two Complementary approaches:

=> FAIR @GSI Darmstadt

Fragmentation at high energy ,
at the limit

=> SPIRAL-2 @GANIL-Caen
ISOL-method —Intense RIB —
Good optics-
Post accelerated
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Interactive chart of nuclides for GANIL and

Search an element (atomic number) : 2 [ search )

Z=100
Froduced stable isotopes i
IProduced radioactive isotopes
I on-produced stable isotopes
[_Non-produced radioactive isotopes

GANIL (stable beams)

MO AVAILABLE DATA S

SPIRAL2-DAY1
S B

To be ready by end of June :
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International si®

> Hydrogen 7: the most “exotic” nuclear system
ever observed

4 ‘Be 11Be/12Be|3Be|!“Be
SLi i [0 L |
y4 3He|*He 9He ['VHe
3 H |2H | °H
0 n
0 4 10
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International summer shcool on Subatomic

Physics—Beijing Aug

Active target MAYA

. Advantages:
- Thick target

1 | - detection efficiancy 100%
- angular coverage 4n
- Very low energy threshold

Principle :
- 3D imaging of the reaction

- Identification of products

MAYA target-detector

Sydney Gales
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From MAYA active target 3D detector

—7]

wall of Si

detectors — 10

=20

A
< o~ am,
egmented - .

cathode

12C(8He,’H->3H+4n)"*N

24

gy )
casBRTEEN

L=

H observed

cross section (ub/sr)
=

=]

10 5 [} 5 10 15
excitation energy (MeV)

M. Caamario et al., Phys. Rev. Lett. 99, 062502
(2007)

Sydney Gales
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_Revisiting two proton radioactivity with TPC

>

Drift*of ionisation
eléctrans

Search for Heavy and Super-Heavy nuclei (New Elements)

armsta

ubna,

X X erkeley,...
Upper part of the Chart of Nuclides
()
_Q 18
E 17
g 16 15 ms s:ns 16ms [ 53ms
S Cold F 15 s |&7ms
. 14 0565 | 063s| 275
5 Pb, m S | e
— ® 2
o o) i [ -
111 & ng i :i’é’s
Ds B = [ 5 = e
Mt =— 716 9.7 ms| gunns
Hs 2= 1,’3?, - _"‘l S B:m %55
Sg f = sf i T?Os 17m 11 zm
Db D: m: D:; 0515 _ml - =
(=) ===
S P P )
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Lecture notes ISSSP 2011

Experimental progress in two-proton correlated emission

Two-proton (2p) correlated emission, also known as 2p radioactivity in a certain
case, was first proposed by Goldanskii et al. [1] at the beginning of the1960s, and was
first discovered in **Fe nucleus by DANIL [2] and GSI [3] at the beginning of this
century. In this lecture, 1 would like to address the experimental progress in 2p
correlated emission. It contains 6 sections, as followings,

1. Introduction: The history of radioactivity, the concepts of one-proton (1p) and 2p
radioactivity, the discoveries of 1p and 2p radioactivity, the current progress in 1p
radioactivity, and related concepts like 2p halo, BCS/BEC crossover will be briefly
introduced in this section.

2. B-delayed 2p emitters: The f-delayed 2p (£2p) emission was also proposed by
Goldanskii [4]. In this section, the A2p emitters 22Al, 2*Si, ®P, #’S, *Ca, *'Ar, *Ti,
®Cr, *Ni, and so on, with their discoveries and the possibility of S-delayed
three-proton (43p) will be shortly reviewed in this section.

3. Ground-state 2p emitters: The direct 2p radioactivity was discovered first in *Fe,
later in **Zn, and possibly in “®Ni. In this section, the experimental procedures and
subsequent progress will be presented in detail. The experimental research on other
ground-state emitters (°Be, *20, °Ne, Mg, ...) will be also presented.

4. Excited-state 2p emitters: 2p may also emit from an excited state as long as this
state above the emission threshold. The experimental study on the candidate (**O,
118N, 2295 ) and the possible signatures of “He emission will be discussed.

5. Technical developments: To introduce some remarkable experimental techniques
like the complete-kinematics measurement, the in-flight particle identification, optical
TPC detection, etc. in 2p emission experiments.

6. Summary and outlook: A short summary and outlook will be given to close this
lecture.

Reference

[1] V. I. Goldansky, Nucl. Phys. 19, 482 (1960); Y. B. Zel’dovich, Sov. Phys. — JETP 11, 812
(1960); V. A. Karnaukhov and N. I. Tarantin, Sov. Phys. — JETP 12, 771 (1961).

[2] J. Giovinazzo et al., Phys. Rev. Lett. 89, 102501 (2002).

[3] Pf'utzner M et al., Eur. Phys. J. A 14, 279 (2002).

[4] V. . Goldanskii, Sov. Phys. — JETP Lett. 32, 554 (1980).
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Outline

1. Introduction:
History, discovery, concept, 2p correlation, experimental signatures,
theoretic models, and related topics ...
2. f-delayed 2p emitters (briefly)
[-delayed 2p ([2p): 22Al, 23Si, 26P, 27S, 35Ca, 31Ar, 39Ti, 43Cr, *°Ni ...
3. Ground-state 2p emitters
45Fe, >4Zn, *8Ni (long lifetime);  ®Be, 120, 16Ne, 1°Mg ... (short lifetime)
4. Excited-state 2p emitters
140, 10C, 17.18Ng, 282§ (in detail) ...  Isomer-state: **Ag™ (odd-Z)
Discussion: ZHe emission? & BCS/BEC crossover?
5. Technical developments
Kinematically complete measurement; In-flight identification
Optical TPC detection ...
6. Summary and outlook
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1. Introduction
1.1 History of radioactivity

First discovered in 1896 Becquerel Rays or Uranium Rays
Co — 7w 0. Vol Vol Jind & d X S i
f’a}.‘u hons . Gy B lutpnn Iontmia o
Eppt am Mt & 8y, o &~ bs Lfi L 6 o
?r'-c!-fc_' & 1% e,

b |
Antoine Henri Becquerel Image of Becquerel's photographic plate which
(1852.12.15 - 1908.8.25) has been fogged by exposure to radiation from
a uranium salt.
2011/08/26 ISSSP2011, Beijing 3
a, frays -- 1899 7 Ray -- 1900

Ernest Rutherford Pierre Curie Marie Curie Paul Ulrich Villard
(1871.8.30-1937.10.19) (1859.5.15-1906.4.19) (1867.11.7 —1934.7.4) (1860.9.28 — 1934.1.13)

2011/08/26 ISSSP2011, Beijing 4
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proton number

— neutron number

Figure: Chart of the nuclides with all nuclei known today plotted as a function of neutron and proton numbers.
B. Blank, Nuclear Physics News, Vol.19, No. 3, 14 (2009)

2011/08/26 ISSSP2011, Beijing 5

1p & 2p radioactivity
(theory leading...)

& First proposed by V.I. Goldanskii & Y.B. Zeldovich in early of 1960s
cf: V.I. Goldanskii, Nucl. Phys. 19, 482 (1960); Y.B. Zeldovich, Sov. Phys.-JETP 11, 812 (1960).

% 1p (about 25 emitters were discovered.)

Isomer state — 53Co™ was observed in 1970
cf: K.P. Jackson et al., Phys. Lett. B 33, 281 (1970); J. Cerny et al., Phys. Lett. B 33, 284 (1970).

Ground state — 151Lu & *7Tm were observed in 1982
cf: S. Hofmann et al., Z. Phys. A 305, 111 (1982); O. Klepper et al., Z. Phys. A 305, 125 (1982).

& 2p (only 3 emitters were certified — *°Fe, “8Ni & >%Zn)
cf: M. Pfutnzer et al., Eur. Phys. J. A14, 279 (2002); J. Giovinazzo et al., Phys. Rev. Lett. 89, 102501 (2002);
C. Dossat et al., Phys. Rev. C 72, 054315 (2005); B. Blank et al., Phys. Rev. Lett. 94, 232501 (2005).

Ground state — ©Be, 120, ®Ne, °Mg, 26S ... (short lifetime)
45Fe, 48Ni, >*Zn ... (long lifetime)

Excited state — 10, 1718Ne, 28295, 94Ag ... (directly 2p emitters)

2011/08/26 ISSSP2011, Beijing 6
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1.2 Concept of 1p & 2p radioactivity

Coulomb barrier

A

correlated protons free protons

o/

distance to centre of nucleus

distance to centre of nucleus

1p emission 2p emission

cf: B. Blank and M. Ploszajczak, Rep. Prog. Phys. 71, 046301 (2008).
Tunneling through the barrier:

A =S* P

A= decay probability (1~ 1/T,;,)
S — spectroscopic factor

2p:
& pair correlation: s configuration
(ISI -- initial state interaction)

& share the energy: E; =E ,=Q,,/2 v—frequency factor

& favors | = 0 orbit (s orbit) P — penetration probability

2011/08/26 ISSSP2011, Beijing

1.00E+009 ]
1.00E+007 1
1.00E+005 -
1.00E+003
1.00E+001 -
1.00E-001 -
< 1.00E-003-
=~ 1.00E-005

1.00E-007

—
(")

~—

o

2011/08/26

1.00E-009 -
1.00E-011 -

Detection
limit

1.00E-013-

0

406 08

QZp (MEV)

1 12 14 16 18 2 22

about 10 ns — 10 ms required in experiment

Penetrability strongly depends on the decay energy of 2p.

ISSSP2011,

Beijing
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Possibly existing area

Heavy emitters: 3°Ti, 42Cr, °Fe, 484Ni, >*Zn ...
(A>40)

® High Coulomb barrier

® Ground state

® Long lifetime ( > ps)

® Offline decay measurement

Intermediate emitters: 22-24Si, 26-235, 31,327y, 34Ca...
(20<A<40)

® Medium Coulomb barrier

® Ground state, lowly or highly excited state
® Short lifetime (~ fs/keV/MeV order)

® Online complete-kinematics measurement

Light emitters: ®Be, 12140, 1617.18Ng, 19Mg ...
(A<20)

® L ow Coulomb barrier

® Ground state or lowly excited state

® Short lifetime (~ keV order)

® Online complete-kinematics measurement

2011/08/26 ISSSP2011, Beijing

1.3 2p decay modes

Decay scheme

Sequential transitions through an intermediate state

a broad tail real . virtual (ghost)

p

p/ 2p 16Ne
17Ne 18Ne

(Z-2,N)  (Z-LN)  (ZN) (Z-2,N) (Z-2,N)

(Z-1,N) (ZN) (Z-1,N) (Z,N)

In each case a direct 3-body process may contribute,
but it is hard to distinguish it from the sequential one.

In special cases the pure 3-body mechanism

2p

is expected to dominate — the 2p radioactivity. 45Fa

% Opportunity to study 3-body dynamics and probe

p-p correlations in the nucleus. (Z-2,N)  (Z-LN) (ZN)

2011/08/26 ISSSP2011, Beijing
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Decay dynamics

-! )y
1 5
Sequential b
decay g
n-u “ 05 [] o:s 1 15 L 20 40 B0 BO 100 120 140 160 180
B, Angle,, (deg.)
aE > "ﬁ:{ ] 120 on1 3
§ it 9“99 ] 5 100 P'gl’ g
3-body - »
breakup = °f
(uncorrelated) - »
%% A4 D5 D 85 1 18 9200 e0 20 100 120 140 180 180
sE,, Angle,, (deg.)
"MQ
P ]
2He
emission
(correlated)

20 40 60 B0 00 120 140 180 180
Angle,,, (deg.)

2011/08/26 ISSSP2011, Beijing 11
2p decay scenarios
e | "
// & g ./. /
. e
60 Diproton 30 Three-body 30 Phase volume
§
5
o 40] 20
)
E 20 101
0 | | | I I O e i I 1 ]
0 30 60 9 120 150 0 30 60 90 120 150 0 30 60 90 120 150 180
0, (dgr) 0,, (dgr) 0,, (dgr)
The Monte-Carlo simulations (200 events) of the opening angle
pp between the protons emitted in the decay of 45Fe. L Gri ;
2011/08/26 ISSSP2011, Beijing 12
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1.4 Experimental measurements and signatures

Two protons are detected in an event ...
& Decay Q-value: Q,,=E,;+E,, AE, = E;-E, =0, E;;=E,; (Ground state)
& Decay time (half-life): T,/, in agreement with theoretic prediction

% Openingangle: 6,, NOT isotropic (< 90°)

& Invariance mass: M = \[(E E)*—Q. P;c)? (four-momentum)

Excitation Energy: E, = M-M¢ (in the 3-body system of final state)

. 5 p 1,5 -
% Relative momentum: q,, = u ;—1 - % =3 |1 — P2l peak at 20 MeV/c
1 2
Relative energy: E,, = sz”mlEz_fn T;flngz cosOiz %(El + E, — 2,/E{E; cos6;3)
1 2
& Correlation function: C(q) = _N@ (HBT analysis)
N1 (P1)N1(P2)

(N,: the relative momentum distribution of the proton pair measure in the experiment)

(N;: the momentum distribution of single proton reconstructed by the MC simulation.)

2011/08/26 ISSSP2011, Beijing
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2p configurations & Initial State Interaction (ISI)

Copper pairing?
Bose-Einstein Condensation?
BCS/BEC crossover?

BCS BEC
cf: K. Hagino et al., Phys. Rev. Lett. 99, 022506 (2007). -- ®He BCS/BEC crossover
C.A. Bertulani and M.S. Hussein, Phys. Rev. C 76, 051602R (2007). — ®He, ''Li, *Be, "Ne

HBT analysis & Final State Interaction (FSI)

Hanbury-Brown Twiss (HBT) interferometry
cf: R. Hanbury-Brown and R. Q. Twiss, Nature (London) 178, 1046 (1956).

Two-neutron halo structure (°He, 1Li, 1*Be) — to probe space-time character
cf: M. Marques et al., Phys. Lett. B 476, 219 (2000); Phys. Rev. C 64, 061301R (2001).

FSI & blurred femtoscopy
Cf: S.E. Koonin, Phys. Lett. 70B, 43 (1979). -- FSI
C.A. Bertulani, M.S. Husseun, G. Verde, Phys. Lett. B 666, 86 (2008). -- blurred

2011/08/26 ISSSP2011, Beijing
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1.5 Theoretic models

» R-matrix approach — recent formulation by F.C. Barker in PRC 59 (1999) 535
and PRC 63 (2001) 047303 replaced the simplified versions applied previously.
Two extreme scenarios (2-body picture) :
1) sequential decay through intermediate states (real or ghosts),
2) di-proton decay through the s-wave p+p final state.
Predicted p-p correlations (in the di-proton mode) are based on a simplified
treatment of the final state interactions (Migdal-Watson approximation).

» 3-body model —founded by L.V. Grigorenko et al. in PRL 85 (2000) 22 and
PRC 64 (2001) 054002. Accounts for the 3-body dynamics in a cluster approximation.
Both widths and p-p correlations are calculated in the same framework.

» Shell Model Embedded in Continuum (SMEC) —initiated by J. Rotureau, J. Okotowicz

and M. Ptoszajczak in APPB 35 (2004) 1283 , and presented by J.R. at the PROCONO3.
Presently only widths calculated for the sequential and di-proton transitions.

2011/08/26 ISSSP2011, Beijing
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2. (-delayed 2p emitters

Precursor

cf: B. Blank and M.J.G. Borge, W'TT)

+
Prog. In Part. and Nucl. Phys. 60, 403 (2008) B (Z.N)
Sequential 2p

IAS (Isobaric Analogue Ytate)
W"\T.T,.)

Oec
ﬂ-4z_3
alpha
Daughter
A27.3
two-proton
Su Daughter
S
A—1z_2
proton
Daughter {
AZ-1
Emitter
[-delayed decay scheme for proton-rich nucleus
2011/08/26 ISSSP2011, Beijing
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The prediction:

Sov. Phys. JETP Lett. 32, 554 (1980).

Emission of 5" -delayed pairs of protons and doubly -
delayed protons and « particles

2011/08/26

V. 1. Goldanskil
Institute of Chemical Physics, USSR Academy of Sciences

{Submitted 5 October 1980; resubmitted 23 October 1980)
Pis’ma Zh. Eksp. Teor. Fiz. 32, No. 9, 572-574 (5 November 1980)

In addition to the two types of radioactive decay with the emission of nucleon pairs
that were predicted in 1960—two-proton radioactivity so far not observed
experimentally and the 8 ~-delayed neutron pairs first observed in 1979—an
emission of 8 " -delayed proton pairs is possible. A list of probable examples is
presented. The emission of doubly B ™ -delayed protons and a particles, in
particular, the doubly B8 *-delayed, proton-radioactive decays from an excited
nuclear state, should be observed after a chain of two 8 *-decay events.

ISSSP2011, Beijing 17

The discovery: -- 22Al

24Mg(3He,p4n)?2Al at 110 MeV @ LBL il @
H‘”ii:'-"‘ Torget = T e LE39 MeV
sl
Torge! box b E@a— *oNe gz

£a
< {_ Beam d:g 3
1 2k

Exit foils Entrence foils W -
O

Col'eclion cylinder

Capillary

2011/08/26

M.D. Cable et al., Phys. Rev. Lett. 50, 404 (1983).

2 3 a4 5 €
Proton energy (MeV)

To f
roofs P L) |
blower

R — e
40 l
A AE 2 (155 um) 'éw_ H §
/—aE 1 (24 um) E
Mognet 201 ; 5636 )
h
Mu Icher wheel wal :n: 'I -
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Experimental setup p-p coincidence spectrum
ISSSP2011, Beijing 18
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2011/08/26

*T=
(18.493) lﬂz_élil 18.595

J13hle BMgg*p
~2.9% /

22A|

Yo~
T™O ms

o* o

22
12910
[-delayed decay scheme of 22Al

Experiment: M.D. Cable et al., Phys. Rev. Lett. 50, 404 (1983).
Shell-model calculation: B.A. Brown, Phys. Rev. Lett. 65, 2753 (1990).

ISSSP2011, Beijing 19

26P

{5.|s.3|n3-.—’;T‘2 B26
B:’ 5P §3ie

~ Ou /
19 j/ 72 ~20ms

13.080 (T2l

-

[delayed decay scheme of 2P [-delayed decay scheme of 3°Ca

2011/08/26

cf: J. Honkanen et al., Phys. Lett. 133B, 146 (1983).
M.D. Cable et al., Phys. Rev. C 30, 1276 (1984).
J. Aysto et al., Phys. Rev. Lett. 55, 1384 (1985).

ISSSP2011, Beijing 20
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List of f2p emitters & their references

22Al — M.D. Cable et al., Phys. Rev. Lett. 50, 404 (1983).

26p  — J, Honkanen et al., Phys. Lett. 133B, 146 (1983). Berkeley
35Ca— J. Aysto et al., Phys. Rev. Lett. 55, 1384 (1985). [ helium-jet
39Tj — M.D. Moltz et al., Z. Phys. A 342, 273 (1992). | offline
31Ar — J.E. Reiff et al., Nucl. Inst. Meth. A276, 228 (1989). —

27S — V. Borrel et al., Nucl. Phys. A531, 353 (1991). LISEX@GANIL
43Cr— V. Borrel et al., Z. Phys. A 344, 135 (1992). — implanted
23Sj — B. Blank et al., Z. Phys. A 357, 247 (1997). online
>ONi — C. Dossat et al., Nucl. Phys. A 792, 18 (2007). —

Candidate: 22Si, 42Cr, °Fe, 4849Nj ...

[delayed multi-nucleon emission: £3p ..., fa, fpo ...

2011/08/26 ISSSP2011, Beijing

3. Ground-state 2p emitters

3.1 The prediction: Nucl. Phys. 19, 482 (1960).

ON NEUTRON-DEFICIENT ISOTOPES OF LIGHT NUCLEI
AND THE PHENOMENA OF PROTON AND TWO-PROTON RADIOACTIVITY

V 1 GOLDANSKY
P N ILebedev Phvsical Institute, USSR Academy of Scrences, Moscow

Received 14 March 1960

Abstract: Application of isobaric invanance prmaples to Iight nucler leads to a very simple
relatton between the Z-th proton binding energy Ep 1n nucleus 1 (zM y4) and the Z-th neutron
binding energy E, in the miror nucleus 2 (yMz4) With an accuracy of the order of a few
per cent their difference Ejg — Epy = AE;; 15 independent of N for a given Z and 1s given by

Z—1
Aan ~x EH(ZM%Z) —Ep(zMéz) ~12 E{Z__T;; ’
which 1s more correct than the usual expression 12 (£ — 1)/(Z 4- N — 1)3 By exploiting
this fact one can predict the existence and properties of almost nminety new neutron-deficient
1sotopes of ight nucler (up to Z = 34) and establish the limits of stabihity of the 1sotopes with
respect to decay with proton emission Among the specific properties of neutron-deficient
1sotopes, proton and two-proton radioactivity effects which may occur are of spec:al interest
Some nucler are indicated in which these effects may be observed The main features of a
very curious phenomenon of two-proton radicactivity are discussed

2011/08/26 ISSSP2011, Beijing
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3.2 The discovery: -- °Fe

Two experiments:
* GANIL in July 2000
* GSI in July 2001

Nal barrel
- Ge detectors
] W3l keV B
E1 E2 E3 E4 (veto)
Identified ions
radioactive beam
g’ 511 keV
a time of flight . \
Q \I/ \ Trigger, ’jE Stack of Si detectors
= Si detectors Si(Li) detector 300 pun Si 7 x 300 ym
[+ o
___— Ge detector
GANIL GSlI
* high production rate: * low production rate:
15 4Fe per day 6 ¥Fe implantations in 6 days
« standard data acquisition « fast data acquisition
(CAMAC - VME) (XTA modules)
2011/08/26 ISSSP2011, Beijing 23
| ! | R A%
6000 7000 8000 9000 10000
time of flight (a.u.)
Particle identification of the secondary beam
Experiment at GANIL 2000 -- 22 events of °Fe implantation
2011/08/26 ISSSP2011, Beijing 24
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“Mn +p i =
430r e ZB/
Qop= 1.14 MeV
B Ty2=4.7ms Bp, B2p, ...
BP IAS
7 Qgc=18.7 MeV
T1_,:2= 7 ms
By
—— 45Mn :
énergie énergie
P, Pt
ﬁ \\\P
émission 2p décroissance -p
2011/08/26 ISSSP2011, Beijing 25
2p decay-energy spectrum
2 L -
4 L -
GANIL data GSl data

3 L -
i 2
= c
1 12 events 3 4 events
(&) o

2 L -

1 L

0 L 1 L 0 L L L 'l L

0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Energy (keV) Energy (keV)
% No [3-decay was observed — direct 2p emission.
2011/08/26 ISSSP2011, Beijing 26
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GANIL result:

> E,, = 1.14(5) MeV
Ty,=4.734ms
GSl results:
=» 2p emission is the dominant
(80%) decay mode of #°Fe : M. Pfutzner et al., EPJ A 14 , 279 (2002).
E,p = 1.1(1) MeV M. Pfutzner et al., NIM A 493, 155 (2002).
Tip=3.228ms

J. Giovinazzo et al., PRL 89, 102501 (2002).

500 : ;p"":;‘“" A Predictions of 2p decay energy|
g E %E £ Author Q,, [MeV]
E ol . | Brown ‘91 | 1.15+0.09
f . Ormand 96 | 1.28 £0.18
N ; Cole’96 | 1.2240.05
20 BT' s 5Fe daughter half-lives Goldansky ‘62 1.0
We " " L L L L L o

2p Bp B2p B3 Bip  PBpa

» Only 2p decay hypothesis fits observations! !

2011/08/26 ISSSP2011, Beijing 27

3.3 Confirmed by (O)TPC measurement — in 2007

emitting
nucleus

J. Giovinazzo et al., K. Miernik et al.,
Phys. Rev. Lett. 99, 102501 (2007). Phys. Rev. Lett. 99, 192501 (2007).
2011/08/26 ISSSP2011, Beijing 28
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i r.=691fm 7. ;
4 I 1 P 4 /3
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.......43%[,2 r | / {/ / | 8
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E: di-protod 10
S 3-body 4
Ry~ 45 F
AN “Fe—] 10
% 5/’?/%4’/ I
/ J/(jérsz, | J i :456s
120 150 180 15 20
E, (MeV)
& Angular correlation: two-hump structure = strong p? contribution
& Decay width v.s. decay energy: p-wave configration
In good agreement with 3-body model (Grigorenko)
2011/08/26 ISSSP2011, Beijing 29
3.4 °%Zn & *®Ni -- in 2005
B. Blank et al., PRL 94, 232501 (2005) C. Dossat et al., PRC 72, 054315 (2005).
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W goo [ 150 g
400 |
o : ¢
500 = L L I ‘M’T e # 3 350 1 L 4 1 1 1 1
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Time of flight (ns) Time of flight (ns)
‘5 a i 21 um- E Ir I ‘
02 j 20}‘3“‘ i::ﬂ'g' ‘2IIIIIIII
r 54b ERT E
%20 8 by i " PREL 3
| :ll_.l- T 15 =2 +21 3
ol 3 n .E ol § P T‘_2 {21_&?}rﬂ3-
, . | 5
ol } N 2 Tip=32153 m L § 075¢
o0 150 200z W0 | Eergy € O5F
T "3 025k ;
=1.48(2) MeV =1.35(2) M FOP) [ PTO0 0P i . L L SURDPN DPORTE
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2011/08/26 ISSSP2011, Beijing 30

107




10-18 — - - 1078
, g
107"
10718k 107
s ©
p wave
100 102
1072 1 wave BEg
N " " N ~21 I L L L
1.00 1.05 1.10 1.15 1.20 10 1.25 1.30 1.35 1.40 1.45 U=on'8
Ezp (MeV) Egp (MeV)
T i)
— 10—0
1078
- 1077 10
;'i 1078 F “%3
= f wave =
107 F 102
10y 54Zn
L T e R K 0
Eg, (MeV)
Compare with model predictions
cf: B. Blank and M.J.G. Borge, Prog. in Part. and Nulc. Phys. 60, 403 (2008).
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3.5 Light emitters

a) ®°Be - :
. Kinematically complete measurement
6Li(3He,t)Be

% A couple of AE-E telescopes

.67 (2H : . . N '
DemocraticDecay ] _ 1 %
% 77 } “
s 14 '\.
/ o 1 \
0.59 2m S
7Y £
g.s. oh_ %& g
A g o} \
. \ ‘p 3 oS Y7 Solid: 3-body phase-space WA T
J//  Dashed: corrected by p-p FSI &\
+V \ 4/ ; W
2ep™Vpoir \ F I/ Dotted: sequential %]
‘ L L L 'l
l \ 0 100 200 300 400
-1.37 a * Eq (5Be c.m. system, keV)
He+2p
cf: D. F. Geesaman et al., Phys. Rev. C 15, 1835 (1977).
O. V. Bochkarev et al., Nucl. Phys. A505, 215 (1989).
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b) 20 A

. Kryger et al., Phys. Rev. Lett. 74 (1995) 860

— 5eq. decay
------- 2He decay

Counts

0 .r.
0o 1

ng

3

Counts

0 50
Opening Angle (deg)

2011/08/26

100

60
5 40
S
20
0 b .
4 5 00 05 10 15 20
Energy Difference (MeV)
29
[ = 50B(158) keV
™N
Py
= 09-2.4 MeV
1.774(18) keV
0.7-145 MeV
Py
150
L,
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C) °Ne & °Mg

®Ne —T,,,~4x10*2
19Mg — T, ,~ 4x 10718

The primary beam
XMg@591A MeV

% ERS

S

S

The secondary beam
2OMg@450A MeV
Mg@410A MeV

1n removal reaction
In-flight id

The secondary’s

ntification

% FRS

I. Mukha et al., Phys. Rev. Lett. 99, 182501 (2007);
Phys. Rev. C 77, 061303(R) (2008).

15 1 18 19
F GNe Na Mg
- 6400Q200) .7 ;
i 4900(200}, :-_; S ,
F i 1pd 2* 3090 (70) %.2_09_(29_0_)
2350(40), — 1p.-. --------------
S
- 1,5__6_9(_1_591; . 2000170
777277700, 1400(20) %:t_)_‘_’__(_*_?_‘?)_»
2 ]_'
L Y 750(50)
Ip: 2
| P P
17.
Ne

secondary beam
19\ig & 1Ne

2011/08/26

MSD

TOF U B3 TOF

Reaction 20Mg|-||-|qta m19Mg ”Nc stop
products Il
W

ta rget

Sc2 SSD Sc3
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204

Qo
2
2
Z10
3 Solid: 3-body
=1
% = ol e (Grigorenko)
[ 20 40 60 20 40 60
Bp-p (mrad) Op-p (mrad) - 5Ne 54% d-wave
19 0, _
Angular p-p correlations > "Mg 88% d-wave
Dashed: diproton
- Dash-dotted: phase-space
§ (isotropic 2p emission)
(*]
Z Dotted: background
0 T - 0 ; . .
10 0.5 0.0 y 0.5 1.0 -1.0 ~ <05 0.0 4 05 1.0
cos(0 k) cos(0'y)
3-body correlations
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4. Excited-state 2p emitters
4.1 Light emitters
a) 1“0 C.R. Bain et al., Phys. Lett. B 373, 35 (1996).
13N(p,2p) @ 45 MeV £ 99
, @) 972
Resonance reaction
32" 351
2 171
o' 0 — A
LEDAI (5.0-12.0 d -7 12 I A E 2‘ pps
Gortmmey: o~ C+2p 3, g'l';‘?
3 %/ Beam Axis I 5.17
LEDA 2 :19_2_ degrees) - 3 13 N + p
LEDA3 (139.6-160.7 degrees) "‘:I"\‘
Ny
6.57 4.63
0‘
I4O
LEAD detector array Decay scheme of 140
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Proton Energy 2 (MeV)

o
@

e
9

o
@

o5 |

e
]
T

Counis

¢
00 fT+ . + *\b..
B T T T S S T T ST T R T 0.0 20 , 40 600
Proton Energy 1 {MeV) Two proton opaning angle (degrees)
Ep1 VS Ep2 op
& Sequential emission; No 2He emission.
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R. J. Charity et al., Phys. Rev. C 75, 051304(R) (2007).
K. Mercurio et al., Phys. Rev. C 78, 031602(R) (2008).

HiRA detector array

Kinematically complete

measurement

=2p+2{r_
200 .(a)S.CIil)MeV ) - A (C)5.30 Mev 4100
‘spn lsw
Reaction: 1°C+C,Be 150
£X My 1004 " | 4 .+__?"°“V 150
C i 50 W, 3-body s i +§‘
= 0 .
2p decay from 6.57 MeV state § o .stb) e (d)es7 eV

shows strong p-p correlation

sof!\
with the 1S phase shift. aoff (3 gbody |0
2 2 RS L Ani TS W T .. o
He decay? ;TR S - 0 45 90 135 180
PP Pp
E,. [MeV] e [deg]
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c) 7Ne

COULEX of 59 AMeV "Ne on Au target (NSCL/MSU)
Kinematically complete detection of reaction products

M.J. Chromik et al., PRC55, 1676(1997); PRC 66, 024313 (2002).

[

.15.

720 3
e
- . Q T t 5127 1900(78)
1®
0 & E2 E2
)/ <om% - liﬁs‘s’ ¥ I 1215022)
vz -..-r——*"xﬂ:zm ed | A |
- e o %
3 = gl | B
‘ =l i
: : : -+
: 1480 keV E | "¢
— E2 Ml M1 “ | £
i | | s
| i F8| E
i i | &
' ................... Oy ¥ y i _”2'
16, 17
O+pt+p F+p Ne

» Sequential 2p emission from the 5/2 state was observed

» No evidence for the 2p branch from the 3/2" state obtained

In agreement with prediction of Grigorenko, Mukha and Zhukov, NPA 713, 372 (2003).
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Evidence for the di-proton?
GANIL data T. Zerguerras et al., EPJA 20, 389 (2004) .
IS ' ' T ' ' ;
Z (b 5 (b) i
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10944 ]
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2 / ’| I ! LN k M]J]
N ] 0 2 4 6
5 . . 1 E,, (MeV)
1] 50 0o 150
o
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d) 8Ne

=t 0.05 4
=~
2
% 0.025+
T
00 o* 71
0.00
1 T T u
ENB 0 10 20 30 40
45 5 .
N — LT 2pirom VTF4 1H © 12 (deg)
1p o 2p from 12¢ 4 17g & %
v B 204 o i = Calc. =He
L] 17 T=50 eV LILITA =
2 MC sim. ] == Calc 3 body
¢ o I 154 2p events at 33 MeV E 2 & Exp
2 H £
= .3 104 =
b =
£
54
0
bl 2 1.6

E cm (MeY)

lIJ Al

E pep (MeV)

Ep1 + Ep2 (MeV)

P Other processes : simultaneous (independent) emission via 2~ state and direct breakup
of Y7F on protons could contribute significantly! L.Grigorenko et al., PRC 65 (2002)044612
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G. Raciti et al., Phys. Rev. Lett. 100, 192503 (2008).

225 7y

sum -_— 3

20 F "He decoy R

) 3 3 body decoy B

18Ne @ 33 AMeV -- FRIBs@Catania 175 virt. seq. decoy E

15 F —;

Coulomb excitation (Pb target) 2‘3‘2-5 3 E

S 10} ]

Kinematically complete measurement 7.5 | v E
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4.2 2p decay from odd-Z nucleus: **Ag™

1p: I. Mukha et al., Phys. Rev. Lett. 95, 022501 (2005).
2p: 1. Mukha et al., Nature (London) 439, 298 (2006).

6.7 MeV, 0395 "
e 5,780 (30) B9
L Ere=1.900(100) 2
g ZE
— {1 g 207
278 ] (107 &
672_[1,036] 5., z o
364 | o & 197
2,330 (100) 235+ %{ =
2Rh+p+p 5
coincident with y-ray
o “BPd+p 5 b
—890 (500) | 9 ©9)] ) n
S 404
g
5 301
£ 10
0= T T T T T
FRpeErs 0.0 0.4 0.8 1.2 1.6 2.0
Highly deformed (cigar-like) S AR
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Detector Array (24 gas AE, —
1 9as AE, - (Si) E detectors)
Rotating Wheel Contor
Latter ... -
3. Detector Chamber (Evacuated
by Roots Blower)
LBNL , .
He-jet Transport Capillary (~ 4 m)
Directly measurement of I/ % /
proton emission from the (valer coaied) hamwﬁ\ Terget . _ICvgz
\ avar entrance foils
isomer state of **Ag (21%, Havar oxitfols [ (coolod by N, gas)
(cooled by N, gas)
0.45, 6.7 MeV ) I p—— I | I ] Cyclotron
Beam
Primary Stopping - f 'i
Volume 1'.
N, with Aerosol N, Degrader Pt\wosphor
gas gas
1p emission was confirmed, no 2p emission was observed!
cf: O.L. Pechenaya et al, Phys. Rev. C76, 011304(R) (2007).
D. G. Jenkins, Phys. Rev. C 80, 054303 (2009).
J. Cerny, et al., Phys. Rev. Lett. 103, 152502 (2009).
2p decay from odd-Z nucleus?
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4.3 Activities in China

1. 718Ne & 28P, 2829S — CIAE(Beijing) & IMP(Lanzhou)
C.J. Lin’s talk at the PROCON2011 conference.

2. 22Al & 22Mg — 1AP(Shanghai) & RIKEN(Japan) ...
MA YuGang et al., Sci. China Phys. Mech. Astron. 54(s1), 18-23 (2011).
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5. Technical developments

Character of 2p-decay experiments:

e Radioactive ion beam (bad quality)
low intensity — large solid-angle-covered detector array
large beam spot — beam tracking

low purity, strong background — high-efficiency rejection

e Rare decay — high-efficiency detection

Special methods:
e Kinematically complete measurement (KCM)
o In-flight identification — beam, reaction products, KCM

e Optical TPC detection

2011/08/26 ISSSP2011, Beijing 46
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5.1 Kinematically complete measurement

Main task: to identify all the decay particles and determine their kinematics

Stacks of silicon-strip detector — single-sided or double-sided

Light-particle detector array — Csl+PIN scintillator array

Zero-degree spectrometer

Integrated electronics — ASIC (Application-Specific Integrated Circuit) Or other types

Experimental setup at GANIL

target
9Be, 47 mgk.:rn2

2011/08/26 ISSSP2011, Beijing 47

CIAE & IMP

2011/08/26 ISSSP2011, Beijing 48
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Nearly 4-7t covered charged-particle detector array

Under construction at CIAE

| g

Layer 1 -- DSSD, T: 64 /300 um, A: 64x64 mm?, W: 0.96 mm, I: 0.04 um.
D: 90 mm, H: $10 mm, W: 0.96mm, I: 0.04mm, 12 sectors

heavy particle

Layer 2 —-DSSD, T: 300 um / 1 mm, same type of layer 1. &
) Light particle
Layer 3 — CsI+PIN array, 4x4 (6x6) x50 mm? units.
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5.2 In-flight identification

Applied to the Mg & ®Ne experiment at GSI (I. Mukha et al.)
MSD -- Microstrip silicon detetor (strip: 100 um, area: 70 x 40 mm?)
Sensitivity -- down to 10 ps

Schematic layout
FRS setup ematic Byo
i :x core
beam monitor  procluction target AHX =
(SEETRAM) /. (4 gicm®"Be] LEi Z
iy treeking
|r|ocT$I5| : Two-protm events: detectors
focal plane (S1) |
iy third 2 ;
PPAC B AE microstrip detectors "“"m”r" g I..'
middle focal plane (52) %
‘“Mg :"Mg w:\lg P | exponential "@il” due
> Py < » 1Ne ' '/_/ to 2p-decay in-flight
101 /spill 2200 /spill p2500 /13 shifts i
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Analog ‘?;'}algug Digital Digital .i’;(l‘:‘l‘ltl"f" Amlog
interface supply  outputs

£ £

outputs  supply  interiace

I -

Thermal
interface
bonds ,3:" i N
= boads
fot
Dimensions 70x40 mm?Z, 100m strip pitch,
in total 1000 channels
http://dpnc unige ch/ams/GSItracker/www/
Front-end electronics: VA64_hdr9 chips from IDE
AS. Sernal read-out, digitalization, pedestal and
common-noise subiraction made'b Sl
electronics and integration with GSI| DAQ.
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5.3 (O)TPC - (O)ptic Time Projection Chamber
ids Technology:
emitting nucleus
e implantation in a gas cell
e integrated electronics (ASICs)
or CCD camera
Measurement:
¢ 3D tracking of protons
- X-Y detector
- Z time projection
drift of ionigation DN Results:
electronsg _
¢ Angular correlation
e Decay image
2011/08/26 ISSSP2011, Beijing 52
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OTPC idea: G. Charpak et al., NIM A269, 142 (1988).

Optical Time Projection Chamber
operation principle

Optical Time Projection Chamber

Gas (1 atm) : 49% He + 49% Ar + 1% N, + 1% CH,

200 mm
_ HI
Active 200 Vicm /
_______________ Active area 150 mm
Amplification { ~ "7 """ A - AN
Dritt 1500 Vicm 1+ amplification area 3 mm
npicain { Z27Z77IWT"77777 7 ooovi i
TV 2 Amplification area 10 mm
wLs
vis
OTPC at NSCL

Optical Time Projection Chamber

CCD Camera

* 1000x1000 pix

* 12-bits

* image amplification
(x2000)

Photomultiplier 5"

2011/08/26 ISSSP2011,

Beijing 53

45Fe 2p decay

2p decay 0.53 ms after
implantation

measurement
NSCL
2-11 Feb, 2007.

2p decay 0.47 ms after
implantation

2011/08/26 ISSSP2011,
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® @ Bordeaux time projection chamber

TPC on LISE/GANIL Drift volume

Hybrid card

GEM
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o @ Fe two-proton event in CENBG TPC at GANIL
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3 3 3 "
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6. Summary and outlook

A 2p radioactivity was discovered in 2002.
more than 110 years after the discovery of radioactivity;

more than 40 years after it was proposed.

a 3-body decay or sequential decay.
some experimental signatures show diproton decay;

no conclusive evidence shows 2He decay.

& Need further study both in experiment and in theory.
exotic structure (2p halo) € exotic decay (2p decay)
exclude/include the FSI = 2p initial configuration (BCS/BEC)

a Need powerful RIB facilities & Geniuses

2011/08/26 ISSSP2011, Beijing 58
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Next candidate: 26S, 30Ar, 34Ca, 38Ti, 48Ni, °9Ge, 63Se, 7Kr ...

26S: Dubuna 2009 negtive T,, <100 ns - in-flight identification
%9Ge: GANIL & RIKEN in planning ...

%Ca: CIAE & IMP in a few months (welcome to join us)

Thanks!
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Recent experimental results of two-proton
correlated emission from the excited states of
17,18Ne and 28,298

= C. J. Lin, X. X. Xu, H. M. Jia, F. Yang, F. Jia, Z. D.
4/ Wu, S. T. Zhang, Z. H. Liu, and H. Q. Zhang

China Institute of Atomic Energy, P. O. Box 275(10),
R Beijing 102413, China

H.S. Xu, Z. Y. Sun, J. S. Wang, Z. G. Hu, M. Wang,
s Koy sl st R. F. Chen, X. Y. Zhang, C. Li, X. G. Lei, Z. G. Xu,

P M = and G. Q. Xiao

| WAWIRgCas-Ae.0n Institute of Modern Physics, The Chinese Academy
of Science, Lanzhou 730000, China

PROCON 2011 Bordeaux, France 10th June 2011

Outline

1. Introduction
1.1 Basic idea: 2p halo/skin & 2p correlated emission
1.2 Previous knowledge on 1"18Ne & °S
2. Experimental procedure and data analysis
2.1 Experimental setup -- RIBLL & detector array
2.2 Particle identification -- the secondary beams and reaction products
2.3 Trajectory reconstruction
3. Results
3.1 Monte-Carlo simulations
3.2 Relative momentum & opening angle -- 2°S
3.3 Momentum correlation functions & HBT analysis -- 1718Ne

4. Summary & outlook
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1. Introduction r-\

1.1 Basic idea: 2p halo/skin 2p correlated emission

l !

2p valence pair - above 2p emission threshold

/\

weak link with core Beyond 1p drip-line 2p resonance state
(decoupled) Ground state Excited state:
6Be, 120, 16Ne, 1°Mg, 140, 17.18Ng,
4SFe, 48Ni, %Zn ...... 8295 ...

Initial state configuration

BCS crossover? BEC
1.2 Previous studies:
the ’Ne case 0
| (a)
f—, Y 8 1
- 1/2+*
2_ g:; - :322 | < 20.2 MeV
= 4 ° a2 e 1288
/ 5 | 2p
* 1148
I I
|09M \
\ 4 z- ¥ 6
150 6F 7Ne
20
M. Chromik et al., Phys. Rev. C 55, 1676 (1997); O
MSU Phys. Rev. C 66, 024313 (2002). . > 20.2 MbV
Ex1 ]
@10 : St
5 sf l 0 +2p
) 3 GANIL )
4F T i
U _- i | - ,l | i Eﬂ ﬂ],uﬂ L A ! ; _:}t-‘r‘j
10 15 20 25 30 35 40 T. Zeguerras et gl.,
Azp(MeV) Eur. Phys. J. A 20, 389 (2004).
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<F (annls)

3.10 12~

the 18Ne case

Oak Ridge
Y"F(p,2p)

0+

0.0

Ne

5 B
w— LT
v B 204
8 1) T=50 keV o
15

Counts

104

Eem (MeV)
J. Gomez del Campo et al., Phys.

*  2pfrom TF+ H
o 2p from 12¢ + 17F
sss=sss LILITA
MC sim.
| 2pevents at 33 MeV

10 15 20 25

E pl + E p2 ! MeV)
Rev. Lett. 86, 43 (2001).

Catania
225 T
20 F i T
He decay
175 E 3 body decoy = eeeees 3
15 F 3
125 F .

Counts

75 F N\ E
5F + E

25 F _{ E
] 1 e b it 1 L
0 10 20 30 40 50 60
. (MeV/c)
T T T T T T T T
12 sum —_—

"He decoy

3 body decoy

Counts

R R R R R R
G. Raciti et al., -
Phys. Rev. Lett. 100, 192503 (2008)

299412C
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RIBLL Experiment 2005
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Q
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C. J. Lin et al., PROCON 07;
AIP 961, 117 (2007).




2. Experimental procedure and data analysis

2.1 Experimental setup

Primary beam: 32S, 80.4 MeV/u, 100 enA
20Ne, 78.2 MeV/u, 100 enA
Primary target: °Be, 1589 um
Degrader: 27Al, 489 um (32S)
1024 um (*°Ne)
Secondary target: 1°’Au, 100 xm (32S)
200 um (°Ne)

Purification: Bp-AE-Bp method

Identification: AE-ToF method

10m

Fig. I. The layout of the RIBLL.

Complete-kinematics measurement

Detector array for 1718Ne experiment

Covered 10

ASmm

118N e

Collimators XI¥Y1 D2D3 D4 X2Y2

PPACI Csl

Circle Target Chamber
Note: s
Collimators: PPAC1: ¢30 mm; PPAC2: ¢20 mm.
AE: 300pum Si AE detector, combined with TOF (PPAS
97 Au: target, 200-250 pwm, $28 mm. i
D1,D2,D3: 300pum Si, 48mmx48mm.
D4: 1000pum Si detector with 4 segments, S0mmxS0n
X1,Y1,X2,Y2: 300um Si strip detectors, each of 24 st
CSI: CSI(TD+PIN detectors, 20 mm length, total of "L"




Complete-kinematics

Detector array for 28:29S experiment
measurements

SS8D12  SSSD34 Face BaCk
D2 SD3 C:sIHPI amray - SR = T g

Scint. PPACI PPAC2 SD1

| |
1R

TOF XY XY AE

-875.1 -483.1

Secondary target: 197Au, 100 pm
SD: Silicon detectors, 325, 1000 pm

SSSD: Single sided Silicon Strip Detect
with 2 mm in the width and 0.1
the construction of the particle tr

CsI(TI) array: 6 X6 lattices, each 15 X
through PIN photodiodes

AE (MeV)

2.2 Particle identification

a) ldentifications of the secondary beams

] Im 28S: 48.0 MeV/u
;! - Intensity: ~ 30 pps
N ] Purity: ~ 1%
640.0
1 I Dose: ~ 3 x 106
- 160.0
250
25 1 8000
Mg 3
) 200' i I1soo
0 1 I 400.0
HNB <
4 S~ L 90.00
PR | TS 4]
210 ZZUE %0 3 20.00
CI
29S: 49.2 MeV/u 100 |-
Intensity: ~ 200 pps :
Purity: ~ 3% :
Dose: ~ 2.5 x 107 o 180 190 200 210 220
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Primary beam: 2°Ne, 78.2 MeV/u; Primary target: °Be, 1590 pum
Degrader: 2’Al, 1024 um; Secondary target: *’Au, 200 um

Secondary beam: 1’Ne, 50.0 MeV/u,
intensity: ~ 200 pps, purity: ~10%
dose: ~ 1.6 x 108
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)

Events induced only by %S

Eliminate the contamination of 26:27S;j
directly from the secondary beam and
the accidental coincidences.
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b) Selection of heavy fragments
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c) Selection of light particles
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blue dots: single-hit events
red dots: double-hit events

In this way, the unmixed 2°S - 27Si+p+p events are selected.
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b) Identification of heavy fragments
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c) Identification of light

particles
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d) Trajectory tracking — selection of reactions in the target
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3. Results

3.1 Monte-Carlo simulations

Three extreme decay modes
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MC simulations, sampling in phase space, no FSI.

Experimental results, likely 2He cluster decay.

3.2 29S results

Relativistic-kinematics reconstruction for 2°S - 27Si+p+p events
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from the 10 MeV

Experimental evidences of 2He emission

excited states of 2°S
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Precise theoretical description is required !

C. J. Lin et al., Phys. Rev. C 80, 014310 (2009).
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Supplement:

1) 2p emission from 28P* (odd-Z) X. X.
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FIG. 5. Reconstructed excited energy spectrum for P from
three-body correlations of Al-p-p events.

% No correlated 2p emission.
+ No deformation effects.

2) 20 emission from ¥Ne* X. X.

Xu et al., Phys. Rev. C 81, 054317 (2010).
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Summary & outlook
a 2p correlated emission from the excited states of 1"18Ne and 2%2°S have
been investigated by means of complete-kinematics measurements.

a Signatures of 2He emission from the 6.15 MeV excited state of 1Ne and
from ~10 MeV excited state of 2°S (branch ratio ~29%) were observed.

& 2p halo/skin may lead to 2He emission with large probability.

a Rms of p-p pair in the excited states of 1"18Ne have been derived as 5.17
and 5.44 fm, respectively, by HBT analyses. The BCS/BEC crossover
may occur in the excited states of 17-18Ne.

Pay attention to:
a The link between 2p halo and 2p emission & pygmy resonance.

a Explore the ground-state emitter: 26S, 0Ar, 34Ca, 3Ti, 8Ni, >°Ge, 63Se,
67Kr ...

a Precise theoretical descriptions embedded in the MC simulations.

Production of 34Ca
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Thank you !
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2p halo and 2p emission

2p BCS/BEC cf: K. Hagino et al., Phys.
2p halo Rev. Lett. 99, 022506 (2007).
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Decay with large Spectroscopic factor

Link between 2p halo and 2p emission

cf: C.J. Lin et al., Phys. Rev. C 66, 067302 (2002).
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with A=1,2. The D represents the probability of the last

2p  outside the range of the interaction radius Ry, and
D gives the contribution of the asymptotic part to the rms
radius.
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2C: target, 40.63 mg/cm’,

X1, Y1, X2, Y2 : 300um Si strip detectors, 18 strips each, 1.2mm/strip wi
Stop: 300um Si AE detector, for stopping all the heavy fragments.

CSI: CSI(TI)+PIN array, 24 segments, for light particle (p, d, etc.) identi

Primary beam: 36Ar, 80.4 MeV/u

Primary target: °Be, 512 um

Degrader: 27Al, 942 um

Secondary beam: 2°S, 45.2 MeV/u,
intensity ~10 pps, purity ~1%

Secondary target: 12C, 40.63 mg/cm2
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A few words on the HBT results
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1 General aspects of nuclear astrophysics

Nuclear astrophysics is an inter-disciplinary research field, that combines the as-
trophysics(aiming at macroscopic objects) and nuclear physics(aiming at micro-
scopic objects). In 1920, Eddington proposed that the solar energy is come from
the Hydrogen to Helium fusion reaction inside[1]. In 1939, Bethe developed the
above ideas, made clear that the pp reaction chain and CNO cycle related Hydro-
gen burning supply the energy of sun and star[2], and he won the Noble prize of
1967. After WWII, Fowler and his co-workers make more systematic theoretical
and experimental studies on star evolution and the mechanism of producing ele-
ments other than Hydrogen and Helium. In 1957, Fowler, Burbidge and Hoyle
together published the theory of star evolution, that is so called famous B>FH pa-
per [3]. Owing the outstanding contribution of Flower to nuclear astrophysics, he
was honored Nobel prize of 1983. After those works, considerable progress have
been made, and was summarized in the intensively cited book called ”Cauldrons
in the Cosmos” [4], the recent progress can also be found in the review article of
Wallerstein [5].

In general, nuclear astrophysics uses the knowledge of nuclear physics to ex-
plain the energy production and element synthesis in star and universe. It is not
only the energy to resist the gradational collapse, but also the only mechanism to
produce elements other than Hydrogen. So it plays an important role in the time
scale from a few second after big bang to the end of star life.

The sequence of star evolution is primarily determined by its intimal mass.
For those star that has mass of M < O.OSMQ (M@ means solar mass) , the
gravitational collapse can not reach the ignition temperature of Hydrogen fusion,
so those star is dying directly without Hydrogen burning. For those with mass
range of 0.08M < M < M, after the light elements burning, their core can
not initiation the burning of next stage, so that dying to form the white dwarf. For
those with mass range of 8M@ <M< IOOM@, so call large mass isolated stars,
they experienced a full stage burning of Hydrogen, Helium, Carbon, Neon, Oxy-
gen and Silicon stellar process. This resulted a shell structure of above elements.
After Silicon burning, the fusion energy can not balance the gravitation any more
and resulted a super novae explosion, its shock wave drive large amount of ma-
terial into inter star area, and some smaller part left become neutron star or black
hole. The above picture is summarized in Fig.1. In above stellar burning, not only
stable nuclei, but also unstable nuclei are involved. To explain the energy balance
and abundance distribution, the nuclear physics contribution of nuclear mass or
binding energy, reaction cross section and decay properties are needed. Because

4
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of the extra low center of mass energy, the nuclear experiment and theory have
to meet a strong challenge. In addition, most important astrophysical process are
developed along the path of proton or neutron rich region of chart of nuclei, see
Fig. 2. Indeed, the current nuclear astrophysics is one of the frontier of physics
because of above reason.

Primordial

stage
H-burning 8

He-burning /
/ Tnter stellar
@ Black Hole\[ burning ]
/neutron star

[—ﬁ'mﬂ{—] O
process

%@/

burning

GrHvitational
collapse

Figure 1: The primordial and stellar element syntheses.

2 Nuclear reaction rates in star

2.1 General remarks

The energy production and element abundance is directly determined by the speed
of nuclear reaction or reaction rate. It is a convolution of Maxwell-Boltzmann
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Figure 2: The astrophysical process in chart of nuclei.
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distribution ¢(v) and reaction cross section o [4].

<ov >:f o(v)o(v)vdv. (D)
0
Maxwell-Boltzmann speed distribution is
2
H 32 Ky
= 4 (—— - —), 2
¢(v) = dmvi(_—) " exp(— o) 2

In which, u, k and T is reduced mass Boltzmann constant and star temperature
respectively. It can be simplified into,

Nx < ov >=3.7313 x 100721, f o(E)E exp (- 11.605E/To)dE, (3)
0

Where the reation rate N4, < ov > is in the unit of cm?mol~'s~! and center of mass
energy E and corss section o are in the unit of MeV and b.

2.2 Charged particle induced reactions

Charged particle induced reaction can be grouped into direct capture and reso-
nance capture.

1. Direct capture

The reaction cross section can be re-scaled into astrophysical S-factor,

1
o(E) = S(E) exp(=2m) - 4)
Where 77 is Sommerfeld constant,

Z,Z,e*

7= - 0.15752122(%)”2, (5)

Where 7 is reduced Plank constant, Z; and Z, are atomic number, £E is the center
of mass energy in MeV.

Because of Coulomb barrier, the cross section decrease violently with energy,
making the extrapolation to astrophysical energy difficult. The S-factor is intro-

duced to address this problem, because it separates the smooth part of energy
dependence that contains the full nuclear information, as shown in Fig.3.

7
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Cross section o(E)

_, Measurements —
~

Extrapolation

Coulomb barrier

{

S(E)-factor

Energy E

Figure 3: The energy dependence of reaction cross section and astrophysical s-
factor.

One can get
Ny <ov>= NA(E) (kT)3/2 fo S(E)exp(_ﬁ_ET/Z)dE’ (6)
b come from Coulomb penetration
b = (2u)'*ne* 2,7, /1 = 0.989Z, Z,u' > (MeV)'/2. (7

Its square is so called Gamow energy Eg.

In exponential part of Equ. 6, the first term come from Maxwell-Boltzmann
velocity distribution, the second term is Coulomb term, the interplay of two terms
reach a maximum in Ey, as shown in Fig. 4. Where the effective mean energy E,
can be expressed as:
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Maxwell-Boltzmann distribution
T exp(-E/KT)

>
S Gamow peak
_g _
[ Tunneling through
3 i Coulomb barrier
z | e A —= exp(-b/E ")
L
T -
o |
& Energy

Figure 4: The GAMOW window.

Ey = (bKT/2)*? = 122(2,73

uT?)! PkeV(8)
It is E that is most important parameter for experimentalists to reach directly or
in-directly. For system p+p, , for sun 7¢=15, Ej is only 5.9 keV!

2. Resonance capture reaction

The resonance capture reaction cross section can be expressed by Breit-Wigner

formula [17],

hz 2JR +1 Fin(E)rout(E)
T
2uE (2J1 + )21y + 1) (E = Eg)* + (T, /2)*

opw(E) = )

Where Jy, J,, Jg is the spin of beam, target and compound state respectively,
I';,» T, are entrance channel partial width, I, is the total width.
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3 Experimental methods

3.1 Direct measurements

The direct measurement is the most reliable way. But in practice, in the energy
around GAMOW window, the reaction cross section is extremely low, in some
cases, even the beam itself is made of unstable nuclei, so that the intensity is a
few order lower than stable beam. For direct measurement, not only one need
more beam time, but also need to develop high beam reduction ratio devices and
effective detection system.

One of such examples is the first measurement of CNO cycle reaction *N(p, v)!*O
in Louvain-la-Neuve 1991 [22]. This work gave the first excitation state width of
I', = 3.8+ 1.2 eV. The DRAGON recoil mass spectrometer in TRIUMF is another
good example[23]. Up to now many important reactions are measured, such as
2Na(p, y)*>Mg[24], 2°Al(p, y)*’Si[25] and '>C(a, y)'°O[26)].

3.2 Indirect measurements

In many cases, the direct reaction is very difficult or impossible, due to technique
limitations. People thus developed many methods of indirect measurement.

1. Elastic resonance scattering

Radiation capture reaction A(a,y)B can be studied by elastic resonance scat-
tering excitation function of a(A,a)A. One can get excitation energy, spin and
parity and energy width. In thin target experiment, the beam energy is varied by
accelerator. One of such examples is Oak Ridge'H(''F, p) I"F work[30], with new
level of '"F(p,y)'8Ne found and the reaction rate of "F(p, y)!®Ne was deduced.

In thick target experiment, the energy loss of beam gave a way to measure
excitation function at same time, by detection the out-going light particles like
proton, such as '"H(''C, p)!'C[32], recently, in CIAE, the 'H(*N, p)"*N excitation
function[34] was also measured.

2. Coulomb dissociation
The study A(a,y)B reaction can be done by using 2®Pb(B,a A)**®Pb. It is a

absorption process of virtual photon. This method was firstly used in RIKEN in
studying "*N(p, y)'*O reaction [37], it gave the 17, 5.173 MeV level T, to be 3.1

10

148



+0.6 eV.
3. ANC method

It is believed that the A(a,y)B cross section can be determined by incident
wave function and overlap wave function of bound state B|A + a. The asymptotic
normalization constant (ANC) is the amplitude of overlap function outside nu-
clei, and is the main contribution of direct capture [38]. This means by using one
proton transfer reaction such as (d,n), CHe, d),(**N,'3 C), one can deduce ANC
by DWBA, and then calculate (p,y) reaction reliably. In 1996, CIAE used this
method to deduce solar neutrino reaction’Be(p, y)?B for the first time [126]. In
2003, another group in CIAE deduced 'B(n,y)'?B reaction corss section [40].
Recently, this method is widely used [41, 42, 43, 44].

4 Production of secondary radioactive nuclear beams

4.1 Introduction

Up to now, most knowledge in nuclear physics has been obtained from nuclear
reactions induced by ion beams of stable isotopes. The isospin degree of freedom
of those beams, however, was restricted so far. By broadening the range of isospin
available in radioactive(or unstable) nuclei, it is now or will soon be possible
to investigate the nuclear properties under very unsymmetrical conditions of the
neutron or proton density distribution. This development coincides with increased
interest in nuclear astrophysics. In a primordial and explosive stage, as well as r-
process, the material of nuclear burning consists often of unstable nuclei, so that
the experimental data on reactions induced by radioactive nuclear beams (RNB)
have become of the fundamental importance in studying nuclear astrophysics. In
fact, the production of RNB and the studies based on RNB are the most active
fields in nuclear physics nowadays. Many laboratories invert a lot of efforts in
producing RNB for nuclear physics research. There are many excellent review
articles on this topic [106, 83].

To use RNB, one has to start from the design of a device that transforms a sta-
ble isotope beam provided by an accelerator into a secondary beam whose quality
is good enough for nuclear physics experiments. Such an attempt was pioneered
by Tanihata et al. in Berkeley in the 80’s and resulted in the successful discovery
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of a neutron halo in ''Li. In the beginning of the 90’s, the LISE spectrometer in
GANIL was built and yielded the discovery of many new isotopes as well as the
study of their exotic decay properties such as S-delayed 3-proton emission. Cur-
rently, many new devices are operational in the world, such as RIBF in Japan and
CSR in Lanzhou.

4.2 Production mechanism

The general idea of producing RNB is to select a suitable nuclear reaction, which
is capable of producing nuclei in a wide range of isospin. The production schemes
can be classified according to the reaction mechanisms.

4.2.1 Projectile fragmentation reaction

The projectile fragmentation reaction occurs at a beam energy of 50 to 500-A
MeV. The beams with these energies can be produced by a cyclotron (50-200-A
MeV) or by a synchrotron (100-500-A MeV). The reaction mechanism was first
studied by Goldhaber et al. [84] in the 70’s. This reaction was used to produce
RNB in Berkeley for the first time. Currently, there are a number of devices em-
ploying fragmentation reactions, such as LISE3 at GANIL, FRS at GSI, RIPS
at RIKEN, A1200 at MSU, RIBLL at Lanzhou etc. The first advantage of this
approach is that the fragments approximately reserve the same velocity as the
primary beam with a limited momentum spread (discussed below in detail). As
a result, the outgoing fragments, which are concentrated in a forward cone, can
easily be collected, separated, and identified. A further advantage is that the frag-
ments are produced in a wide isosping range extending to the proton or neutron
drip line for light nuclei, which makes this reaction an ideal tool to produce very
proton-rich or neutron-rich RNB.

According to the Goldhaber’s work, the momentum distribution of projectile
fragments is parameterized as follows:

Pt (py—po)

2 2
20 207,

2

where the perpendicular momentum width is

o) = 0o NAF(Ap — Ar)/(Ap — 1),

and the transverse momentum width is

12

150



0% = 0LAR(Ap — Ap)/(Ap — 1) + 2 Ap(Ap — 1)/Ap(Ap — 1),

with og ~* 90MeV/c, oy =~ 200MeV/c, and oy = %, pr being the Fermi momen-
tum. For example, for Ap = 11 and Ar = 9, one obtains o/, = 133 MeV/c and
FWHM,, =312 MeV/c.

The production cross section o is usually estimated by the empirical code
EPAX [117] as:

0(A,Z) = Y(A) nexp(-RIZ,, -ZV),
where n is a normalization factor, Y(A) the total yield of for the fragment mass
number A, Z,, the peak position in the Z distribution of the cross section, R the
width parameter, and U a parameter, which is assumed as 1.5 for Z, > Z and 2.0
forZ, <Z.

It can be seen from the above equations that the cross section is basically
independent of the projectile energy, whereas it strongly depends on the isospin
of the projectile. The more proton (neutron)-rich the projectile is, the higher will
be the production yield for the proton (neutron)-rich fragments.

One also needs to calculate the total reaction cross section o, €.g. in the case
of estimating the reaction loss due to an energy degrader. This can also be done
by using EPAX, based on the following formula developed by Kox et al. [93]:

1/3 41/3 2
0',,:ﬂr§[A1/3+A1/3+aﬂ—c] (1_E)
o P T 1/3 1/3 ’
A7+ A Ecu

where B, is Coulomb barrier energy:
Z,Zré*
(AP 4 AP

The constants involved in these two equations are ryp = 1.1 fm, and a = 1.85,
c is increased linearly from 0.65 (at 30-A MeV) to 2.05 (at 200-A MeV), r. = 1.3
fm, and E¢y, is the center-of-mass energy of the projectile.

In practice, the more reliable empirical code called EPAX was developed by
Summer at GSI, capable to calculate the production cross section of projectile
fragments. This code was adapted into more flexible and versatile code called
LISE++. This code is widely used to simulate the operation of a secondary beam
line.

For example, the total reaction cross section for the system **Ni + *Be is 1.643
b at a 3¥Ni beam energy of 500-A MeV, and the corresponding cross section for
the production of “°Ti is 1.6x10~> mb.
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4.2.2 Transfer reaction

The idea of using a transfer reaction to produce RNB can be traced back to the 70’s
when high precision spectrometers like Q3D were used to study such reactions.
The device dedicated to RNB was firstly established in LLNL, where a QSBTS
spectrometer was used to study the "Be(d,n)®B reaction. Today, such devices are
used in Notre Dame, in Beijing (GIRAFFE) and elsewhere. The transfer reaction
has a simple exit channel, so that a simple separation device can achieve very high
purity and intensity of the respective RNB.

In most cases, inverse geometry is adapted by using a heavy beam impinging
on a light target. For example, to produce "Be beam in GIRAFFE, a ’Li beam was
guided to a H, gas target, in which 7Li(d,n)’Be reactions occurred. Such geometry
compresses the reaction products 'Be to a small angular cone of 9°. Because of
the small momentum transfer from beam to target, the velocity of "Be is roughly
the same as that of "Li, similar to projectile fragmentation reactions. Thus the
resulting RNB is also easy to collect and to focus. The production cross section
and angular distribution can be calculated by a DWBA program. In practice,
one often uses the experimentally measured low-energy reaction data that have
well established before. The charge-exchange reactions such as ’Li(d,n)’Be are
frequently used, which have production cross sections of several tens of mb and
result in a different atomic number (Z) of the reaction products compared to that
of the primary beam. Such a Z difference results in a large magnetic rigidity
difference, which in turn is a key factor to achieve a high RNB purity, see Fig.
5. To produce more exotic RNB, one may use two- or multi-nucleon transfer
reaction, but production cross section is two- or multi-orders of magnitude lower,
so in this case the projectile fragmentation is more attractive.

The reaction cross section can be calculated by distorted wave Bonn approxi-
mation (DWBA) code, provided the optical potential is well know. In the fortunate
cases, some experimental data was available and can be directly used.

4.3 Separation methods

The principle of separation of RNB, regardless reaction mechanism, is based on
electric and/or magnetic fields to select the desired isotope by its magnetic rigidity
Bp (electro-magnetic device), by its velocity v (velocity filter), or by its mass
number A (mass separator). The principle of separation and particle identification
can be summarized in the following formulae.

E = A(y-1)
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Figure 5: Rigidity vs. angle for "Be.

Bp = plg = ABy/q = Bpo(1 + x/d)
withy = 1/(1-?)"/%2,where E and AE are the total energy and energy-loss of the ion,
Z and q its atomic number and charge state, X and d its position and the dispersion
in the focal plane.

Under the condition of the small spectrometer acceptance Ap/p, B is constant.
For the case of ¢ = Z, which is valid in the energy of multi-hundred-A MeV,

Z o (AE)'?,

TOF « A/Z.
where TOF is the time of flight of an ion.

In general, the atom is not fully stripped, so that g = Z, Z-1, ... As aresult,

TOF « A/q,

g E.

The detailed treatment for partially stripped charge states can be found in [95].

For the velocity filter, v oc B/E, where B and E stand for the magnetic field and
electric field of the filter, respectively. Because this technique needs high electric
field, it can only be applied to low energy transfer reaction.
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4.3.1 Electromagnetic device

A general layout of an electromagnetic device is shown in Fig. ??. According
to the complexity of RNB, these devices are further categorized as subsequent
arrays comprising one-stage such as GIRAFFE, two-stage such as FRS, or three-
stage such as LISE.

Primary beam Vv = % Third

. tocal Secondary
X ., Third -
Primary target Second ) . plane target
focal selection =
Intermediate plape
focal plane Velocity 1
filter 1
Detector
st setup
selection Deerader s i Secondary
Ay S Hecond beam
Bpy=— B, VES selection
d 715
1

Figure 6: Basic components of a electromagnetic device.

4.3.2 Mass separator online

Mass separator online use fusion evaporation reactions or spallation reactions to
produce RNB, which are stopped in a catcher in an ion-source. Different kinds
of ion-sources are used to combine chemical selectivity with high efficiency even
for short-lived nuclei. For example, laser ion-source can be applied to achieve
more chemical selectivity. The RNB of interest are then extracted, accelerated,
and mass separated for the final use.

4.4 Beam intensity and applications

The intensity of RNB can be obtained by using the following formulae.
I = en;N,o,
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Figure 7: The relation between the intensity of RNB and its possible experiments.

where ¢ is the collection and separation efficiency of secondary beam line, n; the
beam intensity, N, the effective target thickness, and o the production cross sec-
tion. The product of n; and N,is also called luminosity. Depending on the available
RNB intensities, various nuclear physics experiments can be performed as illus-
trated in Fig. ??. Of course, by the development of detection efficiency of modern
detectors, such limits can be partially removed.

4.5 Example of the secondary beam line, FRS in GSI

Here an example is presented, i.e. the measurement of B-decay of “°Ti and *!Ti,
was performed on the GSI fragment separator (FRS) [82]. It uses projectile frag-
mentation reaction and has a two-stage electromagnetic design. Because of the
high magnetic rigidity of fragments (up to 18 Tm), it is not possible to include a
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Producing and identifying *"Ti at the FRS

Beam current TOF, (x,y)
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~ A/Z
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Figure 8: Layout of FRS.

third-stage separation, namely a velocity filter. This solution was ruled out due to
the difficulties of reaching high electric fields.
4.5.1 General layout

The general layout of FRS is shown in Fig. ??. It is a double achromatic device,
so that ions with angular emitance of 3.4 mSr and a momentum distribution of 2 %
can be focused at F, to a spot of 0.6 cm in diameter. Apart from the conventional
energy degrader at F,, an additional degrader was installed at F; in order to further
suppress contaminants.

4.5.2 Beam diagnostics

In front of the primary target, an ionization chamber (SEETRAM) can be inserted
to measure the primary beam intensity. In F,, Fs3, and F,, scintillation counters
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(SC), and MWPC’s can be inserted to measure TOF and beam profile, respec-
tively.

Furthermore, a MUSIC detector is used for measuring the energy-loss of RNB
at F,4, in order to identify the projectile fragments by their atomic number. The
SC and MWPC, can stand counting rates up to 10 kHz, whereas the counting
rates in the MUSIC is limited to 1 kHz. It is therefore important to suppress the
contaminants as much as possible at F,.

4.5.3 Production of unstable beam: “°Ti

The beam-target combination used to produce “°Ti beam was **Ni on °Be. In the
original proposal underlying this experiment, a *°Cr beam was proposed, which
unfortunately was not available at the time of the experiment. The *°Ti production
cross sections calculated by EPAX are 1.6x107> mb and 3.6x10~> mb for ¥Ni and
S9Cr beam, respectively. Furthermore, the 1o-widths of perpendicular momentum
of “°Ti are 320 MeV/c and 257 MeV/c for ¥Ni and °Cr beam, respectively, so
that the FRS transmission for *°Cr—*’Ti is 20 % higher than that for *>Ni—*Ti.
Therefore, the “°Ti beam intensity from >®Ni fragmentation was lower than origi-
nally proposed.

To shift the center of the “*Ti-range profile to the center of the silicon detector
stack, an energy degrader of 1.14 g/cm? Al was inserted at F,. As a result of
this degrader, a secondary-reaction loss of “°Ti ions has to be taken into account
in the calculation of absolute proton branching ratio in “°Ti decay. This can be
either calculated or measured. According to the EPAX prediction [117], the total
reaction cross section of 200-A MeV “°Ti + 2’ Al amounts to 2.0 b. Taking into
account the degrader thickness, we estimated the secondary reaction loss to be 10
%. This is in good agreement with the measured value of 13(3) %.

4.6 Future development

The future developments are based on the idea of improving RNB, with respect to
beam quality and/or intensity. This can be realized by coupling an accelerator af-
ter an electromagnetic ISOL device such as Louvain-la-Neuve in Belgium (ISOL
method), or by building an accelerator with enhanced primary beam intensity fol-
lowed by a projectile fragment separator (PF method) such as the RIBF factory
in RIKEN. Presently, a large number of facilities base on ISOL or PF method are
being constructed or planned. In the near future, considerably improved studies of
the isospin degree of freedom and of phenomena of interest to nuclear astrophysics
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will thus become possible. It is worthwhile to mention that the RIA project, which
will be most probably constructed in Argon national lab or MSU in USA, can take
advantage of both PF and ISOL method, by using gas stripper technology.

S Beta-delayed proton emission, neutrino absorp-
tion rates, and shell-model calculation

Beta-decay half life is the most important nuclear data input to nuclear astro-
physics. The decay mode known as S-delayed proton emission consists of two
consecutive decay processes, 1.e. -decay and proton emission. The general de-
cay scheme shown in Fig. ?? exemplifies this disintegration mode for a typical
" -delayed proton precursor. The S-decay of the precursor populates states in the
emitter, many of which lie above the proton separation energy (S,). These levels
then decay via proton emission to states in the daughter nucleus. Thus the experi-
ment involves the observation of protons that exhibit the half-life of the precursor.
The proton energies are determined by the excitation energy of the S-populated
state in the emitter and by the S, values of the states in the daughter. The observed
proton intensities are used to obtain S*-decay transition rates and to determine the
relative reduced proton widths for proton emission to various final states. These
observations provide a challenging test for shell-model calculations.

5.1 Allowed and super-allowed 3-decay
By a standard application of time-dependent perturbation theory, the probability
of emitting a B-particle with energy E and momentum p is given by

P(E)dE = \M,.|* F(Z, E)E, - EYpEdE,

2307 3
where My; is the B-decay matrix element connecting the initial and final states,
F(Z,E) is the Fermi function which takes into account the Coulomb distortion of
the charged lepton’s wave function form that describes a free particle (i.e., a plane
wave) due to the nuclear charge and the surrounding atomic electrons, Z is the
atomic number of the S-daughter, and E is the maximum S-particle energy (for
Bt-decay: Ey = Qpc — E.- 2m,c?). The B-decay constant (1) for a particular
transition is obtained by integrating this probability over all allowed energies
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Figure 9: Schematic illustration of S-delayed proton emission process.
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1 2 [P0 2
A= ———|My F(Z,E)E,— E) pEdE.
575 (M fo (Z, E)Eo - E)’p

The integral in the above equation is known as the statistical rate function or
phase space factor f. Substituting f, which can be expressed in units of (m,c?)’/c,
in this equation, and rewriting the relationship in terms of partial half-life, t =
In2/A, one obtains the comparative half-life for the transition or its ft value.

_ 20 (In 2R [m,c?
My

ft

Comparative half-lives (often quoted as logft’s) tend to fall into certain groups
that enable S-transitions to be classified in terms of superallowed, allowed, or for-
bidden transitions, see Table 23 for detail. Once a particular decay is classified,
the spin, parity, and isosping of the populated level is restricted to certain val-
ues governed by the selection rules for that type of transition. Since the present
work only deals with superallowed and allowed transitions, the discussion will be
limited to those decays.

Class logft L Fermi transition Gamow-Tellor transition
Al Ar Al Ar

Super 2.9-3.7 0 0 No 0),1 No

Allowed | <5.9 0 0 No 0), 1 No

1% for- | > 8.0 1 (0), 1 Yes 0,1,2 Yes

bidden

2" for- | > 10.6 2 (1),2 No 2,3 No

bidden

Table 1: List of classification of S-transitions and corresponding selection roles.

For allowed and superallowed transitions, the S-decay matrix element can be
divided into two parts, the Fermi matrix elements (1) and that of Gamow-Teller
(GT) matrix elements (o), together with their respective vector and axial vector
coupling constants, g, and g4, as

2
|M|" =gy (> + g3 (o),

where the coupling constants have been renormalized to include electromagnetic
corrections. Combing the above equations, one obtains the familiar relation
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B 213(In )R’/ mzc4
g+ g (o)

ft

Using the most recent values for the physical constants, together with the latest
values of the renormalized coupling constants, leads to [124],

__ 61219
I+ 156702

ft

The Fermi matrix element is given as

R0

J

OF <wf z//,»> = (g IT:1 ).

where i and f represent the initial and final wave functions, 7 is the isosping raising
or lowering operator for the j”* nucleon (i.e., for §*-decay, 7,p = n), and the sum
of the j operator over all j nucleons is defined as the total isospin operator T.
Analogous to the angular momentum raising and lowering operator J, the isospin
operator raises or lowers the isosping projection, T,, by one unit, thus

Tolw (J"T.T,)y = (T FT) (T = T, + DIV [y (J", T, T, + 1))

Correspondingly, the selection rules for allowed Fermi interactions are AJA*=0"
and AT = 0. Neglecting the small isosping impurities in the final wave function,
the Fermi matrix element becomes

(Y =T(T +1) = T;Ty,

where T; and Tz are the initial and final isospin projections.
The GT matrix element is given by
1 i> ;

where o (j) is the Pauli spin operator. The selection rules for allowed GT interac-
tions are AJ*"= 0,17 and AT = 0,1. Unlike the Fermi matrix element, this matrix
element depends upon the explicit details of the initial and final wave functions.

(I = <wf PR
J
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Within the simplest shell-model, where initial and final states are described by a

single particle coupled to an inert J = 0 core (i.e.,[l i® (llj)i:o’ theGT matrixelementisgivenby
12 12 1)°
2 _
(o) —6(2]f+1){ 5o ] } ,

where the term enclosed by brackets is a Wigner 6j symbol. This expression
applies to allowed transitions between single particle state where J;=1+ 1/2 such
as a 1ds;, 1ds, transition.

Unfortunately, due to configuration mixing, most nuclear states can not be ac-
curately expressed by only one shell-model configuration, but require wave func-
tions consisting of several different shell-model configurations. Shell-model cal-
culations, which allow configuration mixing between a large variety of different
configurations restricted by the basis space covered, have proven to be very suc-
cessful in predicting various experimental observables.

5.2 IMME mass predictions

From the observed proton decay energy of the Isospin Analogue States (IAS)
as measured in this work, one can determine the mass excess of the IAS (if the
ground state mass excess is known), which can then be used to predict the precur-
sor’s mass through the use of isobaric multiplet mass equation IMME). As shown
by Wigner, the mass of an isobaric multiplet member with isospin T and isosping
projection T, is given by the following quadratic relation

M(Ty) = a+ bT, + cT2

Thus if one knows the masses of all but one members of a multiplet, one can
calculate the mass of the remaining members.

In the following, this method is used to deduce the ground state mass excess
of “OTi and the Qgc¢ value of “°Ti B-decay, based our measured “°Sc IAS state
excitation energy. Table 24 summarized the list of input data for the IMME fit
procedure.

“Measured in this work and the work of Trinder et al. .

Based on these data, the polynomial fits were performed, which yielded the
coefficients as listed in Table ??.

Using the constants from Set I, the excitation energy of °Sc IAS state was cal-
culated to be 4365 keV, compared with experimental value of 4365(8) keV. The
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Nucleus T, G.S. mass | E, of T=2 | T=2 states
excess states (keV) | mass excess
(keV) (keV)

“OAr 2 - 0 -
35039.891(5) 35039.891(5)

K 1 -33535.0(3) | 4384.0(3) -29151.0(4)

40Ca 0 -34846.0(3) | 11988(2) -22858(2)

08¢ -1 -20526(4) 4365(8)“ -16161(9)

40Ty -2 To be deter- | 0 To be deter-
mined mined

Table 2: Masses and T=2 excited states of A = 40, T = 2 series.

Set Fit condi- | a (keV) b (keV) ¢ (keV)
tion

I “Ar, YK, |- - 202.0(8)
“0Ca (this | 22858.0(16)| 6495.2(24)
work)

II WAr, YK, | - - 202.1(8)
“0Ca, and | 22858.0(16)| 6495.1(24)
408¢c  (this
work)

I WAr, YK, | - - 202.1(8)
“0Ca, and | 22857.9(16)| 6495.2(24)
0S¢ [?7]

Table 3: List of polynomial fit constants.
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excellent agreement shows that the IMME prediction is reliable enough to predict
the *°Ti ground state mass excess. The fit procedure was extended by including the
measured *°Sc IAS excitation energy. This resulted the constants marked as Set
II, which is supported by the results in [?] (Set III). By using these constants, the
ground state mass excess was predicted and the Qg value for “°Ti was determined
to be -9060(12) keV and 11466(13) keV, respectively. These values are consid-
erably more precise than the previous values of -8850(160) keV and 10680(160)
keV given in [60], which were based on a systematic mass evaluation.

5.3 Spherical Shell-Model

Shell model is an indispensable tool of understanding direct reaction and decay
process. The increased binding of certain combinations of neutrons and protons
was pointed out by Elsasser [75] in 1934, and this effects for light nuclei with N or
Z values of 2 (*He), 8 ('°0), and 20 (*°Ca) were already known in these early days
of nuclear physics. In 1948 Mayer [100] observed strong evidence for additional
“magic numbers” at 50 and 82 for protons, and 50, 82, and 126 for neutrons. This
phenomenon can be clearly seen from the 2p or 2n separation energies along lines
of constant isospin for even-even nuclei. Mayer and Jensen [102] explained this
in terms of a ”shell-model”, where nucleons are bound by a spherically symmetric
potential well. If a harmonic oscillator of the form

V(1) =g-VO [1t(r /R)’]
is used, where V(r) is the potential at a distance r from the center of the nucleus
and R is the nuclear radius, the resulting quantum states can be characterized by
n, the principal quantum number related to the number of radial nodes in the wave
function, and by 1, the orbital angular momentum of the particle. By analogy to
atomic spectroscopy, states with 1 = 0, 1, 2, 3, 4, 5, 6, ... are designated as s, p,
d, f, g, h, i, ..., respectively. The states are identified by as 1s, 2f, 3p, etc, where,
unlike in atomic spectroscopy, n is defined so that each state has nt1 radial nodes.

The evolution of shell-model states from the harmonic oscillator model is
showed in Fig. below.

In the shell-model calculation, the interaction between the valence particles
and the core nucleus is treated by the perturbation theory. Because of the large
valence space of “°Ti, the two major oscillator shells must be included in the
calculation, e.g. the 1ds;»2s;,,1d3,, (sd) and the 1f7,,2p3/21£5/,22p1,2 (fp) shells.
Correspondingly, the number of possible configurations of the model space in the
shell-model calculation is as large as 10°. To truncate the model space, the nhw
truncation was imposed [109].
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Figure 10: Evolution of nuclear shell model from the harmonic oscillator to the
shell structure.
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6 Production of unstable beams at HI-13 Tandem
Accelerator in CIAE

6.1 Introduction

A radioactive nuclear beam (RNB) facility (GIRAFFE) has been built at the HI-
13 tandem accelerator of China Institute of Atomic Energy (CIAE). The facility
makes use of the inverse kinematics. It was designed for yielding low energy ®He,
"Be, 8Li, ''C, 1?B, N, 50 and !"F secondary beams with intensities of 10*-10°
ions/s and for studying reactions of nuclear physical and astrophysical interest.
The facility and experimental results in producing RNB will be described.

6.2 General Description of the Facility

As a starting point towards studies with RNB at CIAE, the facility GIRAFFE for
producing and for utilizing low energy beams of unstable nuclei such as °He, "Be,
8.1, ''C, B, 1PN, 130 and ""F has been constructed at the HI-13 tandem labora-
tory. GIRAFFE was designed for studying a number of reactions of astrophysical
interest and charge-exchange reactions among several T, = +1/2 pairs of mirror
nuclei.

GIRAFFE makes use of the inverse kinematics. The general feature of the
facility is schematically shown in Figure 4. It comprises a primary reaction cham-
ber, a dipole-quadrupole doublet (D-Q-Q) beam transport system and a secondary
reaction chamber. The primary beams of 'Li, !'B, '?C, and '°O ions from the HI-
13 tandem accelerator were used for bombarding a hydrogen or deuterium gas cell
in the primary reaction chamber to produce unstable nuclei of interest via reac-
tions such as '"H(’Li,’Be)n. Because of the kinematic effect, the desired unstable
nuclei are compressed into a forward cone. Fig. ??shows the differential cross
section of the "Be ions from the 'H(’Li, "Be)n reaction at E(’Li) = 35 MeV. The
RNB of interest were then magnetically separated from the scattered ’Li beam and
unwanted reaction products, and finally focused onto a secondary reaction target
by using the D-Q-Q system. Fig. ?? shows the result of beam optics calculation.
The basic parameters of the secondary beam line are summarized in the following
Table.

Downstream of the secondary reaction target, a detector telescope was mounted
on a rotatable arm for observing the reaction products of interest. It was found in
the initial RNB tuning experiments that the appropriate choice of the acceptance
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Figure 11: Cross section vs. lab. angle for "be beam.
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Figure 12: The GIRAFFE beam optics.
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Maximum solid angle AQ = 1.8msr (A6 = +16.4 mrad, A¢p = +34.8 mrad )
Maximum rigidity Bp=14Tm

Total length L=98m

Focal plane dispersion AX/(Ap/p) = 0.47 cm/%

Acceptance angle 3°

Deflection angle 13°

Table 4: The basic parameters of GIRAFFE.

Dipole Gas target

Figure 13: Sketch of GIRAFFE.

angle for each of the desired RNB plays a critical role in purifying secondary
beams. So far a value of 3° has been chosen for this angle. It is planed to install
a beam swinger at upstream of the primary reaction chamber for optimizing the
incident angles.

GIRAFFE comprises a primary reaction chamber, a dipole-quadrupole doublet
(D-Q-Q) magnetic separation and focusing system, as well as a secondary reaction
chamber, as shown in Fig. 13. Up to now, the ion beams of *He, "Be, 8Li, ''C,
BN, 150, "F and '°C etc have been delivered. A Wien filter is installed between
quadrupole doublet and focal plane by the end of 2004, which greatly improved
the secondary beam purity.

6.3 Choice of direct reactions

Taking the beam energy and the beam intensity at HI-13 Tandem accelerator into
account, the RNB production reactions were selected based on the following con-
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Figure 14: Experimental setup.

siderations:

The reaction products should have high differential cross sections. Conse-
quently the reactions of inverse kinematics, such as '"H(’Li,’Be)n, were selected,
in which the reaction products of interest were compressed into a forward cone.

The reactions should have large total cross sections. The charge exchange and
single nucleon transfer reactions were adapted. As a result, RNB are limited to
the isotopes near the S-stability line.

The magnetic rigidities of the desired RNB should be considerably different
from those of the primary beams and the products from other reaction channels.
The (p,n) and (d,n) reactions are most suitable for this purpose, since the RNB of
interest and the primary beam have different magnetic rigidities due to the differ-
ences in atomic numbers.

In order to sustain the high current of the primary beam, a H, or D, gas target
with titanium windows was adopted.

For a specific reaction, one can select either the positive or negative group
of center-of-mass angular distribution, depending on the compromise between
magnetic rigidity difference and the differential cross sections.

Some reactions that meet the above criteria are summarized in the following.

*Values calculated by assuming a primary beam intensity of 1.0 puA, gas cell
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RNB| Production Epewn | do/dQ Erng ABp/Bp Intensity*
reaction (MeV) | (mb/Sr) (MeV) (%) (pps)
®He | ?H(’Li,’He)’He 42.0 160+ 34.0«1.0 17.3 2.2x107
"Be | '"H(Li,’Be)n 35.0 5000+ 33.0+£0.5 -3.1 1.4x107
8Li | H('Li,’Li)'H 42.0 900+ 40.0+0.5 5.2 1.2x10¢
e | '"H(''B,"'C)n 78.1 6700- 57.0+1.0 -17.5 | 4.5x10¢
2B | °H(''B,"”B)'H 66.0 1100+ 65.0+1.0 6.3 1.5x10¢
BN | 2H(™C,”N)n 70.8 3000+ 70.0+1 .0 -9.7 2.1x10¢
50 | 2H™N,” O)n 84.0 8300+ 82.0+1 .0 -12.7 | 3.7x10p
F | 2H(*°O,"F)n 88.0 28000+ 85.0+0.3 -10.8 | 1.3x1
07

Table 5: Summary of some of the production reactions for the secondary beams
and the estimated characteristics of resulted beams.

pressure of 1 atm, and differential cross sections at their optimum angles. The
marks + and - refer to the forward and backward center-of-mass angular group
selected, respectively.

6.4 Purification of unstable beam

It can be seen from the energy spectra of RNB that the contaminants come from
secondary products of other reaction channels and from the low energy tail of
the primary beam, which fall into the selected rigidity window due to multiple
coulomb scattering. In order to study the purity of RNB, two acceptance angle
settings of GIRAFFE (0° and 3°) were used and a shadow bar was installed in the
case of 0° setting. The corresponding results are listed below:

In the 0° setting, the installation of the shadow bar allows to eliminate low
energy beam contaminant. This results from the fact that the primary beam com-
ponents have smaller emmitance than that of secondary beam. The purity of !'C
beam was increased from 6 % to 14 % by installing the shadow bar.

In the 3° setting, the purity of RNB (with the shadow bar removed) is higher
than that obtained at 0° with the shadow bar. This is due to the Coulomb scatter-
ing cross section, which is proportional to sin*(6/2), # being the acceptance angle.
Setting acceptance angle values other than 0° can greatly reduce the accepted scat-
tering primary beam, whereas the differential cross section of RNB is similar to
that at 0°. Another advantage of such a setting is that the shadow bar is not neces-
sary, since the center of primary beam and scattered component is automatically
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avoided, thus increasing the transmission for RNB. The drawback of the 3 setting
is the slightly lower energy resolution of RNB, which is due to the kinematics.

6.5 Production of secondary beams

In the RNB production experiments, a gas cell at 1.2 atm pressure was used as the
target, the entrance and exit windows being made of ~2.5 mg/cm? thick titanium
foils. The RNB were measured by using a AE-E counter telescope consisting of an
ionization chamber filled with P-10 gas backed by a 45x45 mm? Hamamatsu two-
dimensional position-sensitive silicon detector (PSSD) of 450 um in thickness. So
far, the production of the °He, "Be, ''C, '*N, and '"F etc. beams has been tested.
The characteristics of these beams are summarized below. The position profile for
"Be beam is presented in Fig. ??.

6.6 Future developments

The possible improvements of GIRAFFE are planned into two phases.

For the phase I, a beam swinger will be installed in front of the primary target
chamber. It was designed for altering the incident angle of the primary beam on
target, so that one can select the optimal acceptance angle for each RNB. Velocity
filter and beam-switcher are planned to be installed in front of the focal plane. In
addition, a velocity filter will be used to enhance the secondary beam selection,
see Section 5.3 of Appendix 1. Taking the "Be-beam production as an example,
the velocity filter will effectively filter out "Li contaminants, since the "Li ions
have the same magnetic rigidity but different charge states, thus different velocity.
The beam switcher will be used to serve for the decay measurement. During
such a measurement, RNB itself will be switched off, so that background will be
effectively reduced.

A detector setup for decay measurement was also considered in phase 1. This
setup will include implantation/detection silicon detectors and germanium detec-
tors to detect the y-rays in the decay process. A helium-jet technique can be used
to transport the RNB to a detector station with lower background. This measure
will also improve the implantation profile in range and in beam spot.

The GIRAFFE improvement phase II consists of adding a second-stage mag-
netic separation, so that an energy degrader can be placed in the intermediate focal
plane, which will allow double achromatic operation with isotopic selection.
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Table 6: Summary of produced RNB in GIRAFFE.

RNB Reaction Energy+Spread (MeV)  Purity (%) intensity (pps) '
°He *H(’Li,°He)’He 35.7+0.5 92 500
"Be 'H("Li,"Be)n 308+ 1.3 99 900
SLi  2H(Li’Li)'H 40.0 £ 0.5 88 500
10C "H('°B,'°C)n 559 +35 96 200 * &
e "H('B,''C)n 63.4 +2.7 80 1000
BN H("2C,"* N)n 57.8 +2.1 92 1200 *
150 2H(™N,50)n 66.0 = 3.6 91 800 *
YF ZH(*°0,"F)n 76.1 +3.7 90 2000 *
BF  3He('°0,'8F)'H 757 +£2.2 85 800 *
PNe “*He('°0,"Ne)n 56.6 +3.4 47 120%¢%

SHe("F,"’Ne)’H 68.6 + 3.8 42 70 %3

22Na  “He("?F*Na)n 529+19 57 100 #1

¥ With ¢3 mmdiameter collimator.

* With velocity filter.
% Primary beam intensity can be increased by a factor of 2.
T Primary beam intensity can be increased by a factor of 10.
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Figure 16: Sketch of future GIRAFFE

The upgrading of the focal plane detector is also planned. A general detector
chamber was designed, which will cover larger angular range than current setup.
In addition, the use of a MUSIC detector is planned. This detector has better AE
resolution and provides the possibility of measuring the excitation function in a
single setting of GIRAFFE, by using the gas of the MUSIC both for detection and
as a secondary target.

All the above-proposed improvements are summarized in the Figure 11. In
2006, the velocity filter was installed successfully, and yielded more pure sec-
ondary beams.

7 Using RNB’s for the determination of key nuclei
properties for nuclear astrophysics

7.1 Solar neutrino problem

The neutrinos that are produced by fusion reactions in the interior of sun provide
most valuable information on our understanding of the physical processes inside
the sun and of the electroweak interaction theory concerning the basic properties
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of neutrino [63]. For more than 20 years, the comparison between experimental
results (Homestake, Kamiokande, Gallex and Sage, see Table 5) and the theo-
retical predictions (Standard solar model, SSM, see, e.g., Bahcall et al. (In the
following, I shall call it BP95) [63] or Dar ef al. (I will call it DS95) [73]) have
yielded the so-called solar neutrino problem [64]. It refers to the fact that the
measured solar neutrino flux is significantly lower than that of the solar model
predictions, as shown in the following.

Figure 13: Energy spectrum of solar neutrinos predicted by Bahcall and Ul-
rich.

Over the years, the large communities of astrophysics and of nuclear physics
took enormous efforts in solving this problem [68]. Based on all the informa-
tion available experimentally and theoretically, it seems that a solution can only
be found by introducing a new physics [64]. On the new physics explaining the
missing solar neutrinos, especially the complete missing of "Be neutrinos after
evaluating the results of the available experiments, the most promising scenario
is based on neutrino oscillation. It can be either oscillation in mater (MSW) or
vacuum oscillation (VO) as indicated in Table 6 [69]. Very recently, the Super-
Kamiokande group announced the finding of neutrino oscillation - the first exper-
imental observation of non-zero neutrino mass [80]. In the year 2001, the SNO
neutrino detection collaboration in Canada, combined with Super Kamiokande
data, announced the solid experimental proof of solar neutrino oscillation, their
results was generally accepted by the physics community in 2001 Nuclear Physics
Conference, thus the final solution of the long problem is with high confidence.

In this context, nuclear physics can make a significant contribution. In a so-
lar model calculation, the uncertainties of nuclear reaction cross sections, such as
those of "Be(p,y)®B, contribute significantly to the uncertainties associated with
the solar model prediction of neutrino fluxes. However, in order to compare the
prediction of a given solar model with the solar neutrino experiments, the neutrino
fluxes predicted by this model have to be translated into reaction rates by using
the nuclear absorption cross section of the detector material. Therefore, another
important nuclear physics contribution consists in an accurate determination of
the absorption cross section in the relevant detector material. The Homestake ex-
periment (neutrino detection via 3’Cl inverse -decay) and the proposed ICARUS
experiment (neutrino detection using *°Ar inverse -decay) may serve as exam-
ples. This argument is expressed in the following simple formula:

Predicted reaction rates = Absorption cross section (nuclear physics input, e.g.
37Ca or “OTi B-decay)x Solar neutrino flux (solar model + nuclear physics input,
e.g. 'Be(p,y)®B reaction)
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In the present lecture note, I shall give a detailed description of contributions
to two experiments which both yield to the nuclear physics data relevant to the
solar neutrino problem. The first one is the determination of the "Be(p,y)®B cross
section [97], responsible for the 8B neutrino flux, the second one is the measure-
ment of “°Ti B-decay [98, 99], which is related to the *°Ar absorption cross section
in the ICARUS detector.

7.2 "Be(p,y)®B reaction

The high energy neutrinos from the 8 decay of ®B produced via the "Be(p, v)°B
reaction at solar energies play a very important role in the solar neutrino problem
[63], as explained in Section .1. Therefore, the astrophysical S 17(0) factor for the
"Be(p, ¥)®B reaction has attracted an increasing attention for many years. There
were a number of considerable efforts to study the S ;7(0) factor through both di-
rect radiative capture reaction [79, 87] and Coulomb dissociation reaction of ’B
[105]. However, the obvious disagreement among the experimental results is still
a challenging puzzle. Therefore further experiments were called for to reduce the
uncertainties of the S7(0). Recently, the proton pickup reactions of 'Be were
proposed as an indirect way to extract the S 7(0) factor by introducing a simple
relation between the asymptotic normalization constant (ANC) and the S 17(0) fac-
tor [?]. This approach was expected to yield the S 7(0) factor with an accuracy
at least comparable to that of direct radiative capture or Coulomb dissociation re-
actions, and could thus provide a valuable cross examination as an independent
method. We carried out a measurement of cross section and angular distribution
of the proton-pickup “Be(d,n)®B reaction using a radioactive 'Be beam.

The detailed description of this work has already been published [97]. To
the best of my knowledge, only two experiments were dedicated to this reaction,
which were performed at different energies and presented only cross sections with
large uncertainties without the measurement of angular distributions [86].

7.3 %OTi B-decay and ICARUS detector

In the ICARUS detector [90], the energy and the directions of the electrons scat-
tered by the incoming solar neutrinos, as well as of the electrons produced in
the inverse S-decay *°Ar(v,,e")*’K, can be measured in a large-volume liquid
argon time-projection chamber, see Table 10. Since the inverse S-decay to the
40K ground state is forbidden, each neutrino-absorption event is accompanied by
ytrays emitted from excited *°K levels, which produce Compton electrons, as
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shown in Figure 14. In this way the electron multiplicity distinguishes scatter-
ing and absorption events, making it possible to measure the ratio between these
two types of events. This ratio is independent of the total neutrino flux impinging
on a terrestrial detector whereas it depends significantly on possible neutrino os-
cillations. This is due to electrons being scattered by electron neutrinos as well as
by u and 7 neutrinos while the production of electrons via neutrino absorption is
restricted to only electron neutrinos. Furthermore, quantitative information on the
oscillation probability v, — v,..an be obtained from the experimental ratios.

As indicated in Section .1, the cross sections for the different interaction pro-
cesses must be known very well for a reliable evaluation of the [ICARUS data. The
scattering rates can be accurately calculated by using the standard electroweak
theory [62], whereas the situation is more complicated for the case of neutrino
absorption. While the value for the Fermi transition strength B(F) between the
40Ar ground state and the isobaric analog state (IAS) in “°K is given by the model-
independent sum-rule [70], it is more difficult to determine the transition strengths
B(GT) for the individual contribution of allowed Gamow-Teller (GT) transitions
to the neutrino-capture rate. In principle, the B(GT) values for the inverse S-decay
can be deduced by using shell-model theory or from data measured for the zero-
degree charge-exchange reaction “°Ar(p,n)*°’K. However, as has recently been
shown, shell-model calculations failed to reproduce the B(GT) distributions mea-
sured in the region around *°Ca [56, 123, 124, ?]. Furthermore, the proportion-
ality of S-decay transition strengths and zero-degree (p,n) reaction rates has been
questioned, because a comparison of the 3-decay of *’Ca with the ¥’Cl(p,n)*’ Ar
mirror reaction [57] showed that the differences were probably not entirely due to
isospin-violating effects [108, 71]. Hence, a calibration of the neutrino absorption
rate based on shell-model calculations or on (p,n)-reactions might jeopardize the
quality of the ICARUS results.

An alternative possibility of calibrating the *° Ar neutrino capture rate is to use,
under the assumption of isospin symmetry, the B(GT) values of the mirror S-decay
of “OTi, as can be seen in Figure 14 (see Appendix 2 for a general description of
a B-decay process). In principle, the large energy release of the “°Ti decay (Qgc
= 11680(160) keV [60]) enables one to extract all information that is relevant for
the GT contributions to the rate of solar neutrinos absorbed by “°Ar, provided suf-
ficiently accurate half-life and branching-ratio data are available. It is interesting
to note that the efficiency calibration for the *’Cl experiment has recently been
achieved in a similar way by using the B(GT) values measured in the S-decay of
37Ca (see [?] for a recent review).
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7.4 Selected example of indirect measurements and theoretical
analysis

The astrophysical S-factor for the "Be(p,y)®B reaction at solar energies is a crucial
nuclear physics input for the “solar neutrino problem”. The S-factor can be indi-
rectly determined through the asymptotic normalization coefficient (ANC) [38]
extracted from the proton pickup reaction of 'Be, with accuracy comparable to
that from direct radiative capture or Coulomb Dissociation reaction, and thus can
provide a significant cross examination. We measured the 'Be(d,n)®B angular dis-
tribution in inverse kinematics at Ecmy = 5.8 MeV and extracted the ANC for the
virtual decay 8B — "Be + p based on DWBA [125] analysis. The astrophysical
S-factor for the "Be(p,y)®B reaction at zero energy was found to be S ;7(0) = 27.4
+ 4.4 eV b [126]. Our experimental data were re-analyzed by other groups, as
shown in Fig. 20.

One of the key reactions in the hot pp chains is the ''C(p,y)'?N which is be-
lieved to play an important role in the evolution of Pop III stars. As a result of
the low Q-value, its cross section at astrophysically relevant energies is likely
dominated by the direct capture into the 1* ground state of >N, and the resonant
captures into the first and second excited states of !N at 2+ 0.960 MeV and 2~
1.191 MeV, respectively. Angular distribution of the !'C(d,n)'?N reaction at Ecyp
= 9.8 MeV was measured with the secondary ''C beam. The experimental data
were analyzed with DWBA calculations and thereby the (ANC)? was extracted
to be 2.86 + 0.91 fm™! for the virtual decay °N — ''C + p. The zero energy
astrophysical S-factor for the direct capture ''C(p,y)'?N reaction was then derived
to be 157 + 50 eV b. We have also estimated the contributions from resonant cap-
tures into the first and second excited states of N and the interference between
direct capture into the ground state and resonant capture into the second excited
state. The astrophysical S-factor of ''C(p,y)'?N in the astrophysically relevant en-
ergies are illustrated in Fig. 17. The temperature dependence of the direct capture,
resonant capture and total reaction rates for ''C(p,y)!’N were derived [127]. This
work shows that the direct capture dominates the 'C(p,y)'?N in the wide energy
range of astrophysical interest except the ranges corresponding to two resonances.

In the baryon inhomogeneous big-bang models for primordial nucleosynthe-
sis, (IBBNs) [128], many nuclear reactions of unstable nuclei are involved, which
can bridge the stability gap at mass number A = 8, and predict a higher pro-
duction of elements beyond ’Li and a larger universal mass-density parameter of
baryons Q. The reaction chains involving unstable nuclei 3Li, °Li, B, etc. are
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found to play a pivotal role in IBBNs. The production of succeeding heavier el-
ements scales with the abundances of these unstable isotopes during primordial
nucleosynthesis and thus all the reactions for generating or destroying them are
of importance. We have measured the angular distribution of 8Li(d,p)°Li reac-
tion at Ecyy = 7.8 MeV, through coincidence detection of °Li and recoil proton,
and obtained the cross section and astrophysical S-factor. By using spectroscopic
factor deduced from the SLi(d,p)9Lig.s. angular distribution, we have successfully
derived the ®Li(n,y)’Li direct capture cross section and astrophysical reaction rate
for the first time [132].

The typical experimental setup for the 8Li(d,p)’Li reaction is shown in Fig. ??,
the setup of "Be(d,n)®B reaction and that of ''C(d,n)!*N were described elsewhere
[126, 127], respectively. Two Multi-Ring Semiconductor Detectors (MRSDs)
with center hole were used in this experiment. The upstream one aimed at de-
tection of the recoil protons, and the downstream one served as a residue energy
(E,) detector which composed a AE — E, silicon counter telescope. This setup
enabled the °Li -recoil proton coincidence measurement. We applied the simi-
lar experimental setup to other reactions except upstream MRSD. Such a detector
configuration covered the full laboratory angular region. This setup also facili-
tated to precisely determine the accumulated quantity of incident unstable beams
because the beams themselves were recorded by the counter telescope simultane-
ously.

As examples, Fig. 18 demonstrates the angular distribution of 8Li(d,p)°Li re-
action, where setl to set4 refer to four sets of optical potential parameters; Fig.
20 shows the comparison of 'Be(p,y)*B S 17(0) factor with other measurements
described in Ref. [129] and references therein; Fig. 21 displays the reaction rate
of 8Li(n,y)°Li derived through transfer reaction approach and those of theoreti-
cal calculations and Coulomb dissociation measurements presented in Ref. [130]
and references therein. This data was also used to extract the ANC of mirror sys-
tem, by assuming the identical nuclear spectroscopic factor as a result of mirror
symmetry [133].

BN(p,y)'*0O is important reaction in the hot CNO cycle which occurs at stellar
temperatures around 79 > 0.1. But some uncertainties still exist for the direct
capture component. The angular distribution of the '*N(d, n)'*O reaction at E_,
= 8.9 MeV has been measured in inverse kinematics, for the first time, as shown
in Fig. 22. Based on DWBA analysis, the ANC, C 11:0/2, for the ground state of
40 — BN + p is derived to be 5.42 + 0.74 fm~'/2. The "*N(p, y)'*O reaction
was analyzed with the R-matrix approach, its astrophysical S-factors and reaction
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Figure 19: The experimental setup for the 8Li(d,p)°Li reaction
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Figure 20: The "Be(p,y)®B S-factor by different approach.
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Figure 22: The angular distribution of the *N(d, n)'*O reaction at E..,,, = 8.9 MeV,
together with DWBA calculations using different optical potential parameters.

rates at energies of astrophysical relevance are then determined with the ANC. The
present result is in good agreement with that extracted from the "*N (*N,*0)!3C
transfer reaction [134]. S-factors for direct and resonant captures is then derived,
as demonstrated in Fig. 23, and reaction rate is deduced [135]. The implications
of the present reaction rates on the evolution of novae are then obtained with the
reaction network calculations.

More over, a direct measurement of nuclear astrophysical reaction will be con-
ducted. Excitation function of the 'C(p, y)'>N at Ec;;=0.2-1.0 MeV will be mea-
sured in inverse kinematics with the ISAC accelerated !'C beam at DRAGON.
There are large discrepancies in the existing indirect measurements and theoret-
ical calculations of this reaction for both direct and resonant captures. The ap-
proved proposal [136] aims at clarifying these discrepancies through the direct
measurement of excitation function by using high precision DRAGON spectrom-
eter. Based on the measured excitation function, we will be able to derive the
energy dependence of astrophysical S-factors for direct capture into the ground
state of !N and resonant captures into the first and second excited states of >N at
2% 0.960 MeV and 2~ 1.191 MeV, as well as the interference between the direct
capture into the ground state and resonant capture into the second excited state.
The temperature dependence of direct capture-, resonant capture- and total reac-
tion rates will be given. Recently, a proof of principle approach for the production
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Ecm Ttot (ANC)? Indirect  S(0) (eV b) or
Reaction  (MeV) (mb) (fm™h) Reaction rate reference
"Be(d,n)’B 5.8 58+8 0.711 £ 0.090 (p,y) 27 +4 [126]
"Be(d,n)®B 8.3 28 +3 0.62 +0.12 (pyy) 24 +5 [131]
C(d,n)!2N 9.8 23 +5 2.86 + 0.91 (p,y) 157 + [127]
8Li(d,p)°Li 7.8 79+20 1.25+0.25 (n,y) 3970 + 950 [132]
8Li(d,p)°Li 7.8 79+20 1.10+023 8B mirror 42 +9 [133]
BN(d,n)™*0 8.9 74 +1.1 294 +£5.3 (p,y) 417 £ 74 [135]

Table 7: Summary of astrophysics experiment results

of intense (10 3/s) radioactive ion beams, which differs from the standard ISOL
(Isotope Separation On-Line), has been demonstrated successfully taking ''C at
the TRIUMF facility [137], as a test case. This approach uses 13 MeV protons and
should be useful for a range of radioisotopes of interest to the nuclear astrophysics
research program.

All astrophysical reactions and their deduced parameters are summarized in
Table below.
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What is Nuclear Astrophysics

Extending between macro and micro world:
nuclear physics and astrophysics

Application of nuclear physics in energy
production and element synthesis in star

Determining time scales of evolution, star
environment, isotope abundance

In combination with astrophysical model and
observation
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Contribution of nuclear physicist, Nobel
prize of physics winner

* 1930, Hans Bethe, pp chain, CNO
cycle, 1967

1957, Willlam Fowler, star
evolution, B2FH, 1983

* 1960, Raymond Davis and
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detection, 2002
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Some of the great discovery of astrophysics

3K microwave background radiation,1965,
experimental support for Big-Bang theory

Detection of solar neutrino, 1960, gave the hints
of neutrino oscillation

Detection of 26Al y-ray, 1980, direct support of
explosive nuclear synthesis, and triggering y-
ray astronomy

Detection of SN1987A supernova
explosion,1987

Experimental explanation of solar neutrino
missing, 2003
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Nuclear reaction: alchemist in
universe

Logarithm of relative abundance
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Astrophysical process in chart of nuclei

Stable nuclei

Known nuclei
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The interplay between nuclear
physics and astrophysics
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Element synthesis network

Cross section
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From DOE 2007 plan

* Nuclei and Nuclear Astrophysics

— What is the origin of simple patterns in complex
nuclei?

— What is the nature of neutron stars and dense
nuclear matter?
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The importance of one and more

experiments
Key reaction, most difficult, like 2C(a.,y)'®0O,
‘Be(p,y)°B

Supporting reaction, large numbers, like
"C(p,y), °Li(a,n)

Importance of international collaboration,
data evaluation and compilation

Importance of theoretical calculation, fill the
Impossible
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Important nuclear physics data
« S-factor, focus on NP, down to
astrophysics energies

« Reaction rates, direct input to network
calculation

 Direct capture, direct reactions

 Resonance, level scheme, level width,
and partial width

* Mass and decay half-life and branching
ratio
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Nuclear astrophysics basics

Reaction rates
Gamow window
S-factor

Direct reaction
Resonance
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Reaction rates

o e f“\d)(r)(r(r)rdr. (1)
O
Maxwell-Boltzmann speed distribution is
N A2 B \32 _ﬁ“'z
d(v) = 4m (2:rkT) exp( 2kT)' (2)

In which, g, k and T is reduced mass Boltzmann constant and star temperature
respectively. It can be simplified into,

Ny < ov>= 37313 x 10012132 f o(E)E exp (- 11.605E/To)dE, (3)
)

Where the reation rate Ny < ov > is in the unit of cm?*mol~'s~! and center of mass
energy E and corss section ¢ are in the unit of MeV and b.

C.E. Rolfs and W.S. Rodney. Cauldron in the Cosmos, The University of
Chicago Press, (1988).
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Astrophysical S-factor

The reaction cross section can be re-scaled into astrophysical S-factor,

1
o(E) = S(E)exp(—me)E. 4)
Where 7 is Sommerfeld constant,
Z[Z"f’2 )“ 1/2
= —— =0.15752,Z,(=) ", 5
n - ! _(E (&)

Where 7 is reduced Plank constant, Z, and Z, are atomic number, FE is the center
of mass energy in MeV.

C.E. Rolfs and W.S. Rodney, Cauldron in the Cosmos, The University of
Chicago Press. (1988).
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Energy dependence of cross section and
astrophysical S-factor
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Measurements

Extrapolation

S(E)-factor

Coulomb barrier
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Energy E
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Gamow window

I E b
Ny < ov>= NA(n_p (I;T)-‘“ ‘[” S(E)exp( T FR )E, (6)
b come from Coulomb penetration
b= Qu)'\*ne*Z,Z,/h = 0.989Z, Z,u'*(MeV) /2. (7)

[ts square is so called Gamow energy Eg.

In exponential part of Equ. 6, the first term come from Maxwell-Boltzmann
velocity distribution, the second term is Coulomb term, the interplay of two terms
reach a maximum in E,, as shown in Fig. 4. Where the effective mean energy E,
can be expressed as:

~

Eo = (bKT/2)* = 1.22(Z,Z;
uT) PkeV(8)
It is E, that is most important parameter for experimentalists to reach directly or
in-directly. For system p+p, ., for sun T¢=15, E, is only 5.9 keV!

1ISSSP2011 Weiping Liu, August 27-31, 2011
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Resonance capture

The resonance capture reaction cross section can be expressed by Breit-Wigner
formula [17],
n? 2Jg + 1 Cin( E) o (E)
2UE 2J,y + 1)2J2 + 1) (E — ER)?* + (T10e/2)*

opw(E) =1 )

Where J,, J,, Jg is the spin of beam, target and compound state respectively,
[ins T, are entrance channel partial width, T, is the total width.

ISSSP2011 Weiping Liu, August 27-31, 2011
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Experimental approach

* Direct

— (d,p) and the like, ORNL

1ISSSP2011 Weiping Liu, August 27-31, 2011
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®

symmetry studies
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capture process heavy element
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/—Pneutr@driplin eshell structure results
(halo nuclei @

ISSSP2011 Weiping Liu, August 27-31, 2011
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Experimental technique of unstable beam

s physics
PredlctiGn LR I0IR 3G T S B e+ R

Acc. or reactor+target

BE ETER%

lonization
1zat! FZ lon source

aifr BEF 4> Bseparation
Purification E, B, AE/Ax, BFH

IR/ BIR/fE EIE=R/ A ER/ ETH

Acc. Decc. /storage Post acc. ring, trap

M| EMeasurement :

4% Identification RS/ AR/ BB TR 54T
R/ R/ ESMR Spect. Det. DAQ, analysis

reaction/decay
ISSSP2011 Weiping Liu, August 27-31, 2011

Wei-ping Liu, E983 Proposal@DRAGON
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DRAGON W

Detector of Recoils And 11
Gammas Of Nuclear reactions C(p, ) ’N reaction

10° ——

101_ 0.96, 2"

Recoil Detectors

Final Focus

EHCNO Novae 1192 Descouemont

10;AI
10" B oX ’/\\
i J/\/

107} IKé:E&MéEEE%f?f
30

107

Wiescher

Astrophysical S-factor (keV b)

1005 02 04 06 08 10
E,, (MeV)
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Production of unstable beams
* PF method

— Formulae
— FRS example
— Transfer as special case, CIAE example

e |[SOL method

— Comparison
— GSIl example

1ISSSP2011 Weiping Liu, August 27-31, 2011

Some essential about fragmentation |

Vfrag=vbeam

A momentum broadening

of Fermi momentum

Memory effect of beam — — —
iso-spir%/ 0| =0y Ay (AP AF) Ap 1)
A broad distribution of P KI VY 2 /ANe

fragments with a narrow [

angular range due to
inverse kinematics o(4,,Z.)=Y(A)e

~R(Zp-2p) "

a,
@ @ Evaporation of light part.

ISSSP2011 Weiping Liu, August 27-31, 2011




Particle identification

Bp = plq = ABy/q = Bpo(1 + x/d)
withy = I/(1-5%)"? ,where E and AE are the total energy and energy-loss of the ion,

Z and q its atomic number and charge state, x and d its position and the dispersion

in the focal plane. o
For the case of ¢ = Z, which is valid in the energy of multi-hundred-A MeV,

Z « (AE)'2,
TOF « A/Z
where TOF is the time of flight of an ion.
In general, the atom is not fully stripped, so that ¢ = Z, Z-1, ... As aresult,
TOF o A/q,
g« E.

The detailed treatment for partially stripped charge states can be found in [95].
For the velocity filter, v o« B/E, where B and E stand for the magnetic field and
electric field of the filter, respectively. Because this technique needs high electric

field, it can only be applied to low energy transfer reaction.

1ISSSP2011 Weiping Liu, August 27-31, 2011

Basic components of a
electromagnetic device

: s :
, Primary beam Vv = B Third
/ Third focal Secondary
. Prunary target Second - plane target
’ fonlt gelection \
oca -‘_\ \\ /
Intermediate plane N\
- \ 5
hl(-"l!__[)]dllt: Velocity
' filter
|"I .."u
P f Detector
Furst /S . setup
selection Denr‘n/der . Secondary
- a . BC 1
i Ay : . beam
Ep=— a 423 selection
g 3 e D
4 2, 71

Weiping Liu, August 27-31, 2011
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FRS example

ﬂ plastic scintillator: AE, timing

& time projection chamber: X, ¥

>

QQ ionisation chamber:; 2

| N 15
production Bpj)rrmklz

targel target

1ISSSP2011 Weiping Liu, August 27-31, 2011

Some essential about fragmentation Il

ISSSP2011 Weiping Liu, August 27-31, 2011
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Identification
~10/day l
Misss = =
100/day = = C:D_
G @
—_
1/min B (Tyas P Oy o nw n O
1/s l C_T Q" g.
v Breakup @ @) (@)
10/s B-%, B-n Wilm D >
X
100/s COULEX - g g
v ©) —
I*-'vz‘-'! sthm'c = W E
10% B-yn, m‘ims 3 Qo O
Invariant mass ()
® 5
10% w : .:—Sl- Q -
7 Transfer reactions, »w = '5_"
charge exchange, wn
D
A4
ISSSP2011 Weiping Liu, August 27-31, 2011

Inverse kinematics
> A

target )

Weiping Liu, August 27-31, 2011
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Bp and do/dQ vs. 6,,, of 'Be

'g..a-, 0.60 + = 8000 +
= — 2
0.50 + E 6000 T "Bet
&
040 —— 2 4000 +
0 =
S 20001  "Be-
0 T L | L]
0 2 4 8 8 10

Lab. angle{deg.)

1ISSSP2011 Weiping Liu, August 27-31, 2011

Beam optics of GIRAFFE

10

. sig o DISPERSION (MM/%)
::; 6 J/_/:‘ """""""""" :/“ """"""""
B 4T 4 e
E 2 Tl s p"l‘

0 -t
é 2: /
m 4 \ d
S Hil \v/_

of

ap L

ISSSP2011 Weiping Liu, August 27-31, 2011
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The sketch of GIRAFFE

1ISSSP2011 Weiping Liu, August 27-31, 2011

Some of the production reaction for secondary
beams and the estimated characteristics of resulted
beams

RNB| Production Epeam | do/dQ Erng ABp/Bp Intensity*

reaction (MeV) | (mb/Sr) (MeV) (%) (pps)
°He | “H('Li.°He)*He | 42.0 160+ 34.0+1.0 17.3 2.2x10¢p
'Be | "H( 'Li.’Be)n 35.0 | 5000+ 33.0£0.5 | -3.1 1.4x10
i | “ACLEEFL)H 42.0 | 900+ 40.0+0.5 3.2 [.2x10p
e | '’'B,MOn 78.1 | 6700- 57.0£1.0 | -17.5 | 4.5x10}
“B. | *H(*'B,“B)'H 66.0 1100+ 65.0+1.0 6.3 1.5x10p
BN [ *H(**C,*N)n 70.8 | 3000+ 70.0+1.0 [-97 [2.1x10f
RO | “H("N,*.O)n 84.0 8300+ 82.0+1.0 -12.7 | 3.7x10p
UF | 2H('°O,'F)n 88.0 28000+ 85.0+£0.3 -10.8 | 1.3xI

0?

ISSSP2011 Weiping Liu, August 27-31, 2011
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Summary of produced

RNB in GIRAFFE

RNB Reaction Energy+Spread (MeV)  Purity (%)  intensity (pps) *
®He “H('Li.°He)’He 357 +0.5 92 500
"Be '"H('Li.”Be)n 308 + 1.3 99 900
SLi 2HCLi.*Li)'H 40.0 +0.5 88 500
e "H(''B."°C)n 559 +3.5 96 200 #§
e "H("B."'C)n 634 +2.7 80 1000
3N 2H("2C.BN)n 57.8 +2.1 92 1200 #
150 2H(™N,50)n 66.0 + 3.6 91 800 *
7 2H('°O.VF)n 76.1 + 3.7 90 2000 #
I8F  3He('°0,"®F)'H 757 +2.2 85 800 *
“Ne *He('°0.,"Ne)n 56.6 + 3.4 47 120 #§

‘He('F,"”Ne)’H 68.6 + 3.8 42 70 %8

2Na  *He(E2**Naj)n 529+ 1.9 57 100 *1

[

1ISSSP2011

¥ With ¢3 mmdiameter collimator.
* With velocity filter.
Primary beam intensity can be increased by a factor of 2.

Primary beam intensity can be increased by a factor of 10.

Weiping Liu, August 27-31, 2011

it

CARIF ( China Advanced Rare lon-beam Facility )

Reactor

Target/lon source
He-jet/In-pile

[ —{1soL

SgZU  naM 1000
60 MW, 2 X107 fis./s

Max. 8 X 10" ny /c/cm?

ECR
stable IS [~ L |atom Phys.

10 ppA

LINAC
10 MeV/u

Nucl. Astro.
SHE [
Rl reac. Sepc.

Decay Spec.

Nucl. Data
Basic Sym.

Explore extreme

Extend application
Combine ISOL and PF
Using mature technology

Aiming world class facility 128 510"
*Sn pps
T MKr 410" pps
H2Xe 9X10° pps
Production target

Drip line search
New magic No.
Bxn decay

Cancer The.
Nucl. Matt. Irr. [*
Single Part. Eve.

8Nj 250 pps
1208y 210 pps

Exp. Term.
Hl,n,v. B

LINAC a
150 MeV/u

g

FRS
DP/P 6%

v

Unstable Data
Nucl. Effects
Misc. App.

5 mg/cm?°Be

Ca. 1.8 B RMB, commission ca. 2020
57147

ISSSP2011 Weiping Liu, August 27-31, 2011
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End of the first part,
discussion, questions

1ISSSP2011 Weiping Liu, August 27-31, 2011

Some remarks about nuclear decay

e Selection role
e Fermi and Gamow-Teller
 Shell model basic

ISSSP2011 Weiping Liu, August 27-31, 2011




(75, To)

(Z,N)
Precursor
=
iy o P
® >
—_— Qa O
Seq. 2p < 3
@7, To) Q =
A e g o c_l
a— E® | Qgc o 9 c
® 0o W»W
- ® 5 =
(Z-3,N+1) +2p w Q)
Two-Proton — DO
Daughter 3 ©)
7
(Z2,N+1)+p n Qh
Proton S, O
Daughter S (?'
Y v
(Z-1,N+1)
Emitter
ISSSP2011 Weiping Liu, August 27-31, 2011

B 27 (In2)n’" / mc*

2

M,

B 27°(In2)h" /m,’c*
gD +g5(o)’

ISSSP2011 Weiping Liu, August 27-31, 2011
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List of classification of 3-transition

and corresponding selection roles

Class logft L Fermi transition Gamow-Tellor transition
Al Ar Al Ar

Super 2937 |0 0 No (0). 1 No

Allowed | <5.9 0 0 No (0), 1 No

15" for- | > 8.0 I (0). 1 Yes 0,1,2 Yes

bidden

2% for- | 106 |2 (1),2 No 2.3 No

bidden

1ISSSP2011 Weiping Liu, August 27-31, 2011
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ISSSP2011 Weiping Liu, August 27-31, 2011 48/97
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Shell guenching and r-process

Nuclear Shell Structure

r-process abundances

l experiment
s pronounced shell structure
w— shell structure quenched

140 160 180 200
around the

valley of > o mass number A
P-stability neutron drip line

1ISSSP2011 Weiping Liu, August 27-31, 2011

Examples of reaction: 'Be(p,y)°B

Motivation

Beam production
Detection

Data analysis

DWBA calculation

From ANC to S-factor
Astrophysical implication
Other recent examples

ISSSP2011 Weiping Liu, August 27-31, 2011




Where does neutrino come from?

MSW Effect
(v oscillation v, Dv,) SN1987

Solar
Neutrino

Nuclear Reaction Neutrinos form

pp:ptp>*H+e" +u,
pep: pte+p—>H+u, (S

Supernovae

Be: "Be+e 2>'Li+u,
SB:B 28B"+ ¢*+ u, Detector

ISSSP2011

ISSSP2011

(Homestake, Gallex, SNO
Sage, Kamiokande, ICARUS)

Weiping Liu, August 27-31, 2011

Neutrino detection

Radiochemical
Homestake exp.

v, + 3’Cl 23Ar + e
*Gallex and Sage

v, t+ 'Ga2>7!Ge t+ e

Solar Neutrino Spectra
Gallium Homestake

Direct measurement
«Kamioka, SNO
*Exp.
vVteDvte
ICARUS Exp.

100 QU L. + AT > YK +e-

: L, T e- v te-
Neutrino Energy (MeV)

Weiping Liu, August 27-31, 2011




Solar neutrino experiments

Past: mainly sensitive to v,

Super Kamiokande
Gallex, Sage
Homestake
SNO ( also to other flavor)

Now: Neutrino of all flavor

Super Kamiokande
SNO
Underground Lab

1ISSSP2011 Weiping Liu, August 27-31, 2011

How nuclear physics connected with solar
neutrino problem

Solar Detection Ti B-decay
neutrino efficiency <

detector on

earth

Solar RNB

neutrino 2-3 time diff
problem Neutrino

property

experiments

Prediction of
solar model

Neutrino
production P

<
cross section

"Be(d,n)3B reaction
Predicted reaction rates = Absorption cross section (nuclear physics input, e.g.
7Ca or “*Ti -decay)x Solar neutrino flux (solar model + nuclear physics input,
e.g. 'Be(p.y)®B reaction)
ISSSP2011 Weiping Liu, August 27-31, 2011 54/97
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m Stable

eV 200 uA compact proton cyclotron

super-conducting LINAC
[oTie 20 F

m 1011012
1010011
m 1091010
108-109
m 107-108
108-107

1ISSSP2011

Beam energy of BRNBF

200

100 ~ | -
—Before upgrading

-After upgrading

100
Mass number

Weiping Liu, August 27-31, 2011

Indirect method for "‘Be(p,y)°B

RIB production

Transfer reacton | 55"

St Direct measurements
| clavon

4 5 (]

Measurements

1 2 3

Astrophysical reaction rates
ISSSP2011

(d,n) or (d,p) measurement

.P. Liu, PRL77(1996)611

()., (

3 DW. ..
% l.l(yilr Frlpiid dg2

)_ =Sy —a

Jidf Liji lpdy
)3
00

/’ r2dr fej(kr)Wy, e, 41/22x0)| |
Ry
ANC or Spec factor

Weiping Liu, August 27-31, 2011
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"Be(d,n)®B experimental setup

2H(7Be, 8B>n Reaction Mylar Window
(2.5 um

¢4mn Dio.)

DE: P-10 Gas
(75 torr)

E: 2-D Position
Sensi tive
Siticon Detector

C45X45 Pn®
450 um)

7B¢ Secondary
Bean

CE=26.0 MeV)

(CD2>n Torget
~
€0.97 ng/cr?)

(CH2)n for background

1ISSSP2011 Weiping Liu, August 27-31, 2011

Results—7Be

e — -
F 6.57x10" (o) (CDy). 1

F . 9

15 :Enl:t’ ..... B

r _— g

a 10 & 3 L
o £ e 1 R -
: ....... - ' 4
a  [2.30X10°  -tlifisre 5 - -
& _ pSYORIQ B F ]
L] r -
o : L L L 1 1 1 ]
. 0 H++ VELARES RERE RARE BaSi AL

—4— Em0ote r 4.26X10 () (CH,). 1

L]

wn
™
1

iiii i D
...... | H i LLEy o o B
Brgssss ] . - -

PRL77(1996)611
e NPA 616(1997)131c

P20 Weiping Liu, August 27-31, 2011
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ANC method

For peripheral transfer reaction: B(d,n)A
two virtual captures: .
B+p > A
n+p —>d

two ANC’s and C:p

A 2
( BP14J4) ( ”pldjd) DWBA
b2 Lyjalaia
Bpl,j4 npl dJd

(Cd )2 = 076fm_1 known value

do
(CA )2 can be obtained from ()exp
Bp dQ)

1ISSSP2011 Weiping Liu, August 27-31, 2011

The Cross Section for E1 capture

B(EL jm— jo,)=

(21, +1)(21 +1)ZZ‘ Tl =

m I m

2 Zz(wfffl)ce,ll 2 fy (kW12 (250
k*

lj1

ANC or spec factor

AT B] s the kinetic factor

€= eN/A for Protons
-e/Z/A for Neutrons

ISSSP2011 Weiping Liu, August 27-31, 2011




(P,y) vs. (n,7)

(P.Y) * (n,y)

One p transfer like (d,n) « One n transfer like (d,p)
Easy PID, no coin. Hard PID, coin. with p
Get ANC Get spec. factor
Peripheral Fix V, by known data

. N(d,n)"0

7Li(n,y)8Li O Blackmon et al.

® |mhofetal.
Our Calculation

do/dQ (mb/sr)
Cross section (ub)

1(|)'3
E, (MeV)

1ISSSP2011 Weiping Liu, August 27-31, 2011

Experimental setup for the 8Li(d,p)°Li
reaction

MRSD MRSD

‘enter
Jetector

N\ /_'

Llllum 215mm
r

ISSSP2011 Weiping Liu, August 27-31, 2011
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From (d,p) to (n,y): the detail

3 9 .
E 27, +1) S, e 2
- | _ 872-( }/j eeﬁ‘ ( .]f ) lfJf J;) ulf (r)r2wli (kl”)dl”

9\ hc) hv (21, +1) Kk’

Z. H. Li, W. P. Liu et al., The 8Li(d,p)°Li Reaction and the
Astrophysical 8Li(n,y)°Li Reaction Rate, Phys. Rev. C 71 (2005)
052801(R)

1ISSSP2011 Weiping Liu, August 27-31, 2011

First measurement of primordial
8Li(n,y)°Li reaction rate

« Destroy reaction of 8Li: 8Li(n,y)°Li, 8Li(d,p)°Li in inhomogeneous

big bang, APJ429(1994)499
 Half-life of 8Li: 0.83 s, direct (n,y) exp. impossible

10 ¢
— F Malaney89 4
w.r.n i ® Ma:gi ' Coulomb : Transfer]
E‘ % :dissocialion: reaction 4
4 [ 1
E ”‘E 10 3 Descouvemont93 : Z8cherds i
% s H ] 5 Rauscher94 | ! ®
I ielemann ® \ |
v et ® Bertulani9g, Kobayashi | resent
- 103 B i 2003 . Work |
s f : T: 2004
0 20 40 6 80 100 120 140 180 180 E | I ]
ec.u. (dog) (14 Theoretical Calculations ! Experimental results ]
10° :

Z. H. Li, W.P. Liu et al., PRC 71, 052801(R) (2005)

ISSSP2011 Weiping Liu, August 27-31, 2011
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Summary of astrophysics
experimental results

Eem Ttot (ANC)? Indirect  S(0) (eV b) or
Reaction  (MeV) (mb) (fm™") Reaction rate

Be(d,n)*B 5.8 58+8 0.711 + 0.090 (p.y) 27 +4
"Be(d.n)®B 8.3 28+3  0.62+0.12 (p.y) 24 £5
NCdn"N 9.8 23+5 286+ 0091 (p.y) 157 +
SLi(dp)’Li 7.8  79+20 1.25+0.25 (n.y) 3970 + 950
SLi(d.p)°Li 7.8  79+20 1.10+0.23  *B mirror 42+9
BN(d.n)™O0 89 74+ 1.1 294 +5.3 (p.y) 417 + 74

1ISSSP2011 Weiping Liu, August 27-31, 2011

* Method used
a ;ABNC(:’ )8B,"C(p,y)2N
e p! 3 p! ’
13N(4) 4G, Li(py)°Be
— Spec-factor,
8Li(n,y)Li, ®Li(n,y)"Li,
12C(n,y)3N
— Charge symmetry,
®B(p.1)°C, *Si(p.7)"P
« Direct method, 1"C(p,y)'2N,
DRAGON, in progress

* Indirect method,
12N(p,y)'0, CRIB,
analysis in progress

. 1 » T

E(-ln Ttat {%.\C‘}*’ Indirect S-factor or
g Reaction (MeV) (mb) Or sp@c! fact@ction reaction rate 1
‘Be= "Be(dn)’B 58 58 +8 0.711 +£0.090 (p) 2T+ 4eVhb

Be(dn)*B 83 2843 0.62+0.12 (pn) 24 +5eVDhb
N2 UC(dn)'2N 98 2345 286+091 (pn) 157 £ 50 eV b
% SLi(dp)°Li 7.8 7.9+20 1.25+025 (n4y) 3970 + 950 cm *mole~'s™!
SLi(d,p)?Li 7.8 7.9 420 1.10 £ 0.23* (p,y)° 42+9eVhb
"F(dn)'®™Ne 7.0 thd thd (py) thd
12(7Lj SHe) 13N 0.64+0.09 () 1.87 kev b
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Examples of decay: 4°Ti B-decay

Motivation

Beam production
Experiment

Data analysis
Implication

1ISSSP2011 Weiping Liu, August 27-31, 2011

ICARUS and neutrino oscillation

Two process:
Absorption

v, + YAr 24K" + e
W0K* 4K + y

y+e 2y +e”’
M(e) =2

Scattering

v, e v t+e’
M(e) =1

1I838r2011 Weiping Liu, August 27-31, 2011




40Ti and “9Ar Mirror symmetry

Mirror symmetry in mass 40

OAr+p 4K +n 0S¢ + et +
OAr +v,  4K* .

DAL+ p 7.58

4.38 IAS 0", 0F

Ve

€

ZOK 4+

0" 400, -1.5
[sospin

T :
. 9 ] Mirror 1

1ISSSP2011 Weiping Liu, August 27-31, 2011

C

40T beam

ISSSP2011 Weiping Liu, August 27-31, 2011




40Tj selection

Energy loss

.8 1..85 1.9 1.95
Mass/charge

1ISSSP2011 Weiping Liu, August 27-31, 2011

Delayed coincidence technique

ls

5s

A A

Other “Ti

Heavy-
ion

Decay
signal
Ty,

ISSSP2011 Weiping Liu, August 27-31, 2011




Counts per 20 keV
‘-

w
o

[W‘f g

1000 2000 3000 4000 5000 6000
Proton energy (keV)

1ISSSP2011 Weiping Liu, August 27-31, 2011

Mass determination for 4°Ti by IMME

Mass and Qg for *°Ti by IAS level energy in 4°Sc using
IMME: M(T,)=a+bT,+cT,?

ISSSP2011 Weiping Liu, August 27-31, 2011
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F/GT distributions W. Liu et al., PRC58(1998)2677

=

«UT1 B-delayed
proton—> Half-life
«¥Sc IAS level = *Ti
mass

*Full energy,

p-Y coin, secondary
reaction corrections
2>F and GT decay
strength distributions

o

-

Trinder et al.
*7i B-decay
PLB415(97) 211
EB(GT) = 5.9(4)

Gamow-Teller strength
= o [ o
O L M Lo LR OO LE Lo O e O

o

4 6 8 10 12
Excitation energy ( Mev )

1ISSSP2011 Weiping Liu, August 27-31, 2011

Reaction rates for ICARUS

B(GT) + B(F) from this work

o/B-E, relation from

Ormond et al., Phys. Lett. B345(1995)343.

—> Absorption cross section = 13.8(6)x10-1Y pb
with Bahcall et al. ®B solar neutrino flux of
F=6.6(1.0) x 106 cms"!

—>ICARUS reaction rate

9.1(1.4) SNU (once for two days)

=2.6 (Fermi) + 6.5 (Gamow-Teller)

—> 3 times larger than Bahcall predictions
W. Liu et al., PRC58(1998)2677

ISSSP2011 Weiping Liu, August 27-31, 2011




Some more recent examples

1ISSSP2011 Weiping Liu, August 27-31, 2011

Contents

« 'Be(d,p)2a, C. Angulo, to be appear in APJ
letter

+ 16N p-decay->"2C(a.1)!°0, X. D. Tang,
PRL99, 052502 (2007)

ISSSP2011 Weiping Liu, August 27-31, 2011




"Be(d,p)2a

’Li abundance related to baryon density of BBN

For ’Li, more than 100 reactions, 40 are not
precise enough, '‘Be(d,p)2a. is one of them

Now observed ’Li 2 times more than theory
So if this reaction 100 times larger can explain

No experiment at GW of 1 MeV measured
C. Angulo, LLN, May 2004(exp) to end of 2006(pub)

1ISSSP2011 Weiping Liu, August 27-31, 2011

"Be(d.p)2
2
g Data from Kavanagh (1960)
%) s
a 5
ﬁ- o = *
w L ] .. L ..-.. . 3 L ]
LR J
= ° oe
@ Se ®

T=-0.5GK

L

I'=10GK

Gamow peak

«——  LLN Experiment " |

lucll.llllll

0 0l 04 06 03 ) § 12 L4

I (MeV)

“CM

Beam energies: 5.545 and 1.710 MeV (¢.m. range: 1.2-0.96 MeV and 0.38-0.15 MeV)
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Experiment

LEDA

AE,-AE,
Mylar PID
Degarder 300, 500 pm
6 um 0,,,=7-17 deg.
1.7 MeV, 12%

cyYc10 -
Be 7 CD, target

Foil Dipole
2X106 pps 0 200 ng/cm?
58 MeV 5.55 MeV, 4%

1ISSSP2011 Weiping Liu, August 27-31, 2011

Beam development

= 30
€  "Degraded” "Be beam “‘Direct” ’Be beam
. 300 |
o
LI «
g <50 E,, = 1.710 MeV
> I
200— = ‘
[ | \
150
_ |
100 E,. = 5.545 MeV | |
E |
50
i l
O.Lh“‘L el ‘J L 'L“ 3 - LJ.AAL“J Aaccd & L—l At o
0 1000 2000 3000 4000 5000 6000

lab energy (keV)

233




-

>
~
=6
:'ﬂ-s ‘ g W
a?
<Y’
o
=6
= 100 proton
= E Counts
ab In 26 hour
3
2
Fic. 2. ; . s
a 200 pgr/ 0 '
1.0 to 1.23 0 2 \\\4_*/5 7 Yy ©
E, (MeV)

F1c. 3.— Same as Fig. 3 for a beam energy of 1.71 MeV, corre-
sponding to a c.m. energy range of 0.13 to 0.38 MeV.
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Fic. 4.— Astrophysical S factor of the "Be(d,p)®Be reaction.
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present experiment. The vertical error bars are the total error. The
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Findings

Current data factor of 2 smaller

Can not explain ’Li difference further
Other reason have to be found

This paper to be appeared in APJ letter

1ISSSP2011 Weiping Liu, August 27-31, 2011
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How to do it?

wheel/cathode

Weiping Liu, August 27-31, 2011

ISSSP2011

The results

source of
16N data

Sg1 keVb . other data used in fits

Ref. 5
this work

79 *+ 21

74 + 21 standard input

88 *+ 18 : phase shifts from [21]
70 + 20 2 new B-branching ratio [23]
73 21 : with («, y) data from [8]
T x23 constant + linear term
85+ 18 A Ref. [8,21,23]

Weiping Liu, August 27-31, 2011
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L esson for us

« Even with simple device we can still today attack
most important problems

» But, one should be very careful and should work
hard (sometimes for long time) experimental
developments, everyone knows physics, but the
key is to get more precise and background free
data

1ISSSP2011 Weiping Liu, August 27-31, 2011
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Outlook

238 2pnA Pb target

Using RRC-SRC-like complex to provide high intensity primary beam, 345
MeV/u, 2 pnA and more

» Applying BigRIPS-like to select a cocktail secondary beam using in-flight
fission and fragmentation that just pass r-process path and neutron magic
number chain, '3*Sn 100 MeV/A (after degrader), 100-1000 pps
Put CD, or liquid D reaction target in F3 of BigRIPS and backed by ring
Zc,ilicon)éetector and gamma detector to tag proton and/or deuteron from
d’p0,1
Function ZDS-like as a recoil mass separator to accept and identify the
residuals and make coincidence with proton and gamma
d,p) angular distribution > spectroscopic factor ->microscopic calculation
—>(n,y) cross section

(d,py) and (d,p,) for even-even nuclei>E(2*) and B(E2)

1ISSSP2011 Weiping Liu, August 27-31, 2011

Summary

* Nuclear astrophysics is an active and frontier
part of nuclear physics research

* To do such kind of research, the production
of unstable beam and novel experiment
methods is a key to success

* Novel theoretical consideration, like in-direct
method, is sometimes the only solution

ISSSP2011 Weiping Liu, August 27-31, 2011




Single-particle and collective motions in nuclei: The basics

of nuclear mean-field models*

Takashi Nakatsukasa

RIKEN Nishina Center, Wako 351-0198, Japan
http://www.nishina.riken.jp/lab/TNP/

Abstract

Basic concepts of nuclear mean-field models are briefly reviewed. The mean-filed
picture with any phenomenological interaction without the state dependence
cannot account for the nuclear saturation. This state dependence is successfully
taken into account by the density dependence, leading to the energy density
functional. Then, I show the time-dependent density-functional approach to the

giant resonances.
I insert five “Problems” enclosed by the box in the following text. Try to
solve them for yourselves before the lecture. That will help you to understand my

lecture and most of the problems do not assume any advanced knowledge. The

answers will be given in my lecture.

*This work is supported by Grant-in-Aid for Scientific Research in Japan (Nos. 21340073 and 20105003).
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I. INTRODUCTION

The nucleus is a self-bound quantum system which presents a rich variety of phenom-
ena. It is composed of fermions of spin 1/2 and isospin 1/2, called nucleons (protons and
neutrons), interacting with each other through a complex interaction with a short-range
repulsive core. Extensive studies have been made in the past, to introduce models and effec-
tive interactions to describe a variety of nuclear phenomena and to understand basic nuclear
dynamics behind them (Bohr and Mottelson, 1969; Ring and Schuck, 1980). Simultaneously,
significant efforts have been made in the microscopic foundation of those models.

For light nuclei, the “first-principles” large-scale computation, starting from the bare
nucleon-nucleon (two-body & three-body) forces, is becoming a current trend in theoretical
nuclear physics. Although the ab-initio-type approaches have recently shown a significant
progress, they are still limited to nuclei with the small mass number. In contrast, the mean-
field model is a leading theory for describing nuclear properties of heavy nuclei and perhaps
the only theory capable of describing all nuclei and nuclear matter with a single universal

energy density functional. The nuclear mean-field models are not based on the mean-field
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approach to the Hamiltonian with the bare nucleon-nucleon forces. Instead, its concept is
closer to the density functional theory and it is based on a historical development of the
Brueckner-Hartree-Fock theory and introduction of the effective interaction. In either way,
the nuclear properties are well described by the self-consistent single-particle equations (the

Hartree-Fock (HF) equation or the Kohn-Sham (KS) equation).

WAllo) =alod, or g ) = Blpl(t), i=1 A (1)

In this lecture note, I adopt the natural unit, A =c¢ = 1.

I briefly review basic properties of nuclei and discuss whether those properties can be
understood by a simple independent-particle model. Then, I recapitulate developments in
the microscopic many-body theory leading to the nuclear density functional model. Here,
the saturation property plays a key role to understand the nuclear force and the effective
interaction. Then, if I have enough time, I will present some result of our recent study
with the time-dependent density functional approach. Intensive studies in nuclear density
functional models in recent years have produced numerous results and new insights into
nuclear structure. You may find these developments in other lecturers in this summer school

and in references (Bender et al., 2003; Lunney et al., 2003).

II. NUCLEAR MEAN-FIELD MODELS (DENSITY FUNCTIONAL MODEL)

Nuclei are known to be well characterized by the saturation property. Namely, they
have an approximately constant density py ~ 0.16 fm~3, and a constant binding energy per
particle B/A ~ 16 MeV.! In this section, I show that the nuclear saturation property has a
great impact on nuclear models. Especially, it is inconsistent with the independent-particle
model of nuclei with a “naive” average (mean-field) potential.

There are many evidences for the fact that the mean-free path of nucleons is larger
than the size of nucleus. In fact, the mean free path depends on the nucleon’s energy, and
becomes larger for lower energy (Bohr and Mottelson, 1969). Therefore, it is natural to
assume that the nucleus can be primarily approximated by the independent-particle model

with an average one-body potential. The crudest approximation is the degenerate Fermi

I This is the extrapolated value for the infinite nuclear matter without the surface and the Coulomb energy.
The observed values for finite nuclei are B/A ~ 8 MeV.
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gas of the same number of protons and neutrons (Z = N = A/2). The observed saturation
density of py ~ 0.16 fm~2 gives the Fermi momentum, kr ~ 1.35 fm~!, that leads to the

Fermi energy (the maximum kinetic energy), Tr = k%/2M = 40 MeV.

Problem 1
Show the relation between the density p and the Fermi momentum kg, for symmetric

nuclear matter (N = Z = A/2) and for the neutron matter.

A. Simple independent particle model

First, I show that the independent-particle model with a constant attractive potential
V' < 0 cannot describe the nuclear saturation property. It follows from the simple arguments.
The constancy of B/A means that it is approximately equal to the separation energy of

nucleons, S. In the independent-particle model, it is estimated as
S~ B/Ax~ —(Tr+V). (2)

Since the binding energy is B/A ~ 16 MeV, the potential V' is about —55 MeV. It should
be noted that the relatively small separation energy is the consequence of the significant

cancellation between kinetic and potential energies. The total (binding) energy is given by

—Bzé(ﬂ—k%)zA(TFng), 3)

where we assume that the average potential results from a two-body interaction. The two
kinds of expressions for B/A, Eqgs. (2) and (3), lead to Tr ~ —5V/4 ~ 70 MeV, which is
different from the previously estimated value (~ 40 MeV). Moreover, it contradicts the fact

that the nucleus is bound (Tr < [V|).
Problem 2

Calculate the factor | ? |in front of Tr in Eq. (3). Then, show that this factor is indepen-

dent from the number of spin-isospin degeneracy.

To reconcile the independent-particle motion with the saturation property of the nucleus,
the nuclear average potential should be state dependent. Allowing the potential V; depend
on the state i, the potential V' should be replaced by that for the highest occupied orbital
Ve in Eq. (2), and by its average value (V) in the right-hand side of Eq. (3). Then, we

obtain the following relation:
Vi = (V) 4+ Tr/5+ B/A. (4)

4
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Therefore, the potential Vi is shallower than its average value.
Weisskopf suggested the momentum-dependent potential V', which can be expressed in
terms of an effective mass m* (Weisskopf, 1957):

k2

Vi=Up+ Ui+
kF

()

Actually, if the mean-field potential is non-local, it can be expressed by the momentum
dependence. Equation (5) leads to the effective mass, m*/m = (1 + Uy /Tr)~*. Using Egs.
(2), (4), and (5), we obtain the effective mass as

m* B11"
E - {‘l‘ ZT—F} ~0.4. (6)

Quantitatively, this value disagrees with the experimental data. The empirical values of the
effective mass vary according to the energy of nucleons, 0.7 < m*/m < 1, however, they are
almost twice larger than the value in Eq. (6). As far as we use a normal two-body interaction,
this discrepancy should be present in the mean-field calculation with any interaction, because
Eq. (6) is valid in general for a saturated self-bound system. Therefore, the conventional
models cannot simultaneously reproduce the most basic properties of nuclei; the binding
energy and the single-particle property. This suggest the importance of the state-dependent

effective interaction, which will be discussed in Sec. I1.C.

Problem 3
Calculate the factors | ? |in Eq. (6).

B. Nucleon-nucleon interaction

The saturation property of nuclear density indicates the balance between attractive and
repulsive contributions to nuclear binding energy. One source of such repulsive effects is
the nucleonic kinetic energy of the Fermi gas. However, its contribution per particle is
proportional to p?/3, which is not strong enough to resist against the collapse caused by
the attractive force between nucleons. Therefore, the nucleonic interaction must contain
a repulsive element. Indeed, the phase-shift analysis on the nucleon-nucleon scattering at
high energy (E > 250 MeV) reveals a short-range strong repulsive core in the nucleonic
force. The radius of the repulsive core is approximately ¢ ~ 0.5 fm. This strong repulsive

core prevents the nucleons approaching closer than the distance ¢, which produces a strong
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two-body correlation, p (7, 7) ~ 0 for |, — 7| < c¢. The attractive part of the interaction
has a longer range, which can be characterized by the pion’s Compton wave length A,
and is significantly weaker than the repulsion. Thus, a naive application of the mean-field
calculation fails to bind the nucleus, since the mean-field approximation cannot take account
of such strong two-body correlations.

At first sight, this seems inconsistent with the experimental observations. As I mentioned
in Sec. II, there are many experimental evidences for the independent-particle motion in
nuclei. We may intuitively understand that it is due to the fact that the nucleonic density
is significantly smaller than 1/c®. Therefore, the collisions by the repulsive core rarely occur
and the system can be approximately described in terms of the independent-particle motion.
Furthermore, the effects of the Pauli principle hinder the collisions, since the nucleons cannot
be scattered into occupied states. Although the repulsive-core collisions are experienced by
only a small fraction of nucleons (~ pgc?), each collision carries a large amount of energy.
Therefore, the repulsive core provides an important contribution to the total energy and are
responsible for the saturation.

Another important factor for the independent particle motion is the strong quantum
nature due to the weakness of the attractive part of the nuclear force. The importance of
the quantum nature can be measured by the magnitude of the zero-point kinetic energy
compared to that of the interaction. If the attractive part of the nuclear force were much
stronger than the unit of h?/Mc?, the quantum effect would disappear and each nucleon
would stay at the bottom of the interaction potential (cf. Fig. 2-36 in Ref. (Bohr and
Mottelson, 1969)). Then, the nucleus would crystallize at low temperature. In reality, the
attraction of the nuclear force is so weak that it barely produces many-nucleon bound states
at the relatively low density. In Sec. II.A, I have shown that, in nuclear binding energy,
there is a strong cancellation between the positive kinetic energy and the negative potential
energy. The nucleonic kinetic energy plays an important role in many phenomena in nuclei,

which can be described in terms of the independent-particle motion.

C. Density-dependent Hartree-Fock method and energy density functional

The nuclear matter theory pioneered by Brueckner gives a hint for a solution for the

inconsistency between the nuclear saturation and the independent-particle model. Details
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of the theory can be found at Refs. (Day, 1967; Ring and Schuck, 1980). The independent-
particle motion under the presence of the interaction with a repulsive core was qualitatively
discussed in Sec. II.B. The Brueckner theory may provide a first step toward the quantitative
treatment to understand the saturation property and the independent-particle motion in
nuclei.

The basic ingredient of the Brueckner theory is a two-body scattering matrix of particle
1 and 2 inside nucleus caused by the nuclear force v,

Q
- QM +1,)Q

where T; is the kinetic energy of particle i, ) is the Pauli-exclusion operator to restrict the

G(w), (7)

G(w) = v+ v

intermediate states, and w is called a starting energy that depends on energies of particle
1 and 2. This is called G-matrix (Bethe and Goldstone, 1957). The G-matrix renormalizes
high-momentum components in the bare nuclear force and becomes an effective interaction
in nuclei under the independent-pair approximation. The G-matrix reflects an underlying
structure of the independent many-nucleon system through the operator ) and the starting
energy w. Inevitably, the G-matrix becomes state (structure) dependent.

Since the short-range singularity is renormalized in the G-matrix, we can calculate the

total energy in the independent-particle (mean-field) model, analogous to Eq. (3).

A 1A
_B:;{ ‘ §ZGHU WU} (8)

where w;; = €; + €;, defines the self-consistency condition for the Brueckner’s single-particle
energies, and Gyj;; = Gyji; — Gijji- This is called Brueckner-Hartree-Fock (BHF) theory.
The validity of the BHF theory is measured by the wound integral k = (¢ — ¢|tp — ¢),
where |¢) is an unperturbed two-particle wave function and [¢) is a correlated two-particle
wave function in nucleus. k is known to be of the order of 15 %. The BHF calculation was
successful to describe the nuclear saturation, however, could not reproduce simultaneously
B/A and pg, known as a problem of the Coester band (Day, 1981). Its applications to finite
nuclei also quantitatively failed to reproduce the energy, radius, and density in the ground
state.

These problems are somewhat miraculously solved by the density-dependent Hartree-

Fock (DDHF) theory by Negele (Negele, 1970). Starting from a realistic G-matrix, first, the
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local density approximation is introduced, using the expressions for the Pauli operator
(M| Q| 7)) = {0(M — 1) — p(y — 7))} {0(Fy — 7)) — p(fa — )}, (9)

and the average single-particle energy €[p(7)]. Then, a short-range part of the G-matrix,
which is not fully understood, is phenomenologically added to the energy expression to
quantitatively fit the saturation property, and finally, the total energy is treated variationally.
This procedure is called the density matrix expansion (DME) (Negele and Vautherin, 1972).
The state dependence of the G-matrix is now replaced by the density dependence. The final

result for the energy is of the form

Bl = [ dRH(F), H(F) = Hp(R) = " ). (10

which is completely analogous to the Hamiltonian density of the Skyrme energy functional
(Vautherin and Brink, 1972).

The essential aspect of the DDHF comes from the density dependence and the varia-
tional treatment. The variation of the total energy with respect to the density contains
re-arrangement potential, OVeg[p]/Op, which appear due to the density dependence of the
effective force Vg [p]. These terms turn out to be crucial to obtain the saturation condition.
Now, the expression for the total energy, Eq. (3), should be modified to include the re-
arrangement effect. This resolves the previous issue, then provides a consistent independent-
particle description for the nuclear saturation.

In summary, the failure in the mean-field description of nuclei using phenomenological
effective interactions can be traced back to the missing state (structure) dependence. The
DDHF takes into account the state dependence in terms of the density dependence. This

provides a foundation for the nuclear energy functional.

D. Skyrme-Hartree-Fock-Bogoliubov calculation

The solution of the DDHF requires a complicated task. However, the energy functional
obtained by the DME is essentially identical to the Skyrme energy functional. Vautherin
and Brink (Vautherin and Brink, 1972) revived the effective interaction originally proposed
by Skyrme in 1959 and showed that the HF calculation with the Skyrme interaction can

be a feasible alternative to the DDHF. The feasibility is very important when we want to
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extend the approach to dynamical problems, such as the time-dependent Hartree-Fock and
the random-phase approximation.

A modern energy functional for nuclei is a functional of many kinds of density, such
as kinetic 7(7) and spin-orbit density J(7). In addition, to describe superfluid nuclei with
pairing correlation, we need to add the pair (abnormal) density (7). It is convenient to

define the generalized density R for the many-body state |®) as
R(For,ro't) = (9]

[ e meo) ) )

—K7(§,€") 1= p"(&,¢)

where £ = (7,0,7). The Skyrme energy density functional F[R] depends on the densities
with some derivatives which can be expressed as a diagonal limit of the off-diagonal density.
For instance, the kinetic density is given by 7(§) = limgr, V- V' p(g, g ). Together with con-
straints on the average number and the generalized Slater determinant (R? = R), variation
of the total energy with respect to the density R, H = 0E[R]/JR, leads to the Hartree-
Fock-Bogoliubov (HEB) equation: [H, R] = 0. Introducing the quasi-particle orbitals that
simultaneously diagonalize R and H, the HFB equation can be rewritten as

HRIo) = Eod.  wim wml= ("0 S ) (12)

—A* —(h=M\)*

where E, and |¢,,) are the quasi-particle energies and states, respectively (Blaizot and Ripka,
1986; Ring and Schuck, 1980). |¢,) is composed of two components; the upper |U,) and the
lower one [V,,). The solution of Eq. (12) defines the normal density p(r) = >_, V,.(P)V,; (7),
the pair density () = >_, U,(7)V,(7), and other densities at the ground state. Since H|[R]
depends on these densities, Eq. (12) must be solved in a self-consistent way.

When the quasi-particle state |¢,) = (|U,), |V,.))T is a solution of Eq. (12), it is easy to
prove that the state |¢,) = (|V;7),|U))" is also a solution with the quasi-particle energy
—E,. Thus, we need to solve only the positive (negative) energy solutions of Eq. (12).
Those with the positive (negative) quasi-particle energies are often called “unoccupied”
(“occupied”) states. However, you should not take these words so seriously, because they

are not related to real occupation probabilities. The generalized density R can be expressed
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as

R(&, &) = Z Z{Eg (Vu(gl) Uu(g,)) - quu(f)gz_ﬁ/t(fl), (13)

using the “occupied” orbitals, Q_ﬁu. This expression is analogous to the HF case (A = 0):
p(&,€) = S8 6i(€)er(€'), where ¢; are occupied (hole) single-particle orbitals. It should
be noted that these properties of the HFB are true not only in the static case but also in
the time-dependent case discussed in Sec. II1.B.

Minimization of the energy density functional may

lead to a spontaneous breaking of symmetry. An ex- 988 ]
ample is given in Fig. 1 for Nd isotopes (Yoshida and &g 288 [ Nd . 1
£ 400 | ]
Nakatsukasa, 2011). The intrinsic quadrupole moment & 300 .
S 200 r 8
calculated with the Skyrme functional of SkM* is com- < 108 - 1
pared with the experimental data. At N = 82, the -100 ———ir ——
82 84 86 88 90 92
nucleus at the ground state is spherical )y = 0, while N

for N = 86 ~ 92, the deformation gradually develops. FIG. 1 Calculated (open squares)
The observed ground-state deformations deduced from ,nq experimental (filled) intrinsic
the transition probability B(E2;2" — 0) are nicely re- adrupole moment for Nd isotopes
produced. Note that there are no adjustable parameters (Yoshida and Nakatsukasa, 2011).
in this calculation. It should be noted that the finite

pair density is also a consequence of the spontaneous breaking of the gauge symmetry. At

N = 82, the neutron pair density is zero, while it becomes finite for N = 84 ~ 92.

Problem 4

Prove that the states |¢,) and |¢,) are simultaneous solutions of the HFB equation with

the eigenenergies of E, and —FE,,, respectively.

III. GIANT RESONANCES

A. Nuclear matter and giant resonances

The giant resonance (GR) is a typical collective motion in nuclei, which exhausts a major
part of the sum-rule value. They are also related to the basic properties of nuclear matter,

such as incompressibility K, effective mass m*, etc.

10
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The nuclear matter incompressibility is extracted from properties of the isoscalar giant

monopole resonances (Blaizot, 1980),
K =210+ 30 MeV. (14)

This gives a restriction on the density dependence of the phenomenological short-range
repulsive part of the energy functional. In the Skyrme energy functional, this density-

dependent repulsive part has a form of

Bonldl = [ |5 (142) #7200 - g5ta (5 400 ) o) (0200 + 20 15)
Here, the parameter « consistent with the saturation property and the incompressibility of
Eq. (14) is known to be a = 1/6 ~ 1/3.

The effective mass deduced from the analysis on the giant quadrupole resonances is
(Blaizot, 1980)

m*/m =~ 0.8 ~ 1. (16)

As we have seen in Eq. (6), this value is inconsistent with the naive mean-field value
of mx ~ 0.4m. We need a state-dependent (density-dependent) interaction to make the
observed effective mass compatible with the saturation.

The bulk properties of the nuclear matter can be well characterized by the Landau pa-
rameters of the Fermi liquid theory. For the Landau’s Fermi liquid theory, I want to refer
you to textbooks, for instance the one by Negele and Orland (Negele and Orland, 1988). The
Landau parameters specify the interaction between the quasi-particles f (El, EQ) on the Fermi
surface (|ky| = |ko| = kr). When we expand f(ky, ky) with the Legendre function P,(k; - ky),
the Landau parameters F; are defined by their coefficients. The isospin-dependent, spin-
dependent, spin-isospin-dependent parts are defined in the same way, giving the Landau
parameters of I}, G;, G}, respectively. The incompressibility and the effective mass are

related to the Landau parameters Fy and Fi as follows:

3k * F
Ko="T1+F), =142 (17)
m* m

From these relations, we can estimate the values as F; ~ —0.9 ~ 0 and Fy ~ —0.4 ~ 0.
Observed properties of the Gamow-Teller resonances and the spin excitations give us a hint
for the G, and Gy (G, = 0.9 ~ 1.2, Gy < 0.3). The value of Fj is estimated from the
symmetry energy as Fj) ~ 0.6 ~ 1.5. These Landau parameters provide an additional

constraint on the energy functional.

11
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B. Time-dependent density functional approaches to GR

The giant resonances can be reasonably described by a small-amplitude approximation
of the time-dependent version of the DDHF'. In this approach, again, the re-arrangement
terms, such as OVeg[p]/dp and 0*Vig[p]/0p* should be consistently taken into account. The
theory can be regarded as the time-dependent density-functional theory, founded by Runge
and Gross (Runge and Gross, 1984).

For a study of the giant resonances, we need to extend the energy functional to include
the time-odd densities, such as the spin density §(7) and the current density j(7). Now,

these densities are time dependent. The time-dependent version of Eq. (12) is

20 16u(1)) = HIRW)6,(1) (18)

This equation automatically conserves the average total energy and average particle number
(Blaizot and Ripka, 1986). Thus, the chemical potential A in Eq. (12) is not necessary for
the time-dependent equation. Actually, the pair potential A(¢) and the abnormal density
k(t) depends on the choice of the gauge A, while the density p(t) and the single-particle
Hamiltonian h(t) are independent from A. The different choice of A changes the phases of

|¢,(t)), the pair potential A(t), and the abnormal density r(t).

Problem 5
A static solution of Eq. (12), \d),(LO)L corresponds to a solution of Eq. (18) as |¢,(t)) =

|¢LO)>e_iEﬂt, adopting the same value of the chemical potential A. If we adopt a gauge of

A = 0, how should we modify the phases of |¢,(t)), x(t), and A(t)?

Assuming the oscillation with a fixed frequency, this equation is linearized with respect
to the fluctuation of the densities around those at the ground state. This leads to the matrix
form of the equation identical to the quasi-particle random-phase approximation (QRPA)

(Blaizot and Ripka, 1986; Ring and Schuck, 1980).

A, B, X X

Z B,76 B,76 8 — h,&) B ) (19>
75 \"Boprs —Aapas ) \ Yoo Yap

The QRPA matrix, A and B, are calculated in the quasi-particle basis, then the normal
modes of excitation and their energies are obtained from Eq. (19).

It is quite tedious task to calculate all the matrix elements of A,p~s and Bags, because

it requires the calculation of the two-body(-like) operators. To simplify the calculation and

12
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numerical cost, we have developed a feasible approach to avoid calculation of these two-
body matrix elements, which is named as “finite amplitude method”. In this new approach,
instead of explicit calculation of the QRPA matrix, we resort to an iterative approach to the
QRPA without construction of the QRPA matrix in Eq. (19). The details of the method
and its applications can be found in our recent papers (Avogadro and Nakatsukasa, 2011;
Inakura et al., 2009, 2011; Nakatsukasa et al., 2007).

As an example of the QRPA calculation, the

Oabs (Mb)
300 H+

200
100

(@) calculated photoabsorption cross sections for Nd
isotopes are shown in Fig. 2. We use the same
energy functional as that for Fig. 1. For spheri-
cal nuclei (N = 82 and 84), the photoabsorption
has a single peak for the photon energy of F ~ 15
MeV. The increase of the neutron number results in
the broadening of the peak, which well agree with
the experimental data. This is due to the increase
of the ground-state deformation shown in Fig. 1.
The calculated energy-weighted sum-rule values for
these isotopes are about 40 % larger than the classi-

cal Thomas-Reiche-Kuhn sum-rule value, because

0 ; ‘ ‘ : of the momentum and isospin dependence of the
5 10 15 20 25
E (MeV)

mean field (Kohn-Sham) potential. This enhance-

ment factor x is related to the Landau parameter

F| as
m F!
1+, 20
m*<+3> (20)

The value of & is also related to the increment of

FIG. 2 Calculated (lines) and experimen-

tal (symbols) photoabsorption cross sec-

14+k=
tions for Nd isotopes (Yoshida and Nakat-

sukasa, 2011).
the orbital g factor as dg; = —k7,/2 (Bohr and

Mottelson, 1975). The observed value is qualitatively consistent with the enhancement
factor for the giant dipole resonances.

Here, I have discussed the small-amplitude dynamics in the time-dependent mean-field
theory, namely the QRPA. For low-lying vibrational states in nuclei, this approximation is
often broken down. Furthermore, heavy nuclei such as uranium show a spontaneous fission,

which is a quantum tunneling phenomenon and a typical example of the large-amplitude

13
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collective motion in nuclei. There have been extensive studies for developments in theories
of the large-amplitude collective motion in nuclear physics (Negele, 1982; Ring and Schuck,
1980). However, this is beyond the scope of this lecture. You could be referred to our recent

article on open problems related to this issue (Matsuyanagi et al., 2010).

IV. TEXTBOOKS AND REVIEWS

Most of the contents of this lecture can be found in the following textbooks and review

ariticles.
e Section IL.A, II1.B (Bohr and Mottelson, 1969; Negele, 1982)
e Section I1.C, II.D (Blaizot and Ripka, 1986; Negele, 1982; Ring and Schuck, 1980)

e Section IIT (Blaizot, 1980; Blaizot and Ripka, 1986; Bohr and Mottelson, 1975; Negele,
1982; Ring and Schuck, 1980)

14
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Single-particle and collective motions in nuclei
--- The basics of nuclear mean-field models ---
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*Single-particle motion in nuclei
—Experimental evidences
—Simple model: inconsistent with experiments
—How can we reconcile them?
—Nuclear mean-field model (Density functional model)
Cf) Lecture by Peter Ring
*Collective motion in nuclei
—How can it co-exist with the single-particle motion?
—Time-dependent density functional model
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Three faces of nuclei

Liquid
Chaos
8
Gas
_\\/ e i =
I ey =
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First, “Chaos” picture

* To explain properties of resonances
observed in thermal neutron scattering,
Niels Bohr introduced a kind of “quantum-
chaos” picture for the compound nuclei.

— Nucleons’ mean free path is shorter than the
nuclear size

A << R

— |Is this correct?

" N.Bohr (1936)

Second: “Gas” picture

 Single-particle motion in nuclei

— Nucleons’ mean free path must be larger than
the nuclear size

A>>R

— Use the quantum mechanics
« Experimental evidences?
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Evidence of the single-particle motion

Bohr & Mottelson, Nuclear Structure Vol.1

Shell Model
Neutron Separation energy | (Mayer-Jensen)
N odd W F
Sp(NZ) = BINZI-BIN-LZ) S
r
1a __,-"-1;:!1 } ;__.-::”1..13’ 1] /p
PSS A o e j 12
.-"r:-'" -y ﬂl-'.ll .rrﬂ '-__.-_"._1 P = -"'-' - -jni" .IP i] 49 a8
g rds ey et _fﬁ;:;,,;,/ L e P3n
e et Y -’/r T S
ey . O T e
e S112
Magic numbers
N
ww| m wm Wb @B Neons N
a2 126
Energy required to remove two neutrons from nuclei
(2-neutron binding energies = 2-neutron “separation” energies)
N N = 82

A8 (uz)s

56 60 64 68 72 76 80 84 8 92 96

Neutron Number

100 104 108 112 116 120 124 128 13p

D
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Electronic single-particle motion in

atoms

V(r) , Single-particle orbitals in the
Coulomb potential = Magic number

lonization potential

=
; w0l
=N |
- f
= sl | [
— '| | |
Fr *ll ll“l l Ill' 1 ‘
) N N 1l
a | il | ~ f
o T | f l
é i.'l LIIF'H'I ! /“N Illll.I I e A III H..‘{f |l 'Jd'll/
S| / / '-y/\”f Voo
Free particles in & b % i &
Coulomb potential o] b lo 30 [e0 s & 20 s [w0 %o
1' '2' e 3 3p - 4s3d - 4p - Bsdd - 5p - 65, 5d 4f - Bp - L‘?s_su__r.;

Mayer-Jensen’s Shell Model

Harmonic oscillator potential + spin-orbit force

1 ~
Vr)= EMa)zr2 +v,,€2 +v, -5 £

r

— Correct magic numbers: / '
/ P12

(N,Z2)=2, 8, 20, 28, 50, 82, 126 )
/ P3p
S172
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Spin-parity of odd nuclel

R I—
5 3.71
1hg f lygp [ 348 4 347
712 h -
9/2 5 3.20
82
+
2g, Sir2 3~ 281
d
A 3/2
217,
- + =1 §.,*
Tigy 2163 2dp, 2 167
1|'111L—11;2_ 1.4
3ps, 2 0.90
215, Bg 0.57
-] 3yt
2 0.35
243
- 1= 11t
3py, 2 000 357 T 0.00 0* 0.00
207 207 208
TI
azpb125 81 126 B2Pb12ﬁ

3pi! ) ;
S 11/2
J1s12
31 3 o2
o —
‘. 126
215, P
f. 4
L1 Ts2 4
35!;12— p3/2 o
1]
C4sit 2 204
13,..*
14,01 2 1.61 1 5t
Ha, 3d5_.1 2 1.57
1y, iz 143
#1 Tip™ 0.90
2‘ :PJ.: 1|. :]: 1 1:'2‘ .
kN 0.00 TN
1y, — 26, %2 0.00
200 .. 209
8351126 82 D1z

Gas (Shell-model/Mean-field) picture

Phenomenlogical shell-model potential

1 -
V(r)= EMa)zr2 +v 02+, 05

How large is the nucleons’
mean free path?

A>>R?
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Neutron scattering cross section

From Bohr and Mottelson,
Nuclear Structure Vol.1

1 1 I 1 Ll L] L ¥

o —— MEASURED NEUTRON TOTAL CROSS
SECTIONS

10 -
- —=TOTAL CROSS SECTION FOR A "
- "BLACK NUCLEUS®

Y ! )
n R= 1_:.:Ahfm
c
[ =8
m
o0 6
s M ——
b ——————

—
———
—

—"

Phase shift & optical theorem
Phase shift exp(l']g 7) ‘ ‘ ‘
5(k) ~2(k, k)R
Scattering amplitude ‘

7(6) = 1 > (21 +1)exp(2i5,) 1) CXp(ilzm 7)

2ik 5
Total cross section n, =exp(2io,), ‘771‘ =1
4 4 :
o, = 7” Im £(0) = k—fz (27+1)sin* 5

/
— Oscillation as a function of energy

cf) Ramsauer-Townsend effect
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Neutron scattering cross section

From Bohr and Mottelson,

Nuclear Structure Vol.1

1 1 I 1 Ll L] L ¥

o —— MEASURED NEUTRON TOTAL CROSS
SECTIONS

———TOTAL CROSS SECTION FOR A
- "BLACK NUCLEUS®

1
R=1.4xA" fm

Tt Darns
<

—
———
—

—"

Nuclear transparency
Optical potential

. exn(ik -7
V+iW:>k,.n+L xplik-r) ‘
22
Complex phase shift
1, =exp(2i6), |n|<1 <
Total cross section CXp(ikin r )

0 =l £(0) =25 . (21 +1)1 - Rer)

l
Oscillation frequency — Real part: |/

Oscillation amplitude — Imaginary part: W — Mean free path: A

—V ~50-03E, —W ~(0~2)+0.1E in units of MeV

= AmaR, |a~1~10ormore]
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Energy dependence of the
imaginary part

E-dep. of n-A optical potentials
LH|

40
REAL FOETENTIAL v,

30—

~ Vy(E) [ MeV ]

0

YOLUME AEBSORFPEIGN POTENTIAL W

il ED jLu]e] 150
INCIDENT ENERGY (NEUTRONS) MeV

The imaginary potential becomes smaller for lower-energy neutrons.

Third: "Liquid” picture

« Experimental evidences?
— Saturation property
— Liquid drop mass formula
— Fission: fissility parameter
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Nuclear Saturation
The most basic property of nucleus

126
I

B/A ~ 8 MeV asl N=20 2 E6 82

JJJJJJ

(B/A ~ 16 MeV for nuclear matter)

Density o =0.16 fm3

U

Liquid drop model

Bethe-Weizsacker mass formula

B(N,Z)=a,A—a,A*"
2
- (N-2)
A

2
1 1 Il i
1a0 150 269 250

Z .
— aC _A1/3 + 5(14) o 50 .

Bia (Mev)

Saturated gas?

* |Is the mean-field (gas or single-particle)
picture consistent with the saturation property?

— Analysis with a simple potential model for infinite
nuclear matter

2

h=——V’+V
2m
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Saturation properties of nuclear matter

« Symmetric nuclear matter w/o Coulomb
—- N=z=4

« Constant binding energy per nucleon

— Constant separation energy
B/ %, ~16MeV

« Saturation density
p~0.16fm> = k,~135fm”’

— Fermi energy

2712
T, =h kr ~ 40 MeV
2m

A constant mean-field potential

 Separation energy 1E
S = _(TF + V), V =-55MeV
- Binding energy in the mean field | ;TF”/.:—
_p=S (1), K o0 0o
5 Zl(T i j - h=, oo 0o o

= A(é T, + Kj
5 2

e S Z% — TF — _EV Inconsistent with

4 nuclear binding
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Momentum-dependent potential

« State-dependent potential

VF=<V>+T%+%

— The potential becomes shallower for particles
with a weaker binding

« Momentum dependence
— The lowest order — “Effective mass”

-1
UO Ulkz = /}72 (1 | %;j

-1
= E—I—EEL ~ 0.4
2 2AT,

Nucleons’ effective mass

Energy dependence of optical 57
’ =-52+03E[M
= P potential Vo [MeV]
[ i %
E ; *0 REAL POTENTIAL ¥, m = 1_ dVO ~ O 7
o z” m dE
>° &t
| VOLUME ABSORFTIOGN POTENTIAL W ‘E - (C;F‘ > ZOMGV
1o
T TR T T Tw T T T W GQR's analysis — 0.9~1(?)
INCIDENT ENERGY (NEUTRONS) MeV
Mev *_ * . . .
m*=0.7m m*=m Single-particle level spacings
o IS m e : *
— + y are proportional to m
T_ R e = T o prop

Experiments suggest
m=m-*

i
I

*

7 Tl |E-g|<10MeV

m




Failure of the mean-field models

 In order to explain the nuclear saturation
within the mean-field picture, we need an
extremely small value of the effective
mass.

— This is inconsistent with the experimental data.

mo_07~1
m

A possible solution for the
Inconsistency

« State-dependent effective interaction
— Rearrangement terms

* Energy density functional

Elpl= Hp] %)

¢i>:gi
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Single-particle and collective motions in nuclei
--- The basics of nuclear mean-field models ---
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*Single-particle motion in nuclei
—Experimental evidences
—Simple model: inconsistent with experiments
—How can we reconcile them?
—Nuclear mean-field model (Density functional model)
Cf) Lecture by Peter Ring
*Collective motion in nuclei
—How can it co-exist with the single-particle motion?
—Time-dependent density functional model
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Mean-field approximation
(Hartree-Fock)

(0|H|®)

@)

‘CD> —det{# ---#, }: Slater determinant

Electrons in atoms

HF Exp
He —2.86 —2.90
Li —7.43 —7.48
Ne -128.55| -128.94
Ar -526.82| -527.60

(Energy in atomic unit:

Nucleus cannot be bound
in the HF approx.

<® ‘V‘ CD> = Idrdr'p(r)V(r —r")p(r') = +o0

Two-body correlations are
indispensable!

p,(r,r,)=0, for ‘1’1 —rz‘ <c

27.2 eV) Brueckner Theory
G-matrix, Low-k interaction
Brueckner Theory
T-matrix Vo
v Vo
T(E)=V +V T(E) ot o= oV I 1 VL
( ) E—H0+i77 ( ) o [ J + V + ’ +
=(E-H,) ! V' :Regular o
E-H,=V Ve, ) =Tlk)
G-matrix (E<2¢€ ) L .
N
G(E)=V+VO OG(E)e= = =@ = o .t v o+ .V, +
E—HO ®-----tooo- ° Vv :
.. .. € p> € F
0=1-2 |i){i N
/|¥)=Glo)
4 T
ertp |2-tt?or(]jy Without 2-body correlation
corretatio (Slater det.)
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Brueckner-Hartree-Fock (BHF)

Self-energy 1-particle Green'’s function
G(E) G, (¢
(&) G(e) Gole) 0( )
® O] o
G(«?)

Mean-field pontential

Ok

U = Z(Z éaiﬂl.(gl. +gﬂ)—(~?aﬁﬁ(5i +5ﬁ)jc+c

aff \i<F

Era (mev)

—> Nuclear saturation

=20

Strong state-dependence

pimT)

Day. PRC 24 (1981) 1203

Brueckner-Hartree-Fock (BHF)

Success/Achievements

Qualitative understanding of the nuclear saturation
Foundation of the shell model (Indep. Part. Model)

Nucleons’ effective mass: m*/m =0.7~0.8

MNucLear MATTER

Failures/problems

*Quantitative saturation (Coester line)

Esaimev)

*Nuclear central density

*Spin-orbit potential
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Higher-order (rearrangement) terms

ph matrix elements of MF pot.

i h Ly 4 1O R B g
P Ur = L] ¥ + é%% *;ifé mf@ * i;_ﬁ T
a g‘immm e'ﬂi} i p—— 'J.,‘; ;&ém.wwmm.\.{ ? .&E ?
U pr——
vl (b fC

Importance of diagrams (b), (c)

cf) CC calculations (Kummel et al, 1978) ol
DME calculations (Negele 1970)

The effects may be taken into account by
variation.

oG 00 o 0G OF
00 0o, b 5 op,

— (c)

Density Matrix Expansion (DME)

Negele 1970, Negele & Vautherin 1972

Local density approximation (LDA) + Variational principle
<l'll'2 ‘Q‘ l‘ll‘2> = {5(1‘1 o rl') - ,0(1‘1,1‘1')}{5(1‘2 - 1‘2') - ,0(1'2,1'2')}

p(R%,R—g):%p(RH--- ¢ = 2(p(R))

Ee = X {ilTli) 4 S071GCe + )i ji

i<F i,j<F

E=[dRH(R) |
Energy functional of local
H(R) = H[p(R),z(R),-] densities.

Often called “density-dependent Hartree-Fock (DDHF) theory”
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DDHF vs BH

BHF | DME | Exp
160) B/A [ MeV | 391 7.59| 7.98
(Z<r>>)"2[fm] | 2.50| 2.75| 2.73
B/A [ MeV ] 3.88|1 7.99| 8.55
40Cq
(Z<r*>)"2[fm] | 3.04| 3.46| 3.48
B/A [ MeV ] 252 7.83| 7.87
208Ph
(Z<r>>)"2[fm] | 4.51| 549| 5.50
R GG
Theory Experiment Theory Experiment
50 2,79 2.71+0.01 0.03 0.00 a
“Ca 150 3.48 005 - g:gi 2
HCa 3.50 3.47 018 gig :
BN 3.%0 378 0.00 001 d
WOFr 4,29 4.28+0.02 0.07 013 b
;":Sn 4,63 4.62+0.01 0.12 015 d
Ph i 5.49 5.50 0.20 gils Z
Density distribution o e
0, Ii'-, I
,.Iifr: ——‘_'w - _z;-:r:t:““\\ . Eb"f. e
{;.U:—;—: gy . ' Electron elastic |
o ,_'IBF""ﬁ-n—--———-.H\ \\1\ T 5 'I.- 3__ ';i p-2)- lh"L: Scatte”ng
k
HE folal=! \ ll“l_--_!r_..._.H Vet %'q'\ |
Zoeoe % "'kx z
500 “‘«\ AN 7 N | ‘
ADCy “ h |
25 e
ades T —-Jb 3 !
GU&”-—-—:\\ \ I -EI \.\;I'
i L . " Jﬂ* |
| - !f:an,_F'"d 1 |
noz \\l‘x —_ t'ﬂ&-’i::.."lt'rl' o7 'E:" |
r[frn.l el II'II‘ i
) "\;;;#
The strong & complex state-dependence of F b\
the effective nuclear interaction is nicely ! W
replaced by the Energy density functionals. r ‘
- Made possible a universal description &~ & eTTE T LR
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Essence of DDHF

* Nailve Hartree-Fock
E=(®T+V|®) = m'[/m=~04

* Density-dependent Hartree-Fock (DDHF)
E=(0[T+V[p]®) = m'/m=0.7~1

— Energy density functional
oF
E[:O]:> h[p] ¢z> =& ¢i>’ h[p]E %

— Almost i1dentical to the Skyrme energy functional

Nuclear energy density functional

« Energy functional for the intrinsic states
« Spin & isospin degrees of freedom
— Spin-current density is indispensable.
* Nuclear superfluidity - Kohn-Sham-
Bogoliubov eq.

— Pair density (tensor) is necessary for heavy
nuclei.

E[pq’/rq’jq;/l(q]

kinetic / pair density

spin-current
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Nuclear Landscape

stable nuclei

known nuclei

|

|
From SciDAC-UNgDF project

Nuclear deformation as symmetry breaking
ei¢J‘LP> ” ‘\P> ei¢N‘LP> i ‘\P>

adrupole deformation
Quadrup Pairing deformation

,32 u= <‘P |r ZY2 ﬂ| ‘P> (superfluidity)
A=(Y|py|¥)

Deformation in the gauge space

prolate oblate triaxial

Nuclear Superconductivity

Octupole deformation Nuclear Superfluidity

Do = <LP|7‘3Y30|LP> .
P|W)=4V)
Pear shape (u =0)
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[

+
B,

‘ (Ddef> = eXP(CB; )‘ (D0>

b= <(Ddef

0

Nuclear deformation as
phonon condensation

() 0 > Excited state (2%)

ﬂ

’”2Yzo(’;)

> Ground state A

Away from the
closed-shell

V(B)

(Ddef>

/

g

deformation (order parameter)

Shape phase transition

Phonon ]
.. Rotational
excitation 1948 o 7 ..
849 e T 1748 excitation
1678 e —— ¢ MED o
1458 4 520 __ o
262 o 1224 g 26 __ o
1040
Nuclear son 8
2* 747 LA
surface oia__ 5 o -6 o o
vibration .
TRl S
—IL 2“ 29 24
o* ot ot o o' ot
48 1 152 34 156 [1.1.1
, DYy "Dy, DYee DYoe DYeo DY,z
E4"/£2% 145 18I 206 2.24 293 3,20
Increasing neutrons .
spherical deformed
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Nuclear deformation pre

dicted by DFT

Neutron Number

1
M.V. Stoitsov et al., Phys. Rev. C68(2003) 054312

Nuclear deformation is prevalent in the nuclear chart
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Time-dependent density functional
theory (TDDFT) for nuclei

* Time-odd densities (current density, spin
density, etc.)

Elp, @),7,(0,7, (0,7, (0,5, ). T, (0, (0)]
kine{ic / curr{;nt / Spin-k/i‘netic /

spin-current spin pair density

. Time-dependent Kohn-Sham-Bogoliubov eq.

U, ) (h(t)-2 A(t) U, (@)
a; V.0 ) =A@ —(h()-2) |V, (@)

Linear response calculation

Small amplitude limit

e Starting from the TDKS equation

0 h? 5
i— (1) = {‘EV +V[p(r>]}¢,.<z>

* Assuming the external field is small, linearize
the equation'
52
LR

9,(1) = {¢l + 09, (t)}exp(—zgl. 1) Induced (screening) field
Sp(t) =D 454 () +he., Vlip®]=v,+

l—5¢(l‘)~
op

0

e

e
op(t
5 (1)
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Single-particle/collective excitation

 |f the induced field is negligibly small,

P TUONES B I
zaﬁqzm—{ VA, ei}aczﬁ,-(t)

these equations are NOT coupled.
5¢,(t) = ng, exp(-i(e, —&)1) .
5¢,(1)=0 for j#i {——+Vo}¢,ﬁ =e,4,

2m

Single-particle motion

e The induced field is essential for collective
excitations to which many particles coherently
contribute.

Collective motion in the time-
dependent mean-field picture

5V (1) = %5/30)

+—> +—>

\/-

The collective motion is induced by the motion of the potential.

Analogous to the unified model by Bohr and Mottelson
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Linear response (RPA) equation

Assuming the external field with a fixed frequency and expanding 0@,
in terms of particle (unoccupied) orbitals,

54,(0) =Y #21X,,, exp(~iar) + ¥, explion)|

m>A
4 BY (1 0)|[(X, (@) (),
* « | T ==
B 4) 0 -)[\V @) (),
Ami,nj = (gm _8)5mn5ij +<¢m jyn i¢z>
oV \
Bmi,nj - <¢m 0/-7}” i ‘@lﬂ

» Tedious calculation of residual interactions

« Computationally very demanding, especially for deformed systems.

Deformation effects for photoabsorption cross section

SkM* functional K.Yoshida and TN, PRC83, 021404 (2011).
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Summary

Nuclear saturation is inconsistent with a naive mean-field
picture.
— A solution: “State-dependent” effective interaction
— A common choice is the density-dependent interaction
—) “Energy density functional”

Modern energy density functionals reproduce (predict)
nuclear mass, radius, deformation, etc. with high accuracy
and for the entire nuclear chart.

A variety of nuclear excitations are studied with the time-
dependent DFT.

Current issues & Future perspectives:
— Missing correlations
— Odd nuclei, precise determination of drip lines (higher accuracy)
— Large-amplitude collective dynamics (fusion/fission, etc.)
- Rl\uclear reaction studies by combining DFT with quantum scattering
eory

— The density dependence (functional) is really the best choice for
nuclear physics?
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Shell Model for Open Quantum Systems*

Marek Ploszajczak!

IGrand Accélérateur National d’lons Lourds (GANIL), CEA/DSM - CNRS/IN2P3,
BP 55027, F-14076 Caen Cedex, France

Abstract

Resonances are commonly found in various quantum systems, independently of their building
blocks and the kinematic regime of their appearance. Resonances are genuine intrinsic properties
of quantum systems, associated with their natural frequencies, and describing preferential decays of
unbound states. The effect of resonances and the non-resonant scattering states can be considered
in the open quantum system extension of the nuclear interacting shell model. In these lectures,
we will review the fascinating adventure of the last decade associated with the development and
applications of the continuum shell model approach to bound and unbound nuclear states, nuclear

decays, and reactions.

*These lectures are based on results of GANIL-ORNL-Krakéw Theory Collaboration. Authors wish to thank

its members for the long-term stimulating efforts and the collaborative research.
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Nuclear shell model has been proposed almost sixty years ago [1, 2]. Soon afterwards,
the interacting shell model (ISM) has been developed by Lane, Kurath, and others (see [3]
for a recent review). The ISM-based description of an evolution of the nucleonic coupling
scheme from the LS to jj coupling with increasing mass number, provided foundations of
modern nuclear structure theory and helped to understand a wealth of data on nuclear levels,
moments, collective excitations, electromagnetic and ( decays, and various particle decays
[4].

In its traditional form, ISM describes the nucleus as a closed quantum system: nucleons
occupy bound, hence well localized, single particle orbits of an infinite (e.g., harmonic os-
cillator) potential and are isolated from the environment of unbound scattering states that
are not square integrable. Since the scattering continuum is not considered explicitly, the
presence of branch points (decay thresholds) and double-poles of the scattering matrix is
neglected. The divide between the discrete states and the scattering continuum, i.e., the
focus on one or another, has unfortunately become a kind of paradigm. In the long term,
this has led to an artificial separation of nuclear structure from nuclear reactions, and hin-
dered a deeper understanding of nuclear properties. Indeed, many structural properties of
the nucleus are determined by means of nuclear collisions. Hence, the knowledge of nuclear
structure depends on nuclear reactions and wvice versa, and this cries for a unified theoretical
framework.

At low excitation energies, well-bound nuclei can be considered as closed quantum sys-
tems, well described by the standard ISM or its modern versions such as the no-core shell
model [5-7]. Moving towards drip lines, or higher in excitation energy, the continuum
coupling becomes gradually more important, changing the nature of weakly bound states.
(Properties of unbound states are directly impacted by couplings to reaction channels.) In
this regime, the chemical potential has a similar magnitude as the pairing gap; hence, the
system is dominated by many-nucleon correlations which no longer cannot be considered as
small perturbations atop the average potential [8]. Many-body states in neighboring nuclear
systems with different proton and neutron numbers become interconnected via continuum,

forming correlated domains (clusters) of quantum states.

The first attempt towards unification nuclear structure and nuclear reactions came from

Feshbach [9, 10] who expressed the collision matrix of the optical model using matrix ele-
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ments of the Hamiltonian. This development gave a strong push to the ISM approach to
nuclear reactions [11-14] (see introduction in Ref.[15] for detailed historical account) and
led to various formulations of the continuum shell model [16-20]. A modern version of
continuum shell model in the Hilbert space, the Shell Model Embedded in the Continuum
(SMEC) [20-23], provides a unified description of the structure and reactions with up to two
nucleons in the scattering continuum using realistic ISM Hamiltonians. Nevertheless, the
fully symmetric treatment of bound and scattering states in the multiparticle wave function
is still too ambitious a goal [24].

The advantage of SMEC is that effects of the continuum coupling (‘external’ couplings)
can be separated from effects of the ’internal’ configuration mixing, hence providing an
insight into the configuration mixing in open quantum system. The model has been applied
to study: (i) the statistical aspects of the continuum coupling [25], (ii) the radiative capture
reactions [20, 26-28], (iii) the elastic scattering cross-sections [27], (iv) the first-forbidden
B-decays [29], (v) the Coulomb dissociation at relativistic energies [30], (vi) the continuum
correction to binding energies [31], (vii) the two-proton radioactivity [23, 32, 33|, (viii) the
exceptional points in the scattering continuum [34], and (ix) the near-threshold configuration

mixing [35].

A different attempt to formulate the ISM for open quantum systems has been proposed
recently [36-39] within the Berggren ensemble [40]. The resulting complex-energy open
quantum system extension of the ISM, the Gamow Shell Model (GSM), can be conveniently
formulated in the Rigged Hilbert Space (Gel’fand triple) [41, 42] which encompasses Gamow
states [43, 44], and is suitable for extending the quantum mechanics into the domain of time-
asymmetric processes (e.g. decays). The GSM offers a fully symmetric treatment of bound,
resonance, and scattering single-particle states but, until now, has been primarily used in
the context of nuclear structure (for a recent review of the complex-energy shell model,
see Ref. [45]). In nuclear structure application, solutions of the GSM can be found by
diagonalizing a complex-symmetric Hamiltonian matrix. The ‘dimensional catastrophe’ in
GSM when increasing number of active particles has been alleviated by a recent progress
in the generalization of the Density Matrix Renormalization Group [46-48] method to non-
Hermitian, complex-symmetric matrix problems [49, 50].

A significant progress has also been made in applications of realistic interactions in GSM
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[51]. Finally, powerful techniques for a selection of physical resonances, based on the overlap
method, have been developed [36, 38]. The GSM has allowed to understand: (i) the role
of continuum in the binding mechanism of helium isotopes binding [36] and (ii) spin-orbit
splitting [52], (iii) the role of antibound states in halo formation [53], (iv) the threshold
effects in spectroscopic factors [54] and (v) radial overlap integrals [55], and (vi) the isospin
mixing in weakly-bound mirror nuclei due to continuum coupling [56].

GSM is the open quantum system formulation of ISM for a self-adjoint Hamilton operator.
This formulation offers a number of conceptual advantages. For instance, the transition from
a bound to unbound regime, either within a single nucleus or in the long chain of isotopes
(isotones), can be viewed as an opening in the configuration space and described without
changing the Hamiltonian. The many-body nuclear Hamiltonian in this formulation does
not describe just one isolated nucleus (N, Z), but all nuclei and all nuclear states that are
coupled through various decays and captures. This idealization offers a right physical picture

of the many-body system and its interactions.

Many challenging problems remain that could be illuminated with GSM — thanks to
its ability to follow a quantum transition from a bound-state regime to unbound one. For
instance, GSM is an excellent tool to explain an ‘alignment’ of a many-body wave function
with a channel wave function in the vicinity of a channel threshold [8, 57]. This mechanism,
which is a likely source of clustering effects seen near different threshold openings, can
be studied in GSM. A near-threshold behavior of pairing correlations is an example from
another domain where systematic GSM studies could be most helpful. That is probably a

most transparent illustration of a near-threshold clustering.

The developments reviewed in these lectures are not solely limited to nuclei; they can be
of interest in various fields of physics (atomic and molecular physics, nanoscience, quantum
optics, etc.) where small quantum systems whose properties are profoundly affected by
continuum of scattering and decay channels are intensely studied. To describe such systems,
one has to give up either the concept of the Hilbert space or the self-adjoint nature of the

Hamiltonian if one wants to keep the simplicity and conceptual and practical advantages of
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the standard ISM framework.
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Shell Model for Open Quantum Systems (Part I)

M. Ptoszajczak
GANIL, Caen, France

—_

AN

Outline
Introduction

- Pioneering age of the nuclear Shell Model

- Nuclei as open quantum systems

Phenomena related to the openness: nuclear decays, halos

- Impact of scattering states on structural properties
Configuration mixing approach (I)

- Complex-energy quantum mechanics (Rigged Hilbert Space)
- Quasi-stationary Shell Model: Gamow Shell Model (GSM)
GSM spectra, density distribution, overlap integrals

- Threshold anomalies, configuration mixing in mirror systems

Introduction: threshold phenomena
Configuration mixing approach (II)
- Real-energy quantum mechanics (Hilbert space)
- Continuum Shell Model
Unified approach to nuclear structure and reactions
- Continuum coupling correction to Shell Model eigenfunctions/eigenvalues
- Exceptional points in the scattering continuum, entangled wave functions,
configuration mixing in the vicinity of the elastic threshold, ...
- Higher up in the continuum: the segregation of time-scales
Short résumé

287




Nuclei are Open Quantum Systems
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On Closed Shells in Nuclei. II

Maria GoerPERT MAYER

Argonne Nattomal Loboratory and Department aof Physics,
» U wiversily of Chicago, Chicago, Illinons

February 4, 1949

HE spins and magnetic moments of the even-odd nuclei
have been used by Feenberg!? and Nordheim? to deter-
mine the angular momentum of the eigenfunction of the odd
parm:le, The tabulations given by them indicate that spin
orbit coupling favors the state of higher total angular mo-
mentum. If strong spin-orbit coupling, increasing with angular
t is different from
ecither Feenberg or Nordheim js_obtained. This assignment
encounters a v few contradictions with eéxperiment: L
and requires no major crossing of the levels from those of a
square well potential. The magic numbers 50, 82, and 126
occur at the place of the spin-orbit splitting of levels of high
angular momentum,

Thanks are due to Enrico Fermi for the remark, *'[s there
any indication of spin-orbit coupling?” which was the origin
of this paper.

Enrico Fermi

Maria Goeppert-Mayer
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On Closed Shells in Nuclei. II

MARIA GOEPPERT MAYER

Argonne Nationol Laboratory and Department of Physics,
University of Chicago, Chicago, Illinois

February 4, 1949

HE spins and magnetic moments of the even-odd nuclei

have been used by Feenberg? and Nordheim? to deter-
mine the angular momentum of the eigenfunction of the odd
particle. The tabulations given by them indicate that spin
orbit coupling favors the state of higher total angular mo-
mentum. If strong spin-orbit coupling, increasing with angular
momentum, is assumed, a level assignment different from
cither Feenberg or Nordheim is obtained, This assignment
encounters a very few contradictions with experimental facts
and requires no major crossing of the levels from those of a
square well potential. The magic numbers 50, 82, and 126
occur at the place of the spin-orbit splitting of levels of high
angular momentum.

Closed Quantum System
No coupling with external
decay channels

\ !
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Is the closed quantum system formulation of the Shell Model

justified?
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A.Bohr, B.R. Mottelson, Nuclear Structure,
W.A. Benjamin, Inc. 1969

Is it justified to neglect couplings to decay channels (continuum)?
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PHYSICAL REVIEW VOLUME 81, NUMBER 3 FEBRUARY 1, 1951

On the Displacement of Corresponding Energy Levels of C'* and N*?

Joacmmu B, Emnsan®
Princelon University, Princeton, New Tersey
(Received July 17, 1950)

It is investigated to what extent the change in boundary conditions at the nuclear surface due to Coulomb
wave function distortion in the external region can explain the relative displacement of the first excited
states of C* and N™. It is found that the caleulated displacement is in the right direction and of a sufficiently
large magnitude, but rather sensitively dependent on the definition of nuclear radius.
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On the Displacement of Corresponding Energy Levels of C** and N'*

Joacaiuw B. Eazsan®
Princelon University, Princelon, New Jersey
(Received July 17, 1950)

It is investigated to what extent the change in boundary conditions at the nuclear surface due to Coulomb
wave function distortion in the external region can explain the relative displacement of the first excited
states of C* and N™. It is found that the calculated displacement is in the right direction and of a sufficiently
large magnitude, but rather sensitively dependent on the definition of nuclear radius.
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PHYSICAL REVIEW VOLUME 101, NUMBER 1 JANUARY 1, 1956

Intermediate Coupling in the 1p-Shell*

Dieter KUuraTH
Argonne National Laboratory, Lemont, Hlinois

(Received August 31, 1955)

The region between He* and O' is treated for the case of intermediate strength of spin-orbit coupling and
central two-body interaction. Energy levels are presented as a function of the relative coupling strength
parameter, /K. Static electromagnetic moments are also computed as functions of ¢/K. Comparison with
experimental results gives a fairly good picture, and determines a definite behavior for /K as a function of
mass number, A possible interpretation of this behavior is suggested.

=71 2]  The contributions of the central two-body interaction
5 ?s | H=Hyo +al+s)+ 4, exp[—(rlz/ rO) ] to the energy matrices are usually expressed in terms
of two integrals,* L and K, which are linear combina-
i tions of the two Slater integrals involved. These
integrals are functions of the strength of two-body
o interaction A, and the ratio p=r,/7; which is a measure
) of the ratio of nuclear radius to range of nuclear forces.
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PHYSICAL REVIEW VOLUME 124, NUMBER 6 DECEMBER 15, 1961

Effects of Configuration Interaction on Intensities and Phase Shifts*

U. Faxo
National Bureaw of Standards, Washingion, D. C.

(Received July 14, 1961)

The actual stationary states may be represented
as superpositions of states of different configurations
which are “mixed” by the “configuration interaction,”
i.e., by terms of the Hamiltonian that are disregarded in
the independent-particle approximation. The effects of
configuration interaction are particularly conspicuous at
energy levels above the lowest ionization threshold,
where states of different configurations coincide in
energy exactly since at least some of them belong to a
continuous spectrum. The mixing of a configuration
belonging to a discrete spectrum with continuous spec-
trum configurations gives rise to the phenomenon of
awtoionization. The exact coincidence of the energies of
different configurations makes the ordinary perturba-
tion theory inadequate, so that special procedures are
required for the treatment of autoionization and of
related phenomena.

The achievement of this program took ~40 years!

Open Quantum System

An Open Quantum System (OQS) is a quantum system which is found to be in interaction
with an external quantum system, the environment.

The OQS can be viewed as a distinguished part of a larger Closed Quantum System, the
other part being the environment.

Resonance refers to the energy distribution of the outgoing particles in a scattering process,
and it is characterized by its energy and width.

Decaying state is described in a time dependent setting by its energy and lifetime.

Both concepts are related by: To=h/T, as verified in precision experiments

R. de la Madrid, NPA 812, 13 (2008)

Resonances are genuine intrinsic properties of quantum systems but they do not
belong to the Hilbert space

Resonances find a natural description within the rigged Hilbert space
For a pedagogical description see: R. de la Madrid, AIP Conf. Proc. 885, 3 (2007)
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Example: Nuclear decays

a —decay

virl

Electromagnétic decays

Emission of y-ray is caused by the interaction of the nucleus with an external
electromagnetic field

1
— e — ] “ *
V= ]MA» °
C 4
E2, (M3, E4,...)
Nuclear External 1 a+

current EM field

Example: Radii of halo systems

2H (deuteron) A. C?bis etal, J. Phys. G23,401 (1997)
22NN T g3 (KN Bty L 9 57 0000
‘He,

(]

3H, (hypertriton)
$,=0.08 MeV

“He, (atomic helium dimer)
$=0.13 meV, r=100 A
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K. Riisager et al, NP A548 (1992) 393
T. Misu et al, NP A614 (1997) 44

One-body Schrodinger equation:
2m
T co ol g
[v U (r) H,I,] Uy (r) =0 _—
Ky = v/ —2me, [ h? .
v

at large distances:

[dQ +§£_52_M]REH(T)=0.
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0
inner part outer part
O.-. = jlr"'+2‘B!|2 fg;(iﬂ-vr)‘zdr - |B;|2K;{ﬂ+3} j:‘ h:(l'x)|2x2+"dx
R R,
jtt+1
In the limit of weak binding: B; ~ Ry, [R} (Rﬁy}f+1

LG .. 2 —T1)

)iu-u-lm -1

n>20-1: O, diverges as (-¢, £=0: (rz) diverges as (-¢.)

n=2(-1: O, divergesas —(1/2)in(-¢,) W= | £-=1: (r*) divergesas (-,)
n<2{-1: O, remains finite £x1: (rz} remains finite

=142

What happens if pairing is present? K. Bennaceur et al, PL B496 (2000)154

In even-N nuclei, the paired densities decrease faster than the unpaired densities

mm) pairing anti-halo effect

Pairing correlations do not prevent a divergence of the neutron radii for odd-N
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Impact of scattering states on structural properties

n+n is unbound

» Y 9L
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n+ °Li is unbound
but n+n+ “Li is bound !
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The structure of *'Liis a tremendous challenge to both experiment and theoryl

The nucleus is a correlated open quantum many-body system.
Environment: the continuum of decay channels

|

The configuration mixing (shell model) approach for open quantum systems

Continuum (real-energy) Shell Model

(1977 - - 2005)
H.W.Bartz et al, NP A275 (1977) 111
R.J. Philpott, NP A289 (1977) 109
K. Bennaceur et al, NP A651 (1999) 289
N. Michel et al, APP B35 (2004) 1249
J. Rotureau et al, NP A767 (2006) 13
J-B. Faes, M.P., NP A800 (2008) 21
J. Okolowicz et al, APP B39 (2008) 389
J. Okolowicz, M.P., PRC 80 (2009) 034619
J. Okolowicz et al., Phys. Rep. 374 (2003) 271
B. Blank, M.P., Rep. Prog. Phys. 71 (2008) 046301

Gamow (complex-energy) Shell Model

(2002 -)

N. Michel et al, PRL 89 (2002) 042502

R. Id Betan et al, PRL 89 (2002) 042501

N. Michel et al, PRC 70 (2004) 064311

6. Hagen et al, PRC 71 (2005) 044314

J. Rotureau et al, PRL 97 (2006) 110603

N. Michel et al, PRC 75 (2007) R031301

N. Michel et al, NP Au794 (2007) 29

K. Tsukiyama et al, PR €80 (2009) 051301

N. Michel et al, PRC 82 (2010) 044315

N. Michel et al., J. Phys. G: Nucl. Part. Phys.
(Topical Review) 36 (2009) 013101

(6amow-) Coupled Cluster Approach

(2007 -)
6. Hagen et al, PL B656 (2007) 169
6. Hagen et al, PRL 103 (2009) 062503
6. Hagen et al, PRL 104 (2010) 182501
d. Jensen et al, PRC 82 (2010) 014310
d. Jensen et al, arXiv:1104.1552
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Rigged Hilbert Space

The Hilbert space includes bound and scattering states, because the Hilbert space
spectrum of an observable is real == resonance spectrum is discarded as unphysical

But... radioactive nuclei and unstable elementary particles are physical objects!

Rigged Hilbert Space (RHS) is the natural setting of Quantum Mechanics
in which resonance spectrum, Dirac bra-ket formalism (and Heisenberg
uncertainty relations) have place

In mathematics, RHS (Gel’'fand triple, nested Hilbert space, equipped Hilbert space):
OPCHCD"and PC H C D (K - Hilbert space, P - (dense) space of test
functions, @*- (dense) space of distributions, and @ - space of linear functionals
over @) is a construction designed to link the distribution and square-integrable
aspects of functional analysis. .M. Gel’fand and N. J. Vilenkin. Generalized Functions, vol. 4:
Some Applications of Harmonic Analysis. Rigged Hilbert Spaces,
Academic Press, New York, 1964
G. Ludwig, Foundation of Quantum Mechanics, Vol. I and 11,
Springer-Verlag, New York, 1983
The resonance amplitude associated with the Gamow states is proportional to the
complex &-function and such amplitude can be approximated in the near resonance
region by the Breit-Wigner amplitude:

. 1 1 R. de la Madrid, Nucl. Phys. 885, 3 (2007)
A(En — E) < iV2md(E — Bp) ~ T 9r E—E, R delaMadrid, Eur. J. Phys. 26, 287 (2005)

Question: Can one apply the time-dependent Schrédinger equation for the
description of resonances?

iV _ fry
ot

1, =ln2§, 71=6.58-107 MeV - sec

Can one calculate " with sufficient accuracy?

238] - —1N016
T, ~3 107 sec = 3babysec . O- Ti2=107years
- 256Fm: T, ,,=3 hours

!

For very narrow resonances explicit fime-propagation impossible!
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Quasi-stationary open quantum system extension of the Shell Model

i (r,1) = Halr.) (1) =7(1)¥(r)
ﬂlp=(e—f£]lp — T(r]=exp(—:(€—ig)]

2

W(F, k) — Oulkr
WO.4) -0 , (F.k) — Ouhr)
W(F,k) :I,(kr}+ O,(kr)
k= 1’%{;-, —r'r—z") (poles of the 5-matrix)
Bound states k, =ix,
Antibound states k = —ix,
Resonances k, ==y, —ix,

) mk

«c»and «d » come in S
conjugate pairs

Only bound states are integrablel

>
Quasi-stationary open quantum system extension of the Shell Model
ih - o(r.1) = Ho(r.1) ®(r.1) =7(1)¥(r)
- B E
HIIJ=[E_EE —> ’E(I]=&!‘[{—I{E—EE)] A Imk
WO.k) 0 . W{i’k}:’ Oi(kr) Ui,
W(F k) —= I,(kr)+ O,(kr) Rek
— _
k, =1‘%{e_—i%:] (poles of the S-matrix) c ¢
: ® i, =u, 2
Bound states k, =in_ "
Antibound states k, =—ix,
Resonances by =%y, —ix, « ¢ » and « d » come in )
conjugate pairs k,=k—iky, k>0

Only bound states are integrablel

Euchidean inner product

(i) = f a1

F—m

eZiar

RHS inner product
(ﬁnluﬂ}={ drii, (r)u,(r)

g rihi-it)

F—=
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Completeness relations in Gamow Shell Model

A
Im(k) T. Berggren, NPA 109, 265 (1968); A389, 261 (1982)
T. Lind, Phys. Rev. C47, 1903 (1993)

: )i + Lf ) el =1 5 (0] ) =

L ©® ny
non-resonant
Re(k) l;;fiiit: ° continuum
L+
|SD,) = ‘uil . >
l ~Y
E|SDk><SDk | =1 N. Michel et al, PRL 89 (2002) 042502

¢ |

H—[H] =[H], Gamow Shell Model

complex-symmetric eigenvalue problem
for hermitian Hamiltonian

Interacting Shell Model respecting unitarity in
weakly-bound/unbound states

The long-term goal of Fano (1961) finally achieved!

VOLUME 89, NUMBER 4 PHYSICAL REVIEW LETTERS 22 Jury 2002

Gamow Shell Model Description of Neutron-Rich Nuclei

N. Michel,! W. Nazarewicz,>** M. Ploszajczak,' and K. Bennaceur®>
'GANIL, CEA/DSM-CNRS/IN2P3, BP 5027, F-14076 Caen Cedex 05, France
2Department of Physics and Astronomy, The University of Tennessee, Knoxville, Tennessee 37996
3Physics Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831
*Institute of Theoretical Physics, Warsaw University, ul. Hoza 69, PL-00681, Warsaw, Poland
SInstitut de Physique Nucleaire de Lyon, Université Claude Bernard—Lyon I, F-69622 Villeurbanne Cedex, France
(Received 25 January 2002; published 3 July 2002)

This work presents the first continuum shell-model study of weakly bound neutron-rich nuclei in-
volving multiconfiguration mixing. For the single-particle basis, the complex-energy Berggren ensemble
representing the bound single-particle states, narrow resonances, and the nonresonant continuum back-
ground is taken. Our shell-model Hamiltonian consists of a one-body finite potential and a zero-range
residual two-body interaction. It is demonstrated that the residual interaction coupling to the particle
continuum is important; in some cases, it can give rise to the binding of a nucleus.

- The correct formulation in rigged Hilbert space
M. Gel’fand and N. J. Vilenkin, Generalized Functions, vol. 4: Academic Press, New York, 1964
K. Maurin, Generalized Eigenfunction Expansions and Unitary Representations of Topological
Groups, Polish Scientific Publishers, Warsaw (1968)

- Definition of a complete single-particle basis
T. Berggren, NPA 109, 265 (1968)
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Gamow Shell Model Hamiltonian
k

We assume a core:

H=)|=—=+U. |+ }»|V.
| P S et
L
o “Recoil” term coming from the
p expression of Hin the COSM
— 7 : coordinates. No spurious states
@ s
- B A Vo3 COSM coordinates
t
h
L. ?
| o
Tl S
| T
o S .
(i) two-step diagnalization:[%")— {|‘I‘m)} (¢ o
- selection of states: {Hﬂ‘”|llﬁ’]' -
(i) Density Matrix Renormalization Group method h} h
I. Rotuream et al_, PRL 97, 110603 (2007); Y Suzuki and K Tkeda
R LT PRC 38.1 (1988)

Results (I)
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0.0

p() (fux’')

GSM: N. Michel et al., Phys.Rev.Lett. 89, 042502 (2002)
; 5 6 7 8 9 10
2| He He He He He He
x 10
2 finite-range SDI
GSM EXP \\\ x 10 = h
5 83 . HF -basis
g 4 ) s.p. basis: SHe unbound!
Gl P33 0.75 -i0.3 MeV
e P15 213 -2.9 MeV
) g 5/2-
B “ 1/2-
2 -
s || m 20N
0 3/2- 12-\ \ 9
; e B
0+ 9
) ./,; J—
. . 2= o4
-3| Helium isotopes =
— 0+
-4
TSR . 6
Density distribution of valence neutrons in "He
3 = 6 HC T T T T T 6 T
nel 0t ground state of °He |
S
i 2F =z 04
g os }
43 £
B sy Shnaieasin
E 02
: il weakly bound
0= 0 0 state
GSM EXP.

broad
resonance




One-neutron radial overlap integral

Provide a connection to the reaction theory

ug;(T) =¥<‘1’fa"|l"?j(5) Vi) (rtilus)

0.5} *He bound, “He bound
S, =0.5 MeV
~ 0.4
£ 03
N’
™
E’/ 0.2 Overlap integral, basis
independent!
0.1
0.0 PR P L s s P 1 " P PR " . N "
0 5 10 15 20
r (fm)
N. Michel et al, NPA 794, 29 (2007)

Im[u(n)] (fm™) Re[u(r)] (fm™)

0.003 |

0.000 §

0.6 —

SHe unbound, *He bound| 1

~

§,=0.75-i0.056 MeV

0.4}

0.2 complex WS

0.0 f

" 1WS

complex WS real W

0 5 10 15 20
r (fm)

O(r) = Cpe™
K =2uS,, /T . Relevant quantities:
3, =(E(N-1)-E(N)) —é(F(N—l)—F(N)) complex separation energies

Sin iz,

2 n




Threshold anomalies

e Threshold is a branching point which originates in the unitarity
X+a—a+X
X+a<>a +X, at E™
X+a<>a,+X, at EI"

- for E < E"™ a single solution: X(a,a)X
- for E > E™ two independent solutions: X(a,b)Y and Y(b,a)X
Wave function has a singularity at the threshold

 [f a new channel opens, a redistribution of the flux in other open
channels appears

e The shape of the cusp depends on charge and orbital angular
momentum:

. _ 20-1
Yb.a)X :0,~k E.P. Wigner, PR 73, 1002 (1948)
2041 G.Breit, PR 107,923 (1957
X(ab)Y :0, ~k*"* (1957

Example: Coupling between analog states in (d,p) and (d,n) C.F. Moore et al., PRL 17, 926 (1966)

Configuration mixing in weakly bound/unbound many-body states

5t = [ (ryr =%[<wfs||ag,(3)||wzi“a‘>‘2

6 5 e
L < He(g.s.)[ He(g.s.)®p3,2] >
o [ ! A L
A ool GSM: : 3
S 100 == 2P e _ bound weakly bound/unbound
> I .
15 bound-state
— structure
Q B .
< L dominates
== HO-SM |
- e s s s
'8.075F M
o
Q
2]
o
= -
Q
O
o
m L
0.50--!

Analogy with the Wigner threshold
for 'S, <0 phenomenon for reaction cross-
for S, >0 sections E.P. Wigner, PR 73, 1002 (1948)

Y(ba)X :0, ~ k*'! (=S,
] )
X(ab)Y :0, ~ k" (=S,




Configuration mixing in mirror systems

5
1967 2Hlejlm I
1797 . 1670 I
Q73 =m -
.He. +In
e 505 = :-L"l-‘-ﬂ
o ot
G &
.He, :Be,
He.+2p
137 = -

For experimental 8, /S, , §,,/5,,:

$:0"]-088-i0386
$15[07]=1057-i0181

1
0.95

09 |
085 |

--------
- -

04 02 0

Sin! Sy,

End of Part I
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Shell Model for Open Quantum Sy;s;c(ems (Part II)

M. Ploszajczak -
GANIL, Cagy, France

Correlation
dominated:

Energy —»

Closed >
QS || g Z=const

Neutron number —p

- Majority of nuclear systems are affected by the continuum coupling even

in their ground state
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Cluster states close to the threshold

o - cluster states 2n - states
'halo’ states
"Cn
——————— 18711
"B'I-E
—————— 15057
O e w1 5663
WD N 557
&
0- 7654 *
9. —= W.-. 8 .
~(4p-4h) g 6048
. 4430
2 _g*"'l_.i+n_ _______ 375
2 jimEm=es = 300
= [DP]E o = ':'DF']I _— "h.:m 3/
IZC 150 ll]_..i.
Cluster states close to the threshold
o - cluster states 2n - states
‘halo’ states
"Can
——————— 18721
“B'I'-E
—————— 15957
L), PN i 5161
il . 12127
- 0~ 7654 '.‘
...E—i-;————m ”C'm:_.,__..,__?-[ﬁz
~(dp-4h) o G048
- 4430
2 *N'Li-l-ll_ _______ 325
7 § Yy —Eeee——— 300
~(op)* 0 ~(0p) ——¢ "1‘: = 32
IZC 150 L llLi

The coupling of ‘internal’ and ‘external’ states determines the structure of
near-threshold states s=s the unification of structure and reaction aspects

of weakly bound and unbound nuclei, based on the open quantum system
formalism is a major challenge for nuclear theory

305




|

The configuration mixing (shell model) approach for open quantum systems

Gamow (complex-energy) Shell Model in rigged Hilbert space

Im(k)‘ T. Berggren, NPA 109, 265 (1968)
N Jan) i + [ aae)fie|dhe =1 5 {wi| 1) = 6
® ny L+
L © bound states non-resonant
i resonances continuum
>
Re(k) 1SD,) = u, ., )

L |
E|SDk><S~Dk| =1 N.Michel et al, PRL 89 (2002) 042502
|

k

Interacting Shell Model respecting unitarity in
weakly-bound/unbound states

Shell Model Embedded in the Continuum

- Continuum (real-energy) Shell Model -

E_Bennaceur et al. NPA 671, 203 (2000)
J. Roturean et al., PRL 95, 042503 (2005); NPA 767, 13 (20048)

Resonances are genuine intrinsic properties of quantum systems but
they do not belong to the Hilbert space

T

o)
]
"'Refk
D?D )

J-B._Faes, M. Ploszajezak, NPA 800, 21 (2008)
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Shell Model Embedded in the Continuum

- Continuum (real-energy) Shell Model -

E. Benmaceur et al. NPA 671, 203 (2000)
1. Roturean et al., PRL 95, 042503 (2005); NPA 767, 13 (2006)

Resonances are genuine intrinsic properties of quantum systems but
they do not belong to the Hilbert space

T

I (k]“ 1O x(dy,, ) -resonance] '|| ®  x(d;,)-anamnesis]
skl 1 B 4l 2
Ll i B 1 ey
@ L H\ ] < 02 .
=1 e " [ i
Q@ Tt =, | E
- F. ih ) 30 0 ) X i e
r (fm) r (fm)
O QO Reik) 5
o i 9] v(r)~ u"r) on [0.R]
_;_ = v.(r)~H_(r) on [R[
'L':_' 15k W(ﬂiﬂl} ,Hit-)[r)L:E: 0
= Ana
s
J-B_Faes, M_DPloszajezak NPA 800, 21 (2008) _E:_:!_und |
T -_~ i J—Y
e [Mel)

Scattering continuum becomes non-resonant if anamneses are projected out:

::{.;fm]-c-::nﬁnuum 7

discrete aNamneses
states

i, :En (ﬁn | + 0P

a (pad)

new basis-generating -

potential Discrete states: {En i ﬁ)|ﬁt} =0

Continuum states: P(E = h{ﬂ}) =0

—efm
e
4
— g |
[¥5
o

27N

L bound states non-resonant
* %
e By res. anamneses continuum

—_
S o Relk) 15D,) =], -1, )
!
2|Sﬂj}(.ﬁ'ﬂj|sl

Et}{Ei |‘ﬂ: —p {E!|Ej) =ﬁij
—
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1N 47 He 15.2 MV
Basic idea: E n
Choice of « relevant » subspaces BN 1 - e ‘ 59 MV
in the A-particle system depends 4
on the order of particle emission apet WRTET
thresholds 32~ S 40 MeV
l' - 32 MeV
QM in Hilbert space using -
. /2= 25 eV
projected subspaces
+F =
Real-energy continuum SM (SMEC) L]
ry
“iU <8 p ‘, ‘ :
f g | 1 11 U Ne
sfzt i MY
17 F

Q,=[4] )
o =[A-1e[]
0,-[4-21e2] | &
- J
closed quantum open guantum
system systemn

L i
Hop 4?@‘&[E}=€%{E}—ET{E]FT(E]
1
[M x M] [M =]
Example: One-nucleon continuum

o0, (E) = Hgpg, + Hy o, Gy (E)Hp,

Structure of many-body states is determined by the coupling of
‘internal’ (in @,) and ‘external’ {in O, (i=1,2... ) ) states
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Open QS solution in Q Moot =El%) L oeonalb o (el =0
pen solutionin Q: . iorthogonal basis
<\pd |HQUQ0 =E, <q{x| <O>aﬁ = (¥, |O‘1Pﬁ>
W, =Ydd . W=
For bound states: E (E) isrealand € (E)=E E, =Re(Ea(E))|E=Ea

For unbound states: physical resonances=poles of S-matrix - -2Im(fa(E) |E

-E,

The scattering function (in I=Q, +(Q1 +) )

ALY
gE+E ; € E-T,
U, =(1+GSH,,, ),

Inside of the interaction region :

%~2%%

eigenfunctions of #, , (E)

.--"'" = e
E, (@ [y (B)@}) ‘I**”IH )8, +E de v H
""'*-- _-""" |mag1nar'g,r

e —
FEE[_

+¢(E, E') = (i|H — E|c; E') |
% (EB) =% (E, E)

Competition between Hermitian and non-Hermitian parts of
Hamiltonian may lead to the coalescence of eigenvalues
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Results (IT)

Unified approach to nuclear structure and reactions

6 17
T =+ F T=-
3 — 3t » —
—— — T, 5
s — 3/2
4 SEm— s Q27
> — 312
L 3
> — 512
g 2 —ur
S
) 1
0
16
1727 O+p
-1 cryt
NZ
SMEC  Exp SMEC  Exp
7BM: (p1/2 S|/ ’d5/2) K. Bennaceur et al., Phys. Lett. B488, 75 (2000)

K. Bennaceur et al., Nucl. Phys. A671, 203 (2000)
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Radiative capture : *°O(p,y)"F Elastic scattering : "*O(p,p)'°O

001

; 512*
0.008 [

0.006 F
0.004

0.002 F he

o4

|
i

Phase shift & [deg]

0.008
0.006 |
0.004 |
0.002 |
ok ' ' '
0 1 2 3
Ey, [MeV]
1 s ZZe
G(E)=Ee "S(E) ==

Exp.: Morlock et al., Phys. Rev. Lett. 79 (1997) 3837 Exp.: Blue and Haeberli, Phys. Rev. 137 (1965) B284

Continuum coupling correction to Shell Model eigenstates

ECU”’ = <(I)1A H{QoQo [)_ HQoQo q)lA>

0
5
-}
=)
E
>, 23
L]j) O \ // 2 1 ‘. Il
Ty 28 — Vo
2 0 \‘ ; ‘270 9
27 ........ - ! non ‘l | . '
O [\ P ZDO ‘l "
4 2 0 2 % 2 o0 2 4
USD+KB’ interaction E lMeVJ
G-matrix for cross-shell int. . . Al . )
WB continuum coupling Couphng toa smgle channel: [ O(g.s.)® n(fj)]

Threshold effects 0.1-3 MeV — at the intersection between
energy scales of pairing and collective excitations

Binding energy ~8 MeV/nucl
311

e,
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Continuum-coupling correction to binding energies

0 .
i Fluorine (Z=9) isotopes

-0.5 |

= 1t
©

= i

bt -1.5 ~
o
o

L] 2|

-2.5 F

| | | | | |

12 14 16 18 20 22

N

Anti-odd-even staggering of E_ .

‘Incompatible symmetries’ of H, , and ]—{QOQO (E): { [A] - [A - 1]®[l]

[odd-N]—[even-N]®[1]
J. Okolowicz, et al., Physics Reports 374,271 (2003)

Fluorine (Z=9) isotopes

S IMeV]
open closed
[ ] -+
LT e |- S P |

14 16 18 20 s

g <¢;‘;E ‘[ﬂ‘,ﬂv]hu‘(bgj_) in SM and SMEC are similar
- Blocking mechanism gradually disappears: ﬂ(hi') —l-cnnst(N}
- Strong reduction of the np continuum coupling

Y. Luo et al., ar¥iv-nucl-thA02 11068
312




EconrlMeV]

-0.2
-0.4
-0.6
-0.8

—1.2
-1.4
-1.6

llllllIIlllllllllllllllllllllllllll

12 14 16 18 20

E..(N) = a(N)N =(a, + BN)N — effective 3-body interaction

corr

[A]=[Aa-1]e[1]

nn-coupling favors
[even-N] —=[odd-N]®[1]

Instability of SM eigenstates at channel threshold?

Continuum coupling correction
to shell model eigenstates

A 1

corr

(th)

A((iSrAr})ixture(o)f man debody continuum states
III[A—I],M ®(p[l],i lII|:A-2):|,v ®§0[(%,j with E> FE

Is it a collective phenomenon?
or

a specific coupling of two SM

eigenstates?
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Exceptional points in the scattering continuum

Bound states (Hermitian problem)

lpw #a
N
Fd

S LA

Exceptional points in the scattering continuum

Bound states (Hermitian problem)

‘Fw 2
N
Py

1.6

Resonances (non-Hermitian problem)

14 |

12 |

10 257

08
06 |

© L

Exceptional point: % =%z

e

0.4
00 0

5 10 15 20 25 30 35 40

MR Zimbaner et al , NPA 411, 1561 (1933}
J. Okolowicz et al , Phys. Reports 374, 271 (2003)
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Example: Continuum Shell Model

| non-hermitian |

oo E5e) ], )

CRALAE

Exceptional point ¢, =g, (@, =¢;) is a generic situation in non-hermitian problems

In the N-dim Hilbert space, number of exceptional points is: #4, = N[N —1}!2
At the EP, the dimension of Hilbert space is reduced: N=N-1

Example: Continuum Shell Model

| non-hermitian |
o P
0, (Eig) = Hn{E]4+(g"Hl(E.gJ

L e % e o)

Exceptional point ¢, =g, (@, =) is a generic situation in non-hermitian problems

In the N-dim Hilbert space, number of exceptional points is: M4, < N(N —]:l.n".'l
At the EP, the dimension of Hilbert space is reduced: N=N-1

Avoided crossing of two eigenvalues of the (hermitian) Hamiltonian is caused by
a nearby exceptional point of the complex-extended Hamiltonian

The configuration mixing of resonances is characterized by lines £ (E) =i:;‘{£]|

of coalescing eigenvalues (exceptional threads) of the complex-extended CSM
Hamiltonian (complex g).
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Experiment: Avoided crossing of resonances

7 18 OMeV
L | N ML it T WG wen. ) g
) 17.25MeV
o e e -ﬁ
16, V T4keV
D+ gt
» 16,63MeV 108keV
ot 018keV 6,8eV
S ¢ e e
3
P. Von Brentano, Phys. Lett. B246 320(1990) Be

E. Hemandez, A. Mondragon, Phys. Lett. B326,1(1994)
E. Hinterberger et al_, Mucl. Phys. A790 107(1978)
JB.Marnon, Phys. Lett. 14 315(1965)

P Paul, 7 Natwrf 21a 914(1966)

Entanglement of wave functions at the exceptional point

i | _16174MeV = fr® 16Ne
::I—E; '." ﬂ.d ;}I‘u
. i
E | |I|||'L \
= |
L"I (.3 s e i ___!,-""""ll
-
E
p— { - | II.—III'—- — -
z i —  1\7]
- 15 - 't I
E sum - \ :l,-"l
= _ﬂ‘z L i i
= i) 1 2 3
) FIMeVl
1 2 3
EMeVl
J. Okolowicz, et al, PRC 80, 034619 (2009) - defect of the vector space: D =N-1
- appearance of a topological phase:
Exp.: P, — 1D,
C. bembowski et al.. PRL 86 (2001) 787 o, — _iq;.l
{microwave cavity)

H. Catarius et al., PRL 99 (2007) 173003
(hydrogen atom in external field)
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Experimental signatures of the exceptional point

L] L] 16
:'—EP Ne J. Okolowicz, et al, PRC 80, 034619 (2009)
| T T
rE ) P12
T A
&
g 32 |
=) A6, =2m
= oon
6\
w2
Ty
E ol -
g .
b 2 3 4
E[MeV]

EPs (double-poles of the S-matrix) can appear in the low-energy continuum.
Their experimental observation would provide a stringent test of
configuration mixing in nuclear open quantum system.

mixing in the vicinity of the elastic threshold

g<> -8
For E<0:g<g’

Configuration
0
|8 1
He ' -1000 }
&
J"=0"; 2 levels S .
L -2000 }
[ =1 channel : E E<0
_ YN
[7He(3/2 )@vp3,2] & -3000 | \
4000 . . ; .
-1000 -500 0 3 500
RV, [MeV-fm’]
L L e —— 0
~
= o | _
= NG = 2000 f
& S &
> 1000 | - : >
% i = 4000 |
= -2000 =
= < (og] i
3000 } . 6000 F
03 02 -0.1 0 01 02 03 03 02
E [MeV]
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0.15

*He N
J" =072 levels § ]

[ =1 channel :

(1
.
[He(3/2)@vp, .
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- For a system of n states & (e=1...,n) coupled to a common decay channel
one finds an accumulation of (n-1) exceptional threads
- This collective configuration mixing effect depends strongly on the nature of the

decay channel involved
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Higher up in the continuum: the segregation of time scales
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‘Bound states’ in the continuum

Anti-aligned narrow state
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‘Superradiant states’ in the continuum

closed cavity

Aligned broad state

opened cavity

Summary

Coupling of nuclear structure and reaction theory

Tying nuclear structure directly to nuclear reactions within a
coherent framework is an important goal. For light nuclei, ab-initio
methods hold the promise of direct calculation of low-energy
scattering processes. In nuclear structure for heavier nuclei, the
continuum shell model allows for the consistent treatment of open
channels, thus linking the description of bound and unbound
nuclear states and direct reactions. On the reaction side, better
treatment of nuclear structure aspects is equally crucial. The
battleground in this task is the territory of weakly bound nuclei
where the structure and reaction aspects are interwoven.
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Density functional theory for ground states and excited states in nuclei

P. Ring
Physikdepartment, Technische Universitdt Miinchen, D-85748 Garching, Germany and
State Key Laboratory of Nuclear Physics and Technology, School of Physics,
Peking University, Beijing 100871, People’s Republic of China

. Introduction
. General concepts of density functional theory for ground states

(a) Hohenberg-Kohn theorem [1]
(b) Kohn-Sham theory [2]

. Density functional theory in nuclei

(a) Self-bound systems and the intrinsic density [3, 4]
(b) Spin and isospin degrees of freedom

(¢) Covariant density functional theory [5-8]

(d) Density functional theory in superfluid systems [7, 9]

. Density functional theory for excited states [10]

(a) Time dependent density functional theory and the Runge-Gross theorem [11]
(b) Linear response theory [12]
(¢) The adiabatic approximation [13]

. Determination of the energy density functional

(a) Phenomenological concepts [14-17]

(b) Schemes for an ab initio derivation [18, 19]
. Applications for ground state properties

(a) Binding energies and radii [20]
(b) Deformation properties [20]
(c¢) Halo phenomena [21, 22]

(d) Nuclear Driplines [23]

(e) Superheavy nuclei [24]

7. Excited states in the adiabatic approximation

a) Nuclear fission [25]

(a)

(b) Density functional theory in the rotating frame [26-28]

(¢) Nuclear vibrations in the random phase approximation (RPA) [29-31]
)

(d) Continuum Random Phase approximation [32]

8. Energy dependent self-energies [33]

(a) Coupling of particles and phonons [34]
(b) The level densities at the Fermi surface [34]

(c) Configuration mixing and the width of Giant Resonances [35]
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9. Broken symmetries and their restoration [12]

(a) Projection techniques [36]

(b) Projection before and after the variation [37]
10. The Generator Coordinate Method (GCM) and nuclear spectroscopy [12, 38]

(a) Shape coexistence [39-41]
(b) Quantum phase transitions [42]

(¢) Derivation of a collective Hamiltonian [43, 44]
11. Conclusions and outlook
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[What data does astrophysics need ? }

* nuclear masses (bindung energies — Q-values): 100 keV
» equation of state (EOS) of nuclear matter: E(p)

« isospin dependence E(p,, p,)

* nuclear matrix elements (life times of 3-decay ..)

» cross section for neutron or electron capture ....

« fission probabilities

» cross sections for neutrino reactions

07:51 Int. Summer School on Subatomic Physics, Beijing August 27-31, 2011 3/103

[ab-initio: 3 scales}

. QCP: non-linear gauge theory, quarks, gluons > 1GeV
» confinement

* running coupling constant

« at low energies non-perturbative

» effective degrees of freedom: nucleon, pion

 effective Lagrangian in nucleons and pions
» parameters (LEC) so far phenomenological
* non renormalizable

« atlow momenta: chiral perturbation theory: xPT
* — bare nucleon-nucleon interaction: NNNL N3LO

» effective forces within the nucleus

. ~ 100 keV
» density dependent
 configuration mixing, density functional theory
07:51 Int. Summer School on Subatomic Physics, Beijing August 27-31, 2011 4/103
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{The bare nucleon-nucleon interaction:}

distance > 1 fm: attractive repulsive core| | Yukawa tail
[
- P
TT-meson ‘ sk E
<« 1 fm=> > |
g L
100 -
B i
distance < 0.8 fm: repulsive _
150 =
'200'0-' = Iﬂl_sl ! 5 1I I:I‘I
r(fm)
[Three—body forces }
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[What IS special in nuclei?E

size: nuclei are very small objects: Uncertainty relation

. K2 fm? _nm?
AQ}QApz 2 Z Ek’in 2 107 |\/|eV — 10 ? eV
« degrees of freedom: spin and isospin: 4A possibities

« very complicated interaction: strongly repulsive

tensor forces

3-body forces

* many particles: Pauli principle:
effective interaction inside the nucleus is quenched (Brueckner)

» required accuracy (for masses):
100 keV / 1000 MeV = 10+

07:51 Int. Summer School on Subatomic Physics, Beijing August 27-31, 2011 6/103
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[Hohenberg—Kohn theorem (1964):@

The exact energy of a quantum mechanical many body
system is a functional of the local density p(r)

Elp] = (V[ H|W¥)

This functional is universal. It does not depend on the
system, only on the interaction.

One obtains the exact density p(r) by a variation of
the functional with respect to the density

note:
p(r) is a function of 3 variables.

W(ry...ry) is a function of 3N variables.
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{Many-body system in an external field U(r): E ‘ R ‘

We consider a realistic many-body system in an external field U(r)
and a two- (or three-) body interaction V(r,r,). The total energy E,,
of the system depends on U(r): It is a functional of U(r):

Em:(f+V+ﬁ%:Uﬂﬁﬁf/ﬂ@ﬂ%ﬂﬁrzﬁ%ﬂﬂﬂ]
in the same way we obtain the density:  p(r) = p[U(r)]

Inverting this relation we can introduce a Legendre transformation
replacing the independent function U(r) by the density p(r):

p = plU] — U =U|p|
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[Legendre transformations in thermodynamics: ]

Free energy: F(1,V) depends on the volume

dF — —SdT — PdV ~ Pressure: PV) = —3—5
Inversion: V =V(P)
Gibbs energy: G(T,P)= F(T,V(P))+ PV(P)
F(TIV)=G(T,P)
_ G
dG = —=SdT + VdP Volume V(P) = 5P
