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1. General introduction

The pion plays an important role in nuclear physics. In order to explain the strong force to
combine nucleons in a nucleus, Yukawa proposed that the pion acts as the mediator of the
nucleon-nucleon (NN) interaction [1]. The long range part of the strong force is expressed

as F (r) = e−µr

r2 , where the term µ is given as µ = mπc
~

using the pion mass. The pion is also
responsible for the tensor interaction between two nucleons, which plays a significant role
in explaining the nuclear structure. There are many extensive calculations to explain the
findings of few-body systems taking into account the interaction mediated by the pion. The
calculated results agree with the experiments very well [2, 3] and demonstrate a prominent
role of the tensor force in the few-body system. Almost half of the attraction is caused by
the tensor force, and hence the pion exchange interaction. Shell model calculations show
that one-third to a half of single particle spin-orbit splittings are explained by the presence
of the tensor force. It means that pion exchange forces are important for explaining the
shell structure of nuclei. In addition, the recent variational calculations demonstrate the
importance of the three-body interaction, which originates from the pion [4].

From another point of view, it has been understood that the absorption of low-energy
pions, in the process 2H(π+,1H)1H, is dominantly a two-nucleon process. The pion is
scattered by one of the target nucleons before being absorbed by the second. In case of
reactions including heavier nuclei like A(π+,21H)B and A(π+,B1B2), where B1 and B2

are two nuclei, most absorption events still include in the final state a pair of nucleons.
Therefore, theoretical estimates of those kind of reactions [5] introduce an effective π-
two-nucleon absorption operator which has been adjusted to fit the real deuteron case.
Since this absorption operator is believed to be of quite short range, it was hoped that
such experiments might show evidence for short range correlations in nuclei. It has been
realized that such reactions can be carried out more economically and more flexibly in the
inverse charge-symmetric channel which is involving the pion production process.

The production of pions near the threshold is an extremely coherent process since al-
most all available energy must be concentrated in the meson field [6, 7, 8, 9, 10]. Pion
production near threshold occurs at large momentum transfers and therefore is a powerful
and highly selective tool to study short range phenomena in the entrance channel. Al-
though the corresponding cross sections are relatively small [11, 12, 13, 14, 15, 16, 17],
the characteristic kinematical and spectroscopic features of those reactions may make such
processes a particularly suited tool to investigate the pion interaction with nuclear mat-
ter and many body effects as well as collective properties of nuclei. Therefore e.g. short
range correlations and the role of virtual excitations of nucleon resonances in the nuclear
medium can be investigated in much greater detail.

1.1 Introduction to the pion production process

In collisions between two free nucleons, a pion can be produced when the centre-of-mass
energy of the nucleon-nucleon system exceeds the pion mass mπ0 (mπ±) [18]. Since mπ0
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Figure 1.1: ElementaryNN → NNπ transitions mediated by meson-exchange: a) s-wave process,

b) non-resonant p-wave process and c) resonant p-wave process with ∆-excitation.

(mπ±) is approximately 135 MeV (140 MeV), we need to provide a laboratory energy of
about 280 MeV (290 MeV) to exceed the threshold energy for an incoming nucleon hitting
a nucleon at rest and producing a neutral (charged) pion. Figure 1.1 shows the Feynman
diagrams for producing a pion in the free NN collision.

In addition to pion production in the free NN collision, pions have been produced
in nuclear reactions at collision energies per nucleon which are considerably below the
threshold energy in the free NN system [11, 12, 19, 13, 14, 15, 16, 17] . In collisions
between nuclei, pion production is governed by the energy conservation principle: the
centre-of-mass energy has to exceed mπ. Since the energy necessary for pion production
is shared among many nucleons, a pion can be produced in collisions between two nuclei
at beam energies per nucleon that are more than an order of magnitude lower than the
pion production threshold in the free NN collision. This range of energy is called the sub-
threshold energy which is the energy/nucleon below 280 (290) MeV for neutral (charged)
pion production. The coherent threshold of the pion production is the minimum energy
required to produce a pion in the nucleus-nucleus collision. Since production of a single
pion demands a significant fraction of the available energy, if the available energy is close
to the coherent threshold of the pion production, a highly coherent mechanism is required.
Pion production at subthreshold energy is dominated by collective behaviour and is not
accessible in the free NN collision. A pair of nucleons requires an extra amount of energy
in addition to the beam kinetic energy to overcome the threshold. The coherent threshold
energy (in the laboratory system) of the pion production process in the nucleus-nucleus
collision is calculated as follows:

Tthr =
m2

π + 2(A1 +A2)mNmπ

2A1mN
, (1.1)

where mN and mπ stand for the nucleon and pion mass, respectively. A1 and A2 are
the number of nucleons in the target and projectile nuclei, respectively. The coherent
threshold energy/nucleon for pion production in collisions between two equal nuclei as
a function of their mass number is shown in Fig. 1.2 by the solid curve. The dashed
curve in Fig. 1.2 represents the Coulomb energy that two nuclei need to overcome and get
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Figure 1.2: The solid curve has been obtained using Eq. 1.1 divided by the mass number A and

shows the coherent threshold energy for pion production in collisions between two equal nuclei as

a function of their mass number. The dashed curve is the laboratory Coulomb energy.

close enough to fuse. For nuclei with a mass number larger than Oxygen, the threshold
is below 20 MeV/nucleon. It comes close to the Coulomb barrier (the dashed curve in
Fig. 1.2), which would eventually provide a natural cutoff for the process. At these low
beam energies, the centre-of-mass energy in the nucleon-nucleon frame is not sufficient to
produce a pion.

1.1.1 Inclusive and exclusive pion production

In case of a nuclear reaction around the pion production threshold, the reaction mechanism
is dominated by thermalisation processes: the kinetic energy of the entrance channel is
distributed among many degrees of freedom. This gives rise to characteristic final states
with many outgoing reaction products. The inclusive pion production reaction may be
described as

A1 +A2 → π +X1 +X2 + ...+Xn, (1.2)

where A1 and A2 denote the target and the projectile, respectively, and Xi (1 ≤ i ≤ n)
denotes the ith unobserved nuclear fragment (Fig. 1.3-(a)).
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The exclusive pion production reaction may be described as

A1 +A2 → π +B1 +B2 + ...+Bn, (1.3)

where Bi (1 ≤ i ≤ n) denotes the ith measured nuclear fragment. Near the kinematical
limit, the exclusive measurement is confined to detecting only a few final-state particles.

1.1.2 Pionic fusion

In the extreme limit of the two-body final state, the excess energy is used to produce a
pion. The produced pion is emitted and the colliding nuclei fuse to form a united nucleus
with a specific bound state. This scheme may be expressed as

A1 +A2 → π +B(J, I), (1.4)

where B(J, I) denotes the (bound) united nucleus with spin and isospin quantum numbers
J and I, respectively. This exclusive pion production reaction is often refered to as the
pionic fusion process and is depicted schematically in Fig. 1.3-(b). Obviously the two
reaction products have to carry away the total free energy. The centre-of-mass kinetic
energy TCM in the incident channel is transferred to the two-body exit channel including
the pion energy: TCM = T ex

CM + QA1,A2,B + mπc
2, where Q denotes the Q-value of the

complete fusion process. Here, the pion production reaction is referred to as pionic fusion
for two reasons. First, the total free energy of the entrance channel is converted into the
pion production energy. Second, the two nuclei undergo a “cold” fusion process: they have
to melt completely to form the specific state in the final nucleus which is called a fusion
product. The pionic fusion reaction is highly coherent. It is expected that there is no
“spectator” nucleon. Momentum conservation determines the kinematical distributions of
the pion and the fusion product (see Section 3.6).

It is expected that in the inclusive pion production, the increase of the phase space of
the subsystem X will influence the energy dependence of the pion spectra. Figure 1.3-(c)
shows the energy balance in inclusive pion production when the unobserved system consists
of two excited fragments: X1 and X2. The total initial free energy TCM is distributed over
the pion total energy Eπ (sum of the pion kinetic energy Tπ and the pion mass mπ), the
excitation energy EX of the two fragments X1 and X2 (EX1

+EX2
) and the kinetic energy

T12 of the final channel relative motion. The fastest pion is associated with the exclusive
pion production in a complete fusion of the nuclei.

The cross section of the pionic fusion reaction is determined by the properties of the
transition amplitude which contains the details on the reaction dynamics and the structure
of the nuclear fragments. The complete microscopic calculation of such a process is a
theoretical challenge which involves a correct description of the nuclear wave functions, the
elementary pion-nucleon interaction and the deexcitation of the final pion-nucleus system.
The sensitivity to properties of intermediate baryonic resonances makes the pionic fusion
process an important and decisive tool to understand the underlying reaction dynamics.
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Figure 1.3: Schematic representation of inclusive pion production (a) and pionic fusion (b) in a

nucleus-nucleus collision. (c): schematic representation of the double differential cross section for

the inclusive pion production and exclusive pion production near the kinematical limit. For the

explanation of all the symbols used, see the text.
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Figure 1.4: Graphical representation of the various possible pion production mechanisms.

1.2 The current status of the research

The major question about pionic fusion at subthreshold energies is how to understand the
source of extra energy for a pair of nucleons to add to the beam kinetic energy in order
to overcome the pion production threshold. Theoretical attempts to answer this question
are scarce. The main difficulty is to identify the appropriate reaction mechanism. The
complications related to the pion production mechanism stem already from the basic
NNπ interaction. The lowest order single-vertex Born diagram produces a p-wave pion
which is kinematically suppressed near threshold. The s-wave contribution comes only
from the pion re-scattering involving higher order diagrams. The description of the s-
wave re-scattering mechanism based on the work of Ref. [20] significantly under-predicts
the measured cross sections. Since pions are pseudoscalars and a s-wave does not carry
negative parity, the production of an s-wave pion is suppressed. On the other hand,
calculations using Chiral Perturbation theory also encounter some difficulties related to the
kinematics of the intermediate particle, and still require further studies [21]. At present,
the most successful description [22] utilises the phenomenological isovector axial current
of the NN system. Changes in this picture related to both dynamics and kinematics of
the pion production mechanism can be expected in case of many nucleons being involved.

Theoretical attempts to understand the production mechanism range from the “Nucleon-
Nucleon Single-Collision (NNSC)” picture [23, 24, 25], where the intrinsic (Fermi) motion
of the nucleons in the initial states of the two colliding nuclei provides the necessary kinetic
energy, to collective processes such as the mean-field approach [26], decay of the compound
nucleus [27], pionic bremsstrahlung [28, 29], dynamical phase-space calculations [30], mi-
croscopic reaction model including intermediate baryon resonance excitation [7] and the
clustering correlations of the colliding nuclei [8].

The earliest suggestion to understand this process dates back to Fermi. It exploits
the fact that the initial intrinsic nucleonic motion offers the necessary extra boost for the
elementary nucleon-nucleon pion production process. This original idea has been recon-
sidered in an NNSC model (shown schematically in Fig. 1.4-(a) and -(b) for NN→NNπ
and NN→Dπ channels, respectively) for a quantitative explanation of the pion production
at beam energies both below [25] and above threshold [31]. However, with decreasing
beam energy this model becomes insufficient to explain the production rates as well as the
shapes of the pion spectra. The required high relative energy among colliding nucleons
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might originate from many-body correlations or cooperative multiple collisions. In fact,
pion production very close to the absolute threshold may require that more and more
nucleons in the projectile and target completely stop in the overall centre-of-mass system
and their relative kinetic energy (except for a small Q-value effect) converts into the to-
tal energy of the pion. In competition with a single NN collision mechanism (NNSC), a
collective process which involves the co-operation of many nucleons up to the formation
of a compound nucleus is shown in Fig. 1.4-c and -d. Also multi-step processes with in-
termediate nucleon resonances might act as “energy storage” to concentrate the required
meson-production energy.

In the mean-field approach, the dynamics of the collision is described by the time-
dependent Hartree-Fock theory, and the pion production is treated in a first-order approx-
imation by the so-called one-nucleon or two-nucleon mechanisms in the microscopic time-
dependent orbits. Theoretical approaches that utilise mean field treatments [32, 8, 33]
generally underestimate the total cross section significantly.

The mechanism of pionic bremsstrahlung is even more collective in nature as it only
involves the ground-state densities of the two colliding nuclei. However, this depends
sensitively on the assumed parameters related to the deceleration of the nuclei during the
collision. The cross sections are qualitatively described, but severely underestimated, in a
microscopic reaction model including intermediate baryon resonance excitation [7, 34].

In addition, the nuclear structure and especially coherent features play a determining
role in heavier systems. This emphasises the importance of clustering correlations [8], since
their high momentum components in the final nucleus may cooperate with the relative
motion in the incident channel to facilitate the coherent process of pion production. Near
the absolute threshold, the mechanism of “pionic fusion” in which two nuclei as a whole
coherently interact with each other and fuse to form a compound nucleus, converting all
the available free energy into a pion, may become the only possible production mechanism.

The above mentioned approaches neglect the effect of pion absorption which is reason-
able for light nuclear systems. It can be concluded that the production mechanism of the
pionic fusion reaction has not yet been settled. This unsatisfactory situation reflects the
current poor understanding of the relevant many-body processes, and raises the question,
“what kinds of mechanisms govern the transfer of energy to the meson channel?”. In order
to achieve a breakthrough in understanding the pion-production mechanism and to guide
the theory, systematic data for simple systems with well-defined initial and final state
configurations are mandatory. The study of pion production near the absolute threshold
should thus provide a unique means of discovering whether or not cooperative mechanisms
play a role in nuclear reactions.

Due to the low cross section (in the order of nb), pionic fusion experiments are not
easily performed. It is the experimental challenge for the pionic fusion measurement to
explore suitable target-projectile combinations in order to limit the number of possible
intermediate states. Only a very small amount of data is available for pionic fusion mainly
in light systems (see Table 1.1). The reported experimental data in the literature are
mostly associated with the total cross section of charged pion production, and rarely
complete angular distributions have been measured. The latest reported results of the
pionic fusion experiments are the results of the 12C(12C,24Mg)π0 [17], 12C(12C,24Na)π+ [17]
and 2H(4He,6Li∗)π0 [12] experiments. Only the fusion products in those experiments have
been measured. In a model restricting the pion-nucleon interaction to the single-nucleon
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Born term [32], the measured cross section of 208±38 pb for the 12C(12C,24Mg)π0 reaction
is underestimated by a factor of 10! The cause of this discrepancy is difficult to analyse
since the existing data do not clearly separate the structure of the final state. Furthermore,
the aim of the 2H(4He,6Li∗)π0 experiment was to use the pionic fusion of a deuteron and an
α particle as a probe particularly sensitive to the cluster structure of the isobaric analogue
state, at 3.56 MeV excitation energy in 6Li, of the 6He ground state.

This situation calls for reactions with well-defined final states and completely measured
data set including the angular distribution of cross sections, which provides sensitivity to
the relevant multipolarities involved in the pion production process. The main goal of
the present work is to measure the angular distribution of the pionic fusion cross section
in order to study systematically the effect of clustering and the influence of increased
complexity in the clustered systems. In addition, in order to study the mass dependence
of the pionic fusion cross section, we measured the total cross section of the pionic fusion
reaction. The latter was compared with the predicted results of two different existing
models [8, 32].

This work has two unique aspects which are not included in the previous pionic fusion
experiments. First, the used experimental setup provided us the angular distribution of
the pionic fusion cross section by measuring all the reaction products in overdetermined
kinematics. Second, in the examined pionic fusion reactions with well-defined initial and
final state configurations, simple cluster systems are involved. Hence, more complex clus-
tered system demand more complicated theoretical work to model the reaction.

1.3 Pionic fusion experiments at KVI

In order to gain insight into the genuine quantum many-body problem and to provide
clear test cases for theory, well-defined and simple reactions of subthreshold pion produc-
tion need to be addressed. The necessary restrictions on relevant quantum numbers (spin,
isospin) will provide the selectivity for particular processes. In the pionic fusion, detection
of neutral pions has several advantages over charged pion detection. As an example, neu-
tral pions decay with a probability of 98.8% and with a mean life time of (8.4±0.6)·10−17

s, still in the target, into two γ-rays, which are detected with a multi-segmented γ-detector
with a large solid angle.

Two pionic fusion experiments have been performed at KVI using the AGOR [41, 42]
facility. The first experiment used a 3He beam with an energy of 85.3 MeV/A on a 130
mg/cm2 liquid 4He target [43]. The final state is 7Be+π0 and the beam current was on
average about 0.3 nA. In the second experiment we used a 59.1 AMeV 4He beam on a 2
mg/cm2 solid 6Li target. The final state in this case is 10B∗+π0 and the beam current was
on average 3 nA. Since we believe that with energies close to the coherent threshold the
results are more sensitive to the internal dynamics of the reaction, both experiments were
carried out at only about 10 MeV above the coherent threshold energy of pion production
in the centre-of-mass system (TCM − Tthr.CM ≈10 MeV where TCM and Tthr.CM are the
beam kinetic energy and the threshold energy of the pionic fusion, respectively, in the
centre-of-mass system). We identified the reaction by measuring the fused system and
the produced π0 with large acceptance. In this thesis, the results of the 6Li(4He,π0)10B∗

reaction will be presented and discussed together with the results of the 4He(3He,π0)7Be
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Figure 1.5: Energy level scheme of 10B from the TUNL evaluation [44]. The thick arrows indicate

the levels in 10B which are allowed to be formed in the pionic fusion. The numbers and the symbols

in the figure from the left to the right are the excitation energy, the spin-parity Jp, the isospin I,

the main decay channel and the lifetime or width, respectively.

experiment which is the subject of another thesis [43].

For the 4He+6Li→10B∗+π0 reaction, starting with an isospin I=0 entrance channel,
the nature of the pion-production process necessitates a spin and isospin change by one
unit, thus leaving the final nucleus in an I=1 state. Therefore, according to the rule of
isospin conservation, the ground state of 10B is not excited. Figure 1.5 shows the energy
levels of 10B from the TUNL evaluation [44]. The states in 10B in the pionic fusion are
shown by the thick arrows. The first allowed excited state is located at E=1.7402 MeV
(Jp = 0+ and I = 1). This state decays by γ emission. According to the available energy
above the threshold (10 MeV), there are 5 more states in 10B to be possibly formed.
Those states mainly decay by particle i.e. proton, deuteron, α and neutron emission. The
angular distributions of decay particles were not fully covered by our experimental setup.
Therefore, the pionic fusion events leading to those 10B states were not recorded in the
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experiment. The unbound I = 1 level at E=5.1639 MeV is experimentally known to emit
a γ-ray in competition with α particles [45] (Γγ ≈1.5±0.4 eV and Γα ≈0.27±0.15 eV).
Since the α particles are not measured in the present experimental setup, only a part of
the pionic fusion events leading to this 10B state at E=5.1639 MeV has been measured in
the experiment. In conclusion, the 10B states that contribute to the pionic fusion reaction
of 4He+6Li→10B∗+π0 in the experiment are the states at E=1.7402 MeV (Jp = 0+, I = 1)
and partly (85%) at E=5.1639 MeV (Jp = 2+, I = 1).

1.4 Outline of this thesis

In Chapter 2 the theoretical approaches to predict the cross section of the pionic fusion
reactions are introduced. Up to now, there is no theoretical prediction available for the
6Li(4He,π0)10B∗ reaction, therefore, in Chapter 2 the predicted results for other pionic
fusion reactions will be discussed. Numerical calculations of the 6Li(4He,π0)10B∗ reaction
kinematics using the Monte-Carlo techniques are introduced in Chapter 3. Chapter 4 is de-
voted to a description of the experimental setup, which is common for the 6Li(4He,π0)10B∗

and 4He(3He,π0)7Be experiments. The produced pion and the fusion product were mea-
sured using the Plastic Ball and the Big-Bite Spectrometer, respectively. The measure-
ments were performed by requiring a coincidence between the γ-rays detected with the
Plastic Ball and the fusion product detected with the Big-Bite Spectrometer. Further-
more, the experimental setup was such that for both processes the measured events were
kinematically over determined. This experimental advantage was used to reduce the back-
ground.

In the succeeding Chapter 5 the analysis procedure of the 6Li(4He,π0)10B∗ data is out-
lined. The experimental results and the measured cross section are presented in Chapter
6 and compared with the theoretical models described in Chapter 2 and numerical calcu-
lations described in Chapter 3. In Chapter 7, a discussion of the obtained results together
with an outlook to future work are presented. Finally, in Chapter 8 a summary of this
work is given.
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Table 1.1: Experimentally known cross sections for the A2(A1, π)B(I, J) reaction. Tlab and Tthr.

are the beam kinetic energy and the threshold energy of pionic fusion, respectively, in the laboratory

system. Consequently, TCM and Tthr.CM are the beam kinetic energy and the threshold energy of

pionic fusion, respectively, in the centre-of-mass system. In order to calculate Tthr., Eq. 1.1 has

been used.
Measured reaction Jp Tlab − Tthr. TCM − Tthr.CM dσ/dΩ [nb/sr]

[MeV] [MeV] Forward
2H(4He,π0)6Li 1+;g.s. 8.09 1.2 σtot:228±6+70

[12] 0+;3.56 [MeV] 10.44 1.9 σtot:141±12+42
3He(3He,π+)6Li 1+;g.s. <1 16±1.6

[13] 8.76 15.44 24±1.7
3+,2.18 8.76 15.44 43±4
0+,3.56 8.76 15.44 9±3

4He(3He,π+)7Li 3/2−+1/2− 18.89 12.82 25
[14] 32.89 20.72 30

7/2−,4.65 32.89 20.72 20

2+,g.s. 11.59 86.21 0.52±0.12
411.59 301.51 0.075±0.03

6Li(2H,π−)8B 1+,0.78 11.59 86.21 0.71±0.14
[35] 411.59 301.51 0.085±0.03

3+,2.32 11.59 86.21 1.33±0.16
411.59 301.51 0.24±0.04

6Li(3He,π+)9Be 3/2−,g.s. 48.26 55.98 <0.003
[15]

6Li(3He,π−)9C 698.26 446.22 <0.01
[36, 37]

0+,g.s. σtot:≤62
7Li(3He,π+)10Be 2+,3.37 33.51 37.43 σtot:0.497±0.068

[16] 0+,6.2 σtot:0.363±0.061
3−,7.4 σtot:0.785±0.093

7Li(3He,π−)10C 0+,g.s. 33.51 37.43 σtot:≤0.028

[16] 2+,3.36 σtot:0.043+0.018
−0.014

10B(3He,π+)13C 1/2+,g.s. 76.96 82.4 σtot:<0.05
[15] 99.96 99.9

12C(3He,π+)15N 1/2−,g.s. 59.13 18.52 σtot:0.102+0.050
−0.036

[16, 38, 39] 3/2−,6.32 σtot:0.115+0.055
−0.036

12C(3He,π−)15F 1/2−,g.s. 59.13 45.15 σtot:≤0.041
[16]

12C(12C,24Mg)π0 g.s. 32 6 σtot:0.208±0.038
[17]

12C(12C,24Na)π+ g.s. 11 6 σtot:0.182±0.084
[17]

181Ta(4He,π−)185Os g.s. 29.85 26.34 <100
[11]

208Pb(3He,π−)211At g.s. <87.93 <91.79 1< σtot <10
[40]



12 Chapter 1: General introduction




