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Abstract: This documents presents the preliminary scientific and technical proposal by the
Separator for Capture Reactions (SECAR) Collaboration for the SECAR project at the ReA3
reaccelerated beam facility at Michigan State University. SECAR will form an experimental
endstation at ReA3 optimized for the direct detection of the recoils produced by proton- and
alpha-capture reactions on proton-rich unstable nuclei. The reactions measured at SECAR will be
those critical for the energy generation and element synthesis in stellar explosions. This Report
presents an overview of the SECAR project, the scientific motivation, and the Pre-Conceptual
Design of the system.
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Figure 1.1. Layout of the SECAR system.

2. Science with SECAR
2.1. Importance of Stellar Explosions
Many stars undergo violent explosions that generate temperatures, pressures, densities, and
energies far beyond those found in normal stars. Novae, supernovae, hypernovae, collapsars, and
X-ray bursts (XRBs) are just some of the different types of stellar explosions, each with their own
distinct characteristics and multiple subtypes. In fact, numerous new subtypes have recently been
discovered as our observatories become more advanced and our observations more extensive.
Exploding stars are fascinating laboratories for extreme physics, involving a complex interplay of
high temperature thermonuclear burning and hydrodynamics. Determining the detailed explosion
mechanism is one focus of studies of these systems. Another focus is the processes by which the
chemical elements are created and dispersed by these catastrophic events. Specifically, what is
the mechanism for the cosmic synthesis of subatomic nuclei? Not only do such studies attempt to
explain the observed abundance pattern of our world, they can also be used to trace the chemical
history of our Galaxy. Furthermore, observations of abundances in explosion ejecta provide us
clues of the evolution, and explosions, of these systems.
A third focus is on the stellar objects left behind the explosion – a neutron star (NS) or black hole
for a supernova, a NS with a modified crustal composition for an XRB, and a possibly eroded
white dwarf star (WD) for a nova outburst. These are some of the most bizarre objects in the
cosmos, and thermonuclear burning in an explosion plays a role in the evolution and structure of
these remnant systems.
7
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2.2. Need for Improved Thermonuclear Reaction Rates
There are many open questions in our understanding of stellar explosions, both quantitative and
qualitative. These are discussed in detail in §2.3. Observations, however, can only provide some
of the answers to these puzzles. Even with the recent tremendous advances in ground and spacebased telescopes, most of the processes in exploding stars cannot be directly observed. This is
because they occur beneath the stellar surface, or because they occur on length scales that are so
small and distances so large that we cannot probe them with current technology.
Simulations are therefore required to fully capture the detailed microphysics of these events. Our
understanding of explosions is then tested via comparisons of simulation predictions to
observations. Thermonuclear reaction rates are a crucial input for these simulations. These
temperature-dependent rates are a statistical average of an energy-dependent reaction cross
section over the range of energies at a given stellar temperature. The rates therefore connect
subatomic physics at the femtometer length scale with astrophysics at scales 1024 times larger.
The rates of reactions on proton-rich unstable nuclei are especially important for novae and X-ray
bursts, as they provide the power for, and synthesize elements in, the outbursts. Such reactions
also play an important role in nucleosynthesis occurring in other types of stellar explosions. Many
studies have detailed the sensitivity of simulation predictions of synthesized abundances and
energy generation on the input thermonuclear rates. In some cases, a variation of an input
thermonuclear reaction rate within its reported uncertainty can make a significant (orders of
magnitude) difference in the simulation predictions for synthesized abundances or energy
generation.
Because beams of radioactive nuclei are so challenging to produce, most of the rates of reactions
on unstable nuclei that are crucial for understanding stellar explosions have never been measured.
Explosion simulations therefore rely primarily on theoretically estimated rates. Unfortunately,
these have uncertainties ranging from factors of two, for statistical model rates, to orders of
magnitude, for rates dominated by individual resonances. For this reason, much of the effort in
the field of nuclear astrophysics is focused on making improved, high precision determinations of
thermonuclear reaction rates. Sensitivity studies have proved invaluable to guide experimental
efforts toward measurements of those rates with the most significant astrophysical impact, and
those most relevant for the open questions in the field. In §2.3, we give a brief discussion of some
of the most interesting open questions in novae, X-ray bursts, supernovae, and other stellar
explosions, that will be addressed with improved thermonuclear reaction rates determined from
our measurements with SECAR.

2.3. Open Questions in Stellar Explosions
2.3.1. Novae
Description
Novae are runaway thermonuclear explosions in the surface layer of material accreted onto a WD
from a close binary companion star [Jos07]. These surface layers consist mainly of hydrogen and
helium. Temperatures and densities increase as the accreted material builds up, reaching over 108
K and 104 g/cm3, respectively. At such high temperatures and densities, the mean lifetime against
proton capture for light nuclei becomes short, and thermonuclear burning is initiated. This
releases heat, which causes the capture reactions to proceed exponentially faster, which releases
even more heat in a runaway explosion powered by thermonuclear burning. Temperatures as high
8
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as  4•108 K can be reached in these outbursts, although there are some indications of a possible
new class of high-temperature novae, which have significantly different nucleosynthesis than
lower-temperature explosions [Gla09]. The luminosity of the WD can increase by a factor of 106
in less than 50 seconds, then slowly return to pre-explosion level after several months. About 40
of these explosions are estimated to occur every year in our Galaxy, though the number of
observed events is significantly lower.
A major thrust in astronomy for the next decade are increased capabilities for time domain
observations. This will lead to more observations of transient explosive stellar events, including
novae, with the possible discovery of unusual events that have been predicted by theory but not
clearly identified observationally. Different nuclear reactions likely play a role in these more
unusual novae. At the same time, there is a unique opportunity with reaccelerated beams at FRIB
to complete the set of experimental data for reaction rates in novae, making it the first explosive
astrophysical scenario where all the relevant nuclear physics has been determined experimentally.
Together, observations and nuclear data will lead to a major advance in our understanding of
novae. SECAR will enable the community to seize this opportunity.
Relevant Reactions
At the conditions in nova explosions, particle-capture lifetimes of a number of light, proton-rich,
unstable nuclei become shorter than their decay lifetimes, enabling captures on radioactive nuclei
to occur before decay. Energy can be generated up to 100 times faster by sequences of capture
reactions on unstable nuclei than can be generated by non-explosive thermonuclear burning, such
as burning via the catalytic CNO cycle that occurs in stars a bit more massive than our Sun.
The sequences of capture reactions on p-rich unstable nuclei, named the rapid proton capture
process or rp-process, results in syntheses of nuclei, which are very different from those occurring
in non-exploding stars. Figure 2.1 illustrates the thermonuclear burning that occurs in an
energetic nova explosion. Reactions typically occur on nuclei up to mass 40 or a bit beyond.
Open Questions
Models of novae have advanced significantly over the last decade, and one-dimensional models
produce explosions. To explain observed enrichments in C, O, and sometimes Ne, a mixing
mechanism has to be assumed to enrich the accreted envelope with WD material. Multidimensional models have examined convection and other approaches to obtain the necessary
enrichment, with some success, but much more work is needed to tie to observables. Multiple
mass loss episodes have been recently revealed by radio observations, perhaps indicating multiple
outbursts, while recently observed -rays have no current explanation.
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Figure 2.1. Thermonuclear burning in an energetic nova explosion [Smi14].
There are a number of important open questions in studies of novae, including:
•  What  is  the mechanism for mixing WD material with hydrogen-rich material in the accreted
layer? How does mixing start? Does it start early in the accretion phase or in the later stages? And
how does mixing stop? Once reaction rates are measured with SECAR, abundance signatures for
different mixing hypotheses can be calculated and compared to observations.
•   What   is   the   full  parameter   space  of   nova   outbursts?   What   are   the highest peak temperatures?
What are the heaviest elements that can be synthesized? Recent work predicts a much broader
range of nova properties, including a new class of high-temperature novae, which have
significantly different nucleosynthesis than other models. With reaction rates from SECAR, one
can calculate the characteristic abundance signatures of these various types of novae, and
observers can then look for these events. Once observed, certain abundance ratios can be used as
thermometers provided the rates of the reactions that produce them are known.
•  Is  there  a  transition from thermonuclear burning in the Hot CNO cycle to burning via the rapid
proton capture process (rp process) for novae with high peak temperatures? Rates from SECAR
are needed to determine whether observations truly indicate such a transition.
•   How   much   of   observable   long-lived radioactive nuclides such as 18F, 22Na, 26Al do novae
produce? Reliable predictions require reaction rates from SECAR.
•  Can  we  reliably  predict  isotopic  ratios  of  ejected  material  for  a  broad  range  of  nova  conditions,  
including some explosion types yet to be observed? Such predictions, requiring reaction rates
from SECAR, would enable the identification of presolar grains of nova origin among the grains
found in meteorites.
• Can we explain the   “missing   mass”   problem   – model predictions of the amount of material
ejected from each outburst are up to a factor of 10 less than that observed? Abundance signatures
are sensitive to the total mass of the accreted envelope but reaction rates must be known.
•  What  are  the progenitor masses of the outbursts, and do we have reliable progenitor models?
•   Which accreting white dwarf systems increase in mass over time and become type Ia
supernovae, and which ones lose mass over time? The delineation between these two scenarios in
10
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the nova parameter space depends on nuclear reaction rates and needs to be known to address the
critical open question of the progenitor systems of type Ia supernovae.
•  What  are   the  “waiting  point  nuclei”  and  “bottleneck  reactions”  for  outbursts  on  different  WD  
masses?
•  Do  we  have  reliable  model atmospheres for a novae? What are the importance of multi-d effects
to the explosion mechanism, energy generation, and element synthesis in novae? Remaining
discrepancies between models and observations once reaction rates have been determined with
SECAR may indicate the presence of such issues, which can then be addressed guided by
observations.
Reaction Sensitivity
Most of these open questions involve aspects of thermonuclear energy generation and/or
nucleosynthesis, which in novae depend on the rates of thermonuclear capture reactions on
proton-rich unstable nuclei that drive these explosions. There have been numerous studies that
have detailed the sensitivity of, for example, simulation predictions of final nova abundances on
the input thermonuclear reaction rates. Figure 2.2 shows an example of the influence of varying a
number of rates on the production of radionuclides in novae.

Figure 2.2. Sensitivity of the production of radionuclides 18F, 22Na, and 26Al in novae on a number
of thermonuclear reactions
However, sensitivity studies have not been carried out for a full range of nova models as they
may occur in nature. An example is a recent nova model simulating events that occur on cooler
white dwarf stars [Glas09]. The resulting explosion reaches much higher temperatures than
standard nova models with completely different reaction sequences that have not yet been fully
analyzed. Driven by new models and new observations, we wholly anticipate that new
thermonuclear reactions will become important in the future as the field progresses. These will be
reactions on neutron-deficient nuclei that are likely accessible with SECAR.
Missing Information on Reactions
While a number of important reactions in novae on stable and unstable targets have been
experimentally determined, there are a number of key reactions where knowledge is still
insufficient to address the open questions. Indirect techniques have in some cases located many of
the important resonances for novae reactions but their strengths (discussed below in §2.4) are
usually just estimated and can be incorrect by orders of magnitude.
Goal of SECAR Measurements
SECAR will enable direct measurements of many of the relevant reactions with the proton-rich
radioactive beams anticipated from ReA3 and FRIB. This will give our knowledge of
11

Facility for Rare Isotope Beams

FRIB-M41600-RP-000055-R002

SEparator for CApture Reactions (SECAR) Pre-Conceptual Design Report
Issued 1 October 2014

thermonuclear burning in novae a firm empirical foundation and help address the open questions
discussed above. For novae, the goals of our SECAR experimental program are to understand the
nuclear processes that create new elements during nova explosions. Data from SECAR will
enable:
•   A comparison of predicted ejecta compositions with observations, including future isotopic
observations by infrared and x-ray spectroscopy, to infer the conditions during the explosion and
to reveal astrophysical model deficiencies that can be used to improve models and, for example,
address the problems of the under prediction of ejecta masses, the unknown mixing mechanisms,
and the importance of so far neglected multi-dimensional effects including interaction with the
binary companion.
•  The determination of the contribution of novae to the chemical evolution of the Galaxy and the
prevalence of certain isotopes (e.g., 15N and 17O) on Earth.
•   An identification of meteoritic grains as having a nova origin based on their characteristic
isotopic ratios matching model predictions.
•   A prediction of the production of long-lived radioactive isotopes in novae for future searches
with gamma-ray telescopes.
•   A prediction of the chemical signatures of unusual, so far undiscovered nova-type explosions
across the astrophysical parameter space.
Specific Experiments
A nice feature of novae is that the temperature in the runaway occurs at temperatures that
correspond to laboratory energies where cross sections are large enough to be measured.
Furthermore, the relevant reactions tend to be among lighter nuclei and closer to stability where
production rates at ReA3 will be largest. For these reasons, the initial experimental program with
SECAR will be focused on nova science. Many of the critical reactions that have been identified
in nova models can be measured with SECAR at NSCL ReA3. Below we give details on 30P(p,),
22
Na(p,), 25Al(p,), 23Mg(p,), 29P(p,), 33,34Cl(p,), 37Ar(p,), and 37,38K(p,) measurements. Other
reactions that are important include 15O(,)19Ne and 19Ne(p,)20Na. Sensitivity studies have so
far been limited to standard classical novae – many more reactions will likely play critical roles in
the broader range of possible nova explosions. The full SECAR science program for novae will
require the higher beam intensities provided by FRIB.
P(p,)
The 30P(p,) reaction rate is a critical reaction for production of elements between mass 30 and 40
[Jor01, Ili02, Jor11]. It determines the Si isotopic ratios that have been observed in presolar
meteorite grains with a nova origin. Observations of elements beyond Al in some novae are used
as indicator for the particular hot and dense conditions in these particular events. Capture on 30P is
also important in terms of helping to constrain the masses of nova ejecta – a more massive layer
will lead to more extreme burning and the synthesis of heavier elements. Two potentially
important resonances are well within reach with the projected NSCL intensities. Because 30P is a
very difficult ISOL beam, SECAR at ReA3 is the only facility that can perform this
measurement. At ReA3, the estimated 30P intensity is 107 pps.
30

Na(p,)
Despite numerous measurements, including direct approaches with radioactive 22Na targets, there
are still significant uncertainties in this reaction rate [Sal11] that plays a critical role in predicting
22
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the production of radioactive 22Na in novae, a target for future -ray observatories [Ili02]. An
inverse kinematics experiment using ReA3 radioactive beams and SECAR would provide a
complementary approach that is less prone to target effects and has the potential to distinguish
between some of the discrepant measurements. While the Ecm = 232 keV resonance could be
within reach with SECAR at ReA3, lower energy resonances would require a low energy
intensity upgrade of ReA3. However, many systematic discrepancies could be resolved by
measuring the very strong Ecm = 610 keV resonance which will be accessible at ReA3. At ReA3,
the estimated 22Na intensity is 5•107 pps.
Al(p,)
This is one of the remaining critical reaction-rate uncertainties in novae affecting the production
of the 26Al -ray emitter [Ili02, Jor11]. This beam is currently not available for capture
measurements at any facility. The important Ecm = 412 keV resonance [Wre09] should be within
reach with SECAR at ReA3. Depending on progress of the beam development work at TRIUMF,
this could either be a first measurement, or a confirmation measurement. At ReA3, the estimated
25
Al intensity is 2•106 pps.
25

Si(p,)
This reaction plays a similar role in X-ray bursts as 35Ar(p,) [Thi01]. Three resonances are
expected to dominate the rate at X-ray burst temperatures. One of them will be within reach with
SECAR at ReA3, where the 27Si intensity is estimated to be 2•106 pps.
27

Mg(p,)
Large variations in this reaction have been identified [Ili02] to affect the final composition of the
ejecta in nova explosions, in particular the production of the gamma ray emitters 22Na and 26Al.
This beam is not unique and a first experiment [Eri10] has been carried out on the 484 keV
resonance at TRIUMF with an average beam intensity of 2-3x107 pps. However, difficulty
determining the correct reaction Q-value prevented placement of the resonance into the center of
the gas target. In addition, the beam was very impure. The TRIUMF result therefore relies on
extensive simulations, and an independent confirmation is needed. Projected ReA3 intensities are
similar and it should be possible to carry out an improved measurement of this resonance with
SECAR at ReA3. There are also resonances at Ecm = 660 keV [Wre10] and 734 keV [Zeg08] that
have never been measured directly and may contribute substantially to the reaction rate at X-ray
burst temperatures. These resonances will also be within reach for SECAR at ReA3, where the
23
Mg intensity is estimated to be 6•107 pps.
23

P(p,)
This reaction has been shown in sensitivity studies to affect Si isotopic ratios expected for
presolar grains from novae, and also affects the synthesis of heavier elements beyond phosphorus
[Ili02]. The Ecm = 759 keV resonance should be within reach with SECAR at ReA3, where the 29P
intensity is estimated to be 4•106 pps.
29

Cl(p,), 37Ar(p,), and 37,38K(p,)
These are all reactions that have been identified as important in nova sensitivity studies [Ili02].
Indirect studies will first have to be performed to identify critical resonances so direct
measurements can be planned. With projected NSCL beam intensities of 107,  7•107,  6•107,  7•106,
and 4•107 for these isotopes, respectively, it is reasonable to assume that some direct
measurements can be carried out for at least some resonances in these reactions.
33-34
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2.3.2. X-ray bursts
Description
X-ray bursts (XRBs) are violent thermonuclear explosions on the surface of a neutron star (NS)
that is accreting matter from a binary companion. XRBs are thought to be the most prevalent
thermonuclear explosions in space, with about 100 systems in our galaxy, many of which burst
frequently with recurrence times of hours to days [Sch06]. The temperatures in the accreted
material reach over 0.1 GK, and the densities can reach over 106 g/cm3. Such extreme
temperatures and densities can trigger a thermonuclear runaway explosion powered primarily by
proton- and alpha-capture reactions on proton-rich unstable nuclei. The energy generated by the
violent thermonuclear burning results in an intense (~1041 ergs) flash of X-rays lasting tens of
seconds to minutes, with peak temperatures over 1 GK. The intense gravitational field of the NS
likely prevents material from being ejected into space. The primary XRB observable is therefore
the   “light   curve”,   the   flux   of   X-ray intensity vs. time. However, the composition of the burst
ashes determines the evolving composition of the neutron star crust, which is linked to a number
of additional observables.
Relevant reactions
Because the temperatures and densities in XRB are significantly higher than in novae, the
thermonuclear burning in X-ray bursts is quite different. Prior to ignition the hot CNO cycle
operates; the burst begins with the triple-alpha burning forming 12C. This is followed by CNO
burning which quickly breaks out to the production of higher masses via a series of interspersed
(p,) and (,p) reactions that is known as the p-process. These then transition to an rp-process
burning for nuclei above mass ~ 20-40 depending on conditions. Nuclei up to mass ~100 can be
synthesized by sequences of proton captures with interspersed positron decays. The burst ends
when the hydrogen rich material – the  “fuel”  – is consumed, or when the envelope expands and
cools off before being pulled down onto the neutron star surface by the extreme gravitational
field. Figure 2.3 shows a calculation of thermonuclear burning in a Type I X-ray burst, following
a temperature and density history determined by a representative mass element in a 1-dimensional
calculation.
Open Questions
X-ray telescopes such as RXTE, Beppo-SAX, Chandra, XMM-Newton, SWIFT, and INTEGRAL
have collected data on thousands of bursts, and continue to discover new ones. They have
revealed a rich range of phenomena, many of which remain unexplained. Some of these include
long bursts, short bursts, intermediate (deep He) long bursts, double peaked bursts, and
superbursts. Photosphere expansion bursts have been recognized as potential sources of heavy
element injection into the interstellar medium, as their radial expansion is so great it can be
measured, and the material reaches velocities 90% of the escape velocity of the NS. New
catalogs, such as the MINBAR archive with 5000 bursts, have been produced that allow for
detailed exploration of these observations.
Simulations have significantly improved over the last decade as well. One-dimensional models
can reliably produce bursts with recurrence times and energetics in agreement with observations
in a small subset of systems. Some of these simulations track the composition of a large number
of nuclei and give detailed information about burst nucleosynthesis [Heg07]. Multi-dimensional
models of the propagation and expansion of parameterized burning across the neutron star surface
have shown the importance of rotation [Spi02].

14
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There are many puzzles and open questions remaining, related to the thermonuclear burning
powering the bursts, the unknown (and likely bizarre) structure of the underlying NS, and how
these interact to influence the NS evolution. Some of these include:
•  Which thermonuclear reactions trigger the explosions? Is the ignition localized? How does the
burning front propagate through the envelope?
•   Can we predict the shape of light curves (X-ray flux vs. time), including effects observed in
some bursts such as double peaking or a long tail? What is the impact of reaction rate
uncertainties on light curve shapes?
•   Can better nuclear physics improve the light curve templates that are being generated to
interpret the vast number of catalogued observed bursts? Can we produce models of the rich
variety of burst types?
•  Are  double-peaked bursts caused by the interruption of burning at waiting point nuclei, or are
hydrodynamics involved?
•   What are the highest masses formed? What are the peak temperatures reached? What
dependence do these have on the capture rates of waiting-point nuclei?
•  Can  “photosphere expansion  bursts”  release  synthesized  heavy  material into the ISM? Can we
predict the expected observational signature?
•  What is the composition of XRB ashes, how does this evolve after successive bursts, can ashes
rise to the photosphere, and what is the possible observational signature?
•   Are   superbursts triggered by carbon fusion? How are the required large amounts of carbon
produced in ordinary X-ray bursts?
•   What   is   the   composition   of   the   neutron   star   crust   set   by   X-ray bursts, what is the associated
crustal heating and cooling behavior, and can the composition be constrained from burst light
curves?
•  What constraints on the NS radius or nuclear equation of state can be determined from X-ray
burst light curves?
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Figure 2.3 Simulation of thermonuclear burning in an X-ray burst.
Addressing all these questions requires knowledge of proton and alpha induced nuclear reaction
rates on proton rich unstable nuclei. With the advances in observations and modeling over the last
decade, and with the improved nuclear physics that can be obtained with SECAR at NSCL and
FRIB there is a unique opportunity to address these questions.
Reaction Sensitivity
A number of sensitivity studies have been carried out [Rob06, Par08, Smi08] that have indicated
the importance of certain individual reactions in determining the burning pathways, light curves,
and synthesized abundances. Captures on the waiting point nuclei consistently appear in these
studies, as they impede the production of heavier elements because of a combination of weak
proton capture rate and slow positron decay. These are all N = Z nuclei along the proton dripline
above mass 60, specifically 64Ge, 68Se, 72Kr, 76Sr, 80Zr, 84Mo, 88Ru, 92Pd, 96Cd, and 100Sn. Capture
reactions have never been measured for any of these critical waiting points, however – and one of
the goals of our program is to measure the first of these, 64Ge(p,)65As. Other reactions in X-ray
bursts identified as important by various sensitivity studies include proton captures on 23Al, 27P,
59
Cu, and 63Ga [Smi08], proton captures on 31Cl, 57,59Cu, 61Ga, and 65As [Par08], and proton
captures on 23Al and 74Kr [Rob06].
At lower masses, the reactions that trigger a burst are important to understand. For example, the
15
O()19Ne reaction has been shown to influence the onset of bursts [Fis04] (Figure 2.4). This
reaction has been studied extensively with indirect techniques, but never measured directly due to
the challenge of producing a radioactive 15O beam. While the ReA3 intensities are expected to
only be 105 pps, at FRIB we expect up to 1011 pps that would enable the first direct measurement.
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Figure 2.4. Changes in the 15O()19Ne rate influence the onset of an XRB. Using the lower limit
of the rate, only one burst occurs with no subsequent bursts; higher rate values give repeated
bursts. [Fis04]
At present, however, we have insufficient knowledge of many of the capture reaction rates on
proton-rich unstable nuclei to adequately address the open XRB questions discussed above. For
example, in Figure 2.5 we show that existing uncertainties in just one of the ~1000 capture rates
relevant for XRB prevents an analysis of the impact of NS surface properties on the light curve.
By identifying the best matching model, the red shift and therefore the compactness of the
neutron star can in principle be inferred [Zam12]. A comparison (Figure 2.5) of burst model
calculations where a single proton capture rate has been varied within its uncertainties [Cyb12]
shows that nuclear physics uncertainties make such quantitative analysis of observations
impossible at this time. Experiments with SECAR will drastically reduce such uncertainties.
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Figure 2.5. Left: An observed burst profile (black line) is compared with a set of model
predictions where the gravitational red shift at the neutron star surface is varied (colored profiles)
[Zam12]. Right: variation in a predicted XRB light curve caused by variation in 23Al(p,)
thermonuclear reaction rate within its reported uncertainty [Cyb12].
In general, we expect that precision rates will significantly reduce uncertainties in matching
models to observations, and especially enable us to choose which of several different theoretical
XRB models, and which specific accreting neutron star system parameters, provide the best
match. Furthermore, as is the case with novae, we anticipate that additional thermonuclear
reactions will be determined to be important in the future as the field progresses and the full
diversity of X-ray bursts is explored.
Missing Information on Reactions
We lack the basic nuclear data on many of the nuclei involved in XRB burning. While many of
the masses and halflives, crucial to our simulations, have been measured, there has never been a
direct measurement of an XRB capture reaction for a proton-rich nuclide above mass 40. It is
especially important to make such measurements on reactions that are bottlenecks for the
formation of heavier nuclei, as well as those that are XRB waiting points. SECAR will enable the
first direct measurements of some of the relevant reactions of such heavier proton-rich nuclei with
the radioactive beams anticipated from ReA3 and FRIB. This will begin to give our knowledge of
thermonuclear burning in X-ray bursts a firm empirical foundation, and significantly reduce the
nuclear physics uncertainties in XRB models.
Goal of SECAR Measurements
The goal of XRB studies with SECAR experimental program is to understand the nuclear
processes that power these explosions. Data from SECAR will enable the
•   Testing of models against the extensive data base of observed light curves (e.g., MINBAR),
both to explain many puzzling phenomena such as multi-peaked bursts or bursts occurring in
rapid succession, and to reveal deficiencies in current models such as effects from the finite
spreading velocity of the burning across the neutron star.
•  Comparison  of model light curves quantitatively with observations to extract system parameters
such as distance, accretion rate, composition of the accreted material, as well as neutron star
properties such as mass, radius, and thermal structure of the crust. This is illustrated in Figure 2.5,
which clearly shows that the full interpretation of thousands of burst data is not possible without
improved nuclear physics.
•   Prediction   of the most likely composition of the outer neutron star crust based on matching
observed burst light curves with model templates. From this, determinations can be made of the
heating and cooling of the NS crust, which has been shown to depend on composition [Gup07]
and can be used to probe the structure of the neutron star crust through X-ray observations once
accretion shuts off in transient systems.
•  Prediction of compositional signatures that may be observable using X-ray spectroscopy if small
amounts of nuclear ashes were ejected during particularly energetic XRBs, or if such ashes were
exposed as predicted by some models [Wei06].
Specific Experiments
A list of critical reactions for X-ray bursts includes 15O(,)19Ne, 19Ne(p,)20Na, 27Si(p,),
64
Ge(p,)65As, and 65As(p,)66Se. With a few exceptions, proton and alpha capture reactions on
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higher mass nuclei currently identified as important in X-ray bursts are largely out of reach at
ReA3 for direct measurement and will have to await the FRIB facility. There are, however, a
number of reactions that play a role the complex nuclear reaction flows in XRBs that will be
accessible at ReA3. These include some trigger reactions and some reactions that are transitions
from thermonuclear burning in the p-process to burning via the rp-process. It will also be
possible to study bursts at low accretion rates that are likely powered by a more limited range of
nuclear reactions that are more accessible with the early capabilities of the ReA3 facility. It is
expected that with progress in the field in both modeling and observations, new reactions will be
added to the list of rates that need to be measured.
2.3.3. Core Collapse Supernovae
Description
Core collapse supernova (CCSN) explosions are the dramatic endpoints of the lifecycle of stars
more than 8 times as massive as the Sun. They are also one of the dominant sources of elements
in the Galaxy, creating elements spanning the nuclear chart. In contrast to novae and X-ray bursts,
CCSN are not powered by thermonuclear burning, but rather by the gravitational collapse and
subsequent core neutronization. There are a rich variety of observables from CCSN, including
light curves at multiple wavelengths, elemental compositions of ejecta from spectroscopy,
isotopic ejecta compositions from meteorite grains and from gamma-ray lines of long-lived
radionuclides, neutrino emission, and (limits on) gravitational waves. CCSN leave behind
enormous debris clouds containing light, intermediate, and heavy elements. They also leave
behind a compact stellar remnant, either a neutron star or a black hole.
There is a tremendous international effort in modeling CCSN, and significant strides have been
made in 1D, 2D, and 3D simulations. The trends in CCSN modeling have been to incorporate
ever more realistic physics – such as convection, neutrino interactions of all types, general
relativity, and nuclear reaction rates – on decreasing computational grid sizes over an increasing
number of dimensions. Validating these models with observations, for example of the ejected
element composition, requires accurate nuclear data.
Relevant reactions
The extreme conditions in CCSN lead to the synthesis of a variety of intermediate-mass unstable
nuclei. Some of these include long-lived radioactive nuclei that have long been the target of
observational astronomy. One case studied in detail is the synthesis of 44Ti [The98, Mag10]. This
radionuclide is an important diagnostic of supernova models: its decay via 1157 keV photons can
be observed with gamma ray telescopes since the Galaxy is largely transparent to this type of
radiation. 44Ti is produced deep in the interior of the star near  the  “mass  cut”  which  separates  the  
remnant star from the supernova ejecta. So far, 44Ti has been detected in two systems, the Cas A
and possibly also the Vela supernova remnants, and upper limits have been obtained for others.
The new NUSTAR satellite is expected to carry out many more measurements of 44Ti in space.
44
Ca, the decay product of 44Ti, has also been detected in dust grains in meteorites attributed to
core collapse supernova. Comparisons of observed 44Ti in explosion remnants with model
predictions have been used to constrain the mass cut. Such constraints are, however, hampered by
our imprecise knowledge, in particular, of the reactions on stable and proton-rich unstable nuclei
that create and destroy 44Ti in supernovae, and in general, of the nuclear processes during
explosive nucleosynthesis in CCSN.
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Figure 2.6. Flux of 1.156 MeV gamma rays vs. position as measured from the INTEGRAL
satellite [Iyu97]. These gamma rays correspond to the decay of 44Ti, and the cross hair shows the
location of   the   Cas   A   supernova   remnant.  The   gamma   ray   flux  indicates   2•10-4 solar masses of
44
Ti in the remnant with a 5.2 detection. Rates of reactions that create and destroy 44Ti are
needed to use the data from this observation to constrain the mechanism of a core collapse
supernova explosion.
A drastically different nucleosynthesis occurs when the shock wave compresses and heats the
outer hydrogen-rich layers of the star during its passage to the surface. Under such conditions,
explosive hydrogen burning via the rp-process is triggered, resulting in the synthesis of a variety
of low and intermediate-mass elements. Among these are 26Al, a target of gamma ray astronomy
and discussed in the nova section above (§2.3.1). It is important to determine the contribution of
CCSN to the roughly 3 solar masses of 26Al that have been observed in our galaxy.
An entirely different proton capture process has recently been predicted to occur in the wind that
blows material off the forming proto-neutron star and is driven by the immense neutrino flux.
This wind ejects material into the high entropy region between the neutron star and the ejected
supernova matter. While originally thought of a possible site for the rapid neutron capture
process, it is now believed that the wind is at least at times proton rich, resulting in a so called pprocess – a rapid proton capture process starting in the 56Ni region. The process is accelerated by
(n,p) reactions induced by neutrons created by neutrino interactions with protons that bypass the
slow positron decays of rp-process waiting points. An example is the 64Ge(n,p)64Ga reaction
bypassing the slow 64Ge positron decay. Subsequent proton capture on 64Ga enables then the
synthesis of heavier nuclei if this capture process is sufficiently fast. To investigate this recently
discovered   “p-process” and predict its abundance signature that may be used to establish its
existence, it is important to determine the rate of reactions such as 64Ga(p,).
Open Questions
Many of the open questions in CCSN studies involve complex multidimensional hydrodynamics,
general relativity, neutrino interactions, stellar rotation, the nuclear equation of state and
compressibility of nuclear matter, nuclear masses, and neutron captures in the r-process. While
these issues do not directly involve reaction rates on proton-rich unstable nuclei, there are many
crucial issues that do require the types of measurements we plan to carry out with SECAR. These
include:
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•   Can   we   reliably   predict   the   synthesized   abundances   of 44Ti, 26Al, and other long-lived
radionuclides?
•  Can  we  make  robust  predictions  of  p-process nucleosynthesis products? What are the expected
observational signatures?
•  What  is  the  impact  of  nuclear  uncertainties  on  energetics  and  nucleosynthesis  predictions?
•  How  do  energetics,  asymmetries,  and  timing  impact  nucleosynthesis?
Reaction Sensitivity
There have been a number of studies of the dependence of 44Ti yields in CCSN on input reaction
rates [The98, Mag10]. For example, 44Ti production was found to be sensitive to the rates of the
44
Ti()48Cr and 45V(p,)46Cr reactions [The98]. 26Al has also been extensively studied, and it is
known that the rates of the 25Al(p,) and 26Al(p,) reactions impact the abundance of 26Al
synthesized. Studies have also indicated that important studies on intermediate-mass nuclei
include those that form relatively slow connections between clusters of nuclei that are kept in a
quasi-statistical equilibrium by groups of much faster reactions. Examples of some of the crucial
slow reactions that involve unstable nuclei include 45V(p,), 41Sc(p,), 43Sc(p,), and 57Ni(p,)
[Mag10]. The reactions of importance for the p-process, such as 64Ga(p,), include many of the
same reactions that occur in rp-process burning in XRBs, those near the N=Z waiting points
starting at 56Ni.
Missing Information on Reactions
Most of the capture reactions on intermediate and heavy nuclei are taken from statistical model
estimates, which typically have uncertainties of a factor of 2 or more for cases where level
densities are high and statistical model assumptions are valid. However, for many reactions in
stellar explosions level densities are low or borderline and uncertainties from statistical model
predictions can be much higher. The captures on 25,26Al have, for example, been the focus of
numerous indirect measurements, and one direct measurement of 26Al has been made at ISAC.
None of the other reactions mentioned in the paragraph above have been directly measured.
Information from direct measurements with SECAR could form an empirical foundation needed
to address the open questions in CCSN discussed above.
Goal of SECAR Measurements
The goal of CCSN studies with SECAR is to improve our understanding of nuclear processes
occurring in these explosions. Data from SECAR will enable the
•  Quantitative  interpretation  of   44Ti observations in SN remnants that can constrain the mass cut
and other conditions deep inside the explosion
•  Determination  of  the  CCSN  contribution  to  26Al measured in our Galaxy
•  Mapping  of  reaction  connections  between  clusters  of  nuclei  in  quasi-statistical equilibrium
•  Exploration  of  reactions  important  in  the  p-process
•  Benchmarking  of  statistical  model  calculations  of  proton  capture  reactions  on  intermediate-mass
nuclei
Specific Experiments
Projected beams at ReA3 are likely not sufficiently intense to directly measure the capture
reactions on intermediate and heavy nuclei needed to better understand CCSN. We will, however,
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explore avenues for first measurements, for example by using thicker targets that enable
measurements of multiple resonances simultaneously. This might be an especially beneficial
approach for these heavier nuclei where level densities are expected to be quite high. A focus of
these measurements will likely be reactions impacting the nucleosynthesis of 44Ti [Mag10].
2.3.4. New Opportunities
There are a number of additional astrophysical sites where reactions on proton-rich unstable
nuclei occur. These include Thorne-Zytkow objects, first-generation (Pop III) binary systems,
supermassive stars, black hole accretion disks, mergers of compact objects, and collapsars.
Measurements by SECAR will improve our understanding of the nucleosynthesis that occurs in a
number of these exotic systems, and represent new opportunities for measurements of
astrophysical capture reactions with unstable beams. We will discuss a few possibilities below.
Thorne-Zytkow objects
These objects are thought to be a degenerate neutron star surrounded by a large gas envelope.
While having an appearance almost identical to a red supergiant star, the unusual structure of
TZOs features high temperatures just above the NS core which may causes steady-state hydrogen
burning through the hot CNO cycle or rp-process [Bie91]. This makes the nucleosynthetic
processes, and the corresponding elemental signatures, of TZOs quite unique in astrophysics.
While TZO formation is not theoretically understood, they possibly offer a new mechanism for
production of Li and heavier elements in the cosmos. Recently, a TZO candidate was found in the
Small Magellanic Cloud [Lev14]. Improved rp-process rates on p-rich nuclei would help solidify
the predictions of TZO spectra and add certainty to this possible discovery. These reactions are
also needed to determine the long-term evolution and stability of these objects.
First-Generation (Pop III) Binary Systems
The distribution of stellar masses is well studied, favoring those with masses 10 times that of the
sun or less. However, simulations have suggested that in the very first stellar generation
(Population III), isolated stars with masses of ~100Mo were common [Abe02]. A recent study
suggested that massive binary systems could preferentially form [Sta10], which would have a
very different evolution and nucleosynthesis than single isolated massive stars. An early
population of massive binaries would influence the metallicity of later stars as well. Conditions in
massive first generation stars are more extreme than in ordinary stars and proton capture reactions
on unstable nuclei are possible. For example, recent observations of calcium in extremely metal
poor stars have been interpreted as signatures of rp-process burning in first generation stars
[Kel14]. Measurements at SECAR could help firm up predictions of the evolution and element
creation in such massive binary systems.
Supermassive stars
Some early stars are thought to have masses as high as 104 – 106 Mo or more, and are prime
candidates to end their life as supermassive black holes. A recent study, however, suggested that
some supermassive stars could go supernova without forming a black hole [Che14]. Other studies
suggested that the eventual fate of these stars could depend in part on explosive hydrogen burning
rates in the Hot CNO cycle and rp-process [Ful86, Mon12] or via capture on p-rich nuclei in the
hot-pp chain [Wie89]. SECAR will address a number of these explosive hydrogen burning
reactions and improve the understanding of supermassive stars.

2.4. Experimental Program
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We plan to make direct measurements of critical radiative capture reactions occurring in
explosive astrophysical sites with the radioactive beams from ReA3 and FRIB at MSU. These
direct measurements will be used to determine improved thermonuclear rates, which will then be
used in improved computer simulations to achieve our primary science goal: to improve our
understanding of stellar explosions. The following subsections describe the importance of direct
measurements of capture reactions, the necessity of using an inverse kinematics approach for
these measurements, the anticipated beam intensities and beam properties at ReA3 and FRIB, the
low yields of these reactions, and expected counting rates for some important reactions.
2.4.1. Reaction Rate Uncertainties and Direct Measurements
The majority of the reaction rates on unstable nuclei needed to address the open questions in
stellar explosion studies have never been measured. Since explosion simulations require a full
complement of thermonuclear reaction rates connecting all the nuclear species that may interact
in an event, nuclear reaction models are used to provide the many input rates. For some
explosions, statistical model theories provide the overwhelming majority of rates. However, such
models have significant uncertainties, routinely a factor of two or higher. More importantly, this
approach cannot be used for capture reactions on low-mass nuclei or those where the density of
levels is not sufficiently large to ensure a statistical reaction process. This is the case, for
example, in nova explosions and for most of the reactions involving isotopes with masses less
than 65 occurring in X-ray bursts and supernovae.
The thermonuclear capture reaction rates for such nuclei are often dominated, in some cases by
many orders of magnitude, by contributions of individual resonances. Predicting such rates
typically involves first using a nuclear structure model to predict the number and properties
(energy, spin/parity, total width, formation and destruction partial widths) of resonances, then a
reaction model to calculate the resonant contribution to the rate. However, individual resonances
are challenging to predict from nuclear structure models, making such rate predictions often
inaccurate by many orders of magnitude.
Hybrid approaches are therefore utilized when possible, where information on resonances is
obtained experimentally via measurements of reactions different than the one occurring in the
star. Measurements of scattering and transfer reactions are, for example, routinely performed to
provide valuable information on resonances that may dominate a reaction rate. Unfortunately, the
information from such indirect studies is often incomplete or ambiguous. For example, (p,p)
scattering can determine the entrance channel width of a resonance for proton capture, but not the
exit (gamma) width, and it is often the case that the resonance strength is proportional to the
gamma width. A reliance on nuclear systematics to provide the gamma width could result in a
rate that has a large uncertainty and is possibly inaccurate by orders of magnitude. Even larger
uncertainties   can   result   from   the   contributions   of   “missing”   resonances   that   have   not   been  
identified by indirect methods.
For these reasons, direct measurements are preferred when the necessary beam and target are
available with intensities and densities sufficient to provide reasonable resonant yields. Direct
measurements for stellar explosions do not require the often-inaccurate extrapolations to low
energies, as do measurements of reactions relevant for burning in our Sun and other lowertemperature environments. Direct measurements can also probe the constructive and destructive
interference between closely spaced resonances that can significantly change the cross section;
such interferences are difficult to estimate. Finally, measurement at non-resonant energies can
directly probe the contribution of direct electromagnetic transitions to bound levels.
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2.4.2. Required Precision
Given the large (often order(s) of magnitude) uncertainties of rates driving stellar explosions, a
measurement of a reaction cross section on resonance with a minimal credible number of counts,
such as 10 counts with a 30% statistical uncertainty, would represent significant progress from an
experimental perspective. For nova rates, the need for 30% precision on measurements has been
reported as adequate by modelers (e.g., [Jos07]), since it is by comparison of model predictions to
observations that models can be judged. The relevant observations include, or will include, the
unusual isotopic ratios in meteorite grains, the isotopic composition of ejected material, and the
production of long-lived radioactive isotopes. To determine if any particular measurement
warrants higher precision, such as 100 counts and 10% uncertainty, we must examine the
corresponding astrophysics motivation in detail.
An illustrative example is the quest to understand the origin of the measured excess of 30Si in five
meteorite grains, displaying 30Si/28Si ratios up to twice that found in solar material. These ratios
have been measured to better than 10%, and cannot be explained by scenarios such as supernovae
or red giant starts. Figure 2.7 shows that the attribution of a nova origin to these grains [Ama01]
depends on nova model predictions that exhibit large 30Si/28Si ratios. The predictions of these
models, however, have large error bars arising from the factor of 10 uncertainty of the nevermeasured 30P(p,)31S reaction rate [Doh12]. This rate uncertainty results in roughly a factor of 6
uncertainty in the 30Si/28Si ratio in some nova models [Smi14]. Such a large error bar, overlaid on
the plot of nova model predictions and nova grain measurements (Figure 2.7) shows the need for
higher precision to compare models to observations. A 30% determination of the 30P capture
reaction rate would certainly suffice to confirm the nova origin of these anomalous grains.

Figure 2.7. Excess 30Si in meteorite grains, plotted as the ratio of (30Si/28Si)/(30Si/28Si)solar to
(29Si/28Si)/(29Si/28Si)solar as compared to nova model predictions [Ama01]. Overlaid error bars
represent a factor of 6 uncertainty in the 30Si/28Si ratio [Smi14] arising from the factor of 10
uncertainty in the rate of 30P(p,)31S [Doh12].
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For X-ray bursts, the unprecedented precision of recent observations of their light curves has
given modelers the capability to fine-tune XRB models. An excellent example is the data set of
24 bursts observed over a 5 year period from GS 1826-24 [Gal04] which show strikingly identical
light curves over each 150 second–long burst. A theoretical study of this system produced an
XRB light curve that matched the observations well [Heg07]. However, using a similar XRB
model, the qualitative and quantitative variations in the predicted light curve caused by
uncertainties in the unmeasured capture reaction rates (with uncertainties of a factor of 10 2)
dramatically illustrates the need for higher rate precision [Smi08]. Figure 2.8 shows the high
precision light curve measurements, the fine-tuned theoretical model prediction, and predicted
light curve variations. A 30% determination of these capture reaction rates would enable credible
fine-tuning of astrophysical model parameters (e.g., accretion rate onto the neutron star) via
comparison to observations.

Figure 2.8. (left) Observations of bursts from GS 1826-24 [Gal04] and a fine-tuned theoretical
model prediction [Heg07]. (right) Large variations in XRB light curves caused by uncertainties in
four unmeasured capture reaction rates [Smi08].
These two examples are representative of the majority of cases in which a 30% measurement will
significantly reduced the uncertainty of explosion model predictions that can be compared to
observations. A case in which higher precision is needed is the utilization of the ratios of final
abundances seen in nova ejecta as an indicator of peak temperature [Dow13]. Figure 2.9 shows
calculations of the abundance ratio of S/Al for a series of nova models with different peak
temperatures; other ratios are also candidates as nova thermometers. This figure also indicates the
range of uncertainties in this ratio due to uncertainties in the input nuclear reaction rate. For a
given S/Al abundance ratio, this approach can currently only constrain peak temperatures to a
range of 0.02 to 0.03 GK, a roughly 10% determination. While this range may seem small, it
actually encompasses a wide variation of input parameters (e.g., progenitor mass, accretion rate,
envelope composition, mixing method) of nova models. Since the final abundances, explosion
energy, ejecta mass, and explosion duration depend so sensitively on the peak temperature, it is
imperative to reduce the input nuclear uncertainties (e.g., captures on p-rich unstable nuclei such
as 30P) as much as possible (to 10%) to shrink the error bands and make this approach an effective
diagnostic of nova outbursts.
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Figure 2.9. The use of the ratio of final abundances of S to Al as an indicator of the peak
temperature of a nova outburst. Black dashed lines indicate uncertainty band in ratio prediction
resulting from variation of input nuclear rates within current uncertainties [Dow13].
The goal of our measurements is to make the contribution of the nuclear uncertainties to predicted
astrophysical observables negligible. This will enable us to validate astrophysical models and
probe astrophysical environments and their model implementation. Astrophysical uncertainties
can be exposed and addressed only after nuclear physics uncertainties are small. For example, it
is currently unclear whether 2D effects of the burning front propagating across a neutron star
surface contribute to the shape of the early XRB light curve. This effect is not included in most
current XRB models. By reducing the uncertainties of XRB reaction rates, discrepancies between
1D models and observations can be used to address this issue. If such sensitivity exists, this will
help guide the development of 2D models that may ultimately probe the physics of burning front
propagation, surface magnetic fields, and other astrophysical questions.
These examples illustrate that for most of our measurements, a 30% uncertainty will significantly
reduce the corresponding uncertainty of explosion model predictions that are compared to
observations. While there are already a few known cases where a higher (10%) precision is
needed, a well-characterized experimental uncertainty will enable statistically accurate sensitivity
studies that can predict meaningful nuclear induced error bars for model observables. Such an
approach can reliably quantify any further needs of improved precision.
2.4.3. Inverse Kinematics Method
Direct measurements of capture reactions on stable target nuclei for nuclear astrophysics are
traditionally made with a high-intensity proton or alpha beam incident on a thick target, with a Ge
detector placed next to the target to measure the -rays resulting from the capture. The heavy
nuclear   products   of   the   reaction,   the   “recoils”,   usually   do not escape the target and are not
detected. This approach, however, will not work for the capture of protons or alphas on p-rich
unstable nuclei, which are the reactions of interest for stellar explosion studies. The lifetimes of
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the relevant nuclei are so short (minutes or seconds) that they cannot be made into a target, so the
traditional “forward  kinematics”  approach of a light beam bombarding a heavy target cannot be
used. However, an   “inverse   kinematics”   approach   can work, wherein a heavy, proton-rich
radioactive ion beam bombards a hydrogen or helium gas target system. Downstream of the
target, systems are needed to detect the products of the capture reactions, the “recoils”.
Measurements with this approach require high radioactive beam intensities and targets thicker in
energy loss than the resonance of interest, as described in §2.4.5 below. They also require an
efficient recoil detection system – SECAR, described below in detail in Section 3.
2.4.4. Beam Properties and Intensities
SECAR has been designed to take advantage of the unique low energy radioactive beams
produced with the ReA3 reaccelerator at NSCL and later FRIB. ReA3 will provide low energy
beams up to 3 MeV/u (for 238U) ideally suited for astrophysics studies.
Reaccelerator System
Radioactive ion beams produced by fragmentation with typical energies greater than 50 MeV/u
will first pass through a series of degraders for momentum compression before they are injected
into a stopping system that enables the efficient extraction of the stopped ions. The stopping
system will be chosen based on the specific needs of a given experiment. Stopping systems
available early on at NSCL include a cryogenic linear gas cell and a cyclotron gas stopper, both
currently under construction/commissioning. After extraction from the stopping system, the 1+ or
2+ charged radioactive beams are transported towards the ReA3 platform using electrostatic
elements and are injected into the Electron Beam Ion Trap (EBIT) to boost their charge state. The
EBIT has a cryogenic ion trapping structure to minimize beam contamination from residual ions.

Figure 2.10: Layout of the ReA3 facility and proposed recoil separator SECAR.
The ReA3 accelerator system consists of a low Energy Beam Transport (LEBT) system, a roomtemperature RFQ, a superconducting linear accelerator (Linac), and a beam distribution system
into the ReA3 hall where SECAR will be located. The LEBT efficiently transports and matches
the stable and radioactive beams from the EBIT to the RFQ. The 80.5 MHz, room-temperature
RFQ accelerates beams from ~12 keV/u to 600 keV/u. Together with the external MultiHarmonic Buncher in the LEBT, the RFQ achieves a high accelerating efficiency and a small
longitudinal emittance. The ReA3 superconducting Linac uses two types of 80.5 MHz QWR
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cavities in three cryomodules, to accelerate beams from the RFQ to the required final energy,
while maintaining beam quality and minimizing beam emittance growth. The first cryomodule
provides required beam matching from the RFQ with two solenoids and one =0.041 cavity. A
second cryomodule, with three solenoids and six  =0.041 cavities, provides beam acceleration to
~ 1 MeV/u and deceleration to ~ 300 keV/u. The 3rd cryomodule, consisting of three solenoids
and eight =0.085 cavities, accelerates the ion beam to the final desired energy. Each solenoid
has two dipole coils to provide beam central orbit corrections for alignment errors of the cavities
and solenoids inside the cryomodules.
Figure 2.10 shows the layout of the ReA3 facility and transport lines into the low energy
experimental hall. The ReA3 beam distribution lines consist of two high resolution achromatic
sections with slit systems, which can be used to limit the beam energy spread, and transport and
focusing elements to deliver beam to three target stations in the ReA3 experimental hall. SECAR
will be located at a dedicated experimental line in the ReA3 hall.
Beam Energy
ReA3 in its current configuration is nominally capable of accelerating ions with a charge-to-mass
ratio Q/A=0.25 from about 300 keV/u to 3 MeV/u and for Q/A=0.5 from 300 keV/u to 6 MeV/u.
For direct astrophysical reaction rate measurements with SECAR, the required energies are
typically below 3 MeV/u. All beams of interest can be accelerated up to this energy with
efficiently produced charge states.
The ReA3 system is expected to deliver beams with an energy spread of a few keV/u.
Commissioning results (shown in the Figure 2.11) using known 27Al(p,)28Si resonances show
that with two of the three ReA3 cryomodules in place, an energy spread of less than 0.4% can be
obtained. In the same study, the stability of the beam energy provided by ReA3 was examined
over a 12-hour time period. The beam energy was chosen such that the resonant -yield is most
sensitive to changes in the beam energy for both, the 632 and the 992 keV resonance. No
noticeable change in the amount of -rays was observed.
The ReA3 beam distribution line contains two high-resolution achromatic sections that can be
used to limit the beam energy spread (in case of tails) and to independently measure the mean
beam energy. Figure 2.11 also shows the energies determined using the dipole magnetic field of
the first achromatic section. It shows that the beam energy can be accurately determined within
±1 keV/u. An additional method to measure beam energy, using two MCP grid detectors to
accurately measure time-of-flight, is in the testing stages. It is expected that this method will
determine the beam energy with the same or better precision as the magnetic field approach.
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Figure 2.11: 27Al(p,)28Si yield curve of the 992 (a) and 632 (b) resonances. Solid curves are fits
to the experimental data.
Beam Purity
Due to the selectivity of the fragment separator, the momentum compression, stopping systems,
and the LEBT, the radioactive beam injected into the EBIT has a very high purity. The main
source of beam contaminants are stable impurities from residual gas in the EBIT such as helium,
oxygen, nitrogen, and heavier noble gases if the radioactive beam of interest is charge bred to a
charge-to-mass ratio similar to those residuals gases. For SECAR experiments, beam
contamination can decrease the signal-to-background ratio if the contaminants contribute to the
“leaky beam” rate, or if the contaminants have sufficiently high capture cross sections that
significant amounts of contaminant recoils enter the system. The charge breeding efficiency of
the EBIT is typically high for several charge states of the radioactive beam, and each of these
charge states will usually be accompanied with very different contaminations. It will therefore be
possible to either eliminate contamination, or select a beam contamination that will minimize
problems for a specific experiment by choosing the optimum radioactive beam charge states with
little reduction in intensity. In addition, the EBIT cycle of charge breeding and extraction can be
optimized to maximize production of the desired charge state. Beam contamination will therefore
be very different from the typical isobaric contaminations at ISOL facilities, adding to the
complementarity of measurements with SECAR compared to other existing devices.
Transverse Beam Emittance
The normalized transverse beam emittance at the exit of the EBIT is estimated to be 0.1  mm
mrad for 95% of the beam. No significant normalized emittance growth is expected in the
accelerator. Beam transport simulations with the current ion optical configuration of the SECAR
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beam line show that with this emittance, the beam spot at the focus (the location of the JENSA
-0.3 mm in x and y directions for energies from 0.3 MeV/u to 3
MeV/u, respectively. For the SECAR design we assumed =0.75 mm in the ion optical
calculations. The quoted mass resolutions are based on this beam spot size. Beam angles are
expected to be less than 1.2 mrad and are still sufficiently small to ensure full transmission
through the JENSA apertures. Incoming beam angle has a minimal effect compared to the largest
scattering angle in the reactions of astrophysical interest in Table 3.2, multiple scattering, and/or
angle straggling through the target. For transmission calculations, we assumed an emittance of
±1.77  mm mrad. Figure 2.12 shows the expected final beam phase space in the SECAR/ target.
Figure 2.12: Calculated horizontal (left), vertical (middle), and longitudinal (right) phase spaces
on SECAR target.

Beam Intensity
SECAR has been designed to enable measurements with the expected design beam intensities at
NSCL and later FRIB. These beam intensities have been estimated from predicted fragmentation
beam intensities using the following efficiencies of the beam stopping and reacceleration system:
90% for transmission to the stopping device, 30% stopping device extraction efficiency, 30%
EBIT efficiency, and 80% reacceleration efficiency. This results in a 6% overall efficiency. For
the initially available gas based stopping devices and associated EBIT, a maximum beam
intensity of 109 pps is assumed. For beams that can be easily extracted from solids (for example
oxygen), higher intensities can be realized using a solid stopper that may be implemented in the
future. With such a system, intensities up to of the order of 1011 pps will be possible for some
radioactive beams. These efficiencies have been used to calculate the expected reaccelerated
beam intensities given below in Table 2.1. They are the results of extrapolations based on the
experiences gathered so far at ReA3.
Table 2.1. Anticipated currents for important capture reaction beams in the ReA3 hall with the
NSCL driver with the FRIB driver
Beam
ReA3 at NSCL
ReA3 at FRIB
Projected Intensity Projected Intensity
(pps)
(pps)*
15
O
2.3  •  1011
22
Na
5.5  •  107
8.3  •  1010
23
Mg
5.9  •  107
3.0  •  1010
25
6
Al
1.8  •  10
4.8  •  1010
27
6
Si
2.5  •  10
9.6  •  1010
29
P
3.7  •  106
3.4  •  1010
30
7
P
1.5  •  10
1.4  •  1011
33
7
Cl
1.3  •  10
2.5  •  1010
34
7
Cl
7.3•  10
1.1  •  1011
35
Ar
5.6  •  107
5.7  •  1010
37
6
K
6.8  •  10
1.7  •  1010
38
7
K
4.2  •  10
8.9  •  1010
* Intensities of up to 109 pps can be produced with gas stopping largely
independent of chemical properties. Higher intensities require a
solid stopper. The quoted intensities neglect additional losses from
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transport through the solid stopper for chemically reactive beams,
which likely occur for beams of certain elements, such as Si and P.

Time structure
The time structure of the beam is determined by both the RFQ and the EBIT in the ReA3 system.
While the RFQ sets a 80.5 MHz micro time structure (beam pulses every 12 ns with a ±1 ns
spread), the beam from the EBIT sets a macrostructure determined by the injection, breeding and
extraction cycle. While the beam is injected into the EBIT, the isotopes already inside the EBIT
are being charge bred. Depending on the desired extracted charge state, the injection/breeding
time can be optimized for a given experiment. Breeding times can be varied to optimize the
charge state and efficiency between tens to hundreds of ms. Continuous or pulsed injection can be
used for the EBIT charge breeder. Extraction times can currently range from 100 ns up to 1 ms,
resulting in duty cycles of 10-2 to 10-6. Such low duty cycles can be advantageous to suppress
ambient background in the gamma ray detection system around the target, but leads to a higher
instantaneous leaky beam rate at the focal plane. This is not expected to be a problem for
SECAR. Even at the highest incident beam intensities of 1011 pps, a duty cycle of 10-2 is high
enough to limit the instantaneous leaky beam rate at the SECAR focal plane to an easily
manageable 1 pps in the case of a nominal projectile rejection of 10-13. Depending on background
suppression needs, leaky beam sources, and incident beam intensity, lower duty factors can be
chosen to optimize the sensitivity of a particular experiment.
Current Status
A linear gas stopper and the low energy beam transport lines were commissioned with radioactive
beams and stable beams in 2013. The first and second cryomodules of the ReA3 accelerator
system were commissioned using stable beams between 2011-2012. The beam transport lines
were completed in summer 2013, and the first radioactive beam (37K at 2.4 MeV/u) was delivered
to an experimental station in August 2013. Figure 2.11 shows the beam energy and energy width
measured during ReA3 commissioning using well-known 27Al(p,)28Si resonances. The beam
energy has been measured with a precision of 2 keV/u and a beam energy spread of 0.4% FWHM
has been measured. Similar commissioning including the 3rd cryomodule is scheduled for the end
of 2014.
2.4.5. Reaction Yields and Projectile Rejection
The reaction yields we can measure, the projectile rejection needed for those measurements, and
the beam intensities necessary to complete the measurement in a reasonable time are strongly
interdependent. We first discuss the reaction yield, which for the capture reactions of interest is
defined as the number of reactions per incident beam particle. Reaction yields are critical for two
reasons. First, they are needed to determine the corresponding beam currents required to carry out
a measurement in a reasonable amount of time (e.g., two weeks or less). A subsequent
comparison with beam currents predicted at ReA3 and FRIB then enables us to determine the
feasibility of such measurements at these facilities. Second, since the yield gives the recoil to
projectile ratio immediately after the target, it is equal to the projectile rejection needed to achieve
a one-to-one recoil to projectile ratio with our system. In other words, a reaction with a yield of
10-17 becomes feasible for a projectile rejection (separator plus focal plane detectors) of 10-17 or
better (lower).
As discussed above in §2.4.1, most of the reactions we are interested in are dominated by
resonances, often by orders of magnitude. Our measurements will therefore focus on measuring
resonant yields. These can be written as
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Yr = [ 2 (c) 2 / c2 Er ] [ r/ r

where Er is the energy of the resonance, r is the energy loss of the beam in the target in the
center-of-mass system evaluated at Er , is the reduced mass of the system. In this equation,
ris the strength of the resonance defined by

r = [(2Jr+1) / (2J1+1) (2J2+1)] entexit/  tot
where Jr , J1 , and J2 are spins of the resonance and the two initial particles, respectively, and
entexit, and tot are the entrance channel width, exit channel width, and total width,
respectively.
This  “thick  target”  resonance  yield  formula  assumes  that  the  energy  loss  of  the  beam  in  the  target  
is larger than the energy width of the resonance, which will be the case for the overwhelming
majority of resonances that we study.

Table 2.2. Typical strengths of resonances for important nova reactions.
Beam
Resonance
Resonance
Energy
Strength
(keV)
(meV)
22
Na
213
0.2
22
Na
610
600
23
Mg
486
38
25
Al
165
0.001
25
Al
412
18
27
Si
576
15
29
P
289
0.05
29
P
734
18
30
P
194
0.004
30
P
410
2
35
Ar
623
7
Since resonance yield, and corresponding required projectile rejection, depends linearly on the
resonance strength, we now examine yields and rejections for typical values of strengths of
resonances in the reactions we propose to measure with SECAR. With Er of 200 keV, of 100
meV,  of 10-13 eV•cm2/atom, c2of 900 MeV (for mass 30), and c of 197.3 MeV•fm  – we get a
typical yield on resonance of 2•10-11. Many of the reactions important to the science mentioned in
§2.3 have resonance strengths in the range of 1 – 100 meV (Table 2.2), so our system should at a
minimum be able to handle the 100 meV case described above. Some important reactions,
however, have resonances with strengths as low as ~ 1 eV, and higher energies, up to ~ 2 MeV;
this case corresponds to   a   resonance   yield   of   2•10-17. The dependence of reaction yield on
resonance strength is shown in Figure 2.13; lower strengths give lower yields and more stringent
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requirements on projectile rejection. We have designed SECAR to handle reactions with yields as
low as 10-17, which therefore requires a projectile rejection capability of 10-17.

Figure 2.13. Relationship between reaction yield (and equivalently projectile rejection) and
resonance strength for the cases with stopping power  of 10-13 eV•cm2/atom, reduced mass c2of
900 MeV (for mass 30), and resonance energies of 0.2 MeV (red curve) and 2.0 MeV (black
curve).
Combining beam current and detection efficiencies with reaction yield enables us to determine
the feasibility of a given measurement. Beam currents are expected to range from 107 – 1011
particles per second (pps) at ReA3 and FRIB. With a beam current of 107 (pps), a recoil detection
efficiency of 40% (based on selecting a single charge state with the separator system), and an
efficiency for capture gamma rays (in coincidence) of 10%, 10 coincidence counts will be
recorded in 2 weeks of running. This corresponds to a 30% statistical uncertainty, and is a
reasonable minimal number of counts to constitute a credible measurement. Choosing this
criterion, we determine the range of resonance strengths that can be measured as a function of
beam current; the result is shown in Figure 2.14. If we lower our success criteria to 10 singles
counts (no coincidences) in 2 weeks, then the sensitivity range is dropped by an order of
magnitude. With this criteria, resonances of 1 eV can be measured at 1011 pps. This maximum
sensitivity will encompass the vast majority of relevant resonances and fully enable our science
program.
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Figure 2.14. Range of resonance strengths that can be measured as a function of beam current, in
order to obtain 10 coincidence counts in a two-week-long experiment for resonance energies of
0.2 MeV (above the red line) and 2.0 MeV (above the black line). To obtain 10 counts in singles
with a 0.2 MeV resonance, the sensitive range is dropped to the region above the orange line.
Finally, we can also combine the above-mentioned criteria (10 counts) for a credible
measurement with the available beam currents to determine a reaction-independent estimate of
the projectile rejection needed for our measurements. To facilitate such a low number of detected
events, the separator system needs to provide an almost completely background-free
environment. Assuming at most one background event in a two-week (~106 s long) experiment,
this corresponds to a requirement on rejection of unreacted beam particles of 10-13 to 10-17, for
intensities of 107 – 1011 pps, respectively. This rejection is the number of events from beam
projectiles that are indistinguishable from recoil events in the focal plane detectors divided by the
number of incident beam particles, and represents the combined physical rejection of the
separator system and the detection system. By designing our system to have a projectile rejection
capability of 10-17, we provide the low-background environment needed to measure the wide
range of reactions discussed above in §2.3.
2.4.6. First Measurements
There is an excellent overlap of radioactive beams anticipated at ReA3 at NSCL (Table 2.1) and
the nuclei that undergo thermonuclear burning in nova outbursts (Figure 2.15). Measurements of
29,30
P(p,)30,31S, 22Na(p,)23Mg, 25Al(p,)26Si, 35Ar(p,)36K, 27Si(p,)28P, 33,34Cl(p,)34,35Ar,
37
Ar(p,)38K, and 37,38K(p,)38,39Ca for novae are anticipated to be feasible at ReA3 with the NSCL
driver. Many of these reactions also occur in X-ray bursts. However, the more crucial XRB
reactions involve nuclei that are more proton-rich (e.g., 23Al(p,) 24Si, 27P(p,)28S, 31Cl(p,)32Ar)
and will need full FRIB intensities to enable direct measurements.
When operational, the intensities expected at FRIB are anticipated to be between 10 – 1000 times
higher than those at ReA3 using the current NSCL driver. These intensities will enable direct
measurements of capture reactions on nuclei with 1 – 3 fewer neutrons than possible with ReA3
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intensities. This is a significant expansion of possible reactions to measure, and is especially
important for higher stellar temperature environments such as those found in XRBs. For example,
measurements of 23Al(p,) 24Si, 27P(p,)28S, and 31Cl(p,)32Ar should be possible with the full
FRIB intensities, as well as 15O(,)19Ne and 19Ne(p,)20Na. The higher intensities will also
enable the exploration of weaker resonances in reactions that with higher strength resonances
accessible at ReA3.

Figure 2.15. Anticipated reaccelerated radioactive beam intensities at the ReA3 hall with the
NSCL driver are shown with an overlay (in blue arrows) of thermonuclear burning in an energetic
nova explosion.

2.5. Summary of Science Requirements
The above discussion has focused on the scientific opportunities enabled by SECAR, as well as
the feasibility of these measurements given the beam intensities expected at ReA3 and FRIB.
Crucial aspects of this discussion can be extracted to form a set of requirements that will impact
the technical and design requirements of the separator system (Table 2.3). More information on
our design methodology is given below in §3.1.4.
Reaction type
Because novae and XRBs are powered by capture reactions of nuclei in H-rich and He-rich
accreted material from a companion star with proton-rich unstable heavy nuclei, (p,γ)  and  (α,γ)  
capture reactions are the critical reaction types to measure. These reactions also play important
roles in the supernovae   νp-process and in thermonuclear burning in a variety of exotic
astrophysical sites.
Mass range
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Capture measurements for novae involve p-rich unstable & stable nuclei from the CNO cycle up
to mass A ~ 40 - 50. Temperatures in these outbursts are not high enough to form heavier nuclei.
For XRB and for the νp-process in Supernovae, captures on p-rich nuclei up to mass 100 are the
relevant ones to measure. However, FRIB beam intensities drop significantly for nuclei near the
dripline for A > 65. Furthermore, for nuclei closer to stability, some measurement may already be
performed with a γ   ray   summing detector alone. It is, however, crucial to measure the
64
Ge(p,)65As and 65As(p,)66Se reactions since 64Ge is a waiting point in XRB nucleosynthesis
that can slow the creation of heavier mass elements. We therefore set our upper mass limit for
capture reactions to be 65. Measurements of capture reactions at higher masses may still be
possible but would require the selection of non-optimum charge states and the sensitivity to very
low cross sections would be limited because of the reduced rejection capability.
Energy range
Thermonuclear reaction rates (a function of temperature) are calculated by convoluting a cross
section (a function of relative energy) with the Maxwell-Boltzmann distribution of relative
energies (a function of relative energy and temperature). The temperature of an astrophysical
environment therefore determines the relevant energy range where a cross section needs to be
measured. For novae, temperatures of 0.10 - 0.4 GK correspond approximately to temperatures of
0.2 MeV - 1.5 MeV. The higher temperatures of XRB and the supernova νp-process, up to 2 – 3
GK, correspond to approximately 2 – 3 MeV. Measurements at 3 MeV, with their higher yields,
are also useful as calibrations of lower-energy measurements. We therefore set our measurement
energy range to be 0.2 – 3 MeV.
Resonance strength
As discussed in §2.4.5, a minimal sensitivity of our experimental system is to measure resonances
with strengths of 100 meV. Sensitivity down to eV range for a few critical reactions such as
15
O()19Ne is needed to do full science program and represents the ultimate goal.
Table 2.3. Summary of SECAR Science Requirements.
Reaction types
(p,) and ()
Mass range
A=15 - 65
CM Energy range
0.2 – 3 MeV
Resonance strength sensitivity
Better than 1 eV (ultimate goal for some
cases) – 100 meV (minimum)
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