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Nuclear isomers can have significant impacts on astrophysical nucleosynthesis processes, with re-
cent efforts demonstrating that the population of isomeric states with different half-lives may require
separate treatment in reaction networks to accurately capture the differences in heating or in identi-
fiable electromagnetic signals. Several potential so-called “astromers” in tin and antimony isotopes
near doubly-magic 132Sn were identified and direct mass measurements of their ground and isomeric
states were performed with the Canadian Penning Trap at Argonne National Laboratory’s CARIBU
facility, and their impact on astrophysical reaction rates and in reaction networks calculated. It was
found that 129g,mSn, with measured mass excesses of −80593.2(25) keV and −80557.4(25) keV, re-
spectively, and an excitation energy of 35.8(35) keV, behaves as an astromer during neutron capture
in the i-process and in the r-process.

I. INTRODUCTION

The synthesis of the vast majority of isotopes heav-
ier than iron occurs in the hot, neutron-rich environ-
ments where the rapid (r), intermediate (i), and slow
(s) neutron capture processes occur. Our understanding
of these astrophysical processes relies in part on models
employing nuclear reaction networks. These reaction net-
works incorporate various pieces of nuclear data, includ-
ing masses, half-lives, and capture rates. Excited nuclear
states are traditionally treated either by only considering
the ground state or by considering a Boltzmann distri-
bution of all excited nuclear states. It has long been rec-
ognized that a species with an isomeric state can fail to
reach thermal equilibrium, and so both ground and iso-
meric states must be treated as separate nuclear species
in a network, such as in the notable case of 26Al [1–4].
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Recently, there has been renewed interest in the im-
pacts of isomeric states on nucleosynthesis in astrophys-
ical environments. Isomeric states can have significantly
different decay lifetimes, among other properties, from
their ground state counterparts, and can affect nucle-
osynthesis processes through deferring or accelerating
heating by impacting β-decay lifetimes or produce iden-
tifiable electromagnetic signals [5]. Recent studies have
explored the impact of isomers on r-process simulations
that are populated either directly in decays or thermally
in the astrophysical environment [5–7]. In the s process,
studies have also considered isomers populated during
neutron capture [8].

Such astrophysically relevant isomers are called “As-
tromers” [5]. Recent experimental efforts have shown
the impact that new, high precision mass measurements
can have on our understanding of these states [9, 10],
and studies of the impact of potential astromers has
shown the presence of several candidates in the vicinity
of doubly-magic 132Sn [5]. We thus embarked on a cam-
paign of Penning trap mass measurements of potential
astromers in antimony and tin isotopes in this vicinity to
determine isomeric excitation energies and mass excess
of these nuclei.
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II. EXPERIMENTAL SETUP AND ANALYSIS

Here we report new mass values for neutron-rich
tin and antimony isotopes near 132Sn produced at Ar-
gonne National Laboratory’s CAlifornium Rare Isotope
Breeder Upgrade (CARIBU) facility [11, 12] and mea-
sured with the Canadian Penning Trap mass spectrom-
eter (CPT) [13]. CARIBU beam production begins by
slowing fission fragments from a ∼ 0.5 Ci 252Cf source
with a thin gold foil and then stopping them in a large-
volume, helium-filled gas catcher. After the beam is
extracted through a radiofrequency quadrupole (RFQ),
it passes through a high-resolution magnetic mass sep-
arator [14] which provides preliminary mass separation
based on mass number over charge (A/q). This contin-
uous beam is then injected into an RFQ cooler-buncher,
reducing the emittance of the beam via collisions with
moderate-pressure helium gas, and accumulating and re-
leasing the beam in bunches every 50 ms. The bunched
ions then enter the multi-reflection time-of-flight mass
separator (MR-TOF) [15] where they remain for approx-
imately 15 ms, allowing for the separation of the ions
of interest from isobaric contaminants with a resolving
power of m

∆m > 105. The ions of interest are then se-
lected with a Bradbury-Nielsen gate [16] at the exit of
the MR-TOF before delivery to the CPT experimental
setup. On entering the CPT experimental setup, ions
are captured and further cooled in a linear RFQ trap be-
fore injection into the CPT. The calibrant species used
for these measurements, 133Cs+, is instead produced us-
ing the CPT’s Stable Ion Source, a thermal alkali source
located just upstream of the linear RFQ trap.

Once ions are captured in the Penning trap, the
Phase-Imaging Ion-Cyclotron-Resonance (PI-ICR) tech-
nique [17] is used to measure the cyclotron frequency.
As detailed in Ref. [18], in the implementation used
at the CPT, the cyclotron frequency (νc) of an ion is
determined through the simultaneous measurement of
the reduced cyclotron frequency and the magnetron fre-
quency. For measurements, ions are kept in the trap for
a fixed amount of time T . They are first placed into
their reduced cyclotron eigenmotion, where they are al-
lowed to accumulate phase for some time tacc, and then
a quadrupole RF pulse at approximately νc is applied on
the Penning trap’s segmented ring electrode to convert
this to the magnetron eigenmotion, where they accumu-
late phase for time T − tacc. Two classes of measure-
ments are taken, reference phase measurements where
tacc = 0 and only magnetron phase is accumulated, and
final phase measurements where tacc > 0 and both mag-
netron and reduced cyclotron phase are accumulated.
The cyclotron frequency can then be determined from
the difference between these two phases ϕc by:

νc =
ϕtot

2πtacc
=

ϕc + 2πN

2πtacc
, (1)

where ϕtot is the total phase accumulated and N is the
number of complete revolutions the ion undergoes in tacc.
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FIG. 1. A histogram of detected ion locations for a sample
129gSn+ final phase measurement with phase accumulation
time tacc = 450.894 ms. The locations of the four species
captured in the trap, which separate due to differing mass-
based phase accumulations, are labeled.

Several shorter tacc measurements, from single to hun-
dreds of ms, are used to identify all of the beam compo-
nents, including isomeric states. A series of longer tacc
measurements is then done to produce a final measure-
ment, following the techniques described by Ref. [18]
to minimize potential systematic uncertainties. A sam-
ple final phase measurement with tacc = 450.894 ms of
129gSn+ with all the visible beam components identified
can be seen in Fig. 1; spots were then clustered and an-
alyzed using a Gaussian mixture model code [19].

As described in Ref. [18], there are two significant
sources of potential systematic uncertainty to be cor-
rected for in these PI-ICR measurements. The first can
be seen as a clear tacc-dependent oscillation in measured
νc, which is well-described as a sinusoidal oscillation at
the magnetron frequency around the true cyclotron fre-
quency ν̄c. Thus, a series of νc measurements are taken at
various tacc across roughly one and a half magnetron pe-
riods and then fit using the model described in Ref. [18]
to find ν̄c. A sample plot of eight final phase measure-
ments taken for tacc values between 450.019 and 451.022
ms and the fit to determine ν̄c for 129mSn can be seen in
Fig. 2.

The other significant correction occurs in the reference
phase measurement due to the small but significant ac-
cumulation of mass-dependent phase during the excita-
tion periods. Following the procedure in Ref. [18], this
is corrected using an iterative process where the refer-
ence phase correction is recalculated using the newly-
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determined cyclotron frequency until the change in the
correction is more than an order of magnitude smaller
than the statistical uncertainty. For these data, this cor-
rection was smaller than a part in 109.

The experimental result in Penning trap mass spec-
trometry is the frequency ratio between the νc of the
isotope of interest and that of a well-known calibrant
mass used to determine the magnetic field strength. For
all these measurements, 133Cs was used as the calibrant
mass, and so for a given isotope AX,

R = ν̄c(
133Cs+)/ν̄c(

AX+). (2)

The effect of the non-circular projection from the trap to
the position sensitive MCP has been corrected using the
method described in [20], and the effect of ion-ion inter-
actions has been reduced by limiting analysis to events
with 5 or fewer ions detected. Most remaining systematic
uncertainties, arising from sources like magnetic field in-
homogeneities, misalignment of the trap electrodes, and
non-harmonic terms in the trap potential should scale
linearly with the difference in mass over charge between
the ion of interest and the calibrant. These have been
studied using well-known stable isotopes and found in
this mass region to have an effect of 4.1 ×10−10/∆(A/q)
[20, 21], which was applied and added in quadrature to
the statistical uncertainty on R. Remaining systematic
uncertainties associated with temporal instabilities in the
magnetic field, the electric field in the Penning trap, ion-
ion interactions, and the non-circular final projection of
the phase have been studied [22] and determined to have
a cumulative effect smaller than 4 parts in 109; this was
added in quadrature. The mass can then be determined
via,

M(AX) = [M(133Cs)−me]R+me, (3)

where me is the electron mass. A summary of masses
measured in this work and a comparison with previously
measured values is presented in Table I.

III. RESULTS

A. 129g,mSn

Our new results for 129g,mSn agree with the values
from AME2020[23], but are over 6 times more precise.
The previous value comes from a Time-of-Flight Ion-
Cyclotron-Resonance (TOF-ICR) Penning trap measure-
ment that could not resolve the isomeric and ground
states by Sikler et al. [26] (36% contribution to the
AME Value), and from β-endpoint measurements of
129In(β−)129Sn (44%) and 129mIn(β−)129Sn (20%) [27].
Our direct measurement of the isomeric state gives an ex-
citation energy that is in good agreement with the value
quoted in NUBASE2020 [24].
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FIG. 2. Measured νc values for 129mSn+ at eight distinct tacc
values between 450.019 ms and 451.022 ms. The dashed line
represents a fit of the model described in Ref. [18] to the data,
and the solid line and bar the true ν̄c.

B. 131g,mSn

Our new results for 131g,mSn are a factor of 2 more
precise than the AME2020 values [23]. Our values are
approximately 3σ lighter than the AME value, which
comes primarily from two previous TOF-ICR Penning
trap measurements. Dworschak et al. [28] could not re-
solve the ground and isomeric states, while Van Schelt
et al. [29, 30] did. Our results agree with Van Schelt et
al. for the isomeric state very well, and our measured
excitation energy is in good agreement with the value
from NUBASE2020[24]. We note that in production from
spontaneously-fissioning 252Cf, the isomeric state is more
populated than the ground state.

C. 132g,mSb

Our new result for 132gSb is better than a factor of two
more precise than the AME2020 value [23], and our value
for 132mSb is in good agreement with the estimate from
NUBASE2020 [24]. The previous ground state mass ex-
cess for this nucleus comes from other Penning trap mass
measurements, with 83% coming from a TOF-ICR mea-
surement by Hakala et al., [31] and 17% from a TOF-ICR
measurement by Van Schelt et al. [29], both of which
our measurement is in good agreement with. Our iso-
meric state is in good agreement with the value from Van
Schelt et al. as well [30], as is our measured excitation
energy, but both are a factor of 15 more precise. While
Kankainen et al.[32] did not produce a definite value for
this excitation energy, we are in agreement with their
preliminary value of 153(14) keV. Jaries et al. have also
recently measured this isotope [25]; while our measured
isomeric states are in good agreement, their ground state
mass excess does not agree with any previous work, and
thus their excitation energy is also in disagreement with



4

TABLE I. Spins and parities (Iπ), half-lives (T1/2), cyclotron frequency ratios (R = ν̄c(
133Cs+)/ν̄c(

AX+)), mass excesses
(ME), and excitation energies Ex for the ground and isomeric states of nuclides (X) measured in the present work, compared
to literature values.

Present work Literature values [keV]

Nuclide (X) Iπ T1/2 R ME [keV] Ex [keV] MEa) Ex
a) ME b) Ex

b)

129gSn 3/2+ 2.23(4) m 0.969 963 694(20) -80 593.2 (25) -80 591(17)
129mSn 11/2− 6.9(1) m 0.969 963 983(20) -80 557.4 (25) 35.8(35) -80 556(17) 35.15(5)
131gSn 3/2+ 56.0(5) s 0.985 038 825(16) -77 278.2 (19) -77 265(4)
131mSn 11/2− 58.4(5) s 0.985 039 356(15) -77 212.4 (18) 65.8(26) -77 200(4) 65.1(3)
132gSb (4)+ 2.79(7) m 0.992 543 964 0(82) -79 635.1 (10) -79 635.3(25) -79 629.6(27)
132mSb (8−) 4.10(5) m 0.992 545 137 8(88) -79 489.8 (11) 145.3(15) -79 490(50)# 150(50)# -79 490.3(33) 139.3(20)

a)AME2020 and NUBASE2020 [23, 24].; b)Jaries et al. [25].

ours.

IV. DISCUSSION

We now explore the impact of the new experimental
measurements in the context of the astrophysical nucle-
osynthesis processes. The new mass measurements enter
into the calculation of astrophysical reaction rates, via
the thermal population of the excited states, as well as
in their respective decay [33]. These nuclei may be pro-
duced in both the i-process and the r-process. Since the
astrophysical conditions associated with the i process and
r process differ, they offer complementary avenues for ex-
ploring the astromeric character of these nuclei [7].

We simulate neutron capture nucleosynthesis with the
Portable Routines for Integrated nucleoSynthesis Model-
ing (PRISM) astrophysical reaction network [34], which
has recently been updated to include support for nuclear
excited states. We use the trajectories from recent work
to simulate the conditions of both nucleosynthesis pro-
cesses; the details can be found in Ref. [35].

The relevant transitions associated with the 129Sn nu-
cleus are shown in Fig. 3. This ‘astromer diagram’ in-
dicates the effective transitions from ground to isomer
(solid red), from isomer to ground (dotted green), and
the rates of β decay for the two states (dashed lines). The
last overlap of the transition rate with the β-decay rate
of the respective rate defines the thermalization temper-
ature, shown with a vertical grey dashed line. Above the
thermalization temperature, the nucleus may be treated
as one species. Once the temperature falls below this
value, the two states must be treated as separate species
in astrophysical reaction networks as the transition rate
between nuclear states competes with the β-decay rate
of a given state. Below this critical threshold, the ex-
cited state may now act as an astromer [5]. In the case
of 129Sn, the thermalization temperature is predicted to
be around 30 keV, set by the measurements discussed
above.

Our measurements yield an estimate of 15 keV for the
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FIG. 3. Astromer diagram for 129Sn. The solid line indicates
transition from the ground state to isomeric state and the
dotted line indicates the reverse. Rates of β-decay for the two
states are shown with dashed lines. With present data the β
decay thermalization temperature, indicated by the vertical
grey dashed line, is estimated to be 30 keV, below which the
nucleus may need to be treated as two separate species in
astrophysical reaction networks.

thermalization temperature of 132Sb, as seen in the as-
tromer diagram in Fig. 4. In the case of 131Sn, the ther-
malization temperature is higher, around 77 keV (See as-
tromer diagram, Fig. 5). The high thermalization tem-
perature estimate could come down with further mea-
surement of additional nuclear levels. Nonetheless, since
the β-decay rates of the two states are nearly identical,
the impact of populating the excited state is limited.

We now discuss the behavior of 129Sn, 131Sn, and 132Sb
in network calculations of i-process and r-process nucle-
osynthesis. In the i-process, 129Sn is found to be an as-
tromer at both early and late times during the duration
of neutron capture. Treating this nucleus and others in
the network as distinct isomers and ground states reveals
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FIG. 4. Astromer diagram for 132Sb. Lines are the same as
in Fig. 3. With present data the β-decay thermalization tem-
perature is estimated to be 15 keV, below which the nucleus
may need to be treated as two separate species in astrophys-
ical reaction networks.
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FIG. 5. Astromer diagram for 131Sn. Lines are the same
as in previous two figures. With present data the β-decay
thermalization temperature is estimated to be 77 keV, below
which the nucleus may need to be treated as two separate
species in astrophysical reaction networks.

the more complex behavior that is otherwise hidden when
they are combined into a single species. This behavior is
shown in Fig. 6. In several astrophysical conditions con-
ducive to r-process nucleosynthesis [35], 129Sn is found
to be an astromer at all times; the isomeric state always
more populated than the ground state. Fig. 7 shows the
behavior of 129Sn in the r-process.

Our new measurements refine the astrophysical behav-
ior of isomers in 131Sn and 132Sb. While both isomeric
states of these nuclei can become significantly populated
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FIG. 6. A network calculation showing the behavior of 129Sn
in the astrophysical i-process. When treated as a single nu-
cleus (solid line) 129Sn has a larger population. When the
ground state is treated separately from the isomeric state,
129mSn is found to be an astromer at early and late times
(when the green curve is above orange).
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FIG. 7. A network calculation showing the behavior of 129Sn
in the astrophysical r-process. The solid line indicates 129Sn
treated as a single nucleus. When the ground state is treated
separately from the isomeric state, 129mSn is found to be an
astromer at all times.

in both the i-process and r-process, we conclude that nei-
ther nucleus behaves as astromer in either environment.

The population of the isomeric state in 131Sn is
marginal. The maximum relative population ratio of
the isomer to the ground state is found to be around
15% in the r-process and around 12% in the i-process.
Feeding into the isomeric state is primarily through ther-
mal transitions and β-decay. The nucleus 131Sn can be
populated through two potential radiative capture path-
ways: one proceeding from the ground state of 130Sn
and the other from its excited state at 1946 keV [36].
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However, the relatively high excitation energy of this
state suppresses its contribution, such that production of
131Sn occurs predominantly through capture on the 130Sn
ground state. Furthermore, due to the large spin differ-
ence involved, neutron capture preferentially populates
the ground state of 131Sn. As a result, across all astro-
physically relevant temperatures, the population of the
isomeric state remains suppressed relative to the ground
state when formed via radiative neutron capture.

In the case of 132Sb, the population of the isomeric
state is negligible under both astrophysical scenarios con-
sidered. Radiative capture on the ground state of 131Sb
favors the direct population of the 132Sb ground state,
while production of the isomeric state is consistently
suppressed at all temperatures. Moreover, the pres-
ence of nearby short-lived states at excitation energies
of Ex = 85.55 keV and Ex = 254.5 keV [37] facilitates
rapid depopulation of the isomer, even at modest tem-
peratures. Consequently, the isomeric state does not play
a significant role in the nucleosynthesis of 132Sb, and the
reaction flow proceeds predominantly through the ground
state.

V. CONCLUSIONS

In conclusion, we have conducted new, high-precision
mass measurements of 129g,mSn, 131g,mSn, and 132g,mSb
using the Canadian Penning Trap at Argonne National
Laboratory’s ATLAS user facility’s CARIBU facility.
Our results for these ground and isomeric states are in
good agreement with most of the preceding literature val-
ues, and provides the highest-precision determination of
the excitation energies of these long-lived isomeric states.
We then used these new excitation energies to determine
the effective thermal transitions between the ground and
isomeric states, their relative β decay rates, and the as-
sociated cross sections into and out of these states. The
excitation energies were also used to estimate the ther-

malization temperature with respect to β-decay, above
which these nuclei may be correctly treated in reaction
networks as one species. Reaction network calculations
were used to establish that 129mSn must be treated as
an astromer in the i-process and r-process. Both 131mSn
and 132mSb were determined not to behave as astromers
and these isotopes can be safely treated as one species in
reaction network calculations. As the thermalization of
these nuclei is dependent on the excited states above the
isomers, a full understanding of their astromeric nature
would benefit from detailed spectroscopy of these states
and on the determination of their feeding via β decays.
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