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1. INTRODUCTION

The development of all branches of nuclear science, and consequently the developing
knowledge of nuclear reactions and their applications, have been very rapid. As the result of
development of new methods and technologies, integral cross section data on large number of
reaction types are of interest as the function of energy of the incident particles up to about 100
MeV for charged particle induced reactions. Several new area had been developed in which
nuclear reactions are used to gain information on the structure, composition of the
investigated material or to modify them. The knowledge of the reaction cross section data is
essential in order to be able to optimise the experimental circumstances, hence, reduce the
uncertainties/impurities in the final results/products in such applications as: direct charged
particle activation analysis (CPAA) to determine the minor and major components of the
investigated samples [1, B22], thin layer activation (TLA) technique [2] to measure the wear,
corrosion and/or erosion of the irradiated surface, monitoring the performances of charged
particle beams [3], production of isotope mainly for diagnostic use in nuclear medicine where
one should keep the influence of the side reactions on the final product as low as possible to
produce the desired isotope without radioactive impurities [4]. An other important area where
integral cross section data are needed is the high energy applications [5], (such as proton
therapy or the suggested transmutation of the activity of the used fuel elements of reactors to
transform the long lived fission product into a shorter lived one), in which the high energy
particles slow down and stop in the target and/or collimator producing high amount of
activity. To estimate the produced activity not only the high energy cross section data but
middle and low energy data are also required. An other field were nuclear reaction data are
needed is the nuclear astro-physics [6, 7], to model the different processes take place in the
stars and in the other objects of the universe.

The situation with regard to charged particle cross section data is less satisfactory
when compared with neutron cross section data. In the latter case, a large number of data has
been collected for almost all stable isotopes. The charged particle induced reactions had been
of less importance in technological applications in the past with the result that the charged
particle reaction data is less advanced. Beside these facts there is an other important
drawback, namely one part of the measured experimental data are old, measurements were
done using an experimental technique with limited resolution and precision or using old
nuclear data, hence, the gained information not reliable enough. In some cases no
experimental cross section data are available at all.

A survey of the reactions investigated and published in A1 - A18 using low and
medium energy light charged particle beams showed that the status of the data is usually do
not fulfil the requirements for most of the applications. The excitation functions used in the
applications have to be well defined and their numerical values accurately known. The
nominal errors of the measured cross sections ascribed by authors usually vary between 10
and 15 percent [8], but the data presented by different authors at the same energy points differ
more significantly. Therefore, it is essential to set up recommended data base for standard
reactions with low uncertainty using critically compiled and evaluated experimental data.
Certainly, the discrepancies found in experimental data from various authors for the same
reaction often exceed the quoted error figures, but this reflects the difficulties encountered in
the measurement of excitation functions.

In the lack of the experimental data there are several theoretical approaches for
calculating low and middle energy charged particle cross sections data, but in general the



applicability of the codes developed on the theory is limited by several factors. The results
indicate that calculated excitation functions, at least for proton induced reactions obtained
with standard set of input parameters, could be used as estimates with adequate accuracy. For
reactions involving “complex” particles (like deuteron, *He or alpha particles) in the entrance
and/or exit channels [9] the results are less satisfactory. Individual selection of input
parameters according to nuclear data available for specific mass region or by experience could
perhaps give better agreement with the experimental data. At this present status,
unfortunately, the theoretical calculation do not give reliable result for all the charged particle
nuclear reactions, but they can be used to fit the experimental data and interpolate in-between
the measured data points or extrapolate the available cross section data beyond the energy
region of the measured experimental data points. Although the study of integral cross section
data and excitation functions does not lead to detailed analysis of reaction mechanism, they do
contribute to the investigation of the validity of theoretical reaction models.

Systematic investigations of charged particle induced nuclear reactions on different
materials are in progress in many laboratories for evaluating their potential use in different
applications and basic science. The Nuclear Data Section of the International Atomic Energy
Agency had started a Co-ordinated Research Project for development of a reference charged
particle cross section data base for monitor reactions and reactions for producing medically
important radioisotopes with the co-operation of seven laboratories from all over the world, in
which program our institute also participates [10].

In this thesis experimental integral cross section data are presented on the reactions
important for monitoring the intensity and/or energy of charged particle beams, for isotope
productions, for direct charged particle activation analysis and for applications of thin layer
activation technique. The used experimental techniques of the measurement are also described
and some example are given for the applications of the measured cross section data.

With a view to enhancing our knowledge of the necessary excitation functions we
have performed detailed and systematic measurements on selected target materials bombarded
by light charged particle beams. A comprehensive survey, compilation, measurement and
critical evaluation of the absolute cross section data of the reactions investigated were done
[A1 - A18]. For the reactions induced by light charged particles important for several
applications in which our department is engaged recommended data sets were prepared [AS,
B12, 11] based on all the available experimental data including our result.



2. NUCLEAR REACTIONS

2.1. Mechanism of reactions

Each time when an energetic particle encounters with a nucleus a nuclear reactions can
take place in which a new nucleus and out going particle(s) can form. Up to a few MeV
particle energy elastic and/or inelastic scattering can occur and both the target nucleus and the
bombarding particle can change their energy state. At higher bombarding energy the incoming
particle a can penetrate into the nucleus A and can stay there for a relatively long time ao®
s) and a compound nucleus C", usually in a highly excited state, is formed, while the energy of
the bombarding particle are distributed among the nucleons of C* evenly. Then the
decomposition of C" into B + b occurs. This compound model was proposed first by Bohr in
1936 [12].

a+A—>C" > B+b

With increasing energy the density of excited states increases rapidly in C* forming a
continuum from where b can be emitted before the whole energy can distribute evenly among
the nucleons involved and permitting the nucleus to be treated by statistical methods. This
type of the reactions called the precompound reaction mechanism. In this energy region (10
MeV - 30 MeV) the cross section has no strong dependence on the energy.

Increasing further the bombarding energy the projectile “stays” much less time in the
vicinity of the target nucleus (10** s) and can interact only with one or a few nucleons of the
target nucleus. The intensity of this direct reaction is slowly dependent on energy.

2.2. Reaction energy

The energy conservation low in any nuclear reaction type A(a,b)B is valid, that means
the total energy sum of the rest and kinetic energy of the system before and after the reaction
is equal. The reaction energy is defined by:

Q= (m, +m, —my —m,)c’
O=(M,+M,—M,—M,)9315 MeV

The minimal projectile energy in he laboratory system required to initiate an endothermic
reaction (Q < 0) is the threshold energy Ey, . In the nonrelativistic case Ey, is obtained by:

Ma
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The height of the Coulomb barrier is in the laboratory system is calculated in MeV by:

E — ZA Za ez ~ ZA Za
c 47Z'€R AA1/3 Aa1/3

where Z4 and Z, are the proton number of the target and projectile, respectively, e is the
elementary charge, R=r(AA]/ 3+Aa1/ 3 ) is the distance between the centre of the target and
projectile, r=1.4 107 m, € is the permeability of vacuum and A4 and A, are the nucleon
number of the target and the projectile, respectively.

2.3. Cross section

When energetic charged particle beam interacts with a target material the bombarding
particles can overcome the Coulomb-barrier of the target nuclei and nuclear reactions can take
place. The probability of the occurrence of a nuclear reaction is called cross section. The
number of nuclei formed in a nuclear reaction along the path of charged particle during
bombardment as the function of time is given by the expression:

where n*( t) is the reaction rate, the number of isotopes formed per second,

I(t) describes the beam intensity as the function of time,

ze the charge of the bombarding particle,

Ny is the Avogadro’s number

M is the molar mass of the target material

f is the isotopic abundance of the target isotope involved in the reaction

c(x) is the concentration of the target isotope

g(Ey E) is the energy distribution of the beam around the Ej average value, which is
approximately Gaussian type

h(E,E},x) describes the straggling effects, represents the probability density for a
particle of primary energy E at the target surface to have an energy E; at a depth x
where the reaction takes place.

O(E;) is the reaction cross section

In general practice a simplified version of the above formula is used. When the cross
section 6(E) has low variation with energy, then the energy spreading effects have negligible
consequences and the formula (1) can be simplified.
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Where S(E) describes the stopping power. In additions using a stacked target composed of
thin foils with a thickness of Ax, corresponding to an energy loss of AE of the bombarding
particles, and the c(x) = ¢ concentration is constant over the target foil the following
expression is valid for the production rate n*( 1):

n (1) =%—N 2 €5 A

3)

where o is the average cross section over the AE energy interval.

Radioactive isotopes can decay as soon as they are formed. Taking into account the
decay during irradiation the total number of radioactive atoms N present in the sample at the
end of bombardment (EOB) is given by:

*

N = In*(t) e M dt 4)

0

where A is the decay constant of the produced isotope and t, is the irradiation time.

When the beam intensity is constant all along the irradiation then the production rate is
constant, n*(t) = n , and the above expression easy to integrate. After integration and
rearrangement of the equation (4) and expressing N with the measured peak area Ty one can
have the formula which is used to calculate the mean cross section corresponds to a certain
thin foil in the stacked target.

Mzed T,
AN, feQ(l—e") e (1-e*)ee,8.8,

o=

(6)

Where T, is the measured net peak area, f. is the cooling time, #,, is the measuring time & is
the detector efficiency including the geometry factor, & is the relative ratio of the measured
gamma-line, & is the correction factor for possible recoil loss and dead time and & is the
correction for finite target thickness [13].

2.4. Reaction yields



The yield of a nuclear reaction is defined as the production rate of the newly formed
nuclei per unit bombarding particle current:

Y(E,) = n*((tl‘) N,fc j" o(E) dE

) M 2,S(E) ™

E=0
ze

M. Bonardi gave an overview in his work [14] of the different yield definitions used in
practical applications. The three main definitions with absolute physical content are: the thin
target yield [BqC 'MeV™], thick target yield [BqC™] and saturation yield [BqA™']. In the
everyday practice some authors also prefer to use the expression of the yield at the end of
bombardment. The yield measured after one hour one microampere irradiation (Bq uA™ h™")
also can be found in the literature which can give different value from those calculated using
the above physical definition of the yields. The difference is more significant for radioisotope
having short half life compared to the one-hour irradiation time.



3. EXPERIMENTAL TECHNIQUES AND METHODS

3.1. Methods of cross section measurements

The cross section of a charged particle induced reactions can be determined by
detecting the reaction products directly (gamma photons, out going particles formed in the
investigated process) or measuring the produced activity.

In the direct measurements the reaction products are detected by a sophisticated
experimental techniques (special detectors, fast electronics, coincidence system, dedicated
data handling and storage units, etc.) which are more complex than those applied in the
frequently used activation method. The advantage of the direct method is the possibility of the
determination of differential cross section and the high sensitivity (coincidence technique,
particle counting). Using the activation method the reaction cross section is determined trough
the measurements of the activity of the radioisotopes produced in the investigated nuclear
reactions. The main advantage of the activation method is that the irradiation and the
measurement are separated in time. Cross section measurements using activation method can
be done on a single or stacked target. When performing such experiments several
experimental parameter are needed to be optimised in order to obtain valuable data and
minimise the uncertainty of the final result. These are: the type of particle, incident energy of
the beam, irradiation time, beam intensity. While measuring the induced activity one should
choose carefully the cooling time, measuring time and measuring geometry.

3.2. Stacked target method

In applied nuclear physics the cross section measurement of a nuclear reaction is in
most cases done by stacked foil irradiation followed by accurate y-spectrometry. This way not
only a single but simultaneous bombardment of several thin targets can be done or special
combination of target materials resulting a series of data points in one irradiation. In addition
one can investigate several nuclear reactions parallel occurring in the target at the applied
bombarding energy. From the measured primary experimental data (peak area) and the
irradiation and target parameters the cross section is calculated. Due to energy loss of the
bombarding beam, each foil is irradiated at different beam energy, resulting several
experimental points of the 6(E) curve for only one irradiation. The stacked target technique
can be applied for targets consist of thin foils and/or gas cells. A stacked target beside the
target foils contains one or more monitor foils to determine the energy and/or the flux of the
bombarding particle beam. In special cases energy degrader foils are placed in the stack. Their
purpose is only to enhance the energy degradation in the stack, where otherwise a large
number of target foils would have been necessary to cover the whole energy region. During
nuclear reactions, the newly formed nucleus will be recoiled by transfer of kinetic energy from
the incident particle. As a result the nuclei formed near to the surface will be able to escape
from the sample. These recoiled and escaped nuclei can be implanted into the next foil in the
stack modifying the activity of the foils. To overcome this problem catcher foils are applied to
stop the escaping reaction products.



3.2.1. Target preparation

For cross section measurement one parameter regarding the target is important: the
thickness of the target material. The primary energy of the beam gradually decreases while
travelling trough the target material due to the energy loss. Therefore it is necessary to keep
the target as thin as possible to assure negligible energy loss. One can prepare thin targets on
several ways. The most frequently used thin target preparation methods are: use of thin films
or foils, electrodeposition, evaporation or sedimentation of the target material on thin backing,
use of target material in gas form. We have applied all these techniques during our
experimental works. Typically target foils are cut out of a larger foil of the appropriate
material with known purity and certified thickness. (In most cases we used Goodfellow
materials.) The thickens of the foils (in mg/cm?) is checked by calculating the surface and
determining the weight of the foils. Using electrodeposition, evaporation or sedimentation the
target thickens determined by measuring the geometrical size and the weight of the deposited
spot of target material. An other possibility to measure the thickness of thin layers is the
Rutherford backscattering (RBS).

Using a stack of thin foils one can determine several points of the excitation function
with one irradiation. To cover a larger energy range with only a limited number of target foils,
one can include several extra degrader foils in the stack. The degrader foils do not need to be
of the same material as the target, but their purity and thickness should be known with the
same accuracy. They can also be used as monitor foils or catcher foils too. Before assembling
a stack the number of foils needed in one irradiation has to be determined. One should find the
optimal number of foils. Too few foils in a stack will lead to more irradiations to cover the
required energy region, while too many foils in a single stack will induce cumulative energy
uncertainties due to inaccurate knowledge of the primary bombarding energy and of the foil
thickness which influence the result of the stopping and straggling [15] calculations. The
number of foils is hence determined by the energy range of interest, the stopping power of the
target material, the acceptance level of energy uncertainty and the available irradiation time.

3.2.2. The irradiation circumstances

The irradiation parameters of importance are the type of particle, the energy and
intensity of the beam and the irradiation time. The first two parameter are determined by the
type of reaction and the energy interval of interest. According to the selected particle type and
the required beam energy the irradiations were done at the MGC-20E cyclotron, Debrecen,
Hungary, at the CV-28 compact cyclotron, Jiilich, Germany, at the MGC-20 cyclotron, Turku,
Finland and at the CGR-560 cyclotron Brussels, Belgium. Cross section measurements should
hence only be performed after an energy calibration of the accelerated beams. The energy
calibration method were different for the accelerators used. In Debrecen and Turku calibrated
analysing magnet (stabilised calibrated magnetic field and pairs of slits) are used to determine
the proper value of the primary beam energy which is in first order is estimated on the
extracting radius and the cyclotron frequency. In Jiilich [16] and Brussels [17] special Time of
Flight technique are applied to determine the exact distance between the successive beam
bunches. This distance is related to the energy of the cyclotron beam.



The beam intensity and the irradiation time are coupled parameters, since the total
number of incident particles determines the produced activity. Target were irradiated in a
special insulated vacuum chamber served as Faraday-cup and equipped with electron
supressor to reduce the influence of the secondary electrons generated by the bombarding
particles in the target and in the collimator. The applied voltage on the electron suppressor
varied from -70 V to -100 V depending on the actual geometry and construction of the
irradiation chamber. The beam intensity were always kept low, typically between 50 and 500
nA, to avoid the target loss due to the high dissipated energy. If it was necessary extra cooling
was applied to keep the temperature of the target low [A16]. In all the experiments the total
number of the incident particles were determined trough the charged collected in Faraday-cup
and in most cases the flux of the bombarding particles was monitored via monitor reactions.
Usually we found an agreement between the values measured by the two methods of 8% to
20%.

3.2.3. Determination of particle energy in a stacked target

Cross section measurements using activation method can be done on a single or
stacked target, but in all cases the bombarding energy for each layers of the target need to be
determined accurately. For calculating the energy loss of the bombarding particles the
formulae of Andersen and Ziegler [18, 19] have proven to be easily applicable in every
situation we encountered. On the basis of theory, experimental data and systematics they gave
a 12- and 9-parameter formula for the hydrogen and helium projectiles, respectively, for all
target materials.

The use of stacked gas targets requires special attention for determination of the
energy and the flux of the beam in different sections of the target. Therefore, we have studied
the penetration of energetic charged particle beams into highly pressurised gas targets. Several
experimental methods have been developed to study the interaction of charged particle with
pressurised gas targets (measurement of the activity of the produced radioisotopes, the yield of
the secondary neutrons, the heat, the charge , the emitted light the change of gas density,
temperature, refractory indexes and so on). The photographic view reflects the shape of the
beam in the target and gives the maximum penetration of the beam. The asymmetric beam shape
observed is due to the upward thermal gas stream in the target. The interferometric studies
showed that there is strong upward thermal transport of the gas heated by the particle beam in
the target chamber [20]. An overview of the applied methods and results can be found in the
thesis of O. Solin [21] and in [22]. When a parallel beam of charged particles passes through a
medium, the particles are scattered and the beam diameter gradually expands with increasing
depth. Multiple scattering of the beam by the target chamber entrance window and by the
target gas as well as reduction of the target gas density seriously affect the location of the
energy deposition in the target causing a loss in the production capability of the particle beam.
An intense particle beam may reduce the gas density to such an extent that the target is no
longer sufficiently thick to stop the beam or to degrade the incident energy to the practical
threshold energy of a certain nuclear reaction.

We have studied the interaction of charged particle beams with gas targets at
horizontal and vertical beam-lines using video and photographic technique [A12] and plexi-
glass windowed study chambers. Beside the optical study we have measured for the first time
the charge distribution inside the target chamber on a remote positioned isolated electrode.
Our optical study and charged distribution measurements confirm the asymmetric beam shape



observed by optical study at horizontal irradiation [A12]. According to the expectation we
found that the shape of the beam is symmetrical at vertical irradiation which can be concluded
from the heat transfer in presence of vertical gravitational field model. Studying the beam
build-up in time in the target chamber after the beam stop opening we found and reported for
the first time a dynamic effect, an oscillation of the maximal range of the impinging particle
beam. The period of the oscillation was around one second. The amplitude of the oscillation
depends on the beam density and the geometry of the irradiation chamber. At the first impact
the beam is symmetric then gradually reaches its maximal size in length while becoming more
an more wide. Then the volume of the beam strike oscillates around the length of the
equilibrium state and meanwhile becoming asymmetric in shape at horizontal irradiation set-
up. At vertical irradiation no asymmetry was observed. A simple phenomenological model is
proposed for the observed phenomena [A12].

The density variation of the target gas under nonuniform heat production and mass
transport as a function of time in- and outside of the beam volume gives a possible explanation
of the observed effects. The model has to be confirmed by further experiments and with
computer simulation. As far as the applications are concerned, the observed beam shapes at
vertical and horizontal irradiation are important and have already been taken into account in the
construction of high yield gas targets for isotope production and for proper choice of beam
current, gas pressure and irradiation geometry in nuclear data measurements.

For measuring excitation function on gaseous material we used single and/or stacked
gas targets. The gas cells were placed in a metal tube which served as a Faraday-cup and the
irradiation were performed in air. The relatively large cells prevent us to carry out the
irradiation under vacuum. The beam current measured on the Faraday-cup was used only for
orientation because of the possible alteration effect caused by the ionised air between the
targets and the closing window of the beam extraction unit. The windows of the target cells or
extra monitor foils were used to determine the beam intensity and energy in the irradiated cells
trough monitor reactions. Detailed description of the technique is given in [23, 24].

3.2.4. Activity measurements

After irradiation the activity of the target foils need to be determined. Standard high
resolution gamma-spectrometry was applied to measure the activity in most cases without any
prior chemical treatment. The spectroscopic analysis is best done on a detector with high
energy resolution (Ge(Li) or HpGe type detectors) using a classical set-up (detector,
amplifiers, ADC, multichannel analyser- one or more of these units can be computer
controlled). This way optimal separation between the different gamma-lines can be
guaranteed. The detector set-up is calibrated carefully both in energy scale and counting
efficiency using standard gamma-sources. One should use the calibrated geometry and sample
holder to perform activity measurement, since the detector efficiency includes the geometry
and attenuation factors too. Always special care was taken while determining the detector
efficiency in the energy region around maximal value of the efficiency curve.

The activity of the target foil can be determined trough the measurements of the
intensity of a single gamma-photon emitted after each decaying isotopes, or in the case of pure
B decaying isotopes through the measurement of the 511 keV annihilation gamma-line. In
this later case one should use an absorber to stop the B* particles in the vicinity of the
irradiated target to ensure the proper measuring geometry. Gamma-measurement was always
carried out with the “live time* correction on (internal algorithm or external pulser and
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correction) to correct for the dead time of the set-up. The dead time has to be kept under 5%
for representative data collections. General practice was to measure each target several times
to check the decay for the different nuclides. Also in cases of mixed gamma-lines, allowing
some of the nuclides to decay completely, can be the way to separate the contribution of the
different nuclides to the investigated gamma-line.

During nuclear reactions, the newly formed nucleus will recoiled by transfer of kinetic
energy from the incident particle. As a result the nuclei formed near to the surfaces of the foils
will be able to escape from the foil and will be stopped by the next or previous foil. Recoil
fractions are only important when working with very thin foils, which typically done for
reactions induced by particles with high stopping power. In cases where recoil might be an
important parameter, extra foils, catcher foils, have to be included in the stack for every target
foil. These foils will catch the escaping recoil nuclei which foils afterwards can be measured
together with or separate from the target foils and correction can be made for the recoiled
nuclei. If the foils are thin, but the stack was only made up of target foils, recoil is again of no
importance. The loss in one foil is almost balanced by the gain from the previous one, except
for the first foil in the stack.

Using stacked target technique to determine a reaction cross section one has to
measure many samples having different activity and has to optimise the sequence of the foils
in order no to loose information due to the too high or too low count rate. We have developed
a computer controlled sample changer system which can be programmed to change the
sequence of the foils by checking the dead time. This unit consist of a standard high resolution
gamma-spectrometer, (HpGe Canberra detector and power supply, a Tc244 Tennelec
amplifier and signal processor, a PC-II 8000 Nucleus 8k plug-in analyser card and a PC386
personal computer) and an automatic sample changer an positioner system driven by stepping
motors controlled by the PC. The irradiated foils stored in a shielded rotating sample changer
with 32 coded sample positions placed at about four meter distance from the shielded detector.
The sample to be measured selected, transported and positioned automatically in front of the
detector. This unit was built with the help of the National Committee for Technical
Development.
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4. RESULTS AND DISCUSSION

4.1. Monitor reactions

4.1.1. Motivation and status of monitor reactions

In an experiment with charged particle irradiation one should know the beam energy
and intensity preferably as a continuous function of time and more importantly as the
penetration depth, which in fact can not be realised hundred percent. Instead they are
determined in steps, in a few points only, and most cases only integral data can be obtained.
Generally one can have information on the primary energy and/or intensity and the time
dependence (if any) and spatial distribution of the beam energy and intensity is calculated
(energy loss, energy spread, straggling, scattering, particle range).

Several methods had been developed for measuring intensity of charged particle beams
such as: beam current transformers, calorimetric methods, collecting charge in a Faraday-cup,
applications of monitor reactions. The procedures used for determining the energy of the
bombarding beam such as: Rutherford back-scattering, magnetic spectrometers, range-energy
functions, calibrated analysing magnets, measurement of spatial separation between
neighbouring bunches of the particles in the beam, TOF, etc. are technically more
sophisticated, and need more expertise in applications [25].

The use of monitor reaction is a simple method to determine the flux and can also
provide a check of the calculated particle energy incident at a thin foil and yet it assures the
necessary precision needed in different applications. From the activity induced by charged
particle beam and from the known cross section-energy relation of the reaction takes place in
the monitor foil, the energy or the intensity of the bombarding beam can be calculated. If the
beam parameters were established using monitor reactions, one can actually obtain only
relative values for the measured cross section. The measured values can only be as good as the
values for the cross section of the used monitor reactions.

Regarding the available experimental cross section data for monitor reactions, a survey
showed [26], that the status of the monitor reaction data is not satisfactory. As in [27] it was
pointed out, even in the case of 63Cu(p,n)63Zn and 65Cu(p,n)6SZn reactions, for which many
independent studies have been performed, there exist some discrepancies which may not be
solved clearly on the basis of available experimental data. And also, for the different kinds of
incident beam than protons, it seems that the experimental precision is not sufficient in all
interested energy regions, or in some cases there is no experimental data at all. ~ Therefore,
our aim - in agreement with the recommendation of the Nuclear Data Section of the IAEA
[28] - was:

- To continue the cross section measurements on selected target material to collect more
precise experimental data to solve the discrepancies exist among the available data.

-To search for new reactions and measure their excitation functions using all the four light
charged particle beam (proton, deuteron helium-3 and alpha) on the same type of target
materials.
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-To suggest new monitor reactions to utilise the principles of parallel determination of the flux
and energy developed by us (see later).

-To provide reliable data base after compilation and critical evaluation of the available data
for the reactions used for monitoring charged particle beams.

4.1.2. Requirements for a monitor reaction and use of monitor reactions

There are several criteria regarding the monitor targets and monitor reactions. These
include the availability of the material, the physical and chemical characteristics of the target,
the decay parameters of the produced nucleus, the slope of the excitation function in the
energy region in question, and the undesired interfering reactions. Among them the cross
section is the most important signature of a material used for monitoring of charged particle
beams. The use of monitor reactions demands as a prerequisite well known and reliable
excitation functions of the monitor reactions. The main requirements are:

Nuclear properties

- Suitable half-life of the isotope used for monitoring purposes. There is only practical
consideration to give the range of the half-life and it is: The half-life of the isotope used for
monitoring purposes can not be too short or very long comparing to the irradiation time.

- The reaction must have high cross section in the investigated energy region.

- For flux determination a reaction having flat plateau of the cross section in the investigated
energy region is the most suitable one. This way the derived flux value do not suffer much
from the error of the energy determination.

- The reactions suitable for energy determination must have a cross section with high slope,
that provides good energy resolution in the investigated energy region.

- The gamma-photons emitted by the nuclei produced in the monitor reaction should have a
proper energy and high relative intensity.

-. The reaction product must remain in the monitor foil (do not volatile, evaporate or escape).
We have added to the broadly accepted principles the next two points to improve the
performances of the method and reduce the overall cost.

- Multiple reactions with overlapping energy regions for simultaneous flux and energy
determination.

-Possibility to use the same material for monitoring different type of charged particle beams
(p, d, 3 He, o) is an advantage.

Other necessary physical and chemical properties

- Chemical stability, chemical resistance.

- Good mechanical properties regarding thin foil production.

- Availability, low price.

- Good heat and electrical conduction.

- Stabile physical and chemical structure against the energy dissipation of the bombarding
beam.

- Strengths against mechanical deformations.
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The above mentioned requirements give a serious limitation for the number of
materials having the right properties to be used for monitoring beam performances. Taking
into account all these requirements, the following metallic materials could be considered as
appropriate candidates for monitor target: aluminium, titanium, iron, nickel and copper[28].

At medium energy irradiation one can place several foils in a stack to cover the whole
energy region from the primary particle energy down to the threshold of the investigated
reactions. Many foils in one stack then results large uncertainty in the lower section of the
energy scale due to the commulative errors in the foil thickness uniformity. Solving this
problem we have adopted a simple method to increase the precision of the energy scale in the
low energy part by using more than one monitor reactions [B18] in the same monitor foil. In
our method beside the knowledge of the cross sections of the applied monitor reactions, use of
infinite thin monitor foil and monoenergetic bombarding beam we have postulated two basic
principles on which this method is based:

1. The intensity (energy) calculated from the same monitor reaction takes place in the monitor
foils placed at different position in the stack should result the same values only if the beam
energy (intensity) in each monitor foil is determined correctly and no beam loss occurred
along the stack.

2. The intensity (energy) calculated from one monitor foil in the stack using different monitor
reactions should result the same values only if the beam energy (intensity) in that monitor foil
is determined correctly.

Using these two assumptions the energy and the flux can be determined more
accurately applying successive approximation in the calculation of flux and energy. In the
same time one can avoid the large uncertainty of the calculated flux or energy using a rapidly
changing part of the excitation function of a single monitor reactions.

4.1.3. Measurements of monitor reactions

The chemical and physical properties of the materials suitable for monitoring charged
particle beams are known and available. Among the nuclear data required the cross section is
the most important signature that one should determine carefully to be able to use the
appropriate reaction for monitoring. In a series of systematic experiments our group have
investigated the excitation functions of the " Ti(p,x) [29], ™Ti(d,x) [A4], "“Ti(*He,x) [30],
MTi(oLx) [30], "™ Fe(p,x) [A5], "Fe(d,x) [A6], "Ni(p,x) [31], ™Ni(d,x) [A1], ™Ni(*He,x)
[A2], ™Ni(a,x) [A3], ™Cu(p,x) [30], "Cu(d,x) [A6], ™Cu(*He,x) [30], "Cu(o,x) [30]
"*Mo(d,x) [B4] nuclear reactions. The table 1. summarises only the reactions presented in
papers Al - A6, sorted by according to the type of the bombarding particles and the target
materials. Reactions recommended for monitoring purposes are denoted by an asterisk. In
papers Al - A6 compilation of data available in literature on the investigated reactions in most
cases are also given. Evaluating the experimental data including our results showed that in
some cases additional experiments are still required to be able to solve the discrepancies
found.
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iron, nickel and copper for monitoring purposes.

Table 1. Charged particle induced nuclear reactions measured on natural titanium,

Reaction investigated energy No. of data  References and
range MeV points monitor reaction

"Ni(d,x)>Co 10.6 - 20.15 32 Al

"Ni(d,x)**Co 2.3-20.15 54 2TAl(d,x)**Na

"Ni(d,x)>'Co 10.6 - 20.15 32

"Ni(d,x)**Co * 2.3-20.15 54

MNi(d,x) ' Ni 10.6 - 20.15 32

"Ni(d,x)*°Cu 10.6 - 20.15 32

"Ni(d,x)*'Cu * 2.3-20.15 54

MING(*He,x)’*Mn 27.6 - 35.0 10 A2

MINj(*He,x)**Fe 29.8 - 35.0 6 "Ti(*He,x)**V

MINj(*He,x)**Fe 23.8-35.0 10

MINj(*He,x)’Co ~ * 19.8 - 35. 17

"INi(CHe,x)Co  * 2.1-35.0 28

MINj(*He,x)’'Co  * 5.8 -35.0 28

MINj(*He,x)’Co  * 8.6 - 35.0 26

MINiCHe,x)'Ni % 13.2-35.0 23

MING(He,x)’'Ni ~ * 8.6 -35.0 32

"INiCHe,x)®Cu * 5.8-35.0 23

"INiCHe,x)*'Cu * 5.8-35.0 28

"INi(*He,x)%*Zn 5.8 -35.0 15

"INiCHe,x)%Zn % 8.6-25.9 12

"Ni(o,x)%*Zn 17.15-24.5 8 A3

MINi(o,x)*Zn * 59-245 21 "Cu(oLx)*°Ga

MIN(o,x)*Zn * 7.8-24.5 19 MU (o,x) ' Cr

"Ni(o,x)*°Cu 17.15-24.5 5

"Ni(o,x)% ! Cu & 2.34-245 26

"Ni(o,x)Y Co 13.5-24.5 8

MNG(o,x)° Ni 17.15-24.5 7

"ri(d,x)*Sc 11.8-21.3 15 A4

"Ti(d,x)*™MSc 2.95-213 65 2T Al(d,x)**Na

"Ti(d,x)**ESc 2.95-21.2 53

Ui (d,x)*Sc 2.95-21.3 65

"ri(d,x)Y'Sc 2.95-21.3 65

"ri(d,x)**Sc 2.95-213 65

MTy(d,x )V s 295-21.3 65

" (p,x) °Co & 58-175 17 A5
65Cu(p,n)GSZn

"aRe(d,x)*°Co 6.93-21.3 31 A6

"tRe(d,x)° Co 0.94-21.3 36 2T Al(d,x)**Na

"Cu(d,x)*Zn * 5.16-20.2 46

Proposed monitor reaction
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4.1.4. Results and conclusions

We have investigated 38 nuclear reactions induced by protons, deuterons, helium-3
and alpha particles on target materials titanium, iron, nickel and copper metallic foils. Among
them we found 20 reactions having suitable properties for monitoring the four above
mentioned particle beams.

The natFe(p,x)56Co reactions is one of the most frequently used reactions in the applied
nuclear physics, therefore, we gave detailed, comprehensive literature survey, critical
compilation and recommended data set based on experimental evaluation method for the
reaction natFe(p,n)56Co in [AS]. The method for evaluating the critically selected experimental
data sets was described in [B8]. It consist of successive weighted averaging of the weighted
spline fitted individual experimental data sets to determine a recommended data base for the
reaction investigated.

For deuteron bombardment the 27Al(d,x)24Na is a well established reaction to monitor
the beam parameters [26]. Beside the excellent parameter of the target material (Al) and the
produced isotope (**Na) unfortunately, the reaction has relatively high Q value (-12.3 MeV).
Therefore, the reaction can not be used for monitoring purposes below 15 MeV in practice.
For monitoring low energy deuteron beams we have investigated the "'Ti(d,x) [A4], "'Fe(d,x)
[A6], "Ni(d,x) [A1] and "*Cu(d,x) [A6] processes and measured the excitation functions of
the reactions from the threshold up to 21.3 MeV energy (see also table 1.). The beam currents
were measured by Faraday-cup in all cases and were found to be lower by 10 % than the value
obtained by using the 27Al(d,x)24Na monitor reaction (Eq = 21.0 MeV, ¢ = 54 mb). The
experimental cross section data measured were compared to the data available in the literature
for the reactions investigated and several disagreements were solved. With the new monitor
reaction we proposed ("“Ti(d,x)*V, "™'Fe(d,x)***'Co, "*Ni(d,x)’***Co, ™Ni(d,x)*'Cu and
"Cu(d,x)*Zn) the energy region was extended below 15 MeV where the deuteron beams can
not be monitorised with the >’ Al(d,x)**Na reaction.

We have investigated for the first time the "Ni(*He,x) processes from threshold up to
35.0 MeV “He-particle energies [A2]. Thirteen reaction products were studied and the
excitation functions for the production of 627n, Cu, *°Ni and *'Ni appear to be interesting
from the viewpoint of potential application as monitor reactions. These excitation functions
exhibit plateau over a broad energy range, a fact which could help to avoid errors in the flux
determination originating from the improper estimation of the mean energy of the bombarding
particle in the monitor foil. The same applies to some extent to the product %Co over the *He
particle energy range of 18-28 MeV. The use of the excitation function of >Co, **Co, *’Co,
58Co, 65Zn, 61Cu, 52Fe, 3Fe and **Mn may allow a simultaneous determination of flux and
energy [B18] of the bombarding *He particle energy.

The alpha particle induced reactions on natural nickel, "'Ni(o,x) were investigated up
to 24.5 MeV [A3]. All together eight reactions were studied. The reactions leading to the
formation of *'Cu, ®Zn and ®Zn on chemically resistant and mechanically stable nickel are
very promising for monitoring alpha-particle beams because of the relatively high cross
section values and low threshold energies. The excitation function of the reaction products
Co, N1, “Cu, “Cu and **Zn were measured only in a few points above their respective
threshold energy and the cross sections are relatively small in that energy region, hence they
can be used for monitoring purposes only in limited cases.
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Our systematic investigation resulted a significant contribution to the field of
measurements and applications of the cross sections of charged particle monitor reactions.

We proposed to use the same type of target material for all the four light bombarding particle
beams and investigated the properties of the reactions on Ti, Fe, Ni and Cu.

We have completed the available data sets by expanding the investigated energy region and
eliminated the existing disagreements among the available cross section data.

We proposed new reactions to monitor low energy deuteron beams and new reactions for
complex monitoring of charged particle beams (independent flux and energy determination in
the same time).

The collected and critically evaluated experimental data including our results were supplied to
the theoretical evaluators to calculate a recommended data sets for the selected reactions.
Further investigations are in progress:

- to complete the investigations of reactions of light charged particle on "'Ti, "*Fe and "'Cu,

- to extend the measurements at higher energies in order to be able to monitor medium energy
charged particle beams and to exploit the capabilities of the multi-reaction monitoring
method.

The work already has been started, in the frame of an international project, co-
ordinated by the International Atomic Energy Agency, to establish a reliable charged particle
cross section data base for the reactions used in production of medically important
radioisotopes, among them for the reactions applied for monitoring the production processes.

4.2. Isotope productions

4.2.1. Medical isotopes

Radioisotopes can be grouped according to their use in nuclear medicine: isotopes for
diagnostic and isotopes for therapeutical purposes. Regarding the production facilities of the
isotopes two main groups exist, isotopes produced by reactors and isotopes produced by
accelerators, mainly by cyclotrons.

Regarding the development of a new radiopharmaceutical one of the most important
step is the selection of the radionuclide for labelling and its production route. This process
starts from nuclear data. Their use is mandatory for achieving optimal production yield and
radionuclidic purity. The important nuclear data for a radioisotope are: the half life, decay
mode, type and energy of the radiation, cross section or yield of the reaction in which the
isotope can be produced, the intensity of the possible side reactions.

The aim of our cross section measurements in connection with the isotopes produced
routinely for medical use were:

-To complete the data base from reaction threshold up to the available particle energy.

-To solve the disagreements among the data sets measured in different laboratories.

-To set up recommended data base for all the main and side nuclear reactions take place on
the investigated target material during bombardment.

- To search for new isotopes that can be used in nuclear medicine.

The results are presented in the publications [ A1, A9, A10, A11] and summarised below. The
investigated reactions are listed in table 3.
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Table 3. Reactions investigated producing medically important radioisotopes

Reaction Investigated energy  No. of data Reference
range MeV points number
12Te(d,n)'*I 47-21.1 20 Al0
5Te(d,2n)'*1 6.1-125 13 A9
5 Te(d,n)'*'1 44.-125 14 A9
Ni(d,n)*'Cu 2.3-20.1 54 Al
*’Ne(p,x)*’Na 55-17.3 15 All

1231 We have investigated the '**Te(d,n)'*’I reaction in details and found a 2 MeV energy

shift of the data of Zaidi et al. [32]. Regarding the 123Te(d,2n)1231 reaction we have measured
the cross section of the reaction on enriched '**Te for the first time and pointed out that the
reaction can not be used for producing clean ' in disagreement with the conclusion of
Pimental et al. [33] who investigated the "Te(d,x) processes.

1241 : The '"Te(d,n)"*"I reaction was measured on enriched '*Te isotope for the first time
and was pointed out that the process has low yield therefore not optimal for production
purposes but can be used for small quantity production.

%1Cu : The cross section of the 60Ni(d,n)mCu reaction was measured in details and on the
basis of the calculated yield we have proposed for the first time the most economical
production route for %1Cu on enriched **Ni at small cyclotron.

Na: The cross section of the **Ne(p,x)*’Na reaction was measured in details giving
significant contribution to the three experimental data point of Saam et al. [34]. We have
pointed out that the above process has the highest yield in the energy range available at small
cyclotrons.

4.2.2. Radioisotopes of Iodine

The iodine isotopes are among the radioisotopes most widely used in nuclear
medicine. A large number of radiopharmaceuticals labelled with radioiodine '** '*> '] are
known and used in Single Photon Emission Computed Tomography (SPECT). For more
quantitative studies involving Positron Emission Tomography (PET) the longer lived '**I (T},
= 4.15 d) has found some applications and the "I (T, = 1.35 h) also appears to be very
promising.

Both the direct and indirect production routes for production of iodine isotopes were
studied at small and medium energy cyclotron. The most important processes are the proton
and deuteron induced processes on the isotopes of tellurium. The tellurium has 8 stable
isotopes on which several reactions can take place resulting also undesirable impurities at
different levels depending on the enrichment of the Te target. To avoid radioisotopic
impurities in the final product highly enriched (therefore, very expensive) tellurium target
should be used. Knowing the excitation function of all the reactions of proton and deuteron
bombardment on tellurium isotopes one can estimate the yield of the main and the side
processes and can choose the best production routes, energy window for the available
tellurium target material.

In the papers [A9, A10] we have investigated the present status of the production data
of I and '*'I isotopes on enriched Te isotopes using deuteron bombardment. We also
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studied the production of *I and '*'I using proton bombardment in [B2, B9]. Despite of the
several comprehensive paper published on the production of these important iodine isotopes
there are still unresolved discrepancies among the presented experimental data [35].

Surveying the model calculations it was found that Shubin and co-workers made
comparison of the experimental data with the results generated by different computer codes
for deuteron and proton induced reactions on different isotopes of tellurium, antimony and
xenon and pointed out the problem of some experimental data sets [36, 37].

4.2.2.1.Production of '*1

The '*°1 (T2 = 13.2 h,) radioisotope is of considerable interest for diagnostic nuclear
medical studies, therefore, widely used in Single Photon Emission Computed Tomography
(SPECT). For production of '*I a large number of production route have been suggested and
most of them where investigated in detail [38].

In a survey of experimental data we found no experimental cross section data for the reaction
5Te(d,2n)'*'1.. Two works were available for the '**Te(d,n)'*'I reaction measured enriched
'22Te and ™'Te targets, which were not in agreement with each other.

We have measured the cross section of the above two reactions using stacked target
technique and enriched '**Te and '*Te targets. Thin targets were prepared by electrolytic
deposition onto Ti backing and irradiated with deuteron beams up to 21 MeV bombarding
energy. The titanium foils served also for monitoring the bombarding beam. The cross section
of the '**Te(d,n)'*’I reaction was measured in 20 points from 4.7 up to 21 MeV to complete
the available data. On the basis of the result of our measurement we could conclude that the
data given by Zaidi et al. [32] on the reaction of 122Te(d,n)ml, has an energy shift upward of
about 2 MeV. It is a significant shift which influences considerably the optimal energy range.
We have measured the cross section of the 123Te(d,2n)1231 reaction for the first time in 13
point from 6.1 up to 12.5 MeV. The experimental data were spline fitted and the integral thick
target yields were calculated and compared with the yields of the other production routes. Due
to the proximity of the thresholds of the 123Te(d,2n)1231 and ' Te(d,n)ml reactions a
simultaneous production of T and '**I cannot be avoided. The impurity level of '** in the
' is about 2% at EOB and increases with decay time. This would be a serious drawback as
far as the use of '*I in humans is concerned. We therefore disagree with the conclusion of
Pimental et al. [33] that the 123Te(d,2n)1231 process is suitable for “in-house” production of
1. Since the yield of the '**Te(d,n)'*’I process is lower than the yield of the '*Te(d,2n)'*'
reaction production of '*’I by deuteron bombardment without the impurity of '*I is possible
only via the '**Te(d,n) reaction at a lower production level. Considering the '*Te(p,n) and
122Te(d,n) processes both required highly enriched targets because of the formation of the '**I
via "**Te(p,n)'*'I and '*Te(d,n)'**I reactions respectively. The '**Te(p,n) process has higher
yield than the yield of the '**Te(d,n) reaction, but the cost of the highly enriched '**Te target
significantly higher than the price of the '**Te target [A10].

4.2.2.2.Production of "I

The production of 1241 (T = 4.18 d, B* = 25 %) has received enhanced attention only
in recent years using the relatively high yield proton and deuteron induced reactions on
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tellurium isotopes. The '**I has appropriate characteristics for its novel use in certain
radiopharmaceuticals that can be utilised at low dose for PET diagnostic evaluation of
physiologic functions, and at high dose for radiotherapy [39]. The most common routes for
production of 1241 are the 124Te(d,2n)1241 and 124Te(p,n)ml reactions [35, 40, 41, 42,]. We
investigated for the first time the '**Te(d,xn)'**I processes from their respective threshold to
12.5 MeV. Thin samples of 85.4 % and 91.0 % enriched '*Te were prepared by electrolytic
deposition on Ti and the radioactivity of the produced isotopes was determined via high-
resolution HpGe detector gamma-ray spectrometry. The measured data showed that the energy
range Eq = 11—6 MeV would be useful for the production of '**I. A yield of 2.8 MBg/iAh
can be expected. Due to the proximity of the thresholds of the '*Te(d,n)'*’I and
123Te(d,2n)1231 reactions a simultaneous production of 1231 and "1 cannot be avoided. The
level of 'I impurity in '**I is therefore high but this is not a serious problem since it
decreases rapidly with time. The cross section of the '**Te(d,n)'*I reaction was measured in
14 energy points and the thick target yield was calculated from the curve fitted over the
experimental points. The yield of the '*'I via the '*Te(d,n) reaction is rather low, so that the
commonly used 124Te(p,n) and '**Te(d,2n) processes are still to be preferred to use for
production of '**I. More detailed discussion of the production of '**I can be found in paper
[A9].

4.2.3. Production of *'Cu

Copper isotopes are used to produced labelled pharmaceuticals for brain and heart
investigations [43]. The production of medically important e (Tip, = 3.4 h) was
investigated via the "“Ni(d,x) process [Al]. In the investigated energy region the main
contributing reaction is the %Ni(d,n)°'Cu. The low isotopic abundance of %INi (1.13%) and
%2Ni (3.59%) in natural nickel explain the negligible low contributions of the %INi(d,2n) and
%2Ni(d,3n) reactions even far above their thresholds. On the basis of our result the proposed
energy range for the production of ®!Cu is Eq = 11 — 4 MeV. The expected yield for this
energy range amounts to 100 MBq( 2.7 mCi)/uAh. The short lived radioactive copper
impurities at EOB, produced in a 95 % enriched ONj target, are negligible at Eq<11 MeV. The
production of Ocu (T2 = 23.2 min) starts above 11 MeV through the 6ONi(d,Zn)60Cu reaction.
The ®*Cu (T, = 9.74 min) can be formed via the °'Ni(d,n) (Q = 3.6 MeV) and the **Ni(d,2n)
(Q =-6.5 MeV) processes. As longer lived radioactive copper contaminant the %Cu ( Ty =
12.7 hours) nuclide can only be induced via the 64Ni(d,2n) reaction (Q = -4.7 MeV). Taking
into account the low abundance of the isotopes 6INi, ®Ni and ®Ni in a nickel target with
natural isotopic composition, the contamination ratios would be even lower in a highly
enriched *Ni target. Furthermore, as the ®®Cu and the **Cu have short half-lives compared to
the half-life of °'Cu, these impurities would not cause any problem. The Ni and Co
radioisotopes produced in the target can be removed from the final product by chemical
separation.

For comparison of the different production routes of 1Cu we reproduced the expected
thick target yield for proton, Helium-3 and alpha particle bombardment on Ni and Co targets
in Fig. 10 in [A1]. The integral yields as a function of energy were calculated for the
61Ni(p,n)‘ﬂCu, 58Ni(oc,x)mCu, 58Ni(3He,x)61Cu, 59Co(oc,2n)61Cu and 59C0(3He,n)61Cu
reactions. The cross section data of alpha- and *He-particle induced reactions on Ni were
normalised to 100 % enrichment. The presented yield curves show that the 62Ni(p,2n) and
61Ni(p,n) processes lead to the highest production yields. The alpha- and *He-particle induced
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processes on Ni and Co respectively, require higher energy and multi-particle machines and
give yields lower than the proton induced reactions. The yield of the ®°Ni(d,n)®'Cu process at
20 MeV is about one tenth of the yield of the (p,n) process and about 8 times lower than the
yield of the (p,2n) process, but below 15 MeV it is higher than the yields of all the other
except the (p,n) process. During a three-hour irradiation with a 30 @A deuteron beam at 11
MeV, about 9 GBq of %1Cu can be produced.

4.2.4. Production of **Na

The radioisotope **Na (T, = 2.6 year) find application in many fields. It is widely

used for calibration of dose meters, detectors and other nuclear instruments. It is a convenient
source for production of “slow” B beams and also seems to be promising for calibration PET
cameras. The **Ne(p,n)*’Na reaction also important for nuclear astrophysics. It has been
applied some biological studies too.
Several routes have been suggested to produce **Na. These are discussed in more detail in the
paper [A11] and [B1,B6] For production of 22Na at a small cyclotron the 22Nf:(p,n)22N31
reaction seems to be very promising. In the literature we found only one single report which
described cross sections at three energy points [34], which data were obtained using a long gas
target. We decided to perform more detailed measurements using thin gas targets with a view
to obtain the excitation function of this reaction from the threshold up to about 17 MeV.
Stacked gas cells were irradiated with low intensity (100 - 200 nA) proton beams to minimise
the well-known gas density reduction. Five cells were irradiated at three different energies to
cover evenly the whole energy region interested. The beam current as well as the energy
throughout the target were monitored using 8 um Cu foils. After a proper cooling time the
activity was measured without any prior chemical treatment through the Ey = 1275 keV , Iy =
100 % gamma-line. The cross section was measured in 15 energy points and a curve was fit to
the experimental point using spline method. The integral yield was calculated from the fitted
curve which amounts 304 kBg/nAh (8.2 uCi/uAh) over the optimal energy range Ep = 15—6
MeV at EOB assuming 100% enrichment. Comparison of the yields of the different
production routes results that the **Ne(p,n)**Na process is very promising and has the highest
yield in the energy range available at small cyclotrons using enriched neon target.
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4.3. Analytical and industrial applications of charged particle nuclear
reactions

In this chapter a short summary is given of the applications of charged particle induced
nuclear reactions. We will discuss how the activation technique were applied for measuring
very low typically ppm concentrations of trace elements in high purity materials, and to
measure low material losses due to wear, corrosion and/or erosion of an irradiated surface, and
their relevance to cross section data of charged particle induced reaction.

4.3.1. Charged Particle Activation Analysis (CPAA)

The rapid development of all branches of nuclear science invokes a wide variety of
applications of nuclear reactions. The neutron and charged particle activation analysis has
become one of the most important methods for elemental analysis. Its extreme sensitivity
makes it indispensable in many technical fields requiring material of high purity. It has also
been used to analyse many different kind of materials occurring in nature or created by
human. The introduction of activation analysis to medical and biological fields has led to the
solution of numerous, previously unapproachable problems. The activation analysis has found
applications in history, geology, archaeology, criminology and forensic science. Apart from its
great sensitivity in determination of trace elements, activation analysis also makes it possible
to carry out determinations non-destructively. For this reason, activation analysis is also a
routine method in determination of the bulk elements.

Due to the rapid energy loss of a charged particle beam penetrating in a solid target
material the volume which can be activated is very small comparing the investigated volume
of the neutron activation analysis (NAA). There are two main groups of the analytical
techniques: the relative method which requires a series of standards and the absolute or direct
method in which the investigated quantity is determined trough the measurement of a basic
physical quantity. The advantage of using direct method is laying in the fact that no standards
are necessary, therefore, no standard preparation and irradiation is required which are time
consuming and expensive process. For charged particle activation there is no possibility for
parallel irradiation - as it is for neutron activation - and the uncertainty of the beam current
measurement of the standard can introduce systematic error in the final result.

The sensitivity of the method generally depends on the type of matrix material and the
type of element is to be determined, therefore, the parameter of a CPAA measurement always
need to be optimised. We studied the direct CPAA method in which the concentrations are
determined trough known excitation function of the nuclear reactions involved and gave an
experimental method [A14, B22, B23] for the optimisation process of the parameters of a
CPAA experiment (selection the type of bombarding particles, the primary bombarding
energy, irradiation time, cooling time, measurement time).

Using proton induced nuclear reactions we investigated the trace elements of high
purity aluminium [A14, A1S, B22] and determined several trace elements in high purity
aluminium from ppb to ppm level.

An important parameter of the high purity substances is the total bulk oxygen content.
By tritium and “He particle irradiations the bulk oxygen content of high purity aluminium and

22



gallium was determined via the 16O(t,n)lgF and 16O( 3He,p)lgF reactions [A15, A16, B22]. The
collected information were used to modify the purification process developed for the
production of high purity aluminium and gallium. This technique also suitable to determine
the average thickness of oxide layer of the internal granules of a sample made by powder
metallurgy from high purity aluminium powdered material [A1S, B21].

The activation method was used to determine the distribution of trace and major
elements in glass samples, in the vicinity of certain type of anomalies, such as different
inclusions, surface contamination and enrichment or loss of certain components of the glass
[A17]. The elemental composition of the normal-quality and the different type of anomalies
were determined, using charged particle and neutron activation. Two main groups of the
anomalies were found: coloured spots on/near the surface caused by enrichment of the
elements of the iron group , and stone-like inclusions caused by Zr coming from the furnace
wall.

In an other application we demonstrated the capability of the method for testing the
anti-wear properties of motor oils trough the change of the concentration of trace elements in
the oil as function of running time of the engine [A18]. The trace element concentration of the
investigated oil samples were measured by CPAA method using 12 and 18 MeV proton
irradiation.

4.3.2. Thin Layer Activation (TLA) techniques

The Thin Layer Activation (TLA) technique is an excellent tool for studying of very

low levels of wear, corrosion or erosion. One can investigate and measure quantitatively the
wear of different machine parts, quantify the efficiency of different surface treatment methods
applied to modify the surface properties of materials, etc.. When a beam of accelerated
charged particles enter into a material, the particles rapidly loose their energy and penetrate to
a well defined depth and produce radioactive isotopes. The depth distribution of the activity
called calibration curve is used to convert the change of the activity measured into linear or
mass loss. There are two techniques in TLA application, namely the thin layer difference
technique and the concentration measurement technique. In the first method, the remaining
activity of the irradiated machine part is measured by gamma-spectrometry system. The loss
of activity is converted to wear rate using the calibration curves. The sensitivity of this
technique depends on the type of applications and typical value of wear rate can be measured
is around 1 um/h.
In the second method, the activity of the removed layer (the wear products) is collected and
measured by gamma spectrometry. The activity of the wear products can be collected either in
a special oil filter or can be measured in the oil flow itself. This technique allows to monitor
more than one wearing areas connected by the oil flow simultaneously. The sensitivity of this
technique for the typical cases is around lnm/h. A comprehensive overview of the TLA
technique is given in JAEA-TECDOC-924 [44].

The main advantages of the method are the high sensitivity and the possibility to
follow the wear process of any mechanism without dismantling. To get optimal performances
the thickness of the produced radioactive layer must be comparable with the expected wear.
To plan an experiment and to determine the optimal irradiation conditions the knowledge of
the nuclear data (excitation function of the reaction, stopping power of the matrix, etc.) are
indispensable.
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To produce a calibration curve a special sample (with the same physical and chemical
properties as the real sample to be investigated) is needed to be activated. The calibration
curve can be produced by subsequent removal of controlled thin layers of the activated surface
while measuring the removed and/or remaining activity as well as thickness of the sample.
Preparing a detailed calibration curve is very time consuming process and requires special,
sometimes sophisticated equipments.

In principle the depth distribution of the produced activity can be determined by
calculation. For homogeneous matrix materials with known stopping power regarding the
bombarding particles the only limitation to determine the depth distribution of the produced
isotope is the knowledge of the excitation function of the reaction involved. The activity
profile depends on the shape of the cross section curve and the shape of the energy loss curve
of the bombarding particles in the matrix. The later one has linear dependence with the density
of the matrix. We have studied and proved, that to calculate the calibration curve for an
element having homogeneous distribution in the matrix is possible knowing the excitation
function of the reaction in question and the rough composition of the matrix material. In that
case a few points of the activity distribution are enough to be measured and then the
calculated calibration curve can be fitted over the measured points using the density as the
fitting parameter. Knowing the excitation function one can do this fitting because the shape of
the energy loss curve is not sensitive for a small change of the composition of the matrix
material. This method was tested using the "™Fe(p,x)’°Co reaction and we found good
agreement between the calibration curves determined by the step-by-step technique and the
above described calculation method [A5].

We have measured the excitation function of several processes on the widely used
construction materials, such as Ti, Fe, Ni and Cu [A1 - A6] (see chapter 4.1) improving the
available data sets and presenting new reactions which can be used for TLA applications. On
the basis of our result the application area of the double activation method (two different type
of radioisotope with different gamma radiation having significantly different activity depth
distribution) can be extended.

When a very low rate of wear, typically wear in submicron range, is to be investigated
a very sallow activation of the surface is required and the implantation technique can be
applied to create this suitable thin layer containing radioactive tracers. During nuclear
reactions, the newly formed nucleus will be recoiled by transfer of kinetic energy from the
incident particle. As a result the nuclei formed near to the surface will be able to escape from
the sample. These recoiled and escaped nuclei can be implanted into a surface to be
investigated. The maximum implantation depth depends on the reaction in which the nuclei
formed, on the bombarding energy and also on the properties of the matrix material and can be
between a few micrometer, for light recoiled nuclei like ‘Be and low stopping power matrix,
and tens to hundreds of nanometers for heavier nuclei and matrices. We have investigated the
possibility of recoil implantation of 'Be.

The 'Be radioisotope (7, = 53.29 d, Ey=477.56 keV, Iy= 10.3 %) can be produced
in several nuclear reactions among them the *Be( *He,om)'Be, "™B(p,x)'Be, "B(d,x)'Be and
2C( *He,20))’'Be reactions. Materials containing beryllium boron or carbon as a matrix-
component or at least in percentage quantities can be used for wear study by using the above
reactions to produce 'Be [A7,A8]. The cross section was measured and the yield calculated of
the above reactions. Our results were compared with the data available in literature. We gave
integral activity values of the 'Be isotopes recoiled into Al samples from the *Be(*He,on) Be
and 12C( 3He,20()7Be reactions.

In table 3 the reactions investigated and tested for TLA applications are summarised.
In addition to the list of the reactions in table 3. the charged particle induced reactions on "*Ti,
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"Fe, "™Ni and "'Cu proposed for monitoring purposes also suitable for use in TLA
applications as well as for direct charged particle activation, which broadens the groups of the
matrix materials and trace elements can be investigated by using the TLA technique and
CPAA method.

Table 3. Reactions for which cross section was measured and used in TLA

technique.
Reaction Investigated energy  No. of data Reference
range MeV points number

"'C( He,x)'Be 10.2-27.5 13 A7
"‘Be( *He,om) Be 4.5-275 14 A7
"B (p,x)'Be 2.8-16.8 32 A8
MB(d,x)'Be 1.3-9.5 12 A8
"UEe(p,x) °Co 58-17.5 17 A5

4.3.3. Other applications

Most of the cosmic particles are protons and deuterons, therefore the cross sections of
proton induced reactions on boron, neon and iron can be interesting for theoretical model
calculations of the evaluations of stars. Also the *He induced reactions on light elements are
important for the understanding of the energy productions cycles of the stars.

The proton induced reactions on "Fe are important for the transmutation experiments
since these reactions contribute significantly to the final activity.

25



S. SUMMARY

The development of all branches of nuclear science, and consequently the developing
knowledge of nuclear reactions and their applications, have been very rapid. As the result of
this development integral cross section data on large number of charged particle induced
reaction are of interest as the function of energy of the incident particles up to about 100 MeV.
Several new area had been developed in which charged particle nuclear data are used to gain
information on the structure, composition of the investigated material or to modify them. Most
of the applied nuclear methods based on the activation technique and require the knowledge of
integral cross section data.

A survey of the available nuclear data of the reactions investigated and published using
low and medium energy light charged particle beams showed that the status of the data is not
satisfactory. Therefore, systematic investigations of charged particle induced nuclear reactions
on different materials are in progress in many laboratories for evaluating their potential use in
different applications and in basic science.

In this thesis with a view to enhancing our knowledge of the necessary excitation
functions we have measured, compiled, critically evaluated the absolute integral cross sections
of selected reactions induced by light charged particles important for applications in which our
department is engaged. Some application of the cross sections are also discussed.

The thesis contains:
a., description of the experimental technique and the applied methods
b., results of cross section measurements of charged particle induced nuclear reactions
c., method for application of monitor reactions
d., method for calculation of TLA calibration curve,
e., method for optimising the CPAA experiment,
f, investigation of the interaction of high intensity charged particle beams and high
pressure gas targets,
g., application of the cross section data for:
monitoring of charged particle beams
production of radioisotopes
analytical applications
thin layer activation.

For measuring the excitation functions of charged particle induced nuclear reactions
the activation method and the stacked target technique was used. Solid and gas targets were
irradiated made of natural and enriched material. For energy determination of the bombarding
particle different methods were used depending on the laboratory where the irradiation was
done. Faraday-cup technique was applied to measure the intensity of the bombarding beam
and the obtained value was checked via monitor reactions. The activity of the produced
radioisotopes was determined by using standard high resolution gamma-spectrometry without
any prior chemical treatment. Mean cross section was calculated for each thin layer of the
stacked target. Most cases production yield was determined using the measured excitation
function. The results were compared with the data available in the literature.

In the frame of this thesis 46 individual excitation functions were measured and
numerical data presented for the available energies for proton, deuteron, *He and alpha
particle beams on "'Be, ™B, ™'C, ™Ne, "Ti, "™Fe, "Ni, "'Cu, '**Te and '“’Te target
materials. In 16 cases we have investigated the reactions for the first time ( "Be+ He,
"Ni+He and '*Te+d ). We made an important contribution to the experimental cross section
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data resolving many considerably high disagreements among the data presented by different
authors. We have extended the borders of the investigated energy region and presented more
detailed experimental data sets. We revealed systematic errors of the data published by
different authors (energy shift of the data, data presented as cumulative data but neglecting the
contribution of the isomer state, large differences in the intensity of the reactions, etc.).

In all the investigated processes a comprehensive literature survey was made to
compile the available experimental data. In most cases critical evaluation of the data was
presented. One of the most frequently used reactions is the "™Fe(p,x)*°Co, therefore, after
compilation and critical evaluation of the available experimental data we presented a
recommended data set for the excitation function.

In some cases theoretical calculation was made to check the experimentally established
excitation functions. In the calculation the statistical model theory taking into account
preequilibrium effect was applied and the STAPRE computer code was used.

We have proposed an improved method for using monitor reactions. A monitor target
material having more than one nuclear reaction for a specific bombarding particle with
overlapping excitation functions can be used for parallel and independent energy and intensity
determination of the bombarding beam. We have proposed the Ti, Fe, Ni and Cu for
monitoring purposes, furthermore, these target materials can be used to monitor not only one
type but all the four types (p, d, *He, o) of the light charged particle beams.

We have investigated the method of charged particle activation analysis CPAA and
suggested the use of the absolute or direct method to determine concentrations. This direct
method can be used provided the excitation functions of the nuclear reactions involved are
known. The main advantage of the proposed method is laying in the fact that it requires no
preparation and irradiation of special standards. We applied the direct method for determining
the concentration of trace elements in high purity aluminium (11 trace elements in ppb and
ppm concentration range were determined) The bulk oxygen content of aluminium and
gallium was also measured. We have also investigated the elemental distribution of glass
samples and gave explanation for the found anomalies in the elemental concentrations. We
demonstrated the capability of the method for testing the anti-wear properties of motor oils
trough the change of the concentration of trace elements in the oil as function of running time
of the engine.

We gave an experimental procedure to determine the optimal experimental parameters
of the method of charged particle activation analysis to be able to exploit the maximal
sensitivity of the method.

Studying the thin layer activation (TLA) technique we proposed a method to calculate
the calibration curves on the basis of the excitation function of the reaction in question, the
stopping properties of the target material and only a few experimentally determined points of
the calibration curve using the target density as fitting parameter. We have measured ultra fine
wear of super hard turning tools as an application of the proposed method and the cross
section of the " B(p,x)'Be and "Fe(p,x)’°Co reactions.

We have studied the interaction of intense charged particle beams with high pressure
gas targets, and confirmed the low speed mass transport of the target gas under vertical
gravitational field and nonuniform heat production which can explain the observed shape of
the beam. We have pointed out that there is a low amplitude oscillation of the beam shape and
size during the first few seconds of the interactions. The density variation of the target gas
under nonuniform heat production and mass transport as function of time in- and outside of the
beam volume gives a possible explanation of the observed effects.
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6. OSSZEFOGLALO

A nukledris kutatdsok gyors fejlodése maga utdn vonta nukledris technikdn alapuld
kiilonbozd technoldgidk kialakuldsit és elterjedését. A legtobb moddszer az aktivacids
technikdt haszndlja, amely a minta besugarzdsdn, aktivdldsidn és a keletkezett aktivitds
mérésén alapszik. Az ilyen modszerek alkalmazasahoz integralis nukledris adatokra,
(hataskeresztmetszet, reakcié hozam) van sziikség. Az irodalomban fellelhetd egyes szerzok
altal mért toltott részecske hataskeresztmetszet adatok sok esetben jelentdsen eltérnek
egymastdl és szamos ellentmonddst tartalmaznak vagy hidnyosak. Bizonyos reakcidkra
egyaltaldn nincs publikélt adat.

Csoportunk a nemzetkozi egyiittmikodésben végzett szisztematikus mérésekkel, a
rendelkezésre 4116 adatok Osszegylijtésével és kritikai értékelésével a toltott részecske keltette
magreakciok hatdskeresztmeszetének, gerjesztési fiiggvényeinek fenti hidnyossagait prébalta
poétolni.

A dolgozat egyik motivdld tényezdje az alkalmazdsokhoz sziikséges Uj
hatdskeresztmetszet adatok meghatdrozdsa volt. A mdsik f6 motivdlé tényezd torekvés a
fellelhetd adatok ellentmonddsossdganak felolddsara és a kisérleti adatok pontossdganak és
részletességének javitdsara. Ennek megfelelden a dolgozat dsszefoglalja :

a., a toltott részecske keltette magreakcidk hataskeresztmeszet mérésének leggyakrabban
hasznat szendvics céltargy besugarzasan alapulé mddszerét,
b., a kivélasztott folyamatok hatdskeresztmetszetének meghatdrozdsat,
c., egy modositott eljarast ad a monitor reakciok hasznalatéra,
d., egy Uj mddszert javasol a vékonyréteg aktivicids technika kalibracids gorbéjének
meghatarozasara.,
€., kisérleti eljarast ad az aktivicids analitikai mérések paramétereinek optimalis
megvalasztasara,
f., vizsgalja a nagy intenzitdsu toltott részecske nyaldbok és nagynyomdsu géaz céltargyak
kolcsonhatasét,
g., példdkat ad a mért hataskeresztmetszet adatok alkalmazdsira a kovetkezd
témakorokben:
toltott részecske nyaldb monitorizaldsa
izotoptermelés

analitikai alkalmazasok
vékony réteg aktivacids alkalmazasok.

Kisérleti berendezések és alkalmazott modszerek

A vizsgdlt 46 magreakcio hataskeresztmetszetének meghatarozasit az alkalmazott
magfizika teriiletén leggyakrabban aktivdciés mdédszert hasznéltuk szendvics céltargyakon. A
szendvics céltargy technika lényege, hogy vékony maximum néhdny szdz keV vastagsigu
céltargyakat, éltaldban vékony folidkat helyeziink egymds utdn és sugarzunk be, aktivalunk
egyszerre. A bombazé nyalab részecskéi a szendvics céltargyban fékezodnek, energidjukat
folyamatosan elveszitik ezért a szendvics céltargy egyes rétegeibe kiilonb6zd energidval
lépnek be. Az Osszetett céltargy tartalmazhat a céltargy folidkon kiviil egyéb félidkat is.
Leggyakrabban egy vagy tobb monitor f6lit, energia elnyeld félidkat és a visszalokott magok
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megfogédsara szolgalé folidkat. A monitor folidkat a bombdzé nyaldb intenzitdsanak €s/vagy
energidjanak meghatdrozasara, ellendrzésére hasznaljuk. A monitor félidban egy adott
magreakcioban keltett aktivitds mértékébol és a reakcidé ismert hatdskeresztmetszetébdl a
bombdz6 nyaldb intenzitdsa és/vagy energidja meghatdrozhaté. Energia elnyeld folidk
hasznalatdra sziikség lehet, ha nagy kezdeti bombdzo energidhoz képest kevés és/vagy vékony
céltargy foliaval rendelkeziink. Ekkor megfeleld vastagsdgd energia elnyeldo félidk
elhelyezésével valasztjuk meg a mérendd pontok eloszldsat a vizsgélt energia tartomanyban.
A magreakcickban a keletkezd 1j mag jelentds kinetikus energidra is szert tehet. Igy a feliilet
kozelében lejatszodd reakcidkban keletkezd magok elhagyhatjdk a céltargy foliat és a
szomszédos félidkba implantadlédhatnak, ezzel mindkét félidban megvaltoztatva a mérhetd
aktivitds nagysagat. Ezen folyamat figyelembevételére elfogd folidkat helyeziink a céltargy
folidk mogé, Igy az aktivitds meghatdrozdsdndl korrigdlni tudunk a kilokodott magok
aktivitdsaval.

A besugdrzasokat nemzetkozi egyiittmiikodések keretében MGC-20E (Debrecen),
MGC-20 (Turku), CV-28 (Jiilich) és CGR-560 (Briisszel) tipusi ciklotronok segitségével
végeztilk. A fém folidkat vakuumban mig a gaz celldkat kihozott nyaldbokkal bombéztuk. Az
drammérés érdekében a besugirz6 kamrdk Faraday tipusiak voltak, amelyeket
elektronszupresszorral lattunk el a madsodlagos elektronok hatdsdnak csokkentésére. A
gazcelldk besugarzdsa kapcsan vizsgaltuk az intenziv nyaldbok és nagynyomdsd gazok
kolcsonhatdsait. A besugarzott mintdk aktivitdsat standard nagy felolddsi HpGe detektoros
gammaspektrométerrel mértilk. A maximalis informacié nyerés szempontjat figyelembe véve
a mintdk mérési sorrendjét és a detektor-minta tavolsdgot optimalizaltuk. A mintdk cseréjét és
poziciondlasat a detektor elott egy PC vezérelt 1éptetdomotoros berendezés kifejlesztésével
valésitottuk meg.

A toltott részecske nyaldbok és gazcéltargyak kolcsonhatdsdnak vizsgdlatdhoz a szokdsos
arammérési technikat valamint fotd, film és vided technikakat hasznaltunk.

Eredmények
Monitor reakciok

A toltott részecske nyaldbok monitorizaldsara alkalmas magreakciok rendelkezésre
all6 adatairdl az elmult években késziilt tanulmanyok mind azt a kovetkeztetést vontdk le,
hogy pontossdguk daltaldban nem kielégitd, az adatok ellentmonddak, esetenként jelentds
hibakkal terheltek. A magreakcidk gerjesztési fiiggvényeinek valamint a besugarzasok
monitorizdldsara alkalmas folyamatok hataskeresztmetszet adatainak 0sszegyijtésére, kritikai
értékelésére, sziikség szerint 4j mérésekkel valo kiegészitésére, amely munkdban csoportunk
is részt vallal. Ezen szisztematikus mérés sorozat keretében tobb konnyll toltott részecske
nyaldb monitorizdldsara alkalmas folyamatot vizsgaltuk. A dolgozat keretein beliill a
kovetkezd folyamatokat vizsgdltuk: "*Ni(d,x) [A1], ™NiCHe,x) [A2], ™Ni(ox) [A3],
"UTi(d,x) [A4], "Fe(p,n)*°Co [A5], ™Cu(d,x) [A6], és "“Fe(d,x) [A6]. A fenti folyamatokban
Osszesen 38 egyedi reakcidt vizsgdltunk. A vizsgdlt reakciok tobbségénél a mérési
eredmények alapjan az Osszegyljtott és értékelt irodalmi adatok kozotti ellentmondasok egy
részét sikeriilt feloldani. A kisérleti pontokra spline mddszerrel gorbét illesztettiink és az
illesztett hatdskeresztmetszet gorbe alapjan a reakciok hozamat kiszamoltuk. Osszesen 20
reakci6t javasoltunk a megvizsgdltak koziil proton, deuteron, *He és alfa toltott részecske
nyaldbok monitorizaldsara.
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Izotoptermelés

Radioizotopokat és radioizotépokkal jelzett vegyiileteket elsdsorban diagnosztikai
célbdl juttatnak be emberi szervezetbe. A szervek, szovetek bedusitjdk ezeket az anyagokat
amelyeket bomldsukat kovetd sugarzasuk alapjan képalkotd berendezésekkel (gamma kamera,
pozitron emissziés tomograf, stb.) lehet megjeleniteni. A '*I és "I izotépok orvosi
diagnosztikdban az egyik leggyakrabban haszndlt ciklotronnal eldallitott izotépok kozé
tartoznak. Leggyakrabban a legegyszer(ibb direkt reakciokkal torténik az eldallitasuk, amelyek
kozvetleniil a ' és ' végmagokra vezetnek. Ugyanakkor a célanyag Osszetételétdl fiiggden
jelentds mennyiségli szennyezd jod izotépok is termelddhetnek, amelyeket kémiailag nem
lehet szétvélasztani a termelni kivant izotoptol. A termelés optimalizaldsdhoz ismerni kell a fo
€s mellék reakciok hatdskeresztmetszet fiiggvényét, amely alapjan a hozamok kiszdmolhaték
illetve az optimadlis céltargy anyag Osszetétel, bombdz6 energia illetve céltargy vastagsig
meghatdrozhatd. Szisztematikusan vizsgaltuk a fenti két izotdp eldéllitdsanak modjat konnyh
toltott részecske magreakcidkon keresztiil kis és kozepes energidju ciklotronok segitségével.
Ezen munka részeként a 122Te(d,n)ml, 123Te(d,2n)1231 és a 123Te(d,n)ml reakciok
hataskeresztmetszetét mértilk [A9, A10]. Méréseink alapjan megallapithattuk, hogy a
122Te(d,n)'*’I reakciora kozolt két munka koziil az egyik jelentds, 2 MeV energia csdszdssal
rendelkezik, amely a szdmolt hozam értékeket alapvetden befolydsolja. A disitott '*Te
céltargyon pedig elsdként kozoltiink kisérleti hatdskeresztmetszet adatokat.

Az orvosi diagnosztikdban gyakran haszndljdk a réz izotdpjait agy és sziv
vizsgalatokra [43] célokra. Az egyik ilyen izotdpja a réznek a Ty, =3.4 6ra felezési idej 61-es
tomegszdmu. Az irodalomban Osszesen négy egymadsnak ellentmonddé munkat taldltunk.
Meéréseink sordn meghataroztuk a "MNi(d,x)*'Cu folyamat hatdskeresztmetszetét €s megadtuk
az optimalis termelés bombdzd energia tartomdanyat. Vizsgdlva a kiilonbozo eldallitasi
lehetdségeket megallapithatd volt, hogy a ®lCu elddllitdsa deuteron bombiézdssal 15 MeV
alatti energidkon igen kedvezd. Ramutattunk, hogy csak a ®'Ni(p,n) folyamat rendelkezik
nagyobb hozammal ebben az energia tartomédnyban, gy a "*Ni(d,x)°'Cu folyamat jelentds
alternativ termelési eljrés lehet a ®'Cu elddllitdsara.

A *’Na izotép széles korben hasznalt detektorok, dézismérdk hitelesitésére. Biolgiai
alkalmazésok mellett javasoltdk PET kamerdk hitelesitésére is. A **Ne(p,x)**Na a nukledris
asztrofizikdban is egy fontos reakcid. A reakcid hatdskeresztmetszetére Osszesen hdarom
mérési pont volt taldlhaté amit hossza gazcéltargyon mértek. Méréseinkben 17 MeV proton
energidig vizsgaltuk a reakcid hataskeresztmetszetét szendvics gazcéltargyat haszndlva [A11].
A mért hatdskeresztmetszet pontokra illesztett gorbe alapjan szdmolt hozamrol
megallapitottuk, hogy a *’Na eloallitdsdra szolgald kiilonb6zd termelési mdédok koziil a
22Ne(p,x)zzNa folyamatnak van a legnagyobb hozama a vizsgalt energia tartomanyban.

Aktivdcios alkalmazdsok

A konnyl toltott részecske magreakciok egyik gyakorlati alkalmazdsa az toltott
részecske aktivaciés analizis. A mdédszer 1ényege abban 4ll, hogy a vizsgélni kivant mintat
toltott részecske nyaldbbal besugarozzuk, abban a mintdt alkoté kiilonbozd elemeken
lejatsz6dé magreakciokban radioaktiv izotépok jonnek Ilétre, amelyek a sugdrzasukon
keresztiil azonosithatok, a sugdrzds intenzitdsdnak mérésével pedig mennyiségiik
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meghatdrozhaté. A minta Osszetétele a kapott informdacié alapjan két f6 mdédon hatarozhat6
meg. Relativ vagy abszolit mddszerrel. A relativ mddszer alkalmazdsa sordn a mintdhoz
hasonlé 0Osszetételi standard hasznélata sziikséges. Az abszolit vagy direkt moddszer
alkalmazdsakor a mintdban lejatsz6dé egyes magreakciok hatdskeresztmetszetét ismerve a
mért aktivitdsok alapjan a minta Osszetétele szdmolhatd. Ez utébbi médszer alkalmazasdhoz
pontosan meghatdrozott toltott részecske magreakcié hatdskeresztmetszet adatok sziikségesek.
Javasoltuk a direkt médszer alkalmazésat és egyben vizsgaltuk és kisérleti médszert adtuk a
besugarzasi €s mérési paraméterek optimalis meghatarozdsara amely paraméterek alkalmazasa
esetén maximalis érzékenység érhetd el.

A direkt modszer alkalmazdsdval vizsgdltuk nagy tisztasdgd aluminium
nyomszennyezdit [A14, A1S, A16, B22]. Zoénds olvasztassal tisztitott 6N (99.9999%)
tisztasagd aluminium mintdkban 11 kiillonb6zd szennyezot hatdroztunk meg 3.0 ppb és 4.4
ppm koncentricié tartomdnyban. Kiilon foglalkoztunk a tisztitott aluminium és gallium
mintdk térfogati oxigén tartalmanak meghatarozasaval [A1S, A16, B22]. Az aktiviciés
modszer segitségével iiveg mintdk térfogati és feliileti hibahelyeit vizsgaltuk [A17] és
megéllapitottuk a hibdk keletkezésének valdszinli okait. Egy masik munkankban bemutattuk
az aktivaciés modszer alkalmazhatésagat motorolajok kendképességének vizsgalatara [A18],
mérve az olajok az olajsziirdk altal el nem tavolitott fém szennyezdinek koncentracidjat.

A vékonyréteg aktivaciés technika feliilletek kopasdnak, korrézidjanak vagy
er6zidjanak mérésére alkalmas moddszer. Lényege a kovetkezd: A vizsgdlni kivant feliiletet
toltott részecske besugarzassal aktivaljuk. Ismerve a keltett aktivitds mélység eloszlasat a
mintdban az aktivitds véltozds mérésébdl a feliilet anyagvesztesége, kopdsa korrézidja vagy
er6zidja meghatarozhat6. Ismerve a minta Osszetételét megfeleld bombdzé részecske,
besugarzasi energia és geometria vdlasztdsa esetén a kivant aktivitdseloszlas eldallithatd a
mintdban. A feliiletek jelzésére alkalmas radioaktiv izotpok koziil vizsgdltuk a 'Be és *°Co
izotépok elddllitdsara szolgald néhdny reakciét. A 'Be (Ty = 53.29 nap) izotép elddllitdsét a
’Be(*He,om), '“B(p.0y), ''B(p,on) és a 'C(°’He,2a) reakciékban vizsgdltuk [A7, AS8] és
meghatdroztuk a folyamatok hataskersztmetszetét és hozamat. A kapott eredmények alapjan a
vékonyréteg aktivacios modszer érzékenységét vizsgaltuk bor tartalmi, nagy keménységi
forgacsoloszerszamok élkopasan keresztiil a besugarzasi geometria fiiggvényében [A13]. A
leggyakrabban haszndlt szerkezeti anyag az acél aminek a f6 komponense a vas, ezért
vizsgéltuk a "Fe(p,x)*°Co folyamat gerjesztési fiiggvényét. Az 6sszegyljtott irodalmi adatok
kritikai analizise utdn a mérési pontok hibdival stlyozott a kisérleti hatdskeresztmetszet
pontokra fiiggvényt illesztettiilk. Az igy kapott ajanlott adat sort 6sszehasonlitottuk kisérleti
uton meghatdrozott a vékonyréteg aktivaciés moddszer sordn haszndlt hitelesitd gorbékkel.
Kidolgoztunk egy egyszerlisitett eljardst a hitelesitd gorbék meghatirozasara, melynek
lényege, hogy pontosan ismert gerjesztési fiiggvény esetén a hitelesitd gorbe néhdny
kisérletileg meghatarozott pontra torténd illesztéssel szamolhatd, ahol a siiriség az illesztési
paraméter [AS].

A dolgozat témdjahoz kapcsoléddan 46 egyedi toltott részecske indukalt magreakcid
hataskeresztmetszetét mértik meg a rendelkezésre 4all6 energia tartomdnyban proton,
deuteron, helium-3 és alfa részecske nyaldbokat haszndlva "“Be, "B, "*C, "'Ne, "Ti,
MEe "N, "'Cu, 'PTe és '“Te céltirgyakon nyaldb monitorizélds, izotoptermelés és
aktivaciés alkalmazdsok céljara. Koziilik 16 esetben elsdoként publikdlva a reakcidk
gerjesztési fiiggvényét ( "Be+He, ™Ni+'He és '“Te+d ). Az eredményeink jelentdsen
hozzajarultak az egyes reakciokra mért adatok ellentmonddsossagidnak feloldasahoz,
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pontositdsdhoz. Szamos esetben kiterjesztettiik a gerjesztési fiiggvények mérési tartomanyat és
részletes kisérleti adatokat adtunk a vizsgalt energia tartomanyban.

Minden vizsgdlt folyamat esetében Osszegyljtottiik a mds szerzok &ltal publikalt
adatokat azokat elemeztiik és kiszilirtilk a szisztematikus hibaval terhelt adatsorokat (energia
skdla eltoléddsa a helytelen kezdeti energia meghatdrozdsa miatt, total hatdskeresztmetszet
adatok amelyek nem tartalmaztdk az izomer &llapot bomldsdbdl szdarmazé jarulékot,
tobbszorosen eltérd nagysagu hatdskeresztmetszet adatok, stb.).

Kiilon vizsgéltuk az egyik leggyakrabban haszndlt szerkezeti anyag az acél fo
komponensén, a vason lejatsz6dé "Fe(p,x)*°Co reakciét. Az adatok teljeskori dsszegytijtése
€s elemzése utdn egy ajanlott atlagolt adatsort szamoltuk a kivélasztott kisérleti adatok
alapjan. Az egyes mérések adataira a kisérletipontok hibdival silyozva spline mddszerrel
folytonos gorbét illesztettiink, majd az illesztett gorbéket silyozottan atlagoltuk.

Néhany esetben a kisérletileg meghatarozott adatsort elméleti szdmoldssal is
ellendriztiik. A szdmoldsban a STAPRE programcsomagot €s a statisztikus modell elméletet
hasznaltuk figyelembe véve a kozbensdmag egyensilyi dllapota eldtti részecske emissziot.

Javasoltunk egy eljarast tobb monitorreakcié egyidejii haszndlatira. Olyan monitor
céltargy alkalmazdsa esetén amelyen tobb reakciocsatorna is nyitva, és a reakcidk
kiiszobenergidja eléggé kiillonboznek egymastol, - ezért a gerjesztési fliggvényeik atfednek -
lehetdség van a bombazdé nyaldb intenzitisdanak és energidjanak egyideji de egymastol
fliggetlen meghatarozasara kettd vagy tobb monitor reakcié hasznalatdval. Méréseink alapjan
megéllapithattuk, hogy a Ti, Fe, Ni és Cu anyagok rendelkeznek a fenti feltételekkel és
alkalmasak monitorizalasi célokra mind a négy konnyl bombazé részecske nyaldb esetében (
p, d, ’He és o).

A toltott részecske hataskeresztmetszet adatok alkalmazésai kozott vizsgaltuk a toltott
részecske aktivacids analizis (CPAA) médszerét €s javasoltuk a direkt médszer alkalmazasat.
A direkt moédszer alkalmazdsa sordn a vizsgélt elem mennyiségét a reakcid gerjesztési
fliggvényének ismeretében a mért aktivitds alapjan hatdrozzuk meg. Elkeriilve ezzel hitelesitd
standard mintdk készitését besugarzasat és aktivitisanak mérését. Vizsgaltuk a modszer
érzékenységi hatdrdnak és a besugarzdsi valamint a mérési paraméterek Osszefiiggését és
kisérleti eljarast adtunk a toltott részecske aktivacidés analizis optimélis paramétereinek
meghatdrozasara. Alkalmazva a moddszert nagy tisztasdgd aluminium nyomszennyezdinek
koncentraciéjat hataroztuk meg ( 11 elem ppb és ppm koncentricié tartomdnyban).
Aluminium és gallium mintdk térfogati oxigéntartalmat mértilk tricium és hélium-3
nyaldbokkal végzett aktivdlassal. Vizsgéltuk iiveg mintdk hibahelyeit és megéllapitottuk a
tapasztalt koncentrdci6 anomdlidk eredetét. Demonstraltuk az aktivaciés moddszer
alkalmazhat6sagat motor olajok kendképességének vizsgdlatira meghatdrozva a szerkezet
kopésaval kapcsolatos elemek az olajban felhalmozd6dd, vagy az adalék anyagok csokkend
mennyiségét.

A vékonyréteg aktivacids technika alkalmazdsdhoz kapcsoléddan egy tj moddszert
javasoltunk a kalibraciés gorbe meghatdrozasara. A moédszer 1ényege, hogy néhany kisérletileg
meghatdrozott pontra az alkalmazott toltott részecske folyamat gerjesztési fiiggvényének
ismeretében a kalibraciés gorbe illeszthetd még abban az esetben is ha a maétrix pontos
Osszetétele nem ismert. Az illesztési paraméter a matrix siisiisége. Szuperkemény forgacsold
szerszamok élkopdsdnak vizsgdlatin keresztiil igazoltuk a fenti mdédszer haszndlhatésagat
"B (p,x) Be és "Fe(p,x) °Co reakcidk hatdskeresztmetszet adatait hasznalva.

Vizsgéltuk intenziv toltott részecske nyaldbok és nagynyomdsu gz céltargyak
kolcsonhatdsat. Megerdsitettiik a kordbban tapasztalt gazkiritkulas jelenséget és elsoként
vizsgéltuk a toltott részecske nyaldbok és gazcéltargyak kolcsonhatdsdnak kezdeti
idoszakaban tapasztalhato tranziens jelenséget. A jelenségre kvalitativ leirast adtunk.
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