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First half-life measurement of a low-lying isomer in *’Si
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Background: The appearance of isomeric states in neutron-rich nuclei can provide a wealth of information on
the underlying nuclear configurations as a progression is made from stable to exotic nuclei. These states can be
characterized by measuring the half-lives and transition probabilities associated with their deexcitations. Recent
studies on neutron-rich Si isotopes near N = 20 and approaching N = 28 have revealed states with intruder
configurations resulting from multiple-particle, multiple-hole excitations across the closed shell gaps. These
intruder states appear at low excitation energies along the Si isotopic chain, pointing to a diminished shell gap at
N =28.

Purpose: The experiment was set up to directly measure the half-lives of isomeric states in neutron-rich nuclei
populated via 8 decay.

Methods: 3’ Al and 3*Al isotopes were produced in the projectile fragmentation reaction of a “*Ca primary
beam at NSCL. The isotopes were implanted into a CeBr; detector, populating excited states of interest in *’Si
following their ~ and B~ n decay, respectively. Ancillary arrays of HPGe and LaBr;(Ce) detectors were used
to detect S-delayed y rays. The half-lives of populated isomeric states were measured using the 8 — y timing
method.

Results: The half-life of the 68-keV (7/2]) state in ¥7Si was measured for the first time as 9.1(7) ns, while that
of the 156-keV (3/2) state was 3.20(4) ns, consistent with a previously reported value. The reduced transition
probabilities and transition matrix elements associated with the y-ray decay from these excited states to the
(5/27) ground state were extracted and agree with results from shell model calculations.

Conclusions: The characterization of the (7/2,) and (3/2) states in 37Si validates shell model predictions of

low-lying nanosecond isomers in neutron-rich odd-A Si isotopes approaching the N = 28 shell gap.

DOI: 10.1103/PhysRevC.108.034304

I. INTRODUCTION

Shell evolution in exotic nuclei is a consequence of the
monopole interaction of nuclear forces—predominantly the

*Corresponding author: hezekiahogunbeku @gmail.com

TPresent address: Remote Sensing Laboratory - Nellis, Las Vegas,
Nevada 89191 USA.

Present address: Environment, Health and Safety, Massachusetts
Institute of Technology, Cambridge Massachusetts, 02139, USA.

SPresent address: Lawrence Livermore National Laboratory,
Livermore, California 94550, USA.

IPresent address: Pacific Northwest National Laboratory, Richland,
Washington 99352, USA.

TPresent address: Department of Chemistry, University of
Kentucky, Lexington, Kentucky 40506, USA.

2469-9985/2023/108(3)/034304(7)

034304-1

tensor force—which drives the collapse and subsequent dis-
appearance of the magic nature of classical shell gaps and
the appearance of new ones [1,2]. This is particularly evident
in the reordering of shell model configurations of neutron-
rich nuclei including those located near the N = 28 shell
gap, which is a closed shell. Shell gaps in these nuclei are
diminished due to the spin-orbit interaction leading to the
enhancement of cross-shell excitations across the gaps, ac-
companied by the appearance of intruder states that lie at
low excitation energies or even become the ground states.
The observation and characterization of low-lying isomeric
states provide information on the microscopic structure of the
nuclei in which they appear and can provide insight into shell
evolution along isotopic chains as nuclei become more exotic.

The first indication of the disappearance of the N = 28
shell gap was observed in *S, with a low 2] excitation

©2023 American Physical Society
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energy of 1297(18) keV, characterized by a large quadrupole
transition probability of B(E?2 : 0;& — 2;“) of 314(88) ¢*fm?
[3]. Similar evidence in the downward trend of ZT excitation
energies has been established along the N = 20 up to N = 28
chains of even-even isotones below “*Ca, including Si [4].
Specifically, the ZT state in 3*Si (N = 20) has an excitation
energy of 3326 keV [5], compared to the 2] state in 425i
(N = 28), which has an excitation energy of 742(8) keV [6].
The observation of 2 states with low excitation energies and
large quadrupole transition probabilities indicate enhanced
quadrupole collectivity, and in some cases, coexisting spheri-
cal and deformed 0% states [7—10].

Low-lying excited states are also observed in odd-A Si
isotopes approaching N = 28. The (3/2?) isomer [T, =
5.9(6) ns] at 973.8(30) keV in *3Si, which decays to its (7/2)~
ground state [11] differs from the (3/2]) states in 37.396i,
which progressively become lower in energy, and decay by
a fast E1 to the (5/27) ground states and lower-lying ex-
cited (3/27) states. These (3/2]) states are predicted to be
nanosecond isomers along with the (7/2]) states in 37Si and
398i [12,13].

The (3/27) and (7/2) states were first established in the
level scheme of 3’Si following the 8~ [14,15] and B~ n [14]
decay of 37 Al and 3®Al, respectively. Further investigation of
the structure of *’Si in a *Be(*®Si, ¥’Si y) reaction led to the
identification of the 156-keV (3/2]) state as a nanosecond
isomer with a reported half-life of 3.0(7) ns [12]. Although
the (7/27) state was unplaced in Ref. [12], shell model calcu-
lations were reported predicting two low-lying isomeric states
in ¥’Si, including the (3/27) state.

In this paper, we confirm the observation of the (7/2)
isomeric state and a corresponding y-ray transition to the
ground state of *’Si following the 8~ n decay of ¥ Al. We also
measure its half-life for the first time, confirm the half-life of
the 156-keV state, and extract reduced transition probabilities
for both aforementioned isomeric transitions to the ground
state. We then compare the measurements with theoretical
results from shell model calculations using the SDPF-MU
[16] and SDPF-U-SI [17] interactions, and provide inferences
on the shell structure implications of our findings in Sec. IV.

II. EXPERIMENTAL DETAILS

The experiment was carried out at the National Super-
conducting Cyclotron Laboratory (NSCL) at Michigan State
University to study the properties of neutron-rich nuclei lo-
cated near N = 28. Isomeric states in these nuclei were
populated following the B decay of radioactive ions produced
in the fragmentation of a 140 MeV/u *Ca primary beam
on a 642 mg/cm’-thick °Be target at the Coupled Cyclotron
Facility (CCF) of the NSCL.

Radioactive ions of interest were selected from the
fragmentation reaction products using the A1900 fragment
separator [18]. The selected ions of interest were then deliv-
ered to the experimental end station as a secondary cocktail
beam centered around 3*Na, which accounted for ~5% of the
total transmitted ions, as shown in the particle identification
map in Fig. 1.
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FIG. 1. Particle identification (PID) map for ions delivered to
the experimental end station. The plot consists of the energy loss
(AE) in the first PIN detector and the time-of-flight (TOF) between
a scintillator in the A1900 fragment separator and the first PIN
detector. %Al ions of interest are highlighted with red graphical
cuts.

The secondary cocktail beam was implanted into a 51 mm
x 51 mm x 3 mm CeBrj detector positioned at the center of
the experimental setup, approximately one meter downstream
of three silicon PIN detectors of thicknesses 996 um, 1041 um,
and 503 um. The position and time of implanted ions as well
as subsequent B-decay electrons and even low-energy y rays
were recorded by the CeBr; detector, which was optically cou-
pled to a 52 mm x 52 mm Hamamatsu H13700 series Position
Sensitive Photo-Multiplier Tube (PSPMT) [19]. The PSPMT
was pixelated over a 16 x 16 grid, with all pixels read out
as individual anode signals as well as a single dynode signal
representing the summed energy output of all anode readouts.
Decays were correlated to implanted ions using spatial and
temporal information recorded by the PSPMT.

Fragments in the secondary beam were identified on an
event-by-event basis using energy loss (AE) information in
one of the silicon PIN detectors and the time of flight between
the silicon PIN detector and a position-sensitive scintillator at
the dispersive image of the A1900 fragment separator.

B-delayed y rays were detected using two ancillary arrays
surrounding the CeBr; implantation detector. The first array
comprised 15 LaBr3(Ce) detectors [20], each placed around
the CeBr; in a ring perpendicular to the beam direction.
The second array—the Segmented Germanium Array (SeGA)
[21]—consisted of 16 HPGe detectors arranged in two con-
centric rings of eight detectors upstream and downstream of
the CeBrs in the beta-SeGA configuration [22]. All events
were read out using the NSCL Digital Data Acquisition Sys-
tem (DDAS) [23].

III. ANALYSIS
A. YAl B~ decay

The B-delayed y-ray spectrum in Fig. 2 was produced
using a B-decay *’Al ion correlation window of 33.9 ms,
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FIG. 2. B-delayed y-ray spectrum for y rays detected in the
SeGA detectors within a correlation window of 33.9 ms, which corre-
sponds to three 37 Al -decay half-lives (T2 = 11.3 ms). Previously
observed y-ray transitions in the *’Si daughter [12,14,15] are labeled
with their respective energies, as well as transitions in the S-delayed
one-neutron emission **Si daughter and 7P granddaughters. Other
identified y-ray transitions include the 1300 keV in *"P (black dia-
mond), the 1442 keV in *°Si (black circle) and the 511 keV due to
e~ e™ annihilation. Inset: Region around newly observed 2465-keV
y-ray transition.

which corresponds to three SN B-decay half-lives (T, =
11.3 ms). The contribution of random correlations to the y -ray
spectrum was identified and subtracted to isolate B-delayed
y rays arising from 37 Al decay, using methods described in
Refs. [14,24].

The transitions attributed to *’Si in this work are in agree-
ment with measurements from previous S-decay experiments
in Refs. [14,15]. These include y — y coincidences between
the 562- and 1115-keV transitions and the 156-keV tran-
sition, confirming the presence of the 717- and 1270-keV
positive-parity states preferentially populated in the B decay

TABLE I. Relative intensities of y rays attributed to ***’Si ob-
served in the SeGA detectors following the B decay of implanted
37Al ions. The intensities are normalized to the intensity of the
156-keV transition in *’Si and have been corrected for the SeGA
detection efficiency simulated in GEANT4 [25]. y-ray transitions in
the 3°Si B~n daughter have been identified with an asterisk. The
intensities are compared with results presented in Ref. [14].

Ey (keV) Iy.exp. I)/,lit. [14]
155.8(2) 100(6) 100(4)
562.8(2) 88(5) 95(6)
716.6(2) 31(2) 40(4)
1115.0(3) 15(1) 14(4)
1201.5(3) 7(1) 11(4)
1269.6(2) 16(2) 16(4)
1409.2(2)* 59(4) T1(7)
1441.5(4)* A1) 9(3)
1503.8(3)* 4(1) 10(3)
2464.9(4) 2(1) -
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FIG. 3. Time difference distribution due to the half-life of the
(3/27) isomeric state in 37Si (black). The best fit corresponding to
a half-life of 3.20(4) ns shown in green is a linear combination of
multiple convolutions (red) and a background region taken above
the 156-keV transition (blue), scaled to the number of counts in
the LaBr;(Ce) energy region associated with the 156-keV y-ray
transition.

of 37Al. These positive-parity states deexcite by y rays that
feed the negative-parity, low-lying states of interest. None of
the other transitions observed in the one-neutron knockout
reaction in Ref. [12] were identified in the y-ray spectrum
of this work. However, a 2465-keV y ray was observed as
shown in the inset of Fig. 2. A weak 1202-keV y ray that
deexcites the 1270-keV state in *’Si is also observed in the
y-ray spectrum and is expected to populate the 68-keV state as
discussed in Refs. [14,15]. The efficiency-corrected intensities
of the y rays attributed to *°Si and *’Si are presented in
Table I, and normalized relative to the intensity of the 156-keV
transition.

The 68-keV y-ray transition that deexcites the (7/2]) state
in ¥7Si is unobserved following the 8~ decay of *’Al in this
experiment. This is primarily due to the 68-keV state being
weakly fed in the B~ decay of 37 Al [14]. Moreover, the high
sensitivity of the CeBr; implantation detector to low-energy y
rays will most probably impede the detection of such a weak
transition in surrounding y -ray detectors.

Half-life measurement of the 156-keV state
and technique validation

The half-life of the 156-keV state was previously extracted
by broadened line shape analysis of the Doppler-reconstructed
y-ray spectrum in coincidence with 3’Si residues following
a “Be(**Si, ¥7Siy) reaction [12]. The utilization of the fast
CeBr; and ancillary LaBr;(Ce) detectors in this experimen-
tal setup allowed for the direct measurement of half-lives
of isomeric states populated following the B decay of im-
planted ions, including the 156-keV state in *’Si. The g — y
fast-timing method [26] was employed to carry out this mea-
surement by calculating the time difference for events where
a B-decay electron correlated to a *’Al ion was detected in
the CeBr; implantation detector and a 156-keV y ray was
detected in one of the surrounding LaBr3;(Ce) detectors.
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Figure 3 shows the time difference distribution associated
with the population and subsequent depopulation of the iso-
meric 156-keV state in 3’Si. The time difference axis has
been arbitrarily offset by 1000 ns, with the distribution taking
the shape of a convolution of the prompt detector response,
modeled using a Gaussian function, and the exponential de-
cay of the 156-keV isomeric state of interest. A single fit
does not properly account for the variation in the prompt
time response as a function of the CeBr; dynode energy and
is unable to accurately capture the time difference distribu-
tion to the left of the prompt Gaussian peak, systematically
skewing the measured half-life to a shorter value. Accurately
modeling the time difference distribution therefore calls for
the linear combination of multiple convolutions, each varying
as a function of the Gaussian width over the CeBr; dynode
energy continuum [27].

The observed time difference distribution due to the half-
life of the (3/2) isomeric state was modeled using the linear
combination of convolutions described in the previous para-
graph, and a background region taken above the 156-keV peak
region. The linear combination was then scaled to the number
of counts in the LaBr;(Ce) energy region associated with the
156-keV y-ray transition.

Eleven time response functions combining the experimen-
tally derived dynode energy Gaussian widths and exponential
decay curves defined by different fixed half-lives were gen-
erated using the method described above and compared with
experimental data to obtain X2 values [28]. The half-life cor-
responding to the minimum of a second-order polynomial
function used to fit the distribution of the 11 x2 values was
then used to generate the best time response function shown
in green in Fig. 3. The half-life of the (3/2]) state in *'Si
and its associated statistical uncertainty at 1o was determined
to be 3.20(4) ns, which is in agreement with the previously
measured half-life of 3.0(7) ns [12] with a factor of approx-
imately 18 reduced statistical uncertainty. The reproduction
of the half-life of the 156-keV state was used to validate the
measurement technique for this dataset.

B. ¥Al 8~n decay

The feeding intensity of the 68-keV state in *’Si is higher
in the ~n decay of *® Al [14], such that y rays corresponding
to the ground-state transition can be observed in the §-delayed
y-ray spectrum correlated to *®Al as shown in Fig. 4. The
1470-1159-1074 keV y-ray cascade previously observed in
the Al B-decay experiment in Ref. [14] is also confirmed
in this work. Table II shows the relative intensities of the
y rays observed in the SeGA detectors and attributed to the
38Si daughter and the *’Si 8~ n daughter. The intensities were
efficiency corrected and normalized to that of the 1074-keV y
ray in *Si.

As highlighted in Fig. 4, a 68-keV photopeak is clearly
observed in the y-ray spectrum correlated to the **Al ions.
Arguments have been made in Sec. IIl A and Refs. [14,15]
concerning the placement of a corresponding 68-keV state
in 7Si as well as the nonobservation of a 68-keV photo-
peak in the B-delayed y-ray spectrum correlated to 3’ Al. The
nonobservation of transitions assigned to the *¥Si daughter in
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FIG. 4. B-delayed y-ray spectrum for y rays detected in the
SeGA detectors within a correlation window of 27 ms, which cor-
responds to three **Al B-decay half-lives (T, = 9 ms). Previously
observed y-ray transitions in the 3*Si daughter and the *’Si g-delayed
one-neutron emission daughter are labeled with their respective ener-
gies. Transitions attributed to **Si and *’P are also identified as well
as the 511 keV due to e~ e™ annihilation and 596 keV due to (n, n’, y)
reactions on "*Ge nuclei of the HPGe detectors. A currently unplaced
1053-keV y-ray transition is also observed.

y — y coincidence measurements with the 68-keV transition
following the f~n decay of ®Al in this work supports the
attribution of this y ray to the 68-keV state in *’Si as its most
probable origin.

Half-life measurement of the 68-keV state

Prior to this work, the half-life of the 68-keV state was
unknown. The validated technique discussed in Sec. IIT A was
similarly employed to measure its half-life, given the presence
of implanted ** Al ions during this experiment. The half-life of
the (7/27) isomeric state in ¥7Si and its associated statistical

TABLE II. Relative intensities of y rays attributed to 3738Si
observed in the SeGA detectors following the 8 decay of implanted
Al ions. The intensities are normalized to the intensity of the
1074-keV transition in **Si and have been corrected for the SeGA
detection efficiency simulated in GEANT4. The y-ray transitions in
%Si are identified with an asterisk and all relative intensities are
compared with results presented in Ref. [14]. The significant uncer-
tainty in the relative intensity of the 68-keV y ray is attributed to the
large detection efficiency uncertainty for y rays with energies below
100 keV in this experiment.

E]/ (keV) I;/,exp. Iy,litA [14]
67.92)* 500(200) >7
155.5(3)* 12(3) 15(7)
417.9(2) 33(4) 32(5)
1074.3(2) 100(7) 100(12)
1158.7(2) 74(7) 59(7)
1470.0(2) 46(5) 42(5)
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FIG. 5. Time difference distribution due to the half-life of the
(7/27) isomeric state in *’Si (black). The best fit corresponding to a
half-life of 9.1(7) ns shown in green is a linear combination of mul-
tiple convolutions (red) and a background region above the 68 keV

transition (blue), scaled to the number of counts in the LaBr;(Ce)
energy region associated with the 68-keV y-ray transition.

uncertainty at lo was measured as 9.1(7) ns as shown in
Fig. 5.

IV. DISCUSSION

The experimental level scheme of *’Si is shown in Fig. 6
compared to predictions from shell model calculations using
the SDPF-MU [16], SDPF-U-SI [17], and FSU [29] Hamil-
tonians up to the one-neutron separation energy of 2.21(13)
MeV [30]. Tentative experimental spin-parity assignments
were obtained from Refs. [14,15]. Theoretical negative-parity
states shown in Fig. 6 were calculated by restricting protons
to the sd shell, and neutrons to the fp shell. Positive-parity
states were calculated with the FSU Hamiltonian by allowing
one nucleon to be excited from the sd to fp shell. These are
shown in the far-right portion of Fig. 6.

The measured half-lives of the (7/2]) and (3/2]) states are
shown in Table III, as well as their reduced ground-state tran-
sition probabilities. A comparison to shell model calculations
indicates that the experimental B(M 1) values for both (7/2)
— (5/2,;) and (3/27) — (5/2, ) transitions lie between the
SDPF-MU and SDPF-U-SI predictions. A pure M 1 decay was
assumed for both transitions given theoretical expectations of
small E2/M1 mixing, and as such, the experimental B(M1)
values are considered as upper limits.The experiment versus
theory comparisons in this work can be further investigated in
light of a survey of similar comparisons for low-lying excited

S, =227(11) MeV

11/2= 2254
9/2~ 2170

5/2— 2055
11/2=2040 7/2~ 19573/2~ 1954

5/2- 18181/2~ 1828

7/2= 1733
5/2= 1673

1/2= 1509

1/2- 1308 L/2+ 1331

(G/2+) 1270 972= 1329
372= 1230
3/2+ 910
> 751
GB/2+)  E8 717 275
3/2- 425
3/2° 2493/2- 237 3/2- 225
@/2-) B 156 3.20(4) ns 7/27 171 s75=%07
7/27)% 68 9.1(7)ns /292
62911 | 0 5/ 05/2= 07/2= 0
EXPERIMENT SDPF-MU SDPE-U-SI  FSU

FIG. 6. Comparison of the *’Si experimental level scheme
(black) to theoretical level schemes predicted by shell model cal-
culations using the SDPF-MU (red), SDPF-U-SI (blue), and FSU
(maroon) interactions up to the one-neutron separation energy of
37Si. Experimental spin-parity assignments in parentheses are tenta-
tive and taken from Refs. [14,15], and the newly measured half-lives
of the low-lying excited states are included to the right of their
corresponding levels in italics.

to ground-state M1 transition matrix elements evaluated for
sd-shell nuclei between A = 16 and A = 40, as discussed in
Ref. [31].

Consequently, the measured B(M 1) values were converted
into reduced M1 transition matrix elements, M (M 1) using the

TABLE III. Half-lives and reduced ground-state transition probabilities from the (7/27) and (3/27) states in *’Si.

B(M1)
Transition Energy (keV) Exp. T, (ns) Exp. (u3) SDPF-MU (u?) SDPF-U-SI (u2)
(7/27) — (5/2;&) 67.9(2) 9.1(7) 0.0137(11) 0.0369 0.0007
3/2))—~ (5/2;5.) 155.8(2) 3.20(4) 0.00325(10) 0.0178 0.0005
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TABLE IV. Comparisons between experimental and theoretical matrix elements for low-lying ground-state M1 transitions in ¥’ Si.

M(M1)
Transition Energy (keV) Exp. (un) SDPF-MU (uy) SDPF-U-SI (uy)
7/20) — (5/2;,) 67.9(2) 0.33(3) 0.54 0.076
(3/20) = (5/2,,) 155.8(2) 0.114(1) 0.268 0.044
relationship: V. CONCLUSIONS
Low-lying (7/27) and (3/2] ) isomeric states at 68 and 156
MM1) = |\/B(M1) x (2J; + 1)|, (1)  keV in ¥7Si were studied at NSCL following their popula-

where J; represents the spin assigned to the initial state un-
dergoing deexcitation. The experimental M (M1) values are
presented in Table IV and compare reasonably well to shell
model calculations, consistent with findings for other sd-shell
nuclei as presented in Ref. [31] for such degree of smallness
of measured B(M 1) values.

The structure of the (7/27) and (3/2]) isomeric states in
37Si can be compared to each other. Table V contains the
[ p-shell neutron occupation numbers calculated for both iso-
meric states and the ground state in 3’Si using the SDPE-MU
and SDPF-U-SI interactions. Both calculations predict the
(5/2;) and (7/27) states to be dominated by the (v f7/2)3
configuration unlike the (3/2;) state which is predicted
to have a mixing of the (vf72)* and (vf72)* ® (vp3p)!
configurations.

TABLE V. Neutron occupation numbers for the 5/2, ,7/2y, and
3/2] states in the fp shell.

Interaction J7 Of7/2 Of5/2 1[73/2 1[71/2
SDPF-MU 5/2;5 2.63 0.14 0.21 0.02
7/27 2.68 0.12 0.18 0.02
3/27 2.30 0.08 0.58 0.05
SDPF-U-SI 5/2;S 2.61 0.08 0.28 0.03
7/27 2.73 0.10 0.14 0.02
3/27 2.16 0.06 0.74 0.04

tion in the ~n and B~ decay of implanted 3®Al and 37 Al
ions, respectively. New structure information including the
half-life of the 68-keV state was measured as 9.1(7) ns as
well as the ground-state transition strength, B(M 1) measured
as 0.0137(11) M12v, assuming a pure M1 transition. Similar
measurements for the 156-keV transition were also carried
out, with the half-life and B(M 1) strength measured as 3.20(4)
ns and 0.00325(10) ,ulzv, respectively, and found to be in
agreement with a previous measurement. The experimental re-
sults were found to be consistent with large-scale shell model
predictions. The characterization of these isomeric states in
37Si validates shell model predictions of closely lying excited
isomeric states in neutron-rich odd-A Si isotopes approaching
the N = 28 shell gap.
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