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What questions can we ask about nuclei?

« How heavy is I1t?

* Mass spectroscopy
How big is it?

 Laser spectroscopy of Hyperfine structure
How long does it survive?

* Decay spectroscopy
« What shape is it?

« Coulomb excitation

« How are excitations created
« Gamma-ray spectroscopy
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What can we learn from nuclei?

What are the details of the How are the elements
strong nuclear force? created in the universe?

>

The Strong Nuclear Force

s-process

Number of protons Z

r-process

Number of neutrons N

>
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Outline

e Production of Radioactive lon Beams (RIBs)
* Nuclear Structure Signatures

* Nuclear Masses and separation energies

« Nuclear spins and charge radii

« Decay and gamma-ray spectroscopy

* |nelastic scattering

e Direct reactions

3rd June 2026 GRIDS 2026 5



TRIUMF Main cyclotron

18m diameter cyclotron producing 520MeV proton beams to 4 beamlines.
First beam was extracted on 15" December 1974.




ISAC-TRIUMF ISOL facility for rare isotope beams

ISAC-I and ISAC-II Facility

ISAC Il |
> 10 AMeV for A<150
> 16AMeV for A<30

e

------
-
--------

ISAC I e
| 60 keV & 1.7 AMeV | :

RFQ

TRINAT

ISOL facility with high primary beam
intensity (100 pA, 500MeV, p)

Delivering RIBs since 1999.

2018-10-23

!eéolution
Separator

Target Stations 500 MeV
Protons

TIGRESS Programs in

* Nuclear Structure &
Dynamics

* Nuclear Astrophysics

» Electroweak Interaction

Studies

1 *+ Material Science

1. 18 permanent experiments
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ISAC-TRIUMF ISOL facility for rare isotope beams

Isotopes delivered at ISAC
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e | ISAC-TRIUMF ISOL facility for
rare isotope beams

500MeV p* at 100pA on ISOL target

Targets: SiC, TiC, NiO, Nb, ZrC, Ta, TaC, ThO, UQO, UCx
lon sources: Surface, TRILIS, FEBIAD, IG-LIS

—— K
1l 1E12
1B 1E11
18 1E10
1M 19
1 1E8
1M 17
1| 1E6
11 15
1l 1E4
1§ 1E3
1l 1E2
1l 1E1
1

T '
rennesranes

Protons

0 50 100 150
Neutrons

Q

ISAC-I Low-Energy <60keV Ground state + decay, material science
C ' | ISAC-I Medium E <1.5MeV/u Astrophysics
yc otron ISAC-II SC LINAC <10MeV/u Nuclear reactions and structure



EMMA +TIGRESS

o Mass analyzer for -
uadrupole . Quadrupole =/
Magnets nuclear reactions  wagnets |

IRIS

Solid hydrogen
target for direct

reactions Focal Plane/ Electrostatic Electrostatic

Seatign Deflector #2 Deflector #1 4

s | i
v 9 I _ - i | Beam
Penning Traps, P~ = % =
M R_TO F & ‘H‘”‘—;H‘ Target

(masses, = . ik
in-tra p d ecay) Dipole Magnet LT

Nuclear Structure at TRIUMF-ISAC

GRIFFIN
Gamma & Electron
Spectrometer
(decay properties)

=

Polarizer beamline
Co-linear Laser spectroscopy

TIGRESS

In-beam y-ray spectroscopy




The nuclear landscape

A lump of nuclear
matter (liquid drop)

Collective model

* Deformation

« Surface vibrations
* Rotations

Collection of
individual particles
(bag of marbles)
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3rd June 2026

T e——

_____ —_— e — _184p

« Protons or neutrons are Fermions filling orbitals up to a
Fermi surface.

« Woods Saxon (Spherical) potential
« Attractive [? interaction lowers energies of states with large I
« Spin-orbit effect produces additional degeneracy.

Large gaps between orbitals produce extra stability for these
‘magic’ numbers.

GRIDS 2026 12



Shell model — simple predictions

Proton single particle orbitals
(no residual interaction)

70 T

~ 200 keV ‘

I 6.5 T S —

E [MeV]

6.0

3rd June 2026

Excited states in

209 -
300 83 D156
Simple structure corresponding
3Ps12 E (MeY) J" to the last proton occupying the
2f5 . different single-particle energy
3.63 1/2 .
levels around the Fermi surface.
3.11 3/2~
a i Sequence not perfect
— 2fz » Energies not perfect
\1i1312
1hy; ¥ 1.60 13/2* A
0.89 7/2~
1.6 MeV
/351/2 0 9/2~ {
2dy,
2095
1h4112
—~ 2ds2
g = Need to consider residual intractions
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Deformed nuclei — parameterization of the nuclear surface

L
-
B\ pUcBy (&
IWWORLD
) cuP

AUSTRALIA 2027 A ‘:,.,
' &7 O 1

prolate: B,>0, y=0°

oblate: B,<0, y= 60"

triaxial: |p,|>0, y=30° \

v: “axial asymmetry” parameter
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Quadrupole rotor model
Example for rotational bands

8+

6+

4+

2+
O+

1024.6

614.4

299.5

91.4
0

Energy (keV

Measured rotational g.s. band in "%4Er

3rd June 2026

(from Krane)

E(8+)= 72("2)= 72*15.2 keV= 1094.4 keV.
23

E(6+)= 42("2)= 42*15.2 keV= 638.4 keV
23

E(4+)= 20(2)= 20*15.2 keV= 304 keV
23

E(2+)= 6(1)= 91.4 keV = =152 keV

E(0+)= 0 keV

Calculated

GRIDS 2026

Moment of inertia

Kinetic energy of
rotating object: Ekin =W

hz
Erot — ﬁ](] + 1)

Ratio E(4+)/E(2+) =
299.5/91.4 = 3.28

Very close to maximum value of 3.33 for
ideal rotor.
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Evolution of nuclear structure

3rd June 2026

.

R4/2 < 2

Magic

2+

4+

2+
N

R4/2 =~ 333

Mid-shell

(ellipsoidal)
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Evolution of nuclear structure

What is the structure

of these even-even nuclei? L

2+

Key sighatures: 2000
« First 2+ energy

1500}

« B(E2, 2, =04

« R(4/2) 1000F
500[

-+

'
0  "Shell Model"
nucleus

3rd June 2026 GRIDS 2026

2+

Vibrator

SCHEMATIC EVOLUTION OF STRUCTURE
NEAR CLOSED - SHELL — MID SHELL

Ey/Ep~27

Transitional

0+
2+

4+

2+

Rotor

6+

4+

2+
0+

N
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Evolution of nuclear structure

@

What is the structure

of these even-even nuclei? Ey/Ep<2
25001

Key sighatures: 2000} 2"

« First 2+ energy
1500

« B(E2, 2,-04)

* R(4/2) 1000[
500[

-+

'
0  "Shell Model"
nucleus

P.E. Garrett et al. Phys. Rev. Lett. 123, 142502 (2019).
3rd June 2026 GRIDS 2026

2+
4+
ot o+
2+
2:;
4+
6+
2+
2+ 4+
2+
—_— 0+
Transitional;, weakly-deformed Rotor

rotors with some triaxiality

SCHEMATIC EVOLUTION OF STRUCTURE
NEAR CLOSED - SHELL — MID SHELL
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Evolution of Structure

What mechanisms drive
nuclei to transition from
spherical, single-particle
structures to deformed,
collective excitations?

Can we develop a unified
theory for all nuclear
behavior?

Figure from S. Raman, C.W. Nestor, JR., P. Tikkanen,
Atomic Data and Nuclear Data Tables 78, 1 (2001).
3rd June 2026

Energy of 2} (MeV)
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Typical features of collective behavior: E(2+)

Proton (Z) #

e 20_[a][3]

80 100
Neutron (N) #

https://www.nndc.bnl.gov/nudat3/
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& 5000+3

high E(2+) at shell closures

low E(2+) for mid-shell nuclei

lowest E(2+) for lanthanides (A~150-170)
and actinides (A~220-250)
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Typical features of collective behavior: 8,

Search and plot nuclear structure and decay data interactively

L NuDat 3.0

Learn more
Half-life | Decay Mode | Qa. | Qec Q|3+| S, | Sp | Qq |A0ﬂ| iy | Sap |ng. ngleEcplQﬁn |Qs.zn|BEM|(BE-LDM Fit),fA|Pa\r‘gap|E15[E,‘_s[_| EX | Es | Ear
B(E2),2/B(E2)50 | atny) aln,F) | 235U FY | 239Pu FY | 25267 FY
— @
148Pr g
229m U
I :
£ =100.00%
100
L& e
[fageriz¢Ja][2] =4
=
80 - ) uﬁnﬂu"u i
#
N
= 60—|
2
£ .
=]
o
_E
40 l:lu émn:-.-
_ & m-n #EE:
- | |
. ::H:H 1
ol ” i!ii 5 f
M =m Heonnp
==
ﬁ LA
] LA NN | u
g.':. i
0] U
T T T T T T T T T
0 20 40 50 80 100 120 140 160
Neutron (N) #
https://www.nndc.bnl.gov/nudat3/
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* lowest B(E2) at shell closures

Bo = (47 /3ZR3)[B(E2) 1 /e*]'/?

 larger B(E2) for mid-shell nuclei

Quadrupole Deformation

8.008-1
7.008-1
6.008-1
5.008-1
|
4.00e14 1 |4 A
I
3.00e1- o
2.00e-1 <

1.00e-1 =

eutran (M)

Proton (Z) #



Typical features of collective behavior: E(4+)/E(2+)

A<150: vibrations of spherical shape and/or

B(E2)52/B(E2)20 | alny) alnF) | 235U FY | 22222 FY | 252CF FY [

e — = rotations of weakly-deformed shapes
229m E
A~150-190: rotations of strongly-deformed shapes
faarrize_Ja][9] il B
| 3.408+0 .. i :,2
# 3.20e+0 ms
— | P
T 3.00e+0 |+ [ EN]
= 60— (BE3
2 W2
Qe 2.808+0 W
o [
Wo o 2.608+0 Weo
| i ' o
o= opelh 4 240040 &
: ..:.:ﬂé.":ﬁg%. I ; g 220040 || =:;
20 G o Hﬁ:;ﬂf ! 7 2.006+0 | E?E;
Hﬂﬂﬁﬁéﬁ i Y [
1.808+0 @20
‘ -:- T 1.608+0 =
O_Fﬁ: T T T T T T \ T |
20 40 60 I.:erUtron {N) :{] 120 140 160 1:20810:
https://www.nndc.bnl.gov/nudat3/ =y 9 3 5 & &
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What questions can we ask about nuclei?

« How heavy is I1t?

* Mass spectroscopy
How big is it?

 Laser spectroscopy of Hyperfine structure
How long does it survive?

* Decay spectroscopy
« What shape is it?

« Coulomb excitation

« How are excitations created
« Gamma-ray spectroscopy

3rd June 2026 GRIDS 2026 23



Experimental approaches to Mass measurements

Conventional mass spectrometry

CERN-FS + ISOLDE
Chalk-Fiver
St Petersburg

E momentum

.J I analysis p=mv
T 1

Time-of-flight spectrometry

single turm: SPEG, TOFI

multi tum:  cyclotrons CS52, SARA,

momentum
analysis p=mv +—— | ——»

start stop
storage ring ESR
Frequency measurements
storage ring ESR/GSI, 4
B

RF transmission spectrometer MISTRAL/ISOLDE

Penning traps  ISOLTRAP/ISOLDE ©
CPT/ANL
SHIPTRAP/GSI —
JYFLTRAP/JYFL o, =q/mB
LEBIT/NSCL
TITAN/ISAC

3rd June 2026 GRIDS 2026
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The precision of mass measurements

RN vmms s By sm s mahmm rm e rm i rmm s m s el e e am s am rm s s amm rmmmm smm s a st m i tme s ammamm rmm ams ey s tmms s me s i mmmmy s G rm e s

e e e e smima i meL Eeloms smee sos smms fmmimes fmas smsfm dmmimas en s sme s e fms e smmimas fmas ems sk fmmemat maLf et et s esmmimas fmas o e mimms smet e mne e e e s s memet mes sm s s st e e e e e

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

Spectrometers
______________________________ ’\a

Mass Uncertainty dm/m

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

5E
(A=100)

10 MeV

1 MeV

100 keV
10 keV

1 keV
100 eV

10 eV
1eV

" 1
2010
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Penning Traps

/ modified cyclotron motion
e Superposition
strong homogeneous
? f ? ? B magnetic field
weak electrostatic
quadrupole field

= —=
‘ | | ‘ ‘ PENNING trap I

3rd June 2026 GRIDS 2026 26



Penning Traps

RIB measurements made
relative to a reference case

TOF as a function of the excitation frequency

3904 ¢

. |

f 360

E |

D 330+

‘s |

uEJ 300

= |Centroid:

c

© 270+ 1

%’ f:; — _iB 63
” 2T m Ga T,=324s

0 1 2 3 4 3] 6 7 8 9
Excitation frequency £ - 1445125 / Hz
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Penning Traps

3rd June 2026

I phenomenology I| realistic 2N | realistic 2N + 3N I

|III|III|III|III|I | T
L (a) Phenomenological Forces L by WN-only Theory

Single-Particle Energy (Mel)

[T S P T T [ R TR TS S R & o TP e R

C4D 44 48 52 56 G040 44 48 52 560 6040 44 48 52 S5
Mlass Number A Mass Number A Mass Number A

Theory with realistic NN interaction & 3N forces:
* substantially different trend for single-particle
energies and separation energies

* quenching of N=28 shell gap around A=50-54

* New magic shell closure a N=32
Mass measurement of >->2Ca with TITAN
=>» confirms theoretical trends

Looks like, that 3 body forces in theory required to
predict the separation energy (or mass) of the neutron
rich Ca isotopes.

Further confirmation and extension to >*Ca with
ISOLTRAP

GRIDS 2026

Ty | 1 1

16

—a AME2003
m=@ TITAN
— NN+3N (MBPT)

IIIIIIII|I1I'III'I|I

8 | |

Theory (3N-forces

il =l

W
I

|
28 y 30 3 32

Old measurement

TITAN PT experiment
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Multi-Reflection Time-Of-Flight (MR-TOF)

ﬂZn [keV]

1 L I 1 L L L
~— VS IMSRG(64 < N'=90) \ FRDM12

i -
VS IMSRG(82 <= 126) — . FRDOMI5 1L 10 ’Lasers runnmg‘ (a)
— — HFB-BSkG2Z & 2-
- = AME2020 1389,mCS 3
* TITAN 1384 =
— 3 S
= 10 2
g E it
‘!-3‘ 8 10 0 1 1 L Lo ppaamne ry oy 1
O 137,950 137.951 137.952
1388n
-------- 101
% 98
10007 o 'sn(z=50) =e— Te(z=52) -e- Xe(Z=54) ~—&- TITAN | 10°
o Sb(Z=51) -—#— 1(Z=53) Cs (Z=55) 4300001000 O 1) 0 O 00 0 00 OO
800+ L 10
(b) , JLasers blocked| (b)
600- H N : 1077
400+
Ix-‘_x
2001 i e - VS IMSRG(64=N=90) T
i o VS IMSRG(82 < N < 126) s e Al
0 . ¥ x= . . . . . 1 & 1
78 80 82 84 86 88 90 92 94 137.90 137.92 137.94 137.96

Neutron number :
Mass-to-charge ratio (u/e)

*Evidence for notably decreased empirical pairing gap beyond N=82.
S,, trend is flatter than in heavier elements.
*Significantly improved uncertainty for inputs to abundance calculations

PHYSICAL REVIEW LETTERS 134, 232701 (2025)
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MagneToF Magn eTol
Detector Detector
|
f
13 TOF
£ Analyzer
1
RF Injection
Trap
y E -1 Beam from
15 — ]

». TITAN RFQ

Cooler Buncher

Hyperfine
Interact. 235
(2015) 97

B

ul |

Technique:

Multi-reflection Time-of-Flight mass
spectrometry using TITAN MR-ToF-MS with
achievable precision of better than 100 ppb



Nuclear Structure insight from Separation Energies

40 45 50 55 60 65
T T T T | T T | T T | T T T T | T T T | T
The differences between masses of ' ' '
different isotopes are the separation o L. i
energies:
S(n) —  _ M(AZ)+M(A—1,Z)+n S L |
S(p) = —MAZ)+MA-1,Z-1)+'H =
5
]
20 F - -
Can also look at multi-nucleon differences:
S(2n) = — M(A,Z)+M(A—2,7Z)+2n s L7 il
S(2p) — _MAZ)+MA-27-2)+2'H v
a 107
* Mo
. : 104{3'
: 0 : " . 5 o_Dl03g
j Ni o O O Ogs.. ”B ot R
5 ob AP MU o TS O g . PAs. .. PSe. . o K
: Shell Cu “6e " 'Deformation or
L Closure ] ;shape coexjstence
40 45 50 55 60 65
Neutron number N
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Proton number, Z

120

80

Where are the limits of nuclear existence?

. Stable nuclei
i Known nuclei AP
~@®-| | Dripline i
; P ««°Q.
| @ S, =2MeV
8- SV-min i

40t 2
Z=28
Z =20, .
0 . 1 1 1 1 1 L 1 1 L 1 L 1 L 1
0 40 80 120 160 200 240 280
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Neutron number, N

J. Erler et al., Nature 486, 509 (2012)

GRIDS 2026
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Hyperfine structure of atoms

Electromagnetic moments of the nucleus (Qu) interact with the
electromagnetic fields that are produced by the atomic electrons at the

location of the nucleus
=>» Hyperfine splitting
3 — F=I+J
A, :A£+D ;C(C+)-I(I+DJ(T+])
2 2121 -1)J(2J -1) C=FF+)-II+1)-J(J+])

_ IUIEJ,O —
1J

A — Magnetic moment

oV
D= eQS( azzjj —— Quadrupole moment
0

Problem:

to determine p, and Qg from measured quantities A and D, one needs to know
the magnetic field and electric field gradient at the location of the nucleus

3rd June 2026 GRIDS 2026 32



Co-linear Laser spectroscopy

R.F. Garcia Ruiz et al., Nature Physics (2016)

Proton beam RILIS

High-resolution ionization scheme

= —
M Uranium carbide mass separator |
ol 655.0 nm
BN lon source » RFQ cooler and 585.7 nm
buncher 4s4p P,
———— ——
4227 n
Fabry-Pérot * 2”:
F He:Ne _a_ 45415,
laser

[><]1 interferometer

\, Nd:YVO,

Electrostatic

o Ti:Sa laser deflectors

Level scheme for
resonance excitation

F
 —— Hyperfine structure
2
4p P32 T Tl spectrum
393.4 nm
|||F
Ca* '."‘—
Photomultiplier
tubes
—— - —

796 nm SH(_S
4 ; . 4 ‘thtttt\ =
~J cw: 393 nm A -
» Protons ® Caatom @ Caion
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Lenses

Doppler-tuning
region
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Co- Ilnear Laser spectroscopy

(©) e 1 5(1) GHz
%111 25(1) MHz |]

2001

150+

100+

Arbitrary units

50+

0
8000 3000 10000 11000 12000 13000
Frequency relative to centroid of *' Fr (MHz)

1.5GHz from hot cavity
25MHz from RFQ cooler

Counts [arb. unit]

Dramatic improvement in resolution due to
reduction in energy spread of ions
-> reduction in Doppler-broadening
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60
40
20F

60

| ] =
= =
T T

=
C:) =

| ]
CD

.
C:D

o
C:D

=

%Rb Hyperfine Structure

FWHM = 1334MHz

FWHM = 483MHz

FWHM = 25MHz

jL FWHM = 120MHz Jk

- ?[IO(] —1000 1000 ?UDU

Frequency relative to Dy trmsm(m centroid [MHz]
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Co-linear Laser spectroscopy

» The nuclear spin can be unambiguously determined from the number of HF components
(relative spacings and intensities)

» Selection rules obeyed, AF=0, +1, F=0 — F=0 forbidden

[#%]
5
S

Photon count

M
3]
T I|D TT

—
o
||D| T

5
r ICDIIII

..éﬁuo..l...5.6.13..”..?..0.0...;....
Relative frequency [MHZz]

%_ - i _1
0
1=1/2 F
S”Q _'_--, - _ 1 _1
-7 — 0
-7 "f" \\
L . 49K

2700 29007 3100

Only 3 transitions allowed (no F=0 — F=0)
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Photon count

W

J. Papuga et al., PRL 110, 172503 (2013).
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|
|II?I

—

o O o

L_q_:’\__u__h_z
] 1
|=32 F

800 1000 1200 1400 1600 1800
Relative frequency [MHz]
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Co-linear Laser spectroscopy

Isotope shift of atomic transitions between two nuclei AN | iy

with mass numbers A, A A 216Po

214Po

212Po

. Shift of electron levels : 210Po

5VIS 5V + 5VFS (strongest for s-electrons) m:i:\\ A S

206Po

. el N
MS: “mass shift" : A 204Po
. o’

* Reduced masses are different for A 202Po

atoms with A and A’ nucleons \_200P0

FS: “field shift“: Wi S

L . . J\CQBPO

* Finite-sized nucleus modifies the 194P0

potential and perturbs electron szo

wavefunction I A o
5vAAr 5<TZ)AA’ T.E. Cocolios et al., PRL 106, 052503 (2011).
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Decay modes

B. Blank, Nuclear Physics News 19, 14 (2009)
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proton number

one-proton

— neutron number

cluster radioactivity
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Beta transitions between nuclei

Mass parabola

mZ,A)=x,-Z+ x2-22+x3-A + 0,

v needed for

- energy conservation

- (charge conservation)

- angular momentum cons.
- (mass conservation)

M [Mevie?]

. \ . ;i-uglsetable "r \ + / EC
u .'| \ o sial ,"'II;'I_ ,._
L /1 . decrea ses
(] l; \ A:'IUB l||-' I" f
i ."I r"'ll f
6 - \ A ' -
Vo J

o
T
o
(+9
S
by
i

L

% fhy .
oy .rr ."I .'I /
‘1, /7 .
VN ’L ﬁ-,!
% \ I'. | '), /
\

g
I

a
T
-

F= \-.. I\_\ __:'i. -x —
'\l.l\L ' o ;’2
1 = I\\‘- lll" .'JI{ / —
*a LY

TR RLSa T Z'”“eases‘\ .

) A -
B*- decay Xy — 1‘; | ;} g te AE> 1.022 MeV
(Orbital) SXy+e  — 5 Xy, +Ve+ X-ray AE<1.022 MeV

Electron capture
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Half lives

Make use of the exponential decay law

Measure the change in activity as a function of

time to find the decay constant, A.
A = Age M

Convert the decay constant to half life:
In(2)
T —
1, P

Can be measured using beta particles.

Counts /0.1 s

Using gamma rays can isolate a specific species.

3rd June 2026
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=
.

<

=
Tz

E_ 46K

g 17.38(3) s

\

= I | | 1 | I 1 1 1 | }\. |
100 200 300

Cycle time (s)

J. Pore et al., Phys. Rev. C 100, 054327 (2019)
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Beta transitions between nuclei

In?2 In 2(;12T Vzd V4 Matrix element

u 12 . 2
Ty - f(Z, &) - |My] B = |My;|
11)2 K \ K
Fermi function B = —
_ 3 7 5 .4
k= 2m In2h' /m)c GLV- ft
-5 3 ] . .
G, =1.166364(5)[10 (DS) GelV ™™ fundamental weak interaction constant
|V,,q| = 0.97367 =0.00032 coupling of up-down quarks during weak interaction
Spin for e and v: s=1/2
- spins parallel: S=1 “Gamow-Teller decay”
- spins anti-parallel: S=0 “Fermi-decays” ﬁ —_ f(Z, 80 ) BI/Z
Fermi GT
Type L Al Am Al Am super-allowed: log ft = 3.5
Allowed 0 0 No (0),1 No allowed: log ft = 4-7
First Forbidden 1 (0),1 Yes 0.1.2 Yes longer ty) first forbidden: log ft = 6-9
Second Forbidden 2 (1).,2 No 23 No second forbidden: log ft = 10-13
Third Forbidden 3 (2).3 Yes 3,4 Yes third forbidden: log ft = 14-20
Fourth Forbidden 4 (3),4 No 45 No fourth forbidden: log ft = 23

3rd June 2026 GRIDS 2026
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Exmted states can be populated in beta decay

52000
48000
44000
40000
36000
32000
28000
24000

20000

A—60

NDS 48, 251(1986)

16000

12000
10000
8000
6000
5000
4000
3000

2000
1000
500

103 . Evaluators: P. Andersson, L.P. Ekstrom, and J. Lyttkens

s 0+ 15x106y
60
25Fe B-

T TTTITTIIIIT TT T T T TTTITTITITTTTd]
o
~
w
=)
[=]
[=]

Qg 237

IR n— p+e + v,
. +
B p—n+e +ve

EC : p+e —n+ v
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Sp_.. 82747
S, 749193 Sn__11388.3
Sp..._. 95834
&°
A
& 0.24%
e =2 B 1047m
50 52714y
27C° B_
Qg 28239
0+
600 ;
ogNi

Sp 10061.0

Qg 6126.9
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5x10°
—— Nal (75 keV FWHM)
o —— HPGe (2.35 keVV FWHM)
X107 1173 keV
/
o)
Sn.__15000 £ 3010-
5 1332 keV
S5 2 2 /
0+ 238m 8
EC gan
1x10°4
Q4158
0 T T T et
0 500 1000 1500 2000
Photon energy [keV]
60 Co 60m 1(: A67Tm .
2700 52728 0 o7m
31 ev 2.505 4+
7 B 99 g4, -
'%’4{ 2.158 2+
GI/,G
%2y 1.1732 MeV y
1.332 2+
) 1.3325 MeV y
gg Ni 0+
41



Gamma-Ray Spectrometers at ISAC

GRIFFIN used with
stopped RIBs accelerated RIBs

3rd June 2026 GRIDS 2026 42

TIGRESS used with



The GRIFFIN Spectrometer

1

spectrometer for nuclear
structure, astrophysics and
fundamental interaction studies.

ISOBAR

Jm
ISOMER

JTC
GS

SCEPTAR: 10+10
plastic scintillators

DESCANT Neutron array

3rd June 2026 GRIDS 2026

for precision decay studies at ISAC

GRIFFIN is a powerful decay ‘ 4 suppressed Clovers

N2

@

!

§
A M B
P A 3

e -

PACES: 5 Cooled Si(Li)s

HPGe: 16 Compton-

LaBrs: 8 Compton-
suppressed LaBr;

Zero-Degree Fast

scintillator
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Gamma transitions between excited states

3rd June 2026

Electromagnetic transition between states | i), | f)

Conserved quantities:

- Energy: E;=E,— ho
- Angular momentum: J=J, + ¢ L,
- Parity: m=m, - T, E, 1)
Emitted photon: Ji,
min. intrinsic spin €= | J.—1J. |
Je=Ji | €< )+ )

max. intrinsic spin €= J; +J,

“Multipole order”: quantification of the amount of angular momentum carried by
the photon (“2¢ —pole photon”)

¢ = 1 = dipole photon

¢ = 2 © quadrupole photon

¢ = 3 = octupole photon

¢ = 4 © hexadecapole photon

Distinguish between electric and magnetic radiation:
Oscillating charge distribution — electric radiation (E)
Oscillating current distribution — magnetic radiation (M)

GRIDS 2026
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Gamma-rays possess several observable properties which
can be used to reveal properties of the nucleus.

* Energy

 Intensity

« Coincidence relations
« Spatial direction

« Degree of polarization

3rd June 2026
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Gamma-rays possess several observable properties which
can be used to reveal properties of the nucleus.

« Energy (level spacing)
 Intensity

« Coincidence relations
« Spatial direction

« Degree of polarization

3rd June 2026

GRIDS 2026

Nuclear excitation energy
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Gamma-rays possess several observable properties which
can be used to reveal properties of the nucleus.

« Energy (level spacing) ?
 Intensity (transition strength) E; [ S
. Coincidence relations g
« Spatial direction E, v | ) g

Z

« Degree of polarization

3rd June 2026 GRIDS 2026 47



Gamma-rays possess several observable properties which
can be used to reveal properties of the nucleus.

« Energy (level spacing) T §
 Intensity (transition strength) E; [ S
« Coincidence relations (level scheme) —— g
« Spatial direction E, v | ) %
« Degree of polarization 3
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Gamma-rays possess several observable properties which
can be used to reveal properties of the nucleus.

« Energy (level spacing) J ?
 Intensity (transition strength) E; [ S
« Coincidence relations (level scheme) { g
« Spatial direction (angular momentum) v | f) %
» Degree of polarization Js 3

3rd June 2026 GRIDS 2026 49



Gamma-rays possess several observable properties which
can be used to reveal properties of the nucleus.

« Energy (level spacing) )7 ?
 Intensity (transition strength) E; [ S
« Coincidence relations (level scheme) t,m, g
« Spatial direction (angular momentum) v | f) %
« Degree of polarization (parity) Jo me E

3rd June 2026 GRIDS 2026 30



Beta decay from 4K to 4’Ca at GRIFFIN

47K GS 1/2+, 47Ca GS 7/2- = 3™ Forbidden beta decay h 4

So decays all proceed to excited states

Excitation Energy (MeV)

3rd June 2026 GRIDS 2026
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Gamma-angular correlations

Population of a state by a gamma-transition (defines z-axis)
=» uneven population of m-substates with respect to this axis
=>» angular distribution of decay gamma

= Measure both photons in coincidence

=» Angular correlation

Dy I m
0 0
e |
% o S A ———— +1 I
—————————— 1 0 |
¢ i 4 |
Q "‘% X, |
’52 D 0 0 gloo
a) 2 p) ¢y °¢—>

W(6) =1+ A,P,(cos0)+ A,P,(cos 8)
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47K to 4’Ca: angular correlations

586 keV - 2013 keV angular correlation

arb
.<3
S
B

(

o
IS
W

o
o
¥

Normalized counts

0.41

0.4

~25.4M y-y e\(ents

¥2 / ndf 77.02 /40
Ay 0.4188 + 0.0001
85 -0.06496 + 0.00061
8y 0.001516 + 0.000798

0.39}/
- doo. -0.0714
0-38:7\\‘\\\lll\‘\\\‘\\\l\\\‘\\\‘\al4l4%\0\-0\‘\\l
-1 08 06 04 02 0 02 04 06 08 1
cos(0)
565 keV - 2013 keV angular correlation
g [
o -
s [ ~4.4M y-y events
g —
50.441— ¥2 / ndf 41.62/40 +
® A, 0.4151+ 0.0003
5 a +
2043 o 0.05675 +0.00179
k<] 44 0.001251+ 0.002330

0.42

0.41 f
a,,: 0.0571
0.4
\ \ | \ \ \ | 844‘2 O'O\
_1 Il |_0-8\ 1 \_O-Bl Il \_0-4\ Il |_0-2\ 1 Il O Il 1 \O-zl Il \0-4\ Il |0-6\ 1 \0-8| Il Il 1
cos(8)
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E1

E2

E1

E2
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1/2*
3/2*

3/2

172

1/2*
3/2*

3/2

712

12+ = 3/2-=> 7/2-
doo. '00714, dyg. 0.0

3/2+=> 3/2-=> 7/2-
ayy:. +0.0571, ay,: 0.0
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ISAC-TRIUMF ISOL facility for rare isotope beams

{5
Medium Energy
1.8 A Me

L}
Py

Low Energy }
60 keV

3rd June 2026 500 Meg%ﬁnh .

protons
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What questions can we ask about nuclei?

« How heavy is it?
* Mass spectroscopy
How big is it?
 Laser spectroscopy of Hyperfine structure
How long does it survive?
« Decay spectroscopy
What shape is it?
* Coulomb excitation

How are excitations created
« Gamma-ray spectroscopy

3rd June 2026 GRIDS 2026
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Nuclear excitation energy
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Low-Energy Coulomb EXxcitation

Projectile

2+
I 0+

Exchange of virtual photons mediates excitation

Beam energies at the Coulomb barrier
(SPIRAL, ISAC-II, CARIBU, Hie-ISOLDE):
E,, B(c)) excitation strength, band structures
(0* > 2*> 4* > 6%)

Beam energies well below the Coulomb barrier

(ISOLDE, HRIBF):
Usually only the first 2* state accessible

A. Goergen, J. Phys. G 37, 103101 (2010)
D. Cline, Annu. Rev. Part. Sci. 36, 683 (1986)

3rd June 2026 GRIDS 2026

Projectile

Zy

P i |

v/e

_________________

Measure de-excitation y-rays

144 xZ x Z,
r( fm)
r(fm) ~ 1.2(A,13 + A,13)

V.(MeV)=

2+

0+
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Counts / 4 kaV

Low-Energy Coulomb EXxcitation

O. Niedermaier et al., PRL 94, 172501 (2005)

35 |
30 Pmg i g
25 F Epeun=2.25MeViu

20 | 2} - Ogs

0 Ao Lod g s 4
1200 1250 1300 1350 1400 1450 1500 1550 1600
E, (keV)

30Mg at 2.25 MeV/nucleon on natural Ni target
(1.0 mg/cm?)

From REX-ISOLDE at CERN

y-ray detection with MINIBALL.

Particle detection with CD-shaped double-
sided Si strip detector

G_CE{30Mg) B E},(S&G[]Ni) W},(58-"6“Ni) Ny(gﬂMg)

3rd June 2026

g CPONi) B 67(3“Mg) W7(3°Mg) N],(S&E’“Ni)’

MINIBALL Ge Array

..................
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Low-Energy Coulomb EXxcitation

3rd June 2026

Counts / 4 kaV

O. Niedermaier et al., PRL 94, 172501 (2005)

T T T T T T T

35 L p
30| g - i g 1
gg " Eggam = 2.25 MeViu 1

0 L e Y )
1200 1250 1300 1350 1400 1450 1500 1550 1600

E, (keV)

30Mg at 2.25 MeV/nucleon on natural Ni target
(1.0 mg/cm?)

From REX-ISOLDE at CERN

y-ray detection with MINIBALL.

Particle detection with CD-shaped double-
sided Si strip detector

G-CE{mMg) _ E},(S&GDNi) W},(58-"6“Ni) Ny(g{]Mg)
UCE(SS,E'ONi) 67(30Mg) W.},(30Mg) N],(SS'E){]ND,

GRIDS 2026
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Low-Energy Coulomb Excitation

E2 E2

== ] 2t -
Small velocities f3:
648.9 By mainly excitation via
E2, E3 and E4
o\ 2 » magnetic excitations can

141.7 4+
28 A2 ,.  be neglected

0 ot

muItipIe E (keV) \_/ 240py

Coulomb excitation

(daj 4wz BED) g )

dQ

Determine matrix elements from measurements of Coulomb
excitation cross-section!!

« spectroscopy of scattered particles (light projectile)

« spectroscopy of gamma-rays from decay of excited states
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Low-Energy Coulomb Excitation

3rd June 2026

Counts / 4 kaV

T T T T T T T

35 | 1
30 FMg - "Ni g
251 Epeam=225MeViu 2} - Ol ]

0 i 1 1 |l“'q O l—II‘rI I'n'l nnnno II|
1200 1250 1300 1350 1400 1450 1500 1550 1600
E, (keV)

30Mg at 2.25 MeV/nucleon on natural Ni target
(1.0 mg/cm?)

From REX-ISOLDE at CERN

y-ray detection with MINIBALL.

Particle detection with CD-shaped double-
sided Si strip detector

(TCEl30Mg) B EY(S&E’UNU th(SS.E;(]Ni] }VY(B{]Mg)

U_CE(SS,E.{]NU o 67(3“Mg) Wj,(mMg) NY(SS'E’“NU’

counts / 2 keV

» 275 0]‘ 4
1000 " —
E T 1 ]
- i N i e :
100' R .. - |
E_ ~ o (=] ‘f‘ —;
= # 'C"\\ / g 'é" s RO
- '.Jr‘ 11 N ]
10 / /5
Il
| O R L1 M
0 200 400 600 800 1000 1200 1400
E, (keV)
8t .
| . T4Kr multistep
i " 4 Coulexat47
67 V138 s MeV/u on 1mg/cm?
‘ =L 03 omsIE 208P target at
0300) . GANIL.
23 +0.245%

4t —0.85% 0.09(6)
0.006(1)

0.045(7) f

0285(3) 00477
27 v—0.5{2]- 92-——— — | 00081
047(5) /

] ]
01222) |
07
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Data analysis done
in a X2 minimization
with a coupled
channels code
(GOSIA)
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IRIS + theory determine
magnitude of 3N forces.

Nuclear Force Imprints Revealed on the Elastic Scattering of Protons with 1°C

=
=
—
|2d Selected for a Viewpoint in Physics week ending
PRL 118, 262502 (2017) PHYSICAL REVIEW LETTERS 30 JUNE 2017 a
E'S )
)
o=
m

A. ](umar,I R. Kanungo,l* Al Calci,2 P. Navr&itil,ZT A. Sam:lullalev,"2 M. Alcorla,2 V. Bildslein,3 G. Chl‘istian,2
B. Davids,” J. Dohet-Eraly,™* . Fallis,” A. T. Gallant,” G. Hackman,? B. Hadinia,” G. Hupin,® S. Ishimoto,”
R. Kriicken,*® A. T. Laffoley,” J. Lighthall” D. Miller,” S. Quaglioni,” J. S. Randhawa,' E. T. Rand,’

A, Rojas,2 R. Roth,m A. Shouer,1| J. Tanaka,l2 I. Tanihata,'z'” and C. Unsworth®

Tonization Chamber

S3dl  S3d2

P
S3 (AE-E) Y
vy
H, target cell :
. o
Si  CsI(TI) Z
H, gas supply g
diffuser )
H, target
heat shield
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IRIS + theory determine
magnitude of 3N forces.

|2d Selected for a Viewpoint in Physics
PHYSICAL REVIEW LETTERS

E3

Nuclear Force Imprints Revealed on the Elastic Scattering of Protons with '°C

week ending

PRL 118, 262502 (2017) 30 JUNE 2017

A. ](umar,I R. Kanungo,l‘ Al Calci,2 P. Na\-rr;itil,ZT A. Samilullﬂev,l‘2 M. Alcnrta,2 V. Bildstein,3 G. Chl‘istian,2
B. Davids,” J. Dohet-Eraly,>* J. Fallis,® A. T. Gallant,” G. Hackman,” B. Hadinia,” G. Hupin,™® S. Ishimoto,”
R. Kriicken,™® A.T. Laffoley,’ J. Lighthall> D. Miller,” S. Quaglioni,” J. S. Randhawa,' E. T. Rand,®
A, Rojas,2 R. Rolh,ID A. Shouer,1| J. Tanaka,'2 I. Tanihr.ua,'z'13 and C. Unsworth®

Quantum
Chromodynamics

Proton Neutron

Nuclear Few-

and Many-Body
Problems

Chiral Effective-Field Theory

3rd June 2026

I 1 L] I L] L I T T I
- 10 10 B e .
C(p,p) C E,=415MeV .-
100
=
E
G
=
£ :
10 . E » =+ chiral NN -
- . — chiral NN+3N N'LO__ i
[ . — - chiral NN+3NN'LO_ /2.3 ]
B . Experiment .
I 1 1 I 1 1 I L 1 I
60 90 120 150 180
0, [deg]
* 2000 pps °C beam scattered on solid hydrogen target at 4.54
and 4.82 A MeV.
* Scientific highlight: 3-body forces achieve qualitative
agreement and correct order of magnitude.
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Transfer reactions

3rd June 2026

* (d,p), (®He,d): Stripping of neutron or proton from light ion

* (p,d), (*He,a): Pick-up of neutron/proton by light ion

- Example

d+9Zr - p+92Zr or °%Zr(d,p)°Zr

0/ e

Other examples:

(d,p), (o,*He)...

(p,d), (®He, a)... Measure:

(3He, d), (a, t)... « Energy of particles

(d,3He), (t,a)... « Cross section (total and diff.)

Angular momentum
GRIDS 2026
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Transfer reactions

| Q3D magnetic spectrograph

| 5 B * =
I [T ' —® gl =
L = - ,—“”___'_‘__'__/
-Il?/: _m;:l = %f s,
T I:IIIIIIIIIIII 3*-1’\% “?O
= = A
' . ﬂ Dipol 1508 X Dipol 3
E? é — ﬁ = o (<X -
II Dato Acquisltlon o : B QuadrUpoI @ arget _F Okalebene
.. ﬂjﬁ%: . ﬂ ’—r
[j [ Munich Tandem accelerator : :
L é High resolution spectroscopy of
J Example: light charged particles (e.g.
i | 12MeV deuteron beam protons from (d,p) reaction)
% Position on focal plane related to
[

energy of particles (via Bp)
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Energy spectrum of 2Zr(d,p)%'Zr
/~ "\  Energy spectrum:

COUNTS

Excited states In -
NZr

m—
x

Source: Krane iz >,
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Angular distributions of °0Zr(d,p)%Zr

L | | I

il 4 i 0% 25% 50% 75% 100%
Fraction of shell-model wave function
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Spectroscopic factors of 20Zr(d,p)*1Zr

Compare measured cross-section with theoretical prediction

L

| | J

0% 50% 75% 100%
Fraction of shell-model wave function 5539
~ 2557
12% () e—— 2.535
2.368
+ ® -
® 32+ 2 ».\:: g};é: —— 1 h
712+ (4) 1.885\ 2.044 TR a e \ 9/2
1.471
. .~ 1y
112+ (0) 1.206 =l — 2d3/2
_ 34
N2i
2dg)o
@52+ (2 B ==
o 91z, 0 1 99/2
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Transfer reactions in inverse kinematics

Transfer reactions with exotic nuclei « One way is to detect beam-like fragment

» Spread in beam energy (several MeV) limits resolution

. 8 \'. * Hence, energy tagging required, or a dispersion matching

spectrometer

inverse kinematics experiments

SPEG at GANIL B P

350 ™
r..f\- . | hY

g naz
T -;‘TJ'. e _:i'?.';"- i |
T MR s
W W
v

Besm lllle-".

340

300 —

| p(**Be. “Be)d D -
E/A = 30 MeV B |
QG.S. = _0944 Mﬁv ,FH

Elab {”BE) {MEV]

1 300

- 280

J.S. Winfield, W.N. Catford, N.A. Orr, 01 ('Be) [deg]
NIM A396 (1997) 147

3rd June 2026 GRIDS 2026 68



Transfer reactions in inverse kinematics

Transfer reactions with exotic nuclei

._' \'._

inverse kinematics experiments

« Another way is to detect target-like ejectile in Si detectors
» Resolution limited by difference: dE/dx(beam) - dE/dx(ejectile)
» Target thickness can be limiting factor

I R 30 { T T i T I I
160~ p(**Be, d)"'Be | | | ;
SHARC at TRIUMF . Ei/A = 30 MeV os| o

J.S. Winfield, W.N. Catford, N.A. Orr,
NIM A396 (1997) 147

3rd June 2026

.

|

10

20

30 40

Oiap (d) [deg]

GRIDS 2026

19

20

30

O (d) [deg]

40




Transfer reactions with SHARC+TIGRESS

TBragg spectrum, mass 95 beam Kinema‘ti CcS For 9"";Sr
10000
I ~ 5 30000 T J‘ L] ' "\ Ll _-' l L} L) L l L) L L} ' L} L) Ll I L) L) L] l L] Ll Ll l L) L) L} l LJ L Ll
9500 RIB Was 5X10 p p S § : T 2, i Proton and deuteron identification :
oo gnd ~98% 9°Sr. = 2 i 3 7
as00 o e 225000 |— s -
s g P = i
B 7500 ’ - i q._g—- 95 o e = wer(d.d) : sooof :
g?ooo - P MO 20000 :- g . .:
S s g s - = ]
osoot % N | 955y . wk .
6000 ™ : g
5500 95Rb 1 5000 : or 5000 loé":nw \:31000 200LOO :
5098000 24000 48000 4aoToé1tal esr?g%c;r [afg?oo 54000 56000 10000 :_ 9Sr(p,p) j i
L e %Sr0! Ground State - - .
++»ﬁ1fn- r 1 roun ate 5000 _'.— _-‘
O TE O\ —=— %Sr 0} 1229 keV State — g
% : : o -.1 poog Borp g gl pg - §_p i g l""-'h Y B [ .l.'-l-]‘_l-‘l-i‘t:f-:f-:;‘: :l: - '-1}.‘
E i | ] 0 20 40 60 80 100 120 140 160 180
88 T gy, iy Theta Lab [deg]
10 = ot 3
. R N T T Particle ID from dE-E detectors _—
Ocm [°]
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Transfer reactions with SHARC+TIG
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Transfer reactions with SHARC+TIGRESS

« 98r ground state is well described as a vs,,, spherical state

« spectroscopic factors of C2S = 0.19(3), 0.22(3), and 0.33(12) for

the 0%, , 0%, , and 0*; states

« %3r may exhibit triple shape coexistence, with a weakly
deformed ground state, and two excited 0* configurations — a
deformed and a spherical one — which undergo strong mixing.

3rd June 2026
S. Cruz etal., Phys. Letts. B 786, 94 (2018); Phys. Rev. C 100, 054321 (2019)
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What we didn’t talk about...

« Nuclear reactions — fusion evaporation, deep-inelastic collisions
« Excited state lifetimes — LaBr;, plunger, DSAM

« Magnetic moments and g factors

 Internal conversion, internal pair formation

« Beta-delayed neutron emission, alpha decay, proton emission

« Time-projection chambers

« Isomeric long-lived nuclear states

« N=Z nuclel, isospin and neutron-proton pairing

« Octupole deformation

« Triaxiality

« Shape coexistence

« Halo nuclei, Neutron skins, equation of state, nuclear matter
« Nuclear physics tests of the standard model

« Super-heavy elements
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