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The structure of *Si was studied through y spectroscopy separately in the 8~ decays of **Mg and **Al at
the ISOLDE facility of CERN. Different configurations in **Si were populated independently from the two
recently identified B-decaying states in 3*Al having spin-parity assignments J* = 4~ dominated by the normal
configuration 7 (ds2) ' ® v(f72) and J* = 17 by the intruder configuration 7 (ds;») ™! ® v(ds/2) ™' (f72)*. The
paper reports on spectroscopic properties of *Si such as an extended level scheme, spin and parity assignments
based on log(fr) values and y-ray branching ratios, absolute B feeding intensities, and neutron emission
probabilities. A total of 11 newly identified levels and 26 transitions were added to the previously known level
scheme of *Si. Large scale shell-model calculations using the SDPF-U-MIX interaction, able to treat higher
order intruder configurations, are compared with the new results and conclusions are drawn concerning the
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predictive power of SDPF-U-MIX, the N = 20 shell gap, the level of mixing between normal and intruder
configurations for the 07, 02+ , and 21+ states, and the absence of triaxial deformation in 3*Si.

DOI: 10.1103/PhysRevC.100.034306

I. INTRODUCTION

Nuclear deformation and shape coexistence have been top-
ics of interest in nuclear structure research for more than five
decades [1]. An increasing flow of experimental data proved
the robustness of the magic shell closures around the stability
line, and revealed their weakening or the development of new
ones while going far from stability. A particular manifestation
of such phenomena in the exotic nuclei landscape is the
occurrence of islands of inversion” [2-6]. It was shown that
for nuclei with N = 20, 28, 40 (and in their vicinity), while
changing the proton number Z for a given neutron number N,
nuclear structure properties no longer agree with the “closed
neutron shell” predictions.

The experimental findings were gradually understood and
theoretically explained: the balance between shell and sub-
shell energy gaps (an independent-particle effect) and large
correlation energy (mainly due to pairing and quadrupole
two-body forces) are key for the understanding of shape
coexistence in nuclei. In a shell-model framework these phe-
nomena can be seen as a consequence of the presence of
multiparticle-multihole (np-nh) configurations in the ground
states of nuclei such as 32Mg, 4284, %4Cr [7-9]. For particular Z
and N values, the correlation energy in these intruder config-
urations (quadrupole and pairing energy) is higher than in the
case of normal configurations (no particle-hole excitations).
This effect, combined with a lowered shell gap, leads to
ground states in both even-even and odd-mass nuclei that have
strongly correlated states [10].

The previously known level scheme of **Si comprising
eight excited states and ten transitions was established through
experiments at the CERN online mass separator ISOLDE
by studying the B decays of 33 Al [11,12], at the National
Superconducting Cyclotron Laboratory at Michigan State
University through the "Li(**P, "Be + y) reaction [13], and
by various other experiments [14-18]. Due to its closed-
shell Z = 14, N = 20 character, **Si has the properties of a
doubly-magic spherical nucleus (e.g., high 2% energy [12],
low B(E2;2] — 0]) value [18], drop in S, value after N =
20), but lies at the verge of the “island of inversion,” where
nuclei are deformed in their ground state configuration. It
follows that deformed configurations, shape coexistence [19],
and possibly triaxial shapes are present already among the
few first excited states in >*Si [20]. The abrupt transition from
the closed-shell ground-state of **Si to the intruder-dominated
deformed ground state of 3>Mg [21], while removing only
two protons in the 1ds,, orbit, is a challenge for nuclear
models [22,23]. This is due to the delicate balance between the
amplitude of the proton and neutron shell gaps that prevents
nuclear excitations, and the large correlation energy that is
maximum when many particle-hole excitations across these
gaps are present. A central proton density depletion, the
so-called bubble, [24] was recently identified in 331, one
of the few nuclei that experience a drastic reduction of its

spin-orbit interaction (for L = 1 neutrons), as compared to the
neighboring nuclei.

34Si was recently studied at GANIL [19] through the
decay of 3*Al produced in the “one neutron pickup and three
proton removal” reaction channel using a 3°S beam at in-
termediate energy (77.5 MeV /A). Through electron-positron
pairs energy measurements, the authors identified the 05 state
in Si at 2.7 MeV excitation energy, with a half-life of
Ti/> = 19.3(7) ns, and also determined the reduced monopole
transition strength p*(E0, 0 — 07) = 13(1) x 1073, It was
the first observation of the 0; state which showed a 2hw
intruder character with predicted oblate deformation, while
the ground state was spherical (closed shell configuration).
The measured p?(E0) allowed probing the shape coexis-
tence. Among other observables, the branching ratio in the
deexcitation of the 2] state of **Si and the B(E2;2 — 0])
value are directly related to the degree of deformation and
shape mixing. In the aforementioned GANIL experiment,
this branching was deduced with a very large relative un-
certainty of 50% due to the statistical fluctuations in the
background subtraction and in the detection efficiencies for
electron-positron pairs emitted with an unknown energy-angle
correlation.

The present paper addresses some aspects of the *Si
nucleus structure that remain poorly known, that are still
questionable, and that are essential benchmarks for theoretical
calculations on doubly-magic nuclei in general: the amount of
mixing between the first two 0" states (that we shall determine
more accurately as compared to Ref. [19]), the size of the N =
20 gap determined through the study of neutron excitations,
the identification of the spherical 27 state (as a confirmation of
Ref. [13]), and the possible existence of trixiality, as predicted
by the Gogny D1S and SDPF-M interactions and suggested
experimentally in Ref. [20].

To achieve these challenging goals, we have studied the
combined B decay of the **Mg and **Al nuclei, that has the
advantage of providing information on positive and negative
parity states in 3*Si over a broad range of energy up to the
neutron emission threshold, S, = 7.514(15) MeV. A total
of 11 newly identified levels with tentative spin and parity
assignments and 26 transitions were added to the previously
known level scheme of **Si.

II. EXPERIMENT

The **Mg and **Al ions were produced at the ISOLDE-
CERN facility through fragmentation reactions induced by a
1.4 GeV pulsed proton beam delivered by the PS-Booster,
with an average intensity of 1.9 pA, on a standard UC,
target. After being accelerated by a 40 kV potential and selec-
tively ionized using the resonance ionization laser ion source
(RILIS) technique [25,26], the A = 34 Mg or Al elements
were selected by the ISOLDE General Purpose Separator
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(GPS) and implanted on a movable tape, located at the center
of the ISOLDE Decay Station (IDS) [27].

Quasipure beams of **Mg and **Al (with purities >99%)
were obtained with intensities of 7(1) x 10> and 8(1) x
102 ions/s, respectively, leading to a total of ~7 x 107 im-
planted ions of either beam over the whole experiment. Two
other settings were used to select the **Mg and **Al nuclei in
order to determine absolute decay intensities in the *Mg and
34 Al decay chains.

The ISOLDE beam gate was open during an adjustable
time gate after every proton pulse (which occurred at intervals
of 1.2 s), during which the nuclei of interest were continuously
implanted on the movable tape. The B-decay measurements
took place at the collection point during the implantation
and the subsequent decay. To remove the long-lived daughter
activity, the tape was moved at a certain time interval after
each proton pulse. Data were collected for each radioactive
ion beam with optimized time gates (50-200 ms) and tape
transport conditions (around 500 ms after the proton pulse
or no transport at all) to determine level schemes, absolute
intensities, and B-decay half-lives for the isotopes of interest.

Plastic

scintillator
-
i

e (b)

FIG. 1. Graphical representation of the high 8-y efficiency con-
figuration of IDS. (a) Five HPGe clover detectors were placed in
close geometry, four at &75 mm and one at ~60 mm from the
implantation point, and two PMTs were used to read out the plastic
scintillator. (b) Detailed view of the plastic scintillator. The beam
passed through a 10 mm opening in the plastic scintillator and
was implanted in the aluminized mylar tape which was moved
periodically in order to remove the long-lived daughter activity.

The detection setup, shown in Fig. 1(a), is the same as
the one briefly described in Ref. [28]. It represents the high
B-y efficiency configuration of IDS. y rays were detected
in five high-purity germanium (HPGe) clover detectors ar-
ranged in a close geometry at ~7 cm from the implantation
point, leading to efficiencies of 6% at 600 keV and 3% at
2000 keV, after the add-back procedure [29] was employed.
The y-ray photopeak efficiency of the HPGe detectors was
determined using a '3?Eu calibration source and extrapolated
using GEANT4 [30] simulations. 8 particles were detected in
a 3-cm-thick NE102 plastic scintillator, shown in Fig. 1(b),
which was made out of two joined pieces that covered a
solid angle of ~95% around the implantation point. Signals
induced in the plastic scintillator were read simultaneously by
2 photomultiplier tubes (PMTs) placed at opposite ends. Only
the events that triggered both PMTs were considered, which
allowed the energy thresholds to be lowered near the level of
the phototube dark current in order to reach a 8 efficiency
close to the geometrical value. The 90(5)% B efficiency of
the plastic scintillator was determined from the ratio between
various B-gated and singles y rays, in agreement with the ratio
between the total number of B8 decays recorded and expected
in the full decay chains of *3**Mg and *3-**Al when the tape
was not moved after source collection. All the signals were
recorded and sampled in a self-triggered mode using the 14-bit
100 MHz Nutaq VHS-V4 data acquisition (DAQ) system of
the IDS [31]. The digital processing of the energy signals
provides resolutions at £, = 1.3 MeV of the order of 2.3 keV
for the HPGe detectors. A 10-bit 1 GS/s V1751 Caen digitizer
was used to record signal traces from the plastic scintillator,
offering the possibility to detect B8-(e”e™) coincidences down
to ~10 ns time range. Both systems were synchronized in
order to recover coincidences offline.
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FIG. 2. B-gated y-ray HPGe spectrum of the Al decay
recorded during the first 500 ms after the proton impact. The en-
ergy ranges shown are (a) 0—4.3 MeV and (b) 4.3-6.3 MeV. The
most intense transitions in **Si are labeled together with the ones
originating from longer-lived daughter nuclei. The latter are signif-
icantly suppressed because of the short 500 ms gating requirement
and subsequent movement of the tape. The peaks corresponding
to the y rays from the long-lived daughters are indicated with
symbols: (#) p, (0) g, (%) 3, x) 3P. No contaminants could be
identified.
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FIG. 3. Background-subtracted, 8-gated y-ray spectra in coinci-
dence with 3325-keV y rays obtained from the decay of implanted
(a) 3Z‘Mg and (b) Al isotopes. The different ratios in which the 4~
and 17 states in **Si were populated are indicated in brackets and
explained in the text.
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A. Level scheme of *Si

The decays of **Mg and **Al were used to populate low-
spin positive parity and high-spin negative parity states in
348i, respectively. Indeed, it was observed in Ref. [28] that
more than 99% of the B decay of **Mg [T, = 44.9(4) ms]
proceeds through the 1% isomeric state of 3*Al, which subse-
quently populates mainly the low-spin positive parity states in
34Si. For the ** Al beam, 89(3)% population of the ground state
[47, T = 53.73(13) ms] and 11(3)% population of the iso-
meric state [17, T} 2 = 22.1(2) ms] were deduced from tran-
sitions in 3*Si decaying from high-spin states [e.g., (57) —
(47) 590.8 keV] and low-spin states [e.g., 0; — O;L 2718.4
keV EOQ], respectively. The ratio between the ground and
isomeric state populations in the **Al beam is determined by
the reaction mechanism, the target characteristics, and the ion
source employed.

The B-gated y-ray energy spectrum of **Al, recorded in
the first 500 ms from the proton beam impact on the ISOLDE
target, is shown Fig. 2. f-y and B-y-y coincidences for
the decay of *Mg and **Al, some of which are shown in
Fig. 3, are used to establish the level scheme of 34Si shown
in the left and right parts of Fig. 4, respectively. When B-y-y
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FIG. 4. Level schemes of *Si populated separately in the 8 decay of the 4~ ground state and 17 isomer of **Al and shell-model calculation
using the SDPF-U-MIX interaction [33]. A total of 11 newly identified levels and 26 transitions were added to the previously known level
scheme of 3*Si. The levels indicated in red are assumed to have negative parity. Tentative spins and parities are assigned based on y-ray
branching ratios, log(ft) values, and comparisons to shell-model calculations. The y-ray intensities are relative to the 3325.4-keV transition.
For absolute intensity per 100 decays, multiply by 0.22(3) and 0.61(6) for the decay of the 17 and 4 states in **Al, respectively.
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coincidences could not be used, the placement of transitions
in the level scheme is based on their relative intensity and
energy matching conditions. The determination of the ex-
citation energy of the levels obtained from different y-ray
cascades agrees within 0.3 keV. No recoil correction has been
applied to the y-ray energies, since the studied isotopes were
implanted into the tape and recoil effects were estimated to be
lower than the corresponding y -ray energy measurement error
(<0.3 keV).

The assignment of tentative spins and parities in the level
scheme is based on log(ft) values for allowed Gamow-Teller
(GT) transitions, as well as from y-ray branching ratios de-
caying from or to levels with known spins and parities. Com-
parison to shell-model calculations with the SDPF-U-MIX
interaction will be used as additional guidance. The log(ft)
values are derived from partial decay lifetimes which make

TABLE 1. Levels of **Si populated in the 8 decay of the 1*
isomer of *Al. The first columns from the left reports level energies
in keV and proposed spins and parities. Columns 3 and 4 show the /4
calculated as discussed in the text and corresponding log(ft) values.
In the last columns we report the energies of the y transitions deex-
citing the level, together with their relative intensity and the level to
which it decays. The y-ray intensities are relative to the 3325.4-keV
transition. For absolute intensity per 100 decays, multiply by
0.22(3).

E; Iﬂ EV IV Ef
(keV) J (%) log(ft)  (keV) %) (keV)
0.0 0t 27(10) 5.2(2)
2718.4(1) 0OF 37(6) 4.74(7) 2718.4(E0) 168(3) 0.0
3325.4(1) 2* 7(3) 5.4(2) 3325.4(1) 100(3) 0.0
4254.5(1) 3~ <0.1 929.1(1) 2.6(1) 33254
4254.4(1) 0.7(1) 0.0
4518.7(1) (2%) 4.8(12) 5.4(1) 1193.4(1) 36.5(8) 33254
4518.6(1)  2.0(1) 0.0
5041.2(2) (37) <0.1 1715.8(1)  0.7(1) 33254
5348.6(2) (2*) <0.1 2023.1(2) 1.0(1) 33254
5348.7(2)  1.6(1) 0.0
5772.82) 2%) <0.4 >6.8 2447.4(2) 2.9(2) 33254
5772.8(2) 5.3(2) 0.0
6201.2(3) <0.1 6201.2(3)  2.1(1) 0.0
6431.7(3) 2.1(2) 5.36(5) 230.6(1) 0.7(1) 6201.2
658.7(1) 2.1(1) 5772.8
3106.5(1) 6.8(2) 33254
6675.93) (27) 1.0(1) 5.64(5) 2421.4(1) 3.3(1) 42545
3350.5(2) 1.3(1) 33254
6764.33) (27) 0.26(4) 6.2(1) 17229(2) 0.6(1) 5041.2
3439.1(2) 0.6(1) 33254
6964.4(3) <0.1 1923.2(2) 0.2(1) 5041.2
7106.6(3) 3.44) 5.0(1) 905.3(1) 1.5(1) 6201.2
1333.6(1) 1.3(1) 5772.8
1758.3(1) 1.4(2) 5348.6
2588.0(1) 11.3(4) 4518.7
7475.8(3) (07) 5.6(5) 4.72(4) 1702.8(1) 4.2(2) 5772.8
2127.6(1)  1.0(1) 5348.6
2957.1(1)  5.6(1) 4518.7
4150.4(1) 14.6(5) 33254

TABLE 1II. Levels of *Si populated in the 8 decay of the
4~ ground state of 3*Al. The y-ray intensities are relative to the
3325.4-keV transition. For absolute intensity per 100 decays, mul-
tiply by 0.61(6).

E; Iﬁ Ey IJ/ Ef
(keV) J* (%) log(ft) (keV) (%) (keV)
0.0 ot 0
2718.4(1) O* <0.1 EO <0.5 0.0
3325.4(1) 2% <0.1 606.8(1) 0.056(6) 2718.4
3325.4(1) 100(2) 0.0
4254.5(1) 3~ 41(7)  4.84(8) 929.1(1) 94(2) 33254
4254.4(1) 28(1) 0.0
4378.4(1) (47) 28(3) 4.98(5) 123.9(1) 54(2) 4254.5
4518.7(1) (2%) <0.1 1193.4(1) 0.83(3) 33254
4518.6(1) 0.05(2) 0.0
4969.3(1) (57) 3.9(4) 5.74(5) 590.8(1) 6.5(2) 43784
5041.2(1) (37) 0.95(13) 6.34(6) 1715.7(1) 1.8(1) 33254
5348.6(2) (21) <0.1 2023.1(2) 0.18(2) 33254
5348.7(2) 0.38(3) 0.0
6022.0(2) (37) 2.76(21) 5.70(4) 673.4(1) 0.53(2) 5348.6
1503.1(1) 0.79(2) 4518.7
2696.5(1) 3.2(1) 33254
6226.7(2) (47) 0.79(7) 6.21(4) 1185.8(1) 0.25(2) 5041.2
1257.5(1) 0.04(1) 4969.3
1848.0(1) 0.87(5) 4378.4
1972.7(1) 0.14(2) 4254.5

use of the level g feeding (for which the number of implanted
nuclei is needed) and the total §-decay lifetime. The ground-
state-to-ground-state **Al Q4 value of 16.957(14) MeV [32]
was used when deriving the log(ft) values, considering also
the 46.7 keV excitation energy of the 8 decaying isomeric
state in **Al [28].

The number of implanted **Mg and **Al nuclei is derived
from singles y-ray spectra, using the transitions correspond-
ing to the last populated daughters in the decay chains. The
beam gate was reduced to 100 ms and the tape was not moved
in order to study the full decay chains of separately implanted
33:34Mg and 3*3*Al. Consistent absolute intensities were ex-
tracted successively by analyzing the full decay chains, using
only the following literature values for absolute y-ray intensi-
ties and neutron emission probabilities: P,(*Mg) = 14(2)%
[34], P.(PAl) =8.5(7)% [35], Lps(1618 keV; *Mg —
BAl) =16(2)% [36]. An upper limit for the two-neutron
emission probability of 34Mg, P, < 0.1%, was determined.
The main absolute 8 and y intensities extracted for 3*Si levels
populated from the B decay of the 1T or 4™ states are given in
Tables I and II. In Table III are indicated absolute intensities
for the most intense transitions in isotopes from the **Mg
decay chain, as determined in the present experiment.

An accurate determination of the B-decay half-lives of
the 17 isomer and 4~ ground state of **Al was obtained by
reducing the beam gate to 50 and 100 ms, respectively. As
first reported in [19], the 2718-keV 0] state in **Si decays
mainly through internal pair formation (IPF) towards the 07
ground state. The internal conversion (IC) transition rate is
negligible, having a contribution of only 0.5 % to the total
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TABLE III. Absolute y-ray intensities and neutron emission
probabilities in the **Mg decay chain.

Nucleus P, (%) E, (keV) L (%)
Mg 21(7)

MAL 1111 364.5 11.2(15)
34Sj 3325.4 22(3)
3#p 429.0 27(3)
s 21272 21(2)
BAl 8.5(7) [35] 1618.0 13(5)
38i 1010.2 4.4(16)
3p 1847.8 79(17)
3284 1941.7 22(5)

rate. The e~ e™ pairs originating from the 2718-keV EQ(0; —
OfL) transition were detected in delayed coincidence with g
particles, as double events in the plastic scintillator (shown in
Fig. 6). The half-lives of the decaying 17 isomer [22.1(2) ms]
and 4~ ground state [53.73(13) ms], were extracted from the
time distributions of transitions in >*Si: E 0(0+ — 0+) and
E1(929.1 keV; 3= — 27), respectively, as shown in Fig. 5.
The present values are more precise, but are consistent with
the values obtained in Refs. [19,20].

III. DISCUSSION
A. Shell-model calculations using the SDPF-U-MIX interaction

Shell-model calculations were performed in order to de-
scribe the B decay of the 4~ and 1% states of **Al towards
excited states in **Si using the SDPF-U-MIX effective interac-
tion. Similar calculations were performed in the case of **Mg
decaying into **Al [28].

The number of valence particles used in the calculations
is 14 neutrons and 6 protons, outside of the 160 core, in the
sd-pf space for the neutrons and in the sd space for the
protons. The 2p-2h excitations are achieved by promoting a
pair of neutrons from the positive sd shell into the negative fp
shell. Intuitively, the wave function configuration of the lowest

T,, (1 = 22.1(2) ms
T,, (4)=53.73(13) ms
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FIG. 5. The half-lives of the decaying 17 and 4~ states, T; n=
22.1(2) ms and 53.73(13) ms, respectively, were extracted from
the time distributions of transitions in *Si: E0(07 — 07) and
E1(929.1 keV; 37 — 2T), respectively.
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FIG. 6. Time difference distribution of double events (8-E0) in
the plastic scintillator. The inset shows a signal trace of a double
event: the B electron followed closely by the e~e™ signal originat-
ing from the 05 — 0 EO transition in 38i. The half-life Tip =
19.4(5) ns of the 0; state in >*Si was extracted after fitting the
distribution using a sum between an exponential function and a
constant representing the background.

negative parity states should be dominated by 1p-1h excita-
tions, with the 3p-3h only at higher excitation energy. There-
fore there is not so much choice, and their clear identification
will provide valuable input for shell-model calculations. For
the positive parity states, the situation is more complex, their
configurations being dominated either by the proton 1p-1h,
proton 2p-2h, or neutron 2p-2h configurations.

The SDPF-U-MIX interaction has two known shortcom-
ings. The first one is that it predicts the positive parity states
too low in energy; this is an inherited weakness of the USD
interaction, which is partly solved if the USDA or USDB
interactions are used instead. The second shortcoming is
that it shifts up the negative parity states by about 1 MeV
compared to the experimental counterparts [37]. One way of
solving this issue would be through a reduction of the sd-pf
monopole gap, but this would afterwards affect the positive
parity intruder states of 2p-2h nature which would appear very
low in the spectrum.

The calculations shown in Fig. 4 are able to describe
well the excitation energy and configuration of the “normal”
0f and intruder 2] and 0 states. This has been very well
investigated in the past, both experimentally and theoretically
[11,19,38] using the SDPF-NR and SDPF-U-SI effective in-
teractions. It should also be noted that in the calculations the
lowest negative parity state has J* =4~ and not J* =3~ as
previously determined experimentally [11]. The present ex-
perimental results offer an even better testing ground than pre-
viously achieved, especially for the SDPF-U-MIX interaction
which is able to treat higher order intruder configurations and
therefore is able to predict more precisely the placement and
B-decay strength towards higher excited negative parity states.

The calculated occupation numbers on each valence orbital
corresponding to the 0; and 2;“_2!3 excited states in **Si are
shown in Table IV.
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TABLE IV. Neutron (pf) and proton (sd) occupation numbers
on each valence orbital for the first positive parity states in **Si
calculated using SDPF-U-MIX.

Jr Lf2 2p3p 2pip 1fs, Lsy)2 1ds),
02’ 1.82 0.13 0.02 0.12 0.75 0.55
ZT 1.73 0.12 0.02 0.09 0.86 0.53
2; 0.3 0.03 0.01 0.02 0.99 0.22
2;' 1.27 0.71 0.05 0.08 0.77 0.50

B. Positive parity states in *Si

Allowed GT selection rules in the decay chain of **Mg
favor the feeding of 0", 17, and 2* states in the **Si grand-
daughter nucleus. Apart from the previously known 0}, 05,
and 2] levels, five new 27 states and one 0T state are ten-
tatively proposed in 3*Si, at 4518.7, 5348.6, 5772.8, 6675.9,
6764.3, and 7475.8 keV, respectively. The decay patterns of
the first four 2% states are similar: a branch towards the 0%
ground state and another one to the 2;“ 3325.4-keV level.
However, the significant variation of the log(fr) values, as
shown in Fig. 4 and Tables I and II, suggests strong differences
in the structure among the newly proposed 2% states. The
0" assignment for the 7475.8-keV level is based on its low
log(ft) value of 4.72(4) that indicates an allowed transition
from the 17 isomer of **Al, as well as its uniquely observed
y-ray decay pattern to the four 2% states and not to any 0
state.

The configuration of the positive parity states is rather
complex, being dominated either by the proton 1p-1h, proton
2p-2h, and neutron 2p-2h excitations. The calculations using
SDPF-U-MIX for the positive parity states predict the 07
ground state to be dominated, at 81%, by the spherical closed
N =20 Z = 14 configuration. The 2.58 MeV 0] state is
mainly oblate deformed, being dominated by 2p-2h neutron
excitations. The 3.45 MeV 2 state belongs to the band of the
05 state, being deformed as well. The 4.46 MeV 2 state is of
0Op-Oh nature (spherical), dominated by the 77 (1d3/2) " (1s1/2)’
configuration with N = 20 closed. Therefore, its most proba-
ble experimental counterpart is the 5.348 MeV state, whose
spin assignment was proposed above. Moreover, the weak
<0.1% B feeding from the 1% intruder (2p-1h) isomer of **Al
suggests that the wave function configuration of this 2% state
is significantly different, most probably spherical (Op-Oh), and
dominated by the proton excitations inside the sd shell. This
state was also populated in the charge-exchange reaction from
34P [13], which reinforces the present assumption on its pro-
ton nature. The 5.16 MeV 27, whose experimental counterpart
is the 2; state at 4.518 MeV, is calculated to be deformed,
being the head of the y band. The earlier 0" assignment for
the 7475.8-keV level is supported by shell-model calculations,
which predict a 0" state at 7630 keV having a similar log(f7)
value of 4.69.

C. Negative parity states in >*Si

The (3,4,5) states of **Si are fed through allowed GT
transitions from the decay of the 4~ ground state of 3*Al, of

which only the seven most intense transitions were previously
reported in Ref. [39]. Added to the information of the log(f?)
value, the choice of spin assignment for each populated level,
among these three possible values, is mostly based on y decay
branches. In particular, the tentative 4~ assignment of the
4378.4-keV state is based on the fact that it decays solely to
the 37 state. Moreover, a 4~ state is predicted close in energy
to the 37 level by the present shell-model calculations. In
absence of octupole collectivity, there is no reason to favor the
coupling to 3~ over the coupling to 4~. The 5~ assignment is
deduced from the fact that, despite its high excitation energy,
it decays uniquely to the 4~ state. The 3~ assignment for the
5041.2-keV state is derived from the fact that it decays to the
27 state through an E'1 transition, rather than to other negative
parity states through M1 or E?2 transitions.

As seen in Fig. 4, all the calculated negative parity states
below 7 MeV have their experimental counterparts, demon-
strating both the predicting power of the SDPF-U-MIX in-
teraction and the sensitivity of the present experiment. The
calculated negative parity states in 3*Si are however globally
shifted up by about 1 MeV as compared to the experimental
counterparts, as was observed also for the case for 3*¥Mg
[37]. This probably comes from multiple factors such as
an overestimation of the calculated N = 20 gap (=5 MeV,
discussed in the following section) or the correlation strength
in the **Si ground state, both shifting the negative parity states
upwards. All calculated 0~, 17, 2~ states are above the neu-
tron separation energy and cannot be identified experimentally
using the present setup.

D. The N = 20 shell gap

In a simplified modeling, the wave function configuration
of the lowest negative parity states should be dominated
by neutron 1p-lh excitations across the N = 20 shell gap.
Configurations such as v(f7/2)1 ® v(d3/2)’1 or v(p3/2)1 ®
v(ds2)~! lead to states of spin and parity J™ =27 — 5~
or J* =0~ — 37, respectively. States having wave function
configurations dominated by 3p-3h excitations will have a
significantly higher excitation energy. The size of the N = 20
shell gap is therefore closely linked to the energy of the unique
spin-parity 4~ and 5~ states, most probably of unmixed
configuration. The experimental energy of the 5~ state in 3*Si
(4969 keV) is comparable to other magic nuclei such as *°S
(5206 keV) and “°Ca (4491 keV)

Figure 7 shows the systematics of experimentally known
4~ and 5~ states in N = 20 even-even nuclei. It provides an
insight towards the evolution of the sd-pf shell gap, provided
that these high-spin negative parity states are dominated by the
v(f12)' ® v(ds/2)~" coupling. However, other factors such as
correlations have to be taken into account. From the graph it
can be concluded that the size of N = 20 gap does not change
significantly when moving from Z = 20 to Z = 14.

In order to estimate the mixing effect and extract the sd-pf
shell-gap, calculations using SDPF-U-MIX were performed
separately for the 0" state in the Op-Oh space, the 0% state
in the 2p-2h space, and the 4~ state in the 1p-1h space. The
resulting excitation energies were 0.0, 2.16, and 4.88 MeV,
respectively. In the case of the 4~ state, the agreement with
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FIG. 7. Excitation energy systematics of 4~ and 5~ statesin N =
20 even-even nuclei.

the experimental value of 4.4 MeV is reasonable. The full
calculation, which includes mixing effects, yields 0.0, 2.58,
and 5.31 MeV, respectively. The effect of the mixing can be
determined by subtracting the calculated excitation energies
of the 4~ states in the 1p-1h and full spaces, respectively,
yielding 420 keV. Therefore, by removing 420 keV from
the experimental excitation energy of the 4~ state, we can
estimate a more realistic value of the shell gap of &4 MeV.
This confirms that **Si can be viewed as a magic nucleus
with a large N = 20 shell gap; however, the value obtained is
significantly smaller than the &5 MeV correlated sd-pf shell
gap of SDPF-U-MIX.

E. Mixing between the 0] and 0 states in *Si

Pure configurations are rarely encountered in atomic nu-
clei, even at doubly closed shells. In particular, the O states
in 34Si (and more generally in all N = 20 isotones) are likely
composed of admixtures of several components that induce
their energy shift and the mixing of their wave function. The
main result of the latter effect is that normally forbidden
transitions can increase in strength, while allowed transitions
are reduced. The experimental determination of reduced tran-
sition probabilities connecting these 07 states therefore helps
in determining their amount of mixing.

The present experiment provides a more precise value
for the reduced transition probability 0;“ — ZT, as compared
to the one earlier reported in [19], owing to a much more
precise determination of the branching ratio (B,) of the two
decaying transitions from the 2} level: 3325.4 keV to the 0]
ground state and 606.8 keV to the O;“ state. As first reported
in [19], the weak E2(2" — 02+ ) 606.8-keV transition can
be observed in the B decay of the 4~ ground state of **Al
in coincidence with the e~e* IPF events originating from
the 2718-keV EO(0; — 0f) transition. About 700 events
were collected from the decay of double-hit events (8-E0) in
coincidence with 606.8-keV y rays (see Fig. 8). The efficiency
for detecting a double-hit event in the plastic scintillator of
57(5)% was estimated as the squared efficiency for detecting
a single event [90(5)%] corrected by a 70% factor representing
the relative number of decays of the 0 state within the
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FIG. 8. Energy spectra of HPGe detectors from the decay of ** Al
in coincidence with double B-EQ events in the plastic scintillator
(red) [or a single B event in the plastic scintillator and a 511-keV y-
ray in the HPGe detectors (partly originating from the £0 positrons).]
The inset shows the region of interest where the 606.8-keV transition
can be clearly identified.

10-180 ns integration period. Considering the estimated
double-hit efficiency and the absolute y-ray efficiencies at
606.8 and 3325.4 keV, a value of B, = 1779(182) is obtained,
as compared to the previous value of 1380(717) [19]. The time
difference distribution between two consecutive hits, shown in
Fig. 6, allowed for the 0; state half-life measurement, 7, =
19.4(5) ns, in perfect agreement with the one previously
measured, 71, = 19.4(7) ns [19].

Using the presently measured branching ratio, the
B(E2; OT — 2?) =85(33) e*fm* value measured by
Coulomb excitation [18], and the (E, Y scaling factor
for these two E2 606.8- and 3325.5-keV transitions, one
obtains B(E2;2} — 0F) = 47(19) &*fm* or 7.2(31) W.u,,
as compared to the previous value of 61(40) e*fm*. A
comparison between previous experimental results and
shell-model calculations using SDPF-U-MIX is shown in
Fig. 9.

The present 40% relative uncertainty results from the 39%
uncertainty of the B(E2;0] — 2) and the 10% uncertainty
of the B, value. Significant improvement of the uncertainties
of the experimental values can be achieved only by remeasur-
ing the B(E2;0] — 2]) value extracted from the Coulomb
excitation study [18] with increased precision and accuracy.
Furthermore, the 27 state at 5348.6 keV will likely be pop-
ulated by the Coulomb excitation and will decay by 37% to
the ZT state through a y-ray transition of 2023 keV, and by
63% to the ground state. An indication of a peak at around
2 MeV can be already observed in the experimental spectrum
of 3*Si shown in Fig. 1 of Ref. [18]. If not singled out, this
contribution will artificially increase the B(E2;0{ — 2) 1.
It is also important to note that this spectrum also contains
the contribution of the 1010-keV line from *3Si, meaning
that pure Coulomb excitation was not taken into account to
determine the B(E2; 0] — 2{) 1 value.
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FIG. 9. Comparison between shell-model calculations using dif-
ferent offsets (+0.5, —0.25, and —0.5 MeV) for the N = 20 shell
gap of the SDPF-U-MIX interaction and experimental values of the
B(E2;2{ — 0]) and B(E2;2] — 07). The previous experimental
values were taken from [18,19]. The error bars indicated with red
arrows represent only the branching ratio uncertainty.

The calculations predict values of B(E2; 2;“ — 0; )=
78 ¢*fm* and B(E2;2} — 0f) =12 ¢’ fm* which corre-
spond to a mixing between (Op-Oh):(2p-2h):(4p-4h) configu-
rations of 90:10:0 for the O} state, 4:89:7 for the 05 state, and
9:86:5 for the 2| state. In order to understand the discrepancy
between the measured and calculated B(E2) values above,
the sd-pf shell gap was modified. The discrepancy decreased
slightly, within 1o, when the gap was decreased by 0.5 MeV
(see Fig. 9), but this dramatic change in the gap is unreason-
able because it would alter the spectroscopic agreement. The
calculated B(E2) values have proved to be relatively rigid
when modifying the shell gap, which shows once more that
34Si behaves as a doubly magic nucleus.

F. Triaxiality in Si?

A recent study [20] claimed evidence of triaxiality in **Si
based on the decay pattern of the 2] state at 4519 keV to
the 05 level by a 1800-keV y-ray transition, in addition to its
already known decays to the OT and ZT states. Unfortunately,
the authors do not present in their work any experimental
spectrum showing the 1800-keV y-ray transition. The triax-
iality claim was also supported by calculations of the B(E2)
ratios of the 25 — 2 versus 2] — 07 transitions from Fig. 6
of Ref. [20] that amount to 110 for the mean field calculations
using the Gogny interaction and 260 for the shell model
using the SDPF-M interaction. Assuming pure E2 transi-
tions, and using the experimental energies of the 1193- and
1800-keV transitions, branching ratios of B,(1193/1800) =
I,(E2;2f — 21)/1,(E2;23 — 0f) = 14 (Gogny) and 33
(SDPF-M) are found.

In the present experimental spectrum shown in Fig. 10,
obtained by adding spectra in coincidence with the 2957-keV
[(0T) — (27)] or 2588-keV [— (2T7)] y rays feeding the
(2%) 4518-keV state, a total of 1.8 x 10° counts are detected
in the 1193 keV y-ray peak; however there is no indication of
a 1800-keV y-ray transition. A similar conclusion is obtained
from the y-ray spectrum in coincidence with double-hit events
from the decay of **Al shown in Fig. 8. Therefore we can
only extract a lower limit of B,(1193/1800) > 70 at a 3¢

Sum of gates on 2957+2588 keV

1 1193 keV| 2 s
100 / ) 3*4“— _:210* . SDPF-M
> 0 § 5; i Exp. UL
ClE .
3 > . MWMWMR i
§ 1800 keV/," 70 1500 1830
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FIG. 10. Background-subtracted, B-gated y-ray spectra in coin-
cidence with the 2957-keV [(0") — (21)] or 2588-keV [— (21)]
y rays feeding the (2*) 4518-keV level in *Si obtained from the
decay of **Mg. The left inset shows a simplified level scheme of
3Si containing the levels of interest and the 1193-keV and tentative
1800-keV transitions. The right inset shows the 1800-keV region and
the experimental upper limit (UL) for the intensity of the 1800-keV
transition based on a 30 confidence level (continuous red line), in
comparison to estimations using the SDPF-M (dashed blue line) and
Gogny (dotted green line) models [20].

confidence level, which is significantly larger than the calcu-
lations. The discrepancy between the calculated and experi-
mental lower limit of B,(1193/1800) suggests that the claim
of triaxiality made in Ref. [20] has uncertain experimental
grounds.

A different approach when dealing with nuclei showing
triaxial deformation employs the B and y deformation pa-
rameters, which are nonobservable quantities used mostly in
mean field calculations. One of the most popular methods of
extracting the y parameter from the experimental observables
was defined in Ref. [40]. It relates y to the ratio

B(E2)(2;,r — Z;asl)

B(E2)(2f — Of)”

yrast

As indicated in Table V, these states correspond to the 2;’,
the 21+, and the Oj states, respectively. We are interested in
the shape of the nucleus and not in the shape of the nuclear
charge, therefore the ratio value is 38 by considering the mass
B(E2)’s, corresponding to y = 26° (according to Table I in
Ref. [40] where y = 30° in case of triaxial deformation).
Even if the difference is not large enough to exclude rigid
triaxiality, it must be noted that Ref. [40] does not provide the
correct value for y, considering the new information reported
in Ref. [41].

Another way to extract the f and y parameters from
observables (or from calculations in the laboratory frame) is
through the use of quadrupole shape invariants (the so-called
Kumar invariants) (¢|Q"|¢) [42], which are higher order
moments of the quadrupole operator in a given state ¢. In our
particular case, the state is ¢ = 05. The great advantage of
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TABLE V. Properties of the first positive parity excited states in
348i calculated using SDPF-U-MIX. The excitation energies (E,),
spin and parity (J™), spectroscopic quadrupole moments (Qy) and
reduced transition probabilities for E2 transitions [B(E2)] for charge
(c) and mass (m) are indicated. The levels are grouped in bands: S
(spherical), D (deformed), G (y band). The Dufour-Zuker effective
charges used are 0.46 and 1.31 and the effective masses are 1.77.

E, 0sc)  Qs(m) B(E2)(c) B(E2)(m)
Band (MeV) J™ (efm’) (fm®) JF (&fm*)  (fm*)
S 00 0f
446 27
539 3f
713 47
D 258 0f
345 2f 162 332 0f 12 39
0y 78 408
525 4F 142 260 2f 109 564
G 516 27 —143 -309 2f 38 273
0y 001 72
613 3f 004 015 27 130 672
4t 38 230
632 47 —148 344 2f 24 184
4 44 251
37 3 2

the Kumar invariants is that they provide not only the values
of B and y derived from (Q?) and (Q?) but also their widths,
which require the calculation of (Q*) and (Q°) [41]. When the
B parameters are considered always positive, the y interval
will be 0°-60°, instead of 0°-30° [40]. For the deformed
structure of interest, B(charge) = 0.47 £ 0.08 and B(mass) =
0.42 £0.07, corresponding to values of y =46° and y =
40°, respectively. From the computed variance of (Q°), we can
extract the 1o interval for the y parameter as 29°—-60° which
does not support the claim of triaxial deformation, given the
large fluctuations, as discussed in detail in Ref. [41].

Finally, the arguments against stable triaxiality are also
supported by the occupancies of the 2] and 27 states, which
should be similar if they pertain to the same intrinsic state.
It can be seen in Table IV that the occupation numbers for
the 2p3,, orbit of 0.12 and 0.71, respectively, are significantly
different.

IV. CONCLUSIONS

The B decays of **Mg and 3*Al were studied at ISOLDE,
CERN, using the recently developed ISOLDE Decay Station.

The level scheme of **Si was extended up to the neutron
separation energy of 7.5 MeV with 11 new levels and 26
new transitions. 8-y spectroscopic information was extracted
for high-spin negative parity and low-spin positive parity
levels populated independently from the f-decaying states
in **Al having spin-parity assignments J* = 4~ dominated
by the normal configuration and J* = 1" by the intruder
configuration. The size of the N = 20 shell gap was estimated
at around 4 MeV, being closely linked to the energy of the
unique J” = 4~ and 5~ states identified in 3*Si. Furthermore,
the level of configuration mixing between the normal 0, and
intruder 05 and 2" states was studied thanks to a more precise
measurement of the 0 — 27 reduced transition probability,
as compared to the value previously reported in Ref. [19].
Shell-model calculations using the SDPF-U-MIX interaction
were employed in order to interpret the experimental findings
and to investigate the recent claims of triaxiality in 3#Si [20].
The present paper concludes that (1) the present experimental
and theoretical results do not support the presence of triax-
ially deformed structures in >*Si, being consistent with two
estimates, based on different theory approaches, which point
to a pronounced y softness, in line with the potential energy
surface (PES) calculations discussed in Ref. [20]; (2) more
precise Coulomb excitation measurements are required in
order to lower the uncertainty for the known B(E2) values and
to determine the ones corresponding to the newly identified 2+
states in >*Si.
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