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Mass measurement of 27P to constrain type-I x-ray burst models and validate the isobaric multiplet
mass equation for the A = 27, T = 3

2 isospin quartet
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Background: Light curves are the primary observable of type-I x-ray bursts. Computational x-ray burst models
must match simulations to observed light curves. Most of the error in simulated curves comes from uncertainties
in r p process reaction rates, which can be reduced via precision mass measurements of neutron-deficient isotopes
in the r p process path.
Purpose: Perform a precise atomic mass measurement of 27P. Use this new measurement to calculate r p process
reaction rates and input these rates into an x-ray burst model to reduce simulated light curve uncertainty. Use the
mass measurement of 27P to validate the isobaric multiplet mass equation (IMME) for the A = 27 T = 3

2 isospin
quartet which 27P belongs to.
Method: High-precision Penning trap mass spectrometry utilizing the time-of-flight ion cyclotron resonance
technique was used to determine the atomic mass of 27P. The MESA code (Modules for Experiments in Stellar
Astrophysics) was then used to simulate x-ray bursts using a one-dimensional multizone model to produce
updated light curves.
Results: The mass excess of 27P was measured to be −670.7(6) keV, a 14-fold precision increase over the mass
reported in the 2020 Atomic Mass Evaluation (AME2020). The 26Si(p, γ ) 27P − 27P(γ , p) 26Si rate equilibrium
has been determined to a higher precision based on the precision mass measurement of 27P. x-ray burst light
curves were produced with the MESA code using the new reaction rates. Changes in the mass of 27P seem to have
minimal effect on light curves, even in burster systems tailored to maximize impact.
Conclusion: The mass of 27P does not play a significant role in x-ray burst light curves. It is important to
understand that more advanced models do not just provide more precise results, but often qualitatively different
ones. This result brings us a step closer to being able to extract stellar parameters from individual x-ray burst
observations. In addition, the IMME has been validated for the A = 27, T = 3/2 quartet. The normal quadratic
form of the IMME using the latest data yields a reduced χ2 of 2.9. The cubic term required to generate an exact
fit to the latest data matches theoretical attempts to predict this term.

DOI: 10.1103/PhysRevC.108.065802

I. INTRODUCTION

A. Type-I x-ray bursts

Type-I x-ray bursts (XRB) are astronomical events that
occur in binary star systems with one neutron star and one
companion star which has expanded and filled its Roche lobe
[1], causing hydrogen and helium-rich material to flow from
the companion star to the neutron star. This accreted material

*yandow@frib.msu.edu

builds up on the surface of the very dense neutron star and
is compacted by the extreme gravitational force. The temper-
ature and density of the proton-rich neutron star atmosphere
increase continuously as more material is added until fusion
and thermonuclear runaway are triggered. This commences
the rapid proton capture (r p) process [2].

The r p process produces neutron-deficient nuclei lighter
than A ≈ 106 via a series of proton captures (p, γ ), photodis-
integrations (γ , p), α induced reactions (α, p), and β+ decays
[3]. The initial thermonuclear flash and r p process rapidly
and drastically increase the temperature in the atmosphere
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of the neutron star, resulting in a sharp increase in x-ray
luminosity followed by a slow drop-off—a type-I x-ray burst
[4]. The x-ray luminosity coming from a burst is called the
light curve. It is the primary observable from x-ray bursts and
must be accurately modeled in order for stellar parameters to
be extracted from observed x-ray burst data.

Nuclear data for the nuclei along the r p process reaction
pathway are critical for modeling x-ray bursts and their light
curves. For some nuclei, slight changes in mass result in a
change in the direction of the net (p, γ )-(γ , p) flow due to
the exponential dependence of photodisintegration on the Q
value. This flow change can lead to a significant shift in the
energy production and therefore shape of the light curve.

Of particular importance to modeling the energy produc-
tion in an x-ray burst is the determination of the intensities
of nuclear reactions at “waiting point nuclei”—nuclei with
relatively long half-lives of at least a few seconds. 26Si is an
r p process waiting point nucleus with a β+-decay half-life of
2.25 s. The uncertainty in the flow out of 26Si was primarily
due to the mass uncertainty in 27P, which is measured in this
work.

A sensitivity study by Schatz and Ong [5] identified 27P
as one of only three nuclei that had a measurable effect on
the light curve of a typical hydrogen/helium burst. The mass
used in the study was the Atomic Mass Evaluation 2016
(AME2016)-reported mass excess of −722.5(26.3) keV [6].
The mass of 27P is necessary to determine the equilibrium of
the 26Si(p, γ ) 27P − 27P(γ , p) 26Si reaction, which is impor-
tant to determine the branching between proton capture (p, γ )
and α capture (α, p) on 26Si. The reduction of the burst simu-
lation uncertainties from the mass of 27P to a negligible level
required a mass measurement with an uncertainty of ≈1 keV.
In this article we present such a measurement performed at
the National Superconducting Cyclotron Laboratory (NSCL)
[7] and measured by the Low Energy Beam Ion Trap (LEBIT)
9.4 T Penning trap mass spectrometer [8].

B. Isobaric multiplet mass equation

The isobaric multiplet mass equation (IMME) formal-
ism treats protons and neutrons as degenerate states of the
same hadron which are simply different projections of the
“isospin” quantum number: T . The free neutron has isospin
projection Tz = +1/2, and the free proton Tz = −1/2. In a nu-
cleus with A = N + Z nucleons, isospin coupling yields T =
(N − Z )/2, and allows isospin projections Tz = |T |, |T | +
1, . . . , A/2. Nuclei with the same number of nucleons, A, i.e.,
isobars, can have states with the same isospin, T , and similar
properties. These are called isobaric analog states. Knowledge
of isobaric analog states—some of which are excited states—
can be used to predict properties of other nuclei in the same
isospin-degenerate multiplets.

Perturbation theory can be used to calculate corrections to
the mass of the isobaric analog states. When taken to first
order this yields the isobaric multiplet mass equation [9]

ME (A, T, Tz ) = a(A, T ) + b(A, T )Tz + c(A, T )T 2
z , (1)

where ME is the mass excess, A is the mass number, T
and Tz are the isospin and its projection, and a, b, and

c are coefficients determined theoretically, or by fitting to
mass measurements. Certain nuclear properties—such as
second-order Coulomb effects, three-body interactions, and
isospin-mixing—require the addition of the terms dT 3

z and
eT 4

z . The d and e coefficients are expected to have com-
paratively small magnitudes unless there is a substantial
breakdown of isospin symmetry [10]. Attempts have been
made to theoretically explain and predict the cubic d coeffi-
cient of the IMME [11–15]. Predictions have some agreement
with experimentally measured d coefficients, but there are
several outlier masses that require large, difficult-to-predict
d coefficients to properly describe the masses of an isospin
multiplet [11]. In this work we use the precision mass mea-
surement of 27P performed at LEBIT to evaluate the predictive
capabilities of the IMME and determine whether the A = 27,
T = 3

2 isospin quartet requires a substantial d coefficient in
order to accurately describe the masses of the isobaric analog
states.

II. EXPERIMENTAL METHOD AND ANALYSIS

The LEBIT is the only Penning trap mass spectrometry
facility able to perform high-precision measurements on rare
isotopes produced by projectile fragmentation. In this experi-
ment, short-lived 27P was generated by impinging 150 MeV/u
36Ar on a 1034 mg/cm2 Be target at the Coupled Cyclotron
Facility at the NSCL. The beam produced was then sent
through the A1900 fragment separator with a 150 mg/cm2

99.99% pure aluminum wedge [7] to separate the secondary
beam.

The beam proceeded to the beam-stopping area [16] via
a momentum compression beamline, where it was degraded
with aluminum degraders of total thickness 2759 µm before
passing through a 4.1 mrad aluminum wedge with center
thickness 1016 µm. The beam entered the gas cell at an energy
of less than 1 MeV/u. In the gas cell, ions were stopped in
high-purity helium gas at about 52 torr and a temperature
of −7◦C. During collisions with the helium gas, the highly
charged ions recombined down to the charge state +1. The
ions were transported through the gas cell by a combination
of rf and dc fields and gas flow. They were then extracted into
a radio frequency quadrupole (RFQ) ion guide and separated
by a magnetic dipole mass separator with a resolving power
of approximately 1500.

The activity of the beam after the dipole mass separator
was measured with an insertable Si detector. The highest ac-
tivity was found at a charge-to-mass ratio of A/Q = 43. This
indicated that the majority of the 27P was being extracted in
the form of singly ionized phosphorus-oxide, 27PO+, though
there were trace amounts (≈1%) of 27PO+

2 detected as well.
By keeping all ion transport electrodes in both the gas

stopping facility and the LEBIT laboratory close to 30 kV,
but the transport electrodes in between close to ground, the
ions accelerated rapidly to LEBIT but were again slowed
when they entered LEBIT. Once in LEBIT, the ions entered
a helium gas-filled RFQ ion cooler buncher [17]. The ions
were accumulated, stopped in room temperature helium, and
released to the LEBIT 9.4 T Penning trap. A fast kicker in
the beam line leading from the cooler buncher to the trap
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was used as a time-of-flight mass separator. It only allowed
27PO+ and molecular contaminants with a similar mass-to-
charge ratio, A/Q = 43 ± 1, to enter the Penning trap. The
isobaric contaminant HCNO+ was used as a calibration ion of
well-known mass.

LEBIT’s 9.4 T Penning trap is made of a high-precision
hyperbolic electrode arrangement in an actively shielded mag-
net [18]. Electrodes leading up to the trap decelerated the ion
pulses before they entered. The final section of these elec-
trodes is quadrisected radially, with each segment’s voltage
independently controllable, to create a Lorentz steerer [19].
The Lorentz steerer controlled how far off-center the ions
entered the trap. Once captured, contaminant ions were driven
out using dipole cleaning [20], which excited the motion of the
contaminants using azimuthal rf dipole fields at their reduced
cyclotron frequency ( f+). Then a mass measurement was per-
formed on the—now isolated—ions of interest.

Penning trap mass measurements do not directly yield
mass as a result. Instead, results are given in terms of the
frequency ratio

R = f int
ref

fc
. (2)

Here, fc is the cyclotron frequency of the ion of interest: the
frequency at which an ion of charge q and mass m precesses
in a uniform magnetic field B, given by the equation

fc = qB

m
. (3)

f int
ref is the time-interpolated cyclotron frequency of a cali-

bration ion with well-known mass. In this measurement, the
cyclotron frequency of the calibration ion, HCNO+, was mea-
sured before and after each 27PO+ measurement. The final
reported atomic mass M is found by taking the average of all
of the frequency ratios, R̄, and using

M = R̄[Mref − me] + me, (4)

where Mref is the atomic mass of the neutral reference
atom/molecule—in this case HCNO—and me is the electron
mass. Electron binding energy is generally neglected, as it is
on the order of a few eV’s; the dominant statistical uncertain-
ties in this work are two orders of magnitude greater than this.

Once the 27PO+ ions were trapped and cleaned of contam-
inants, the time-of-flight ion cyclotron resonance technique
[21] was used to determine the cyclotron frequency—and
therefore mass—of the 27PO+. A 50-, 100-, 150-, and 200-ms
continuous quadrupolar excitation was used to make initial
measurements of 27PO+. The time-of-flight distributions were
fit with the theoretical lineshape described in [22]. The mea-
sured cyclotron frequency was checked against all chemically
possible molecules composed of stable or long-lived atoms. It
was determined that no potential contaminants were within
3σ of the measured resonance, and therefore the observed
resonances must be 27PO+. Once identified, the excitation
was switched to the pulsed Ramsey resonance technique [23],
which improved precision by a factor of approximately 4. A
sample Ramsey resonance of 27PO+ with a total excitation
time of 250 ms can be found in Fig. 1. For both the continuous
quadrupolar and Ramsey resonances, in between each 27PO+

FIG. 1. A sample 250 ms total excitation time 27PO+ time-of-
flight ion cyclotron Ramsey resonance measurement. The central
dip in the interference pattern corresponds to the resonant cyclotron
frequency. The red curve is a fit to the theoretical profile [23].

cyclotron frequency measurement, a reference ion measure-
ment of HCNO+ was performed in order to determine the
magnetic field strength.

Systematic shifts in R̄ [Eq. (4)] have been found to
scale linearly with the mass difference between calibrant
and target ions. Systematic shifts can result from trap
misalignment with the magnetic field, magnetic field inhomo-
geneities, and nonharmonic trapping potential imperfections
[21]. These mass-dependent shifts have been thoroughly in-
vestigated at LEBIT and found to be �R ≈ 2 × 10−10/u
[24], which is negligible in comparison to statistical un-
certainties when the mass of the reference ion is within
a few u of the ion of interest. Because an isobaric refer-
ence was used in this measurement, these shifts are certainly
negligible.

Further systematic effects include nonlinear temporal shifts
in the magnetic field, relativistic effects on fc, and ion-ion
interactions in the Penning trap. Nonlinear magnetic field
fluctuations have been shown to have an effect less than
1 × 10−9 over one hour [25]—which was the approximate
duration of each 27PO+ measurement—making this effect less
than statistical uncertainty. Relativistic effects were negligible
because of the large ion masses [25]. Isobaric contaminants
in the trap can lead to systematic frequency shifts. This ef-
fect was minimized by performing dipole scans over a broad
frequency range in order to detect contaminants. Contami-
nants were detected by searching for drops in count rate as
ions were driven out of the trap. When a contaminant was
identified using this method, its reduced cyclotron frequency
was added to a list of “cleaning” frequencies. A dipole ex-
citation for each cleaning frequency was applied, driving out
contaminants before the quadrupolar excitation of the ion of
interest. For both 27PO+ and HCNO+, events with six or
more detected ions were discarded to avoid potential sys-
tematic frequency shifts from Coulomb interactions in the
trap.
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FIG. 2. Measured cyclotron frequency ratios R = f int
ref (HCNO+ )

fc (27PO+ )
rel-

ative to the average value R̄ = 1.000270250(16). The gray bar
represents ±1σ uncertainty in R̄ and has been scaled by the Birge
ratio [26].

III. RESULTS

Eleven measurements of 27PO+ were performed over the
course of approximately 15 h. These resulted in a weighted
average of R̄ = 1.000270250(16), as can be seen in Fig. 2.
The individual values of R varied slightly more than would be
expected from a Gaussian distribution of measurements. This
variation likely derived from a systematic underestimation of
uncertainty, resulting in a Birge ratio [26] of 1.23(14). In order
to correct this potential error underestimation, the uncertainty
of R̄ was scaled by the Birge ratio. This correlates to a 27P
mass excess of −670.7(6) keV.

Due largely to its astrophysical importance, the mass of 27P
has been measured several times, by Benenson et al. using
a split-pole spectrograph [27], Janiak et al. using β delayed
proton emission [28], Fu et al. using a storage ring [29], and
Sun et al. using β decay spectroscopy of 27S [30]. In addition,
Schatz and Ong used the IMME to predict the mass of 27P
in order to improve the precision of x-ray burst simulations
[5]. The LEBIT measurement is shown in comparison to past
measurements and predictions in Fig. 3.

IV. DISCUSSION

A. IMME predictions

Schatz and Ong used the IMME to predict a 27P mass
excess of −716(7) keV [5]. They utilized a 27Si T = 3/2
isobaric analog state excitation energy of 6626(3) keV [33]
for this calculation. The LEBIT mass measurement found an
excess of −670.7(6) keV, a difference exceeding 6σ . A recent
measurement of the T = 3/2 isobaric analog state of 27Si
performed at Texas A&M by McCleskey et al. [34] yielded
an excitation energy of 6638(1) keV, 12 keV higher than
previously measured. Using this new value, a mass excess
of −677(4) keV is predicted for 27P, less than 2σ from the
LEBIT result. Without the McCleskey measurement, a large
cubic term of d = 8(1) keV would be necessary in order for
the IMME to accurately predict the LEBIT value and would

FIG. 3. Mass excess of 27P as measured by LEBIT (dotted lines)
compared with recommended values from AME2012/16 [6,31] and
AME2020 [32] and values measured by Benenson et al. [27], Janiak
et al. [28], Fu et al. [29], and Sun et al. [30] as well as the value
predicted by an IMME calculation [5].

indicate a substantial breakdown in isospin symmetry. With
the McCleskey excitation energy, the normal quadratic form
of the IMME yields an acceptable reduced χ2 of 2.9. In order
to perfectly match measured data, a small d coefficient of d =
1.1(6) keV must be added, in excellent agreement with the
theoretical prediction of this cubic term made by Dong et al.
[11]. While the IMME prediction used in [5] yielded a poor
result for the mass of 27P, it was missing the critical updated
T = 3/2 isobaric analog state excitation energy of 27Si. On
the one hand, this recommends caution when using the IMME
predictively in astrophysics simulations. On the other hand,
not only has the IMME been shown to make a reasonable
prediction for this multiplet, but the McCleskey measurement
[34] and Dong theoretical d-coefficient prediction [11] have
been validated. This demonstrates that with accurate data on
isobaric analog states, the IMME can be a powerful predictive
tool. This result also motivates the revisiting of old excita-
tion energy measurements of isobaric analog states. The most
recent measurement of the T = 3/2 isobaric analog state ex-
citation energy of 27Si before McCleskey et al. was performed
more than half a century ago in 1971 by Barker et al. [33]. The
LEBIT 27P mass measurement and the latest A = 27, T = 3/2
isobaric analog state information can be found in Table I; the
IMME coefficients calculated using this data can be found in
Table II.

B. Astrophysical implications

The LEBIT 27P mass was used to calculate the proton
capture rate on the 26Si waiting point using the techniques
and resonance properties described in Sun et al. Sec. IV F
[36]. The dominant narrow resonance relevant for proton
capture at x-ray burst temperatures (≈0.1–1.2 GK) is the
first excited state 3/2+ resonance, with contributions from
the second excited state 5/2+ resonance several orders of
magnitude lower for all x-ray burst temperatures. While di-
rect capture is the dominant pathway for proton capture
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TABLE I. Isobaric analog state information for the A = 27, T =
3/2 quartet. Tz is the isospin projection, ME the mass excess, and
Ex the excitation energy. The ground state mass of 27P is the value
presented in this work. The other ground state masses are from
AME2020 [32]. Two isobaric analog states are excited states: 27Si∗

[34] and 27Al∗ [35].

Isobar Tz ME (keV) Ex (keV)

27P −3/2 670.6(6) 0.0
27Si∗ −1/2 12384.5(1) 6638(1)
27Al∗ 1/2 17196.86(5) 6813.8(7)
27Mg 3/2 14586.59(5) 0.0

on 26Si at temperatures below 0.08 GK, it quickly drops
to a negligible level compared to the 3/2+ resonance at
the high temperatures achieved in an x-ray burst. Often, an
improved mass measurement contributes to a better under-
standing of a proton capture rate by determining the proton
separation energy between parent and daughter nuclei. This
proton separation energy combined with a measurement of
excitation energy determines the resonance energy. Because
the dominant 3/2+ resonance energy was determined di-
rectly via β-delayed proton measurement in [36], the LEBIT
mass measurement impacts neither the resonance energy nor
the 26Si(p, γ ) 27P forward rate. Therefore, the effect of the
updated 27P mass lies entirely with the photodisintegration
rate, 27P(γ , p) 26Si—which depends exponentially on the Q
value.

The photodisintegration rate was calculated using the
methodologies laid out in Section 3.2 of [37]. As can be
seen in Fig. 4, the LEBIT-based result drastically reduces
uncertainty in the photodisintegration rate as compared to
that based on AME2016 [6] and AME2020 [32]. The LEBIT
rate lies between the rates calculated using these two atomic
mass evaluations and is consistent with each of them within
3σ . Even though this critical rate was much more pre-
cisely determined in this work, MESA simulations using
the techniques laid out by Meisel in [38] yielded light
curves not substantively different than using the AME2016
[6] or AME2020 [32] 27P mass value. In order to deter-
mine if the mass of 27P could have an impact on the light
curve of any x-ray burst, the mass accretion rate of the
simulated x-ray burster system was decreased compared to
the GS 1826-24 clock burster typically used in simulations

TABLE II. Regular (quadratic) and cubic IMME coefficient val-
ues for the A = 27, T = 3/2 quartet. The IMME is defined as ME =
a + bTz + cT 2

z (+dT 3
z ). The reduced χ 2 of the quadratic fit is 2.9.

The cubic fit has the same number of fitted parameters as data
points—four—so reduced χ 2 is not defined.

IMME term Quadratic fit (keV) Cubic fit (keV)

a 8118.9(6) 8119.3(7)
bTz 4638.6(2) 4636(1)
cT 2

z −217.9(3) −218.1(3)
dT 3

z n/a 1.1(6)

FIG. 4. Photodisintegration rate λ(γ ,p) for the reaction
27P(γ , p) 26Si using the mass of 27P from LEBIT (black), AME2016
[6] (orange), and AME2020 [32] (blue), each varied ±3σ (LEBIT:
1.9 keV, AME2016: 72 keV, AME2020: 27 keV). AME2016 is
included to compare to Schatz and Ong’s sensitivity study [5]. A
zoomed inset is included to clarify the λ(γ ,p) precision improvement
due to the LEBIT measurement.

(decreased from 2.98 × 10−9 to 1.23 × 10−9 M�/yr, where
M� is the mass of the sun, ≈2 × 1030 kg). This decrease in
mass accretion rate increases the burst temperature and helium
fraction upon ignition, enhancing the highly temperature-
dependent (α, p) pathway. The increased (α, p)-(p, γ ) path
competitiveness maximizes the change in the simulated light
curve due to the LEBIT 27P mass measurement or any vari-
ation in the 27P mass. Even in this situation, variations in
the mass of 27P had an inconsequential effect on the light
curve.

The blue and orange bands and their pink overlapping
region in Fig. 5 show that the simulated light curve is nearly
identical regardless of which mass value for 27P is used and
whether it is varied over the small uncertainty attained by
LEBIT, or the uncertainty from AME2016 [6], which is over
40 times as large. The AME2016 recommended mass for 27P
was varied by ±3σ to produce the orange light curve. This
mass variation encompasses both the LEBIT and AME2020
[32] mass values of 27P. It is therefore not surprising that the
light curve produced using the LEBIT 27P mass lies mostly
within the uncertainty band of the light curve produced using
the AME2016 value. It is surprising that the uncertainty band
of the light curve produced using the LEBIT mass is barely
reduced. This can be seen by observing that the blue and or-
ange bands in Fig. 5 are of comparable magnitude throughout
the x-ray burst.

This lack of impact on the simulated light curve from a
variation of the mass of 27P is not what was predicted by
the sensitivity study [5]. The cause of this disparity likely
lies in the difference between the simple single-zone XRB
model and the complex multizone MESA XRB simulation.
A single-zone model was used in the sensitivity study in
order to be able to approximate the impact of a wide variety
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FIG. 5. MESA multizone XRB light curve generated using the
mass of 27P from LEBIT (blue) and AME2016 [6] (orange), each
varied ±3σ (1.9 keV for LEBIT, 72 keV for AME2016). Their
overlap is a dull pink. Single-zone model results from [5] (gray)
are included to show the qualitative difference in light curve tail
shape. Burster is “GS 1826-24”-like, with accretion rate decreased
from 2.98 × 10−9 to 1.23 × 10−9 M�/yr to enhance the impact of
27P mass. AME2020 [32] excluded as it would produce a third curve
with near-perfect overlap.

of nuclear masses with an achievable amount of computing
power. A multizone MESA simulation is only feasible to run
when varying a small number of parameters such as just the
mass of 27P. One can see from the gray band in Fig. 5 that
the impact on a single-zone x-ray burst simulation by the
mass of 27P lies primarily in the sharp luminosity drop-off
highlighted in the zoomed inset. However, this sudden lumi-
nosity drop-off at the end of a light curve does not exist in
multizone models. As Cyburt et al. point out in [39], this re-
gion “is mainly the result of the absence of radiation transport
modeling” in single-zone XRB models and that single-zone
models run much hotter than multizone models. Escape from
the 26Si waiting point via 26Si(α, p) 29P probably requires
a temperature higher than is reached in physical systems
and multizone XRB models in order to compete with proton
capture.

To test this hypothesis, the flow from the 26Si waiting
point via 26Si(p, γ ) 27P and 26Si(α, p) 29P was calculated for
an array of temperature and density environments potentially
achievable in an XRB. This flow was calculated using a 27P
mass value from AME2016 ± 3σ . AME2016 was chosen
to demonstrate why the sensitivity study [5] predicted the
mass of 27P would impact the r p process path and because
AME2016 ± 3σ encompasses the LEBIT and AME2020
recommended 27P masses. The rate of 26Si(α, p) 29P is un-
measured, so 3× the NON-SMOKER calculated rate—the rate
used by the nuclear astrophysics database JINA Reaclib—was
chosen. The multiplication factor of 3× was chosen based on
an uncertainty study of reaction rates in proton-rich nuclei
which found that the true reaction rate is occasionally as much
as 3× the NON-SMOKER rate, and is usually less [40]. As it

FIG. 6. Contour plots of the fraction of escape from the 26Si
waiting point via alpha capture—(α, p)/((p, γ ) + (α, p))—during a
type-I XRB. Contours generated using a 27P mass value of AME2016
± 3σ (left: +3σ , right : −3σ ). This range is fully inclusive of the
LEBIT and AME2020 mass values. T9 is the temperature in GK, ρYp

is the proton density. Arrows show the temperature-density profile of
the single-zone model over the course of an XRB and are identical
in each plot. The horizontal line shows the maximum temperature
reached (T ≈ 1.1 GK) in any multizone MESA XRB simulation using
a 27P mass from AME2016/20, or LEBIT.

was our goal to find the scenario where the (α, p) path was
the most competitive, the highest plausible rate was chosen.
The 27P mass-independent path of temperatures and densi-
ties in a single-zone XRB model was calculated. Finally, the
peak temperature achieved in any MESA simulated burst using
any 27P mass from AME2016, AME2020, or LEBIT was
determined.

The results of these simulations are available in Fig. 6.
It shows that the (α, p) path only becomes competitive in
the single-zone model when the mass of 27P is increased
by 3σ based on the AME2016 value (Fig. 6 left). It is an
irrelevant path in a single zone model with the 27P mass
decreased by 3σ (Fig. 6 right). Most importantly, it is an
irrelevant path in all situations for the multizone MESA model
(Fig. 6 horizontal black line). The horizontal black line la-
beled “Max T across all MESA XRBs” in Fig. 6 shows
the maximum temperature reached in any MESA simulated
x-ray burst with enhanced (α, p) path properties described
above and a mass of 27P from AME2016, AME2020, or
LEBIT. This maximum temperature line (T ≈ 1.1 GK) never
approaches the contour which indicates that (α, p) would
begin to compete, even though the 26Si(α, p) 29P was set to
triple the calculated rate when generating these contours. This
shows that the mass of 27P is critically important for deter-
mining whether alpha capture is an escape pathway out of
the 26Si waiting point in single zone XRB models, matching
the prediction of [5]. Multizone models—and most likely real
x-ray bursts—never reach a sufficient temperature for the α

capture pathway to become relevant regardless of the mass
of 27P.

V. CONCLUSIONS

27P has been measured to over an order of magnitude more
precision than prior measurements, with the result ME =
−670.7(6) keV. This eliminates the need for further 27P mass
measurements for astrophysical purposes. Its astrophysical
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impact appears to be less than predicted due to enhanced
temperatures reached in single-zone XRB models creating
false competition between the proton and α capture pathways
out of the 26Si r p process waiting point. A measurement of
the 26Si(α, p) 29P reaction rate would be necessary in order to
fully rule out an α capture bypass for high-temperature bursts.
This result highlights the importance of following single-zone
XRB simulations with multizone simulations to validate the
impacts predicted by the simpler models. In addition, after
some critical updates [11,34], the IMME has been validated
for the A = 27, T = 3/2 quartet, and the IMME cubic term d
coefficient is small enough so as not to cause concern about
isospin symmetry breakdown.
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