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Experimental nuclear astrophysics has expanded rapidly in the last decade specifically
with radio-isotope (RI) beams, which enable us to study nuclear reactions in explosive phe-
nomena in the Universe. Because available beam intensities of RI beams are limited, various
innovative experimental methods have been developed both in direct and indirect meth-
ods. Several research activities and new developments with RI beams are reviewed. A brief
discussion is also made for the outlook of the field, especially research capabilities at the
up-coming RI beam facilities like the one at RIBF at RIKEN.

§1. Unstable nuclei in astrophysics

Nuclear astrophysics activities have been strongly motivated by various astro-
nomical observations of elemental abundance as well as isotopic abundance that has
recently become available. Line gamma rays were observed 1) – 3) from the nuclear
decays of 26Al, 56Co and 44Ti, where the last two nuclides were from supernova
remnants and the first one from unknown origin. Isotopic abundance is very impor-
tant as it restrains the models very tightly. It tells us clearly the stellar reactions
responsible for the production, and also exact amounts of isotopes produced there.
Solar neutrinos 4), 5) and isotopic anomalies in meteorites 6) are also a kind of isotope
observation. Recent observations with large-scale high-resolution optical telescopes
such as SUBARU now also provide isotopic ratios from isotope shift measurements
for some elements. 7) Observation of isotopic abundance is a new breakthrough for
studying the Universe. These observations of radioisotopes also indicate that unsta-
ble nuclei play a crucial role in such explosive phenomena.

One of the interesting and very active fields in experimental nuclear astrophysics
is the investigation of nuclear reactions that involve unstable nuclei. These reactions
take place typically in explosive nucleosynthesis under high-temperature and high-
density conditions such as in novae and supernovae. The experimental activities
have expanded very rapidly in the last decade 8), 9) partly because a variety of radio-
isotope beams (RIB) have become available, 10) giving us a unique opportunity to
study such explosive processes in the Universe. To overcome the difficulties with RI
beams, several direct and indirect methods have been developed that simulate the
direct process, or simulate some part of the process. In this talk, we review these
recent experimental developments with RI beams in nuclear astrophysics.

∗) E-mail: kubono@cns.s.u-tokyo.ac.jp
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238 S. Kubono

§2. Direct method for explosive nucleosynthesis

The most remarkable progress on this subject is the extensive use of RI beams
to learn the stellar reactions. To investigate the reaction A(x,y)B, where nucleus A
is a short-lived nucleus, A is provided as a beam with much smaller beam intensity
than stable nuclear beams. Thus, experiments with RIBs of short-lived nuclei need
to be made inevitably through inverse kinematics. RIB experiments with an inverse
kinematics have some good features as follows: 1) A wide energy range of excitation
energy can be investigated simultaneously through a thick target method 11) which
is discussed in detail next. 2) The detector does not have to face the strong target
activities when the inverse kinematics is employed. 3) One can measure completely
the reaction kinematics, i.e., detect both y and B, enabling a redundant measurement
for less background. Available nuclear species depend on the type of facilities. Very
short-lived RIBs are available only at the in-flight separators, whereas ISOL-type
facilities provide RIBs of high beam quality for the nuclei of relatively long half-lives.
Thus, experiments with the direct method are suited at the ISOL-type facilities,
whereas indirect methods can be used at the in-flight type facilities. The stellar
reactions among the extended CNO cycle were most extensively investigated in the
past years using RI beams accelerated.

2.1. Thick target method with RI beams

The energy range of a few MeV or less above the particle threshold, which
corresponds to the temperatures of T9 = 3 or less, is the range of interest for nu-
cleosynthesis. When one studies nuclear reactions A(x,y)B that involve short-lived
nuclei, one can use the thick target method 11) with an RI beam of A. The excitation
function for a certain energy range can be obtained by impinging A into a thick tar-
get of x, and detecting the recoil particle x at around 0◦, which correspond to about
180◦ in the c.m. system. The energy spectrum of the recoil particle x, measured
with a Si detector with a one-shot run, is roughly identical to the excitation function
of elastic scattering of A + x.

This method was successfully applied recently at a low-energy in-flight separator
facility. An extensive in-flight RI beam separator at low energies, called CRIB, was
constructed recently at the Center for Nuclear Study (CNS), University of Tokyo.
This has a window-less gas target, a high-power Faraday cup, as well as a velocity
filter. One may use two-body reactions such as (p,n) reactions in the inverse kine-
matics, focusing most products into the separator. If one uses 1 mg/cm2 target,
1 pµA beam, and a collection efficiency of 30 % together with a production cross
section of 10 mb, an RI beam of about 107 aps can be obtained, where one could
increase by two orders of magnitude the beam intensity with a modern ECR ion
source. The first experiment, made recently, shows clearly resonances in elastic scat-
tering of p + 11C, measured with the thick target method. These resonances would
play an important role in the evolution of Pop III stars in the early Universe. Here,
the incident 11C beam was obtained from the 3He(10B,12N∗) reaction using the CRIB
in the RIKEN accelerator research facility under the CNS-RIKEN collaboration.
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2.2. Direct method with recoil mass separator

Since experimental studies with RI beams involve mostly inverse kinematics, the
reaction product is also fling with roughly the same velocity as the beam particle.
Thus, recoil mass separators should be most effective for measurements with the
direct method. If one studies a proton-capture reaction 1H(A,B)γ, the reaction
product B or the characteristic gamma ray should be detected. One such interesting
try was made successfully on the 7Be(p,γ)8B reaction at Naple. 12) It is much easier to
detect the residual nucleus 8B in the inverse kinematics. The experiment was made
using an RIB of 7Be4+ that was accelerated by a Tandem accelerator, and impinged
on a window-less gas target of 1H. The reaction products 8B were identified in a
mass separator complex. Since the reaction yield is very small, the signal-to-noise
ratio needs to be very high. The heavy residue 8B were measured by a combined
system of a magnetic analyzer and a Wien filter system, with a beam suppression
factor of better than 10−10. It is an interesting challenge to realize a mass separator
system with extremely good beam suppression. If one measures the gamma rays from
1H(7Be,8Bγ) in coincidence, it will help to reduce further the background. These
setups that has both a separator and gamma detectors are prepared in many RIB
facilities for nuclear astrophysics experiments including the ones at E-arena of KEK
and DRAGON in TRIUMF.

2.3. Inverse compton gamma method for radiative capture reactions

Another important direct method being developed is a reaction study using real
photon beams for radiative-capture reactions A(x,γ)B. High-quality photon beams
of small energy spread at a few MeV can be obtained by laser-induced Compton
back scattering (LC) from high-energy electron beams, where the LC photon en-
ergy and the width can be changed by tuning the electron beam. This provides
high quality, high intensity photon beams as compared to the traditional photon
sources such as photons by bremsstrahlung. This is a new development being made
with stored, high-energy electron beams and lasers. These photon beams of a few
MeV should be very powerful for studying radiative capture reactions in the reverse
reaction, B(γ,x)A. So far, there are not many application of this method to nu-
clear astrophysics because of the limited beam intensities of about 105 photons/sec.
One beautiful example 13)using this method was reported recently on the study of
α(αn,γ)9Be, which is considered to bridge the mass gaps at A = 8 and 9 at the
initial stage of the r-process in type II supernovae. The experiment was performed
in the inverse reaction, 9Be(γ,n)αα, using a photon beam of a few MeV with a flux
of about 104 photons/sec/mm2 from the electron storage ring TERAS of the Na-
tional Institute of Advanced Industrial Science and Technology, Japan. The cross
sections derived agree with the ones from other methods, suggesting the method to
be a powerful tool for nuclear astrophysics. This method should be compared with
the Coulomb dissociation method in §3.4, that uses virtual photons with possible
complications inherent in high-energy heavy-ion reactions.

There are some projects and plans of LC photon beams for higher beam inten-
sities. 14) These will open a new field in nuclear astrophysics.
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2.4. The 7Be(p,γ) reaction for the solar model

Although none of the nuclear processes in the sun is explosive, the crucial reac-
tion, 7Be(p,γ)8B, for the solar neutrino problem involves the unstable nucleus 7Be.
In the last decade, nuclear reactions in the sun have been one of the hottest sub-
jects. Only a few reactions were studied experimentally at the Gamow energy region
among the pp-chain. Some of the reactions are too difficult to study experimen-
tally at the energy of interest in the laboratory. There are three possibilities for the
problem; (1) the neutrinos produced in the sun change the flavor along the travel
to the detector on the earth, 4), 5) (2) the nuclear reaction cross sections relevant are
wrong, or (3) the solar model 16) is wrong. Very recently, the Sudbury Neutrino
Observatory (SNO) project reported from their recent measurement that they con-
firmed that the neutrino changes the flavor on the way to the earth, and the total
intensity of neutrinos does hold. 5) The Super-Kamiokande experiment succeeded to
obtain accurate and enough data of the atmospheric neutrinos, which also strongly
suggests the flavor change of the neutrinos. 4) These results would explain the major
part of deficit of the neutrino flux observed.

However, the uncertainties in the experimental cross sections are not precise
enough yet to determine the solar model quantitatively. The 8B production yield is
roughly proportional to the reaction cross sections of 3He(4He,γ)7Be and 7Be(p,γ)
8B, and roughly inversely-proportional to the root of the cross section of 3He(3He,2p)
4He. 16) The uncertainty of 8B production accumulates these uncertainties. In the last
several years the 7Be(p,γ)8B reaction was extensively studied by the direct method
with 7Be targets as well as by the indirect methods such as the Coulomb dissociation
method and the ANC method which is discussed next. A recent recommended value,
the second raw in Table I, for the solar reactions was published in 1998. 17) The exper-
imental results since then are summarized there. A very precise result was reported
recently. 18) Their value is larger than the recommended value by more than three
standard deviations. Thus, the reaction rate of 7Be(p,γ) 8B is not conclusive yet, and
needs to be better determined experimentally. The second reaction, 3He(4He,γ)7Be,
has about 10 % uncertainty according to the 1998 recommendation, 17) which also
needs to be determined experimentally with better precision.

Table I. Astrophysical S-factors obtained experimentally. Here, the S-factor is defined as

σ(E)=S(E)/E exp(−2πη).

S17(0) (eV·b) Method Ref.

22.4 Summary 1992 19)

19 +4
−2 Summary 1998 17)

17.3 ±1.8 ANC summary 20)

20.6±1.2(exp)±1.0(th) Coulomb diss. 21)

S(1.09) = 22.7 ±1.2 Direct method 22)

S(1.29) = 23.8 ±1.5 Direct method 22)

18.8 ±1.7 Direct method 23)

22.7 ±0.6 Direct method 18)

17.8 +1.4
−1.2 Coulomb diss. 24)
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§3. Indirect method for explosive nucleosynthesis

3.1. Physical parameters needed for explosive nucleosynthesis

Because of a wide variety of nuclear reactions involved in the Universe, virtually
almost all physical parameters in nuclear physics are needed, and many of them
are not known yet. As for stellar nucleosynthesis point of view, one needs to know
the properties of low energy nuclear reactions. One of the basic parameters is the
masses of unstable nuclei. For nuclear reactions that involve nuclei far from the line
of stability, especially in the light mass region, one needs to know the properties of
each nuclear state as they cannot be treated properly by statistical models.

3.2. Critical reactions along the rp-process

The high-temperature rp-process 25) will take place most typically at X-ray burst,
where the accreted hydrogen, from the accompanying main-sequence star, burns
explosively on a surface of a neutron star. This process produces nuclides at around
A = 70 – 100, but there are so many uncertain parts in this scenario to be clarified
for nuclear physics. There are some critical points that have to be investigated
experimentally along the possible rp-process path. 8)

Some works concentrated on the 21Na(p,γ)22Mg stellar reaction 26)– 28) in the
last few years. This stellar reaction is important for 22Na production, which is a
candidate for gamma ray observation, because of the long half-life of 22Na. The Ne-
E problem in meteorite is also related to the 22Na production. Some new resonances
were identified with a high resolution (p,t) reaction on 24Mg at CNS. 26) This stellar
reaction will be investigated directly using a 21Na beam soon at TRIUMF.

The 56Ni(p,γ)57Cu reaction is a possible bottleneck around A = 56. The exper-
iment was performed by measuring the decay width of the analog state excited in
the direct transfer 56Ni(d,p)57Ni reaction using a 56Ni beam accelerated. A better
estimate for the reaction rate was obtained, which is about 10 times larger than the
previous estimate 29) for the flow rate that goes through the bottleneck at A = 56.
This will lead to more synthesis of heavier elements.

The half-lives of nuclei close to the proton drip line are also important to de-
termine the flow rate especially at waiting points and bottlenecks. The time scale
of the explosion would be also determined largely by these nuclei. The flow would
terminate there, or the flux would be much reduced there. There are two measure-
ments reported recently for such nuclei. One is 70Kr that could be reached only
by the 2p-capture process from 68Se. 30) The measured half-life is smaller than the
value used previously in an explosion model, and thus giving a reaction rate that
runs through this nucleus faster by a factor of 2.5. The half-life of 80Zr was also
determined experimentally to be shorter than thought before, suggesting more flux
for the rp-process for heavier mass synthesis. 31)

3.3. The asymptotic normalization coefficient method

Direct particle transfer reactions at relatively low energies, around 5 – 20 MeV/u,
are a very useful tool for nuclear spectroscopy. They can be used for identifying
nuclear levels and for studying the nuclear properties such as spectroscopic factors,
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242 S. Kubono

spin-parities and the total widths. Another important use of direct particle transfer
reactions is the Asymptotic Normalization Coefficient method (ANC) for deducing
low-energy direct-capture cross sections.

Direct capture reactions A + x → B + γ at stellar energies take place on the
nuclear tail region far outside the nucleus. If a direct particle (x)-transfer reaction
also takes place predominantly on the peripheral region, one may deduce from the
transfer reaction the overlap function (B|A+x), with which one can derive the direct
capture cross sections at stellar energies. Such conditions could be found at very
forward angles in the angular distributions of the direct transfer reactions at certain
incident energies, which should be carefully set.

This method has been developed for a proton transfer reaction by the Texas
A&M group, 32) and successfully tested for the proton capture reaction 16O(p,γ)17F
with the 16O(3He,d)17F reaction at 29.8 MeV. 33) It was also tested for the neu-
tron capture reaction 12C(n,γ)13C using the 12C(d,p)13C reaction at 11.8 MeV, 34)

recently.
The direct capture cross sections can be written using the overlap function, the

electromagnetic transition operator, and the incident wave. For a reaction that takes
place outside the nucleus, the overlap function can be expressed by the Whittaker
function and the coefficient, the ANC. On the other hand, if a direct x-particle
transfer reaction A(a,b)B, where a = b+x, takes place outside the nucleus, the cross
section can be expressed by the DWBA using the overlap function above. Here, it
is important to check if the reaction especially at very forward angles is sensitive
primarily to the peripheral part of the nucleus. The precision of the measurement
at very forward angles are of crucial importance. To apply this method, the incident
energy should be decided properly. If one uses a high energy for the study, one
may have a larger contribution from inside of the nucleus. If it is too low, the
reaction might have considerable contribution from the compound nucleus process.
The DWBA cross section at 11.8 MeV at 0◦ varies less than 3 % with a choice
of optical potentials, and it increases rapidly as the incident energy rises. This is
implicitly indicating a minor contribution from the inside of nucleus. The direct (n,γ)
cross sections obtained from the ANC deduced from the analysis here agree with the
data measured directly within a few percent up to about 500 keV. The contribution
from the inside was found to be about 20 % of the cross sections at forward angles
from the DWBA analysis, although the shape of the DWBA calculation with the
lower-cut does not change very much. The contribution of the deuteron breakup
channel was also checked using an adiabatic model by Johnson and Soper. 35) This
gives also quite a minor change, less than 3 %, for the differential cross sections at
all angles of interest. From these analyses, the ANC method may be used with an
uncertainty of about ±10 % for direct neutron capture reactions.

This method was applied to the stellar reaction 7Be(p,γ)8B using the direct
one-proton transfer reactions (7Be,8B) on 10B and 14N at 84 MeV, 37) – 39) since the
stellar reaction primarily goes through a direct capture process. The extracted value,
17.31.8 eV·b, agrees reasonably well with the 1998 recommendation, 17) but not with
the new one. 18)
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3.4. Coulomb dissociation method

Radiative capture reactions A(x,γ)B take place through the electromagnetic
interaction, and play an important role in nucleosynthesis. The cross sections for
charged particles x are usually quite small at low energies. These low energy capture
reactions could be investigated by the Coulomb dissociation method, where one uses
reverse reactions, C(B,xA), with a virtual photon from the heavy ion scattering at the
peripheral region of nucleus C. This method has some advantages which fit well to the
experiments with RIBs. One is that the dissociation cross sections can be enhanced
by the phase volume in the detailed balance. The second point is that a thick target
of C can be used for the experiment, if one uses an intermediate or high-energy beam
of B. The last point is that the relative energy obtained from the particle-particle
correlation measurement does not depend very much on the energy spread of the RI
beams. This method was proposed originally by Baur and his collaborators, 40) and
has been successfully applied for some cases such as 13N(p,γ)14O. 42), 43)

In practice, one should measure the breakup fragments at very forward angles,
where the dissociation process has the largest contribution from the peripheral region.
Then, one uses DWBA calculations to fit the inelastic scattering data in order to
deduce the gamma width of interest.

This method can be applicable if the reverse reactions primarily proceed via
Coulomb interaction. Heavy ion reactions at intermediate and high energies gen-
erally involve not only the Coulomb interaction but also the nuclear interaction.
Thus, the method should be tested, specifically for non-resonant breakup process
like the breakup reaction (8B,p7Be) used for the solar neutrino problem. There are
some points to be checked carefully before applying this method: 1) The nuclear
contribution should be negligibly small. This depends also on the multipolarity of
the transition. 2) The final state interactions should be negligibly small. 3) The
channel coupling to other channels such as the inelastic scattering to the continuum
states, should be small. 4) Mixing of other multipolarities in the Coulomb dissocia-
tion should be known for non-resonant breakout processes. These points need to be
carefully checked experimentally by comparing with a direct capture data at stellar
energies. The stellar reaction 7Be(p,γ)8B, which is crucial for the solar neutrino
problem, was investigated 44) by the Coulomb dissociation method. Although the
result in the S17 (E1) values is consistent with other measurements by the direct
method with a 7Be target within the experimental uncertainties, the points above
should be fully checked.

3.5. Half-life and mass measurements with a storage ring

Heavy ion storage rings have various capabilities for studies of nuclear physics
and nuclear astrophysics interests. Basic properties of unstable nuclei can be studied
precisely there. There are two new-class of experiments reported that used a heavy
ion storage ring in the last decade.

Half-life measurements were demonstrated several year ago using the experimen-
tal storage ring (ESR) at GSI. 45), 46) The half-lives of the bound state beta decays of
163
66Dy66+ and 187

75Re75+ were successfully measured. Specifically, the latter one has
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an important significance to the cosmo-chronology. 47)

Recently, a beautiful experiment was reported that determined the masses of
many unstable nuclei of 57 ≤ Z ≤ 84, whose masses were not known before. 48) A
930-MeV/u 209 Bi ions were fragmented on a thick Be target, and the fragments were
stored in the ESR. The circulating ions were detected by the Schottky noise, which
gives precise mass information of each nuclide. The mass resolving power achieved
was nearly 10−7. They clearly separated the isomeric state at 316 keV from the
ground state in 117Te. Mass measurements of neutron-rich nuclides at the possible
r-process path should be of great interest, as it will clarify roughly the pathway
of the r-process. Here, very neutron-rich nuclei can be efficiently provided by the
Coulomb fission process of an accelerated 238U beam, as demonstrated at 780 MeV/u
at GSI. 49)

Of course, to determine the reaction rate of each process on the r-process, one
needs to know the detail of the nuclear structure, or one needs to know the neutron-
capture cross section. Detailed nuclear properties will be further investigated using
internal targets or colliding beams such as electrons and photons in a storage ring of
RI beams. These new progress will be realized in the RIBF project at RIKEN, and
RIA proposal in the USA.

§4. Outlook of the field

The discussion here was made mainly for the new experimental developments in
nuclear astrophysics with RI beams with a specific emphasis on new technological
developments.

Among stellar reactions in hydrostatic burning, the two important reactions,
7Be(p,γ)8B and 12C(α, γ)16O were investigated extensively in the past years, and
quite improvements have been achieved. These will be better made using an extensive
recoil mass separator with high beam suppression.

A thick target method has been developed as an efficient measurement with
low-energy RIBs for the direct method. Another interesting development is a di-
rect method using a few-MeV photon beams of well defined energies, obtained from
laser-induced Compton back scattering from high-energy electron beams, for the as-
trophysical capture reactions such as (p,γ) and (n,γ) in the reverse reactions. This
could be a promising probe for nuclear astrophysics although a technological devel-
opment is required to increase the photon beam intensity.

There are also efficient simulating methods developed such as the Coulomb dis-
sociation method and the ANC method. A neutron transfer reaction was shown
to be useful to derive direct neutron capture cross-sections by the ANC method
with an uncertainty of about ±10 %. The Coulomb dissociation method needs to
be tested experimentally for non-resonant processes. At the intermediate and high-
energy heavy ion facilities, high-precision measurements of nuclear properties such
as masses and half-lives were demonstrated at the heavy ion storage ring ESR.

Nuclear astrophysics has expanded in the last decade in particular through the
advent of RIBs for explosive nuclear burning. New RIB facilities both of ISOL
type and in-flight type are coming up in TRIUMF, MSU, GANIL, RIKEN, and so
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on. Although direct measurements with RIBs were made mostly at the ISOL-based
facilities, there is a possibility for low-energy in-flight separator facilities such as
CRIB at CNS. 50) Because of the recent development of ion source technology, one
may produce RIBs of reasonably good energy resolution with high intensity of about
107−8 aps for nuclei near the line of stability at low energies. This method would be
very useful for small-scale accelerator facilities.

The second phase of the RIBF project at RIKEN and possibly the RIA project in
the USA will have heavy ion storage rings together with fragment separators. They
may provide research opportunities for heavy element synthesis in the r-process. The
RIBs will be merged in a ring with nuclear beams as well as with an electron beam.

Most part of the research subjects discussed here is clearly in an early stage,
and much more effort is awaited to understand various astronomical events and the
evolution of the Universe, as well as the origin of the elements. New RIB facilities
and new technological developments will open a new era for nuclear astrophysics in
the coming years.
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