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Electromagnetic quadrupole transition strength is a sensitive probe of the evolution of the structure
of nuclei, particularly the competition between collectivity and magicity. We have performed a new
lifetime measurement of the 2T state of 1?Be to study the interplay of these phenomena. The lifetime
was measured with the Doppler Shift Attenuation Method using the y-ray detector GRETINA. Excited
states of 2Be were produced via inelastic scattering at 55 MeV/nucleon, using several different targets

to control for systematic uncertainties in the stopping powers. The lifetime is determined to be
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T = 1.38 £+ 0.10(stat) & 0.19(sys) ps, which is about half the previously reported value at twice the
precision. The reduced transition strength deduced from this result is B(E2; ZT — O]*) =14.2+1.0(stat)+
2.0(sys) % fm*, which supports the quenching of the N = 8 shell gap in 1?Be.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The development of collective structures in light nuclei has long
been the subject of attention in nuclear structure studies [1-3]. Re-
cent experimental and theoretical work has greatly expanded the
knowledge of light nuclear systems extending towards the neutron
dripline [4-11]. Such insights are timely, as modern theoretical
calculations are taking advantage of ever-increasing computational
capabilities to reveal nuclear properties in impressive detail. There-
fore, precise data from such nuclei are needed in order to evaluate
these emerging nuclear models.

The beryllium isotopic chain is an iconic example of collectiv-
ity in nuclei, particularly clustering. This can be seen in 8Be, which
disintegrates into two « particles and clearly demonstrates its clus-
tered nature [12]. While the heavier isotopes are bound against
this decay mode, o structure breakup and neutron removal cross
sections have shown that clustering persists even in these more
neutron-rich systems [6]. Thus, the N > Z beryllium isotopes can
be considered to be 2a dumbbell-shaped nuclei surrounded by
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clouds of neutrons, possibly forming “nuclear molecules” where
the neutrons play a role analogous to the electrons in atomic
molecules [13]. Understanding the evolution of these nuclei as a
function of neutron number, especially crossing the neutron magic
number N = 8 and approaching the two-neutron halo nucleus
14Be [14], has proven and continues to be a productive field of
study.

A special case among the beryllium isotopes is the nucleus
12Be, Located at the magic number N = 8, 12Be embodies a ten-
sion between the deformed or clustering behavior displayed by the
other beryllium isotopes and the tendency to revert to a spherical
shape at the neutron-shell closure. Numerous investigations have
been conducted to examine the structure of this unique system. It
was revealed by y-ray spectroscopy that the first excited state in
12Be [15] lies at significantly lower energy than in '°Be [16], at
odds with the expectation that the J7 = 21+ state should be rela-
tively high in excitation energy in a closed-shell system. Inelastic
proton scattering showed that the deformation length of ?Be is
slightly larger than that of °Be [17], and a recent measurement
found that the proton radius of 12Be is significantly larger than that
of the lighter isotopes [8]. Finally, one-neutron knockout reactions
revealed s and p spectroscopic factors with nearly equal magni-
tudes [18], and later even a significant d-wave contribution [19].
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Together, this evidence makes a strong case that the traditional
spherical N = 8 shell closure is quenched in ?Be.

Despite these studies, one metric of the nuclear structure of
12Be remains ambiguous: the B(E2; 2] — 07) transition probabil-
ity. Given the surprisingly low ZT-state energy, the naive expecta-
tion would be that the B(E2) strength in '?Be should be consider-
ably higher than that in '°Be. However, while the B(E2) for '2Be
has been determined in a prior measurement to be B(E2) =8.0 &+
2.2(stat)+0.8(sys) e fm* [20], the uncertainty is large enough that
it cannot be established whether it increases, decreases, or remains
constant compared to '9Be (B(E2) = 9.2(3) e fm* [21]). Resolving
this ambiguity by more precisely determining the B(E2) in '2Be
is therefore critical to gauge the competition between collectivity
and the shell closure.

Here we present a new measurement of the Zf—state lifetime
in 2Be in order to constrain the B(E2;2{ — 07) transition rate
in this nucleus. The lifetime is the leading contribution to the un-
certainty in the B(E2), and was previously reported to be 7,+ =

2.5+ 0.7(stat) == 0.3(sys) ps, measured via the Doppler Shift Attlen—
uation Method (DSAM) [20]. The previous experiment was well-
optimized for '2Be production and served as a demonstration of
DSAM with fast radioactive beams, but suffered from poor statisti-
cal uncertainty. The present experiment follows a similar design,
but with several key improvements to achieve better precision.
Most significantly, the present experiment uses the Gamma Ray
Energy Tracking In-beam Nuclear Array (GRETINA) [22] for y-ray
detection. Compared to the two Clover detectors used in the previ-
ous experiment, GRETINA is both significantly more efficient due to
increased solid-angle coverage, and also allows for much more pre-
cise localization of y-ray interaction points within the detectors.
This allows for much better Doppler-reconstruction while keeping
the detectors close to the target to retain the large solid-angle cov-
erage. A recoil separator was also used in the present experiment
in order to cleanly identify the nuclear reaction channel producing
12Be and to determine the outgoing reaction product momenta,
which complements the position resolution of GRETINA by further
constraining the y-ray emission angle. Finally, where the previ-
ous experiment used only one target to produce excited states of
12Be, the present study uses three targets of varying thicknesses
and materials. This is important in order to better understand and
quantify systematic effects and uncertainties in this measurement,
as DSAM depends critically on the stopping power of the target
materials used to slow the excited 1?Be nuclei.

2. Experimental details

The experiment was performed at the National Superconduct-
ing Cyclotron Laboratory (NSCL) on the campus of Michigan State
University. The Coupled Cyclotron Facility provided a primary beam
of 180 at 120 MeV/nucleon which was fragmented on a natural
beryllium target to produce '?Be. The resulting secondary beam
was purified in the A1900 fragment separator [23] with the aid
of an aluminum degrader and a momentum acceptance setting
of 0.5%. The secondary beam had a purity of approximately 96%
12Be at 55 MeV/nucleon and a typical rate of 1 x 10° pps. This
secondary beam was transported to the experimental area where
excited states were populated through inelastic scattering on sev-
eral different targets. The scattered '2Be nuclei were identified by
energy-loss and time-of-flight in the S800 spectrometer [24]. Based
on the particle positions and momenta measured in the focal plane
detectors of the S800, the trajectories and velocities of the recoil-
ing 1?Be nuclei as they exited the target were reconstructed on
an event-by-event basis. For a typical beam spot size of about
1 cm, the accuracy of the reconstruction of the beam profile at

the target is on the order of a few mrad for both the dispersive
and non-dispersive angles, about 0.5 mm for the position in the
non-dispersive direction, and about 1 part in 1000 in the kinetic
energy [24].

The y rays from 2Be were detected with GRETINA, which con-
sisted of seven detector modules each composed of four 36-fold
electrically-segmented HPGe crystals. Analysis of the digitized
pulses from the crystal segments allows the location of y-ray
interactions within the crystal to be determined, while the en-
ergy deposited is determined by the central contact. For events
in which multiple interactions occurred, the interaction point was
taken to be the one with the highest energy deposit, which has
been shown to be a good approximation of the true first interac-
tion point [25]. Doppler correction of the laboratory-frame y-ray
spectrum was performed event-by-event using the angle between
the vector from the target to the interaction points measured in
GRETINA and the after-target trajectories of the scattered nuclei
determined by the S800, as explained in Ref. [25]. The velocity
chosen for the Doppler correction was the after-target velocity,
also measured event-by-event in the S800. Addback was performed
within each detector module, so that the central contact energy of
each crystal was summed in order to recover partial energy de-
position events. Four of the seven GRETINA modules were placed
at forward angles centered around 58° and three modules at 90°
relative to the beam direction in the laboratory frame. However,
because DSAM achieves its greatest sensitivity to excited-state life-
times at far-forward and far-backward angles, the targets were
shifted about 20 cm upstream (that is, in the opposite direction of
the beam current) from the center of GRETINA, after which the de-
tectors were centered around 30° and 50° in the laboratory frame,
spanning an angular range from 20° to 70°.

12Be has only three bound excited states: a 2F state at 2.1 MeV,
a 0" state at 2.2 MeV, and a 1~ state at 2.7 MeV [9]. These
excited states decay almost exclusively to the ground state (the
Ozr state decays directly to the ground state via an EO transition
87.3(35)% of the time [9]). Thus the addback routine introduces
minimal error from accidental summing of distinct y rays but in-
creases the photopeak yields by about 30%. Three separate targets
were used to populate these excited states during the experiment
in order to control for systematic effects from uncertainties in the
stopping power of the target materials: a 2490-mg/cm? Ta tar-
get, a 1330-mg/cm? Ta target, and a 1410-mg/cm? Nb target. The
y-ray spectrum collected for the 2490-mg/cm? Ta target is shown
in Fig. 1(a) and (b). Panel (a) shows the y-ray spectrum as a two-
dimensional plot in order to demonstrate the Doppler correction,
with the y-ray emission angle relative to the 1?Be recoil direc-
tion on the vertical axis and the Doppler-corrected y-ray energy
on the horizontal axis. The broad nature of the photopeaks is due
to the short lifetime of the excited states, which primarily decay
inside the target rather than in vacuum after exiting the target. Be-
cause the beam velocity used for Doppler correction is that which
is measured after the target, the photopeaks are expected to have
a vertical edge on the low-energy side due to decays at the back
of the target, with a broad shoulder extending to higher energies
due to decays which happen at a higher velocity inside the target.
This shape can be clearly seen for the ZT and 1; photopeaks la-
beled in Fig. 1(a). In contrast, the 511 keV peak marked by the *
is a laboratory-frame photopeak, and does not show any Doppler-
broadening. Fig. 1(b) is the projection of Fig. 1(a) onto the y-ray
energy axis. The 05 — 2 transition occurs for only 12.7(35)% of
the O; -state decays [9], and is not observed due to the long mean
lifetime of T =331(12) ns [26] for this state. The long lifetime re-
sults in the nuclei decaying over a wide range of distances after the
target. This leads to a very wide distribution in Doppler-shifted en-
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Fig. 1. (Color online) (a) The Doppler-corrected addback y-ray spectrum collected
with all GRETINA detectors from the excitation of '2Be on a 2490-mg/cm? Ta tar-
get. The vertical axis shows the y-ray emission angle relative to the recoiling '>Be
trajectory, and the horizontal axis shows the Doppler-corrected y-ray energy. The
y rays from the decay of the 2{ and 17 states are labeled, while the * indicates
511 keV photons. (b) The same as (a), but projected onto the y-ray energy axis.

ergies which is indistinguishable from background, and so no peak
is observed from this transition in this fast-beam experiment.

The lifetime of the 2] state of 12Be was determined using the
DSAM technique described below. The present experiment used
beam energies of several tens of MeV per nucleon, such that the
excited nuclei do not stop in the targets and event-by-event parti-
cle identification is possible. The targets used in this experiment
are thick, and excited states can be produced through inelastic
scattering at any point in the target. As a consequence, the ex-
pected shape of the laboratory-frame y-ray spectrum is not that
of a narrow photopeak from the decay of stopped nuclei, with an
extended tail due to decays of nuclei in-flight. Instead, all nuclei
decay in-flight, and Doppler correction is applied to the observed
y-ray spectrum using the beam velocity 8 = v/c after the target
as measured in the S800. This B corresponds to decays which oc-
cur after the beam has left the target and maintains a constant
velocity, which results in a narrow peak in the Doppler-corrected
spectrum in analogy to the stopped peak in classic DSAM. De-
cays which occur before the nuclei exit the target will have a 8
larger than that used for Doppler correction, so that the Doppler
shifts are only partially corrected for these decays. This results
in a broadened component to the photopeak, which is analo-
gous to the in-flight component in classic DSAM. In the present
case, the GRETINA detectors are placed only at downstream angles,
and the broadening occurs only towards higher energies such that
the peaks are asymmetric. For extremely short-lived states such
as the 17 state (7 = 1.9 fs deduced from Ref. [27]), all decays
occur within the target and there is no after-target component.
Instead, the average decay velocity corresponds to B8 roughly half-
way through the target, which is higher than g measured in the
S800 and causes the peak to shift towards higher energy. As the
lifetime increases, more decays will occur after exiting the target,
causing the after-target component to increase. The sensitivity to
the lifetime is achieved through the ratio of the population of the
after-target component relative to the population of the in-target
component. For the ZT photopeak in Fig. 1, the lifetime is appar-
ently significantly less than the transit time of the beam through
the target (about 10 ps at NSCL beam velocities) due to the lack of
a prominent after-target peak. However, the maximum of the peak
occurs on the low-energy edge where the after-target component

would be located, rather than being shifted towards higher ener-
gies. This indicates that a small after-target component is present
and the method described here is sensitive even to this short life-
time.

3. Analysis

Lifetimes were extracted from the data with the aid of a
Monte Carlo simulation code [28] based on the Geant4 [29] and
ROOT [30] frameworks. The simulation package is designed for
lifetime analyses and has been recently updated to include the de-
scription of the GRETINA detector geometry. Excited-state energies
and lifetimes are used as inputs in order to reproduce the re-
sponse function of GRETINA to the experimentally measured y -ray
spectrum. In addition, the simulation allows the measured beam
properties to be described, and accepts a parameterized descrip-
tion of the reaction mechanism in order to match the experimental
beam profile measured in the S800. The lifetime of the ZT state
was varied between 0 ps and 3 ps in steps of 0.25 ps, while the
lifetime of the 1] state was kept fixed at 1.9 fs, as deduced from
the B(E1) value found for the 17 — OT transition [27]. Separate
sets of simulations were performed for each of the three different
targets used in the experiment.

Once a set of simulations was generated, it was fit to the ex-
perimental data along with an exponential background through
a x2 minimization procedure. The shape of the background was
determined by first fitting a wide energy region including the
y-ray transitions, and then fixing the parameters of the exponen-
tial background. The intensity of the 1; — O{r transition was also
fixed at this point, as it does not contribute to the determination
of the ZT—state lifetime except through the Compton background,
leaving only the intensity of the 2] — 07 transition as a free pa-
rameter. The fit was then evaluated over the energy range covered
by the 2.1-MeV photopeak, and the resulting x? per degree of
freedom (x2/N) saved. This process was repeated for each sim-
ulated 27 -state lifetime, and the lowest x2?/N taken to be the
lifetime. Fig. 2 shows the results of this fitting procedure for (a)
the 2490-mg/cm? Ta target, (b) the 1330-mg/cm? Ta target, and
(c) the 1410-mg/cm? Nb target, with the best-fit simulations (red
solid lines) overlaying the data. The shaded regions indicate the
energy range used to determine the 21+-state lifetime. The insets
show the distribution of reduced x2 values as a function of simu-
lated lifetime. The lifetimes determined from each target data set
were (a) 1.34(17) ps, (b) 1.67(16) ps, and (c) 1.14(18) ps, where the
uncertainties are only statistical. As a consistency check, a similar
analysis was performed for the 17 — OT transition, allowing the
lifetime of the 17 state to vary. The lifetime was found to be less
than 200 fs, consistent with Ref. [27].

The data were also investigated for possible sources of sys-
tematic uncertainty. The sensitivity of the fits to the location of
the targets was checked by varying the target positions by up to
+1 mm along the beam axis in the simulations. This introduced an
extra uncertainty of 11% in the final result. Stopping power tables
were generated using SRIM [31] and an ATIMA subroutine built
into LISE++ [32] and used in the Geant4 simulations to test the de-
pendence on different stopping power models. This resulted in an
uncertainty of 7% in the final lifetime. To evaluate the sensitivity
of the lifetime to the background, which is slightly underpredicted
in the Compton region in Fig. 2, different functional forms were
evaluated and found to affect the lifetime at about the 5% level. In
addition, a component was added to the simulations which cor-
responds to population of the 21+ state by the 02+ state, which
produces an almost flat background that extends to 2100 keV. This
did not significantly affect the measured lifetime, and was removed
from the fit. The dependence of the excitation cross section on the
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Fig. 2. (Color online) Simulations fit to the observed Doppler-corrected y-ray spec-
trum for '2Be; (a) the 2490-mg/cm? Ta target data; (b) the 1330-mg/cm? Ta target
data; (c) the 1410-mg/cm? Nb target data. In each panel, the data is shown with er-
ror bars as the black crosses, the red line is the best-fit simulation with exponential
background, and the background is shown separately as the dashed blue line. The
shaded region under the peaks indicates the region fit to determine the lifetime.
The insets for each panel show the reduced x? value as a function of simulated
27 -state lifetime.

changing beam energy in the targets was checked by comparing
the observed y-ray yield of the 1; — OT transition for the two
tantalum targets. After accounting for the different number of ions
observed with each target, the y-ray yield scales exactly with the
target thickness. From this, the excitation cross section is deduced
to be essentially constant across the width of the targets, which
is the same condition used in the simulations. Added in quadra-
ture, the systematic effects contributed a total of 14% to the final
uncertainty.

The possibility that a significant fraction of the incoming beam
was in the isomeric 02+ state was also investigated. If present, feed-
ing of the ZT state could occur at any point along the beam line
due to the long isomer lifetime, which would create an additional
background. The 05 isomer content of the incoming 2Be beam
was evaluated by implanting the beam into a thick aluminum
block inside GRETINA. A small number of 511-keV photons were
observed from the 02+ — OT decay, and from this the isomer con-
tent of the beam was estimated to be about 0.5% at the S800 target
position, which was neglected in the analysis. The at-rest decay of
the ZT state was also observed in these data, which allowed confir-
mation of the y-ray energy of this transition. The 21+-state energy
was found to be 2109(1) keV, which was used in the simulations
and which is in good agreement with 2107(3) keV as reported in
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Fig. 3. (Color online) A comparison of a simulated y-ray spectrum (red solid line)
with a ZT—state lifetime of (a) 2.5 ps and (b) 0 ps to the Doppler-corrected y-ray
spectrum from the 2490 mg/cm? Ta target measured in this work (black crosses).
The simulation clearly does not reproduce the data in either case; for the 0 ps case,
the low-energy edge is badly underpredicted where the decay in vacuum would be
present, while for the 2.5 ps simulation there is a narrow peak at the low-energy
edge of the photopeak from decay of the excited states after exiting the target
which is not present in the data. This demonstrates that the lifetime of the 2] state
is significantly shorter than 2.5 ps, but is not zero. (c) Data from the 1330 mg/cm?
Ta target, with the y-ray emission angle restricted to 6, > 55°. This peak has a res-
olution of about 1.2%, which demonstrates that the resolution in this experiment is
sufficient to generate the after-target peak in panel (a).

Ref. [20]. Taking the mean of the lifetime values measured for the
three targets and accounting for the uncertainties discussed, the fi-
nal result for the 27 -state lifetime of '2Be was determined to be
Ty = 1.38 £ 0.10(stat) £ 0.19(sys) ps.

4. Discussion

On first inspection, it would appear that the previously deter-
mined lifetime value of 7:21+ = 2.5+ 0.7(stat) 4= 0.3(sys) ps [20] is
inconsistent with the value determined in this work. However, the
range of lifetimes determined in the previous work spans from
1.1 ps to 3.9 ps within the 20" uncertainty limits, encompassing the
present result. In that light, the present result does not contradict
the previous one; rather, it provides a much more precise determi-
nation of the lifetime which is useful for interpreting the structure
of 12Be. This fact notwithstanding, the present work is significant
in that it demonstrates that the lifetime of the 2T state is con-
siderably shorter than previously thought, and does not support a
lifetime of 2.5 ps. This can be shown by comparing a simulation of
the 21 — 07 transition with a lifetime of 2.5 ps to the data. This
is most clearly seen with the thick-target tantalum data, shown in
Fig. 3(a). The simulation in this case clearly does not match the
data, with a prominent peak at low energies due to decay of the
excited 1?Be nuclei after exiting the target. Fig. 3(b) shows a sim-
ulation with a lifetime of O ps; in contrast to the simulation in
panel (a), the low-energy side of the peak is underestimated due
to a lack of decays after the target, which shows that the life-
time is not consistent with zero. This comparison demonstrates
that the lifetime is considerably shorter than previously reported,
but still within the limits of this method. Finally, Fig. 3(c) shows
data from the 1330 mg/cm? Ta target, restricted to angles greater
than 55°. This represents the data which has the least sensitiv-
ity to the spread in the velocity in the Doppler-shift corrections,
and has a full-width at half-maximum of about 26 keV. This cor-
responds to a resolution of about 1.2%, which compares well with
the resolution of 0.9% obtained in Ref. [25]. While this data is not
very sensitive to the lifetime of the ZT state, it does demonstrate
that this experiment has sufficient resolution to produce a well-
defined after-target peak if one existed, such as in the simulation
in Fig. 3(a).
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From the lifetime measured in this work, the transition prob-
ability is calculated to be B(E2; Zfr — 0]*) = 14.2 4+ 1.0(stat) &
2.0(sys) e? fm*. The present result increases the B(E2) value by
about 80% compared to the previous value and reduces the relative
uncertainty from about 30% to about 15%. With this revision it be-
comes clear that the 2Be B(E2) value is indeed larger than that of
10Be (B(E2) =9.2(3) e fm® [21]), increasing substantially despite
being located at the traditional magic number N = 8. This change
is consistent with the expectation that the B(E2) is anti-correlated
with the 27 -state energy, as the fall in the E(2]) at 2Be is now
matched by a rise in the B(E2). This resolves the ambiguity con-
cerning the behavior of the beryllium isotopes at the shell closure;
now all observables consistently indicate a breakdown of the N =8
magic number.

The increased B(E2) reported here indicates that 12Be is sig-
nificantly more collective than previously thought. This is in qual-
itative agreement with the findings of a recent laser spectroscopy
measurement of the beryllium isotopes, which found that the
RMS charge radius of 2Be is 6% larger than that of !°Be and
attributed this change to an increase in the distance between
the two «-clusters [8]. As a very simple discussion, we intro-
duce a toy model wherein the beryllium isotopes consist of two
charged point-particles to represent the «-clusters. In this model,
the quadrupole moment can be written down as

Qo= _ar* =2(Zyr?) =4er?,
q

where r is the distance from the center of mass of the nucleus to
one «-cluster. Then the B(E2) takes the form
2 2

B(E2;2{ — 0]) = % _ €

160 7w
With B(E2) = 14.2(22) e2fm* as found here, the radius at which
the cluster centers can be found in '?Be is calculated to be r =
2.58(10) fm, which agrees well with the RMS charge radius of
Re = 2.503(15) fm measured in Ref. [8]. Similarly for '°Be, the
measured value of B(E2) =9.2(3) e fm?* [21] gives r =2.32(2) fm,
consistent with R, = 2.361(24) fm [8]. Although this is an over-
simplified description of the beryllium isotopes, it is remarkable
that such a simple toy model gives a reasonable description of
the relationship between the measured B(E2) values and the RMS
charge radii for these isotopes. While it is difficult to conclude
definitively that clustering is present in 12Be from this discussion,
it does suggest that 2Be may be deformed, which could give rise
to the enhanced B(E2) observed in this work.

A number of theoretical investigations of 12Be have included
calculations of the B(E2;2] — 0f) transition rate and can be
compared to the present measurement. Fig. 4 shows the re-
sults of several calculations (solid circles), as well as the pre-
vious and present experimental results for the B(E2) shown as
open and closed squares, respectively. The gray bands show the
1o uncertainty range for each experimental result. The models
used to calculate the theoretical results include Fermionic Molec-
ular Dynamics (FMD) [8], No-Core Configuration Interaction (NCCI)
[33], the Hyperspherical Adiabatic Expansion method (HSAE) [34],
the No-Core Shell Model using CD-Bonn and “Inside Nonlocal
Outside Yukawa” (INQY) interactions [35], the Generator Coordi-
nate Method (GCM) [35], and Antisymmetrized Molecular Dynam-
ics (AMD) [36]. Notably, the best agreement with the present result
comes from the GCM and AMD results. Both of these calcula-
tions produce a pronounced cluster structure consisting of two he-
lium nuclei, with the GCM beginning with ®He-®He and 8He-*He
wave functions. In contrast, the remaining models underpredict

- - -
N & O
roT T
—a—
[ ]

L]

B(E2;2!-0]) (e? fm")
S
T T
—{

I [ )

oON O O®
T T

| | | | |

L L L L
e\l'\o\lsv‘ese“\ F“\O “GC\ \—\5"(‘?{)30““ \“0‘( Go“ N‘]\D

1%

Fig. 4. (Color online) A comparison of the previous (open square) [20] and present
(closed square) experimental B(E2) values to theoretical predictions (solid circles
or vertical ranges). The shaded bands show the experimental uncertainties. The-
oretical values were generated using Fermionic Molecular Dynamics (FMD) [8],
No-Core Configuration Interaction (NCCI) [33], Hyperspherical Adiabatic Expan-
sion (HSAE) [34], No-Core Shell Model (CD-Bonn and INOY) [35], Generator Coor-
dinate Method (GCM) [35], and Antisymmetrized Molecular Dynamics (AMD) [36].

the B(E2) reported here. The FMD calculation is the exception, as
it does show clustering but somewhat underpredicts the present
B(E2). The authors of that study note that the transition rate is
very sensitive to mixing between different configurations in their
calculation, which is in turn sensitive to a phenomenological cor-
rection factor which acts as a surrogate for missing 3-body inter-
actions. As the details of 3N forces are still being investigated, it
may be that a slight adjustment of this correction factor would
more fully capture the effects of three-body forces, which are not
yet fully-known.

As a final discussion, it is interesting to note that the only
model shown in Fig. 4 to explicitly include a microscopic three-
body interaction (the AMD [36] calculation, which includes a zero-
range three-body force) comes closest to reproducing the B(E2)
value reported in this work. Electromagnetic transition rates can
be quite sensitive to small changes in nuclear wave functions,
which makes them good testing grounds for various ab initio the-
ories which may include three-body interactions. Particularly for
strongly-clustered nuclei like the beryllium isotopes, 3N forces
may play an important role in these calculations due to the cluster
regions, which have a relatively high density. Recent investigations
of 8Be [37] and °Be [21] have been undertaken to precisely mea-
sure E2 transition rates and compare them to Green’s Function
Monte Carlo (GFMC) calculations, providing a strong test of various
models which include 3N interactions. For A = 12 nuclei, GFMC
is still challenging, with 12C only recently becoming possible [38].
When such calculations become computationally feasible for 12Be,
the present measurement can serve as an important benchmark
for these ab initio models.

In conclusion, we have performed a new measurement of the
lifetime of the 2] state of 12Be. We use the Doppler-Shift Atten-
uation Method at intermediate beam energies with several target
materials in order to control for systematic effects. We find a life-
time of Ty = 1.38 + 0.10(stat) &= 0.19(sys) ps, which provides a

significant improvement in the precision of this observable. The
corresponding increase in the E2 transition rate brings the B(E2)
and E (21+) systematics of the beryllium isotopes into agreement,
demonstrating the dissolution of the N = 8 shell closure as re-
ported in numerous recent works.
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