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Fundamental Interactions

Matthew S. Martin (SFU) CAP 2022 8 June, 2022 2 / 22



Fundamental Interactions

Matthew S. Martin (SFU) CAP 2022 8 June, 2022 2 / 22



Electromagnetic Transition Rates

I Nuclear structure theories model strong force between nucleons

I Predict nuclear wavefunctions

I Lifetime of nuclear states
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I Allows comparision between τtheory and τexp
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The Nuclear Landscape

I Nuclear force is a
residual of the strong
interaction

I No complete
theory of nuclei

I Many theoretical
approaches

I Address various
regions of the
nuclear landscape

I Measurements
needed to test and
guide theory
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ISAC at TRIUMF
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Detectors

I Gamma ray detection with
TIGRESS HPGe clovers

I Charged particle detection with
CsI Ball

I Particle-Gamma coincidences
allows for selective trigger and
offline analysis

I Essential for isolating low
cross-section reactions

I i.e. ∼ 1/1000 reactions
results in 28Mg

J. Williams. PhD Thesis. Simon Fraser University (2019).
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Fusion Evaporation

18O
(
12C, 2p

)28
Mg

I Beam impinges on target with energy above Coulomb barrier

I Fusion occurs, forming compound nucleus

I On order of ∼ 10−20 s, particles evaporate

I Result is excited state of residual nucleus

I Residual nucleus de-excites by emission of gamma ray
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Fusion Evaporation
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The Recoil Distance Method
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I Charged particles detected by CsI Ball

I Gamma rays Doppler shifted if decay in flight

I Compare counts of shifted vs non-shifted gamma rays
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Shell Model and the Island of Inversion

I Nucleons are placed into
single particle energy shells

I Shell model works very well
near stability

I Nuclear models are
parametrized using data near
stability

I N = 20 shell closure broken
far from stability

B. A. Brown, Physics 3 104 (2010).
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Previous Measurement of 28Mg
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Gamma-ray spectroscopy and lifetime measurements using the Doppler shift attenuation method (DSAM)
were performed on the nucleus 28Mg near the N = 20 “island of inversion,” which was populated using a
12C(18O, 2p)28Mg fusion-evaporation reaction to investigate the impact of shell evolution on its high-lying
structure. Three new levels were identified at 7203(3), 7747(2), and 7929.3(12) keV along with several new
gamma rays. A newly extracted B(E2; 4+

1 → 2+
1 ) of 42(7) e2fm4 indicates reduced collectivity in the yrast band

at high spin, consistent with ab initio symmetry adapted no-core shell model (SA-NCSM) calculations. At high
excitation energy, evidence for the population of intruder orbitals was obtained through identification of negative
parity levels [Iπ = (0, 4)−, (4, 5)−]. Calculations using the SDPF-MU interaction indicate that these levels arise
from single neutron excitation to the p f shell and provides evidence for the lowering of these intruder orbitals
approaching the island of inversion.

DOI: 10.1103/PhysRevC.100.014322

I. INTRODUCTION

The existence of an “island of inversion” (IoI) centered
on neutron-rich Na and Mg, is well established [1]. This
IoI is defined by the ground state population of neutrons in
the p f shell due to the collapse of the N = 20 shell gap
resulting from the influence of nucleon-nucleon interactions
and nuclear deformation [2,3]. The N = 20 IoI is one of
many regions of neutron shell breaking, with recent evidence
suggesting that the neutron rich side of the N = 20 IoI merges
with the N = 28 IoI for Mg isotopes [4]. In addition to in-
vestigating the boundaries of the IoI, recent experiments have
studied shell evolution in Na and Mg isotopes approaching
the IoI [5– 8]. Determining the onset of the IoI requires the
identification and investigation of intruder orbitals as a func-
tion of neutron excess. At lower neutron numbers (N < 20),
population of these intruder orbitals is found at levels with
high excitation energy. The present work investigates the N =
16 nucleus 28Mg, for which data on these high-lying levels is
scarce.

In the case of 28Mg, which lies halfway between N = Z
24Mg and the IoI at 32Mg, shell model calculations in the sd
shell are able to reproduce the level energies of low lying
states with reasonable accuracy [9]. Recently, developments

*ejw1@sfu.ca
† starosta@sfu.ca

in ab initio models such as the symmetry adapted no-core
shell model (SA-NCSM) [10] allow for a detailed probe of the
wave functions of sd shell nuclei without the use of effective
charges—an approach which is useful for describing low-
lying states in 28Mg where nucleons are expected to primarily
occupy the sd shell. Additionally, phenomenological models
in the sd p f shell such as SDPF-U [11] and SDPF-MU [12]
have been developed which are capable of probing negative
parity states arising from neutron excitation to intruder or-
bitals in the vicinity of the IoI, as well as the evolution of
effective single-particle energies in this region.

Although the progress made in both ab initio and phe-
nomenological theories is ongoing, experimental data for
28Mg is mostly limited to the low-lying structure. Even for
low-lying levels, the existing lifetime measurements often
carry large uncertainties. For instance, the two existing mea-
surements of the 4+

1 → 2+
1 transition rate in 28Mg disagree

significantly [13,14], leading to opposing conclusions as to the
degree of collectivity of states in the yrast band. Furthermore,
almost no data exists for states with spin I > 4 and/or high
excitation energy where the influence of intruder orbitals
is expected. Negative parity states in particular provide an
explicit indication of intruder orbital occupation. To date, only
one negative parity level (Iπ = 3−) has been identified in
28Mg, based on angular correlation measurements by Rastegar
et al. [15]. An Iπ = 0− state resulting from the coupling of
neutrons in the sd and p f shells would be a particularly strong
constraint for the single-particle energies, due to the limited

2469-9985/2019/100(1)/014322(14) 014322-1 ©2019 American Physical Society

I Doppler Shift Attenuation
Method (DSAM) used to
determine lifetimes

I Not sensitive to τ & 1 ps

I No precise measurement of 2+1
state lifetime
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2+ → 0+ Lifetime - Theoretical Discrepancy

I Measurement resolved
discrepancy in 4+ → 2+

transition

I Theoretical calculations
disagree on transition
strengths

I NCSM agrees with
B(E2; 4+ → 2+)
measurement

I Disagrees with previous
measurements of 2+ → 0+

transition

I Provide different conclusions
on nuclear properties
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J. Williams et al. PRC 100 014322 (2019).

P. Fintz et al. Nucl. Phys. A 197 423 (1972).

T.R. Fisher et al. PRC 7 1878 (1973).
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USDB (calc.) SDPF-U (calc.) SDPF-MU (calc.)

CCEI (calc.) IM-SRG (calc.)

J. Williams et al. PRC 100 014322 (2019).

P. Fintz et al. Nucl. Phys. A 197 423 (1972).

T.R. Fisher et al. PRC 7 1878 (1973).
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Experiment Run May-June 2021

I RUN 1: Calibration of CsI Ball

I RUN 2: DAQ Shakedown

I New free-flowing DAQ with no global trigger
I Requires reconstruction of events from individual fragments

I RUN 3: Production Run
I DSAM run with lead-backed target

I Sensitive to shorter-lived states
I Represents the “zero-separation” measurement

I RDM run after

I 11 plunger distances
I 17 µm through 400 µm
I ∼16 hours per distance to build statistics
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Online Analysis

I Able to isolate 28Mg using online PID gates
I Can see separation of shifted-to-stopped peaks

I Blue: Upstream
I Green: Corona
I Red: Downstream
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Waveform Analysis
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I Can fit waveforms from data

W (t) = C + AF (1− e−(t−t0)/τF )e−(t−t0)/τRC

+ AS(1− e−(t−t0)/τS )e−(t−t0)/τRC

I Ratio of slow-to-fast risetime amplitudes [(AS/AF ) ∗ 100 + 100] used
for particle identification

I More precice determination of t0
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Particle Identification
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Event Reconstruction

I With newly installed GRIFFIN DAQ at TIGRESS, there is no global
trigger number

I Fragments are written with individual timestamps
I Events need to be reconstructed from individual fragments

I Fragments come from various detector types

I CsI Ball
I TIGRESS

I Central contacts
I Individual segments
I BGO suppressors

I Fragment timing is dependent on timing type

I Time coincidence gates must be applied separately
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Disordered Fragment Timing
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TIGRESS-TIGRESS Timing

I Coincidence peak ends . 150 ns

I Second peak at ∼ 410 ns

I Resolution allows observation of beam bunches
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TIP-TIGRESS Timing

I CsI hits arrive before TIGRESS hits

I Two peaks at ∼ 1000 ns; separated by ∼420 ns

I Cause unknown, currently under investigation

I Gate needs to be set to include all coincident events but not
overlapping events
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Reconstructed Events
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I Events reconstructed from individual fragments
I Currently, very few 2-particle events - under investigation
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22Ne: 1274 keV Gamma-Ray
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I Run 54409: RDM with d=31 µm

I RDM structure present for 22Ne: 2+ → 0+ ∼1274 keV gamma ray

I 2α channel, but no gating performed yet
I Blue: Downstream, Green: Corona, Red: Upstream

I Same “zero offset” issue found as online. Work ongoing
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Electromagnetic Transition Rates

I Electromagnetic operators can be calculated analytically

I Transition rates are can be experimentally measured

I Comparison of rates leads to information about nuclear wavefunctions

λ(σL; Ii → If ) =
8παc

e2
L + 1

L [(2L + 1)! ! ]2

(
E

h̄c

)2L+1

B(σL; Ii → If )

(1)

B(σL; Ii → If ) =
|〈If ‖M(σL) ‖ Ii 〉|2

2Ii + 1
(2)

I L is the angular momentum of the photon
I E is energy of the photon
I B(σL; Ii → If ) is the reduced transition probability
I M(σL) is an electric or magnetic multipole operator
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Doppler Shift Attenuation Method

I Charged particles detected by CsI Ball

I Residual nucleus gradually slowed in backing

I Doppler shift dependent on how far into backing residual nucleus gets
before emitting gamma ray

I Determine lifetime using statistical methods comparing lineshape
from experimental data to simulations using Geant4
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Geant4 Simulations

I Monte Carlo
simulation
framework

I Simulate
reactions and
geometries

I TIGRESS and
CsI ball
constructed

I Simulate and
optimize
experimental
parameters

I Data analysis

J. Williams. PhD Thesis. Simon Fraser University (2019).
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Waveform Analysis

I First step in analysis is proper PID

I Requires determination of particle type
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I Alphas (left) and protons (right) result in different waveforms

I Least-squares fit applied to each waveform

I Ratio of slow-to-fast risetime amplitude used to determine particle type
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