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Abstract

A recent renascence of interest for energetic proton induced production of neutrons origi-
nates largely from the inception of projects for target stations of intense spallation neutron
sources (like the planned European Spallation Source ESS, the SNS in the US and J-PARC
in Japan), accelerator-driven nuclear reactors, nuclear waste transmutation, and also from
the application for radioactive beams. The ultimative objective is that the essential high-
and intermediate energy nuclear data, required in the framework of such applications
will be available in an energy range where currently almost no data exist. Although
in this work the issue has been quite successfully addressed experimentally by varying
the incident proton energy for various target materials and by covering a huge collection
of different target geometries—providing an exhaustive matrix of benchmark data—the
overriding challenge is to increase the predictive power of transport codes employed for
various applications in particle physics. To scrutinize several of such codes, reaction cross
sections, hadronic interaction lengths, average neutron multiplicities, neutron multiplicity
and energy distributions, and the development of hadronic showers are here investigated.
The problem of radiation-induced damage of window- and target-materials employed in
spallation neutron sources due to embrittlement and blistering caused by helium gas
production is expatiated in the current work. As for example production cross section
measurements for light charged particles on thin targets point out that appreciable dis-
tinctions exist not only for different experiments, but also within the models applied here.
The performance and flexibility of program packages like HERMES, LCS or MCNPX and
their validation by using experiments is demonstrated.

Besides this application driven motivation for investigating GeV proton-induced spal-
lation reactions, a more fundamental or nuclear physics aspect related to the excitation
of heavy nuclei and the investigation of their subsequent de-excitation and fragmenta-
tion modes will be presented. The exploration of hot excited nuclear matter implies the
understanding of their formation under extreme conditions (temperature, pressure). To
this the transition of an ensemble of nucleons to thermal equilibrium has to be analyzed.
As experimental observables the energy spectra of high-energetic charged particles like p,
d, t, *He, “He, IMF (intermediate mass fragments), FF(fission fragments) are studied in
coincidence with neutrons for light particle induced reactions on various targets. These
observables allow for a quantitative determination of the energy relaxation process. The
thermal excitation energy E* transferred to the nucleus is found to be less than 30% of the
total available energy (kinetic energy of projectiles + eventually annihilation energy in
case of p), irrespective of the projectile type. Therefore exotic decay modes like multifrag-
mentation are unlikely and the experimental abundance of IMFs can be fully explained
by statistical models, i.e. no evidence for multifragmentation up to E* ~ 1 GeV is found
and nuclei decay predominantly statistically, i.e. by evaporation. If multifragmentation
is defined as a process that has 3 or more IMFs in the exit channel, an onset is found
at about 4 MeV/nucleon. Even at highest excitation energies as for example for the
1.2 GeV p+Cu and p+Ag reactions the average IMF multiplicities restrain to values of 1
and 2, respectively. In accordance to this phenomenon up to the highest E* the excited
heavy nuclei are shown to survive as self bound objects as high fission probabilities clearly
indicate. For the 1.2 GeV p+Cu reaction the onset of vaporization is observed at about
7.5 MeV /nucleon, with a total vaporization cross section of 3 mb.



Kurzfassung der Ergebnisse

Die Entwicklung neuartiger technologischer Grofiprojekte hat zu einer Renaiscance des
Interesses an der protoninduzierten Produktion von Neutronen gefithrt. Zu diesen zéhlen
hochintensive Spallationsneutronenquellen (wie z.B. die European Spallation Source ESS,
die SNS in den USA oder die J-PARC in Japan), beschleunigergetriebene unterkritis-
che Reaktorsysteme, Anlagen zur Beseitigung radioaktiven Abfalls und Experimente mit
radioaktiven Strahlen. Im Rahmen solcher Anwendungen ist die effektivste Art, die
Primé&rstrahlenergie der Protonen in nutzbare Neutronen zu konvertieren, von héchster
Wichtigkeit. Dieser Thematik ist in der vorliegenden Arbeit experimentell nachgegan-
gen worden, indem bei Variation der Protoneneinschufienergie unterschiedlichste Target-
Materialien und -Geometrien untersucht wurden. Die sehr umfangreiche Datenbasis stellt
die Grundlage fiir extensive Vergleichsmdglichkeiten mit Modellrechnungen géngiger Com-
puter Codes dar, die vielfaltige Anwendung in der Teilchenphysik finden. Um diese Trans-
portcodes (HERMES, LCS oder MCNPX) in ihrer Prognosequalitét beurteilen zu kénnen,
werden Reaktionsquerschnitte, hadronische Wechselwirkungslédngen, mittlere Neutronen-
multiplizitdten, Neutronenmultiplizitdts- und Energieverteilungen und die Entwicklung
hadronischer Schauer studiert. Das Problem strahlungsinduzierter Schidigung durch He-
Produktion (Materialversprodung, atomare Versetzungen,...) des Fensters und der Target-
Materialien, die in den Spallationsneutronquellen eingesetzt werden sollen, ist in der ak-
tuellen Arbeit ausgefiihrt. Beispielsweise zeigen protoneninduzierte Produktionswirkungs-
querschnitte leichter geladener Teilchen aus diinnen Targets betrichtliche Abweichungen
nicht nur fiir unterschiedliche Experimente, sondern auch innerhalb der Modelle.

Neben diesem anwendungsorientierten Aspekt liegt der Schwerpunkt dieser Arbeit in
dem Studium der Spallationsphysik selbst. Es wurde erstmalig die Anregung schwer-
er Kerne unter Ausschlufl dynamischer Effekte und die anschlieBenden Zerfallmodi der
heiflen Kernmaterie studiert. Die Untersuchung heifler, angeregter Kernmaterie setzt das
Verstindnis der Erzeugung unter extremen Bedingungen (Druck, Temperatur) voraus.
Hierzu muf} der Ubergang eines Ensembles aus Nukleonen zum thermischen Gleichgewicht
analysiert werden. Als experimentelle Observable dienen die Energiespektren geladener
Teilchen wie p, d, t, *He, *He, IMF, FF(fission fragments), die in Koinzidenz mit Neutro-
nen nach Beschufl verschiedenster Targets mit leichten Teilchen gemessen wurden. Diese
Observablen ermdglichen die quantitative Bestimmung der Energierelaxation in den unter-
suchten Reaktionen. Unabhéngig von dem Projektilteilchen betrigt der Anteil der ther-
mischen Anregungsenergie E*; die in dem Kern deponiert werden kann nur maximal 30%
der totalen zur Verfiigung stehenden Energie. Damit sind erwartete exotische Zerfalls-
prozesse wie z.B. Multifragmentation (MF) unwahrscheinlich und der experimentelle Pro-
duktionsquerschnitt fiir IMF's 148t sich vollstdndig mit statistischen Modellen erschépfen,
i.e. es liegen—zumindest fiir Anregungsenergien bis rund 1 GeV—keine Hinweise fiir MF-
phénomene vor. Definiert man MF als einen Prozef, bei dem 3 oder mehr IMFs im
Ausgangskanal gefunden werden, findet man die Schwelle bei 4 MeV/Nukleon. Selbst
fiir hochste hier erreichbare E* betragen die IMF Multiplizitdten beispielsweise fiir die
1.2 GeV p+Cu und p+Ag Reaktionen im Mittel nur (Mpyr) = 1 bzw. 2. In Einklang
mit dieser Beobachtung demonstrieren hohe Spaltwahrscheinlichkeiten schwerer Kerne,
daf angeregte heifle Materie als gebundenes Objekt hohe Temperaturen iiberleben kann.
Vaporisation wird fiir die 1.2 GeV p+Cu Reaktion ab etwa 7.5 MeV/Nukleon beobachtet,
wobei dessen Wirkungsquerschnitt bei knapp 3 mb liegt.
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Chapter 1

Introduction

Neutron production in spallation reactions induced by energetic particles in heavy targets
has been observed already in the late 40’s. As a result of a continuous progress in acceler-
ator technology, the construction of powerful intense spallation sources became possible,
providing new opportunities for solid state physics, life and material science. In fact, a
variety of projects have been initiated recently, including the construction at the Paul
Scherer Institute (SINQ) [Bau96] of an accelerator-based, continuous neutron source and
including several pulsed, high-intensity neutron sources, planned or under construction.
Among the latter projects are the ambitious 10 MW European Spallation Neutron Source
ESS [ess02-I11, Gol02]!, the 2 MW Spallation Neutron Source SNS [App95, sns02] in the
US, and the Japanese facility J-PARC at KEK/JAERI [Nag99]. As genesis or originator
of all spallation sources the Intense Pulsed Neutron System (IPNS) [Car78] as a national
facility for condensed matter research realized at the Argonne National Laboratory may
be considered. Studies for intense neutron generators (ING) based on Pb-Bi targets and a
tremendous beam power of 65 MW (1 GeV proton beam) have been reported already 1966
by G.A. Bartholomew and P.R. Tunnicliffe [Bar66] - however the project was terminated
in 1968. A very good review of early work before 1978 can be found in ref. [Bar78].

Intense, short-pulse neutron beams from accelerator-based sources make it possible to
study a wide range of scientific problems via neutron scattering, exploiting time-of-flight
techniques and allowing kinetic studies of various processes. In addition, powerful neutron
sources, such as the sub-critical spallation/fission hybrid reactors [Nif99, Rub95, Rub97],
provide a basis for various, potentially important applications often entitled as ADS—
“Accelerator Driven Systems”. For example, such facilities may be used to effectively
produce tritium[{Bro96] or to achieve the incineration or transmutation of radioactive nu-
clear waste [Bow92, AIP94, Bow96b, Ven96, Fil97, ENEAO1]. It is also important that
the accelerator-based neutron sources are much more acceptable from the environmental
point of view than nuclear reactors and that they show greater promise for future im-
provements in peak neutron intensities. However the notion to operate the planned high
intense European neutron facility ESS also as a “multi-purpose-facility” like the Japanese
project has meanwhile been disapproved due to consolidated findings of the CONCERT
study [Con01].

In the original ESS feasibility study of 1996 [ess96-II1] the spallation source was planned to have two
short pulse target stations and 5 MW power. The new concept favors both a so called long pulse and a
short pulse target station with 5 MW each.
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The emphasis of the current work is focused on matters related to the design of the
target station of the spallation source from a nuclear physics point of view, rather than
on the accelerator relevant questions or on instrumentation of such facilities. The two
latter aspects are—in the framework of the ESS—the tasks of the leading research centers
RAL (ISIS [Isi99] at Rutherford-Appleton Laboratory located near Oxford) and HMI
(Hahn-Meitner Institut Berlin GmbH).

Most of the occurring questions can be examined nowadays by simulations. The
simulation is frequently even the only way to understand particularly complex systems.
Therefore in the present work not only the nuclear physics experimental approaches at the
COQoler SYnchrotron COSY in Jiilich will be described, but also some essential and basic
aspects on the theoretical understanding. Today with the development of models, meth-
ods and data from the reactor physics, fusion technology, nuclear physics and high-energy
physics information is accessible, which enables the application of particle transport com-
puter simulations to certain specific queries. The particular challenge requested to the
models is due to the description of hadronic and electromagnetic phenomena over 10 or-
ders of magnitude ranging from the incident proton energies (GeV) down to the energy
of the moderated sub-thermal neutron (meV). The complex features of neutron cross sec-
tions in the low energy region cannot be calculated from first principles using properties
of the nucleus. Hence data must be determined empirically as a function of energy for
each nuclide and for each reaction. In general these data cannot be interpolated over large
energy intervals, because of the irregular resonance structure, although Breit-Wigner or
other semi-empirical relations often allow a characterization of the cross sections in terms
of few empirical parameters per resonance. Therefore cross sections as well as energy and
angular distributions of the resulting secondary particles for hundreds of isotopes over
an energy range from 107° eV to 150 MeV have been evaluated and culminated in nu-
clear data files (e.g. ENDF [End79, End01], JENDL [Jen95, Jen02], JEFF [Jef94, Jef02],
CENDL-2 [Cen91, Cen92], BROND-2 [Bro94] et al.).

The motivation for investigating GeV proton-nucleus spallation reactions has two aspects:

e an applied one related to the current development of “large scale projects” or more
specifically of intense spallation neutron sources, like in particular the ESS-project.

e and a more fundamental or nuclear physics aspect related to the excitation of heavy
nuclei and the investigation of their de-excitation and fragmentation modes.

Both aspects justify a renewed effort in the investigation of spallation reactions, either be-
cause of the much more detailed experimental data needed for a thorough validation of the
modern high energy transport codes, which are used for the design of spallation neutron
sources, or, as an essential complement to recent heavy-ion studies of the disintegration
modes of very highly excited nuclei. Moreover, the progress made in the experimental
techniques since the early spallation investigations allows a much closer insight into the
spallation reaction itself as well as into the dynamics and the time scales of the subsequent
nuclear fragmentation.

Here in particular the nuclear physics experiments NESSI (NEutron Scintillator and
STlicon Detector), PISA (Proton Induced SpAllation) and JESSICA (Jilich Experimental
Spallation target Setup In Cosy Area) carried out at COSY for the energy range up to
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2.5 GeV incident proton energy will be subject. As for example the systematics of neutron
production cross sections and neutron energy spectra as a function of incident proton
energy, target material, and target geometry are not well known or documented in the
literature.

The NESSI and the former PS208 collaboration at CERN have—in order to fill these
gaps systematically—performed a series of proton- and antiproton induced experiments
[Egi00, Enke99, Fil0l, Fil0lb, Fil99, Gol01l, Gol00, Gol00b, Gol99b, Gol99d, Gol99e,
Gol991, Gol98b, Gol96, Gol96b, Her01, Hil01, Hil98, Hil96b, Hil95b, Hil95¢, Jah01, Jah99,
Jah96, Jah95, Jah95b, Let00, Lot01, Lot99, Lot98, Lot97, Pie00, Pie99, Pied7, Sch97] us-
ing a highly efficient 47 sr gadolinium loaded scintillator neutron detector [Gal94, Gal01]
partly in combination with a 47 sr silicon detector [Boh92, Figd5, Pau92] for charged
particles. These measurements covered a large range of incident hadron (p,p, 7%, K and
d) energies, as well as a variety of target materials and geometries. In contrast to the
older measurements of typically only average neutron multiplicities [Fra65, Rus80, Arm8&4,
Vas90, Nik90, Tak97, Ara99], the NESSI experiments have provided also event-by-event
information on these multiplicities.

PISA effectively considered as successor of or supplement to NESSI is an experiment
currently under construction at the internal ring COSY. Recent test-measurements pro-
vided first data currently being analyzed and briefly presented here.

JESSICA is a 1:1 ESS Hg target-reflector-moderator mockup which aims at studying
sub-thermal neutrons using advanced moderators. Time-dependent neutron spectra are
investigated by Bragg reflection and ’time-of-flight’ (TOF)-methods.

The extensive set of benchmark data obtained in the NESSI, PISA and JESSICA
experiments imposes strong constraints on the theoretical modeling of the occurring in-
teractions [Enke99, Gol01, Gol00, Gol00b, Gol99b, Gol99e, Her01, Hil01], and allows one
to calibrate and improve widely-used high-energy transport codes [Fil00, Fil96, Ste98].
The accuracy of such codes is critical for the design of high-power target stations, since
the optimization of geometrically expanded high power target stations will finally rely on
general Monte-Carlo particle transport codes having maximum predictive power.

In particular above 1 GeV so far only limited data [Fil97, Hsi97, Shu97] were available
for light charged particles, intermediate mass and fission fragments. Calculated data
deviate as much as a factor of 5-10. With NESSI, H and He production cross sections
which are of particular interest for studying radiation damage in target and structure
materials have been measured. Kinetic energy and angular distributions of H- and He-
isotopes as a function of thermal excitation energy E* have been deduced [Enke99, Gol96b,
Her00, Pie00]following a procedure described in detail in ref. [Gol96b, Pie00].

Unfortunately the experimental setup of NESSI [Enke99, Gol96, Gol96b, Let00] is not
suited for measuring the kinetic energy or angular distribution of neutrons as for example
reported for 800 MeV proton-induced reactions on heavy thick targets in ref. [Rus80] or
thick tungsten targets [Tak97]. These spectra would be of particular interest for shielding
requirements of spallation neutron sources. Published data for 800 MeV p+Pb vary, for in-
stance, by a factor of two at neutron energies above 50 MeV [Rus80, Ami92, Sta93, Mar97].
Energy spectra and angular distributions of neutrons have recently been measured at vari-
ous incident projectile energies [Ler01, Egi00, Led99, Tit00, Ish97, Mei99]. Isotopic distri-
butions and kinetic energies of residual nuclides have recently been studied by exploiting
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inverse kinematics of relativistic heavy ions (at 0.8 GeV/A) on a hydrogen target at GSI
Darmstadt [W1a00, Rej01, Enq01, Ben01] and Hannover University [Glo96, Glo01]. A sys-
tematics of proton induced fission cross section data has recently been compiled at Uppsala
and Jyvéskyld Universities [Pro01, Rub01]. These additional observables certainly are of
large interest for assessing the radioactivity and radio-toxicity of target materials and for
representing further constraints to the models [Glo01, Kor01, Ler01].

This work is partitioned into 8 chapters. Chapter 2 and 3 represent as science case an
overview on present and anticipated research with neutrons and the current methods to
produce them. The projects and aspects in the framework of ADS will be addressed in
chapter 2 in particular in the context of high intensity spallation neutron sources as for
example the European Spallation Neutron Source ESS [ess96-111, ess02-111].

Chapter 3 presents the different means to produce neutrons in general with special
emphasis on the spallation process and a phenomenological description of the spallation
process itself including the propagation and development of hadronic and electromagnetic
showers in thick target materials as a function of incident proton energy.

Chapter 4 will be devoted to the characterization and evaluation of theoretical mod-
els being used in the present work. First the basic ideas and validity ranges of the
physics models are discussed before presenting the realization and implementation within
the code-packages, such as HERMES [Ste98, Clo88, Fil00c], LCS [Pra89], or MCNPX
[Hug97]. In addition to the “standard” intra-nuclear cascade (INC) codes, derivatives
of the code Bertini [Ber63, Ber69, Ber70, Ber72], the present study comprises also the
time-dependent Liege INCL2.0 code [Cug81, Cug84, Cug87, Cug97a, Cugd7b] coupled
with the evaporation code GEMINI [Cha88]. Relevant key parameters selectable in these
codes are introduced. The theoretical description of particlular decay modes of hot nuclei
as for example vaporization, multifragmentation and fission are discussed.

Both the application driven as well as the more fundamental nuclear physics or astro-
physics provoked motivation justifying the investigation of (anti-)proton-induced spalla-
tion reactions in the GeV range is discussed in detail in chapter 5.

After a brief description in chapter 6 of the objectives and the respective experimen-
tal methods and setups of the three different experiments NESSI, PISA, and JESSICA
currently installed at the Cooler Synchrotron COSY (Jiilich), chapter 7 is dedicated to
comparing the results of simulation calculations to the experimental data. Such a com-
parison has revealed serious limitations of the mainstream models. Striking deficiencies
of the theoretical models are discussed.

The overall objective of this work is to obtain a comprehensive understanding and
modeling of nuclear reactions in the 20-2500MeV region, which are specific to spallation
physics aspects. The essential goal can only be accomplished by means of a well-balanced
combination of basic cross section measurements, nuclear model simulations and data
evaluations as summarized in chapter 8.



Chapter 2

Research with Neutrons

A neutron is an uncharged (electrically neutral) subatomic particle with mass 1,839 times
that of the electron. Neutrons are stable when bound in an atomic nucleus, whilst having
a mean lifetime of approximately 900 seconds as a free particle, decaying through the weak
interaction into a proton, an electron, and an antineutrino. The neutron (like the proton)
is the ground state of a three-quark system and consists of one “up” and two “down”
quarks with spin 1/2 and baryon number 1. QCD allows the calculation of particle masses
and magnetic moments; predictions, 939 MeV and -1.86 nuclear magneton, compare well
with measured values, 939.6 MeV and -1.913 nuclear magneton. The neutron and the
proton form nearly the entire mass of atomic nuclei, so they are both called nucleons.
They interact through the nuclear, weak, electromagnetic and gravitational forces.

At the end of the second World War researchers in the USA gained access to the large
neutron fluxes that even relatively modest nuclear reactors were capable of delivering.
For more than a decade (Nobel Prize in physics to Sir James Chadwick in 1935 for the
neutron discovery in 1932) neutrons had then been known as building blocks in the atomic
nucleus. Enrico Fermi showed in 1942 that neutrons from fission of the uranium nucleus
could support a controlled chain reaction. He had earlier made the important discovery
that slowed-down or thermal neutrons show a much greater inclination to react than fast
ones do (Nobel Prize for this discovery, among others, to Fermi in 1938). The special
properties of these slow neutrons make them suitable for detecting the positions and
movements of atoms. Even before the entry of the nuclear reactors into the research
arena, results of using simple neutron sources had indicated that neutron beams could be
used for studying solid bodies and liquids (condensed matter). However, there were many
difficulties to overcome before these possibilities could be realized. The 1994 Nobel Prize
in Physics was awarded to Bertram Brockhouse and Clifford Shull for their pioneering
contributions to the development of neutron scattering techniques (neutron diffraction
and neutron spectroscopy) for studies of condensed matter. In simple terms, they helped
answer the questions of where atoms "are” and of what atoms ”do”.

Neutrons are an ideal probe for investigation of the structural and dynamical proper-
ties of matter. Their electrical neutrality enables them to penetrate deep into matter and
due to the low energy the matter can be studied without being destroyed. The magnetic
moment enables neutrons to explore microscopic magnetic structures and study magnetic
fluctuations. The energies of thermal neutrons are similar to the energies of elementary
excitations in solids and consequently molecular vibrations, lattice modes and the dynam-
ics of atomic motions can be probed. Very much the same is true for the wavelengths of
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thermal neutrons being similar to the atomic spacings and therefore a means to determine
structural information from 1073 to 10™* cm or crystal structures and atomic spacings.
Applying a method called “contrast variation” complex molecular structures can be dif-
ferentiated since the scattering amplitude of neutrons depends strongly on individual
isotopes. Due to the unique sensitivity of neutrons to hydrogen atoms, the best way to
see a part of a biomolecule, nucleic acid or a protein in a chromosome is through isotope
substitution-replacing hydrogen by heavy hydrogen (deuterium) atoms. In particular for
light atoms this physical property makes neutron scattering out-classing compared to
investigations using x-rays, because neutrons scatter from materials by interacting with
the nucleus rather than the electron cloud of an atom. This means that the neutron
scattering power (cross-section) of an atom is not strongly related to its atomic number
(the number of positive protons in the atom, and therefore number of negative electrons,
since the atom must remain neutral), unlike X-rays and electrons where the scattering
power increases in proportion to the number of electrons in the atom. Therefore neutron
scattering has three significant advantages:

e it is easier to sense light atoms, such as hydrogen, in the presence of heavier ones

e neighboring elements in the periodic table generally have substantially different
scattering cross sections and can be distinguished

e the nuclear dependence of scattering allows isotopes of the same element to have
substantially different scattering lengths for neutrons. Isotopic substitution can be
used to label different parts of the molecules making up a material.

Moreover the absolute value of the x-ray scattering cross sections is particularly small for
light atoms compared to neutron scattering cross sections. The capability of neutrons
localizing other light atoms among heavy atoms allows scientists to determine the critical
positions of light oxygen atoms in yttrium-barium-copper oxide (YBCO)—a promising
high temperature superconducting ceramic. The span of applications is ranging from
the basic research of materials science (structure of new alloys or modern plastics and
ceramics) up to the enlightenment of the structure and function of proteins, enzymes and
other bio molecules. Engineering scientists use neutrons for the investigation of highly
loaded components (e.g. turbine blades) and measuring of the inner forces of workpieces,
geo scientists for the research of rock samples or chemists for the acknowledgement of
catalytical processes or the structure of re-developed molecules. Neutrons scattered from
hydrogen in water can locate bits of moisture in jet wings indicating microscopic cracking
and early corrosion.

2.1 The science case

The science case is such many fold and voluminous that in the following only a small
representative selection can be shown up in order to motivate the need for a new generation
of high intensity neutron sources. A more detailed compilation can be found in Volume(s)
IT “The Scientific Case” [ess96-11, ess02-1I] and the Engelberg Progress Report [Eng01].
To anticipate, many questions in almost all research disciplines desire for higher intensities
and better monochromatization than currently available with existing sources.
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2.1.1 Solid state physics

Neutrons are the key to our understandings of solids. Nowadays advances in solid state
physics provide the backbone of many technologies. One example is molecular and or-
ganic magnets i.e. solids built from structurally well defined clusters of magnetic ions in a
complex environment. Such systems are of fundamental importance and could also serve
as atomic scale information storage systems. Research on the electron-electron interac-
tions underpinning such phenomena as high-temperature superconductivity and “colossal”
magneto-resistance are at the cutting edge of solid state physics. The high neutron flux
anticipated at next generation facilities will enable experiments on excitation continua of
metallic systems, among others, that will yield a wealth of new information. Alternatively
NMR techniques yield valuable local data on the magnetic susceptibility of solids, but
interpretation of these data requires knowledge of the material-specific hyperfine interac-
tions. The interaction parameters are difficult to calculate and to measure independently,
especially for complex materials. Even if they could be calculated accurately, NMR would
remain constrained to energies several orders of magnitude below those of electronic cor-
relation effects. Synchrotron radiation is another valuable characterization tool for solid
state magnetism. However, the cross section for charge scattering is several orders of
magnitude larger than that for magnetic scattering of photons. Thus, even magnetic
structure determinations of simple single-crystalline solids by magnetic x-ray scattering
are exceedingly difficult. A quantitative determination of the magnetic collective modes
and excitation continua of complex electronic materials by inelastic x-ray scattering will
not be feasible in the foreseeable future.

2.1.2 Materials science and Engineering

The interaction of a neutron with the nucleus of an atom is weak, (but not negligible)
making the neutron a highly penetrating probe. This allows the investigation of the
interior of materials, rather than the surface layers probed by techniques such as X-ray
scattering, electron microscopy or optical methods. This feature also makes the use of
complex sample environments such as cryostats, furnaces and pressure cells quite routine,
and enables the measurement of bulk processes under realistic conditions. High intensity
spallation neutron sources will allow for the first time to investigate materials in real time
with realistic dimensions and under real conditions. One example is the deformation of
materials and the understanding of the mechanisms involved. New solid state joining
techniques require more accurate information about the generation of residual stresses
that will add to in-service stresses and shorten component life. Finite element modeling
has become the main method for the design and assessment of engineering structures.
Such models cannot be developed reliably without accurate information to validate them.
Neutron diffraction is the only technique that can do this, providing measurements deep
inside most engineering materials.

2.1.3 Chemical structure, kinetics and dynamics

Neutrons are spin-1/2 particles and therefore have a magnetic moment that can couple
directly to spatial and temporal variations of the magnetization of materials on an atomic
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scale. Unlike other forms of radiation, neutrons are ideally suited to the study of mi-
croscopic magnetism, magnetic structures and short wavelength magnetic fluctuations.
The cross-sections for magnetic scattering and scattering from the chemical structure
are fortunately of the same magnitude, permitting the simultaneous measurement of the
magnetic and chemical behavior of materials. Chemists ask for higher performance ma-
terials, cleaner environments and improved efficiency in the use of chemicals. The aim
is to develop molecular materials with useful and tune-able physical properties such as
magnetism, superconductivity, nonlinear optical activity, polymorphism, etc. The un-
derstanding of intermolecular interactions that hold 3-D arrays of molecules together
as e.g. weak hydrogen bonding interactions is mandatory. Neutron research will allow
for more rational crystal engineering, enabling chemists to tailor properties by designing
structures, e.g. of pharmaceuticals.

2.1.4 Soft condensed matter

High penetrability, space time resolution at proper scales and variation of contrast qual-
ify neutrons as a unique tool for studying the structural and dynamical properties of soft
matter at a molecular level. One challenge of basic soft condensed matter science is the
development of a molecular rheology, i.e. an understanding of mechanical and rheological
properties on the basis of molecular motion. This aim requires space time resolution on
widely differing length and time scales and the selective observation of key components.
Neutrons are uniquely suited to meet these goals, however advances in instrumental tech-
niques and neutron flux are required, far beyond the present state of the art.

2.1.5 Biology and biotechnology

Neutrons are non-destructive probes, even to complex and delicate biological or polymeric
samples. Neutrons are of major importance, when information on hydrogen atoms - their
positions, hydrogen bonds, the role of water, hydrogen motions - as well as contrast vari-
ation on larger scales and dynamical features in general are of interest. Unfortunately,
present neutron intensities are too low to expect progress in a broad sense. Present neu-
tron sources require large sample sizes, which are often not available. Their limited inten-
sity renders multidimensional contrast variation schemes impossible and constrains time
resolution severely. Next generation sources will enable the miniaturization of neutron-
scattering techniques and facilitate multiparameter studies. The future intention is to
provide tools for finding molecular markers for early stage detection of illnesses. Neutron
data on such complex systems become a prerequisite for the design of more advanced
combinations of biological matter with solid surfaces for biochips, including bio-sensors.

2.1.6 Earth and environmental science

Thanks to the latest generation of diffractometers and spectrometers at the most modern
neutron sources, neutron scattering has recently been added to the methods applied in
earth science. However as for example one of the most significant issues in earth science
related to the prediction of earth quakes and vulcanic eruptions remains out of the reach
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of present day neutron instrumentation. The reliability of models crucially depends on
the knowledge of the physical and chemical properties of the materials involved (oceanic
crust, upper mantle, continental crust). Mineral structures and material behaviors under
extreme temperature and pressure conditions simulating the real conditions deep in earth
would be in the field of in-situ studies when more intense neutron sources would be
available.

2.1.7 Fundamental neutron physics

The features of neutrons appearing as both composite particles and quantum waves have
been investigated with thermal, cold and ultra cold neutrons at many sources. Accurate
measurements of the neutron S-decay confirmed the number of particle families predicted
in the Standard Model at three. Neutron experiments have made substantial contributions
to our understanding of strong, electroweak and gravitational interactions. A significantly
higher intensity and pulse structure of future generation neutron sources would provide
new possibilities for fundamental neutron physics experiments. One of several questions
concerns the handedness of the universe. The grand unified theory assumes a left-right
symmetric universe and explains the evident left handedness of nature through a sponta-
neous symmetry breaking caused by a phase transition of the vacuum, a scenario which
would entail a small right handed component for the neutrinos. Looking at the decay of
a neutron into a hydrogen atom could provide a definite answer, since one of the four hy-
drogen hyperfine states cannot be populated at all if neutrinos are completely left handed.
The best way to check whether deviations in the singlet scattering lengths signal a break-
down of isospin invariance, is a direct scattering measurement of the neutron-neutron
scattering at very low energy as available at the ESS. Ultra cold neutrons could be used
to study elastic and inelastic surface reflections and quantum gravitational states.

2.1.8 Muons as probes for condensed matter

Spallation neutron sources as discussed in the following chapter represent at the same
time an intense resource of muons. Muons provide an alternative to the neutron as a
probe of condensed matter and are frequently used in complementary experiments. The
muon can be implanted into virtually any material and its spin polarization monitored
to determine its site in crystal lattices or molecules, giving information about the local
atomic structure and dynamics. Resulting from the decay of positive or negative pions
into a muon and a neutrino, muons have spin 1/2, carry one elementary electric charge,
and have a mass about 207 times the rest mass of the electron or 1/9th of the proton rest
mass. Thus, from a particle-physics point of view they are "heavy electrons”, whereas
from a solid-state-physics or chemistry point of view they are ”light protons”. In the rest
frame of the pion, the muon magnetic moment is antiparallel to the muon momentum,
allowing muon beams with a very high degree of spin polarization (nearly 100% when
the muons are collected from pions decaying at rest) to be produced. Free muons have
a mean lifetime of 2.2 us, decaying into a positron and two neutrinos, with the positron
emitted preferentially in the direction of the muon spin, allowing the time evolution of
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the muon polarization to be measured by detecting the position of the decay positrons.
Why using muons for condensed matter studies?

e The muon is essentially a sensitive microscopic magnetometer with a magnetic mo-
ment three times that of the proton. In condensed matter, muons are repelled by
the nuclei, and thus muons probe magnetic fields in the interstitial regions between
the atoms. The frequencies of muon resonance or precession signals give a direct
measurement of local magnetic or hyperfine fields. Measurements of the relaxation
of the muon polarization characterize the distribution of these fields.

e In contrast to the neutron, the muon is usually a perturbative probe since it repre-
sents a defect carrying a unit positive charge. The defect interactions are essentially
identical to those of the proton, allowing, for example, studies of the isolated hy-
drogen defect centers in semiconductors via their muonium analogues.

e In insulators, semiconductors, and in organic materials positive muons may capture
an electron, to form hydrogen-like quasi-atoms known as muonium (Mu). Due to
the hyperfine interaction between muon and electron spin, muonium is an even more
sensitive magnetic probe than the bare muon. Muonium can be used as a substitute
for hydrogen in organic molecules or radicals, giving information on the structure,
dynamics and reactions of these species.

e Muons have approximately one-ninth of the proton mass, resulting in large isotope
effects. This favors the observation of quantum effects, notably the influence of zero
point energy in chemical bonds and quantum tunneling.

2.2 Research reactors or pulsed spallation sources?

Presently, Germany runs three medium flux reactors, the BER-II at Berlin, the FRJ-II
at Jiilich and the FRG-1 at Geesthacht. Except of the first one which was refurnished
around 1990, the reactors were built between 1950 and 1960. The FRJ-II and the FRG-1
are expected to be shut down within the next five years while BER-II is envisaged to be
operational for another 20 years or more. The new reactor FRM-II in Munich, having
about a factor of two less neutron flux than the High Flux Reactor (HFR) at the ILL
in Grenoble, was scheduled to become operational in 2002; however, due to a continuing
retardation of the final operation license by federal authorities its timely availability for
scientific usage remains undecided. The present European research base of neutron sources
consists of several reactors and two spallation sources of different neutron fluxes as listed
in Tab. 2.1.

Neutron scattering is still very much an intensity limited technique. Future user
communities will be interested in increasingly more complex materials and more complex
questions about them: The emphasis will be on higher precision and better resolution.

Neutron fluxes from traditional reactors have nearly reached their limits because of
heat dissipation in the core. Precision and resolution depends on increasingly better
neutron monochromatization. Better monochromatization in turn entails less intensity or
lower precision. Consequently pulsed spallation neutron sources with orders of magnitude
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Table 2.1: Compilation of of European and Russian reactors and spallation sources.

Country facility power n-flux [n em~2 s71]
Czech Republic SLVR-15 Prague 10 MW 1x 10
France ?JLL Grenoble 52 MW 1.2 x 10'®
SLLB-Orphee Saclay 14 MW 3 x 10"
Germany 2FRJ-II Jiilich 23 MW 2 x 10
*BER-II Berlin 10 MW 2 x 10'
9FRG-1 Geesthacht 5 MW 8 x 1013
%bFRM-ITI Munich 20 MW 7 x 10t
Hungary “BRR 10 MW 1.6 x 104
Netherlands %HCR, Delft 2 MW 2 x 1013
Norway *JEEP2 2 MW 2.2 x 1013
Russia ‘IBR-2 2 MW 1 x 106
Sweden “NFL R2 50 MW 1 x 104
Switzerland 4SINQ Villingen 1 MW 2 x 10
UK °ISIS Abington 156 kW 2 —10 x 105

%research reactor

bunder construction

cpulsed reactor

dcontinuous spallation source

¢pulsed spallation source, neutron flux given as peak value, second target station is planned.

higher peak fluxes shall be built. As for example the ESS will have a thermal neutron peak
flux of up to 2 x 10'"n em~2s~!. Since the early 50ties the intensity of neutron sources has
increased just by a factor of four. In contrast the ESS will yield in a tremendous progress.
Its intensity increase by two orders of magnitude will revolutionize the neutron science.
To convey an impression of the potential power of the ESS, today’s most powerful pulsed
neutron spallation source, ISIS (UK) [Isi99], produces short pulses of an even higher
peak flux than those provided by the world’s strongest research reactor at the Institut
Laue-Langevin. But ISIS’ peak-intensity is only 1/30 of that projected for ESS.

The need for both reactor based (normally steady-state or continuous) and accelerator
based (pulsed) neutron sources has long been realized by the neutron science community.
Due to the dramatic improvements in accelerator technology in recent years, generally
neutron pulses can be produced with much higher intensity than that available from
continuous sources. Furthermore, unlike the situation at a continuous neutron source,
pulsed sources allow the determination of the kinetic energy of individual neutrons using
“time-of-flight” methods and making “movies” of molecules in motion. Like a flashing
strobe light providing high speed illumination of an object the ESS as for example will
produce pulses of neutrons every 20 ms with 30 times more neutrons than are produced
at the most powerful pulsed neutron sources currently available.

Urgent need for new generation intense neutron sources is also clearly demonstrated
when comparing the number of active researchers in the neutron scattering community
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with the drastically decreasing sources being available in the near future. About 4000
scientists in Europe — more than 800 in Germany — use neutrons in their field of research.
The European Neutron Scattering Association (ENSA) found not only physicists inter-
ested in neutron scattering research, but also a broad spectrum of other disciplines as
demonstrated in the upper panel of Fig. 2.1. Chemists, materials scientists and mem-
bers of the life, earth and engineering science communities view neutron scattering as an
essential tool in their exploration and exploitation of the structure and dynamics of con-
densed matter. New science and industrial applications increased the demand for more
intense sources. This demand is completely contrary to the worldwide decline of existing
sources in the near future—a tendency predicted by the Organization of Economic and
Cooperative Development (OECD). The latter effect shown in the lower panel of Fig. 2.1
is mainly due to the shutdown of aging research reactors.

Figure 2.1: Opposing the number of researchers in the neutron scattering community with
the decreasing number of sources available.

Accelerator based spallation neutron sources present an inherently safe way to produce
neutrons, because the neutron production stops when the proton beam is turned off. It
also produces few hazardous materials.

All these factors underscore the need for next generation neutron sources.



2.3. THE EUROPEAN SPALLATION NEUTRON SOURCE ESS 13

2.3 The European Spallation Neutron Source ESS
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Figure 2.2: Evolution of the performance of reactors and pulsed spallation sources.

Fig. 2.2 provides insight to trends in the developments in neutron reactor and accelera-
tor facilities over time, starting with the discovery of the neutron by Sir James Chadwick
in 1932. The figure compares the peak thermal neutron flux versus the year the facil-
ity began or is scheduled for operation. Note that the figure compares peak fluxes for
both steady-state and pulsed sources, and even though the pulsed sources have high peak
fluxes, they lack the integrated neutrons of steady-state sources; and while peak flux is
an important parameter for neutron scattering, total flux is needed for such objectives as
transmutation or isotope production. While reactor sources have leveled off, accelerator-
based sources show considerable promise for even higher intensities in the future.

Advances in accelerator design and technology, new approaches to instrumentation
design and measurement techniques, and increasing difficulties in gaining environmental
acceptance for nuclear research reactors (especially in Germany) have all contributed to
the trend toward using accelerators for the new sources being planned. As for example
with a beam power more than 30 times that of ISIS and improved instrumentation for
pulsed sources, effective intensity gains up to three orders of magnitude over ISIS can
be anticipated in some cases through combination of source brightness and instrument
development. The European Spallation Source ESS [ess02-I11, Gol02] being discussed in
more detail in the following is found to be the most ambitious project besides the SNS
is the US. However a high power spallation source like the ESS, injecting a 1.334 GeV
/ 62.5 A peak current pulsed proton beam into liquid Hg at a 50 Hz repetition rate has
never before been realized. Therefore technical boundaries need to be pushed beyond
present limits. Furthermore only a limited amount of both theoretical and experimental
data on the nuclear spallation process, cross sections and reaction products are available
for such target stations. One of the goals of this work is to provide such nuclear data for
spallation sources.
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2.3.1 Short history of ESS

The accelerator-based pulsed high intensity neutron source running at ISIS (RAL) [Isi99]
and the Intense Pulsed Neutron System (IPNS) [Car78] as a national facility for condensed
matter research realized at the ANL may be considered as the genesis of the ESS. In the
following a brief historical survey is given:

1977-84 Study, design and construction of the national spallation source ISIS in the UK

1984 British spallation source ISIS operational

1979-85 Feasibility study for a National German Spallation Source SNQ; the project was
finally not approved

1990 Recommendation from a CEC Panel on Large Scale Facilities: Carry out studies
for next generation neutron sources

1991-92 Joint initiative from Forschungszentrum Jiilich and Rutherford Appleton Labo-
ratory (UK): Series of workshops held identifying the concept of a future European
spallation source; proposal for a pulsed neutron source:

e 5MW beam power, 1us proton pulse length
e 2 target stations: 5 MW at 50 Hz, 1 MW at 10 Hz

1993 Start of the multi-national study (8 European countries & CEC), establishment of
the ESS scientific council

1996 Publication of the ESS “Final” report

e Volume I - The European Spallation Source

e Volume II - The Scientific Case [ess96-1I]

e Volume IIT - The Technical Study [ess96-11I]

o Identification of further high priority R&D work

1997 Establishment of ESS R&D Council
1997-2001 ESS R&D phase
2001 Workshop in Engelberg [Eng01]; proposal for both:

e short pulse target station (SPTS, 50 Hz, 1.4us, 5 MW)
e long pulse target station (LPTS, 16% Hz, 2 ms, 5MW)

2002 Publication of the ESS revised report as presented on the “Bonn-event”

e Volume I - European Source of Science [ess02-]]

e Volume II - New Science and Technology for the 21st Century [ess02-1I]
e Volume IIT - Technical Report[ess02-I1I]

e Volume IV - Instruments and user support [ess02-IV]

The final approval of the European Spallation Source presumes a teamwork not only on
a national level, but also on a broad European or even worldwide cooperation.
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2.3.2 Technical design of ESS

A spallation neutron source is an accelerator driven facility. The process involving the
scientific community that has settled on the functional requirements for ESS has been
long deliberate and evolutionary. There were rapid advances in neutron science not long
after the first neutron sources were built and utilized. As improved cold neutron sources,
neutron guides and advanced instrumentation were developed, the applicability of neutron
scattering to a much broader range of science became apparent. New research reactors
and accelerator based sources have been built during the last 20 years. The unanimous
demand for a short-pulse spallation source (proton pulses of 1.4 us or shorter) resulted in
subdividing the task into three major fields of study:

1. the injector and the linear accelerator (linac)
2. one or more ring(s) for compressing the (long) linac pulses
3. the target station(s).

Since the 1996 ESS-feasibility study [ess96-111] the reference concept remained largely
unchanged, because only little engineering work has been done in the meantime. Therefore
in the following only a brief description is given and the most important changes are sum-
marized. A schematical sketch of the currently anticipated facility comprising the linear-
accelerator/compressor-ring /SP- and LP target-station is given in Fig. 2.3 [ess02-I1I].

Figure 2.3: ESS - a possible layout: Artist's view of the ESS facility showing the ion
source, the linac tunnel leading to the accumulator and compressor rings from where the
beam is distributed to the short pulse target station. The long pulse target station with
instruments is directly connected to the linac.
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The Ion-source and the linear accelerator

Negatively charged hydrogen (H™) ions are produced by an ion source. As shown as
a basic scheme in Fig. 2.4 the ion beams accelerated in a sequence of radio-frequency
quadrupoles (RFQ) and a drift-tube linac (DTL) will be combined in a funneling section
at an energy of about 20 MeV for further acceleration in a second DTL up to 90 MeV.
From there on a linac system of cell-coupled structures (CCL) takes the beam up to its
final energy of 1334 MeV. The design is optimized for very low beam losses (<1 nA/m)
in order to allow hands-on-maintenance and repair even at the high energy part. For a
high current pulsed accelerator the choice between normal or superconducting (sc) high
energy part of the linac is by no means trivial. As a consequence the ESS project has on
purpose followed two different ways: The first is to revise the 96’ [ess96-III] accelerator
proposal in view of the R&D efforts and the second is to look at a SC version based
on the ESS-CEA CONCERT study [Con01]. It appears that both designs are capable
of delivering the required performance. Currently ESS is assessing in more details risks,
costs and engineering fine-tuning. As compared to the earlier design [Pab99] the normal
conducting linac layout has recently evolved to a coupled cavity linac (NCCCL) operating
at 560 Hz [Gar99]. The recently decided modification in operating frequencies from 175,

Funnel 560 MHz 560 MHz
CCDTL

=

70 mA 2.5 MeV 20 MeV 100 MeV 1.334 GeV

Figure 2.4: Revision of the 1996 ESS accelerator design

350, 700 to 280, 560 MHz is a good compromise for various linac stages. The peak bunch
current in the main part of the accelerator is reduced by a factor of two compared with
the original reference design as each rf cycle now contains beam. Complete beam tracking
with space charge effects has now been carried out from the RFQ to the exit of the CCL.
Beam chopping as required to generate the clean micro-pulses necessary for injection into
the ring will be done at an energy of 2.5 MeV in the two front ends. The majority of length
of the linac will be taken up by the CCL structure, for which a superconducting version
is being developed to shorten its overall length and reduce operating costs. These savings
should overcompensate for the additional costs of refrigeration and the more expensive
superconducting cavities. The final beam emittances are a factor of two and three lower
in the transversal planes and in the longitudinal plane, respectively in comparison to the
original design [Pab99]. A high frequency supra-conducting cavity is shown in Fig. 2.5.
Details on R&D results for the accelerator are given in refs. [ess96-II1, ess02-111, Fil01d,
Gol02] and references therein.
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The compressor-rings

The negatively charged hydrogen (H™) ions are passed through a foil, which strips off
each ion's two electrons, converting it into a proton. The protons likewise pass into two
rings where they accumulate in bunches. Space charge problems and low injection losses
require the use of two compressor storage rings, one on top of the other. Approximately
1000 turns are accumulated and all 2x10'* protons are kicked out at once, producing
a pulse less than 1ps in duration. Powers in the 5 megawatt range (time average) are
beyond the current technology limits for a single ring. Of several possible options for the
linac/ring combination, a solution was favored with a supra-conducting linac delivering
the full energy of 1.334 GeV and two compressor rings working in parallel rather than a
lower-energy linac and a rapid cycling synchrotron.

The target stations

The science advisory group has reassessed the ESS proposal from 1996 and at the workshop
in Engelberg [Eng01] the need was clearly demonstrated to have both a short pulse target
station (SPTS, 50 Hz, 1.4us, 5 MW) and a long pulse target station (LPTS, 16% Hz, 2 ms,
5MW). Thus the ESS linac is required to deliver additionally 2 ms long 1.334 GeV beams
of about 110 mA peak current interleaved between the 50 Hz pulses drawn directly into
the target station. Compared to the short pulses, in this case the number of neutrons
per pulse increases by a factor of 3. It is conceivable that following an optimization the
neutron flux available from the moderators could increase by factors of 2-3 for the LPTS.

The two target stations could be of essentially identical design, as far as the targets
and their handling systems are concerned. Differences may result in the moderator layout
and in the beam lines. Good cryogenic moderators are, therefore, at a premium, and an
initiative has been started, to develop an advanced system based on solid pellets of high
slowing down power which are annealed periodically to limit radiation damage and to
release stored energy at regular intervals.

The horizontal beam injection for both systems (SPTS and LPTS) and the liquid state
of Mercury at room temperature (melting point -38°C, boiling point at ambient pressure
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350°C) also favor a design concept, where the closed mercury loops are mounted on a
movable support which can roll back from its operating position into a service hot cell
for maintenance. The support trolley also contains a shielded drain tank into which the
whole mercury loop can be emptied when breaking the container becomes necessary in
order to exchange any component, in particular the snout that is exposed to the high
radiation field during operation. This snout is surrounded by a separately cooled, double
walled shroud which is connected to the drain tank and would allow to catch any mercury
and return it to the drain tank safely, in case there would be a leak in the target container
snout. The main problems whose significance and possible remedies are presently being
assessed are: the generation of pressure waves due to the pulsed power input in the liquid
and the effect of irradiation under stress of the solid container.

A cut away view of the target container of the SPTS and its surroundings (reflec-
tor/moderator units) is shown in Fig. 2.6. An extended horizontally (flat) target geometry
was chosen for better neutronic coupling to the moderators. The small H>O or supercrit-
ical H» moderators are located above and below the target and are viewed by horizontal
neutron beam tubes in a way that avoids direct sight on the target. The surrounding re-
flector material is DO cooled lead. The layout of the LPTS is currently under evaluation.
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Figure 2.6: Schematical drawing and 3-d view of the target/reflector/moderator unit as
proposed in the 96’ ESS feasibility study [ess96-I11].

The neutrons emerging from the target are slowed down by moderators, which are
located below and above the target, because neutrons produced in the spallation process
have high energies and are useless for condensed matter studies unless thermalized. Those
which escape from the moderators in the direction of the open neutron port are “useful”
neutrons, i.e. they have defined energies and a pulse with a well defined time structure.
Finally the moderators will be surrounded by a Phb-reflector cooled with heavy water
allowing neutrons emerging in other directions of being scattered (reflected) back into the
moderators. De-ionized water will cool the mercury, the shielding, vessels, reflectors, and
other assemblies inside the shielding stack.
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Because of the enormous amount (100kJ)! of energy that the short powerful pulses of
the incoming 1.3 GeV proton beam will deposit in the spallation target, it was decided to
use a liquid mercury target rather than a solid target such as tantalum or tungsten. The
proposition has already been made in the feasibility study of ESS in 1996 [ess96-III] and
the proposal has been adopted by the SNS spallation source project [sns02] now being
under construction in Oak-Ridge. Summarized, the choice in favor of liquid mercury for
the target was motivated by several aspects: it is not damaged by radiation, as are solids;
it shows a relatively low specific activation; it has a high atomic number and density,
making it a source of numerous neutrons; and, because it is liquid at room temperature?,
it is better able than a solid to dissipate the large, rapid rise in temperature and withstand
the shock effects from the rapid high-energy pulses.

With its two target stations and high neutron flux, ESS will be an extremely powerful
facility, well suited to meet the user’s demands to the next generation neutron sources.
Its design and construction will, however, pose several technological challenges both on
the accelerator as well as on the target side, and will generate a wealth of information
relevant to possible future accelerator driven devices in nuclear technology.

Table 2.2: Peak current neutron density in [1/(cm? s sr A)] for different neutron wave-
lengths from a cold coupled Ho-moderator. For the short pulse station the FWHM of the
peak is given in parenthesis in [us].

wavelength 2A 4A 6A 10A

long 2.05 x 10* 9.12 x 103 3.12 x 1013 2.95 x 10'2
short 1.486 x 10'5(43) 3.708 x 10'4(120) 1.035 x 10'%(150) 7.532 x 10'2(232)
ratio sh/lg 7 4 3 2.5

ILL H12*: 3.5 x 10'*  HI: 4 x 10'? H15: 6 x 10" H17: 101
ratio long/ILL 6 23 52 30

*thermal beam hole.

For both target stations various moderator-reflector concepts have been considered
as for example different geometries and material compositions. These choices show sub-
stantial influence on the neutron flux- and neutron current densities. Pb, Be, C and Hg
reflectors as well as composite systems made from these materials have been studied.
Also the effect of coupling and poisoning of moderator systems on the pulse shape and
intensity of neutron spectra has been investigated. As far as the geometry is concerned
the calculations of the neutronic performance of the long pulse target station have up to
now been based on configurations typical for short pulse stations except that for the long
pulse target station only two moderators an ambient water and a liquid para H» at 20 K
moderator instead of four are currently foreseen. The thickness of the moderator is 5 cm.
In case of the cold H, moderator an extended water pre-moderator with a thickness of
2.5 cm is applied. Based on MCNPX [Hug97] MC-simulations, the available peak neutron
current densities as a function of wavelength for the long and short pulse target stations

for comparison the SNS and the JNS project operate with 30-40 kJ /pulse
2No auxiliary heating is required and no risk of damaging the container by volume changes in the
solid state is posed.
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are compared in Tab. 2.2 for a cold coupled Hs-moderator [Fil01lc]. Values in parenthesis
note the FWHM of the peak for the short pulse target station. In addition the ILL aver-
age fluxes are given [I1101]. Furthermore the ratio of the short and long pulse peak fluxes
as well as the ratio between the long pulse peak flux and the ILL flux are given. Please
note, that the long pulse target station is not at all optimized.
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Figure 2.7: Time spectra of the neutron current density for a coupled Hs-moderator at
the short (left panels) and long pulse (right panels) target station.

Fig.2.7 presents for a neutron wavelength of 6 and 10 A the simulated neutron current
density distributions of a cold coupled Hs-moderator for both target stations. In the case
of the short pulse target for long wave lengths pulses with half width in the order of 200us
evolve, while for the long pulse saturation is observed and neutron pulses with a broad
plateau length of 2 ms emerge. The peak flux for cold neutrons differs by factors between
2.5 and 4 for the two target stations.

In contrast to the values quoted in the ESS feasibility study [ess96-I1I] assuming an
idealized case of a simplified geometry, Tab. 2.3 and Tab. 2.4 summarize for the short and
long pulse target station the peak and average neutron flux- (<i>,<f>) and current (j )
densities for a perturbed more realistic system, e.g. including beam holes etc.

Table 2.3: Expected peak and average thermal (E < 431 meV) neutron flux densities for
a premoderated cold (20 K) coupled para-H, and an ambient coupled H,O moderator.

moderator type SPTS LPTS

® d ® ®
para Hy [n/(cm? s)] 9.0 x 106 3.2 x 101 7.0 x 10'® 2.3 x 10"
amb. water [n/(cm? s)] 1.3 x 10V 3.1 x 10" 9.0 x 10'® 3.0 x 10"

The simulations were performed for a cold (20 K) coupled H, and an ambient cou-
pled H>O moderator and a Pb reflector of 180 cm diameter and height. In case of short
pulse spallation sources, in order to prevent already moderated neutrons from entering or
returning to the moderator and deteriorating the pulse shape a decoupling Cd-layer can
be placed between reflector and moderator. Additionally poisoning with a 0.5 mm thick
Gd-layer in the midplane of the moderator decreases further the width of the pulse shape.
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Table 2.4: same as Tab. 2.3, but for current densities; norm. to solid angle of 4° opening.

moderator type SPTS LPTS
J J J J
para H» [n/(cm? s sr)] 6.8 x 10 2.5 x 103 6.3 x 10 2.1 x 10'3
amb. water [n/(cm? s sr)] 9.8 x 108 1.8 x 10'3 5.0 x 10™ 1.7 x 1013
x lel4
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Figure 2.8: Neutron current density spectra (left panels) and neutron pulse widths
(FWHM, right panel) as a function of wavelength for coupled (solid line), decoupled
(dashed line) and decoupled+poisoned (dotted line) para-H, moderators.

The influence of decoupling and poisoning® on the neutron pulse width for a 20 K liquid
para-H, moderator is shown in Fig. 2.8. When analysing the neutron current density
spectra (left panels of Fig. 2.8) for different wavelengths, an increase of the peak width is
observed with increasing wavelength (right panel), simply because for larger wavelengths
or smaller energies the thermalization of neutrons lasts longer. Irrespective of the selected
wavelength the pulse width can be reduced to less than 40% when decoupling and poison-
ing the para-H; moderator. Unfortunately at the same time the neutron current density
is also decreasing by up to a factor of three as shown in the left panel of Fig. 2.8.

The burn-up of the poisoning layer inside the moderator due to nuclear reactions
has a strong impact on its expected life time. Assuming e.g. a thermal neutron flux of
&, = 5x 10'3 n/cm?s at the poisoning surface a life time of 106 days results for a 0.5 mm
thick Gd layer. The neutron absorbing isotopes with cross sections of several 10° barn

3The purpose and realization of decoupling and poisoning is also illustrated in sec. 6.4.2 on page 86.
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are ®Gd and ®"Gd. The areal density for the 0.5 mm layer is 4.6 x 10% atoms per
cm?. For the estimation it was assumed that all neutrons are absorbed in one of these
isotopes. Also including breeding of 1*3Gd and '*Gd does not significantly increase the
expected life time. On this issue certainly further studies are necessary and the demands
and requests of the instrument community have carefully to be accounted for.
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For the LPTS Fig. 2.9 demonstrates the influence of different reflector compositions
on the neutron current densities. Up to 35% higher current is obtained for a Be than for
a Pb reflector. However the decay time is longer as compared to Pb. The decay constants
for Pb, C and Be are 95, 153 and 198 us, respectively. Besides the shortest decay time,
the Pb option shows a long period of constant neutron current during the pulse.

The instruments and modes of operations

Neutron channels—openings in the shielding of the target—enable the neutrons to travel
to the instruments where the experiments are being carried out. The instruments, typi-
cally 24 for each target, some of them as far away as 200 m, are arranged radially around
each target station. On a pulsed source, neutrons with different energy (velocity) arrive at
the sample and typically only a part of the neutron spectrum can be used even if the pulse
repetition rate is well matched to the experiment considered. Faster (hot and thermal)
neutrons can take advantage of pulses closer to each other (5-20 ms) than slower cold
neutrons, for which at least 50 ms is optimally needed between subsequent pulses. The
combination of a 50 Hz short pulse and a 16% Hz long pulse target station allows ESS to
cover the whole range of neutron energies for condensed matter research with an efficiency
2-5 times superior to the single target short pulse approach followed by existing pulsed
spallation sources or facilities currently under construction. The long pulse source as
well as the high power short pulse source require new developments in experimental tech-
niques, such as phased chopper systems, new neutron optical components based on the
recently developed super-mirror technology. Active pulse shaping techniques by shoppers
and neutron guides are seen as important innovation in the instrumentation concept.
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Costs, time schedule and location

ESS cost planning includes a new and updated cost assessment by the end of 2003, taking
into account the revised facility concept and bottom up estimates based on considerably
better design details than those available in 1996, when the cost was estimated on the basis
of the feasibility study. The split of the total cost for development and construction is
roughly as follows: 37% for accelerator facilities, 18% for target systems, 28% for buildings
and infrastructure and 17% for scientific utilization.

2001

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Figure 2.10: Anticipated time schedule of the ESS-project

The overall costs for development plus construction including all staff costs amounts
to 1400 MEuro while the operational costs per year (incl. staff) are estimated to be of the
order of 150 MEuro.

For the present phase (-2003) participating laboratories and organizations have signed
a Memorandum of understanding (MoU) which formalizes the commitments of parties to
strengthen central management and streamline Council decision making. An acceleration
of the project time scale as shown in Fig. 2.10 is requested which should culminate in a
comprehensive progress report of the ESS in December 2003. In parallel R&D is done in
order to freeze the parameter. The more politically driven decision concerning the host
will be taken hopefully in 2004 after which the construction phase will immediately follow.
The full operation after commissioning is expected not earlier than 2012,

On a European scale there are several locations that have expressed interest in hosting
the facility: Daresbury (UK), a consortium supporting a location in Southern Scandi-
navia, two sites in France, (FZJ) Jiilich in the Euregio of Nordrhein Westfalen and the
MicroTechPark Thalheim-Sandersdorf in the Halle/Saale region.

The main parameters of ESS are summarized in Tab. 2.5.
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Table 2.5: ESS mercury target stations performance parameters.

ESS beam parameters

particles protons

kinetic energy 1.334 GeV

beam cross section elliptical 6x20 cm?, parabolic beam intensity dist.
average current SPTS/LPTS 3.75 mA / 3.75 mA

average beam power SPTS/LPTS 5 MW /5 MW

peak current SPTS/LPTS 62.5 A /112.5 mA

pulse frequency SPTS/LPTS 50 Hz / 162 Hz

pulse width SPTS/LPTS 1.4 ps (2x 600ns +200ns gap) / 2 ms

ESS mercury target station performance parameters

beam power on targets 5 MW at 50 Hz (SPTS)
5 MW at 16% Hz (LPTS)

target material mercury

target type liquid flow target

target container martensitic steel

moderators H,0O at ambient temperature, coupled/decoupled
liquid H, at 20 K, coupled/decoupled

reflector lead, D>O cooled

heat deposition in target 2.8 MW at each of the two targets

local peak power deposition in target 2.5 kW/cm?® (average)

induced specific radioactivity 8 GBq/g at shutdown; 0.8 GBq/g after 1 week

for a 15 tons Hg-system
spec. after heat of target material  0.67 mW/g at shutdown; 0.12 mW/g after 1 day

Neutronic performance of coupled HyO-moderators at 5 MW SPTS
average thermal neutron flux 3.1 x 10 neutrons/(cm?s), E < 431 meV
density for 5 MW target
peak thermal neutron flux density =~ 1.3 x 10'7 neutrons/(cm?s), E < 431 meV
decay time of flux density 150 ps (wavelength dependent)

Neutronic performance of a coupled Hy-mod. with H,O-pre-mod. at 5 MW LPTS

average neutron flux 2.3 x 10'* neutrons/(cm?s), E < 431 meV
density for 5 MW target

peak neutron flux density 7.0 x 10'® neutrons/(cm?s), E < 431 meV
decay time of flux density 150 ps (dominant mode)

Details are given in refs. [ess96-111, ess02-I1I, Con01, Eng01, Gar99, Pab99, Fil01d].
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2.4 Concepts of transmutation

In the last years on several international conferences the physics, technologies and eco-
nomic aspects of energy generation and transmutation of nuclear waste by Accelerator
Driven Systems (ADS) were discussed and published in great detail [Bow92, ATP94,
Bow96b, Ven96, Rub96b, Rub95, Rub97, Fil97, Pab97, ENEAO1]. As for example the In-
ternational Atomic Energy Agency IAEA [TAEA9T] reviews explicitly the existing projects
and international activities as e.g. the JAERI OMEGA project in Japan, the Los Alamos
and Brookhaven National Laboratory ADS projects, the CERN-group conceptional design
of a high power energy amplifier, the ADS program in Russia and France as well as the
European community projects. The physics design of ADS and the design of the so-called
Energy Amplifier (EA, cf. sect. 2.5) is expatiated in detail also in several comprehen-
sive compilations of the AIP (American Institute of Physics) conference contributions 346
[AIP94] and the Proc. of the 2nd Int. Conf. on Accelerator Driven Transmutation (ADT)
held in Kalmar, Sweden [Ven96, Rub96h].
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Figure 2.11: Accelerator driven transmutation of radioactive waste.

Scientists are divided on the choice of geological repositories for long lived waste dis-
posal. It is in fact impossible to guarantee the integrity of this kind of storage for future
generations. A definitive solution to the problem would be the complete elimination of
the most offending isotopes with the help of nuclear reactions which would allow long-
lived elements to "transmute” into stable ones. The application of high intense proton
Accelerator driven systems for the Transmutation of long lived radioactive Waste (ATW)
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is discussed as an alternative to the controversial storage and could strongly influence the
debatable fuel cycle and future energy production.

ATW as schematically shown in Fig. 2.11 is a technological approach to a possible re-
duction of the hazards of permanent spent nuclear fuel disposal. It utilizes three ”building
blocks”, (1) a linear accelerator capable of delivering a proton beam with mega-Watts of
beam power, (2) a subcritical nuclear assembly where the proton beam is converted by
spallation reactions into an intense neutron flux, with which fissile isotopes and long-
lived fission products are transmuted into short- lived radio-isotopes or stable nuclei, and
(3) a chemical process for treating nuclear waste to isolate long-lived radio-isotopes and
transuranics for initial or recycle irradiation.

The research on transmutation is not only aimed at the destruction of transuranics
elements, which represent the most toxic part of nuclear waste, but it is also devoted to
the elimination of the most dangerous fission fragments. Most of these elements have a
lifetime that rarely lasts more than decades or centuries. This means that, by eliminating
the few most offending long-lived fission fragments, one could dispose the rest in controlled
secular repositories for a few centuries to eliminate all danger completely. The biggest
achievement would be the elimination of the need for geological repositories.

Table 2.6: Most dangerous fission fragments produced annually by one GWe power reac-
tor. The volume of inert material is indicated on the right in which the elements should
be diluted, to be considered as dangerous as industrial or medical radioactive waste,
and to be stored in uncontrolled surface repositories, according to American regulations.
The elimination of iodine and technetium, the most dangerous isotopes, would allow a
consistent reduction in the volume of storage waste.

Radio Isotope Half life Weight Radio-toxicity Class A dilution
(k) (%) ()

9 Tc 211.000 years 16,61 27670 947,65

1291 15,7 million years 8,09 19580 178,47
135Cg 2,3 million years 34,12 9870 39,32
987y 1,53 million years 26,11 2380 18,75
125Gn 100.000 years 1,19 3200 9,65
Se 650.000 years 0,3 745 0,59

By examining the radio-toxicity of long-lived fission fragments, it is clear that the most
offending are few in number. In particular, *°I and %*Tc are by far the most dangerous for
their solubility and mobility in the biosphere. These light elements cannot fission like the
transuranics, so a different technique has to be adopted to eliminate them. The technique
consists of artificially accelerating their natural decay by using neutrons again. The goal
is to let the dangerous elements capture a neutron, in order to increase their energy and
become unstable, as they will rapidly decay in stable elements. This process also occurs
in reactors, but it is not efficient enough and the eliminated quantities are smaller than
the produced ones.

The solution to this problem has been suggested by Physics Nobel prize laureate Carlo
Rubbia and his research on so-called ADS (Accelerator Driven System). The secret is to
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spoil particular neutron energies that massively increase the capture probability: the so-
called resonances. If the energy of the neutrons emitted in nuclear reactions is decreased
very slowly, it is sure that sooner or later the neutron will be captured by the resonance
of the radioactive element that has to be destroyed. To do so, neutrons interact with
a heavy element so that they are able to transfer only a small fraction of their energy:
they will then lose energy in small steps. The element which is used is lead, which has
the added advantage of having a small tendency to capture neutrons itself. This element,
which is already ideal for transuranics transmutation, seems to be the key element for
the elimination of any dangerous waste. The principle has again been demonstrated at
CERN, with the TARC experiment (Transmutation by Adiabatic Resonance Crossing)
[Aba01, Aba02, Rev99]. The process is so efficient that it can be applied not only to fission
fragments transmutation, but also to activate stable elements and produce radioactive
isotopes to be used in medicine as tracers in radiological analysis or in cancer therapy.
Computer simulation of the interaction of a single proton into a 334 ton lead block used
in the TARC experiment at CERN show that on the average 147 neutrons are produced
that, before being absorbed, will interact with the Pb atoms about 55,000 times. In such
a cloud it is very easy for a radioactive element to capture a neutron and become stable.

The spallation reaction is not the only mechanism involved in the destruction of the
transuranics elements. In fact, the probability of breaking up a heavy nucleus like pluto-
nium, instead of being captured by it, increases with the energy of the striking neutron.
Therefore, it is necessary to maintain the neutrons produced in the cascade to a very high
energy. This is particularly favorable if liquid Pb is used as coolant, a solution that has
already been adopted in the alfa class Russian submarines in the fifties, but that has to
be reproduced today using current standards observed by the industry in the west. The
use of particle accelerators therefore seems to be the perfect solution to the problem of
radioactive waste, but like all technologies connected with the nuclei of elements, it has
to be studied in great depth and tested before being used on a large scale.

The results of the research on the transmutation of radioactive waste allow us to fore-
see a different strategy of energy production and nuclear waste disposal for the future,
which is much more suitable for future generations, because it allows the elimination of
contamination risks associated with a possible failure of geological repositories. Trans-
mutation techniques can be applied to both military and civil waste: military plutonium
is in fact an excellent fuel for ADS. The demonstration of the transmutation technique
could bring about the elimination of all plutonium in the next 50 years!

2.5 The “Energy-Amplifier”

On the basis of former ideas formulated starting from the fifties, in 1993 Carlo Rubbia
took up once again the challenge to operate particle accelerators not only for the trans-
mutation concept as discussed in the previous section, but also for energy production
[Car93, And95]. The principle of the spallation is similar to that of fission: accelerated
protons are sent to a target made of a heavy element like Pb, Hg or W whose nuclei can
be broken up or charged with energy. The interaction always results in the release of a
large quantity of neutrons (up to a few tens for each proton sent) that can then be used to
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induce fission reactions, like in a reactor. The difference is that the fissions are not enough
to startup a (so-called critical) chain reaction, but only a cascade of fissions that is called
"sub-critical” since it can be stopped in about a millisecond if the accelerator is turned
off. This is an enormous advantage in terms of safety. The nuclear cascade, like in the
case of a reactor, produces a large quantity of heat, generally much more than that used
to operate the accelerator, which can be used to produce energy. For this reason Carlo
Rubbia called his machine: The Energy Amplifier (schematically shown in Fig. 2.12). In

Figure 2.12: Energy Amplifier
scheme: a particle beam pro-
duced by an accelerator enters
a sub-critical system, similar
to a traditional reactor, pro-
ducing a cascade of nuclear
reactions that can be used
to destroy radioactive nuclear
waste and to produce energy.

1994 Professor Rubbia’s team demonstrated the working prineiple of an Energy Amplifier
[Rub93, Rub%4]. A detailed description of the Pb-cooled sub-critical system (kos; = 0.98)
designed for a thermal power of 1500 MWy is given in ref. [Rub95, Rub96b]. A small
subcritical system made of water and natural uranium was irradiated by a particle beam
at CERN, obtaining an energy gain of about a factor 30, as calculations had predicted.
From the heat released in the nuclear cascade about a Watt of energy was produced: too
little to destroy nuclear waste, but enough to demonstrate the principle and to verify the
precision of the calculations.

An European effort at building such a machine in one of the EU countries could give
a definitive answer in a few years to one of the most critical problems of the end of last
century, opening up the way at last to a clean and potentially powerful source of energy.
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The possibility of having a neutron source external to a nuclear system, will allow
the use of thorium in the future: a fuel much cleaner than uranium. This element is
not fissionable, but by capturing a neutron it can be transformed into ?3U, an isotope
having favorable properties quite similar to the ones of 22U, as for example being equally
fissionable and having resembling capture cross sections. The advantage is that thorium
needs to capture 7 neutrons to transform itself into plutonium 239, which is almost im-
possible given the fact that many other nuclear reactions are competing with capture in
a subcritical core. Practically, over a thorium fast reactor lifetime only a few grams of
plutonium can be produced and an even lower quantity of the other transuranics, which
constitute the most toxic part of a traditional uranium reactor’s waste. The huge amount
of thorium available in the earth’s crust opens the way to a source of energy which is
exploitable for thousands of years. For the Energy Amplifier, different strategies for the
transmutation of long-lived fission fragments are indicated. After 500 years the toxicity
of the radioactive waste is below that produced by Coal burning to produce an equivalent
amount of energy.

For a detailed concept of the Energy Amplifier refer to refs. [AIP94, Rub96b, Rub95,
Rub97, Pab97, IAEA97, ENEAO1] and references therein.

2.6 Conclusion “Research with Neutrons”

Summarized the high intense spallation neutron source project is pioneering the most
advanced fields for the science and technology of the 21st century. It is expected that the
collaboration of many European and international institutions with different experience
and knowledge will bring significant progress. From the scientific point of view the high-
est power neutron source will be one of the most significant facilities in the world which
can be utilized by pharmaceuticals, agriculture, materials science, physics, chemistry and
general industries. The aspect of transmutation processing has important socio-economic
significance in determining the spent fuel policy of the next generation and is an urgent
subject that should be researched and developed systematically under worldwide cooper-
ation. R&D is expected to be further promoted by enhancing cooperation of researchers
worldwide. Already the feasibility studies [ess96-III, ess02-III] have approved that the
ESS-project has been well examined and elaborated. Technically the project could be
realized within the planned costs. Scientific demands and requirements by the user com-
munity could well be met. As far as international positioning is concerned the project
certainly would attract worldwide researchers as one of a small number of world-scale
research facilities.



Chapter 3

Neutron production

Neutrons are strongly bound in the nucleus of the atoms and it takes a large amount of
energy to release them. Up to now the primary source of neutrons are research reactors
built for nuclear industry. Neutrons can be produced or released from bound states within
the nucleus to the free state by

e charged particle reactions: e.g. *Be+p—°B+n, 2H+*H—*He+n
The interaction involves only a single reaction channel, formation of a compound
nucleus that decays rapidly, the products carrying off the net binding energy of the
reactants and the kinetic energy of the incoming particles.

o fission: e.g. 2U+n— A*+B* + zn; (z) =~ 2.5

Fission as schematically shown in the lower panel of Fig. 3.2 is currently the most
common way of producing neutrons for scattering research. In fissile targets it is
induced by the capture of a neatron. Typically for 2*°U, 2 or 3 neutrons are released
on the average of which only one is available for use, since the other are needed for
initiating further fission reactions or are lost in non-fission reaction channels or
absorbed for control mechanisms. About 180 MeV total kinetic energy of the fission
fragments (FF) has to be removed from the reactor per fission in order to gain one
neutron. The average kinetic energy of the neutrons is about 2 MeV distributed in
an “evaporation”-like spectrum, N(E) ~ EY2 exp (—E/T) with T =~ 1.29 MeV.

e photoproduction: e.g. ¥ Ta+y —¥Ta+n, 2H+y —'H+n
Nuclei absorb «’s and the resulting excited nucleus de-excites by emitting a neutron.
Photoproduction is most efficient in heavy targets for about 20 MeV «’s. Neutrons
appear with energies equal to the excess of v energy over the binding energy.

e excited-state decay: e.g. 13C* =12C*+n, 1398n** —»1%Sn4n
Products of fission and other reactions and their 8-decay siblings include nuclei that
can decay by emitting a neutron.

e (n,xn)-reactions: e.g. "Be+n—®Be*+2n
An energetic neutron can impact sufficient energy in a collision on 2H or °Be to
liberate the loosely bound neutron. Thresholds are 4 and 2 MeV, respectively.
Cross sections above the threshold rise to several 100 mb.

e spallation reactions: e.g. p+2°'Hg— A* + B* + zn; (z) =~ 20
this process is described in more detail in the following section.
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3.1 The Spallation Process

The definition found in Nuclear Physics Academic press: ”Spallation—a type of nuclear
reaction in which the high-energy level of incident particles causes the nucleus to eject
more than three particles, thus changing both its mass number and its atomic number.
Also, nuclear spallation” has to be slightly specified in the context of accelerator driven
systems or high intense neutron sources. Here spallation is the disintegration of a nucleus
by means of high energetic proton induced reactions. Typically approximately 20 neutrons
are created per incident GeV proton. This is 20 times as much as for a fission reaction in
a conventional nuclear power plant with energy spectra of the neutrons similar up to the
evaporation regime, but extending to higher kinetic energies up to the incident proton
energy in case of spallation reactions as shown in Fig. 3.1.
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When a high energy hadron (or lepton) interacts with a nucleus of the target material
causing an intra-nuclear cascade (INC) inside the nucleus within a time scale of the order
of 10722 5, many secondary particles (n,p,m-mesons) are emitted which could themselves
have a high enough energy to produce further secondaries when they interact, thus creating
an inter-nuclear cascade, placing many individual nuclei into highly excited states as
schematically shown in the upper panel of Fig. 3.2. The nuclei then release energy by
evaporating nucleons (mainly neutrons), d, t, &’s and v’s, some of which will leave the
target. The process of evaporation taking place within a much longer time scale! of 1018
to 10718 s may be characterized by a nuclear temperature 7' = 2...8 MeV, so that for
the spectrum of emitted neutrons Maxwellian distributions

d6(Ey) = 2 exp (TE) dE, (3.1)
emerge, with E,, being the kinetic energy of the emitted neutrons. Also unstable secondary
particles can be created which may have a sufficiently long lifetime that a part of them
will have time to interact before they decay or, if they do decay, form particles which
themselves have to be taken into account. Leptons however only rarely interact with
nuclei but, if they are charged they will contribute to the radiation field by ionization

ldepending strongly on the thermal excitation energy E* of the hot nucleus
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they produce in the material through which they pass. For charged particles the rate
of energy loss (the stopping power S[MeV g~'cm™?]) depends on the particle charge,
its velocity and the electron density of the material. The range of a charged particle is
obtained by summing the energy loss rate up to the point where the energy loss equals the
particle energy. The inelastic interaction of a high energy hadron striking a nucleus of the
material through which it passes approaches the geometric cross section of the nucleus. A
systematic review on interaction cross sections o suggests for hadron energies larger than
120 MeV the empirical dependence o = 424%7 x 107" [em?] with A the atomic mass of
the target nucleus. The mean free path length ) is related to @ by A = A/(No), where N
is the Avogadro number. Combining the two equations results in A = 40A4%3 g em=2.
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Figure 3.2: Schematical sketch of the spallation and the fission process.

Except for fission, all spallation processes are endothermic; a notable fraction of the
incoming charged particle energy is taken up as neutron separating energy (about 8 MeV
per neutron) and kinetic energy (about 2-3 MeV /neutron). However spallation produces
large numbers of neutrons per incident proton and up to about 1 GeV some linear relation
between the total neutron production yield and the proton energy exists [Fra65, Lan91].
However at higher proton beam energies the neutron production rate falls away from the
linear rule due to the increase of 7° production and the subsequent 2v-decay into the
electromagnetic channel-the so called “electromagnetic drain” on the hadron cascade.
The rapid decay (half-life 107'® s) does not allow the 7° to take part in the inter-nuclear
cascade although the 7% do. The 7% decay time (26 ns) is sufficiently long to allow for



3.2. CALCULATIONS OF HADRONIC SHOWERS 33

further hadronic interactions once the 7% are created. At still higher energies, well above
10 GeV, other meson production channels open up which in addition deplete the cascade
of energy?. Using Monte-Carlo methods, the spatial distribution of such hadronic showers
inside a massive cylindrical Pb-target will be discussed in the following.

3.2 Calculations of hadronic showers

In the case of thick targets, the reaction scenario includes secondary and higher-order
reactions induced by the reaction products themselves and, therefore, the calculations
must include a 3-dimensional simulation of inter-nuclear cascades. Such a 3-dimensional
description of the propagation of the inter-nuclear cascade and the transport of particles in
thick targets is a rather complex problem that involves various boundary conditions. This
issue is addressed in the following, where the propagation of various species of particle
types (p, n) is considered separately in longitudinal and radial directions. The energy
losses of high-energy particles (> 1 GeV) traveling through matter are mainly determined
by the production of secondary particles and not due to electronic stopping which is
dominating at lower bombarding energies. Thus, the main feature of the cascade is an
initial increase of the particle intensity with depth and time. As already mentioned, if
the energy of the produced secondary particles is high enough, they in turn knock out
additional particles. There exists however a physical limit for the development of further
cascades, because the initial energy of the primary particle is distributed among the
produced particles. Therefore, the multiplicities tend to decrease again during the cascade
process and fade away because the average energy of the cascade particles decreases and
a greater fraction of the individual particle energy is now dissipated by ionization losses.
At the end of the inter-nuclear cascade process, subsequent emission of many low energy
particles, mainly neutrons, takes place, known as evaporation process [Weid0].

The development of electromagnetic showers with their principal production processes -
bremsstrahlung for electrons and positrons, pair production for photons, becoming energy
dependent above 1 GeV - are well described by quantum electro dynamics (QED-theory)
over a wide energy range. In HERMES this is taken into account by the EGS4 code as
will be discussed in section 4.3. The complexity and entanglement of all intra- and inter-
nuclear cascade processes finally causing the production of neutrons requires a complex
record keeping of all particles actually participating in terms of energy, direction and
location. The simulated propagation of the three-dimensional hadronic showers following
the bombardment of cylindrical lead targets of 35 cm x 15 cm (for the length and diameter,
respectively) by 0.4, 1.2 and 2.5 GeV protons is illustrated in the contour plots of Fig. 3.3.

In the HETC+MORSE (cf.sect. 4.3) Monte-Carlo calculations to produce the data
for Fig. 3.3 the cylindrical target is divided into cylindrical zones of 0.5 cm in radial (r)
and 1 cm (2) in longitudinal direction and the tracklength fluz® [Clo88] is represented.
The symmetry axis of the cylinder is oriented in z direction and pointing downstream the
proton beam. The tracklength flux of neutrons (left) and protons (right) reflects the radial
and longitudinal propagation of particles involved in the intra- and internuclear cascades

2an effect being responsible for the decrease of the number of neutrons plotted in Fig. 7.9 of sect. 7.1.1
3tracklength flux as defined in equation 4.2 of sect. 4.1
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inside the target volume. The tracklength flux comprises both—cascade and evaporation
particles. Primary beam protons are not included for the proton tracklength flux in
Fig. 3.3. Multiplying the proton beam current [protons per second] by the tracklength
flux specified in Fig.3.3, the flux generally used in units of [1/cm?s| is obtained.

As a general tendency one observes a deeper and deeper penetration into the target
the higher the kinetic energy of the incident proton is. The maximum of the evolution
in radial direction is found after the hadronic cascade has already propagated 5 to 10 cm
in longitudinal direction. Neutrons tend to spread out radially much more than protons
do, because especially low energy protons experience high electronic stopping power and
consequently short range. That’s also why protons develop along their trajectory in a
more narrow cone. Note the different absolute tracklength flux of more than one order of
magnitude between neutrons and protons.

For low incident proton energies (0.4 GeV) it is well shown that the cascade rapidly
becomes extinct, since the leading particles are stopped before being able to convert
their energy effectively into the production of neutrons or protons, while for large kinetic
energies (= GeV) the range due to the stopping power of protons in the lead target is
larger than the dimension of the cylinder in 2. Although the presentation of hadronic
cascades in the r — z-plane is illustrative to explain phenomenologically the interplay of
intra- and internuclear cascade descriptions and the well known consequences of stopping
powers applied to charged particles, a more quantitative analysis would include the study
of kinetic energy and multiplicity spectra or angular distributions of particles released.
The next chapter is devoted to the theoretical background of the models applied.



Chapter 4
Theory/Models

4.1 Transport equation

Phenomena in radiation physics and particle transport of leptons, baryons, mesons and
energetic photons can be described by the Boltzmann integro-differential equation settled
in 1872. The equation will be briefly described here, because Monte-Carlo and determin-
istic approaches employ solutions of the equation for neutron and gamma-transport. It
is a continuity equation in phase space consisting of three space coordinates, the kinetic
energy and the direction of motion. Solutions of the Boltzmann equation which here
are just briefly presented in order in introduce some nomenclature are evaluated in more
detail in the literature for reactor physics [Eme69] and for fusion technology [Dol82]. The
non-relativistic Boltzmann equation can be written as
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where i>,-(5c‘, E, (-'Z,t) is the angular dependent unknown flux, i.e. the number of particles
of type 4 in the volume element dzdydz at T at time ¢, in the energy element dF at F
with a direction of motion within d2 at Q, multiplied by the speed v; of the particle. It
gives the number of particles per cm?, per MeV, per steradian and per second at a given
location at a given time.

(I) the first term in Eq. 4.1 reflects the translation/reduction of the phase space
—div [(194(Z, B, G, 1)] = —(vd,.

(II) considers the particle nucleus interaction (energy, angle and particle type are changed).
Oij (a’c‘, EBE L EQF Q) is the macroscopic cross section for the production of i-
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V)

type particles with space coordinates (Z, E, Q) as a result of a collision of a j-type
particle with phase space coordinates (&, EZ, QF). o;(%, E) is the macroscopic total
collision cross section.

S is the “stopping power” which describes how particles lose energy continuously at
rate S per _}mit path length. The density distribution of particles with energy EBis
o,(Z, EB, QP 1)S(Z, EB) and after slowing down to energy E: &;(%, E, Q22,1)S(Z, E).

represents particle decay: Ei/; is the half life of particle 7. b;; is the branching ratio
of the decay channel leading to particle ¢ from particle j.

Y; is the external source term (e.g. a particle beam, neutrons from an o — n source
or photons from radioactive material).

Equation 4.1 is a system of coupled transport equations, which is, in general difficult to
solve. Solving the equation for hadronic cascades is more difficult than, for instance, for
neutrons in the core of a nuclear reactor because of secondary particle production. Thus
the solution involves solving the fluxes for many different particle types. In the following,
some of the most useful quantities characterizing the radiation field are listed:

e The integral quantity (actually used to define the angular fluz <f>i(5:', E, Q, t) in units

of [em~2s~'sr~eV~!] is the fluence ;(Z)
&:(2) = / dE [ df / &:(7, B, 1) (4.2)
E 4m t

The official definition of fluence by the International Commission on Radiation Units
and Measurements (ICRU, 1993) [icru93] is based on crossing of a surface and
defines the fluence as the quotient of dN by do, where dN is the number of particles
incident on a sphere of cross sectional area do, ®;(F) = dN/do. This definition is
the source of frequent mistakes. It is not to be interpreted as “flow” or “fux” of
particles through a surface, but to be understood as a density of particle path-length
in an infinitesimal volume: ®;(Z) = limay_0Y;5:/AV [emx cm~3=cm~?], where
Y. 8; is the sum of path-length segments. The fluence is therefore a measure of the
concentration of the particle path in an infinitesimal volume element around a space
point. If the particle’s path-length is measured in units of mean free path A = 1/0,
the expression of fluence is equivalent to the density of collisions o®;(#). The most
important fluence estimator (which was also applied in sect. 3.2, is the track-length
estimator which represents the average fluence in a space region when the sum of
track-lengths is divided by the volume). Frequently the fluence is calculated because
it is proportional to the effect of interest, since many effects can be expressed as
volume concentrations of some quantity proportional to the “number of collisions”.

The fluence rate or fluz density also referred to as scalar fluz is expressed in terms
of the sum of path segments transversed within a given volume per time unit

&:(7,1) = A i /E dEd:(Z, E, (3, 1) (4.3)

In Monte-Carlo calculations with a source given in units of particles per unit time
the scalar flux represents a fluence quality.
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e The boundary crossing estimator is the current J.
Ji@,t) = 2r / sin 6df / dE cos 09;(Z, E, ), ) (4.4)
0 E

To estimate the average fluence on a boundary, the factor 1/ cos @ for each particle
has to be added, where 8 is the angle between the particle’s direction and the normal
to the surface at the crossing point. Therefore the current is equal to the fluence
only if all particles pass perpendicular to the surface.

e The density of particles or number of particles per volume element dxdydz is
n(Z,t) = / st / dE®(7, E,§,t) /v (4.5)
4 B
e The energy spectrum of particles can be expressed by

&:(7, B, t) = [1 _diy(, 8,41 (4.6)

Essentially two classes of numerical procedures and special techniques have emerged
for solving the transport equation and finding expedient solutions to particular prob-
lems. On the one hand there are deterministic methods; the transport equation is dis-
cretized using a variety of methods and than solved directly or iteratively. As there
are the “straight ahead” approximation [Pas62, Als65], the “spherical harmonics” BL-
approximation [Ben67, Joa63] and the methods of “discrete ordinates” (Sy method)
[Car64, Car68]. Secondly Monte-Carlo methods [Car75, Kah54] are found. They con-
struct a stochastic model in which the expected value of a certain random variable is
equivalent to the value of the physical quantity to be determined. The expected value is
estimated by the average of many independent samples representing the random variable.
Particle tracks or histories! are generated by simulating the real physical situation. There
is not even the need to invoke the transport equation for more elementary operations.
Only the complete mathematical description of probability relationships is needed that
govern the track length of individual particles between interaction points, the choice of
interaction type, the new energies and directions and the possible production of secondary
particles. Especially for 3-dimensional problems Sy methods and Monte-Carlo techniques
as used in the current work turned out to be most advantageous.

4.2 Nuclear physics models

The predictive power of the models discussed in the following can be judged and ranked
only in comparison to high quality experiments. These experiments likewise serve the
comprehension of the physics implemented in the codes.

The main objective is the development of powerful and accurate models for the de-
scription of nucleon-nucleus spallation reactions, based on microscopic many-body theory.

1The experience a particle undergoes from the time it leaves its source until it is absorbed or until it
leaves the system is called the particle’s history
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For incident energies between 150 MeV and 2 GeV to a good approximation collisions
can be treated as quasi-free scattering processes and as a starting point the intra-nuclear
cascade (INC) followed by the evaporation model are used to predict cross sections. After
thermalization has been achieved on a timescale longer than 10~ s the hot excited rem-
nant nuclei—characterized by its mass, charge, angular momentum and thermal excitation
energy—decay by the emission of low energy particles or by fissioning. This second step
is generally described by evaporation-fission models. On the low energy side (below 150
MeV), the INC may not longer be adequate and the reaction is preferably described by
optical models for elastic scattering, coupled channel models for reactions [Ray88] to dis-
crete states and quasi-particle methods to account for structure functions. More recently,
also the quantum molecular model (QMD) [Aic91]was applied for the initial excitation in
proton-induced spallation reactions [Nii95, Chi96].

As a final objective, the improved event generators with refined implementation of
various features like Pauli principle, in-medium effects, stopping time, etc. will be included
in high-energy macroscopic transport-codes for thick target scenarios.

4.3 Modeling of transport processes
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Figure 4.1: Ilustration of particle interactions on the intra-, inter- and evaporation level.

An energetic particle entering a massive target gives rise to a complex chain of inter-
actions resulting in the emission of various particles, some of which are able to escape the
target volume. The latter particles can be detected in the experiment and provide infor-
mation on the transport processes involved. As mentioned, these processes as illustrated
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in Fig. 4.1 can be viewed as a convolution of two types of cascades, such that particles
released in a primary intra-nuclear cascade (INC) [Serd7] give rise to an inter-nuclear
cascade of secondary and higher-order reactions in the surrounding target material.

INC versions currently on the market model the multi-body problem numerically
[Ber63, Cug87, Cug97a, Cug9d7h, Gol88, Yar81, Pra88b, Pra89, Prag7] using Monte-Carlo
techniques. They all use the following simplifying assumptions:

e The hadron-nucleus interaction is a sequence of independent collisions of primary
and secondary particles with the nucleons of the nucleus.

e Cascade particles follow classical trajectories and do not interact with each other.
e The interaction is based on free elementary cross sections. In-medium effects are

generally not taken into account. These cross sections have been derived from
empirical approximations of

N — aN (elastic)
NN — NN (elastic)
NN — N*N — NnN
NN — N*N*—= NaNn
7N — aN*—aNnw
N*N — NN (delta absorption)
7N — aN (charge exchange)

data; Pauli blocking!, the Fermi motion of the target and projectile nucleiZ, pion
production, and the effects of the target mean field are included.

e The nucleus is viewed as degenerate Fermi gas of neutrons and protons.
The assumptions for which the fundamental presumptions (within the INC) are valid are:

1. the De-Broglie-wavelength A of cascade particles is smaller than the average distance
of nucleons in the nucleus (§ &~ 1.3fm) and the mean free path length L in nuclear
matter: A < §,A < L. For high energies this presumption is certainly valid and
the interacting nucleons do not “see” the nucleus as whole but as an assembly of
individual nucleons bound together by their mean field.

In Bertini and ISABEL models, the nucleus is a continous medium in which the incident particle
collides according to its mean free path with a nucleon. This nucleon is than set into motion and can
undergo further collisions. In the INCL2.0 code, all the nucleons are moving according to an initial Fermi
distribution and collide as soon as they reach their minimum distance of approach or are reflected on the
wall of the nuclear potential. The cascade propagation is followed as a function of time in the INCL2.0
and ISABEL, but not in the Bertini model, as will be discussed in sect. 4.4.3.

2In the Bertini model, all collisions leading to a particle momentum below the Fermi level are forbidden,
irrespective of the progressive depletion of the Fermi sea during the process. In the INCL2.0 and ISABEL
models, attempt is made to take into account the real occupation rate. In the INCL2.0 model, for
instance, this is done statistically by allowing the collisions of two nucleons with a probability equal to
the occupation rate in a small phase space volume around the nucleons.
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2. the duration of the elementary impact Tin; ~ 7ins/v is smaller than the time between
two collisions, i.e. the radius of strong interaction is smaller than the mean free
path length: riy < L

3. the number of participating cascade particles N, should be considerably smaller
than the number of target nucleons A;: N, < A;

As for example for the pp-interaction in Fig. 4.2 the total, annihilation, elastic scattering
and charge exchange cross sections (G, Cann, Oet, Oez) applied in the INC models are
shown as a function of p momentum. The annihilation cross section 6,,, dominates at
low momenta, but decreases for p; ~2 GeV/c down to approximately 50 mb. Data on pp-
and Pn cross sections published by Rafelski et al. [Raf80] agree with the ones shown here.
For small p momenta, o,,, for pp annihilation is twice as large as for the p-annihilation
on a neutron pn [Egi87]. At higher momenta pp and pn are almost identical [Raf80].

e As shown in Fig. 4.2, for momenta
ot ps <1 GeV/c the dominant channels of
Ppp-interaction are:

Pp — im (4 > 2) = annihilation
Pp — pp = elast. scattering
pp —» mn = charge exchange

For p; >1 GeV/c pion production and
multi-pion production without annihila-
tion accrue:

pp — wNN
pp — inNN (i >2) (4.7)

Most INC-models also consider the ab-
sorption on two nucleons [Cug84]:

o1

o1 ! © %.G!Vzé
N+NN > N+mw (4.8)

Figure 4.2: Total and partial cross sec-

tions of pp-interaction as function of

p-momentum (adapted from [Gol88]).

In the present study, two sets of computer programs are considered for particle trans-
port in thick targets, which generate predictions that can be compared to the experimental
observations. These sets are the High Energy Radiation Monte Carlo Elaborate System
(HERMES) [Ste98, Clo88, Fil00c| package and the Los Alamos High-Energy Transport
(LAHET) Code System (LCS) (version2.7d) [Pra89]. HERMES [Ste98, Clo88, Fil00c| is
a collection of Monte Carlo codes simulating the transport of particles through and the
interaction with matter. The process diagram of the HERMES package is presented in
Fig. 4.3.
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Figure 4.4: LCS and data files [Pra89]

Figure 4.3: HERMES processing diagram.

There are six constituent computer codes in the HERMES package describing the
projectile production (SPG), the interactions induced in the target material by various
classes of particles in various energy ranges (HETC-Jiilich, MC4, MORSE-CG, EGS4), as
well as the de-excitation of target residues (NDEM). These constituent computer codes
exchange input/output data via standardized HERMES submission files, such that a
particle or a v-ray data found in the output of one program is used as an input for the
program that is best suited for its handling. Then this particular program takes on itself
to follow the subsequent history of the particle in question.

Within the HERMES package (Fig. 4.3), the hadronic part of the particle shower is
modeled by the High-Energy Transport Code HETC-Jiilich or alternatively the Monte-
Carlo code MC4 [Ste98] both comprising the fission/evaporation process. In brief, MC4
is the successor package of HERMES and will be publicly available in the near future.
MC4 is intended to overcome the drawbacks of HETC using a modular structure where
up to date models can easily be plugged in, providing the necessary transport algorithms,
analysis algorithms and a user interface. In HERMES low-energy neutrons (E < 20 MeV)
are handled by the code MORSE [Clo88, Emm75] utilizing the Evaluated Nuclear Data
File/B (ENDF /B)-based neutron cross section libraries. The de-excitation of residues by
~-emission is handled by the module Nucleus de-Excitation Module NDEM. The history
of the y-rays resulting from the latter decay, as well as of those originating from the 7%
decay, is then followed by the Electron Gamma Shower Code EGS4 [Nel85]. A suite of
additional programs was used to perform simple data management and analysis functions.

The HERMES package allows one to model the history of secondary particles produced
in primary collisions at energies ranging from thermal to relativistic. It considers explicitly
protons, neutrons, 7+, 7°, u*, e*, and light ions up to a mass number of A=10, and allows
one to treat complex geometries and material configurations.
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Spallation induced material damage and matters relevant to radioactivity are covered
by the packages SID and ORIHET [Bel73], respectively. Final analysis and graphical
representation of the correlated data can be performed by using STATIST.

The structure of the Los Alamos High-Energy Transport Code System (LCS) [Pra89] is
illustrated in Fig. 4.4. In this case, the hadronic part of the particle shower is modeled by
the Los Alamos High-Energy Transport code LAHET, while particle tracking is handled
by the LANL Monte Carlo N-Particle (MCNP) code [Bri97]. The major capabilities of
LAHET and MCNP have been combined into the merged code MCNPX [Hug97]. The
code PHT is used to generate from the LAHET output file a photon source file, which is
then used as input for the code HMCNP. The latter is a derivative of the MCNP code,
now accepting external neutron and photon data files created by LAHET or PHT. The
file generated by PHT includes data on pions and de-excitation v-rays. Information on
neutrons of energies below 20 MeV is written to a source file for further processing with
HMCNP. HTAPE is a general-purpose sorting routine for LAHET history files. Simulation
observables include surface current and flux, neutron tracklength flux, particle yields and
energy spectra, energy deposits and balance, distribution of residual nuclei and their
excitation energies.

The code LAHET offers two options for handling intra-nuclear cascades. As an al-
ternative to the Bertini [Ber63, Ber69, Ber70, Ber72] intra-nuclear cascade code used in
HERMES, it includes the ISABEL [Yar79, Yar81] INC routines, which allow one to treat
also nucleus-nucleus interactions. In the ISABEL INC routines, the nuclear density is
approximated by up to 16 discrete bins, rather than by three bins as in the Bertini INC
code and a sharp surface as in INCL2.0. ISABEL also models antiproton annihilation
with emission of kaons and pions.

In modeling the de-excitation of the produced excited nuclei due to fission/evaporation,
the HERMES package relies on the RAL [Atc89, Atc94] code. LAHET includes addition-
ally the ORNL [Bar81] description. Both statistical evaporation models are implemented
in the Dresner evaporation code [Dre62, Wei40] based on the Weisskopf-Ewing approach
and are restricted to fission for elements Z > 91. The disintegration of light nuclei (A <
17) can be modeled optionally by the Fermi breakup model [Bre81]. In this model the
de-excitation process is treated as a sequence of simultaneous breakups of the hot nucleus
into two or more products, each of which may be a stable or unstable nucleus or a nucleon.
Baryon number, charge, energy and momentum are conserved in all codes.

The LCS provides an option of including, as an intermediate step between the fast
INC and the slow evaporation process, pre-equilibrium processes. It is invoked at the
completion of the INC with an initial particle-hole configuration and an excitation energy
determined by the outcome of the cascade. The processes are modeled by the multistage,
multi-step exciton model (MPM) [Pra88b] and allow one to handle the formation of
composite particles like deuterons, tritons, *He and o-particles (beyond the emission of
neutrons and protons) before statistical equilibrium is reached.

Particles are transported until a lower energy threshold of E,, is reached. Values
of this threshold are set to 1 MeV, 0.149 MeV, and 0.113 MeV, for protons, pions, and
muons, respectively.

Another modification to the Bertini-type INC implemented in LAHET is applied to
(p,n) and (n,p) INC reactions: The outgoing particle energy is corrected by the binding
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energy difference in the entrance and exit channels. As a result the high energy emis-
sion spectrum is much better described and the overall energy balance in the INC is
significantly improved.

Many of the calculations performed in the current work for thin targets (interactions
without secondary particle production) have been performed with the Liege INCL2.0
model [Cug84, Cug87, Cug89, Cug89a, Cug92, Cugd7a, Cugd7b| combined to the statis-
tical evaporation code GEMINI [Cha88] (version 5/97).

Unless stated otherwise in specific cases, in most simulation calculations discussed in
the following sections, the set of standard parameters listed in Tab. 4.1 was used. The
various code packages differ essentially by the choice of the parameters (cf. sect. 4.4),
improvements implemented in the original models or because they include alternative
specifications or prescriptions.

A list of INCE Event generators, latest state-of-the-art radiation transport code sys-
tems for spallation source design and applications, recent new models together with the
authors and references is given in Tab. 4.2.

Table 4.1: Set of standard parameters for HERMES, LCS and MCNPX.

basic assumptions

Intranuclear Cascade Bertini INC [Ber63, Ber69, Ber70, Ber72]
Monte Carlo technique “space-like”
nuclear density distribution o(r) = polexp((r — ¢)/a) + 1)1

¢ =1.07AY3 fm, ¢ = 0.545 fm, py = 0.17Ze/A fm~3
pry=wpo; o1 =09, =02, a3=001
nuclear density depletion not considered

options chosen by the user
cut off for switching INC/evap. 7 MeV (n), 7 MeV+Coulomb barrier (p)

equilibrium stage Dresner model [Dre62] for n, p, d, t,
3He,* He emission+fission+vy

fission-evaporation model RAL[Atc89, Atc94]

level density description HETC (cf. sect. 4.4.1)

B0 parameter Pb: a=A/10, W, Hg: a=A/8

Coulomb barriers according to equation 4.12

elastic scattering switched on for protons, neutrons

cut off energy for n transport HETC E%, > 20 MeV, MORSE/MCNP E%, < 20 MeV
cut off energy for p, 7, p transport 1, 0.149 and 0.113 MeV (only HETC)

proton beam pencil-beam

pre-equilibrium model off

Details are given in ref. [Clo88, Pra89, Hug97, Atc89, Atc94, Dre62, Fil00c|.
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Table 4.2: Compilation of INCE event generators.

model/purpose main author [ref.] comments*®

INCE event generators
*Bertini INC Model H.Bertini [Ber63, Ber69, Ber70, Ber72] impl. in HERMES,MCNPX

®Dresner Evap Model ~ L.Dresner (ORNL) [Dre62] impl. in HERMES,MCNPX
’ISABEL Model Y .Yariv [Yar79, Yar81] Soreq, Israel
’INCL2.0 Model J.Cugnon [Cug87, Cug97a, Cug97b]  Univ.Liege
Fluka Event Generators® A .Ferrari [Fer96, Fas00] Univ.Milano, Cern
*GEMINI Evap. Model R.Charity [Cha88] (version 5/97) Washington Univ.St.Louis
CEM S.Mashnik [Fil00] LANL
®MC4 Generators G.Sterzenbach [Ste98] FZ-Jilich
®Moscow Generator Ye.Golubeva [Gol88, Gol94, 11j92] Troitsk
MICRES D.Theis [Ack02, The92] Univ.Bonn
MARS N.Mokhov [Mok98, Mok00] FNAL

Code Systems
CALOR T. Gabriel et al. [Gab96) HETC based; ORNL
*HERMES P. Cloth et al. [Clo88, Ste98, Fil00c] HETC based; FZ-Jiilich
’LCS R. Prael et al. [Pra89, Pra97] HETC based; LANL
"MCNPX H.G. Hughes et al. [Hug97, Hug00]  HETC,CEM,ISABEL; LANL
TIERCE O. Bersillon [Ber96) HETC based; CEA
PSI/HETC/O5R F. Atchison [Atc94] HETC based; PSI
NMTC/JAM K. Niita, H. Takada [Nii01, Tak00]  Jaeri/KEK
SHIELD N.M. Sobolevsky et al. [Sob94]
‘FLUKA A. Fasso et al. [Fas00] CERN, Milano

Cross section calculation and evaluation

ALICE M. Blann [Bla75, Bla94] LLNL
GNASH P.G. Young, M.B. Chadwick [You92] LANL,LLNL
NJOY R.E. MacFarlane [Mac94] LANL

%A comprehensive overview is given in ref. [Fil96, Fil00] and the MC-2000 proceedings [Fil00c].

bused in the current work

Fluka is capable of simulating particle cascades in matter from TeV (1) energies down to meV
applying the dual parton model for highest energies (> 4 GeV) and the resonance production and
decay model for energies between 2.5 and 4 GeV.

4.4 Parameter discussion

In fact from the simulation point of view there is a great variety of models, parameters and
options implemented in all program suites under consideration in the current contribution
that can be used to describe the physical behavior of a system.

A multitude of different INC models (Bertini, ISABEL, INCL2.0 and many more)
is applicable and many parameters not only within the INC-codes but also within the
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statistical evaporation codes appended may influence the resulting abundance or spectra
of particles created.

LCS offers a great freedom in the choice of different level density descriptions, e.g the
Gilbert Cameron Cook Ignatyuk, the HETC, and the Jiilich model. As mentioned op-
tionally the Multistage Pre-equilibrium Model (MPM) [Pra88b] can be switched between
INC and the equilibrium phase.

Different descriptions of Coulomb barriers in the RAL [Atc89, Atc94] and Dresner
models [Dre62, Wei40] are resulting in rather different production cross sections particular
for charged particles (but also for neutrons). The models assume constant or excitation
energy dependent Coulomb barriers.

As a new approach the INCL2.0 code is started to be implemented in the MC4 trans-
port model giving rise to further parameters as for example the switching time from INC
to evaporation (in INCL2.0 the INC is treated time-step wise) or the very fundamental
variable of the nuclear radius ry being much smaller in the INCL2.0 model than in the
Bertini based codes. Furthermore the aim is to isolate relevant cross sections, the treat-
ment of Pauli-blocking and higher excitations. The efforts on the model implementations
are still in progress.

Therefore, a study was performed in order to investigate the predictive power of the
combination of these models by inter-comparing theoretical models and confronting the
various approaches with experimental results. In the following first a fragmentary assort-
ment of biasing aspects will be given. The author does not raise the claim to exhaust the
limitless diversity of parameters offered by all program suites.

4.4.1 Level density description

As the thermal excitation energy E* of a nucleus increases, excited level stages get closer
together in energy. At large E*, the density of excited levels 1/D with D being the
average distance between the levels has the form 1/D o exp®F")* where a is affecting
the decay width I' of particles emitted during the evaporation process and called the level
density. One option to describe a, is the energy independent HETC formalism. In this
case parameterization is done via the By parameter [Clo88, Pra88b] and the level density

is given by: ,
A YA

with A the mass number, A = A — 2Z, Z the charge number and Y being a value
normally set to 1.5. In this contribution for all incident proton energies the level den-
sity parameters By have been chosen conventionally to be 8 MeV~! for W and Hg and
10 MeV~! for Pb due to shell effects for the latter nucleus. However this choice might not
be fully justified for the Pb target taking into account that most of the nuclei at the end
of the cascades are removed from Pb and moreover, excited enough for the shell effects
to be, at least, partially washed out.

Another model provided by LCS includes excitation energy damped shell effects of the
level densities by using the Ignatyuk formalism [Ign75] as implemented in the GNASH
code [You92]. The level density parameter ¢ is calculated via
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a(F*) =« (4.10)

E*

- ((1 — ) 6W)

where v = 0.05MeV ™!, « is the asymptotic value of limg«_,o a(E*) given as a func-
tion of mass, and éW is a term concerning shell effects. Another provision is that
limg- 0 a(E*) = ap with ap being the Gilbert-Cameron-Cook (GCCI) level density pa-
rameterization [Gil65)].

The third possibility of parameterization is the Jiilich level density formulation. This
model is using energy independent By parameters tabulated as a function of mass [Clo88].

In the calculations performed the HETC and the GCCI level density descriptions have
been applied. Calculations with the Jiilich level density model have not been executed,
because this model is only valid in the low excitation energy domain where shell effects
act.

4.4.2 Coulomb Barriers for charged particle emission and feed-
back on neutrons

The excited compound nuclei (mass A), atomic number Z, and thermal excitation energy
E* formed after the INC are de-exciting by the emission of various particles, e.g. neutrons,
protons, deuterons, etc.

Within the models there are different descriptions of the effective barriers, to which—
in contrast to neutrons—charged particles are subject during their evaporation, although
one could assume first naively the fact that only charged particles could be influenced
directly by variation of these Coulomb barriers.

The HERMES or LCS/MCNPX program packages have the possibility to select op-
tionally between the ORNL/Dresner description [Dre62] and the RAL [Atc89, Atc94]
formalism.

The effective barriers Vp in the Dresner formalism read

Zejec -Z
R, +R

whereby Zg.. and Z are the atomic numbers and R, and R the atomic radii of the
ejectile (tabulated) and destination nucleus R = (A — Aejec)'/?, respectively. The tabu-
lated factors k; < 1 for different Zge. of ejectiles make allowance for a potential barrier
penetration.

The description in the RAL formalism following the Le Couteur approach [Ber81] is
very similar to the ORNL/Dresner description (cf. eq. 4.13), except that the Coulomb
barriers are further down-scaled by a factor [Dos58]

Vb = 0.846927 - k;, -

(4.11)

*

Zejec

-1
Ve=Vp- (1 +a- ) with @ = 0.005 [MeV ] (4.12)

with E* being the thermal excitation energy of the evaporating nucleus. The original
idea, of the Coulomb reduction was to take account for an E* dependent shape deformation
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Figure 4.5: Coulomb barriers as a function of Z of the emitting compound nucleus for
protons (left) and alpha-particles (right) following various models. For the RAL option
(solid lines) the influence of the thermal excitation energy on the Coulomb barrier is
indicated on the right hand side of the graphs.

during the emission like the one well established for the fission process. The exact relation
between the ORNL/Dresner and the RAL Coulomb barriers for E* = 0 MeV is:

V.(ORNL) = 1.042 - V,(RAL, E* = 0) (4.13)

In the statistical evaporation code GEMINI [Cha88]-optionally chosen for the calcu-
lations of production cross sections in sect. 7.1-the Coulomb barrier is given by
144 - Zgjee - Z
ro- (AM2 + A13) 4+ 5

ejec

c=

(4.14)

with s=2 fm and the nuclear radius parameter 7o=1.12 fm. As compared to equation
4.14 and as shown in Fig. 4.5 the option “Hauser-Feshbach” alternatively implemented in
GEMINI for Z < 2 emission results in very similar barriers for p or «’s, respectively.

Fig. 4.5 shows the Coulomb barriers experienced by protons and c-particles emitted
from an excited compound nucleus with atomic number Z. In the limit of low excitations
the RAL and Dresner descriptions correspond within several per cent and are in case of
He also in agreement with the barriers applied in GEMINI. However the barriers reduce
drastically, if in the case of the RAL option higher excitation energies are regarded. Since
the charged particles are confronted with a lower barrier they could be released much
easier and the originally deposited thermal energy is effectively cleared away not only
by neutrons but also by charged particles. The calculated energy spectra of charged
particles (in particular the spectra of d, t, >He and *He-particles) are clearly enhanced
at low kinetic energy in comparison with measured spectra [Enke99] and because the
energy conservation must be fulfilled, the variation of the Coulomb barriers likewise has
an influence not only on the kinetic energy spectra, but also on the multiplicities of the
observed neutrons as will be discussed in more detail in sect. 7.1. The question raised—but
not to be answered here—is whether a decrease of the Coulomb potential with increasing
excitation energy is physically justified. On one hand authors determine inverse reaction
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cross sections according to formulas which take a decrease of the Coulomb potential with
increasing excitation energy into consideration [Dos58]-on the other hand people claim
the Le Couteur approach to be responsible for overestimation of the helium production
cross sections in structural materials irradiated by protons and neutrons at energies up
to 800 MeV [Kon92).

4.4.3 Equilibration time

Fig. 4.6 represents for some selected nuclei the dynamical picture of energy dissipation
after the primary reaction (here after A annihilation at rest):

1. the mean excitation energy of the target nucleus first increases during the first 7.V-
collisions and approaches its maximum after ~ 6 — 8 fm/c. During this fast phase
(Teas ~ To) the nucleus de-excites via pre-equilibrium processes and looses more than
half of the originally transferred energy. (7o ~ 10722 s is the time a projectile needs
to penetrate the nucleus.)

2. after approximately 30 fm/c (7eq ~ 5-10 7y) the statistical equilibrium of the Com-
pound nucleus is reached.

3. during the last slow phase (7, >> 7p) the highly excited hot thermalized residual
nucleus decays and de-excites via evaporation

Of special interest are the equilibration criteria after the prompt INC which define the
transition from the fast INC phase to the evaporation step. After each INC a more or less
equilibrated excited nucleus is left over. In the INCL2.0 code in which the INC is followed
as a function of time the critical criteria for the decision to switch from the INC to the
statistical decay is given by the equilibration time 7., which depends on target (Fig. 4.6),
incident energy and impact parameter. Also in proton induced reactions typical mean
values are {(7.,) = 18 and 25 fm/c for 1.2 GeV p+Fe and U, respectively. The times
Teq correspond to changes in the slope of the time dependent emission rates of cascade
particles as calculated within the models.

400

INC

<E*> (MeV)

200+

Figure 4.6: Development of
the energy relaxation fol-
lowing p-annihilation at rest
169 on different nuclei (adapted

L - - 1 from [Cug89a,Cug87)).
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The sensitivity of modifying the equilibration time 7., in the INCL2.0 code between
14.5 and 37 fm/c for the reaction 1.8 GeV p+Au is discussed in ref. [Enke99]. It was
shown that for very long equilibration times the production cross sections of nucleons
became insensitive to time, because there is a compensation between nucleons emitted
during the INC and those evaporated afterwards. This compensation however does not
apply for composite particles since their emission is not considered in the INC-stage.

Within the Bertini type INC models, the switching from a code modeling a fast INC-
process to one modeling the subsequent disintegration of the nucleus by statistical evap-
oration processes is generally controlled by particle energy values. The switch occurs
whenever the kinetic energy of the fastest cascade particle inside the target nucleus is not
sufficient to overcome the energy necessary to escape from the nucleus. In LCS, the value
of the neutron cutoff energy is randomly chosen between zero and twice the mean binding
energy. For protons, this code assumes a cutoff energy that is equal to the larger of the
two, the Coulomb barrier or the neutron cutoff energy. HERMES, on the other hand,
uses for the cutoff energies fixed values of 7 MeV and 7 MeV plus the Coulomb barrier,
for neutrons and protons, respectively.

For the calculations in the current work, the standard criteria for the equilibration
time 7, (INCL2.0) and cutoff energy (Bertini type INC models) were applied.

4.5 Particular decay modes of hot nuclei

4.5.1 Fission

The binary splitting of an excited nucleus into two approximately equal parts is still
considered as one of the most interesting phenomena of collective motion of nuclear matter
and as an excellent example of the nuclear multi-particle problem [Hil89]. A simple model
regarding the nucleus as an incompressible liquid is drawn by the Liquid Drop Model,
LDM [Nix69]. Analog to a liquid drop, a surface tension is responsible for the inner
forces acting on all surface nucleons. As demonstrated in Fig. 4.7 fission is understood
as a consequence of the deformation when repelling electrostatic Coulomb forces on the
protons overbalance the short ranging attractive nuclear forces. A ground-state-deformed
nucleus is situated in the minimum of the potential energy which increases with increasing
deformation towards the so-called saddle point deformation. Beyond the saddle point the
potential energy declines due to the decreasing Coulomb repulsion until the scission point
is reached. Then the nucleus is constricted in such a way that fragmentation into two parts
is likely. The fission barrier By represents the difference of potential energy at the ground-
state and the saddle point deformation. As shown in Fig. 4.8 there is a maximum of B; at
A ~ 70 and a substantial decline for light and heavy nuclei. Also with increasing E* the
fission barrier declines, because due to the expansion of the nucleus at high excitations the
surface energy decreases faster than the Coulomb energy. The barrier is also a function of
the angular momentum of the nucleus, because additional rotational energies disperse the
nucleus. These phenomena are considered in the “rotating LDM” [Coh74] which describes
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Figure 4.7: Potential energy as a function
of deformation. The transition time from Figure 4.8: Fission barrier By as a func-
equilibrium (Ggw) to the saddle point T tion of atomic number A and E* along the
and the one from saddle to scission 7 is B-stability line (Fig. adapted from [Ilj78]).
indicated (Fig. adapted from [Hil91]). By is given in units of MeV.

the fissility by equation 4.15 [New90].

_ B _ Z’/A
"~ 2-EY 50.883(1—1.7826 - I2)

X with I=(N-2)/A (4.15)

E? and E? being the Coulomb and surface energy of the nucleus in the ground state,
Z, N and A the atomic-, neutron- and mass numbers.

Asymmetric mass splittings at low E* cannot be explained by the LDM. Shell effects
have to be taken into account, which however disappear for excitations larger than a
few 10 MeV [Mor95b, Rub96, Kon99, Gil83]. At high E* fission is in competition to
the successive neutron emission of the excited nucleus. The competition between fission
and particle emission as well as the characteristica of fission products can be described
by statistical models. Under the assumption of thermal equilibrium the probability for
fission or neutron emission can be described according to equation 4.16 by the ratio of
decay widths ', and I'; [Van73].

Fn 4A2/3 E* — Bn
T 1/zaf( ) exp (20/%(E* — B,)"? - 2a}*(E* — By)'/?) (4.16)
Ty Coanl2a/”(E* — By)'/? — 1]

By, E* and B, represent the height of the fission barrier, the excitation energy and
the binding energy of the neutron; the constant Cy is Cy = K2 / 2mnr§ (my=neutron mass)
and ay and a, are the level density parameter at the saddle point and the ground state
deformation after the emission of a neutron.
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For small angular momenta and nuclei with fission barriers smaller than their neutron
binding energy (B < By in eq. 4.16), the fission takes place early, since I',/T'; increases
after the emission of each emitted neutron. For high angular momenta I',/T'; decreases
with increasing E* and consequently the nucleus fissions at a later stage.

A phenomenological approach for fission product yield calculations at intermediate
incident particle energy has been proposed by A.Yu. Konobeyev et al. [Kon99]. This
approach is based on the Fong statistical model and empirical expressions. A good agree-
ment with experimental data was demonstrated.

For a comprehensive description of the dynamics of the fission process the concept
of dissipation and the viscosity of nuclear matter refer to review articles [Kra40, Nix69,
Boh39, Dav76, Gro75, Weg74, Swi80, Blo78]. Dissipative processes are accompanied by
statistical fluctuations which exchange energy between intrinsic and collective degrees of
freedom. Latterly collective transport models are discussed which consider these statistical
fluctuations [Fro93, Wei87, Gra84, Gra86]. Besides the saddle to scission time 7y these
models require a transient time® 7. The transient time is a function of dissipation or
friction and can be parameterized by the so-called Kramers-factor [Gra80]. The total
time scale 7 of the dynamical fission process is described by the sum of transient time
and saddle to scission time 77 = 7 + 7 (Fig. 4.7). Actually the time shall not be
subdivided into pre- and post saddle, because in reality the saddle point could be passed
through several times. In collective transport models the dynamical process of the system
from the ground state to the scission is continuously traced. While the characteristic time
scales for processes described by intrinsic degrees of freedom is of the order of 10723 g
[Wei80], the ones for collective motions are two orders of magnitude larger. Therefore
a theory is proposed decoupling the Hamiltonian for the total energy of the system into
a collective and an intrinsic part. The transport equations are controlled by one or
several transport coefficients, as e.g. the reduced dissipation coefficient 8, which reflects
the coupling strength between the collective and intrinsic degrees of freedom. These
coefficients can be used for defining the time scale of the process. The total energy of the
system in the collective transport model is given by the temperature dependent function
H(g,p,T) [Boh75, Hof83)]:

Ein(g,p) and F(q,T) are the kinetic and free energy of the system and ¢ = ¢1, g0, - -, qn
denote the N generalized collective coordinates representing the form of the system. p; =
Mij(q) ¢; are the collective generalized momenta. The dynamics of the system and the
equations of motion, which contain the effects of dissipation can be deduced from the
Hamiltonian equations [Gol80]:

)
%= op; O

(4.18)
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The dissipative force @ is expressed by the ”‘Rayleigh dissipation function” F and a

fluctuation term 6X;. The conservative force (g—i) ‘s can be described either by the free

Di

3transient time — time the system needs for passing the saddle point configuration
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energy F' or the entropy S according to the thermodynamical relation

() ()= (750)
04 ) |g 04 /| 0g;

The collective kinetic energy FEpi,(g,p) is given by Eyin(g,p) = 1/2M;;(q)did; [Gol80,
Nix69]. The Rayleigh dissipation function F = 1/2#;;(¢)¢:d; [Gol80, Nix69] includes a
shape dependent dissipation tensor 7;;(¢), which describes the conversion from collective
to single particle energy. For the term representing the fluctuations no history, e.g. no tem-
poral correlations exist (Markovian assumption). Employing in equations 4.18 and 4.19
the collective energy Fj;, and the dissipation function F the multi dimensional Langevin
equation is obtained, which represents in most general form the collective transport model.
Due the the fluctuation term §X the Langevin equation is a stochastical equation with
stochastical variables p and ¢g. The temporal evolution of the function F(g,p,T) in the
phase space of collective coordinates and their conjugated momenta is presented by the
generalized Fokker-Planck-equation [Ris89]. The stochastical description of the Langevin
equation is equivalent to the Fokker-Planck-equation provided the Markovian assump-
tion is accepted. Previous investigations which try to describe the fission process using
transport equations are based on the Fokker-Planck-equation with one collective degree
of freedom [Gra84, Gra86, Wei87].

These studies certainly resulted in some insight into the dynamics of the fission process,
but with the addition of latest precise measurements of the fission lifetime as a function
of E* using blocking effects in a single crystal, important consequences for the dynamical
description of the collective process have been illustrated. This work essentially carried
out at GANIL, France by F.Goldenbaum, M.Morjean et al. [Gol98, Gol99, Gol99c, Mor98]
will not be part of the present paper.

As another approach, besides the application of these transport models, the statistical
model can be modified in such a way, that pre- and post saddle time scales are evaluated
by the measurement of pre- and post scission particle multiplicities and the magnitude
of dissipation is estimated. Measurements of pre-scission neutron multiplicities [Hil81,
Gav87, Hin92|, light charged particles [Pea88, Les91] and giant -y resonances [But91]
allowed for accessing the relative time scales of fission and particle emission. A significant
relaxation time of collective degrees of freedom pointing to a large dissipation has been
demonstrated. The total time scale of fission has been limited to 7= < 50 x 1072 s [Hil81].
J.P. Lestone [Les93b] confines applying his measurements 7 to 77 < 30 x 107% .

Neutrons are particularly insensitive to deformations of the decaying nucleus and con-
sequently pre-scission neutron multiplicities can’t provide insights into the different stages
of the collective motion. They are useful only for predicting the total time from ground
state deformation to the scission point. The evaporation of light charged particles in
contrast depends on the deformation dependent transmission coefficients and binding en-
ergies of the Coulomb field (being itself deformation dependent). Therefore pre- and post
saddle evaporation can be distinguished.

In order to investigate the decay of hot nuclei D. Hilscher et al. [Hil89] measured for
the first time neutrons emitted prior and post scission for nuclei at temperatures up to
T = 5 MeV. Independent of the initial temperature the temperature at the scission point
was shown to be almost constant (= 1 MeV). This finding is consistent with a fixed time

(4.20)

E
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for scission. The nucleus firstly cools down until the evaporation time of the last neutron
is in the time scale of fission. Consequently the number of neutrons emitted prior to
scission is increasing with increasing F*, while the number of neutrons emitted from the
fission fragments saturates - independent of the original primary E* - at about 5. Analog
to the systematics on post scission neutrons also pre- and post scission protons and alpha
particles [Ben93] confirm fission being a slow process.

However the experimental studies on pre- and post scission particle emission suffer the
systematic problems of delay at the saddle point. Particles might be emitted prior to the
saddle point configuration or during the transition from saddle to scission. Deviations
from the fission rate predicted by the transition-state model would reflect only the first
component. The experimental deficiency not to be able to distinguish between both
components makes a clear argumentation equivocal.

An alternative method to gain information on the temperature dependent nuclear dis-
sipation coefficient is the measurement of fission probability P;(E*) for a broad range of
excitation energies E* or temperatures as done in section 7.1.2. The fission probability
depends on the rapidity of collective motion starting at the saddle point, e.g. on the value
of the transient delay. The larger this transient delay, the more particles are emitted prior
to the fission decision. In this case the fission width is reduced and the fissility decreases.
Because the decision for fission is drawn at the saddle point, the fission probability is
governed by the time passed before reaching the saddle point and not by the one neces-
sary forming the scission configuration. The direct measurement of Py(E*) (sec. 7.1.2)
therefore is an ideal tool for investigating the dynamics of collective motions.

4.5.2 Vaporization and multifragmentation

/o’
o (o] - o ] [o] O . .
< 7 2’%\ \o‘;o O‘ZO/ Flgure 4.9: Schemat-
/o O ©0 5 00 ical sketch of
1° Ooo o °®°°o ) °°o the three decay
We O /) ° 028 ° modes Spallation-
T2 N ' Jo ¥, '/} T 0 © evaporation,  multi-

Multif ol fragmentation and
et vaporization. The
drawn in circle indi-

cates the original size
E* of the target nucleus.

Definition: For the so-called thermal multifragmentation (MF) the formation of in-
termediate mass fragments (IMFs) at higher temperatures is a consequence of increasing
thermal motion linked with increasing mean distance of the nucleons. An excited remnant
achieves thermal equilibrium state and than expands, eventually reaching the freeze-out
volume. At this point it fragments into neutrons, light charged particles and IMFs. Due
to the short ranging nuclear forces of nucleons the mean field collapses and IMFs are
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formed by condensation. This unique phenomenon can be observed only for nuclei. Dy-
namical fragmentation in contrast is caused by high angular momenta, compression of the
nuclear density, large momentum transfer and the formation of non-compact deformed nu-
clei. In this case the whole system and its parts (projectile and target remnants) never
pass through states of thermal equilibrium. As schematically illustrated in Fig. 4.9 MF is
observed in the E* domain between spallation-evaporation and the “explosive” fragmenta-
tion regime. As mentioned in the previous section the global properties of nuclear matter
are well described by the LDM for E*/A < 1 MeV/nucleon. In this domain the basic
decay mechanism is the successive emission of particles via evaporation from the surface
of the compound nucleus (left picture in Fig. 4.9) and fission. In case of evaporation a
heavy residual remains which is comparable in size to the original target nucleus.

Many models [Bot87, Bot95, Cug89a, Cug93] predict for nuclei A > 150 the multi-
fragmentation within a range of the excitation energy from 3 to 5 MeV/nucleon. It is
open so far whether one may regard the emission of IMFs by the conventional description
of the evaporation from an equilibrated source, or whether other simultaneous decay
characteristics need to be taken into account [Bot95]. In this intermediate energy region
the system fragments into many spallation products, having a size no longer comparable
with the target mass (Fig. 4.9, center). There is no accurate definition of the IMFs,
however for heavy targets around A > 150 fragments of mass 5 < A < 40 or atomic
number 3 < Z < 20 are generally considered as IMFs. For E* in the range of the entire
binding energy of the target nucleus (7.5 MeV /nucleon) vaporization (right representation
in Fig. 4.9) begins to set in. Vaporization is a specific case of MF and is defined as a
decay in which all reaction products have atomic numbers A < 4.

In particular for MF, the time scale of fragment emission in general and the ques-
tion of sequential or simultaneous decay of highly excited nuclei is focus of theoretical
[Gro90, Mor93b] and experimental [Fox93, Mor93, Bow93| studies. Models have been
developed based on the chemical equilibrium [Bon86, Cha88|, phase transitions with si-
multaneous evaporation during the dynamical expansion [Fri90b] or a dynamic of sta-
tistical decay [Col92]. Alternatively L.G. Moretto [Mor93, Mor95], K. Tso [Ts095] and
A.S. Botvina [Bot95] propose as a signature of statistical nature of MF the linear de-
pendency between the natural logarithm of the decay ratios of an n-body decay as a
function of (E*)~Y/2 o 1/T (Arrhenius-plots). However so-far no clear-cut answer could
be given to the question whether the MF is subject to a prompt or sequential decay
mechanism [Gol96b]. Also different model approaches try to find an answer whether the
multi-fragmentation mechanism is dominated by dynamical or by statistical decay. Some
of them describe the multi-fragmentation by instabilities in the gas-liquid phase of the
nuclear matter [Cug93, Fri90b]. Analogue to a Van-der-Waals liquid, nuclear matter hav-
ing a density of ~ 0.17 nucleons/fm3 in the ground state (T’ = p = 0) can be described by
phase-diagrams (Fig. 4.10). In the ground state the nucleus resides at p =T = 0 and in
the liquid phase. After an initial compression induced e.g. by a heavy ion reaction the hot
nucleus expands. The hot nuclear matter follows the dashed line (isotherm) of Fig. 4.10
and ends finally as a diluted system in the spinodal region. In this region the compression
coefficient »

5= (@p/0V)r = -1 (gZ)T (4.21)
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Figure 4.10: Solid lines (isotherm)
indicate the pressure of the nu-
clear matter as function of nu-
clear density for different fixed
temperatures (in MeV). The un-
stable states of the homogeneous
infinitely expanded (and thus ide-
alized) system is represented by
the broken area. A nucleus in
the ground state resides in the
condition p = T = 0. The
dashed curve shows the expan-
sion of a hot, expanding nuclear
system (see text). The line at
T, = 179 MeV represents pres-
sure and density for which lig-
uid and gas phases co-exist (figure
adapted from [Cug93]).

pressure (MeV fm )

exhibits positive values. Under these conditions (p = 0.2-0.5 po) density fluctuations may
easily lead to fragmentation. The phase diagram, as represented in Fig. 4.10, applies
only for infinitely expanded homogeneous matter, in which no Coulomb interactions are
considered. Therefore the diagram is at most valid for hot neutron stars — but certainly
not for real nuclei. This model - so far quantitatively not in detail being established —
would reveal MF as a sudden phenomenon.

The formation of cluster in the region of low nuclear density was studied theoretically
also by Ph. Chomaz et al. [Cho94]. They showed that — due to the finite range of strong
nuclear forces — fluctuations of the system do not have short wavelength components.
Consequently the production of fragments of almost same intermediate size are more
probable than the formation of small fragments. Theoretically the process of MF can
also be described by the percolation theory. Percolation models treat the nucleus as
a lattice with nucleons located at nodes of the lattice. It has been found that results
of perculation calculations depend significantly upon the details of the lattice structure.
For reasons of computational convenience, the simple cubic lattice has most frequently
been used in MF-simulations [Bau86], but several studies [Cha91, San93] have found that
the face-centered-cubic lattice more accurately reproduces the experimental distributions
of fragment masses and their energy spectra. A detailed analysis on fragmentation of

excited remnants using the face-centered-cubic lattice model of nuclear structure is given
in ref. [Mus02].
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Finally also statistical models are used for the description of the fragment emission.
They are based either on the sequential binary statistical decay [Cha88] or the simultane-
ous splitting of the system. The breakup of the system strongly depends on the so-called
“freeze out” volume [Bon86, Fri90b, Gro90] and shows a rising probability with increas-
ing excitation energy. Decay models describing the simultaneous breakup take as a basis
the accessible phase space, which determines the probabilities of different decay channels.
These “phase-space models” describe both — for low excitation energies the evaporation,
and for higher energies (on the assumption of an increasing phase space) the breakup into
3, 4, 5 and more fragments of intermediate mass.

Experimentally the subject of different decay modes like fission, evaporation, multi-
fragmentation and vaporization will be addressed in section 7.1.2 (NESSI). Also the PISA
experiment aims at bringing some insights to the complex decay phenomena of hot excited
nuclear matter. However for the PISA experiment currently only preliminary data and
will be shown and discussed in section 7.2.



Chapter 5

Why nuclear physics experiments?

5.1 Application driven motivation

Spallation neutron sources (for condensed matter research, nuclear transmutation cf. sec.
2.4 or new concepts for energy production cf. sec. 2.5) consist basically of a high energy
and high intensity proton accelerator and, separated by a window, of the target station for
the neutron generation as described in Chapter 2.3. The spallation neutron sources exploit
the thermal excitation of the heavy target nuclei by GeV protons and their subsequent de-
excitation by evaporation of mainly neutrons with energies of a few MeV. Typically only
20% of the incident kinetic energy is dissipated in a first reaction into intrinsic excitation
giving rise to the emission of about 15 neutrons (for 2 GeV protons impinging on a Pb
target, as for example). The larger fraction of the energy, instead, is carried off during
the initial intra nuclear cascade (INC) by a few energetic (hundreds of MeV) particles,
mainly nucleons. These cascade and pre-equilibrium particles in turn initiate further
nuclear reactions in the extended target, thereby increasing the total number of neutrons
created per incident proton to about 40.

The best proton energy for the accelerator is still subject of some consideration. From
a materials point of view (e.g. radiation damage) it seems advantageous to use higher
energies (some GeV) with the benefit of lower intensity, which could also be reasonable
from the physics point of view, if the neutron production were indeed to grow linearly
with incident proton energy. The latter assumption is not unconfined true for energies
far beyond 1 GeV as discussed later in Fig. 7.9.

It is the one goal of our experiments (cf. sec. 6.2, 6.4, 6.3) to increase the reliability of
the models in the GeV energy range where only few and moreover quite diverging data
exist. More specifically, it is the aim to measure for various proton energies in the COSY
range from 0.4 to 2.5 GeV:

e production cross sections for light particles (p, d, t and He-isotopes) in selected
target-, window- and structural materials. He, for instance, is known to destroy
the mechanical strength of solids which limits the lifetime of window and target (if
solid). The production of tritium as a radioactive gas of considerable toxicity has
bearings on radiation safety provisions.

e for the investigation of the spallation reaction or the intra-nuclear cascade (INC): the
energy and angular distributions of all light charged particles from pre-equilibrium
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and equilibrium stages as well as multiplicities of all particles (n, p, d, t, He) from
the nuclear evaporation cascade.

e for the neutron multiplication in thick targets (inter-nuclear cascades): neutron
multiplicity distributions and total inelastic cross sections for target-blocks of vari-
ous thickness, where the incident energy is converted as efficiently as possible into
neutron yield. Target-blocks of up to 40cm in length and 15cm in diameter can be
housed inside the neutron detector of the NESSI experiment.

e heat deposition in structural materials, the target, moderators and reflectors.
e features and neutronic behavior of ambient water and advanced cold moderators
o efficiency of shielding in particular for high energetic neutrons

Summarized the experimental efforts contribute gaining confidence and fixing parameters
in the models currently available. These models are then applied to optimize the layout
in terms of material choice, geometry and neutronic performance of accelerator driven
systems as e.g. high intensity neutron sources.

5.2 Astrophysics driven motivation

Spallation reactions are also important from an astrophysical point of view. Due to their
low binding energies Li, Be and B nuclei are highly unstable especially at temperatures and
pressures encountered during stellar nucleosynthesis. The experimental determination of
the spallation cross sections for C, N and O targets will provide a valuable data set to
improve our understanding of the anomalous abundance of light elements in the cosmic
rays and astrophysical questions of nucleosynthesis of the light nuclei in general. As for
example the abundance of Li, Be and B in cosmic rays is only several times smaller then
the abundance of neighboring nuclei C, N and O, whereas this abundance is 5-6 orders
of magnitude smaller when observed in the solar system (the “LiBeB puzzle”). It is
believed that Li, Be, and B elements in cosmic rays are mainly produced by spallation
of heavier nuclei, e.g. C, N and O via their collisions with light nuclei —mainly protons
[Ree94, Sil90]. This scenario was actually already proposed in 1970 by H. Reeves et
al. [Ree70] where - contrary to most of the nuclear species, Li, Be and B are formed by
the spallative interaction between the energetic Galactic Cosmic Rays and the Interstellar
Medium. In opposite to "normal” nucleosynthesis taking place in the stars the spallative
origin of elements is sometimes called "non thermal” nucleosynthesis. Similar ratios as
mentioned above are also known for the elements with atomic numbers 20-25. However
note that this concerns the cosmic rays of energies from 70 to 280 MeV /nucleon. The
composition of comics rays of energies from outside this range is not known.

Moreover, the knowledge of appropriate cross sections allows to make far reaching
conclusions concerning cosmic ray propagation. For example the isotopic composition of
Be cosmic rays enables to judge about the propagation time of cosmic rays. The "Be nuclei
which decay only by electron capture (half-life 53 days) are stable in cosmic rays as well
as "Be nuclei which do not decay at all. On the other hand the °Be nuclei are unstable to
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beta decay with a half-life 1.6 million years. Due to this relative abundance of Be isotopes
changes with time and may be used to determine timescale of cosmic ray propagation.
Furthermore, ratios of 1!B/1°B, ¢Li/° Be and B/Be abundances may reflect possible role
of large fluxes of low energy cosmic rays as well as may call for some other production
mechanism of some of these elements. For example there is a hypothesis of neutrino
induced spallation in supernovae which should give contribution to 'B production but
does not influence abundance of °B. However, to account for all details of the relative
abundances of all isotopes on the ground of astrophysics models it is required to thoroughly
test their predictions. Therefore not only the values of the total production cross sections,
relevant in the context of the abundance problem have to be determined experimentally,
but also the energy distributions should be known precisely enough to allow checking the
applied model. The experiments NESSI and PISA discussed in the current work are an
approach to fill this serious lack of such data in the intermediate energy range.

5.3 Nuclear physics driven motivation

Properties of hot nuclear matter can not be described by elementary nucleon-nucleon
scattering, because even knowing the hadronic interactions the solution of the many-
particle system would cause serious problems for heavy nuclei. Instead generally matter is
described by macroscopic observables like temperature, density and pressure. For infinite
nuclear matter the relation between thermodynamic observables pressure, energy, density
p and temperature T is given by the equation of state [Sto86]. Except of the saturation
density py and the energy at this density the form of the equation is not well understood.
When expressed in form of a caloric equation of state the energy Eg per Baryon is written:

Ep

i E(p,T) = Er(p,T) + Ec(p,T = 0) + Eo(p = po, T = To) (5.1)

with the thermal energy Er and the compression energy E¢ taking the dependency on p
and T into account and Fj reflecting the energy in the ground-state. The relation between
the equation of state and the mean nuclear potential U is expressed by the kinetic energy
density ¢, and the density of the total energy h,: Eg/A = h,/pand U = (%(h,, —ty). The
equation of state for nuclear matter gives e.g. insights in phase transitions. At low density
(p < po) and high T due to the superposition of nuclear and Coulomb forces, nuclei can
coexist in liquid and gaseous phase analogous to the Van-der-Waals gas. For extremely
high T and p a quark-gluon plasma. is expected. In this new phase of nuclear matter the
quarks are supposed to be (quasi-)free.

With the experiments studied in the current work neither 7" nor p of such high density
phases is approached and the nuclear matter in form of an ensemble of A nucleons is
neither infinitely expanded nor to be reduced to nucleon-nucleon interactions. However
also on the way to this high density phase numerous interesting phenomena exist.

The nuclear physics aspect concerns the decay modes of very highly excited nuclei and
has been intensively investigated during the last decade mostly with heavy ion accelera-
tors - with moderate success, however. At high excitation energy one expects more diverse
decay modes than evaporation and fission to become accessible to the nucleus: multi-body
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fragmentation with the emission of many intermediate-mass fragments (IMF), and, when
the excitation exceeds notably the binding energy of the nucleus, also the even more
violent vaporization into single nucleons and light nuclei not heavier than alpha parti-
cles (complete disintegration of the nuclei into light fragments). In the past heavy-ion
collisions in the energy range of up to several 100 MeV /A have often been investigated
[Bow91, Tok95, Poc95] and new decay phenomena or novel and relatively scarce modes
have indeed been observed. These exotic modes might be due to the unique feature of
nuclear matter—namely the superposition of short range nuclear forces and extremely
long ranging Coulomb forces. However at the same time these modes represent the super-
position of statistically and dynamically driven fragmentations. Also the exact definition
of the decaying source from the correct theoretical description point of view is rather
ambitious as demonstrated in Fig. 5.1 showing a Landau-Vlasov simulation [Bre93] of the
208Ph+197Au reaction at 29 MeV /nucleon.
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The interpretation of these density profiles is all the more difficult the smaller the
impact parameter between almost symmetrical masses and the larger the intrinsic spin
of the target- and projectile-like fragments is. Still these phenomena rise a variety of
open questions: Is the multifragmentation driven by thermal excitation of the nuclei, by
repelling Coulomb forces or by deformations and high spins? The interpretation of these
sequential or possibly simultaneous decay modes requires a clear distinction of statistical
and dynamical fragmentation. The driving forces for these fragmentations still remain
obscure, because too many dynamic distortions are inevitably introduced by the heavy-
ion reaction together with the thermal excitation, like large angular and linear momenta,
density compression or the formation of peculiar unstable non-compact shapes.
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Reactions with protons, instead, are much less likely to induce collective excitations in
the target nucleus and may thus allow to come closer to what is called statistical fragmen-
tation: the decay of a compound nucleus stocked with purely thermal and equilibrated
excitation. The knowledge of these purely statistical decay mechanisms is a prerequisite
or key to the understanding of the more complicated effect of collective excitations on the
fragmentation. Fundamental properties of hot nuclear matter like heat capacity, specific
heat, viscosity and phase transitions are by far not thoroughly explored. Since in this
kind of reactions a minimum of compression to the nucleus is induced, the experimental
investigation of equation 5.1 is enabled for high T" at densities p ~ pq.

In order to reduce the influence of the entrance channel on the decay modes the
nuclear excitation following annihilation of energetic antiprotons has been investigated
[Egi95, Egi00, Gol96, Gol96b, Gol99d, Hil95¢c, Jah95b, Jah99, Lot97, Lot99, Lot01, Pie99,
Pie00]. Antiprotons annihilate on a single nucleon at the surface of, or even inside the
nucleus, thereby producing a pion cloud containing an average of about 5 particles. Due
to the high center-of-mass velocity (B.m = 0.63) of this cloud it is focused forward into the
nucleus. Since the pion momenta are comparable to the Fermi momentum of the nucleons
in the nucleus, the pions heat the nucleus in a soft radiation-like way [Pol95], even softer
and more efficient than in proton- or other light-ion-induced spallation reactions, which
have also been exploited recently for this purpose [Enke99, Fil01, Gol99b, Gol99f, Gol00,
Gol00b, Gol01, Her01, Lip94, Kwi95, Pie94]. Due to the small radius of interaction volume
of 1.8 fm and a coherence length of ¢r ~1.5 fm in elementary NN annihilation reactions
extremely high local energy densities are obtained. For antiproton induced reactions,
INC calculations have been found to provide a reasonable description of the underlying
mechanism. They predict that the spin remains low (below maximum 25%) and that shape
distortion and density compression are negligible [Gol88], in contrast to what is expected
in heavy-ion reactions. The reaction time for achievement of equilibrium conditions is only
about 30 fm/c or 107??s [Cug87], which is much shorter in general than the dynamical
period in heavy-ion reactions [Bau92]. This is all the more important at high temperature
(T =~ 6 MeV) when the characteristic evaporation time reduces to t < 10722 s, implying
little cooling of the compound nucleus during heating.

Summarized light particle induced reactions represent the softest way of producing
hot nuclei with the advantage of:

e small compression and shape distortions
e small transfer of linear and angular momenta
e good definition of mass and charge of the decaying compound nucleus

e fast excitation (much faster than non-relativistic heavy ion collisions. Therefore
only little cooling during the formation of the hot nuclei)

e existence of reliable reaction models

From previous experiments at Saturne/Saclay [Led98] and at LEAR'/CERN? [Gol96]
(cf. sec. 6.2.1) it is known on the other hand that light projectiles are less effective in

LEAR - Low-Energy-Antiproton-Ring
2CERN - Centre Européen pour la Recherche Nucléaire, European Laboratory for Particle Physics,
Ch-1211 Geneve 23, Switzerland.
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energy dissipation than heavy ions and that therefore even with the maximum energy
at COSY, 2.5 GeV, only about 1000 MeV of excitation with reasonable cross section
in heavy target nuclei and somewhat less excitation (but higher temperatures) in lighter
nuclei (cf. sec. 7.1.2) is reached. Thus fission (cf. sec. 7.1.2) and evaporation in heavy fissile
nuclei and the new fragmentation phenomena, or rather their onset, in lighter nuclei can
be explored (cf. sec. 7.1.2).

But even the conventional decay modes, evaporation and fission, studied as function
of excitation energy become new territory above 200 or 300 MeV of excitation: First
of all, the occurrence of fission up to about 1000 MeV of excitation indicates by its slow
collective nature, that the nucleus has survived this tremendous excitation as a self-bound
system which moreover has reached thermal equilibrium.

Beyond that, from the competition with the faster and well known particle evapora-
tion a time scale can be established for fission (and this separately for the motion from
equilibrium deformation to the saddle point and from the saddle to scission). This fission
time is related to one of the basic properties of nuclear matter, the nuclear viscosity or
dissipation (cf. sec. 7.1.2).

The multi-fragmentation or vaporization phenomena can be observed in lighter nuclei
like Cu or Ag (cf. sec. 7.1.2). Here it seems important not only to observe the phenomena
and deduce a probability or cross section as a function of E* for them, as has been mostly
done in the past, but also to specify the phenomena more closely. In this respect a
particular advantage of the NESSI charged particle detection system described in section
6.2 can be exploited, namely that it registers not only light particles and lighter fragments
(IMF’s), but also all heavier residues from each reaction. This will allow to built a
complete mass- and linear-momentum balance for each reaction and thereby to test the
completeness of the multi-fragmentation process. The need for complete measurements
if IMF’s at these energies is emphasized by the lack of data measured at incident proton
energies below 1 GeV.

Drawing conclusions on features of nuclear matter from experimental observations
is possible only by an intense comparison between the experiments and the theoretical
descriptions. Only using theoretical models assumptions concerning nuclear matter and
their influence on observables can be tested. Furthermore models provide to some extend
an insight into the dynamics of processes which is generally scarcely or not possible with
the “static” observables accessible in the experiments.

Therefore the primary intention of our investigation is to provide exclusive data rather
than only to improve the data base of inclusive cross sections. With these exclusive
data it is possible for instance not only to reconstruct for each initiated reaction the
distribution of the deposited thermal excitation energy (Sec. 7.1.2), but also to investigate
pre-equilibrium emission for peripheral and central collisions. This in turn allows to test
critical model parameters (Sec. 4.4) which determine the equilibration point after the fast
INC-stage and define the transition from the INC-model to an evaporation model for the
statistical decay of the equilibrated nucleus (cf. sec.4.3).



Chapter 6

Experiments

In the following first the accelerator used by the three experiments is briefly introduced.
The ideas, motivations, experimental methods and respective set ups of NESSI, PISA
and JESSICA are presented in the current chapter before in chap. 7 the experimental and
theoretical results are shown and compared.

6.1 The COoler SYnchrotron COSY

COSY is the abbreviation for ” COoler SYnchrotron”, which means as much as accelerator
for "cold” particles. However in COSY not only protons can be accelerated up to 96%
of the speed of light, but also stored for ultra slow or fast extraction. The COSY ring
as shown in Fig. 6.1 consists of a 180 m vacuum tube. Protons in the momentum range
between 600 and 3400 MeV/c (correspondig to 175 and 2600 MeV) are accelerated and
stored. Protons with the desired energy are available for experiments with the circulating
beam (”internal experiments”) as well as for experiments with the extracted beam (”ex-
ternal experiments”). Detailed reports on the performance and perspectives of the Cooler
Synchrotron COSY are given in refs. [Mai97a, Mai97b, Sto97].

History: As result of the discussion between physicists of the Forschungszentrum Jiilich
(FZJ) and the surrounding universities in 1980-1986 the COSY working group of North-
Rhine/Westphalian universities (= CANU) was established in 1985. This group elabo-
rated a design concept, which was discussed in detail by different expert commissions
with the BMFT in 1986. The FZJ internal building decision was endorsed in December
1986 by the main commission of the scientific-technical advisory committee of the FZJ.
Laying of the cornerstone took place in summer 1988. In September 1992 for the first
time particles were accelerated at COSY. The inauguration took place in April 1993.

Dipoles and quadrupoles: 24 electromagnets deflect the protons rotating in the COSY
around 15 degrees each, so that a course closed in 360 degrees results. Quadrupoles
exert a force on charged particles, which is attractive in one plane and repulsive in the
plane perpendicular. These focusing and defocusing planes ensure the protons being held
together to a bundle during acceleration.

Injection: For the injection process the debit orbit of the particles rotating in the ring
is shifted for a short time. The debit orbit is the position intended of the proton beam for
a stable closed course in the ring. The particles are shot in on this disturbed course, and
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during the injection the circulating proton beam is reset on the original debit course. The
disturbance of the debit course is accomplished with the use of so-called bump magnets.
The entire injection process takes about 0.01 seconds.

Cooling: By interaction with electron beams (electron-cooling) the proton beam stored
in COSY shrinks on the smallest possible expansion. During the "stochastic cooling” the
debit course of the circulating proton jet is measured in pick up’s and corrected with the
help of the kickers. The position of the jet in COSY is measured by 29 position monitors
with an accuracy of approx. lmm. This position measurement takes place contactlessly,
i.e. without direct effect on the jet.

COoler-SYnchrotron

K

EDDA cCOSY 13
heeeenh

Figure 6.1: Cooler synchrotron
COSY in Jilich with the inter-
nal and external experimental beam
areas.  The internal experiment
COSY-13 has recently been replaced
by the PISA experiment. JESSICA
and NESSI being subject of this
work are also indicated.

Requirements for JESSICA: In contrast to the slow extraction needed generally for
experiments at COSY or the relatively long spills applied for internal experiments, the
single turn extraction requested by JESSICA meets some challenge for the COSY crew:
Fast beam extraction in the proton energy range of 0.8 to 2.5 GeV is accomplished by the
use of a kicker magnet generally employed for beam diagnostic measurements. The cycle
starts in the same manner as for resonant beam extraction for external experiments. A
closed orbit bump in the horizontal plane is located near the electrostatic septum. The
proton beam is bunched with a bunch length in the flat top of about 200-500 ns. The
beam intensity peaks at about 10'° p in the flat top. By means of the kicker magnet
the beam bunch is short time (0.75-2 ps in width, rise- and fall-time < 1us) deflected.
The kicker excitation is synchronized with respect to the COSY rf-signal and can be
adjusted in time by a programmable delay, so a unique deflection of the total bunch can
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be performed (bunch synchronous excitation). Only horizontal beam deflection is possible
with the kicker magnet installed at a repetition rate of 1 Hz. The minimal COSY cycle
time varied from 5 ms in case of low energy to 2 s in the case of highest energy. In
order to extract the whole beam stored in COSY in one single turn, electron cooling is
indispensable. The relatively long cooling time needed results in a repetition rate of the
extracted proton beam of ~0.03 Hz. The reliability of the kicker magnet has been shown
to be rather high. Details are given in ref. [Die98].

6.2 The NESSI experiment

6.2.1 Objective

All previous data on production yields have been obtained by measuring the integral neu-
tron induced activation in a moderator bath surrounding the target, by integrating double
differential neutron yields (d*o/dEd(2), or by neutron-induced activation in small samples
positioned on the target surface. For a summary of such measurements see Ref.[Hil97]
where preliminary results of the present work have also been presented. Instead, in the
present NESSI study all neutrons produced in each individual shower induced by an in-
cident energetic hadron are counted. In order to demonstrate the inherent capabilities of
the new approach the characteristics of the employed detection method will be described
briefly in sect. 6.2.2. On one hand emphasis is put on a comparison of model predictions
with the data obtained with thick targets, where incident energetic protons in the energy
range up to 2.5 GeV at COSY (5 GeV/c hadrons at PS/CERN and up to 1.2 GeV p
at LEAR/CERN) impinging on massive targets give rise to cascades of nuclear reactions
within the bulk target material. In these kinds of setups, charged reaction products are
stopped within the target volume and only neutrons are detected. Specifically, of great
importance are neutron production cross sections for various incident hadron energies,
various target materials, and different target geometries. On the other hand following
the motivation of the fundamental physics aspect, results on production cross sections,
particle spectra, angular distributions, etc. for neutrons and charged particles taken at
thin target measurements have been compared with corresponding simulations in order
to decouple the primordial spallation reaction from the subsequent inter-nuclear cascade.

The NESSI and former PS208 collaborations have enriched the available information
by the event-wise measurement of the number of neutrons (called hereafter neutron multi-
plicity M,,) [Fil01, Gol96, Gol96b, Gol99b, Gol01, Hil98, Let00, Lot98, Pie97] using a high
efficient 47 sr gadolinium loaded scintillator detector [Gal94, Gal01, Hil98] and provided
a heavyset matrix of benchmark data enabling a validation and possibly an improvement
of high energy transport codes. As mentioned in contrast to previous measurements the
event-wise character of the experiment allowed to gain access even to the distributions
dM,, /dN rather than average values only, thus imposing additional constraints for theo-
retical models [Enke99, Fil01, Gol99d, Gol00, Gol00b, Gol01, Her00]. The first experiment
which measured neutron multiplicity distributions for 0.475 and 2 GeV p bombarding thin
targets was carried out at Saturne/Saclay by Pienkowski et al. [Pie94].
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In the current work both, the so-called “thick-target” scenario where only neutrons can
be observed in the NESSI experiment and multiple-nuclear reactions per source particle!
might take place as well as experiments using thin targets (only one nuclear interaction
in the target) will be subject. While the first aspect is triggered by the application
driven motivation (sect. 5.1) the second issue reflects the fundamental physics aspect
discussed in sect. 5.3. The latter enables a code validation not only for neutrons, but also
for charged particles or even for correlations between both [Gol00, Her00, Enke99]. We
also demonstrate that insights into the transport process including all cascade particles
in thick targets can be gained only by disentangling intra- and inter-nuclear cascades.
In addition to the above mentioned neutron measurements recently also light charged
particles have been measured with 7, p, p,*He and *He projectiles in the energy region of
1-14 GeV [Gol96, Ahm93, Kwi95, Hsi97, Lip94]. However most of these studies measured
energetic cascade and not evaporative light charged particles (p and He) which are needed
to reconstruct thermal excitation energies.

Experiments at LEAR, PS (CERN) and COSY (FZJ)

In the framework of the nuclear physics driven motivation described in Sec. 5.3 especially
antiproton induced reactions in flight and at rest are capable of exciting nuclear matter
without disturbing dynamical effects [Cug84, Cug89] generally induced in heavy ion reac-
tions. Complementary to heavy ion reactions, antiproton induced reactions represent an
alternative method for producing highly excited nuclear matter and enable probing the
nuclear equation of state at high temperatures. The rather high energy transfer is due to
the phase-time-structure of the elementary N N-annihilation with a radius of interaction
of ~ 1.8 fim and a coherence length of ¢r ~ 1.5 fm. In case of antiproton annihilation at
rest, the keV-antiprotons are captured by the nucleus like “heavy electrons”. They cas-
cade down to lower energy levels emitting Auger-electrons and annihilate with a nucleon
of the nucleus at the periphery of the nucleus. On the average 5 pions—as well as strange
particles K, A, ¥—are produced partly heating the nucleus in a radiation like way [Pol94].
Much more thermal excitation energy can be transferred to the nucleus using energetic
GeV-antiprotons, because the annihilation takes place much closer to or even inside the
nucleus. Increasing the p-energy doesn’t a priori implicit high E*, because at the same
time the average kinetic energy of annihilation pions is also increased and the pion ab-
sorption via the A-resonance becomes less effective. INC model calculations [Gol88, 11j94]
show the spin in p reactions to remain small (< 25k) and the equilibration time (30 fm/c
or 10722 5) [Cug87] to be much smaller than the dynamical periods in heavy ion reactions
[Bau92]. The latter effect is of extremely high importance when for high temperatures
(T ~ 6 MeV) the characteristic evaporation times are less than 10722 s. The physical
picture of annihilation in flight and at rest for pA reactions is drawn in ref. [Gol96b].

For the very first time correlations between neutrons and charged particles follow-
ing p-induced reactions have been measured event-wise and thermal excitation energy
distributions have been reconstructed from the experimental observables.

INot only the intra-, but also the inter-nuclear cascade contributes to the production of neutrons
following interactions induced by secondary particles and therefore resulting in a “multiplication” of
neutrons.
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The secondary beam facility at the Proton Synchrotron PS at CERN (Geneva) en-
abled the measurement of M, simultaneously for p,p,d, K and 7* at the same incident
momentum and charge. Details on this experiment can be found in Ref. [Hil98, Pie94].

The majority of measurements has been performed at COSY lJiilich and therefore
the essential part of NESSI/PS208 data presented in sect. 7.1 will be on proton-induced
reactions. However the two campaigns at LEAR and the PS at CERN complete the
systematics and extend the studies to other hadron induced reactions.

Both, thick- and thin-target experiments at LEAR, PS/CERN and at COSY Jiilich
were carried out within an international collaboration between the FZ-Jiilich, the Hahn-
Meitner-Institut Berlin, the research center CERN (Geneva), GANIL (Caen), INR (Moscow),
Rossendorf (Dresden), INP (Orsay), the universities of Rochester and Warsaw and the
TU-Munich comprising currently approximately 20 members. The research program is
partly supported by the Helmholtz-Strategy Fond and the TMR-Program of the European
Community under contract No.:FMRX-CT98-0244.

6.2.2 Experimental setup
BNB+BSiB

$3,85-58 st Beamdump

$11-14

1110 cm 605 cm 574 cm

Figure 6.2: Schematical set-up for thin target measurements at COSY.

Except of the exact alignment and some additional Cerenkov detectors needed for
incident particle identification? at the PS, the experimental arrangements for the experi-
ments at LEAR, PS and at COSY are basically identical. As illustrated representatively
for the COSY experiment in Fig. 6.2 incoming particles were tagged by a thin (0.3 mm)

2Protons of 26 GeV were bombarding a 25 mm-long and 4 mm-diameter Cu production target with
a duty cycle of about 2.5%, producing all kinds of particles, Charge and momentum of the incident
particles (p,p,d, K,7%) up to 5 GeV/c were selected with a system of dipole and quadrupole magnets.
Identification of particle species was performed by measuring time of flight over 16 m in combination with
two Cerenkov counters. This TOF was sufficient to separate deuterons and protons from lighter particles
(kaons, pions, muons, and positrons) up to 5 GeV/c. In order to separate also the lighter particles we
had to exploit two Cerenkov counters ¢y and Cg which triggered, respectively, on pions plus lighter
particles and positrons only. Neutron multiplicity distributions could thus be registered simultaneously
for reactions induced by p, 7, K+, e*, and also d* on the one hand and by p and 7~ on the other
hand. Muons, however, could not be separated from pions.
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plastic scintillator S; mounted 11 m upstream from the center of Berlin Neutron Ball
(BNB) [Gal94, Gal01, Hil98]. Their rate was adjusted to give a similar reaction rate
independent of target thickness, i.e. to some 10* pps for thin targets and down to some
200 pps for the 35 cm targets. S; served as a beam counter for absolute normalization of
measured cross sections and provided the time reference for BNB. The incident protons
were also monitored by a set of scintillator detectors S — S14 partly serving as veto coun-
ters and tagging those protons entering “off-axis”. As mentioned previously, thin-target
experiments are aimed essentially at studying the physics of intra-nuclear cascades, with
reaction products having negligible chance for secondary interactions with the target mat-
ter. Both, neutrons and charged reaction products are detected using two concentric 47
sr detector devices, the BNB and the Berlin Silicon Ball (BSiB) [Enke99, Fig95]. In this
set-up, the target is placed in the common operational center of the BNB and BSiB. The
latter detector is mounted inside the BNB reaction chamber as schematically indicated
in Fig. 6.3. In the following a brief description of the 47 sr detectors, their efficiency and
the necessary corrections on the data is presented. For more details confer to references
[Let00, Hil98, Pie97, Enke99, Her00, Gol96b, Gol96]. The most recent and comprehen-
sive technical compilations on the two 47 detectors BNB and BSiB are published in
refs. [Jah03, Her03]. The electronics and data acquisition is described in [Gol96b].

The 47 sr neutron-detector

The BNB [Hil98, Gal94, Gal01] is a spherical tank (left panel Fig. 6.3) with an outer
diameter of 140 cm and an active volume of 1500 liters, filled with gadolinium-loaded
organic scintillator NE343 (1,2,4-Trimethylbenzol=CgH;2). It contains a central reaction
chamber of 40 cm diameter connected to a high-vacuum beam pipe. The active detector
volume is viewed by 24 fast photo-multipliers mounted on the outer shell of the BNB.
The operation of the BNB is based on the detection of gadolinium ~-rays from the
capture of neutrons thermalized within the scintillator liquid as shown in the right panel

Table 6.1: Technical data of the 47 sr BNB.

Manufacturer Hahn-Meitner-Institut Berlin
Volume 1500 Liters

140 cm
Diameter of reaction chamber 40 cm
Scintillator liquid NE343 (1,2,4-Trimethylbenzol) CoH,
Gadolinium Gd 0.4% (weight percent)
Capture cross section® for 1*Gd and 57Gd 6.1 x 10* and 25.4 x 10* barn
Number of Photo-multipliers 24
Energy resolution no
Time resolution® <3ns
lower trigger threshold 2 MeVee (electron equivalent)

aCapture cross section for thermal neutrons
brelative to start-detector
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of Fig. 6.3. The thermalization of the reaction neutrons is a relatively fast process,
occurring on a 0.1 us time scale. It is accompanied by a light flash generated mostly by
the interaction of the recoiling nuclei (mostly hydrogen, but also carbon and oxygen) with
the scintillator. This flash, combined with the light produced in the interaction of reaction
~-rays and charged reaction products with the scintillator, gives rise to a “prompt” signal
- one of the observables in NESSI experiments.

A prompt light flash indicates an energy deposit in the detector by any reaction
product. As it is detected with virtually unit efficiency, it can be used to measure the total
reaction cross section, including reactions without neutron emission. Experimentally, one
recognizes prompt signals based on their coincidence with valid “start” signals, which are
generated by projectiles traversing the thin scintillation detector S1 placed at the entrance
to the BNB reaction chamber. The reaction probability Pres. for thin targets is obtained
by comparing the number of prompt signals with the number of incident particles.

The fast thermalization process is followed by a slow diffusion of the neutrons through
the scintillator, before they are eventually captured by the gadolinium nuclei present in
the scintillator. There is a statistically-distributed time lapse for a thermalized neutron
to “find” such a gadolinium nucleus and be captured, which occurs on a us scale. The
most abundant isotopes '**Gd (14.7%) and '*"Gd (15.7%) have capture cross sections for
thermal neutrons of (6.1 & 0.1)10* and (25 + 0.2)10* barn, respectively. The subsequent
capture 4-ray cascade, with a total energy of approximately 8 MeV, produces a delayed
light pulse. Due to the statistical nature of the thermalization and diffusion process,
individual neutrons entering the detector volume at the same time instance, are captured
at different times, spread over several tens of us, It is this spread in capture times that
allows one to count one-by-one the individual light pulses produced in different capture

photomultipliers
[

d ! scirtillator ¥
&
liquid 4 '1{

scintillator | o & v

support

10 MeV— 10keV 0.025eV  Gd(n.3y)
30cm, 100ns  2cm,10us  Comptoneff Light

Figure 6.3: left panel: Schematical drawing of the BNB and the BSiB in the reaction
chamber. right panel: Principle of neutron detection in BNB in three steps: i)slowing
down/thermalization ii) storage iii) capture, counting.
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events and thus, (ideally) the number of neutrons M, that have entered the detector
volume®. M, is the essential observable of the BNB.

Summarized—in terms of time the neutron detection principle in the scintillator volume
is a three step process: 1) thermalization of the neutrons 2) storage 3) capture on Gd-
nuclei, counting the number of light flashes.

Efficiency of the BNB-Detector In applications of the BNB, neutron capture y-rays
are counted within a 45 us counting gate following each reaction event. Hence, as a
neutron multiplicity counter, the BNB is a slow device, prone to event pile-up in high-
intensity experiments. It is also important to note that not all neutrons are thermalized
within the active volume of the detector. Some, especially high-energy neutrons, escape
this volume without being captured. Such neutrons are not counted, leading to an overall
capture efficiency smaller than unity.

In the NESSI experiments, the BNB counts mostly low-energy evaporation neutrons,
for which the detection efficiency is typically e, =~ 82%. In contrast, for pre-equilibrium
and INC cascade neutrons of higher energy (30-50 MeV), the detection efficiency is of the
order of 20-35%.
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= E . .
= 04 = tion efficiency ¢ of the
0.3 = BNB as a function of
0.2 B T neutron kinetic energy
0.1 BT ER.,., as calculated
0 Food oo boodbooboodoodona o with the DENIS code
0 10 20 30 40 50 60 70 80 90 [Poi74]. A parameter-
n ization of this curve is
Ein(MeV) given in ref. [Let00].

The theoretical neutron detection efficiency ¢ of the BNB as a function of neutron
kinetic energy Ey, is shown in Fig. 6.4. This efficiency was calculated using a Monte-
Carlo simulation code [Poi74], assuming a light detection threshold of 2 MeVee (MeV
electron equivalent*). In the simulation calculations, the latter threshold was matched
to the experimental one, reproducing correctly the measured efficiency (82.6%) for 2.16
MeV fission neutrons emitted from a 252Cf-source.

In the NESSI experiments, the observed neutron multiplicities are averages over neu-
tron energy spectra, weighted with the respective detection efficiencies. Since the infor-
mation on kinetic energies of individual neutrons, Ej;, is experimentally not available,

3The principle of neutron detection dates back to the investigations of Frederic Reines. In 1995 he
got the Noble-Price for the recovery of neutrinos.

4The total reaction cross section measured using the prompt response of the BNB with this threshold
corresponds to an inelasticity of at least 2 MeV.
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the simulation calculations employ the neutron energy as calculated within the model.
Additionally, the neutron detection efficiency is calibrated only at low neutron kinetic en-
ergies Ey,. At higher energies, the neutron detection efficiency is extrapolated based on
Monte-Carlo calculations. It was checked by Y. Perier et al.[Per98] that such calculations
reproduce satisfactorily the response of a similar detector for neutrons up to 70 MeV. As
will be shown later in the upper panel of Fig.7.8 the bulk of neutrons is typically produced
with energies lower than 10 MeV. Consequently they are detected with high efficiency.

Additional neutrons produced in the scintillator liquid

In the experiment the targets are surrounded by a shell of scintillator liquid which acts as
a moderator and at the same time as a reflector for neutrons. This enables neutrons (and
other reaction products) originally produced in the target to be scattered into the liquid
scintillator and potentially even causing interactions with the target when reentering the
target. In this section we study the contribution of additional neutrons being created by
high energetic baryons and mesons leaving the target and entering the scintillator liquid of
the BNB. Those ones would experimentally pretend to be created in the target or in fact
give rise to an overestimation of (M,,) associated to the bare target. As an approximation
the leakage spectra of different particles crossing the surface of the cylindrical targets
towards the surrounding space have been calculated and these particles are considered as
candidates for possible hadronic interactions or source of spallation reactions on C-nuclei
in the scintillator liquid.

The effect could be considered as a second order influence on the experimental data
which has not been considered in the previous section. We would like to show here, that
these spurious events contribute only little and are justified to be neglected.

Fig. 6.5 shows the yield (solid line) corresponding to all particles produced in the
target block and leakage (dashed line) energy spectra not only for neutrons (left panels)
as will be discussed in Fig. 7.8, but also for protons (right panels). The spectra for
1.2 GeV proton induced reactions on 1 and 35 cm Pb-targets are confronted. While
neutrons experience only a slight moderation when moving from the point of origin to the
surface of the target, protons are drastically slowed down by electronic stopping. Only
those protons having sufficient kinetic energy have a chance to leave the target surface
and subsequently enter the scintillator liquid. The range of e.g. a 200 MeV proton in lead
amounts to approximately only 5 cm and consequently the thicker the target the smaller
the leakage spectrum as demonstrated by the dashed lines for 1 and 35 cm in Fig. 6.5.
The distinct peak close to beam energies (dashed line) is attributed to (quasi-) elastically
scattered protons having simply lost all the more of their original incident energy the
thicker the target is. For the lower right panel of Fig. 6.5 the peak at approximately
700 MeV, reflecting elastically scattered protons for 1200 MeV proton impinging on the
35 cm Pb-target, is in accordance with calculated energy loss in Pb. Finally the shaded
shaded area reflects the neutron- and proton leakage including the geometrical acceptance
of the BNB being slightly smaller than 47 sr essentially due to the conical openings for
beam in/out. The lethargy u = In(Ey/E,) used in Figs. 6.5 and 6.6 is the natural
logarithm of the ratio of some fixed energy Ey (e.g. the incident energy) to the kinetic
energy of the neutron E,. Therefore a small kinetic energy corresponds to a large lethargy
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Figure 6.5: Production (solid histogram)
and leakage- (dashed histogram) spectra
of neutrons (left) and protons (right) for
the reaction 1.2 GeV p+Pb. The dimen-
sion of the Pb target is 1em x 15cm
and 35cm x 15¢m (lengthx diameter),
respectively. The shaded area presents
those particles actually entering the
BNB.

Figure 6.6: Same as Fig. 6.5 but for
#t and 7. Note the different absolute
scales for the 1 cm and the 35 cm targets.
Although the yield of pions is almost a
factor of 10 higher in thick targets, the
leakage finally is of the same order of
magnitude. Simulated HERMES distri-
butions are normalized per source pro-
ton and unit lethargy in Fig. 6.5 and 6.6.

and a neutron kinetic energy equivalent to beam energy E,, = Ej results in u = 0. Note
that despite the logarithmic x-axis of the lethargy presentations the integrals are a linear
measure of the intensities.

Although the abundance of pions in absolute terms is much smaller than for protons
or neutrons, the same phenomena are demonstrated in Fig. 6.6 for 7+ and 7—. 70 are
not being transported in the codes, instead they decay spontaneously into two y-rays.
Regarding the dashed and the solid histograms of all panels of Fig. 6.6 for both—=™ and
7~ —one observes a considerable reduction of the low energy part of the leakage spectra
as compared to the production spectra. Only the high energetic pions have a chance to
leave—even though slowed down—the target. Low energetic ones are absorbed. On the
average also the kinetic energy of pions leaving the targets is decreasing with increasing
target thickness. The effects are all the more pronounced as the target thickness increases
and consequently the contribution of neutrons additionally produced in the scintillator
liquid is expected to be largest for relatively thin targets—as will be shown in the following.

The relative contribution of neutrons and 7% entering the BNB scintillator liquid
as compared to those ones which are actually leaking the 1 or 35 em Pb target after
bombardment with 1.2 GeV protons is larger than 97.5%. For protons the ratio is only
24.6 and 32.4%, respectively. The relatively small ratio for p as compared to n or 7% is
due to the quite high probability for leading protons to leave the BNB through the 0°
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beam tube even for targets of 35 cm length. Also the energy loss in the BNB stainless
steel wall is slightly higher for protons as compared to pions.

The leakage spectra of n, p and 7 shown in Figures 6.5 and 6.6 are the basis for rating
the number of neutrons additionally produced in the scintillator liquid. As described
in sect. 4.3 for HERMES generally the neutron spectrum is recomposed by the HETC
(Exin > 20 MeV) and MORSE (Ey, < 20 MeV). Here for reactions induced by spallation
products in the scintillator liquid generating additional neutrons we consider only neutrons
with kinetic energy larger than 20 MeV and charged particles (p, wi) with Ei, > 1 MeV.

As represented in the upper panel of Fig. 6.7 the effect of creating additional neutrons
decreases from 6% for thin targets to less than 2% for targets of 35 cm thickness relatively
independent on the incident proton energy. The calculation has been performed as a func-
tion of target thickness for 1.2 GeV and 2.5 GeV p induced reactions on Pb cylinders of
15 cm diameter. The decrease can essentially be explained by the larger absorption and
slowing down processes for charged particles in thicker targets. On the lower panel the
relative contribution of protons, neutrons and pions on the additional neutron production
in the scintillator liquid is shown. Only those showers contribute to additional neutrons
for which at least two neutrons are produced: (n,xn...) with z > 2. For all target thick-
nesses predominantly the neutrons entering the liquid are producing additional neutrons.
While their relative contribution is increasing with target thickness, the contribution from
protons and pions is substantially decreasing due to self-screening effects in thick target
materials. Pions contribute only very little, because the abundance of pions created in
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the cylindrical targets is low. High energy +-rays from the m°-decay have not been taken
into account. For the higher incident energy a larger fraction of protons leaving the BNB
via the exit cone is responsible for a lower relative contribution of protons.

In summary the detector efficiency of the BNB as a function of kinetic energy is
demonstrated to be well known and can therefore be taken on an event by event base
into account in the calculations. In contrast all contributions giving rise to additional
neutrons in the scintillator liquid are marginal and justified to be neglected in order to
save computing time in the following. At most for thin targets maximal 6% of additional
neutrons are created in the BNB. As will be seen in sect. 7.1.1 the discrepancy between
simulation and experiment for thin targets would be even slightly enlarged if the effect of
additional neutron production would be taken into account.

The 47 sr Silicon-Detector

Table 6.2: Technical data of the 47 sr Silicon ball.
individual silicon detectors

manufacturer Eurisys Mefitechnik®
type IPH750-500 HMI C
detector-type surface depletion layer
’backing’ ceramics
active area 763 mm?

total thickness(=depletion zone) 500 pm

spec. resistance 14285 Qcm
applied voltage ~100 V

Max. field strength in depletion zone ~3.2 kV/em
energy resolution (5.5 MeV a-source) <100 keV

time resolution (5.5 MeV a-source) <250 ps

47 sr Silicon ball BSiB

granularity 162 detectors, self-supporting
shape 12 pentagons, 90 (ir)regular hexagons
acceptance 91% of 47 sr

radius 10cm

weight 600gr

%Eurisys Mefltechnik, F-67383 Lingolsheim, France

In addition to the neutrons, in the thin-target experiments, charged reaction products
were detected. Light charged particles (LCP: H- and He-isotopes), intermediate mass-
(IMF), and fission- fragments (FF) were detected and identified by the Berlin Silicon Ball
(BSiB) inside the BNB. The BSiB [Enke99, Fig95] is composed of 158 independent, 500-
pm thick silicon detectors approximating a 20-cm diameter sphere and covering a solid
angle of about 90% of 47 sr. Charged particles (CP: H+He+IMF+FF) were identified by
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means of time of flight TOF versus energy E correlations with a mass resolution of £3
units for A=20 and £15 units for A=100. Six of the Si-ball detectors at angles between
30° and 150° have recently been replaced by AE-E telescopes. They consist of two fully
depleted AE silicon detectors (80 pm and 1000 pm thick) backed by a 7cm thick CsI-
scintillator with photo-diode read out. These telescopes allow a fully isotopic separation
up to about A=20 and an extention of the covered range of kinetic energy spectra above
the BSiB thresholds (cf. following paragraph). For thick-target measurements BSiB is
taken out and replaced by massive target blocks up to 40 cm length and 15 cm in diameter.

Efficiency of the Si-Detectors Due to absorption or specific energy loss of LCPs in
the target material being evident in particular close to 90°, the overall detection efficiency
of the BSiB for LCPs, calculated with Monte Carlo simulations, [Gol96] is about 79-84%,
depending on the atomic number Z of the particle. This already takes into account the
active area (94%) of the Si-detectors and 11 detectors missing for beam in/out, target
in/out, T'V-camera, some defect detectors and the 6 detectors replaced by telescopes. The
lower energy threshold of the 500um thick Si-detectors for all charged particles is 2.2 MeV.
Protons and a-particles with energies larger than 8.2 and 32.2 MeV, respectively, are not
stopped in the 500 pm silicon detectors. Consequently the lower detection threshold
represents at the same time an upper limit for detecting highly energetic p, d and t of
more than 26, 49 and 76 MeV kinetic energy, respectively. For the same reason minimum
ionizing particles, 7 and K fall below detection threshold. For Z > 2 particles on the
other hand practically no such upper energy limit exists.

6.2.3 Corrections on the data

The neutron multiplicity distributions measured with the above setup contained random
and target frame related background. The magnitude of the target frame background
was determined in separate measurements made without target and subtracted from the
measured “raw” multiplicities. The random background was measured on-line using a
second, 45-us long counting gate pulse, started 400 us after the primary gate pulse. Sub-
sequently, the experimental multiplicity distributions were corrected for this background
by deconvolution techniques [Gol96b]. All experimental neutron multiplicity distributions
shown in the following [Let00] have also been corrected for the detector dead time of 35
ns and for multiple scattering, but not for the detection efficiency. The latter correction
was included in simulation calculations in comparisons to experimental data.

6.2.4 Trigger conditions

The setup for the measurement employing thick targets used only the BNB neutron detec-
tor. Massive targets up to 35 cm thick and 15 cm in diameter were used. Since essentially
all the charged reaction products were stopped in the target block, only neutrons were
detected (see also sect. 6.2.2 below).

For targets shorter than 7 cm, a nuclear reaction event was established based on the
detection of a prompt light signal in coincidence with a valid start signal. For very thick
targets (length > 7 cm), on the other hand, the reaction event was signaled, and the data
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acquisition was triggered, just by a start signal from the in-beam scintillator as shown
by B. Lott et al.[Lot98]. This procedure avoids bias in trigger due to the absorption of
charged reaction products and v-rays in the target material.

Since the height of the prompt signal originates from a variety of factors not exactly
known (light conversion, reflection, absorption within the scintillator liquid etc.), a perfect
analog is rather difficult to simulate. Therefore in the simulation the trigger condition
best resembling the experiment can be accomplished by setting a trigger to the excitation
energy (E* > 0) at the end of the INC process of the first spallation reaction. This
indicates that an inelastic reaction has occurred. Another possibility is to trigger on
any particle leaving the target, except the source particles leaving the target on its front
side. Both Monte-Carlo trigger conditions lead to exactly the same neutron multiplicity
distributions.

The Targets

For thin targets nuclei ranging from '2C up to 28U have been measured with thickness
of the order of some 100 ug/cm? to g/cm?. The targets were mounted on a 14 cm long
Al flag-pole with 0.5 mm x5 mm profile and positioned perpendicular to the beam axis.
Thinner targets (< 1 mg/cm?) were generally used to measure proton-induced fission
while thicker targets were employed for the measurement of neutron production and total
reaction or inelastic cross sections. The target thicknesses were measured by weighing
and energy loss measurements of a-particles from ThC. For thick targets three nuclides,
Hg, Pb and W have been chosen which are representative of the target, structure and core
materials of the ADS. For the latter measurements systematic studies of a large variety
of different cylindrical geometries and incident energies as summarized in Tab. 6.3 have
been studied. All pieces were made from chemically pure (> 99.98%) material of Pb, W
and Hg, the latter being encapsulated into 1 mm thick stainless steel containers.

Table 6.3: Combinations of target materials, target sizes explored at various energies.

Energy 04 GeV 0.8 GeV 1.2 GeV 1.8 GeV 2.5 GeV
Target Diameter Thickness in [cm)]
Pb 2cm 0.5 0.2 0.2 0.2 0.2
8cm  1-35 1-40 35 0.5-40 2-35
12 cm 35 1-35 35 15-39 35
15 cm 5-35 1-35 1-35 1-35 2-35
Hg 2 cm 0.5 0.5 0.5
15 cm 33.7 2-33.7 2-30.45 2-33.7 5-33.7
w 2cm 0.112 0.112 0.112 0.112
8 cm 1-34.75 0.5-34.75 5-34.75 0.5-34.49 0.5-34.75
12 cm 34.75 34.75 5-34.75 20-34.49 2-34.75

15 cm 10-34.75 2-34.75 1-34.75 1-34.49 1-34.75
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6.2.5 Plan of anticipated research

The NESSI-program is still far from its completion with only 2 or 3 experiments dedicated
to its two different aspects, respectively.

As far as the spallation neutron source-aspect is concerned we think of two different
ways of extending the present investigation (apart from the more trivial choice of other
materials for the extended target blocks):

The experiment with the 3 target blocks from W, Hg and Pb has shown that the
maximum size (determined by the dimension of the chamber inside the Berlin neutron
ball (BNB)) of the employed cylinders with 15cm in diameter and 40cm in length is still
insufficient for a complete conversion of the protons kinetic energy into neutron yield.
It seems that mostly neutral secondary particles extend the reaction probability beyond
these dimensions, in particular for an incident energy in excess of about 1 GeV. In order
to correct this deficiency we could eventually replace the neutron ball presently used by
ORION, a similar but somewhat larger neutron tank (with 4.5 m3 of liquid scintillator
and a scattering chamber of 60cm in diameter and 120cm in length) from GANIL.

Another extension of the thick-target experiments inside the neutron tank, which we
intend to propose to the PAC in the next year, is rather a complement than an extension
to the previous experiment: We want to measure the spectral and angular distribution
of all kind of fast particles which escape from the extended target block as function of
its diameter and length. Of particular interest here is of course the energy spectrum of
the neutrons and their origin along the targets cylindrical axis. The technique and the
detectors for this purpose are readily available at HMI: 6 to 12 individual neutron TOF-
detectors with NE213-cells and thin plastic detectors in front for the effective separation
of different radiation (gamma, neutron, proton, pion...). The reliability of these detectors
has been established in many previous experiments, more recently also with antiprotons
and protons at LEAR [Pol95]. Also, the beam quality at COSY and the open geometry
in the TOF-hall is very suitable for these experiments.

As to the nuclear physics aspect, here the future evolution is more difficult to estimate,
because the analysis of the last July-experiment has not even started. But also for this
aspect is seems evident that a TOF-experiment of the type discussed above, with very
thin targets, however, would form a valuable complement.

Its predominant purpose would be the observation of the pre-equilibrium emission
from the fast intra-nuclear—cascade, an essential quantity for the understanding of the
spallation reaction and the following equilibration processes. It might be important for
the relevant experiments to maintain the 47 sr Silicon detector ball as a filter on the
impact parameter or the deposited excitation energy.

Experimental results will be shown and compared to simulations in Section 7.1.

6.3 The PISA experiment

6.3.1 Objective

The experimental program of the PISA project aims at the measurement of total and
double differential cross-sections for products of spallation reactions on a wide range
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of target nuclei (C - U), induced by protons of energies between 100 MeV and 2500
MeV. These cross sections are important for testing physical models of the interaction of
protons with nuclei what is of crucial importance for planning and construction of the
European Spallation Source ESS. The most restrictive tests of the models are provided
by data from exclusive experiments. Therefore, coincidence measurements (high-energy
protons with other charged particles) are performed besides the inclusive experiments.
Experiments with light targets (up to Fe) will provide the data, which are very important
for understanding the anomalous abundance of light elements in the cosmic rays. The
mass dependence of the cross sections (for full range of targets from C to Au) should shed
light on the competition of various mechanisms of interaction of protons with nuclei.

The project described in more details in ref. [Pisa99, Pisa00, Pisa01] is partly supported
by the BMBF-Verbundforschung, the EU-LIFE program, the EU HINDAS project FIS5-
1999-00150, and the EU TMR project ERB-FMRX-CT98-0244.
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Figure 6.8: left panel: Scattering chamber of the PISA experiment as of Oct 2002 with the
2 full detector arms mounted at 15 and 12(° equipped with Bragg curve-, channelplate-
and phoswhich- detectors. right panel: One of the detection arms in more detail.

6.3.2 Experimental setup

Each of the eight® detection arms mounted at the scattering chamber (see Fig. 6.8) of
the PISA experiment consists of two Multichannel Plates (MCP) working as “Start” and
“Stop” detectors for the time of flight measurement, a Bragg Curve Detector (BCD)
[Pisa99] followed by three silicon detectors of 100, 300 and 4900 ym thickness for particle

Scurrently only the most forward (15° with respect to the beam axis) and the most backward (120°)
detection arms are mounted
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identification using AE-E techniques and kinetic energy measurement of intermediate-
mass spallation products, and a set of double layer scintillation detectors - fast and slow
(phoswich) - in order to identify light charged evaporation and spallation products like
p, d, t, He. It is shown that the TOF plus Bragg curve detectors provide identification
of light heavy ions with mass up to 20 - 30 and kinetic energy starting from less than 1
MeV/amu.

The channelplate detectors

The telescope for the time of flight measurement is composed of two MCP detectors
in Chevron configuration. The channel plates are manufactured by Galileo Corpora-
tion whereas the suitable housing has been designed and built by ourselves [Pisa00]
(cf. Fig.6.9).
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MATERIAL GROUND
ANODE FRISH GRID
Figure 6.9: Assembly for particle detec- Figure 6.10: Bragg curve detector as
tion with the multichannel plate detec- used for spallation studies at the COSY
tor. For description see text. internal proton beam; details see text.

The particles to be registered are passing the 20 ug/cm? thick carbon foil and knock
out some d-electrons. These electrons are accelerated towards the MCP in the electric
field between foil, accelerating grid and second channel plate. The particular voltages
are chosen to obtain the highest multiplication factor in the channel plates (107) and
to warrant the best signal to noise ratio. It was checked that the best performance of
our MCPs is achieved for voltages of 2000 V between first and second channel plate and
around 400 V between carbon foil and accelerating grid.

Timing properties of MCPs were measured at the accelerator of the Heavy Ion Labo-
ratory in Warsaw, Poland where few, low intensity beams of various ions passed through a
telescope of two such assemblies spaced by 27.4 cm. The measured resolution of the time
of flight is equal to 1.1 ns. The major contribution to this value comes from the energy
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spread of the beam, which is estimated to be 920 ps. The influence of the electronics is
negligible (80 ps). Taking into account these values one can state that timing resolution
of our telescope is equal to 580 ps.

The Bragg curve detector

After first successful attempts to use so called Bragg curve spectroscopy to identify highly
ionizing particles [Sch82, Gru82] several detectors exploiting characteristic features of the
Bragg curve have been built and used for various applications. The appearance of Bragg
curve detectors has allowed to detect fragments with high precision over a broad range of
nuclear charges with low registration thresholds [McD84, Mor84, Wes85, Kot87, Kot88,
Och96]. This has also been demonstrated already in former experiments on fragment
production cross sections in Carbon at GeV proton beams [And92, And98].

The design and results within the first PISA test experiment of the BCD is presented
in ref. [Bud99]. The design features of the BCD are very similar to those of Ref. [Och96]
and references therein. Advantages (as e.g. resistivity to radiation damage and insensi-
tivity to minimum-ionizing particles) of BCDs compared to alternative detectors (gas-
semiconductor ionization chamber, solid state detectors, CsI(Tl)-crystal scintillators,...)
are outlined in ref. [Och96]. The detector as shown in Fig. 6.10 is in principle an ionization
chamber with a gas volume of 22 cm in length and 5 cm in diameter. It is sealed off at the
entrance by a 3 pm thick carbon-coated mylar foil supported by a wire mesh, which will
be operated at ground potential and at the rear end by an anode (printed board). The
mesh supporting the entrance window is electrically connected to the cathode in order
to avoid undesirable charge collection near the window. The Frish grid, which defines
the ionization sampling section (2 em from the anode), is made of 20 pm gold-plated
tungsten wires with 1 mm spacing. The voltage of +1800 Volt between the Frish grid and
the entrance window is divided by a resistor chain, which is connected to 9 field-shaping
rings in order to maintain a homogeneous electric field over the active detector volume.
All internal parts are fixed to an isolating skeleton made of plexiglass. The particles en-
ter through the cathode and leave an ionization track parallel to the electric field. For
charged, nonrelativistic particles the Bethe-Bloch formula for its specific energy losses in a

\ Figure 6.11: Typical output signal from
N BCD. The maximum of the curve gives
N so called Bragg peak (BP) proportional
B to the charge of particle. The integral
—— over the whole length of a signal de-
BR | DE scribes the kinetic energy of the parti-
cle, E. Other parameters like the range
of the particle in the detector medium,
| T Elr | R, or the partial energy losses DE can
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given medium can be simplified to: —dE/dx x c¢Z?/E, where Z, E are the atomic number
and kinetic energy of the detected particle and ¢ contains all relevant constants together
with the quantities characterizing the detector medium. Since the energy loss per single
collision is small, dE/dz increases slowly along the particle path. Only when the remain-
ing energy is small dE/dz increases rapidly forming the so called Bragg Peak (BP). The
electrons along the track drift through the grid and are viewed as an anode current. The
output signal from the anode as function of time is proportional to the energy-loss distri-
bution of the detected particle along its path through the detector. The atomic number
of the incident detected particle is therefore related to the maximum pulse height, which
corresponds to the Bragg peak and the total kinetic energy of the particle is obtained
from the integration over the total output signal. The detector is filled with isobutane®
and operated at a pressure of about 300 mb. Practically, for a given gas pressure the
voltages for anode and the Frish-grid shall be increased as long as the amplitude of the
output signal is saturated and the signal length reaches the minimum. It indicates that
the recombination of the electrons traveling through the detector is minimal, all of them
are passing the Frish grid and are collected at the anode. The principle of Bragg curve
spectroscopy is given in Fig. 6.11 where a typical output signal of a BCD is presented.
The main parameters of the BCD as being used at PISA are summerized in Tab. 6.4.

Table 6.4: Main parameters of the Bragg curve detector.

Active length 200 mm

Frish grid to anode gap width 19 mm
Cathode voltage 0 V grounded
Frish grid voltage 2400 V

Anode voltage 2900 V

Number of guard rings 19

Cathode mylar foil (3.5 pm)
Anode mylar foil (1.5um)
Type of gas Isobutane (99.9% purity)
Pressure 300 mbar

In addition to the usual charge identification by Bragg spectroscopy in the PISA
experiment an isotope separation for almost all detected particles was achieved. The
basic experimental information as concerns the Bragg curve detector was received from a
VME-flash ADC module (CAEN Mod. V729A, 40MHz, 12bit) allowing to perform data
processing of about 1000 sample Bragg curves per second. In order to test the reliability
of the flash-ADC, the Bragg signals were also digitized with two standard NIM ADC
modules. The output signal from the charge sensitive pre-amplifier was split into two
amplifiers each with a different shaping time. While the shortest shaping time of 250 ns,
which is characteristic of the electron drift time between the Frish grid and the anode,
yields information on the Bragg peak of the signals, the longer shaping time of 6 us is

8Since isobutane is characterized by 30% lower effective ionization potential compared to argon [Sau77]
or the P10 mixture (90% of argon, 10% methane), the number of primary released electrons is increased.



82 CHAPTER 6. EXPERIMENTS

related to the total drift time and corresponds to the total energy. Both amplifiers were
read-out individually by standard ADCs. Data were taken with both set-ups and showed
agreement within less than 1%. The principles of data acquisition and on-line analysis is
subject of a forthcoming paper. If the particle was stopped in the active chamber volume,
apart from the measured TOF, the following values were calculated from the pulse shape:
the integral of the specific ionization over the track (total kinetic energy E of the particle),
the maximum of the Bragg peak from the maximum of the specific ionization of the ion
(BP proportional to Z), the duration R (corresponding to the range in the BCD gas
volume) and a partial integral from the specific ionization at the beginning of the track
(x AE/dx ). Isotope identification has been performed by using the correlations between
the parameters R, E, AE and TOF.

The BCD is capable of measuring isotopic distributions of fragments ranging from
Z =2 to Si down to emission energies as low as 1 MeV /nucleon.

The phoswich detectors

While the energy and charge of the heavier spallation products (Z > 3) will be determined
using Bragg curve detectors [Pisa99] combined with channel plate time-of-flight detectors
[Pisa00], light spallation products (Z = 1,2) will be measured by employing phoswich
detectors [Pisa00] placed behind the Bragg curve detectors.

We are using the phoswich scintillation detectors of conical-hexagonal shape, produced
by BICRON Corporation. The face of the detector is a 1 mm thick slow (940 ns decay
time) CaF2(Eu) scintillator - acting as an energy-loss (AE) detector and a 313 mm thick
fast scintillator BC-412 (3.3 ns decay time) - acting as energy (E) detector. Particle
identification is possible via AE-E technique for H- and He-isotopes. The front cross
section of the phoswich detector is a hexagon of 25.2 mm diameter. In these phoswich
detectors 10-stage Hamamatsu HTV 2060 photomultiplier tubes are used. Due to energy
losses of particles in the ”thin” slow scintillator the energy range of correctly detected
light particles is 15-150 MeV /nucleon.

Preliminary experimental results will be shown in Section 7.2.

6.4 The JESSICA experiment

6.4.1 Objective

The design and construction of the world’s largest and most ambitious pulsed spallation
neutron system, the 5 MW average beam power ESS undoubtfully requires experimen-
tal prototyping of its major and most crucial technical components such as the heart of
the machine, the neutron target station itself. JESSICA (Jiilich Experimental Spallation
Target Setup in Cosy Area) is a 1:1 sized ESS target/reflector/moderator mock up (as
schematically shown in the right panel of Fig. 2.6 on page 18) and test facility for advanced
cold moderators for high-power spallation neutron sources installed at the Jiilich proton
beam cooler synchrotron COSY. It aims at an optimized geometry and composition of
the target/reflector material and further on neutronic performance data of ambient tem-
perature and advanced cold moderators such as solid methane for a high-power spallation
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target. With the JESSICA experiment the neutronic performance will be measured by
means of neutron time of flight and scattering techniques [Nue02a, Nue02b]. Very much
the same as for the previously described NESSI experiment, all results of the JESSICA
experiment are important data to validate the simulation models and code systems which
are used to optimize the layout of high power spallation target systems. JESSICA is an
international joint collaboration of the world’s leading laboratories producing and utiliz-
ing pulsed neutron beams. Settling the JESSICA experiment at Jiilich is well justified by
the profound expertise of the Forschungszentrum in the design of high power spallation
targets [Bau8l, Bau85].

6.4.2 Advanced moderators at JESSICA

Cryogenic moderators are an essential ingredient for pulsed spallation neutron sources,
because they a) provide the much demanded long wavelength neutrons in sufficient quan-
tities and b) generate short pulses in the thermal neutron energy regime by shortening
the life time of the neutrons in this interval by continued slowing down to lower ener-
gies. Presently short pulses at ambient temperature moderators are generated by adding
absorbing material into the moderator, which is at the expense of ~ 40% of the peak
intensity. Research reactors are operated with cold hydrogen or deuterium moderators
whose advantage is a time-independent high flux of cold neutrons involving low radiation
damage. Deuterium has the advantage of a good scattering quality combined with low
absorption. But because of the mean free path of the neutrons of > 100 mm in D, bigger
moderator volumes than with hydrogen are necessary. In H, collisions are frequent, (mean
free path < 20 mm) but absorption of neutron is higher by a factor of 300. Consequently
for short pulsed spallation sources like the anticipated SPTS option for ESS, H, and in
particular D, are less suited since they lead to pulse broadening due to inadequate slowing
down properties. Activation in hydrogen is lower than in deuterium, because tritium is
formed only from the &~ 140 ppm deuterium normally present in hydrogen. The use of
hydrogen as moderator poses a further problem: the ortho-para conversion. At room tem-
perature only one fourth of the H, molecules is of para-type, but with lower temperatures
the equilibrium moves to higher concentrations of para-H,. At 25 K more than 98% of
the molecules are para-hydrogen. With each conversion of an ortho- to para- molecule
1.47 meV are released (at 25 K). Below a neutron energy of 100 meV the mean neutron
scattering cross section depends strongly on the ratio of ortho and para H, as is shown in
ref. [Axm84], where scattering cross sections are given for para-H, and a mixture of 50%
para- and ortho-H,. The most favorable moderator material for neutrons is considered to
be methane, in the liquid form for 100 K moderators and in solid form for 20 K moderators.
Early the advantages of methane as compared to hydrogen have been recognized [Car90].
The proton density(protons/A3) for H, and C'H, at 20 K is 0.042 and 0.079, respectively.
These numbers show that methane represents a dense source of hydrogen. Additionally,
because of rotational freedom of the molecules, methane will effectively exchange energy
with even low-energy neutrons. It has been postulated though, that in solid methane
due to lattice bonds only a part of the molecules are available for rotational modes. One
of the goals of the JESSICA experiment will be to measure the performance of possible
moderator materials under terms that are similar to ESS conditions. The experimental



84 CHAPTER 6. EXPERIMENTS

program of JESSICA includes studying different moderator concepts, as thermal and cold
moderators. Neutron energies expected for different moderator types are summarized in
Table 6.5. The Energy E and wavelength A of the neutron are related via the de Broglie

Table 6.5: Nomenclature of neutron energies.

Moderator Type Energy of neutrons
very cold/ultra cold < 0.5 meV
cold 0.5-2 meV
thermal 2-100 meV (about 25 meV)
epi-thermal 0.1-1eV
resonance 1-100 eV

relation E = h%/(2m,A?), where h is the Planck constant and m,, the neutron mass. The
terms “thermal” and “cold” are used to characterize a neutron’s energy. Neutrons of
low energies can be obtained by slowing them down to thermal equilibrium in matter at
ambient (“thermal”) or low temperature (e.g. liquid hydrogen at 20 K, “cold”).

Most effective cold moderator systems in terms of slowing down properties [Bau97]
and intensity are presently based on solid methane showing in particular for energies
below 0.01 eV a supremacy of a factor of two to three as compared to conventionally used
liquid hydrogen as demonstrated by K. Inoue et al. [[no74, Ino76, Ino79] and illustrated
in Fig. 6.12.
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Also an ice moderator at 20 K yields higher neutron fluxes in the regime between
0.001 and 0.1 eV as compared to liquid hydrogen at similar temperature. In contrast
to our proton induced spallation reactions at JESSICA the experiments carried out by
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K. Inoue et al. took place at an e -accelerator. A 45 MeV e~ beam strikes a heavy metal
target (W or Pb). There the deceleration of the e~ causes bremsstrahlung in an energy
range of the resonance for (v, n)-reactions. The generated fast neutrons were moderated
in the adjoining moderators. In contrast to JESSICA no reflector was installed and a
moderator geometry quite different has been used. Measurements of thermal neutron
flux as a function of position in HyO and DO moderators surrounding a variety of thick
targets and bombarded by protons in the energy range 540 to 2000 MeV have also been
performed by W.A. Coleman et al. [Col68].

Methane hydrate is regarded as an alternative to solid methane and expected to com-
bine the advantages of ice and methane. Gas hydrates are ice-like crystalline structures of
a water lattice with cavities which contain guest gases. They are bound by Van der Waals
forces under low temperature and moderate pressures. The guest molecule is necessary
to support the cavity. In the natural environment methane is the most common guest
molecule [Slo90]. Furthermore it is being considered to use methane absorbed on porous
bodies such as zeolites or porous polymer spheres. This could substantially simplify the
production process and handling of the moderator pellets. Irrespective of the neutronic
properties of the different moderator pellets, their mechanical properties are to be eval-
uated since the pellets are exposed to considerable mechanical loads during transport
in the moderator system. Another task is to evaluate the behavior in the radiation field
with respect to energy built-up, polymerization processes and the formation of radioactive
isotopes. However technical problems of methane moderators are:

e Methane is radiolysed under irradiation. Thereby energy is stored in the radicals
formed and must be removed at regular intervals. This can be achieved by temper-
ature increase [Car87], but the procedure interrupts measuring time for the user.

e Radioactive isotopes are formed from the C-atoms of methane (or other organic
substances) due to spallation. Known isotopes with half-lives larger than 1 minute
are 1'C (20 min.), "Be (53.4 d), *H (12.3 a) and °Be (1.6 x 10° a).

e Neutron radiation leads to polymerization reactions in methane forming wax-like
alkanes which deteriorate the moderator properties and also deposit in the modera-
tor system. Experiments are under way to slow down the formation rate of wax-like
alkanes by adding further substances (e.g. propane) [Bro97].

e The heat conductivity of solid methane is low (< 1 mW/cmK). Due to the high
heat generation in ESS moderators (~ 7.5 kW), solid methane cannot be used as a
compact block because the heat cannot be removed fast enough [Wil88].

In order to prevent the distribution of wax-like polymers in the moderator and piping
system, CH, is used as a solid, which is removed without melting so that system con-
tamination is prevented. For this purpose it is proposed to use methane in form of small
pellets of spherical shape. The spent methane pellets are separated from the transport
fluid and either purified, reused or discharged over the stack. Depending on the kind and
amount of radioactive isotopes in the methane retentive measures may have to be consid-
ered. A comprehensive compilation on the thermodynamical and mechanical properties of
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solid methane moderators and radical formation or chemical reactions under irradiation
is published in ref. [Bar02].

Any of the proposed moderator candidates, let it be solid methane pellets, methane
hydrate or zeolites containing methane will be in liquid hydrogen for cooling, but due
to the low beam intensity at COSY in particular for JESSICA a cooling flow will not be
necessary. The type of moderator ultimately selected results from neutronic and technical
aspects, to enable the safe and functional handling of the moderator pellets and, at the
same time, satisfy the neutronic requirements.

Typical slow neutron pulse shapes are asymmetric with a sharp rising and a slow trail-
ing edge, the latter revealing the neutron life time in the moderator. In many cases these
long pulse trails spoil the full exploitation of the short proton pulses because neighboring
diffraction peaks would strongly overlap. In order to cut the neutron pulse trails the neu-
tron life time has to be shortened which can be achieved by poisoning and/or decoupling
the moderator. Poisoning is most effectively done by inserting neutron absorbing sheets
into the moderator, whereby the moderator is made smaller “neutronically”. In other
words, neutron diffusion between adjacent parts is suppressed and the neutron life time
shortened. Decoupling from the reflector is achieved by placing another slow neutron
absorbing layer around the moderator in such a way, that slow neutrons scattered back
from the reflector cannot reenter the moderator which again acts as a life time shortening.
The peak intensity of the neutron pulses is only slightly diminished by this “tailoring” of
the moderator, while the integral intensity in contrast is reduced by about an order of
magnitude.

6.4.3 Experimental setup and method

The JESSICA target system is installed in an external area of the CQOoler SYnchrotron in
Jiilich as shown in Fig. 6.1 on page 64. Because of its low proton beam intensity COSY
is particularly suitable for studying the neutron performance of advanced moderators,
whereas radiolysis, high activation levels and background are negligible. Furthermore,
only moderate shielding is necessary and the whole prototyping experiment is much easier
to accomplish without any lack of scientific quality of the results. The principal arrange-
ment resembles very much the target station of ESS. The proton beam is extracted from
COSY and led through an upstream area of beam diagnostic equipment (an integrating
current transformer-ICT and a wall current monitor—WCM as shown in Fig. 6.13) where
for proper normalization of the data its intensity, position and spatial distribution pro-
file is monitored simultaneously. A scintillator start detector placed right in front of the
target/moderator/reflector assembly serves as a trigger for the acquisition system. The
JESSICA target is located downstream just in front of a proton beam dump. The ESS-
type stainless steel container is placed right in the beam and filled with approximately
35 liters of liquid Hg surrounded by a 1.5 m diameter solid Pb reflector providing space
for 4 moderators and beam extraction tubes (cf. Fig. 2.6 on page 18). In contrast to the
ESS, the liquid is stationary here. One moderator position will be used for the various
moderator types for high intensity spallation sources. The other three positions remain
idle to simulate realistic flux disturbance inside the reflector. The reflector consists of 4
tiers with 2-4cm diameter lead-rods. The gaps may be filled with polyethylene to simulate
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the coolant (currently not done in the present experiment). The moderators are located
in wing geometry, i.e. the neutron beam tubes do not view the target through the moder-
ator directly in order to reduce the fast neutron background considerably. The moderator
surfaces are oriented perpendicular to the neutron beam axes in order to conserve the
time structure of the neutron pulse. Neutrons primarily produced by spallation reactions
in the Hg-target and subsequently slowed down in the moderator are lastly extracted
through beam hales of JESSICA. For both spectra- and time structure measurements an
evacuated and shielded time-of-flight tube of about 5 m length is used as schematically
shown in Fig. 6.13.
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Thermal and cold neutron energy distributions will be measured by aligning the flight
path onto the reflector beam hole axis. Either a *He proportional counter or a faster %Li-
doped scintillator [Sch83, Jan92] is placed at the end of the time-of-flight tube directly
viewing the moderator face (see Fig. 6.13). The latter one has a high efficiency of 0.5 at
330 meV neutron energy and more than 90% for thermal neutrons. The minimum time
between two counts must not be less than 400 ns, the detector is insensitive to gamma
particles. For spectral measurements it is placed 4.6 m off the moderator surface. Fig. 6.14
shows the JESSICA apparatus installed at COSY.

The determination of the time structure of the neutron pulses will be accomplished
by placing an [002]-oriented pyrolytic graphite crystal into the beam path, which will
according to Bragg’s law

nA = 2djgp cosf, n=1,2,3,.. (6.1)

select certain well-defined neutron wavelengths, i.e. A, A/2, A/3,A/4, ..., from the incident
spectrum. These neutrons are diffracted off the incident direction by an angle 28 into
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Figure 6.14: JESSICA apparatus at COSY.

the secondary time-of-flight tube, which therefore has to be positioned so as to fulfill
the Bragg condition of equal incident and reflected angles 6. If selected according to
their time-of arrival at the detectors, neutrons of different wavelengths are distinguished
by assignment to different orders [002,] of crystal reflections. Different sets of neutron
wavelengths might be selected by choosing different crystal reflection angles. It is an
important advantage of the current experiment that the time structure of neutron pulses
can be determined in dependence of their kinetic energy and the life times of neutrons in
the moderator can be well disentangled from the time-of-flight. In order to minimize the
uncertainty in the determination of these times the experimental resolution is optimized
by a time-focusing arrangement of the moderator, reflecting crystal and detector face.
Therefore the moderator surface, the reflecting planes of the monochromator crystal and
the sensitive detector area have to be in parallel to each other as well as both the primary
and the secondary flight paths have to be equal. The total flight path has to be long
enough and the sensitive part of the detector small enough in order to match the time
focusing quality [Car02] imposed by the parallel arrangement of the components. Intrinsic
time uncertainties of less than 1 us are well accepted relative to the calculated half width
of about 25 us of the slow neutron pulse from an ambient temperature water moderator.
Experimental results will be shown and compared to simulations in Section 7.4.



Chapter 7

Results and comparison with theory

In the following three sections (7.1, 7.2 and 7.4) the comparison between experimental
results and model calculations is performed. The emphasis is on the NESSI and PISA
nuclear data while for the JESSICA campaign first beam times show a promising future
for a scientific programme. For the new PISA project, here only preliminary data and
to some extend first results are reported. They will be complementary to the results of
NESSI in the sense that energy spectra will be extended to a region so far not accessible at
NESSI and isotopic resolution of light heavy fragments released after a nuclear reaction
will be improved. Due to the fact that PISA is placed in the internal ring of COSY
the effective intensity of the proton beam is orders of magnitude larger than for external
experiments'. This allows for employing very thin targets (low reaction probability) while
enabling the measurements of fragments without any significant energy loss within the
target.

7.1 Results NESSI Experiment/Theory

In the present section, predictions by the models discussed above are compared to rele-
vant experimental observations made in NESSI experiments. The study on thick target
measurements (sect. 7.1.1) considers data on reaction probabilities Pre,e, hadronic in-
teraction length, average neutron multiplicities with reference either to the number of
neutrons generated per reaction M, or per incident proton M, /p, and in particular neu-
tron multiplicity distributions as obtained with 15-cm diameter Hg, Pb, and W targets
bombarded with 0.4, 0.8, 1.2, 1.8, and 2.5 GeV protons. Due to the multitude of possi-
ble interlinkings of these models and the plurality of adjustable options and parameters
within these codes here only a representative selection is executed. Thin target measure-
ments (sect. 7.1.2) are performed in order to improve the understanding of the primary
spallation process, the way nuclei are excited, the energy dissipation and the subsequent
nuclear decay modes.

1For internal experiments protons are circulating and therefore have multiple chance to interact with
the target. For external beam there is only “one” chance and protons are lost in the beam dump when
not interacting,.

89
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7.1.1 Thick targets
The light signal of the BNB

As described in chapter 6.2, the prompt light signal E,,, preceding the delayed neutron
capture arises from the sum of kinetic energies of all kind of reaction products entering the
BNB. In addition to the neutrons charged particles and « quanta contribute. Since the
threshold for detecting the prompt light flash is as low as 2 MeVee (electron equivalent),
a nuclear reaction is characterized by the occurrence of a prompt light signal larger than
this threshold, even if there are no neutrons released in the reaction at all. The complex
measured correlation between the neutron multiplicity M, and Eg,, in the BNB is shown
for 0.8, 1.2 and 2.5 GeV proton-induced reactions on Pb targets of different thicknesses
in Fig. 7.1. For fixed target thickness and incident proton energy, the larger Fg, the
smaller the measured M,,. This is due to the high energy particles generally producing
more light in the scintillator than evaporative neutrons or vy-particles. The less energy
these “fast” particles deposit in the target, the less effective the nuclei are heated during
the intra- and inter-nuclear cascade and the less neutrons are finally evaporated. On the
expense of the prompt light signal for fixed incident energy of the proton M, increases
with increasing target thickness, as also demonstrated in Fig. 7.1.

P+ Pb Figure 7.1: Neutron mul-
" tiplicity M, vs prompt
light Egm of the BNB
in MeVee (electron equiva-
lent) for proton induced re-
actions on 2, 10 and 35 ecm
thick Pb-targets of 15 cm
diameter at 0.8, 1.2 and
2.5 GeV. The color-code is
normalized to the same in-
tensity for all distributions
(in a.u.) in order to di-
rectly compare the yield,
Light yicld (MeVee) respectively.

Neutron multiplicity (not corrected for efficiency)

Consequently for thick targets the major contribution of the prompt light signal rises
from evaporative neutrons and y-particles. Thereby low quenching factors for low energy
neutrons scale the light signal down. In other words the originally available energy is
converted quite efficiently into the production of neutrons in targets of several nuclear
interaction lengths.

Reaction cross section and hadronic interaction length

For measurements using the 47 st BNB detector in conjunction with thick targets with
thicknesses and radii of the order of several centimeters, the key observables are the
neutron multiplicity M,, (measured eventwise!) and the reaction probability Prea- Preae
is deduced from the ratio of the number of triggered events (cf. sec. 6.2.4) divided by the
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number of incident protons counted by detector S; (see Fig. 6.2, page 67). Moreover,
since the incident protons were individually counted and since the BNB has a very low
detection threshold (2 MeVee), the neutron multiplicity could be related to both, reaction
events and to incident proton events.
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Figure 7.2: Measured (sym-
bols, [Let00]) and calcu-
lated survival probabilities
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Figure 7.2 illustrates the dependence of the proton survival probability (1-Pges) on
target thickness. The data are for 2.5 GeV incident protons and for W, Hg, and Pb
target cylinders of 15-cm diameter. As seen in this figure, the experimental data are well
represented by HERMES calculations. The latter follow quite accurately the exponential
law 1 — Preae = €xp (—L/Lgesc), where L is the target length and Lge,. is the interaction
length found to be 10.0, 14.1, and 17.9 cm, for W, Hg, and Pb targets, respectively.
These hadronic interaction lengths resulting from the Monte-Carlo calculations agree
with published experimental values [Let00] of 10.84 + 0.2,15.06 + 0.3, and 18.00 & 0.3
cm, respectively. As a consequence of the constancy of the nucleon-nucleus cross section
above some 100 MeV, the slope of the exponentials does not depend on the incident
kinetic energy of the projectile. The difference in the slope for the three different materials
originates mostly from their dissimilarity in density and much less from different reaction
cross sections. For 35 cm length, (1 — Pgreac) approaches the 10% level in Pb and the 1%
level in W, while the range due to electronic interaction is as large as 170 and 97 cm for
2.5 GeV protons in Pb and W, respectively.

Preac is used to deduce the reaction cross sections oresc = In(1 — Preac)A/(Lpd) with
A, p,d and L being the mass, density and thickness of the target and L the Avogadro
number. The experimental reaction cross sections deduced from the measured Pgeac,
amount to greac = 1.46 +0.03,1.64 £+ 0.05 and 1.69 £+ 0.03 b for the three W, Hg and Pb
targets, respectively. These values are slightly smaller than the results of the HERMES
calculations of 1.62, 1.71 and 1.73 b for W, Hg and Pb, respectively.

An agreement of the same order of magnitude is found when the LCS2.70 and MCNPX
codes were used instead of the HERMES code, demonstrating that the description of the
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observable grea. poses no challenge to any of these codes. The above analysis is reflected
also in Tables 7.1 through 7.3 for different target thicknesses (lengths) and the incident
proton energies of 1.2, 1.8 and 2.5 GeV.

Neutron multiplicities

The term “neutron multiplicity” comprises all neutrons originating from primary and
succeeding secondary reactions within the target material. As a matter of fact in the
thick target measurements only neutron leakages can be observed. The neutron yield is
not accessible in any experiment since it reflects the neutron production at the point of
origin when the neutrons are created whereas the leakage spectrum can be measured as
leaking neutrons from the target surface after they have left the target material.

Mean neutron multiplicities

In Fig. 7.3 M, /p is plotted vs. the lengths of the lead, mercury, and tungsten target
cylinders, respectively, and for the two incident energies of 1.2 and 2.5 GeV, as obtained
in the NESSI experiments (triangles). As expected, for every target, the mean multi-
plicity increases with increasing target length, albeit in a non-linear fashion. Theoretical
predictions (dashed lines) with the HETC+MORSE software package are compared in
this figure to experimental data. Experiment and predictions include neutrons from both,
the primary and secondary reactions. The calculations also account for the fact that
neutrons are slowed down in the target material. Both, fission and elastic scattering were
included. All other options have been chosen according to the standard set of parameters
as summarized in Tab. 4.1.
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Figure 7.3: Average neutron mul-
tiplicity produced per incident
proton M, /p as a function of tar-
get thickness (diameter 15cm) for
1.2 and 2.5 GeV p+Hg, Pb and
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The solid curves in Fig. 7.3 correspond to the predictions for the mean neutron (leak-
age) multiplicity per incident proton. In the case of the mercury target the simulation
calculations also account for the 1-mm thick walls of the stainless steel capsules holding
the liquid Hg.

As seen in Fig. 7.3, the model calculations agree very well with the experimental
observations, over a wide range of target geometries and target materials. The observed
increase in the neutron multiplicity with increasing target length is due to an increase of
the reaction probability, Preac and, to a lesser extent, to an increase of secondary reactions
with the target length.

A more complete and systematic comparison of the experimental and model average
neutron multiplicities (M,) and reaction probabilities Pge,. is presented in Tables 7.1
to 7.3 for different energies and target materials. For the sake of completeness, these
tables include also the simulated mean neutron multiplicities, not corrected for the BNB
neutron detection efficiency. These “true” multiplicities are denoted as (M,,°) and shown
as solid lines in Fig. 7.3. Numbers in parenthesis represent the root mean square (RMS) or
standard deviation of the distributions, respectively. The agreement between calculation
and experiment for the second moment of the distributions within a few percent gives
additional confidence to the program packages under consideration. The statistical error
of calculated mean values is typically of the order of 1%.

The comparison between theory and experiment will be separately discussed for Hg,
Pb and W in the following.

Neutron multiplicity distributions

9

£0.035 =
~ 0.03 = Figure 7.4: Influence of the de-
0.025 = tector efficiency ¢ (cf. Fig. 6.4)
E on the theoretical data obtained
0.02 = L with GCCI (LCS) for a 35 cm
0.015 = Y long lead rod (diameter 15 cm)
0.01 bombarded with 1.2 GeV pro-
) o tons. The dashed histogram rep-
0.005 £ 3 resents MC-data while the solid
0 ST AT ekl histogram shows efficiency folded
data. The open circles are the
0 10 20 30 40 50 60 experimental data corrected for
acquisition dead-time and back-

M /Reac q

ground, but not for efficiency.

A typical, bell-shaped, experimental neutron multiplicity distribution is shown as open
circles in Fig. 7.4. Here, Pgese is plotted vs. the number of neutrons generated per
reaction. When corrected for the finite neutron detection efficiency (cf. Fig. 6.4), the
results (dashed line) of the theoretical Monte Carlo simulation calculations (solid line) are
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Table 7.1: Average neutron multiplicities (M,) and reaction probabilities Pgrese for a
cylindrical mercury target of 15 cm diameter bombarded with protons of various energies,
E,. (ME£) are average neutron multiplicities before having taken detector efficiency into
account. The root mean square (RMS) of the distributions is given in parenthesis. For
the calculations the standard parameter set was used.

Length HERMES LCS2.70 MCNPX Experiment
(My) (M%) Preac (Mp) (M%) Preac (Mp) (My%) Preac (M) Preac
E,=1.2GeV
5em 172 23.0 0313 18.0 24.2 0.310 181 242 0.315 16.9 0.313
(10.0) (13.0) (10.6) (13.6) (10.6) (13.6) (9.6)
15em 199 26.1 0.660 21.2 276 0.664 21.2 27.7 0.660 20.5 0.645
(10.3) (13.1) (10.9) (13.7) (10.9) (13.4) (9.6)
30cm 212 275 0.889 224 29.0 0.875 225 29.1 0.885 21.9 0.847
(9.8) (12.2) (10.3) (12.9) (10.3) (12.9) (9.6)
E, =1.8GeV
5cm 219 295 0.315 23.4 31.5 0.311 22.0 299 0.313 21.7 0.296
(13.0) (17.2) (14.0) (18.3) (13.2) (17.3) (12.0)
15em 26.5 349 0.663 28.5 375 0.667 274 36.2 0.657 27.6 0.640
(13.8) (17.8) (14.8) (18.9) (14.1) (18.0) (12.9)
30cm 296 386 0.88 31.9 414 0.874 30.6 40.0 0.887 30.6 0.851
(12.9) (16.4) (13.9) (17.6) (13.2) (16.7) (12.0)
E, =25GeV
5cm 261 355 0314 285 38.6 0.310 27.1 36.8 0.310 25.1 0.301
(16.0) (21.5) (17.6) (23.4) (16.7) (22.1) (14.5)
15ecm 332 439 0.663 363 479 0.664 35.0 45.7 0.655 33.7 0.647
(17.6) (22.9) (19.1) (24.6) (18.2) (23.0) (15.9)
30cm 385 503 0.887 41.5 54.2 0.874 40.1 51.6 0.884 384 0.866
(16.5) (21.1) (18.0) (22.0) (17.1) (21.2) (15.0)

seen to reproduce the data very well. Both, average position and shape of experimental
and simulated distributions correspond well to each other. Note the specific strength of the
NESSI experiment being able to provide even the probability to measure M,, = 0 neutrons
in rather nice agreement with the simulated value. As can be seen from Fig. 7.4, the finite
detection efficiency of the BNB neutron detector has a significant effect on outcome of the
measurements and needs to be accounted for in comparisons of theoretical calculations
with experimental data. As for example for 1.2 GeV protons on Pb the calculations show
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Table 7.2: same as Tab. 7.1, but for Pb.

Length HERMES LCS2.70 MCNPX Experiment
(M) (M%) Preac (My) (My°) Preac (Mp) (M%) Preac (My) Preac
E, = 1.2GeV
2cm 14.6 20.3 0.107 15.1 21.0 0.107 15.2 21.0 0.106 14.5 0.113
(8.5) (11.5) (85) (11.1) (8.7 (11.7) ( 8.6)
15ecm 19.6 25.9 0579 205 27.1 0575 205 27.1 0.567 20.2 0.571
(10.1) (12.9) (10.2) (12.9) (10.4) (13.3) (10.2)
35cm 214 279 0.867 22.2 290 0.863 22.1 288 0.859 22.2 0.848
(9.7) (12.2) (9.8) (12.3) (10.0) (12.6) (9.9)
E, =18GeV
2cm 18.0 253 0.109 189 26.5 0.107 187 26.3 0.107 17.7 0.113
(10.8) (14.9) (10.7) (14.2) (11.1) (15.3) (10.4)
15em 25.3 337 0580 27.1 36.0 0576 27.1 36.1 0.574 26.2 0.577
(13.4) (17.4) (13.7) (17.3) (14.1) (18.2) (13.2)
35cm 292 384 0.869 31.2 409 0.864 314 41.2 0.861 30.5 0.853
(12.8) (16.3) (13.0) (16.2) (13.4) (17.1) (12.7)
E, =2.5GeV
2cm  21.3 30.3 0.108 22.3 31.7 0.107 223 31.8 0.107 19.4 0.117
(12.9) (18.3) (13.0) (17.2) (13.6) (19.2) (12.3)
15ecm 317 425 0.580 34.1 43.7 0571 339 447 0.575 32.3 0.577
(16.8) (22.1) (17.3) (20.5) (18.0) (23.0) (16.3)
35¢cm 377 49.7 0.865 40.5 50.5 0.860 404 52.2 0.861 384 0.848
(16.3) (21.0) (16.6) (19.0) (17.2) (21.3) (15.6)

that independent of the target thickness 80% of the total neutron leakage stem from the
evaporation process. Especially the remaining 20% of higher kinetic INC-neutrons are
detected with low efficiency.

Hg: As far as average values and Hg targets (Tab. 7.1, Fig. 7.3) is concerned, for all
Monte Carlo codes considered here, one observes good agreement with the experimental
results. Discrepancies between model calculations and experimental data are generally
less than 5 % for both, Pres and (M,), and a broad range of energies. The maximum
discrepancy is 7.4 % in the case of the 5 cm Hg target bombarded with 2.5 GeV protons.

In Fig. 7.5 experimental neutron multiplicity distributions induced by 1.2 and 2.5-GeV
protons, respectively in cylindrical mercury targets of various lengths are compared to the
predictions of the codes HERMES and MCNPX.
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Table 7.3: same as Tab. 7.1, but for W.

Length HERMES LCS 2.70 MCNPX Experiment
(Mp) (My°) Preac (My) (My°) Preac (Mn) (Mn®) Preac (Mn) Preac
E,=1.2GeV
2cm 15.0 20.5 0.187 16.3 222 0.183 16.1 22.0 0.184 14.8 0.174
(9.0) (11.8) (9.2) (11.9) (94) (12.4) ( 8.5)
15ecm 209 269 0.784 226 29.0 0.780 225 289 0.781 21.6 0.729
(10.2) (12.7) (10.6) (13.1) (10.6) (13.2) (10.2)
35cm 216 276 0.971 23.4 29.9 0.969 234 298 0.964 226 0.902
(94) (11.7) (9.9 (12.2) (9.9) (12.3) (9.2)
E, =1.8GeV
2cm 18.8 259 0.184 206 283 0.184 205 28.2 0.184 17.9 0.179
(11.6) (15.6) (12.1) (15.6) (12.5) (16.8) (10.5)
15em 285 369 0.786 31.5 40.5 0.780 31.5 40.7 0.786 28.9 0.747
(13.8) (17.4) (14.5) (17.8) (14.7) (18.5) (12.9)
35cm 317 40.6 0.971 35.0 44.5 0.970 35.0 44.8 0.972 314 0.940
(12.0) (15.0) (12.5) (15.2) (12.8) (15.9) (11.4)
E, =25GeV
2cm 228 317 0.186 24.9 342 0.186 24.7 34.3 0.186 20.5 0.183
(14.3) (19.5) (15.0) (19.2) (16.5) (21.2) (12.7)
15ecm  36.7 476 0.782 40.6 484 0.780 40.7 527 0.781 36.6 0.758
(17.9) (22.8) (18.7) (21.0) (19.4) (24.7) (16.5)
35cm 423 544 0.973 47.0 55.7 0.945 47.3 60.6 0.973 41.6 0.952
(15.2) (19.1) (15.7) (17.0) (16.3) (20.4) (14.3)

As seen from these figures, the general shapes of the experimental distributions are
well represented by simulation calculations using either of the codes, although somewhat
better agreement is obtained with HERMES. However, there are systematic trends in
quality of the agreement between calculations and data. In particular for the thin (2-
or 5-cm) targets and the higher proton energy, theoretical calculations predict slightly
higher average multiplicities than experimentally observed, as can be seen from the top
panels of Fig. 7.5, as well as from Fig. 7.6 corresponding to Pb targets. Discrepancies
seem to become larger for even higher energies [Pie97]. The origin of these trends is
presently not fully understood. The improved agreement between data and calculations
for thick targets and low incident energies could conceivably be due to a cancellation
of imperfections in the treatments of inter- and intra-nuclear cascades by the models.
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Since high neutron multiplicities are essentially due to evaporation, overestimation of
the neutron multiplicities by the models may also be caused by an overestimate of the
nuclear excitation energies as will be discussed in sect. 7.1.2 or too high Coulomb barriers
(cf. sect. 4.4.2) applied. The codes are also unable to reproduce the experimental data
in the low-multiplicity region representing peripheral reactions. In this low M, region
both codes appear to overestimate the probabilities especially for the 2.5 GeV incident
proton energy. On the one hand the experimental precision for low neutron multiplicities
is limited by threshold effects and accuracies in background corrections and on the other
hand the description of the nuclear density profile of the nucleus has a large influence on
the distributions for low M,,.
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Figure 7.5: Comparison of HERMES, MCNPX and exp. data (o) for Hg targets of various
lengths bombarded with 1.2 GeV (left) and 2.5 GeV (right) protons. Exp. data: [Let00].

Pb: Also for Pb targets the deviation of theoretical predictions with respect to ex-
perimental data decrease with increasing target thickness, while with increasing incident
energy divergences increase. The maximum discrepancies are found for the 2 cm thick
target bombarded with 2.5 GeV, namely 8.7 (8.3 %) for Pres. and 13 (9.1 %) for (M)
for LCS (HERMES). Note that the divergences for even higher incident proton energies
(4.15 GeV) [Pie97] still increase.

W: Observations similar to those for mercury and lead were made for the tungsten
target. At 1.2 GeV, agreement with experimental data is very good for the HERMES
calculations, while it is still quite satisfactory for the LCS calculations (see Fig. 7.7, left
panel). However, for higher incident energies, the data clearly favor HERMES over LCS
calculations. At 2.5 GeV, as seen in the right panel of Fig. 7.7, deviations of the LCS
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Figure 7.6: Comparison of HERMES, LCS2.70 and experimental data (o) for Pb targets
of various lengths bombarded with 1.2 GeV (left) and 2.5 GeV (right) protons.

multiplicity distributions from the experimental data are quite substantial (17.6 % for a
2-cm long target).

In order to illustrate the differences between the HERMES and LCS predictions, the
leakage- and yield spectra of neutrons from the reaction p+W at 2.5 GeV are shown in
the upper and lower panel of Fig. 7.8, respectively. For example, the LCS and MCNPX
neutron spectra in the lower panel of Fig. 7.8 exhibit increased evaporative yields (be-
tween 1 and 5 MeV) and are slightly shifted to lower energies, as compared to HERMES
calculations. This shift in neutron energy may be partly responsible for the differences
in average and shape of the neutron multiplicity distributions predicted for the p+W
reaction by the HERMES and LCS/MCNPX simulations, in conjunction with the RAL
evaporation model (cf. Tab. 7.3 and Fig. 7.7, right panel).

The INC part of the spectra is very similar for all models. The small dip at approx-
imately 7 MeV, seen in the LCS and MCNPX spectra displayed in the bottom panel of
Fig. 7.8 reflects the fixed, 7 MeV cut-off energy for neutrons in the INC (cf. sect. 7.1.1) cal-
culations. The most probable energy of neutrons leaked from the 35cmx15¢m (length x dia.)
W-target (upper panel in Fig. 7.8) is approximately 0.6 MeV. This substantial decrease
in energy, compared to the spectrum of neutrons at the moment of production seen in
the bottom panel of this figure, is a result of the moderation of the neutrons within the
target volume. The differences in the primary evaporative energy spectra predicted by
the HERMES and LCS/MCNPX packages are seen to be largely washed out in the mod-
eration process. Consequently, differences between the predictions by models for neutron
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Figure 7.7: same as Fig. 7.6, but for 1.2 GeV (left) and 2.5 GeV (right) incident p+W.

production cross sections (most apparent for W, cf. Fig. 7.7, right panel) at high incident
proton energies can probably not be traced back to differences in the treatment of the
transport process. As seen in Tab. 7.3 and Fig. 7.7, for W targets and all incident energies,
the HERMES calculations achieve a better agreement with averages and shapes of the
experimental neutron multiplicity distributions than LCS or MCNPX calculations do.

The economy of neutron production

The various experimental results on thick target measurements can be condensed to a
quantity which expresses the “economy” of neutron production, i.e. the number of neu-
trons produced per incident proton and per unit of beam energy. This number is displayed
as a function of Ej,. in Fig. 7.9. The presentation allows on the one hand the comparison
of NESSI results with those from other methods and on the other hand, it could also be
useful as a guideline to the nuclear physics aspects of neutron generation in the context
of a conception of high flux neutron sources. The neutron number increases sharply with
increasing Ei,. or decreasing electronic loss of the proton in the material and culminates
at 0.8 to 1 GeV when the minimum of ionization is approached. W gives a 10% higher
yield than Pb for the same target size, 1=35 cm and ®=15 cm, and it would also provide
a slightly brighter neutron source. Hg, not shown, behaves similar to Pb. HERMES sim-
ulations reproduce the measured yield for Pb and W reasonably well. A calculation for a
larger Pb cylinder with 1=60 cm and $=20 cm is also indicated in order to show the possi-
ble gain of some 20% with a larger target and because this has been the standard target in
previous investigations [Ara99, Nik90]. Data from ref. [Nik90] lie close to the latter simu-
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Figure 7.8: Leakage- (upper panel) and
yield (lower panel) spectrum of neutrons
for 2.5 GeV p+W using the standard pa-
rameter set. The dimension of the W tar-
get is 35em X 15em (lengthx diameter).
The simulated HERMES, MCNPX and
LCS distributions are normalized per
source proton and unit lethargy.

Figure 7.9: Average number of neutrons
produced in Pb and W target blocks per
proton and per energy unit (1 GeV) as
function of incident energy. Data from
NESSI, PS208 [Hil98] and ORION [Lot98]
are shown. Results of simulations with the
HERMES code [Fil01] for different targets
are indicated by lines.

lation. Beyond the maximum near E;,.=1 GeV the yield diminishes very slowly again in
the experiment and even more slowly in the simulations, a tendency which is corroborated
by a recent M,,-bath experiment [Ara99] with a Pb target at E;,;=12 GeV. Since at ener-
gies well above 1 GeV pion production becomes a dominating process [Ant73] the question
arises how efficient pions are for neutron production. Is a considerable fraction of the ini-
tial available energy lost via decay channels like e.g. 7% — 2y or 7t — p* +1,,? To what
extend is this loss compensated for by lower electronic energy loss of charged pions prior
to nuclear reactions? Pions approach their minimum ionization power at conciderably
lower energies (0.3 GeV) than protons (2 GeV). To study these questions the comparison
of proton and anti-proton induced neutron production in thick targets is an ideal method,
since in the case of 7 the neutron production is mediated essentially via pions originating
from p-nucleon annihilation production on average 5 pions (3% + 27°). That is why in
the following more generally hadron (7, K, B, p, d)-induced neutron production in thick Pb
targets will be compared up to 5 GeV/c.

Neutron production by 7, K, 7, p, d projectiles

It might be advantageous for the operation of the accelerator and target assembly of
spallation neutron sources to employ at a given beam power considerably higher beam
energies than 1 GeV. But since at increasing energy meson production (mainly #’s) is
increasing, an increasing part of neutron production is due to secondary-meson-induced
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reactions. How efficient are these pions in producing neutrons? In order to answer this
question hadron induced neutron production as a function of particle energy has been
investigated. In particular neutron production for proton-, antiproton- and pion-induced
reactions has been compared. In the latter reaction neutron production is predominantly
induced by 7% and 7% No data exist at all for pion induced reactions which are of
importance to account for the yield of secondary reactions, with the pions being produced
in a primary (anti-)proton nucleus interaction.

Table 7.4: Results for thin and thick Pb and depleted U targets: the mean neutron
multiplicity (M,,), the number of neutrons per incident particle (IV,,)/p, the most probable
neutron number M*** and the width o, the latter two are obtained from a Gaussian fit
to the distributions of M,,. These values have been multiplied with 1/0.85 in order to
account for an assumed mean detection efficiency of 85%. Errors are in the order of 1 to
5%. Negative momenta p correspond to antiprotons or negative pions, L and D indicate
the target length and diameter, respectively.
protons pions 7
p T Lem Dem | M/ o (M) el | ppes o (M) D=
194 Pb 02 15| 180 74 145 0.16 - - - N
1.94 Pb 5.0 15 21.3 10.7 19.4 4.8 - - - -
1.94 Pb 35 15 26.0 11.5 25.4 20.5 - - - -
-1.94 Pb 35 15 - - 52.4 35.3 - - - -
2.00 Pb 35 15 26.7 13.0 26.7 22.6 35.5 16.5 32.5  20.5
3.00 Pb 35 15 42.2  16.5 41.1 34.9 48.0 20.1 46.2 34.6
4.00 Pb 35 15 53.9 204 51.7 44.0 57.5 229 55.1 38.7
-4.00 Pb 35 15 - - 72.2 65.6 - - 60.5 47.0
5.00 Pb 35 15 63.8 245 60.8 51.0 66.0 27.8 63.3 50.1

-5.00 Pb 35 15 - - 795 7.2 - - 68.6 -
194 U 0.3 5x5 23.3 8.8 19.9  0.53 - - - -
194 U 40 8 38.0 194 388 353 - - - -
400 U 40 8(15) 90.1 286 876 841 99.3 33.1 93.5 69.3
500 U 0.9 5x5 35.6 21.8 285  2.56 36.7 245 305 1.74
500 U 40 8(15) | 112.2 30.5 106.0 101.0 | 1153 36.1 107.5 724

For protons, antiprotons, positive and negative pions Tab. 7.4 gives the first moment
(M,,) of do/dNe,, as well as the most probable neutron number M"* as derived from a
Gaussian fit to the multiplicity distribution do/dN,,, at the position of the maximum.
From the measured reaction probability Pre,. and (M,) we deduce the mean number of
neutrons per incident proton (N, )/p = (M) X Pregc.

For protons we observe with increasing target thickness an increase of both the mean
neutron multiplicity (M,,) as well as the most probable neutron multiplicity M™* with the
relation (M) < M™%, For the thickest targets of 35 cm Pb (M,,) has almost attained
the value of M™** (Tab. 7.4) simply due to the fact that the intensity of low neutron
multiplicity events has become very small due to secondary reactions. For 35 cm Pb as
well as 40 cm U the intensity of the measured distribution which cannot be described
by a Gaussian is smaller than 5% while for thin targets it amounts to 20 to 30%. For



mean neutron mulitplicity <M >

102 CHAPTER 7. RESULTS AND COMPARISON WITH THEORY

target thicknesses larger than 35 for Pb or 40 cm for U any further increase of the neutron
yield per incident proton (NV,)/p is essentially due only to further increase of the reaction
probability. The observed steep increase of the number of neutrons per incident proton
{N,,)/p for target thicknesses up to about 10 cm, instead, is due to the combined increase
of the reaction probability P, and the mean neutron multiplicity (M,) with target
thickness. Contrary to other methods these two quantities are measured independently
in the present experiment and not as a product. The observed larger neutron multiplicity
for U compared to Pb can be ascribed in the case of thin targets (see Tab. 7.4) to a
higher probability for energy absorption in the bigger target nucleus, to the lower neutron
binding energies of U spallation products, and eventually to one or more extra neutrons
from fission of the residual nucleus (7=1.92 for spontaneous fission of 23¥U). In a thick
target of U fission can be induced by many secondary particles and become a dominating
process. It multiplies the number of neutrons to the extent that the neutron yield in a
40 cm-long U-target is nearly doubled as compared to Pb: (MV)/ (MF*)=1.5 and 1.7 at
E,= 1.22 and 4.15 GeV, respectively.

A summary of mean neutron multiplicities (M) for #*, K* p,p and d* on a thick
Pb-target (35 cm length, 15 cm diameter) is presented in Fig. 7.10 at incident momenta
2,3, 4, and 5 GeV/c, respectively. These momenta are corresponding to somewhat higher
kinetic energies for 7’s than the respective proton energies. Since for such a thick target
P.oc = 1, the given values can be considered also as mean numbers of neutrons per
incident particle. If (M) induced by p and p is compared at the same incident energy

80 ;:A ?‘“ thin + +
70 [« % M =
Fx at . Figure 7.10: Average neutron multiplicity
60 =P (M,,) for incident protons p*, antiprotons
<o d p~, pions 7%, kaons K+ and deuterons
F d* as a function of incident kinetic energy
40 7 on 35 cm-long 15 cm-diameter Pb target.
F (M,,) has been corrected for a mean effi-
30 ciency of g, = 0.85 (see sect. 6.2.2). For
20 [ p~ the small filled squares indicate (M)
F also at the available incident energy, see
10 text. The filled and open triangles display
L . L (M,,) and M™% for thin Pb targets. The
%9 1 2 3 4 5 6 curves are to guide the eye.

incident (available) energy (GeV)
the neutron numbers in case of p are up to a factor of two higher. If however the p-
nucleon annihilation energy of 2m,c? is taken into account the “available energy results
to Ef .+2m,c* = 1.22+1.88 = 3.1 GeV. Thus, for instance, the comparison with 1.22 GeV
P should be rather made at an incident proton energy of 3.1 GeV. (M,,) is indeed very
similar for p and p-induced reactions when compared at the same available incident energy.
Proton and 7*-induced reactions should also be compared at the same incident kinetic

energy. The multiplicities are somewhat smaller for pions than for protons if compared at
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the same incident energy? (see Fig. 7.10). In case of 7~ one might argue that the capture
of a 7~ in a nucleus at the end of the INC converts the rest energy of the pion (138 MeV)
to nuclear excitation [Kau80]. This would favor a comparison at an available energy of
ET . +m,c?. In any case we have measured {M,) at the same momenta and consequently
the best approach to the same incident kinetic energy is the comparison at Ef,, = 4.15 GeV
and ET . = 3.86 GeV as shown in Fig.7.10. However the neutron multiplicity distributions
and the here shown corresponding average values (M,,) are relatively independent of the
primary hadron species. For 7t and p the total reaction cross section is about 13% smaller
[Fas90] and 20% larger [Gol96] than for protons, resulting in correspondingly lower and
higher neutron production per unit length along the trajectory of the beam particles in
the target, which is a measure of the produced neutron density. Since the reaction cross
section is also somewhat larger for deuterons than for protons this finding implies for
the neutron yield per incident deuteron (N,)/d = Preqe X (M,,) even larger values which
qualitatively agree with the findings of Vassilkov et al.[Vas90]. However, the uncertainty
for deuterons in the present experiment is considerably larger since the secondary beam
of the CERN-PS contains much less deuterons than protons (2 and 8)x10~% at 5 and 3
GeV/c, respectively.

In summary (M,) of the considered hadrons are very similar within 10% if compared
at the same incident available energy in the energy range of 1-6 GeV [Pie97]. These
findings indicate that neutron production mediated by mesons, which is increasing for
proton-induced reactions with bombarding energy, is similarly efficient as that occuring
without mesons being involved.

The GCCI level density and the MPM

In the case of the lead target bombarded by 1.2 GeV protons, a study of the sensitivity
of the predictions to the assumed Gilbert-Cameron-Cook-Ignatyuk (GCCI) level densities
(see sect. 4.4.1) and multistage pre-equilibrium model (MPM) was performed. Average
multiplicities, (M) obtained from these studies are depicted in Tab. 7.5.

Table 7.5: (M,) for a cylindrical lead rod of 15 c¢m diameter bombarded with 1.2 GeV
protons. For LCS the GCCI and MPM+GCCI input parameters were used.

Length LCS (GCCI) LCS (MPM+GCCI) Experiment
(M) (M,) (M) (M,) (M,)
2cm 16.0 22.1 14.9 20.8 14.5
5cm 16.8 23.4 16.7 22.9 16.8
15¢cm 21.2 28.0 19.7 26.4 20.2
3bcm 22.9 29.9 21.2 28.0 22.2

The LCS package, used in conjunction with the GCCI level density parameterization
(GCCI in the Tab. 7.5) tends to overestimate mean multiplicities, compared to the exper-
imental values. This could be a reflection of an excess of the excitation energy available

2while they are slightly larger when compared at the same momenta!
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for evaporation following the INC stage of the process. Such excess may result from
the neglect of pre-equilibrium emission or from an underestimate of the system tempera-
ture, related to the parameterization of the level density. Indeed, when an intermediate
pre-equilibrium stage is introduced (MPM+GCCI), following INC and preceding evapo-
ration, neutron multiplicities are reduced on average by more than one unit. This is so,
because particles from the pre-equilibrium stage have on average higher kinetic energies
than thermal particles (see Fig. 7.11) reducing thermal excitation energies and, hence,
average multiplicities. In addition, the low-multiplicity events associated with peripheral
reactions are somewhat better described, when the pre-equilibrium stage is included in
the calculations (not shown here). In general, improved agreement between experimen-
tal data and theoretical predictions is achieved when the pre-equilibrium model is used
together with the GCCI description.

n/(p Au)

08 &
07 = %
0.6 = |
05c I'. Figure 7.11: Comparison of the theoret-
E b ical neutron yield spectra resulting from
04 2 the bombardment of a 2 cm long Pb tar-
03 = get with 1.2 GeV protons. The dashed
02 = . line represents the calculation with LCS us-
0.1 E i, ing the pre-equilibrium and GCCI model
0 = ol ool ol (MPE+GCCI), while the solid line indi-

1 2 3 cates the values obtained with the stan-
10 1 10 10n 10 dard parameter set “STAND” (cf. Tab. 4.1).
Ekin (MeV) Curves have been normalized per unit

lethargy Awv and source proton.

In summary, all three packages - HERMES, LCS, and MCNPX, provide for a quantita-
tive description of neutron production in cylindrical targets of various lengths, for proton
energies up to 2.5 GeV. The agreement with the experimental data is generally within
10%. Only for the highest incident proton energy of 2.5 GeV and the dense tungsten
target material, the predictions by the MCNPX and LCS codes deviate from the data
by more than this margin (almost 18%). The model calculations show remarkable sta-
bility with respect to reasonable variations in the model parameters or assumptions. For
example, varying the level density parameter B, within reasonable limits, or including pre-
equilibrium neutron emission, may alter the neutron production only by approximately
one neutron in the case of 1.2 GeV incident protons.

Coulomb barriers in thick targets

Likewise—as discussed in sect. 4.4.2—a considerable feedback on the neutron kinetic en-
ergy spectra and multiplicities is caused by the variation of the Coulomb barriers applied
in the evaporation codes, because changing the emission width for charged particles ef-
fects at the same time the emission probability for neutrons, the two emissions being in
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competition. Decreased barriers prefer the light charged particle emission at the expense
of n production.

For thick targets the influence of modifying the Coulomb barriers on the neutron mul-
tiplicity distributions is demonstrated in Fig. 7.12 for 1.2 GeV proton induced reactions
on cylindrical lead rods of 15 cm diameter and 2 or 35 cm length, respectively. The calcu-
lations are performed with the Bertini type INC implemented in MC4 [Ste98]. Optionally
the Coulomb barriers could either be kept constant (dashed line) or reduced with E*
(solid line) as specified in Fig. 4.5.

The corresponding mean neutron multiplicity decreases from (M,)=16 (27) to 15
(25) for 2 cm (35 cm) length when reducing the Coulomb barrier with E*, because at
the expense of neutrons more charged particles are released. Note also that the average
multiplicities following the MC4 calculation seem to be slightly higher than the HERMES
values (cf. Tab. 7.2 and Fig. 7.6, left panel) for the same reaction. This phenomenon—
specifically dominant for high values of M,,—is all the more pronounced as the target gets
thicker and could be related to a different propagation of the hadronic shower within MC4.
As compared to the experimental neutron multiplicity distributions the RAL description
coincides better with the NESSI data having averages of (M,)=14.5 (22.2) for 2 cm (35
cm), respectively. As expected the integral reaction probabilities are not affected by the
alteration of the barriers and amount (in agreement to the experiment) to 11 and 87%
for 2 and 35 cm thick lead targets, respectively.
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7.1.2 Thin targets

With the simultaneous measurement of mainly evaporative-like neutrons and charged
particles (CP) detailed exclusive information is obtained on an event-by event base. The
multiplicity correlations are shown in Fig. 7.13 representatively for 2.5 GeV proton induced
reactions on target nuclei ranging from 13Al to 2®U. The target thicknesses between 0.1
and 1.0 g/cm? correspond to reaction probabilities of 1...5x 1073, As a general tendency,

Charged Particle Multiplicity

Neutron Multiplicity

Figure 7.13: Correlation of measured LCP- vs. neutron multiplicity for 2.5 GeV proton
induced reactions. The color scale indicates the relative intensity per multiplicity bin.

we note an increase of both, M, and Mgp, with increasing A and Z of the target. This is
mainly due to the fact that larger target nuclei incorporate more energy from the INC and
have lower particle separation energies than do lighter ones. Also, at lower excitations for
heavy nuclei (Au, Pb, U relative to Al, Fe,...) emission of neutrons is strongly favored
over that of LCPs and at higher excitations, when comparing Au to U, we observe once
more a shift of the measured distributions towards larger neutron multiplicity as a result
of a further reduction of neutron separation energies. The total number of evaporative
particles is strongly correlated with E* indicated in Fig. 7.13 by the arrow for Al. The
multiplicities are employed to deduce excitation energy distributions do/dE* as described
in the following section. The procedure allows to analyse observables as a function of E*,

Thermal excitation energy E*

The reaction of energetic (up to 2.5 GeV) projectiles is exploited to deposit maximum
thermal excitation (up to 1000 MeV) in massive nuclei while minimizing the contribution
from collective excitation such as rotation, shape distortion and compression as discussed
in section 5.3. do/dE* distributions are deduced from event-wise observation of the whole
nuclear evaporation chain employing the two 47 sr detectors BNB and BSiB.
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The method employed® to determine the thermal excitation energy relies on the basic
property of hot nuclei of de-excitation by evaporation of light particles (LP: neutrons
+ light charged particles), thereby carrying off some 10 to 20 MeV of excitation energy
per particle, approximately equally divided between binding and kinetic energies. This
evaporation process is almost perfectly described by the many existing statistical model
codes. A prerequisite for the applicability of these models is that the source is equilibrated
by the time the emission starts. In order to account for this condition we cut off at 24
MeV the relatively small (typically 15%) contribution at higher energy from the energy
spectra of the detected LCPs having a different slope and verify the isotropic emission of
the remaining evaporation part. The fact that the Galilean-invariant velocity distribution
presented representatively for 1.2 GeV p+Au in Fig. 7.14 follows circles centered in the
origin of the velocity plane clearly demonstrates that H and He-particles are isotropically
emitted from an equilibrated thermalized system, which is nearly at rest due to the small
recoil from the reaction. It is also noteworthy that the most energetic Z=1 particles
are not registered at all due to the lower energy threshold of the Si-detectors. For neu-
trons, however, we have only indirect information on the kinetic energy on account of the
variability in detection efficiencies pointed out above.
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Figure 7.14: Galilean-invariant velocity plot for evaporated Z=1 and Z=2 particles for
1.2 GeV p+Au.

In order to infer for each reaction event the induced thermal excitation E* we use
the sum of all registered light particles M p, and associate with it (after correction for
efficiency) E*. For the calculation of the relation My p(E*) we employ here a slightly ex-
tended version [Lot93] of the statistical model code GEMINI [Cha88], because this code
also allows for IMF emission. Fig. 7.15 demonstrates the sensitivity of the assignment
of E* to M p, and also points out its advantage over allocating E* from the neutron
multiplicity M,, or M;cp alone. The panels show, as an example, the experimental mul-
tiplicity distributions do/dM for 1.2 GeV p + Au as dotted curves for all LP (a), for
neutrons only (b) and for light charged particles (LCP) only (c). Calculated multiplie-
ity distributions My p(E*), M, (E*) and M;cp(E*) have been included for a set of fixed
values E* = 100, 200, 300, 400, 600, 800 and 1000 MeV. These M p distributions are very
well separated from each other, showing the strong correlation between the two quantities
Mip and E*. The same comparison for neutrons only is much less favorable: here the A,

3The method can be employed for any light particle (p, P, 7, ...) induced reaction in the incident
energy regime under consideration in the current work.
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Figure 7.16: Contour diagrams of ex-

Figure 7.15: Measured multiplicity dis-
tributions (e) do/dMyp (a), do/dM, (b)
and do/dMicp (c) for 1.2 GeV p+Au.
The colored histograms are calculated
multiplicity distributions for fixed values
of E*= 100, 200, 300, 400, 600, 800, and
1000 MeV (from left to right).

perimental event distributions following
the reaction 1.2 GeV p+Au for M, (a)
and Mcp (b) as a function of E* com-
pared with calculated average multiplici-
ties (dots connected by a line). The inten-
sity change between two contour lines is a
factor of 3.

distributions already start overlapping at low excitation. Taking only the information of
M;,cp is insufficient in particular for low E* as demonstrated by the overlapping contribu-
tions in the lower panel. The FWHM of these calculated multiplicity distributions can be
translated into an energy width AE* defining an energy resolution AE*/E*. By increas-
ing the excitation energy from 150 to 1000 MeV for Au the thus defined energy resolution
decreases from 50 to 11% if deduced from Mjcp, it increases from 12 to 23% for M,
and assumes a constant value of 7% for Myp. We conclude that M} p is indeed a reliable
observable for E* up to 1 GeV or more but that the observation of M, [Lot93, Jia89] and
of M;cp [Bow91] alone (which have been applied before for this purpose) is less sensitive
to and the resolution depends strongly on the excitation energy.

It is also shown in Fig. 7.16 for 1.2 GeV p+Au that the model predictions (continuous
lines) fit closely the ridge of the event distributions as a function of M, (a) and My¢p (b),
showing that the sharing between n and LCP is also well accounted for on the average.

The uncertainty for E* due to the choice of the model parameters® is about +£10%.
The results from other statistical model codes, JULIAN [Ros89] or from Ref. [Fri90], are

4For instance, in the calculation we take into account that in the course of the fast cascade phase
an original 2**U nucleus looses mass and charge with increasing E* up to 21*At, as is suggested by the
INC-calculation for E*=1 GeV. For this extreme E* the respective evaporation chain releases about 3
neutrons less but 1 C'P more than it would have for an intact **U nucleus. Also, a variation of the level
density parameter and the spin within reasonable limits (from a=A/10 to A/8.5 or A/13 and from 1=0h
to 25h) results at best in a variation of Mrp by 3 to 4 units at the highest excitation.
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once more consistent with the ones from GEMINI within these limits. Incidentally, the
results from different codes agree much better in the sum multiplicity Myp than in the
ratio Mcp/M,,. Finally, it is worth noting that a result of statistical model calculations
is that, fission or break-up of the nucleus into 3 or more heavy fragments at any stage
along the de-excitation chain does not alter My p or E* by more than 10%. Therefore this
method is not subject to specific splitting modes of the hot nucleus.
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Figure 7.17: Distribution of excitation energy do/dE* deduced from Mpp (s) or Mycp
(x) compared with INC-model (histogram), for 1.22 GeV-p (left, in mb/MeV) and of
probabilities for stopped p+U, Au, Ho and Cu (right, normalized to 1).

Using the method described above it is possible to deduce excitation energy distribu-
tions and absolute differential cross sections do/dE* following light particle (p, p, ,...)
induced reactions for the first time. As an example typical distributions are shown as
symbols in Fig. 7.17 for 1.22 GeV p-induced reactions (left panel) and for annihilation
at rest (right panel) on various targets. Also included in Fig. 7.17 are the pertinent INC
calculations (following a model described in ref. [Gol88]) as solid lines. For the heavy
nuclei Ho, Au, and U we note a satisfactory agreement between experimental and model
distributions both in shape and in absolute values. For Cu, however, we observe a con-
siderable discrepancy near the maximum close to E*=150 MeV. For this relatively light
nucleus the experimental reconstruction of the E*-distribution from the multiplicity My p
of all light particles might be less reliable because of the difficulty in discriminating be-
tween evaporative and directly emitted neutrons and in subtracting the very few (1 or 2)
additional neutrons from pion induced reactions in the scintillator liquid of BNB. This
has the tendency to transfer cross section from low E* to intermediate E*. Since the
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relative contribution of these two effects is more important for lighter target nuclei, we
show in Fig. 7.17 (x symbols) also the E*-distribution deduced from M cp alone which
seems to agree somewhat better with the INC-calculation.

All do/dE* distributions are dominated by a broad plateau which shifts to higher E*
for the heavier nuclei or increasing energy of the antiprotons. At very low E* the inten-
sity increases considerably, which we assign to peripheral reactions or inelastic scattering
without annihilation. The cross section for these reactions (annihilation in flight) is of the
order of 5+ 3 mb for all nuclei. More important with respect to properties of hot nuclear
matter are the high energy tails of the data: The 1.2 GeV-p interaction with Uranium,
for instance, leads for more than 12% of the reaction cross section to thermal energies
in excess of 600 MeV, i.e. to temperatures larger than 5.2 MeV (with a=A/10). In the
extreme tails of the distributions even energies as high as 1 GeV are reached, which could
not be obtained with protons of still higher incident energy (2.5 GeV) as will be shown in
Fig. 7.18 and had already been demonstrated in recent experiments [Pie94]. This finding
verifies the expectation [Cug87] that antiprotons are more efficient in heating nuclei than
protons. Table 7.6 collects for the annihilation in flight (1.2 GeV) and at rest the pa-

Table 7.6: Target dependence of (E*), (E*/A) and reaction cross section o,e,, as well
as geometrical cross section ogeo(ro=1.38 fm). Numbers in parentheses show the maxi-
mum measured E* or E*/A corresponding to 1% of 0y¢q., assuming for A=Ay, ge-AArne
with AAryc being the calculated mass loss in the INC stage. INC-calculations {Efyc),
{E}ye/A) for 1.22 GeV- and stopped p are also given.

X | (B) (Bow)  (B/A) (BoA) e o (Bine)  (Bino/A)
(MeV) (MeV/A) (mb) (mb) (MeV) (MeV/A)
1.22 GeVp
natCy | 14420 (516) 2.53 (11.3) 973480 950 135 2.5
165Ho | 269430 (780) 1.73 (5.4) 1817495 1800 265 1.7
197Au | 309430 (880) 1.65 (5.0) 19854110 2025 295 1.6
28y | 34840 (940) 1.52 (4.3) 92204130 2290 330 1.5
stopped p
natCy | 85 18(300) 1.44(5.7) 950 87 1.52
165Ho | 138 20(480) 0.88(3.15) 1800 145 0.93
197Au | 1424 33(505) 0.74(2.73) 2025 158 0.83
28y | 1614+ 42(520) 0.70(2.3) 2200 171 0.75

rameters deduced from the E* distributions of Fig. 7.17. These parameters are the mean
excitation energy (E*), the mean excitation energy per nucleon (E*/A), and the maxi-
mum excitation energies E* .~ and E* /A, defined by the somewhat arbitrary criterion
that they are associated to the upper 1% of the excitation energy distribution. The av-
erage (E*) increases from Cu to U almost linearly with A in accordance with INC model
predictions also given in Tab. 7.6. However, when converted to (E*/A), this tendency is
inverted: the lighter nucleus receives more excitation energy per nucleon or equivalently

higher temperature. As to the maximum excitation energy, E . in Tab. 7.6, we note
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that for e.g. annihilation in flight and U as much as 30% of the totally available energy
(3.1 GeV) is converted to intrinsic excitation®. Within the error bars the average excita-
tion energies (E*) for stopped P given in Tab. 7.6 are in agreement with the published
values [Pol94] of 187 + 26, 183 + 21 and 160 + 20 MeV for Ho, Au and U, respectively.

By integrating do/dE* we obtain the reaction cross sections oye... The values so ob-
tained compare rather well with a geometrical cross section o, calculated with r,=1.38 fm,
The radius parameter is thus slightly larger than the standard value, which indicates that
annihilation can occur already in the low density periphery of the nucleus.

The very same procedure is used to deduce event wise the amount of thermal excita-
tion energy E* created in proton induced reactions. As for example Fig. 7.18 shows the
E*-distributions for p+Au and three incident energies, E, = 0.8,1.2,2.5 GeV. All do/E*-
distributions exhibit similar to the p-induced reactions (cf. Fig. 7.17) typical Gaussian-like
shapes from central collisions and a low-E* component decreasing from low E* towards
higher E* from peripheral collisions. The distributions extend to higher and higher ex-
citation with increasing incident proton energy. In Fig. 7.18 the experimental values are
confronted with simulations from two INC models, LAHET and INCL without any pre-
equilibrium option. While the INCL model provides a good agreement at all bombarding
energies, the LAHET code instead largely overestimates the cross section at high E* for
higher incident proton energy E,.
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Figure 7.18: Comparison of experimental(dots) Figure 7.19: Evolution of the en-

and calculated excitation energy distributions ergy dissipation, expressed by the

for p+Au at E, = 0.8,1.2 and 2.5 GeV. The ratio (E*)/ E, in the two reactions

calculations have been performed with INCL2.0 p+Fe, Au with bombarding en-

(solid histogram) and with LAHET (Bertini- ergy E,. Experimental data are

like, dashed histogram). Note that the E* scale shown as dots, results of calcula-
changes from panel to panel. tions by lines.

For thermal excitation energies larger than some 10 MeV and incident proton energies
up to 1.2 GeV the ISABEL code [Yar79, Yar81] coincides with the INCL2.0 predictions
(not shown here). For incident proton energies larger than 1.2 GeV the validity range

5Nevertheless E7,,,/A4=4.3 is still below the expected [Fri90] onset of non-evaporative emission of
IMFs. The observed mean IMF multiplicities for all four reactions are below 1.2 up to the highest
excitation energies and can be fully explained by evaporation.
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of ISABEL is exceeded [Pra89] and consequently should not be applied. For the cut-off
conditions determining equilibration standard parameters have been taken (Table 4.1).
ISABEL and INCL2.0 calculations have been renormalized to the reaction cross section
of 1688 mb (p-+Au} which is widely independent on incident proton kinetic energy. The
different cross sections do/dE* at low E* caused essentially by peripheral collisions can —
among other things — be explained by differences in the nuclear density description of the
nuclei. Probably the 16 step approximation of the nuclear density in the ISABEL code is
responsible for the enhancement of do/dE* at low E* as compared to the other models.

In order to provide an overview of the evolution of E* with increasing bombarding
energy, Fig. 7.19 shows for p+Fe and p+Au the ratio of average excitation energy (E*) and
E,: (E*)/E, as a function of E,. This ratio qualifies the efficiency of energy dissipation.
The experimental data (E*)/E, for Au decrease rapidly from 21% at 0.8 GeV to only
11.5% at 2.5 GeV, while (E*) would still increase slowly from 170 to 290 MeV. The
INCL2.0 prediction follows very closely this decrease, as does the calculation with the
model from Golubeva et al.[Gol88]. The LAHET-simulation, however, provides good
agreement with the experiment only at low E,, while at high E, discrepancies up to a
factor of two in (E*)/E, are observed. Also the average values of the E*-distributions
summarized in Tab. 7.7 indicate that only a small part (approximately 1/10 to 1/56—
depending on the nucleus, the incident energy, and the codes used) of the total available
energy (incident kinetic energy of the proton) can be converted into thermal excitation
energy. The remaining part is carried off by highly energetic nucleons and mesons during
the fast INC.
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Figure 7.20: Kinetic energy spectra of Figure 7.21: Interplay between E* and
7+ and 7° per unit lethargy following Q (cf. Eq. 7.1) for 1.2 GeV p+Pb.
an inelastic reaction of 1.2 GeV protons The in-line graphic shows the anti-
on Au for INCL2.0 and HETC (Bertini- correlation of E* and Q crossing both

like) codes. axis intercept close to beam energy.
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The considerable deviation between LAHET /Bertini on one hand and INCL2.0/ISABEL
on the other hand for higher E* is all the more pronounced as the energy of the incident
proton increases. One assertion which could explain the disagreement is the way the orig-
inally transferred energy is being exhausted or carried away by the different exit particles.
While the INCL2.0 code predicts many relatively highly energetic particles during the
INC, the HETC codes (LAHET or HERMES) produce not only fewer, but also less ener-
getic particles as shown representatively in Fig. 7.20 for 7% and 7° production following
the reaction 1.2 GeV p+Au. All pion kinetic energy distributions shown in Fig. 7.20 are
based on the same inelastic reaction cross section of 1688 mb (for the reaction p+Au).
Evidently the pion spectra show a shift of the 7 energy distributions compared to the 7~
distributions due to the repelling or attractive effects of the Coulomb field of the nucleus
on the emitted pions. Since the pion model implemented in HERMES and LAHET is
essentially the same, the kinetic energy spectra and pion multiplicities predicted by these
codes coincide perfectly.

The appraisement of the quality of pion spectra and production cross sections ¢,;°** is
almost impossible due to the lack of experimental data in the energy regime beyond 1 GeV.
When comparing the INCL2.0 total 7+ and 7~ production cross sections (278 and 225 mb)
with experimental results of Cochran et al. [Coc72] for the reaction 730 MeV p+Pb
(o%%3l = 105mb, o%°'* = 58 mb) the Bertini approach (o¥%f#! = 146 mb, o'°'a! = 82 mb) is
found to overrate only slightly the experimental values. However the measured shape of
the distributions [Coc72] does not agree with the calculated one.

Conferring to Tab. 7.7 as a matter of energy balance the available thermal energy E*
right after the fast INC cascade is smallest for the INCL2.0 calculation since the energy
carried off by fast cascade particles during the INC is generally larger than for Bertini
based models. For the different codes, Eq. 7.1 reflects the energy conservation fulfilled on
an event-by-event base when considering the particle kinetic energies Ey;, and the rest
mass of 139.6 MeV for 7t and 135 MeV for 7° being abbreviated as @ in the following.

total

Epy= Y Exn+t Y, My +E* + S+ Eree (7.1)

0,7t p,n w0,
N

o

»

Adding up Q, the thermal excitation energy E*, the total sum of separation energies
S and the recoil energy of the residual nucleus E. the incident proton energy E, results.
Tab. 7.7 and Fig. 7.21 oppose these quantities for the INCL2.0, Bertini and ISABEL,
respectively. While conserving the total incident energy in all codes, it is obvious that
during the INC the originally transfered energy is re-distributed among the terms of
Eq. 7.1 differently. Both on an average base (cf. Tab. 7.7) as well as on an event-by-event
base (cf. Fig. 7.21) for Bertini at the expense of larger E* (upper panel in Fig. 7.21)
the sum of kinetic energies and multiplicities of emitted particles or @ (lower panel in
Fig. 7.21) is smaller and vice versa for the INCL2.0 approach. As far as the quantities
defined in Eq. 7.1 are concerned for incident proton energies up to 1.2 GeV ISABEL results
are similar to the predictions of INCL2.0. However using the default depth of the nucleon
potential of V; = 40 MeV and looking carefully at the energy balance the separation
energy per nucleon being 1.5 MeV/nucleon in the INCL2.0 model seems unrealistically
small as compared to 7 MeV /nucleon in the Bertini approach or literature. Therefore the
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Table 7.7: Average kinetic energies (Eypn) of pions (spectra shown in Fig. 7.20), protons
and neutrons and mean multiplicities (M) of 7%, 7% p and n produced during the INC for
0.4, 1.2 and 2.5 GeV p+Au. Also values for Q (cf. text and Eq. 7.1) and mean thermal
excitation energies (E*) are given.

incident proton energy 0.4 GeV 1.2 GeV 2.5 GeV
(M)  (Exin) MeV) (M) (Ein) (MeV) (M) (Eiin) (MeV)
INCL2.0 #° 0.066 58.5 0.32 148.8 0.59 312
Tt 0.067 57.7 0.28 158.7 0.47 325
o 0.044 58.8 0.25 108.1 0.47 231
proton 1.755 83.8 2.71 1454 3.02 286
neutron 3.535 39.0 4.70 76.2 4.96 146
Q 320 MeV 993 MeV 2236
E* (MeV) 72 192 247
Bertini #° 0.031 42 0.24 107 0.53 182
(LAHET) =+ 0.021 47 0.22 133 0.48 220
o 0.014 33 0.19 86 0.50 166
proton 1.11  119.0 2.08 179.4 3.19 241
neutron 234  53.0 5.05 67.5 8.38 80
Q 267 MeV 873 MeV 1928 MeV
E* (MeV) 116 283 495
ISABEL #° 0.014 56.8
Tt 0.009 73.3 not accessible
T 0.0047 51.1 due to limitations
proton 1.26  120.1 in the code
neutron 1.71 75.4
Q 286 MeV
E* (MeV) 100 173

authors recommendation should be followed and V; should be put to 45 MeV resulting
in the correct binding energies. However this has very little influence on all observables
printed in Tab. 7.7.

All multiplicities given in Tab. 7.7 refer to an inelastic reaction cross section of 1688
mb—not to the number of primary source protons. The large particle transparency (~
30%) in Bertini-like codes (using substantially larger nuclear radii) in relation to the
INCL2.0 model (< 3%) makes this exact specification and renormalization necessary.

In addition to the different spectra and multiplicities, the Pauli blocking is treated
in a different way. In Bertini, as mentioned only collisions of nucleons with momentum
larger than the Fermi momentum are allowed, while in INCL2.0, the actual phase space
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occupation is taken into account. This leads to a less stringent condition, therefore more
cascade particles can escape and make the energy remaining in the nucleus lower.

A further crucial aspect, however, directly biasing E* after each intra-nuclear cascade
are the cut-off criteria of the codes allowing for further decay of the equilibrated excited
residual nucleus by means of sequential evaparation described by the statistical model. In
the INCL2.0 cade the equilibration time 7 is determined by reaching a constant emission
rate of cascade particles during the INC process. 7 depends on the size of the nucleus,
the impact parameter and on the kinetic energy of the incident proton. Typically 7 is of
the order of 107*%s or 30 fm/c. The longer this somewhat “artificially” chosen time the
smaller E* being left for the evaporation process. In the Bertini like codes the switching is
performed when the most energetic scattered micleon in the nucleus has decreased below
a given cutoff energy of 7 MeV above the Fermi energy.

The question whether the different multiplicities and energies of particles are a matter
of a different basic approach (following the cascade in time) or whether more sophisti-
cated fundamental cross sections in the INCL2.0 code—enabling a dissenting production
mechanism—are responsible can not yet be answered.

Neutron multiplicity M,-distributions for thin targets

In Fig. 7.22 neutron multiplicity distributions for 1.2 GeV p+Al...U are compared with
calculations following the INCL2.0

=

& 1w el 5, e +GEMINI model. These distributions
:Eé, XY are projections onto the M, axis of two
. ' dimensional presentations like the one
atlo given in Fig. 7.13. In order to compare
g the calculated with the measured dis-
i 3 tributions the calculations are shown
W before (dashed histogram) and after
K, (solid, shaded histogram) folding with
! e "'-!_ the neutron energy dependent detection
h'Au efficiency ¢ of the BNB (cf. sec. 6.2.2).
T Note the different M,-scales for the
,,;»f"’ e left and right panels. When taking ¢
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" G o WU between experiment and calculations.
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neutron production cross sections are

Figure 7.22: Measured () and calculated discussed in the following paragraph.

(histogram) do /dM,, for 1.2 GeV p+X.
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Particle production cross sections o,, og and oy, for thin targets
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Figure 7.23: Experimental (symbols) and calculated neutron, H- and He production
cross sections for 0.8, 1.2, 1.8 and 2.5 GeV proton induced reactions as a function of
target atomic number Ztarget- Lines are representing LAHET/ORNL, LAHET/RAL
and INCL2.0+GEMINI calculations. oy and oy, calculations consider the experimental
thresholds i.e the lower cutoff energy for charged particles of 2.2 MeV and the upper ones
of 26, 49 and 76 MeV for p, d and t, respectively. Note different scales of the panels.

The LP production cross sections o,,, oy and oy, for p-induced reactions at various
incident energies are compared with model predictions in Fig. 7.23 as a function of atomic
number Zyrge; of the target. For neutrons (left panel) the experimental production cross
sections have been corrected for the BNB efficiency (cf. Fig. 6.4). Due to lower and
upper energy thresholds of the BSiB detectors, oy (middle panel) corresponds to og =
0p(2.2 — 26MeV) + 04(2.2 — 49MeV) + 04(2.2 — 76MeV) and helium production cross
sections (right panel of Fig. 7.23) to the sum oy, = 03g, + 015, With a lower threshold of
2.2 MeV. Concerning o, a quite satisfactory overall agreement between the presented data
and the code predictions is observed for all targets and incident energies. At higher Ef.
the calculations with the Bertini-like codes tend to be slightly larger than the INCL2.0
results. HERMES results in very similar values for o,,.

By default LAHET and HERMES HETC exert the RAL fission/evaporation code
[Atc89, Atc94] which on its part reduces the Coulomb barriers with increasing E* as

discussed in sect. 4.4.2. The production cross sections for H (all targets) and He iso-
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topes (for heavy targets) are generally overestimated by a factor of approximately two
for Bertini based codes (HERMES, LAHET using RAL evaporation/fission model), while
the INCL2.0 code coupled to the statistical evaporation model GEMINI [Cha88] gives
reasonable agreement with the NESSI experimental data [Enke99, Her00] as also repre-
sentatively demonstrated in Fig. 7.23 for proton induced reactions. As a consequence of
the lowered barriers at high E* (sect. 4.4.2) the He spectra also show an enlarged yield
at low energies near the Coulomb barrier using LAHET(RAL) and are not in agreement
with the experimental values [Enke99] as is illustrated in Fig. 7.24 for 2.5 GeV p+Au.

The small bump at low energies is due to emission of a-particles from FF. In contrast
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Figure 7.24: Measured () and
calculated He- energy spectra
from INCL2.0+GEMINI and Figure 7.25: Production cross sections of He-isotopes
LAHET(RAL) for 2.5 GeV as a function of incident proton energy. Lines are

p+Au. The He-spectra are in- representing LAHET(ORNL), LAHET(RAL), HER-
tegrated over 10° < @ < 80° MES and INCLZ2.0+GEMINI calculations, symbols:
and 100° < 6 < 170° and experimental-data from refs. indicated (cf. text).
rescaled to 4m sr. (adapted The lower cutoff energy for the He-isotopes is
from [Enke99]) 2.2 MeV (also considered in the simulations).

for the LAHET code system applying the ORNL fission/evaporation formalism (dashed-
dotted line in the right panel of Fig. 7.23) not scaling down the Coulomb barriers with
E*, the He-production cross sections reduce drastically below the experimental values,
the predicted production cross sections for H isotopes (middle panel of Fig. 7.23) in con-
trast are still larger throughout all considered target nuclei. As a consequence of the
extremely high thermal excitation energy E* in the Bertini based codes-relative to the
INCL2.0 approach—the charged particle production cross sections of p,d,t,* He and « are
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expected to be larger, because charged particle emission is subject to Coulomb barriers
and therefore preferentially emitted from high excitation energies. Smaller He- cross sec-
tions predicted with the LAHET(ORNL) fission/evaporation formalism as compared to
INCL2.04+GEMINT are found to be a bit surprising, because for He-isotopes not only the
Coulomb barriers of GEMINI and LAHET/ORNL are similar (cf. Fig. 4.5), but also the
thermal excitation energies right after the INC used as input for GEMINI are smaller
than for LAHET as shown in Fig. 7.18. This remarkable finding is interpreted [Hil01] by

1. the Coulomb barriers (at E*=0) for protons being considerably smaller in LAHET
than in GEMINI (cf.Fig. 4.5) and

2. an increasing fraction of He being produced in addition to stable 3*He-isotopes in
GEMINI.

A compilation of published data and NESSI results for He production cross sections is
shown in Fig. 7.25 for a variety of targets as a function of incident proton energy. Previ-
ous measurements essentially exploited mass spectrometry methods [Sch59, Bie62, Goe64,
Gre88, Mic95, Wal76] for gas extracted from irradiated samples and only a few measure-
ments are based on methods with AE-E telescopes for isotope, mass, and energy identifi-
cation [Dub67, Hyd71, Pos71, Wes78, And94, Vol75, Gre80]. As for example for p+Fe the
measured helium production cross sections in the NESSI experiment (440 + 44 mb) are
about a factor of two smaller than from other experiments (792 + 55 mb) [Mic95]. This
corresponds to a discrepancy of a factor of 1.8 or about 6 standard deviations. On the
other hand, the present results for Fe and Ni agree quite well with the older measurements
of Goebel et al.[Goe64]. A large spread of experimental He cross sections found in litera-
ture is also evident when comparing model calculations. The cross sections as calculated
with the LAHET(RAL) and HERMES code are somewhat smaller than the NESSI data
in case of light targets (Fe,Ni,...) while for heavy targets LAHET(RAL) and HERMES
predict larger cross sections and LAHET(ORNL) smaller ones. The calculations with the
INCL2.04+GEMINTI code are in good agreement with the data throughout all nuclei and
incident energies. Recent results of measured mass distributions in the reverse kinematic
reaction of 800 MeV /nucleon Au+p are also well described [Tas98] by the INCL code
coupled, however, to a different evaporation/fission code [Gai91, Jun98]. As pointed out
above the discrepancies between the data and the HERMES and LAHET calculations are
associated with the finding that these codes overestimate E* after the prompt INC and
with different handling of the Coulomb barriers in the employed evaporation codes. As a
function of EF,. LCP production cross sections following spallation reactions on Au with
isotopic resolution of H and He is presented in Fig. 7.26. For this purpose 6 telescopes
made of successive 80 and 1000 pym thick AE Si diodes backed by 7 cm thick CsI crystals
were installed in the BNB scattering chamber and inserted as part of the BSiB at 30°,
75 (twice)®, 105° (twice) and 150°. With these telescopes, clear isotopic separation was
achieved and energy spectra up to 200 MeV were obtained. Again, INCL2.0 describes
the experimental data quite well, except for 3He which is known [Gre88] to be produced
mostly by pre-equilibrium emission. This process however is not considered in INCL2.0.
A comprehensive compilation of currently available data on H- and He- cross sections in
the energy regime up to 2.5 GeV is given in the data bank quoted in sec. 7.3.
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