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The development of advanced gamma-ray tracking arrays allows for a sensitive new technique
to investigate elusive states of exotic nuclei with fast rare-isotope beams. By taking advantage
of the excellent energy and position resolution of the detector array GRETINA, we developed a
novel technique to identify in-flight isomeric decays of the 03‘ state in >?Mg populated in a two-
proton removal reaction. We confirm the 05 — 2} gamma-ray transition of **Mg and constrain
the O;‘ decay lifetime, suggesting a large collectivity. The small partial cross section populating the
0F state in this reaction provides experimental evidence for the reduced occupancy of the normal
configuration of the 0] state, indicating the intruder dominance of this state.

The existence of an island of inversion was first postu-
lated to explain the unexpected excess binding for certain
neutron-rich isotopes near the canonical N = 20 magic
number [1-3]. Since then, similar islands of inversion
have been proposed at N = 8,28,40, [4-11] and more
recently at 50 [12], where it has been suggested that the
nuclear shell structure is dramatically modified, leading
to the appearance of deformed nuclei near these magic
numbers. The physics mechanisms underlying the struc-
tural changes in neutron-rich nuclei have been explored
in recent decades, highlighting important aspects of nu-
clear interactions, such as the tensor and the three-body
forces [13-16]. Many low-energy properties in the N = 20
island of inversion can be explained by the intruder 2p2h
configurations dominating over the normal OpOh config-
urations [2, 17, 18]. However, recent theoretical studies
indicated that the intruder 4p4h configurations are also
important [14, 15], calling into question the simple pic-
ture of the structural changes and configuration mixings
in the islands of inversion.

In this paper, we report on our studies of the lifetime
of the 05 state of 32Mg and the partial cross section to
populate the 0;‘ state in a two-proton removal reaction
to examine the configuration mixing near the center of
the N = 20 island of inversion. The B(E2;2 — O;r)
value from the measured lifetime allows for a compari-
son of the quadrupole collectivity between the 21" — 0;’
and 21 — 0 transitions. Meanwhile, the two-proton re-
moval cross section from the “Be(*%Si, 32Mg)X reaction
is sensitive to the overlap between the ?Mg 05 state
and the 34Si Of state, the latter being dominated by
0pOh configurations [17, 19]. Many other 3?Mg properties
such as the excess binding [1], the reduced 2 energy [7],
and the enhanced B(E2;2] — 0]) value [5, 20-24] are
consistent with 2p2h configurations dominating the low-

energy states. However, the 4p4h configurations appear
essential to reproduce the known properties of the long-
lived (7 > 10 ns) 05 state reported at 1058 keV [6]. In
agreement with the importance of the 4p4h configura-
tions suggested in recent shell-model studies [14, 15], a
schematic model consisting of only three configurations,
0pOh, 2p2h, and 4p4h, successfully characterized the 03
state of 32Mg, including the measured (¢, p) reaction
cross section [25, 26]. This elusive 0] state has not been
observed since the original discovery in 2010 [6], therefore
an independent confirmation of this state and additional
lifetime and reaction cross section information are needed
to validate the importance of the 4p4h configurations.

To study the O;r state of 32Mg, we developed a novel
in-beam spectroscopy technique that is now made possi-
ble by taking advantage of advanced gamma-ray tracking
arrays. At relativistic beam velocities, the 05 state de-
cays over an average range on the order of 1 m past the
target. Therefore, in conventional in-beam experiments,
the decay location of the 03 state remains unknown and
the gamma-ray energies cannot be corrected for Doppler-
shift. In our technique, we overcome this difficulty by
tracking the isomeric decay position, as detailed later in
the text. This technique can be applied more generally
to in-beam experiments involving isomers with lifetimes
on the order of nanoseconds depending on gamma-ray
yield.

This experiment was performed at the NSCL Coupled
Cyclotron Facility [27] using a ®Ca primary beam at
140 MeV /nucleon on a °Be production target. A 34Si
secondary beam at 86 MeV /nucleon was selected by the
A1900 fragment separator [28] with a purity of 82% and
an intensity of 9x 10° pps. The 03 state of *>Mg was pop-
ulated in the YBe(*Si, 32Mg)X reaction on a 0.57 g/cm?-
thick °Be target using the setup shown in Fig. 1. To



validate our method, we examined the 3'Mg products
created simultaneously from the same setup which pop-
ulates a (7/27) isomer at 461 keV with a lifetime of
7 = 15.1(12) ns [29]. Reaction products were identified
by time-of-flight and energy-loss measurements from the
S800 spectrograph [30].
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FIG. 1. The present experimental setup. The

9Be(*81,°*Mg)X reaction populates the 03 isomer which
emits a cascade of gamma rays 1 and -2 at angles 6; and
02 relative to the ion trajectory.

In general, the in-flight detection of isomers with a life-
time from 1 ns to 100 ns is challenging because decays oc-
cur along a flight path on the order of meters. When the
isomer produces a cascade of gamma rays emitted nearly
simultaneously, one solution is to use the timing infor-
mation of the cascade to locate the common decay posi-
tion [31]. Our approach is similar except we use the en-
ergy information of the gamma-ray cascade, which is now
feasible by using the excellent position and energy reso-
lution of GRETINA [32]. In practice, if the energy of one
observed gamma ray <, is consistent with the Doppler-
shifted energy of the known transition, then we assume it
is associated with the gamma-ray cascade emitted from
the isomer. In the 32Mg case, the 885-keV transition has
laboratory-frame energy in the range from approximately
610 to 1290 keV. If the observed gamma ray 7y is within
this energy range, then the Doppler-shift emission angle
0, is calculated and used with the hit position of v; in
GRETINA to locate the decay position. We can then
determine the emission angle 65 for the other gamma ray
o observed in coincidence. At our ion velocity of 0.353c,
if the lifetime of the 03 state in 32Mg is 7 & 10 ns, the
average flight path is &~ 1 m. Therefore, to cover the
wide range of possible decay positions, the °Be target
was placed 72 cm upstream of the center of GRETINA
(Fig. 1). To improve the signal-to-background ratio for
detecting isomeric decays, a cylindrical lead shield was in-
stalled downstream of the target, attenuating the prompt
gamma rays from short-lived states such as the 27 and
41*' states of 3>Mg. GRETINA was arranged to have 4 de-
tector modules at 58 degrees, 2 at 90 degrees, and 4 at
122 degrees relative to the beam axis measured from the
center of GRETINA. In this arrangement GRETINA was
most efficient for decays occurring 52 cm to 92 cm down-
stream of the target, corresponding to +£20 cm from the

center of GRETINA, and we selected events within this
range to reduce the background.

The decays we analyzed emit two gamma rays in cas-
cade that both may interact with GRETINA multiple
times. The highly segmented geometry of GRETINA al-
lows one to distinguish the multiple interaction points
but some criteria must be applied to determine which in-
teraction points belong to each incoming gamma ray, and
which of those points is the first interaction point within
GRETINA. Following the technique used in Ref. [32], the
interaction point with the largest energy deposit was cho-
sen as the first interaction point of one gamma ray. Then
an addback routine analogous to that used in Ref. [33]
was implemented to sum energies within an r = 80 mm
sphere centered on the first interaction point. Using the
remaining interaction points, a second gamma ray was re-
constructed with the first interaction point and addback
energy found in the same manner. In general, if inter-
action points still remain, the same addback routine can
be repeated to define additional gamma rays. However,
to improve the signal-to-noise ratio, we selected events
with exactly two interaction spheres (gamma-ray mul-
tiplicity two). As mentioned earlier, if one gamma ray
1 is assigned to the known transition, then the Doppler-
corrected energy of the other gamma ray 7, is determined
event by event based on the common decay position.

First, we demonstrate the new technique by applying
it to the 3'Mg products as shown in Fig. 2a together
with a partial level scheme. The spectrum is gated on
the 171-keV transition which was used as a reference to
determine the decay position of the isomer at 461 keV,
allowing the Doppler-shift correction of the coincident
240-keV transition. The peak in Fig. 2a was fit with a
Gaussian with a centroid energy of 244(5) keV which is
consistent with the literature value of 239.9(5) keV. The
low energy of the 240-keV gamma ray transition suggests
that all its interaction points in GRETINA are likely to
occur with an r = 20 mm sphere centered on the first in-
teraction point. Therefore, to improve the sensitivity to
events of interest, an additional gate requiring all inter-
action points of the 240-keV gamma ray to occur within
20 mm of the first interaction point was implemented.
Including this gate results in the lower, filled spectrum
of Fig. 2a which shows a reduced background while re-
taining 66% of the peak counts. The scaled background
spectrum in black in Fig. 2 was obtained by analyzing all
34Gi reaction products excluding the Mg isotopes, which
mostly consists of 34Si and 33 Al

The energy spectrum of 3'Mg was studied further with
a GEANT4 simulation [33, 34] that included the isomeric
461-keV state, the lower-lying 221- and 50-keV states,
and the gamma-ray transitions at 240, 221, 171, and
50 keV, as shown in the level scheme of Fig. 2a. The
simulated spectrum was added to the background and
scaled to fit the measured peak at 244 keV. The simu-
lated energy of the transition from the isomer that best
reproduced the data was 239(1) keV, as is shown with
the red line in Fig. 2a. The difference between the best-
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FIG. 2. Doppler-corrected gamma-ray energy spectra are

shown for data (blue circles), background from the scaled re-
sponse of beam products excluding the Mg isotopes (black
lines), and the sums of the simulated and background re-
sponses (red lines). *'Mg is shown (a) in the upper spectra
and the constraint that the 244-keV transition only interacts
within 7 = 20 mm of its first interaction is included in the
lower, filled spectrum (scaled by 0.5). **Mg is shown (b) with
the » = 20 mm gate applied to the 170-keV gamma ray in
the upper spectrum (scaled by 0.6) and with additional gates
requiring proper identification of the interaction points of the
885-keV gamma ray in the lower, filled spectrum. Insets show
the number of decays near (250 to 525 mm), at mid-distance
(525 to 700 mm) and far from the target (700 to 1000 mm).
The data (open circles) is compared to simulations assuming
lifetimes of 5 ns (red solid line), 15 ns (blue dashed line), and
45 ns (black dotted line).

fit energy of 239 keV and the peak centroid energy of
244 keV was attributed to the 7 = 192 ps lifetime of the
221-keV state, corresponding to an average distance of
2 cm between the emission points of the 171-keV and the
240-keV gamma rays.

The lifetime of the 461-keV state was studied using
the distribution of decay positions along the beam line
shown in the inset of Fig. 2a. Although GRETINA is
most efficient for decays from 52 cm to 92 cm downstream
of the target, the decay trend was analyzed in a larger
region from 25 to 100 cm past the target to improve the
sensitivity to the lifetime. The decay distribution does
not change significantly for lifetimes greater than 10 ns
so we cannot place an upper limit on the lifetime of the
461-keV state. However, this data places a 1 o lower
limit of 9 ns which is consistent with the known lifetime

of 7 =15.1(12) ns [35].

The 32Mg result is shown in Fig. 2b where the same
analysis approach is used except now the 885-keV tran-
sition from the 2 state of 32Mg is used as a reference
to find the decay location. Since the expected energy
of the 0 — 2] transition (172 keV) is low, similar to
the 240-keV transition of 31 Mg, we used the same condi-
tion that all interaction points of the gamma ray occur
within 7 = 20 mm of the first interaction point. The up-
per spectrum of Fig. 2b shows a peak-like structure close
to 170 keV corresponding to the 05 — 2] transition [6].
The background distribution is reproduced by analyzing
other products of the 34Si beam and scaling the result
as shown in black. To understand the significance of the
peak at 170 keV the measured spectrum was compared to
a simulation including the 03 isomer at 1058 keV and the
cascade of gamma rays with energies 172 and 885 keV.
The 2] state was also included in the simulation using
the lifetime value 7 = 16(3) ps determined from B(E2)
results [5, 20-24, 36]. The simulated distribution was
added to the background distribution and scaled to fit
the peak at 170 keV as shown by the red line.

The 170-keV peak was unambiguously confirmed by
applying additional gates to the 885-keV candidate. The
result is shown in Fig. 2b as the lower, filled spectrum
presenting a clear signal with reduced background. In
analogy with the » = 20 mm gate applied to the interac-
tion points of the 170-keV transition in 32Mg, a gate was
applied that requires all interaction points of the 885-keV
gamma ray to lie within » = 60 mm of the first interaction
point. Additionally, we used the interaction point infor-
mation of the detected 885-keV gamma ray to test if it
is consistent with Compton scattering. The energies of
the first interaction and remaining interactions were used
in the Compton scattering formula to obtain the scatter-
ing angle (see eq. (21) of Ref. [37]). If this angle agreed
within 0.7 rad with the scattering angle deduced from the
decay position and interaction position information, the
event passed the gate. In this work the O;r — 21+ energy
is 165 + 4(stat) £ 2(syst) keV which is included in the
simulated response in Fig. 2b. The 7 keV difference be-
tween this measurement and the previous measurement
of 172(2) keV [6] is larger than the systematic uncer-
tainty in this measurement due to both the lifetime of
the 21" state (3 ps uncertainty, corresponding to 0.6 keV
uncertainty in energy) and the decay location calculation
(5 mm uncertainty, corresponding to 2 keV uncertainty
in energy). The apparent discrepancy between the ob-
servations may be due to the limited statistics of the
elusive 0; gamma-ray decay in both studies. We adopt
the weighted average of 170(2) keV for the energy of the
03 — 27 transition. The distribution of decay positions
of the O;r state places an independent 1 ¢ lower limit on
the lifetime of 8 ns, confirming the isomeric nature of
this state [6]. The upper limit could not be constrained,
however, as shown in the inset of Fig. 2b.

The correlation between the lifetime and partial cross
section populating the Oér state (including feeding from



unobserved higher-lying states) can be studied from the
yield of the 170-keV peak, shown as a gray band in
Fig. 3. Since the gamma-ray efficiency in this measure-
ment strongly depends on the lifetime, the possible cross
section can be constrained for a given lifetime or vice
versa. For example, if the assumed lifetime is 5 to 10 ns,
the gamma-ray efficiency in this setup is maximized so
the deduced cross section must be minimized. The total
error in this result includes 20% statistical uncertainty in
the yield of the 170-keV peak. Another important source
of uncertainty is the efficiency of the gates. In order to
keep this systematic uncertainty small, the spectrum in-
cluding fewer gates (Fig. 2b, upper spectrum) was used
in this portion of the analysis and contributes 13% rel-
ative uncertainty, estimated by applying the same gates
to calibration data taken with a ®2Eu source. The sta-
tistical and systematic uncertainties were combined in
quadrature to a total relative uncertainty of 25% in the
cross section at any given lifetime.
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FIG. 3. Possible values for partial cross section and lifetime
of the 07 state of **Mg within 1 o are plotted (gray band).
From the work of Ref. [38], the 1 o upper limit of the cross
section at 0.10 mb is included (red line), and the overlap of
that work and this work is highlighted (red hatched region).

The lifetime can be constrained by including the up-
per limit on the partial cross section of the 0; state from
a previous two-proton removal reaction experiment [38],
shown with a red horizontal line in Fig. 3. The previ-
ous and present removal reaction experiments populated
states in 2?Mg using similar mid-target energies of 67
and 75 MeV /nucleon respectively. Eikonal model calcu-
lations based on the USDB two-nucleon amplitudes pre-
dict 5.11 and 5.23 mb for the inclusive cross section at
67 and 75 MeV /nucleon respectively, suggesting that the
results of the previous removal experiment with a slightly
different energy can be safely applied here. In the previ-
ous measurement, the 0] state was not observed but the

T and 4f states were observed from their gamma-ray
decays. The measured exclusive cross section populating
the 2] and 4] states accounted for 100(12)% of the 32Mg
inclusive cross section, o, = 0.76(10) mb. This suggests
that at most only 12% of the reactions populate the un-
observed 05 state, corresponding to a 1 o upper limit of
0.10 mb for the partial cross section of the 05 state. With
this upper limit in conjunction with the present result,
the partial 05 cross section and lifetime are constrained

t00.03 mb < ¢ < 0.10 mb and 1.5 ns < 7 < 38 ns, respec-
tively, as shown by the red hatched region in Fig. 3. The
lifetime can be further constrained to 10 ns < 7 < 38 ns
from Ref. [6].

Using the 0 lifetime result of 10 ns < 7 < 38 ns and
the weighted average energy of the OJr 2+ transition
of 170( 4) keV, the reduced E2 transition probablhty is
28 e’ fm* < B(F2;2] — 0+) < 122 e2fm*. For phys-
ically reasonable values of p?(E0) the EO branch is ex-
pected to be less than 1% [6, 39] therefore we assumed the
03 — 07 transition to be negligible. Table I summarizes
the reduced E2 transition probabilities to 0% states in
32Mg and neighboring even-even nuclei which can char-
acterize the quadrupole collectivity in these transitions.
For 3°Mg, a large B(E?2) is observed for the 2] — 0f
transition [17, 42], whereas in 34Si a large B(E2) ap-
pears for the 2f — 0; which suggests a collective nature
for both states [19]. The present data for **Mg indi-
cate that the 0F state is as collective as the 0 state in
contrast with the sizeable difference in transition prob-
abilies between 01 states in both 3°Mg and 3%Si. No-
tably, the B(FE2;2] — 0) value in 32Mg is comparable
to the strong transitions in 3°Mg and 34Si and exceeds
the values calculated by the 3-level mixing model [26]
and the SDPF-U-MIX model [19] which both predict
B(E2;2f — 0f) = 15 e*fm®. The large collectivity in
the 0F state of 32Mg indicates prominent intruder con-
tributions to the state. However, given the large experi-
mental uncertainties, the current B(F2) result does not
allow for a stringent conclusion.

Additional direct information about the intruder con-
tributions can be obtained from the partial cross sec-
tion to populate the 0; state in comparison with theo-
retical calculations assuming a pure OpOh configuration.
The 34Si 0] state is predominantly of OpOh configura-
tion [14, 17] and the two-proton removal reaction cross
section is sensitive to the wave-function overlap between
the incoming projectile and outgoing residual nucleus fi-
nal state, allowing the OpOh occupancy in the 03 state of
32Mg to be quantified. Reaction calculations were per-
formed following the method of Ref. [43] which applies
the two-neutron amplitudes (TNA) from shell-model cal-
culations combined with eikonal, direct reaction theory.
The suppression factor Ry, the ratio of experimental to
calculated inclusive two-nucleon removal cross sections,
is not known for the (34Si,32Mg) reaction. We use the
value Ry, = 0.5 seen for a number of reactions between

TABLE 1. B(E2) values of **Mg and neighboring even-even
isotopes.

B(E2) (e’fm?) Mg 31Si Mg
2f = of 53(7) [40]  17(7) [41] 94(16) [36]
27 — 05 10.9(12) [40] 61(40) [19] 48F74 @

2 the central value of B(E2) = 48 e?fm* corresponds to the
central lifetime value of 24 ns



less-exotic sd-shell beam nuclei and “Be targets [43]. The
USDB interaction [44] provides an essentially pure OpOh
configuration for the 3?Mg ground state and if we as-
sume that it corresponds to the observed 03 state, then
the 02+ cross section would be o3,, = 0.42 mb. This value
is significantly larger than the experimental upper limit
of 0.10 mb indicating the physical O;r state has a reduced
OpOh occupancy. The 3-level mixing model predicts a
smaller OpOh occupancy with a probability a? = 0.15 for
the 05 state [25] due to the sizeable 2p2h and 4p4h con-
tributions to this state which reduces the overlap with the
3G OIL state. By scaling the cross section obtained from
the USDB pure Op0Oh calculation with the OpOh probabil-
ity a? of the 05 state, the 3-level mixing model results in
a cross section of 0.06 mb. This result is consistent with
the measured partial cross section, strongly suggesting
that the 05 state contains strong admixtures of the 2p2h
and 4p4h intruder configurations.

The present result raises the question, “Where does the
OpOh-dominant 0% state exist in 32Mg, if anywhere?” The
3-level mixing model predicts the 05 state at 2.22 MeV
with the OpOh probability a? = 0.81. This gives the
partial cross section o3, = 0.34 mb for the O; state, al-
though associated events have not been experimentally
observed. Using the USDB calculations the partial cross
sections for the individual states are o(0") = 0.42 mb,
o(27) = 0.94 mb and o(4%) = 1.26 mb for Ry, = 0.50.
The resulting inclusive cross section of 2.62 mb is much
larger than the experimental value of 0.76(10) mb [38]
as is the case for more exotic nuclei in this mass re-
gion [45, 46]. This discrepancy indicates either that
the Ry, is strongly quenched in the (3$Si,32Mg) reac-
tion where the structure is thought to change drastically

between the two nuclei or that the OpOh components in
32Mg are widely spread or even fragmented above the
neutron separation energy (S, = 5.778 MeV), calling for
future investigation.

In conclusion, a new method to study isomeric states
decaying in-flight was used to observe the 02+ — 2f tran-
sition at 170(2) keV in *Mg. The B(E2;2] — 07,)
values of 32Mg reveal that the 0F state is as collective
as the OIL state, in clear contrast with the neighboring
even-even isotopes. From the constrained reaction cross
section it is implied that the OpOh amplitude in the 03
state is much reduced by the dominance of intruder con-
figurations. The novel technique introduced here proved
indispensable to observe the 0; state and, as rare-isotope
beams with high velocities continue to be powerful tools,
this method will prove vital to extend the sensitive life-
time range of in-beam experiments.
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