
Chapter 5
Direct Reactions at Relativistic Energies:
A New Insight into the Single-Particle Structure
of Exotic Nuclei

Dolores Cortina-Gil

5.1 Introduction

Direct reactions are an excellent tool for the investigation of nuclear structure. They
proceed in a single step and are very fast, ≈10−22 s, taking simply the time needed
for the projectile to traverse a target nucleus. Usually, only a few bodies (nucleons)
participate in the reaction. Moreover, only a few degrees of freedoms are involved
and the momentum transfer associated is not very high. They are thus rather periph-
eral interactions mostly surface dominated. All these properties make the reaction
mechanism easier to interpret and allow the use of a certain number of simplifica-
tions in their description. The high selectivity associated with direct reactions is also
responsible for the dominance of single-particle properties over dynamical effects,
opening the possibility of using them as spectroscopic tools.

The spectra of possible direct reactions is rather large and includes, among oth-
ers, processes related to elastic, inelastic, transfer and knockout reactions. The use
of direct reactions was vigorously extended throughout the 60–80 s with the advent
of the first accelerators dedicated to the study of stable isotopes. In the 90’s, the
availability of exotic beams heralded a new golden age with the extension of struc-
tural studies to these new rare species. On top of the relative simplicity, the reaction
cross-section is rather large, allowing their use since the first beam deployment de-
spite the rather low intensities of these radioactive beams.

Secondary beams at different energy regimes became widespread across several
experimental facilities all over the world. Elastic and inelastic reactions induced by
secondary exotic projectiles took hold as a powerful tool to gain information on the
radius and matter densities associated with those exotic species.

These first experiments lead to others, more specific, that addressed the study
of structural properties. Low energy facilities concentrated on the study of trans-
fer reactions, able to provide detailed information on the single-particle properties
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of the different states connected with the reaction (see chapter by Joaquín Gómez
Camacho and Antonio Moro in this volume for further information on this topic).

In addition, the exploration of removal reactions became very popular among the
high energy facilities. These reactions are the result of the interaction between a fast
projectile and a target at rest. The nature of the projectile-target interaction can be
nuclear (light target) or Coulomb (heavy target). For large impact parameters, the
reaction would be peripheral, and would result in the dissociation or breakup of the
projectile into one or a few nucleons (neutrons or protons) that would be ejected
and a quasi-projectile (very often called core-fragment) that would continue on its
path largely unaffected by the reaction, with almost the same velocity as the inci-
dent projectile. Experimentally, the selection of the reaction channel is achieved by
detecting the incident projectile and the emerging fragments (with mass A-1 in the
one nucleon-removal case). The survival of the fragment is a probe of the peripheral
character of the reaction.

The superposition of different removed-nucleon + core-fragment configurations
resulting after breakup creates a realistic picture of the original exotic projectile
wave function. Therefore, the projectile wave function can be factorised as:

|Projectile〉 =
∑

i

Ai

(|core〉 ⊗ |nucleon〉)
i
, (5.1)

where |core〉 and |nucleon〉 represent the core-fragment and removed nucleon wave
function and A are the weighted probability1 associated with each configuration.
The detection of the gamma de-excitation of the fragment is used to discriminate
different core configurations in the original projectile. Figure 5.1 left shows the re-
action mechanism for the particular case of one-neutron knockout of a 23O projectile
by a light 12C target.2

Different names have been used in the literature to refer to these kind of reac-
tions (i.e.: nucleon removal, nucleon breakup and nucleon knockout). This last name
was adopted by the NSCL scientists in their publications and is probably the most
widely used (see review articles and references therein [1–3]). This term (knock-
out) was already used more than three decades ago to refer to Quasi-Free Scattering
(QFS) reactions induced either by high energy protons and electrons, (p,2p) and
(e, e′p) [4, 5], and known to be very powerful spectroscopic tools. Figure 5.1 right
shows the schematic representation of the quasi-free process induced by high energy
exotic projectiles.3

QFS can be understood as a process in which a high energy particle knocks a
nucleon out of a nucleus without any further significant interaction between the nu-
cleon and the incident and the outgoing particles. After the reaction, and in the par-
ticular case of proton-knockout, the two protons (the target in our inverse kinematic
example and the removed proton) emerge in the forward direction with a very strong

1Related to the spectroscopic factors.
2Reaction performed in inverse kinematics.
3Again illustrated by a reaction in inverse kinematics.
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Fig. 5.1 Left: Schematic representation of a one-neutron knockout of an unstable 23O projectile
by a stable carbon target. A loosely bound neutron (not recorded) is removed during the reaction,
leaving a core of 22O. Right: Schematic representation of a quasi-free reaction induced by an
unstable 23O projectile on a proton target (p,2p). Two strongly correlated protons and the A-1
fragment (22N in this case) are emitted (and detected)

angular correlation.4 The detection (momentum and direction) of both nucleons is
necessary to provide kinematically complete measurements.5

Indeed proton-knockout using high-energy electrons (e, e′p) was studied exten-
sively in the 1980s, and was considered the only experimental method able to pro-
vide absolute spectroscopic factors in well-bound nuclei [6, 7]. QFS experiments are
thus considered a quantitative tool for studying single-particle occupancies and cor-
relation effects in the nuclei. They have been mostly exploited for reactions on stable
nuclear targets and only very few QFS experiments to date involve rare species.

In this lecture, we will refer as knockout to the nucleon-removal from a projectile
after reaction with a light target. The detection of the remaining fragment (with mass
A-1) will be required but the knockouted nucleon will not be recorded. QFS will
refer to reactions of a projectile with a proton (or electron). In this case, the detection
of both nucleons (the removed one and the target) and eventually the A-1 fragment
is demanded and ensures fully exclusive measurements. It is our aim to provide an
overview of the achievements and limitations related to the application of knockout
and QFS reactions as spectroscopic tools for the particular case of exotic nuclei.

We would like to stress the complementary role of the different approaches so
far discussed. Transfer reactions yield high cross sections (∼1 mb) at relatively low
energies (in the range from few to 10–15 MeV/nucleon). The optimum range for
knockout and QFS reactions are projectile energies ≈100 MeV/nucleon and higher.
The cross section of the nucleon knockout process can vary from well above 100 mb,
for loosely bound nuclei, to ∼1 mb for tightly bound nuclei. The cross section for
the quasi-free channel, imposes a strong kinematical condition and it, is thus smaller
and also depends on the separation energy of the removed nucleon, the removal of
valence nucleons translates in larger cross sections.

4The two protons are emitted back-to-back (�φ ≈ 180◦) and with an average polar opening angle
θ ≈ 90◦.
5In some cases the fragment is also detected providing redundant information.
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In the case of knockout reactions, the strong absorption concentrates the reaction
probability at the surface, allowing mainly to probe the outer part of the projectile
wave-function. The peripheral nature of the reaction is also true for both transfer and
Coulomb breakup reactions. On the other hand, the use of QFS reactions induced by
exotic projectiles on a proton target, allows one to determine the spectral functions
of protons and neutrons (in the projectile) over a wide range, from the weakly bound
valence nucleons to the deeply bound core states. These studies enable a more com-
plete investigation of the projectile wave-function, giving access to different regions
of a nucleus and probing different types of correlations that could exist within the
nucleons.

The experimental possibility of working with high projectile energies can also
be of particular interest. In a good approximation, at beam energies above 50–
70 MeV/nucleon, the internal degrees of freedom of a nucleus can be considered
“frozen” during the collision [8–10]. Only the nucleons directly participating in the
interaction need to be taken into account in the theoretical description, the others are
considered as simple spectators, thus simplifying the reaction mechanism descrip-
tion. The use of a semi-classical approximation of the reaction with regard to the
impact parameter of the relative motion of projectile and target is permitted.

The production of high-energy secondary beams is achieved via in-flight projec-
tile fragmentation (or fission) [11], using inverse kinematics, which means that the
projectile is heavier than the target, having interesting kinematic consequences. The
fragments produced are focused in the forward direction, which contributes to in-
crease the overall transmission of these secondary beams to the secondary reaction
target. These production mechanisms originate cocktail beams, formed by different
isotopes. The selection of the nuclei of interest is done by help of powerful mag-
netic spectrometers [11] that identify “in-flight” the nuclear species, allowing the
selection of a single isotope within the spectrometer’s acceptance.

5.1.1 First Experiments

The shell model of the atomic nucleus was inspired by the atomic shell model. The
main assumption of the nuclear shell model consists of a description of the nuclear
interaction by a central potential with the ingenious idea of a spin-orbit coupling. To
first order, each nucleon in a nucleus is assumed to move independently in a mean
field resulting from interactions with the rest of nucleons. At the middle of last
century the basis of this model was perfectly established [12, 13]. The major evi-
dence of the adequacy of this orbital shell configuration came from the observation
of magic numbers predicted by the model in stable nuclei, the only ones available
for experimentation. Many experiments contributed to this important task, includ-
ing those focused on the determination of energy spectra of the low-lying states,
spins, magnetic moments, the observation of polarization effects of nucleons in nu-
clear collisions and the internal momentum determination of nucleons in proton and
electron induced QFS reactions. Since then, the nuclear shell model is considered a
cornerstone to describe the structural properties of nuclei.
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Experiments of (p,2p) were first undertaken in 1952 in Berkley [14, 15] with
the irradiation of protons on stable nuclei and the observation of coincident pro-
ton pairs, strongly correlated, emerging from the target. The interpretation of these
experiments relied on the assumption that both the incident and the knocked-out
proton were free. The angular correlation of the proton pair was interpreted as a con-
sequence of the momentum distribution of the protons in the nucleus. Additionally,
the separation energy distribution, evaluated for a given projectile particle, showed
different structures (peaks) that were related to the binding energies of the various
nuclear shells from which the protons were ejected. A number of experiments were
then performed at Chicago, Harvard, Hawell, Orsay and Uppssala [16, 17], ded-
icated to the study of nuclei up to 40Ca. The exploration of heavier nuclei, with
smaller energy differences between shells and lower cross sections, was not ad-
dressed at this early stage. The poor energy resolution achievable in these experi-
ments was the limiting factor.

Equivalent experiments employing high energy electrons appeared as an alter-
native, the nuclear transparency of the electrons was considered as an advantage.
The distortion of the associated momentum distributions was expected to be much
smaller and offered the possibility of studying inner shells. The drawback was that,
these experiments required the development of powerful electron accelerators, pro-
viding intense beams to compensate for the small electromagnetic cross-sections.
Very successful experiments of (e, e′p) reactions were carried out in different fa-
cilities, for nuclei ranging from 2H to 209Bi. Profiting from the higher experimental
resolution [4, 5, 18–21], transitions to many states in the resulting nucleus could be
separated and the corresponding momentum distributions accurately measured.

The 80’s became again a very exciting period with the advent of the first radioac-
tive nuclei beams. The first experiments with radioactive secondary beams were
performed more than fifty years ago ([22] and references therein). They concen-
trated on radioactivity experiments (i.e.: decay radiation, masses and determination
of ground-state properties). Subsequent technological progress made it possible to
apply techniques developed for stable beams to the case of secondary beams.

The advent of fast radioactive beams produced by projectile fragmentation and
the development of the in-flight identification technique for the emerging fragments
was an important milestone in the systematic study of unstable nuclei. The exper-
imental access to nuclei away from the valley of stability enabled the discovery of
many interesting phenomena such as dramatic changes in the neutron density at the
surface of certain nuclei producing very low density tails (i.e.: nucleon halo or skin).
The observed inversions and re-arrangements in the nuclear orbitals pushed an evo-
lution of our traditional knowledge, demanding a revision of certain aspects of the
traditional shell model, and were the driving force for an intense experimental and
theoretical work to better understand the single-particle properties and the role of
nucleon-nucleon (NN) correlations in these newly available exotic nuclei.

It is important to mention the pioneering work of Tanihata and collaborators in
the systematic investigations of matter radii of exotic nuclei [23, 24]. A few years
later, nucleon-knockout [25] was used for the first time to obtain spectroscopic infor-
mation on unstable nuclei. Since then, this method has been used extensively. The
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first knockout experiments focused on the study of neutron-halo states and were
later extended to other exotic species. The first cases investigated concentrated on
lighter nuclei, mainly due to the technical limitations associated with the produc-
tion of secondary beams. It is important to keep in mind that even today the neutron
dripline6 has only been reached for nuclei with low Z (up to Z = 12). Consequently,
this is where most of the knockout experiments have been performed so far.

NSCL7/MSU in USA, was the first laboratory to implement the nuclear-knockout
technique [26]. For many years, knockout experiments at NSCL have focused on
the study of n-rich nuclei at intermediate energies (50–150 MeV/nucleon) [1, 3]
(and references therein). They also pioneered the application of the knockout tech-
nique to the study of heavier nuclei [27] and have more recently extended their
experimental studies to the removal of two nucleons [3, 28–33]. The knockout tech-
nique was also applied on several occasions [34–36] in GANIL8 France, working
on a slightly lower energetic domain (50–80 MeV/nucleon). Scientists at RIKEN9

in Japan, concentrated on the study of Coulomb induced breakup [37, 38]. More
recently, to coincide with the commissioning of RIBF10 and BigRIPS11 [39, 40]
they undertook the investigation of very exotic isotopes using one and two neutron
knockout [41]. The German laboratory GSI,12 working in a higher energy regime
(500–1000 MeV/nucleon), has carried out investigations on both Coulomb [42–44]
and nuclear [45–55] induced knockout. All this work has contributed to modify the
established picture of nuclei, proving that the nuclear orbital organization far from
the beta stability is different. The importance of different effects (i.e.: the tensor
force, pairing interaction, three nucleon forces, coupling to the continuum, etc.),
might play a prominent role in these rare species, and offer new insights on the
nuclear landscape.

QFS, can be also regarded as NN scattering channels in nuclear fields and thus
could give a direct access to study the modification of nucleon properties in the nu-
clear medium, an interesting feature of nuclear physics not much explored so far.
Experiments of (p,2p) reactions on different (6Li, 12C, 16O and 40Ca) targets [56]
performed at RCNP13 in Osaka (Japan) profited from high resolution detection of
the two outgoing protons. They allowed to study knockout from deeply bound nu-
cleon states. They also allowed, in the case of 12C, a first measurements of the decay
particles coming from deeply bound states, offering a qualitative comparison with
the shell model and microscopic cluster calculations [57]. It is also worth to mention
the electron-induced QFS experiments performed at Jefferson Lab (USA) in the last

6Limit of existence as a bound nuclear state.
7National superconducting cyclotron laboratory.
8Grand accélérateur national d’ions lourds.
9Nishina center for accelerator-based science.
10Radioactive ion beam factory.
11Separator and zero degree spectrometer.
12Helmholtzzentrum für Schwerionenforschung.
13Research center for nuclear physics.
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decade. The analysis of the reaction of 12C(e, e′p) reveals a large fraction of events
that could be identified as proton-neutron pairs in 12C. These events were interpreted
as the result of the short-range component of the NN potential. The observation of
a small amount of proton-proton and neutron-neutron pairs was also interpreted as
a fingerprint of the tensor force [58].

Traditionally all these correlation effects and medium modifications have not
been considered in the interpretation of direct reactions, but detailed studies have
shown the eventual impact they could have. In the particular case of knockout re-
actions, this effect will not affect the shape of the momentum distribution14 of
the emerging fragment but would have an impact on the correct estimation of the
cross-sections, particularly at low energies [59]. It is neither excluded, that the so-
called “correlations” are simply the result of a insufficient description of the reaction
mechanism.

The lecture is structured as follows. After this introduction, the main section is
devoted to the analysis and interpretation of knockout reactions induced by radioac-
tive beams, particularly in connection with their use as spectroscopic tools. We will
finish with the presentation of the quasi-free channel induced by relativistic exotic
nuclei on proton targets, which appears as an attractive extension of this kind of
studies to probe the deeply bound states of rare species and offers the possibility of
performing fully exclusive measurements.

5.2 Knockout Reactions

5.2.1 Extraction of Information in Knockout Reactions

In a knockout reaction a fast projectile with mass number A impinges on a target
at rest (preferably light). The interaction projectile-target results in the removal of a
single nucleon. It proceeds in a single step and is a very peripheral reaction, guaran-
teeing the survival of the A-1 fragment. The study of knockout reactions in the lab-
oratory occurs at relatively high energies (typically above 100 MeV/nucleon, even
though many experiments have been done at lower energies ≈50–80 MeV/nucleon),
where the use of semi-classical descriptions of the reaction mechanism is permitted.
When describing the reaction mechanism of the knockout process, different contri-
butions have to be considered.

• Stripping refers to cases where the removed nucleon reacts with the target, the
nucleon is scattered to large angles and the target is excited.

• Diffraction or elastic breakup refers to reactions where the target remains in its
ground state and the removed nucleon is emitted in forward direction.

14The momentum distribution themselves have a small dependence on the binding energy of the
removed nucleon, but depend on the nucleon’s orbital angular momentum, which enables identifi-
cation of shell occupancy.
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• A third contribution, called Coulomb dissociation, corresponds to electromag-
netic elastic breakup and plays a minor role in the case of light targets, as it is
the case of the reactions that will be described in this paper, and thus will not be
discussed in detail.

Within this scenario the cross-section can be expressed as:

σ = σstrip + σdiff (5.2)

Depending on the beam energy, the relative importance of each process is dif-
ferent. At high beam energies the one-neutron removal cross-section is dominated
by stripping whereas at lower energies, 50–60 MeV/nucleon, both contributions are
similar [60]. As a general statement, the use of direct reactions as a spectroscopic
tool demands a very detailed and realistic description of both the nuclear structure
and the reaction mechanism.

In the case of nucleon knockout, the reaction mechanism has been often given
by the (semi-classical) eikonal approximation, providing a geometrical description
of the reaction in terms of the impact parameter of the relative motion of projectile
and target. The strong point of the eikonal description is the relative simplicity as-
sociated with both the calculations involved and the required physical inputs. For
the single step assumption to be valid, sufficiently high energies must be employed
to allow for the use of the adiabatic approach, in which the internal motion of the
nucleons inside the nucleus is neglected during the collision [8, 10]. The nucleons
not directly involved in the reaction are considered simply as “spectators”. As it
will be shown in the following sections, many knockout experiments can also deter-
mine spin and parity (Iπ ) of the remaining fragment from the measurement of the
γ de-excitation of the fragment, enabling exclusive measurements to given states
(n, l, j ).

There are many references describing in detail the eikonal methods [1, 8, 9, 61–
63]. We will illustrate in this section the case of a system that follows a nucleon-
knockout reaction, described by the subsystems after breaking: the core-target and
the nucleon-target [42, 63]. The cross-sections can be calculated as follows:

σdiff =
∫

db
[〈∣∣(1 − ScSn)

∣∣2〉 − ∣∣〈(1 − ScSn)
〉∣∣2] (5.3)

σstrip =
∫

db
〈(

1 − |Sn|2
)|Sc|2

〉
(5.4)

The cross-sections are expressed as a function of the profile functions S [64, 65],
linked in the eikonal model to the scattering matrix and evaluated from the eikonal
phase-shifts. The profile functions for the core-target (Sc) and nucleon-target (Sn)

depend on the impact parameter and are calculated using density distributions that
reproduce measured cross-sections (see [42] for the particular case of 11Be neutron-
knockout). The theoretical cross-sections for each of the above mentioned pro-
cesses, can thus be calculated individually for the occupancy of each subshell or-
bital for a given state (n, l, j ), relating to the single-particle cross section for each
subshell at that energy.
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Fig. 5.2 Probability
evaluation for one-neutron
knockout in 17O (d5/2
neutron with Sn = 4.1 MeV).
The dashed curve represents
the total reaction probability.
The dash-dotted line is the
neutron reaction probability,
i.e.: 〈1 − S2

n〉, whereas the
dotted line corresponds to
core survival probability, i.e.:
S2

c . The solid line is the
neutron reaction probability
times the core-survival
probability [68]

Other authors have worked with descriptions providing a pure quantum treatment
of the reaction (the eikonal makes use of a classical description for the projectile
movement). These approaches can only account for the elastic (or diffractive) term,
ignoring the stripping that can be important in these reactions. Some attempts of
using these approaches can be found in Refs. [66, 67].

Using the eikonal approach, we can also probe the peripheral character of this
kind of reactions. If one assumes identical impact parameter for both projectile and
core,15 the core-target profile function can be taken outside the expectation value
and the probability evaluation can reduce to

P(b) = S2
c (b)

〈
1 − S2

n(bn)
〉 = S2

c (b)

∫
d3r

∣∣φnlj (r)
∣∣2[1 − S2

n(bn)
]
, (5.5)

with φnlj , the single-particle wave function of specific states, expressed as a function
of the relative core-nucleon distance. The terms involved in this expression represent
the reaction probability of the nucleon with the target (〈1 − S2

n〉), and the survival of
the core Sc. This calculation allows for instance to evaluate the one-nucleon knock-
out with a given orbital angular momentum, and is very helpful to understand the
surface dominance of this kind of reaction. Figure 5.2 shows an example of the
probability evaluation for the case of 17O considering the knockout of a d5/2 neu-
tron [68]. One can observe a concentration of the neutron knockout probability at
the nuclear surface.

To compare the evaluated single-particle cross-sections with the experimental
ones, the former need to be normalised by the spectroscopic factor (C2S), associ-
ated with each occupied subshell for this particular state. The result provides the
theoretical cross-section (see (5.6)) for the removal of a nucleon from each of the
considered subshells for this state which, when they are summed, yield the theoret-

15No recoil limit.
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ical cross-section for neutron removal from this state.

σtheo =
∑

j

C2S(Iπ ,nlj)σsp(nlj) (5.6)

The sum, for all bound states, yields the complete theoretical cross section for the
reaction channel under the particular conditions considered (target, beam energy,
etc.). Section 5.2.3.1 includes examples of these kind of calculations applied to the
11Be and 8B case.

A spectroscopic factor is formally defined as the overlap of two many-body shell-
model wave functions, corresponding to the initial nucleus (A) and the emerging
core (A-1) in the case of nucleon-knockout. Computation of the spectroscopic fac-
tors requires a shell model calculations, the reader can find further information on
the shell model in almost any nuclear physics text book. This subject has also been
treated in the Euroschool notes by H. Grawe [69] and T. Otsuka [70]. Different
codes are available on-line [71–73] and can be used for simple computations.

When using C2S to weight the single-particle cross-sections, C2S are interpreted
as the intensity related to the core state (ΦA−1), and thus as the pre-existing weight
of a given component (|core〉 ⊗ |nucleon〉) in the incident projectile ground state
wave function (ΦA).

The comparison of the theoretical cross-section, including C2S, and the mea-
surement would also allow to determine the factor S (also named RS ), interpreted
as an experimental spectroscopic factor.

σexp = Sσtheo (5.7)

In a typical knockout experiment, the measurement of the remaining fragment
momentum distribution, allows for the determination of the angular orbital momen-
tum l of the removed nucleon. Taking the “adiabatic approximation” and keeping
in mind the momentum conservation, the momentum of the recoil fragment after
one-nucleon removal provides a measurement of the momentum of the removed nu-
cleon. In the centre of mass system both quantities have equal modulus and opposite
directions.

The shape of the momentum distribution is related to the Fourier transform of the
radial wave function. It is also well known that the spatial extension of this radial
wave function could be very different depending on the orbital angular momentum.
In general, a lower orbital angular momentum yields a very extended spatial ex-
tension and thus a narrow momentum distribution. Figure 5.3 shows the example
of radial wave functions associated with different l values and the corresponding
momentum distributions applied to the 17O example.

We can conclude that the shape of the residual fragment momentum distribution
is dependent upon the orbital angular momentum components of the removed nu-
cleon. The comparison of the experimental and evaluated momentum distribution
thus allows the discrimination of the l of the knockout nucleon. This signature is
analogue to the one extracted from the angular distributions in transfer reactions.
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Fig. 5.3 Calculations performed for 17O (|16O〉 ⊗ |n〉). Left: Radial wave function for neutrons
with different orbital angular momenta (s1/2 represented by the dashed line and d5/2 with solid
line, in both cases Sn = 4.1 MeV). Right: Longitudinal momentum distribution of a remaining
fragment after one-neutron knockout (16O) associated with the two radial wave functions shown
in the left panel [68]

One must remember that the independent-particle shell model relies on the as-
sumption that each nucleon moves independently of the rest of nucleons in a nu-
cleus. Indeed, they are not free nucleons, but subject to the action of an average
potential (mean-field) induced by the neighbouring nucleons. In the nuclear shell
model picture deeply-bound states are seen as fully occupied by nucleons. At the
Fermi energy level (and above), configuration mixing can lead to reduced occupan-
cies that gradually decrease to zero. The evaluation of S (RS ), and its deviation
from unity, can be understood as a possible quantification of different correlation
effects that are beyond the effective interactions used in the shell-model to “build”
the mean-field. These kind of effects have been known for many years, observed
from data of electron induced (e, e′p) quasi-free scattering using stable beams with
A ranging from 7 to 208, which probed the structure using knockout in both va-
lence and deeply bound orbits (see [5] and Fig. 5.4). They show an average S value
on 0.6–0.7. These data on stable nuclei can be completed with other coming from
nucleon knockout of exotic projectiles (presented in detail in Sect. 5.2.3.5).

It is also worth to mention the efforts to evaluate spectroscopic factors with so-
phisticated calculations based on ab-initio methods which incorporate two-and three
body interactions [74–78]. These calculations are only possible for the case of light
nuclei.

5.2.2 Experimental Needs and Relevant Observables

The success of the nucleon knockout technique relies on two main premises:
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Fig. 5.4 The (e, e′p) data for
quasi-free scattering of
valence and deeply bound
orbits in nuclei gives
experimental spectroscopic
factors that are 60–70 % of
the mean field predictions [5].
Figure extracted from [5]

(a) the use of high-energy secondary beams in conjunction with thick targets pro-
vides an efficient enhancement of the reaction yields. Reactions at high energy
present an additional advantage of emitting the reaction products in a forward
focused cone, offering a rather high efficiency with moderate size detectors.

(b) a detection system able to select the reaction channel and ensure a kinematically
complete measurement (i.e.: identification and tracking of projectiles and core-
fragments, high precision measurement of the core-fragment momentum and
discrimination of the different possible core-fragment excited states).

Currently, high-energy secondary beams are produced by projectile fragmen-
tation of stable beams that are generated by heavy ion accelerators such as syn-
chrotrons and cyclotrons. Projectile fragmentation results in a cocktail beam com-
posed of the various fragments produced. The intensity of the secondary beams must
be sufficient to guarantee the success of the experiment: a minimum intensity of a
few particles per second is necessary to perform inclusive exploratory investigations.
This intensity will depend on different factors. The most important are:

– the type of accelerator used: cyclotrons generally provide higher intensities than
synchrotrons. At the time of writing, the largest secondary beam intensities are
achieved in RIBF [40, 41] (Japan). An important intensity upgrade is expected
with the arrival of the new FAIR16 [79] (Germany) and FRIB17 [80] (USA) facil-
ities in the future.

– the choice of projectile: the closer the primary projectile and the secondary beams
are in A and Z, the higher the production cross section.

16Facility for antiproton and ion research.
17Facility for rare isotope beams.
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– the target thickness: working at high energies makes it possible to use relatively
thick targets, which have a larger number of atoms and thus a greater secondary
particle yield.

Many knockout experiments rely on the use of very powerful magnetic spec-
trometers. These devices are composed of a set of electric and magnetic elements
that guarantee optimum transport of secondary projectiles and emerging fragments.
Electromagnetic spectrometers also act as filters allowing unambiguous identifica-
tion of secondary fragments from amongst all the species produced following frag-
mentation of the projectile. They are equipped with various detectors to ensure iden-
tification and tracking of ions traversing the system on an event-by-event basis. Last
but not least, spectrometers provide a very accurate determination of the momentum
of the nuclei from the accurate measurement of the position distribution. Interested
readers will find further details on these topics in Refs. [11, 81, 82].

Using knockout, the observables that provide experimental access to the ex-
otic projectile wave function are the momentum distribution of the surviving core-
fragments following nucleon knockout and the cross section associated with this
reaction channel. The longitudinal momentum distribution of the core-fragment pro-
vides information about the wave function of the removed nucleon, whereas spec-
troscopic factors (C2S) determined from the removal cross sections to each (n, l, j)

state, represent the occupancies of the subshell orbitals in the model space consid-
ered for each state. Gamma de-excitation of the core-fragment can also be measured
with gamma detection arrays. The coincident detection of core-fragment momentum
distribution and removal cross-section with gamma-rays provides information on
each individual contribution to the exotic projectile wave function. As a general rule,
the removed nucleon is not detected. Only some experiments have concentrated on
the detection of the removed nucleon allowing the experimental determination of the
cross-section for each reaction mechanism (diffraction and stripping) and validating
the reaction models so far used. In the rest of cases, direct discrimination of the
removal mechanism is not possible and is taken into account by the reaction model.

Figure 5.5 shows a schematic view of the generic experimental setup at the FR-
ragment Separator (FRS) at GSI [83]. The determination of all the observables in-
troduced in this section is referred to in this example. Other devices extensively
used to perform measurements of this kind are the A1900/S800 spectrograph at
NSCL/MSU [84], the BigRIPS at RIBF/RIKEN [39, 40] and the SPEG energy loss
spectrometer at GANIL [85].

The first section of the spectrometer is tuned to separate from the primary beam
and transport the nucleus of interest to where the beam is focused at the intermediate
image plane. Here a target is placed, where the knockout reaction is induced. Other
fragmentation products within the spectrometer acceptance will be transported as
well (as shown in the left panel of Fig. 5.6). The spectrometer section behind the
knockout target is then tuned to the magnetic rigidity of the A−1X fragments pro-
duced in the one-nucleon knockout reaction (right panel of Fig. 5.6).

It is essential to ensure an unambiguous selection of the reaction channel. This is
achieved via the double identification of the exotic projectile in front of the knockout
target and the remaining core-fragment following the reaction. Figure 5.6 illustrates
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Fig. 5.5 A schematic view of the FRagment Separator (FRS) with its detection set-up. Complete
identification with ToF (SC) and energy-deposition (IC) measurements is possible in both sections
of the spectrometer. Several position sensitive detectors (TPC) provide projectile and fragment
tracking as well as the measurement of fragment momentum distributions. A γ detector (NaI)
provides the coincident measurement of fragments with prompt γ -ray deexcitation

a particular case corresponding to the 40Ar fragmentation at 1 GeV/nucleon per-
formed at the FRS. The first section of the spectrometer was tuned to select 20O
fragments (right panel), whereas the second section was tuned to select 19O frag-
ments emerging from one-neutron knockout reactions on a carbon target. In this
particular measurement, identification was achieved by determining the A/Z ratio
from Time of Flight (ToF) measurements with plastic scintillators, and energy losses
(∝Z2) recorded by ionisation chambers.

As it was mentioned earlier, in the “adiabatic” approximation, the momentum of
the core-fragment following one-nucleon removal provides information on the wave
function of the removed nucleon. Narrow momentum distributions have been asso-
ciated with a large spatial extension of the removed nucleon (associated with low
angular momentum).18 This was clearly observed in experiments with halo nuclei
that will be presented in detail later in this lecture (Sect. 5.2.3.1). The core-fragment
momentum is determined by measuring the velocity shift induced by the knock-
out target. To determine this velocity shift, position sensitive detectors measure the
position distribution of the one-nucleon removal residue at the final focal plane.

It is important to keep in mind that the experimental determination of core-
fragment momentum distributions requires high-resolution measurements. The most
stringent cases would correspond to the narrow momentum distributions of halo nu-

18The FWHM of the momentum distribution due to knockout is around 50 MeV/c for an s (l = 0)
neutron, and around 300 MeV/c for a d (l = 2) neutron.
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Fig. 5.6 Identification of different secondary beams (left) and the corresponding one-neutron re-
moval core-fragments (right) emerging after one-neutron knockout on a carbon target. This cock-
tail beam was obtained by fragmentation of 40Ar at 1 GeV/nucleon impinging on a Be target [48]

clei (see Sect. 5.2.3.1), where a single-particle hole yields a FWHM of the order of
50–80 MeV/c in the core-fragment momentum distribution.

Position distribution measurements are possible in the transversal beam direc-
tions. These quantities make it possible to determine the longitudinal (parallel) and
transverse (perpendicular) contributions with respect to the beam direction of the
core-fragment momentum distribution. Both projections should contain the same
information but the longitudinal distribution is preferred because it is less affected
by Coulomb diffraction and diffractive scattering mechanisms.

From now on, core-fragments momentum distributions will always refer to the
longitudinal component. The experimental determination of the core-fragment mo-
mentum distribution is measured in the laboratory reference system and then trans-
formed to the projectile frame using the corresponding Lorentz transformation.

The final core-fragment momentum resolution depends not only on the track-
ing and magnetic resolving power but also on the quality of the projectile beam
(spot size and angular alignment) and the amount of matter at the mid-plane (angu-
lar energy straggling). Most of these contributions can be experimentally evaluated
by measuring the momentum distribution of the projectile (without knockout tar-
get) [45, 86], which can be used for deconvolution (FWHM reported in the literature
are always corrected by this value). Figure 5.7 shows these effects for the case of
19C at 910 MeV/nucleon. Another possibility to get free of the effects non due to the
knockout reaction on the momentum distribution would consist on the determina-
tion of the projectile incoming angle that could be subtracted on an event-by-event
basis, to obtain a corrected outgoing angle for the emerging fragment.

The left panel in Fig. 5.8 shows core-fragment momentum distributions of dif-
ferent carbon projectiles, at almost 1 GeV/nucleon, following one-neutron knockout
ranging from the bound nucleus 12C with a FWHM of 220±12 MeV/c to the loosely
bound nucleus 19C with a FWHM of 71 ± 3 MeV/c. These experimental results re-
veal the different initial state of the removed neutron, and indicate the dominance of
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Fig. 5.7 Measured longitudinal momentum distribution of 18C fragments from one-neutron
knockout of 19C at 910 MeV/nucleon on a carbon target (points). The dashed profile represents
the measured system resolution with a width of 19.9 MeV/c [86]

Fig. 5.8 Longitudinal
momentum distributions of
different carbon fragments, at
≈910 MeV/nucleon,
emerging from one-neutron
knockout reactions,
normalised to the unit (left)
and to the measured removal
cross-sections. Data taken
from [45, 86]

s-wave occupancy in the ground state configuration for the one-neutron halo nuclei
19C [45].

The one-nucleon removal cross section is deduced from the ratio between the
number of incoming exotic projectiles and the number of knockout residues. This
last quantity is determined at the final focal plane of the spectrometer and must be
corrected for the corresponding fragment transmission in the spectrometer region
between the knockout target and the detection point. This transmission is evalu-
ated by means of simulation programs that account for the ion-optical transport of
the nuclei through the spectrometer (i.e.: LISE [87], MOCADI [88]). Other correc-
tions, such as secondary reactions in the knockout target, detector efficiency and
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Fig. 5.9 Doppler shift and Doppler broadening for gamma-rays emitted by relativistic sources at
different energies (curves generated for detectors with angular segments of about four degrees)

data acquisition dead time are also considered. The right panel of Fig. 5.8 shows
the measured momentum distributions for the different C isotopes, normalized to
the corresponding cross sections. These two observables, core-fragment momentum
distribution and nucleon removal cross section, are determined independently.

For exclusive measurements of these observables for the bound excited states, the
experimental setup must provide information on core-fragment de-excitation after
knockout. The most common method for distinguishing the different core-fragment
configurations contributing to the exotic nuclei wave function, requiring to differ-
entiate between core-fragment in the ground state and in excited states, is via the
coincident detection of the surviving core-fragment with a gamma ray emitted in
the de-excitation process. Therefore, the gamma-ray detector must be located near
the knockout target. Different gamma detector arrays are used. The first experiments
were performed with scintillation-based detectors (namely NaI(Tl) and CsI(Tl))
with moderate intrinsic energy resolution. These have been gradually replaced by
Ge detectors which have an excellent intrinsic energy resolution, but considerably
smaller efficiency in detecting high energy gamma-rays.

The recorded gamma-ray spectra, emitted by relativistic sources would be subject
to the Doppler effect (shift and broadening). The Doppler shift represents the gamma
energy transformation between the laboratory and centre of mass reference systems.
The left panel in Fig. 5.9 shows the evolution of the Doppler shift with the polar an-
gle. For the forward angles (θ < 40 degrees), this effect significantly increases the
energy in the laboratory system, which results in lower gamma-detection efficiency
(the detection efficiency of a gamma detector depends on the gamma energy, the
higher the gamma energy the lower the efficiency). Doppler broadening reflects the
effect of the angular aperture of the gamma detector in the final energy resolution
of the system. The right panel of Fig. 5.9 shows the evolution of this effect with the
polar angle (for a given detector angular aperture). The energy resolutions shown in
this picture are calculated without considering the intrinsic energy resolution of the
gamma detector used. We can also see (in Fig. 5.9) that the Doppler shift and broad-
ening become more pronounced as the energy of the emitter increases. The Doppler
shift can be corrected by determining the velocity of the emitter and the gamma-
ray emission angle. However, the broadening effect is determined by the velocity
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Fig. 5.10 Gamma rays recorded from the 47Ca core-fragment de-excitation following the reaction
9Be(48Ca, 47Ca + γ )X at around 500 MeV/nucleon. Data recorded with MINIBALL Ge array in
the intermediate focal plane of the FRS [90]

of the emitter and the detector angular aperture, and cannot be corrected. The final
energy resolution will be dominated by this kinematic broadening. Thus, detector
segmentation becomes a key factor, the finer the segmentation the better the energy
resolution. These “weak” points, i.e.: small efficiency for energetic gamma-rays and
finite angular segmentation, limit the performance of gamma arrays, particularly at
high-energies, and constitute difficult challenges in the determination of exclusive
observables.

Figure 5.10 shows an example of a gamma energy spectra recorded with the
MINIBALL [89] Ge array in the intermediate focal plane of the FRS. The experi-
ment aimed to probe the single particle properties around 54Ca [90] (47Ca depicted
here was used as the reference case), where a shell closure effect for N = 34 (Z =
20) was predicted [91]. In this case, the emitter energy was ≈500 MeV/nucleon
(β ≈ 0.76). We can observe in this figure that the energy resolution achieved for the
peak ≈570 keV is around a few percent. This energy resolution is considered a good
result for in-beam gamma ray spectroscopy for relativistic moving sources, but it is
nowhere near the intrinsic energy resolution of these Ge detectors (well below 1 %).
Another example of γ -detection with segmented Ge detectors is shown in Fig. 5.17
for a moving source at 80 MeV/nucleon.

The detection of gamma-rays at very high energies (500–700 MeV/nucleon)
remains a critical issue that will improve in the near future with the construc-
tion of dedicated detectors. Special mention deserves CALIFA [92], a spectrom-
eter/calorimeter under construction for the R3B/FAIR [93] experiment. CALIFA,
with more than 3000 detection units, based on highly performant CsI(Tl) crys-
tals read-out by Large Area Avalanche Photo Diodes,19 will reduce the impact
of Doppler broadening on the final energy resolution, providing �E/E ≈ 5 % at
1 MeV (β ≈ 0.7) and an overall photo-peak efficiency of 40 % for γ rays up to
15 MeV (in the projectile frame).

Experiments addressing the detection of the knockout nucleons have not been
so numerous. They are however very interesting to discriminate between different

19Option adopted for the backward angles of CALIFA.
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reaction mechanisms. Among these exclusive experiments, some have concentrated
on the detection of the diffractive component [38, 42, 94–96].

Special mention is due to the work of Bazin and collaborators [67] who reported
a detailed study of the relative importance of the stripping and diffraction mecha-
nisms involved in the one proton removal reaction, using a coincident measurement
of residue and knockout proton. In typical knockout experiments, the removed nu-
cleon is not detected and the reaction theory is used to estimate the relative weight
of elastic and inelastic removal mechanism. Later these contributions are summed
up and compared with the experimental result. The validation of the reaction mech-
anisms requires exclusive measurements detecting both momenta, one associated
with the heavy residue and the other to the removed nucleon. This was successfully
achieved in the one-proton knockout of 9C and 8B on a Be target at an incident en-
ergy of ≈150 A MeV [67]. The reactions took place in the scattering chamber of the
A1900/S800 [84] spectrograph. This apparatus was also used to collect and identify
the one-proton fragments around zero degrees, whereas the light particles emerg-
ing at large angles were measured with the HiRA [97]20 detector array (a telescope
consisting in two layers of Si and CsI). The relative contribution of both reaction
mechanisms was deduced from the energy sum spectra of both heavy and light frag-
ments in coincidence (see Fig. 5.11) and showed an excellent agreement with the
values predicted by the eikonal model, giving confidence for the correctness of us-
ing knockout reactions as tool to determine single-particle spectroscopic strengths
in exotic nuclei.

5.2.3 Results of Knockout Measurements

Knockout experiments employing inverse kinematics started in the early 90’s. The
first experiments were relatively simple and consisted of the single detection of the
emerging A-1 fragment. These kind of experiments were called “inclusive” and
could not distinguish neither the post-reaction fragment excitation nor the contri-
butions due to stripping or diffraction. Soon it became evident that detailed studies
were required and the coincident gamma de-excitation of the fragment began to
be present for almost any knockout experiment. The discrimination on the reaction
mechanism relied on the description of the reaction theory and only few experiments
concentrate on the detection of the knockout nucleon. Both cases, the coincident de-
tection of the fragment gamma de-excitation and the detection of the knocked out
nucleon constitute what we know as “exclusive” measurements.

In some cases, by profiting from cocktails beams it was possible to study many
different species simultaneously. Figure 5.12, shows results [98] obtained at the
FRS(GSI), of inclusive momentum distributions of residual nuclei after one-neutron
knockout, superimposed upon a chart of the nuclides. In this picture, the vertical axis

20HIgh resolution array.
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Fig. 5.11 Energy sum
spectra of one-proton
knockout for 9C (upper
panel) and 8B (bottom panel).
The inelastic and elastic
components of the fit are used
to evaluate the exclusive
contributions [67]

corresponds to the Z number and the horizontal axis to the N number of the exotic
projectile before fragmentation. Several neutron-rich isotopes could be investigated
in a single experiment where a cocktail secondary beam was produced by nuclear
fragmentation of 40Ar at 700 MeV/nucleon. Though qualitative, the evolution of the
momentum distribution in this figure reflects the structural changes encountered by
nuclei approaching the dripline. For example one can observe the narrowness of the
distribution for well known “halo states” such as 19C, or the N = 14 sub-shell effect
(22N, 23O, 24F, 25Ne, . . . ). This figure also reveals the potential of this technique
to perform exploratory investigations, as indicated by Sauvan et al. [35, 36]. The
information provided by the ensemble of data obtained, in different facilities and at
different energetic domains over the last 25 years is quite coherent.

In the following sections we present a selection of different experimental works
that provide the reader with a picture of the progress achieved so far. They are or-
ganised in different subsections which highlight different subjects of interest. The
limitations and difficulties encountered will be also commented.
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Fig. 5.12 Inclusive longitudinal momentum distributions of the A-1 fragments after one-neutron
removal from the various projectiles indicated on top of a chart of nuclides. Black squares corre-
spond to stable isotopes. The measurements were performed at GSI using beam energies around
700 MeV/nucleon [98]

5.2.3.1 Study and Characterisation of Halo States

Near the neutron dripline the large neutron excess and the small neutron binding
energy can lead to unexpected changes in the nuclear structure. Through the years,
special attention has been given to the case of nuclear halo states. When approaching
the driplines the separation energy of the last nucleon, or pair of nucleons, decreases
gradually and the bound nuclear states come close to the continuum. In some cases,
the combination of the short range of the nuclear force and the low separation energy
of the valence nucleons results in considerable tunnelling into the classical forbid-
den region and a more or less pronounced halo may be formed. A halo nucleus
can be visualized as an inert core surrounded by a low density halo of valence nu-
cleon(s) [99–101]. The formation of halo states is especially characteristic for light
nuclei in the dripline regions, although not all of these can form a halo.

Analysis and interpretation of knockout experiments dedicated to the study of
“halos” has undoubtedly led to a better understanding of the knockout technique
and its development and application as a powerful spectroscopic tool. In earlier
experiments, the experimental signatures of these phenomena were the narrow mo-
mentum distribution of the emerging fragments after one-neutron knockout, reflect-
ing the large spatial extension of the removed nucleon, and the large one-neutron
removal cross sections that constitute a complementary source for structure infor-
mation (see [99] for a detailed compilation). These first experiments relied uniquely
on the detection of the core-fragments and are known as “inclusive” measurements.
However, we should not forget that the nuclei under study are located far away
from the beta-stability line and that the resulting core-fragments are exotic nuclei
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themselves. As a result, core-polarisation effects are quite common. Indeed, soon
it became evident that a non-negligible fraction of the measured neutron-removal
cross section was populating excited states in the residue. This meant that the ob-
served longitudinal momentum distributions were in reality the superposition of
broad components associated with core-fragment excited states onto the narrow dis-
tribution associated with the halo states (mainly in the core-fragment ground state).

The use of gamma-ray coincidence, mentioned earlier, made it possible to sep-
arate these different contributions which in turn made it possible to determine the
partial cross-sections of the different core states. The observables extracted under
these conditions are referred to as “exclusive”. This exclusive experimental infor-
mation, together with an adequate model describing both the structure of the nuclei
involved and the reaction mechanism, allows for the experimental determination of
spectroscopic factors. This coincidence technique is not exempt from experimental
problems. Cases involving nuclei with complex decay schemes, and/or with many
weak transitions would be associated with larger experimental errors that would
make a detailed analysis difficult or impossible. However, as in the case of “halos”,
nuclei close to the driplines exhibit very few bound states making this determination
easier.

In the following paragraphs, we will concentrate on the description of two well-
known cases, 11Be and 8B, which correspond to one-neutron and one-proton halo
states, respectively.

• One-neutron halo 11Be
Our first example is 11Be with only three bound excited states and a one-

neutron separation energy of ∼500 keV. The ground state of 11Be, considered as
a 1/2+ intruder from the sd shell, is a well known one-neutron halo state. First
experimental evidences of it came from the measurement of the half-life of the
320 keV excited state of 11Be, suggesting an extremely strong E1 transition [102],
and the narrow momentum distribution of 10Be core-fragments resulting after
one-neutron knockout of 11Be [103]. The initial picture of an inert 10Be core
and a neutron in a 1s shell, soon gave way to a more complex picture where the
pertinence of this inert core was questioned.

The most favourable scenario consisted of an admixture of a neutron in a 0d5/2

orbital coupled to the first excited state in 10Be (2+), but theoretical predictions
ranged in their estimates from 7 % to 40 % [104, 105]. The experimental situation
was ambiguous, with different results from 10Be(d,p)11Be experiments provid-
ing quite different spectroscopic factors [106–108], some of them incompatible
with earlier Coulomb dissociation experiments [109, 110]. The knockout experi-
ment performed by T. Aumann et al. [111] at NSCL (A1900/S800) shed light on
this question. They produced a secondary beam of 11Be at 60 MeV/nucleon via
nuclear fragmentation of 16O. The 11Be beam impinged on a Be target produc-
ing the one-neutron knockout. A NaI(Tl) array located around the removal target
recorded the gamma-rays in coincidence with the 10Be fragments, which were
analysed with the tracking detectors located at the end of A1900/S800 [84] (see
experimental details in [111]). The resulting gamma-energy spectrum is displayed
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Fig. 5.13 Left: Doppler-corrected gamma energy spectrum measured with the NaI array in coinci-
dence with 10Be core-fragments emerging from the 9Be(11Be, 10Be + γ )X one-neutron knockout.
Right: Longitudinal momentum distribution of the 10Be ground state fragments. The curves are
calculations assuming a knockout reaction from s, p, and d states [111]. Pictures taken from [111]

Table 5.1 Partial cross sections (mb) to all final states Iπ observed in 10Be after one-neutron
knockout from 12Be. Different contributions of theoretical single-particle cross sections in the
eikonal model are reported. The sum multiplied by the spectroscopic factor is compared with the
experimental values [111]

Iπ l C2S σknock
sp σ

diff
sp σ other σ theo σ expt

0+ 0 0.74 125 98 10 172 203(31)

2+ 2 0.18 36 14 11 11 16(4)

1− 1 0.69 25 9 23 17(4)

2+ 1 0.58 25 9 20 23(6)

Σ 226 259(39)

in the left panel of Fig. 5.13, where the solid line represents a fit to the experi-
mental spectrum. The different grey lines correspond to a Monte Carlo simulation
of the individual decay channels. The gamma-rays facilitated the experimental
determination of partial cross-sections that are summarised in Table 5.1. The cal-
culations shown in this table correspond to single-particle cross sections in the
spectator-core eikonal three-body model. They are given separately for stripping
and diffractive breakup. The theoretical cross-section for a given 10Be core final
state and the j value of the removed nucleon is assumed to be the product of a
spectroscopic factor (C2S) [112] and a single-particle cross section, which is the
sum of the different contributions mentioned above. This theoretical cross sec-
tion is then compared with the experimental values, allowing us to test the picture
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provided by the reaction mechanism description and the nuclear structure (spec-
troscopic factors calculated within the shell model). Data recorded in Table 5.1
show a quite good agreement between the experimental results and theoretical
calculations. This result also corroborates a dominance of an s-wave single parti-
cle configuration for the ground-state.

With this experimental setup, it was possible to discriminate the ground-state
from the other excited states for the 10Be fragment momentum distribution. The
results are shown in the right panel of Fig. 5.13, together with calculations as-
suming a knockout reaction from s, p and d neutrons. Here we see that the
narrow momentum distribution (FWHM = 47.7(6) MeV/c), associated with the
10Be g.s., is only compatible with the case of nucleon removal from a 1s state.
This experiment was very successful in determining the ground state structure of
11Be, quantifying the admixture of the 10Be excited core to it. It provided a good
understanding of the reaction mechanism and structure of the nuclei involved.

• One-proton halo 8B
8B with one bound state and a one-proton separation energy of 137 keV, is the

only known nucleus with a proton halo structure in its ground state. Experimental
evidence for it was seen in earlier measurements of a large one-proton removal
cross section of 98 ± 6 mb (on carbon) and a narrow longitudinal momentum
distribution of 93 ± 5 MeV/c [113–115].

Because it is an A = 8 nucleus, reactions involving 8B are important to under-
stand how stellar nucleosynthesis bridges the A = 8 mass gap. In addition, the as-
trophysical interest in 8B stems from its key role in the production of high-energy
solar neutrinos [116]. The need for accuracy in the high-energy solar neutrinos
production has not diminished after the reports on neutrino oscillations [117].
Indeed, the proton capture rate of 7Be strongly depends on the structure of 8B.

When describing 8B as a one-proton halo system, one should keep in mind that
the 7Be core is itself a weakly bound system, which can be considered as a two-
body system (4He + 3He). The 7Be 3/2− ground state is bound by 1.587 MeV,
and the only bound state below the α+ 3He threshold is the 1/2− state at 429 keV
excitation energy. If 8B is treated as a two-body system, there are three possible
ways to couple a proton to the 7Be core: the last proton in 8B can be in either a
p3/2 or a p1/2 state, and the possible ground state configurations of 8B(Iπ = 2+)
thus are:

(a) ψ(7Be(3/2−)) ⊗ ψ(p(3/2−))

(b) ψ(7Be(3/2−)) ⊗ ψ(p(1/2−))

(c) ψ(7Be(1/2−)) ⊗ ψ(p(3/2−))

An experiment was performed at the FRS (GSI) [46, 47] with a 8B beam at
936 MeV/nucleon, produced by nuclear fragmentation of a 12C primary beam.
This 8B beam impinged on a C target located at the intermediate focal plane of
the FRS. Fragment longitudinal momentum distributions after proton knockout
and the cross-sections of the processes were determined in the experiment. An
array of NaI(Tl) detectors, located close to the knockout target and covering the
forward direction, allowed the coincident measurement of the 429 keV γ rays.
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Fig. 5.14 Left: Energy spectrum of γ rays after Doppler correction in coincidence with 7Be frag-
ments after one-proton removal reactions of 8B in a carbon target. Right: (top) Inclusive and
(bottom) exclusive p‖ momentum distribution of 7Be core-fragments emerging from the 12C(8B,
7Be + γ )X one-proton knockout. Exclusive data refer to contributions in coincidence with the
429 keV state in 7Be. In both cases, the full curve represents the theoretical calculation folded
with the experimental resolution and scaled to match the amplitude of the experimental spec-
trum [46, 47]

Table 5.2 Comparison between theoretical and experimental results for inclusive (total) and ex-
cited (in coincidence with the γ -peak at 429 keV in 7Be) one-proton removal cross sections and
p‖ (FWHM) after one proton removal of 8B. The theoretical widths in this table include the exper-
imental resolution

σ−1p (mb)

exp.
σ−1p (mb)

theo.
p‖ (MeV/c)
exp.

p‖ (MeV/c)
theo.

Total 94 ± 9 82 95 ± 5 99

Excited 12 ± 3 11.5 109 ± 7 130

Tracking detectors located at the final focal plane determined the momentum dis-
tribution of the 7Be fragments after one-proton removal process of 8B. This co-
incidence measurement provided direct information about the contribution from
configuration (c) to the 8B ground state wave function.

The gamma-rays recorded in the experiment are presented in the left panel
of Fig. 5.14. A summary of the experimental results achieved is also shown in
Table 5.2. The theoretical values were obtained using the eikonal approximation
with a three body model (4He + 3He + t) to describe the 8B wave function. The
gamma coincidence also allowed to discriminate the fragment longitudinal dis-
tribution involving configuration (c) from the others. In this case the removed
protons are always in a p state as shown in the right panel of Fig. 5.14, and al-
most no difference in the fragment momentum distribution width is observed.

The ratio of the cross section of 7Be in its excited state to the total cross section
is found to be 13 ± 3 % which is in excellent agreement with the theoretical value
of 14 %. This indicates that the ψ(7Be(1/2−)) ⊗ ψ(p(3/2−)) component in the
8B ground state wave function has a significant weight of about 16 %. The ratio
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Fig. 5.15 The nuclear chart
showing the region of light
nuclei where different shell
changes have been identified
following empirical
systematics of nuclear
properties [120, 121]. Figure
extracted from [120]

between the experimental and theoretical cross section indicates how realistic is
the “prescription” used in the model. This will be explained later in Sect. 5.2.3.5.

5.2.3.2 Excursion to Nuclear Shells

Since the early work of Goeppert-Mayer and Jensen [12, 13, 118, 119], a descrip-
tion of the nucleus as formed by nucleons under the action of a central potential
plus a spin-orbit interaction was accepted. The energy ordering of nucleons in nu-
clei showed important gaps at given nucleon numbers, pointing to the existence of
“closed shells”, where the maximum occupancy of the shell is reached. These nu-
cleon numbers are known as “magic numbers” and provide extra stability to the
nuclear system. The finding of magic numbers has been later confirmed by the pres-
ence of discontinuities associated with them, and observed in the systematic study
of several nuclear properties, such as the evolution of the B(E2) strength.

This idea has been, and still is today, the robust pillar on which the shell model
stands to explain the nuclear properties. The important technological improvements,
achieved during the 60 years elapsed, have brought the opportunity of increasing the
number of nuclei accessible for experiments.

Present nuclear studies concentrate on the investigation of species far away from
the β-stability valley, characterized by the imbalanced number of protons and neu-
trons they own. The manifestation of new phenomena such as the nuclear halo dis-
cussed in Sect. 5.2.3.1 has been observed in some nuclei. As a general feature, un-
expected structural properties result from a rearrangement of the nuclear orbitals,
manifested in some of the exotic species studied.

This rearrangement has resulted in a modification of the traditional magic num-
bers [120] that we will address in this section and which is summarized in Fig. 5.15.
A detailed review of these topics can be found in [120, 121].

To understand the importance of these modifications it is necessary to establish
the connection between possible deviations from the expected picture, based on our
knowledge of stable nuclei, and a more microscopical interpretation. From this point
of view, a major contribution of isospin dependent terms in the nucleon-nucleon
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interaction could be reasonable and is today accepted [122–125] (and references
therein). The need to include terms in the nuclear interaction corresponding to three-
nucleon force contributions [75, 126, 127] has become obvious.

We will highlight some nucleon-knockout experiments that have contributed to
the study of shell evolution close to the nuclear driplines. Again, the discussion will
be restricted to the lower part of the nuclear chart.

Several experimental findings pointed to the vanishing of N = 8 magic num-
ber. Many experiments have addressed the study of 11Li, starting with the inter-
action cross-section measurements [23] and followed by neutron knockout exper-
iments [25, 128] and transfer reaction studies [129]. In a traditional shell-model
picture 11Li would have the valence neutron in the 1p1/2 orbital, but measurements
evidenced a mixing probability of neutrons in the 1p1/2 but also in the 2s1/2 orbital.
In the same direction, the study of the one-neutron knockout from 11Be [111] (see
Sect. 5.2.3.1) showed a major residence of neutrons in the 2s1/2 orbital. Other ex-
periments, such as neutron transfer [130], Coulomb dissociation [42] and measure-
ments of the magnetic moment [131] yielded similar conclusions: the breakdown of
the shell gap at N = 8 with the presence of the intruder 2s1/2 orbital into the p-shell.
The other example showed in Sect. 5.2.3.1, the one-proton knockout from 8B [46],
was used to explore whether a similar behaviour is present in the Z = 8 shell. In
this case, the location of the proton halo in the usual p3/2 orbital was confirmed and
thus no shell change related.

A very intense experimental activity has concentrated on the N = 20 shell region.
The oxygen isotopic chain ending at 24O, with the non-observation of 28O and 26O
as bound states suggested the vanishing of the N = 20 in this region. Many stud-
ies have addressed the identification and characterization of the so called “island
of inversion” formed by nuclei whose ground states exhibit configuration mixing
across the N = 20 shell. This weakening of the N = 20 shell was experimentally
supported by the systematic measurements of B(E2) values for different Mg iso-
topes (30–32Mg) related with the lowering of the 2+ excitation energies. Another
exhaustive work was that of the one-neutron knockout of 28Ne [132] which will be
described later in this lecture (see Sect. 5.2.3.3). The conclusion of this work identi-
fied the presence of fp-intruder orbitals in the ground state of 28Ne. Along the same
lines, one could also mention the one-neutron knockout of 30Mg and 32Mg [133],
where the ground states show mixing configurations of 1f7/2 (dominating) and
2p3/2 orbitals and the one-neutron knockout of the very n-rich 33Mg [50], which
reveals in the ground state a mixing of 1f7/2, 2p3/2 and 1d3/2, with the intruder
2p3/2 contribution being quite significant.

Complementary manifestation of this shell evolution is the appearance of new
shell gaps. A nice example is the observed shift of the N = 20 shell towards N = 16
for the case of light n-rich nuclei. The one-neutron knockout from the last bound
oxygen isotope 24O [49] was studied at the FRS. The measured inclusive momentum
distribution (see Fig. 5.16) showed a clear evidence of 2s1/2 neutron occupation. The
experimental determination of the associated spectroscopic factor is 1.74(19) and is
compared in Table 5.3 with theoretical spectroscopic factors evaluated within the
shell model using different effective interactions (SDPF-M and USDB). This large
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Table 5.3 Spectroscopic factors for the 2s1/2 orbital following one-neutron removal from 24O.
The experimental value is compared with those determined using the SDPF-M and the USDB in-
teractions. The experimental spectroscopic factor is obtained from a best fit of the 23O momentum
distribution (see Fig. 5.16)

SDPF-M
C2S

USDB
C2S

ExpS
C2S

1/2g.s. 1.769 1.810 1.74
(19)

Fig. 5.16 Longitudinal
momentum distribution after
one-neutron removal from
24O. The solid curves
correspond to the eikonal
model for neutron knockout
from 2s1/2 in red, and 1d5/2
in blue [49]. Figure extracted
from [49]

spectroscopic factor implies a strong concentration of the single-particle strength of
the valence neutron in the 2s1/2 orbital, which indicates the existence of a large gap
between the 2s1/2 and the 1d3/2 orbitals, consistent with a new shell gap at N = 16.
This reveals 24O as a new doubly closed shell nucleus.

The experimental determination of the shell gap (≈4.8 MeV) has been possible
from the 2+ lowest resonance energy in 24O observed in the one-proton removal
from 26F to 23O + n [134]. This result was also confirmed by Ref. [135], measuring
unbound excited states of 24O via proton inelastic scattering (24O(p,p′)23O + n

reaction) in inverse kinematics at a beam energy of 62 MeV/nucleon at RIPS. We
mention also interesting results on 22C two-neutron knockout [41] performed at
RIBF, that found a large spectroscopic factor of 1.403 for the 2s1/2 component in
order to explain the narrow momentum distribution measured which further supports
the N = 16 as a new magic number.

5.2.3.3 Benchmark of Nuclear Structure Models

The inherent complexity of quantifying structural properties (i.e.: the determination
of C2S) from the analysis of nucleon-removal reactions increases significantly as
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Fig. 5.17 Left: Doppler-reconstructed gamma-ray energy spectra for single neutron removal from
28Ne. Right: Bound states predicted for 27Ne by USD and SDPF-M calculations [132]. Figure
extracted from [132]

nuclei closer to the β-stability are addressed, involving the knockout of more bound
nucleons and increasing the amount of available final states.

However, it is important to stress that even in these complex cases the nucleon-
knockout technique has proven to be very useful in providing structural information.
An example is the neutron knockout of 28Ne [132]. This experiment was performed
at NSCL with a secondary beam of about 80 MeV/nucleon using SeGA [136],21 a
segmented Ge detector covering an angular range from 24◦ to 147◦. Figure 5.17,
left, shows three gamma-rays at 0.119 (inset Fig. 5.17 left), 0.765, and 0.885 MeV,
recorded from the 27Ne de-excitation. The 0.119 and 0.765 MeV gamma-rays were
found to be in coincidence, suggesting that only two excited states were populated,
as shown in the inset of this figure, and confirming the previous work [137].

The exclusive longitudinal momentum distributions were obtained by applying
the coincidence method. Both 27Ne excited states were associated with removed
neutrons with l = 0 or l = 1 but the large experimental errors did not allow a defini-
tive assignment. The momentum distribution of 27Ne ground sate was significantly
broader, but quantitative interpretation was not possible.

Figure 5.17, right, shows two different shell-model calculations for 27Ne. Both
interactions give very different predictions for the neutron-rich Ne isotopes, which
are located in a transitional region between N = 16 and N = 20 (discussed in
Sect. 5.2.3.2). Conventional calculations performed with the Universal SD (USD)
interaction with a limited configuration space, do not allow for intruder configura-
tions across the N = 20 gap, and thus fail to reproduce shell-breaking effects near
N = 20. SDPF-M calculations indicate that intruder configurations are important
for 27Ne (N = 17), even in the low-energy part of the level scheme. Conversely,
SDPF-M predictions in this transitional region also compare well with known level
structures and electromagnetic moments.

21Segmented germanium array.
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What is interesting here is that the 27Ne measured gamma rays show the presence
of low-lying states and are consistent with the SDPF-M shell model calculations.
This contradicts the USD shell model, which predicts only one bound excited state.

Further analysis in terms of exclusive cross-sections was also carried out by
the authors, who calculated single particle cross sections in the three-body reac-
tion model [138]. The ratio of experimental and single particle cross sections made
it possible to determine experimental spectroscopic factors. Spectroscopic factors
from the SDPF-M model were not yet available, providing only an upper limit,
which was however in quite good agreement with the experimental spectroscopic
factors.

This experiment reported direct evidence of population of the 3/2− intruder state
in 27Ne in the knockout of a single neutron from the ground state of 28Ne. There
are two important implications to this experimental finding; first, that this low-lying
negative parity state is consistent with a narrower shell gap for exotic nuclei with
Z � N and N ≈ 20; second, it clearly favoured Monte Carlo shell-model calcula-
tions with the modern SDPF-M interaction that successfully describe neutron-rich
nuclei in the vicinity of N = 20, where normal and intruder configurations coexist
at low excitation energy.

Another example can be found in the study of neutron-rich Ca, Ti and Cr nu-
clides around N = 32–35, where the GXPF1A interaction predicts a new doubly-
magic shell closure for the N = 34 nucleus 54Ca. This nucleus, can not be reached
experimentally yet, but some nuclei in the neighbourhood, like 55Ti [90], could be
explored. The one-neutron knockout from 56Ti using the FRS as a two-stage mag-
netic spectrometer and the Miniball [89] array for gamma-ray detection allowed the
determination of inclusive and exclusive cross sections and longitudinal momen-
tum distributions of 55Ti, providing later the determination of the orbital angular
momentum of the populated states. The measured data allowed for the first time to
establish the ground state of 55Ti as 1/2−, in agreement with shell model predictions
using the GXPF1A (carefully tested in the pf -shell region [91, 139]).

The same interaction showed a reasonable agreement, reproducing the inclusive
measurements of one-neutron knockout of 51–55Sc [54] for nucleons removed from
p orbitals. However, an important mismatch between the experimental and theoret-
ical cross-section was observed for the case of neutrons removed from f orbitals.
The authors explained the discrepancy suggesting a migration of the spectroscopic
strength of neutrons (in f7/2) across the N = 28 shell gap. Indeed, this shell reduc-
tion has been recently predicted in Ca isotones, by realistic NN interactions plus
three body interactions [127], highlighting possible shortcomings in the GXPF1 in-
teraction.

Consequently, these examples do not only demonstrate the general importance of
direct reactions and particularly nucleon-knockout for the study of exotic nuclei, but
can definitively be considered as excellent benchmark experiments for the predic-
tive power of large-scale shell-model calculations and an important tool to improve
them.
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Fig. 5.18 Energy diagram of
the neutron-rich N = 16
isotones (28Mg, 27Na, and
26Ne), illustrating that direct
population of the bound states
of 26Ne from 28Mg is
favoured over the two-step
process of one-proton
removal to excited 27Na
followed by proton
evaporation [140]. Figure
extracted from [140]

5.2.3.4 Two Nucleon Removal

The panorama of “direct reactions” induced by exotic beams was enlarged by Bazin
and collaborators [28], who suggested the two-proton removal of very neutron-rich
nuclei as a single step direct reaction.

It is based on the idea that the competing two-step process of a first proton-
knockout followed by a proton evaporation is strongly suppressed in comparison
with the neutron evaporation from the neutron-rich intermediate state, which is
shown in Fig. 5.18 (extracted from [140]). This pioneering work was followed by
a rather intense activity in both experimental [3, 28–33] and theoretical [140, 141]
aspects (see also [1, 3]).

The inclusive cross-section of the two-nucleon knockout process is significantly
smaller than the corresponding one-nucleon process, reaching maximum values of
only a few mb. Even though the cross-sections are small, interesting results have
been obtained. They refer, as in the case of single-nucleon knockout, to the momen-
tum distributions of the emerging fragment and the associated cross-sections (both
inclusive and exclusive).

The first experiment [28] performed at NSCL, concentrated on the study of
two-proton knockout from neutron-rich nuclei (28,30Mg and 34Si). The A-2 heavy
residues were detected with the A1900/S800 [84] spectrograph and the SeGA [136]
array allowed the coincident detection of the γ -fragment de-excitation. The inter-
pretation of these data pointed to the direct character of the process. This early work,
which included a simplified reaction model where the two removed nucleons were
uncorrelated and diffractive processes were completely neglected, provided a rather
good agreement. Following experiments proved the validity of the method when
applied to the two-neutron knockout of neutron-deficient species, namely 34Ar, 30S
and 26Si [29]. Similarly to the case presented above, the obtained cross-sections
were consistent with direct reaction mechanisms. Cross-sections to individual ex-
cited states were measured using particle-γ coincidences with an identical exper-
imental setup to Ref. [28]. In this work, the reaction mechanism description was
improved and included ingredients of eikonal reaction theory and correlated many-
body wave functions from shell-model calculations. In this model, several reac-
tion mechanisms are considered to participate in the one-step two-nucleon removal:
(a) the inelastic removal of both nucleons, (b) the elastic removal of one of them
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Fig. 5.19 Cross-sections for
the ground state (triangles) in
the two-neutron knockout
reaction [29], compared with
the corresponding theoretical
cross-section [141] for
correlated (circle) and
uncorrelated (squares)
neutrons (figure extracted
from [29])

and the inelastic removal of the second and (c) the elastic removal of both nucleons.
With these considerations, the cross-section of the two-nucleon removal process is
expressed as (ignoring the Coulomb contribution):

σ = σstrip + σstrip-diff + σdiff , (5.8)

where σstrip and σdiff correspond to events where both nucleons are either inelas-
tically or elastically scattered, and σstrip-diff corresponds to one nucleon interacting
inelastically, while the other scatters elastically (details on the reaction model can be
found in [140, 141]). The first two processes involve energy transfer to the target nu-
cleus. Typically, and for the case of removal of well-bound nucleons, the diffraction
mechanisms (options (b) and (c) in previous paragraph) amount for at least 40 % of
the cross-section.

From the comparison of the cross-sections for the ground-state state with the
theoretical estimations it was concluded that the presence of correlations between
the knockout nucleons is needed in order to reproduce the experimental data (see
Fig. 5.19).

Other experiments followed, extending the study to other nuclear chart regions
(i.e.: N = 20 [31], N = 28 [30, 32]). The possibility of extracting structural informa-
tion from the exclusive momentum distributions in a similar way as the one-nucleon
knockout process was also reconsidered, and a reformulation of the theoretical cal-
culation adapted to the two-nucleon removal case was proposed [142].

Sophistications introduced later consisted of simultaneous identification of the
residual heavy fragment, the removed proton and other light charged particles after
the two-proton removal reaction from 28Mg projectile [143]. The experiment was
again performed at NSCL, the heavy fragment was detected by the A1900/S800 [84]
spectrograph and the protons and other light charged particles were detected with the
HiRA [97] array. These data complement the previous work of Ref. [28], detecting
the coincidence between the heavy residue and its γ de-excitation. In this new case
triple coincident events were recorded, consisting of two charged particles detected
in HiRA and the 26Ne fragments in the spectrograph. As mentioned above, besides
protons HiRA was also able to record other light charged particles like deuterons,
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Fig. 5.20 Two-proton removal from 28Mg. Missing-mass spectrum for events where two protons
were detected in coincidence with the 26Ne residue. The spectrum was fitted with two Gaussian
peaks. The lower peak, at the target mass, is due to the diffraction mechanism (green, solid line),
and the larger peak is attributed to events where at least one proton was removed in an inelastic
collision with the target (figure extracted from [143])

tritons or α’s, coming from inelastic reactions of the removed protons with target
nucleons. The individual contribution of the three removal mechanisms was deduced
from the missing-mass calculated for each triple-reconstructed event. Figure 5.20
shows the missing-mass spectrum for events where two protons were detected in
coincidence with the 26Ne residue. The experimental results obtained are consistent
with the expectations of the eikonal theory described in [141].

With this scenario two-nucleon removal reactions are nowadays fully accepted
as spectroscopic tools. In the case of direct knockout of “well-bound” nucleons, the
associated cross-sections and A-2 fragment momentum distributions are considered
as a source of information which enables to probe structural changes. They also
provide information of the existence of correlations at the nuclear surface.

To date, the knockout of two-weakly bound nucleons has not been widely ex-
plored. Experimental conditions do not favour the direct process and the two step
reaction mechanism is dominant in this case. Simpson and Tostevin [144] made a
careful analysis of this scenario, interpreting two-neutron removal from neutron-rich
carbon isotopes (15–19C). This work determined the contribution of the single-step
process to the measured cross-sections being only 10 % of the total cross-section.

Other experiments [41] have been performed at RIBF (Japan) employing
unprecedented intensities for exotic secondary beams of 19,20,22C at around
240 MeV/nucleon. Narrow momentum distributions were observed after one-
neutron knockout of 19,20C and two-neutron removal of 22C, whereas the two-
neutron removal of 20C yielded much broader distributions. These results together
with the associated cross-sections were interpreted in the case of single-nucleon
knockout with help of an eikonal reaction model. The obtained results agree quite
nicely with the general systematics and will be discussed in the next section.

For the interpretation of two-neutron removal cross sections, the case of one-
neutron removal through unbound intermediate states followed by decay to a bound



216 D. Cortina-Gil

state as well as the direct two-neutron removal case were considered. A clear dom-
inance for the first mechanism, with a direct contribution of around 8 % only and
thus consistent with the early work of Simpson et al. [144] was obtained. Unfortu-
nately the setup being used did not allow for exclusive measurements and the firm
empirical confirmation of this estimation has still to wait for future experiments.

5.2.3.5 The Quest of Spectroscopic Factors

In previous sections we have discussed the ability of knockout reactions to deter-
mine the nuclear structure of rare isotopes. It has been also discussed that in order
to reach this goal, it is necessary to compare the experimental observables with de-
tailed calculations that require two main ingredients: a structure model and a proper
description of the reaction mechanism (see Sect. 5.2.1).

Section 5.2.3.1 recounts in detail how knockout reactions are able to determine
the nuclear structure of weakly bound halo states in which the proton (neutron)
single-particle picture, the basis of the shell-model, is very realistic. But what hap-
pens when the knockout involves deeply bound states? In this case the picture pro-
vided by the shell model could be far from complete. Presently, truncated model-
space effective interactions are employed and these are known to include only par-
tially correlation effects that could be of importance in the case of deeply bound
states. Indeed, the importance of these correlation effects can be evaluated from the
determination of the single-particle spectroscopic strengths.

An important body of strength functions was obtained for the case of stable nu-
clei from electron-induced quasi-free scattering (e, e′p) obtained some decades ago.
In these cases, it has been observed that the spectroscopic strength of valence pro-
tons (Rs )22 exhibit a value of ≈0.6–0.7 [5], with Rs being the ratio between the
experimental and theoretical cross-section. It will be of interest to extend the use of
this technique to gain information on exotic nuclei. This could be achieved in the
future with eA colliders, as the one foreseen in ELISe/FAIR [145] experiment. In
the mean time, one can utilize other suitable direct reactions such as transfer and
hadron knockout.

In the particular case of knockout reactions, and under the assumption of the
correctness of the reaction description provided by the eikonal model, Rs (deduced
by Eq. (5.6)) can be taken as a quantification of the pertinence of the pure single-
particle description. The closer this value is to unity the more realistic the single-
particle picture and so the effect of correlations between nucleons is less significant.

If we now come back to the first results of single-nucleon knockout of neutron
and proton halo states presented in Sect. 5.2.3.1 and evaluate the corresponding
spectroscopic strength we will obtain Rs ≥ 0.8, significantly larger than the values
recorded with stable nuclei. The question is now whether this technique can be
applied to the study of exotic species in a general manner and what happens when
the knockout of very deeply bound nucleons is addressed.

22Definition introduced in Eq. (5.7).
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Fig. 5.21 Longitudinal momentum distribution of 31Ar residues after one-neutron knockout re-
action, compared with theoretical calculations assuming l = 0 (dashed line) and l = 2 (solid line)
knocked out neutrons. The unreacted projectile beam 32Ar fitted with a rectangular distribution
folded with a Gaussian resolution function is also shown [146] (figure extracted from [146])

An instructive example will be to explore an extreme case such as the experimen-
tal study of 32Ar [146] via one-neutron knockout at 61 MeV/nucleon. This nucleus
is probably the most bound neutron-removal case investigated so far with this tech-
nique, which leads to the proton-dripline nucleus 31Ar. This nucleus, with a 5/2+
ground state is peculiar because it has no bound excited states. A direct measure-
ment of the core-fragment provides exclusive information without need of gamma
coincidence.

From the experimental point of view there is an important difference between
this experiment and all the others previously discussed. The S800 spectrograph was
operated in “focus mode” with larger acceptance but lower intrinsic momentum res-
olution, as shown in Fig. 5.21. The theoretical momentum distributions depicted in
this figure were calculated using the black-disk model [1] and folded with the mea-
sured response of the apparatus. This spectrum clearly associates the reaction with
a l = 2 knockout neutron, confirming the spin and parity assignment for the 31Ar
ground state of 5/2+. Comparison of the experimental cross section 10.4(13) mb
with the theoretical one yields a surprisingly low quenching factor of Rs = 0.24(3).
The authors of that work compared this case with 22O, which has the same neu-
tron number N = 14 and Z = 8 protons, and considered as almost doubly magic
nucleus. The quenching factor, obtained in this case is 0.70(6) (using an average of
two different experimental results [35, 36, 48] as experimental cross section), which
is well above the result obtained for 32Ar. The authors suggested that this very strong
quenching is an indication of nuclear structure effects, reflecting correlations linked
to the high neutron separation energies (22.0 MeV) in this very asymmetric nuclear
system.

Other extremely asymmetric neutron-deficient systems were also explored (28S
and 24Si) via one-proton and one-neutron knockout. This work presented in
Ref. [147] is very interesting since it allows to explore in the same nuclei both
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Table 5.4 Partial cross sections (mb) to all final states Iπ after one-neutron and one-proton knock-
out from 28S and 24Si. Different contributions of theoretical single-particle cross sections in the
eikonal model are reported. The sum multiplied by the spectroscopic factor is compared with the
experimental values [147]

Fragment Iπ C2S σknock
sp σ

diff
sp σ theo σ expt Rs

Projectile 24Si
23Alg.s. 5/2+ 3.42 17.56 5.18 84.68 67.3(35) 0.79(4)
23Sig.s. 5/2+ 1.71 10.96 2.47 25.01 9.9(10) 0.39(4)

Projectile 28S
27Pg.s. 1/2+ 0.832 20.73 7.84 25.56 31(3)
27P1.1 MeV 3/2+ 0.82 14.61 4.40 16.75 6.8(11)
27Pincl. 42.32 38(3) 0.90(7)

27Sg.s. 5/2+ 3.136 8.99 2.10 37.40
27Se.s. 3/2+ 0.119 8.72 2.03 1.37
27Sincl. 38.77 11.9(12) 0.31(3)

Fig. 5.22 Reduction factor
Rs (defined as the ratio
σex/σth) evaluated for
two-nucleon knockout
cross-sections. Note that
inclusive and exclusive data
are included in the figure,
see [31] for details

single-particle strengths associated with weakly bound nucleons (protons in the one-
proton knockout case) and strongly bound nucleons (neutrons in the one-neutron
case). The Rs values obtained are recorded in Table 5.4. Again, we can observe
very different values of Rs for the two reaction channels studied.

These experimental results reinforce further the strong reduction observed in sin-
gle particle strengths of deeply bound nucleons, whereas the reduction factor is close
to unity for the case of knockout of weakly bound nucleons. A similar analysis per-
formed for the two-nucleon removal cases discussed in Sect. 5.2.3.4, yields very
similar results [31] (see Fig. 5.22), with Rs around 0.5 except for the 32Mg case.

It is illustrative to analyse the systematic comparison performed by Gade and
collaborators [147] (see Fig. 5.23), in which they represent an important collection
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Fig. 5.23 Summary of
quenching or empirical
reduction factors obtained for
spectroscopic factors
evaluated from knockout
reactions [147] (figure
extracted from [147])

of the measured Rs reduction factors as a function of the difference in separation
energies of the nuclei considered (�S). The quantity �S measures the asymmetry
of the Fermi surface for each nuclei.23 The following definitions �S = Sp − Sn and
�S = Sn − Sp stand for the case of proton and neutron knockout respectively. Note
that the figure also includes data from (e, e′p) measurements mentioned earlier [5].

Is interesting to note that the physical occupancies are in general much lower
than those suggested by the shell model, however this discrepancy is smaller for
loosely bound nuclei (≈0.85 left top corner in Fig. 5.23). Cases corresponding to
proton-removal from relative symmetric nuclei, with values ranging from 0.5 to 0.6,
are in agreement with the findings obtained earlier with quasi-free “proton knock-
out” (e, e′p) reactions that addressed stable nuclei and with �S ≈ 0. Knockout of
deeply-bound nucleons as the ones represented by the neutron-knockout in near
proton-dripline nuclei (right bottom corner in Fig. 5.23) are associated with Rs fac-
tors lower than 0.4. Using (e, e′p) [148] as an analogy again, this small reduction
factor is interpreted in terms of correlation effects that reveal the incomplete and
simplified picture of nuclei provided by effective-interactions used nowadays. To
complete the picture, note that Fig. 5.23 contains a mixture of exclusive and inclu-
sive information. In the inclusive knockout cross section the quenching factor Rs is
defined as the ratio of the experimental cross section to the sum of the theoretical
cross sections to any state lying below the neutron threshold.

In spite of such significant experimental and theoretical progress, the tendency
shown in Fig. 5.23 is not fully understood. The determination of absolute spec-
troscopic factors is a hot topic in the nuclear structure domain. The information
gained with nucleon removal reactions induced by radioactive beams is undoubt-
edly important. The interplay between the nuclear structure and reaction input is
necessary in order to extract this information, and the incomplete description of any
of these ingredients could be the origin of the strong reduction observed. This in-
teresting topic will be the subject of study in the coming years and there are plans

23Difference between the Fermi level for neutrons and protons in a given nucleus.
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to extend it with the use of QFS reactions induced by radioactive beams. There is
also an ongoing concerted effort to improve the reaction mechanism understand-
ing (Refs. [152, 157]). The evaluation of spectroscopic factors in the medium-mass
range coming from ab-initio calculations is expected to shed light on this exciting
topic.

5.3 Quasi-Free Scattering Reactions with Rare Isotope Beams

In this last part of the lecture we will complete the introduction to the Quasi-Free
Scattering (QFS) (see Sect. 5.1.1) with recent experiments addressing the study of
rare isotopes produced in fragmentation facilities. We will finish reporting on the
status and progress of the QFS program with rare exotic isotopes foreseen in future
experimental setups such as R3B [93] at FAIR.

As has been outlined in Sect. 5.2.3.5, further investigations on single-particle
properties in rare nuclei, as well as the role of in-medium effects on the NN interac-
tions and the existence of NN correlations, that would complement the work done
so far with knockout reactions, are certainly needed.

The use of QFS reactions such as (p,2p) and (p,pn), induced by high energy
proton beams offers very attractive possibilities. QFS reactions are able to excite
both valence nucleons and also deep-hole states, giving access to the associated
single-particle properties. Compared with the nucleon-knockout cases presented in
Sect. 5.3, this reaction channel will not reduce the wave function exploration to the
most external regions, thus providing a more complete picture of the structure of
the nucleus. Moreover, the detection of both nucleons, the target and the removed
nucleon, would provide (together with the gamma de-excitation of the A-1 fragment)
fully exclusive measurements, that in turn could help to characterize the reaction
mechanism.

Up to now, we have only referred to QFS experiments performed in direct kine-
matics, with high energy protons impinging on the nucleus of interest [57]. It is clear
that the use of inverse kinematics opens the exciting possibility of exploring nuclear
structure for all kind of nuclear species.

A first attempt to this experimental approach took place few years ago at the HI-
MAC (Heavy Ion Medical Accelerator in Chiba) facility in NIRS (National Institute
of Radiological Science in Japan) by Kobayashi and collaborators [149]. Different
carbon isotopes (9–16C) at 250 A MeV impinged on a solid-hydrogen target. These
reactions provided an excellent scenario to get systematic information on weakly-
to strongly bound 1p valence protons (lower N values) and deeply bound 1s inner
shell protons (larger N values). The four-momenta of the two protons measured in
a two-proton telescope located at ±39◦ with respect to the beam axis allowed the
determination of proton binding energy distributions (Bp)24 of the different states

24Noted Sp in Ref. [149].
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Fig. 5.24 Proton-separation energy distributions (Bp , denoted as Sp in the figure): (A) inclusive,
(B) A−1B detected in the forward spectrometer, (C) no boron isotopes detected in the forward
spectrometer [149] (figure taken from [149])

from which the proton was removed in the projectile (see Fig. 5.24 and (5.9)).

Bp = Sp + E∗
A−1, (5.9)

with Sp in this formula being the minimum energy to separate the last bound proton
and E∗

A−1 the excitation energy of the single particle state relative to the nucleus
Fermi level (depending on how deeply bound the removed proton is this magnitude
can vary from 0 MeV up to several tens of MeV).

The coincidence with the remaining fragments performed with a forward spec-
trometer is the responsible of the selection of the different transitions. Those to the
ground state (case B in Fig. 5.24), were selected by gating on the A−1B (boron)
fragments, whereas those to the s-hole states (case C in Fig. 5.24), required the
anti-coincidence with B isotopes. The s-holes states are associated with removal
of deeply bound protons and are produced with high excitation energies. The high
excitation energy allows to open channels decaying via charged particles emission.
Those channels, in which the A-1 fragment does not survive, provide information of
the inner region of the projectile wave-function. It is important to mention the good
agreement found between the 12C results in this experiment and the one in direct
kinematics [57].

In the same experiment, the momentum distributions of protons occupying both
p- and s-orbitals could be measured and are presented in Fig. 5.25. In both cases,
removal from p (A in the figure) and s-orbitals (B in the figure), one can clearly
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Fig. 5.25 Proton momentum distributions (A) for the p-hole states via AC(p,2p)A−1Bgr reac-
tion. (B) for the s-hole states via AC(p,2p)B̄ [149] (figure extracted from [149])

observe narrower distributions for lower masses (where the valence protons are
more weakly bound). An accurate determination of the associated spectroscopic
factors was not possible in this work but the systematic evaluation of the ratio of (p-
hole)yield/(s-hole)yield shows an increase for the 9C case. This is also interpreted as
a indication, analogous to the nucleon knockout case, of large spectroscopic factors
associated with subshells for the weakly bound nucleons.

From the theoretical point of view, QFS has traditionally been interpreted in the
framework of Distorted Wave Born Impulse (DWBI) approximation [150, 151].
There are new attempts to formulate a model to describe QFS observables based
on the eikonal theory as it is shown in Ref. [152]. On the other hand the description
of the QFS reaction mechanism on proton targets (free of stripping contributions)
is also possible to be addressed with approaches such as the Continuum-Discretised
Coupled Channels method (CDCC) [153–155], or even those based on complex
solutions of the full Faddeev/AGS equation [156, 157].

5.3.1 Status of the QFS Program with Exotic Rare Isotopes at R3B

The study of single particle properties of exotic nuclei is an important part of the
experimental programme of several future nuclear physics instruments. First exclu-
sive measurements of QFS reactions of rare isotopes on a proton target have been
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Fig. 5.26 LAND/R3B setup (precursor of R3B/FAIR experiment) presently installed at GSI [93]

performed recently at GSI using inverse kinematics with the LAND/R3B setup (see
Fig. 5.26).

The R3B/NUSTAR [93] collaboration intends to apply this technique using the
intense radioactive beams that will be delivered by the SuperFRS/FAIR [158] in
inverse kinematics. At energies around 700 MeV/nucleon, both outgoing nucleons
have energies in the range where the NN cross section is at a minimum, thus maxi-
mizing the transparency of the nucleus and minimizing final state interaction.

The large acceptance and high resolution setup proposed R3B/FAIR [93] would
allow background-free measurements and also for better control of final state inter-
actions.

The well known 12C(p,2p)11B reaction has been studied as the best valida-
tion of the experimental technique [159, 160] in the existing LAND-R3B setup (see
Fig. 5.26). An incident beam of 12C at 400 A MeV impinged on a CH2 target.
A layer of silicon strip detectors surrounding this target (in a box geometry) and
the 4π -calorimeter Crystal Ball. Both detectors allowed the detection of the light
reaction products (in the (p,2p) case, two protons emitted back-to-back and with
an average angular aperture ≈90◦). The rest of fragments are deflected by the large
acceptance magnet ALADIN and identified behind it. The neutrons, unaffected by
the magnetic field of ALADIN [161], are identified with help of the LAND [162]
detector.

Compared with other experiments two novelties are introduced. On the one hand,
the proton detection is not limited to a co-planar geometry and on the other, the com-
plete kinematical detection of incident beam and all the fragments emerging from
the reaction allows for the first time to record redundant information on the internal
nuclear momentum of the removed nucleon, either with the four-momenta determi-
nation of the two protons or with the four momenta of the fragment. Figure 5.27
shows the preliminary results [159, 160] of the total excitation energy spectrum of
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Fig. 5.27 Total excitation
energy spectrum of the
residual 11B for the
12C(p,2p)11B
reaction [159, 160]

the residual 11B coming from 12C(p,2p)11B reaction that are in good agreement
with other data addressing the same reaction [57, 149].

Different experiments25 studying light neutron-rich nuclei with Z ranging from
4 to 9 produced by fragmentation of a 400 A MeV 40Ar primary beam, and utiliz-
ing kinematically complete measurements of reactions at relativistic energies, were
also done with the LAND/R3B reaction setup. The physics topics studied comprise
the measurement of astrophysical reaction rates relevant for r-process nucleosyn-
thesis using heavy-ion induced electromagnetic excitation and quasi-free knockout
reactions to study the evolution of shell and cluster structures close to and beyond
the dripline. Unbound (ground and excited) states could be populated and identified
in (p,2p) reactions as it is shown in Ref. [163]. The quenching of single-particle
strengths in neutron-proton asymmetric nuclei was also addressed by knocking out
deeply bound protons and neutrons in (p,2p) and (p,pn) reactions for nuclei with
varying neutron-proton asymmetry. The evaluation of this interesting collection of
data is presently under analysis and the first results are expected soon.

All these works open a very promising future of new investigations that will one
day profit from the high-energy intense radioactive beams at FAIR. They would
enable the realization of measurements on exotic nuclei, with the R3B/FAIR ex-
periment overcoming the present experimental limitations. R3B/FAIR [93] will be
a versatile reaction setup with high efficiency, acceptance, and resolution for kine-
matically complete measurements of reactions with high-energy exotic beams. The
setup will be located at the focal plane of the high-energy branch of the Super-FRS.
A substantial improvement is expected with respect to resolution and an extended
detection scheme is foreseen. It will comprise

25S393 experiment performed in August 2010, Spokesperson T. Aumann.



5 Direct Reactions at Relativistic Energies: A New Insight 225

– a zero-degree superconducting dipole magnet with a large vertical gap allowing
an angular acceptance of ±80 mrad for neutrons and a field up to 5 T able to bend
14◦ charged fragments for 20 Tm beams.26

– a detection setup for light (target-like) recoil particles, formed by a double layer
of Si strip detectors. A liquid hydrogen target could be hosted in the inner part
of this Si-tracker. The recoil particle detector would provide precise tracking,
vertex determination as well as energy and multiplicity measurement with high
efficiency and acceptance.

– a new generation spectrometer-calorimeter CALIFA. This detector has to act as
spectrometer of low to medium energy γ , being at the same time calorimeter for
the target recoil (high energy gammas and light-charged particles). This will be
achieved by an extremely segmented detector based on highly performant scintil-
lation crystals (in single [92] or phoswich [164] configuration).27

– a dedicated tracking systems for the detection of fragments behind the dipole
magnet. For the tracking of light charged particles, i.e. protons, behind the R3B
dipole magnet two identical drift chambers (DHC) are foreseen. Each DCH cov-
ers an active area of 100 × 80 cm2, thus providing a large enough acceptance
behind the magnet to detect decay protons. A large-area scintillating fibre detec-
tor is foreseen, for the position measurement of heavy fragments, a few meters
behind the magnet. The system is completed by a ToF detector covering the full
acceptance of the charged particles and ions produced in relativistic heavy-ion
collisions while providing a time-of-flight resolution such that isotopes around
the mass 200 can be isotopically resolved.

– a neutron detector NeuLAND featuring a high detection efficiency, a high resolu-
tion, and a large multi-neutron-hit resolving power. This is achieved by a highly
granular design of plastic scintillators, avoiding insensitive converter material.

– a high-resolution fragment spectrometer that could be constructed in the second
phase of the experiment and would substitute the tracking systems for the de-
tection of fragments in those cases demanding high-resolution measurements,
where �p/p in the order of 10−4 is needed. The proposed solution is based on
a spectrometer placed behind the large-acceptance dipole. The spectrometer will
be placed at an angle of 18◦, which is the maximum bending angle of the dipole
(5 Tm field integral) for a beam with magnetic rigidity of 15 Tm, and will be
operated as a zero-degree spectrometer.

Lastly we mention another innovative device that will be dedicated to the study
of QFS reactions. MINOS (Magic Numbers off Stability) [165], aims to investi-
gate the properties of in-medium NN interactions through the spectroscopy of the
most exotic nuclei produced at fragmentation facilities (RIKEN and GSI/FAIR). The
project includes the construction of a dedicated and innovative device composed of
a thick cryogenic liquid hydrogen target surrounded by a cylindrical time projection

26The maximum rigidity provided by the Super-FRS will be 20 Tm.
27In a phoswich detectors the energy of the particles is determined from two consecutive energy
losses in consecutive detectors.
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chamber devoted to determine the reaction vertex by tracking charged particles pro-
duced by (p,2p) or (p,pn) reactions with excellent resolution. MINOS has been
built at IRFU, CEA Saclay28 and will be soon used to perform the first experimental
campaign in RIBF/RIKEN.

5.4 Summary and Conclusions

This lecture intended to provide a comprehensive overview of some direct reactions
used at high energies to explore the nuclear structure of rare isotopes.

We have presented the interesting implications of using “knockout reactions”,
emphasizing the experimental and conceptual aspects associated with these kind of
experiments and their possible ramifications in the analysis and interpretation of the
results.

Halo nuclei, which have a relatively simple and well-known nuclear structure,
were used to show the power of the method. Experiments of one-nucleon knockout
from halo states provide a very satisfactory description of the reaction mechanism,
making it possible to experimentally deduce the structure of the involved nuclei.

Though generally successful, application of the technique to more complex nu-
clei is not without experimental difficulties that complicate the extraction of quan-
titative information. Reactions of this kind have been used to measure the physical
occupancies (C2S) associated with the different configurations that define the bound
states of the exotic nuclei under study. The experimental spectroscopic factors ob-
tained are generally smaller than those predicted by the large-scale shell model. The
existence of these quenching factors has been interpreted in terms of correlation
effects pointing out the simplified picture of the nucleus provided by shell model
calculations. Deficiencies in the reaction mechanism description could be also be-
hind this effect.

Even though great progress has been made, the situation is not yet clear and
the determination of absolute spectroscopic factors with nucleon removal reactions
induced by radioactive beams will certainly be a hot topic in the next years. The
recent extension of the use of quasi-free scattering reactions in inverse kinematics
opens new experimental opportunities. The most important will be the availability
of fully exclusive measurements, enabling a better understanding of the reaction
mechanism. The information that one can extract about the exotic projectile wave
function will not be restricted to the nuclear surface, being possible to extend this
exploration to the removal of strongly bound nucleons allowing a deeper study of
the role of NN correlations.

Construction and exploitation of new generation facilities (i.e.: NUSTAR/FAIR,
BIGRIPS, FRIB), in the near future, will significantly increase the intensity of the
available exotic beams. This, together with the development of new specific detec-
tion systems (i.e.: R3B@NUSTAR/FAIR, MINOS . . . ) will open new perspectives
in this field.

28Project funded by the European Research Council for the period 2010–2015.
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