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Lifetime measurements probing collectivity in the ground-state band of **Mg
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The signatures of inversion between normal and intruder configurations of particle-hole excitations across the
N =20 shell gap in the neutron-rich isotope *>Mg have long been of keen interest. Electromagnetic transition
rates in the ground-state band are key quantities that provide insights into collective properties associated with the
contributions of the 2p2h and 4p4h intruder configurations. The combination of TRIPLEX, GRETINA, and the
S800 spectrograph enables model-independent lifetime measurements to determine electromagnetic transition
rates in rare isotopes. The reduced E2 transition rates in *>Mg between the 2} and 0] states and between
the 41 and 2] states have been measured, the latter representing the first experimental B(E2) value for this
transition. The B(E?2) strengths indicate large collectivity and strong contributions from the 2p2h and 4p4h
intruder configurations that may change with spin in the ground-state band of **Mg.
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I. INTRODUCTION

The neutron-rich isotope *>Mg has long been associated
with the N = 20 island of inversion, a region where the con-
ventional magic number that is valid near stability breaks
down [1]. Near the stable isotopes, nuclides with N = 20 neu-
trons are dominated by the configuration that fills the sd shell
and leaves the pf shell unoccupied, which is referred to as the
normal configuration. In **Mg and other nearby neutron-rich
nuclides, the ground-state band is understood to be domi-
nated instead by deformation-driving intruder configurations
such as the two-particle-two-hole (2p2h) and four-particle-
four-hole (4p4h) configurations that involve the promotion of
two and four neutrons, respectively, across the reduced sd-pf
shell gap. The **Mg nuclide exhibits several characteristics
that provide evidence for the collectivity that results from the
intruder configurations, such as excess binding energy [2],
reduced E(2}) [3], energy spacing of the known yrast states
up to 67 being consistent with a deformed shape [4,5], and an
enhanced B(E2) value between the Of ground state and the
2| first-excited state [6-12].

Although the N = 20 island of inversion has been studied
for decades, details of the mixing among normal and intruder
configurations in **Mg are still being explored. Recent studies
of the O; state excitation energy, cross section, and lifetime
have suggested that this state has strong contributions from
the 2p2h and 4p4h intruder configurations [13—15]. A natural
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question is, “how are the strengths of the OpOh, 2p2h, and
4p4h configurations divided between the 0] and 05 states and
the associated band structures?” While there is evidence for
collectivity in the ground-state band driven by the intruder
configurations [2—12], the particular balance of the 2p2h,
4p4h, and possibly higher-order intruder configurations is in-
sufficiently understood. A shell-model study has shown that
the B(E2) values vary considerably whether pure OpOh, 2p2h,
or 4p4h configurations are assumed for the ground-state band
of ¥ Mg [16]. This suggests that a robust understanding of the
transition strengths in *>Mg can improve our understanding of
the relative contributions among these configurations.

Several experiments have studied the collectivity of **Mg
by measuring the B(E2;0] — 2{) value, but the results
vary considerably by about a factor of two. The first result
came from an intermediate-energy Coulomb excitation re-
action which found B(E 2;0;r — 21+) = 454(78) €2 fm* [6]
and was consistent with an available shell-model calculation
that included both sd and pf shells [17]. The next reported
measurement found B(E2;0] — 2) = 440(55) €® fm* [7]
before applying feeding corrections, which was consistent
with the first measurement. Two subsequent results dis-
agreed with one another, one reporting a considerably larger
value of B(E2; OT — ZT) = 622(90) €% fm* [8], and the other
reporting B(E2;0] — 2) = 449(53) ¢2fm* [9], in good
agreement with the original measurement. Later Coulomb
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excitation results [10,11] did not reproduce the larger value
reported by Ref. [8], appearing to confirm the B(E2) value
to be about 450 ¢ fm*. However, the feeding corrections
applied in the past Coulomb excitation results have varied
from 5% to 25% [6-8,10,11], broadening the range of pub-
lished data to as low as B(E2;0] — 2) = 328(48) ¢* fm*,
as deduced in Ref. [10]. The only lifetime measurement of
the ZT state is based on the fast-timing method and results in
B(E2;0] — 2}) = 327(87) € fm* [12], closest to the lowest
value reported by Coulomb-excitation studies, but in agree-
ment within 1o with all but the largest Coulomb excitation
results.

The variation among the past experimental B(E2; OT —
2 values by about a factor of two should be resolved to pro-
vide a clear depiction of the structure in the *>Mg ground-state
band. Theoretical predictions for **Mg that include the pf
shell are able to demonstrate an increase in B(E2;0{ — 27)
from **Mg to **Mg [16,18-22]. These predicted B(E2; 0] —
21) values for 32Mg vary by only about 20%, so to make a use-
ful comparison with data the variance in the measured results
ought to be reduced. The recoil-distance method can provide
a model-independent lifetime measurement to improve the
precision of the B(E2; OT — 2?’) value [23], and resolve the
discrepancy among the past results which were mostly from
intermediate-energy Coulomb excitation experiments.

The 4T state merits a direct lifetime measurement as well.
No measurement of the B(E2) value between the 2] and 4,
states has yet been made. This B(E2) value is important to
provide additional insight into the collective interpretation of
the ground-state band that is suggested by the energy spac-
ing of the yrast states [5]. Assuming the expected ratio of
B(E2) values in an axially deformed band of B(E 2;4{r —
20)/B(E2;2} — 0f)=1.43 and a B(E2;2 — 0]) esti-
mated to be 91 ¢*fm* from the measurements discussed
above [24], the B(E2;4 — 27) should be 130 ¢? fm*. This
corresponds to a 4, lifetime estimate of T = 1.0 ps. Alterna-
tively, for a vibrational band the expected ratio is B(E?2; 4f —
20)/B(E2;2] — 0f) =2.0,leading to a B(E2; 4] — 2]) =
182 ¢?fm* and a lifetime of 7 = 0.7 ps. A measurement of
B(E2;4] — 2) also allows for an important comparison
to predictions made with recent shell-model calculations. A
shell-model study with the SDPF-U-MIX effective interaction
predicted the B(E2; 4] — 2) value for different pure config-
urations, finding B(E2) = 16 ¢*> fm* for pure OpOh, B(E2) =
107 €2 fm* for pure 2p2h, and B(E2) = 168 ¢ fm* for pure
4p4h configurations [16]. Thus, a 4] lifetime measurement
can be used to distinguish the collective mode of the ground-
state band and constrain the underlying contributions from
normal and intruder configurations.

To understand the collectivity in the ground-state band
of Mg, B(E2) values of the 2] to 0] and 4 to 2] tran-
sitions have been determined using lifetime measurements.
This article reports the lifetime measurements of the 2} state
using the recoil-distance method [23] and the 4;” state using
the Doppler-shift attenuation method [25]. Both measure-
ments were made simultaneously using the same experimental
setup at the National Superconducting Cyclotron Labora-
tory (NSCL) Coupled Cyclotron Facility [26] with the S800
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FIG. 1. The experimental setup in this work. GRETINA modules
of high-purity Ge detectors surround the foils positioned by the
TRIPLEX device. The target (T), first degrader (D1), and second
degrader (D2) foils are shown (the size and separation of the foils
are not to scale). The 3*Si secondary beam reacts on the foils and the
32Mg reaction product leaves the target chamber and proceeds to the
S800 spectrograph where it is identified.

spectrograph [27], the TRIple PLunger for EXotic Beams
(TRIPLEX) device [28], and the Gamma-Ray Energy Track-
ing In-beam Nuclear Array (GRETINA) [29]. The B(E2)
values that result from these lifetime measurements are dis-
cussed and compared with theoretical predictions for the
ground-state band in **Mg.

II. EXPERIMENT

This experiment was performed at the NSCL Coupled
Cyclotron Facility [26] using a **Ca primary beam with an
energy of 140 MeV/nucleon on a °Be production target.
This resulted in a 3*Si secondary beam with an energy of
60 MeV /nucleon which was selected by the A1900 fragment
separator [30] with a purity of 67%. The **Si secondary beam
was directed to the target chamber in front of the S800 spec-
trograph [27]. Excited states of **Mg were populated in the
9Be(**Si, >Mg)X reaction on a 52.9-mg/cm?-thick °Be tar-
get. Other reaction products were produced, including **Mg
which is discussed later to confirm the analysis of the **Mg
data set. Reaction products were identified by time-of-flight
and energy-loss measurements from the S800 spectrograph.

GRETINA was used to detect y rays emitted in flight by
the Mg reaction products and is depicted in the experi-
mental setup shown in Fig. 1 [29]. GRETINA is composed
of modules that each contain four independent high-purity
Ge detectors. Each detector is electrically segmented and a
signal decomposition is performed to provide precise position
information for the y-ray interaction which is critical for the
proper correction of the Doppler-shift effect for y rays emitted
by in-flight ions. After including the ion trajectory informa-
tion from the S800 spectrograph, GRETINA can achieve an
in-beam y-ray resolution of 1.1% at 1779 keV [29]. During
this experiment, GRETINA was composed of ten modules.
Four modules were placed at 58°, two at 90°, and four at
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FIG. 2. A y-ray spectrum observed in coincidence with **Mg reaction products with only the target foil T installed. The data are shown
with black dots and error bars. The exponential background is shown with a solid gray line. The results of a GEANT4 simulation in addition to
the background is shown with a solid red line that closely matches the data points.

122° relative to the beam axis measured from the center of
GRETINA. Tracking and addback of the y-ray interaction
points were implemented in the same manner as described in
Ref. [15].

The TRIPLEX device was used to position up to three
foils in the target chamber as shown in Fig. 1 [28]. The first
foil was the *Be target (T) with a thickness of 52.9 mg/cm?
and was located 13 cm upstream of the center of GRETINA.
The target was followed by two '8!Ta degraders at variable
distances which are discussed below. The first degrader (D1)
was 420 mg/cm? thick and the second degrader (D2) was
427 mg/cm? thick. A 7-mg/cm?-thick polyethylene foil was
installed on the TRIPLEX device after the D2 foil to increase
the proportion of fully stripped charge states accepted by the
S800 spectrograph in the three-foil settings.

Using the three foils of the TRIPLEX device, the lifetimes
of the 2] and the 4] states could be measured simultaneously
despite the different lifetime ranges expected for the two
states. To accomplish this, the T and D1 foils were in contact
for the lifetime-measurement setting while the separation of
the D1 and D2 foils was varied. Based on the previous exper-
iments, the 2" lifetime is expected to be about 7(2]) = 16(3)
ps [24]. To be sensitive to that lifetime range with the recoil-
distance method, the separation between the D1 and D2 foils
was set to be 0.5, 0.7, 1.0, and 2.0 mm in four independent
settings. These separations correspond to an ion travel time of
approximately 5 to 20 ps between D1 and D2. The 4]L lifetime
was expected to be approximately 7(47) =1 ps. The T and
D1 foils were placed in contact with each other, having a
nominal separation of 0.0 mm so that the 4] lifetime could be
measured simultaneously using the Doppler-shift attenuation
method.

Extracting lifetime results requires an understanding of the
feeding scheme that populates the states of interest. To quan-
tify the amount of feeding from higher-lying states populated
in the reaction, an additional experimental setting with only
the target foil T installed on the TRIPLEX device was used.

In both lifetime methods used in this experiment, the life-
times of states produced through reactions on the target foil
T are measured by observing the various degrees of Doppler
shift as the ions are slowed by passing through the degrader
foils. However, reactions can take place on any of the three

foils installed in the TRIPLEX device during the experiment.
To quantify reaction contributions from each of the degrader
foils, another setting was implemented with a 25-mm sepa-
ration between the T and D1 foils and a 22-mm separation
between the D1 and D2 foils. With the large separations, each
state that is populated in a reaction on a given foil decays
before reaching the following foil. Therefore, it is possible to
determine the relative number of reactions on each foil using
this large-separation setting.

III. RESULTS

The following sections describe the results of the
TRIPLEX settings that constrain crucial properties of *>Mg
and ultimately arrive at the lifetime results. First, the results
of the target-only setting are used to determine the excited
states populated in the reaction. Next, the three-foil setting
with large separations is used to find the relative number of
reactions that take place on each foil. Finally, the three-foil
settings with small separations are used to determine the life-
times of the 2| and 4 states.

A. 3Mg excited states

The y -ray spectrum obtained during the target-only setting
is shown in Fig. 2. Since only one foil is in place, it is possible
to cleanly resolve the y-ray peaks corresponding to the de-
population of higher-lying states with relatively low intensity.

The peaks with the greatest intensity in Fig. 2 are the 885-
keV and the 1437-keV peaks corresponding to the decays of
the 2] and 4] states, respectively. Higher-lying states which
decay to either the 2 or the 4] state were also observed with
lower intensities. The y-ray transitions and excited states in
this work are displayed in the level scheme in Fig. 3 and listed
in Table I, where the spin and parity of the states at higher
energy than the 4] state are based on Ref. [24]. The transitions
at 2241(4), 2595(6), and 2915(5) keV are consistent with
y rays observed in the past [4]. The 2241(4)-keV transition
and the 2595(6)-keV transition observed here are consis-
tent with the 2230(14)-keV and 2603(16)-keV transitions,
respectively [4]. The 2915(5)-keV transition is closest to the
previously observed 2883(16)-keV transition [4] and, while
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FIG. 3. A partial level scheme of **Mg showing the states and
transitions observed in this work. The width of each arrow is propor-
tional to the intensity of the transition.

the difference in energy is larger, it is still within 20 standard
error. Therefore, the 2915(5)-keV transition observed in this
work is assumed to be the same as the 2883(16)-keV transition
observed before.

The 3261(12)-keV transition observed in this work is con-
sistent with the 3256(43)-keV peak-like structure observed
in Ref. [4] in coincidence with the 885-keV transition. The
3256(43)-keV peak-like structure was omitted from the level
scheme in Ref. [4] due to the lack of significant evidence
for it in the singles spectrum and the coincidence spectrum
with the 1437-keV transition. The 1958(4)-keV transition ob-
served in this work is closest to the 1972.9(5)-keV transition
from the published data [24,31]. The energies of these two
transitions do not agree, so we conclude that the transition at
1958(4) keV is a newly observed transition. The transition

TABLE 1. The excitation energy E,, spin and parity J”, life-
time T, y-ray transition energy E,, y-ray intensity relative to the
885-keV transition [, and transition final state E; for the states of
32Mg observed in this work. The final uncertainty is reported for
the new lifetime and energy measurements where the statistical and
systematic uncertainties have been added in quadrature. The spin and
parity assignments are based on the results of past experiments.

E, (keV) J t(ps) E, (keV) I, E; (keV)
0 of
885 2+ 18.9(14)  885.3(1)* 100 0
2322 4t 0.9(2) 1436.8(4)°  31(5) 885
3126 (37, 4%) 2241(4)  8.3(18) 885
3480 (17,2%) 2595(6)  10(3) 885
5237 (2+,37) 2915(5)  10(2) 2322
1958(4)  15(3)
2384(4) 102

3261(12)  72)

*Value taken from past measurements [24].

observed in this work at 2384(4) keV also does not agree with
any other previously published transition to our knowledge
and is considered to be new.

In the present experiment, the 1958-, 2384-, and 3261-keV
transitions are in coincidence with the 885-keV transition.
Therefore, the feeding of these transitions to the ZT state
is included in our lifetime analysis. However, it is possible
that the 1958-, 2384-, and 3261-keV transitions populate the
4T state or another higher-lying state that then decays to the
2] state, so these transitions are not assigned to a particular
location in the level scheme in Fig. 3.

The target-only y-ray spectrum was fit with the results of
GEANT4 simulations [32] that incorporate the details of the
experimental setup and are shown with a red line in Fig. 2.
The scales of the simulations were fit to the observed peaks to
deduce the intensities of the y rays. The weighted averages of
the past measurements of the 27 — 0] and 4] — 2 transi-
tions are 885.3(1) and 1436.8(4) keV [24], respectively, and
are precise enough for the sensitive lifetime measurements
reported in this work. The energies of the higher-lying states
can be obtained with better precision in this experiment than
was possible in past experiments. The y-ray energies and their
intensities relative to the 885-keV transition are reported in
Table 1.

The transitions that feed the 2 and 4] states have an
impact on the lifetime results. Although the y-ray intensities
and the feeding scheme are constrained, the lifetimes of the
higher-lying states are experimentally unknown. Short feed-
ing lifetimes of about 7 < 0.1 ps would have little effect
on the lifetime results of the 2 state. Lifetimes of about
T = 1.0 ps can have an effect in this experiment and ought to
be accounted for. Using average reduced transition strengths
observed in the A = 30-34 mass region as reported in Fig. 3
of Ref. [33], the partial lifetime of a state decaying by a
particular electromagnetic transition can be estimated. The
multipolarities of the higher-lying transitions in *>Mg are not
strictly known, but based on the range of values provided by
different multipolarity assumptions, a reasonable estimate for
the lifetimes of the higher-lying states can be found.

For the 2241-keV transition, the average transition
strengths reported by Ref. [33] lead to a lifetime of the
3126-keV state of 0.056 ps if the 2241-keV transition is M1
isovector, 0.22 ps if it is E'1 isovector, and 1.2 ps if it is
E?2 isoscalar. For the higher-energy transitions, the lifetime
estimates decrease, such that for the 2915-keV transition, the
5237-keV state would have a lifetime of 0.026 ps if the 2915-
keV transition is M1 isovector, 0.098 ps if it is E1 isovector,
0.32 psifitis E2 isoscalar. Based on the current best estimates
for spin and parity assignments, the 2595-keV transition can
be either an E1 or M1 transition. The 2241- and 2915-keV
transitions are likely to be either E1 or E2 transitions. The
1958-, 2384-, and 3261-keV transitions could possibly be E'1,
M1, or E2, but higher-order transitions would be unlikely.

For transitions that are of E1 or M1 multipolarity, the
lifetimes of the higher-lying states are around 0.1 ps or less.
For transitions of £2 multipolarity, the lifetimes of the higher-
lying states are on the order of 1 ps. As a result, the lifetimes
of the feeding states are all likely to be &1 ps or shorter.
The effect of the unmeasured feeding state lifetimes on the
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FIG. 4. A Doppler-shift-corrected y-ray spectrum observed in
coincidence with Mg reaction products with all three foils installed
with large separation in the TRIPLEX device. The 885-keV peak
appears with two components corresponding to reactions on the
target (T) and first degrader (D1) foils at a separation of 25 mm.
The data (black dots and error bars) are fit with a simulation (solid
red line). y rays emitted at an angle 0 < 70° were considered. The
contribution of neutron-induced background is scaled by x5 and is
shown with a dashed gray line. The simulation that best fits the data
assumes r(2;) = 2.8, meaning there are 2.8 reactions on the target
for every 1 reaction on the first degrader.

final results was evaluated by varying the lifetimes of the
higher-lying states up to T = 1.0 ps. This effect is included
in the final uncertainty in the lifetimes reported later.

B. ¥*Mg reaction ratios

The relative number of reactions on each of the three foils
that create the ZT state was found using the y-ray spectrum
in Fig. 4, and the relative number of reactions on each foil
that create the 4] state was found using Fig. 5. These spectra
were observed with all three foils installed on the TRIPLEX
device with large separations of 25 mm between the target
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FIG. 5. A Doppler-shift corrected y-ray spectrum observed in
coincidence with 32Mg reaction products with all three foils installed
with large separation in the TRIPLEX device. The 1437-keV peak
appears with two components corresponding to reactions on the
target (T) and first degrader (D1) foils at a separation of 25 mm. The
data (black dots and error bars) are fit with a simulation (red line).
y rays emitted at an angle & < 70° were considered. The simulation
that best fits the data assumes r(4T) = 0.9, meaning there are 0.9
reactions on the target for every 1 reaction on the first degrader.

foil T and the first degrader foil D1, and 22 mm between the
first degrader D1 and the second degrader D2. Each y-ray
transition can have up to three components caused by decays
occurring after each of the three foils with a different ion
velocity. To resolve each peak component, the spectra are
analyzed with a gate to select y rays emitted at forward angles
with a larger degree of Doppler shift. For Figs. 4 and 5, the
angle gate was 6 < 70°, which was found to be sufficiently
forward-focused to resolve the peaks while still preserving a
large enough number of events to have good statistics. Two
components are observed in each spectrum corresponding to
decays after the T and D1 foils. Since the separation between
the foils is large compared with the distance the ion travels
before decaying from the 2] or 4] state, the intensities of
these peak components correspond to the number of reactions
on the associated foil.

The S800 spectrograph did not accept all **Mg reaction
products in the three-foil settings due to ions having momenta
that was outside of the momentum acceptance of the S800.
Significant portions of the 3*Mg reaction products produced
on either the target foil T and the first degrader foil D1 were
accepted by the S800, while for the second degrader foil D2 all
32Mg reaction products had momenta that were too low to be
accepted. As a result, there is no D2 component of the peaks
in Figs. 4 and 5. The observed reaction product momentum
distributions were reproduced in the simulation with proper
cutoffs tuned to account for the S800 acceptance.

The reaction ratio for the 2?’ state was deduced
from a x? analysis to be r(2f) = 2.8(5), corre-
sponding to 2.8 reactions populating the 2| state on
the target foil T for every 1 reaction on the first
degrader foil D1. The spectrum in Fig. 4 is fit with a GEANT4
simulation that assumes the reaction ratio value r(2f) =28
and is depicted with a red line. While the simulation shown
in Fig. 4 does not pass through every data point in the peak
region, the x? distribution was well minimized at this value of
r(2{). The displayed simulation is successful in reproducing
the relative yield between the T and D1 components, which is
the most critical factor in determining the r(2;’) value.

Laboratory-frame y -ray background from neutron-induced
reactions in the detectors and surrounding materials has been
found in the past to potentially cause an impact on y-ray
spectra with an angle gate [34,35]. The intensity of neutron-
induced background in this experiment was estimated from
the laboratory-frame y-ray spectrum, then included in the
corresponding ion-frame simulated spectrum in Fig. 4. For the
contribution of this background to be visible, it was scaled by
a factor of x5. This contribution was too small to have an
impact on the r(2;) result. The neutron-induced background
shown in Fig. 4 is the most intense background contribution
that appears near the y-ray energies of interest in any of the
Doppler-shift corrected spectra shown in this work. For the
remainder of the analysis presented in this article, the neutron-
induced background was neglected.

The reaction ratio for the 4] state was deduced to be
r(4{) = 0.9(2), corresponding to 0.9 reactions populating the
47 state on the target foil T for every 1 reaction on the first de-
grader foil D1. Figure 5 shows the GEANT4 simulation with a
reaction ratio of r(4T) = 0.9 depicted with a solid red line that
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FIG. 6. Doppler-shift corrected y-ray spectra observed in co-
incidence with 3> Mg reaction products showing the 885-keV peak
from the four settings used to measure lifetimes. The target and first
degrader foils were touching for all four settings, while the first and
second degrader foils had a separation of 0.5, 0.7, 1.0, and 2.0 mm.
y rays emitted at an angle 6 < 50° were considered. The two peak
components correspond to decays after the first degrader (D1) and
second degrader (D2) foils, respectively. The data are shown with
black dots and error bars, while a simulation result assuming a
lifetime of 7(2]) = 19 ps is shown with a solid red line.

closely matches the experimental data. Note the considerable
difference between r(2f) and r(4fL). In general, the reaction
ratio r depends on the final state of the reaction product.
This is because the cross section of the final state depends
on the nuclei present in the material that serves as a target
for the reaction, which is °Be in the target foil and '8'Ta in
the degrader foils. The difference in this experiment between
r(27) and r(4]) highlights this effect and emphasizes that
the reaction ratio r ought to be determined for each state
of interest in lifetime measurements with multiple foils of
different materials.

C. The ¥Mg 2] lifetime

The 885-keV peak in Mg is shown in Fig. 6 for the four
settings used to measure lifetimes, separately. Two compo-
nents of the 885-keV peak are visible in each spectrum: a fast
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FIG. 7. The results for the ZT lifetime for each of the 0.5-, 0.7-,
1.0-, and 2.0-mm settings independently. The weighted average of
the four settings is shown as a solid red line at 7(2]) = 18.9 ps. 1o
error bars are shown for the statistical uncertainty of each indepen-
dent setting (black dots and error bars) and the final weighted average
(dashed black horizontal lines).

component corresponding to decays after the first degrader
foil D1, and a slow component corresponding to decays after
the second degrader foil D2. The target and first degrader foils
had zero separation, so a distinct component corresponding to
decays after the target foil T does not appear. Note how as
the separation between the D1 and D2 foils increases, the D1
component tends to increase, as expected. The solid red line
in Fig. 6 corresponds to the results of GEANT4 simulations that
assumed a lifetime of r(ZT) = 19.0 ps, near the final weighted
average result found below.

Each setting in Fig. 6 was analyzed independently through
a x? analysis with GEANT4 simulations that vary the assumed
2 lifetime. Reasonable fits could be obtained from Fig. 6
for the 0.5-, 1.0-, and 2.0-mm settings. The 0.7-mm setting
shows a D1 component that is slightly shifted relative to the
other three settings and with a larger statistical fluctuation.
Reasonable fits for the 0.7-mm setting were obtained with a
coarser binning that increases the number of counts in each
bin, reducing the effect of random statistical variations. Possi-
ble causes for the apparent variation in the 0.7-mm setting are
discussed in the last paragraph of this section.

The four separate results from the 0.5-, 0.7-, 1.0-, and
2.0-mm settings are shown in Fig. 7 along with lo error
bars from the statistical uncertainty. The final result is the
weighted average of the four independent results t(2fL) =
18.9 £ 1.2(stat.)+0.8(syst.) ps. Note that there is no signifi-
cant change in the weighted average lifetime if the 0.7-mm
setting is excluded from the data set.

The largest source of systematic uncertainty is attributed
to uncertainties in the feeding from the higher-lying states.
In evaluating the lifetime, the feeding of the 2/ state shown
in Fig. 3 was implemented in the simulation, and the un-
placed 1958-, 2384-, and 3261-keV transitions were included
as feeding to the 2 state. The effective lifetime of the 4,
state is constrained to be the value reported in the following
section. The lifetimes of the other higher-lying states were
varied from O to 1.0 ps, and the population of each state
in the level scheme was varied while remaining consistent
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with the measured intensities given in Table 1. Due to the
relatively small population of each of the feeding states, the
effects of varying the feeding state lifetime by as much as
1.0 ps only causes an associated uncertainty in the 2] life-
time of 0.5 ps. The uncertainty in the intensities themselves
contributed an uncertainty of 0.1 ps to the 2] lifetime. The
separation between the D1 and D2 foils has an important role
in the r(2T) measurement and contributes an uncertainty of
0.4 ps. Uncertainties in the ion velocity, position of the foils
relative to GRETINA, separation between the T and D1 foils,
and feeding were studied and found to each contribute 0.2
ps or less to the final uncertainty in r(2f). Each of these
contributions added in quadrature led to the total systematic
uncertainty of 0.8 ps.

As shown in Fig. 7, the setting with 0.7 mm of separation
between the D1 and D2 foils does not agree within 1o with
the weighted average result. It is not too surprising that one
out of the four settings yields a result that does not fall within
1o since for a normal distribution the 1o range should en-
compass only 68% of the independent results. Nevertheless,
hypothetical causes of systematic error in the 0.7-mm setting
were explored. Time-dependent changes in the beam intensity,
purity, momentum distribution, and position distribution were
investigated but were found to be insignificant and unable to
explain the 0.7-mm lifetime discrepancy. During the experi-
ment the separation between the foils was monitored with the
linear actuator that positions the D2 foil, the position measure-
ment of the micrometer, and by the induced voltage on the D2
foil due to a pulse applied to the D1 foil. These measurements
all indicated that the foils were kept at a separation of 0.7 mm
throughout the setting. Ruling out these possible causes for
the deviation in the 0.7-mm setting, the most likely cause is
the random fluctuations inherent to counting statistics.

D. The Mg 4; lifetime

The 4 lifetime can be determined in this experiment with
the Doppler-shift attenuation method by summing all four of
the settings with different separations between the D1 and
D2 foils while the T and D1 foils remained in contact. The
1437-keV peak observed with the T and D1 foils in contact
is shown in Fig. 8. The 4]L state is short-lived so when it is
populated from reactions on the T and D1 foils, it will decay
within those foils, and the 4] state will not decay past the D2
foil which never comes closer than 0.5 mm to the D1 foil.

The 4T lifetime was found through a x? analysis be-
tween the data and GEANT4 simulations by varying the
lifetime of the 4] state. The lifetime result is t(4]) = 0.9 &
0.2(stat.)x0.1(syst.) ps. For comparison, simulation results
that assume a 4? lifetime of 0.3, 0.9, and 1.5 ps are shown
in Fig. 8. The 0.3 ps lifetime assumption results in a spec-
trum that overpredicts the counts on the high-energy side of
the 1437-keV peak and underpredicts the counts on the low-
energy side of the peak. This is consistent with the expectation
that, for a shorter lifetime, more decays will occur further
upstream in the T and D1 foils where the ion is traveling at
a higher speed. The 1.5 ps lifetime assumption has the inverse
problem: it underpredicts the counts in the high-energy side

160; e data
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FIG. 8. A Doppler-shift corrected y-ray spectrum showing the
1437-keV peak from the decay of the 4] state of 32Mg. The spectrum
is the sum of all runs where the target and first degrader foils were
touching, regardless of the separation between the first and second
degrader foils. y rays emitted at an angle 8 < 70° were considered.
The data are shown with black dots and error bars, while the closest
simulation result with a lifetime of t(4]) = 0.9 ps is shown with a
solid red line. For comparison, a simulation with a lifetime of 0.3 ps
is shown with a dotted blue line and a simulation with a lifetime of
1.5 ps is shown with a dashed green line.

of the peak and overpredicts the counts in the low-energy side
of the peak.

The lifetimes of the states feeding the 4, state are unknown
and could plausibly be as long as the 4] lifetime, so the
measurement presented here is the effective lifetime of the 41"
state. The largest sources of systematic uncertainty are due
to the uncertainty in the separation between the target and
first degrader foils, and the uncertainty in the reaction ratio
r(4f). Each of these components caused an uncertainty in the
T(47) lifetime of 0.1 ps or less, resulting in a final systematic
uncertainty of 0.1 ps when added in quadrature.

E. The **Mg 2; lifetime

The analysis of the *>Mg 4 lifetime can be validated by
using the same approach on a complementary data set. In
the same experimental setup, **Mg reaction products were
produced from reactions of the **Si secondary beam on the
“Be target foil. The 2? state of **Mg has an adopted lifetime
of 2.2(3) ps and an energy of E, = 1483 keV [36], making it
an excellent case for the Doppler-shift attenuation method that
was used with the ¥*Mg 4] state.

Following the same approach used for the *>Mg results, the
first step is to constrain the feeding of the 2]L state of **Mg.
There were too few counts of **Mg in the target-only setting
to determine which excited states were populated. Instead, the
three-foil large separation setting was used, and this y-ray
spectrum is shown in Fig. 9. Two peaks were observed in co-
incidence with the 3°Mg reaction products which correspond
to the 2/ — O transition of 1483 keV and the 4] — 2
transition of 1898 keV. Both peaks have only one component
which corresponds to reactions on the target foil T. All **Mg
reaction products produced on the first degrader foil D1 or
the second degrader foil D2 had momenta that were too low
to be accepted by the S800 spectrograph. Therefore, it was
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FIG. 9. A Doppler-shift-corrected y-ray spectrum in coincidence
with 3*Mg reaction products in the three-foil, large separation setting.
The data are shown with black dots and error bars. The GEANT4
simulation result is shown with a solid red line, and the exponential
background is shown with a solid gray line. No gate was placed on
the y-ray emission angle 6. Two peaks are seen corresponding to the
decays of the 2] and 4] states. Both peaks have only one component
corresponding to reactions on the target foil.

not necessary to determine the reaction ratio r for any of the
states in *°Mg. From Fig. 9, it was found that the intensity of
the 1898-keV transition was 33(7)% relative to the 1483-keV
transition.

All the data collected with the T and D1 foils in contact
were summed and are shown in Fig. 10 for the *°Mg reaction
products. A lineshape corresponding to the decays of the 2]“
state in the T and D1 foils can be seen. The data are compared
with simulation results that assume various lifetimes. One
can see that the lifetime result of T = 2.3 ps matches the
lineshape well. A longer lifetime such as T = 3.1 ps tends
to overpredict the yield in the low-energy side of the peak,
while a shorter lifetime of t = 1.5 ps has too little yield in the
low-energy side of the peak. From the y 2 analysis, the lifetime
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FIG. 10. A Doppler-shift corrected y-ray spectrum in coinci-
dence with ®Mg reaction products in the three-foil settings with
zero separation between the T and D1 foils. y rays emitted at an
angle 6 < 50° were considered. The peak at 1483 keV corresponds
to the decay of the 2} state. The data (black dots with error bars) is
matched well with the simulation results that assume a lifetime of 2.3
ps (solid red line). For comparison the simulation results are shown
for a lifetime of 1.5 ps (dotted blue line) and 3.1 ps (dashed green
line).
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FIG. 11. The B(E2;2] — 0}) value in **Mg reported in ex-
periments over the past few decades. The present recoil-distance
method result is shown with a red square. The Coulomb-excitation
measurements from Refs. [6,8,9,11] are shown with open circles. The
open triangles are the results from Refs. [7,10]. The upward-pointing
triangles reflect the B(E2) values without feeding corrections while
the corresponding downward-pointing triangles take into account
feeding corrections. The saltire symbol (x ) represents the fast-timing
measurement of Ref. [12].

result was found to be t(Zfr) = 2.3 £ 0.3(stat.)£0.1(syst.) ps
which leads to a reduced transition rate of B(E2; 2] — 0f) =
49(7) €2 fm*. This present lifetime result is remarkably con-
sistent with the adopted lifetime value of 2.2(3) ps [36]. Due
to the match between the present result and the past result
for the 2} lifetime in **Mg, the result given in the previous
section for the lifetime of the 4 state in Mg can be taken
with confidence.

IV. DISCUSSION

In this section we report the B(E2) values in **Mg deter-
mined from the lifetimes measured in this work. Comparisons
are made between the experimental values and theoretical
predictions. The B(E2;2] — 0]) value in Mg is discussed
first. Then, a discussion of the B(E2; 4] — 2[) value follows.

A. ¥Mg B(E2;2F — 0))

The lifetime measurement from the present experi-
ment is r(ZT) = 18.9 £ 1.2(stat.)£0.8(syst.) ps and results
in B(E2;2] — 07) =79(6) €*fm*, or B(E2;0] — 2]) =
395(30) ¢* fm®, which has better precision than any of the
previous B(E2) measurements. The B(E2; ZT — Of') result
from this work is compared with past experimental results in
Fig. 11.

The B(E2) value from the present experiment is slightly
lower but in good agreement with the adopted value which is
B(E2;2] — 07) = 91(13) €*fm* [24]. This difference can
be caused by unobserved feeding. Feeding corrections were
made in the Coulomb excitation studies of Refs. [6-8,10,11].
However, additional unobserved feeding in the Coulomb exci-
tation studies would cause the B(E2) result to be higher than
the true value, while in lifetime studies unobserved feeding
causes the B(E2) result to be lower. In the present study,
unobserved feeding of the 2] state does not have a strong
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FIG. 12. The B(E2;2] — 07) values in the Mg isotopic chain
from Mg to ““Mg. The present **Mg result is shown with a filled
black circle. The experimental values from other results are shown
with black saltires (x) and are from Refs. [36-39]. Theoretical
calculations are also shown for the SDPF-M [18] (red line and open
diamonds), SDPF-U-MIX [16] (blue line and open inverted trian-
gles), AMPGCM [19,20] (purple line and open circles), EKK [22]
(emerald green line and open squares), USDA [40] (brown line and
open triangles), and CHFB + LQRPA calculations [21] (sage green
line and open stars).

impact on the reported B(E2) value. In the **Mg 2 lifetime
analysis, the feeding scheme shown in Fig. 3 was used, and
the 1958-, 2384-, and 3261-keV transitions which could not
be definitely placed in the level scheme were included in the
feeding correction as if they directly feed the 2] state. By
summing the intensities for feeders in Table I, the feeding
corrections accounted for 81% of the ZT decays. The remain-
ing 19% of the 2{ decays are due to direct population of the
2 state or unobserved feeding, establishing an upper limit
to the possible unobserved feeding. Even if we assume the
maximum amount of unobserved feeding is present and that
the unobserved feeding states have a lifetime of 1 ps, the
2] lifetime result from this experiment does not significantly
change.

To interpret the present B(E2;2] — 07) value, it is com-
pared with theoretical predictions for the B(E2;2] — 0])
value in *>Mg and other even-even Mg isotopes [36-39]
in Fig. 12. The USDA shell-model calculation uses only
sd-shell orbitals for the valence space for both protons and
neutrons and does not agree with the B(E2;2] — 07) for
32Mg [40]. Shell-model calculations that include pf orbitals
in the valence space such as the SDPF-M [18] and SDPF-
U-MIX [16] calculations can incorporate the 2p2h and 4p4h
intruder configurations and are successful in reproducing the
increase in B(E2; 2;’ — 0) along the Mg isotopes that be-
gins at *>Mg. The angular-momentum-projected generator
coordinate method (AMPGCM) follows an approach based
on a mean-field calculation and agrees well with the avail-
able B(E2; 21+ — Of) data across the Mg isotopes [19,20].
The AMPGCM result suggests significant mixing of both
oblate and prolate configurations in the ground-state band of
32Mg. The constrained Hartree-Fock-Bogoliubov plus local

QRPA (CHFB + LQRPA) result [21] solves a microscopically
derived five-dimensional quadrupole collective Schrodinger
equation to obtain the states of Mg and is suitable for
describing a variety of collective phenomena. The CHFB
+ LQRPA calculation concurs with the interpretation of
deformation in the ground state of **Mg. The extended Kuo-
Krenciglowa (EKK) result is the most recent and is closely
tied to microscopic theory to derive effective interactions [22].
The EKK result finds that **Mg is dominated by intruder
configurations in the ground-state band but also suggests that
3%Mg has large contributions from intruder configurations as
well.

The calculations that include the deformation-driving
intruder configurations from the pf shell succeed in repro-
ducing the increase in B(E2) from **Mg to Mg that is
demonstrated in the data [16,18-22]. For **Mg, the present
result for the B(E2;2] — 0]) value is best reproduced by
the SDPF-U-MIX and AMPGCM calculations. Taken to-
gether, the theoretical calculations seem to indicate that the
ground-state band is dominated by deformation-driving in-
truder configurations, involving both the 2p2h and 4p4h
configurations.

B. ¥Mg B(E2;4] — 2})

This experiment was the first to measure the lifetime of
the 47 state of **Mg and obtained a result of 7(4]) = 0.9 £+
0.2(stat.)0.1(syst.) ps. The corresponding reduced transition
strength is B(E2;4] — 2) = 1483 ¢*fm*. This result
is based on an effective lifetime of the 4T state, but if the
true lifetime is shorter, then the resulting B(E2;4] — 2{)
would become larger. The large B(E2;4] — 2) value is
a signature of the large collectivity of this transition. This
underscores the breaking of the N = 20 magic number and
confirms the continuation of large collectivity to higher spin
in the ground-state band of **Mg. The spin-parity assignment
of the 4] state was previously made from a proton-scattering
experiment [4]. This B(E2;4 — 2[) value supports the 4™
assignment and the interpretation of this band as collective in
nature.

The B(E2) predictions for the 2 to 0] and the 4]
to 2 transitions in 32Mg using the SDPF-U-MIX calcula-
tion with pure OpOh, 2p2h, and 4p4h configurations were
reported in Ref. [16] (Fig. 1 of that article). As the calcu-
lation goes from pure OpOh to 2p2h to 4p4h configurations,
the B(E2) value is predicted to increase for both transi-
tions. The present B(E2;2 — 0F) result of 79(6) ¢ fm*
is close to the pure 2p2h prediction of 83 ¢* fm*. However,
the present B(E2; 4] — 27") result of 14813 ¢ fm* is larger
than the pure 2p2h prediction of 107 ¢?fm* and instead
agrees best with the pure 4p4h prediction of 168 ¢?fm?.
The consistency of the pure 2p2h calculation with the 2] —
0/ transition and the pure 4p4h calculation with the 4] —
2 transition suggests that the relative contribution of the
2p2h and 4p4h intruder configurations changes significantly
with spin. The ratio of B(E2) values for the 4] — 27
and 2] — Of transitions can now be deduced from the
results of this experiment. The energy ratio E(4])/E(2])
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TABLE II. The energy and B(E2) ratios observed for ¥*Mg and
predicted from several models.

At ot
2Mg E@D)/EQ}) %
Data 2.61 1.9794
Vibrator 2.0 2.0
Symmetric rotor 3.33 1.43
EKK [22] 2.55 1.37
CHFB + LQRPA [21] 2.82 1.76

and B(E2) ratio B(E2; 4] — 27)/B(E2;2} — 07) for **Mg
are shown in Table II along with available predicted val-
ues. The energy ratio E(4])/E(2]) agrees best with the
EKK calculation, however the B(E2) ratio does not. The
CHFB + LQRPA calculation does well at reproducing both
ratios. The energy and B(E2) results appear to suggest
that the simple paradigms of vibrational or symmetric ro-
tational modes are insufficient to describe the ground-state
band in **Mg. However, the B(E2) ratio has a large un-
certainty which is mostly due to uncertainty in the 4T
lifetime measurement. The short lifetime of the 4f state
is near the limit of sensitivity for the present experimental
setup with fast rare-isotope beams. A dedicated Doppler-shift
attenuation method measurement at a lower beam energy
would likely be able to measure the 4/ lifetime with higher
precision.

V. CONCLUSION

This work simultaneously measured the lifetimes of the 2}
and 4fL states of **Mg with the recoil-distance method and
Doppler-shift attenuation method, respectively. The combina-
tion of techniques highlights the flexibility of the TRIPLEX
device in facilitating lifetime measurement experiments with
rare-isotope beams. The 2] lifetime yields the most precise
experimental B(E?2; ZT — OT) value in *Mg yet and offers a
resolution to disagreements among the past experimental re-
sults. The 4] lifetime reported here is the first known lifetime
measurement for that state. The results indicate the presence
of large collectivity driven by intruder configurations in the
ground-state band of *>Mg, while the normal configuration
is less involved. The data also suggest that the configuration-
mixing among the 2p2h and 4p4h configurations is not static
but changes with spin in the ground-state band of **Mg.
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