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Who are you?
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My work usually focuses on direct reactions with exotic beams

PhD at TU Miinchen on two-neutron transfer reactions at ISOLDE/CERN
Postdoc at NSCL: reaction dynamics in two-proton knockout reactions
Ass. Prof. at Central Michigan University, worked within GRETA project

Moved to the University of Tokyo in 2014, lecturer
In-beam ~y-ray spectroscopy with relativistic beams
Development for transfer reactions with energy degraded beams (TiNA and triton target)

2019 Ramon y Cajal fellow at CSIC Madrid
Spokesperson of HICARI (high-resolution in-beam ~-ray spectroscopy at RIBF)

2021 Researcher at GSI Darmstadt
Project manager for AGATA at FAIR
LISA “Lifetime measurements with Solid Active targets”

2023 Habilitation University of Heidelberg

2025 Full Professor Institute for Nuclear Physics, University of Cologne

mostly in combination with y-ray spectroscopy
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Transfer reactions
Introduction and definitions
Transfer reactions with radioactive beams
Example: The neutron-rich Ca isotopes
Extra: Is “°Ar a bubble?
Summary
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Probing nuclear shell structure

® Single-particle picture is consistent with charge density distributions measured in electron
elastic scattering

P2(r) — pza(r) = Z |¢;(r)[> — 2 9,(n)]> = |z (r)]?

m Charge density difference between 2°°Pb and 2°5T| oo
® Shell model expectation: last proton in 3s, , orbital .
o 1h9/2 F
e & 0008 —
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==l 2d3/21g7/2 0,002 —
<\ i
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) 194p radius (fm)

V. Pandharipande et al., Rev. Mod. Phys. 69 (1997) 981.
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Nuclear reactions
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Direct reactions:

B Projectile and target are within the range of nuclear forces for
the very short time allowing for an interaction involving only
one or a few nucleons

B One-step transition from the initial state in the entrance to the
final state in the exit channel

Compound reactions:

B |Longer interaction time, large number of interactions between
nucleons

m Depends on interaction time, cf. orbit time 10722 s

B System “forgets” about the formation process, decay is
statistical. The relative probability for decay into any specific
final partition is independent of the formation energy of the
compound system

ENERGY OF PROTONS IN MEV
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Fic. 1. Experimental cross sections for (p,n), (p,2n), (p,pn)
reactions on Cu® and for (a,n), (e,2#), (er,pn) reactions on Ni®
plotted against e, and e, respectively. The scale of e, has been
shifted by 7 Mev with respect to the scale of ea.
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Transfer reactions
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Transfer reactions are direct reactions which link entrance channel a + A and exit channel b + B

at+A—=B+b

°9

.b

m Direct reactions: short time scale

®m Cross section related to transition amplitude / matrix element o o< |(i|O|f)|?
See Euroschool lecture notes Vol. 1V:

“A Pedestrian Approach to the Theory of Transfer Reactions: Application to Weakly-Bound and
Unbound Exotic Nuclei” Joaquin Gémez Camacho and Antonio M. Moro
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Transfer reactions

Determine the Q value by measuring the beam energy T, the kinetic energy of the light particle T,
and the scattering angle 6

m m m._m
O:Tb<l+b>—Ta<l+a>—2 2 2T,T,cosd
mg mg my

and from this the excitation energy of the ejectile — missing mass technique

B Traditionally done at beam energies around excitation energy of 170
10-20 MeV Events
1000 T T T T T
® Measurement of § and T, with magnetic 500_5‘221{_"5-"8 0o
spectrometer a0l . 1 i
s " 4.55 3.84 3.06 0.87
® Example: °O(d,p)"0 wob - [ | { 1 o
® Done extensively in the past with light ion 200 & '-.,_ N . . B m 7
beams from tandem accelerators 0 o St e s e M0
(p d 3H 3He a) Channe! number

proton energy
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Transfer reactions
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B |n 1950, it was realized that the angular
distributions of different reaction channels look
different

B Semi-classical picture:
place nucleon in orbit with L = Rq

® Momentum transfer g° = p? + p? — 2p;p; COS 6

® Higher values of L — Maximum at larger angles

ou("’on

°|5(d’,°|7 *
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B Reality: quantum mechanics and interference
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Fi1G. 1. O1(d, »)O'7 angular distributions in the center-of-mass (c.m.)
system: ¢ =c.m. angle, o(¢) =c.m. differential cross section in arbitrary
units. Curve g is for formation of O7 in the ground state, and curve b is for
the 0.88-Mev excited state.

K. Wimmer

23rd STFC Nuclear Physics Summer School 9



Transfer reactions UNIVERSITY |
® |In 1950, it was realized that the angular § — AL=0
distributions of different reaction channels look % N l B

different ® 10° 5 — AL=1
® Semi-classical picture: © i — AL=2
place nucleon in orbit with L = Rg i — AL=3
® Momentum transfer g = p? + p? — 2p,p; cOs ]
B Higher values of L — Maximum at larger angles 0 B
Loxsing/2
B Reality: quantum mechanics and interference |
1

B The position of the first maximum is indicative
of the transferred angular momentum.

® Note:j=/+1/2andj=1/—1/2 have same
angular distribution

0 10 20 30 40 50 60 70 890

cm
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Spectroscopic factors

B The measured cross section is compared with a calculated single-particle cross section, i.e. one
nucleon is placed into a certain single-particle orbit

()., (5
dQ/ ey do /.,

B Theoretically: norm of the one-body overlap function

m C2S spectroscopic factor

c2s — / ity (NI? with () = (TA]al, (1) TA)

m Creation operator creates a nucleon in the orbital nlj

® Can be easily calculated in the shell model
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Spectroscopic factors

e - 675 = [ &Pluy ()1 with 1(0) = (¥l 0|9
initinal state
. ® + nucleon

®m Configuration of initial state

SI’\lJ =

0000

initial state =

core
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Spectroscopic factors

e - 675 = [ &Pluy ()1 with 1(0) = (¥l 0|9
initinal state
. ® + nucleon

®m Configuration of initial state

SI’\lJ =

® Transfer one nucleon into a certain orbital

_.—

initial state =
+ one nucleon
core
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Spectroscopic factors

e - 675 = [ &Pluy ()1 with 1(0) = (¥l 0|9
initinal state
. ® + nucleon

Configuration of initial state

SI’\lJ =

Transfer one nucleon into a certain orbital
® Final state can have a very mixed wave function

®m Transfer reaction will project out amplitude a

_— _— _— —®
— — e —00— —0—
initial state = final state = a +b +cC + ...
+ one nucleon
core core core core
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Experimental tests of shell structure
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B Measure the energies of levels and determine their
occupation

50
194
2p 12
1f50
28 2D 3
1f7)
20 1d 3p
$3 2s 12
PAPAPAPAPNPS
1d 50

Y. Uozumi et al., Nucl. Phys. A 576 (1994) 123.
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Experimental tests of shell structure
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B Measure the energies of levels and determine their

occupation

m (d,p) transfer reaction to add a neutron

2p 12

50
194
1f50

28
¢ 1f7)
20 1d 3p

1d 50

Y. Uozumi et al., Nucl. Phys. A 576 (1994) 123.

Counts /4 keV

Counts / 4 keV
g

Cox he)

0Ca(d, )"iCa
'« = 56 MeV

o
&
3

fa= 10

194 23

564 s

2 4 6 ] 10
Excitation Energy (MeV)
600 ] 8Ca(d, p)9Ca
ile I R
2 5 Lo = (@
2ls s
i sog
300 - § 1 :
8§
H 43
‘ i "8
0 A hl -
2 4 6 [] 10
Excitation Energy (MeV)
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Experimental tests of shell structure
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B Measure the energies of levels and determine their
occupation

m (d,p) transfer reaction to add a neutron
50
199,
2p /2
1fs/2
28 2D 3
1472
20
1d 32

1d 50

Y. Uozumi et al., Nucl. Phys. A 576 (1994) 123.

Counts /4 keV

I AT gl
= (&8 3 3 DRSS
% sl g L = ()
> L3 - ~ i
£
hd
<
@ 100}
2
c
3
]
) Jin
? 2 ] 6 8 10
Excitation Energy (MeV)
600 ] 8Ca(d, p)9Ca
s s s Ey= 56 MeV
S & Ores = 11 (a)
al:
o =18 H s g
& 3 P -
300 - g 1 :
8§
i 43
‘ i "8
3
0 A hl -
2 4 6 [] 10
Excitation Energy (MeV)
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Experimental tests of shell structure

B Measure the energies of levels and determine their
occupation

0Ca(d, )"iCa
'« = 56 MeV

o
&
3

fa= 10

v e
194 23

Counts / 4 keV
g
P 245 20
=

564 s

m (d,p) transfer reaction to add a neutron

50
199, o
2 M) 2 4 6 8 10
1 f5/2p 1/2 Excitation Energy (MeV)
23 %P S
3 5 - @)
1172 OIS . s Y
< & LI ] -
20 gl || L
1d 312 £ i 5
—egge— ¥ 5 ‘ HEE
000000
1d 50 ° e 4h] s ] 0
Y. Uozumi et al., Nucl. Phys. A 576 (1994) 123. Excitation Energy (MeV)
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Experimental tests of shell structure

B Measure the energies of levels and determine their
occupation

m (d,p) transfer reaction to add a neutron

B Map valence space above a magic number

50
194
_ P12
—o— 1f5p
28 2D 3
soesseoe if 3
20 1d 3p é
—*3s° 25 119 3
PAPAPAPAPNPS
1d 50

Y. Uozumi et al., Nucl. Phys. A 576 (1994) 123.

Counts / 4 keV
g

v e

194 232
394 2012

496 1902

564 s

0Ca(d, )"iCa
'« = 56 MeV

fa= 10
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? 2 ] 6 8 10
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Experimental tests of shell structure
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B Transfer reactions provide information on orbital occupancies
B Vacancy of level j is the sum of the spectroscopic factors
; 2o+
Vacancy; = 2(21 +1)C?s;

j
B Spectroscopic factors are obtained from the measured cross
section

® One neutron outside a magic nucleus should give C25 = 1for
each single-particle orbital

K. Wimmer 23rd STFC Nuclear Physics Summer School



Experimental tests of shell structure
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B Transfer reactions provide information on orbital occupancies
B Vacancy of level j is the sum of the spectroscopic factors
; 2o+
Vacancy; = 2(21 +1)C?s;

j
B Spectroscopic factors are obtained from the measured cross
section

® One neutron outside a magic nucleus should give C25 = 1for
each single-particle orbital

B Observed values ~ 0.8 — 0.9
® Not pure configuration

B Residual interaction mixes the pure configurations

Level structure of *Ca.

Present work

E, jm  C*S
(MeV)

Gr.st¢ 3 084
2.021 4 , 091
3.357 (¢ 0.0037)
3.586 501
3.888 ~

3.993 3 , 084
4.018 2 0.14

Y. Uozumi et al., Nucl. Phys. A 576 (1994) 123.

K. Wimmer 23rd STFC Nuclear Physics Summer School
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Spectroscopic factors in a single shell
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® Successively adding neutrons to the If; , orbital

B The calcium isotopes follow the expected single-shell behavior

reasonably well

1 n
C?28 = 2j+1

)

n+1,
B Spectroscopic factors always only about 70% of IPM
10.0 T T T T T T T 1.4 T
sol| * shell model GXPF (a) (b)
eoll extreme shell model I 1.21
' ¢ experiment -
aof - 10 ' } H
o 2 T "‘3 0.8} ]; { +{ } ﬁ +
Of —o—
© " } % 0.6 i + +
0.8} . o %
o8 $ Sy
0.4k 3 ¢ experiment
& 02l| % re-analysis Tsang et al.
-l ¢ re-analysis Lee et al.
0.0 41 42 43 44 45 46 a7 48 0-0 41 42 43 44 45 46 47 48

A

if n even,

if n odd.

K. Wimmer
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Occupancies, vacancies and sum rules

Measurements of particle adding and removing reactions probe the degeneracy of an orbital

N = ﬁ (D (2 +1C?Saaq + D (2 +1)C?S e )

Orbital (njl)

Vacant

Occupied

Neutron Adding Neutron Removal Degeneracy:
probes vacancy probes +0=20+

[# of holes] occupation vV+o 2J 1
[# of particles] [1 P32 = 4]
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Single-particle energies

B Strength can fragment over several states

20-
m 4%Ca(d, p)*'Ca: independent particle model: 1w e
» =
ground state 7/2~ with C?S =1 iy oo
excited 3/2 and 1/2~ states 315 2012
= P
B Residual interaction mixes configurations g 1 P1/2 N=28
gn 1.0- 1 *
o Ty -— —— 2 N=20
0000 000 V0SS g |
a +b +cC + .. 8
§0.5
core core core %)
B Need to sum all fractions of the strength: 00— |é' '“'é" ]
) =) +) +) Excitation energy (MeV)
N 2el— 2
€ — Zf(EO —E )C*S T + Z (B — Ep)(2/+1)C%S; The centroid of the fragmented strength
Z c25f + Z (2 + 1)025( ) defines the effective single-particle energy
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Transfer reactions
with radioactive beams
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With radioactive beams )) oF toroonE
target nucleus recoil m A(a,b)B
light projectile ® Measure ejectile
‘ m Good resolution (10 keV)
outgoing ion
@ °uong

B Reactions with exotic nuclei need to be performed in inverse kinematics

B Heavy beam of nucleus of interest impinges on a light target

K. Wimmer 23rd STFC Nuclear Physics Summer School 18
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With radioactive beams )) OF CorooNE
target nucleus recoil m A(a,b)B
light projectile m Measure gjectile
‘ m Good resolution (10 keV)
°® outgoing ion

B Reactions with exotic nuclei need to be performed in inverse kinematics

B Heavy beam of nucleus of interest impinges on a light target

a(A, b)B at 5-10 AMeV
outgoing ion
HIE-ISOLDE. TRIUMF, GANIL,

light target
(4
® Measure recoil

Limited resolution (100 - 500 keV)

heavy projectile

® i

K. Wimmer, Jour. Phys. G 45 (2018) 033002.
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Transfer reaction kinematics: d(®**Ca, p)°°Ca UNIVERSITY
40 ‘ ‘ r‘mrma‘l kinematiC§ ‘ 40 ‘ ‘ ipve]rsg kinelmatigs ‘ ‘
350 - re-coll 160 ‘ ' ‘ ‘ ‘ ' ‘ ‘ 1 357::\\ p 160 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 1
_— ejeCt”e 140 1 - N 140
5 120 q =N =, 120f
30F g 100 p 17 30‘\:\ g 100 1
o 80 4 . ~ ~, sof
% 25 & 60 S5 41 %J 251 & 6ol p q
40 e 1 NS a0l
Z 5 20 @ 1] 25 AN 20f % ca 1
< b %0 0 @ e s oo T T 0| W\ 5250 e w0 100 120 w0 w0 160
w 151 0cpn (deg) 1 w 15f SN
10+
st > Ca
0 20 40 éO 50 160 1‘20 14‘10 1é0 180 00 2‘0 4‘0 60 80 100 120 1;—0:_ ];6::71;80
By (deg) 01, (deg)
® Normal kinematics, almost constant energy of the ejectile
® Inverse kinematics: large variation of the proton energy
B | aboratory system 0° — 180° center of mass
® Kinematic compression at large lab scattering angles
K. Wimmer 23rd STFC Nuclear Physics Summer School 19
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Transfer reaction kinematics: d(°**Ca, p)°°Ca

laboratory system

107 center of mass system 102
(b)

= T 10t}
] wv
Qa {
a a
£ E
c [e]
B B
© © 100
k) g 10}

10 " : . . . . . . 10! . . . . . . . .

0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180

O (deg) 01, (deg)

® Sensitive region at backward angles

B Where the proton energy is very low
(and the background high, need to tune detection threshold carefully)

m Note: do/dS) is not so useful for experimentalists, sin § factor for yield

K. Wimmer 23rd STFC Nuclear Physics Summer School 20
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Where to put the detector?

deuteron target proton target triton target
1201 — (d.p) 1 1200 (p.d) 120 — (tp)
— (d.d) (p.p) — (td)
100—aw=180' I (d,t) 4 100} 100 I (t,t)
J— 3 — (t
_. 80 (d,” He) || _. 8o} _. 80 (ta)
> > >
] ] (]
Z 60 | Z Z 60
w w w
40 1 40
20 1 20
T B =0" 0. =0° ) O =0"
0 . 0, n cm . L . 0 L 07 ;
0 20 40 60 80 100 120 140 160 180 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
0}, (deg) B4 (deg) 65 (deg)

® Elastic scattering: forward of 90°
m Stripping (d, p), (t, p): all ranges of scattering angles
® Pickup reactions (p, d), etc. forward angles (two solutions for kinematics lines)

https://github.com/wimmer-k/Reaction

K. Wimmer 23rd STFC Nuclear Physics Summer School
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Setups for transfer reactions

Silicon strip detector box around the target

Particle identification by energy loss

Compact and often surrounded by Ge detectors for y-ray spectroscopy

Examples: ORRUBA, TIARA, SHARC, T-REX
C. Aa. Diget et al., JINST 6 (2011) P02005, V. Bildstein et al., Eur. Phys. J. A 48 (2012) 85.

ﬁ /\lzs
2 um protection foil

-y
backward barrel T-REX

°

si /, -

12 um protection foil

2 um protection foil
forward barrel

backward CD
Target

K. Wimmer 23rd STFC Nuclear Physics Summer School 22
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Where to study transfer reactions

For transfer reactions ~ 5 — 10 AMeV are needed
m Post-accelerated ISOL beams (ISOLDE, TRIUMF, GANIL)
m Or stopped and re-accelerated in-flight beams (NSCL/FRIB)
m Or decelerated beams (RIBF/OEDO)

ISOL Target lon source

Stopped
beam
experiments

light ions

On-line
separator

Reaccelerated
beam
experiments

Reaccelerator

In-Flight  Target

Fast beam experiments

heavy ions Stopped
In-flight lon

separator catcher Reaccelerated

Reaccelerator

K. Wimmer 23rd STFC Nuclear Physics Summer School 23
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Transfer with radioactive beams ) UNIVERSITY

m ¥23n, Z = 50, N = 82, is a doubly magic nucleus Tosn I c
4fap S s 0.54

® |ts half-life is only 40 sec -, ’ dee 054

B Experiment has to be performed in inverse kinematics i , g =107

Counts

60

50

40

D, ®/2) 2,005 keV
),

target (9/2) 1,561 keV

(172) 1,363 keV'
~

122G, &R — 3/2 854 keV
beam 133G
beam 712 OkeV

Proton

++,

-2 -1 0 1
Q (MeV)

K. L. Jones et al., Nature 465 (2010) 454.

@

20 fip e 1.1
“ns&&%x g mem—
1.1
% P2
=) Pas 0.92
& 10 |
| f 7 e 0.86
I
0 . e
=20 -10 0

N_Nmagn:

m Similarities between 2°8Pb and '¥2Sn

m Spectroscopic factors C?S ~ 1
— good doubly magic nucleus

K. Wimmer
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The neutron-rich Ca isotopes

K. Wimmer

23rd STFC Nuclear Physics Summer School
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Shell evolution

—e— Ni

20

25 30 35
Neutron number N

40

— eo00—

— 00— 131/2

—eooe0e— (0d;,
8

—eoo— Opyp,

—eo00— 0p;)»
2

— 00— 031/2

K. Wimmer
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Shell evolution
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20 25 30 35 40
Neutron number N
® masses of >3 %’Ca: drops in S,,, after shell closure

® sizable gaps between vlpg ), 1p,/,, and Ofs , orbitals
— new magic numbers N = 32 and 34

)/ OF COLOGNE
— 0Oggp
34 Ofs2
T P12
— 1pspe
28
-eeoeeeee- (Of),
20

—eo00— (0d;,
— 00— 131/2
—eooe0e— (0d;,

8

—eoo— Opyp,
—eo00— Op;),

2

—eoo—— Os),

K. Wimmer 23rd STFC Nuclear Physics Summer School
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Shell evolution

s,, (MeV)

T — T T
?-\\\\ KB3G = Present
[ e AME2016

151 o AME2016 (eval)

10 — ]
i KTUY05” ]
L FRDM12 TR 4

3 i

el sy

N
o

30 32 34
Neutron number N

® masses of >3 %’Ca: drops in S,,, after shell closure

m sizable gaps between vlpg ,, 1p,/,, and Of , orbitals
— new magic numbers N = 32 and 34

S. Michimasa et al., Phys. Rev. Lett. 121 (2018) 022506.

09dg/2
Ofs2

P12
1P3r2

0f7

0dg),

S112
dsp

Op+2
P32

Osq)

K. Wimmer
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*°Ca(d, p)
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1z)) OF COLOGNE

Probe N = 32,34, and 40 shell gaps simultaneously

0992

5000 34 0f5/2
I
92¢_0d FH— e oo —— 1p
4000 | —_— ASE 32
f52- 08392+ 042
= Gy 2 D84 92s 074 28
[}
x: 3000 (3/2-) 0f7/2
I 2) 32 002
3 - 20
c FEL— .52 oo sz —eo00— (0d;,
12091 1/2- 096
= L —_—l .
g o2 R —eoo— s,
L% “~32- 089 —...8...— Od5/2
1000
_—
0p1/2
— e —
P32
ol 32-_ 084 32 095 (3/2) 32 048 Y. 1209 2
exp th exp th exp th
®Ca 51Ca 3Ca —0— 081/2
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®0Ca beam production

® Projectile fragmentation of 79Zn

B Particle identification by time-of-flight and Bp

B Mono-energetic degrader to ~ 15 AMeV

K. Wimmer 23rd STFC Nuclear Physics Summer School 28




®0Ca beam production
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BigRIPS

® Projectile fragmentation of 79Zn

B Particle identification by time-of-flight and Bp

B Mono-energetic degrader to ~ 15 AMeV

FE9 (RF) FE11l FE12

FE9 horizontal position [mm]

b L bt o o b L
1065 1070 1075 1080 1085 1090 1095 1100 1105 1110
F3-FE9 time of flight [ns]

v E
=
ST
3

K. Wimmer
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Secondary target and TiNA
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TiNA Si detector
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Particle identification after reaction

10%

“202'2""(/3 - OE‘DO)
2024 (8 — SHARAQ)

Counts

g m— 3

"GANIL-made"
CRDC

m Different charge states, beam picks up electrons
in target

K. Wimmer 23rd STFC Nuclear Physics Summer School 31



Particle identification after reaction
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Results

® Excitation energy reconstruction with limited resolution

® Population of unbound states in ®'Ca = (@)
30—
7 3 =
2o
g E
—_ 51Ca S, = 4.815 MeV 6 2 £
> 3 "F
) _ o £
= - 5 g
2 A B
5 - = 4
= R
= 3
8 =- 3
= --" 2
= - 2 2
o ] - £
= = - 3
Hor o 1 °
S b b b b b b b b b 0
245 25 255 26 265 27 275 28 285
A/q Excitation Energy [MeV]
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® Angular distributions allow extraction of angular momentum transfer
B Spectroscopic factors are consistent with population of single-particle states
i Ground state, AL = 1+(a) \ 1.718 MeV, AL =1 (b) 1p3/2 - 0f5/2 281/2
+ ) y /_\\{ = 1pijp == Oggo == 1ds/2
2 o) M- 58Nj (s
} } 4| 0.5 i(2)
10.0 - — I I 1
2.378 MeV, AL =3 (c) 3.478 MeV, AL =3 (d) 0.0 ] EIT
1 7 o 0.5 ¢ ( )
5.0 / ~\
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Results
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® Angular distributions allow extraction of angular momentum transfer

B Spectroscopic factors are consistent with population of single-particle states

sk < *:ﬁ)/%* ?ﬁt 1ps/a == 0fs/s 28172
" - =¥ = Ipij2 == 0Ogos2 == 1ds;2
9/2+ - PN (a)
oY S—Y pjgipe— 051
— -- ) " —_ 3ot
N G = | i T
< : 56
= Fe (b)
~ .l 0.5
S Ly L
% o 5/ 0.0 4 I. -~ I ]
S (5/27) 1o 5/2~ 0 %4Cr (c)
=1 _— 0.5
B / — 12" 0.0 -l 5
4 ' 50Ca (d
2 L 05 4 Ca (d)
0.0 41 . —L— I — T
0 1 2 3 4 5
ol "
Excitat gy (MeV
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Is “C°Ar a bubble?
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46Ar: a bubble nucleus?

NIVERSITY
F COLOGNE
_ _ oa , - 0.08 e
® Z = 20,N = 28: the last two protons fill the 2s, , orbital « Charge ]
. . . 7 006 3
B Some theoretical calculations of the density £ 3
A ) 2 004F. E
distribution predict a proton bubble for “Ar 7% ]
=~ 10 LI e e s e T 8 002 —-—-N&Z, J=0 (Min.) ’
© | — Proton | —IN&%,J=DI(GCF:1) E
2 ———_ p=0 000 T2 3 456
5 OF—— == r (im)
g F—-21 —. — 22“2'
S —T_ @ — =
o R —— 1f,
S | — —_ 13 "
h= —_— -
g — — 1d3*2
o0 okt T — 25, ]
© [ Ar isotopes T—— 1d 1
% 30 Aol o
16 20 24 28 32 36

Neutron number

proton adding reaction

L Y
46 . . Spirall beam He
B Probe the "®Ar ground state wave function by a direct Cryagen\
target

Add proton to dy, — 3/2" state at 360 keV, s, , — 1/2* ground state of *’K ®
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46Ar: a bubble nucleus?
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Setup for a complete measurement of reaction-related observables
m “®Ar beam produced by projectile fragmentation at GANIL
m Cryogenic (6 K) 3He target
® VAMOS spectrometer for ejectile 47K
B MUGAST to detect deuteron, measure E and 6
B AGATA: y-ray tracking array, 40 high-purity Ge crystals, 10% efficiency

CATS2
multiwire

CIME cyclotron

MUGAST
DSSD array

Ionization chamber

Drift chambers

AGATA y-tracking

Focal plane
multiwire

\ VAMOS magnetic spectrometer /
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46Ar: a bubble nucleus?
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Measure excitation energy and angular distribution of deuterons

Counts/(1°)

Excitation Energy (MeV)

120

D. Brugnara et al.

130 140 150
Laboratory emission angle (*)

Counts/8.0 keV
g 3 &

g

Counts/(§ MeV )

SWSDPEU
K

200 400 600 800 1000 1200 1400 1600 1800 200

72 e 2020

1660

32" e g 360
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1/2" et 0

t Data
- Background
360 keV state
= 2020 keV state

St mod.

Energy [keV]
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46Ar: a bubble nucleus?
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m Cross section to 7/2 state much larger than for 3/2%

C?S,/C?S,_, 3/27" state | 7/2 state
Experiment 0.1(1) 1.1(2)
Calculation SDPF-U | 0.63 2.6

D. Brugnara et al.

® Small C?S — 1d;, orbital is full occupied

1f;/, and 2s, , are both empty, large cross section

Compared with ab-initio calculations with the NNLO

sat

Proton density depletion in the center of “°Ar

Can we “measure” the density distribution?

With a setup like SCRIT, highest #°Ar production yield predicted for
FRIB (USA), and design value for ERL (energy recovery linear
accelerators) like PERLE (France), DICE (Darmstadt), it could be
possible to measure (e, e’) for “°Ar

Amplitude

Amplitude
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0.00

0.06

0.04

0.02

0.00
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Summary: Transfer reactions

= The single-particle shells are not observables
= Direct nuclear reactions can be used to determine:
= Energies, spins, and parities of states in the reaction products through
missing mass or decay spectroscopy
= Occupation and vacancy of orbitals
= Single-particle strength in ®'Ca probe sub-shell gaps at N = 32

and 34

= “Empty” proton s orbital in °Ar makes it a candidate for a bubble
nucleus

K. Wimmer 23rd STFC Nuclear Physics Summer School 40



Discussion
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Let's measure the transfer reaction ®*Ca(d, p)

® Which orbitals are populated?

K. Wimmer 23rd STFC Nuclear Physics Summer School



Discussion M) e e
Let's measure the transfer reaction ®*Ca(d, p) 099,
® Which orbitals are populated? 40 P15
m Estimate the spectroscoppic factors (in the independent particle model) for: —e0— Of5/2
= Conventional shell ordering —0000— 1p3,2
28
-eooeeeee- (Of),
20

—eo000— (d;,
—0— 131/2
—eooeee— (Od;),

8

—eoo— Opyp,
—ee00— Op;),

2

—0— 051/2
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Discussion

OF COLOGNE
Let's measure the transfer reaction ®*Ca(d, p) 092
® Which orbitals are populated? 3—4 Of5/2
m Estimate the spectroscoppic factors (in the independent particle model) for: _55_ P12
= Conventional shell ordering —0000— 1p3/2

= Modified ordering with sub-shell gaps at N=32 and 34 28
-eooeeeee- (Of),

20
0ds,

S12
0ds),

i

—eoo— Opyp,
—ee00— Op;),

2

—0— 031/2
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Discussion

Let's measure the transfer reaction #Ca(d, p)

® Which orbitals are populated?

m Estimate the spectroscoppic factors (in the independent particle model) for:

= Conventional shell ordering

= Modified ordering with sub-shell gaps at N=32 and 34

Sketch the missing mass spectrum

How would you do the measurement?

Sketch the angular distributions (in the center of mass system)

20
—eo000— (d;),
—0— 151/2
—‘“8“'— 5/2
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