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® Island of Inversion
® Transfer reactions (in inverse kinematics)

® T-Rexsetup @ REX-ISOLDE

e d(*°Mg, p)*'Mg experiment

® Summary
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How do the magic numbers change when going away from stability?

N=28

I
45

ClassisShells | | | | |54

HEEE
| st
48]
L

8
47

n-s ] EEHEE] O A
19

16 17|18 | | | | |24
15

. Island of Inversion

. new doubly magic nuclei

adopted from R. Kriicken, Contemp. Phys. 2010




Nuclear shell structure away from stability TI.ITI

Technische Universitat Minchen
How do the magic numbers change when going away from stability?

N=28 N=34

ClassisShells

. Island of Inversion

. new doubly magic nuclei

adopted from R. Kriicken, Contemp. Phys. 2010




Nuclear shell structure away from stability

TUTI

Technische Universitat Minchen

How do the magic numbers change when going away from stability?

monopole part of residual interaction
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How do the magic numbers change when going away from stability?
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How do the magic numbers change when going away from stability?

monopole part of residual interaction
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Frontiers and challenges of nuclear shell model Ca (z=20)
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Status of *'Mg

Many experiments using differents techniques have
been used to explore the Island of Inversion, e.g.:

@ [-decay experiments yielded first information
about y-ray multipolarities and lifetimes
® [-NMR study discovered the 1/2(*) ground state
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The DWBA theory replaces the exact solution of the three-body prob-
lem with a distorted wave multiplied with a corresponding bound
state.The input needed for the DWBA are

® the optical potentials for the ingoing and outgoing distorted waves,
® the core-core interaction between b and A, and
A e the overlap functions ®;,.;, and @y .;, that are described as
single-particle states in a Woods-Saxon potential.

entrance channel

exit channel 8/ 21
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The DWBA theory replaces the exact solution of the three-body prob-
lem with a distorted wave multiplied with a corresponding bound
state.The input needed for the DWBA are

® the optical potentials for the ingoing and outgoing distorted waves,
® the core-core interaction between b and A, and
A e the overlap functions ®;,.;, and @y .;, that are described as
single-particle states in a Woods-Saxon potential.
the transfered Al determines the shape of the angular distribution
of protons
() oe =5 % (38) owea
S overlap of real wave function with pure single-particle wave
function
=> access to single-particle properties of the created isotope
for correct theoretical description the energy needs to be right for
surface reactions
—=-typical energies are around 5-10 MeV /u
low energies allow for background from compound reactions

entrance channel

exit channel 8/ 21
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radioactive ion beam impinges on target
with deuterons (deuterated poly-ethylene)

/ ® excitation energies
E

Proton © Ep = single particle energies
. (P’ﬁProton Y
Deuteron W\N\N\E: comparing with DWBA calculations
P ¢, 0 FRESCO code
S an’ >

A ® Dparticle angular distributions
= orbital momenta [

@® Cross sections
(= transfer cross section scaling
factors .S)
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radioactive ion beam impinges on target
with deuterons (deuterated poly-ethylene)

/ ® excitation energies
E

Proton Proton = single particle energies

. (P’ﬁProton Y
Deuteron W\N\N\E: comparing with DWBA calculations
@ Zae: 0,0, (FRESCO code)

® particle angular distributions
= orbital momenta [

—>

' Vgjectile = 0° .
@® Cross sections

(= transfer cross section scaling

factors .S)
differences in inverse kinematics:
@ lower beam intensities (typical 10~ instead of 10112 particles/s)
® thicker target necessary = higher energy losses in target
e lower E.,,, = no extraction of spectroscopic factors possible
e AE*=1MeV = AFE;,(p) @ 180° ~ 300 keV
e F).(p) @180°can be very low (500 keV)
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beam energy: 2.86 MeV /u = 85.8 MeV

1* beams

Control (60 keV)

Electronics
and DAQ

/”
target+

Y/ MINIBALL

AM I - Second beamline

] 1 — = .
I for experiments
/ |

1 .4%—‘.9\/;:%

from PS-Booster
3x10°p/2us
every 1.2 (2.4 8)

ISOLDE

/ 0 5 10 m
/~

® fragmentation/fission/spallation of UCx-target by 1.4 GeV protons
@ ionisation by Resonance lonization Laser lon Source (RILIS)
® mass-separation in General Purpose Separator (GPS)




1 TUTI

Technische Universitat Minchen

Separator

Hplatform MINIBALLand
20-60k othertarget

S]] Mp]3 Hplatform Re- stations
60k buncher -gapresonators

PENNING AAN N . | a | S -gap _l
TRAP resonator

WITCH 5keu 300keu 11-12Meu 22Meu 30Meu
experlment
< 25m >

collecting, cooling and bunching of 60 keV 17 ions in REX-TRAP
charge breeding in EBISto A/q < 4.5

A/q separation

acceleration to < 3 MeV /u

upgrade to HIE-ISOLDE: up to 5.5 MeV /u (2013) and 10 MeV /u later




Stacks 12 um protection foil

forward barrel

Target

CDs

CD Pads
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barrel silicon detector stacks:

e AE: 140 um position sensitive re-
sistive strip detectors

® E: 1 mm pad detectors

® VU, 28-78, 102—152°
AY ~ 2-6°

CYANY 56 %



Stacks 12 um protection foil

forward barrel

Target

CDs
CD Pads
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barrel silicon detector stacks:

AE: 140 pm position sensitive re-
sistive strip detectors

E: 1 mm pad detectors

Dlap: 28—78, 102—152°

AY ~ 2-6°

AQ: 56 %

CD silicon detector stacks:

forward AE - E: 500/1500 pm
backward AE - E: 140/500 pm
Hab: 828, 152—172°
AY ~ 2°
AQ: 10 %
= AQtot = 66 %
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barrel silicon detector stacks:

e AE: 140 um position sensitive re-
sistive strip detectors

® E:1mm pad detectors

® VU, 28-78, 102—152°
AV ~ 2-6°

o AQ:56%

CD silicon detector stacks:

e forward AE - E: 500/1500 um
® Dbackward AE - E: 140/500 um
® U, 8-28, 152—-172°

Av ~ 2°
e AN:10%

= AQtot — 66 %

Miniball ~y-spectrometer:
® 24 6-fold segmented HPGe crystals in 8 triple cluster
epn(1332keV) = 5.0(3) % (with addback)
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Experiment in 2008:

® Fyeam = 2.85 I\/IeV/u
e 1mg/cm? deut. PE
® 25 hours of data
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d (**Mg, d)*°Mg
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Technische Universitat Minchen
Experiment in 2008:
® Ebeam — 2.85 I\/IeV/u

e 1mg/cm® deut. PE
® 25 hours of data
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1000 5 :
Boowald Experiment in 2008:
Lohr
® Fyeam = 2.85 I\/IeV/u
z 100 e 1mg/cm? deut. PE
g ® 25 hours of data
O
5 10|
1

0 20 40 60 80 100 120 140 160 380
I

cm

global parameters:

fitted to stable isotopes

scaled for isospin and energy

stable =-isospin and mass are strongly coupled
deuteron energies at and above 10 MeV
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1000 5 .
Boowald Experiment in 2008:
Lohr
® Fyeam = 2.85 I\/IeV/u
z 100 e 1mg/cm? deut. PE
g ® 25 hours of data
S 10 ® luminosity is 443(86)/mb
©
= 6.5(12) x 10* *®Mg/s
1 1 1 1 1 1 1 1 1
0O 20 40 60 80 100 120 140 160 180
‘9cmo
1000 fitted —
fitted global parameters:
~ 100 ¢ fitted only radii of real and imaginary woods-
g saxon and the diffuseness of the real woods-
% saxon
5 10§
’

0O 20 40 60 80 100 120 140 160 380
Yom 15/ 21




v-Spectrum from d (**Mg, p) *'Mg TI.ITI

Technische Universitat Minchen

140 o
120 + 3/20) s 221.0(4) 133(8) ps o
100
> 0
0 2
:\Z 80 (3/2)*]——50.5(7) 16() ns 1
% 1/2+31—‘ 0.0 230(20) ms
3 60 |
40
20
O . . . . w L. . e
20 100 150 2400 250 300 350

EykeV

Cut on coincident protons, Doppler corrected with ¥(°*'Mg) = 0°
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140 »
120 | 3/20) s 221.0(4) 133@) ps o
100
> L0
< g0 :
D [ 3/2) —50.5(7) 163) ns -
-':E; 1/2+;!_— 0.0 230(20) ms
S 60 |
40
20
O : : L. ' . e,
20 100 150 200 250 300 350
EykeV

Cut on coincident protons, Doppler corrected with ¥(°*'Mg) = 0°




Angular Distributions of Mg TI.ITI
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Angular Distributions of Mg TI.ITI
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Angular Distributions of Mg TI.ITI
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e 221keV state: Al = 1 with SAn;—7 = 0.04-0.08 SEY
e Al =0,2,3 donotreproduce shape of angular distribution 312 221.0(4) 133(8) ps
—>for the first time measurement of the negative parity of the 221 keV
state
LO
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31Mg




Angular Distributions of *'Mg TI.ITI
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e 221keV state: Al = 1 with Spn;—7 = 0.04-0.08 SN
e Al =0,2,3donotreproduce shape of angular distribution 312 —— 221.0(4) 133@) ps
—>for the first time measurement of the negative parity of the 221 keV
state
e all protons from transfer reactions with Al = 1 contribution fixed: 5
Lo
SAl:O/SAlzl — 4-1(9) (3/2j]——50.5(7) 16(3) ns
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31Mg
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31Mg in the Nilsson Model TI.ITI
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|. Hamamoto, PRC 2007
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6 Neutron one-particle levels in Woods-Saxon potential [ two neutrons in the K [anA] _ 1/2 [330]
E Vs = - 40.0 MeV R =3.990 fm (A = 31) a=0f7 fm E |eve| (2p _ 2h)
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6 Neutron one-particle levels in Woods-Saxon potential [ two neutrons in the K [anA] _ 1/2 [330]
] Vs = - 40.0 MeV R=38.990fm(A=31) a=0.67 fm C Ievel (2p _ 2h)
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|. Hamamoto, PRC 2007
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6 Neutron one-particle levels in Woods-Saxon potential [ two neutrons in the K [anA] _ 1/2 [330]
] Vs = - 40.0 MeV R=38.990fm(A=31) a=0.67 fm C Ievel (2p _ 2h)
4 _: _,,-"['3'03’7/2] :_
= e " @ ground state: 1/21 = only 251 /27
P - @ 50 keV state: 3/27 directly from 1d3/2%
[0} .
= | n —> large transfer cross section
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|. Hamamoto, PRC 2007
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6 Neutron one-particle levels in Woods-Saxon potential [
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two neutrons in the K™ [Nn,A] = 1/27[330]
level (2p — 2h)

ground state: 1/27 = only 251/2F

50 keV state: 3/27 directly from 1d3 /27
—> large transfer cross section

221 keV state:

B = 0.5: no contribution from 2p3 /2~

B ~ —0.3: some contribution from 2p3 /2~
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- two neutrons in the K™ [Nn,A] = 1/27[330]

:1/27 = only 2s1 /27
® 50 keV state: 3/27 directly from 1d3/2F
=> large transfer cross section

B = 0.5: no contribution from 2p3 /2~

B ~ —0.3: some contribution from 2p3 /2~
® ground state of *°Mg has contributions from

oblate as well as prolate deformations
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two neutrons in the K™ [Nn,A] = 1/27[330]
level (2p — 2h)

@ ground state: 1/27 = only 2s1/2%
® 50 keV state: 3/2T directly from 1d3/2"
—> large transfer cross section
® 221 keV state:
B = 0.5: no contribution from 2p3 /2~
B ~ —0.3: some contribution from 2p3 /2~
e ground state of *°*Mg has contributions from
oblate as well as prolate deformations

two different effects can explain the lower observed cross section for the second excited state

e smaller contribution from 2p3/2 to 3/27[321] Nilsson orbital
e smaller contribution to oblate configurations in ground state of 3°Mg
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® transfer reactions are an excellent tool to study single particle properties,
iInverse kinematics pose some challenges

e d(°*°Mg, p) *'Mg was the first one neutron transfer experiment with -REX at REX-
ISOLDE

e identified the second excited state in Mg at 221 keV for the first time as [ = 1

® ratio between transfer cross section scaling factors implicates oblate deformation
for the second excited state while the ground and first excited state are prolate
deformed

170.5
221.0

blat 3/2° —— 221.0(4) 133(8) ps
oblate
Sgs/S221 ke  — 41(9)
Ssokev/S221kev - = 5.0(18) :
3
prolate (3/2) 1——50.5(7) 16(3) ns
prolate 1/2 e 0.0(4)  230(20) ms
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start of a program for transfer reactions at REX-ISOLDE:

e d(*°Mg,>Mg)p: single particle properties in the Island of Inversion, 2007/08

e t(?"Mg,>2Mg)p: shape coexistence in 3?Mg, 2008 K. Wimmer et al. (TU Manchen)
e !'Be: (d,t), (d,d) and (d,p), 2009/10, J. Johanson et al. (Aarhus Universitet, Denmark)
e d(°Ni,%"Ni)p: N = 40 subshell closure, 2009, J. Diriken et al. (KU Leuven, Belgium)
® d("®Zn,"”Zn)p: N = 50 shell gap near "®Ni, 2010, R. Orlandi et al. (University of Madrid)
. t(44Ar,46Ar)p: deformation and shape coexistence, 2010, K. Nowak et al. (TU Minchen)
e t(°°Ni,%®Ni)p: study the N = 40 nucleus %&Ni, 2011, T.Roger et al. (KU Leuven)
e t("?2n,”Zn)p: transfer and Coulomb excitation, 2011, D. Mucher et al. (TU Miinchen)
e d(*®Na,?”Na)p: neutron-rich Na, 201x, Th. Kroll et al. (TU Darmstadt, Germany)
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CERN approved upgrade to HIE-ISOLDE:

® higher beam energies will be available = transfer reactions with higher masses possible
@ a future 0°spectrometer (EMMA type) would allow direct measurement of the nuclei of interest
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start of a program for transfer reactions at REX-ISOLDE:

e d(*°Mg,>Mg)p: single particle properties in the Island of Inversion, 2007/08

e t(?"Mg,>2Mg)p: shape coexistence in 3?Mg, 2008 K. Wimmer et al. (TU Manchen)
e !'Be: (d,t), (d,d) and (d,p), 2009/10, J. Johanson et al. (Aarhus Universitet, Denmark)
e d(°Ni,%"Ni)p: N = 40 subshell closure, 2009, J. Diriken et al. (KU Leuven, Belgium)
® d("®Zn,"”Zn)p: N = 50 shell gap near "®Ni, 2010, R. Orlandi et al. (University of Madrid)
. t(44Ar,46Ar)p: deformation and shape coexistence, 2010, K. Nowak et al. (TU Minchen)
e t(°°Ni,%®Ni)p: study the N = 40 nucleus %&Ni, 2011, T.Roger et al. (KU Leuven)
e t("?2n,”Zn)p: transfer and Coulomb excitation, 2011, D. Mucher et al. (TU Miinchen)
e d(*®Na,?”Na)p: neutron-rich Na, 201x, Th. Kroll et al. (TU Darmstadt, Germany)

CERN approved upgrade to HIE-ISOLDE:

® higher beam energies will be available = transfer reactions with higher masses possible
@ a future 0°spectrometer (EMMA type) would allow direct measurement of the nuclei of interest

d(*°Mg,3'Mg)p data:

® check effect of particle-y correlation
® use ADWA instead of DWBA
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