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Introduction

Electromagnetic transitions in nuclei - short

introduction

�

From "Alpha, Beta, and
Gamma-ray spectroscopy", K.
Siegbahn

1 The text in the red square
a good summary of my
lecture

2 An who is who in nuclear
physics in the reference list
(2 Nobel Prizes). . .
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Introduction

Electromagnetic transitions in nuclei - short

introduction

Hand-waving justi�cation for the statement in the box

H0φ = E0φ, e.g. an Harmonic Oscillator
Problem we want to solve [H0 + H1]ϕ = Eϕ, ϕ =

∑n
0
ciφi

Hij =< φi |H1|φj >, the interaction
H00 H01 . . . H0n

H10 H11 . . . H1n

. . . . . .
. . .

...
. . . . . . . . . Hmn



c0
c1
...
cn

 = E


φ0
φ1
...
φm


Diagonalisation gives E. Eigenvectors, i.e. ϕ, needed for
transition strengths!
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Introduction

Electromagnetic transitions in nuclei - short

introduction

First order time-dependent perturbation theory

H = Hnuc + HEM + Hint = H0 + Hint

Eigenstates of H0 are products of the nuclear states and zero or
more photons.

Fermi's golden rule Ti→f =
2π
~ | < f |Hint |i > |2 dNdE

Hint ∝ J · A

A EM vector potential, "only photons", J is current distribution
in nucleus, i.e. nuclear physics (wave functions)!
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Introduction

Electromagnetic transitions in nuclei - short

introduction

First order time-dependent perturbation theory

A comes from solution to the PDE
(
∇2 − 1

c2
∂2

∂t2

)
Aµ(~r , t) = 0

A(~r , t) ∝
∑

k

∑
η

(
bkηεkηe

i(~k·~r−ωt) + b†kηε
∗
kηe
−i(~k·~r−ωt)

)
we have 0 photons in |i > and 1 photon in |f >

< f |Hint |i >∝< 1kη|b†kη|0 >< f |J · ε∗kηe−i(
~k·~r−ωt)|i >
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Introduction

Electromagnetic transitions in nuclei - short

introduction

Multipole expansion of ~A

Now expand EM �eld so it is expressed with de�nite L,M

J · ε∗kηe−i
~k·~r ∝

∑
L,M

√
2L+ 1 (−iω)L

(2L+1)!!

√(
L+1

L

)
D

(L)
Mη(ez → k)

×
(
O†L,M(EL)− iηO†L,M(ML)

)
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Introduction

Electromagnetic transitions in nuclei - short

introduction

What did I just try to say?

We have nuclear states |Imπ >
We have < f |Hint |i > with Hint written as a sum of terms
speci�ed by angular momentum L and projection M

Using Wigner-Eckart theorem we get for each term in
< f |Hint |i >

< Ifmf |O†L,M(E/ML)|Iimi >= (−1)If−mf

(
If L Ii
−mf M mi

)
× < If ||O†L(E/ML)||Ii >
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Introduction

Electromagnetic transitions in nuclei - short

introduction

The reduced transition matrix element < If ||O†L(E/ML)||Ii >
If the wavelength of the emitted γ-ray is much larger than the
size of the nucleus the following is true

It contains the nuclear structure information

Does not depend on energy of emitted γ ray

Fermi's golden rule Ti→f ∝ | < If ||O†L(E/ML)||Ii > |2
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Introduction

Electromagnetic transitions in nuclei - short

introduction

Reduced transition probability

Skipping some straightforward but tedious math (as they say;-)

B(E/ML; Ii → If ) =
1

2Ii+1
| < If ||O†L(E/ML)||Ii > |2

and
τIi ∝ 1/B(E/ML; Ii → If )

so the lifetime gives access to the nuclear structure.
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Introduction

Electromagnetic transitions in nuclei - short

introduction

Transition probability, phase-space factors, and Weisskopf units

T (E1) = 1.59×1015E 3

γB(E1) T (M1) = 1.76×1013E 3

γB(M1)
T (E2) = 1.23×109E 5

γB(E2) T (M2) = 1.35×107E 5

γB(M2)
T (E3) = 5.71×102E 7

γB(E3) T (M3) = 6.31×100E 7

γB(M3)
T (E4) = 1.70×10−4E 9

γB(E4) T (M4) = 1.88×10−6E 9

γB(M4)

BW (EL) = 1

4π

(
3

3+L

)2
(1.2)2LA2L/3 e2fm2L

BW (ML) = 10

π

(
3

3+L

)2
(1.2)2L−2A(2L−2)/3 µ2N fm

2L−2

B/BW >> 1 collective. B/BW << 1 "hindered" transition
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Introduction

Electromagnetic transitions in nuclei - short

introduction

Lifetimes for 1 W.u.

�

10-16

10-14

10-12

10-10

10-8

10-6

10-4

10-2

100

 0.01  0.1  1

Li
fe

ti
m

e
 [

s]

Gamma-ray energy [MeV]

M1 A=10
E1 A=10
E2 A=10

E1 A=100
E2 A=100

B(E2) Exp 100Ru, 92Mo, 10Be, 10C

W.u vs Mass

�

 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 50  100  150  200  250
 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

Tr
a
n
si

ti
o
n
 s

tr
e
n
g

th
 E

L 
[e

2
fm

2
L ]

Tr
a
n
si

ti
o
n
 s

tr
e
n
g

th
 M

L 
[µ

2 N
fm

2
L-

2
]

Mass [A]

E1
E2
M1
M2

e2fm2L ≈ 90µ2N fm
2L−2

PhyNuBe 2021



Introduction

Electromagnetic transitions in nuclei - short

introduction

Just a reminder of γ decay selection rules

Eγ = Ei − Ef (and a small recoil correction)

|If − Ii | ≤ L ≤ If + Ii

mf = M +mi

Parity, i.e. πiπ
E/M
γ = πf , π

E/M
γ = (−1)L/L+1

If isopin symmetry was exact and in the long wavelength
approximation

No E1 transitions between states with T=0
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Introduction

Some methods to measure lifetimes (and

maybe get a transition strength)

Measure the lifetime of state

1 Fast timing using LaBr3 (>50 ps)

2 Recoil Distance Doppler Shift (>1 ps)

3 Doppler Shift Attenuation Method (<1 ps)

This give transition strengths if. . .

1 Unmixed γ-ray transition known multipolarity

2 Known multipolarities and branching ratios

3 Known mixing ratio(s) in transition(s)

So a complete spectroscopy needed
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Recoil Distance Doppler Shift

Lets focus on picosecond lifetimes
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Recoil Distance Doppler Shift

A Plunger

�
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Recoil Distance Doppler Shift

How to produce excited states in nuclei

We produce excited states by colliding two nuclei:

Scatter o� each other, exciting nuclear states via virtual
photons

Fuse together and create a highly excited compound nuclei

Exchange a few nucleons creating two excited nuclei close
to the original nuclei.

We use a thin target so:

The nucleus has a recoil velocity > .5% of v/c
(>1.5µm/ps)

Doppler Shift for the detected γ-ray energies.
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Recoil Distance Doppler Shift

What is a Plunger

A device to perform Recoil Distance Doppler Shift (RDDS)
measurements to get the lifetime of an exicted state

Normally data is analysed using so-called Di�erential
Decay Curve Method (DDCM)

High accuracy and precision for lifetimes > 1 picosecond if
and only if...
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Recoil Distance Doppler Shift

What is a Plunger

A device to perform Recoil Distance Doppler Shift (RDDS)
measurements to get the lifetime of an exicted state

Normally data is analysed using so-called Di�erential
Decay Curve Method (DDCM)

High accuracy and precision for lifetimes > 1 picosecond if
and only if...
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Recoil Distance Doppler Shift

What is a Plunger

A device to perform Recoil Distance Doppler Shift (RDDS)
measurements to get the lifetime of an exicted state
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Recoil Distance Doppler Shift

What is a Plunger

A device to perform Recoil Distance Doppler Shift (RDDS)
measurements to get the lifetime of an exicted state

Normally data is analysed using so-called Di�erential
Decay Curve Method (DDCM)

High accuracy and precision for lifetimes > 1 picosecond if
and only if...
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Recoil Distance Doppler Shift

What is a Plunger

This is a high precision game. . .

�

Beam

Target Stopper

~10 microm

~1 microm
~5 microm

~
20

 m
m

!
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Recoil Distance Doppler Shift

What is a Plunger

. . . we can control or correct for:

1 feeding pattern

2 assumption of "thin" target and stopper/degrader

3 time-dependent angular distributions (recoil-in-vacuum)

4 other e�ects. . . (not always smaller)
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Recoil Distance Doppler Shift

What is a Plunger

Feeding pattern

No problem if one can
gate "from above",
preferentially on "fast"
component

If statistics does not
allow gating, τ(t) can
be used �

A. Dewald et al. Z. Phys A 334, 163-175 (1989)

PhyNuBe 2021
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Recoil Distance Doppler Shift

What is a Plunger

Thin foil assumption

Afast(t) ∝
∫ t

0
N(t ′)dt ′

Aslow (t) ∝
∫∞
t

N(t ′)dt ′

Only true if dfoil/v < τ .
Lifetime of state and feeding
history a�ects peak shapes.
Gating on "in-�ight"
component compromised. �
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Recoil Distance Doppler Shift

What is a Plunger

Recoil-in-Vacuum
Hyper-�ne interactions between magnetic moment of nuclear
state and electronic spin gives time dependent angular
distributions/correlations
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Some physics

Shape coexistence

�

A. Andreyev et al., "A triplet of di�erently shaped

spin-zero states in the atomic nucleus 186Pb",

Nature volume 405, pages 430�433 (25 May 2000)

Close in energy

Di�erent shapes

Very stringent test on
theoretical descriptions

"Shape coexistence in atomic nuclei", Kris Heyde

and John L. Wood, REVIEWS OF MODERN

PHYSICS, VOLUME 83, OCTOBER�DECEMBER

2011
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Some physics

Shape coexistence at N~Z, 68−72Se
68Se considered example of oblate gs and shape-coexistance.
By similarity 70Se should also have oblate gs.

�
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Some physics

Shape coexistence at N~Z, 68−72Se

Coulex measurement at REX-Isolde with MINIBALL, Hurst. et
al. PRL 98, 072501 (2007)+lifetime measurement
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Some physics

Shape coexistence at N~Z, 68−72Se

Coulex measurement at REX-Isolde with MINIBALL, Hurst. et
al. PRL 98, 072501 (2007)+lifetime measurement
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Suggests prolate shape!
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Some physics

Shape coexistence at N~Z, 68−72Se

Surprise, but was old lifetime measurement reliable?
New experiment 40Ca(36Ar,α2p)70Se

�
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Some physics

Shape coexistence at N~Z, 68−72Se

Coulex measurement at REX-Isolde with MINIBALL, Hurst. et
al. PRL 98, 072501 (2007)+new lifetime measurement
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Some physics

Shape coexistence at N~Z, 68−72Se

Coulex measurement at REX-Isolde with MINIBALL, Hurst. et
al. PRL 98, 072501 (2007)+new lifetime measurement
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Oblate is back!
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Some physics

Magic numbers always the same? The

question of shell evolution

�

"Evolution of nuclear structure in exotic nuclei

driven by nuclear forces" Rev. Mod. Phys. 92,

015002

Not �xed for all Z and N

Exotic nuclei probe for
N-N interaction

SO density dependence, Tensor
force, 3N forces, Pseudo-spin

symmetry. . .

PhyNuBe 2021
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Some physics

Shell evolution at N=40

What happens as we approach N=40?

68Ni is spherical (with multiple examples of
shape-coexistence)

Energy systematics in iron suggest more collectivity

The way to investigate is to measure the B(E2)'s
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Some physics

Shell evolution at N=40

Two experiments using Multi-nucleon transfer reaction 238U
beam@6.5 MeV/A on 64Ni target and VAMOS.

2009, 2+
1
in 62,64Fe

EXOGAM+Cologne plunger

�

Plunger, Prog. Part. Nucl. Phys. 67, 786 (2012)

2015, 4+
1
in 62,64Fe

AGATA+OUPS

�

OUPS, NIM A679, 61-66 (2012)
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Some physics

Shell evolution at N=40
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Some physics

Shell evolution at N=40

�

J. Ljungvall et al. PRC 81,
014310 (2010)

M. Klintefjord et al. PRC
95, 024313 (2017)

Monopole drift from tensor force "activates quadrupole
partners" Collectivity

This is "SU(3)" behaviour found at N=20,40, and 50 shell
closure, "The island of inversions"
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