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Nuclear reaction cross sections are usually very small in typical astrophysical environ-
ments. It has been one of the major challenges of experimental nuclear astrophysics to
assess the magnitude of these cross sections in the laboratory. For a successful experi-
ment high luminosity beams are needed. Increasing the target width, one also increases
the reaction yields. But, this is of limited use due to multiple scattering in the target.
Storage rings are appropriate tools to overcome these difficulties. Storage rings can work
with large luminosities, and the beams cross the interaction region many times per second
(typically one million/s), compensating low density internal gas targets, or low reaction
rates in beam-beam collisions. Storage rings are also ideal tools for precise measurements
of masses and beta-decay lifetimes of nuclei of relevance for astrophysics.

1. CENTRAL PROBLEMS IN NUCLEAR ASTROPHYSICS

1.1. Screening

Nuclear astrophysics requires the knowledge of the reaction rate R;; between the nuclei
i and j. It is given by R;; = nin; < ov > /(14 6;;), where o is the cross section, v is the
relative velocity between the reaction partners, n; is the number density of the nuclide 4,
and <> stands for energy average. Extrapolation procedures are often needed to obtain
cross sections in the energy region of astrophysical relevance. While non-resonant cross
sections can be rather well extrapolated to the low-energy region, the presence of contin-
uum, or subthreshold resonances, complicates these extrapolations. Another problem is
that charged-particle induced reactions are electron-screened in stellar environments [1].
Applying the Debye-Hiickel approach, one finds that the plasma enhances reaction rates,
e.g., SHe(®He, 2p)*He and "Be(p, v)®B, by as much as 20%. Laboratory nuclear reac-
tions are also modified by screening effects due to electrons which are inevitably present in
the target [2]. As can be seen in figure 1 for the reaction *He(d, p)*He (probably the best
studied example of laboratory electron screening effects, both experimentally and theo-
retically - Data are from ref. [3]. Calculations are from ref. [4]), the effects of laboratory
electron screening are far from being understood and require further investigation.

While corrections due to plasma screening effects have to rely on theoretical models,
laboratory screening can be avoided experimentally using crossed beams in storage rings.
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This might be of great usefulness for the study of the reactions ®Li(d, &)*He,” Li(p, a)*He,-
UB(p,a)2 *He, and 8Li(p, )® He, where discrepancies between experiment and theoret-
ical calculations of electron screening are large [5].
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Figure 1. The 3He(d, p)*He S-factors. Figure 2.  Astrophysical S-factor for
Dashed line is the calculated astrophysical S- *He(*H, v)"Li compared to a theoretical
factor for bare nuclei. Solid and dot-dashed calculation (solid curve). The data imply
curves include corrections of screening. that S-factors could be anything in the re-

gion limited by the dashed curves.
1.2. Homogeneous Big Bang

Deuterons were formed by fusion of neutrons and protons when the Universe temper-
ature reached T = 10'? K. However, they were promptly dissociated by photons which
existed in thermal equilibrium. Only when T ~ 10° K deuterons were formed in significant
concentration and the primordial nucleosynthesis bottleneck was overcome. Since, (i) the
binding energies of *He and *He are larger than that of the deuteron and (ii) the cross
sections for capture of protons and neutrons by deuterons are large, and deuterons were
rapidly consumed. Standard primordial nucleosynthesis assumes a homogeneous proton-
to-neutron density. Thus the nuclear reaction flow along the Z ~ N stability line stops at
8 B because of its instability. Since the element with A=5 does not exist, ? He is by far the
most abundant product of primordial nucleosynthesis. Only rather small traces of D, 3He
and “Li are made. Just because of that, the relative abundances of these elements are a
good test of the Big Bang scenario. Among the several reactions relevant for primordial
nucleosynthesis, the radiative capture reaction *He(*H, +)"Li deserves special attention.
There has been a large discrepancy among five measured cross sections for this reaction,
as shown in figure 2 (adapted from [6]). This leads to an error of order of 30% - 40% in the
primordial 7Li abundance and also in the determination of the cosmological parameter
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Qp [6].

1.3. Inhomogeneous Big Bang

Inhomogeneous Big Bang models allow for fluctuations in baryon densities that are
related to different neutron mass fractions at the beginning of nucleosynthesis. These
models involve some nuclear reactions of which cross sections were not known. The
postulated dominant flow path, which bypasses the A=8 gap, is 1He(t, v)"Li(n, )
8Li(a, n)1B(n, v)?B(87v)2C. Here, the 8Li(a, n)''B reaction was completely un-
known. The first experiment was made using the reverse reaction " B(n, a)8Li, finding
a large resonance at around 0.5 MeV above the o threshold in 2B [7]. This energy corre-
sponds to the Gamow peak of 10° K, which is a typical temperature for heavy elemental
synthesis in the primordial site. However, this reaction has been measured directly using
a low-energy 8Li beam at E.,, > 1.5 MeV [8] at RIKEN. The cross section estimated
by an extrapolation to E.m ~ 0.5 MeV is larger than the previous value [7] by roughly
a factor of 5. The reason for the difference between the two results is that the inverse
process uses a stable !B beam. Thus. only the cross section for the transition to the
ground state was determined by using the principle of detailed balance. However, there
are at least four more excited bound states of ' B which contribute to the production
of "B through 8Li(a, n)*B*(y)!'B. This is a very interesting subject to be pursued
by a direct measurement at E.,, ~ 0.5 and shows the importance of radioactive beam
facilities for astrophysical purposes.

1.4. The Sun

Because of the work of Bahcall and collaborators, there seems to be a very consistent
understanding of the hydrodynamics and the nuclear reaction network in the Sun [9]. The
main network for energy production in the sun is the well known ppl-chain, with the net
result of fusing four protons to form one tightly bound *He nucleus. In a 14% branch,
a "Be nucleus is produced via the *He+ ‘He — "Be + v radiative capture process. In
a very rare event, the "Be nucleus will capture a proton to form B, which subsequently
decays via positron emission to an excited state of 8Be; this state, in turn, rapidly breaks
into two a-particles. This is the ppIll chain:

p(p, € v)d(p, v)*He(*He, v)"Be(p, v)°B(e*v)*Be* — 2 *He . (1)

Although this chain delivers a very small part of the energy produced in the sun, it is
responsible for the emission of high-energy neutrinos. These high energy neutrinos play
an important role in the history of the search for solar neutrinos. Terrestrial detection
of solar neutrinos have lead to the conclusion that an appreciable part of these neutrinos
are missing. This is known as the solar neutrino problem, which persists for about two
decades [9]. Due to the Coulomb barrier, the reaction cross section "Be(p, ¥)®B is very
small at the Gamow peak (~ 20 keV). Direct measurements have reached E,_p. ~ 140
keV. However, discrepancies among experimental data are evident as shown in figure 3.
Long ago, Barker [10] has emphasized that an analysis of the existing experimental data
yields an S-factor for this reaction at low energies which is uncertain by as much as 30%.
This situation has not changed. A measurement of this reaction at the Gamow peak is
highly desirable.
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1.5. Massive Stars
1.5.1. The 2C(a, )0 reaction

We now consider a massive star, of order of 25 solar masses. After hydrogen burning,
when the temperature and the density of the core of the star reaches values of T ~ 1.5x 108
K and p ~ 5% 10* g/cm?, helium can react with helium to form '2C. This happens via an
s-wave resonance (E = 92 keV') in ®Be, with mean lifetime close to 10716 5. This lifetime
is long enough that a small amount of 8Be is formed and captures an a-particle to form
120, The cross section for this reaction is enhanced by the existence of a resonance at 287
keV in 2C above the o +® Be threshold. This was predicted by Hoyle before the state
was confirmed experimentally [11]. The 2C produced can capture an a-particle to form
160. This 2C(c, )0 reaction is a key process for the elemental abundances of heavy
elements, and for the evolution of the stars. It is argued that the cross section for this
reaction should be known to better than 20%, for a good modeling of the stars [12]. This
goal has not yet been achieved.

The problem with the experimental determination of the ?C(a, )0 reaction at
the energy E ~ 300 keV (T ~ 2 x 10® K) is the existence of a broad 1~ resonance at
E = 2.42 MeV above the a +2? C threshold, as well as two sub-threshold states: a 1~
state just 45 keV below the threshold, and a 2% state 245 keV below threshold. These
states interfere and their contribution to the data cannot be separated unambiguously.
Theoretical calculations of this reaction are also not reliable, as this process is, in first
order isospin forbidden and proceeds via unknown T = 1 impurities in the 0O compound
nuclear states. Recently, the E'1 radiative capture contribution to this reaction was ob-
tained by the beta-delayed emission of a-particles from a 2 state in N (1, = 7.1 s)
[13]. Due to the beta-decay selection rules, excited states in 1*0 with J™ = 17, 27, and 3~
are populated. Thus, only E1 transitions in the alpha decay are possible. It is expected
however, that E2 transitions in the radiative capture reaction 2C(a, )90 are as well
important as E'1 transitions. The total capture cross section, g, + ogs is therefore still
unknown with the required precision.

1.5.2. Rapid capture processes

With increasing temperatures and densities of the core the star reaches advanced burn-
ing stages. Then carbon burning (T ~ 5 x 108 K, p =1 — 2 x 10° g/cm?) is followed by
neon burning (T ~ 5 x 108 K, p = 4 x 105 g/em?®), oxygen burning (T ~ 1.5 x 10° K,
p = 107 g/cm?®) and silicon burning cycles (T'~ 3 x 10° K, p = 3 x 107 g/cm?®). The star
then forms 56 Fe which is the end point of spontaneous miclear fusion. The energy released
by nuclear fusion stops and the core collapses due to gravitation pressure. The iron nuclei
are broken up, absorbing energy from the plasma, and accelerating the collapse. The high
density of the core favors electron capture, transforming protons in neutrons and emitting
neutrinos, which escape from the star. When the core density reaches densities of about
2.4 x 10" g/cm?3 (nuclear matter density), it cannot contract further, bounces back, and
a shockwave will run through the outer layers of the collapsed star. However, this shock-
wave does not carry enough energy to explode the star. The shock is heating the material
to such high temperatures that the previously produced iron is photo disintegrated again.
This process takes 4-7 MeV per nucleon (7 MeV for a complete photo disintegration into
nucleons) and will eventually halt the shockfront. The formation of the neutron star
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leads to a gain in gravitational binding energy which is released in the form of neutrinos.
Although the interaction of neutrinos with matter is quite weak, considerable amounts of
energy can reheat the outer layers even if only 1% of the 10%3 erg (10%€ J) in neutrinos is
deposited via neutrino captures on neutrons and protons. This accelerates the shockwave
again and can finally explode the star. Because of the heating and expansion of the gas,
a zone with low density and high temperature will be formed behind the shockfront, the
so—called high—entropy bubble.

During the subsequent cooling of the plasma the nucleons will recombine again, first
to a—particles, then to heavier nuclei, starting with the reactions 3o —'2C and a + o +
n —“Be, followed by “Be(a,n)'2C. Temperature and density are dropping quickly in the
adiabatically expanding high—entropy bubble. This will hinder the recombination of alpha
particles into heavy nuclei, leaving a high Y,,/Y,e.q and sufficient neutrons for an r—process,
(acting on the newly produced material) at the end of the a-process after freeze—out of
charged particle reactions. Approximately half of all stable nuclei observed in nature in
the heavy element region about A > 60 is produced in the r-process. This r—process
occurs in environments with large neutron densities which lead to 7, < 75.

200
100
o)
" 50
>
2,
D %
10 . .4’_qu,1 — 10 I A W N W R NN I
0.1 02 05 1 2 3 10 30 50 70 %0 110 130 150
N
E [MeV]

Figure 3. S-factors for "Be(p, ®Be) fromsev- Figure 4. Level density (in levels per

eral experiments. Curves are theoretical cal- MeV) at the respective neutron separation

culations based on a potential model. energy. Higher level densities are repre-
sented by darker cells.

The most neutron-rich isotopes along the r—process path have lifetimes of less than one
second and more typically 10~2 to 10~!s. Cross sections for most of the nuclei involved
cannot be experimentally measured due to the short half-lives. Therefore, theoretical
descriptions of the capture cross sections as well as the beta-decay half-lives are the
only source of the nuclear physics input for r-process calculations. For nuclei with about
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Z > 80 beta—delayed fission and neutron-induced fission might also become important
(for a review, see [14]).

2. COSMOCHRONOMETRY

Presently, the most important application of storage rings to nuclear astrophysics has
been the determination of bound-B-decay lifetimes. An ingenuous experiment performed
with the heavy-ion storage ring ESR at GSI/Darmstadt measured the 3-decay half-life of
bare 8 Dy [15]. The %3 Dy%+ jons were stored and accumulated in the ring. Contrary to
neutral atoms the electron originating from (-decay of bare nuclei can occupy one of the
atomic orbits in the nucleus. This reduces dramatically the S-decay half-lives of several
nuclei, or can be the only way that the S-decay can proceed. In fact, the experiment
deduced a half-life of 4715 d for bare %3 Dy, which is stable as a neutral atom.

More recently [16], the same method was used to study the bound S-transitions in bare
187 Re. The observed (preliminary) half-life of 34 & 7 yr is much smaller than the neutral
atom half-life, Ty /2 = 43 Gyr [1 Gyr = 10° yr|. This result has a great influence on the use
of the ¥"Re —187 Os as a cosmochronometer isotopic pair. The astration of 87 Re in the
hot environment of next generation stars may involve bare, or almost bare, ¥” Re nuclei,
and induces a big difference on the derivation of the Galactic age from the 8705/ Re
relative abundance [16].

There is a proposal to measure the bound 3-decay of bare 257 [17]. This nucleus can be
transmuted to 2% Pb by solar neutrino capture. Thus, a measurement of the 2057 /205 Pp
abundance ratio in deep lying rocks can give the information on the solar neutrino flux
integrated over 107 yr. The neutrino capture goes to the first-excited state of 2°® Pb and
the experiment aims in providing this nuclear transition matrix element which is unknown.

The subject of bound [-decay experiments is discussed in more details by O. Keppler
in these proceedings.

3. DETERMINATION OF ASTROPHYSICAL NUCLEAR RATES

To calculate astrophysical reaction rates with some reliability, one needs to know several
nuclear properties which have to be assessed experimentally. Here we give some examples
of what can be studied with storage rings.

3.1. Elastic Scattering and (p, p’) reactions

The use of internal proton gas targets is a standard technique in storage rings. Protons
are a very useful probe since their internal structure remains unaffected during low energy
collisions. Nuclear densities are a basic input in theoretical calculations of astrophysical
reactions at low energies. These can be obtained in, e.g., elastic proton scattering. Elas-
tic scattering in high energy collisions essentially measures the Fourier transform of the
matter distribution. Considering for simplicity the one-dimensional case, for light nuclei
one has [ €% p(z)dz ~ [€%[a® + 2?]"! = (n/a).e”19%, where ¢ = 2ksin6/2, for a c.m.
momentum k, and a scattering angle 6. For heavy nuclei the density p is better de-
scribed by Fermi function, and [ e¥®[1+e(@=®/2)-1 ~ (47).singR.e"™, for R >> a, and
ga >> 1. Thus, the distance between minima in elastic scattering cross sections measures
the nuclear size, while its exponential decay dependence reflects the surface diffuseness.
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During the last few years, elastic proton scattering has been one of the major sources
of information on the matter distribution of unstable nuclei in radioactive beam facilities.
The extended matter distribution of light-halo nuclei (*He, Li, !Be, etc.) was clearly
identified in recent elastic scattering experiments [18,19]. Information on the matter
distribution of many nuclei important for the nucleosynthesis in inhomogeneous Big Bang
and in r-processes scenarios could also be obtained in elastic scattering experiments. Due
to the loosely-bound character and small excitation energies of many of these nuclei, high
energy resolution is often necessary. These can be achieved in storage rings by means of
electron cooling, or stochastic cooling.

In (p, p') scattering one obtains information on the excited states of the nuclei. For the
same reason as in the elastic scattering case, high energy resolutions obtained in storage
rings are of crucial relevance {19].

3.2. Transfer Reactions

The cross section for transfer reactions A(a,b)B are given by

g—% o< Y San(li)|Myy)* 2

Iy

where S 45 is the spectroscopic factor for the overlap integral of the wave functions of nuclei
A and B. If a = b+ z (stripping reaction), this integral is given by ¥, (rzg5) = [ d£®% ®p.
In eq. (2), Ij denotes the angular momentum quantum numbers of the particle z within
B and M;; is an integral of the product of the interaction Vj,, the incoming and outgoing
scattering states x{" (x{), and the wave function R,;(r.5). Transfer reactions are a
well established tool to obtain spin, parities, energy, and spectroscopic factors of states in
the B + z system. Experimentally, (d, p) reactions are mostly used due to the simplicity
of the deuteron.

The astrophysically relevant nuclear reactions proceed via compound-nucleus reactions
(CN) or direct reactions (DR). The decisive mechanism depends on the number of levels
in the CN. If there are no resonances in the energy interval relevant for the reaction, one
can use the DR models, like direct capture (DC). In this case, o™ « 3, S,02C, where the
sum extends over all bound states in the final nuclei and S, is the relevant spectroscopic
factor. For radiative capture reactions, e.g., b{z,v)a, 02¢ o | < xpxz|Oral¢ > |2, where x
are scattering waves, ¢ is the bound-state wave function, and O, is the electromagnetic
operator.

In the case of a single isolated resonance the resonant part of the cross section is given
by the Breit-Wigner formula 0,(E) o Iy Towe [(Er — E)? +1%,/4]7). The partial widths
of the entrance and exit channels are T';, and [y, respectively. The total width Iy is
the sum over the partial widths of all channels. The particle width ', can be related to
the spectroscopic factors S and the single-particle width I's , by 'y, = cs [s.p., where C
is the isospin Clebsch-Gordan coefficient.

If one considers a few resonant states the R-matrix theory is appropriate. In this theory,
the resonant part of the cross sections is obtained by a sum of Breit-Wigner functions,
slightly displaced (Thomas-Lane correction) in the resonant energy due to the background
terms of the other resonances that are superimposed to the considered resonance.

We see that (d, p) reactions are important to astrophysics indirectly to determine the
spectroscopic factors for (n, v). Many of these are unknown and urgently needed for the-
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oretical calculations. Examples are the reactions "Li(n, v)8L: and °Be(n, v)'°Be where
spectroscopic factors from the (d, p) reactions are not known experimentally. Interesting
to astrophysics are most (d, p) reactions on the neutron rich side of the nuclide card,
where no (d, p) has been measured before.

If the level density of the CN is so high that there are many overlapping resonances
in a certain energy interval the statistical Hauser-Feshbach model can be applied. In an
astrophysical plasma one needs to know the transmission coefficients thermally averaged
over several populated states

T(E,J,ﬂ') = ZTV(E,J,TI',E;-L,JK.L,W;) (3)
v=0

E—Sm
+ / Z T(EvJﬂT,Em:vaWm)p(Emmevﬂ'm)dEm )

EY™ Jm T

where S,, is the channel separation energy, and the summation over excited states above
the highest experimentally known state v, is changed to an integral over the level density
p. The energy, spin and parities of the states are denoted by E,,, J,, and w,,, respectively.

The necessary condition for application of statistical models is a large number of reso-
nances at the appropriate bombarding energies, so that the cross section can be described
by an average over resonances. In the case of neutron-induced reactions a criterion for
the applicability can directly be derived from the level density. The relevant energies will
lie very close to the neutron separation energy. Thus, one only has to consider the level
density at this energy. It is usually said that there should be at least 10 levels per MeV
for reliable statistical model calculations. The level densities at the appropriate neutron
separation energies are shown in Fig. 4, adapted from ref. [14] (note that therefore the
level density is plotted at a different energy for each nucleus). One can easily identify
the magic neutron numbers by the drop in level density. A general sharp drop is also
found for nuclei close to the neutron drip line. For nuclei with such low level densities the
statistical model cross sections will become very small and other processes might become
important, such as direct reactions [14]. The above plot can give hints on when it is safe
to use the statistical model approach.

The use of (d,p) reactions at storage rings has already been proposed for the spec-
troscopy of neutron resonances in r-processes nuclei close to the magic shells [20]. The
two proposed cases (i) K (d, p) and (ii) 3*Te(d, p) are of interest in connection with
the interpretation of (i) the *Ca/Ca-abundance anomaly observed in the Allende me-
tereorite [21] and (ii) the A ~ 130 r-process abundance peak. For both isotopes a mea-
surement of the spectroscopic factors and spins for transitions to the ground state and
the lowest excited states will allow improved calculations of the DR cross section, which
is the expected to be the dominant component of the neutron capture rate.

Mass and half-life measurements of neutron deficient isotopes is currently of strong
interest. Recently, network calculations have been extended up to the mass 100 (Z=50)
and different mass formula have been tested (Hilf, Jaenecke, Méller, etc.) [22]. For the
half lives QRPA and partly shell model calculations were used. It turns out that the
reaction path and also the time scale for the rapid proton capture process are strongly
determined by the masses. This is in particular very important in the mass-80 region






