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ABSTRACT

There is no doubt that fission is the most important nuclear reaction for society
at large today due to its use in energy production. However, this has raised the
problem of how to treat the long-lived radioactive waste from nuclear reactors.
Besides the option of waste depositories in deep geological formations hiding the
waste from the biosphere for millions of years, a radical other solution would be to
transmute the long-lived radionuclides of the waste into stable or short-lived nuclides.
This could be done through nuclear transmutation. Such a transmutation concept
requires accelerator-driven systems to be designed, in which an accelerator with a
spallation target serves as an external neutron source for an under-critical reactor. In
such hybrid reactors, the neutrons could provide the required nuclear reactions for the

transmutation of long-lived waste.

Integral excitation functions for the production of residual nuclides are basic
quantities for the calculation of radioactive inventories of spallation targets in
spallation neutron sources and in accelerator-driven devices for energy amplification
or for transmutation of nuclear waste. For accelerator technologies, production of
residual nuclides has to be described to model the radioactive inventories of the
spallation targets, the activation of accelerating structures, of the beam pipes and
windows and of shielding materials, cooling materials and ambient air. Radionuclide
inventories will determine the final disposal costs of spallation targets and will decide
whether the burn-up of nuclear waste can be counterweighted or not by the creation of
other activation products. Due to the large range of relevant target elements and the
vast amount of product nuclides it will not be possible to measure all the cross
sections needed. Consequently, one will have to rely widely on models and codes to
calculate the required cross sections and validation of such calculations is a high
priority issue. Since previous experiences with predictions of such excitation
functions were not satisfying, two new code systems (TALYS and INCL4+ABLA)
were developed within the HINDAS (High and Intermediate Energy Nuclear Data for
Accelerator-Driven Systems) project. The validation of theoretical predictions is only
possible if highly reliable experimental data are available which allow for systematic

tests of the respective codes. During the last decade, substantial progress has also



been made with respect to the experimental data base, and in particular the HINDAS

project improved the experimental data base considerably.

In this thesis, the production of residual nuclides by proton-induced reactions
on rhenium and uranium is investigated using activated targets from irradiation
experiments at the cyclotron of the University of Uppsala and at the Saturne
accelerator at Saclay. Experimental cross sections are derived from gamma-
spectrometric measurements. For the target element rhenium practically no earlier
experimental data exist. For Uranium, the new data allow to close gaps in our
knowledge and to derive some complete excitation functions. The new cross sections
for residual nuclide production are compared with actual theoretical calculations. This
thesis contributes to ongoing efforts of the European NUDATRA (Nuclear Data for
Transmutation) project within the European IP EUROTRANS.

In this work, comprehensive measurements for the proton-induced residual
nuclei distribution for rhenium and uranium targets are performed. A total of 7146
cross-sections was determined for 363 residual nuclides for an energy range between
78.2 MeV and 2590 MeV for rhenium and between 211 MeV and 2530 MeV for
uranium. The dependencies of the cross sections on incident proton energy and target
nuclei were studied. This resulted in a systematics that may make it possible to give
certain estimates for unmeasured nuclides. The experimental data are discussed via a
comparison with theoretical excitation functions calculated by the INCL4+ABLA and
the newly developed TALY'S codes.
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CHAPTER 1
INTRODUCTION

1.1 NUCLEAR PHYSICS:

Nuclear techniques play an important role in many facets of our daily life and
are an integral part of our socioeconomic development. Be it in medical diagnostics
and treatment, in food security, in industrial process control or in luggage screening at
airports, these techniques serve basic human needs, strengthen industrial
competitiveness or increase our understanding of nature and its processes. However,
triggered in part by accidents in the field of nuclear power, a segment of the general
public perceives anything nuclear as inherently unsafe, ignoring the great number of
nuclear applications beneficial for health, welfare and the environment. Most of these
sentiments are caused by a lack of information and by a misconception. This situation
can only be rectified by showing the many opportunities and advantages provided by

nuclear applications [1].

Besides of a general interest in basic nuclear physics, cross section for the
productions of nuclides in nuclear reactions induced by medium energy protons and
neutrons are of increasing importance for a wide variety of applications. These
applications range from astro- and cosmophysics over space and environmental
sciences, medicine (radionuclide production, dosimetry in mixed nucleon fields,
radiation therapy), accelerator technology (activation of detectors, radiation
protection, on-line mass separation), space and aviation technology to accelerator-

based nuclear waste transmutation and energy amplification [2].

1.1.1 Nuclear Reactions:

The term “nuclear reaction” is quite generic. It is used to refer to interaction of
nuclei with nuclei, individual nucleons with nuclei, nucleons with one another and
even the interactions of photons and electrons with nuclei. Nuclear reactions are the
fundamental means by which we probe the nature of the nuclear force, the structure of
complex nuclei, and the means by which we produce radioactive nuclei for study or

application [3].



The nature of the experimental observation is the following: A beam of
particles, such as protons, deuterons, alpha particles, or heavier nuclei (referred to as
heavy ions), is accelerated to a desired energy and then deflected so as to strike a
target of known isotopic composition. The energy and scattering angle of some of the
products of the collision are measured. For example, in a reaction initiated by protons,
the proton itself will sometimes emerge, deflected in angle but having the some
energy in the centre-of- mass system. This is elastic scattering, the measurement of
the cross section is important because its analysis yields the parameters of the optical

potential.

Sometimes the proton will excite the target nucleus from its ground to some
higher-energy state, thus losing some energy and at the same time being deflected in
angle. This is an inelastic event. The cross section for such an event yields
information on the spin and parity of the nuclear transition and is sensitive to the

wave functions of the nucleons that are excited [4].

In order that a nuclear reaction might occur, the nucleons in the incident
particle, or projectile, must interact with the nucleus in the target. Thus, the energy
must be higher than the natural electromagnetic repulsion between the interaction
partners. This energy barrier is called the Coulomb barrier. If the energy is below the
barrier, the nuclei will bounce off each other. The energy barrier, E., depends on the
atomic numbers of the target nucleus Z; and atomic number of the projectile nucleus
Z,. It can be calculated according to the following equation [5].

1 Z-eZ,-e

E = 1.1
¢ 4me, r (1.1

When E. isin MeV and r in cm

Z,-Z,

E,=144-107" .2 (1.2)

r

Where r represents the distance between the two nucleons and within this distance

nuclear forces become operative. It can be calculated lated as follows:

r=r,(A]” +A}°) (1.3)



Nuclear reactions give us much information about nuclei and nuclear energy.
From nucleon-nucleon scattering we obtained information about the fundamental
nuclear force. With elastic scattering of nuclei, we can calculate nuclear sizes and
investigate the interaction potential. By inelastic scattering to excited states, we get
information about energy levels and quantum numbers. Transfer and knockout
reactions gave us details of the shell model of the nucleus. Fusion reactions help us to
understand many of the astrophysical processes in the sun and different anther stars.
The fission reactions as collective processes gave us good understanding of properties
of the liquid-drop model. From compound nucleus reactions, we know the statistical
properties of the nucleus, and by studying electron scattering, we can learn about the

quark structure of nuclei.

1.1.2 Nuclear Fission:

The discovery of nuclear fission in 1939 by Otto Hahn and Fritz Strassmann,
following years of collaborative work with Lisa Meinter, opened a wide field of
scientific endeavors and new technological possibilities. Within less than five years,
the nuclear fission was applied to the production and successful deployment of a
prototype of a weapon of mass destruction tens of thousands of times more powerful
than anything that had ever been known. Within less than fifteen years the door was
opened to the development of weaponry that could literally destroy a large fraction of
the surface of the earth, and the era of the nuclear terror know as the Cold war was

opened.

From the beginning, the use of fission as a power source was discussed, and
by 1941 Enrico Fermi and co-workers had demonstrated the first controlled chain
reaction based on neutron-induced fission. Following several decades of design and
construction of various types of demonstration plants of relatively small size, the
nuclear power industry began to grow rapidly during the period 1960-1970. In the
United State today something greater than 100 commercial nuclear reactors supply
about 20% of the nation’s electric power. In Japan, roughly 40% of the electric power
production is form nuclear plants, and in France, more than 70% of electricity is
generated by nuclear fission. The discovery of the neutron by Chadwick was perhaps

the most important key that opened the door to fission [3].



Since two or three neutrons are released in every neutron-induced fission
reaction, the possibility of a sustain neutron chain reaction is obvious, as illustrated in
Fig. (1.1). To sustain a fission chain reaction, one or more of the neutrons produced in
the fission event must, on average, survive to produce another fission event. There is
competition for the fission neutrons in any assembly-some will be absorbed in fuel
nuclides as radioactive capture events rather than fission events, some will be
absorbed by nonfuel nuclides, and some will leak out of the assembly. A scattering
event dose not compete for a neutron because the scattered neutron remains in the
assembly and available for causing a fission event, but a scattering event dose change
a neutron’s energy and thus, because the various cross sections are energy dependent,

dose change the relative likelihood of the next collision being a fission event [6].
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Fig. (1.1): Schematic of a fission chain reaction.

Fission is the most important nuclear reaction for society today due to its use
in nuclear power plants. In these reactors, °U is used as a source of energy, which is
released through neutron chain reactions. The uranium reactors were driven by fission

neutrons of low energy (E <2 meV) and the corresponding research field of neutrons



is very well studied. Intermediate-energy neutrons and protons can also induce fission
reactions. These are also of interest, either for the purpose of providing basic
knowledge of nuclear physics or for the applied purpose of applications in
transmutation of nuclear waste using accelerator driven systems. More general,
nuclear reactions at intermediate energies are also of importance for beam monitoring
or dosimetry, for radiation protection, cancer therapy, studies of particle-induced
effects in electronics, etc. Very heavy nuclei (Z > 92) are subject to spontaneous
fission. They can break apart into two nuclei spontaneously without external energy
or interaction. We can understand this by considering the analogy of a charged liquid
drop. If the drop is not too large, surface tension can overcome the repulsive forces of
the charges and hold the drop together. There is, however, a certain maximum size
beyond which the drop will be unstable and will spontaneously break apart.
Spontaneous fission puts an upper limit on the size of the nucleus and therefore on the

number of elements that are possible.

1.1.3 Mechanics of Fission:

Nuclear fission is unique among nuclear reactions since the nucleus divides
into roughly equal parts with the release of a large amount of energy, about 200 MeV
per fission. It is probably no overstatement to say that fission is the most important
nuclear process, both for its potential to destroy civilization through the use of

weapons and its potential through reactors to supply abundant power for all people.

An aspect of fission which has been studied extensively is the distribution of
mass, charge and kinetic energy among the fragments formed in fission. No matter
how nuclei are made to undergo fission, fragments of various masses are formed
which result in production of chemical elements as light as zinc (atomic number 30)
and as heavy as gadolinium (atomic number 64), with half-lives from fractions of
seconds to millions of years. Approximately 400 different nuclides have been

identified as products in the fission of *°

U by neutrons. Study of these fission
products has required extensive radiochemical work and continues as a very active
field of research for example, in the measurement of very short-lived products.
Although fission is an extremely complicated process, and still challenges theorists,

satisfactory models for most of the fission phenomena have been developed [7].

10



The binding energy per nucleon for heavy elements decreases as the atomic
mass number increases. Thus, when heavy nuclei are split into smaller pieces, energy
is released. Nuclear fission can be induced in certain nuclei as a result of absorbing a
neutron. With *°U, *’Pu and ***U absorption of a thermal neutron can set up
vibrations in the nucleus which cause it to become so distended that it splits apart
under the mutual electrostatic repulsion of its parts. The thermal neutron fission cross
sections for these isotopes are 580, 747 and 525 barns respectively. Greater activation

. . . . . 238
energy is required to cause other nuclei to fission. An example is

U, which requires
a neutron with a kinetic energy in excess of 1 MeV to fission. Cross sections for such
"fast-fission" reactions are much smaller than those for thermal fission. Also, fission
does not always result when a neutron is absorbed by a fissionable nucleus. °U

fissions only 85% of the time after thermal-neutron absorption.

Nuclei with an odd number of nucleons fission more readily following neutron
absorption than do nuclei with an even number of nucleons. This fact is related to the
greater binding energy per nucleon found in even-even nuclei, as mentioned in
Section 3.2. The *°U nucleus is even-odd in terms of its proton and neutron numbers.
Addition of a neutron transforms it into an even-even nucleus with a larger energy
release than that following neutron absorption by **U. Fissionable nuclei break up in
a number of different ways. The **°U nucleus splits in some 40 or so modes following

the absorption of a thermal neutron. One typical example is the following [8]:
o+ U= La+Br+2,n (1.4)

The surface tension of a liquid causes a droplet to assume a spherical shape,
but if energy is supplied in some fashion, this shape is distorted. If the attractive
surface tension force is greater than the distorting force, the drop oscillates between
spherical and elongated shapes. If, however, the distorting force becomes larger than
the attractive force, the drop elongates past a threshold point and splits (fission). The
repulsive Coulomb force tends to distort the nucleus in the same way a distorting
force does a droplet, while the surface tension tries to bring it in to a spherical form.
The ratio between the two opposing energies should measure the instability to fission
of the nucleus. The liquid drop model predicts that the probability of fission should
increase with increasing Z*/A. Of all naturally occurring nuclides only ***U can be

238

fission by thermal neutrons, while “°U fission requires energetic neutrons (= 2
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MeV). With increasing Z (> 92) the fission probability with thermal neutrons
increases and the half-life of radioactive decay by spontaneous fission decreases. Both

of these processes are more probable for even Z-elements than for odd Z-elements.

If N and Z are kept constant and the potential energy of the nuclear liquid drop
is calculated as a function of deformation from spherical to prolate, the curve in
Figure (1.2a) is obtained. The nucleus exists normally in the ground state level of the
potential well. In order to undergo fission it must be excited above the fission barrier
which is about 5 - 6 MeV. As the diagram shows, this means excitation of the nucleus
into the continuum level region if the nucleus retains the shape associated with the
potential well. However, if the nucleus deforms, some excitation energy goes into
deformation energy. At the top of the barrier, the nucleus is highly deformed and has
relatively little internal excitation energy. It exists in well-defined vibrational levels,
and fission occurs from such a level. This is known as the "saddle point" (the top of
the barrier) of fission. It has long been recognized that the liquid-drop model semi-
empirical mass equation cannot calculate the correct masses in the vicinity of neutron
and proton magic numbers. More recently it was realized that it is less successful also
for very deformed nuclei midway between closed nucleon shells. Introduction of
magic numbers and deformations in the liquid drop model improved its predictions
for deformed nuclei and of fission barrier heights. However, an additional
complication with the liquid-drop model arose when isomers were discovered which
decayed by spontaneous fission. Between uranium and californium a number of
nuclides were found to decay by spontaneous fission with half-lives of 107 to 10 s,
millions of times slower than prompt fission which occurs within 10™'* s but millions
of times faster than normal spontaneous fission. For example, ***Cm has a ground
state half-life to spontaneous fission of 106 years, while an isomeric state of ***Cm

has been found to fission with t;, of 107 s.

Strutinsky developed an extension of the liquid drop model which
satisfactorily explains the fission isomers and asymmetric fission. For such short half-
lives the barrier must be only 2 -3 MeV. Strutinsky added shell corrections to the
basic liquid-drop model and obtained the "double-well" potential energy curve in

Figure (1.2b). In the first well the nucleus is a spheroid with the major axis about 25%

12



larger than the minor. In the second well, the deformation is much larger, the axis

ratio being about 1.8 A nucleus in the second well is metastable (i.e. in isomeric state)
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Fig. (1.2): (a) The liquid drop model. (b) Same, but modified by shell correction

as it is unstable to decay to the first well or to fission. Fission from the second well is
hindered by a 2-3 MeV barrier, while from the first well the barrier is 5-6 MeV,
accounting for the difference in half-lives. The single-well curve in Figure (1.2a)
predicts symmetric fission whereas the double-well curve in Figure (1.2b) leads to the
correct prediction of asymmetric fission and a thin neck. Incorporation of shell effects

in the fission model also leads to the prediction that the half-lives of very heavy
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nuclides (Z2106) must be longer than the simple liquid-drop model would indicate.

This has led to a search for "super heavy" elements with Z=110-118 [7].
1.1.4 Fission Products:

When a nucleus undergoes fission, a number of products are formed. There

are, of course, the fission fragments, but in addition, neutrons, 7y-rays, P -rays and

neutrinos are emitted [9].

Many different atomic nuclei have been produced by the fission of uranium
and thorium as a result of bombarding them with neutrons. The fact that so many
different fission products have been produced indicates that the excited uranium or
thorium nucleus can split up in many different ways. All of the presently known
fission products are elements in the middle of the periodic table with atomic numbers

ranging from Z=30 to Z=66.

The relative distribution of the different nucleus among fission products
depends on the energy of excitation available for the fission process. Figure (1.3) is a
graph showing the fission yield (in percentages) plotted against the mass number of
the fission fragment for the fission *°U. From this graph it is seen that the most
probable values for the mass numbers of the two fission fragments are about 95 and
139 when two prompt neutrons are emitted simultaneously. It will be observed that
the yield passes through a minimum at mass number 117, corresponding the

fragments of equal mass. The yield curve drops rapidly at mass numbers 72 and 162.

The ratio of the number of the neutrons to the number of protons that is N/Z
for uranium is about 1.6. For stable elements in the range of atomic numbers 30 to 63
the range maximum values of N/Z is 1.3 to 1.5; hence the fission fragment will have
an excess of neutrons. The fission products will therefore be unstable; they will thus
go to more from either by beta disintegration or by the emission of one or more excess
neutrons. Neutrons emitted a metastable time after the fission process is called

delayed neutrons; they play an important role in the control of nuclear reactors.

The isobaric yield shown in Fig. (1.3) only indicate that how many nuclide
with a given A are formed per fission, the total fission yield is 200%. From Fig. (1.3)

one can observe that when the nucleon number of fission nuclei increases, the fission

14



yield distribution changes. The right hump of curve remain at the same position while

the left shifts to higher nucleon number as a result of which the fission yield percent
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Fig. (1.3): Distribution of fission products form Uranium

become less. While with increasing incident particle energy the trough become
shallower. Many heavy nuclei can be fissioned with fast neutrons while few with slow

240

neutrons. It means that nuclei with some exceptions like “"'Pu, only can undergo

fission with slow neutrons which can be used for sustaining chain reaction [10].
1.1.5 Uranium’s Scientific History:

On the 24th September 1789 a German chemist Martin Heinrich Klaproth
announced the discovery of uranium in an address to the Prussian Academy of
Science in Berlin. He named this element as the same after the discovery of recently
planet Uranus. Klaproth made his discovery while analyzing an ore known as
pitchblinde from the mines at Jachimsthal in Bohemia, which nowadays is known as

Jachymov in Czech Republic. Round about 50 years later a Frenchman Eugene

15



Peligot succeeded in getting pure uranium from the ore. In nineteenth century,
uranium ore was mined along with other minerals at Joachimsthal and a few minerals
in Cornwall, England. In U.S uranium was discovered in 1870s. With the discovery of
radioactivity, Henery Becquerel also did experiments over uranium. One of his
students obtained the results which were interpreted correctly and radioactivity was

named for the new phenomenon [11].

Henri Becquerel first observed uranium’s radioactivity in 1896, although he
did not realize the full significance of his discovery. However, one of his students did
correctly interpret his results and chose the name ‘radioactivity’ for the new

phenomenon [12].

Uranium is an element with the atomic number 92. Natural occurrences of
uranium contain three isotopes in the following relative abundances; **U 99.28%,
30U 0.71%, **U 0.0055%. Uranium exploration activities are taking place in Canada,
USA, Australia, India, Russia, Uzbekistan, and in lesser extent in Egypt, Ukraine,

France, and Romania [13].
1.1.6 Cross Section:

Although in principle an approach similar to that employed in deriving the
transition probability could be used for expressing the likelihood that a reaction will
take place under given circumstances, a more direct means of expressing this
probability is offered by the elementary concept of a reaction cross section, which has

the dimension cm” rather than sec™ and thus is represented by an area [14].

The concept of cross section is based upon a consideration of the physical
situation encountered in determining reaction probability in the laboratory. An
incident collimated beam of particles impinges upon target nuclei in a suitable
specimen of material and interacts with these through the processes of scattering,
absorption and/or reaction, thereby becoming attenuated it may be in intensity or
energy, or both by an amount which can be determined by measurements effected on
the emergent beam. The most naive way of picturing the likelihood of interaction is to
visualize the incident beam as made up of point particles which if they directly strike

some part of a target nucleus, set up an interaction, whereas if they miss the target
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nucleus, they produced unaffected. However, this naive conception overlooks both the
finite extension of the impinging particles and the finite interaction radius which may
be presumed to extend quite some way beyond the immediate confines of the target
nucleus. Hence rather than treating the geometrical cross sectional area of nucleus 7r*
as a measure of interaction probability, it is meaningful to ascribe to each nucleus an
effective area & perpendicular to the incident beam such that if a bombarding particle
impinges upon any part of such an imaginary disk, a reaction will occur, but otherwise
no interaction takes place if the particle’s path falls outside the target zone. The
magnitude of the disk’s cross section ¢ depends upon the reaction and upon the

energy; its size is suitably expressed in units of:
1b = lbarn = 10 m* =10 cm’ (1.5)
1.2 ACCELERATOR DRIVEN SESTEM:

In 1996, at GSI, Darmstadt, an European Collaboration started a dedicated
experimental program, devoted to reaching full comprehension of proton-induced
spallation reactions. Accurate knowledge of proton-induced spallation reactions is
relevant both for fundamental research and for technical applications. Among the
latter, the design of accelerator driven system (ADS) and radioactive ion beam (RIB)
facilities relies strongly on knowledge of the formation cross section of residual nuclei
produced in such reactions. This information is needed to calculate the short term and
long term radioactivity building up in these facilities and thus is crucial for designing

the shielding and estimating the residual activation of such devices [15].

Accelerators with high beam intensities (10-25 mA) make it possible to
envisage accelerator driven system for energy production and nuclear waste
incineration. In such systems, the large numbers of neutrons that result from the
interaction of high energy ions (e.g. protons) with massive targets such as lead can be
used to operate sub-critical nuclear assemblies. The chain reaction in an accelerator
driven system is sustained by continuous operation of the driving accelerator and
system remains sub-critical at all time. This cub-critical is the key issue and is the
main advantage of accelerator driven system over conventional nuclear system that
operates only in critical conditions. A sub-critical accelerator driven system provides

the opportunity to use the excess neutrons foe other purposes such as nuclear waste
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transmutation as well as for breeding of fissile material from fertile isotopes such as

2Th [16].

The technical working group that develops common European research and
development programme on ADS system proposes liquid-lead or liquid-bismuth as
suitable spallation materials and coolant. For fast system fuel used is normally in solid
form and is dissolved in salt for thermal system. Though we use also He-gas and
molten salt as coolants in the sub-critical and thermal reactor. But the advantage of
liquid-lead or liquid-bismuth as coolants are, their neutron physical characteristics of
the lead alloys. For example the low absorption cross section for both thermal and fast
neutrons and the high neutron gain of the spallation reaction. Lead alloys also shows
excellent heat transport capacities which allow their applicability even if high surface

heat fluxes present [17].

Fisgion Fragments _ | Wasts Paciaging
Reprocessing Complex XY "1 (vwrincation) | Repository
(every 5 years)

Fig. (1.4): Closing the nuclear cycle with the energy amplifier, a sub-critical device
with a Th-"U fissile core fed with a supply of spallation neutrons. There
is no critical, no plutonium and no problem of actinide waste. At the end of
the cycle, U and other uranium isotopes are recycled to serve as the
initial fissile part of new load of fuel. Thorium is an abundant resource
(mach more than uranium) and supplies could last thousands of centuries.
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Adding that ADS techniques involves the breeding of 23U or #*’Pu from the
most dominant isotopes in natural thorium (***Th 100%) and uranium (**U 99.3%)
respectively. So human needs for energy can be produced by these natural resources
for a very long time. It has been observed that a 1000 MeV proton beam can produce
20 to 30 spallation neutrons per proton. In these produced neutron some are captures
while others are used for fission [18]. The spallation neutron flux could be in the
range of 10" — 10" cm™s™ which depends on the actual power of the proton beam.
We need 10" cm™s™ neutron/proton flux for the incineration of nuclear waste, but
actually there are certain deficiencies that this value of flux is impossible to get and
we are restricted with flux value <10' cm™s”. Detailed simulations showed the
necessity of discarding some schemes and of introducing new ideas as shown in Fig.

(1.4) [19].
1.2.1 Accelerator Driven System Properties:

The important issue in designing an ADS is its inherent sub-criticality and
stability of reactivity. This feature can significantly improve the safety of an ADS.
Contrary to a critical reactor (Figure 1.5), an ADS operates in a non self-sustained
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chain reaction mode, which minimizes criticality and power excursions. The ADS is
operated in a sub-critical mode and remains sub-critical whether the accelerator is on
or off, providing thus an extra level of safety against criticality accidents. The
accelerator provides a control mechanism for sub-critical systems, which is by far
more convenient than control rods in critical reactors. Control rods are not only a
safety concern, they degrade the neutron economy of the system as well. Good
neutron economy is crucial for ADS since it determines the power and consequently
the cost of the accelerator. The ADS provides a decoupling of the neutron source
(spallation source) from the fissile fuel (fission neutrons). It accepts fuels that would
not be acceptable in critical reactors, such as Minor Actinides, fuels with a high Pu

content, and even long-lived fission fragments (e.g. *’Tc and '*T) [20].
1.2.2 Nuclear Waste:

Transuranic elements (TRU) and fission products (FP) are the two main
components of nuclear waste, representing respectively 1.1% and 4% of spent nuclear
fuel. TRU, which are produced by neutron capture in the fuel eventually followed by
decay, can only be destroyed by fission, while FP can only be destroyed by neutron
capture; therefore, different methods will have to be used to eliminate them. As the
long-term radio-toxicity of waste (Figure 1.6) is clearly dominated by TRU, the EA
has been designed to destroy them with the highest efficiency.

At present most of the nuclear waste is kept under surveillance in shallow
depth storage facilities (e.g. cooling ponds in nuclear power plants). However,
concerns about leaks in the biosphere and proliferation risks implies that this can only
be a standby solution to be followed either by permanent storage in deep geological

repositories and/or transmutation into “harmless” nuclear species [20].
1.2.3 Transmutation of Nuclear Waste by ADS:

The transmutation of problematic fission products for waste disposal has
motivated the research of numerous scientists since the 1960s. In the early 1990s the
international community began to consider the concept of ADSs as a suitable
alternative for the elimination of high-level waste (HLW). Several research programs

were launched and led to the definition of several technological alternatives. Among
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the alternatives garnering international attention was the energy amplifier (EA) [21].
The idea of using dedicated sub-critical reactors for transmuting actinides was first
mentioned in open literature by Foster (1974). This idea gained renewed interest when
Carminati et al. (1993) published their work on the energy amplifier (EA), an
accelerator-driven system (ADS) with the potential both to generate electricity in

significant quantities and to transmute high-level nuclear waste [22].
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Fig. (1.6): Time evolution of the potential radio-toxicity (relative to uranium ore) of
the two main components of nuclear waste for PWR spent fuel [20].

Transmutation of plutonium and minor actinides and long-lived fission
products is a promising concept to reduce the radioactive waste and its long-term
radiotoxicity. Partitioning and transmutation are considered as ways of reducing the
burden on a geological disposal. Since plutonium and the minor actinides are mainly
responsible for the long-term radiotoxicity, when these nuclides are removed from the
waste (partitioning) and fissioned (transmutation), the remaining waste loses most of
its long-term radiotoxicity. Transmutation is the process of bombarding a material
with particles to form new atoms with higher masses and/ or to fission the material
into atoms with smaller masses. It can reduce the mass, volume, activity, heatload,

and/or raditoxicity of waste that must be sent to repository. Many different
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technologies have been examined for transmutation, including a variety of reactors
and ADSs. These systems are primarily distinguished by whether they have fast or
thermal neutron spectrums. Transuranics transmutation can be planned in both
thermal and fast reactors. However, a critical reactor with solid fuel and liquid
coolant, thermal and fast, in which neutron production and neutron losses are in
balance, may contain a quite limited amount of particular TRU mixture components
like Np, Am or Cm isotopes, due to safety constraints. This is one of the mains
reasons why the accelerator-driven systems are currently studied worldwide for
nuclear waste burning. Accelerator-driven subcritical reactors have been proposed for
many applications such as energy production, fertile-to-fissile transmutation and
conversion of long-lived radioisotopes into stable or much shorter-lived isotopes. The
transmutation technology to incinerate the longlived radioactive isotopes using an
accelerator-driven subcritical reactor is one of the best solutions. ADS can be
designed to have a fast neutron energy spectrum, and they are subcritical so safety
issues can be considered less significant than in a fast reactor. Another advantage of
ADS is that they can burn mixtures of material that would not maintain criticality in a

reactor [23].

Transmutation of one radionuclide into another is achieved by neutron
bombardment in a nuclear reactor or by an accelerator driven device. A high-energy
proton beam hitting a heavy metal target produces shower of neutrons by spallation.
The neutrons can cause fission in a subcritical fuel assembly, but unlike a
conventional reactor, fission ceases when the accelerator is turned off. The fuel may
be uranium, plutonium or thorium, possibly mixed with long-lived wastes from
conventional reactors. The objective is to change the long-lived actinides and fission
products into significantly shorter-lived nuclides. The goal is to have wastes which
become radiologically innocuous in only a few hundred years. Some radiotoxic
nuclides, such as **’Pu and the long-lived fission products **Tc and '*°I, can be

transmuted (fissioned, in the case of **’Pu) with thermal (slow) neutrons.

The minor actinides Np, Am and Cm (as well as the higher isotopes of
plutonium) are all highly radiotoxic and much more readily destroyed by fissioning in
a fast neutron energy spectrum, where they can also contribute to the generation of

power. With repeated recycle in a transmutation system, the radiotoxicity of the spent
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nuclear fuel can be reduced to the point that after a decay period of less than 1000
years, it is less toxic than the uranium that is originally used to produce the fuel. The
need for a waste repository is certainly not eliminated but the hazard posed by the

disposed waste materials is greatly reduced.

There is an approach for commercial nuclear energy production without a long
term high level waste stream and for transmutation of both fission product and higher
actinide commercial waste using a thermal flux of neutrons in the 1016 n/cmzs range
which can be produced using high-current radio-frequency proton accelerators in the
0.8 to 1.6 GeV energy range. With the recent advances in the proton accelerator
technology it is possible to get such high flux, which is approximately 100 times
larger than that produced in the typically available thermal reactor. When these
protons strike a target of a heavy nuclide with a large radius such as lead,
approximately 55 neutrons are generated per proton. The energy deposited for this
process is about 30 MeV of proton energy per neutron compared with about 200 MeV
of fission energy deposited per useful neutron from a chain reaction in fissile material
such as 235U. This large flux of thermal neutrons makes a possible waste inventory in
the transmutation system which is smaller by about a factor of 100 than the competing
concepts. The accelerator allows the system to operate well below criticality so that
the possibility for a criticality accident is eliminated. The elimination of the use of

control rods makes this process more convenient.

The main constraint on any practical reactor is the use of the available
neutrons per fission primarily for maintaining the chain reaction and secondarily for
other purposes. The extra neutron produced per fission with an accelerator can be
used to transmute waste in addition to keeping the chain reaction on and also for

breeding. Consider the case of */

Np. In a high neutron flux, with the capture of two
neutrons the target nucleus **’Np produces **’Np by fission which is accompanied the
emission of about 2.7 neutrons. So that 2*’Np behaves as a fuel in high flux. In a lower
flux the nucleus ***Np decay to non-fissile ***Np before the second neutron can be
captured. The nucleus may be destroyed by the fission of **’Np with the release of 2.9

neutrons. On average about four neutrons are needed for destruction in the lower flux.

Therefore the **"Np waste is a poison in the low flux but a fuel in the high flux [24].
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1.2.4 Spallation Process:

Spallations a type of nuclear reaction in which the high energy level of
incident particles causes the nucleus to eject many 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 system 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 1GeV

proton on lead [25].

The term spallation covers the interaction of high-energy hadrons (e.g.
protons, neutrons, pions, muons, etc.) or light nuclei (deuterons, tritons, etc.), from
few hundreds of MeV to few GeV, with target nuclei. It corresponds to the reaction
mechanism by which this high-energy projectile knocks out of the target some
nucleons and/or light nuclei, leaving a highly excited residual nuclei which may
excite via particle evaporation or fission leading to the final spallation product.
Depending upon the conditions, the number of emitted light particles, and especially
neutrons, may be quite large. This is, of course, the feature of utmost importance for
ADS. For thick targets, high-energy secondary particles can undergo further spallation
reactions (inter-nuclear cascade). For some target materials, low-energy spallation
neutrons can enhance neutron production through low-energy (n, xn) reactions. For
heavier nuclei, high-energy fission can compete with evaporation (e.g. tungsten or
lead). Some spallation targets such as thorium and uranium can be further fissioned by

low-energy spallation neutrons (41 MeV) [26].

The concept of spallation covers the interaction of high-energy (from a few
tens of MeV to a few GeV) hadrons or light nuclei with nuclear targets. In other
words, it corresponds to the reaction mechanism by which a high-energy hadronic
projectile knocks out of the nuclear target some nucleons and/or light particles,
leaving a residual nucleus (spallation product). Depending upon the conditions, the
number of emitted light particles, and especially neutrons, may be quite large. This is,
of course, a feature of utmost importance for an ADS. Figure (1.7) describes the

spallation reactions produced by a 1 GeV proton in heavy nuclei.
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At such a high projectile energy high compared to the most probable energy of
thermal neutrons (the peak in the Maxwell distribution of energies) of 0.0253 eV it is
no longer correct to think of the nuclear reaction as proceeding through the formation
of a compound nucleus. As shown in Figure (1.7), high-energy protons produce a
wide range of reactions through the interactions with the nuclei. At first, the fast direct
process induced is an Intra- Nuclear Cascade (nucleon-nucleon collisions inside the
nucleus); this reaction depends on the geometrical cross-section of the different
elements rather than the common reaction cross sections used at lower energies. Pre-
Compound Stage (including pre-equilibrium, multifragmentation, Fermi break-up)
and Compound Nuclei (evaporation of neutrons mostly and high-energy fissions) are
subsequent models of interactions between the secondary particles and the nuclei of
the spallation source. Finally, Low-Energy Inelastic Reactions (n, xn), (n, a), (n, y),
etc. are produced once the energy of the secondary particles has decreased below a

certain threshold (assumed to be around 20 MeV for neutrons).
The relevant aspects of the spallation process are mainly characterised by:

» Spallation Neutron Yield (i.e. multiplicity of emitted neutrons), which
determines the requirement in terms of the accelerator power (current and

energy of incident proton beam).

» Spallation Neutron Spectrum (i.e. energy distribution of emitted neutrons),
which determines the damage to and activation of the structural materials
(design of the beam window and spallation target) and the kind of materials to
be transmuted by the source. The spectrum of spallation neutrons evaporated
from an excited heavy nucleus bombarded by high-energy particles is similar
to the fission neutron spectrum slightly shifting to higher energies. The
average neutron energy <En> = 3-4 MeV, higher than the ~2 MeV of the
fission neutrons due to the contribution of direct knockout neutrons. This
higher average energy makes these source neutrons more suitable transmuting
elements with different resonance spectra, although the damage to the

structural materials is also more intense.

» Spallation Product Distribution, determining the radiotoxicity of the residues

(radioprotection requirements).
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» Energy Deposition, which determines the thermal-hydraulic requirements
(cooling capabilities and nature of the spallation target and beam-windows)

[27].
1.2.5 Energy Amplifier:

The energy amplifier (EA) is the result of a ‘cross-fertilisation’ between the
technologies of modern particle accelerators and of nuclear power, in particular the
development of fast-neutron breeder reactors and fuel reprocessing. The underlying
physical principles of energy amplification and the transmutation possibilities of the
device were demonstrated in the FEAT and TARC experiments performed at CERN
[21].
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Fig. (1.7): Representation of the spallation process caused by a proton interacting

with heavy nuclei.

26



The EAs are sub-critical, fast neutron systems, driven by a proton accelerator.
The accelerator bombards a target with high-energy protons, which produces a very
intense neutron source through the spallation process. These neutrons are
subsequently multiplied in the sub-critical core which surrounds the spallation target

[26].

In a sub-critical reactor, the number of neutrons originating from fission is not
sufficient to overcome the losses (due to leaks and absorption of neutrons by some
materials). Therefore, under no circumstances can a chain reaction be self-sustained
and in order for the reaction to proceed, one needs to continuously supply neutrons
from an external source. In an Accelerator Driven System, this external source
consists of neutrons created by spallation when a medium energy proton beam reacts
with a heavy target (usually Lead). The supply of neutrons is proportional to the
proton intensity, which can be modified precisely and with a very short time constant.
The proton beam plays the role of the control bars in a reactor, the difference being
that it is proactive rather than reactive: if it fails, the reaction stops and it can never

lead to an overheating.

In contrast to fission, spallation costs energy and the ability to steer the fission
process will come at a cost, coming from the accelerator beam power needed, and that
cost has to be minimized for the proposal to remain economical. The energy of an
incoming proton results - because it initiates nuclear fission cascades - in the
production of a much larger energy. We say it is amplified (by fission) and call the
device an Energy Amplifier (EA). The ratio between the incoming energy and the
total energy is called the gain G of the amplifier. G is related to the neutron

multiplication factor k [26].

Production

- Absorption + Losses (1.6)

For an efficient control of the reaction, it is enough for the EA to be weakly
sub-critical. We see that k=0.98 is sufficient to ensure that the EA is sufficiently far
from criticality conditions. Setting k=0.98, the neutron deficit, to be supplied by
spallation is s=0.02. For each 100 neutrons, there will be 98 fission and 2 spallation

neutrons (each costing 30 MeV), in the mix. Only part of the neutrons (40% ) will
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induce fission and bring 200 MeV of energy, the rest will be captured or leaked out.
Therefore:
_Return _ 200x0.4x98

G = =130 (1.7)
Cost 2x%30

The gain will be smaller (G=50) if 5% of the neutrons come from spallation
and more generally, it can be shown to be:
G=G L (1.8)
“1-k '
The energy gain was measured as a function of the proton energy Figure (1.8)
and shown to be constant at energies larger than 1 GeV . As shown in Figure (1.9),
only a small proportion of the energy produced by the Energy Amplifier (4 to 6%)

will have to be recirculated into running the accelerator.

Neutrons are created by spallation when a beam of protons coming from the
accelerator interacts with a Lead target. Neutrons lose their energy and diffuse to

interact with a sub-critical fissile core. The heat created by fission is evacuated from
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the core by natural convection in molten lead, through a heat exchanger to a
secondary circuit. The presence of lead results in a harder neutron spectrum than is
the case in usual, sodium-cooled fast reactors. As shown in Figure (1.10), this is opens
up the very important ability of the device to fission practically all actinides with a

reasonable probability.

The use of lead as a heat carrying medium has important safety implications.
In comparison with Sodium (which has been used extensively in critical fast reactors,
Lead is chemically inert and it has a low vapour pressure even at a high temperature.
Its high density allows the use of cooling by natural convection which avoids using
pumps. This is a safety feature: no pumps, no failure. The nuclear properties are also
remarkable: lead being a doubly-closed shell nucleus (the nuclear equivalent of a

noble gas, it has a very low absorption by neutrons.
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opens the way to destroying actinide waste [29].

The schematic principle of the Energy Amplifier is shown in Fig. (1.11). One
safety problem which is specific to the EA and has been much talked about is the

window separating the beam from the target. There is at CERN and other labs an
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Fig. (1.11): Schematic principle of the Energy Amplifier [29].
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extensive experience with proton beams of a fraction of a millimetre diameter and an
average intensity of one microampere. The EA would admittedly involve beams of 10
000 times higher intensity, but then the beam spot would be of some 10 centimetre
diameter so that the current density would actually be smaller. All this has obviously
been included in the detailed simulation and there is a further plan to test
experimentally at lower proton energy (where the energy loss, going as 1/E is actually
greater). One has therefore confidence that the window concept is sound. One cannot
argue that the window would be a weak point in the barrier insulating the reactor core
from the outside world. In fact, should the window break, it would immediately be
replaced by liquid lead flowing up the beam tube, preventing the beam from reaching

the target and thus stopping fission processes occurring in the core [28, 29].
1.2.6 Light Water Reactor:

Today’s nuclear energy system is the result of a fifty-year development during
which this technology has reached industrial maturity and became a reliable resource
for our electricity needs. Most of this development has been concentrated on light
water reactor (LWR) concepts (pressurised water reactors and boiling water reactors)
and their fuel cycle. The success of the LWR is based on the early recognition that
natural fissile material were considered scarce and that nuclear energy could develop
only if systems with low fissile inventories per unit power would be built in the start
phase. LWRs, as initially developed for naval applications, fulfilled this criterion and
used simple and relatively cheap technology that enabled a first generation of power
stations to be constructed rapidly. The necessary uranium enrichment technology was
available from the military development. The significant plutonium generation in
LWR fuels was considered to be an asset because plutonium is an excellent fuel for
fast reactors and the anticipated deployment of fast reactors around the turn of the
century would have required large fissile inventories. In the early days of nuclear
energy, however, the back-end of the fuel cycle was not given the same attention as
the reactors, and the concept of geologic disposal of radioactive waste was not yet

questioned by the public [30].

Figure (1.12) shows the radiotoxicity of uranium-oxide fuel with an average
burn-up of 50 GWd/tHM as discharged from the reference LWR considered in the

present study. In the figure, this radiotoxicity is compared with the radiotoxicity of the
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remaining HLW after separation of 99.9% of the uranium and plutonium, assuming a
cooling time of 4 years between fuel discharge and reprocessing. A decomposition of
the latter into nuclide contributions is also shown. It can be seen that the radiotoxicity
is dominated, first, by short-lived fission products, and later, by actinides. A few
hundred-thousand years after the discharge, the radiotoxicity of the unprocessed fuel
drops to the natural toxicity level for LWRs, i.e. the equilibrium radiotoxicity of the
natural uranium required to fabricate the fuel.18 The separation (and intermediate
storage) of uranium and plutonium would reduce the radiotoxicity of the remaining
HLW in the time frame from 103 to 105 years by an order of magnitude, but it would
still take some twenty-thousand years for the radiotoxicity of this waste to reach the
LWR natural toxicity level. Moreover, when defining a HLW radiotoxicity reduction
goal for a fuel cycle strategy involving reactors with increased resource efficiency, it
should be borne in mind that the natural toxicity level decreases proportionally with
the natural uranium requirement. The figure indicates that, for a pure fast reactor
strategy, the natural toxicity level corresponds about to the radiotoxicity of the long-

lived fission products [30].
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1.3 LITERATURE REVIEW:

In this work we will estimate the product of residual nuclei at medium
energies from rhenium and uranium therefore it will be necessary to review the
exciting literature in these issues. There are two different ways to perform
experiments on is to radiate target fuels and to analyze products after end of
irradiation by of-line measurement technique. This is called experiments in classical
kinematic. The second method is to irradiate high hydrogen target being at rest in the
laboratory frame with high energy heavy ions of the target elements. In this case the
product nuclides will leave the hydrogen target due to their high momentum and can
be analyzed by modern on-line nuclear physics measurement technique. This method
is called experiments in inverse kinematic. In this section we will review the previous

study for nuclide production from reaction between proton and uranium and rhenium.

S.A. Karamian et al. [31] studied that the nuclides production from reaction
between proton and rhenium. They studied the productivity of the spallation reactions
at proton energies of 100-660 MeV for accumulation of the radioactive isotopes and
isomers, and identified many radioactive products of the spallation and fission
reactions, and their yields were compared with theoretical code simulation. They
deduced the cross section for nuclear isomers, and discussed the possibilities to

optimize the method for the long lived isomers production.

The light nuclides produced in the proton-induced spallation of ***U at 1 GeV
were studied by M.V. Ricciardi et al. [15]. They presented 254 light residues in the
element range 7 >Z <37 formed in the proton-induced reaction of **U at 1 GeV.
They also measured and analysed the production of nuclides with 7>7Z<92, and
they determined the velocity distributions of the produced nuclides with high
precision. They found that the nuclides are produced in a very asymmetric binary
decay of heavy nuclei originating from the spallation of uranium and all the features
of the produced nuclides merge with the characteristic of the fission products as their

mass increases.

An experimental combining the conventional radiochemical stacked target
technique and rapid measurements using a gas-jet transport system were carried out

with a purpose of precise determination of charge dispersion and distribution for the
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- . 238
proton-induced fission of

U at two incident energies of 9.4 and 12.4 MeV by H.
Baba et al. [32]. They found fundamental difference in the mass distribution
characteristics between 17.9 MeV and 14.8 MeV excitations. This abrupt change of
the fission characteristics strongly supports the existence of different fission

mechanisms below and above around 14 MeV excitation.

Cross section for the formation of rubidium isotopes 83, 84 and 86 have been
determined for targets from yttrium to uranium irradiated by protons of 0.6, 10.5 and
21 GeV by M. Lagarde-Simonoff et al. [33]. They found that the excitation energies
are very similar for 0.6, 10.5 and 21 GeV protons for all nuclear reaction where the
mean momentum depends only slightly on proton energy. However, the apparent
value of excitation energy diminishes for targets showing a decrease of mean

momentum at 10.5 and 21 GeV.

G. Friedlander et al. [34] studied the excitation functions and nuclear charge
dispersion in the fission of uranium by 0.1 to 6.2 GeV protons. Independent yields
were determined for Rb84, Rb86, Csm, Cs129, Csm, Cs,m, Csm, Cs™*, Cs"® and at
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same energies, Rb™ and Sc'*’. in addition, the independent yield of Ba"' and the

chain yields of Cs'?, cs', cs'?, Lam, Csl35, Cs', Rb* and Rb?” were obtained.

Thin natural uranium targets were irradiated by proton beam energy 660 MeV

at Phasotron accelerator has been studied by Michel et al. [35]. Cross sections for the
formation of residual nuclei "™ U(p, xpyn)sResare determined by methods of

gamma-spectroscopy. 81 long-lived (T;, > 100 days), 121 intermediate-lived (1 day <
T1» < 100 days) and 224 short-lived (T, < 1 day) isotopes (44 of them are in meta-
stable state) were observed. The date is compared with theoretical simulations using
nuclear cascade and high-energy codes including those developed within the

HINDAS project and calculation provided by LANL.

The projectile fragmentation and fission, induced in collisions of >*U at 1
GeV with lea, have systematically has been studied by T. Enqvist et al. [36]. They
gave a complete survey on the isotopic production cross section of all elements
between vanadium (Z=23) and rhenium (Z=75) down to cross section of 0.1 mb, and
identified about 600 isotopes produced in fragmentation and about 600 isotopes

produced in fission.
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CHAPTER 2
EXPERIMENTAL TECHNIQUE

2.1 AIM OF THIS WORK:

The main goal of our work is to determine the integral cross sections for
residual nuclides production by proton-induced reactions with rhenium and uranium
at medium energy range from 78.2 MeV to 2590 MeV for rhenium and from 211
MeV to 2530 MeV for uranium. This study is of importance for accelerator driven
systems such as spallation neutrons sources and systems for accelerator driven
transmutation of nuclear waste and energy amplification. Such types of Studies
provided already database for model calculations of the production of cosmogenic

nuclides in extraterrestrial matter by solar and galactic cosmic ray protons [37-43].
2.2 EXPERIMENTAL WORK:

The target elements relevant in the study on rhenium and uranium for which
the production such as which determent am aluminium which served as beam
monitoring material. Exclusively high-purity materials were used as targets to avoid
additional production of nuclei by interaction of the protons with elemental
impurities. Each target was thoroughly cleaned and weighted before the irradiation.
Typical targets had diameters of 15.0 mm for rhenium or uranium (99.99 % purity)
ranged from 10 to 33 mg/cm® for aluminium (99.999% purity). Both, Re, U and Al
targets were supplied by Goodfellow Metals Ltd., UK. The isotopic composition of
the investigated ™U sample is 0.006% >**U, (0.71% + 0.004) %>U, <0.005% **°U and
(99.27% + 0.01) ***U and for ™Re sample is 37.40% '*Re and 62.60% '*'Re. The
foils were arranged in small stacks in which aluminium foils were arranged in front of
the Re or U targets to allow for proton flux determination via the *’Al(p,3p3n)**Na
monitor reaction. In general, each unit consisted of three aluminium foils and three

rhenium or uranium foils.

The irradiations took place at the SATURNE II synchrocyclotron of the
Laboratoire National Saturne at Saclay and at the cyclotron of the Svedberg

Laboratory at Uppsala. At both locations a stacked-foil technique was applied
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allowing for the examination of many target elements at different energy points with a
minimum requirement of beam-time. We used a modified stacked-foil technique in
order to minimize interferences due to secondary particles Gloris et al. [2]. The
irradiations were performed in air and lasted typically about 12 h to get sufficient
fluence. The beam diameter was controlled via two wire chambers arranged in front

of and behind the stacks at Saclay and by fluorescent .screen at Uppsala.

After the end of irradiation, the targets were transported to Cologne where the
stacks were dismounted and the individual targets separated. A part of them stayed at
Cologne for measurement, another one was transported to Zentrum fiir Strahlenschutz
und Radiookologie (ZSR) Hannover Germany for the same purpose. The 7v-
spectrometric measurements were performed using several high-purity germanium
(HPGe) and germanium-lithium (Ge(L1)) detectors partially equipped with automatic
sample changers to be used for the short-time measurements. Each detector was
connected via pre- and spectroscopy amplifiers to computer-controlled multi-channel
buffers whose built-in ADC digitized the pulses into spectra of usually 4096 channels.
The analysis of the g-spectra was done by the commercially available code GAMMA -
W. GAMMA-W calculates net peak areas via an unfolding algorithm using a least-

squares fit.
2.3 EXPERIMENTS:

Design and preparation of targets, targets irradiation, activities measuring, proton

flux densities in the targets and cross section calculations.
2.3.1 Design and Preparation of Targets:

The Design of the illuminated stacks depended on the following general criteria:

» Avoidance of recoil losses and cross contamination, the loss of activated
nucleons from targets due to recoil effects reduced the activities of the target
and thus leads to wrong computation of cross-sections. On the other hand at
the same time neighbouring targets are contaminated and thus additional or
increased activities are pretended. For this reason a set is always consisting of
at least three targets of the same element, by which the middle is considered

for the measurement where the first one shields from the recoil process and the
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third one shields the other set from cross contamination. Additionally before

each target set three monitors were used which also acts as a shield.

» Thickness of the targets, the thickness of the targets depends on the
manufacturer technical constraints. Targets should be as small as possible with

a mass allocation in order to keep the production of secondary particle small.

The natural uranium and rhenium thin target foils were arranged in small
stacks, as shown in figure (2-1). For each target element, from 3 to 8 individual
targets, each preceded by 3 Al monitor foils, were irradiated. The targets were
arranged in sequence of increasing atomic number along the beam. A distance of 5 cm
between two stacks is enough to make influences of secondaries coming from another
stack negligible due to geometrical reasons. The foils were arranged in two holders,
first one for proton energy < 200 MeV and the other one for proton energy > 200
MeV, at two holders three aluminium targets were arranged in the front, followed by
three uranium or rhenium targets then again three aluminium targets and then another
element and so on. The alignment of the stacks was done by using supporting devices
on which the stacks were fixed. The final supports consisted of Al-frames which were
not hit by the primary beam and in the centre of which the stacks were hanged by thin
threads. The whole arrangement was optically adjusted using a laser beam to ensure

that each stack is in the beam line.
2.3.1.1 Stopping power and rang for nuclei:

Since the stacked foil technique is used, the proton energies should be
calculated in all the different target foils even though the energy degradation was

small for the highest initial proton energies
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Fig. (2.1): Overview of the (a) target holder at Uppsala (b) stacks of target foils at
Saclay.

For calculating stopping power inside the nucleus in our work we used the
computer programme Stack. The total stopping power for a projectile which gets into
collision with the nucleus is the sum of the electronic stopping power, S, due to the
interaction with the target electrons, and the nuclear stopping power, S,, due to the

interaction with the target nuclei.

S =S.+ S, @.1)
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Experimentally it has been found out that for high projectile energies, S; = S,. Sy, is in

the units of eV/(10'" atoms/cm®), while the projectile energy is in keV. S, is given by

8.462-Z,-7Z,-M,-S_(€)

S, (E)= (2.2)
(M, +M,)(Z]™ + 27
Where the reduced ion energy, ¢, is defined as:
32.53-M,-M, - (l\i)
‘ (2.3)

€=
Zl 'Zz (Ml + N[z)(z?'23 + Zgﬂ)
M, and M, are the projectile and target masses (amu), and Z; and Z, is the projectile

and target atomic numbers. For ¢ <30 keV, then

In(1+1.383-¢)
S (&)= 2.4
(8) 2(e+0.01321-£*"%* +0.19593 - £"%) 4

If e > 30 keV, the previous equation will reduced to the following formula

S, (6) =2 2.5)

S can be converted to unites of MeV/(mg/cm?) by multiplying with 0.6022/Ms.

Experimental proton stopping power data are summarized by Anderson and
Ziegler [43]. Reliable data for many elements are available over a wide range of
energies. In order to obtain values for all elements the authors fit curves through the
available experimental data to get coefficients for the stopping power as a function of
proton energy E(keV) and for the target atomic number Z,. S. is assumed to be

0.25

proportional to E™* for E < 25 keV, except for Z, < 6, where it is proportional to E*,
for 25 keV < E <10 MeV, [44]. In this situation

— =4 (2.6)
Se Slow Shigh

For proton energy E, KeV
Siw =A,-E* +A,-E™ (2.7)

and
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A, .1n(‘;6+A7 ‘E)

(2.8)

Shigh = EAs

The coefficients 4; for each Z, are available from TRIM [45]. They are shown in table
(2-1).

Table (2.1): Coefficients for low-energy proton electronic stopping power parameterization.

Z, Vi A A, As A As As A, Ag
1 1.00000 0.01217 0.0053358 1.12874 0.36420 1120.70 1.12128 2477.31 0.009771
2 1.00000 0.48900 0.0050512 0.86135 0.46741 745.38 1.04227 7988.39 0.033329
3 0.59782 0.85837 0.0050147 1.60445 0.38844 1337.30 1.04703 2659.23 0.018980
4 1.07810 0.87810 0.0051049 5.42316 0.20320 1200.62 1.02111 1401.84 0.038529
5 1.04860 1.46080 0.0048836 2.33802 0.44249 1801.27 1.03522 1784.12 0.020240
6 1.00000 2.10544 0.0049079 2.08723 0.46258 1779.22 1.01472 2324.45 0.020269
7 1.00000 0.64564 0.0050829 4.09503 0.33879 2938.49 1.04017 2911.08 0.010722
8 1.00000 0.75109 0.0050300 3.93983 0.34620 2287.85 1.01171 3997.24 0.018427
9 1.00000 1.30187 0.0051414 3.82737 0.28151 2829.94 1.02762 7831.30 0.020940
9 1.00000 1.30187 0.0051414 3.82737 0.28151 2829.94 1.02762 7831.30 0.020940
10 1.00000 4.73391 0.0044506 0.02986 1.49404 1825.36 0.97896 130.76 0.021577
11 1.00000 6.09725 0.0044292 3.19294 0.45763 1363.35 0.95182 2380.61 0.081835
12 0.71074 14.01311 0.0043646 2.26412 0.36326 2187.37 0.99098 6264.80 0.046200
13 0.90519 0.03909 0.0045417 6.96924 0.32976 1688.30 0.95944 1151.98 0.048982
14 0.97411 2.17813 0.0044455 2.60452 0.60885 1550.21 0.93302 1703.85 0.031620
15 0.97184 17.57548 0.0038346 0.07869 1.23881 2805.97 0.97284 1037.59 0.012879
16 1.00000 3.14730 0.0044716 4.97470 0.41024 4005.80 1.00110 1898.80 0.007659
17 1.00000 3.35440 0.0044740 5.92060 0.41003 4403.90 0.99623 2006.90 0.008231
18 1.00000 2.03789 0.0044775 3.07429 0.54773 3505.01 0.97575 1714.05 0.011701
19 0.36552 0.74171 0.0043051 1.15147 0.95083 917.21 0.87820 389.93 0.189258
20 0.62712 9.13157 0.0043809 5.46107 0.31327 3891.81 0.97933 6267.93 0.015196
21 0.81707 7.22475 0.0043718 6.10169 0.37511 2829.22 0.95218 6376.12 0.020398
22 0.99430 0.14700 0.0048456 6.34846 0.41057 2164.13 0.94028 5292.62 0.050263
23 1.14230 5.06114 0.0039867 2.61740 0.57957 2218.88 0.92361 6323.03 0.025669
24 1.23810 0.53267 0.0042968 0.39005 1.27254 1872.68 0.90776 64.17 0.030107
25 1.12220 0.47697 0.0043038 0.31451 1.32893 1920.54 0.90649 45.58 0.027469
26 0.92705 0.02743 0.0035443 0.03156 2.17547 1919.55 0.90099 23.90 0.025363
27 1.00470 0.16383 0.0043042 0.07345 1.85917 1918.42 0.89678 27.61 0.023184
28 1.20000 4.25623 0.0043737 1.56057 0.72067 1546.84 0.87958 302.02 0.040944
29 1.06610 2.35083 0.0043237 2.88205 0.50113 1837.72 0.89992 2376.95 0.049650
30 0.97411 3.10952 0.0038455 0.11477 1.50371 2184.69 0.89309 67.31 0.016588
31 0.84912 15.32177 0.0040306 0.65391 0.67668 3001.71 0.92484 3344.18 0.016366
32 0.95000 3.69319 0.0044813 8.60801 0.27638 2982.66 0.92760 3166.57 0.030874
33 1.09030 7.13728 0.0043134 9.42470 0.27937 2725.83 0.91597 3166.08 0.025008
34 1.04290 4.89794 0.0042937 3.77931 0.50004 2824.50 0.91028 1282.42 0.017061
35 0.49715 1.36827 0.0043024 2.56787 0.60822 6907.83 0.98170 628.01 0.006805
36 0.37755 2.23528 0.0043096 4.88562 0.47883 4972.28 0.95146 1185.23 0.009236
37 0.35211 0.42056 0.0041169 0.01695 2.36159 2252.73 0.89192 39.75 0.027757
38 0.57801 30.77977 0.0037736 0.55813 0.76816 7113.16 0.97697 1604.39 0.006527
39 0.77773 11.57598 0.0042119 7.02444 0.37764 4713.52 0.94264 2493.22 0.011270
40 1.02070 6.24058 0.0041916 5.27012 0.49453 4234.55 0.93232 2063.92 0.011844
41 1.02900 0.33073 0.0041243 1.72460 1.10621 1930.19 0.86907 27.42 0.038208
42 1.25420 0.01775 0.0041715 0.14586 1.73052 1803.62 0.86315 29.67 0.032123
43 1.12200 3.72287 0.0041768 4.62860 0.56769 1678.02 0.86202 3093.95 0.062440
44 1.12410 0.13998 0.0041329 0.25573 1.42411 1919.26 0.86326 72.80 0.032235
45 1.08820 0.28590 0.0041386 0.31301 1.34235 1954.82 0.86175 115.18 0.029342
46 1.27090 0.76002 0.0042179 3.38597 0.76285 1867.39 0.85805 69.99 0.036448
47 1.25420 6.39568 0.0041935 5.46891 0.41378 1712.61 0.85397 18493.0 0.056471
48 0.90094 3.47169 0.0041344 3.23372 0.63788 1116.36 0.81959 4766.03 0.117895
49 0.74093 2.52651 0.0042282 4.53198 0.53562 1030.85 0.81652 16252.230.197218
50 0.86054 7.36830 0.0041007 4.67911 0.51428 1160.00 0.82454 17964.820.133160
51 0.93155 7.71972 0.0043880 3.24198 0.68434 1428.11 0.83398 1786.67 0.066512
52 1.00470 16.77990 0.0041918 9.31977 0.29568 3370.92 0.90289 7431.72 0.026160
53 0.55379 4.21323 0.0042098 4.67533 0.57945 3503.93 0.89261 1468.87 0.014359
54 0.43289 4.61889 0.0042203 5.81644 0.52184 3961.24 0.90410 1473.26 0.014195
55 0.32636 0.18517 0.0036215 0.00059 3.53154 2931.30 0.88936 26.18 0.026393
56 0.51310 4.82483 0.0041458 6.09343 0.57026 2300.11 0.86359 2980.72 0.038679
57 0.69500 0.49857 0.0041054 1.97754 0.95877 786.55 0.78509 806.60 0.408824
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which were calculated with TRIM [45] using the parameterization in table (2.2) for
various target materials, are plotted in Fig. (2.2). High-energy proton stopping
powers, S. = S, calculated using the parameterization in equation (2.9), for 10 MeV
< E, <2 GeV are given in the lower curves in Fig. (2.2). Proton stopping powers for 1
keV < E, <10 GeV and Z, < 92, based on a combination of theoretical calculations
and experimental data (for 20 keV < E, < 1 MeV), have been tabulated by Janni [46].
These values agree within 10% with those plotted in Fig. (2.2). For 10 MeV <E <2
GeV, TRIM2 includes four additional coefficients, Ag through Aj,, shown in Table

.72591
.71202
.67413
.71418
.71453
.59110
.70263
.68049
.68203
.68121
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The proton stopping power, S(('H), for energies 10 keV < E, <100 MeV,

3.27544
2.99783
2.87011
10.85293
3.64072
17.64547
7.53089
5.47418
4.26608
6.83128
1.27070
5.75613
14.12746
6.69476
3.06189
10.81081
2.71007
0.52345
0.46160
0.97814
3.20857
2.00351
15.42995
3.15124
7.18963
9.32087
29.24222
1.85222
3.22200
9.34124
36.18267
5.92839
5.24536
33.70174

.0042177
.0040901
.0040960
.0041149
.0041782
.0040992
.0040814
.0040829
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.0040486
.0040553
.00404091
.0040596
.0040603
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(2.2), to be used in the parameterization

InE
S, :A9+A10'(T)+A11 (

E
244, (—
) +4, (lnE)

InE

41

5.76803 0.54054 6631.29 0.94282 744.07 O
4.52986 0.62025 2161.15 0.85669 1268.59 0
4.25677 0.61380 2130.43 0.85235 1704.11 0
5.89075 0.46834 2857.17 0.87550 3654.17 0
4.87424 0.57861 1267.70 0.82211 3508.17 O
6.58550 0.32734 3931.30 0.90754 5156.66 0
4.93891 0.50679 2519.67 0.85818 3314.62 0
4.89696 0.51113 2340.07 0.85296 2342.68 0
4.50318 0.55257 2076.39 0.84151 1666.56 0
4.39869 0.51675 2003.00 0.83437 1410.45 0
4.62946 0.57428 1626.28 0.81858 995.68 0
4.35700 0.52496 2207.32 0.83796 1579.51 0
5.83039 0.37755 3645.89 0.87823 3411.77 O
4.93612 0.47961 2719.03 0.85249 1885.84 0
3.58030 0.59082 2346.10 0.83713 1221.99 0
1.37671 0.76512 2003.73 0.82269 1110.57 O
1.22895 0.98598 1232.39 0.79066 155.42 O
1.40380 0.85510 1461.39 0.79677 503.34 O.
1.30141 0.87043 1473.54 0.79687 443.09 O
2.01267 0.72250 1890.81 0.81747 930.70 O
3.66577 0.53618 3091.16 0.85602 1508.12 0
7.48824 0.35610 4464.33 0.88836 3966.54 0
1.12374 0.70703 4595.72 0.88437 1576.47 O
4.09956 0.54250 3246.31 0.85772 1691.77 O
8.69271 0.35842 4760.56 0.88833 2888.27 0
11.54282 0.32027 4866.16 0.89124 3213.380
0.16864 1.12264 5687.96 0.89812 1033.26 O
3.15560 0.65096 3754.97 0.86383 1602.02 0
5.90236 0.52678 4040.15 0.86804 1658.35 0
7.92099 0.42977 5180.90 0.88773 2173.16 O
0.58341 0.86747 6990.21 0.91082 1417.10 O
6.40824 0.52122 4619.51 0.88083 2323.52 0
6.79689 0.48542 4586.31 0.87794 2481.50 0
0.47257 0.89235 5295.69 0.88930 2053.30 0

.008303
.043031
.039385
.029955
.241737
.036278
.030514
.035662
.040801
.034780
.055319
.027165
.016392
.019713
.020072
.024958
.047294

036789

.036301
.027690
.015401
.012839
.008853
.015058
.011029
.011935
.007130
.012042
.011747
.009201
.006219
.011627
.011282
.009191

(2.9)



Table (2.2): Coefficients for high-energy proton electronic stopping power
parameterization.

AQ A1U J&‘11 J&"12 ZE P“a A1D A11 A12

417923102 1.85351x102 1.73305x102 1.03342:108 47 152977107 552331%10 -1.31881:10° 3.32206x1
7.87960x10°% 3.37807x102 -1.21551%10% 1.92256:10% 48 155788107 5.66333x10 -1.42120x10° 34364511
1172421072 4.99800:10° -2.05480x10* 2.84840:10° 40 1.58032107 5.74483:10% -1.4340710° 3.473821
153771107 6.39480<10% -2.52185:104 3.6223210%F 50 1.60761«107 580360 10° -1.55052:108 3542051
1.88005:107 7.8535310% 581862104 45502810 51 1.84200:107 5.07036x10° -1.81215:108 3.65844x1
2256721077 0.33404:10% -6.12123:10% 53714010 A0 6.05220410° -1 0% 3.63253¢1
261772407 1.07504x10° -7.38405x10% 6182531 A0 5.25803410% 1 A08 37455311
8 206061107 1.20550x10° -0.10080x10% 6.95374x108 A0 5365384 10° -1.53822:108 3.82146x1
9 3.28578x10°7 1.32120x10° -1.11202¢10° 7.64117x1 A0 5.47955¢10% 1 A0° 4.02778x1
0 3.60771x107 1 0% -1.40758x10° B.40467x1 A0 5.52062¢10% -1 1 1
1 4.04266x10°7 1.55387x10° -5.48654x10* 8.58005x10° 1
2 427369102 1.71185%10° -2.00978x10% 1.01158 1
3 456765x10°7 1.83950%10° -2.75340x10% 110651 1
4 4984000107 1.97154:10° -2.27504:10° 115302107 1
5 530531107 2.00546x10° -2.61762:105 1233101107 1
§ 5.62856:10°7 2.21626x10° -2.01405x 30771 1
7 B.00254x10°7 2.37308410° -3.08937» 1
8 £.34885:10°7 2.48602¢10° -3.00324 1
9 6.61386x107 2.61802¢10° -4.02448 1
20 7.06403:107 2.71378<10° -2.83540x 1
21 7.27608x107 2.82763:10° -4.14705x 0 7.44650» 1
22 740584107 2.95813x10° -5.55510:10F 1.80782:107 17372107 7.84665x10° -2.12622x10°F 4 81611x1
23 7.91888x10°7 3.04568x10° -4.52426x10° 1.80519:107 219975107 7.62460¢10° -2.08183x10F 4 564861
24 8.16522:10°% 3.14779410° -5.50701:10° 1.89345x107 70 2.23522:107 769987+ 10° -2.04404108 4 57783107
25 B.45124x107 3.24480410° -5.97089:10° 1.05801%107 71 2.25280x 1
1
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0" 7.80050%10% -2.2743110° 4.78380:
0! 7.02833
07 816002

0 7.78858x10° -2.18576:x10° 468150
26 B.78728:107 3.35075:10° -6.06019:10% 201321407 72 227785
27 0.08265:107 3.43834:10° -8.35674:10° 206443107 73 2.31358:
28 044268107 353336+10° -8.11807:10° 2.00676x107 74 2.28110
20 0.70308:107 3.63804:10° -6.07373:10% 218179107 75 2.35200:

1 1 1 1 05 4.73988x
1 1 1 1
1 1 1 1
30 1.01064x10°" 3.76368x10° -6.62649x10° 2.22804<107 76 2.38183
1 1 1 1
1 1 1 1
1 1 1 1

10% -2.105001
10% -2.04915x10° 5.21270:
07 8A0728:10° 2.4424510° 4.03146:
0 818025%10° -2.4902710° 4.97212:
07 8.23883x10° -2.48720:10° 498990
0" 828482510 -2.41345¢10° 4.96956:
0 8.43317%10 -2.47420:10° 506460
0 8.47029%10° -2.46266x10° 507107
0" 8.50080x10% -2.5537710° 5.18382:
0 870207%10° -2.51467110° 5.21905
0 8.80265%10° -2.5530110° 5.28151
0" 8.02190x10% -2.65304<10° 5.30186:
0 0.03749

31 1.0381310" 3.87160x10° -7.31501:10° 231014107 77 2.41184»
32 1.08558:107" 3.09456x10° -8.28264:10° 2.32273107 78 2.44750:
33 1.1014710" 4.07755x10° -7 81820:10F 2.42794x107 79 2.48248»
34 1.13619:10" 4.22875x10° -8.26686:10F 2.52500%107 80 2.50060x
35 117630107 4.34895:10° -7.86680:10% 2.56540:107 81 253520
36 1.20336:10°" 4.46500410° -B.70085:10° 285022107 82 2.57190x
37 1.21919:10" 4.62546410° 110030108 2.84798107 83 2.60218:
38 1.27026:107" 4.60242:10° -0.08710:10% 278534107 84 262536
30 1.30043107" 478771:10° -0.41457:10° 2.84240:107 85 2.65602
40 1.32588:10" 4.87885:10° -1.01440:108 201402107 86 2.71675
41 1.35950:107" 4.97111:10° 1.01510:10° 2.95306x107 87 2.74500:

1 1 1 1

1 1 1 1

1
1
1
1

10 -2.60021:108 5 46553
01 9.15207x10 -2.62005x108 543040
0" 9.16992x10° -2.58884x10° 540957
0 9.28632+10° -2.85660x10° 5.49344:
0 9.38302+10 -2.78260x10° 5.59200-
0" 9.45068x10° -2.7843710° 5.61524>
0 94730710 -2.78465x10° 550993
0 9.60075x10 -2.09558x10° 5 75858

42 1.36106x10°" 5.16807-10% -1.41996+108 324104107 88 2.77425
43 140468107 5.19156x10° -1.25060+10% 3.16476:107 89 2.79828:
44 143663107 5.27679:10° -1.26099:10° 3.20340x107 90 2.82865x
45 1467171071 5.37846x10° -1.31024%108 326801107 91 2.85540;
46 150285107 543183+10° 1254501108 325513107 92 287219

1
1
1
1
1
1

=

When a charged particle penetrates in matter it will interact with the electrons
and nuclei present in the material through the electromagnetic force. If the charged
particle is a proton, an alpha particle or any other particle with strong interactions it

can also undergo nuclear interactions, but such nuclear interactions will be less
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Fig. (2.2): Proton stopping powers in various targets for 10 keV<E<2 GeV

frequent [47]. If the particle has an energy of 1 MeV or more, as is typical in nuclear
phenomena, the energy is large compared to the binding energy of the electrons in the
atom. To a first approximation, matter can be seen as a mixture of free electrons and
nuclei at rest. The charged particle will feel the electromagnetic fields of the electrons
and the nuclei, and in this way undergo elastic collisions with these objects. The
interactions with electrons and with the nuclei in matter will give rise to very different
effects. Let us assume for the sake of definiteness that the charged article is a proton.
If the proton collides with a nucleus, it will transfer some of its energy to the nucleus,
and its direction will be changed. The proton is much lighter than most nuclei, and the
collision with a nucleus will cause little energy loss. It is easy to show, using non-
relativistic kinematics and energy-momentum conservation that the maximum energy
transfer in the elastic collision of a proton of mass ‘m’ with nucleus of mass M is

given by:
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AE . = lmvz(LMzJ (2.10)
(m+M)

If the mass of the proton m is much smaller than the mass of the nucleus M, we
therefore have

AE z%mv2(4%j (m << M) @2.11)

max

The energy loss of a high-energy charged particle in matter is given by the Bethe-

Bloch equation.

dE 7 221 2mvymax

o All [0.307(MeV -cm®/ g)] = 5 2 In(m——tmaxy 3% (2.12)
Where,
dE/dx energy loss of particle per unit length.
V4 charge of the particle divided by the proton charge.
c velocity of light.
B v/c velocity of the particle divided by velocity of light.

V2

Y relativistic gamma factor y=,/1— e
p density of the martial.
Zne  dimensionless charge of the nuclei.
Apa  atomic number of nuclei.
I mean excitation energy in eV. Parameter usually determined experimentally. It

is typically around (10 eV times Zyci).

Tmax  maximum energy transfer to the electron. For all particles except the electron
itself this is to a good approximation given by ~ 2m.c’p*y’. For electrons Ty is the

energy of the incoming electron.
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o density correction to ionisation energy loss, important only for very high

energy.

For the purpose of a qualitative discussion the Bethe-Bloch equation can be
approximated as:

3—5 ~p(2MeVem®/ g)g—j (2.13)

For all particles the energy loss decreases with increasing energy and
eventually reaches a constant, energy-independent value. That value is approximately
the same for all particles of unit charge see Figure (2.3). For alpha particles the
velocity is usually much less than the velocity of light and the energy loss is much
larger. However, the Bethe-Bloch equation is valid only if the velocity of the particle
is much larger than the velocity of the electrons in the atoms, and for alpha particles
this conditions is usually not satisfied. For particle velocities that are small compared
to the typical electron velocities in the atoms, the energy loss increases with the
energy, and reach a maximum when the particle velocity is equal to the typical
electron velocity. After this maximum, the energy loss decreases according to the

Bethe-Bloch equation.
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Fig. (2.3): Variation of the specific energy loss in air versus the energy of the charged

particles.
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Since particles lose energy when travelling in a medium, they will eventually
have lost all their kinetic energy and come to rest. The distance travelled by the
particles is referred to as the range. As the particle penetrates in the medium, its
energy loss per unit length will change. The energy loss of a particle as a function of
its distance of penetration is illustrated in Figure (2.4). The energy loss increases
towards the end of the range. Close to the end it reaches a maximum and then

abruptly drops to zero [48].

Energy ‘ Here the particle stops

loss
v

>
Distance of penetration

Fig. (2.4): Schematic representation of the energy loss of particles along their range

in matter.
2.3.1.2 Computer Program Stack:

Since we applied a stacked foil technique we had to calculate the proton
energies in all the different target foils. Although the energy degradation was small
for the highest initial proton energies we performed such calculations for all

irradiations. This was done by a computer program stack version 4.0.

The input file for the program Stack Version 4.0 contains all the information
about all foils in the stack, like the atomic and mass numbers, thickness, masses and
radii of the foils. Subsequently the program is run and we get the values of energies
which pass through each target. Observation shows that after passing through each
target the proton beam losses its energy du to collision with the target nuclei by
making processes like reaction, absorption and scattering with the target nuclei and

with atomic electrons. The following figure (2.5) show that, the relation between
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proton energy and target number in the stack for all irradiation experiments. From
these figures we can see that, the proton energy decreases with increasing the target

number in the stack.
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Fig. (2.5): Relation between proton energy and target number in the stack for all

irradiation experiments.
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Fig. (2.5): Continued
2.3.1.3 Proton Energies Uncertainties:

For calculating the uncertainty of the proton energy in a target three sources
have to be considered. First, the protons leaving the accelerator have an energy
uncertainty AEA. Second, the protons are slowed down in the target foil from an initial
energy E,i to the final energy E,. resulting in an energy spread with a half-width
AEjoss = (En:i - En:e)/2. Third, due to the statistical nature of the slowing down process
there is an energy straggling which can be described according to Ref. [49] by a
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Gaussian distribution with a width (straggling) parameter o;. Consequently, the

uncertainty of proton energy E, in the nth target foil of a stack is given by:

AE, = A +AE +(3" o)’ 2.10)

In general, this resulted in energy uncertainties of less than 1% in all targets.

Theses uncertainties are given in the numerical database.
2.3.2 Targets Irradiation:

The irradiations took place at the SATURNE II synchrocyclotron of the
Laboratoire National Saturne at Saclay and at the cyclotron of the Svedberg
Laboratory at Uppsala. At both locations a stacked-foil technique was applied
allowing for the examination of many target elements at different energy points with a
minimum requirement of beam-time. We used a modified stacked-foil technique in
order to minimize interferences due to secondary particles. The irradiations were
performed in air and lasted typically about 12 h to get sufficient flounce. The beam
diameter was controlled via two wire chambers arranged in front of and behind the
stacks. In this work, we report about results of a total of 13 irradiation experiments

performed and observed in table (2.3).

Table (2.3): Overview of the name of irradiation experiment, where E,; is the
praimary energy, E, s is the starting energy, tg, is the time at end of irradiation, t;, is
the time of irradiation and ¢ is the mass per unit.

Eperiment

Ey;(MeV)

tEol

tirr (S)

UPPSOC

175.9£1.0

19.01.1994 / 2310

25200

UPPSOG

136.1+0.5

21.02.1995 /212

12000

SACLOC

1600

14.10.1993 / 08>

60180

SACLOD

1200

15.10.1993 / 08Y

74040

SACLOE

800

19.05.1994 / 08%

86940

SACLOF

600

20.05.1994 / 11%

91260

SACLOG

400

06.10.1994 / 08%

121200

SACLOH

330

07.10.1994 / 072

76200

SACLOL

2600

11.07.1995 / 071

72180

SACLOM

1400

04.10.1995 / 14%

70980

SACLON

1000

05.10.1995 / 092

60480

SACLOP

280

22.05.1996 / 092

55500

SACLOR

2600

23.05.1996 / 09%
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Thirteen irradiation experiments were performed at the SATURNE II
synchrocyclotron of the Laboratoire National Saturne at Saclay and at the cyclotron of
the Svedberg Laboratory at Uppsala. Table (2.4) has the parameters for all

experiments.

Table (2.3): Irradiation experiments at Uppsala and Saclay.

Irradiation Target mass | Atomic weight | Proton energy

Flux density in

target name

in mg

in amu

in MeV

REUG431

471.5

186.207

7.82E+01

1.37E+11

REUCT751

509.02

186.207

8.19E+01

9.31E+10

REUG361

517.97

186.207

9.00E+01

1.455E+11

REUC683

516.91

186.207

9.34E+01

1.03E+11

REUG311

475.32

186.207

9.80E+01

1.51E+11

REUC603

464.5

186.207

1.05E+02

1.11E+11

REUG251

524.07

186.207

1.08E+02

1.55E+11

REUGI191

485.32

186.207

1.15E+02

1.58E+11

REUGI101

508.79

186.207

1.24E+02

1.61E+11

REUCA453

521.15

186.207

1.25E+02

1.22E+11

REUG041

512.1

186.207

1.31E+02

1.62E+11

REUC381

517.65

186.207

1.34E+02

1.25E+11

REUC291

461.85

186.207

1.45E+02

1.29E+11

REUC221

520.33

186.207

1.53E+02

1.31E+11

REUC141

472.41

186.207

1.62E+02

1.32E+11

REUCO071

503.35

186.207

1.69E+02

1.34E+11

RESH222

493.63

186.207

2.51E+02

9.89E+08

RESG222

505.44

186.207

3.31E+02

1.52E+09

RESF222

516.36

186.207

5.58E+02

2.79E+09

RESE222

476.43

186.207

7.63E+02

2.91E+09

RESD203

503.41

186.207

1.17E+03

3.80E+09

RESC203

513.99

186.207

1.57E+03

7.50E+09

RESL222

524.11

186.207

2.59E+03

2.64E+09

UUSM272

631.9

238.0289

2.11E+02

7.11E+09

UUSK?272

554.1

238.0289

1.00E+03

1.71E+09

UUSL272

651

238.0289

1.40E+03

1.76E+09

UUSN272

628.05

238.0289

2.53E+03

1.62E+10

2.3.2.1 Uppsala Proton Accelerator:

The (Theodor) Svedberg (1884-1971) professor in physical chemistry at
Uppsala University from 1912 to 1949 , was awarded the Nobel Prize in chemistry in
1926 for his research on dispersed systems (colloidal solutions). He invented the

ultracentrifuge, which was wused in the discovery that proteins consist of
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macromolecules. Towards the end of the 1930's The Svedberg and his colleagues built
their first accelerator, a neutron generator. In 1945, a donation from the Gustaf
Werner Corporation gave the opportunity to build a much larger accelerator, a
synchrocyclotron. The Gustaf Werner Institute with the synchrocyclotron as the main
research instrument was founded in 1949 and continued to act as a base for research
in high-energy physics and radiation biology until 1986 when The Svedberg
Laboratory was established. Intensive discussions concerning the type and size of
accelerators Swedish research in nuclear and high-energy physics should have at its
disposal took place in early 1980's, One result of this process was that a decision was
taken to bring the magnets of the so-called ICE-ring (Initial Cooling Experiment)
from CERN to Uppsala. The accelerator ring was rebuilt as a cooler and storage ring
and given the acronym CELSIUS (Cooling with Electrons and Storing of Ions from
the Uppsala Synchrocyclotron). Figure (2.6) shows that the overview of the institute.
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Fig. (2.6): An overview of Uppsala proton accelerator TSL.

The Svedberg Laboratory (TSL) in Uppsala is a cyclotron facility with a reputed
mission in proton radiotherapy, interdisciplinary research and commercial irradiations

[50, 51]



2.3.3 Measurements of Activities:

The activities at the end of irradiation were calculated by performing v-
spectrometry with six high purity germanium (HPGe) and germanium-lithium

(Ge(L1)) detectors. According the following equation we can calculate the activities:

Np (EY) -100
ABOC =
Eff(EY) . IY(EY) -TOC

(2.11)

Where,

Apoc activity at the began of count. Np net peak area of peak at E,.
Eff(E,) absolute efficiency. Iy intensity of emitted y-ray.
TOC time of counting. E, gamma energy.

2.3.3.1 y-Spectrometry:

After the irradiation the stacks were transported to Zentrum fiir Strahlenschutz
und Radiodkologie (ZSR) Hannover Germany for offline gamma-spectroscopy.
Gamma-quanta are usually emitted by the decay of a nucleus and possess energy
characteristic of the nucleus and can be detected by means of suitable detectors over
their interaction with the subject. Semiconductor crystals, e.g. Si (Li), Ge(Li) or
HPGe (High Purity Germanium) are used to form the core of the detectors. The
interaction of gamma-rays with the detector core produces free charge carriers.
Although a large number of possible interaction mechanisms are known for
interaction of gamma-rays with matter, only photo-electric absorption, Compton
scattering and pair production, these three types play major roles in radiation
measurements. The charge produced with complete absorption of a photon in the
crystal is proportional to the energy of the quantum. It can be converted into impulses
via amplifiers. These again can be digitized with analogue-digital converters (ADC)
and be assigned according to their sizes in different channels of a multi-channel

buffers (MCB).

The detectors are connected via spectroscopic amplifier to the computer

controlled multi-channel buffer (MCB). The built in ADC (analogue digital converter)
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digitalized the received pulses into spectra of usually 4096 channels as shown in

figure (2.7). The amplification was chosen for the registration of gamma-quanta with

[
l_ MuRichannel

Scope
Fig. (2.7): Germanium detector and associated counting equipment.

energies between some keV to about 2 MeV. Typical resolution ranged from about 1
keV at 122 keV of >’Co to about 2 keV at 1332 keV of ®®Co. The ADC measured the
counting time C;, and also the life time L; during the impulses were actually digitized,
so that from these information the dead time could be computed by tp= tc -t.. The
spectra is viewed in the computer screen and it is stored together with information of
the illuminated sample, e.g. name of the detector, measuring geometry, energy
calibration as well as measuring time and life time in a standard format for further
processing. The cooling medium for all detectors is liquid nitrogen. In liquid nitrogen
(LN3) cooled detectors, the detector elements are housed in a clean vacuum chamber
which is attached to or inserted in a LN, Dewar. The detector is in thermal contact
with the liquid nitrogen which cools it to down to 77 °K or -200 °C. A cross sectional

view of a typical liquid nitrogen cryostat is shown in Figure. (2.8).

To avoid problems with too high dead times and pile-up effects the distances
between sample and detector window were varied between 5 and 50 cm. thus it was
possible to keep the dead time below 10% with no detectable pile-up effects. The
large distances were used especially for the short time measurements shortly after the
irradiations because of the high activities of the samples. In this geometric no lead
shielding of the detector was possible but interferences with background y-lines were
negligible anyway due to the short counting times as well as due to the high Compton
background caused by the measured samples themselves. There are many kind of

detectors and distances were used as shown in table (2.4).
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Fig. (2.8): A cross sectional view of a typical liquid nitrogen cryostat.

Table (2.4): Detectors and distances were used.

Detectors Distance in cm Detectors Distance in cm

5
13
GELIN4 15 GE NEU

20

5
5.5

10
15
5

10
15

5
15

2.3.3.2 Calibration of energy:

Gamma ray spectrometry serves to identify radionuclides and to measure their
activities. It is then necessary to identify the energies of all -rays of interest. This
requires the energy calibration of the detector to permit measurement of detected -ray
energies which is usually done as a function of their pulse height. The calibration is
carried out for various gamma energies. The absolute calibration of the all v-

spectrometers was performed for each geometry used by calibrated radionuclides
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sources of 2! Am, '**Ba, *’Co, *’Co, *’Cs,'*’Eu, and **°Ra with certified accuracies of
< 2 % supplied by PTB Braunschweig, Germany. Energy calibration was done using
least squares fit to a 2nd order polynomial for the energies of the calibrated

radionuclide sources.
2.3.3.3 Calibration of efficiency:

For the measurement of activity of the radionuclide, knowledge of the detector
efficiency is necessary. The efficiency of a detector is measured and calculated for the
purpose to investigate that how much a detector is sensitive to radiations. All radiation
give rise to pulse height for each quantum of radiation which interacts with the active
volume of the detector. For primary charged radiation such as alpha and beta
interaction excitation or ionization take place. And after travelling small distance
within the matter they are stopped. Uncharged radiation such as gamma rays travel
large distances and after interaction within the active volume they give rise to a pulse
height. The amount of emitted gamma rays form the source to the radiation detected
by the detector is known as the efficiency of the detector. Radioactive nuclide emits
photons in discrete pattern, so peaks at photon specific energies occur in the spectrum.
For calculation of efficiency standard point sources 2 Am, *°Ba, *'Co, “Co, 'Cs,
52Ey, **Na and **°Ra were used. These sources emit —lines at specific energies. In
spectrum these peaks gives net peak areas. Calculated peak areas are proportional to
the number of radioactive atoms that have been decayed during the measurement [52].

Efficiencies are subdivided in two groups.
Absolute efficiency which is given by:

number of pulserecorded

~ numberof radiation quanta emitted by the source

8abs

The Second in known as the intrinsic efficiency by:

number of pulsesrecorded

~ numberof quantaincident on thedet ector

int

These both efficiencies are related to each other by &, = €,.(4n/C2) where Q is

the solid angle of the detector seen form the actual source position. If we neglect the
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coincidence detection probability of two gamma rays, then we can calculate the factor

of probability by the product of two probabilities:
» The energy emitted during the decay of gamma ray.
» The registration of this gamma ray in the spectrum.
The counting efficiency which is defined by:

number of det ected photons

Probability of detection = -
number of emitted photons

depends on the detector, sample properties, and the relative distance between the
detector and the source. For a given detector the efficiency is a function of a sample
shape, size, composition, the distance between the source and the detector, and the
photon energy. For calculating the efficiencies standard sources were measured at
different distances. These sources have known activities and half lives from which the

efficiencies were calculated by:

N -100 1
IY(EY) ’ tD ’ Aref e_}VtC

e;(E,) = (2.12)

Where,

N, net peak area recorded by the detector.

I, intensity of the gamma line in %.

to time of decay.

As  activity of standard source at the reference data.
te time of counting for measurement.

A decay constant.

The efficiencies were repeatedly checked for all geometry for the different
detectors. The absolute efficiency of the different detectors was calculated at the

specific energy of the standard sources for each geometry and measuring distances.
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But, the y—spectra of irradiated targets have different y—energies. So, we need some
fitting function to calculate the absolute efficiency for any considered y—energy. We
used for this purpose the so-called Gray and Ahmad fit function [53] for calculating
the absolute efficiency at any interesting y—energy in the energy range below 300
keV. For y—energies above 300 keV a linear-class fitting function was used. This
linear function is defined by:

l+k-In(E.,)
ex(E,)=¢ ! (2.13)

2.3.3.4 Fit function:

Efficiency functions were obtained by fitting a double-logarithmic linear function to
the experimental efficiency data above 300 keV. Below this energy a fit function
according to Gray and Ahmad [53] was chosen. These authors constructed two linear
classes of Ge(Li) detector efficiency functions and assessed their range of

applicability using a large number of independent efficiency data sets. We use that

class that is defined by:
1 3 E i-1
E (E)=—> a | In— 2.14
ff( y) EY ; i [ EO j ( )
Where,
E, energy in MeV. aj Gray fit parameters.
E, energy of the calibrated source.

This equation 2.14 determines the absolute efficiency. Application of this fit
produce 8 parameters which we use to calculate the detector absolute efficiency at
different energies. The efficiency of any detector is always less than 1, i.e., 100%
which one can also see for example from Fig. (2.9). This is because of the size of the
detector and the feint solid angle covered by the detector in given geometry. The
decrease of the efficiency with increasing gamma energy is due to the decreasing
probability of gamma quanta to deposit it is total energy in the detector. The decrease
of the efficiency fig (2.9) at low energies is due to absorption of gamma quanta in the
detector cap and in the death germanium material and at the end we get the resulting

efficiency.

57



1E-02 —

GELIN4 at 5 cm GELIO3 at 15 cm

1E-03 +

Efficiency

1E-04 iy iy ' '
1E+01 1E+02 1E+03 1E+04 1E+01 1E+02 1E+03 1E+04

Energy in keV

Fig. (2.9): Comparison of experimental efficiency (m) and Absolute efficiency with
Gray-Ahmad fitted function (—).

2.3.3.5 Uncertainty of the efficiency calibration:

Results of physical measurements are likely subject to errors, e.g. failure of
correction for removal of background. Results of measurements of radioactivity and
many other properties are subject to two types of uncertainties known as random and
systematic uncertainties. Errors in principle can be avoided, but uncertainties can not
be avoided. In principle a measured can not be completely described without an
infinite number of information. Suppose we have a measured Y which is determined

by N other quantities. i.e.,
Y=f(X1,X2,...,XN) (215)

Xj are the input quantities and may depends on other quantities and correction
factors for systematic effects. The correction factors can also be considered as other
sources of variability such as different observers, instruments, samples, laboratories,
and times in which observations are made. Where f is a functional relation describing

the model of evaporation. If we represent measured Y as an estimation y by:
y=f (X1, X2,..., XN) (2.16)

Then we can write this estimation as an average of:

N
ZHKW&MMXM) (2.17)

y=Y= 1
n5i5

i n
'Y, =
0o
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Due to this reason we take y as arithmetic mean or average of n independent
determinations Yk of Y. Here each determination has the same uncertainty and each
being based on a complete set of observed values of N input quantities obtained at the

same time. So, we can write the combined standard uncertainty in y as:
2 < af 2 2
u’(y) =2 (5" wi(x) (2.18)
i=1 aXl

Now the overall uncertainty in the mean of a series of measurements, resulting
in y= ZXi can be added in quadrate ie., u’(y)= Zuz (x;,) [54]. It is readily
i=1 i=1
verified that linear additions add more weight to the overall uncertainty than quadrate
additions. So from the above statement we can write the combined standard

uncertainty in efficiency as

ue) | _[uN,) 2+ u(l,) 2+[u(T0C)T+ uA) 219
ey N I ToC Ao '

p Y

and as u(BoC) << ToC, so we neglect this term in the above equation. The u(As.) is

calculated as:

[u@‘\ﬁoc)} _ {‘“Aw)} + (BoC + DoCy: - u*(h) (2.20)

A BoC DoC

The uncertainty in the net peak area we get by evaluating the spectrum by

code Gamma-W [55].
2.3.3.6 y-spectroscopy evaluation:

The analysis of the y-spectra themselves, the unambiguous identification of
nuclides and the selection of activities used in the final calculation of cross-section
turned out to be the most time-consuming step in the experiments. The y-spectra of
uranium and rhenium targets irradiated with medium-energy protons are extremely
complex exhibiting for example 445, 550, 597 and 707 peaks for uranium and 271,
286, 325 and 329 peaks for rhenium in a 4096 channel spectrum covering A-energies

up to about 2MeV figure (2.10-2.11). The complexity of the spectra has two reasons.
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After short decay times the spectra are dominated by a large number of radionuclides
which have extremely complex decay schemes. After their decay the spectra stay
rather complex because some long-lived radionuclides which are produced with large
cross-sections also have very complex decay schemes or decay to short-lived daughter

nuclides.

The analysis of the y-spectra was done by the commercially available code
GAMMA-W [56, 55]. GAMMA-W calculates net peak areas via an unfolding
algorithm using a least-squares fit [57, 58]. For an evaluation, regions of a spectrum
are defined in which all peaks are unfolded simultaneously after the background has
been calculated according to Refs. [58, 59]. Peak shapes are assumed to be Gaussian
with a low-energy tailing. For each detector and measuring geometry, parameters
were determined and supplied to the code which describes as function of energy or

channel numbers the full-width at half-maximum of full-energy peaks and their

tailings.
1IE+06 T
tdecay= 1d tdecayz 17d
tcount= 0.7 h tcount= 6.1h
1E+04 +
1IE+02 +
j22]
= IE+00
g IE+06 ;
U tdecay= 47d h tdecay= 182 d
tcount= 113 h tcount= 45.6 h
1E+04 -
1IE+02 -

1E+00 t 1 T
0 1000 2000 O 1000 2000

Gamma energy in keV

Fig. (2.10): Examples of y-spectra for rhenium sample irradiated with 2590 MeV
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The whole evaluation procedure can be done either in an automatic mode or
interactively by the user. Although GAMMA-W is a sophisticated and successful
code [60], detailed tests showed in our case that for such complex spectra as shown in
Figure (2.10-2.11) the automatic mode is not reliable enough with respect to the
necessary regioning of the spectrum, peak recognition, background determination,
multiplet deconvolution and net-peak area calculation. Thus, we analyzed each
spectrum interactively, making sure to get a maximum of information out of each
spectrum. Proceeding in this way means, however, to give up the reproducibility of a
spectrum analysis in contrast to the automatic and strict application of a mathematical
algorithm. Therefore, repeated spectra analyses were performed independently by
different persons. The results obtained in this way always were in excellent agreement

within the limits of uncertainties of the unfolding procedure.

1IE+06

1E+04 +

1IE+02 A

tdecay= 7d tdecay= 27d
tcount= 15h tcount= 47.4h
z
= 1E+00
2 E+06
@)
1E+04 4
1E+02 4
tdecay= 46 d tdecay= 99d
teoun= 71.5 h teoun= 69.4 h
1E+00 L L L . t . . . . + - - - :
0 1000 2000 O 1000 2000

Gamma energy in keV

Fig. (2.11): Examples of y-spectra for uranium sample irradiated with 2530 MeV.
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2.3.3.7 Radionuclide identification:

Besides the spectrum analysis, an automatic and unambiguous identification of
product nuclides turned out to be rather complicated. Most codes - and also
GAMMA-W - offer such capabilities, but a general applicable algorithm that can be
used with some confidence for complex spectra seems not to exist. By using the
output (net peak area file) of the analyzing code GAMMA-W, the identification of
radionuclides had to be done. The identification process starts with the spectra having
the longest decay times. First such lines are selected which can be unambiguously
identified. Then, successively going back in time the identified nuclides are searched
for in the preceding spectra by calculating their respective activities and looking
whether these activities should be detectable in the spectrum under consideration.
Applying this algorithm decreases the number of possible nuclides in a spectrum. For
quality control, from measured activities, we calculated the half-life times T;, for
considered radionuclides and compared it with its real value T;, from recent

evaluations to ensure that the identification of radionuclides were correct.

The identification of radionuclides was only performed for y-energies above
95 keV. Below this energy it was impossible to get quantitative results due to the
variety of overlapping X-rays and y-rays of the produced radionuclides as well as
from the lead X-rays themselves. Nuclear data for the identification step were taken
from the compilation of Reus and Westmeier [61]. Although this publication is
relatively old, it has the advantage that for radio-nuclides having short-lived daughters
also the y-lines of the daughters are listed as decay properties of the parent nuclide.
This allows an uncomplicated evaluation procedure in contrast to other types of
compilations. Consequently, abundance data may sometimes become larger than unity
and do not represent the real physical decay properties of the respective radionuclide.
In spite of its age, the data of this compilation are in good agreement with those of a
more recent compilation [62] for most radionuclides. Only in some cases there were
some deviations that had to be corrected according to more recent databases, e.g. one
v-line from '"*™n the energy of which had to be changed 191.6 keV to 190.3 keV
[63].
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2.3.3.8 Selection of reliable data:

After nuclide identification and calculation of their activities had been done,
the last step before calculating cross sections is to gather all activities calculated from
the spectra in one file sorted by nuclide. By this way we get a survey over all
measurements for each nuclide and its y-lines allowing for half-life control as well as
for checking of consistency of activities determined using different y-lines of a
nuclide. By selecting activities that are judged to be reliable cross section are

calculated as described latter.

This judgment is performed on the basis of objective and subjective criteria.
Objective criteria are e.g. the agreement of the activities derived from different y-lines
of a nuclide and constancy of the activity calculated for the end of irradiation from
several measurements (our half-life control). Subjective criteria are based on the
experience and knowledge of the evaluator about the entire spectrometric method and
their characteristic properties, about spectrometric interferences and about the physics
of the underlying problem. From calculation of the activities at the end of irradiation
we calculate the activity at end of irradiation, which are further used in calculating the

Cross sections.
2.3.4 Proton Flux Densities in the Targets:

The flux densities were determined via the monitor reaction >’ Al(p,3p3n)**Na
using cross sections as described in detail in [64, 65]. For this purpose our each unit in
the stacks consisted of three aluminium foils and one uranium foil or rhenium foil for
the SATURNE II synchrocyclotron of the Laboratoire National Saturne at Saclay and
the cyclotron of the The Svedberg Laboratory at Uppsala.

The flux densities were determined via standard monitor reaction
" Al(p,3p3n)**Na. For calculating flux density, cross-section data for relevant energies
from [64] were considered. The use of aluminium as a target material has some
advantages. This can be produced economically in highly pure form, so that no
reactions from the impurities are required to be considered. Using the guarded Al
target in the middle the flux densities were determined by measuring the 22Na

activity via the gamma-energy line at 1274.5 keV. The measurements were done
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between 3-5 months after the irradiation. The activities were measured via the

equation (2.11) and the flux density will take the following form:

Where,

A(EOI) activity of **Na at end of irradiation.

c monitor cross section for the 2’ Al(p,3p3n)**Na reaction.

A decay constant of **Na. m mass of aluminium target in g.
Na Avogadro number. TOI  time of irradiation.

In figure (2.26), we can present the excitation function for the monitor reaction
*"Al(p,3p3n)**Na. The excitation function is composed of maxima followed by a
sharp decline which is in accordance of the theory, addition a good agreement with

the data from Ref. [66, 67].
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Fig. (2.12): Monitor excitation function for the *’Al(p,3p3n)*’Na reaction.

The uncertainty of the flux density is mainly determined by the uncertainties
of the efficiencies and of the activity of **Na. The uncertainty of flux density u(®)

was calculated by the following equation:
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_ - u(A(EOD)

@) =" Eon

(2.22)

Where, u(A(EOI)) is the uncertainty of the activity of **Na at the end of
irradiation EOIL, @ is the flux density, and A(EOI) is the activity of **Na at the end of
irradiation. No uncertainties were attributed to the monitor cross sections. Moreover,
we do not consider an uncertainty in the monitor cross section due to an uncertainty of
the proton energy because the monitor excitation functions does not vary in the

energy region covered.

2.3.5 Cross Section Calculations:

For completeness we give a short survey on the calculational procedure by
which cross-sections were derived. In a measured y-spectrum we obtain a number C
of counts in a net full-energy peak at y-energy E, where a nuclide emits y-quanta with
an abundance I,(E,) which are detected with efficiency &,(E,). C is related to the
activity A of this nuclide between the beginning of counting (BOC) and the end of
counting (EOC) according to:
teoc

C= J.dtey(EY)Iy (E)A(t) (2.23)

tgoc

Integration of Eq. (2.23) yields for the activity at the end of irradiation (EOI):

C-A
Aty = Ry exp(hd)

(2.24)

with t. = tgoc-tgoc being the counting time, ty = tgoc -tgor the decay time
between end of irradiation (EOI) and beginning of counting (BOC), and A = In 2/T)),
the decay constant of the nuclide with half-life T;,. The production and decay of the
nuclide during the time of irradiation ti; of a sample consisting of Ny target atoms

with projectiles of flux density @ is for negligible burn-up of the targets described by:

A(t) =N, 0 ®(1—exp™), 0<t<t, (2.25)
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With the cross-section s to be determined. Combing Egs. (2.24) and (2.25) yields:

Ch exp™’
°=1 =T T
2 & PN, (I—exp )(1—exp )

(2.26)

2.3.5.1 Cross section uncertainties:

Many sources of uncertainties are considered during the calculation of cross
section and sometime they result considerable changes. The uncertainty in the cross

section of the produced nuclide in our work we calculated as:

u(0) = J(“(j‘fm))z # (M (BED)): (227)

Where m is the mass of the target and ® is the flux of the monitoring cross
section reaction. There are many sources of uncertainties of the cross-sections and
some may result in considerable uncertainties. The following sources of uncertainties

were considered:

Uncertainty of the determination of net peak areas: The uncertainty of each

single net-peak area is determined by the spectrum-evaluation code. It takes into
account the Poisson uncertainties of the counts in the individual channels as well as
the uncertainty of the background determination, propagating them according to the
law of error propagation through the unfolding procedure. Sometimes a peak cannot
be attributed unambiguously to a single nuclide. If the contributions were not
negligible and the activity of one of the contributing nuclides can be determined using
another line or in a later spectrum, the interfering lines were corrected using this
activity. If it seemed that the contributions of other nuclides to a peak are very small,
no correction was applied. Due to this procedure we assume a maximum inaccuracy
of 2% due to contributions of other nuclides but it must be pointed out that on the

average this uncertainty should be smaller.

Uncertainty of half-lives: Half-lives were taken from Ref. [61]. Since on the

one hand this publication is rather old but since on the other there are no large
deviations to newer ones as e.g. [68, 69], we assume typically an uncertainty of 1%

for this quantity. Larger uncertainties in any time dependent terms in calculating
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cross-sections via Eq. (2.26) would result in observable disagreements between
different measurements due to the exponential dependence on time. Uncertainties of
the half-lives were considered to be of the order of 1% for the nuclides measured.

Larger uncertainties would have shown up during the half-life control.

Uncertainty of y-abundances: Abundances were also taken from Ref. [61].

Since we used normally the strongest y-lines which were rather well-known even in

1983, we assume a global uncertainty of 2%.

Uncertainty of efficiency: The calibration standards used had a certified

accuracy of < 2%. By measurements using different detectors they could be verified

with a total uncertainty of the full-energy- peak efficiency of 5%.

Uncertainty of number of irradiated nuclei: Each foil was weighted with an

absolute uncertainty of + 0.4 pg. In case of the aluminium catcher foils with typical
weights of 60 pg, this resulted in an inaccuracy of about 1%, while the uncertainty for

the heavier lead foils with weights of about 230 or 460 mg becomes negligible.

Uncertainty of flux density: The flux densities were determined via the

monitor reaction >’ Al(p,3p3n)**Na using cross-sections as described in detail in Refs.
[64, 65]. The uncertainty of flux density is mainly determined by the uncertainties of
efficiency and of the mass of the catcher foil which sum up to be about 6%. No
uncertainties were attributed to the monitor cross-sections. Moreover, we do not
consider an uncertainty in the monitor cross-section due to an uncertainty of the
proton energy because the monitor excitation function does not vary in the energy

region covered.

Uncertainty of irradiation time, decay time and counting time: For time scales

determined by the half-lives of nuclides observed within this work, we assume that

uncertainties of the above-mentioned quantities are negligible.

y-Y-coincidences: y-y-coincidences have to be taken into account at very small

distances between sample and detector. Since distances from the detector down to 5
cm were used to get a sufficient counting statistics, it would have been necessary to
correct them in some cases. But this was not done since the effects were visible only

for some special nuclides. In these cases they caused an uncertainty in the
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determination of activity using different y-lines of < 5%. Consequently, we took this
uncertainty as a general uncertainty due to y-y-coincidences in case of coincident -

rays.

Constancy of flux density over irradiation time: The beam intensities were

continuously monitored and recorded. Using these protocols we took into account

interruptions of the irradiations using the following replacement in Eq. (2.26)

1 N Zn: eXpO\'(tEOI —tpori )

(—Mig) Mire i)

_ 2.28
1—exp = 1- exp(_ ( )

Because the flux density itself may not be constant during irradiation we replaced F in
Eq. (2.26) by:
tEor

N S j dt” @(t") (2.29)

teor — tor tgor

With (D(t*) being the relative measurements of the beam current. Using these
replacements the uncertainties due to fluctuations in the beam intensity become
negligible. Moreover, they would affect only the cross-sections for very short-lived

nuclides.

Recoil losses and recoil contaminations: By measuring the inner foils of each

mini-stack only, both recoil losses and recoil contamination can be neglected.

Dead-time and pile-up losses in y-spectrometry: The dead-time of the detector

systems was automatically corrected. Pile-up effects were not seen because the
distances between samples and detector were varied in the way that the counting rates
were low enough to avoid both pile-up and failure of the automatic dead-time

correction.

Absorption of y-quanta in the sample: While absorption of g-quanta in the

aluminium catcher foils played no role, it did in the lead foils. Since we evaluated our
spectra for energies down to 95 keV we had to apply corrections for this effect. This
was done using the tables for photon cross sections of Storm and Israel [70]. Based on

these data we calculated in dependence of the mass of the foil and the energy-
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dependent absorption coefficient m for each single peak in a spectrum the fraction r of
g-quanta which leave the foil and can be registered by the detector by Eq. (2.30). By
dividing each net-peak area by 1 (E,) we took into account this effect. In the worst

case all these uncertainties except for that of the net peak counts summed up

1— eXp(—ué)

2.30
ug (239

g
1 . e
r(E,) =Ejd§ exp ™) =
0

quadratically. As a general tendency, we obtained smaller uncertainties for longer-
lived radionuclides than for short-lived ones. In most cases, however, the total

uncertainties were less than 10%.
2.3.5.2 Cumulative and independent cross sections:

While calculating the cross section of a residual, two types of cross section are
taken into account. One is independent and the other is cumulative. Egs. (2.25) and
(2.26) are strictly valid only for the so-called independently produced radionuclides
because the only production mechanism assumed is the nuclear reaction leading to the
produced nuclide. But in the majority of cases a further production by f°, B, EC or a-
decays of a radioactive precursor has to be taken into account. Since there are
sometimes ambiguities existing about the terms independent and cumulative cross-
sections we have to give some clarifications. A cross-section for the production of a
nuclide is denoted as independent if the nuclide can only be produced directly via the
nuclear reaction between the projectile and the target nucleus and not via subsequent

B, B’, EC or a-decays. Such independent cross-sections are obtained if:

» either the nuclide is shielded by stable nuclides against f-decay or by a long-
lived progenitor (e.g. ®*Co by *Fe with T;,=1.5x10° a, or '**Au by '**Hg with
T1/2:520 a);

» or the cross-section for the production of a progenitor is also measured so that

the productionvia decay can be corrected for.

In all other cases the cross-sections are cumulative since they include also the
production via decay of precursors. If we consider, e.g. the production of a nuclide D

(daughter) on the one hand by the nuclear reaction and on the other by decay of a
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radioactive precursor M (other) then the solution of the differential equation

corresponding to Eq. (2.25) for the activity Ap(t) of D for times t > t;, is given by:

(Cp + 0y PR x_M )(1—exp o)) exp oY
A,()=N, D Mo (2.31)

(=Aym (=Amt)

+ 0y —XD (1—exp™"))exp

}\‘M _kD

Where, 6p, oy are the independent cross sections for the mother M and the daughter
D, respectively. Provided that the half-life of M is short compared to that one of D

(Am >> Ap), we can neglect the second term in Eq. (2.31) for large t4. This yield:

A
c =0, +0,,—4— 2.32
D,com D M 7\4M _ }\‘D ( )
With the cumulative cross-section Gp.cum Of the nuclide D calculated according to Eq.

(2.26).
2.3.5.3 Corrections for y-interferences:

From the very complex spectra we dealt with in this work, the cross-sections
for some nuclides could only be determined after the correction of interfering y-lines
from another nuclide which could not be resolved by our detectors. Assume that
Ai(teor) and A,(igor) are the activities of two nuclides at the end of irradiation which
have interfering y-lines with I,; and I,» being the abundances of the corresponding y-
quanta. Then first a wrong activity A"| {(tgor) is calculated according to Eq. (2.24) in
our evaluation procedure under the assumption that the peak is only caused by nuclide
1. If Ax(tgor) is known, e.g. from other y-lines of nuclide 2, we can calculate the

correct value of Aj(tgor) to be:

(-st,)
ML, (1—exp™) (- =A)tg)

A (tgor) = Al (tgor) —As(tgor) Aol (1 exp ) “eXp

(2.33)

Although it is in principle possible to apply this scheme to more than only one
interfering y-line we limit ourselves to one correction term since the resulting
uncertainty of the corrected activity quickly becomes rather high if the correction is

large.
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2.3.5.4 Corrections for y-self-attenuation in the targets:

Because of the high density of 19.05 g/cm’® of the uranium targets, self
absorption of y-quanta in the uranium foils played an important role. So, we must
correct the measured activities. We used the XCOM code [71] to calculate the energy-
dependent mass absorption coefficient (1) for each single peak in a spectrum. The
total attenuation coefficient for uranium as calculated by the XCOM code is plotted

against photon energy in Fig. (2.13).
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Fig. (2.13): The total attenuation coefficient of uranium as calculated by the XCOM

code as a function of the photon energy.

For the calculation of the self-attenuation in a target foil with subdivided a foil
into n different thin layers of thickness d. For the calculation of the self-attenuation in
the target foil, we then used the formula (2.34) to calculate the fraction f which gets

out of the target foil as the average of the fraction from each thin layer i.

. i e "l (2.34)
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(1- £) is the part which has been absorbed by the target, 1, the energy-dependent mass
absorption coefficient, p the density of the absorber and d its thickness. By dividing

each net-peak area by f we took into account this effect.
2.3.5.5 Correction for radioactive progenitors:

If the condition Ay » Ap under which we derived the cumulative cross section
Op,cum Of D is full-filled and we were able to measure 6y then we can of course derive
the independent cross section 6p for the production of D from Eq. (2.32). However,
there are some cases in which Ay » Ap is not satisfied e.g. for >¢Nb with a half-life of
34.97 d which is produced also by the B-decay of %71 (T1,= 64.03 d). For such cases
we proceed as follows. Assume a mother nuclide M of known activity Ay decaying

with decay constant Ay into the daughter D with Ap for which wrong activities AD

are calculated according to Eq. (2.24). Solving the system of coupled differential
equations describing the decay of the mother and the decay and the build-up of the
daughter after the end of irradiation (t = 0) we calculate the corrected activity Ap

according to equ.(2.35) and obtain the independent cross section of the daughter via

Eq.(2.36) .

. A Ay 1—expute)
AL (teo ) F Ay (e )—D (2o 272D
Ap(tyy) = o(tror) M(E"l)xD—xM( Ay 1—exp ot (2.35)

exp(*(km =Ap)tp) )

Ap(teor) Ap 1 —exp' i)
0= —oun(l- 1- 236
D [NT(I)(I _ exp(*kntm)) M( 7\1D _ }\‘M ( 1— eXp(—thi") )) ( )

2.3.5.6 Half-life control:

After calculating the activity a plot was made between the activity at the begin
of counting versus time of decay, which is the time that has been spanned before the
specific measurement after the irradiation. Linear function available in Microsoft
Excel ® of the form y = a exp(— Ax) was used. Here A is the decay constant. Thus the
half-life was calculated by the formula T;, = In(2)/A. After measuring the half-life of
the corresponding nuclide, it was compared with the original half-life of the nuclide.

If they agree then the identification of the corresponding nuclide is assumed to be
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correct see for example figure (2.14). This procedure is continued for all the nuclides

assumed. Half- lives those did not agree are not considered any more.
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CHAPTER 3
MODEL CALCULATION

The interaction of high energy protons with atomic nuclei has attracted the
attention for many years [72]. But the main emphasis was put on coherent elastic and
inelastic scattering and on the understanding of these processes in terms of multiple
scattering series [73] (or more recently in terms of scattering by relativistic scalar and
vector average fields) [74]. In recent years however, there has been among physicists
an increasing interest in the more violent (and mainly incoherent) processes which are
taking place in these reactions. The target nucleus can undergo some transformations.
In some cases, it loses a few nucleons (the so-called spallation). If the excitation
energy is sufficiently high, it can presumably disintegrate into malay pieces. It is a
general belief that, in a first approximation, the interaction process between an
incoming proton with energy of a few hundreds of MeV or more can be grossly
divided in two steps. In the first rapid step, the incoming nucleon makes a few
(mainly) incoherent scatterings with nucleons of the target, depositing in this way
some fraction of its energy. The second step, which supposedly starts after the
incoming proton has left the target, involves the propagation and the dissipation of the
energy gained by the nucleus. Generally, the ultimate fate of the nucleus is its
fragmentation. The mass yield has been measured in many circumstances and exhibits
a so-called U-shape [75]: the small fragments and those of size comparable with the
original nucleus are the more represented. But, any fragment between the nucleon and
the target has been observed. Not very much is known about the second step and only

several idealizations have been proposed. Let us summarize the most important ones.

» Spallation models [76]: the energy is evacuated by the nucleons hit in the first

step, which leave the nucleus without interaction. Possibly, the remaining

nucleus releases some energy gained by its axcitation.

» Thermal models [77, 78]: the energy is shared by the whole nucleus which

decays in fragments according the phase space constituted by the possible
partitions of the target. These models involve at least one free parameter

which can be considered as the freeze-out density.
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» Cold fragmentation [79]. Those models share with the previous ones the idea
of equipopulation of a phase space. But here, the phase space is restricted to
the possible fragmentations including neither the relative motion between the

fragments nor the intrinsic excitation of the fragments.

» Condensation _models [80-82]. As thermal models, the latter assume a

therrealization of the system, but the separation into fragments is determined

by the proximity of the critical point of the underlying gas-liquid transition.

» Percolation models [83-85]. In the latter, it is assumed that the eventual

fragmentation of the nucleus is determined by the geometry of the "damage"
made to the nucleus after the initial step which, in turn, is believed to be

largely correlated to the number of nucleons hit during the first step.

3.1 TALYS CODE:

With the advent of fast computers, software that simulates nuclear reactions is
able to play an increasingly important role in nuclear data. It is possible to provide an
exact computational scheme for sophisticated nuclear models, not only new ones but
also those that have been lying on the shelf for decades and only now become
amenable for numerical implementation. Large scale comparisons with measurements
are within reach. TALYS is a nuclear reaction program created at NRG Petten, the
Netherlands and CEA Bruyeres-le-Chatel, France. The idea to make TALYS was
born in 1998, when it was decided to implement the combined knowledge of nuclear
reactions into one single software package. The objective was to provide a complete
and accurate simulation of nuclear reactions in the 1 keV-200 MeV energy range,
through an optimal combination of reliable nuclear models, flexibility and user-
friendliness. There are two main purposes of TALYS, which are strongly connected.
First, it is a nuclear physics tool that can be used for the analysis of nuclear reaction
experiments. The interplay between experiment and theory gives us insight in the
fundamental interaction between particles and nuclei, and precise measurements
enable us to constrain our models and their parameters. In return, when the resulting
nuclear models are believed to have sufficient predictive power, the prediction can
even give an indication of the reliability of measurements. The many examples of

TALYS presented in various other contributions to this conference confirm that
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software project would be nowhere without the existing experimental database. After
the nuclear physics stage comes the second function of TALY'S, namely as a nuclear
data tool: After fine-tuning the adjustable parameters of the various reaction models
using available experimental data, TALYS can generate nuclear data for all open
reaction channels, interpolating between and extrapolating beyond experimental data,
on a user-defined energy and angle grid beyond the resonance region. The associated
nuclear data libraries that can be constructed provide essential information for
existing and new nuclear technologies. Figure (3.1) shows the nuclear models

implemented in TALYS [86].
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Fig. (3.1):- flowchart of TALYS.

TALYS is a nuclear reaction program which simulates nuclear reactions that involve
neutrons, gamma-rays, protons, deuterons, tritons, helions and alpha-particles, in the 1
keV - 200 MeV energy range. A suite of nuclear reaction models has been
implemented into a single code system; enable to evaluate basically all nuclear
reactions beyond the resonance range. An overview is given of the main nuclear
models used, such as newly developed optical models, various compound nucleus,
fission, gamma-ray strength, level density and pre-equilibrium models, all driven by a
comprehensive database of nuclear structure parameters. The predictive power of the

code is demonstrated by comparing calculated results with a very diverse set of
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experimental observables. The TALYS code combines a compound nucleus model in
the form of Hauser Feshbach calculations [87] with a pre-equilibrium model
according to the exciton model by Kalbach [88]. The transmission coefficients are
calculated by an optical model making use of the recent parameterization by Koning
and Delaroche [89]. The level densities are used in form of a back-shifted Fermi-gas
model according to Gilbert-Cameron [90] taking into account the Ignatyuk formalism
[91]. The competition between particle emission, gamma-de-excitation and fission is
calculated at each energy step of the proceeding reaction. Fission is treated according
to the Brosa model [92] as incorporated earlier into fission modelling by Duijvenstijn

[93].

3.2 INCL4+ABLA CODE:

The most successful model used to describe spallation reactions is the
intranuclear cascade (INC) plus evaporation model. A new version of the Lidge
intranuclear cascade (INC) model is proposed for the description of spallation
reactions. Compared to the previous version, it incorporates new features: (i) it can
accommodate a diffuse nuclear surface, (ii) the treatment of the Pauli blocking effect
is improved, removing unphysical features linked with the use of statistical blocking
factors, (iii) collisions between moving spectator nucleons are explicitly suppressed,
(iv) pion dynamics is improved, especially concerning the delta lifetime, (v) it can
accommodate light ions as incoming projectiles, (vi) the remnant angular momentum
is included in the output of the model. Another important feature is the self-consistent
determination of the stopping time, i.e., the time at which the INC calculation is
terminated and coupled to evaporation. The predictions of the model, used with the
Schmidt evaporation code, are tested against a large body of experimental data, in the
200-MeV-2-GeV range for incident energy per nucleon, including total reaction cross
sections, neutron, proton, pion, and composite double differential cross sections,
particle multiplicities, residue mass and charge distributions, and residue recoil
velocity distributions. Good agreement is generally obtained without additional
varying parameters. It is shown that the introduction of a diffuse surface considerably
improves the description of the total reaction cross sections, of the intensity of the
quasielastic peak in proton and neutron double differential cross sections and of the

residue production yield for isotopes close to the target. High energy neutron spectra
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are found to be sensitive to details of the deuteron structure in deuteron-induced
reactions. The shape of the fragmentation peaks in residue mass spectra is shown to
be closely related to the shape of the distribution of the excitation energy left after the
cascade stage. The longitudinal residue recoil velocity and its fluctuations display
typical random-walk characterics, which are interpreted as a direct consequence of the
independence of successive binary collisions occurring during the cascade process
and therefore provide a strong support of the basic hypotheses of the INC model [94,
95].

Recently we proposed an advanced version of the Li¢ge intranuclear cascade
model (INCL4) [95], which, coupled which the K.-H. Schmidt evaporation-fission
(ABLA) model [96, 97], gives a very accurate description of a large set of data (of
different kinds) for proton and deuteron-induced reactions in the 200 MeV to 2 GeV
range of incident energy per nucleon. The INCL4 model is basically a multiple-
scattering semi-classical model, which handles nucleon degrees of freedom explicitly.
Therefore the model of Ref. [95] can accommodate emission of light clusters in the
evaporation stage only. This deficiency is not a serious problem as far as global
particle multiplicities are concerned. To fix the ideas, rough analyses of experimental
data indicate that in a proton-induced reaction on a heavy target in the GeV range, the
ratio of the number of nucleons appearing in the form of clusters emitted during the
cascade stage to the total number of emitted nucleons, whatever their origin, lies
between 5 and 10%. However, the lack of cascade light cluster emission appears more
serious in view of technological applications. Indeed light clusters correspond to
gaseous elements (H, He), which are liable to create voids or other damages in
materials. Therefore it is of utmost interest for the designers of (solid) spallation
sources to have at their disposal a good model for the production of these elements.
This motivates the present work in which we extent the INCL4 model in order to
incorporate light cluster emission in the cascade stage. The INCL4 model is described

in detail elsewhere [95].
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CHAPTER 4

RESULTS AND DISCUSSION

In this work, we have made the first comprehensive measurements for the
proton-induced residual nuclei distribution for rhenium and uranium targets. A total of
7146 cross sections were determined by means of gamma-spectrometry for an energy
range between 78.2 MeV and 2590 MeV for rhenium and between 211 MeV and
2530 MeV for uranium. The experimental data were compared with previously
obtained experimental data and with calculated excitation functions using the codes

INCL4+ABLA and TALYS which are based on theoretical models.

4.1 CROSS SECTIONS FOR RHENIUM:

We present here final cross sections for proton-induced reactions on natural
rhenium which are independent (ind.) or cumulative (cum.). We determined a total of
about 5252 cross sections for the independent production of I86Re, ®Re, "**™Re,
1567, 106mAg, 86Rb, 84Rb, ¥Co and **Sc and cumulative production of 185Os, 18305,
120, 18R, 82Re, ¥1Re, $3Ta, 'SHE, HE, 'Ly °Lu, 'Ly, '°Yb, 'Tm, 55Tb,
13Tp, 1527, 51T, 49Gd, WG, Gd, "*Eu, "Eu, “SEu, ¥°Ce, 7MCe, 1¥5Ce, 12Cs,
31B,, 129Cs, 27Xe, 2Xe, 12'Te, *Te, *Nb, Y, ¥7Y, ¥Sr, "5Se, ©57n, ®Co ¥Fe, S'Ni,
*1Cr, "Be from natural Rhenium for 24 individual energies between 78.2 MeV and
2590 MeV. By using the flux densities of the proton beams, which we calculated it
via monitor reaction 27A1(p,3p3n)22Na, we measured and calculated the activity at the
end of irradiation for the production of residual radionuclides. After that we
calculated the cross sections for these residual radionuclides and compared our results
with those of previous experimental work to ensure that the flux densities which we
calculated are correct. By this way, we made quality control for our flux density

because; it plays the essential role in calculating the cross sections for the targets.
4.1.1 Rhenium: Results from this and Previous Work:

: . t 185
The measured cross sections of the nuclear reactions "“Re(p,xn) ~Os,

"“Re(p,xn)'®0s,  "Re(pxn)'¥0s,  "™Re(p,pxn)'*Re,  "™Re(p,pxn) “Re,
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Fig. (4-1):  Cross section as function of proton energy for this work (A) and
Karamian et al. (o) [31] for target near products, part one. The

uncertainties of the experimental data are generally smaller than the
symbol sizes.
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Fig. (4-1): Continued.

The excitation functions are compared with the previous work [31] for
reactions "Re(p,xn)'¥0s, "Re(p,pxn)'**Re and ™Re(p,pxn)'**Re. A literature search
was performed with EXFOR databases maintained by OECD/NEA Data Bank and
National Nuclear Data Center. The survey resulted in only one reference for "Re
irradiated by proton energies 150 MeV, 300 MeV, 450 MeV and 600 MeV. It means
that, our work is the first experiment in which comprehensively 24 individual energies

between 78.2 MeV and 2590 MeV were investigated.

Figure (4-1) shows that, the cross sections as functions of proton energy
decrease with increasing proton energy from 78.2 MeV to 331 MeV and then the
excitation functions look little bit constant to 2590 MeV. A good agreement with
Karamian et al. [31] for reactions ™Re(p,xn)'*Os and ™Re(p,pxn)'**Re at proton
energies 150 MeV, 300 MeV and 450 MeV and at 600 MeV our data is little bit
higher. For reaction ™Re(p,pxn)'*’Re at 300 MeV and 450 MeV the previous

experimental data is higher than our results.

The excitation functions for Spallation products of nuclear reactions
"Re(p,4pxn) "HE, "™Re(p,4pxn)'*Hf, ™Re(p,5pxn)'"'Lu, "Re(p,5pxn)'’’Lu,
"Re(p,5pxn) “Lu, "Re(p,6pxn)'’Yb, ™Re(p,7pxn)'®Tm, "Re(p,11pxn)°Tb,
"Re(p,11pxn)>*Th, ™Re(p,11pxn)>*Tb, "Re(p,12pxn)'*Gd, "Re(p,13pxn) **Eu,
"Re(p,12pxn)'*'Gd, "Re(p,13pxn)'’Eu, ™Re(p,12pxn)'**Gd, ™Re(p,13pxn)'“Eu,
"Re(p,18pxn)*’Ce, ™Re(p,18pxn)*"™Ce, ™Re(p,18pxn)'*’Ce, ™Re(p,2 1pxn)'**Cs,
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"Re(p,20pxn)'*'Ba, "Re(p,21pxn) ' #Cs, "Re(p,22pxn)'* Xe and
"Re(p,24pxn)'*'Te are drawn in figure (4-2). The cross sections increase with
increasing proton energy to a maximum and then go down, except for the last four
reactions which increase continuously with increasing proton energy. It is clear also a

175

very good agreement in the frist reactions "“'Re(p,4pxn)' "Hf with previous work [31].

Figure (4-3) shows that, the relation between cross section and proton energy
for fission products of the nuclear reactions "Re(p,f)’°Nb, ™Re(p,0)**Y, "Re(p,N*’Y,
"Re(p,HRb,  ™Re(p,H)*’Sr, "Re(p,H™Rb, ™Re(p,X)”Se, ™Re(p,X)*Zn,
MRe(p,X) Fe, "™Re(p,X)**Sc and "Re(p,X)'Be. The cross section increases with
increasing proton energy for all reactions. For the reaction " Re(p,f)*Rb the cross
section increase with increasing proton energy to a maximum and then the cross

section goes down.
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Fig. (4-3):  Cross section as function of proton energy for his work (A) for fission

products. The uncertainties of the experimental data are generally smaller
than the symbol sizes.
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Figure (4.1) shows there are only very scarce previous data on the production
of radioactive residual nuclides from rhenium by proton-induced reactions. The work
of Karamian et al. [31] gives results only for a few products such as '¥Os, '*Re,
'3Re and '°Hf. Except for these data; we do not see any other experimental data from

previous work.

The phenomenology of the excitation functions of residual nuclide production
by proton-induced reactions from rhenium can be seen, for instance, from the data in
figure (4.1) for (p,xn)- and (p,pxn)-reactions. The experimental data show generally a
continuous decline from low energies above 80 MeV. They behave in different ways
at high energies; namely, (p,pxn)-reactions tend to show more expressed plateaux at
higher energies then the pure (p,xn)-reactions. This decline is typical in a way that at
low energies the decline is determined by compound nucleus reactions in statistical
equilibrium, while at higher energies the pre-equilibrium production forms the
respective plateau. In particular for (p,pxn)-reactions, the plateau is due to the effect
that these reactions are mainly reactions at the surface of the nucleus leaving away a

residual nucleus which just has relatively low excitation energy.

The phenomenology of the excitation functions changes drastically if we go to
hafnium (Hf), terbium (Tb) and thulium (Tm) isotopes as displayed in figure (4.2).
Here, we have the shapes typically for deep-spallation reactions which increase at
relatively high energies above 100 MeV. They show a maximum around a few
hundred MeV and then decline to higher energies when the number of exit channels

increases.

These transitions of the shapes are going on for the data of figure (4.2) where
the terbium (Tb), europium (Eu) and gadolinium (Gd) isotopes are shown. One of
observes an increasing shift of the maxima to higher energies and also higher apparent
threshold energies of the excitation functions. The decline at higher energies is
scarcely to be seen for terbium (Tb) isotope and also is not really seen for the cerium
(Ce) isotopes in the continuation of figure (4.2). Moreover, the barium (Ba), xenon
(Xe) and tellurium (Te) isotopes only show a continuous increase above a relatively
high threshold up to the highest energies investigated. There is exclusively one

reaction which does not follow this behaviour. This is "™Re(p, 21pxn)'**Cs which
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exhibits still the behaviour of low-energy product and in this way indicates the

approach of a fission region.

The fission products are finally really seen in figure (4.3) where niobium (Nb),
yttrium (Y) and Rubidium (Rb) isotopes are displayed. These fission products have
relatively low thresholds. The data indicate that for *°Nb we are having a threshold
well below 100 MeV. The same is true for **Y. For fission products such as *°Rb we
see the same shape of the excitation function as for spallation products. These
different shapes depend finally on the type of fission process which produces a fission

product.

In principle, the two types of fission possible from heavy elements at medium
energies is one that is occurring after a peripheral collision of the incoming protons
with the target nucleus leading to a compound nucleus after the fast cascade which
has relatively low excitation energy and then undergoes fission. In this way, the
neutron excess is preserved; that means that the fission products are neutron-rich

product and on the right side of valley of stability.

On the other hand, we have a second process of fission and that is after a
relatively long intranuclear cascade in the initial phase of the reaction. Then, a
residual nucleus remains which has relatively high proton excess and which
undergoes fission. The proton excess is conserved in the fission. Such cases can be
seen exemplarily in Fig. 4.3 were we having isotopes from *Sr down to *Sc. All
these nuclides which are produced by fission after a long initial cascade process show

a continuous increase over the entire range of energies investigated.

There is one nucleus in the proton-induced production of residual nuclide from
rhenium, namely 'Be, which shows an extraordinary behaviour with respect to the
absolute height of the cross section. As was seen also in other reaction of medium-
energy protons with heavy elements, ‘Be is produced by fragmentation reaction. The
yield of "Be, if one looks for its dependence on the target masses, does not vary very
much over the entire periodic system. There is generally an increase of the 'Be

production relative to light fission products.
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4.1.2 Comparison with TALYS Code:

In this section we present the comparison between our results and the
theoretical data calculated by TALYS code. The cross sections are plotted in figure
(4-4) against proton energy for target near products of nuclear reactions
"Re(p,xn)' ¥ Os, MRe(p,xn) ¥ Os, "Re(p,xn) P Os, "Re(p,pxn) *Re,
"iRe(p,pxn) **Re and "Re(p,pxn)'*’Re. It is clear that very good agreement between
our results and TALYS code for all reactions at energy range from 78.2 MeV to 169

184

MeV except for the reaction "“Re(p,pxn)'°‘Re the our results are slightly smaller than

the calculated values.
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Fig. (4-4):  Cross section as function of proton energy for this work (A), TALYS
0.72 () and TALYS 1.0 (—) for target near products. The

uncertainties of the experimental data are generally smaller than the
symbol sizes.
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In figure (4-4) we can see that there are no experimental results to compare
with TALYS code below 78.2 MeV because natural rhenium samples irradiated form
78.2 MeV. Also there are no calculated data above 169 MeV to compare with the
experimental results due to the TALYS code calculate the cross section for proton

energy only up 200 MeV.

The TALYS excitation functions are compared with experimental results in

figure (4-5) for target near products of nuclear reaction "™Re(p,pxn)'*Re and

nat 181 181

Re. For reaction "Re(p,pxn)'°'Re the calculated excitation function is

Re(p,pxn)
good agreement with our results at 81.9 MeV and it looks slightly higher than the
experimental excitation function at 93.4 MeV and 105 MeV. In general the
experimental results are smaller than the calculated values from 81.9 MeV to 2590
MeV for reaction "™Re(p,pxn)'**Re and from 115 MeV to 2590 MeV for reaction

"Re(p,pxn)'*'Re.
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Y WYY N
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Fig. (4-5):  Cross section as function of proton energy for this work (A ), TALYS 0.72
(=) and TALYS 1.0 (—) for spallatin products. The uncertainties of the
experimental data are generally smaller than the symbol sizes.

Figure (4-6) show that, the relation between cross section and proton energy
for spallation products of nuclear reactions "“Re(p,4pxn)'"Hf, "“Re(p,4pxn)'*Hf,
"Re(p,5pxn) " 'Lu, ™Re(p,5pxn)'*Lu, "Re(p,5pxn)' “Lu, "“Re(p,6pxn)'®Yb and
nat

Re(p,7pxn)'®“Tm. A good agreement between calculated values and experimental

results for reaction "™'Re(p,4pxn)' °Hf, while at 125MeV and 134 Mev there is very
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1E+04

Cross section as function of proton energy for this work (A ), TALYS 0.72

() and TALYS 1.0 (—) for spallatin products. The uncertainties of the
experimental data are generally smaller than the symbol sizes.

good agreement for reaction "“Re(p,4pxn)'"Hf and then the TALYS excitation

function slightly higher than the experimental excitation function. For reactions

nat
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Re(p,5pxn)'"'Lu, "™Re(p,5pxn)' °Lu very good agreement between the calculated



and experimental results. There are no results to compare in the last three reactions in

previous figure due to the same reason which explained above.

Next we make a comparison between the experimental data for rhenium and
the results of calculation performed by the TALYS code. Actually, there are two types
of theoretical data plotted in the figurers, one from the original TALYS [] version and
one from the later version of the TALYS code. The TALYS calculations start at 10
MeV, far below the energy range investigated experimentally in this thesis allow

completing the excitation functions to lower energies.

On the other hand, they allow seeing at least for the energies between 80 MeV
and 200 MeV how well this model is capable of modelling the production of residual
nuclide. We see in figure (4.4) the (p,xn) and (p,pxn) reactions, where the calculations
show us the low-energy parts of the excitation functions which are not investigated
experimentally in this thesis. The low-energy parts are very much dominating the
excitation functions. On the other hand, we see that the transition to the range of
energies investigated in this thesis shows generally smooth transitions. The deviations
between the experimental and the theoretical data at higher energies are due to the fact
that one is approaching the limits of the applicability of the TALYS code. These
deviations should be not a cause to judge negatively about the performance of the

TALYS code which is working quite well below 200 MeV.

There are, however, a few reactions given in figure (4.5), i.e. the production of
'2Re and "*'Re from rhenium, where the TALYS calculations evidently overestimate
the experimental data. It appears that here further improvement of the theoretical

calculations are needed.

For the spallation products starting with the hafnium isotopes in figure (4.6),
the TALYS calculations can only describe the increases from threshold up to 200
MeV. As this figure shows, TALYS is performing very well for these (p,4pxn)- to
(p,7pxn)-reactions. However, we are again at the limit of Talys calculations for the
higher energies and for those nuclides which are further a way from the target
nucleus. We have two relay on other model calculations to describe the excitation
functions at higher energies. Such a model is INCL4+ABLA which provides the

necessary theoretical framework.
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4.1.3 Comparison with INCL4+ABLA:

A comparison of the experimental data with the results of the model
calculation for INCL4+ABLA and Bertini/Dresner will be discussed in this section.
The excitation functions for target near products are plotted in figure (4-7). It is clear
that, the cross section decreases with increasing proton energy. The reaction

natRe(p,Xn)185OS
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Fig. (4-7):  Cross section as function of proton energy for this work (A),
Bertini/Dresner () and INCL4+ABLA (—) for target near products.
The uncertainties of the experimental data are generally smaller than
the symbol sizes.
shows very good agreement between experimental data and theoretical results at 558
MeV. The INCL4+ABLA and Bertini/Dresner results below 558 MeV slightly

smaller than experimental data and above 558 MeV the INCL4+ABLA results are
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higher than our work. From 78.2 MeV to 162 MeV very good agreement between
experimental excitation function and Bertini/Dresner excitation function and then the

calculated results slightly higher than our results up to 558 MeV.

The comparison between experimental cross section and calculated codes,
INCL4+ABLA and Bertini/Dresner, for nuclear reactions "“Re(p,xn)'**Os,
"Re(p,xn)'*Os and "Re(p,xn)'*Re observed very good agreement up to 331 MeV
and then our results little bit higher than the calculated data.

186Re the Bertini/Dresner calculations are in

For nuclear reaction "Re(p,pxn)
very good agreement with our measurements. The INCL4+ABLA excitation function
is in quite good with the measured excitation function up to 331 MeV and then very
good agreement at 558 MeV, 763 MeV, 1165 MeV, 1570 MeV and 2590 MeV. Very
good agreement between calculated results and our experimental date for reaction

"Re(p,pxn)'*Re.

Figure (4-8) gives the comparison between the experimental cross section as

function in proton energy and theoretical results for reactions "™Re(p,pxn)'**Re and

nat 181

Re(p,pxn) ° Re. It is clear that, the calculated cross sections, INCL4+ABLA and
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Fig. (4-8):  Cross section as function of proton energy for this work (A),
Bertini/Dresner (-+-) and INCL4+ABLA (—) for target near products.
The uncertainties of the experimental data are generally smaller than
the symbol sizes.

Bertini/Dresner, are higher than the measured data and then tend to quite good for the

181

lift reaction. For the ' Re product the measured excitation function is in very good

agreement with INCL4+ABLA and Bertini/Dresner codes except proton energy range
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from 115 Mev to 331 MeV the experimental cross sections are smaller than the

calculated cross sections.

Excellent agreement between experimental results and calculated data,
INCL4+ABLA and Bertini/Dresner, is observed in figure (4-9a) for the nuclear
reactions  "Re(p,4pxn)' "Hf,  ™Re(p,4pxn)' "Hf,  ™Re(p,5pxn)'’'Lu  and
nat

Re(p,5pxn)'*Lu, and good agreement for nuclear reaction ™Re(p,5pxn)'*Lu and

"Re(p,6pxn) ' PYb.
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Fig. (4-9a): Cross section as function of proton energy for this work (A),
Bertini/Dresner () and INCL4+ABLA (—) for target-near products.
The uncertainties of the experimental data are generally smaller than
the symbol sizes.
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In figure (4-9b) one can see that, the experimental results are higher than
calculated results for reaction " Re(p,11pxn)'>°Tb and good agreement for reaction
"Re(p,12pxn)'*Gd, iR e(p,12pxn) *°Gd, "Re(p,13pxn) *Eu and
MiRe(p,13pxn)'*Eu.
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Fig. (4-9b): Continued.
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From Figure (4-9b) it is evident that, the experimental excitation functions are
higher than calculated excitation functions for reactions "Re(p,11pxn)'**Tb and
"iRe(p,12pxn)'*’Gd  except at proton energy 2590 MeV. For reaction
"Re(p,13pxn)*Eu it easy to observe that, good agreement at proton energies 558

MeV and 763 MeV and.

Quite good agreement between measured results and Bertini/Dresner
calculated results for all nuclear reactions in figure (4-9c¢) except for reaction
"Re(p,22pxn)'*'Xe the calculated data is smaller than our results. For reactions
"iRe(p,18pxn)*>Ce, ™Re(p,21pxn)'*Cs and ™Re(p,24pxn)'*' Te the INCL4+ABLA

results are smaller than our results.
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Fig. (4-9c): Continued.
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It is cl

ear that from figure (4-10), the Experimental excitation functions are

generally higher than INCL4+ABLA and Bertini/Dresner excitation functions for all

nuclear reactions
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uncertainties of the experimental data are generally smaller than the
symbol sizes.
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In section 4.1.3 we have plotted two different theoretical model calculations
and compared them with experimental data. The doted lines describe so called
Bertini/Dresner model calculations, while the solid lines describe INCL4+ABLA

calculations.

For the (p,nx) and (p,pxn) reactions in figure (4.7) both models behave
reasonably well. There are just slight different between them as for instance seen for
the production of '"®Os above 1 GeV. The Bertini/Dresner calculations strongly
underestimate the experimental data, while INCL4+ABLA data follow at least the
shape of the excitation functions at higher energy so that the absolute values are
slightly underestimated. Certain problems occur still for the (p,pxn) reactions, as e.g.
for '%’Re and "*'Re in figure (4.8), where in both cases the theory overestimates the
low-energy production considerably. The behaviour of the model calculations tends to
be more promising if we go to the spallation products, figures (4.9a), (4.9b) and
(4.9¢).

In general, both versions of the intranuclear cascade modelling of residual
nuclide production at medium energies describe the experimental data reasonably
well. The discontinuity seen in the theoretical data of the INCL4+ABLA calculations
at slightly above 100 MeV are numerical artefact of the calculations are due to
extension of these models below energies where they appear to be namely below 200

MeV.

There remain still a few nuclides which are not very well described as can be
seen in figure (4.9b). There, the production of radionuclide between *°Tb and '**Eu is
shown, two nuclides which are produced by deep spallation. Here we see that, in
particular the independent production of '*°Tb is grossly underestimated. The same is

true to some degree for **Tb.

Generally, the absolute heights of the excitation functions and the shapes of
the excitation functions are reasonably well reproduced by theory. It appears,
however, that the emission of protons and neutrons in the de-excitation process is not
well balanced here. This observation is also continued in figure (4.9¢c), where we see
occasionally relatively good shapes for the INCL4+ABLA calculations and a not as

good behaviour of Bertini/Dresner calculations, where a general shift to higher
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energies is observed: This can only be explained by a lack of balance in the neutron
and proton emission calculations. The performance of the high-energy codes changes
dramatically if one goes into the fission area. In figure (4.10) fission products from
Y down to *Sc are shown and here the performance of both theories,
Bertini/Dresner and INCL4+ABLA, is dramatically worse. We have underestimates
of up to nearly one order of magnitude for the different isotopes and we see that
Bertini/Dresner and INCL4+ABLA show different behaviour, in particular, for the
yttrium (Y), scandium (Sc), rubidium (Rb) and selenium (Se) isotopes in a way that
Bertini/Dresner predicts a much higher production at higher energies than

INCL4+ABLA.

At higher energies, the Bertini/Dresner calculations describe the absolute
quantity of the experimental data in most cases. The shape of the Bertini/Dresner
calculations is in contrast with the observed shape of the excitation functions. The
INCL4+ABLA calculations reproduce quite well the general shapes of excitation

functions, but in generally, strongly underestimate them.

4.1.4 Phenomenology of Residual Nuclides Production by Proton-

induced reaction on Rhenium:

Important differences between medium energy reactions on medium and
heavy mass target elements can be seen in detail when looking for the dependence of
cross sections on mass differences between target and product nuclides for different
energies. For eight energies 162 MeV, 251 MeV, 331 MeV, 558 MeV, 763 MeV,
1115 MeV, 1570 MeV and 2590 MeV for example are plotted in figure (4-11) the
measured cross sections against product masses. Since we did not measure the
production of stable nuclides and since we did not sum up cross sections measured for
isobaric products, these plots just give an impression of the isobaric yields. However,
results of the cross sections give good approximations of the mass yield curves
because the cumulative cross sections of nuclides close to the valley of stability sum
up a lot of the total production. For figure (4-11) one recognizes the typical patterns of
spallation reactions. The mass yields decrease exponentially with increasing mass
differences, the slopes of the half-logarithmic linear envelopes becoming smaller with

increasing proton energies. The fragmentation product 'Be falls out of the spallation
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systematics. The measured cross sections indicate that the mass yield curve rises
again at small product masses due to the influence of fragmentation. For 'Be also an
alternative production mode, namely evaporation as well as preequilibrium emission

have also been discussed [98. 99].

With the rising interest in accelerator-driven technologies intermediate-energy
nuclear reactions with heavy target elements were systematically investigated and a
new feature of spallation reactions was observed. The intermediate residuals at the
end of intra-nuclear cascade could deexcite in addition to evaporation of nucleons and
light complex particles via fission. Already at about 200 MeV the fission channel is
open. This plot also allows a crude estimate of the isobaric yields of products which
would be the upper envelope of the experimental data. One can clearly distinguish
two major reaction modes. The products at about half the target mass are clearly
attributable to fission processes. Fission products show up as peaks in the mass
distributions which become higher and broader with increasing proton energy. The
radionuclides observed in the vicinity of the target are produced by reactions
involving a compound nucleus in statistical equilibrium, by pre-equilibrium reactions
and by spallation processes. From 558 MeV, deep spallation, muli-fragmentation and
B-, EC-, and a-decay of neutron poor precursors become increasingly more
important. As a consequence the two product mass regions merge, fission becoming
less important and deep spallation filling the gape in product masses. Moreover, there
is a significant increase of cross section for nuclides with low masses, probably due to

multi-fragmentation as a production process.

For describing the phenomenology of the mass distribution of products from
rhenium in figure (4.11) we present them for energies between 162 and 2590 MeV. It
appears that these mass distributions are considerably changing from lower energies
to higher energies. At a low energy of 162 MeV, we just observed products close to
the target nuclei. Already at 251 MeV, the first fission product show up at about half
the mass of the target nuclei and also some deep spallation products above mass 100
are seen. At 331 MeV, and more pronounced at 558 MeV, we have a clear distinction
between the fission products at about half the mass of the target nuclei and also more
spallation products. The shapes of the mass distribution for the spallation products can

be approximated by an exponential decrease of the cross sections.
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The fission products show a broad maximum and demonstrate fission as a
dominant production mode of residual nuclide from rhenium. Starting with several 63
MeV and pertaining up to 2590 MeV we observe increased cross section for the
production of 'Be pointing to the fact that the production of light complex particles
such as 'Be does neither fit into spallation systematic nor into the fission systematic of

the production of residual nuclide.
4.2 CROSS SECTIONS FOR URANIUM:

We present here final cross sections for proton-induced reactions on natural
uranium which are independent (ind.) or cumulative (cum.). We determined a total of
about 1894 cross sections for the independent production of >**Pa, *°Pa, '*°Cs, '**Sb,
122Gy, 10mp, 96T 3Rp HRp, MAs, Mn, 127Sb, 2MSh, 1%MAg and Co and
cumulative production of By, 23pa, '¥"Xe, *'Te, '*Sn, 'In, 106Ag, "Ru, ¥7r, Y,
57y, BRb, 57n, Mn, 5'Cr, '2Rh, *'Ce, “°Ba, 'Ce, 1¥7Cs, 2Te, 1*'I, 12Sb, '%5Sn,
150, MAg 1Ry, Mo, *7r, °'Y, 2Na, '5Cd, *™Tc, *™Nb, *Nb, “Co, and *V

from natural uranium for 4 individual energies between 211 MeV and 2530 MeV =+ 2.
4.2.1 Comparison: Uranium Results with Previous Work:

The experimental cross sections of the nuclear reactions ™U(p, pxn)>'U,
"U(p, 2pxn)*Pa , "U(p, 2pxn)*?Pa and ™U(p, 2pxn)*’Pa are presented in
graphical form in figure (4-12) in comparison with the previous results Titarenko et
al. [100], Blanchard et al. [101]. Comparing the experimental excitation functions
with the excitation functions of the previous work calculation, it was found that, all

cross sections measured in this study are very good agreement with previous work.

The measured excitation functions of the nuclear reactions "™U (p,)'*"Xe,
"UpH 2 Te,  ™UPH"Sn,  ™UPHIn,  "™UpDH'Ag,  "U(pH’Ru,
"y .05 Zr, ™U(p.H™Y, ™U(p,H%Y, ™U(p,H®Rb, ™U(p,H%Zn and ™U(p,H)*Mn
are plotted in figure (4-13). The experimental cross sections for neutron poor products
are also compared with previous work Titarenko et al. [100], Blanchard et al. [101]
and Friedlander et al. [102] in figure (4-13). Very good agreement at 211 MeV and
quite good agreement for reaction ™U (p, f)'*’Xe. For reaction ™U(p, f)'"*Sn we

notice that, a good agreement between our results and Titarenko [100]. It is clear that,
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Fig. (4-12): Cross section as function of proton energy for this work (A ), Titarenko et
al. (o) [100] and Blanchard et al. (x) [101] for target near products. The
uncertainties of the experimental data are generally smaller than the
symbol sizes.

the experimental excitation function and previous work for reactions ™U(p, f)'Ag,
"y, H¥Zr, ™U(p, H*®Y, ™U(p, HY'Y, ™U(p, H*Rb and ™U(p, £)**Zn has the same
behaviour except at 1400 MeV the measured cross sections are little bit smaller than
the previous work. For reaction "™U(p, f)'*'Te the previous results are higher than our
results, and little bit agreement for reaction "U(p, f)'''In except at 1000 MeV. At
1000 MeV, 1400 and 2530 MeV there are no previous results to compare with our
results for reactions "U(p, f)’’Ru and "™U(p, f)**Mn.

Figure (4-14) show that, the cross section as function of proton energy of
nuclear reactions "U(p,f)*°Cs, "™U(p,H)'**Sb,U(p,N)'**Sb, "™U(p.H''"""Ag,
natU(p’f)l%mAg’ natU(p,f)loth, natU(p,f)96TC, natU(p,f)86Rb, natU(p,f)84Rb,
natU(p,f)74AS and natU(p,D54Mn.
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Fig. (4-13):

Proton energy in MeV

Cross section as function of proton energy for this work (A ), Titarenko et
al. (@) [100], Blanchard et al. (%) [101], Friedlander et al. (o) [102] (0)
and Michel et al. () [35] for neutron poor products. The uncertainties of
the experimental data are generally smaller than the symbol sizes.
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Fig. (4-13): Continued.

The experimental excitation functions are compared also with previous work
Titarenko et al. [100], Blanchard et al. [101], Friedlander et al. [102], Hicks et al.
[103], Davies et al. [104] and Uosif et al. [105]. From figure (4-14) we can see that,
excellent agreement between the measured cross section and previous work for
reactions "U(p,£)"*°Cs, "U(p,f)'>*Sb,"U(p,)'**Sb, ™U(p,f)' " Ag and "U(p,f)*Rb.
Good agreement for reactions "“U(p,f)'*"Ag and "U(p,f)**Tc and quite good
agreement for reactions ™ U(p,H**Rb, "™U(p,f)"*As and "“U(p,f)>*Mn. For the last

reaction "U(p,f)'®Rh no experimentally obtained data was available.

The comparison between measured cross section and previous work are drawn
in figure (4-15) for nuclear reactions "™U(p,H'*'Ce, ™U(p,x)'*"Ba, ™U(p,f)"*’Ce
ntp,£)3Cs, " U(p, 52 Te, ™U(p,H)'>'T, "U(p,5)'7’Sb, ™U(p,)!2°Sb, ™U(p,f)'2Sn,
mUEHSCd, MUp.H'Ag, ™UpDH'®Ru, ™UpH"®Mo, ™U(p,H°*Zr and
"U(p,H)°'Y. Also our results are compared with previous work Titarenko et al. [100],
Blanchard et al. [101], Friedlander et al. [102], Hicks et al. [103], Davies et al. [104],
Uosif et al. [105] and Baba et al. [106].
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Fig. (4-14):

Proton energy in MeV

Cross section as function of proton energy for this work (A ), Titarenko et
al. (o) [100], Blanchard et al. (%) [101], Friedlander et al. (o) [102],
Hicks et al. (0) [103], Davies et al [104]. (®), Uosif et al. (A) [105] and
Michel et al. ()) [35] for intermediate products. The uncertainties of the
experimental data are generally smaller than the symbol sizes.
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Fig. (4-14): Continued.

Figure (4-15) clears that, excellent agreement with earlier results for reactions
"1, 31, ™U(p,)2'Sb, ™U(p,)'2Sb, ™U(p,)!25Sn, ™U(p,01°Cd, ™U(p,H''Ag,
"J(p,f)'Ru and "™U(p,f)”Zr, and good agreement for the reactions "U(p,f)'*'Ce,
"(p,f)*°Ce, ™U(p, £)**Te and "U(p,f)’’Mo. For reaction "U(p,x)'*’Ba very good
agreement except at 2530 MeV the measured cross section is higher than the previous
work, also at 211 MeV very good agreement between experimental excitation
function and Friedlander [102] for reaction ™U(p, f)"*’Cs while at proton energies
1000 MeV, 1400 MeV and 2530 MeV our cross sections are higher than the earlier.
For reaction "™U(p, f)’'Y unfortunately, there are no available earlier results to

compare.

For the target element uranium, we are starting with figure (4.12) where we
have very few radionuclides in the vicinity of the target mass 238, namely **’U, Pa-
233, Pa-232, and Pa-230. All these excitation functions, for which at least new and
relevant data by Titarenko et al. [100] and Blanchard et al. [101] do exist, show
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relatively flat and constant behavior as a function of energy. There are no detailed

structures to be seen.

Structured excitation functions can later be seen in figure (4.13) where we are
already in the area of the fission products. It has to be noticed that we practically do
not see deep spallation products for uranium, we just see a few nuclides which are
close to target nuclide and then we see very extensively the fission products. For the
excitation function of the fission products in figure (4.13) one generally sees good
agreement between the results form this work and those from the work of Blanchard

et al. [102], Friedlander et al. [102] and Titarenko et al. [100].

The excitation functions of the fission products start already at higher product
mass numbers compared to the fission products from rhenium. So, we see that already
127X e has a pronounced fission production with a threshold of the order of 100 MeV.
After a slight maximum around 1 GeV it tends to decline at higher energies. The same

is true for practically all nuclides given in figure (4.13).

There are, however, also other fission products and some of them are
displayed in figure (4.14). Here we have the neutron-rich radionuclides '*°Cs, '**Sb,
and %°Rb. In particular, the first radionuclides, 136Cs and '2*Sb, have fission threshold
well below 100 MeV. For these cases there we have a number of data from other
authors which allow together with our new ones to judge about the complete

excitation functions for the production of these nuclides.

In most cases, the agreement between the different measurements of different
laboratories can be considered as reasonably good for all nuclides which we have
measured in this work. Also the production of *Rb is showing a general agreement
between the experimental data. For this nuclide the fission threshold is at only 20
MeV. The excitation function shows a maximum which is shifted to higher energies
compared to *°Sc and '**Sb. The observation we are making for these fission
products and also for those given in figure (4.14 continued) and (4.15) is that, we have
again two classes of fission products which have been to be clearly distinguished. One
is the class of nuclide with high neutron excesses being in the neutron-rich part of the
valley of stability and the other one which comprises nuclide in the neutron poor side

of the valley of stability. For the neutron-rich nuclides, one observes relatively low
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fission thresholds and the maximum of the excitation functions are already at low
particle energies around 100 MeV. For the neutron poor nuclides, we are observing

high thresholds and maxima around 1 GeV.

The neutron-rich low-energy fission products tend to show a slight but
continuous decrease at higher energies behind the maximum, while the neutron poor
products show fewer tendencies to decrease at higher energy. For the fission products
which are far away from the uranium one observes slightly declining excitation

function.
4.2.2 Comparison with TALYS Code:

Figure (4-16) gives a comparison for nuclear reactions ™U(p,pxn)*'U,
" (p,2pxn)*Pa, "™U(p,2pxn)**Pa and "™U(p,2pxn)*’Pa from natural uranium and
systematic survey on the capability of the TALYS code. It is clear that, up to 211
MeV, there are no available experimental cross sections to compare with TALYS
code because the sample starts irradiation for 4 individual energies between 211 MeV

and 2530 MeV.

For uranium, we can do the same comparison with theoretical calculations
which we have performed for the target element rhenium. We start first with the
TALYS calculations which only allow us seeing information for the target-near
products. The fission products from uranium are not described by the TALYS model.
In figure (4.16) we are seeing the TALYS calculations without a direct comparison
with experimental data because in this thesis only cross sections at higher energies
could be measured. So, the TALYS calculations just allow us to get estimates of the
entire excitation functions below the measured values. The breaking down of the
theoretical cross sections in case of Pa-233, Pa-232 and Pa-230 is again a numerical
artefact and not an indication for a bad performance of the model. Generally for the
data of this work, we can not judge about the behavior of TALYS because of the lack

of experimental data in the energy range covered by the TALYS calculations.
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Fig. (4-15):

Proton energy in MeV
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Cross section as function of proton energy for this work (A ), Titarenko et
al. (o) [100], Blanchard et al. (%) [101], Friedlander et al. (o) [102],
Hicks et al. (0) [103], Davies et al. (8)[104], Uosif et al. (A) [105], Baba
et al. (+) [106] and Michel et al. (%) [107] for neutron-rich products. The
uncertainties of the experimental data are generally smaller than the

symbol sizes.
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Fig. (4-15): Continued.
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Fig. (4-16): Cross section as function of proton energy for this work (A ), TALYS
0.72 () and TALYS 1.0 (—) for target near products. The

uncertainties of the experimental data are generally smaller than the
symbol sizes.

4.2.3 Comparison with INCL4+ABLA:

In this section we present the comparison between experimental cross section
and calculated INCL4+ABLA code. Comparing the measured excitation function
with the results of the INCL4+ABLA for nuclear reactions ™U(p,pxn)>'U,
" (p,2pxn)*>>Pa, "U(p,2pxn)>**Pa and "*U(p,2pxn)>"Pa are given in figure (4-17).
Good agreement between measured cross section and calculated results for nuclear
reaction "U(p, pxn)>'U, and very good agreement for reaction ™U(p, 2pxn)*>Pa at
proton energies 211 MeV and 1400 MeV but at 1000 MeV and 2530 Mev the
experimental cross sections are slightly higher than the calculated cross sections.
Figure (4-17) gives that also, the calculated excitation functions by using
INCL4+ABLA are smaller than the measured excitation functions for nuclear

reactions "U(p.2pxn)***Pa and "U(p.2pxn)”*Pa.
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Fig. (4-17): Cross section as function of proton energy for this work (A) and
INCL4+ABLA (—) for target near products. The uncertainties of the
experimental data are generally smaller than the symbol sizes.

Comparing experimental cross sections with calculated cross sections for
reactions ™U (p,0)'7'Xe, ™U(p,H)'2'Te, ™U(p,H'13Sn, ™U(p,H"In, ™U(p,H'Ag,
G 0 Ry U(p,H%Zr, ™Up,H®Y, ™Up.0*Y, ™Up,H*Rb, ™U(p,H*Zn,
"J(p,H)*Mn and "U(p,f)’'Cr are plotted in figure (4-18). It is evident from figure
(4-18) that, very agreement between measured excitation functions and calculated
excitation functions for reactions "U (p,f)'*"Xe, ™U(p,N)'"*Sn and ™U(p,H)*Rb. For
reactions ™'U(p,H)'"'In, "™U(p,H)'*Ag and "U(p,H)*Zn excellent agreement at 1000
MeV, while at 1400 MeV and 2530 MeV the experimental cross sections are smaller
than the calculated cross sections and for reaction "U(p,f)'*' Te very good agreement
at 211 MeV between INCL4+ABLA cross section and our cross section but at
1000MeV, 1400 MeV and 2530 MeV the measured cross sections are higher than the
experimental cross sections. Our results are in good agreement with INCL4+ABLA
results for reactions ™U(p,f)’’Ru and "™U(p,0)¥Zr, and little bit agreement for

reactions "U(p,H)*Y and "U(p,H)*Y. It is clear also that, the
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Cross section as function of proton energy for this work (A) and
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Fig. (4-18): Continued.

measured excitation functions are higher than the calculated excitation

functions for reactions "*U(p,f)**Mn and "U(p,f)’'Cr.

Figure (4-19) show that comparing between experimental cross section and
INCL4+ABLA cross sections for reactions U(p,f)"*°Cs, U(p.f)'**Sb, ™U(p,f)'**Sb,
natU(p,f)l IOmAg’ natU(p,f)IO6mAg, natU(p’f)lmRh’ natU(p,f)96TC’ natU(p,f)86Rb,
(p,H*Rb, ™U(p,f) *As and ™U(p,f)**Mn. Man can see that excellent agreement

between measured excitation functions and INCL4+ABLA excitation functions for
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Fig. (4-19):
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Cross section as function of proton energy for this work (A) and
INCL4+ABLA (—) for intermediate products, part one. The
uncertainties of the experimental data are generally smaller than the
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Fig. (4-19): Continued.

reactions U(p,f)"*°Cs, U(p,)'**Sb, "U(p,f)'**Sb, "U(p,H)''"Ag, ™U(p,H)**Rb and
"J(p,f)*As. Good agreement between measured cross section and calculated cross
sections for reactions ™U(p,H)'"Ag, "U(p,f)'*Rh and "U(p,f)’*Tc at 1000 MeV
but at 1400 MeV and 2530 MeV the experimental cross sections are little bit smaller
than the theoretical cross sections. For reaction "U(p,H*Rb very good agreement at
211 MeV between measured and calculated cross section but in ™U(p,f)’*Mn we can
notice that, the theoretical excitation function is smaller than experimental excitation

function.

From figure (4-20) we can see that, the experimental cross sections as
functions of proton energy in comparison with INCL4+ABLA model calculation for
reactions natU(p’f)MlCe’ natU(p’f)MOBa’ natU(p,D139Ce’ natU(p,f)l?’7C5, natU(p’DISZTe’
natU(p,f)l3II, natU(p,f)l27Sb, natU(p,f)IZ(’Sb, natU(p,f)USSn, natU(p,f)HSCd, natU(p,f)lllAg,
natU(p,f)l(BRu, natU(p’D99M0, natU(p,ﬂ%ZI' and natU(p,f)le.
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Cross section as function of proton energy for this work (A) and

INCL4+ABLA (—) for neutron-rich products, part one.

The

uncertainties of the experimental data are generally smaller than the

symbol sizes.
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It is evident from figure (4-20) that, very good agreement between
INCL4+ABLA code cross section and measured cross section for reactions
"UpHSh,  MUMH'Sn,  MUpH'SCd,  ™Up.HMAg  "™U(p.H "Ru,
(p,H* Mo, ™U(p,f)Zr and ™U(p,f)’'Y. Good agreement between calculated
cross section and measured cross section for reaction ™ U(p,f)'*'Ce at 1000 MeV and
2530 MeV, while at 211 MeV and 1400 MeV the experimental cross sections are
smaller than the theoretical cross sections. For reaction ™U(p,f)'**Ba we can notice
also good agreement at 1400 MeV but at 211 MeV our result is smaller than
calculated and vice versa at proton energies 1000 MeV and 2530 MeV. Good
agreement between theoretical and measured cross section at 211 MeV for reaction
", £)P'T but at 1000 MeV, 1400 MeV and 2530 MeV we can see that comparing
the experimental cross sections with the results of the model calculation it was found
that the our cross section in this study are higher than the results of the model
calculation. For reactions ™U(p,f)"*’Cs and "™U(p,f)"**Te the measured cross section
is little bit smaller than calculated cross section at 211 MeV, while at proton energies
1000 MeV, 1400 MeV and 2530 MeV vice versa could be noticed. The
INCL4+ABLA excitation functions are higher than the experimental excitation
functions for reactions "*U(p,f)'*’Ce and "™U(p.f)'*°Sb.

The INCL4+ABLA calculations also allow describing the target near products
as shown in figure (4.17). All these excitation functions are characterized by more or
less constant behaviours as a function of energy. These products are more or less

confined to peripheral reactions and low excitation energies.

More promising is the comparison of the INCL4+ABLA calculation with the
fission products. For uranium, in general, the INCL4+ABLA calculations reproduced
the experimental data very well. That is true for all radionuclide starting with '*"Xe
and going down to %Rb (Fig. 4-18, 4-19, 4-20). The distinction between the different
fission products from uranium namely the low-energy and the high-energy products
does not show different performance of the model used. However, for lower mass
fission products, as e.g. *Mn in figure (4.19), we are getting already a significant
underestimation of the experimental data. In general, one can say that, the
performance of the INCL4+ABLA with respect the fission products from uranium is

much better that was observed from rhenium.
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4.2.4 Phenomenology of Residual Nuclides Production by Proton-

Induced reaction on Uranium:

In Figure (4-21) our experimental cross sections are plotted versus product
masses. Already at about 200 MeV the fission channel is open. This plot also allows a
crude estimate of the isobaric yields of products which would be the upper envelope
of the experimental data. One can clearly distinguish two major reaction modes.
Products are observed in the vicinity of the target masses and at about half the target
mass with a clear gap between them. This gap still ranges from mass 140 to 230, 140
to 200, 140 to 230 and 150 to 200 at 211 MeV, 1000 MeV, 1400 MeV and 2530
MeV, respectively. The products at about half the target mass are clearly attributable
to fission processes. Fission products show up as peaks in the mass distributions
which become higher and broader with increasing proton energy. The radionuclides
observed in the vicinity of the target are produced by reactions involving a compound

nucleus in statistical equilibrium, by pre-equilibrium reactions and by spallation

Processes.
1E+03 E 3
"ty at 211 MeV F "ty at 1000 MeV
I A
1E+02 -g . A '? AAA
A ‘A [ AM A
‘1 I A h A
1IE+01 + Al 4 i 2 # A
3 A E AA Y A
A f“ A A - A x‘ A A
= IE+00 + A A : 4 ‘:A A
E : ATa
=
o= A A
g 1E-01
'8‘ IE+03 - -
2 "ty at 1400 MeV g "ty at 2530 MeV
wn
2 [
e 1IE+02 + . A 1 A
@) : ;
[ “w AAH [ “A‘A A&
IE+01 ¢ AA A *A : 1 é A tA
E af M A ol Al Aﬁf
- ﬁ‘ A -~ A A
1E+00 83 t: A + a A A
E A A
1E-01

0 25 50 75 100 125 150 175 200 225 250 0 25 50 75 100 125 150 175 200 225 250
Mass number of product

Fig. (4-21): Cross sections for the production of residual nuclides from uranium as
function of the product mass numbers.
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So, finally we go to the mass distribution of the observed radionuclides from
uranium. In figure (4.21) we are having these mass distributions at four energies. We
see that the range of target-near products is very strongly confined and that then we
are only observing fission products. Very dominating is fission for uranium, but this
fission does not appear here as a simple symmetric fission process. There are
indications that the heavy peak of the fission products in the low-energy uranium
fission distribution pertains for intermediate energies so that there is a certain
preference for masses between 125 and 150. Except for that, we also see a relative
asymmetric maximum in the distribution of the fission product at masses around 100,
pointing to the importance of the second mode of fission, namely that of fission of

residual nuclide after long intra-nuclear cascade.

The part of the mass distribution at masses between 125 and 150 is pointing to
low-energy fission and production after a short cascade with low excitation energies
in which the fissioning nucleus remembers a relatively high neutron excess. The
experimental cross sections with uncertainty and type of reaction for natural rhenium

and uranium are given in appendix (I) and appendix (II).
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CONCLUSION

The context of this work describes residual nuclides produced from rhenium
and uranium by proton-induced reaction. This was a part of the 5" frame work of the
European Commission project HINDAS (High and intermediate Data for Accelerator
Driven System). The aim of this project is to provide reliable nuclear reaction data for
the feasibility studies of accelerator driven system. Our new experimental data for the
production of residual readionuclides will increase the data libraries and will

contribute to develop new and improved simulation codes.

The irradiations took place at the SATURNE II synchrocyclotron of the
Laboratoire National Saturne at Saclay for uranium target with proton energy range
from 211 MeV to 2530 MeV, and at the cyclotron of the Svedberg Laboratory at
Uppsala for rhenium target with proton energy range from 78.2 MeV to 2590 MeV.
At both locations a stacked-foil technique was applied allowing for the examination of
many target elements at different energy points with a minimum requirement of
beam-time. The foils were arranged in small stacks in which aluminium foils were
arranged in front of the rhenium or uranium targets to allow for proton flux
determination via the *’Al(p,3p3n)**Na monitor reaction. Y-spectrometric
measurements were performed using several high-purity germanium (HPGe) and
germanium-lithium (Ge(Li)) detectors partially equipped with automatic sample
changers to be used for the short-time measurements. Residual nuclides were
measured in Center of Radiation Protection and Radioecology [Zentrum fiir
Strahlenschutz und Radiodkologie (ZSR)] Hannover Germany. The spectrums were

evaluated by commercially available software GAMMA-W.

. . . . 1 1 182
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3Co, 54, *>Mn, °'Cr, 48V, 22Na, are generated by proton interactions with natural
uranium target and cross sections could be determined. The experimental obtained
data were compared with previously obtained experimental data and codes
INCL4+ABLA, TALYS and Bertini/Dresner based in theoretical models. Very good
agreement between different experimental work and the codes were obtained. Still in
some cases there are discrepancy between the experimental obtained data and the

codes which require further improvement.
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APPENDIX (I)

. . t 1 :
Cross section data for reaction ™Re(p,xn)'*>Os cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  p,xn '"0s  7.800E+01 1.7E+00 3.7JE+01  1.5E+00
"“Re  pxn '"0s  8.200E+01 22E+00  3.4E+01  1.1E+00
MRe  p,xn '0s  9.000E+01 1.6E+00 3.1E+01  6.0E-01
"“Re  pxn '"0s  9.300E+01 2.1E+00  2.8E+01  9.0E-01
MRe  p,xn '0s  9.800E+01 1.5E+00  2.8E+01  5.0E-01
"“Re  pxn '"0s  1.100E+02 1.9E+00  2.4E+01  8.0E-01
"Re  pxn '0s  1.100E+02 1.4E+00 2.4E+01  5.0E-01
"“Re  pxn '"0s  1.200E+02 1.2E+00  23E+01  6.0E-01
"Re  pxn '0s  1.200E+02 1.9E+00 22E+01  8.0E-01
"“Re  pxn '"0s  1.200E+02 1.1IE+00  2.0E+01  1.3E+00
MRe  p,xn '0s  1.300E+02 1.8E+00  2.0E+01  7.0E-01
"“Re  pxn '"0s  1.300E+02 9.0E-01 2.0E+01  6.0E-01
MRe  p,xn '0s  1.300E+02 1.7E+00 1.9E+01  1.1E+00
"“Re  pxn "0s  1.500E+02 1.6E+00 1.7E+01  5.0E-01
MRe  p,xn '0s  1.500E+02 1.5E+00 1.7E+01  6.0E-01
"“Re  pxn '"0s  1.600E+02 1.4E+00 1.5E+01  8.0E-01
MRe  p,xn '0s  1.700E+02 1.3E+00 1.5E+01  9.0E-01
"“Re  pxn "0s  2.500E+02 1.9E+00  9.7E+00  8.0E-01
MRe  p,xn '0s  3.300E+02 1.8E+00 8.0E+00  1.1E+00
"“Re  pxn "0s  5.600E+02 1.6E+00  5.9E+00  3.8E-01
MRe  p,xn '0s  7.600E+02 1.5E+00 5.4E+00  3.6E-01
"“Re  pxn '"0s  1.200E+03 1.5E+00  4.9E+00  4.8E-01
MRe  p,xn '"0s  1.600E+03 1.5E+00 52E+00  4.4E-01
"“Re  pxn '"0s  2.600E+03 1.0E+00  6.0E+00  2.8E-01

Cross section data for reaction IlatRe(p,xn)mOs cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
"“Re  pxn '"0s  7.800E+01 1.7E+00 - -
MRe  p,xn 30s  8.200E+01 2.2E+00 8.0E+01  8.1E+00
"“Re  pxn '0s  9.000E+01 1.6E+00 - -
MRe  p,xn 30s  9.300E+01 2.1E+00 6.2E+01  3.1E+00
"“Re  pxn '0s  9.800E+01 1.5E+00 - -
MRe  p,xn 830s  1.100E+02 2.0E+00 53E+01  3.6E+00
"“Re  pxn '"0s  1.100E+02 1.4E+00 - -
MRe  p,xn '$0s  1.200E+02 1.2E+00  4.6E+01  2.8E+00
"“Re  pxn '0s  1.200E+02 1.9E+00 - -
"“Re  p,xn '"$0s  1.200E+02 1.1E+00 - -
"“Re  pxn '0s  1.300E+02 1.8E+00  4.0E+01  2.9E+00
"MRe  p.xn '"$0s  1.300E+02 9.0E-01 - -
"“Re  pxn '"0s  1.300E+02 1.7E+00  3.7E+01  3.2E+00
MRe  p,xn '$0s  1.500E+02 1.6E+00 32E+01  1.7E+00
"“Re  pxn '0s  1.500E+02 1.5E+00  3.0E+01  1.6E+00
MRe  p,xn '$0s  1.600E+02 1.4E+00  2.8E+01  1.8E-0l
"“Re  pxn '0s  1.700E+02 1.3E+00  2.7E+01  1.9E+00
"MRe  p,xn '$0s  2.500E+02 1.9E+00 1.8E+01  5.0E-01
"“Re  pxn '"$0s  7.800E+01 1.8E+00 1.6E+01  1.5E+00
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Continued.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb
MRe  p,xn 30s  5.600E+02 1.6E+00 1.8E+01  1.6E+00
"“Re  p,xn '0s  7.600E+02 1.5E+00  8.7E+00  2.4E+00
"MRe  p.xn '"$0s  1.200E+03 1.5E+00 - -
"“Re  pxn '"0s  1.600E+03 1.5E+00 - -
"Re  pxn '$0s  2.600E+03 1.0E-+00 - -

Cross section data for reaction ™Re(p,xn)'*?Os cumulative.

Target Reaction Product E,inMeV uE,)inMeV ocinmb u(c)inmb
"MRe  p.xn '20s  7.800E+01 1.7E+00 - -
"“Re  pxn '"20s  8.200E+01 2.2E+00 1.0E+02  2.9E+00
"MRe  p.xn '20s  9.000E+01 1.6E+00 - -
"“Re  pxn '"20s  9.300E+01 2.1E+00  82E+01  4.5E+00
"MRe  p.xn '20s  9.800E+01 1.5E+00 - -
"“Re  pxn '"20s  1.100E+02 2.0E+00  6.8E+01  4.4E+00
"“Re  p,xn '20s  1.100E+02 1.4E+00 - -
"“Re  pxn '"20s  1.200E+02 1.2E+00  58E+01  2.6E+00
"“Re  p,xn '20s  1.200E+02 1.9E+00 - -
"“Re  pxn '"20s  1.200E+02 1.1E+00 - -
MRe  p,xn 205 1.300E+02 1.8E+00  4.5E+01  4.2E+00
"“Re  pxn '"20s  1.300E+02 9.2E-01 - -
MRe  p,xn 205 1.300E+02 1.7E+00  4.7E+01  3.3E+00
"“Re  pxn '"20s  1.500E+02 1.6E+00  4.3E+01  6.3E+00
MRe  p,xn 8205 1.500E+02 1.5E+00 3.9E+01  1.3E+00
"“Re  pxn "20s  1.600E+02 1.4E+00  3.7E+01  1.8E+00
MRe  p,xn 8205 1.700E+02 1.3E+00 3.4E+01  2.9E+00
"“Re  pxn "20s  2.500E+02 1.9E+00  2.5E+01  2.2E+00
MRe  p,xn 205 3.300E+02 1.8E+00  2.1E+01  4.2E+00
"“Re  pxn "20s  5.600E+02 1.6E+00  23E+01  3.2E+00
MRe  p,xn 8205 7.600E+02 1.5E+00 1.6E+01  3.7E+00
"“Re  pxn '"20s  1.200E+03 1.5E+00 - -
"MRe  p.xn '20s  1.600E+03 1.5E+00 - -
"“Re  pxn '"20s  2.600E+03 1.0E+00 - -

Cross section data for reaction "Re(p,pxn)'**Re independent.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  p,pxn "Re  7.800E+01 1.7E+00 - -
MRe  p,pxn 8Re  8.200E+01 2.2E+00 5.8E+01  4.0E+00
"Re  p,pxn "Re  9.000E+01 1.6E-+00 - -
MRe  p,pxn 8Re  9.300E+01 2.1E+00 57E+01  1.0E+00
"Re  p,pxn '"Re  9.800E+01 1.5E+00 - -
MRe  p,pxn 86Re  1.100E+02 2.0E+00 5.4E+01  7.0E-01
"“Re  p,pxn ""Re  1.100E+02 1.4E+00 - -
MRe  p,pxn 8Re  1.200E+02 1.2E+00 52E+01  1.6E+00
"“Re  p,pxn "Re  1.200E+02 1.9E+00 - -
MRe  p,pxn 8Re  1.200E+02 1.1E+00 - -
"Re  p,pxn 8Re  1.300E+02 1.8E+00 4.6E+01  4.4E+00
MRe  p,pxn 86Re  1.300E+02 9.0E-01 - -
"Re  p,pxn 8Re  1.300E+02 1.7E+00 4.7E+01  1.2E+00
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Continued.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb
"Re  p,pxn "Re  1.450E+02 1.6E+00 4.1E+01  5.5E+00
MRe  p,pxn '"Re  1.530E+02 1.5E+00  4.1E+01  4.3E+00
"Re  p,pxn 'Re  1.620E+02 1.4E+00 4.0E+01  5.7E+00
MRe  p,pxn '"Re  1.690E+02 1.3E+00  3.9E+01  4.2E+00
"Re  p,pxn 'Re  2.510E+02 1.9E+00 3.8E+01  2.7E+00
MRe  p,pxn '"Re  3.310E+02 1.8E+00  3.8E+01  1.9E+00
MRe  p,pxn 8Re  5.580E+02 1.6E+00  4.8E+01  3.9E+00
MRe  p,pxn 8Re  7.630E+02 1.5E+00  4.5E+01  3.2E+00
MRe  p,pxn %Re  1.165E+03 1.5E+00  4.6E+01  2.5E+00
MRe  p,pxn 8Re  1.570E+03 1.5E+00  4.9E+01  3.5E+00
"MRe  p,pxn '6Re  2.590E+03 1.0E+00 5.5E+01  1.9E+00

Cross section data for reaction "Re(p,pxn)'*'Re independent.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  p,pxn '"Re  7.820E+01 1.7E+00 1.2E+02  5.4E+00
MRe  p,pxn '"MRe  8.190E+01 2.2E+00 1.1IE+02  4.1E+00
MRe  p,pxn 'Re  9.000E+01 1.6E+00 1.1IE+02  3.9E+00
MRe  p,pxn 'MRe  9.340E+01 2.1E+00 1.0E+02  5.5E+00
MRe  p,pxn 'Re  9.800E+01 1.5E+00 9.9E+01  8.7E+00
MRe  p,pxn '"MRe  1.050E+02 2.0E+00  8.9E+01  4.1E+00
"Re  p,pxn 'Re  1.080E+02 1.4E+00 9.4E+01  4.6E+00
MRe  p,pxn "MRe  1.150E+02 1.2E+00  8.6E+01  3.1E+00
"Re  p,pxn 'Re  1.150E+02 1.9E+00 8.8E+01  4.3E+00
MRe  p,pxn '"MRe  1.240E+02 1.1IE+00  8.0E+01  6.0E+00
"Re  p,pxn 'Re  1.250E+02 1.8E+00 8.2E+01  7.9E+00
MRe  p,pxn "MRe  1.310E+02 9.0E-01 8.1E+01  3.3E+00
"Re  p,pxn 'Re  1.340E+02 1.7E+00 7.7E+01  9.9E+00
MRe  p,pxn '"MRe  1.450E+02 1.6E+00  7.1E+01  2.6E+00
"Re  p,pxn 'Re  1.530E+02 1.5E+00 6.9E+01  5.0E+00
MRe  p,pxn '"MRe  1.620E+02 1.4E+00  6.6E+01  3.3E+00
"Re  p,pxn 'Re  1.690E+02 1.3E+00 6.3E+01  3.3E+00
MRe  p,pxn '"MRe  2.510E+02 1.9E+00  5.8E+01  5.3E+00
MRe  p,pxn 'Re  3.310E+02 1.8E+00 5.5E+01  8.5E+00
MRe  p,pxn '"MRe  5.580E+02 1.6E+00  6.0E+01  3.3E+00
MRe  p,pxn 'Re  7.630E+02 1.5E+00 59E+01  2.9E+00
MRe  p,pxn MRe  1.165E+03 1.5E+00  5.8E+01  6.7E+00
MRe  p,pxn 'Re  1.570E+03 1.5E+00 5.8E+01  2.2E+00
"Re  p,pxn '"MRe  2.590E+03 1.0OE+00  6.1E+01  2.2E+00

Cross section data for reaction "Re(p,pxn)'**"Re independent.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  ppxn T™Re  7.820E+01 1.7E+00  3.4E+01  3.8E+00
"MRe  ppxn  ¥™Re  8.190E+01 2.2E+00 33E+01  3.2E+00
MRe  ppxn ™Re  9.000E+01 1.6E+00  3.0E+01  2.4E+00
"MRe  ppxn  ¥™Re  9.340E+01 2.1E+00 3.0E+01  2.1E+00
MRe  ppxn ™Re  9.800E+01 1.5E+00  2.9E+01  5.3E+00
MRe  ppxn  ¥™Re  1.050E+02 2.0E+00 2.8E+01  2.2E+00
MRe  ppxn *™Re  1.080E+02 1.4E+00  2.6E+01  1.3E+00
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Continued.

Target Reaction Product E,inMeV u(E;,)inMeV oinmb u(c)inmb

"MRe  ppxn [ TMRe  1.150E+02 12E+00  2.5E+01  1.8E+00
MRe  ppxn ™Re  1.150E+02 1.9E+00  2.4E+01  1.0E+00
"MRe  ppxn  *™Re  1.240E+02 1.1IE+00  23E+01  2.2E+00
MRe  ppxn MRe  1.250E+02 1.8E+00  2.3E+01  2.2E+00
MRe  ppxn  ¥™Re  1.310E+02 9.0E-01 22E+01  8.0E-01
MRe  ppxn *™Re  1.340E+02 1.7E+00  2.4E+01  2.7E+00
MRe  ppxn  *Re  1.450E+02 1.6E+00  2.0E+01  1.2E+00
MRe  ppxn  ¥™Re  1.530E+02 1.5E+00 2.0E+01  2.0E+00
MRe  ppxn ™Re  1.620E+02 1.4E+00  2.0E+01  2.0E+00
"MRe  ppxn  ¥™Re  1.690E+02 1.3E+00 1.8E+01  1.9E+00
MRe  ppxn ™Re  2.510E+02 1.9E+00 1.6E+01  1.3E+00
MRe  ppxn  ¥™Re  3.310E+02 1.8E+00 1.4E+01  8.0E-01
MRe  ppxn ™Re  5.580E+02 1.6E+00 1.5E+01  1.2E+00
MRe  ppxn  ¥™Re  7.630E+02 1.5E+00 1.6E+01  1.2E+00
MRe  ppxn ™Re  1.165E+03 1.5E+00 1.4E+01  1.0E+00
MRe  ppxn  ¥™Re  1.570E+03 1.5E+00 1.4E+01  6.0E-01
"MRe  ppxn *™Re  2.590E+03 1.0E+00 1.5E+01  4.0E-01

Cross section data for reaction ™Re(p,pxn)'*’Re cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  p,pxn '"Re  7.820E+01 1.7E+00  2.1E+02  3.8E+00
MRe  p,pxn '®Re  8.190E+01 22E+00  2.0E+02  5.7E+00
MRe  p,pxn '$Re  9.000E+01 1.6E+00 1.8E+02  2.9E+00
MRe  p,pxn '®Re  9.340E+01 2.1E+00 1.6E+02  6.7E+00
MRe  p,pxn '$Re  9.800E+01 1.5E+00 1.6E+02  6.6E+00
MRe  p,pxn '®Re  1.050E+02 2.0E+00 1.4E+02  2.2E+00
"Re  p,pxn '$Re  1.080E+02 1.4E+00 1.5E+02  3.3E+00
MRe  p,pxn '®Re  1.150E+02 1.2E+00 1.3E+02  3.5E+00
"Re  p,pxn '"SRe  1.240E+02 1.1E+00 1.3E+02  1.0E+00
MRe  p,pxn '®Re  1.250E+02 1.8E+00 1.3E+02  9.2E+00
"Re  p,pxn '$Re  1.310E+02 9.0E-01 1.3E+02  3.0E-01
MRe  p,pxn '®Re  1.340E+02 1.7E+00 1.3E+02  4.1E+00
"Re  p,pxn '$Re  1.450E+02 1.6E+00 9.7E+01  5.0E+00
MRe  p,pxn '®Re  1.530E+02 1.5E+00  9.5E+01  2.3E+00
"Re  p,pxn '$Re  1.620E+02 1.4E+00 9.3E+01  3.0E+00
MRe  p,pxn '®Re  1.690E+02 1.3E+00  9.1E+01  4.3E+00
"Re  p,pxn '$Re  2.510E+02 1.9E+00 7.0E+01  3.1E+00
MRe  p,pxn '®Re  3.310E+02 1.8E+00  6.2E+01  3.7E+00
MRe  p,pxn '$Re  5.580E+02 1.6E+00 5.5E+01  5.4E+00
MRe  p,pxn '$Re  7.630E+02 1.5E+00  5.3E+01  2.7E+00
MRe  p,pxn '$Re  1.165E+03 1.5E+00  4.4E+01  2.6E+00
MRe  p,pxn '®Re  1.570E+03 1.5E+00  4.3E+01  2.2E+00
"MRe  p,pxn '$Re  2.590E+03 1.0E+00  4.7E+01  1.3E+00

Cross section data for reaction ™Re(p,pxn)'*°Re cumulative.

Target | Reaction | Product | EpinMeV | u(Ep)inMeV | cinmb | u(c)in mb
natRe  p,pxn 182Re  7.820E+01 1.7E+00 - -
natRe  p,pxn  182Re  8.190E+01 22E+00  6.9E+01  6.4E+00
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Continued.

Target Reaction Product E,inMeV u(Ey,)inMeV ocinmb u(c)inmb
"“Re  p,pxn "Re  9.000E+01 1.6E-+00 - -
MRe  p,pxn 'Re  9.340E+01 2.1E+00  6.4E+01  4.1E+00
MRe  p,pxn '2Re  9.800E+01 1.5E+00 6.2E+01  9.2E+00
MRe  p,pxn 'Re  1.050E+02 2.0E+00  6.1E+01  3.7E+00
"“Re  p,pxn '2Re  1.080E+02 1.4E+00 - -
MRe  p,pxn 'Re  1.150E+02 1.2E+00  5.5E+01  4.7E+00
"Re  p,pxn 82Re  1.150E+02 1.9E+00 57E+01  5.9E+00
MRe  p,pxn 82Re  1.240E+02 1.1E+00 53E+01  5.5E+00
"Re  p,pxn B 2Re  1.250E+02 1.8E+00 5.0E+01  5.3E+00
MRe  p,pxn 82Re  1.310E+02 9.0E-01 52E+01  2.8E+00
"Re  p,pxn 82Re  1.340E+02 1.7E+00 4.7E+01  7.6E+00
MRe  p,pxn 82Re  1.450E+02 1.6E+00  4.4E+01  2.6E+00
"Re  p,pxn 8 2Re  1.530E+02 1.5E+00 43E+01  8.0E+00
MRe  p,pxn 82Re  1.620E+02 1.4E+00  4.2E+01  6.4E+00
"Re  p,pxn 82Re  1.690E+02 1.3E+00 4.1E+01  6.9E+00
MRe  p,pxn 82Re  2.510E+02 1.9E+00 2.9E+01  2.0E+00
MRe  p,pxn 82Re  3.310E+02 1.8E+00  2.5E+01  1.9E+00
MRe  p,pxn 82Re  5.580E+02 1.6E+00 2.5E+01  2.3E+00
MRe  p,pxn 8 2Re  7.630E+02 1.5E+00  2.2E+01  1.7E+00
MRe  p,pxn 82Re  1.165E+03 1.5E+00 2.1E+01  3.2E+00
MRe  p,pxn " 2Re  1.570E+03 1.5E+00  2.5E+01  1.6E+00
"Re  p,pxn 2Re  2.590E+03 1.0E+00 2.1E+01  1.1E+00

Cross section data for reaction ™Re(p,pxn)'*'Re cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  p,pxn ""IRe  7.820E+01 1.7E+00 - -
"Re  p,pxn '"IRe  8.190E+01 22E+00  22E+02  1.0E-01
MRe  p,pxn "IRe  9.000E+01 1.6E+00 - -
"“Re  p,pxn '®IRe  9.340E+01 2.1E+00 1.8E+02  1.1E+00
MRe  p,pxn "IRe  9.800E+01 1.5E+00 - -
"Re  p,pxn 'SIRe  1.050E+02 2.0E+00 1.5E+02  1.0E-01
MRe  p,pxn "IRe  1.080E+02 1.4E+00 - -
"Re  p,pxn 'SIRe  1.150E+02 1.2E+00 5.6E+01  9.3E+00
MRe  p,pxn "IRe  1.150E+02 1.9E+00 - -
"“Re  p,pxn '"Re  1.240E+02 1.1E+00 - -
MRe  p,pxn ""IRe  1.250E+02 1.8E+00  5.0E+01  8.8E+00
"“Re  p,pxn '"IRe  1.310E+02 9.0E-01 - -
MRe  p,pxn ""IRe  1.340E+02 1.7E+00  4.9E+01  7.3E+00
"Re  p,pxn 'SIRe  1.450E+02 1.6E+00 44E+01  5.7E+00
MRe  p,pxn "IRe  1.530E+02 1.5E+00  4.3E+01  8.2E+00
"Re  p,pxn 'SIRe  1.620E+02 1.4E+00 42E+01  7.9E+00
MRe  p,pxn "IRe  1.690E+02 1.3E+00  4.1E+01  7.8E+00
MRe  p,pxn 'SIRe  2.510E+02 1.9E+00  2.9E+01  2.0E+00
MRe  p,pxn ""IRe  3.310E+02 1.8E+00  2.5E+01  5.1E+00
MRe  p,pxn 'SIRe  5.580E+02 1.6E+00  2.5E+01  6.0E-01
MRe  p,pxn ""IRe  7.630E+02 1.5E+00  2.2E+01  3.0E+00
"Re  p,pxn 'SIRe  1.165E+03 1.5E+00 2.1E+01  3.6E+00
MRe  p,pxn "IRe  1.570E+03 1.5E+00  2.5E+01  1.3E+00
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Continued.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb
"Re  p,pxn "Re  2.590E+03 1.0E+00  2.1E+01  1.3E+00

Cross section data for reaction "Re(p,3pxn) > Ta cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
"MRe  plpxn  Ta  7.820E+01 1.7E+00 - -
MRe  plpxn PTa 8.190E+01 2.2E+00 1.6E+01  3.0E+00
"MRe  plpxn  "Ta  9.000E+01 1.6E+00 - -
MRe  plpxn PTa  9.340E+01 2.1E+00 1.5E+01  2.8E+00
"MRe  plpxn  "Ta  9.800E+01 1.5E+00 - -
MRe  plpxn PTa  1.050E+02 2.0E+00 1.4E+01  2.5E+00
"MRe  pJlpxn  “Ta  1.080E+02 1.4E+00 - -
MRe  plpxn PTa  1.150E+02 1.2E+00 1.3E+01  2.6E+00
"MRe  plpxn  PTa  1.150E+02 1.9E+00 - -
MRe  plpxn PTa  1.240E+02 1.1E+00 - -
"MRe  pJlpxn  PTa  1.250E+02 1.8E+00 1.1E+01  2.1E+00
MRe  plpxn PTa  1.310E+02 9.3E-01 - -
"MRe  pJ3pxn  '©°Ta  1.340E+02 1.7E+00 1.0E+01  1.7E+00
MRe  plpxn PTa  1.450E+02 1.6E+00  9.3E+00  6.3E-01
"MRe  pJ3pxn  '©Ta  1.530E+02 1.5E+00 9.1E+00  1.4E+00
MRe  plpxn PTa  1.620E+02 1.4E+00  8.7E+00  1.7E+00
"MRe  pJ3pxn  ©Ta  1.690E+02 1.3E+00 7.9E+00  1.8E+00
MRe  plpxn PTa  2.510E+02 1.9E+00  7.3E+00  3.8E-0l
"MRe  pJ3pxn  '©Ta  3.310E+02 1.8E+00 6.3E+00  6.2E-01
MRe  plpxn PTa  5.580E+02 1.6E+00  6.2E+00  4.8E-01
"MRe  pJ3pxn  ©Ta  7.630E+02 1.5E+00 53E+00  1.0E+00
MRe  pJlpxn ®Ta  1.165E+03 1.5E+00  5.4E+00  1.1E+00
"MRe  pJ3pxn '©Ta  1.570E+03 1.5E+00 7.5E+00  3.7E-01
"MRe  pJlpxn  ™Ta  2.590E+03 1.0E+00  3.3E+00  6.0E-01

Cross section data for reaction "Re(p,4pxn)' °Hf cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
"“Re pdpxn  CHf  1.150E+02 1.9E+00 3.1E+01  1.3E-01
"MRe  pdpxn  PHf  1.240E+02 1.IE+00  4.3E+01  2.5E+00
"“Re pdpxn  PHf  1.250E+02 1.8E+00  4.6E+01  2.1E+00
"MRe  pdpxn  PHf  1.310E+02 9.3E-01 5.4E+01  7.6E+00
MRe  pdpxn  PHf  1.340E+02 1.7E+00 5.6E+01  3.2E+00
MRe  pdpxn  PHf  1.450E+02 1.6E+00 6.5E+01  3.5E+00
MRe  pdpxn  PHf  1.530E+02 1.5E+00 7.4E+01  3.9E+00
MRe  pdpxn  'PHf  1.620E+02 1.4E+00 7.9E+01  2.6E+00
MRe  pdpxn  PHf  1.690E+02 1.3E+00 8.1E+01  2.6E+00
"MRe  pdpxn  'PHf  2.510E+02 1.9E+00 9.4E+01  2.0E+00
MRe  pdpxn  PHf  3.310E+02 1.8E+00 9.1E+01  2.2E+00
"MRe  pdpxn  PHf  5.580E+02 1.6E+00 7.9E+01  4.9E+00
MRe  pdpxn  PHf  7.630E+02 1.5E+00 6.4E+01  2.8E+00
"MRe  pdpxn ' PHf  1.165E+03 1.5E+00  4.7E+01  2.4E+00
MRe  pdpxn ' PHf  1.570E+03 1.5E+00 4.1E+01  1.5E+00
"Re  pdpxn ' PHf  2.590E+03 1.0E+00 3.4E+01  1.2E+00

136



Cross section data for reaction "Re(p,4pxn)' “Hf cumulative.

Target Reaction Product E,inMeV u(Ey))inMeV oinmb u(c)inmb
"Re  pdpxn  “Hf  1.250E+02 1.8E+00 1.3E+01  4.7E-01
MRe  pdpxn  PHf  1.310E+02 9.3E-01 - -
"“Re  p,4pxn PHf  1.340E+02 1.7E+00 1.6E+01  8.3E-01
MRe  pdpxn  PHf  1.450E+02 1.6E+00  2.1E+01  1.2E+00
"Re  p.Adpxn PHf  1.530E+02 1.5E+00 2.5E+01  2.1E+00
MRe  pdpxn  PHf  1.620E+02 1.4E+00  2.9E+01  4.2E+00
"MRe  pdpxn  PHf  1.690E+02 1.3E+00  3.4E+01  1.4E+00
"Re  p,4pxn PHf  2.510E+02 1.9E+00 6.6E+01  4.1E+00
MRe  p,4pxn PHf  3.310E+02 1.8E+00 7.1E+01  2.3E+00
"Re  p,4pxn PHf  5.580E+02 1.6E+00 6.9E+01  1.0E+00
MRe  pdpxn  PHf  7.630E+02 1.5E+00  5.5E+01  3.2E+00
"Re  p,4pxn PHf  1.165E+03 1.5E+00  4.2E+01  2.2E+00
MRe  p,4pxn PHf  1.570E+03 1.5E+00 3.9E+01  2.8E+00
"Re  p4pxn PHf  2.590E+03 1.0E+00 2.5E+01  9.2E-01

Cross section data for reaction "Re(p,5pxn)' "' Lu cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  pSpxn 'Lu  1.450E+02 1.6E+00  2.1E+01  1.2E+00
"MRe  pSpxn 'Lu 1.530E+02 1.5E+00  2.5E+01  2.1E+00
MRe  pSpxn 'Lu 1.620E+02 1.4E+00  2.9E+01  4.2E+00
MRe  pSpxn 'Lu 1.690E+02 1.3E+00 3.4E+01  1.4E+00
MRe  pSpxn 'Lu 2.510E+02 1.9E+00  6.6E+01  4.1E+00
MRe  pSpxn 'Lu 3.310E+02 1.8E+00 7.1E+01  2.3E+00
MRe  pSpxn 'Lu 5.580E+02 1.6E+00  6.9E+01  1.0E+00
MRe  pSpxn 'Lu 7.630E+02 1.5E+00 5.5E+01  3.2E+00
MRe  pSpxn 'Lu 1.165E+03 1.5E+00  4.2E+01  2.2E+00
"MRe  pSpxn 'Lu 1.570E+03 1.5E+00 3.9E+01  2.8E+00
"MRe  pSpxn 'Lu  2.590E+03 1.0E+00  2.5E+01  9.2E-01

Cross section data for reaction "Re(p,5pxn)' "’Lu cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  pSpxn °Lu 1.620E+02 1.4E+00 1.IE+01  6.6E-01
MRe  pSpxn °Lu 1.690E+02 1.3E+00 1.3E+01  3.2E-01
MRe  pSpxn ' °Lu 2.510E+02 1.9E+00 6.0E+01  4.0E+00
MRe  pSpxn °Lu 3.310E+02 1.8E+00 8.0E+01  2.5E+00
MRe  pSpxn ' °Lu 5.580E+02 1.6E+00 9.3E+01  6.0E+00
MRe  pSpxn °Lu 7.630E+02 1.5E+00 8.3E+01  6.8E+00
"MRe  pSpxn 'Lu 1.165E+03 1.5E+00 6.3E+01  9.3E+00
MRe  pSpxn 'Lu 1.570E+03 1.5E+00  4.5E+01  4.2E+00
"MRe  pSpxn 'Lu  2.590E+03 1.0E+00 3.3E+01  3.2E+00

Cross section data for reaction ™Re(p,5pxn)' “Lu cumulative.

Target | Reaction | Product | E,inMeV | u(E,)inMeV | cinmb | u(c) in mb
MRe  pSpxn CLu  1.620E+02 1.4E+00 1.8E+01  1.7E+00
MRe  pSpxn ®Lu 1.690E+02 1.3E+00 1.7E+01  9.7E-01
"MRe  pSpxn “Lu 2.510E+02 1.9E+00 3.8E+01  9.0E-01
MRe  pSpxn ®Lu 3.310E+02 1.8E+00  4.9E+01  1.2E+00
"MRe  pSpxn “Lu  5.580E+02 1.6E+00 6.0E+01  5.8E-01
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Continued.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb
MRe  pSpxn ®Lu 7.630E+02 1.5E+00  52E+01  4.2E+00
MRe  pSpxn ®Lu 1.165E+03 1.5E+00  4.4E+01  1.8E+00
"MRe  pSpxn ®Lu 1.570E+03 1.5E+00 3.4E+01  1.6E+00
"MRe  pSpxn '®Lu 2.590E+03 1.0OE+00  2.3E+01  1.1E+00

Cross section data for reaction "Re(p,6pxn)' ®Yb cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  p6pxn PYb  2.510E+02 1.9E+00  3.2E+01  4.5E+00
"MRe  p6pxn  'PYb  3.310E+02 1.8E+00  4.2E+01  5.9E+00
MRe  p6pxn  'PYb  5.580E+02 1.6E+00  6.4E+01  2.8E+00
MRe  p6pxn  'PYb  7.630E+02 1.5E+00 6.0E+01  3.1E+00
MRe  p6pxn ¥Yb  1.165E+03 1.5E+00  4.8E+01  5.1E+00
MRe  p6pxn °Yb  1.570E+03 1.5E+00 32E+01  3.2E+00
"MRe  p6pxn  Yb  2.590E+03 1.0E+00  2.4E+01  1.9E+00

Cross section data for reaction ™Re(p,7pxn)' *“Tm cumulative.

Target Reaction Product E,inMeV u(Ey,))inMeV oinmb u(c)inmb
"MRe  p7pxn  °Tm  2.510E+02 1.9E+00 1.IE+01  5.9E-01
MRe  pJpxn Tm  3.310E+02 1.8E+00 2.1E+01  9.4E-01
MRe  p7pxn Tm  5.580E+02 1.6E+00  4.3E+01  1.4E+00
MRe  pJpxn Tm  7.630E+02 1.5E+00 3.9E+01  2.6E+00
MRe  p7pxn '®Tm  1.165E+03 1.5E+00 3.5E+01  1.5E+00
MRe  pJpxn Tm  1.570E+03 1.5E+00 2.8E+01  3.4E+00
"MRe  pJpxn 'Tm  2.590E+03 1.0E+00 1.9E+01  4.5E-01

Cross section data for reaction "Re(p,11pxn)*°Tb independent.

Target Reaction Product E,inMeV u(Ey))inMeV oinmb u(c)inmb
MRe  p,llpxn  °Tb  2.510E+02 1.9E+00 9.7E+00  6.2E-01
MRe  pllpxn  °Tb  3.310E+02 1.8E+00 2.7E-01  4.0E-02
"MRe p,llpxn  °Tb  5.580E+02 1.6E+00 8.0E-01  7.0E-02
MRe  pllpxn  °Tb  7.630E+02 1.5E+00 1.3E+00  3.0E-01
"MRe pllpxn  °Tb  1.165E+03 1.5E+00 1.9E+00  2.4E-01
MRe pllpxn  '*Tb  1.570E+03 1.5E+00  2.0E+00  1.9E-01
"Re pllpxn  °Tb  2.590E+03 1.0E+00 1.4E+00  2.2E-01
Cross section data for reaction ™Re(p,11pxn)'>*Tb cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
"MRe  p,llpxn  Tb  2.510E+02 1.9E+00 3.9E+00  4.2E-01
"MRe p,llpxn  'PTb  3.310E+02 1.8E+00 6.3E+00  8.0E-01
MRe  p,llpxn  'PTb  5.580E+02 1.6E+00 8.9E+00  4.9E-01
"MRe p,llpxn  'PTb  7.630E+02 1.5E+00 1.8E+01  2.8E+00
MRe  p,llpxn  'PTb  1.165E+03 1.5E+00 3.0E+01  2.2E+00
"MRe p,llpxn  PTb  1.570E+03 1.5E+00 2.7E+01  2.0E+00
"Re  pllpxn  'Tb  2.590E+03 1.0E+00 1.6E+01  9.2E-01
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Cross section data for reaction "Re(p,11pxn)**Tb cumulative.

Target Reaction Product E,inMeV u(Ey,)inMeV ocinmb u(c)inmb

MRe p,llpxn  °Tb  3.310E+02 1.8E+00 57E+00  4.8E-01
MRe pllpxn  '*Tb  5.580E+02 1.6E+00 1.5E+01 -

"MRe p,llpxn  '*Tb  7.630E+02 1.5E+00 2.8E+01  5.5E+00
MRe pllpxn  '*Tb  1.165E+03 1.5E+00  5.5E+01  2.8E+00
MRe  p,llpxn  *Tb  1.570E+03 1.5E+00 6.9E+01  2.1E+00
"Re pllpxn  "*Tb  2.590E+03 1.0E+00 1.9E+01  1.8E+00

Cross section data for reaction "Re(p,12pxn)'*Gd cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb

"“Re p,I2pxn  PGd  5.580E+02 1.6E+00  52E+00  7.6E-01
MRe  p,I2pxn  'Gd  7.630E+02 1.5E+00 1.4E+01  9.5E-01
"Re p,2pxn  'PGd  1.165E+03 1.5SE+00  2.6E+01  1.9E+00
MRe  p,I2pxn Gd  1.570E+03 1.5E+00  2.5E+01  1.9E+00
"Re pl2pxn  'PGd  2.590E+03 1.0E+00 1.8E+01  9.1E-01

Cross section data for reaction "Re(p,12pxn)'*’Gd cumulative.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb

mMRe  p12pxn Gd  5.580E+02 1.6E+00 1.4E+01  4.0E-01
MRe  p,12pxn "Y'Gd  7.630E+02 1.5E+00 1.9E+01  1.5E+00
mRe  p12pxn "'Gd 1.165E+03 1.5E+00 3.5E+01  4.2E-01
"MRe  p,12pxn "Y'Gd  1.570E+03 1.5E+00 3.5E+01  6.5E-01
"MRe p12pxn "'Gd  2.590E+03 1.0E+00  2.1E+01  6.6E-01

Cross section data for reaction "Re(p,12pxn)'**Gd cumulative.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb

"MRe  p,12pxn  °Gd  5.580E+02 1.6E+00 3.1E+00  5.2E-01
"Re p,2pxn  '*Gd  7.630E+02 1.5E+00 1.2E+01  1.1E+00
MRe  p,12pxn °Gd  1.165E+03 1.5E+00  2.3E+01  2.0E+00
"Re p,2pxn  '*Gd  1.570E+03 1.5E+00  2.3E+01  1.7E+00
"MRe  p,12pxn "°Gd  2.590E+03 1.0E+00 1.7E+01  1.3E+00

Cross section data for reaction ™Re(p,13pxn)'**Eu cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb

"Re  p,13pxn  "Eu  5.580E+02 1.6E+00 2.1E-01  3.0E-02
MRe  p13pxn “*Eu 7.630E+02 1.5E+00 6.9E-01  1.2E-01
"MRe  p,13pxn  *Eu 1.165E+03 1.5E+00 1.4E+00  2.5E-01
MRe  p13pxn  “*Eu 1.570E+03 1.5E+00 1.6E+00  2.7E-01
"MRe  p,13pxn *Eu 2.590E+03 1.0E+00 1.2E+00  9.0E-02

Cross section data for reaction ™Re(p,13pxn)'*’Eu cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb

"Re  p,I3pxn  “Eu  5.580E+02 1.6E+00 2.7E+00  2.1E-01
"MRe p,I3pxn  YEu 7.630E+02 1.5E+00 9.1E+00  6.2E-01
MRe p13pxn  YEu 1.165E+03 1.5E+00  2.2E+01  4.7E+00
"MRe  p,13pxn  YEu 1.570E+03 1.5E+00  2.0E+01  1.4E+00
"“Re p13pxn  Eu  2.590E+03 1.0E+00 1.5E+01  1.8E+00
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Cross section data for reaction "Re(p,13pxn)'’Eu cumulative.

Target Reaction Product E,inMeV u(Ey,)inMeV ocinmb u(c)inmb
mRe  p13pxn PEu 3.310E+02 1.8E+00  4.0E+00  1.5E-01
MRe  p13pxn  PEu 5.580E+02 1.6E+00  5.5E+00  9.3E-01
"MRe p,I3pxn  'PEu 7.630E+02 1.5E+00 1.3E+01  1.8E+00
MRe  p13pxn  PEu 1.165E+03 1.5E+00  2.7E+01  7.0E-01
"MRe  p,I3pxn  'PEu 1.570E+03 1.5E+00  2.9E+01  2.2E+00
"“Re p13pxn  'PEu  2.590E+03 1.0OE+00  2.2E+01  1.7E+00

Cross section data for reaction "Re(p,18pxn)"*’Ce cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
"Re p,8pxn  °Ce  5.580E+02 1.6E+00 3.7E-01  6.0E-02
"MRe p,l8pxn  PCe  7.630E+02 1.5E+00  2.4E+00  8.0E-02
"Re p,8pxn  °Ce  1.165E+03 1.5E+00 1.1IE+01  7.0E-01
"Re  p,l8pxn  PCe  1.570E+03 1.5E+00 1.7E+01  8.7E-01
"Re pd8pxn  "°Ce  2.590E+03 1.0E+00 1.4E+01  1.3E+00

Cross section data for reaction "Re(p,18pxn)'*"™Ce cumulative.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb
"Re  p,18pxn  “™Ce  5.580E+02 1.6E+00  2.3E+00 -
"Re  p,l8pxn  P™Ce  7.630E+02 1.5E+00 1.3E+01  2.5E+00
"Re  p,18pxn  “™Ce  1.165E+03 1.5E+00  2.1E+01  5.7E-01
"Re  p,l8pxn  P™Ce  1.570E+03 1.5E+00 2.1E+01  3.1E+00
"Re p18pxn  “™Ce  2.590E+03 1.0E+00 1.2E+01  1.3E+00

Cross section data for reaction ™Re(p,18pxn)'*’Ce cumulative.

Target Reaction Product E,inMeV u(Ey))inMeV ocinmb u(c)inmb
"Re  p,l8pxn  °Ce  5.580E+02 1.6E+00  4.0E+00  9.4E-01
"Re p,8pxn  °Ce  7.630E+02 1.5E+00  5.7E+00  7.2E-01
"MRe  p,l8pxn  PCe  1.165E+03 1.5E+00 1.2E+01  2.6E+00
"Re p,8pxn  °Ce  1.570E+03 1.5E+00  2.1E+01  3.0E+00
"Re  p,l8pxn  PCe  2.590E+03 1.0E+00 1.7E+01  1.5E+00

Cross section data for reaction "Re(p,21pxn)'**Cs cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  p2lpxn  °Cs  2.510E+02 1.9E+00 6.1E+00  1.7E-01
MRe  p2lpxn  Cs  3.310E+02 1.8E+00 7.4E+00  1.5E-01
MRe  p2lpxn  *°Cs  5.580E+02 1.6E+00 8.8E+00  2.2E+00
MRe  p2lpxn  Cs  7.630E+02 1.5E+00 8.0E+00  7.9E-01
MRe  p2lpxn  2Cs  1.165E+03 1.5E+00 72E+00  1.1E+00
MRe  p2lpxn  2Cs  1.570E+03 1.5E+00 5.0E+00  4.2E-01
"MRe  p2lpxn  P2Cs  2.590E+03 1.0E+00 3.4E+00  3.2E-01

Cross section data for reaction ™Re(p,20pxn)'*'Ba cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
"Re  p,20pxn  'Ba  5.580E+02 1.6E+00 53E-01  6.0E-02
"MRe  p,20pxn  'Ba  7.630E+02 1.5E+00 1.9E+00  4.3E-01
MRe  p20pxn  P'Ba 1.165E+03 1.5E+00  7.2E+00  1.4E+00
MRe  p,20pxn  °'Ba  1.570E+03 1.5E+00 1.3E+01  1.0E+00
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Continued.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb
"MRe  p20pxn  'Ba 2.590E+03 1.0E+00 1.6E+01  3.0E-01

Cross section data for reaction "Re(p,21pxn)'*’Cs cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  p2lpxn  ©Cs  7.630E+02 1.5E+00 1.7E+00  3.0E-01
MRe  p2lpxn  'PCs  1.165E+03 1.5E+00 59E+00  7.4E-01
MRe  p2lpxn  PCs  1.570E+03 1.5E+00 1.5E+01  1.1E+00
"Re p2lpxn  'PCs  2.590E+03 1.0E+00 1.9E+01  1.8E+00

Cross section data for reaction ™Re(p,22pxn)'*'Xe cumulative.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb
MRe  p,22pxn “'Xe  2.510E+02 1.9E+00 4.8E-01  2.0E-03
MRe  p,22pxn P'Xe  3.310E+02 1.8E+00 5.1E-01  7.0E-02
MRe  p,22pxn 'Xe  5.580E+02 1.6E+00 7.4E-01  9.4E-01
MRe  p,22pxn 'Xe  7.630E+02 1.5E+00 9.1E-01  9.0E-02
MRe  p,22pxn 'Xe  1.165E+03 1.5E+00 3.5E+00  2.7E-01
MRe  p,22pxn 'Xe  1.570E+03 1.5E+00 8.4E+00  5.2E-01
"MRe  p,22pxn PXe  2.590E+03 1.0E+00 1.2E+01  1.0E+00

Cross section data for reaction "Re(p,24pxn)'*' Te cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe  p24pxn “'Te  5.580E+02 1.6E+00 3.1E-01  3.0E-02
MRe  p24pxn  2'Te  7.630E+02 1.5E+00 44E-01  8.0E-02
MRe  p24pxn ?'Te  1.165E+03 1.5E+00 1.9E+00  7.0E-02
MRe p24pxn  2'Te  1.570E+03 1.5E+00  6.5E+00  1.6E+00
"MRe  p24pxn  ?'Te  2.590E+03 1.0E+00 1.2E+01  1.5E+00

Cross section data for reaction ™Re(p,f)’”Nb cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
miRe p.f  PNb 2.510E+02 1.9E+00 3.7E-01  6.0E-02
MRe p.f  PNb 3.310E+02 1.8E+00 3.7E-01  1.1E-01
MiRe p.f  PNb 5.580E+02 1.6E+00 3.1E-01  8.0E-02
MRe p.f  PNb 7.630E+02 1.5E+00 43E-01  5.0E-02
MiRe p,f  PNb 1.165E+03 1.5E+00 43E-01  2.0E-02
MRe p.f  PNb 1.570E+03 1.5E+00 57E-01  1.6E-01
MiRe p,f  ”Nb 2.590E+03 1.0E+00 6.6E-01  2.6E-01

Cross section data for reaction "™Re(p,f)**Y cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
miRe p.f ¥y 2.510E+02 1.9E+00 2.5E-01  2.0E-02
"Re p.f ¥y 3.310E+02 1.8E+00 44E-01  5.0E-02
MiRe p.f By 5.580E+02 1.6E+00 8.8E-01  1.6E-01
"Re p.f ¥y 7.630E+02 1.5E+00 9.2E-01  9.0E-02
MiRe p.f By 1.165E+03 1.5E+00 1.3E+00  2.5E-01
"Re p.f ¥y 1.570E+03 1.5E+00 1.4E+00  1.3E-01
MiRe p.f By 2.590E+03 1.0E+00  2.1E+00  2.8E-01
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Cross section data for reaction "Re(p,H)*’Y cumulative.

Target Reaction Product E,inMeV u(Ey))inMeV oinmb u(c)inmb
MRe p.f Ty 5.580E+02 1.6E+00 6.6E-01  2.3E-01
MiRe p.f Ty 7.630E+02 1.5E+00 1.1IE+00  3.6E-01
"Re p.f Ty 1.165E+03 1.5E+00 1.8E+00  4.0E-02
MiRe p.f Ty 1.570E+03 1.5E+00  2.7E+00  3.3E-01
"Re p.f Ty 2.590E+03 1.0E+00 42E+00  3.1E-01

Cross section data for reaction ™Re(p,f)*°Rb independent.

Target Reaction Product E,inMeV uE,)inMeV ocinmb u(c)inmb
MiRe p.f ®Rb  5.580E+02 1.6E+00  4.1E+00  4.9E-01
MiRe p.f “Rb  7.630E+02 1.5E+00 1.3E+01  2.7E-01
MiRe p.f Rb 1.165E+03 1.5E+00  2.7E+01  5.6E+00
MiRe p.f Rb  1.570E+03 1.5E+00  2.4E+01  2.2E+00
MiRe p.f Rb  2.590E+03 1.0E+00 1.9E+01  2.2E+00

Cross section data for reaction "Re(p,f)*’Sr cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
miRe p.f ®Sr 3.310E+02 1.8E+00 3.8E-01  3.0E-02
MiRe p.f 5Sr 5.580E+02 1.6E+00 9.2E-01  2.7E-01
MiRe p.f 5Sr 7.630E+02 1.5E+00 1.1E+00  8.0E-02
MiRe p.f 5Sr 1.165E+03 1.5E+00 1.7E+00  2.3E-01
MiRe p.f 5Sr 1.570E+03 1.5E+00 1.9E+00  3.5E-01
MiRe p.f Sr  2.590E+03 1.0E+00  3.8E+00  4.6E-01

Cross section data for reaction "Re(p,H)*'Rb independent.

Target Reaction Product E,inMeV u(Ey))inMeV oinmb u(c)inmb
MiRe p.f “Rb  3.310E+02 1.8E+00 5.6E-01  2.0E-01
MiRe p.f “Rb  5.580E+02 1.6E+00 7.2E-01  1.1E-01
MiRe p.f “Rb  7.630E+02 1.5E+00 9.2E-01  9.0E-02
MiRe p.f “Rb  1.165E+03 1.5E+00 1.1IE+00  1.2E-01
MiRe p.f %Rb 1.570E+03 1.5E+00 1.IE+00  1.2E-01
MiRe p.f “Rb  2.590E+03 1.0E+00 1.3E+00  2.1E-01

Cross section data for reaction ™Re(p,f)”"Se cumulative.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
MRe p.f ”Se  2.510E+02 1.9E+00 49E-01  7.0E-02
MiRe p.f "Se 3.310E+02 1.8E+00 55E-01  1.3E-01
MRe p.f PSe 5.580E+02 1.6E+00 6.4E-01  1.0E-01
MiRe p.f "Se 7.630E+02 1.5E+00 9.1E-01  9.0E-02
MRe p.f PSe 1.165E+03 1.5E+00 1.2E+00  2.6E-01
MiRe p.f "Se 1.570E+03 1.5E+00 1.4E+00  1.4E-01
MRe p.f PSe  2.590E+03 1.0E+00  2.4E+00  1.1E-01

Cross section data for reaction ™Re(p,f)*°Zn cumulative.

Target Reaction Product E,inMeV u(Ey,))inMeV oinmb u(c)inmb
"Re p.f ®7Zn  5.580E+02 1.6E+00 4.5E-01  3.0E-02
MiRe p.f ®7Zn  7.630E+02 1.5E+00 5.8E-01  7.0E-02
"Re p.f %7n 1.165E+03 1.5E+00 7.8E-01  7.0E-02
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Continued.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb
"Re p.f ©7n 1.570E+03 1.5E+00 1.IE+00  4.0E-02
"Re p.f %7n 2.590E+03 1.0E+00 2.1E+00  2.8E-01

Cross section data for reaction IlatRe(p,f)nge cumulative.

Target Reaction Product E,inMeV uE,)inMeV ocinmb u(c)inmb
"Re p.f *Fe 5.580E+02 1.6E+00 2.1E-01 2.0E-02
MiRe p.f *Fe 7.630E+02 1.5E+00 3.8E-01  3.0E-02
"Re p.f *Fe 1.165E+03 1.5E+00 4.9E-01 6.0E-02
MiRe p.f *Fe 1.570E+03 1.5E+00 6.1E-01  6.0E-02
"Re p.f *Fe 2.590E+03 1.0E+00 8.9E-01 1.0E-01

Cross section data for reaction "Re(p,f)’*Co independent.

Target Reaction Product E,inMeV u(Ey,))inMeV oinmb u(c)inmb
MRe p.f *Co  5.580E+02 1.6E+00  23E+00  1.6E-01
MiRe p.f *Co  7.630E+02 1.5E+00 1.9E+00  5.0E-02
MRe p.f *Co 1.165E+03 1.5E+00 1.6E+00  1.3E-01
MiRe p.f *Co 1.570E+03 1.5E+00 2.3E+00  7.5E-01
MRe p.f *Co  2.590E+03 1.0E+00  2.6E+00  3.6E-01

Cross section data for reaction "Re(p,f)*’Co cumulative.

Target Reaction Product E,inMeV uE,)inMeV ocinmb u(c)inmb
MiRe p.f “Co  7.630E+02 1.5E+00 1.2E-01  4.0E-02
"Re p.f ®Co  1.165E+03 1.5E+00 1.4E-01  2.0E-03
MiRe p.f “Co 1.570E+03 1.5E+00 4.1E-01  1.9E-01
"Re p.f Co  2.590E+03 1.0E+00 32E-01  1.7E-01

Cross section data for reaction "Re(p,f)**Sc independent.

Target Reaction Product E,inMeV u(E,)inMeV ocinmb u(c)inmb
"Re p.f 3¢ 5.580E+02 1.6E+00 1.5E-01 2.0E-02
MiRe p.f 3¢ 7.630E+02 1.5E+00 42E-01  1.6E-01
"Re p.f BN 1.165E+03 1.5E+00 7.5E-01 1.1E-01
MiRe p.f 5¢ 1.570E+03 1.5E+00 1.1IE+00  1.0E-01
MiRe p,f °Sc 2.590E+03 1.0E+00  2.4E+00  1.9E-01

Cross section data for reaction "™Re(p,f)’Be cumulative.

Target Reaction Product E,inMeV u(Ey,)inMeV oinmb u(c)inmb
"Re p.f 'Be 7.630E+02 1.5E+00 1.4E+00  2.4E-01
"Re p.f Be 1.165E+03 1.5E+00 3.5E+00  3.9E-01
"Re p.f Be 1.570E+03 1.5E+00 5.1E+00  5.4E-01
"Re p.f 'Be 2.590E+03 1.0E+00 8.9E+00  6.0E-01

Cross section data for different reactions at proton energy 2.590E+03 MeV +1.0E+00.

Target | Reaction | Product | Type of yield | o in mb \ u(c) in mb
"Re p,11pxn 3T Cumulative 1.4E+01 2.2E+00
MiRe p,11pxn ) Cumulative  1.6E+01 2.4E+00
"Re p,22pxn .G Cumulative 1.0E+01 3.2E-01
MiRe p,24pxn Te Cumulative  7.3E+00 1.7E+00
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Continued.

Target | Reaction Product | Type of yield | 6 in mb \ u(c) in mb
"Re p,29pxn 106mA o Independent  1.0E+01 4.7E-01
"Re p.f >INi Cumulative 8.3E-01 5.0E-02
"Re p.f ’ICr Cumulative  2.6E+00 3.4E-01
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APPENDIX (II)

Cross section data for reaction " U(p,pxn)>’U cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
my p,pxn “'u 2.110E+02  6.9E+01 5.2E+00
naty p,pxn =Y 1.000E+03  1.4E+02 5.0E+00
maty p,pxn 2y 1.400E+03  9.1E+01 5.6E+00
ny p,pxn >y 2.530E+03  1.3E+02 3.8E+00

Cross section data for reaction "U(p,2pxn)>*Pa cumulative.

Target Reaction ~ Production E, in MeV G in mb u (c) in mb
Y p,2pxn “pa 2.110E+02  9.5E+00 3.2E-01
maty p.2pxn 3py 1.000E+03  1.5E+01 9.7E-01
g p.2pxn 23py 1.400E+03  1.1E+01 1.1E+00
nayg p,2pxn 3py 2.530E+03  1.2E+01 1.1E+00

Cross section data for reaction ™ U(p,2pxn)*~Pa independent.

Target Reaction Production  E, in MeV G in mb u (o) in mb
natyg p.2pxn “2pg 2.110E+02  1.2E+01 1.5E+00
ny p,2pxn 22pg 1.000E+03  8.9E+00 7.3E-01
iy p.2pxn 32py 1.400E+03  7.6E+00 4.5E-01
my p,2pxn >2pa 2.530E+03  8.8E+00 2.4E-01

Cross section data for reaction "U(p,2pxn)>*"Pa independent.

Target Reaction Production  E, in MeV G in mb u (o) in mb
maty p,2pxn “0pa 2.110E+02  3.4E+00 2.4E-01
maty p.2pxn 20py 1.000E+03  3.7E+00 3.9E-01
naty p.2pxn 2%y 1.400E+03  2.8E+00 1.9E-01
nayg p,2pxn 20py 2.530E+03  2.8E+00 1.6E-01

Cross section data for reaction "U(p,f)'*'Ce cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
naty p.f Hlce 2.110E+02  1.5E+01 1.5E-01
maty p.f Hlce 1.000E+03  1.8E+01 5.7E-01
natyg p.f Hce 1.400E+03  1.2E+01 7.7E-01
naty p.f Hce 2.530E+03  1.5E+01 1.2E+00

Cross section data for reaction naltU(p,f)BgCe cumulative.

Target Reaction  Production E,in MeV G in mb u (0) in mb
maty p.f e 2.110E+02  2.6E+00 2.2E-01
natyg p.f B9Ce 1.000E+03  6.4E+00 1.5E-01
naty p.f e 1.400E+03  4.3E+00 8.0E-02
naty p.f 9Ce 2.530E+03  5.1E+00 1.8E-01
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Cross section data for reaction "“U(p,f)'*’Ba cumulative.

Target Reaction Production  E; in MeV 0 in mb u (o) in mb
naty p.f 'Ba 2.110E+02  1.6E+01 1.8E+00
maty p.f 140Ba 1.000E+03  1.8E+01 4.1E+00
natyy p.f 140Ba 1.400E+03  1.4E+01 1.8E+00
naty p.f 140Ba 2.530E+03  2.1E+01 9.7E-01

Cross section data for reaction "U(p,f)"*'Ba cumulative.

Target Reaction Production  E, in MeV G in mb u (6) in mb
maty p.f BTBa 2.110E+02  6.3E-01 1.5E-01
naty p.f BiBa 1.000E+03 - -
maty p.f B1Ba 1.400E+03  2.8E+00 3.8E-01
my p.f PBa 2.530E+03 - -

Cross section data for reaction "*U(p,f)"*’Cs cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
nty p.f BCs 2.110E+02  2.3E+01 2.1E+00
maty p.f Bcs 1.000E+03  2.6E+01 4.6E-01
g p.f B7Cs 1.400E+03  1.9E+01 1.7E+00
nayg p.f PCs 2.530E+03  2.7E+01 2.1E+00

Cross section data for reaction " U(p,f)'*°Cs independent.

Target Reaction Production  E, in MeV G in mb u () in mb
maty p.f BoCs 2.110E+02  8.7E+00 5.3E-01
naty p.f B6Cs 1.000E+03  5.9E+00 3.4E-01
maty p.f Bocs 1.400E+03  4.7E+00 2.7E-01
g p.f 6Cs 2.530E+03  4.7E+00 2.8E-01

Cross section data for reaction "U(p,f)'**Cs independent.

Target Reaction Production  E; in MeV o in mb u (o) in mb
naty p.f Bics 2.110E+02  8.0E+00 4.6E-01
maty p.f Bics 1.000E+03  5.5E+00 7.0E-01
naty p.f Bics 1.400E+03  5.1E+00 7.2E-01
nayg p.f BiCs 2.530E+03  3.4E+00 3.6E-01

Cross section data for reaction ™ U(p,f)'*'Xe cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
maty p.f Xe 2.110E+02  2.4E+00 1.4E-01
naty p.f .G 1.000E+03  1.0E+01 4.9E-01
maty p.f .G 1.400E+03  8.3E+00 2.0E-01
ny p.f .G 2.530E+03  7.0E+00 5.0E-01

Cross section data for reaction IlaltU(p,f)mI cumulative.

Target Reaction Production  E, in MeV G in mb u () in mb
naty p.f Bl 2.110E+02  2.7E+01 1.3E+00
iy p.f Bl 1.000E+03  2.7E+01 9.4E-01
naty p.f By 1.400E+03  2.0E+01 7.0E-01
g p.f Bl 2.530E+03  2.3E+01 8.9E-01
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Cross section data for reaction "U(p,f)'**I independent.

Target Reaction Production  E; in MeV 0 in mb u (o) in mb
naty p.f 1 2.110E+02 - -
maty p.f 124 1.000E+03 - -
natyy p.f 1241 1.400E+03  2.3E+01 2.8E-01
naty p.f 124 2.530E+03  4.0E+00 9.7E-01

Cross section data for reaction ™U(p,f)'**Te cumulative.

Target Reaction Production  E, in MeV G in mb u (6) in mb
maty p.f BTe 2.110E+02  1.2E+01 2.4E-01
naty p.f P27 1.000E+03  1.6E+01 1.5E+00
maty p.f B27e 1.400E+03  1.2E+01 6.2E-01
g p.f P27 2.530E+03  1.5E+01 1.0E+00

Cross section data for reaction "“U(p,f)'*' Te cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
nty p.f BT 2.110E+02  1.5E+00 2.9E-01
maty p.f 2lTe 1.000E+03  6.0E+00 6.9E-01
g p.f 2ITe 1.400E+03  4.2E+00 5.2E-01
nayg p.f 2ITe 2.530E+03  5.0E+00 3.9E-01

Cross section data for reaction ™ U(p,f)'*'™Te cumulative.

Target Reaction Production  E, in MeV G in mb u () in mb
my p.f t2mpe 2.110E+02  9.0E-01 2.0E-02
naty p.f 12Impe 1.000E+03  5.8E+00 2.6E-01
maty p.f 12Impe 1.400E+03  4.3E+00 3.8E-01
g p.f 12Impe 2.530E+03  2.8E+00 9.0E-02

Cross section data for reaction "U(p,f)'?’Sb cumulative.

Target Reaction Production  E; in MeV o in mb u (o) in mb
naty p.f 7'Sb 2.110E+02  1.6E+01 7.1E-01
maty p.f 1273b 1.000E+03  7.8E+00 9.0E-01
naty p.f 1273h 1.400E+03  9.8E+00 2.0E-01
nayg p.f 127Sb 2.530E+03  1.0E+01 7.6E-01

Cross section data for reaction ™ U(p,f)'*°Sb cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
maty p.f 12°Sb 2.110E+02  1.1E+01 8.2E-01
naty p.f 1265h 1.000E+03  8.0E+00 1.0E+00
maty p.f 1265p 1.400E+03  7.0E+00 1.1E+00
ny p.f 1265h 2.530E+03  6.1E+00 8.0E-01

Cross section data for reaction "U(p,f)'**Sb independent.

Target Reaction Production  E, in MeV G in mb u () in mb
naty p.f 123h 2.110E+02  1.4E+01 5.0E-01
maty p.f 1248p 1.000E+03  1.1E+01 1.4E-01
naty p.f 124gh 1.400E+03  9.5E+00 1.9E-01
nayg p.f 124Sb 2.530E+03  7.5E+00 9.1E-01
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Cross section data for reaction "U(p,f)'*’Sb independent.

Target Reaction Production  E; in MeV 0 in mb u (o) in mb
naty p.f 1223h 2.110E+02  9.4E+00 2.6E-01
maty p.f 12281 1.000E+03  1.1E+01 8.9E-01
naty p.f 12281 1.400E+03  9.1E+00 3.9E-01
naty p.f 1228h 2.530E+03  5.0E+00 2.1E-01

Cross section data for reaction ™ U(p,f)'*>Sn cumulative.

Target Reaction Production  E, in MeV G in mb u (6) in mb
my p.f Sn 2.110E+02  9.5E+00 4.5E-01
Mty p.f 258n 1.000E+03  7.4E+00 7.5E-01
maty p.f 1258n 1.400E+03  6.4E+00 9.0E-01
g p.f 1258 2.530E+03  6.4E+00 6.2E-01

Cross section data for reaction ™ U(p,f)'’*Sn cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
nty p.f 'S 2.110E+02 - -
iy p.f 5Sn 1.000E+03  4.0E+00 1.6E-01
g p.f 38 1.400E+03  5.0E+00 1.1E+00
g p.f '5Sn 2.530E+03  3.5E+00 2.5E-01

Cross section data for reaction ™ U(p,f)!''In cumulative.

Target Reaction Production  E, in MeV G in mb u () in mb
my p.f "In 2.110E+02 - -
naty p.f M 1.000E+03  5.6E+00 6.2E-01
iy p.f " 1.400E+03  2.9E+00 2.6E-01
g p.f "n 2.530E+03  5.3E+00 4.6E-01

Cross section data for reaction ™U(p,f)'>Cd cumulative.

Target Reaction Production  E; in MeV o in mb u (o) in mb
naty p.f Bcd 2.110E+02  3.2E+01 7.8E-01
maty p.f 5cd 1.000E+03  2.7E+01 1.8E+00
naty p.f 5¢d 1.400E+03  2.3E+01 1.7E+00
nayg p.f 5cd 2.530E+03  1.9E+01 1.3E+00

Cross section data for reaction " U(p,f)''' Ag cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
my p.f HAg 2.110E+02  4.4E+01 2.5E+00
ny p.f MAg 1.000E+03  5.5E+01 2.7E+00
iy p.f HAg 1.400E+03  4.1E+01 5.0E+00
my p.f "Ag 2.530E+03  3.2E+01 1.3E+00

Cross section data for reaction "U(p,f)''""Ag independent.

Target Reaction Production  E, in MeV G in mb u () in mb
Y p.f HomA g 2.110E+02  3.3E+00 2.7E-01
iy p.f HomA o 1.000E+03  1.4E+01 5.2E-01
ny p.f HomA o 1.400E+03  1.1E+01 5.6E-01
g p.f HomA o 2.530E+03  7.2E+00 5.5E-01
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Cross section data for reaction " U(p,f)' " Ag independent.

Target Reaction Production  E; in MeV 0 in mb u (o) in mb
naty p.f 106m A 2.110E+02 - -
maty p.f 106m 1.000E+03  5.5E+00 1.1E+00
nty p.f 106m A o 1.400E+03  2.7E+00 2.2E-01
naty p.f 106m 2.530E+03  3.6E+00 5.7E-01

Cross section data for reaction ™ U(p.f)'’ Ag cumulative.

Target Reaction Production  E, in MeV G in mb u (6) in mb
my p.f CAg 2.110E+02 - -
Mty p.f 5Ag 1.000E+03  3.2E+00 2.9E-01
maty p.f BAg 1.400E+03  1.5E+00 2.3E-01
my p.f A0 2.530E+03  3.3E+00 3.7E-01

Cross section data for reaction "U(p,f)'°Rh independent.

Target Reaction Production  E; in MeV o in mb u (6) in mb
nty p.f "Rh 2.110E+02 - -
iy p.f 12Rh 1.000E+03  4.6E+00 3.4E-01
g p.f 2Rh 1.400E+03  2.4E+00 8.0E-02
g p.f '2Rh 2.530E+03  2.5E+00 2.8E-01

Cross section data for reaction " U(p,f)'*'™Rh cumulative.

Target Reaction Production  E, in MeV G in mb u () in mb
my p.f "0ImRh 2.110E+02 - -
naty p.f 10ImRh 1.000E+03  4.2E+00 3.3E-01
maty p.f 10ImRh 1.400E+03  2.6E+00 4.2E-01
g p.f 10ImRh 2.530E+03  3.7E+00 2.9E-01

Cross section data for reaction ™ U(p,f)'”’Ru cumulative.

Target Reaction Production  E; in MeV o in mb u (o) in mb
naty p.f ""Ru 2.110E+02  5.2E+01 3.3E+00
maty p.f %Ry 1.000E+03  8.5E+01 5.3E+00
naty p.f %Ru 1.400E+03  6.4E+01 3.4E+00
nayg p.f %Ry 2.530E+03  5.2E+01 3.2E+00

Cross section data for reaction ™U(p.f)’'Ru cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
my p.f ’Ru 2.110E+02 - -
natyg p.f o 1.000E+03  3.2E+00 8.0E-02
maty p.f ’Ru 1.400E+03  1.6E+00 3.4E-01
ny p.f g 2.530E+03  3.5E+00 5.8E-01

Cross section data for reaction "U(p,f)’°Tc independent.

Target Reaction Production  E, in MeV G in mb u () in mb
Y p.f *Tc 2.110E+02 - -
maty p.f %Te 1.000E+03  5.0E+00 8.2E-01
naty p.f %Te 1.400E+03  2.5E+00 6.3E-01
nayg p.f %T¢ 2.530E+03  3.9E+00 4.1E-01

149



Cross section data for reaction ™ U(p,f)’*"Tc cumulative.

Target Reaction Production  E; in MeV 0 in mb u (o) in mb
iy p.f PMTe 2.110E+02 - -
maty p.f Pme 1.000E+03  1.5E+00 3.7E-01
naty p.f Mg 1.400E+03 - -
naty p.f Mg 2.530E+03  2.9E+00 3.8E-01

Cross section data for reaction ™U(p,f)’’Mo cumulative.

Target Reaction Production  E, in MeV G in mb u (6) in mb
maty p.f “Mo 2.110E+02  3.1E+01 5.2E-01
naty p.f Mo 1.000E+03  3.5E+01 2.0E+00
maty p.f *Mo 1.400E+03  4.2E+01 8.1E-01
g p.f Mo 2.530E+03  3.8E+01 1.2E+00

Cross section data for reaction ™ U(p,f)’>Zr cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
natyg p.f »7r 2.110E+02  4.3E+01 1.3E+00
iy p.f P7r 1.000E+03  5.9E+01 1.6E+00
g p.f »7r 1.400E+03  4.3E+01 5.7E-01
g p.f 7r 2.530E+03  4.0E+01 1.0E+00

Cross section data for reaction ™ U(p,f)*’Zr cumulative.

Target Reaction Production  E, in MeV G in mb u () in mb
my p.f zr 2.110E+02 - -
naty p.f “7r 1.000E+03  6.7E+00 5.1E-01
iy p.f 7r 1.400E+03  3.2E+00 1.1E-01
g p.f “7r 2.530E+03  5.2E+00 2.6E-01

Cross section data for reaction "“U(p,f)**Zr cumulative.

Target Reaction Production  E; in MeV o in mb u (o) in mb
iy p.f 71 2.110E+02 - -
iy p.f 87r 1.000E+03  3.1E+01 9.3E-01
ny p.f 71 1.400E+03 - -

g p.f 87r 2.530E+03  2.5E+00 3.3E-01
Cross section data for reaction ™ U(p.f)’'Y cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
my p.f Ty 2.110E+02  3.4E+01 1.9E+00
naty p.f oy 1.000E+03 - -
iy p.f oy 1.400E+03  4.2E+01 6.2E+00
ny p.f oy 2.530E+03  4.0E+01 4.5E+00

Cross section data for reaction IlatU(p,f)ggY cumulative.

Target Reaction Production  E, in MeV G in mb u () in mb
naty p.f ¥y 2.110E+02 - -
iy p.f By 1.000E+03  1.4E+01 4.9E-01
naty p.f By 1.400E+03  7.2E+00 3.0E-01
g p.f By 2.530E+03  8.8E+00 6.6E-01
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Cross section data for reaction "U(p,f)*’Y cumulative.

Target Reaction Production  E; in MeV 0 in mb u (o) in mb
naty p.f 7y 2.110E+02 - -
maty p.f 7y 1.000E+03  6.7E+00 3.1E-01
U p,f Ty 1.400E+03 3.9E+00 6.3E-01
naty p.f 7y 2.530E+03  6.8E+00 3.5E-01

Cross section data for reaction "U(p,f)**Rb independent.

Target Reaction Production  E; in MeV 0 in mb u (o) in mb
nty p.f *Rb 2.110E+02  3.6E+00 2.2E-01
maty p.f Rb 1.000E+03  1.0E+01 -

Y p.f *Rb 1.400E+03  1.3E+01 9.0E-01
nayg p.f *Rb 2.530E+03  1.3E+01 8.1E-01
Cross section data for reaction "™ U(p,f)**Rb independent.

Target Reaction Production  E, in MeV G in mb u (6) in mb
maty p.f *Rb 2.110E+02  8.6E-01 1.2E-01
g p.f ¥Rb 1.000E+03  1.4E+01 2.1E-01
maty p.f %Rb 1.400E+03 - -
my p.f *Rb 2.530E+03 - -

Cross section data for reaction "*U(p,f)**Rb cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
naty p.f ®Rb 2.110E+02  2.2E-01 3.0E-03
maty p.f %Rb 1.000E+03  1.1E+01 1.9E-01
naty p.f “Rb 1.400E+03  4.9E+00 3.0E-01
nayg p.f »Rb 2.530E+03  8.2E+00 3.0E-01

Cross section data for reaction " U(p,f)*As independent.

Target Reaction Production  E, in MeV G in mb u (6) in mb
my p.f "As 2.110E+02 - -
"y p.f As 1.000E+03 6.0E+00 2.5E-01
naty p.f As 1.400E+03  4.3E+00 3.6E-01
U p.f "As 2.530E+03 4.6E+00 1.7E-01

Cross section data for reaction IlatU(p,f)“Zn cumulative.

Target Reaction Production  E, in MeV G in mb u () in mb
Y p.f ®7Zn 2.110E+02 - -
iy p.f %7n 1.000E+03  1.7E+00 6.0E-02
"y p.f %7n 1.400E+03 7.1E-01 1.1E-01
g p.f %7n 2.530E+03  2.1E+00 1.5E-01

Cross section data for reaction ™ U(p,f)*’Co cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
naty p.f ®Co 2.110E+02 - -
naty p.f %Co 1.000E+03  4.7E+00 1.3E+00
maty p.f Co 1.400E+03  2.1E+00 6.4E-01
g p.f “Co 2.530E+03  3.5E+00 3.4E-01

151



Cross section data for reaction " U(p,f)’*Co independent.

Target Reaction Production  E; in MeV 0 in mb u (o) in mb
iy p.f **Mn 2.110E+02 - -
maty p.f *Mn 1.000E+03  1.8E+00 2.4E-01
natyy p.f *Mn 1.400E+03 - -
naty p.f *Mn 2.530E+03  2.4E+00 3.6E-01

Cross section data for reaction ™U(p,f)’’Mn cumulative.

Target Reaction Production  E, in MeV G in mb u (6) in mb
my p.f >*Mn 2.110E+02 - -
Mty p.f *>Mn 1.000E+03 8.1E-01 1.0E-01
maty p.f *>Mn 1.400E+03  5.4E-01 4.0E-02
g p.f **Mn 2.530E+03  5.8E-01 1.7E-01

Cross section data for reaction ™ U(p,f)’' Cr cumulative.

Target Reaction Production  E; in MeV o in mb u (6) in mb
nty p.f *ICr 2.110E+02 - -
iy p.f ’ICr 1.000E+03  3.5E+00 4.1E-01
"y p.f ICr 1.400E+03 1.6E+00 2.8E-01
g p.f ’ICr 2.530E+03  2.4E+00 9.0E-01

Cross section data for reaction ™U(p,f)**V cumulative.

Target Reaction Production  E, in MeV G in mb u () in mb
maty p.f By 1.000E+03  2.7E-01 1.0E-01
g p.f By 2.530E+03  4.5E-01 9.0E-02

Cross section data for reaction natU(p,f)4SSc independent.

Target Reaction Production  E; in MeV o in mb u (6) in mb
nty p.f e 1.000E+03  1.7E+00 2.0E-01
maty p.f 3¢ 1.400E+03 8.0E-01 1.4E-01
g p.f ¢ 2.530E+03  2.3E+00 4.0E-02

Cross section data for reaction natU(p,f)%Sc independent.

Target Reaction  Production E, in MeV G in mb u (0) in mb
nty p.f og¢ 1.000E+03  1.5E+00 2.3E-01
naty p.f 0S¢ 1.400E+03  5.7E-01 6.0E-02
ny p.f 0g¢ 2.530E+03  2.5E+00 2.1E-01

Cross section data for different reactions and different energies.

Target Reaction Production E;inMeV Typeofyield ocinmb u(c)inmb
Y p.f "2Cs  2.110E+02 independent 6.3E+00  1.7E-01
naty p.f 0Sb  2.110E+02 independent 2.8E+00  3.2E-01
naty p.f 5mcd 2.110E+02  cumulative  8.1E+00  2.0E-01
maty p.f >Nb 1.000E+03  cumulative  3.5E+01  4.0E+00
"y p.f PN 1.000E+03  cumulative  2.7E+00  3.2E-01
naty p.f 5Sr 2.530E+03  cumulative  7.8E+00  5.5E-01
"y p.f *Co 2.530E+03  independent 1.6E+00  2.4E-01
nayg p,f Na  2.530E+03  cumulative  6.8E-01  5.0E-02
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