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Abstract: The ground-state mass excess of the T, = —2 drip-line nucleus 2 Al is measured for the first time as
18103(10) keV using the newly-developed Bp-defined isochronous mass spectrometry method at the cooler storage

ring in Lanzhou. The new mass excess value allowed us to determine the excitation energies of the two low-lying 17

states in 22 Al with significantly reduced uncertainties of 51 keV. When compared to the analogue states in its mirror

nucleus 22F, the mirror energy differences of the two 1* states in the 2> Al->2F mirror pair are determined to be

—625(51) keV and —-330(51) keV. The excitation energies and mirror energy differences are used to test the state-of-

the-art ab initio valence-space in-medium similarity renormalization group calculations with four sets of interactions

derived from the chiral effective field theory. The mechanism leading to the large mirror energy differences is in-

vestigated and attributed to the occupation of the 751> orbital.
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I. INTRODUCTION

In recent years, ab initio calculations have made sig-
nificant progress, largely due to the introduction of inter-
actions issued from chiral effective field theory [1—4].
Among these achievements, the valence-space in-medi-
um similarity renormalization group approach (VS-IMS-
RG) stands out. This novel approach has dramatically ex-
panded the scope of ab initio calculations, bridging the

gap from the primarily light-mass region to the medium-
mass domain [4-9]. A pivotal insight from these ad-
vanced calculations is the crucial role of the three-nucle-
on force (3NF). The inclusion of 3NF has proven instru-
mental in deepening our understanding of nuclear proper-
ties and elucidating the intricate architecture of nuclear
structure [4, 8—10]. Currently, ab initio calculations have
established themselves as a robust tool in nuclear physics,
offering powerful adaptability for addressing fundament-
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al questions in nuclear structure physics [4, 5].

To date, the application of ab initio calculations in
nuclear structure theory has been mainly concentrated on
even-even and odd-4 nuclei. This preference arises be-
cause their structure is predominantly influenced by
single-particle motions and pairing correlations, which
are well addressed by ab initio calculations. Specifically,
the results of ab initio calculations for structure of even-
even and odd-A nuclei align commendably with experi-
mental data [11-13]. However, when considering odd-
odd nuclei, establishing a correspondence between the
experimental and calculated states becomes challenging.
The proton-neutron interaction between unpaired protons
and neutrons complicates the matter further. Con-
sequently, the odd-odd nucleus presents a complement-
ary and stringent testing ground for the ab initio ap-
proaches [4], especially for the drip-line nuclei. Cur-
rently, only a few applications of ab initio calculations
have been performed for the odd-odd nuclei [14—16].

The level structure of mirror nuclei is commonly ad-
dressed and discussed on the basis of isospin symmetry,
which is a basic assumption in particle and nuclear phys-
ics. However, this symmetry is known to be approximate,
and the corresponding deviation is called isospin sym-
metry breaking (ISB) [17—-21]. Studies of mirror nuclei
offer profound insights into the origin of ISB and further
information about nuclear structure, as well as facilitat-
ing evaluations of nuclear models [11, 17-23]. One of the
key quantities in the investigation of ISB in mirror nuclei
is the mirror energy difference (MED) [13, 17, 24], which
is defined as the difference in excitation energies between
the analogue states in mirror nuclei. The values of MED
amount to a few tens or hundreds of keV [17, 24]. A pro-
ton-rich nucleus close to the drip line can exhibit charac-
teristics of weakly-bound or unbound system in contrast
to the deeply-bound system of its neutron-rich partner.
This type of disparities lead to pronounced MED values
of mirror nuclei, exhibiting significant ISB. This phe-
nomenon is known as Thomas-Ehrman shift (TES) [25,
26].

2ZAl is the lightest bound Al isotope with
T,=(N-2)/2=-2. Two low-lying 1* states in odd-odd
22Al have been identified via the S-delayed one-proton
emissions from ?2Si [22]. However, their excitation ener-
gies have not been precisely determined due to the lack of
the experimental ground-state mass of 22 Al. Using the ex-
trapolated mass value of 22Al in Atomic Mass Evaluation
2020 (AME,20) [27] and the analogue states of its mirror
partner 22F [28], significant isospin symmetry breaking
was observed with large MED values of —722(403) keV
and —427(403) keV for the 1}, states of *>Al-?*F mirror
pair, respectively. A large isospin asymmetry in the 2?Si-
220 mirror Gamow-Teller transitions to the 1} states of
their daughter nuclei (*2Al-*2F) was observed and ex-
plained via the shell-model calculations[22]. This was

due to the loosely bound s;,, proton in ?2Al, which could
be the origin of possible halo structure for the 17 state
[22]. 4b initio calculations have also been applied to in-
vestigate the large MEDs of the sd-shell nuclei [11, 23,
29]. The significant uncertainties in MEDs of 22Al-22F
mirror nuclei hinder direct comparison with theoretical
predictions, thereby challenging our understanding of the
isospin symmetry breaking in the dripline nucleus Al
Thus, precision mass measurement of the ground state of
22 Al is urgently needed.

In this paper, we report the first mass measurement of
the ground state of ?2Al, which enables us to determine
the MEDs of the 22Al-2F mirror pair. The large MEDs
are investigated using the ab initio calculations with sev-
eral sets of interactions derived from chiral effective field
theory, providing a stringent and complementary testing
ground for the state-of-the-art theoretical model.

II. EXPERIMENT AND DATA ANALYSIS

The ground-state mass of 2>Al was measured by us-
ing the newly-established Bp-defined IMS technique [30,
31]. The experiment was conducted at the HIRFL-CSR
accelerator complex at the Institute of Modern Physics
(IMP) in Lanzhou, which is composed of the heavy-ion
synchrotron CSRm, in-flight fragment separator RIBLL2,
and experimental cooler storage ring CSRe [32, 33] (see
Fig. 1). In this experiment, beams of **Ar'** were accu-
mulated and accelerated to a relativistic energy of
400.505 MeV/u by CSRm. Every 25 s, the high-energy
beam underwent rapid extraction and was focused on a 15
mm beryllium target located at the RIBLL?2 entrance. The
resulting fully stripped reaction fragments were separ-
ated in flight using RIBLL2, and a mixed beam was sub-
sequently injected into the CSRe. The RIBLL2-CSRe
system was set to a fixed central magnetic rigidity of
4.841 Tm. CSRe was characterized by a maximum mo-
mentum acceptance of +0.33%, and it was tuned to an
isochronous ion-optical mode with a transition point
v. = 1.339 [34, 35]. On average, approximately nine ions
were stored simultaneously in each injection.

The passing time of the ion was measured by a pair of
identical TOF detectors [36] installed in a straight sec-
tion of CSRe [37] (see Fig. 1). Each detector consists of a
thin carbon foil (¢40 mm, thickness of 18 pg/cm?) and
set of micro-channel plates (MCP). When an ion passed
through the carbon foil, secondary electrons were re-
leased from the foil surface and guided to the MCP via
perpendicularly arranged electric and magnetic fields.
Fast timing signals from the anode of the detector were
recorded by a digital oscilloscope at a sampling rate of 50
GHz. The measurement time was 400 ps for each injec-
tion, where the recorded two trains of timing signals cor-
responded to ~630 revolutions of the ions in the ring.

A standard data analysis method for Bp-defined IMS
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Fig. 1.  (color online) Layout of RIBLL2 and CSRe ma-
chines at IMP, Lanzhou. A pair of identical TOF detectors are
installed in the straight section of CSRe.

was employed [30, 31]. The passing times of the ions
were extracted from the recorded signals using the con-
stant fractional discrimination technique. Based on the
two timing sequences of each ion, the revolution time 7'
as well as its velocity v were extracted as described in
Ref. [38]. Particle identifications were performed by
comparing the obtained experimental revolution time
spectrum with the simulated revolution time spectrum
[39]. Hence, the magnetic rigidity Bp and orbit length C
were determined as follows:

Bp = %vy, and C=Tv. )

The {Bpeyy, Cexp) dataset for the nuclides with well-
known masses (mass uncertainty smaller than 5 keV in
literature [27]) and with more than 100 recorded events
were used to construct the Bp(C) function. Then, the m/q
value of any ion, including the unknown-mass nuclei,
was derived directly according to

(Do @

Ten nuclides (black circles in Fig. 2) were used for
calibration, i.e., to construct the Bp(C) function. To veri-
fy the reliability of our measurement, masses of other ten
known-mass nuclei (blue squares in Fig. 2) were redeter-
mined, which are in good agreement with literature val-
ues. Their normalized chi-square y,=0.69 indicated that
no additional systematic errors were required. Further-
more, "Be and 3?Ar were not used as calibrants due to
their low statistics. Neither 2!Mg nor 'O were used as
calibrants because they could not be completely separ-
ated in the revolution time spectrum. Their mass values
were obtained by performing double-Gaussian fitting on
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Fig. 2.
ues determined in this study with the literature values in
AME’20 [27]. The black circles represent the nuclides used as
calibrants, and blue squares denote the ones used for check-

(color online) Comparison of mass excess (ME) val-

ing the reliability of our measurement. The mass uncertainties
in AME’20 are represented by the gray shadows. The mass of
22 Al (red triangle) is measured for the first time in this study.

the m/q spectrum.

III. RESULTS AND DISCUSSION

The ground-state mass excess of Al was determ-
ined as ME=18103(10) keV, which is 97(400) keV smal-
ler than the extrapolated ME=18200(400) keV in AME'20
[27]. Subsequently, the proton separation energy of 22Al
was obtained as S ,=90(10) keV, showing that this nucle-
us is weakly bound. The measured ground-state mass of
22Al is compared with predictions from various mass
models in Fig. 3 including AME’20 [27], isobaric mul-
tiplet mass equation (IMME) [40], improved mass extra-
polations from the Garvey-Kelson relations (GK+ Sin-1p)
[41], mass relations of mirror nuclei (MassRelation) [42],
improved Kelson-Garvey mass relations (ImKG) [43],
shell model calculation (SM) [44], mass prediction via
parametrization of the differences between separation en-
ergies for neutrons and protons in mirror nuclei (Fortune)
[45], and ab initio calculations (ab initio) [7].

Among all the predicted masses, the value provided
by Fortune aligns most closely with the measured value.
An approximate difference of 250 keV from the IMME
prediction is most likely due to the misidentification of
the 7= 2, J* = 4+ isobaric analog state in 2>Ne [40, 46].
The mass values predicted by the present ab intio calcula-
tions deviate by approximately 3 MeV from the experi-
mental value. It is noted that
, approxiamtely 3.3 MeV deviation was already found in
the earlier ab intio calculations for the nuclei from heli-
um through iron [9]. This type of systematic deviation in
the absolute binding energies can be washed out when ad-
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Fig. 3.  (color online) Comparison of 2Al ground-state

masses predicted by various mass models with the experi-
mental value reported in this study. The predicted mass val-
ues are drawn with error bars with the exception of the ones
labled as "SM", "Fortune", and "ab initio ".

dressing the excitation energies [2, 11, 29].

Thomas-Ehrman shift occurs in the proton drip-line
nuclei, where a large MED is exhibited. It provides a
unique laboratory to investigate the structural intricacies
of nuclei with imbalanced neutron-to-proton ratios [11,
13, 22, 44, 47, 48]. The MED is expressed as

MED = E.(J.T.T. = -T) - Ex(J,T.T: = T), 3)

where E,(J,T,T,) denotes the excitation energy of a state
with spin J, isospin 7, and z-projection T,. With the pre-
cisely measured ground-state mass of 22 Al, the excitation
energies of the two 1* states of 22Al are obtained by us-
ing the reported data of f-delayed proton emissions from
228i [22] and the known ground-state mass of 2!Mg [27].
By comparing the analogue states in its mirror nucleus
22F [28], the MEDs of the two 17 states in 22 Al-22F mir-
ror partners are extracted and listed in Table 1 along with
the previous results using the mass of 22Al in AME’20
[27]. Tt is obvious that the absolute values of the MEDs
for both states are reduced by 97 keV relative to those of
the previous states. Moreover, the associated uncertain-
ties have been notably reduced from 403 keV to 51 keV
originating mainly from the energy uncertainties of the /-
delayed protons from 2?Si [22].

The MEDs of ?2Al-?’F odd-odd mirror nuclei were
calculated by an ab initio valence-space in-medium simil-
arity renormalization group approach (VS-IMSRG), em-
ploying several sets of nuclear forces derived from chiral
effective field theory. The VS-IMSRG approach con-
structs a unitary transformation from the Magnus formal-
ism [1, 2]. The effective Hamiltonian within the full sd-
shell for valence protons and neutrons above the '°O in-

ner core is constructed. The ensemble normal-ordering
procedure is adopted to further capture the effects of 3N
forces [5, 49]. All operators are truncated at the normal-
ordered two-body level during the VS-IMSRG calcula-
tions. However, for this purpose, the VS-IMSRG code of
Ref. [49] is utilized. Finally, the derived effective
Hamiltonian is exactly diagonalized using the shell-mod-
el code from Ref. [50], facilitating our exploration of the
physics of interest in the present study and allowing us to
test nuclear forces in any fully open-shell system access-
ible to the nuclear shell model.

In this study, we employ several sets of chiral interac-
tions. Firstly, 1.8/2.0(EM) is comprised of the initial chir-
al next-to-next-to-next-to-leading order (N*LO) NN force
[51] softened by a similarity renormalization group
(SRG) evolution [52] using Asgg = 1.8 fm~!, and next-to-
next-to-leading order (N>LO) 3N interaction with a non-
locally regulation in which the cutoff A =2.0 fm~'. The
adopted NN interaction provides accurate descriptions of
the nucleon-nucleon scattering phase shift, and the low-
energy constants of three-body forces are fitted in A =3
and 4-body systems. The NN +3N EM1.8/2.0 potential
successfully reproduces ground- and excited-state ener-
gies to the tin region and beyond [6, 8, 9, 53]. Secondly,
we utilize a newly developed chiral potential at N*LO
when combined with an N2LO 3N interaction including
local and nonlocal (Inl)3N regulators, labeled by
NN +3N(Inl) [54]. This interaction provides a good de-
scription of ground-state energies from oxygen to nickel
isotopes. The induced three-body force is neglected in the
present study by employing a large similarity renormaliz-
ation group cutoff of 1=2.6 fm~! for NN +3N(Inl) inter-
action. Next, N2LO,, is adopted, which is constructed
from the NN and 3N both up to the chiral N2LO, and fit
to medium-mass data. The N2LO,, interaction repro-
duces ground-state energies and radii to the nickel region
[3, 7, 55-57]. Finally, we adopt NNLOopt, an interaction
constructed from the chiral N2°LO NN, which yields good
agreement for the spectra and position of the neutron drip
line in oxygen, shell-closures in calcium, and the neutron
matter equation of state at subsaturation densities,
without resorting to 3N forces [58]. In practical calcula-
tions, the harmonic oscillator (HO) basis is used to define
the model space. Specifically, we use 15 HO major shells
(i.e. e=2n+I1< e, =14) for NN interaction, and addi-
tional truncation on the 3N matrix elements is limited to
€3max = 2N, + 21, +2n. + 1, + 1, + 1. < 14. Furthermore, the
Coulomb force is also included in the calculations.

The ground-state mass of 22Al predicted by ab inito
VS-IMSRG calculations using the four chiral potentials
are displayed in Fig. 3. The calculated low-lying spectra
of 22Al-22F are presented in Fig. 4 along with available
experimental data. It can be observed that the calcula-
tions are in good agreement with experiment within 1
MeV with the exception of the 23 state. In particular, the
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Fig. 4.

(color online) Calculated spectra of 22 Al/?2F mirror nuclei using ab initio VS-IMSRG calculations with four sets of nuclear

interactions, including 1.8/2.0 (EM), NN +3N(Inl), and NNLOsat NN +3N interactions, and NNLOyy, NN interaction, along with the ex-

perimental spectrum.

Table 1.
their corresponding MEDs. The ground-state mass of > Al re-

Excitation energies of the two 17 states of 2 Al and

ported in this study was used in columns 2 and 3, while the
mass in AME’20 [27] was used in columns 4 and 5. All ener-
gies are denoted in keV.

J' E.(IMS) MED(MS)  E,(AME’20) MED(AME’20)
Ir1002(51)  —625(51) 905(403) —722(403)
1 2242(51)  -330(51) 2145(403) —427(403)

level ordering of the lowest 4}, 3%, and 2} states in 2F
are correctly reproduced. A consistent result across all
calculations is that the excitation energies of the two 1*
states in 22 Al are invariably lower than its counterparts in
22F, aligning well with experimental data. Based on the
aforementioned results, although there are still disparities
in the ordering for some states when compared with the
experimental data, the ab initio calculations furnish com-
mendable representations of the low-lying states in 22 Al-
22F mirror nuclei.

To further test the ab initio calculations with differ-
ent interactions, MEDs of 1}, states in *Al-**F mirror
nuclei are calculated and shown in Fig. 5(a) along with
the experimental values obtained in this study and the res-
ults from Ref. [22]. The large uncertainties of the MEDs
obtained in Ref. [22] prevent us from benchmarking the-
oretical calculations. The uncertainties of MEDs ob-
tained in this study are significantly reduced, and the res-
ults show that the MED of the 17} states is larger than that
of the 13 states in 2> Al-22F mirror nuclei. Based on the ab
initio calculations, we can observe that the MEDs calcu-
lated with 1.8/2.0(EM), NNLOqpt, and NN +3N(Inl) inter-
actions are in good agreement with the experimental data,
especially the result from NNLOopt, while the predicted
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MED values with NNLO,, for the 17, states are inverted
when compared to the experimental data. Therefore, the
MED of mirror nuclei serves as a more sensitive observ-
able for testing theoretical calculations when comparing
the excitation spectra. Moreover, the mirror systems 22 Al-
22F have been investigated using the ab initio Gamow
shell model based on the same EMI1.8/2.0 interaction
[29]. Within the Gamow shell model calculations, the ef-
fective Hamiltonian is derived through the many-body
perturbation theory, and continuum coupling is well ac-
counted for using the Berggren basis. The results ob-
tained from ab initio GSM calculations are consistent
with those obtained from VS-IMSRG calculations based
on the EM1.8/2.0 interaction.

To investigate the origin of significant ISB with large
MEDs and further test the ab initio calculations, we cal-
culated the average occupations of valence nucleons
above the inner core '°O. The results of the 47 ground
state and 1}, excited states in the proton-rich nucleus
22 Al (neutron-rich nucleus #?F) are presented in Fig. 5(b).
The proton-rich 22 Al isotope is weakly bound, while the
mirror nucleus 2°F is deeply bound. All of the calcula-
tions reveal that the valence protons (neutrons) in the
ground state of 22 Al (**F) mainly occupy the 0ds, orbital.
As for the excited states, the results with 1.8/2.0(EM),
NNLOopt, and NN +3N(Inl) interactions show that the oc-
cupations of the 1s,,, orbital in the 17 mirror states are
larger than those in the 15 mirror states, implying that the
occupied s orbital, which is unbound in 22Al but deeply
bound in 22F, is responsible for generating the TES, lead-
ing to a large MED value. Thus, we can conclude that the
occupations of the s wave dominantly drive the signific-
ant ISB with a large MED in mirror nuclei, in which the
proton-rich nucleus is weakly bound or unbound but the
neutron-rich nucleus is deeply bound. However, the cal-
culations with NNLO,, interaction show that the 1}
states of 22Al/??F bear a relatively smaller 1s;,, average
occupation than those of the 13 states, and the resultant
MED of the 17 states is smaller than that of the 13 states.
This is inconsistent with experimental data. Therefore,
further optimizations and higher order interaction of chir-
al EFT are required for the NNLO,, interaction to repro-

duce the experimental data of 22 Al.

Our calculations are consistent with those in Ref. [22]
related to the mechanism of a large shift in?> Al-22F mir-
ror states. It is known that the halo structure is related to
the occupation of low-/ single particle orbit by the val-
ance nucleons [59], leading to a larger spatial extension
in the matter distribution. However, a small zs1/2 occupa-
tion is obtained for the ground-state of 22 Al in our ab ini-
tio calculations. Therefore, it should be the 1} excited
state, rather than the ground-state of ??Al, which could
exhibit a proton-halo structure.

IV. SUMMARY

In conclusion, the ground-state mass of Al was
measured for the first time with high accuracy using the
Bp-defined IMS technique in CSRe. With the new mass
data, the MEDs of the two low-lying 1* states in 2 Al and
22F mirror nuclei were determined, and their uncertain-
ties were significantly reduced from 403 keV to 51 keV.
Ab initio VS-IMSRG calculations using four sets of nuc-
lear interactions, derived from chiral effective field the-
ory, were performed as benchmark tests on the odd-odd
nuclei 22Al and 2*F. The results show that the valence-
space in-medium similarity renormalization group calcu-
lations with 1.8/2.0(EM), NNLOopt , and NN +3N(Inl) in-
teractions appropriately describe the MEDs of the 17,
states in 22 Al-22F mirror nuclei; however, the results from
the NNLOsainteraction are inconsistent with experiment-
al data. Further calculations of the average occupations of
single-particle valance orbits reveal that the state bearing
a large MED and exhibiting Thomas-Erhman shift is
mainly driven by the occupation of the s-wave, which is
unbound in the proton-rich nucleus, whereas it is deeply
bound in the neutron-rich mirror partner. The significant
occupation of the sy, orbit supports the suggested halo
structure in the 11 state of 22Al [22], which requires fur-
ther experimental investigations.
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