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Mass measurements of neutron-rich A ≈ 90 nuclei constrain element abundances
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Atomic masses of the neutron-rich isotopes 83,84Ga, 82–86Ge, 82–89As, 82,84–91Se, 85,86,89–92Br, 89,91,92Kr, and
91Rb have been measured with high precision and accuracy using the multi-reflection time-of-flight mass spec-
trograph at the RIBF facility. The masses of 88,89As were measured for the first time and the mass uncertainties of
86Ge and 90,91Se were significantly reduced from several hundred keV to below the 10 keV scale. Investigation
of shell evolution and potential subshell closures are proceeded by analysis of two-neutron separation energy
systematics. As a result of the precise mass measurements, no prominent change on the slope of the two-neutron
separation energy beyond N = 56 is observed in Se isotopes, indicating the subshell closure effect at N = 56 of
Se does not exist. Also, various leading mass models are compared with the measurements. The impact of the
more precisely known data on r-process nucleosynthesis calculations is investigated in light of these new mass
measurements, showing a remarkable reduction of reaction-rate uncertainties.

DOI: 10.1103/PhysRevC.109.035804

I. INTRODUCTION

The impact of nuclear structure effects on the r-process
nucleosynthesis has been a topic of extensive research in nu-
clear astrophysics [1]. Subshell closures can significantly alter
the path of the r-process and so the production of heavy ele-
ments. Specifically, shell and subshell closures lead to slower
neutron capture rates causing a bottleneck in the path of the
r-process. This results in abundance peaks and impacts the
local abundance pattern in a specific mass region. As one of
the most fundamental properties of atomic nuclei, mass plays
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an important role in the investigation of nuclear structure.
Mass measurements provide access to two-neutron separation
energies, S2n, the evolution of which along the isotopic chains
is shown to be a good index to study nuclear deformation and
shell closures [2,3]. On the other hand, the (single) neutron
separation energy, Sn, is one of the critical parameters for
calculating neutron capture rates in the r-process.

The neutron-rich A ≈ 90–100 region is of particular inter-
est for nuclear astrophysics studies. In the nuclear structure
point of view, this region is characterized by a rapid shape
transition at N = 60 [4–7] and the subshell closure at N = 56
[8]. In the Zr (Z = 40) and Sr (Z = 38) isotopes in this region,
dramatic shape changes from almost spherical to strongly
deformed ground states were observed when the neutron
number goes from N = 58 to N = 60 [9–12], which were
interpreted as intruding deformed coexisting shapes [4,13,14].
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This rapid shape change was not observed in Kr (Z = 36)
isotopes [15]. Instead, a picture of smooth onset of defor-
mation was established based on mass measurements [16]
and γ -ray spectroscopy [17]. A more recent γ -ray spectro-
scopic study of 98,100Kr isotopes found a significant increase
of deformation beyond N = 60, shifted in neutron number
compared to the sharp transition observed in Sr and Zr iso-
topes [18]. For the Se (Z = 34) isotopes, a smooth onset of
deformation similar to Kr was suggested by the γ -ray spec-
troscopic measurements [19], but no mass data was available
in this region. Accurate mass values were determined only up
to 89Se (N = 55). Further mass measurements following the
Se isotopic chain to more exotic nuclei are needed to pro-
vide complementary evidence for the deformation onset in Se
isotopes.

An N = 56 subshell closure is found to occur around Z =
40, and is interpreted as the complete filling of the ν2d5/2

orbital as shown in Fig. 3 of Ref. [20]. Mass [21] and γ -ray
measurements [22,23] suggest that this shell gap vanishes in
Kr isotopes. For Se isotopes, a γ -ray measurement in 2006
reported an anomalously high E (2+

1 ) of 88Se, and suggested a
possible subshell effect at N = 56 for 90Se [24]. However, this
γ ray was not observed in later experiments for 88Se [19,25].
Both β-decay half-lives [26] and γ -ray signatures around 90Se
[19,27] do not suggest an N = 56 subshell closure in the Se
and lighter isotopes. From the mass measurement point of
view, the S2n evolution of Se isotopes at N = 56 and beyond
will provide direct experimental evidence for the existence or
nonexistence of an N = 56 shell gap.

In astrophysics, although the creation of light r-process
elements used to be attributed to neutrino-driven winds [28]
in the aftermath of supernovae, nucleosynthesis in such sce-
narios is yet to be observed. Whereas, the observation of
GW170817 followed by the kilonova event was the first direct
evidence of the operation of the r-process in the aftermath of a
neutron star merger (NSM) [29]. In addition, the identification
of strontium (Z = 38) in the kilonova spectrum established
NSM as a site of the r-process, hinting at the production of
light elements [30].

Here, we present the first high-precision experimental re-
sults for the masses of 86Ge, 88,89As, and 90,91Se. The shell
structure of these isotopes is discussed based on the evolution
of the S2n, and r-process nucleosynthesis calculations are per-
formed to study the impact of the new mass data, in particular
the impact on reaction rates and the abundances of strontium
isotopes.

II. EXPERIMENT

The measurements were performed at the RIBF facility
[31] of the RIKEN Nishina Center (Japan). Radioactive iso-
topes were produced by in-flight fission of a 238U primary
beam at an energy of 345 MeV/u, impinging on a 9Be pro-
duction target. The isotopes of interest were selected and
identified in the BigRIPS separator [32] for the preparation of
the secondary beams. The present experiment was performed
in parallel to in-beam γ -ray spectroscopy experiments, where
the secondary beams impinged on a secondary target. Both
reaction products and the unreacted beams were transported
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FIG. 1. Schematic of MRTOF-MS system at ZeroDegree
spectrometer.

through the ZeroDegree (ZD) spectrometer [33] to the final
position where the mass measurements were performed.

The ZeroDegree multi-reflection time-of-flight (ZD
MRTOF) system [34] was set up after the last focal plane of
the ZeroDegree spectrometer. As shown in Fig. 1, the ZD
MRTOF system consisted of a cryogenic radiofrequency
ion-guide helium gas catcher [35,36] and a recently
assembled multi-reflection time-of-flight mass spectrograph
(MRTOF-MS) [37]. Isotopes transported through ZeroDegree
were first stopped in the gas catcher, then extracted to the
MRTOF-MS for high-precision mass analysis. The isotopes
exiting the ZeroDegree spectrometer have a typical energy
of >100 MeV/u. An energy degrader system was developed
to reduce the beam energy to match the stopping power
of the helium gas [38]. Using the particle identification of
ZeroDegree, the degrader thickness was adjusted during the
experiment to optimize the stopping efficiency for individual
isotopes [39].

The gas catcher was 500 mm long, pressurized to
200 mbar room temperature equivalent (helium gas density of
≈33 µg/cm3) and cooled down to a temperature of ≈180 K.
The extracted ions from the gas catcher were seen to be
mostly singly charged [40]. The gas catcher and the MRTOF-
MS were connected by an ion guide and a well-established
triple ion trap suite reported in [41–43], which can accept
ions independently from two directions: the gas catcher and a
thermal ion source. In usual operation, the thermal ion source
provided reference ions for system tuning, online calibration,
and drift correction in offline analysis. The time-of-flight
spectra of analyte ions and thermal ions were obtained in a
concomitant referencing mode [43], i.e., analyte and reference
measurements were performed sequentially in every 50 ms
cycle (25 ms for each). Therefore, a software correction based
on the TOF drift of thermal ions can be applied to the analyte
ions [43]. For the A ≈ 90 isotopes studied in this work, 85Rb+

and 87Rb+ from the thermal ion source were used to perform
drift correction. However, isobaric ion species in the same
subcycle of the analyte ions served as references for the mass
determination of the radioactive ions.

The ions prepared in the flat trap were ejected perpendicu-
larly to the MRTOF-MS. Before entering the MRTOF-MS,
a pulsed drift tube was employed to adapt the ions to an
average kinetic energy of 2.5 keV/q towards the MRTOF drift
tube, which was at ground potential in this experiment. The
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FIG. 2. Time-of-flight spectrum for A = 89 isobars after 601 laps in the MRTOF.

ions of interest were then reflected back and forth between
the two concentric electrostatic mirrors of the MRTOF-MS
for n ≈ 600 laps before impacting on a fast TOF detector
(MagneTOF, ETP Ion Detect Pty Ltd) [44]. The time-of-flight
was measured as the duration from the flat trap ion ejection
to the ion impact on the TOF detector, and recorded by a
time-to-digital converter (TDC) model MCS6A with a digital
resolution of 100 ps.

It was observed during the experiment that the ions from
online beams were extracted from the gas catcher accompa-
nied with a considerable amount of contaminant molecular
ions, due to the ionization of the impurities in the gas catcher.
Contaminant ions with similar mass-to-charge ratio to that
of the ions of interest, were ejected from the MRTOF-MS
and analyzed together with the ions of interest, which pro-
vided isobaric (well-known) mass references. Although the
MRTOF-MS has a wide mass bandwidth to measure ions of
different mass numbers simultaneously, a challenge for ion
identification arose due to an exceeding amount of molecules
of different mass numbers. To overcome this, a pulsed-mirror
in-MRTOF selection (PMiMS) method was introduced to
keep only isobaric ions in MRTOF-MS for the measurement
of analyte ions [34,45].

III. DATA ANALYSIS

An example of the time-of-flight spectra obtained in this
experiment is shown in Fig. 2. The 89As and 89Se isotopes
were provided by the ZeroDegree spectrometer and stopped
in the gas catcher. Due to the short half-life of these isotopes,
β decay could occur before being analyzed by the MRTOF-
MS, which produces other A = 89 isotopes towards the valley
of stability. The PMiMS scheme was applied to keep only
A = 89 ions. The spectrum was obtained at 601 laps, cor-
responding to times-of-flight of ≈16 ms and a flight path
of ≈1 km. A mass resolving power Rm = Rt/2 = t/2�t of
≈670 000 was achieved in this experiment after performing
drift correction. Peaks corresponding to 89As+, 89Se+ and
their β-decay products are clearly visible in the spectrum.

Due to higher-order ion optical aberrations in the mirrors
and low-angle scattering from the residual gas during flight,
the peak in the spectrum has a slightly asymmetric shape. In
order to extract the TOF by peak fitting with a decreased in-
fluence of the peak shape, the shape of the fitting function was

obtained by application of a sampling/smoothing algorithm
to the ion peak in the reference spectrum (or any adequate
high-intensity analyte ion peak of identical shape). The sam-
ples were obtained using averaging interpolation between the
data points, while the fitting uncertainty for the numerical
distribution was determined using a Monte Carlo approach
as introduced in [46]. The peak position, peak width, and
amplitude of the sample function were set as free parameters
when fitting the most intense peak in the analyte ion spectrum.
The peak width was then fixed when fitting other peaks in the
same spectrum. Figure 3 shows the fitting for the 89As+ peak
from Fig. 2. The fitting function takes its shape from the 87Rb+
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FIG. 3. Time-of-flight spectra for (a) 87Rb+ and (b) 89As+ after
601 laps in MRTOF. The fitting function takes its shape from the
87Rb+ thermal ion peak.
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(thermal ion source) spectrum in Fig. 3(a) and is fitted to the
89As+ peak in Fig. 3(b).

For the MRTOF-MS, the time-of-flight t of a singly
charged ion is related to its mass m by

t = a
√

m + t0, (1)

where a is a characteristic device constant and t0 is the time
difference between the TDC start signal and the actual ejec-
tion of ions towards the MRTOF-MS. For equally charged
ions, the relation between masses and times-of-flight of two
ions can be written as

m1 = m2

(
t1 − t0
t2 − t0

)2

= m2ρ
2, (2)

where ρ = (t1 − t0)/(t2 − t0) is the ratio of the effective
times-of-flight. Using a well-known reference ion, the analyte
ion mass is determined from the measured time-of-flight. An
expansion of this equation to the first-order of t0 yields

m1 = m2

(
t1
t2

)2

+ 2m2
t1(t1 − t2)

t3
2

t0. (3)

As discussed in Ref. [42], the use of an isobaric reference
ion, giving (t1 − t2)/t2 in magnitude of 10−4 in this study and
t0/t2 ≈ 10−5, results in a negligible mass uncertainty related
to the uncertainty in t0. Therefore, isobaric ion references were
used for high-precision mass determinations in this study, and
t0 was fixed to a previously measured value t0 = 130 ns, while
the uncertainty of t0 was omitted.

In the case of two well-known reference ions available, the
relation between masses and times-of-flight of three ions can
be written as

√
m1 =

[
2t1 − t2 − t3

2(t2 − t3)

]
(
√

m2 − √
m3) +

√
m2 + √

m3

2

= C(
√

m2 − √
m3) +

√
m2 + √

m3

2
, (4)

where C = (2t1 − t2 − t3)/[2(t2 − t3)] comprises all mea-
sured times-of-flight [47]. In this method, the analyte ion mass
is related to the masses of two well-known reference ions by
times-of-flight without using t0.

These two methods gave consistent results for the mass
determinations for the ions measured in this work. To deter-
mine the masses in this study, we mainly applied the single
reference method with isobaric references, while the double
references method was used for A = 83 and A = 84 mea-
surements, in which two well-known reference ions were
available.

IV. RESULTS

The derived mass excesses of radioactive isotopes mea-
sured in this work are listed in Table I. Birge ratios [48,49]
are calculated when at least four independent measurements
are available to evaluate the consistency of measurements for
the same species.

The accuracy of the ZD MRTOF system was studied by
evaluating the deviations of mass measurements of well-
known stable atomic and molecular ions from AME2020

values. Various stable ions observed in most of the spectra
with mass numbers 82–91 in this work provide abundant
data to serve as isobaric references for the mass evaluation
of radioactive species on one hand, or as benchmarks for a
systematic accuracy study on the other. The mass measure-
ments of 20 different ion species with uncertainties less than
0.5 keV in AME2020 are listed in Table II (see also Fig. 11
in [34]). As isobaric reference(s) is(are) utilized in the cal-
culation, the mass-related systematic effect is negligible. The
mass uncertainties of analytes in this analysis hence depend
only on the statistical uncertainties of the TOF obtained for
analyte and reference ions. As shown in Table II, most of the
measurements of stable atomic or molecular ions agree well
with AME2020 within one σ . The weighted mean deviation
�m of 1.2(0.8) keV reveals a high systematic accuracy of the
mass values. The weighted standard deviation for previously
known masses �m in Table I is 3 keV, which is dominated by
statistical fluctuations. Therefore an explicit treatment of sys-
tematic uncertainties is not meaningful for the present work.

V. DISCUSSION

Figure 4 shows the evolution of two-neutron separation
energies S2n as a function of the neutron number for Ge, As,
and Se isotopes. S2n is extracted from mass values through the
relation, S2n(Z, N ) = M(Z, N − 2)c2 − M(Z, N )c2 + 2Mnc2.
The red-solid circles denote measurements in this work, while
black triangles show the values from AME2020. Calculations
by various models are plotted with colored dashed lines.

Figure 4(a) shows S2n values of the Ge isotopes. At N =
54, the S2n value was significantly improved through the re-
duction of uncertainty from 440 keV to 1.7 keV. A smooth
monotonic decrease is observed from N = 52 to N = 54 of
the Ge isotopes. Figure 4(b) shows S2n values of the As
isotopes. The mass values of 88As and 89As have been experi-
mentally determined for the first time with a high precision of
3.1 and 4.8 keV, respectively. Also for this case, a smooth de-
crease of the S2n values is observed from N = 52 to N = 56,
suggesting no change in trend based on the newly obtained S2n

values. Figure 4(c) shows the S2n values of the Se isotopes.
At N = 56 and 57, the S2n values have been significantly
improved with uncertainties down from 330 and 430 keV to
4.3 and 2.6 keV, respectively. Although the previous S2n value
at N = 57 based on AME2020 exhibited a hint of flattening,
a trend of consistent, smooth decrease is observed upon the
improved S2n values at N = 56 and 57, suggesting there is no
significant subshell effect at N = 56 of Se isotopes.

In Fig. 4, theoretical predictions of the masses for Ge, As,
and Se isotopes are plotted using five popular mass models.
The Duflo-Zuker [51] and HFB24 [52] models are classified
as microscopic mass formulas which deduce the ground-
state nuclear mass through Hartree-Fock calculations with a
modeled nucleon-nucleon interaction. Contrarily, KTUY05
[53], WS4 + RBF [54], and FRDM12 [55] are classified as
macroscopic-microscopic (macro-micro) models. These mass
formulas usually treat the nucleus as a liquid drop in the
macroscopic part. The microscopic part serves as the correc-
tion to the general trends of the mass surface by accounting for
residual contributions such as shell and deformation effects.
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TABLE I. Measured radioactive isotopes, the reference ion(s), square of effective time-of-flight ratios ρ2, or the factor C for double
references, Birge-ratio BR of the data sets, measured mass excess MEMRTOF, mass excess from literature AME2020 [50], and mass deviation
calculated as �m = MEMRTOF − MEAME2020. Extrapolated values of AME2020 are denoted by #. The rule of rounding of ME refers to
AME2020. The uncertainty for numeric values refer to the last digits of the value.

MEMRTOF MEAME2020 �m

Species Ref. ion ρ2 or C BR (keV/c2) (keV/c2) (keV/c2)

82Ge 82Kr 1.0001989197(132) N/A −65413.7(16) −65415.1(22) 1.4(28)
82As 82Kr 1.0001374081(399) N/A −70107.2(33) −70105.4(37) −1.8(50)
82Se 82Kr 1.0000393475(415) N/A −77589.8(34) −77593.90(47) 4.1(34)
83Ga 83Kr, 1H 12C 35Cl2 −0.550417(227) N/A −49260.8(71) −49257.1(26) −3.7(75)
83Ge 83Kr, 1H 12C 35Cl2 −0.149975(307) N/A −60975.6(92) −60976.4(24) 0.8(95)
83As 83Kr, 1H 12C 35Cl2 0.147235(382) N/A −69670(11) −69669.3(28) −0.4(116)
84Ga 84Kr, 12C 35Cl 37Cl −1.269866(263) 0.62 −44088.5(75) −44094(30) 6(31)
84Ge 84Kr, 12C 35Cl 37Cl −0.6210181(541) 0.61 −58148.0(30) −58148.4(32) 0.5(44)
84As 84Kr, 12C 35Cl 37Cl −0.2652515(948) 1.10 −65853.5(41) −65853.6(32) 0.1(52)
84Se 84Kr, 12C 35Cl 37Cl 0.2005865(871) 1.53 −75952.5(47) −75947.7(20) −4.8(51)
85Ge 84Kr 1H 1.0002785543(642) N/A −53116.2(55) −53123.4(37) 7.2(66)
85As 84Kr 1H 1.0001511118(129) 2.10 −63196.4(28) −63189.2(31) −7.3(41)
85Se 84Kr 1H 1.0000345699(235) 0.96 −72415.9(20) −72413.7(26) −2.2(33)
85Br 84Kr 1H 0.999956405(146) 0.80 −78599(12) −78575.5(31) −23(12)
86Ge 86Kr 1.0004207308(139) 1.04 −49596.7(17) −49400(440) −200(440)
86As 86Kr 1.0003036665(198) 0.72 −58964.6(20) −58962.2(35) −2.5(40)
86Se 86Kr 1.00015948638(965) 0.81 −70503.5(12) −70503.2(25) −0.3(28)
86Br 86Kr 1.0000953104(188) 0.75 −75638.4(17) −75632.3(31) −6.1(35)
87As 86Kr 1H 1.0002514569(324) N/A −55617.8(29) −55617.9(30) 0.1(42)
87Se 86Kr 1H 1.0001179997(355) N/A −66425.3(32) −66426.1(22) 0.9(39)
88As 88Br 1.0002446318(273) 0.99 −50677.8(31) −50450#(200# ) −230#(200# )
88Se 88Br 1.0000834436(107) 0.48 −63882.5(21) −63884.2(34) 1.7(40)
89As 89Rb 1.0004229057(396) N/A −46686.5(48) −46530#(300# ) −160#(300# )
89Se 89Rb 1.0002743663(387) N/A −58989.4(48) −58992.4(37) 3.0(61)
89Br 89Rb 1.0001622379(402) N/A −68275.0(48) −68274.3(33) −0.7(58)
89Kr 89Rb 1.000062495(122) N/A −76537(12) −76535.8(21) −1(12)
90Se 90Kr 1.0002277746(470) 0.88 −55881.3(43) −55800(330) −80(330)
90Br 90Kr 1.0001308598(477) 0.87 −63998.8(43) −64000.3(34) 1.5(55)
90Rb 90Kr 0.9999475458(524) 1.14 −79352.3(53) −79365.6(65) 13.2(83)
91Se 79Br 12C 1.0003046507(257) N/A −50267.4(26) −50580(430) 310(430)
91Br 79Br 12C 1.0001766579(229) N/A −61106.8(25) −61107.3(35) 0.5(44)
91Kr 79Br 12C 1.0000601829(644) N/A −70971.1(57) −70974.0(22) 2.9(61)
91Rb 79Br 12C 0.9999800114(225) N/A −77760.6(24) −77745.1(78) −15.5(82)
92Br 78Se 12C 1H2 1.0000724875(722) N/A −56240.5(64) −56232.8(67) −7.7(93)
92Kr 78Se 12C 1H2 0.9999261505(977) N/A −68772.0(85) −68769.3(27) −2.7(90)

Figure 5 shows the difference of mass excesses of vari-
ous mass models to measurements made in this work. Mass
excesses calculated using Duflo-Zuker model in the region of
interest, values are always underestimated. However, the de-
viations are reduced towards higher Z and N numbers. Except
for the chain of As (Z = 33), a moderate odd-even staggering
is seen. The WS4 + RBF model has the smallest root-mean-
square (rms) deviation (170 keV) from experimental values
among the macro-micro mass models [54]. Comparison with
measurements made in this work, it maintains the best agree-
ments on average with an odd-even staggering (<500 keV)
along N = 51 − 55. KTUY05 and HFB24 show similar rea-
sonably good agreements with our measurements. However,
KTUY05 agrees best with the improved or newly determined
mass values of 86Ge and 89As, respectively. Although the rms
deviation from AME2003 is limited to 560 keV [55], the

FRDM12 shows a significantly large deviation (>103 keV)
at N = 53 for both isotopic chains under investigation. The
reason for these deviations could be that the model expects
N = 54 a watershed of different shell closure deterioration,
which can also be observed in plots of S2n evolution in Fig. 4.

VI. IMPACT TO THE r-PROCESS

A. The Hauser-Feshbach statistical model

The Hauser-Feshbach statistical model [56,57] is a widely
used theoretical framework for understanding nuclear re-
actions involving the compound nucleus. According to the
concept, a nuclear reaction’s compound nucleus can decay
through a statistical emission of particles or γ rays, leading to
the creation of reaction byproducts. The model is founded on
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TABLE II. Measurements of stable atomic and molecular ions and the corresponding mass deviations(�m = MEMRTOF − MEAME2020)
from AME2020. The rule of rounding of ME refers to AME2020. The uncertainty for numeric values refer to the last digits of the value.

MEMRTOF MEAME2020 �m
Mass number Species Ref. ion (keV/c2) (keV/c2) (keV/c2)

82 82Se 82Kr −77589.8(34) −77593.90(47) 4.1(34)
83 82Kr 1H 83Kr, 1H 12C 35Cl2 −73307.7(49) −73302.8240(55) −4.9(49)
84 83Kr 1H 84Kr, 12C 35Cl 37Cl −72701.1(23) −72701.6728(84) 0.6(23)
84 13C 1H 35Cl2

84Kr, 12C 35Cl 37Cl −47615.4(45) −47613.083(71) −2.3(45)
84 12C 1H2

16O 19F 35Cl 84Kr, 12C 35Cl 37Cl −20655.3(57) −20660.037(35) 4.7(57)
84 12C4

1H4
32S 84Kr, 12C 35Cl 37Cl 3138.4(35) 3140.3471(13) −2.0(35)

84 12C 35Cl 37Cl 84Kr, 12C 35Cl 37Cl −60774.4(27) −60775.084(62) 0.7(27)
85 12C 1H 35Cl 37Cl 84Kr 1H −53485.9(28) −53486.113(62) 0.2(28)
86 12C 37Cl2

86Kr −63522.3(22) −63523.10(10) 0.8(22)
86 13C 1H 35Cl 37Cl 86Kr −50359.9(34) −50361.104(62) 1.2(34)
86 12C 1H4

35Cl2
86Kr −28866.1(26) −28871.179(71) 5.1(26)

87 12C 1H 37Cl2
86Kr 1H −56231.7(25) −56234.13(10) 2.4(25)

88 12C4
1H2

19F2
88Br 11613(13) 11603.0519(16) 10(13)

88 12C 1H4
35Cl 37Cl 88Br −31608.5(60) −31619.200(60) 10.7(60)

88 12C2
16O4

88Br −18954.4(88) −18948.0087(12) −6.4(88)
89 76Se 12C 1H 89Rb −67964.7(54) −67962.989(16) −1.7(54)
90 76Se 12C 1H2

90Kr −60676.3(61) −60674.018(16) −2.3(61)
90 77Se 12C 1H 90Kr −67297.1(94) −67310.526(62) 13.4(94)
91 78Se 12C 1H 79Br 12C −69733.3(31) −69736.98(18) 3.7(31)
91 77Se 12C 1H2

79Br 12C −60024.7(40) −60021.555(62) −3.2(40)

the idea of the compound nucleus and necessitates an under-
standing of reaction cross sections and nuclear level densities.

Nuclear masses play a critical role in the Hauser-Feshbach
statistical model as they determine the available energy for the
reaction, and hence the probability of various decay channels.
In particular, the masses of the target and projectile nuclei,
as well as the compound nucleus, must be known with high
accuracy to predict the reaction outcomes.

Using the HF statistical code TALYS [58], we calculated
neutron capture reaction rates to determine the effect of the
new mass measurements. To take into consideration the ef-
fects of nuclear structure and interactions between particles
and γ rays, we used the Konig-Delaroche optical potential
[59], the back-shifted Fermi gas level density [60], and the
Kopecky-Uhl generalized Lorentzian E1 γ -ray strength func-
tion [61]. Experimental data from AME2020 and NUBASE20
[62] was employed, when available, or we employ FRDM12
[55] for unknown nuclear mass values.

To assess the impact of nuclear mass uncertainties on the
r-process, we calculated reaction rates using the central, upper
limit, and lower limit of the experimental mass values, and
compared them to the AME2020 mass values and uncer-
tainties. We also compared our results to the FRDM 2020
mass values. The calculated reaction rates are presented in
Fig. 6 as color-coded boxes, defined as an index I given by
< σv >exp / < σv >AME, where < σv >exp and < σv >AME

indicate the reaction rate based on our experimental results
and on AME2020, respectively.

Our findings demonstrate a significant impact of the mass
measurements on the calculated reaction rates. In some cases,
the changes have been more than a factor of two compared
to the corresponding reaction rate calculations based on the

AME2020. The most substantial changes in the calculated
neutron capture reaction rates were observed for 86Ge, 88,89As,
and 90,91Se, where the mass measurements differed from the
AME2020 mass values by hundreds of keV, as expected.

Similarly, to visualize the reduction in uncertainties of the
reaction rate calculations, we calculate an index Ierror as

Ierror = Max(< σv >exp) − Min(< σv >exp)

Max(< σv >AME) − Min(< σv >AME)
. (5)

Figure 7 shows an N − Z plane plot with a color-coded
representation of the index Ierror, where the colors indicate
different magnitudes of reduction in uncertainty. Specifi-
cally, the measurements of 86Ge and their impact on the
85Ge(n, γ ) 86Ge and 86Ge(γ , n) 85Ge reactions demonstrate a
reduction in the ratio of uncertainties by an order of mag-
nitude or more. Similarly, the results for 88As and 88Se are
consistent with expectations, as previous measurements (or
extrapolations in the case of As) had large mass error bars
in AME2020, corresponding to hundreds of keV. With the
latest measurements, these error bars have been significantly
reduced to less than 10 keV, resulting in more precise data and
confirming the significance of the results.

B. r-process nucleosynthesis calculations

We used the calculated reaction rates described in
Sec. VI A to assess the impact of the new mass measurements
on the r-process nucleosynthesis. A parametrized thermo-
dynamic evolution assuming a free homologous expansion
according to Ref. [63] was used for astrophysical condi-
tions with an electron fraction 0.30 � Ye � 0.42 and entropy
S = 10 kb/baryon.
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(a)

(b)

(c)

FIG. 4. Comparison of experimental two-neutron separation en-
ergies, S2n with calculated results from five popular mass models.
Plots (a), (b), and (c) show S2n systematics of the isotopic chains
of Ge, As, and Se, respectively. Dashed curves are calculations
from corresponding models, while red-solid and black circles are
experimental values from the ZD MRTOF system and AME2020,
respectively.

Figure 8 shows the solar r-process abundances from
Ref. [64], together with the result from the r-process calcula-
tions presented in this work. The abundances Y are determined
as Y = X/A, where X is the mass fraction. The normalization
is arbitrary to provide the best match to the observed abun-
dances. We observe differences of up to 20% compared to
AME2020 to the abundances for elements with mass number
A = 85–95 due to the mass measurements, which propagate
to higher mass numbers. Specifically, we observe no drastic
changes to the structure of the abundance pattern but rather
a shift that is enabled by the differences in the reaction
rate in this moderately neutron-rich environment. While these
changes are not drastic, the affected area is of particular in-
terest. Specifically, predictions of the production of strontium
(A = 88) are of importance, as this remains the only element

(a)

(b)

(c)

FIG. 5. Difference of mass excess values from calculations and
measurements of Ge(a), As(b), and Se(c).

N

Z

lo
g

1
0
I

FIG. 6. N − Z plane where with color code represents the log-
arithm of the ratio (I) of reaction rates calculated in the bases of
the new experimental mass values over reaction rates calculated
using AME2020. Black borders represent the measured masses. Red
squares are masses measured for the first time in this study. Filled
squares represent stable elements.
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FIG. 7. Same as Fig. 6 but with the color code representing the
logarithm of the ratio (Ierror) of reaction rate uncertainties.

identified in the nucleosynthesis event following the detection
of gravitational waves of the event GW170817 [29,30]. While
the astrophysical conditions behind the NSM event are far
from being constrained, the mass measurements add a piece
to the puzzle of the r-process nucleosynthesis reducing the
corresponding uncertainties and confining the production of
elements of interest such as Sr. Figure 9 displays the abun-
dances of Sr isotopes as a function of time for both newly
measured masses and masses from AME2020, including their
corresponding uncertainties. Our results show that significant

This work
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(a)

(b)

Mass number A

FIG. 8. A. The figure displays abundances vs. mass number A
for elements near the first r-process peak. The abundances based on
newly measured masses are represented by a black line, while those
from the AME2020 database are depicted with a dotted blue line.
Both sets of abundances are accompanied by their respective error
bars (shaded areas). The solar r-process abundances and associated
uncertainties, taken from [65], are illustrated by the black error bars.
We assume a uniform Ye distribution in the range 0.34 � Ye � 0.38.
The blue-shaded area marks uncertainties stemming from experi-
mental values in the AME2020 database. In contrast, the black area
highlights the impact of experimental mass uncertainties from our
study. Notably, the uncertainty band from our measurements is now
indistinguishable. B. The plot illustrates the ratio of abundances from
our work compared to those from the AME2020 database, revealing
relative differences. The blue line signifies the main ratio, and the
blue band encompasses uncertainties from AME2020.

AME 2020 error
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FIG. 9. Top panel: Abundances of Sr isotopes vs. time in days as-
suming the newly measured masses and masses of AME2020 within
their error bar in a logarithmic scale. We consider the same uniform
distribution of Ye such as 0.34 � Ye � 0.38, as in Fig. 8. Bottom
panel: The ratio between the abundances obtained from this work
to the abundances derived from the AME2020 database indicates
relative differences.

changes of up to 20% compared to the central values in
AME2020 are observed during nucleosynthesis. However, at
later times, these differences become smaller, with variations
typically within the 5% range.

VII. CONCLUSION

The masses of 83,84Ga, 82–86Ge, 82–89As, 82,84–91Se,
85,86,89–92Br, 89,91,92Kr, and 91Rb have been determine accu-
rately and with high precision in the first online commis-
sioning measurement of the ZD MRTOF-MS. Among the
35 nuclides measured in this work, masses of 88,89As are
evaluated for the first time, while the uncertainties of 86Ge
and 90,91Se have been improved significantly from hundreds
of keV to less than 10 keV. Comparison to mass models,
with the inputs of new mass values, showed WS4 + RBF best
reproduces the mass excesses of the isotopic chains in the
discussion. Except for FRDM12, mass models used here man-
ifest similar S2n curves agreeing reasonably with observations.
Both predictions and experimental values of S2n indicate a
smooth evolution of neutron shell in the region of interest.
According to the trend of S2n, no significant change on the
slope has been observed, which indicates that a N = 56 sub-
shell closure for Se does not exist. Although precise mass
data of more neutron-rich nuclei are highly desired to draw
a conclusion on the shell evolution of the Se isotopic chain,
measurements in this work have proceeded one step further
toward mass evaluation of more exotic isotopes. To assess the
impact of the measured masses on the r-process, the Hauser-
Feshbach statistical model was utilized to calculate nuclear
reaction rates, incorporating the associated propagated uncer-
tainties. These reaction rates were then employed in r-process
nucleosynthesis calculations to investigate changes in ele-
ment abundances. The study focused on a narrow range
of Ye values, corresponding to trajectories consistent with
the modeling of neutron star merger outflows [63,66]. The
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r-process calculations revealed reductions in the propagated
abundance uncertainties, attributed to the utilization of the
new mass measurements compared to those obtained from the
AME2020 database.
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