PHYSICAL REVIEW C 110, 034314 (2024)

B(E2) measurements in the yrast band of **Mg: Implications for the N = 20 island of inversion
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High-precision lifetime measurements in 2*Mg were performed to study neutron shell evolution in Mg isotopes
and the onset of the N = 20 island of inversion. Using both the recoil distance and Doppler shift attenuation
methods, five lifetimes were measured in addition to six upper limits. The observation of two long-lived,
negative-parity states demonstrate the importance of studying Mg isotopes for the contribution of intruder config-
urations to sd-shell nuclei. Lifetimes of the 2, and 47 states of 1.81(5) ps and 172(* 1 stat. (4 )stop. (8)seed. (4 earg, £S5
respectively, demonstrate a loss of collectivity with increasing spin in the yrast band, permitting for distinguish-
ing between current theoretical models. These measurements also highlight the progression of yrast structure
across the Mg isotopic chain from rotational at N = 12 to large shape mixing at N = 16 and back to collective
behavior at N = 20 but with dominating intruder configurations.
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I. INTRODUCTION

In 1975, Tibault et al. noted that experimental data in Na
isotopes near N = 20 were inconsistent with a “classical shell
closure” effect and were more closely described as a “region
of sudden deformation” [1]. It is now understood that this
region is one where isospin dependent components of the
nuclear interaction, such as the noncentral tensor components,
substantially contribute to nuclear observables, and the nom-
inal shell gaps predicted by the spherical shell-model change
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(e.g., Refs. [2-6]). In a number of nuclei in this island of
inversion, centered around **Mg, the 2p2h and 4p4h configu-
rations across the nominal N = 20 shell gap are energetically
favored in the ground state over the OpOh configurations (e.g.,
Refs. [7,8] for 32Mg and Ref. [9] for 31’33Mg). In nuclei
closer to stability, enhanced contributions from particle-hole
excitations across the N = 20 shell gap can be seen in excited
states (e.g., Refs. [10,11]). This region of the nuclear chart has
been of significant interest to nuclear structure research for
decades (e.g., Refs. [12—-16]) and continues to remain active,
with many studies being performed in the past few years (e.g.,
Refs. [17-23]).

Band structures in nuclei are typically studied using rela-
tive excitation energies or transition strengths between states
(e.g., Refs. [24,25]). As excitation energies can be reproduced
using a variety of theoretical wave functions given appro-
priate model Hamiltonians, transition strengths provide the
advantage of electromagnetic transition operators being well
defined and thus being a more direct probe of the nuclear
wave function. Single-particle structures, where nucleons act

©2024 American Physical Society
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independently, result in small B(E2) values which decrease
with increasing spin, while collective behavior is gener-
ally seen through increasing B(E?2) transition strengths with
increasing spin, scaling as the square of Clebsch-Gordan co-
efficients for collective rotation or linearly with the number of
phonons for effective collective vibrations [26].

Studies of the Mg isotopic chain allow examination of neu-
tron shell structure from the neutron deficient shell closure at
N = 8 (**Mg) to beyond the nominal shell closure at N = 20
(**Mg), located at the heart of the island of inversion. Though
specific measurements of Mg isotopes which encompass the
entire range of the neutron sd shell have recently been made
(e.g., Refs. [27-35]), these include few high-precision transi-
tion rate measurements on the neutron-rich side of the valley
of stability. Additional precision measurements will provide
clarity on the structure of these nuclei as well as the evolution
of neutron shells between stability and the N = 20 island of
inversion.

Theoretical calculations of nuclear properties face two
main problems: the underlying interactions which govern the
behavior of nucleons and solving the many-body problem.
In sd-shell nuclei, the latter can be handled in a variety of
different ways, and thus these nuclei become testing grounds
for studying the underlying nuclear interactions. With N =
16, 28Mg lies halfway between the stable, N = Z, 24Mg, and
the N = 20 island of inversion nucleus, **Mg, making stud-
ies of 2Mg essential for understanding how neutron shells
evolve with increasing occupation in the sd shell. Both phe-
nomenological and ab initio methods are able to reproduce
energies of low-lying excited states in Mg with reasonable
accuracy (e.g., see Figs. 10 and 11 in Ref. [33]); however,
calculations of transition strengths within the yrast band vary
wildly. Previous experimental results by Fintz er al. [36,37]
and Fisher et al. [38] had disagreeing results for the 4] — 2
transition strength and large uncertainties in the 2 — 05
transition strength, preventing any firm conclusions on the
degree of collectivity in the yrast band of Mg from being
made. Recently, Williams et al. performed Doppler shift at-
tenuation method (DSAM) lifetime measurements in 28Mg
and were able to precisely measure the transition strength
of the 47 — 27, with results agreeing with Fisher er al. and
indicating weak collectivity in the yrast band [33]. The DSAM
measurement was insensitive to the 2 — 0;_ lifetime, con-
tinuing to prevent any firm conclusions from being made. In
this work, we present results from complementary lifetime
measurements in 2*Mg. These results include negative-parity
states, allowing to investigate the impact of intruder pf-
shell orbitals on the structure of Mg, and positive-parity
states, which highlight the structural evolution across the
Mg isotopic chain from stability to the N =20 island of
inversion.

II. EXPERIMENTAL DETAILS

In the presented experiment, 2*Mg was populated through
the fusion-evaporation reaction '>C('*0,2p)**Mg using
a beam of '80Q at 3.22 MeV/u delivered by the ISAC-II
[39] facility at TRIUMEF, Canada’s particle accelerator
center. Isolation of the weak 2p reaction channel was made

possible through the combination of the 16 clover-type
HPGe detectors of the TIGRESS array [40] for y-ray
detection and the 128-element CsI(T1) ball [41], part
of the suite of ancillary detectors developed for the
TIGRESS Integrated Plunger (TIP) [42], for charged particle
detection.

This experiment was performed in two parts to provide
sensitivity to lifetimes at different scales. To measure longer
(21 ps) lifetimes, the recoil distance method (RDM) outlined
in Ref. [43] was used with a target-stopper combination. The
target consisted of 460 ug/cm? '2C deposited by MICROMAT-
TER [44] onto an 8.87-mg/cm? '°7 Au foil. The stopper used
was 12.8 mg/cm? ""Ag. The plunger device developed for
TIP, discussed in Refs. [42,45], was employed with the Au
and Ag layers forming a parallel plate capacitor, allowing us
to measure and maintain consistent target-stopper separations
as outlined in Ref. [46]. Eleven total target-stopper separation
distances ranging from & 17 um to &~ 400 um were used to
reduce systematic errors of the measurement. The calibra-
tion of the absolute separation of the target and stopper was
measured to =5 wm precision using the methods described in
Ref. [46]. To measure shorter (< 1 ps) lifetimes, the DSAM
outlined in Ref. [47] was used. The DSAM target consisted
of a 394-ug/cm? '2C foil adhered to a 24-mg/cm? "“Pb
backing, with a 200-ug/cm? In layer between the two used for
adhesion [48]. A 8.87-mg/cm? 7 Au foil was adhered to the
upstream side of the carbon target to replicate the conditions
of the RDM experiment.

Data were collected using the newly implemented trigger-
less data acquisition system (DAQ) described in Ref. [49].
The online filter was set to collect events consisting of at least
two charged particle detections in the CsI(T1) ball and at least
one y ray in the TIGRESS HPGe crystals within a 2.5-us
coincidence window. Offline separation was performed using
time-coincidence windows of 130 ns (TIGRESS-TIGRESS),
200 ns (CsI-Csl), and 300 ns (TIGRESS-CsI) to reduce the
number of random events in the data set. Particle identification
methods, described in Ref. [41], were used to isolate 2p events
which produce Mg from other observed reaction channels.
The cross section for production of Mg is estimated at ~0.2
mb assuming an average beam current of 2.5 x 10° particles
per second and 75% population of the 2] state. Data were
collected over ~ 1 week, with 26 x 10° 2p events collected
using the DSAM target and ~1 x 10° 2p events collected for
each RDM distance.

III. SPECTROSCOPY

The RDM data at all 11 target-stopper distances were
summed and Doppler corrected to determine y-ray energies
and intensities and develop a level scheme. Spectra derived
from summed and Doppler-corrected RDM data gated on the
4 — 27 and 2 — 0/ transitions, used to construct the
level scheme, are shown in the top and bottom of Fig. 1,
respectively.

Of particular interest here was a state at E &~ 6140 keV first
observed in Ref. [50], prompted by the observation reported
in Ref. [33] that this state is long lived. In this work, the
Doppler-corrected and summed RDM data showed no clear
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FIG. 1. Background subtracted, Doppler-corrected y-ray energy
spectra using summed RDM data from all 11 target-stopper dis-
tances. Gamma rays shown are in coincidence with the 47 — 2f
(top) and 2] — 0;5‘ (bottom) transitions. The two shoulder peaks
surrounding the E ~ 1474 keV 2] — 0 transition in the 4] — 2
gated spectrum indicates that stopped components are present. In-
serts show regions from 3000 to 4500 keV binned in 10 keV per bin
(top) and 5 keV per bin (bottom).

indication that a transition was present at this energy; how-
ever, a stopped transition at 4667(2) keV was observed in the
DSAM data in coincidence with the 2] — 0. transition; see
Fig. 2. With this observation, and the previous data suggesting
the corresponding 6141(2)-keV state is long lived, the DSAM
data were used to determine the y-ray energy and intensity of
this transition.

In total, 14 transitions originating from 13 independent
levels were observed, all of which were previously identified
in Ref. [33]. Only the long-lived state, at an excitation energy
of 6141(2) keV, deduced from the observation of the 4667(2)-
keV y ray, was placed using the DSAM data. The remaining
states were placed using the Doppler-corrected and summed
RDM data. The complete level scheme developed in this work
is shown in Fig. 3.
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FIG. 2. Gamma-ray energy spectra, gated on the 21 — O;S‘ tran-

sition, showing the observation of a peak at 4667(2) keV. Spectra
shown for the Doppler-corrected and summed RDM data (top),
laboratory-frame or uncorrected RDM data (middle), and laboratory-
frame DSAM data (bottom). The spectra confirm the existence of a
long-lived state in Mg which decays by emission of the 4667(2)
keV y ray. See text for further discussion.

IV. LIFETIME MEASUREMENTS

Excited state lifetimes were determined using RDM and
DSAM following the procedure of Ref. [51], where simulated
spectra at various lifetimes are compared to experimental data.
Best-fit parameters were extracted by minimizing the x 2 using
the likelihood-ratio x 2 method described in Ref. [52]. A sum-
mary of observed y rays, corresponding excited states, and
measured lifetimes is shown in Table I.

TABLE I. Summary of results for states observed in 2*Mg. Spin-parity assignments from Refs. [33,55]. All other measurements are from
this work. Uncertainties are reported at 1o, while limits are reported at 90% confidence.

Jr Eievel (keV) E, (keV) I, 7 (fs)

2+ 1473.8(6) 1473.8(6) 1.000(16) 1.81(5) x 10

4+ 40218(9) 25478(7) 0235(8) 1~72(J_r8::(l))stat.(4)stop.(8)feed.(4)targ. X 102
2+ 4556.4(14) 3082.4(13) 0.041(4) <24

2+ 4881(2) 3407(2) 0.017(3) <24

3- 5174.5(14) 1152.7(10), 3703(3) 0.023(7), 0.038(5) 1.2(3)star. (Dstop. (Drarg. x 102
4 5184.0(11) 1162.2(6) 0.061(8) <37

2 5463(2) 3989(2) 0.012(2)

2+ 5670(3) 4196(3) 0.010(3) <71

0,4)~ 6141(2) 4667(2) 0.006(2) 1.0(*5%) x 103

4,5)" 6530.3(14) 2508.4(11) 0.031(4) 3.9 05 )5t (5)stop. (QDuarg. X 107
(2%, 3,4%) 7208(3) 3186(3) 0.009(3)

) 7746(3) 3724(3) 0.009(3) <49

D) 7931(3) 3909(3) 0.011(2) <41
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FIG. 3. Level scheme of Mg observed using Doppler-corrected
and summed RDM data, along with stopped DSAM data. Spin-parity
assignments are from Ref. [33]. Width of connecting arrows indicates
observed intensities of y rays.

Simulations used in this work were previously developed
under the GEANT4 Monte Carlo framework for experiments
employing the combination of TIP and TIGRESS (e.g.,
Ref. [53]). Modifications to the fusion-evaporation mecha-
nism were made such that protons were evaporated according
to Weisskopf’s statistical evaporation model [54], with an
effective Coulomb barrier and equilibrium temperature of the
compound nucleus fit to charged particle energy spectra taken
with the CsI(T]) ball. On fitting charged particle evaporation
parameters, observed Doppler shifts in the simulated TI-
GRESS y-ray spectra were found to agree with experimental
data without further changes. Based on GEANT4 simulations,
residual Mg nuclei were expelled from the back of the '2C
target with a centroid speed of B8 = 0.037 with a standard
deviation of 0.004.

Gamma-ray data were grouped into TIGRESS rings, giving
six unique polar angles for which measurements and simula-
tions could be compared: Two each downstream (rings 1 and
2,60 = 45°), the corona (rings 3 and 4, 6 ~ 90°), and upstream
(rings 5 and 6, 6 ~ 135°). For states with observed feeding
transitions, lifetimes of higher-lying states were determined
and incorporated into GEANT4 simulations of cascading de-
cays for lower-lying states.

A. Effective lifetimes

Of the 13 unique levels identified in this work, only the 4T
and 2| states were observed to be fed by higher-lying states,
and the feeding correction procedure is discussed below. For
the remaining 11 states, lifetimes determined are considered
effective lifetimes as absolute lifetimes may be affected by
unobserved feeding which was nonetheless present.

The (6]) yrast state, along with five other states, had ef-
fective lifetimes sufficiently short that no minimum in the x>
curve existed. Instead, the X2 continued decreasing for simu-
lated lifetimes approaching and including T = 0, see Fig. 4(a),
indicative of the lifetime of the state being shorter than the
sensitive range of DSAM. Lifetime limits were placed at the
90% confidence level using either a second- or third-degree
polynomial fit to the curve, using whichever of the two re-
sulted in a more conservative limit. For the (6?) state, the limit
was placed at 41 fs and is nearly identical to the 42-fs upper
limit placed by Williams et al. in Ref. [33].

L1.15
=
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L1.11 ©
3
11.09
7 o
A (b} 1.07
0 500 0 2
Lifetime T [fs] Lifetime T [ps]
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FIG. 4. Curves showing x? as a function of simulated lifetime
for the (a) 7931(3)-keV (67) yrast state, (b) 6141(2)-keV long-lived
negative-parity state, (c) 5174.4(14) keV state, and (d) 4021.8(9)-
keV 4] yrast state. Black points are x> values for individual
simulations, all using ICRU stopping power tables. Blue curves are
third-order polynomial fits to data points for (a), (c), and (d), while a
piecewise fit using a second- and first-order polynomial was used in
(b). See text for further discussion.

The lifetime of the 6141(2)-keV state was determined to
be 1.0(f8:§)ps in an analogous manner using DSAM data.
The x? was found to decrease with increasing lifetime before
the curve flattened and started to increase linearly. The fit
shown in Fig. 4(b) to the data is a piecewise fit using both
a second- and first-order polynomial under conditions that the
two functions are both continuous and smooth at the inter-
section point, which was left as a free parameter in the fit.
Statistics in the individual RDM datasets for each distance
were too limited for a measurement to be made. The lower
bound of the measurement made here is lower than the 90%
confidence limit placed in Ref. [33] but confirms that the state
is relatively long lived.

Two precision effective lifetimes were also made using
DSAM, where minima in the x> curves were observed.
The states for which these measurements were made were
the 5174.5(14) keV [shown in Fig. 4(c)] and 6530.3(14)-
keV states. Statistical uncertainties (stat.) were taken at
X2 + 1 and scaled by (x2,,)"? to account for deficien-
cies in the model as suggested by the Particle Data Group
[56]. For effective lifetimes, uncertainties were estimated
for stopping powers of materials and target thicknesses.
Stopping power uncertainties (stop.) were estimated by em-
ploying both ICRU [57] and SRIM [58] stopping power tables
into the GEANT4 simulations and determining best-fit life-
times using both. The effective lifetimes were then taken
as the average value of the two weighted by statistical
uncertainties, with the full difference taken as the 1o un-
certainty estimate (see Fig. 1 and accompanying text of
Ref. [59]). Target thickness uncertainties (targ.) were esti-
mated by adjusting the target foil thicknesses by +10% in the
GEANT4 simulations, and using the full difference as the 1o
estimate.
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FIG. 5. Simulated lineshapes for the 47 — 2 transition at the best fit lifetime of 172 fs. Experimenal spectra (black) compared against
the full simulated spectra (red) for all six rings of TIGRESS. The full simulated spectra are linear combinations of direct population of the
47} state (blue), feeding from the 6530-keV state (green) and feeding from the 5175-keV state (cyan). Simulations shown are performed using

ICRU stopping power tables.

B. Lifetime of the 4; state

The 4T state was found to be fed by many transitions
including two with effective lifetimes long enough to be mea-
sured using DSAM. The lineshape of a feeding transition from
a state placed at 6530.3(14) keV [E, = 2508.4(11)keV] was
found to be overlapping with the lineshape of the 4 — 2
transition, so the two lifetimes were fit simultaneously. While
correlation between the two lifetimes is present, with a longer
feeder lifetime corresponding to a shorter lifetime of the 4T
state as expected, the correlation is minimal when compared
to the statistical uncertainty. This allowed the statistical un-
certainty to be determined using a one-dimensional (1D) x>
curve shown in Fig. 4(d) and a systematic uncertainty for
the lifetime of the feeder states (feed.) to be estimated sepa-
rately. Specifically, this systematic uncertainty was estimated
by adjusting all feeder lifetimes by 1o and taking the dif-
ference in the resulting best-fit lifetime of the 4, state as the
lo estimate. The lifetime of the 4] state was determined to
be 172(H]stat. @stop. (8 )eed. (4 )rarg. fS. A comparison between
simulated spectra at the best fit lifetime and experimental data
is shown in Fig. 5.

The measured lifetime of the 4] state agrees with the
previous measurement by Williams et al. in Ref. [33], though
with a significant reduction in uncertainty. This reduction
is, at least in part, due to the difference in stopping powers

between the Pb backing used in this work compared to the
Au backing used in Ref. [33]. As the stopping power of 2Mg
in Pb is known to be less than that in Au, the stopping time
in Pb is longer and thus the time at which the simulated
speed of the residual nuclei diverge between stopping power
models occurs later during the stopping history. Importantly,
with the use of a different backing material, the measurement
presented here is complementary to that of Ref. [33] and there
is good agreement between the two.

C. Lifetime of the 2; state

In this work, the 2] state was found to be predominantly
populated directly by the fusion-evaporation reaction or
via unobserved feeding, with the most prominent observed
feeding transition originating from the 4]L state. While
no transitions in 2®Mg were seen overlapping with the
2T — 0;5_ y ray, stopped transitions at 1439 and 1525 keV
obstructed the lineshape. Analysis of these two transitions
revealed that they were from *!'Si and “*Ca respectively,
nuclei not accessible to the °Si compound nucleus produced.
Additional transitions observed, both within the 2p gate and
other charged particle gates, led to the conclusion that both
190 and %Si were building on the target apparatus throughout
the experiment. The presence of *!Si and **Ca were the result
of 1°0('80, 2pn) and 28Si('%0, 2p2n) fusion-evaporation
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minimum of this curve is at T = 1.81(4) and d = —6.0(4). Contours
display integer number of standard deviations from the minimum
before inflation of statistical uncertainties.

reactions respectively. Consequently, charged particle gating
did not provide means for removing contaminating y-ray

transitions from RDM spectra of interest. Gating on
the 47 — 2} transition in Mg did remove both these
contaminant transitions from the y-ray spectra but reduced
statistics such that the stopped component of the 2} — 0/
lineshape became indistinguishable from background at close
target-stopper distances.

To address the presence of contaminants, spectra simulated
for the analysis of the 2" — 0/ decay included a linear
combination of three simulations: simulation of the transi-
tion with direct population of the 2] state, simulation of
the 47 — 2 — 0/ cascade, and simulations of the spectra
for the contaminants. The contributions from contaminants
were determined independently for each distance as the con-
taminants grew during the experiment. Coefficients of the
linear combination were allowed to vary within the 1o un-
certainty bounds of measured intensities to offset any angular
distribution, spin deorientation, or other effects.

As the uncertainty on the absolute target-stopper separation
distance was 5 um, an offset in this separation was included
in simulations as a free parameter and simultaneously fit
alongside the lifetime of the 2] state. All 11 target-stopper
distances were simulated and compared against experimental
data, with the total x> being a sum of the x> values from
all six TIGRESS rings from all 11 distances. The analytical
fit to the 2D x? surface produced is shown in Fig. 6, and
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1460

1500 1540 1420 1460 1500 1540

Energy [keV]

FIG. 7. Simulated lineshapes for the 2] — Og& transition at the best fit lifetime of 1.81 ps and separation of d =27.9 um (d =
33.9 um—6.0 um = 27.9 um). Experimenal spectra (black) compared against the full simulated spectra (red) for all six rings of TIGRESS.
The full simulated spectra are linear combinations of direct population of the 2{ state (blue), feeding from the 2547 keV state (green), and

contaminant transitions (cyan).
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has contours representing integer number of standard devi-
ations from the minimum. Black and red lines indicate the
minimum and lo standard deviations in the two parameters,
before the statistical uncertainty was inflated by (x2,..,)"/*
The best fit lifetime of the 2;“ state was determined to be
1.81(5) ps with an offset in the absolute target-stopper sep-
aration of —6.0(6) um. Figure 7 shows the simulated spectra
at the best fit lifetime for for the target-stopper distance d =
279 um (d =339 um—6.0um = 27.9 um) compared to
experimental data.

In addition to the measurement described above, the life-
time of the ZT state was determined using data gated on
the 47 — 27 transition to ensure that feeding was properly
accounted for. Though statistics were severely limited using
these gated data, a lower lifetime limit of 1.6 ps was able to
be placed using DSAM, and a measurement of T = 1.8(2) ps
with an offset of d = —S(J_’;) um was made using RDM data;
both of these measurements are consistent with the minimum
shown in Fig. 6.

The measured lifetime of the ZT state is consistent with
all three previous measurements [33,36,38], however with
a greatly reduced uncertainty. It is also consistent with the
adopted lifetime of 1.73(14) ps from Ref. [55], a weighted av-
erage of the measurements of Refs. [36,38], with a reduction
in uncertainty of a factor of &~ 3. The reduction in uncer-
tainty here is attributed to the RDM technique used, as all
three previous measurements were performed using DSAM
techniques, which as confirmed in this work is sensitive to
shorter-lived states.

V. SCIENTIFIC IMPACT AND DISCUSSION

A. Long-lived negative-parity states

In this work, two long-lived states were observed, both
of which were assigned negative parity by the authors of
Ref. [33] based on single particle Weisskopf estimates and the
observed level scheme.

A measurement of 1.0 :g)ps was placed here on the
6141(2) keV state, the central value being consistent with
the limits of 1 ps < v < 250ps placed in Ref. [33]. The
higher sensitivity to this transition in this work compared to
Ref. [33] is likely due to the implementation of a lead stopper
(compared to gold); however, statistics in the 4667(2)-keV
transition depopulating the 6141(2) keV state are limited.
The 4667(2)-keV transition is the highest-energy transition
observed in this work originating from 2*Mg.

The lifetime of the 6530.3(14) keV, (4,5)” state was
found to be 3.9(1’8;;g )stat. (3)stop. (2targ. X% 102 fs, longer than the
previous measurement of 1.9(6) x 10% fs made in Ref. [33].
However, the longer measurement presented here may be par-
tially explained through the difference in stopping powers of
the backing materials used.

The observation of these two states, and subsequent mea-
surements demonstrating that they are indeed long lived,
indicates that further precision measurements of these two
states may be instrumental in understanding shell evo-
Iution. Indeed, the long-lived nature and negative parity
of these states points towards intruder configurations, and
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FIG. 8. B(E2) values as a function of initial state spin for the
yrast band in 2*Mg. Results shown for experimental data from this

work alongside previous results from Refs. [33,36,38] and theoretical
calculations.

in neighboring nuclei analogous states are isomeric (e.g.,
Refs. [11,20,60]).

B. Collectivity in the yrast band

Within the yrast band of Mg, B(E2) values are seen to
decrease with increasing spin. Figure 8 shows B(E2) values
for each of the three transitions observed in the yrast band
of 28Mg, alongside those measured in Refs. [33,36,38]. The
limit on the B(E2; (6] ) — 4) transition is such that no con-
clusions can be made either on the absolute transition strength
or its relation to either of the other two yrast transitions.

For comparison, calculations from two phenomenological
models are shown: the USDB [61] and SDPF-MU [62] inter-
actions with effective charges of ¢, = 1.5¢ and e, = 0.5¢. For
SDPF-MU calculations, protons were restricted to the sd shell
while one-neutron excitations were permitted to the pf shell.

Calculations were also performed using the coupled-
cluster effective interaction (CCEI) [63], a many-body method
employing a chiral potential. CCEI calculations used 13 major
harmonic oscillator shells with /iw = 20 MeV. Cutoff energies
of Ayy = 500 MeV and Aszy = 400 MeV were used for the
chiral next-to-next-to-next-to-leading order nucleon-nucleon
(N3LO NN) and N2LO 3N interactions respectively, and ef-
fective charges used were also ¢, = 1.5¢ and ¢, = 0.5e.

Additionally, ab initio coupled-cluster calculations start-
ing from a prolately deformed Hartree-Fock reference state
and the chiral NN and 3N interaction 1.8/2.0 (EM) [64]
were performed. The calculations used nine major haronic os-
cillator shells and frequencies /iw = 10, 12, 14, 16, 18 MeV.
The low-lying collective excitations and the reduced electro-
magnetic quadrupole transition probability B(E2; 2] — 07 )
were computed with the angular momentum projection af-
ter variation employing coupled-cluster methods developed
in Refs. [65-67]. Uncertainties resulting from the applied
methods and finite model space were estimated following the
procedures of Ref. [67]. It is important to note here that the
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coupled-cluster calculations are performed without the use of
effective charges.

Finally, the ab initio symmetry-adapted no-core shell
model (SA-NCSM) [68,69] was also used with the NNLO,p,
chiral potential [70] with Ziw = 15 MeV and no effective
charges. Lower and upper limits correspond to calculations
with 9 and 11 major harmonic oscillator shells respectively,
thus, the reported uncertainties exclude effects from oscilla-
tor frequency or the interactions due to current limitation in
computational resources.

Before the measurements presented in this work, experi-
mental data were insufficiently precise to permit distinction
between various theoretical models. The present data show
a B(E2; 2] — 0;,) greater than the B(E2; 47 > 2), a
result captured by CCEI calculations, but not by valence
space shell models or the SA-NCSM. Using the standard
effective charges [63], calculated strengths using CCEI are
systematically overpredicted. Experimental B(E2) strengths
are well reproduced for the 4 — 2 and 2] — 0] transi-
tions using effective charges of ¢, = 1.45¢ and e, = 0.45¢,
slightly lower than the nominal effective charges, indicating
that valence nucleons likely play a greater role in the yrast
transitions compared to the core nucleons [71]. However,
while there is no a priori reason to reduce the effective
charges, this is seen in other work on sd-shell nuclei, for
example in the USDB calculations shown in Ref. [23] study-
ing 32Si, another nucleus bordering the island of inversion,
and in Ref. [72] when studying the sd shell systematically.
The coupled-cluster calculations performed without the use of
effective charges produce a B(E2; 2 — 0/ ) slightly smaller
than the measured value.

The overall suppression of collectivity observed in Mg
is captured by SA-NCSM calculations, agreeing with the
B(E2; 4F — 2{) measurement but underpredict the B(E2;
20— 07, )- This reduction in collectivity can be explained as
a result of competing shapes (e.g., Ref. [73]), and as shown in
Ref. [33], the SA-NCSM calculations show a clear deviation
from a rigid-rotor picture and towards strong shape-mixing.

C. Collectivity across the Mg isotopic chain

To study neutron shell evolution and the onset of the island
of inversion, transition strengths were examined where data
exist for both the 47" — 2 and 2 — Of transitions across
the Mg isotopic chain.

1. B(E2; 47 — 2})

Only four transition strengths are reported in Ref. [55]
for 4F — 2 transitions in even-even Mg nuclei, with the
highest-N nucleus being **Mg. These evaluated transtion
strenghts are plotted alongside the measurement from this
work in Fig. 9. No notable trend or pattern is observed from
these strengths, though nuclei with N > 18 have no recorded
measurements. Additional measurements of these nuclei, or
an increase in precision for the transition strengths in Mg
and 2*Mg, may allow further studies to proceed and conclu-
sions to be drawn.

401 X williams et al.
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FIG. 9. B(E2; 47 — 27) transition strengths across the Mg iso-

topic chain. Data from this work (black) plotted with evaluated
results from Ref. [55] and previous work from Refs. [33,36,38].

2. B(E2; 2 - 0f,)

With the precision measurement of the B(E2; 21 — 04 )
transition strength presented in this work, the evolution across
the Mg isotopic chain becomes much clearer (Fig. 10). Using
the existing adopted values for transition strengths from the
NNDC [55], the trend is such that there is a sharp decrease
leaving stability, followed by relative constancy in the midup-
per sd shell, and an increase on reaching N = 20, the island
of inversion, and the influence of p f-shell configurations. The
lone exception to the observed trend is 3OMg, shown to have
a reduced transition strength compared to neighboring Mg
nuclei.

It is important to note that the NNDC-adopted value
[55] for 28Mg is the result of the two measurements
presented in Refs. [36] and [38], and that individually these
measurement could lead to different possible conclusions.
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FIG. 10. B(E2; 2] — 0f,) transition strengths across the Mg
isotopic chain. Data from this work (black) plotted with evaluated
results from Ref. [55] and previous work from Refs. [36,38].
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Though the precision of the measurements are insufficient
for firm statements, when taken alone, Fintz et al.’s [36]
measurement would indicate a smooth and continual decrease
in the transition strength from stability at N = 12 (**Mg)
all the way to N = 18 (**Mg), while Fisher et al.’s [38]
measurement would suggest that the transition strength in
39Mg is anomously low. With the new measurement presented
here, it becomes clear that the measured transition strength
in *®Mg seems anomously low in the context of the Mg
isotopic chain, and that this may be of particular importance
for understanding the onset of the N = 20 island of inversion.

VI. CONCLUSIONS

In conclusion, we present the measurement of excited state
lifetimes in *Mg using both DSAM and RDM techniques
to provide sensitivity to both short- and long-lived states.
The results demonstrate the importance of studying Mg
to understand the contribution of intruder, pf-shell orbitals
in the structure of sd-shell nuclei, multiple nucleons away
from the N = 20 island of inversion. The increased precision
of the B(E2) measurements of the 47 — 2 and 2 — 07

transitions in the yrast band of Mg demonstrate a clear loss
of collectivity within **Mg itself, and the B(E2; 2] — 0 )
measurement highlights the evolution of yrast structure across
the Mg isotopic chain. Combined with the measurement made
here, a future precision measurement of the B(E2; ZT — Ogs')

in **Mg would further constrain this evolution and provide
significant guidance for theoretical models.

In total, these results enable tighter constraints to be placed
on chiral potentials which drive the degree of shape-mixing

in nuclei and include noncentral tensor contributions to the
nuclear interaction, essential for understanding how the N =
20 island of inversion forms. Precision transition rate mea-
surements, such as those presented here, are thus crucial for
further developments of QCD-inspired models of effective
nuclear interactions.
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