Shell structure far off stability studied via
high-energy reactions
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Evolution of the nuclear shell structure (6<Z<13) and recent experimental
studies of direct reactions in inverse kinematics at in-flight RIB facilities

® one-neutron removal reactions (nuclear and e.m.)

Effects of weak binding

¢ jnteraction cross sections

e charge-changing cross sections
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Magic numbers and shell gaps

To what extent the shell model is still valid in nuclei with large proton-neutron

asymmetry ?
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unusual combination of large isospin and weak binding energy
— large diffuseness of nuclear surface (/zlo), skin =T, —?;o

In addition, coupling to the continuum is important for pairing, deformations and

threshold strength functions.
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Drip-line studies in O isotopes

Non existence of bound doubly magic nucleus 280, as well as 260

H. Sakurai et a/. PLB 448 (1990) 180
D. Guillemaud-Mueller et al. PRC 41 (1990) 937
A. Schiller et a/. PRC 72 (2005) 037601

Deduced effective matter density in O nuclei
A. Ozawa et al. NPA 691 (2001) 599

Non existence of bound excited states in 23.240
M. Stanoiu et al. PRC 69 (2004) 034312

Measurement of /=2 resonance in 2°0
C.R. Hoffman et a/. PRL 100 (2008) 152502

gap s1/2-d3/2: 4.86(13) MeV

Presence of a spherical shell closure —— measuring the neutron occupancy
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1n removal reactions

At high energy P A-1
@— O—
----------- O

AX +T — AIX + (y)

structure & reaction mechanism can be much easily disentangle

calculations: Glauber model | > = core ® neutron,

(eikonal approx.) _ _ _
distorsion due to core survival

do _

1 j 2
dry|—— ;,2)e??*| [dbD(b,r,
) J tm.[(”O(tZ)e JdbD(b, 1)

Sensitivity of the p// distribution to single particle states:
Shape of do/dp,, of the residual nucleus — of the removed nucleon

Cross section 6.4, —»
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do/dPj (mb/MeV/c)

N =16 magic number and shell gap

230 states

240: 1n removal reaction @920 MeV/u Spin  SDPF-M_ SDPF-M__ USDB __ USDB| Exp
Energy(MeV) C?S  Energy(MeV) C*S S

/27 0.0 1.769 0.0 1.810 |1.74(19)
. N . 5/27  2.586 5.593 2.593  5.665
In the c.m. frame: B = 4 (P{*" — o E™) 3/2° 4736 0.065 4001 0.090
07
G-1n = 6317 mb ' '
05 N e SR .. N agreement with shell model
y/ calculations
0.5
_ d 32
""""" Sn 3.62
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N =16
0.3
—00— S,
0.2 240
S S e e s e
0 b ¥ coq PO presence o a new shell closure
150 100  -50 0 5 100 150 at N=16 in 240

Pl (MeV/c)

R. Kanungo et al., PRL 102 (2009) 152501
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40 resonance above S,
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Comparison between O and C systematics

0. Sorlin, M.-G. Porquet / Progress in Particle and Nuclear Physics 61 (2008) 602-673

E(2%) (MeV)

Effective Single Particle Energy (MeV)
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\\./'/2.40
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EQ2*) = 4.7 MeV

C.R. Hoffman et al. PLB 672 (2009) 17

B(E2) = 7.5 e2fm*, increases at N=14

M. Petri et al. PRL 107 (2011) 102501

ds, starts to be filled
in 16C

» N=16 gap
predicted in

Neutron Number
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The drip-line nucleus 22C
TOMBEE setup at RiPS (RIKEN)

Or = O1T Cine E~40MeViu v = ”iﬂ .
if the nucleus has no excited bound states i @@'HHHI‘HHH 1 10 22C/h
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A e s-wave dominance with core
K. Tanaka et al., PRL 104 (2010) 062701 perturbation
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O systematics

1400

® new GSI data (Kanungo et al. 2011)
O previous GSI| data (Ozawa et al. 2001)

Anomaly: 12% difference : m
between ¢,(220) and c(%30), E ~900 MeV/u a0 | i %
not consistent with 220 inert core+n i {
~— 1200 L
g ]
21100 [ O ¢
Isotope  oy(Ac)  Aeo(Stat.) Aec(Syst.) | RmiFermi RmHO) m &
(mb) (mb) (mb) (fm) (fm) 1000 F g %
20 1123(24) 18.5 153 | 2.75(0.15) 2.75(0.07) =
=06 1216(41)  33.1 247  |2.95(0.23) 2.97(0.11) T
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L () (b)
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= i ilE X Skyrme-HF (Y.Suzuki et al.)
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e 26 [ B T e - /’if A (G. Hagen et al.)
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N=20 gap evolution

" (a) neutron SPE of N=20
i isotones
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Z=8 — Z=20, adding sd protons
— wide N=20 gap

T. Otsuka et al., PRL 104 (2010) 012501

Direct measurements of the

The n-rich Al isotopes are easier to
access experimentally and are located
in a (fransition region between the

spherical shell of Si nuclei and the
deformed Mg isotopes.

B rfruder dominates
Mixed

Mormal dorminates

B Unknown

W Unknown but predicted
inside the island
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s e P. Himpe, et al.,
PLB 658 (2008) 203



Two-neutron separation energy S,,

=3 (e) 1 -4
_gl

n

O-ll_f.“-l-i 16 18 20 22 24 26 28 30 32
N N

10 1-2 1.4 llﬁ 1.3 2:0 2.2 2‘4 2‘6 28 }IJ 32
E. Caurier, et al., PRC 58 (1998) 2033

Al: Exp S,, do not show anomalies and are perfectly reproduced by
shell model calculations involving the full sd proton shell (Z=8) and
the pfneutron shell (N=20) as valence space
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Al isotopic chain (A=32-36)

= [B-decay and g-factor measurements available up to A=34

magnetic moments measurements of 33:34Al performed at show
large discrepancies with shell model predictions

— non-negligible presence of intruder configurations (P. Himpe, et al.

PLB643 (2006) 257,

~ 0/, in 33 0/, in 34
25% in 33Aland 60% in >*Al, at least PLB658 (2008) 203 )

— polarization effects due in even-mass Al (N=21-23)

to the unpaired 1ds, proton pf shell
N =20
1ds 66600x 54 shell

P n

"EURORIB 12" - C. Nociforo



3Al — n + 32Al at 922 MeV/u

G.4,= 64£3 mb, Tryy= 1363 MeV/c A, s (5/2%): shell model calc. (USDB)

o
o

C?S = 1.40 (/=0) «— 15-409%6 higher
C2S = 3.61 (/=2)

S
(2

da/dp (mb/MeV c)
=
=

0.3
02 f— p
01 ' / with negative
' b4 L SN parity
- B Adding /=1, 3 core state
So0 ~ 200 -100 200 300 (p- and f-waves) (E(4)=1.2 MeV)

does not change the results of the fit
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Mixing in 33-3Al g.s.
0 in=>_ S 0" (¢u; & Al(I]))
i

Evolution of single particle neutron occupancy

4 r —4—5
uspB & “mp
3 | —A—d
-0 f

w 2 r

C. Nociforo et al., PRC 85 (2012) 044312
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Lowering of 2p;, in Mg

From the momentum analysis J*=3/2* cannot be excluded
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The shape of the p// distribution is much narrower than predictions, suggesting
a larger occupancy of neutrons in the 2p;, orbital

R. Kanungo et al., PLB 685 (2010) 253
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U—in(El} {b}

The halo candidate 31Ne

3'Ne +Pb — 30Ne + n @230 MeV/u ~5 3'Ne/s

(MS)BigRIiPS at RIKEN

&5.00 [ ”.:'a_~ | l'l.'-'ES=l . for Euﬁe-ll:[}n&qé“;- .
"'=-‘_ﬂ_%?m C25=2j+1 for PNe(2})ed,,;
1.00 ’zgéﬁ;:::-_fpa;hhL"""----._ ] X P
050 scmessssaad 0 P = 940(70)mb 5 (e
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S, (MeV) 1200 —
From Coulomb breakup and reaction cross section E ~240 Me\V/
: : . - . ~ eVv/u
— low /configuration with weak binding energy
(S, = 0.29+£1.64 Mel) ® Present Data
in agreement with halo formation 1000 © Dara for Stale Nucle

Shell model predicts J* (3!Ne, ¢ )= 3/2

19F, 20Ng, #3Na, 24Mg,?7 Al

| ! | | | ! | ! | ! |

20 22 24 26 2B 30 32
Mass Mumber

T. Nakamura et al., PRL 103 (2009) 262501

M. Takechi et al., PLB 707 (2012) 357
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Direct breakup model

After projection on core states 17, identified by means of y-ray coincidences :
E1 matrix element

2

Whij j (l')>

I Ng, (E*) calcultated in
dO' 16 o)
-(17)= E C-S(I7
o (1) == Nl )% (I;

semiclassical approx.
<q| ry!

spectroscopic factor

The differential cross section for e. m. excitations provides information on the quantum
numbers and spectroscopic factors of ground state configuration

* interaction is well known - core excited states to be identified
* high energy approximation » only for weakly bound breakup systems
» sensitivity to low / values

"EURORIB "12" - C. Nociforo



Mg systematics 2Mg:  T-F, ~0.13 fm

Isotope of oft Rm_(ex) |HF[6]" RMEF[20]
FeW'bOdy Glauber mOdeI (mb) (mb) (fm) (fm) (fm)
. o _ Mg 1331(24)  52347) | 3.17+0.11 | 3.20 321
(optical limit + high order terms) Mg 1320(23) 552(45) | 3.19+£0.03 | 3.23 3.26
Mg 1372(46) 568(90) | 3.23+0.13 | 3.26 3.33
Mg 1472(70) 657(160)| 3.40+0.24 | 3.30 3.38
E ~900 MeV/u
1600 :
- _800-  Mg+H i
5| 32Mg : R, = 3.1863(161) fm
1500 [ = ! | |
P! | - y
= F * | sasp 2 ’
D 1400 [ ] { I:E] ) island of inversion — / )
E B r - - H ] r D,’
—r L : Lo ! E A1/3 E ] -
l:::)l- 1300 " N 6 o LJ ii - >4 ; s experiment ;f,’
g L v o B “g o FMD g
= . i 310~ .7
B 1200 L BT B ! L
L i [ T~e_ ~ "
PR L T st -, Ry
1100 | W - :« Lo
B g . ¥ e @
- 302
1000 ' ' ' ' ' ' ' W m a 2?5 S TR TR
19 21 23 25 27 29 31 33 35 ds 2 - .
Mass Number
® new GSI data (Kanungo et al. 2011) * odd-even staggering
O previous GSI data (Suzuki et al. 1998) e correlation with the n configuration

D.T. Yordanov et al., PRL 108 (2012) 042504
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GSI o data

o, increases with Z but not with N

] —— A055

> =
s 8

Charge changing cross section [mb]
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L.V. Chulkov et al., NPA 674 (2000) 330
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Accurate measurements of . can
provide information on

e neutron skin in light exotic nuclei

G, —> matter radii

CGcc —  charge radii

Measurements for some stable nuclei are not consistent with Berkeley data

W.R.Webber et al.,PRC 41(1990) 520
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‘ Experimental technique

TA Nomez
i 1 Niﬂ Tow
G —=nlt ™ /Tom
F1 cc t NM
- Bp-AE-TOF N, ).
Primary Beams: F2
22Ne, “OAr (24 shifts) F3 F4 AE
Carbon
Primary Target: TPC  Target TPC Fragments:
Plastic = £ PILI : o 5 isotopic chains
E ~900 MeV/uy Scntilator Tpc  MUSC ’ ;;t:ﬁator ‘ USIC  MUSIC

1\‘\ J-"“'H ‘l.\\ EA" f)
(ZHX ‘ : C TARGET RUN

[ 1D_dE_dE2 19:48:01 2011-06-08 =

g S
@ Heoo-
Complementary to: e g
S EMPTY TARGET RUN “000- W
. . . ID_dE_dE2 19:44:16 2011-03-W| SUDE— __.'._,_
* isotope-shift experiments g A
» electron scattering Y Be | W L@ W -
Experiment performed in 2011’ data 20;:_'. o 4|Ima_||:n Qtlm'.'.:'._niaén'1'2'06.'1'4::.6'1'5|ni:'1'slnh'éonn
analysis is in progress == >
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Summary

Recent experimental studies performed by using stanaard tools (c.y,, Py,
Cem + O1 1 Og) 10 understand the structure of weakly bound neutron-rich light
nuclei:

e N = 16 spherical shell closure
- 240 studies at GSI and MSU, new doubly magic nucleus
- 22C studies at RIKEN, s-wave dominance
O systematics —— o value consistent with |20, > =| 20(0*) ® s;, >

e N =20 gap quenching
- 333%A\, 33Mg studies at GANIL and GSI, lowering of Zps),
Mg systematics —» mattter and charge radii, moderate skin in 32Mg

- 31Ne studies at RIKEN, s- or p-wave dominance
Ne systematics —» 2°3INe halo candidates

Opportunities for research with reactions of drip-line nuclei are foreseen at

resent and future RIBs facilities.
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