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Abstract. The neutron dripline has presently been reached only for the lightest nuclei up to the element
oxygen. In this region of light neutron-rich nuclei, scattering experiments are feasible even for dripline nuclei
by utilizing high-energy secondary beams produced by fragmentation. In the present article, reactions of
high-energy radioactive beams will be exemplified using recent experimental results mainly derived from
measurements of breakup reactions performed at the LAND and FRS facilities at GSI and at the S800
spectrometer at the NSCL. Nuclear and electromagnetically induced reactions allow probing different
aspects of nuclear structure at the limits of stability related to the neutron-proton asymmetry and the
weak binding close to the dripline. Properties of the valence-neutron wave functions are studied in the
one-neutron knockout reaction, revealing the changes of shell structure when going from the beta-stability
line to more asymmetric loosely bound neutron-rich systems. The vanishing of the N = 8 shell gap for
neutron-rich systems like n Li and 12Be, or the new closed N = 14,16 shells for the oxygen, isotopes are
examples. The continuum of weakly bound nuclei and halo states can be studied by inelastic scattering. The
dipole response, for instance, is found to change dramatically when going away from the valley of stability.
A redistribution of the dipole strength towards lower excitation energies is observed for neutron-rich nuclei,
which partly might be due to a new collective excitation mode related to the neutron-proton asymmetry.
Halo nuclei in particular show strong dipole transitions to the continuum at the threshold, being directly
related to the ground-state properties of the projectile. Finally, an outlook on future experimental prospects
is given.

PACS. 25.60.-z Reactions induced by unstable nuclei - 24.50.+g Direct reactions - 24.30.-v Resonance
reactions - 21.10.Jx Spectroscopic factors - 21.10.Re Collective levels

1 Introduction

The investigation of nuclei near the driplines via scatter-
ing experiments at intermediate and high energies has at-
tracted significant interest in the past decade due to the
availability of fast radioactive beams produced by frag-
mentation [1]. Such relatively high beam energies (rang-
ing from about 50 MeV/nucleon to 1 GeV/nucleon) are
advantageous both from an experimental point of view as
well as from theoretical considerations. The high beam
energies result in short interaction times and small scat-
tering angles, which allow the use of certain approxima-
tions and thus enable a quantitative description of the
underlying reaction mechanisms. Experimental merits are
the possibility of using relatively thick targets (in the or-
der of g/cm2) and kinematical forward focusing, which
makes full-acceptance measurements feasible with mod-
erately sized detectors. Thus nuclear-structure investiga-
tions of very exotic nuclei at the driplines are possible
even if such beams are produced with very low rates in
the order of one ion per second.

The story of reactions with relativistic radioactive
beams started more than two decades ago with the first

production and identification of radioactive beams by
fragmentation of 40Ar and 48Ca primary beams with
around 200 MeV/nucleon-kinetic energy at the Bevalac
in Berkeley [2,3]. The first results from scattering exper-
iments using secondary beams of neutron-rich He and Li
isotopes produced by fragmentation of 800 MeV/nucleon
11B and 20Ne projectiles were obtained by Tanihata et cd.
in 1985 [4-6]. They measured total interaction cross sec-
tions by a transmission method from which they deduced
the radii of the isotopes, see Figure 1. A strong increase of
the radii with neutron-excess is observed, much stronger
than expected from the A1/3 dependence known for stable
nuclei. The sharp increase of the radii for some isotopes
compared to its near neighbors, e.g., for u Be and n Li is
explained by a low-density tail of the valence-neutron(s)
wave function, called nuclear halo [7]. Meanwhile, sev-
eral such light halo nuclei were observed at the neutron
dripline, see the review articles [8-17] for a detailed dis-
cussion. An overview on measurements of interaction cross
sections and extracted radii can be found in the article by
Ozawa et cd. [18]. The conclusion that the large radii are
indeed related to an extended neutron density distribu-
tion was confirmed by measurements of the quadrupole
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Fig. 1. Neutron halo at the dripline. Radii deduced from mea-
surements of total interaction cross sections [6].

moments [19] and the charge-changing cross sections [20]
for the Li isotopes: both are similar for the two isotopes
9Li and nLi, while the interaction cross section increases
by about 30%. Such an extended matter distribution for
weakly bound nuclei was also found and confirmed in pro-
ton elastic-scattering experiments for He and Li isotopes
[21,22]. The occurrence of halo states is predicted theoret-
ically also for heavier nuclei [23,24]. If low angular momenr
turn states are filled with neutrons being weakly bound,
halo structures involving many neutrons might develop
[23,24].

A halo-like low-density tail of the neutron wave func-
tion, as discussed above, has a definite impact on the ob-
servables in breakup reactions. These are, for example, the
large cross sections and narrow momentum distributions
observed in the nuclear one-neutron removal channel, see
section 3.3, and most striking in the Coulomb breakup
reaction leading to huge dipole transition strength at the
threshold directly related to the spatial extension of the
wave function, see section 3.3.4.

Recently, reactions such as the one-neutron removal
channel in nuclear or electromagnetic scattering of high-
energy beams were developed towards being a quantita-
tive tool to study the single-particle properties of unstable
nuclei. Similar to transfer reactions, established at lower
beam energies as a spectroscopic tool for stable nuclei
[25], spectroscopic factors and angular-momentum assign-
ments can be obtained. One important aspect of radioac-
tive beam physics which can be addressed by these reac-
tions is the evolution of the shell structure when going
to largely proton-neutron asymmetric and weakly bound
nuclei. As already observed experimentally, the shell clo-
sures known for stable nuclei might disappear when go-
ing away from the valley of /3-stability, and new shell
closures might appear. An example, which will be dis-
cussed in section 3 is the vanishing of the N = 8 closed
neutron shell at the dripline. Another is the appearance
of new sub-shell closures at N = 14 and N = 16 for
the neutron-rich oxygen isotopes [26-32] rather than at

Fig. 2. Change of shell gaps and single-particle relative en-
ergies for TV = 16 nuclei comparing stable (30Si) and dripline
(24O) nuclei. From Otsuka et al. [28].

N = 20, which is a closed shell for stable nuclei. A change
of shell closures as a function of isospin might have sev-
eral origins: one is the change of the mean field, being
more dilute for neutron-rich nuclei, and thus leading to
a reduced spin-orbit splitting [33,34]. Prom such an ef-
fect, a re-arrangement of single particle levels towards a
harmonic-oscillator-like ordering could be expected [34].
Another effect discussed by, e.g., Otsuka et al. [28] is re-
lated to the properties of the nucleon-nucleon interaction.
Here, in particular, the attractive spin-isospin flip part VaT
of the interaction changes when adding or removing nu-
cleons. For the case of the N = 16 neutron shell discussed,
it is the emptying of the d§/2 proton level when moving
from 30Si to the neutron-rich oxygen isotope 24O which
causes the change in the relative energies of the single-
particle levels, as illustrated in Figure 2. The lack of the
attractive interaction of the d3/2 neutrons with the d5/2
protons pushes the CÜ3/2 level up causing a shell gap for
neutron number N = 16 [28,35].

The successful development of the methods involving
reactions with high-energy secondary beams as a quan-
titative tool to extract nuclear structure observables for
short-lived nuclei was possible not only due to the tremen-
dous experimental improvements in the past years but also
due to the development of the associated reaction theory.
Here, we refer the reader to recent review articles giving
an overview on the relevant theories [36-39].

The second class of reactions discussed in the present
paper (section 4) deals with the multipole response of ex-
otic nuclei studied by inelastic scattering of high-energy
secondary beams. The question here is, how the excita-
tion spectra change for weakly bound nuclei with asym-
metric proton-to-neutron ratios, which causes a separa-
tion of neutrons and protons energy-wise due to the filling
of different single-particle orbits, but also spatially (ha-
los and neutron skins). A decoupling of the more weakly
bound valence neutrons should manifest itself in the exci-
tation spectra, and new collective excitation modes are
expected. For stable nuclei, the continuum response is
dominated by the various giant resonances. Giant reso-
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Fig. 3. Strength functions (left) and transition densities (right) resulting from relativistic mean field calculations [45] for dipole
transitions in Ni isotopes. The transition densities are shown separately for the GDR region (lower right frame) and for the
low-lying resonance around 9 MeV (upper right panel). From Vretenar et al. [45].

nances are collective nuclear excitation modes exhausting
a large fraction of the respective sum rules. Microscopi-
cally, they are understood as a coherent superposition of
many particle-hole states across one or two major shells.
The isovector giant dipole resonance (GDR) was the first
discovered experimentally, about 50 years ago, and has
been interpreted as the collective vibration of neutrons
against protons. Systematic studies involving almost all
stable nuclei available as target material yielded a large
data basis and have shown that nearly the complete dipole
strength given by the classical energy-weighted Thomas-
Reiche-Kuhn (TRK) dipole sum rule is absorbed into this
excitation mode. The ultimate proof of the vibrational
character of the GDR, however, came only recently with
the observation of the second phonon state [40], demon-
strating that the GDR is essentially a harmonic vibration.
With the advent of radioactive beams, the possibility of
giant resonance studies with unstable nuclei came into
reach. Again, it is the GDR which is studied first, also
due to experimental reasons.

The question, how the multipole strength functions
evolve when going away from stable nuclei, towards un-
stable nuclei with large neutron or proton excess has been
studied in the past few years theoretically by various ap-
proaches, see, e.g., [41-51]. Concerning the dipole-strength
function, a stronger fragmentation of the strength, in par-
ticular a redistribution of the strength towards lower exci-
tation energies has been predicted consistently by calcula-
tions of different kind. Experimentally, such a redistribu-
tion of strength was observed recently at GSI for the oxy-
gen isotope chain [52], as will be discussed in section 4.1.
Dipole excitations are most effectively studied using the
electromagnetic excitation process at high energy, yield-
ing rather large cross sections. In principle, also magnetic
dipole and quadrupole excitations can be investigated, the
cross sections being, however, much smaller. A precise an-
gular distribution and/or beam-energy dependence has to
be measured with good statistics in order to disentangle
such contributions from the dominant dipole excitations.

The study of the dipole-strength function for exotic
nuclei has different aspects. Giant resonance parameters
were used in the past for stable nuclei to determine effec-
tive interactions used in the mean-field calculations. As
pointed out by Reinhard [43], the predicted giant reso-
nance strength in exotic nuclei is particularly sensitive to
the isospin and density dependent parts of the effective in-
teraction, which are not well determined from studies with
stable nuclei. In turn, the measurement of the strength
functions for exotic nuclei might help constraining such
effective forces. Another aspect is the appearance of new
coherent modes, e.g., the collective dipole vibration of ex-
cess neutrons against the core for neutron rich nuclei. Such
a soft dipole mode was predicted by various calculations;
Figure 3 shows as an example the results of a relativistic
mean field calculation from the work of Vretenar et al.
[45]. The left panel shows their dipole-strength functions
obtained for various Ni isotopes. For the neutron-rich iso-
topes, a peak-like structure is observed around 9 MeV ex-
citation energy, well below the GDR energy region. Many
particle-hole configurations are calculated to contribute
to the 9 MeV resonance exhausting 4.4% of the TRK
sum rule, thus having the character of a collective soft
mode (sometimes also referred to as Pygmy resonance).
The right panel displays the transition densities for the
low-lying peak and the GDR region for 78Ni from the
same calculation. One can see that, while for the GDR
vibration the protons and neutrons are out of phase, the
transition strength for the low-lying states appears to be
rather different, showing to a large extent isoscalar charac-
ter and involving in particular neutrons up to very large
radii. The calculated transition strength thus shows the
characteristic behavior expected for a vibration of the less
bound valence nucleons against the core, the soft dipole
vibrational mode.

So far, experimental information on the multipole re-
sponse of unstable nuclei is rather limited. Low-lying
dipole strength was observed in particular for nuclei ex-
hibiting a halo structure, see, e.g., the E\ strength dis-
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Fig. 4. Lower part of the chart of nuclides showing the region
up to the oxygen isotopes, the heaviest element for which the
location of the neutron dripline is known experimentally today.
The labelled isotopes indicate the nuclei for which experiments
are discussed in the present paper.

tributions measured for the two-neutron halo nuclei 6He
[53] and n Li [54-56], and for the one-neutron halo nuclei
n Be [57-59] and 15'19C [60,61]. The question of the reso-
nant character of this low-lying strength is to our under-
standing still open for the two-neutron halo nuclei, while
for the one-neutron halo nuclei the strength can be at-
tributed to non-resonant dipole transitions to the contin-
uum and is solely related to the single-particle properties
of the weakly bound neutron. Such non-resonant transi-
tions, however, are found to be a promising spectroscopic
tool [57,60,62], as will be discussed in section 3.3.4.

The neutron dripline was reached experimentally to
date for the lightest elements up to the oxygen isotopes
only. In the present paper, scattering experiments in this
mass region performed in the past few years are exempli-
fied. The nuclei discussed are indicated in Figure 4, which
shows a chart of nuclides up to Z = 8.

The paper is organized in the following way: After a
brief introduction into the experimental techniques used
(section 2), the different types of reactions are discussed.
They fall into two groups: i) direct reactions to study the
single-particle properties (section 3); and ii) continuum
(collective) excitations by inelastic nuclear and electro-
magnetic scattering (section 4). Section 5 contains some
brief remarks on the astrophysical aspects. Finally an out-
look on future experimental developments is given.

2 Experimental techniques

Two detection principles are of relevance for the reac-
tions discussed in this paper: i) the precise measurement
of the recoil momentum after one-nucleon removal reac-
tions; and ii) the kinematically complete measurement of
the decay from continuum states. For the first type of re-
actions, the setup used at the NSCL at MSU is described,
where most of the knockout experiments discussed in sec-
tion 3.3.2 were performed. The experiments involving neu-
tron decay from continuum states (ii), which are discussed
in sections 3.3.3, 3.3.4, and 4, were performed using the

Dispersion matched beainliaa

Fig. 5. Experimental setup used at the NSCL to measure one-
neutron knockout reactions. Shown are the dispersion-matched
beam line, the S800 spectrograph, and the Nal array surround-
ing the target. The figure is taken from Maddalena et cd. [65].

LAND detection setup at GSI. Both experiments make
use of radioactive beams produced by fragmentation of
intermediate or high-energy beams on light, e.g., Be tar-
gets with thicknesses ranging from « 100 mg/cm2 to a few
g/cm2 depending on beam energy and projectile. Typical
primary-beam energies are 80 MeV/nucleon at the NSCL,
and up to « 1 GeV/nucleon at GSI. Due to the high
beam momenta, the fragmentation products are kinemat-
ically forward focussed and can be separated efficiently
in flight by using large-acceptance zero-degree magnetic
spectrometers like the A1200 separator [63] at MSU or the
fragment separator FRS [64] at GSI. Such a selection on
magnetic rigidity provides beams containing a mixture of
isotopes with similar mass-over-charge ratio and velocities
close to the beam velocity. A purification of the beam can
be achieved by placing degraders at the dispersive mid-
plane of the separators. A mixed secondary beam is often
advantageous, however, since several nuclei can be studied
in one experiment, thus making the method very efficient
(see the later example for a LAND experiment). In such
cases, the projectiles are identified on an even-by-event
basis using time-of-flight and energy-loss measurements.
A detailed description of the production and separation
of fragmentation beams can be found, e.g., in Ref. [64].

Figure 5 shows a drawing of the experimental scheme
used at the NSCL to study one-nucleon knockout reac-
tions populating bound states in the A — 1 daughter nu-
cleus. The fragments produced in the secondary target are
momentum analyzed in the S800 spectrograph [66,67]. In
order to achieve a resolution significantly better than the
rather large momentum spread of the secondary beam of
typically about one percent, the S800 and the beam line
are operated in a dispersion matched mode. Here, the tar-
get is located at a dispersive focus of the beam line, while
the S800 spectrograph is set to compensate this dispersion.
As a result, the position at the final focal plane does not
depend on the initial momentum, but only on the momen-
tum change generated by the reaction in the target. In this
case, it is possible to measure the recoil momentum of the
reaction products with a relative momentum resolution
of 0.025%. An example is given in Fig. 6: the right pan-
els show the measured momentum distributions of 11Be
fragments produced in a one-neutron removal reaction of
12Be on a beryllium target [68]. The upper (lower) part
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Fig. 6. One-neutron removal reaction from 12Be (78 MeV/nucleon) impinging on a Be target as measured with the S800
spectrometer at the NSCL. Left: Doppler-corrected 7 spectrum recorded in coincidence with "Be fragments. Right: Parallel
momentum distributions of the uBe fragments in the laboratory frame populating the ground state (top) and the first excited
state (bottom) of nBe. Prom Navin et al. [68].

shows the distribution if the u Be fragments are produced
in their ground (first excited) state. The narrow line in
(a) illustrates the resolution obtained for the momentum
measurement, which is significantly better than the typical
widths of recoil momentum distributions (w 100 MeV/c).
The Figure also shows the longitudinal momentum ac-
ceptance of the spectrograph (±2.5%), which allowed a
full-acceptance measurement of the momentum distribu-
tions in one setting for the case shown. The acceptances in
transverse direction amount to ±5° (±3.5°) in the (non-)
dispersive plane. In cases of wide momentum distributions
(high I values), corrections for the acceptance have to be
applied to obtain the cross sections (see Refs. [69,65] for
a discussion).

The target is surrounded by a cylindrical array of
Nal detectors, which allow the measurement of coinci-
dent 7 decays of the fragments. A back-transformation of
the Doppler-shifted 7 energy to the projectile rest frame
can be achieved based on the position information mea-
sured with the Nal array [70]. An example of a Doppler-
corrected 7 spectrum is shown in the left frame of Fig-
ure 6, where the decay of the first (and only) excited state
at 320 keV in nBe, populated in the one-neutron removal
reaction from 12Be, is visible.

The experimental method applied by the LAND col-
laboration at GSI consists of producing high-energy
radioactive beams (with typically a few hundred
MeV/nucleon kinetic energy) and a kinematically com-
plete measurement of breakup products produced in sec-
ondary targets. The excitation energy prior to decay is re-
constructed by utilizing the invariant-mass method. The
measurement is exclusive or kinematically complete in the
sense that all reaction products with velocities close to the
beam velocity and 7-rays are detected. Reaction products

stemming from the target are not measured (with the ex-
ception of 7-rays). A schematic drawing of the detection
setup is shown in Figure 7. Details of the experiment can
be found, e.g., in Ref. [57]. Here, we give only a very brief
description of the method.

The experimental results exemplified in the next sec-
tions utilized radioactive beams, which were produced by
fragmentation of primary 40Ar and 18O beams delivered
by the synchrotron SIS at GSI, Darmstadt. Typical pri-
mary beam intensities are around 1010 ions per second.
Fragment beams were selected by the Fragment Separa-
tor FRS according to their magnetic rigidity only, thus
mixed secondary beams containing isotopes with simi-
lar mass-over-charge ratio were transported to the ex-
perimental area. The incident projectiles, however, were
uniquely identified on an event-by-event basis by utilizing
energy-loss and time-of-flight measurements. An example
is shown in the upper left inset in Fig. 7, where the com-
position of a mixed beam produced by fragmentation of
40 Ar can be seen, where the settings of the FRS and the
beam-line were optimized for the transport of 22O.

In a similar manner, the fragments produced in the re-
action target are identified. Here, the magnetic rigidity is
determined from three position measurements defining the
trajectories of the charged projectile residues in the mag-
netic field of a large-gap dipole magnet (ALADIN) placed
behind the target (see Refs. [57,71] for details). Additional
energy-loss and time-of-flight measurements allow unique
identification of the outgoing fragments and determination
of their momenta. The lower right panel of Fig. 7 shows
an example of identified fragments produced in reactions
of 20O on a carbon target [72].

Neutrons emitted from the excited projectile or ex-
cited projectile-like fragments are kinematically focused
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Fig. 7. Schematic drawing of the LAND detection setup (not to scale). Shown are the beam and fragment detectors, the Crystal
Ball photon spectrometer, the dipole magnet ALADIN, and the neutron detector LAND, placed about 11 m downstream from
the target. The upper left inset shows the composition of a mixed radioactive beam impinging onto the secondary targets, which
are inserted at the center of the Crystal Ball. The lower right inset displays the fragment identification for reactions of 20O on
a carbon target.

in the forward direction and detected with high efficiency
(~ 90%) in the LAND neutron detector [73]. The mo-
menta of the neutrons are determined from the time-of-
flight and position information. The angular range for
fragments and neutrons covered by the detectors corre-
sponds to a 4TT measurement of the breakup in the rest
frame of the projectile for fragment-neutron relative ener-
gies up to 5.5 MeV (at 500 MeV/nucleon beam energy).

At the high beam energies used, the 7-rays need to be
detected with good angular resolution in order to mini-
mize Doppler broadening effects. Two detectors are used
alternatively: the Crystal Ball spectrometer [74], which
consists of 160 Nal detectors covering almost the full solid
angle, or, a Csl array consisting of 144 submodules. The
latter covers only the forward hemisphere, but with better
angular resolution. Still, the resolution is limited by the
Doppler broadening.

The excitation energy prior to decay is obtained by re-
constructing the invariant mass combining the measure-
ments described above. The resolution in excitation energy
depends on the relative fragment-neutron kinetic energy
and the resolution for measuring the 7-sum energy (in the
projectile rest frame) in case of the population of excited
states. It changes from about 200 keV close to the thresh-
old to a few MeV in the region of the giant dipole reso-

nance (at excitation energies around 15 MeV). In order to
extract the electromagnetic excitation cross section from
the measurement with the lead target, the nuclear contri-
bution is determined from a measurement with a carbon
target and scaled accordingly before subtraction.

3 Direct reactions and single-particle
properties

3.1 Spectroscopy with radioactive beams

Direct reactions have played an important role in the past
to study the single-particle properties of stable nuclei. The
reactions used are transfer reactions, quasi-free scattering,
mainly of the (p, 2p) type, as well as (e, e'p) knockout reac-
tions using electron beams. Among these 'classical' direct
reactions, mainly the transfer reactions were applied to
radioactive beams so far. However, new tools were devel-
oped, which are applicable to high-energy low-intensity
secondary beams, namely nuclear one-nucleon removal re-
actions, and Coulomb breakup. Those two types of reac-
tions will be discussed in more detail. Transfer reactions
are only sketched very briefly in the next section, and the
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results will be compared at the end to those obtained from
knockout and Coulomb breakup.

3.2 Transfer reactions

A widely used class of reactions to study the single-particle
properties of stable nuclei are transfer reactions. The most
simple ones are the one-nucleon stripping and pickup re-
actions of the type AX(d,p)A+1X and AX(p,d)A~1X, re-
spectively. The single-particle configurations are identified
by determining the angular momentum (. of the transferred
nucleon from the measured angular distribution, while
the final state of the residual nucleus is identified using
a magnetic spectrometer. Prom the partial cross sections
to given states, spectroscopic factors are deduced, which
provide a measure of the overlap of initial- and final-state
wave functions in terms of an expansion in single-particle
states (observed in the experiment).

The theory used usually to describe the reaction and
to extract the above quantities is the distorted-wave Born
approximation (DWBA). The calculation involves poten-
tial parameters, which are deduced from systematic stud-
ies (of stable nuclei) yielding optical potentials valid for
certain mass and energy regions. Effects of breakup and
inelastic excitations are also sometimes included, see [75,
76] for a discussion.

The optimum beam energy to study transfer reac-
tions is defined by the matching condition with the mo-
mentum of the valence nucleons, typically around 100-
200 MeV/c, corresponding to beam energies of about 10-
20 MeV/nucleon. Applying the transfer reaction to short-
lived nuclei implies the use of inverse kinematics, which
means shooting a radioactive beam (~ 20 MeV/nucleon)
on, e.g., a proton target. The experimental challenges

are to achieve high enough angular and energy resolu-
tion, and sufficient beam intensities. Fortier et al. [77,78]
succeeded to perform such a transfer reaction in inverse
kinematics using a 35 MeV/nucleon u Be secondary beam
(3 x 104 ions/s) provided by the GANIL accelerator facil-
ity. The measured position spectrum of the 10Be fragments
at the focal plane of the spectrometer is shown in Fig-
ure 8 (left) without (upper frame) and with (lower frame)
coincidences of deuterons emerging from the (CH^n tar-
get. The different states in 10Be populated in the reac-
tion are clearly visible. The 6 MeV peak arises from a
group of non-resolved states, most probable negative par-
ity states populated after removal of p3/2 neutrons from
the 10Be core. The angular distributions (right panel) for
the population of the ground and first excited (2+) state
of 10Be reveal the typical pattern for angular momenta
I = 0 and i = 2, respectively. From the DWBA analysis,
spectroscopic factors for these two single-particle compo-
nents were extracted [77,78]. The results are discussed
in comparison with the results obtained from other re-
actions, namely the nuclear one-neutron removal reaction
(section 3.3.2) and the Coulomb breakup (section 3.3.4).

3.3 Knockout and neutron-removal reactions

3.3.1 Reaction mechanisms

Key aspect of reactions using high-energy radioactive
beams is the fact that the reaction occurs fast, fast com-
pared to the time scale of the internal motion of nucleons
inside the nucleus. At beam energies above a few tens of
MeV/nucleon, the internal degrees of freedom can be con-
sidered to a very good approximation as 'frozen' during
the collision, the so called 'sudden approximation' or 'adi-
abatic approximation' [75,37]. In this approximation, the
momentum of the recoiling fragment after one-nucleon re-
moval provides a direct measure of the wave function of
the removed nucleon. Sauvan et al. [79,80] studied sys-
tematically one-neutron removal reactions for neutron-
rich nuclei in the psd shell. Figure 9 summarizes their
measured inclusive momentum distributions of the A - 1
fragments [79]. Pronounced changes in nuclear structure
are clearly visible from this figure for some nuclei: The
shape and width of momentum distributions changes dra-
matically for neutron-rich isotopes when moving across
the N = 8 or N = 14 neutron shells. The narrow momen-
tum distributions observed in these cases, e.g., for 15C and
23 O, provide a signature for the development of a halo-
like extended neutron wave function. This is explained by
a large spectroscopic factor for s single-particle states in
conjunction with low separation energies. The structure of
these nuclei will be discussed in more detail together with
exclusive measurements of the electromagnetic and nu-
clear induced one-neutron removal reactions later in this
section. The sensitivity of the momentum distributions to
nuclear structure even in inclusive experiments is clearly
demonstrated in Figure 9.

Another important approximation, the eikonal approx-
imation, can be applied at high beam energies since the
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Fig. 9. Inclusive longitudinal momentum distributions of the A - 1 fragments after one-neutron removal from various projectiles
as indicated. The measurements were performed at GANIL using beam energies around 60 MeV/nucleon [79]. The figure is
taken from the work of Sauvan et al. [79].

scattering process is concentrated to forward angles. This
makes the theoretical treatment of the reaction much sim-
pler and the extraction of nuclear structure observables
more reliable, since reaction and structure are disentan-
gled.

Depending on the target used, different reaction mech-
anisms are important. For light targets, e.g., Be or C tar-
gets, the reaction is dominated by the nuclear interaction,
while for heavy targets such as lead, the electromagnetic
interaction will dominate the process. Not only the valence
or halo neutron can be removed in the reaction, but also
more deeply bound neutrons might be removed from an
inner shell, i.e., from a core state. Commonly, three differ-
ent reaction mechanisms are considered to contribute to
the one-neutron removal channel:

i) Knockout of a neutron from the projectile (inelastic
breakup). The knockout reaction may be viewed as a
quasi-free scattering of the neutron off the target. The
neutron-target reaction will result in a relatively large
momentum transfer to the neutron. As a consequence,
the neutron will be scattered to large angles or even be
absorbed by the target and will thus not appear as a
projectile-like fragment in the forward direction (with
a velocity close to the beam velocity). In the literature,
this process is sometimes referred to as absorption or
stripping.

ii) Nuclear inelastic scattering into the resonant or non-
resonant continuum. In case of halo nuclei, this pro-
cess is often considered as a diffractive dissociation
or diffraction of the neutron, analogous to Fraunhofer
diffractive scattering of light on a black sphere. Since
this process corresponds to an elastic scattering of the
neutron off the target, this reaction mechanism is fre-
quently referred to as elastic breakup.

iii) Electromagnetic dissociation (Coulomb breakup) due
to the rapidly varying electromagnetic field of a high-
Z target experienced by the fast moving projectile.
The inelastic electromagnetic scattering may popu-
late resonant states (e.g., the giant dipole resonance),
or cause non-resonant transitions into the continuum.
The latter process is especially important for weakly
bound nucleons yielding large diuole-transition ma-
trix elements close to the neutron threshold ('thresh-
old strength'). Due to the smaller effective charge for
higher multipolarities [81], the cross section is domi-
nated by dipole excitations.

3.3.2 Nuclear one-neutron removal reactions

Cross sections The cross sections for the nuclear induced
one-neutron removal reaction can be calculated using the
eikonal approximation, which is well justified at the high
beam energies of interest here. The single-particle cross
sections u^pOck and <r̂ pff for the two contributing reaction
mechanisms, knockout and diffraction, respectively, can
be calculated separately [82,83]:

knock
7sp = Jdb((l-\Sn\2)\Sc\

2). (1)

= / <ft [(1(1 - SeS„)|2) - |((1 - S<&))|2], (2)Tdiff .
sp

Here, { ) denotes a ground-state expectation value
and Sc and Sn the profile functions for the core-target
and neutron-target systems, respectively. The quantities
Sc and Sn are expressed as functions of their individual
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impact parameters and are calculated in the eikonal ap-
proximation using density distributions for the target and
the core with parameters reproducing measured cross sec-
tions. As an approximation, we make use of the 'no recoil
limit' [83], in which the impact parameter of the core is
assumed to coincide with the impact parameter b of the
projectile. In this case the core-target profile function can
be taken outside the expectation value and the probabil-
ity, e.g., for the one-neutron knockout, reduces to

= S2
c(b)J d3r - Sl(bn)), (3)

where (j)nej(r) denotes the single-particle wave function
with quantum numbers n£j expressed in terms of the rel-
ative core-neutron distance r. In this representation, Sn
and Sc have a very clear meaning: (1 - S%) yields the re-
action probability of the neutron with the target, while
Sc guaranties the survival of the core ('shadowing effect').
The result is a surface-peaked reaction probability as dis-
played in Figure 10 (dash-dotted curve) for the knockout
of the 2sj/2 neutron from n Be on a lead target. The total
probability for a nuclear reaction of n Be with the target
is shown as a function of impact parameter by the dashed
curve. The neutron-core relative-motion wave functions
<j>nej are calculated in a Woods-Saxon potential with ra-
dius r0 = 1.25 fm and diffuseness a = 0.7 fm.

A similar intuitive expression as for the knockout
(Eq. 3) can be found for diffractive breakup by making
use of the no-recoil limit. In that case, Eq. 2 reduces to

- Sn(bn))\
2) - (4)

The first term describes the elastic scattering of the neu-
tron off the target with the Sc in front ensuring the core
survival, while the second term subtracts the part where
the projectile is not excited (elastic scattering of the pro-
jectile with scattering function S = ScSn). This corre-
sponds to the view of the breakup caused by diffraction of
the neutron at the target. The fact that the difference be-
tween results using Eqs. 2 or 4 is small (20% in case of n Li
[83]) tells us that the neglected contribution, correspond-
ing to elastic scattering of the core (or both neutron and
core) followed by breakup is small, contributing mainly
to the elastic channel. The expression for the diffractive
scattering contains also excitations to bound states in the
projectile. Calculating the one-nucleon removal cross sec-
tions by using Eq. 2 thus implies the assumption that the
projectile has no bound excited states, which is a good
approximation for very loosely bound nuclei. The rela-
tive contribution of the two components depends on the
beam energy but also on the single-particle properties. At
high energies (few hundred MeV/nucleon), the dominant
process to the one-neutron removal channel is knockout.
At lower energies (50 MeV/nucleon), the process cannot
be described by the forward imaginary scattering ampli-
tude only, and an optical potential including a real part
has to be considered [84,82] accounting for most of the
rise of the cross section for diffractive breakup at lower
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Fig. 10. Dissociation probabilities for 520 MeV/nucleon n Be
on lead as a function of impact parameter b. The dashed curve
displays the total nuclear reaction probability, while the dash-
dotted and solid curves show the one-neutron removal probabil-
ity for nuclear and electromagnetic dissociation, respectively.
The dotted curve indicates the cross section for electromag-
netic dissociation as a function of the upper integration limit
6, normalized to its asymptotic value. This value reaches 50%
for b = 40 fm. From Palit et al. [57].

energies. In particular for loosely bound neutrons in low-
angular momentum states, the diffraction cross section be-
comes larger, e.g., about one half of the neutron removal
cross section for the n Be breakup at 50 MeV/nucleon
[69], and ~ 20% at 500 MeV/nucleon. For more deeply
bound nucleons, the knockout process becomes dominant
also at lower energies, justifying the approximation dis-
cussed above. For the breakup of 240 MeV/nucleon 6He
in a carbon target the cross section ratio o-diffŷ knock w as
measured amounting to about 1/4 [53], see Figure 11 and
the discussion in the next section.

The treatment of the nuclear inelastic scattering
(diffractive) cross section as described above neglects the
neutron-core final-state interaction (see related discussion
in the context of Coulomb breakup in section 3.3.4) and
ignores energy conservation. Although a small effect (an
excitation energy of a few MeV has to be compared to the
beam energy), the latter can explain the small deviations
between the measured momentum distribution after n Be
breakup and the eikonal calculation visible in Figure 12. A
more elaborated treatment of the reaction was performed
by Tostevin et al. using a coupled channels approach with
discretized continuum [85]. The authors obtained an excel-
lent description of the data including the slight asymmetry
of the distribution. The excitation of the projectile causes
a slowing down and thus a shift of the core momentum
towards negative values (in the rest frame of the projec-
tile). At higher energy, the eikonal approximation becomes
very accurate as shown recently by Esbensen and Bertsch
[86]: their result from calculations solving numerically the
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Fig. 11. Cross sections for breakup reactions of
240 MeV/nucleon 6He into a plus neutrons on carbon
and lead targets. The solid and dashed lines connect the
values from calculations in an eikonal model (see text). From
Ref. [53].

time-dependent Schrödinger equation agrees within one
percent with the eikonal result for beam energies of sev-
eral hundred MeV/nucleon. For a more detailed discussion
of non-eikonal theories and the limitations and accuracy
of the description we refer to the article by Esbensen and
Bertsch [86], the coupled channels calculations by Tostevin
et al. [85], and the review article by Hansen and Tostevin
[39], as well as references cited therein.

The partial theoretical cross sections are calculated
separately for the (observed) core state I* and is com-
monly assumed to be a product of a spectroscopic factor
C2S and a single-particle cross section asp given by the
sum of equations 1 and 2 [84] (plus a Coulomb breakup
part, which is usually negligible in case of light targets,
see next section):

(5)
nij

The total (inclusive) one-neutron removal cross section
can be evaluated by summing over all contributing con-
figurations populating final core states (I£).

Momentum distributions The interest in one-neutron re-
moval reactions using fast radioactive beams was triggered
by the study of halo nuclei. In the sudden approximation,
the recoiling momentum of the A — 1 fragment (in the
rest frame of the projectile) is equal to the momentum of
the removed nucleon (with opposite sign). The momentum
distribution of the recoiling fragment thus corresponds to
the Fourier transformation of the nucleon's wave function.
Indeed, for halo nuclei, much more narrow momentum dis-
tributions were found in breakup reactions [87] reflecting
the spatial extension of the halo (see, e.g., the review of
Orr [14]). The simple picture of a Fourier transformation
of the wave function, corresponding to the transparent

limit of the Serber model [88], however, failed in reproduc-
ing the data quantitatively. The reaction channel requires
that the core survives the collision. Consequently, the re-
action probability is surface peaked, and the momentum
distribution reflects only part of the wave function. This
was already realized in the analysis of fragmentation data
of stable beams from the Bevalac, see, e.g., the paper by
Hiifner and Nemes: 'Relativistic heavy ions measure the
momentum distribution on the nuclear surface' [89]. In
case of halo nuclei, the effect is less pronounced, though.
It became most important when trying to understand the
narrow momentum distribution of the one-proton halo nu-
cleus 8B [90]. Here, the surface localization of the reaction
yields a rather large effect on the observed width of the
momentum distribution since the proton is in a p state.
The centrifugal barrier together with the Coulomb barrier
confines the wave function. The effect of surface localiza-
tion is much more pronounced in this case since only a
small part of the wave function is probed by the reaction
resulting in a width of the momentum distribution much
narrower than expected from a Fourier transformation of
the wave function. By taking this effect into account prop-
erly, Esbensen [91] and Hansen [92] could quantitatively
reproduce the width of the measured distribution.

Since the asymptotic decay of the wave function out-
side the nuclear potential depends only on the separation
energy and the angular momentum of the nucleon (apart
from the Coulomb barrier), one can directly determine
the £ value of the removed nucleon from the shape of the
measured momentum distribution (assuming the separa-
tion energy is known). This sensitivity is demonstrated
in Figure 12 (right panel), where the experimental distri-
bution is compared to calculations assuming different I
values for the knocked-out neutron. Usually, the distribu-
tions in longitudinal momentum py (parallel to the beam
direction) are analyzed because they are not distorted
by other effects like Coulomb deflection. Such effects are,
however, small for light targets and in particular at high
energies. For a detailed theoretical analysis of longitudinal
and transverse momentum distributions and their differ-
ences we refer to the articles by Sauvan et al. [80], Carstoiu
et al. [93], and Bertulani and Hansen [94].

Coincident measurement of 7-rays Another assumption
which was made in the early (inclusive) measurements of
breakup reactions was neglecting nucleon removal from
more deeply bound states. Although such contributions
turn out to be small for halo nuclei, they can contribute
significantly in particular to the tails of the momentum
distributions. Figure 12 shows results from an experiment
performed at MSU with a n Be beam [69]. The left part of
the figure shows the 7 spectrum in coincidence with 10Be
fragments produced from 60 MeV/nucleon n Be beam im-
pinging on a Be target. Several excited states are observed,
the group at 6 MeV stems from the decay of negative par-
ity levels in 10Be populated after removal of a p neutron
from the 10Be core, while the halo s neutron acts as a
spectator. The coincident measurement of 7-rays allows
to differentiate the momentum distributions according to
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Fig. 12. One-neutron removal reaction of nBe (60 MeV/nucleon) on a Be target measured with the S800 spectrometer at the
NSCL. Left: Doppler-corrected 7 spectrum measured in coincidence with 10Be. Right: Parallel momentum p|| distribution of
the 10Be fragments in the rest frame of the projectile. Only the contribution leading to the ground state of 10Be is shown. The
data are compared to calculations assuming different £ values as indicated demonstrating the sensitivity of the p|| distribution
to the angular momentum I of the removed nucleon. Prom Aumann et al. [69].

the different states populated, and thus to disentangle the
contributions of different single-particle components to the
reaction. Prom the resulting partial cross sections, spec-
troscopic factors may be obtained by comparing to theo-
retical cross sections (see previous paragraph). In the ex-
ample shown, the momentum distribution solely related to
the knockout of the halo s neutron of n Be was extracted
(after subtracting contributions from excited states) [69],
which exhibits a very small width reflecting the large spa-
tial extension of the n Be neutron halo. From the cross sec-
tions, spectroscopic factors for the ^2s1/2<S)loBe(0+) and
the t/ld5/2®loBe(2+) single-particle configurations were
extracted [69]. The spectroscopic factor of 0.87(13) for
the s component is in good agreement with the shell model
prediction, as well as with a measurement [95] of the mag-
netic moment at ISOLDE, and the transfer reaction ex-
periment discussed in the previous section.

In summary, the method of nuclear nucleon-removal
reactions as a spectroscopic tool consists of a measurement
of the states populated in the A — I nucleus by means of 7-
coincidences, plus a measurement of the recoil momentum
of the A - 1 fragments differentiated according to the final
core states yielding the £ values of the removed nucleons
(in general, these can be configurations with mixed angu-
lar momenta). Finally, spectroscopic factors are derived
from the partial cross sections by comparing to theoreti-
cal single-particle cross sections.

3.3.3 Knockout to continuum states

Reaction mechanisms Among the halo nuclei observed
at the neutron dripline, two-neutron halo nuclei have at-

tracted particular interest due to their three-body char-
acter with its two-body subsystems being both unbound
[8,96]. Because of this property they were named "Bor-
romean" nuclei [8]. Examples are the neutron-halo nu-
clei 6He, nLi, and 14Be, or 17Ne on the proton-rich side.
The one-nucleon removal reaction discussed above popu-
lates in this case unbound states in the A - 1 systems,
which decay in flight. Considering only reactions where
the core remains intact, the following reaction mechanisms
may be distinguished for high-energy beams: i) A one-
nucleon knockout reaction followed by the decay of the
A - 1 unbound system. While the nucleon knocked out by
the target will be scattered to large angles or even be ab-
sorbed, the second nucleon will be emitted from the decay
in flight with small core-nucleon relative energy, thus will
be detectable in the forward direction, ii) Both nucleons
might react with the target, corresponding to a simulta-
neous two-nucleon knockout reaction. In that case none
of the nucleons will be observed in the projectile-rapidity
domain, iii) Inelastic excitation to the continuum of the
projectile by nuclear or electromagnetic interaction with
subsequent decay. In that case, both nucleons will have a
velocity close to the beam velocity.

Cross sections As an example, breakup reactions of a
240 MeV/nucleon 6He beam on carbon and lead targets
studied with the LAND reaction setup at GSI (see Fig. 7)
[53] shall be discussed. Since the structure of ^He is well
understood, we consider the fragmentation of 6He as a test
case to study the interplay between nuclear structure and
reaction mechanisms. In the analysis of Ref. [53], the dif-
ferent reaction mechanisms were characterized according
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to the apparent neutron multiplicity mn in the LAND neu-
tron detector placed at zero degree covering angles of up
to ±70 mrad. The resulting cross sections are displayed in
Fig. 11 for reactions with carbon (full symbols) and lead
(open symbols) targets. The labels "—2n" (two-neutron
knockout), "—In" (one-neutron knockout) and "inel." (in-
elastic excitation) correspond to apparent neutron mul-
tiplicities of mn = 0,1,2, respectively. Although there is
no well defined division line between the different reaction
mechanisms discussed above in terms of the angular distri-
bution of the neutrons in the laboratory frame, the distri-
butions are sufficiently different to separate the contribu-
tions. The angular distribution of neutrons after reacting
with a carbon target was estimated by Zinser et al. [56] for
280 MeV neutrons using the intra-nuclear cascade code Is-
abelle [97] showing that very little intensity falls within the
acceptance of LAND. The distribution is very broad and
peaks around 30°, while the neutrons stemming from a de-
cay of resonant or non-resonant states in the continuum
are detected with good efficiency up to 7 MeV excitation
energy (see Ref. [53] for details). The cross sections differ-
entiated according to the measured neutron multiplicity as
shown in Fig. 11 are thus expected to resemble the differ-
ent reaction mechanisms. This is corroborated by the fact
that the distribution of the breakup cross section among
the three reaction channels, In knockout, In knockout,
and inelastic excitation (diffraction) can be perfectly well
reproduced by the eikonal calculation [83] for the carbon
target, see bars connected by solid lines in Figure 11. For
the lead target, the experimental (open symbols) In and
2n knockout cross sections are reproduced by the eikonal
calculation (bars connected by dashed line) within the ex-
perimental errors as well, but a considerable excess for the
experimental inelastic cross section is found, which can be
attributed to electromagnetic excitations [53].

Momentum distributions In case of nucleon-knockout re-
actions to the continuum, the momentum distribution of
the core fragment is not directly related to the intrinsic
momentum of the knocked nucleon as discussed in the pre-
vious section. Both the fragment and the neutron distri-
butions are influenced by the final-state interaction be-
tween the neutron and the fragment [98-102]. By tak-
ing such final-state interactions into account, the mea-
sured momentum distributions [103] could be reproduced
[88]. The sensitivity on the original wave function, how-
ever, seems to be partially lost, since different wave func-
tions [104,105,98] yield good agreement with the exper-
imental distributions. The center-of-mass motion of the
(fragment-l-neutron) system, however, is not influenced by
final-state interactions, and thus can directly be compared
to the model calculations as pointed out in Ref. [88]. The
width of the momentum distribution is governed by the
asymptotic decay of the wave function and thus by the I
value and the separation energy.

The transverse momentum distribution of the re-
coiling unbound 5He after one-neutron knockout from
240 MeV/nucleon 6He projectiles in a carbon target (as re-
constructed from a and neutron momenta) is displayed in

the left panel of Figure 13. The dashed curve corresponds
to the full Fourier transformation of the three-body wave
function from Ref. [106]. After introducing a radial cutoff
in order to account for the peripheral nature of the re-
action process, perfect agreement with the experimental
data was achieved [88] (solid curve). The method outlined
by Hansen [92] was used, but applied to a two-neutron
halo nucleus. Therefore, the asymptotic of the three-body
wave function was approximated by a Hankel function
for £ = 1. A good fit to the three-body wave function is
achieved for a one-neutron separation energy of 1.75 MeV
[88], very close to the value of 1.86 MeV [107] expected
for the binding energy of 6He (S^n = 0-9? MeV) relative
to the separation in 5He(g.s. at 0.89 MeV) and neutron.
The difference of the two curves visualizes the influence
of the reaction mechanism. The second observable being
sensitive to the asymptotic of the wave function and thus
to the separation energy is the cross section. By applying
Eq. 1 using a single-particle wave function for I = 1 and
a separation energy of Sn = 1.86 MeV, a cross section
of 66 mb is obtained. By comparing to the experimental
cross section of 127(14) mb [53], a spectroscopic factor of
1.9(2) is obtained in good agreement with the expectation
of 2 for a a + n + n three-body structure of 6He.

Invariant-mass spectroscopy Similar to the 7-
coincidence measurement after one-nucleon removal
as discussed in the previous section, the states populated
in the daughter nucleus may be identified in the case
of population of unbound states by the invariant-mass
method. The invariant-mass spectrum of 5He (a — n
relative kinetic energy distribution) after one-neutron
knockout from 6 He in a carbon target is displayed in mid-
dle frame of Figure 13 [103]. A prominent peak coinciding
with the energy of the known p3/2

 5He ground-state
resonance is visible. A Monte-Carlo calculation starting
from a Breit-Wigner parametrization of this resonance
with parameters taken from the literature (dotted curve)
can reproduce the data very well for energies larger
than 0.5 MeV (solid histogram). Contributions involving
excited states of 5He are not evident. Additional evidence
for the dominance of this resonance is obtained by
inspecting the correlation function deduced by dividing
the experimental spectrum with a randomized one
(see Ref. [103] for details). Moreover, the momentum
distributions of the neutron and the a particles can
be reproduced by assuming a two-step process: One
neutron knockout leading to the unbound 5He resonance
(with a comparatively long lifetime of about 300 fm/c),
which subsequently decays into a + n (far away from the
reaction zone) [103].

Angular correlations The presence of the intermediate
5 He resonance can also be seen in the angular correlation
observed between the direction of the 5He momentum and
the a - n relative momentum pQ n = ^ ^ ( ^ - %)
[108]. The distribution on this angle #Qn is shown in the
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Fig. 13. One-neutron removal reaction from 6He (240 MeV/nucleon) on a C target measured with the LAND reaction setup at
GSI [103,108]. Left panel: Transverse momentum distribution of sHe compared to calculations with (solid curve) and without
(dotted curve) taking into account the peripheral nature of the reaction. Middle panel: a — n relative energy distribution. The
dotted curve shows the 5He ground-state resonance, which after convolution with the instrumental response (solid histogram)
accounts for most of the measured cross section. Right panel: Angular correlations in the decay of 5He (see text). Figures from
Ref. [109].

right panel of Fig, 13 exhibiting an anisotropy characteris-
tic for a relative angular momentum £n = 1. The solid his-
togram, which describes the data very well, results from a
Monte-Carlo calculation assuming an angular correlation
function W ~ 1 + 1.5cos2(#Qn). Experimental effects are
taken into account in the Monte-Carlo procedure. A two-
step process involving only the P3/2 resonance, however,
would yield a correlation function W ~ l + 3cos2(t?o,n), an
anisotropy twice as large as the observed one. Chulkov and
Schrieder [110] have shown that the experimental result
can quantitatively be understood by assuming a 7 % ad-
mixture only of the higher lying p^/2 resonance in 5He. In
turn, the presence of the angular correlation between the
5 He momentum and the decay direction (or momentum of
the second neutron) shows that the (a + n) center-of-mass
motion indeed is correlated to the initial momentum of
the halo neutron prior to the knockout reaction, and thus
carries the information on the projectile wave function.

In summary, the breakup reaction of In halo nuclei on
light targets is dominated by a two-step process: knock-
out of one of the halo neutrons populating states in the
unbound A - 1 nucleus, which subsequently decay into
core+n. A small fraction of the nuclear breakup cross sec-
tion can be attributed to inelastic excitation of the projec-
tile, see section 4 for further discussion. A differentiation
of the different reaction mechanisms can be achieved ac-
cording to the neutron multiplicity apparent in forward
direction. The states populated in the daughter nucleus
are identified by the invariant-mass method, the angular
momentum £ of the knocked-out neutron is determined
from the momentum distribution of the core+n recoiling
system. Further information on the quantum numbers of
the states involved is obtained from the angular correla-
tions.

3.3.4 Coulomb breakup

The electromagnetically induced one-nucleon removal re-
action may be utilized as a spectroscopic tool in a similar
manner as the nuclear reaction discussed in the previous
section. Again, a coincident measurement of the A — 1
fragment and 7-rays yield the partial cross sections from
which the spectroscopic factors are deduced. In this case,
the observable being sensitive to the angular momentum
of the removed nucleon is the dipole-strength distribution
which is extracted from the differential cross section for
electromagnetic excitation.

The large cross sections observed for the electromag-
netic dissociation of halo nuclei can be explained by non-
resonant transitions to the continuum due to a large over-
lap between the tail of the neutron wave function and con-
tinuum wave functions with large wavelength, i.e., small
relative momenta q (direct-breakup model). Since the ef-
fective charge Zeff ~ A~x (with A being the multipolar-
ity) gets smaller for higher multipolarities, the breakup
process is dominated by dipole transitions. Typel and
Baur [81] estimated the E2 contribution for the Coulomb
breakup of 19C, for instance, to be more than three or-
ders of magnitude smaller than the El cross section.
Quadrupole and higher multipolarities can thus safely be
neglected and the differential cross section can be factor-
ized into the number NEI(E*) of equivalent dipole pho-
tons with energy E* associated with the rapidly varying
Coulomb field of the target, and the square of the dipole
matrix elements [111,112]:

dE*
nlj

(6)

NEI (E*) is calculated using the semiclassical approxima-
tion [113] with a minimum impact parameter 6mjn ob-
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Fig. 14. Breakup of 520 MeV/nucleon u Be into 10Be and one neutron measured with a lead target [57]. Left: Doppler corrected
7-sum energy spectrum measured with the Crystal Ball in coincidence with a 10Be fragment and a neutron. The solid curve is
a fit to the experimental spectrum using response functions generated by GEANT Monte-Carlo simulations. The inset shows a
partial level scheme for 10Be [118] indicating the observed transitions and the population after breakup. The energy of the levels
is given in MeV. Right: Dipole-strength distribution of 11Be deduced from the measurement of the differential cross section
da/dE* for electromagnetic breakup yielding the 10Be fragment in its ground state (filled symbols). The open symbols display
the result obtained by Nakamura et al. [58] from a Coulomb-breakup experiment at lower beam energies. In the latter case,
excited state contributions were not subtracted. The dashed and solid curves display the result of the direct-breakup model
before and after convoluting with the instrumental response, respectively, and after multiplying with a spectroscopic factor of
0.61. The dotted curve results from a calculation using the plane-wave approximation. Prom Palit et al. [57].

tained, e.g., from the parametrization given in Ref. [114].
The influence of this particular choice for 6min is not very
important for halo nuclei and can be verified by a calcu-
lation making use of the eikonal approach which avoids
using this parameter resulting in a smooth cutoff when
the strong absorption sets in [115] (see also the calcu-
lated probability for Coulomb breakup as a function of
the impact parameter b, shown by the solid curve in Fig-
ure 10). Similar to the eikonal calculation for the nuclear
cross sections, the Coulomb breakup cross sections are cal-
culated for individual single-particle ground-state config-
urations of the neutron with a relative-motion wave func-
tion (ßnej{r) and corresponding core state (7J). In general,
more than one configuration can contribute, and the cross
section involving the core state (ij) is calculated by sum-
ming over the respective configurations. In that case, the
differential cross section might be used to disentangle the
different contributing £ values [60]. The associated spec-
troscopic factors C2Sm,n£j) are obtained experimen-
tally by the ratio of the measured partial cross sections
for the population of core states (/,?) obtained from the 7
coincidences, and the theoretical cross section with unity
spectroscopic factor. The final state \q) in the continuum
might be approximated by a plane wave [116,117]. The
final-state interaction between the neutron and the core
can be taken into account by using an appropriate optical
potential with parameters taken from the literature.

As an example, the results obtained for the halo nu-
cleus 11Be [57] are shown in Figure 14. The 7-ray sum-
energy spectrum as recorded in coincidence with 10Be
fragments and a neutron (left panel) reveals contributions

to the breakup cross section involving the 2+ first, excited
state at 3.37 MeV but also higher-lying states of 10Be
at around 6 MeV excitation energy, very similar to the
nuclear one-neutron removal reaction [39] and the trans-
fer reaction [77] discussed in sections 3.3 and 3.2, respec-
tively. The high-energy transitions result from removal of
more deeply bound core neutrons from the p shell pop-
ulating 1~ and 2~ states. The solid curve describing the
measured spectrum results from a fit to the data involv-
ing response functions generated by Monte-Carlo simu-
lations for the observed transitions (as indicated in the
partial level scheme shown as insert) and a low-energy
background arising from atomic interactions in the tar-
get. After subtracting the excited-state contributions, the
differential cross sections da/dE* for ground state transi-
tions, i.e., excitations solely related to the 2s1/2<8>10Be(0+)
halo state, are obtained.

After subtracting the nuclear contribution of the mea-
sured cross section with the lead target, the dipole
strength distribution is derived from the resulting dif-
ferential cross section for electromagnetic excitation by
dividing out the number of equivalent photons. The ex-
perimental dipole-strength function for transitions to the
10Be ground state is shown in the right panel of Figure 14
(symbols). The result of the calculation with the direct-
breakup model (equation 6) is displayed by the dotted and
solid curves for the plane-wave and distorted-wave calcu-
lations, respectively. The distorted continuum waves were
calculated with an optical potential adopting parameters
from Ref. [119]. The normalization of the theoretical curve
was adjusted by multiplying with a spectroscopic factor of
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0.61(5) as derived from the ratio of experimental to cal-
culated cross sections for electromagnetic breakup. First,
we note a remarkable agreement of theory and experiment
concerning the shape. Only minor differences can be ob-
served in the peak region. The shape is not very sensitive
to the optical potential used, as can be seen by compar-
ison with the result for plane waves (dotted curve). The
small dependence on the parameters used for the opti-
cal potential is incorporated in the error for the deduced
spectroscopic factor of 0.61(5) for the halo neutron in the
2si/2 orbital coupled to the 0+ ground state of the 10Be
core. Prom the integrated dipole strength, a correspond-
ing root-mean-square radius for the s neutron halo density
distribution of 5.7(4) fm is deduced [57].

An independent extraction of the spectroscopic factor
from the diffraction dissociation cross section measured
with a carbon target and an eikonal calculation for this
cross section yields an occupancy of 0.77(4) [57], in good
agreement with the result of 0.87(13) deduced from the
one-neutron removal cross section measured at lower inci-
dent energy [69]. We note that the two results extracted
from electromagnetic and nuclear breakup differ by 20%.
The difference might reflect the systematic uncertainties
inherent in the methods and models used. A theoretical
model avoiding the choice of parameters for the optical
potential, which are often uncertain in case of exotic nu-
clei, was recently developed by Typel and Baur [120]. In
their effective-range approach the only free parameter is
a reduced scattering length describing the core-neutron
interaction, which can be deduced from a fit of the cal-
culation to the measured differential cross section. Prom
an analysis of the data discussed above [57] they obtain
a spectroscopic factor of 0.70(5) [120] in agreement with
the shell-model prediction of 0.74 by Brown et al. [69],
and also with the ones derived from the nuclear breakup
discussed above.

The Coulomb breakup of In halo nuclei was measured
for n Li [54-56], 6He [53,121] and 8He [122,123] exhibiting
large dipole-transition strength just above the threshold.
The dipole-strength function as extracted from the elec-
tromagnetic excitation cross section for 240 MeV/nucleon
6 He projectiles impinging on a lead target [53] is displayed
in Fig. 15 (solid curve). The experimental strength distri-
bution is compared to results from three-body calcula-
tions of Danilin et al. [124] (dashed curve) and Cobis et
al. [125] (dotted curve). The differences between the two
theoretical results may reflect the different interactions
being used. To which extent the dipole strength is of res-
onant origin is currently being investigated theoretically
[124,126,127]. Further investigations concerning the anal-
ysis of three-body correlations in the decay of 6He after
electromagnetic excitation [128] may give deeper insight
into the characteristics of the three-body continuum exci-
tations.

The integrated strength of the experimentally derived
distribution (up to 5 MeV excitation energy) exhausts the
energy-weighted (EW) Thomas-Reiche-Kuhn (TRK) sum
rule STRK [129] to (10 ± 2)% [53]. In a halo nucleus like
6He, the most interesting comparison of the electromag-

0.00
0.0 2.0 3.0 4.0

E- - E t h r (MeV)
5.0 6.0

Fig. 15. Dipole-strength distribution in 6He. The shaded
area reflects the experimental result obtained from a Coulomb
breakup experiment [53], the dashed and dotted curves display
results from the three-body models of Refs. [124] and [125], re-
spectively. Figure from Aumann et al. [53].

netic El strength function is provided by its relation to
cluster sum rules [130-132]. This is connected with the
fact that the main mode of motion at low energies only
contains the a particle and two neutrons.

The energy-weighted "cluster" sum rule [130,131] is
obtained by splitting the strength of the dipole motion
into that of the core, that of the halo nucleons, and that of
the relative motion between core and halo. For a neutron
halo, one obtains

cEW
2 „2

or the ratio

NhZ
2e

• AAC 2m

ZcNh
ArN'

(7)

(8)

where indices c and h refer to core and halo, respec-
tively. The El non-energy-weighted (NEW) cluster sum
rule [133,134] (see also [135]) reads

cNEW 3
r2 > -
rc >~ 4?r

,Nh,
'A'

r2
rh

where rc (r^) describes the distance between the center-
of-mass of the core (halo neutrons) to that of the whole
nucleus.

The experimental energy-weighted El strength inte-
grated up to 10 MeV excitation energy is very close to
the cluster sum-rule limit. The experimental value for the
non-energy-weighted strength in the same energy inter-
val amounts to 1.2(2) e2fm2 [53], from which by means
of Eq. 9 the rms values y/< r2 > = 1.12(13) fm and
y/< r\ > = 2.24(26) fm were deduced. The deduced value
for the root-mean-square distance between the a parti-
cle and the two valence neutrons amounts to ra_2n =
3.36(39) fm. The theoretical results from different three-
body models (see Table 3 in Ref. [136]) give values for
fa-2n between 3.19 and 4.24 fm.
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Fig. 16. One-neutron removal reaction from n Li (287 MeV/nucleon) on a C target measured with the LAND reaction setup
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and (P3/2)2 configurations in the n Li ground state. Figures from Simon et al. [139,140] and Bertulani, Hansen [94].

3.4 Applications to the spectroscopy of exotic nuclei

3.4.1 The N = 8 shell closure

Several experimental findings have shown that the shell
closure at N = 8 vanishes for neutron-rich nuclei. This
includes, e.g., the fact that n Be has a 1/2+ ground state
("parity inversion") with the pi/2 single-particle state
close by at 320 keV excitation energy. A strong quadrupole
deformation of 12Be extracted from an inelastic proton
scattering experiment exciting the 2+ state was reported
by Iwasaki et al. [137]. A low-lying 1~ intruder state ob-
served in electromagnetic excitation of 12Be [138] provides
a consistent picture of the N = 8 shell melting. Here, the
one-neutron removal reactions of the N = 8 nuclei 12Be
[68] and nLi [139] providing spectroscopic factors shall be
discussed.

Navin et al. measured partial cross sections for the re-
action of a 78 MeV/nucleon 12Be beam on a Be target
populating n Be in its ground and first excited state (see
Figure 6). The momentum distribution recorded in coin-
cidence with the 7-ray of 320 keV from the decay of the
excited state in n Be has a shape characteristic for £ = 1,
while the distribution populating the ground state corre-
sponds to a knockout of a neutron from the (s!/2)2 con-
figuration. From the partial cross sections spectroscopic
factors were deduced showing that the neutrons occupy
the s and p configurations with similar weight. The sum of
the spectroscopic factors, however, is close to unity, which
lead the authors to the conclusion that the ground state
wave function of 12Be has a strong d component in ad-
dition. This component could not directly be seen in the
experiment because it involves unbound states of 11Be,
not observed in the experiment [68]. It is interesting to
compare this result to the n Li case. Here the knockout
reaction populates unbound states in 10Li. The left frame
in Figure 16 shows the 10Li invariant-mass spectrum mea-
sured by Simon et al. [139,140] for a knockout reaction
of a 287 MeV/nucleon n Li beam impinging on a carbon
target. The spectrum can be described by assuming two

states in 10Li populated with about equal intensity cor-
responding to the knockout from the (si/2)2 or (P3/2)2

components in uLi, respectively, in good agreement with
a relativistic Hartree-Bogoliubov calculation [141]. The in-
terpretation is evident from the transverse momentum dis-
tribution of 10Li shown in the middle panel of Fig. 16. A
fit to the distribution yields I = 0 and £ = 1 components
with similar cross sections [139]. Bertulani and Hansen
[94] extracted corresponding relative spectroscopic factors
of 33(2) and 64(5) for the two components, respectively.
They also included a d component in the fit, which turns
out to be very small (see Fig. 16). The angular correla-
tion shown in the right frame gives independent evidence
for the s and p mixture in the u Li wave function: The
distribution shows not only an anisotropic but also an
asymmetric shape. The asymmetry has its origin in the
interference between the two different decay paths pop-
ulating different parity states in 10Li, the ground state
(virtual s state) and excited states with £ = 1. A similarly
consistent picture can be derived from the 9Li—n relative-
energy spectrum (left panel), which can be described by
assuming two states in 10Li, an s state with scattering
length as > —40 fm, and a p state at resonance energy of
Er = 0.68(19) MeV [140].

It is interesting to note that the spectroscopic factor
for the (cfe/2)2 configuration is very small in the 11Li case,
see Figure 16. The authors of Ref. [94] obtain from the
fit shown in Fig. 16 a contribution to the nLi ground
state wave function of 4(3)% only. This is very differ-
ent from the finding for 12Be and also at variance with
the shell model calculation of Brown predicting a strong
admixture of £ = 2 components in both cases [68]. The
particle-vibration coupling model [142,143], however, is
able to reproduce both experimental results, a mixture of
s2,p2,d2 components in 12Be [143] in agreement with the
experiment of Ref. [68], and very little d2 admixture in
11Li, namely 2% [142] in accordance with the knockout
experiment discussed above.
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Fig. 17. Relative-energy spectrum of the 6He-n system mea-
sured after breakup of a 227 MeV/nucleon 8He beam in a car-
bon target. The spectrum is described by a fit (solid curve)
assuming two resonances. The inset shows the results of the
fit without the effect due to the experimental resolution. Prom
Meister et al. [144].

3.4.2 Continuum states: the first excited state of 7He

The coincident measurement of fragment and neutrons
from the decay of continuum states allows the spec-
troscopy of unbound nuclei as already discussed in the
context of knockout reactions with 6He and 11Li popu-
lating states in 5He and 10Li, respectively. A similar ex-
periment was performed at the LAND setup (Figure 7)
utilizing a 227 MeV/nucleon 8He beam to study states in
the unbound nucleus 7He after one-neutron knockout in a
carbon target [144,145]. The 6He-n relative-energy spec-
trum, shown in Fig. 17, exhibits a narrow resonance at
around 400 keV corresponding to the known I* = 3/2 ~
ground state of 7He. The shape of the spectrum reveals
an asymmetric shape towards higher excitation energies,
which can be well described by a fit assuming a second
resonance. The position and width of the ground state ob-
tained from this fit is in agreement with the values from
the literature [146].

The second state with resonance energy Er =
1.0(1) MeV and width T = 0.75 MeV is interpreted as
the pi/2 spin-orbit partner of the ground state, see the
proposed level scheme displayed in Figure 18. This im-
plies a rather small splitting of the p$/2 a nd P1/2 states of
about 0.6 MeV, which should be compared to the lowest
estimate of this energy difference in 5He which is 1.2 MeV
[147,148], thus a considerable decrease of the splitting of
the two lowest states is found when adding two more neu-
trons. This reduction might partially be related to the
fact that the spin-orbit force, which is proportional to
—(l/r)dV/dr, becomes smaller due to the difference in
size and diffuseness between 4He and 6He. The theoret-
ical predictions for the position of the l/2~ state rela-
tive to the ground state range from about 3 MeV within
the shell model approach [149] and the resonating group
model [105], and 2.2 MeV in large-base shell-model calcu-
lations [150], to about 0.9 MeV in quantum Monte Carlo
calculations [151] in fair agreement with the experiment.

1.8

5He +2n

4He + 3n

7He ° 0
+

6He + n
Fig. 18. Proposed level scheme of 7He. Prom Meister et al.
[144].

A Green's function Monte Carlo calculation [152] using,
e.g., the AV18/IL2 model [152] yields, however, a much
larger splitting of 2.7 MeV. The inherent difficulty here
is to calculate states in the continuum, in particular wide
resonances like the first excited state of 7He. Recently,
calculations within the "recoil corrected continuum shell
model" [153] have been performed for 7He by Halderson
[154] finding a splitting of 0.5-0.75 MeV and a width of
0.63 to 0.71 MeV in perfect agreement with the experi-
ment discussed above. The same calculation can also ex-
plain the fact that the state was not observed in the ex-
periment studying the 6He(p, n) reaction [155] searching
for the isobaric analog states of 7He due to kinematical
conditions.

3.4.3 Beyond the neutron dripline

The method of one-nucleon knockout populating continu-
um states as discussed in the previous section can also
be applied to study states in unbound nuclei beyond the
dripline. An example is the one-proton removal from 6He
populating states in 5H. From the coincident measurement
of the momenta of the triton and the two neutrons, the
5H invariant mass Etnn may be reconstructed [156]. The
experimental spectrum resulting from the reaction of a
240 MeV/nucleon 6He beam impinging on a carbon tar-
get is shown in Figure 19. A broad peak-like structure is
observed at around 3 MeV, which is in good agreement
with a three-body microscopic calculation [157] assuming
a t+n+n structure with a ground-state spin of I* = 1/2+.
The data have been further analyzed by inspecting the
energy- and angular correlations in the three-body decay
of 5H: The distributions are constructed for two different
Jacobi coordinate systems and fitted by theoretical ones
derived from a (truncated) series expansion of the final-
state wave function into hyperspherical harmonics. From
a simultaneous fit of energy- and angular distributions in
both Jacobi coordinate frames, the probability distribu-
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Fig. 19. Invariant-mass spectrum Etnn constructed from the
coincident measurement of triton and two neutrons after a one-
proton knockout reaction of a 240 MeV/nucleon 6He beam in
a carbon target. The curves display microscopic three-body
calculations [157] assuming different ground-state spins for SH
as indicated. From Meister et cd. [156].

tions W(e, cos("d)) are obtained [158]. Figure 20 shows the
result for one Jacobi system as indicated in the inset. The
n — n relative energy e = Enn/Etnn is given in units of the
total available kinetic energy Etnn in the three-body sys-
tem. The correlation function exhibits two maxima corre-
sponding to the two configurations where the neutrons are
close together ("di-neutron" configuration) and far apart
from each other ("cigar-like" configuration), respectively.

Although the data discussed above seem to be con-
sistent with a /*' = l /2 + ground state as predicted by
the three-body model, the situation concerning the ground
state of 5H is not clear. The narrow resonance found in a
1H(6He,2He)5H transfer reaction [159] at around 2 MeV
is not observed in the high-energy knockout experiment
discussed above. The t(t,p)5H. reaction was studied by
Golovkov et al. [160]. A broad structure has been iden-
tified above 2.5 MeV, which they interpret as a mixture
of 3/2+ and 5/2+ states. The structure of the extremely
neutron-rich nucleus 5H thus remains puzzling, and more
experimental investigations are called for.

3.4.4 The near-dripline nucleus 23O and the N = 14,16
shell closures

The heaviest nucleus located at the neutron dripline which
has been produced so far is 24O. Although most theoreti-
cal calculations predict the isotope 28O to be bound due to
its doubly-magic character with neutron number N = 20,
several experiments [161-164,27] have proven that the
dripline is located at N = 16 for the chain of oxygen iso-
topes. This observation was interpreted as a weakening of
the N = 20 shell [26,165,28,30,35,32] and (sub-)shell clo-
sures for the oxygen isotopes at neutron numbers N = 14
and N = 16. Support for such a shell closure came recently
from a fragmentation experiment in which the 2+ state in
24 O was not observed in the 7 spectrum [166], which lead
the authors to the conclusion that the first 2+ state should
have a rather high excitation energy above the neutron

Fig. 20. Probability distribution W(e,cos(#)) with amplitudes
resulting from a fit of a series expansion of the final-state wave
function to the experimental correlation spectra. The inset
sketches the used Jacobi coordinate system. From Meister et
al. [158].

threshold of 2.7 MeV. Another interesting observation is
the large interaction cross section measured for 24O [18]
suggesting a halo-like structure [18]. Kanungo et al. pro-
posed in Ref. [167] a core enlargement and in Ref. [168]
a change of the level ordering implying a (ds/2)~1(si/2)
structure of 23O in order to explain this large cross section.
This interpretation caused a controversial discussion and
was called into question by Brown et al. [169]. Inclusive
breakup data [168] are in agreement which such an as-
sumption, while a more conventional shell-model ordering
of single-particle levels cannot be excluded, though.

Very recently, two exclusive experiments were per-
formed at GSI investigating one-neutron removal by nu-
clear and Coulomb breakup, respectively. Figure 21 dis-
plays the results from the nuclear knockout reaction [170],
which is a well established tool for studying the valence-
nucleon single-particle configuration of exotic nuclei, as
discussed in section 3.3. The (A - 1) fragment 22O is mo-
mentum analyzed in the Fragment Separator FRS in coin-
cidence with 7-rays identifying the states populated. The
resulting Doppler corrected 7-ray spectrum is shown in
the left frame of Fig. 21. Several excited states are popu-
lated as indicated in the level scheme shown in the inset.
About 40% of the cross section leads to excited states.
The right frame of Fig. 21 shows the longitudinal mo-
mentum distributions, the inclusive one in the left part,
and separately for ground and excited states on the right.
The distribution populating excited states is much wider
than the one for ground state transitions, in agreement
with the assumption that the excited states are associ-
ated with the removal of a neutron from a d5/2 state, while
the ground-state distribution is in much better agreement
with a calculation assuming a £ = 0 neutron [170]. From
the one-neutron removal cross section of 23O yielding 22O
in its ground state, a spectroscopic factor S = 0.97(19)
was extracted for the 2si/2®22O(0+) single-particle con-
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Fig. 21. One-neutron knockout reaction from 23O at 938 MeV/nucIeon in a carbon target. Left: Doppler corrected 7-spectrum
measured in coincidence with 22O fragments. Right: Parallel momentum distributions (in the rest frame of the projectile) of the
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Fig. 22. Coulomb breakup of a 422 MeV/nucleon 23O beam in a lead target. Left: Doppler corrected 7-spectrum recorded
in coincidence with 22O fragments and one neutron. The shaded histogram is measured with a carbon target and reflects the
nuclear contribution (if scaled) to the spectrum for the lead target (symbols). The arrows indicate the strongest 7 transitions
as expected from the 22O level scheme (shown in the inset). Right: Differential cross section dajdE* for electromagnetically
induced breakup. The data (error bars) are compared to different calculations assuming ground-state spins of l /2 + (solid and
dotted curves) and 5/2+ (dashed curves) in a plane-wave approximation (panel a) and for calculations taking into account
final-state interaction (panel b) by using an optical potential (solid and dashed) or the effective-range approach (dotted curve).
Prom Nociforo et al. [62].

figuration by comparison with theoretical Glauber calcu-
lations in eikonal approximation [170].

A complementary experiment investigating the elec-
tromagnetically induced one-neutron removal has been
performed with the LAND reaction setup. The method
of utilizing Coulomb breakup as a spectroscopic tool sim-
ilar to the nuclear one-neutron removal reaction was es-
tablished recently in studies of the halo nucleus n Be [57]
and the neutron-rich carbon isotopes 15'17C [60]. Here, the
method is applied to the case of 23O discussed above. The
differential cross section for electromagnetic excitation has
been derived from a kinematically complete measurement
of the breakup of a 422 MeV/nucleon 23O beam impinging
on a lead target [62]. The Doppler corrected 7 spectrum in
coincidence with 22O fragments is shown in the left frame

of Figure 22 for measurements with carbon (shaded area)
and lead (symbols) targets.

Although the 7-spectrum looks similar to the one
shown in Fig. 21 for the nuclear breakup, only a small frac-
tion of the cross section populates excited states, which
can be mainly attributed to nuclear breakup. This is due
to the selectivity of the electromagnetic process for the
asymptotic part of the wave function yielding enhanced
transition probabilities for large core-neutron distances,
i.e., for I = 0 states [57]. The extracted differential cross
section dajdE* is compared to model calculations in the
right panels of Figure 22. The cross section distribution
is characterized by a sharp rise just above the neutron-
emission threshold, which can only be reproduced by the
calculation assuming a s-wave neutron (solid and dotted
curves) while the result from the calculation assuming a
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Fig. 23. Breakup of 19C. Left: Parallel momentum distribution of 18C measured with the S800 spectrograph after one-neutron
removal from 57 MeV/nucleon 19C projectiles in a beryllium target [65]. The curves show calculations assuming knockout from
a s state (solid and dotted) and from a d state (dashed-dotted). Dotted and solid curves assume different separation energies,
the best fit is obtained for Sn = 800 keV (solid curve). Prom Maddalena et al. [65]. The right two panels show results from
Coulomb breakup of 19C at 67 MeV/nucleon impinging on a lead target [61]. Middle frame: Cross section as a function of
scattering angle for the low-energy part of the spectrum (see right frame). The large sensitivity of the angular distribution on
the separation energy for low relative energies is indicated by the dash-dotted and solid curves. The lower right panel shows a
comparison of the experimental relative-energy spectrum to different calculations. Prom Nakamura et al. [61].

d5/2 neutron is much broader (dashed curves). The plane-
wave calculation (panel a), however, fails to reproduce the
data. Calculations taking into account the final-state in-
teraction by an optical potential (solid curve in panel b)
or within the effective-range approach [120] (dotted curve)
reproduce the data very well if again a 2si/2®22O(0+) con-
figuration is assumed. The two different approaches yield
consistent spectroscopic factors of 0.78(13) and 0.77(10),
respectively, which are in good agreement with a recent
shell-model prediction of 0.80 [32]. Since the cross section
is associated with transitions to the 0+ ground state of
22 O and the angular momentum £ = 0 is determined by
the shape of the differential cross section, the ground-state
spin In = l /2 + of 23O is uniquely determined as well.

In summary, both experiments the nuclear knockout
reaction and the Coulomb breakup, provide a consistent
picture of the ground-state structure of 23O with a spin
assignment V = 1/2+. A (d5/2)~1(s1/2)

2 structure as sug-
gested earlier in Ref. [168] can be excluded. Moreover, the
large spectroscopic factors for the 2s1/2<8>220(0+) config-
uration obtained in both approaches give further support
for a shell gap at neutron number N = 16 within the chain
of oxygen isotopes.

3.5 Discussion

3.5.1 Nuclear versus electromagnetic breakup

Both nuclear and electromagnetic neutron removal
reactions were applied at energies ranging from
50 MeV/nucleon to about 1 GeV/nucleon and spectro-
scopic information on exotic nuclei was deduced even for
beams with low intensity. For loosely bound nuclei, the
cross sections become large and thick targets may be used

(up to 1 g/cm2 at high beam energies). Figure 23 shows
two impressive examples: The left frame shows the mo-
mentum distribution measured by Maddalena et al. [65]
with the S800 spectrometer (see Figure 5) after breakup
of a 19C beam at 57 MeV/nucleon on a beryllium target.
From the momentum distribution, which was corrected
for contributions from excited levels by means of 7 coinci-
dence measurements, and the corresponding cross section
it can be concluded that the valence neutron is dominantly
bound in an s state coupled to the ground state of 18C im-
plying a ground-state spin of V = 1/2+. This result was
obtained with a beam intensity of around 1 ion/s only. The
results obtained at RIKEN by Nakamura et al. [61] for the
Coulomb breakup of 67 MeV/nucleon 19C projectiles im-
pinging on a lead target are also shown in Figure 23. They
were taken with a beam intensity of 300 ions/s [61] again
demonstrating the high sensitivity of the reaction. The
differential cross sections as a function of scattering angle
and core-n relative energy are shown in the middle and
right frames, respectively. From the angular distribution,
the neutron separation energy of 530(130) keV was ex-
tracted [61] (see solid and dash-dotted curves) providing
the presently most precise measurement of the 19C mass.
The relative-energy spectrum (right frame) can be well de-
scribed assuming the removed neutron to be bound in a s
state with the separation energy as extracted from the an-
gular distribution. From the cross section, a spectroscopic
factor 0.67 was extracted [61], which is in good agreement
with the value of 0.91(31) derived from the nuclear reac-
tion discussed above (the theoretical single-particle cross
section given in Ref. [65] of 136 mb for Sn = 0.8 MeV
was scaled to 163 mb for a neutron separation energy
of 530 keV in order to be consistent with the Coulomb
breakup data). Although the Coulomb breakup experi-
ment [61] did not measure 7 coincidences, the influence
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of the relative energy between 16O(0+) and the neutron for
Coulomb breakup of 1TO populating the ground state of 16O.
The shape of the experimental spectrum (squares) is well re-
produced by a plane-wave calculation for a ldB/2 neutron cou-
pled to the 16O ground state with a spectroscopic factor 0.8
(solid curve). For comparison, the cross section obtained for
n Be Coulomb breakup (multiplied with 0.01) is shown by the
circles. Adapted from [171].

of excited-state contributions should be small since the
electromagnetic process is mainly sensitive to the s state.

The sensitivity of the Coulomb breakup reaction is
demonstrated in Figure 24. There, the differential cross
section for electromagnetic breakup of 17O [171] (squares)
is compared to the one obtained for the halo nucleus u Be
[57] (divided by a factor of 100, circles). The fact that the
valence neutron of 17O is well bound in a I = 2 state, while
11 Be has a well pronounced I — 0 halo structure, results
in a cross section distribution which is two orders of mag-
nitude smaller in the peak, and much broader. This makes
the electromagnetic breakup particularly interesting to
study loosely bound systems close to the dripline where
the production rates are small. For well-bound states the
cross sections become smaller and the nuclear contribu-
tion has to be treated very carefully. The dependence of
the nuclear one-neutron removal cross section on separa-
tion energy and £ value is less pronounced, and makes
the method more generally applicable. It is interesting to
note, however, that the differential cross section for 17O
can be well described by the direct breakup model within
the plane-wave approach as shown by the solid curve in
Fig. 24. A preliminary analysis of the data by Palit et al.
[171] results in a spectroscopic factor of 0.8(1) in agree-
ment with the result from an electron scattering experi-
ment of S = 1.04(10) [172].

The question arises how precise are spectroscopic fac-
tors deduced from reactions with secondary beams. In the
previous sections, examples were discussed where spectro-
scopic factors were deduced by different types of reactions
studied at different beam energies. A comparison of those
results might help in judging derived spectroscopic fac-
tors in terms of absolute occupation probabilities, since
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Fig. 25. Spectroscopic factors of the 2si/2 ® core(0+) halo
states derived from different reactions. Squares (circles) refer
to data taken in the energy regime 50-100 MeV/nucleon (0.4-
1 GeV/nucleon). The data are taken from Refs. [69,57,59,120]
("Be), Refs. [174,60] (15C), Refs. [65,61] (19C), and Refs. [170,
62] (23O).

the uncertainties related to the description of the reaction
mechanisms depend on the type of reaction and the beam
energy.

Figure 25 summarizes the results obtained for the 2s1/2
spectroscopic factors for various one-neutron halo nuclei.
Included are spectroscopic factors derived from nuclear
breakup (open symbols) as well as from electromagnetic
induced breakup (filled symbols). The data are further
differentiated according to the beam energy: reactions in
the energy range of 50-100 MeV/nucleon are depicted as
squares, circles show the results from reactions performed
at higher energies (400-1000 MeV/nucleon). The shell-
model predictions by Brown [69,65,32] are indicated by
the solid lines. For this comparison, always the latest mea-
surement and/or analysis was taken from the literature.
First it is noted that the values extracted from different
reactions at different energies are consistent without show-
ing a clear tendency of systematic differences; although the
values derived from Coulomb breakup are always slightly
lower, they all overlap within errors with the data from
nuclear breakup.

An estimate of the model dependence of the extracted
values may be obtained from a comparison of different
theoretical treatments in calculating the cross sections.
In case of Coulomb breakup, an important ingredient of
the calculation is the treatment of the final-state inter-
action between the neutron and the core at low relative
energies. This can be accounted for by the distorted-wave
approach making use of optical potentials for the n-core
interaction. Systematic sets of parameters for such po-
tentials have been developed and are available for sta-
ble nuclei [119,173]. Even considering symmetry terms in
the potential [173] makes the extrapolation to neutron-
rich weakly bound nuclei uncertain, a problem very simi-
lar to the analysis of transfer reactions. For the Coulomb
breakup of nBe, e.g., a spectroscopic factor of 0.61(5) for
the 2s1/2®

10Be(0+) single-particle configuration has been
extracted by applying a distorted-wave analysis [57]. Al-
though the shape of the dipole-strength function does not
depend much on the optical potential used in case of halo



22 Thomas Aumann: Reactions with fast radioactive beams of neutron-rich nuclei

nuclei [57], the absolute strength can be significantly in-
fluenced in particular if resonances are close by. In case
of nBe, it is the bound p state. Very recently, Typel and
Baur [120] have developed a new approach to account for
the final-state interaction in Coulomb breakup avoiding
above complications. In their effective-range approach, the
n-core interaction in the continuum is taken into account
by a reduced scattering length, which can be adjusted to
reproduce the shape of the experimental transition prob-
ability. Prom a fit to the data of Ref. [57], they obtain a
spectroscopic factor of 0.70(5) (shown as the filled circle),
about 15% larger than the result using the optical poten-
tial of Ref. [119]. The reduced scattering length obtained
from the fit is very large as expected from the existence of
the weakly bound 1/2 ~ excited state [120]. The resulting
spectroscopic factor is in agreement with the results ob-
tained for Coulomb breakup at lower energies by Pukuda
et al. [59] (filled square), as well as with the values derived
from nuclear diffractive breakup at 500 MeV/nucleon [57]
(open circle) and from the nuclear one-neutron removal at
lower incident energy by Aumann et al. [69] (open square).
All values are consistent within the range of spectroscopic
factors of 0.36 to 0.80 deduced from transfer reactions, see
the compilations given in Refs. [57,78].

Besides the cases of 11Be, 19C, and 23O discussed al-
ready in the previous subsections, 15C is included in Fig-
ure 25 for which exclusive data exist for both nuclear [85,
174] and electromagnetic breakup [60], the latter being
discussed in connection with its astrophysical implications
in section 5. The ground state wave function of 15C is dom-
inated by a 2si/2 configuration with a spectroscopic factor
close to unity (see Figure 25), which causes in conjunction
with the small neutron separation energy of only 1.22 MeV
a well-developed neutron halo. Different theoretical ap-
proaches to the nuclear one-neutron breakup were studied
by Tostevin et al. [85]. They calculate cross sections based
on the eikonal model using effective nucleon-nucleon inter-
actions and gaussian density distributions for the core and
target as described in Ref. [84] and using instead the ef-
fective nucleon-nucleus interaction of Jeukenne, Lejeunne,
and Mahaux [175] (JLM). Alternatively, they calculated
the diffraction cross section within a coupled discretized
continuum channels approach. The spectroscopic factors
deduced by the different approaches are consistent with
each other within 20% for the 15C case [85]. It should
be noted that this small uncertainty is mainly related
to the treatment of the diffractive cross section, which
can be reliably calculated for higher beam energies, where
the process can be described by the (purely) imaginary
forward scattering amplitude. The value of S = 1.01(4)
given in Figure 25 is the result from a measurement at
103 MeV/nucleon by Terry et al. [174]. Spectroscopic fac-
tors for the 2s single-particle state in 15C were also ex-
tracted from (d,p) transfer reactions using enriched ra-
dioactive 14C targets [176-178] ranging from 0.76 to 1.03
depending on the model analysis. The values from the re-
actions discussed above are in agreement with this result.

In conclusion, the spectroscopic factors derived from
nuclear and Coulomb breakup reactions are consistent

Fig. 26. Reduction factors Rs obtained from electromagnetic
induced breakup of halo nuclei. See text.

with each other and are also in agreement with the re-
sults from transfer reactions within the experimental and
model uncertainties. Both methods can be applied to low-
intensity radioactive beams. The different model analyses
yield spectroscopic factors which typically vary by 10 to
20%, which may be taken as an estimate for the systematic
uncertainty of the model analyses.

3.5.2 Absolute single-particle occupancies

The second striking observation is that the experimen-
tally deduced spectroscopic factors are rather close to the
shell-model predictions as can be seen in Figure 25. The
Warburton-Brown [179] shell-model values of 0.74, 0.98,
0.65, and 0.80 for the nuclei uBe, 15-19C, and 23O (solid
lines in Figure 25) are taken from References [69,85,65,
169], respectively. A center-of-mass correction of the shell-
model spectroscopic factors as proposed, e.g., in Ref. [180]
was applied. Absolute spectroscopic factors derived from
nuclear knockout reactions were discussed in terms of
single-particle occupancies by Brown et al. [180] and En-
ders et al. [181]. They selected cases where several exper-
imental cross sections at high energy are available and
the nuclear structure is believed to be well understood,
e.g., 12C and 1 6 0, but also the one-proton halo nucleus
8B. Since the reduction in single-particle occupancies due
to long-range correlations is included in the shell-model
spectroscopic factors, the ratio of measured to theoreti-
cal spectroscopic factors defined as the quenching factor
Rs = Sexp/Sth might be a measure of the effects related
to short-range correlations. For the stable nuclei, they find
quenching factors in the range of 0.5-0.65 in good agree-
ment with those derived from (e, e'p) reactions [182]. In
contrast, for the one-proton halo nucleus 8B, a value of
0.86(7) [181] much closer to unity was derived. In Fig-
ure 26 such quenching factors are summarized for the
cases discussed above as derived from the electromagnet-
ically induced neutron removal reaction. The three filled
circles are from the high-energy data measured at GSI [57,
60,62]. If available (nBe, 23O) the theoretical values cal-
culated within the effective-range approach of Typel and
Baur [120] were used, which we consider to give the most
precise cross sections. The square refers to the RIKEN
19C measurement of Nakamura et al. [61]. For all four
one-neutron halo nuclei, the quenching factors are close
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to unity having a similar value as reported for 8B (indi-
cated by the less dense hatched area) and lie well above
the typical value observed for stable nuclei (dense hatched
area). The spectroscopic factors derived from the Coulomb
breakup thus corroborate the conclusion of Brown et al.
[180] that the quenching factor is not universal for all nu-
clei and that in particular halo states approach the limit
oiRs = 1.

The interpretation of spectroscopic factors as absolute
single-particle occupancies as discussed by Brown et al.
and briefly sketched in the previous paragraph implies an
extrapolation of the wave function to the interior part of
the nucleus. Both reactions, the nuclear as well as the elec-
tromagnetic nucleon removal, sample the wave function at
the surface only. This is illustrated in Fig. 27, where the
density distribution of the s-wave halo neutron in 12Be
is displayed. The open squares and the stars indicate the
sensitivity of the nuclear and electromagnetic breakup re-
actions, respectively. The nuclear breakup probability fol-
lows the decay of the halo wave function at large relative
distances r and drops for smaller r values corresponding
also to smaller impact parameters (due to the short-range
interaction of the nuclear force, see also Figure 10) when
reactions of the target with the core start to become dom-
inant. In case of the Coulomb breakup, the sensitivity to
the outer part of the wave function is not related to the
impact parameter dependance of the reaction (see Fig-
ure 10) but originates from the nature of the dipole tran-
sition operator, see Eq. 6: In the case of a plane-wave
approximation, the dipole-strength function corresponds
to a Fourier transformation of the wave function multi-
plied by the relative distance r. An assumption of the
core density distribution, which has to be explicitly taken
into account in the calculation for the nuclear breakup
to account for the absorption, is not necessary in case
of Coulomb breakup. Since both reactions measure the
asymptotic normalization of the wave function, the spec-
troscopic factors depend somewhat on the choice of calcu-
lating the single-particle wave function. This is illustrated
in Fig. 27, where two density distributions are shown, both
calculated using Woods-Saxon potentials but with differ-
ent geometries as indicated in the Figure. The "standard"
parameters used for the extracted spectroscopic factors in
the discussions above were diffuseness a = 0.7 and radius
ro = 1.25 (solid curve). A calculation based on the wave
function displayed as the dotted line (a = 0.5, r*o = 1.15)
would increase the spectroscopic factors deduced from nu-
clear and electromagnetic breakup, e.g., for the case of
nBe, by 13% and 18%, respectively. Tostevin et al. used
alternatively a single-particle wave function derived from a
Hartree-Fock calculation for 15C yielding a spectroscopic
factor being about 20% larger than that obtained using
the Woods-Saxon potential with the "standard" [39] ge-
ometry (o = 0.7, r0 = 1.25).

The necessity of an extrapolation of the wave func-
tion thus introduces an uncertainty in the order of 10-
20% to the extracted single-particle occupancies. This un-
certainty, however, may be further reduced by combining
the knowledge from different reactions like, e.g., Coulomb

r1
10

10

-2

\ WS(ro=1.25

-,-. !f\ \ ^ WS(ro=1.15

A
||

\ \ Yukawa

, a=0.7)

, a=0.5) -

-

•k

\ \

0 10 15 20 25
r(fm)

Fig. 27. Density distributions of the 2si/2 halo neutron as
a function of the neutron-core relative distance, calculated for
two Woods-Saxon geometries (solid and dotted curves) and the
Yukawa wave function (dashed line). The open squares and
stars indicate the region of the density distribution contribut-
ing to the breakup reaction induced by nuclear diffraction or
Coulomb breakup, respectively. The two breakup probabilities
are given in arbitrary units. Figure taken from Ref. [57].

and nuclear breakup, total reaction cross sections, or elas-
tic scattering. A systematic study of single-particle occu-
pancies in exotic nuclei using above discussed approaches
seems thus very promising. An alternative approach is dis-
cussed in the next section.

3.5.3 Perspectives: Quasi-free scattering

The ideal reaction to overcome the limitations arising from
the surface localization as discussed above is the electron-
induced knockout. From such (e, e'p) reactions spectral
functions and absolute single-particle occupancies were
deduced for stable nuclei [182]. At present, such reactions
are not feasible with unstable exotic nuclei. At the fu-
ture FAIR facility [183], however, electron scattering ex-
periments are planned with short-lived nuclei by means
of intersecting electron and heavy-ion storage rings [184].
An alternative approach, which is foreseen to be imple-
mented in the near future at the LAND reaction setup
at GSI (Figure 7) is the quasi-free scattering off protons
in inverse kinematics using a liquid hydrogen target and
a recoil tracking detector. In case of electrons, the nu-
cleus is transparent for the incoming and outgoing elec-
tron and effects due to absorption have only to be taken
into account for the outgoing knocked-out nucleon. In or-
der to approach a similar situation in quasi-free scatter-
ing, where the incoming and the two outgoing nucleons
have to be considered, the beam energy has to be chosen
such that all nucleons have energies where the nucleon-
nucleon cross section is minimal. Since this cross section
drops rapidly with increasing energy up to a minimum
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at about 250 MeV and then rises slowly, a beam energy
of around 700 MeV/nucleon seems ideal since both out-
going nucleons will have energies in the range of 200 to
400 MeV in a wide angular range. Apart from minimizing
the effects due to secondary reactions, the inverse kine-
matics has the advantage that the information on binding
energy and intrinsic momentum of the bound nucleon can
be measured redundantly: firstly by a reconstruction from
the measured angles and energies of both outgoing nu-
cleons, and secondly from a precise measurement of the
heavy recoil and coincident 7-rays (similar to the nuclear
one-neutron removal reaction using extended targets as
discussed previously). It is believed that this further char-
acterization of the final state gives a better handle on the
issue of final-state interactions compared to the measure-
ments in normal kinematics, and that such experiments
will not only allow to study short-lived nuclei, but also
improve the situation significantly for stable beams. Due
to the surface localization of the knockout reaction using
extended targets, the sensitivity to deeply bound states is
rather limited, although first experiments have been per-
formed [185]. With the (p, 2p)-type quasi-free scattering
reaction, also deeply bound states can be probed, i.e.,
the binding energies of proton states in loosely bound
neutron-rich nuclei could be tested. First experiments of
this kind are planned for the near future [186]. Another
interesting aspect which can be studied by such reactions
is the cluster structure in nuclei. A first experiment was
recently performed at GSI utilizing 6'8He beams at around
700 MeV impinging on a liquid hydrogen target [187]. It
has been demonstrated by Chulkov et al. [187] that from
a kinematically complete measurement, it is possible to
characterize the different knockout processes (in case of
6He the knockout of a neutron or the a core) and deduce
spectroscopic factors. In case of a knockout from 6He, for
instance, Chulkov et al. obtain an alpha spectroscopic fac-
tor close to unity [187], as expected from the a + n + n
three-body structure of 6He.

4 Inelastic excitations

4.1 Electromagnetic scattering

4.1.1 Electromagnetic excitation at relativistic energies

In peripheral heavy-ion collisions at energies of the order
of 1 GeV/nucleon, collective nuclear states at low and at
high excitation energies are excited with large cross sec-
tions. Due to the high velocity and due to the Lorentz
contraction the mutual electromagnetic field contains high
frequencies up to several tens of MeV/h, and is of trans-
verse nature. A measure of the maximum excitation en-
ergy is the "adiabatic cutoff'
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Fig. 28. Cross sections for electromagnetic excitation of differ-
ent collective states as a function of beam energy as calculated
semiclassically adopting typical nuclear structure parameters
for a medium-mass nucleus impinging on 208Pb.

a typical minimum impact parameter of &min = 14 fm
for a medium heavy nucleus impinging on a lead target,
25 MeV and 6.6 MeV are estimated as maximum exci-
tation energies for beam energies of 1 GeV/nucleon and
100 MeV/nucleon, respectively. Rotational states, surface
vibrations and giant resonances can be studied even with
moderate beam intensities. The short interaction time,
however, suppresses multi-step excitations, so that only
the lowest members of a rotational band are excited. Fig-
ure 28 gives typical cross sections for the excitation of
collective nuclear states in exotic nuclei on a lead tar-
get as a function of beam energy. The cross sections al-
low experiments with minimum beam intensities of 1 to
1000 ions/s, provided efficient devices for 7-ray detection
(discrete states) or particle detection (giant resonances)
are implemented.

As can be seen from Fig. 28, the excitation to the giant
dipole resonance (GDR) becomes dominant for higher en-
ergies around 1 GeV/nucleon reaching cross sections in the
order of 1 b. In the energy range around 100 MeV/nucleon,
the first 2+ rotational state is very effectively excited.
The high cross sections in conjunction with thick targets
make it possible to extract B(E2) values with fragmenta-
tion beams down to intensities of few particles per second.
Measurements at beam energies around 250 MeV/nucleon
have been performed at GSI [188], most of the experi-
ments, however, were performed at lower energies around
50 MeV/nucleon at RIKEN, GANIL and MSU, see the
review of Glasmacher [189].

The electromagnetic excitation of the giant dipole res-
onance induced by high-energy beams on targets of high
nuclear charge was studied in a series of experiments ex-
ploring the multi-phonon states of the dipole resonance,
see the review of Aumann et al. [40], and Refs. [190,191]
for recent results. Due to the large excitation probabil-
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ity reaching around 20 to 30% for heavy nuclei at grazing
impact, two-step excitations of the second phonon of the
GDR vibration (2-ph GDR) become possible with rela-
tively large cross sections, see Figure 28. The measure-
ments with stable nuclei also have demonstrated that the
(7, n) cross section and thus the B(E1) strength distri-
bution can be reliably extracted from the measured cross
sections [40]. It was also shown that the only free param-
eter entering into the semiclassical calculations [192,113],
the minimum impact parameter &min> is well determined
from systematics [115,193]. Alternatively, the calculation
can be combined with an eikonal calculation using realis-
tic density distributions, which describes the nuclear ab-
sorption and replaces the sharp cutoff (see Ref. [115] and
Figure 10 for an example). This method can be readily
extended to secondary beams of exotic nuclei, and a first
measurement of dipole strength in exotic nuclei was per-
formed at GSI recently [52], which will be discussed in the
next section.

4.1.2 The dipole response of neutron-rich nuclei

The evolution of the dipole-strength distribution as a func-
tion of neutron-to-proton ratio was investigated systemat-
ically for the oxygen isotope chain ranging from a neutron
excess of N - Z = 1 up to N - Z = 7. 16O is a strongly
bound doubly magic nucleus with a neutron separation
energy of Sn — 16 MeV, while, for the heavier isotopes,
the separation energies decrease to Sn « 7 MeV for the
even isotopes with A = 18 to 22, and Sn « 4 MeV for the
odd isotopes. Thus, one may expect a decoupling of the
valence neutrons from the inert 16O core and the appear-
ance of a collective soft-dipole excitation.

The neutron-decay channels after electromagnetic
scattering on a lead target at about 600 MeV/nucleon
beam energy were investigated. From the coincident detec-
tion of charged fragments, neutrons, and gamma-rays, the
differential cross sections da/dE* were deduced by utiliz-
ing the invariant-mass method. The nuclear contribution
to the cross section was determined from a measurement
with carbon target and subtracted to obtain the differ-
ential cross sections for electromagnetic excitation. Fig-
ure 29 displays the result [52] for the stable isotope 18O,
which was obtained in an experiment under the same con-
ditions as for the radioactive nuclei. The 18O beam with
an energy of around 600 MeV/nucleon was produced at
the FRS as a secondary beam from fragmentation of a
40Ar primary beam delivered by the SIS. The extracted
differential cross section is compared to the cross section
obtained from photo-absorption measurements after con-
verting to the electromagnetic excitation cross section by
applying semiclassical calculations [113] (grey curve in
Fig. 29) and after taking into account the experimental
response (dashed and solid curves). The results derived
from the measurements with real and virtual photons are
in good agreement, both concerning the spectral shape
and the absolute magnitude.

Figure 30 shows the (7, n) cross section for the unsta-
ble isotopes 20>22O (left panels) in comparison with that
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Fig. 29. Differential cross section for electromagnetic excita-
tion of 18O projectiles impinging with about 600 MeV kinetic
energy on a Pb target (symbols). The data are compared with
cross sections resulting from photo-absorption measurements
[194] before (grey) and after convolution with the experimen-
tal response (black curve). The dashed curve is obtained from
the data of Ref. [195]. Figure taken from Leistenschneider et
al. [52],

for the stable nucleus 16O [196] (solid curve overlaid to
the cross section for 20O). Evidently, the dipole response
changes significantly due to the presence of the valence
neutrons. Most noticeable is the sizeable dipole absorp-
tion cross section below the GDR energy region. A clear
separation into two energy domains associated with GDR
excitations of the core and a soft-dipole mode involving
the valence neutrons is not observed. For 22O, the data are
compared to a large-scale shell-model calculation [44] after
convolution with the experimental resolution (solid curve
in the lower left panel). Qualitatively, the shell-model cal-
culations reproduce the experimental observation of a re-
distribution of the El strength towards excitation energies
below the GDR.

The right part of Figure 30 shows the energy-weighted
experimental low-lying dipole strength 5e x p (integrated
from the particle threshold up to 15 MeV excitation en-
ergy) in units of the classical energy-weighted Thomas-
Reiche-Kuhn sum rule STRK ~ NZ/A [129]. While no
dipole strength below 15 MeV is observed for the N = Z
nucleus 16O, about 10% of the sum-rule value is exhausted
for the neutron-rich isotopes. The results for the inte-
grated low-lying dipole strength are compared in Figure 30
(right panels) to a large-scale shell-model calculation [44]
(stars) and a calculation using the quasi-particle random-
phase approximation (QRPA) [46]. Both calculations re-
produce the amount (about 5% to 12% of the TRK sum-
rule value) of dipole strength as found experimentally at
low excitation energies. Also, the experimentally observed
trend of an increase of the strength as a function of neu-
tron excess up to 20O followed by a decrease for isotopes
heavier than 20O is reproduced qualitatively in both cal-
culations. As pointed out in Ref. [46], the good agreement
between the QRPA calculation and the experiment con-
cerning both the integrated low-lying strength as well as
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Fig. 30. Left panels: Photoneutron cross sections (T^tXn) for
the unstable isotopes 20O (upper panel) and 22O (lower panel)
as extracted from the measured electromagnetic excitation
cross section (symbols). For comparison, the photoneutron
cross section for the stable 16O [196] is displayed as the solid
curve in the upper panel. Right panels: Evolution with neu-
tron excess N - Z of integrated (up to 15 MeV excitation en-
ergy) strength Sexp in units of the TRK sum rule STRK (upper
panel) and of the cluster-sum-rule 5ciU3 (lower panel) for oxy-
gen isotopes. For the stable isotope 18O, the values extracted
from the real-photon absorption experiments are given as the
circle [194] and open square [195]. The values extracted from
the electromagnetic-excitation experiment [52] are given by the
filled squares. The data are compared to shell-model calcula-
tions by Sagawa and Suzuki [44] (stars) and the quasi-particle
RPA calculation by Colö and Bortignon [46] (filled circles).

the evolution with neutron excess, was obtained only if
coupling to doorway states (phonon coupling) was taken
into account. The maximum at A = 20 might reflect a
shell effect: Both 16O and 24O are doubly-closed-shell nu-
clei, implying that the low-lying dipole strength is most
pronounced for the mid-shell region.

In the lower panel, the same quantity is plotted as frac-
tion of the cluster sum rule 5C1US/STRK = Zc/Ac • Nv/N
[197], where the indices refer to core (c) and valence (v)
nucleons (16O was assumed as the core). This sum rule
results from a decomposition of the dipole strength into
excitations of the core, excitations among the valence nu-
cleons (which is zero in the present case), and the dipole
strength »Scius associated with the relative motion between
the core and the valence nucleons. It appears that a large
fraction of this sum rule of around 0.5 is exhausted, with
a clear tendency of values decreasing with neutron num-
ber. The question to which extent the observed low-lying
dipole strength involves collective excitations was studied
theoretically by Vretenar et al. [45] within the relativis-
tic mean field (RMF) approach. According to this calcu-
lation, the low-lying strength in the oxygen isotopes is
mainly related to single neutron particle-hole excitations.
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Fig. 31. Electromagnetic excitation of 100 MeV/nucleon 20O
projectiles on a lead target [199]. The lower panels show the
dipole and quadrupole strengths distributions below the neu-
tron separation threshold as extracted from the 7 spectrum
(upper frame). From Tryggestad et al. [199].

For heavier neutron-rich nuclei, e.g., for the tin isotopes,
a resonance-like structure at low excitation energy result-
ing from a coherent superposition of particle-hole exci-
tations is predicted by Paar et al. [48]. Similarly, Colo
and Bortignon [46] found in their QRPA-plus-phonon-
coupling calculation only a small number of components
in the wave functions of the low-lying structures in the
oxygen isotopes. The low-lying dipole strength observed
in neutron-rich oxygen nuclei can thus not be attributed
to a collective soft dipole ('Pygmy') mode. Contrary to
the RMF calculations mentioned above, the QRPA-plus-
phonon-coupling model does not predict low-lying collec-
tive dipole states even for heavier nuclei, e.g., 132Sn [50].

For 2 0O, cumulation of dipole strength below the neu-
tron threshold in the energy range from 5 to 7 MeV was ex-
tracted from a virtual-photon scattering experiment per-
formed at MSU [198,199]. A radioactive beam of 20O with
an energy around 100 MeV/nucleon and an intensity of
about 106 ions/s was scattered from a lead target. The
scattered ions were momentum analyzed in the S800 spec-
trograph (see Figure 5). Photons from the 7 back-decay of
the excited states were observed in coincidence in a large
BaF array [199]. The upper panel of Figure 31 shows the
reconstructed Doppler-corrected 7 energy spectrum. The
7 decay of higher-lying states, i.e., above the neutron emis-
sion threshold (as in the LAND experiment, Fig. 30) could
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not be observed due to two reasons: i) At the lower beam
energy, excitation of dipole states above 8 MeV is sup-
pressed due to the adiabatic cutoff, see Eq. 10; ii) above
the neutron threshold, the decay is dominated by neutron
emission, and 7 back-decay contributes only at the 10~2

level [200].
The extracted spectrum displayed in Fig. 31 is de-

composed into the contributions from different multipo-
larities [199]. Above 5 MeV, strong excitation of dipole
states is observed. The lower frame of the Figure displays
the extracted strength for quadrupole and dipole transi-
tions. The integrated value of about 0.1 e2fm2 [199] for the
dipole strength corresponds to much less than 1% of the
TRK sum rule, which has to be compared to the low-lying
strength above the threshold of about 10%, see Figure 30.

Cumulated dipole strength below the neutron thresh-
old was also observed recently in real-photon scattering
experiments on stable nuclei at the S-DALINAC in Darm-
stadt, e.g., in 208Pb [201] and TV = 82 isotopes [202], which
was discussed in the context of a Pygmy dipole resonance,
see also the overview given in the article by Zilges [203].
However, the states observed exhaust only a rather small
fraction of the energy-weighted dipole sum rule. In cal-
cium isotopes, for instance, about 0.39% and 0.33% of the
energy-weighted dipole sum rule is found below 10 MeV
excitation energy for the isotopes 44Ca and 48Ca [204],
respectively. This value is close to zero for the N = Z
nucleus 40Ca [205]. From the similarity of the integrated
strength for 44>48Ca, the authors conclude that a linear de-
pendence between neutron excess and low-lying strength
can be excluded, a similar observation as discussed earlier
for the oxygen isotopes, see Fig. 30. From the fact that the
strength below the threshold amounts to only a fraction
of the low-lying strength observed just above the thresh-
old (e.g. in the case of 20O) one may conclude that the
additional dipole strength related to the neutron-proton
asymmetry is mainly concentrated at low energies in the
continuum.

4.1.3 Perspectives: Low-lying collective dipole states and
the GDR in medium-mass nuclei

A first experiment investigating the electromagnetic ex-
citation of heavier neutron-rich nuclei was recently per-
formed at GSI utilizing a mixed secondary beam includ-
ing 132Sn isotopes produced by fission of a 238U beam
with an energy of around 600 MeV/nucleon [206]. The
experimental method applied is similar to the one dis-
cussed for the measurement of the oxygen isotope chain.
The differential cross section for electromagnetic excita-
tion of 130. ̂ s n (A! 500 MeV/nucleon) on a lead target is
displayed in Figure 32 (left frames). The right frames dis-
play the corresponding photo-absorption (7, n) cross sec-
tions. The upper right panel shows the result from a real-
photon experiment [207] for the stable isotope 124Sn for
comparison. The spectrum is dominated by the excitation
of the GDR, in contrast to the excitation of lighter nuclei.
This is due to the fact that the GDR strength in heavier
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Fig. 32. Left frames: Differential cross section for the electro-
magnetic excitation of 130>132Sn on a lead target at around
500 MeV/nucleon [206]. Corresponding photo-neutron cross
sections are shown in the right panels. The solid curves denote
the result from a fit of a Lorentzian (GDR region) plus a Gaus-
sian (low-lying peak) including convolution with the instru-
mental response. The dashe-dotted and dashed curve display
the individual contributions. For comparison, photo-neutron
cross sections are shown in the upper right frame for the sta-
ble isotope 124Sn measured in a real-photon experiment [207].
Prom Adrich et cd. [206].

nuclei is less fragmented, and concentrated at lower exci-
tation energies, yielding larger cross sections for the elec-
tromagnetic excitation. A fit of a Lorentzian plus a gaus-
sian parametrization for the photo-absorption cross sec-
tion (solid curves) yields a position and width of the GDR
comparable to those known for stable nuclei in this mass
region. The GDR exhausts almost the energy-weighted
dipole sum rule. It should be noted that the spectrum
shown in Fig. 32 was obtained from a measurement with
a rather low beam intensity of about 10 132Sn ions/s only.

An additional peak structure is clearly visible below
the GDR energy region. The position of around 10 MeV
is close to the predicted energy of the soft mode (Pygmy
resonance) by the relativistic QRPA calculation of Paar
et al. [48]. The experimentally observed strength in this
peak corresponds to about 4% of the TRK sum rule, also
in good agreement with the QRPA prediction [48] as well
as with the non-relativistic QRPA calculations of Sarchi et
al. [50]. The collective character of the low-lying structure
is, however, still an open question: While the strength is
attributed to a few single-particle excitations in the non-
relativistic calculation [50], a coherent superposition of
many neutron quasi-particle configurations is found in the
relativistic approach [48]. Further theoretical and experi-
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mental investigations are called for in order to shed light
on the nature of the low-lying dipole strength.

4.2 Nuclear scattering to continuum states

The electromagnetic excitation process is mainly selective
to dipole transitions, while in the nuclear inelastic scatter-
ing, several multipolarities can be excited. Nuclear inelas-
tic scattering was discussed already in the context of spec-
troscopic studies utilizing the one-neutron removal cross
section, i.e., the diffractive scattering contribution to the
cross section. In kinematically complete experiments, the
nuclear inelastic excitation might be used to study reso-
nances in the continuum. As an example, the scattering
of 6He from a carbon target shall be discussed.

The upper panels in Fig. 33 display the differential
cross section for inelastic excitation of 240 MeV/nucleon
6He on lead (left) and carbon (right) targets as recon-
structed from the coincident detection of the a fragment
and the two neutrons. In case of the lead target, the cross
section is dominated by electromagnetic dipole excitations
(see also Fig. 11). The peak-like structure at 1.8 MeV
stems from the excitation of the 2+ state of 6He. The peak
is better visible in the correlation function shown in the
lower panels. This function was obtained by dividing the
measured spectrum by a randomized spectrum for which
the momenta of the three observed particles were taken
from different events [53]. It is interesting to note that the
excitation of the 2+ state with the lead target is due to
nuclear excitation. The cross section for electromagnetic
excitation is much smaller in this case. This is also evident
from a comparison with the measurement using the carbon
target (right frames). Here the 2+ resonance dominates
the excitation spectrum. The broad component at higher
energies does not reveal any resonant structures, as also
seen in the correlation function (lower panel). A second 2+

state was predicted by three-body models [208] at around
4.3 MeV (indicated by the arrows) but no experimental
evidence has been found. The ratio of cross sections for
the 2+ excitation measured with lead and carbon targets
agrees with the prediction from an eikonal calculation for
diffractive dissociation, demonstrating the nuclear origin
of the excitation also in the case of the heavy target.

Apart from the 1.8 MeV resonance, both the exci-
tation energy spectrum and the correlation function ap-
pear to be structureless. This smooth continuum could
be composed of various multipolarities. In order to ex-
plore the different contributions, the differential cross sec-
tion as a function of scattering angle was inspected [53,
209]. In Figure 34 the angular distribution is compared
to calculations based on the distorted-wave Born approx-
imation (DWBA) combined with the tpp approximation
[210]. The data correspond to the excitation-energy region
above the 2+ resonance, i.e., between 2.5 and 4.5 MeV.
This analysis is parameter free since the input quantities
(the density distributions of target and projectile and the
nucleon-nucleon cross sections) can be taken from inde-
pendent experiments. In the left part of Fig. 34, calcula-
tions for quadrupole (dashed curve) and monopole (dotted

Fig. 33. Continuum excitations of He in nuclear and elec-
tromagnetic scattering on lead (left frames) and carbon (right
frames) targets. The upper parts show the differential cross
sections as a function of excitation energy E*, the lower parts
the corresponding correlation functions (Aumann et cd. [53]).

curve) excitations are shown, for which low-lying strength
is predicted from three-body models [124-126]. The sum of
both (solid curve) can account for the experimental spec-
trum. Isovector dipole excitations are expected to be sup-
pressed since the carbon target is a self-conjugate T = 0
system, although isoscalar probes may induce isovector
transitions, e.g., in nuclei with neutron excess, due to dif-
ferent radial extent of proton and neutron matter distri-
butions.

The strength function dB(El)/dE deduced from the
electromagnetic excitation cross section measured with
the lead target [53] (see Figure 15) allows an estimate
of the contribution of Coulomb dissociation in a carbon
target for a selected region of excitation energies. The es-
timated result is 2 mb or about 30% of the total diffrac-
tive disintegration cross section in the excitation energy
interval between 2.5 and 4.5 MeV. The contribution from
the hadronic Al = 1 transition is smaller by a factor of
~ 10. The Coulomb dissociation is characterized by a peak
close to zero degree. The corresponding differential cross
section, corrected for the experimental angular resolution,
is shown in the right panel of Fig. 34 by the dotted curve.
The solid curve shows the sum of 30% Coulomb-dipole
and 70 % nuclear-quadrupole cross sections.

The good agreement with the experimental data for
the angular distribution supports the interpretation that
the cross section close to zero degree is not related to
monopole excitations but shows that Coulomb dissocia-
tion is important even for a carbon target. A similar con-
clusion was drawn from a measurement of inelastic exci-
tation of n Be on a carbon target performed at RIKEN by
Fukuda et al. [59]. Besides the observation of several res-
onant structures in the continuum of nBe, they found an
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Fig. 34. Differential cross section with respect to scattering
angle for inelastic scattering on a caxbon target. The data cor-
respond to an excitation energy interval of 2.5 to 4.5 MeV
(see Fig. 33). The curves in the left part show DWBA calcu-
lations for monopole (dotted) and quadrupole (dashed) tran-
sitions. The right part displays the result for electromagnetic
dipole (dotted) and quadrupole (dashed) transitions. Figure
taken from Aleksandrov et al. [209].

appreciable Coulomb component at small scattering an-
gles [59]. The agreement between the calculations and the
data allows to conclude that At = 2 dominates at large
scattering angles. This conclusion is similar to the one
from the 6Li(7Li,7Be)6He charge-exchange reaction [211].
There, the excitation energy spectrum reveals a broad
bump with a width of about 12 MeV centered at 5.6 MeV,
which is assigned by the authors to a quadrupole tran-
sition [211]. In the charge-exchange reaction mentioned
above and, more recently, in a 6Li(£,3He)6He reaction [212]
also higher-lying states were observed [211,212]. In an in-
elastic proton scattering experiment [213], a structureless
continuum was observed in addition the first 2+ resonance
in accordance with the result shown in Figure 33.

The method of inelastic scattering from carbon has
been applied also to the dripline nucleus 8He and evidence
for dipole and quadrupole strength in the low-energy con-
tinuum has been found by Markenroth et al. [145] utiliz-
ing a 8He secondary beam at 227 MeV/nucleon. A broad
bump was observed in the continuum excitation spectrum,
which was suggested as due to the overlap of two reso-
nances, a 2+ state at 2.9 MeV (F = 0.3 MeV) and at
broader 1~ state at 4.15 MeV ( r = 1.6 MeV) [145]. The
latter assignment was motivated by the differential cross
section with respect to scattering angle, which is further
supported by the observation of Coulomb-nuclear inter-
ference in the angular distribution measured with a lead
target [122].

5 Astrophysical aspects

In the previous sections the reactions with radioactive
beams were discussed mainly in the context of investigat-
ing the nuclear structure of exotic nuclei. Such reactions
are also an important tool to obtain information on re-

actions relevant for astrophysical scenarios. Often, they
cannot be studied in a direct way because short-lived nu-
clei are involved, but the reaction rate of interest may
be obtained from a measurement of the inverse process.
A prominent example, which was studied extensively us-
ing both approaches, is the 7Be(p, 7)8B reaction which
is important for the production of high-energy neutrinos
in the sun. While results from existing direct measure-
ments of this reaction do not agree with each other, the
measurement of the inverse reaction may yield additional
insight due to different systematic uncertainties. Coulomb
breakup measurements of 8B were performed at differ-
ent energies at RIKEN [214], MSU [215], and GSI [216],
and the zero-energy astrophysical S factor 5i7(0) was ex-
tracted. Prom the measurement of Schümann et al. [216],
providing the most precise data with good statistics, a
617(0) value was extracted which is in agreement with
a recent precision measurement of the direct reaction by
Junghans et al. [216-218].

Neutron-capture processes on neutron-rich nuclei play
an important role in astrophysical processes, e.g., in the
nuclear synthesis in stellar helium and carbon burning
stages as well as in the slow (s-process) and rapid (re-
process) neutron capture processes taking place in explo-
sive stellar scenarios [219]. The r-process, for instance, in-
volves short-lived neutron-rich nuclei far away from the ß-
stability line. A systematic change of the dipole response
for neutron-rich nuclei, e.g., the appearance of low-lying
strength as discussed in the previous section, would have
an impact on the elemental r-process abundances [220]. In
the following, two specific examples of Coulomb breakup
experiments relevant for astrophysical processes shall be
discussed.

The 14C(n, 7) reaction is important in neutron-
induced CNO cycles of stellar evolution phases beyond
the main sequence [221]. Starting from the most abundant
isotope 12C, successive neutron capture reactions and ß-
decays finally yield 18O. The neutron capture on carbon
isotopes runs up to 15C, the last one being the slowest
reaction in this cycle. The 14C(n, 7) reaction rate is also
important in inhomogeneous Big-Bang models. In this sce-
nario, a high neutron flux induces primordial nucleosyn-
thesis which bridges the mass 5 and 8 gaps [222]. Subse-
quent neutron capture processes on neutron-rich carbon,
nitrogen, and oxygen isotopes may bypass the long-lived
14 C and trigger a primordial r process [223]. A direct mea-
surement of the 14C(n, 7) reaction rate is difficult since
the cross section at the low energies of astrophysical in-
terest is small and the experiment involves a radioactive
target. Beer et al. [224] succeeded to measure this cross
section with a neutron source approximating a Maxwell
distribution with kT = 23 keV. The cross cross section
of 1.10(28) fib from the direct measurement is much lower
than the theoretical predictions, see Figure 35. The inverse
process was studied in two Coulomb-breakup experiments
at 35 MeV/nucleon at MSU [225] and at 605 MeV/nucleon
at GSI [60]. From the differential cross section for electro-
magnetic dissociation in a lead target, the photo-neutron
cross section can be obtained, which can be converted into
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Fig. 35. 14C(n, 7) neutron capture cross section as a function
of 14C—n relative energy Eve\. The result from the direct mea-
surement of Beer et cd. [224] is displayed as the circle, the re-
sults derived from Coulomb breakup experiments at high (605
MeV/nucleon) [60] and low (35 MeV/nucleon) [225] beam en-
ergy are shown as the square and the triangles, respectively.
The solid and dashed curves denote the theoretical estimates
by Mengoni [226,227] and Descouvemont [228], respectively.

the cross section for the time-reversed process by the prin-
ciple of detailed balance [112]:

(2ja 1 El
(11)

for a reaction of the type 7 + a —» b + n with \i being the
reduced mass of the b + n system, i.e., /x = (mt+m-^)' ^ e

energy E^ of the photon and the b-n relative energy Ere\
differ by the neutron separation energy Sn (1.218 MeV
in case of 15C): En = EYe\ + Sn. As can be seen from
the above equation, the cross section <77i„ for the inverse
process is favored by the phase-space factor for not too
small values of 2?T. As an example, for the electromag-
netic dissociation of 15C with 605 MeV/nucleon on a lead
target, a cross section of 39(4) mb/MeV [60] was mea-
sured at 80 keV relative energy which translates into a
photo-neutron cross section of 0.38(4) mb. By applying the
above equation, a capture cross section of 9.0(9) ^b is ob-
tained. The lowest-energy point of this Coulomb-breakup
measurement [60] is given in Figure 35 (square) together
with the values deduced from the MSU Coulomb-breakup
data (triangles) [225]. The horizontal error bars denote the
energy resolutions of the Coulomb breakup experiments
(±1<T). It is evident that better resolution would be helpful
for the measurement of such low-energy cross sections rel-
evant for astrophysical processes. The data are compared
to model predictions by Mengoni [226,227] (solid curve)
and Descouvement [228]. A \/Eiei dependence of the cross
section is observed at low energies as expected for p-wave
capture. Good agreement is found between the result from
the high-energy Coulomb breakup and the model of Men-
goni [226]. The situation is not conclusive, however, since
the data taken at lower incident energy are significantly

lower, and the direct measurement gives an even lower
cross section. Results from a preliminary analysis of a re-
cent Coulomb breakup experiment performed at RIKEN
[229] are consistent with the GSI data [60] showing good
agreement with the model prediction of Mengoni down to
50 keV [229,227].

In the following, an example shall be discussed which
can only be studied in the inverse reaction since an un-
bound nucleus is involved, the two-neutron capture on
4He. In the past years, it was discussed that the postcol-
lapse phase in a type II Supernovae may offer the "ideal
site" for the r-process, forming the heaviest elements. In
the preceding a process, elements up to masses A < 100
are synthesized. The bottleneck in this nucleosynthesis
process is the formation of nuclei with A > 9 from nucleons
and a particles. Two-step processes such as 4He(2n, 7)6He
and 6He(2n, 7)8He were considered potentially to be rel-
evant in bridging the instability gaps at A = 5 and A =
8, see Refs. [222,230,231] and References cited therein. It
is presently believed that the two-neutron capture can-
not compete with the (an, 7) process in a type II super-
novae scenario, but other scenarios such as production
of r-process elements in the fusion of two neutron stars
are still under discussion, for which the relevance of two-
neutron capture processes is yet to be explored [232]. In
any case, it is certainly of interest to check experimentally
the model-dependent assumptions on which such conclu-
sions are based so far. As far as the 4He(2n, 7)6He reaction
is concerned, the mechanism to contribute most is that of
the formation of the 5He ground-state resonance as an
intermediate state, followed by radiative capture of a sec-
ond neutron into the 6He 7OT = 2+ (1.80 MeV) resonance.
Non-resonant mechanisms involving El photoabsorption,
however, were considered as well. The data on the electro-
magnetic dissociation of 6He [53] discussed in section 3.3.4
comprise exactly the inverse process, i.e., absorption of a
(virtual) 7 quantum followed by two-neutron emission.

First, a value of B(E2, 0+ -> 2+) = 3.2(0.6) e2fm4 was
extracted from the nuclear inelastic scattering [53] which
can be compared to the one used in the model calculation
of Goerres et al. [230]. There, a value of 2.85 e2fm4 was
adopted, which is confirmed by the data.

In addition, the importance of non-resonant transitions
can be estimated on the basis of the Coulomb-breakup
data. In fact, Efros et al. [222] consider the process of a
non-resonant electric dipole transition as the main contri-
bution to the second step of the reaction, i.e., the neu-
tron capture leading from 5He to 6He. Relying on B(E1)
strength distributions from a three-body model, they con-
clude that there must be an enhancement of three orders
of magnitude of the non-resonant mechanism in compari-
son to the resonant one via the 6He I* = 2+ (1.80 MeV)
resonance. It is straightforward to transform the exper-
imental dB(El)/dE* distribution [53] (Figure 15) into a
photoabsorption cross section, which can be compared to
the one used in the calculation of Efros et al., see Fig. 3
of Ref. [222]. Their photoabsorption cross section for the
6He(7, n)5He reaction peaks at around 2.3 MeV with a
value of 0.12 mb, the photoabsorption cross section inte-
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Fig. 36. Two-body correlations in the three-body decay of
6He. The lower panels show the ratio between the measured
a — n and n — n relative-energy spectra (upper panels) and the
spectra simulated (histograms) according to standard phase-
space distributions. From Ref. [53]

grated up to 8 MeV excitation energy amounts to about
0.4 mb-MeV. Prom the Coulomb breakup data, a total
photoabsorption cross section, integrated up to 8 MeV, of
16(3) mb-MeV is deduced [53]. In comparing with the cal-
culation of Ref. [222], however, only that fraction of cross
section is relevant which proceeds via the 5He ground-
state resonance. An estimate of this fraction one may
obtain from the two-body correlation spectra. Figure 36
shows the relative-energy spectra of the a — n and n — n
subsystems in the three-body decay of 6He after inelas-
tic scattering on a lead target. The data are compared
to simulations starting from the measured excitation en-
ergy and distributing the available kinetic energy among
the a particle and the two neutrons according to stan-
dard phase-space distributions (histograms). The lower
part shows the ratio of the measured two-body relative
energy distributions and the phase-space distributions. In
both spectra, deviations from the phase-space distribu-
tions are observed. In the neutron-neutron spectrum very
low relative energies appear to be enhanced, qualitatively
in accordance with the known, very low-lying virtual state
in the neutron-neutron channel. In the neutron-a spec-
trum, the observed excess of cross section coincides in
energy with the 5He ground-state resonance. From this
spectrum, it was deduced that about 10 % of the cross
section lead to the 5He resonance. Assuming that the 5He
formation is independent of the 7 energy, a rough estimate
of the photoabsorption cross section for the 6He(7, n)5He
reaction amounts to about 1.6 mb-MeV. This value is of
the same order of magnitude as the one used by Efros et
dl., given above.

6 Concluding remarks and outlook

In the past years, scattering experiments utilizing rela-
tivistic radioactive beams became a major and efficient
tool for the investigation of nuclear structure of short-lived
nuclei. Experimental approaches utilizing high-energy re-
actions have been developed coping with the properties
of secondary fragmentation beams as, e.g., low intensi-
ties and a large momentum spread. Detailed information
on nuclear structure and reaction mechanisms involving
weakly bound nuclei have been obtained and many new
phenomena were found. Several types of reactions and the
associated nuclear structure of exotic nuclei were discussed
in the present article.

The advantage of using high beam energies is from
the theoretical point of view the simplicity of the reac-
tion mechanisms allowing a clean separation of the re-
action and nuclear structure observables. In conjunction
with an elaborated reaction theory, high-energy reactions
have been established as a precise spectroscopic tool. From
the exclusive measurement of one-neutron removal reac-
tions, for instance, the single-particle structure of exotic
nuclei is studied and spectroscopic factors are deduced
with a precision on an absolute scale exceeding those of
transfer reactions which have been a standard tool for the
investigation of stable nuclei.

Another advantage of the high beam energies is the
enormous effectiveness due to the kinematical forward fo-
cussing of reaction products and the possibility of using
thick targets. Experiments with an efficiency close to 100%
are feasible making nuclear-structure studies possible with
beam intensities of a few ions/s only. The ground state
structure of very neutron-rich nuclei was investigated, for
instance, via knockout reactions with beams down to one
ion/s. Another example is the study of dipole excitations
in the continuum utilizing electromagnetic excitation. The
dipole-strength function of, e.g., 132Sn was extracted with
a beam intensity of about 10 ions/s and cumulation of
dipole strength below the giant dipole resonance was ob-
served, which might be, according to theoretical predic-
tions, associated with a collective soft dipole excitation of
valence neutrons against the core.

So far, reactions with relativistic beams were applied
mainly to light nuclei. The neutron dripline has been
reached up to oxygen. Higher primary-beam intensities
are necessary to explore the dripline for heavier nuclei.
New accelerators as planned in RIKEN in Japan, RIA in
the United States, and FAIR in Europe will provide the
basis for such investigations. Applying the experimental
approaches as discussed in the present article to medium-
mass and heavier nuclei needs, in addition, experimental
developments. A substantially improved setup for kine-
matically complete measurements of reactions with rela-
tivistic radioactive beams (R3B) [233] comprising, in ad-
dition, a detection scheme for light recoil particles is cur-
rently being planned for the FAIR [183] facility in Darm-
stadt. The proposed setup provides significantly higher
resolution allowing the investigation of nuclear structure
by scattering experiments also for heavier nuclei. The en-
visaged improvement in invariant-mass resolution will al-
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low precise studies of reactions at energies relevant for
astrophysical scenarios. In addition, new experimental ap-
proaches involving storage rings will overcome some lim-
itations presently given by the need of applying inverse
kinematics. Scattering experiments of radioactive beams
from light hadrons at low-momentum transfer, and even
electron-scattering experiments will become possible in
the future [184].

The experiments discussed in the present article are the re-
sult of the efforts by large collaborations. The author likes to
thank all members of the different collaborations of which he
has or had the pleasure being a member of. I like to express
special thanks to the members of the LAND group, the "Halo
collaboration", and the MSU "knock-out collaboration".
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