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Abstract Much of astrophysics is fueled by nuclear physics
with observables, such as energy output and elements pro-
duced, that are heavily dependent on the masses of the
nuclides. A mass precision of at least 50 keV/c? for many
rare nuclides is needed to adequately discriminate models
that explain the observables. In recent decades, the develop-
ment of new facilities and mass-measurement techniques has
made available a wealth of precise and accurate mass data.
The new data, in combination with novel codes and mod-
els, has greatly enhanced the understanding of astrophysical
processes in the universe, but much is still to be learned.

1 Introduction

Stars have been responsible for the creation of the heavi-
est elements in nature, throughout their life time or in their
deaths. As first described in the famous BZFH paper [1], a
number of astrophysical processes have been introduced to
account for various features in the solar abundances. These
astrophysical processes are driven by the nuclear fuel within
stars and produce various observed phenomena.

This paper summarizes the recent progress made in our
understanding of astrophysical processes with focus on
the impact of precise mass measurements of the nuclides
involved. A description of some select astrophysical pro-
cesses is presented, followed by a review of the recent devel-
opment and advances in facilities and mass measurement
techniques. Present breakthroughs in the field are highlighted
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with the consideration of several impactful mass measure-
ments.

2 Astrophysical processes

Of the astrophysical processes, there are two which have
benefited most from recent precise mass measurements of the
relevant nuclides: the rp process involving neutron-deficient
nuclei, and the r process that involves neutron-rich nuclei.
These processes and their dependence on nuclide masses are
described in what follows.

2.1 rp process

The rapid proton capture (rp) process [2,3] takes place in
hydrogen-rich conditions at temperatures above 7 > 10% K.
In such conditions, it becomes possible to break out from the
CNO cycles and proceed toward heavier elements via rapid
proton captures. Here we focus on the rp process in type I
x-ray bursts [4,5], which are binary star systems consisting
of a neutron star and a main-sequence or red giant star that
transfers hydrogen-rich material onto the surface of the neu-
tron star. We note that rapid proton captures also play a role
in novae and in the vp process [6,7], which takes place in
neutrino-driven winds of core-collapse supernovae. The role
of nuclear masses in these processes is analogous to what is
described below for the rp process in type I x-ray bursts.
Type I x-ray bursts are powered by the rp process, which
is initiated when sufficiently high temperatures and densi-
ties are reached in the hydrogen-rich layer accreted from
the companion star onto the surface of the neutron star. The
process starts with the triple-alpha process and CNO cycles,
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Fig. 1 Lightcurves for some of the x-ray bursts observed from 4U
1636-536 by NuSTAR in the 5-30 keV (colorful solid lines) and 30-79
keV (blue histograms) bands. The solid black curve shows the average
light curve for the 5-30 keV band for which the time bin size is 1s. The
number of photons in the 30-79 keV band has been multiplied by 50
and the time bin is 4s. Adopted and modified from Ref. [8] under CC
BY 4.0

which heat the layer further and enable a pathway for («, p)
reactions in the lighter region, and eventually for the »p pro-
cess. The thermonuclear runaway in the rp process proceeds
along neutron-deficient radioactive nuclei up to A ~ 110
and swiftly generates a lot of energy observable in the x-
ray region. When the process runs out of fuel, the produced
radioactive nuclei decay back to stability releasing energy
observed as a tail in the x-ray burst light curve. Examples of
lightcurves observed from 4U 1636-536 are shown in Fig. 1.

Type-I x-ray burst lightcurves have typical rise times of
around 1-10s and their tail lasts from tens of seconds to min-
utes. The recurrence times vary considerably, from an hour to
several hours. The information on type I x-ray light curves is
increasing, with around 48 accreting neutron stars reported
by the Rossi X-ray Timing Explorer [9] and around 7000
bursts listed in the Multi-INstrument Burst ARchive (MIN-
BAR) [10]. Recently, results from the Neutron Star Interior
and Composition Explorer (NICER) observations on type I x-
ray bursts have also become available, see e.g. Refs. [8,11].
The released data sets provide new possibilities to explore
these phenomena and require more accurate nuclear input to
model the light curves. Sensitivity studies performed for the
rp process calculations [12] have shown that the uncertain-
ties in specific nuclear reaction rates introduce large varia-
tions in the calculated type I x-ray burst light curves. Even
more importantly, nuclear masses, which are key inputs for
the rp-process calculations as discussed below, can affect the
calculated light curves significantly [5,13,14].

The rp process proceeds via proton captures until they
become energetically unfavorable (low or negative proton-
capture Q value). Atsuch points, known as waiting points, the
process has to wait for the much slower 87 decay to happen.
This results in accumulation of material in waiting points
which, in turn, affects the final abundances of the process. The
proton-capture Q value is directly determined using nuclear
masses and for a nucleus (Z, N, A) it is the same as the
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Fig. 2 The impact of the 85 keV uncertainty in the mass excess of 3 As
from the 2012 Atomic Mass Evaluation [16] on the burst ashes for a
type I x-ray burst model with very hydrogen-rich conditions that enable
the rp process to extend beyond ®*Ge. This figure has been adopted
from Ref. [14]

proton separation energy of its isotone with Z + 1 protons,
Opy(Z,N,A)=S8,(Z+1,N,A+1).

In high-temperature environments the inverse photo-
disintegration reactions (y, p) also play a role and have to
be taken into account in the calculations. According to the
detailed balance principle, the photo-disintegration rate A,
on a nucleus (Z, A) can be expressed as:

2Gs (kT \**
o =G zam

1

hpyyeSr/keT (1)

where S, is the proton separation energy for the nucleus
(Z, A), pis the reduced mass of the target (nucleus of atomic
mass number, A) and projectile (proton) system, G; and G ¢
are the nuclear partition functions for the initial and final
nuclei, T is the astrophysical temperature, A(,, ) is the proton
capture rate on the forward reaction (i.e. on nucleus (Z —
1, A)), kp is the Boltzmann constant, and 7 is the reduced
Planck constant.

The exponential dependence on proton separation ener-
gies in Eq. 1 means that the abundance ratio between neigh-
boring isotones (Z — 1, N) and (Z, N) depends sensitively
on their masses. This is even more emphasized at waiting-
point nuclei, where the (p, y) and (y, p) reactions compete
with the 87 decay. As such, nuclear masses have a strong
impact on the final elemental abundance of the rp process,
also known as burst ashes. This is illustrated for the mass
excess of  As in Fig. 2. In general, the mass-excesses should
be known with a precision of better than 10 keV to better
model the rp process [15].

For lighter r p-process nuclei, or near magic shell closures,
the level density is rather low. There, the reaction rate is
dominated by resonant proton captures on selected states at
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excitation energies E, ; and the total resonant reaction rate
can be calculated as a sum over all resonances i:

Na(ov) = 1.5399 x 10" (uTo)~3/?
—11.605(E; — S
« Z (a))/)l exp ( X,l p)
i

T @

where 1 is the reduced mass for the reaction, Ty is the
temperature in GK, S, is the proton separation energy of
the final nucleus, and wy is the resonance strength. In order
to accurately determine the resonant proton capture rates,
the proton separation energy has to be precisely known in
addition to the resonant state excitation energies. Often the
proton separation energy introduces the largest uncertainty to
the resonance energy E,.; = Ex — S), and ~ keV precision
is desirable for the mass-excess values.

The type I x-ray burst ashes depend also on the formation
of cycles at points where o separation energies become low
and the material is cycled back via (p, ) or (y, «) reactions.
Examples of cycles in the rp process are the Ni-Cu [17],
Zr-Nb [3], and SnSbTe [18] cycles. Of these, the SnSbTe
cycle determines the endpoint of the rp process. The pro-
cess cannot proceed to heavier nuclei due to the low alpha
separation energies of the tellurium isotopes [18]. Even in
extremely hydrogen-rich conditions, where the process can
proceed beyond °Ni and % Ge, the heaviest burst ashes are
located at A =~ 110 (see Fig.2).

The burst ashes eventually fall into deeper layers of the
neutron star crust, where superbursts can convert the ashes to
nuclei in the iron-nickel region [19]. In even deeper layers,
electron captures on nuclei drive the composition to more
neutron-rich nuclei and release neutrinos. The electron cap-
tures can cool the crust via cycles of electron captures and
B~ decays [20] but also strongly heat it, depending on their
Q values and the depth in the crust [21]. The electron-capture
Q values depend on the masses of the parent and daughter
nuclei and the excitation energy of the final state in the daugh-
ter nucleus. Therefore, the masses of neutron-rich nuclei
involved in the electron-capture processes in the accreting
neutron star crust help to evaluate the resulting heat sources
or heat sinks in the crust. In addition to accreting neutron
stars, electron captures have been shown to play a role in
core collapse supernovae (see e.g. Ref. [22]) and informa-
tion on nuclear masses is similarly needed.

2.2 r process

The rapid neutron capture (r process) is an astrophysical pro-
cess accountable for the production of the heaviest elements
in nature. The astrophysical site of the r process remains an
open question, with rare classes of supernovae and the merger
of compact objects as leading candidates [23]. These sites are
thought to provide a sufficient population of free neutrons that
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Fig. 3 The astrophysical r-process abundances using modern mass
models in comparison with solar data. The top panel showcases
extremely neutron-rich conditions of the dynamical ejecta from a neu-
tron star merger. The bottom panel shows the conditions from an accre-
tion disk wind with initial electron fraction of ¥, = 0.20

are used as building blocks to synthesize the heavier elements
[24]. Here we briefly cover how the r process operates and
the foundational role of masses in the theoretical treatment
thereof; for recent reviews of the 7 process consult references
[25-27].

The r process proceeds initially by the rapid capture of
neutrons relative to the timescale for nuclear S-decay [28].
In this early stage, exceedingly short-lived nuclei are created
for which there is limited to no experimental information
[29]. Once the abundant population of free neutrons is con-
sumed, the neutron-rich material decays into more long-lived
species [30]. Each of these longer-lived species may have
several independent measurements of their properties (e.g.
masses, half-lives, excited states, and/or cross sections). The
r process is estimated to last roughly a second from the initial
capture of neutrons to the decay phase, producing character-
istic abundance patterns found in old stars [31].

It is in the earliest stage of nucleosynthesis—during the
rapid capture of neutrons—that theoretical masses must be
employed. Such models are exceedingly robust in predicting
the bulk behavior of nuclei [32-38]. However, these mod-
els have roughly a factor of 10 less precision than modern
measurements, which propagates as a significant source of
uncertainty [39]. Figure 3 highlights the range in astrophys-
ical abundances using commonly employed mass models.
Two possible candidate astrophysical conditions are shown:
the dynamical and wind ejecta of a neutron star merger. The
relative abundance of isotopes is displayed on the Y-axis ver-
sus atomic mass number, A, on the X-axis. Differences of one
order of magnitude (or more) around the abundance peaks
(A ~ 130 and A ~ 195) are indicative of the need for pre-
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cise mass measurements. A reduction in uncertainty on the
astrophysical r process abundances requires precision mass
measurements for participating nuclei on the order of 50 keV
or less. Given the clear relationship between atomic masses
and simulated abundances, this motivates the need to answer
the question: in what way do masses cause such large dis-
crepancies?

Masses, in particular their differences, enter into simula-
tions of the r process in numerous contexts [40,41]. Esti-
mations of astrophysical reaction rates require a mass differ-
ence that defines the Q-value associated with the particular
reaction [42]. For instance, with radiative neutron capture
at astrophysical energies, the one neutron separation energy
sets the bulk of the excitation energy in the compound sys-
tem [43]. The one neutron separation energy also enters into
the associated Q-value that is used via detailed balance in
the calculation of photo-disintegration (inverse) rates associ-
ated with neutron capture. In like manner to the proton, the
neutron photo-disintegration rate can be expressed via the
equation,

2 G/(T) [ ukgT\**
( )(M B ) , —Sp/kgT 3)

Yow =Gy ez ) Hen®

where S, is the neutron separation energy, u is the reduced
mass of the target (nucleus of atomic mass number, A) and
projectile (neutron) system, the neutron density is given by
n,, G(T) is the nuclear partition function, 7 is the astro-
physical temperature, A, ,) is the neutron capture rate of
the forward reaction, and both kp and 7/ are physical con-
stants. The primed quantities represent the nucleus with one
fewer neutron relative to the unprimed quantities. Because
S, appears in the exponent, it has a profound influence in
setting the photo-disintegration rate. For r-process nuclei,
ma > my, so the reduced mass effectively scales the photo-
disintegration rate.

Mass differences also enter into decay properties, setting
the energy window for B-decay (Qg) along with the energy
windows associated with delayed neutron emission [44,45].
These energy windows are critical for regulating delayed neu-
tron emission probabilities and thus contribute to the final
odd-even staggering found in r-process abundances [46].

Furthermore, mass differences impact certain properties
unique to the heaviest nuclei that may be produced during
the » process, in particular, rates of nuclear fission [47]. In
such cases, the difference between the ground state mass and
the mass of the system near the so-called saddle configu-
ration sets the barrier height which approximates the resis-
tance of the nucleus to undergo fission [48]. A nucleus with
a small barrier readily undergoes fission while a large bar-
rier is prohibitive. The interplay between the neutron sep-
aration energy and fission barrier is informative to regions
that undergo neutron-induced fission, while the relative value
of Qg to fission barrier defines regions which may proceed

@ Springer

via B-delayed fission [49]. In general, the lower the fission
barrier, the more propensity there is for fission, including
the possibility of spontaneous fission from the ground (or
excited) state [50].

In addition to the impact of setting the values of astro-
physical reactions rates, mass differences define the extent of
the bound (and thus accessible) nuclei [51]. Masses further
impact the estimation of energy release by participating reac-
tions which is used in the computation of heating of r-process
material [52]. This effect is important at early times which
may impact the thermodynamic evolution of the astrophysi-
cal trajectory. At later times, the variation in heating coupled
with abundance differences (as in Fig. 3) can influence light
curve modeling [53,54]. The existence of these uncertainties
compounds current difficulties in interpreting kilonova that
can be observed in association with the merger of compact
objects [55].

3 Mass measurement techniques

In the past few decades, the advent of new mass measure-
ment devices and techniques has greatly enhanced the reach
and precision of nuclide masses. These devices and tech-
niques have been developed, in part, to address the chal-
lenges in obtaining mass measurements of nuclides relevant
to astrophysics: having a sensitive device to get the preci-
sion required of hard-to-produce short-lived nuclides while
minimizing systematic effects that arise from such things as
impure ion samples. The following sections describe some
of these devices and highlight how they overcome some of
the challenges noted above.

3.1 TOF-Bp

One method used to determine the mass of short-lived iso-
topes is to let the fast radioactive ions produced in a reaction
travel over a long distance to a fast detector which records
their time of arrival. Along the path, ions will spread out
due to differences in energy and mass; the lighter ion will
travel faster, the heavier ions slower, and for a relatively small
energy spread the difference in time of arrival will be related
to the mass difference. The energy spread introduced in the
nuclear reaction producing these isotopes can be significant
so that this method is best employed for radioactive ions pro-
duced by fragmentation reactions at high energy where the
energy spread of the produced nuclei is small, and by adding
amomentum determination along the path so that the leading
broadening effect can be corrected. This method is call the
TOF-Bp [for Time-Of-Flight and momentum (Bp inside a
magnet) measurement] technique [56] and, for a long path of
the order of 100 meters and well understood ion optical prop-
erties, a mass resolving power (Am—m) of the order of 10,000
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Fig. 4 A schematic of a MR-TOF which shows the electrostatic mirror
electrodes on either side of a central lift electrode. The voltages applied
to the electrodes form the potential gradient as displayed at the bottom,
with the dashed line showing the voltages used to capture the ions and
the solid line showing the voltages used to trap the ions

can be obtained. This method allows mass determination on
the reaction products directly, without any preparation or
conditioning, and is therefore applicable to the very short-
est lived nuclei, with half-lives as short as a few hundred ns.
Accuracy of the mass measurements is then limited by the
statistics that can be accumulated, the presence of close cali-
bration masses, and the stability of the system. Typical mass
accuracy ranges from ~ 107> to ~ 107°. This generally
exceeds the required precision for astrophysics applications,
but does provide access to the most exotic nuclei that cannot
be reached by other methods.

3.2 MR-TOF

The TOF technique can be improved by making it indepen-
dent of the energy dispersion of the beam. This is accom-
plished, and the device made more compact, by folding the
long path via reflection between two electrostatic mirrors that
are tuned to cancel out the dispersion in energy. The basic
idea is shown in Fig. 4 where the voltage slope on the mir-
rors is such that the faster traversal of the center region by
the higher energy ions is compensated by the extra distance
they travel before being reflected in the electrostatic mirror.
With the right electrostatic mirror slope, that total time equals
that of lower energy ions that travel slower in between the
mirrors but do not penetrate as far in them. That configura-
tion is called a Multi-Reflection Time-Of-Flight (MR-TOF)
spectrometer [57]. Well collimated short ion bunches at a few
keV energy sent into such a device can bounce around for
hundreds of turns, and a mass resolving power of the order of
100,000 can be achieved in tens of milliseconds. This is suf-
ficient to separate most isobars and obtain mass differences
from their time-of-flight differences.

This technique however requires the radioactive ions to
be prepared as a cool low-energy beam with a small energy
spread and a short pulse structure. This is typically done by
first accumulating and cooling the ions in a radiofrequency
(RF) buncher [58] and extracting them as an ion pulse with a

tens-of-ns width. This process introduces some losses in the
deceleration, capture, and cooling of the beam, in addition
to introducing a time delay of the order of a few tens of ms
for the cooling of the bunches and time in the MR-TOF. It is
therefore applicable to isotopes with halflives down to tens
of ms, or as low as a few ms if decay losses can be tolerated,
and extremely low production yield. The mass accuracy can
reach ~ 1077 if statistics is not a limitation and calibrants
close in mass are available.

3.3 Storage ring

Other variations on the TOF technique can be obtained in
storage rings for relativistic heavy-ions (see e.g. Ref. [59]).
In this case, the long flight path is obtained with ions circulat-
ing repeatedly in a large circumference ring. Two main tech-
niques are available in this case: the Schottky mass spectrom-
etry [60] method and the multi-turn isochronous [61] mass
measurement method. The multi-turn isochronous method
uses fast beams directly after a fragment separator [62] which
selects a subset of ions of interest and injects them into the
ring. The ion optics of the ring is tuned such that the rev-
olution time is as independent of the energy of the ions as
possible. In this case, all ions of a given species have the
same rotation frequency and the ratio of these frequencies for
different species is related to the mass ratio for the highly-
charged ions. The correction for the missing charges can be
made quite accurately, and essentially no time is lost in beam
preparation, so therefore this technique is also applicable to
very short-lived isotopes. A mass accuracy of ~ 107 — 1077
can be reached by this method. A very recent development
at Lanzhou where a Bp measurement is added in a technique
called the Bp-defined IMS, promises even higher precision
[63,64]. The second method uses a different approach where,
instead of reducing the influence of the energy spread, the
energy spread itself is reduced. This is done by first injecting
the relativistic ions of interest in the storage ring but then
cooling these ions in an electron cooler section so that the
velocity spread is all but eliminated. Each mass then takes a
slightly different orbit in the ring, resulting in a mass depen-
dent rotational frequency. That frequency is then measured
by a non-destructive pick up system called a Schottky [65]
detector. The mapping from frequency to mass can in princi-
ple be calculated, but is in practice derived from the known
masses circulating in the ring together with the unknown
masses of interest. Since the relative ions are cooled, the
intrinsic resolution of this technique is high enough to sep-
arate high-lying isomers and the accuracy can reach below
10~7 when known calibrants are available. The method how-
ever requires time for the electron cooling to be completed
which limits it to isotopes of slightly longer halflives.

@ Springer
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Fig. 5 Picture of the Canadian Penning trap, with one quadrant of the
central ring electrode removed for illustrative purposes

3.4 Penning traps

Over the past few decades, Penning traps have become the
preferred tool to make mass measurements of ions, where the
mass m of an ion can be determined precisely via the mea-
surement of the cyclotron frequency v, of that ion confined
within a uniform, homogeneous magnetic field of strength B:
Ve = g B/m, where q is the charge state of the ion. The most
precise Penning trap measurements have been performed for
stable ions, but precise mass measurements for hundreds of
radioactive nuclei as short-lived as ''Li (t; /2 = 8.8 ms) have
been measured [66].

The Penning trap itself is an electrode structure consist-
ing of two endcap electrodes which describe hyperboloids of
revolution and an intermediate ring electrode of hyperbolic
cross-section [67]. A potential difference applied between the
endcap electrodes and the ring electrode provides an axially
harmonic electric potential along the magnetic field axis. In
this manner, the ions can be trapped within the uniform field
and their cyclotron frequency can be measured. The superpo-
sition of an electric field with the magnetic field results in the
cyclotron frequency being split into two radial eigenfrequen-
cies of motion that depend on the applied potential: a weakly
mass dependent frequency v_ (magnetron frequency), and
a strongly mass dependent frequency v, (reduced cyclotron
frequency), such that v, = v_ + v,.

With the ring electrode split into four quadrants, as can
be seen in Fig. 5, radiofrequency (RF) excitations can be
applied. For applied dipole fields, the trapped ions are reso-
nantly excited at their radial eigenfrequencies of motion (v
and v_). For applied quadrupole fields, the trapped ions are
resonantly excited at the sum of their eigenfrequencies (2v,
2v_, and vy + v_ = v.). Given the cyclotron frequency
is purely dependent on the uniform homogeneous magnetic
field, and not on the electric field used to trap the ions, very
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Fig. 6 A TOF-ICR measurement results in a fitted TOF spectrum as
shown here for a measurement of '33Cs*

precise measurements of the ion’s mass can be made through
a measurement of the ion’s cyclotron frequency.

3.4.1 TOF-ICR

Over the past few decades, many of the precise mass mea-
surements of radioactive nuclides have been made using the
Time of Flight Ion Cyclotron Resonance (TOF-ICR) method
[68], in which the radial energy gained through resonant exci-
tations is transferred to linear energy as the ions drift adiabat-
ically through the magnetic field gradient once ejected from
the trap. To minimize systematic effects, the trapped ions are
first subjected to a dipole field at the predominantly mass-
independent magnetron frequency for a prescribed amount
of time, establishing an orbital motion at a fixed radius. A
quadrupole RF field excitation is then applied and, if the
excitation is at the cyclotron frequency of the ions, a com-
plete conversion from the initial magnetron motion to the
higher frequency reduced cyclotron motion is accomplished
[69,70]. This increase in radial energy can be seen as a reduc-
tion in the time of flight of the ions as they drift through
the magnetic field gradient once ejected from the trap. By
measuring the time of flight of the ions as a function of the
applied quadrupole frequency, the cyclotron frequency can
be determined by finding the minimum in the time-of-flight
spectrum, as shown in Fig. 6.

With the TOF-ICR method, measurements of highest pre-
cision are obtained with ions of high charge state, low mass,
and strong magnetic field strengths; but, for a given mag-
netic field and ion mass-to-charge during a typical exper-
iment, higher precision measurements can be obtained by
increasing the excitation time of the quadrupole field. This
has the effect of narrowing the Fourier-limited width of the
TOF spectrum, but this is ultimately limited by the half-life
of the ions being studied. Having more statistics (more ions)
also increases the precision of the measurement, but having
more than one ion at a time in the trap can lead to systematic
effects due to ion-ion interactions. Therefore, it is customary
to limit the number of ions that are trapped, and instead to
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repeat the scans of the applied cyclotron frequency until the
desired precision is obtained.

Although a wealth of highly precise mass data has been
gathered through TOF-ICR measurements, one of the limi-
tations of this method is the effect of contaminant ions that
are simultaneously trapped with the ions of interest. Not only
does the presence of contaminant ions contribute to ion-ion
interactions, but also the resulting TOF spectrum is affected
through a reduction in its’ depth at the resonant (cyclotron)
frequency. This limitation was addressed by the relatively
new phase-imaging ion-cyclotron-frequency technique (PI-
ICR) described next.

3.4.2 PI-ICR

In 2013, a new technique to determine the cyclotron fre-
quency was introduced [71]. This new method, whereby the
radial ion motion of the trapped ions is effectively projected
onto a position sensitive microchannel plate (MCP) detector,
is now being implemented by many of the Penning trap facil-
ities that once used the TOF-ICR method. The determination
of the cyclotron frequency is accomplished by measuring
the phase accumulation of the ions’ orbital motion for a pre-
scribed accumulation time. As with the TOF-ICR method,
trapped ions are initially subjected to a dipole excitation,
but this time at the reduced cyclotron frequency. A prop-
erly applied quadrupole field pulse fully converts the reduced
cyclotron frequency to the lower magnetron frequency, and
the ions subsequent ejection from the trap at a time, #;,;, later
are projected onto the position sensitive MCP detector. This
establishes an initial phase or reference spot. Subsequent ions
trapped in the Penning trap are excited in a similar fashion,
but with the quadrupole field applied at a time #,.. as to let
the ions precess at its reduced cyclotron frequency and accu-
mulate a phase relative to the initial phase. Then the ions are
ejected at a time £, after the quadrupole field is applied, such
that t;p; = t4cc + t2. By measuring the accumulated phase,
¢, over the accumulation time interval, #,.., the cyclotron
frequency can be precisely determined, as shown in Fig. 7.
The PI-ICR technique has many advantages over the TOF-
ICR technique. Foremost is the reduction in the effect from
the presence of contaminant ions. Spots, from the ions’ pro-
jection onto the MCP that are fully resolved from the spots
resulting from contaminant ions, are negligibly affected by
the contaminant ions, as opposed to the TOF spectrum from
the TOF-ICR method. Another significant advantage is due
to the fact that all ions with the PI-ICR technique are reso-
nantly excited at the cyclotron frequency, as compared to the
spectrum obtained from the TOF-ICR method where most
of the data is off resonance. Thus, similar mass precision
with the PI-ICR technique can be obtained with fewer over-
all ions than the TOF-ICR method. Finally, since it measures
the phase of the cyclotron motion, not the frequency itself,

reference spot

high-

center location

Y [mm]
Counts

final spot

low

-6 -4 -2 0 2
X [mm]

Fig. 7 An illustration of the PI-ICR technique, where the phase accu-
mulation, ¢., between a reference spot and final spot over a time of #,..
is used to determine the cyclotron frequency

it can yield higher resolution than the Fourier limit would
normally allow.

4 Production of nuclides

Although stars can easily produce the nuclides of interest,
having those nuclides available in the laboratory for mea-
surements is not so trivial. And as is often the case, the most
interesting nuclides to study are the most elusive. By using
various reaction mechanisms, facilities around the world pro-
vide access to a large fraction of the nuclides of interest to
astrophysics.

The most used reaction mechanisms in radioactive beam
facilities are fragmentation and spallation, which are essen-
tially the same reaction in different kinematics. In spallation,
alight projectile, typically protons, hits a heavy target nucleus
at a velocity well above that of individual nucleons in the
nucleus. The target nucleus cannot react and rearrange itself
fast enough to accommodate the extra energy and momen-
tum, and some of its constituents are knocked off. The result-
ing reaction residue has little momentum impinged on it and
is typically stopped in the target. The reaction product has to
diffuse out of the target before being available for study and
this diffusion is enhanced by keeping the target at very high
temperature. This is the basis for the so-called ISOL method
which saw its origin in many small laboratories but is now
dominated by large facilities such as ISOLDE [72] at CERN
and ISAC [73] at TRIUMF. The range of protons in material
is very long so that enormous target thicknesses can be used
resulting in, in principle, the highest production yield. The
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diffusion and effusion out of the target is however dependent
on the chemical properties of the produced isotopes and can
introduce very long delays so that the extracted yield of the
shortest lived isotopes is highly suppressed except for the
most favorable chemical species.

Fragmentation proceeds in the opposite kinematics with
relativistic heavy ions impinging on a light target. Again, the
resulting collisions can knock out a number of nucleons from
the incoming ions, but now the reaction product is moving
at essentially the velocity and direction of the primary beam.
This relatively well-behaved secondary beam can then be
passed through a large separator where a combination of Bp
and energy loss selection [62] allows individual species to
be separated in-flight, with essentially no delay. The target
thickness available is again large, but the total number of
beam particles is lower than what can be obtained with pro-
tons in spallation reactions, so that the overall production is
lower but all products are extracted with high efficiency and
no delays. This technique is the workhorse for the largest
radioactive ion beam facilities such as RIBF [74], GSI [75]
and FRIB [76].

Both fragmentation and spallation reactions can access
effectively neutron-deficient isotopes and a large fraction of
neutron-rich nuclides. For mid-mass neutron-rich nuclei, fis-
sion provides an additional very efficient production mech-
anism. This is typically done by proton irradiation of a ura-
nium or thorium compound target at ISOL facilities, or by
in-flight fission of a uranium beam at a fragmentation facil-
ity. The raw production is dominated by the fission yield of
uranium, broadened somewhat by the extra energy brought
in by the reaction initiating the fission. The relative produc-
tion rates and extraction efficiencies are similar to those seen
in spallation and fragmentation reactions, except maybe for
the in-flight fission products being more difficult to separate
than fragmentation products because of the extra momen-
tum spread brought in by the fission reaction. Spontaneous
fission can also be used to produce and extract fission frag-
ments as is the case for example at the CARIBU facility at
ANL [77], which uses spontaneous fission of 22Cf and a
rapid and universal extraction mechanism to provide a range
of unique fission products that is shifted to higher masses by
the heavier fissioning system. The unique extraction system
provides access to all fission products, independently of their
chemical properties, with exquisite ion optical properties at
low energy.

Two final main reaction mechanisms involve nuclei col-
liding at velocities similar to those of the nucleons inside the
nucleus. Fusion-evaporation fuses the two nuclei involved in
the collision and gets rid of the excitation energy by emitting
a few nucleons and gamma rays. This reaction mechanism
is the bread and butter of Coulomb-barrier energy heavy-
ion facilities and produces neutron-deficient isotopes and the
heaviest isotopes. It also provides access to excited states in

@ Springer

the nuclei of interest which can be of interest to astrophysi-
cal reactions. Finally, at energies slightly above the Coulomb
barrier, multi-nucleon transfer reactions can take place which
can populate regions that are difficult to populate with any
other reaction mechanism. The region around the N=126
closed neutron shell, responsible for the formation of the
heaviest r-process abundance peak, is an example. Collect-
ing these reaction products is however very difficult because
of the large angle of the production cone for this reaction.
Facilities such as KISS [78] at KEK and the N=126 Factory
[79] at ANL are leading the way in trying to use this approach
to probe this region.

5 Results and highlights

Given the advances in facilities to deliver isotopes of interest,
and the development of devices and techniques to precisely
measure the masses of isotopes of relevance for astrophysics,
the past couple of decades have seen a wealth of new mea-
surements and have greatly increased our understanding of
the various astrophysical processes observed in the universe.
A summary of those measurements and highlights are pre-
sented here.

5.1 rp process

As discussed in Sect. 2.1, waiting-point nuclides are of spe-
cial interest for the rp process. The masses for most of the
waiting-point nuclides in the rp process have been deter-
mined via Penning-trap mass spectrometry during the last
two decades. The masses of °Ni [80] and %°Zn [80] were
measured at JYFLTRAP, ®Ge [81] and %¥Se [82] at CPT,
72Kr [83] and 7°Sr [84] at ISOLTRAP, and both %*Ge [85]
and 8°Zr [86] at LEBIT.

The heaviest waiting-point nuclides in the rp process have
remained inaccessible for precision mass measurements. The
mass of 22Pd is based on its QO k¢ value determined via decay
spectroscopy [87] and the 92Rh mass measurements [88,89].
The masses of 3#Mo, 88Ru, and °°Cd are still based on extrap-
olations in the latest Atomic Mass Evaluation (AME20) [90],
and should be explored at radioactive beam facilities in the
near future.

The region around the Ni-Cu cycle and the waiting-point
nucleus °Ni has been studied via mass spectrometry in
detail, see e.g. Refs. [80,91]. There the main question is
whether the bypass routes via SNi(p, y)*°Cu(p, y)"Zn
(BT)>"Cuor °Ni(p, y)’Cu(p, y)>2Zn(81)>3Cu can com-
pete favorably against the slow beta decay of Ni (¢ n =
6.095 d). The mass of 7’Zn is still experimentally unknown,
and the mass excess of *¥Zn is based on an *®*Ni(t, 7 ~)>%Zn
experiment [92] with an uncertainty of 50 keV.
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Recent mass measurements performed using the
isochronous mass spectrometry at the storage ring in Lanzhou
[93] showed that 81 Zr and 83Nb are significantly less bound
than reported earlier. These results do not favor a strong Zr-
Nb cycle; however, the mass of 84Mo is still based on extrap-
olations.

The endpoint of the rp process is in the A ~ 110 region,
where the SnSbTe cycle [18] takes place. The precision mass
measurements in the SnSbTe region [94] have shown that this
cycle is not as strong as originally considered. The strongest
cycle proceeds via '%Sn(p, )!197Sb(p, )% Te(y, a)'%*Sn,
with only about 13 % branch at '°°Sn. Thus, most of the pro-
posed cycles in the rp process have turned out to be not as
strong as originally predicted.

Sensitivity studies reported around a decade ago [5,13]
highlighted around 20 nuclides for which the mass-excess
value should be experimentally determined or precision
improved. Since then, many of the proposed nuclides have
been measured via precision mass spectrometry, such as 3! Cl
[95], “°Mn [96], 9°Cu [91], ©'Ga [97], "' Br [98], #*Nb [99],
89Ru [99] and *°In [100]. As a result, a more recent sensitiv-
ity study [14] could only indicate the mass uncertainties of
27p, ©1Ga, and % As as having a significant impact on the cal-
culated light curves of normal type I x-ray bursts. Of these,
61 Ga has been measured at TRIUMF [97] and the mass of 27P
has been determined via beta-delayed protons of 2’S [101].
Thus, the only remaining main uncertainty is the mass of
05As.

The masses of 8Zr, 81Zr, and 82Nb were found to have
an effect on the final composition of the burst ashes in Ref.
[14]. Of these, 3-81Zr have been recently measured at LEBIT
and only 82Nb remains to be measured. For extreme x-ray
bursts extending up to heaviest masses, the remaining mass
uncertainties come from 28Zn, °2Ge, % As, 9°Se, 73Y, 77r,
82N, 86Tc, 91Rh, and 95Ag [14], after taking into account
the recent progress in the mass measurements. In addition
to the measurements mentioned above, the neutron-deficient
indium masses have been reported in Ref. [102]. The %8Cd
mass has been improved via decay spectroscopy [87] but a
direct mass measurement is still missing.

Tremendous progress has been made in the mass values
of neutron-deficient nuclides during the last two decades.
Although only a few key nuclides are remaining to be mea-
sured for the rp process light curve and abundance calcu-
lations, high-precision mass measurements can help to con-
strain resonant proton capture reaction rates. For such studies,
aprecision of around a few keV is required in the mass-excess
value. For example, the 2> Al(p, y)?*Si reaction rate has been
recently constrained via the mass measurement of 2*Si in
[103]. With better production rates at radioactive beam facil-
ities, more exotic proton-capture reactions can be studied and
their resonance energies constrained via high-precision mass
measurements in the future.

For the electron-capture processes taking place in the
deeper layers of the neutron star crust, TOF-Bp mass spec-
trometry [104,105] has provided new mass values for many
neutron-rich nuclei in the argon to nickel region [21,106].
Although the precision is far from Penning-trap mass spec-
trometry, the TOF-Bp measurements extend the limits of
known mass surface and provide initial mass values for
nuclear astrophysics calculations. For example, the TOF-Bp
measurements showed that the Q value for ®®Fe— %Mn elec-
tron captures was 2.1 MeV (2.60 ) lower than predicted, indi-
cating that these transitions take place closer to the surface
than expected [21]. Further Penning-trap mass measurements
can help to improve the calibrations, and therefore the accu-
racy, of the TOF-Bp experiments.

5.2 r process

Sensitivity studies summarize the impact of various physical
quantities to relevant observables in astrophysical environ-
ments. Because masses influence predictions of nearly every
nuclear quantity relevant to the r-process, there are differ-
ent levels of sophistication in studying their wide-ranging
effects. Propagating changes to masses to separation ener-
gies, as in Eq. 3, is one way to understand the impact of
masses [107,108]. Advanced propagation techniques recal-
culate more properties (including e.g. neutron capture rates)
to give a more robust estimate of mass changes on abun-
dance patterns [42,109,110]. Monte Carlo techniques may
also be used to uncover the correlations between masses and
abundance patterns [111-115]. Sensitivity studies of individ-
ual mass changes for main r process conditions have been
summarized in Ref. [116].

A recent measurement of the mass of '23Pd using the Rare-
RIRing at RIKEN [117] has verified the predictions of sensi-
tivity studies—that a single mass change can have substantial
impact on final abundances. In the case of '?>Pd, a nucleus
near the N = 82 shell closure, a variety of different astro-
physical conditions were studied and it was shown that when
combined together the new mass measurement improves the
match to the solar pattern. The impact of the new '>3Pd mass
measurement is shown as a function of electron fraction in
Fig. 8.

Masses of highly-deformed, neutron-rich nuclei are of
special interest to simulations of r process nucleosynthe-
sis as they can be used to diagnose the astrophysical condi-
tions present when these elements are synthesized [118,119].
This work led to the idea that the properties of neutron-rich
nuclei can be used to ‘reverse engineer’ the masses of rare
earth nuclei that may cause the pygmy bump in the abun-
dance pattern around mass number, A ~ 165 [120,121].
Thus far, measurements have been in line with conditions
that are favorable for a ‘hot’” r-process environment that has
a sustained equilibrium phase between neutron captures and
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Fig. 8 The impact of the new '2>Pd mass measurement on the local r
process abundances across a range of conditions (indicated by electron
fractions). The default calculation is in grey. The new mass measurement
(red) moves the simulated abundances closer to the solar value (black
line). Calculations from Ref. [117]

photo-disintegration [122—125]. Future measurements in this
region should be extended to sufficiently neutron-rich nuclei
to either confirm a nuclear structure origin of the rare earth
peak, or indicate another process, such as fission recycling,
may be responsible [114,126—128].

Excited states also play an influential role in the r pro-
cess as they help to set associated rates [129]. Nuclear iso-
mers may also be populated during the radioactive decay of
r-process species [130]. Such isomers may become astro-
physically metastable or an astromer [131], in which case
they can impact nucleosynthetic and observational outcomes
[132]. The resolution of excited state energies, is an impor-
tant component in determining whether a nuclear isomer may
be an astromer. An example from Ref. [132] is the case of
128mSh which can accelerate nuclear flow back to stabil-
ity if populated. Preliminary sensitivity studies of r-process
astromers pinpoint where future experimental efforts are war-
ranted [133].

The need to incorporate precision data, along with well-
quantified uncertainties has prompted researchers to begin
exploring Machine Learning (ML) techniques to predict
unknown masses. Gaussian processes have been used to
combine different mass model predictions together [134]
and to quantify the limits of the nuclear landscape [135].
Most recently, probabilistic ML models such as the Mixture
Density Network have been shown to support predictions of
masses and uncertainties simultaneously [136]. When com-
bined with physics-informed constraints, these ML models
are capable of precise predictions using a fraction of known
data [137].

6 Concluding remarks

The advances in mass measurement devices and techniques
have yielded a substantial growth of precise mass data which
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has greatly improved our understanding of astrophysical pro-
cesses. Although many of the masses involved in the astro-
physical rp process have now been measured, some of the
finer details and the nature of neutron star crusts could still
benefit from the mass measurement of some key nuclei. As
for the astrophysical r process, progress has been made in
describing the origins of such features as the rare-earth peak
in the solar abundance pattern, but many nuclei involved in
the formation of the third 7-process peak at A~195 and nuclei
that actively participate in rapid neutron capture are only
now becoming within reach of measurement. In the coming
years mass measurements of neutron-rich nuclei may help
to answer one of the most challenging questions in physics:
what is the origin of the heavy elements within the universe?
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