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Abstract. Neutron capture cross sections of unstable isotopes are important for neutron-induced nucleosyn-
thesis as well as for technological applications. A combination of a radioactive beam facility, an ion storage
ring and a high flux reactor would allow a direct measurement of neutron induced reactions over a wide en-
ergy range on isotopes with half lives down to minutes. The idea is to measure neutron-induced reactions on
radioactive ions in inverse kinematics. This means, the radioactive ions will pass through a neutron target. In
order to efficiently use the rare nuclides as well as to enhance the luminosity, the exotic nuclides can be stored
in an ion storage ring. The neutron target can be the core of a research reactor, where one of the central fuel
elements is replaced by the evacuated beam pipe of the storage ring. Using particle detectors and Schottky
spectroscopy, most of the important neutron-induced reactions, such as (n,y), (n,p), (n,@), (n,2n), or (n,f), could

be investigated.

1 Introduction

Almost all of the heavy elements are produced via neutron
capture reactions equally shared between s and r process
[1-3] and to a very small extent by the i process [4, S5]. The
remaining minor part is produced via photon- and proton-
induced reactions during the p process, see Fig. 1. The
predictive power of the underlying stellar models is lim-
ited because they contain poorly constrained physics com-
ponents such as convection, rotation or magnetic fields.
The crucial link between the observed abundances [6] and
the desired parameters of the stellar interiors are nuclear
reaction data. In contrast to the r process [7], the isotopes
important for the p process [8] as well as for the s and i
process [9] are stable or not too far off the valley of sta-
bility. The nuclear properties of those nuclei are there-
fore experimentally much easier to access. While indirect
measurements, like the investigation of time-reversed re-
actions, are very often the only choice because of the short
half-lives of the investigated isotopes [10—12], this arti-
cle is focussing on experimental developments aiming at a
better understanding of the s, i, and p processes by direct
measurements of important neutron capture reactions.
Neutron capture cross sections of stable and unstable
isotopes are important for neutron-induced nucleosynthe-
sis [3] as well as for technological applications [13]. Fol-
lowing a review of different astrophysical nucleosynthesis
sites with an emphasis on neutron-induced reactions, we
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will present the capabilities of a combination of a radioac-
tive beam facility, an ion storage ring and a high flux re-
actor. Such a facility would allow a direct measurement
of neutron induced reactions over a wide energy range on
isotopes with half lives down to minutes [14].

2 Astrophysical Scenarios
2.1 pprocess

The most intensively studied astrophysical site of the p
process is the O-Ne layer of a massive star passed by the
shock wave of a type II supernova [15]. Here, the p nu-
clei are produced in a series of photodisintegration reac-
tions, such as (y,n), (y,p), and (y,@) reactions, from a given
seed abundance. This picture is often referred to as y pro-
cess [8]. The reaction network to describe this scenario
includes a huge number of reaction rates, which are gen-
erally calculated in the framework of the Hauser-Feshbach
statistical model.

An alternative model are supernovae la, which are as-
sociated with thermonuclear explosions of white dwarfs.
An often proposed scenario is an explosion triggered once
the star approaches the Chandrasekhar mass because of
mass accretion from a companion main-sequence star.
This is referred to as the single-degenerate scenario [16].

Figures 2 and 3 show the results of nucleosynthesis
calculations following tracer particles during a supernova
type la explosion [17, 18]. The production and destruction
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Figure 1. The s and r processes start with the iron peak nu-
clei as seeds. The s process path follows the nuclear valley of
stability until it terminates in the lead-bismuth region. The r pro-
cess drives the nuclear matter far to the neutron-rich side of the
stability line and upwards until beta-delayed fission and neutron-
induced fission occur and recycle the material back to smaller
mass numbers. The reaction path of the i process lays in between,
since the corresponding intermediate neutron densities are higher
than during the s process, but still much smaller than during the r
process. Only a few isotopes on the proton-rich side of the valley
of stability get significant contributions from the different models
of the p process.

mechanisms for the neutron-deficient isotopes '>'*'23I have
been investigated within the framework of the Nucleosyn-
thesis Grid (NuGrid) research platform [19]. Under the
conditions investigated, the neutron evaporation process
stalls at those isotopes leading to a (n,y)-(y,n) equilibrium
as already suggested by [8]. This means, neutron capture
cross section for neutron-deficient isotopes are important
for the understanding of the y process.
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Figure 2. Reaction flows for '>!'T during the y process. Blue
arrows correspond to production and red arrows correspond to
destruction paths. The most important production channel is
1221(y,n), while the destruction is almost equally shared between
1211(y,p) and '?'I(n,y). Neutron capture and proton removal are
competing with each other.

123

| ) 88.1%

3.5% 98.6%

1.1%

Figure 3. Reaction flows for '*’I during the y process. Blue
arrows correspond to production and red arrows correspond to
destruction paths. The most important production channel is
1241(y,n), and the destruction is dominated by '**I(n,y).The (n,y)-
(y,n) equilibrium is established.

2.2 s process

The modern picture of the main s-process component
refers to the He shell burning phase in AGB stars [20]. Nu-
clei with masses between 90 and 209 are mainly produced
during the main component. The highest neutron densities
in this model occur during the ?>Ne(a,n) phase and are up
to 10'> cm™ with temperatures around kT = 30 keV.
The other extreme can be found during the '3C(a,n) phase
where neutron densities as low as 10’ cm™ and temper-
atures around kT = 5 keV are possible. Similarly to
the main component, also the weak component referring
to different evolutionary stages in massive stars has two
phases [21, 22]. Nuclei with masses between 56 and 90
are mainly produced during the weak component. The
first phase occurs during the helium core burning with neu-
tron densities down to 10® cm™ and temperatures around
kT = 25 keV. The second phase happens during the car-
bon shell burning with neutron densities up to 10'> cm™
at temperatures around k7 = 90 keV.

Figure 4 shows the nucleosynthesis path of the s pro-
cess in the region around iodine. The neutron capture cross
sections of 127:12%-130.31T are important in order to under-
stand the nucleosynthesis of the xenon isotopes in general
and in particular the s-only isotopes 25139Xe [23].
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Figure 4. The s-process nucleosynthesis network around the sta-
ble 1#'1.
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Figure 5. Impact of the '¥I(n,y) rate on the final abundances of
the i process. This reaction rate affects most of the abundances
beyond '3°T and is therefore of global importance. The sensitivity
is defined as the ratio between the relative change in abundance
and the relative change of the rate.

2.3 iprocess

Under certain conditions, stars may experience
convective-reactive nucleosynthesis episodes. It has
been shown with hydrodynamic simulations that neutron
densities in excess of 10" cm™ can be reached [4, 5], if
unprocessed, H-rich material is convectively mixed with
an He-burning zone. Under such conditions, which are
between the s and r process, the reaction flow occurs a
few mass units away from the valley of stability. These
conditions are sometimes referred to as the i process
(intermediate process). One of the most important rates,
but extremely difficult to determine, is the neutron capture
on '1, Figure 5. The half-life of '3°I is about 6 h.
Therefore, the 135I(n,)/) cross section cannot be measured
directly with current facilities.

3 Neutron capture measurements in
inverse kinematics

As discussed in the previous section on the example of
the isotopic chain of iodine, the astrophysical interesting
neutron capture rates range from the neutron-deficient '
(t12 = 2.1 h) to the neutron-rich 1351 (t12 = 6.0 h) and
more long-lived isotopes in between. Ion storage rings
turned out to be powerful tools for the investigation of
charged-particle-induced reactions in inverse kinematics
[24, 25]. The major advantage is the possibility of ef-
fectively shooting the ions through a thick target by pass-
ing a thin target multiple times. Since the corresponding
cross sections are dominated by the tunneling probability
through the Coulomb barrier, they show a very strong en-
ergy dependence. It is therefore desirable to re-accelerate
the ions after each pass, which is possible using electron
coolers.

This idea can be taken a step further by considering
a neutron target. Since neutrons are unstable, they will
have to be constantly produced. This can be done very
efficiently using a reactor. The beam pipe containing the
revolving ions has to go through the neutron field, which

means, either through or at least close by the reactor core,
see Figure 6.
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Figure 6. Schematic drawing of the proposed setup. Shown
are: The main components of an ion storage ring which include
the beam lines and focusing elements (blue), dipoles (dark blue),
electron cooler (purple), an intersected reactor core (green), par-
ticle detection capability (orange) and Schottky pick-up elec-
trodes (brown) [14].

In order to discuss the possible reactions, which could
be investigated with this setup, it is important to under-
stand the kinematics. The radius (r) of a trajectory of a
charged (¢) massive (m) particle with velocity (v) in a ho-
mogeneous, perpendicular magnetic field (B) follows im-
mediately from the Lorentz force:

= @ = ﬂ (1)
9B 4B
Equation 1 is even valid for relativistically moving par-
ticles, if p and m are relativistic variables. Compared to
the revolving beam energy (energies above 0.1 AMeV),
the neutrons (energies of 25 meV) can always be consid-
ered to be at rest. If one assumes that all channels can
be viewed as a compound reaction, first a nucleus X + n
is formed and in a second step, particles or photons are
emitted. This means, the momentum and the charge of the
revolving unreacted beam X and the compound nucleus
X + n are the same, hence both species will be on the same
trajectory. However, the velocity, hence the revolution fre-
quency, is reduced by the factor A/(A + 1). If the revolving
ions have charge Z = g/e and mass A = 12 - m/muc, one
finds then for the ratio of radii:

o _Zepp _Zr _Ap Ap Ap
re Zppe ZpAp+1Ap
where indices D and P denote the produced daughter and

unreacted parent nuclei, respectively. And finally one ob-
tains:

2

rp _Zp Ap
rp _ZDAP+1

3)

It is important to note, that the underlying assump-
tion for these simple equations is that the Q-value of the
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reaction can be neglected compared to the energy of the
revolving ions. If this assumption is not valid anymore,
the trajectories of the products will scatter. This holds
true in particular for (exothermal) fission reactions, where
the Q-value is in the order of 1 AMeV, Figure 7. There-
fore the detection mechanisms described below will only
be possible for fission, if the beam energy is higher than
~ 10 AMeV. This corresponds to neutron-induced fission
cross section for neutron energies of 10 MeV or higher.

neutron

fission
fragments

Figure 7. Because of the huge amount of energy released during
a fission event, the fission products will only stay in a forward
cone, if the beam energy is above E ~ 10 AMeV.

If the magnetic rigidities of the reaction products and
the primary beam are different, the reaction products can
be detected using particle detectors placed in the ultra-
high ring vacuum. This is for instance possible with dou-
ble sided silicon strip detectors on ceramic carriers. The
position and energy deposition in the detector allows the
distinction between the reaction products of interest and
background [24]. According to Eq. (3) this holds true for
(n,@), (n,p), (n,2n) and (n,f) reactions.

Neutron capture reactions have to be treated differ-
ently, since projectile (primary beam) and product will
have the same trajectory, Eq. (3). In combination with
an electron cooler, the number of daughter ions can
then be monitored by a non-destructive Schottky spec-
troscopy [26, 27] or by using a sensitive SQUID-based
CCC-detectors [28]. It has been shown that even single
ions can be detected, even if the primary beam is still
present in the ring [29].

Storage rings can be moved. Currently there are de-
tailed plans, published as a technical design report, to
move the Test Storage Ring (TSR), which was in oper-
ation until 2013 at the Max-Planck Institute for Nuclear
Physics in Heidelberg to CERN where it shall be coupled
to the ISOLDE radioactive ion beam facility [30].

An ISOL-type radioactive ion beam facility could be
the source of the exotic nuclei. ISOL-beams combine high
intensity and good quality [31]. For this particular applica-
tion, the charge state of the revolving ions is not important,
except for the constraints concerning the difference in tra-
jectory with charged particles in the exit channel.
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