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This Letter reports on the first cross-section measurements for the **Sr(a, n)"Zr and 3Kr(a, n)¥Sr
reactions. In particular, our measurement of **Sr(a, n)°"Zr is the first weak r-process reaction cross section
obtained using a radioactive ion beam. This experiment was enabled by the use of novel solid helium
targets, comprised of silicon thin films with high helium incorporation obtained via a sputtering technique.
Yield measurements were performed at center-of-mass energies of 10.4 and 9.0 MeV for the 36Kr(a, 1)3°Sr

reaction, and 9.9 MeV for *Sr(a, n)"’Zr, extending into the respective Gamow energy windows for a
temperature of 5 GK. Reactions were uniquely identified by prompt y rays detected in coincidence with
heavy ions selected by a recoil mass spectrometer. The obtained cross sections are smaller than predicted
for both reactions. In the case of **Sr(a, n)?"Zr, the reaction rate found here is lowered by an order of
magnitude at temperatures below 5 GK, which is expected to impact the predicted abundance of ruthenium,

a signature weak r-process element.
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Uncovering the emergence of heavy elements beyond
iron in the Universe represents a frontier of research
at the intersection of nuclear physics, astrophysics, and
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astronomy. Approximately half of the elements heavier
than iron were formed via the rapid neutron capture
process, or r process [1]. However, the precise nature of
the r process, or even whether there exist multiple compo-
nents of the r process, is still a topic of intense ongoing
debate [2-4]. Constraining the astrophysical conditions
required to drive the r process, and identifying sites where
such conditions occur in nature, lies at the heart of this
challenge. The gravitational wave event GW170817 [5],
followed by its kilonova counterpart [6], provided the
first direct evidence that neutron-star mergers (NSMs)
can undergo an r process [7,8]. However, NSMs as the
dominant r-process site present a number of challenges
in reconciling galactic chemical evolution models with

© 2025 American Physical Society
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observations [9,10]. Metal-poor stars provide valuable
insight into the r process and early chemical history of
our galaxy, preserving the nucleosynthetic fingerprints of
only one or a few heavy-element-producing events [11].
While the r-process abundance pattern shows a remarkable
degree of robustness, these ancient stars reveal intriguing
differentiation in the abundance of elements with 38 <
Z < 47 in the vicinity of the first r-process peak [12], and
also in actinides [13] with respect to the solar r-process
abundance pattern. One key step toward solving the
r-process puzzle is a better understanding of nucleosyn-
thesis mechanisms that differentiate heavy-element signa-
tures seen in the oldest stars.

A weak r-process within the neutrino-driven wind of
core-collapse supernovae (ccSNe) or NSMs has been put
forward as a primary mechanism to preferentially produce
elements in the first r-process peak with respect to heavier
elements [14,15]. Here, nucleosynthesis is dominantly
influenced by (a, n) reactions on neutron-rich radioactive
nuclei located three to five neutrons away from stability in
the temperature range of approximately 3 to 5 GK [16].
Reactions involving isotopes of Kr and Sr have been
identified as particularly important in determining the
final abundance of weak r-process signatures [17,18].
Unfortunately, at present, both the astrophysical conditions
within the neutrino-driven wind and relevant nuclear reac-
tion rates are highly uncertain. That being said, it has
recently been shown that, by constraining key nuclear reac-
tion rates, it is possible to identify which wind conditions
satisfy observed weak r-process abundance signatures [18].

A major barrier toward understanding the weak r process
is the complete lack of experimental information on
key (a,n) reaction rates involving radioactive nuclei.
Specifically, in the absence of experimental data, astro-
physical models rely on predictions from Hauser-Feshbach
theory [19,20]. These calculations may be unreliable away
from stability, with discrepancies of a factor ~4 recently
reported in the context of supernova nucleosynthesis
[21,22]. However, to address this issue experimentally,
measurements of reactions on short-lived radioactive iso-
topes must be carried out in inverse kinematics. This
presents significant experimental difficulties for a-induced
reactions, due to the inability of helium to form chemical
compounds. The traditional approaches of gas targets or
helium-implanted metallic foils suffer several key exper-
imental drawbacks. For instance, gas targets require large
pumping infrastructure, which limit space for detector
systems, while metallic foils are limited to small target
densities and exhibit rapid helium loss when exposed to an
ion beam.

Here, we establish a novel approach for measuring (a, n)
reactions on unstable nuclei by using solid, high-density
helium targets. These targets were comprised of nano-
structured thin films of amorphous silicon with high helium
incorporation through the use of a magnetron-sputtering

technique [23,24]. The newly developed targets, coupled
with the unique combination of the TIGRESS y-ray
detector array [25] and EMMA recoil spectrometer [26],
allowed for the unambiguous identification of (a,n)
reactions. In this Letter, we present the first cross-
section measurements of the weak r-process reactions
8Kr(a, n)¥Sr and *Sr(a, n)”’Zr, showcasing the perfor-
mance capability and robustness of Si:He targets for inverse
kinematics (a,n) measurements of importance for astro-
physics, in particular using a radioactive ion beam.

The experiment was carried out at the ISAC-II facility of
TRIUMEF, Canada’s national particle accelerator center.
Yield measurements of the Kr(a,n)%Sr reaction were
performed at bombarding energies of 246.6(1) and
213.1(1) MeV, using a stable beam of 6Kr, at an intensity
of 1x107 s7! (generated by the Off-Line Ion-Source
facility, OLIS [27]). For the measurement of
%Sr(a, n)?"Zr, radioactive *Sr (¢, =753 s) was pro-
duced by impinging 500 MeV protons, delivered by the
TRIUMF main cyclotron, on a thick UC, target. Radio-
active *4Sr ions were extracted using the TRIUMF resonant
ionization laser ion source (TRILIS) [28] before mass
selection through a high-resolution magnetic separator. The
Charge State Booster (CSB) [29], an electron cyclotron
resonance ion source, was then used to charge-breed the
%Sr to 16 before subsequent acceleration to an energy of
259.0(1) MeV. This resulted in an average beam intensity
of ~6 x 10°s~! delivered to the experiment.

The 86Kr and *‘Sr beams were impinged on Si:He
targets with helium contents of 6.15(31) and 7.95(45) x
10'® atoms/cm?, respectively. The target thicknesses and
composition were determined by proton elastic backscat-
tering at the CEMHTI-Pelletron facility, Orléans, France.
Degrader foils of 8 pm—thick aluminum behind each target
were used to reduce the energy of outgoing heavy-ion
recoils to within the rigidity limits of EMMA. Prompt y
rays resulting from (a, n) reactions were detected using the
TIGRESS high-purity germanium (HPGe) array, in coinci-
dence with heavy-ion recoils transmitted to the focal plane
of the EMMA recoil mass spectrometer. Detectors at the
focal plane of EMMA comprised a position-sensitive
parallel grid avalanche counter (PGAC), followed by an
ionization chamber and an ion-implanted silicon detector.
Only the PGAC signals were used for recoil y coincidence
identification, with an associated 94(1)% detection effi-
ciency from the wire grid transparency. Standard sources
of 3060Co, 152Ey, and '¥3Ba were used to determine the
calibration and efficiency of TIGRESS. The transmission
efficiency of recoils through EMMA was evaluated using a
combination of GEANT4 [30] simulations and a semi-
empirical model of the spectrometer’s angular and energy/
charge acceptances. Specifically, the reaction kinematics,
energy loss, and straggling of recoils passing through the
target and degrader foil were simulated using GEANT4.
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TABLE 1.

Summary of parameters used to deduce partial cross sections for the %Kr(a, n)¥Sr and **Sr(a, n)°’Zr reactions. The

effective center-of-mass energy takes into account the energy dependence of each y-ray production cross section across the target. The
integrated luminosity is the product of the total number of beam ions and the areal density of helium target atoms. The detection
efficiency is the product of the recoil detection efficiency, charge state fraction, and y-ray detection efficiency.

Reaction E., MeV) E, (keV) Events  Efficiency (%) Integrated Luminosity (ub~') Partial Cross-section (mb)
8Kr(a, n)%Sr 10.31(5) 1032 168 £+ 20 1.11+£0.20 3.48 + 043 £ 0.254 4.35 £ 0.704ys £ 0.59
10.47(6) 1473 334+35 0.914 £0.095 Il 10.5 £+ 1.7 & 1544
10.45(6) 2079 238+22  0.740 £0.077 Il 9.2 £ 1.5y & 11y
9.05(3) 1032 43 £7 1.26 £0.17 5.55 £0.434y £+ 0.14¢, 0.608 4 0.093y5 4 0.10
9.05(4) 1473 58 £21 1.05+0.14 It 1.09 4 0.164y £ 0.3,
%4Sr(a, n)"Zr 9.91(5) 407 162 £28 1.124+0.28 8.86 1 0.50,y £ 0.19 1.63 £ 0.43y5 £ 0.30y

Then, the resulting momentum distributions of recoils
exiting the degrader were passed through an acceptance
map of the spectrometer to estimate the proportion of
events transmitted to the focal plane. The transmission
efficiency for the 3°Sr recoils was found to be 89(7)% and
86(9)% for the incoming beam energies of 246.6 MeV and
213.1 MeV, respectively. The °’Zr recoils had a lower
transmission efficiency of 49(10)%, since EMMA was
tuned to lower than the central recoil energy in order to
reduce the scattered beam rate at the focal plane. The 20%
relative uncertainty in the transmission efficiency of °’Zr
recoils is the dominant systematic error in our measurement
of the *Sr(a, n)*"Zr cross section presented in Table 1. The
effect of the excited state population of the residual nucleus
was accounted for by calculating the transmission for
several different recoil excitation energies, corresponding
to the mean excitation predicted by TALYSv2.0 [31] (using
default input parameters), as well as upper and lower
bounds that encompass 68% of the total population dis-
tribution. We find that the transport efficiency only weakly
depends on the recoil excitation energy, with an associated
uncertainty typically less than half of the systematic error
related purely to the spectrometer acceptance map. The
aforementioned uncertainties in the transmission efficien-
cies include this contribution from finite recoil excitation
energy, which we add in quadrature with the systematic
associated with the acceptance map. Finally, the charge-
state distribution of a reduced intensity beam of 3°Kr was
measured and used to infer the charge-state fractions of 8Sr
and °"Zr recoils, using the dependence of the equilibrium
charge state on Z and energy predicted by the empirical
parametrization of Ref. [32]. The 3°Sr recoil charge-
state fractions were determined to be 20.1(14) (¢ = 217)
and 21.5(17)% (g = 207"), for the 246.6 and 213.1 MeV
incident beam energies, respectively. For the **Sr(a, n)*’Zr
measurement, the (¢ = 23%)"Zr recoil charge-state frac-
tion was 21.3(30)%.

The (a, n) reaction cross sections for the emission of
known low-lying y-ray transitions in *Sr and *’Zr, respec-
tively, were directly obtained from the experiment.
Absolute normalization was achieved through measuring

the total integrated luminosity by monitoring the rate of
elastically scattered helium, detected by two 150 mm?
silicon surface barrier detectors (SSBs), relative to regular
Faraday cup readings. The SSBs were mounted at 20° with
respect to the beam axis and covered by 20 um thick Al
foils to completely range out any scattered silicon or
aluminium, leaving only well-resolved peaks due to scat-
tered helium and hydrogen (assumed to be from water
contamination in the target). This allowed degradation of
the helium content to be carefully taken into account (this
was observed to decrease by a factor ~2 after a total of
~3 x 10'"!" incident ions). Once the scattering rate reached
approximately a factor 2 below the initial rate, the target
holder was manually rotated to expose a fresh spot to the
beam. The scattering rate was observed to return to the
previous rate on a pristine target spot, indicating a uniform
helium content. Moreover, the robustness of the targets is
underscored by the reproducible trend in the observed
scattering rate with beam exposure after each target move.
For the measurement of the **Sr(a, n) reaction, the **Sr
component of the radioactive beam was determined
through particle identification at the EMMA focal plane
with and without TRILIS laser ionization. This procedure
was repeated several times over the course of the experi-
ment to control for any changes in the **Sr composition,
which had a typical measured value of 75(5)%. The
remaining 25% of the beam was a mixture of *Rb and
%Mo. The beam composition was taken into account by
scaling the SSB counts by the **Sr beam fraction. It is
important to note that these contaminants do not impact the
%Sr(a, n) measurement due to the unique identification of
977r y decays.

Figure 1 shows the y-ray spectra obtained in coincidence
with heavy-ion recoils from the B80Kr(a,n)%Sr and
%Sr(a, n)?Zr reactions, respectively. The characteristic
time-of-flight peaks, produced by correlated y rays and
recoils, which are shown in the insets of Fig. 1, are used to
discriminate the reactions of interest from the background.
The time-random background is higher in the case of
%Sr(a, n)?Zr due to the decay of radioactive beam ions
scattered into the target chamber. Considering the
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FIG. 1. Coincident y rays detected from the 8Kr(a, n)%Sr (top)

and **Sr(a,n)”’Zr (bottom) reactions. The insets display the
respective time-of-flight spectra between EMMA and TIGRESS
events.

8Kr(a, n)¥Sr reaction, several strong y-ray transitions in
89Sr are observed at 1032, 1473, and 2079 keV. This is
consistent with reported y-ray intensities for a prior mea-
surement of the same reaction at higher energies [33], and
indeed this is also in line with theoretical calculations,
obtained using the TALYS Hauser-Feshbach code [31].
However, at the lowest bombarding energy performed here
for the 8Kr(a, n)%Sr reaction, the transition at 2079 keV
is not observed due to limited statistics. In the case of
%Sr(a, n)?"Zr, the identification of characteristic transitions
in °Zr presents a significant experimental challenge.
In particular, the strongest expected transition in °’Zr
(from TALYS calculations) at 1102 keV was obscured by
p-delayed background induced by the decay of *Sr. More-
over, the next-strongest expected transition is associated
with the isomeric state at 1264 keV (#;, = 102.8 ns),
which is too long-lived to be detected in flight. Fortunately,

the known transition at 407 keV in °Zr was clearly
observed above the background, as displayed in Fig. 1,
allowing a partial cross section for the °Sr(a,n)”’Zr
reaction to be measured.

All parameters used to determine partial cross sections
for each reaction, pertaining to observed y-ray transitions,
are listed in Table I. The effective center-of-mass energy,
ET, was determined for each transition by solving Eq. (1)
for ESI In this way, the energy loss across the target and
energy dependence of the reaction cross section (as
predicted by TALYS) is taken into account. The differing
energy dependence for each transition leads to slightly
different EST, even for the same incoming and outgoing
beam energies, E; and Ey, respectively:

_ Jg o(E)dE

(o(E)) JE dE = o(Ec)- (1)

The resulting partial cross sections are compared with
predictions from TALYSv2.0 [31] in Figs. 2(a) and 2(b) for
8Kr(a, n)%Sr and *Sr(a, n)?"Zr, respectively. All mea-
sured cross sections are systematically lower than pre-
dicted. Furthermore, the observation of characteristic y rays
provides additional information with which to test theo-
retical calculations. Intriguingly, for the 3Kr(a, n)%Sr
reaction, only the microscopic nuclear-level density
(NLD) model of Goriely, Hilaire, and Koning [34] predicts
that the 1473 keV y ray should be populated more than
the 2079 keV transition at a center-of-mass energy of
~10.4 MeV. Therefore, we adopt this NLD model to
compute the central values in the inferred total cross sec-
tion for both reactions, as opposed to the default phenom-
enological constant-temperature model.

Considering the comparison between predicted and
measured partial cross sections for the *Kr(a,n)%Sr
reaction further, a global ~60% scaling of the theoretical
cross section was found to best fit the experimental data.
The same scale factor is found to match the present
%Sr(a, n)”’Zr reaction partial cross section. In order to
assess the astrophysical implications of the present Letter,
total cross sections were inferred using the predicted
fraction of partial to total cross sections from TALYS.
For the Kr(a, n)%Sr reaction, we sum the partial cross
sections of all observed transitions at a given bombarding
energy prior to calculating the predicted fraction of the total
reaction cross section. However, since the effective center-
of-mass energies for each transition listed in Table I are
slightly different for the E, = 246.6 MeV bombarding
energy, we first extrapolate the partial cross sections to a
common center-of-mass energy of 10.39 MeV. All combi-
nations of a-optical model potentials available in TALYSv2.0
were tested to assess the uncertainty in this extrapolation,
which at most extends 80 keV away from the initial
effective energy. The scaling of the partial cross sections
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FIG. 2. Partial cross sections for transitions observed from the
(a) 8Kr(a, n)¥*Sr and (b) **Sr(a, n)?"Zr reactions. The solid lines
indicate predictions from TALYS, with the dashed lines showing
the same prediction with a 60% scale factor applied. The TALYS
calculations were performed using the default alpha optical
potential and y-ray strength function models, but with the
nuclear-level density model of Ref. [34].

amounted to 1.005(13), 0.9578(51), and 0.9323(38) for the
1032, 1473, and 2079 keV transitions, respectively. All
available combinations of NLD and y-ray strength function
(ySF) models in TALYSv2.0 were explored to obtain the
fraction of the observed sum of partial cross sections to the
inferred total cross section. However, the adopted fraction
for the central value is taken from TALYS calculations using
the NLD model of Ref. [34] and the default « optical model
and ySF. The uncertainty in the fraction results from the
minimum and maximum spread of values from all combi-
nations of ySF and NLDs. The fractions, associated
uncertainty, and inferred total cross sections are listed in
Table II, alongside the predicted total cross sections from
TALYS with default model inputs.

The maximum relative uncertainty in the calculated
partial cross sections as a fraction of the total cross section
was found to be ~16% for observed transitions in
8Kr(a,n)¥Sr, and 50% for the 407 keV transition in
%Sr(a, n)?"Zr, which we conservatively adopt as the model
uncertainty for the respective total inferred cross sections.
The average scale factor between the experimentally
inferred cross section and the theoretical cross section is
then found to be (54 +15)% and (56 &+ 32)% for the
8Kr(a, n)¥Sr and *Sr(a, n)”’Zr reactions, respectively,

TABLE II. Summed partial cross sections and inferred total
cross sections (o) from this Letter. Predicted values from
TALYSv2.0 with default model inputs are also listed alongside
the calculated fractions used to infer the total cross section from
the partial cross sections. The central values for the fractions are
also calculated using default model inputs, except for the NLD,
which is adopted from Ref. [34].

Reaction E., Measured Fraction Inferred Theory
(MeV) o (mb) (%) 0y (mb) oy (mb)

8Kr(a,n) 10.39(6) 23.0(41) 46.1(30) 50.095) 722
9.05(4) 1.70(48) 28.6(47) 5.9(19) 14.6

“Sr(a,n)  9.91(5) 1.63(51) 12,3jf:i 13.3(78)  23.0

from which we extract the resulting thermonuclear reaction
rate using the EXP2RATE code by T. Rauscher [35]. The
tabulated rates found in the Appendix are a significant
constraint beyond previous sensitivity studies, which sam-
ple all (a, n) reaction rates from log-normal distributions
spanning factors of 0.1 and 10 [17] and 0.3 and 3 [18],
respectively, within +1¢ confidence limits.

The newly determined rate for the **Sr(a, n)°"Zr reaction
is found to extend from a factor 4 to an order of magnitude
below the recommended rate taken from REACLIB [36]
at weak r-process temperatures (3 <7 <5 GK). Details
of our thermonuclear reaction rates and comparison to
REACLIB at weak r-process temperatures can be found
in the Appendix. In a recent weak r-process sensitivity
study, the **Sr(a, n)°"Zr reaction rate was found to have a
strong positive correlation with the final abundance of Ru,
with a correlation factor of ~0.5 [17]. Therefore, based on
the present Letter, Ru yields from weak r-process models
are expected to decrease by up to a factor of ~5.
Importantly, Ru is identified as a key marker for weak
r-process nucleosynthesis in a large sample of metal-poor
stars [37]. Consequently, the reduction in both the overall
abundance and associated nuclear uncertainty in Ru,
implied by the present Letter, is expected to directly impact
the identification of weak r-process enhanced metal-
poor stars.

In summary, we have performed the first cross-section
measurements of both 3Kr(a, n)¥Sr and **Sr(a, n)""Zr,
which have been identified as important reactions in the
context of a weak r process occurring in the neutrino-driven
winds of ccSNe and NSMs [17,18]. Our lowest-energy
measurements for %Kr(a, n)%Sr and *Sr(a,n)”’Zr are
located close to their respective Gamow peaks at T =
46 GK (E,,=9.1MeV) and T=5GK (E,=
10 MeV), corresponding to the upper temperature range
of weak r-process conditions. Furthermore, in the case of
the *Sr(a, n)°"Zr reaction, this Letter represents the first
measurement of a weak r-process reaction on a radio-
active nucleus. Our resulting cross sections are found to
be approximately a factor 2 below predictions from the
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statistical model code TALYSv2.0 [31]. However, the thermo-
nuclear reaction rate for 94Sr(a, n)97Zr, extracted from the
present Letter, is an order of magnitude lower at weak
r-process temperatures than the evaluated REACLIB rate
[36] adopted by the sensitivity study of Bliss er al. [17].
Consequently, this is expected to impact predictions for the
abundance of Ru, a key weak r-process marker, resulting
from ccSNe and NSM nucleosynthesis models. Further-
more, this Letter demonstrates for the first time the
feasibility of using novel solid helium targets, formed
through a magnetron-sputtering technique, to measure
a-induced reactions of importance for astrophysics, includ-
ing experiments that require beams of short-lived radio-
active nuclei, thereby opening new possibilities for similar
measurements in the future.
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End Matter

Appendix—This  Appendix provides our tabulated
reaction rates for ¥Kr(a, n)¥Sr and **Sr(a, n)"’Zr at weak
r-process temperatures. The mean and low rates in
Table III were calculated by scaling the inclusive (a,xn)
cross sections predicted by TALYSv2.0 [31] with the scale
factors of 0.54(14) and 0.56(32) for the 3¢Kr(a, n)%Sr and
%Sr(a, n)”"Zr reactions, respectively. Default input models

TABLE III.

were assumed for the adOMP and ySF, but adopting the
NLD model of Ref. [34]. However, for the high rate, we
only scale the (a, 1n) cross section from TALYS, leaving
all other open neutron channels unchanged. The code
EXP2RATE [35] was then used to calculate the scaled
reaction rates. Literature values taken from the REACLIB
database [36] are also listed in Table III for comparison.

Tabulated thermonuclear reaction rates at weak r-process temperatures for the 86Kr(a, 7)3°Sr and **Sr(a, n)°"Zr reactions

determined from the present Letter, expressed in units of cm® mol~' s~!. Rates taken from the REACLIB database [36] are also listed for

each reaction.

N4 (ov)8Kr(a, n)¥Sr

N {ov)**Sr(a, n)*"Zr

T (GK)

REACLIB Low Medium High REACLIB Low Medium High
3.0 1.60x 1075  455x10° 6.06x10° 8.06x107® 121x107> 7.89x107 1.84x10° 290x 10°°
3.5 530x107*  1.64x10™* 2.18x10™* 290x10™* 453x10™* 298x107° 694x107° 1.10x10™*
4.0 9.06x 1073 298x 1073 398x10% 530x1073 771x107° 583x10* 136x1073 2.16x 1073
45 946 x 1072  326x1072 436x102 583x102 736x1072 695x102 1.62x1072 2.6 x 1072
5.0 6.73x 107" 241 x107'  324x107"  435x107! 457x107' 560x102 131x107" 2.11 x 107!
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