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We report precision mass measurements of "*~’5Sr performed with the TITAN multiple-reflection time-of-
flight mass spectrometer. This marks a first-time mass measurement of "*Sr and gives increased mass precision
to both 7 Sr and "°Sr, which were previously measured using storage ring and Penning trap methods, respectively.
This completes the A = 74, T = 1 isospin triplet and gives increased precision to the A = 75, T = 1/2 isospin
doublet, which are both the heaviest experimentally evaluated triplets and doublets to date. The new data allow
us to evaluate coefficients of the isobaric multiplet mass equation for the first time at A = 74 and with increased
precision at A = 75. With increased precision of >Sr, we confirm the recent measurement reported by CSRe
that was used to remove a staggering anomaly in the doublets. New ab initio valence-space in-medium similarity
renormalization group calculations of the 7 = 1 triplet are presented at A = 74. We also investigate the impact
of the new mass data on the reaction flow of the rapid proton capture process in type I x-ray bursts using a

single-zone model.

DOLI: 10.1103/PhysRevC.111.014327

I. INTRODUCTION

Isospin symmetry is based on the observation that pro-
tons (p) and neutrons (n) have the same spin and nearly
identical masses [1], and they exhibit very similar pp, nn,
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and pn scattering lengths [2]. Within the isospin framework,
protons and neutrons are described as particles distinguished
by their isospin projection T, analogous to projections of
angular momentum. Based on this symmetry, one would as-
sume that isobaric nuclei that share the same nucleon number
A = N + Z but differ in their neutron (N) and proton (Z)
numbers, exhibit similar structure. This is indeed true, as the
study of nuclear isobars mirrored about the N = Z line is an
important avenue for understanding isospin symmetry in nu-

©2025 American Physical Society
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clei [3]. Isospin is, however, broken by the difference in
electric charge and mass between protons and neutrons and
by a small contribution from isospin-violating interactions of
nuclear origin [4,5]. Understanding exactly how these isospin-
violating interactions manifest in the structure of nuclei
near N = Z has relevance to unitarity tests of the Cabibbo-
Kobayashi-Maskawa (CKM) quark-mixing matrix [6,7], and
the rapid proton capture process (rp-process) in type I x-ray
bursts [8-10].

A method for studying the nature of isospin symmetry
breaking near N = Z is the isobaric multiplet mass equa-
tion (IMME) [11]. An isobaric multiplet is a set of nuclear
states with the same isospin 7 and spin-parity J”, but with
differing isospin projections T, = (N — Z)/2. As long as
isospin-violating interactions can be expressed as two-body
forces of a tensor of rank 2, the IMME states that the mass
difference between these isobaric analog states follows a
quadratic form:

ME(e, T, T;) = a(ee, T) + b(ee, T)T, + c(a, T)T?, (1)

where ME is the mass excess and the other quantum numbers
of the system are encapsulated in «. The coefficients a, b, and
¢ are empirically determined through fitting isobaric analog
state data deduced from measurements of nuclear masses and
level energies [11]. The most recent extensive evaluation of
the IMME was performed by MacCormick and Audi who
used experimental mass and nuclear level structure data in the
A = 10-60 region to evaluate multiplets with 7 = 1/2 up to
3[11].

Attempts to theoretically reproduce the T = 1/2 doublet
b coefficients have shown mixed results. These b coefficients
are extracted from ground-state mass data of odd-A nuclei and
their global trend shows a characteristic staggering pattern
between the A =4n+ 1 and A = 4n + 3 nuclei (where n is
a positive integer). This staggering pattern has been explained
as being due to an increase in Coulomb repulsion between
spin antialigned protons [12—14]. Evaluation of the A = 69—
75 doublets based on mass data from the 2020 Atomic Mass
Evaluation (AME2020) [15] indicated a confounding de-
parture from the regular staggering pattern. This staggering
anomaly was first noted by Kaneko er al. [16], who were
unable to reproduce it using a modern shell-model approach
with inclusion of Coulomb and isospin nonconserving nuclear
forces. Theoretical approaches such as density functional
theory (DFT) [17] and valence-space in-medium similarity
renormalization group (VS-IMSRG) [18] were also unsuc-
cessful in reproducing this anomaly. Further discussion of the
anomaly is given by Tu ez al. [19]. It was recently shown by Li
et al. [20] that the increased mass precision of 'Kr and 7>Sr
reported by Wang et al. [21] removes this staggering anomaly.
Wang et al. [21] only reported four counts of 7 Sr during their
experiment; therefore, independent confirmation of the mass
would strengthen the result of the rectified staggering phase.

Isospin symmetry breaking in nuclei plays an important
role in testing CKM matrix unitarity via precise determina-
tion of the up-down element V4 [7]. Extractions of V4 rely
on global comparisons of superallowed fB-decay JFt values.
These Ft values are determined from experimentally deduced
ft values that are corrected to be nucleus-independent using

theoretical corrections for radiative and isospin symmetry-
breaking effects. Recent re-evaluations of the radiative
corrections have led to an increased deviation in CKM matrix
unitarity [22—24], thus leaving the isospin symmetry-breaking
corrections as the leading contributor to uncertainty in Vyq [6].
Precise extraction of the isospin symmetry-breaking correc-
tions is, therefore, a major task for this field to progress.

While isospin symmetry-breaking corrections for super-
allowed B decays have so far been primarily extracted via
shell-model calculations [7], recent progress in ab initio the-
ory has prompted an interest in using alternative methods such
as VS-IMSRG theory [25,26] and the no-core shell model
[27]. Ab initio methods hold the key promise of providing a
more robust quantification of isospin symmetry-breaking cor-
rections; however, careful benchmarking against experimental
data is required to make sure the predicted symmetry-breaking
correction factors meet accuracy demands for CKM unitarity
tests.

Comparisons between theoretical and experimental IMME
coefficients provide an ideal test bed to probe the reliability of
theoretical nuclear forces and the isospin symmetry-breaking
corrections determined from them. Recent VS-IMSRG calcu-
lations of the triplet ¢ coefficients of all A = 4n + 2 nuclei
in the A = 10-74 range agreed with experimental coeffi-
cients within 250 keV, but lacked the precision to improve
upon available isospin symmetry-breaking corrections [25].
To obtain improved correction terms, refinements of theory
guided by further benchmarking against experimental data are
needed.

This article reports on precision mass measurements of
neutron-deficient "#~7°Sr. Our measurement of 7>Sr provides
independent confirmation of the storage ring measurement by
Wang et al. [21], supporting the removal of the staggering
anomaly reported by Li ef al. [20]. The new 7*Sr mass value
allows us to extend the triplet coefficients into otherwise un-
explored regions of the nuclear chart. Multishell VS-IMSRG
calculations [28-30] at A = 74 were performed using two new
x EFT-derived interactions to explore the chiral nuclear force.
We also investigated the impact of the new strontium masses
on the rp-process using a single-zone type-I x-ray burst model
[31].

II. EXPERIMENT

The experiment took place at TRIUMF’s Ion Trap for
Atomic and Nuclear science (TITAN) [32], an experimen-
tal installation for precision mass measurements and in-trap
nuclear-decay spectroscopy. The measurements were per-
formed using TITAN’s multiple-reflection time-of-flight mass
spectrometer (MR-ToF-MS) [33,34], which provided the
means to overcome the low production cross sections and high
in-beam contamination typical for this region of the nuclear
chart. The primary radioactive ion beam (RIB) was produced
using the isotope separation on-line method [35] at TRIUMF’s
Isotope Separator and Accelerator (ISAC) facility [36]. A 50-
uA, 480-MeV p* beam was impinged onto a niobium target
to produce the neutron-deficient strontium isotopes of inter-
est. To enhance the signal-to-background ratio, the strontium
isotopes were selectively ionized by TRIUMF’s Resonant
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FIG. 1. Mass spectra obtained at A = 74. The spectra have been drift corrected using the time-resolved calibration procedure and fitted
using hyper-EMG peak shapes. Error bars are £10 assuming Poisson statistics in each bin. Multipeak fits to the data (red line) and the
underlying single peak fits (dashed lines) are indicated. Unambiguous identification of *Sr is demonstrated with the TRILIS lasers, which

were tuned to selectively ionize only strontium.

Ionization Laser Ion Source (TRILIS) using a two-step ex-
citation scheme into an autoionizing state [37,38]. Following
production, ISAC’s magnetic mass separator system [36] fil-
tered the RIB down to a range of a single mass unit using a
mass separation power of - ~ 2000. The continuous RIB
was guided at 20 keV into TITAN’s helium-filled radio-
frequency quadrupole (RFQ) trap [39] for beam cooling and
bunching. The prepared RIB bunches were lowered to a trans-
port energy of 1.3 keV using a pulsed drift tube and supplied
at a repetition rate of 50 Hz to the buffer-gas-filled RFQ ion
transport section of the MR-ToF-MS [40].

The TITAN MR-ToF-MS consists of a buffer-gas-filled
RFQ ion transport section followed by a linear Paul trap and
the ToF mass analyzer. The linear Paul trap prepares and
injects cold ion bunches into the mass analyzer, a symmetric
assembly of two opposing ion mirrors. At the end of the
ToF analysis, the ions are released through the back mirror
onto a MagneTOF detector [41] which records the ion ToF.
During this experiment, the MR-ToF-MS was operated in a
mass-selective retrapping mode [42,43], allowing the device

to operate as an isobaric mass purifier and mass spectrometer.
To this end, the ions were injected at two separate stages
into the mass analyzer. The mass-selective retrapping was
done after 20—40 isochronous turns in the mass analyzer.
The ions were then injected back into the mass analyzer
for the mass measurement stage, which involved 756-842
isochronous laps, resulting in mass-resolving powers of R =
2, = 400000-530 000. The mass-selective retrapping mode
strongly suppressed isobaric contamination, allowing a factor
of 10 higher beam intensity during the measurement of "*Sr.
At each mass unit, the resonant laser ionization scheme was
temporarily blocked, resulting in a substantial reduction in
Sr yield (see Fig. 1), thus verifying the correct identification
of isotope in the mass spectrum. More details of the TITAN
MR-ToF-MS can be found in Ref. [40].

During the experiment, each ToF was converted to a mass-
to-charge ratio (%) using the relation [44]

m c(t —1p)?
; N (1 + bNy)?’ @
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TABLE I. Summary of mass measurements performed in this work. All masses were measured as singly charged ions. The third column
of the table gives N ounis, Which is the number of counts determined by the area of the fitted mass peak.

Mass excess (keV)
Nuclide Ty, (ms) Neounts Mass calibrant Literature values TITAN TITAN - Literature
"Sr 27.6(2.7) 36(12) 148gm2+ —40 830#(100#)* —40970(31) —140(105)
Sr 88(3) 424(22) 5Rb™* —46 620(220)* —46 200(150)° —46 273(10) 347(220)
76Sr 7 890(70) 2 108(46) TRb* —54 250(30)* —54257(9) —7@31)

#Values from the Atomic Mass Evaluation (AME) 2020 [48] (# indicates extrapolations on the mass surface).

"Value determined at the CSRe [21].

where #p, b, and c¢ are calibration parameters, and Nj is
the number of isochronous turns completed by the species.
The calibration parameters ¢ and f#;, were determined be-
fore the experiment with reference ions of well-known
mass.

After the experiment, a time-resolved calibration was per-
formed to correct for low-frequency (sub-Hz) fluctuations
in the mirror electrode voltages and thermal expansion of
the mass analyzer that cause a fluctuation in the ToF during
the measurement. Time-resolved calibrations were performed
for each spectrum according to the procedure outlined in
Ref. [44]. To deduce peak positions and their respective
mass values, each spectrum was fitted using the maximum
likelihood approach implemented in the emgfit PYTHON pack-
age [45]. The fits were performed using hyper-exponentially
modified Gaussian (hyper-EMG) peak shapes [46] whose
tail order was determined using the procedure described in
Ref. [47]. After fitting, a final mass calibration was per-
formed using mass peaks in the spectrum with well-known
literature values. Isobaric rubidium ions were used to cal-
ibrate 77%Sr. Due to a lack of suitable isobaric reference
species, the 7#Sr mass was determined using '*Sm’* as a
mass calibrant. Statistical and systematic mass uncertainties
were evaluated following the procedures and methods de-
scribed in Refs. [44,45,47]. For 7>7°Sr, a nonideal extraction
of the ions from the mass analyzer dominated the mass uncer-
tainty, while for 74Sr the dominant contribution was statistical
uncertainty.

III. RESULTS

The mass results are summarized in Table I with a com-
parison to literature values. Our measurement of "%Sr is in
excellent agreement with a Penning trap mass measurement
at ISOLTRAP [49], providing independent confirmation of
the value and improving the mass precision by a factor of
3. Recently, the experimental cooler storage ring (CSRe) in
Lanzhou reported the first direct mass measurement of >Sr
[21]. Our measurement is a variance-weighted mean deter-
mined from three independent measurements and improves
upon the CSRe mass precision by a factor of 15. Our value
is in good agreement with the CSRe value within uncertainty.
Our final mass value of 7Sr is a variance-weighted mean
obtained from two independent measurements. This consti-
tutes the first time that the ground-state mass of "*Sr has been
measured.

To visualize the staggering behavior of the doublet b coef-
ficients, we consider the quantity

Ab = bA) — b(A —2), (3)

which is plotted in Fig. 2. Data from the AME2020 updated
with recent storage ring measurements [21] are shown with
the black curve. As explained in Ref. [20], the mass mea-
surements of 'Kr and "Sr reported in Ref. [21] removed the
staggering anomaly previously reported in Refs. [16,19]. The-
oretical data from a modified homogeneously charged-sphere
approximation [11] and density functional theory (DFT) [17]
do well to reproduce the experimental data. However, the mea-
surement of 7Sr reported by Wang ez al. [21] was limited to
four counts and is therefore dominated by a large uncertainty
of 150 keV. As seen from the red curve in Fig. 2, the inclusion
of our new 7Sr value is in good agreement with the previous
value and also reduces the uncertainty by a factor of 15. This
in turn supports the rectification of the doublet staggering
phase that was shown in Ref. [20].

An interesting feature of the doublet b coefficients is a
dampening of the staggering amplitude in the A = 43-55 f7,»
subshell (visible in Fig. 2). Theoretical models have demon-
strated some success in reproducing this feature, although

2001 T=1/2
0
-200 /\ I\ A
| \
= /
T -400 v
X |
3 -600 0
-800 -250 ~
e AME 2020 + Wang et al. 2023
_1000{ * AME 2020 + this work —500
—— Baczyk et al. 2018
—— MacCormick & Audi 2014 69 71 73 75
—-1200

19 27 35 43 51 59 67 75
Number of nucleons, A

FIG. 2. The difference between the doublet b coefficients of adja-
cent isospin doublets. AME2020 values updated with recent storage
ring measurements [21] (black) show the characteristic staggering
pattern from A = 10-75. Our measurement of >Sr improves upon
the precision of the value reported in Ref. [21] and confirms the con-
tinued staggering phase of Ab up to A = 75. For comparison, DFT
calculations (green) [50] and a modified homogeneously charged-
sphere model (blue) [11] show good agreement.
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FIG. 3. The triplet ¢ coefficients for A =4n+2 nuclei.
AME2020 values updated with storage ring measurements of **Zr,
©2Ge, and %°Se [21] (black) show the relatively constant trend of the ¢
coefficient. Our new value of "Sr (red star) shows that this relatively
constant trend continues. VS-IMSRG calculations (filled curves)
from Ref. [25] are in good agreement, but consistently overcalculate
the coefficient by 50-150 keV. VS-IMSRG calculations using two
new xEFT-derived interactions at A = 74 (empty squares) do not
show a marked improvement.

they are in disagreement about the underlying mechanisms
responsible for it. An extended Skyrme pn-mixed DFT ap-
proach [50] reproduced the f7,, dampening, but noted that
the inclusion of isospin nonconserving forces increased the
staggering amplitude. A nuclear shell-model approach with
modern effective interactions [16] also reproduced the f7/,
dampening, although the staggering amplitude was instead
decreased with the inclusion of isospin nonconserving forces.
In addition to the f7,, dampening, Baczyk et al. [17,50] pre-
dicted a dampening in the go/> subshell at A = 83. Precision
mass measurements at higher masses are needed to test these
theoretical indications.

Experimentally evaluated triplet data have recently become
available up to A = 66 through direct mass measurements of
B7n [21], ®Ga [47], %> Ge [21], and %°Se [21,51]. Experimen-
tal evaluations at higher masses have so far been impossible
due to a lack of data. Our measurement of *Sr completes
the A = 74 triplet, which is now the heaviest experimentally
evaluated triplet by 8 mass units. The experimental trend of
the triplet ¢ coefficients is shown for A = 4n + 2 nuclei in
Fig. 3, including the new data point. This confirms that the
relatively constant trend displayed by the A = 4n 4 2¢ coeffi-
cients continues to higher masses.

Results from a theoretical VS-IMSRG calculation by
Martin et al. [25] predict a similarly constant trend, but
consistently overcalculate by 50-150 keV and diverge near
A =54 and 58. In a follow-up to the calculations by
Martin et al. [25], we perform new VS-IMSRG calcula-
tions for the A = 74 triplet. In the original work, two sets
of xEFT-derived NN + 3N interactions were used: 1.8/2.0
(EM) [52], which reproduce ground-state energies across the
medium-mass region [53,54] and N2LO,, [55]. The authors

used a storage truncation on 3N forces of esna.x = 16, but we
have extended to esm,x = 24 using a novel storage scheme
[56]. We then explored the chiral nuclear force with two
new x EFT-derived interactions: AN?LOgg [57] and N3LO +
3N [58,59]. Following the same procedure as Martin et al.
we estimated the IMSRG truncation error using different
choices for the reference nucleus: (i) self-referenced, (ii) 7, =
+1, (iii) 7, = 0, and (iv) 7, = —1.

It can be seen in Fig. 3 that increasing the model space
for 3N forces in the 1.8/2.0 (EM) interaction does not sig-
nificantly improve agreement with the experimental data. It
can also be seen that neither of the two new interactions,
AN?LOgo and N3LO + 3Ny, show a marked improvement.
Howeyver, there are still avenues that VS-IMSRG can take to
improve agreement with experimental results. IMSRG(3) is a
relatively new iteration of the VS-IMSRG method [60], which
explicitly keeps three-body operators during the flow. While
it is not yet computationally feasible to perform IMSRG(3)
at such high masses, it is expected that better agreement with
experiment would be demonstrated.

The new strontium mass values also affect the nuclear
reaction flows of the rp-process in x-ray bursts. In particular,
the new more precise ">Sr mass removes mass uncertainties
from determining the 7*Rb(p, y) vs B-decay branching. This
branching affects the rp-process production of the p nucleus
74Se [61-63] and is thus important for assessing the possibility
of the rp-process contributing to the origin of the light p nu-
clei. The improved ®Sr mass provides an important constraint
for the Q value of the 7°Sr(p, y)”7Y reaction and thus on a
possible proton-capture bypass of the 7°Sr waiting point in the
rp-process [61]. The precise measurement of the 7°Sr mass
is an important first step to reduce the uncertainty of this O
value.

To investigate the impact of the new strontium mass
values on predictions of type-I x-ray bursts, we used a self-
consistent single-zone model [31]. The single-zone model
was first benchmarked using reaction rate Q values deter-
mined from current mass uncertainties in the AME2020.
The proton-capture Q values were extremized by varying the
masses of the respective initial and final nucleus by 3¢ . The
Hauser-Feshbach reaction code TALYS 2.0 [64] was then used
to calculate the astrophysical reaction rates "*Rb(p, y) "*Sr,
"Rb(p, y)°Sr, Rb(p,y)"®Sr, and "°Sr(p,y)”’Y. The
competing photodisintegration rates were calculated from de-
tailed balance. Included in the calculations is an estimate
of the unmeasured 77Y mass, which was calculated from
the well-known ’Sr using the Coulomb displacement energy
method [65]. To evaluate the impact of the new mass data on
x-ray burst observables, the same procedure was then repeated
using the new mass values.

The new masses better pin down the rp-process reaction
flow between the "?Kr and 7®Sr waiting points. Namely, we
find a stronger "*Rb p-decay branch and a reduction in mass
flowing beyond the 7®Sr waiting point. The uncertainties in-
duced by nuclear masses for the 7®Sr waiting point bypass
76Sr(p, v) have been reduced from 50% to 20%, with the
remaining uncertainty arising from the unmeasured ’’Y mass
that is needed together with the 7Sr mass to obtain the im-
portant "%Sr p-capture Q value. The new masses reduce the
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76Sr bypass flow further from 2% to just 0.7%, which leads to
an increased production of stable A = 74 ashes. The previous
mass-induced uncertainty for the A = 74 ashes was 16% and
is now a negligible 0.7%. A more precise future measurement
of the 7Y mass would be desirable to confirm these results.

IV. CONCLUSION

In summary, precision mass measurements of neutron-
deficient strontium ions were performed with TITAN’s
MR-ToF-MS, providing a first time measurement of 7*Sr
and improved mass precision of both ">Sr and 76Sr. These
measurements complete the heaviest experimentally evaluated
isospin doublet measured to date and give improved precision
to the heaviest isospin triplet, allowing us to study isospin
symmetry breaking using the IMME. Our measurement of
3Sr is in good agreement with a storage ring measurement
[21] and improves upon the precision by a factor of 15. This
value supports the rectification of the doublet staggering phase
that was shown in Ref. [20]. The new data also extend the
IMME coefficients for isospin triplets to A = 74, which is
far higher than has been previously reached and confirms the
constant trend of the ¢ coefficients. New VS-IMSRG calcula-
tions at A = 74 were performed to explore the chiral nuclear
force with two new interactions, but did not show a marked
improvement over previous calculations by Martin et al. [25].
In a single zone x-ray burst model, the new masses altered

the reaction flow in the Sr region significantly, though the
resulting impact on observables was found to be relatively
small.
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