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Abstract: The study of the origin of asymmetries in mirror β decay is extremely important to
understand the fundamental nuclear force and the nuclear structure. The experiment was performed
at the National Laboratory of Heavy Ion Research Facility in Lanzhou (HIRFL) to measure the
β-delayed γ rays of 26P by silicon array and Clover-type high-purity Germanium (HPGe) detectors.
Combining with results from the β decay of 26P and its mirror nucleus 26Na, the mirror asymmetry
parameter δ ( ≡ f t+/ f t− − 1) was determined to be 46(13)% for the transition feeding the first
excited state in the daughter nucleus. Our independent results support the conclusion that the large
mirror asymmetry is close to the proton halo structure in 26P.

Keywords: isospin symmetry breaking; β-delayed γ decay; shell-model calculation; halo structure;
clover-type HPGe detector

1. Introduction

In 1932, Heisenberg introduced the elegant concept of isospin, which described the
charge-independence of nucleons in nuclei, namely, he considered protons and neutrons
the same particles in different states [1]. This has been proven valuable in simplifying the
construction of the nucleon–nucleon interactions in nuclear models, as well as in describing
both systematic and specific features of nuclear structures [2]. However, because of the
differences in mass and electromagnetic interaction between a proton and a neutron, the
concept of isospin symmetry is approximate. Isospin symmetry breaking caused by the
Coulomb force acting between protons and other isospin nonconserving (INC) forces [3]
frequently implies new physics, and the systematic study of the origin of breaking is
extremely important for a deeper understanding of the fundamental nuclear force and
the nuclear structure. In a recent study, the evidence of mirror-symmetry violation for
the ground state within the 73Br/73Sr partners was reported [4]. The ground states of the
particle-bound nuclei 73Sr and 73Br appeared to have Jπ=5/2− and Jπ=1/2−, respectively.
The breaking of symmetry was probably revealed by an inversion of states, this observation
offering insights into charge-symmetry breaking forces acting in atomic nuclei.

Investigating β decays of mirror nuclei which have the interchanged number of pro-
tons and neutrons is of fundamental importance in nuclear and particle physics, since it
directly addresses the isospin symmetry problems. In Gamow–Teller (GT) transitions,
the reduced transition probability ( f t±) values can be extracted to define the mirror
asymmetry parameter:

δ =
f t+

f t−
− 1, (1)

where the f t+ and f t− values are associated with the β+ decay and the β− decay of the
mirror pair, respectively. The δ also describes the extent of isospin-symmetry breaking [5].
Large asymmetries in mirror Gamow–Teller transitions have been associated with tran-
sitions involving halo states [6]. So as to systematically study the isospin symmetry
breaking, β decays of the sd shell mirror nuclei near the proton drip line have been
investigated [7–15]. The largest value of mirror asymmetry (δ = 209(96)%) in low-lying
states in 22Si/22O was found in a recent paper [8], supporting the proton halo in 22Al.
For the extremely proton-rich phosphorus isotopes, the mirror asymmetry parameters in
26P/26Na partners was observed to be 51(10)% [14].
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The INC forces related to the s1/2 orbit, commonly adopted to interpret isospin-
symmetry breaking for the nuclei in sd shell, were used to reproduce the large mirror
asymmetry between 26P and 26Na [5]. These results support the conclusion that 26P is a
candidate nucleus with a proton halo. In addition, the low separation energy of 26P with
narrow momentum distribution and enhanced cross section observed in proton-knockout
reactions was associated with the existence of a proton halo in 26P. In this paper, we present
the independent and rather complete results of the β-delayed γ decay of 26P. The mirror
asymmetries were discussed concerning the shell-model calculation.

2. Experimental Setup

The experiment was performed at the Heavy Ion Research Facility of Lanzhou
(HIRFL) [16] in November 2017. The secondary radioactive ions were produced via the
projectile fragmentation of the 32S16+ beam impinging on a 1581-µm-thick 9Be target, which
was accelerated to 80.6 MeV/nucleon at intensity of∼87 enA (∼5.4 pnA) using the K69 Sector
Focus Cyclotron and the K450 Separate Sector Cyclotron. The Radioactive Ion Beam Line in
Lanzhou (RIBLL1) [17] was a powerful tool concerning optimization and selection of 26P.

The particle identification was done by the combination of energy loss (∆E), time
of flight (ToF), and magnetic rigidity (Bρ), shown in Figure 1, according to the LISE++
simulation [18]. The ToF was measured by two plastic scintillators (T1,T2), and the ∆E
was measured by two silicon detectors (∆E1, ∆E2). The correlations using energy and time
signals were applied to acquire the valid number of implanted 26P ions from contaminants.

Figure 1. Two-dimensional identification plot of ∆E and ToF for the ions in the secondary beam.
The heavy ions of 26P are marked with a red circle. The others are marked with the corresponding
isotope symbols.

The detection system reported in reference [19] consisted of three double-sided silicon
strip detectors (DSSDs) [20] backed by three quadrant silicon detectors (QSDs) [21] sur-
rounded by five clover-type high-purity germanium (HPGe) detectors and three lanthanum
bromide detectors. The different thicknesses of the detectors are given in Table 1. A series
of measurement techniques, such as circulating alcohol cooling, constant fraction timing,
and front and back coincidence of DSSDs, were used to improve the signal-to-noise ratio
and the accurate measurement of decay events with high detection efficiency and low
detection energy threshold [22].

Table 1. The thickness of different detectors used in this experiment.

Detectors DSSD1 DSSD2 DSSD3 QSD1 QSD2 QSD3

Thickness (µm) 142 40 304 1546 300 300
Area(mm2) 49.5 × 49.5 49.5 × 49.5 49.5 × 49.5 50 × 50 50 × 50 50 × 50
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The 304-µm-thick DSSD3 was an important supplement to DSSD2 due to a higher
detection efficiency for high-energy protons and β particles. QSDs of different thicknesses
were set in the downstream of the beam, in which 1546-µm-thick QSD1 was used to detect β
particles and take protons escaping from DSSDs into account. Besides, 300-µm-thick QSD2
and QSD3 were located at the very end of the beam and used to serve as anti-coincident
detectors for light particles. The surrounding Clover-type HPGe detectors were placed
outside the silicon detectors to measure γ rays emitted after the β decay.

The SPA02- and SPA03-type charge sensitive amplifiers (CSAs) [22] were assembled
in all the silicon detectors. Since the three DSSDs are needed to measure high-energy
implanting signals and low-energy decaying signals simultaneously, the output signals
of the preamplifiers via 16 printed circuit board (PCBs) feedthroughs were split into
two different amplitudes. The data acquisition system PKU DAQ was triggered by the
implantation or decay signals of the three DSSDs. The DAQ system was adapted from
the RIBF DAQ [23]. More detailed information concerning this experiment is given in
reference [9].

Our experimental setup was quite similar to the one by J.C.Thomas [24]. Because of
more implanting DSSDs and surrounding HPGe detectors, we got more accurate data as
well as the position information and the β-delayed particles simultaneously. Not only that,
we also measured and calculated the 25 Al(p, γ)26Si reaction rate [19]. Focusing mainly on
the β-delayed γ rays, germanium double-sided strip detectors (GeDSSDs) and 16 SeGA
detectors were used in the experiment by Pérez-Loureiro [14]. So the partial branching
ratio of the γ ray was slightly more accurate than ours.

3. Data Analysis and Experimental Results

In continuous beam mode, the nuclei of interest were stopped by DSSDs. The total
thickness of Al degraders in this experiment was set as 220 µm so that the proportions
of 26P ions stopped in DSSD2 and DSSD3 were approximately equal. The high energy
calibrations of three DSSDs could be performed by the secondary beam combined with
LISE ++ calculations [18], and then the particle energies were converted to the implanted
depths using the SRIM program [25]. The secondary beam was scattered through multiple
sets of Al degrader, making the distribution of 26P more uniform across the silicon surface.
Figure 2 shows the surface distributions of 26P implanted on DSSD3 in the x-y axis. The
stopped position of each 26P particle could be determined by the x-y information to obtain
the original position of each decay particle. The total number of 26P implantations in
DSSD1, DSSD2, DSSD3 were 6954, 139,308, and 139,801, respectively.

Figure 2. The surface distributions of 26P ions implanted on DSSD3 in the x-y axis.
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3.1. Half-Life

Each DSSD was divided into 16 × 16 pixels, and the correlations were based on the
time difference between the implantation events and the decay events recorded in the same
pixel. The decay-time spectrum is shown in Figure 3. Most of the implantation events
were correlated with the decay events under the high implanting rate beam condition,
except for a relatively small number of noise or background events which would form a
constant background on the decay-time spectrum. The fitting was performed by Maximum
Likelihood Fitting (MLF) [26]. The fitting expression is shown in the following:

N(t) = Ae
−tln2
T1/2 + B (2)

where N(t) is the total number of ions decaying in unit time, t is the decay time, A is the
number of ions decaying at the beginning, B is the constant background in the decay, and
T1/2 is the half-life. The half-life of 26P was deduced to be T1/2 = 43.7 ± 0.3 ms with the
error of the fitting uncertainty (including statistical error), which is in good agreement with
the literature value of 43.7 ± 0.6 ms given by J.C.Thomas et al. [24].

Figure 3. The decay-time spectrum of 26P.

3.2. β-Delayed γ Rays

In this experiment, five Clover-type HPGe detectors were installed to measure γ rays.
The β-γ detection efficiency was defined by the product of the detection efficiency of β
particles in DSSDs and the detection efficiency of γ rays in the Clover-type HPGe detectors.
Since the thickness of DSSD3 (304 µm) is much larger than that of DSSD1 (142 µm) and
DSSD2 (40 µm), only the β signal in DSSD3 and the corresponding γ rays recorded by the
Clover-type HPGe detectors were used for the calibration of the β-γ detection efficiency.
The number of β-delayed γ rays observed at energy E is

Nγ(E) = N0 × εβγ(E)× Iγ(E) (3)

where N0 is the total number of ions stopped in DSSD3, εβγ is the β-γ detection efficiency
parametrized by ε = aEb, and Iγ is the absolute γ-ray intensity. The β-γ detection efficiency
was obtained by 452 keV (18.4(42)%), 493 keV (15.3(34)%), 945 keV (10.4(23)%), 1612 keV
(15.2(32)%) from 25Si [24] and 1248.5 keV (38.2(69)%),1985.6 keV (31.1(54)%), 2062.3 keV
(34.1(58)%) from 22Al [27] β-delayed γ rays.

Figure 4 shows the γ spectrum coincided with β particles in the decay of 26P. Fifteen
peaks were identified, of which 13 labeled γ1–γ13 are directly related to the decay of 26P.
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The total uncertainty was associated with the fitting uncertainty and the calibration of
detectors. Statistically, the significant peak in the spectrum is the well-known 511 keV γ
ray originated from the positron–electron annihilation. The 1367 keV ray is assigned as
the deexcitation from the first 2+ excited state to the ground state of 24Mg. The detailed
information of the β-delayed γ-ray transitions are listed in Table 2.

Figure 4. γ-ray spectrum of 26P in coincidence with a β particle from 26P decay. Peaks have been
labeled by the energy.

Table 2. Data on the β-delayed γ-rays of 26P. Total 13 γ peaks have been identified.

Peak Eγ (keV) Iγ (%) Jπ
(i) Jπ

( f ) E∗
i (keV) E∗

f (keV)

γ1 968.6(7) 1.5(3) 3+ 2+ 3756.5(3) 2786(1)
γ2 986.6(7) 5.7(9) 2+ 2+ 2786(1) 1796.1(2)
γ3 1329.4(6) 1.4(3) 4+ 3+ 5515.8(6) 4185.4(11)
γ4 1399.4(6) 3.5(15) 3+ 2+ 4185.4(11) 2786(1)
γ5 1759.3(6) 0.3(1) 4+ 3+ 5515.8(6) 3756.5(3)
γ6 1796.1(2) 58(3) 2+ 0+ 1796.1(2) 0
γ7 1960.4(9) 1.6(5) 3+ 2+ 3756.5(3) 1796.1(2)
γ8 2019.6(5) 3.2(14) 2+ 2+ 4805.6(11) 2786(1)
γ9 2342.3(9) 5.1(10) 2+ 2+ 4138.4(9) 1796.1(2)
γ10 2388.4(6) 1.5(4) 3+ 2+ 4185.4(11) 1796.1(2)
γ11 2647.9(4) 1.0(4) 4+ 2+ 4444.0(4) 1796.1(2)
γ12 2729.5(4) 0.6(3) 4+ 2+ 5515.8(6) 2786(1)
γ13 2786(1) 3.7(7) 2+ 0+ 2786(1) 0

3.3. Discussion

Excitation energies of the low-lying proton-bound states in 26Si were deduced by the
measured γ ray energies. The branching ratio of the proton-bound excited energy level
was deduced from the related γ-ray intensities:

BR = Iout − Iin (4)

where Iout (Iin) is the total intensity of γ ray observed decaying from (feeding to) the energy
level in the present experiment.

The β-feeding intensity to the 1796 keV state of 26Si was determined to be BR1 =
43.1(34)% by extracting the intensities of the 968.6(7)-, 986.6(7)-, 1796.1(2)-, 2342.3(9)-,



Symmetry 2021, 13, 2278 7 of 11

2388.4(6)-, and 2647.9(4)-keV γ rays. Because of the large uncertainty, the intensity of
the 2782 keV excited state could not be determined. Figure 5 shows the partial decay
scheme of 26P deduced from present experiment data comparing with mirror nuclei 26Na
in corresponding energy levels.

In order to investigate the isospin asymmetry, we compared the Gamow–Teller de-
cays between the mirror partners. The corresponding log f t value for each state of 26Si
was calculated using the LOGFT analysis program provided by the NNDC website [28]
incorporating the half-life, the excitation energies, the β feeding intensities, and β-decay
energy (QEC/Qβ− ). The mirror asymmetries for the first 2+ excited states between 26Si and
26Mg, extracted from experimental data of the present work and the mirror nucleus 26Na,
is 46(13)%, which is in good agreement with the literature value of 51(10)% [14]. For the 3+1
and the 2+3 states between 26Si and 26Mg, the mirror asymmetry parameter are −19(19)%
and −31(15)%, respectively, as shown in Table 3. Due to the low branching ratio, we did
not calculate the mirror asymmetry parameter for the 4+ excited state. The mirror energy
difference (MED) represents the degree of energy differences between the TZ = ±T states
for the mirror nuclei [29,30]:

MED = Ex(I, T, TZ = −T)− Ex(I, T, TZ = T) (5)

where Ex(I, T, TZ = −T) is the excitation energy of the states of spin I and isospin T, Tz.
The data are listed in Table 3.

Table 3. Comparison between the transitions in the mirror β decays of 26P/26Na.

26P(βγ) 26Si, TZ = −2 26Na(βγ) 26Mg, TZ = 2

T1/2 = 43.7(3) ms, QEC = 18,258(90) keV T1/2 = 1.07128(25) s, Qβ− = 9354(4) keV [31]

Jπ
i

26Si E∗ (keV) BR (%) log ( f t+) 26Mg E∗ (keV) BR (%) log ( f t−) δ (%) MED

2+1 1796.1(2) 43.1(34) 4.88(4) 1808.81(16) 87.80(7) 4.7148(12) 46(13) −13(16)
3+1 3756.5(3) 2.8(6) 5.78(10) 3941.48(17) 1.31(4) 5.870(14) −19(19) −185(17)
2+3 4138.4(9) 5.1(10) 5.46(9) 4332.02(17) 1.65(3) 5.62(1) −31(15) −180(21)
3+2 4185.4(11) 3.6(16) 5.6(2) 4350.02(17) 3.17(7) 5.33(1) 86(86) −165(20)

Figure 5. (Left) Partial decay scheme of mirror nuclei 26Na. (Right) Partial decay scheme of 26P
deduced from present experiment data.
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In a pure Gamow–Teller transition, the f t value is related to the nuclear matrix element
through the expression:

f t =
K

( gA
gV
)2BGT

(6)

where K is a constant, gV and gA are the free-vector and axial-vector coupling constants of
the weak interaction, and BGT is the Gamow–Teller reduced transition probabilities [32].
Therefore, the mirror asymmetry parameter δ could be expressed in another way through

δ =
f t+

f t−
− 1 =

B−GT
B+

GT
− 1 =

∆BGT

B+
GT

(7)

where the deviation ∆BGT is defined as ∆BGT = B−GT − B+
GT .

The properties of sd shell nuclei were studied by the Hamiltonian including USD [33,34],
USDA, and USDB [35], which are represented in Table 4. Each of these three Hamilto-
nians are isospin symmetric with zero values of δ. Because of the weakly bound nature
of proton s1/2 orbit, it is suggested both one- and two-body parts of Hamiltonian should
be modified [36]. After modification, MED is well reproduced in mirror partners around
A = 20. In the present work, only the transition to the first 2+ state is concentrated because
the absolute values of other BGT transitions are small. The δ values feeding the first 2+

excited state are 22%, 17%, and 16% given by modified USD, USDA and USDB, respectively
(WBE1 in Table 4). The shell-model calculations do not agree with the experimental results
perfectly. Actually, the WBE should be considered in not only the Hamiltonian but also
the overlap of the wave function. If the proton s1/2 orbit in the Gamow–Teller transition
is weakly bound while the neutron s1/2 orbit is not, the overlap of their wave functions
is smaller than one. Considering both weakly bound effects in both the Hamiltonian and
the wave function, the δ are corrected to 55%, 51%, and 49% (WBE2 in Table 4), fitting well
with the experimental value 46(13)%.

Generally, the large mirror asymmetries were caused by those nuclei where more
protons occupy the s1/2 orbit near the proton drip line. This also explains that those nuclei
have a smaller proton separation energy than the neutron separation energy in their mirror
nuclei. The mirror asymmetry known as the Thomas–Ehrman shift [37,38] corresponds to
the reduction of the Coulomb energy caused by the spatial expansion of the s-wave proton.
The total Hamiltonian, including the Coulomb energies for protons, the single-particle
energy shifts resulting from the spin-orbit interaction for both protons and neutrons, and
the isospin-nonconserving (INC) forces are usually theoretically discussed to intepret the
problems of mirror asymmetry [3]. Thus, the calculation concerning INC forces associated
with the s1/2 orbit are important to explain the large mirror asymmetry. The quantitative
calculation including the T = 1, J = 2, 3 INC forces by Kaneko and Sun [5] reproduced the
results in 26P/26Na.

Table 4. Comparison of calculated δ values using different Hamiltonian for the first 2+ excited state.

Hamiltonian
δ

Origin WBE1 WBE2
USD 0% 22% 55%

USDA 0% 17% 51%
USDB 0% 16% 49%

From the above results, it could be concluded that the Coulomb force acting between
protons and other INC forces would lead to an extended proton wave function and give
rise to mirror asymmetry when approaching the proton drip line.
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4. Conclusions

In the present work, the experiment was carried out using the RIBLL1 facility at HIRFL
to study the β decays of proton-rich nuclei 26P. The excitation energies and branching ratios
of the low-lying proton-bound states were determined. A total of thirteen β-delayed γ-ray
branches of 26P were identified by five clover-type HPGe detectors. Compared with the
information of its mirror nucleus, 26P was investigated for the mirror asymmetries. The
mirror asymmetry parameter for the first 2+ excited state of 26Si and 26Mg extracted from
this experiment was deduced to be 46(13)%, which is well reproduced by the shell-model
calculations considering the weakly bound effect in both the Hamiltonian and the wave
function. Our results and the observation by Pérez-Loureiro [14] support the conclusion
that the large mirror asymmetry is close to the proton halo structure in 26P.

We wish to acknowledge the support of the HIRFL operations staff for providing
high-quality beams and the effort of the RIBLL1 collaborators in performing the experiment.
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