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First Proton-Induced Cross Sections on a Stored Rare Ion Beam: Measurement
of 118Te(p.y) for Explosive Nucleosynthesis
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We present the first nuclear cross-section measurements of (p,y) and (p,n) reactions on ''®Te at
energies relevant for the y-process nucleosynthesis. Absolute cross-section values for center-of-mass
energies of 6, 7 and 10 MeV are provided, together with a theoretical extrapolation to the Gamow
window. This experiment marks the first time that direct proton-induced reactions have been measured on
aradioactive ion beam at the Experimental Storage Ring (ESR) at GSI, Darmstadt. This paves the way for
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a large variety of measurements, delivering new constraints for explosive nucleosynthesis and for physics

beyond nuclear stability.

DOI: 10.1103/PhysRevLett.134.142701

Introduction—Proton-capture reactions and their reverse
reactions are important for our understanding of the origin
of the elements. They are particularly relevant to the
production of the so-called p nuclei, a collection of stable,
neutron-deficient isotopes whose synthesis cannot be
explained by neutron capture processes. The y process,
a large-scale nuclear conversion driven by the stellar
explosion in different types of supernovae, is currently
considered as their main production site [1,2]. However,
additional contributions, e.g., from the rp or vp processes,
are the subject of ongoing debate [3-5].

Most of the nuclei involved in these y-process reaction
networks are radioactive. Despite the importance of know-
ing the reaction rates of these radioactive nuclei for reliable
nucleosynthesis models, because of the huge experimental
challenges, experimental data are very scarce. This intro-
duces large uncertainties into the models and their pre-
dictions [1,2,6,7]. By measuring the proton-capture
reactions the important stellar (y, p) reaction rates can be
determined. Deriving the stellar (y,p) rates relevant to
astrophysics from terrestrial (p,y) cross sections is gen-
erally more reliable than from terrestrial y-induced cross
sections [8,9].

In this Letter, we present the first absolute cross-section
measurement of proton-induced reactions on the radio-
nuclide '"®Te with a half-life of 6.00(2) days [10]. The
study is a key stage of the GSI proton-capture campaign at
the Experimental Storage Ring (ESR) [11] and represents
the first application of the inverse kinematics technique to a
stored radioactive ion beam. Facilitated by recent improve-
ments, we are able to provide absolute cross sections for the
reactions '"¥Te(p,y) and "®Te(p, n), which are part of the
y-process reaction network and can be used to probe
nuclear reaction theory in unexplored regions of the nuclear
chart. The energy range of the measurement covers 6, 7,
and 10 MeV, which is just above the Gamow window for a
stellar environment at 7 = 3 GK. This is the temperature
reached in the explosive environments that can produce the
y process, and as such it is interesting for nuclear astro-
physics [12].

Inverse-kinematic techniques have been employed to
directly study astrophysical proton capture on radioactive
beams since the early 1990s [13]. The first such study was
conducted at Louvain-la-Neuve (Belgium), where the cross
section of N(p,y) was measured using in-beam y spec-
troscopy [14]. About a decade later, the first generation of
recoil separators dedicated for nuclear astrophysics, spe-
cifically DRAGON at TRIUMF (Canada), yielded initial
results with radioactive beams, focusing on lighter ions [15].

Prominent examples are the measurements of >'Na(p, y) and
3K (p,y) [16,17]. In recent years, a few techniques and
facilities targeting heavier ions have been developed. The
storage ring technique has been developed with stable beam
measurements of *Ru(p, y) and '**Xe(p,y) at the ESR at
GSI [18,19]. The separator for capture reactions (SECAR)
recoil separator was constructed and is currently being
commissioned to make use of radioactive ion beams with
A <65 at FRIB (USA) [20]. Furthermore, the cross section
of 3Rb(p, y) was measured using the EMMA spectrometer
at TRIUMF [21].

FRIB and GSI/FAIR rely on in-flight fragmentation for
secondary beam production, which is a universal approach
and covers a wide range of radioactive species, especially
compared to the ISOL technique, which tends to deliver
higher intensities but for a limited selection of secondary
beams. Besides the general struggle for high intensity, the
main challenge for astrophysical application of in-flight
beams is to provide them in the low-energy regime of a few
MeV/nucleon after their production at relativistic energies.
At FRIB this is achieved by stopping and reaccelerating
beams [22]. At GSI secondary beams can be stored and
decelerated in the ESR, which also offers a variety of
additional beam manipulations, as described below [23].

Experiment—The  cross-section  measurement  of
8Te(p,y) and '"®Te(p,n) was performed at GSI. By the
unique combination of the Fragment Separator (FRS) [24]
and the ESR [I1], the production and storage of the
radioactive isotope ''®Te was accomplished. A stable
12%Xe beam from the Universal Linear Accelerator
(UNILAC) was accelerated to about 550 MeV /nucleon
in the SchwerlonenSynchrotron (SIS18) and extracted to
impinge on the 2.5 g/cm? Be production target at the
entrance of the FRS. After an additional stripper stage,
fragments of ''®Te with a charge state of g = 52 were
filtered out and injected into the ESR at 400 MeV/
nucleon. In the ring, stochastic cooling [25] and beam
accumulation [26] of several injections was applied in order
to increase the stored intensity to about 7 x 10° ions.
Subsequently, the ions were decelerated to low energies
and subjected to permanent electron cooling [27] in
order to provide a beam of small momentum spread
Ap/p ~107> and also to compensate for energy loss in
the H, target [28]. At this point, about 10° ions of bare
118Te32+ with a storage lifetime of about 1.5 s were collided
with the H, target to trigger p-induced reactions. With an
ion revolution frequency of 300 to 400 kHz and a target
density of about 10'* atoms/cm?, peak luminosities above
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FIG. 1. Overview drawing of the ESR with a zoom on the
internal gas-jet target and recoil detection areas. The separation of
the reaction products inside the dipole magnet is shown sche-
matically. The (p, y) and (p,n) recoil ions are intercepted by the Si
detector at the end of the dipole, while the ERASE scraper blocks
most of the Rutherford scattering background directly before the
magnet entrance. HPGe detectors surround the target area to
measure the characteristic X-ray emission of the atomic electron-
capture process used for normalization of the nuclear cross
sections.

10> cm™2s~! were reached. The entire beam preparation
procedure is described in more detail in [23].

The first dipole magnet of the ring situated downstream
from the target provides magnetic separation between the
reaction products and the stored beam, as the charge of
the (p,y) and (p,n) recoil ions is increased by one, while
the momentum remains close to the one of the stored beam.
Figure 1 shows schematically the separation within the
dipole magnet. The fully stripped I recoils (blue line)
from (p,y) are shifted by about 48 mm to an inner orbit
with respect to the stored beam, while 813" recoils (green
line) from (p,n) experience a stronger deflection by about
70 mm at the end of the magnet. At this position, a Micron
W1-type double-sided-strip detector (DSSD) [29,30] was
used, providing a position resolution of 3 mm by means of
individual readout of the 16 x 16 strips in horizontal and
vertical orientations, respectively.

In the precursor experiments a strong background dis-
tribution from elastic Rutherford scattering at the H, target
covered the entire detector area and limited the sensitivity
of the method. To avoid this, a new scraper system has been
introduced, which improves the signal-to-background ratio
for nuclear recoil signatures on the DSSD by about 1 order
of magnitude. It was instrumental in making the radioactive
ion beam experiment possible in the first place [31].

At the target region three planar high-purity germanium
(HPGe) detectors were employed to measure the x-ray
emission at angles of 35°, 90°, and 145°. These detectors
enable a measurement of the nuclear reaction cross section
relative to the process of radiative electron capture from the

H, target into the K shell of the bare stored ion, the so-
called K-REC process, for which the cross sections were
calculated theoretically [32].

It has to be noted that the ''®Te(p, n) reaction channel
has a Q value of Q(,,) = —7.50(3) MeV and is accord-
ingly open only for the highest energy investigated here
at ECM = 10.05 MeV.

Analysis—The cross section of the proton-induced reac-
tions based on a luminosity normalization via the K-REC
process is calculated using the formula

Here, N, ) is the number of detected recoil ions of the
respective nuclear reaction channel (x =y, n) in the
DSSD, and Nggrgc is the number of counts registered in
the K-REC peak detected with efficiency exrgc within the
solid angle AQ of a HPGe detector. The differential cross
section (dogrpc/dQ) was theoretically determined within
the framework of relativistic impulse approximation;
see Ref. [32] for further details. The uncertainty of these
K-REC calculations is about 1% as was estimated by
using different models of the target electron momentum
distributions.

The recorded x-ray spectra show a unique pattern for
each elemental species stored in the ring [33]. Thus,
additionally to the luminosity normalization via K-REC,
the spectra are also used to examine the purity of the stored
fragment beam. According to simulations using LISE++
[34], small amounts of 123Xe>+, 12033+ o 16§31+ jons
were expected to be injected and stored in the ESR [34].
While these species were visible during the accumulation
phase, the subsequent radio frequency (RF) modulation
needed for deceleration of the beam is very selective and
acts as an effective contamination filter. The x-ray spectra
provide proof of a relative purity of the stored !'®*Te beam to
a level of 1072 or better; see [23] for details.

The nuclear reaction products of '¥Te + p ere recorded
using the DSSD inside of the dipole magnet. For heavy ion
hits in the present energy range of 0.7 to 1.2 GeV, the
DSSD provides a detection efficiency of 100%. Spatial
information about the ion hits is obtained by coincidence
conditions between front- and back-side strips of the
detector, which create 3 x 3 mm? ixels in their respective
overlap regions due to their perpendicular orientation.

In order to cleanly identify ion hits and their origin, the
DSSD spectra were compared to Monte Carlo simulations
using the code MOCADI for ion transport and two-body
kinematics [35]. Further details about the use of MOCADI
can be found in Refs. [36,37]. For the full analysis, an
internal energy calibration [38] and a consideration of
detector response features of the DSSD had to be taken into
account. For instance, so-called interstrip hits, when an ion
deposits energy in the gap region between adjacent strips,
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FIG. 2. Ion-hit distribution recorded with the DSSD for a
measurement time of 52 h with '"®Te ions stored at
6 MeV/nucleon. The central bump within the red contour
originates from the '"®Te(p, ) reaction, while '®Te ions elasti-
cally scattering off the hydrogen target atoms produce the
background distribution on the upper right. The ERASE blocking
removes the dominant part of this Rutherford cone below the
(p,7) eak, but a weak tail, presumably from secondary scattering
off the scraper edge, still extends into this region.

had to be filtered out, in order to get clean ion energy
spectra. This enabled the application of additional con-
ditions in terms of ion energy and position to further reduce
the background.

Figure 2 shows the raw ion-hit distribution for !'¥Te(p, y)
measured over 52 hours at 6 MeV/nucleon. A narrow
cluster of (p,y) recoil ions is visible on top of the strongly
suppressed Rutherford background. The edge of the detec-
tor experiencing higher background rates is about 25 mm
away from the stored beam. The blocking scraper located
before the dipole magnet is positioned about 23 mm from to
the beam for this dataset.

To determine the number of (p,y) events within a
measurement, the corresponding region of the hit distribu-
tion is integrated and the residual background is fitted and
subtracted. This procedure was done with a two-dimen-
sional histogram (Fig. 2), as well as for a one-dimensional
projection, for which the background was described by an
exponential function plus a first degree polynomial. Both
approaches agree well within the uncertainties. Further
details about the different approaches on the background
determination can be found in references [37] and [39]. For
the (p,n) data at 10.05 MeV, an additional efficiency
€(p.n) = 64(12)% had to be evaluated based on the simu-
lations [40], because the (p,n) distribution at this energy
extends beyond the active area of the DSSD.

The cross-section values for '*Te(p,y) and !'8Te(p, n)
reactions are listed in Table I along with their uncertainties.
The statistical uncertainties are determined from Poisson
statistics before background subtraction, while the

TABLEIL Cross-section results for the (p, y) and (p,n) reactions
on '8Te.

Reaction Ecy [MeV] o [mbarn]
118Te(p, ) 16.04 £+ 0.02 1444 £ 4.4, £ 5.64
118Te(p.y) 17.05 +0.02 171.4 £ 504 £ 3.8
“S’Te(p, 7) 10.05 £ 0.02 35.7 £ 12.545 £ 5.4y
118Te(p, n) 403.2 % 368, £ 8.0,

systematic uncertainties have multiple origins. The major
systematic contribution is the description of the back-
ground; it strongly depends on the signal-to-background
ratio in the respective measurement (£5-13%). Further
systematic components are the K-REC cross-section
uncertainties (+1%) as well as the detection efficiency
for x-rays (£5-6%). The efficiency correction for interstrip
events contributes with an uncertainty of about (4+2%).
Finally, for the case of the (p,n) analysis the dominating
uncertainty is the determination of the geometric detection
efficiency. Based on variations of all conceivable param-
eters regarding the shape of the (p,n) distribution and the
geometry between the DSSD and the beam, a conservative
uncertainty of £20% has been adopted.
Discussion—The cross-section results are illustrated in
Fig. 3. To apply these (p, y) data to astrophysical scenarios
an extrapolation to the Gamow window for an appropriate
temperature is needed. For the y process an energy range of
2.4-4.9 MeV is relevant for an estimated temperature of
T =3 GK [12]. To this end, the experimental cross
sections are shown in comparison to theoretical predictions
performed with TALYS 1.96 [41]. These calculations are
based on the Hauser-Feshbach formalism and different
models for the underlying physics parameters [42].

) Gamow
10 vy TPy
Tezek AT S|
10!
o)
.g 100
o —— TALYS - set A
Ly 00| | TALYS - set B
10 i 8Te(p.y) exp. | oo TALYS - set C
10-2 1 8Te(p,n) exp. TALYS - all sets
3 4 5 6 7 8 9 10 11
Ecm [MeV]
FIG. 3. Cross sections of '"®Te(p,7) in red and "®Te(p,n) in

blue are depicted for the measurement region and the Gamow
window at 7 = 3 GK. The experimental data is shown in overlay
with TALYS calculations based on the three parameter sets that
generate the best reproduction. The gray band represents the full
parameter space available in TALYS without individual tuning of
the underlying models.
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The options to choose physics models in TALYS 1.96 for
description of the optical-model potential (OMP), the
nuclear level density (NLD), and the £1 and M1 photon
strength function (PSF) are manifold. In order to find the
best reproduction of the experimental data, a chi-square
analysis was conducted with a focus on the low-energy
extrapolation of the (p,y) channel.

In total, three parameter sets could be identified with 2,
very close to unity for the full dataset. These theoretical
cross sections are shown in overlay with the experimental
data in Fig. 3.

All three sets, called A, B, and C here, are based on the
JLM-B optical potential (TALYS keyword: jlmomp y)
obtained with the Skyrme Hartree-Fock-Bogoliubov
(HFB) matter densities (radialmodel 1) and a modified
normalization coefficient for the imaginary part (jlmmode 3)
[43]. Moreover, all sets utilize the back-shifted Fermi gas
model (ldmodel 2) [44] for description of the level density.
While a few other combinations of OMP and NLD
parameters can reproduce the (p,y) channel on an accept-
able level, none of them are able to reproduce the (p,n) data
point at the same time.

The PSF model selection is not as crucial and is the only
difference between the three highlighted sets here. We use
Goriely’s hybrid model (strength 5) [45] for set A, the
simple modified Lorentzian model (strength 9) [46,47] for
set B, and the D1IM-Gogny HFB model (strength 8) [48]
for set C.

While set A produces the best y2,(A) = 1.015, the
results with set B also deliver a very good reproduction
of the experimental data with y2,(B) = 1.052. Set C gives
224(C) =1.131 and a slightly higher prediction of the
(p,y) cross section in the experimental energy range. All
three calculations reproduce the full dataset within a 2¢
environment of the experimental error bars.

Based on our chi-square analysis, we recommend
set A for low-energy application in TALYS 1.96 when
dealing with ''8Te(p, y) and ''®Te(p, n). A reaction rate for
T=3GK is calculated by TALYS as A, ,)(A)=21.94 s7h.
The other two sets generate deviations from this rate of
only 1% for set B and 7% for set C.

Other parameter sets in TALYS, which reproduce the
experimental (p,y) data well, but not the (p,n) data point,
partly cause large deviations for the extrapolation and rate
calculation. Here, the simultaneous measurement of (p, y)
and (p,n) demonstrates its strength, enabling the application
of much stronger constraints on the Hauser-Feshbach
parameter selection.

While impossible to quantify, it is obvious that the
uncertainty of the reaction rate for '"®Te(p, ) is reduced
tremendously as compared to the situation before this
measurement. This is illustrated by inspecting the full
parameter space available in TALYS 1.96 as indicated
by the gray band in Fig. 3, which spans up to one order of

magnitude in (p,y) cross section and causes even larger
uncertainties in rate calculation.

The approach followed here determines the best per-
forming sets of Hauser-Feshbach parameters for low-
energy extrapolation of a cross section to be used for
reaction rate calculation in astrophysical scenarios. For a
systematic investigation of the underlying physics models
one might choose a different strategy, which might also
consider data on nuclei in the close vicinity or on a more
global scale. While this is of major importance in moving
toward a global description of nuclear reactions in unex-
plored regions of the nuclear chart, it remains beyond the
scope of the present Letter. But it shall be perceived as a
strong motivation for further reaction studies with exotic
systems.

Conclusions—With this experiment it could be demon-
strated for the first time that a simultaneous measurement of
(p,y) and (p,n) reactions is feasible with stored radioactive
ions. The measurements on !'®Te were performed close to
the Gamow window of explosive nucleosynthesis in super-
novae or x-ray bursts. The extrapolation toward lower
energies is based on Hauser-Feshbach calculations using
optimized parameters.

The simultaneous measurement of the (p,y) and (p,n)
reaction channels resulted in strong constraints for the
nuclear model selection essential to the theoretical descrip-
tion of the cross section.

This experimental technique is now established for rare
ion beams and shall encourage future measurements with
even more exotic beams. Future campaigns will aim to
measure challenging key reactions of explosive nucleo-
synthesis, such as *Cu(p, y) in the rp process or °'Nb(p, )
in the y process [49,50]. With the new CRYRING facility at
GSI used as a low-energy extension of the FRS-ESR
complex, even lower energies directly inside the Gamow
window are within reach [51,52]. Knowledge about the
experimental values of these reactions will build a grid that
will have an impact on theoretical predictions in nucleo-
synthesis studies. It may also provide clues to better
understand the underlying nuclear structure. The astro-
physical influence of the reactions measured here is the
subject of further investigations.

Acknowledgments—This project has received funding
from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation
program (Grant No. 682841 “ASTRUm”). This work is
further supported by the European Union (ChETEC-
INFRA Project No. 101008324), the Helmholtz
Forschungs-Akademie Hessen for FAIR (HFHF), the
Federal Ministry of Education and Research (BMBF)
under Grants No. 05P19RFFA2, No. 05P15RFFAA and
No. 05P15RGFAA, and the State of Hesse within the
Research Cluster ELEMENTS (Project ID 500/10.006).
B.J., M. S., and J. S. acknowledge support from ERC

142701-5



PHYSICAL REVIEW LETTERS 134, 142701 (2025)

Grant No. 884715, NECTAR. A. P. acknowledges support
from the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) Project No. 279384907
SFB 1245 and European Research Council Grant
No. 677912 EUROPIUM. 1. D., C. G., and G. L. acknowl-
edge funding from the Natural Sciences and Engineering
Research Council of Canada (NSERC, SAPIN-2019-
00030). M. A. acknowledges support from the EMMI
Visiting Professorship scheme. R.S.S. and P.J. W.
acknowledge support from the Science and Technology
Facilities Council (STFC) (Grant No. ST/P004008/1).
C.L. W. acknowledges support from European Research
Council Grant No. 677497, DoRES.

[1] M. Pignatari, K. Gobel, R. Reifarth, and C. Travaglio,
The production of proton-rich isotopes beyond iron: The
y-process in stars, Int. J. Mod. Phys. E 25, 1630003 (2016).

[2] C. Travaglio, T. Rauscher, A. Heger, M. Pignatari, and C.
West, Role of core-collapse supernovae in explaining solar
system abundances of p-nuclides, Astrophys. J. 854, 18
(2018).

[3] A. Choplin, S. Goriely, R. Hirschi, N. Tominaga, and G.
Meynet, The p-process in exploding rotating massive stars,
Astron. Astrophys. 661, A86 (2022).

[4] H. Schatz and K.E. Rehm, X-ray binaries, Nucl. Phys.
A777, 601 (2006).

[5] C. Frohlich, G. Martinez-Pinedo, M. Liebendorfer, F.-K.
Thielemann, E. Bravo, W. R. Hix, K. Langanke, and N. T.
Zinner, Neutrino-induced nucleosynthesis of A > 64 nuclei:
The vp process, Phys. Rev. Lett. 96, 142502 (2006).

[6] M. Armould and S. Goriely, The p-process of stellar
nucleosynthesis: Astrophysics and nuclear physics status,
Phys. Rep. 384, 1 (2003).

[7] K. Gobel, J. Glorius, A. Koloczek, M. Pignatari, R. Reifarth,
R. Schach, and K. Sonnabend, Nucleosynthesis simulations
for the production of the p-nuclei *’Mo and ®*Mo in a
Supernova type Il model, EPJ Web Conf. 93, 03006 (2015).

[8] G.G. Kiss, T. Rauscher, G. Gyiirky, A. Simon, Z. Fiilop,
and E. Somorjai, Coulomb suppression of the stellar
enhancement factor, Phys. Rev. Lett. 101, 191101 (2008).

[9] T. Rauscher, The path to improved reaction rates for
astrophysics, Int. J. Mod. Phys. E 20, 1071 (2011).

[10] Brookhaven National Laboratory, Evaluated Nuclear Struc-
ture Data File (2020), https://www.nndc.bnl.gov/ensdf/.

[11] B. Franzke, The heavy ion storage and cooler ring project
ESR at GSI, Nucl. Instrum. Methods Phys. Res., Sect. B 24/
25, 18 (1987).

[12] T. Rauscher, Relevant energy ranges for astrophysical
reaction rates, Phys. Rev. C 81, 045807 (2010).

[13] C. Ruiz, U. Greife, and U. Hager, Recoil separators for
radiative capture using radioactive ion beams: Recent
advances and detection techniques, Eur. Phys. J. A 50,
99 (2014).

[14] P. Decrock, T. Delbar, P. Duhamel, W. Galster, M. Huyse,
P. Leleux, I. Licot, E. Liénard, P. Lipnik, M. Loiselet,
C. Michotte, G. Ryckewaert, P. Van Duppen, .
Vanhorenbeeck, and J. Vervier, Determination of the

3N (p, 7)™O reaction cross section using a >N radioactive
ion beam, Phys. Rev. Lett. 67, 808 (1991).

[15] D. Hutcheon, S. Bishop, L. Buchmann, M. Chatterjee,
A. Chen, J. D’Auria, S. Engel, D. Gigliotti, U. Greife,
D. Hunter, A. Hussein, C. Jewett, N. Khan, M. Lamey,
A. Laird, W. Liu, A. Olin, D. Ottewell, J. Rogers, G. Roy, H.
Sprenger, and C. Wrede, The DRAGON facility for nuclear
astrophysics at TRIUMF-ISAC: Design, construction and
operation, Nucl. Instrum. Methods Phys. Res., Sect. A 498,
190 (2003).

[16] S. Bishop et al., >'Na(p, y)**Mgreaction and oxygen-neon
novae, Phys. Rev. Lett. 90, 162501 (2003).

[17] G. Lotay, G. Christian, C. Ruiz, C. Akers, D.S. Burke,
W.N. Catford, A.A. Chen, D. Connolly, B. Davids,
J. Fallis, U. Hager, D. A. Hutcheon, A. Mahl, A. Rojas,
and X. Sun, Direct measurement of the astrophysical
38K (p,7)¥Ca reaction and its influence on the production
of nuclides toward the end point of nova nucleosynthesis,
Phys. Rev. Lett. 116, 132701 (2016).

[18] B. Mei et al., First measurement of the *°Ru(p, y)?’Rh cross
section for the p process with a storage ring, Phys. Rev. C
92, 035803 (2015).

[19] J. Glorius et al., Approaching the Gamow window with
stored ions: Direct measurement of '**Xe(p,7) in the ESR
storage ring, Phys. Rev. Lett. 122, 092701 (2019).

[20] G.P. A. Berg, M. Couder, M.T. Moran, K. Smith, M.
Wiescher, H. Schatz, U. Hager, C. Wrede, F. Montes, G.
Perdikakis, X. Wu, A. Zeller, M. S. Smith, D. W. Bardayan,
K. A. Chipps, S.D. Pain, J. Blackmon, U. Greife, K. E.
Rehm, and R. V.E. Janssens, Design of SECAR a recoil
mass separator for astrophysical capture reactions with
radioactive beams, Nucl. Instrum. Methods Phys. Res.,
Sect. A 877, 87 (2018).

[21] G. Lotay et al., First direct measurement of an astrophysical
p-process reaction cross section using a radioactive ion
beam, Phys. Rev. Lett. 127, 112701 (2021).

[22] A.C.C. Villari, G. Bollen, A. Henriques, A. Lapierre, S.
Nash, R. Ringle, S. Schwarz, and C.S. Sumithrarachchi,
Gas stopping and reacceleration techniques at the Facility
for Rare Isotope Beams (FRIB), Nucl. Instrum. Methods
Phys. Res., Sect. B 541, 350 (2023).

[23] J. Glorius et al., Storage, accumulation and deceleration of
secondary beams for nuclear astrophysics, Nucl. Instrum.
Methods Phys. Res., Sect. B 541, 190 (2023).

[24] H. Geissel et al., The GSI projectile fragment separator
(FRS): A versatile magnetic system for relativistic heavy
ions, Nucl. Instrum. Methods Phys. Res., Sect. B 70, 286
(1992).

[25] F. Nolden, K. Beckert, P. Beller, B. Franzke, C. Peschke,
and M. Steck, Experience and prospects of stochastic
cooling of radioactive beams at GSI, Nucl. Instrum. Meth-
ods Phys. Res., Sect. A 532, 329 (2004).

[26] F. Nolden, C. Dimopoulou, R. Grisenti, C. M. Kleffner,
S. A. Litvinov, W. Maier, C. Peschke, P. Petri, U. Popp, M.
Steck, H. Weick, D. F. A. Winters, and T. Ziglasch, Radio-
active beam accumulation for a storage ring experiment with
an internal target, in Proceedings of 4th International
Particle Accelerator Conference, IPAC 2013, 2013 (Shang-
hai, China, 2013), p. 3.

142701-6



PHYSICAL REVIEW LETTERS 134, 142701 (2025)

[27] M. Steck, P. Beller, K. Beckert, B. Franzke, and F. Nolden,
Electron cooling experiments at the ESR, Nucl. Instrum.
Methods Phys. Res., Sect. A 532, 357 (2004).

[28] M. Kiihnel, N. Petridis, D. Winters, U. Popp, R. Dorner,
T. Stohlker, and R. Grisenti, Low-Z internal target from a
cryogenically cooled liquid microjet source, Nucl. Instrum.
Methods Phys. Res., Sect. A 602, 311 (2009).

[29] Micron Semiconductor LTD, http://www.micronsemicon
ductor.co.uk/.

[30] P. Sellin, P. Woods, D. Branford, T. Davinson, N. Davis,
D. Ireland, K. Livingston, R. Page, A. Shotter, S. Hofmann,
R. Hunt, A. James, M. Hotchkis, M. Freer, and S. Thomas,
A double-sided silicon strip detector system for proton
radioactivity studies, Nucl. Instrum. Methods Phys. Res.,
Sect. A 311, 217 (1992).

[31] L. Varga, J. Glorius et al., The ERASE technique for nuclear
astrophysics: Background-suppressed, simultaneous meas-
urement of (p,y) and (p, n) reactions, Phys. Rev. Lett. 134,
082701 (2025).

[32] J. Eichler and T. Stohlker, Radiative electron capture in
relativistic ion-atom collisions and the photoelectric effect in
hydrogen-like high- Z systems, Phys. Rep. 439, 1 (2007).

[33] B. Zhu et al., X-ray emission associated with radiative
recombination for Pb%>" ions at threshold energies, Phys.
Rev. A 105, 052804 (2022).

[34] O. Tarasov and D. Bazin, Lise++: Radioactive beam pro-
duction with in-flight separators, Nucl. Instrum. Methods
Phys. Res., Sect. B 266, 4657 (2008).

[35] N. Iwasa, H. Weick, and H. Geissel, New features of the
Monte-Carlo code MOCADI, Nucl. Instrum. Methods Phys.
Res., Sect. B 269, 752 (2011).

[36] Y. Xing et al., Determination of luminosity for in-ring
reactions: A new approach for the low-energy domain, Nucl.
Instrum. Methods Phys. Res., Sect. A 982, 164367 (2020).

[37] S.F. Dellmann, First proton capture reactions on stored
radioactive ions, doctoralthesis, Universititsbibliothek Jo-
hann Christian Senckenberg, 2024, 10.21248/gups.82236.

[38] M. Reese, J. Gerl, P. Golubev, and N. Pietralla, Automatic
intrinsic calibration of double-sided silicon strip detectors,
Nucl. Instrum. Methods Phys. Res., Sect. A 779, 63 (2015).

[39] S.F. Dellmann et al., Proton capture on stored radioactive
8¢ jons, EPJ Web Conf. 279, 11018 (2023).

[40] L. Varga, Proton capture measurements on stored ions for
the y process nucleosynthesis, Ph.D. thesis, University of
Heidelberg, 2021, 10.11588/heidok.00030259.

[41] A.J. Koning, S. Hilaire, and M. C. Duijvestijn, TALYS-1.0,
in ND2007 (EDP Sciences, 2007), 10.1051/ndata:07767.

[42] W. Hauser and H. Feshbach, Statistical theory of nuclear
reactions, Phys. Rev. 78, 366 (1952).

[43] S. Goriely, N. Chamel, and J. M. Pearson, Further explora-
tions of Skyrme-Hartree-Fock-Bogoliubov mass formulas.
XII. The 2012 atomic mass evaluation and the symmetry
coefficient, Phys. Rev. C 88, 024308 (2013).

[44] A.V. Ignatyuk, G.N. Smirenkin, and A.S. Tishin, Phe-
nomenological description of energy dependence of the
level density parameter, Yad. Fiz. 21, 485 (1975), https:/
www.osti.gov/biblio/4175339.

[45] S. Goriely, Radiative neutron captures by neutron-rich
nuclei and the r-process nucleosynthesis, Phys. Lett. B
436, 10 (1998).

[46] V. Plujko, O. Gorbachenko, and K. Solodovnyk, Descrip-
tion of nuclear photoexcitation by Lorentzian expressions
for electric dipole photon strength function, Eur. Phys. J. A
55, 210 (2019).

[47] S. Goriely and V. Plujko, Simple empirical el and ml
strength functions for practical applications, Phys. Rev. C
99, 014303 (2019).

[48] S. Goriely, S. Hilaire, S. Péru, and K. Sieja, Gogny-HFB
+QRPA dipole strength function and its application to
radiative nucleon capture cross section, Phys. Rev. C 98,
014327 (2018).

[49] Z. Meisel, G. Merz, and S. Medvid, Influence of nuclear
reaction rate uncertainties on neutron star properties ex-
tracted from x-ray burst model-observation comparisons,
Astrophys. J. 872, 84 (2019).

[50] T. Rauscher, N. Nishimura, R. Hirschi, G. Cescutti, A. S.J.
Murphy, and A. Heger, Uncertainties in the production of p
nuclei in massive stars obtained from Monte Carlo varia-
tions, Mon. Not. R. Astron. Soc. 463, 4153 (2016).

[51] M. Lestinsky et al, Physics book: Cryring@ESR, Eur.
Phys. J. Spec. Top. 225, 797 (2016).

[52] J.J. Marsh et al., The first in-beam reaction measurement at
CRYRING@ESR using the CARME array, Eur. Phys. J. A
60, 95 (2024).

142701-7



