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In this contribution we discuss new experimental approaches to indirectly provide information
on neutron-capture rates relevant to the r-process. In particular, we focus on applications of the
Oslo method to extract fundamental nuclear properties for reaction-rate calculations: the nuclear
level density and the 7y strength function. Two methods are discussed in detail, the Oslo method
in inverse kinematics and the beta-Oslo method. These methods present a first step towards

constraining neutron-capture rates of importance to the r-process.
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1. Introduction

One of the big mysteries mankind has pondered, is how and where the elements observed in
the Universe were formed. The first attempt to determine the distribution of element abundances
was made by Goldschmidt in 1937 [1], and has later been substantially improved with precise mea-
surements of CI1 carbonaceous chondrites, terrestrial samples, and analysis of solar spectra [2].
In 1957, Burbidge, Burbidge, Fowler and Hoyle [3] and Cameron [4] outlined the main nucleosyn-
thesis processes called for to explain the observed abundances. However, 60 years later, we still do
not fully understand how the heavy elements (above iron, Z = 26) were created.

Amongst the processes responsible for the heavy-element nucleosynthesis, the rapid neutron-
capture process (r-process) is perhaps the most challenging one to describe, both from an astro-
physics and nuclear-physics point of view. This process accounts for about 50% of the heavy
elements and is the only process able to produce actinides [5]. We know that the r-process is
operating under extreme neutron densities (~ 10*°/cm?) and short time scales (seconds). Tradi-
tionally, these conditions were believed to be achieved during a core-collapse supernova. This
picture is blurred by recent state-of-the-art supernova simulations, indicating that neither the nec-
essary neutron flux nor the entropy required are available—not to mention the failure of making the
simulated core-collapse supernova explode [6, 7]. Another astrophysical candidate that has grown
rapidly in popularity is the merging system of two neutron stars, which can produce a quite robust
solar-system-like abundance pattern for A > 130 [8, 9]. With the advance in detecting gravitational
waves with LIGO [10], and one possible measurement of the r-process elements’ afterglow ("kilo-
nova") [11, 12], some cautious optimism of expecting a first-ever direct r-process observation in
the near future might be in order.

Astrophysics aside, the enormous amount of needed nuclear-data input is quite overwhelming.
The r-process undoubtedly involves highly exotic, neutron-rich nuclei, for which the existence
of many of them are not yet confirmed experimentally. For a state-of-the-art r-process reaction
network, as many as ~ 5000 nuclei and ~ 50,000 reaction rates must be taken into account. Clearly,
many of these reaction rates will have to be estimated theoretically. Today’s standard approach
is to use nuclear-reaction codes for calculating the compound-nucleus cross-section contribution
through the Hauser-Feshbach formalism [13], and also often adding various non-statistical effects
such as pre-equilibrium processes (e.g. [14]), direct capture (e.g. [15]) and resonance capture [16].
Nonetheless, even for nuclei near the valley of stability, theoretical cross-section predictions vary
by a factor ~ 5 — 10, and for very exotic nuclei the uncertainty in e.g. neutron-capture rates can
reach several orders of magnitude. In this context, sensitivity studies such as Refs. [17, 18, 19] are
very useful for identifying specific cases that are most important for the final abundances.

Here we discuss new approaches to experimentally constrain radiative neutron-capture rates
for neutron-rich nuclei. As direct (n,y) cross-section measurement on such short-lived nuclei are
out of reach at the moment, and will be so for many years to come, we concentrate on indirect
methods where the basic ingredients entering the cross-section calculations are measured.

2. Input for cross-section and reaction-rate calculations—the Oslo method

To calculate astrophysical, Maxwellian-averaged reaction rates, one usually assumes ther-
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modynamic equilibrium for both the target nucleus and the projectile, thus obeying Maxwell-
Boltzmann distributions for a given temperature 7" at the specific stellar environment. Because
of the temperature at the astrophysical site, the target nucleus might well be in an excited state,
which will contribute to the rate. Specifically, the (n,7) reaction rate Na (0v),, is found from
integrating the cross section over a Maxwell-Boltzmann distribution of energies E at a given T':

204+ 1 b E+EY
Ny ( / Zzloﬂo-,,y E)Eexp [— T ]dE. (2.1)

Here, N, is Avogardo’s number, i denotes the excited state, I° and I* are the spin of the ground
state and excited states, respectively, E is the relative energy of the neutron and target, EL is the
excitation energy for the state i, and kp is Boltzmann’s constant. We see from this expression that
the reaction rate is proportional to the cross section o,,. Hence, to estimate a correct reaction rate,
it is crucial to determine the cross section.

For radiative neutron capture, the main ingredients determining the cross section are the nu-
clear level density (NLD) and the 7 strength function (YSF) of the residual nucleus, and the neutron
optical-model potential for the target nucleus, i.e. G,y < J,(E,)p(E, + Sx).7 (Ey) where .7, is
the neutron transmission coefficient for the target-plus-neutron system determined by the neutron
optical-model potential (n-OMP), p(E, +S,) is the NLD in the compound system at the neutron
separation energy S, plus the incoming neutron energy, and .7 (Ey) is the y-ray transmission co-
efficient directly proportional to the ySF. The NLD is a measure of the available quantum levels,
and is simply defined as p(E,) = AN(E,)/AEy, where AN(E,) is the number of levels at an exci-
tation energy E, for an energy bin AE,. The ySF gives information on the average reduced decay
width for a given y-transition energy E, of a particular multipole type L and electromagnetic char-
acter X [23]: fxi(Ey) = T (Ey)/27E 2L+1) = (I'xz) p(E )/E (L) where E; denotes the initial
excitation energy.

Both the NLD and ySF can be measured in one and the same experiment with the well-
established Oslo method [20, 21, 22]. The main principles behind this method are:

1. measure y-ray spectra as function of initial excitation energy E;;
2. correct the 7y spectra for the detector response [21];

3. extract the distribution of the y rays emitted first in all decay cascades (primary Y rays) for a
given E; [22];

4. perform a simultaneous fit of all primary 7y-ray spectra for a selected E; range, and obtain the
NLD and ySF [20];

5. normalize the NLD and ySF and evaluate systematic errors [20, 24].

One of the most surprising discoveries with the Oslo method is the upbend, an unexpected
increase in the ySF at low transitions energies and high excitation energies. This peculiar feature
was first seen in Fe isotopes [25], and later on found in many nuclei such as $B3-48¢ 26, 27],
B3-98Mo [28], 3813%La [29] and very recently in the heavy I5L153§m [30]. The upbend was in-
dependently confirmed in > Mo using a completely different technique to map out the functional
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form of the ySF [31], and it was shown to be dominantly of dipole nature in 3Fe [32]. At present,
it is not clear whether it is of electric [33] or magnetic type [34, 35]. If the upbend turns out to be
present also for very neutron-rich nuclei, this could boost the (7, y) reaction rates by ~ 2 orders of
magnitude [36]. To prove or disprove this, one must measure the ySF of neutron-rich nuclei.

In recent publications [37, 38, 39, 40, 41, 42], the NLD and ySF measured with the Oslo
method have been successfully used as input to the TALY'S nuclear reaction code [43, 44] to calcu-
late radiative capture cross-sections. However, the standard Oslo method is limited to nuclei close
to the valley of stability. In the following, we describe new approaches to extract the NLD and ySF
for neutron-rich nuclei.

3. New experimental techniques

Here we sketch the main principles of two new experimental approaches to measure NLD
and ySF for exotic nuclei. Both approaches use the basic elements of the standard Oslo method,
but have different experimental features to obtain the starting point for the NLD and ySF extrac-
tion, namely 7y-ray spectra as function of initial excitation energy E;. Also the two new methods
encounter different challenges as will be briefly discussed.

3.1 The Oslo method in inverse kinematics

The standard Oslo method employs a light-ion beam impinging on a heavy target, measuring
the charged ejectiles in coincidence with the emitted y rays. Hence, the energy of the charged
ejectiles gives information on E; for the residual nucleus (below S,), and the y rays are tagged with
that specific initial excitation energy. Typically, one needs ~ 40,000 particle-y coincidences to get
reasonable error bars on the NLD and ySF.

At radioactive-beam facilities such as e.g. HIE-ISOLDE [45], a heavy, exotic nucleus is pro-
duced, separated from the other nuclear species created and re-accelerated to a secondary target
where it can undergo nuclear reactions. The secondary target would now contain light elements,
e.g. deuterium, and the reaction is inversed compared to the heavy-target-light-beam situation.
Now, one would measure the light target-like particle with segmented silicon detectors, and the
subsequent y rays with a highly efficient y-ray detector array. Provided sufficient intensity on the
radioactive (heavy) beam and a decent cross section on the desired reaction, e.g. (d, py), one would
then obtain a similar set of coincidence data as for the standard Oslo method.

The first proof-of-principle experiment demonstrating the feasibility of the Oslo method in
inverse kinematics, was performed at iThemba LABS in 2015 [46], with a 300-MeV 86Kr beam di-
rected onto C,D4 and CgH3Ds5 targets. Charged particles were measured with two DSSD detectors
in a AE — E configuration, while the y rays were detected with the AFRODITE array comprised
of eight BGO-shielded CLOVER detectors and two large-volume LaBr3(Ce) detectors. Data from
the 30Kr(d, py)87Kr reaction was selected and the NLD and ySF was extracted from the coinci-
dence data, showing very promising results and excellent agreement with previous data from other
measurements [47].

Further, the first Oslo-method inverse-kinematics experiment on a radioactive, neutron-rich
nucleus was completed at HIE-ISOLDE, CERN, in November 2016 [48], utilizing a = 4.5-MeV/nucleon
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%Ni beam impinging on a C,Dy target. Particles from the ®*Ni(d, py)®’Ni and %°Ni(d,1y)*Ni re-
actions were collected, using C-REX (an upgrade of the T-REX detector array [49]) for charged-
particle detection. The Yy rays were measured with MINIBALL [50] and in addition six large-
volume LaBr3(Ce) detectors. The run was very successful and the data are currently being ana-
lyzed.

3.2 The beta-Oslo method

In many cases it is hard to achieve an intense enough radioactive beam to apply the Oslo
method in inverse kinematics. One of the main strengths with the recently invented beta-Oslo
method [51] is that one can obtain sufficient statistics with an implantation rate of 1 particle per
second. Here, one makes use of the fact that for neutron-rich nuclei, the Q-value for beta decay
is comparable to or even higher than the neutron separation energy, and so will populate excited
states in a broad energy range in the daughter nucleus. Further, using a segmented total-absorption
spectrometer such as the SuN detector [52], one gets the sum of all y rays in the cascades that
is equivalent to the initial excitation energy, while the single segments give the individual 7y rays.
Thus, one can obtain a set of excitation-energy tagged y-ray spectra and apply the Oslo method to
extract NLD and ySF for the daughter nucleus.

The beta-Oslo method was first applied on "°Ga beta-decaying into "°Ge [51]. The exper-
iment was performed at the National Superconducting Cyclotron Laboratory (NSCL), Michigan
State University (MSU), using a 130-MeV/nucleon 7Ge beam producing "°Ga by fragmentation
on a thick beryllium target. The 7°Ga secondary beam was first guided through the A1900 frag-
ment separator [53], and then thermalized in the large-volume gas cell [54] and delivered to the
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Figure 1: (Color online) Radiative neutron-capture reaction rates for (a) >(n,y)’°Ge [51] and (b)
%Ni(n,7)’°Ni [55]. In panel a, we compare with the intrinsic uncertainty obtained by varying all NLD
and YSF models in TALYS-1.6 (black solid lines). The data-constrained rate is shown in the green band.
In panel b, we follow Ref. [18] and compare with the JINA REACLIB rate [57] (dashed line) scaled with a
factor of 10 up and down (light-green band).
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experimental setup, where the 7°Ga beam was implanted on an SSB detector mounted inside SuN,
detecting only the beta particles due to the low beam energy (=2 30 keV after the gas cell). SuN was
then detecting the subsequent y-ray cascades in the daughter nucleus "°Ge. Although 76Ge is the
most neutron-rich, stable Ge isotope in nature, the uncertainty of the ">Ge(n,y)"®Ge reaction rate
obtained by varying all NLD, ySF and n-OMP models in TALYS is a factor of~ 8. As shown in
Fig. 1a, using the SuN data as input in TALYS, the uncertainty was significantly reduced to about
a factor of ~ 2.

Further, the beta-Oslo method has very recently been applied on the neutron-rich "°Co beta-
decaying into "°Ni [55]. This experiment was performed at NSCL, MSU, where a primary 140-
MeV/nucleon 3¢Kr beam hit a beryllium target to produce °Co through fragmentation. The frag-
mentation reaction products were separated with the A1900 separator and delivered to the experi-
mental setup, this time with a DSSD inside SuN, detecting both the fragment and the beta particle.
Again, SuN was used to detect the y-ray cascades from the daughter nucleus, "°Ni. Comple-
mentary data from GSI on the %¥Ni ySF [56] above the neutron separation energy allowed for a
well-determined absolute normalization of the full ySF, giving uncertainties down to a factor 2 — 3
in the deduced ®Ni(n, 7)°Ni reaction rate (see Fig. 1b). This is to be compared with the uncer-
tainty band considered in Ref. [18] of a factor of 100 (multiplying the JINA REACLIB rate [57]
with a factor 0.1 and 10). It is clear that the data-constrained rates represent a significant improve-
ment. As shown in Ref. [55], the rates need to be determined within at least a factor of 10 to be
able to meaningfully compare fine structures in the isotopic abundances with the nucleosynthesis
simulation.

4. Challenges and future prospects

For both the new methods highlighted here, absolute normalization of the results is challeng-
ing, and new methods for normalization are currently in progress.

For the Oslo method in inverse kinematics, the main challenge is achieving high enough inten-
sities for the radioactive beam of interest, limiting the range of nuclei that can be reached at present
facilities. Also, obtaining sufficient excitation-energy resolution (well below 1 MeV FWHM) might
be difficult depending on the case and the reaction kinematics.

For the beta-Oslo method, one needs to take into account the rather narrow spin range that is
populated through beta decay in the daughter nucleus. This is rather straight-forward as long as the
spin of the mother nucleus is known, but this might not always be the case for very exotic nuclei.
Also, the determination of the initial excitation energy might suffer from incomplete summing,
making a low-energy tail towards lower E;. This effect is typically small for the highly efficient
SuN detector [52]. Further improvement would include correcting for incomplete summing on the
excitation energy in addition to the Yy energy; the latter is already done and the former is work in
progress. Finally, in cases where the beta-decay Q-value is very high (several MeV above S,,), the
B — n channel could be a significant decay mode. At present, it is not possible to discriminate
against neutrons in SulN; it would be highly desirable to implement that opportunity in future TAS
detector designs.

Regarding future prospects, and considering the huge achievements both in nuclear-physics
experiments and nuclear theory, as well as in astronomy observations and models, we are now at
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a very exciting point in history. New radioactive-beam facilities such as FRIB [58] and FAIR [59]
will greatly extend the experimental reach of exotic nuclei, providing the ultimate testing ground
for nuclear theory and enabling many more (7, y) reaction rates to be experimentally constrained,
amongst other experimental information such as beta-decay rates and nuclear masses. This will in
turn significantly improve the input for r-process nucleosynthesis simulations, limiting the param-
eter space which is at present very large. Also, with the rise of even more sensitive gravitational-
wave detectors such as advanced LIGO [60] to measure neutron-star mergers, combined with an
electromagnetic follow-up to detect y-ray bursts and the kilonova, (e.g. Ref. [61]) the nuclear-
astrophysics community might see the day where the r-process astrophysical site is finally con-
firmed.
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