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Abstract:

The Halo and cluster structure at the ground state of unstable nuclei are among the most exciting

phenomena of current nuclear physics. Probing these structures requires a careful selection of reaction tools.

In the past twenty years, knockout reactions have been used intensively to investigate spectroscopically the

structure of unstable nuclei. In this report we have illustrated the latest development of the knockout reaction

tool and have emphasized the recoiled proton tagging method. A quantitative criteria is developed to evaluate

the quasi-free feature of the knockout process.

The newly discovered “towing mode” reaction tool is also

outlined and its applicability at transit energies is discussed.
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1 Introduction

A nucleus used to be regarded as a deeply bound
and compact quantum system. But since the advent
of the radioactive nucleus beam, many new phenom-
ena have been observed which introduce important
changes to the traditional picture of nuclei. One as-
pect is the systematic evolution of the well known
shell (single-particle) structure in the area away from
the 3-stability line, evidenced by the change of magic
numbers [1]. Another aspect is the emergence of new
degrees of freedom, such as the halo and cluster con-
figuration at ground states for nuclei close to the drip-
line [2, 3]. The latter aspect is the most exotic feature
of unstable nuclei and therefore the focus of this re-
port.

So far a halo structure is identified for He, *'Li,
HBe, “Be, C at the neutron rich side and for B
at the proton rich side [4]. In addition, evidence of
a halo structure was reported for 5C, "B, 9B, 22N,
2N, 220, 240, 2*F and "Ne. Very recently halo prop-
erties were also observed for 22C [5] and *'Ne [6]. Halo
nuclei are characterized by a very small nucleon sepa-
ration energy, s or p wave valence nucleons, few-body
clusterization and their extraordinary large size. A
halo structure gives many interesting features to a nu-
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clear reaction, such as an extremely large interaction
cross section and a very narrow parallel momentum
distribution for the core fragment compared with its
neighboring nucleus, a very large Coulomb excitation
cross section due to pygmy dipole resonances (PDR),
a strong coupling between various reaction channels
including continuum states, and so on (see Ref. [2]
and references therein). The study of halo structure
and properties will remain one of the most fascinating
topics of nuclear physics.

o clustering is a popular phenomena in heavy nu-
clei and in highly excited states of N=Z nuclei. In
past decades it has been found that a cluster structure
develops in very neutron rich unstable nuclei even at
or close to the ground state [3, 7]. Excess neutrons
tend to play the role of a chemical bond to stabilize
the nucleus in a molecular configuration. Further-
more even a chain or ring configuration was predicted
for a nuclide composed of many « clusters and va-
lence neutrons [8]. Various theoretical models have
been developed to describe cluster formation and de-
cay [9-11]. Effort has also been made to incorporate
the single-particle degree of freedom and the cluster
degree of freedom into one theoretical framework [3].
A clustering effect also appears between valence neu-
trons. For a two neutron halo nucleus, the di-neutron
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configuration may be built on a certain nuclear mat-
ter density provided by the core fragment [12-14].
Strong neutron coupling is also predicted for heavy
nuclei due to the so called size effect [15]. Neutron
coupling has attracted wide interest since it is related
to BCS and BEC pairing crossover and the possible
BES condensation in neutron matter.

Although theoretical work has been largely ad-
vanced over past years, experimental investigation of
the cluster structure of unstable nuclei is still very
limited, especially for ground and low-lying excited
states. Reaction tools are especially useful here due
to the short life time and the absence of the decay vy
ray. We describe here the knockout reaction mech-
anism which has been the most powerful tool in ex-
tracting halo and cluster structure information from
unstable nuclei. Also some care will be paid to the
newly developed “towing mode” reaction tool.

2 Development with knockout reac-
tion

Knockout reaction played important role in prob-
ing the single-particle as well as cluster structure of
stable nuclei [16]. Since the application of fast ra-
dioactive nucleus beams, a knockout reaction with
inverse kinematics has been developed into a power-
ful tool for spectroscopic investigation of exotic nuclei
[17]. This reaction is characterized by the removal
of part of the projectile while leaving the remaining
The latter
then carries the original structure information of the
projectile to be detected at forward angles.

In the beginning, only the number of spectator
fragments was detected which allows us to deduce
the total interaction cross section [18]. Later on
the method to detect the parallel momentum dis-
tribution of the spectator fragments was developed
based on the use of a dispersion-matched magnetic
spectrograph[17]. This distribution, together with
the in-beam <y-ray detection, allows us to make a
spectroscopic analysis of the selected single particle
state [19]. If the spectator of a knockout reaction is a
resonance state, the corresponding spectroscopic fac-
tor (SF) may also be obtained from the reconstructed

part untouched as a perfect spectator.

relative energy spectrum [20].

But as indicated on many occasions (Ref. [21] for
instance), the applicability of the reaction tools to
extract nuclear structure information depends sensi-
tively on the correct and precise understanding of the
reaction mechanisms. Recently it was reported that,

for nuclei with large neutron-proton asymmetry, the
SF obtained from knockout reactions deviates sys-
tematically from those obtained from transfer reac-
tions [21]. Also a suspicious resonance peak at around
0.6 MeV above the ground state of “He was reported
from a knockout reaction experiment using a carbon
target but cannot be confirmed by many other exper-
iments [20]. These kinds of puzzles call for a better
handling of the knockout reaction mechanism.

Early in 1990s the knockout reaction mecha-
nism of a fast moving Borromean type projectile
was sketched into four classes [22, 23]: (A) sudden
breakup of the projectile nucleus in the field pro-
vided by the target nucleus (diffractive breakup); (B)
knockout of a valence nucleon followed by sudden
breakup of the spectator fragment; (C) knockout of
a valence nucleon followed by strong final state inter-
action (FSI or resonance decay), and (D) knockout
of the core fragment (cluster) followed by emission
of valence nucleons with FSI. In subsequent studies
using a knockout reaction it was realized that mech-
anism (C) is dominating (B) [24], whereas class (D)
was often ignored based on the strong absorption as-
sumption for experiments employing complex targets
(such as Beryllium or Carbon targets) and measur-
ing only the spectator fragments at forward angles
[17]. Later on it was demonstrated in a quasi-free
scattering experiment with ®®*He beams impinging
on a non-absorptive Hydrogen target [25], the coin-
cident measurement of the forward moving fragment
together with the recoiled target proton allows us to
clearly identify the process (D), which in turn could
be used to study the cluster structure of the projec-
tile at ground state, similar to the traditional (p, px)
experiment with normal kinematics for studying sta-
ble nuclei [16]. This is of great importance since the
clustering phenomenon seems to be growing at the
neutron drip-line, and spectroscopic investigation of
this new degree of freedom is urgently needed [3]. The
reported experiment was carried-out at very high en-
ergy (717 and 671 MeV/u for “He and ®He, respec-
tively) and without implementation of neutron de-
tection. It would be interesting to investigate if this
recoiled proton tagging method was also valid at en-
ergies of around 100 MeV/u where most knockout
reaction experiments for unstable nuclei were per-
formed and a lot of spectroscopic information was
generated. This study of the reaction mechanism, to-
gether with neutron detection, might also shed light
on the puzzles concerning the SF for the asymmet-
ric system and the reconstructed resonance peak as
mentioned above.
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3 Criteria for a clean knockout

To validate the knockout reaction concept, it is re-
quired that the collision between the target and the
constituent of the projectile obeys the quasi-free con-
dition so that the remaining part of the projectile
behaves like a good spectator. It is then mandatory
to make the reaction mechanism related kinematics
analysis in order to design a sensitive experiment. In
the case with recoiled proton tagging we have devel-
oped a formula to be used for quantitative evaluation
[26]. Assuming that projectile A is composed of B
and C (A=B+C) and B makes a quasi-free collision
with the target (a proton target for example), accord-
ing to momentum conservation the magnitude of the
momentum of the recoiled proton p,, in the laboratory
system is equal to that transferred to constituent B,
the latter is exactly the same as the relative momen-
tum pg .1 of B seen in the projectile rest frame. After
the sudden collision, B tends to leave spectator C by
overcoming the attraction force between them and
will lose part of its momentum according to:

do do
ApB,rel = det:J'd_dt:J
T Uy
S S,
~ MBOB _ MBOB (for Appra <pp). (1)
pB,rel pbe

Where f is the interaction force along the direc-
tion of the field gradient, ¢ the potential between B
and C, and Sy the separation (or binding) energy of
the B+C system. The quasi-free condition is equiva-
lent to require that the momentum loss of B leaving
remnant C is much smaller than the momentum it
acquired from the sudden collision (Apg,a < p,). It
is evident that this condition is better satisfied for
higher momentum transfer p,,, lighter knockout com-
ponent (B) and smaller banding energy Sg. We note
that p, is a function of recoiled proton emission an-
gle with respect to the beam axis. A smaller proton
angle, corresponding to a smaller impact parameter,
would lead to a larger p, value. We empirically set
the ratio R = Apg .o /pp <0.15 as a quasi-free collision
condition. This criteria should be verified by experi-
mental observation as outlined below. In addition the
influence of Apg .. on the emission angle of specta-
tor C may also be checked. As a matter of fact, since
force f acts between constituents B and C, the mo-
mentum of C ought also change by the same quantity
of Apgp e relative to its original momentum in the
projectile. The transverse component of Apgp .o di-
vided by the incident parallel momentum of C gives
the deviation angle of C. This deviation angle must

be substantially smaller than the scattering angle of
B. Otherwise the C component would stick on B, con-
tradicting the knockout concept.

For the GSI experiment with 717 MeV /u ®He and
671 MeV /u ®He impinged on proton target, the above
criteria is satisfied even at angles very close to 90°
[25]. But at medium energy such as about 80 MeV/u
[26], proton detection must be moved to some smaller
angles, especially where core fragment knockout is
concerned. We plot in Fig. 1 the calculation of the
ratio R as a function of the recoiled proton angle rel-
ative to the beam axis, for knockout of the He core
fragment from a 3He projectile at 80 MeV/u. The
requirement of R <0.15 would put an upper limit of
about 62° for the recoiled proton angle. According to
this estimation we see that the quasi-free feature of
the knockout reaction can well be retained at around
100 MeV /u, as long as the projectile is loosely bound
and the recoiled proton angle is limited to an ap-
propriate range. We should note that the detection
of protons at medium energy is much easier than at
very high energy, due to the penetrability of the par-
ticle. This is one of the advantages of performing
experiments at medium energies.
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The ratio R, defined in the text, is plot-
ted as a function of the recoiled proton angle

Fig. 1.

relative to the beam axis for knockout of the
SHe core fragment from a 8He projectile at
80 MeV/u. The 0.15 requirement for R cor-
responds to a an upper limit of the recoiled
proton angle at about 62°.

4 Discrimination of the knockout re-
action mechanisms

As indicated above, recoiled proton tagging may
provide a good way to discriminate the core fragment
and valence nucleon knockout mechanisms. This dis-
crimination was initially realized at very high en-
ergy [25]. Fig. 2 shows the polar angle correlation
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between the recoiled protons and the a-core frag-
ments, detected in an knockout reaction experiment
induced by °He at 717 MeV /u on a proton target. As
explained above, the proton detection was set very
close to 90°. Two components appear in the Fig-
ure, one with larger proton and °He angles corre-
sponding to core knockout mechanism, whereas the
other has smaller angles corresponding to valence nu-
cleon knockout. These mechanisms were verified by
other quantities, such as azimuthal angle correlation,
energy-angle correlation, differential cross section and
so on [25].

84

82

80

78

D
=
76
74
« n-knockout
72
70 L] I L
0 1 2
0,/%)
Fig. 2. Correlation between the polar angles

of the recoiled protons and the o-core frag-
ments in the knockout reaction induced by
717 MeV /u %He on proton target.

The same kind of discrimination may also be re-
alized at much lower energies, such as at around
80 MeV /u as demonstrated by our recent experimen-
tal data [26]. Based on the above kinematic analysis,
proton detection now must move to a smaller angular
region, as shown in Fig. 3. We note that the distri-
bution in Fig. 3 is just preliminary by using only the
signals taken by the CsI(T1) crystals in particle tele-
scopes. Much finer presentation will be obtained by
using Silicon strip detector information. Verifications
with other quantities are also successful, supporting
the validity of quasi-free knockout at the medium en-
ergy around 100 MeV/u and the applicability of the
recoiled proton tagging technique.

Discrimination of knockout reaction mechanisms
is not only important for its own sake but also for
the correct spectroscopic investigation of the rele-
vant structure configuration. For instance, by select-
ing pure valence nucleon knockout events the single-
particle state (either bound or resonant state) can
be probed without contamination from other reac-
tion mechanisms. On the other hand, by selecting

the core fragment knockout events the cluster struc-
ture at ground state may be analyzed quantitatively
[26]. In addition, after the core knockout, the correla-
tion between the remaining valence neutrons may be
studied by directly detecting the emitted neutrons.
All of these topics are actually very interesting and
experiments of these kinds are highly demanding.

kinematics
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Fig. 3. Correlation between the polar angles of
the recoiled protons and the He-core frag-
ments in the knockout reaction induced by

82.3 MeV /u ®He.

5 The towing mode reaction

A knockout reaction is effective at relatively high
energies, typically above 50 MeV/u [17]. Another
well known spectroscopic tool is the transfer reaction
which is effective at around fermi energy, namely 10—
30 MeV/u [27]. In between these energy regions a
new mode of direct nuclear reaction, the so called
“towing mode” reaction, was discovered [28, 29] and
gradually applied to extract the single particle and
cluster structure SF for both stable and unstable nu-
clei [30-33].

The towing phenomenon was observed when car-
rying out a heavy ion collision experiment at around
40 MeV /u. By selecting events with one light particle
emission together with the ejectile and target nucleus
staying basically at their ground or low-lying excited
states, the emission may be treated as a direct towing
process. If we call the mother nucleus of the emit-
ted particle the emitter, the collision counterpart the
probe, the “towing” mode is characterized by emit-
ting the particle to the same side of the probe with
a relatively large emission angle and rapidity. This is
in contradiction to the knockout process in which the
knocked out particle and the probe nucleus go to the
opposite sides of the beam axis. It has been demon-
strated that the angular and energy (or momentum



No. 2

YE Yan-Lin et al: Probing the halo and cluster structure of exotic nuclei 131

vector) distributions of the towed particle depend sen-
sitively on its original quantum state in the mother
nucleus (emitter), providing a good spectroscopic tool
to extract the structural information of the emitter.
It is understandable that “towing” could only happen
within an energy window. It will switch to a knock-
out process when the energy is higher or merged into
a transfer or collective excitation process when the
energy is lower down to fermi energy range.

A simple but effective theoretical tool has been de-
veloped corresponding to the “towing” process [29].
The emitted particle is supposed to move in time-
dependent two center nuclear potentials provided by
the emitter and the probe, respectively. The calcula-
tion is done in the framework of a Time-Dependent
Schrodinger Equation (TDSE) with a structure wave
function as its input.

This experimental method together with the the-
oretical model has been applied to investigate the
structure of exotic nuclei such as 'Be [30]. It was
also exercised to study the di-neutron configuration
of a borromean type halo nucleus by using the towing
mode breakup reaction [32], and a theoretical tool for
two particle emission was also implemented accord-
ingly [31]. More amazingly the cluster SF at ground
state can also be extracted by properly towing the
cluster out of its mother nucleus [33]. Based on sys-
tematic development over a decade or so, we antici-
pate that the “towing mode” reaction will become an
complementary spectroscopic tool at transition ener-
gies with important applications.
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6 Summary
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