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Introduction

Quantum Chromo Dynamics (QCD) is the theory of the force responsible for
the confinement of quarks and gluons in hadrons, but it is also responsible
for the binding of nucleons in nuclei and thus of the appearances of ordinary
matter in our universe. While the internal structure of hadrons and the spectra
of their excited states are important aspects of QCD, it is also important to
understand the origin of the nuclear force in a more rigorous way out of QCD
and how nuclear structures - nuclei on the small scale and dense stellar objects
on the large scale - are formed [1].

Furthemore, strangeness has played important roles in nuclear physics.
Introducing strangeness into nuclei extends our understanding of matter as
hadronic many-body systems, rather than nucleon many-body systems, and
provides new clues to their nature that can hardly be understood directly
through QCD. Indeed, a hyperon bound in a nucleus offers a selective probe of
the hadronic many-body problem as it is not restricted by the Pauli principle
in populating all possible nuclear states, in contrast to neutrons and protons.
On one hand a strange baryon embedded in a nuclear system may serve as a
sensitive probe for the nuclear structure and its possible modification due to
the presence of the hyperon. On the other hand properties of hyperons may
change dramatically if implanted inside of a nucleus. Therefore a nucleus may
serve as a laboratory offering a unique possibility to study basic properties of
hyperons and strange exotic objects. Thus, hypernuclear physics represents an
interdisciplinary science linking many fields of particle, nuclear and many-body
physics.

Detailed information on hyperon—nucleon and hyperon—hyperon interac-
tions is indispensable to the present understanding of high-density nuclear
matter inside neutron stars, where hyperons are possibly mixed and play
crucial roles(e.g. ref. [2]). Indeed, when the strangeness number increases,
strangeness hadronic matter made of equal numbers of protons, neutrons, As,
Z~s and =% with neutral charge is expected to be stable [3]. It is argued that
in the core of neutron stars, where hyperons appear due to the large Fermi
energy of neutrons, the fractions of various baryons as a function of density
are very sensitive to the hyperon-nucleon (YN) and hyperon-hyperon (YY) in-
teractions, of which realistic data have partly been obtained from hypernuclear
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studies in recent years as reviewed in Ref. [4].

Furthemore, it is also clear that a detailed and consistent understanding of
the quark aspect of the baryon-baryon forces in the SU(3) space will not be
possible as long as experimental information on the hyperon-hyperon channel
is not available.

Since scattering experiments between two hyperons are impractical, the
precise spectroscopy of multi-strange hypernuclei will provide a unique a-
pproach to explore the hyperon-hyperon interaction. Nuclei with strangeness

'\\Q =

Figure 1: Present knowledge on hypernuclei. Experimental data are limited to
only 39 A hypernuclei in the S = 1 plane (blue) and only very few individual events
of double hypernuclei (yellow) have been detected and identified so far [5].

can be plotted in the three-dimensional nuclear chart, where the strangeness
number (S) increases along the third axis. Experimental data are limited to
only 39 A hypernuclei in the S = 1 plane (blue) and a few AA hypernuclei
(yellow) in the S = 2 plane (Fig. 1).

A common difficulty to all theoretical investigations of multi-strange hyper-
nuclei (e.g double-A hypernuclei) is the lack of high-resolution and systematic
data on multi-hypernuclei and their level structure. Although the analysis of
emulsion stacks by automated means (e.g, by scanning the film with a CCD
camera) has been found possible in some circumstances, these studies cannot
provide high production rates. Furthermore, whether particle unstable states
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(whose decay photons are not detected) are populated, or whether neutrons
are being emitted, this method gives ambiguous results. The possibility to
trigger via kaon detection on potentially interesting events clearly calls for ex-
periments based on electronic detectors. Moreover, since the kinetic energies of
the nuclear fragments are very low, these experiments have to rely on specific
decay channels.

Hypernuclear research will be one of the main topics addressed by the
PANDA experiment [6] at the planned Facility for Antiproton and Ion Re-
search FAIR [7]. The FAIR complex will include the High Energy Storage
Ring (HESR) to store antiprotons between 0.8 and 14.4 MeV energy. Intense
and high quality beams with luminosities up to 10*? cm=2s~! and momentum
resolutions down to 10~ are expected. The PANDA hypernuclear programme
shall reveal the strength of A—A interaction via the high resolution v spec-
troscopy of double A hypernuclei. Contrary to past hypernuclear experiments,
where only a few double hypernuclei events were found, the challenge of the
PANDA experiment will be to produce statistics of five orders of magnitude
larger. The reason resides in the fact that germanium detectors have presently
an efficiency of only a few percent.

Nevertheless, in combination with high luminosity of the antiproton beam
at HESR, a high production rate of single and double hypernuclei under unique
experimental conditions will be possible for the first time.

The production of low momentum =~ hyperons and their capture in atomic
levels is therefore essential for the experiment. Initially hyperons, in particular
=~ + Z, are produced on a primary nuclear target via the following reactions,

P+p—Z 2 (1)

p+n—= = 2)
The slowing down of the = proceeds through a sequence of nuclear elastic
scattering (rescattering) processes inside the residual nucleus in which the
antiproton annihilation has occurred, and by energy loss during the passage
through an active absorber. If decelerated to rest before decaying, the particle
can be captured in a nucleus, eventually releasing two A hyperons and forming
a double hypernucleus via the strong interaction =~ + p — AA + 28 MeV.
This process leaves the system in an high excited intermediate state which
can lead to the emission of slightly excited nuclear or hypernuclear fragments.
In the next stage, those hyperfragments which are in a excited nuclear level
decay first to the ground state via electromagnetic transitions, and then via the
weak decay ( mesonic and non—mesonic decay modes). The identification of
double hypernuclei will be performed by using the information obtained from
the electromagnetic transitions, and from the detection of weak decay charged
products. Additionally, the associated antihyperons = (or even positive kaons)
produced as a result of their annihilation with nucleons of the target nucleus,
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can be used for tagging the double hypernuclei production over the background
reactions.

In the present work the feasibilty of performing v spectroscopy of double
A hypernuclei at the PANDA experiment will be investigated by means of a
Monte Carlo simulation.

The major challenges that the simulation has to deal with are on the one
hand the optimization of a dedicated detector layout for accurate measure-
ments in a high rate environment and on the other hand, to provide effective
analysis strategies for the hypernuclei spectroscopy. These two major items
will be treated separately in the present work. Indeed, it must show that
excited double hypernuclei can be produced significantly in order to perform
high resolution gamma spectroscopy with germanium detectors. In addition,
analysis strategies must also be optimized to ensure a unique identification of
the single and double hypernuclei produced.

Accordingly, the structure of the present work will be introduced in the next
paragraph. In Chapters 1 and 2, the general aspects of hypernuclear physics
will be treated in detail, giving an overview of the single and double A hyper-
nuclei production mechanism, and of the experimental developments of the last
decades. These two first chapters will serve as motivation to introduce the hy-
pernuclear physics program at the PANDA experiment. The main parts of the
PANDA detector will be presented in Chapter 3. However, due to the comple-
xity of the hypernuclear production mechanism, the PANDA detector will need
to be extended to accomodate a devoted detector setup for the hypernuclear
project. This devoted detector setup consisting of a primary nuclear target,
a secondary active target and a germanium array detector, will be introduced
in Chapter 4. In addition, the requirements of these three components will be
studied to optimize the first step of the hypernuclear production process, which
comprises of the production of 2~ 4 = pairs in the primary target, the decel-
eration and capture of =~ in the secondary active target, and the evaluation
of possible radiation damage on the germanium detectors due to the hadronic
background interactions. In Chapter 5, the second step of the hypernuclear
production mechanism will be studied. This is related to the production of
excited double A hypernuclei via a statistical decay model. In this chapter,
the population of particles stable excited states in double hypernuclei after the
capture of a =~ will be investigated. This new technique offers the possibility
of studying the feasibility to perform gamma spectroscopy of double hypernu-
clei at PANDA. Accordingly a full hypernuclear event will be simulated. The
different steps of this simulation will be presented in Chapter 6. The analysis
of this event will be performed by using a strategy which consists of using
the photons emitted from the electromagnetic deexcitations of the produced
double hypernuclei, and the momenta correlation of the negative pions from
their sequential mesonic decay. With this technique, some of the electromag-
netic transitions can be uniquely assigned to the corresponding hypernuclide
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species. The background contribution has also been studied. Moreover, a
method based on the time measurement has been developed for background
rejection. Due to the vicinity of the germanium array detectors to the PANDA
spectrometer, its energy resolution can be affected. As a consequence, an ex-
haustive study has been performed in order to evaluate the possible damage
under these conditions. The description of this measurement and the results
of its analysis can be found in Chapter 8. Furthemore, a method to correct
possible distortion of the energy resolution will be presented. To conclude,
the results of the present work will be summarized and briefly discussed in
Chapter 9, followed by an insight into further improvements.
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Chapter 1

Topics on hypernuclear physics

1.1 Motivation

While it is difficult to study nucleons deeply bound in ordinary nuclei, a A hy-
peron not suffering from Pauli blocking can form deeply bound hypernuclear
states which are directly accessible in experiments. In turn, the presence of
a hyperon inside the nuclear medium may give rise to new nuclear structures
which cannot be seen in normal nuclei consisting only of nucleons. Further-
more, a comparison of ordinary nuclei and hypernuclei may reveal new insights
in key questions in nuclear physics like for example the origin of the nuclear
spin-orbit force [8].

An important scope is to measure the level spectra and decay properties
of hypernuclei in order to check the energy spectra and wave functions pre-
dicted by microscopic structure models. Indeed recent calculations of light
nuclei based on modern nucleon-nucleon potentials, which also incorporate
multi-nucleon interactions, are able to describe the excitation spectra of light
nuclei with a very high precision of 1-2% [9, 10, 11, 12]. A challenging new
approach to hyperon interactions and structure of hypernuclei is the relativis-
tic density functional theory. This is a full quantum field theory enabling
an ab initio description of strongly interacting many-body system in terms
of mesons and baryons by deriving the in-medium baryon-baryon interactions
from free space interactions by means of Dirac-Brueckner theory [13, 14]. The
field theoretical approach is also the appropriate starting point for the connec-
tion to QCD-inspired descriptions based for example on chiral effective field
theory (xEFT) [15, 16]. At present, xEFT is well understood for low-energy
meson-meson [17] and meson-baryon dynamics in the vacuum [18] and infinite
nuclear matter[19, 20]. A task left for the future is to obtain the same degree
of understanding for processes in a finite nuclear environment. Present nu-
clear structure calculations of the light nuclei in yEFT [12, 21, 22, 23] signal
significant progress.

13
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CHAPTER 1. TOPICS ON HYPERNUCLEAR PHYSICS

It is this progress made in our theoretical understanding of nuclei which
nurtures the hope that detailed information on excitation spectra of hypernu-
clei and their structure will provide unique information on the hyperon-nucleon
and - in case of double hypernuclei — on the hyperon-hyperon interactions.

In this chapter the main topics on hypernuclear physics, which have been
studied during the last decade, will be reviewed. In particular, a description
of the main mechanisms which contribute to the production of A hypernuclei
will be presented. In addition, an overview of the the present status of the
spectroscopy of A hypernuclei will be given.

1.2 (General Aspects on A-Hypernuclei

A hypernucleus is a nucleus in which one or more nucleons have been replaced
by hyperons (A, ¥, Z). Hypernuclei are denoted with the following notation
{}*YZ , where Z accounts for the number of protons, A represents the total
numbers of nucleons(protons and neutrons) and Y is the number of hyperons.
A A-nucleons bound state is very different from an ordinary nucleus 4Z. When
a A hyperon replaces one of the nucleons, the original nuclear structure changes
to a system composed by the hyperon and the core ~'Z of the remaining
nucleons. The A—core system is rearranged in order to generate a bound state,
maximizing the binding energy (B,). The ground state of a hypernucleus is
defined as the state in which the nuclear core lies in its ground state and the A
hyperon occupies the lowest energy state. All the other possible configurations
correspond to excited states. As a consequence, the binding energy of a A
hyperon at the ground state can be deduced as,

Ba = Meore +ma — My, (1.1)
where
1. Meore = m(A_lZ ) : mass of the nuclear core.
2. mp : A hyperon mass.
3. muy,, = m(47Z) : measured mass of hypernucleus.

Here m ... and m, are known, additionally one has to calculate the hypernu-
cleus mass Mgy, from the momentum of the incident and reaction particles
since the hypernucleus production is just a two-body kinematic process.
Once a A—core bound state occurs, the A is not subjected to Pauli—Principle,
due to the the strangeness of the hyperon, which gives it one degree of free-
dom more and makes it distinguishable from the nucleons. As a consequence,
it will be able to move in the nuclear medium interacting weakly with rest of
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nucleons. This property leads to think of the possibility to describe the A hy-
peron as single—particle objects moving in a mean field in a similar way as it is
described by the shell model. In fact, the appearance of the first hypernuclear
spectra corroborated this idea, and it helped to conclude that the well defined
binding energies of the observed low—lying hypernuclear states could be des-
cribed by the single-particle formalism. Moreover, this description is without
the complications encountered in ordinary nuclei, like for example pairing in-
teractions. Thus, the hyperon, in general, inside a hypernucleus can be used
as a probe for the inspection of the nuclear medium.

The AN interaction is the first step toward the unified understanding of
general baryon—baryon interactions beyond the well-known NN interaction.
Since the AN interaction contains new information on the baryon-baryon in-
teractions even at the limit of flavour SU(3) symmetry, the knowledge of the
elementary hyperon—nucleon (YN) and hyperon—hyperon (YY) interaction is
crucial to describe the structure of these strange systems.

In this respect, an interesting question to be answered is whether the AN
interaction can be represented by meson exchange models in a consistent way
with the NN interaction or one has to consider the quark—gluon degree of
freedom. Furthermore, the AN interaction is the most fundamental subject in
the study of hypernuclei as the NN interaction in the study of ordinary nuclei.

1.2.1 The Spin—dependent AN interaction

The elementary interaction of a A with a nucleon are poorly known, mainly
due to the short lifetime of hyperons, which makes practically impossible the
experimental determination of the A-N interaction through A scattering.

However, hypernuclear physics allows the study of the baryon—baryon in-
teraction at a normal nuclear densities since as discussed before, an effective
A-N potential can be extracted from hypernuclear spectra. Furthermore, the
hypernucleus can be described by a set of single—particle basis states assuming
that a nuclear A can be well represented by a superposition of a few single—
particle states, interacting via an effective AN potential within the nuclear
medium. This single—particle field can be constructed either phenomenologi-
cally from the experimental data on A binding energies or from the elementary
AN interaction in a reduction scheme as e.g., the many—body hadronic prob-
lem. Furthermore, the decomposition of AN interaction into the different
spin-dependent contributions may be analyzed. For these contributions, sig-
nificantly different predictions exist for example from meson exchange-current
and quark models.

According to that, the effective two-body AN in a A-hypernuclei can be
expressed in the form;
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Van(r) = Vo(r) + Vy(r)on - op + Va(r)lanvoa + Va(r)lanony  (1.2)
3(onT)(oar
+VT(T>{% — oyop)
It consist of central force (Vy(r)) and four spin—-dependent terms, spin—spin
force (V,(r)on-oa), A—spin-dependent spin—orbit force (V(r)lan), and tensor
force (VT(T){W —onoa}). In the above equation, [y and 7 are the A—
N relative orbital angular momentum and position respectively, o denotes the
spin of each particle. Additionally, the potential contains both symmetric and

1
anti-symmetric whose combination is expressed as 5(5 NESy), where (Sy) and

(Sy) are the nucleon and hyperon spin operators. For p—shell hypernuclei, the
radial integral of the spin—dependent terms over the shell model wavefunctions
are often expressed as A, Sy, Sy and T'. The definition of A is given by

A= / b (Vo (P (1.3)

where (¢} v (7) is the AN relative spatial wavefunction for pysa state. Simi-
larly, the other are defined from Vj, Vy, and Vp. They can be treated as
parameters which are to be determined phenomenologically by fitting the data
of p—shell hypernuclear level energies. It is also known that the behaviour
of the A-N interaction is much different from the NN interaction. From A—
hypernuclear binding energies, the depth of the potential for a A particle in
nuclear matter has been derived to be 28 MeV [24] with the assumption of
Wood—-Saxon potential, representing a 2/3 of that for a nucleon. This weak-
ness comes from the fact that one—pion exchange is forbidden due to isospin
conservation. Moreover, spin—dependent components of the A—N effective in-
teraction are expected to be much smaller than those of the NN interaction.
Additionally, the antisymmetric spin orbit term vanishes for the N-N poten-
tial due to the Pauli principle. The ”hypernuclear fine structure”, namely, the
level splittings due the spin—dependent A-N effective interaction between a A
and a core nucleus, are known to be as small as an order 100 keV or less, which
represents a big challenge for their measurement.

1.2.2 Specific production reactions

Hypernuclei can be produced by using strong processes in which a particle
(generally a pion or a kaon) hits a nucleus. Since strangeness has to be con-
served, one can use the following production reactions:

e Process with strangeness exchange:
Kn — An (1.4)
Kp — Ax°,
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e Processes with associated production of strange hadrons:

mn — AKT, pion — induced
pN — AK'N proton — induced
vp — AKT, photoproduction

e p — e AKT, electroproduction

e Reactions in which strangeness exchange and associated production of
strangeness are combined (used for the production of S = -2, -3 hyper-
nuclei):

Kp —

Kn — ZK°
pp — ZE'KTKTn,

pp — = =

In general, the hypernuclei production is basically based on the production of
hyperons within the nuclear medium via the following process,

aN — Yb (1.5)

where a is the projectile interacting with a nucleon N to produce a hyperon
Y and a residual particle b.

The above considered reactions have different characteristics depending on
their kinematics. Since these reactions require stable target nuclei, hypernuclei
accessible by these reactions are limited. Fig. 1.1 displays the regions of the
hypernuclear chart with proton number up to Z = 18 which can be explored by
this technique. The drip-lines for single Lambda hypernuclei were predicted
by [24]. The different colors indicate n— A, p— A and pp— An reactions.
For Z < 16 the reactions populate distinct regions of hypernuclei without
overlap. This nicely illustrates the complementarity of the various production
mechanisms and the need to study single hypernuclei with different reactions.

In order to produce a hypernucleus, the hyperon emerging from the reac-
tion has to remain inside the nuclear system. The formation probability of
a hypernucleus depends on the energy transferred in the production. When
the momentum transferred to the hyperon,qy is much larger than the nuclear
Fermi momentum kg, the hyperon has a very small sticking probability and
it leaves the nucleus. Instead, when qy < kg, the hyperon is created with

[l

high probability in a bound state. In Fig. 1.2 the momenta transferred to the
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Figure 1.1: Hypernuclei accessible by reaction spectroscopy. The boundaries at
the neutron- and proton rich side mark drip-lines predicted by [24].
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Figure 1.2: Momentum qy transferred to the Y hyperon [26] as a function of the
projectile momentum pr,p in the laboratory frame for the reaction aN — Y'b at the
laboratory angle 6, 1,5 = 0°.

hyperon Y in the reaction N(a,b)Y are shown as a function of the projectile
momentum p, at # = 0° in the laboratory frame. With the exception of the
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(K, 7%) reactions, in the other ones reported in the figure the hyperon cannot
be produce at rest since qy decreases with increasing projectile momentum but
it remains finite for high p,. In this situation the hyperon is produced with
a non-negligible probability above its emission threshold, namely with a non—
zero binding energy B, (quasi—free production). Some hypernuclear states in
the continuum may be quasi-bound states, where nucleons and/or cluster of
nucleons are emitted instead of hyperons.

1.2.2.1 The (K, %) strangeness exchange reactions

Depending on the momentum of the incident kaon one can have In—flight pro-
duction or the production with K~ at rest. These two processes differ both
in branching ratio for hyperon production and in kinematics. In the (K, 7%)
reactions the incident K~ transforms the struck neutron (proton) into a A and
a mF is emitted with an energy spectrum which is directly related to the popu-
lated hypernuclear level. The reaction n(K~, 7~ A), (used for the first time at
CERN [27] and BNL [28] to produce A) can create the hyperon at rest (qy = 0).
By considering, as an approximation, the initial neutron in n(K~, 7¥A) at rest,
the transferred momentum is zero px = pr, = p, and the pion is emitted at
0 = 0° in the laboratory frame. Thus, from energy—momentum conservation:

\/132+m%(+mN:mA+\/ﬁ2+mgr (1.6)

and the momentum for the production of the recoilless A (called magic mo-
mentum) can be derived as follows:

2 2 . 2
Ex= /P2 +m2 = K~ (ma —mw)” p~530MeV.  (1.7)
2(mp — my)

Since both the initial K~ and the final pion are strongly absorbed in the
nucleus, the kaon induced reactions preferentially populate less bound single
particle A-levels and they have been only employed for s- and p-shell hyper-
nuclear studies. Moreover, the low intensity and poor resolution of the kaon
beams hinder the use of the (K, 7%) reactions. By using the strangeness ex-
change reaction at 6 = 0°, the hyperon is predominantly produced in a state
with the same quantum numbers of the struck nucleon, namely the neutron
hole and the A are coupled to J¥ = 0 and the Al = 0( substitutional reac-
tion ). By increasing 6 the relative importance of Al = 1,2, etc. transitions
increases, and hypernuclear states with higher spin can be produced. From
measures at both § ~ 0° and § > 10 — 15° it has been possible to study a large
part of the level structure of light hypernuclei [29, 28]. In the last 20 years the
strangeness exchange reaction has been used at BNL [30, 31] for production
and decay studies of hypernuclei from 4 H to *C. However, because of the
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small momentum transfer and the large background coming from in-fight kaon
decays, the measurement could not be extended to heavy hypernuclei.

The (stopped K~,7~) reaction has been used at KEK [32, 33, 34], and
at Da®ne [198], the Frascati ®—factory. Moreover, this process was the stan-
dard method to produce A-hypernuclei in emulsion and in bubble chambers
experiments during the 1960s. When the K~ is stopped in the target, it is
captured into an atomic level and then, after cascade down to inner levels, it
is absorbed in the nuclear surface, converting a nucleon into a A. The mo-
mentum transferred to the produced A is closed to kr (for 0° scattering angle,
qa =~ 250 MeV'). The process with absorption of a kaon at rest in nuclei has
the good feature of a large production yields and a large number of hypernu-
clear states is accessible. Moreover, differently from the in—flight reaction, it
allows a clean separation of the quasi—free hypernuclear production (because
of the larger transferred momentum), resulting in a better determination of
the weak decay rates, especially in light systems.

1.2.2.2 The n(r*, K*)A strangeness exchange reactions

When a 7~ hits a neutron, by the creation of a s5 quark pair one has the
associated production of two strange hadrons in the final state: the s—quark
becomes a constituent of A and the 5 is transferred to the meson, which be-
comes a K*. The n(7t, K*)A reaction is complementary to the n(K~,77)A
one, and it preferentially populates bound states with high spin configura-
tions. It produces almost background free spectra and it has the advantages
of using good quality and large intensity pion beams. Since the mass of the
final hadrons pair is sizeable larger than the mass of the initial particles, the
n(w", K1)A reaction takes place with a quite large momentum transferred to
the hyperon: (qy =~ 300 — 400 MeV) at 0° scattering angle.

The associated production reaction has been used for the first time at
BNL [35, 36] for }2C and at KEK [37, 38, 39]. Moreover, (7", K*) spectroscopy
experiments at KEK [37, 40] observed double-peak structures in }*C, °0, 'V
and Y, interpretable as A spin—orbit splittings. The magnitude of the shifts
suggests a A—nucleus spin—orbit interaction stronger than the one extracted
from (K~,77) experiments.

1.2.2.3 The p(e,¢’ KT)A reaction

In the electroproduction reaction a virtual photon is produced by the interac-
tion between the incident e~ and the target nucleus, and can be absorbed by a
quark of a nucleon, giving rise to an ss quark pair; then the latter can combine
with the quarks initially contained in the nucleon generating a AK™ pair. The
electroproduction reaction is also characterized by a large momentum transfer
and by the dominance of the spin—flip amplitudes in the elementary process



1.2. GENERAL ASPECTS ON A-HYPERNUCLEI

21

p(v, KT)A. This reaction could complement our knowledge of hypernuclear
spectroscopy derived from studies performed with mesons beams. Indeed,
the high precision of electron beams can considerably improve the quality
of experimental data. Moreover, the meson induced reactions hardly produce
ground states and deep—hole states in heavy hypernuclei, because of the strong
pion and kaon absorption in the nuclear medium. Spectroscopic studies with
high resolution have already been started at TJNAF laboratories [41] and are
planned at MAMIC [42] in the next future.

1.2.2.4 A-Hypernuclei formed in heavy—ion collisions

Hypernuclear production via heavy ion collision was first studied by Kerman
and Weiss [43]. In high energy heavy ion collisions the participant—spectator
model explains the general feature of the reaction. The overlapped region
between the two nuclei (participants) participates in the collision, while the
nucleons in the off-overlapping region (spectators) pass by each other without
being much influenced. Hyperons such as A are produced in the participants
region at around the mid-rapidity. Due to their wide rapidity distribution,
hypernuclei may be produced with a coalescence of hyperon(s) in the projectile
fragments, what leaves the hypernuclei with a velocity closed to the one of the
projectile. As a consequence the effective lifetime of the produced hyperon is
longer than at rest because of the large Lorentz factor, what makes possible the
study of hypernuclei decays in—flight. In the late 80s, hypernuclear production
with heavy ions was performed in JINR [44, 45]. Recently they have been
also produced and identified by BNL AGS-E864 experiment [46]. Futures
experiments with heavy ion beams at relativistic energies with associated kaon
production are planned at the future facility of GSI [47].

1.2.3 Decay modes of A-Hypernuclei

In the production of hypernuclei, the populated state may be highly excited,
above one or more threshold energies for particle decays. These states are
unstable with respect to the emission of the hyperon, of photons and nucleons.
The spectroscopic studies of strong and electromagnetic de—excitations give
information on the hypernuclear structure which is complementary to that
one can extract from excitation functions and angular distribution studies.
Once a hypernucleus is stable respect to electromagnetic and strong processes,
it has reached its ground state, with the hyperon in the 1s level, and it can
only decay via a strangeness-changing weak process through the disappearance
of the hyperon.
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1.2.3.1 Electromagnetic decay of A-Hypernuclei

In the weak—coupling picture for a A hyperon and a core nucleus, « transitions
in hypernuclei are classified into three types:

1. core transitions,
2. A spin—lip transitions,

3. and A inter—shell transitions.
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Figure 1.3: schematic view of low-lying levels of a A hypernucleus and their
transitions. ¢ and g are referred to as the “core transition” and “A spin—flip
transition”, respectively.

Fig. 1.3 illustrates schematically the low—lying levels of a hypernucleus. Each
state of the core nucleus with non—zero spin (J¢) is split into a doublet (J¢ +
1/2, Jo — 1/2) by the spin coupling between the A hyperon and the core
nucleus. A transition connecting different doublets (y¢ in Fig. 1.3 is called
“core transition”. It is induced by a transition in the core nucleus itself (shown
with a dashed arrow in Fig. 1.3). This type of transition was first observed
for TLi (5/2% — 1/2T) and §Be(5/2%,3/2% — 1/27). A transition from
the upper to the lower member of the same doublet (vs in Fig. 1.3) is a M1
transition caused by a flip of the A spin. It is called “A spin—flip transition”.
When the doublet spacing energy is less than ~ 100 keV, the A spin—flip rate
is generally smaller than the weak decay rate, and the ~ transition is not to
be observed. The other type of hypernuclear v transition is a E1 transition in
which the A hyperon changes the major shell orbit from py to s (“A inter—shell
transition”). This transitions are not expected to be seen often in light p—shell
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hypernuclei because the transition energy is usually higher than the nucleon
separation energies. On the contrary, A inter—shell transitions are expected to
be observed in medium and heavy hypernuclei.

1.2.3.2 Weak Decay of A—Hypernuclei

In this section the various weak decay modes of A—Hypernuclei are described:
indeed in a nucleus A can decay by emitting a nucleon and a pion (mesonic
mode) as it happens in free space, but its (weak) interaction with the nucleons
opens new channels, customary indicated as non—mesonic decay modes. These
are dominant decay channels of heavy nuclei, where the mesonic decay is dis-
favoured by the Pauli blocking principle. In particular, one can distinguish
between one-body and two—body—induced decays, according whether the hy-
peron interacts with a single nucleon or with a pair of correlated nucleons.
Furthermore, an interesting rule for the amount of isospin violation (Al =
1/2) is strongly suggested by the mesonic decay of free A’s, whose branching
ratios are almost in the proportion 2 to 1, according to whether 7= p or 7’n
are emitted. This totally empirical rule has been generally adopted in most of

the models proposed for the evaluation of the A~hypernuclei widths.

Mesonic decay mode The mesonic mode is the main decay channel of a A
in free space:
A — 7p BR.=639x107?
™n  B.R.=358x 1077
with a lifetime 7 = h/TT* = 2.632 x 10719 s.
The A hyperon is an isospin singlet ( [y = 0), while the 7N system can

be either in Iy = 1/2 or I, = 3/2 isospin states. The customary angular—
momentum coupling implies

mp) = \/%%7—%“\/?%"%) (18

Hence the ratio of amplitudes for AI = 1/2 transition yields

PRy Hm bl Tyl AP AL (1.10)
PR, 00l Tzl A3
while a Al = 3/2 process should give
free —
S [y LYY KN (V23 1 (1.11)

Ffree - |<7TOTL|T3/2,_1/2|A|2 1/3 2 :
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Experimentally the above ratio turns out to be

free

{%}FJKp ~ 1.78, (1.12)

A—1n

which is very close to 2 and strongly suggests the Al = 1/2 rule on the isospin
change. From the above considerations and from analysis of the A polariza-
tion observables it follows that the measured ratio between Al = 1/2 and
Al = 3/2 transition amplitudes is very large, so around 30. The Al = 1/2
rule is based on experimental observations but its dynamical origin is not yet
understood on theoretical grounds. Actually the rule is slightly violated in
the A free decay, and it is not clear whether it is a universal characteristic of
all non-leptonic processes with AS # 0. The A free decay in the standard
model can occur through both AT = 1/2 and Al = 3/2 transitions, with com-
parable strengths: an s quark converts into a u quark through the exchange
of a W boson. Moreover, the effective 4—quark weak interaction derived from
the Standard Model including QCD corrections gives too small [A;/5/As3)|
ratios, ~ 3-4, as a calculated at the hadronic scale of about 1 GeV by using
renormalization group techniques [48, 49]. Therefore, non—perturbative QCD
effects at low energy (such as hadron structure and reaction mechanisms),
which are more difficult to handle, and/or final-state interactions could be res-
ponsible for the enhancement of Al = 1/2 amplitude and/or the suppression
of the Al = 3/2 amplitude. The Q-value for free-A mesonic decay at rest is
Qpr ~ mp—mpy—m, >~ 40 MeV. Then taking into account energy—momentum
conservation, my ~ /p% + m2 + /p? + m% in the center of mass system and
the momentum of the final nucleon turns out to be p ~100 MeV. Inside a hy-
pernucleus, the binding energies of the recoil nucleon (By ~ —8 MeV and the
A (By ~ =27 MeV tend to further decrease Qa (Qa bounda = @a + Ba — Bn)
and hence p. As a consequence, in nuclei the A mesonic decay is disfavoured
by the Pauli principle, particularly in heavy systems. It is strictly forbidden
in normal nuclear matter (where the fermi momentum is k% ~270MeV), while
in finite nuclei (Ref. [56]) it can occur because of three important effects:

1. In nuclei the hyperon has a momentum distribution (being confined in a
limited spatial region) that allows larger momenta to be available to the
final nucleon.

2. The final pion is attracted by the medium such that for fixed momentum
¢ it has an energy smaller than the free one, and consequently, due to
energy conservation, the final nucleon again has more chance to come
out above the Fermi surface. Indeed, it has been shown that the pion
distortion increases the mesonic width by one or two orders of magnitude
for very heavy hypernuclei (A~200) with respect to the value obtained
without the medium distortion.
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3. At the nuclear surface the local Fermi momentum is considerably smaller
than k%, and the Pauli blocking is less effective in forbidding the decay.

In any case the mesonic width decreases rapidly as the nuclear mass number
A of the hypernucleus increases.

Non—mesonic decay mode In hypernuclei the weak decay can occur through
processes which involve a weak interaction of the A with one or more nucleons.
Sticking to the weak hadronic vertex A — 7N, when the emitted pion is
virtual, then it will be absorbed by the nuclear medium, resulting in a non—
mesonic process of the following type:

1. An — nn (Tn),
2. Ap —np (T',),
3. ANN — nNN  (Iy)

The total weak decay rate of a A hypernucleus is then
Ur =Ty + TN,

where
Py=T5 +1T4, Pny=T1+T10 =T, + T,

and the lifetime is 7 = h/T'p. Channel 3. can be interpreted assuming that the
pion is absorbed by a pair of nucleons, correlated by the strong interaction.
Obviously, the non—mesonic processes can also be mediated by the exchange
of more massive mesons than the pion(see Fig. 1.4). The non—mesonic mode is
only possible in nuclei and, nowadays, the systematic study of the hypernuclear
decay is the only practical way to get information on the weak process AN —
NN (which provides the first extension of the weak AS = 0 NN — NN
interaction to strange baryons), specially on its parity—conserving part, which
is masked by the strong interaction in the weak NN — NN reaction. The final
nucleons in the non—mesonic processes emerge with large momenta: disregar-
ding the A and nucleon binding energies and assuming the available energy
QQ = mp —my =~ 176 MeV to be equally splitted among the final nucleons, it
turns out that py ~ 420MeV for the one-nucleon-induced channels 1. and 2.
and py ~ 340MeV in the case of two—nucleon-induced mechanism (channel
3). Therefore, the non mesonic mechanism dominates over the mesonic mode
for all but the s—shell hypernuclei. Only for very light systems the two decay
modes are competitive(see Fig. 1.5).

Since the non-mesonic channel is characterized by large momentum trans-
fer, the details of the hypernuclear structure do not have a substantial influen-
ce. On the other hand, NN and AN short-range correlations turn out to be
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very important. It is interesting to observe that there is an anticorrelation
between mesonic and non-mesonic decay modes such that the experimental
lifetime is quite stable from light to heavy hypernuclei [50, 51]. Since the
mesonic width is less than 1% of the total width for A > 100, the above con-
sideration implies that the non—mesonic rate is rather constant in the region
of heavy hypernuclei.
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Figure 1.4: Left: onenucleon— and right: two—nucleon—induced A decay in nuclei.
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Figure 1.5: Measured ratio of nonmesonic (AN — NN) to mesonic (A — N)
hypernuclear decay widths as a function of the nuclear mass [52].
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1.3 Spectroscopy of A Hypernuclei

Nuclear physics has been very successful in interpreting low—lying excited nu-
clear states. But very little is known about the relationship between the fun-
damental interactions of quasiparticles in nuclei. The comparison between the
effective A-nucleus, the nucleon-nucleus interaction and their fundamental in-
teraction should give additional constraints, which would be of great help in
solving this hinterto almost completely neglected problem of nuclear physics.
As it was remarked in Sec. 1.2.3, hypernuclei may be produced, in a situation
where populated states may be highly excited. As a consequence, it will gene-
rally lead to rearrangements of the structure after the production. The energy
released in these rearrangements can be removed by gamma rays or Auger—like
neutron emission. In a hypernucleus the neutron emission threshold can be
lower than the one corresponding to the A emission, and at any event, nucleon
or small fragments emission can occur even from unbound A states. Thus, the
final hypernuclear species may differ from the one initially produced. Indeed
the hypernuclear system may fragmentate, producing hypernuclei much lower
in mass. Therefore, hypernuclei can be studied either by

e production mechanisms where the reaction is constrained by measuring
the reaction products; or by

e decay mechanisms where the production processes may be not well deter-
mined, but measurement of the decay products is sufficient to determine
a specific hypernucleus. In many cases, the measurement of the electro-
magnetic transitions, of intermediate hypernuclear states (y-ray spec-
troscopy) should be accomplished using coincidence between a formation
reaction and the emission of photons. That will help to unambiguously
identify hypernucleus or even a hypernuclear transition.

In the case of production spectroscopy, hypernuclear states can be directly
populated, revealing the level structure in the A bound region and can even
have access to the observation of excited states between the nucleon emission
thresholds and the A emission threshold. It provides information on the A hy-
pernuclear structure and AN interaction through the determination of hyper-
nuclear masses, reaction cross sections, angular distributions, etc. In contrast,
~-ray spectroscopy, can have access only to hypernuclear states below nucleon
emission thresholds, but it achieves very high resolution(typically a few keV).
It is therefore a powerful spectroscopic tool for the investigation, for example,
of spin-dependent AN interactions, which requires information on the precise
level structure of hypernuclei.

Additionally, if the hypernucleus is to be studied through its production
mechanism, the momenta of both the beam and the reaction particles are
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normally measured using magnetic spectrometers. In order to measure a hy-
pernuclear spectrum one needs to determine the excitation energy or bindings
energies of the recoiling hypernuclear system with sufficient resolution to se-
parate states of an MeV or so a apart. Moreover, while energy resolution
using spectrometers and meson beams is presently limited to no better than
a few MeV, the energy of electromagnetic transitions between states can be
measured to a few keV.

1.3.1 Historical background

Hypernuclear investigations has already undergone three stages of development
since the first discovery of the hypernucleus in 1953 (see Fig.1.6), was observed
through their decays [53]. This observation came shortly after the discovery of

Figure 1.6: First hyperfragment event. This picture shows the event discovered
by Danysz and Pniewski [53] where an incident cosmic ray P interacts at A with
a heavy nucleus in the nuclear emulsion. A produced hyperfragment f decays at B
into three charged particles.

the strange particles in bubble chambers [54]. The picture of the event [53] ob-
served by Danysz and Pniewski is shown on the bottom part of Fig. 1.6), where
one can see an incoming high energy proton from the top, which collides with
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one of the nuclei of the emulsion breaking it into different nuclear fragments
(star shape produced in point ”A” in the picture). These fragments, after a
short path, eventually stops in the emulsion, but one disintegrates into three
more particles( point "B ” in the figure), revealing the presence of a unstable
particle stuck among the nucleons. This event can be interpreted as the weak
decay of a light fragment containing a hyperon. In the 1950’s the production
of hypernuclear states was possible only breaking the target nucleus, due to
the high energy of used projectiles. The hyperon was produced by the inte-
raction between the projectile and one of the nucleon of the target nucleus.
These particular bound states were named ”hyperfragments”. Over the years,
the production of hypernuclei was limited to the cosmic-ray interactions in
emulsion (first stage). The produced system could then be detected in nuclear
emulsion by studying the incident and decay tracks created in the reaction.

As time passed new techniques of hyperon production were developed and
the hyperon production inside a nucleus without fragmentation became pos-
sible, allowing to design experiments focused on the study of selected hyper-
nuclei. Although cosmic rays were then by the time replaced by protons from
terrestrial accelerators, emulsions or liquid —bubble chambers coupled with
stopping K~ beams remained the detectors and beams of choice (the second
stage). This essentially spallation interactions with emulsion atoms limited
the production to light hypernuclei where sufficient recoil momentum could
be observed and measured. While emulsion provided good energy and posi-
tion resolution and complete kinematic reconstruction of a hypernuclear decay,
scanning was tedious, atomic species limited to those produced from emulsion
(or bubble chamber ) targets, and statistics were poor. Still the masses of
many s— and p—shell hypernuclei were determined by this technique.

The (K, 7~ ) reaction was for instance the reaction used in the very
beginning, where both the kaon and the target are at rest. In this process,
hypernuclei masses my,, were obtained by applying the energy and momentum
conservation :

Mtarget +mg- = \/ﬁ%zyp + m%yp + \/ﬁz_, + mfr, (113)

where myarger = m(*Z) is the mass of the target nucleus and py,, = p(f\"IZ )
is the momentum transferred to the produced hypernucleus. Applying momen-
tum conservation py,, = pr-, then:

m?arget + m%{* + thargeth— = miyp + ﬁ?rf + m72r* (114)

Then the hypernucleus mass my,, can be evaluated directly from the 7~ mo-
mentum:

Mhyp = \/(mtarget + mK—)2 - 2157%_ + m?r— (115)

In the 1970s, the so—called recoilless method was utilized in a series of ex-
periments at CERN with the in—flight (K~, #7) reaction. The spectroscopic
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information was obtained with the missing mass method. The hypernucleus
mass My, can be then obtained by measuring both the incident K~ momen-
tum pr- and the outgoing 7~ momentum as follows:

Mpyp = \/(Eﬂ'_ - Etarget - EK_)2 - (pﬂ'— +pK—)2 (116)

where the pion energy F .- is calculated as / ﬁfr _+ mfr,. Moreover, additional
information on p—shell hypernuclear excited states (small spin—orbit splittings)
was extracted for the first time. Nevertheless, the new development of counter
experiments have opened a new phase of hypernuclear physics. In fact, the old
experiments in the 1960s practically only measured the hyperons bindings e-
nergies. Through counter techniques, the experiments have discovered new and
interesting features of the hypernuclear structure, although several questions
still remain unsolved.

The third stage, which features the use of the (71 K™) reaction, began in
the mid-1980’s at the alternating gradient synchrotron (AGS) of the Brookhaven
National Laboratory (BNL), USA and was extended dramatically when the
new experimental facilities became available at the 12 GeV proton synchrotron
of KEK, Japan. In particular, the superconducting kaon spectrometer (SKS)
played a key role in exploring A hypernuclear spectroscopy by the (7 ,KT)
reaction. From high—quality (77, K") spectra with a energy resolution better
than 2MeV (FWHM), it became possible to study the unique structure of
A hypernuclei and the nature of the A-N interaction quantitatively. Analog
to the (K=, 77) reaction, the spectroscopy information is determined by us-
ing the missing mass technique. An example of the good resolution provided
by the (71 ,K*) reaction can be seen in Fig. 1.7 and Fig. 1.8, showing the
missing mass spectra for the }2C' and 3°Y respectively. On one hand, the
two prominent peaks exhibited in both spectra by Fig. 1.7, correspond to }>C
states with A hyperons in the s and p orbits. Comparing the SKS [37] spec-
trum of 1.45MeV (FWHM) resolution with the BNL [55] spectrum of 3 MeV
(FWHM) resolution, the improvement of the spectrum in the region between
the two prominent peaks makes possible to disentangle structure such as ex-
cited states corresponding to core excitations.

On the other hand, the series of bumps observed in the spectrum in Fig. 1.8
reflects the coupling of a A hyperon with a neutron hole state of the Y
core. The widths of the states corresponding to the p, d, and f orbits were
significantly broader in comparison to the ground state. This effect might
reveal a complicated levels structure what becomes more complicated as the
hypernuclear mass number increases.

Recently, binding energies of a A single—particle orbit for a given [ have
been derived experimentally as a function of hypernuclear mass number for
heavy hypernuclei up to 2®Pb [38]. In Fig. 1.9 the particle hole structure for
the wide mass region of is clearly evident. Taking the positions of the major
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Figure 1.7: Missing mass spectra of the /1\20 reaction measured at the BNL-
AGS [55] with 3MeV FWHM resolution(top) and at the KEK 12GeV PS using
SKS spectrometer with 1.45 MeV FWHM resolution (bottom) [37].

shells, a set of curves of shell energies against the mass number A provides a
classic confirmation that in good approximation, A can be considered as an
identifiable, distinguishable particle when embedded in a nucleus.

In the last decade, new experimental techniques have been developed. One
of these is the use of the (e,e’ K ) reaction for hypernuclear spectroscopy. The
high—quality and high—intensity electron beams available at Thomas Jeffer-
son National Laboratory(JLab), USA, permitted the first successful (e,e’ K™)
measurement, with a energy resolution of ~0.7 MeV.

In Fig. 1.10 excitation spectra for the three hypernuclear production reac-
tion on a '2C target are compared schematically. As seen in the figure, the
in-flight (K—, 77) reaction preferentially populates substitutional hypernuclear
states with small total angular momenta near the nucleon emission threshold.
On the other hand, the (7, K") reaction and the (e,e’ K't) reaction efficiently
populate bound hypernuclear states. Additionally, the (e,e’ K*) reaction has
the feature of exciting spin-flip states.

Another development is hypernuclear y—ray spectroscopy. The observation
of hypernuclear ~ rays was first reported in 1978 [57]. This experiment is
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Figure 1.8: Missing mass spectrum of Y (KEK E369) [37] produced by using the
(7, KT) reaction.
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Figure 1.9: Hypernuclear mass dependence of A hyperon binding energy in various
orbits [38].

the first counting experiment for hypernuclei, and was carried out even before
hypernuclear reaction spectroscopy with magnetic spectrometers began.

The inclusive y-ray spectrum from stopped K~ absorption on a “Li target
exhibited an unknown ~-ray peak at 1.09 MeV. It was assigned to the y-rays
from 17 — 0% transitions of A = 4 hypernuclei(} H and } He), since these
are the only 7 transitions expected from hyperfragments with mass numbers
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Figure 1.10: Comparison of the excitation functions to be observed in the (K,
), (w7, K') and (e,e’ KT) reactions on a '2C target. [56]

smaller than 6. Later, by measuring coincidences between these v rays and
pions that have energies corresponding to the weak decay of 4 H —* He + 7~
and 4 He —* He+ 7, the 17 — 0T transition of { H and 4 He were separately
identified [58]. In 1985, the observation of 7 rays from well —identified A hyper-
nuclei produced by the (K~, 77) direct reaction at BNL-AGS [28] experiment
was first reported. Later, in a similar method, another BNL experiment su-
cceeded in observing both inter-shell transitions of *C', E1( 1/2~ — 1/2% and

3/27 — 1/27).
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In all of the experiments described above, Nal(Tl) crystals were employed
as y-ray detectors, which limited the energy resolution to ~0.1 MeV (FWHM
) at 1 MeV. Although high—precision y-ray spectroscopy using germanium(Ge)
detectors with a few keV resolution has played a remarkably important role
in the development of nuclear physics, use of Ge detectors for hypernuclei has
been quite difficult because of small experimental yields, huge backgrounds
and, in particular, technical problems in operating Ge detectors under con-
ditions of very high count rates. Hypernuclear experiments with Ge detec-
tors were first attempted in 1979 and then in 1990 at BNL-AGS [59]. In
1998, a large acceptance Ge detector array dedicated to hypernuclear y-ray
spectroscopy (Hyperball) was constructed. The experimental problems due
to high counting rates and huge backgrounds were solved by special readout
electronics and background suppression counters. Hyperball established a new
technique for hypernuclear study, “high—precision hypernuclear v-ray spec-
troscopy”, which have been revealed detailed level schemes of various p—shell
hypernuclei.

The excellent energy precision of a few keV (FWHM) achieved by Ge de-
tectors is most useful in resolving the spin doublet in hypernuclei that is called
“hypernuclear fine structure” because this structure has a small energy spa-
cing, of the order of 10-100keV. Even if the spacing is so small ( < 100keV)
than the A spin—flip transition is overwhelmed by weak decay, the spacing can
be obtained by separately observing the two core transitions going to the two
members of the doublet as illustrated fig. 1.3. The spacing of such a doublet
provide information on the spin—dependent components of the AN interaction
(see eq. 1.2).

Modifications of nuclear properties such as size, shape, symmetry, cluster
shell structure and collective motions may be induced by “impurity” of a A
hyperon in the nucleus. Such effects can be investigated experimentally by
measuring detailed levels scheme and transitions probabilities such as the ones
corresponding to the electric quadrupole radiation B(E2). These values can
be derived from the lifetimes of the excited states of hypernuclei which are
measured using the Doppler shift attenuation method [56]. Also the magnetic
dipole transition probability B(M1) can be measured with the same method
mentioned above and the coincidence between the v emission and the weak
decay products.



Chapter 2

S = -2 System and Double A
hypernuclei

2.1 Overview

While the nucleon-nucleon scattering was extensively studied since the 50’s,
direct experimental investigations for the hyperon—hyperon interactions are
still very sparse. Because of their short lifetimes, hyperon targets are not
available. Low-momentum hyperons are very difficult to produce and hyperon-
proton scattering is only feasible via the double-scattering technique [60, 61].
There are only a few hundreds low-momentum A-N and Y*-N scattering events
available and there is essentially no data on =Z-N or €2-N scattering.

It is interesting to note that the different S=-2 systems, = -atoms and sin-
gle = -hypernuclei on the one hand and double AA hypernuclei on the other
hand, provide complementary information on the baryon—baryon force: on the
one-meson exchange level strange mesons with I=1/2 do not contribute to the
=-N interaction. On the other hand, only strange mesons act in the =ZN-
AA coupling while only non-strange mesons contribute in the A-A interaction
(62, 63]. Indeed, hyperatoms created during the capture process of the hyperon
will supply additional information on the hyperon-nucleus interaction. X- rays
from 7=, K, p and X~ atoms have already been studied in several experi-
ments in the past. At J-PARC first precise studies of =-atoms are planned
[64]. At PANDA not only =~ atoms but also 2~ atoms can be studied for
the first time thus providing unique information on the nuclear optical poten-
tial of 2~ baryons. The Q hyperon is particularly interesting because due to
its long lifetime and its spin of 3/2 it is the only ’elementary’ baryon with a
non-vanishing spectroscopic quadrupole moment. Since the quadrupole mo-
ment of the €2 is mainly determined by the one-gluon exchange contribution
to the quark-quark interaction [65, 66] its measurement represents a unique
benchmark for our understanding of the quark-quark interaction.

35
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Furthermore, the claimed observation of pentaquark states places also the
question for other exotic quark states on the agenda. Thus the possible ex-
istence of an S=-2 six quark (uuddss) H-dibaryon [67, 68| represents another
challenging topic of AA hypernuclear physics. Because of their long lifetimes
double A hypernuclei may serve as "breeder’ for the H-particle. Although some
theories predict the H-dibaryon to be stable ([69] and references therein), the
observation of several double hypernuclei makes the existence of a strongly
bound free H-dibaryon unlikely. However, since the mass of the H-particle
might drop inside a nucleus [69] and due to hyperon mixing [70, 71, 72, 73] it
might be possible to observe traces of a H-dibaryon even if it is unbound in
free space by a detailed study of the energy levels in double hypernuclei.

In the following, the principles for the formation of double A hypernuclei
will be in Sec. 2.2 introduced. Additionally, the decay mechanism of this
systems will be explained in Sec. 2.2.1. In contrast to single hypernuclei,the
double hypernuclei formation is not based on a two—body process, and therefore
different spectroscopic techniques have to be used. In Sec. 2.2.2, the concepts
to perform double hypernuclei spectroscopy will be described. This chapter
concludes with an historical background of the spectroscopy of A hypernuclei
during the last decades since their discovery (Sec. 2.2.3).

2.2 Principles of Double—A—Hypernuclei For-
mation

In analogy with A hypernuclei, a double A hypernucleus is considered as the
bound state of a core nucleus and two A particles. However, the simultaneous
production and implementation of two A particles into a nucleus is not easy
feasible. There is a possibility to produce multi-strange hypernuclei in heavy
ion collisions as discussed for example in ref. [74]. However, a probability of
this process is expected to be very small and high resolution spectroscopy of
excited states will not be feasible. The optimal way to produce double hyper-
nuclei is the conversion of a =~ and a proton into two A particles. This process
releases — ignoring binding energy effects — only 28 MeV /c?. Accordingly, there
is a chance of typically a few percent that both A hyperons stick to the same
nucleus [75, 76, 77]. Unfortunately =~ hyperons produced in reactions with
stable hadron beams typically have rather high momenta. Therefore, the cap-
ture of the = in the nucleus is rather unlikely and it proceeds usually in two
or even more steps. Using the p(K~KT)Z~ double strangeness exchange reac-
tion, =~ hyperons are produced with typical momenta of 500 MeV/c at a beam
momenta of 1.8 GeV/c [78, 79].

One can consider two production mechanisms, the direct formation and
the indirect formation. In the direct formation, a few percent of the produced



2.2. PRINCIPLES OF DOUBLE-A-HYPERNUCLEI FORMATION

37

= is captured in the nucleus where the (K~ K) takes place. However, as a
consequence of the large momentum transfer the probability to form bound
=~ states directly is rather small on the level of ~ 1% and the production of
quasi—free =~ dominates. Still the Z~ hyperons in the quasi-free region may
be absorbed into the target nucleus via a rescattering process on a nucleon
which itself is knocked out of the target nucleus. This two step process is
predicted to exceed the direct capture by more than a factor of 6 [75]. The
advantage of this production process is that the outgoing K* can be used as
a tag for the reaction. A drawback is the low kaon beam intensity because of
the short kaon lifetime and hence the need for thick primary targets.

On the other hand most (~ 80%) hyperons escape from the primary target
nucleus in (K~, K1) reactions. However, in a second step, these =~ hyperons
can be slowed down in a dense, solid material (e.g. a nuclear emulsion) and
form =~ atoms [80] after an atomic cascade, the =~ particle is eventually cap-
tured by a secondary target nucleus and converted via the strong interaction
=~ 4+ p — AA into two A hyperons (indirect formation). Then, the double-A
sticking intermediate state double-A compound nucleus) is formed, and frag-
mentates resulting in small slightly excited hyperfragments. Fig. 2.1 shows
an schematic view of the formation of double hypernuclei via p(K—, K*)=~
reaction.

Primary production of
=" using the
K +p->=+K*

Capture of =" in
a secondary target;
atomic transition

= p — AA conversion.
Gamma decay and
weak decay

Figure 2.1: schematic view of the formation steps of double hypernuclei via
p(K~, KT)Z~ reaction.

The E was discovered in antiproton—proton interactions at 3 GeV/c [81]
(See Fig. 2.2). This discovery opened the possibility to produce low—momentum
=~ by using the p + p — Z7Z reaction as an alternative to p(K~, K1)Z™ re-
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Figure 2.2: A print of the event p 4+ p — Z~E as photographed in the BNL 20-in.
liquid hydrogen bubble chamber is shown [81]. The sketch of the event as shown is
labeled according to the most likely mass interpretation for each observed track.

action . Also in this case, double hypernuclei will be produced as a result of
a multi-stage process. In the first stage a == (together with its associated
strange particle) is produced in a primary target. The = will undergo scatter-
ing or (in most cases) annihilation inside the residual nucleus. Strangeness is
conserved in the strong interaction and the annihilation products contain at
least two anti-kaons that can be used as a tag for the reaction.

In a second stage, the =~ is slowed down in a dense, solid material (e.g.
a nuclear emulsion) and forms a =~ atom [80]. After an atomic cascade, the
hyperon is finally captured by a secondary target nucleus. If the momentum
of the hyperon is too high its stopping time will exceed the lifetime and hence
the Z~ will decay prior to the atomic capture with high probability. In or-
der to reach a high capture probability it is mandatory to keep the primary
momentum of the produced =~ as low as possible.

The energy release of about 28 MeV during the conversion of the = into two
A hyperons may give rise to the emission of particles from the nucleus (double
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A compound nucleus), where the conversion took place. As a consequence, a
variety of double, single or twin hypernuclei as well as ordinary nuclei may be
produced in excited states. The main advantage compared to the kaon-induced
reaction is the fact that the antiproton is stable and can thus be retained in
a storage ring. This allows to achieve rather high luminosities even with very
thin primary targets.

2.2.1 Decay of double A Hypernuclei

In line with the decay of single hypernuclei, a double hypernucleus can decay
in three ways due to the different combinations of mesonic and non mesonic
decay:

1. both mesonic,
2. both non mesonic and

3. mixed mesonic and non mesonic decay.

Moreover, in double hypernuclei hyperon induced non-mesonic weak decays
AA — AN and AA — XN are possible [83, 84, 85] giving unique access to
the AAK coupling. Studying this decay will be complementary to the study
of double hypernuclei spectra for understanding the general baryon-baryon
interaction. For example, the AA — An channel is especially intriguing since
the dominant pion exchange is forbidden, thus forcing this reaction to proceed
mostly via kaon exchange. One would therefore gain access to the weak AAK
and AY K vertices.

This decay has already been searched for by the Collaboration E373 at KEK
[86] in the channel AA — X ~p and an upper limit of 3 % for the double hyper-
nucleus production from the = capture at rest times the >~ p decay branching
ratio has been determined. Predictions for the partial decay rates expressed
in units of I'y are in the range of a few times 1073, unless the H-di-baryon is
formed inside the nucleus instead of the double hypernucleus.

2.2.2 Spectroscopy of double Lambda Hypernuclei

In section 2.2, it was shown that double hypernuclei production proceeds as
a multi-stage mechanism. As a consequence, spectroscopic studies, based on
the analysis of two-body reactions like in single hypernuclei reactions, cannot
be performed. Spectroscopic information on double hypernuclei can only be
obtained via their decays. One can distinguish several steps of the decay
process:

1. y-rays emitted via the sequential decay of an excited double hypernu-
cleus can provide information on the level structure with rather high
resolution.
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2. Once the ground-state is reached, the weak decay of the hyperon(s) will
initiate the emission of several particles. Here, the determination of the
ground-state mass requires the knowledge of all masses of the various
decay products and their kinetic energies. Hence, unique identification
of the final particles and precise determination of their kinetic energies
is mandatory. Nuclear emulsions are presently the only technique which
meets all requirements for these measurements of ground-state masses.
However, it is impossible to detect neutrons or y-rays from intermediate,
particle-unstable fragments with this method. As a consequence, the
determination of the ground-state masses of double hypernuclei is limited
to those light nuclei which decay exclusively into charged particles.

3. Furthermore, the kinetic energies of weak decay products are sensitive
to the binding energies of the two A hyperons. However, the unique
identification of hypernuclei ground states via their pion decay is usually
hampered by the limited resolution (see ref. [87]), even though it can be
used as an effective experimental filter to reduce the background as it
will be shown in Sec. 6 of the present work. Instead, y-rays emitted via
the sequential decay of excited double hypernuclei may provide precise
information on the level structure.

2.2.3 Status of identified AA—hypernuclei

The observation of double A hypernuclei gives important information about
the AA interaction symbolized by ABjs. The binding energy of two A hy-
perons, Baa and the AA interaction energy ABja, can be obtained from the

measurement of the masses of double A hypernuclei, where By, and ABy, are
defined by

Ban(aaZ) = M(*72Z) +2M(A) — M (3, 2) (2.1)
ABua(3nZ) = Ba(1n2) = BA(1 7' 2)

Here M(#2Z) represents the mass of the core nucleus, M(A) the A mass,
By(47'Z) and By(4,Z) are the binding energy of a single and double hy-
pernucleus, respectively. Evidently, ABj, only represents the net AA binding
assuming that the core is not distorted by adding one A after the other and that
the core spin is zero. The determination of ABya (4, Z) requires the knowledge
of all masses of the various decay products and their kinetic energies. The de-
duced values are also sensitive to the population of y—unstable excited states
in the primary AA nucleus or its decay products. The world supply of data
on AA hypernuclei is very limited. Up to now only few candidates for double
hypernuclei were observed via their sequential pionic decay [88, 91, 89, 90].
Over four decades ago, Danysz et al. reported the sequential weak decay of
a double hypernucleus produced from a =~ hyperon capture at rest in emul-
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Figure 2.3: The first low energy K~ —beam for hypernuclear physics was build at
CERN. In order to achieve a pathlength of 10 meter pions and kaons depending on
their stopping power in a fluid absorber were partially separated in the middle of
the chicane

sion (see Fig. 2.3 and Fig. 2.4). The event suggested two interpretations on the
nuclide, 1% Be or } Be, but later reanalysis indicated the production of }) Be,
which leads to AByy = 4.3+0.4 MeV. However, there still exits the possibility
of the decay to the single hypernucleus in excited states, which gives the dif-
ferent value of ABy,. For instance, assuming an excitation energy of 3 MeV,
the new value of ABj, is reduced to 1.3MeV. It should be noticed that it
was found in a emulsion exposed to about 10* K~ mesons, and the expected
number of stopped =~ hyperons was no more than four.

Another example of double hypernucleus was presented by D. J. Prowse in
1960s. It was identified as §,He, and the value of AB, was obtained to be
4.64+0.5 MeV. However, only a schematic drawing of the event was reported,
and measured angles were not presented. Its authenticity was therefore con-

sidered doubtful.

About twenty years ago, a hybrid—emulsion experiment, E176, was carried
out at KEK 12 GeV proton synchrotron (Fig. 2.5). An event accompanied with
sequential decay of a double hypernucleus was found among 80 =~ hyperons
captures at rest in nuclear emulsion. The most probable interpretation was the
production of }3 B leading to AByy = 0.6+0.8 MeV. The event also contem-
plated the possibility of the decay to the single hypernucleus in excited states.
In addition, Aoki et al. presented evidence for the production and subsequent
weak decay of three heavy double hypernuclei [92], but their nuclides could
not be identified.

In 2001 the AGS-E885/E906 collaboration published the first “ mass pro-
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1.5 GeVic K-

Figure 2.4: Study of hyperfragment production by K~ mesons of momenta
1.3GeV/c and 1.5 GeV/c in emulsions irradiated in the separated K~ meson beam
at CERN 2.3. A Photomicrograph (a) and a schematic drawing (b) of the produc-
tion of a £~ hyperon in the interaction at A of a K~ meson of momentum 1.5 GeV/c
followed by capture at rest of the Z~ hyperon at B with the emission of a double
hyperfragment decaying in cascade at C and D. The double hyperfragment decays
at C into a m~ meson, a singly charged particle and an ordinary hyperfragment.
This hyperfragment in turn decays at D into a 7~ meson and three other charged
particles. [88]

duction ” of about 30 4 ,H events based on ~ 10* stopped =~ [93]. The AA are
identified through the sequential weak decay via 7~ emission which dominates
in light nuclei (see Fig. 2.6). Since the pion kinetic energies are proportional
to ABjy, coincidences between two pions help to trace the decay of the AA
nucleus. While the first spectrometer experiment could not determine the
binding energies of } ,H, the number of observed events shows that the pro-
duction process of double hypernuclei is reasonably well understood. A later
reanalysis [87] has shown that of the AGS-E906 data could be represented
without the inclusion of 4 ,H decay. It was more likely that the decay of | H
was observed in this experiment. This result illustrates that the existence of
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Figure 2.5: (a) Experimental setup for the emulsion—counter hybrid experiment
(KEK E176) using a 1.66 GeV /c separated K~ beam [92]. The emulsion—counter hy-
brid detector consisted of a K+—spectrometer and an emulsion target. The (K~ ,K™)
reactions from nuclei in the emulsion were identified with K T-spectrometer. The
X1~ hyperons produced in the quasifree reaction were studied in the emulsion. The
incident K~ and scattered K mesons are identified with aerogel Cherenkov coun-
ters(AC1 and AC2) and time-of-flight measurements (T2-T1 and TOF hodoscope—
T2). The PC1-3 are MWPC’s and DC1-3 are MWDC’s. (b) Emulsion target and
its location relative to the SSD’s (BSSd and VSSD).

4 AH as a bound system remains an open question since its formation and decay
were not needed for the explanation of these data. Furthermore, this analy-
sis is consistent with the assignment of a weak value for ABy,, and for §,H,
this is ~1 MeV. On the other hand, excitation energy spectra from the E885
experiment 2.7 indicated the existence of =~ hypernuclei and agreed with the
theoretical calculation assuming the depth of the Z~-nucleus potential with
the Woods—Saxon shape to be 14 MeV or less.

Only lately four additional events were found from the =~ at rest in KEK—
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Figure 2.6: The AGS-E906 experiment was carried out at AGS D6 line, using the
beamline and its associated spectrometer to momentum analyze the incoming K~
and outgoing KT, respectively. The setup with exception of the target region, is
identical to that previously employed in several double strangeness experiments. Pi-
ons emitted from the sequential weak decay of the double A hypernuclei in (K~ ,K™)
reaction on ?Be are tracked in the cylindrical detector system(CDS) comprised of
cylindrical drift chambers in a solenoidal magnetic field(0.5 T) surrounding a beryl-
lium target.[93]

E373( emusion—counter hybrid experiment), which collected ~ 1000 stopped
=~ [94]. One of the double hypernuclei was uniquely identified as the §,He
(NAGARA event, Fig. 2.8 and Fig. 2.2.3). The mass was measured, and the
binding energy of the two AA, and the AA interaction energy, were deter-
mined by the first time without the ambiguities arising from the possibilities
of excited states. The value of ABxa was to be 0.67+0.17 MeV, where the =~
binding energy of an atomic 3D state of 2C, 0.13MeV is used as the most
probable value. It established that the AA interaction energy is attractive but
considerably smaller than previously estimated experimentally.

In addition, the MIKAGE , the DEMACHIYANAGI events were also in-
terpreted as the production of §,He, }Be, respectively . The HIDA event
allowed two interpretations, namely the production of }4 Be and 1 Be respec-
tively. However, the value of ABy, for 13 Be could not be calculated. The
values of ABap (44 Z). for MIKAGE , the DEMACHIYANAGI and the HIDA
events are found in Table I.
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Figure 2.7: Side view of the E885 detector apparatus. The 1.8 GeV/c K~ beam at
the AGS was used to create strange (S = -2) systems in E885 via the 12C(K—, KT)X
reaction. The beam was focused in the vertical direction by the last beam line
quadrupole magnet onto a synthetic diamond target. The momentum of the incident
particle was measured using information from a scintillator hodoscope, MP, and
information from 3 drift chambers (ID1-3). The amplitude in the IC Cherenkov
counter, along with the measured particle momentum and the beam line time-of-
flight, were used to suppress triggers from pions. The momentum of the outgoing K™
was measured in the 1.4 T 48D48 magnetic spectrometer. The amplitude in the FC
Cherenkov counter, along with the measured momentum and IT-BT time-of-flight,
was used to select kaons. To reduce the hardware trigger rate, an aerogel Cherenkov
counter, FC0, was used to suppress background protons.

Table I summarizes our present knowledge on ABx(44Z). The value of
A B obtained from the three emulsion measurements illustrates the AA inter-
action is attractive, while AByy = -1.52 MeV presented by E373 indicates the
repulsive AA interaction. Moreover, two of the measurements considered the
possibility of the decay to the single hypernucleus in excited states. Indeed, the
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Figure 2.8: Schematic view of the emulsion/scintillating — fiber hybrid (E373)
experimental setup. The E373 experiment was carried out at the KEK proton
synchrotron using a 1.66 GeV /c separated K~ bean. The incident K~ meson beam
was focused on a 3cm long diamond target. =~ hyperons were produced via the
quasifree (K, K™) reaction in a diamond target and brought to rest in emulsion.
The (K—,K™) reactions were tagged by a spectrometer system. In order to measure
the position and angle of entry of the =~ hyperons at the emulsion stack a high
resolution tracking detector consisting of coherent bundles of scintillator micro fibers
were used. The tracks of =~ hyperons were scanned and traced in the emulsion by
a newly developed automatic track scanning system. [94]

differences of ABjy between the DEMACHIYANAGI and the Danysz event
may indicate the excitation energy of 1% Be* nucleus to be 2.84-0.4 MeV. Hence,
the AA interaction energy has not been determined yet. Evidently, even if the
high precision of the emulsion data does not allow an unequivocal interpreta-
tion of the deduced values for AA binding energy in terms of the strength of
the AA interaction. This difficulty is due to several effects:

e the dynamical change of the core nucleus[95]
e the non—zero spin of the core

e AA — =N coupling effects and
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Figure 2.9: Photograph and schematic drawing of NAGARA event. A =~ hyperon
comes to rest, and three charged particles are emitted. One of them decayed into a
7~ meson and two other charged particles. [94]

Table 2.1: Presently available information on the effective binding energy
ABAA(4,Z) between two A particles. Note that each case (except for the Prowse
event ) resulted from the capture reaction of a =~ hyperon in a 3D atomic level for
each target nucleus.

event Hypernucleus ABa($42) Ref.

Prowse Q\He 4.740.6 91]
NAGARA C\He 0.67 £ 0.17 E373 [92, 94]
MIKAGE ¢ He 3.82 + 1.72  E373 [92, 94]
DEMACHIYANAGI % Be -1.52 + 0.15 E373 [92, 94]
HIDA 1 Be 227+ 1.23 E373 92, 94]

Danysz OBe(lyBe*) 13404 [88]
E176 13 B 0.6 +£08 E176 [92, 94]




48

CHAPTER 2. S =-2 SYSTEM AND DOUBLE A HYPERNUCLEI

e the possible production in y—unstable excited states or the emission of
the emission of undetected neutrons[95]

In the future, thanks to novel experiments as for instance the PANDA ex-
periment planned at FAIR in Darmstadt [7], which aims at the high resolution
v spectroscopy of double A hypernuclei, the strength of the AA interaction will
be determined for the first time without the ambiguities of past experiments.
In the following, the physics program and the subdetectors of the PANDA ex-
periment will be introduced as well as the challenging strategy to measure and
produce double A hypernuclei.



Chapter 3

The PANDA experiment at
FAIR

In the present chapter a description of the PANDA physics program as well as
its detector system will be given.

3.1 Physics program of PANDA

The PANDA experiment will use the antiproton beam from the HESR colliding
with an internal proton target and a general purpose spectrometer to carry
out a rich and diversified hadron physics program. The HESR will be part
of a large scale construction of an accelerator complex for antiproton and ion
beams

The experiment is being designed to fully exploit the extraordinary physics
potential arising from the availability of high-intensity, cooled antiproton beams.
The aim of the rich experimental program is to improve our knowledge of
the strong interaction and of hadron structure. Significant progress beyond
the present understanding of the field is expected thanks to improvements in
statistics and precision of the data.

Many experiments are foreseen in PANDA.

e The study of QCD bound states is of fundamental importance for a
better, quantitative understanding of QCD. Particle spectra can be com-
puted within the framework of non-relativistic potential models, effective
field theories and Lattice QCD. Precision measurements are needed to
distinguish between the different approaches and identify the relevant
degrees of freedom. The measurements to be carried out in PANDA in-
clude charmonium, D meson and baryon spectroscopy. In addition to
that PANDA will look for exotic states such as gluonic hadrons (hybrids
and glueballs), multiquark and molecular states.
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e Non-perturbative QCD Dynamics.

In the quark picture hyperon pair production either involves the creation
of a quark-antiquark pair or the knock out of such pairs out of the nucleon
sea. Hence, the creation mechanism of quark-antiquark pairs and their
arrangement to hadrons can be studied by measuring the reactions of
the type pp — Y'Y, where Y denotes a hyperon. By comparing several
reactions involving different quark flavours the OZI rule, and its possible
violation, can be tested for different levels of disconnected quark-line
diagrams separately.

Study of hadrons in nuclear matter. The study of medium modifica-
tions of hadrons embedded in hadronic matter is aimed at understanding
the origin of hadron masses in the context of spontaneous chiral symme-
try breaking in QCD and its partial restoration in a hadronic environ-
ment. So far experiments have been focussed on the light quark sector.
The high-intensity p beam of up to 15 GeV/c will allow an extension of
this program to the charm sector both for hadrons with hidden and open
charm. The in-medium masses of these states are expected to be affected
primarily by the gluon condensate.

Hypernuclear physics. Hypernuclei are systems in which up or down
quarks are replaced by strange quarks. In this way a new quantum num-
ber, strangeness, is introduced into the nucleus. Although single and
double A-hypernuclei were discovered many decades ago, only 6 dou-
ble A-hypernuclei are presently known. The availability of p beams at
FAIR will allow efficient production of hypernuclei with more than one
strange hadron, making PANDA competitive with experiments planned
at J-PARC. This will open new perspectives for nuclear structure spec-
troscopy and for studying the forces between hyperons and nucleons.

Electromagnetic Processes. In addition to the spectroscopic studies
described above PANDA will be able to investigate the structure of the
nucleon using electromagnetic processes, such as Deeply Virtual Comp-
ton Scattering (DCVS) and the process pp — ete™, which will allow the
determination of the electromagnetic form factors of the proton in the
timelike region over an extended ¢? region.

Electroweak Physics.

With the high-intensity antiproton beam available at HESR a large num-
ber of D-mesons can be produced. This gives the possibility to observe
rare weak decays of these mesons allowing to study electroweak physics
by probing predictions of the Standard Model and searching for enhance-
ments introduced by processes beyond the Standard Model.
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Figure 3.1: Artistic view of the PANDA Detector

3.2 Detector Overview

The main objectives of the design of the PANDA experiment pictured in Fig. 3.1
are to achieve 4w acceptance, high resolution for tracking, particle identifica-
tion and calorimetry, high rate capabilities and a versatile readout and event
selection. To obtain a good momentum resolution the detector is split into a
target spectrometer based on a superconducting solenoid magnet surrounding
the interaction point and measuring at high angles and a forward spectrometer
based on a dipole magnet for small angle tracks. A silicon vertex detector
surrounds the interaction point. In both spectrometer parts tracking, charged
particle identification, electromagnetic calorimetry and muon identification are
available to allow to detect the complete spectrum of final states relevant for
the PANDA physics objectives.

In the following paragraphs the components of all detector subsystems are
briefly described.

3.2.1 Target Spectrometer

The target spectrometer surrounds the interaction point and measures charged
tracks in a solenoidal field of 2T. It consists of detector layers arranged in an
onion shell configuration. Pipes for the injection of target material have to
cross the spectrometer perpendicular to the beam pipe.

The target spectrometer is arranged in a barrel part for angles larger than
22° and an end-cap part for the forward range down to 5° in the vertical and
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10° in the horizontal plane. A side view of the target spectrometer is shown
in Fig. 3.2.

One of the main design requirements is compactness to avoid a too large
and a too costly magnet and crystal calorimeter. The primary interaction re-

Figure 3.2: Side view of the target spectrometer

gion, defined by the cross point of the beam and the hydrogen target, will be
surrounded by the inner tracking detector, the Micro Vertex Detector (MVD).
This detector component is composed of silicon pixel and strip detectors for
high precision track and vertex reconstruction. The outer tracking system fol-
lows directly behind the MVD. At present, there are two options for the rea-
lization of this device, either a Time Projection Chamber (TPC), or a Straw
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Tube Tracker (STT). After the tracking detectors other components for par-
ticle identifications are fore- seen. A Direct Imaging Ring Cherenkov (DIRC)
detector provides information about different particle species via its different
amount of produced Cherenkov light at the same incident momentum. The
Electromagnetic Calorimeter (EMC) is designed to reconstruct the shape of an
electromagnetic shower produced in the optical sensitive crystals. The shape
and amount of the collected light delivers information about the energy and di-
rection of mainly photons and leptons. These detector components are placed
inside a super-conducting solenoid, which provides a magnetic field parallel to
the beam direction of maximal 2T. The iron return yoke of the solenoid will
be instrumented with Muon Counters (MUQO). Additional to the barrel-shaped
structure of the target spectrometer two endcap structures close the gap to the
forward spectrometer and in addition in upstream beam direction. The back-
ward hemisphere is mainly covered by the backward EMC and the readout of
the barrel DIRC, whereas in forward direction additional tracking stations and
an endcap Cherenkov detector, as well as a forward EMC endcap, complete
the target spectrometer setup. The barrel section of the target spectrometer
will mainly measure lower energetic particles. If the momentum is larger than
800 MeV /¢, the barrel DIRC and endcap Cherenkov detectors are able to iden-
tify the nature of a particular trajectory. To provide particle identification for
slower particles, the tracking detectors, in particular the central tracker, can
deliver energy loss information of the reconstructed trajectory. Furthermore
a time-of-flight system is currently under investigation in the barrel section
which can contribute in the low momentum region.

3.2.1.1 Target

Two basically different hydrogen target options are under investigation for
use in PANDA. A cluster jet target and a pellet target. The luminosity can
be expressed in terms of the number of stored antiprotons NV, the revolution

frecuence of the beam in storage ring f,., and the effective target density UXT):

L= fmz\cgm (3.1)

With N; = 10'! antiprotons in the ring a luminosity of larger than L =
1032cm2?s7! at medium antiproton beam momentum can only be reached
with a target density of at least (N)/A = 4-10' atoms percm™2 . Both target
options would be able to fulfill this requirement, but under different circum-
stances. Both alternatives would fit into the compact design of the central
part of the PANDA detector and show specific advantages and disadvantages,
which will be briefly discussed.
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Cluster-Jet Target Cold hydrogen gas is ejected through a nozzle which
leads to the formation of a homogeneous stream of hydrogen clusters. The
size of the clusters can be adjusted by the gas pressure and varies between
-10% and -10° molecules per cluster. The main advantage of this target type
is the homogeneity of the cluster stream at the interaction point and over the
interaction time with the circulating antiproton beam. Over the beam spill
! where almost the complete antiproton beam will be consumed, the density
of the cluster jet can be adjusted to keep the luminosity as large as possible
while the number of antiprotons decreases over time. Currently there are some
applications running with an internal cluster jet target, e.g. the ANKE [99]
experiment located as an internal experiment at the COSY beam facility. For
the use in PANDA the distance between target nozzle and interaction point
has to be increased to 2m compared to 60 cm in case of the ANKE target. A
disadvantage of this target type will be the large uncertainty of the beam-target
interaction zone due to the lateral spread of the cluster jet. The uncertainty in
beam direction will be in the order of a few millimeter. The interaction point
(IP) will be defined in the transverse plane reasonable well by the emittance
of the beam of, which can be adjusted to be smaller than < 1mm mrad.
The reconstruction of the longitudinal component of the IP has to rely on the
precision of the tracking system.

Pellet Target This target type provides a stream of frozen hydrogen droplets,
the so-called pellets, with dimensions between 25 - 40 um. The distance be-
tween individual pellets can be adjusted that only one pellet at once will in-
teract with the antiproton beam. The lateral spread of the pellet stream will
be in the order of one millimeter and therefor reduced to the cluster jet target
alternative. Furthermore, the interaction time with the beam is long enough
to reconstruct the position of each individual pellet. This would result in a
very good knowledge of the primary interaction point not only in transverse
direction, which will be predominantly defined by the beam emittance. A ma-
jor disadvantage will be the non-uniform luminosity over the interaction time
of an individual pellet with the beam. Since the PANDA experiment will be a
high luminosity an use a continuous beam, the readout of the individual de-
tector components has to be fast and continuously. A strong variation of the
luminosity would result in an additional challenge to cope with high data rates.
Currently a pellet target is in operation at the WASA at COSY experiment [96]
located in Jiilich, which can provide the needed target thickness of 10'°-10'6
atoms percm ™2 [98], but with larger pellet sizes than aspired for the use in
PANDA. Further more, the distance between the target nozzle and the IP will

LA Spill is the time of operation of an experiment with only one filling of the HESR ring
with antiprotons. The length of this time period depends mainly on the antiproton loss rate
due to beam target interactions, the beam cooling and the production rate of antiprotons
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be much larger, which would increase the lateral spread of the pellets. To
track the pellets individually, a optical tracking system for the use in PANDA
is under development. With such a device an absolute position determination
of 50 pm could be reached.

Other Targets are under consideration for the hyper-nuclear studies where
a separate target station upstream will comprise primary and secondary target
and detectors. Details will be presented in sec. 4 of this thesis. Moreover,
current R&D is undertaken for the development of a liquid helium target and
a polarized He target. A wire target may be employed to study antiproton-
nucleus interactions.

3.2.1.2 Solenoid Magnet

The magnetic field in the target spectrometer is provided by a superconducting
solenoid coil with an inner radius of 90 cm and a length of 2.8 m. The maximum
magnetic field is 2'T. The field homogeneity is foreseen to be better than 2 %
over the volume of the vertex detector and central tracker. In addition the
transverse component of the solenoid field should be as small as possible, in
order to allow a uniform drift of charges in the time projection chamber. This
is expressed by a limit of f B,./B.dz < 2mm for the normalized integral of the
radial field component.

In order to minimize the amount of material in front of the electromagnetic
calorimeter, the latter is placed inside the magnetic coil. The tracking devices
in the solenoid cover angles down to 5°/10° where momentum resolution is
still acceptable. The dipole magnet with a gap height of 1.4 m provides a
continuation of the angular coverage to smaller polar angles.

The cryostat for the solenoid coils has two warm bores of 100 mm diameter,
one above and one below the target position, to allow for insertion of internal
targets.

3.2.1.3 Microvertex Detector

The design of the micro-vertex detector (MVD) for the target spectrometer is
optimized for the detection of secondary vertices from D and hyperon decays
and maximum acceptance close to the interaction point. It will also strongly
improve the transverse momentum resolution. The setup is depicted in Fig. 3.3.

The concept of the MVD is based on radiation hard silicon pixel detectors
with fast individual pixel readout circuits and silicon strip detectors. The
layout foresees a four layer barrel detector with an inner radius of 2.5 cm and an
outer radius of 13 cm. The two innermost layers will consist of pixel detectors
while the outer two layers are considered to consist of double sided silicon strip
detectors.
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Figure 3.3: The Micro-vertex detector of PANDA

Eight detector wheels arranged perpendicular to the beam will achieve the
best acceptance for the forward part of the particle spectrum. Here again,
the inner two layers are made entirely of pixel detectors, the following four
are a combination of strip detectors on the outer radius and pixel detectors
closer to the beam pipe. Finally the last two wheels, made entirely of silicon
strip detectors, are placed further downstream to achieve a better acceptance
of hyperon cascades.

The present design of the pixel detectors comprises detector wafers which
are 200 um thick (0.25% Xy). The readout via bump-bonded wafers with
ASICs as it is used in ATLAS and CMS [100, 101] is foreseen as the default
solution. It is highly parallelised and allows zero suppression as well as the
transfer of analog information at the same time. The readout wafer has a
thickness of 300 pum (0.37% Xg). A pixel readout chip based on a 0.13 um
CMOS technology is under development for PANDA. This chip allows smaller
pixels, lower power consumption and a continuously sampling readout without
external trigger.

3.2.1.4 Central Tracker

The charged particle tracking devices must handle the high particle fluxes that
are anticipated for a luminosity of up to several 1032 cm~2s~!. The momentum
resolution dp/p has to be on the percent level. The detectors should have
good detection efficiency for secondary vertices which can occur outside the
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inner vertex detector (e.g. Ko or A). This is achieved by the combination
of the silicon vertex detectors close to the interaction point (MVD) with two
outer systems. One system is covering a large area and is designed as a barrel
around the MVD. This will be either a stack of straw tubes (STT) or a time-
projection chamber (TPC). The forward angles will be covered using three
sets of GEM trackers similar to those developed for the COMPASS experiment
[102] at CERN. The two options for the central tracker are explained briefly in
the following.

Figure 3.4: Straw Tube Tracker in the Target Spectrometer.

chamber 2

GEM readout plane

chamber 1

Figure 3.5: GEM Time Projection Chamber in the Target Spectrometer.

Straw Tube Tracker (STT) This detector consists of aluminized mylar
tubes called straws, which are self supporting by the operation at 1bar over-
pressure. The straws are arranged in planar layers which are mounted in a
hexagonal shape around the MVD as shown in Fig. 3.4. In total there are 24
layers of which the 8 central ones are tilted to achieve an acceptable resolution
of 3mm also in z (parallel to the beam). The gap to the surrounding detectors



o8

CHAPTER 3. THE PANDA EXPERIMENT AT FAIR

is filled with further individual straws. In total there are 4200 straws around
the beam pipe at radial distances between 15cm and 42 cm with an overall
length of 150 cm. All straws have a diameter of 10 mm. A thin and light space
frame will hold the straws in place, the force of the wire however is kept solely
by the straw itself. The mylar foil is 30 um thick, the wire is made of 20 ym
thick gold plated tungsten. This design results in a material budget of 1.3 %
of a radiation length.

The gas mixture used will be Argon based with COs as quencher. It is
foreseen to have a gas gain no greater than 10° in order to warrant long term
operation. With these parameters, a resolution in x and y coordinates of about
150 pm is expected.

Time Projection Chamber (TPC) A challenging but advantageous al-
ternative to the STT is a TPC, which would combine superior track resolution
with a low material budget and additional particle identification capabilities
through energy loss measurements.

The TPC depicted in a schematic view in Fig. 3.5 consists of two large gas-
filled half-cylinders enclosing the target and beam pipe and surrounding the
MVD. An electric field along the cylinder axis separates positive gas ions from
electrons created by ionizing particles traversing the gas volume. The elec-
trons drift with constant velocity towards the anode at the upstream end face
and create an avalanche detected by a pad readout plane yielding information
on two coordinates. The third coordinate of the track comes from the mea-
surement of the drift time of each primary electron cluster. In common TPCs
the amplification stage typically occurs in multi-wire proportional chambers.
These are gated by an external trigger to avoid a continuous backflow of ions
in the drift volume which would distort the electric drift field and jeopardize
the principle of operation.

In PANDA the interaction rate is too high and there is no fast external trig-
ger to allow such an operation. Therefore a novel readout scheme is employed
which is based on GEM foils as amplification stage. These foils have a strong
suppression of ion backflow, since the ions produced in the avalanches within
the holes are mostly caught on the backside of the foil. Nevertheless about
two ions per primary electron are drifting back into the ionisation volume even
at moderate gains. The deformation of the drift field can be measured by a
laser calibration system and the resulting drift can be corrected accordingly.
In addition a very good homogeneity of the solenoid field with a low radial
component is required.

A further challenge is the large number of tracks accmulating in the drift
volume because of the high rate and slow drift. While the TPC is capable of
storing a lot of tracks at the same time, their assignment to specific interac-
tions has to be done by time correlations with other detectors in the target
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spectrometer. To achieve this, first a tracklet reconstruction has to take place.
The tracklets are then matched against other detector signals or are pointed
to the interaction. This requires either high computing power close to the
readout electronics or a very high bandwidth at the full interaction rate.

Forward GEM Detectors Particles emitted at angles below 22° which
are not covered fully by the Straw Tube Tracker or TPC will be tracked by
three stations of GEM detectors placed 1.1m, 1.4m and 1.9m downstream
of the target. The chambers have to sustain a high counting rate of particles
peaked at the most forward angles due to the relativistic boost of the reaction
products as well as due to the small angle pp elastic scattering. With the
envisaged luminosity, the expected particle flux in the first chamber in the
vicinity of the 5cm diameter beam pipe is about 3-10* cm=2s™!. In addition it
is required that the chambers work in the 2T magnetic field produced by the
solenoid. Drift chambers cannot fulfil the requirements here since they would
suffer from aging and the occupancy would be too high. Therefore gaseous
micropattern detectors based on GEM foils as amplification stages are chosen.
These detectors have rate capabilities three orders of magnitude higher than
drift chambers.

In the current layout there are three double planes with two projections
per plane. The readout plane is subdivided in an outer ring with longer and
an inner ring with shorter strips. The strips are arranged in two orthogonal
projections per readout plane. Owing to the charge sharing between strip
layers a strong correlation between the orthogonal strips can be found giving
an almost 2D information rather than just two projections.

The readout is performed by the same front-end chips as are used for the
silicon microstrips. The first chamber has a diameter of 90 cm, the last one of
150 cm. The readout boards carrying the ASICs are placed at the outer rim
of the detectors.

3.2.1.5 Cherenkov Detectors and Time-of-Flight

Charged particle identification of hadrons and leptons over a large range of an-
gles and momenta is an essential requirement for meeting the physics objectives
of PANDA. There will be several dedicated systems which, complementary to
the other detectors, will provide means to identify particles. The main part
of the momentum spectrum above 1 GeV/c will be covered by Cherenkov de-
tectors. Below the Cherenkov threshold of kaons several other processes have
to be employed for particle identification: The tracking detectors are able to
provide energy loss measurements. Here in particular the TPC with its large
number of measurements along each track excels. In addition a time-of-flight
barrel can identify slow particles.
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Barrel DIRC Charged particles in a medium with index of refraction n,

propagating with velocity fc¢ < 1/n, emit radiation at an angle O = arccos(1/ng3).

Thus, the mass of the detected particle can be determined by combining the
velocity information determined from O with the momentum information
from the tracking detectors.

A very good choice as radiator material for these detectors is fused silica
(i.e. artificial quartz) with a refractive index of 1.47. This provides pion-kaon-
separation from rather low momenta of 800 MeV/c up to about 5GeV/c and
fits well to the compact design of the target spectrometer. In this way the loss
of photons converting in the radiator material can be reduced by placing the
conversion point as close as possible to the electromagnetic calorimeter.

At polar angles between 22° and 140°, particle identification will be per-
formed by the detection of internally reflected Cherenkov (DIRC) light as
realized in the BaBar detector [103]. It will consist of 1.7cm thick quartz
slabs surrounding the beam line at a radial distance of 45 - 54 c¢cm. At BaBar
the light was imaged across a large stand-off volume filled with water onto
11000 photomultiplier tubes. At PANDA, it is intended to focus the images
by lenses onto micro-channel plate photomultiplier tubes (MCP PMTs) which
are insensitive to magnetic fields. This fast light detector type allows a more
compact design and the readout of two spatial coordinates. In addition MCP
PMTs provide good time resolution to measure the time of light propagation
for dispersion correction and background suppression.

Forward Endcap DIRC A similar concept can be employed in the forward
direction for particles between 5° and 22°. The same radiator, fused silica, is to
be employed however in shape of a disk. At the rim around the disk focussing
will be done by mirroring quartz elements reflecting onto MCP PMTs. Once
again two spatial coordinates plus the propagation time for corrections will be
read. The disk will be 2 cm thick and will have a radius of 110 cm. It will be
placed directly upstream of the forward end-cap calorimeter.

Barrel Time-of-Flight For slow particles at large polar angles particle iden-
tification will be provided by a time-of-flight detector. In the target spectrom-
eter the flight path is only of the order of 50 - 100 cm. Therefore the detector
must have a very good time resolution between 50 and 100 ps.

Implementing an additional start detector would introduce too much ma-
terial close to the interaction point deteriorating considerably the resolution
of the electromagnetic crystal calorimeter. In the absence of a start detector
relative timing of a minimum of two particles has to be employed.

As detector candidates scintillator bars and strips or pads of multi-gap
resistive plate chambers are considered. In both cases a compromise between
time resolution and material budget has to be found. The detectors will cover
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angles between 22° and 140° using a barrel arrangement around the STT/TPC
at 42 - 45 cm radial distance.

Figure 3.6: The PANDA barrel and forward end-cap EMC

3.2.1.6 Electromagnetic Calorimeters

Expected high count rates and a geometrically compact design of the target
spectrometer require a fast scintillator material with a short radiation length
and Moliere radius for the construction of the electromagnetic calorimeter
(EMC). Lead tungstate (PbWO,) is a high density inorganic scintillator with
sufficient energy and time resolution for photon, electron, and hadron detection
even at intermediate energies [104, 105, 106]. For high energy physics PbWO,
has been chosen by the CMS and ALICE collaborations at CERN [107, 108]
and optimized for large scale production. Apart from a short decay time of
less than 10 ns good radiation hardness has been achieved [109]. Recent devel-
opments indicate a significant increase of light yield due to crystal perfection
and appropriate doping to enable photon detection down to a few MeV with
sufficient resolution. The light yield can be increased by a factor of about 4
compared to room temperature by cooling the crystals down to -25°C.
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The crystals will be 20cm long, 7.e. approximately 22 Xy, in order to
achieve an energy resolution below 2% at 1 GeV [104, 105, 106] at a tolerable
energy loss due to longitudinal leakage of the shower. Tapered crystals with
a front size of 2.1 x 2.1cm? will be mounted with an inner radius of 57 cm.
This implies 11 360 crystals for the barrel part of the calorimeter. The forward
end-cap calorimeter will have 3600 tapered crystals, the backward end-cap
calorimeter 592. The readout of the crystals will be accomplished by large
area avalanche photo diodes in the barrel and vacuum photo-triodes in the
forward and backward endcaps.

The barrel part and the forward endcap of the target spectrometer EMC
are depicted in Fig. 3.6.

3.2.1.7 Muon Detectors

Muons are an important probe for, among others, J/) decays, semi-leptonic D-
meson decays and the Drell-Yan process. The strongest background are pions
and their decay daughter muons. However at the low momenta of PANDA
the signature is less clean than in high energy physics experiments. To allow
nevertheless a proper separation of primary muons from pions and decay muons
a range tracking system will be implemented in the yoke of the solenoid magnet.
Here a fine segmentation of the yoke as absorber with interleaved tracking
detectors allows the distinction of energy loss processes of muons and pions
and kinks from pion decays. Only in this way a high separation of primary
muons from the background can be achieved.

In the barrel region the yoke is segmented in a first layer of 6 cm iron
followed by 12 layers of 3cm thickness. The gaps for the detectors are 3 cm
wide. This is enough material for the absorption of pions in the momentum
range in PANDA at these angles. In the forward end-cap more material is
needed. Since the downstream door of the return yoke has to fulfil constraints
for space and accessibility, the muon system is split in several layers. Six
detection layers are placed around five iron layers of 6 cm each within the
door, and a removable muon filter with additional five layers of 6 cm iron is
located in the space between the solenoid and the dipole. This filter has to
provide cut-outs for forward detectors and pump lines and has to be built in
a way that it can be removed with few crane operations to allow easy access
to these parts.

As detector within the absorber layers rectangular aluminium drift tubes
are used as they were constructed for the COMPASS muon detection system
[110]. They are essentially drift tubes with additional capacitively coupled
strips read out on both ends to obtain the longitudinal coordinate.
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3.2.2 Forward Spectrometer
3.2.2.1 Dipole Magnet

A dipole magnet with a window frame, a 1 m gap, and more than 2 m aperture
will be used for the momentum analysis of charged particles in the forward
spectrometer. In the current planning, the magnet yoke will occupy about
2.5m in beam direction starting from 3.5 m downstream of the target. Thus,
it covers the entire angular acceptance of the forward spectrometer of +10°
and £5° in the horizontal and in the vertical direction, respectively. The max-
imum bending power of the magnet will be 2 Tm and the resulting deflection
of the antiproton beam at the maximum momentum of 15 GeV/c will be 2.2°.
The design acceptance for charged particles covers a dynamic range of a factor
15 with the detectors downstream of the magnet. For particles with lower
momenta, detectors will be placed inside the yoke opening. The beam deflec-
tion will be compensated by two correcting dipole magnets, placed around the
PANDA detection system.

3.2.2.2 Forward Trackers

The deflection of particle trajectories in the field of the dipole magnet will be
measured with a set of wire chambers (either small cell size drift chambers
or straw tubes), two placed in front, two within and two behind the dipole
magnet. This will allow to track particles with highest momenta as well as
very low momentum particles where tracks will curl up inside the magnetic
field.

The chambers will contain drift cells of 1 cm width. Each chamber will
contain three pairs of detection planes, one pair with vertical wires and two
pairs with wires inclined by +10° and -10°. This configuration will allow
to reconstruct tracks in each chamber separately, also in case of multi-track
events. The beam pipe will pass through central holes in the chambers. The
most central wires will be separately mounted on insulating rings surrounding
the beam pipe. The expected momentum resolution of the system for 3 GeV/c
protons is dp/p = 0.2% and is limited by the small angle scattering on the
chamber wires and gas.

3.2.2.3 Forward Particle Identification

RICH Detector To enable the 7/K and K /p separation also at the very
highest momenta a RICH detector is proposed. The favoured design is a dual
radiator RICH detector similar to the one used at Hermes [111]. Using two
radiators, silica aerogel and C,Fq gas, provides 7 /K /p separation in a broad
momentum range from 2-15GeV/e. The two different indices of refraction
are 1.0304 and 1.00137, respectively. The total thickness of the detector is
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reduced to the freon gas radiator (5% Xj), the aerogel radiator (2.8% Xj),
and the aluminium window (3 % Xj) by using a lightweight mirror focusing the
Cherenkov light on an array of photo tubes placed outside the active volume.
It has been studied to reuse components of the HERMES RICH.

Time-of-Flight Wall A wall of slabs made of plastic scintillator and read
out on both ends by fast photo tubes will serve as time-of-flight stop counter
placed at about 7m from the target. In addition, similar detectors will be
placed inside the dipole magnet opening, to detect low momentum particles
which do not exit the dipole magnet. The relative time of flight between two
charged tracks reaching any of the time-of-flight detectors in the experiment
(including the barrel TOF) will be measured. The wall in front of the forward
spectrometer EMC will consist of vertical strips varying in width from 5 to
10 cm to account for the differences in count rate. With the expected time
resolution of ¢ = 50 ps m-K and K /p separation on a 3 o level will be possible
up to momenta of 2.8 GeV/c and 4.7 GeVJ/e, respectively.

3.2.2.4 Forward Electromagnetic Calorimeter

For the detection of photons and electrons a Shashlyk-type calorimeter with
high resolution and efficiency will be employed. The detection is based on
lead-scintillator sandwiches read out with wave-length shifting fibres passing
through the block and coupled to photomultipliers. The technique has already
been successfully used in the E865 experiment [112]. It has been adopted for
various other experiments [113, 114, 115, 116, 117, 118]. An energy resolution
of 4%/v/E [116] has been achieved. To cover the forward acceptance, 26 rows
and 54 columns are required with a cell size of 55 mm, 7.e. 1404 modules in
total, which will be placed at a distance of 7-8 m from the target.

3.2.2.5 Forward Muon Detectors

For the very forward part of the muon spectrum a further range tracking system
consisting of interleaved absorber layers and rectangular aluminium drift-tubes
is being designed, similar to the muon system of the target spectrometer, but
laid out for higher momenta. The system allows discrimination of pions from
muons, detection of pion decays and, with moderate resolution, also the energy
determination of neutrons and anti-neutrons.

3.2.3 Data adquisition

In many contemporary experiments the trigger and data acquisition (DAQ)
system is based on a two layer hierarchical approach. A subset of specially
instrumented detectors is used to evaluate a first level trigger condition. For
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the accepted events, the full information of all detectors is then transported to
the next higher trigger level or to storage. The available time for the first level
decision is usually limited by the buffering capabilities of the front-end elec-
tronics. Furthermore, the hard-wired detector connectivity severely constrains
both the complexity and the flexibility of the possible trigger schemes.

In PANDA, a data acquisition concept is being developed which is better
matched to the high data rates, to the complexity of the experiment and the
diversity of physics objectives and the rate capability of at least 2-107 events/s.

In our approach, every sub-detector system is a self-triggering entity. Sig-
nals are detected autonomously by the sub-systems and are preprocessed. Only
the physically relevant information is extracted and transmitted. This requires
hit-detection, noise-suppression and clustering at the readout level. The data
related to a particle hit, with a substantially reduced rate in the preprocessing
step, is marked by a precise time stamp and buffered for further processing.
The trigger selection finally occurs in computing nodes which access the buffers
via a high-bandwidth network fabric. The new concept provides a high degree
of flexibility in the choice of trigger algorithms. It makes trigger conditions
available which are outside the capabilities of the standard approach. One
obvious example is displaced vertex triggering.

In this scheme, sub-detectors can contribute to the trigger decision on the
same footing without restrictions due to hard-wired connectivity. Different
physics can be accessed either in parallel or via software reconfiguration of the
system.

High speed serial (10 Gb/s per link and beyond) and high-density FPGA
(field programmable gate arrays) with large numbers of programmable gates as
well as more advanced embedded features are key technologies to be exploited
within the DAQ framework.

The basic building blocks of the hardware infrastructure which can be
combined in a flexible way to cope with varying demands, are the following:

o Intelligent front-end modules capable of autonomous hit detection and
data preprocessing (e.g. clustering, hit time reconstruction, and pattern
recognition) are needed.

e A precise time distribution system is mandatory to provide a clock norm
from which all time stamps can be derived. Without this, data from
subsystems cannot be correlated.

e Data concentrators provide point-to-point communication, typically via
optical links, buffering and online data manipulation.

e Compute nodes aggregate large amounts of computing power in a special-
ized architecture rather than through commodity PC hardware. They
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may employ fast FPGAs (Fast Programmable Gate Arrays), DSPs (Digi-
tal Signal Processors), or other computing units. The nodes have to deal
with feature extraction, association of data fragments to events, and,
finally, event selection.

A major component providing the link for all building blocks is the net-
work fabric. Here, special emphasis is put on embedded switches which can
be cascaded and reconfigured to reroute traffic for different physics selection
topologies. Alternatively, with an even higher aggregate bandwidth of the
network, which according to projections of network speed evolution will be
available by the time the experiment will start, a flat network topology where
all data is transferred directly to processing nodes may be feasible as well.
This requires a higher total bandwidth but would have a simpler architecture
and allow event selection in a single environment. The bandwidth required in
this case would be at least 200 GB/s. After event selection in the order of
100-200 MB/s will be saved to mass storage.

An important requirement for this scheme is that all detectors perform a
continuous online calibration with data. The normal data taking is interleaved
with special calibration runs. For the monitoring of the quality of data, cali-
bration constants and event selection a small fraction of unfiltered raw data is
transmitted to mass storage.

To facilitate the association of data fragments to events the beam structure
of the accelerator is exploited: Every 1.8 us there is a gap of about 400ns
needed for the compensation of energy loss with a bucket barrier cavity. This
gap provides a clean division between consistent data blocks which can be
processed coherently by one processing unit.



Chapter 4

The Hypernuclear Detector
Setup at PANDA

As mentioned before, the production of hypernuclei at the PANDA experiment
proceeds as a multi-stage process (See Fig. 4.1).

One can deduce from this scheme that the major difficulty to perform hy-
pernuclear physics at the PANDA experiment resides in the multi-step produc-
tion mechanism (see Fig. 4.1) and as a consequence, a successful achievement
of this goal will require major additions to the experimental PANDA setup
(Fig. 4.2 in Sec. 3.2) as well as in the simulation package Pandaroot.

In this context, this chapter is devoted to study the requirements of the
detector setup envisaged for the hypernuclei project at PANDA. This study will
be performed by a Monte Carlo simulation. Therefore, the first part of this
chapter (Sec. 4.1) will be dedicated to give a brief description of the software
components which has been used for the Monte Carlo calculations. In Sec. 4.2
the requirements of the main components of the hypernuclear setup will be
studied separately. In particular, these studies are focused on the optimization
of a primary target, a secondary active target and a germanium detector array.
In addition, the concept of a time of flight system consisting of a scintillator
fiber array detector and the TOF detector of PANDA will be also studied as a
possible setup for background rejection.

4.1 The PANDA Simulation Framework

In the following, the aim of this section will be dedicated to introduce the si-
mulation framework components of Pandaroot. Additionaly, the general issues
to describe the physics environment of the PANDA experiment within a mon-
tecarlo simulation also will be fully addressed. A large variety of tools for the
detector simulation and offline analysis are provided by the FAIRroot frame-
work [119], which is based on the object-oriented data analysis framework,
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Figure 4.1: Various steps of the double hypernucleus production in PANDA. These
steps are labeled by a) hyperon-antihyperon production at threshold; rescattering in
a primary a target. b) indicates the atomic capture of the hyperon in a secondary
target, with the subsequent electromagnetic emission. c¢) Nuclear capture of the
hyperon and conversion into two A’s, leading to the eventual formation of a highly
excited double A hypernucleus. The system can eventually fragmentate creating
hyperfragments lower in mass and in slightly excited states.

ROOT [120], and the Virtual Monte-Carlo (VMC) interface [121]. In general,
Monte Carlo simulations of a complex detector system as for instance, the
PANDA detector, can be separated into well defined steps: event generation,
detector simulation(geometry and response to particle interaction), digitiza-
tion, event reconstruction and the physics analysis.

In the following, the general aspects of the event generation as well as
the detector simulation procedure within the Pandaroot will be introduced.
The last three points will be treated in a dedicated chapter emphasizing its
application to hypernuclear case.

Event Generation The simulation of primary collisions(interaction of probe
and target) and generation of the emerging particles, represented in form of
four-vectors and production vertices. The primary interactions are simulated
via event generators, which produce a set of particles with their four-momenta.
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The event generators available in the PANDAroot framework are

e The EvtGen Generator([123]). It is controlled by means of a decay table,
which lists all possible decay processes, their branching ratios and the
decay model. A user decay table can be written to override the default
table and, thereby, exclude unwanted processes.

e The Dual Parton Model based generator([124]), DPM, for the simulation
of the generic annihilation background, is used in the case of pp.

e The Ultra-relativistic Quantum Molecular Dynamic model (UrQMD)
[125, 126] is a microscopic model based on a phase space description
of nuclear reactions(pN.)

e The Box Generator allows to generate particles of the same type within
a uniform distribution in a given range, such as momentum, angular
variables, rapidity and so on.

e The Ascii Generator is an interface to a user—defined particle distribution.
The input for this interface are ascii files with a predefined format.

Detector Simulation In this part, the general aspects concerning the si-
mulation of the detector response to the particles interacting within its volume
will be introduced following the PANDAroot guidelines.

In PANDAroot, the main actions managed at each step of the simulation
run are:

e construction and initialization of the geometry

storage of primary track in an external stack container

pre—tracking action. (Actions at the beginning of the track)

stepping action and dispatching the hit processing to individual sensitive
detectors.

post—tracking action. Actions at the end of the track.

These issues will be performed along a so—called Event. An event is in-
tended as an interaction between the beam particle and the target, namely
primary interaction. On the first stage the information about the subsys-
tem geometry is read from the input file during the Initialization step and
transfer this information to the Construction procedure for its implementa-
tion into the whole detector setup. On the next stage particles generated
by one of the event generators are filled in a external stack container.The
concrete Montecarlo Engine(Geant4) is selected at run time to perform the



70

CHAPTER 4. THE HYPERNUCLEAR DETECTOR SETUP AT PANDA

transport of the particles through the detector modules( sensitive volumes ).
Presently there are three possible transport models Geant3 [127], Geant4 [128],
and Fluka [129]) The transport engine takes care of the electromagnetic and
hadronic processes undergone by the particle along its trayectory depending
on the particle type(hadron, lepton, photons etc) and its energy. The propaga-
tion prodedure starts looping over all particles from the stack container. The
particle is then traced step by step through all the volumes material until they
exit, stop or dissapear(by decay or annihilation). At each step, the probability
of a certain physical process to occur is calculated, to simulate the interaction
of the particle with the matter. If an interaction takes place, the energy lost
by the particle is again computed and subtracted from its kinetic energy. After
each step the particle range is calculated and if it is zero, the particle stops,
otherwise a new step is performed. Information such as interaction position,
energy loss of the particle, momentum, etc after each particle interaction with
the sensitive material of the detector is registered in a so called Hit. The sto-
rage of all information collected by different sensitive detectors is done event
by event basis. All registered hits are then collected into dedicated lists. Fi-
nally, the various hit collections are organized in an ROQOT file output which
can be later handled to model the electronic signal associated with a certain
front-end-electronic device(Digitization).

Reconstruction The reconstruction process comprises two stages, the track
finding and the track fitting. During the track finding the reconstructed de-
tector hits are sorted out, building track candidates which are associated to
particle trayectories. In the PANDA Framework, the track finding specially in
the target spectrometer region is accomplished by algorithms based on confor-
mal mapping [130] or extended Riemann [131] techniques. In most cases, these
algorithms are also used as pre-fit within a more complex tracking chain. The
track fitting consist in extracting kinematic information from the track such as
momentum, trayectory length and so on. This information is obtained within
a minimation procedure or fit where the particle trayectories are parametrized
by means of mathematical curves. An overwiew of the mentioned procedure
can be found in section( A.1). In the Analysis stage, the efficiency of the
physics channel of interest is determined from the processing of the various
information obtained during the reconstruction.
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4.2 Hypernuclear Detector Setup Requirements

In particular, the aim of this section will be to evaluate the hypernuclear detec-
tor requirements based on the production of == + =" pairs, which represents
the first stage in the hypernuclei production. In the following the main parts of
the hypernuclei detector setup will be introduced. This is mainly characterized

by,

e A primary carbon target at the entrance to the central tracking detector
of PANDA. To avoid unnecessary radiation damage to the micro vertex
detectors surrounding the nominal target region, these detectors will be
removed during the hypernucleus runs.

e A small secondary active sandwich target composed of silicon detectors
and Be, 1%1B or 1213C absorbers to slow down and stop the 2~ and to
identify the weak decay products.

e To detect the vy-rays from the excited double hypernuclei an array of 15
n-type Germanium triple Cluster-arrays will be added. To maximize the
detection efficiency the v-detectors must be arranged as close as possible
to the target. Hereby the main limitation is the load of particles from
p-nucleus reactions. Since the v-rays from the slowly moving hypernuclei
is emitted nearly isotropic the Ge-detectors will be arranged at backward
angles.

The hypernuclei study will make use of the modular structure of the PANDA
detector. Removing the backward end-cap calorimeter will allow to add a
dedicated nuclear target station and the required additional detectors for ~
spectroscopy (see Fig. 4.2) close to the entrance of PANDA. While the detection
of anti-hyperons and low momentum K™ can be ensured by the universal
detector and its Particle Identification system, a specific target system and a -
detector are additional components required for the hypernuclear studies. The
micro vertex detector (MVD) and the associated beam pipe will be replaced
by a dedicated beam line in order to avoid damage to the main vertex detector
by forward scattered particles.

4.2.1 Choice of the primary target

The task of the primary (production) target is the production of = + = pairs
and the rescattering of the = hyperon towards larger laboratory angles and
smaller momenta. Moreover, the target geometry needs to be considered since
the average luminosity may vary during the machine filling. In addition, also
the generation of background and possible radiation damages in the detectors
have to be taken into account.
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Figure 4.2: Integration of the secondary target and the germanium Cluster—array
in the PANDA detector, with the beam entering from left.

At a p momentum of 3 GeV/c the pp — Z~=F production cross section is
about 2 ub [81], to be compared to the elastic cross section o.(Pp — DPp) ~
23.7mb and the annihilation cross section of o,(pp — X) &~ 26 mb. Since no
information on the mass dependence of the == = production cross section is
available, a A% dependence was assumed in all considerations shown below.

At present the production of hyperon-antihyperon pairs in antiproton-
nucleus can be performed within two models:

e The Intra Nuclear Cascade model. An event generator [132] based on an
Intra Nuclear Cascade model is used considering as a main ingredient the
rescattering of the antihyperons and hyperons in the target nucleus into
account. Starting point of the simulations was the two-body reaction
pp — Z=. Unfortunately, the statistics produced by this event generator
is limited to one sample, and high statistics are not long affordable.

e For the contrary, full microscopic transport calculations using an exten-
sion of UrRQMD [126] (UrQMD+SMM) for the production of strangeness
allow to produce high statistics.

In both of these event generators the rescattering mechanism plays an impor-
tant role in the production of low momenta =~ below 500 MeV /c. This feature
is essential for the experiment, since =~ with a momenta below 500 MeV /c can
be captured and converted within a nucleus most likely than those with larger
momenta which decay prior to their capture.
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In addition, both models produce =~ hyperons with momenta ranging from
a few hundred MeV/c to 2 GeV/c. On the other hand, some differences can be
observed by comparing the maximum of both momentum distributions. Con-
trary to the INC model, the UrQMD offers a more optimistic result, producing
a number larger of =~ below 500 MeV/c. Nevertheless, in the present work
both models will be used as starting point of the hypernuclei production in
the present Monte Carlo simulation. It will be shown later, that both points
of view by means of Z~ production will lead to an successful result of the
realization of the hypernuclear experiment at PANDA.

In the following, the performance of the hypernuclear detector setup will
be studied using the INC generator interface for the production of Z~Z in
p+'2C reaction. Since =~ largest than 500 MeV /c are unlikely to form double
hypernuclei, the present == calculations have been performed considering
those events where =~ below 500 MeV/c are produced (See Fig. 4.3).

The relevant quantity for the optimization of the target system is the rate of
the stopped =Z~ over the produced =Z~. The rate depends on several parameters:
production rate, distance between the production and the hypernuclear targets,
beam pipe diameter, materials of the targets and their sizes and shapes.

To explore the role of the primary target independently a detailed study of
the dependence of the =~ production rate on the mass number of the primary
target has been performed [132]. The nuclear targets used for this study were
120, 27Al, 7Ni, 1%¥Ag 13"Ba and ®7Au. As expected, the production rate
rises with the mass number A by a factor 3.5 going from carbon to gold.
Considering only the Z~ production rate, a heavy target would be preferable.
However, another point which needs to be taken into account is the neutron
background (See Fig. 4.4) at backward angles, where the Germanium detectors
are located. For lighter targets the neutrons are mainly forward focused in the
laboratory frame, thus reducing significantly the number of neutron hits in
the Germanium detectors. The use of a target for example, in the Nickel mass
region (Z =~ 30) allows a stable operation over a sufficiently long measuring
period.

Target nuclei with larger mass are more efficient for rescattering of the
produced primary particles and hence for the emission of low momentum =~
hyperons. However, heavier targets increase the neutron and X-ray background
in the germanium detectors, as it can be observed in Fig. 4.4. Furthermore,
Coulomb scattering in heavy primary targets leads to significant losses of an-
tiprotons. It is preferable to avoid this difficulty by using a target with atomic
number below Z a 30. The thickness of the primary target is constrained by
small angular scattering causing beam heating as well as the possible interac-
tion rate (107 s7!). However, a precise determination of the primary interaction
point is not required and the interaction rate can be adjusted by the quality of
the beam focus and by steering an appropriate fraction of the beam onto the
target. For a hydrogen target a thickness of 50 um seems acceptable, heavy
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Figure 4.3: Production of Z~Z in p+'2C reaction within a Intra nuclear cascade
based model and a UrQMD based model respectively. Both models produces =~ in
the momentum range of 100 MeV/c to about 2 GeV /c. Unlike the INC model, high
statistics of =~ below 500 MeV /c are produced by using an extension code of the
UrQMD model.

targets require significantly lower area densities. Presently, two scenarios are
being explored: self-supporting wires of thickness in the order of 10 um are
readily available. However, such a thickness is only acceptable for light ele-
ments like e.g. Beryllium. For heavier elements thin metal sheets — as being
used at the internal target of the ANKE experiment at COSY [99] — with a
thickness of the order of < 1pum can be used. For example, self-supporting
filaments attached to a frame could be produced by etching techniques as be-
ing used in the production of micro wire detectors. Therefore it is foreseen
to use thin carbon micro-ribbons [133] as a primary target in the HESR ring.
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Figure 4.4: Angular distributions of neutrons produced as a result of the interaction
of p on 12C, %8Cu and 2°®Pb respectively. For lighter targets ('2C) the neutrons are
more forward focused in the laboratory frame, thus reducing significantly the number
of neutron hits in the Germanium detectors.

The feasibility of using this kind of targets has been evaluated considering
the possible beam losses caused by the interaction of antiprotons on a carbon
target.

Beam losses are the main restriction for high luminosities, since the an-
tiproton production rate is limited. The main contributions of beam-target
interaction are the hadronic interaction, single Coulomb scattering and energy
straggling of the circulating beam in the target. However, for the present cal-
culations, only the hadronic interaction has been considered. The influence
of these beam losses depend on the fraction of the beam onto the target, the
target diameter and the average antiproton luminosity. Large beam losses may
cause an increment of the temperature of the target and in the worse case, may
lead the target to melt. Accordingly, the relative beam loss rate (77!) for total
cross section g is defined as a function of the reference particle’s revolution
frequency fy and the target thickness n; as follows,

(7'_1) = ntU()f[) (41)

being 7 the beam lifetime. In order to evaluate the hadronic cross section of
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antiprotons with nuclear targets geometrical considerations can be considered.

For instance, starting from the antiproton-proton hadronic cross section oy

for 3GeV/c,

0% ~ 50 mbarn := 77 (4.2)

with the proton radius » = 0.9 fm, the antiproton-nucleus hadronic cross section
can be deduced as
P =1 (Ry+71)° (4.3)

being R4 and A, the radius of a spherical nucleus and the mass number respec-
tively. Up to recently, the accumulation of antiprotons at the FAIR facility was

No. of circulating p_bars in HESR
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Figure 4.5: A typical cycle in HESR. After a machine cycle of 1000s the number
of antiprotons accumulated will be approximately 10'° particles

expected to be performed by the RESR [7], achieving in this way an antipro-
tons rate of approximately 10! per second. However, recent modifications of
the setup has been done [7] removing the RESR from the setup. As a conse-
quence, the HESR will have to be accordingly modified to perform the task
previously performed by the RESR. As a consequence, the number of antipro-
tons accumulated will be, after a machine cycle of 1000s, approximately 10'°
particles per second (See Fig. 4.5). The variation of the beam lifetime with
the thickness d of a 2C target is illustrated in panel a) of Fig. 4.6. In the
following, the antiprotons rate and beam lifetime behaviour for two different
target thickness (0.02 um(green line) and 0.04 um (red line)) will be presented.

Assuming a 12C target with a 0.02 um thickness and and a beam fraction
L of ~ 0.005, the expected beam lifetime is around 3200s ( one hour ), what

AreaBeam

Ibeam fraction defined as TreaTargel
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Figure 4.6: Luminosity and beam lifetime considerations for a '2C target with a
thickness of 0.02 ym (green line) and 0.04 pm (red line). a) Dependence of the beam
lifetime on the target thickness. b) Initial antiprotons rate as a function of the target
thickness. ¢) Variation of the antiprotons rate with time. d)Fraction of antiprotons
rate crossing the a target thickness of 0.02 um (green line) and 0.04 um (red line),
respectively. e) Calculated power as a function of the time. f) Thermal load on a
target thickness of 0.02 um (green line) and 0.04 um (red line), respectively.

is a reasonable value since beam lifetimes below half an hour cannot be com-
pensated by the antiproton production rate (See panel a. of Fig. 4.6).

The initial interaction rate produced after the interaction with a ?>C target
is shown in panel b. of Fig. 4.6 as a function of the target thickness. It can be
observed that for a 0.02 um target thickness, the expected initial antiprotons
rate is about 3x109p/s. Moreover, the time variation of the antiproton rate
under the above conditions can also be observed in panel c. of Fig. 4.6.

Furthermore, the fraction of antiprotons crossing (See panel d. of Fig. 4.6)
the target may lead to an increment of the temperature. To evaluate this
influence, the energy lost by the antiprotons crossing the target can be calcu-
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lated assuming a minimum energy loss of 1.8 MeV /g cm?. Panel e. of Fig. 4.6
shows the variation of energy deposit per unit time (Power) as a function of the
time. Moreover, one can assume that the target behaves as a black body, and as
a consequence a temperature can be deduced applying the Stefan-Boltzmann
law 2 for a target area of 1mm?. As a result, panel f. of Fig. 4.6 shows the
dependence of the target temperature on the target diameter and the beam
lifetime.

For a diameter of 0.02 ym, and a beam fraction of ~0.005, the beam lifetime
is approximately one hour, what lead to a temperature increment of 500 Kelvin,
what is much less than the target melting point (3820 K Diamond, 3948 K
Graphite, 3948 K Amorphous). In addition, considering that the instantaneous
luminosity must not vary more than a factor 2, the maximum running time
could be expected to be about five hours with the above conditions.

Nevertheless, further investigations including the influence of single coulomb
scattering are needed as well as reliable cooling system estimates.

4.2.2 Active Secondary Target

The main purpose of the secondary, or hypernuclear, target is the stopping and
absorption of the produced = hyperon and the identification of the secondary
reaction vertex by tracking of the incident = and charged decay products from
the weak decay of the AA hypernuclei. Even with a moderate spatial resolution,
this information will help to reduce the background in the offline analysis
significantly.

The energy release of about 28 MeV during the conversion of the = into two
A hyperons may give rise to the emission of particles from the secondary target
nucleus. As a consequence, a variety of double, single or twin hypernuclei as
well as ordinary nuclei may be produced in excited states.

In order to limit the number of possible transitions and thus to increase
the possible signal to background ratio, the experiment will focus on light
secondary target nuclei with mass number Ay < 13. Since the identification of
the double hypernuclei has to rely on the unique assignment of the detected
y-transitions, different isotopically enriched light absorbers (°Be, 101 B, 1213C)
will be used. In addition, the interactions in the material of the silicon detector
can be studied. At the same time, the light elements help minimizing the
absorption of y-rays emitted by the excited hypernuclei.

2The total energy radiated per unit surface area of a black body per unit time or irra-
diance, is directly proportional to the fourth power of the black body’s thermodynamic
temperature T (also called absolute temperature)
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4.2.2.1 Optimization of the Secondary Target setup

The geometry of this secondary target is essentially determined by the short
mean life of the =~ of only 0.164ns and its stopping time in solid material.
The separation between the primary target and the secondary target has to be
optimized so that low momentum =~ (approximately below 500 MeV /c) do not
decay prior to stopping. As a consequence, the required thickness of the active
secondary target is limited to a few cm. The stopping probability of a =~
hyperon with a momentum range between 100 MeV /c and 750 MeV /c depends
mainly on the probability of traveling a certain distance comparable with the
beam pipe radius d and on the energy losses along its passage through the
absorber material. Fig. 4.7 shows the stopping probability calculated numeri-
cally as a function of the == hyperon momenta for different beam pipe radii
and 1cm carbon absorber. As the figure indicates the maximum probability
is reached for a momentum around 250 MeV /c and for a beam pipe diameter
of about 2mm. In addition, for a safe operation of HESR, the beam spot must
not be smaller than 0.3 mm. Therefore, a beam pipe with a radius of 7.5 mm
corresponding to a beam spot of approximately 2.5 mm is foreseen. The range
estimates of =~ hyperon with momentum below 1 GeV/c in a carbon absorber
(see Fig. 4.8) lead also to similar conclusions as those deduced from Fig. 4.7.
However, in order to determine more in detail the required sensitive region
of the secondary target, the distribution of the stopping points of the =~
entering the secondary target has been investigated by using the Pandaroot
simulation framework. Initially, the geometry of the secondary target was
modeled for simplicity by a solid box (50 cmx50 cm x50 cm) made of carbon
with a cylindrical hole of 15 mm diameter representing the beam pipe. The
preliminary secondary target setup was placed at a distance of 70 cm upstream
from the center of the PANDA solenoid. The generation of 105 =~ = pairs was
accomplished by using the Intra Nuclear Cascade data Sample as input for the
Ascii Generator. Under a magnetic field of 2T, the =~ were traced within the
secondary target material. Fig. 4.9 shows the stopping points of =~ hyperons,
where the horizontal axis represents the beam direction and the vertical axis
is the radial distance from the beam axis. The origin marks the primary
target point. Consistent with the schematic calculations shown in Fig. 4.7 and
Fig. 4.8 the stopping points are concentrated in an angular range from 40° to
90° and a radial thickness of about 20 mm. The free angular range between 0°
and 40° is sufficiently large for the detection of the associated kaons emitted
mainly in the forward region (see Fig. 4.10).

In order to track the =~ (and the charged fragments resulting from the
decay of the produced hypernuclei), it is planned to sandwich the secondary
absorber with layers of silicon detectors. Outside of the beam pipe we projected
in a first design a multi-layered structure of 1.mm thick carbon absorbers
surrounded by 300 gm thick silicon layers.
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Figure 4.7: Stopping probability calculated numerically as a function of the =~
hyperon momenta for different beam pipe radii and 1 cm carbon absorber.

The number of silicon detectors and the thickness of the absorber is a
compromise between the necessary number of readout channels and the corre-
sponding costs on one hand and a large stopping probability on the other hand.
Furthermore, in order to keep the ~-ray absorption low, the overall thickness
should be kept as low as possible. The v-rays emitted from the hypernuclei will
traverse a typical distance of 2cm in the secondary target. Therefore, y-rays
with energies of 0.1, 1 and 10 MeV will reach the Germanium detectors with
60, 80 and 93 % probability, respectively. Front-end electronics and upstream
cable connections may cause additional losses in the order of 10 %.

For the choice of the silicon detectors two options are being considered:

(i) A pixel detector based e.g. on the ATLAS pixel chip. This solution
would guarantee broad compatibility with the main vertex detector. However,
major disadvantages are the small size of the present ATLAS chips and the
space needed for the supporting structure onto which the chips are glued. The
small size of the chips does not allow a geometry where the readout cables
are concentrated in the upstream region. The additional support structures
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Figure 4.8: Range of =~ hyperon with momentum below 1GeV/c in a carbon
absorber.

would result in major empty or inactive regions between the main secondary
absorber material, thus reducing the stopping and capture probability.

(ii) A silicon strip detector. For a possible readout scheme we plan to
follow the developments for the SCT barrel module of ATLAS. A thickness
of the readout board of less than 1.5 mm has been achieved by the ATLAS
collaboration for e.g. the ABCD chip. Thus, a dense sandwich structure with
about 1.5 mm absorber material enclosed by detector layers is feasible. Since in
the region of the silicon sensors no additional components are located, this well
known technology leads to the required compact configuration of the secondary
target.

An optimal coverage of the region between 40° and 90° would require silicon
sensors of different sizes (see upper and lower part of Fig. 4.11). The size of
the detector closest to the beam is about 15 x 9 mm?, the largest of the order
of 55 x 33mm?2. While such a solution is not impractical we are now exploring
also different geometries with sensors allowing identical front-end electronics.
One example is shown in the upper part of Fig. 4.11.

4.2.3 Germanium Array

An existing germanium-array with refurbished readout is planned to be used
for the y-spectroscopy of the nuclear decay cascades of hypernuclei. The main
limitation will be the load due to neutral or charged particles traversing the
germanium detectors. Therefore, readout schemes and tracking algorithms are
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Figure 4.9: Stopping points of =~ hyperons produced in p + X interactions at
3 GeV/c within an INC calculation. The primary target was placed at distance of
-76.5 cm to the center of the PANDA spectrometer.

presently being developed which will enable high resolution y-spectroscopy in
an environment of high particle flux. The germanium-array crystals will be
grouped asymmetrically by forming triple clusters. Each cluster consists of
three encapsulated n—type Germanium crystals of the Euroball type. The total
~v—array set-up consists of 15 triple Germanium clusters positioned at backward
axial angle around the target region as shown in Fig. 4.12.

4.2.3.1 Required modifications of the Germanium detectors

Standard electronic readout systems are hardly capable of dealing with particle
rates exceeding 10 kHz. However, the fully digital electronic system currently
developed for the new generation of Germanium arrays like Vega [135] will — in
connection with fast preamplifiers — allow the load of background particles at
rates higher than 100 kHz for each detector element. Arranging several cluster
detectors — each cluster contains in its present configuration 3 independent
detector elements — and taking into account that most of the produced particles
are emitted into the forward region not covered by the Germanium array an
interaction rate of 107 s™! seems to be manageable.
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Figure 4.10: Distribution of positive kaons produced as a result of the annihilation
of of =~ hyperons in the primary carbon target.

Close to the PANDA main detectors the available space in radial direc-
tion is limited to the diameter of the tracking detector. Therefore, a practical
mounting of the Germanium detectors inside the tracking detector is not fea-
sible when including the present dewar into the setup. It is planned to replace
the bulky storage tanks for liquid Nitrogen by a more compact cooling system.
Presently one possible solution is being explored consisting of a mechanical
cooling system based on the Stirling thermal cycle, like e.g. the X-COOLER
IT by ORTEC [136]. These systems have a good cooling power, however, acous-
tic noise and vibrations present a serious problem. Although, when using a
fully digital readout system based on flash ADCs it might be possible to correct
for these (periodic) distortions.

4.2.4 Time of Flight System

The pp — Z~Z cross section of 2ub is about a factor 25000 smaller than the
total pp cross section of 50 mb at 3 GeV/c. As a consequence an strategy must
be performed to enable an efficient background signal suppression. As it was
remarked before, associated antihyperons annihilates with a large probability
(~ 80%) within the primary target nucleus releasing at least two positive kaons
which can be used to tag the hypernuclei production. Kaons produced in this
way are emitted in the forward direction (beam direction) and with a momen-
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Figure 4.11: Possible geometries of the secondary target showing the four sectors.
For the geometry shown on the bottom, front-end boards of different sizes are needed,
the geometry on top allows the usage of equally sized front-end electronics. Two
sections are displaced for clarity.

tum range around 500 MeV /c. Here the difficulty resides in finding a proper
detector system to identify efficiently positive kaons. In the current PANDA
design, particle identification for slow particles may be provided at large polar
angles by a TOF detector in combination with the Time Projection Chamber
(TPC). As candidates for this detector scintillator bars and strips or alterna-
tively multi-gap resistive plate chambers are considered. In the absence of a
start detector the relative timing of multiple particle hits has to be employed.
A small fiber barrel read-out by Silicon Photo Multipliers (SiPM) has been
discussed as an option for a start detector. Such a detector might also be
used as a time reference for the DIRC detector or for track deconvolution of
the time projection chamber. The SiPM is intrinsically a very fast detector
and its single photoelectron time resolution is about 100 ps (FWHM). When
coupled to thin and short scintillating fibers the timing properties are fully
dominated by the scintillation time constants and depend only on the average
number of detected photons. For such a sub-detector system the achievable
time resolution at minimum detector mass is a main issue. In measurements
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Figure 4.12: Design of the y—ray spectroscopy setup with 15 germanium cluster
detector, each comprising 3 germanium crystals.

using the electromagnetic calorimeter the additional material will deteriorate
considerably its resolution.

The setup of the proposed start detector consist of 1200 scintillating fibers
placed placed parallel to the beam axis in two rings around the secondary
active target. The first ring contains 500 fibers located at a distance of 70 mm
from the primary interaction point. In the second ring, a number of 750 fibers
are displaced at a distance of 99 mm from the primary interaction point. All
the fibers have a diameter of 0.83 mm and a length of 1800 mm.

Particles traveling through the target spectrometer ( TPC and TOF ) des-
cribe a path length varying from 0.5 m to 1 m. Using the principle that particles
with different masses (m; and my) and same momentum p travel a path L in
different times, particle separation can be performed. The momentum range
over which particle separation is possible depends crucially on the timing res-
olution ;. For a path length L between two counters the time of flight 7" is
inversely proportional to its velocity 5 = v/c, being ¢ the speed of light, and

v the particle linear velocity:
L

"~ B

Moreover, the particle separation capability or separation power N,, can be
expressed in terms of time resolution o; units as,

T (4.4)

AT

CO¢

No (4.5)

t
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where AT? is the difference in time. Fig. 4.13 shows the separation power of
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Figure 4.13: Separation power in standard deviation units for protons, pions and
kaons by using the timing and the tracking information (momentum, track length,
etc). The solid and dashed curves reprent the separation by assuming a time reso-
lution of 100 ps and 400 ps respectively.

protons, pions and kaons by using the timing and tracking information (e.g.
momentum, track length and charge). For a path length of 1 m approximately,
the separation power increases with increasing time resolution but at the same
time decreases as the particle momentum rises up. For instance, the dashed
and the solid curves represent the separation power at the time resolution
values of 400 ps and 100 ps respectively.

This calculation also reveals that for low and moderate momentum kaon
identification the stop detector must provide a time resolution of about 100
ps, whereas the fiber detector has to provide the start time with a minimum
resolution of 400 ps. It seems challenging to achieve these values with the
geometries and photon detection devices described so far. One improvement is
made by using a large area SiPM /fiber combination, and it was concluded that
SiPM with 3x3 mm? active area can be used in combination with scintillator or
radiator strips of this cross-section for fast time response measurements [137].
Only recently, lutetium aluminum garnet (LuAG, chemical formula Al;LuzO12)

3 L m2 m2
AT=T1 Ty = ¢ \/1+pf§f\/1+p—§
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activated by cerium became available as possible fiber material. Its density of
6.73 g/cm3 and decay time of 70 ns brings some advantages for time dependent
and coincidence measurements. Primarily, the higher density compared to
organic fibers results in a higher light output from the fibers. The wavelength
of the emission spectrum is at 535nm which is ideal for avalanche diode or
SiPM readout. The photon yield is 20000 Photons/MeV and crystals can be
grown 1 mm in diameter and up to 500 mm length. Further investigations on
prototypes such as fiber bundles indicates that these devices could be used as
a possible TOF start detector.

CVD Diamond detectors can be also used as alternative to the scintillation
fibers detector. It can provide a time resolution close to the 100 ps and are
radiation hard. Further investigations about its applications as start detectors
have been already performed at GSI. The results present this technology as
a promising alternative to be used for timing measurements [139]. A possible
detector setup will be a CVD diamond plate segmented placed downstream of
the secondary active target.
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Chapter 5

Performance of the Hypernuclei
production mechanism

In this chapter the second stage of the hypernuclei production mechanism (see
Fig. 4.1 in chap. 4) will be introduced. An important issue to be studied is
the population of particle stable, excited states in double hypernuclei after the
capture of a =~ within a statistical decay model. This study will be relevant
for the performance of gamma spectroscopy at the PANDA experiment. In the
present Monte Carlo simulation, the use of this model will be used as basis for
the implementation of hypernuclei event generation.

According to that, the principles of the statistical model used for the hy-
pernuclei production in the present work will be introduced in Sec. 5.1. In
Sec. 5.1.2 the production yields of different double hypernuclei will be per-
formed using different assumptions. The results of these calculations will be
compared in Sec. 5.1.3 with the present results of the AGS-E906 experiment.
The last sections of this chapter are focused on the procedure for implementing
the hypernuclei event generation in the simulation code.

5.1 Production of excited double hypernuclei
via a statistical decay model

In Sec. 1.3, it has been discussed about the importance of using the gamma-—
spectroscopy of single hypernuclei to obtain direct information about the hyperon—
nucleon. In analogy with single A hypernuclei, the identification of double A
hypernuclei can benefit from the observation of their corresponding excitation
spectra ( See Sec. 2.2.2). In particular, information on the A-A interaction
will be directly obtained using this technique without the ambiguities of past
experiments.

Unfortunaly, for double hypernuclei the experimental information is res-
tricted to a few cases only [140, 91, 92, 93, 94]. Except for the §,He nucleus
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reported in Ref. [94], the interpretation of the observed events is however not
unique (88, 89, 90, 95, 87]. Furthermore no direct experimental information
on possible excited states is at hand (see e.g. discussion in Ref. [95]).

In the following the population of particle stable, excited states in double
hypernuclei after the capture of a == will be therefore studied within a sta-
tistical decay model. Since the identification of the double hypernuclei has to
rely on the unique assignment of the detected 7-transitions, we will perform
these calculations for different target nuclei which are experimentally feasible.

5.1.1 The double A compound nucleus model

The deep inelastic interaction of fast hadrons and heavy ions with nuclei may
result in the formation of intermediate nuclear systems in states far from the
nuclear ground state. The evolution of these systems proceed in general into
several stages:

e the formation of an intermediate highly excited nuclear system,

e the expansion of the system and its disassembly into individual frag-
ments,

e the de—excitation of hot primary fragments.

Schematically this process is shown in Fig. 5.1. Despite of simplicity, the sta-
tistical approach makes possible a full description of the highly excited system
of hadrons and nucleon clusters, but the price for this simplicity is the as-
sumption of statistical equilibrium. At present there exist several versions of
the statistical model of nuclear multifragmentation. They differ in the statis-
tical ensembles considered (macrocanonical, canonical or microcanonical), in
the way of describing individual fragments and in the calculational procedures.
Nevertheless, all models presuppose that before disintegrating a hot nuclear
matter system gets into partial or complete thermodynamical equilibrium with
respect to some or all of its degrees of freedom.

One step beyond, is the generalization of this model to describe the evo-
lution of hypermatter (highly excited nuclear systems containing A hyperons)
produced in peripheral collisions of relativistic heavy ions ( see Sec. 1.2.2.4 ).

In the following an extension [141] of the grand-canonical version of the
statistical multifragmentation model (SMM) [142] will be used to describe
the formation of double and single hypernuclei. This model also provides
the possibility to study the population of particle stable, excited states in
double hypernuclei which is relevant for the performance of v spectroscopy
at PANDA. In analogy with the compound nucleus model of Sano and co—
workers [143, 144] the production of excited states in double hypernuclei is
studied following the break—up of an excited double hypernucleus after the
absorption and conversion of a stopped =~.
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Figure 5.1: Schematic view of the fragmentation process: a) formation of highly-
excited system with initial fluctuations; b) formation of fragments during the ex-
pansion stage; ¢) propagation and deexcitation of fragments after the break-up of
the composite system.

According with the model, for light nuclei even a relatively small excitation
energy may be comparable with their binding energy. In this case it is assumed
that the principal mechanism of de-excitation is the explosive decay of the
excited nucleus into several smaller clusters. The description of this break-up
process is given by the model in a similar way as it is established by the famous
Fermi model for particle production in nuclear reactions [145]. Moreover,
it is assumed that the nucleus with mass numbers Aj, charge Z,, and the
number of A hyperons A Hy (here Hy=2) break-ups simultaneously into cold
and slightly excited fragments, which have a lifetime longer than the decay
time, estimated as an order of 100-300 fm/c. This break-up takes place in
some freeze-out volume V', where the produced fragments moves in the phase
space determined by the free volume V}. This free volume is smaller than
the freeze-out volume, at least, by the proper volume of the fragments. The
“excluded volume” approximation is used for this parametrization:

Vf = K,Vo (51)
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where Vo = 4/37r3 A is the initial volume of the nucleus, 1y &~ 1.3 fm the
nucleon radius, and V' = V; + V. In the following the parameter k=2 is
considered which is consistent with many description of the data of normal
nuclei [142].

In the case of production of conventional nuclear fragments in a break-up
channel, their experimental masses in ground states and their excited states
are considered, which are stable respective to emission of nucleons (ref. [146]).
For hypernuclei with single A particle, the experimental masses and excited
states are used, which were collected in various reviews [147, 56] and some
theoretical predictions [148] (see table. A.7)).

In the case of double hypernuclei, theoretical predictions of bound and
exited states of double hypernuclei by Hiyama and co-workers [95] were used
in the present model calculation for nuclei with mass number 6< Ag <10. The
masses of § \He and $ ,He were calculated from the known single hypernuclear
masses and assuming AByy=1MeV. For the mirror nuclei } H and 3 , He there
seems to be a consensus that these nuclei are indeed bound [71, 73, 149, 150,
151]. In view of the theoretical uncertainties, these calculations assume a
value for the A-A bond energy ABya of 1 MeV for both nuclei. In case of
AAH the experimental situation is ambiguous [93, 87] and also the various
model calculations predict an unbound [152] or only slightly bound nucleus
(153, 154, 151].

For nuclei with mass number A >11 the masses of ground states were taken
from ref. [75] which correspond to ABaa values between 2.0 and 4.6 MeV.
Also for these heavy nuclei several particle stable excited states are expected
[75]. Furthermore, the calculations of Hiyama and co-workers [95] signal that
in the mass range relevant for this work the level structure of particle stable
double hypernuclei(#Z,, ) resembles the level scheme of the corresponding core
nucleus(4727).

In order to explore the role of possible additional states the set of double
hypernuclei with A >11 has been extended by the excited states of the corre-
sponding core nucleus. Only states below the lowest particle decay threshold
were considered. In the present calculations 1sj1pa states have been ignored
though these states may possibly contribute at high excitation energies in
heavy nuclei [155]. As a consequence, it is considered that the two A particles
are coupled to 1Sy wave (spin S=0 and isospin T=0), and therefore the spins
and parities are the same as those of its nuclear core.

In case of }Be, }4B, }4Be and {4 B this procedure results in 9, 3, 7 and
24 excited states, respectively (For more details see tables. A.10). Further-
more, it has been observed that by considering a subset of the whole excited
states, (e.g the 3—4 lowest states) the final result does not change significantly.
Following the microcanonical approach, all possible break-up channels are con-
sidered, which satisfy the mass number, hyperon number (i.e. strangeness),
charge, energy and momenta conservations, and the competition between these
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channels is also taken into account.

The model considers that the probability of each break-up channel ch is
proportional to the occupied phase space [142, 156, 157]. The statistical
weight of the channel containing n particles with masses m; (i = 1,--- ,n) can
be calculated within the microcanonical approximation :

e S (Y T (Iym ) e oyt
mic 2 _Vf i= (Epin — 277
ch X G ((27Th)3) < mo 1"(§(n _ ]_)) ( k Uch)

(5.2)

2
where mg = Y. | m; is the summed mass of the particles, S = [[\_,(2s; + 1)

is the spin degeneracy factor (s; is the i-th particle spin), G = H?Zl n;! is
the particle identity factor (n; is the number of particles of kind j). Ej;, is
the total kinetic energy of particles at infinity which is related to the nucleus
excitation energy E7 = as

Ekin = (M(E_) + Mtarget)c2 - BE* - Z mic2' (53)
i=1

Here Bz- is the binding energy of the converted =~ and Ep.. = (M(Z27) +
Miarget)c® represents the maximum available excitation energy ignoring the
binding energy Bz-, US is the Coulomb interaction energy between fragments
given in the Wigner-Seitz approximation [142]:

3e? 7Z2 " Z2
c _°2c —-1/3 0o § ’ ¢
Uen = 579 <V/V0) (A(l)/g i=1 Az‘l/g)’ (5'4)

where A;, Z; are mass numbers and charges of produced particles. The masses
of fragments in excited states are calculated by adding the corresponding ex-
citation energy to their ground state masses.

5.1.2 Population of Excited States in Double Hypernu-
clei

Unfortunately, still very little is established experimentally on the interaction
of = hyperons with nuclei. Various data(see e.g. [158, 159]) suggest a nuclear
potential well depth around 20 MeV. Calculations of light = atoms [80] predict
that the conversion of the captured == from excited states with corresponding-
ly small binding energies dominates. In a nuclear emulsion experiment a =~
capture at rest with two single hyperfragments has been observed [160] which
was interpreted as =~ +C —4 H +3 Be reaction. The deduced binding energy
of the Z~ varied between 0.62 MeV and 3.70 MeV, depending whether only one
out of the two hyperfragments or both fragments were produced in an excited
particle stable state.
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Model calculations [161, 162, 63] suggest that the width for the conversion
of a =7 and a proton into two A’s is around 1 MeV, i.e. the conversion is rather
fast and takes less than 200 fm/c. Moreover this conversion may happen at
different energy levels, and a part of the released energy may be lost. Therefore,
in order to take into account the uncertainties of the excitation energy of
the converted = -states, the calculations have been performed for a range of
energies 0< Bz <FE,,,, constructing in this way the excitation functions for
production of hypernuclei.

In the following, in order to limit the number of possible electromagnetic
transitions and thus to increase the possible signal to background ratio, light
target nuclei with mass number Ay < 13 will be considered. Moreover, for this
mass range significant experimental information on bound single hypernuclei
states exists already [56] and can be used as an ingredient in the model cal-
culations. Therefore, calculations were done for all stable secondary targets
(?Be, "B, 1B, 12C" and ¥C) which lead to the production of excited states
in double hypernuclei.

The Fermi break-up events were generated by comparing probabilities of all
possible channels with Monte—Carlo method. For instance, there are included
993 channels for the reaction induced by absorption of =~ on '*C nucleus, and
this number decreases for smaller target nuclei. The Coulomb expansion stage
was not considered explicitly for such light systems. The momentum distribu-
tions of the final break-up products were obtained by the random generation
over the whole accessible phase space, determined by the total kinetic energy
(5.3), taking into account exact energy and momentum conservation laws. For
this purpose a very effective algorithm proposed by G.I. Kopylov [163] has
been applied.

Previously, this model was applied rather successfully for description of
break-up of conventional light nuclei in nuclear reactions initiated by protons,
pions, antiprotons, and ions [164, 165, 166, 167]. In comparison with ex-
perimental yields of different fragments the maximum deviation was about
20-50%. This precision seems to be sufficient for the present analysis of hy-
pernucleus decay, since the main uncertainty is in unknown masses and energy
levels of produced hyperfragments. The estimation of their yields within this
model is extremely helpful for planning future experiments for searching double
hypernuclei.

Fig. 5.2 shows as an example the production of ground (g.s.) and excited
(ex.s.) states of single + one free A (SHP), twin (THP) and double (DHP)
hypernuclei in case of a 2C target as a function of the assumed =~ binding
energy. With increasing =~ binding energy the excitation energy of the excited
primary 33 B* decreases from left to right from 40 MeV to 15MeV. For all
excitation energies above 20 MeV the production of excited double hypernuclei
dominates (green triangles).

This can be caused by the opening of several thresholds for various excited
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double hypernuclei already at moderate excitation energies (see e.g. Fig. 5.3 in
ref. [75]). Only for small binding energies and hence large excitation energies
the production of single and twin hypernuclei becomes of significant impor-
tance ( 10% ). The non—-monotonic behaviour for single hypernucleus + free A
production reflects the fact that the various lowest thresholds are relative high
and widely separated, e.g. }*B+ A at Bz = 23.9 MeV followed by }!B+n+ A
at 11.3MeV.

Twin-hypernuclei (both in the ground in excited states(g.s.), exactly one
in the ground state or both in excited states) are only produced for =~ binding
energies below the threshold for § Li + 5y He with Bz = 13.6. As discussed
above the observation of twin—hypernuclei [160, 168, 169, 170, 171, 172] denotes
a conversion from a =~ state with moderate binding energy. In this range of
Bz the production probability of double hypernuclei is comparable to previous
estimates within a canonical statistical model [75].

It is important to stress that these numbers do not include a possible pre—
equilibrium emission of hyperons during the capture and conversion stage.
With respect to the number of stopped =~ hyperons, pre-equilibrium pro-
cesses will decrease the yield of double hypernuclei(see e.g. [173]). For these
calculations a joint capturexconversion probability of 5% will be assumed to
mimic the pre—equilibrium stage. Taking this factor into account the probabil-
ity for the various channels is compatible with the present scarce experimental
information [76, 77, 173].

Fig. 5.4 shows the population of the four lowest lying, particle stable states
in double hypernuclei. The }*Be+p and }*B-+n have the lowest thresholds [75]
and dominate at large binding energies and hence small excitation energies.
At smaller and more realistic binding energies the lighter double hypernu-
clei }\Be, 14 Be and {,Li prevail. Due to higher spin degeneracy factor the
population of excited states can exceed those of ground states significantly
at low binding energies. The dominant population of excited states in e.g.
19 Be is consistent with the conjecture of Hiyama and co-workers [95] that
the Demachi—Yanagi [94, 174] event can be interpreted most probably as the
observation of 2% excited state in }\ Be.

These calculations also indicate that by studying relative probabilities of
some excited states one may obtain additional information on the binding
energy of the of the captured =~ hyperons. Additionally to that, the cor-
responding population for the rest of target nuclei(’Be, 1°B, "B, and 3C)
considered in these calculations can be found in Appendix A.5.

In order to check the behaviour of the relative population at small values
of the binding energy, a value for the == binding energy of 0.5 MeV is now
adopted for the various =~ -absorbing stable target nuclei (°Be, 1°B, ' B, 12C
and *C). The summed population of the excited states in all double produced
hypernuclei with this new value of Bz is shown in Fig. 5.5.

As can be seen from Fig. 5.2 this choice should not be crucial for the main



CHAPTER 5. PERFORMANCE OF THE HYPERNUCLEI PRODUCTION
MECHANISM

trend. However, as discussed above, the relative population of specific excited
levels can depend on the binding energy. In Fig. 5.5 one can observe that the
relative yield is proportional to the rectangles area. For each target the area
for the most probable hypernucleus is normalized to the unity. For each of the
five targets different double hypernuclei dominate.

Thus combining the information of Fig. 5.5 with the measurement of two
pion momenta from the subsequent weak decays a unique assignment of various
newly observed ~v-transitions to specific double hypernuclei seems possible as
intended by the PANDA collaboration [7].
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Figure 5.2: Production probability of ground (g.s.) and excited states (ex.s.) in
conventional nuclear fragments and in one single (SHP), twin (THP) and double
hypernuclei (DHP) after the capture of a Z~ in a '2C nucleus and its conversion
into two A hyperons predicted by a statistical decay model.

5.1.3 Comparison of the present calculations with the
E906 experimental results
In 2001 the BNL experiment E906 reported the observation of the }, H hy-

pernucleus by measuring the sequential pionic decays after a (K ;K1) reaction
deposited two units of strangeness in a “Be target [93].
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Figure 5.3: Various thresholds for double-A and single-A hypernuclear production
channels in the >C + Z~ system. The energy is measured from the 2C + =~
threshold.

Two dominant structures in the correlated pion momenta at (114,104) MeV /c

and at (133,114) MeV/c were observed. The first structure was interpreted as
the production of 3H+3H twins while the bump at (114,104) MeV/c was at-
tributed to pionic decays of the double hypernucleus % ,H.

However, as it was pointed out by Kumagai-Fuse and Okabe also twin
A-hypernuclear decays of 3H and §He are a possible candidate to form this
peak if excited resonance states of °Li are considered [176]. More recently
Randeniya and Hungerford showed that the published E906 data can be re-
produced without the inclusion of 3, H decay and that it is more likely that
the decay of §, He was observed in this experiment [87].

In their analysis this double hypernucleus was accompanied by a back-
ground of coincident decays of pairs of the single hypernuclear fragments 3 H
with 4 H, 3 H with 3 H, and 4 H with 4 H. Here the first twin pair dominated.
and the production ratio §, He to coincident 3 H + 4 H pairs was estimated
to be in the range of 7.7 to 12. In order to reproduce the E906 observation
our model is used to predict the relative probabilities for the production of
particle stable twin and double hypernuclei, the results are summarized in
Tab. 5.1. In the second column the associated pion momenta is listed for ori-
entation, assuming a AA bond energy of By = 1 MeV and purely subsequent
pionic two-body decays from the excited or groundstate to the corresponding
groundstate.

For orientation an increase of ABja to e.g. 4 MeV decreases the first mo-
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Yield per event
5

8,\ ALi ground s. O

o 5 10 15 20 25
= Binding energy [MeV]

Figure 5.4: Production probability of ground and excited states of accessible double
hypernuclei after the capture of a 2~ in a '?C nucleus and the =~ conversion into
two A hyperons. Excited states in }XlABe, }B\Be and % ALi dominate over a wide range
of the =~ binding energy.
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Figure 5.5: Relative population of the all excited states in all produced double
hypernuclei for various =~ -absorbing stable target nuclei (°Be, 1°B, ' B, 2C and
130)'

menta given in the second column for AA hypernuclei by about 5MeV/c.
Moreover, lower pion momenta may also arise from multibody decays or the
decay into excited intermediate nuclei. Excited states which will deexcite prior
to the weak decay will eventually also result in lower pion momenta. Com-
paring to experimental data one also has to keep in mind that starting from
pion pairs with rather similar or equal pion momenta, a finite momentum res-
olution will result in a more asymmetric peak structure due to the sorting of
the momenta. In case of the |, He decays a momentum resolution like in the
E906 experiment of ,.,,;=4 MeV /¢ will shift the peak from (109,108) MeV/c
to (111,106) MeV /c.

In the third column of Tab. 5.1 the production probabilities after the cap-
ture and conversion of a stopped Z~ in a secondary ?Be target are listed. As
mentioned above, the microcanonical model consider the 2= + Be capture
reaction for the production of the compound hypernucleus 1% Li*, instead of the
(K ,KT ) reaction followed by a knock—out process with a excitation energy of
33 MeV.

In our case a = binding energy of 0.5 MeV was assumed. For comparison,
column 4 shows the result of the canonical calculations of ref. [175] provided
in their Table 5. Those calculations use a somewhat higher excitation energy
of 35 MeV. Inspecting the excitation functions for double and twin hypernuclei
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Table 5.1: Total production probability of particle stable twin and double hyper-
nuclei after the capture of a =~ by a ?Be target and the conversion into an excited
19 Li* hypernucleus (third and forth [175] column). The four last columns are the
results assuming the production of excited 33\ AHe® and i AH* nuclei after a knock-out
process with an excitation energy of 33 MeV [75]. Here columns 5 and 6 are results
of the present work, the last two columns are again from Ref. [175]. A — indicates
that this particular channel cannot be reached or was not considered.

decay channel | 7 pair momenta decaying system and probability
S : 1(Z11\/[e\//(31)14 10 Li* 1A0AL1*0[175] iAIO{e* & H* iAHe; [175] | & J\H* [175]
A A
SH+1Hys 114 133 - 0 0.008 - 0.018 -
AH+4Hy 05 114 134 - - 0.014 - - -
2H+3 He 114 99 || 0.0001 0.011 - - ~ -
2H-+ He 114 108 || 0.004 0.012 — — — —
SH+71He,s 114 115 || 0.026 0.018 - - - -
2H+1He g6 114 118 0.046 0.018 - - - -
2H+1He; 74 114 118 0.068 0.018 - - - -
AHgs+3 Hys 133 133 ~ 0.005 0.017 - 0.055 -
AH,s+4Hios 133 134 — — 0.096 - - -
AH1 05 +4Hios 134 134 - - 0.137 - - -
AH, s+ He 133 99 0.022 0.045 - - - -
4H; 05+ He 134 99 0.055 - - - - -
AHys+4 He 133 108 || 0.031 0.049 — - ~ -
AH1.05+8He 134 108 || 0.088 - — — — —
A H 117 98 || 0.0006 0.026 0.003 | 0.0002 0.026 0
A H 134 99 0.007 0.139 0.069 | 0.635 0.108 0.877
3 He - - - 0.0 0 - 0.009 -
¢ \He 100 99 0.028 0.147 0.051 - 0.128 -
7 He 109 108 || 0.117 0.133 0.116 —~ 0.157 —~
& AHegs 116 124 || 0.022 small — - ~ -
& \He, 119 124 | 0.096 — - - - —
2 Hey, 117 121 0.021 0.025 - - — -
A Hees 122 121 0.027 - - - — -
T\ Li 101 96 || 0.0001 0.008 — — — —~
& ALigs 109 97 0.012 0.028 —~ — — —
& \Lics 111-117 97 0.028 — - - - —
Q4 Ligs 123 97 0.028 0.026 - - — -
2 Lies 124-131 97 0.098 - -~ - - -
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we have verified that this difference is not crucial.

While for most channels both calculations agree qualitatively, there are also
important differences. The most striking difference is seen in the production of
the 4, H and 3 ,H double hypernuclei where the calculations differ by a factor
of 4 and more than an order of magnitude, respectively. Furthermore the total
produced yield for ,Li is about a factor of 5 higher in the present model
which is mainly related to the presence of excited states. It can be also noted,
that the production of { H+4H twins is even at an excitation energy of 35 MeV
energetically not possible and does therefore not occur in the micro-canonical
model.

As an alternative production scheme the quasi-free/rescattering picture of
Yamamoto et al. [175] is also considered, resulting in the production of excited
8 \He or & \H nuclei. As in ref. [175] the excitation energy of the initial § ,He
and § \H nuclei was fixed to 33 MeV. The last columns of Tab.5.1 show the
results from Ref. [175] while Columns 5 and 6 contain the values predicted
by our micro-canonical model at the same excitation energy for this scenario.
In both models the production of 3, H, §,He and 7 ,He as well as the YH+1H
twins dominate. Due to the higher spin factor, the production of excited states
of 4H is enhanced over the direct ground state production in the present model.

In the following, the structure at (114,104)MeV/ec which has been attributed
to double hypernuclei decays will be discussed. Generally the production of
double hypernuclei is energetically favored over the production of twins: all
channels with twin-production lie significantly above the thresholds for § ,Li,
T+He and §, He production in case of the 1% Li compound picture.

Correspondingly the production of 3 H and § He twins which has been sug-
gested [176] as a possible source of the peak structure around (114,104)MeV/c
is in our model by a factor of 30 and in the model of Ref. [175] by a factor of
10 lower than the §,He production probability. Unlike in ref. [175] the §, He
production exceeds the one of a 4, H by more than two orders of magnitude
(see Tab. 5.1 column 3) and the production of 3 \H by a factor of about 17 in
our model.

Similarly, also within the quasi-free/rescattering picture the % ,He nucleus
is the most probable channel. Of course, a direct comparison with the E906
data requires a detailed consideration of the branching ratios for pionic two-
body decays many of which are not known so far. Keeping that caveat in mind
our microcanonical model supports independent on the assumed production
scheme the interpretation of the E906 observation by Randeniya and Hunger-
ford [87] in terms of § , He decays. Decays from the ground or even exited states
of §\Li or §,Li can possibly contribute some background to the structure at
(114,104)MeV/e.

In order to describe the (133,114)MeV/e structure of the E906 experi-
ment, the production of 3H+4H twins seems mandatory [93]. However, the
2H+41H+t mass lies above the initial mass mg = m(Z~) + m(°Be) and can
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therefore not be produced in the Z~+?Be compound production scheme. With
an energy of 12.6 MeV below my, the channel  H+4He is the most likely twin
in the present scenario, followed by the {H-+3He+n decay. Given however
the experimental precision of about 1MeV/e for the momentum calibration
in E906 [93], neither the decays of 4 H+4He with (133,108)MeV/c nor decays
of 1H+3He pairs with (133,99)MeV/c seem to explain the structure around
(133,114)MeV/e. Of course particularly the first one could contribute to this
enhancement in the tail region.

As can be seen from the last four columns of Tab.5.1 also in the quasi-
free/rescattering picture the production of 3H+4H twins plays only a minor
role and none of the dominant decay channels can account for the observed
structure at (133,114)MeV/c even though the yield ratio for 7, He to $H+41H
twin production of about 8.7 in ref. [175] resp. 5.2 in our model are still
compatible with the estimated ratio mentioned above. More intriguing is
however the fact that both statistical models predict a strong production of
AH+3H twins exceeding the 3 H+4H production. Considering furthermore the
branching ratios for two-body 7~ decays of I';- spye/Tiota = 0.26 [177] and
- tame/Tiota = 0.5 [178] the absence of a bump which could be attributed to
AH-+1H is particularly puzzling.

At first sight it seems that an alternative production process than the ones
discussed so far is required to explain the singular structure at (133,114)MeV/c
in terms of 3 H+} H twins. Note however that in the initial analysis of the E906
data the bump at (133,114)MeV/c served as a calibration point for the pion
momenta, taking the decay of 3H+4H twins as granted [93, 179]. If that
structure were indeed caused by 4 H+§He twins with (133,108)MeV/c, it would
of course influence the momentum scale in the region of the (114,104)MeV/c
bump. This bump would then be shifted to approximately (108,97)MeV/c.
Considering the uncertainty of ABj, also such a momentum scale would be
compatible with the decay of § ,He and § , Li or a mixture of both. The absence
of §,Li nuclei may be related to the decreasing pionic decay probability with
increasing nuclear mass. Clearly, the present statistical decay model needs to
be complemented by quantitative weak decay calculations (see e.g. [180]) to
further corroborate our conjecture.

In summary we have presented a micro-canonical decay model to describe
the break-up of an excited double hypernucleus after the absorption and con-
version of a stopped =~ hyperon. Generally the formation of excited states
dominates in our model. For different == absorbing target nuclei, different
produced double hypernuclei dominate. Once combined with a weak decay
model these calculations will enable more reliable estimates of the y-ray yields
for the double hypernucleus measurements envisaged by the PANDA collabo-
ration [181] and a definite interpretation of the E906 data. In future studies
we also plan to extend the present model to the production of bound ZA or
triple A hypernuclei after the conversion of a {2~ into an excited ZA nucleus.
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5.2 Simulation of hypernuclei production

The aim of this section will be to explain the principles of the simulation of hy-
pernuclei production mechanism within the simulation code. Hypernuclei are
not defined by default within the software package and therefore further mo-
difications of the latter are needed to this respect. The implementation of hy-
pernuclei production consists of the definition of hypernuclei as particle within
the software by means of mass, charge, number of hyperons(strangeness), spin,
lifetime. and decay modes.

In general, one should also provide the physical processes associated with
its production. These processes are mainly characterized by an atomic and
nuclear capture of =~ hyperon by the target nucleus (See Fig. 4.1 in chap. 4)
followed by the conversion of the absorbed =~ hyperon into two As. The final
state is the described by the formation and subsequent statistical decay of an
highly excited compound system into small fragments.

However, due to the complexity of its implementation, the production of
hypernuclei will regard only the statistical decay after the capture of a =~.
This process will be accomplished by a devoted event generator.

Once the particle is defined, it is ready to be transported by the simulation
engine via the event generator interface. Depending on its energy it will be
transported within the detector material according to their associated physical
processes.

5.2.1 Hypernuclei event generator

The hypernuclei production has been implemented within the simulation code
via a dedicated event generator procedure. This event generator is based on
the statistical decay of a == hypernuclei, whose principles have been explained
in the previous section.

The starting point of the hypernuclei generation consists in providing some
input information, such as mass number A and charge Z of the nucleus target
as well as the binding energy of the absorbed =~ hyperon. In the present
work, a =~ binding energy of 3MeV has been considered. Previously, the
several hypernuclei species available for production as well as the possible
decay modes have to be implemented in the particle database of the software.

The output of the event generation will be the statistical decay of the
selected excited =~ hypernucleus in form of single and double hypernuclei,
eventually in excited states. Among hypernuclei species, light and heavy nu-
clide can be formed. In the following, the procedure to define hypernuclei
within the software will be introduced.
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5.2.2 Hypernuclei Definition

Contrary to elementary particle (mesons, leptons, baryons and light and heavy)
hypernuclei are not default particle and therefore they must be implemented
externally by the user. Hypernuclei will be treated by the transport engine as
heavy ions and its implementation will be accomplished by using an extended
version of the simulation framework P andaroot. The main modification con-
sists in defining a general particle by giving properties such as mass, charge,
spin, strangeness and lifetime to characterize them.

If the user defined particle is unstable, the possible decay modes must
be also provided. Hypernuclei will be distinguished from other particles by
means of the particle identification number which provides information about
the mass number A, the charge Z and the number of hyperons S. (For more
details see Appendix A.5.1).

5.2.3 Decay modes of Hypernuclei

As it has been remarked before, hypernuclei have been defined as unstable
particle. According with Sec. 1.2.3, hypernuclei decay mainly via the emission
of photons from particle stable states and via the weak decay (mesonic and
non—mesonic).

In general, electromagnetic transitions are much faster that the weak decay,
therefore it can be considered that hypernuclei occupying excited levels will
decay first electromagnetically to the ground state, and then the weak decay
will takes place. Of course, that is true unless for the case of isomer states,
where the weak decay can also occur from a excited energy level.

Electromagnetic decay In analogy with nuclear matter, the probability of
a electromagnetic transition between two states to occur is governed by the
electromagnetic radiation multipole [183].

In the present work, only electromagnetic transitions (See Tab. A.7 and
A.10) from hypernuclear excited states to the corresponding ground states
have been considered. The emission of a photon from a excited hypernucleus
is first treated as a two body decay in the center of mass and later the momenta
of emitted photon as well as the residual hypernucleus are boosted with the
initial momentum of the hypernucleus.

In comparison with the weak decay, the electromagnetic transition is fast.
As a consequence, the electromagnetic decay mode will be handled by the
event generator after the hypernucleus production. Fig. 5.2.1 illustrates the
energy spectra corresponding to electromagnetic deexcitations of nuclei, single
and double hypernuclei which have been produced after the statistical decay
of an excited compound hypernucleus (3% B*).
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For these calculations a =~ binding energy of 0.5 MeV and a '?C target have
been considered. In future, further modifications of the present code regarding
all possible electromagnetic hypernuclear transitions will be performed.
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Figure 5.6: Energy spectra corresponding to electromagnetic transitions of nu-
clei, single, double hypernuclei produced after the statistical decay of an excited
compound hypernucleus (}\?}\B*)

Mesonic weak decay For light hypernuclei, the non-mesonic and mesonic
decays are of similar importance (See Fig. 1.5 in Sec.1.2.3). A formal imple-
mentation of the hypernuclear weak decay widths requires the knowledge of
the dynamics as well as the kinematics of the process in nuclear matter.

In the present work, a simplistic approach of the mesonic weak decay pro-
cess has been considered. This approach considers only the kinematic point
of view of the two or three body mesonic decay of hypernuclei (See Tab. A.8
and A.6) and the decay final states are sampled according to the phase—space.
For instance, for the case of double hypernuclei, two subsequent mesonic weak
decays are taking into account. This decay chain is performed as follows,

N7 - m Y (Z+1) (5.5)
WZ+1D) - m+2(Z2+2)
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where 4,7, 4(Z + 1) and 4(Z + 2) denote the initial double A hypernucleus,
the single A hypernucleus and the ion respectively. The two pions emitted
during this process are denoted by m; and ms.

Additionally, according to some theoretical estimates the lifetime of a hy-
pernucleus at its ground state has been fixed to 200 ps. Pions with monoener-
getic momenta will be emitted as a result of a two or three body decay. The
momenta range achieved by these particles vary from 70 MeV /c to 133 MeV /c.

Furthermore, the momenta of the two pions are strongly correlated and
their coincident measurement provides an effective method to tag the produc-
tion of a double hypernucleus. An improvement of the present implementation
of the weak decay, by including the non mesonic weak decay modes with the
corresponding branching ratios, is also foreseen in the near future.



Chapter 6

Hypernuclear Event Simulation

6.1 Overview

Up to now, the detector setup requirements for the performance of the hy-
pernuclear physics at the PANDA experiment have been studied based on the
p+p— == reaction which corresponds to the first stage of the hypernu-
clei production mechanism. Additionally, a statistical decay model has been
introduced as main tool for the production of hypernuclei at excited levels.
Moreover, the electromagnetic decay as well as the weak mesonic decay have
been considered as the most probable hypernuclei decay modes. Based on
these features, a new event generator based on these assumptions has been
implemented to be used in the software.

In the present chapter, the simulation of a full hypernuclear event will
be addressed following the simulation chain procedure explained in Sec. 4.1:
event generation, detector signal simulation, reconstruction and analysis. The
reason for that is to give a complete overview of the possibility to perform
hypernuclear physics not only from the detector point of view but also from
the point of view of the analysis procedure. In particular, the analysis of a
full hypernuclear event is of big interest since the success of the project will
depend on the capability of identifying uniquely double hypernuclei.

The structure of this chapter is divided as follows: In Sec. 6.2, the different
steps which has been performed to simulate the hypernuclei production mech-
anism will be explained. For that the devoted detector concept which have
been studied in Chap. 4, will be here included.

In Sec. 6.3, the Monte Carlo information stored as result of the interaction
of the above produced particles with the detector materials will be modeled ac-
cordingly to obtain the corresponding electronic detector signals. In Sec. 6.4,
the different detectors electronic signals are reconstructed to build particles
trajectories, whose momenta can be extracted by using a devoted tracking al-
gorithm. The assignment of particles trajectories to a certain particle type,
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takes place in Sec. 6.4.2, where the energy loss and the timing measurements
together with the tracking information is used to calculate particle hypothe-
ses. In Sec. 6.5, a novel strategy will be presented to identify uniquely double
hypernuclei. This technique uses the electromagnetic deexcitations of excited
double hypernuclei in coincidence with negative pions from sequential mesonic
decays. The contribution of possible background sources will be studied by
using the same technique in Sec. 6.5.1 In addition, the efficiency of a method
for the background rejection based on positive kaon identification will be in
Sec. 6.5.3 evaluated. To finalize, in Sec. 6.5.4 the possible radiation damages
due to pNucleus reaction in the germanium array detector and in the scintil-
lating fiber array detector will be evaluated.

6.2 Event Generation

The simulation of a full hypernuclear event should reproduce the multi—stage
production mechanism described in Sec. 4. For simplicity, it will be performed
in different steps.

The first part involves the generation of =~ 4= pairs in the p+'2C reaction
within the primary target, their interaction with the secondary target detector
and the other detectors of the experimental setup. Special emphasis will be
given to the deceleration process of =~ within the secondary target absorber
material.

As in Sec. 4.2, where this process was used to optimize the detector setup,
the INC and UrQMD model will also be used as primary generators. For the
present simulation, the devoted detector setup discussed in sec. 4 is considered.
The secondary active target is located upstream at a distance of -75.6 cm from
the center of the PANDA spectrometer. The corresponding simulated setup is
based on the design presented in the upper part of Fig. 4.11 in Sec. 4.2.2.

Fig. 6.1 shows a compact structure of 26 mm thickness, consisting of 20 layers
of silicon strip detectors with alternating layers of absorber material. The ac-
tive silicon layers must provide also tracking information on the emitted weak
decay products of the produced hypernuclei. The case of 12C absorbers in all
four quadrants of the secondary target have been considered in the present
simulation.

The two rings of the scintillator fibers array, whose geometry corresponds to
the one given in Sec. 4.2.4, are placed covering the primary interaction point at
outer radii of 7cm and 9.9 cm, respectively. The HPGe array geometry imple-
mented here, is the one shown by Fig. 4.12 of Sec. 4.2.3. It is located upstream
at a distance of 30 cm from the primary interaction point (See Fig. 6.2).

Furthermore, the time projection chamber (TPC) and the Time-of-Flight
(TOF) scintillator barrel are also implemented as part of the hypernuclei setup,
and their geometry description corresponds to the one given in the general
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Figure 6.1: The active silicon layers provide also tracking information on the
emitted weak decay products of the produced hypernuclei.

PANDA detector setup in Sec. 3.2. Particularly, these detectors together with
the scintillator fibers array form part of the TOF system used for the back-
ground signal suppression (See Fig. 6.3).

Figure 6.2: The germanium array geometry implemented here is located upstream
at a distance of 30 cm from the primary interaction point. In the picture, the beam
goes from the left to the right.

Additionally, all physics processes undergone by the passage of the gen-
erated particles through the detector materials are also taken into account.
Particularly, within the secondary target two kind of hits information will be



110

CHAPTER 6. HYPERNUCLEAR EVENT SIMULATION

Figure 6.3: Detector setup showing the secondary target, surrounded by the scin-
tillator fibers, TOF and TPC. Particularly, the TPC and TOF together with the
scintillator fibers array form part of the TOF system used for the background signal
suppression.

collected during the simulation. One is related to the hits produced by all pro-
duced charged particles within the silicon layers and the other one regards the
hit production by =~ hyperons stopping in the absorber layers. In particular,
this absorber hits collection contain information about position of stopping
vertexes and momentum of the == hyperons before and after the decelera-
tion process. This part is specially important, since it will serve as input for
the generation of hypernuclei. In addition to the information storage on the
secondary active target, hit collections produced by the interaction of the ge-
nerated particles with others detectors such as the germanium array, the time
of flight system and the TPC will be also stored.

In the following, results related to the INC primary generator and a the
magnetic field intensity of 2T will be presented. From 50505 produced ===
events, which contained =~ hyperons with a laboratory momentum lower than

500 MeV /c, 7396 hyperons are stopped within the secondary target.

Recently Yamada and co-workers studied within the framework of the door-
way double-A hypernuclear picture [184] the production of double-A hyper-
nuclei for stopped =~ particles in 2C [75]. Per stopped Z~ they predict a
total double-A hypernucleus production probability of 4.7%. An even larger
probability of 11.1% was recently obtained by Hirata et al. within the Anti-
symmetrized Molecular Dynamics approach [76, 77].

Since the present studies concentrate on the production of double hypernu-
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Figure 6.4: Setup of the secondary sandwich target used in the present simulations.
The figure marks the stopping points of the =~ hyperons within the target in the
X-Y plane, transverse to the beam direction (Z axis) and in the R-Z plane. Where
R is the radial distance from beam direction. The rectangles indicate the outlines
of the four target segments. All four segments are equipped with '2C absorbers.

clei, a full microscopic simulation of the atomic cascade and capture of the =~
hyperons has not been performed. For the final rate the =~ p — AA conversion
probability is estimated to be only 5%. However, in the present simulation it
will be assumed that all stopped Z~ lead to hypernuclei production, namely a
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= momentum distribution at Secondary Target
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Figure 6.5: Momentum distribution of =~ entering the secondary target volume
and of those =~ which stop in the absorber material labelled in red and in blue
respectively.

100% conversion probability is assumed.

From the point of view of the detector acceptance, one can observe that the
majority of the hyperons are stopped in the most inner layers of the sandwich
structure (Fig. 6.4). The typical momenta of these stopped =~ are around
200 MeV /c (see Fig. 6.5 and Fig. 6.6).

The second part of the simulation regards the production of excited A
hypernuclei (double and single). As discussed in Chap. 5, the hypernuclei gene-
ration will be accomplished by a devoted event generator based on a statistical
decay model. The input for this event generator interface is the position of the
stopping vertexes of the =~ in the interior of the absorber material and a list
of hyperfragments, heavy and light ions, and photons produced as a result of
the statistical decay of a compound hypernuclei (See chap. 5).

This list is generated during the first part of the simulation at the time
a =~ hyperon stops in the absorber material of the secondary active target.
During the simulation several hits collections are produced after the interaction
of these particles with the detectors.

In particular, heavy and charged particle produced during this stage are
characterized for having low momentum, and therefore they will mainly stop in
the interior of the absorber material of the secondary target. On the contrary,
photons, neutrons and charged decay products (pions, protons) with moderate
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Figure 6.6: Transverse vs. longitudinal momentum distribution of =~ generated
with momenta less than 500 MeV /¢ (upper part) and those stopped within the sec-
ondary target (lower part).

momenta will be able to reach other detectors. Thus, the detector hits co-
llections considered as a result of the hypernuclei (with their decay products)
simulation are those produced in the secondary target, scintillation fibers array
and the germanium array.

As an example, Fig. 6.7 displays (X-Y and Y-Z views) the production of *H
+ 1% Be as a result of the statistical decay of the compound hypernuclei }3 B*.
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The light ion *H and the excited double hypernuclei }% Be stop immediately
after their production due to their low momentum. In both pictures it can also
be observed the two pions tracks produced in the sequential mesonic decay of
19 Be. The decay chain is in the following shown as,

NBe — VB4
B — YO 4

Figure 6.7: Event display of the *H + }B\Be production with its sequential mesonic
decay. Both figures show the sequential mesonic decay of /1&Be. Pink squares
symbols illustrate the trajectories of emitted pions within the secondary target.
The red line represents the gamma emission of a double hypernuclear excited state.
The green points represents hits on the scintillator fiber detector.

The two-stage procedure described above concerns the so—called signal
generation, but a complete study of the experiment feasibility requires also
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to evaluate the contribution of background interactions, like the p + Nucleus
process. Accordingly, the background influence will be studied in a dedicated
section following the same simulation strategy as it was done for the signal.

On the other hand, one should remark that for simplicity the digitization,
the reconstruction and analysis procedure will be applied considering the two
stages of the hypernuclei generation separately. In the following the Monte
Carlo information obtained from the two—steps of the hypernuclei simulation
is transformed via the digitization process into reliable detector signals as they
result from the readout detector electronics.

6.3 Digitization

During the digitization, the information extracted from the particle transport
as a collection of hits, is processed to reproduce the signals in the front-end-
electronics of the individual detectors, producing a digitized detector response.
In this section, only the detectors involved in the production and detection of
Hypernuclei are considered. Because their setup and their readout is still under
investigation, a parametrized digitization was used for simplicity, which was
derived from Monte Carlo calculations using a full digitization.

In the following, the digitization procedure of the secondary tracker, ger-
manium detector array, and the time of flight system (Scintillator fibers and
scintillator barrel detectors) will be explained.

Silicon Readout Electronics of the Secondary Active Target For sim-
plicity, one of the digitization schemes of the Micro Vertex Detector (MVD) [187]
has been also adopted for the secondary active target. This option of silicon
detector types, consist of a readout performed by silicon strip detectors on
both sides of the sensor.

The signal in the sensor (silicon layer) is formed by using the local trajec-
tory within the layer material. The local trajectory is computed from the hit
position at the entry and at the exit of the sensitive silicon layer at the sensor
coordinates reference system. The channel number and the charge collected by
the electronics are then determined by the position and the deposited energy
of the hit. Then, the channel mapping of the trajectory is done on both sides
of the sensor. That is accomplished, by calculating the number of digitized
channels independently from the projection of the trajectory and its orienta-
tion on both sides of the sensor. After that, the charge signal is shared among
all excited strips depending on the fraction of the local track.

In addition, the size of the readout structures are defined by the size of the
spacing (pitch) of the strips. The channel is then assigned to a frontend and a
common number of 128 channels per frontend is chosen. The reconstruction of
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the hit mean position is then calculated through the charge weighting between
the strips of the clusters on the same sensor.

In the simulation, a smearing of the local hit position by 100 ym was con-
sidered to reproduce the cluster reconstruction on the sensor. The values of
100 pm and of 90 degree have been adopted for the strip pitch and the stereo
angle respectively.

HPGe Detectors array response In the case of the germanium array
detectors, the energy signal has been modelled as follows: For each cluster,
the total energy deposit in each of the three germanium crystals has been
summed up. The later is smeared with a Gaussian distribution, assuming a
value of 3keV for the standard deviation which coincides with the experimental
energy resolution of the detectors.

To describe the response of these detectors, processes which are relevant
for the interaction of the emitted photons with matter such as pair production,
Compton scattering and the photoelectric effect have been taken into account.

Scintillator detectors response As described in Sect. 4.2.4, the readout
electronics of scintillation barrel detector, commonly called Time-Of-Flight
barrel in this work, will be arranged at both edges of its bars.

As a consequence, the detector will be sensitive to the position of ionizing
particles interacting with its scintillating volume. On the other hand, one has
to notice that scintillation light production on the time of flight barrel and
on the fibers array detectors has not been implemented. Instead of that, the
Monte Carlo hits information such as time and position have been used to
parametrize the detector response. This parameterization procedure will be
explained in the following paragraph.

The time information considered here corresponds to the time the parti-
cle takes to arrive to the detector volume from the interaction vertex. The
parametrization adopted in the present work assumes that,

e the time resolution provided by the electronics device is about 100 ps!.

e photons generated by the interaction of ionizing particles with the scin-
tillator volume will travel without reflexions to the edges of each bar.

Knowing the Monte Carlo position information of the interacting particle and
assuming that scintillation photons will move with a velocity given by the
distance to the next readout device and the refraction index of the medium, the
time difference between the both sides of the scintillator bar can be determined.
The position of the scintillation source can be then reconstructed from the time

lachieved by others time of flight detectors of experiments such as the CDF experi-
ment [185].
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difference and the timing measurement is obtained by smearing the Monte
Carlo timing information? with the time resolution of the electronic readout
device.

The same procedure has been used to determine the response of the fiber
array detector. Contrary to the scintillator Time-Of-Flight barrel the timing
resolution achieved by them is about 450 ps. However, in order to study the
background suppression capability by means of a time of flight measurement,
further investigations have also been done, considering a start detector with
a timing resolution comparable to the one of the TOF barrel detector (See
discussion in Sec. 4.2.4 of chap. 4 and Sec. 6.5.3 in this chapter).

In the present work, the value for the time of flight is given by the dif-
ference between the timing measurement of the start detector (Scintillating
fiber detector) and the one measured by the stop detector ( scintillating barrel
detector).

6.4 Reconstruction

As discussed in Sect. 4.1, the reconstruction of charged particles trajectories
uses the hits information of the several detectors involved in the simulation af-
ter the digitization process. The reconstructed trajectories, denominated also
tracks candidates, are parametrized with special algorithms provided by the
selected track model to obtain information such as momentum, length of the
trajectory, direction etc. In this section a particular emphasis will be given
to the reconstruction of the low momentum charged particles resulting from
the hypernuclei production mechanism. This procedure will mainly be accom-
plished by the secondary active target and eventually by the scintillation fibers
array. Charged particles with moderated momenta emitted into the forward
direction will be reconstructed making use of the time projection chamber as
main tracker detector and of the time of flight system.

6.4.1 Momentum resolution and low momentum parti-
cles

The general aspects of the track reconstruction model within the PANDA tar-
get spectrometer region have been reviewed in Appendix A.1. It has to be
remarked that these algorithms have been mainly optimized for particles mo-
menta above 500 MeV /c. As a consequence, low momentum particle, namely
below 200 MeV /¢, are reconstructed with a poor momentum resolution [187],
and further improvements are required particularly in case of hypernuclei decay

2difference in the time of arrival of the particle at the scintillator with the collision time
t0
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charged products (See details in Sec. 5.2.3). The momenta of these particles
ranges from 80 MeV/c to 200 MeV /¢, where the energy loss and multiple sca-
ttering are quite important and have to be treated accurately. The momentum
resolution of a particle depends mainly on the magnetic field strength, the ra-
dius of the trajectory and the radius of the tracking system or, in others words,
on the total trajectory length. For a fixed value of the momentum p, and of the
spectrometer radius, the resolution improves as the magnetic field increases.
That means that the curvature of the particle trajectory (1/radius) increases
leading to a better determination of the radius and for instance of the momen-
tum. Of course, this statement is only valid as long as the diameter of the
particle trajectory remains much larger than the spectrometer radius.

In addition, an improvement of the momentum determination, and for
instance, of the momentum resolution is also achieved by increasing the number
of detectors which contribute to the measurement of the particle trajectory.
This behaviour is reported in ref. [187], where the resolution associated to the
tracking algorithm achieved by the Micro Vertex Detector improves as soon as
the tracklet information of Central Tracker system is added.

On the contrary, the amount of material the particle is passing through has
also a negative influence on the resolution and must be carefully considered
in the detector design. The expression which relates these magnitudes with
the momentum resolution o, of a particle moving within a magnetic field B
follows the relation p = prsin#,

o\ o 2 Og \2
p y
o) _ (%) . ( ) 6.1
( p ) ( pr ) tan ¢ (61)
where o, represents the resolution of the transversal momentum pz on the r¢-
plane and oy corresponds to the resolution in the beam direction. The emission
angle is defined as #. Each term on the rightened side of the formula can be

expressed as a sum of the uncertainties caused by the multiple scattering and
by the finite measurement resolution.

2 2
Ipr  _ (%) + (Uﬂ> (6.2)
pr PT /) gt Pr /) ms

(aﬂ> _ pre 720 (6.3)
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— = ————V1.43
(pT )MS 0.3BzL cos? A

where L = RA® is the projected length of the trajectory onto the bending
plane. The position measurement error for each point, perpendicular to the
trajectory is represented by €. N + 1 is the number of points measured along



6.4. RECONSTRUCTION 119

the track. z is the particle charge. A = 90° — @ and L is the total track length.
Moreover, the mean scattering angle 6, is defined as follows,

13.6z | L L
0y = — (140.030In —
"= B VX, < +0.030 nXO)

where X is the radiation length of the scattering medium and the kinematic
variable # = v/c. The uncertainties associated to the 6 are given as function
of the number of hits /N, the mean scattering angle 6, and the measurement
uncertainty along the beam axis e,.

o €, 12N 1
_& 9 4
tan 0 L\/(N+1)(N+2)+\/§O (6.4)

Previous hypernuclei experiments denoted out that a good momentum reso-
lution of particles with momenta below 200 MeV /c was affordable for magnetic
field strengths in the range between 1 T and 0.5 T. The tracking of low momen-
tum pions at the FINUDA experiment [188] is accomplished with a momen-
tum resolution of 0.3% of FWHM. The magnetic field strength was optimized
to1.1T to track pions with momentum around 250 MeV/c in a 1m radius
spectrometer.

On the other hand, the AGS-E906 [93] experiment achieved to reconstruct
pions tracks with 0.4% (FWHM) at 100 MeV/c. The spectrometer with a
radius of 30 cm was operated with a magnetic field of 0.5T. Previous inves-
tigations on the Micro Vertex Detector tracking capabilities show that par-
ticle with momenta below 200 MeV/c and emitted in a wide angular range
(4° — 160°) are reconstructed with a momentum resolution of 2% (FWHM).

In comparison, the present setup of the secondary active target (See Fig. 6.1)
has a radius of about 4 cm. Considering the scintillator fibers detector as even-
tual external tracker the value for the total radius accounts approximately
10cm. This value is still very small to achieve a reliable momentum resolu-
tion for a magnetic field of 2T. As a consequence, either the magnetic field
is reduced to 1T or the radius of the tracker is increased. However, with the
present amount of material® (17% of the total radiation length Xj) it can result
in an increase of the material effects due to energy loss and to the multiple
scattering.

The present amount of material contributes already to deteriorate signifi-
cantly the tracking resolution of low momentum particles traversing the detec-
tor. Here a compromise must be again found in order to have enough hyperons
stopping vertexes within the secondary active target and at the same time not
interfere much in the tracking resolution. Moreover, it has been shown that

3The amount of material is defined by the product of the detector thickness ¢ and the
material density p
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with the present secondary active target design the most of the low momentum
hyperons stop after traversing the two first absorber—silicon layers.

As a consequence, a further improvement of the detector geometry may
be achieved by designing a new setup consisting of two absorber and silicon
layers close to the interaction point and three silicon layers at outer radii. This
solution corresponds already to an amount of material of 2.6% of the total
radiation length. In addition, the dependence of the transverse momentum
resolution for pion tracks has been calculated as a function of the magnetic
field strength (2T, 1T and 0.5T), the transversal momentum and the amount
of material of the detector. Fig. 6.8 illustrates the results of these calculations.
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Figure 6.8: The dependence of the transversal momentum resolution for pions
tracks calculated as a function of the magnetic field strength ((2T (black ), 1T
(red ) and 0.5T (blue )), the transversal momentum component and the amount
of material of the detector. Filled squares represent the amount of material of 17%
(present setup) and the empty circles regard the assumption of a material amount
of the 2.6%.

The symbols denoted by empty circles correspond to an amount of material
of 2.6% of a radiation length and the filled squares correspond to the present
secondary target setup with a material amount of 17%. The resolution of
the transverse momentum coordinate increases with the magnetic field and
momentum. It reaches a minimum value around 200 MeV /c and decreases
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again in the low momentum region. This effect is due to the fact that low
momentum pions will be strongly affected by the amount of material, losing
energy rapidly.

In the present work the reconstruction of charged particles trajectories be-
low 200 MeV/c has been performed without taking into account corrections
for material effects. In contrast to the global tracking procedure, which uses
the information of several detectors, the reconstruction of low momentum par-
ticles trajectories is treated via a local tracking process, namely by using only
the reconstructed hits on the secondary active target and eventually on the
scintillating fibers array detectors. The track finding is accomplished by an
ideal pattern recognition algorithm based on the Monte Carlo information.

Due to the reduced dimensions of the tracking region surrounding the in-
teraction point and to the material effects, the trajectories of low momen-
tum particles within the secondary active target are more similar to parabolas
than to helices. Therefore, a parabola track representation was chosen and
the tracking algorithm employed for the fitting was the one described by the
GENFIT [189] package. The GENFIT algorithm alone does not account for
the material effects but, for the goal of this work it offers rather good results.

In addition, one can observe that most =~ stop in the first few millimeters
of the secondary target and therefore the efficiency for tracking pion pairs pro-
duced in the subsequent weak decays of double A hypernuclei is expected to be
rather high. In fact, as it was mentioned before, these corrections will improve
the resolution of the tracking algorithm. Further improvements concerning the
use of more realistic algorithms for the patter recognition as well as for the
tracking procedures, are foreseen in a near future.

6.4.2 Charged Particle Identification

Good particle identification (PID) for charged hadrons and leptons plays an
essential role for PANDA and must be guaranteed over a large momentum range
from 200 MeV/c up to approximately 10 GeV/e. Several subdetectors provide
useful PID information for specific particle species and momenta. While energy
loss measurements within the trackers obtain good criteria for the distinction
between the different particle types below 1GeV/e, the DIRC detector is the
most suitable device for the identification of particles with momenta above the
Cerenkov threshold (700 MeV /c). Moreover, in combination with the tracking
detectors, the EMC is the most powerful detector for an efficient and clean
electron identification, and the Muon detector is designed for the separation
of muons from the other particle species. The best PID performance however
can be obtained by taking into consideration all available information of all
subdetectors.

The PID procedure is divided in two different parts. In the first stage the
recognition is done for each detector individually, so that finally probabilities
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for all five particle hypothesis (e, u, 7, K and p) are provided. The probabilities
are normalized uniquely by assuming same fluxes for each particle species.

In the second stage the global PID combines this information by applying a
standard likelihood method. Based thereon, flexible tools can be used which
allow an optimization of efficiency and purity, depending on the requirements
of the particular physics channel. Based on the likelihoods obtained by each
individual subdetector the probability for a track originating from a specific
particle type p(k) can be evaluated from the likelihoods as follows:

p(k) = ) (65
Zj ILpi(4) 7

where the product with index ¢ runs over all considered subdetectors and the

sum with index j over the five particle types e, u, 7, K and p.

In the following, special emphasis will be made to explain the particle
identification techniques for the low and moderate momentum particles (pions,
protons and kaons) emitted during the hypernuclei production. Basically the
techniques here employed are the use of dE/dx and the timing measurements
by the secondary active target and the TOF detector system respectively. Due
to the readout electronics similarity between the secondary active target and
the MVD readout electronics, the technique relative to dE/dx measurement
performed by the latter will be also here adopted.

6.4.2.1 dE/dx Measurements

The energy loss of particles in thin layers of material directly provides an
access to the dE/dx. As established from the Bethe-Bloch formula [190],
particles of different types with a certain momentum have different specific
energy losses, dF/dx. The mean energy loss dE/dxr for moderate particle
momenta is expressed as?

dE pZ 22 2mMeCWnaw 3272 N C
i KI@ (ln 2 —20° =46 — 22) (6.6)
This property can be used for particle identification, as illustrated in Fig. 6.9.
This information is obtained by the detector readout electronics. The method
however suffers from two limitations. First of all, at the bands overlapping
points, there is no possibility to disentangle particles. Secondly, the distribu-
tion of the specific energy loss presents a long tail which makes difficult the
separation, especially when large differences exist between the different particle
yields. In PANDA, two detectors will provide access to a dE/dx measurement,
the MVD detector, and the central spectrometer tracking system (Straw Tube

Tracker or Time Projection Chamber).

4The constants definition can be found at ref. [190].
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Detailed investigations performed for the Micro Vertex Detector points out
that a good separation of the different particle species depends on one hand
on the accuracy to measure the energy loss from the collected charge in the
frontend electronics and on the other hand on a good knowledge of the track
position with respect to the sensor surfaces.
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Figure 6.9: dE/dx information from the secondary active target versus track mo-
mentum for hyperons (upper band), protons/kaons (middle) and pions (lower).

Contrary to the usual truncated mean method consisting in summing the
individual hit measurements dE;/dx; to an energy loss information

and omitting the highest value, all hit measurements can be combined to a
total quantity

dE > dE;

de > du;
The dFE; are the energy information from the reconstructed hit and the dz; are
obtained by calculating the length of the reconstructed track traversing the
sensor material. This method gives a slightly smaller spread of the Landau-
smeared energy loss compared to the truncated mean method.
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The width of the individual bands depends on the energy-loss distribu-
tion which varies with momentum. The total error uncertainty contribution is
parametrized by a single Gaussian distribution which is convoluted with the al-
ready Landau-distributed energy loss. The resulting distribution is calculated
using numerical integration of the functional integral

with the parameters o for the Gauss width, 7 respectively for the Landau
width and s, which is the most probable value of the Landau distribution.
The used parametrizations for the distributions are

1
GO—(LE) — 27-‘-0-6—4132/0'2

for the Gauss distribution and

1 oo
L. (x) = — et t=2/7) gin (rrt)dt
0

for the scaled Landau distribution. For each particle type the parameters are
then obtained independently by generating single particle events each over a
wide momentum range. The energy loss distribution is then fitted to get the
parameters §;, 0;, 7; for a given p;. For all particle types the evolution of the
parameters 5(p), o(p) and 7(p) are parametrized with polynomials and can be

used as a basis for the calculation of the particle hypothesis. An example of
particle hypothesis calculated with this technique can be found in Ref. [187].

6.4.2.2 Timing measurement

Using the tracking (momentum, charge, track length) and the timing informa-
tion particle identification may be performed. Indeed, a particle with mass m
and momentum p has a velocity v which can be expressed in units of the light
velocity ¢ by 0 =wv/c

= e 68

1
v

Using the definition of v and (3, one gets the following expression £ = 3. For
instance, Fig. 6.4.2.1 shows the value £ as a function of the particle momentum
p and its charge ¢. For that, a data sample® of 200,000 =+ = events have been

SEvent generation has been accomplished by the UrQMD-+Smm generator interface
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Figure 6.10: Particles separation using the timing and the track information. Par-
ticles resulting from the = + = with the UrQMD+SMM generator are separated
according with their mass m, charge and momenta P.

generated at a magnetic field of 1 T. The bands on the negative region of this
picture® represent the production of negative particles such as pions, kaons,
and antiprotons’. The bands on the positive region of the picture correspond
to positive charged particles such as pions, kaons, protons and light ions.

Based on this feature, different methods can be adopted for particle iden-
tification (PID). In the following, the so—called “contour method” and the
“probability method” will be reviewed.

Contour method For this method all reconstructed primary particles are
entered in a momentum versus mass plot as shown in Fig. 6.11. The mass m

6E)eﬁned as the product of the particle charge ¢ and the momentum p
"Z free decay, 2 — A +p



126

CHAPTER 6. HYPERNUCLEAR EVENT SIMULATION

of the particle is then determined by the formula:

2
m=p % —1
being ¢t the time of flight to travel a path length [.

Fig. 6.11 illustrates several clusters of points corresponding to pions, kaons
and protons at a magnetic field B = 1T for a data sample of 200,000 2~ +=*
events. Additionally, mismatched tracks can leads to “wrong times” causing
contamination, even in the low momentum region where the mass resolution
(Om/m) is good. The mass resolution (0m/m) can be expressed as a function

of the time, momentum and track length resolutions &,

om/m = A3 (011 + 0t /1) + (9p/p)’ (6.9)
v = E/m

where F represent the particle energy.

At larger momenta, the particle clusters become obviously wider because
the mass resolution increases with the particle momentum even for practically
constant time resolution (0t/t). Additionally, at small momenta, the parti-
cle clusters appear to be systematically distorted, i.e. curved towards larger
masses. The reason is that the mass is calculated assuming that the parti-
cle momentum is constant, whereas it decreases due to energy loss when the
particle travels all the way through the tracking and timing detectors. This
effect can be reduced by using some effective momentum corresponding to the
middle-point of the track, instead of the momentum at the vertex. The iden-
tification procedure is then accomplished by introducing specific contour cuts.

Probability method The probability method consists in assigning to each
kind of particle a probability density function(p.d.f.) based on some separa-
tion parameter, for instance the mass, by fitting the appropriate Monte Carlo
simulated distribution. Therefore, one can compute the probabilities for each
track, measured with a given mass m, to be a pion, a kaon or a proton from
the heights of the corresponding mass p.d.f’s (fx, fx, fp) at this m-value. Each
p.d.f. should be normalized to the corresponding particle yield. The probabi-
lity to be a particle of type i can be indeed defined as

fi
fa(m) + fi(m) + fp(m)

Fig. 6.12 shows an example of the p.d.f, for « = k, 7, p, obtained as Monte Carlo
mass distributions. However, mass is not a very good separation parameter

Fi(m) = (6.10)

80t/t, Op/p and Ol/l respectively
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Figure 6.11: Mass separation with the TOF detector system( time resolution :
80 ps) as a function of the particle momentum for data sample of 200,000 =~ + =
events with a magnetic field value of 1T

because its probability density function has not a proper Gaussian shape as a
consequence of the mass determination formula 6.9. Time-of-Flight is indeed
gaussianly distributed and can be more conveniently used for probability cal-
culations. For a track measured with a given flight—time ¢, the probability to
have a mass m; can be calculated for : = k, 7, p as

Pi(t) = Ji (6.11)

gr(m) + gr(m) + gp(m)

where g(t;) is the height of the Gaussian p.d.f. g( with mean value ¢ and stan-
dard deviation oy) at the time ¢; derived from the track length [ and momentum
measurements with mass hypothesis m;(see Fig. 6.13). Here a weighting pro-
cedure is applied to consider the different particle yields. The time—based
probabilities obtained in this way are shown in Fig. 6.14 as functions of the
mass derived according to formula 6.9. One can see the masses at which the
probability for a particle to be a pion becomes equal to the probability to be
a kaon(= 0.3GeV/c?), and the probability to be a kaon becomes equal the
probability to be a proton(= 0.7 GeV/c?) correspond to the crossing points of
the 7, K, p mass p.d.f’s of Fig. 6.12.
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Figure 6.12: Mass probability density functions for pions, kaons and protons, ob-
tained as mass spectra of unambiguously TPC-TOF matched tracks with a momen-
tum ranging from a 200 MeV /c to 1.4 GeV /c (data sample contains 200,000 2~ +Z=7
events at B=1T). Superimposed, some gaussian fits to guide the eye.

6.5 Analysis of a Hypernuclear Event

The analysis procedure in the present work is managed by tools provided by
the Rho package [186]. For each event the information obtained after the recon-
struction stage is associated to particle candidates (kaons, pions or photons)
according to the particle hypothesis calculated during the particle identifica-
tion process and are stored in particle lists. For the identification of complete
decay chains selector applications can be applied to get access to the candidate
lists and to extract information such as number of particles, total event energy
or four vectors of each particle.

In the following, the analysis of a full hypernuclear event will be addressed.
As discussed in Sec. 2.2.2 spectroscopic information on double hypernuclei will
only be obtained via their decay products, namely v—rays emitted from electro-
magnetic deexcitations and pions produced via the sequential mesonic decay.
However, except for the case of very light hypernuclei, also neutral particles
are emitted. Therefore, a unique identification of the double hypernuclei can
only be reached via the emitted ~-rays from excited, particle stable states.

In the present work, an identification strategy will be introduced to uniquely
assign observable transitions to the corresponding hypernuclei. This strategy
is based on the coincidence detection of the deexcitation photons of produced
double and single hypernuclei, and of pairs of decaying pions. On the other
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Figure 6.13: Example of time—of-flight probability density function. The standard
deviation o; of this gaussian function, centered at the measured track time ¢, has
been enlarged by an arbitrary factor for the sake of clarity.

hand, pions emitted via a two-body decay are monoenergetic and their mo-
menta are strongly correlated. As a consequence one can use their coincident
measurement as an effective method to tag the production of a double hypernu-
cleus. Moreover, the momenta of the two pions provide information about the
hypernucleus binding energy which is a unique signature of the hypernuclide.

In the following, the second stage of the multi—step production mechanism,
will be analyzed according to the method explained above. Asremarked before,
this second step is the result of having simulated the statistical decay of the
7396 produced excited =~ hypernuclei. The starting point of this analysis is
the total energy spectrum measured by the germanium array detector and it is
shown in Fig. 6.15. The main contributions to this spectra are electromagnetic
deexcitations from excited particle stable states of double hypernuclei as well
as excited states of conventional nuclei and single hypernuclei.

One can note, that the size of the bins (50 keV) in this plot is significantly
larger than the resolution of the germanium detectors expected even for high
data rates at normal conditions (3.4keV at 110kHz [191]). Even after 100
days of operation at PANDA and an integrated neutron fluency of about 6-10°
neutrons/cm?, one expects a degradation of the resolution by less than a fac-
tor of 3 to no more than 10keV [192]. Several peaks seen in the spectrum
around 1, 1.68 and 3 MeV are associated with «-transitions in various hyper-
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Figure 6.14: Time —based PID probability distributions as a function of the mass,
for pions, kaons and protons, corresponding to unambiguously matched TPC-TOF
tracks with a momentum range from 0.3 GeV/c to 1.4 GeV/c and a track length of
approximately 1 meter at B=1T

nuclei. However, for a clear assignment of these lines, additional experimental
information will be needed. This additional information is the one related to
the charged decay particles tracked in the secondary active target, and how to
obtain it will be explained in the next paragraph.

After the tracking procedure which has been reported in Sec. 6.4, 14883
charged tracks candidates have been reconstructed. Additionally, with the
application of the particle hypotheses, obtained via the dF/dx technique in
combination with the tracking information, a number of 8133 tracks has been
recognized as m~ candidates.

The next requirement is the selection of events containing two pion candi-
dates since the sequential mesonic decay of a hypernuclei results in the emission
of two negative pions. In case this requirement is fulfilled the pion candidates
are ordered with respect to their momenta so that the pion with higher momen-
tum is labeled as (py) and plotted against the one with the lower momentum
(pr). Tt can be noticed that due to this feature the coincident pion spectrum
is folded about the line where py = p;. The pion spectra of two—body decay
from a double A hypernuclei at rest or nearly at rest, should exhibit a sharp
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Figure 6.15: Total v-ray spectrum resulting from the decay of double hypernuclei
produced in a '2C target and detected in the germanium array before additional
cuts. The arrows illustrate some ~v-transitions associated with various hypernuclei
around 1, 1.68 and 3 MeV. The statistics of the simulations corresponds to a data
taking time of about two weeks.

peak. A correlated signal with this feature can be interpreted as a pair of
single-A hypernuclei if the momenta match known decays of single-A systems.
On the contrary, it can be regarded as a double-A hypernucleus when only
one of the lines matches a known decay momentum [87]. According to that,
several regions of enhanced events, appear in the two—dimensional scatter plot
of the pion pairs events (See Fig. 6.16). Fig. 6.16 shows the momentum cor-
relation of all negative pion candidates from the secondary '2C' target. For
the sake of clarity, the various bumps corresponding to different double hy-
pernuclei are marked by different colors. The enhancement regions such as
(98.8, 119) MeV /¢, (99, 102) MeV /¢, (74, 131) MeV /c, and (98.8, 133) MeV /c
have been selected in the present analysis. In fact, these regions correspond
to the most probable produced double A hypernuclei species in the case of a
12 target (See chapter 5). One can then observe that the good separation
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of the different double hypernuclei provides an efficient selection criterion for
their decays.
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Figure 6.16: Momentum correlation of all negative pion candidates resulting from
the decay of double hypernuclei in a secondary 2C target.

In the following, the cited enhancement regions have been delimited by
rectangular contours in the (Ppigh, Piow) plane. Events enclosed within these
zones are used to gate the total energy spectra shown by Fig. 6.15 and obtain
the corresponding energy spectra of the associated double-A hypernucleus.
Fig. 6.17 shows the vy-ray spectra gated on the four regions indicated in the
two-dimensional scatter plot. In the plots (a) and (d) the 1.684 MeV %+ and
the 2.86 MeV 27 states of ;) Be and 1 Be, respectively, can clearly be iden-
tified. Because of the limited statistics in the present simulations and the
decreasing photopeak efficiency at high photon energies, the strongly popu-
lated high lying states in {,Li at 4.55 and 5.96 MeV cannot be identified in
(b). The two dominant peaks seen in part (c) result from the decays of excited
single hyperfragments produced in the 2~ + C —4 H +3 Be reaction, i.e. 4 H
at an excitation energy of 1.08 MeV [57, 58] and § Be at an excitation energy
of 3.029 and 3.060 MeV [28, 193].

In the present simulation, several intermediate steps, which do not affect
the kinematics and hence the detection of the decay products, have not been
considered on an event-by-event basis. Obviously, these points are relevant for
the final expected count rate:

e a capture and conversion probability of the == of 5-10%.
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Figure 6.17: ~-spectrum detected in the Ge-array by cutting on the two pion
momenta. The expected y-transitions energies from single and double hypernuclei
are marked by the arrows.

e typical probability of a double mesonic decay of 10% (c.f. Fig. 1.5).
e availability of data taking 50%.

With these additional factors taken into account, the spectra shown in Fig. 6.17
correspond to a running time at PANDA of about two weeks. It is also impor-
tant to realize that gating on double non-mesonic weak decays or on mixed
weak decays may significantly improve the final rate by up to a factor 10.

6.5.1 Background influence

The main background contribution to the coincident pion spectrum is expected
to come from decays of quasi—free Z~s, quasi—free As, and quasi—free As asso-
ciated with hypernuclear decays. For instance, == hyperons decays via the
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emission of a proton and two pions as shown below,

= A+ (6.12)
A—p+m

As a consequence, pions from these decay chains will populate the momentum
bins below 140 MeV /c. The quasi—free pion spectrum does not have a so well
defined structure as the one corresponding to the hypernuclei two—body decay,
and it is approximately constant.

Another background source is the one corresponding with p+'2C' reactions
which does not lead to the production of 2~ +Z=* pairs. Even if the probability
of generating particle with momenta below 140 MeV /c is very small, one should
consider the fact that the cross section of this reaction mechanism is about
25000 times larger than the one corresponding to the production of =~ +
=* pairs. Therefore, the p +'2 C process will also be studied as a possible
background contribution.

In the present simulation, the main source of quasi—free == decay is pro-
vided by the first step of the signal generation, which regards the production
of 2= + =% pairs. The events containing no stopping =~ hyperons will be
considered to be analyzed following the same procedure as before. The re-
sulting coincident pion spectrum is shown by Fig. 6.18. The influence of this
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Figure 6.18: Momentum correlation of all negative pion candidates resulting from
the quasi-free 2~ decay in a secondary 2C target.

background signal affects also the energy spectra measurement of the several
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hypernuclear species treated before. Fig. 6.19 shows the contribution of the
quasi-free background to the individual energy spectra of § ,, % Be i Be and
the twin } H +3 Be. These energy spectra have been obtained by applying the
same momenta cuts (rectangular contours) as for the hypernuclear production.
The lack of statistic in Fig. 6.19 allows only to make an approximated estimate
of the signal-to—noise ratio, which is 3 to 1. Even though, this quantity seems
to be too optimistic, and therefore a better estimation of the background signal
due to the quasi—free decay of =~ hyperons will need of an enhancement of the
present statistic. In the next paragraph, the background contribution due to
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Figure 6.19: ~y-spectrum associated with quasi—free Z~ decay events detected in
the Ge-array by cutting on the two pion momenta. The expected 7-transitions
energies from single and double hypernuclei are marked by the arrows.

the inelastic p +'2 C' interaction will be estimated. For that, background reac-
tions have been calculated by using the UrQMD+SMM [194] event Generator.
At present, it is not possible to simulate the detector response for a sam-
ple of unspecific background events which is large enough to test background
suppression in all details. The background suppression and signal detection
capability can therefore only be estimated by using extrapolations based on
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simplified assumptions.

For the present analysis 100,000 p +'2 C' interactions at 3GeV/c were
generated. The total energy spectra resulting from the background simula-
tion have been filtered by using the same technique as it was done for the
signal events. Particularly the same cuts on correlated pion candidates have
been applied to the background events, in order to obtain the corresponding
background spectrum for each of the hypernuclei channels. For ! Be as well
as 1% Be only one single event survived the cuts. Both of these events had an
energy deposition in the germanium detector exceeding 10 MeV significantly.
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Figure 6.20: Momentum correlation of all negative pion candidates resulting from
the p+'2C reactions in a secondary '2C target.

Several further improvements of the background suppression are expected
by exploring the topology of the sequential weak decays. This includes the
analysis of tracks not pointing to the primary target, multiplicity jumps in the
detector planes and the energy deposition in the secondary target.

6.5.2 Comparison with UrQMD+SMM calculations

As previously discussed, the UrQMD+SMM generator can also be used for the
generation of a hypernuclear event. In contrast to the INC generator, it can
be used to obtain high statistics, and therefore, it can provide complementary
information.

By using the UrQMD+SMM generator interface, a sample of 200,000 =~ +

=" events has been considered for the hypernuclei event generation at different
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Figure 6.21: y-spectrum associated with p 4+ '2C events detected in the Ge-array
by cutting on the two pion momenta. The expected 7-transitions energies from
single and double hypernuclei are marked by the arrows.

values of the magnetic strengths (2T, 1T and 0.5T). This calculation has also
had the purpose of studying the influence of the magnetic field on the number
of stopped =~.

Nevertheless, no significant change has been observed, and the number
of stopped =~ within the absorber material was, for the three cases, almost
the same (=~ 15,000). On the other hand, on can note that this number in
comparison to the 7396 stopped =Z~, obtained by the INC calculations, is a
factor of 2 larger. However, in the following the analysis results related to
the UrQMD+SMM calculations at the magnetic field strength of 2T will be
presented.

Applying the same analysis procedure as in previous sections, the gamma
spectra corresponding to the production of the double A hypernuclei %, 1% Be
1L Be and the twin hypernucleus 3 H +% Be are shown in Fig. 6.22. One can
observe in Fig. 6.22 that due to the enhancement of statistics, some of the
y-transitions not identified before, (such as the states in ,Li at 4.55 and
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5.96 MeV and the 2.86 MeV 27 states of 1% Be), can now be well distinguished
(See panel (c) and (d) of Fig. 6.22).

In analogy to the results obtained before, it seems that the major valuable
background source is due to the free decay of the == hyperons. Taking as
a reference the § Be 7-transition at 3.06 MeV in panel (d) of Fig. 6.22 and
Fig. 6.23, the associated signal to noise ratio is 21 to 1. As a consequence,
these results confirm the need for large statistics in order to make significant
estimations of the capability to identify uniquely individual y-transitions over
the background.

6.5.3 Kaon identification based on timing measurements

As already mentioned, the production of low momentum =~ via the p +p —
== reaction(See ref. [6]) seems mandatory for the performance of hypernu-
clei physics at the PANDA experiment. Because the value of this cross section
is likely 4 orders of magnitude smaller than the one corresponding to the p+p
annihilation process, the background suppression plays an important role in
the unique identification of hypernuclei. Moreover, the major part (around
85%) of the associated =" annihilates inside the primary target nucleus releas-
ing in most cases two positive kaons. Theses kaons are emitted particularly
into the forward region, providing with its identification a possibility to tag
the production of == hyperons.

In the present work, a strategy will be introduced to identify low momen-
tum kaons via the timing measurement of TOF (Time of flight system) in
combination with the tracking performance of the TPC detector at PANDA.
The efficiency of tagging the production of == hyperons via the kaon iden-
tification will also be studied by considering different values for the timing
resolution of the start detector. It is also important to note that the efficiency
of the method will also depend on the geometrical acceptance of the detection
system. The main difficulty of the proposed setup is to optimize the distance
of the hypernuclear target to the central tracker of PANDA spectrometer. Due
to the fact, that the backward region has been chosen for the placement of
electronics readout of the central tracker detectors, the space left closed to the
TPC detector is therefore limited (See Fig. 6.25).

The identification procedure consists of using the timing measurement,
provided by the TOF detector system in combination with the tracking infor-
mation given by the TPC (as discussed in Sec. 6.4.2.2), to separate different
particles types. Moreover, the probability method, explained in Sec. 6.4.2.2 of
this chapter, will be used to calculate the corresponding particle hypothese,
through which kaons, pions or protons will be recognized. To enable the time
of flight measurement, the produced particles must have enough momenta to
cross the scintillator fibers array (start detector), the TPC and to arrive to the
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Figure 6.22: Calculations performed with the UrQMD+Smm generator. Top,
Total v-ray spectrum resulting from the decay of double hypernuclei produced in
a '2C target and detected in the germanium array before additional cuts. The
arrows illustrate some ~y-transitions associated with various hypernuclei. Bottom, ~-
spectrum associated with events detected in the Ge-array by cutting on the two pion
momenta. The expected ~y-transitions energies from single and double hypernuclei
are marked by the arrows.

time of flight barrel (stop detector). In other words, produced particles must
be able to traverse the interior of the target spectrometer (radius R~ 50 cm).

According to the expression Pr = 0.3RBgq, positive charged kaons moving
in a magnetic field B of 2T must have a transverse momenta component Pr
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Figure 6.23: Calculations performed with the UrQMD+SMM generator. y-spectra
(right) associated with the quasi-free decay of =~ events detected in the Ge-array by
cutting on the two pion momenta (left). The expected y-transitions energies from
single and double hypernuclei are marked by the arrows.

above 150 MeV /c to fulfil this requirement. It is also important to note, that
for a good suppression of the background signal, the detector acceptance for
kaon detection has to be large. The reason for that, is that one should not
only account for the probability of producing Z~, but also one should consider
the stopping probability and the conversion probability which represents 5%
of the total rate. The enhancement in statistics can be easily achieved by
reducing the magnetic field to 1 T. As a consequence, the number of positive
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Solution main characteristics:
* Reduced four points for cables routing:
* the structure has been placed on the Cables & Gas-Pipes Structure
- external perimeter as much as possible:
- all the spaces have been minimized:
- this solution can accomodate either "STT”
* and "TPC" cables.

By D. Orecchini and D. Rodriguez

Figure 6.24: Side view of the interior of the PANDA detector. A compact structure
has been suggested to root electronics cables from the central tracker region to the
external part of the spectrometer [195]. The cylinder structure must be placed in the
backward region of the PANDA spectrometer. For the sake of clarity, the possible
placements of the hypernuclear interaction (IP) point have been labeled by green
and pink arrows.

kaons fulfilling the above condition is then even larger, and the momentum
threshold can be then placed below 100 MeV /c.

The starting point of the analysis begins with the production of 200,000
E~+ =1 pairs events at a magnetic field of 1 T by the extended UrQMD+SMM
generator interface.

In the next stage, track candidates are built using the method introduced in
Sec. 6.4. For that, hits produced in the scintillation fibers array, the TPC and
scintillation barrel detector are considered. Particle tracks which do not fulfil
this condition will not be accepted by the tracking procedure. Typically, the
geometric acceptance of the scintillation barrel detector goes from 22° to 140°
for an interaction point placed at center of the target spectrometer reference
system. However, because the interaction point for the hypernuclear setup
is placed at -76.5cm from the target spectrometer center, the corresponding
geometric acceptance will be from 14° to 90° (See Fig. 6.25).

For the present studies, the detector system acceptance for kaon identifi-
cation is then of the order of 60% percent. Fig. 6.26 illustrates a typical kaon
event traversing the volumes of scintillating fiber array detector, the TPC and
the TOF barrel detector. The picture shows the kaon track from the front and
side view.

In the next step, reconstructed tracks are assigned to kaon candidates ac-
cording to the particle hypotheses obtained via the probability method as
indicated in Sec. 6.4.2.2.
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Figure 6.25: Scatter plot showing the transverse momentum distribution of gen-
erated kaons. Black boxes represent the geometric acceptance of the TOF barrel
detector for kaons tracks which are accepted for analysis.

To study the kaon identification efficiency two detector options have been
considered for the start detector. One corresponds to the use of the scintillator
fibers detector (as discussed above) with a time resolution o, of 450 ps and the
other possible option concerns the use of a detector with a time resolution com-
parable to the one of the scintillator Time—Of-Flight barrel (100 ps). Fig. 6.27
shows the reconstructed mass spectra assuming a start detector with a timing
resolution of 450 ps (scintillating fibers array) and 100 ps (CVD detector). The
particle mass spectrum has been calculated using the formula 6.9. One can see
that for a start detector with a timing resolution comparable to the one of the
TOF barrel (stop detector), particles such as pions, kaons and protons are well
separated. On the contrary, the option of the scintillating fibers array detector
must provide at least a timing resolution of about 400 ps to separate kaons
from pions. From the tracking procedure, a momentum and the track length
resolution of 1% and 3% respectively have been assumed for this analysis.

Furthermore, considering a scintillating fibers array as possible start detec-
tor, the kaon identification efficiency ? 1° is around 50% and for the case of a
time resolution of 100 ps the kaon identification efficiency is around the 95%.

9Tt is defined as the number of kaon identified by the PID system divided by the number
of produced kaons
assuming a kaon hypothesis larger than 0.4 (see Fig. 6.14)
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Figure 6.26: Upper and lower panel show respectively the X-Y and Y-Z view of
the TOF system setup (for a IP placed at -55.cm). In both cases a kaon track is
denoted by its hits on the fibers array, TPC and TOF barrel.

Accordingly, the == + =" events which can be tagged based on the kaon
identification strategy are of the order of 14% (450 ps) and 20% (100 ps) of the
total production. Assuming a timing resolution of 100 ps for both, start and
stop detectors, the number of stopped =~ is around 3000, which represents a
20% of the total number of stopped =~ achieved by using the UrQMD+SMM
generator(See Fig. 4.3).

In addition to these calculations, the same simulation procedure has been
calculated placing the hypernuclear detector setup at a distance of -55.5cm
from the center of the PANDA spectrometer. This is actually the closest dis-
tance to the central tracker the hypernuclear detector setup can be placed [195].
Nevertheless, under this condition the geometric acceptance of the TOF system
should improve significantly. However, after having applied the same analysis
procedure the efficiency to tag =~ +Z" events has a value of 28.3% considering
a start detector with a time resolution of 100 ps. Assuming a start detector
with a time resolution of 450 ps the efficiency is then about 20%.



144 CHAPTER 6. HYPERNUCLEAR EVENT SIMULATION

12000

10000

8000

6000

L sierssersien

4000

2000

*W“H“H“H“HI

N S B I S e
0.6 0.8 1 1.2 1.4 1.6
Reconstructed mass(GeV/c?)

o

o
o
o
o
i

8000

7000

6000

5000

4000

3000

2000

1000

(o EEEHEHE it AR A B e TN
0.2 0.4 0.6 0.8 1 1.2 1.4
Reconstructed mass(GeV/c?)

o

Figure 6.27: Mass reconstruction for positive charged pion, proton and kaons. The
time resolution of TOF start detector options are 450 ps (top) and 100 ps (bottom)
respectively. The resolution of the reconstructed momentum and length is 1% and
3% respectively. The magnetic field value was reduced to 1 T to increase the detector
acceptance.

Furthermore, the contamination of events resulting from background (p+'2C)
reactions can also be estimated by applying the method explained above.
Fig. 6.28 illustrates the reconstructed mass spectra of kaons, pions and protons
particles generated as a result of p+12C reactions. Panels on the left and right
side show the reconstructed mass spectrum assuming a start detector with
time resolution of 450 ps and 100 ps, respectively. The particle separation is
in the case of a start detector with a 100 ps resolution not well accomplished,
maybe due to the small number of kaons in comparison to pions. The per-
centage of background events tagged considering the option of a start detector
with a 100 ps time resolution is 7.7% and for the option of the scintillating
fiber detector as start detector the contamination is 5.3%.

Table 8.1 gives an overview of the efficiency of the method, which has
been suggested in this work, to tag the production == + =" events over the
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Figure 6.28: Mass reconstruction for positive charged pion, proton and kaons as
a result of p+'2C reactions. The time resolution of TOF start detector options are
450 (Top) and 100 ps (bottom), respectively. The resolution of the reconstructed
momentum and length is 1% and 3% respectively. For this calculations a sample of
100,000 7+"2C events have been considered.

Table 6.1: Efficiency of the proposed method for the tagging of =~ + =" events
over the background reactions (p+'2C). The method is based on the identification

of positive kaons produced as a result of the =" in the primary nuclear target

event % at 0,=450ps % at 0,=80ps
=-+Z (IP =-76.5cm) ~14. ~19.
p+12C (IP = -76.5cm) 5.3 7.7
=-+Z (IP = -55.5cm) ~20. 28.3

background resulting from the p+'2C interactions. According to previous esti-
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mates [6], a reliable trigger efficiency based on the positive kaon identification
would be approximately 40%.

Obviously, the value corresponding to the present setup is below the ex-
pected value. Furthermore, one should take into account that previous esti-
mates have been done considering that the interaction point (IP) of the hyper-
nuclear detector setup was placed at the center of the PANDA spectrometer,
where the geometrical acceptance is larger than the calculated with the present
setup. Actually, due to the present PANDA setup it will be impossible to place
the hypernuclear setup so close to the center of the PANDA spectrometer.

An alternative to the present setup for background discrimination could be
the use of the energy measurement of the TPC without considering the TOF
system.

In summary, one can conclude that a background suppression strategy with
the present considerations would not be enough as stand-alone method, and
therefore it must be combined with other techniques to improve the efficiency
by a factor of two or more.

6.5.4 Radiation damage studies
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Figure 6.29: Distribution of produced particles from background reactions. The
Germanium detectors will be affected mainly by particles emitted at backward axial
angle.

In this section the possible radiation damages due the hadronic background
reactions in the germanium detector array as well as in the scintillator fibers
detectors will be evaluated.
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Figure 6.30: Incident kinetic energy of protons and neutrons entering the Germa-
nium detector surface. The main contribution to a possible radiation damage of the
detector is provided by neutrons.

Particles produced simultaneously with the double hypernuclei do not sig-
nificantly disturb the ~-ray detection. The main limitation is the load of
the Cluster—array by the high particles rate from uncorrelated background
reactions. The p'2C — == cross section of 2ub is about a factor 25000
smaller than the total pp cross section of 50 mb at 3 GeV/c. Charged particles
and low energy neutrons which are emitted into the region covered by the Ge
detectors will undergo electromagnetic and nuclear interactions and will thus
contribute to the signal of the detector. The total energy spectra in the crystal
has been obtained summing up event by event the energy contributions of the
particles impinging on the Ge array.

Most of the produced charged and neutrals particles are emitted into the
forward region not covered by the Germanium array (see Fig. 6.29). Charged
particles emitted into backward axial angles are very low in kinetic energy, and
will be absorbed to a large fraction in the material surrounding the primary
target.

At an average interaction rate of 3 -10%s~! UrQMD+SMM calculations of
p+12C interactions at 3 GeV/c momentum predict in the backward hemisphere
a total charged and neutral particle rate of 2.3 - 107s~!. Since most of the
charged particles emitted into backward axial angles are very low in kinetic
energy, most of them will be absorbed in the beam pipe and in the signal cables
coming from the silicon sensors of the secondary target.
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More critical are neutrons emitted into the backward direction which also
contribute to the radiation damage of the detector. Fig. 6.30 shows the ki-
netic energy distribution of protons and neutrons entering the surface of the
Germanium detectors.

An n-type Germanium detector is expected to withstand a fast neutron
fluence of about 4 - 10°/cm? without major degradation [215, 216, 214]. A
reasonable operation may still be possible up to a neutron fluence of 10'°/cm?.
Assuming a distance of approximately 30 cm between the primary target and
the Germanium detectors and an interaction rate of 3-10%s~! one finds a load
of fast neutrons on the Germanium detectors of about 4 000 n/cm?. Taking no
further precautions this would allow a continuous operation of about 30 days
before an annealing procedure has to be performed.

In addition, the same simulation sample has been used to evaluate possible
radiation damages on the scintillation fibers array readout electronics. Be-
cause of the forward peaked character of the proton and neutron background
observed in Fig. 6.29, the arrangement of the readout electronics must be
placed in the backward angle direction.

Accordingly, an integrated irradiation fluence at the SiPM location has
been estimated to be around 2.3-10* neutrons + protons/s with an average
nucleon kinetic energy of 25MeV. Furthermore, radiation hardness studies
have been performed [137] at the MAMI [42] accelerator facility, by exposing a
sample of 1 mm? SiPM manufactured by Photonique and composed of 500 APD
to a beam of 14 MeV electrons.

Using the electron irradiation results radiation damage on the SiPM devices
can be predicted by considering the non-ionizing energy loss (NIEL) of protons
and neutrons distributed according to the simulated spectra. The resulting
mean value of 7-1073 MeV-cm2/g (almost equal for both hadrons) has to be
compared to 1.1-107* MeV-cm? /g for electrons implying that hadronic damage
will be 64 times stronger. A fluence of 8107 (12 days of operation at 5-10°
collisions/s) will result in a degradation as shown in Fig 6.31.

Furthermore, annealing recovery was studied by heating the irradiated
SiPM at 80° C during two weeks. Only a partial recovery was observed. No
further improvement was obtained by longer heating periods. In conclusion,
the use of this specific type of SiPM is not recommended for an application in
the PANDA radiation environment.
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Figure 6.31: ADC spectra for low amplitude signals from green sensitive Pho-
tonique SiPM before and after irradiation with 3-10° electrons [137].
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Chapter 7

HPGe Detector operating in
magnetic field

High resolution v-ray spectroscopy based on high-purity germanium (HPGe)
detectors represents one of the most powerful experimental tools in nuclear
physics. The introduction of this technique led to a significant progress in
the knowledge of nuclear structure. It has been recently proven that also
strangeness nuclear physics can benefit from the same advantages: the energy
resolution of hypernuclear levels has been drastically improved from 1-2 MeV
to a few keV in FWHM [196, 197].

The success of such a technique has encouraged other groups working on
PANDA at FAIR [199, 200] to investigate whether this technique could be ex-
tended and incorporated in their set-ups. The PANDA magnetic spectrometer
has a cylindrical geometry and is built around the target region covering a
large solid angle (2 ~ 4msr). To maximize the detection efficiency HPGe a-
rrays are to be mounted near the target region, implying the operation of these
detectors in a strong magnetic field (up to B ~ 1T).

The aim of the work described in this chapter is to study the feasibility
of using HPGe detectors in high magnetic fields and to study the associated
effects on their energy resolution as well as the study of eventual pulse shape
distortions.

7.1 Germanium Detectors in magnetic fields

Germanium detectors which are typically used in low energy nuclear spec-
troscopy (see e.g. [203, 204]) are seldom operated in magnetic fields [206] and
their behaviour under such conditions has been not well known in the past.
Generally the deflection of the charge carriers in the magnetic field and the
Penning effect in the vacuum surrounding the semiconductor can play a sub-
stantial role for the operation of large volume semiconductor devices in high
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magnetic fields.

For extended detector volumes and hence long drift paths the deflection
of the charge carriers in the magnetic field may result in a larger rise-time of
the signal due to longer drift paths or enhanced trapping and detrapping. By
using standard shaping amplifiers the output signal reflects then the interplay
between charge collection process and the transfer function of the amplifier.
In practice an enhanced charge collection time will cause a reduction of the
output signal even though the complete charge is collected eventually.

In case of trapping the timescales involved may be significantly larger than
the typical time constants of the electronic network and this reduction is re-
ferred to as a ballistic deficit [207]. Sometimes this term is also used in a more
general meaning [208, 209] for any decrease of the output signal due to an
enhanced signal rise-time irrespective of its origin. In any case the associated
larger fluctuations of the signal rise-time will deteriorate the energy resolution.

Trapping of charge carriers and losses due to recombination depend on the
type of the germanium. In the case of n-type germanium detectors which are
studied in the present work trapping is expected to be less significant than in
p-type germanium detectors. Nonetheless, a reduction of the signal may be
particularly important in the case of major radiation damages of the crystal
lattice (see e.g. [205]).

The bending force of the magnetic field causes charged particles produced
within the volume between the Ge crystal and the capsule to spiral around
the field lines. The longer travel times of the rest gas ions may result in
an enhanced Penning effect. The interaction of electrons with the residual
gas within the capsule may cause secondary ionisation leading eventually to
discharges.

The generation of an electric field perpendicular to the magnetic field lines
and the direction of the current (Hall effect) may affect small electronic com-
ponents carrying large currents. While the wide spread use of silicon detectors
and their associated readout electronics in tracking systems demonstrates the
feasibility to operate highly integrated electronic devices in high magnetic fields
(see e.g. [210, 211, 212, 213]), the effect on the electronics of high resolution
devices like HPGe detectors has not been studied yet.

7.2 Experimental Details

To verify that HPGe detectors can be safely and efficiently operated in a
high magnetic field, two different kinds of detectors have been tested: the
EUROBALL Cluster detector [214] and the VEGA detector [217].
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7.2.1 The Euroball Cluster Detector

The EUROBALL Cluster detector consists of seven large hexagonal, n-type,
closely packed, tapered Ge crystals housed in a common cryostat [214]. The
crystals have a length of 78 mm and a diameter of 70 mm at the cylindrical
back-end. To protect the sensitive intrinsic surface of the detectors and to
improve the reliability each crystal is encapsulated. The capsules are made of
aluminium with a thickness of 0.7mm. The distance of the Ge surface to the
inner wall of the capsule is only 0.7 mm which gives a distance of 3.0 — 3.5 mm
between the edges of two neighbouring detectors in a cluster. Each capsule is
hermetically sealed by electron beam welding of the capsule lid.

The vacuum is maintained by a getter material which is active up to the
temperature of 150° C. The cold part of the preamplifier is mounted on the
capsule lid. The detector has a typical energy resolution of 2.1keV (FWHM)
at 1.332MeV for a %°Co source using an AC coupled preamplifier. The AC
coupling was chosen in order to operate the detector capsule on ground poten-
tial which facilitates the close packing and the cooling of several detectors in
a common cryostat. Since the seven crystals in the cluster are identical, only
three crystals were taken as a representative for the measurements.

7.2.2 The segmented clover detector, VEGA

The super-segmented-clover detector VEGA [217] consists of four large coaxial
n-type Ge crystals which are four-fold electrically segmented. The crystals
have a length of 140 mm and a diameter of 70 mm. They are arranged in the
configuration of a ”four-leaf” clover, and housed in a common cryostat. The
core contact is AC coupled and the segments are DC coupled. The preamplifier
used in the VEGA detector are similar to the one operated with the Cluster
detector. Three crystals (B, C and D) and all four segments of one of the three
(crystal B) were used in the present work. Prior to the studies in a magnetic

field the energy resolution of the detectors was measured in the laboratory
with a ®Co source to be about 2.2keV (FWHM) at 1.332 MeV.

7.2.3 Experimental set—up

Two series of measurements have been performed using the ALADIN dipole
magnet [218]. For both series the HPGe detectors and a %°Co ~-ray source,
with an activity of 370 kBq, were positioned inside the magnet with the source
placed in front of each detector. The ALADiIN magnet aperture of 1.5 x 0.5 m?
restricts to place a detector with its geometrical axis in the horizontal plane
of the magnet. The direction of the magnetic field lines was perpendicular to
the geometrical detector axis as shown in Fig. 7.1 (right). The magnetic field
is maximal in the centre of the magnet and decreases along the z-direction as
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Figure 7.1: Tlustration of the EUROBALL Cluster orientation inside the ALADIN
magnet. The left panel shows the Cluster position inside the magnetic field and the
calculated field map along the z-direction for 1800 A coil current. The right panel
shows the end-cap of the Cluster, where the shaded crystals F, D, and C represent
those which have been used during the measurements.
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Figure 7.2: Tllustration of the end-cap of the VEGA detector in clover geometry
and its orientation inside of the ALADiIN magnet. All four segments labelled by the
numbers 1, 2, 3 and 4 of channel B were read out individually with a Flash-ADC.

illustrated in Fig. 7.1 (left). The detector end-caps have been placed as close as
possible to the centre of the magnet in order to expose the germanium crystals
to the highest magnetic field (about 7 cm from the centre as shown in Fig. 7.1).

The %°Co source was placed at a distance of 27 cm and 20 cm away from the
end-cap of the EUROBALL Cluster and VEGA detector, respectively. Fig. 7.1
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Figure 7.3: Scheme of the read-out electronics of VEGA (top) and Euroball cluster
(bottom) detectors.

shows the scheme of the crystals inside the Cluster detector in the right panel.
For the measurements with the EUROBALL Cluster three channels (C, D, F)
out of the seven Ge crystals of the Cluster have been used. Channels C and D
were fed with a voltage of 4000V and channel F with 3500 V.

For the measurements with the VEGA detector data from three (B, C,
D) of the four Ge crystals have been analysed. The geometry of the crystals
of VEGA detector inside the magnet is shown in Fig. 7.2. They have been
fed with voltages of 4000 V. The measurements can be divided in two groups:
measurements done without magnetic field and those in which the magnetic
field was tuned to 0.37T, 0.6 T,0.9 T, and 1.4T for the EUROBALL Cluster
detector and to 0.6 T, 1.1T, 1.4T, and 1.6 T for the VEGA detector.

For each EUROBALL Cluster channel (C, D, and F) one of the preamplifier
outputs was split in two signals. One signal was fed to a spectroscopy amplifier
(Ortec 572) with 3 us shaping time, which output was digitised by an Analog-
to-Digital converter (ADC Silena 4418/V, 8 channel, 12 bit resolution) and
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the second signal was fed to a VME 100 MHz Flash-ADC (FADC SIS3300, 8
channel, 12 bit resolution). The other output from the preamplifier was sent to
a Timing-Filter-Amplifier (TFA Ortec 474), whose output was discriminated
by a Constant-Fraction-Discriminator (Ortec CF 8000) to be used as a timing
signal. The trigger was formed by a logic OR of the outputs from the three

CFD channels. The ADC was read out via CAMAC bus.

Since the VEGA crystals are electrically segmented, the readout electronics
differs from that corresponding to an EUROBALL Cluster in the trigger signal.
One output of the preamplifier (core signal) for each channel was split in two
branches as it was done for the EUROBALL Cluster set-up. Those preamplifier
outputs corresponding to the the four segments of channel B were fed to the
FADC. The trigger is formed from a coincidence of the logic OR of the CFD
outputs of the four segments and an external trigger determined from the
central core signal of channel B (see Fig. 7.3 for a detailed view).
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Figure 7.4: Pulse height spectra for the 1.332MeV %0Co ~-ray line measured with
VEGA channel B at different values of the magnetic field. The continuous line
presents the pulse height spectrum for the measurement without magnetic field and
the dashed line the pulse height spectrum at a field of 1.6 T.
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7.3 Data analysis

The analysis presented in this section is focused on the determination of the
energy resolution from the pulse height spectra of both detectors by using
conventional analogue electronics and on the study of the dependence of the
pulse shape sampled by an FADC in magnetic fields. A detailed study on
HPGe detectors operating with high rates in magnetic fields, based on the
observation of pulse shapes, will be also discussed briefly.

Pulse height spectra taken with a shaping amplifier are presented in Fig. 7.4
for the 1.332 MeV %°Co ~-ray line. Obviously, the line shape at B = 1.6 T (dot-
ted histogram) is significantly different from the line shape measured without
field (solid histogram). The influence of the magnetic field causes a tail on the
low-energy side.

Two different methods were used to extract the energy resolution of the
detectors depending on whether the spectra were measured in a magnetic field
or not. Since in absence of a magnetic field the line shape of all detectors is
very close to a single Gaussian distribution, the pulse height spectra have been
parametrised by Gaussian function.

In case the magnetic field was non-zero, the convolution of a Gaussian
distribution and an exponential decay function was chosen to describe also the
tail on the low-energy side of the peak. The observed line shape was fitted by a
full absorption-peak superimposed on a quadratic background. The functional
form used is

Yuo = ¢ - oxp( =)y prpoTZT) L9y gy

8 V2.0 - V2.
, where FRF(C' is the complement of the error function, x is the channel
number, o and o are the centroid and the standard deviation of the Gaussian,
[ is the decay constant of the exponential and corresponds to the “skewness”
of the skewed Gaussian.

The energy resolution was extracted from the pulse height spectra by pa-
rameterising the 1.332MeV ~-ray full-absorption peak from a %°Co source.
From the parameterised line shape the value of Full-Width Half-Maximum
(FWHM) was extracted. ~ The dependence of the energy resolution (FWHM)
on the strength of the magnetic field is shown for the EUROBALL Cluster as
well as for the VEGA detector in Fig. 7.5. The energy resolution of one of
the EUROBALL Cluster crystals is worse than the resolution of the two other
crystals of the same detector because of pick-up noise in its electronic read-
out. In addition, the peak maximum of the ~v-ray line shifts towards smaller
energies with increasing field strength as shown in Fig. 7.6.

In order to clarify the question whether the shifts of the energy peak are
due to a loss of charge carriers or whether this shift is caused by the interplay
between an increased charge collection time in the germanium detector and the
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transfer function the FADC signals have been studied. For the sake of clarity,
only results concerning the analysis of the VEGA detector FADC signals will
be shown.

Fig. 7.7 shows the averaged pulse shape signals for 1.332 MeV v-rays mea-
sured at zero magnetic field (solid line) and at B = 1.6 T (dashed line). The
two signals have been obtained by averaging over 5000 events each. Within
the two time intervals of [0, 0.5 us] and [3 us, 4 us| one finds mean amplitudes
of 2056.7 (2065.7) and 1353.9 (1362.9) for B=0T (B = 1.6T), respectively.

Despite a very different shape of the rising edge, the difference between
the initial baseline and the signal level at later times stays nearly constant at
a value of about 702.8 . This indicates that the recombination or long-time
trapping of charges cannot account for the reduced energy signals presented
in Fig. 7.6.

As can be seen already in Fig. 7.7, the pulse shape is modified by the
magnetic field. Fig. 7.8 shows the distribution of the rise time (defined as the
time it takes for the pulse to rise from 10 % to 90 % of its full amplitude) for
different values of the magnetic field for the VEGA detector. A significant
change of its mean value by approximately 200ns and a broadening of the
distribution can be observed.

The ratio R between the mean rise time and the root mean square value
decreases from values above 4 at low magnetic fields to 3.0 at B = 1.6 T. This
behavior is opposite to what is expected for a purely diffusive motion of the
charge carriers. In the latter case an increase of R proportional to the square
root of the rise time would have been expected.

The simultaneous large shift and the broadening of the rise time distribu-
tions on one hand, and the rather similar asymptotic values of the pulses seen
in Fig. 7.7 on the other hand suggest that the incomplete signal integration by
the main amplifier is the main origin of the observed energy shift.

To verify the latter conjecture, the dependence of the amplifier transfer
function on the variation of the rise time has been investigated with a pulse
generator. This study confirmed that the rise-time variations due to the mag-
netic field influence are the main source of the energy shift seen in Fig. 7.6.
An integration time of more than 3 us could be needed to avoid an incomplete
charge integration of the amplifier, however, the noise level may be increased
in addition.

In order to explore the possibility to correct the shift of the pulse height by
measuring the rise time event-by-event we show in Fig. 7.9 the correlation of
the deduced ~-ray energy and the rise time for different magnetic fields. These
distributions have been obtained event-by-event for the 1.332MeV ~-line of
one of the segments of VEGA channel B.

For all magnetic fields the low-energy tail of the y-ray peak (see Fig. 7.4)
is associated with an increased rise time. The strong correlations observed in
Fig. 7.9 provides a characterisation of the amplifier at different values of the



7.3. DATA ANALYSIS

159

rise time.

The fit of a parabolic function to the correlation (see dark lines in Fig. 7.9)
enables the correction of the energy spectra event-by-event for different mag-
netic fields. The correction functions are similar for all measurements at non-
zero magnetic field, but they are shifted relative to that of the measurement
at B = 0T. Presently the origin of this strong shift is not understood.

Fig. 7.10 shows the corrected 7-ray energy spectra (dashed line) for VEGA
channel B at 1.6 T in comparison to the one without correction (hashed). A
significant improvement in the peak shape has been obtained. After applying
this correction of the pulse height spectra, an improvement on the energy
resolution for VEGA channel B as well as for EUROBALL Cluster channel C
has been achieved as shown in Fig. 7.5. The open triangles in Fig. 7.5 represent
the energy resolution for both detectors after this correction.

Furthemore, attempts regarding the analysis of the preamplifier signal alone
has been also considered. The scope of this analysis is the extraction of the
energy resolution from the preamplifier signal by using digital signal processing.
However, the 2.2keV of energy resolution could not be recovered under these
circumstances (See more details in Appendix A.3). Indeed a longer FADC
sampling would be needed in order to recover the standard value of the energy
resolution for the VEGA detector.

7.3.1 High Rates measurements

The application of Germanium detectors is usually restricted to the low counting—

rate environments as larger, high efficiency, crystals have longer charge col-
lection times(<1pus). To achieve maximum energy resolution of germanium
detectors from preamplifier is shaped to the Gaussian form with shaping time
from 3 to 6 us. The resulting total width of formed pulse is larger than 10 us.
This fact increases a probability of events piled up at rates per crystal higher
than few tens of kHz, which is expected at PANDA . The pulse-shape analysis
of the preamplifier signal was chosen to overcome this problem.

To study the influence of high rates on germanium detectors the follow-
ing setup has been arranged. One representative crystal of the EUROBALL
Cluster detector was exposed to 22 Na and °Co ~-ray sources in a sequence
of measurements, achieving 1.5, 34, 110kHz counting rate by changing the
distance to the radiactive sources. The preamplifier signal was split into two
separate branches. The first “analog” branch (A) consisted of timing filter
and spectroscopic (SA) amplifiers; CAMAC peak-sensing ADC and constant—
fraction discriminator. To achieve the best energy resolution the shaping time
of SA was set to 3 us. The second “digital” branch (D) consist of 100 MHz 14
bit flash ADC SIS3301. Flash ADC was used to store pulse traces which were
later processed off-line. The length of the traces was chosen to be 1.3 ms and
100 ps for high and low rate measurements, respectively. The obtained traces
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were filtered by the moving window deconvolution (MWD) algorithm [219],
what it has been described in Appendix A.3. However, MWD does not allow
to measure the height of two neighbour pulses if they are closer in time as
length of the filter. To overcome this limitation the digitalised signals were
analysed by several filters with different length. Depending on the distance
between neighbour pulses(dt ) analyses program selected output value of the
filter with maximum length but less than dt . The output of such analysis
consists of energy, time and filter length information for each event. This al-
lows to achieve maximum energy resolution in high-rate conditions as for each
event shaping with optimal time constant is applied. Further in the text such
analysis is referred as Multi-MWD (MMWD) [191]. Resulting energy resolu-
tions (FWHM at 1332keV, %°Co) and fraction of rejected pulses measured for
both branches are shown in table 8.3:

Counting rate Energy resolution pulse rejection

(kHz) keV %

brach: A D A D
1.5 2.4 2.4 0 O
34 2.5 3.0 21 9
110 2.7 3.4 71 18

The analog branch provided better energy resolution, however the probability
of events piled up in analog branch drastically increases with counting rate.
Figure 7.11 shows ~-ray spectra obtained at 110kHz rate. Due to pile up
resolving the D branch provided higher peak to background 11.7 in comparison
to the 2.6 obtained with analog ADC (for 1332keV %°Co line).

The results of the test measurements show that the application of digital
pulse shape analysis is very efficient for high counting rate environments.

7.3.2 Angular dependence

One could expect a dependence on the orientation of the detector with respect
to the magnetic field. The energy resolution of the VEGA detector was also
measured for different angles between the detector’s axis and the magnetic field
in order to investigate a possible angular dependence in the energy resolution.
In particular, the energy resolution has been measured for the maximum mag-
netic field value (1.6 T') and without magnetic field. For technical reasons, the
sensible part of the detector had to be placed at a distance of about one meter
from the center of the magnet, corresponding to a lower field ~ 0.3T, at an
angle of 30°.

channel C channel D channel B mag. field
(keV) (keV) (keV) (T)

3.2 3.03 2.99 0.3
3.17 3.13 2.74 0
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Table 8.2 summarises the results obtained. Differences are within the errors,
indicating no deviation at 30° for a low magnetic field. Also for larger angles
(~ 45°) the magnetic field at the detector’s position was too low to observe
any dependence.

7.4 Discussion and Conclusion

Two important effects have been observed by operating HPGe detectors in high
magnetic fields: a small degradation of the energy resolution and a change of
the pulse shape of the preamplifier signal.

All crystals of both detectors show a similar behaviour in the magnetic
field with an energy resolution degradation of about 1-2keV. However, the
resolution is still sufficient to perform v-ray spectroscopy on hypernuclei. The
asymmetry of the line shape appears as a low-energy tail in the pulse height
spectra in Fig. 7.4. Moreover, the mean value of the energy spectrum exhibits
a shift to low energies as shown in Fig. 7.6. The measurements have been
performed over a period of two days without observing any problems in the
electronics or sparking effects. After the measurements the original energy
resolution was recovered.

A significant shift and broadening of the rise times distribution has been
observed in the presence of a high magnetic field. This observation reflects the
effect of the magnetic field on the charge collection process itself.

The observation of a strong correlation between the measured pulse height
measured with analogue electronics and the rise time measured by a FADC
for various magnetic field strengths reveals the change in rise time as the
major contribution to the degradation of the energy resolution. Employing
this correlation for a rise time correction of the energy allows to almost recover
the original energy resolution. The remaining degradation at fields larger than
1T amounts to approximately 0.5 keV.

One could expect a dependence on the orientation of the detector with
respect to the magnetic field. In the present case a complete test of the orien-
tation of the detector could not be carried out because of technical limitations:
the aperture of the ALADIN magnet does not allow to freely rotate the axis of
the detector. The set-up of the HPGe detectors in the future PANDA experi-
ment requires a further test with the magnetic field orientation almost parallel
the detector axis.

Finally, even though ALADIN being a resistive magnet it was not possi-
ble to reproduce a quencing situation, the behaviour of the VEGA detectors
was monitored during a fast decrease of the current in the magnet from its
maximum value (2400 A) to zero without observing any effect or detecting any
damage.
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The HPGe detectors were found to operate well in magnetic field condi-
tions similar to those to be expected in future hypernuclear experiments at
PANDA . However, the detectors used in the present work are coupled to huge
dewars for their cooling with liquid nitrogen. These dewars have been the
main obstacle for the study of the dependence of the energy resolution on the
orientation of the detector in the magnetic field of ALADiN. Furthermore they
affect the detector integration in PANDA magnetic spectrometers. In order to
circumvent these problems an electromechanical cooling system coupled to few
encapsulated HPGe crystals is currently under development.
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Figure 7.7: Averaged preamplifier outputs signals of VEGA channel B for the
1.332MeV ~-ray measured at a magnetic field of B = 0T (solid line) and at B =
1.6 T (dashed line). The two pulse shapes signals have been obtained by averaging
over 5000 events each.
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Chapter 8

Conclusions and Outlook

In summary, in the present work, the feasibility of performing high precision
v spectroscopy of double A hypernuclei at the PANDA experiment has been
studied by means of a Monte Carlo simulation.

The simulation has to provide solutions to circumvent the problems due
to the high hadronic environment and the space limitations in the backward
beam direction of the PANDA spectrometer. The main challenges for the
hypernuclear project are,

e to produce enough statistics to perform gamma spectroscopy, in par-
ticular, the production of double hypernuclei in excited states must be
significant.

e the reduced space in the backward beam direction of the PANDA spec-
trometer to place the hypernuclear detector setup.

e radiation hard damages on the hypernuclear detectors, in particular the
detectors dedicated for gamma spectroscopy.

e to provide reliable tracking algorithm for low momentum particles (charged
decay products of hypernuclei).

For this issue, the designing and simulation of a devoted detector setup as well
as of the mechanism to produce double A hypernuclei have been optimized
together with the physics performance of the whole system.

The hypernuclei production mechanism has been performed by using two
different event generators interfaces. The first stage of the production chain,
the =~ Zgeneration, has been accomplished by the Intra Nuclear Cascade Model
(INC) and an extension of the UrQMD code (UrQMD+SMM). Contrary to
the INC, the UrQMD-+SMM can generate high statistics, and the rate of =~
is almost a factor of 10 larger.
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For the second step, the statistical decay of a = -hypernuclei after the
capture and the conversion into two A’s is accomplished within a statistical
decay model.

For the simulation, the PANDARoot software have been extended to enable
the complete definition of the hypernuclei particles. Some assumptions have
been done to implement the hypernuclei decay modes. In the case of the elec-
tromagnetic decay mode, it has been considered that all excited states decay
to the ground state, and intermediate transitions are not taken into account.
Also in case of the weak decay, only the pionic weak decay was considered.
Further improvements of these calculations include a proper treatment of the
hypernuclear decay modes.

Based on these simulations results, a micro ribbons made of ?C target has
been proposed as the best option for the primary target. The production rate
achieved with this target is about 3 - 10%s1.

In addition, the option selected for the geometry of the secondary active
target is the one consisting of a compact structure of 26 mm thickness, with
20layers of silicon strip detectors with alternating layers of absorber mate-
rial. However, the simulation has shown that the present amount of material
(17% of the total radiation length) can reduce the momentum resolution of
low momentum particles. As a consequence, a future design could consist of
only of 2 layers of absorber material and 5 layers of silicon (2.6% of the total
radiation length). In addition, further improvements of this setup has to be
evaluated together with realistic tracking algorithms. These improvements re-
gard the energy losses and multiple scattering of the particles passing through
the secondary active volume. Moreover, a reliable tracking algorithm have to
be studied for the tracking of low momentum particles.

To perform gamma spectroscopy a germanium detector array has been
suggested. The present setup of this detector has also been successfully tested
within the simulation under the high hadronic environment of PANDA . A-
dditionally, the energy resolution of the proposed germanium detectors (EU-
ROBALL and VEGA) have been studied under the presence of the magnetic
field. The results have shown no significant change for the energy resolution
and any problem in the electronics or sparking effects was observed.

Moreover, a correlation between rise time and the pulse shape is used to co-
rrect almost completely the measured energy. Furthermore, a electromechanic
cooling system coupled to few encapsulated HPGe crystals is currently under
development. This option should help to circumvent the problems due to the
limited space in the interior of the PANDA spectrometer. In the present work,
the electronic response of the germanium detectors have modeled by smear-
ing with the expected energy resolution. Improvements regarding a complete
simulation of the electronic signal in these detectors are also foreseen.

The production yields of hypernuclei in excited, particle stable states has
been evaluated within the already statistical decay model for various nuclear
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Table 8.1: Efficiency of the proposed method for the tagging of == + =" events
over the background reactions (p+'2C). The method is based on the identification

of positive kaons produced as a result of the =" in the primary nuclear target

event % at 0;=450ps % at 0;=80ps
=-+E (IP =-76.5cm) ~14. ~19.
P+12C (IP = -76.5cm) 5.3 7.7
== +E (IP = -55.5cm) ~20. 28.3

targets. For different =~ absorbing target nuclei, different produced double
hypernuclei dominate. This feature can be combined with a weak decay model
making possible more reliable estimates of the ~-ray yields for the double hy-
pernucleus measurements envisaged by the PANDA collaboration. These cal-
culations have been compared with the E906 data, but further improvements
of the model are still to be done for a definite interpretation of the E906 data.
Even though, these results suggest that the performance of v-spectroscopy of
double A seems possible.

In addition, from the point of view of the analysis, an efficient strategy has
been implemented for the unique assignment of gamma-—transitions to specific
double hypernuclei. This technique combines the predicted energy spectra
of each nuclear target with the measurement of two pion momenta from the
subsequent weak decays of a double hypernuclei. As a result, some indivi-
dual double hypernuclei species have been assigned to the gamma transitions
measured by the germanium detector array.

For the background handling a method based on time measurement has also
been implemented. A detector setup based on the combination of a scintillation
fibers array detector, the PANDA TPC and TOF barrel detectors have been
studied as possible detector setup option for this purpose.

The method uses the identification of positive kaons to tag the the produc-
tion of 2= + = events. The efficiency of this method has been investigated as
a function of the time resolution of the start detector and of distance to the
central tracker. These investigations together with those corresponding to the
contamination of background events are summarized in the following table 8.1.
Nevertheless, further considerations have to be made to have a reliable statis-
tics and therefore the efficiency has to be increased in a factor of 2 or more.
The main technical difficulty of this study, was to generate a number of back-
ground reactions comparable with the signal, namely a factor 25000 larger.
For a accurate evaluation of the background contribution an enhancement of
the statistic is foreseen by using high performing computing machines.

Within the simulation, radiation damages have been evaluated on the scin-
tillation fibers array readout electronics as wells on the HPGe cluster detector.
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One one hand, it has been seen that the germanium detector will withstand
the load of charged and neutral particles impinging on their surface. With the
present production rate of 3-10°s~! a continuous operation of about 30 days
before an annealing procedure seems achievable. On the other hand, it has
been seen that the use of scintillator fiber detector as start detector will be
not recommendable under such a interaction rate.

To conclude, the feasibility of performing v spectroscopy of double A hyper-
nuclei at the PANDA experiment seems possible. A further improvement of
the statistic is needed for the background rejection studies. Moreover, a more
realistic setup of the hypernuclear detectors has been suggested using the re-
sults of these studies to accomplish a better balance between the physical and
the technical requirements.

Rate estimate Based on calculations, the various steps of the double hyper-
nucleus production process have been quantified in order to derive an estimate
of the final count rate.

According with these calculations, the rate estimate is based on an antipro-
ton interaction rate of 3-10°s™!. At a p momentum of 3 GeV/c the pp — ==
the production cross section is about 2 ub [81], to be compared to the elastic
cross section o.(pp — Pp) &~ 23.7mb and the annihilation cross section of
0,(Pp — X) = 26mb. Since no information on the mass dependence of the
=-0E" production cross section is available, we assume a A%?3 dependence.
This results in o(=~° EJr) /0tot = 4 -107°. With these assumptions we expect
approximately 100 == pairs per second or 11 million per day. For a target
in the Carbon mass region the “production factor” (PF) is of the order 6-1073.
This provides us with about 64 800 stopped =~ per day.

Assuming a = p — AA conversion probability of only 5%. This results in
the production of about 3240 double hypernuclei per day.

Individual excited states may be populated with up to 10% of the total
yield [184]. From the thickness of the secondary target and the neutron moder-
ator we estimate for v energies between 0.1 and 10 MeV an escape probability
of a gamma ray from the target between 60 and 80 %. One cluster detector
mounted at a distance of 30 cm covers 0.79 % of 4. Since the decaying hy-
pernuclei are at rest and assuming isotropic angular distributions, 15 cluster
detectors will cover approximately 11.8 % of 47 corresponding to a full photo-
peak efficiency of 2.75 % for 1.33 MeV ~-rays.

The proposed trigger scheme assumes a detection of hadrons containing the
associated anti-strange quarks. The cleanest tag will be a high momentum =
at small angles. However, the majority of =" will annihilate in the primary
nucleus. Assuming the §+p absorption cross section to be close to the pp
annihilation cross section and averaging over the impact parameter we expect
even in case of a carbon target a =" escape probability of only 20 %.
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The expected reconstruction efficiency is about 50 %. While two kaons
will be produced in the annihilation process, the trigger will be based on the
detection of only one K in the forward region 6 < 40° not covered by the
secondary target. In order to reduce the single K rate of about 5-10°s™?
to a rate acceptable by the DAQ), additional filters based, for example, on the
vertex in the secondary target, the signals in the Germanium detectors or the
missing energy in the forward region will be employed. In the present work,
a kaon trigger efficiency between 20 % and 30 % has been achieved. However,
an efficiency of about 40% would be a desirable aim.

In conclusion, the expected rate is of about 69 events per month for an
individual transition (See Table 8.2). The total expected rate per month cor-
responding to the UrQMD+SMM calculations represents however a factor of
10 larger.

P interaction rate 3-10°%71
D momentum 3 GeV/e
internal target Z =6
reactions of interest Pp — ==
pn — =" g0
cross section (pN) 2 ub
rate 10051
= PF 7.5-1073
total stopped =~ 64 800 per day
=Z~p — AA conversion probability 5%
produced AA hypernuclei 3240 per day
probability of individual transition 10%
target escape probability (£, = 1MeV) 70 %
full energy peak efficiency 2.75%
trigger efficiency 20-30 %
detected individual transitions 69 per month

Table 8.2: Rate considerations for hypernuclear physics with ~-ray spectroscopy.

The Intra nuclear Cascade Model has been used for the generation of pp — =2 =
events.

It should be stressed that the present consideration leaves still room for
numerous improvements. Experience gained during the first experiments and
subsequent optimization of the experimental conditions may therefore allow to
significantly increase the event rate.
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D interaction rate 3-10%71

D momentum 3GeV/e

internal target 4 =6

reactions of interest pp — ==
pn — =r=0

cross section (pN) 2 ub

rate 100s™*

=~ PF 7.5-1072

total stopped =~ 648 000 per day

=~ p — AA conversion probability 5%

produced AA hypernuclei 32400 per day

probability of individual transition 10%

target escape probability (E, = 1 MeV) 70 %

full energy peak efficiency 2.75 %

trigger efficiency 20-30 %

detected individual transitions

690 per month

Table 8.3: Rate considerations for hypernuclear physics with ~-ray spectroscopy.
The UrQMD+SMM event generator was used for pp — =re- generation.
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Appendix

A.1 The Track Model

The differential equation of motion of a particle with charge ¢ and momentum
P moving within a magnetic field B is given by the Lorentz force as follows,

dp
i
In the PANDA target spectrometer the magnetic field B = (0.,0.,B,) is
assumed to be approximately homogeneous with B, = 2 Tesla and parallel to
the z-axis, the particle trajectory can be then described by a helix. Recon-
structed charged particles trajectories are then represented by a 5 parameter
helix vector,

o

q-U X

h= (do, qb(), w, 2g, tan )\)

and a corresponding covariance matrix. The position  and the momentum p’of
the particle the helix trajectory are expressed as a function of these parameters,
where dy is the distance of closest approach to the origin in the X-Y plane,
signed by the angular momentum 7 x p at that point, ¢q is the angle in the
X-Y plane at closest approach, and z, the distance of closest approach to the
origin in the z projection. The parameter w = 1/r gives the curvature of the
track in the X-Y plane, and tan\ is the tangent of the track dip angle in the
projection plane defined by the cylindrical coordinates r and z,

= rsin(®) — (r + dp) sin(Py) (A.1)

= —rcos(P) + (r + dpy) cos(Py) (A.2)

z = zp+ltan(\) (A.3)
pr = picos(P) (A.4)
by, = pisin(®) (A5)
p. = pitan(A) (A.6)
(A.7)
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Furthermore, [ is the flight length in the X-Y plane, measured from the point
of the helix closest to the z-axis, ® = &y + wl and the transversal coordinate of
the particle momentum is related with the strength of the magnetic field B , its
charge and the curvature radius r as p, = —qrB,. In case of a inhomogeneous
magnetic field B , e.g forward spectrometer region, the differential equation of
motion(A.1) has to be solved numerically. The kinematic information of the
track is obtained by fitting the helix projection on the X-Y and the R-® plane
respectively. This procedure leads to a Circle fit on the X-Y, from which the
curvature w, @y, and dy are extracted, and to a linear fit on the R-Z plane, pro-
viding the dip angle tan(\) and zy. In the target spectrometer, a global track
fit is performed using the information of the various tracking subdetectors. A
track follower based on the well-tested GEANE package [127] combined with
a generic Kalman filter (GENFIT [189)]) is considered to optimize the momen-
tum reconstruction for charged particles. Geane considers also the effect due
to the energy loss and the multiple scattering along the particle trajectory
within the material. Additionally to the helix parametrization, the GEANE
package provides others track representations such as the parabola which is
defined by means of position (x,y) and direction(tan,,tan,) along the particle
trajectory as

1
h= (5, z,y, tan,, tan,) (A.8)
dx
tan, = — A9
an 7 (A.9)
dy
t = A.10
any dZ ( )
(A.11)

, and by a generic track representation defined by an orthonormal coordinates
system to the track with axes u,v and w allowing to evaluate the track for a
great variety of orientations.

1 du dv
— U, Uy 7 7
P dw’ dw

h=( )
The three above representations are equivalent and one can go from one rep-
resentation to the other by calculating the corresponding Jacobian.

A.2 Simulated Detector Setup

In the following the detector setup, which has been implemented in the simu-
lation, will be described. The geometry elements of each subdetector will be
listed as well as its materials composition. The definition of the geometry con-
sists in declaring the volumes the particles are transported through. A volume
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is characterised by shape, dimensions, position and orientation with respect
to a container or mother reference system. The materials of the volumes are
defined in the simulation giving density, and constituting elements.

In the case of the hypernuclear detector, the corresponding layout can be
divided into four regions: The interaction region(6 = 40-90) covered by a thin
Carbon pipe and a secondary active target layout. The backward region(f =
130—150) which is devoted to the Gamma Spectroscopy arranged by the HPGe
detector array. The external and forward region(f = 20-40) dedicated to the
background supression via a time of flight system. The PANDA spectrometer
is located at the origin of the mother or Cave reference system, namely at the
(0,0,0) position. The beam direction is displaced along the Z axis of the Cave
reference system.

Secondary Active Target The geometry layout implemented in the simu-
lation is based on the already discussed concept design in section 4.2.2.

The beam pipe volume is described by a tube(TGeoBox) shape with a
diameter of 14mm, a thickness of 0.1 mm and a length of 200 mm. The pipe
is made of Carbon.

A (TGeoBox) shape has been used to define the geometry of the Secondary
Active target elements. It is displayed around the carbon pipe into four sectors,
each of them forming a multi-layered structure of 1. mm thick absorber material
alternated with 300 pym thick silicon layers. The width of each sector is 26 mm.
The silicon and absorber layers have a maximum size of 41x41x0.3mm?3. In
the present layout, the layers are so parametrized that the secondary target
shape in the forward direction forms an angle of 40 degrees with the beam
axis.

The whole layout is placed upstream at a distance of 70 cm from the center
of Cave reference system. The 30cm space left in the forward direction is
covered by the Time Projection Chamber (TPC) readout electronics volume.

In the following, the material constituting the Active Secondary Target,
the beam pipe and their properties will be listed in Table. A.1.

HPGe Array Detector The implementation of the HPGe Array Detector
follows the description of section 4.2.3.

The volume which have been used to define the HPGe crystal and its
capsule is the result of intersecting two solids: a cylinder and a hexagon.
the solids dimensions for the crystal and the capsule as well as the material
characteristics(Germanium and aluminum)are introduced at continuation.

e Crystal. The Germanium crystal is described by the intersection of a
cylindrical volume and a hexagonal volume.

1. Cylinder
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Table A.1: Materials defined in the simulation of the Secondary Active Target. In
the table, the atomic number is represented by Z and the mass number by A.

Material | Symbol | Density | constituent Elements
g/em® | Alg/ mole] | Z
Silicon St 2.33 28.0855 14.0
Carbon C 2.265 12.011 6.0
Diamond C 3.5 12.011 6.0
Beryllium Be 1.848 9.01 4.0
Boron B 2.460 10.811 5.0

Shape: T'GeoTube class.

Dimensions :

780 mm.

Material : Germanium

Inner radius, 0 mm; Outer radius,700 mm; Length,

2. Hexagone

Shape: TGeoPgon class.

Dimensions : Lower Phi Limit, 0degree; Phi range, 360 degree;
Number of sides, 6; Number of Z planes defining polygon sec-
tions, 2; Inner/Outer radius of the first Z plane, 0 and 3.50x cos(30%) mm;
Inner/Outer radius of the second Z plane, 0 and 3.50 mm; Length,
780 mm.

Material : Germanium
3. Capsule. The Crystal capsule is described by the subtraction of
two hexagonal shapes.
Shape 1: T'GeoPgon class.

Dimensions : Lower Phi Limit, 0degree; Phi range, 360 degree;
Number of sides, 6; Number of Z planes defining polygon sec-
tions, 2; Inner/Outer radius of the first Z plane, 0 and 3.144;
Inner/Outer radius of the second Z plane, 0 and 3.627 mm;
Length, 840 mm.

Material : Aluminum

Shape 2: T'GeoPgon class.

Dimensions : Lower Phi Limit, 0degree; Phi range, 360 degree;
Number of sides, 6; Number of Z planes defining polygon sec-
tions, 2; Inner/Outer radius of the first Z plane, 0 and 3.078 mm;
Inner/Outer radius of the second Z plane, 0 and 3.627 mm;
Length, 790 mm.

Material : Aluminum
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Table A.2: Materials defined in the simulation of HPGe Detector array. In the
table, the atomic number is represented by Z and the mass number by A or in the
case of composes by the rate Z/A.

Material Symbol | Density | constituent Elements
g/em?® | Alg/ mole] | 7
Germanium Ge 5.32 72.61 32.0
Aluminum Al 2.70 26.98 13
Polypropylene | C5Hg 0.074

e Veto detector

Shape: T'GeoPgon class.

Dimensions : Lower Phi Limit, 0degree; Phi range, 360 degree; Num-
ber of sides, 6; Number of Z planes defining polygon sections, 2;
Inner/Outer radius of the first Z plane, 0 and 3.50x cos(30°) mm;
Inner/Outer radius of the second Z plane, 0 and 3.50x cos(30°) mm;
Length, 50 mm.

Material : Polypropylene

The Germanium array is arranged in two rings at backwards axial angles.
The placement of the individual triple clusters is performed over the surface
of a half sphere of radius 30 cm. (For more details see Appendix B.)

In order to differentiate between charged and neutral particles impinging
with the detector(crystal + capsule) surface, a veto detector has also been
implemented. The veto detector consists of scintillator plates of 1 cm thickness
with the same hexagonal shape than the capsule. They are placed at a distance
of 0.5 cm from the detector capsule.

Due to the complexity of the structure, the whole layout is enveloped within
a mother or containing volume( TAssembly , which facilitates its placement as
a whole and the transport of particles within the different constituent volumes.

Time of Flight Scintillator Barrel To describe the layout of the cylin-
drical Time-of-Flight, a cylindrical volume containing 96 scintillator bars was
arranged. The cylindrical volume consist of a polyhedral shape of 16 sides.
Each of this side contains 6 bars, described by a TGeoBox class. The inner
radius of the Polyhedron shape is 433.5 mm and the outer radius 438.5 mm.

The dimensions of each individual bars are 172.45x5x1860 mm®. The
whole layout is placed between the Time Projection Chamber(TPC) and the
DIRC detectors. For the holding of the scintillator bars any supporting frame
has been consider in the simulation.

The material of the Time of flight is BC408 or polyvinyltoluene.



180

APPENDIX A. APPENDIX

Table A.3: Materials defined in the simulation of cylindrical Time of Flight. In
the table, the atomic number is represented by Z and the mass number by A.

Material Symbol | Density | constituent Elements
(CH), | g/cm? Z/A
| polyvinyltoluene | BC408 | 1.032 | 0.5415 |

Scintillator Fiber Detector The scintillator fiber detector consist of 1200
scintillating fibers placed parallel to the beam axis in two rings around the
secondary active target. The first ring contains 500 fibers located at a distance
of 70 mm from the primary interaction point. In the second ring, a number of
750 fibers are displaced at a distance of 99 mm from the primary interaction
point. All the fibers have a diameter of 0.83 mm and a length of 1800 mm. The
system is placed at the center of the Cave reference system. The scintillator
material the fibers are made of is BC408.
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A.3 Digital Pulse Shape Analysis

Attempts regarding the analysis of the preamplifier signal alone has been also
considered. The scope of this analysis is the extraction of the energy resolu-
tion from the preamplifier signal by using digital signal processing. A typical
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Figure A.1: Upper part corresponds to the preamplifier signal of the VEGA de-
tector, which ideally follows an exponential decay. Lower part illustrates the step
signal of length M=1.8 us, after the application of MWD method.

preamplifier signal is illustrated in the upper part of Fig. A.1.

The output signal of a charge integrating preamplier with continuous discharge
consist of a fast rising step due to the charge collection, followed by an ex-
ponential tail due to the discharge of the capacitors over the resistor. The
exponential tail reduces the final peak height depending on the rise time of the
signal, therefore in order to extract the whole amplitude of the signal which
corresponds to the energy of a gamma ray, the influence of the preamplifier
has to be removed. This is accomplished by the moving window deconvolution
algorithm (MWD) [219]. It consists of two parts:

1. the first part is a deconvolution, which transforms the continuous dis-
charge preamplifier signal into a signal from a transistor reset preampli-
fier, which is a staircase signal.
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Figure A.2: Energy resolution for 4 segments of the Channel B at VEGA as a
function of the length M of the deconvolution window and for different magnetic
fields.

2. By applying numerical differentiation of such signal the moving window
deconvolution equation is obtained. It converts an exponential signal
into a step signal of length M, being M the width of the deconvolution
window as shown in the lower part in Fig. A.1. Knowing the decay time
and the start time of the signal, the initial amplitude can be determined
from any data point of the decaying signal.

The decay time for VEGA is about 50 us.
In Fig. A.2, the energy resolution of the 4 segments of the analysed channel at
VEGA, extracted by using the method explained above, is shown as a function
of the length M, for differents values of the magnetic field. Even though each
segment shows a different character, all segments exhibit a common trend, i.e,
the energy resolution improves by increasing M. For segments 1 and 2, it is
observed that the resolution is recovered at high magnetic field with larger
M value. One can expect that the larger M value the better the energy res-
olution arised from the MWD method. Due to the short length of the trace
(see Fig. A.1), only 5us, specially to the short length of the baseline, the
method could not be well optimized, and the reconstructed gamma-ray spec-
tra present a worse energy resolution in comparison with those arised from the
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Figure A.3: Gamma-energy spectra of VEGA at different values of the magnetic
field. The part on the left illustrates the ADC spectra of Channel B for the value
of no magnetic field and at 1.6 T. The right part correspond to the reconstructed
ADC spectra after pulse shape analysis at values of zero and 1.6 T for the magnetic
field.

ADC spectra. the 2.2keV of energy resolution could not be recovered under
these circumstances by using the MWD algorithm(see Fig. A.3). Indeed a
longer FADC sampling would be needed in order to recover the standard value
of the energy resolution for the VEGA detector.
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A.4 Single and Double hypernuclei spectroscopy

A

Mass =

isospin (I) = 0

Lifetime (1) =

1t
Spin-Parity(J7) = =

2

1115.684

(2.63-107)s

Mev/c?

The single A hypernuclei masses m,, have been calculated by using the bind-
ing energy of a A hyperon B, at the ground state ( obtained from experiments
or from theoretical calculations) and the core nuclei mgyr. The formula is the
one introduced in Sec. 1.2,

MHayp = Meore + mp — BA

(A.12)

Table A.4: Core Nuclei masses used for the calculation of the hypernuclei masses

Ton/Particle Mass Ion/Particle Mass Ton/Particle Mass
(MeV/c?) (MeV/c?) (MeV/c?)
p 938.27945 (Be 5605.3390 B 10252.6273
n 939.57287 "Be 6534.2350 PN 11191.
a(iHe)  3727.40841 *Be 7454.9088 13N 12111.28
d(2H) 1875.627 9Be 8392.0 1N 13040.3051
t(3H) 2808.9432 9B 8393.3725 150 13969.044
SHe 2808.4137 B 6545.
SHe 4667.8719 ’B T4T2.
He 6545.5985 B 9324.5096
oLi 4667.6530 2C 8407.91
SLi 5601.5625 oc 9327.
i 6533.8845 gC 10254.0988
8Li 7471.4245 $C 11174.9506
oLi 8406.9337 $c 12109.5771
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A.5 Production probability of ground and ex-
cited states of double hypernuclei for se-
veral target nuclei

Production probability of ground and excited states of accessible double hy-
pernuclei after the capture of a 2~ in *Be, B, ''B and '*C nuclei and the =~
conversion into two A hyperons.
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Figure A.4: Production probability of ground and excited states of accessible
double hypernuclei after the capture of a =~ in ?Be and '3C target nuclei and the
=~ conversion into two A hyperons.
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Figure A.5: Production probability of ground and excited states of accessible
double hypernuclei after the capture of a 2~ in 1B and ''B target nuclei.

A.5.1 Hypernuclei definition

In order to define hypernuclei within the P ANDAROQOT framework, the class
FairParticle has been extended. A list of single, double hypernuclei with the
corresponding decay modes are added to the database during the initialization
procedure.
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Table A.5: Decay modes of light single lambda hypernuclei (A<13). Here it is
considered that the mesonic weak decay( two body decay) takes place from the
ground state of the corresponding single hypernuclei.

single-hyp # 1 #2 #3
2H SHe 7
1H a T
1He SHe 7~ p
2He a 7T D
¢He i 7
&He i 7™
QLi a 7 2p
TLi Be 7
8Li *Be 7~
qLi ‘Be 7~
"Be a 7 3p
8Be B 1
1Be *Be 1w p
PBe VB 7~
1B °0C 7
}\0]3 10C T
1p e g
12 1200 -
120 N
130 BN
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Table A.6: Decay modes of double lambda hypernuclei (A<13). Here it is con-
sidered that the mesonic weak decay( two body decay) takes place sequentially for

both A’s from the ground state.

double-hyp # 1 # 2 #3
A H "He 7 p
A H 2He 7~
21 He AL 7 p
¢ \He QLi 7w
1 He L 7~
TALi Be 7
& \Li 8Be 7
2L 1Be 7
2.Be 8Be 7w~
1% Be "B w1
L Be iB 7w
12 Be PB 7w
mB o WB o p
mB - FC
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Table A.7: Measured energy levels of single lambda hypernuclei from %H to /1\60.

3.067

Nucleus Mass g.s Exc. Energy lifetime
MeV/c2 MeV J¥  1(ps)
“H 2091.14 0.0 1T 246
‘H 39225 00 0t 194
1.05  1*
iHe 392119 0.0 0 256
115 1*
YHe 4839.9 00 37 256
SHe 5779.4 00 1%
“He 7654.2 0.0
S Li 57787 00 1%
nLi 6711.53 0.0 1T
0.692 37
2.050 27
2.521 17
388 17
S Li 7641.8 0.0 1%
S\ Li 8578.7 0.0
WL 9510.25 0.0  1°
" Be 67159 0.0 1T
A Be 7643.15 0.0
% Be 856449 0.0 1T 201
3.024 27
3+
2
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Table A.8: Continuation of Tab. A.7

Nucleus Mass g.s Exc. Energy lifetime
MeV/c? MeV JP 7(ps)
UBe  9499.32 0.0 0
B 8579.71 0.0 el
B 9499.69 0.0 1~
0.1 2-
NB 1041176 0.0 5T 211
not observed %Jr
1.482 i
not observed ng
2B 11357.12 0.0 1+
2o 11358.71 0.0 1= 231
2.58 1
6.89 1
10.68 2t 211
voo 12218.71 0.0 i
e 13213.32 0.0
UN O 13215.02 0.0
PN 1412741 0.0 g*
2.268 1*
e, 15059.5 0.0 0~
0.026 1-

6.56 1~
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Table A.9: Predicted energy levels of double hypernuclei. Ground and exited states
of double hypernuclei used in the present calculation and the relevant references.

Nucleus | Mass g.s | Exc. Energy | J” ref. /notes
MeV/c? MeV
WH 4107.47 0.0 1+ ] [93, 87, 152, 153, 154, 151]
H 5037.54 0.0 ¥ (71, 73, 149, 150, 151]
P He | 5036.98 0.0 7 [71, 73, 149, 150, 151]
¢ He 5951.37 0.0 0F [94, 95]
T He 6889.82 0.0 3- [95]
éALz: 6889.35 0.0 3 [95]
8\ Li 7821.27 0.0 1+ [95]
1.36 3t
5.63 2+
Li 8748.85 0.0 8- [95]
0.73 i
4.55 I
5.96 2
1 Be 8751.04 0.0 - [95]
0.71 -
4.54 -
5.92 -
19 Be 9671.08 0.0 0F [95]
2.86 2t
1 Be | 10603.35 0.0 - 75, 95, 182]
1.684 1
2.429 g-
2.78 3
3.049 gt
4.704 3
5.59 8-
6.38 ‘
6.76 9+
7.94 -
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Table A.10: continuation of Tab. A.9.

2 Be | 11534.05 [ 0.0 [0F [ [75, 95, 182]
3.36 | 2F
5.958 | 2+
5.959 | 1~
6.179 | 0F
6.263 | 2~
7.371 | 3
7.542 | 2F
WB | 10603.71 | 0.0 | 27| [75, 95, 182]
2.361 | 5
275 |3
2.788 | 2"
2B | 1153252 0.0 [ 3% ] [75, 95, 182]
0.71835 | 1*
1.74015 | 0%
2.1543 | 1F
3.5871 | 2F
4.7740 | 3F
5.1103 | 2~
5.1639 | 2F
5180 | 1+
59195 | 2F
6.025 | 4F
6.1272 | 3~
6.56 | 4~
6.873 | 1~
7.003 | 3*
7.430 | 1~
7.469 | 2+
7.480 | 2
7.5599 | 0F
7.67 | 1F
775 | 27
8.07 | 2F
8.68 | 3*
8.889 | 3~
8.804 | 2%
MB 1245659 | 0.0 | 27 [90]
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