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The β decay of 22,23Si by emission of delayed charged particles was investigated in an experiment
at the Cyclotron Institute of Texas A&M University by means of an optical-readout time-projection
chamber. The previously-known decay of the two isotopes by β-delayed one- and two-proton emission
was confirmed. For the first time, a new, rare, decay mode for 23Si, β-delayed three-proton emission,
was observed and β-delayed proton-α emission tentatively identified. Moreover, the β-decay pat-
tern for the ground-state of 23Si was studied by means of multi-reference density-functional-rooted
calculations.

I. INTRODUCTION

Neutron-deficient nuclei located at the edges of stabil-
ity, close to the proton drip-line are characterised by large
Q-value windows and their respective daughters by low
separation energy for charged-particle(s) (one, two and
three protons, α and proton-α) emission. Moreover, the
Isobaric Analogue State (IAS) in the daughter nucleus
is often unbound with respect to such (multi-) particle
emission. Beta decay of these very exotic nuclei is likely
to populate excited states often well above the particle-
separation energy in the daughter nucleus. Consequently,
charged particles can be emitted promptly after the β
particle. This combination of properties results in large
probabilities for emission of one, two, three protons, αs
and proton-α promptly after β decay (βp, β2p, β3p, βα
and βpα/βαp, respectively) [1, 2]. In the case of popu-
lation of levels close to the proton-separation energy, γ
de-excitation will compete with (delayed) proton emis-
sion.
The study of delayed charged-particle(s) emission pro-
vides a unique window into the structure of highly-
unbound states in these exotic nuclei. The spin selec-
tivity of the β decay can in fact provide a different and
complementary point of view to the one offered by nu-
clear reaction investigations.

A fertile ground for these studies is the region of Z>N
nuclei with A=20−30, where several very rare decay
modes are energetically possible. A sizeable amount of
the decay strength of such nuclei will proceed through
the IAS in the daughter nucleus, which is in most cases
located well above the particle-separation energies. As a
consequence, a large portion of the delayed particle(s)
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emission will proceed from the IAS. Nevertheless, the
study of decays by delayed particles can allow also to
shed light into excited states in the daughter nucleus both
above and below the IAS, states that are fed by Gamow-
Teller transitions. It has been demonstrated, e.g., that
β-delayed multi-proton emission of very exotic nuclei can
be used to probe the β-decay strength in the high-energy
end of the Q-value window, where excited states are par-
ticle unbound [3, 4]. Moreover, it can happen that the
very existence of these rare decay modes, like β3p or
βpα/βαp, can shed light into local structure effects. In a
recent publication, Lund et al. [5] have investigated the
systematic behaviour of β-delayed charged particle emis-
sion in 21Mg and neighbouring nuclei along the TZ=−1
and TZ=−3/2 lines. In their work, the authors inter-
pret the systematic trends in β-delayed charged particle
decay as due to odd-even effects in the decay energies
rather than nuclear structure ones, like clustering. A test
of such conclusion can be obtained by looking for these
exotic decay modes in heavier and more exotic TZ=−5/2
isotopes, like 23Si and 27S.

In this context, a new study of β-delayed charged par-
ticle decay of 22,23Si was conducted and is reported here.
23Si is the lightest TZ=−5/2 isotope known to date. It
was first observed in the fragmentation of a 40Ca beam
at GANIL [6]. The first decay data were obtained about
10 years later, when its βp and β2p decay was studied
[7]. The decay of 23Si is dominated by transitions to
the IAS, with part of the strength feeding lower-lying
states in Gamow-Teller (GT) decay. Emission of delayed
protons from the IAS and from lower states populated
in GT transitions was observed and 16 transitions iden-
tified. Moreover, the half-life was determined and the
position of the IAS in the daughter 23Al inferred. More
recently, a new study detected both protons and γ rays
following β decay, allowing for β-proton-γ coincidences
to be established. One new transition was added and the
previous observation of the β2p decay branch confirmed
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[8]. The low-energy structure of the daughter 23Al has
been studied also by means of nuclear reactions in several
works [9–11]. None of the studies could identify more ex-
otic decay paths for this nucleus, like β3p and βpα/βαp.

The TZ=−3 isotope 22Si was also discovered at GANIL
as a product of 36Ar fragmentation [12]. First insight into
its decay properties was obtained a decade later, when its
half-life was determined and its βp decay branch observed
with 5 proton-transitions identified [13]. The β2p decay
path could not be firmly established at that occasion.
Emission of β2p from its IAS was recently discovered,
together with a new βp transition [14]. 22Si was also
reported to show a large mirror asymmetry in its decay,
although with very big uncertainties [15].

In Fig. 1 the energetic of the decay channels open
for the two isotopes investigated in this work, 22,23Si, is
summarised.
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FIG. 1. Ground-state (g.s.) energies for the A=22,23 sili-
con precursors (dotted lines) [16], particle-separation (dashed
lines) [16] and IAS (solid lines) [7, 17] energies for the respec-
tive aluminium daughter nuclei (A=22,23).

II. EXPERIMENT

The measurement of the β-delayed charged-particle
emission from 22,23Si was conducted at the Cyclotron In-
stitute of Texas A&M University, College Station (TX),
USA. A 28Si beam was accelerated to 45·A MeV by
the K500 superconducting cyclotron and impinged on a
150 µm-thick nickel target. The 22,23Si ions so produced
were separated from the rest of the reaction products by
the momentum achromat recoil separator (MARS) [18].
Two ion-optics configurations of MARS were used during

the course of the experiment, each optimised for trans-
mission of 23Si and 22Si, respectively. Initially, during the
beam tuning phase, a 300 µm-thick silicon detector, seg-
mented along the vertical (Y) direction, was inserted at
the focal plane for diagnostics purposes. The ions reach-
ing the focal plane of MARS were then identified on an
event-by-event basis by plotting the energy-loss (∆E) vs.
Y-position matrix (MARS is dispersive in Y) [19]. The
cocktail beam obtained was mostly composed of the ion
of interest, 23Si or 22Si, with some 20Mg (∼13%) and
23Si (∼40%), respectively. After the initial optimization
of the spectrometer, the detector was removed to allow
for the beam to reach the detection set up placed down-
stream.

The secondary beam entered then the detection set-
up composed of the Warsaw Optical Time-Projection
Chamber (OTPC) [20, 21] through a 300 µm-thick sil-
icon detector, which was placed just in front of it. The
beam ions were then implanted in the OTPC, where they
subsequently decayed. The OTPC is a gas-filled detec-
tor with an active volume 33 cm deep, 20 cm wide and
21 cm high, which is immersed in an homogenous vertical
electric field (143 V/cm). The separated and identified
exotic ions enter the chamber horizontally, perpendicu-
lar to the field lines, though a window (see Fig. 2). The
electrons generated in the ionisation process by the in-
teraction of the heavy ions and their charged-particle de-
cay products (protons and α particles, while β electrons
do not deposit enough energy to be detected) drift at
a constant velocity in the electric field towards an am-
plification structure based on a set of four Gas-Electron
Multiplier (GEM) foils [22] and the anode. Light is gener-
ated in this process, which is recorded by a CCD camera
(1024 pixels×1024 pixels) and a photo-multiplier tube
(PMT), see Fig. 2. By combining the information from
the CCD image (projection of the particle trajectory on
the horizontal plane) and the time-distribution of the
light collected by the PMT tube (projection of the parti-
cle trajectory along the field direction), the trajectory of
the particle can be reconstructed in 3D. This is possible
since the electron drift velocity and the stopping power
for the particles in the gas are known. In this measure-
ment a gas mixture consisting of He 69% + Ar 29% +
CF4 2% at atmospheric pressure was used, and the stop-
ping power was calculated by using the SRIM suite [23].
The average electron drift velocity in the experiment con-
ditions was measured to be vdrift=1.17(2) cm/µs. Tem-
perature and pressure at the chamber were also moni-
tored during the course of the experiment.

In order to reduce the amount of data collected, only
the ions of interest and a small amount of other isotopes
present in the cocktail beam were allowed to trigger the
system and be recorded by the data acquisition system
(so-called "good" ions). Such selection was achieved by
setting a gate on the ∆E signal. The CCD camera ran
continuously 65 ms frames (waiting time) while waiting
for a good ion to trigger the system. Upon trigger, the
beam was switched off while waiting for the decay to hap-
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FIG. 2. Schematic representation of the OTPC detector and
its working principle. The beam-entrance window is high-
lighted on the side of the chamber (W) and the cathode (C),
gating electrode (G) and anode (A) are shown as dotted lines.
The GEM foils as dashed lines. The ion enters the chamber
with a kinetic energy of about 10A MeV and is stopped in the
active volume of the chamber. See text for details.

pen and the camera exposition time (Texp or decay-time
observation window) extended to 150 ms. The same Texp
value was used for both the 22Si and 23Si measurements.
The beam was kept off for 1.5 s after the trigger to allow
also for the data to be read out at the end of the Texp
window. Fast oscilloscopes recorded the PMT signal as
well as signals necessary for ion identification (∆E) and
the camera control signals (start and stop of the cam-
era exposition). The oscilloscopes were then read out
together with the images after each triggering event, at
the end of the Texp window. At the end of readout, the
beam was switched on again until the next trigger. In
order to protect the detector from the charge deposited
in the active volume by the heavy ions, a dual-sensitivity
running-mode was employed. A gating electrode placed
just above the amplification structure, at the anode-end
of the drift volume and before the GEMs foils (see Fig.
2), is used for changing the detector sensitivity. The
voltage on this electrode is set to a value that allows for
observation of the heavy ions entering the chamber while
avoiding overload of the amplification structure (so-called
“low-sensitivity" mode). When a trigger is generated, the
voltage applied to this electrode is changed within 20 µs
so to be able to observe weaker-ionization particles, like
low-energy protons or alphas (so-called "high-sensitivity"
mode). After the end of the Texp window, the detector
is returned to the low-sensitivity mode.

Ion-by-ion identification of the nuclear species trigger-
ing the detection set-up and entering the chamber was

FIG. 3. (Color online) Identification plot ∆E versus range for
the ion-optics setting centred on 23Si. Only events contained
between the two red lines were considered in the analysis. See
text for details.

achieved by measuring ∆E in the silicon detector posi-
tioned just in front of the OTPC as a function of the
range of the ions in the OTPC itself. In Fig. 3 the iden-
tification plot for the ions triggering the data acquisition
for the spectrometer setting optimised for transmission
of 23Si is shown. In the figure, the events included be-
tween the two continuous red lines are identified as 23Si
ions, while those below the lower of the two lines are
due to an about 50/50 mixture of 20Mg and 23Si activ-
ities. Each of the two main activity groups shows in-
side two subgroups of events with different ranges for
the same isotopes. Such effect is due to the fact that
the OTPC kapton beam-entrance window is covered by
strips (7 mm-high, with 3 mm between adjacent strips,
each consisting of 5 µm of Cu and 2 µm of Au) that form
the electrodes of the drift cage and that the beam-spot
was broader than one strip.

III. RESULTS AND DISCUSSION

A. 23Si

1. Branching ratios and half-life

Events corresponding to 23Si ions which triggered the
data acquisition and stopped in the active volume of the
detector were considered for further analysis. They cor-
respond to the events contained between the two red lines
in Fig. 3 and stopped between 10% and 90% of the range,
i.e. between pixels 100 and 900. The latter condition
was imposed to make sure that the decay of the ions by
charged-particle emission would not be missed. A total
of 7497 23Si ions met these requirements. The analysis
of the images and of the respective PMT trace allowed
to identify four decay branches for this isotope. Namely,
decay with emission of one- and two- protons was con-
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FIG. 4. (Color online) Top panel: CCD images for example events of a) βp, b) β2p, c) β3p and d) βpα decay of 23Si. The
horizontal track from left to right in each image corresponds to the 23Si ion entering the chamber. The tracks emerging from
the ion stopping point correspond to the emitted particles. Bottom panels: respective PMT signals for the e) βp, f) β2p, g)
β3p and h) βpα decay events. The signal generated by the 23Si ion stopped in the chamber is not visible in the histograms
displayed in the bottom panel. Only the portion of the PMT signal centred around the time at which the decay happened is
shown. In the case of a single particle recorded in the decay, the PMT signal shows the corresponding Bragg peak. In the βp
event in a) and e), the proton was emitted downwards, towards the anode. In the case of more particles emitted at the same
time, as is for β2p, β3p and βpα, the PMT signal will be the convolution of the signals corresponding to each of the particles
emitted.

firmed, decay by emission of delayed three protons ob-
served for the first time and by emission of a proton and
an α particle tentatively established. In Fig. 4 exam-
ple decay events with particle emission are shown, while
in Table I the statistics gathered and the branching ra-
tio for each decay mode are summarised. The branching
ratios values reported take into account the finite-time
observation window, which gives a 92.0(2)% probability
to observe any 23Si decay within it. The total branch-
ing ratio determined in this work is in good agreement
with the result of ∼92% obtained in the previous work
by Blank et al. [7]. The missing 10.5% composition of
23Si β decay observed here is most likely due to feeding
of the ground state of the 23Al daughter. Such interpre-
tation is supported also by shell-model calculations, as
reported in Ref. [7], which give 6% direct decay to the
23Al daughter.

A maximum likelihood fit of the time distribution of
all 6179 observed decay events with respect to the time of
ion implantation yielded a half life of 47(1) ms, a slightly
higher value than found in literature (42.3(4) ms [7] and
40.2(19) ms [8]).

2. β-delayed proton emission

Among the decay events identified as β1p, 3D recon-
struction and energy determination could be performed
only for those protons that were fully contained in the ac-

TABLE I. The total branching ratios for the observed decay
channels of 23Si.

channel Events Branching
β1p 5643 81.8(11)%
β2p 533 7.73(35)%
β3p 2 2.9(+38

−19)×10−2%
βpα 1 1.4(+33

−12)×10−2%

tive volume of the chamber (585 events). The combined
information on length of the track on the CCD image, du-
ration of the PMT signal corresponding to the emitted
proton (obtained by fitting the signal with energy-loss
distribution [23]) and energy dependence of the particle
range for the given gas mixture [23], allowed to recon-
struct the momentum of each stopped proton and de-
termine the energy spectrum. For the remaining pro-
tons, which escaped the chamber, only a low-energy limit
for their energy could be established. This was done on
the basis of the proton range calculated simply from the
length of the signals in both the CCD and PMT. The
quality of the energy determination from the range was
verified by comparing the two methods at work on the
stopped protons. Moreover, Monte Carlo simulations of
the expected energy deposited in the OTPC by protons
emitted in the decay of 23Si showed good agreement with
the spectrum observed. The simulation assumed as in-
put the proton-energy distribution observed by Blank et
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al. [7]. The uncertainty on the reconstructed proton en-
ergy spanned from ∼100 keV at 200keV, to ∼80 keV at
650 keV, to ∼60 keV at 1000-1500 keV

In Fig. 5 the energy spectrum of βp stopped in the
active volume of the OTPC is shown. Five groups of
protons could be identified at energies of about 300, 650,
1250, 1550 and 2050 keV. The respective branching ratios
are summarised in Table II. The partial decay scheme of
23Si illustrating the experimental knowledge on the 23Al
levels fed in β decay and the levels of relevance for 23Si
βp decay is shown in Fig. 6.

The group of protons at about 650 keV corresponds
most likely to several (weak) transitions, rather than the
proton peak at 600(60) keV in Ref. [7] and 673 keV in
Ref. [8], in particular if we take into account the small
branching ratio observed in this work with respect to the

FIG. 5. (Color online) Upper panel: Energy spectrum for
protons following 23Si β decay and stopped in the active
volume of the OTPC detector. The dashed line shows the
proton-stopping efficiency as a function of energy. The dot-
ted vertical lines mark the energy intervals corresponding to
the proton groups around 1250 keV (900-1400 keV), 1550 keV
(1400-1900 keV) and 2050 keV (1900-2300 keV). Lower panel:
expanded low-energy portion of the spectrum. The vertical
dotted lines mark the energy intervals for the energy of the
proton-groups at about 300 keV (150-350 keV) and 600 keV
(500-700 keV). See also Table II.

much larger value of 2.4% reported in literature [8]. The
group centred around 1250 keV corresponds to the peak
at 1320(40) keV in Ref. [7] and 1346(39) keV in Ref. [8],
de-exciting the 1475 keV 3/2+ level in 23Al [24] to the
ground-state of 22Mg, see Fig. 6. On the other hand,
the group of proton events peaking at about 1550 keV
should correspond to the transition at 1700(60) keV in
Ref. [7] and 1631(46) keV in Ref. [8], i.e. the decay of the
3166 keV 3/2+ level in 23Al [24] to the first excited state
in 22Mg at 1247 keV and/or the decay of the 5134 keV
7/2+ level in 23Al to the second excited state in 22Mg at
3308 keV. The group of events at 2050 keV may be due to
the tail of the proton transition at 2400(40) keV in Ref. [7]
and 2309(41) keV in Ref. [8]. The lower branching ratio
and proton energy observed here with respect to litera-
ture most likely stem from the low stopping efficiency at
these energies. The group of protons at about 300 keV
energy is observed here for the first time and it is prob-
ably due to more than one transition. Unfortunately, it
cannot be placed in the level scheme.
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FIG. 6. Partial decay scheme of 23Si illustrating the levels of
relevance for its βp decay as found in this work. The pro-
ton transitions that could be placed in the decay scheme are
marked by arrows. The dashed lines show the two possible
transitions for the protons at about 1550 keV energy. All the
experimental knowledge available on the 23Al levels fed in β
decay completes the picture [24].

3. β-delayed two-proton emission

The analysis of the β2p events led to the identification
of 22 cases among the 533 identified in which both pro-
tons were stopped in the active volume of the chamber.
Their energies and momenta were reconstructed by using
the range method described in Section IIIA 2. Fitting of
the signals gave poor results because of the signal qual-
ity combined with the too many free parameters involved
when 3 particles (two protons and the recoil) have to be
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TABLE II. Branching ratios for the observed low-energy βp transitions in the decay of 23Si. The energy regions corresponding
to the proton groups are highlighted in Fig. 5. The energy dependence of the detection efficiency and the probability to detect
a decay in the finite-time observation window are taken into account in the branching ratio determination. See text.

This work Literature
Proton-group Events Branching Proton energy Branching

energy Ref. [7] Ref. [8] Ref. [7] Ref. [8]
(keV) (keV) (keV)
300 8+4

−3 (0.12+0.06
−0.04) % − −

650 8+4
−3 (0.12+0.06

−0.04) % 600(60) 673(36) <3 % 2.4(1) %
1250 230±16 (3.6±0.2) % 1320(40) 1346(39) 10(1) % 5.1(4) %
1550 200±15 (4.6±0.3) % 1700(60) 1631(46) <5 % 4.6(6) %
2050 52±8 (4.4±0.7) % 2400(40) 2309(41) 32(2) % 21(2) %

FIG. 7. (Color online) Sum-energy spectrum of β2p events
in which both protons stopped in the active volume of the
OTPC detector.

taken into account. In Fig. 7 the spectrum of the two-
protons sum-energy is shown. This spectrum shows some
structures, which can be interpreted as due to the decay
by emission of 2 protons from level(s) between ∼6550 keV
and ∼9000 keV excitation energy in 23Al, providing new
information on the structure of this nucleus above S2p.
A schematic illustration of the levels involved in the β2p
decay of 23Si is given in Fig. 8. The group of counts above
2 MeV sum energy, centred around 2.7 MeV, could origi-
nate by β feeding of one broad level at Ex ∼8.6 MeV. On
the other hand, it could likely originate from more levels
closely-spaced in energy, which then decay with prompt
emission of two protons. The opening-angle distribution
for this group of protons is shown in Fig. 9. Statistical
limitations do not allow to fully disentangle the possible
different decay paths available, namely simultaneous, di-
proton or various sequential emission paths through dif-
ferent, although close in energy, levels in the βp daughter
22Mg. Therefore, it is not possible to determine the de-
cay mechanism at play, although the distribution seems
to center rather symmetrically around 90 deg, which is
typical of uncorrelated sequential two-proton emission.
The individual energy of each proton in this group is

about 1.35 MeV. Assuming GT decay of the 23Si 5/2+
ground state to 23Al, 3/2+, 5/2+ and 7/2+ levels will be
populated. Taking into consideration emission of low-`
protons, the decay will proceed through low-spin states
in 22Mg at ∼7 MeV excitation energy and subsequent
emission of another proton to the 3/2+ ground state of
21Na. The data shown in Fig. 7 have therefore a bias
due to the fact that at about 1.5 MeV the single-proton
detection efficiency drops rapidly with increasing energy
(see Fig. 5).

A similar picture present those events in which one or
both delayed protons escaped the active volume of the
chamber, i.e. events in which protons are emitted from
higher-lying excited states. Energy reconstruction was
not possible, nevertheless, the opening angle between the
two particles could be determined, see Fig. 10.

4. β-delayed three-proton and β-delayed proton-alpha
emission

As described in Section IIIA 1, two β3p and one ten-
tative βpα event were identified. The analysis of back-
ground sources proved that the two β3p events could not
be originated by it. In fact, a statistical analysis shows
that the probability to observe 3 random background-
events in one 150 ms-long frame is of the order of 3·10−6.
Moreover, this low value needs to be folded with the prob-
ability that all three events originate at the same time
(within less than 1 µs) and at the spot where the ion
was implanted. These considerations lead to a negligible
probability that the two events are due to background.

One of the β3p events and the βpα event are shown
in Fig. 4. A branching ratio bβ3p=(2.9+3.8

−1.9)×10−4 was
inferred for the former decay mode. The value is
along the lines of those for the β3p decay branch from
other TZ=−5/2 nuclei, namely 27S, 31Ar and 43Cr with
bβ3p≤1×10−3, 7(2)×10−4 and (13+18

−8 )×10−4 [21, 25, 26],
respectively. The only remaining case of β3p decay that
is known to date is from the more exotic TZ=−7/2 45Fe
isotope, with a larger bβ3p=3.3(16)×10−2 [27].

In the case of the β3p decays, it was not possible to
univocally determine the energy of each of the particles
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FIG. 8. Partial decay scheme of 23Si illustrating the levels of relevance for its β2p decay. The grey excitation-energy region
in 23Al between 6550 and 9000 keV, with level(s) marked by a solid line at ∼8600 keV, show the range of excitation energies
from which the two protons shown in Fig. 7 are emitted. Intermediate states in 22Mg at about 7 MeV excitation involved
in the process are highlighted. Dashed lines in 23Al show the separation energy for 1 and for 2 protons, while dotted lines
schematically depict the process of β2p when higher energy protons are emitted (i.e. escaping from the chamber). See text for
details.

FIG. 9. (Color online) Opening angle between the two pro-
tons for the events shown in Figure 7 with sum energy above
2 MeV. See text.

emitted, but it was possible to determine the range for
the sum energy of each of the two events (or its lower
limit), by looking at all the possible combinations to pair
the tracks on the image with the PMT component. Such
analysis led to an average value of 3.65(35) MeV for the
event shown in Fig. 4, in which all particles were stopped
within the detector active-volume, and a lower limit be-

FIG. 10. (Color online) Opening angle between the two pro-
tons for events in which one or both protons escape the cham-
ber. See text.

tween 2.7(7) and 3.3(6) MeV for the other event, in which
one of the protons escaped. The former event is compat-
ible with the decay of the IAS in 23Al, while the latter
may come from the IAS or around it.

The event displayed in Fig. 4 d) and h) was tentatively
identified as due to βpα emission taking into account sev-
eral considerations. It was established that the shorter
track in the image corresponds to the shorter track in the
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PMT on the basis of the amount of light. Fitting of the
signal was performed, as shown in Fig. 11, by assuming
that both tracks are due to protons and that the shorter
one is due to an alpha particle. Given the signal/noise
quality, both fits give similar residual (r2), which is de-
fined here as r2 =

∑
(fit_value− data_value)2, but

the proton and α scenario seems to better reproduce the
shape of the PMT. The event is therefore tentatively clas-
sified as emission of a proton and an α with energies
1.6(1) and 1.2(4) MeV, respectively. The energies of the
two particles are in agreement with emission from the
IAS in 23Al. In the case of two protons, their energies
would be 1.6(1) and 0.4(2) MeV, hence they would be
emitted from a state below the IAS. As to the order in
which the proton and α are emitted, two are the possible
scenarios.

Assuming first emission of an `=0 α particle to the
ground state of the proton-unbound 19Na nucleus sequen-
tially followed by an `=2 proton, the energies available for
the α and for the proton would be 3.1 and 0.3 MeV [16],
respectively. Decay through excited states in 19Na can-
not be excluded a priori. Nevertheless, the only candi-
dates known for 5/2+ states in 19Na lie at ∼2.5 MeV
excitation energy [28]. This would imply that the α
particle had energy of only 0.6 MeV and its emission
would be suppressed by the coulomb barrier. Larger-`
α transitions are not considered here because of double-
hindrance in the barrier penetrability due to the lower
energy and larger angular momentum involved in such
transition. On the other hand, in the opposite scenario,
the proton could feed a highly excited state in 22Mg at
about 10.4 MeV with sequential emission of the α par-
ticle to the 18Ne ground state. Taking into account the
barrier-penetrability dependence on the energy and on
the angular momentum, p+α emission from the IAS will
involve most likely particles with minimum angular mo-
mentum. Several low-spin levels are known in 22Mg at
Ex=10−11 MeV from transfer reaction studies [28], in-
cluding 18Ne(α,p)21Na [29], the indirect process to βp
emission to the same level in 22Mg. These states could
participate in the βpα decay allowing for, e.g., `=1 pro-
tons followed by `=0 α particles with energies compatible
with those observed. The most likely scenario is the lat-
ter, i.e. β decay followed by a proton and subsequent α
particle. The first scenario is still possible, though not
detected here, given the statistics of only one event ob-
served.

In the previously-known three cases for βαp/βpα emis-
sion (9C, 17Ne and 21Mg [5, 30, 31]) the mother nuclei
had TZ=−3/2 and the decay proceeded through an α-
conjugate nucleus (8Be, 16O and 20Ne). The missing
TZ=−3/2 member of this sequence, 13O, decays via 12C.
13O is a candidate for this decay mode with predicted
branching ratio of 0.9(3)×10−4 [5]. Both decay sequences
were observed in 17Ne with bβαp+βpα=1.6(4)×10−4 and
9C decay. The latter being a special case given the fact
that its β daughter is breaking up into a proton and
two α particles [30]. In the case of 21Mg, only βpα de-

FIG. 11. (Color online) PMT trace for the event tentatively
identified as βαp decay of 23Al and its fit assuming emission
of two protons and one alpha and one proton, respectively.
See text for details.

cay was observed with bβpα=1.6(3)×10−4 [5]. In their
work, Lund et al. [5] discuss the systematics of β-delayed
(multi-)particle decays for TZ ≤ −3/2 and conclude that
the presence of these exotic decay modes is due to odd-
even effects on the decay energy rather than structure
such as α-clustering, despite the fact that α-conjugate
nuclei are involved in the decay process. They also sug-
gest that the observation of such exotic decay modes as
β3p and βpα/βαp in heavier TZ=−5/2 nuclei 23Si, 27S,
31Ar, etc. would allow to test their interpretation. The
discovery of β3p and, tentatively, of βpα decay branches
of 23Si reported here, together with the known β3p emis-
sion from 31Ar [25, 32] and 43Cr [26] supports their con-
clusions on the influence of odd-even effects in the decay
energy on the occurrence of these exotic decay modes.

5. DFT calculations

The β decay of 23Si was already investigated using
state-of-the-art shell-model (SM) approach. The results
published in Ref. [7] show that the SM provides a suf-
ficiently accurate description of the low-energy spec-
trum of 23Al. Hence, instead of repeating the SM
calculations, we have decided to use here an alterna-
tive approach and perform the multi-reference density-
functional-rooted (DFT-rooted) calculations. The em-
ployed method is an extension of the conventional mean-
field or single reference density functional theory that
restores the violated symmetries and mixes good symme-
try states projected from different mean-field configura-
tions. The specific model used here, called DFT-rooted
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No-Core Configuration Interaction (DFT-NCCI), is de-
scribed in Ref. [33]. It restores angular momentum and
treats properly isospin symmetry, both broken sponta-
neously by mean-field solutions.

The DFT-NCCI model belongs to a class of the so
called global models, applicable to predicting the proper-
ties of a broad range nuclei. As such, it cannot compete
with SM, fine-tuned to the valence space, concerning pre-
cision of theoretical predictions. Hence, by performing
the DFT-NCCI calculations we do not expect to improve
the theoretical description of 23Al, but rather aim to val-
idate the new approach in the nucleus where benchmark
SM results exist and test the properties of the underlying
functional in this mass region without applying any local
adjustment of its parameters.

The model was applied to the investigation of the β-
decay pattern for the ground-state of 23Si. In the calcula-
tions we used the SVSO density-independent Skyrme in-
teraction [34, 35] both to compute the configuration space
as well as in the configuration-mixing calculations. The
configuration space consisted of the ground-state and the
two lowest particle-hole configurations in the 23Si and the
ground-state and 13 excited configurations in the daugh-
ter nucleus 23Al. The configuration space was selected in
such a way that enabled us to obtain relatively well con-
verged solutions for the ground states of 23Si and 23Al,
the low-lying excited states in 23Al with excitation ener-
gies below ≈ 3.5 MeV, and the IAS in 23Al. The con-
figurations used in the calculations of the 23Al are de-
scribed in detail in the supplementary material [36]. The
adopted configuration space is too small to guarantee a
convergence and completeness of the calculated spectrum
above 3.5 MeV.

The calculated binding energies for the Iπ=5/2+ 23Si
and 23Al ground states are 158.2 MeV and 172.7 MeV,
and are 4.8% and 2.4% larger than the experimental bind-
ing energies of 150.735 MeV and 168.719 MeV [16], re-
spectively. Besides the 5/2+ ground states, the calcula-
tions for 23Al yielded an Iπ=7/2+ Ex=1.33 MeV first
excited state, followed by Iπ=1/2+ at Ex=1.48 MeV,
Iπ=3/2+ at Ex=1.72 MeV, Iπ=5/2+1 at Ex=2.83 MeV,
and the second excited Iπ=7/2+ state at Ex=3.18 MeV
The calculated spectrum is depicted in Fig. 12. At low-
energies it compares relatively well with the shell-model
(SM) results of Ref. [7].

The same calculations yielded an excitation energy of
9.27 MeV for the 5/2+ IAS of 23Si in 23Al, somewhat
lower than the experimental value of 11.78 MeV [7]. The
discrepancy may indicate a need for better calibration
of the symmetry energy strength in the SVSO functional.
As expected, decay to the IAS dominates, with matrix el-
ements |MF| ≈

√
4.9 and |MGT| ≈ 1.5 for Fermi and GT

decays, respectively. GT decay is predicted to populate
mostly states at excitation energies of 5.8 MeV (Iπ=5/2+)
and 7.8 MeV (Iπ=7/2+) with matrix elements |MGT|=1.3
and 1.6, respectively. It seems to be at variance with the
shell-model calculation of Ref. [7] which predicts strong
decays to the 3.83 MeV 5/2+ and 3.24 MeV 3/2+ states.

Let us stress, however, that our conclusion concerning
the GT matrix elements can change since, as mentioned
above, the spectrum may be incomplete in the energy
range Ex ≥ 3.5 MeV due to limitations in the size of the
adopted configuration space. At present, we can safely
state that the GT decay to the lowest-lying states with
Ex<3 MeV give matrix-element values well below unity.

The hindrance of the calculated GT matrix elements
and dominance of the IAS in the decay pattern of 23Si
can be explained by the shape difference predicted for
23Si (weakly deformed oblate) and 23Al (well deformed
prolate). The calculated mean quadrupole deformation
parameters are: β2=0.090, γ=60◦ for the g.s. configura-
tion in 23Si and β2=0.345, γ=0◦ for the g.s. configuration
in 23Al. The lowest p−h excitations in 23Al are also well
deformed.
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FIG. 12. Excitation energy spectrum for low lying states and
the IAS in 23Al from DFT (this work) and shell-model (SM)
of Ref. [7]. See text for details.

All calculations presented in this work were done using
the HFODD solver [37, 38] equipped with the DFT-NCCI
module. In the calculations we used the basis composed
of 10 spherical HO shells. The exchange term of the
Coulomb interaction was treated exactly.

The stability of the calculations presented above
was verified by angular-momentum-projected calcula-
tions (AMP), which allow to include more configurations
and verify the stability of low-energy spectra predictions,
wave functions and β-decay rates. In this variant of the
calculations we extended the configuration space to 32
self-consistent mean-field solutions. The results of these
calculations are shown in Fig. 13 which summarizes the
calculated matrix elements for Fermi and Gamow-Teller
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β-decay of the g.s. in 23Si. The DFT-NCCI-AMP results
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FIG. 13. (Color online) Matrix elements for the g.s. β-decay
of 23Si calculated within the DFT-NCCI variant that involves
only AMP. Filled (open) symbols label Fermi (GT) matrix el-
ements, respectively. Triangles, circles, and squares mark GT
matrix elements between the g.s. of 23Si and I = 3/2+, 5/2+

and 7/2+ states in 23Al below 15 MeV. Arrows show IAS and
low-lying states strongly populated by the GT decay which
are discussed in the text

are fully consistent with the DFT-NCCI calculations pre-
sented above that involve both the isospin- and angular-
momentum projections. Both sets of DFT-NCCI calcu-
lations are at variance with the shell-model calculation
of Ref. [7] which, as already mentioned, predicts strong
decays to the 3.83 MeV 5/2+ and 3.24 MeV 3/2+ states.
The reason for the discrepancy is not clear and require
further studies and better calibration of the functional.
Such study is beyond the scope of the present work. The
readers who are interested in further details concerning
the DFT-NCCI-AMP calculations are referred to the sup-
plemental material which is an integral part of this work
[36].

B. 22Si

Events corresponding to 22Si ions which triggered the
data acquisition and stopped in the active volume of
the detector were considered for further analysis. The
same procedure employed in the identification of well im-
planted 23Si ions was used, see Section IIIA 1. A total of
63 22Si ions met these requirements. The analysis allowed
to confirm the decay pattern for this isotope, namely de-
cay with emission of one and two delayed protons. Ex-
ample decay events with particle emission are shown in
Fig. 14 and the statistics collected is summarized in Ta-
ble III. The branching ratios values take into account the
finite-time observation window, which gives a 97.1(6)%
probability to observe any 22Si decay within it.

TABLE III. The total branching ratios for the observed decay
channels of 22Si.

channel Events Branching
β1p 58 95(+14

−12)%
β2p 2 3(+4

−2)%

FIG. 14. (Color online) Top panels: CCD images for example
events of a) βp and b) β2p decay of 22Si. The horizontal
track from left to right in each image corresponds to the 22Si
ion entering the chamber. The tracks emerging from the ion
stopping point correspond to the emitted particles. Bottom
panels: respective PMT signals for the c) βp and d) β2p
decay events. The signal generated by the 22Si ion stopped in
the chamber is not visible in the histograms displayed in the
bottom panels. Only the portion of the PMT signal centred
around the time at which the decay happened is shown. When
a single particle is recorded in the decay, the PMT signal
shows the corresponding Bragg peak. In the βp event in a)
and c), the proton was emitted upwards, towards the cathode.
In the case of more particles emitted at the same time, as is
for β2p, the PMT signal will be the convolution of the signals
corresponding to each of the particles emitted.

A maximum likelihood fit of the time distribution of
the decay events observed with respect to the time of ion
implantation yielded a half life of 24(+4

−3) ms, in agree-
ment with literature (29(2) ms [13], 27.8(35) ms [14] and
28.6(14) ms [15]).

The analysis of the βp events allowed to classify 24 of
them as stopped within the active volume of the detector.
Their energies were reconstructed and the distribution
is shown in Fig. 15. Two groups of low-energy protons
can be clearly identified at 0.6(1) MeV and 1.7(1) MeV
with total branching ratios of (10+6

−4)% and (77+27
−22)%,

respectively. The former corresponds to the proton group
at 680(50) keV [14] or 710(50) keV [15], while the latter
could be due to the low-energy tail of the two protons
transitions at 1950(50) and 2150(50) keV [15].

As far as β2p decay events are concerned, in both
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FIG. 15. (Color online) Energy spectrum for protons follow-
ing 22Si β decay and stopped in the active volume of the
OTPC detector. The dashed line shows the proton-stopping
efficiency as a function of energy. The vertical dotted lines
mark the energy intervals for the proton-groups reported in
Table III.

cases one of the two protons escaped the detector, there-
fore the energy could not be reconstructed. The total
branching ratio for this decay mode was calculated to be
(3+4
−2)%. This is in accordance with the lower limit of

bIASβ2p =0.7(3)% inferred for it in Ref. [15].

IV. SUMMARY

β-delayed charged particle emission from 23Si and 22Si
was studied at the focal plane of the MARS spectrometer
at the Cyclotron Institute of Texas A&M University with
a time-projection chamber with optical readout. One
new decay mode, namely β3p, was discovered for 23Si

and another, βpα, tentatively identified. Moreover, the
absolute branching ratios were determined for all decay
branches, a new low-energy βp transition was identified
and β2p emission through levels well below the IAS was
observed.

These kind of investigations are very well suited for
testing symmetry energies. In this context, DFT-rooted
configuration-interaction calculations were performed to
investigate the β-decay pattern of 23Si. According to
the calculations, the β-decay pattern is completely dom-
inated by the IAS. Decay to the states below the IAS is
predicted to be hindered due to the shape difference of
23Si (weakly deformed oblate) and 23Al (well deformed
prolate). Within the considered configuration space, the
largest are GT matrix elements to the Iπ=5/2+ (7/2+)
states at excitation energies 5.8 (7.8) MeV, respectively.
GT matrix elements to other states, in particular to the
lowest states, are well below unity. The excitation en-
ergy of the IAS is underestimated, fact which may indi-
cate a need for better calibration of the symmetry energy
strength.

The study of 22Si allowed to establish the absolute de-
cay branch for β2p emission. Further studies with larger
statistics are needed in order to shed light into the mech-
anism of β2p emission.
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