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Abstract: Nuclear reaction studies on unstable isotopes can strongly help in improving our understanding of nucle-
osynthesis in stars. Indirect approaches to determining astrophysical reaction rates are increasingly common-place
and undergoing continuous refinement. Of particular interest is the use of such indirect techniques at storage rings,
which, among other aspects, allow to recycle rare unstable beams. We propose to investigate the reaction rates of as-
trophysical interest using indirect methods (surrogate, Trojan horse, efc.) in reverse kinematics at the IMP-CAS stor-
age ring. Long lived radioactive ion beams, produced remotely, can be accelerated, and made to interact with light
targets. The proposed reactions are *’Kr(p, p'y), ¥°Kr(d, py), constraining the neutron flux in an s-process branching
point, “Se(p, p’y), ’Se(d, py), constraining the temperature in s-process nucleosyntheses, and *Fe(d, py), constrain-
ing core collapse supernovae.
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were created inside the core of stars by nuclear reactions.

. INTRODUCTION . . oy .
L. INTRODUCTIO Massive stars, that is, stars with eight or more times the

All the elements in the universe heavier than helium mass of the Sun, are believed to have played an essential
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role in producing the vast number of chemical elements
with masses 56 < 4 < 90. Low mass stars, with one to
three times the mass of the Sun, are expected to have ori-
ginated the other elements. The first stars formed after the
Big Bang (Population-I1I/ Pop-III) are believed to have
been both massive and short-lived, which makes them ex-
ceedingly difficult to be observed today and leaves sever-
al open questions about the early history of the universe.
As such, the characteristics of the first stars must be
pieced together by observing the signatures they impart
on the next generation of stars (Pop-II), which preserve
the chemical fingerprints of their predecessors. However,
large uncertainties in key nuclear reaction rates signific-
antly hinder our ability to reliably compare models with
observational data, leaving fundamental questions about
the first stars unanswered, such as: How massive were
they? How did they evolve? And what was their fate?
There are several open questions related to the origin of
the elements, particularly those heavier than iron, and the
astrophysical conditions in which they were made. Cap-
ture cross sections on several unstable nuclei need to be
provided to the models used to predict s- and »- process
nucleosynthesis. An open problem is how to explain
abundancies in s/r stars, showing an intermediate com-
position between s- and r- processes, requiring the so-
called i-processes. i-processes show a path involving sev-
eral unstable nuclei that can be experimentally reached by
the existing and forthcoming radioactive ion beam (RIB)
facilities. Unprecedented insight into how the elements
were created is gained through combining observations
from modern astronomy, the isotopic analysis of meteor-
ite samples, and microscopic nuclear physics. However,
our predictions as to how stars forged the chemical ele-
ments rely critically on our knowledge of the underlying
nuclear reactions that made them. Several important reac-
tions involve short-lived radioactive nuclei not found in
nature, and so must instead be produced in the laboratory.
We are now entering a golden-era for studies on the nuc-
lear reactions of radioactive isotopes, with several new
RIB facilities now coming into operation, such as the
HIAF facility in China, the RAON facility in Korea, the
Facility for Rare Isotope Beams (United States), the Ad-
vanced Rare Isotope Laboratory (Canada), the HIE-
ISOLDE at CERN, and the SPES facility at LNL (Italy).
For neutron-capture or charged particle reactions,
which are the reactions of interest, since in most of the
cases we are dealing with radioactive species, normal kin-
ematics are not always possible. In the absence of a neut-
ron target, indirect reaction methods become an interest-
ing possibility. Indirect approaches to determining astro-
physical reaction rates are increasingly common-place
and undergoing continuous refinement, particularly as
several new rare-isotope facilities around the world are
soon to be online. A promising approach is provided by
the so-called surrogate reaction method in inverse kin-

ematics [1—4]. For both (p, y) (using mirror symmetry ar-
guments [1, 2]) and (n, y) [3—5] reactions, the (d, p) reac-
tion is often used, coupled with appropriate assumptions.
Focusing on neutron captures, the surrogate reaction,
such as (d, p) or (d, d'), produces the compound nucleus
of interest by a different reaction than the pure neutron
capture reaction. The idea of the method is to factorize
the reaction cross section into two terms, one accounting
for the formation of the compound nucleus and the
second for the successive decay. The formation can be
accurately described by nuclear models. Instead, the diffi-
cult decay of the compound nucleus, where different
channels are competing as a function of the total spin and
excitation energy, is investigated experimentally. The
measured decay probabilities of the compound nucleus
are then used to tune model parameters, leading to much
more accurate predictions of the desired neutron-induced
cross sections. Suitable reactions are exchange reactions
with light nuclei, e.g., (d, p), or inelastic scattering reac-
tions, such as (d, d') or (p, p"). In the (d, p) experiment, a
heavy-ion beam is directed onto a deuterium gas target
(inverse kinematics). During the particle exchange, the
neutron of the deuterium target is passed onto the pro-
jectile nucleus, and the remaining proton is detected. An-
other surrogate reaction of interest is the inelastic-scatter-
ing reaction of protons or deuterons - denoted ((p, p"), (d,
d")) - where the proton/deuteron is scattered, leaving the
heavy projectile in an excited state for further decay. The
detection of charged particles (p, d), (p, p"), (d, d) and
gamma rays is used for the identification of the different
decay branches. There has been significant progress in
the interpretation of surrogate-reaction datasets [5—9].

II. EXPERIMENTAL SET-UP AND DATA
ANALYSIS

Several of the cases of interest for heavy element nuc-
leosynthesis involve radioactive nuclei. The low produc-
tion rate at RIB facilities combined with the generally
low efficiency of y detector arrays is a limiting factor for
the use of the surrogate method. An interesting possibil-
ity is offered by the use of long-lived radioactive species,
which can be produced, for example, in reactor facilities
and, after chemical separation, accelerated and made to
interact with the target, decoupling the production and ac-
celeration stages in this way. As an example of surrogate
reactions performed in the so-called "batch-mode," we
have recently investigated the **Kr(d, p) reaction as a sur-
rogate for the ®*Kr(n, y) neutron capture reaction [9]. The
precise knowledge of this cross section is relevant for the
s-process nucleosynthesis. In the modeling of the s-pro-
cess, the competition between neutron capture and B-de-
cay offers the opportunity to constrain the physics condi-
tions of the stellar environment, in particular, in the so-
called "branching points." ¥Kr is an important branching
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point of the s-process that influences both the **Kr/*?Kr
ratio in pre-solar grains and the abundances of heavy Sr
isotopes that are also produced by the r-process. A better
understanding of this branching point can be achieved
only if the neutron capture cross section on *Kr is suffi-
ciently well constrained, but a direct measurement of this
cross section is extremely challenging owing to the radio-
activity of the sample (7}, = 10.7 yr). However, ¥Kr can
be accelerated as a pure beam, and the (d, py) reaction has
been demonstrated to be a reliable indirect probe of the
(n, y)-reaction cross section [5].

The *Kr (d, py)*Kr reaction has been carried out at
10 MeV/u in inverse kinematics at Argonne’s ATLAS fa-
cility (USA) [9] using the HELIOS solenoidal spectro-
meter [10] and the Apollo y-detector array, Fig. 1. Excita-
tions from around 2—14 MeV in *Kr were populated with
a Q-value resolution of about 150 keV. y-rays from *Kr

Fig. 1.
array at the ATLAS facility in Argonne (USA) [10].
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Fig. 2.  (color online) y-rays in coincidence with protons

from the *Kr (d, py) reaction at 10 MeV/u [9]. Right: y-en-
ergy versus total excitation energy. Left: gamma spectra gated
above (up) and below (down) the neutron binding energy
(S,=9.86 MeV). The 2" and 4" excitations in **Kr are clearly
visible.

have been observed in coincidence with protons, which
will allow us to determine the y-ray emission probabilit-
ies as a function of excitation energy [P,(Ec)]. Figure 2
(Right) shows the y-ray energy versus the total excitation
energy. When gating below the neutron separation en-
ergy S,=9.86 MeV, the 2" — 0" and 4" — 2" y-rays of
%Kr are clearly visible (Fig. 2 left), showing the charac-
teristic constant value of P, below Sn and a decrease
above Sn. These data are used to extract the cross sec-
tions for **Kr(n, y) reaction, complementing recent direct,
high-precision measurements on the stable Kr isotopes.
This technique demonstrates significant potential for fu-
ture indirect studies of the (n, y) reaction.

III. IN RING EXPERIMENTS

A very interesting alternative for the application of in-
direct reaction methods is offered by the use of Storage
Rings. Storage rings are ideally suited for storing heavy
ions at energies between few MeV/u and several 100
MeV/u [11]. The ions revolve in the ring approximately a
million times per second ensuring an extraordinary qual-
ity of the beam in terms of purity and emittance and an
enhancement in sensitivity of orders of magnitude with
respect to single pass experiments. These rings are also
equipped with electron coolers, which reduce the longit-
udinal momentum spread, improve the energy resolution
AE/E from typically 107 in single-pass experiments to
10*-107, and reduce the beam size from approximately
1 cm to 1 mm in diameter.

The stored ions interact with ultra-thin, windowless
gas-jet targets located inside the ring, for which thick-
nesses up to approximately 10" atoms/cm? can be ob-
tained for light gases, such as H,, D,, *He, and “He. The
electron cooler compensates the energy loss of the beam
in the gas target. Hence, the ions pass the target always at
the same energy — in contrast to most single-pass experi-
ments.

Another important advantage of the in-ring experi-
ment is the direct measure of the ions after interaction
with the target (and consequent trajectory change),
without the need for measuring y-rays, as y-ray detection
systems are characterized by relatively low efficiency
[12].

In-ring surrogate reactions of astrophysical interest
have been recently performed at the GSI, Darmstadt stor-
age ring using a “®*Pb beam [11]. An interesting possibil-
ity is also provided by the storage ring CSRe at IMP,
Lanzhou, China, where the collection of low energy (25
MeV/u) stable beams has been recently tested [13], see
Fig. 3. Figure 4 shows the pixelated detector used for pro-
ton inelastic scattering (p, p’) experiments [14, 15]. Of
particular interest is the use of RIBs produced by directly
inserting long lived activity into the accelerator source,
using the so-called "batch mode." The method, some-
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Fig. 3. (color online) Stored **Fe*** at 25 MeV/n at CSRe
(corresponding to a magnetic rigidity of 1.5 Tm) [13]

(color online) Si strip detector for proton inelastic

Fig. 4.
scattering experiments (three layers with the thicknesses of
300, 500, and 500 um ) [14, 15]

what restricted to long lived and commercially available
isotopes, allows us to produce relatively high intensity
beams, overcoming the limited intensity of several sec-
ondary beams. In the following paragraphs, we list some
of the cases of interest for the determination of neutron
capture reactions relevant for stellar nucleosynthesis (s-,
r-, and i-processes) studied via the surrogate reaction
method:

A. ®Kr(p, p'y) (constraining s-process branching
point — neutron flux)

The competition between slow neutron capture by,
and S decay of, the radioisotope **Kr is a source of signi-
ficant uncertainty in modeling the s-process. As previ-
ously discussed, we have recently measured at ATLAS
(ANL-USA) the capture cross section with the surrogate
reaction method using a >99% pure beam of ¥*Kr (T}, =
10.7 yr) at 10 MeV/u [8] using the ¥Kr(d, py)**Kr surrog-

ate reaction. Here, we propose to remeasure the same
capture cross section using a different surrogate reaction
%Kr(p, p'y) as a test bench for in-ring measurements at
CSRe IMP, Lanzhou, China, using a stable isotope.

B. %'Se(p, p'y) Se(d, py) (constraining s-process
branching point — stellar thermometer)

"Se is an s-process branching point, and it is located
in a region where two scenarios may contribute, one from
massive stars (weak s-process component) and the other
from AGB stars (main s-process component). The know-
ledge of the neutron-capture cross section of "’Se
provides a crucial test of our understanding of s-process
nucleosynthesis in massive stars, allowing one to assess
reliably the thermal conditions and, therefore, the role of
the weak and main s-process components. The "Se(n, )
reaction is particularly relevant, as it leads to the produc-
tion of the s-only *Kr and *’Kr isotopes, which are shiel-
ded from the rapid neutron capture process by their stable
(or almost stable) isobars **Se and **Se (¢, = 10% yr).
The proposed surrogate reactions are proton inelastic
scattering on stable **Se or the (d, p) reaction on a radio-
active Se, both in reverse kinematics. The results ob-
tained in this experiment could be an excellent comple-
ment to the direct measurement performed at n TOF,
which extends up to a few keV (only) [16].

C. “Fe (p, p'y) *Fe (d, py) (constraining core collapse
supernovae)

Ongoing stellar nucleosynthesis in our galaxy is
proven by the presence of “’Fe, which, with a half-life of
2.62 Myr, has a lifetime much shorter than the age of the
galaxy. “Fe is produced in massive stars through neutron
capture reactions in the high neutron flux reached during
C-shell burning and in core-collapse supernovae, the
dominating reaction being *Fe(n, y)*Fe, a reaction that
cannot be presently studied directly. To investigate the
production of “Fe, we have attained approved ATLAS
beam time using an enriched beam of *Fe (T,,=44.5
days) at 9 MeV/u. The goal is to study the *Fe(d, py)*’Fe
reaction populating states in the proximity of S, in in-
verse kinematics using the HELIOS Solenoidal Spectro-
meter. The combined use of a Ge tracking device would
allow to constrain the *Fe(n, y)Fe reaction using the
surrogate reaction method. The final aim is to improve
our knowledge of the core-collapse Supernovae or AGB
stars as well as to update the model of the origin of the
Solar System.
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