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Nuclear reactions — 1/3

Nuclear reactions

e A nucleus X collides with a probe a (particle, y-ray).
In the collision they exchange energy, momentum
and possibly mass
As a result we obtain a product nucleus Y and
some outgoing radiation b (particle, y-ray)

a+X->b+Y

e Alternative notation:

X(a,b)Y

Puts the accent on the process (a, b)

® Two aspects:
- study the reaction mechanism
- use reactions to investigate the structure of nuclei (- use simple probes)
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Nuclear reactions — 2/3

Types of reactions (list not exhaustive)

e Elastic scattering: X(a,a)X 12C(p,p)12C  208pp(n,n)2%8Pb
Always present!

e Inelastic scattering: X(a,a’)X* 12C(p,p’)12C* 49Ca(a,a’)*°Ca*

e Rearrangement reactions: (ex)change of mass
e Transfer reactions:
- stripping X((a + ¢), a)(X + ¢) 12C(d,p)13C
- pick-up (X + c)(a, (a + c))X 12C(p,d)1C
e Knock-out reactions: X(a,ac)Y 12C(p,2p)tB

e Photo-disintegration: X(y,a)Y 160(y,a)!2C
e Capture reactions: X(a,y)Y 14N (v, y)18F

e Combination of particles: partition
e Partition with specified excited states: channel

e Different exit channels may be present (open) at the same time
depending on conservation principles
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Nuclear reactions — 3/3

Characteristics of direct reactions

e Direct reactions: inelastic scattering, transfer, breakup
- Fast, only few nucleons involved
- Likely to occur at small exit angles (peripheral)
-Time scale T < 107%% s |

- Modelled as one-step processes — | =
@ @ . DIRECT
STRIPPING

e Tend to probe the “valence” nucleons
@\J KNGCK- |
KNOCK-0UT

(depends on the energy)

e \ery selective —
Provide information about the similarity @
between initial and final states

TIME {
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Why transfer reactions — 1/10

Information provided by reactions

e (all reactions)
The Q-value (difference in kinetic energies)
identifies the excitation energy of the populated state

e (direct reactions)
The initial and final spins are connected through
the transferred angular momentum, which can be measured

e (transfer reactions)
The cross section is a measure of the weight
of a given configuration within the populated state

Transfer reactions are an excellent spectroscopic probe:
they measure how much the wave function of a particular state
may be described by a single-particle motion within the nucleus
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Why transfer reactions — 2/10

Conservation of energy

[ Ek,i + 1\4L'C2 = Ek,f + Msz
where the masses include the excitation energy

e In the centre-of-mass system:

’ 2 _ 2\ = g’ IS Threshold
Ek,i + ngC Mfc )’ _ Ek,f >0 - Ek;l > =0 for the (i, f) channel
|

Q-value for the (i, ) channel

e (Q is usually calculated through the mass excess 4 = (M — A)c?

Example: 4°Ca(d,p)*'Ca:
A(*0Ca) = —34846 keV

e In the laboratory system: A(*Ca) =-35138 keV
—E. . — E. A(d) = 13136 keV
¢ fof ol Alp) = 7289 keV
—> we can measure Q and thus 5 Q=6139 keV = 6.139 MeV

identify the channel
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Why transfer reactions — 3/10
Conservation of angular momentum (and parity)

® Jot+Jatt, :]b+]B+€ﬁ
The transferred angular momentumin a+A - b + B
is defined as 1 = {’_0; — {’_[,:

e Transfer reactions: (b+x)+A—>b+(A+x) withb+x=a, A+x=B

1=0Us—Ja)+Up—Ja)
=i i 6 >
91]2 lelf lbx Ja —x ‘ » ‘

Jox = Lo + 1 Js = Ja+iax
- Lis constrained by the binding angular momenta Jax = lax +ix
— only few [ participate for a given channel
For one-nucleon transfers, these binding angular momenta
are directly given by the shell-model orbitals (s,p,d,g...)

e Also, for a given channel parity must be conserved:
Tamtamymg = (—1)! = (—1)hw+lax
— either only odd [ (change of parity) or only even [ participate
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Why transfer reactions — 4/10
How to measure the transferred angular momentum

Semi-classical argument
e Reaction takes place on the surface of the target nucleus

e Transferred angular momentum: 1 = qXR
where q = kq — Kpg is the transferred momentum

e For a given populated state q is fixed in magnitude
For a given observation angle kg is fixed in direction
- 1/q is fixed (angle B between g and R is fixed)

—> events originate on two rings with radius [ /q

e Conditions on the observation angle 6
Forq < kg = Kg:
- g~ k6 (withk = (ky +kg)/2 ork = [kokg )
- /g < R (reaction on the surface)
we find

Relation between the transferred

6 > 1/kR .
angular momentum and the scattering angle

e Also: constructive interference for 2R = nd - 0 =~ ni/kR
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Why transfer reactions — 5/10
How to measure the transferred angular momentum

® First maximum for @ = [/kR
Fess(d,p)Fe57
. — " £, =15 Mev
e Maxima separated by A8 ~ mw/kR ] > N\ Ccoren FuLmER Ad
= \‘\ MCcCARTHY)
R TN
I\ 4 £=3,0=3.2 Mev —|
B e A N
RSN ‘
3| t N |
2 \ - ]
% \ \ \t}z{ 2, @=0.05 Mev
® 1
a \ —
NN
£=1,0=416 Mev —
Gy RS

‘ + ] r £=0,0=2.5Mev
|
30 0

|
40 50 60 7
G m_ (deg)

80

BL Cohen et al, Phys Rev 126 (1962) 698
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Why transfer reactions — 6/10

Cross sections

e Solution of the scattering problem oerecroe
. A
plane wave + modulated spherical wave L

P(r) —> kT 4 £(0, )

1 /
e ikr

r E 7 \
~—_ scattering amplitude 7 p \\‘,
e Cross section dO'/dQ X |f(9, (p) |2 Acc“ég"é’.%‘m G:.] - y R E_;?N

NUCLEUS
|

e Schrodinger equation:

(V2 + k2)(r) = Um)yp(r)

has the (formal) solution

r—00 'k .k[ /
Y(r) — e — pp— [e ™ T U)W (")dr'
(various ways to solve)

elkT’

e For atransfer, U(r) connects the initial and final states:

U~ j bodsV dpdpdr
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Why transfer reactions — 7/10

Spectroscopic factors

U= [ ¢pipiV,ppdt integral on the internal states

e The important part is the overlap between ¢, and ¢
which is expressed by the spectroscopic factor (various definitions)

e For the transfer of a cluster x one assumes: ¢p = (PaPx)i,. 4.
and calculates the cross section accordingly

e “Experimental” spectroscopic factors can then be obtained
as ratio of the measured cross section to the calculated one:

(da) _ ¢ (da)
dQ exp — 2(laxjax)jg dQ/ qa

The spectroscopic factor is a measure of how much the populated state
contains the “pure” cluster (single-particle) configuration
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Why transfer reactions — 8/10

Spectroscopic factors

® Spectroscopic factors are obtained
from cross sections (integral of the peaks)

e Angular distributions are fitted to
extract [ and normalised to the calculated
ones to obtain S

172+ (0

7/2% (4)
1172~ (5)

3/2% (2
7/2* 4)

172* (0

5/2* (2)
" (o)

I | | J

25% 50% 75% 100%
Fraction of shell-model wave function
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9zr 0
E (MeV)
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HP Block et al, Nucl Phys A 273 (1976) 142
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Why transfer reactions — 9/10

Spectroscopic factors - caution

1. Absolute spectroscopic factors depend upon
- the approximation used for the calculation (DWBA, ADWA, CRC...)
- the potentials (interaction and binding)

— usually, relative spectroscopic factors are used to derive structure information

2. For pure “single-particle” states the spectroscopic factors satisfy sum rules
However, a given configuration could be present
in several excited states (fragmentation)
and it is usually difficult to measure all the strength

KU LEUVEN
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Why transfer reactions — 10/10

Strength fragmentation

] - 1892 (10) — (50) 50

e |f the strength is fragmented: o g — W

i i : - sz (6) — (38)

the single-particle energy is taken to be —'2P3/2rﬁ; (1) — (32)
the centroid (mean energy, weighted - ® — @8 28
by the spectroscopic factor) — 14,0008 — () 5

- 25172 (2) — (16)

lds/2 (6) — (14)

e Need to detect as much strength as possible!

E _ S E Distribution of 1=1 Strength in **Ca(d,p)*'Ca

Sp- L=t W71 1 T T T
25K l l _
Distribution of I=1 Strength in Ca(d.p)*1Ca ~1960 : DC Kocher and W Haeberli -
30— - i Nucl Phys A 196 (1972) 225 -
: : 20F =3/ ucl Phys A 196 (1972) 225 -
. S Rusk and CM Class ] - ]
Tt Nucl Phys 61 (1965) 209 - b C J=1/2" ]
[ ] T LSH -
200 J=3/2 -_ & - i
B T Vo - .
3 LSE ] = .
Lof . : i
C 0.5 _
0.5 . I .
E I N E 0.0 C | L ! L L ]

093 2 25 3 3 4 : 7

Excitation Energy (MeV) Excitation Energy (MeV)

Example: p;/,-p,,, spin-orbit splitting in 4'Ca
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Reactions and RIBs — 1/6

New physics far from stability

4 )
e Halos, cluster structures 0 e et i
[J unknown nuclei (predicted)
e Shape transitions and coexistence N,
(macroscopic picture) X N
e Changes in the shell structure 3 z e
\ y, )8 78N
20 : ‘,/ ’
50
%’zo 8 N
28
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Reactions and RIBs — 1/6

New physics far from stability

( )

e Halos, cluster structures e e e

[J unknown nuclei (predicted)

e Shape transitions and coexistence
(macroscopic picture)

e Changes in the shell structure

. )
Why these changes?
An excess of neutrons or protons enhances
particular aspects of the N-N interaction o { —T—
e Matter distribution (shape potential well) " : o
e Spin-orbit force 4ho {'Z _—2_
® Three-body forces 3ho {gF e )
e Tensor interaction o e zo
° ho op i )
. ) Oho 05 ———----—- 0s172
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Reactions and RIBs — 2/6

General setup

Keys:
e Efficiency
gamma-ray array e Position resolution
‘ e Energy resolution
. \ . spectrometer

/

target

charged-particle array

E, angle, particle ID focal-plane detector

E, angle, part ID
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Reactions and RIBs — 3/6
Inverse kinematics

f N
light ejectile: charged-particle array
beam R
beam-like: magnetic spectrometer
\, J
/ vy
V3 QKE momMmy m, / \\
vem  fmum y ms T2 S v NS
CM 1Mms 3 - CM ! ‘
pick-up (p,d) — , :
! "‘U QOCM II
inverse e S
kinematics o AN
2 \
M2 > M3 q 7\ _Vem
Strlpplng ( Ip) "‘ HCM !
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Reactions and RIBs — 4/6
Exotic nuclei: inverse kinematics source: Wilton Catford

16 ¢ ¢ 2
C incident on "H at 35 MeV/u
Light particles
. . — elaslic deuterons
Kinematics depends: =it | ]
= Gty
H it ::i‘:::g:aw
® mainly on the masses - et |
D b e s Bl A\ o P (p.d) 4 MeV
. . — (pl) g5
of the light particles < ]
> 0
o cm.
[
& .~ 20 deg
@ 3 10 deg
e not so much on _ ‘
beam mass or velocity ; D
O 1 1 k V] L 1
o _ _ 0 30 60 90 120 150 180
(p,d) and (d,t) and (d,p) on "'Ni in inverse kinematics lab angle (degrees)
%0 Epeam = 1680 MeV (30 MeV/A) (p,d) and (d,t) and (d,p) on "Kr in inverse kinematics
EI 1 T I\ \ T T
i i) E =900 MeV (12.16 MeV/A
| W e 30 oottt i
X =2
25 | i : \‘ \‘ —_ Egg) elsastics i \\ = ;s.g);ggss
wes - ) Vo T @ vy 25 \ —— @Yt0SMev ]
? ;. \‘ \‘ ......... (p'?) gs. \ —— (g.p) :o gsM "
20 _ \\ T @Hegs. . % Edg«; s
; \\ W, 20 \ (d,3He) to 5 MeV -
[} \ A —
2 %, W\ 3
SR L G B N DU N ] 2 /
® \ ‘\‘ = 15 F 40 deg cm
) \ Ny 2
E; . (o]
10 \\::\’/\- 10
5 /’_,,-” B ] 5 20 deg cm
10degem e 10 deg'cm 10 deg cm
O L 1 (! 1 1 4 " 1 N
0 30 60 90 120 150 180 . 0 30 60 90 120
lab angle (degrees) lab angle (degrees)
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Reactions and RIBs — 4/6

Exotic nuclei: inverse kinematics source: Wilton Catford

"®C incident on °H at 35 MeV/u

e Most particles at 90 deg E,... = 560 MoV
but maximum of cross sections 1 2510 N
at forward and backward angles

i\ — - (dp)gs

3 \ ....... (dp) 4 MeV

\ - = (d})gs.

3 - (A1) 4 MeV

v\ - = (d,'He)gs.

% - = (d’He) 4 MeV
------- proton elastics
— - (pd)gs
~~~~~~~ (p.d) 4 MeV
= (p1) gs.

ec.m.

e Kinematic compression:
very small differences g iy, N
in energy of the light particle e Y S 3 s
for different E* \ ‘

energy (MeV)

...............

O 1 1 RN 1 1
TE 0 30 60 90 120 150 180
(p,d) and (d,t) and (d,p) on "Ni in ifiverse kinematics lab angle (degrees)
T4y, . . . .
%0 Epean = 1680 MeV (30 MeV/ and (d,t) and (d,p) on " Kr in inverse kinematics
L s ' ' E,..., = 900 MeV (12.16 MeV/A)
' I \\ —§ Gpgs. 30 — . .
0 — -\ (d,p) 4 MeV \
25 i | \‘ \‘ (dd)elastecs 1 0 I i &L v\ e (p.d) to gs
30 deg ¢m I LY gs. — (dhtogs
‘:_—"‘ | v s 1) 4 MeV 25 F — — (d,t) to 5 MeV i
i L 3 7} DR d) g. —— (dp)togs
N 2R 3, e 8 M
o0 L f W @ He) gss. ii.?h'é’)fo g‘iv
; | \ N 20 (d,3He) to 5 MeV
= I A S
3 | ffas 2 /
15 F. /7~ L________} NN S
S | L < 15 |
@ ! N 3
) I 4 o
10 f ) e
- ’I\ 10 -
\L " - —
~¢ _ _
5 RN s 5
it 10 degcm _ e VDY
S il 10 deg cm
0 . ; . . . 0 . " " ]
0 30 60 90 120 150 180 0 30 60 90 120
lab angle (degrees) lab angle (degrees) KU LEUVEN
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Reactions and RIBs - 5/6

The luminosity dilemma

e We have weak beams
— we could increase the target thickness

but

e We do not know the energy pf the beam
at the interaction point

e Limit for (d,p):
resolution in E*=300 keV
for =200 pg/cm? target
(depends on many factors!!)

same angle

from same reaction (Q-value)
but different energies!

KU LEUVEN
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Reactions and RIBs — 6/6

Limits in resolution

Resolution in E*

e Light beam:
better detect
beam-like particle
(limit on angular
resolution)

e Heavier beam:
better detect light
recoil (limit on
E resolution from
energy loss in the
target)

® |n general:
much worse than
direct kinematics

152 J.S. Winfield et al.| Nucl. Instr. and Meth. in Phys. Res. A 396 (1997) 147-164

Table 2
Major contributions in keV to the resolution of the excitation energy spectra of single neutron stripping and pickup reactions in inverse

kinematics, [where the heavy ion is detected in a spectrometer] The detection angle corresponds to 10g;,. The last column is an approximate
estimate as a sum in quadrature of the net effect of five non-Gaussian contributions. Other symbols are explained in the text

Reaction E;/A Oiap Origin of contribution Zquad
MeV
Sall /AO \ Ap B 6.2 dE/dx
p('?Be, ''Be)d 30 1.07° 172 147 101 74 23 259
p('?Be, ''Be)d 15 1.06° 84 71 99 74 37 169
p(""Kr, 7°Kr)d 30 0.16° 1404 811 808 723 56 1952
p(""Kr, "*Kr)d 10 0.10° 334 143 502 570 268 883
d(Kr, 77Kr)p 10 0.21° 1140 614 2177 1859 1321 3408

Table 3
Major contgh gy spectra of single neutron pickup and stripping reactions in inverse
kinematics, lwhs Symbols as described in text and Table 2

Reaction E;/A O1ap Origin of contribution 2 quad
MeV
(MeV) A0 AE; AE, - /@
649

p(*?Be,d)''Be 30 19.0° 136 74 114 96 685
p(*?Be,d)''Be 15 17.8° 66 72 55 89 984 995
p("Kr,d)"®Kr 30 15.0° 124 55 64 63 186 249
p("Kr,d)"®Kr 10 6.0° 26 24 23 19 775 777
d(7Kr, p)"Kr 10 155.3° 52 93 37 60 1309 1316

\
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Light nuclei
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Light nuclei — |
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Ground state of 11Be
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. . S Fortier et al, PLB 461 (1999) 22
nght nuclei -1 J Winfield et al, NPA 683 (2001) 48

Ground state of !1Be
Experiment: 1'Be(p,d)°Be " 3

e Caution: how to build the [0* ® 2s], ,,
and [2* ® 1d], ,, configurations?

RCG

PiDy  PoDy P3Dy PyD, PyDs  PpD3  P3Dg

1. Assume 10Be inert and bind the neutron 0.1
with a Woods-Saxon potential

Result: SF(0*) £ 70%, SF(2*) 2 30%

2. Take into account the large deformation
of 19Be in the 2* state
(solve coupled-channel problem)

do/dQ (mb/sr)

\

no normalisation

1/

Result: SF(0*) = 84%, SF(2*) = 16%
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Light nUCIEi - " R Kanungo et al, PLB 682 (2010) 391
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Light nuclei - 7/7
Light nUC|Ei - " R Kanungo et al, PLB 682 (2010) 391
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The emergence of N=16

...and the disappearance of N=20

e Historically this was the first identification
of shell evolution far from stability (mid-"70)
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The emergence of N=16

e 3-body forces in O isotopes T Otsuka et al, PRL 105 (2010) 032501
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The emergence of N=16 — 3/10
W Catford et al, PRL 104 (2010) 192501

(d; p) on Ne and Na iSOtOPES SM Brown et al, PRC 85 (2012) 011302(R)
GL Wilson et al, PLB 759 (2016) 417

Experiments at GANIL and TRIUMF
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The emergence of N=16 —4/10
(d p) on Ne and Na isotopes W Catford et al, PRL 104 (2010) 192501
’

SM Brown et al, PRC 85 (2012) 011302(R)

At GANIL (SPIRAL)

e TIARA charged-particle detectors
e EXOGAM y-ray array
e VAMOS spectrometer

Forward Annular Si

i:?i\‘?i/\f Backward Annular Si
se<om<ass | IARA 1440 <0, < 168.5°
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(d,p) on Ne and Na isotopes

GL Wilson et al, PLB 759 (2016) 417

At TRIUMF (ISAC-II)
e SHARC charged-particle detectors
® TIGRESS y-ray array
e TRIFOIL plastic scintillator
to identify beam-like particle

Downstream box
Elastically scattered p and d

N\

TIGRESS

resolution and

decay scheme

CD detector

(QI

Trifoll
| Tags recoil events
Bl All beam goes through

30um Al foll

Catches fusion evaporation
products from carbon

Upstream box

ejected protons

2>Na beam at 5SAMeV
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(d,p) on Ne and Na isotopes GL Wilson et al, PLB 759 (2016) 417
oy 6000
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The emergence of N=16 —7/10
(d,p) on Ne and Na isotopes W Catford et al, PRL 104 (2010) 192501
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The emergence of N=16 —7/10

(d,p) on Ne and Na isotopes

W Catford et al, PRL 104 (2010) 192501
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W
(=)
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s 9 ) 0/\};&»\ |

c) d)
100 F -

Counts / 190keV
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SaaisS IR T o |
'SF(1/2%)=0.80 || =t for | e
SF(5/27) =0.15 | |2
SF(3/2")=0.44 ||3° O fes0
SF(3/27)=0.75 ||
(SF(7/27)=0.80 || ° HA

7

e Firm assignment of the spin of the first two excited states

e Raise of the 3/2* (=1 MeV) with respect to the 5/2*
compared to 2’Mg

Laboratory Angle (degrees)
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The emergence of N=16 — 8/10
(d,p) on Ne and Na isotopes GL Wilson et al, PLB 759 (2016) 417
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The emergence of N=16 — 8/10
(d,p) on Ne and Na isotopes GL Wilson et al, PLB 759 (2016) 417

( ) e -
(3.4)5.01 =
2 A_ 2p3); - [ — -
5Na(d,p) \ 16, (6')4.92 = 60248
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e Important role of intruder configuration
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e Results reproduced by calculations with Exp  ShellModel ">
. N=20 gap reduced by 700 keV )
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The emergence of N=16 —9/10
(d,p) on Ne and Na isotopes M Brown et al, PRC 85 (2012) 011302(R)

26 (x5
Ne(drp) S ig//z

® istributions:
AnfgL.JIar dlstrlbutlpns X idy| |
efficiency correction {16}
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for COIl nC|denCe S -...‘7“ 1ds,, N ‘ *® Extaton Energy o) '
. . \_ ) (a) Measured proton kinematics. (b) Excitation energy.
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The emergence of N=16 —9/10
(d,p) on Ne and Na isotopes M Brown et al, PRC 85 (2012) 011302(R)

26 )
Ne(d,p) S

® istributions:
AnfgL.JIar dlstrlbutlpns X idy| |
efficiency correction {16}
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for COIl nC|denCe S -...‘7“ 1ds,, N ‘ *® Extaton Energy o) '
. . \_ ) (a) Measured proton kinematics. (b) Excitation energy.
as function of the spin
. 10 , 3
e Ground-state selection: E*<200 keV p ip (®) ¢ -fﬁ
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E E::_;ZV) s 10-]; \\\ /" H‘\' ’,', ani//2+ ; V JT[=3/2_
° b 885 1/2" l; =0 E o
é : 765 3/2— -g ...................
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Very low 3/2~ intruder state
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The emergence of N=16 — 10/10

(d,p) on Ne and Na isotopes M Brown et al, PRC 85 (2012) 011302(R)
( ) 30
26 — 2p3/2 - 45 <08<75
Ne(d’ p) }_ 1f7/2 - (a) — Total
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The emergence of N=16 — 10/10

(d,p) on Ne and Na isotopes M Brown et al, PRC 85 (2012) 011302(R)
( )
3 2 30 - =
26 P3/2 - 45 <0< 75
Ne(d’ p) 1f7/2 . (a) — Total
. . . i -- State 1
® Proton coincidences with 2°Na: | 2 —— 14,, 20 — Siate?2
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g [
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% 60: BrZ:kup
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The emergence of N=16 — 10/10

(d,p) on Ne and Na isotopes

M Brown et al, PRC 85 (2012) 011302(R)

®Ne(d,p)

e Proton coincidences with 2°Na:
transfer to unbound states

N\

| SF(3/2%) = 0.42
SF(3/27) = 0.64
SF(1/2*) =0.17

( )
E— 2p3),
x5,

SF(7/27) =0.35

| 1t

EXP  THEORY EXP  THEORY EXP  THEORY

Counts / 200 keV

30

20

10

45 <0< 75

— Total
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- State 2
Breakup

80F

60F

100 <0 < 140

— Total
-- State 1
""""" State 2
Breakup

400

20f

efficiency
cutoff

7

e |dentification of intruder states 3/2-, 7/2-

e Results reproduced by calculations with
N=20 gap reduced by 700 keV
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The spin-orbit term —1/9

The spin-orbit term

. ] . O. Sorlin, M.-G. Porquet, PPNP 61 (2008) 602
e One-body spin-orbit potential:

1 dp P(r)“
Vis (1’) — L -
rdr
— a diffuse matter distribution |
should decrease the SO term Vil R
- a depletion of density at the center AN, - ot denton
should induce a decrease of SO

for nucleons in the region

~OhIR—
— e - —— S -
2 T 1d312
4hw 1d G 1ds/2-
gt Ly —
Og \“ Og / 50
‘_~-0g9/2,_—l =
3ho .{‘ I o —E
0 e 1p3/2—
-~-0f712 20
Is ~—— 0d3/2
od B i 1 1)
---- 0d5/2
lho — 12
' Op T 0p3/2-
Oho 05 —m8—---nen o 0s172
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The spin-orbit term — 2/9
Spin orbit at the surface? L Gaudefroy et al, PRL 87 (2006) 092501

“Reduction of the Spin-Orbit Splittings
at the N=28 shell closure”

46Ar(d,p)*’Ar at GANIL (SPIRAL)

46Ti 47TTi 43Ti 49Ti S0Ti
4
458¢c

42Ca 43Ca 44Ca
2

41K
40Ax
18

21 23 25 27
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Spin orbit at the surface? L Gaudefroy et al, PRL 97 (2006) 092501
“Reduction of the Spin-Orbit Splittings
at the N=28 shell closure” oA e,
& & 380pg.cm
“Ar(d,p)*’Ar at GANIL (SPIRAL) : *‘Q spig
40,4446 A —

41,4547 A

/ ~Q

11A.MeV, 20kHz ¥ - I

GANIL/SPIRAL 170 !
CATS

e SPEG for identification of 4’Ar

e MUST charged-particle
telescope detectors
Si-Si(Li)-Csl

connectors

preamplifiers

detectors

Y. Blumenfeld et al

NIMA 421 (1999) 471 KU LEUVEN
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The spin-orbit term — 4/9

Spin orbit at the surface?

L Gaudefroy et al, PRL 97 (2006) 092501

7

“Reduction of the Spin-Orbit Splittings N

~\

— 189>
40
at the N=28 shell closure” %E % 1/2
5/2
4Ar(d,p)*’Ar (9) 2P3/2 p strength almost
00000000 complete
. \V} 7/2) missing fs, strength
spin deduced from calculations
S . Sn=3700
s T frgm compar.lson n 3335 (043)
81 Pap with calculations
3L €=3
£100 f e 2655 (0.22)
ST 5/2
80|
I E=1130keV P £=3 e 1740 (0.17)
60 1
I o=1 1130 (0.81)
4oi
2 I,
E=5500keV =1 — 0 (0.61)
2 1 0 1 2 3 4 6_7 8 020 30 Ar E* SF
E [MeV] Ocm (deg) Expérimental
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The spin-orbit term — 5/9

Spin orbit at the surface? L Gaudefroy et al, PRL 97 (2006) 092501
“Reduction of the Spin-Orbit Splittings ~N 18y, s
- ” $40: -
at the N=28 shell closure %51//22 €=3 { 2655.022)
46Ar(d,p)¥Ar 2p3/>
e Mass excess of ground state from Q-value \"“\,““1‘:7/2) e=3 1740 0.17)
—> N=28 gap deduced =1 = 1130081}
Reduction of 330 keV compared to “°Ca
e Centroid of f.,, deduced from S =1 0 (0.61)
, >/2 , . Dl Yar E* SF
experiment and calculations; 5;‘ [ty L5 Expém;emal
plotted with energy of the 2 242
« ” L Pyjp3:13 )
p states _4:_ 3.55
e Differences with °Ca (N=28 gap) - Pan st 10% reduction of
ascribed to the removal of i splitting f orbitals;
protons from d,, and s, o sz |45% reduction of
[ I splitting p orbitals
oL o995
[ Ca “TAr
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The spin-orbit term — 5/9

Spin orbit at the surface? L Gaudefroy et al, PRL 97 (2006) 092501
“Reduction of the Spin-Orbit Splittings N 18y S s
at the N=28 shell closure” A 2py,| | €=3 {

iy 2655 (0.22)
46Ar(d,p)*Ar 2p3/>
e Mass excess of ground state from Q-value \"“\,“”“7/2) €=3 1149017
—> N=28 gap deduced =1 e 1130 (081)-
Reduction of 330 keV compared to “°Ca
e Centroid of f;,, deduced from £, . e=1 ——— 0 05
. . S O = *
experiment and calculations; 5;‘ [ty L5 Expé;?[;enil -
plotted with energy of the 2 242
« ” L Pyp—3:13 )
p states 4 355
e Differences with °Ca (N=28 gap) L Py 515 10% reduction of
ascribed to the removal of i splitting f orbitals;
protons from d,, and s, o sz |45% reduction of
[ splitting p orbitals

e Tensor force sufficient to explain reduction of splitting of f orbitals

® Reduction of splitting p orbitals can be due to removal of s/, proton
KU LEUVEN
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The spin-orbit term — 6/9
Bubble in nucleus? G Burgunder et al, PRL 112 (2014) 042502

“Experimental Study of the Two-Body Spin-Orbit Force in Nuclei”
34Gj(d,p)3°Si at GANIL (LISE)

N
A
'S
o
I
)
N

- I
B = [
[ =

* R | e T T

= W e~ b
o N Lo 4
hy N e
y N &

1f7/2 14 .
20
16 - .
000000 %5@415/,22 2 & a © & N
\_ n )
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The spin-orbit term — 7/9
Bubble in nucleus? G Burgunder et al, PRL 112 (2014) 042502

“Experimental Study of the Two-Body Spin-Orbit Force in Nuclei”
34Gj(d,p)3°Si at GANIL (LISE)
e MUST2 charged-particle detector

e |onisation chamber + plastic detector
for identification of the beam-like particle

e EXOGAM y-ray array

120F 7/ 106°<6<115°
. s
N, E*= 0 keV / I E*= 910 keV
15} 08| Vi ‘ ( ~
¥ : » >/
i | 0.6 /
c‘Ez:: 1 : * 1g9/2
3 0.4} _+_/ 140
055 i T s 2 1/2
0.2} L=1; SF= 0.69(10) 1 5/2
1i0 1&0 12;»0 14‘10 150 1‘60 1;0 - 1i0 150 150 11‘10 1.';0 1&0 1;0
i 2p3/2
041~ E*= 2044 keV 16| gx= 5500 keV @
I 14}
4 2 — 5,
- , ; Vv
oG 1 _ J
g 02 E
0.8
0.1 0.6]-
L=1; SF= 0.73(10) . L=3; SF= 0.32(4)
0 1 L 1 1 1 | 1 04 ?/ 1 ! Il 1 1 Il 1
1400 110 120 130 140 150 160 170 110 120 130 140 150 160 170
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The spin-orbit term — 8/9

Bubble in nucleus?

G Burgunder et al, PRL 112 (2014) 042502

“Experimental Study of the Two-Body Spin-Orbit Force in Nuclei”

345i(d,p)35Si at GANIL (LISE)

e Comparison between
“doubly magic nuclei”

e Difference only due to
density-dependent terms
in the SO-splitting

|

—— 1g9/2
240

201/

1t5),

2p3/;

©

J

\

1f7/2
20

1d3/2
16

251/2

“.T:“ 1ds),

SF
y

0.75 |

0.50 |

0.25 _

\
f7/ 2

N=28

P3/2

P12

1.9 IIVIeV

ASO(p)
2 MeV

41Ca

<f5 2>

SF

0.75 1
0.50 -

0.25 |

0.75 .
0.50 -

0.25

0 1

/2
,
’
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3 /4

0.65
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IIIl N,
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KU LEUVEN

Riccardo Raabe — KU Leuven

International School of Physics “Enrico Fermi” — Varenna, 14-19/07/2017




The spin-orbit term — 8/9
Bubble in nucleus? G Burgunder et al, PRL 112 (2014) 042502

“Experimental Study of the Two-Body Spin-Orbit Force in Nuclei”

34Gj(d,p)3°Si at GANIL (LISE) SF
. p \ A
e Comparison between L T *Ca
“« . 7, ~ 40° 1892 ] P3/2 P12
doubly magic nuclei 29 2p1o| | o0 . <f.>
. % 34 0.25 N=28 ASO(p) 'y
e Difference only due to G I B ) “S— T L
density-dependent terms 3_\, 112 : o 1 2 3 4 5 6
. - ~ N , ' '
in the SO-splitting ) . r
1f7/2 0.75 4 é /,’/ /// /’
20 | ¢ 2 /378
1d3/2 0.50 4
16 0.25 | f5/2
_2s >
200000 1d., petl ovev 7} L b,
N T ) 0 1 2 3 4 5 6
SFA |
075 | \ 1 35
. . 050] | '
The Two-Body SO-force is constrained
. 0.25 .
by the experimental values Y LRTYRY
0 1 2 3 4
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The spin-orbit term —9/9

B u b ble iInNn UCIe u S? A Mutschler et al, Nat Phys 13 (2017) 152
. . : ARTICLES nature,
Occ u pat I O n Of s 1/2 I n 34S I PUBLISHED ONLINE: 24 OCTOBER 2016 | DOI: 10.1038/NPHYS3916 phySICS

34Q;
Si proton removal A proton density bubble in the doubly magic

e Experiment at MSU 3Si nucleus

34c: 9 A. Mutschler'?, A. Lemasson?3, O. Sorlin?*, D. Bazin*, C. Borcea®, R. Borcea®, Z. Dombradi®,
[ Sl on Be ta rget J.-P.Ebran’, A. Gade?, H. lwasaki?, E. Khan', A. Lepailleur?, F. Recchia3, T. Roger? F. Rotaru®, D. Sohler®,

. M. Stanoiu®, S. R. Stroberg*2, J. A. Tostevin®, M. Vandebrouck’, D. Weisshaar® and K. Wimmer3'0"
proton and y detection

b c
1,621 keV

34Si

e [ from momentum
distribution of protons

L=2

P, (D)

I
2,101 keV

1,651 keV

e Deduced spin and SFs
of states in 33Al

L=2 L=0

3,926 keV

4 N\ 2 %
20
16
000000 1.,
. n J
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The spin-orbit term —9/9
Bu bble in n UCIEUS? A Mutschler et al, Nat Phys 13 (2017) 152

nature

ARTICLES

Occupation of s, , in 3*Si

.
PUBLISHED ONLINE: 24 OCTOBER 2016 | DOI: 10.1038/NPHYS3916 p ySlCS

34Q;
Si proton removal A proton density bubble in the doubly magic

: 34¢;
e Experiment at MSU Si nucleus
34c: 9 A. Mutschler'?, A. Lemasson?3, O. Sorlin?*, D. Bazin*, C. Borcea®, R. Borcea®, Z. Dombradi®,
[ S| on Be ta rget J.-P.Ebran’, A. Gade?, H. lwasaki?, E. Khan', A. Lepailleur?, F. Recchia3, T. Roger? F. Rotaru®, D. Sohler®,

M. Stanoiu®, S. R. Stroberg*2, J. A. Tostevin®, M. Vandebrouck’, D. Weisshaar® and K. Wimmer3'0"

proton and y detection

b
€ 1,621 keV 34Si

010

e [ from momentum
distribution of protons

L=2

P, (D)
P, (fm™)

I
2,101 keV

1,651 keV

0.00
5

e Deduced spin and SFs
of states in 33Al

L=2 L=0

3,926 keV

IN)
P, (fm™3)

N

20

16

2S g i~ 34QH i 0
/2 Occupation of s, ,, in 3*Siis only 17%
000000 1., 1/2

g U ") | Density is depleted inside the nucleus
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The structure of 0* states — 1/15

The structure of 0* states

, _ Mg NUCLEI
e When the monopole gap is of the same size
as the correlation energy: Vo,
. . _ 1If
2p-2h configurations appear at low energy ol
+ ] [
0* states with different shapes it
e “Shape transitions” and
“islands of inversion”: 1dy)
2
How can we probe the s.p. K Heyde and JL Wood, s
. Rev Mod Phys 83 (2011) 1467
content of the wave function?

30 T T T T T T T T T T T 10 T T T T T T T T
or e 0p-0h| ]
8| A -A 2p-2h| |
TF 4\ A _ -

% 201 i % 6 \\\ // ‘\\ .
g S 5 - w \ ]
& S 4l ]
< < L i
or 3r ]
2 L .
1 - -

O v v v 0 v 001y Ol v 0 v v v v 31y
18 20 22 24 26 28 18 20 22 24 26 28

N N

E Caurier et al, PRC 58 (1998) 2033
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The structure of 0* states — 1/15

The structure of 0* states

, _ Mg NUCLEI
e When the monopole gap is of the same size
as the correlation energy: Vo,
. . _ 1If
2p-2h configurations appear at low energy ol
+ ] [
0* states with different shapes it
e “Shape transitions” and
“islands of inversion”: 1dy,
How can we probe the s.p. K'Heyde and JL Wood, .
, Rev Mod Phys 83 (2011) 1467 32
content of the wave function?
30 T T T T T T T T T T T 10 T T T T T T T T
or e 0p-0h| ]
Use two-neutron transfer to connect I 4-42p2h) ]
0* states with similar configurations S 208 1o 0b ]
=S 3sp N
. I o4 L L]
Caution < ok < 5L \/\:
e The initial state should be known °f ]
. . OL o v v v 0 0 11y Ol v 0 v 00 00 0y
® Reaction process: 18 20 22 24 26 28 18 20 22 24 26 28
two neutrons as a cluster? N N

E Caurier et al, PRC 58 (1998) 2033
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The structure of 0* states — 2/15
The 0* states in 32Mg K Wimmer et al., PRL 105 (2010) 252501

Looking for the second, spherical 0* in 32Mg
0Mg(t,p)**Mg

T Otsuka et al, PRL 104 (2010) 012501

- (a) neutron SPE of N=20 i

i isotones
O N S T T T L L L L T Ty -
< i i
[O) i i
2 10} :
w - -
20 | -
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The structure of 0* states — 3/15
The 0* states in 32Mg K Wimmer et al., PRL 105 (2010) 252501

Looking for the second, spherical 0* in 32Mg

0Mg(t,p)**Mg
R —
1f,/,

e 39Mg: spherical ground state,

deformed (intruder) excited state; ~ 1

1d
small mixing {16 32
® 32Mg: + —00— 25 2
Mg- o-nly ground state 0* known, deformed 000000 (.,
Predictions for 0*, between 1.4 MeV and 3 MeV . v )

e Two-neutron transfer to
— find the second 0*

— determine the overlap ot 1788 kt‘?V B -
2+ ’l
O+
30Mg
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The structure of 0* states —4/15
Two-neutron transfer to 32Mg K Wimmer et al., PRL 105 (2010) 252501

Looking for the second, spherical 0* in 32Mg
0Mg(t,p)**Mg

e 30Mg beam at REX-ISOLDE, 1.8 MeV/nucleon
(below fusion barrier for Ti)

e Tritium-implanted Ti foil (t: 40 pg/cm?)
e T-REX charged-particle detector
e Miniball y-ray array

KU LEUVEN
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The structure

of 0* states — 5/15

Two-neutron transfer to 32Mg K Wimmer et al,

PRL 105 (2010) 252501

Looking for the second, spherical 0* in 32Mg
0Mg(t,p)**Mg

e Two states identified,
well separated

120

III||II|I

counts/20 keV

III|III|III|III|II|

1083(33) keV

1 1 1 1 |
140 160
ﬁlab [O]

N>
(=)
IS
()
ol
=)
®
o
N
o
=18
-—
N
(=]

Eexc [keV]
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The structure of 0* states — 6/15

K Wimmer et al., PRL 105 (2010) 252501

Two-neutron transfer to 32Mg
Looking for the second, spherical 0* in 32Mg 5" ground state
2 — AL=0
30 32 E
Mg(t,p)>*Mg 5
e Two states identified, ! &
well separated i % J[
e Angular distributions: [=0 107 T
10705020 60 80 400 420 140 160 180
ﬁcm [o
— 10
8 | excited state
£ A
33, _\ —— AL=2
.."
10" [
10702020 60 80 400 420 140 160 180
ﬁcm [O]
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The structure of 0* states — 6/15

Two-neutron transfer to 32Mg K Wimmer et al., PRL 105 (2010) 252501
Looking for the second, spherical 0* in 32Mg 5" ground state
30 32 £ — AL=0D
Mg(t,p)**Mg %

e Two states identified,
well separated

e Angular distributions: [=0 10e
® y-ray coincidences with excited state: _
no 2* (18 cts expected from 2+ at 886 keV) 1075202080 50 400 120 i40" g‘so' “i80
> 4c : . ate
= 172 keV Few counts: 0 1058 keV
3] = v 7>10ns +
E 3 2] ¥ 886 keV
S ,5E 1886 keV
= =~ 4 counts ]
2
1.5
05Z:|‘H H H ‘” ‘ HHH | | H
0: L [ ISP 1NN 1 % O T | O A B . .
0 200 400 600 800 1000 1200 1400 0 X L
E, keV] 1 0 keV 3 [lfo
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The structure of 0* states — 7/15

Two-neutron transfer to 32Mg K Wimmer et al., PRL 105 (2010) 252501
Looking for the second, spherical 0* in 32Mg g 1oL
OMg(t,p)**Mg 8 F D\ aee, e, azos O BS
e Two-step transfer? !

LI IIIII|

30Mg(t,d) large negative Q-value

T IIIIII]

e 0%, lower than predicted [ |
2 -2 1 11 1 11 1 L1 1 11 1 11 11 1 1 1 1
e Long lifetime 112722 10750 a0 e a0 100 120 140 160 180
e Similar cross sections loo—t ldso| | & [
(16 A 0*
+ 251/2 -gld C 2
m 1ds,, e ;\
) ’ ! E=\][lfi ~(1dyp)?+a(2p, )°
10'15—
olao v v vy v by b b by Py Py Ty gy
0% 20 40 60 80 100 120 140 160 180

cm
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The structure of 0* states — 7/15

Two-neutron transfer to 32Mg

K Wimmer et al., PRL 105 (2010) 252501

Looking for the second, spherical 0* in 32Mg
0Mg(t,p)**Mg

e Two-step transfer?
30Mg(t,d) large negative Q-value

e 0%, lower than predicted [ |
e e 2p

e Long lifetime e

e Similar cross sections loo—t 1ds/,

{16
I I'-.‘ 251/2
“.\,“ 1ds,,

J

\

( N

® (p;/,)° component, strong in the g.s.
e Mixing between the 0*s?

— Measure monopole strength for 0%,

\ S

-
74
3w
e : +
88 r a(2p. Y+b(1f. > :a=0.5 0 85
| 3/2 712
e
107"
102 Loy v v v v v v b e b v L v by g
0 20 40 60 80 100 120 140 160 180
cm
-
3 10
Ke] —
- 0,
38 [
=N
1_ M
;\ﬁ z(1d3,2)2+a(2p312)2
10 =
E ~(1d,,)?
cov v b b b v v v Ty gy
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The structure of 0* states — 8/15

The 0* states in °©Ni

8 4208
6+ 209 3999

23

Recent experimental work

o F. Flavigny et al., PRC 91 (2015) 034310 SSIN
e S. Suchyta et al., PRC 89 (2013) 021301R

e F. Recchia et al., PRC 88 (2013) 041302R

e R. Broda et al., PRC 86 (2012) 064312

e C.J. Chiara et al.,, PRC 86 (2012) 041304R p
e A. Dijon et al., PRC 85 (2012) 031301R Three 0* states

and two 2% states
I below 2.8 MeV

Crucial information

® Precise measurement of 0%, energy

Since 1982: 1770(30) keV from 79Zn(14C,160)58Ni PRt
Now: 1603.5(3) keV |
e Two transitions feeding 0*, (1139 and 2420 keV) | 0o

e Firm assignment of several spin/parities Level scheme from E. Recchia et al.
PRC 88 (2013) 041302R

KU LEUVEN
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The structure of 0* states —9/15

The 0* states in °©Ni

Large-scale Shell Model with LNPS interaction
S Lenzi et al, PRC 82 (2010) 054301

e %Ca core, 1 pf—v pfgy/,ds/, to describe Fe and Cr

(2%)
(2)

2+
O+

O+

O+

56(12)

Exp

4164
4026

2743
2511

2033

1604

Riccardo Raabe — KU Leuven

B(E2,down) values in e*fm*

757 11 0.3

2+
- =

168 41

2+

0+

|

O+

LNPS

2863
2629 (2p2h)™ + (4p4h)
B=0.4 (prolate)
1989
(2p2h + OpOh)Y
1368 B =-0.16 (oblate)
2p2h)Y
0 G(OPOh'" p2h)

"dominant proton configuration
has exactly two f7/2 protons less
than the ground state"

"The 0*, and 0%, states "are
characterized by "similar proton
occupancies with leading Op-Oh
(neutron) configuration for the 0*;
ground state and 2p-2h (neutron)
configurations for the 0*,."
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The structure of 0* states — 10/15

The 0* states in °©Ni

Monte-Carlo Shell-Model Y. Tsunoda et al., PRC 89 (2014) 031301R

e Full pf+ gy, +ds/, for both neutrons and protons
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The structure of 0* states — 11/15

68NI;
TWO'neUt ron tra nSfer to NI J Elseviers, PhD thesis, KU Leuven
Probing the structure of 0* and 2* states in %Ni
66Ni(t’p)68Ni at 2.6 MEV/nUCIeon [ Energy of all Cluster, rough doppler corrected prompt with protons (no piD 11) |
S F
g = 4.* — 2.*1115keV
. ] - 1 1
Few y’s to ground state S y, 0 2033k
. . c C
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The structure of 0* states — 12/15

68Nl
TWO'neUt ron tranSfer to NI J Elseviers, PhD thesis, KU Leuven
Probing the structure of 0* and 2* states in %Ni
%6Ni(t,p)®8Ni at 2.6 MeV/nucleon 0% 05 2f 03235
%25000 | }_>
< > F ; m
3 2 N 1 ; — protons
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The structure of 0* states — 13/15
TWO'neUt ron tra nSfer to 68Ni J Elseviers, PhD thesis, KU Leuven

Probing the structure of 0* and 2* states in %Ni
%6Ni(t,p)®8Ni at 2.6 MeV/nucleon

e Two-neutron overlap amplitudes
from MCSM (T. Otsuka)
pf+gq/,+ds,, both protons and neutrons

-
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o
o
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e Works well for the O*s _ 0,*
does not reproduce the 2%, g
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The structure of 0* states — 14/15

TWO'nEUt ron tra nSfer to 68Ni J Elseviers, PhD thesis, KU Leuven
Probing the structure of 0* and 2* states in %Ni 331/2
5/2
%6Ni(t,p)®8Ni at 2.6 MeV/nucleon ‘
3_ 16,

e Two-neutron overlap amplitudes pl/2

from MCSM (T. Otsuka) w p5/2
pf+gq/,+ds,, both protons and neutrons 3/2)

neutron - occupation numbers - protons
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The structure of 0* states — 14/15

TWO'nEUt ron tra nSfer to 68Ni J Elseviers, PhD thesis, KU Leuven
Probing the structure of 0* and 2* states in %Ni 331/2
5/2
%6Ni(t,p)®8Ni at 2.6 MeV/nucleon ‘
3_ 16,

e Two-neutron overlap amplitudes pl/2

from MCSM (T. Otsuka) w fs/2
p3/2
pf+gq/,+ds,, both protons and neutrons

neutron - occupation numbers - protons
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The structure of 0* states — 15/15

O*s in Pb: same mechanism? T Otsuka and Y Tsunoda, JPG 43 (2016) 024009

T Otsuka and Y Tsunoda
JPG 43 (2016) 024009
e Type-l shell evolution:
number of nucleons (2) i
in different isotopes P g proton neutron proton neutron
e Type-ll shell evolution: ; (d)
occupancies within orofon | neutron ol
the same nucleus <=
VAL Sk
From NI tO n'deﬁCient proton neutron proton neutron
Pb region
{m\ 8o/2 i13/2
D e !I . 7' Fermi energy
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3 Y vV
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Final remarks —1/3

Improvements — Experimental side

Kinematic compression

e Solved by the HELIOS approach
Elab = Ecm — A+ Bz

e At Argonne and soon at ISOLDE

Recoil
detector

Solenoid
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Final remarks — 2/3

Improvements — Experimental side

Target thickness vs resolution

e Solved by the Active Target approach gas volume
Large thickness but detection of the vertex

electric
field

e ACTAR TPC, SpecMAT

amplification
zone

SiPMs

Field cage

Scintillation

AsAd boards
crystals

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

Pad plane

Gas
chamber

entrance
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Final remarks — 3/3

Improvements — Theoretical side

Reaction mechanism

e Weakly bound nuclei
— Effects of extended matter distributions
— Effects of continuum

Schematic representation of bound and
e Transfer to the continuum continuum states and their couplings in

. CDCC calculations
- Spectroscoplc factors?

A

ol I 25 Mev L
§ D C
e Multi-step processes N e [T Lo
. <« A cC T
— Importance at low energies £ a7 IO I (o
. . N = == : T U
— Include in calculations U e o s por e 7 (Y
U IA“ 7 /’ //7% 1_: g M
M / A /// 5

1/2-

172+

“Be s p d f g
Full lines: Hagino 2000.
Dashed lines: additional couplings by Diaz-Torres and Thompson 2002
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