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We present a high-precision mass measurement of the proton-rich nucleus **Si, performed with the LEBIT
Penning trap at the Facility for Rare Isotope Beams (FRIB) utilizing the time-of-flight ion cyclotron resonance
(TOF-ICR) technique. We determined a mass excess of 23362.9(5.8) keV, which agrees with a recent storage-ring
measurement from the experimental Cooler-Storage Ring (CSRe) in Lanzhou but has a factor of 20 improved
precision. 2*Si is hence the nucleus with the most precisely known mass among all nuclei with an isospin
projection of 7, = —5/2. We performed shell-model calculations with the USDC and USDCm Hamiltonians to
study binding energy differences and Thomas-Ehrmann shifts in mirror systems with an isospin up to 7' = 5/2.
Our experimental result and other recently reported masses of neutron-deficient sd-shell nuclei agree well
with the theoretical predictions, demonstrating that isospin symmetry breaking in sd-shell nuclei—even at high
isospin values—is well described by modern shell-model calculations.
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I. INTRODUCTION

Atomic nuclei are fascinating quantum many-body systems
composed of two types of fermions: protons and neutrons.
Protons and neutrons have nearly identical masses and demon-
strate similar behaviors when interacting through the strong
nuclear force. In the 1930s, Heisenberg [1] and Wigner [2]
introduced the concept of isospin, which revolutionized the
understanding of nuclear forces and has become a cornerstone
in the theoretical modeling of atomic nuclei. The isospin
quantum number T describes the symmetry of nuclear states
under the strong force. Both protons and neutrons are as-
signed the same isospin value of 7 = 1/2, but differ in their
isospin projection: protons have 7, = —1/2, while neutrons
have T, = 1/2. For a given nucleus with total isospin 7', the
isospin projection is given by T, = (N — Z)/2, where N is the
number of neutrons and Z is the number of protons. Figure 1
shows the proton-rich side of the nuclear chart for Z = 13 to
Z = 20 with nuclei having the same isospin 7 depicted in
the same color. Pairs of nuclei with the same total number
of nucleons but exchanged proton and neutron number, e.g.,
39¢CI and °Al, are called mirror nuclei. Assuming perfect
isospin symmetry, the difference between the binding energies
of mirror partners is zero. However, while isospin symmetry
provides a useful approximation, it is not exact. One of the
primary sources for this symmetry breaking is the Coulomb
interaction between the protons [3,4] causing a small but
measurable difference in the binding energy of mirror nu-
clei. Furthermore, other effects, such as those arising from
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charge-dependent nucleon-nucleon interactions [3,4], con-
tribute to further symmetry breaking.

Taking these symmetry breaking effects into account, the
concept of isospin remains a powerful tool for predicting
excitation energies and ground-state masses of exotic nuclei
that are challenging to probe experimentally. This predictive
capability is exemplified by the isobaric multiplet mass equa-
tion (IMME), which relates the mass excess M of the 27 + 1
nuclear states of a given isobaric multiplet according to

M, T,T,) =a(a, T)+ b(a, T)T, + c(«, T)TZZ, (1)

where a, b, and c are fitting parameters and o« describes the
spin-parity of the state. The 27 + 1 nuclear states of a given
isobaric multiplet are also often referred to as isobaric analog
states. They have the same isospin T, the same mass number
A, and the same spin-parity J”* but a different isospin projec-
tion 7. The IMME is used to predict masses for modeling
stellar evolution [5-7], as well as to estimate the location
of the proton drip line, which is essential to understand the
limits of nuclear stability [4]. Moreover, isospin symmetry
and its breaking also play a significant role in particle physics,
especially in testing the unitarity of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [8—11]. In this way, the study of
isospin symmetry breaking is not only relevant for nuclear
physics but also deepens our understanding of particle physics
and the intricate relationships between the forces that govern
both the atomic nucleus and subatomic particles.

In recent years, advances in experimental techniques have
provided new data on exotic nuclei far from stability with high
isospin values; see Fig. 1. In particular, the masses of several
T. = —5/2 nuclei have only very recently been published,
such as **Ca [12] in 2023 and *'Al [13], #*Si [14], 7S [14],

©2025 American Physical Society
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FIG. 1. The nuclear landscape in the region of 2*Si. Individual
nuclei are colored based on their respective isospin 7. A black
dashed border refers to an unmeasured mass, a black dotted border
to a stable nucleus, no border to a mass measurement reported in
AME2020 [16], and a red full border to a recent mass measurement
as reported in this work for 22Si and in Refs. [12-14,17,18].

and 3'Ar [14] in 2024. These new masses, along with the
high-precision mass measurement of 2°Si presented in this
work, provide a rich data set to explore isospin symmetry
breaking in nuclei with high isospin. The mass of 2*Si was
measured at the Low Energy Beam and Ion Trap (LEBIT)
at the Facility for Rare Isotope Beams (FRIB) and improves
the previous precision by a factor of 20. By comparing the
experimental binding energy differences of mirror nuclei up to
T = 5/2 with shell-model calculations [15], we can refine our
understanding of the Coulomb force’s role and other isospin
symmetry breaking effects and contribute to the broader effort
to decode the intricate dynamics of atomic nuclei.

II. EXPERIMENTAL METHOD AND ANALYSIS

The ions of interest were produced at FRIB by projec-
tile fragmentation. After acceleration to an energy of 290
MeV/nucleon in FRIB’s superconducting Linear Accelera-
tor [19] the primary 28Si'** beam impinged upon a 17.67 mm
thick '>C target, creating a wide variety of different ion
species including 23Si'**. The ions of interest were sepa-
rated by the Advanced Rare Isotope Separator (ARIS) [20]
from most of the other reaction products, as well as the
primary beam, and sent to the Advanced Cryogenic Gas Stop-
per (ACGS) [21]. The momentum of the purified beam was
compressed using a 1004 um thick Al wedge at an opening
angle of 5 mrad as well as a 7899 um thick Al degrader at
an angle of 41 degrees in the last energy-dispersive beamline
section leading to ACGS. These settings were optimized for
another experiment, in which fully stripped *Si was present
as an isotone. Afterwards the beam was stopped in the gas
stopper via collisions with helium buffer gas. To guide the

ions to the extraction orifice, radio-frequency (RF) carpet
surfing [22] was used. After extraction, the ions were passed
through a radio-frequency quadrupole acting as a beam cooler
and differential pumping barrier, accelerated to a beam energy
of 30 keV, and mass-separated by a dipole magnet with a mass
resolving power of ~1500. A continuous beam consisting
only of 2Si*, 2 AlT, 2Mg™, and >?Na™ was then sent towards
LEBIT. At LEBIT, the ions were injected into a linear Paul-
trap cooler-buncher [23] which contained helium buffer gas
to facilitate accumulation, cooling and bunching of the ions.
After a cooling time of 15 ms, the ions were extracted from
the Paul trap as well-defined ion bunches with significantly
reduced longitudinal and transversal emittance. Subsequently,
they were guided into LEBIT’s 9.4 T hyperbolic Penning trap
for further manipulation and analysis [24]. In the Penning trap,
the ions were confined in three dimensions by a superposition
of a magnetic field B and an electrostatic quadrupole field.
The motion of the ion is described by three distinct eigenfre-
quencies: an axial frequency v, and two radial frequencies, v_
(magnetron frequency) and v, (reduced cyclotron frequency).
In ideal conditions, the cyclotron frequency v, is given by the
sum of the two radial frequencies, v, = vy + v_ [25]. It is
related to the ion’s mass-over-charge ratio m/q via

Ve = ——. )

To account for uncertainties and drifts in the magnetic field,
measurements of v. of 2Si* were interleaved with those of
the well-known stable reference 2Na™, Veref- The cyclotron
frequency ratio R is then given by

Ve
R =

. 3
Ve, ref
The mass of 23Si was calculated by combining Eqgs. (2) and (3)
taking the mass m;.¢ of the reference ion 23Na into account and
accounting for the mass of the missing electron m,,

1
m = E(mref _me)"f'me- (4)

In this study, the time-of-flight ion cyclotron resonance
(ToF-ICR) technique [26-28] was used to measure v.. After
extraction from the Paul-trap cooler-buncher, the ions were
directed off center by a Lorentz steerer [29] to produce an
initial magnetron radius once the ions are trapped in the Pen-
ning trap. In the Penning trap, the ion sample was first cleaned
against the remaining isobaric contamination by employing
dipolar RF excitation for 15 ms near the respective frequen-
cies of the contaminating species. Afterward, a quadrupole
RF excitation pulse was applied with a frequency near the
expected cyclotron frequency of the respective nucleus. An
excitation time of 250 ms was chosen for the stable reference
2Na. Considering 2*Si has a half-life of only 42.3 ms [30],
the quadrupole excitation time for 2*Si was reduced to 5 or 25
ms. The quadrupole excitation pulse converted the slow mag-
netron motion into a fast reduced cyclotron motion. The ions
were then ejected from the Penning trap toward a microchan-
nel plate (MCP) detector located further downstream. The
frequency of the quadrupole pulse vgr was scanned resulting
in a variable conversion of the magnetron motion to cyclotron
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FIG. 2. A summed ToF-ICR spectrum of the last two cyclotron
frequency measurements (numbers 4 and 5) taken for *Sit with a
quadrupole excitation time of 25 ms. The spectrum is formed by 1598
ions. The full red line shows a x2-minimization fit to the data points
depicted in black as described in [28]. The cyclotron frequency v, is
obtained from vgg at the minimum time of flight of the fit.

motion and the ions’ time of flight to the MCP detector was
recorded. The relationship between time of flight and the
applied quadrupolar frequency vgg is shown in Fig. 2. As
vrr approached the cyclotron frequency v, the radial energy
of the ions increased, resulting in a shorter flight time. The
minimum flight time occurred when vgr matched v, enabling
a determination of v,.

Five cyclotron frequency measurements of 23Si* were in-
terleaved with measurements of the stable reference *Na*
within a total measurement time of 5 hours. For the first
measurement of 23Si*, the quadrupole excitation time was
5 ms in order to quickly provide an identification of 23Si;
for the remaining measurements 25 ms excitation time was
chosen to improve the precision. The first measurement of
238i* lasted 15 minutes, while the remaining measurements
lasted 1 hour each. On average 0.2 23Si* ions/s were detected
on the MCP detector; for the first measurement we hence had
119 detected ions and for the remaining four measurements
720 detected ions on average. Each individual measurement
of the stable reference >*Na* took approximately 3 minutes.
The number of injected >*Na* ions was capped at 2 ions/s
to minimize Coulomb interaction of the ions stored in the
Penning trap [26].

III. RESULTS

The measured frequency ratios R of 2*Si* and **Na™ rel-
ative to the weighted average cyclotron frequency ratio R =
0.998 466 34(27) are shown in Fig. 3. The mass excess of 23si
follows as 23362.9(5.8) keV; see Eq. (4). Systematic errors
have been studied in great detail in previous work and are
negligible compared to the statistical error: Mass-dependent
shifts of the cyclotron frequency caused by magnetic field
inhomogeneity and imperfections in the trap lead to an
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FIG. 3. Cyclotron frequency ratios R with respect to the average

ratio R = 0.998 466 34(27). The gray bar shows the £10 uncertainty
inR.

uncertainty of approximately 8z ~ 2 x 1071°/nucleon [31].
Nonlinear time-dependent shifts in the magnetic field con-
tribute to an additional uncertainty of §z < 10~ per hour [32].
To mitigate these, regular reference measurements were
conducted. The cyclotron frequency ratio R was regularly
compared to the expected R of possible (molecular) isobars.
No such isobars were present within the uncertainty limit, thus
validating that the measured ions were 23Si*.

Our measured mass excess value of 23Si, 23362.9(5.8)
keV, represents a factor 20 improvement in precision com-
pared to the previous measurement performed at the Cooler-
Storage Ring (CSRe) in Lanzhou, which was based on only
seven total counts [14]. Our measurement shows that 23Si is
174(120) keV more bound than the CSRe and 587(500) keV
more bound than the extrapolation in AME2020 [16] (see
Fig. 4 and Table I).

IV. DISCUSSION

Thanks to our new measurement, = Si is the nucleus with
the most precisely known mass of all the 7, = —5/2 nu-
clei. The difference in binding energy between >°Si and
its mirror partner >’F is given by subtracting the ground
state binding energy of 23Si [151324.5(5.8) keV] from the
ground state binding energy of BF [175314(34) keV] [16]
amounting to AE = 23.984(31) MeV. Together with other
recent mass measurements of 7, = —5/2 and 7, = —2 nu-
clei [see Figs. 1 and 5] and the mass measurements reported
in AME2020 [16], a rich data set of binding energies
was compiled and compared with shell-model calculations
employing the USDC Hamiltonian [15]. This Hamiltonian
was derived for sd shell nuclei that explicitly contained

—
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23400 .
AME2020
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CSRe This work

FIG. 4. Mass excess for 2*Si compared with the extrapo-
lated value from AME2020 [16] and the recent measurement by
CSRe [14].
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TABLE L. Mass excess for *Si compared with the extrapo-
lated value from AME2020 [16] and the recent measurement by
CSRe [14].

Mg (keV)
AME2020 (extrapolated) 23950(500)
CSRe 23537(119)
This work 23362.9(5.8)

isospin-breaking interactions. It was assumed that a single
“Universal” set of single-particle energies (SPEs) and two-
body matrix elements (TBMESs) can be used for all nuclei with
Z and N between 8 and 20. The strong interaction TBMEs
were taken to have a smooth mass dependence proportional
to (18 /A)0'3. The TBME:s for the Coulomb interaction were
calculated with harmonic-oscillator radial wave functions for
288i with /iw = 12.1 MeV. These were scaled for other nuclei
with a smooth mass dependence of the form (28/A)” with
p = 1/6 as expected for a potential with V (r) = 1/r evaluated
with fiw proportional to A~!/3, The Coulomb interaction could
be isolated by the energy differences of the mirror nuclei, AE.
These are connected to the b coefficient of the IMME [see
Eq. (1)] by b = AE /(2T ). With the fixed Coulomb TBME:s,
the three SPEs associated with the Coulomb interaction were
adjusted to fit the b coefficients with a resulting rms difference
between experiment and theory of 65 keV (see Fig. 6 in
Ref. [15]).

The experimental and theoretical binding energy differ-
ences AE for the sd-shell ground states are shown in Fig. 6
for the respective mirror pairs from 7 =1/2 to T =5/2.
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FIG. 5. Nuclei with isospin 7 = 5/2 in the sd shell: The mass
excess values are taken from AME2020 [16] except for 2! Al [13],
23Si (this work), 2’S [14], 3' Ar [14], and ¥Ca [12]. A black dashed
border around a nuclide refers to an unmeasured mass, a full red
border to a recent mass measurement and no border to a mass mea-
surement as reported in AME2020 [16].

40
—— USDC Ham.
35{ e Expt. (AME2020) T=5/2
= Expt.
301 T=2
251
S T=3/2
([}
= 20
wy
g
151 T=1
10
/:‘
5< '/‘__/‘—MY.
0

6 8 10 12 14 16 18 20
Neutron Number

FIG. 6. Binding energy differences AE as a function of the
neutron number of the mirror pair nucleus with 7, = —T': the ex-
perimental data points shown as blue dots are calculated from the
mass measurements reported in AME2020 and the experimental data
points shown as red squares are calculated based on AME2020 as
well as the recent mass measurements of 2! Al [13], 23Si (this work),
275 [14], ¥ Ar [14], and **Ca [12] for T = 5/2 as well as 2Al [17],
26p [14], %8S [14], and 3*K [18] for T = 2. The errors are smaller than
the dots. In black the corresponding binding energy differences from
shell-model calculations employing the USDC Hamiltonian [15] are
shown.

The present result for the mirror pair *Si-*F and other ex-
perimental results obtained after the USDC Hamiltonian was
established in 2020 are depicted as red squares.

When plotting the differences between the theoretical and
experimental values AEgyy. — AEeory [see Fig. 7 (red dots)],
it can be seen that the largest deviation is typically around
neutron number N = 11-15, amounting up to 330 keV. This
is associated with mirror pairs where the 1s;/, orbital becomes
occupied in the ground state. It indicates that the SPE for the
L1/, orbital for these cases is about 100 keV too small, which
is related to the Thomas-Ehrman (TE) shift [33,34]. The 1s;,»
SPE used for the USDC Hamiltonian is strongly influenced
by the binding energy differences AE of excited states below
A = 28, where the 151/, orbital is more loosely bound. The
valence proton in the lsi,; orbit of the proton-rich mirror
partner is very weakly bound, leading to an increased radial
extent of the wave function. Due to the reduced Coulomb
repulsion, the proton-rich mirror partner is hence more bound
than the neutron-rich counterpart. This results in a reduced
AE for loosely bound states that contain some 1s;/, proton
occupation, as discussed in Ref. [15].

Figure 7 also shows the results for AEgxy. — AEeory
for another Hamiltonian called USDCm (blue squares). This
USDCm Hamiltonian results by considering a fit to the b coef-
ficients and by using the single-value-decomposition method
to obtain a modified set of Coulomb TBMEs [15]. The mod-
ifications of nine linear combinations of Coulomb TBMEs
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FIG. 7. Deviations of the binding energy differences between
experiment and calculations AEgyy, — AEpcory as a function of the
neutron number of the mirror pair nucleus with 7, = —T. The red
points show the deviations when employing the USDC Hamiltonian
and the blue squares show the ones for the USDCm Hamiltonian.
The error bars are only given by the respective experimental errors
on the binding energies differences AEgyy,..

decreased the b-coefficient root-mean-square deviation from
65 to 45 keV (see Fig. 6 in Ref. [15]). The TBME modification
reduces the positive bump in the energy differences around
N=11-15forT =1/2to T =2. For T =5/2 it however
results in larger deviations for the mirror pairs *Si->*F, 27§—
?Na, and *' Ar—*! Al amounting up to 380 keV.

The TE shift is a nucleus and state-dependent energy shift
that cannot be obtained from a fixed (universal) set of SPEs
and TBME:s. It requires one to explicitly take the nucleus and
state-dependent continuum into account. The main contribut-
ing factors to the TE shift is the occupation of the 1s;, orbital
and the average one-proton separation energy .ST;, [15]. In the
formalism of Ref. [15], the 15, orbital contribution to the TE
shift is given by

TEww = »_ TEw(S)) C*S(E,), ()

Ex

where TEg, is the single-particle TE shift given for proton
number Z = 14 in Fig. 11 of Ref. [15] for a 8Si (Z = 14)
core, and

S, =8,(*2) + E[*"'(Z - 1. (6)

TABLE II. Proton occupation number of the 1s;,, orbital, theo-

retical separation energies and TE shifts for 7, = —5/2 nuclei with a
neutron number N between 8 and 15.

S, S, TEw(S,) TEpe  TEow
N Nucleus (Is;;) (MeV) (MeV) MeV) (MeV) (MeV)
8 21AL 027 —140 4.0 —0.12  —0.03 —0.04
9 3Si 0.52 209 38 —0.13  —0.07 —0.07
10 %p 1.07 =157 1.0 —-0.32 —0.34 —0.88
11 7s 1.52 096 14 —-027 —041 —0.36
12 *q 1.75 =274 1.0 —-032 —-0.56 —0.70
13 Ar 1.78 079 22 —-021 —-0.37 —0.34
14 B 195 —248 2.7 —0.18 —0.35 —046
15 *Ca 2.00 124 44 —0.11 —0.22 —0.26

E.[A~Y(Z —1)] is the excitation energy of the nucleus
A=1(Z — 1). In general, there are many final states in the
nucleus A~1(Z — 1) that can be reached by the removal of a
sy, proton. It is useful to consider the average excitation
energy of the final state,

s Tp EITNZ - 1ICSE)

. S, CSE) @
and the average proton separation energy,
S, = $p("Z) + Ex. ®)
to derive an approximate expression for Eq. (5),
TESS, = TEo(S)) Y C2S(Eo) = TE(S))(Ls12),  (9)

Ex

where (ls;/;) is the 1s;,, proton occupation number. The
results for the nuclei with T, = —5/2 are given in Table II.

TEowa and TELE, are approximately equivalent except for
25p. The reason is that the average proton separation energy
amounts to —1 MeV, whereas the 151/, removal is dominated
by the ground state of 2*Si with a calculated ground state to
ground state proton separation energy S, of —1.57 MeV and a
spectroscopic factor of C2S = 0.62. From Fig. 11 of Ref. [15],
TEg, = —1.4 MeV, and the contribution to the total TE shift
is —0.84 MeV. Unfortunately, the mass of 25p is unknown at
present. Due to its short half-life of <30ns [35] it could only
be derived from decay spectroscopy.

The masses of various other 7, = —5/2 nuclei were re-
cently measured and can be compared with theory. As already
discussed, Fig. 7 depicts the differences between the experi-
mental and theoretical binding energy differences, AEgypy. —
AEpeory (red points for the USDC Hamiltonian and blue
squares for the USDCm Hamiltonian). The calculated TE
shift for 2*Si of —70 keV in Table II is small compared to
the observed difference AEgy,. — AEyspc of 181(31) keV
for the mirror pair 2*Si-2F. However, the deviations between
experiment and theory for 7 = 3/2 and T = 2 in Fig. 7 are
also up to 250 keV. This could be due to the use of the scaled
harmonic-oscillator approximation made for the Coulomb
energy calculation. Our experimental result for }Si-—2*F is
consistent with the observed deviation for other nuclei. The
calculated TE shift for 2'Al of —40 keV is also small
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compared to the observed difference of —204(101) keV for
the mirror pair ' AI-?'Q, but the experiment has a larger
uncertainty in this case. For 2’S and *'Ar, the 1s/, occupa-
tions are larger and the calculated TE shift is about —350
keV. Taking into account the theoretical uncertainty, this is
consistent with the negative deviations observed for the mirror
pairs 2’S—*"Na and *! Ar—>' Al in Fig. 7. The largest TE shifts
are obtained for 2P and 2°Cl, but the masses of these two
nuclei have not yet been measured. Finally, ¥Ca has a large
1512 occupation, but a smaller TE shift since this state is more
bound. This is consistent with the trends in Fig. 7.

The generally good overall agreement between shell-model
calculations [15] and experimental values for the binding
energy differences AE demonstrates that the largest isospin
symmetry breaking effect for isospin valuesupto 7 = 5/2 is
the Coulomb interaction.

V. CONCLUSIONS

In summary, we presented mass measurements of 23Si with
a 20-fold increase in precision compared to previous measure-
ments [14], making 2*Si the nucleus with the most precisely
known mass among all of the 7, = —5/2 nuclei. By combin-
ing this new data with existing measurements, we investigated
isospin symmetry breaking effects in sd-shell nuclei up to
an isospin of T = 5/2. The favorable comparison with shell-
model calculations [15] shows that isospin symmetry breaking
effects for sd-shell nuclei are theoretically well described,
even for high isospin valuesupto 7' = 5/2.

Recently, we were made aware of an arXiv preprint [36]
reporting another mass measurement of >3Si from CSRe. It
reports a mass excess value of 23365(16) keV, which is in
excellent agreement with our value of 23362.9(5.8) ke V.
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