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Abstract. Globular clusters contain multiple stellar populations, with some previous
generation of stars polluting the current stars with heavier elements. Understanding the history
of globular clusters is helpful in understanding how galaxies merged and evolved and therefore
constraining the site or sites of this historic pollution is a priority. The acceptable temperature
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and density conditions of these polluting sites depend on critical reaction rates. In this paper,
three experimental studies helping to constrain astrophysically important reaction rates are
briefly discussed.

1. Astrophysical Motivation and Nuclear-Data Needs
Globular clusters were once thought to be composed of single populations of ancient stars. In
the last few decades, it has become apparent that they instead are host to multiple stellar
populations [1]. One piece of evidence for these multiple populations is the observation of
abundance anomalies within the current generation of stars which cannot originate with the
current stars due to their limited temperatures. Instead, some previous polluting site or sites
has caused these abundance anomalies. However, the nature of these now extinct sites is unclear:
uncertainties in thermonuclear reaction rates in stars lead to associated uncertainties over the
temperature and density conditions in which the abundance anomalies could have originated.
Better constraints on the reaction rates lead to better constraints on the astrophysical site or
sites.

In order to determine the astrophysical reaction rates of interest, the cross section at each
energy, σ(E) must be folded with the Maxwell-Boltzmann distribution describing the relative
energy distribution of all of the ions within the hot stellar plasma. For many reactions in the
mass region relevant for nucleosynthesis in globular clusters, especially for radiative-capture
reactions, the contribution of a resonance to the reaction rate can be simplified by using the
narrow-resonance approximation. This is valid when the width of the resonance is so narrow
that the width appears constant over the region of interest. In this case, the contribution of
narrow resonances to the reaction rate at a temperature T9 in GK can be given as:

NA⟨σv⟩ =
1.54× 1011

(µT )3/2

∑
i

(ωγ)ie
−11.605Er,i/T9 cm3 s−1 mol−1 (1)

where the spin-multiplicity factor in terms of the spins of the reactants j1,2 and of the resonance

J is ω = 2J+1
(2j1+1)(2j2+1) , γ =

ΓpΓγ

Γp+Γγ
is given in terms of the proton width Γp and the γ-ray width

Γγ for a (p, γ) radiative-capture reaction, Er is the resonance energy in MeV, and the sum across
i is for all of the narrow resonances which can contribute to the reaction rate. The product ωγ
is known as the resonance strength.

From Equation 1, it is clear that the following pieces of information are required for the
calculation of the reaction rate: the existence of a state, the resonance energy Er, the spin, J
and the resonance strength or partial widths. In this paper, three different experiments probing
different ways to access these vital pieces of information are discussed, showing the importance
of combining direct and indirect measurements for discoveries in nuclear astrophysics.

2. 22Ne(p, γ)23Na and the 23Na(p, p′)23Na∗ reaction
The 22Ne(p, γ)23Na reaction is critical to understanding the sodium-oxygen anticorrelation
observed in many globular clusters. This reaction has been the focus of many direct
measurements, including using the DRAGON recoil separator at TRIUMF [2–4], at the
Laboratory for Experimental Nuclear Astrophysics (LUNA) [5] and at the Laboratory for
Underground NuclearAstrophysics (LUNA) in Gran Sasso, Italy [6, 7]. Major sources to the
uncertainty in the reaction rate have originated from two tentative resonances located at Er = 65
and 100 keV (Ex = 8862 and 8894 keV, respectively). The higher of these two resonances was
ruled out as unimportant through one LUNA experiment [7] but the lower Er = 65 keV resonance
may still increase the reaction rate considerably. The evidence for the existence of this state
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Figure 1. The excitation-energy
spectrum from the 23Na(p, p′)23Na∗

reaction measured at θQ3D = 70
degrees. The black hollow spectrum
is that resulting from the NaF target
and the filled red spectrum is from a
LiF target.

is unclear. One 22Ne(3He, d)23Na experiment reported tentative discovery of the states [8] but
subsequent measurements of the same reaction [9] have failed to observe them.

The fundamental question that must be resolved regarding these resonances is therefore ‘do
these resonances actually exist?’ Since the direct measurements at LUNA have been unable to
observe any signal from these resonances, and the 22Ne(3He, d)23Na experiment of Hale et al.
also failed to observe this state, there is a paucity of evidence for existence. To try to answer
the question of whether the states which could give rise to these resonances exist, we have used
the proton inelastic-scattering reaction at low energies to populate states in 23Na. This reaction
was performed with a Ep = 14-MeV beam. This means that the states populated in 23Na are
not being populated in resonance scattering but in some other, rather non-selective, reaction
mechanism which appears to be compound in nature. This reaction has been used to study a
number of different isotopes already, such as 31P, 28Si, 27Al, 24,26Mg, 23Na, and 19F [10–16].

The experiment was performed at the Maier-Leibnitz Laboratory in Garching, Munich,
Germany. A 14-MeV proton beam was produced in the tandem accelerator and transported to
the target position of the Q3D spectrograph [17]. Reaction products were momentum-analysed in
the spectrograph and detected in a suite of detectors consisting of two propotional gas counters,
one of which is position-sensitive and a plastic scintillator located at the focal plane of the
spectrograph [18]. Various different targets including 12C, LiF, SiO2 and NaF were used in the
experiment. An example excitation-energy spectrum obtained at a scattering angle of θQ3D = 70
degrees is shown in Fig. 1.

From the spectrum obtained in the experiment, it is clear that there is no evidence to support
the existence of either of these resonances. For this reason, we conclude that the resonances
likely do not exist and that they should be omitted from future evaluations of the 22Ne(p, γ)23Na
reaction rate.

3. 30Si(p, γ)31P and the 30Si(3He, d)31P reaction
The 30Si(p, γ)31P reaction is a bottleneck when moving material from around magnesium up to
potassium. The temperature and density conditions of the polluting site inferred from observed
abundance patterns are therefore extremely sensitive to the rate of this reaction. Since the
resonance energies of importance for this reaction are so small, the proton widths are typically
much smaller than the γ-ray widths (Γp ≪ Γγ and Γ ≈ Γγ), and the spins of the reactants
are jSi = 0 and jp = 1

2 this means that the resonance strength of the reaction simplifies to

ωγ = 2J+1
2 Γp.

For the 30Si(p, γ)31P reaction the missing pieces of information are the spins and parities of
the resonance states in 31P, and the proton partial widths of those states. In order to determine
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Figure 2. Focal-plane position spectrum for the 30Si(3He, d)31P reaction taken at θQ3D = 23
degrees. The excitation energies of 31P states are labelled in black along with the excitation
energies and sources of prominent contaminant peaks in green. The fit to the data used to
extract the yields is also included.

these quantities we used the 30Si(3He, d)31P one-proton transfer reaction. For these transfer
reactions, the shape of the angular distribution is characteristic of the transferred orbital angular
momentum, ℓ, while the overall amplitude of the angular distribution gives information on the
spectroscopic factor and the proton partial width.

The experiment was also performed with the Munich Q3D spectrograph. In this experiment
the beam was 3He at an energy of 25 MeV. Reaction products were momentum-analysed in the
Q3D. Deuterons were identified at the focal plane by the differential energy deposition in the
focal-plane detectors. An example focal-plane energy spectrum is shown in Fig. 2.

States in 31P were identified by ensuring that the states were observed at multiple angles
with consistent excitation energies. The differential cross sections for the states were extracted
and used to compute the proton widths. Differential cross sections were calculated using the
code fresco assuming single-step sudden transfer reactions under the Distorted-Wave Born
Approximation (DWBA). The strength and shape of the differential cross sections could then
be used to extract the proton spectroscopic factors and calculate the proton widths, as described
in Refs. [19, 20]. An example of the data with the associated calculation is shown in Fig. 3.
The wavefunctions used for the calculation of the proton widths were extracted from the DWBA
calculations, ensuring consistency between these calculations and reduces some of the uncertainty
in the extraction of the proton width, see Ref. [19] for details.

With these new proton widths, and existing resonance data on 30Si(p, γ)31P, the reaction
rate was recomputed using the ratesMC code [21, 22]. The uncertainties in the reaction rate
in the region of interest have been greatly reduced. The major remaining contribution to the
uncertainty is in the unknown spin-parity of the Er = 149-keV resonance (the Ex = 7446-keV
resonance state). If this state has a proton orbital angular momentum of ℓ = 2 then it may
contribute to the reaction rate but if it is ℓ = 3 then the contribution is negligibly small. Once
this spin-parity is determined then the reaction rate will be well known at all temperatures. For
more details as to the experiment and the reaction-rate evaluation, see Ref. [19].
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Figure 3. Differential cross section
for the 30Si(3He, d)31P reaction to
the Ex = 7737-keV state in 31P.
The differential cross section is fitted
with the result of an ℓ = 3 DWBA
calculation.
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4. A direct measurement of the 39K(p, γ)40Ca reaction with the DRAGON recoil
separator
Direct measurements of resonance strengths are preferred if possible. If, as was done in Ref.
[23], the astrophysically important resonances have been identified then direct measurements
may be targeted so that the resonance strengths or cross sections may be determined. For
proton radiative-capture reactions such as those measured at LUNA mentioned above, these
experiments may be performed using a proton beam impinging on the target of interest with
the resulting γ-ray decays detected in γ-ray detectors such as BGO or HPGe.

An alternative approach is to try to detect the heavy recoil produced in the reaction. This
requires the experiment to be done in inverse kinematics with a heavy-ion beam incident on a
gas target. The heavy recoils must then be separated from the unreacted beam, transported
through some ion-optical system and detected at a focal plane.

The DRAGON (the Detector of Recoils And Gamma-rays of Nuclear reactions) at TRIUMF,
Vancouver, Canada, is one such device [4]. A differentially pumped windowless hydrogen gas
target is surrounded by an array of BGO detectors. Heavy ions, in this case 39K produced
in the Off-Line Ion Source (OLIS) were directed into the target at three different energies,
corresponding to the resonances of interest at Er = 666, 606 and 337 keV. When a radiative-
capture reaction occurred, the resulting γ rays were detected in the BGO detectors. The
heavy 40Ca recoils were transported through the recoil separator which consists of a series
of dipole, magnetic-electric-magnetic-electric, with various additional focussing elements such
as quadrupoles. The heavy recoils were detected in the focal plane in a detector suite consisting
of two microchannel plates in front of a silicon detector placed within an ionisation chamber.

The 40Ca recoils of interest are identified using various different observables from the current
system. Most important is the separator time-of-flight which gives the time elapsed between a
γ-ray being detected in the BGO detectors and the heavy recoil being detected in the focal plane.
Other useful observables in reducing the background from so-called ‘leaky beam’, 39K beam ions
which manage to hit the focal plane through multiple scattering within the separator, including
the time difference between the accelerator RF signal and the BGO hit which gives rudimentary
information about where in the target the reaction took place. An example separator time-of-
flight spectrum is shown in Fig. 4

For these DRAGON data, the beam normalisation and yield extraction are complete. The
only outstanding parts of the analysis are accounting for the overall detector efficiency by
taking into account the γ-ray decays from the compound 40Ca resonances, and the charge-state
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Figure 4. Separator time-of-flight
spectrum for the Er = 337-keV res-
onance of the 39K(p, γ)40Ca reaction.
The black spectrum is that which only
has gate conditions placed on the sil-
icon detector energy while the red
spectrum has additional gates placed
on the BGO-RF time difference and
the MCP-RF time difference, signifi-
cantly reducing the background from
leaky beam.
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distribution of the outgoing 40Ca recoils. The observed γ-ray intensities following the proton-
capture reaction do not follow the expected pattern using the listed intensities from a previous
study of this reaction [24]. A pending experiment at iThemba LABS using the AFRODITE
array of HPGe clovers will provide complementary information which will help to resolve some
of the these discrepancies.

5. Concluding remarks and summary
The evolution of globular cluster is key to understanding how galaxies have merged and grown
but their history is complicated by multiple stellar populations which pollute these objects.
Due to the variety of problems in the nuclear data, ranging from whether states exist through
the energies, and spins and parities of states to the partial widths and resonance strengths, a
number of different experimental techniques are required. This paper highlights three different
experiments and discusses how the various nuclear data obtained from them can be used to
better understand the history of globular clusters.
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Degerlier M, Delafosse C, Faestermann T, Flavigny F, Fox S P, Garg R, Georgiadou A,
Gillespie S A, Guillot J, Guimarães V, Gottardo A, Hertenberger R, Kiener J, Laird
A M, Lefebvre-Schuhl A, Matea I, Meyer A, Mahgoub M, Olivier L, Perrot L, Riley J,
Sivacek I, Stefan I, Tatischeff V and Wirth H F 2021 Phys. Rev. C 103(3) 035804 URL
https://link.aps.org/doi/10.1103/PhysRevC.103.035804
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