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A few remarks

» Asthisis aschool, my goal is to enlighten those of
you not already familiar with ground-state
properties of nuclei and to present some of the
techniques we use to measure them.

e Interrupt me any time for questions or
clarifications. We will also have the Q&A session in
the evening.

» Hopefully this will be relaxed...after all, | will
sometimes use Comic Sans font in my slides
iInstead of Times New Roman and | swap between
black and blue!

» For more single-particle/shell structure, see Sean,
for emergent collective structure, Magda. Theory
will be tackled by Gianluca.

Since 1863. 2024 STFC Nuclear Physics Summer School
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The chart of nuclides - e
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2 ' 20 28 Neutron number “How to extend the chart of nuclides?”, G.G. Adamian et al., EPJ A 56 (2020) 47
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(Some) open questions In nuclear physics research |

UNIVERSITY OF JYVASKYLA

e

Nuclear Astrophysics

a. How can we better understand the synthesis of heavy elements and the
chemical evolution of the visible universe

b. What is the role of the strong interaction in stellar objects?

Nuclear structure / nuclear matter

: a. What shapes can nuclei take, how do nuclear shells evolve, and what role !
! do nuclear correlations play? :
I b. What are the limits of the existence of nuclei, and what phenomena arise |
: from open quantum systems? :
I ¢.  What are the mechanism bind nuclear reactions and nuclear fission? :
' I

Hadronic physics

a. How does the majority of the visible mass of the universe emergye from the almost
massless quarks?

b. What are the properties of the quark-gluon plasma?

c. How do nuclei and nuclear matter emerge from the underlying fundamental interactions?

Since 1863. 2024 STFC Nuclear Physics Summer School



Properties of a (radioactive) nucleus R

Lifetime/decay

4y
e -
&

Is it excited or not?

Electromagnetic
property

Shape
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Outline of my two lectures |

UNIVERSITY OF JYVASKYLA

Lecture 1: Nuclear ground state properties

— The atomic mass, nuclear binding energy and nuclear structure
— Nuclear fingerprints on atomic lines — the isotope shift

— Hyperfine structure

Lecture 2: Techniques of optical spectroscopy and selected results

— A short introduction to radioactive ion beam production

— Laser resonance ionization

— Doppler-free laser spectroscopy

— What can we learn from charge radii, nuclear moments and spins?




The Atomic Mass In a nutshell |

UNIVERSITY OF JYVASKYLA

4 )
« m(AZ) =7Zm, + (A-Z)m, +Zm, — B(A,Z) | Nuclear Binding Energy
— A =mass number = neutron number + proton number
— Z = proton number (element)
— B the binding energy
* Nuclear (~MeV/u), Atomic electrons (eV...keV)
» Compare to absolute nucleon mass ~1 GeV

» Usually, atomic mass tables list the mass defect or
excess rather than atomic mass:

Mgatom(Z,N) = My o (Z,N) + Zm, — Be(Z)

A g
= - Aulc” E(Z,N
A( X) [m(Z,N) Au](‘ My (Z,N) = Zim, + Ny, + ( 2 )
c
\ J
e "U”is the atomic mass unit (Definition: m(*?C) =12 u
exactly) 2
 keV/c? (1u=931494.10242(28) keV/c?> CODATA2018) E — mC
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The King James bible for masses: Atomic Mass Table |

UNIVERSITY OF JYVASKYLA

Periodically published collection of atomic masses

Chinese Physics C W.J. Huang et al 40 5 60 70 8 9 100 0 120
L ) NEUTRONS
Chinese Phys. C 45,
Chinese Physics C  Vol. 45, No. 3 (2021) 030003
2
Table I. The 2020 Atomic mass table (Explanation of Table on p. 030003-5) 5
=
N Z A EI Orig. Mass excess Binding energy Beta-decay energy Alomic mass &
(keV) per nucleon (keV) (keV) pu 2
=
MASS UNCERTAINTY, keV ;
1 0 1 n 8071.3181 0.0004 0.0 0.0 B- 782.347 a 1 0086649159 0.0005 g
| H 7288.97106 0.00001 0.0 0.0 * 1 007825.03190 0.00001 u<1 o
k=3
11 2 H 13135.72290 0.00002  1112.283 a b 201410177784 0.00002 = 1<u<?2 =
]
#J | 3 H 14949.81090 0.00008  2827.265 a B~ 18.592 a 301604928132 0.00008 " 2<u<4 E
1 2 He 14931.21888 0.00006  2572.680 a * 3016029.32197 0.00006 = 4<u<i2
0 3 Li -pp 28670# 2000 -22704 6704 BT 13740# 20004 3 0307804+ 2150# 12 <u <60
3 1 4 H -n 24620 100 1720 25 B~ 22200 100 41026430 110 60 <u <200
2 2 He 242491587 0.00015 7073916 a 41002603.25413 0.00016 - 200 <u
1 3 Li -p 25320 210 1150 50 B+ 22900 210 4027190 230
- Extrapolated Mass
9 3 12 Li -n 49010 30 3791.6 Z5 B~ 23930 30 12052610 30
8 4 Be 25077.8 1.9 5720.72 0.16 B— 117084 23 12 026922.1 2.0
7 3 B 133694 1.3 6631.22 0.1l B 133694 1.3 12.014352.6 L4
L6 6 C 0.0 0.0 J680.145 a i 12 000000.0 0.0 |
5 7 N 17338.1 1.0 6170.11 0.08 B~ 17338.1 1.0 12018613.2 1.1
4 8 0] -PpP 32013 12 4882.0 1.0 BT 14675 12 12 034368 13

Page 3: Mass-excess uncertainties for all nuclei in ground state
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Nuclear binding energy |

UNIVERSITY OF JYVASKYLA

The energy required to dissasemble a nucleus into its constitents
Z(Z 1) (A—2Z)

‘ B(Z,A)=a,A-a;A*" -a, G —amT+5
9 — 3ag SOFe 84Kr 1195,
160 "
812 25T ya,
s Most stable nucleus
c
S Fusion Fission
© 6 —_— b
= TLi 120 _
e . ;3 '}F(
a 5 = 100 ) }-I” - .#5
g; ’8 .'—/ 81
5 4 & ... &0 / ol
: 3 Region of yery- _— R FL:SSJL”Q energy - - -
23] 2 StALES nOcaOes — R STt * When a nucleus is formed, the blnd_lng
£ 5 Rk L [B8400 B7405 energy occurs due to a transformation of
@ 2 20— 12 \mg173 W7229 e,
- ... |D805> W11 a mass quantity into energy.
o4 07937 HW<6,993 _ . A
14 lID EIB 4ID EID Blﬂ 160 150 1-;0 léﬂ 15IEI * More bound-_- more blndlng energy
5 S o i I * Nuclear stability — the nuclear landscape!
0 20 40 60 80 100 120 140 160 180 200 220 240 * Theory is needed to predict the limits of
Mass number (A) Stablllty
Figures from L.S. Paraschiv et al., Energy Reports 8 (2022) 342; P. Schwerdtfeger et al., The periodic  Nuclear energy

table and the physics that drives it, Nature Reviews Chemistry (2020)
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Why to measure atomic masses?

Mass of each and every nuclear state
Is important!

 Some masses are needed with
more precision, some less...

o o S o T o T, . A .
£ | = ISOLTRAP
F| = TITAN ublished) masses since TCP 2014

10| D38 R e

- |+ ESRIMS RN _
£« CPT e Bne) e
80t TRIGATRAP R —
F 1ol a possible

. SHIPTRAP onren
" LEBIT ’
;_ = JYFLTRAP neutron dripline E
. RIKEN (HFB-D1M)

40 £ T R
20 F J“ﬁ !

0 ;_ﬁ,w“ % of 330 masses 3
il " La L 1 1 1 aaaalaaaaaaaaalaaaaaaaaald

0 20 40 60 80 100 120 140 160

Figure from D. Lunney, Hyp. Int. 240 (2019) 48

~2500 masses experimentally
determined (white boxes)
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General physics &
. chemistry

<10

Nuclear structure physics

<10

- separation of isobars

Astrophysics

<107

- separation of isomers

Weak interaction studies

<108

- Metrology - fundamental
. constants

Neutrino physics

<10°

041

0.1

CPT tests

<1010

001

0.01

QED in highly-charged ions

. <101

- separation of atomic states :

1 0.001

0.001

UNIVERSITY OF JYVASKYLA

Vc =L£B
2T m

MR-TOF

e —

Penning
traps
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Nuclear masses for astrophysics |

UNIVERSITY OF JYVASKYLA

| * Nuclear masses (binding energies)
hY determine nucleosynthesis pathways
| * Modeling the rp process:

| p-process: ~2000 nuclei
100 (v,n),(v,p).(v,a),n-,p-,a-captures, $*,EC

L

Z

20 ' - X-ray bursts and light curves
| s-process: ~400 nuclei S Trom dri - proton captures have exponential
(n,y), B~, B*,EC b : dependence on mass
. r-process: ~5000 nuclei
60 (n,7),(y,n), B~ Bdnfission, FFD . y
e visracess: =200 nuchd _  Theoretical models are critically
o) B EC important, e.g., for modeling the r-
A0 process
H to Si burning NS inner crust: EoS
A(a,b)B NS outer crust: | X-ray bursts
20 masses

a.-process: ~1000 nuclei
n-, p-, a-, v-captures, (y,x)

qckjgffju 50 13(; 150 200 t

”Masses of exotic nuclei”, from the Handbook of Nuclear Physics (2022) See nuclear astrophysics lectures by Ann-Cecilie!

. 4
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Calculated and experimental S, for erbium [

UNIVERSITY OF JYVASKYLA

» Stable Er (Z = 68) isotopes from N = 94
- to N =102.

« S, =two-neutron separation energy

o S,,=0isthe neutron drip line

* S,, = two-proton separation energy

16 |

3
E:C FRDM !
o ol HiEB ‘i‘ |
.
--------- e oneee SL}-‘4 ‘ﬂ.‘* i i‘
8[|~ e UNEDF1 LR 2 & ¢ i : 1
~---@---- UNEDFO 3‘\ '
4l - ’ >-8-8 1
s SV HTH"‘!:.!?!?‘Q-
--------- 5 o st e
1] e Eeseccescasuosloumras . Dibie: sovssesusnnrnies ;.?_-ln-ﬁ
: y Experiment | v | : ;
80 100 120 140 160

Neutron number, N

Figure from J. Erler et al., Nature 486 (2012) 5009.
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Mass extrapolations towards exotic nuclel [

UNIVERSITY OF JYVASKYLA
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From ”lon traps in nuclear physics — Recent results and achievements”, T. Eronen et al., PPNP 91 (2016) 259
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Nuclear structure via mass probes [

UNIVERSITY OF JYVASKYLA

01 oconsescoesme >0Ca E(Z,N)
gO hm' L 5()Sﬂ
—1000- 2gNI aoboee
M%m

S 50l
2 20
=
>
S 0
c
W 251

0-

101

0 8 20 28 50 82 126

Neutron Number N

Courtesy of Lukas Nies, PLATAN 2024 conference.
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Highlighting the empirical shell gaps [

UNIVERSITY OF JYVASKYLA

Empirical shell gaps for binding energy E

20 MeV
100 - Proton shell gap
D)p(N,Z)=Enz+2 +Enz-2—2ENZ
10
N 80 - =
w0 o
= o
S s
o 5 2
Q 60 - A
5 ‘0 F
F- =
Q.
£ 40- 3 =
=) w
< 2
Neutron shell gap
20 - Dop(N,Z2)=EN+2,z+EN-2,z—2EN,Z 1
0
0 : T T Y T Y '/;7 Y T Y T Y T Y T Y T Y T Y T Y T -1
0 20 40 60 80 100 120 140 160 180 200 220

Number of neutrons N (N + 60 for neutron shell gaps)
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Properties of a (radioactive) nucleus e

\(532'

Weight Lifetime/decay

e ¢ —,,Q‘E
Shape Electromagnetic Is it excited or not?
property
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Nuclear properties via the atomic fingerprint

Uranium atom

50000

40000

30000

20000

10000

excitation energy [cm]

'R T
I

0 - . -
parity: even odd
[Rn] 7s26d5f3

Blaise & Wyart

atomic level 238U
i =0

compilation

Recent additions Fine structure

-
-

7

Photon
Detector

Note: the heaviest of elements, e.g., Lr with Z=103,
only theoretical estimates for atomic levels exist!

1 cmL : ~30000 MHz (30 GHz)

1 eV: ~8000 cm!

Electrons
excited

=

UNIVERSITY OF JYVASKYLA

234
U
=82 34613 cemt
A =289 nm
______ ) =972 0 e
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Isotope shifts of electronic transitions |

UNIVERSITY OF JYVASKYLA

Even mass Pd (Z = 46) isotope shifts

| | |
|sotope 1 N 1=0 500 [sepay
500 + =
o g}%
: : 600 16pg '
| | 400 ﬂ
¥ _
. — 100 19pa >— Neutron rich
Isotope 2 | ! 1=0 o j\
0 9 I 2 “ﬁ
E | 9 | 2001 112pg 1 } ‘ } } }
g I E I 150
U : 8 : 100 Jh —
| I | 50 A
| | | 6001 110pd
| | | | 400 ——
| | | _“.: 7 W Y
Isotope 3 L ot 1>1/2 ,jk
| | | 2008 108pg
| | | v 1500 ﬁ
| L 0 1000 ; = Stable
I I I
| | | R 1508 106pg ‘_
i Lo %
. 500 —
Relative frequency (MHz) . /

The isotope shift is the frequency difference in an electronic transition 5 v AA " A' A
between two isotopes of mass A and A’
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What causes the isotope shift? |

UNIVERSITY OF JYVASKYLA

The shift in the atomic transition frequency between different isotopes of the same element arises
due to changes in nuclear mass and nuclear size.

- . Nuclear radius: few x 101> m
8\/ IS — BVMS + 8\/ FS Field shift Atomic radius: few x 10-1° m
rA’ AE rA
< >
Mass shift —— il
. ES A p H H -
Normal specific \ The finite spatial extent of
Mass shift Mass shift the nucleus perturbs the
: electron wavefunction.
P T @
: Larger Smaller
‘ . ® : ® ; nucleus nucleus
e @ ______ . .‘ ]
My —my " f\ s electrons for example are
=vme — takes into account correlations ( / | more tightly bound
A My! . .
of the electron motion /
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From the isotope shift to the nuclear size

MasEEhift Field shift
A,A’ ’ mA’ — mA !/
svit = vt — v =K, + F; 6(r*)44 R
my my / s Nuclear mean-square charge radii
103£_"'I T . UL | T T T _é
EXPERIMENT THEORY f :

1001

To evaluate isotope shift data: 107

100L
- mass data from Atomic Mass Evaluation (2021) :

Isotope shift contribution (GHz)

- SMS either calculated (ab-initio, MBPT, coupled cluster...) or 107k E

evaluated via non-optical data (elastic electron scattering,

muonic atom X-rays) 102
- Field shift factor F from non-optical data, semi-empirical, f Atomic number (Z)

atomic theory (accurate to ~10%) 0%, 5 L AR

1 10 100
Lower Z requires Higher Z lower resolution
high resolution techniques methods
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From the isotope shift to the nuclear size |

UNIVERSITY OF JTYVASKYLA

Raw data: optical spectra of Y isotopes l

SO g T T T T T T T T -| Kr —=— N=50 7
40 = 10~Y ] Rc;b &
20 - 101y, l\; e
40 - _
20 :_J-JJ}L‘_JL %y —: Zr e
OE wy Nb —<— N=50 shell closure
100 5 — = | Mo —3 i
SOE an_ A jL Y Ru —e—
—‘%88 :: L ﬂ 97,97m,97mZY :_. 3
g 3(2 F 96,96m E = _ —h T
S15E b g v A .
g IsE A sy \g 1fm
£ 50 - rl %, - n
Gh: - e
20 — 93.93mY ]
LZK(; = ',.N‘IL 7y 3 ~ | AA 4
200 - - =
100 __90,9OmY i H ] B P - _h_ !: i
108:—89.89m = = — «!’:./. = ‘_:!:‘:._ 2 N=60 Shape Change
A m
50 = Y 4 -
ggg :: B8.88my o ,th N :: | I | | | | |
;g(.‘;: 7y A A S 35 40 45 50 55 60 65
27388:: ; 86Y| Ly Wﬂh Ll E N
-5000 -4000 -3000 -2000 -1000 0 10( .
Frequency relative (o Y ground state resonance (MH?) More about the nuclear size and nuclear structure tomorrow!
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Properties of a (radioactive) nucleus .
3
Size Lifetime/decay

4
I
5K

Is It excited or not?

Electromagnetic
property

Shape
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Let’s return to the atomic structure of uranium... |

UNIVERSITY OF JYVASKYLA

238y 235U 234U

/i " T
Fine structure . 5 3 )=9/2
] =9/2 o K 3 I y u SRR )
F) T {Ef: —————— F g [ )
> J = 9/2 ____________ ‘\\:\ [) '} 1
2 1 - \
o B
c |-
o2
2O =972 = 9/2
Q
LLl
[9p)
=
[
-
o
O
c
o
o]
o
e
o
. . / / , / / . .
-1 0 i 31 32 33 37 38 39

Frequency w.r.t. 238U [GHz]
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Hyperfine interaction (in free atoms) |

UNIVERSITY OF JYVASKYLA

Hyperfine interaction = the interaction of nuclear magnetic and electric moments with electromagnetic
fields (which are produced at the nucleus by the orbiting electrons)

Lets consider the effect on an atomic orbit of spin J (where J =L + S) - our fine structure orbital.

The atomic and nuclear
spins couple to form the E
total angular momentum

F=1+] J

Each state J has
several F-states: /

—

F=1+]

F=I+JI+J-1,.. |1—-/J

States of the same | and J but coupled to different angular momenta = have slightly different
energies

Since 1863.
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Nuclear magnetic dipole moment e d

e produce a
magnetic field

From the definition:

A
i =Y (gl + gisi) = glun O

/ \ s )

\ /l

We can see there are contributions from orbiting charge T F T ucleus

and intrinsic spin , possesses a U-
magnetic
moment
Protons: g =+1 g = +5.586
(These are values for a free proton/neutron)

Neutrons: g=20 g = -3.826

The magnetic dipole moment of a state of spin | = expectation value of the z-component of the dipole operator u

p(1)y=Cm=1|a,[t,m=1)=glu,

Measuring a magnetic moment is an excellent way to learn more about the wavefunction/configuration of the nucleus

2024 STFC Nuclear Physics Summer School
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The magnetic dipole interaction

The interaction energy depends on angle 6

201
Hg Fine structure H
Nuclear spin 1=3/2 F=5/2 E=-p.Be=-puB,cos0 +_"f"’9"fc
Atomic spin J=1 e
5/2 A A A
A — M a =1 % zvx10¢
E(J) | -] ! 5 A
B, (0) = magnetic field at nucleus - 1
—— 3 | v=10° MHz oy
3/2 A £
s
F=1/2 =0
A
The original fine structure level E(J) is perturbed so that S xXH
the final energy due to the magnetic hyperfine effect: 9 § | | h
A 4)- ;
E(F)= EC v=AE/h v=AE/h
where C =F(F +1)-1(1+1)-J(J +1) Access to nuclear spin | (number of hyperfine components) and ,
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The electric quadrupole moment |

UNIVERSITY OF JYVASKYLA

The electric quadrupole moment provides a measure of the deviation of charge distribution
from sphericity:

el) = f Pn (T 32 —r )d'r A spherical nucleus would have zero Q

Experiments measure the maximum ”projection” of the intrinsic
qguadrupole moment along the quantization axis

Using angular momentum algebra, we get

Q,=Q 3K —I(1+1) this assumes a well-defined deformation
0 (I +1)(21 +3) axis (not always a good approximation)

Note for nuclear spin 1=0 and 1=1/2 the spectroscopic quadrupole moment vanishes even if the
intrinsic shape is deformed.
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The electric quadrupole moment |

UNIVERSITY OF JYVASKYLA

The intrinsic Q moment can in turn be related to the quadrupole deformation parameter (3,

Qp ~ f/Zszm +0.36(5,))

Spherical

>
B -ve 0 +ve

Magda will discuss more on nuclear collectivity!
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Side-tracking |

UNIVERSITY OF JYVASKYLA

How common is quadrupole deformation? Or, how uncommon are spherical nuclei?

o201 140 & Ground-State Quadrupole Deformation
T = o P
0.20 e o FAY) — ﬁuﬂ;
: 0.12—- '__;::*E’;::::r——f; § 0.35
= — T Th (@50 | N = 0.30 B
s o e =1l = 100E 5% .
& omi e No (103 ‘E = 020 o R
136 138 140 142 144 146 148 150 152 154 5 80 F 0.15 [
Neutron number z g
S. Raeder et al., PRL 120 (2018) 232503 = =
2 60 F
o = .
10 ﬂ_ E t
: 40 £
¥ s See tomorrow ©
5 =
; Az_ l FRDM(2012)
E 2
ml f 0 = -
: 0
PNAMP 10 0 20 40 60 80 100 120 140 160 180 200
Rodriguez and Egido, PLB 705 (2011) 255 Neutron Number N
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The electric quadrupole interaction

A further perturbation of the atomic level, < B

. F=5/2
Nuclear spin 1=3/2 . .
Atomic spin =1 Fine structure Hyperfine structure
5/2 A +_Magneﬁc + Quadrupole
interaction interaction
E(J) . 7y =|+J
A I A
% N _ o |svx10°
F=3/2 o ,
] A =
Electric field gradient - \ F=I
312A % v= 10° MHz R - .- AA F=[1-J]
E Q2
VE Q
c
= o
\\ __L——'-f-.e,Q F—1/2 t;
A Q
— J=0
" nucleus N F'=1
pOSSesses a B= erVJJ (O)’
uadrupole . g . C n
qmomepnt V,, (0) = electric field gradient g€ —
£ O
at nucleus o ©
\ - _; >
Access to Q, v=AE/h v=AE/h v=AE/h
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Let’s summarize... o

» The hyperfine interaction manifests as a splitting and

Fine structure Hyperfine structure perturbation of the atomic fine structure lines.
+ Magnetic + Quadrupole ..
interaction interaction iy » The energy of the F state is given by:
- A =I+.
y - A
=1 . 6 A SC(C+D)-1(1+1D)J(J +1

% 7y - vx10 E(F):—C+B 4 ( ) ( ) ( )

= . 2 221 -=1)(2J -1)1 -

L \ =l

% U= 10° MHz ‘\‘1\ AA F=[1-d] where C=F(F+1)-1(1+1)-J(J+1)

¢

% » Experimentally we extract the A and B hyperfine coefficiencts

2 o from either the upper or lower fine structure state:

F’=1
() B
S — - A .
g £ 4= 1By (0) B = eQsV;;(0)
T S ]
+—>
v=AE/h v=AE/h v=AE/h
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In reality what we are measuring |

o) -
<+ A o

>
v=AE/h
Nuclear magnetic moment
ﬁ _HM 1_2 Reference nuclei (stable isotopes)
Ay, L1 up with accurately known moments
- LA, Ay, A, from fit
M H2
I A, ! u, from NMR

Since 1863.

UNIVERSITY OF JYVASKYLA

« To extract the hyperfine parameters A and B from
experimental measurements, the magnetic field B,
and electric field gradient V;; need to be extracted.

» This can be done in principle using atomic theory

« A more elegant way is to use reference nuclei with
known moments. B, and V;; depend only on
electronic structure.

Nuclear quadrupole moment
B = eQV;;(0)

B from fit
' — , Electric field gradient from
eV;;(0) ©  atomic physics

______________________
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Did anyone notice the little ”+” sign 2 slidesago? |

PHYSICAL REVIEW A 103, 032826 (2021)

Magnetic octupole moment of '*Yb using collinear laser spectroscopy

R.P. de Groote®,!-" S. Kujanpi L A. Koszoriis ,2J.G.Li®,? and I. D. Moore®!
! Department of Physics, University of Jyviiskyld, PB 35(YFL) FIN-40351 Jyviiskylé, Finland
2Department of Physics, University of Liverpool, Liverpool L69 7ZE, United Kingdom
3Institute of Applied Physics and Computational Mathematics, Beijing 100088, China

Defining K = F(F + 1) —I(I + 1) — J(J + 1), this can be written as (truncated at the octupole (k = 3) term):
AK - BBK(K+1)—I1I(U+ 1)JJ+1)

2 i @Ri—-DeE-1)
SCK? + 4K+ 2K(=31A + )IU + D+ 1A+ D) +JJ + 1) +3) =4I+ 1)JJ + 1) ( |
L I — )21 — 1)J{J — 1)(2] — 1)) ’ (l )

» Measurements of the magnetic octupole constant C and moment Q are scarce!

() _
EY =

» Currently only measured for about 18 elements, and all stable isotopes.
» Interpretation of such a moment is somewhat lacking and due to a lack of data, not much Magnetic octupole

theoretical progress in over half a century.
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And finally — discovering nuclear states |

UNIVERSITY OF JYVASKYLA

Example of an isomer in 8Ga
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Is It excited or not?

It might have been too long-lived for , 60F =
nuclear decay spectroscopy methods

|t could have been too low-lying to be
separated by precision mass
measurements

» Discovered by optical spectroscopy 201
through the hyperfine pattern!

» However — optical spectroscopy alone . | | |
cannot say which state is the ground state 5000 -1000 0 1000 2000
and which is the isomer... Relative f"f"\w/my (MHz)

40+

Counts
1 | | | |

Cheal et al. Phys. Rev. C 82,051302(R)
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Take home messages and outlook to lecture 2 |

UNIVERSITY OF JYVASKYLA

@

The nuclear mass and binding energy contain a wealth of

structural information, but need supported by other techniques
to understand the nature of structural changes.

* The nuclear spin can be determined unambiguously in a
nuclear model-independent way — e.g., counting the observed
number of resonances.

- assumes sufficient experimental resolution (L2)

* A measurement of hyperfine structure gives access to magnetic
dipole and electric quadrupole moments (single particle and
collective properties)

: * The isotope shift is a gateway to the nuclear size (charge radii).
EI ectrom ag netic - close connection with shell structure, deformation
property - complementary to information from binding energies (L2)

Shape
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Back up material for lecture 1



The magnetic dipole interaction |

UNIVERSITY OF JYVASKYLA

The interaction energy depends on angle 6 Electron spin

J

E=-u4.B,= -uB,cos 0 |
Nuclear spin

B.

Since MW =gluy and B. —(7)J

then the interaction Hamiltonian can

be expressed as 9B.jin

H, = 1.J=AIlJ

(F=)

The different energy shifts of the _ _

different F-states are then AE = (IJF | Hy | ITF) = A(LJ)
1 1

Where: (LY) = 5(}?2 — I’ —J* = 5[F(F +1)—I(I+1)— J(J+1)]
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The electric quadrupole interaction |

UNIVERSITY OF JYVASKYLA

Electron spin

E=%YeQ,V, P,cos 0) ]

/ Nuclear spin
I

Electric field gradient
along J-direction due to
atomic electrons.

Energy shifts of the
F-states are then

_B3C(CH1)—-20(T+1)J(J+1)
T4

Abq 121 —1)J(2J — 1)

Where: C=[F(F+1)—-I{I+1)—J(J+1)]

Vv
YA

The hyperfine factor “B” is measured by experiment: B = eQ{ Y =eQsVyy

The electric field gradient V,; may be calibrated with an isotope with known Q.
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The nuclear charge distribution |

UNIVERSITY OF JYVASKYLA

Expanding the charge distribution in multipoles:

n 47[ n n
Q; :ez,/2n+1<| Y (6, 0| 1)

« Electric monopole = eZJﬂ(I ‘YOO ‘ | > =e/

4
+ Electric quadrupole: |Q; =€Z, /?ﬂrquz
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Charge radii: back to basics

The majority of modern day experiments apply electromagnetic probes to obtain (absolute) nuclear radius information —
preferably point-like, e.g., electrons and muons.

P

UNIVERSITY OF JYVASKYLA

4.4a

0.9p
The mean-square charge radius can be defined as:

(r2) = J72pecn(M)AV \where p,,,(r) is the nuclear charge
[ pen(mav density distribution.

0.1p

\

0

Extensive studies of stable nuclei with electron scattering experiments
revealed the charge density to be nearly constant in the nuclear volume.

The trend of the mean-square charge radii has the form:

3 1 i — 2
(r2) = - (1, A3) Thus the rms charge radius R = /(r?) was seen to

1
scale with A3

Great! So we can all go home.....however....

Since 1863.

pc(r) = p/(1 +eT=R/a)

0 1 2 3 a4 5 6 7 8 9 10

Radial distance (10"3cm)

Figure from Hofstadter Nobel Prize lecture, 1961.
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Nuclear shell effects - kinky"” trends!
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Neutron number, N

» The effect of all neutron shell closures for N>28 is visible as a kink in the charge radii
* Much theoretical effort employed, including ab initio and DFT approaches
» Odd-even staggering effects are probed via isotope shift measurements.
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